SOME FACTORS INFLUENCING THE
BEHAVIOUR OF THE OPTICAL PROPERTIES
OF C NISED MACERALS

VOLUME I
TEXT

FARIBORZ GOODARZI MeSce (Newcastle upon Tyne)

Thesis submitted for the Degree of
Doctor of Philosophy

University of Newcastle upon Tyne

MARCH 1975



oooooooooooooooooo

BEST COPY AVAILABLE.

VARIABLE PRINT QUALITY



IMAGING SERVICES NORTH

Boston Spa, Wetherby
West Yorkshire, LS23 7BQ
www.bl.uk

CONTAINS
PULLOUT



TO MY FATHER



PRESENTATION OF THESIS

The general contents are listed at the beginning of
Volume I which, with Volume II, contains text, figures,
references, etce Iach main part in Volumes I and II, of
which there are 10 has a detailed list of contents,
Volume III contains Appendices, Plates and detailed descriptions

of morphological changes during heat-treatment of macerals.



TABLE OF CONTENTS

Contents
ABSTRACT .ee see
ACKINOWLEDGEMENTS oo eee

GENERAL INTRODUCTION AND STATEMENT

OF PROBLEM eee Y
PART I

PREVIOUS RELATED STUDIES cer von

PART II
EXPERIMENTAL Y oo

PART III

THE EFFECT OF RATE OF HEATING ON

THE OPTICAL PROPERTIES OF VITRINITES  aee
PART TV

THE EFFECT OF DIFFERENT HEATING PERIODS
BELOW DECOMPOSITION TEMPERATURE ON THE
OPTICAL PROPERTIES OF VITRINITES see

PART V
OPTICAL PROPERTIES OF CARBONISED SPORINITE

ALONE, AND CARBONISED SPORINITE 4N A
VITRINITE AND SPORINITE MIXTURE ver

1s Optical Properties of carbonised sporinites
2+ Optical Properties of carbonised sporinites
in a vitrinite and sporinite mixtures..
PART VI

OPTICAL PROPERTIES OF VITRINITES CARBONISED
AT DIFFERENT PRESSURES OVER RANGE OF
TEMPERATURE vee ser

PART VII

OPTICAL PROPERTIES OF VITRINITES TREATED
AT HIGH TEMPERATURES coe

PART VIIT

CONCLUSION AND PRACTICAL USE OF PRESENT STUDIES
PART IX

SOME POSSIBLE SUGGESTIONS FOR FUTURE WORK

PART X
REFERENCES

LA X J o0

Page

(1)
(iv)

65

113

193

216
216

232

252

304

343

348



(1)

(a)  Abstract

This Thesis considers certain factors whose influence
on the optical properties of coal macerals heated over a rang=
of temperatures and under varying conditions, have not been
examined in detail. Reflectivity measurements in two media
have allowed derivation of the fundamentcl optical parameters,
refractive and absorptive indices, which, along with bireflect—
ance, have been relcted to changes in the molecular structure
of the heated maceralse The factors studied here are heating
rate, prolonged constant heating below the decomposition point,
the effect of mixing vitrinites and sporinites before carbonisa~
tion, as compared with the optical properties of each maceral
carbonised separately, the effect of pressure on ocarbonised
vitrinite and finally heating at elevated temperatures in the

range 1OOOo to 2500°C. Tho following conclusions were drawns—

Te On the basis of the variations in the optical
properties of six vitrinites of differemt rank carbon-
ised at three different heating rates, the anisotropy
(through bireflectance) and the aromaticity (through
reflectivity and absorptive index) at any specific
temperature are the higher as the heating rate rises,
particularly for graphitising vitrinitese The form
of the refractive index curves differs for softening
and non-softening vitrinites, indicating changes in the

rate of the build~up and breakdown of crystallites with



(11)

the varying heating ratese Increazsed bireflectance and
size of mosaic structure reflect increassing fluidity with

rising heating rates

2e Progressive increase of holding time up to 8 months
during heating below the decomposition point of six

vitrinites varying in rank couses an increase in aromaticity
which is reflected in the optical properties of the vitrinites,.
Irnfluence of holding time on the optical prbperties is the
greater the lower is the maceral rank and the higher is the
temperaturce Mosaics can dovelop at 350°C ofter treatment

for 8 months,

3e Carbonisation of sporinites produces optical properties
in these chars similar to those of carbomised vitrinitcse.
Depending on rank, these also display similar tronds, but

the sporinite chars alwoys possess a mosaice The optical
properties of carbonised mixtures of sporinite and vitrinite
differ from those of the carbonised individucl macerals,
lying approximately intormediate to the trends for the

carbonised individual nacerals.

4e Carbonisation of a coking-coal vitrinite under hydraulic
pressure shows that above the resolidification temperature,

the higher is the pressure the lower is the reflectivity and
the smaller ‘is the mosaio sizes In the plastic stage the
position is reverseds For this rank of vitrinite at least,

there is no clear-cut relationship between the optical



(iii)

properties of the maceral carbonised under pressure, in a

bomb and in an topen boat?,

S5e In an attempt to contimie the eerlier trends of optical
properties of carbonised vitrinites established below 1000°C,
three vitrinites were heat-treated in the range 1000° to 2500°C.‘
The chars show anomalous trends of optical data, if vhe starting
ranks are bituminouse. The anomalics appear to be due to a gradual
deterioration in surface quality caused by molecular structural
changes in the semi-graphitising to graphitising zones The
optical properties of anthracite behave more normally, showing

a gradual increase in structural ordering towards that of

graphitea

The results. of these several studies should assist in the

interpretation of the thermal histories of semi~cokes and cokess
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GENERAL INTRODUCTION AND STATEMENT OF PROBLEM

The optical properties of semi-coke and cokes are
dependent on many factors, some of which have received
detailed attention, others which have not, The present
research programme was designed to study the influence of
several faotors on the optical properties of different ranks
of vitrinites primarily, but also sporinites, to which little
attention has been given, These factors are heating rate,
holding time below active decomposition, interaction and effect
of different macerals (vitrinite and sporinite) on one another,
pressure and the extension of the temperature range above

1000000

The work in this Thesis rests on a basis of earlier
optical studies on carbonised vitrinites in these laboratories,
The optiocal properties of carbonised vitrinites have been
studied in the Organic Geochemistry Unit by Davies (1965)3
Marshall (1968) and Goodarzi (1971)e Davies (1965) examined
the v;riation of the optical properties of laboratory carbon-
ised vitrinites up to 600°C, Marshall (1968) determined the
dispersion curves of optical properties of.three vitrinites
carbonised up to 750°C over the range 403nm to 709nm, These
researches essentially only considered the influence of rank
on the optical properties of carbonised vitrinites, Goodarzi
(1971) extended the carbonisation temperaturs up to 950°C and

in addition to the influence of rank, studies the effect of



pre—-oxidation on the optical properties of carbonised
vitrinites, relating the optical data to molecular changes
in the residues (see also Goodarzi and Murchison 1972,
1973)e The influence of rank then on the optical propert-
ies of carbonised vitrinites is understood, so also from the
work of other investigators is the effect of grain =cize,
'goak period! and oxidation, One major gap in possible
factors affecting .optical properties appeared to lie in
variable heating rates, Another area that required study
was the possible effect of long—term heating below the
decomposition points of the vitrinites, BEach of these

factors has a geological bearing,

Since little is known about the optical behaviour of
carbonised macerals, other than vitrinite, the important
maceral sporinite has been carbonised and its optical
properties in relation to molecular structural changes
examined and compared, The optical properties of mixed
vitrinite/sporinite blends have also been studied, since
such changes have a bearing on the properties of that part

of cokes developed from reactive constituents,

In these first three studies of this Thesis, the
influence of time, temperature and constituent composition
is considered, The fourth Part of the Thesis covers tha
effect of pressure on a single.vitrinite carbonised under

hydraulic pressure in a gold capsule in a 'bomb', These data



are compared with results for the same vitrinite carbonised

under atmospheric pressure,

The final Part of the Thesis extends the earlier
work of Goodarzi (1971) to higher temperature levels (1000°C).
Patterns of variation of the optical properties of vitrinites
of three rank levels are examined in relation to changing
molecular structure over a tempergture range of approximately
1400°C and compared with the variations observed in the range

0° to 1000°Ce

Although the various sections of this Theéis are
discrete in themselves, they are also closely related and
have a bearing on the response of the organic matter under
both laboratory controlled and natural conditions, with

consequent effect on the optical properties.



PART 1 PREVIOUS RELATED STUDIES




Contents Page

1 OPTICAL PROPERTIES OF COAL MACERLALS  eee s 4

2, OPTICAL PROPERTIES AND IOLECULAR STRUCTURE

OF COAL MACERALS. coo see 10
3, CARBONISATION OF CO.LL oss vee 15
4e OPTICLL PROPERTILS OF CLRBONISED VITRINITE eee 19
5e¢ MOLECULAR STRUCTURZ OF SEMI~COKE AND COKILS see 28

6. OPTICLL PROPERTIES 4ND THE MOLECULAR
STKUCTURE OF CARBONISED VITRINITES see eee 45

Te  X=RAY DIFFRACTION STUDIES OF CARBONISED .
AND GRAPHITISED VITRINITES. see sse Y-



14 OPTICAL, PROPERTIES OF CO.AL MACERALS

(&)  Introduction

Reflectivity of coals is now used extensively and
regerded as a valuablo paramcter in coal sciencej directly
or indireotly it may be employed to determine deogroe of
ooalification (rank), conditions of carbonisation, inocluding
oarbonisation tomporature, level of oxidation, aspects of
moleculer structure and petrological characters for coking
plantse The optical properties of coal macerals are now
well known and satisfactory relationships Detwoonthe optical
constants of vitrinites and other macerals with their chomical
paramctors, for example,y volatile-matter yiold, carbon and
| hydrogen contents end the atomic ratio H/C are woll established.
Optical properties of coal constituents are more sensitive
paramecters and are also in some respects morc widely applicable

and casier to dotermine than chemical properticss

In thie soction thoe relation between the optical properties

of vitrinites and sporinites with rank will be discussed.

(v) Refloctivity

(1) Jitrinite Tho roflectivity of vitrinite increases with
progressive risc of coalification; tho inorcase is slow up to
corbon contont 8940% (daf), but then it rises at a greater rate

with further inoreaso in rank (Fige 1)e Aocording to Mackowsky
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(1961), roflectivity variations in coals arc a function of
tho number of aromatio lamellas and the changes in numbor and

forn during ooalifiocation,

MoCartnoy and Teichmillor (1972) have recently classified
coals on tho basis of the reflectivity of their vitrinitio
conponents and havo disocussod the rolationships botweeon
rofloctivity and volatilo mattor (Fige 1), corbon (Fige 2),
hydrogen and moisture oontonts at differont ranks. Thoy
conclude that a rolationship exists botwoon refleoctivity and
ronk, which is poor for sub=bituminous coals and lignites
(Roil < 045%), satisfactory for low—rank bitwiinous coals,
exoelleont for higheeank bituminous coals and good for anthraoitic
coalse Bituminous and anthrecitic coals can be subdivided

acoording to their difforent rofloctivily rangose

"
TABLE I (from MoCartnoy and Teichmiller 1972)

Coal Rank | Rofleotivity
High~volatile bituminous 0e50 = 1412 porwcomt
Modiumvolatile bituminous 1012 =~ 1¢51 por—cont
Low=srolatile bituminous 1651 = 1492 per—cent
Somi=enthracito 1092 = 2450 por-cent
Arthracite 2450 por cent

Thore are natural rank boundarices which arog
1e - Tho cocalifiocation jump Roil = 1,20%

or at 29% volatile mattor



Fige 3 Variation with rank (carbon content) of oil reflectivity
of macerals, vitrinite, exinite and micrinite (after
Dormans et ale 1957 )e
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2o the disappoarancc of exinitc . Roil = 1450 = 1¢55%
20 w 22% wolatile matter

3o boundary betweon bituminocus-semi anthracite and
anthracitic goal Roil = 2450 = 2455%

(i1) Spominito According to Stach (1955)3 Dormans et als,
(1957) and ven Krevelen (1961), the refloctivity of sporinite
(exinito) only increases slightly with risc in rank and at o
lowor rato than that of vitrinites up to 86% carbon contont,
aftor which tho reflectivity risos more quickly up to approx-
imately 91% carbon content (18% volatilo-mattor yield), whon
the sporinite track ooincides with that of vitrinite thon

follows tho sanc trend (Fige 3)e

(c)  Bizoflectancg (R =R, )

(1) Yitrinite The difforenco between the maximum reflectivity
of vitrinito (or other appropriate maceral) in a section parallel
10 tho bedding and the minimm reflectivity in tho same section
porpendioular to the bedding is an expression of the degree of
orientation of tho structural elemecnts of the vitrinito and is

termed tho %bircfleotance?.

dnisotropy in vitrinite has boon observed by mony workors
(cege Hirsoh 19543 Broadbent and Shaw 1955; IlMurohison 1958;
ven Krevolon 1961 and MoCartnoy and Ergun 1967.), Hirsch (1954)
studiod a series of thin seotions of vitrinite (carbon = 7843

t0 94e7% daf) by Xmray diffraction mothods and inferred that



Fig 4 Relationship between carbon conteni znd maximum
and minimum oil reflectivity of vitrinite illustrating
bireflectance (redrawn after I.C.C.P. 1962).
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tho rise of optical anisotropy with coalification was probably

duo to inocrease in tho dogrec of ordering of tho molcoulcs.

dooording to van Krevelen (1961), vitrinite of 81.5%
carbon oontent is tho lowest rank vitrinite which displays
anisotropyy but with the uso of oil immersion anisotropioc
offocts may bo observod at panks oven lowor than 80e0% ocarbon
contorte Lowry (1963) statod that bireflectence beoomes
strong at around 88% carbon contont, but even at 96% ocarbon
oontont, the degree of orientatibn of structurcal olements is

far fron perfoct (Fige 4)e

(i1) Sporinitg To tho authorts knowledgo thoro is no report

of tho anisotropy of frosh sporinito, which genorally doos not.
show any anisotropy, oven in coals of 88% carbon contont,
probably booausc the spores possess larger anowits of amorphous
natorial and fowor aromatic layors; also tho degrec of preferrcd
oriontation is lower than that of tho correosponding vitrinite at

any rank lovole

(d)  Refractive Indox

Rofractive index 15 ono of tho fundamental optical
proportios which can bo derived from the moasurcd refloctivitios,
Rofractive index inoreasos with riso of rank slowly up to 92%
oarbon oontent and then romains constant or deorcasos slightly
in fresh vitriniteses It has boon suggestod that the deoreasc of

rofractive indox at about 92% carbon content is duc to the



slackening of the crystallito packing causcd by better
oriontation of the aromatio layers and an incroase of their
dicnetor (sooc Hirsch 19544 Broadbont and Shaw 19553 MoCartney
and Frgun 19593 ven Krovelan 1961 and MeCartncy and Ergun
1967)e  MoCertnoy end Toichmiller (1972) state that tho
rofractive index of coal is o function of the atomic density

and inorcases with tho inoreasing dogrec of aromatizatione

(i1) Sporinite Tho rofractive indiocs of sporinites lack
systonatio investigationy but the results of Dormons gt als
(1957) and ven Krevelen (1961) show that tho rofractive index
of sporinite incrcases with rising rank, but at o lower rato
than that of vitrinite up to 91% carbon content, until it
roachos & value of approximatoly 1496, after which therc is

oconvergonco of the two traockse

(o)  Absorptive Indox

(1) Vitrinite Absorptive indox is also & fundamontal optical
constont which is ocaloulatod from dotermined refloctivitiese The
absorptive index incroases slowly with rise of rank up to 90%
carbon ocontont and thon more rapidly with further increase of
rerke Tho rapid rise of absorptive index aftcr 90% cerbon
oontont is related to oleotronic absorption in thoe aromatic
layors (Hirsch 1954)e  According to MoCartnoy and Teichm¥ller
(1972), absorption is dopendent on the number and tho mobility
of dolocalised cleotronse Increasc in tho size and in tho dogroo

of ocndonsation of aromatic structures in coal rosults in an



inorcase in the olectron nobility and a rise of tho cbsorptive

indcxe

(i) Sporinite Dormans gb ale (1957) state that the absorptive
index of sporinitc is negligiblo (somoe ncgative valucs of tho
squaro of tho absorptive index wore obtained in the calculation
of their results) which oould bo duc to small orrors in rofloct-
ivity moamlromont). Howevor, tho absorptive indices of sporinito
saen to follow o sinilar but o lower trend than thosc of vitrie

nites of oquivalent rank rangce



OPTICAL PROF ES MOLEC STRUCTURE OF COAI MA

(a)  Inptroduction

A1l nmolecules which are not entirely symmetrical are
optically anisoiropice Random orientation of asymmetrioc
molecules in the amorphous state excludes the possibility of an
anisotropy, but with increase in the ordering of such molecules,
optical anisotropy will incroasee Coal macerals possess a
polymerioc structure more or less similar to this summarised

descripticne

(b)  Yitpinite

The possible correlation between the anisotropy of
vitrinite and its molecular structurc is considered by Dahme
and Mackowsky (1951), who suggest that coal (vitrinite),
depending on rank, has a layered structure, because of the
presence of stratified lamellace Anisotropy inoreases with
development in the size of crystallites composing the lamcllace
Alignment of the crystallites is caused originally by pro-
orientation of the vegetable tissuc, and the later effects of
overburden pressure and loss of volatile matter during coalie
fication allows the lamellas to pack more closelye Williams
(1953) supported the above opinionsy believing that the over-
burden pressure and tectonic foroes are responsible for the

development of anisotropy in coale

Data on the molecular arrangemont of coal constituents

10
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can be obtained directly by study of X~ray diffraction patterns

of coal macerals, Comprehensive X~rgy diffraction studies have

been made since 1944 on coal macerals, mainly vitrinite, by Bloyden eTad
(1944); Nelson (1954 & and b)j Hirsoh (1954); Cartz et ale

(1956); Ergun (1958) and Cartz and Hirsch (1960).

Blayden and his co-workers (1944) suggest a %turbostratic
lamellar structure! for coal (vitrinite), qualitatively confirmed
by Hirsch (1954)e According to Bleyden et ale (1944), coal contains
stacked polycondensed aromatic loyerse Coalescence of o mumboer . of
lamellas with roughly parallel orientation forms torystallitest®,
The degrec of ordering and the average dimensions of the aromatic

layers incroase with rise in coalificatione

Hirsch (1954) and Cartz and Hirsch (1960) roport detailed
X~roy studies of a series of vitrinites of different ronk (occrbon
= T8e3 = 94e1% def), drewing the following oonolusions about basio

vitrinite structure (Fig 5)e

(1) Coal with less than 85% carbon content possessos
an 'imperfect sheet structuret, or %open structurc?,
There is8 no preferrcd oxlentation and the aromatic

layers are connected to each other with cross links,

producing a highly porous systone

(2) 'Liquid packing® is found in coals botweon 85
end 91% cdrbon contente The lamellac show some

preferred orientation with crystallites oonsisting of



Mg & Change of‘molecular structure with rank (from van
Krevelen 1961; after Hirsch 1954).

(a) ‘topen' structure
(b) 'liquid® structure

(¢) anthracitic structure.
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groups of two to three leyors of about 8 &

dianeter and an interlayer spacing of approxdinmately

20 &,

(3) ‘'Anthrocitic structure! occurs in coals with
more than 91% carbon contonte Tho dogrec of oricnte
ation of tho lameollae incrocsos and layers arc conre
ected directly by C = C bonds; the pore structuro

also beoomos orientateds

Tho following rclationships betwoen tho optical proporties

of vitrinites and their molecular structures also received comnent

from Hirsch (1954)e

(o)

(4) 1Incroase of coel bireflectonoce with ronk is due

to degree of orderinge

(5) Tho sharp incroese of tho absorption coofficiont

with rise of rank at about 90% carbon is caused by tho
rapid increase of polycondenseod cromatic lamollac and
their electronic absorptione Thore is a similarity
between tho variation of tho lgyer diameter and absorption
coefficient with tho ranke

(6) Grodual inorease of refrective index with rank of
coal is rolated to improvement in the stacking and

inoreaso in layer diameters
Sporinit

Bloyden gt ale (1944); Nolson (1954); Cartz ot als (1956);



Ergun gt als (1958) and Cartz and Hirsch (1960) studies tho
Ymray diffraction patterns of sporinito (oxinite) or exinitee
rich materiales They report the oocurrence of a broad band

ot about 45 & instead of or in addition to the 002 bends This
band at 4~5 X has been indexed tho 'geumn band?! (Fig 6)e
Generally all hydrogen=rich coals or coal macorals display tho

gamma bande

Blayden ot gle (1944) wero first to report the oxistenco
of a broad band, reforred to as the gamn band, in a coking ..
coel vitrinite (carbon = 8844% dof)e The intensity of this band
decreases with rising ranke Lator, Nolson (1954) ettributod
the band to the prosence of spore-rich materiale Nelson examined
a vitrinite from the same coal which was proviously used by Bloyden
ot aley but failed to dotect any trace of the bande Instondy a
ooncentration of spore=rich matorial (exinite = 90% and vitrinite
otc = 10% by !volume) exhibited tho garme band with a peak valuo
of 4-8 8+ Cartz and Hirsch (1956) also clearly demomstrated tho
rolationship between the gamma band and spore~rich material by
studying the low-angle scattering of a black durein and o sporoe
rich concentratce The black durain shows the gaumsa band in
addition to the 002 band, btut tho oxinito~rich concentrate shows
only the gamma band with a muchmroduced 002 band (Fige 6)e Highe
angle scattering of spore-rich material showed that its structure
is similar to that of vitrinites, ieee mostly carbon consisting of
polycondensed aromatic lamellae, but with important differences in

the diameter and arrangemenmt of the layerse The gomma band is

13



Fig 6 Low-angle scattering intensities of black durain
(dashed curve) and exinite-rich concentrate (solid
curve) as a function of 2 sin®/ N , where 2 sinf is
the angle of scattering and A is the X-ray wavelength
(after Hirsch 1956).
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thought to be caused by a larger interlsyer spaoing and irrogular
stacking of layers duo to the presence of more edge groups (oliphatio
etc) or alternatively to buckling of layerse Cartz and Hirsch
furthor state that exinites arc composod of small aromatic loyors
which pack imperfectly and contain more aliphatic naterial and
hydrogen than tho vitrinitese Ergun (1958), howover, attributos
the gomma bend in coal to parallel alioyclic layors in oxinito
nateriale

The above studios show that tho molooular struocturo of
vitrinites consist basically of aromatio (ordorod) and anorphous
(disordered) corbone With increase of rank the proportion of
aromatic carbon inoreases and the amount of amorphous (aliphatic
and/or alicyclio) carbon fallse Tho layer diameter (L) and
stack height (crystallite height or L,) inoresse with rising
ranke Sporinite (or cxinito=rich concontrates) show a molecular
structure similer to vitrinite, but is composcd of smaller cromatioc

layers of even lower orderings



3. CARBONISATION OF COAL
(a) Introduction

The carbonisation process refers to a progressive
depolymerisation in which the carbon content of coal rises
due to destructive distillation of other components in the
absence of air and involving a oontimuous interrelated, complex
sequence of physical and chemical processese This physico-
chemioal transformation produces tar and gas (volatile matter),
resulting in the acocumulation and aggregation of the remaining

carbone

There have been mumercus investigations to study the
behaviour of coals carbonised in the laboratory and thermally
metamorphosed coals and natural cokes produced by intrusions of
igneous rock into coal seamse The thermal reaction of coal
depends upon many factors, including coal rank, maximum
temperature of carbonisation, rate of heating, the presence
or absence of pressure, oxidation, the length of time for which
the coal is heated and the particle sizes These same factors
influence the development of optical properties during carbone
isatione The effect of certain of these factors is already well
known from the work of other authorsj; the influence of several
others is examined in this thesise PFirst, however, a brief
generalised desoription of the carbonisation process is given

belowe

<



Fige 7 Different stages of carbonisation process (after
van Krevelen 1961).



COAL PLASTIC TRANSIENT STATE SEMI-COKE

X X
Ts Tsw Tmd Tr
c ® @ ® o
Pre-softening Pre- Swelling Stiffening Resolidified
stage swelling stage
b v J (Shrinking)
Primary carbonisation stage Secondary carb. stage

Ts = softening temperature

Tsw = temperature of initial swelling

Tmd = temperature of maximum devolatilisation rate
Tr = resolidification temperature

Temperature stages in phase 2 of the carbonisation process (after van Krevelen)



(b)  The Carbonisation Process

Coals of coking rank when subjected to heat, soften,
pass through a plastic stage, swell on decomposition and
resolidify into a fused mass. Degasification is a continuous
recaction during the carbonisation process. During carbonisae
tion dehydrogenction becomes active immediately in the case of

all coals and thereafter deoxygenzation tukes place.

Von Krevelen (1961) divides the carbonisation process
into two successive stages based on charaecteristic temperaturess
primary carbonisation which produces mainly tar (below 500°c)
and secondary carbonisation in which only gas diffuses (Fige 7).
Borkowitz (1967) studied the chemiocal changes and mechanisms of
the coal~carbon transformation by dividing the carbonisation
process into three stages based on characteristic chemical
changes, which in coals, other than anthracites, do not differ

much from one coal to anothors

(i)  In the first stage, up to about 400°C, the
changes caused by carbonisation are sinmilar to nctural
naturation of coal, involving only limited depolymer—
ization and condensation, Decarboxylation and de-
hydroxylation start &t sbout 35000, but do not appear
to play an active role ot this time; if decarboxyle
ation or dehydroxylation occur, they would affect only
low=ronk coals, since the proportion of edge groups is

higher in such coalse According to Brooks and Maher

16
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(1957), interaction between carboxyl and hydroxyl
groups at temperatures lower than 30000 in brown

coel results in direct C=C linkages.

(i1) In the second stoge, extending from 400°C to
65000 and with active deconmposition occurring, coal
undergoes a destructive distillation and an extonsive
degosification which produces tare Aoccording to
Given (1960), tar=forming materials are actually
alicyclic bridges, rather than aliphatio structures,
which conncot the aromatic structures to each othere
The eppearance of a small amount of material of aromctic
origin in low=temperature tar is attributed to this
reaction (see below), but condensation of aromatic
material in coal increases with rise of temperature,
despite the loss and by 600°C, the coal is fully

aronatiseode

- o

Jooercercos

L}

Oxygen content groups other than hydroxyl will
survive this stage, which neans that two thirds of the

oxygen groups will remaine

(iii) The third stage begins ot approximately 600°C
and onds at about 1000°Ce This stage is accompanied
by severe physical rather than chemiocal changes and is

characterised by intermoleoular peripheral reactions,



6ege removal of hydrogen from the periphery of
aromatio lamellas, resulting in an increase in

size of the aromatic lgyerse
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OP P ES OF CARBONISED NI

(a)  Introduotion

The optical properties of lahoratory=carbonised
vitrinites hd4ve been studied in numerous investigations
(-Bond_e_;t_g_]_..& 1958; Chandra 1963; 1965; Davis 19653 de
Vries gt ale 19683 Ghosh 1968; Marshall and Murchison
19713 Goodarzi end Murchison 1972 and Melvin 1974)e A4s
stated earlier, the optical properties of carbonised
vitrinites depend on severesl factorsj among the more
importent are the original rank of the vitrinito, the
temperature level, duration of heating, rate of heating,
pressure, ocourrence of oxidation and particle sizes Not
all of these factors have been studied exhsustively in
relation to optical propertiese Those factors whioh have
been examined in depth by other workers, and hence are not
part of the experimental work in this thesis, will be dise
cussed in this section and others, in partioular, duration
of heatingy; rate of heating and the effect of pressurs
will be discussed later, in the appropriate seotionsy being
part of the projects Some of the earlier investigations
used vitrinite~rich coals rather than comparatively pure
selected vitrinite; the word %coal! is used by these earlier
authorsy but in fact reflectivity measurements were ocarried

out on vitrinites as in the present studye



(v) d ture

That the optical properties of carbonised vitrinites arc
rolated to the original rank of the vitrinites has boen clearly
domonstrated by Bond gt als (1958), Davis (1965), Ghosh (1968),
do Vries gt als (1968), Marshall and Murchison (1971), Goodarzi
(1971) and Goodarzi ond Murchison (1972)e

In tho first of thesc studios, Bond gt als (1958) examined
tho carbonised residues of throo vitrinitos (carbon = 83.6, 8446
and 9240% dmnf) st temporatures betwoen 100°C and 900°¢ (intorvals
of 100°C up to T00°C and then 200°C between 700° and 900°C)e.
Reflootivitios in air and oil wore moasurod and refractive and
absorptive indices caloulateds Tho 0il reflectivities of the
two low~rank vitrinites inoroased after 300°C to o lower level
at 90000 than did the refloctivities of tho residues from the
high-rank vitrinite which began to rise at 400°C, - The highw
rank coal showed increasing anisctropy with rise of carbonising
temporature, but the two low~rank vitrinites remained almost
isotropic during carbonisationes Errors in the reflectivity
measurenents were stated to be a8 great as 10% but the moasurement

of roflectivities was apparently made in white light,

Tho refractive indices of the two lewwrank vitrinite
rosidues rose with temporature up to 700°C end then deoreased
with further increase in tomperstures The higherank vitrinite
showod the least variation in refrootive indox, increasing

botween 400° and 500°C, decreasing at 600°C and then meintaining
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this reduced level up to 900°c. Absorptive index rose
contimiously with inorease of temperature, but somo negative
values of the squares of the absorptive indices were obtained,
suggesting a substantial error in refloctivity moasurementes
Rise in the a.niso-bropy of the carbonised vitrinite was also

roported with rise of temperature.

Davis (1965) carbonised a wider rank range of vitrinites
(oé.rbon = 7648 up 10 9343% daf) at temporaturcs betwoen 200°
and 600°C using a 50°C intervale Disporsion of roflectivities
between 400 and 600 nn were also measurode The roflectivities
in air and oil at 532 nn did not increasc up to 300°C for nmost
of the vitrinites of this series, but an increasc iﬁ reflectivity
ocourred hetween 350° and 400°C and was the greater the lower
the initisl rank of the vitrinitce Highwrank/anthracitic
vitrinites (carbon = 91e4 and 9343% daf) did not show a

reflectivity increase before 45000.

