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Ae General Introduction

The influence of the length of time during which heatiﬁg
is maintained at a constant temperature is here referred to as
tholding time?s In this Chapter, the effect of holding time
on the optical properties of vitrinites (carbon = 77.0, 82,0,
85¢4y 8749 and 9Q¢0% daf and 94.2 dmmf) will be considered and
compared with the natural maturation of coale The levels of
temperature used in previous investigations, which considered
the effect of holding time, were usually higher than the temper—
ature levels influencing coals during coalification in the crust,
iees temperatures were higher than 200°¢C which, according to Cook
et ale (1972), is the maximum level of temperature for the produce
tion of anthracite during regional coalification, However, the
length of holding time used in previous investiigations was
considerably shorter than the periods employed in the present
projecte In most geological processes, coal is heated for
periods of time which are outside of the lifespan of man. Such
considerable lengths of time, even with very low temperatures,
may contribute effectively to the improvement and development of
coal structures It should be clear that the influence of holding
time is only noticeable when other factors such as temperature are
involveds When coal is carbonised in the laboratory, the period
of the experiments is normally limited to short periods, so by
increasing the temperature, a similar level of fcarbonisationt
to the natural maturation of coal may be obtained, although the

products may not be precisely the same.
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One of the tempercture levels used in the present project
(35000) is just below the temperatu;e of tactive decomposition?
of coal (Borkowitz 1967), which starts at about 400°C and the
other (150°C) is closer to normal coalification temperatures
suggested for bituminous coal (about 80° to 140°C = Teichmuller
and Teichmiller 1967) and anthracite formation (approximately

200°C — Cock et ale 1972)s

B, Previous related studies
1. Introduction

The influence of holding timc on the natural coalification
process and on the laboratory curbonisation of coal has been
studied by Dulhunty (1954); van Krevelen et al. (1955); M.Teichmuller
and ReTeichmiller (1967, 1968)e  Dulhunty (1954) considered the
effect of time on the metamorphism of the coal and concluded that
tiwe zlone does not play aon importunt role, but in combination
with other factors (such as temperature and pressure) its role
13 vitale IM.Teichmiller and Re Teichmiller (1967) support
Dulhunty?s opinion, giving an example of a certcin Russian coal
of Lower Carboniferous age in the Moscow Bosin, which, at the
present time, is still a hard brown coal, because this area was
never exposed to the minimum temperature necessary }or the formation
of bituminous coales In contrast, however, some of the German
coals of Lower Carboniferous were in later Mesozoic and Cenozoic

times buried at depths of 2000 to 4000 metres for a period of zbout
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100 million yearse Thesc coals were converted to low-vclatile

bituminous coals (Ve = 10 to 20%).

MeTeichmiller and Re Teichmiller (1968) have also
considered in detail the effect of time on the coalification
process and concluded that if the tempercture is high enough,
then the length of time to which coal is subjected to increased
temperature will have an influence and the rank of coal will be
higher the longer the tempertture actse For example, a particular
Carboniferous coal in the Ruhr, subsided gradually to a depth of
5100 metres; the temperature at the present day is almost 14700
at that depthe Coaly inclusions of Upper lfiocene age (16 & 3
million years) on the Gulf Coast of Louisiana at a depth of 5440
metres have been heated to gpproximately 14100. The German
coal has been heated for about 270 million years at almost the
same temperature as the American Miocene cozl and has reached
the level of low~volatile coking coal (VM. = 16%), whercas the
Anmericen coal has only reached the stage of high-wolatile
bituminous coal with 37% V.M, The only parcmeter which varied
in this case was the time of heating which was much longer for
the German coal, assuming of course a constant 'crustal temperature

over the periods

Van Krevelen et ale (1956) also recognises the influence
of holding time on the rate of decompositionn of bituminous coals
corbonised at different temperatures.s On heating at a constant

temperature, the rate of decomposition passes through & maximun



which is dependent on the temperatures The rate of devolatilisation,
after reaching its peak, shows a rcgular decrease with increasing
length of timee A mediumwolatile (23.3%) bituminous coal did not
reach the peak of decomposition on heating to 39100, even after 25
hours, wherecas at 450°C 1t reached its naximun aftei' about a 5 hour

tsoock periodte (Fig T0)e

These studies show that coal heated to a particular tempercos
ture, after attaining madmum decomposition at 2 porticular temperos
ture level, develops & certain level of molecular structure; further
lengthening of the time will tend to improve the molecular structure
to an even nore advenced molecular structurc until the équilibrium

is reached,

2. Morphology

The morphology of the carbonised residuces of carbonaceous
materials such as coking cocl and coal=~tar pitch etoce prepared
at low temperatures is agnin dependent upon the length of holding
tines The appearance and growth of the sphericcl mesophase at
low temperatures is also & function of holding time, as is the
development of different types of mosaic structures in cokée
Taylor (1961) anticipates the possibility of the formation of
large spherical bodies in thermally metamorphosed vitrinites
with prolonged heating at low temperaturess Honda gt al, (1970);
Whittoker and Grindstaff (1972) and Sanade et gle (1973) show that

the appecrance, growth and nucleation of spheriocal mesophase in
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carbonoceous naterials, such o8 coal=tar pitch, is dependent
upon the length of time and tekes place progressively; the

isotropic liquid pheose finally disappears completely with a

sufficiently long holding time.

Sugimra et ale (1969) and Sanada et 2le (1973) show
that the anount of the anisotropic fraction of coking coal
(carbon = 89.8% daf) carbonised at 400°C increcses with length
of time up to 4 hours and tﬁat the percentage of the anisotropic
texture varios with the time (Fig 71)e Considering the above
investigation, it is possible to anticipate tho formation of
mosaic structures at temperatures lower than that required to
produce the plastic stage,; £ege around 400°C during carbonisation

under atmospheric pressure,

3, ' @tical Properties = Reflectivity

The reflectivity of vitrinites carboniscd for different
lengths of time have been measured by Mackowsky (1961); Ghosh
(1968) and de Vries gt ale (1968)s Most of thess studies have
been carried out on vitrinites carbonised above the decomposition

point .

Mackowsky (1961) observed an increcse in reflectivity at
a temperature of 350°C when coal (VMe = opproximately 35 = 40%)
wos heated for a period of 24 to 48 hours, but no increase in

reflectivity was observed at temperatures below 380°C if there

was no $soak periodt,
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Ghosh (1968) studicd the influence of %soak periods?
(*residence times') of up to five hours on the reflectivities
of three different ranks of coal (carbon = 7642, 8345 and 91¢1%
daf) carbonised at temperatures of 500°, 700° end 1000°C.

The reflectivity of these coals increased with residence time
up to0 a moximun, after which it maintainod the same level with
further increase of timee The rate of the initial increase of
the reflectivity to its maxdirmum value depended on many factors,
inoluding the carbonisation temperature, the original rank of
the coals and the rate of heating (Fig 72)e The initial
incrcase of reflectivity was sharper the higher was the temper-
ature of the carbonisations The differences boiween rates of
heating became less evident with increase of residence time.
Ghosh did not study these effocts on a true coking coal (carbon
= 88% dof)e

Do Vries gt ale (1968) also studied the reflectivity of a
range of vitrinites of different rank (from 7848 up to 92,4%
daf) carbonised at 450°% 520° and 600°C for periods up to 72
hourse The effect of residence time is more pronounced in the
coking range (carbon = 8846, 89.6 and 8947% dof)e  The reflect-
ivities of coking coal vitrinites at all three levels of carbone
isation temperature maintain their increasc and even after 72 hours
holding time the reflectivity rise still does not seem to have
ended (Fig 73)e The phenomenom is at its moximun at 89¢6% carbone
The reflectivity of the lowest—rank coal (carbon = 78,8% daf),

when carbonised at 450°C, increases with time up to 24 hours and
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Fig 73 Variation Jf oil reflectivity with volatile matter

o
content of fresh vitrimites carbonised at 450°, 500,

and 600°C for O, 8, 24 and 72 hours 'soak periods'.
(after de Vries et al. 1968).
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then only increases slightly thereaftery, up to 72 hoursy at

600°G the reflectivity increcases contimuously up to 72 hourse

(Fig 74)e As might be expected anthracitic vitrinites (carbon

= 91¢3 ond 9244% Anmf) show the least ohange in reflectivity with
time after an initial inorease, the reflectivify increasing only
slightly with .lengbh of time up to 72 hourses The reflectivity=
holding time curve of coking coal (carbon = 8745% daf) exhibits
behoviour intermediate between that of low=rank and ooking coalse
Reflectivity differences between gero 'sock? and T2 hours *socking
timet for different ranks of coal increases with rise of

tempercture (Fig 74)e

The results of de Vrics gt ale (1968) do not agree with the
findings of Ghosh (1968) :'even for reflectivity changes in similar
ranks of vitrinite (carbon = 91% daf)se  According to Ghosh vitrinite
of this rornk maintains tho same lewvel of reflectivity after a holding
time of 3 hours, while according to de Vries gt ale (the reflectivity
increases with length of times The findings of de Vries gt ale
show that the increase of reflectivity with time is more pronounced
the highor is the temperature of carbonisafiion, whereas the results
of Ghosh suggest only an initial sharp increase of reflectivity and
maintenanoce of the maximum level of reflectivity after a short

period of time (between 2 and 3 hours)e |

4. Optical Properties and Molsoular Struoture

De Vries gt ale (1968) state that the contimuous increase

of reflectivity with time of heating in vitrinites of coking rank



Fig 74 Variation of oil reflectivity curves with holding
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is maintained because of gradual oondensation of aromatic materials
The condensation of aromatic material in anthracites is very slight,
even at 600°C after 72 hours, and results in only a slight rise of
reflectivitye The above results suggest that on heating, lengthene
ing the time modifies the molecular structure of vitrinite by
distillation and condensation reactione These molecular changes

are also obviously influonced by the initial structure of the
vitrinite, eege vitrinite of low-rank is more sensitive to time

of heating than is anthracite, because low~rank vitrinite has a
relatively less ordercd structure then does anthracitic vitrinite

and so is more liable to the influence of time of heatinge

5e X-Ray Diffraction

Honda et ale (1970) and Senade et ale (1973), using X-ray
diffraction, studied the molecular changes brought about by differont
residence times on coal~toar pitch, but unfortunctely there is no
evidence from X-roy diffraction studies of molecular changes in

carbonised vitrinites in rclation to length of times

Honda gt als (1970) examined the changes in tho stack
heights of the lamellae (Lc) for different residence times and
congtant temperatures of 390°, 4000 and 41000 for coal-tar pitch.
The (Lc) increases with the length of residence time, with the
increase rapid up to about 8 hours, after which it rises at a
rcduced rate up to 20 hourss Support for Honda was given by

tho results of Sanada ef alp (1973)s  The orystallite height (L)
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Fig 75 Variation of crystallite height (LC) with holding
time for coal tar pitch carbonised at 420°C (after
Sanada et al 1973)e
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of coalwtar pitch carboniscd at 420°C over o period of up to

13 hours, increascd progressively with the length of timo (Fig 75)e

The behaviour of a carbonaceous material, such os coking-
roank vitrinite and coal-tor pitch is rather similare. Thus, if
the molecular structuroe of coal-~tar pitch is modified as described
above by the time of hecting, then the molecular structure of
vitrinite, in particular vitrinite of coking rank, might be
essumed to chonge in o simileor manner by hecting at constant

temperatures for prolonged periodse

6. Summory

The above studies indiocate that time of heating ¢an have
a considerable influence on the properties of vitrinites. It is
possiblc to produce a morc ordered molecular structure, which is:
reflected in the optical properties and in the morphological structure
of the carbonised residues at relatively low temperatures if the
length of heating is sufficients Even nosaic structures, which
comnonly appcar at about 425° to 450°C, can apparently form at
lower tomperatures and the optical propertics, cege reflectivity
reach higher levels which, with continuously rising temperature,
would not normally be reached until temperatures 100° to 150°C
higher with ?zero soak periods?s What is, however, missing fron
these earlier studies is a detailed examination of the effect of
time and temperaturcs on the opficc.l proporties of vitrinites
heated well below their decomposition points, z2lthough a2 slight

indication of what moy hoppen is given by the early brief work of

Meckowskye
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Ce  Resulis, Description
1«  Introeduction

The morphological changes and optical properties of
heat-treated vitrinites (carbon = 77.0, 82,3, 85.4, 87.9,
90% daf and 94.2 dmmf) are discussed and compared with one

another.as followss-

(a) variation at 150°C and
(v) variation at 350 Ce
2o  Morphology
() 150°C (Plates 61, 63, 65. 67, 69 and 11)

The residues of sub-bituminous (carbon = 77.0% daf)
and low-rank bituminous vitrinite (carbon = 82,3% daf) show
the greatest morphological changes with rise of holding time,
ises the microspores disappear, vitrinite becomes brighter and
slightly subangular and the mottled structure disappears. The
residues of caking, low and high-rank coking witrinites (carbon
= 85.4, 8749 and 90,0% daf) develop occasional emall vacuoles at
the maximum length of holding time (32 weeks)e Anthracitic

vitrinite (carbon = 94,2% dmmf) remains unchanged.

()  350°C (Plates 62, 64, 66, 68, 70 and 72)

The sub-bituminous vitrinite up to strongly caking coal

vitrinite (carbon = 77,0, 82,3 and 85.4% daf) becomes subangular



and develop devolatilisation vacuoles of up to 25um diameter
with increase of holding time, Particles of the two coking

vitrinites (carbon = 87,9 and 90,0% daf) develop vacuoles of
up to 50 um diameter, becoms rounded (Plate 68c) and develop
granular mosaic structure (Plates 68c anl 70c)s anthracitic

vitrinite (carbon = 94,2% dmmf) again remains unchanged,

Complete details of the morphological changes are given
in Appendix II(Volume III)e

3e i rties

The similar optical data of the six vitrinites of
. different rank are grouped depending on the temperatures at

which they were carbonised,.
(a) Yaciation at 150°C
(1) Beflectivity (Fizs 76 and 77)

The reflectivity in air and oil are described
together because of the similarity between the curves for
each vitrinites The reflectivities of the sub-bituminous
and of the lower-rank bituminous vitrinites increase contin-
uously with the length of time, the increase being more evident
in the sub-bituminous vitrinite, The caking and two coking
vitrinites show a very slight but continuous increase of

reflectivity with time and the same trend is possibly present’

in the anthracitic vitrinite,

203



Fig 76 Variation of reflectivity in air of different ranks
of vitrinite heated for different periods of time

at 150°C,
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Pig 77 Variation of reflectivity in oil of different ranks
of vitrinite heated for different periods of time
at 150°C.
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(1)  Refractive Index (Fig 78)

The curves of the refractive indices against time for the
sub=bituminous and lowerank bituminous vitrinites show the greatest
modification, although the change in pattern 1s irregular, the
refractive index of the sub~bituminous~rank vitrinite starting
to rise after four weeks, but the lowerank bituminous vitrinite
showing a continuous increase of refractive index with times
The refractive index time curves for the caking and two coking
vitrinites increase slowly with length of heating time, but éhow
less change than do the lowerwrank vitrinitese The refractive
indices of the anthracitic vitrinite remain practically unchanged

with time.

