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de Vries �~� iW.. 1968; Ghosh 1968). The results of Part IV 

show that the reflectivity of carbonised bituminous vitrinites 

increases with length of soak period at temperatures as low as 
o 350 Cr so the present results cannot be compared directly with 

the findings of Chandra due to different lengths of 'soak periods'. 

The re suI ts of Hryckowian n Al.. (1963) show l:LL1 increaso in 

level of reflectivity of anthracitic vitrinites at the same temer­

aturo level as pressure rises above atmospheric (Fig 111). 

Although the authors state the effect of prossure is negligible, 

this does not seem true from Fir 11), there being nearly 17% 
difference in oil reflectivity of the products between carbonisn-

tion under 2000 psi as compared with atmospheric. The higher 

reflectivi ty level with pressuro in tho anthraci tes is probably 

due to tho oarbonisation taking place totally in the solid phase. 

Lastly, the results of the present �s�t�u�~� disagree with the 

findings of Bostick (1914) who maintains that the reflectivity of 

vitrinites carbonised under pressure is similar to that of 

vitrinite carbonised whhoui 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 tho bomb, so resulting in an increase in the 

level of �r�e�f�l�e�c�t�i�v�i�~� that compensated for the reduction in 

reflectivity resulting from pressure increase. 
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(i1) Bitetleotanoe (Fi«s 117, 122 and 126) 

Comparing the birefleotanoe-tamperature ourves (Fig 117) 

at approximately oonstant pressure levels in the bomb, it appears 

that the plasticity of the vitrinite and the temperatur~ range 

over which the vitrinite remains almost isotropic increases with 

decrease of pressure in the bomb. This longer plascic stage 

then probably re suI ts in a better ordering of the molecular 

structure, which is indioated by the very sharp rise in the 

bireflectance with temperature for the carbonised vitrinite at 

the lower pressure levels. Tho 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 rolation 

that exists between mosaic size, plastioity and the level of 

bireflectance. Roferring to Part III (Rate of Heating), it was 

shown there that the mosaic size becomes larger and the birefleot­

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 rate. An examination of optical 

properties at an early stage of this programme for this vitrinite 

carbonised under pressure at different heating rates, which were 

rather olose, did not show great contrast. 

In a comparison of the four birefleotance ourves (Fig 126) 

1t 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 

due to tho onset of plasticity Md breakdown of ini tiol ordering 
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of mol ecular structure of the vi trini te (see Taurlor 1960; Davi s 

1965 and. Oooda.rzi and Murohison 1972). The increQ.se of bireflect­

D.nce of the carbonised residues at different pressure levels should 

be due to the progressively better ordering of the molecular struo­

ture brought about by the increasing carbonisation temperature (see 

de Vries .Q1 iIJ.. 1968, Marshall and Murchison 197t anrl Goodarzi 

and Murchison 1912). However, it is now generally known that 

vitrinites oarbonised under pressure develop a higher level of 

anisotropy and/or biroflectonoe than at atmospheric pressure 

(see Huok and Patteisky 1964J Chandra 1965 Md Melvin 1914). 

The change in the slopes of the bireflectance-tempernture 

curves indioa.tes 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 ourvos. It also 

appears that oarbonisation under low pressures (but above atmospheric) 

eventually yields residues with a hi~her degroe of ordering (as 

estimated by bireflectance) than either open-boat oarbonisation or 

oarbonisation under high pressure. This conclusiQn agrees with 

the results of Hryokowian Jii Al... (1963) for the bireflectance of 

residues of anthraoitio vitrinite oarbonised below 600°0 at prossure 

levels of 15000 and 25000 psi. The bireflectance is lower than for 

vitrinite oarbonised at tho same temperature level but at pressures 

at 5000 and 10000 psi. A direct oomparison between the anthraoitio 

vitrinite and the bituminous vitrinite carbonised under pressure 

should not be made, due to the softening of bituminous vitrinite 



during carbonisation under pressure, which partially obliterates 

the effeot of pressure. If, however, the pressure whioh oauses 
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a deorease in the birefleotance of anthraoitio vitrinite is betweon 

15000 and 20000 psi, then it can be expeoted that a higher lev~l of 

pressure, e.g. 45000 psi will be required to inhibit the ordering 

of molecular struoture and henoe reduce the level of birefleotance 

in oarbonised bituminous vitrinite. Fig 126 also indioates that 

increase of pressure suppresses and shortens the period of the~al 

decomposition of the vitrinite oarbonised under pressure and raises 

the visoosity of the plastic mass. The higher the level of prossure 

the shorter the length of the plastic stage. Thus the vitrinite 

undergoes similar oonditions of carbonisation in some respects 

as it would if it were oarbonised at a progressively slower rate 

of heating with progressive increase of pressure level. The results 

of Brown and Taylor (1961); Cook ~ ~ (1972) and the results 

presented in Part IIIof this thesis indicate that the faster tho 

rate of hoating the better is the resultant ordering of the 

molecular structure. Hence, the higher birefleotanoe, due to 

enhanoed fluidity, pos~ibly explains the lower trend of the 

birefleotanoe curve of the oarbonised residues in the high 

pressure run (45000 psi) than in the residues carbonised at 

atmospherio pressure. 

Having shown that the four bireflectance curves follow an . 

explainable trend, brought about by their var,ying levels of fluidity 

and reordering of their moleoular structures, the bireflectanoo 

pattern of tha experiments at variable intermediate pressures can 
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be examined (Fig 122). The plastio phase is again oonsiderably 

shortened. beoause the bireflectance of the carbonised vitrinite 

remains at a lower level than that for carbonised fresh vitrinite 

up to 4000 0. The first bireflectanoe jumP. between 4000 and 450°0, 

marks the end of the plastic phase which is also made evident by 

partial development of mosaic structures (see 'Morphology' and 

Appendix V, Volume Ill). 

In comparison with the other birefleotance curves, whioh 

follow an expeoted pattern and/or better reordering of the 

moleoular structure. with rising of pressure from atmospheric 

to the low pressure range (3000 to 5000 psi), a lower birefleotance 

curve for a higher pressure level than atmospheric would be due to 

prevention of the ordering of the molecular struoture. The 

bireflectance data at intermediate pressures do not follow the 

consistent pattern of the other birefleotanoe curves and this 

anamolous behaviour at the intermediate pressure level must 

probably be explained by the continually varying pressures with 

temperature rise. 



(11i) Refraptive Ipd.ex (Figs 118. 123 and 121) 

The behaviour of the refractive index-temperature curves 

o£ vitrinite oarbonised under atmospherio pressuro were disoussod 

in an earlier section (see Part I). It is now well established 

that the trends of these curves for oarbonised vitrinites refleot 

speoifio moleoular struotural ohanges, e.g. modifioation of the 

orystallite height (see Goodarzi 1971 and Goodarzi and Murchison 

1972). 

There are inoonsistenoies in the refractive index data, 

possibly due to the small number of points employed and also to 

the fact that a relatively restricted temperature range was Used 

- a moro satisfaotory pattern might probably have been apparent 

if a range of temperature up to 900°0 or higher had beon used. 

As it is, the vitrinite carbonised under atmospherio pressure 

shows the most rapid change in 'Lc' which represents a number 

of phenomena, and it appears that the vitrlnite carbonised under 

the lowest pressure shows the least rapid change in refractive 

indices. It is, howevlJr, difficult to separate the ourves for 

the threo pressuro levels from one anothor, although it does 

soem that the refractive index in general for a partioular 

temperature is the higher the greater is the pressure. 

294 



(iv) Absorptiye Index (Figs 119. 124 nnd 12a) 

Little oan be said about the trend of the absorptive 

index of tho oarbonised residues at the different levels of 

pressure. The oontinuous increase of absorptivo index against 
0 6 0 temperature at all pressure levels atter 400 C up to 00 C is 

as previous~ attributed to lateral growth of the arom~tio 

lamellae (see Hirsoh 1954). 
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(0) OpticAl Properties - pressure gurxeB 

(i) Reflgctiyity (Fig 128) 

The slight increase of reflectivity at 3500 and 400°0 

indicates that increase in aromaticity and growth of aromatic 

structure is ver,r small over the pressure range. Jndeed, the 

results of Goodarzi (1971) and Goodarzi and Murchison (1972) 
, 

indicate that the rate of reflectivity change before active 

decomposition is negligible (see also Davies 1965; de Vries 

1968 and Ghosh 1968). The inorease of reflectivity at 450°0 

for the open-boat carbonisation indicates rise in aromaticity 

and inoreased lateral growth of the cr,ystallites, but the much 

reduced reflectivity level with rise of pressure to 3000 psi 

shows that aotive decomposition of the vitrinite is del~ed, 

presumably because of the effect of pressure. The subsequent 

rise in reflectivity with pressuro to a similar level as that 
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for the open-boat oarbonisation at intermediate and high pressures 

indicates that the factor de1~ing the aotive decomposition is 

removed. The ver,r sharp drop of reflectivity for 3000 psi at 

o 500 C compared with both the reflectivities for the residues 

in open-boat oarbonisation and carbonisation at 5000 psi also 

indioates that the active deoomposition 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 procedure. HOwever, SUbsequent oarbonisations 



under tho samo pressures and temperature oonditions showed that 

no experimental error was involved and that the much lower level 

of refleotivity had purely and simply to be attributed to the 

partioular pressure level inhibiting the aotive deoomposition 

and then maintaining fluidity up to an unexpeotedly high 
o 

temperature (500 c). Leaving aside the residues at 3000 psi 
o 

for the curve at 500 C, the general trends of reflectivit,y-

pressure curves at hieher pressures and at temperatures ranging 

between 500°C and 600°C indioate a lower level of growth and 

conoentration of aromatic struotures with rising pressures, 

although quito clear~ temperature has a much more pronounced 

influence on the growth and concentration than does pressure. 
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(ii) Bireflectance (11« 129) 