Bireflectance of Davis' carbonised low~rank vitrinites
showod no increase or a slight increaso up to 600°C, vwhorcas
coking and coking vitrinites showed a rapid increase in
bireflectance after an initial doorcaso between 300° and 40000.
Hgh~rank vitrinite also showed a risc in bireflectance between
400%and 600°C, but the anisotropy of anthracitic vitrinite did
not change up to 600°Ce  The refractive indices of tho vitrinites
increased up %0 60000, but the increcase was irregular in anthrooitic

vitrinite, while the refractive indox of one of the coking coal



vitrinites (carbon = 88e1% daf)initially decroased at 200°C
and then increased up to 55000 before deocreasing again to
600°C. Davis relatod tho drop of rofractivo index to sone

inacouracy in refloctivity measurencnt.

An inportant point emorging from Davis! results was the
docreaso of the bireflectance of caking and coking vitrinites in
the temperature range between 300° and 400°C, which was not
reported by Bond g ale (1958)e Also Davis! finding confirmed
the findings of Bond gt ale in whioch the bireflectance.is one
of the more sensitive parameters of rank variation in carbonisom
tione However, Davis?! work was never published, although

prosented as a doctorate thesise

Ghosh (1968) reported on four vitrinitos (carbon = 7642,
83s5y 86+5 and 9141% daf) carbonised up to 1000°C, Tho
refloctivity curves of tho vitrinites plotted against carbonising
temperature follow almost sinilar trends, the uppermost curve
being for the highesterank vitrinito (Fige 8)e A plot of
roflectivity against the carbon content of the carboniscd
rosidues (Fige 9) olcarly demonstrates that the original rank

of the vitrinite influences the pattorn of reflectivity changce

Do Vries et ale (1968) exanined the effocts of temperature
lovel on the reflectivity of a rango of vitrinites (carbon =
T8e8y 8Te5y 88455 846y 89eTy 91e3 ond 9243% daf) at four
different temperatures (450°, 520°%, 600° and 1000°C)e  The

reflectivity~temporature variation of each of tho above vitrinites



Fig 8 Variation with temperature of oil reflectivity of
four vitrinites carbonised between 1OOo and 1ooo°c
(after Ghosh 1968)e
Carbon content % daf

Daranggiri = T6e2%
Poniati = 83¢5%
Laikdih = 8645%

Chakar = 94e1%
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Fig 9 Variation with carbon content of oil reflectivity of
four vitrinites carbonised between 100° and 1000°C
(after Ghosh 1968)e
Carbon comtent % daf

Daranggiri = T6¢2%
Poniati = 8345%
Laikdibh = 8645%

Chakar = 94e¢1%



% REFLECTANCE IN OIL - MAXIMUM

Numerals denote temperature
i of carbonization in
100 °C
® DARANGGIRI
_ &  PONIATI
© LAIKDIH
| ® CHAKAR
~ 6
- \.‘%\6
_ Rise
. \\ \
\ed
\ \\\\ .
WA NS 3
B raw \* ‘?‘\Q 2 haw
R W S —
{ ] ] 1 J
100 95 90 85 80 75

CARBON % (ON D.A.F.BASIS)



N
W

wes plotted against volatile-natter content (Fige. 10),.
Rofloctivity rises with docrease of the volatile-nattor

content &t all four of the above carbonisation temperatures,

but after passing through o meximun at about 17 to 18%
volatile-nattor content before finally increasing onco again
with further drop in volatilo-mattore Tho rate of rise and
f£2ll of the reflectivity is dependent on the temperaturo

of ocarbonisation axfll on the rank of vitrinito, tho fluctuation
of tho reflectivity being greator tho highor is the tomporature
of oarbonisatiom The reflectivity of vitrinlte carbonised ot
1000°C was obout threo times es great os those tqlcon 10 lower
temporaturese The refloctivity rose, particularly in the range
between 17 and 18% volatile~mattor content, tho maxirmn reflecte
ivity coinciding with the end of plostic rangoe Thoso results
aro interesting becauso the reflectivity=tonperature curves for
differont ranks of vitrinites after resolidification (about
520°C) do not follow o sequential trond as was shown by earlior
anthorse In the coking rango vitrinites also oxhibit much higher
roflectivity value than either lowor rank or anthracitic

vitrinitee

De Vries and his co=workers also oarbonised three ooking
coal vitrinites (carbon = 87.5, 8846 and 89.6% daf) et temperctures
ranging fron 350° to 600°Ce (Fige 11)s  The roflootivity hold
oconstant up to 400°C and then inerocsod slowly up to approxise
mately 450°C and sharply to ebout 500°C, after which the rate

of inorease of the refleotivity decreased up to epproxinately



Fig 10 Variation of o0il reflectivity with volatile matter for
a range of vitrinites carbonised at 450°, 520°, 600° and
1000°C (after de Vries et ale 1768).
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Fg 11 Variation of oil reflectivity with temperature of

coking coal vitrinites (after de Vries et al, 1968).

K18: carbon = 89,6% daf
K22: carbon = B88,6% daf
K29: carbon = 87.5% daf
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540003 then egein the refleoctivity rose ot an enhanced rate
between approximately 540° and 600°C,

Marshall and Murchison (1971) end Goodarzi and Murchison
(1972) also studied the influenco of rank on tho optioal proper—
ties of vitrinites ovor approximately the same rank range
(carbon = 825 to 9343% daf), although theso studies were more
aimod at the relationship between optical propertigs and
nolecular structure of the carbonised residusse Marshall and
Murohison studied the dispersion of the optical properties at
three carbonisation tenmperatures, 4500, 600° and 750°C.
Bireflectance ot 546mn rose with increase of carbonisation
temporature and is groator the higher tho initial rank of the
vitrinite until at 750°C tho coking coal vitrinite has developed
a similar anisotropy to that of the anthracitio vitrinite.
Goodarzi and Murchison have also shown the importance of
bireflectance in carbonisation experimentse The bireflectance
of two bituminous-renk vitrinites, aftor an initial decracse
at about 400°C (confirming Davis® results), increased with rise
of temperaturs; ihe uppermost curve is that of anthracitic
vitrinitee The lowrank vitrinite followed a rmch lower ourve

up 0 about 875°C (Fige 12) before rising sharply to 950°Ce

Refractive index can also indicate the basic structural
differences betwoen different ranks of vitrinite, cege softening
or non=softening vitrinitos (this aspect will also be discussed

in more detail later)s

24



Fig 12 Generalised curves for the variation with
temperature of oil bireflectance of three

vitrinites froms—

anthracite (carbon = 93.1% daf)
high-rank bituminous (carbon = 88.0% daf) — — —
low-rank bituminous (carbon = 82.5% daf) - - - -
(after Goodarzi and Murchison 1972).
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The earlier findings of Bond gf ale (1958) do not agreo
with the later similar sote of data of Marshall and Murchison
(1971) and Goodarzi and Murchison (1972)e The refractive
indices of all threo carbonised vitrinites in these later
studies rose to o maximmum at about 600°C and also the anisotropy
of low~rank vitrinite inoreased with carbonisation temperature,
whereas vitrinites of similar rank wore suggested by Bond gt ale
o8 being isotropic and remaining so during carbonisation, while
the refractive indices of lowerank vitrinites roached a maxirum
at sbout 750°C end very low meximum in the higherank vitrinite

ot the Bame temporaturcs

The influence of original rank on the optical properties
of carbonised vitrinite is cloarly demonstrated by the behaviour
of the bireflectence (Fig 12) the trends of refractive index and
to some degree by the variation of reflectivity (Figse 10 and 13).
The influence of rank is displayed in the increasc of refloctivity
but the most recent studies of Marshell and Murchison eand also
Qoodarzi and Murchison show less distinct.differences between
the reflectivity curves of differont ranks of vitrinite carbone
ised beyond 600°C than in earlier studics, cege Bond gt sl (1958)
and Ghosh (1968)e Tho results of Goodarzi and Murchison only
partially agree with tho findings of de Vries gt al, (1968) which
show the coking range of vitrinites with higher reflectivity than
those of oald.ng or nommocking vitrinites (Fig 10)e It is useful
if the bireflectance is used in oconjunction with the reflectivity
to indicate the original rank of the vitrinite, because the

293



Fig 13 From Goodarzi and Murchison 1972
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refleotivity of softening vitrinites exhibit different trends
t0 those of non=ooking vitrinites (Fig 10)s The bireflectances
of vitrinites of difforont rank also follow different trendse

(¢) Pa ‘ cle Sizo

The influence of particle size on tho reflectivity of
carbonised coals has only been examined by de Vries gt als (1968)e
Two coals (carbon = 8745 and 8846% dof) wore carbonised over the
tomporaturc range fron 350° to 600°C using two different grain
sizes of betwoen 0e42 t0 0450 m and 244 to 28 mme Tho reflectivity
of tho ooking coal vitrinito showed little, if any, variation with
particle size on heating at differont temporatures up to 600°C,
but the roflectivity of tho low=ranking coking coal exhibitcd
somoe differences, the reflectivity being higher the smaller the
perticle sizes Difference between the roflectivities of the
residues with two different particle sizes began to show at 475°C
and inoreased with rise of temperaturcy with the reflectivity curves
for the smaller grainesize residues alwgys lying above that of tho
larger grain=size residuese The differonce betwoen the rcflecitivity
curves for the two grain sizes reachod a meximun at 500°C and then
docroased with further rise of temperaturo to 600°Ce (Notes Thero
seems to be a discropancy between tho graph (Fige 14) representing
this data and the text of the paper, because therc is a reversal of
the symbols for the residucs from the two grein-sizos)e Do Vries
st ala (1968) conclude that the influence of the particle size is

very small in cokling coal and only slight in lowerank caking coal,



Fig 14

Variation of oil reflectivity with particle size of
two coking~coal vitrinites carbonised up to 600°¢
(after de Vries gt ale 1968).

8846% daf
87+5% daf

K22: carbon
K29: carbon

NOTE: the K28 in figure is quoted as K29 in the text.
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even if it could be determined at alle Howover, since the
particle sizo epparently has some offect on the behaviour of
the optical properties of oarbonised vitrinites, during tho
course of this.rosearch programme & constant grain size of

approxinatoly BSST2 was used (sec *Exporimental Details?),



5  JOLECULAR STRUCTURE OF SEMI-OOKES AND COKES ( 4 100000)

(2)  Introductio

Tho moleocular structure of semi~cokes and cokos hos
been studied by many investigators using different methods,
Those methods include morphological studios of mosaic struoturés
using optical microscopy a:nd/or electron mioroscopy (Steroosca.n),
mocsurenents of optical properties and X~wraoy diffraction studics,
In this section various aspeots of tho mosalc structures that
develop in semi=cokos and cokos end which have beoon discussed
by other workers are considerede Later in this theeis, the
effoct of different factors on mosalc structures will be

rocognisede

Coko made from vitrinitc in the coking coal range and
oalso from hydro-carbons with a relatively high atomic ratio of
hydrogen to non=carbon elements (cege coal=tar pitoh,petroloum
tar pitch) exhibit a throo-dimensional mosaic structurees The
term 'moseic?! is applied to isotropic matorial which has boen
conyerted totally to o coalescod mesophase at temperatures

around the resolidification temporature (Brooks and Taylor 1965)e

Grophitisability or nonwgraphitisability of carbonacedus
materials can be detormined by thelr physiocoschemical behaviour
during the early stoges of carbonisation (carbonisation and
grophitisation are two consecutive processcs)e Commonly, if

a carbonaceous material forms a liquid phaso during the early



stages of oarbonisation, it will produce a graphitised carbon
at highor tenperatures (eege 250000); othorwise it remains

non~zraphitised,

During the course of carbonisationg the graphitiscd
carbon softens and producos an anisotropic phasace Spherical
bodies slowly appear in this isotropio nmatrixe The components
of tho spheres possess some dogroe of ordoring ocompared with
that of the surrounding isotropic nmateriale Tho growth of
the sphorical bodios (thc 'nesgophase? or intormediate stato)
in mumber and sizo is in rovorsc proportion to that of isotropic
natrixe This mesophese or 'liquid crystals? rofers to matorials
which have liquid proportics and arc anisotropice Such a Byston
is not truly orystalline, but has greater structural ordoring
than that of the normel isotropic liquide There are sevoral
types of liquid crystal, but the mesophasc producod during the
carbonisation of carbonaceous materials has many typical
characteristics of nenatic liquid crystalse Tho ordering of
the molocules in a ncmetic mosophasc is such that all molcculos
are orionted parallel to each cthor without any stecking sequemce
with thoir long axes paracllol to the layor planese 4 nomatic
nesophaso shows strong anisotropye Commonly, the conversion of
isotropic carbonaceous compounds to o mosaic structure is as
£0llows g=

Isotropic—> anisotropic mesophase which coalosccs
nosalc,
but there also exist some intormediato stages botwoen the above

stagesae
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(b)  [The Mesophase « Its Morpholo d Optical Bohaviour

One of the earliost studies of tho progressive changos of
optical propertiecs of vitrinite during lowetomporaturo carbonisge
ation was given by Taylor (1961), who stated that ohange to
isotropic vitrinito takes placo over a rango of 4o°c which
differe slightly for different ranks of vitrinite, commonly
being higher for vitrinites of highor ranke Loss of ;)ptioal
enisotropy is an indication of loss of structural anisotropy
end is causod by physical rather than chomical changee ALfter
this stago, the optical properties of plastio vitrinito inorease
stoadily but slowly, sphoriocal bodies of approximatoly Oe«5 micron
diomotoer begin to appear in the isotropic mass,y tho mirmuto sphores
enlarging with further increase of temperature at tho oxponso of
the isotropic matrixe Finally, the spherical bpdies coalesco
to form a three~dimensional nosaic texturee Taylor concludes
that the resolidification of tho liquid phaso and tho subsoquent

formmetion of somi~coke closely rosemblos corystallisations

The spherical nosophase described by Teylor is strongly
pleochroice The. hiesophase bohaviour is similar to a singls
crystal and between crossed polars it lightens and darkens four times
on a full rotation of tho microscope stages This phonomenon is
thought to be due to shrinkage stresses during the cooling of the
semie~cokas The pleochroism becomes more complex with growth of
the mesophases Taylorts invoestigation is important bocause it

wes the first detailed microscopical study of plastic vitrinite,



for the first time explaining the formation of the anisotropic
mesophase from tho plastio isotropic vitrinite and denonstrating

o lanellar structure within mesophasa,

Brooks and Taylor (1965) studioed in more detail the
carlier findings of Toylor (1961) on tho mosophaso, giving
additional support to tho carlier results by use of tho refloctodm
light microscope and the electron microscopce Taylor's original
work was ocarried out on thin scotions by transmittod=-light
nioroscopye Later, Brooks end Taylor studiod the bohaviour of
a munber of substances, for example, vitrinites from bituminous
coalsy coke, oven=pitch and petroleun bitumen during the carly
stages of carbonisatione They found that the material which
becane plastic end formod an isctropic pitchmliko material
during carbonisation produced spherical bodics which enlarged
with increase of temperature and/or holding timce The sphores
then began to coalesco to form o mosaice The mosaic structuro
is complete only when the isotropic mhterial is replaced emtiroly,
by tho anisotropic mesophasee Tho conversion of tho mesophase
to solid semiecoko is gradual, but develops over a fow dogrees

centigrades

Eloctron diffraction patterns of the sphorical bodies by
Brooks and Taylor indicate that these materials are not orystallito,
but that they possess either a fibrous or lemellar-typo structure.
Since there is no ovidence of fibrous structurc, the structures

ought to be a lamellar type and this is supported by observation
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under polarisod lighte The bodies oxhibit oomplote extinction
when tho lamellae arc soctioned perpendioular to tho moedian plane
of the sphere and show an extinction cross when tho scotion is
parallel to tho median plano of tho sphoree The cross renains
stationary during a complote revolution of tho stagee Each
individual spherc consists of planar aromatic naterial of high
nolecular woight with some degrec of orderinge The aromatic
lanollae are stoacked in parallel order normal to the nedian

plana of tho spheres; but thoy also curve in & nanner which makoes °

then perpendicular to the surfaco of tho sphoroe (Fige 15)e

Neithor Taylor nor:' Brooks and Taylor commented on the
optiocal structure of the mesophase, opart from its lamellar
structurce More recantly Honda gt ale (1971) oxamined critically
the nesophase formed by carbonisation of coal-tar and nepthoa~tar
pitches in the temperaturo range betwecen 350° and 500°C using
reflectod~light and crossed polars with a gypsun platee  Honda
and his colleages belicvo that thoe mesophasc bohaves as a

uniaxial positivo matorial and belongs to tho hoxagonal systems

Marsh (1973) oxamined a residue from a ocking coal
carbonised under pressure (carbonw89e1% daf) using & Stercoscan
microscopee Marsh maintains that the anisotropic liquid orystals
do not coalesce but growy fuse and maintain their individuality .
and are termed *botryoidal?e A high=resolution electron
miorography taken in the phaso=contrast mode of the above

vitrinito, carbonised without pressure to about 186000, roveals
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Fig 15 Structure of sphere, section parallel to main

axis of symmetry. (after Brooks and Taylor 1965).
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a layered structure which was thought to be related to tho

lgyored structure of tho mosophases

Tho above investigations show how tho anisotropio

mesophase forms, that it possosses a lancllar structurc and

has a most intorosting optical behaviour, thought to bo
/unjaxidl positive and anal;gous to the hexagonal systots.

The mosophase formed by carbonisation of vitrinito is

suggestod as boing morphologically vory similar to that fron
coalw~tar pitchy 80 when tho latter behaves as auniaxizl positive
matorialy 1% 48 a diroct corollary to beliovo that tho forwor
bohaves similarlye Thoro seams no roason why thermal trectment
should not result in the formation of aunlarial positive mesophaso
fron uniaxiil nogative vitrinites Furthermore, carbonisation
under prossure can apparontly provent coalescance of tho mesophase
in vitrinite and so; if tho projooct is concorned with tho
development and size of mosophase, carbonisation undor prossuro

moy bo vory usefuls

(c)  [Drapsition betwoon Mosophase and Mosaio

Having oonsidered the formation of the mesophese and its
optioal behavioury the microstructure of tho ocoalescod mosophase
will now be furthor disoussods Whito gt gle (1967) and Honda

gt als (1971) studied the struoture of coalescod mosophasoe

Whito gt ale (1967) examined tho coalescod mosophasc

formed by oarbonisation of coal=tar pitch at 450°C by polarisod-
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light and clectron microscopys The predominant footuros of
tho coeloscod mesophase were nodal points which romained
stationary when the mioroscopoe stago was rotatode Two typos

of nodal structure wero observodse

(1) & co-rotating nodal structurc which hes
a sinplo arch structure, with the curved
layors lying either concave or radially

rolative to the position of the nodes and

(11) a oounter=rotating nodal structuro which hos
o more complox dolta~shapod structurc and
possesses a threo=~fold symmetry, Tho

layor plances lio perpendioular to ocach

other at the nodce

Exanination by electron microscopy of pitch graphitised
to 2800°C also revealed tho oxistence of nodal struoturcs
Further carbonisation of tho corlesced mesophase loads to
formation of two typos of toxpuro, namely, 'fibroust and

tnosaicte

More recently, the studies of Honda ot als (1971) throw

more light on the understanding of tho coalesced mosophasce

Coalesconco of tho mesophase first rosults in tho formation
of a trossetype' extinction, but further plastic doformation, due
40 degesification end formation of gas bubblosy causos tho deform—

ation of tho Ycross~typo?! extinotion to a tnodewtypet! oxtinctione
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The foregeing studies demonstrate the oomplexity of
the coalesced mesophase which eventually forms the mosaio
structuree It can be dsduced that the nosaio, havipg such
a oomplex structure, cannot behave in the samo way e8 a single
mesophase, ie6e it will probably not display in bulk & uninxial

positive behaviour.

(a)  Mosaio structure in ocoke

Coke made from vitrinite of the coking range exhibits o
three-dimensional structuree One of the earliest studies was
by abromeki end Mackowsky (1952) who desoribed the optical
anisotropy on polished surfuces of mwnufactured ookess The
optical orientation of the mosaic units differed from one
another and each mosuio structure oonsisted of mwny enisotropic
unitse The dimensions of tliese units meesure less than o
mioron up to several miorons, depending on the rank of the
original coals Coal with approximstely 35% vm produced a
fine mosaic structure (units of £ 1 mioron diemeter)e  The
mosaic size reaches o maximum at about 22% VeMe The size of
the mosaic units is finclly determined during the plastic stuge
and further carbonisation, even &t a high temperature, does

not change the form of the mosaic structure.

Alpern (1956) described the mosuic texture of ookes
from coals of differenmt rank (V.Me = 18.3 to about 36% duf).
Conl with 18 to 22% V.M. produced a fibrous texture end showed

undulose enisotropy, wherees coal with about 25% V.17, formed
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a coarse-grained noscic texture of about 2 to 6 mioron diamesters
Lowerank coal { V.M.= 34%) doveloped a fine=greined nosaic of
approxinately 1 mioron diameter and finally coal of higher than
35% VeM,remained isotropic during oarbonisations These results
supported the earlier findings of Abramski and Mackowsky (1952)
This was one of the earlier attenmpts to olassify coke by mosaio
sizes Laoter de Vries et ale (1968), using polarised-light
ﬁioroacopy, studied a range of vitrinites (carbon = 7848 to 92.4%
daf) and described their mosaic texture. Non-ooking vitrinite
(carbon = 7848% daf), which was isotropic, remsined isotropic on
heating, whercas caking vitrinite developed a finewgrained mosuice
Coking coal vitrinites (carbon = 88,6 and 89.6%) developed a
coarse-grained and/or fibrous mosaice Anthracitic vitrinites
(carbon = 91¢3 and 92.4%) cwintained their original enisotropy,
but the intemsity of the anisotropy inoreuscd on hecting. The
size of the mosaic increased with rise of teuperaturec, but once
the resolidification stage was reached, no size alteration with
further increase of tenmperature took places Thesse findings
agein support the earlier findings of Ambramski and Mackowsky
(1952).

Sugitura gt als (1969) and (1970) desoribed different
anisotropic textures, e.ge as fine=to ocoarss—grainod mosaio,
fibrous and lezflet textures in residues of Japancse ocual (oarbon
7748 to 89.8% daf) carbonised up to 900°C,  The isotropic
texturs romained the predominant feature of non=ccking wnd

weakly ooking coal, whereas it changed to a fine~-grainod mosaic
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texture in strongly caking cocal (carbon = 8642 to 87424 daf),
remaining almost unahanged with rising temperatures The ooking
coal (carbon = 89.8%) developed a mosaio and fibrous texture,

with the percentage of fibrous texture increasing with rise of
temperaturees Finally, these authors concluded that the variation
of anisotropic texture is rank dependent and that there is a

correlation between anisotropio texture and coke qualitiese

Mershall and Murchison (1971) observed that the orienta-
tion of the mosaic structure of coking coal vitrinite (carbon =
88% daf) became more regular and developed stronger enisotropy

" with inorease of temperature,

More recently attempts Hove boen made to determine original
renk by the measurement of the mosaic size. Goldring (1973)
states that the size of mosaio units in ocarbonised vitrinites with
o mean maxitmm oil reflectivity of 0e8% can only just be seen
with tbe optical miocroscopee The sizse of the nosaic units,
however, inoreases with refleotivity up to an oil refleoctivity
of 1e2%, after which the mosaic units tond to coalesce; at
about 1.7% 0il refleotivity, they dovelop a 'lamellar! rather
than & mosaic struoturee Goldring suggests that the size of
the mosaio units can be used in addition to reflectivity to study
rank a8 well as the carbonisation conditions, microlithotypes,

the presence of sulphur (locally) and finally interaotions

between hlend componentse

In & peper similar to that by Sugimmro gt &le o Patriock
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gt als (1973) discussed the use of mosaic size as o usoful

to00l in the classification of the carbonised products of
different ranks of vitrinites (ocarbon = 82.6% to 9240% daf. The
diameters of the anisotropic grains (fine grain = 0e3 micron,
medium grain = Oe¢7 miorons and coarse grain = 1.3 microns)
follow o sequence which depends on the initial ronk of
vitrinitest Dbasic anisotropy =» isotropic -» fine grain
nosaic ~» nodium grain mosaioc =» coarse grain mosaic = flowe

type mosaice

According to Patrick gt zle tho conversion of isotropic
or anisotropic vitrinite to a fine grained mosaic is direct
without the formation of any intermediste spherical bodies and/
or development of an isvtropioc phases Vitrinites of different
rank are divided on the basis of their mosaic sizese Weakly=
caking and strongly-ceking vitrinites (carbon = 8246 and 84+7%
daf) produce no mosaic larger than fine grains very strongly=
caking vitrinites (carbon = 87.2 and 87.8% daf) olso oxhibit the
sequential trensfdrmation from isotropic vitrinite, but the final
grain size does not exceed medium groine Prime-coking vitrinite
(carbon = 8941 and 9042% daf) exhibit the full conscoutive
transformation of mosaic size from fine grain to flowetype with
rise of temperaturee Finally, semi-anthracitio vitrinite (carbon
= 91.5% daf), which is basically enisotropio, remains so, but its
anisotropy intensifies with increase of tempesrature without
exhibiting any mosaioc structurce Furthermore, the total anisot=

ropic contont of cokes produced at 100000, irrespective of the type



and size of mosaic grain or the rank of the starting vitrinite,
is said to be dependent on the volatile-matter yield (Fige 16)e
Anisotropy decreases markedly with inorease of volatilo-matter
yield at asbout 35% and is also accompanied by a decrecse in the

plastic properties of the vitrinite.

The above investigation, by Patrick gt ale contradicts
appu.rentiy what are well established facts about fresh and
carbonised vitrinitess First, it classifies vitrinites of
different rank (carbon = 82.6 to 89¢1% daf) as being isotropic
under polarised light when, in fact, these wvitrinitos are
anisotropic, the degree of anisotropy varying from weck to
mediume 4150 & vitrinite of higher rank (carbon = 92% daf)
is suggested as being isotropic, wheress & second vitrinite
of similar carbon content was classified as being anisotropice
It is well=known that vitrinite of even 80% carbon content shows
some degree of anisotropy when it is examined with o0il immersion

under polarised lightes (van Krevelen 1961, Lowry 1963 and many

other authors)e Patrick 8t ols also did not observe the isotropio

stage comnonly developed during the carbonisation of softening
vitrinites, assuming that its absence was due to insufficient
thermal treatmente In fact, the absence is only due to too

large a temperature intorval being employede

The investigations above suggest that it is possidle to
use mosaic size, in addition to soma other features to deterwine
the rank of the parent constituents of ockes and also to prediot

the potential of a coal to grophitise at higher temperatures.

39



Fig 16 Variation with volatile-matter content of fresh
vitrinites with anisotropic structure of

carbonised residues at 1000°C

(a) typre of anisotropic structure and

(b) total anisotropic structure

(after Patrick et ale 1973)
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Nonmgraphitising vitrinite, exoluding anthracite, does not
develop a mosaic structurc end the degree of being a prime
ocoking or good graphitising vitrinite is related to the size and

type of mosaic produceds
(e) tors Affooting the Development of the Mosaio Structure

Mosaic units produced by colkdng of vitrini.tes of the coking
range are commonly rmch smaller than the mosaic units developed
during the carbonisation of pure aromatic hydroccrbons.
Investigations have been carried out by many workers, esge
Kipling gt gle (1964, 1966)j Morsh gt ale (1973, 2y by op d);
Senada et £ls (1973) to establish a relationship between the
size of the nosaic units and different faotorsi for exauple,

purity of aromatio structure, oxygen content and sulphur content.

Kipling gt aly (1964) carbonised polyvinyl chloride in
the presence of nitrogen up to SOOOC, and the residucs displgyed
distinct api&cal anisotropy which was preserved, even on
graphitisation to 2700°Ce Initial oxidation of the samo
material results in reduced optical anisotropy and even further
graphitisation 2700°0 did not change the gppearance of the
oxidised moteriale Kipling and Shocter (1966) stete that
addition of sulphur or oxygen alters tho structure of the
carbon, probably by inoreasing tho degres of orosss=linkage
within the decomposing polymers Tho oddition of sulphur

causes reduction in the developpent of anisotropic areacs and



produces an intermediate structure to tho nonwgraphitising and

graphitising carbonse

Sanada gt ale (1973) studied the formation of anisotropic
textures of different ranks of oarbonisod ocals (ocerbon = 81e1 to
90, 7% daf) over o temperature range of 350° to 500°C and compared
the anisotropic textures of the carbonised products with the
findings of Kipling and Shooter (1966)s They conclude that the
heterogenqity of tha original coal ocomponents results in the
formetion of different types of texturc, e.ge mosaicy fibrous

and leaflets

Marsh gt gle (1973, &, b) examined oritically the factors
influencing the formation of liquid orystals in coel carbonised
under pressure, demonstrating that tho small size of the mosaio
in prime'ooldng coal (carbon = 89,1%) is due to hetorogencity
of the constituent molecules and to their physico=-chemical
propertieses This was oonfirmed by nixing enthracene and
diphenyl end carbonising the mixture under pressurcs 4 small
mosaio (2 nm) was produced in comparison with & large mcsaio
(10 zm) produced by only enthracense Nonecozlesocence of liquid
crystals in cocl was attributoed to (i) the presence of heterogo=-
neous non~fusidle material, (11) obstruotion of coalescence by
accommodation of the residual compounds, which do not partioipate
in the formation of liquid crystals, on the surface of vrystals,
(11:1) loss of visocosity of the plastic mass due to tho higher

moleculer wpight of the liquid crystals in coal, which is higher
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then cokl=tar pitch, and (iv) prevention of coalescence by
the dilution of the molecules composing the liquid orystals
due to an isolation mechanisme Tho ocoalescence of liquid
orystals in high~ronk coals (corbon = 90,2 and 91e5% daf)
takes place booause of higher aromaticity and the more
homogeneous structure producod during coelification and also
because of increase in tho surface arena of non=fusible

oonstituonts.