(1ii) Absorptive Index (Fig 79)

The absorptive index time curves of vitrinites are not as
reliable as the reflectivity or refractive index time curves
because the absorptive index is the least accurately determined
of the optical parameterses Several of the curves show a slight
decrease of the index with timey which would not be expected if
the molecular structure is developinges The absorptive index

curve of the low-rank and anthracitic vitrinites shows reasonable

trends.

(v)  Yaristion st 350°¢

(1)  Reflectivity (Figs 80 and 81)

The reflectivity=~time curves of tho sub=bituminous aml



Pig 78 Variation of refractive index of different ranks of
vitrinite heated for different periods of time at 150°C.
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Fig 79 Variations of absorptive index of different ranks of
vitrinite heated for different periods of time at 150°C.
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Fig 80 Variation of reflectivity in air of different rarks
of vitrinite heated for different periods of time
at 350°C.
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Fig 81 Variation of reflectivity in oil of different ranks
of vitrinite heated for different periods of time
at 350°C.
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low=-rank bituminous vitrinites increase sharply after one week
and then rise contimuously but nuch more slowly up to 32 weekss
The pattern is similar for all the vitrinites, but the initial
sharp increase hecomes less marked as the initial rank of the
vitrinite rises, although it is still evident, oven in the |

anthracitio vitrinites

(11) Refractive Index (Fig 82)

The behaviour of the refractive index~time curves is
gimilar to the reflectivity time curves, eege there is an
initial sharp rise of refractive index~time curve for sub-
bituminous and low~rank bituminous vitrinites. The initial
sharp increase and also the overall increase in the refractive
index time cuz'w}es of the vitrinites becomec less marked with
increasing initial ranke The anthracitic vitrinite shows the
least overall change of refractive index with time and displays

no initial inoreases

(1ii) Absorptive Index (Rig 83)

The absorptive index-tima curves of hect~treated vitrinite
show more consistent trends with time than they did in the
experiments at 150°C. The curve for the low=rank sub=-bituminous
vitrinitc; shows an initial sharp increase with time of carbonisation,
then increases slowly with length of heatinge The absorptive
index curve for bituminous-rank vitrinites increases continuously
with time of carbonisations The anthracitic vitrinite againshows
the least variation of absorptive index with time, which remains

practically the same as fresh vitrinite up-to 32 weeks,



Fig 82 Variation of refractive index of different ranks of
0
vitrinite heated for different periods of time at 350 Ce
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Fig 83 Variations of absorptive index of different ranks of
vitrinite heated for different periods of time at 350°C.
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D.  DRigcussion

1. Morpholozy

The above work indicates that the influence of holding
time and temperature level is more striking the lower is the

rank of the vitrinite,

(a) 150°Ci the sub-bituminous vitrinite (Plate 61) and

the low-rank bituminous vitrinite (Plate 63) show the

greatest morphological changes, e.g. microspores disappear

at the maximum length of holding time and the fottled
appearance, which is related to cellular structures, becomes
more visible, The caking and ooking vitrinites (Plates 65,

67 and 69) develop a number of small vesicles and cracks

which suggests incipient plastic deformation in these vitrinites,
The sporinite in the caking coal vitrinite is depolymerised
and becomes brighter, and completely disappears after 32 weeks!
holding time in the coking coal vit;inites. The anthracitic
vitrinite (Plate 71) remains practically unchanged, due to the
more stable molecular structures What the above results
indicate is that it is possible to produce some of the
morphological changes which are normally observed with short-
term heating in the range 375° - 425°%C (esgs disappearance

of sporinite, development of cracks and small vesicles) at
much lower temperatures, if the holding time is sufficiently

long.
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}j_cf_c_g. the development of vesicles in sub=bituminous
and low-rank bituminous vitrinites and also the complete dis-
appearance of sporinite (Plates 62 and 64) with increase in
the length of time indicates Yactive decomposition?! of this
vitrinite (sce Berkowitz 1967; Goodarzi 1971 and Melvin 1974),
which is normally only observed in laboratory-treated coals at
temperatures over 400°C. Development of vesicles, gradual
brightening of the sporinite and its eventual disappearance in
the oaking and ooking coal vitrinites (Plates 64, 68 and 36 a~d)
with progressive increase of holding time and finally the
development of a mosaic structure in the ocoking coal vitrinites
(Plates 68 and P0) is indicative of gradual decomposition of
these vitrinites at a temperature which is substantially below
the tnormal? temperatures of tactive decomposition', eegs 400°¢

as cited by Berkowitz 1967,

It is iunteresting to observe the development of & gronular
nosaic structure in the coking coal vitrinites, which does not
normally occur in laboratory-ca.rbc;rﬁ.sed softening vitrinites
(Plates 66 and PO) until & temperature of cbout 425°C is reached
(see for example Goodarzi 1971)e Resulis are also presemted
in . Part III which show that cven the truc softening vitrinites
do not develop mosaic structures at 40000, even at a slow heating
rates Melvin (1974) also anticipated the development of mosaic
gtructure in thermally metamorphosed coals at temperatures of
about 150°C ¥ 15  Taylor (1961) also suggests the possibility of
the formation of mesophase and/or mosaic structure by prolonged

heating at temperatures lower than 450° - 460°C.
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2e Optical Properties

(a)  Variation at 150°C
(1) Reflectivity (Figs 76 and 77)

At 150°C the progressive increase of the reflectivity
of the sub~bituminous and low=rank bdbituminous vitrinites, the
glight changes in the level of reflectivity of the ceking and
ooking vitrinites and finally the practically unchanged level
of reflectivity of amthracite (Figs 76 and T7) with increase
in the length of heating $ime ot a temperature of 150°C refleots
the initial basic differences in molecular structure between
these vitrinitese The molecular structural changes at this
temperature level compared with the fresh material are not
gevere, and, according to Berkowitz (1968), are limited to the
relcase of physiocally occluded a.nd/or absorbed moisture and gases
such as CH, and C0,s  However, the findings of Harrison (1965)
show that the reflectivity of certain lowerank vitrinites
increases with decrease of moisture content, so the increase in
the reflectivity level with length of time of the above vitrinites
can possibly be related to some extent to loss of moisture. It
is also known that the proportion of amorphous moterial (aliphatic
and/or alicyclic hydrocarbons) decreases with rise of rank (Cartz
and Hirsch 1960) and that during carbonisation the amorphous

materials begin to devolatilise at temperatures of about 300°C
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(Diemond and Hirsch 1958 and Diamond 1960), resulting in
condensation of tho aromatic structures and henoce an increase

in reflectivitye DBut, considering the substantial length of

time of carbonisation in the present project, and the results

of van Krevelen et ale (1956) which show that decomposition
reactiors at cofistant and low temperatures are contimious

with time, until the maximum level of decomposition is achieved,
then surely some degree of decomposition at 150°C mist have

tzken placee  Although the decomposition is not severe, it is
contimious, leading to slow degasification of amorphous material
and subsequent condensation of aromatic structures at tamperctures
lower than 300°Ce The slight increaso in the level of reflectivity
of the caking and coking vitrinite with length of timo is probably
attributable to the stability of the structure of these vitrinites,
which consists of lesser proportions of amorphous material and
more aromatic meoterial, thus requiring a greater level of thormal

treatment to produce moleculor changes by decomposition reactions,

Finally, anthracitic vitrinite which moy have a temperature .
of formation of 200°C (Cook gt als 1972) would not bo-generclly
expected to show reflectivity changes with length of time,

because of its relatively stable structuree

(11) Refractive Index (Fig 78)

The refractive index of vitrinites up to higherank
bituminous (carbon = 90,0% dof) increcses with length of

heating (Fig 78), which indicates molecular changos, such as
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an increase in crystallite height and/or improvement in pocking
of the aromatic lamellae (see Part III)e The results of Honda
et al (1970) and Sannda gt al (1973) show a contimuous increcse
of crystallite height with length of holding time at a tempera~
ture of about 390°Ce While the temperature level of 150°C in
the present work is considerably lower thoan the temperature
usod by Honda gt ale ond Sanada ot aly the length of time in
the earlier studies wos only o matter of hours, while in the
present study is bosed on weekse In addition, the findings of
Goodarzi (1971) cnd Goodarzi and Murchison (1972) show tho
refractive index of lowerank vitrinite on heating increases

at o greater rato than docs higher—rank vitrinites The preseont
study supports the above findings since the greater is the irmcrecse

of the refractive index, the lowor is the rank of the vitrinite.

The sub=bituminous and low=rcnk bituminous vitrinites,
after carbonisction for 32 weeks, develop a lewvel of refractive
index similar to the initial refractive indox of & caking coal
vitrinite, which probably indicctes that structurally these two
vitrinites have developed similcr molecular structuress The
difference in moleculer structures of the caking amd coking
vitrinites is apparent_from the behaviour of their refractive
index=time curves which show that, even aftter 32 week's continuous
carbonisation, changes in molecular structure are mch less

intense than in lowor=rank vitrinites.

At a heating tomperature +of 150°C, only 32 woek®s holding
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tinc appears to be sufficient to promote the level of ths
optioal properties of sub~bituminous and low-ronk bituminous
vitrinite up to those of caking vitrinite, only atmospheric
pressure being involveds The temperature of 150°C is very
close to the temperature of natural maturation (80° - 144°¢)

of bituminous coal which was quoted by M, Teichmiller and Re
Teichmiller (1963)e Thosc temperaturos of *metamorphisn ore
lower than the toupercture used in those studies, but the length
of holding time in the present study wos only 32 wecks, whereas
geological time may bo irmenses In order to achieve the same
effect as naturcl metemorphism over a shorter length of time, a
temperature incrcase would be requireds The effects of pressurc
would also have to overcome in the crust, lengthening the time

nocessary at these relatively low temperaturcs.

(411) Absorptive Index (Fig 79)

The behaviour of the absorptive indox~time curves of
vitrinites of different rank level suggests that the changes
in layer diamcter (L&) in the lowesteronk vitrinite are very

slight after an initizl sharp increase with time of carbonisation,

(v)  Variation at_350°C

(1) Reflectivity (Figs 80 and 81)

According to van Krevelen gt ale (1956), the initial
rate of deccomposition is sharp and the initial sharp rise of

tho reflectivity of all six vitrinites of different rank level
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after a holding time of one week, mist be related to initial
degasification and decomposition. The initial sharp rise of
reflectivity with holding time agrees with the findings of Ghosh
(1968) and de Vries gi al, (1968) at temperatures higher than the
decomposition point. However, the extent of the initial increase
of the level of reflectivity with holding time decreeses from

the low-rank to the anthracitic vitrinite indicating that the
condensation of aromatic structures due to degasification is
greater the lower is the rank of the vitrinite. Berkowitz (1967)
recognises that carbonisation up to 350°C results in limited |
devolatilisation, which again, is the greater the lower is the
rank of the coal, and the findings of Brooks and Maher (1957)

also indicate that thermal stability increases with rising carbon
content or decrease of oxygen content. It would then be expected
that the overall change in reflectivity with holding time would be
reduced with rise of rank, as the present results show (Figs 80
and 81). Condensation of aromatic structures in bituminous-rank
vitrinite is continuous with increase in length of holding time
(de Vries ot al. 1968), so progressive increasc in the level of
reflectivity curves with holding time of such vitrinites indicates

progressive condensation of aromatic structures.
(i1) ctivo Index (Rig 82

The initial sharp rise of the refractive indices of the
lower-rank vitrinites with holding time is due again to modification

of their molicular structures causcd by degasification
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increasing in crystallite height or improvement of the packing

of layers. (see Honda gt al, 1970 and Sanada gt al, 1973)e In
contrast to 150°C the initial increase of refractive indices is
greater the lower is the rank of vitrinite, due to the severe
molecular structural alteration which is proportionally higher

in the lower-rank " vitrinites. If the level of refractive

index can be taken as an indication of the degree of developmant

of the molecular structure, it is evident from Fig82 that a low-
rank bituminous vitrinite, even after prolonged heating, has

8till not develored its molecular structure to a level that is
equivalent to that of a coking vitrinite at this temperature.

The anthracitic vitrinite shows the least increase in its refractive
index-time curve which can be expected because of the more stable
molecular structure of the anthracites, The anthracitic vitrinite
clearly requires an even higher starting temperature to reorganiée
its initial golecular structure over a heating period as short as

32 weekse

(111) Absorptive Index (Fig 83)

The behaviour of the absorptive index-time curves for sub-
bituminous and bituminous-rank vitrinites indicates that the
aromatic layer dilameters inorease rapidly in the initial week
of heating. This initial increase is more pronounced for sub-
bituminous vitrinites than for bituminous-rank vitrinites, because
the layer diameter of the lowest-rankvitrinite begins to increase

slowly at about 300°C (see Diamond and Hirsch 1958; Diamond 1960),



whereas the layer diameters of the bitupinous-rank vitrinites

only begin to increase at higher temperatures,

Of the absorptive index-time curves for anthracitic
vitrinite, little needs to be said because, acoording to the
results of Diamond (1960), increase in the aromatic-layer
diameter of anthracite only 5egins at about 600°Ce At the
level of temperature (35000) used here, even after prolonged
periods of time, the sizes of aromatic layers in anthracitic

vitrinite is not affected,
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Ee Canclusion

1e the morphological changes with holding time in non-

softening vitrinite are greater the lower is the rank,

2. the anisotropy of softening vitrinites (observed with

the microscope) increases with holding time

3e truly softoning vitrinites develop mosaic structures
with prolonged holding times at temperatures much lower than

normal softening temperatures,

be when heated at temperatures below natural decomposition
temperatures, the optical properties of low-rank vitrinites are

most sensitive to holding time, anthracitic vitrinites the least,

Se the influence of holding time on optical properties becomes

more evident the higher is the level of heat-treatment temperature,

6, the effect of holding time on optical properties appears
only if the temperature of formation of the vitrinite is lower

than the heat-treatment temperature, and

To low-rank vitrinites develop a similar level of reflectivity
to higher-rank vitrinite in a shorter length of time than the
higher-rank vitrinite takes to achieve a higher level of

reflectivitye.
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1, QETICAL FROPERTIES OF CARBONISFD SEORINITES

A, Qeneral Introdyction

The purpose of this Part * is to report on the variation
of the optical properties of low and medium~-rank sporinites and
their mixtures with vitrinite of the same coal over a range of
carbonisation tompsratures, The behaviour of sporinite, and
particularly its possible influence om the properties of vitrinite
during the carbonisation process may be important in the preparation
of industrial coke, particularly when dealing with swelling,
coherency and hardness of the resulting products, To the Writer's

knowledge, there has not been a previous systematic study of this

nature.

