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(a) Abstract -- .... 

This Thesis considers certain factors whose influence 

on the optical properties of coal macerals heated over a. ra..ngo 

of temperatures and under vo.rying conditions, have not been 

exo.minod in dot ail. Reflecti vi ty I:loasuremcnt s in two media 

have allowed derivation of the fund.::unentc.l optical parameters, 

refractive and. absorptive indices, which, along with bireflect-

atlce. have been rela.ted to chc.nges in the r.lolecula.r structure 

of the heated macerals. The factors studied here are heating 

rate, prolonged constant heating below the decomposition pOint, 

the effect of mixing vitrinites and. sporinites before carbonisa-

tlon, as compared With the optical properties of each maceral 

carbonised separately, the effect of pressure on oarbonised 

vitrinite and finally heating at eleva.ted temperatures in the 

Tho following conolusions were drawn:-

1. On the basis of the variations in the optical 

properties of six vitrinites of different rank: carbon-

ised at three different heating rates, the anisotropy 

(through bireflectn.nce) and the aromatioity (through 

reflectivity and absorptive index) at any specifio 

temperature are tho higher as the heating ra.te rises, 

particular~ for graphitising vitrinites. The form 

of the refractive index curves differs for softening 

and non-soi'tening vitrinites, indioating changes in the 

rate of the buil~p and breakdown of crystallites with 



the varying heating rates. Increased bireflectanco and 

size of mosaic structure reflect increasing fluidity with 

rising heating rate. 

2. Progressive increa.se of holding time up to 8 months 

during heating below the deoomposition point of six 

(H) 

vitrinites varying in rl:1!lk: o['.llses an increo.se in aromaticity 

whioh is refleoted in the optical properties of the vitrinites. 

Ir..fluence of holding time on the optical properties is the 

greater the lower is the maceral r3llk and the higher is the 

temporo.ture. Mosaics cnn develop at 3500 C nfter treatinent 

for 8 months. 

3. Carbonisation of sporinites produces optical properties 

in these chars similar to those of carbonised vitrinitos. 

Depending on rank, these also displ~ siLlilar trends, but 

the sporinite chars alw:;ys possess a mosaio. Tho optioal 

properties of carbonised mixtures of sporinite and vitrinite 

differ from those of the carbonised indi viduol moera.ls, 

lying approximn.tely intermediate to the trends for the 

oarbonised individual macera.ls. 

4. Ca.rbonisation of a oold.ng-coal vitrinite under hydra.ulic 

pressure shows that above the resolidifioation tampera.turo, 

the higher is the pressure the lower is the refleotivity and 

the smaller is the mosnio size. In·tho plastic stage the 

position is reversed. For this runk of vitrinite at least, 

there is no clea.:r-cut relationship between the optical 



properties of the maceral oarbonised under pressure, in a 

bomb a.."Jd in an 'open boat'. 

5. In an attempt to oontimo the ee.rlier trends of optic~ 

(Ui) 

properties of oarbonised vitrinites established below 1000oC, 

three vitrinites were heat-treated in the range 10000 to 25000 C. 

The chars show anomalous trends of optical data, if '~he startine 

ranks are bituminous. The t,nomalies appear to be due to a graduo.l 

deterioration in surface quality oaused by molecular struotural 

ohanges in the semi-graphitising to graphitising zone. The 

optioal properties of anthracite behave more normally, showing 

a gradual increase in struotural ordering towards that of 

graphite. 

The results. of these several studies should assist in the 

interpretation of the thermal histories of semi-<)okes and cokes. 
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GENERAL INTRODUC'l'ION AND STATB;MENT 01.' PROBLEM 
- • - • 1 

The optioal properties of semi-ooke and ookes are 

dependent on many faotors, some of whioh have reooived 

detailed attention, others whioh have not. The present 

researoh programme was designed to study the influenoe of 

several factors on the optioal properties of different ranks 

of vitrinites primarily, but also sporinites, to whioh little 

attention has been given. These faotors are heating rate, 

holding time below aotive deoomposition, interaotion and effeot 

of different maoerals (vitrinite and sporinite) on one another, 

pressure and the extension of the temperature range above 

1000°0. 

The work in this Thesis rests on a basis of earlier 

optioa1 studies on oarbonised vitrinites in these laboratories. 

The optioal properties of oarbonised vitrinites have been 

studied in the Organio Geoohemistry Unit by Davies (1965), 

Marshall (1~8) and Goodarzi (1911). Davies (1~5) examined 

the variation of the optioal properties of laboratory oarbon­

ised vitrinites up to 600
0
0, Marshal1 (1~8) determined the 

dispersion ourves of optical properties of three vitrinites 
o 

oarbonised up to 150 0 over the range 403nm to 109nm. These 

researches essentially only oonsidered the inf1uenoe of rank 

on the optical properties of oarbonised vitrinites, Goodarzi 

(1971) extended the carbonisation temperature up to 950°0 and 

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

1 



pre-ox1dat10n on the optioal properties of oarbonised 

vitrinites, relating the optioal data to moleoular ohanges 

in the residues (see also Goodarzi and Murohison 1972, 

1973). The influenoe of rank then on the optioal propert­

ies of oarbonised vitrinites is understood, so also from the 

work of other investigators is the effeot of grain size, 

'soak period' and oxidation, One major gap in possible 

faotors affeoting ~ptioal properties appeared to lie in 

variable heating rates. Another area that required study 

was the possible effeot of long-term heating below the 

deoomposition points of the vitrinites. Eaoh of these 

factors has a geological bearing, 

Sinoe little is known about the optioal behaviour of 

oarbonised maoorals, other than vitrinite, the important 

maoeral sporinite has been oarbonised and its optical 

properties in relation to moleoular struotural ohangos 

examined and oompared. The optioal properties of mixed 

v1trinite/sporinite blends have also been studied, sinoe 

suoh ohanges have a. bearing on the properties of that pa.rt 

of cokes developed from reaotive constituents. 

In these first three studies of this Thesis, the 

influence of time, temperature and constituent oomposition 

is considered. The fourth Part of the Thesis oovers the 

effect of pressure on a single vitrinite carbonised under 

~aulic pressure in a gold oapsule in a. 'bomb'. These data 
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are compared with results for the same vitrinite carbonised 

under atmospherio pressure. 

The final Part of the Thesis extends the earlier 

work of Goodarzi (1911) to higher temperature levels (100000). 

Patterns of variation of the optioal properties of vitrinites 

of three rank levels are examined in relation to changing 

molecular structure over a tempe~ture range of approximate~ 

o 
1400 0 and compared with the variations observed in the range 
o 0 o to 1000 o. 

Although the various sections of this Thesis are 

disorete in themselves, they ar~ also olosely related and 

have a bearing on the response of the organio matter under 

both laborator,y controlled and natural conditions, with 

consequent effect on the optical properties. 
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1 .... t. 

(a) 

Rofioctivity of ooals is now used extensively and 

regarded as a valuablo paramoter in ooal scienoe; directly 

or indireotly it ~ be employed to detorminu dogroe of 

ooalif'ication (rank) r conditions of oarbonisntion, inoluding 

oarbonisation tomperature, level of oxidation, aspeots of 

moleoule.r struoture and petrological charaoters for ooking 

plonts. 'Ibe optioal properties of ooal macerals are now 

woll known and satisfactory rela.tionships bQ1:woantho optioal 

oonstants of vitrlni.tes and other mnoerals with their ohomical 

parameters, for example, volatile-mattor yield. co.:rbon and 

hydrogon oontents and the atomio ratio H/e are well established. 

Optioal properties of ooal oonstituents are mora Bensitive 

parameters o.nd are also in some respects moro widely applicable 

and easior to determine thon ohemical properties. 

In this section the relation between the optical properties 

of vitrinites and sporinites with rank will be discussed. 

(i) Vitrin.ia,t.e 'ilio reflectivity of vitrinito increases with 

progressive rise of ooa.lification; the increaso is slow up to 

carbon content 89.~ (da.f'), but then it rises at a greater ra.te 

with turther inoroase in rank (Fig. 1). According to Mookowaq 
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(1961), refleoti vi ty varintions in ooals c.ro a funotion of 

tho numbor of aromatio lamollae and tho changos in numbor and 

fom during ooalifioation. 

MoCa.rtnoy and Toio~l1or (1972) havo rooently olassified 

ooals on tho basis of the reflootivity of thoir vitTinitio 

oompononts and havo discussod the rolntionships botl'iOOn 

roflectivity and volatilo matter (Fig. 1), cc.rbon (Fig. 2), 

hydrogen and moisture oontents at difforent ranks. Thoy 

oonolude that a. rola.tionship exists botwoen rofleoti vi ty o.nd 

ro.nlcr uhich is poor for sub-bituminous coals o.nd. !ignites 

(Roil L. 0.5%) r satisfo.ot ory for low-rank bi twainous coals I 

oxoellGnt for hi~ank bituminous ooals and good for onthrnoitic 

coals. Bituminous and. a.nthracitio ooals oan be subdividod 

acoording to their different refleotivity ro.nges. 

" TA.13lIs l (from MoCarlney and Toiohmuller 1972) 

Coal. Rrulk Roflootivity 

Hi~olatile bituminous 0.50 - 1.12 por-cont 

J.iodiUIl)JVolatile bi tum1nous 1.12 - 1.51 per-cont 

Low-volatile bituminous 1.51 - 1.92 pe~ent 

Soroi...ant hrao it 0 1.92 - 2.50 por-cont 

AIrthrc.oi t e 2.50 per oont 

Thore are no.tural rank bOWldaries whioh o.ro' 
1 •. Tho ooalifieation jUtlp Roil .. 1.2~ 

or at 29% volatile Ulattor 
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Fig. 3 Variation with rank (carbon content) of oil reflectivity 

of macerals, vitrinite, exinite and micrinite (after 

Dormans .!l.!l:. 1957). 
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2, the disappoaranoe of exinite· Roil .. 1.50 - 1.55~ 

20 - 22$ vola.tile matter 

3. bound.a.ry between bi tuminous....aemi Oll.thro.ci t a o.nd 

anthracitio ooal Roil .. 2.50 - 2.55~ 

(ii) !1£,0rimte Aocording to stach (1955), DOrmanf3 2.1 ~ 

(1957) andvOll.Krevelon (1961), the reflectivity ot sporinite 

(eri.nite) only increDBes slightly with rise in rOllk o.nd at c. 

lower rate than that of vitrinites up te 86% carbon oontent, 

a.:f'tGr whioh tho refleotivity riaes more quickly up to approx­

imately 91% oarbon oentent (18% vola.tilo-matter yield), when 

the sporinito track ooinoides with that ef vitrinite then 

follows the Sane trend (Fig. 3). 

(i) ~t.iliflni t e The differenoe between the maximum reflect i vi ty 

of vitrinite (or other a.ppropria.te rue.ceral) in a. seotion parallel 

to the bedding and the minimum refleotivity in the SCJme seotion 

perpendioular to the bedding ia an expression of the degree of 

orienta.tion of the struotural elements of tho vitrinito o.nd is 

termed the 'birofloota.noe '. 

Anisotropy in vitrinite has been observed by ~ workors 

(e.g. Hirsoh 19541 Broa.d.bont and Shaw 1955; l.fu.rohison 1958; 

van Krevelon 1961 and MoCartney and Ergun 1967 .. ). Hirsoh (1954) 

studied er series of thin sections of vitrinite (oN:"bon • 78.3 

to 94-7% dAf) by ~ d1ftra.otion tlothods and inferred tha.t 
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Fig 4 Relationship between carbon content ~nd maximum 

and minimum oil reflectivity of vitrinite illustrating 

bj reflectance (redrawn after I.C.C.P. 1963). 
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tho rise of optioal anisotropy with coalifioatien was probo.bly 

duo te inorease in tho degree of ordoring ef tho molecules. 

Aooording to van Krevelen (1961), vitrinite of 81.5% 

oarbon oontent is the lowest rank vitrinite whioh displo\ys 

anisetropy, but with tho usa ef eil immorsien onisotropio 

effoots I!la\Y' bo observod at »a.nks oven lower thnn 80.~ oarbon 

oontent. Lowry (1963) sta.tod that biroflcotonoo beoomos 

strong at around 88% oarbon oontent, but even o.t 96% oo.rbon 

oontont, the degroe of orienta.tion of stI"llotU1't'~ oloments is 

far frotl perfeot (Fig. 4). 

(ii) ,S;eoe;J,.W.; t9, To the anthor IS knowledge thero is no report 

of the o.nisotropy of frosh sporinite, whioh generolly doos not. 

show any a.n1sotropy, aven in ooo.1s of 88% eo.rben oentent, 

probably beeause the spores possosa larger O.r.loupts of omorphoua 

raatoria.l and fowor aromatio la;yers; olso the degree of preferred 

orientation is lewer then that of the oorresponding vi trini te o.t 

arI3' ro.nk levol. 

Refractive index is eno of the funda.mental optioal 

properties whioh oan bo derived from the measured reflectivities. 

Refractive index ineroa.ses with riso of rank slowly up to 92% 

oarbon oontent and then romoins oonstont or deoroases slightly 

in fresh vitrinites. It htlS beon suggested that the deorease of 

refractive index a.t a.bout 92% oarbon oontent is due to the 
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slo.okaning of the cr,ystoJ.lite packing co.usod by better 

oriontation of the D.I'Omatio lo\yers and o.n inoroase of their 

diomotor (soo Hirsoh 1954, Broo.d.bent and Sha.w 1955, MoCarlnoy 

and Ergun 1959; van Krovolon 1961 and MoCartney and Ergun 

1967). lfuCa.rlnoy and ToiohInUllor (1972) sta.te that the 

rofro.otivo index of cool is 0. funotion of the o.tomio density 

and increases with the inoroo.sing degreo of a.roma.tization. 