Leter Marsh ot als (1973, o) invostigated the formation
of liquid orystals in a nixture of aromatic and oxygon=group
compounds, comparing the resultis with the ocoalification sqﬁes.
Growth of the mosalc was enhanced by the prescnce of oxygen
groupse It was oonoluded that tho development of a large
mesophase in prime coking coal was due to changes brought
about during coclifioation; eege the content of oxygen
decreases and its chemical structure beoomes more zttached to
erometic or cyolioc structuress Coarbonisation of some oxygenw
containing heterccyclic sompounds rosults in production of
isotropic oarbon, but the comcarbonisation of some matorials

produces an anisotropic carbone

The above results demonstrate the influence of various
factors on the formation of mosaic structures in cokes with
different systems of carbonisation, ee.ge atmospheric pressurec
or at higher pressures The dovelopment of liquid orystals in

carbonaceous materiel, eegs vitrinite, depends on threc main



factors, (o) the purity of the constituent moloculos (b) the
oxygen content, end (o) the ability to fluidise during
cerbonisatione The formation of different types of texture
produced in the carbonised residues of different vitrinites is
certainly elso directly related to the rank of the sterting
materiale In goneral, low=rank coal (oarbon = 81%) romoins
isotropic, whereas the caking and coking coals develop a

dif ferent type of moseic texturec with rising temperatures,
Conversion of the isotropic plastic vitrinite to an anisotropic
mosaic is supposedly direct for British vitrinitos undor normal
conditions of oarbonisation, but under extreme carbonisation
oonditions, such as pressurisod carbonisation, o mesophase
develops, the units fuse to one another but do not ocoalosoceas

The sphericcl bodies in Australion oocls, found by Toylor (1961)
have not been reported from any British carboniscd coclse If,
a8 Morsh (1973, d) demonstrates, the mesophase cen dovelop undor
pressure end keep its individuelity, then under any oxtreme
carbonisation oonditions, such o8 a very fast rate of heating,
carbonised vitrinite would be expectod to behave differently,
cege it might produce a spherical mesophase at a fast rate of
hectinge Vitrinites of lowwrank and bituminous=renk are belicved
+o behave 'optically a8 untaxial nogative materiels and remain so *

during their carbonisatione

The findings of Honda ot ale (1971) show that cocl=ter
pitch and substances which comtain more homogeneous:.aromatioc

material thon vitrinite during early stages of carbonisation,‘
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produce mesophase which behavos optically as & uniaxial positive
materiale Therefore, it is possible that vitrinite of high-
renk coal which, according to Maxsh (1973), has more honogeneous
aronatic structure than lowererznk vitrinite, behaves optically
a8 a unizxi:l positive in tho carly stages of carboniseations
Furthermorc, Gooderzi (1971) and Goodorzi and Murchison (1972)
anticipated an optically biexiel structurc in the bulk carbonised
rosidun of the coking range vitrinitese Oxidation hinders the
developnent of mosalic structure oand extensive oxidation results

in complete loss of moseic formotion.



Although the optical properties of vitrinitesof different

rank have been investigated, much less effort has been made to
correlate the changes in optical properties to the modifications
of molecular structure during the carbonisation process,
However, Abramski and Mackowsky (1952); Bond gt als (1958);
Mackowsky (1961); Brown and Taylor (1961); Davis (1965); de
Vries gt ala (1968); Marshall and Murchison (1971) and Goodarzi
and Murchison (1972) relate the changes in the optical constants
of vitrinite during carbonisation to thé deformation and changes

of the molecular structure,

Abramski and Mackowsky (1952) maintain that carbonisation
and coalification are similar processes and that oqndensation
and re-arrangement of crystallites can be recognised by anisotropy.
However, Bond g% als (1958) observe that the size of aromatic
ocluster in carbonised vitrinites are similar to uncarbonised
vitrinite of the same carbon content. Mackowsky (1961) notiﬁed
an increase in refleotivity at the time of the softening of
coal, stating that since there is no increase in reflectivity
of carbonised coal in the early stages of carbonisation, then
the reflectivity can only be a function of the condensation
of the aromatic hydrocarbons and of the size of the aromatic
lamellace Later, Brown and Taylor (1961) state that

optical anisotropy is related to the sub-microscopic

¢t



ordering and is an expression of the degree of the graphitisation.

Finallys Davis (1965), relating the arometicity of
vitrinite carbonised up to 600°C to their reflectivity shows
there was little change in refleotivity at low tomperature, cege
300°G, but that reflectivity inoreases rapidly with further rise
of temperaturce The refloctivity increoose was acocompanied by
a substantial rise in aronmaticity, although Davis believes that
the aronaticity of carbonised vitrinites is highor than o normal
vitrinite of the same carbon ocontents He assumes, however, that
the réflectivity of carbonised vitrinite at low temperature is
not only a funotion of its aromaticity, but is also controlled
by the mamner in which hydrogen is involved in structuree Dovis
further showed that the ring index (R/C) increeses slowly at first
with rise of tomperature or reflectivity and then more rapidly °

with rise of temperature above 400°C,

The above studies show that reflectivity is not only a
function of aromaticity, but also that the size of aromatio
lamollae is en important factor in the increase of the refleotivity
of carbonised vitrinitese Since there is little or no change
in the size of the aromatic lamellae at temperaturecs o8 low as
300°C, it can be assumed that the reflectivity can only
substantially increese at about the decomposition temperctures

Do Vries gt als (1968) stato that the gredusl increase of the
refleotivity of vitrinites of different rank during carbonisation

is due to the condensation of aromatic carbon caused by
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degesificatione The increaso in mnisotropy is due to an
orientation of the crystellites during the plastio stages *
The condensation of the aromatic carbon is more intense in
softening vitrinite than nomssoftoning vitrinite, which is
reflectod in the behaviocur of their roflectivitye. The
former achieves a higher level of reflectivity during the

carbonigation than the latters

The following investigations (Marshall and Murchison
1971); Goodarzi 1971; Goodarzi and Murchison 1972, o and
b 1973) have a particular bearing on the work of this thosis

end are now discussed in some detail.

Morshzll and Murchison (1971) studied the dispersion
of the optical properties of three vitrinites (carbon = 8341,
88e6 and 93.3% daf) and related the changes in the level of
their refractive and absorptive indioces to the changes in their
moleoular structures The refractive indices of the vitrinites
jncresse with rise of carbonisation temperature up to 600°C ond -
then decrease on further heating to 750°c. This initial increaso
and then decrease of the refractive indices was related to the
results of independent Xeray studies, namely molecular improvement
and detorioration during carbonisation, such as better stacking
order, increcse in the diameter of the aromatio lamellae and
loosening of tho orystallite packinge Rise in tho absorptive
indices of the three vitrinites, which goes on continuously with

rise of temperature wes related to the electronic absorption
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within the aromatic lamellae and to the size of the aromatic
lamellase Tho differencesbetwoon the absorptive indices of
the three vitrinites diminish with carbonisation temperaturo and
at 750°C they develop similar levels of absorptions The
anisotropy of the carbonised vitrinites also increases with
temperature of carbonisation and this enhancement of the
anisotropy by carbonisation was suggested as being an indication
of the degree of the ordering of the molecules and wos closely
related to the rank of the starting materialss Coking coal
vitrinite, which had a rather low initial anisotropy, developed
a better structural ordering at o more rapid rate during the
carbonisetion than did anthracite, which had a stronger anisotropy
in untreated samplese It was inforred that the anisotropy
would rise with increase of the garbonisation temperature

beyond 750°Ce  Marshell and Murchison Stuted thet further
detailed study was needed to follow more closely the changes

in optical properties of vitrinites of different rank, particularly

using smaller temperature interveals.

Goodarzi end Murchison (1972, a) published the results
of a detailed study on three vitrinites (carbon = 8245, 8840 and
93¢1% daf) carbonised at temperctures up to 950°Ce The optiocal
behaviour of the carbonised vitrinites was related the the
different phases of the carbonisation prvsess and also to nmolecular
changes produced by thermal treatmont and independent Xe~roy

diffraction studics (not by those authors)e



(a)  Reflectivity (Figse 1 d b)

The reflectivity of the two bituminous—rank ~vitrinitos
show little chenge during Phesc 1e¢ This slight change of
roflectivity was cttributed to changes in aromatio molecular
structure, eege partial dehydroxylation, decarboxylation
and destruction of some carbonwbonded CH3 groupse Anthracitic
vitrinite was not affected at this stagee Phase 2 began at
approxinately 400°C, and was narked by tho onset of plasticity
(Ts), ending at sbout 650°Ce This phase also conteins the
onset of resolidification (Tr)e(Fig 1%)e The rapid increase
of reflectivity during this stage was related to progressive
distillation of non-aromatic carbon, to the development of
polycondensed aromatic lamellae and zlso to better ordering
of arcmatic lgyers in the crystallitese The rise of _reflectivity
of tho.enthracitic vitrinite at about 500°C was presumed to be
due to the incipient growth of arcmatioc lamellaee Phase 3 °
renged botween 650°C and 1000°C; in this phase, the carbonised
residues of the three vitrinites became optically more similar

as growth of tho lamellae contimed due to dehydrogenation,
(). Bireflectanc 12

Barly loss of the optical anisbtropy of two bituminouse
rank vitrinites was related to the complete disordering of the
molecular structure at the onset of plasticity, a featums observed

also by Devis (1965)e The rapid increase of bireflectance of

all three vitrinites in Phase. 3 was attributed to a rapid increcse
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Fig 17 From Goedarzi and Murchison (1972)
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in the degree of ordering of the lamellar structuree

© ofractive Index (Fige 13c)

The behaviour of tho rofrective-index curves of tho
three vitrinites with temperature was rolated mainly to changes
taking place in tho crystallitc stack hoights (Lo) and also to
the packing of tho lemellae within the orystallitos. Rovorsal
of curves representing both refroctive indices and crystallito
heights begon at similar temperaturese The roversal of the
ourve trend of rofractive~index wos suggested as being due to
& reduction of crystallite height, probably because of dig=
ordering of the laoyer planes on degasifiocation and also because
of improvement of the packing of lamelluo and increase of tho
interlayer spacings The vitrinitoes could be divided into
graphitising or non-grephitising, beocuse of the contrast betwean
tho curve of refraoctive indox for the ccking coal vitrinite and
those of the lowerank or anthracitio vitrinitese

The above studies clearly demonstrate the possibility
of obtaining information about tho changing molecular structures
of carbonised residues by studying their optical properties,
on alternative method to study of the structures by Xeruy
diffraction methods, especially in oarbonised resicucs produced
below 1000°C. One point should be emphesised; +tho results
obtained by both these methods (Xeroy diffraction and optical)

erc bulk studies of tho substances

The optical properties employed can bo divided into three

S0



groups according to the nature of the information requireds

(1) Rofrasctive Indexs the most sensitive opticel
constant to modification of the crystallite

heights (Ly) and to the packing of layers
within the orystcllites.

(11) Absorptive Indexs good indicator of the
crystallite dianeters (L,)s Since in
general there is a similarity between the
behaviour of tho reflectivity and absorptive
index curves, it con be assumed that the trends
of reflectivity can also indiocate changes in

the sizo of crystallito dianeterse

(11i)Birefloctances tho most informative of the
optical properties on the degree of ordering
of the structural units (or the orientation

of the crystallites).
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To ZX=RAY DIFFRACTION STUDLES OF CARBONISED AND GRAPHITISED
JLIRINLIES

(2)  Introduction

A munber of X~rey diffraction studies have been conducted
at tempersturcs up to a temperature of 3000°C with tho objooct of
elucidating structural changes in vitrinites of different rank
during the carbonisation or graphitisation processese In these
studies, the diffraction bands which form during the heat
treatnent of vitrinites are compared with the diffraction bonds
of grophite, which is normally used as a standard in X-roy
diffraction studies of carbonaceocus materielse Throe paraneters,

termed 'L %y *L.' and 'dt spacing aro also mmuch usede

What are *(Lg)%y '(L,)! and the *d' spacing? *Crystallinity®
in carbons consists of a nmunber of a.roma.ti-o lamellas stacked
parallel to one anothers %(L,)* refers to tho Yorystallite!
diameter, '(Lo)' to the %crystallite?’ height and the 'df spacing
(interleyer spaoing) is tho distance between the aromatic loyers

which are stacked parallel to one another in the crystallitcs,

The crystalline structure of lLexagonsl grephite consists
of layetr planes of carbon stacked parallel to each other with a
C = C distance of 1e41 & and an interleyer specing of 3.35 &
with unitecell dimensions of 2446 & at room temperature. The
layers stack parallel to each other in & sequence [BABleee t0
produce & hexagonal unit cell (Fige18)s 4 rhombohedral forn

of graphite also exists but with layer planes in the -aequence



Jitp A

(hombohedral
Fig 18 The crystalline structure of]graphite (from

Dahme and Mackowsky 1949, after Hoffman 1947)
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LBCABCAee(s06 Dhanme and Mackowsky 1949 and Rutland 1968).

X~roy diffraction studies arc discussed in this soction,
because it is intended to use a qualitative interpretation of
diffraction bands of vitrinites of different rank at high
temperatures ss supporting evidence for struotural changes
of ocoal macerals during carbonisé,tinn which is apparent in
tho trends of their optical hehavioure Marshall and Murchison
(9972); Gooderzi ond Murchison (1972) and Goodarzi end
Marchison (1973) have already used independent X-rey diffroction
studies by other workers as supporting evidence for opticel

studies.

The X~roy diffraction investigotions of heat-trested

vitrinites will be discussed in two partss

(i) lowetemperature (or carbonisation) up to

about 1000°C, and

(1i) highwtemperature (or grophitisation)

betwoen 1000°C end approximately 300000.
(b)  Low=tomperature X-rey diffraction studies

Investigation of the X~ray diffraction pattermns of
carbonised vitrinites in the temperature range up.to about
1000°¢C have been carried out by a mumbor of workers. Bloyden
et ale (1944) nmade o detailed study of the X~ray scattering
of carbonised residues of a serices of ooals (carbon = 8140 to

94¢0% daf) caloulating the orystallite hoights (Lg) and the
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crystallite dianeters (La) of the carbonised products (Fig 19)e
Tho (L,) of carbonised bituminous-renk ooel inoreases with

rise of tcmperaturo to & maximun at about 500°c. A doorease
of crystallite height between 500o and 900°C was attributed to
o deterioration of the layer planes caused by dsvolatilisctions
Tho (La) of the carbonised residues of the same cozl increcsed
only slowly up to SOOOC and then increasednoye repidly with
further rise of temperaturee .The (L,) of carbonised enthracite
inoreased contimicusly with rise of temperature beyond SOOOC,
but the (L,) of the carbonised anthracite fell with rise of

temperature up to 1000°C,

Diamond and Hirsch (1958) and Diamond (1960) also
investigated by Xeroy diffraction mothods the structural changes
in aifferont vitrinites (carbon = 80s5 up to 9441% daf) carbonised
in the temperature range between 300° and 1000°C in generzal
oonfirming the results of Blayden gt gle Study of the (11)
and (20) bands (scattering at high angles) showed that up to
300°C the molecular size remained similar to that of the parent
ocoale Growth of the layers doveloped botween 500o and 600°¢
ond was more ropid for enthracitic vitrinitese The variation
of the average layer dianeter with carbonisation was similer
to that demonstrated by Blayden gt ale (1944), but the absolute
values were approximately half thet of the other values. However,
up to 500°C & large number of ~OH end ~CH,= groups (amorphous
nmeterial) were lost as volatile matter, allowing the layers to

pack bettere Replacement of -CH2~ groups by C « C bonds begon



Fig 19 after Goodarzi and Murchison 1972
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Fig 20 The variation of number of layers per parallel group
with temperature of (RB) vitrinite (carbon = 8% daf)
and (MM) vitrinite (carbon = 84.3% daf) (After Diamond

1960)






between 500° and 600°C, resulting in growth of layers which Was
then followed by removal of aromatic hydrogen at higher temperctures
with further aronatic=layer growth by coalescencee The growth

of layers in anthracitic vitrinite was greater, because of better
origir_xa.l orientat'ion of the layers parallel to the bedding plancse
The average loyer diameter after 600°C increasod linearly up to
1000°C with riso of temperaturc,

Diamond and Hirsch (1958) emphasised that the averago
perfect molecﬁles were very smell and did not consist of large
munbers of condensod aromatic ringss These small perfoct layers
were oross=linked to one another extensively, but imperfecily,
end this resulted in large, buckled, inperfect shects. Study of
the (002) band (soattering at low angles) produced data about
the packing of the layers during cerbonisation which was
qualitatively similar to the results of Blayden gt ale (1944)e
The orystallites in coal consist of 2, 3 and 4 layer groups
which are poorly packeds Packing of these layors improved with
increase of temperaturo between 400° and 500°C, possibly duc to
renoval of «OH groups end aliphetic materials, but with
progressive increase of temperature, the packing of the layers
deteriorated because the formation of larger layers caused =
reduction in orystallite height by driving the leyers cut of
tho stacks sideways, and changes of orientation or cross—linking
of the layers producing bucklinge This deterioration recched a
naximun at about 70000, after which the packing of the lgyers

improved again, because of the alignment of large molocules
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parallel to each othor (FlLge20)s The 'd! spacing decressod
with rise of tomperature to a minirum between 500o and 600°C,
possibly due to removal of =OH hydroxyl and -CHZ- ether groups,
The 'd? spacing inoreesed after 600°C because of cross-linking
of the lgyers to one anothers Scattering at very low angles

indicated formation of largse pores of 100 K diameters

The foregoing investigations indicate that carbonisation
up to 300°C does not modify the moleculer structure of vitrinites,
but further increase of temperature above 300°C results in
degasification of volatile groups (cmorphous material) and the
growth of layer diametors, which in lowerank vitrinites..commences
at about 300°C, in caking and ooking coal vitrinites between
500o end 600°Ce Tho incroase in leyor diameter is greator far
enthracitoe Tho crystellito height (L,) also starts to increase
at about 40000, rising with increasc of temperaziure to a maximun
between about 500° $0 600°C and then deoressing with furthor
incroease in carbonisation temperature until it finally rises

agedn et about 7oo°c._

(o)  High=temperature X-ray Diffraction Studjes

Meny studies have been carried out on the stagos of
grephitisation.(above 1000°C) of vitrinitese (see for example
Bleyden ot ale 1944; Franklin 1951; Ouchi 1955; Warren 1956
and Loebner 1956)s Lmong them the work of Frenklin (1951) is
particularly importante Acocording to Blayden gt gle (1944), the
crystallite diametor (L,) and crystallite height (L,) of
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vitrinites of different rank increcse continuously with rise
of temperature zbove 1000°C up to ebout 2200°C (Fig 19)e

However, this study of the molecular structure of carbonised
residues of coals is one of the earliest results obtained by
X=rcy diffraction studies and while acceptablo qualitatively

it is not so quantitatively (see Hirsch1954)e

Franklin (1951) studied the structure of coals of
different ranks ot tonperatures between 1000° and 3000°C.

The coals were divided into two groupss

(1) non=-grephitising, which do not
graphitise, even at temperatures

" of 3000°C, and

(ii) grophitising, which develop a partial

threewdinensional graphitic structurec.

There are elso those nonegrophitising coals, such as
anthrecites, which at temperatures betwoen 1700° and 300000
produce graphitic carbon and also caking coals which produce
oen intermediatc structure between grephitising and none

grophitising coals (Fig 21)e

(1)  Non—grephitising carbons

Low-renk coals (carbon = 83% daf, in Franklin's study)
arc nonmgraphitising due to low hydrogen and high oxygen contentse
The oxygen contont intensifioes thoe degree of cross—linking

botween the neighbouring crystallitese. However, this rigid



Fig 21 Molecular structure of carbonised carbons
(a) non=graphitising carbon
(v) graphitising carbon

(c) low-temperature anthracitic residue

(from van Krevlen 1961, after Franklin 1951)
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crogs=linked system and large munber of finely structured
pores proevent two layers or groups of lgyers rotating in
respect of their basal sections to form & parallel group of
loyerse However, at high tomperatures, because of locelised
pressure and due to a strong systou of oross-linking, the none
graphitising carbons produce a Blight but consistent amount

of graphitio struoture, which results in partial destruction

of the oross=linking (Fig 22).

(11) Grophitising Carbons

‘Ay Coking coal (carbon = 89¢7% daf) is non~porous
and has a compact nasse The crosse~linking between aromatic
lamellas is here very week and the. lanellae remain mobile in
the early stages of carbonisatione The oxistence of a degree
of preferred'orientation of layer plenss parallel to one ancther
results in bettor ordering of tho aromatic layers on heating to

higher temporatures (Fig 23)e

.By Anthracite anthreoitio coals (carbon = approximately
93 and 94% daf) havo o non~graphitio charactor up to 170000,
egain because of thoir abundant finely structured pores and
even on carbonisation up to 2000°C, thore is no change of
structuree However, the transformation from non-graphitising
o grophitising takes place on heating from 2000°C to 2500°C,
producing a highly graphitising carbon due to tho initial
ordering of the starting materiale The strong cross-linkage

between tho lemellee can resist temperatures up to 1000°C, after

o8



Fig 22 Variation of number of layers per parallel group
with layer diameter for graphitising and non-

graphitising carbon (from van Krevelen 1961,
after Franklin 1951)
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which the cross=linking is destroycd slowlye When the crosse
linking is destroyed, the random but perfectly orientated lanellae
start to change their position by unification to form orientated

crystallites with disappearance of poros (Fig 23).

(iii) Intermediato Carbons

Caking cozal hos an intormediate character of finely
structured porcsity between the grephitising and non-graphitising
coalse Heating to 3000°C produces o level of graphitisation
which can be obtained at about 1700°¢C fron ooking coal (Figs 23
ond 24)e  Frenklin ooncluded that to produce o graphitised
carbon at high temperature, the starting naterial st be none-
porous a.n.d/or suitebly orientateds The mean number of layers
in the parallel groups ( M ), or the mumber of stacks of ce-axis
layers or (L) and layer diameter (L,) in grophitising vitrinite

is mch higher than non-~-graphitising vitrinites.

The above studies show different levels of molecular
orgenisation reached by different ranks of vitrinites during
grephitisationes Caking coals also develops a level of molecular
organisation which is intermediate between none~graphitising and
grophitising coal, and anthracite vitrinite changes from none
graphitising to ¢ highly graphitising substances The studies
also explain that the rigid oross-linking of the lzyers forned
in carbonised residues of vitrinite below 500°C are responsible
for the non=graphitising behaviour of these vitrinites at higher

tempereturese The loyer diameter of the intermediate carbon
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(euch as csking coal) lies between the value of layer diameter

for grephitic and nonwgraphitioc cocls

Ouchi (1955) later investigated the molecular changes
in carbons heat~trezted up to 2000°Ce The crystallite height
inoreased contimuously after 1000°C, whereas the crystallite
dicmeter, after an initial increase with heate~treatment
tenperature,decreased to & minliun between 1200°C and
1400°G and then rose with further increcse of temperaturee
The deorease of (L,) in this region is rolatod to the rupturing
of the three~dimensional bonding of molecular structure in -
this regione A minimum of (Lp) had not been reported previously,
probably because of the large temperature interval used by
other investigatorse Warren (1956) also studied the changes
in (Ly) and (Lo) of carbon blacks heat=treated between 800°
and 2800°Ce  The (La) and (Lg) of the oarbon blacks start to
inorease slowly up to 1000°¢ and then sharply with further
increase of temporature up to 2800°C (Fig 25)e The sharp
inorease in (L) and fg) after 1000°C is related to rapid
devolatilisation of hydrogene The orientation of layers
remains random even at 280000, when the layer diameter reaches
about 65 &, but when, in some carbon blacks, the (L,) .
roaches about 100 R, then graphitisa’cion commences with the
two nearest layers appearing to taoke on a graphitio relationship.
Warrents results ogree with the earlier findings of Franklin

(1951) ebout two stages of graphitisation of hard carbons.
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Loebner (1956) studied the X-ray diffraction of hard and soft
carbons up to 2800°C, stating that the molecular changos brought
about by heat-trcatment of soft carbon differs considerably from
the hard carbonse His results are essentially similar to tho
earlier findings of Franklin (1951)e

It appoars that the rate of grawth of layer diamoter (L)
and the orystallite height (Lo) is dependent upon the physical

end chemical structure of the starting materials (see below)e

(1) grophitising coals oontaining mch hydrogen
end little oxygen and possessing a compact

nolecular structure,

(ii)  ponmgrephitising goels with littlo hydrogen

or rmoch oxygen and a porous structure,

(111) intormediate coals with a physical and

chemical structure between that ."of the

abovo two cozals, and

(iv) anthracites graphitic according to its
chomical struoture but because of its
physical proporties behaving as a none
grephitio substanco at low temperatures,
but with inorease of tomperature providing
the thormel energy required to break down

its non~graphitic structure, altering to

grophitic carbone
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4 high proportion of famorphous? metorial is lost

in low=-temperature carbonisation up to about 1000°c.



SUDDARY

The overall molecular changes caused by carbonisation

end grephitisation of vitrinites of different rank arc as

vollows g=

(2)

(v)

Crystallite hoicht (L)

The (L,) increases with rise of temporaturo up to
50000. Further increase of temporcture up to about
700°C results in deorease of the orystallite height,
due to various foetors, including inorecse of loyer
diometer (see Dicmond end Hirsch 19583 Dianond 1960).
The (L,) increnses contimiously after zbout 700°¢
with further risc of tempereture up to 3000°Ce The
muber of leyers per crystallite is about 12 for
non=graphitie carbons, about 18 for intermediate

and epproximately 33 for graphitic carbons (Fig 23)e

Loyer diameter (L)

The growth of the layer diemeter storts botween 500°C
and 600°C by coalescence of neighbouring layers. The
rate of growth of leayers is linear up to 1000°C and
is grester for eonthracitee Above 1000°C the growth
of layers is greater for grephitising coal than none
graphitising cocl (Fig 22)e The layer diameter of the

grephitising carbons is about 70 & for graphitising
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(coking coal) at about 1460°¢C and 80 &
in anthrecite (ot sbout 2290°C) end 80 &

for caking coale
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le . REFLECTIVITY EQUIPMENT

(a)  Reflectivity Apparatus (Plate 1)

The reflectivity photometor used in this project was
constructed in the Orgenic Geochemistry Unite Tho main
parts of the moasuring equipment comprise o Leitz YOrtholux?
reflected=light microscopey, an amxillicry mognification systen
based upon o design by Gebler gt ale (1960)y an EeMeIe 6094B clevenw
stage photomultiplier, with a spectral response extending fron
200 nn to 800 nm and a peak response of approxinately 500 nnm,
o DeCe Amplifier and a Phillips PM8220 pen recorder giving
10Mv full-scole deflectione A detailed description of similar
refloctivity equipment (Fig 26) was given by Jones gt.iale
(1968) and the equipment has been used in a number of research
studies in this Unite 4 Schott IL intorference filtor
giving epproximetely monochrometic light ot 546 nn and with
peck transmission of 30% was used for reflectivity méasurement.
Two Loitz polarising objectives (x50 air and x60 oil) were
used for measurements on field areas whosc diameter could be
varied from 2 to 35 microns in air and 1e¢5 to 3060 microns
in oil Illuninction was provided Ly a 12 ve 60w tungsten
filament lampe The microscope stage could be rotated evenly by hond
during neasuronahte

(b) Standards

Five optical glass standards, o diznond wedge and two



Plate 1

Reflectance equipment: Leitz 'Ortholux!
reflected=light microscope, intermediate

magnification system and photomultiplier
Tube.



Fig 26 Diagram of microscope and photometer (after
Jones et al, 1968).
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basal plates of silicon carbide woro usod as standards.