The term 'exinite' is often used in investigations on the
properties of sporinite, but strictly the term 'exinite' refers
to the exinite group of macerals consisting of sporinite, cutinite,
resinite and alginite, The main constituent of the exinite group
of macerals in Palacozoic coals is sporinite and it is the maceral

which is dominant in separations,
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B. Dxevious Related Studigs
1. antroduction

According to Sprunk gt gls (1938)3 Macrae (1943)3 Alpern
(1956); Krdger and Pohl (1957)3 Dormans gt ale (1957)3 Nandi
(1966) and the International Handbook of Poal Petrography (1971),
exinite undergoes an extensive devolatilisation during carbonisation,
vresulting in a very high yield of tar and high volatile-matter
contents  Alpern (1956) states that about 40f% of exinite substance
is devolatilised on thermal treatment, Krdger and Pohl (1957)
find that exinite has a higher level of weight loss at about 42000
than does vitrinite, that the rate of decomposition of exinite is
higher than that of vitrinite and that exinite decomposes over a
shorter temperature range than vitrinite, but the differences
between the decomposition behaviour of exinite and vitrinite
decrease with increase of rank, The results of Ergun gt als
(1959) indicate that on heating (between 450° and 500°C) at a
fixed rate, exinite fuses and resolidifies abruptly over a wide
temperature range, The duration of the reaction deoreases with
increase of temperature, but vitrinite fuses at a relatively high
temperature and decomposes rapidly, Dormans &t ala (1957) indicate
that pure exinite produces an abnormal dilatation curve due to its
fluido-plastic behaviour and extensive evolution of volatile-
matter at the same time, Van Krevelen gf als (1959) recognises
that the fluidity of exinite during carbonisation is much greater
than that of the vitrinite (Fig 84). Finally, Nandi (cited by
Mackowsky and Wolff 1966) rocognised,that exinite has. °

a low softening point, becoming very fluid and is highly volatiles



Pig 84 Variation of dilatation with rank of exinite and
vitrinite (after van Krevelen gt gals 1959).
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2, Morphelozy

Macrae (1943) recognises that sporinite, on carbonisation
up to 350°C.in vacuum, develops a coherent, friable residue,
whereas vitrinite, even after prolonged heating, romains non-
ooherent and has an angular particle forme Brown (1959) states
that carbonisation of exinite results in a highly swollen residue,
whereas tha swelling index of vitrinite varies with rank, Finally,
the results of Ladem gf als (1958) indicate that carbonisation of
a low-rank exinite yields well vacuolated, thick-walled, low=-

strength coke.

The carbonised residﬁe of exinitoc develops higher anisotropy
(observed with the optical microscope) than vitrinite of the sams
coal (see Alpern 1956 and Brown and Taylor 1961)e Melvin (1974)
attributes the coarse-grained mosaic structures found in a
metmorphosed Northumbrian coal is due to exinite derivatives,
Goldring (1971) reports that cokes developed from durainous coals,
which consist mainly of exinite (séorinite) and inertinite, develop
coarse-grained mosaics, It is reasonable to assumse that the exinite
develops a larger mosaic struoture than the corresponding vitrinite,
due to its lower o#ygen content and higher hydrogen content and
consequent higher fluidity, It is known that coal-tar pitch and
carbonaceous material, with a high content of hydrogen in rclation
to elements other than carbon, develop a larger mosaic structure

(see Alpern 19563 Brooks and Taylor 1965 and Marsh gf als (1973)e
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3o  Qeiical Proporiics

Carbonised residues of exinite, thermally metamorphosed
or laboratory carbonised, develop a higher level of reflectivity
and bireflectance than the corresponding carbonised vitrinites
(see Alpern 19563 Brown and Taylor 1961 and Kisch 1966), Alpern
(1956) recognises that the anisotropy of carbonised residues
of exinite concentrates is higher than coke made of vitrinite
of the same coal(V,M, = 34%) and that the presence of exinite
in coal-maceral mixtures promotes the anisotropy of resulting
carbonised residuess Brown and Taylor (1961), examining some
metamorphosed Antarotic coals, recognise small areas elongated
parallel to the bedding, which show stronger anisotropy than
the vitrinite, and believe that these areas represent heat-
affected exinite, Finally, Kisch (1966) considers that the
streaks of highly anisotropic material (Figs 3 and 4, pp
1054-1055) in some heat-affected coals, which also show higher
reflectivity than the corresponding vitrinite, are metamorphosed
residues of exinite, Mora recently the results of Khavari.
(1975) indicate that the reflectivity, bireflectance and absorptive
index of carbonised residues of gilsonite pitch increase with rise
of temperature and also that the refracrive index curve for the
residues follows a similar trend to that of vitrinite of a similar
degree of carbonisation when carbonised under similar conditions.
Since exinite has a similar compositional relationship to pitch
(higher hydrogen and low oxygen content), the optical properties

of carbonised exinite may bshave similarly to gilsonite pitche
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4o  E=Rax diffraction

Carbonised residues of exinite develop better ordering of
their moiecular structure than vitrinite of corresponding rank,
This is indicated by the findings of Durif (1956) show shows that
exinites (VoMy = 21,3% - 38,06 daf) graphitise between 1880° and
199000, showing better ordering of molecular structure, (apparent
from the intensity of 002 band) than the vitrinite of the same
rank level, The formation of better graphitic structures in4
carbonised residues of exinite than in the associated vitrinite
is probably due to the lower oxygen content of exinite than
vitrinites PFurther Ladem gt gla (1958, also show that a low-rank
exinite carbonised up to 1000°C develops a better graphitic
structure than vitrinite, The findings of Pranklin (1951)
indicate that the graphitisadbility of carbonaceous material is
directly dependent on its oxygen content and the molecular
structure of the semi-coke developed at temperatures ranging
betweon 400° and 50000. Exinite, having a highor hydrogen and
lower oxygen content, probably develops aromatic layers which
are more loosely cross-linked than the corresponding vitrin{te;
so as the temperature increases, exinite probably develops larger

and better ordered aromatic lamellae,
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5e SUEnary.

To summarise, exinite during carbonisation develops a
better molécular structure than the associated vitrinite, due
to the basic molecular differences betwecn these two maceralss
The results of Alpern (1956)3 Brown and Taylor (1961) and
Kisch (1966) indicate that carbonised residues of exinite show
a higher level of anisotropy than vitrinite, while the results
of Durif (1956) and Ladam (1958) show a higher level of
molecular ordering in carbonised exinites than in the associated
carbonised vitrinites, PFinally it is not unreasonable to
expeot that exinite will develop better defined mosaic textures
than the associated vitrinite and also that the trends of
optidal propertics of carbonieed exinite will differ from those

of carboniscd vitrinites of similar rank.



Co  Rosults, Description

1,  lntreduction

The optical properties of low and medium-rank
sporinites (carbon = 83,0 and 87,1% daf) carbonised at
temperatures ranging from 300o to 95000 were studied, Theo
similar experimental optical data of the carbonised residues
of the low and medium-rank sporinites are grouped together
(Figs 85 to 89) and also more generalisocd curves for the
samo optical data are shown in Figs 90 to 94, together

with ourves for the equivalent associated vitrinites,

2,  Morpholozy (Plates 73 to 80)

The carbonised residucs of both sporinites
(sporinites carbon = 8340 and 87.1% daf) become coherent
(v, o Plates 73 and 77) at about 4OOPC and develop devol=

atilisation vacuoles,

The size of vacuoles varies but generally increases

with rise of temperature., The residues of both sporinites

222

are almost isotropic at 400°C but become anisotropic at about 45000
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(c Platos 73 and 77)e The carbonised residues of low-rank

. sporinite develop a fine-grained mosaic texture (Plates T4 to
76), whercas the medium-rank sporinite develops fino to coarse-
grained mosaic on carbonisation, The coarse-grained mosaic
mainly develops in areas free of inertinite (bPlate 78).

The size of the mosaic structure increases with rising
temperature and the mosaic unite develop common orientation.,
Complete details of the morphological changes are given in

Appendix IIT of Volume III,
3e ‘ rope
(2) Raflectivi igs 85, 86

The air and o0il reflectivity-temperature curves are

described together because of the similarity in thoeir trends.

The reflectivity~temperature curves of the carbonised
residues of sporinites follow similar rising trends, the upper
ourve boing for the higher-rank sporinite Figs 85, 86)

The differonces between the two curves become more pronounced
at temperatures above 650°C, the onset cof molecular reorganisa-
Ation in the solid state, The corresponding vitrinite curves
only differ slightly from the sporinitcs over most of the

temperature range (see Figs 90 and 91),

(b)  Bireflectonce (Rigs 87, 92)

The bireflectance-temperature curves of carbonised



Fig 85 Variztion with temperature of air reflectivity of
low=rank and medium=rank sporinites carborisec up
to 950°C.
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Fig 86 Variation with tempercture of o0il reflectivity of
low=rank and medium—=rank sporinites carbonised up
s0 950°C.
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Fig 87 Variation with temperature of oil tireflectance of
low~rank and medium=rank sporinites carbonised up
to 950°C.
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sporinites again follow a rising trend, with the plot for the
medium-rank sporinite at the higher level, Birceflectance
rises slowly to about 500°C, then much more sharply to approx-
imately 80000, after which the rate of increase slows up to

the highest temperature employéd, There is a much greater
contrast between the plots for the bireflectance of sporinites
and vitrinites from the same coal thgp between the reflectivity

plots, particularly at temperatures above 50000 (see Fig 92).

(o)

The carbonised residues of the low-rank sporinite show
o similar trend to %he refractive index—~temperature curves of
non-graphitising vitrinites (Fig 13) (Goodarzi 1971; Goodarzi
and Murchison 1972 and Part I of this Thesis.) The refractive
index increases sharply between 30000 and 65000 and then decreases
slowly with furthor rise of temperature to 950°C. The trend of
the refractive index—~temperature curve for the carbonised residue
of the higher-rank sporinite also increases sharply to a maximum
between 600o and 62500, but does not reach the samc level as the
refractive index of the lower-rank sporinite; it then decreases
more rapidly than the other sporinite curve with further increase
of temperature to 95000. The form of the refractive index-
curve for the carbonised higher-rank sporinite is similar to the
curve for graphitising Qitrinites (see Goodarzi 1971.3 Goodarzi
and Murchison 1972 and Fig 13)s The refractive index curve
of higher-rank sporinite also'corresponds closely to the curve

for vitrinite from the same coal,



Fig 88 Variation with temperature of refractive index of
low=r: nk and medium=-rank sporinites carbonised up
to 950°C.
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()  Absorptive index (Figs 89 fo 04)

The absorptive index-temperature curves of carbonised
residues of sporinites show similar variations to those of

the reflectivity-temperature curves,
De Discussion
1o Morphology (Platesa 73 fo 80)

The dovelopmept of a fine-grained mosaic texture with
random orientation of tho mosaic units in the carbonised
residues of the low-rank sporinite indicates that the plasticity
of this sporinite is not high enough to promote the regular
orientation of the mosaic units, which is normally observed with
increase of carbonisation temperature ih truly softening vitrinites
(see for example Marshall and Murchison 1971 and Part III of
this Thesis). In contrast, the high-rank sporinite develops
a fine to coarse-grained mosaic texture and also a regular
orientation of the granular mosaic units with increass of
temperature, reflecting the higher level of plasticity of this
sporinite, One interesting feature of the medium-rank sporinite
is the development of large areas of very coarse-grained mosaic
texture (Plates 76 - 78), which may be due to the melting and
migration of isotropic sporinitic pitch and the development
and growth of the mosaic texture in areas free of the incrtinite
that is present in amall amounts in the carbonised residues of

the sporinites The influence of inert material on mosaic



Fig 89 Variation with temperature of absorptive index of
low=rank and medium—rank sporinites carbonised up
to 950°C.
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structure is to restrict the growth of the mosophase and hence
to 1limit thc size of the rosulting mosaic structure (ses for
example Brown gt als 1964; Brooks and Taylor 1965 and Marsh

ok als 1973).

The development of a larger granular mosaic with increase
of sporinite rank is, according to the results of Goldring (1971),
who reports the development of coarse-grained mosaio in durainous
coal, probably also due to decrease of oxygen content and to '
increase in aromaticity (see also Sanada 1973). This observation
further supports the results of Mclvin (1974) who attributed the
coarse—grained mosaics found in thermally metamurphosed Northumbrian

coal to exinitic material,
2e Qptical Propertiesg

(2)  Beflectivity (Figs 85, 86, 90 and 91)

Dormans g% als (1957) and van Krevelen (1961) found that
the reflectivity of fresh sporinites increases with rank,
gonorally in the same way as the vitrinite reflectivity
increases with rise of rank, Since rise of vitrinite reflectivity
during coalification and/or carbonisation is directly related
to increase in aromaticity of the vitrinite and/or carbonised
residues, then presumably the increase in reflectivity of
sporinites during carbonisation can also be related to rise of
aromaticity. Recent results of Khavari (1975) show that the

reflectivity of carbonised gilsonite pitch increases sharply



Fig 90 Generalised curves for variation with temperature
of air reflectivity of carbonised sporinite and

vitrinite in low and medium~rank bituminous coals.
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PFig 91 Generalised curves for variations with temperature
of 0il reflectivity of carbonised sporinite and

vitrinite in low and medium~rank obituminous coals.



OIL REFLECTIVITY - Rmax (0/0)

14.0

12.0

10.0 /

/.

0 e | |

|
0 250 500 750 1000
TEMPERATURE - °C

%0 CARBON CONTENTS-FRESH MACERALS

_____ — sporinite 87.1
—— .. — Vvitrinite 86.6
—— - —— sporinite 83.0

vitrinite 79.6



during carbonisation between 400° and 900°C. Marsh et al,
(1971) also state that on carbonisation of gilsonite with

pitch or polyvinyl chloride, whose molecular gtructurecs

consist mainly or entirely of aliphatic hydrocarbons, aromatio
gtructures develop and the aromaticity increases with rise of
temperature,s The higher level of the reflectivity curve for
the carbonised residues of the higher-rank sporinite will almost
certzeinly be due, as in the case of vitrinites, to the initial
higher level of aromaticity and also to the larger-layer

diamcter,

Figs 90and 91 show a comparison between the roflectivity
curves for the sporinite and vitrinite from the low and modium—~
rank coals over the temperature range employed, All the curves
show a rapid rise from 50000 to approximately 95000, the curves
running together to about 600°C before separating again, For
cach coal the reflectivity of the sporinite is higher than the
corresponding vitrinite, a situation related to the grecater
plasticity achieved by the individual sporinites compared with

their corresponding vitrinites,
(v) Bireflectancg(Figs 8 2

The increase in the level of bireflectance is related
40 increased ordering of the molecular structure with risc of
temperatures Again, as with carbonised vitrinites, the higher-
rank sporinite displays a higher degree of ordering than the

lower-rank sporinite at any temperature leovel with the birocflectance



Fig 92 Generalised curves for variation with temperature of
0il bireflectance of carbonised sporinite and vitrinite

in low and medium—rank bituminous coals.
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differonce progressively increasing., Although in terms of a
quantitative measurement of bireflectance the higher-rank
spofinite is essentially isotropic when fresh, the higher
bireflectance at all temperatures suggests a higher dogree
of initial ordering than in the low-rank sporinite, as well

as a higher initial plasticity,

The same relationships as exist between the reflectivity-
temperature curves for sporinites and their corresponding
vitrinites are much more obvious beiweon the bireflectance
curves for the carbonised residues (see Fig 92)s  Although
sporinite from the low-rank coal (vitrinitet carbon = 79.6% daf)
develops considerable bireflectance, the level attained still
does not approach that of the relatively highly softening
vitrinite (carbon = 86,6% daf) from the caking coale What
is clear, however, is that for any coal and for the samo
carbonisation conditions, the bireflectance of sporinite will
be higher than that of the associated vitrinite, The higher
level of bireflectance of sporinite than its corresponding
vitrinite is in agreement with the findings of Alpern (1956)
who states that on carbonisation the anisotropy of sporinite

(exinite) will be higher than vitrinite.

