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The above studies show tho.t the of oarbonised 

residues is also lo.rgaly rola.ted to the rate of hoo.tinc. Low-rank 

ooal, whioh produoes o.ngu.lo.r or subo.ngulo.r po.rtiolos o.t a blow ro..te 

of heatinG. develops oompletely rounded, thin-wtulou partioles at 

fQf3t rate of heatine, The size of the vD.Ouoles is also dopendont 

on ro.te of heatillB' o.ncl they ere tho lnreor and oora nuoorous tho 

faster is tho rate of heating. The formation of IJosnio struoturo 

is also a function of the spood of co.rboniso.tion. Tho rel':'..otion 

between the oesophc.ae and the isotropic Datrix is core rr.pid and 

a larger mesopha.so Will appeo.r a.t fa.st rates of' heutinc, which 

results in the formo.tion of' a lo.rGOr DOsoio struoture. 

G.' . Ogticcl. Properties 

Abro.nski nnd Mackowsky (1952) stated that the fa.stor is 

the rate of hec.ting, the lnrt;or is the aroa. showinc sicilo..r optioal 

extinotion cnd the botter will be the reo.rraIlb"Ocent of' the 

'orystallitea', because of the greater lovel of' onergy o.voilc.ble 

over, a short period of time. (1957) oonfirmed the earlier 

statement of Abro.cski and Maokowsky. 

Brown and Ta.Ylor (1961) examined some Antarctic coals to 

find that one of the naturally Ileto.morphosod ooo.1s exhibitod a 

high degree of anisotropy (Roil ::laX • approxioa.toly 12.9%, 

birefleotance - 12.4%). The ooal doveloped a syateD of vosioles, 

each less tho.n 1001dm in diooeter, a feature not 'observed in the 

remuindor of the ooal sElDples. The authors attributed the fOrl:lo.tion 

of this na.tureJ.ly-ookod ooal, which was aseumed ori&1nclly to bo 
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a low-volatilo bi tumnous 000.1 or a oediuo-vola.tile bi tUIllinoUfJ 

ooal, to either the rapid rate of hoa.ting up to about 10000 0 or 

to a lower pressure than the rol:clnder of the ooal SOOl)les wore 

exposod to. 

Ghosh (1968) oa.rried out r. systemc.t10 stud3 of the oil 

reflootivity and oil birefleotnnoe of a series of ooals (oarbon 

• 76.2, 83.5, 86.5 and 91.1% daf) oarbonised in the temperature 

000 range betwl;len 100 0 and 1000 0 at 100 0 intervals usillti her.till{; 

rates of 10 0, 3°0 and sOO/c1n with a. one hour 'sank' period. 

The refleotivity was found to be the hiGher the lower tho ra.to 

of heatinc (FiG 31), while the differenoe between the reflootivi ties 

of the vi trini tes oarbonised at the different heatine ratos becomos 

more evident as the temperature rises. Aooordill{! to Ghosh, the 

differences appear as low as 300°0 for low-rank vitrinite (oarbon 

• 16.~ daf) a.nd ct 500
0

0 for the other three ooals. The 

differentiation betwoen the refleotivity ourvcs for the ol1kine 

000.1. vitrinito (oarbon • 86.5% do.f) is greater than tha.t for eithor 

the higher or lowel'oorank vitrinite bituminous oools, whioh do, 

however, exhibit Greater differenoes at hiGher tompera.turos. 

The vitrinito in the cool of 76.5% co.rbon oontent Wa.B found 

to be almost isotropio at all throo rates of hoatinJ up to 1000°0. 

whereas bituminous-rank vitrinites displ~ed some degree of 

onisotropy that was dependent on the rank of the ooal, tho 

a.nisotropy beinc; crreater as rcnk increases. From tho gro.ph of 

the mo.x:imum o.c"'Oinst minimum oil reflectivity , it a.ppec.red thnt 



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 86.5% 
Chakar = 91.1% 
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the bireflecto.."1ce not only depends on rank, but also on the rate 

of heating; the hiGher is the hectine rate, the lowor is the oil 

birefleotance. 

Cook ~ .¥ ••. (1972) studied a mota-anthro.citio vitrinite 

(carbon. 93.8% dot), which exhibited a markedly higher leval of 

reflectivity ond birefleotance tho.n vitrinites of similar oo.rbon 

content; the vitrinito possessed a level of reflectivity simila.r 

to a. coal of a.bout 96.5% carbon content (Ileto.-cnthraoite). Tho 

a.uthore rele-tod this unusually hic;h vitrinite reflectivity, ita 

partiau.lar structure and the foroo.tion of ooke found o.ssociated 

With the vitrinito partiolos to the l)ossibility of tho foroa.t10n 

of this vi trinite at 0. fo.at heo.tillG rete. 

The results of Abremski and Mookowsky (1951) f TC'.v"lor (1957); 

Brown tllld T'\Y'lor (1961) tllld Cook ~ ~.I. (1972) O.%'e in Cl.{,)TOoment 

but oontrc.st with the findincs of Ghosh (1968). Tho finc1illb'S of 

de Vries .2.t .r¥ .•. (1968) indioate that the gro.duo.l inoreu.so of 

reflectivity with teoperature is due to increase in the ooncentra.­

tion of aromatic struotures oOllsed by gradual devola.tilisntion o.nd 

further, tho results of Buck o.ncl Patte1sky (1964) (seo lnter) Show 

tha.t the reflectivity under vacuum is higher than o.t o.to.osphorio 

pressure, probc.bly the vola.t1lo matter oan esoa.po Doro oa.a1ly than 

at atmospherio pressure. It would then seom reasonable thc..t tho 

reflect 1 vi ty o.t fast rates of heatinc would be higher than c.t 

slow rates of heo.ting, beoause of rc.pid deiFoBifioa.tion and subsoquent 

conoentro.tion of the aromatio struotures. Since the tronds of the 

optical properties .are a fUnotion of molecular modifioa.tion, so 



an improvooent in struoture will ['.tfect the optical proporties. 

Thus it "fJJ1J3 be expeoted that for tho S0[.10 teoperature level, 

oarbonised residues at fast rates of hecting will bo ooro 

nromatio and have a botter molecular struoturo than L:.t slow 

rates of heatin.c. 

Ohanges to the oolecular struoturo of 000.1 durine 

oarbonisation with vo.rying ro.tos of hea.ting have beon studiod 

by Bl/;\yden .2l £;\,. (1944) and Ma.rsh (1911). Bl~den .2l cl .. 

(1944) studied the effect of rate of hoetill6' on the molecular 

struoture of two ooals (carbon. 81.13 and 88.4% da.f). The 

ooking ooc.l W<:'.B carbonised up to 100°0 o.t 20e/mn a.nd 50 e/LUn 

and the low-rank bitUDi.nous ooal up to 600°0 at 10 0, and 
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.5°C/min. The ookinG ooal was more sensitive to reto of hoo.tine 

and the rOote of 20e/mn (,"C.ve 0. hiGher va.lue of orystolli te hoieht 

to that of 5
0
0/Din et 500°C. The value for (Lo) at a. rato of 

. 0 ° 20C/mn at tuoporatures between 4.50 e o.nd 650 0 wao 'higher than 
" 0 

the (Lo) of residues Oa.rbol1dsed at 5 e/Din. ~~e orysta.llite 

dio.oetor (Lo.) of low-rank bi tuoinouB ooal showod 11 ttle va.rio.tion 

with rate of hoo.ting', whereas the (LOo) of the ookine ooc.l o.t the 

slow ra.te ho.d hiGher values in the teoperature rD.l'lGG IJontioned 

o.bove. However, the effeot of rete of hea.ting on low-rank 

bituminous ooal was the diaplooeoent of the tlaxiIJU.IJ vclue of 

(Lo) by 100°C, e.g. the oaxiuum (Lo) for 10e/oin was nt 500°0 

whereas for 50e/rJin was at 600°0. The orystollito dio.ootor 



Fig 38 Variation of (L ) with temperature for caki~oal c 
vitrinite (carbon = 86.3% <laf), carbonised at 

heating rate of O.5°C/min (after Marsh 1971). 
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Fig 39 Variation of (L ) with temperature for caking'-Coal c 
vitrinite (carbon = 86.3% daf), carbonised at 

different heating rates: 

(a) 2
oC/min 

(b) 50C/min 

(after Marsh 1971) 
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did not alter with different heo.til'l0 ro.tes. Bl~den.2l 0.1" 

(1944) concluded toot since the IJovement of tho arona.tic 1t'-'Yere 

in coking coc.ls wc.s c. vory slow process, the slow ra.te of hea.till{; 

would show higher vc.lues of (Lc) tho.n would tho fast rc.to of 

hea.ting; the ohongoa in mo1eoulD..r structuro of low-rank 

bi tw:rrl.nous coal c.ro loss dopendont on title than tho. A in 

ooking ooal. 

MD.rsh (1911) studied the 1.t-rT:';! diffraction pattern of a. 

bitUIJinous coal (carbon - 86.3% d..."..f). In tho vicinity of i0100ua 

c\Yke, the mc.x1tlUtl toclperc.turo c.ttcined at distanoo of 0.914 

raetros from the ~ko a.ppeared to bo leae than 500°0, This 

cool was carbonisod at throo differont ro.toa of hoa.ting (0.5°0, 

2°0 and 5°0/min) a.t tomporc.tures up to 1200°0. The 'orysto.llito' 

die.oeter (Lc.) wc.s less sensitive to tho ro.te of hoating thr:.n Wt1.S 

tho 'crysto.lUto' hoiGht (Le) which showod sorao varia.tion with 

the rc.to of hoc.ting (Fies 38 ond 39). .l..t the fa.stost rc.to of 

hoating the (Le) was lower with eo secondo.ry increo.so in (Le) 

beginning c.t 750°0; the reverse WaS truo for tho slowest hoC'.tine 

rate, viz. a higher (Lc) ond no second....-..ry increaso in (Lc )' 

In SumI:lc.r.Y, tho carbonisation process is extendod or 

suppressed by either inoreasing or decroa.sillti the hontine rnto, 

At a. fo.st rate of hoa.till6, plasticity increasos, which proba.bly 

results in the forontion of largor tlOSa.iC units o.nd. lo.r[,'Or 

dogasificc.tion vaouolos duo to the rc.pid dovolc.tilisc.tion. 
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The higher lovels ot roflootivity and birofleotanoo on rapid 

heating indioate a better-developed ooleoular struoture. Sinoe 

the refractiv~ end absorptiv~ indox curves o.ro clso indioo.tivo 

of ooleC'.1lar modifioation, then vo.ryillG boho.viour, vo.ria.tion of 

those parooeters.onn be expeoted with var.ying hoatinG ro.tea. 



(i) Introdu~tj.oll 

'!ha following Dumna.riood morphologicol foa.turos and the 

dotcllod dosoription in Appondix I (Vol.IIl) of tho oo..rborosod 

roaiduos of oo.oh of thE) six vi t rini tos oarbonisod r.t the threo 

henting ra.teo are doscribed cxd oomparod with ono another a.t 

difforont temperature lovels a.nd/or tompornture ro.ngoo. Thoso 

teopcraturo levols or r~s wore chosen to covor rooognised 

sta.gos in the carbonisation process, viz. so:rtoning. rosolidif­

ication, molecula.r reorgnniaa.tion in the solid sta.tu, eta (soo 

Fie 7, redrawn o.:ftor V:1l1 Krovelen). 

The Size Qf vao.uoles variElS, but generally incrca.soa with 
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riso of heatirle rata from nbout 2.5 urn to 50 urn. Tho carbonisod 

residuoB remain angular a.nd/or become cub-angulD~ at rate of honting 

of 10C/min, wheroa.s tho rosiduos oro eonorolly Bubnngular a.t honting 

rato of 100 C/min, o.nd bocone rounded, dovoloping typical conosphero 

appearance a.t 600 C/m1n. 

(Hi) C.oking opal yiY;2,nito (oo.rbon -:. 13S-M do.{)(Platoe 9 to 11) 

Tho size of va.cuoloo incroa.Bos, wheroa.B thoir numbor 

docro n.so a with riso of' hoating rate i et slow rnto of heating 

the ca.rbonised rosidues only bocome ooherent o.:ftor co.rbonisc.tion 
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to 550°C, who re os nt hO(1.ting rc.tos of 10oC/t:d.n and 600 C/rnin 

tho rosiduoB bOCOL~ cohoront nt nbout 450°C. At 10 C/rnin tho 

enrboniaed products only dovolop" ol pc.rtiol fino-&~ninod moanie, 

whoroas a.t 100 C/rnin tho rosiduo dowlops 0. fino to modiunJ-ogI':rl.r.od 

mosnie toxturo; nt 60
0
C/m1n tho mosaio un1 ta Dhow n finu-groinod 

to flow-type toxture, lc.rge domains of cniaotropie c.roaa c.ro 

dovolopod nt 100C/rnin and 600C/rnin (Plato 50). 

The size of vMuoloB gtmorolly incron.soB, whoroQS thoir 

nuobor dooreosoa with an incroQSo in honting ro.to. 

The onrbonisod products nt 1°C/ruin o.ru non-ooheront up to 

515°C whoroos tho rosiduoa a.t 100 C/rnin forLl n portinl eoheront 

aomi-ooko at 500°C o.nd. nt 600 C/rnin n oohuront rosiduQ is forood 

o 
oven nt 450 C. 

The moanio texturo nt the slowost rnto of hea.ting InD.1.nly 

consists of fino-grninod MIllor modilm-grninod taxturas, 'but at 

100 C/min, although tho fino-gra.1rwd ro:i1/or tlodiUl':l-gI'oinod moanio 

texturos dominc.te, flow-type mosoios arc proaont, nt 600 C/min 

tho Ilosa.ie taxturo mninly oonsists of modiu.ra-gruinod to flow-type 

moanie. The moea.io toxtures a.re oven nblo to oonloaoo a.nd to 

forrl lc.rgo a.nisotropio domains (Plato 51), th\l intonei ty of 

o.nisotropy rising vi th 1ncreo.ae of tompora.turo o.nd rnto of hanting. 

o ° Tho rcsiduoa oo.rbonised nt 450 C o.nd 500 C nt rnte of 

hoating of 100 C/rnin nlao dovelop sma.1l, sphorionl bodies (Plnte 47). 
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At slow hoating rate (1 oC/min), tho oarbonisod rosiduoB 

rnmoin non-vosioular ~or ocoasionally dovolop voouol~D of about 

10 u m ovor the wholo range of oo.rbonioo.tion tempora.ture; at hoo.ting 

rata of 10oC/min the roeiduoe dovelop vo.cuolou of a.bout 50 lA. Cl at 

about 500oe. At hunting rato of 600e/min, the roaiuuus booomo 

o 
vosioular and o.bovo 450 Ct the sizo of v~uolos inoreases with 

riSe of rate of heating and tor.1pora.tur(). 