The lower levels of birefleotance at 350
0 

and 400°0 

than for the fresh vitrinite throughout the pressure range 

indicate destruction of the initial ordering of the molecular 

structure within the or,ystallites due to softening (see for 

example T~lor 1961 and Goodarzi and Murchison 1913). The 

initial decrease of bireflectance from its level at atmospheric 

o 
pressure to lower levels at 3000 and 5000 psi at 450 0 and 

o 
3000 psi at 500 0 indicates that although reordering of the 

molecular struoture is well advanced for residues at atmospheric 

pressure, the residues at low pressures are still in the pra-

deoomposition phase. 
o 0 

Rise of temperature from 450 to 500 0 

results in on~ a shift of the pressure at whioh the residue 

remains in pre-aotive deoomposition to a lower level. Inoreased 

birefleotanoe with rise of pressure indicates better ordering 

of the moleoular struoture brought about by pressure. The 

subsequent fall of birefleotanoe at high pressures is probably 

due to the effeot of pressure inhibiting greater reordering of 

molecular structure within the orystallites. 
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The initial rise of birefleotance with increase of pressure 

06 0 
at 550 and 00 0 indioates that inorease of pressure results in 

the better ordering of molecular struoture in the solid, whioh is 

more pronounoed the higher is the temperature (apparent by the 

initial sharp inorease of bireflectanoe). The subsequent fall 

of bireflectance after intermediate pressure levels (around 21000 psi) 



is probably due to the inhibiting effect of high pressures 

on the ordering of the molecular structure (see discussion 

on bireflectance - temperature curveB)~ Presumably if the 

temperature were further increased, however, ordering would 

be further improved. 
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(iii) Retractiye Index (Fig 130) 

The initial drop of refraotive index from levels at 

atmospheric pressures to those at 3000 psi throughout the 

temperature range indicates the inhibiting effeot of pressure 

on the growth ef crystallite height, and is more apparent as 
o 0 

temperature rises. At 350 0 and 400 0 the difference in 

crystallite height is negligible as might be expected. 

Howvver, results of Diamond (1960) show that crystallite 

heights of coking coal start to inorease after being oarbon­

ised above 4QQoO and further, the results of Goodarzi (1911) 

and Goodarzi and Murchison (1972) show an increase in the 

refraotive index of ooking coal vitrinite after 400°0. 

After a slight rise of pressure, the inorease of refraotive 

index between 3000 and 5000 psi probably indicates slight growth 

of crystallite height, but a olear interpretation of the behaviour 

of the refractive index ourves and/or the growth of crystallite 

heights is rather difficult at pressures higher than 5000 psi. 

(iv) Absorptiye Index (Fig 131) 

The behaviour of the absorptive index-pressure ourve 

indioates changes in crystallite diameter,(La), of the aromatic 

struotures and similar but less distinctive patterns as for the 

reflectivity-pressure curvos are evident here. The less consistent 

patterns in these data are due to lower aocuracy in the determination 

of the absorptive index. 



E. CONCLUSION'. 

The following conclusions can be drawn from the results 

presented in this part of the project I 

(a) Mornholopoal. 

(i) The mosaic units are the larger the lower the 

level of pressure in the bomb. In the bomb the re­

solidifioation point (appearance of mosaio) deoreases 

with rising pressure. 

(ii) The morphological ohanges whioh result in formation 

of mosaio structure can be observed more clearly at lower 

pressuree. 

(iii)The morphologioal features of vitrinite oarbonised 

under pressure resembles those of naturally thermally 

metamorphosed ooal. 

(b) Optical 
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(i) Refleotivity is the higher the lower is the level of 

pressure in the bomb, partioularly a.:f'ter oarbonisation above 

the resolidification temperature. 

(ii) Bireflectanoe, whioh indicates the ordering of molecular 

structure, increases with ::i.se of temperature and pressure 

below the resolidification pOint, but above this point, higher 

levels of pressure inhibit the increase of bireflectanoe and 

the relationship is reversed. 



(Hi) The refractive index-temperature ourves show 

that increasing pressure in general inhibits the 

growth of height of the aromatio lamellae. 
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PART VII OPTIC .. ".L ProPERTIES OF VITRINITES TJ:lFATED _. to e ••• -__ •••• .,.- .... 

~T HIGH TEmIJPlJlRATURE .. ft. e. 



A. General IntrodL\ction 

The work described in this section oonsiders the 

optical properties of vitrinite (carbon. 80.0 and 81.9% 

daf and 94.2f~f) heat-treated over temperatures ranging 
o 0 

from 1000 to 2400 C. These experiments arise d1reot~ 

from earlier work by the Writer (Goodarzi 1911). 

Changes in the molecular structure of carbons hest­

treatod above 1000
0
C have been the subject of m~ investi-

Bations, some of which have boen concerned with the Variation 

of density, electrical resistivity, diamagnetic suscertibility, 

X-r~ diffraction and other physical properties. However, 

to the author's knowledge, there has been no systematic stuUy 

of the optical properties of carbons at such high temperature. 
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B. Preyious rel.teg work 

1. Introduction 

The reaotion of oarbon to heat treatment is primarily 

dependent on the original molecular structure of oarbon. A 

review of the molecular ohanges oocurring during the heat-

treatment of I soft' (graphi tising) and 'hard' (non-graphi tising) 

oarbon is given by Mrozowski (1956, 1971). The heat-treatment 
o 

of soft carbons up to 800 C results in devolatilisation of the 
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non-oarbon parts of the molecule and the development of an energy 

gap - an energy gap is developed due to mobile electrons having 

energy falling into bands, one empt,y and one eleotron occupied 

(see Coulson 1947). The 'Carbon molecule' consists of turbo­

stratic orystallites of about 30R diameter, which are built of 

condensed but disordered planes of benzene rings stacked parallel, 

but equidistant to one another, The orystalli tes are surrounded 

by disordered material, but they grow with inorea.se of temperature 

at the expense of the disordered material. The energy gap 

diminishes rapidly ~d +h in(.rease of crystalli te diameter (L ) a 
o 

up to 1300 Ca crystallites grow by coalescence with smaller 

orystallites up to 2100
0
C, when the crystallite diameter is 

about 15oi. Further increase of temperature results in the 

development of a three-dimensional graphitic structure. 

Due to strong intermoleoular bonding • hard' oarbons resist 

the increase of temperature up to quite high levels and orystallites 

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



The graphitisation of these hard carbons occurs at two 

° 0 distinctive stages. th~ first at 1800 - 2100 0, resulting 

in partial graphitisation and the seoond at about 28000
C 

when the remainder of the material starts to graphltise 

rapidly. 

The high-temperature (above 1000°0) process m~' be 

divided into stages (see Honda 1959). 

semi-graphitisation •• ca • 1000°-1400°0, 

gro.phitiso.tion •• ca • 1400°-2300°0, and 

crystallisation •• ca • 23000 0. 
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This stage is acoompanied by decomposition and rearrangement 

of the molecular structure, resulting in high yields of ~ogen 

(Honda 1956). The crystallite diameter (La) and height (Lc) 

increase throughout this stage (see B1S3"den ~ Ala. 1944, Franklin 

1951, Warren 1956 and Loebner 1956). The results of Ouchi 

(1955) also indicate &1, increase in (Lo) with rlse of temperature, 

but show that (La) decreases between 12000 and 1400°0 to a 

minimum before increasing once again towards the end of this 

stage. The decrease in (La) is due to the destruotion of the 

two-dimensional bonding of the oondensed aromatio molecules and 

further increase of (La) ie related to ooa~esoence of mobile 

lamellae. The sharp .deorease in density and eleotrioal 

resistivity throughout this stage (see Pinnick 1956), the inorease 



in diamo.gnetio susoeptibility (sea Hondo. 1959) and microha.rdneas 

to a. ma.ximum Ilt 1200°0 (see Hondll and Sa.nada. 1951), o.nd the 

subsequent deoreD.se of microho.rdnesa with inoreo.se of tomporature 

is Illao indiclltive of the destruction of the intermoleculo.r 
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bonding. Ouchi (1955) nlso used Bmllller tempero.ture intorvo.ls 

(100°0) than di~ Bl~den (1944); Franklin (1951), Warren (1956) 

o.nd Loebner (1956), which m~ be Il possible explonation for the 

failure to d~teot 0. minimum in (Lo.) in these other investiglltions. 