(o)  Refractive index (Figs 88, 93)

Goodarzi and Murchison (1972) established that the

behaviour of the refractive index-temperature curve of vitrinites



Fig 93 Generalised curves for variation with temperature of
refractive index of carbonised sporinite and vitrinite

in low and medjum=~rank bituminous coals.
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on carbonisation is related to changes in molecular structure,
especially to the crystallite height and to the packing of

the aromatic lamellae. The results of Cartz and Hirsch (1956)
suggest that the molecular structure of exinite (sporinite) is
basically similar to that of vitrinite, although exinite is
les well-ordered, having smaller aromatic layers and more
amorphous material than vitrinite. Thus it is not surprising
that the refractive index-temperature curve for carbonised
sporinite in general follows a similar trend to that of

carbonised vitrinite,

The trend of the refractive index curve of the medium-
rank sporinite on carbonisation indicates similar molecular
structural changes to those undergone by a softening vitrinite,
while the trends of the refractive-index curve of the carbon-
iged low-rank sporinite follows a similar path to that of a
non-goftening vitrinite, During carbonisation a non-softening
vitrinite develops a high level of crystallite height (apparent
from the higher level of refractive index). while the subsequent
breakdown of the molecular struoture with further rise of
temperature is not as rapid as for the softening vitrinite.

The pressnt work indicates that the carbonised sporinite
residues display similar molecular changes to the carbonised
vitrinite residues of appropriate rank, Indeed, the recent
work of Khavari (1975) shows that carbonaceous materials of
quite different origin from coal, such as gilsonite pitch,

gshungite, etc. behave, during carbonisation, similarly to

229
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vitrinites of appropriate ranke Mg 93 compares curves for
carbonised sporinites with those for the corresponding vitrinite,
The relative degree of softening of these macerals can be deduced
from (a) the breadth of the curves, (b) their heights, and (o)
their shapes., The refractive index curves support the inter—
pretations based on bireflectance, namely that at this particular
rate of heating (SOG/hin), the medium-rank sporinite is the

most fluid, followed by the medium-rank vitrinite, then the

two low-rank macerals,

Changes in the abeorptive index~temperature curves are
due to increase in the aromatic-layer diameters (Hirsch 1954),
On this basis the results indicate thét the sporinite of higher
initial rank has a larger layer dimmeter at any temperature
level than the carbonised low-rank sporinite and that the difference
batween these layer: diameters becomes greater with temperature
rises, Fig 94 indicates that if the layer diameter is directly
correlated with absorptive index, then the layer diameters of
the sporinites and vitrinites, which appear to be approximately
the same at the start of carbonisation, gradually separate from
one another with rising temperature, so that the medium-rank

sporinite at 950°C has the largest diameter at 950°C.



Fig 94 Generalised curves for variation with temperature of
absorptive index of carbonised sporinite and vitrinite

in low ard medium=rank bituminous coals.
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B.  Conclusion

The following conclusions have emerged from this part

of the works

1.  Morphological

(a) The mosaic units developed during the carbonisation of
gsporinites are in general larger the higher is the starting
rank of the maceral and larger than the mosaic units developed

by the carbonised vitrinite of the same coal,

(v) Carbonised low-rank .wvitrinites do not develop mosaic
structure, whereas the corresponding carbonised sporinites

develop fine-grained mosaic units,

2, Qetical

(a) Reflectivity, bireflectance and absorptive index of
carbonised sporinites increase with carbonisation temperature
and after the plastic stage are the higher the higher is the
rank of the starting materiale The curves are similar in
form to those for carbonised vitrinites, but carbonised
sporinite above the resolidification point shows a higher

level of all these parameters than the corresponding vitrinite.

(b) The refractive index-temperature curves for the

carbonised residues of low~rank sporinite and vitrinite exhibit
similar trends to those for a non-graphitising carbon, in
contrast to the refractivebindex curves for carbonised high-rank
sporinite and vitrinite which behave similarly to thoseof a

graphitising carbon,
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In the previous section contrasts were drawn between the

- molecular structures of the carbonised residues of sporinite

and vitrinite of the same coals based on variation of optical
properties, For the same carbonisation conditions, carbonised
residues of sporinite eventually develop better ordered\molecular
structures than do carbonised vitrinites from the same coal, due
to the greater level of plasticity of sporinite than vitrinite,
It is unlikely, however, that in the study of metallurgical
cokes, for example, that discrete mosaics developed from
individual macerals can be studied, so in this next section
there is description and discussion of the morphology and optical
properties of mixtures of equal parts of sporinite and vitrinite
from the same coal carbonised under the same conditions as for

the sporinites and vitrinites separately,
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B.  Exevious Related Siudieg

Interactions between coal macerals have been studied by

Alpern (1956); van Krevelen gf ala (_1959); Brown gt ala (1964);
Mackowsky (1967) and Jukes and Wilmers (1973).

Alpern (1956) examined the anisotropy developed in
different ranks of coal (V.M. = 18 to 41%) in mixtures when
carbonised and concluded that the blending of softening
(anisotropic) and non-softening (isotropic) coals produces a
transition zone, resulting in a reduction of anisotropy of the
softening coal in the transition zone, The transition zone
between two softening coals of different rank is wider and the
reaction between them is more extensive than the reactions
between the non-softening and softening ocoals, but the anisotropy
is still reduced in the transition zone, The decrease in
anisotropy is thought to be due to the 'diffusion of solution
phenomena'! between the two coals at their contacts, not due
to the effect of evolution of volatiles, because when volatile
matter, that is released by separately carbonising non-softening
coal (V,M, = 41%0, passes through a carbonising softening coal
(VMe = 28%) no reduction in anisotropy of the softening coal
takes place, However, this experiment by Alpern is not the
same as carbonising an intimate mixture of the two coals
together, where the individual particles are in direct contact
with one another., Considering the swelling and internal pressure

developed by a non-softening coal, its volatile matter, and
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particularly the composition of the volatiles which diffuse,

must have some effect on the immediately surrounding particles.

Van Krevelen gt gla (1959) reported that exinite in an
exinite/vitrinite mixture of the same rank has an additive
effect on the dilatation of the resulting residues (Fig 84).

The effect of inertinite is to reduce the dilatation of exinite
when in an inertinite/exinite mixture, The results of Brown

gt als (1964) show that the size of mosaic unit developed by
vitrinite diminish at boundaries with inertinite, Mackowsky
(1967), examining the plastic behaviour of exinites and vitrinite
in coal during carbonisation, shows that exinite recduces the
viscosity of vitrinite, whereas exinite disappears when assoc-
iated with inertinite, leaving a porous texture, Finally,
Jukes and Wilmers (1973) state that interaction between blend
components exert some effect on the mosaic size, but the authors
do not make it clear whether this effect is an increase or

decrease of the mosaic size,

The above results indicate that mixtures of macerals
result in a decrease of the plastioity of the maceral which is
more fluid (e.ge exinite) and an increase of the one which is
less fluid (eege vitrinite), In Part IIT of this Thesis the
size of mosaic unit developed by vitrinite during carbonisation
was related to its degree of plasticity (see also Abramski and
Mackowsky 1952)3 thus decrease in the level of plasticity of

sporinite/vitrinite mixtures should result in a smaller mosaic



sizes Brooks and Taylor (1965) also demonstrate that the
growth of spherical mesophase in coal-tar pitch is inhibited
by introducing fine carbon black-=like residue (insoludble
material), resulting in poor graphitisability. In view of
this, it can be conéluded that the presence of inert or less
plastic material, such as inertinite and/or vitrinite of the
same coal associated with sporinite will result in a decrease
in plasticity. The optical properties, which are influenced

by the degree of plasticity should be correspondingly modified,
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Ce Besults, Description
1e dntroduction

The curves which relate to the following descriptions

arise from measurements on the following materialst~-

(a) carbonised residues of sporinitesy these
are generalised curves from plots of measurements
already recorded in Figs 85t0 89 ~ these curves

are only used for comparison in Figs 102to 106,

(v) areas resulting from carbonisation of
sporinite in the sporinite-vitrinite mixtures

(see typical area in Plate 90), and

(c) areas which still obviously arise from
carbonised vitrinite in the sporinite-vitrinite

mixtures (see typical .area in Plate 90).

On the text Figures the contraction !'vitrinite-sporinite
nixt and !'sporinite-vitrinite mix' have been used to denote
measurements taken on areas arising from carbonised vitrinite

and sporinite respectively (see also Plate 90).



Plate 90 Typical areas resulting from sporinite

and vitrinite in a carbonised sporinite
and vitrinite mixture
(s) sporinite

(v) vitrinite
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2. Morphology

The carbonised residucs of both blends of sporinite
and vitrinite from low-rank and medium-rank coal become

coherent at 400°C (Plates 81b and 85b).

(a) Low=ronk blends the size of the vacuoles varies,

but generally increases with rising carbonisation temperature,
The sporinite residue in the blend develops fine-grained mosaic
textures, whereas tho vitrinite residues remain isotropic or
becoms slightly anisotropic with increase of temperature (Plates
810 to 85)e The carbonised sporinite dovelops a finer mosaic
pattern at the peripheries of the vitrinite particless A
narrow 'reaction zone' is developed between the carbonised
residues of sporinite and vitrinite in the mixture, which is
recognisable by the progressive decrease in mosaic size at the
peripheries of vitrinite particles, The intensity of anis-
otropy of both carbonised macerals in the blend increases with

rise of temperature,

(b)) Medium=rank blends the size of vacuoles varies but again
generally increases with rise of carbonisation temperature, The
regsidues develop a more homogeneous morphology in comparison
with the low-rank blend and gencsrally the coke wall is thicker
than in the low-rank blend, The carbonised residues of both
macerals develop a mosaic structurc at 45000, but the vitrinitic
residuas develop only a very fine-grained mosaic, whereas the

sporinitioc residues show a finc- to medium-grained mosaic
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(Plaxe 850). A wider'reaction zone! is developed betwsen the
carbonised residues of sporinite and vitrinite in the blend, which
is recognisable by the progressive decrease in mosaic size from
the carbonised sporinite towards the vitrinitic residues (sece
Plates 86 to 89)s Tho intensity of anisotropy of carbonised
regidues of both macerals increases with rise of carbonisation

temperature.
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3e Qptical Properties

(2) Beflectivity (Fis 95 to 98; 102 and 103)

The pattern for air reflectivity is not as distinct as for

0il reflectivity,

(1)

The reflectivity-temperatures curves for the carbonised residues

of the vitrinite in the mixture follow an upward and almost similar
trend to that of the carbonised sporinite in the mixture up to 700°C,
whon differentiation between the two curves becomes distinet up to
higher temperatures, The reflectivity trend of the sporinite
carbonised separately follows a similar path to the residuc of the
sporinite in the mixture up to 75000, when the reflectivity paths
divide, with the separately carbonised sporinite being higher up

0 900°C,

(i1)

Virtually thc same trends as for the low-rank sporinite and
vitrinite are displayed here, but separation of ths sporinite
curves from the vitrinite begins much earlier (500°C) and the
two sporinite tracks separatec at approximately 70000. Again
the pattern for air reflectivity is not as distinct ds for oil

reflectivitye.



Fig 95 Variation with temperature of air reflectivity of
carbonised sporinite and vitrinite from a low-rank

bituminous coal

(a) sporinite

(b) vitrinite
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Fig 96

Variation with temperature of o0il reflectivity of
carbonised sporinite and vitrinite in a mixture of

sporinite and vitrinite from a low-rank bituminous
coal

(a) sporinite
(b) wvitrinite
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Fig 97

Variation with temperature of air reflectivity of
carbonised sporinite and vitrinite in a miiture of
gsporinite and vitrinite from a medium—rank bituminous

coal

(a) sperinite

(b) vitrinite
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Fig 98 Variation with temperature of oil reflectivity of
carbonised sporinite and vitrinite in a mixture of
sporinite and vitrinite from a medium-rank bitumincus
coal

(a) sporinite

(b) vitrinite
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(v)  Bireflectance (Pizg a dnd b 993 104)
(i)  Iew=rank coal (Figg 299: 104)

The bireflectance-temperature curves for the separately
carbonised sporinite and the sporinite and vitrinite carbonised
together follow similar paths up to 45000. The differences
between the three curves increase from this temperature up to
90000, with the separately carbonised sporinite bireflectance

being highest, those for the vitrinite residues being the lowest,

(11) Meddum-rank coal (Fizs 199: 104)

A similar pattern applies to the medlum-rank coal, but the
rate of bireflectance increass for all three tracks is much
greater, The individual plots, however, while showing considerable

scatter, still allow tracks to be drawn,



Fig 99 Variation with temperature of oil bireflectance of
carbonised sporinite and vitrinite in a mixture of
sporinite and vitrin:le from

(a) low~rark bituminous

(b) medium—rank bituminous
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The refresotiveindex-temperature curves of the carbonised
residues of sporinite and the carbonised residues of sporinite
and vitrinite in the mixture follow similar trends to that of
carbonised non-graphitising vitrinite (Fig.ﬂ3). All the
curves show the broad shape characteristic of macerals which have
not truly softened, It is the curve for sporinite carbonised in
the mixture which shows the greatest departure, which, although
havings its maximum value at approximately the same temperature
as the separately carbonised sporinite, only reaches a level
substantially lower than that for the separately ocarbonised
sporinite, or indeed the refractive index of the carbonised

vitrinite in the mixture,

(11)

The curves here follow trends similar to that for graphitising
vitrinite at a low rate of heating (see Part III), then the curves
separate, but run roughly parallel to one another up to 95000.