Tho oarbonisod roeiduoD ara non-oohorent and ramnin non-

vosioular and/or ocoosionnlly dovolop vncuolos of about 10 u u 

over the wholo r01lf,"O of oarbonisa.tion tempera.turo nt a. hontinc 

rato of 1 °C/min, ~lhoroa.s tho rosiduu a nt 10oC/r:rl.n cnd 600 e/rrdn o.ro 

ooherent ° onco oa.rbonisod boyond. 450 C. Meanio toxtureo mninly 

oonsiat of a. granular texturo (fine to oonrso-gra.inod) for the 

heating rate of 10C/l;d.n, whereas o.t 100C/m1n and 600 e/r:d.n, tho 

mosnio toxtures aro ruinly modium-g:rninocl to flow-typo. Coc.looconoe 

of t10SniO units to form lo.rgo anisotropio doonins is core ooml:lon 

at tho fast ra.te of hoating o.nl 1 t cppeara that tho fa.stor tho 

ra.to of hoo.ting the botter ordered will be the mosnio units 

(Platos 52 to 54). Botanioal struoturos OM ba observed o.t t:'.ll 

three rates of heating (Platos 55 to 58), but oell struoturos are 

better presorved nt the slow ra.te of hoo.ting. At the fast 

heating ra.te the oellular struotures flow and po.rtially loso 

thoir original sha.pe. The rosiduos oarbonisod nt ra.te of hocting 

of 10
o

C/c1n at 500°C develop spherioo.l bodies (Plntos 48 and 49). 



Thoso sphorionl bodios show similar optionl o.nd lilorphologioal. 

behc.viour to thnt of DOSOphasO dosoribed by other nuthora. 

(vi) Anthro.oitio.;Vl,1r)J:tjitoD (otU'l)on -.2J.,5, Md 94-2% dnu.1f) 

(Plntos 36 to ~6J 

There are few tlorphologioo.l d1fforonoos botwo(:)n the 

roeidues of thu anthro.oitio vitrinitOB oarbonised at difforent 

heating ra.tos. Thoro is devolopmont of a. syotom of fra.oturou 
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in tho roaiduos oarbonisod a.t fost ra.tos of hanting nnd El. reduotion 

o in tho numb~rs of vaouoloe a.ftor npproximnte1y 900 c. 



B. OPTICAL PROPEH'nES 
•• •• t ••• 

(1) 

Ooodnrzi and tbrchiBon (1972) ostnbl1shod sa.tlsfo.ctory 

rela.tionships botwoen the boha.viour of the optloa.l proportios 

o of vi trini tos of differont ro.nka onrbomsed up to 950 C o.nd 

different stages of the oarbonisa.tion proooss, o.g. tempornturo 

of the onsct of plcwtloi ty (Ta), tornpornture of tho onsot of 

r08olidif'ioc.tion (Tr) and tompern.turc of thu onsct ot molocula.r 

reorgo.nisc.tion in tha solid (TIil) (Figo 13 a.nd 17). 

In tho presont study tho ail:lilnr optioo.l da.ta. for oooh 

vitrinite of differont rank cc.rbonisod nt throo difforent rn.to~ 

of honting a.N group od tOB'Jthor to display tho opUonl ohC'Jlgoll 

oocurring during tho onrbonisntion prooeeD (11ga 40 - 4'). 

Genernlised ourvos of the individUo.l optionl ploto for oo.ch 

vitrinite nt tho three different rntoa of honting a.ro shown in 

FiBS 46 to 51 •. The oil bireflootanoo plots for each vitrinite 

are shown in Figs 52 to 51. 
Tho six vi trini tuB of difforent rnnk hnvo boon inl tinlly 

divided into two groups (aoo nlso Tc.blo8 5 nnd 6), 0. sof'tening 

nnd a. non-eof'toning. 

(0.) Tho non-sof'toning group oonsists 01'1-

Low-rank bi twJinoua vi trini to 

(onrbon - 80.0% dnf) 

low-rank nnthrnoitio vitrinito 

(oc.rbon - 93.5% dnrnf) 

high-rank c.nthrL'.citio vitrinite 

(carbon. 94.2% dnmf) 
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(b) Tho softoning group oonsists 01'1-

ooking 0001 vi trini te 

(oarbon • 85.4~ dnt) 

low-rank, ooking eoa.1 vi trim to 

(c~bon • 81.~~ do£) 

high-rank ooldng 0001 vi trim to 

(o~bon • 90.0% d~f) 

sott.o.n<iJw; 'Vi trini tOB include the bi twninoua-ro.nk 

vi trim tea which Boften o.t tho onsot of the pla.stio 

stage and und~rgo nn extonsivo coleoul~r roorganioa­

tion. Thoso moleoulr-.r oha.ncoa begin vi th tomporn.ry 

loss of optioal oniaotropy (soc for oxample T~lor 

1961 'r Davis 1965 o.nd Good~zi ond I,llrohiaon 1912), 

duo to oonplete disordorine of oolooula.r struoturo. 

Booa.uso of the ooking 000.1 structure (Hirsoh 1954), 

the plastioity devolopud fcoilitntoD 0. roordoring of 

the struoturru. uni ta duo to tho mobi1i ty of weokly­

bondod o.roClC.tic lc.rnolla.e in tho plo.stio sto.to. Tho 

dogreo of ordering of the rnolooula.r structure incro::l.SoB 

with rising ca.rboniso.tion tocporo.turo. Cor.lIJonly this 

group of vitrinitoD producoB ~ gro.phitisod oarbon o.t 

tomporo.turos required for gr~phitiso.tion. 

NOn-B.ofto¥M vi trini toa oonsist of vi trini tos whioh 

do not becol:1o pla.stio during On.rboniDa.tion (soo for 

exo.mple Dc.via 1965 o.nd Good~zi n.nd Mlrchison 1912), 
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due to thoir pnrticulnr ~olooulcr struoturo whioh 

oonsists of nro~~tio lonollco thnt nre strongly 

oross-linked by amorphous Inr-..torial (Hiraoh 1954). 

During oc.rbonieo.t10n, beoo.uao of this rigid oross­

linkngo, the lnmellne onnnot ~ovo freely (Fronklin 

1951), o.nd so tho ordoring of tho nror.lO.tio units 

whioh oon bo brought about by riso of oarbonieo.tion 

tOQPornturo is limited 

(11) Roflooj.ixt;tl (Figs 40 to !P.~ .ru;d b l 

The refleot1vi ty-temporaturo ourvos in air t.'.nd oil of 
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ecoh vitrinito at 0. pnrtioular rata of honting ara doooribod 

t050ther, booa.use of the slnilcrity betweon thoir tronds 

throughout tho r~1k rnngo oxar.dned. The roflectivity-tonpornturo 

curvos of the low-rD~ bituminous vitrinito9 are plottod on a. 

sir.rl.la.r scale os those for tho softening vi trini tos, becouso it 

is possible to brine out the differonoos betweon the rofleoti vi ty 

curves; whorocB the reflootivity-tomperaturo ourvos of the 

o.nthra.oi tio vi trini tea a.ro plotted on a lnrgor 90=.10 oompc.rod 

with the softening eroup o.nd tho low-rank bitur.linous vi trini to, 

booa.use of the smnll difforenoes betweon the reflectivity ourvoo 

et the difforont hoa.ting ra.tos. 

(Co) Non-eo,ft o.r~.ng Group 

1. Low-rc~ bJt~ous vitri.~t.oraJ" and b lI'ig,. 49. 46), 

The differences betweon the reflectivity curves o.t 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 heating. 
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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 = 93.5% dmmf), carbonised 

at three rates of heating. 
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~g 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 heating. 
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Fig 43 Variation with temperature of air and oil reflectivity, 

refractive index and absorptive index of caking-coal 

vitrinite (carbon = 85.4% daf), carbonised at three 

rates of heating. 
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F1g 44 Variation with temperature of air and oil reflectivity, 

refractive index and absorptive index of low-rank, 

coking coal vitrinite (carbon = 87.9% daf), carbonised 

at three rates of heating. 
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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.~ daf), carbonised 

at three rates of heating. 
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three rates of he~ting ~re ver,y amnII on cnrbonis~tion up to 

700°C, with the refloctivity ourve of 600 C/r!lin followinc ~ 

slightly hiGher upward trend tho.n those o.t 10°C o.nd 1°C/min. 

The reflectivity curves follow c sequential pnttcrn ofter 

700°C, th~t for the fast rc.te of hoc.ting being highest, tho 

internedintc rate of henting in the niddle o.nd the slow ro.tG 

of he~ting below up to 950°C. 

,Anthrq,cj. tic. 'IQ. trini tes l.c9J and b Fiis_41, 42, 47, 48) 

The beh~viour of the two scts of reflectivity curves for 

the anthracitic vitrinitos is ve~J similo.r. The reflectivity 

curves at 60
0

C/r.rl.n show a higher upward trend tho.n those at 10°C 

nnd 10 C/cdn up to 950°0. Howover, the reflectivity curveD nt 

10°C nnd 10 C/m1n follow sinilo.r paths whioh o.lnost ooincido up 

to 650°C for the high-rank o.nthrn.oito and 675°C for the low-rnnk 

o.nthrooite. Tho refleotivity curves then sepo.ro.te from ono 

another Md follow different upwc.rd pc.ths. Finruly, the 

differences betwoon these reflectivity ourves diminish onoe 

more o.t o.bout 850°C for the low-ro.nk Mthro.citic vitrinite c..nd 

o.t c.bout 900°C for the high-r~ o.nthracitic vitrinite, nftGr 

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

(b) Softcni!]4 Gr~up_(a.and b Fi&!'s 43 to 45,49 to 51) 

The reflectivity curveS of this group et all three rates 

of he~ting increase slightly up to 400°0 o.nd then more rnpidly 

o 
but slowly up to 450 C. The differonces botween the refleotivity 

134 



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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Generalised curves for variation with temperature of 

air and oil reflectivity, refractive and absorptive 

index of low-rank anthracitic vitrinite (carbon = 
93.5% dmrnf) carbonised at three rates of heating. 
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F1g 48 Generalised curves for variation with temperature of 

air and oil reflectivity, refractive and absorptive 

index of high-rank anthracitic vitrinite (carbon = 
94.2% dmmf) carbonised at three rates of heating. 
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F1g 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 -~emperature of 

air and oil reflectivity, refractive and absorptive 

index of high-rank coking coal vitrinite (carbon = 
90.o% .. Q.af), carbonised at three rates of heating. 
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curves of the cc~~rbo~sGd residuos of each rcnk level in this 

group appecr only after carbonioction to about 500°0, when the 

reflecti vi ty CUl'VOe beC01JO aopcrC'..tod, with the curves for 6000 

o the highest with the 1 C curw t..-li tho bMe, tho C'll.I'VQS fOl" 

100 0/r.rl11 ma.intclning :\Xl interi:lcdintc position. The refleotivity 

curves for the three hea.ting rr-.tes mctntcin thoir 1': '3tinct trends 

with proc;rcssivo incl'er:,s;) of tor.rpoilrc.turo up to 950°0. Th0 

refloctivity curvoa of the hiBi1-rc.n!::, coking coc..l vitrinito ~t 

100 e o.nd 10C/Lun follow one another tlore closely with rice of 

cro-bonisotion tenpernturo, but still the reflectivity ourvo for 

above trends show that in the softening group, the reflectivity 

nt any one teopercture is the hiGher, th~ fester is the rete 

of hea.ting. The sopara.tion betwoon the curves iD ouch more 

distinct them in the non-softenir15 group. 

(iii) Birefleotr.l1c•o ... in oil (a 2E-j. b Figs 52 to 51) 

Birefloet~lce-teDpera.ture ourvos of non-soft~ning 

vi trim tes are plotted on a lo.rger sca..le thc.n tho3e of the 

6oftenill6 vi trim tea, at;a.in to bring out tho differoncos botwecn 

the birefleote.ncu-tof:1perature curves et the different rutoo of 

hoo.ting, which nro soall for the nOll-softoning c,TOUp. 

(Q.) Non-soft.s.~.ng Grou;e (a and b Fi~s 52 to ,,24) 

There is little chullGO in th~ biroflcct.:mce-tempornture 
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Fig,52 Variation with temperature of oil bireflectance of 

carbonised lo~ank bituminous vitrinite (carbon = 

80.a.' daf) 

(a) generalised curve 

(b) experimental data 



3·0~, ----------------., 

.....J 

o 
~ 2·0 
LlJ 
U 
Z 

~ 
(J 
UJ 
.....J 
LL 1·0 
UJ 
a::: -f1l 

00 

a 

/ 
/ 

,,----

/ 

'l-
/ --------­

",'" --'" 
=-_::s~/ 

250 500 750 1000 
TEMPERATURE - °C 

HEATING RATE 

3·0r-. ----------------. 

...J -o 
Z 2.0t--w 
u 
z 
~ 
u 
W 
...J 
LL 1.0t­
w 
a:: -III 

o~ 
o 

b 

• ••• . . - . -- . ... 
~ __ ~ 0 0 00 

~.,~O 0 
250 500 750 1000 

TEMPERATURE - ° C 

HEATING RATE 

-- 60oC/min - - - 10oC/min ------ 1°C/min 0 - Fresh sample • -60oC/min - -10oClmin o-1°C/min 



° ° curves at the three rates of hontina up to 450 O. At 500 0 

bireflectance sto.rts to increase o.nd this inoreaso ia I:10re 

pronounoed at 600 0/r:dn than a.t oi thcr 10°0 or 10 0/(;un. Tho 

birefleotance curvo a.t 60
0

0/r:rl.n nftor rising continuously to 

700°0 then ma.inta.ins the same lovel or deoroa.sos slightly, but 

et 1 OOO/uin, it is only after risine to 850°0 that c. constnnt 

level is ma.intc.inod to 950°0. Tho bireflectance at 10 0/ra1n 

inoreases slowly with inorease of tot~oraturo up to 950°0. 