The pronounced decreD.se of electrico.l resistivity (see for example 

Ouchi 1955. Pinnick 1956 and Loebner 1956) ia due, a.ccording to 

Pinnick (1956), to the devol~tilisation of pariphor~l 6TOupines 

which are bonded to thu o.roma.tic structure by JT electron3, resulting 

in pairing of the { o.nd J1 electrons and the development of o.n 

en orgy eap (see for example Loebner 1956 o.nJ. Mrozowski 1;)56 o.nd 

1911). The energy gllp ducrcllses oontinuously with increo.se of 

crystalli to dio.metor (La.) throughout this sta,:ro. The diOtlagnatio 

susceptibility remains constant or incrcllses slightly (see Ouch! 

1955; Honda 1956). According to Ouchi (1955) density increases 

with risa of temperature, nlthough the results of Franklin (1951) 

suggest that the density of hard carbons decreases after 1000°0. 

Microhardnoss of carbon (000.11 carbon. 65 to 93% daf) incrollses 

up to 1200°0 ond then deoreo.ses with rise of temperature, and this 

d~orease is less marked for hard carbon. The sharp inorease in 

microho.rdncss up to 1200°0 is ralo.tod to the development of a 

three-dimonsional struoturo oonsisting of molecules with primo.r,y 

bonding (seo HondD. 1956 Md Sanada. 1951). 



( ) 
, 0 0 b GrQphiti~tion stAi60Ae 1400 to 2300 C) 

The dimensional growth ot orysta.lli tes is the prime.ry 

prooess in this stage. The heat-treated residue approaohes 

a.pproximately the struotural level of elementa.ry carbon at 

about 15000
0 (see Bl~den 1969). The crystollite diameter 

(La) and height (Lo) increase oontinuously throughou~ this 

stage (see tor example Franklin 1951; Ouohi 1955; Warren 

1956 and Loebner 1956). The first steps in the graphitisation 

of hard oarbon take pl~e in this stage, (see tor example 

Fronklin 1951, Loebner 1956 and Mrozowski 1956 and 1911), 

when a partial graphitisa.tion ooours. The electrioal resist-

ivity remains almost oonstant (see Ouohi 1955; Pinnick 1956 and 

Loebner 1956), due to inorease in l~er diameter (La) and a 

oonsequent deorea.se in pa.iriIl6 of -£ and rt eleotrons, but 
o 

towards the end of this stage, at about 2200 0, the resistivity 

of hard carbons falls (see tor example Loebner 1956). This 

decrea.se is related to the commenoement of the seoond stage of 

gra.phitisation in ~$rd carbon. The energy gap beoomes smaller 

and approaohes that of graphite (Mrozowski 1911), and the dia­

magnetio susceptibility inoreases (see Ouchi 1955, Honds. 1956 

a.nd:Murchand 1973), due to the oompletion of two-dimensional 

ordering (Ouohi 1955). The density, aooording to Ouohi (1955), 

either remains oonstant in hard carbon, or inoreases slightly 

in soft carbon, although Frnnklin (1951) maintains that the 

densities of soft and hard oarbon inorease with rise of temper-
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ature in this stage. However, as previously noted, the temperature 



intervo.l used by Fra.nklin is very large. The miorohardness of 

carbon decreases continuously with increase of temperature up 

to 2000°0 (see Honda and Sa.nada 1951). 

(c) Ct1stp11isGtion Stage (ab0ye 230000) 

This stage is oharaoterised by the development of three­

dimensional graphite ordering which takes plaoe by slow trans­

formation of turbostratio orystalline ordering (see Loebner 1956, 

Mrozowski 1911 and Marchand 1913) The (La.) and (Lo) .incre~se 

with rise of temperature (see Franklin 1951J Warren 1956 and 

Loebner 1956), but the inorea.se of (Le) a.ppears to be greater 

(see Loebner .1956). Also, the electrica.l resistivity of soft 

carbon falls with increa.se of temperaturo 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 dovelopment 

of three-dimensional ordering. 
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2. Hnrghology 

The morphology of oBrbon residues hc~ted to ~bove 

1000°0 have been studied by optic~l and electron-sc~ing 

mioroscopic~l mathodR by ~ number of workers. 

(~) QR+'1g~1 MigrgQCPPY 

Relatively little ~stematio stu~ of th~ ohAnges in 

morphology of vitrinites ~t high tcmper~ture ~s be~n oarried 

out in cocpa~ison t~ the ~ mo~)hologioal stuJies of carbon-

iecd vitrinitee during tho carbonis~tion prooess. The results 

ot Alporn and Chauvin (1957) show that vitrinito (V.M~ - 3% to 
o 

1~ on heating to about 1000 0 develops a vosiculted, swollen 

and highly refleoting oentral zone with a brvad, but muoh less 

vesiculated, low-reflecting marginal zone (see Plates 7 and 8, 

p. 212). Pre-distillation of partioles in the presenoe of 
o nitr()gen and subsequent oombustion at 1000 C reduoes the amount 

of highly refleoting materials in the central zon0. Abramski 

alld Maokows~ (1961) state that the size of mosaic units in 

c~bonised ooking-ooal vitrinite does not oh~e with increase 

of temperature up to 15000 to 1700°0 (see Plates 66 and 68, pp 

394; 396), but examination of the photomiorographs produoed by 
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these ~uthors reveals that the hiah-temperature residues develop 

more vacuoles than low-temperature coke. Further,Brooks and 

T~lor (1~5) state t~t the mosaio structure of semi-ouko does 

not alter, even at ~ temperature of 25000 0 (soe Plate 23 of tho 

above paper), but that it shrinks perpendicular to the lamollae. 



Marsh ~ Al. (1971) maintain that the mosaio struoture formed on 
o the oarbonisation of giIsonite pitoh at about 410 0 mo.intains 

its identit,y ~ does not ohange, even on hea.ting to 28000 0 

(see Plo.tes 3 ODd 6 pp 253f 254) but observation of MArsh's 

photogra.phs suggests tho.t the orientation of the mosaio struoture 
o beoomes Jnore regular by 2800 C. These morphologioal studies 

indioate tho.t the residues of softening vitrinites a.t high­

temperature maintain rather similar morpholoeioal features to 

those at oarbonisation temperatures, wherea.s non-softening vitri-

nites develop a distinotive morphologioal oharaoter, which has not 

yet been observed in the low-temperature oarbonised residues (see 

for example Abramski and Maokowsky 1~1; Davis 1965J Mar shall 

and Murohison 1971 and Goodarzi 1971). 

(b) Elegtton Miptpsgopy 

o 
'Botr,yodial' struotures observed at 410 C by Marsh ~ Al. 

(1971) apparently do not melt or fuse on graphitisation to 28000 0. 

However, the size of the 'botryodial' struotural units (apparent 
. 0 

from Plates 9 and 10, p 255) decreases on heating to 2800 O. The 
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Ibotryodial l structure was related by Marsh (1913) to the mosaic 

sizes observed by optical miorosoopy. Brooks and T~lor (1965) 

indioate that mesophase shrinks preferentially (perpendioular to 

lamellar), whioh means there is a ohange in the shape of the mosaio 

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

of the mosaio units, either uniforIl\Y' (Marsh ~.QJ.,. 1971), or prefer­

entially (Brooks and Taylor 1965). The re suI ts presented in Port 

III and IV of this Thesis show changes in the morphology of low-



temperature oarbonised residues of maoera1s, i.e. inorease or 

deorease in mosaio size whioh is aooompanied by a rise or fall 

of ref1eotivity and birefleotanoe. If the same prinoip1es oan 

be applied to vitrinites heat-treated at high temperBture, then 

B deorease in refleotivity of high-temperature, heat-treated 

res1du9s of ooking v1trinites might be expeoted. 
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3. QptiOAl Properties 

To the author's knowledge there is no Dystematio work 

available on tho optioal properties of high-temperature 

vitrinites, i.e. oarbons in the temperature range between 

10000 
and 30000 0. However, Abramski and Maokow~ (1961) 

believe that the intensity of anisotropy of high-temperature, 
o 0 

ooking ooa1 vitrinites at about 1500 to 1100 C is higher than 

that of the low-temperature residue. The results of Gillot 
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~Al. (1968) (in photomiorographs) indioates that the refleotivity 

of petroleum ooke oarbonised under vacuum at temperatures ranging 
o 0 

from 1300 to 1500 0 with a 'soak period' of 80 to 750 hours 

deoreases with rise of temperature. The reoent work of Khavari 

(1975), indioates that the refleotivity, refraotive and absorptive 

indioes of oarbonaoeous materials, suoh as gilsonite, grahamite 

and impsonite (oarbon 84.0 to 88.0% daf) inorease slowly between 
000 1000 and 1400 0 and then deorease on heat-treatmentkto 2500 C, 

whereas the same optioal properties of shungite (oarbon a 96.0% 
daf) inorease slowly between 10000 

and 2500°0. Khavari (1975) 

relates the deorease of the optioal properties of the oarbonao-

eous materials examined by her to tension brought about by 

the high temperature. However, gilsonite, grahamite and impsonite 

develop mosaio struotures during oarbonisation prooess, whereas 

the residue of shungite do not develop suoh struotures. 
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In summar,y, the effect of semi-graphitisatlon through to 

crystallisation (1000
0 

to 2400· 0 0) on carbons of different orig~n 

appears to be more severe than carbonisation at lower temperatures. 

