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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



AIR REFLECTIVITY - Rax (%)

REFRACTIVE INDEX - nrmax

PHASE 1 PHASE 2 PHASE 2 PHASE1  PHASE 2 PHASE 3
oF 8.0k
20.0 a b . o B
o ®@d
«® 9 ]
180 ..oiu z 7.0f ...o
R hr . o
: ° [-] g o
. ] 'F o8
16.0 o E 6.-0F
>
*0 5 off
s u
140 .‘.’ E 5.0F .
L -
! 6 ....
o
12.0} 4-0F ’
8
1 i i i 1 i
1005 750 500 750 1000 30y 250 500 750 1000
TEMPERATURE - *C TEMPERATURE - *C
PHASE | _ PHASE 2 PHASE 3 PHASE | _ PHASE 2 PHASE 3
Jq0F 0.50F
2-10 c a
Oo ! '
:-:;g N | 8
o* ooy s "o
2-00p o.'a... ﬁO-LO' °
ha £ o’
x *s
1-90f- 2 0.30} .
- [ 1] »
w a
E o
[+
1.80k % 0.20k .
1.70F 010
1.60 A i 1 0 1 1 1
0 250 500 750 1000 0 250 500 750 1000
TEMPERATURE ~-°C TEMPERATURE~-*C
HEATING RATE
o - Fresh sample ® — 60°C/min ® = 10°C/min 0 = 1°C/min



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.
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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
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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
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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
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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.
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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



184

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.
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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,