The birefleotance curves maintain 0. sequcmtiol pa.ttern o.ftor 

about 600°0 with the curves of 600 0/rilin abovo and 10 0/min at 

the base, with the 100 0/min curve oDintDining an inton:lodiate 

position. 

2.. . fl.nthrMi tic Y:i trini te Ca and b Figs 53 and 54) 

The birefloctance ourves of the two anthra.ci tio vi trini tOB 

at 011 three rates of hea.ting show simila.r and sequential trends, 

with the ourves for 60
0
0/min on top and the 1

0
0/min ourves at the 

base. The curves show thz:ee staees. There is little cho.neo in 

bireflectance up to a.bout 600°0 for the high-ra.nk anthracito and 
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° up to a.pproximately 550 0 for tho lower-ra.nk a.nthra.ci tee Then the 

birefleoto.noe increa.sea rapidly up to about 100°0. After this 

point the bireflecta.nce increa.ses a.t 0. wch reduoed rat'e between 

700°0 and 950°0. 

(b) Softeni.n.e: qroup Ca and b Figs 55 to 51) 

The ourves of birefleotanco a.t the three rates of heating 

in genoral increo.se with rise of temporature aftor 450°0 ['.lld they 
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follow different upward paths again with the ourves for 600 0/min 

above a.nd the 10 0/m1n at the base. Several of the ourves show 

minima between approximately 400° to 450°0. 

1 •. Oaking oo.aJ Y} tripi te (!1m ~a;, a.t¥\ J1l 

o 0 I The birefleota.noe ourves at 1 0 and 10 0 min, n.f'ter an 

initial slight deorease, increase with rise of temperature. At 

10 0/min the birefleota.noe ourve shows little ohange up to 750°0, 

° ° the larger increase of birefieotanoe lying between 750 and 950 o. 
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The birefleotanoe ourve for 100 0/min imreases very sharply to 

about 750°0 and then maintains a rouehly oonstant level up to 

950°0. The birefleotanoe ourve at 600 0/min illCreases oontinuously 

with temperature. This increase is slow up to 450°0, but is 

° followed by a very sharp increase up to 750 0, then the birefleot-

° ance ourve rises more slowly up to 950 O. 

All three birefleotanoe ourves" after showing a minimum 

o ° at 400 0, increase to 500 0, after whioh the ourves branoh out and 

follow three distinct paths. The birefleotanoe ourves at 10°0 

and. 600 0/min exhi bi t similar trends I increasing very sharply up 

to 950°C. At 1
0
0/min the birefleotanoe plots are more scattered 

but the birefleotanoe mcl.ntains the same general level up to 750°0, 

but increases rapidly to 700°C and less quiokly to 950°0. 

The birefleotanoe curves tor 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 vi trini te (carbon = 

87.9% daf) 

(a) generalised curve 

(b) experimental data 
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Fig 57 Variation with temperature of oil bireflectance of 

carbonised high-'l'aJ'..k coking coal vitrinite (carb0n = 
90.0% daf) 

(a) generalised curve 

(b) experimental data 
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heating il'lOrease with rise of temperature and follow simile.r 

trends up to 625°0, but the birefleot~'.nce for 600 0/min maintains 
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a. slightly higher level, il'lOreasine sharply to 850°0 and then more 

slowly up to 950°0. The bireflectance ourves at 10 0 and 100 0/min 

mairr\;,:dn similar trends up to approAiruately 700°0 a.:f'ter which 

birefleotance rises at l\ reduced rate to 950°0. The three curves 

show a similar pattern; a. slight increase to 450°0 is followed by 

c:~ sharp rise to 850°0 c::.t 600C/rr.in, 750°0 at 100 0/min and 700°0 

at 1
0
0/min. 

(i v) pefractiye • .Ipflelo (?Pigs 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 heating rates for euch vitrinite ~ithout 

scale adjustment. The form of the refractive index-temperature 

curves of the oarbonised residues of the si::::: vitrinites are l~~ter 

compared with the refractive-index curves of vitrinites examined 

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

(a) Non-soften;i.m~.£ (cPigs 40 to 42 and 46 to 48) 

The refractive indices at the three rates of heat1ne 

e~'Chibit a maximum at about 625°0, but this peak is verJ sha.rp at 

600 C/min, broader and lower for 10°0 and. 10 0/min. The refractive 

index curve a.t the fastest rate of hca.tinc; passes through a 
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minimum a.t a.bout 800°0, whioh is much lower than for the 100 C/min 

and the 10 C/Drln ourves. The refractive index curves for 100 e and 

10C/min, after 625°C, decrease more slowly and are close together, 

wi th the curve for 10
0
e/min a.bove the 1

0
C/min curve up to 850° J. 

Then the refractive-index curve for 10
0
e/ndn .starts to rise, 

whereas the curve for 1°C/min maimains the same level or only 

increases very slightly. 

The refractive irdex curve a.t 60
0

C/min shows !1 small but 

sharp peak: at 600oe, followed by a broad minimum over p. ranee of 

200°C between 1000 e and 900oe. At 10oe/min, the refractive 

index again exhibits a broad peak with its maximum at 625°0, but 

lies higher than the 6000/min ourve. However, this peak: is 

followed by a cominuous decrease to a minimum at about 900°C. 

The refractive index curve at 10 e/min shows a sharp maximum 

which is higher than peak: for either the 60°0 or 10
0
0/min curws 

and lies at a lower temperature; then thE) refractive irdex 

decreases oontinuously vi th temperature vi thout showing signs of 

° &rrest, even at 950 C. 

'!he refractive irdex curve at 60
0

e/ITd.n exhibits El. sharp 

° but very low peal:, with r. maximum at 600 e, whioh is followed by 

a decrease that produces a very broad minimum over the range from 

650° to 900°C. At 10
0
e/min a less sharp peak but one with a 
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higher maximum than for 60
0
C/min is produced, again followed by 

o a decrease virtually to 950 Cr there appears to be a slight 

rise at this temperature. The refractive index curve at 10 C/min 

shows a broad maximum peak and then a. continuous decrease to higher 

temperatures. 

Cb) Sof.i.~nJ.M £0)12 (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 beca.use 

of the greater oomplexi ty in the ourves. 

1. Cakine c:.9.al vj.Y.rj.~ te (cFigs 43 and 49) 

6_0.0.cL~.nI. the refractive index curve increases 

° ver.y sharply to a maximum at 575 C, then decreases 

rapidly to a pronounoed minimum at 750°0, after 

which the refractive index increases with temperature 

1.<f.ojmi.l1~ the curve increases sharply to a 

° maximum at about 25 0, nearly uaintains ita level 

for the next 25°C, then decreases rapidly to 700°C 

before falling at a slower rate to a minimum at 

approximately 850°0. The refractive index starts 

° to rise once more after 850 C. 

1':0Lmj..!l.! the ourve increases sharply to a 

maximUm at a.bout 650°0, after which it decreases 



° oontinuously to 950 0, producing only a broad 

maximum peak. 

The maximum level of refractive index for a heating ra.te 

of 1000/min is higher than for either the 60°0 or 100/m1n ourves, 

the peak values for the latter being similar. The minimum 

refractive index developed is the lower, the faster is the rata 

of heating. 

6000Lrrp.ll~ the refractive index ourve increases 

° sharply to a maximum at about 515 0 and then deoreases 

quiokly to a minimum at approxim£l.tely 150°0 to give a 

broadly symmetrioal trough. The index again rises sharply 

to 950°0. 

1000L~Il'. the refractive index curve increases 

sharply to 600°0, then deoreases very rapidly to 700°C 

and less rapidly to a minimum value at about 850°0, 

followed by a :f'u.rther slight rise up to 950°0 • 

.L.OLn;il'H. the refractive index ourve increases 

° ° slowly to 575 C and then more Sharply to 600 0, 

° maintains its level for the next 50 Ct then deoreases 

sharply to 615°0 and more slowly thereafter to 950°0 

resulting in a broad peak with Cl. sharp subSidiary 

peak to give the maximum value. 



3. JY. m-rank coIg.¥'C.oal vi t ri.l1;i. t.§." {cFigs 45, 51 ) 

600 0/J!.1}..r;,t the refracti VG index ourve increases 

° sharply to a maximum at about 575 Or when it deoreases 

° very rapidly to a minimum at about 750 0, before inc-

reasing once more up to 950°0. '!here is a. sharp 

maximum peak and a broad minimum. 
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1000Lmill.1 the refractive index increases 

sharply to a maximum at 515°0. maintains the same level 

° for the next 75 0 to gi ye a broad maximum, then decreases 

with rise of temperature to a minimum at about 800°0, 

once more the refractive imex curve inoreases slightly 

with rise of carbonisation temperc,ture to 950°0, 

producing a very shallow trough. 

10 0jmirt,'. the refractive index increases 

sharply to 575°0 and then mora slowly to 625°0, after 

which it decreases sharply to 650°0, then more slowly 

to 950°0, resulting in a sharp peak above a broad 

maximum. 

(v) AbsoirP.i.ive J,adiiI. (dFigs 40 to .51) 

The absorptive index curves of the non-eoftening and 

softening groups follow similar and parallel trends to the 

refleotivity curves at the same rates of heating. Although the 

absorptive index is a less precisely determined parameter than 

th.. reflectivity , it still shows good agreement Vi th the changes 

produced by the different rates of heating. 



DISCUSSION 
• 

pevelopment .O.f.ln,P.S.aJ..o structtU;~:Hl •• in. t.h,e carbonised 

vi trim tes At .• ¥.f.f.e.r.$.qt.. heatipg .r.o..t,sJ~. 
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The a.bove observations clearly show the lnf'lu"'!lcO of heatine 

rate on the morphology of the oarbonisod rosidues of vi trini tos. 

It will be remembered that the six vi trini tes of different rank 

in the present studies fall into two arbitrary groups on the 

basis of their plastio properties I norr-eoftoning and softening. 

These vitrinites consist of low-rank bituminous and 

anthracitio vitrinites. They do not soften but produoe slightly 

swelling, non-ooherent and vesioular residuos. The extent and 

size of the vesioles and eventually the plastio deformation, is 

the greater the lower ls the rank (see for example Davis 1965 

and Marshall and lvhrchlson 1971). The low-rank vi trini tic particles 

become rounded and lose their original o.neular shape, whereas 

anthracitio vitrinite particles maintain their angular shape Md/or 

beoome suba.ngular with rise of temperature. Mosaic structures 

are not developed in the anthra.ci tic group of vi trini tes. 

The progressive increase of temperaturo and heating rate 

enhanoes the swelling Md increases a:ny limited plastioi ty of this 
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vi trini tee The plo.stioi ty is ap~a.rent by the deforma.tion and 

lose of the original a.ngu.lar shape of the particlos o.nd. the sizo 

and extent of the vesioles, which inorease with riSf.) of heating 

rata. The plastioity of this vitrinite is limited, but its limited 

plasticity is enhanced by increasing the hea.ting ra.te. The higher 

lovel of bireflectance in the carbonised rosidues at the fa.st 

heating rate is not surprising, because the ra.pid swelling and 

expa.nsion of particles due to rapid dogusification rosults in tho 

development of a level of internal prossure at periphery of the 

particles and it is known tha.t pressure inoreases the ordering of' 

the molecular structure and hence raisas tho bireflecto.noo (1300 

for example Hryckowian et al. 1963; Ruck and Pa.ttoiskey 1964; --
Chamra 1965 and Melvin 1974). 

The increase in size and number of vesioles in those 

vi trini t es with increasing heating rate indicates 0. riso in 

plastici ty; indeed the results of Mnckowsky and Wolft (1966) 

indicate that the numb\3r 01' vesicles in anthro.citic vitrinites 

inoreo.ses greatly with faster hea.ting ra.tes. A systom of cra.cks 

Md fracturing also develops as the heating rate rises, which 

is the greater the lower is the rank of nnthracitic vitrinite. 

This is probably due to limited swolling and expo.nsion of these 

vitrinites, which increases the faster is the heating rate. One 

interesting feature of the anthra.citio vi trini tes ca.rbonised o.t 

o 0 
about 900 - 950 C is the reduction in the number of small vesiolos, 
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which tla.s reported previously by Goodo.rzi (1911) for nnthro.oitio 

vitrinite (oarbon. 93.1% daf') when oa.rbonioed at rela.tivelyatow 

henting rates (2.45°C/mi~ This is due to further expansion of 

the oQ.I'bonised re si dues within the tempera.turo ro.ngo 900°.J)50°;J 

whioh results in the destruotion of vesioles and the development 

of extensi vc fracturing and. the fissuring of the residues (soe 

Pla.tes 39, 40 Md 46). It is olso interesting to observe the 

different maoerals, e.g. mega.spores and miorosporea (Plntes 42b, 

450 and 46o), outinite (Plates 41b and ° cnd 44b). resinoid 

bodies (Plnte 430.) and inortini te :no.oornls, po.rtioula.rly o.t tho 

highest rate of hea.ting (Pla.tes 36b, 410 and 440). Inorea.ae in 

oarbonisation temperature o.ppa.rently enhnnoos the morphologies of 

these macerals and. produoos a higher level of anisotropy a.t the 

peripheries of inertini te ma.oerols, perha.ps duo to localised 

pressure oaused by the presence of inert material and the better 

ordering of molecular structure in this area. It is acoepted 

th2.t anthraoitio vitrinites do not in genorul develop moanio 

textures (soe for example Davis 1965; Marsh:::ll and Murchison 

1911; Goodarzi 1911), but the nnthro.oitic vitrinites oarbonised 

to 900°C a.t 100 C/min in the present stu~ oxhi bi t 0. gra.nula.r 

type structure (see Plates 410. and 45d). 