The molecular structure of oarbons suffers breakdown in the 

reordering of the molecular structure during the carbonisation 

process. The secondary reordering of molecular structure, which 

commences at the semi-graphitisation stage (1000
0 

to 1400 °c), 

appears to be more severe in soft carbons than in hard carbons, 

because of the loose cross-linking and better reordered structure 

developed --by soft carbons during the carbonisation process. The 

transformation from the two-dimensional turbostratic structure 

to a three-dimensional gra.phi tic structure is continuous 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. The transformation of turbostratic crystallites 

to graphitic ordering tak~~ place in two or three stages and 

commonly commences at about the end of graphitisation Atage (1400
0 

to 2300
0
0). 

The above observations are made mainly on the basis of 

changes in molecular structure revea.led by X-ray diffraotion 

studies, but this can commonly be observed at least partially in 

morphological studies and in the behaviour of some physical 

parameters, e.g. electrical resistivity. density, hardness, etc. 



There is a decrease in the size of the mosaic units developed 

by low-temperature carbonisation of soft carbons, e.g. ooking 

ooal vitrinite during high-temperature heat-treatment. It 

appears that ohanges in p~sioal parameters can be related 

to one another. Sinoe optioal properties are also p~sical 

properties which reflect changes of moleoular struct_~G of 

oarbons occurring during the carbonisation process, then it 
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might be expected that the optical properties of high-temperature, 

heat-treated oarbons will also show changes of molecular struoture 

taking place during heat-tre~tment. 



c. Results, DesQription 

1. Introd,nction 

The morphological and optical changes of the high­

temperature, heat treated rosidues of the three vitrinites 

(carbon = 80.0 and 87.9% daf and 94.z,% dmmf) are des~ribed 

at temperature levels selected to cover the ranges reported 

by Honda. (1959) (see p. ~o5) 

1000 to 1400
0

C 

1400 to 2300°0 

•• 

•• 

(i) 

(ii) 

(i11) o 
and above 2300 0 •• 

2. Ho&ghplpiJ 

semi-graphitisation 

gro.phitisation 

orystallisation 

In the present research programme both optioal and 

electron microscopy were used to reveal morphological changes. 

The electron microscope cannot show structural differences such 

as isotropic and anisotropic oomponents, 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. "itical structural differences 

of various constituents. 

(a) QptlQAl mipr9sgOQY (PlAtes 1Q3 to 115) 
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The high-temperature, heat-treated reaiduea of low-rank 

bituminous vitrinite (carbon a 80.0% daf) and anthracitic vitrinite 

(carbon • 94.~ dmmf) show similar morphological changes, i.e. 



development of highl~reflecting isotropio material with high 

relief on heating in the semi-graphitisation stage (1000
0 

to 

1400°0). This material appears generally at about 1100°0 

(Plates 104a end 112b) and its amount inoreases with further 

rise of temperature up to 1250
0 

to 1300°0, when the partioles 

are covered by a 'shell' of the material (Plates 104~ and 113). 

With further rise of temperature towards the end of this stage 

(1400°0), the amount of this material decreases and finally 

disappears· at 1400°0. The anthrooitio vitrinite develops 

perforated edges and vesiculation in the semi-graphitisation 

stage which disappears with rise of temperature toward the 

graphitisation stagel the intensity of anisotropy inoreases 

with rise of temperature. 

The high-rank bituminous vitrinite (carbon - 87.~ daf), 

develops a fine-grained to flow-type mosaic texture, the state 

of polished surface deteriorates oontinuously and the granular 

mosaic shrinks with rise of temperature, resulting in a hetero-

geneous surface. The intensity of anisotropy deoreases with 

rise of temperature. 

(b) Elegtron-scAnning m1QrosQQ~X 

Topographical features on the natural and relief-polished 

surfaces of the high-temperature samples are shown in Plates 116 

to 126. The magnifioations are all below %4000. 

The high-temperature reeidues of the low-rank bituminous 

.vitrinite (oarbon - 80.0% daf) and the anthraoitio vitrinite 
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(carbon = 94.2% dmmf) show non-coherent residues with rise of 

temperature. In the semi-graphitisation stage (10000 to 1400°0), 

there are two typical rareas, one with relief (Plates 116 and 125) 

the other smooth~ The area with relief is the same as the 

high-reflecting isotropic material observed by optical microscopy. 

The anthraoltlc residues show perforated edges (Plate 125b) and 

vncuoles (Plates 112b, 113 ~d 114). These perforated edges 

and vacuoles disappear with rise of temperature (Plate 126). 

The low-rank bituminous vitrinitic rcsidues at about 

1800°0, show chnracteristic 'botryodial' structure (Plate 117b). 

The high-rank, bituminous vitrinite (carbon. 81.9% dat ) shows 

coherent residues and characteristio I Botr,yodial, structure 

(Plate 121a). 
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3. Optigal Properties 

(a) Introwagt]on 

The optioal properties of the residues of three vitrinites 

(oarbon = 80.0.%, 81.9% daf and 94.~ dmmf) heat-treated between 
o 0 

400 and 2400 0 ~plotted against temperature in Figs 133 to 138. 

Generalised ourves of the optioa1 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 

400° and 950
0
0 are also included ~n the graphs of the corresponding 

o 0 residues heat-treated between 1000 and 2400 et to illustrate the 

total change of the optical properties Qgainst temperature of the 
o 0 

residues in the range 400 to 2400 O. Since the changes in the 

optical properties of the residues of these vitrinites carbonised 

between 400
0 

and 950
0e have a1rea~ been described and discussed 

in Part Ill, only the variation of the optical properties of the 

three residues heated between 1000
0 

and 24000e will be discussed 

here. The only variation in the heating conditions of the residues 

at high temperature lies in the'soak period' which was one hour 

00.00 
between 400 and 950 0 and one mlnute between 1000 and 2400 ef 

o 
all samples being pre-carbonised to 900 0 before further heat-

treatment. 
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(b) ~tJeQtiyitx CA ana b Fi~s 133 to 135 and Fi~B 139; 14Q) 

The reflectivity-temperature curves in air and oil are as 

usual desoribed together beoause of the similarity in their beh~viour 

with rise of temperature. 

The retleotivities ourve ot the residues ot tho low-rank 

vitrinite (a and b Fig 133) remain relatively oonstant trom 1000°0 

° up to approximately 1500 0t atter whioh they deorease slowly but 

oontinuously with rise of temperature up to 2400°0. The retleotivity-

temperature ourve ot the residues of the ooking-ooal vitrinite 

)
00 (a and b Figs 134 inoreases slightly between 1000 and 1100 0 

and then falls rapidly and oontinuously with further rise of 
o 

temperature to 2400 O. Finally, the curve ot the heat-treated 

anthraoitio vitrinite (a and b Figs 135) increases between 1000° 
o 

and 1300 0, then falls slightly with rise ot temperaturo to about 

1800°0, after whioh the refleotivity inoreases slowly but continu-

° ous~ with further heat-treatment up to 2400 O. 



Fig 133 Variation with temperature of air and oil reflectivity, 

refractive index and absorptive index in a low-rank 

bituminous vitrinHe (carboE "; 80.0% daf), heated up 

to 24000 C. 
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F1g 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 2400oC. 

.~. 
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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
0

C. 
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The birefleotanoe curve for the low-rank vitrinitio 

o 0 residues decre~ses slightly between 1000 and 1500 0, and 

thereafter the bireflectanoe increases irregular1Y but slowly 

° with further increase of temperature up to 2400 O. 

The birefleotanoe of the residues of the ooking ooal 

vitrinite decreases rapidly but irregularly with rise of 

° ° temperature from 1000 0 up to 1500 0, after whioh the biref-

leotanoe ourve (so far as can be determined) prob~bly maint~ins 
o approximately the same level up to 2400 O. The bireflectance 

curve of the he~t-tre~ted anthraoitio vitrinite incro~ses 

continuously with rise of temperature between 1000° and 240090. 

(d) RefrAotiye Index (Fi~s 133d, 1\40, 135°, 142) 

The refractive-index curve of the residues of the low­

rank vitrinitic residues maintains the same level between 10000 

and 1300°0. FUrther increase in temperature results in a fall 

° of refractive index up to 1800 0, atter which it maintains 

o 
approximately the same level up to 2400 O. 

The refractive index of residues of heat-treated, ooking 

coal vitrinite decreases ver.y sharply with rise of temperature 

° 0 between 1000 and 2400 O. Finally the refractive index curves 

of the residues of the anthracitio vitrinite rise up to 1500°0 

and then maintain the same level up to 1600°0, atter which the 

refractive index curve decreases slowly but continuously with 

° further riso of temperature up to 2400 C. 
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(0) AbsQtPtiVQ indQx ('1&6 1330, 134d, 135d, 143) 

The absorptive index ourves of all three heat-treated 

vitrinitio residues show parallel changes to those of the 

oorresponding refleotivity. 
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Fig 139 Generalised curves for variation with temperature of 

oil reflectivity of three vitrinites, heated up to 

2400
o

C. 
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Fig 140 Generalised curves for variation with temperature of 

air reflectivity of three vitrinites, heated up to 

2400oC. 
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Fig 141 Generalised curves for variation with temperature of 

oil bireflectance of three vitrinites, heated up to 

2400
o

C. 