(ii) ,S.2oI£ln1t,o Tho refractive indioes of sporinitoslo.ck 

systona.tio investigation, but tho results of DortW'll3 s.t ~ 
(1957) and van Krevelen (1961) show that the refra.otive index 

of sperinite inoreases With rising rnnk, but at a. lower rote 

than that of vitrinite up to 91% oo.rbon oontent, until it 

roaches 0. value of appro:x:imo.tely 1.96, after which there is 

oonvergence of the two tro.oks. 

(i) XJ.,t,,:rJ.nit.o Absorptive index is olee a fund.o.montol optical. 

oonsto.nt whioh is oaloula.tod. from determined refleotivities. Tho 

a.bsorptive indox incrooses slowly with rise of ronk up to 9C1fo 

oarbon oontent and then mora rapidly with further increase of 

ranlc. The rapid rise of absorptive index o.f'tcr 9CJ'/o cc.rbon 

oontent is rela.tod to olootronio absorption in the o.romatic 

lCi'ore (Hirsoh 1954). Aooording to MoCa.rlney and Teiorum!l.ler 

(1972), absorption is dopGndant on the number and the mobility 

of dolocalised electrons. . Inoreaso in tho size and in the dogroo 

of oondensation of aromatio struotures in ooal results in an 
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inorease in the oleotron mobility ond El. rise of the o.bsorpti vc 

index. 

(ii) .SJi!o.r4ai.te Dornana ~ £'~.' (1951) sta.to tho.t the o.bsorptive 

index of sporinito is negligiblo (sono negativo vnlUOB of the 

squ.aro of the o.bsorptivo index wore obtainod in tho ca.lculo.tion 

of their rosul t~) which oould bo duo to small errors in rofloct­

ivity noasuromont). Howover, tho absorptive indieos of sporinito 

seem to follow 0. sicilar but 0. lowor trend than thoso of vitri­

nites of equivalont ro.nl~ rongo. 
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a. OPTICAL PROPgTlES ANI? H:>WiCPhM STRUCTURE OF OON. MA.~ 

Ca) introduotion 

All Dolecules whioh are not entire~ symmetrioal are 

optioal~ anisotropio. BandoD orientation of asymcetrio 

Doleoules in the amorphous st~te exoludes the possibility of ~ 

anisotropy, but with increase in the ordering of suoh moleoules, 

optioCll anisotropy will inorease. Coal ~oerals possess ~ 

po~erio structure more or less similar to this s~rised 

description. 

(b) YUriR1 te 

The possible oorrelation between the an1sotropy of 

vi trini te and its molecular structure is oonsidered by Da.hme 

and Mnckowsky (1951), who suggest that ooal (vitrinite). 

depending on rank, has a l8\Yered struoture, because of the 

presence of str~tified lamellae. Anisotropy inoreoses with 

developoent in the size of orystalli tes oomposing the lamell~e. 

Alignment of the orystallites is oo.used originally by pre­

orientation of the vegetable tissue, and the later effeots of 

overburden pressure and. loss of volatile matter during ooali­

fioation allows the laoollae to peck more olosely. Williams 

(1953) supported the nbove opiniOns, believing that the over­

burden pressure and teotonio foroes are responsible for the 

development of anisotropy in oonl. 

Data. on the molecular nrrangement of ooal oonsti tuents 

10 



oan be obtained direotly by stuc1;y of I-rE\Y diffraction patterns 

of ooal mo.cerols. Comprehensive ~r~ diffraotion studies ~vo 

11 

been made since 1944 on 000.1 macero.ls, mo.inly vitrinito. by Bl~den C?-r~ 

(1944); Nelson (1954 a and b), Hirsoh (1954); Carlz 21~ 

(1956); Ergun (1958) and Cartz o.nd Hirsoh (1960). 

Blo\yden and his oo-workers (1944) suggest a 'turbostratio 

lamellar struoture' for ooal (vitrinito), qualita.tively coni'in:led 

by Hirsch (1954). According to Bl£l3den.21 0.1. (1944) I 00.11 contains 

stacked polycondensed aromatio lcvrers. Coolescence of 0. number, of 

lamellae with roughly parallel orientation forms 'or,ysta.llitos'. 

The degreo of ordering Md tho avere..ge dimensions of the oromntio 

l~ers incroose with rise in coolification. 

Hirsch (1954) and Cartz and Hirsoh (1960) report detailed 

1,,-re;y studies of a. series of vitrinites of different rOllk (ccrbon 

_ 78.3 - 94e1% clo.f'), drawing the follOwing conolusions about basic 

vitrinite struoture (Fig 5). 

(1) Coal with less tho.n 85% oarbon oontent possesses 

an 'imperfeot sheet st ruoture I, or lopen at ruotura t • 

There is no preferred orienta.tion and the aromatic 

lo\yerB ,o.re conneoted to eo.oh other with cross links, 

producing a. highly porous systora. 

(2) 'Liquid packing' is found. in ooals betweon 85 

and 91% oUbon oontent. The lacellao show SOIle 

preferred oriento.tion with or,ystaJ.lites oonsisting of 



Fie 5 Change of molecular structure with rank (from van 

Krevelen 1961; after Hirsch 1954). 

(a) 'open' structure 

(b) 'liquid' structure 

(c) anthracitic structure. 
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groups of two to three l~ere at about 8 i 

diameter and on interlO\}'or spo.oing of o.pproxiootely 

20 i. 

(3) IAnthrooitio struoture' ooours in ooals with 

more tho.n 91% oo.rbon oontent. Tho degree of orient­

ation of the lamelloo inoroa.ses cnd ltl\YorB o.ro oonn­

eoted direotly by C - C bonds; the pore struoture 

also beoomes orientated. 

The following relationships betwoen the optioal properties 

of vitrinites and their moleoul~~ struoturos also reoeived oomnent 

from Hirsoh (1954). 

(4) InoreMe of ooal bireneotonoe with rank is duo 

to degree of ordering. 

(5) Tho sharp inoroa.so of too absorption oooffioient 

with rise of rank at about 9CJfo oo.rbon is oaused by the 

rapid inorease of polyoondensed nromatio la.mellae Md 

their eleotronio absorption. Thero is a eicila.rity 

between tho variation of tho 1ll\Yer diame~er and absorption 

ooeffioient with tho rank. 

(6) Gradual inorea.se of refreotive index with rank of 

ooal is re 1 o.t ed to improvement in the st ooking and 

inorea.se in lc\yer diameter. 

(0) S~0rini~ 

12 

Blt\Yden .2.t.!ii1a. (1944), Nelson (1954); Cartz!1 ~ (1956); 



Ergun J?1 al., (1958) and Carlz and Hirsoh (1960) studies tha 

h-r~ diffraction patterns of sporinito (oxinite) or exinito­

rich material. '!hay report tho ooourrenoo of a. broad bo.nd 

et about 4-5 i instead of or in addition to the 002 band. '!his 

bond at 4-5 i has been indexed tho 'gaLUllO. bond' (Fig 6). 

Generally 0.11 ~ogon-rioh ooals or coal maoorals displo.y tho 

b~a band. 

Bl~en ,g1.~ (1944) wero first to report the oxistenco 

of a broad bond, referred to as thQ gc.mnl!1. band, in a ooking .. 

ooal vitrinite (oarbon • 88.4% c1o.f). The intensity of this band 

deoreases with riSing rnnIc. Lo.tor, Nolson (1954) attri but od 

the band to the prosence of spore-rich oa.torial. Nelson eXaJ:linou 

0. vitrinite fror.l the samo coal which WDS proviously used by Blt\Yden 

.2.t.w..u but foiled to deteot rm::f trooe of the band. Insteoil, a 

oonoentration of spore-rioh Iilatorial (exinite • 90% and vitrinito 

ete • 10% by : volUI:lo) exhibited tho ganmo. band with a peak valuo 

of 4-8 i. Co.rtz and Hirseh (1956) also olearly deoonstra.tod the 

relationship between the gamma. band and sporo-rich mo.toria.l by 

stu031ng the lOl'l-C'lgle scattering of a bla.ck durcin and 0. spore­

rioh ooncentrate. The black duro.in shows the gtlJ.ilCa. band in 

addition to the 002 band, but the oxini ta-rich concentrato shows 

only the gamma. band with a mucll-reduood 002 ba.nd. (Fig. 6). High­

angle soattering of spore-rioh rm.tarial showod that its struoture 

is similar to tho.t of vitrinitos, i.e. mostly oarbon oonsisting of 

polycondansed aromatio lamello.o, but with important differenoes in 

the diameter and arrangement of the lo.yars. The go.mma b£l.1'l.ll is 

13 



Fig 6 Low-angle scattering intensities of black durain 

(dashed curve) and exinite-rich concentrate (solid 

curve) as a function of 2 sinQ/ A , where 2 sinO is 

the angle of scattering and A is the X-ray wavelength 

(after Hirsch 1956). 
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thought to ba caused by 0. larger intorlD\Yer spaoing Md irroBUlo.r 

stacking of l~ers duo to the prosenoe of Doro edge groups (olipho.tio 

eto) or alternatively to buoklillb of l~ors. Curtz o.nd Hirsoh. 

further state that exini tee o.re oomposed of seall o.roma.tio lCJors 

whioh pack imperfoctly a.ncl oonto.in more o.liphatio r.m.teriru. cnd 

~drogon than tho vitrinites. Ergun (1958), howover, attributos 

tho go.mma band in ooru. to parallel alioyolio l~ora in orinito 

ma.terial. 

Tho abovo studios show that the molooulo.r struoturo of 

Vitrinitos oonsist basioally of aromtio (ordored) and OJ'.lorphous 

(disordered) oarbon. With inoreose of rank the proportion of 

a.rorna.tio oarbon inoroasos o.nd the omount of amorphous (o.liphatio 

and/or alioyclio) co.rbon fells. Tho l~or diaoetor (Lo.) I'm 

stook height (orysto.l.lite height or Lo) inorease with risilll! 

rank. Sporinita (or orlnit~oh oonoentra.tes) show a moleculo.r 

struoturo similar to vitrinite, but is oomposed of smo.llor c.romtio 

lEl3'ora of even lower ordoring. 
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a, QARroNISATION OF Q9AL 

(a) IptroduoUon 

The carbonisation process refers to a progressive 

depolymerisation in whioh the oarbon oontent of ooal rises 

due to destruotive distillation of other oomponents in the 

absenoe of air and involving a oontinuous interrelated, oomplex 

sequenoe of physical and chemical processes, This physioo­

ohemical transformation produoes tar and gas (volatile matter), 

resulting in the acoumulation and aggregation of the remaining 

carbon. 

There have been numerous investigations to stu~ the 

behaviour of coals oarbonised in the laboratory and thermally 

metamorphosed ooals and natural cokes produced by intrusions of 

igneous rook into ooal seams. The thermal reaction of ooal 

depends upon many factors, inoluding ooal rank, maximum 

temperature of aarboniso.tion, rate of heating, the presence 

or absence of pressure, oxidation, the length of time for whioh 

the ooal is heated and the partiole size. These so.me factors 

influenoe the development of optioal properties during oarbon­

isation. The effeot of oertain of these factors is alre~ well 

known from the work of other authors I the influenoe of several 

others is examined in this thesis. First, however, eo brief 

generalised desoription of the oarbonisation prooess is given 

below. 
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Fig. 1 Different stages of carbonisation process (after 

van Krevelen 1961). 



COAL PLASTIC TRANSIENT STATE SEMI-COKE 

-------------------- x x --------------------
Ts Tsw Tmd Tr 

~----~-~- v " v , v • -------~ v 

Pre-softening Pre- Swell ing 
stage swelling 

v 

Stiffening Resolidified 
stage 

(shrinking) 

Primary carbonisation stage Secondary carbo stage 

Ts = softening temperature 

Tsw = temperature of initial swelling 

Tmd = temperature of maximum devolatilisation rate 

Tr = resolidification temperature 

Temperature stages in phase 2 of the carbonisation process {after van Krevelen} 



(b) Tho Carbonisation Proooss 

Coals of ooking rank when subjeoted to heat, soften, 

pass through a plastio stage, swell on deoomposition and 

resolidify into a fused mass. Degasifioation is a oontinuous 

reaction during the oarbonisation prooess. During onrbonisa,.. 

tion deh¥d~QBenL".tion becomes iit.Ctive immediately in the oaso of 

all ooo.1s and thereafter deoxygenation ti.lkes plaoe. 

Van Krevelen (1961) dividos the oarbonisation prooess 

into two suooessive stages based on oharaoteristio temperatures. 

primary oarbonisation whioh produoes mainly tar (below 5000C) 

and seoondary oarbonisation in whioh only gas diffuses (Fig. 1). 

Berkowi tz (1967) studied the ohemioal changes and mech.:misms of 

the coal-carbon transformation by dividing the carbonisation 

prooess into three stages based on oharo.oteristio cheI:licol 

changes, whioh in oools, other thc.n anthraci tes, do not differ 

muoh froi:l one ooi:U to anothor. 

(i) o 
In the first stage, up to about 400 C, the 

ohanges caused by oa.rbonisation are sir.ti.lur to nc.tural 

maturc.tion of ooal, involving only liI:lited depolymer-

ization and condensation. Deoarboxylation and de-

o hydroxylation start at about 350 C, but do not eppo~r 

to plt\)" an active role at this title; if deccrboxyl-

ation or de~droxyla.tion ooour, they would effeot only 

low-rc.nk ooals, sinoe the proportion of edge group&J is 

higher in suoh ooals. Acoording to Brooks and Maher 
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(1951), interaction between oarboxyl and ~droxyl 
o 

groups at tempera.tures lower than 300 e in brown 

ooal results in direot o-c linkages. 