(b) Softeniwa vitrinite.~ 

'lhis group includes the bitwninous-coal vitrinites whioh 

soften on hea.ting and produce vesicular, melted, coherent and 

swollen residuos a.t normol heating rates, e.g. 30-SoC/min. The 

most striking fea.ture of these vitrinites ls the development of 



o.n intcI'Ilodiate plastic ::;tc;.~o durillG' the c.:1.I'ly ot::1gcs of 

ca.rbonis.:ltion. During this intermediate ot:'...:;o, .:l."l isotropic 

'pitch' is foroed which is subsequently tr~forncd into Do 

spherical 'mosophuse'. Eventually tho mocoph~oo coaleoces 

to form various types of 'moscio' textures. Tho typo of 

[;.lactic toxturo is dependent upon the ronk of the at.:lrting 

ma.torial cnd the O'anulo.r rnos:>io is tho conrrJor the higher io 

the starting rank (seo for oxnmple Tnylor 19G1; Brook and 

T'\Ylor 1965; Goodo.rzi 1971; Goldrings 1973; Patrick et 0.1. --
1973 and lbrsh .2!. ~ 1913). 

In general, the f~£ter is the hoc.tine rat~, the CO::1rser 

is the granular mosaic texture formed because of the gI'Q::1tcr 

plasticity produoed Witll rise in henting ra.to (ace :Brown 1956 

and van Krevelcn et al. 1956). -- This foster he~ting r::1te 

results initially in the dovclopTilent of r.. lc.rc;cr mosophMe, 

because of the prolOnging of plCJ3tici ty c.nd the prevention of 

maximum viscosity to a higher tomper.:lture. (seo for exrunplc 

T~lor 1961; :Brooks ~d T~lor 1965). Ono interesting fco.ture 

of the highest heating reto is tho dOVE;lopment of 0. flow-typo 

texture and b.rge anisotropio domains due to coc~osconoo of the 

mosaic units (seo Pla.tes 50 to 54). Tho oarbonisod rosiduoo of 

this croup devolop lc.rCOr v:1Cuoles o.nd n systo!n of cracks and 

fracturing at the fastost heating rate, which further indiolltos 

increase in pl<:.aticlty. 

Compnring the dovelopmont of moscic tOJdjuros with heo.ting 

rate within and between tho rc .. nk lovels, c..n estimlltion 
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of the degree of plastioi ty o.nd the ordering of tho rnoleoula.r 

struoture oan be achieved. Coking 0001 vi trini ta, whioh only 

develops a. p~ial fine-grnined mosnio at 1
0
C/min, due to ita low 

plastioity (soe Brown 1956; VOl1 Krevolen .2l.oJ. .• 1956), develops 

vo.rious types o.nd sizes of oompletely grnnulo.r mosaio textures 

a.t 100 C/min. At 60oC/rrdn it not only develops the flow-type 

mosaio texture,. but a.lso it develops la.rge o.nisotropio domC'.ino 

whioh o.re a. typioal feature of high-temperature rosidues of 

prima ooking ooal vitrinite (soe Mnrsh 1913). The low-ro.nk 

ooking coal vitrinite develops only a. grOl1ula.r mosaio struoturo 

at 10 C/min, but due to the originnJ. high level of plo.stioi ty of 

this vitrinite. whioh is greatly reduoed o.t 1°C/rrdn, 0. number of 

mosaio units are still able to olign themsolves and dovelop 0. 

oommon orientation (Plntos 21 o.nd 24). The high-rank coking 

ooal vitrinite also develops fine to medium-gra.in grOl1ula.r 

textures but remains non-ooherent. nOll-JlJ'esioula.ted at 1oC/mtn 

(Plates 21, 30 a.nd 33). beoause of the reduoed plastioity at this 

slow heating rate. Increcae of hea.ting rate to 10oC/min rosults 

in a rise of plasticity and an inoron.se in size and o.mount of 

vesioles with development of oracks in the oarbonisod residues. 

The cracking a.nd fro.cturtng is o.bundant tho hicrher is the ro.nk 

of the coking vi trini te (Plntos 22, 25, 31 a.nd. 34), indicating 

the greater degree of oxpo.nsion n.nd oontro.ction with inoreasod 

plastioity. The high-rank ooking vitrinite develops largo 

anisotropio domains (Plntos 52 to 54) 0l1d. the mosaio textur~ 

mainly consists of modium-grained, flow-type textures. The 

development of large mosaio units is a.gaib. duo to increased 
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. plQ.8tici ty in this vi trini tee At 600 0/min cc.rbonised residuoo 

of all softoning vitrinitos are ooherent, ora.oked and vcsioulo.tod, 

but the size of the vesioles is olso larger, ~lich indioates tha 

increased plastioity. 

The morphologioal feo.tures of the ooking a.nd the two 

oold.ng ooal vitrinites beoome increasingly similar a.t tho fontest 

heo.ting ra.te. Tho oaking ooel vitrinito, whioh only pnrtially 

develops a. fine-grained mosaic texturo o.t 100 0/min, dovolops 0. 

flow~ypo mosaic texturo o.t 600 0/rrdn (Plo.to (Plates 11, 14 a.nd 

11) and the mosoic units show similar opticc.l oxtinotions, which 

suggests dovelopoent of a botter-orderod structure due to the 

increo.ae in plo.etioi ty. Pln.te 50 domonstra.tos the high~r fluidity 

of this vi trim to at the fast hao.ting ro.to, resulting in la.rgo 

flow-type nnisotropic domains. 

Tho coking coal vitrinites develop mainly medium-gruined, 

flow-type mosaic textures nnd coarse-groined to flow-typo in the 

higlrorank coking vitrinite. The amount o.nd size of largo Misotropio 

domoins D.I'C ciso grant!y 1ncraosed in tho coldng 000.1 vitrinites 

(PIntas 18 to 35). The inoroo.ae in tho sizo of the moooio units 

indice.tes the rise in the plastiCity in theSe two vi trini tos o.t 

60
0
0/min and is in o.greement with statemonts by Ooldring (1913), 

who onticipatod a. dro.stic cho.ngo in tho soale of mosaio texturo 

wi th rise of hec.ting ra.te. 

Having dealt at soma length with tho morphologioo.l features 



of carbonised residues of vitrinitos at difforcnt levels of 

heating rate, it m~ be possible to make an assessmont of the 

originol ro.nk of carbonised vi trini ta in mixtures of various 

ro.nka of coals b,y morphological studios of polished coko 

surfooes. It is evident from the forogoing studies tho.t the 

softening vitrinites develop various moso.1o toxturoo and that 

the size of the mosaio units incroases with inorease of rank 

and heating ro.te; the non.-eoftening vitrinitos do not show 

these fce.tures, so the vi trim tes CM firstly be divided into 

these two groups. Then, knowing tha.t in the non-eoftening 

group, low-rank vi t rini t cs devolop relo.t i vely larger vo.ouoles 

than anthrooi tic vi trini teo, these two sub-groups OM bo qui to 

oasily esto.b1ished. However, if morphologiocl study is 

acoompo.nied by other optico.l studios (e.g. bireflocta.noe 

measurements), then a. moro aoouro.te method of original rn.nk 

determination will be achiewd (soo later in this Chapter). 
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Moving now to the softening vitrinitcs which develop 

mosaic textures, it appears at first glimpse that an estimation 

of rank of these vitrinitoB will bo difficult, but in foot, by 

measuring the size of the mosaic units and also the types of 

moso.ic texture. 0. satisfactory parnmoter onn be ostnblished. 

This method of original rank estimo.tion ho.s been oonsidered 

previously (sea Ooldring 1973; Pntriek.21 Al,s. 1913), but it 

chiefly deals with the size of mosaio units a.nd not with the 

mosaio textures. It is known tho.t the size of moso.ic units 

increases with ronk and ie reb,ted to increase in plastic! ty and 
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decrea.ae in oxygen content (sea for eXL'Jl1ple Po.triok et al. 1973; .... -
Ooldring 1973). In the present study, o.t the ra.te of 10 C/min, 

the cck:lng vitrinite develops pa.rtiol fine-grmned mosaio u..-uts, 

which show wenk optico.l extinction (and 0. low level of birefllct­

ance), whereas mediu.m-ro.nlc, coldng coal vitrinita, which also 

develops (1. fine-grnined mosaic toxture, but h~ 0. grea.ter intel'lflity 

of onisotropy than caking vi trinite, exhibits 0. more rogulo.r 

extinction pattern. FUrther, the residuos of caking Md modium-

rank coldng vi trini tes develop 0. ooherent residuo. The high-rnnk, 

cokill€ cool vi trinite, which develops 0. fine to coa.rse-grc.ined 

mosaic texture (and 0. higher level of bireflectanoe), shows 

particlos that are not fused to one another cnd. does not dovelop 

vacuoles. 

Thus. in 0. mixture of the above six vi trini tes, the non­

softening vi trini tes should bo easily recognisod and indexod. 

The softening vi trini tea can also be easily indoxed o.ccording 

to their general morphology and. the mosnio sizes o.nd. mosaic, 

e.g. the cclcing vitrinito by its partial fine-grclned DOsoic, 

but c low level of COIJmon orienta.tion within the mosaic structura, 

the medium rank, cokill€ ooal by a oompletely oonverted, fina-

grained mosaic texture o.nd 0. high level of common oriento.tion 

(high level of birefleotance), the high-ra.nk coldne coo.l by 

subangulc.I' but fine to coo.rso-grained mosaic texture, with no 

vesiclos and highly orientated mosaic units (higher level of 

blrofleotance). There is also intero.ction between the vi trini taa 

of different ro.nk levels in a mixturo during co.rbonisatlon 
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(seo for examplo Alpern 1956), which results in 0. trnnsi tion of 

mosaic size from one Elof'tomng vi trim te to D.l1.othor, but still 

thoso transformations arc gradual and it is possible to recognise 

different rank levels by the size of mosaio structuro (this will 

be discussod later in detail). 

By incroooing the rote of hea.ting to 100 e/min, tho 

sof'tenine vitrinites become inerec.singly simil.::.r, whorea.s tho 

non-eof'toning vi trini tes gI'06tly differ, but onco again using 

tho mosnic size type and toxture and the levol of common 

orientation of the mosaic mU ts, differentintion within the 

sof'tening group is possible. Howevor, With :f'urthor increClSO of 

the hea.ting rato to 600 e/min, the differontio.tion of aof'tenirl8 

vitrinites becomas diffioult, because of similarities in 

morphology,o.g. size e~ type of mosaic, common oriento.tion, 

etc. 

One of the interestirl8 morphologicol features of the 

coking coal vi trinites is the fomo.tion of Co sphorioal. mosopha.se 

(seo for example T~lor 1961; Brooks and T~lor 1965). Plato 

470. shows the forma.tion of a fow isotropic sphorical bodies 

o 0 a.t about 450 e at a rate of 10 e in low-ra.nlc coking coa.1. It 

was impossible to show tho o.n:isotropic sphorical mosophase in 

the present studies, because the growth and oonversion of tlosopha.so 

to c. mosaic structuro probably takos plo.ce botween approximo.tely 

4500 and 460°C. In the present work an interval of 500 e WIlB 



used over the temperature range between 4000 and 500°C and 

further investigation, using a very much smru.ler temperature 

interval would be required to demonstrate the development of 

a mesophase in British coals. o However, at o.bout 500 0, the 

spherionl bodies a.ro still present (Plo.tea 411>, 48 o.nd 49), 

and show IWJ.l'lY features of a coo.1esced mesophD.BO, suoh as poles 

152 

and attoohment of smaller spherical bodies to the larger bodies 

(Plato 46). However. individUk~ spheres develop a fine-grainod 

mosmo texture (Plates 45-41). Plate 41 ShOWfl spherico.l bodies 

displ~ng pleochroism extinction. It is ro.ther interesting that 

only at 0. ro.te of 100C/m1n do the spherical bodies appear. 

Probo.bly the rate of 1°C/min is too slow ruld plastioity too much 

reducod, while the ro.te of 60
0

C/min would be too fo.st o.nd/or 

the oosophaso starts to dewlop at a higher temperaturo thn.n 

45000 (4650 or 415°C perhaps), due to enho.nced plaBticity. 

Nucleated domains (seo Hartshorne and Stuo.rt 1910) are 

present at the relati voly fnst hen.ting rates (10°0 and 600C/min~ 

They are present in rosidues of caking coru. vitrini te carbOnised 

at the fastest rate of heating (Plate 50) cm low-ro.nk coking 

conl vitrinite develops various types of 'nucleated domains '. 

The 'node-type I extinction (Plate 510.) surrounded by strong 

a.nisotropy indicates a high degree of struoturol reordoring in 

this nrea., o.nd is caused by deformation of the mesophase duo to 

the de~.s1fication and the formation of gas bubbles (see White 

et al. 1961). A helical arrangement of ooalesced mesophnse 1s --
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olso evident in Pla.te 510 in the residue from low-rank coking 

ooal carbonised at 600C/min. While nuoleated domains are presont 

in the rcsiducs of high-reJ'lk coking ooal oarbonised at 10
0

C/min, 

it is the residues from oo.rbonisations at 60
0
C/rrdn which exhi b ... t 

various types of nuolei in nuclea.ted domoins (Plates 52 to 54), 

probably beoause ~f the greater fluid! ty enhanced by the fast 

rote of heating and also beoause of the relo.ti vely low o~gen 

content of this vitrinite (sae for exomple Kipling 2l ::U,' 1964. 

1966; White.sl ~ 1961; So.na.da 91!:! 1913 and Ptl.trick .2l a,l, 

1973). Plate 530. shows the 'Y-type node' (delta shape) (White 

~ 0.1. 1967; Honda 2.t~. 1971) or holf-nuoleua 'turning' typo 

(Hartshorne o.nd Stuart 1970) with a. three-fold symmetry, where 

the lavrer pla..nes are perpendioular to one another. An 'o-type' 

domain, showing 0. circular a.rrangecent of lamolln.I' plo.nes is 

illustrated in Pla.te 530 (sce HOnd.3..Jlt al. 1971); note the 

development of largo and long fibrous textures (oeo White .!l al, 

1961). Plate 540. shows the 'U-type' node (see Honda !l !}.1971) 

Plates 53b and 54b show the development of lcrge anisotropio 

domains, which are reported by :Mnrsh (1973) for hieh-tompernture 

ooke (about 18000C) from a oOking ooal. It is intoresting to 

observe that such structures develop at low temperatures in serrd­

cokes at the fDBt rate of hoating, ago.in probably beoause of the 

high level of plastioi ty.(see Brown 1956; van Krevelen .2l 0.1, 1956). 