.-
D 

12·5 ~--.....-----r---~---,----------, 

10.0 

I 
,/ 

I 
I 

I 
I 

I 

c 7.5 
I 
I 
/ 

/ 

" / 

0.> 
u 
C 
~ 
~ 

u 

.... 
.... ....... 

"", .... " 
/ , 

........ 

0) 5.0 / ---/ ------/ 
I 

/ -0.> 
'-

co / 
I // 

/ 

2·5 I / .; 

-------'"1 
I 

0-- / 
o 500 

" 
.; 

.; ., 
, " " 

1000 1500 
Q 

Temperature- C 
2000 

CARBON CONTENTS- FRESH VITRINTES 
- - - - - - - - 94·2 per cent d·m·m.t· 

87·9 per cent d.a.t 
80.0percent d.a·t 

o -I 000 QC 0 n e Ho u r So a k Per i 0 d 
o 

1000-2 sooe OneMinuteSoak Period 

2500 



F1g 142 Generalised curves for variation with temperature of 

refractive index of three vitrinites, heated up to 

2400°0. 
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Fig 143 Generalised curves for variation with temperature of 

absorptive index of three vitrinites, heated up to 

2400
o

C. 
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X-Ro,y diUrq,gtion (PIQ,t@s 127 to 122) 

X-R~ powder photogr~phs of the high-temperature residuoB 

of the three vitrinites demonstr~te the graphitising behaviour 

of each vitrinite. 

(a) Low-rMk yitr1nitc (non-tUq.phiUsing) (PI/),tg 127) 
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The photogr~phs shaw ,progressive shQrponing of the (002) 

reflection with rising of temperature throughout the high­

temperature phasos. 

(b) CQki~ Qo~l 'vitrjnite (~rGphitisi~) (PI/),te 128) 

The photogr~phs show progressive sharpening in the 

(002) reflection throughout the somi-graphisa.tion 

and graphitisation phases. In the or.yst~ll1Bation 

ph~se (2400°0) the residue displ~s strong three­

dimensional graphitic (hkl) ordering (Plate 129). 

(0) An~hrAQitiQ yitripitg (intarmQginte) (PInto 12~) 

The photographs show progressivQ sharpening in the 

(002) reflection with rise of tempera.ture in the 

semi-graphitisation and gra.phitisation phases and 

development of three-dimensional graphitio ordering 

(Plate 128c) in the cr.ystallisation phase (2400°0). 



Fig 127 X-r~ diffraction photograph of high temperature 

residues of low-rank vitrinite (carbon = 80.0% 

daf), showing non-graphitic behaviour 

(a) 1100°0 semi-graphitised, showing diffused 

(002) reflection 

(b) 1800°0 graphitised, showing sharper (002) 

reflection 

(c) 24-00°0 crystallised, showing intense (002) 

reflection and almost no three-dimenaional 

(hkl) graphi tic ordering 

( d) natural graphite 



• (a) 

(b) 

(c ) 
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(d) 



Plate 128 X-r83 diffraction photograph of high-temperature 

residues of high-rank bituminous vitrinite 

(carbon = 87.9% d.a.:f') showing graphitising 

behaviour 

(a) 1100°0 semi-graphi tised, showing diffused 

(002) reflection 

(b) 1800°0 gr~tised, showing intense (002) 

reflection 

(c) 2400°0 crystallied, showing very sharp 

(002) reflection and also (hkl )three­

dimensional graphi tic ordering 

( d) natural graphite 
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Fig 129 X-ray diffraction photograph of high temperature 

residues of anthraci tic vi trini te (carbo:n = 94.2% 

dmmf), showing graphitising behaviour 

(a) 1100
0

C serni-graphitised, showing diffused (002) 

reflection 

(b) 18000 c graphitised, showing intense ( 002) 

reflection 

(0) 24('(;cC o ",etallised, showing sharp (002) 

reflection and a l s o (hkl) three-dimensional 

ordering 

(d) natural graphite 
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D. Discussion 

1. Introduction 

The results preseAted here are in some respeots unexpeo~ed, 

beoause it might be anticipated that the trends of optical 

properties of residues of vi trini te heat-treated at ~:.igh temper­

ature would continue the trends shown by oarbonised residues at 

lower temperature, i.e. above 1000
0
C refleotivity, birefleotanoe, 

refraotive index and absorptive index would rise oontinuously 

(possibly with some looal interruptions) with inorease of 

temperature, finally approaching the properties of graphite. 

This explanation is only partially inoorrect (see Figs 133 to 135). 

For discussion of the high-temperature work the vitrinites of 

different rank can be placed under three headings.-

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

the low-rank vitrinites, does not truly soften 

duri~ low-temperature carbonisation. The 

aromatic structure of the carbonised residues 

are disordered and strongly oross-linked, 

remaining disordered on heating up to the 

end of the graphitising stage (about 2100
o
C), 

when a partially graphitio structure develops 

(see Frankl1n 1951 J Warren 1956 and Loo bner 

1956). 
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(b) intermediate carbon, which includes 

the anthracitic vitrinite, does not 

soften during the ear~ 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 st~rts 

o 
to break down at about 2000 e, resulting 

in a highly graphitic structure (see 

for example Franklin 1951), and 

(c) graphitising carbon (soft oarbon), 

including the coking coal vitrinite, 

which softens during the ear~ carbon-

isation process producing a mosaic 

structure and a highly ordered molecul~r 

structure with loose cross-linking. 

Oraphitisation of this carbon is fairly 

ea~ and does not require as high a 

temperature as is neoessar,y for hard or 

intermediate carbon. The mosaic struc-

ture shrinks preferential~ with rise of 

temperature. 
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2. MOrpholog,y 

(n) Nqp-S]ftGDipci v1tripites 

Development ,jf high-reflecting, isotropic ma.terb.1 with 

high relicf during thG semi-graphitisation phase (1000° to 1400
(
0) 

on the residues of the bw-rank bituminnus (P1a.tes 104 and 105) 

ani tho anthrn.citic vitrinites (non-grn.phitising) (Pln.teG 112 ~nl 

113) is probably dUG to dovo1n.tilisatLm ~d the dcpositbn on 

the surfn.ce of particl~s of pyrolitic carbon. The results of 

Alpurn and Cha.uvin (1957) suggest th~t if nun-eraphitisinc vitrinito 

is subjected to prodistil1a.tion before heatinG at n.bJut 10000 C, thG 

o.mount of thisbrieht, vesicula.tecl rJaterial with relief, l.~ccroa.3es. 

Sioilar structures also ~Gvolop fr0~ non-rGactive c mponents (non-

granular) during high-te~perature cl1ki~ (Plate 13) (l:Ia.rsh, 

private communication 1975). Hvwever, the above substances are 

present only superficia.lly, boco.use their amount greatly diminishos 

if tho time of polishing is increased (cJmpare Plate 105a and 

Plate 105b).·· These bri~ht isotropic ~aterials ar~ consid0r~bly 

harder than the less bright, anisotr-_'pic particles, on which they 

are deposited. With approach t)wards the GTpallitisativn phase 

(ab8ve 1400°0), this material disa.ppears rapidly, givine further 

support to the opinion tha.t the material is duo t, ev.)lution anI 

deposition of volatile matter which ceases t~ evolve at a.bout 

1500°0 (seo Blo.yden 1960). 

The non-graphitising vitrinites, a.fter becoming harder with 

rising te~peraturc between 1000° a.nd 1250°0 (a.pparent by lo~:th of 



time required to prepare a suitable polished surface, and which 

is probably due to an increase in two-dimensional bonding between 

the cr,ystallites - see Ouchi 1955), become softer with fUrther rise 

of temperature. The anthracitic vitrinito becomes softer than does 

the low-rank vitrinite, probably because anthracitic vitrinite 

develops a graphitic structure at higher temperatures t whereas 

low-rank vitrinites does not (see Frnnkl1n 1951). At 2400°0 

the anthracitic vitrinite develops almost similar 'macro-properties' 

to graphite, i.e. 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 0rdering of molecular 

structure, which is also evident in X-r~ diffraction diagrams 

(Plate 121), which show a gradual sharponing of the 002 band with 

rise of temperature. At about 2400°0 the low-rank vitrinite 

develops anisotropy that appears similar to that of fresh vitrin~ot 

high-rank anthracite. Development of botr,yoidal structure in 

this vitrinite, evident from 'stereoscan' micrographs (Plate 111) 

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 
o 0 

process, i.e. 900 to 950 0, appear once again during the semi-

graphitisation phase (1000° to 1400oC). Comparison should be 

made between Plate 112a at 1000°0 and Plate 113 at 12000 0. 
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The above phenomcnn suggest that anthraoitio vitrinite undergoes 

at a muoh higher temperature the same meohanism as softening 

vitrinite undergoes at an earlier temperature, viz. during the 

oarbonisation prooess, development of primary vaouoles (in the 

plastio phase) and seoondar,y vaouoles (during resolidifioation 

phase). The development of perforated edges on par.&.··.oles in 

the semi-graphitisation phase (Pla.tes 113 and 114) is a further 

indioa.tion of the formation of hard residues in this temperature 

range. However, the devolatilisation vaouoles and perforated 

edges in heat-treated ~thraoitio residues disappear at about 

2000°0 (Plate 115b) and the residues develop a similar appearanoe 

to that at 1000°0 (Plate 1120.), probably due to softening and 

expansion of the rssidues towards the ends of graphitisation­

orystallisation ranee. 