Both show the sharp peak and rapid fall associated with
graphitising vitrinite, The curve for the carbonised vitrinite
(from a caking coal) shows an intermediate character due to the

low rate of heating (SOC/bin) (sce Part III),

The absorptive index-temperature ocurve for the three sets of

carbonised residues follow paths similar to the oil reflectivitics,



Fig 100 Variation with temperature of refractive inde> of
carbonised sporinite and vitrinite in a mixture of

sporinite and vitrinite from

(a) low=rank bituminous

(b) medium-rank bituminous
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Fig 101 Variation with temperature of absorptive index of
carbonised sporinite and vitrinite in a mixture of

sporinite and vitrinite from

(a) low-rank bituminous

(b) medium~rank bituminous
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D.  Discussion

1o Moxpholosy

The carbonised residue of sporinite in the low-rank
coal (vitrinites carbon = 79,6% daf) in the blends develops
e fine—-grained mosaic texture whereas the carbonised residue
of vitrinite in the blend does note, The carbonised sporinite
of the medium-rank coal (vitrinites carbon = 86,6% daf) in
the blend develops a mosaic texture of fine {o coarse-grain,
but the carbonised vitrinite in the blend develops only a
fine-grained mosaic texture, This contrast clearly indicates
the basic structural difference between the two macerals, i.c.
the higher oxygen and lower hydrogen contents of the vitrinites
' compared with the corresponding spdrinites. The size of the
mosaic units (see Kipling gt gla 1964 and Sanada giw gla 1973)
is dependont upon the oxygen content; the Bigher the oxygen
cantent, the smaller will be the mosaic sizees This is due to
a reduction in the plasticity of the residue duc to the develop-
ment of rigid cross-linking between the aromatic lamellae during
the carbonisation process, The results of Alpern (1956); Brooks
and Taylor (1965) and numerous later investigators indicate the
influence of the hydrogen content of the carbonaceous material
because the enhanced plasticity allows the development of large
mosaic units. And so relatively larger mosaic units develop from

the sporinite than from the associated vitrinite.

In establishing that carbonised sporinite develops larger
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mosaic units than does the corresponding vitrinite, it is
interesting to note the interaction between the reactive sporinite
and the leas reactive vitrinite in the medium and low-rank coals,
The size of the gramular mosaic developed by sporinite decreases
when it is mixed and carbonised with the vitrinite of the same
coale This must be due either to the influence of ~xygen
released during carbonisation of the vitrinite or to the influence
of the lower level of plasticity of the vitrinite of the same

coale

The carbonised residues of the mixtures of sporinite and
vitrinite of the low-rank coal show a narrow reaction zone
between the sporinite (granular anisotropic) and the vitrinite
(non-granulars isotropic)e The zone is marked by a decrease
in the mosaic size from the sporinite towards the vitrinite and
the isotropic and/br slightly anisotropic vitrinite develops a
high level of anisotropy at the peripheries of the particles
which are in contact with the carbonised sporinites This may
be due to the development of a higher level of plasticity of the
vitrinite because of an additive plasticity introduced by the

gporinite (see van Krevelen gt ala 1959)e

The reaction zone between the carbonised sporinite and
vitrinite mixture from the medium-rank coal is wider than in
the low-rank blend because both the sporinite and the vitrinite
are more reactive, but the sporinite (larger mosaic size) is

still also more reactive than is the vitrinite,. The mosaic
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size decreases from the sporinite towards the vitrinite, which
also loses its original angular shape and becomes plastic, but
still its original identity is made apparent by the different
form of anisotropy, probably because of the different fluidising
temperatures for sporinite and vitrinite (see for example Ergun
et ala 1959)e Sporinite becomes plastic, the vitriuite is
probably still in a solid state, becoming plastic later, Thus
the vitrinite may becoms plastic only when the sporinite is
perhaps at the end of the plastic stage; the reacting vitrinite
releases oxygen and influences the final development of the
mosaic in the sporinite, so producing the smaller mosaic units

of the zone,.
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2e Quiical Fropcrties

As indicated before, the two principal optical parameters
indicating structural change in the carbonised residues are the
refractive index and the bireflectance which are also the critical
optical parameters displaying the greatest change for any :particular
alteration of molecular structure, The effect of introducing
vitrinite particles with sporinite from the same coal has a
substantial effect on the optical properties of areas of the
seni-coke which have clearly arisen from sporinite, The level
of both parameters is reduced markedly, the bireflectance from
approximately a temperature of SOOOC onwards and the refractive

index from roughly 600°C onwards.

What explanation can be put forward for these noticeable
changes indicated in the degree of ordering? It is cloar that
the plasticity of sporinite/vitrinite mixtures is reduced from
that of separately carbonised sporinites, The photomicrographs
demonstrate this feature well in showing smaller mosaic structures
(compare Plates 78, 79 with 86,and 87)s Alpern (1956) made
gimilar qualitative microscopical compa&risons when he carbonised
two coals of different rank, showing that there was a decrease
in the anisotropy of softening coal if it was carbonised with

non-softening coal; in other words, plasticity was reduced.

Why should mixtures of vitrinite and sporinite’ from

the same coal reduce the sporinite plasticity? It seems likely



Fig 102 Generalised curves for variation with temperature of
air reflectivity of sporinite alone, and carbonised
sporinite and vitrinite in a mixture of sporinite

and vitrinite from

(a) low=rank bituminous
(b) medium~rank bituminous



AIR REFLECTIVITY -R .,

22.0

20.0

18.0

16.0

14.0

12.0

10-0

8.0

6-0

1 1

L. 0 1 1 1 1
0 250 500 750 0 250 500 750

TEMPERATURE -°C TEMPERATURE - °C

sporinite *ecarbon 83.0 daf. sporinite %ecarbon 871 da.f.
—————— — sporinite
— — — — sporinite-vitrinite mix

vitrinite - sporinite mix

1000



Fig 103

Generalised curves for variation with temperature of
0il reflectivity of sporinite alone, and carbonised
sporinite and vitrinite in a mixture of sporinite

and vitrinite from

(a) low=rank dituminous
(b) medium-rank bituminous
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Fig 104 Generalised curves for variation with temperature of
0il bireflectance of sporinite alone, and carbonised
sporinite and vitrinite in a mixture of sporinite

and vitrinite from

(a) low-rank bituminous
(b) medium-rank bituminous
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Fig 105 Generalised curves for variation with temperature of
refractive index of sporinite alone, and carbonised
sporinite and vitrinite in a mixture of sporinite

and vitrinite from

(a) low~rank bituminous
(b) medium~rank bituminous
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Fig 106 Generalised curves for variation with temperature of
absorptive index of sporinite alone, and carbonised
sporinite and vitrinite in a mixture of sporinite

and vitrinite from

(a) low=rank bituminous

(v) medium-rank bituminous
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to be due tog-

(a)  the effect of less reactive macerals, and/or

(v) the influence of mild oxidation,

(a)

Plasticity is reduced because of the influence of
vitrinite, which is less reactive than the sporinite from
the same coals The results of van Krévelen.g},gl‘ (1959)
indicato that the sporinite has an additive effect on the
dilatation of vitrinite of the same rank, but that fnertinite
(or even sandi) reduces the dilatation (plsticity) of the
exinite in a mixture, Sporinite generally has a lower softening
point than vitrinite of the same coal (see for example Nandi
1966) and decreases the viscosity of the associated vitrinite
in a mixture (Mackowsky 1967)e Thus, in a mixture of sporinite
and vitrinite of the same rank, the plasticity éf the vitrinite
will be increased, while the plasticity of the sporinite decreases.
Vitrinite of approximately 80% carbon content hardly softens,
whereas sporinite shows a relatively high level of fluidity at
this rank, Thus, if vitrinite of about 80% or less carbon
content is carbonised (as in the present study) with sporinite,
then this results in a decrease in plasticity of the sporinite
which softens and probably slightly increases the plasticity of
the corresponding vitrinite. This effect is more oclearly shown
in low-rank than in medium-rank coals, and is particularly well

demonstrated by the reduction in the level of thoe bireflectance



CUrves, Also the above authors note a decrease in plasticity
(Plate 29b) when solid material (inerts) are present, but they
do not explain precisely why the plasticity should decrease
when less reactive and/or inert materials are present., However,
Brooks and Taylor (1965) and Marsh gt ala (1973b) attempt to
give some explanation about thg mechanism of the plasticity
deorease when a solid phase is present, Brooks and Taylor
(1965) state that the presence of inert particles enhances

the coalescence of the mesophase, but decreases the growth of
individual mesophase units, Marsh gt als (1973b) maintain
that the mesophase will flow, then acoumulate and grow on the
surface of inert particles, However, the deorease in mosaic
size of sporinite in sporinite and vitrinite mixtures can only
be partially due to the presence of inertsy it must mainly be

due to the influence of mild oxidation.

(v)  Ihe Influence of Mild Oxidation

Carbonaceous material with a high ratio of hydrogen to
other nonwcarbon elements are the truly softening (graphitising)
carbons (see for example Brooks and Taylor 1965)e Such materials
develop large mosaic structures, for example, medium-rank
sporinites (see the section on morphology in this part and
Appendix IV), Further, as has been sarlier shown, the size
of the mosaic units is related to the degree of plasticity of
the constituents (Abramski and Mackowsky 19523 Patrick 1973
and results presented in PartIII of this Thesis)e Tho results

of Kipling gt ala (1964) and Kipling and Shooter (1966) indicate

247
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that the size of the mosaic units (plasticity) will decrease
with oxidation. Also de Vries g al, (1968) indicate that

the anisotropy of vitrinite decreases when it is pre-oxidised
before being carbonised (see also Goodarzi 1971)e So one
explanation for the decrease in the mosaic size (and birefleot-
ance) of sporinite in the mixture may lie in the influence of
volatile matter released during carbonisation from the vitrinite
in the mixture, Alpern (1956), however, states that the
volatile matter of low-rank coal (V,M, = approximately 41,8%)
during carbonisation has no effect on the anisotropy of coking
coal (V.M, = approximately 28%). However, considering the
molecular structure of sporinite, which has a higher percentage
of hydrogen and/or 'amorphous' groups than vitrinite of the
same rank, the sporinite can be more readily oxidised in this
situation, because it is known that vitrinite has a higher
oxygen content that the corresponding exinite (sporinite)

(see Dormans gt als (1957) and Given gt gla 1960)s  Therefors
devolatilisation of oxygen groupings of vitrinite in the
mixture during carbonisation (Berkowitz 1968) probably results
mild oxidation of sporinite in the mixture, This appears to
be not unreasonable, because of the more drastic increase in
bireflectance and refractive index of the sporinite in the
low-rank mixture (aFigs 104 and 105), which, owing to the
higher oxygen content of the associated vitrinite (carbon =
79.6% daf) is probably relatively more oxidised than the sporinite

in the higher-rank mixture and so is probably less oxidised (see
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bPigs 104 and 105)e The results of Goodarzi and Murchison
(1973) indicate that the level of the refractive index of the
low-rank vitrinite when pre-oxidised decreases on carbonisation
(Figs 107 and 108)s The pre-oxidation carried out by Goodarzi
and Murchison was extensive and cannot be compared in detail
with the probable mild oxidation taking place during carbon-
isation of sporinite/%itrinite mixtures, At these temperatures

materials are reactive,

Now, after establishing that reduction in plasticity of
carbonised residue of sporinite mixture is related to the above
two factors, it is interesting to see which factor has the more

pronounced effeot.

In a sporinite/vitrinite mixture of the low-rank coal,
it appears that both factors are influencing the plasticity of
the sporinite, because first, the low-rank vitrinite (carbon =
79.6% daf) is far less reactive than the corresponding sporinite
and does not become plastic, behaving similarly to an inert
substance in the sporinite/vitrinite mixture at this heating
rate, Secondly, the percentage of volatilised oxygen groupings
is relatively higher in low-rank coal, so ths .combination of
the above two factors results in a much reduced level of plasticity
of the carbonised sporinite in the mixture which is apparent by
the much reduced levels of the bireflectance and refractive index
curves of sporinite in the mixture to that of separately carbon-
ised sporinites The influence of the two factors is better

demonstrated in medium-rank coal because of the wider reaction



Fig 107 After Goodarzi and Murchison (1973).
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Fig 108 Generalised curves for variation with temperature of
refractive index of low=rank bituminous vitrinite
(carbon = 82,5% daf) (after Goodarzi and Murchison
1973 ).
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zone between the sporinite and corresponding vitrinite,

The effect of mild oxidation at this rank level is not as
pronounced as in low-rank coal, because of the relatively
low oxygen content of fresh vitrinite (carbon = 86,6% daf),
but still it is sufficient to reduce the plasticity of
sporinite in mixtures of sporinite and vitrinite, The
reduction of plasticity, appsrent from the reduction in
mosaic size (see Appendix IV) and bireflectance curve must
primarily be due to the influence of less reactive‘vitrinite
(sce Figs a and b 104) which results in a reduction of

plasticity of sporinite mixture,
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E, Sonclugion

1. Morpholozical

(a) Carbonised sporinite in the mixture develops a
smaller mosaic structure than separately carbonised sporinite
of equivalent rank, due to a decrease in the plasticity brought
about because of the presence of less reactive vitrinite and

its oxygen content.

(b) The mosaic units developed by carbonised sporinite
in the mixture are larger than those in the corresponding carbon-
ised vitrinite, A transition sone can be observed at boundarics
between carbonised sporinite and vitrinite in the mixture, The
gone is wider the higher is the initial rank of the ocoal, ast

least in the bituminous rank range,

2e Qniical

(a) The reflectivity, bireflectance and refractive
and absorptive index-tempersture curves of carbonised sporinite
in sporinite/vitrinite mixtures are lower than for the same

curves for separately carbonised sporinite,

(v) The refractive index-temperature curves for
carbonised sporinite in the mixtures behave either as graphitising
or non-graphitising carbon, depending on the rank of starting
sporinite, but the refractive index curve of the carbonised vitrin-
jte follows a higher trend than does the corresponding carbonised

sporinite in the mixture,



PART VI  OPTICAL PROPERTILS OF VITRINITES CARBONISED
AT DIFFERENT PRESSURES OVER 4 RANGE OF

TEMPERATURES




Coitent s

Ao

Be

Ca

De

Rt

GENERAL INTRODUCTION T

PREVIOUS RELATED S1UDINS oo

o0

*s e

1e¢ Introduction ese oo
2. Morphology ses e
3e Optical Properties sea voe
4e Influence of pressuro on
Molecular Structure of
carbonised residues ooe cor
RESULTS, DESCRIPTION coe ves
1 Morphology eoe »ee
2 Optical Properties e oo
(a) Introduction vee eoe
(1) Optical Properties—temperature ourves
(1) Reflectivity  eee sae
(11) Bireflectance  eee coo
(1i1)Refractive IndexXese oae
(iv) Absorptive Indexees coe
(c) Optical Properties—pressure curvesase
(1) Reflectivity veo coe
(11) Birefleotance eae .oo
(iii)Refractive IndeXees eoe
(iv) Absorptive IndexXeee cae
DISCUSSION cee see
1« Morphology see eea
2+ Optical Properties eon P,
(a) Introduction sre eee

(b) Optical Properties-temperature curves

(1) Roflectivity  eee
(i1) Bireflectance eee
(iii)Refractive Indexees
{iv) Absorptive Indexees

o0

LA X J

[ X X ]

Pase

252

255
=55
258
261

267

270
270
272
272
272
273
275
276
276
277
2717
271
278
278

279
279
283
283
284
284
290
294
295



Contents(contd)

De DISCUSSION (contd)