It is ciso interesting that tho nuoleated domains aro only present 

at 1ooC/m1n a.nd 600 C/rrrl.n, becauso it appears that increaso in 

plastici ty and the length of timo which the residues remain in the 



plostic stc.to result in the fOrIlUltion of n largo nnisotropic 

mosophuso at the expenBe of the isotropio medium, wherens at 

1oC/min, because of tho lowor plastioity and the shorter length 
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of time men the vitrlmte remmns plastio, little or no nuolea.tion 

takes place. 

In B'W!lI!lnry it a.ppears that increase in plc..stioi ty due to 

rise of heating rate faoi1itc.toa the development of C1. larger 

mesophase and results in the formation of 'nucloated domains' 

whioh a.ro more evident the higher is the original level of 

plastici ty of the vi trim te and the incroaaed plastioi ty brought 

about by fost heating. Only the high-rank, coldng coo.l vitrinite 

at the fast rate of heating frequently exhi bits aroas of 'nuclea.ted 

domains' ; these are not so common in the residues of caking 

coal vitrinite at the same hea.ting rates. 

Tho only vitrinite of the six whioh exhibits botanical-cell 

struoture on carbonisation is that from the hightlll"ank coldng coal. 

(Plates 55 to 58). The cell structuro remains pra.otioally 

uncha.ng6d, but the vitrinite is oonverted to Cl. fine to medium­

grained moaaic texture, which indicates that the partioles become 

plastiC, beoause vitrlnite only develops a mosaio texture when it 

softens (see for example Sa.na.da 9.1 §.!:. 1913 and Patrick 21 oJ., 1913). 

The fresh vitrinite did not exhibit such distinot oellul<lr struoture, 

but on oarbonisation, perhcps due to dcpolyIilerlsa.tion DJ1d becc-use 

of differences in the structure and composition of the 0011 walls 



and. the nmterial fOnning the modified cell contents, the oell 

walls reo.ot dif'f'erently to the contents. The oell oontents 

behave as a softening carbon or vice versa. '!hen, the sho.po 
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of the oell struoture remains intMt, but 0. gro.nular mosaio 

struoture develops vi thin the ·~oG1l. lnoreo.so of' heatine rate 

results in deformation and loss of' the original 0011 struoture, 

particularly r-t temperatures above the resol1difioo.tion point 

(Plates 56d, 57b and. d t 58b), indicating that the partioles 

showing cell struoture are not inert or semi-inert. However, 

it appeo.rs that there are variations vi thin theso partiolos a.nd 

where one pnrtiole shows oellular structure and softens, another 

(Plates 580. and b) will keep its original cellular shape and does 

not alter. 

Aooording to Benediot 2.i .aJ.A (1968 ), ooking ooal vitrinite 

showing remains of' cellular struoture behaves as semi-inert material 

on oarbonisation, i.e. it does not develop a mosaio texture and 

the partio1es keep their original angular shape. The retention of 

oe11ular struoture indicates resistance of those mo.terials to 

homogenisation due to alteration at an early sto.go in their history 

and the original oe11 structure resists reaction on co.rbonisation. 

The present work indioates that oe11ular struotures in ooking coal 

vi trini to are not neoessari1y semi-inert, beoause they I:l~ dGVo1op 

mosaio struoture. Gooda:rzi (1971) also demonstrated that coking 

coal vitrinite displ~ng such structure when fresh, could 10so 

this structure on oarbonisation. 
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B. VRIATION OF gmcAL FR0PmTIll/S .Q1i' ~INQI.E iITBINIT§ IH 

A number of points emerge from the results obtained by 

the carbonisation of the six vi trini tes at the threo different 

heating rates. As stated ecrlier, the vitrinites of different 

rank levels in the present studies can be divided into two 8I'oups, 

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

follow this grouping. 

(i) R~flectivitl (a and b Figs 40 to 21) 

(a) General 

The reflectivity of 011 six vitrinitos oarbonised nt the 

different rates of heating increases vi th the carbonisation 

temperature, which n.grees with the results of Mackowsky (1961); 

Davis (1965); Ghosh (1968); de Vries .2l ~ (1968); Marsh 0.1 1 

and Murchison (1971) CI.nd Goodarzi and Murchiaon (1972). However, 

the reflectivity curves of all six vitrinites of different 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 contrar,y to the results of Ghosh (1968) (F1g3?)., 

who shows that the reflectivity is higher, the lower is the rate of 

heating. There are differences between the experiment cl conditions 

of the two studies t although in both investigations, the relo.tion 

between the reflectivity of different ranks of vitrinite and rates 

of heating were studied. The range of heating rate employed by 

Ghosh (1968) was ver,y restricted (1 0
0, 3°0 and 50 0/min), whereas in 

the present work the range of heating rates is much wider 
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to assume that any moleoular changes that ooour on oarboni6~tion 

will bo better illustrated by the prosent study. Whd is also 

surprising is that the refleotivitt difforences observed by 

o Ghoah are much greator at temperatures around 500 C than noted 

in the present work with a wider range of heating rates and loss 

at higher temperatures. 

Although no other systematio study of the variation of 

optioal properties of vi trini tes with heating rate has been 

attempted, support for the prosent findings 1a also given by 

Brown and T~lor (1961). They suggested the possibility of a 

fast rate of heating to explain the development of CIJl unusually 

high refleotivity in a naturally metamorphosed Antarctio ooal. 

Also, the results of Cook ~.!!:. (1912) quoting a vitrinite 

(oarbon • 93.8% daf) whioh exhibits 0. refleotivity level that 

would be associated with muoh higher oarbon content (o.bout 

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

Why should refleoti vi ty be the higher the faster is the 

rate of heo.ting? It is acceptod that the refleoti vi ty of 

oarbonised vitrinites is a function of the ooncentration of 

aromatic struotures (Davis 1965; de Vries .21 0.1, 1968 nnd 

Goodo.rzi and Mllrchison 1912). De Vries !1 al. (1968) statos 

that the gradual increase of reflectiVity of vitrinite during 

oarbonisation is due to gradual degasifioation of volo.tile 

groupings in the vi trini te c.nd the results of van Krevelen 

!1 al. (1956) and Brown (1956) show that the rate of degnsification 



is higher the faster is tho ra.te of hoo.ting. It OM then 

be asswood tha.t a.t a fOost rOote of heOoting, due to ra.pid 

degasifioOotion, a. higher oonoentration of aromo.tio oarbon 
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will result and so the refleoti vi ty should be higher. The 

findings of Dulhunty o.nd Ho.rrison (1953 h VM Krevelen .21.al, 

(1956) and Brown (1956) indioo.te thOot plastioity risos as the 

rate of heating incroases. TOiYlor (1961) observed, although 

only qualitatively, tha.t the refleotivity of plastio vitrinito 

increases steadily throughout the pla.stio stage Md Goodarzi 

Md Murohison (1972) demonstrOoted tha.t refleoti vi ty increa.s(:s 

sharply during primary onrbonisatlon. Since plastioity 

inoreases with rOote of heOoting, then booause of enhMoed 

plastioity, the refleotivity at fast rates of heating should 

be higher than at slow rOotes of heating, when the plastioity 

is greOotly reduoed. 

Beoause of the sir.rl.lo.ri ty between the refleoti vi ty ourves 

and a.bsorptl ve index curves of the carbonised residues of vi trini to 

o.nd since the absorptive index is belioved to bo rela.ted to the 

number of nobile eleotrons, whioh increases with the si2le and 

degree of condensation of the aromo.tio moleoules in vi trini te 

(MCCo.rtney and TeiohmUller 1972), then the refleotivity ourves of 

the oarbonised vitrinites OM olso be Oossuned in lc.rge part to be 

an indioo.tion of orystellite diameter (La). Thus, tho incroase 

of refleotivit' with oarbonisa.tion te~perature 1s proba.bly a.lso 0. 

tunotion of increase in the sizo of aro1i1a.tio l£l\Y'ers. 



With increase of tho honting rnto and the oonsequent 

extension of plasticity, the mobility of the aromatio lamelln.o 

is nlso enhanoed. Rapid degasification probably loaves the 

aromatio l~ers free to ooalesco and to produoe largor aromatic 

struotures, nt slow rntes of hoating, due to supprossion of 

the plnstic st:lge, tho nroootio lamello.e n.ro not nblo to ooalesoe 

to produce suoh Inrgo o.rolaatio lOiYors. 

Finally, the reflectivity ourves for modium and high-ro.nk 

vi trini tes o.t the different rates of henting ore moro distincti VG 

Md well separated tho.n those for either n.nthrnci tio or low-ro.nk 

bltucinous vitrinites. This ls probably due to the rato of 

dogn.aifioation and the oondensntion of aromntio struc~urOSt which 

are higher in medium and high-rc.nk bitw:d.nous vitrinitos thn.n in 

low-rank bituminous or anthrocitio vitrinites. 

Nor;=softening (Figs g. Md b 40, 46) 

Low-rank bituminous vitrinitos •• ne 

The behaviour of tho refleoti vi ty-ter!lporature curves 

indicates that the influence of ro.te of henting on the moleoular 

struoture of the oarbonised rosidues ls very smn.11 up to the 

third stage of the oarbonisation process (Berkowitz 1961). After 

10000, however, tho reflectivity-tempernture curvee follow 

different paths with the refleotivity curve for the fostcst rate 

of hontlng being highest and the ourve for the slowest rnte of 

heating being at the bn.se. The differenoe increases with rising 
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tE:mperature o.nd is probably duo to the higher loval of nromatioi ty 

and the dovelopmont of larger aromatio lo\yers o.e the heating rate 

increases. 

2. APthrMitio vitrinites (Figs a ancl b 41.42.47.48) 

The behaviour of the refleotivity ourves of tho o.nthraoit1o 

vitrinites is similar to that for the low-rank vitrinite (Fig 46). 

However, in Figs 47 and 48 the soale has had to be enlareod to show 

the small differences that exist between the refleoti vi ty ourves at 

different heating rates, these ourvos would otherwise bo very oloso, 

but the difference botween thorn beoomos evident at about tho tempoz­

aturo when molecular rea.rro.ngement in the solid state (r,pproximatoly 

650°0) ooours. The small differenoes between the ourveD indioate 

the rate of degaaifio~tion is'very low at this rank leval (van 

Krevelen et al. 1956 and Brown 1956), but still it appears tha.t --
thermal treatment at n. fast rate of heating is suffioient to promote 

a higher degree of oondensation of aroma.tio struoturcs than slower 

rates of heating in a.nthro.cites. 

Cb) Sof'tePjiM Vitrinites (FiBs g. Md b 43 to 45. 49 t() 51) 

The differences between the refleotivity ourves at difforent 

rates of heating of the sof'tening vitrinites beoomes distinot by 

about 500°0, whioh is the onsot of rosolidifioation (Goodo.rzi and 

Murchison 1972) and is oonsidero.bly lower tho.n the temperature of 

differentiation of the non-eof'tening vi trini te8 (about 700°0) 

whioh ooours in the temporaturo ronge where moleoulnr rea.rra.neemente 



in the solid ooour (Ooodarzi o.nd }.brohisen 1972). Aooerding te 

Brewn (1956) the maximum degasifioat1en temperature in oeking 

e 
ooal is at about 500 et se it appears that the differentiation 
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of the refleotivi ty ourves in softening vi trini tes bogins beforo 

the time ef maximum deoompositien. The hiGher level ef rofleotivity 

with rising heo.ting ro.to is c.gain probably due te the c,"I'ontor rate 

ef degaaifioation of amorphous material and/or oonoentr~tion of 

the aromatio struotures, os well os to the ooolesoenee inte 

larger aromatio layers (Dio.mend 1960). The reflootivity-tompor-

ature eurves ef the high-ra.nk eeking vitrinite at tho slower rates 

ef heatine (10e
C and 1o

C/min) ore not ne woll differentio.tod ne in 

the €laking o.nd low-rcmk oeking ooal vitrinites (Figs b49 te 51), 

but still, it is evident thnt the o.rematioity o.t lll1Y tompernture 

is lewer (apparent frem the reflootivit' ourves), the slowor is 

the rate ef heating Crii' 51). 

(H) Birefleoto.nco· .. 

(a) Oonerol 
F , 

Birefleota.noe fer all six vitrini tea at the different rates 

ef heating incroases with risine oarbonisa.tion tempora.turo. 

This general ebserva.tion is oleo supperted by soveral investigations 

viz., Davis (1965); Oboah (1968); de Vriea .2l.9:!:. (1968); Marshall 

and MJ.rohison (1971) o.nd Oooda.rzi and r.fu.rehison (1972). In oontro.st, 

however, to the reaults ef the present study, (]hosh states that 

birefleotance decreases as tho rate ef heating risos. The presont 

work shews the birofleotnnoe ourves for the different ranks of 
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carbonised vi trini te increasing with temperaturo and showing this 

increase to be the sha.rper the fastor is tho rato of hoa.tine. 

Brown and T~lor (1961) recogniso that tho birefleota.noe of a 

metamorphosed ooal is an expression of 1 te degroe of grnph1t1ear­

tion a.nd also Mcl.rshall o.nd ~ison (1971) and. Ooodarzi a.nd. 

:r.t1rchison (1972) rela.te the increaso in the level 01' biretlootance 

with increa.sing teoperature of oarboniso.tion to improvomont in 

the degree of ordering 01' the struotural units. Support for 

an increase of bireflectanoe with rise of heo.ting rate oomos from 

Taylor (1951) and other studios. Abromsk1 ~ Maokowsky (1951) 

and Taylor ( 1961) sta.to tha.t the fa.ster is the rate of hoating, 

the better will be the ordering of tho molecular structure. Thus 

the birefleotanoe will rise in these oircumstanoes with incroaso 

in the ra.te of heatine. Brown o.nd TOiY'lor (1961) olso rolate the 

unusually strone birefleotanoo of a. ~ta.morphosed anthraoitio 000.1 

to the possibility of a. fa.st ra.te of heating in the orust, duo to 

intrusions. Furthor, Cook.2.t aJ. .• (1912) rooogniso a high levol 

of birefleota.noe of a vitrinito with a. oarbon oontent of a.pproxi­

mately that of anthraoitic .vitrinito, but a bireflootcnoe of a 

much higher level. This strong nnisotropy was attributed to 

rapid hec..tine. 