(b) SofteninG Vitrinite (Platgs 108 to 111 QAd 119 to 123) 

In oontrast to the non-softening vitrinites, a softenod, 

ooherent struoture is evident in this vitrinite. There is no 

traoe of bright, isotropio material with relief in the residues 

of the ooking 000.1 vitrinite in the semi-graphitisation stage. 

The intensit,y of the anisotropy of this vitrinite also deoreases 

oontinuously with rise of temperature, whioh is again a oontrast 

to the residues of low-rank and anthra.oitio vitrinites. This 

behaviour is rather strange, beoause the X-r~ diffraotion photo­

graphs show oontinuous sharpening of the 002 ba.nd up to about 

1800
0

0 (Plate 128b). with the development of three-dimensional 
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(hkl) gr~phitic ordering at ~bout 2400°0 (Plate 128c), indic~ting 

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 

samples, then a reduction in anisotropy can probably ~e expected j 

because the mosaic structure (Plates 110 and 111) at 2000°0 and 

particularly at 2400°0 shows marked shrinkage, resulting in the 

development of a s,ystem of grooves in the material (Plate 111b). 

Indeed, the results of Brooks and T~lor (1965) indicate that the 

mosaic structure shrinks preferentially on heating up to 2500°0. 

The present results do not agree with the findings of Marsh ai Al. 

(1911) who state that there is no morph?logical change between 

the mosaic structures formed during the early stages of carbonisa­

tion and at high tamperatures. Tho shrinkage of mosaic structure 
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will result in sc~ttering of the light and a reduction in reflectivity 

observed by optical microscope;. the decrease in intensity of 

cnisotropy can partially be due to destruction of two-dimensio~l 

order within the cr,ystallites and to the development of throe­

dimensional graphitic ordering in this vitrinite. Tho results of 

Khavari (1915) show ~ similar drop in the bireflectanco of eilsonite 

and grahamite, which develop mosaic structures durine hieh-temperature 

heating. 



( c ) Summal7{ 

The continuous increase of anisotropy observable through 
ugl,Jfd 

the light microscope of residues of ho~t-treatad low-rrulic and 

anthr~citic vitrinites, in contrast to those from coking coal 

vitrinite, can only be due to differences in mo~)hology, viz. 

development of a mosaic structure in coking coal and i~s 

shrinkage with rise of temperature that results in a decrease 

of bireflectnnce. Non-softening or low-softening vitrinite 

during the semi-graphitisation phase develops an isotropio type 

of pyrolitic carbon due to thermal cracking (Marsh 1915, 

private communication), although pyrolitic carbons are ~enerally 

anisotropio (Plate 130) and it .appears that hero thore is a 

new phenomenon whioh has not been reported previously. However, 

high-temperature ooke (12000 0) 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 1200oC, showing 

pyrolitic carbon x200 

(a) (i) plane-polarised light 

(ii) crossed polars 

(b) crossed polars 



(a) (i) 
..... 

-
(a) (ii) 

(b) 



Plate 131 Metallurgical coke, heated at 1200oC, showing 

non-reactive particle x210 

(a) particle is almost covered by a shell of 

highly reflecting material 

(i) plane-polarised light 

(ii) crossed polars 

(b) particle is partially covered by highly 

reflecting material 

(i) plane-polarised light 

(ii) crossed polars 



(b ) (i) (b) (ii) 



3. Optical Properties 

The explanation for the fall of the reflectivity curves 

with temperature of the heat-treated bituminous vitrinites, in 

contrast to the anthraoitio vitrinite, might be soU€'l-t in changes 

ocourring in their molecular struoture, ohanges which may also 

have an influenoe on the character of the polished surfaoes. 

The reflectivity curves of the two bituminous vitrinites, 

both of whioh soften during carbonisation, fall continuously with 

o 
rising temperature above approximate~ 1000 C. This reflectivity 

drop is ver,y sharp for the coking ooal vitrinite whioh truly 

softens and develops a mosaio structure. In contrast, the fall 

is only slight for the low-rank bituminous vitrinite, whioh softens 

much less and probably only develops a ver,y fine mosaic structure, 

that is observable by 'stereoscan' microBcoPY (Plates 111a and b). 

In the disoussion on morphology, attention has alrea~ been drawn 

to the changes in the t'I,ppe~.ranoe of the coking ooal vi trini te at 

high temperature, namely the development of a rough surface and an 

apparent shrinkage of the mosaic units. It appears that the 

pronounoed decrease of the reflectivity curve for this vitrinite 

is at least partially caused by the non-ooherent surfaoe and the 

preferential shrinkage of the mosaic units (Brooks and T~lor (1965) 
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that results in a partial scattering of light and a decrease in the 

level of refleotivity. 

This rapid decrease of refleotivity IDa¥ also be ~ue to 



other changes in the molecular structure of the heated vitrinite. 

The possible relationship between cr,ystallite diamater (La) and 

refleotivity was discussed in Part Ill, but it appears t~t this 

relationship does not hold in the high-temperature rcsiduus of 

vitrinites of bituminous rank. According to Franklin (1951) and 

Loebner (1956), the orystallite diameters inorease oontinuously 

(see a sharpening of 100band) (Plate 127), while reflectivity 

falls rapidly. The results of Ouohi (1955), however, indicate 

that the or,ystallite diameters (La) of oarbonnceous materials 
o 

deorease slightly with rise of temperature between 1000 and 

14000 0, du~ to a breakdown in two-dimonsional bonding of the 

aromatio structure. If Ouohi's findings are tru~, then a more 

noticeable ohange in the refleotivity Jf heat-treated high-rank 
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than low-rank bituminous vitrinite might be expected, beoause there 

is a less strongly-bonded aromatio structure in the high-rank 

bituminous vitrinite than in the low-rank bituminous vitrinite, 

whioh appears to be what happens in the roflectivity-temperature 

curve (Figs 138 and 140). 

The smaller decrease in tho rotluotivity of the rosidues 

of the low-rank vitrinite indicates that the molecular structural 

changes are not as drastic as in those of the cokina coal vitrinlte, 

presumably beoause the low-rank vitrinite only becomes partially 

plastic and does not develop a large mosaio structure (see 

t Morphology t). Also the rate of increase in the cr,ystallite 

diameter (La) is slower than in the coking coal vitrinite (graph­

itising). The continuous rise of the reflectivity curve of the 



anthr~citic vitrinite with temper~ture sugeosts a progressive 

incre~se in crystallite diameter (L ) with riso of temperature a 

(see Franklin 1951) but still the level of refleotivity, even 

at 24000 C, the 'crystallisation temperature' (Honda 1959) is 

muoh lower than that of graphite (see Table 13). Thus the 

relatively low level of the reflectivity of heat-trea~ed 

anthracitic vitrinite (Figs 133a and b, 137 and 138) is probably 

due to surfaoe deterioration, possibly oompounded by the polishine 

technique applied. A comparison between the results of McCartney 

and Ergun (1959) and Kwiecinska ~~ (1915) (see Table 13) shows 

the importance of surface preparation in reflectivity moasurements 

applied to graphites. 

TABLE 13 

Graphite 
B~6~l Fa.oe 

%R air Illrut %R oil IJa.X 
RI k Wa.velength 
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Filtered to pass 
0.66 only in ranee 500-McCartney and 21.7 15.1 2.15 

Ergun (1959) 28.0 10.1 570nm mrucimum at 
550 nm 

Kwiecinska. et 0.1. 31.29 17.92 2.43 0.63 546 run 
(1975) 