(ii) In the seoond stage, extending from 400°0 to 

6,0°0 and with active deoonposition ooourTing, ooal 

undergoes a destruotive distillation and an extensivo 

degasifioa.tion whioh produoes tar. Acoording to 

Given (1960), tar-foming mterials £l.l'6 actually 

alioyolio bridges, ro.ther than a.l1pha.tio struotures, 

whioh oonneot the aroootio struotures to eMh other. 

The appearanoe of a. sIilall amount of Ilo.terio.l of aronctio 

origin in low-temperature tar is attributed to this 

reaction (see below), but oondensation of aromatio 

material in ooal inoreases with rise of temperaturo, 

o despite the loss and by 600 et the ooal is fully 

aroma.t is ed. . , 

~
e~J;]r?Xt C~lj€@)1 

00 :0 :00 
Mol ella: , . , 

Oxygen content groups other than ~droxyl will 

survive this stage, which neans that two thirds of the 

oxygen groups Wi 11 recain. 

(i11) The third stage begins at a.pproximately 600°0 

o 
and ends at about 1000 O. This stage is aocompanied 

by severe ~ioa.l rather than ohemioal oho.ngos and is 

cho.ra.cterised by interooleoulo.r peripheral reactions, 

17 



e.g. removal ot b¥drogen trom the periphery of 

aromc.tio lacella.e, resulting in an inorease in 

size of the aroma.tio It\Yers. 

18 



(a) Wro9isot,ion 

The optioal propert ios of laborat oryooo()arbon1sod 

vitrinites h4VG been studied in numerous investigntionB 

(Bond.21 ~ 1958; Oha.ndra 1963; 1965; Davis 1965' de 

Vries !1 al, 1968; Ghosh 1968; Mo.rshall and Murohison 

1911; Goodarzi and Murohison 1912 and Melvin 1914). AB 

stated earlier, the optioal properties of oarbonised 

vi trini tes depend on several. factors; among the more 

important are the original renk of the vi trinito. the 

temperature level, duration of heating, rate of heating, 

pressure, oocurrenoe of oxidation and particle size. Not 

all of these factors have been studied emaustively in 

relation to optioal. properties. Those factors whioh have 

been examined in depth by other workers, and hence o.re not 

part of the experimental work in this thesis, will be dis­

cussed in this seotion and others, in partioular, duration 

of heating, rate of heating and the effect of pressure 

will be discussed later, in the appropriate seotions, being 

po.rt of the projeot. Some of the earlier investigations 

used vitrinite-rioh ooals rather than comparatively pure 

seleoted vitrinite; the word 'ooal' is used by these earlier 

authors, but in foot refleoti vi ty measurements were oarried 

out on vitrinites as in the present study. 
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That the optioal properties of oarbonised vitrinitee arQ 

rolnted to the original rMk of the vitrinitos hns boon olearly 

demonstrated by Bond ~ ~ (1958). Dav1s (1965), Ghoeh (1968). 

do Vries .2l al" (1968), Marshall o.nd Murohison (1971), Goodnrzi 

(1971) and Goodarzi and l-hrohison (1972). 

In tho first of thoso studios, Bond £1 al. (1958) exa.r.rl.nod 

tho carbonised residuos of three vitrinitos (co.rbon • 83.6 t 84.6 

and 92.0% dmmf') at temporatures between 100°0 and 900°0 (intorvals 

of 100°0 up to 700°0 and then 200°0 betwoen 700° and 900°0). 

Retlootivities in air and oil wore monsurod and rofractivo and 

absorptive indioes oalculated. Tho oil retleotivities of the 

two low-rank vitrinites incroeaed aftor 300°0 to a lower lovel 

at 900°0 than did the roflootivitios of tho rosiduee froll the 

high-rtlllk vitrinite whioh began to nso at 400°0 •. Tho high-

rank coal showed inoI'G£l.Sing anisotropy with riso of carbonising 

temporature. but tha two low-rank vitrinites remained alcost 

isotropio during oarbonis ati on. Errors in the refleoti vi ty 

meosure!lents were stated to bo £l.S gI'ent ea 10% but the mO£l.Surooent 

of reflecti vi ties W£l.S a.pparently I:lado in white light. 

The refractive indioes of the two low-rank vitrinito 

rosidues rose with tet1perature up to 700°0 and then deoreased 

with further increase in tomperature. The high-rank vitrinite 

showod the least variation in retro.otivo indox, increasing 

between 4000 
and 500°C, deoreasing at 600°0 and then maintaining 

20 



this reduoed level up to 900°0. absorptive index roao 

continuously with inorease of temperature, but some negative 

values of the squares of the absorptive indioes were obtained, 

sug30sting a substantial error in refleotivity measurement. 

Riso in tho anisotropy of the oarbonised vi trini te was also 

reported With rise of temperature. 

Davis (1965) oarbonised a wider rW'lk range of vitrinitos 

(oarbon • 16.8 up to 93.3% da.f) at teoporatures between 200° 

° 0 and 600 0 USing a 50 0 interval. Disporsion of reflectivities 

botween 400 and 600 ne wore also measurod. The roflectivities 

in air and oil et 532 no did not increClBo up to 300°0 for most 

of the vitrinites of this series, but an inorease in reflectivity 

occurred between 350° and 400°0 and wo.s the greater the lower 

the initial rank ot the vitrinite. Hi~-rank/a.nthra.citio 

vitrinites (carbon ... 91.4 and 93.3% dtd') did not show a 

re:f'lectivity increase before 450°0. 

Bireflectance of Davis' oarbomsed low-rank vitrinitea 

showod no inorease or a slight increase up to 600°0, whereClB 

ccldng and coking vi trini tea showed £1. rapid increase in 

birefleotanoe after an initial deoreaso between 300° cnd 400°0. 

High-rank vitrinite also showed a rise in birefleotanoe between 

400°and, 600°0, but the wsotropy of anthracitio vitrinite did 

not ohange up to 600°0. The refractive indices of the vitrinitus 

increased up to 600°0, but the increase was irregular in anthrooitic 

vitrinite, while the refractive indox of one of the coking coal 
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vitrinitos (oarbon = 88.1% daf)initially dooroasod o.t 200°0 

and thon inoreased up to 55000 bofore dooroasing o.gain to 

6000 0. Davis rela.ted the drop of refractive index to SODe 

inaoouro.oy in refleotivity Deasureoont. 

An ioportant point emorgin6 from De-vis l results was the 

deorease of the birofleot'anoe of ooking ond oOking vi trini tes in 

o ° the terapGra.ture range between 300 o.nd 400 0, whioh was not 

reported by Bond .2l ~ (1958). Also Do.vist finding confirmed 

the findings of Bond ~.wo.. in whioh the birefleot anoe . is one 

of the more sensitive paraneters of rank vo.riation in oarbonise-

tion. However, Davis l work was never published, nlthough 

presented as 0. doctora.te thesis. 

Ghosh (1968) reported on four vitrinitos (carbon • 16.2, 

83.5, 86.5 and 91.1% daf) carbonised up to 1000°0. The 

refloctivit~ curves of tho vitrinites plottou. against carbonising 

temp~rature follow aloost sirJi.l~ tronds. the uppermost curve 

being for the highost-rank vitrinito (Fig. 8). A plot of 

reflectivity a.ga1..ilst the oarbon contont of the carbonisod 

resiwes (Fig. 9) olearly demonstrates that the original ro.nk 

of the vitrinite influences the pa.ttorn of refleotivity oha.t'lb'"O. 

Do Vries £.t ~.A (1968) examined too effects of teI1lpero.ture 

level on the refleotivity of a. range of vitrinitos (oarbon _ 

78.8. 87.5, 88.5, 89.6, 89.7. 91.3 and 92.3% daf) at four 

different temperatures (450°, 5200, 6000 o.nd 1000°0). The 

refleotivity-temperature variation of eaoh of the above vitrinites 
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Fig 8 Variation with temperature of oil reflectivity of 

four vitrinites carbonised between 100° and 10000 C 

(after Ghosh 1968). 
Carbon content % daf 

Daranggiri = 76.2% 
Poniati = 83.5% 
Laikdih = 86.5% 
Chakar = 94.1% 
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Fig 9 Variation with carbon content of oil reflectivity of 

four vitrinites carbonised between 100° and 10000 C 

(after Ghosh 1968). 

Carbon content % daf 

Daranggiri = 76.2% 
Poniati = 83.5% 
Laikdih = 86.5% 
Chakar = 94.1% 
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WeB plottod against volatile-catter oontent (Fig. 10). 

Refleotivity rises with doorease of the volatil~ttor 

oontent at all four of the abovo oarbonisation teuporatures, 

but after passing through 0. maximuo at hbout 17 to 18% 

volo.tile-G8.tter oontent before finnlly inoreo.sing onco agc.in 

with fUrther drop in volatil~ttor. Tho rato of rise and 

fall of the refleotivity is dependent on the temperaturo 

of oarbonisation ~ on tho rank of vitrinito, tho fluotuo.tion 

of the refleotivity being great~r tho hi~hor is the tooporo.ture 

of oarboniso.tion. The refleoti vi ty of vi trini to oarbonised at 

10000 C was o.bout threo tioes as great aD thoso token to lower 

teoperatures. The reflootivity rose, pa.rtioulo.rly in tho rll.l1gO 

between 11 and 16% volo.tilo-tl£l,tter oontent, the maxiI:lUtl refleot-

i vi ty ooinoiding with the end of plo.stio rango. Those results 

ore interesting beoauso the refleotivity-tooperature ourves for 

different ranks of vitrinites a.f'ter resolidifioation (about 

520°C) do not follow 0. sequential trend as was shown qy earlier 

outhors. In the ooking range vitrinites o.lso oxhibit muoh higher 

refleoti vi ty wlue tho.n oi ther lowor rDllk or o.nthraoi tio 

vitrinite. 

De Vries and his oo-workors o.l.so oarbonised three ooking 

ooal vitrinites (oarbon - 87.5, 88.6 and 89.6% daf) at tooperutures 

ranging freo 350° to 600°0. (F1g. 11). The refleotivity hold 

° oonstont up to 400 0 a.nd then inoreasod slowly up to approxi-

° 0 mo.tely 450 0 and sh£'.rply to about 500 0t £l.:t'ter whioh the ra.te 

of inorease of the reflootivity deoroOBed up to approxina.tely 
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~g 10 Variation of oil reflectivity with volatile matter for 

a range of vitrinites carbonised at 450°, 520°, 6000 and 

10000 C (after de Vries !l ~ 1368). 
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Fig 11 Variation of oil reflectivity with temperature of 

coking coal vitrinites (after de Vries ll!!:. 1968). 

K18: carbon = 89.6% daf 

K22: carbon = 88.6% daf 

K29: carbon = 87.5% daf 
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540°0, then asain the refleotivity rosa c.t an enhanoed rate 

06 0 between appro.x:imately 540 and 00 o. 

Marshall Ellld l·fu.rohison (1971) end Goodarzi and lIhlrohison 

(1972) also studied the influonoo of rc.nk on tho optioal propex­

ties of vi trinites CNor approxicately the saIJe rank range 

(oarbon - 82.5 to 93.3% dc.f), although these studios were core 

aimod at the relationship betwaon optioal properties and 

moleoular struoture of the oarbonised residues. Marshall and 

Mlrohison studied the dispersion of the optioal properties at 

three oarbonisation touperatures, 450°, 600° and 750°0. 

Birefieotanoe at 546l'lr:l rose with increaso of oo.rbonisc.tion 

tecporature and is groator the higher tho initial rank of tho 

vitrinito until at 750°0 the ooking ooal vitrin1to has developed 

a. similar a.nisotropy to that of tho enthra.oitio vitrinite. 

Goodo.rzi and l>fu.rohison ho.ve also shown the import anoo of 

birefleotanoe in oarbonisation experiments. The birefleotDlloe 

of two bituminous-rank vitrinites, af'tor an initial decl-gose 

at a.bout 400°0 (confi1"l:ling Davis' results), increosed with rise 

of temperature; the uppermost curve is tho.t of anthraoi tio 

vitrin1te. The low-rank vitrinite followed a ouch lower ourve 

up to about 815°0 (Fig. 12) before rising sho.rply to 950°0. 

Refractive index oon also indioate the basio struotural 

differencas between difforent ranks of vitrinite, e.g. softening 

or no~ofteni~ vitrinitos (this aspeot will also be disoussed 

in more detail later). 
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Fig 12 Generalised curves for the variation with 

temperature of oil bireflectance of three 

vitrinites from:-

anthra.cite (carbon = 93.1% daf) ----­

high-rank bituminous (carbon = 88.0% daf) 

low-rank bituminous (carbon = 82.5% daf) 

(after Goodarzi and Murchison 1972). 
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The earlier findings ot Bond ,gl ~ (1958) do not agree 

With the later siIJilar sots of data ot Marshall and r&1rohison 

(1971) and Goodarzi and Murohison (1972). The refractive 

indioes of all three oa.rbonised vitrinitos in these later 

o studies rose to 0. ma.x:LIlIWil at about 600 0 cnd also the anisotropy 

ot lOw-«-ank vitrinite inoreased with oarbonisation temperature, 

whereas vi trini tes of similar rank: were suggested by Bond .21 .s:J..,. 

aB being isotropio o.nd remaining so cluring oarbonisation, while 

the rof'raotive indioes of' low-ro.nk vitrinites roa.ohed a uo:dmum 

at about 750°0 and very low maximum in the' high-rank vi trini te 

at the same ter.lperature. 