(1)  Glese Stendards

The optical glesses werco menufactured by Schott Limitd
and were used for refloctivity moasurcmont of substancos with
rofloctivity lovols of loss then 2% in oil (Toblo 2)e Tho
optical glasscs wore isotropic and highly polished, but they
could texmish rapidly in aire If the standards arc kept under
0ily and also under covor to protect thon from tho direcot
contact with air, they can bo used for as long as threo woeks
without further polishing = providing that the oil is

regularly changode

JABLE 2e,
Stendard *Rofractive Index-¥R e %R i1
4 149277 14429 104041
41 109286 04696 104054
B 147292 14435 86045
B2 147921 04697 84048
c 147350 0s454 Te221

* Quoted to this accuracy by Schott Ltde
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(ii) Dianmond Standard

The diemond standard was employed ogainst unknowns
with refloctivities highor than 12% in air or 2% in oil,
A dianond wedge, nounted on a YBakclito! resin block
provided a suitablo standard because of its proporticse
The wodge is extremely hard so it cannot bo soratched; it
doos not require polishingy it is isotropio and also has
o strein~froe surfaces Tho reflectivity in air and oil
of dianond was calculated using tho Fresnel equation with
values for thoe rofrective index of dlamond quoted in Danats

Textbock of Mineralogy (1892) (Table 3)e

TABLE OPTICAL DATA FOR ST.
. 4 q
Wavelength Rofractive Index %R alp %R 0il
546 244236 1729 5307

(iii) Silicon-Carbide

Basal sections of two siliconwcorbide orystals nounted

in 'Bakelite’ werc used as standardse Tho cxystals had high

hardnessy were isotropio and had straimmfree surfaces. The
roflectivity of silicon carbide was determined by measuring

reflectivities in air and oil agoinst diamond (Table 4).
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Silicon carbide has the disadvantage of being an absorbing
neterialy, so reflectivity cannot bte dotermined directly from

its refractive indices,

TABLE 4  OPTICAL DATA FOR SILICON GARBIDE PLATES

Wavelength %R dip %Ron
nn 546

Stondard 1 20632 Te33

Stendaxd 2 20432 7e23

The silicon carbides were used nainly for natching
against the diamond standards

(¢)  Zmgersion 0il

Low viscosity Zoiss inmmersion oil (no = 515) was
usod as en irmersion nediune The o0il had a refractive index

of 16516 at 546 mn and at 24°C,

(a)  Specimen holdexr for Standards

The diamond and silicon carbide standards were levelled
in a specimen holder designed by Mre Ee Scott of the Organic Geo
chenistry Unite 4 perfect levelled surface for measurement was

echieved by this methods
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(e)  Mounti S8

The glass standards and the specimens wore mountod on
glass slides using plasticenes The jaws of the mounting pross

wore chocked periodically for alignmente
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70
2,  THE METHOD OF THE REFLECTIVITY MEASURIMENT

Tho reflectivity of unknowns wero dotermined directly
fron the trace of individmnal points of neasurcment displayed
on the chart of the pon recorder by comparison with the tracos
on the chart producel by two standardsof known, reflectivity.
The standards for any sot of the measurencnts were selected
so that one was higher and tho other lowor than the unknown
natericle In the case of highly reflecting nmateriols (%Roil

240), only the @lanond standard was usody but before eny
noasurcncnt on an unknown, it wes natched against a silicon-
carbide standarde If any Briftt? was obsorved during the
course of neasurcnent, tho dlanond was once agein matchod

against silicon carbides

Reflectivity measurcments upon an unknown wore carried
out in blocks of ten with five readings on alternate standards
(Fig 27)e In this monnory any 'ariftt which might occur
within the photometer Curing tho coursc of thoe measurements,
due to electrical or mechanical instability, cen bo detocteods
Tho stage of tho microscope was rotated at each measuring
point on the unknown to detect any possible anisctropye If
the unknown is anisotropic, it exhibits two nmaxirmm and two
minimm velues within & 360° rovolution of the nicroscope
stegee  Commonly a total of fifty individual noasuremonts of
roflectivity for unimowns were made, but in sone samples, to

find fifty satisfactory neasurable individual particles was



Fig 27 Typical receorder trace for carbonised vitrinite.
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inpossible =~ attempts wero then made to koop tho mumber of
tho neasurements as high a8 possible, but only thirty

individual measurcments on such sanples may bo possible,

Tho mean naximum rofloctivity of carboniem
igaed coal samples was ccloulated by avereging the two
maximn readings (at each 180°) for cach individual point,
after which the mean of tho total points measured was
computode During moasuremonts on fresh nacorals and their
cerbonised products up to temperatures of 450°C, tho field
dianetor was kept at 1640 microns in zir and 140 microns
in oil; but it was reduced to 840 miorons in air and 6.0
microns in oil when the roflectivity mecsurencnts were carriod
out on carbonised residucs displaying mnoselio structures,
Minirmn reflectivity measurements were corriod out on
carbonised residues displaying mosaio structurcse Tho
minimunm roflectivity was dotormined by scleocting the two
individual points in cach sot of ten moasurcmonts on the
unknown which e:d:ibit(:tho largest birefloctances The averago
valuo of thosc two individual points was accepted as the
minimun reflectivity valuose Vitrinito 4 (sce Brown gt gl,
1964) was nostly neasured in fresh specimense Only ono
rofleotivity moasurement wes carried out on cach partiole to

ronove any effect of type variation within tho samplos
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0 OF COA S

Thn difforent ranks of British coals wore used in the
present studios, the coals ranging from lowrank bituminous
to anthracitice The low=rank and ooking coals (Teble 5, Noss
1 to 6) wero received as large lumps and wore supplied Ly the
National Coal Board; tho ooking coal (Table 5, Nos 7 and 8)
were collected personally and the anthracitos (Table 6) wore
avallablo in polythene bags filled with oxygom<froec nitrogen
fron a collection in the Orgonio Goochemistry Unite Tho
ultinote analyses (dxy ash froo or dry minoral matter froo
bases) for these coals (vitrinite and sporinito) wero all
carriod out by the National Coal Board annlytiocal laboratorics
(Tables 5 and 6); the difforent bases for analysis are of
little concern in the outoomec of the work since tho coals wero

originally low in ashe
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TBLE 5o, CHENICAL, [NALYSRS OF VI 3

PER CENT DRY ASH FREE

Scan Locality ¢ N ] Na&aO
~Shallow Toa Hall Colliorys TTe0 5e2 076 18e3
Staffordshire
High Hazel Warsop Colliorys T79¢6 5¢4 140 1440
Derbyshiro
High Hazel Whitwell Collierys 82e¢3 5¢0 141 1146
Yorkshire
Clown Bright Shireoak Collierys 80s0 5430 162 13.5
Yorkshire
Parkgato Houghton Main 85e¢4 53 1«0 8¢l

Colliexrys Yorks

Silkstone Cortonwood Collierys 8666 585 140 6e9
Yorkshiro

Unnanod Whitonstall 87.9 5.30 1e1 5.7
Openceast Sitog
Northunberland

Bottoshanger Kent Noe63 9060 4480 165  3a7
Kent

TABLE 6
.
PER CENT DRY MINERAL
MATTER FREE
Secan Loocality c H S X 0& Volatile

orrors matter

"Fod Voin  ADernamt GOLLlorys  93e5 3e4 Oe] 163 1e1  Be2
Soe Wales

Punpquart Pontramawr Colliery 942 340 0e9 1e1 0.8 448
Soe Walcs
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PER CENT DRY ASH FREE
Sceean C H S O4+XN

High Hazol Warsop Colliory 83.0 Ted 13 83
Dorbyshire

Silkstono Cortonwood Colliory 8Te1 6440 143 6ot
Yorkshiro




4o  SEPARATION AND PURITY OF VITRINITE AND SPORINITE CONCENTRATES

Vitrinito and sporinito caoncontrates wore propared for the

carbonisation oxperinonts a8 follows s
(a) Vitrinit

The coal samples wore first brokon into small lunps of
about 0e5 kgge and then tho vitrinito bands woro handpickod and
concantratod into puro vitrinito samplose Brown ot aly (1964)
have shown that handpickoed vitrinito (tormod *Vitrinito 4Y)
has a highor roflectivity and o noro homogenoous appoarance than
tho remainder of tho vitrinito (*Vitrinito B') in tho soaie
Vitrinito 4 usually occurs in loyors of noarly 100/ purity end
noy hoave o ccheront botaniocal structurce Vitrinito 4 was choson
as roprosentativo of tho difforent rank levols in this rescarch

Prograliioe

Hondpicking of puro vitrinite was rathor moro difficult
fram tho coking and coking vitrinites, duc to tho thinness of theo
vitrinito bandse Particulato blocks of handpickod vitrinites,
ground to pass through «~72BS siovo sizo wero medee Aftor
polishinz, tho proportion of the difforont nacorel groups and
ninoral matter in tho sanplos wero dotorminod undor tho nicroscope
using a Swift point—countor oconsisting of o counting mechanisn
linked to an cleotrically oporatud mochanical stogoe  Details of
this techniquo are given by Glagolov (1934) ond Salch (1968)e &

total of wbout 500 points on cach sample is sufficient to ostimate
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PER CENT BY VOLUME

Noe Seanm Locality Vitrinite Exinite Inertinite Mineral
: Jabbors
l, Clown Shirooak
Bright Collierys 95,0 20 2.0 -
Yorkshire
2¢% High Warsop
Hazel Collierys 91,0 4.0 4.0 1.0
Derbyshire
3. High Whitwell
Hazel Collierys 96,0 2,0 2.0 -
Yorkshire
4. Shallow Lea Hall
COIIiGI‘y' 94.0 3.0 3.0 -
Staffordshiro
S« Parkgate Houghton Main
Collierys 89.0 6.0 5¢5 0s5
Yorkshire
6.,% Silk- Cortonwood
stono Collierys 9445 1.0 4.5 0¢3
Yorkshire
Te Unnamed Whitonstallsg##* -
Northumberland 9240 2+0s 340
8, Bettes- Kent Noe 63
hanger Colliery, Kent, 90.0 6,0 440 -
9. Red Voin Abornant
Collioryl 9340 - 6.0 1.0
Se Wales
10e Pump- Paontramawrs - -
quart Gelliery, 9440 6.0
S.W&les.
*o%

opencast site
after J, Allan 1975



the porcentapo of tho oconstituents to a sufficlontly accurate
lovole Tho ooncontretion of tho threo macoral groups and tho

minoral necttor in coals are shown in Tablo 8e

(v) Sporinito

Two sporinitos and their corresponding vitrinitos woro
supplied by Mre Je 4llan of tho Organioc Goochemistry Unite
Tho sporinito samples were oconcontratod using a sino-chloride
density soparation mothod (sco Jelllan 1975)e Thoy wore thon
ground to pass = 240 BS sievo size for tho Warsop sporinite
and ~ 240 to + 400 BS siove sizo for the Silkstono sporinitoe
The two oorresponding vitrinites wore ¢ground to pass through
-~ 100 BS slovos The concontrations of the throe naceral groups
in the ooncentrate arc shown in Tablo 9 It is dosirable to
havo o high initial concontration of sporinito, but proparation
of pure sporinito concontrates is vory difficult and usually
tho sporinito conocentrate is conprisod chioefly of sporinite

and also othor oxinito macerslsy rathor than pure sporinitos

e



PER CENT BY VOLUME

Scam Locality Vitrinite Sporinite Inertinite

High Warsop

Hazel Collierys 0,2 9446 5¢2
Derbyshire

Silk- Cortonwood

gtone Colliery! 1.0 89.7 903

Yorkshire
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(a) Coals Cokes

Particulate bloocks were made from fresh and carbonised
macetels, using small pre~cast %Bakelite'! resin discs of about
2¢5 om8 diameter and 1 om thicknesse A hole of 1 om diameter

and 3 mm depth was drilled in the top surfasce of each diso
and the ground particles of macerals or their carbonised

residues were placed in this depression before mixing with
*Bakelite® resin containing the appropriate percentage of
sooelerator and catalyst for rapid settinges The surfaces

of the samples were ground on a diamond lap to produce a

flat, finely soratched surfaces The grinding was continued

on silicon=oarbide paper (grads 400) and then the sample was
rotatod 90° and polishing was ocontirmued on *micro-cut? grinding
paper (grade 600)e Water was used for lubrication and both
grinding papers were backed by glass plates, when a smooth

matt surface was produceds Wet polishing was carried out on
?Selvyt? cloth~covered laps, using three different grades of
alumina (°/20, 3/5) and 'gammat)e  With oarbonised residucs,
furfher impregnation of the surface with *Bakelite' was ococasione
ally necessary due to the presence of oracks and voids which
oould accommodnte some of the earlior polishing media ond so
reduce the possibility of obfaining o satisfactory polished

surface at the final stage. Commonly the oracks and voocuoles

oould be secn after polishing to the 600 grade stage.
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Fresh macerals and also speocimens oarbonised or
coxidised up to 600°C were polished using slow rotating laps,
but for samples prepared above 600°C, fast rotating leps
were used, because it was found that for these samples the
fest rotaeting laps produced better polished surfaces with
reduced reliefe Lengthy polishing , as well as strong hand
pressures, with 2/20 and 3/50 grades was needod for the
carbonised residues produced above 1000°C dus to their hardnesss
Light hand pressure was maintained during the final stages of
polishinge All ppeoimana wore rinsed in water and left in an
ultrasonio cleaner for tw> mimutes after polishing with eaoh
grade of aluminas The samples were finally rinsed in water
and left for three minmutes in wltresonic oleaner before dxyi;g
with tissuee OGreat care was taken on oleaning and drying,
since improper washing oould lead to the deposition of some
of the polishing powder on the surface and cause a reduction
of the reflectivity values

()

Flat wax laps were used for polishing the glass standards,
The lape were soratched with two sets of the lines perpendicular
to one ancther to form a rectangular patterm of grooves to
acocommodate the polishing powdere A dilute soap solution was used
for lubricationes The temperature of the lap was kept as low a®
possible to prevent any smearing of wax onto the surface of the

standards, Lecause of frictional heat generated cduring polishinge



The polishing was oarried out with 5/20 and 3/50 and
finally with 'gamma' eluminas and a strong hand pressure was
epplied during polishing. After final pulishing, the
standards were rinsed in water and oleaned with %Acetone?® to
remove any smeared wax from the surface of the standardsy
then the standards were buffed on dry clean *Selvyt® oloths,
Coumonly, if a standard ‘was tarnished, firstly it was polished
with Ygama’ and then, if the desired polish was not obtained,
the polishing was carried ocut with a coarser grade of

polishing powdere
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6, C ON FQUIPMENT
Introduction

The coal macerals were ocarbonised in four tube furnaces,
a pressurised oa.rbonisa.ti'on apparatus and a highstemperature
graphite furnace. Dopending on the nature of the experiment,
different combinations of furnace and temperature ocontrols were

used (Table 10).

(a)  Lowtemperature tube furnaces ( < 1000°C)

The tube furnaces were wound with *Kanthal® wire, the
temperatures of the Thol zones! of the furnace being controlled
by two thermocouples, one from each end of each furnaces The
ends of the furnaces were sealed by rubber bungs, each of which
was plerced to allow insertion of either a gas inlet or ocutlet
and one of the thermocouplese The thermoocouples were inserted
separately into silica sheaths of appropriaste length to reach
the hot zones of the furnaces. One was oconnected to a 'Fostronigt
chart recorder by a length of compensating cable to allow a check
on temperature variation during experiments, The other thermocouple
was oonnected to a temperature ocontrol unite The two ends of the

furnaces were cooled Ly a ocurrent of cool waters

Oxygen=free nitrogen was tlu;shad through the furnaces
during the ocourse of carlbonisatione 4All joints were painted

with soap solution at the beginning of each experiment to detect

o



TABLE 10

THE CARBONISATION AND HIGH TEMPERATURE EQUIPMENT

Tyre of Furnace Nature of Type of Gas Flush Types of Temperature Type of Width of Temperature
Experinent Container Controullers & Indicators Thermocouple Uniform Hot Range
. Zone
Tube Carbonisation silica boats  nitrogen-frce CNS Instrumcnt 'Sirect! two platinum
4e5 cm length  oxygen Mark II proportional platinun 13% 6 cn 25° o
temperature controller rhodium 1000°C
Tube Carbonisation silica boats nitrogen-free Burothern.! temperaturc two platinum
4.5 cm length oxygen controller units consisting platinum 13 5
of (i) An 'Eurothern ' rhodiun T cn 25 to
Programmer JA 06' set point 1000VC
romp gencrator
(ii) Eurotherm) proportional
temperature controller type
0617 (iii) Burothern.
"Thyristor! unit Type 0431
for protcction against
excessive voltage
Tubc Carbonisation silica boats nitrogen-free Burothern horizontal two platinun 2
4.5 cn length oxygen tenperature controller platinun 13% 5 em 350°C
Type 0672 rhodiunm
Tube Carbonisation silica boats nitrogen-frce Ether '"Transitrol!? a plutinum/plat—
4.5 cn length oxygen temperature controller inum 13% rhodiun 6 on 15090
& a chromal-alunel
'Bomb ! Carbonisation sealed gold none CNS instrument 'Sirect!' two platinun D
Pressurised under hydraulic  tube Mk I proportional platinum 13 - 2gggct’
Apparatus pressure temperature controller rhodiun
High Temperature High-temperature nuclear grade Cambridge 'disappearing 5 10 cm
graphite furnace heating graphite boats filament' pyromecter e at 2000°C  1000° o
2.5 %0 5 om. . *E°R 5 cm 2400°C
length at 2900 C




any leaks of gase The gas leaving the furnace was bubbled

through a flow=teter to ensure even flow through the furnacs.

(b)  Pressurised carbonisation apparatus (Fi:® 28 a and b)

This apparatus provided a maximum hydraulic pressured
{Kbar, at a temperature level of up to 600°C. An alr compressor
(Fig 28a) indirectly pressurises the hydraulic system by
pressurising the hydraulic fluid, which transmits the pressure
to a *Stellite bomb? (Fig 28b) capable of withstanding pressure
of 60000 psi. 4 full description of this apparatus was given
by Marsh et als (1970) and Melvin (1974)e

(o) ~tenperature graphite Fi

This furnace was used for the temperature range above
1ooo°c up to 240000 and was described in detail by Marsh and
Wynne=Jones (1965)s Purther detailed information relating to

the above equipment can be found in Table 106
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Fig 28 Apparatus for carbonisation under

pressure (after Melvin 1974)

Hydraulic pump

T

(a) whole system

Stellite bomb

(b) satellite 'bomb!



Fig 29 High-temperature graphite furnace (after
Marsh and Wynne=Jones 1965 ).
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Introductio

The ground samples were dried overnight at room
temperature in a dessicator flushed with oxyzen=free nitrogen
prior to the start of each experimente Samples used in high-
temperature carbonisations (i.ee > 1000°C) were first oarbon =
ised at 9oo°c for one hour and were then kept in bottles flushed
with oxygen=-free nitrogen 8o they did not need drying prior to

the start of high~teuperature treatment.
(a)  Low= ture tube

The samples were inserted 4 hour before the start of the
experiments and the furnace was flushed with oxygen-free nitrogen
to remove the oxygen in the systeme. ' The boats were half-filled
with ground samples to allow some space for swelling which ocourred
during oarbonisation of some samplese They were then placed on a
firebrick or a metallic container with a semi~circular section,
After the appropriate soak period, the temperature of the furnaces
was allowed to drop to room temperature (about 25°c). The samples
were removed and stored in sealed bottles, whioh were flushed with

oxygen=free nitrogens

(b)

This apparatus was operated by members of staff of the

Northern Coke Research School of Chemistry Laboratories, The
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samples were sealed in gold tubes, which were placed at the
bottom of the vessel (*bomb?) (Fig 28b)e The bomb was then
filled with distilled water as a transmitting medium and
oonneoted to the hydraulio compressor (Fig 28a) before the
bombh was lowered into the furnacee Rapid quenching in cold
water was carried out at the end of each carbonisation (for

further information see page253)e

(¢) - High=temperature graphite furmace

One hour "waiting' time was allowed prioxr to the start
of carbonisation when the furnace was flushed through with
argone The boats were directly inserted into the uniform
hot zonee Removal of the samples was similar to the low

temperature tube furnaces.
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Introduction

It is desirable 10 expome all samples to the same
conditions during each experimente In the present research
programne & wide range of temperature levels, rates of heating,
soak periods and pressure levels were employed (Table 11)e To
obtain accurate and uniform results, the different samples in
each experimentywhen appropriate, were carbonised topgether, so
that the residues at that particularlevel of heat treatment
suffemd the same conditionse The degree of control of the
various experimental factors varied, however, with the type of
furnace and temperature~controlling equipment.

(2)  ZIube Pumaoces

The temperatures were controlled to an acouracy of
about 2 5°C within a uniform hot zone which varied, depending
on the furnace, from 5 = 7 ome The rate of heating was
controlled to an acouracy of ha 2°C/min at the faostest rate of
heating used (60°C/min), but the control on the rate of heating
inoreased as the rate fells ®Soak periods! were controlled

exactlyse

(v)

The acouracy of comtrol of the temperature levels of this

equipment to about 10°C with a oontrol on the rate of heating
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TAELE 11, THE EXPIRI}

ENT.

HESEARGH PR

AMT

'Al, CONDITION EMPLOYED IN PRESENT

88

Nature of * Tfamperature Rate of | lemperature Soak
experiment (oc) hoating | interval period:
°C/mine '  time
T 7 —
Influence of rate o £ 1% |50% 4oo—550§c
of heating during 400050 C | 10% {25° 550~700°C |1 hr,
carbonisation & 60°% {50°C 700-950°C
Heating below dew 1 5000 between
oomposition phase, 1 & 32
for different periods g‘gg‘oc none none fwks.
of timee
- : O ——
Carbonisation of ° o
sporinite alone and ° 5000 300—45000
sporinite and 300-950°C | * 5° 25 _C 450-=7000C |1 hry
vitrinite 50°C 700-950"C
mixtures
Influence of o
pressure during 350-600°¢c | £ 4459 | 50° 1 hre
carbonisation
q
High temperature O 1 4+ 40 50°C~1000-14OO
tpeatment 1000-24007C | = 10°C 1oo°c-14oo-1600‘j1 "
200°C0=1600=1800 Te

_400°¢ 2000-2400
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ebout £ 0,7°C/min (see Part VI later for detailss note there
18 u 20°C gradient through the gold tubes from top to bottom)e
The s®X period was approximntoly one houre 4 wide range of
pressure levels was used in the present study, lying between
about 3000 psi to 45000 psie The level of pressure could be
ocontrolled to an accuracy of ¥ 1000 psi at highest pressure
levels

The temperature could be controlled to an acouracy of
about X 10°C within the hot zone, but the accuracy of temperature
measurement ocould be much less accurate than ¥ 10% vecouse of
the use of a visual pyrometers The acouracy of the rate of
heating was about & 2°6/min and a rate of approximately 10°C/min
wes used, although the rate was higher than 10°C/min up to 1200°¢
and then decreased with rise of temperaturee 4 precise soak

period of 1 mirute was used throughout this series of experimenta.
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P QRAPHY

(a)  Qptical photomiorosraphy

Optical photomiorographs were taken with an CASAMI?
camera mounted on a Zeiss 'Standard Universal?! reflected=light
mioroscope (Plate 2)e¢ With a Luilt-in magnification of x1e25
and using Zeiss x16 or x40 tintiflex® oil immersion objectives
with a x10 ocular to glve an overall megnification of either x174
or x184 onto the film, images were recorded on Pan F* film.
The photomiorographs were taken either in plane~yolarised light

or with orossed polars.
(») tron mic

A ?Sterecscant (Foster=Cambridge Instruments Ltd) scanning
electron microscope was useds For this purpose, a small emount
of sample, a 1mm cube (approximately) of a relief=polished, or
unpolished, sample was mounted on a flat mushroomeshaped specimen
holdere To promote electrical conductivity, gold=palladium alloy
shadowing was carried out under high vacuume (full details of the
teohnique empldyed are given by Boult and Brabamon 1968)e



Plate 2 Photomicrography equipment . Zeiss and
Standard Universal microscope and 'Asahi?!

calmerae
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10 I AND METHOD

(a)  Equipment

X=ray powder photographs were obtalned using ouk «
radiation produced by o Phillips Xe-ray generator with a
camera radius of 6 ome To obtain sharper diffraction bands,

small collimeters were used throughout the experimentse

(b)  Method

The specimenm ' were ground to pass through a 240 B3SS
sieve and poured into a Oe3 mm silicam=glass capillarye The
glass capillary was then placed in the camera and carefully
centred after loading the filme The camera was mounted on
the X~ray generators The cukw radiation was produced at
40 KV and 20 Mlie A nickel filter was placed immediztely
in front of the s8lit to absorb the KR radiatione Films
wore exposed for 2 hours and then developede The diffraction

bands were indexed and compared qualitatively with those of

graphite,



11.  DETERMINATION OF THS OPTTCely PAR.JTETENS OF OP.AQUE MLTERTALS

(a)  Reflectivity

Speculer refloctivity is the percentege of incident
lizht which is reflected from the surface . «n optically flet
pclished surfacce The reflectivity of a trancparent substance
is dependent on the refractive incdex of the surrcunding medium,
the wavelength <t which the reflectivity measurement is carriec

out and the condition of the surface of the substance.

The peroentege reflectivity of a mcterial with negligille
or no absorption, much as cdiamond or glass, can Ye calculated
from the Fresnel equation.

(n = n,)°

e e L sseseessvess: 1)

(2 +n.)5
where
R is the percentzge reflectivity of the
substance at normal incidence,
n is the refractive index of the substance,
and
Y is the refractive index of the surrounding

medium

The above equation is modified for on absorbing meterial

when the followin:; equation (Beers) is use’s



(n - nm)2 + n%k?

R= S inenpsunsveil2)

(n + nm)2 + nK2

where
Iz is the absorptive index,
the absorption coefficient K is sometimes

used in above equation, where K = nke
(b)  Refractive Index

Refractive indices may be calculated by applying Beers
equation (2) after measuring the reflectivity in two medic, (cege
air and immersion 0il), using the equation in the following

transposed forms

{5 Al in g
& = (1’1 oil = a.il‘)' 000.0000000(3)
ety e ey T+ R
o a
nes -n_.
oil - QLT cmeemoeons
1+R =R
o] Car
where

n is the refractive index of the substance

Ngir is refractive index of air

Noil is the refractive index of the immersion oil
Ry is the reflectivity of substance in air, and

Ro is the reflectivity of substance in oile

(¢)  Absorptive Index

The absorptive index (k) can be calculated from the

following equations

W
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R 2 L (n-1)?
k = _a (n * 1) (n 1)___ eeoscoceene (4)

n° (1 - Ra)

(a) Bireflectance

The bireflectance of a substance is calculated from the

difference between the true maximum and true minimum reflectivities.

Bireflectance = (%Rmax - ‘/mmin)ooonooooooo (5)



12+ FACTORS INFLUENCING THE ACCURACY OF THE REFLECTIVITY MEASUREMENT

The improvement in techniques of reflectivity measurement has
greatly enhanced the acouracy of such determinationss Many investigw
ations have been carried out to detect the sources of error in reflecte
ivity determinations and in the derived optical constantsy but some of
these lacked systematio study and only considered a few of the factors

involvedes

Dehme and Mackowsky (1950) and (1951)§ Woge (1954); Jones
(1961); Murchison and Boult (1961); von Gehlen and Piller (1964);
Harrison (1965); Galopin and Henry (1972); Juckes (1973); Melvin
(1974) and Cook and Murchison (1975) studied tho errors in reflect—
ivify measurement and thelr correction. With carcful adjustment of
the reflectivity oquipment and the correct polishing techniquos, tho
fundemental sources of error can bo roduced and a roproducibility of
loss than 1% can be achieveds Jocurate reflectivity moasurement is
dependent on the elimination of many sources of errors Some of theoso
sourcos of error arise within the roflectivity oquipment and are
tormed internal sources of oerror; some are due to inaccuracios caused
by the surfaces of ef)ecimens and stendards and the oporators. Those
aro termed external sources of errore A4ll the possible sources
of error are summarised below, although many have been considercd

by previous workers in this Unite

(A)  JInternal sources of orror

These errors aro as f0llows g
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(1)  errors duc to misuse of standards,

(11) levolling errors,

(ii1) foousing orrors,

@) errors duc to the conditions of the
microscope systom, and

(v) errors duc to change in proportios of

the immersion oile

(1)  Errors due to misuso of standards

It is dosirable to cmploy standards whose rofloctivities
lie as olose as possible to the unknown samplo 80 a3 t0 reduce
the orrors due to the drift, socondary glaro and variation of the
properties of the imorsion oil (sec later)e Naturally glass
standards would not be usod against diamond or silioon oarbido,
because of errors that would arise from their much difforent

levels of reflectivitye.

(11) Lovelline Errors

The stendards and the spocimen must be correctly aligned
porpendioculer to tho optic axis of the mioroscope, bocausc
inscourate results will be obtained duc to the tilt away from the
optic axise Woge (1954) and Galopin and Honry (1972) have clearly
dononstrated that erroncous roflectivity values can Lo obtained

because of inaccurate lovolling,
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(1i11) Focusing Frrors

Improper focusing loads to incorrect rofloctivity values
and carc must be taken to ensurc corroot similar focusing on
stondards and unknownse Dahmo and Mackowsky (1950)3 Wego (1954);
Jones (1961) end Galopin end Henry (1972 rocognise the errors
thet crise due to focusings Howover, accurate focusing is rather
difficult on standards,y porticulerly, with reflectivity nmecsureo~
ments under oil on glasses, Lut this difficulty can Lo overcone
by foocusing on a mark or scratches on the surfocoe of tho standards,
Thore i8 no problon when moking ncesurement on cocl oonstituents,

due to their more heterogenous naturoce

(iv)  Egrrors due to tho Condition of the Microscope Systome

4 reproducible result cen only be obtainod if the optical
conditions of microscope arc stable, ©0ege the lamp and photoe
mltiplior are stable and also the photormltiplior is lincar in
its responsce Howevory, within this group, there arc othor

sources of error due to;

(a)  instability of the eloctrical systen,
(v)  drift,
(o) Werm-up? timo of tho microscopo,

(4) microsoope stage,

(®) tglaro? offect

(a)  Instability of tho electrical systanm

The Eleotrical stability decreases whon operating



(v)

the photormltiplior using the very smcll aportures
and high voltages, eege above 1400ve Uso of the
photormltiblier in this condition rosults in
excessive clectrical noiso ond contimous
fluotuation of the signal roceived by tho
photomltipliore The 8ignal noise within

the syston oan bo eliminated by doorecsing the
voltage across the photomultiplior and inorecsing
the igperture sizee However, oftor ostablishing
electrical stability within tho equipmont, if
eny further modifications are ncoded during

the courseo of tho measurouoent, cege due to a
sudden inocrease in the level of tho refleotivity
of tho unknown, then this problen can Lo ovore

oome only by adjustment of tho light intonsity.

J1ev5a

Instrunental drift can be observed by alteration
of the lovel of the standard reading on charts
during refloctivity mcasuroments; normally the
drift is linoar between standardse However,

the reflectivity measurements must be stoppod
if the drift is irregular or changes diroctione
The greater the drift, tho morc frequent must

be the measuromonts on tho standard, Malvin
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(1974) states that tho drift effoct inorcases

with rise of temperatures.

(c) “Worm=upt tine of the Mioroscope

The reflectivity equipment, after switching

on, mst be allowed 20 mins *warm=up?! period
to reach equilibrium, due to the electrical

components in the circuits of the epparatus,
Doeterminttion of roflectivity during this

period would lead to inaccurato results.