The behaviour of the birefleota.noe ourves suggests tha.t 

relatively little ohange in molecular ordering of these vitrinites 

takes plnoe vi th rise of temperature whon oompo.red vi th the cha.ngos 

in softening vitrinites. Howevor, the oho.ngos in ordering of the 



structure is still substantial. The b1refloctance curves of 

this group of vitrinites do not show the reduction in their 

initial level of bireflectanoe in the plastio stage (betweon 

400° and 50000) boca.use they are nOl-...eoftening. 

1. .!el-rank b;i tuminous vJ..triat ten (Fig, Sg) 

The bireflectance curves of this vi trini te at difforent 

rates of heatine indicate only relatively slight but distinct 

improyomant in the ordering of the o.romatio units takes plo.co, 

163 

probably because of the original randomly orientated and strongly 

cross-linked o.romat10 lo.mello.o. But the 1ncroo.se of moleculo.r 

ordering is still higher the foster is the ra.te of heating 

(Figs 520. and b). The rise of bireflecta.nce begins at a.bout 

500°0, which is in agreement with the findings of Goodorzi and 

r.brchison (1912) for low-rrulk bituminous vitrinite. However, 

Goo<L".I'zi o.nd 1mrchison (1912) demonstrated 0. ro.p1d inoreose of 

bireflectance for 0. low-rank bituminous vitr1nite (co.rbon • 

82.5% daf) o.fter carbonisation beyond about 8000 0; in the 

present stud;y this rapid increo.se in the birefloctance of 0. 

low-rank bituminous vitrinite wos not observed, but this vitrinite 

is, however, substa.ntiolly lower in ro.nk (co.rbon • 80.0% do.f) 

and. would not so:f'ten to the same extent •. 

2. AnthrJPit,ic vi triattes (Figs 53. 54) 

The behaviour of the bireflecto.nco ourves of the o.nthro.ci tic 

vitrinites show tho.t these vitrinites have an initial strongly 

preferred orientation. Relatively little improvement in the 



ordering of the moleoular struoture takes plo.oe up to 6000 C 

at the different rates of hea.til1G (see Ooodarzi and lvi1rohison 

1972). The sequontial trends of the ourves with the curve of 

the fast rate of hoating above and. the ourve for the slow ra.te 
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of heating at the base probably indica.tes that further ordering 

of the aromatio struoture is in genora.l more rn.pid the fa.stor 

is the rate of heating. The fonn of 011 the ourves is simila.r to 

that shown by Ooodarzi and Mlrohison (1972) for variation of 

birefleotanoe with tempera.ture of anthraoite (2.45°C/min). 

(0) Soft.euing Vi.trini tes (Figs 55 to 57) 

This group of vitrinites shows a muoh greater degree of 

sensitivity in the behaviour of thoir birefleotanoos with the 

different ra.tes of heating. The birofleoto.noe ourves of this 

group show a deorease in biroflcotanoo between 4000 and 5000 C 

(plastio stage), as was demonstra.ted by the results of Goodarzi 

nnd )hrohison (1972) for bitUL1inous-rank vitrinites, but sinco 

the temperature intervol in the presont study is not as smo.ll os 

in the earlier investigation, it is not surprising tha.t the 

birefleoto.noe ourves of a softening vi trini te a.t a. partioular 

level of heating rate does not exhibit the reduotion in level of 

birofleotanoe ou.-ves. 

1. Caking and low-rank ookiOO xa. trinites (FiB'S 55.56) 

The trends of birefleotanoe of those vitrinites indioate 

that the reorde1'i·ng of the molecular struoture is very ra.pid at 

the fostest rato of heating, almost oertainly because of the 



incroase of plcstioity oausod by tho r~pid heating (Brown 

1956; van Krovolen.21 al& 1956), which rosults in bettor 

ordering of moloou1~ structure (Abramski o.nd. Mo.ckowsky 1951). 

The much lowor rate of rise of tho biroflectanoe curve for 

10°C/Din is due to the lower rate of reordering of the moloC'.ll~r 

units, because the plasticity of the vitrinite is deoreasod. 

At the slowest r~to of he~ting, the bireflectanoe curves 

indic~te relati voly ~ muoh lower rate of ordGring. Tho 
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behnviour of the birefleotanoe curvos of the coking ooal vitrinito 

shows that it is possible to promoto the oOking ability of oaking 

coal to the level of coking coal. at lowor ho::'..ting r~tes. This 

oonclusion is in acoordanoe with tho statomont by Mnckowsky o.nd. 

Wolfe (1966), who maintain that non-ooking or weakly ooking 

vi trini te can produce coke if a fast r~te of heating is employod. 

The behaviour of the biroflectnnce curves for this 

vi trini te is not tho some as for the other vi trini te in tho 

softening group, bocaUJ:3e, even at 1oC/m1n the bireflectance 

curve maintains 0. high rate of riso and is due to this vitrinito 

being highly plo.stio. It seoms toot taking the rosults of the 

present stuc\y into !l.Ocount along wi tll the e~rlier work of Goodarzi 

and Mu.rchison (1972), the general inoroase in the rate of riso of 

bireflecta.noe is dirootly relo.ted to how severe is the breclcdown 

in the initial molocu1o.r ordering. Tho more plastio 0. vi trin! te 

bGoomes, tho morc severe is tho breakdown, but the high degroe 



of ordering ensues, oven o.t a slow rete of hoo.ting. The 

beho.viour of the bireflecta.nce again illustrates the bo.sio 

struotural difference between the two groups of vitrinitos. 

(Hi) Refr.q,c,tJye +.n,dex "(oFigs 4Q to 5.1) 

(0.) Gener.tS-.. 

Goodarzi cnd Mlrchison (1912, 1913) ho.w desoribed 

the refractive indGX ourvos of co.rbonised vitrinites of different 

rank and ho.ve shown tho.t no mo.tter who.t is the original rc.nk of 

vitrinite, the genoral form of the curvos is the SOZllG, but that 

the curves vary in detail for gro.phitising and non-gro.phitising 

vitrinites. In genorSl the vo.riation in the rofrootivo indox-

temperature curve can be attributed to the following molooulo.r 

structural changesl-

inj. tial rise I due to increase of the 

cr,ystallito height (Lo )' cnd improve~ent in tho 

ordoring and packing of tho o.romatic lamellae 

Within the orystallitos, 

.!t,,\b,sefreent falll due to deterioration in 

the packing and to buckling of tho aromatic lamollo.e 

as thG lO\Y'er diameter (La) incrGases, which results 

in reduction of the or,ystallite height (Le), and 

A~condaIjY rise: dUG to further improvement 

of packing of aromo.tio lo.melloo within the orystallitos 

ani on increase in the cr,ystcllite height (L ). c 

166 



167 

The refro.ctive index-temperaturo curves of all the 

oa.rbonised vitrinitos in the present study, irrespeotive of the 

stnrting rank of the vi trini te o.nd the honting rato, show the 

above general form, but the rate of increase in the refra.cti va 

index, the particula.r tompera.turo at which the maximum levol 

of refro.ctive index is achievod and the preciso shape of 

rofro.ctive index-tDI!lpernture curves, dopends on the rate of hoa.ting 

rod the rank of starting vitrinitos. 

The rosults of Fro.nklin (1951) show that vitrinitos which 

sof'ten at low temperature provide graphi tising cnrboM a.t high 

temperature, whereas non-aoftenine vi trinites do not. Tho 

orystall1te heieht is higher in graphitising vitrinitos than 

non-graphitising vi trini te for 0. particular l~er diameter 

(Fig 22 to 24). 

Over the temperature ro.nge employed, the secondary 

increase of refracti w index can only be observed if the hoating 

rate is relatively fast. Marsh (1971). using a. heating rate 

of about 50C/rrdn, showed a secordary increa.so of cry-stalli te height 

(see also Diamond. 1960). whereas at lower hea.ting ra.tos (o.bout 

0.5 - 2oC/min), this secondary incroase of cry-stalli te height 

was not observed. The earlier rosul ts of Goodarzi and ~hison 

(1972) do not show such an increase of refractiv~ index, duo 

again to the slow heating rate (about 2.4°C/min). 

1. Low-rank BitumiijOus YltriQites (gFigs aD' 46) 

° 0 /: The refractive index curves at 1 C and 10 C min ~ehnve 



o.s thom for a non-graphi tising vi trini tee The findings of 

Goodarzi and Murchison (1972) indioate; that the refractivo-indox 

curves of non-graphitising vitrinites follow similar trendo 

a:rter achieving their maxiIilWll refractivo-index level. Tho 

incroase of heating rate to 60o
C/min results in sharpcr poak 

for the refractive index curve, which ia probably due to rapid 

devolatilisation of amorphous material and a ~.pid improvoment 

in crystollite hoight. The sharp decreo.se of the refractivG 

000 
index between temperatures of 625 C to 800 or 850 C indio~teB 

a rapid deterioration of the packing of the aromatic layers and 
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a deorease in the crystollito height. The form of the rofro.ctivo 

index curve at 60o
C/min is very similar to the curve for graphitising 

vitrinite reported by Goodarzi a.nd Murchison (1972). It seoms 

that the high heating rate indicatos structural. cha.ngoa air.ular to 

those taking plooe in the carbonised graphitising vitrinito. All 

o 
the refractive index curves o.fter a decreo.se to 850 C begin to 

rise with further increase of temperature, due to improvement in . 

the packing of the aromatic lamellae and increaso of the crystalli te 

height. 

2. Anthrapitic.. vitrinites CR Figs 41.42,47.48) 

The patterns of the refrootivo index-temperature ourves 

of anthra.citic vitrinites are similar to the form of the refractive 

index curve for atIthra.citic vitrinite reported by Goodarzi c.nd 

Murchison (1972). The present results show that in genercl the 

differenoes between the refractive index curves at various 
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levels of heating rate are quite small, pres'llIIlably because of 

the few changes of molecular structuro caused by the heating. 

There is some lack of oonsistency in tho pa.ttern of the rofra.oti ve 

index curves for the higher-rank onthra.eitic vitrinito (Fig 480 ) 

compared with the lower-rank anthracitic vitrinite (Fig 410). 

The rea.s or. " for tho anomalous rosults is not clear. However, 

the structure.1 changes brought about by the fast rate of hO.:lting, 

although taking place more rapidly, are probably less than for 

slower heating rates. 

(c) §.Q.fteni.¥...~tri~t.es (9 Figs 43 to 45. 49 t9 1') 

The shape of refractive index-temperature curves of tho 

coking coal vitrinites at 1oC/min are similar to the form of the 

refracti "le index curves of the gr~:.phi tising (coking coal) 

vitrinite (carbon. 88.0% daf) exe..minod by Goodarzi o.nd r.furohison 

(1972), While the form of refractive index of the coking coc.l 

vitrinito at the slow rates of heating is olso similc.r to the 

carbonised lower-rank vitrinite (carbon. 82.5% daf) oxacinod by 

the S2JIle authors. Here, in this 'intermediate' carbon (85.41cdaf) 

(Franklin 1951), the slow rate of heo.ting causes a degree of 

modification of the molecular struoture similar to that for non,.. 

graphitising vitrinite, which consists of aromatic lamellae 

strongly cross-linked to each other, whereas in COking coal 

vi trini to. the pattern of the refractive index indicatos that olso 

the general lovel of ordering within the aromatic structure is 

high, but that the cross-linking between the aromatic la.mollao 

is also weak. This results in.a rapid development and breakdown. 
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The forUl of tho pocko cnd the tcmp<.;r:'.ture c:t \-thioh ;.lm::nliil occurs 

ere nost us~fu1. Tlw shc.po of thu rofrMti vc index curvos of 

oofteniIl6 vi trim teo becomo!] incro"'.Sinc1y :Si::lilc.r with incNclsc 

of heatil1£; rc.to of 10
o
C/uin, clthouCh thu patt~rn of the curvu:o:; 

c~l::'..nge. The more rc.pid incrcusG ef t:l0 tcmpcl'duru c10.1.r11 results 

in Cl. rapid dovolntilicdion of t:1Q v1.trini te ,1l1d a. li1uch sh:-.rpor 

perk in tho rofrc.etivo index curves, duu to a moro rJ.pid incrc:.'.so 

of crystclli to heiB'ht (Lc) r.nd botter pu,oking of arom:.:'.tio lc:...10l1r..Q 

within th(3 cryst clli t os. This ie; i'ollo\-I.)d by U :!loro rr.picl 'brtJ .. :k­

down of ordcril16' within th~ molCJcula.r otructur\iJ which is reflected. 

by Q. chc.rp docrco.oo in the level of tb:; re fracti Vu indox thnt io 1:101'13 

pronounced in cokinc co~J. vitrinite t~l:.m in the c~J.d.ng cO<.~l vitrinito. 

TolC refr[:ctivo indc:c curve only l)cGl!l.fl to riso C'€r.in nt dou:t ,3)OoC. 

The rcoulto of Dir'..L10nd c..nd Hir.:Jch (1:158) 8J'ld DiorJ()l'lll (1960) iru:lic::;'.;el3 

thc.t the nUT.1bcr of r.ro,Jntic lllDdL~Q por cryot:.::111 te incrC:::'.SlIs 

c.tter c~"1.r""::lonisc.tilJn to ~·.~O'l..1t 700°C due "to iOPl'OVODont of p::~ol::LlB' of 

the c.rooC',tio 1:'..l.1011C'.O Dru cliennor.cl; of tho .::.ror.K'.tic Lr.1clloo 

p.::.r:~le1 to ono C,110thcl' (Fie; 20). T:lo sccondQ.ry riso of tho 

rcfr2..ctive incle~::··tcr':~e::-2.:turc ourvos is o::l:tiofr,ctori1y in ('.Croo::10nt 

l'n th tho CJOVO 3tructur[~ iillprovcuc:;d. 