The influence of original rank on the optioc.l properties 

of oarbonised vitrinite is olearly deLlonatrn.ted by the behaviour 

of the birefleotc.noe (Fig 12) the trends of refractive index and 

to SOLle degree by the variation of' refleotivity (Figs. 10 and 13). 

The influenoe of' ranl<: is displai)Ted in the inoreOBo of refleoti vi ty 

but the most reoent studies of Mo.rehall o.nd Murohison and also 

Ooodarzi and Murohison show less distinot;'t11fterenoes between 

the refleotivity curves at difforont ranks ot vitrinite oarbol)oe 

ised beyond 600°0 thon in earlier studios, e.g. Bond.2l al, (1958) 

and Ghosh (1968). The results of Gooc1.o.rzi and Murchison only 

partially agree with the findings of de Vrios .2l 0.1, (1968) which 

show the ooking r<mge of vitrinites with hisher refleotivity than 

thoSQ of oaking or nOD-Ooking vitrinites (Fig 10). It is useful 

if the birefleotanoa is used in oonjunction with the refleotivity 

to indioate the original rank of the vitrinite, beoause the 
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Fig 13 From Goodarzi and Murchison 1912. 
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ref'leottvity of softening vitrinites exhibit different trends 

to those of non-ooking vit:H.nites (Fig 10). The bireflectances 

of vitrinites of different rank also follow different trends. 

('e)' Pri.tt1cle Si,e 

The influenoe of paxtiole size on the rof'leotivity of 

oarbonised ooals b.o.s only been exaruinod by de Vries .2i aJ.r .. (1968). 

Two ooals (carbon - 87.5 and 88.~ dD.f') wore oarbonised over the 

tomperaturo ranee froo 3500 to 6000 0 using two different grain 

sizeB of between 0.42 to 0.50 me and 2.4 to 2.8 co. The reflectivity 

of tho ooking ooal vitrinito showed little, if any, variation with 

partiole sizo on hea.ting et differont temperaturos up to 600°C, 

but too refleotivity of the low-rcnkine ooking ooal exhibited 

SODO differenoes I the ref'leotiri ty boil'lb higher tho soollor the 

partiole size. Differenoe between the refleotivities of tho 

residueB with two different po.rtiole sizes began to show at 415°C 
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and inoreased With rise of temperature, with the reflectivity curves 

for the sIJaller ero.in-size residuos olwo\ys 4ril'l8 above that of tho 

larger grain-size residuos. The differonoe betwoen the reflecitivity 

OUTveS for the two grain sizos reached 0. maxiwra at 5000 C and then 

d.eorea.sed With further rise of teo.perature to 600°0. (Notel There 

seetlS to be 0. discrepanoy between tho gra.ph (Ficr. 14) representing 

this data a.nd. the text of the paper, beoause there is a reversal of 

the symbols for the residues froIJ the two groin-eizos). De Vries 

£t ~ (1968) ooncluCl.e tha.t the influenoe of the partiole size is 

very small in oold.ng ooal and only slight in low-rank ooking 000.1, 



Fig 14 Variation of oil reflectivity with particle size of 

two coking-coal vi trini tea carbonised up to 600°0 

(after de Vriea .2l.!!.:. 1968). 

K22: carbon = 88.6% daf 

K29: carbon = 87.5% daf 

NOTE: the K28 in figure is quoted as K29 in the text. 
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even if it oould be deten:linod a.t 0.11. Howovor, sinoe the 

po.rtiolo size a.ppc.rontly has sono effeot on the beho.viour of 

the optioal properties of oarbonised vitrinitOB, during the 

o ours 0 of this. -researoh progr&1mO a. oonstant groin sizo of 

a.pproximatoly BSS72 was Usod (seo 'E:x:poriIJonta.l Details'). 
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(a,) Introqy.ot1o.n 

Tho coleoulo.r struoture of semi..-ookes and cokes hc.s 

bean studied by many invGstigators using different cethode. 

These methods inoludo morphologioal studies of mosaic struotures 

USing optioal IJiorosoopy on~or eleotron miorosoopy (Sterooscan)t 

moosureoents of opticol properties and ,X...[r~ diffrllOtion studios. 

In this section various ospects of the mosaio structures that 

dewlop in semi-cokes and ookee and which hAve beon discussed 

by other workers are oonsidered. Later in this thosis. the 

effeot of different factors on DOsoio struotures will be 

recognised. 

Coke ma.do from vitrinito in the coking ooa.1 r~ o.nd 

also from hydro..-oarbons with Do relntivoly hit;h atomio ra.tio of 

~ogen to non-oarbon elemants (e.g. ooa.:l.-ta.r pitoh.petroleu.m... 

tar pitoh) exhibit a. threo-dimensiona.1 mosaio struoture. The 

term 'mosaio' is applied to isotropio material whioh has boen 

oonVerted totally to C ooalesoed mesophase at temperntures 

around the resolidifioation temperature (Brooks and TO\y'lor 1965). 

Graphitisability or non-graphitisnbility of oarbonaoe6us 

mnteriols oon be determinod by their physioo-oheIJiool behaviour 

during the early sto.ges of onrbonisa.tion (oarbonisntion and 

g,rnphit1sa.t1on are two oonsecutive prooesses). Commonly, if 

a onrbonaoeous mo.torinl fores a, liquid phase during the ea.rl~ 

28 



stages of oarbonisation, it will produoe a graphi tised oarbon 

at higher tOIJperatures (eeee 25000 0); otherwise it roIJllins 

non-graphitised. 

During tha O"oUree of oarbonisation, tho graphi t1sad 

oarbon sottens and produoos an anisotropio phaso. Spherical 

bodies slowly appear in this isotropio raa.trix. The oocponents 

of the spheres possess soma dograe of ordaring oonpnrod with 

thnt of tha surrounding isotropio ooterial. Tha growth of 

the spharioal bodios (tha 'cesaphose' or intomediate state) 

in nuobor and sizo is in revarsa proportion to that of isotropic 

I:lO.trix. 'Ibis oosopho.so or 'liquid crystaJ.s I refors ta ooterials 

which have liquid propertias and are anisotropio. Such 0. SystOtl 

is not truly or.rstallioo, but has gI'eo.tor struotural ordering 

than that of the norrlcl. isotropic liquid. Thero are severo.l 

types of liquid orystal, but the mesophaaa produaad durina tha 

oo.rbonisation of oarbonaoeous mo.terials has cww typical 

oharooteristios of neoatia liquid orystals. The ordoriil8 of 

the moleoules in a. namatio tlasophase is such that all ooloculos 

are orionted parallol to oo.oh other without ww stacking "Ele~lJ.ce 

witl1 their long axes pc:.ro.llol to the It\Yor plo.nes. ~ nomatic 

oesophaso shows stroll€ am.sotropy. OOtll!lonly, the conversion of 

isotropiC carbonaoeous ooopoWlds to 0. mosaic structure is aB 

follows ... 

Isotropio~ anisotropio mesopho.ao whioh ooalesoes 

mosaic, 

but there also exist soce intormedio.to stages betwoon the above 

at e.e,'"'Os. 
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Ono of the earliest studies of the progressive ohangos of 

optioal properties of vitrinito during loWooltompora.turo oarbonis­

a.tion was given by TO\y'lor (1961) t who sta.ted tha.t oha.n.go to 

isotropio vitrinite takos plaoo over a. range of 40°0 whioh 

differs slightly for different ranks of vitrinite, OOCIJonly 

being higher for vitrinites of high~r rank. Loss of optioal 

D.n1sotropy is an indioation of loss of structural anisotropy 

end is oo.usod by p~sioa.l rathor than ohODioaJ. ohD.ngo. Af'ter 

this stage, the optical properties of plo.stio vitrinito inore0J3e 

steadily but slowly, spherioal bodies of o.pproximatoly 0.5 moron 

diamotor begin to a.ppear in the isotropio CllSS, the minuto sphores 

enlarging with further inorease of temperaturo a.t the expense of 

the iSotropio matrix. Fina.lly, the spherioal b?dies ooo.1esoo 

to fom 0. three-dimensiono.l IlOsoio texture. TQ\Ylor oonoludes 

that the resolidifioation of tho liquid pOOso o.nd tho subsequent 

forcetion of semi-ooke olosely resemblos or,rstollisa.tion. 

The spherioal Dosopha.se desoribed by Te\ylor is strongly 

pleoohroio. The. hosophaso beha.viour is similar to 0. Single 
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orystal and between crossed pola.rs it lightens and darkens four timeEt 

on a. full rotation of the miorosoope stage. This phenollenon is 

thought to be due to shrinkage st~sses during the cooling of tho 

semi-coke. The pleoohroism beoomes more oomplex with growth of 

the mesophase. ~lorts investiga.tion is important booause it 

was the first deta.iled oiorosoopioal stud;y of plastio vi trinito, 



for the first tioe explaining the fomation of the anisotropio 

cesophaso !roe the plastio isotropio vi trini to and deoonstro.ting 

tl. laoelllU' struoture within tlesophase. 

Brooks and Ta\}rlor (1965) studiod in oore detail the 

earlier finding13 at Ttl\Ylor (1961) on the IDesophoso, giving 

a.dditiono.1 support to tho earlier results by use of the reflootoo,.. 

light miorosoope and the eleotron miorosoope. Taflor's original 

work was oarried out on thin seotions by transmitted-light 

oiorosoopy. Later, Brooks and Ta;ylor studiod the behaviour at 

a number of substanoes, for example, vitrinites fron bituninous 

ooals, ooke, oven-pitch c.nd petrole'll.m bitumen during the early 

staees of oarbonisation. They found tho.t the material whioh 

beoo.oe plostio and forced an isotropio pito~iko m~teriaJ. 

during oarbonisa.tion produoed spherioal bodies whioh enla.rged 

with inorease of temperature and/or holding time. The spheres 

then began to ooalesoe to fom tl. tlosaio. Tho mos<:do struoture 

is oooplete only when the isotropio material is replaoed entirely, 

by the anisotropio eesophase. Tho oonversion of the cosophase 

to solid soci-ooke is gro.du.al, but develops over a. fow doBl'OoS 

oentigrade. 

Eleotron diffra.otion pa.tterns of the spherioal bodios by 

Brooks and ~lor indioate that these materials are not or,y-stallito, 

but that they possess either tl. fibrous or lamellnr-type struoture. 

Sinoe there is no ovidonoe of fibrous struotura, the struoture 

ou{#lt to be a lauellar type o.nd. this is supported by observation 
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undor polarisod light. The bodios a:x:h1bit oomplote oxtinction 

when tho ltlmolla.c o.ro soctioned perpendioular to tho Ilodian plano 

of the sphere and show an extinction crOBS when the seotion is 

parollel to the median plano of tho sphoro. Tho oross reoa.ins 

stationary during a ooraplote revolution of tho stoee. Each 

individual sphere consists of planar aroraa.tic r.m.tericl of high 

molecular weight with soma doB'l'Oe of ordering. The arooatic 

10001100 are sto.okod in po.rallel order norr.lol to tho median 

plano ot too spheres r but they also ourvo in c uanner whioh tlakos . 

thao perpendicular to the surfaoa of the sphore. (Fig. 15). 

Nei ther To~lor nor.· Brooks a.nd T~lor cOIJIJentod on the 

optioal. stl'llotUl'Q of the tlOsophase, o.pe.rt fraIl its lanollo.r 

struoture. More reoently Honda.g1~..t. (1971) examned oritioally 

the oesopho.se forced by oarbonisation of 000.1-'1;0.1' and noptha.-tm' 

pitohes in the temperature ro.ngo between 3500 and 500°0 USing 

reflooteQ..J.ight o.nc1 orossod polo..rs with a gypeuo plato. Hondn 

and his oolleagos beliovo that tho Lleaophoso bohaves as 0. 

uniaxial positivo oo.terial and baloll8B to tho hoxagona.l systeI:l. 

Marsh (1973) oxamined a residue from a. ooking o9a.l 

oarbonised under prossure (co.rbon.89.1% do.f) USing a Steroosoan 

mioroscope. Marsh maintains that the o.n:1sotropio liquid orystals 

do not ooolesce but grow, fuse and maintain thoir indi vi dual i ty . 

and are torcod 'botryoidal'. A high-resolution electron 

miorograph, taken in the phaao-contrast modo of the above 

vitrinito, oarbonised without pressure to about 1860°0, rovaals 
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Fig 15 Structure of sphere , section parallel to main 

axis of symmetrr. (after Brooks and Ta,ylor 196.5). 



a lo\yered structure whioh 'WtIS thought to be rGlo.ted to tho 

la.Yerod struoturo ot the llesophase. 

The a.bove investigo.tions show how the anisotropio 

masopha.so tOrtlS, that it possessoB 0. laf.1ollar struoturo and 

has a Llost interesting optioal bQho.viour, thought to be 
cJ 

Iun;i.wiilpositivo and enal.p.gou.s to the hexagonal. systOtll3. 

Tho moaophase formed by oarbonisation of vitrinite is 

suggestod as being morphologioally very sicilo.r to toot tree 

oooJ,..eto.r pitoh, so when the lo.tter boho.vos o.e aun:Larlttl 'Positivu 

matorial, it ia a diroot oorollary to boliovo that tho tormor 

behaves sicilo.rly. Thoro seOllS no roason why thermal treo.tment 

should not result in the forma.tion ot au.n:Lo.:'.1QJ. positiv~ mosophnse 

free 'Ulli..a.:rl.aJ. nogative vitrinite. liUrtheroore, oo.rbonisation 

under pressure oan appo.rontly prevent, ooalesoenoo of the mosophosQ 

in vitrinite and so, it the projeot is ooncerned with tho 

,development and size of mosophase. oarboniso.tion under prossuro 

~ bo vor,y useful. 