(d) Microscope Staxo

If the stago of the microscope is not

properly centred to tho optio axis of the
nioroscopey then in measurcments of onige
otropy it produccs inevitable orrors duc to
novenent of the particlo: awgy from the point
on which nmeasurencnts arc being nadce Uneoven
movenent of the stagoe on rotation results in
a.n inorease or docrecaso of rofloctivity due to
increase and decroaso of the distance betwonn

objective and stage (see Molvin 1974)e

(¢) tGlaret Effoct

Glare or backw-roflectance is the amount of stray

light within the optical. system reflooted fron
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surfaces of various oomponentses This error

can simply be eliminated by measuring the amount

of this light and subtracting it from the totcl
roadings However, thero is anothor moro corplox
typo of glaro (!secondary glare!) which is duo to
light reflectod by spocimon being roflectod down
again by tho objootive front lonse. Pillor (1967)
recognisos this sourcse of errore Tho mognitude of
scoondary glerc offeot is related to the microscope
\obgeotivo and level of spocimon rofleoctivity, bLut
is relatively unimportant in lower roflecting ',
naterialse

(v) Exrors due to chongmo in properties of irmersion oil

The refractive index of the oil hes o direct
influence on the refleotivity of an unknown
nateriele The refractive index of immorsion oil
dooreases with inereaso of temporature, which resultis
in en increasc of tho reflectivity of the speoiiiene
Jukes (1973) roported on changes in the refractive
index of immersion ¢il with tempercturo,condluding
that errors arising from thoe variation of the
rofractive index of the oil in the tomperature range
of about 25° up to 35°C is negligibloes The sanmo
author also pointed out a veriation in the propertioes

of tho immersion oil due to contamination or
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deterioration with agee To elimineto this
source of errory the immersion oil should be

changed dailye
@) Exte sources of Frronr

In nmeking routine rofloctivity measurements, extornnl
sources of error are als¢ & limiting footores Thesc sources

of error aro a8 follows t=

() errors due to the operator,

(11) polishing orrors,

(1i4 )errors in chart rocding,

(iv) orrors due to tho moisturo content of
specimons (coal macercls), and

(v) orrore in tho number of moasurenentse

() ZErrors duwe to the oparator

The results of a sericse of experiments conductod
by the British’' Coke Research Association (1972)
at differont laboratories to detormino tho repro=-
ducibility of the roflectivity of & serios of

coal within and between the laboratories ore shown
(Table 12)e It is ovident from this Tablo that
the average maxirmum o0il reflectivity values
detormined by different leboratories for tho same
coals produce & difference in results, Tha.

discrepancy of the results is probably & combination



of tho difforent levols of acouracy and tho varying quantity of
tho arcas to which tho rofloctivity rcasurononts wore mudo, Cege
the rofloctivity valucs given by tho Univorsity of Nowcastlec upon
Tynoe for all throo coals arc higher than thoso from othor laboro-
toriesy in this ocsey probably duc to moking tho roflootivity
neasureuonts only on Vitrinite A whioh would normally rosult. in
o highor reflectivity valuo.

TABLE 12 RODUCIB OF THE
Laboratory Nos BelioWerank* beModiwmrank*  o¢High-rank*
%Roil USR] ARoqq .
1 opera’tom A Q 8 1:&%.5‘1 ;’-h%——.“l.
B 06876 1157 14459
2 0486 1014 14530
3 04887 1.235 14537
uslPe
4 04838 142265 10524
5 Operatore A 0489 1019 . 1e48 J
B 0¢89 1420 1641
L 6 06897 16197 16517
- .
T 06901 14199 14518
8 06902 14184 16476
9 04905 1,213 14500
' ﬁ
10 0.909 1089 1 0447
11 094 1420 1652
vorsity of
ewcastlo 0¢95 1¢29 157
pread of results 04095 0e165 Oe14
il(a.bsoluto) 10e5% 13465 9e33%
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* Tho refloctivity was quoted to this accuraoy by tho laboratoricde
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(ii) Polishing Errors

An accurate reflectivity measurement depends
on the quality of the polished surfaces of
the standards and unknowns,

(a) Standards

Commonly a tarmished glass stondord

will give a reflectivity value lower
than its true value, but ocoasionally
matching of the two glass standards
cannot be achieved with accuracy

because of undetected errors, such as
tarnishing of the two standords in
proportion to their reflectivities;

this rarely happens because of the
frequent use of the standards, but

if the standards are kept unused under
oil immersion for relatively long periods
of time (say 1 month), then it is better

to repolish before use.

(b) Specimens

The nature of the polished surfaces

of the unknown specimens are of great
importence in reflectivity measurcments,
in particular when the detection

of small reflectivity
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differences is roquirodes The

results of Wege -(1954) and Murchison
and Boult (1961) suggest that lengthy
polishing leads to deterioration of

the poiished surfacos, 80 care must

be taken to aveid unnecessary polishing
on Ygamma'! aluminae Improper’ washing
and drying also leaves some of the
polishing powder on the aurfaces and
also the polished surfaces can be
smeared with soap (used as lubricating
agent during polishing), resulting in

incorrsct reflectivity valuese.

(344 )Errors in Chart Readinz

The chart of the pon recorder is divided into 100
divisions and the length of the trace on the chart from zero is
proportional to the intensity of the lighte However, it is
important to read the chart accurately, because an inaccurcte

reading results in an erroneocus reflectivity value.

(iv) Errors due to the moisturo content of the specinon

(Cond. macoxals)

dn influence of moisture contont on the reflootivity
of vitrinites, partitcularly low-renk and anthracitic vitrinites

was reported by Harrison (1965)e The rofloctivity deoreasod
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with rise of noisture content and the same author suggosted a
standard 15-hour drying period for wet=polished specimens before
meking reflectivity neasurcmentse The more recent results of
Murchison (privete communication) show that the moisturc clso
ocausaes a docrease of reflectivity in vitrinite of ooking ranke
Again, to elininate this source of error, speoimens were dried

for 15 hours a8 was suggested by Harrison (1965).

(v) Error from the mumber of measurements

The accuracy of the reflectivity value of the

unknowns is o function of the mumber of determinations,

In routine reflectivity mezsurement, the errors
encountered are normally due to polishing and to the mounting

of the standards and specimens, and to some extent, focusinge



12. _ACCURACY AND PRECISION OF REFLECTIVITY AND DERIVED .
PARAMETER ON HOMOGENFOUS ACES

If both internal end oxternal sources of error are
elinminated, or rcduced as far as possible, then accurate end
reproducible reflectivity results can be obitained. dccording
to von Gehlon and Piller (1964), the errors in reflectivity
measurenents range from 1 to 5%, tho amount of error increcsing
a8 the reflectivity of the unknown fallse The error in tho
reflectivity of lowe-rcflecting moterials can be as grect cs
10%e The errors normally quoted for a scries of oxperimonts
are the reproducibilities for o particular epparatus and they
do not include all tho fundamontel errors arising fron the
spocimen end spporatuse The fundamental errors have to bo
calculated if the refloctivity values are to be used to calculate
its opticeal corus;ta.nts. More recently Galopin and Henry (1972)
have supported the above view, stating that a distinction rmst
be made between the fundanental errors ococurring in tho whole
measuring procedure and the acoursto roproducibility of
reflectivity nmcesurement with oquipmente. The errors in tho
valucs of tho optical constants derived from reflectivity
measurenents are high, oven if all procautions aro teken to
reduce o8 far as possible the errors in refleotivity neasurcncnte
The errors in the values of refroctive and cbsorptive index
will be the higher the lower arc the reflectivities; alsorptive
index in partiocular, can show inaginary values in lowecbsorbing

naterial even when the reflectivity measurements ars made with

high acouracye
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14s _ACCURACY AND PRECISION OF OPTICAL PROPERTIES OF COALS
AND COKES

The eccuracy in reflectivity measurement on vitrinites
increases with rising reflectivity (sce, for example, Jonos
1961)e More recemtly Cook and Marchison (1975) support the
above statement and they have also shown that the refractive
and absorptive indices are moro liable to inoorrect values the
lower is tho level of the roflectivity of the vitrinite.

The largest errors in refractive and absorptive index will
arise when the roflectivity in air is higher and that in oil
lower by some percentagee In generaly thoe effect on absorptive

index is greater than that on refractive indexe

Vitrinites in the coking range develoi) a heterogensous
nosaioc structure during the carbonisation, whereas vitrinitos
of lower renk and anthracitic rank keep their relatively
homogeneous structurce Thus tho acouracy of the roflectivitios

and the derived optical constants for low rank and anthracitic
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vitrinites should be relatively higher than measurements on nosaics

from coking coal vitrinitese The nmosaic structurc with its
heterogoneous nature adds further ocomploxity to the problem of
oliminating errorss It is very diffiocult, if not impossille,
to measure reflectivities on individual mosaic units, even with
nodern reflectivity equipment and restricted field arcass
Consequently, unlike lowerank vitrinite, cach individual
roflectivity meesurement on a mosaic structure involves a number

of tho individuel mosaic units and each of these mosczic units
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normelly behaves opticelly differently at low temperatures ’
iece One may show a minimum refleoctivity, wheroas another (in
the samo field arca) exhibits maximun roflectivitys  Thus,

a reflectivity measurement on a mosaio structurec is a 'hulk?
neasurenent, estinating the light intensity of the whole fielde
Goodarzi and Murchison (1972) acknowledge the abovo problem,
but contend that the method is satisfaoctory having obtainod
meaningful results in the trends of optical properties,

which correlate woll with trends of independently derived
parametorse With increaso of temporature, the mosaic units
behave optically nmore similarly, isce there is aggregation of
sevoral units (in tho samo fiecld area) producing a larger arou

with homogeneous optical behaviour.

In the present roscarch programne, tho acouracy of
reflectivity measurement on homogencous surfaces is about ¥

1%y but mey well be lower in measurements on mosaicss
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15« THE OPTICAL CHARACTER OF VITRINITES AND THEIR

GAREONISED RESIDUES

Vitrinite in .ooal is widely believed to behave optically
in a similar mamner to uniaxial negative substance with its
maximum refleotivity in the section parallel to the bedding
and the true minimum reflectivity in the section perpendiocular
to the beddinge Optically anisotropic crystals are either
uniaxial or biaxiale The uniaxial indicatrix has a single
optic axis and a rotational ellipsoid, the axes in the section
perpendicular to the optic axis are equal, i.es the section
perpendicular to the optic axis is isotropice The other
principal section of the ellipsoid is elliptical (anisotropic),
If the axes of the circular section are shorter than the optic
axis, then the crystal is optically positive; with the reverse
condition it is optically negative (Fig30)e In randomly
oriented particles of a uniaxial negative orystaly thero will
be a constant value for maximum refleotivity and a variable
value for minimum reflectivity, but a uniaxial positive crystal

shows the reverse conditione

The biaxial indicatrix has three axes of unequal length
and two optic axese The sections perpendiocular to these two
o.ptic axes are circular and all other sections are elliptical,
The two optic axes are equally inclined to the horizontal and
the angle between the optic axis is termed the '2v anglef,

The biaxial crystal likewise may be optically pomitive or negative



Fig 30 Uniaxial negative indicatrix.
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depending on whether the 2v angle is out into equal halves by (o)
the major axis or ( ¥ ) the minor axise In the randomly oriented
particles with a bilaxial indicatrix, both maximum and minimum
reflectivity values are variasbles The above &esoription is an
over simplification of the biexial indicatrix in the case of
absorbing substances, With absorbing materials, the absorptive

indices also must be considered and in fact the material will

possess four optic axese

Vitrinite particles in particulate blocks always exhibit
the maximum reflectivity, but the true minimum is only exhibited
in particles cut perpendicular to the circular section of the
indicatrixe Otherwise they only show the maximum and not the
true minimum refleciivisye Sinco the particles lie randomly,
the majority show a minimum lying somewhere botween the maximum
and the true minimum (Fig 31); probably only a fow particles

will show a value close to the true minimum,.

Cook et als (1972) suggest a biaxial behaviour in a
meta~anthracitic vitrinite (carbon = 93.8% daf)s The reflectivity
showed different values for both meximum end minimum reflectivity
in sections parallel and perpendicular to beddinge Later,

Cook gt als (1972) examined a range of anthracitic vitrinites
end were able to confirm their earlier findings, The biaxicl
behaviour of anthracitic vitrinite was related to strain within

the molecular groups, lateral stress and remnant botanicaleform

anisotropye



Fig 31 Typical recorder trace for fresh vitrinite
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Goodarzi end Murchison (1972) anticipated an optically

biaxial structured behaviour for mosaics produced during carbone

isation of ookingerange vitrinites (Fig 27)e Molvin (1974) argued

that the mosaic produced by naturcl metmorphism of coal is optically

uniaxiale A biaxiel Yorystal? contains two ciroular seotions,
vwhich are isotropic and a uniaxial orystal ocontains only one

such sectione Also & biaxial tcrystal? shows only maximun
anisotropy when it has been sectioned perpendicular to the
intermediate axis, whereas in a uniaxial orystal, o section
containing the optic axial plane exhibits moximum anisotropic
valuee Thus, if o mosaic 18 optically biaxial, it should show
about twice as much isotropic' behaviour than with unioxicl
particles and a high anisotropy should be obtained less frequently
during the reflectivity measuremont, which does not appecr to be
the case, However, the same author believes that there is
extreme difficulty in obtaining an isotropic section in a mosaic,
because even a mimute deviation from tho circular ellipsoid

loads to observable anisotropye Melvin states that the variation
in the maximum and minimum values of reflectivity of mosaics is
not due to biaxial behaviour, becausc the variation of maximum
and minimum reflectivity are independent of cach other in biaxial
crystals, whercas in uniaxial crystals, an increase in minimum

reflectivity is accompanied by decrcasc in maximum roflectivity,

Melvin did not definitely state whother coke mosaics would
behave as biaxial or uniaxial materialse Cameron (1961) measured

the reflectivity of randomly-oriented pagticles of some anisotropic
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minerals at 549 nm and sucocessfully demonstrated that it is
possible to recognise by reflectivity measurement the optical
symmetry of mniaxial and biaxial minerals and even to determine
their optical signe Figs 32a and b demonstrate the method
which Cameron used to reproscent his resultse It is clear

that uniaxial materials have either a constant maxirmm and
varieble minimum for ncogative sign snd the reverse situation for
positive sign (Fig 32a)e Fig 32b shows the rosults of the
biaxial crystale It is evident that ncithor the maximum values

nor the minimum values stay constante

It scems clear from the above results that fresh vitrinites
in coals up to anthracitic renk behave optically as a uniaxial
negative material nnd that anthracitic vitrinites may possess
lower symmetry, bchaving as optically biaxial materials. Mosaics
in carbonised vitrinites which Goodarzi and Marchison (1972)
suggest behave as bioxial materials arc uniaxial negative
acoording to Melvin (1974)s Melvin also states that the minimum
roflectivity in coke mosaics increases with decrease of the
moximum value and also that biaxial erystals only frandomly!
show high anisotropy, but the results of Goodarzi (1971) show
that the maximum or minimum reflectivities increase or decrcase
independently of onc anothere Towards the end of his argument,
even Melvin states that 'a proportion of the individual readings
do display a range of maximum and ninimun values which would fit
a biaxial hypothesis$, although he goes on to state that thesec

reflactivity readings oan elso be attributed to uniaxial behavioure



Fig 32

Reflectivity of randomly orientated particles
(after Cameron 1963)
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PART III THE EFFECT OF RATE OF HEATING ON THE
OPTICAL PROPERTIES OF VITRINITE.
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1_GENERAJ, INTRODUCTION

The background to certain faotcrs which influenoe the
charaoter of the products of the carbonisation process have
boen oonsidered earlier (sce Sootion II of this thesis)e In
the prosent chapter, a review is .first givon of previous
investigzations into the influence which heating rate has
~ gonerally on the carbonisation process and then the changes
which have been observed on morpﬁolo@r, optical properties and
polecular structure (through X-ray studios) by variation of

heating rata.

The results of current investigetion are described and

discussed in the following orderse

(a) A summary of tho changes in morphology and mesophase
with varying heating rato and vitrinite rank and a
discussion of tho implications of these changes = the
detailed desoriptions are given in Volume III

(Appendix I)e

(b) Descriptions of the variations in optical properties
(reflectivity, bireflectance, refractive and absorptive

index) with rank and varying heating raote.

(c) A discussion of the implications of the changes in
the optical properties of the carbonised vitrinites,
in the first ocase considering simply the effect of

threoe differont heating rates on single vitrinites.
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The second part of the discussion considers
the properties of all six vitrinites grouped
togother for individual heating ratesy since
further oonclusions about the oarbonisation

prooess can be drown from such groupings.
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2 REVIEW OF RELATED INVESTICGATIONS

. Introduction

The rate at which coal is subjected to thormal treatment
is ome of several important faotors in dotermining the quality
of a cokee For example, weakly caking coal can produce a coke
if carbonised at a rate of approximetely 50°C/min (Berkowitz
1968), but a strongly ooking coal will not yield a highly swollen
cokey or even a strongly ooherent coke, if it is heated at a rate
of less then 0,05°C/mine luch research hes been undertaken to
study the effect of hecating rate on the physidql end chemical
properties of the carbonised products of vitrinites of different

ranke

Dulhunty end Harrison (1953) carbonised a series of ocoals
of different rexks (carbon = 63.3, T4edy 80e6 and 91.6% daf) at
temperatures betwson 11.50o ond 700°C and at heating rates of 4
end 20 mins and 1%, 3%, 63 32, 64, 99 and 144 hours, over a
temperature rise from 1 50° to 70000. They measured volune
changes and the degrec of coherencys The volume changes for
coking and high=renk coking coal (carbon = 8644 and 91.6% daf)
were 4230 and 4475 respectively at the fastest rate of heating
end =36 and =6 for the slowest rate of heatinge. The semi=cokes
forned were very strongly coherent and completely fused =zt the
fostest rate of heeting, but at the slowest rate of heasting
Wwere non=coherent with angular particles in the caking coal and

8lightly ccherent with slightly rounded particles in the coking
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coale There was a gradual transition of cohoroncy and strength
between the two extrome rates of heatinze The effect of rate

of heating on the volume change became morc evident with progressive
increase of rank, varyingz approximately with the square of the rank
and the inverse squarc of the volume changoe The authors concludod
that the physiocal conditions and the rank of ocoal w:rs the two
determining factors on tho ultra~fine structure of the carbonised
residuc (semi=coke), not the rate of heating which merely influences

the swelling and shrinking of the coals

Later van Krovelen et als (1956) carbonised a low=volatile
bituminous coal (V.Ms = 18% daf) at tcmperaturcs renging between
400°C end 600°C and at rates of heating between 0e6° and 6.6°C/min,
coneluding that an incresse in the rate of heating causes a
displacement of the rate of decomposition curve to a highor level
and to & higher temperatures Loss of weight during carbonisation
wes found to be dependent on the rate of heating (Fig 33)e Tho
sane authors also examined o medium=volatile bituminous coal
(VeM, = 24% daf), using o plastometer ond o hoaoting rate betweon
0e7° and 7.2°C/min at tonperatures betwoen 370° to 550°C, They
found that with faster rates of heating, plasticity increases and
2ll characteristic temperatures are shiftod to higher levels (Fig
34)e Brown (1956) supported the above findings and further showed
that the fcoking! a.ctivity of coal increases and a higher degree of
plasticity and a greater rate of decomposition results with an

increased rate of heating.



Fig 33 Decomposition (loss of weight) of bituminous
coal (vm = 18% daf) carbonised at different
heating rates (after van Krevelen et ale 1956 ).
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Fig 34 Variation of plasticity with heating rates for
vitrinite (vm = 24.0% daf) carbonised up to 55000
(after van Krevelen et ale 1956).
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Fig 35 Variation of dilatation with temperature of a
bituminous coal, carbonised at different heating

rates (after van Krevelen 1961).
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Van Krovelon (1961) states that the rate of dovolatilisom
tion is largely dependent on the fnte of heating and also that the
rate of dilatation is higher the foster is the rate of hoating (Fig
35)e The entire carbonisation process, softening, degnsification,
swelling and resolidification were shown to be greatly dependent
on and related to the heating rates The results of Brown (1956)
and von Krevelen et sl (1956) and (1961) are in agreement and
they clearly indicate that the rate of heating must influence the

structure of the resulting carbonised residue.

In sumnary, the above Btudies show that at fast ratos of
heating tho decomposition of coal is deleyed; the coel first
softens, then decomposes and rosolidifies. At slow henting rotes,
the plastioc range is decreesed and the cowl decomposes at rmch
lower temperaturese Sinco degasification isa slow proceas,
oocurring over a longer period of time, the gaseous materials
are released in a stepwise set of raactions. Plasticity can be
partially reduced by very slow heating of the coal and it is possible
to convert coal to a semi~coka complotely withcut any or little
softening during the carbonisation processe This indicctes that
the primary carbonisation process is suppressed and that resclide

ification (secondary csrbonisction process) is achieved directly.
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B. MORPHOLOGY

The morphology of the carbonised residucs of coals
ccrbonised at different rates of hecting have been studied

by optical and electron-scenning microscopical methods by o

mnber of investigetors,

(i) Optiocal Microsco

Nowsll and Sinnatt (1924) examined the morphology of
fine particles of ooal carbonised at & heating rate of about
10%¢/nin over temperatures ransing from 500° up to 900°C.

The carbonised coal particles wore examined either by transmittod
or reflected lighte Up to 575° and 600°C there was no chunge,
apart from rounding and slight swelling of the particlos; ‘a.t
approxinetely 600°¢ the coal particles formed & hollow spherical
shape, termed & Poenosphere's  Cenospheres consist of fino
frames or ribe and ‘windows! which are transparents Tho size
of the cenosphores and the 'windows?! onlarges and the 'windows?
becone more opaque with rise in ocrbonisation temperaturee At

about 90000 the ribs and windows cen no longer be differenticted,

Mackowsky end Wolff (1966) corbonised a cocl (VoMe= 23.9%
daf) using difforent partiole sizos (~0.2 to 5mm) up to 600°C
at rates of 260% 3°, and 0.5°C/min and studied the developmont
of degasifiocation vacuolese At tho fastest rate of heating,
about 69% of fine particles developed pores, whereas only 38%
aid 80 at 3°C/uin and 14% at 045°C/mine The formation of

vacuoles increases with rising heating rate for all particle
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sizess A higherank (V,1, = 106% daf), using similar groin

sizes to the above coal, was also carbonised up to 600°C ot heating
rates of 300°C/min and 3°C/mine About 42% of tho large particles
were converted Yo coke on heating at the faster rate, but only 10%
were coked at 3°C/mine At 300°C/min about 12% of the finec particles
were cokedy but none of them developed any devolatilisation pores
at the slow rate of heating. Mackowsky and Wolfe assume that a
non=coking or weakly coking coal can produce & coke at high rates
of heatinge Tho results of Mackowsky and Wolff (1966) show

that at a fast heating rate the carbonised residues develop larger
and morc rumerous devolatilisation vacuoles than at a slow rate

of hoating.

Street et als (1969) carbonised a series of coals of
differcnt rank (V,M, = between 6.6 and 45% daf) at heating rates
of 1 O5°C/sec up to 700°G with total holding times of about one
scconde The carbonisation residues were examined by optical aond
electron microscopy. Coal of 3445% VM, after carbonisation at
550°C produces a thin-salled residue, while coals with 2841 and
21¢4% VeMe show typical tumbrellas?® or cenosphercs, which consist
of o frame or ribs and lorge windows. Evolution of volatile matter
at about 450°C rcsults in the formation of gas bubbles and at
approximately 500°C, the ribs, windows and mombranes which cover
the windows appear to form cenospheres. The resulta of Newsll
and Sinnatt (1924) and Street et als (1969) aro similar ond indicate
that development of 'cenospherc! is typical morphology of vitrinite

carbonised at fast rate of hoatinge



Finolly, Goldring (1973) oxamined the average mosaio
size of three cokes carbenised at rates of 3°C and 5°C/min up
$0 600°C and found that there was no substantial variction in
the mosaic size due to tho different rates of heating, but he
gtated that any drostic change in rate of heating can effect

the mosaic characteristics,

(ii) Electron Microscopy

McCartney (1971) oxamined with the electron-scanning
nicroscope cokes produced at heating rates of 3°C/min and cbout
8000°C/sec ot tomperatures up to 1160°C from o high-volctile
and & mediunevolatile, bituminous~reank vitrinitee The nmediune
volatile vitrinite on heating to 1160°C at the fast rate of
heating produced a smooth fused mass with many pores, but the
highevolatile bituminous vitrinite in contrast formed a twisted

fibrous masSe

Marsh (1973), using optical ond electron microscopes,
presented schematically the effects of hecting rate on the
developnent of mesophase units dJduring carbonisation under
pressure (Fig 36)e At slow rctes of heeting the mesophase did
not develop, but as the rate of heating increased, mesophose
first sppoared as spheres in an isotropic matrix and then os o

tbotryoidal? shape and finally as cozlescod mesophase unitse

120

This sequence could be restricted by increasing the heating rate,

iece direct conversion of the isotropic mass to & botryocidal

shapeos



Fig 36 The conditions of development of spherical
mesophase during carbonisation under pressure
in relation to temperature and hdating time
(after Marsh 1973)e
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The above studies show that the morphology of carbonised
residues is also largely rolated to the rate of hoatinge Lowerank
conl, which produces angular or subangular porticles at a slow rate
of heating, 'develops completely rounded, thinewalled particles at
fast rate of heatinge The size of t.he vacuoles is also dependont
on rate of heating and they cre the largor and nore nmumerocus tho
faster is8 tho rate of heatinge The formation of mosaic structurec
is also a function of the spoed of corbonisations Tho r.oe.otion
botween the mesophese and the isotropic matrix is more ropid and
a larger mesophasc will appear at fast rates of heating, which

results in the formation of e lorger moseic structures

Co- . Optical Properties

Abramski snd Mackowsky (1952) stated that the fastor is
the rate of hecting, the larger is the arca showing similor optical
extinction and the better will Le the rearrangement of the
torystallites?, because of the greater lovel of onergy cvaileble
over a short period of timee Taylor (1957) confirmed the earlier

statement of Abramski and Mackowskye

Brown and Taylor (1961) exzmined some Antarctic coals to
find that one of the naturally metamorphosed o¢o0als exhibitod a
high degree of enisotropy (Rojl max = approximatoly 12.9%;
bireflectance = 12.4%)e The coal doveloped a systen of vesicles,
each less than 1004ym in dianeter, & feature not observed in the
remainder of the coal samplese The aumthors attributed the fornation

of this naturelly-coked coal, which wes assumed originally to bo



o low=volatiloc bituminous cool or a nedium=wvolatile bituminous
coal, to either the repid rate of heating up to about 1000°¢ or
to a lower pressurc than the romainder of the coal samples were

exposed toe

Ghosh (1968) ourried out & systemctic study of tho oil
refloctivity and oil bireflectence of a series of coazls (carbon
= 7642y 835, 8645 and 9141% daf) carbonised in the tempercture
renge between 100°C and 1000%¢ ot 100°C intervals using hoeting
rates of 100, 3°C and 5°G/bin with o one hour ¥sook! periods
The reflectivity was found tobe the highor the lower the rato
of heating (Fig 37), while tho differcnce between the rofleoctivities
of the vitrinites carbonised at the different heating ratos becamos
more avident as the temperature risese According to Ghosh, the
differences appear as low as 300°C for low-rank vitrinite (ocarbon
= 7642% daf) and ot 500°C for tho other throe coalss  The
differentiation betwoen the rofloctivity curves for the ouking
coal vitrinite (ocarbon = 8645% dof) is greater than that for either
the higher or lowor-renk vitrinite bituminous coals, which do,

however, exhibit greater differences at highor temperaturcs,

The vitrinitc in tho coal of 76.5% carbon contont was found
to bo almost isotropic at all throe rates of heating up to 100000,
whereas bituminouserank vitrinites displayed some degree of
anisotropy that was dependent on the rank of the coal, tho
enisotropy being greater as renk increascse From tho graph of

the maximum egainst minimum oil roflectivity, it appecred that



Fig 37 Variation with temperature of oil reflectivity
of four vitrinites carbonised at different

heating rates (after Ghosh 1968)

Carbon daf
Daranggiri = 76.2%
Poniati = 83.5%
Laikdih = 386.5%
Chakar = 91.1%
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the bireflectance not only depends on rank, but also on the rate
of heating; the higher is the heating rate, the lowor is the oil

birefleotances

Cook gt ale (1972) studied a metemanthroacitic vitrinito
(ca.rﬁon = 93.8% daf), which oxhibited a markedly higher level of
reflectivity and bireflectance thon vitrinites of similar ocarbon
content; the vitrinite possessed a lovel of reflectivity similor
to a coal of about 96.5% carbon content (metamcnthracite)s Tho
authors related this unusually high vitrinite reflectivity, its
particular structure and the formation of ooke found associatod
with the vitrinite particles to the possibility of the formation

of this vitrinite at a fast heating rctes

The results of Abremski and Mackowsky (1951); Teylor (1957);
Brown and Taylor (1961) and Cook gt ale (1972) are in agrociment
but contrest with tho findings of Ghosh (1968)e The findings of
de Vries et als (1968) indicate that the gradual inorecse of
reflectivity with temperature is due to increase in the consentrom
tion of aromatic structures coused by gradunl devolatilisction and
further, the results of Huck and Patteisky (1964) (see later) show
that the reflectivity under vacuun is highor than at atmosphoric
pressure, probecbly the volatilo metier can escepe more easily than
ot atmosphoric pressures It would then seom reasonable thot tho
reflectivity ot fost rates of heating would be higher than ot
slow rates of heating, because of ropid degasification end subsoquent
concentration of the aromatioc struciures. Since -the tronds of the

optical properties .are a function of molecular modification, 80
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an improvement in structurc will affeot the optical propertiose
Thus it may be expected that for the same temperaturs level,
carbonised residues at fost rates of hecting will bo nore

aronatic and have a bettor molescular structure than ot slow

rates of heatinge
D. Z~r ffraction

Changes to the molecular structuroe of coal during
carbonisation with vorying rates of heating have becn studiod
by Blayden gt gle (1944) and Marsh (1971)e Blayden ot gl,
(1944) studied the effect of rate of heating on the molecular
structure of two coals (carbon = 81473 end 8844% daf)e The
ooking cocl wos carbonised up to 700°C at 2°C/min and 5°C/nin
and the low-renk bituminous coal up to 600°C at 1°C . and
5°C/min, The ooking coal was more sensitive to rato of heating
and the rato of 2°C/min geve o higher value of crystallite hoight
to that of 5°C/min et 500°Ce Tho velue for (L,) &t a rate of
2°o/min ot tanmporstures botween 450°C ond 650°C was “higher than
the (Lg) of residues carbonised ot 5°C/mine  Tho crystollite
dienetor (L,) of low-rank bituminous coal showed little voriation
with rate of heating, whereas the (L,) of the coking cocl ot the
slow rate had higher values in the temperature range mentioned
obovee However, the offect of rete of heating on lowerank
bituminous coal was the displacement of the maxirunm velue of
(Lo) by 100°C, cege the naxizun (Lg) for 1°C/min was ot 500°C

whoreas for 5°c/min wos at 600°Ce  Tho ocrystallito diametor



Fig 38 Variation of (Lc) with temperature for caking-coal
vitrinite (carbon = 8643% daf), carbonised at
heating rate of O.5°C/min (after Marsh 1971).
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Fig 39 Variation of (LC) with temperature for caking=coal
vitrinite (carbon = 86,3% daf), carbonised at
different heating ratess

(a) 2°C/min
(b) 5°C/min

(after Marsh 1971)
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did not elter with different heating ratess Blayden of ale
(1944) concluded that since the movement of the aromatic loyers
in coking coals was a vory slow processy the slow rate of heating
would show higher values of (L,) than would tho fast roto of
heating; the changes in molecular structure of low=rank
bituminous coal arc less dopendont on tinme than tho..a in

coking coale

Marsh (1971) studied the Xeroy diffraction pattern of a
bituminous coal (carbon = 8643% dnf)e In tho vicinity of inoous
dykey the mexirmn temperaturc attained at distance of 0,914
netres from the dyke appeared to be less than SOOOC. This
coal was carboniscd at threo differont rotos of hoating (O.5°C,
2°¢ and 5°C/min) ot temporaturcs up to 1200°Ce The Yorystallito!
dianetor (L,) wos less sensitive to the rate of hoating thon was
tho terystallite!? hoi@ht (Lc) which showod somo variation with
the rate of hoating (Figs 38 and 39)s Lt the fostost rate of
hoating the (L) was lower with a secondary inorease in (L)
boginning ot 75000; the rsverse wos truo for tho slowest heating

rate, vize a higher (Lo) and no secondcry incroecsc in (Lo)‘

E, Sunmary

In sumery, tho carbonisation process is oxtended or
supprossed by either increesing or decroasing the hoating rate,
At o fost rate of hoating, plastlcity inoreases, which probably
results in the fornation of largor nosaic units and larger

dogasification vacuoles due to the rapid dovolatilisatione
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Tho highor lovels of rofleotivity and bireflectance on rapid
heating indicato a better-developed molecular structures Sinco
the refractive and absprptive indox curves aro clso indicativo
c;f nolecular medification, thon verying behaviour, variation of

thoso paranctiers.can be expooted with varying heating ratcse
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3, RESULTS, DESCRIPTION
A, Morphology

(1) Introduction

The following swinmarised morphological foaturos and the
dotailod dosoription in Appondix I (VoleIIX) of tho oarbonisod
rosiduocs of cach of the six vitrinitos ocarbonisoed ot the throo
hoating rates are described ond ocomparod with one another at
difforent tomperature lovels and/or tompeorature ranges. Theoso
toaperature levols or ronges were choson to covor recogniscd
stages in the carbonisation procoss, vize softening, rosolidife
ication, molecular reorganisation in the solid state, oto (seo

Fig T, redrawn oftor van Krovelen)s

(41) Low—rank bitwninous vitrinito (carbon = 80.0% daf)(Platos 6-8)

The size of vacuoles varies, but genorally increases with
riso of heating rato from about 2.5 um to 50 ume Tho carboniscd
rosidues romain angular and/or booome sub-anguler at rato of hoating
of 1°C/min, wheroos the rosiducs arc gonorally subangular at hoating
rate of 10°C/min, and become rounded, doveloping typical cenosphere

appearance at 60°C/min.