(c) Optical Properties~pressure curves

(i) Reflectivity
(ii) Bireflectance
(1ii )Refractive Index
(iv) Absorptive Index

e CONCLUSION

L X R J

(XK

Page

296
296
298
300
300

301



A, Genexal Intxoduction

A further factor which has received relatively little
attention is the effect of pressure on macerals that are being
carbonised, The studies here report the changes in optical
properties observed in a high~rank bituminous vitrinite carbon-
ised under varying pressures over temperatures ranging from 350°
to 600°C at 5000 intervals, Due to the existence of a temperature
gradient within the sample capsule, only samples from the centre
part of the capsule were used, so that any variation due to
temperature within singlc samples has been, as far as possible,
eliminated, It is thus possible to consider solely the
influence of pressure level on the optical properties of the
carbonised residues of this vitrinite, Duc to the small amounts
of samples available from the gold capsules, only about 25 indiv-
idual reflectivity measurements could be made on cach carbonisecd

samplee

A brief description of the apparatus used for oarbonisation
under pressure was given earlier in the Thesis (PartII). In
general, with rising temperature, pressuro in the bomb rises
continuously and almost lincarly, However, at low pressures
( £5000 psi), it was possible to control the pressure at particular

lovels over the temperature range 0 - 600°C. It will be

clear that, depending on the starting pressure selected in the bomb,



it is possible at any particular temperature to obtain a wide
range of pressures, In this work, apart from the relatively

low pressures of 3000 and 5000 psi, which were chosen beoause
they would approximate to geological situations with considerable
depths of overburden, two higher ranges of pressure, one low and
one high, were employeds Fig 109a shows two typical runs over
the temperature range Oo - 45000, one beginning with a low initial
pressure, the other much higher, The main difference between
the two runs, apart from the pressure levels, is that the course
of the higher-pressure <track begins to flatten at approximately
40000, while the lower—pressure track continues to increase with
tomperatures Virtually the same features arc displayed by two
equivalent runs over tho temperature range 0-600°C (Fig 109b)e

It is also possible to combine tho pressure-temperature relation—-
ships that exist in'(a) 2ll runs beginning with a low initial
prossure (cas 3000 psi) and () high initial pressure (ca. 23000
psi), so developing the relationships displayed in Fig 110 over

the entire temperaturoc range - 20°to 650°C,

These relationships might seom superficially to makoe
comparison of both morphology and quantitative optical properties
more difficult, but from Fig 110 comparisons within individual
pressure-tomperature zonss are perfeotly possible, and, provided
there is always awareness of tho particular experimental oconditions,
then comparisons between the zones of Fig 110 aro also feasible.
Also Fig 109b shows that in the runs with high starting pressuroes,

comparisons from 400°C upwards are virtually being mado at a
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oonstant pressure lovél (within a range of 1000 psi). After
a review of previous work on this fiseld, the changes observed
in opticael properties will, therefore, be desoribed in the

following orders-

(1) low pressure runs, i.e. at 3000 and

5000 psi (low-pressure level),

(1) runs with a high starting pressure (ca.
23000 psi) and virtually constant pressure
at temperatures above 400°C (high—pressure

level), and

(111) runs with a low starting pressurc (oca.
3000 psi) and an intermediate final pressure
between 16000 and 29000 psi, doponding on
the final temperature level (intermediate

pressure level),
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B, Erevious Related Studigge
1e datxeduciion

Carbonisation under pressure enhances the coking of
coal particles and increases the swelling index, Blayden
gt ala (1944) state that a caking coal might be made to coke
if the carbonisation is carried out under pressure, Hamann
(1957) also statos that pressure suprosses the thermal de-
composition of most organic materials; high pressure shifts
the decomposition temperature to higher levels and the thormal
cracking of hydrocarbons is inhibited at high pressure, Van
Krovelen (1961) bolieves that coal softening is due to tho
deploymerisation and transformation of thae initial coal to
a fluid mass or a motaplast, which consists of primary tar
(fluid) and a solid residue; +the plasticity being caused by
dispersion of this 1liquid (tar) in the solid, The liquid
evaporates by a cracking process, re¢sulting in decomposition
of the motaplast into semi-~coke (solid) and volatile matter
which is eliminated from the systeme It is also known that
compressed gas behaves similarly to liquid and its viscosity
increasos or decreasos with increase of pressure or temperature
(see Hamann 1957).  Hryckowian gt al, (1963) indicate that a
low-rank anthracite can be fused under pressurc at temperatures

of

Carbonisation of organic material under pressure in a

'bomb! differs oconsiderably from that of ocarbonisation at
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atmospheric pressure, because of the retention of the decomp-
osition products in the system and the contribution of these
materials to the structure of carbonised residuee Berkowitz
(1968) states that carbonisation under pressure retards the
carbonisation process and that the influence of pressure

during Phase I of carbonisation (about 120° to 400°C) is
negligible, but that the influcnce of pressure is more important
in Phase II (between about 400° and 60000), because preossuro
affects the rate of degasification and also the composition of
the volatile matter; 4in Phase III (about 600° to 1000°C) tho
increase of pressurc probably facilitates the rate of dogasifica-
tion of aromatic hydrogen and also the ordering of structural
unitse Marsh gt gla (1973) states also that pressurc enhances
the viscosity of carbonaceous material during carbonisation,
stating that when vitrinites of different rank are ocarbonised
under pressure, all the vitrinite ocomponents are carbonised

due to the closed system and the volatile matter, which under
normal carbonisation is eliminated from the system, remains
within the system during carbonisation under pressure, contri-
buting to the structure of tho carbonised residuce This results
in an increase of the anisotropic matorial in tho coke and also
an increase in the size and percentage of mosaic unitse More
recently Bostick (1974) has stated that the influence of pressure
is more noticeable in low-rank coals (high-volatile bituminous
coal) due to their pore volume, pressure resulting in reduction

of this volume and causing an acceleration of the coalification,
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The above results indicato olearly that the different
stages of the carbonisation process are inhibited during
carbonisation under pressure, due to & shift of the thermal=-
decomposition point to higher temperatures, and also due to
oan increase in the viscosity of tho carbonised coal under
pressure, which results in lessening of the plastinity,

During carbonisation under pressure the solid, liquid (metaplast)
and gases interact with each other, Changes in the physical
or chemical state of one will affect the others, e.g.pressure
results in an inocrease of viscosity of the gaseous products,
which in turn influences the metaplast and so it can only react
for a shorter length of time than under normal carbonisation
conditions, because of increase in viscosity in the system due

to gas behaving similarly to a liquid,
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24 Morpholozy

The morphology of residucs of carbonaceous matorial
carbonised under pressure has been studicd by polarised-light
microscopy or by Stereoscan microscopy by Mackowsky (1961);
Hryckowian gt ale (1963); Chandra (1965); Kamiya gt ala
(1971); Whang (1973) end Marsh gk ala (1973).

(a)  Qutical Microscopy

Mackowsky (1961) relates the plastic deformation of
ocoal under pressure to modification of the struoctural elements
caugsed by mechanical pressure, From the work of Mackowsky
(1961)3 Hryckowian gt als (1963)5 Chandra (1965) and Kamiyo
ot als (1971), it is evident that the anisotropy of carbonaccous
material carbonised undor prossure increases, Mackowsky (1961)
shows with photographs that residues of vitrinite carbonised
under pressure exhibit a higher anisotropy than the carbonised
products at the same temperature carbonised under atmospheric
pressure, The results of Hryckowian gi ale (1963) indicate that
at constant temperature, anthracite particles carbonised at 60000
lose their original identity with increase of hydrothermal
pressure from 5000 to 25000 psi, a compact mass finally being
produced, At constant hydrothermal pressure, the fusion of
anthracitic particles increases with temperature and the carbon-
ised residues show a high degree of anisotropy. Low~rank
anthracite fuses at about 42500 after 4 hours under a pressure

of 2000 psis The carbonised residues under hydrothormal



pressure do not form a compact mass if more than 15% water is

added to the fresh vitrinite. The samples carbunised under

a combination of hydraulic and mechanical pressure do not appear

to fuse so0 greatly as those carbonised under the hydrothermal
pressure, This phenomenon is related to uneven distribution of
pressure throughout the residues carbonised under combine hydraulic
and mechanical pressure, These results indicate that anthracitio
vitrinite, which does not produce a fused char during oarbonisation
in an open boat (Marshall and Murchison 1971 and Goodarzi and
Murchison 1973), cakes and produces a compact coke under pressure,
This is in accord with the earlier observations of Blayden et gl,
(1944) on the effect of pressure on weakly caking coal which cokes

when carbonised,

The work of Kamiya gt ala (1971) shows that angular particles
of non-graphitising carbun carbonised under a pressure of 5 Kbar
up to about 1600°C can produce strongly anisotropic material at
ooétacts between particles. Whang (1973) also recognises the
importance of the level of pressure on the morphology of the presaure-
carbonised products of anthraccne at 60000 under pressure, At
© this temperature under 10,000 psi, a mixture of vesicular and
spherical semi-coke is produced, but at the same temperaturse, but

under 30,000 psi, a completely spherical semi~coke develops,

The above investigations clearly show that the morphology of
carbonised residues under pressure is different to that of residues
in normal carbonisation, since non-coking vitrinites, such as

anthracite, can be made to fuse under high pressure and even
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non-graphitising (isotropic) carbons under pressures and high

temperatures can yield highly anisotropic carbon,

(v)  Elegtron Microscopy

Marsh gt als (1973) examined with an electron scanning
microscope a range of vitrinites (carbon 77 to 91% daf) carbonised
to 600°C under a pressure of 20,000 psi. They state that the size
of the mosaic units increases from S5um to Tum with progressive
increase of rank of vitrinite from carbon 83.8% daf, although it
is not clear how such precise estimates were reached, Anthraocitic
vitrinite does not fuse and retains its original anisotropy; low-
rank coals do not develop liquid orystals, The same authors
emphasise that the anisotropy observed with the polarised-light
microscope can be related to the morphology observed with the scanning
electron microscopey 1liquid crystals produced by coking coal are
very similar to those formed on carbonisation of pure aromatioc
compounds such as napthalenees These results of Marsh gt al,
(1973) are directly opposed to the earlier findings of Hryckowian
ot als (1963), who demonstrated by optical microscopy that the
anthracite particles under hydrothermal pressure fuse and produce
a compact char. MNarsh gt als (1973) also claims that ocarbonisation
under pressure is a useful tool for the examination of fhe individual
liquid crystals, because pressure prevents the liquid orystals from

coalesoing.
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3. Qotical Proporties

The optical properties of vitrinites carbonised under
pressure have only been partially and cursorily investigated
by several workers, (Hryckowian gt gl, 19633 Huck and Patteisky
19643 Chandra 1965; Melvin 1974 and Bostick 1971 and 1974), who
have studied the optical properties, in particular r:.flectivity

and bireflectance,

Hryckowian gt gla (1963) carbonised three anthracites
(Pixed carbon = T4.6% to 92.5%) under hydrothermal and mechanical
pressures from 2000 up to 145000 psi at temperatures ranging from
approximately 460° o0 860°C using holding times from,7 minutes to
about 62 hours, The reflectivity at given levels of pressure
increases sharply at about 500° to 700°C (Fig 111).  However, the
sharp increase of the reflectivity ourve between 500o and 700°C
is rank dependent and is less sharp the higher is the rank (Fig 111).
Bireflectance increases with temperature and level of pressure, but
at between 700o and 800°¢ the bireflectance curves of samples under
10,000 to 20,000 psi decrease (Fig 112), It appears that anthracite,
depending on its rank, undergoes a semi-plastic stage similar to
bituminous rank vitrinites at an appropriate temperature and this
semi-plasticity decreases with the increase of rank in the anthracite
range., However, the reflectivity increase with the combined influcnce
of temperature and pressure is not as great as with temperature
aloney pressurce exerts little effect on the level of reflectivity.
Bireflectance increases continuously with rise of pressure and

temperaturs up to 600°C,
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Fig 112 Variation of oil bireflectance with temperature
for semi-anthracitic vitrinite (fixed carbon =
T446%) carbonised under pressure (after
Hryckowian gt als 1963)
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The above results are very interesting, becausc they
indicate that anthracite becomes plastic under pressure, probably
due to the presence of a limited amount of metaplast (compared
with that of coking coal), which during ocarbonisation at atmospleric
pressure would evaporate without causing any plasticity. Retention
of this small amount of metaplast, due to the closed system, causes
an agglomeration of particles on heating and the formation of a
compact mass. Hyrckowian gf gla.(1963) also maintains that the
level of pressure has no significant influence on the variation of
the reflectivity of the carbonised residues, but in fact if the
reflectivity of the semi-anthracite (Pixed carbon = 74,6%) carbon-—
ised under hydrothermal pressures from 2,000 to 20,000 psi or at
atmospheric pressure is plotted against carbonisation temperature,
it appears that the curves follow similar and close trends up to
55000, but then the reflectivity-temperature curves of the carbon-

ised residues follow different paths (Fig 113).

Later Huck and Patteisky (1964) carbonised a low-rank coal
(VM = 33%) at about 35000 under mechanical pressure, under vacuum
and at normal atmospheric pressure, Table 12 clearly shows that
the reflectivity of carbonised vitrinite under pressure is lower
than when carbonised under atmospheric pressure., However, the level
of anisotropy increases sharply under pressurej furthermore, carbon-
jsation under vacuum causes an increase in the level of reflectivity
compared with the reflectivity levels reached under atmospheric or

higher pressures,
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Fresh 091
Atmospheric pressure 1.21
Under vacuum 1,51
Pressure of 150 atmosphere 1,01

The above results show that the rate of removal of volatile
matter within the carbonisation system influences the level of
reflectivitys Chandra (1965) carbonised a caking vitrinite
(carbon = 84% daf) at 325° and 350°C under mechanical pressures
of 1,000 to 6,000 atmospherss using holding timss .of between 5
and 25 days (Figs 114 and 115), Reflectivity increased only
slightly at 325°C, while the bireflectance remained constant, but
at 35000 the reflectivity rose sharply at 2,000 atmospheres, after
which it increased continuously with rise of pressure, Chandra
relates the high level of reflectivity at 1,000 atmospheres to
additional pressure caused by degasification which exceeds the
mechanical pressure (Fig 115)s However, the bireflectance at
350°C increased continuously with rise in the level of pressure.
The reflectivity curves of vitrinites carbonised under pressure,
when plotted against carbon content, follow a curve between those
of naturally regionally metamorphosed coals and carbonised residues
of vitrinites carbonised at atmospheric pressures The anisotropy
of carbonised residues in pressure experiments is higher than those
from either naturally regionally metamorphosed or normally carbonised

vitrinitese



Fig 114 Variation of o0il reflectivity with temperature for

caking coal vitrinite (carbon = 84¢3% daf), carbonised

under pressicae (after Chandra 1965).
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Fig 115 Variation of oil reflectivity with pressure
for carbonised caking coal vitrinite (carbon =
84.3% daf) (after Chandra 1965 ).
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Later, Chandra, in another paper (1965) attempts to
evaluate the effect of pressure and states that for the same
level of reflectivity, vitrinite carbonised at atmospheric
pressure requires a higher temperature to reach the same
reflectivity as that of vitrinite carbonised under pressure,
iece for similar temperatures vitrinites carbonisediunder
pressure show higher reflectivities than those of vitrinites.
carbonised at atmospheric pressure, The results of Chandra
also indicate that the bireflectance of carbonised residues under
pressure are higher than at atmospheric pressurs, and also that
the reflectivity of carbonised residues at low pressure,(presumably
with confinement, although this is not stated), is greater than at
higher pressures (Fig 115). .More recently Melvin (1974) has
stated that the reflectivity of carbonised vitrinite (Roil = 1%
when fresh) under pressure is lower than at atmospherioc pressure,
particularly at temperatures above the softening stage (about
400°C,  Pinally, Bostick (1974) reports no difference between
the reflectivity of fine coal particles ('phytoclasts')from
shale carbonised undcr pressure in the presence of water vapour
between 1 and 1640 atmosphere at temperatures from 100o to 600°¢C
over a period of one month, He shows that at the same temperature
the influence of the different levels of pressure is very slight
and that the reflectivity of the !'phytoclasts' after heating for
one month at the different levels of pressure is very similar to
the reflectivity of vitrinites carbonised at one atmosphere for a

few hourse The same author suggests that the influence of
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pressure on the reflectivity of carbonised vitrinite probvably
retards the carbonisation process, but Bostick also believes

the pressure results in a rapid acceleration of the coalification
of low-rank coal due to reduction in its pore volume, However;

the results of Huck and Patteisky (1964) indicate that the
reflectivity of vitrinite carbonised under mechanical pressure

is lower than in normal carbonisation at the same temperature.