Having oonsidered the fOl'tlation ot the mesophase and its 

optioal. behaviour. the miorostruoture of tho ooo.leseed mosophoBe 

will now be further discussod. White .at ~ (1961) and Hondo. 

11.DJ. ... (1911) studied the struoture of ooalesoed mosophasee 

White .9.t ~ (1961) o.xoninod tho ooolosood mosophaso 

formed by oarbonisation of ooal-tar pitoh at 450°0 by polarised-
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light and eleotron miorosoopy. The prodoIJinOllt :f'ea.turoa of 

the ooalesoed mesophase wore nodal points whioh ronained 

stationary when the miorosoope sta.go was ro·ta.ted. Two types 

of nodal struoture wore obsorved.-

(i) a oo-rotating nodal. struoture whioh hD.S 

a sioplo arch struoture, With the ourved 

l~ore lying' oi thor oonoa.vo or ra.dially 

relative to the position of the nodos a.ncl 

. 
(ii) a oounter-rotating nodal struoture whioh htl.B 

a more oocplox dolt~haped struoture and 

possesses a threo-fold symmetr,y. Tho 

l'\Yer planes lie perpendicular to each 

other a.t tho node. 

EXacination by eleotron miorosoopy of pitch &raphitised 

to 28000 0 also revealed tho existenoo of nodal struoture. 

:FUrther oarbonisation of tho ooalesoed mesophaao loads to 

formation of two typos of text;:uro, nElmely, 'fibrous' and 

'oosDio' • 

Moro reoently, tho studias of Homa. &t ~ (1971) throw 

more light on the understanding of the eoalesoed IJosophase. 

Ooalesoanoe of tho mesophase first results in tho formation 

of a \)ross-type l extinotion, but further plastio doformation, due 

to degasifioation and fOrQation of gas bubbles. oauses the deform­

ation o:f' the 'oross-type' extinotion to a. Inocl.a-ltype' oxtinotion. 



The foregoing studies demonstrate the oocplexi. ty of 

the ooalesoed mesophase whioh eventually forms the mosaio 

struoture. It oan be deduoed that the rJosuio, hQ.viJlg suoh 

a oomplex struoture, oannot behuve in the S8Dle wU3 cs a single 

mesophase, i.e. it will probably not display in bulk tI. unitmc.l 

positive behaviour. 

(d) Mosyio struoture in ooke 

Ooke made from vitrinite of the ooking ro.nge exhibits 0. 

three-di&lensional struoture. One of the eo.rlieat studies was 

by Abro.mski and Maokowsky (1952) who desoribed the optioal 

anisotropy on polished surfaces of manufactured ookes. The 

optioal orientation of the tlosaio units differed from one 

another and each mosuio struoture oonsisted of ~ ardsotropio 

units. The diLlensions of these units mellSUre less thE.Jn r. 

mioron up to several miorons, depending on the ronk of the 

original ooal. Ooal with appr~xiuntely 35% vm produoed a 

tine cosoio struoture (units ot : 1 IJioron dienetor). The 

mosaio size reaches 0. IaaXililUI:l a.t o.bout 22% V.M. The size of 

the mosaio units is tin.::lly deteroined during the plo.stio stage 

and further oa.rbonisation, even tl.t a high temperature, does 

not olu'l.zle-e the tom of the &losaio struoture. 

Alpem (1956) desoribed the Ilosuio texture of ookes 

froe ooals of different rWlk (V .M.- 18.3 to o.bout 36% dut). 

000.1 with 18 to 22/0 V.M. produoed 0. fibrous toxture end showed 

undulose e.nisotropy, whereas ooal with c.b~ut 25% V.H. forced 
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a ooarse-grained oosaio texture of o.bout 2 to 6 mioron diameter. 

Low-ro.nk ooal ( V.M •• 34%) developed 0. fine-grcined cosoo.o ot 

approxiootely 1 moron diameter Md finally 000.1 of higher than 

35% V.M.remained isotropio during oarboniso.tion. Theso results 

supported the earlier findings of Abramski and Ma.okowsky (1952). 

This we.s one of the earlier o.tteopts to olassify ookfl by moso.1o 

size. Lo.ter de Vries!1~ (1968), USing polarised-light 

miorosoopy, etudied a. range of vitrinites (oarbon. 78.8 to 92.4% 

da.t) and desoribed their raoemo texture. Non-ooking vitrinite 

(oarbon • 18.8% do.f), whioh was isotropio, reme~nod isotropio on 

heating, whereo.s oaking vitrinite developed a fine-grlline<l tlosuio. 

Coking ooal vitrinites (oarbon - 88.6 a.nd 89.6%) developed a 

ooarse-grained and/or fibrous moanio. Anthraoitio vitrinites 

(carbon - 91.3 and 92.4%) OIdntained their original e.n1sotropy, 

but the intensity of the oiusJtropy inoreos0d on heating. Tho 

size of the raosmo increQSed with rise of temper~turo, but onoo 

the resolidifioation stage was reached, no size o.ltere.tion with 

further increase of temperature took plo.oe. Thoso findings 

again support the earlier f1nclings of Ambramski and Mackowsky 

(1952). 

Sugioura.it al, (1969) and (1970) desoribed different 

anisotropio textures, e.g. as fine-to ooarse-6'Tmnod mosaio, 

fibrous and leaflet textures in rosidues of Japanose o,jal (oarbon 

77.8 to 89.8% do.f) carbonised up to 900°C. The isotropio 

texture I'Ocained the predollinant feature of non-ooki~ Wld 

weakly ookinr:: ooal, whereas it ohanged to a f1ne-e,To.inod m06tu,0 



texture in strongly ooJ.d.ng ooal (oarbon • 86.2 to 81.2% do.t), 

remaining almost unQhanged with rising tempera.ture. The ooking 

ooal (oarbon - 89.8%) developed a coaDio and tibrous t .. ture, 

with the peroento.ge ot fibrous texture inoreasing with rise of 

temperature. Finally, these authors oonoluded that the variation 

ot anisotropio texture is ra.nk dependent nnd that there is 0. 

oorrelation between anisotropio texture and ooke qualities. 

:Mc.rshall and l\hrohison (1911) observed that the orienta­

tion of the mosa.io struoture of ooking ooal vitrinite (oarbon • 

88% daf') beoa.oe more regulo.r o.nd developed stronger onisotrop,y 

. With inoreose of temperature. 

More reoently a.ttempts ~o.ve been made to detenaine original 

ronk by the I:lea.surement of the moso.io size. Goldring (1913) 

states that the size ot mosaio units in oarbonised vi trinites With 

0. mean moxicuc oil refleotivity of 0.8% oan only just be seen 

With tlle optioal miorosoope. The size of the DOSaiO units, 

however, inoreases with refleotivity up to an oil refleotivi ty 

of 1.2%, o.fter whioh the mosaio units tond to ooalesoE), .at 

about 1.7% oil refleotivity, they dovolop 0. 'la.oella.r' rather 

thun a mosaio struoture. Golclring suggests that the Size ot 

the mosaio units oan be used in addition to reflootivity to study 

rank o.B well as the oarboniso.tion oonditions, miorolithotypes, 

the presenoe of sulphur (looally) cnd finally interactions 

between blend oomponents. 

In a. paper similar to that by Sugimuro. .i1.!W-.L , Patriok 

37 



!Lt ~ (1973) disoussed the use of mosaio size as 0. useful 

tool in the olossifioation of the oarbonised prouuots of 

different rMks of vitrinites (oarbon • 82.6% to 92.~ dar. The 

diameters of the anisotropio gro.1.ns (fine grain. 0.3 moron, 

medium grain - 0.7 morons and ooo.ree groin. 1.3 miorons) 

follow 0. sequenoe whioh depends on the initial rc.nk of 

vitrinitesl basio aniaotropy ...,. isotropio ... fine BI'o.in 

mosaio ... oodium grain mosoio ..... ooarse grain I:losaio .... flow-

type mosoio. 

Acoording to Patriok !Lt 01,1 tho oonversion of isotropio 

or anisotropio vitrinite to 0. fine grained moso.io is direot 

without the formo.tion of MY intermediate sphQrioaJ. bodies and/ 
or developmont of an isotropio phose. Vitrinites of different 

rank are divided on the basis of their mosaio sizes. Weakly-

oaking and strongly-oe.ki.ng vitrinites (oarbon • 82.6 end 84. n 
daf) produoe no mosaio lo.rger than fine grains very Btrongly­

oaking vitrinites (oarbon • 87.2 Md 87.8% do.f) olso oxhibit the 

sequential transfdroation froo isotropio vitrinite, but the fino.l 

grain size does not exoeed mediuu groin. Prioe-ooking vitrinite 

(oarbon - 89.1 and 90.2% daf) exhibit the full oonseoutive 

transformo.tion of mosaio size from fine grain to flow-type with 

rise of temperature. Finally, semi-anthraoitio vitrinite (oarbon 

_ 91.5% do.f), wbioh is basioally mrl.sotropio, remains so, but its 

anisotropy intensifies with inoreose of temperature without 

exhibiting ~ mosaio struoture. Furthermore, the total anisot­

o ropio oontent of ookes produoed at 1000 C, irrespootive of the type 
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and size of mosa.:i.o gra.:i.n or the rank of the starting vitrinito, 

is said to be dependent on the vo1ati1e-matter yield (Fig. 16). 

Anisotropy dooreases markedly with increase of volati1o-ma.tter 

yield at about 35% and is olso oooompanied by a deoreose in the 

p1o.stio properties of the vi trini to. 

The above investigation, by Pat rick it 0.1" oontro.dicts 

appo.rent1y what ore well establishod facts about fresh o.nd 

carbonised vitrinitea. First, it c1o.ssifies vitrinites of 

different ronk (carbon .. 82.6 to 89.1% daf') as beine isotropio 

under polarised light when, in foot, these vtirill1 toa are 

anisotropic, the degree of anisotropy varying from weak to 

medium. Also a vitrinite of higher rank (carbon • 9~ do.f') 

is suggested aB being isotropic, wheroos 0. seoond vi trini te 

of similar carb,?n content was clossified os being anisotropio. 

It is well-known that vitrinite of even 80% oarbon oontent shows 

soce degree of anisotrop,y when it is exacined with oil immersion 

under polarised light. (van Krevelen 1961, Lowry 1963 and many 

other authors). Patrick .21 01, olso did not observe the isotropio 

sto.ge oomoonly dove1oped during the oarbonisation of softening 

vitrinites, e.ssuming that its absenoe was due to insuffioient 

thermal treo.tcent. In fact, the absenoe is only due to too 

large a tecperature intorval being employed. 

The investj.'gations above SU{;gest tha.t it is possible to 

use mosaio size, in addition to SOLlO other features to deterGdne 

the ro.nk: of the parent oonstituents of ookes Md oleo to prediot 

the potentiel of eo coal to grc.phitise at higher tempera.tures. 
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Fig 16 Variation with volatile-matter content of fresh 

vitrinites with anisotropic structure of 

carbonised residues at 1000
0
C 

(a) type of anisotropic structure and 

(b) total anisotropic structure 

(after Patrick ~ ~ 1973) 
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Non-graphitising vitrinite, exoluding o.nthrooite, does not 

develop a. mosaio struoturo and the degree of being a priLlG 

ooking or good gro.phitising vitrinite is related to the size and 

type of mosaio produoed. 

(e) F99tors Weoting the I>evs,lollment of the Mss,aio Struotsre 

Mosaio units produoed' by oold.Il5 ot vitrinites of the ooking 

range are OOIll[Jonly IJUoh socller than the mosllio units developed 

during the oarbonisation of pure o.roootio h¥drooc.rbons. 

Investigations have been oarried out by cony workers, e.g. 

Kipling.21.~ (1964, 1966); Mc.rsh .21 al. (1913, a, b,ot d), 

Sana.do. .21.eJ..t.. (1973) to esta.blish 0. relo.tionahip between the 

size of the tlosllio units and different footors; for exoople, 

purity of e.romo.tio struoture, oxygen oontent e.ncl sulphur oontent. 

Kipling £t ~ (1964) oo.rbonised polyvil'l¥l ohloride in 

o the presenoe of nitrogen up to 500 0t and the residues displD\Yed 

distinct aptiool an1sotropy whioh was preserved, even on 

graphitiso.tion to 2100°0. Initial. oxidation ot the SQ.IJO 

material results in reduoed optioal anisotropy and oven further 

graph! tisation 2100°0 did not ohange the o.ppea.ranoo of the 

oxidised ma.teriel. Kipliilg and Shooter (1966) ste.te that 

addition of sulphur or oJIYgen alters the struoture of the 

carbon, probo.bly by inoreasing the do&roe of oross-linktl.ge 

within the deoo~posing polymer. Tho addition of sulphur 

oauses rec1llotion in the developgent ot on1.sotropio areo.e and 
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produoes an intemodiato struoture to the non-graphitising and 

graphitising oarbons. 

Sa.nacla. .21 al. (1973) studied the formation of anisotropio 

textures of different ranks of oarbonised ooals (oe.rbon • 81.1 to 

90.7% da.f) over a temperature range of 3500 to 5000 0 o.nd ooopared 

the anisotropio textures of the oarbonised produots with the 

findings of Kipling and Shooter (1966). They oonolude that the 

heterogeneity of the original ooal oonponents results in the 

forma.tion of different types of texture, e.g. oostlio, fibrous 

and leaflet. 