(111) Coking coal vitrinito (oarbon = 85.4% daf)(Platos 9 to 17)

The sizo of vacuoles incroases, whercas their number
decrcoses with riso of heating rate; ot slow rato of heating

the carbonised rosiducs only become cohercnt aftor carbonisation
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to 550°C, whoreas at hoating rctos of 10°C/hin ond 60°C/min

tho rosidues becoww cohorcent ot about 45000. At 1°C/min tha
carbonised products only dovolop a pertial fino=grained mosaic,
whorcas at 10°C/min the rosiduo dovelops o fino to modium=grained
mosadc texture; at 60°C/min tho mosaic units show a finv=grainoed
to flow=type toxturej lorge domains of anisotropic arcas arc

dovelopod at 10°C/min and 60°C/min (Plato 50).

(iv)  Low=rank cokingz vitrinite (carbon = 87.9% daf)(Plates 18-26)

The siza of vacuolos gunerally incroasos, whoreas thoir

nunbor decreases with an inoreaso in heating ratee

The carbonised products ot 1°C/min arc non~ocheront up to
575°C whereas tho rosiduos at 10°C/min forn a portial ocheront
somi~coke at 500°C and at 60°C/min o cohcront rosiduo is formed

oven at 450°Ce

The mosaic texture at the slowest rate of hoating mainly
consists of fine-grainod and/or modiummgrained toxturcs, but at
10°C/min, although tho fino—grained and/or modiun~grained mosaio
$oxturos dominato, flow-type moseics arc presont; ot 60°C/min
tho nosaic texturo mainly consists of mediuwnegroined to flow=typo
mosoice The mosaic textures are oven able to ocoalesce and to
forn large anisotropic domains (Plato 51), the intcnsity of

anisotropy rising with inorease of tomperaturo and rato of heating,

The residucs carbonised at 450°C and SOOOC at rate of

heating of 10°C/min also develop small, sphorioal bodies (Plate 47)e



(v)  High—ronk ooking vitrinite (onrbon = 90.0% daf )(Platos 27-35)

At slow booting rate (1°C/min), tho carbonisod rosiduos
ramain non~vesicular and/or occasionnlly devolop vacuoles of ehout
10um over the whole range of carbonisation temporature; ot hoating
rate of 10°C/min tho rosiducs dovelop vacuoles of about 50un ot
gbout 500°Ce At hoating rato of 60°C/min, the rosiuues become
vosicular and above 450°C, tho sizo of vocuoles incrcascs with

riso of rate of hoating and tomperaturce

Tho carbonisod residucs arc non~cchurent and remain none
vosiocular and/or occosionally dovolop vacuolos §f about 10un
over the whole rango of carbonisation temporaturc at a heating
rato of 1°C/min, whoreas tho rosiduws at 10°C/min cnd 60°C/min are
coherent onco carbonisced boyond 450°C. Mosaic toxtures mainly
consist of a granular texture (fine to coarsu=grained) for tho
heating rate of 1°C/uin, whereas at 10°C/min and 60°C/min, tho
mosaic toxtures aro muinly modiumegralnod to flow=typoue Coclosconce
of nosaic units to form large anisotropic domains is more comnon
at tho fast rate of hoating and it oppears that the faster tho
roto of hoating the better ordored will be the mosaic units
(Platos 52 to 54)s Botonical structurcs can bo obsorved ot zll
throo rates of heating (Plates 55 to 58), but cell structurcs aro
bettor preserved at the slow rate of hoatings At tho fast
heating rate the collular structures flow and partially lose
thoir original shapes The residucs carbonisod at rate of hocting

of 10°C/min at 500°C develop sphorioal bodioes (Plates 48 and 49).
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Thoso spherical bodios show similar optical and worphological

bohoviour to that of noesophaso desoribod by othor authors,

(vi) Anthracitio Vitrinitos (oarbon = 93,5 and 94.2% dmaf)
(Platos 36 to 46)

There are fow morphological difforoncos botween the
rcsidues of tho anthracitioc vitrinitos corbonised at difforont
heating ratese Thore is devolopmeont of o system of frooturcs
in tho rosiducs carbonised at fost rates of heating and a reduction

in the numbers of vacuoles after approximatoly 900°C.



Be OPTICAL PROPERTIES

(1) Introduction

Goodarzi and Mirchison (1972) ostablishod satisfactory
relationships betwcen the bchaviour of the optical proportics
of vitrinites of different ranks corbonised up to 95000 ond
differont stoges of the carbonisation process, ce.ge temporaturo
of the onset of plasticity (Ts), tomporature of tho onsot of
rosolidificction (Tr) ond temperature of the onsot of moloculor

roorgonisation in tho solid (Tm) (Figs 13 and 17).

In tho prosent study tho similor optical data for ooch
vitrinite of different rank carbonised at three different roton
of hoating are groupod togother to display the optical chongos
occurring during the carbonisation process (Figs 40 = 45).
Generalised curves of the individunoal optical plots for each
vitrinite at tho three different ratos of hoating oare shown in

Figs 46 to 5% . The oil bireflootance plots for each vitrinite

are shown in Figs 52 to 57,
The six vitrinites of difforont rank have beon initially

divided into two groups (see also Tobles 5 and 6), o softening

and o non=softeninge

(a) Thoe non-softening group consists of 1=
Low-rank bituainous vitrinito
(corbon = 80,0% daf)
low=-ronk anthracitio vitrinite
(carbon = 93.5% dmmf)
high=ronk anthrocitio vitrinite

(coarbon = 9442% dnmf)
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(b) Tho softoning group consists of =
caking coal vitrinite
(carbon = 85444 daf)
low-rank, ooking coal vitrinite
(carbon = 87.9% daf)
high-rank coking oconl vitrinito

(carbon = 90.0% daf)

Softoning vitrinitos include tho bituminous-rank
vitrinites which soften at tho onsot of the plastioc
stage and undergo an extonsive molecular roorganiso=
tione Those molecular changes begin with tomporary
loss of optiocal anisotropy (scec for oxample Taylor
1961 -, Davis 1965 and Goodarzi and Marchison 1972),
duc to complete disordering of molecular struoturos
Bocauso of the coking conl struoturc (Hirsch 1954),
the plasticity developud frooilitates o reordoring of
the structural units duc to tho mobility of weakly-
bonded aromctic lamollae in tho plastio states Tho
degrec of ordering of tho molooular structure incroascs
with rising carbonisation temporaturve Comnmonly this
group of vitrinites produces o graphitiscd carbon ot

temperaturcs required for graphitisation.

Non=softenins vitrinites oconsist of vitrinitos which
do not becomo plastic during carbonisation (sce for

example Davis 1965 and Goodarzi and Marchison 1972),

132
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duo to thoir particular moleculor structure which
consists of aromatic lamollee that are strongly
cross=linkod by amorphous mcterial (Hirsch 1954).
During ocrbonisation, becouso of this rigid orose-
linkago, tho lamcllae cannot movo freoly (Franklin
1951), and so tho ordering of tho aromatio units
which oan bo brought about by risoe of carbonisation

tonporature i8 limited

(11) Roflootivity (Figs 40 to 51a and b)

The reflectivity=tomporaturc ocurves in air ond oil of
occh vitrinito ot a particular rate of hoating aro desoribed
togothor, beoause of tho similerity between thoir tronds
throughout tho ronk rango oxaminode Thoe refloctivity=temporature
curves of tho low—ronk bituminous vitrinitos are plotted on a
similar scale os those for tho softoning vitrinitos, becauso it
is possible to bring out the difforencos betwoon the reflootivity
curvosj wherocs tho roflectivity=tomporaturc curves of the
anthracitic vitrinitos are plotted on a largor scalo comporced
with the softening group and the low=—rank bituninous vitrinite,
bocause of the small difforcncos botwoen the roflectivity ourves

at tho difforent heating rates.

()  Non-softoning Group

1,  Low—rcnk bitumjpous vitrinitog(a and b Pige 40, 46)

The differcnoos betwooen the rofloctivity curves at tho



Fig 40 Variation with temperature of air and oil reflectivity,
refractive index and absorptive index of low=rank
bituminous vitrinite (carbon = 80,0% daf), carbonised

at three rates of heatinge
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Fig 41 Variation with temperature of air and oil reflectivity,
refractive index and absorptive index of low-rank,
anthracitic vitrinite (carbon = 9345% dmmf), carbonised
at three rates of heatinge
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Fig 42 Variation with temperature of air and oil reflectivity,
refractive index and absorptive index of high-—rank
anthracitic vitrinite (carbon = 94.2% dmmf) carbonised

at three rates of heatinge
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Fig 43 Variation with temperature of air and oil reflectivitys
refractive index and absorptive index of caking~coal
vitrinite (carbon = 85+4% daf), carbonised at three

rates of heating.
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Fig 44 Variation with temperature of air and oil reflectivity,

refractive index and absorptive index of lowe=rank,
coking coal vitrinite (carbon = 87.9% daf), carbonised
at three rates of heatinge
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Fig 45 Variation with temperature of air and oil reflectivity,
refractive index and absorptive index of high—rank,
coking coal vitrinite (carbon = 90,0% daf), carbonised
at three rates of heatinge
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three rates of heating cre very small on carbonisation up to
700°C, with the reflectivity curve of 60°C/min following o
slightly higher upward trend than those at 10°C and 1°C/min.
The reflectivity curves follow o sequoential pattern after
700°C, that for the fast rate of hooting being highest, the
internediate rete of heating in the niddle and the slow rato

of heating below up to 950°C.

2 Anthrocitic vitrinites (e and b Figs 41, 42, 47, 48)

The behaviour of the two sets of reflectivity curves for
the anthracitic vitrinites is very similar, The refleoctivity
curves at 60°C/min show ¢ higher upward trend than those at 10%
and 1°C/min up to 950°Ce However, the reflectivity curves at
10°C and 1°C/min follow similar paths which almost coincido up
$o 650°C for tho high-rank cnthracite and 675°C for the low-rank
onthracites Tho reflectivity curves then separate from onc
enother and follow different upwoard pathee Finally, the
differences between these reflectivity curves diminish onoce
more at about 850°C for the low-rank anthracitic vitrinito cnd
at about 900°C for the high-rank anthracitic vitrinite, after

which the reflectivity curves follow sinilar trends up to 950°C.

(b)  Softening Group (% and b Figs 43 to 45, 49 to 51)

The reflectivity curves of this group at all threce retes
of heating increase slightly up to 400°C and then nore rapidly

but slowly up to 450°C. The difforonces between the reflectivity
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Fig 46 Generalised curves for variation with temperature of
air and oil reflectivity, refractive and absorptive index
of low-rank bituminous vitrinite (carbon = 80,0% daf),

carbonised at three rates of heating.
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Fig 47

Generalised curves for variation with temperature of
air and oil reflectivity, refractive and absorptive
index of low=rank anthracitic vitrinite (carbon =
93,5% dmmf) carbonised at three rates of heating.
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Pig 48 Ceneralised curves for variation with temperature of
air and oil reflectivity, refractive and absorptive
index of high=rank amthracitic vitrinite (carbon =
94e2% dmmf) carbonised at three rates of heating.
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Fig 49 Generalised curves for variation with temperature of
air and oil reflectivity, refractive and absorptive
index of caking coal vitrinite (carbon = 85.4% daf),

carbonised at three rates of heating.
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'Fig 50 Generalised curves for variation with temperature of air
and oil reflectivity, refractive and absorptive index of
low=~rank coking coal vitrinite (carbon = 87.9% daf),

carbonised at three rates of heating.
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Fig 51

Generalised curves for variation with iemperature of
air and oil reflectivity, refractive and absorptive
index of high-rank coking coal vitrinite (carbon =
90,0% daf), carbonised at three rates of heating.



T

PHASE 1

~ PHASE 2

PHASE 3

35.0r

30.0r

250

200

15.0

AIR REFLECTIVITY - Rmax (%)

10.0

a

OIL REFLECTIVITY = Rmax (%)

-

250

560 750

TEMPERATURE - °C

1000

PHASE |

PHASE 2

PHASE 3

2.20F

2.00

1.80F

REFRACTIVE INDEX - nmax

1.60

1.50—

C

ABSORPTIVE INDEX - Kmax

1
250

L 1
500 750

TEMPERATURE - °C

60°C/min

1000

PHASE 1

PHASE 2

PHASE 3 ]

_.

N

o
T

b

150

N
[,

100

o
v

50

25

0 250

500

b
750 1000

TEMPERATURE - °C

PHASE 1

'PHASE 2

PHASE 3

0.70f
d

0.60

ot
o
=)

o
~
o

=
w
=)

0-20

0.10

1
0 250

1
500

1 e
750 1000

TEMPERATURE - *C

HEATING RATE

10°C/min

1°C/min



135

curves of the corbonised residves of each ronk lovel in this
group appecr only after carbonisation to about 50000, when the
reflectivity curves becoie soparated, with the curves for 60°%¢
the highest with tlhe 1°C curvo ot tho bose, the curves for
10°C/min maintaining an internedictc positions Tho reflectivity
curves for the throe heoting rotes nointain thoir 4 '3tinc£ trends
with progressive increcss of tenpercture up to 950°C. The
reflectivity curves of the high~ranl, coking cozl vitrinito ot
10°¢ ond 1°C/min follow one ancther nore closcly with rice of
carbonisation temperoture, but still the reflectivity curve for
10°C/uin maintains o higher lovel than that at 1°C/min. The
ebove trends show that in the softening group, the refloctivity
ot any one tempercture is the highor, the fester is the rete

of heatings Tho soparation between tho curves is rmch moro

distinct thon in the nonesoftening group.

(ii4) Bireflectance in oil (a and b Figs 52 to 57)

Bireflectonce~temperature curvos of non-softening
vitrinites are plotted on a larger scaole than those of the
goftening vitrinites, again to bﬁng out the differences bhetwecn
the bireflectenco-tenperature curves ot tho diffcerent rotes of

heating, which arc small for thc non-softoning group.

(a)  Non-softonine Group (a and b Figs 52 to 54)

Low=rcnk bituninous vitrinite (Figs 520 and b)

There is little changoe in the biroflectance~temporature



Fig 52 Variation with temperature of oil bireflectance of

carbonised low=rank bituminous vitrinite (carbon =

8040% daf)

{(a) generalised curve
(b) experimental data
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curves at the thrce rates of heating up to 45000. At 500°C
bireflectance starts to increasc and this inorenso is more
pronounced at 60°C/min than at either 10°C or 1°¢/iin, Tho
bireflectance curve ot 60°C/min after rising contimuously to
700°C then maintoins the same level or decreascs slightly, but
ot 10°C/nin, it is only after rising to 850°C that o constont
lovel is maintainod to 950°Ce  Tho bireflectance at 1°C/min
increases slowly with increase of torperature up to 950°C.
The bireflectance curves maintain o scquential pattorn after
about 600°C with the curves of 60°C/min above and 1°C/min at
the base, with the 10°C/hin curve naintaining an intermediate

positione

2, . .Anthracitic vitrinito (a and b Figs 53 and 54)

The bireflectance curves of tho two anthracitic vitrinitos
at all three rates of heating show similar and sequential trends,
with the curves for 60°C/min on top and the 1°C/min curves at the
basee The curves show three stogese There is little changoe in
bireflectance up to about 600°C for the higherank anthracito and
up to approximately 550°C for tho lower-rank anthroacitees Then the
bireflectance increases rapidly up to about 700°C. After this
point the bireflectance increases at o rmch reduced trate botween

700°C and 950°C.
(b)  Softening Group (a and b Figs 55 to 57)

The ourves of bireflectance at the threc rates of hecating

in goneral increase with rise of temperaturc aftor 450°C ond thoey
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follow different upward paths again with the ourves for 60°C/min
above amd the 1°C/min at the bases Several of the curves show

minima between approximately 400° to 450°C.
1e. Caking coal vitrinite a and b

The bireflectance curves at 1°C and 10°C/min, nfter an
initial slight decrease, increase with rise of temperature. At
1°C/nin the bireflectance curve shows little change up to 750°C,
the larger increase of bireflectance lying between 750° and 950°C.
The bireflectance curve for 10°C/min increases very sharply to
about 750°C and then maintains a roughly constant level up to
95000. The bireflectance curve at 60°C/min increases contimuously
with temperature, This increase is slow up to 450°C, but is
followed by a very sharp inorease up to 75000, then the bireflect~

ance curve rises more slowly up to 950°C.

24 Low=rank coking coal vitrinite SF‘i@ 56a and b)

All three bireflectance curves,, after showing a minimum

at 400°C, increase to 500°C, after which the curves branch out and
follow three distinct pathse The bireflectance curves at 10%

and 60°C/min exhibit similar trends, increasing very sharply up

to 950°Ce At 1°C/min the bireflectance plots are more scattered
but the bireflectance mainteins the same general level up to 750°C,

but increases rapidly to 700°C and less quickly to 950°C.

3e Higherank ookinz coal vitrinite (Fi-s 2]a and bl

The bireflectance curves for the three . different rates of



Fig 55 Variation with temperature of oil bireflectance of

carbonised caking coal vitrinite (carbon = 85.4% daf)

(a) generalised curve
(b) experimental data
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Fig 56 Variation with temperature of oil bireflectance of
carbonised low-rank coking coal vitrinite (carbon =

87e9% daf)

(a) generalised curve

(b) experimental data
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Fig 57 Variation with temperature of oil bireflectance of
carbonised high=-rank coking coal vitrinite (carben =

9040% daf)

(a) generalised curve
(b) experimental data
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heating increase with rise of temperature and follow similer
trends up to 625°C, but the bireflectonce for 60°C/min maintains

a slightly higher level, increasing sharply to 850°C and then more
slowly up to 950°Ce The bireflectance curves at 1°C and 10°C/min
maintoin similar trends up to approxdmately 700°C after which
vireflectance rises at o reduced rate to 95000. The three curves
show a similar pattern; a slight increase to 450°C is followed by
« sharp rise to 850°C =t 60°C/min, 750°C at 10°C/min and 700°C

et 1°¢/min.
(iv) Refractive Index (cFigs 40 to 51)

The refractive index~temperature curves of the six vitrinites
are all plotted on the same scale, because it is possible to
illustrate the changes which occur during the carbonisation
process at different heaiing rates for each vitrinite without
scale adjustmente The form of the refractive index~temperature
curves of the carbonised residues of the six vitrinites are liter
compared with the refractive~index curves of vitrinites examined

previously by Goodarzi and Mirchison (1973) (Fig 13).

() Non=softening group (cFigs 40 to 42 and 48 to 48)
1e Low~rank bituminous vitrinites(cTirs 40 and 46)

The refractive indices at the three rates of heating
exhibit a maximum at about 625°C, but this peak is ver; sharp at
60°C/min, broader and lower for 10°C and 1°C/min. The refractive

index ourve at the fastest rate of hecating passes through a
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minimum at about 800°C, which is much lower than for the 10°C/min
and the 1°C/min ourvess The refractive index curves for 10°C and
1°¢/min, after 625°C, decrease more slowly and are close together,
with the curve for 10°C/min above the 1°C/min ocurve up to 850°2,
Then the refractive—index ocurve for 10°C/min starts to rise,
whereas the curve for 1°C/min mainteins the same level or only

increases very slightly.
24 Lower. anthracite 1 and

The refractive index curve at 60°C/min shows o small but
sharp peak at 600°C, followed by a broad minimum over e range of
200°C between 700°C and 900°Ce At 10°C/min, the refractive
index again exhibits a broad peak with its maximum at 625°C, but
lies higher than the 60°C/min curve. However, this peak is
followed by a combtinuous decrease to a minimum at about 90000.
The refractive index ocurve at 1°C/min‘shows a sharp maximum
which is higher than peak for either the 60°C or 10°C/min curves
and lies at a lower temperature; then tho refractive index
decreases continmuously with temperature without showing signs of

arvest, even at 950°Ca
3 Hi gherank anthracitic vitrinite{e™ 8

The refreotive index curve at 60°C/min exhibits a sharp
but very low peak, with z maximum at 600°C, which is followed by
a deorease that produces a very broad minimum over the range from

6500 to 900°C- At 10°C/min a less sharp peak but one with a
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higher maximum than for 60°C/min is produced, again followed by

a decrease virtuslly to 950°C; there appears to be a slight

rise at this temperature. The refractive index curve at 1°C/min
shows a broad maximum peak and then a comtinuous decrease to higher

temperatures,

(v) Softeninz group (cFigs 43 to 45 and 49 to 51)

The behaviour of the refractive index curves for each
vitrinite of the softening group is described separately because

of the greater complexity in the curves,

1e Caking coal vitrinite (cFigs 43 and 49)

60°C(mi§: the refractive index curve increases
very sharply to a maximum at 575°C, then decreases
rapidly to a pronounced minimum at 750°C, after
which the refractive index increases with temperature

to0 950°C

10°C[minx the curve increases sharply to a
maximum at about 25°C, nearly maintains its level
for the next 25°C, then decreases rapidly to 700°C
before falling at a slower rate to a minimum at
approximately 850°Ce The refractive index starts

to rise once more after 850°C.

1°C(mi_rg the ourve increases sharply to a

maximim at about 650°C, after which it decreases
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contimiously to 950°C, producing only a broad

maximum peake

The maximum level of refractive index for a heating rate
of 10°C/min is higher than for either the 60°C or 1°C/min curves,
the peak values for the latter being similare The minimum
refractive index developed is the lower, the faster is the rate

of heating,.

2. Low=rank coldns coal vitriniteggﬁ‘i.@ 44 and 502

60°C ming the refractive index curve increases

sharply to a maximum at about 57500 and then decreases
quickly to a minimum at approximately 750°C to give a
broadly symmetrical troughe The index again rises sharply

to 950°Ce

10°C[min: the refractive index curve increases
sharply to 600°C, then decreases very rapidly to 700°¢C
and less rapidly to a minimumn value at about 85000,

followed by a further slight rise up to 950°C.

1°C(min: the refractive index curve increases
slowly to 575°C and then more sharply to 600°C,
maintains its level for the next 50°C, then decreases
sharply to 675°C and more slowly thereafter to 950°C

resulting in a broad peak with a sharp subsidiary

peak to give the maximum value.
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3¢ High—rank coking coal vitrinite, (cFigs 45,51)

60°C[min: the refractive index ourve increases
sharply to a maximun at about 57500, when it dcoreases
very rapidly to a2 minimum at about 750°C, before ince
reaging once more up to 950°C. There is & sharp

maximum peak and a broad minimum,.

10°C[min: the refractive index increases
sharply to & maximmum at 57500, maintains the same lovel
for the next 75°C to give a broad maximum, then decreoases
with rise of temperature to a minimum at about 800°C;
once more the refractive index curve increases slightly
with rise of carbonisation temperature to 950°C,

producing a very shallow troughe

1°CZmin: the refractive index inocreases
sharply to 575°C and then more slowly to 625°C, after
which it decreases sharply to 65000, then more slowly
to 950°C, resulting in a sharp peek above a broé.d

maxi.mims

(v) Absorptive index (dFigs 40 to 51)

The absorptive index ourves of the non~softening and
softening groups follow similar and parallel trends to the
reflectivity curves at the same rates of heatings. Although the
absorptive index is a less precisely determined parameter than
the reflectivity, it still shows good sgreecment with the changes

produced by the different rates of heating,
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4. DISCUSSION

A‘ Mo olo

(1) Dovelopment of mosaic structures in the carbonised
vitrinites at different heating ratos
The above observations clearly show the influ~nce of heating
rate on the morphology of the carboniscd residues of vitrinites,
It will be remembered that the six vitrinites of different rank
in the present studies fall into two arbitrary groups on the

basis of their plastic propertiest non~softconing and softening.

(=) Nonwsoftening vitrinites

These vitrinites consist of low~rank bituminous and
anthracitic vitrinitess They do not soften but produce slightly
swelling, nonw-coheremt and vesicular residuese The extent and
gize of the vesicles and eventually the plastic deformation, is
the greater the lower is the rank (see for example Davis 1965
and Marshall and Murchison 1971)e The low~rank vitrinitic particles
become rounded and lose »their original angular shape, whereas
anthracitic vitrinite particles maintain their anguler shape and/or
become subangular with rise of temperaturece Mosaic structures

are not developed in the anthracitic group of vitrinites.
Low~rank bituminous vitrinite (Plates 3a, 5a, 6, 7 and 8)

The progressive increase of temperaturc and heating rate

erhances the swelling and increases any limited plasticity of this
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vitrinites The pla.stioity is apparent by the deformation and
loss of the original angular shape of the particles and the sizo
and extent of the vesicles, which increase with rise of heating
ratece The plasticity of this vitrinite is limited, but its limited
plasticity is enhanced by increasing the heating rate. The higher
lovel of bireflectance in the carbonised residues at the fast
heating rate is not surprising, because the rapid swelling and
expansion of particles due to rapid degasification resulto in tho
development of a level of internal pressure at periphery of the
particles and it is known that pressure inorcases the ordering of
the molecular structuro and hence raises tho bireflectance (seo
for example Hryckowian et ole 1963; Huck and Pattoiskey 1964;
Chardra 1965 and Melvin 1974).

Anthracitic vitrinites (Plates 4, 36 to 46)

The increase in size and number of vesioles in these
vitrinites with increasing heating rate indicates a risc in
plasticity; indecd the results of Mackowsky and Wolfg (1966)
indicate that the number of vesicles in anthracitic vitrinites
increases greatly with faster heating ratese A systom of oracks
end fracturing also develops as the heating rate rises, which
is the greater the lower is the rank of anthracitic vitrinite.
This is probably duc to limited swolling and oxpansion of these
vitrinites, which increases the faster is the heating ratce One
interesting feature of the anthracitic vitrinites corbonised at

about 900° - 950°C is the reduction in the mumber of small vesioles,



which ¥as reported previously by Goodarzi (1971) for anthracitic
vitrinite (carbon = 93.1% daf) when carbonised at relatively slow
heating rates (2.,45°C/min} This is due to further expansion of
the carbonised residues within the temperaturo range 9000-95003
which results in the destruction of vesicles and tho development
of extensive fracturing and the fissuring of the residues (sece
Plates 39, 40 and 46)s It is also interosting to observe tho
different macerals, esge megaspores and miorospores (Plates 42b,
45¢ end 46c), cutinite (Plates 41b end o and 44b), resinoid
bodies (Plate 43a) and inertinite macerals, particularly at tho
highest rate of heating (Plates 36b, 41c end 440)e Increase in
carbonisation temperaturc apparently enhances the morphologies of
these macerals and produces & highor level of anisotropy at the
peripheries of inertinite maocerals, perhaps due to localised
pressure caused by the presence of inert material and the better
ordering of molecular structure in this arcae It is acoepted
that anthracitic vitrinites do not in general develop mosaio
textures (see for example Davis 1965; Marshzll and Murchison
1971; Goodarzi 1971), but the anthracitic vitrinites carbonised
to 900°C at 10°C/min in the present study exhibit o granular

type structure (see Plates 41a and 45d).