Further inoron:Jo in he::t1ng r<:.tl;;) to 600 C/Llin produo08 the; 

shc.rpost poak, w! .. ich 11:"'..8 its higl'wot lovel at tho lowest tenpura.turG, 

probr~bly indie:.~tiIlG ~vcn Dore rr..pic.l ev:;.por::'.tion of o.;:lOrphous 

::lateric1 tlw,t foI".::iD the cross-lil1ks l)ctwGGn the r.ro!:l::'..tio 

structuros. The dr~stio f~ll of rcfr~ctivo index n~~ bo due to 

buckling of c..rOlJ:ltic structures, c,s well o.s to dctorior:1tion in tha 



packing of aromatio lc.melloo whioh is a.rrasted a.t o.bout 7500
-

8000 0. The further marked rise of the rafra.otive index curves 

. with further inorec.se of tempernture is, agoin, proba.bly duo to 

improvement in tho moleoular struoture. It is interosting th:1t 

tha breakdown af the tlolecular struoture and its rebuilding is 

most pronouncad for the fa.st heo.ting ro.te. The similarity 

between the refractive index-temperatura ourve for ooking ooal 
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vitrinite nnd. those of ooking ooal vitrinites at the hoating rates 

of 100 and 600 0/min suggests tha.t the oha.nges of moleoular 

struoture ooourring during oarboniso.tion for this vi trini te nre 

similar to thosa in truo softening vi trini tes at high heating 

rates. 

(iv) AbsoFBt.1ve IJdJ3x Cd FitiW 40 to 51) 

The beho.viour of the o.bsorpti vc indox-tompero.turo curvos 

of the sof'tenine o.nd. non-eoftening vi trinites oarbonised et diffarent 

retes of heating con be attributed to the sooe oo.uses suggested for 

the behaviour of the refleoti vi ty-toLlpera.ture ourves, no.moly I an 

inoreo.ee in arolimtio layer diameter (Lo.) with carbonisa.tion 

teraperatw-e. The present results show tho.t the aroma.tio lr~or 

dic.meter inoreases ne the ro.te of hoo.ting rises. Not only is the 

phenomenon more pronounoed for softening vitrinites thon non­

softening vitrinites~~ the Boi'tening vitrinites the increase in 

o.romatio lo\yor dio.meter is much mora rapid ne the rate of heo.ting 

rises. 
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C. YWATION OF THE OmCll PROPERTIES OF nWNITlia OF DIFFERENT 

RANK IN RW.4TlON TQ P4.JW:QUI4R ~ Of HEATING 

(i) Introdugtion 

Having now c~pared the behaviour of the optioal properties 

of individual vitrinites oarbonised at three different heating 

rates, it is now useful to group the six curves for specitio 

optical properties at each heating rate, to compare these. The 

grouped curves will be found in Figs 58 - 69. 

(11) Reflectivity (Figs 58 - 60) 

All v1trinites apart from the high-rank coking coal 

vitrinite eventual1y follow approximate1y similar and coinoident 

paths at this rate of heating, suggesting that, due to slow 

degaslfication, similar levels of condensation of the aromatio 

struotures at different levels occur. However, the ourve for 

high-rank, coking ooal vitrinite, crossouts and reaohes (after 

1000 C) a higher level of refleotivity than the remainder of the 

vi trini tes of this group, probably due to development of 

larger aromatic l~er struotures. The behaviour of the 

reflectivity of the other five vitrinites is similar to that 

described by Goodarzi and Murohison (1912) for vitrinite of 

similar rank (Fig 13) during oarbonisation up to about 9500
C 

at a heating rate of about 2.50 C/min and includes low and high­

rank bituminous vitr1nitos. The higher level of the refleotivity 



Fig 58 Generalised curves for the variation with temperature 

of oil 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 aooord with the results of de Vrias j1~ 

(1968) (Fig 10) who indicate that the residues of oarbonised 

high-rank, coking vitrinite exhibit higher refleotivity values 

than either carbonised low-rank or anthracitio vitrinites, 

and even most ooking ooal vitrinites. 

At this heating rate, the different vitrinite groups 

o~ begin to be distinguished in terms of their softening 

oharaoteristios and by the behaviour of their reflectivity 

ourves. The vitrinites oan be divided into three groups 
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(Fig 59), the first oonsisting of the two ooking ooal vitrinites, 

whioh eventually show the highest refleotivity values of their 

oarbonised produots, indioating a higher degree of aromatioity 

and aromatio l~ers of larger diameter. The seoond group 

inolulea only the oaking ooal vitrinita. The behaviour of the 

oaking-ooal vitrinite is interesting, because at this heating 

rate it maintains an intermediate trend between the truly . 

softening and non-softening vitrinites (Fig 59), indioating 

the development of an intermediate moleoulare struoture in 

the oarbonised produots for this vitrinite. Franklin (1951), 

examining a oaking ooal vitrin1te at graphitis1ng temperatures, 

states that the vitrinite possesses molecular struoture inter­

mediate between graphitising and non-graphitising vitrinitee 

The present results tend to support the above findings for 



Fig 59 Generalised curves for the variation with temperature 

of oil reflectivity of six vitrinites carbonised at a 

heating rate of 10°C/min. 
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oaking vitrinite when oarbonised to muoh lower temperatures 

and also indioates the importnnoe of rnte of heating on the 

optical properties of vitrinites. The third group oonsists 

of the two anthraoitio and the low-rank vitrinite, whose 

carbonised residues still follow a lower refleotivity path 
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than either the coking or oaking ooal vitrinites. The rank 

sequenoe however is maintained in this group during oarbonis~ 

tion, whioh agrees with the results of de Vries ~ A1. (1968), 

although on~ one rate ot heating was used in these experiments. 

The vitrinites now fall into two groups on the basis of 

the behaviour of their refleotivity curves, the residues of 

the oaking ooal, medium-rank and high-rank ooking vitrinitea 

in one group following muoh higher trends, and the low-rank 

and two anthraoitio vitrinites reaohing lower levels. The 

oaking ooal vitrinite residues still yield substnntially lower 

reflectivity level than do those from the ooking ooal vitrinltes 

even at 9500 0, but the vitrinite now truly softens on oarbonisa­

tion and is able to develop aromatio lamellae of larger diameter 

and more oondensed aromatio struotures due to the rapid 

degasifioation. The higher level of the reflectivity ourves 

of the softening vitrinites indicates the basic molecular-

structural differences between this group and non-softening vitrinites. 

What is also interesting is the behaviour of the reflectivity 

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



Fig 60 Generalised curves for the variation with temperature 

of oil reflectivity of six vitrinites carbonised at a 

heating rate of 60oC/min. 
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refleotivityat leasts as high as th~t of anthr~oitio vitrinite 
o 

~t 950 e, whioh suggests t~t the oondens~tion of aromatio materi~l 

for this vitrinite is greater than for anthraoitio vitrinitel 

de Vries (1968) also states t~t during oarbonisntion the rnto 

of oondensation of low-rank vitrinite is higher than tor anthr~oitio 

vitrinite, Also the behaviour of the oaking ooal vitrinite in the 

first group needs some attention, sinoe oarbonisation at this rate 

ot heating apparent~ promotes the moleoular struoture ot oaking 

coal vit~inite towards the general level ot that ot ooking-rank 

vitrinite (apparent from the refleotlvi~ ourve). The influenoe 

of the original rank of the vitrinites in eaoh group is still 

evident from the be~viour of their refleotivity ourves, whioh 

follow an upward sequential trend with ref1eotivity of the 

highest-rank vitrinite on top and the lowest rank vitrlnite at 

the base, In the seoond group there is a rank sequenoe between 

the anthraoitio vitrinites, but the curve for the low-rank 

vitrinitio residues eventually lies above the nnthraoitl0 

vitrinites. 

In summar.1 it is now possible to draw a relationship between 

the refleotivity curves of oarbonised vitrinites and the rate ot 

heating. At the slowest heating rate it is possible only to 

distinguish the true softening vitrinite. Tho differenoes 

between the refleotivities of oarbonised vitrinites beoome more 

evident with inoreasing of heating rate. Groups ot oarbonised 

vitrinites oan be distinguished by the level ot their ret1eotivitioe 



whioh are related to their softening oharaoters after 

oarbonisation to about 650°0 at 10
0
0/mtn heating rateJ 

at a heating rate of 60
0
0/min the vitrinite groups oan 

be reoognised after the resolidifiaation temperature 

(about 550°0). 
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(iii) Bi;efleotanpe (Fig@ 61 ~2 63) 

To some extent the behaviour of the birefleotance ourves 

at the different rates of heating parallel to those for 

refleotivity, but the curves for bireflectanoe are perhaps 

surprisingly more sensitive than the refleotivity ourves. 

(a) RAte of 4eQ:ting 1°C/min (Fig 61) 

The bireflectanoe-temperature curves of five of the 

vitrinites show an upward sequential trend that is related 

to their initinl ranks and to carbonis~tion temperature, but 

the ourve for the oarbonised high-rank ooking vitrinite inoreases 
. 0 

ver,y sharp~ after the softening temperature (450 C) to reaoh a 

muoh higher level than the curves for the othor oarbonised 

residuos. This behaviour indioates t~t highly fluid 

vitrinites displ~ high birefleotanoe and thus show greater 

ordering of their molocular struotures. The plastio! ty of the 

other vitrimites is muoh reduoed due to "he slow heating rate 

(Brown 1956, van Krevelen ,et, AJ..a. 1956) but the rate is still 

sufficient to mobilise and reorder the molecular struoture to 

some degree. 

The bireflectance ourves of the residues of the two coking 

vitrinites at this rate of heating follow a rising and steeper 

trend than e1 ther the caking and/or non-softening group. The 

bireflectanoe ourves for the carbonised non-softening vitrinites 



Fig 61 Generalised curves for the variation with temperature 

of oil biref1ectance 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 oil bireflectance of six vitrinites carbonised at 

a heating rate of 10
o
C/nin. 
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show relatively little ohange to those produoed at a heating 

rate of 1°C/min. The birefleotanoe curve tor the oaking 

ooal vitrinite now shows an intermediate behaviour, ~intaining 

a trend between the residues ot the sottening and non-sotte.niag 

vitrinites. This intermediate behaviour ot the biret1eotanoe 

curve ot the oaking ooa1 vitrinite is agnin due to t~e 'inter­

mediate'molecular structure ot this vitrinite (Franklin 1951). 

The gradual separation or expansion ot the biret1eotanoe ourves 

is a refleotion ot the greater degree of reordering possible 

beoause ot the higher tluidities produoed at higher heating 

rates (see tor example van Kreve1en ,ii.QJ.,.. 1956 and Brown 

1956). 

The biretleotanoe ourves tor the oarbonised residues ot 
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the ooking and oaking vitrinites group together and tollow a 

rising, very sharp and much higher trend than that for the non­

sottening vitr1nites, the oontrast now being the stronger beoause 

of the high tluidities induoed in any vitrinites whioh Bottens 

. at this high heating rate and so a high degree ot ordering of 

the molecular struoture in those vitrinites is now possible. 

It is olear from Fig 63 that even the plastioi ty ot ~8 oaking 

ooal vi trini to is greatly enhanoed and a struotural ordering 

similar to that of the ooking ooal vitrinito is aohieved. But 

still the original struotural differenoes within this group arc 

maintained in relation to the rank sequenoe, whore the biretleotance 



Fig 63 Generalised curves for the variation with temperature 

of oil bireflectance of six vitrinites carbonised at 

a heating rate of 60°C/min. 



-J -o 
z -
UJ 
U z 
:! 
u 
UJ 
-J 
LL 
UJ 
et:: 
ffi 

12·0----------------------------~ 

10·0 

4·0 

2·0 

", 

/ 
/ ~,; 

/ ,/ 

/ ' . I ••• -
I •• 

/ 

I ••• 

I I~'" 

1./ 
I :; :. 

1
:1 
:. 
:1 

/
:1 
• I :, 

I: 
r , 

/ :' ., 

/ 1 .. ---I: /'" 
': . 

1// I' --. I: /",' ,,: . /' t . . -- .. - .. --~/./ 
II~ 

-1' 
C' 

-=----4.~ 

250 500 750 1000 
TEMPERATURE - °C 

CARBON CONTENTS - FRESH VlTRINlTES 

_._--
----
---------
..... . ... . . . .. . . ..... .. ... 

94.2 per cent d.m.m.f. 
93· 5 per cent d.m.m.f. 
90· 0 per cent d.a.f. 
87.9per cent d.a.f. 
85.4per cent d.a.f . 
80.0per cent da.f. 



curve ot the carbonised high-rank coking vitrinite is above 

and the curve tor the caking coal vitrinite is at the base. 

This sequence shows the relative degree ot ordeltlil8 ot the 

aromatio struotures ot the vitrinites in this group. The 

birefleotance curves tor the oarbonised anthra.oitio and low­

rank Yitrinites again show rel&tive~ small obangft~, 
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probab~ beoause any inorease in the ordering ot their moleoular 

struotures is relative~ small due to immobili~ ot the aromatio 

lamellae during the ear~ stages ot oarbonisation (Franklin 1951). 

The influenoe of the rank of the original vitrinite is also 

again evident in the behaviour ot the birefleotanoe ourves ot 

the non-sottening group. 

It is quite clear from a oomparison ot Figs 61 and 63 

that the influenoe ot heating rate on the trends ot biretleotanoe 

ot non-sottening vitrinites is relatively small, the group no~ 

showing ~ great variation with heating rate, while the sottening 

vitrinites diBpl~ great changes in biretleotanoe with heating 

rate. It appears that there is a strong relationship between 

the degree ot plastioi~ and birefleotanoe. While the pla.stioity 

ot the six vitrinites was not determined direotly, it is known 

that plastioity rises with inoreasing heating rate (Brown t956 

and van Krevelen .i1 Ala. 1956). and the present reaul ts show 

that the level of the biretleotanoe curves of sottening vitrinites 

rises with rate of heating. That the b1refleotance should 

inorease with inoreasing plastioi~ is not unreasonable, beoause 

the greater the plastioity the better oan be the reordering ot 



the original molecular struoture and oonsequently the higher 

will be the birefleotanoe. High-rank ooking Yitrinite, due to 

its greater degree of plastioity at all times than that of other 

vitrinites examined in this stu~, exhibits higher biretleotanoe 

even at a low rate of heating. Modifioation to the rate of 

birefleotanoe with inoreasing heating rate through tho softening 

bituminous-rank vitrinites is the greater the lower is the rank, 

e.g. the oaking ooal vitrinite has its birefleotanoe ourve most 

modified by ohanging the heating rate. 