Ma.rsh .21 S:!r. (1973~ a, b) examined oritioally the footors 

inf'luenoing the formation of liquid orystals in oocl oarbonised 

under pressure, demonstrating that the sma.ll size of the ooso.io 

in prime· ooldng ooal (oarbon • 89.1%) is due to heteroBOnoity 

of the oonstituent molecules and to their ph;y"sioo-ohemioa.l 

proporties. This was oonfirmed by rJixing anthracene o.nd 

diphen;yl and oarbonising the mixture under pressure. A small 

mosaio (2 nm) was produoed in oooparison with a largo mC-SMO 

(10 ng) produoed by only anthracene. Non-ooalesoenoe of liquid 

orystals in oocJ. was attributod to (i) tho presonoe of hoterogo­

neous non-fusible material, (ii) obstruotion of ooalesoenoe by 

a.ooommodation of the residual oompounds, whioh do not po.rt1oipate 

in the formation of liquid orystals, on the surface of orystals, 

(iii) loss of visoosi ty of the plastio mass due to the hisher 

moleoular night of the liquid orystals in ooal, whioh is higher 
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than ooU-tar pitch, and (iv) prevention of ooalesoenoe by 

the dilution of the molecules oomposing the liquid orystals 

due to an isolation oeohaniso. The ooalesoenoe of liquid 

orystols in hi~-ra.nk coals (c£l.l'bon • 90.2 and 91.5% dat) 

takes place beoause of higher aror.mtioity and the tlore 

homogeneous struoture produoed during ooalifioation and also 

because of inorease in the surto.oo cro~ of non-f'uaible 

oonsti tuent s. 

Later Marsh .2l.il.L (1913, 0) invostigated the fomation 

of liquid or,ystals in a tlixturo of £l.l'omatio and oJ<Y[''Ol'l-o'TOUp 

compounds, oompo.ring the results with the ooalifioo.tion series. 

Growth of the mosaio was enhanoed by the presence of o:x;ygen 

groups. It was oonoluded that the dl3velopr,lent of a large 

mesophase in prime coking ooal was due to changes brouGht 

a.bout during coo.lifioa.tion; e.g. the oontent of oJCYgen 

deoreases cnd its chemioal. struoture beoomes more c.tto.ohed to 

£l.l'omatio or oyolio struotures. Curbonisa.tion of some oJCYgeD.­

oontaining heterccyclic compounds rosults in produotion of 

isotropio oarbon, but the oO-O£l.l'bonisation of some ma.toriols 

produoes an anisotropio carbon. 

The above results demonstra.te the influenoe of various 

factors on the formation of mosaio struotures in cokes 1d th 

different systems of oarbonisation, e.g. atmospherio pressuro 

or at higher pressure. The developcent of liquid orystols in 

oarbonaoeous material, e.g. vitrinite, depends on threo main 
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factors, (0.) the purity of the oonstituent molooulos (b) the 

o7;3gen oontent, end (0) the ability to fluidise during 

oarbonisation. The fOI'!lllltion of different types of texture 

produoed in the oarbonised resid.ues of different vi trini tes is 

oe.rtainly also direotly rela.ted to the ro.nk of the sto.rting 

material. In BOnerel, low-rank ooel (oarbon • 81i~) romo.1ns 

isotropio, whereo.e the oaking Md ooking oools develop 0. 

different type of mosaio texture with rising temperatures. 

Conversion of the isotropio plo.stio vitrinite to an onisotropio 

mosaio is supposedly direot for British vitrinites \Ulder no:nlUll 

oonditionJ3 of oarboniso.tion, but \Ulder extreme oo.rboniso.tion 

oonditions, suoh o.e pressurisod oo.rboniso.tion, 0. raesophDBe 

develops, the units fuse to one another but do not ooo.losoe. 

The spheriool bodies in Austrcl.ion ooo.ls, found. by T~lor (1961) 

ho.ve not bean reported from ony British oarbonisod ooclse If, 

Q,/3 Mc.rsh (1913, d) domonJ3tre.tos. the mesophDBo Oell dovolop \Ulder 

pressure and keep its individuolity, then under MY extreme 

oo.rbonisation oonditions, suoh DB 0. very fo.st rato of hea.ting, 

oarbonised vitrinite would be expeoted to behave differently, 

e.g. it mi&ht produoe e. spherioal mesophase at a fest ro.te of 

hea.ting. Vitrinites of low-rank and bitucinou&-rc~ aro believed 

to behave optioo.lly DB ummw. negative materie.ls and renain so : .... 

during their oerboniso.tion. 

The findiIlo'"'B of Hondo. .at ~ (1911) show th.:l.t ooc.l-tc.r 

pi t oh and wbst Moes whioh oant o.in core homogene'olllL' CU'Ol:nut i 0 

material thc.n vitrinite during early Btages of oo.rbonisa.tion, 
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produoe oesophoae whioh behcvos optiool~ os a'uniaxial positive 

&latorioJ.. Therefore, it is possible toot vitrinite of high­

rank ooc.l whioh, acoording to I,Ic.rah (1913), hc.a more hOfloceneou.s 

o.rooatio struoture than louor-rcnk vitrinite, behl1vos optior.lly 

OS a,' unie.xi:il positive in too oarly st£l.gOs of oo.rbonisc.tion. 

FUrthe roore, Goodcrzi (1911) und Goodo.rz1 and Murohison (1972) 

antioipated llll optioally bic.xicl structure in the bulk or.:.rbollised 

i'osid~ll of the ooking rc.nge vitrinites. OJddo.tion hinders the 

development of mosaio structure ~nd extensive oxidation results 

in oomplete lOBS of mosaio foroction. 



6. WIDAL PROPERTIES AND THIij HQLlJYLAR STRUCTURE OF CARBONISED 
VJMNITES 

(a) lntroduQtioP 

Although the optical properties of vitriniteaof different 

rank have been investigated, much less effort has been made to 

correlate the changes in optical properties to the modifications 

of molecular structure during the carbonisation process. 

However, Abramski and Mackowsky (1952), Bond n Al... (1958), 

Mackow~ (1961), Brown and T~lor (1961). Davis (1965), de 

Vries ~ lW... (1968); Marshall o.nd Murchison (1971) and Goodarzi 

and Murchison (1912) relate the changes in the optioal constants 

of vitrinite during carbonisation to the deformation and changes 

of the molecular struoture. 

Abramski and Mackowsky (1952) maintain that carbonisation 

and ooalification are similar processes and that oondensation 

and. re-arrangement of orystallites oan be recognised by anisotropy. 

However, Bond n Ala. (1958) observe that the size of aromatic 

oluster in carbonised vitrinites are similar to unoarbonised 

vitrinite of the same carbon content. Mackowsky (1961) noticed 

an inorease in refleotivity at the time of the softening of 

coal, stating that since there is no increase in reflectivity 

of oarbonised coal in the early stages of oarbonisation, then 

the reflectivity can only be a funotion of the oondensation 

of the aromatio ~ocarbons and of the size of the aromatic 

lamellae. Later, Brown and T~lor (1961) state that 

optical anisotropy is related to the sub-microscopio 
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ordering and is an expression of the deeree of the erc.phitiso.tion. 

Finally t Davis (196;), rela.ting the arome.tici ty of 

vitrinite carbonised up to 600°0 to their reflectivity ~hows 

there was little chanee in refleotivity at low temperature, e.g. 

300°0, but that reflectivity increases rapidly with further rise 

ot temperature. The refleotivity inorease was acoompanied by 

a substantial rise in arooatioi ty, al thousn, Davis believos that 

the arooe.tioity of oarbonisod vitrinites is hi(;hor than a normc.l 

vitrinite of the sOlile oarbon oontent. He o.Bsuoes, however, that 

the rG"flectivity of oarbonised vitrinite at low temperature is 

not only a. function of its aromatioity, but is also oontrolled 

by the llUl.tUler in which ~o&m is involved in structure. Davis 

:further showed that the rine index (R/C) increases slowly at first 

with rise of temperature or refleotivity and then more rc.pidly 

o with rise of temperature above 400 C. 

The a.bove studies show thc.t refleoti vi ty is not only a 

function of aromaticity, but also that the size of o.romatio 

lamollae is an illlportant factor in the inoroose of the reflootivity 

of oarbonised vitrinites. Sinoe there is little or no change 

in the size of the aromatic lDmellae at tecperatures as low os 

300oC, it can be asswaed that the reflectivity con only 

substantially increase at about the deoomposition temperc.ture. 

De Vries i.t .w.... (1968) sto.to toot the gre.dual increo.se of tho 

refleotivity of vitrinites of different rank during ca.rbonisation 

is due to the oondensation of aromatio oarbon oausod by 
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degasification. The increase in ani sot ropy is due to an 

orienta.tion of the crystaJ.llteB during the plastio steeo • .' 

The oondensation of the aroIJn.tio oarbon is more intense in 

softonine vitrinite than non;..aoftening vitrinite. whioh is 

reflected in the behaviour of their refleotivity. The 

former achieves a higher level of refleoti vi ty during the 

oarbonisation than the la.tter. 

The following investigations (Ma.rsha.ll and Murohison 

1971); Gooda.rzi 1971; Goodarzi and Nurohison 1972, 0. and 

b 197) have a iiartioula.r bea.ring on the work of this thesis 

and are now discussed in SODO detail. 

l&:l.rShcl.l and lofu.rohison (1971) studied the dispersion 

of the optical properties of three vitrinites (carbon - 83.1, 

88.6 and 93.3% daf) and related the ohanges in the level of . 

their refractive and absorptive indioes to the ohanges in their 

molecular struoture. The refractive indioes of the vitrinites 

increase with rise of oarbonisa.tion tempera.ture up to 600°0 and . 

then deorease on further hoa.tine to 750°0. This initinl inorease 

and then decrease of the refractive indices was related to the 

results of independent L-rl\Y studies, namoly moleculcr improvement 

and deteriora.tion during oarbonisation, suoh as better sto.ckine 

order, inorease in the diameter of the a.romo.tio lamella.e and 

loosening of the orysto.llite pe.oking. Rise in the o.bsorptive 

indices of the three vitrinites, Which goes on oontinuously with 

rise of tempera.ture was related to the eleotronio absorption 
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within the aromo.tic locella.a and to the size of the croL1Utic 

lamellae. Tbo differencosOOt' .. leon the absorptive indioes of 

the three vitrinites diminish with oarbonisation tempero.turo and 

at 750°0 they develop s~lDr levels of absorption. The 

anisotropy of the oarbonised vitrin1tes also increaseB with 

tempero.ture of oarbonisa.tion and this enhanoement of the 

anisotropy by oarboniso.tion was suggested as boing an indioation 

of the degrGe of the ordering of the molecules and WCB olosely 

rela.ted to the rank of the storling mo.terio.ls. Coking oocl 

vitrinito, whioh had a rather low initial anisotropy, devolopod 

0. better struotural ordorine at a DO re rapid ro.te during tho 

oarbonisation than did anthraoite, which had a stroncor rurl.sotropy 

in Wltrea.tod saoples. It was inforred that the anisotropy 

would rise with inorease of the oarbonisation temperature 

beyond 750°0. Marshall and l\furohison sto.t.od that further 

detailad stuc'l3' was needed to follow more oloaely the oh~a 

in optioal properties of vi trini tea of different rank, partioularly 

using smaller temperature intervals. 

Goodarzi and lhrohison (1912, a) published the results 

of a detailed stuc'l3' on three vitrinites (oarbon • 82.5, 88.0 and 

93.1% c1af) oarbonised a.t temperc.tures up to 950°C. The optioal 

behaviour of the oarbonised vitrinites was related the the 

different phases of the oarbonisation pro:>ess and also to Doleoular 

ohanges produoed by thermal trea.tment and independent x,...r~ 

diffraction studies (not by those authors). 
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(a) R9tleotivi tl (Fige' 13S M,cl..1;) 

The refleotivity of the two bituminous-rank'Vitrinitos 

show little clle.nv"'O during phaso 1. This sliGht ohanGe of 

refleotivity WIlS cttributed to ohanges in croIJatio tloleculor 

struoture, e.g. partial deh;ydro~lation, decarbo~lation 

and destruotion of sotle oarbon-bonded CH3 groups. Anthraoitio 

vi trini te was not affeoted at this stage. Phase 2 be[,"ell at 

approxioately 400°C, and was narked by tho onset of plasti'01ty 

o 
(Ta), ending at a.bout 650 C. This phase also oontains thQ 

onset of resolidifioation (Tr ).(Fig 1l). The ra.pid inorease 

of refleotivity during this stac.,"'O was related to progressive 

distilla.tion of non-aroIJatic oarbon, to the development of 

polycondenaed aromatic lamellae and ciso to better orderinc 

of cromatio lo\yers in the orystElllites. The rise of reflectivity 

o 
of thh.anthrooitio vitrinite at about 500 C wo.s preSUI:lod to be 

due to the inoipient growth of aroma.tio lamellae. Phose 1 . 

ranged between 650
0
C and 1ooo

o
C; in this phase, the oarbonised 

residues of the three vi trini tes beoooe optioaUy more Similar 

as growth of the l8Oelloo oontinued due to deh\Ydrogenation. 

(h): Bit9.fleotflijoe (Fig. 12l 

Early loss of the optioal anis6tropy of two bi tUIJinous­

rank vi trini tee was related to the ooraplete disordering of the 

molecular struoture at the onset of pla.st1oi ty, a fea1lum observed 

also by Davie(1965). The rapid inorease of birefleotanoe of 

all three vitrinites in Phase: 3 woos attributed to a. rapid inorec.sa 
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Fig 17 From Goodarzi and Murcbison (1972) 
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in the degree of ordering of the lo.mellar struoture. 