(v) Softening vitrinites

This group includes the bituminous~coal vitrinites which
soften on heating and produce vesicular, melted, coherent and
swollen residues ot normal heating rates, e.g. 3°-5°C/min. The

most striking feature of these vitrinites is the development of
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an interncdiate plastic stcoge during the early stages of
carbonisations During this intermediate stnge, an isotropic
tpitch? is formed which is subsequently truonsformed into a
spherical *mesophase',  Evontually the mesophcso coalesces
to form various types of 'moscic! texturess Tho type of
nocaic texture is dependent upon the rank of the starting
naterial cnd the granular mosaic is the coarser the higher is
the starting rank (sec for oxample Taylor 19G1; Brook and
Toylor 1965; Goodarzi 1971; Goldrings 1973; Patrick ¢t ale

1973 and Marsh ot ale 1973)s

In general, the fcster is the heating rate, the coarser
is the granular mosaic texturc formed because of the groater
plesticity produced with rise in heating rate (sce Brown 1956
and ven Krovelen gt al, 1956)e  This fastor hecting rote
results initially in the dovelopment of o larger mesophiase,
because of the prolonging of plesticity and the prevention of
moximum viscosity to a highcr tomperature. (seo for example
Taylor 1961; Brooks and Taylor 1965)e Ono intoresting feature
of the highest heating rotc is the dovelopment of a flow=typo
texture and large anisotropic domains due to coaloscence of the
mosaic units (sec Plates 50 to 54)s The carbonised residucs of
this group develop larger vocuoles and a systom of cracks and
frocturing at the fastest heating rete, which further indicates

incroasc in plesticity,

Comparing the dovelopment of moscic toxtures with heating

rate within and between thoe ronk lovels, on estimation
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of the degree of plasticity and the ordering of the molecular
structure can be achieveds Caking coal vitrinite, which only
develops a partial fine—grained mosaio at 1°C/min, duec to its low
plasticity (see Brown 1956; von Krevelen gt sle 1956), develops
various types and sizes of completely grarular mosaic textures
at 10°C/mine At 60°C/min it not only develops the flowtypo
mosaic texture,, but also it dévelops large onisotropic domeins
which are a typical feature of high«temporature residues of
prime coking coal vitrinite (see Marsh 1973)s  The low-rank
coking coal vitrinite develops only a gronuloar mosaic structuro
at 1°C/min, but due to the original high lovel of plasticity of
this vitrinite, which is greatly reduced at 1°C/min, & number of
mosaic units are still able to align themsclves and dovelop a
common orientation (Plates 21 and 24). The high-rank coking
coal vitrinite also develops fine to medium-grain granular
textures but remains non~coherent, non-wvesiculated at 1°C/min
(Plates 27, 30 and 33), because of tho reduced plasticity at this
slow heating rate. Increcse of heating rate to 10°C/min results
in a2 risé of plasticity and an incroaso. in size and amount of
vesicles with development of cracks in the carboniscd residucss
The cracking and fracturing is abundant the higher is the rank
of the coking vitrinite (Plates 22, 25, 31 and 34), indicating
the greater degree of expansion and conmtraction with increascd
plasticitys The high-rank coking vitrinite develops large
anisotropic domains (Plates 52 to 54) and the mosaic texture
mainly consists of medium=grained, flow-typc toxtures. The

development of large mosaic units is again due to increased
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' plasticity in this vitrinites At 60°C/min corbonised residucs
of all softening vitrinites are ooheorent, cracked and vesioculated,
but the size of the vesicles is also larger, which indicates tho

increased plasticity.

The morphological features of the caking and the two

coking coal vitrinites become inoreesingly similar at thoe fostest
heating rates The caking cocl vitrinite, which only partially
develops a fine-grained mosaic texture ot 10°C/min, dovelops o
flow—type mosaic texturo at 60°C/min (Plato (Plates 11, 14 and

17) and the mosaic units show similar optical oxtinctions, which
suggests development of a betterworderod structure due to the
increase in plasticitye Plate 50 demonstratos the higher fluidity
of this vitrinite at the fast heating roto, resulting in large

flow~type anisotropic domainse

The coking coal vitrinites develop mainly medium=groined,
flow=-type mosaic textures and coarse=grained to flow~type in the
higherank coking vitrinitee The amount and size of large anisotropic
domoins are also greatly increased in tho coking coal vitrinites
(Plates 18 to 35)s The increase in tho sizo of the mosaic units
indicates the rise in tho plasticity in theso two vitrinitos at
60°C/min and is in agrecment with statements by Goldring (1973),
who anticipated a drastic chango in tho scale of mosaio texturo

with rise of heating rates

(41)  Swmmary and praotioal uso of the morphological studies

Hoving dealt at soms length with the morphological features
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of carbonised residues of vitrinites at difforont levels of
heating rate, it may be possible to moke an asscssment of tho
original rank of carbonised vitrinite in mixtures of various
ranks of coals by morphological studies of polished coke
surfacess It is evideni_: from the forogoing studies that tho
softening vitrinites dovelop various mosaic textures and that
the size of the mosaic units ineroescs with increase of rank
and heating rate; the non-softening vitrinites do not show
these features, so the vitrinites can firstly be divided into
theso two groupss Then, knowing that in the non=softoning
groupy low-rank vitrinites develop relatively larger vacuoles
thon anthracitic vitrinites, these two sub~groups can be quite
ecasily established. However, if morphologicol study is
accompanied by other optical studies (e.ge bireflectance
measurements ), then a more acourate method of original rank

determination will be achieved (sec later in this Chapter).

Moving now to the softening vitrinites which develop
mosalc tei:tures, it appears at first glimpse that an estimation
of ronk of these vitrinites will be difficult, but in fact, by
measuring the size of the mosaic units and also the types of
mosalc texture, & satisfactory parametor can be established.
This method of original rank estimation has been considered
previously (see Goldring 1973; Patrick gt ale 1973), but it
chiefly deals with the size of mosaic units and not with the
mosaio texturese It is known that the size of mosaic units

increases with rank and is related to increase in plasticity and
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decrcase in oxygen content (sec for excmple Poatriock ot ale 1973;
Goldring 1973)e In the presemt study, at tho rate of 1°C/min,
the ccking vitrinite develops partial fineegrained mosaic units,
which show weak optical extinction (and a low lovel of bireflecte—
ance ), whercas mediumerank, coking coal vitrinite, which also
develops o fine-grained mosalc toxture, but hos a greater intonsity
of anisotropy than caking vitrinite, exhibits a more regular
extinctipn patterne TFurther, the residues of coking ond mediume
rank coking vitrinites develop a coheremt residuce The high~rank,
coking coal vitrinite, which develops a fino to coarse-grained
mosaic texture (and a higher level of bireflectance), shows
particles that are not fused to one another cnd does not davelop

vacuolese

Thus, in a mixture of the above six vitrinites, tho none

gsoftening vitrinites should be easily recognised and indexod.

The softening vitrinites can also be casily indoxed according

to their goneral morphology and the mosalc sizes and mosaic,

cegs the coking vitrinito by its partial fine-greoined mosaic,

but = low level of common orientation within the mosaic structurc,
the medium rank, coking coal by a complotoly converted, fino-
grained mosaic texture and a high level of common oriéntation
(high level of bireflectance), the high-rank coking coal by
subanguler but fine to coarso-grained mosaic texture, with no
vesicles and highly orientated mosalc units (higher level of
bircefleotance)s There is also interaction betweon the vitrinites

of different rank levels in a mixture during carbonisation



(seo for example Alpern 1956), which results in a transition of
mosaic size from one softening vitrinite to another, but still
these transformations are gradual and it is possible to recognise
different rank levels by tho size of mosaic structure (this will

be discussod later in detail)e

By incroasing tho rate of heating to 10°C/min, the
softening vitrinites become increasingly similor, whereas the
non=softoning vitrinites greatly differ, but onco again using
the moscic size type and toxture and the levol of common
orientation of the mosaic units, differentintion within the
softening group is possibles However, with furthor increasc of
the heating rate to 60°C/hin, the differontiation of softening
vitrinites becomes diffioult, because of similarities in
morphologyycege B8ize and type of mosaic, common orientation,

etce

(111) Development of Mesophase (Plates A7 to 49)

One of the interesting morphological fecatures of the
coking coal vitrinites is tho formation of o sphericsl mesophase
(see for example Taylor 1961; Brooks and Taylor 1965)s Plato
472 shows the formation of a fow isotropic sphorical bodies
at obout 450°C at a rate of 10°C in lowsrank coking coale It
was impossible to show the anisoiropic sphorical mesophase in
the present studics, because the growth and conversion of mesophasc
t0 o mosaic structure probably takes place betwoen approximately

450° and 460°C,  In the present work an interval of 50°C was
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used over the temperature range between 400° and SOOOC and
further investigation, using a very much smallcr temperature
interval would bhe required to demonstrate the development of

a mesophase in British coalse However, at about 500°C, the
spherical bodies arc still presenmt (Plates 47b, 48 and 49),

and show many features of a coalesced mesophase, such as poles
and attachment of smaller spherical bodios to the larger bodies
(Platc 46). However, individucl spheres develop a fine=greincd
nmosaio texture (Plates 45-47)e Plato 47 shows spherical bodies
disploying pleochroism extinctione It is rather interesting that
only at a rate of 10°C/min do the sphorical bodies appoars
Probably the rate of 1°C/min is too slow and plasticity too much
reduced, while the rate of 60°C/min would bo too fast end/or
the mesophase starts to develop at a higher temperaturc than

450°C (4.65o or 475°C perha.ps), duc to enhanced plagsticitye.

(iv) Dypes of nuclei in nucleated domains (Plates 50 to 54)

Nucleated domains (sec Hartshorne and Stuaxt 1970) are
presont at the relativoly fast heating rotes (10°C and 60°C/min)
They are present in residues of caking coal vitrinite carbonised
at the fastest rate of hoating (Plate 50) cnd lowsrank coking
coal vitrinite develops various types of 'mucleated domains?,
The ™ode~type? extinction (Plate 51a) surrounded by strong
anisotropy indicates a high degree of structural reordering in
this areay and is causcd by deformation of the mesophase duo to
the degrsification and the formation of gas bubbles (see White

ot ale 1967). A helical arrangement of coalescod mesophase 1is



153

also evident in Plate 51c in the residue from lowsrenk coking
oozl carbonised at 60°C/mine While miclested domains ere present
in the rcsiducs of high-renk ooking coal carbonised at 10°C/min,
jt is the residues from ccrbonisations at 60°C/min vhich exhib.it
various types of muclei in nucleated domains (Plates 52 to 54),
probably because qf the greater fluidity enhanced by the fast
rate of heating and also because of the relatively low oxygen
content of this vitrinite (soe for example Kipling et ale 19643
1966; Whito gt ale 1967; Sanada ot sl 1973 end Potrick gt aly
1973)s  Plate 53a shows the *Y-type node? (delta shape) (White
gt ale 1967; Honda gt ale 1971) or half-nucleus *turning' type
(Hartshorne and Stuart 1970) with a three~fold symmetry, where
the layer plones are perpendicular to one anotheres An 'O-type?
domain, showing a circulor arrongomemt of lamellcor plaones is
jllustrated in Plate 53c (sce Honda et_ale 1971); mnote tho
development of large and long fibrous textures (ceo White et aly
1967)e  Plate 54a shows the fU-type! node (sce Honda et al 1971)
Plates 53b and 54b show the development of lerge anisotropic
domains, which are reported by lrrsh (1973) for high=tcmperaturo
coke (sbout 1800°C) from & coking coals It is intorosting to
observe that such structures devolop at low tempercturcs in semi-
cokes at the fast rate of heating, agein probably because of the
nigh lovel of plasticity.(sce Brown 1956; van Krevolen gt al, 1956),
Tt is elso interesting that the micleated domains arc only present
at 10°C/min ond 60°0/min, becousc it appears that incresse in

plasticity and the length of time which the residues remain in the
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plastic state result in the formation of a large anisotropic
moesophasc ot the expense of the isotropic medium, whereas at
1°C/min, because of tho lower plasticity and the shorter length

of time when the vitrinite remains plastic, little or no mucleation

takes places

In summary it appears that increase in plasticity due to
rise of heating rate facilitetes the dovelopment of = larger
mesophase and results in the formation of Yrmuclecated domnins?
which are¢ more evident the higher is the original leovel of
plasticity of the vitrinite and the increcased plastioity brought
about by fast heatinge Only the high-rank, coking coal vitrinite
at the fast rate of heating frequently exhibits arcas of 'Ymucleated
domeins?; these are not so common in the residues of caking

coal vitrinite at the same heating ratese

(v) Cell Structure (Plates 55 to 58)

The only vitrinite of the six which exhibits botanical=cell
structure on carbonisation is that from the higherank coking coal
(Plates 55 to 58)e The cell structure remains practically
unchanged, but the vitrinite is oonverted to a finc to mediume
grained mosaic texture, which indicates that the particles becomo
plasticy because vitrinite only develops a mosaic texture when it
softens (see for example Sanada gt ale 1973 and Patrick et ale 1973).
The fresh vitrinite did not exhibit such distinoet cellular structure,
but on carbonisation, perhaps due to depolymerisation and beccuse

of differences in the structure and composition of the cell walls



and the material forming the modified cell comtents, the ocll
walls react differently to the contents, The cell contents
behave a8 a softening carbon or vice versas Then, the shape
of the cell structure remains intact, but a gramular mosaic
structure develops within the 0¢lle Increcso of heating rate
results in deformation and loss of the original ccll structurc,
particulerly =t temperatures above the resolidifiocation point
(Plates 56d, 5Tb and 4, 58b), indicating that the particles
showing cell structure are not inert or semi~inorte Howover,
it appears that there are variations within theso particles and
where one particle shows cellular structure and softens, another

(Plates 58a and b) will keep its original cellular shape and does

not altere

Acoording to Benedict ot ale (1968), coking coal vitrinite
showing remains of ccllular structure behaves as semi~inert material
on carbonisation, ie.ce it does not develop a mosaioc texture and
the particles keep their original angular shapce The retention of
cellular structure indicates resistance of these materials to
homogerisation due to alteration at an early stage in their history
and the original cell structure resists reaction on carbonisation,
The prescnt work indicates that oellular structures in coking coal
vitrinite are not necessarily semi-inert, because thoy may develop
mosaic structure. Goodarzi (1971) also demonstrated that coking
coal vitrinite displaying such structure when fresh, could loso

this structure on carbonisation.
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B,  VARTATION OF QPTICAL PROPERTIRS QF SINGLR VITRINITES TN

A number of points emerge from the results obtained by
the carbonisation of the six vitrinites at the three different
heating rates. As stated eacrlier, the vitrinites of different
rank levels in the present studies can be divided into two groups,

a softening and a non-eoftening group. The discussion will

follow this grouping.

(i) _Reflectivity (a and b Figs 40 to 51)

(2) General

The reflectivity of all six vitrinites carbonised at the
different rates of heating increases with the carbonisation
temperature, which agrees with the results of Mackowsky (1961);
Davis (1965); GChosh (1968); de Vries et al. (1968); Marshall
and Murchison (1971) and Goodarzi and Murchison (1972)s However,
the reflectivity curves of all six vitrinites of differenf rank -
exhibit patterns which show that the faster is the rate of heating,
the higher is the reflectivity at any particular temperature. This
observation is contrary to the results of Ghosh (1968) (Fig37).,
who shows that the reflectivity is higher, the lower is the .rate of
heatinge There are differences between the experimentzl conditions
of the two studies, although in both investigations, the relation
between the reflectivity of different ranks of vitrinite and rates
of heating were studieds The range of heating rate employed by
Ghosh (1968) was very restricted (1°C, 3°C and 5°C/nin), whereas in

the present work the range of heating rates is much wider
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(1°c, 10°C and 60°C/min)e It would, therefore, bo recsonable
to assumo that any molecular changes that occur on carbonisation
will be better illustrated by the present study. Wh:ut is also
surprising is that the reflectivity diffcrences observed by
Ghosh are much greater at temperatures around SOOOC than noted
in the present work with a wider range of heating rates and less

at higher temperatures.

Although no other systematic study of the variation of
optical properties of vitrinites with heating rate has been
attompted, support for the prosent findings is also given by
Brown and Taylor (1961)s They suggostod the possibility of a
fast rate of heating to explain the development of an unusually
high reflectivity in a naturally metamorphosed Antarctic coal.
Also, the results of Cook gt als (1972) quoting a vitrinite
(carbon = 93.8% daf) which exhibits a reflectivity level that
would be associated with much higher carbon content (about

96.5% daf) are explained by a fost rate of heating.

Why should £efleotivity be the higher the faster is the
rate of heating? It is accepted that the reflectivity of
carbonised vitrinites is a function of the concentration of
aromatic structures (Davis 1965; de Vries et oly 1968 and
Goodarzi and Murchison 1972)s De Vries gt als (1968) statos
that the gradual increase of reflectivity of vitrinite during
carbonisation is due to gradual degaosification of volatile
groupings in the vitrinite cnd the results of van Krevelen

&t ale (1956) and Brown (1956) show that the rate of degnsification
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is higher the faster is tho recte of heatings It oan then

be assumed that at a fast rate of heating, due to repid
degasification, a higher ooncentration of aromatic carbon
will result and so the reflectivity should be highere Tho
findings of Dulhunty ond Harrison (1953); van Krevelen gt.als
(1956) and Brown (1956) indicate that plasticity risos as the
rate of heating incrcasese Taylor (1961) observed, although
only qualitatively, that the reflectivity of plastic vitrinite
increascs steadily throughout the plastic stage and Goodarzi
and Murchison (1972) demonstirated that reflectivity increases
gsharply during primary carbonisations Since plastioity
increases with rate of heating, then boocause of enhanced
plasticity, the reflectivity at fast rates of heating should
be higher than at slow rates of heating, when the plasticity

is greatly reduced.

Because of the sinilarity between the reflectivity curves
and absorptive index curves of the carbonised residuss of vitrinite
and since the ebsorptive index is belioved to be related to the
number of mobile electrons, which increases with the sizo and
degree of condensation of the aromatic molecules in vitrinite
(McCartney ond Teichmliller 1972), then the reflectivity ourves of
the carbonised vitrinites can also be asswied in lorge part to be
an indication of orystallite diamoter (La)' Thus, tho inorcase
of reflectivity with carbonisation temperature is probably also o

function of increase in tho size of aromatic layerse



With inorease of the hoating rote and the consoquent
extension of plasticity, the mobility of the aromctic lamellae
is also enhanceds Rapid dogasification probably loaves the
aromatioc layers free to coalesce and to produce largoer aromatic
struotures; at slow ratos of hoating, due to supprossion of
the plastic stage, the aromatic lamellae arc not able to ooalesce

to produce such largo aronatic loyoerse

Finally, the reflectivity curves for medium and high=rank
vitrinites at the different rates of heating are morc distinctive
and well separated than those for either anthracitic or low=-rark
bituminous vitriniteses This is probably due to the rato of
degasification and the condensation of aromatic strucgkures, which
are higher in medium and higherconk bituminous vitrinites than in

low-ronk bituminous or anthracitic vitrinitese

(v) Nonesofte 6
1e Low=rank bituminous vitrinites

The behaviour of tho reflectivity~tenmperature curves
indicates that the influence of rate of heating on the molecular
structure of the carbonised residues is very small up to the
third stage of the carbonisation process (Berkowitz 1967)e After
700°C, however, the reflectivity-temperature curves follow
different paths with the reflectivity curve for the fastest rate
of hoating being highest and the curve for the slowest rate of

heating being at the basee The difference increases with rising



160

temperature and is probably due to the higher level of aronaticity
and the dovelopment of larger aromatic layers as the heating rate

increasese

2. Anthrocitic vitrinites (Figs a and b 41,42.47,48)

The behaviour of the reflectivity curves of tho anthracitio
vitrinites is similar to that for the low—rank witrinite (Fig 46)e
However, in Figs 47 and 48 the scale has had to be enlargod to show
the small differences that exist between the roflectivity curves at
different heating ratesy these ourves would otherwise be very closc,
but the difference between them becomes evident at cbout the temper—
ature when molecular rearrangement in the solid state (cpproximately
650°C) occurse The small differcnces betweon the curves indicate
the rate of degasificstion is very low at this rank level (van
Krevelen ¢t ale 1956 and Brown 1956), but still it cppoars that
thermal treatment at a fast rate of heating is sufficiont to promote
a higher degree of condensation of aromatic structurcs than slower

rates of heating in anthracites.

(b)  Softening Vitrinites (Fizg o ond b 43 to 45, 49 to 51)

The differences betwcen the reflectivity ocurves at difforent
rates of heating of the softening vitrinites becomes distinct by
about 500°C, which is the onset of resolidification (Goodarzi and
Murchison 1972) and is considerably lower than the temperature of
differentiation of the non~softening vitrinites (about 700°C)

which occurs in the temperaturec range where molecular rearrangements
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in the solid ocour (Goodarzi and Murchison 1972). Acocording to
Brown (1956) the maximum degasifioation temperature in coking

coal is at about SOOOC, 80 1t oppoars that the differentiation

of the reflectivity curves in softening vitrinites begins before
tﬁe time of maximum decompositione The higher level of reflectivity
with rising heating rate is ogain probably due to the grootor rate
of degasification of amorphous material and/or conocentration of
the aromatic structures, as well as to the coalesccnoe into

larger aromatic layers (Diamond 1960)e The refloctivity-tempor—
ature curves of the high-rank ooking vitrinite ot tho slower rates
of heating (10°C and 1°C/min) arc not s well differentistod as in
the caking and low-rernk coking coal vitrinites (Figs Y49 to 51),
but still, it is evident that the aromaticity at ony tomperature
is lower (apparent from the refloctivity curves), the slowor is

the rate of heating Fig 51)e
(i1) Bireflectanco
(a) Goneral

Bireflectance for all six vitrinites at the difforent rates
of heating increases with rising carbonisation tempercturce
This gencrel observation is also supported by several investigations
vize, Davis (1965); Ghosh (1968); de Vries et al, (1968); Marshall
and Murchison (1971) and Goodarzi and Murchison (1972)s In contrast,
however, to the results of the prosent study, Ghosh states that
bireflectance decreases as the rate of heating risos, Thoe present

work shows the bireflectance curves for the different ranks of
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carbonised vitrinite increasing with tomperaturc and showing this
increase to be the sharper the fastor is tho rato of heating,
Brown and Taylor (1961) recognise that the bireflectance of a
metamorphosed coal is an expression of its degroe of graphitisa~
tion and also Marshall and Murchison (1971) and Goodarzi and
Murchison (1972) relate the increase in the lovel of bireflectance
with increasing temperature of ocarbonisation to improvoment in
the degree of ordering of the structural units, Support for

an increase of bireflectance with rise of heating rate comes from
Taylor (1957) and other studiose Abramski and Mackowsky (1951)
and Taylor ( 1961) statc that the foster is the rate of hoating,
the better will be the ordering of tho molecular structures Thus
the bireflectance will rise in these ocircumstances with increcaso
in the rate of heatinge Brown and Toylor (1961) also relato the
unusually strong bireflectance of a mgtamorphosed anthracitic coal
to the possibility of a fast rate of heating in the crust, due to
intrusionse PFurther, Cook et als (1972) rocognise a high level
of bireflectance of a vitrinitc with a carbon content of approxie
mately that of anthracitic .~sitrinite, but a bireflectance of a
much higher level. This strong anisotropy was attributed to

rapid hecting.

(v) Non—softening vitrinites fﬁ&ﬁ 52 to 54)

The behaviour of the bireflectance curves suggosts that
relatively little change in molecular ordering of these vitrinites
tokes place with rise of temperature when compared with tho changes

in softening vitrinites, However, the changes in ordering of the
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structure is still substantiale The bireflectance curves of
this group of vitrinites do not show the reduction in their
initial level of bireflectance in the plastic stage (botweon

400° and 500°C) because they are nom~softeninge

1. Low=-rank bituminous vitrinite (Fig. 52)

The bireflectance curves of this vitrinite ot diffcrent
rates of heating indicate only relatively slight but distinct
improvement in the ordering of the aromatic units takes placo,
probably because of the original randomly oricntated and strongly
cross~linked cromatic lamelloce But the incrcase of molecular
ordering is still higher the foster is the rate of heating
(Figs 52a and b)s The rise of bireflectance begins at about
500°C, which is in agreement with the findings of Goodarzi ond
Marchison (1972) for low-rank bituminous vitrinite. However,
Gooderzi and Murchison (1972) domonstrated a rapid incroase of
bireflectance for a low-rank bituminous vitrinite (carbon =
82.5% daf) after carbonisation beyond sbout 800°C; in the
present study this rapid increose in the bireflectance of a
low=rank bituminous vitrinite was not observed, but this vitrinite
is, however, substantially lower in rank (carbon = 80,0% daof)

and would not soften to the same oxtent.

2 Anthracitic vitrinites (Figs 93, 54)

The bechaviour of the bireflectance ocurves of the anthracitic
vitrinites show that these vitrinites have an initial strongly

preferred orientatione Relatively little improvement in the
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ordering of the molecular structurc tokes place up to 600°¢C

at the different rates of heating (sec Goodarzi end Murchison
1972)e  The sequential trends of the curves with the curve of
the fast ratoc of hoating above and the curve for the slow rate
of heating at the base probably indicates that further ordering
of the aromatic structure is in gencral more rapid the fastor

is the rate of heatings The form of all the curves is similar to
that shown by Goodarzi and Murchison (1972) for variation of

bireflectance with temperature of anthracite (2¢45°C/min)e

(c)  Softening Vitrimites (migg 55 to 57)

This group of vitrinites shows a much greater degree of
gsensitivity in the behaviour of their bireflectances with the
different rates of heatinge Tho bireflectance curves of this
group show a decreaso in bireflcctance between 400° and 500°C
(plastic stage), as was demonstrated by tho results of Goodarzi
and Murchison (1972) for bituminous~renk vitrinites, but since
the temperature interval in the present study is not as small as
in the earlier investigation, it is not surprising that the
bireflectance curves of o softening vitrinite at a particular
level of heating rate does not exhibit the reduction in level of

bireflectance curves,
1. Caking and low=rank coking vitrinites 6

The trends of bireflectancoe of these vitrinites indicate
that the reordering of the molocular structure is very rapid at

the fastest rato of heating, almost ccortainly because of the
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increase of plasticity caused by tho rapid heating (Brown

1956; van Krevelen gt aly 1956), which results in bettor
ordering of molocular structure (Abramski and Mackowsky 1951)e
The much lower rate of rise of the bircflectance curve for
10°C/min is due to the lower rate of reordering of thc molecular
units, because the plasticity of the vitrinite is deoreasad.

At the slowest ratc of heating, the bireflectance curves

indicate relativcly a much lower rate of ordering. Tho
behaviour of tho bireflectance curves of the caking coal vitrinite
shows that it is possible to promote the coking ability of caking
coal to the level of coking coal at lower hecting ratese This
conclusion is in acoordance with tho statement by Mackowsky and
Wolfe (1966), who maintain that non—coking or weakly caking

vitrinite can produce coke if a fast rate of heating is employcd.

2, Higherank coking coal vitrinite ‘Fig 5.

The behaviour of the bircflectance curves for this
vitrinite is not the same as for the other vitrinite in the
softening group, bocause, even at 1OC/min the bireflectance
curve maintains a high rate of risec a.nd. is due to this vitrinito
being highly plastice It seems that toking the rosults of the
present study into account along with the earlier work of Goodarzi
and Marchison (1972), the gencral inorcase in the rate of risc of
bireflectance is direcctly related to how severe is the breakdown
in the initial molecular orderinge The more plastioc a vitrinite

becomes, the more severe is the breakdown, but the high degree
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of ordering ensues, cven at a slow rate of heatinge The
behaviour of the bireflectance again illustrates the basio

structural difference between the two groups of vitrinites,

(i11) Refractive Index (cFiss 40 to 51)

(a) Genoral

Goodarzi end Murchison (1972, 1973) have described
the refractive index ourves of carbonised vitrinites of different
rank and have shown that no matter what is the original rank of
vitrinite, tho gencral form of the curves is tho same, but that
the curves vory in detail for graphitising and nonegrophitising
vitriniteses In gencral the variation in the refractive indox-
temperature curve can be attributed to the following molecular

structural changes §=

initial riset due to increase of the

crystallite height (L,), ond improvement in the
ordering and packing of the aromatic lamellae

within the crystallites,

subsequent fallg due to deterioration in
the packing and to buckling of tho aromatic lamellae
as the layer diameter (La) increases, which results

in reduction of the crystallito height (L;), and

secondary risg: duc to further improvement
of packing of aromatic lomellac within the crystallitos

and an inorease in the crystallite height (L)
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The refractive index-temperature curves of all the
carbonised vitrinites in the present study, irrespective of the
starting rank of the vitrinite and the hoating rate, show the
above general formy but the rate of inorease in the refractive
index, the particular tomperature at which the maximum level
of refractive index is achieved and tho precisoc shape of
rofractive index-timmperature curves, depends on the rate of hcating

and the rank of starting vitrinites,

The results of Franklin (1951) show that vitrinites which
soften at low tomperature provide grophitising carbons at high
tomperature, whercas non-softening vitrinites do note Theo
crystellite height is higher in grophitising vitrinites than
non=graphitising vitrinite for o particular layer diameter

(Fig 22 to 24).

Over the temperature range cmployed, the secondary
increase of refractive index can only be observed if the heating
rate is relatively faste Marsh (1971), using a heating rate
of about 5°C/min, showed a secondary increasc of crystallite hecight
(see also Diemond 1960), whereas at lower heating rates (about
0s5 = 2°C/min), this secondary inorcase of crystallite height
was not observeds The carlier rcsults of Goodarzi and Marchison
(1972) do not show such an increase of refractive index, duc

agein to the slow hoating rate (sbout 24°C/min).