The above results suggest that it might be possible to use 

birefleotanoe as a means of distinguishing between the ditferent 

oarbonised residues of vitrinites in a mixture. Commonly rates 
o 0 of 1 to 5 C are used in oommeroial ooke ovens and oomparing 

Fig 61 and Fig 62, it is possible to see oontrasts, broadly 

speaking, between true softening, intermediate and non-sottening 

vitrinites. It m~ even be possible to subdivide eaoh of the 

above groups aooording to the rank of the starting materials, 

beoause apparently at 1
0
C/min, only truly softening vltrinites 

o 
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oan be distinguished, whereas at 10 C/min, softening, intermediate 

and non-softening groups are present. Thus if birefleotanoe is 

used in oombination with the morphology of the carbonised residues, 

a better estimation of the rank of the original oarbonised residuos 

~ be achieved. 



( i v) ~t);Q.ctiye Index (Figg 64 - 66) 

(a) Introdijptign 

The refractive index ourves tor the six vitrinitos 

oarbonised at each of three heating rates are shown in Figs 

64 - 66. Beoause of the oontusion of the ourves aro·:.~d thoir 

maxima, interpretation ~ apparently be rather diffioult, but 

in faot resolution is quite possible, and reasonable interpreta­

tions oan be put forward for the patterns. 

In the earlier work published by Goodarzi and Murohison 

(1912), in discussion of oh~ in refraotive index in relation 

to carbonisation temperature and moleoular struoture, omphasis 

was l~id on the relative heights of the peaks in the refraotive 

index curves tor graphitising and non-graphitising vitrinitos 

(see previous work, P. 50 ). The more detailed results 

produoed in the present projeot suggest that this earlier 

interpretation is probably too simple a view and that it is 
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also important to consider not only the relative heights of the 

peaks, but also the shape of the curves as well. A further faotor, 

in the graphitising vitrinites partioularly, is tho original 

rank levels (whioh of oourse governs the initial ordering of 

molecular struoture) ot the vitrinites. And so, it seoms that 

the refractive index ourve of a graphitising vitrinite (Pig 13), 

atter an initial sharp rise to a maximum, taIls at a muoh tast~r 

rate than does a ourve for a non-graphitising vitrinite, whioh, 

atter an initial inorease that is the sharper the lower is the 



rank of the vitrinite, deoreases at a slower rate, produoing a 

muoh broader peak. 

The sharp maximum of the refraotive index-temperature 

ourve of a graphitising vitrinite is probably due to the moro 

rapid development and subsequent breakdown of the moleoular 

struoture of this form of vitrinite. The mobility of weakly 

oross-linked aromatio lamellae within the or,ystallites allow 

them to align and enlarge themselves paroUel to one another 
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in a. vertioal or a l~teral sense more easily. The broad maximum 

peak of the refractive index-temperature ourve of non-graphi thing 

vitrinites suggest that the development of the moleoular struoturo 

cmd the subsequent breakdown is relatively slow due to the strongly 

cross-linked aromatio lamellae within the or,ystallites. Beoause 

of this rigid oross-linking, the aromatio lamellae are relatively 

less mobile than in graphitising vitrinites, so the vortioal or 

lateral development of or,ystallltes here is slower and requires a 

higher level of thermal energy to destroy the oross-linking (soo 

for example Franklin 1951)e Rather similar ourve forms oan be 

seen in the variation of or,ystallite hoight (Lo) with temperature 

(Diamond 1960) (Fig ~e). 

The point about the ourves, namely the variation with rank 

within the graphitising vitrinites, oan be seen easily in the 

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

The form of the refraotive index-temperature ourves for 



Fig 64 Generalised curves for the variation with temperature 

of r.efracti ve index of six vi trini tes carbonised at a 

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

being sharp and showing muoh less broad peaks than the ourves 

for the low-rank. oaking and the two anthraoitio vitrinitosf 

the ourves for the non-softening vitrinites are similar to 
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those for non-graphitising vitrinltes (see Goodarzl and Murohlson 

1972). It should be noted at this point that in th~ earlier 

work by Goodarzi and Murohison a heating rate ot 2.450 C/min was 

employed, whereas the rate here is lower, so that an immediate 

direot oomparison is not possible. Despite the faot that 

plastioity must be muoh reduoed at 1oC/mln, the oontrast 

between the retraotive index ourves tor non-sottening and 

softening vitrinites is still quite visible. What is also 

apparent trom the data here, is that the level of tho retraotive 

index peak for graphitising oarbonised vitrlnites is not alw~s 

lower than that for non-graphitising as suggested by Goodarzi 

and Murohison (1912). The level ot the retractive index peak 

is apparently also depeDdent on the original ordering ot the 

moleoular struoture of the graphitising vitrinite whioh improves 

with inoreasing rank.(see tor example Hirsoh 1954, MoCartney 

It ) and Teiohmuller 1972 • It oan then be expeoted that, durIng 

oarbonisation, the initial development and subsequent breakdown 

of molecular struoture be greater for high-rank ooking (sottening) 

than for low-rank ooking vitrinite. The higher level ot the 

retractive index maximum for residues ot high-rank ooking ooal 

vitrinite than tor ~ of the non-graphitising vitrinItes m~ 

also be due to the development ot a greater or,ystallito height 

(Lc). The mobility of the aromatic l~ers combined with better 
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original ordering of the aromatio lamellae within tho or,ystallites 

and the lower level of amorphous material oould result in the 

development of a greater level of or,ystallito height (to). 

FTanklin (1951) shows that grnphitising oarbons develop a 

greater level of (to) than do non-graphitising oQrbons. 

The form of the refraotive index-temperaturo ourves of 

the softening vitrinitos are now more similar to one another, but 

they still differ from the curves of non-softening vitrinites. 

It must, of oourse, be noted that with the inorease of the honting 

rate to 100C/min, instead of 1
0
C/min, that the plastioity ot all 

the vi trini tes, and partioularly' the ooking ooal vi trini te, will 

be oonsiderably' enhanoed. The bituminous-rank vitrinitee (oaking 

and ooking vitrinites), whioh soften on heating, produoe an initially 

higher refraotive index maximum than the non-softening (non­

graphitising) vitrinites and they also begin to exhibit a seoondar,r 

o inorease in their refraotive index ourves at approximately 800 to 

850°C. This seoondar,r inorease will be due to a further improvomont 

of the paoking of the aromatio lamellae and development of or,ystallite 

height after the earlier breakdown (Diamond 1960). The oaking ooal 

vitrinite, whioh behaved as a non-softening vitrinite at 10 C/min, 

now exhibits a similar refractive index behaviour to the true 

ooking vitrinites at this rate of heating, and the maximum 

or,ystallite height developed (apparent from the refractive index 

ourve) has an intermediate level between that for tho softoning 

and non-softening vitrinitese 



F1g 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 ot Marsh (1971) show the or,ystallite height 

of a onrbonised oaking ooal at slow rates ot he~ting ( 5°C/min), 

atter an initial inorease, deore~sing with further riso of tempor­

ature, Tho deorease of or.ystallite height is, however, arrostod 

at about 700
0
C, at the fastest hoating rate (5°C/min) employod 

and onco more the orystalli to height begins again to .. :lso. The 

refraotive indioes of the low-rank vitrinite and two anthraoitio 

vitrinites still behave as non-graphitiaiqg v1trin1tos (soo 

Good.a.rzi and Murohison 1972). 

The softening vitrinites now displ~ markedly oontrasting 

ourves to the non-softening group, showing sharp maxima. and also 

pronounced minima. Even the low-rank vitrinite is affeoted at 

this high heating rate and it aotually now displ~a a high levol 

of refractive index with a muoh sharper peak. All thoso Boftening 

vitrinites exhibit high levels of refraotive index, indio~ting 

that these vitrinites undergo greater modifioation within their 

moleoula.r struotures over this tempera.ture r~ than do the 

anthraoitio vitrinitese The grea.ter input of thermal onergy, 

oombined with typioa.l bituminous moleoular struoturo (Hirsoh 

1954 and Ca.rtz and Hirsoh 1960) eMbles these vi trini tes tompora.rU.y 

to achieve greater orystallite heights than the non-softening 

vitrinites. 

The seoondar,y inorease of retraotive index boyond 



Fig 66 Generalised curves for the variation with temperature 

of refractive index of six vitrinites carbonised at a 

heating rate of 60oC!min. 
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o 
approx1ma.tely 800 C oan only be observed in tho truly 

softening vitrinites, not in the low-rank vitrinites. 

The inorease again indioates that the paOking of tho 

aromatio lamellae is improving and that the or,ystallita height 

has begun to inorease onoe more. The non-graphitising 

vitrinites do not show this seoondary inorease in or,ystallito 
o 

height, at least up to 1000 C. 
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( v) Abso.:;g:t1ve Index 'Figs 67 - 69) 

The curves for each heating rate show parallel changes 

to those of the ref1eotivi~-temperaturo ourves, but the 

differences between the graphitising and non-graphitioing 

vitrinites are perhaps surprising1Y in general better defined 

than in the refleotivi~-tamperature ourves for eaoh heating 

rate. All the variatiorswtth hoating rate aro disoussod without 

~ subdivision. 

It appears that the softening vitrinitos develop 1argor 

aromatic-l~er diameters (apparent by the high lovel of the 

absorptive index ourve) at 8.l\Y' temperature than do the non­

softening vitrinites. The differenoes botween the moleoular 

struotures 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 ooking ooa1 and low-rank bituminous vitrinites 
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is most interesting. The residues of the oaking ooa1 vitrinite 

show the greatest level of shift of the absorptIve index ourve 

from the no~phitising to the graphitising group and seeming1Y 

the rapid rise in thermal energy provided by the inoreased hoating 

rate faoilitates lateral growth of the orystallites. Lateral 

growth of the cr,ystallito l~ers in non-softening vitrinitoB is 

limited at low heating ratos due to the strong oross-linking 

between the aromatio l~ers, wheroas in the softening vitrlnitos 

the cross-linking is not suffioient1y 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 cross­

linked material leaves the aromatio lamellae free to ooalesce 

and to develop an 'intermediate' molecular structure. The 

present results show that, at tho fastest rate of hoating, . 

the 'intermediate' molecular structure of oaking coal is 

shifted so that a molecular structure similar to tho~ of a 

graphi tising oarbon is form6d. 

The other large although gradUAl shift in the absorptive 

index curve is shown by the oarbonised low-rank vitrinite in the 

non-softening group, which, at high temperature, shows 0. gradual 

shift from the lowest value in tho group at the. slowost rate of 

heating to the highest level in the group at the fastest rate of 

heating. This behaviour probably indioates that this vitrinite 

of the non-graphitising group is partially able to overcome the 

restricting faotors, such as strong crose-linking and also the 

disordered aromatic l~ers, to develop larger aromatio IBmollao 

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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~g 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) Svrnmsw 

Considering all the above parameters, retleotivi~, 

biretleotance, refr~otive and absorptive indioos, it appoars 

that although the preoision and aoouracy ot determinntion of 

biretleotanoe is not as high as that of refleotivity, bireflect­

ance shows a greater sensitivity to the originnl rank of tho 

oarbonised vitr1nite and to the heating rate than does the 

refleotivity. Bireflectance particularly appears to be a 

better indicator of originnl rank at slow hoating ratos, where 

refleotivity is not so sensitive (oompare Figs 58 and 61). 

The refraotive index curve also indicates changes in molecular 

structure with inorease in oarbonisation temperature. First, 

it distinguishes the basio molecular structural differences 

between groups of vitrinite and second, the differences between 

the softening and non-softening vitrinitea oan be soen in the 

trends of refraotive index ourves for the oarbonised products. 

The determinntion of a refractive index curve is, however, rather 

time-oonsuming and t1resome work, whereas the birefleotance can 

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

The following oonolusions oan be dr~wn from the foregoing 

studiesl-

(i) Softening vitrinites are the on~ vitrinites whioh 

develop different types of mos~io texture during o~bon1sation. 

The faster is the rate of heating, tho largor oro tho granul~ 

mosaio units developed. 

(ii) Low-rank vitr1nitos develop oompletoly rounded oonosphoroB 

like semi-ooko at fast rates of heating, wheroas at alow,ratos 

of heating the vitrinite partioles retain their original angul~r 

form. 

(iii) Caking-coal vitr1nite, which ~t a fast rate of huating 

develops mosaio struotures with different textures, only devolops 

a partial finely-grained mJsaio at slow rates of heating. 

(iv) Anthraoitio vitrinites show the least morphologio~l 

ohanges with heating rate. 

(v) It is possible to identit,y oarbonisod residues of various 

rank lovel for spooifio haating rates by morphologioal studies, 

the faster is the heating rate the easier is the differentiation 

between softening and non-softening vitrinitos and within the 

non-softening group, but the more diffioult ~t beoomes within 

the softening group. 



(vi) The extent of 'nuoleated domains' depends on the lovel 

of plastioit,y and is the greater the higher is the rank of 

the softening vitrinite and the faster is the hoating rate. 

B. Qptioal 

(i) Graphitising (softening) vitrinitos are more ppnsitive 

to heating rate than are non-graphitising (non-softoning) 

vitrinites. 

(1i) The refleotivity, biroflootanoe and absorptive index 

ourves of oarbonised vitrinites are the highor the faster is 

the rate of heating. 

(iii) Differenoes in refleotivit,y, birefloctanoe and absorptiv~ 

index ourves between and within softening vitrinites and non­

softening vitrinites inorease as the rate of heating risos. 
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(iv) The refraotive index ourves of sottening vitrinites 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 ~or all vitrinites) are important 

in distinguishing between vitrinites. 

(v) The form of the refraotive index ourves of softening' 

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

rates of heating, there is a seoondar,r inorease whioh is duo to 

further increase of orystallito height. 

(Vi) The optioal properties of carbonisod oaking-ooal vitrinite 

indioate how important is the influenoe of the plastioity on the 



optioal properties of this vitrinite. The f~ster is the rate 

of heating, the greater is the plastioity and thus the batter 

is the ordering of the moleoular struoture and the more similar 

the moleoular struoture beoomes to t~t of truly softening 

vitrinite. 
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(Vii) High-rank, coking-oo~l vitrinito, oven ~t .,low r~toB of 

heating. exhibits a higher levol of reflootivity and birefleotanoe 

than do anthraoitio vitrinites aftor carbonis~tion •. 

(vii1)The lower is the rank in e~oh group or vitrinites the 

greater are the overall optioal ohanges. 