The behaviour of the rofro.otive-indox ourves of tho 

three vitr:l.nitos with temperature WOB relo.ted mo.1.nly to ohon&"Os 

toking place in tho orysta11ito sttl.ok hoights (Lo) D.nd o.1so to 

the paoking of the lamellae within the orysto.ll!toa. Rovorso.! 

of curves representing both refrootivo indioes and orysto.1lito 

heights begon at similar temperotures. Tho roversD.! of tho 

curve trend of rofro.otive-indooc wos suggested as being duo to 

a reduotion of orystallite height. probably beoause of dis­

ordering of the It\Yer planes on dogasifioa.t10n and alao beoo.uso 

of improvement of the pa.oking of la.celluo and inorooso of tho 

interl~er spacing. The vitr:l.nites oould be divided into 

graphitising or non-graphitiBine, beoo.uee of the 'oontrast betweGn 

the curve of refraotive indox for the ooking 000.1 vitrinito a.nd 

those of the low-rank or anthraoi tio vi trini tes. 

The a.bove studies olearly demonstro.to the possibility 

of obt-aining into:rtW.tion about tho changing molecular struotures 

of oarbonised residues by stuaying their optioal properties, 

on alternative method to stu~ of the struotures by 1-r~ 

diffraction oethods, espeoially in oarbonised rOSic.uoB produoed 

o below 1000 C. One point should be emphasised; the results 

obtained by both these methods (~~ diffraction and optioo.1) 

are bulk studies of tho substonoe. 

The optiool properties eraployed oan bo divided into threo 
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groups o.ooordinG to the nature of the inf'omation required. 

(i) !oJ.z;.o.o.tiV9 InGeA' the DoSt sensitive optioo.l 

oonstant to modifioa.tion of the orysto.l.1ite 

heights (Lo) end to the po.oking of lCl¥ers 

within the orystcllites. 

(11) A,bso
r
:p2.t1vo Index~ good indioator of the 

orystallite diaoeters (La.). Sinoe in 

general there is a siIJila.ri ty between the 

behaviour of the roflootivity and absorptive­

index ourves, it oon be DSsuoed that the trends 

of refleotivity oan also indioa.te oho.ne,"es in 

the size of orystoll1te diaoeters. 

(iii)}}!r,eflootonoe! the oost inf'oroa.tive of the 

optioal properties on the degree of orderinc 

of the struotural units (or the orienta.tion 

of the orystallites). 
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1. X-RAY DIFF¥,0UON S'ruDIES qF CJ~NISED AND GRAPHITIS!P. 

VIWNI,n§, 

(a) Introgp~~,ga 

A nuober of X-r~ diffraotion studies have been conducted 

at temperatures up to a temperature of 3000°0 With the object of 

eluoidating structural changes in vitrinites of different rank 

during the oarbonisation or graphi tisation prooesses. In those 

studies, the diffro.otion bands which form during the heat 

treatoent of vitrinites ore oOr.lpared with the diffraction bc.nds 

of graphite, whioh is normally used os a standard in Xt-r03 

d1ffraotion studies of oarbonaceous oatericls. Three po.ro.uoters, 

What are t(La)', '(Lc )' and the td' spacing? 'Orystallinity' 

in carbons consists of a nuober of arooatic lamellae stacked 

parallel to one another. '(La )' refers to the terystall1te t 

diameter, t(Lc)' to the tCr.YStallite' height and the Id' spacing 

(interl83"er spacing) is the distance between the aromatic l03ere 

which are stacked parallel to one another in the crysto.llites. 

The orystalline structuro of l.e::rogon.:~ grc.phi te consists 

ot lqer planos of carbon stacked parallel to each other with a 

o - 0 distance of 1.41 i and an interl~er spacing of 3.35 R 
with uni t-cell dimensions of 2.46 it a.t room temperature. The 

l~ers stook parallel to eooh other in a sequenoe ABABA ... to 

produce a he~~nal unit cell (F1Ce18). A rhoobohedral foro 

of graphite ruso exists but With It\Yer planes in the ·aeqa.enoe 
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,hBOABOA •• (seo Dhane and Maokowsky 1949 and Rutland 1968). 

Y-r~ diffraction studies o.ro discussed in this soction, 

because it is intended to use a qualitative interpretation of 

diffraction bands of vi trini tOB of cl1fterent ra.nk at high 

tempera.tures ElS supporting evidenoo for struotural. oha.nees 

ot ooal maoerals during carbonisation which is apparent in 

the trends of their optioal behaviour. Marshall and lmrohison 

('972) J Goodurzi o.nd Murchison (1972) and Goodarzi cnd 

Mu.rohison (1973) ho.ve a.lrea.c\Y used independent Y-rDJ diffrc.ction 

studies by other workers as supportine evidence for optioal 

studies. 

The Xr-r~ diffraction investiectiona of heo.t-trected 

vitrinites will be discussed in two partes 

(i) low-tooperature (or oarbonisa.tion) up to 

o.bout 10000 0, and 

(11) high-te41pero.ture (or GTo.phi tisa.tion) 

o 0 between 1000 0 end npproximo.tely 3000 o. 

Investigation of the Xr-ray diffraotion patterns of 

oarbonised vitrinites in the tompernture ra.ll69,up .. t"o about 

10000 0 ha.ve been oarried out by a. numbor of workers. :el~den 

~ ~ (1944) oede 0. detailed stuc1,y of the x,..ro;y soattering 

of oarbonised rosidues of a. series of ooals (carbon. 81.0 to 

94.0f0 daf) oalcula.ting the orystallite heights (Le) ond the 
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orystall1te diaoeters {La.> of the ocrbonised produots (Fig 19). 

The (Lo) of oarbonised bitUIJinoua-ronk 000.1 inoreases with 

rise of tomperature to a ca.xiIllULl at about 500°0. A. deoreaso 

of orystallite height betwoen 5000 Md 900°C wo.a attributed to 

0. deterioration of the l~er planes oaused by devolatilisction. 

Tho (La) of the oarbonised residuos of the saoe 000.1 inorecsed 

only slowly up to 500°0 and then inoreaaed~ rf'.pidly with 

further rise of temperature. . The (La) of oarbonised e.nthra.oi to 

° inoreased oontinuously with rise of temperature boyond 500 C, 

but the (Lo) of the oarbonised anthracite fell with rise of 

o temperature up to 1000 C. 

Dia.IJond and Hirsch (1958) and Dio.mond (1960) olso 

investigo.ted by T.J-rc;y diffraction methods the struotural oh~'Gs 

in different vitrinites (oarbon.- 80.5 up to 94.1% do.f) oarbonised 

in the teoperature r~ between 3000 and 1000°0 in general 

oonfirming the results of B1C\)"don .2.t N.I. Stud\Y' of the (11) 

and (20) bands (soattering at hi~ angles) showed that up to 

300°0 the molecular size remained similar to that of the po.rerrt 

ooal. Growth of the l~ers d~veloped between 5000 an<l 6000 0 

and was more rapid for anthraoitio vitrinites. The variation 

of the avera.ge lD\Y'er dia.ceter with oarbonisation was similcr 

to that demonstra.ted by Bl~den ~ ~ (1944), but the absolute 

values were approximately half the.t of the other volues. However, 

up to 500°C 0. larBO number of -OH and -C~- groups (amorphous 

material) were lost as volatile mtter, allowing the l~ors to 

po.ok better. Replaoement of -CH2- groups by 0 - 0 bonds be~ 
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Fig 19 after Goodarzi and Murchison 1912 
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Fig 20 The variation of number of layers per parallel group 

with temperature of (RB) vitrinite (carbon = 89% daf) 

and (MM) vitrinite (carbon = 84.3~ daf) (After Diamond 
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between 5000 and 600°C, resulting in B'I'0wth of la3ers which WOB 

then followed by removal of aroI!lc.tio l\Ydr060n c.t hit9J,er teLlperc.tures 

with £'urther a:roo£l.tio-la;rer growth by ooalesoenoe. The growth 

of la;rers in c.nthraci tio vi trini te was grec.ter, beoause of better 

original orientation of the l~ers parallel to tha bedding plc.nes. 

The average l~er diameter e.:f'ter 600°0 inoreasod linearly up to 

1000°0 with rise of tOtlperature. 

DiaJilOnd and Hirsoh (1958) ezaphasised that the avero.&O 

perfeot molecules were vor,y soc.ll and did not oonsist of lc.rge 

lIULlbers of oondensad a.rooatic rings. These sLlc.ll perfect l!\}"orB 

were oross-linkod to one ~other extensively, but imperfectly, 

end this resulted in large, buckled, ioperfeot sheets. Stu~ of 

the (002) bc.nd (scattering at low angles) produoed d.o.tn. o.bout 

the packing of the la;rers during carbonisation whioh WeB 

quo.1itatively sicilar to the results ot Bl8JTden n all (1944). 

The orystallites in 000.1 oonsist of 2, 3 and 4 l~er groups 

whioh are poorly packed. Paoking of these la;rorB iI!lproved with 

increase of temperature between 400
0 and 500oe, possibly due to 

:reuovaJ. of -OH groups and aliphc.tic materials, but with 

progressive inorease of temparn.ture, the pa.cldng of the l~ers 

deteriora.ted beoause the formation of la:rgor layers oausad c 

reduction in orystalllte height by driving the l~ers out of 

the stacks sidewt\YB, and changes of orientation or oross-linkins 

of the layers produoing buckling. This deterioration reaohed c 

o ca.:x:imum at a.bout 100 C, af'ter whioh the packing of the l£l\Yers 

inproved o.ga.in, beoause of the aliGmlent of large tlolaoules 
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parallel to each othor (F\.g.20). The 'd' spo.oing deoreo.sod 

o 0 with rise of tomperature to a minilJUIl botween 500 and 600 0, 

possibly due to reooval. of -OH h\Y'dro~l and -cH
2
- ether t;TOUPS. 

The 'd' spacing increased after 600°C beoa.use of oross-linking 

of the l~ers to one another. Soat'tering at very low tlllglus 

indioated foroation of largo pores of 100 i diamoter. 

The foregoing investigations indioate that oarbonisction 

° up to 300 0 does not modify the Iloleculc.r stru.oture of vitrinites, 

but :fUrther inorease of temperature o.bove 300°C results in 

degasifioation of volatile groups (CIlOrphOUS IOO.terial) ancl the 

growth of l~er diotlotorB, whioh in low-ro.nk vitrinites .. comences 

o 
at about 300 Ct in ca.k:ing and ooking coal vi trinites botween 

5000 end 600°C. The incroase in l~or dia.ooter is great~r far 

anthraoito. Tho orysta:tlito heiGht (Lo) also sto.rts to increo.so 

° at about 400 C. rising with inoroase of teoporature to a. IJnXiIIlUIl 

between about 5000 to 600°C and then docreasing with further 

incroase in carboniso.tion teLlperature until it finally risos 

aL~n at about 100°0. 

(0) Hji$-tOIl~}'J\.t~l'j I-ro.y D1"ffra;,Cj,ion Studies 

Ma:l;r studios have been oarried out on the stagos of 

gra.phitisation. (o.bovo 1000°0) of vitrinitos. (see for example 

:Bl~den .21 ~ 1944; Frllllklin 1951; Ouohi 1955; Wt'.rren 1956 

and Loebner 1956). Among them the work of Fra.nklin (1951) is 

particularly important. Aooording' to :Bl~den ~ e.l;. (1944), the 

crysta.ll1to dia.oetor (La) and orystallite height (Lo) of 
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vitrinites of different ronk incro2.Se continuously with rise 

o 0 
of teLlperature e.bove 1000 C up to about 2200 C (Fig 19). 

However, this stuQy of the Lloleculer structure of carbolusod 

residues of coals is one of the earliest results obta.ined by 

~rQY diffraction studies and while acoeptable qualitatively 

it is not so quontitativel;r (see Hirsch1954). 

Fra.nklin (1951) studied the structure of coals of 

different ranks o.t tooperatures between 1000° and 30000 C. 

The ooals were divided into two groups, 

(i) non-graphitising, which do not 

graph1tise, even at teopero.tures 
. 0 

of 3000 C, ond 

(ii) ero.phitising, whioh develop a partial 

three-dioonaional graphitic structure. 

There are olso those non-graphi tising cools, Eluch as 

Mthracites, whioh at temperatures between 11000 and 3OO00 C 

produce graphi tic carbon Md also cwne coals which produce 

en intermedia.to structure between graphi tising and non­

graphitisil16 coals (Fig 21). 

(i) NOiQ=6jI'a12hi tisioo oarbons 

Low-ronk coals (oarbon • 83% daf, in Franklin' s stutty) 

are non-graphitisinB' due to low hydroeon and high oxygen contents. 

The oxye;en content intensifies the degreo of cross-linking 

between the neighbouring orystallites. However, this rigid 
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Fig 21 Molecular structure of carbonised carbons 

Ca) non-graphitising carbon 

Cb) graphitising carbon 

(c) low-temperature anthraci tic residue 

(from van Krevlen 1961, after Franklin 1951) 





croBs-linked system and large nunber of finely struotured 

pores prevent two 1aurers or groups of 1E:\Yers rotating in 

respoot of their basal seotions to fom t\ pa.rtU1e1 group of 

1D3ers. However, o.t high teoperotures, beoause of looo.1ised 

pressure and due to 0. strong systeu of oross-linking, the non­

graphitising oorbons produoe a slight but oonsistent aIJount 

of graphitio structure. whioh results in pnrtit'.l destruotion 

of the oross-linking (Fig 22). 