This conclusion is in agreement with the findings of Melvin (1974)
for vitrinite carbonised in a bomb, but is contrary to the results
of Hryckowian gf als (1963) and Chandra (1965) who find that the
reflectivity of vitrinite carbonised under hydrothermal and/br
mechanical pressure is higher than for chars prepared by carbon-
isation at a pressure of 1 atme (Hryckowian gt al 1963)e The
results of Bostick (1974) do not agree with any of the above
authors, because he claims no difference between the level of
reflectivities with or without pressure, Chandra (1965) compared
the reflectivity of carbonised semi-cokes under pressure for a
holding time of approximately 5 days, with products carbonised

at approximately the s~me temperature for only 1 hr, Chandra
does not consider the influence of holding time, whereas the effect
of holding time appears to be very important (see Maokowsky 1961;
Ghosh 1968 and de Vries g% ala 1968)s On the basis of the work of
these authors, .a holding time of 5 days will surely result in an
increase in the level of reflectivity., The pressure carbonisations
by Bostiok (1974) were ocarried out in the presence of water vapour,

which may be a possible reason why reflectivities after prolonged
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carbonisation at different levels of pressure are very similar
to one another, Howsver, the lack of agreement between some
of the above investigators is probably due to differences in

experimental apparatus and conditions,
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The changes brought about due to carbonisation under pressure

on the molecular structure of carbonaceous materials have been

studied by Hryckowian gi ale (1963) and Kamiya gt ala (1971).

Hryckowian gt als (1963) relates the increase in reflectivity
with rising carbonisation temperature under pressure to an increase
in the carbon content due to degasification of hydrogéﬁ and methane,
suggesting also that the influence of pressure on refleoti}ity is
not as great as temperature, The increase in the level of bire-
flectance with pressure (Fig 112) is relateéd to an improvement in
the ordering of the structural units and the authors recognise:
that the higher the pressure, the better will be the structurel
ordering of the molecular unitss The decrease of bireflectance
after 700°C at pressures above 10,000 psi is also believed to be
dus to softening and breakdown of the molecular ordering of the
anthracite in this range of temperature and pressure, The authors
believe that at presemres lower than 10,000 psi, temperatures
higher than 86000 are required to break down the molecular structure
of the anthracite; pressures higher than 10,000 psi partially
inhibit the softening due to partial obliteration of the plasticity.
X-ray diffraction studies of carbonised anthracitic residues do not
show noticeable structural changes, but a bituminous coal carbonised
at 50000 under a pressure of 30 XKbar for 10 hours showed a sharpening
of the 002 bands, indicating better structural ordering and greater

crystallite heights Hryckowian gf al, did not make a quantitative
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X-ray diffraction study.

Later, Kamiya gt als (1971) studied the behaviour of
non-graphitising carbons carbonised under pressure, They. stated
that the strongly anisotropic domains formed at the boundaries of
the isotropic carbon particles are graphite and are formed due to
localised graphitisation at the contact of particles due to
influence of pressure, The content of graphitic material as
determined by X-ray méthods rises with increase of anisotropic

materiale

The above studies show that the ordering of molecular
stfucture is improved with rise of pressure; anthracitic
vitrinite, which does not soften at low temperatures (apparent
from the bireflectance curve), undergoes a molecular disordering
similar to bituminous-rank vitrinite at appropriate levels of
pressure and temperature, Isotropic carbon is also able to
order its disordered structure under pressure to form a partially

graphitic structure,
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In summary, im comparison with open boat experiments
carbonisation under pressure seemingly retards the carbonisation
process, forces the plastic sfage to a higher temperature,
Progressive increase in the level of pressure probably decreases
the length of the plastic stage, Pressure prevents the coalesc-
ence of the mosaic structure, whereas in carbonisatinn under
atmospheric pressure, mosaic structures are able to coalesce,
However, pressure promotes the ordering of the molecular structure
(apparent from the increase in the level of bireflectance) and
finally, carbonaceous material, whioh does not soften during
carbonisation at atmospheric pressure, e.ges anthracite, becomes
plastic when carbonised under suitable pressure and temperature
conditionses It appears from the above studies that the reflect~
ivity of bituminous-rank vitrinite carbonised under hydrothermal
or mechanical pressure is lower than the same vitrinite carbonised
at atmospheric pressure (Huck and Patteisiy 1964 and Melvin 1974),
but if factors such as rank (Hryckowian 1963), soaking period
(Chandra 1963) and moisture content of the fresh sample (Bostick
1974) are taken into consideration, then the above relationship

may not hold,
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The carbonised residues at all pressure levels at 35000
are essentially similar to one another, but slightly brighter

than fresh vitrinite,

(a)

The most interesting feature of these runs is the long

pre-devolatilisation phase, which is the longer the lower is

the pressure level (compare Platc 91 with Plate 93)s For mosaic
structures to develop, a contrast between prossure runs at

3000 psi and 5000 psi is apparent, because the devolatilisation
vacucles occur at SSOOC for samples at 3000 psi (Plate 92&)
whereas the vacuoles begin before 50000 (Plate 93b) in samples
at 5000 psie There is developmont of a coarse-grained to flow-
type mosaic at 3000 psi (P1ate 92) and a coarse-grained mosaic
at 5000 psi (Plate 93), The mosaic size is the larger the
lower is the pressurv¢e The intensity of anisotropy increases

with rise of temperature and pressure,

At 400°C the residues develop numerous small vacuoles of
about 2,5 um diameter and ocoasionally much larger vacuoles of
gbout 25 um diameter (Plate 95a)e There is development of

rounded vacuoles of about 50 um diameter at 45000. The size



and shape become irregular and decrease, but their number
increases with rise of temperature between 500O and 6OOOC
(Plates 96 and 97)e A fine-grained mosaic structure forms
at 450°C. and the mosaic size does not alter with rise of
temperature, The intensity of anisotropy increases with

temperature,

(c)

Rounded vacuoles of about 25 um diamctor develop at

40000. The shape of the vacuoles becomes irregular, but their
size increases with rise of temperature up to SSOOC, when once
again large rounded vacuoles develope At 45000 a mesophase
develops and partially transforms to a fine-grained mosaic

gtructure,
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2¢ Qetical Proporticg
(2)  Intxoduction

The results reported here are . presented in two wayss
optical changes against temperature at different pressures and
a second set of data showing plots of optical properties against

pressure for different temperature levels.

(b)  Qotical Properties= tempcrature curves

The data are presented in the following manner and the
text figures in the appropriate sections relate to the ordering

belows—~

1. graphs comparing runs at 3000 and 5000 psi

(Figs 116 to 119),

2. graphs showing runs at intermediate and high
pressures (Figs 120 to 124) because of some variation
of the pressure levels at different temperatures,
particularly for expuriments at intermediate pressures;
the pressure level is quoted for each temperature -

as stated previously, the high-pressure runs only

spow relatively slight pressure variations with rise

of temperature, mainly at the lower temperatures, and

3. graphs consisting of gencralised curves for
runs from open boat (atmospheric), 3000, 5000 psi
and high pressure (45000 psi), which are all essent-

ially experiments at constant pressures (Figs 125 to 128),
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(1) ctiv Figs 116 1 d

As is usual, because of the similarity between the
reflectivity-temperature curves in air and oil, only the oil-

reflectivity curves (Figs 116, 120 and 125) are considered.

There are certain sequential patterns in the reflectivity-
temperature curves for the different pressure levels, The sharp
increase of reflectivity, which normally occurs at the onset of
the plastic stage (Goodarzi 19713 GCoodarzi and Murchison 1972),
is delayed with decreasing pressure level in the bomb, At the
lowest pressure (3000 psi), the most pronounced reflectivity
jump occurs, between 500° and 550°C (Fig 116), whereas the rise
commences between 4500 and 50000 for the other low-pressure
experiments (5000 psi) (Pig 116). Fig 120 shows the reflectivity-
temperature plots for intermediate and high-pressure runs., At
high pressure (ca 45000 psi), the initial reflectivity jump occﬁrs
at about 40000. It is evident that the pressure increases
continuously with temperature in the intermediate pressure runs
and that the reflectivity-temperature plots for the intermediate
run at each temperature level maintain a higher level than the

high-pressure plots up to 50000.

‘Fig 125 shows the groups of reflectivity-temperature
curveses The reflectivity-curve at atmospheric pressure follows
a higher level than for curves for samples carbonised under pressure
over tho entire range of the carbonisation temperaturc used, The
reflectivity-temperature curves at other pressures follow similar

and very close trends up to 40000, then the reflectivity curves



Fig 116 Variation with temperature of oil reflectiviiy of
coking coal vitrinite (carbon = 87.9% daf),

carbonised at different low temperatures.
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Fig 117 Variation with temperature of bireflectance in
0il of coking coal vitrinite (carbon = 8.79% daf)

carbonised at different low pressures.



BIREFLECTANCE INOIL

3.0

q

2.5+
2.0

°
1.5
1.0
0.5

h\ 3

oL_ Az | !

0 300 400 500 600
TEMPERATURE —°C
PRESSURE
O 3000psi ® 5000psi

B Fresh sample



Fig 118 Variation witlL temperature of refractive index
of coking coal vitrinite (carbon = §7.9% daf),

carbonised at different low pressurese.
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Fig 119 Variation with temperature of absorptive index
of coking coal vitrinite (carbon = £7.9% daf),

carbonised at different low pressures.
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separate, The curves interseot with one another in a
transitional region (450° to 550°C). Below this region
reflectivity is higher at one temperature the greater is
the pressurey above 55000 the reverse relationship holds,

reflectivity is higher the lower is the pressure for any

temperature,
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(i1) Bireflectance (Fizg 117, 122 and 126)

Bireflectances in this set of experiments are calculated
on the basis of the total number of reflectivity readings
(approximately 25 maximum and 25 minimum) to give a better
picture of changes in bireflectance-temperature curve at each
level of pressuree Practiocally the samo pattern as is seen in
the reflectivity-temperature curves is shown here by the bire-
flectance curves in the low-pressure range (3000 and 5000 psi),
namely, the sharp increase of bireflectance is delayed to higher
temperatures with falling pressure level (Fig 117). The
bireflectance plots at intermediate and higher pressures again
maintain the same relation to one another as do the reflectivity
plots, but the differentiation between the two pressure levels
becomes more distinct (Fig 122), In the generalised curves
(Fig 126), bircflectance decreases initially to & minimum at
about 350o to 40090, then increases continuously with carbon-
isation temperature, The bireflectance curve at atmospheric
pressure (open boat) follows a higher trend than the high
pressure ocurves after about 45000, but is lower than the results

at 3000 psi after 550°C and 5000 psi after 500°C.



Fig 120 Variation with temperature of o0il reflectivity
of coking coal vitrinite (carbon = 87.9% daf),

carbonised under variable pressures.
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Fig 121 Variation with temperature of air reflectivity
of coking coal vitrinite (carbon = 87.9% daf),

carbonised under variable pressures.
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Fig 122 Variation with temperature of oil bireflectance
of coking coal vitrinite (carbon = 87.9% daf),

carbonised under variable pressures.
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Fig 123 Variation with temperature of refractive index
of coking coal vitrinite (carbon = 87.9% daf),

carbonised under variable pressures.
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Fig 124 Variation with temperature of absorptive index
of coking coal vitrinite (carbon = 87.9% daf),

carbonised under variable pressurese.
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(11i) BRefractive Index (Figs 118, 123 and 127)

The refractive index-temperature curves at the low
pressure levels increase continuously after 400°C up to 600°C
and is the higher the greater is the pressurc level (Fig 118),
The refractive index plots of the éarbonised residues increase
continuously up to 55000 for the intermediate and high pressures
(ca 45000 psi) and then decrease with further carbonisation to
600°C, the decrease in the level of the refractive index being
greater the higher is the level of pressure (Fig 123), but the
generalised curves probably give a fair representation of
refractive index rising with increasing temperature, The
refractive index for carbonisations under atmospheric pressure

is higher than those carbonised under pressure (Fig 127).

(iv) Absorptive Index (Figs 119, 124 and 128)

The absorptive index-temperature curves of the residues
carbonised at different pressures show almost similar parallel

changes to those of reflectivity-temperature curves,



Fig 125 Variation of generalised curves of oil reflectivity=
temperature of coking coal vitrinite (carbon = 87.9%
daf), at differenmt pressures.
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Fig 126 Variation of generalised curves of oil bireflectance
with temperature of coking coal vitrinite (carbon =
87.9% daf), at different pressures.
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Fig 127 Variation of generalised curves of refractive index
with temperature of coking coal vitrinite (carbon =

87.9% daf), at different pressures.
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Fig 128 Variation of generalised curves of absorptive index

with temperature of coking coal vitrinite (carbonm =
87.9% daf), at different pressures.
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(o)  Quiical Proverties - pressure curves
(1)  Reflectivity (Fiz 129)

The reflectivity-pressure curves maintain a sequential
pattern with increasing temperature at each pressure level,
The reflectivity-pressure plots at atmospheric pressure are
at a higher level at each of the temperatures used than are
the plote for the reflectivities of corresponding residues
under any level of pressure, The reflectivity-pressure
plots at 35000 and 40000 maintain similar ievels, or perhaps
decrease slightly with rising pressure, Reflectivity at
45000 drops initially then increases with rise of pressure
up to 22000 psi before falling slightly to higher pressures,
At 500°C the initial pressure drop and the subsequent increase
of reflectivity is much greater and more sudden., The
reflectivity curves at 550o and 600°C show much less interruption
at the lower pressure levels, but generally reflectivity

drops with rising pressure,

(11)  Bireflectance (Fiz 130)

At the two lowest temperatures, bireflectance is almost
constant over the pressure range., At 4500 and 50000 there is a
drop in bireflectance from its level at atmospheric pressure,
followed by a rise and then a subsequent fall to the highest
pressure level employed - the rise of bireflectance is sharper

at the .higher temperature, The two highest temperatures



Fig 129 Variation with pressure of oil reflectivity of coking
coal vitrinite (carbon = 87,9% daf), carbonised at

different temperatures.
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Fig 130 Variation with pressure of oil bireflectance of coking
coal vitrinite (carbon = 87.9% daf), carbonised at

different temperaturese.
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show an initial rise in bireflectance to 3000 psi, but
eventually the reflectivity falls to below or around the value
at atmospheric pressure, the fall possibly being more pronounced

at highor pressures.