The birefleotanoe-temperature ourves of carbonised 

vitrinites increase oontinuous~ with rise of oarbonisation 

temperature, the rise being related to greater ordering of 

the moleoular struoture within the or,ystallites (see Part III 

of this Thesis). As pointed out earlier, the term 'birefleotance' 

used here, when a mosaic is present, oan 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 

unstruotured surfaoe. The bireflectanoe-temperature relation­

ship for the heat-treated vitrinites above 1000
0
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°0) is probably due to partial 

destruction of the turbostratic bonding, which is also evidenced 

by progressive softening of this vi trinito (hard carbon (see 

for example Ouchi 1955 and Honda and Sanada 1951). The contin­

uous rise of birefleotance between 1400
0 

and 2400
0
C is due to 

inoreasing ordering of the moleoular structure withinJthe 

cr,ystallites and to the partial development of three-dimensional 

graphitio ordering within the cr,ystallites during heating at 

graphitising stage and during the cr,ystallisation stage. Indeed 

the morphological observations show development of a strong basic 

anisotropy at about 1800
0c (see'Morphology'), which further indicates 
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an increased degree of ordering of the molecular structure within 

the crystallltes. Plate 121 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 24000 0 

also illustrates progressively better ordering of the molecular 

structure within the crystallites. Indeed, the results of Franklin 

(1951) show that anthracitic vitrinite at about 2500
0
0 (crystallisa­

tion temperature) develops a better graphitic structure than does 

soft carbon (coking coal) due to the initially better ordering of 

the molecular structure of fresh anthraoite. This better ordering 

is due to rigid cross-linking between the aromatic lamellae, which 

are not able to form into a graphitic structure at temperatures 

lower than the 'crystallisation temperature'. A greater level 

of thermal energy is required to break down these oross-links 

and when the transformation from two-dimensional turbostratio to 

three-dimensional graphitic structure takes place, it does so 

without breakdown of the initial ordering. The present X-ra1 

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 ourve of 

soft carbon (coking coal vitrinite} with rising temperature is 

very unexpected, because X-r~ diffraction photographs (Plate 128) 

show a progressive increase in the ordering of the molecular 
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structure within the cr,ystallites (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 ea~ for soft oarbon oompared with the hard or 

intermediate oarbons, beoause of the initially looeelv-

linked aromatio layers in fresh samples (see for example 

Franklin 1951). This weak cross-linking is destroyed in 

the early stages of oarbonisation, resulting in temporar,y 

loss of moleoular ,ordoring and optioal anisotropy (Goodarzi 

and Murohison 1912). Then the reordering of the moleoular 

struoture oommenoes, resulting in an enhanoement of the two­

dimensional ordering within the or,ystallites up to about 

10000 0, seen in the continuous rise of bireflectanco (soe 

Goodarzi and Murohison 1912 and the results in Part III of 

this Thesis). 

The transformation of molecular structure from two­

dimensional ordering to three-dimensional ordering is rather 

severe in soft oarbons and onoe again is apparent i~ the 

progressive softening of the residuGs (see for example Ouohi 

1955). Sinoe the 1088 of molecular ordering during the early 

stages of oarbonisation (softening stage) is aooompanied by a 

deorease of birefleotanoe, whioh is observed in the softening 

oarbons, then a more drastic change in the behaviour of the 

bireflectance m~ be expected when a more severe reordering 

takes place, e.g. transformation from two to three-dimensional 
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ordering. The morphological ch~nges do not appear to be 

great enough alone to be the cause of this drastic ohange, 

although their influence cannot be ruled out, bec~use surf~ces 

of soft carbons are difficult to prepare. The preferential 

shrinkage of the mosaic structure (see Brooks and Taylor 1965) 

at high temperatures may be another cause of the deorease in 

birefleotance. The decrease of the birefloctance curve is 

thus probably due to a combination of molecular and morphological 

deterioration. 

In summary, the increase of tho 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 2000
oe). 

When the transformation from turbostratic to graphitic ordering 

occurs, it is accompanied by displacement of whole l~er planes, 

or even groups of layers, which come into parallelism with the 
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layer planes. 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) l~ers. It is interesting to observe the 

ohanges in the trends of the bireflectance-temperature curves of 

hard and soft carbons at about 1500
0e (Fig1~1). The trends are 

in accordance with the statement of Elayden (1~9), who indicates 

o that the thermal reorganisation of oarbons commences at about 1500 e, 
where in the present stu~ the birefleotanoe 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. 



The behaviour of the refractive index-temperature ourves 

of oarbons during the oarbonisation process has been related to 

ohanges in (Lo)' i.e. changes in crystallite height, improvement 

in ordering and packing of aromatio lamellae within or,ystallites 

and of the amount of buckling in the turbostratic or,ystallites 

(see Goodarzi and Murchison 1912, 1913). The results of Franklin 

(1951), Ouchi (1955), Warren (1956) and Loebner (1956) show 

that the increase of (Lc) is greater after oarbonisation above 

10000 C (see Figs 24 and 25). Thus, these results indicate that 

the refraotive index of the heat-treated vitrinites should also 

rise with inorease of temperature, at least to the level of the 

refraotive index of graphite, and then remain stable there. But 

refractive indices of the residues of all vitrinites decreases 
o 

with inorease of t~mperature above 1000 C at some stage. Why is 

this? There seem to be two possible principal explanations. 

The surfaoes of the heat-treated oarbons at temperatures 

abcve 1000
0
C show a gradual deterioration in surface quality with 

the polishing method employed. This deterioration would produce 

a drop in refleotivity that would be acoompanied by a fall in the 

derived parameter of refractive index. Whether or not the deter-

ioration in surface quality is sufficient to produoe the falls in 

refraotive index observed is oonjeotural. A further faotor m~ 

337 

be the ohanges in moleoular structure ocourring when two-dimensional 

alters to three-dimensional ordering. What will happen if the two-

dimensional turbostratic or,ystallites are replaced by three-dimensional 



graphitic ordering; would the relationship between (L ), c 

refractive index and temperature still apply or not? The 

present results ~gest that the relationship does not hold 

at least when the semi-graphitisation temperature is epproaohed 

(1000
0 

to 1400°0) and this is particularly shown by the trend 

of the refraotive index of the heat-treated soft oarr~n which 

is a graphitising carbon. Since the turbostratio bonding in 

these carbons is weak, with progressive increase of temperature, 

the turbostratic ordering transforms to graphitio ordering and 

° at about 1700 0 the three-dimensional graphitic relation is 

formed (see Loebner 1956). The sharp decrease of refraotive 
o 0 

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°0) for hard oarbons (low-rank 

vitrinito), it is not surprising that the refractive index only 

starts to decrease once the temperature of graphitisation is 

approached, i.e. the refractive index remains at a high level 

to a higher temperature than with soft carbons. 

The trends of the refraotive index for the heat-treated 

anthracitic vitrinite is interesting because it indicates that 

(Lo) increases irregularly with rise of temperature from 5000 0 

to 1600
o
C, probably because the cross-linking between aromatio 
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o lamellae is strong and resists the thermal energy up to about 1500 0 

(see Franklin 1951), if not to higher temp3ratures. Then the 

cross-linking starts to break down and the transformation of 



turbostratic cr,ystallites to graphitic ordering commencesJ 

the decrease of refraotive index at temperatures higher than 

1600°0 can be related to this transformation. 
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(d) Absorptiye Index (FiB's 133c. 132<1. 133d M(l 144) 

As st~ted earlier, the increase of absorptive index of 

natur~lly co~lified vitrinites and he~t-tre~ted vitrinites with 

rise of rank is related to incre~se of l~er diameter (La) Md 

to the number of the mobile olectrJns present. Thus, decrease 

of absorptive index should indicate a fall in the nuralJer of the 

mobile electrons and a lossening cr,ystallito diameter (La). 

The results of Franklin (1951), however, indicate that the 

cr,ystalllte diameters of carbons increaso with rise of temper­

ature and that the soft oarbons, on heating, d~velop larger 

cr,ystallite diameters than hard carbons heat-treated at the 

same temperature. If the rise in absorptive index is related 

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

index with temperature should be expected, The present results 

are oontradiotor,y, at least for the absorptive index curves of 

heat-treated, low and high-rank bituminous vitrinites, A 
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possible explanation,.besides surfaoe effects on reflectivity 

determination (see 'Morphology' and Reflectivity of this Part), 

could be the transformation of turbostratio ordering to 8Taphitio 

ordaring which is greater for soft oarbons (ooking coal) than for 

relatively harder oarbons (low-rank bituminous and anthracitio 

vitrinite). The [-attern of the absorptive index chance would 

support this viow, viz. a sharp deorease of the absorptive indox 

curve for the ooking coal vitrinite, a slight decrease for low­

rank bituminous vitrinite anu a continuous rise for the anthracitio 

vitrinite. It is more likely, however, that the fall in absorptive 

index is mainly due to the reducod reflectiVity produced by poor 

surface quality. 
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E. Conclusion 

The following conclusions can be dr~wn from the behaviour 

of the optical properties of vitrinitos hoat-tre~ted at temperatures 
o 0 

ra.nging from 1000 to 2400 C. 

1. Morpholo5ic~1 

(i) o At tempor~tures ~bove 1000 C, the oondition 

of the mos~ic structure of truly softening 

vitrinites detorior~tes with rise of 

temperature. 

(ii) The less softening and/or non-softening 

vitrinites develop isotropio pyrolitio 

carbon during the semi-er~rhitis~tion 

phase. 

(iii) All the vitrinites increase in hardness 

and then beoomo softer with rise of 

temper~t"re 

(iv) The number of devolatilisation vaouoles 

deore~ses with rise of temperatur~ beyond 

the semi-gr~phiti6ing phase for 

o.nthracitio vitrinite 



2. OJ2tica.l 

(i) The decrea.se of tho reflectivity and the 

a.bsorptive indices of softening vitrinites 

~t hieh tempor~tures is most likely due tv 

surface defects broueht about because of 

deterioration of the mosaic and molocular 

structures. The decrease is less in the 

low-rank bituminous vitr1nite and an 

increase occurs in anthra.citic vitrinite. 

(i1) Bireflectance is a function of orderine of 

molecula.r structure, but the bireflactance 

of truly softening vitrinite decreases, 

whereas the bireflectance of less softenine 

and non-softening increases with rise of 

temperature. The bireflectanoe fall is 

again probably due to ueteriorntion of 

surface quality. 