(v)

The refractive index curves at 1°C and 10°C/min behave



168

as thos for a nonegraphitising vitrinites. Tho findings of

Goodarzi and Murchison (1972) indicatc that the refractive~index
curves of nom-graphitising vitrinitos follow similar trends

after achieving their maximum refractive~index levels The

increase of heating rate to 60°C/min results in sharper poak

for the refractive index curve, which is probably due to rapid
devolatilisation of amorphous matcerial and a rapid improvonent

in crystallite hoighte The sharp decrease of the refractive

index between tomperatures of 625°C $o 800° or 850°C indicates

o rapid deterioration of the packing of the aromatic layers and

a decrease in tho crystallitc heighte Tho form of the refractivoe
index curve at 60°C/min is very similar to the curve for graphitising
vitrinite reportcd by Goodarzi and Murchison (1972)e It secms

that the high hecting rate indicates structural changes similor to
those taking placce in the carbonisod graphitising vitrinite. All
the refractive index curves after a decrease to 850°C begin to

rise with further incréase of tcmperature, due to improvement in -
the packing of the aromatic lamellac and increasc of the crystallite

height e

26 Anthracitic vitrinites (c Figs 41,42.47,48)

The patterns of the refractive index-temperature curves
of anthracitic vitrinites are similar to the form of the refractive
index curve for amthracitic vitrinite rcported by Goodarzi end
Murchison (1972)e The prescnt rosults show that in genercl the

differences between the refractive index curves at various
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levels of heating rate aro quite small, presumably because of

the fow changes of moleculer structuro caused by the heatings
There is somec lack of consistency in the pattern of the refractive
index curves for the higher—rank anthracitic vitrinite (Fig 48c )
compared with the lower—rank anthracitic vitrinite (Fig 47c).

The reasor for tho anomalous results is not cleare However,
the structural changes brought about by the fast rate of heating,
although taking place more rapidly, are probably less than for

slower heating ratcse

(c) Softening vitrinites (¢ Figg 43 o A5 49 to 51)

The shape of refractive indoxe~temperature curves of the
coking coal vitrinites at 1°C/min aro similar to the form of the
refractive index curves of thoe grcphitising (coking coal)
vitrinite (carbon = 8840% daf) cxamined by Goodarzi and Murchison
(1972), while tho form of refractive index of the coking coal
vitrinitec at the slow rates of heating is also similar to the
carbonised lower—rank vitrinite (carbon = 82,5% daf) oxamined by
the scme outhorse  Here, in this tintermodiate! carbon (85¢4%daf)
(Frarnklin 1951), the slow rate of henting causes a dogree of
modification of the molecular structure similar to that for non-
graphitising vitrinite, which consists of aromatic lamellae
strongly cross-linked to each other, whoreas in coking coal
vitrinite, the pattern of the refractive index indicates that also
the general level of ordering within the aromatic structure is
high, but that tho cross-linking betwoen the aromatic lamollae

is also weake This results in.a rapid development and brecakdowne
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The form of tho pecks and the tomperciture of which Lioximum occurs

erc nost usceful, Tho shape of the refroctive index curves of
softening vitrinites becomes increcsingly similer with incrcasc

of heating ratc of 10°C/min, elithoush the pattern of the curwves
chonges The more ropid inercase cf the tempercture clearly results
in a ropid devolatilisetion of thoe vitrinite and 2 much shzrper

peck in the rofractive index curves, duc 1o a more rapid increnso

of crystallite height (Lg) end botter pucking of aromatic laielloc
within the crystullitese This is followad by o more ropid brorke
down of ordcring within the molecular structure which is rceflected
YWy o sharp decrcase in the level of the rofractive index that is nore
pronounced in coking cocl vitrinite thon in the cuakding coel vitrinito.
Te refroctive index curve only begins to rise ogrin at obout SSOOC.
The resulis of Dinmond wnd Hirsch (1258) and Diomond (1960) indicatce
thot the munber of aroantic lanelloe per crystcllite inereanses

ofter carvordisation Yo rhout ’TOOOC due to improveient of pooliiug of
tliec aronctic lanellac ond alignment of the crometic lunellac
peridllel to one another (Fig 20). Tie sccondary risc of tho
refroctive index-terperature curves is watisfoctorily in cgrocnent

witihh the zbove structurcl iwprovciernt.

Further incrcasce in hecting rate to 60°C/min produces the
sharpest peak, which has its highest lcvel at tho lowest tenmperaturc,
probobly indiocuting c¢ven more rapid cevaporation of wiorplhious
naterial that forns the cross-—links between the cromctio
structurcss The drostic f2ll of refractive index noy be due to

buckling of crouatic atructures, cs well as to dcterioration in thoe
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pocking of aromatic lomellas which is arrested at cbout 750°-
800°Ce  The further marked rise of tha refractive index curves
. with further increcse of temperature is, again, probably duc to
improvement in tho molecular structuree It is intercsting that
tho breakdown of the molecular structure and its rebuilding is
most pronounced for the fast heating ratee The similarity
between the refractive index~tempercturo curve for coking coal
vitrinite and those of coking coal vitrinites at the heating rotos
of 10° and 60°C/min suggests that the changes of molecular
structure occurring during carbonisation for this vitrinite are
similar to thoso in truc softening vitrinites at high heating

rates.
(iv) Absorptive Index

The behaviour of the absorptive lndex~temperature curves
of the softening and non-softening vitrinites ocarbonised =t difforent
rotes of heating can be attributed to the same couses suggested for
the behaviour of the reflectivity-iouperature curves, namely, an
jnorease in aromatic layer diameter (La.) with carbonisation
temperaturee The present results show that the aromatic leyer
dicmeter increases as the rate of heating rises. Not only is the
phenomenon more pronounced for softening vitrinites than none
softening vitrinitesbwsl[; the softening vitrinites the increase in
aromatic loyer diameter is much moro rapid as the rate of heating

rises.
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Ce

(1) ZIntrodugtion

Having now compared the behaviour of the optical properties
of individual vitrinites sarbonised at three different heating
rates, it is now useful to group the six curves for specifioc
optical properties‘at each heating rate, to compare these, The

grouped curves will be found in Figs 58 - 69,
(11) Beflectivity (Figg 58 = 60)
() Rate o2 1°C/min (Pig 58)

All vitrinites apart from the high-rank coking ooal
vitrinite eventually follow approximately similar and coincident
paths at this rate of heating, suggesting that, due to slow
degasification, similar levels of condensation of the aromatic
structures at different levels occur, However, the curve for
high-rank, coking coal vitrinite, crosscuts and reaches (aftor
70000) a higher level of reflectivity than the remainder of the
vitrinites of this group, probably due to development of
larger aromatic layer structures, Thé behaviour of the
reflectivity of the other five vitrinites is similar to that
described by Goodarzi and Murchison (1972) for vitrinite of
similar rank (Fig 13) during carbonisation up to about 950°C

at a heating rate of asbout 2.5°C/bin and includes low and high-

rank bituminous vitrinites. The higher level of the reflectivity



Fig 58 Generalised curves for the variation with temperature
of 0il reflectivity of six vitrinites carbonised at a

heating rate of 1°C/min.
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curves for the high~rank coking coal vitrinite at this rate
of heating is in accord with the results of de Vriss &t ala
(1968) (Fig 10) who indicate that the residues of ocarbonised
high-rank, coking vitrinite exhibit higher reflectivity values
than either ocarbonised low-rank or anthracitio vitrinites,

and even most coking coal vitrinites,

(v) Rate of 10°C/uin (Fig 59)

At this heating rate, the different vitrinite groups
can begin to be distinguished in terms of their softening
characteristics and by the behaviour of their reflectivity
curves, The vitrinites can be divided into three groups
(Fig 59), the first consisting of the two coking coal vitrinites,
which eventually show the highest reflectivity values of their
carbonised products, indicating a higher degree of aromaticity
and aromatic layers of larger diameter, The second group
inclules only the caking coal vitrinite., The behaviour of the
caking-coal vitrinite is interesting, because at this heating
rate it maintains an intermediate trond between the truly .
softening and non-softening vitrinites (Fig 59), indicating
the development of an intermediate moleculare structure in
the carbonised products for this vitrinite. Franklin (1951),
examining a caking coal vitrinite at graphitising temperatures,
states that the vitrinite possesses molecular structure inter—
mediate between graphitising and non-graphitising vitrinite,

The present results tend to support tho above findings for



Fig 59 Generalised curves for the variation with temperature
of 0il reflectivity of six vitrinites carbonised at a

heating rate of 10°C/mino
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caking vitrinite when carbonised to much lower temperatures
and also indicates the importance of rate of heating on the
optical properties of vitrinites, The third group consists

of the two anthracitic and the low-rank vitrinite, whose
carbonised residues still follow a lower reflectivity path
than either the coking or caking coal vitrinites, The rank
pequence howover is maintained in this group during carboniso~
tion, which agrees with the results of de Vries gf ala (1968),

although only one rate of heating was used in these experiments,

(c) Bae of 60°C/uin (Fiz 60)

The vitrinites now fall into two groups on the basis of
the behaviour of their reflectivity curves, the residuwes of
the caking coal, medium-rank and high-rank coking vitrinites
in one group following much higher trends, and the low-rank
and two anthracitic vitrinites reaching lower levels, The
caking coal vitrinite residues still yield substantially lower
reflectivity level than do those from the coking coal vitrinites
even at 95000, but the vitrinite now truly softens on carbonisa~
tion and is able to develop aromatic lamellae of larger diameter
and more condensed aromatic structures dus to the rapid
degasifications The higher level of the reflectivity curves
of the softening vitrinites indicates the basic molecular-
structural differences between this group and non-gsoftening vitrinites,
What is also interesting is the behaviour of the reflectivity

curve for the residues from low~-rank vitrinite, which now show a



Fig 60 Generalised curves for the variation with temperature
of oil reflectivity of six vitrinites carbonised at a

heating rate of 60°C/min,
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reflectivity at leasts as high as that of anthracitio vitrinite

at 95000, which suggests that the condensation of aromatic material
for this vitrinite is greater than for anthracitic vitrinites

de Vries (1968) also states that during carbonisation the rate

of condensation of low=rank vitrinite is higher than for anthracitio
vitrinite, Also the behaviour of the caking coal vitrinite in the
first group needs some attention, since carbonisation at this rate
of heating apparently promotes the molecular structure of caking
coal vitrinite towards the general level of that of coking-rank
vitrinite (apparent from the reflectivity curve)e The influcnoe
of the original rank of the vitrinites in cach group is still
evident from the behaviour of their reflectivity curves, which
follow an upward sequential trend with reflectivity of the
highest-rank vitrinite on top and the lowest rank vitrinite at

the base, In the second group there is a rank sequence between
the anthracitic vitrinites, but the curve for the low-rank
vitrinitic residues eventually lies above the anthracitic

vitrinites.

In summary it is now possible to draw a relationship between
the réflectivity curves of carbonised vitrinites and tho rate of
heatings At the slowest heating rate it is possible only to
distinguish the true softening vitrinite, The differences
between the reflectivities of carbonised vitrinites become more
evident with increasing of heating rate, Groups of carbonised

vitrinites can be distinguished by the level of their roflectivitios



which are related to their softening characters after
carbonisation to about 650°C at 10°C/min heating rate;
at a heating rate of 6000/hin the vitrinite groups can

be recognised after the resolidifiaation temperature

(about 55000).
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(i11) Blreflectance (Fizs 61 to 63)

To some extent the behaviour of the bireflectance curves
at the different rates of heating parallel to those for
reflectivity, but the curves for bireflectance are perhaps

surprisingly more sensitive than the reflectivity curves,.
)
(a) Bate of heating ) C/nin (Fiz 61)

The bireflectance-temperature ocurves of five of the
vitrinites show an upward sequential trend that is related
to their initial ranks and to carbonisation temperature, but
the ocurve for the carbonised high-rank coking vitrinite incroases
veiy sharply after the softening temperature (450°€) to reach a
much higher level than the curves for the other carbonised
residues, This behaviour indicates that highly fluid
vitrinites display high bireflectance and thus show greater
ordetring of their molecular structures. The plasticity of the
other vitrinites is much reduced due to “the slow heating rate
(Brown 1956, van Krevelen at ale 1956) but the rate is still
gufficient to mobilise and reorder the molecular structure to

some degree.

(b) Bake of heating 10°C/nin (Fiz 62)

The bireflectance curves of the residues of the two coking
vitrinites at this rate of heating follow a rising and steeper
trend than either the caking and/or non-softening groupe The

bireflectance curves for the carbonised non-softoning vitrinites



Fig 61 Generalised curves for the variation with temperature
of 0il bireflectance of six vitrinites carbonised at

a heating rate of 1°C/min.
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Fig 62 (Generalised curves for the variation with temperature
of o0il bireflectance of six vitrinites carbonised at

a heating rate of 1o°c/min.



BIREFLECTANCE IN OIL

12.0

100

8.0

6-0

4.0

2.0

— ey

........

/
/
L/
A
!
)
/
//
/,
/
/
// ,l ......
//I .
/i

0 250
TEMPERATURE -°C

1
500 750 1000

CARBON CONTENTS - FRESH VITRINITES

94.2 per cent dm.mf.
93.5per cent dmmf.
90.0per cent daf.
87.9per cent daf.
85.4per cent daf.
80.0per cent daf



178

show relatively little change to those produced at a heating
rate of 1°C/hin. The bireflectanco ourve for the oaking

coal vitrinite now shows an intermediate behaviour, maintaining
o trend between the residues of the softening and non-sdftoning
vitrinites, This intermediate behaviour of the bireflectance
curve of the caking coal vitrinite is again due to +he ‘inter-
mediate'molecular structure of this vitrinite (Franklin 1951),
The gradual separation or expansion of the bireflectance curves
is a reflection of the greater degree of reordering possible
because of the higher fluidities produced at higher heating

rates (see for example van Krevelen gt gle 1956 and Brown

1956)
(c) Bate of heatine 60°C/min (Fig 63)

The bireflectance curves for the carbonised residues of
the coking and caking vitrinites group together and follow a
rising, very sharp and much higher trend than that for the non-
softening vitriniteé, the contrast now being the stronger because
of the high fluidities induced in any vitrinites which softens
~at this high heating rate and so a high degree of ordering of
the molecuiar structure in these vitrinites is now possible.
1t is clear from Fig 63 that even the plasticity of the caking
coal vitrinite is greatly enhanced and a structural ordering
similar to that of the cocking coal vitrinite is achieved, But
still the original structural differences within this group are

maintained in relation to the rank sequence, whore the bireflectance



Fig 63 QGeneralised curves for the variation with temperature
of o0il bireflectance of six vitrinites carbonised at

a heating rate of 60°C/min.
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curve of the carbonised high-rank coking vitrinite is above

and the curve for the caking coal vitrinite is at the base,

This sequence shows the relative degree of ordering of the
aromatic structures of the vitrinites in this group. The
bireflectance curves for the carbonised anthracitic and low~
rank vitrinites agaln show relatively small change=n,

probably because any inorease in the ordering of their molecular
gtructures is relatively small due to immobility of the aromatio
lamellas during the early stages of carbonisation (Franklin 1951),
The influence of the rank of the original vitrinite is also
again evident in the behaviour of the bireflectance curves of

the non-softening group.

It is quite clear from a comparison of Figs 61 and 63
that the influence of heating rate on the trends of bireflectance
of non-goftening vitrinites is relatively small, the group not
showing any great variation with heating rate, while the softening
vitrinites display great changes in bireflectance with heating
ratee It appears that there is a sirong relationship between
the degree of plastioity and bireflectance, While the plasticity
of the six vitrinites was not determined directly, it is known
that plasticity rises with increasing heating rate (Brown 1956
and van Krevelen gt ala 1956)s and the present results show
that the level of the bireflectance curves of softening vitrinites
rises with rate of heatings That the bireflectance should
increase with inoreasing plasticity is not unreasonable, because

the greater the plasticity the better can be the reordering of
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the original molecular structure and consequently the higher
will be the bireflectance, High-rank coking vitrinite, due to
its greater degree of plasticity at all times than that of other
vitrinites examined in this study, exhibits higher birefleotance
even at a low rate of heatings MNodification to the rate of
bireflectance with increasing heating rato through the softening
bituminous—rank vitrinites is the greater the lower is the rank,

eegs the caking ooal vitrinite has its birefleoctance curve most

modified by changing the heating rate.

The above results suggest that it might be possible to use
bireflectance as a means of distinguishing between the different
carbonised residues of vitrinites in a mixture. Commonly rates
of 1° to 5°c are used in commercial coke ovens and comparing
Fig 61 and Fig 62, it is possible to see contrasts, broadly
speaking, between true softening, intermediate and non-softening
vitrinites, It may even be possible to subdivide each of the
above groups according to the rank of the starting materials,
because apparently at 1°C/min, only truly softening vitrinites
can be distinguished, whereas at 10oC/hin, softening, intermediate
and non-softening groups are presents Thus if bireflectance is
used in combination with the morphology of the carboniged residues,
a better estimation of the rank of the original carbonisod residucs

may be achieved,
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(iv) Refxactive Index (Fizg 64 - 66)

(2)  Intzeduction

The refractive index ocurves for the six vitrinitos
carbonised at each of three heating rates are shown in Pigs
64 - 66, Because of the confusion of the curves arond their
maxima, interpretation may apparently be rather difficult, but
in fact resolution is quite possible, and reasonable interpreta~

tions can be put forward for the patterns,

In the earlier work published by Goodarzi and Murchison
(1972), in discussion of changgs in refractive index in relation
to carbonisation temperature and molecular struocture, emphasis
was laid on the relative heights of the peaks in the refractive
index ourves for graphitising and non-graphitising vitrinitos
(see previous work, P 50 )¢ The more detailed results
pfoduced in the present project suggest that this earlier
interpretation is probably too simple a view and that it is
also important to consider not only the relative heights of the
peaks, but also the shape of the ourves as well, A furthor faotor,
in the graphitising vitrinites particularly, is the original
rank levels (which of oourse governs the initial ordering of
molecular structure) of the vitrinites, And so, it seems that
the refractive index curve of a graphitising vitrinite (Fig 13),
after an initial sharp rise to a maximum, falls at a much fastor
rate than does a ourve for a non-graphitising vitrinite, which,

after an initial increase that is the sharper the lower is the
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rank of the vitrinite, deoreases at a slower rate, producing a

much broader peake

The sharp maximum of the refractive index-temperature
ourve of a graphitising vitrinite is probably due to tho moreo
rapid development and subsequent breakdown of the molocular
structure of this form of vitrinite, The mobility of weokly
cross-linked aromatioc lamellas within the crystallites allow
them to align and enlarge themselves parallel to one another
in a vertical or a lateral sense more easily. Tho broad maximum
peak of the refractive index~temperature curve of non-graphitising
vitrinites suggest that the development of the molecular structure
and the subsequent breakdown is relatively slow due to the strongly
cross-linked aromatic lamellae within the crystallites, Beocause
of this rigid oross-linking, the aromatic lamellae are relatively
less mobile than in graphitising vitrinites, so the vertical or
lateral development of crystallites here is slower and requires a
higher lovel of thermal encrgy to destroy the cross-linking (se0
for example Franklin 1951)e Rathor similar curve forms can be

geen in the variation of crystallite hoight (L,) with temperaturc

(Diamond 1960) (Fig 20).

The point about the ocurves, namely the variation with rank
within the graphitising vitrinites, can be seen easily in the

desoription below on vitrinites heated at 1°C/hin.

The form of the refraotive index~-temperature ourves for



Fig 64 CGeneralised curves for the variation with temperature
of refractive index of six vitrinites carbonised at a

heating rate of 1°C/min.
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the residues of the two coking coal vitrinites is similar,

being sharp and showing much less broad peaks than the ourves
for the low=rank, oaking and the two anthracitic vitrinites;

the curves for the non-softening vitrinites are similar to
those for non-graphitising vitrinites (see Goodarzi and Murchison
1972). It should be noted at this point that in th. earlier
work by Goodarzi and Murchison a heating rate of 2.45°C/hin was
employed, whereas the rate here is lower, so that an immediate
direct comparison is not possible, Despite the faot that
plasticity must be much reduced at 1°C/min, the contrast

between the refractive index ourves for non-softening and
softening vitrinites is still quite visible., What is also
apparent from the data here, is that the levol of the refractive
index peak for graphitising carbonised vitrinites is not always
lower than that for non-graphitising as suggested by Goodarzi
and Murchison (1972)e The level of the refractive index peak
is apparently also dependant on the original ordering of the
molecular structure of the graphitising vitrinite which improves
with increasing rank.(see for example Hirsch 1954, MoCartney
and Teichmiller 1972)s It can then be expected that, during
carbonisation, the initial development and subsequent breakdown
of molecular structure be greater for high-rank coking (softoning)
than for low-rank coking vitrinite, The higher level of the
refractive index maximum for residues of high-rank ooking coal
vitrinite than for any of the non-graphitising vitrinites may
also be due to the development of a greater orystallito height

(Lc)' The mobility of the aromatic layers combined with better
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original ordering of the aromatio lamellae within tho orystallites
and the lower level of amorphous material could result in the
development of a greater level of orystallite height (L,).
Franklin (1951) shows that graphitising carbons develop a

greater level of (Lc) than do non-graphitising carbons.

The form of the refractive index~temperaturc ourves of
the softening vitrinites are now more similar to one another, dut
they still differ from the curves of non-softening vitrinites,
It must, of course, be noted that with the inorease of the hecating
rate to 10°C/hin, instead of 1°G/h1n, that the plasticity of all
the vitrinites, and particularly the caking coal vitrinite, will
be considerably enhanced, The bituminous-rank vitrinites (ocaking
and coking vitrinites), which soften on heating, produce an initially
higher refractive index maximum than the non-softening (non-
grophitising) vitrinites and they also begin to exhibit a secondary
increase in their refractive index ourves at approximately 800° to
850°C. This secondary increase will be dus to a further improvement
of the packing of the aromatic lamellae and development of orystallite
height after the earlier breakdown (Diamond 1960), The caking coal
vitrinite, which behaved as a non-softening vitrinite at 1°C/h1n,
now exhibits a similar refractive index behaviour to the true
coking vitrinites at this rate of heating, and the maximum
crystallite height developed (apparent from the refractive index
curve) has an intermediate level between that for the softening

and non-softening vitrinitess



Fig 65 Generalised curves for the variation with temperature
of refractive index of six vitrinites carbonised at a

heating rate of 10°C/min.
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The results of Marsh (1971) show the crystallite hoight
of o oarbonised caking coal at slow rates of heating ( 5°C/min),
after an initial increase, decreasing with further riso of tempor—
atures Tho decrease of orystallite height is, however, arrested
at about 700°C, at tho fastest heating rate (5°C/min) employed
and onco more the corystallite height begins again to ..so, The
refractive indices of the low-rank vitrinite and two anthracitio
vitrinites still behave as non-graphitising vitrinitos (soce

Goodarzi and Murchison 1972).
() 6Q° 66

The softening vitrinites now display markedly contrasting
ocurves to the non-softening group, showing sharp maxima and also
pronounced minima, Even the low-rank vitrinite is affooted at
this high heating rate and it actually now displays a high levol
of refractive index with a much sharper peak, All thoso softoning
vitrinites exhibit high levels of refraotive index, indicating
that these vitrinites undergo greater modification within their
molecular structures over this temperature rangs than do tha
anthracitic vitrinitess The greater input of thermal cnergy,
combined with typical bituminous molecular structuro (Hirsch
1954 and Cartz and Hirasch 1960) enables these vitrinites temporarily
to achieve greoater orystallitoc beights than the non-softening

vitrinitess

The secondary increase of rofractive index beyond



Fig 66 Generalised curves for the variation with temperature
of refractive index of six vitrinites carbonised at a

heating rate of 60°C/min.



REFRACTIVE INDEX - nmax

210

2.00

1.90

1.80

1.70

1

1.60

0 250

560 7‘:30 1000

TEMPERATURE - °C

CARBON CONTENTS - FRESH VITRINITES

oooooooooooooooooooooooooo

94.2 per cent dmmf.
93.5per cent dmmf.
90-Oper cent daf.
87.9per cent daf.
85.4per cent daf.
80.0per cent daf.



186

approximately 800°C can only be observed in the truly
softening vitrinites, not in the low-rank vitrinites,

The increase again indicates that tho packing of tho
aromatic lamellae is improving and that the orystallite height
has begun to inorease once more, The non-graphitising
vitrinites do not show this secondary increase in orystallite

height, at least up to 100000.
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(v)  Abksormtive Index (Figs 67 - 69)

The ocurves for each heating rato show parallel changes
to those of the reflectivity-temperature ourves, but the
differences between the graphitising and non~grophitising
vitrinites are perhaps surprieingly in general bettor definod
than in the refleotivity-temperature curves for cach heating
ratee, 4ll the variatiomswith heating rate are discussed without

any subdivision,

It appears that the softening vitrinites develop largor
aromatic-~layer diamecters (apparent by the high lovel of the
absorptive index curve) at any temperature then 4o the non-
softening vitrinites, The differences botween the molocular
structures of the two groups beoome more evident with inorease

in the heating rate.

Moving from the lowest to the highest rate of heating the
behaviour of the coking coal and low-rank bituminous vitrinites
is most interesting, The residues of the caking coal vitrinite
show the greatest lovel of shift of the absorptive index curve
from the non-graphitising to the graphitising group and seomingly
the rapid rise in thermal energy provided by the inocreased hoating
rate facilitates lateral growth of the orystallites, Latoral
growth of the crystallite layers in non-softening vitrinitos is
limited at low heating ratos due to the strong cross-=linking
between the aromatic layers, whercas in tho softening vitrinitos

the cross-linking is not sufficiently strong and so the inoreased



Fig 67 Generalised curves for the variation with temperature
of absorptive index of six vitrinites carbonised at a

heating rate of 1°C/min.
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thermal energy combined with rapid evaporation of oross-
linked material leaves the aromatio lamcellae free to coalesce
and to dsvelop an !'intermediate! molecular structure, The
present results show that, at tho fastest rate of heating, -
the 'intormediate? molecular structure of caking coal is
shifted so that & molecular structure similar to that of a

graphitising carbon is forméd,

The otheor large although graduanl shift in the absorptive
index curve is shown by the carbonised low-rank vitrinite in the
non-softening group, which, at high temperature, shows a gradual
shift from the lowest value in tho group at the slowest rate of
heating to the highest level in the group at the fastest rate of
heating., This behaviour probably indicates that this vitrinite
of the non-graphitising group is partially adble to overcome tho
restricting factors, such as strong cross-linking and also the
disordered aromatic layers, to develop larger aromatic lamellac

at fast rates of heating,
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Fig 68 Generalised curves for the variation with temperature
of absorptive index of six vitrinites carbonised at a

heating rate of 10°C/min.
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Fig 69 Generalised curves for the variation with temperature
of absorptive index of six vitrinites carbonised at a
heating rate of 60°C/min.
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(vi) Summary

Considering all the above parameters, reflectivity,
birefleotance, refractive and absorptive indices, it appoars
that although the precision and acouracy of determination of
bireflectance is not as high as that of reflectivity, biroeflect-
ance shows a greater sonsitivity to the original rank of tho
carbonised vitrinite and to the heating rate than does the
reflectivity. Bireflectance particularly appears to be o
better indicator of original rank at slow hoating rates, wheore
reflectivity is not so sensitive (compare Figs 58 and 61),

The refractive index curve also indicates changes in molaecular
structure with inocrease in carbonisation temperaturo, First,

it distinguishes the basic molecular structural differences
between groups of vitrinite and second, the differences betwoen
the softening and non-softening vitrinites ocan be seon in the
trends of pefractive index curves for the carbonised products,
The determination of a refractive index ocurve is, however, rather
time-consuming and tiresome work, whereas the birefleotance can

be determined more easily at any rank level in less timo,
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5. Songlugion

The following conclusions can be drawn from the foregoing

studiest-

Ao lNorphologzical

(i) Softening vitrinites are the only vitrinites which
develop different types of mosaio texture during ocarbonisation,
The faster is the rate of heating, the larger aro the granular

mosaic units developed,

(ii) Low-rank vitrinitos develop completely rounded ocenosphoros
like semi-coke at fast rates of heating, whereas at slow .rates

of heating the vitrinite particles retain their original angular

form.

(1i1) Caking-coal vitrinite, which at a fast rate of heating
develops mosaic structures with different textures, only develops

a partial finely-grained mosaic at slow rates of heating,

(iv) Anthracitic vitrinites show the least morphological

changes with heating rate,

(v) It is possible to identify carbonised residues of various
rank lovel for specific heating rates by morphological studies;
the faster is the heating rate the easier is the differentiation
between softening and non-softening vitrinites and within the

non-softening group, but the more difficult it beoomes within

the softening group.



(vi) The extent of 'nucleated domains' depends on thoe lovel
of plasticity and is the greater the higher is the rank of

the softening vitrinite and the faster is the heoating rate,

Bo Quidcal

(1) Grephitising (softening) vitrinitos are more rensitive
to heating rate than are non~graphitising (non-softoning)
vitrinites.

(11) The refleotivity, biroflectance and absorptive index
curves of carbonised vitrinites are the highor the fastoer is

the rate of heating.

(111) Differences in refleotivity, birefloctance and absorptive

index ocurves between and within softening vitrinites and non-

softening vitrinites inoreasse as the rate of heating risos.
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(iv) The refractive index curves of softening vitrinitos exhibit

different trends to those of non-softening vitrinites, irrespeotive

of the level of heating rates, The peak shape (for softening

vitrinites) and the rank level {for all vitrinites) are important

in distinguishing between vitrinites,

(v) The form of the refractive index ourves of softening -

vitrinites at fast rates of heating is differont to that at slow

rates of heatingy there is a scoondary increase which is due to

further increass of crystallite hoight,.

(vi) The optical propertics of carbonisod caking-coal vitrinite

indicate how important is the influence of the plasticity on the
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optical properties of this vitrinite, Tho faster is the rate
of heating, the greater is the plasticity and thus the botter
is the ordering of the molecular structure and the more similar
the malecular structure becomes to that of truly softening

vitrinite,

(vii) High-rank, coking-coal vitrinito, oven at . .low rates of
heating, oxhibits a higher levol of refloctivity and bireflectance

than do anthracitic vitrinites aftor carbonisation,.

(viii) The lower is the rank in each group of vitrinites the

greater are the overall optical changes,