(i1i) Refractive Index (Fig 131)

The rofractive indices at 350o and 40000 are almost
constant throughout the pressure range, The pattern at the
remaining temperatures over the whole pressure range is not
too clear, but it scems that at all temperatures there is a
noticeable and sometimes pronounced drop in refractive index
from atmosphoric pressure to 3000 psi which in all cases is
followed by a rise to 5000 psis The pattern is not, however,
entirely consistent and is less so at the higher pressures.
I+t is not possible to say what the general trend would be,
The intermediate pattern is probably due to the lower accuracy
of refractive-index determination than is posgible for

reflectivity measurement (see Part II),

(iv)  Absorptive Index (Fiz 132)

The absorptive index curves follow rather similar trends
to the reflectivity-pressure ourves (Fig 129) at corresponding
temperature levels, but the pattern is less consistent, again,
presumably due to the lower accuracy of determination of

absorptive index,



Fig 131  Variation with pressure of refractive index of
coking coal vitrinite (carbon = 87.9% daf), carbonised
at different temperatures,
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Fig 132 Variation with pressure of absorptive index of coking
coal vitrinite (carbon = 87.9% daf), carbonised at

different temperaturese
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D Discussion

1. Morphology

The above work clearly indicates that the final prossure
has an important effect on the morphology of the resulting carbon-
ised residues, It is now established that a number of faoctors,
e.8+ heating rate, influence the morphological behaviour of
carbonised residues, c.gs anisotropy, the character of tho
devolatilisation vacuoles, mosaic size, etc, During open-boat
carbonisation the anisotropic vitrinites become plastic and
almost isotropic with approach to the decomposition temperature,
i.,es about 400°C, due to the destruction of the original ordering
of molecular structure (see Goodarzi and Murchison 1972), Further
increase of tempsrature to about 45000 results in some re-ordering
of the molecular structure and the development of anisotropy,
which continues to improve with developing mosaic structure up
to 60000. In the present study, with runs at different pressure
levels, but within the same temperature range (i.e. 350° to
600°C), the anisotropy, devolatilisation vacuoles, mosaic
structures develop, but the temperature of their development
is greatly dependent on the pressure level, There are certain
consistent patterns between residues of runs carried out in the
bomb, but these trends do not necossarily extend to the open=

boat carbonisations,

A comparison is now made between the runs at different

pressures in the bomb and then with the open-boat residues,
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The morphological studies indicate that the final pressure

apparently has an important effect on the morphology of the

resulting carbonised residues,

(2)

(v)

()

(9)

Perhaps surprisingly, the lower is the
pressure, the more prolonged is the
devolatilisation phase and the longer
it takes for the mosaic structure to
develop - the open-boat carbonisation

does not fit with this pattern.

The mosaic units are the larger the
lower is the pressure level, but in
general all the samples carbonised
under pressure develop larger mosaic
units than samples carboniged at

atmospheric pressurcs

The orientation of mosaic structures
becomes more regular with decrease of
pressure level, and is even better for
residues carbonised at atmospheric
pressure, 80 here is one constant trend
that extends to the open-=boat carbon-

isations,

The devolatilisation vacuoles become
more numerous, but their size decreases
and they also develop an irregular

shape with - rise of pressure,
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(e) The development of perfectly rounded
devolatilisation vaocuoles is character—
istic of the residues at highest
pressure, The residues carbonised at
atmospheric pressure do not develop
this type of vesiculation, Melvin
(1967) and Aganoglu (1972), examining
naturally heat-affected coal, demonstrate
the formation of such a vacuole type at

some distance from the heat source.

The above pattern indicates onc important point, namely
increase in fluidity with decrease of pressure in the bomb,
because it is known that the decomposition point is raised to
s higher temperature by rise of pressure (see Hamman 1957 and
Berkowitz 1967)e Viscosity increeses with rise of pressure,
and since the maximum viscosity is followed by the resolidification
of the plastic vitrinite (see for example Brown 1956), it is not
surprising that the deovolatilisation phase is shorter with higher
pressures, This feature is clearly apparent in the temperature of
. development of the mosaic structure which decreases fronm 550o to
45000 with rise of pressure, Development of a mesophase at 450°C
in the runs at intermediaie pressures indicates an intermediate
stage between plastic and resolidification phases, Thus, because
of thesc differences in morphological characters of residues
carbonised under pressure, then the pressure level, when referring

to the morphology of such samples, should always be quoted.
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Purther, it appears that there is a similarity between carbonised
residues with increase of pressure to those carbonised at atmospheric
pressure with decrease of heating rate, namely a decrease in the size
of the mosaic units and changes in the .mosaic texture with falling
heating rates Since the reduction in mosaic size is related to
decrease in fluidity with decrease of heating rate, then probably

the same argument can be applied to carbonised vitrinites under

pressure when the pressure level increases progressively.

The development of larger mosaic units under pressure than
in the vitrinite carbonised at atmospheric pressure is probably
due to a greater level of fluidity of the vitrinite under pressure,
bacause of the influence of the mefaplast which is present for a
greater length of time under pressure and so allows the growth
of mosaic units to sizes well beyond those formed at atmospheric
pressﬁre. The orientation of the mosaic becomes greater the
higher is the pressure up to the intermediate pressure level but
at high pressure levels, only occasional mosaic units develop
some common orientation, Finally, the deve10pmeﬁt of perfectly
rounded vacuoles in residues from 'pressure! carbonisations are
compared with vitrinite carbonised at atmospheric pressure,
particularly during the plastic phase (about 400°C), Probably
the influence of pressure maintains the shape of the vacuoles,
which is probably also the reason for the perfectly rounded
vacuoles found in naturally heated coals (see the results of

Melvin 1968 and Aganoglu 1972).
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2 Ontical Properties

(a)  Iniroduction

In discussing the changes observed in the optical
properties of the coking coal vitrinite carbonised under
pressure, two faotors must be borne in mind, First, as
stated, in the earlier section on the morphology of these
samples, open=boat carbonisation takes place in a radically
different enviromment to that in the pressure 'bomb!, In
open~-boat carbonisation volatile products are swept from the
system and take no further part in the reactionse In the
sealed capsule of the bomb, the volatile products given off,
once active decomposition begins, are an intimate part of
the system and their presence must influence the properties

of the final product,.

A second factor to be remembered is the variation which
occurred in both temperature and pressure of the experiments
at *intermediate pressure', i.e. in the pressure range from
14500 to 30000 psi approximately, This discussion, therefore,
begins with a consideration of the variations shown by the
reflectivities of the three runs at constant pressure, i.c.
3000, 5000 and approximately 45000 psi; then comparisons are
made with the optical variations shown by the residues from
open~boat carbonisations before any comparison is attempted with
runs at intermediate pressurcs. Reflectivity, birefleotance,
refractive index and absorptive index plots agéinst tenperature
for the different pressure levels are first considered before any
comment is made on the relevance of the reflectivity~pressure plots

at different temperature’levels,



(v)  Qutical Propertics- temperature curves
(1)  Reflectivity (Fizs 116, 120, 121 and 125)

It appears that tho decomposition phase is delayed to
considerably higher temperature (above 50000) at the lowest
pressure level (3000 psi) employed (Fig 116), The results of
Goodarzi (1971) and Goodarzi and Murchison (1972) for vitrinites
carbonised under atmospheric pressure show that a sharp increase
of reflectivity (Fig 13) commences only when the vitrinite
becomes plastic and approaches the active decomposition phase,
The delay in active decomposition must be due to the applied
pressure shifting the decomposition point of the vitrinite to
a higher temperature (see Hamann 1957) and inhibiting the
development of aromatic structure, The continuous increase
of reflectivity after the initial sharp jump is as usual due

to rapid ocoalescence and growth of aromatic structures,

The sharp increase of reflectivity in the second set of
low=pressuro experiments (5000 psi) commences at about 45000,

indicating that 'active docomposition' apparently begins at a

lower temperature at this higher lewvel of pressure. This feature

must be due to a greater viscosity of the plastic vitrinite caused
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by the higher pressure, which must also bring forward the commence-

ment of the resolidification phase (possibly to 50000 compared

with 550°C)e

Turning now to the run with the highest pressures used,

pressures which were almost constant, the decomposition begins



2895

at an even lower temperature, again presumably due to further
depression of tha tomperatures of decomposition and resolidif-
ication, From the slope of the ocurve, apparontly the concentra-
tion of the aromatic structures and their growth is less rapid
at this pressure level, because of suppression of the plastic
phase (see for example discussion on Rate of Heating in Part

1II).

The next point to examine is the relationship between
these three curves and the curve for open-boat (atmospheric)
carbonisation, particularly in their later stages. Comparing
the three reflectivity-temperature curves (Fig 125) at the
different prossure levels, it appears that with rising pressure
the duration of plasticity of the carbonised residues is
increasingly shortened, resulting in a lower reflectivity level
at the start of plasticity. These data can be compared with
the effect of heating rate and it appears that there are some
similarities between the two sets of results, isce there is a
decrease in fluidity with reduction of the heating rate and/of
increase of pressure, But, if this explanation is correct, why
should the reflectivity-temperature curves coincide at the
start with the curve for highest pressure; also, what about
the cross—cutting relationship of the reflectivity-temperature

curves for the 'bomb'! materials?

If the upper parts of the four curves are examined,

there is a relationship between them which might reasonably be
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expected, vize that as pressure increases, the reflectivity

at any temperature (above approximately 550°C) is lower. This
relationship would be predictéd sinoe pressure would be expeocted
to inhibit chemical reaction and properties dependent on those
ractions, The relationship is not apparent at lower temperatures
and it apprears that the expected relationship is only generated

once resolidification has ocourred in all ocases,

Reference must now be made again to the»morphological
structure described in Vol III (see Appendix V). Based on the
mosaic sizes in the photomicrographs, the largest mosaics in the
runs at pressures higher than atmospheric is found in the samples
at 3000 psi and apparently resolidification does not occur until
a temperature above 50000. In the experiments at 5000 psi, the
mosaic is smaller, but resolidification took place after 400°C at
high pressure experiments and the mosaic is very small indeed,
These morphological features alone indicate that the temperature
of the start of the plastic phase is gradually lowered and also
that the phase itself is increasingly shortened (see also the
bireflectance curves in this section and again the section on

Rate of Héating).

The effects producing these features also influence the
slopes of the reflectivity. curves which can be explained as
followss At a pressure of 3000 psi the plastic stage begins
around 400°C and seemingly the metaplast is dispersed within
the solid phasec and can react over a time period extending over
a temperature range of more than 100°C, Eventually the rapid

rise of reflectivity between 500° and 550°C is caused by the
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nmetaplast splitting into solid and gas due to riss of
temperaturce Increase of pressure to 5000 psi lowepns the
temperature at which the metaplast splits up and the
roflectivity rises sooner and this pattern is repeated

at 45000 psie In the open-boat (atmospheric) carbonisa~

tion, the enviromment is different, as explained above;
volatiles are not confined and after the metaplast has reaocted
it decomposes and the gases are swept out of the system. It
soems that the different temperatures of decomposition of the
metaplast, therefore, govern the slopes and intersection points

of the curves.

It is now possible to examine the position:in this
sequence of runs at intermediate pressures in which both
temperatures and pressures varye In general, despite the
variability, the curve shows a similar form to the others,
The reflectivity jump occurs at 400°C (18000 psi) and must
indicatc the temperature of the onset of plasticity,
Relatively little can be said about precise relationships,
but it does appear that at each reflectivity~temperature plot
(Fig 120), the relationship which might be expected, iece &
lower reflectivity with higher pressures is maintained, but -
there is no cross—cutting relationship between the twe sets
of plots in this case, Comparison of the mosaic sizes also
shows a sensible relationship - at the lower pressure, there
is a larger mosaic at any given temperature level, It scems
also that a reflectivity-temperature curve based on intermediate

pressures would fit approximately into the correct position on

Fig 125.
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The present reflectivity results after the resolidification
point agree with those of Huck and Patteisky (1964) and Melvin
(1974) who state that the reflectivity of a bituminous-rank
vitrinite carbonised under atimospheric pressure is higher than
shat of the same vitrinite carbonised under pressure at the same
temperature level, The data also agree with a statemcnt by
Berkowitz (1968), who states that the influence of pressure is
negligible up to 400°C. This feature is apparent in the very
slight changes in the reflectivity-temperature curves of the

vitrinites in this temperature range (Fig 125).

The sharp increase of roflectivity-temperature curves
between 400° and 600°C indicates moleoular structural changes,
eeZe increase in the concentration of aromatic 1mat§rial and/or
inerease in aromatic-layer diameter, Berkowitz (1958) also
indicates that the.effect of pressure.is more pronounced in Phase
IT of the carbonisation process between 400° and 55000), when
preséure influences the evolution of wvolatile matter and retards
the carbonisation process, The delay is indicated by the higher
level of the reflectivity curve for the vitrinite carbonised at
atmospheric pressure betwcen 400o and 50000 than the residues of

carbonisations under pressure.

The present results are difficult to compare directly with
the findings of Chandra (1965) but appear to be contrary to them,
The length of the soak period in the present study was about one
houre It is known that lengthening the 'soak period! results in

an increase of reflectivity of carbonised residues (see Mackowsky 19613
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de Vries gk ale 1968; Ghosh 1968)s The results of Part IV

show that the reflectivity of carbonised bituminous vitrinites
increases with length of soak period at temperatures as low as
35000, so the present results cannot be compared directly with

the findings of Chandra due to different lengths of 'soak periods!,

The results of Hryckowian gt al. (1963) show aa increase in
level of reflectivity of anthracitic vitrinites at the same temer—
aturc level as pressure rises above atmospheric (Fig 113).
Although the authors state the effect of prossure is negligible,
this does not seem true from Fig 113, there being nearly 17%
difference in o0il reflectivity of the products between carbonisa-
tion under 2000 psi as compared with atmospherice The higher
reflectivity level with pressurc in the anthracites is probably

duc to tho carbonisation taking place totally in the solid phase,

Lastly, the results of the present study disagree with the
findings of Bostick (1974) who maintains that the reflectivity of
vitrinites carbonised under pressure is similar to that of
vitrinite carbonised wiihout pressure, Bostick, however, carbon-
ised under pressure in the presence of water vapour, and it is,
therefore, possible that the presence of water vapour affected the
results of the experiments, perhaps resulting in a partial oxidation
of the material in the bomb, so resulting in an increase in the
level of roflectivity that compensated for the reduction in

reflectivity resulting from pressure increase.
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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,



298

(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
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(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).
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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



326

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
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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



33¢&

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.
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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
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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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