(i1i) The trends of the refractive index-temper­

~ture curves may show some effect of the 

transformation of turbostrntic ordering to 

gra.phitic ordering but a.lso must reflect 

the influence of surfa.ce defects on the 

level of reflectivity of the surfa.ces. 
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PARI.' 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 demo!ll3trated that with 

rising heating rate there is a progressive increase O$.' mosaic 

size and bireflectance of vitrinites that could be related to 

increased fluidity. A oakin€-Coal vitrinite (carbon • 85.4% ~) 

oarbonised at a fast hea.ting rate produoes a strong coke with 

similar morphological (mosaic size; cpparent swelling) and optical 

properties to those of a coke produced from low-rank coking ooal 

(carbon = 81.9% daf). Further, it WM clso demonstra.ted tht'.t by 

using mosa.ic size in conjunction with oil birefloctancc, it is 

proba.bly possible to estima.te the rc..nk of the original conl forming 

a coke. Alternatively knowing the initial rrnks, the properties of 

0. ooke mny allow deduotions about heating oondi tions in the coke 

ovens. Some vitrinites showing cell structure are rec::.ctivo during 

carbonisation because of the development of mosaic structure. 

Tho fourth pa.rt of the Thesis showed that given a sufficiently 

long holding time at temporctures below deoomposition tempcrnturo, 

viz. 150°0 and 350°0, vitrinites, other then those of unthrcoitic 

rank, will soften. This is apparent by the increase in the sizo 

cnd number of devolatilisation vo.cuoles. The normal temper~turo of 

formation of mosaic structure (ca. 4250
0) and also the fluidity of 

truly softening vi trini to can be greatly reduced (ca.. 35000) gi von 



suf'ficiont tiue (cc. 32 ~lcol~). This ob3crv.::.tion m£:~ bo holpful 

in cstin.::~ting tho tcr.:pcrc.turc lovel L.ttcinod during raotG.f.1orphi8rl 

of hcnt-c.ffccted cocls fiOf.! rocks. 

344 

Po.rl V doalt with the carbonioo.tion of sporinites, c. rx.oor:..'.l 

whose optico.l properties on cnrbonisction hod not so f~ boon 

exo.r:rl.ned. Low-r2..l1k sporini te develops I!10Sci.O stlu(' ~.rCt whero~"'.S 

the associated vitrinite does not. ~lis observ~tion mqy be 

[1.pplicable in the study of particles of those Lk~corols in disporsed 

sedir.lcnto..ry rocks t becO-use the residues of sporini te cnll produoe 0. 

tlosaic structure c..nd c higher n.."lisotropy thruJ. the vi trini tic 

pc.rticlos of tho SaI.le ro.:nk , .. hich remcin o.lmost morpholo€,'"icc.lly 

unchanged. The systemo.tic studJ" of carbonised sporinites 

has given 0. greater insicht into tlio boho.viour of this mn.cerci 

during coking process. :FUrther, the systeua.tic stud;y" of the 

intercction between carbonised sporinitos ~ vitrinites in blel~n 

of the same rcnk from lov~ c..nd nediu.'J-ra:nk bitUl:rl.nous coOJ.s 't1.".;J ba 

helpful for petrologists in nn.:ilysing industrial cokes, pnrticulc .. rly 

in rocognising the pc.re~rt DLl.Oer::-.ls of cocls goinc to form the 

coleo. 

In Part VI useful correlations between pressure levels during 

o:::.rbonisation and the optioal properties and i.lorphologiccl 

cha.:nges of carbonised rosidues fron a ookil1o~o2..l vitrinite "Tore 

mude. ~lese studies L1~~~ olso be helpful in evnluo.ting the 

conditions under which org:mio r:L1.tter hn.s been altered in the 

cruat, as are the results of the previous pn.rts. 
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The results of Part VII show that in contrn.st to who.t 

rJight rea.sonably have buon expected, opticaJ. properlies of 

bitur.rinous-rank vitrinites her.ted at tenperi.1.tures above 1000
0 C 

follow an unexpected trend. An. explanation W~ sought using 

optical ru1d electron-ecanning microscopy and X-r~ diffraction 

studies, but the likely eJ..--plam.tion lies in an alter; ne rnoleculo.r 

structure <:.nd poor surfo.ce preparation of somples which pro';J, ... bly 

require a different typc of surface preparation -to ovorcomo 

this probleo. The non ~~/or less reactive vitrinitcs develop 

an unexpected surface p.~enomenon which was referred to as 

tisotropic pyrolitic carbon'. This phenomenon has not boon 

reported prcvious~ expcpt for 0. brief reference by Alpern o.nd 

Chauvin (1958). The results of this Section suggest at lec.st 

that until a more satisfo.ctory surfa.ce-prepu.ration technique is 

faund, the relationship botween optical properlies and ruolecu1c.r 

structural changes in tIllS tenperoture range will not be easily 

established. 

An estimate of the condi tionB to which naturally heat­

affected coals have been subjeoted is the subject of I'ilal\Y' 

publioations. The increase in the optical. properties and the 

devolop;'lont of hig...~er anisotropy have been e.E3sumed to be due to 

the influence of pressure (Chandra 1965) or to pressure and/or 

heating rate (Brown and T~lor 1965). The present results show 

th£..t these fec.tures I vi z. lo..rge mosai cs, numerous equidimensi onal 

vacuoles, high biroflectanoes, which are observed in theruclly 

metaworphosed coals, C811 a.lso be observed in residues carbonised 



ut fast rates of heating and/or under ~rdro.u.1ic pressure. 

Finally, heating at relatively low teI:lper~t'J.ros (co..3500 C) 

for long periods of time results in the developmont of mosaio 

struoture. Thus, in the studJ'" of factors cu.using the ther:no.1 

net amorphism of oouls. the above three fuotoro should be 

oareful~ oonsidered. 

Throughout this program.'Je the oil birefleotanoo of 

residues under different oarbonisation oonditions Beoms best 

to illustrate the moleoule..r ohanges broucht about during 

carbonisa.tion. A better understa.nding of the mture of 

fMtors iflfluenoing the oe..rbonisation process can probably 

be obtained by a oombination of oil bireflecta.nce and 

morphologioal ohanges. It appears that vmo.tions in oil 

biroflootanoe and. morphologioci changes in the chars a.lso 

indicate the degree of fluidity of the carbonised residues. 

The other optioal parru~etors, e.g. reflectivity, refractivo 

and absorptive index, are also indioative of moleoular 

structural changes, but oocasionally they do not deteot the 

smaller moleoular ohanges. This is well demonstrated b,y a 

ooopa.rison between oil birefleota.noe and the rofleotivity­

temperature ourves of vitrinite o:J.l'bonised at a ro.te of 
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heating of 1
0

C/min (Figs 58 and 61) as well as by a oomparison 

of the oil bireflectance-tcnporature curves (Fig 104) with the 

rofleoti vi ty ourves (Fig 103) of low- c.."1.d modiuo-rank sporinitos 

~ono and of mixtures of sporinite n.nd. vitrinite of oorresponding 
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ranks, which further indicc..tos the sensitivity of oil 

bireflectGllce. Further reference can be made to Part 

VII where the birefledance of low-rank bituminous 

vitrinito heated c:.t high teIlpGrature increases indopend-

ently of the reflectivity. Finally, the refractive index 

curve is al® very informc.ti ve about the vertica: changes 
~~J~ 

in thdqCr,ystallite heights) and related fuctors, but the 

accuracy and. length of time required to obtain satisfactory 

data through the refracti VG indices are a. ha.nd.icC\p for 

speedy deterr:d.nations. Interpretation of refractive index 

data is also really only possible from a. refractive index 

curve, not from individual da.ta points, which further 

hinders rapid practical application of this parametor. 



PART IX SOME POSSIBLE SUGGESTIONS FOR FUTURE \i)RK _ • _...... _e ..... o·e-. 



A. Heating Rates 

(i) Studies of the possible development of improved 

qualities of ooke by oarbonisation of loss 

etro~ly oakiAB ooals at fast heating r~tcs. 

(ii) Use of mosaio size and texture, in addition 

to the oil birefleotanoe, to assess ooke 

quo.li ty'. 

(iii) Possible use of optioal properties, partiou1ar1y 

oil birofleotanoe and mosaio texture, in 

estimating hardness of ooke. 

(iv) Stu~ of the possible development of a 

mesophase in British bituminous vitrinitos 

usine smaller te~perature intervals. 

B. Sporinite 

(i) Possible development of better quality coke 

by mixture of sporinite·of hieher rank 

(durainous ooa1) with we~ly oaking ooal. 

(ii) Stu~ of the hardness of coke developed from 

mixtures of sporinito and vitrinito. 

(iii) Reactions between sporinite and inertinite 

and optioa1 effects. 
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c. Free sura 

(i) Stuc\y of the optioal properties of maoerals 

under shear pressures when oarbonised. 

(i1) Moro oomprehensive stu~ of the optioal 

properties of vi trini te oarbonised unclE': 

low ~draulio pressure, using lower pressure 

levols and soallor temperature intorvnls 

with and without the presenoe of wat~r. 

(i) Development of a polishing toohnique to 

improve surfaoes of vitrinitos heated to 

high temperatures. 
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