(ii) Qrg.Ph1 tisiA5 Oarbons 

"A; Oolsinl) oOM (oarbon • 89_1% do.t) is non-porous 

and has 0. ooopaot maBs. The oross-1inking between arooatic 

lamellae is here very week and the: looe11oo remain IJobi1e in 

the early stages of oa.rbonisation. The oxistenoe of a. degree 

of preferred' orientation of la.yer plen.es parallel to one another 

results in better ordering of tho a.romc.t10 ll:\Yers on hea.ting to 

higher temperatures (Fig 23) • 

. B.! Ap.tlu;O;O,1,~ oothraoi tio ooals (carbon • approximtely 

93 cnd 94% da.f') havo 0. non-graphitio ohara.oter up to 1100°0, 

a.go.in beoause of thoir abundarrt finely struotured pores and 

even on oarbonisation up to 2000°0. thore is no ohange of 

structure. However, the trDnSformation from non-gra.phi tising 

to graphitising takes plaoe on heating from 2000°0 to 2500°0. 

produoing 0. highly gra.phi tising oarbon due to tho initial. 

ordering of the starting materia.1. The strong oross-1inka.ge 

between the 1eoo11e.e oan resist tempora.tures up to 10000 0, o.tter 
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Fig 22 Variation of number of l~ers per parallel group 

with layer diameter for graphitising and non­

graphitising carbon (from van Krevelen 1961, 

after Franklin 1951) 



30 

le ,,/' 
~~oo 

'" '!f ".0.9 _0 

~--

I( 

Graphitizing 
carbons 

// 
o~ h't" :?' Non-grap I 12lng 

e/ carbons 

o----~----~------~~ ______ ~ ______ ___ 
o 10 20 30 40 '50 60 70 

----1_ .... Layer diameter CA) 



whioh the oross-linking is destroyed slowly. When the oross-

linking is destroyod, the random but perfeotly orientated looella.e 

stu.rt to chango their position by unifico:t1on to form orientated 

orystallites with diso.ppeo.ronco of pores (Fig 23). 

(iii) IntomediAte Carbons 

Oa.k:ing ooaJ. MS an intermediate oharacter of finely 

struotured porosity between the graphitising and'non-graphitising 

ooals. 
o Heating to 3000 0 produoos a lovel of graphi tisation 

whioh can be obt£lined at about 17000 0 fron ooldng ooal (Figs 23 

and 24). Fronklin oonoluded that to produoe n graphitised 

oarbon at high terJperature, the starting naterial IJUSt be non­

porous and/or suitably orientated. The nean number of l~ers 

in the parallel groups ( M ). or the number of staoks of o-axia 

lE)8'ors or' (Lo) and l~er diometer (LE).) in graphitlsing vitrinite 

is muoh higher than non-graphitising vitrinitos. 

The above studies show different levels of moleoular 

organisation reached by different ro.nks of vitrinites during 

gro.phitiso.tion. Caking ooals elso develops a level of moleoular 

organisation wbich is internediate between non-graphitlsing cnd 

gro.ph1tising 000.1, end anthracite vitrinite changes fron non-

gro.phitising to 0. hi@lly gra.phitising substa.noe. The stuclies 

also explain tho.t the rigid oroBs-linking of the lO¥ers forced 

in oarbonised residues of vitrinite below 500°0 ere responsible 

for the non-graphitising behaviour of these vitrinites at higher 

teLlperatures. The lo\yer diameter of the interLlediate oarbon 
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(suoh as oaking ooal) lies between the value of l~er diaoeter 

for graphitio and non-graphitio ooal. 

Ouoh! (1955) later investib'"El.ted the moleoular oho.nges 

in oarbons hect-treeted up to 20000 C. The orystalli te height 

inoreosed oontinuousl¥ o:t'ter 10000 C, whereas the orystalli te 

diometer, after an in! tiel inorease with heat-treatoont 

taoparature,deoreased to c I:Ii.n!LlULl between 12000 C ond 

14000 C cnd then rose with further inoreCl.Se of temperature. 

The deorease of (LOo) in this reaion is rela.ted to the rupturing 

of the three-dioensional bonding of tloleoular struoture in . 

this region. A. minil:l'U.r.l of (La) htl.C1 not been reported previOUSly, 

probo.bl¥ beocuse of the large temperature interval used by 

other investigators. Wcrren (1956) elso studied the ohanges 

in (~o.) and (Lo) of oa.rbon blaoks heo.t..-treated between 800° 

and 28000 C. The (La) and (Lo) of the oarbon blaoks start to 

o inorease slowl¥ up to 1000 C and then sha.rply With further 

inorease of temperature up to 28000 C (Fig 25). The sharp 

inorease in (La) o.nd ~o) after 1000°0 is related to rapid 

devolatilisation of hydrogen. Tha orientation of lOiYers 

remains ~a.ndom even at 2800°0, when the lO3'er diameter reaches 

o.bout 65 i, but when, in some oarbon blaoks, the (Lo.) 

roD.Ohes about 100 if then graphitisation oommenOGS with the 

two nearest ltWors appearing to take on 0. graphitl0 relationship. 

Warren's results a.groe with the earlier findings of Franklin 

(1951) about two stages of {r.t'a.phitiso.tion of hard oarbons. 
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Loebner (1956) studiod the x,..rt\Y cliffrootion of hard and. sof't 

oarbons up to 2800°0, sta.ting that the molecular oha.ngos brought 

about by hea.t-troatLlent of sof't oarbon differs oonsiderably from 

tho hard oarbons. His results are ossontiolly siLlilar to tho 

earlier findings of Fro.nklin (1951). 

It appoars that the rate of growth of lo\yer diameter (La) 

and the orystall1te height (Lo) is dependent upon the p~sioal 

ond chemioal struoture of the sta.rtillff materials (see below). 

(i) Q;o.J?bi;t;'s~ng OOa,l1 oontaining muoh hydro~n 

end little oxygen and possessing a oocpact 

Lloleoular struoture, 

or muoh oxygen and a porous struoture, 

(iii) intqme.9ate ooo.l.l with a physioal and 

ohemioal struoture between that .:·of the 

abovo two coals, and 

(iv) oothj£~.it.e~ graphitio acoording to its 
. 

ohemicol struoture but beoauso of i to 

physioal properties behaving as El. non-

graphi tio substanoo at low temperatures, 

but with inorease of temperature prOViding 

the thorm.oJ. energy required to brealc down 

its non-graphitio struoture, altering to 

&~o.phitio oarbon. 
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A. high proportion of 'amorphous' nntorial is lost 

in low-temperaturo oarboniso.tion up to o.bout 1ooooC. 
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Tho overnll molecular ohanges oaused by oarbomso.tion 

ond gre,phitiso.tion of vitrinites of different ra.nk a.ro ca 

vollowsl-

The (Lo) inoreases with rise of temporaturo up to 

500
0
0. FUrther inoroase of temporcturo up to about 

° 100 0 results in deorease of the orystolli te height, 

due to various fectors, including inoroc.se of lc.yer 

diameter (see Diooond end Hirsoh 1958, Diooond 1960). 

The (Lo) increcaes oontimtously af'ter cbout 700°0 

with turther rise of temperature up to 3000~0. The 

nucber of lo\yers per orystoJ.li te is o.bout 12 for 

non-graphitio".oD:I'oons. c.bout 18 for interoedia.te 

o.nd approxic.o.tely 33 for graphitic oo.rbons (Fig 23). 

The growth of the lc.yer diaceter stc.rts between 500°0 

and 600°0 by ooalesoenoe of neighbouring lll\Yere. The 

rate of growth of lB\Yers is linear up to 1000°0 and 

is greater for c.nthrooite. Abovo 1000°0 the growth 

of l~ors is greater for grophitising ooal thnn non­

graphitisine ootU. (Fig 22). The lO\Y'er diometer of the 

graphi tising oarbons is a.bout 10 i for graphi tising 
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(coking coal) at about 1460°0 c.nU 80 R 

in c.nthre.oite (o.t about 2290°0) end 80 R 
for caking cool. 
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(0.) Reflectivity APll~iltus (Plate.J) 

Tho reflectivity photometer used in this project was 

constructed in tho Oreonic Geochemistry Unit. The cain 

po.rta of the ooo.surill6 equipment comprise c Leitz 'Ortholux' 

reflected-light mioroscope, an ~llinry magnification system 

ba.sed upon a. design by Ga.bler ~ ~ (1960) r an E.M.I. 60948 eleverr­

st8.0"'6 photomultiplier, with a speotrcl. response extending froo 

200 nm to 800 nm and a :peak response of a.pproxioately 500 nm, 

a D.C. ~plifier and a Phillips PM8220 pen recorder givine 

10}~ full-soale defleotion. A det~led description of simile~ 

reflectivity equipmont (Fig 26) WtlS given by Jones ~·.:al. 

(1968) and tho equipment has been used in a number of research 

studies in this Unit. A. Schott IL interferenoe filter 

giving approximately monochroGatic light a.t 546 nE and with 

peck tranerJission of 30% wa.s used for reflectivity measurement. 

TWo Leitz polarising objectives (x50 air and x60 oil) were 

used for IJeo.aurements on field a.reea whoso diameter could be 

varied from 2 to 35 mcrons in air and 1.5 to 30.0 microns 

in oil Illlmlination was provided 'by a 12 v. 60w tungsten 

filament lamp. The microscope stage oould be r otated ev~ b,y hand 

during measurJaIilfl1lt. 

(b) at andards 

Five optical e-laas atoodn.rdB, e. di amond wedgo and two 
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Plate 1 Reflectance equipment : Leit z ' Ortholux ' 

reflected- light microscope , intermediate 

magnification system and photomultiplier 

Tube . 



Fig 26 Diagram of microscope and photometer (after 

Jones et al. 1968). --
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bosol p1a.tes of silioon oarbide woro usod ca standards. 

(i) .GlMs St~. 

'ilie optioal gla.ssas waro manufo.oturod by Sohott LiIDi t d 

and woro usod for refleotivity moasuromont of substanoos with 

roflootivity lovols of loss than 'C/o in oil (Tablo 2). Tho 

optiool glass os were isotropio and highly polished, but they 

oould te.rnish rapidly in air. If the st0.nda.rd:3 aro kept under 

oil. and also under oover to proteot then freD the direot 

conto.ot with air, they can be usad for os lone as threo woeks 

without furthor polishillB - providing toot tha oil is 

rer;ulo.rly changed. 

e. - • • I ••• 

stondc.rd. *Rofractiva Index .. )'..a air %Roil 
I c. 1 , ••••• I 

A 1.9271 1.429 10.041 

A1 1.9286 0.696 10.054 

D 1.1292 1.435 8.045 

B2 1.7921 0.691 8.048 

c 1.735° 0.454 7.221 

..... • • .P •• • 

* QJ,oted to this a.ocura.cy by Sohott Ltd. 
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The diamond stonda.rd WQ,/3 eoployod ~t unknowns 

with refleotivitios hiGher than 12% in oir or 'C/o in oil. 

A diaoond wedge, IJountod on a. tBokeli to t rosin blook 

provided a suitablo standard beoauso of its proportios. 

Tho wodgo is e:rtreooly hard so it oannot bQ soratohed; it 

doos not require polishil'lG" it is isotropio and also has 

a. strci:n,..froo surface. The refleotivity in air and oil 

of dionond was ooloulo.ted using tho Fresnel equation with 

valuos for the rofro.otivo index of diacolld quotod in Dan.ats 

Textbook of Mineraloe1 (1892) (Table 3). 

•• 

\vo.velength Rofracti ve IndeX 

• I • I • 

« IF' 

1aa air 
I eo 

- .... ". ..... 

%Roil 

5.3°7 

:Bos£ll seotions of two silioon-oo.rbido orysto.ls oounted 

in I:BDkolito' wero used as standa.rdB. The Qa7Sto.ls had high 

ha.rc1n.oss I were isotropio cnd had stra,in,..free surfo.cos. The 

roflectivity of silioon oarbide was doteroinod by Illoasurine 

reflootivities in air and oil a.go.1nst diamond (To.ble 4). 
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Silioon oarbide has tho disodvant o.go of beina on absorbine 

naterial. BO reflectivity cn.nnot ba doterrJined direotly froe 

its refractive indioes • 

. 'li\BM.4 

• 

Wo.ve length 
no 546 

Iq 

Standard 1 

Standa.rd 2 

• 

.... 

..... 

or 

%R air 1~Oil 

••• • .. • 

20.32 7.33 

20.32 7.23 

r. 

The silioon oarbides were used cninly for catohing 

D.(,-"ainst the diamond standard. 

LoW visoosity Zoiss inoersion oil (no - 515) was 

usod as en inoersion I:lediur.l4t 'lho oil had Q, refra.oti VG index 

of 1.516 at 546 ne and at 24°0. 

(d) ~o~oen holdei&!or Stand~ 

The diaoond and silioon oarbide standards were levelled 

in a. specieen holder designed by Mr. E. Soott of the Organio Geo­

chemistr,y Unit. A perfeot levellod surfaoe for eeasureoent was 

e.ohieved by this cathod. 
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The glnss sto.n.d.nrds and the speoioens were mounted on 

gleBS slides using plo.stioe:ne. The jaws of the Dounting press 

were cheoked periodioally for alignnent. 
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The reflectivity of unknowns wero deteroined directly 

fraIl the tra.ce of individual points of ooasurGoent displt\Yed 

on the ohart of tho pan recordor by COI:lpo.r:Laon with tho tracos 

on the chart produced. by two atandardsot m~ refleotivity. 

The standards for aQY Bet of the oeOBUrooonts were seloctod 

so that one was higher and tho other lower than the unknown 

oo.teriol. In the case of highly roflectine r.m.terials (%ROil 

2.0), only the tliarJond stan.dard was usod, but beforo e:ny 

ooasurooont on an unknown, it was IJt).tched o.e;o.inst a silicon­

oarbide standard. If ony tlrift t wc.s observed during the 

course of tloasureDent, the dianond was onoe ~n mat chod 

against silicon carbide. 

Reflectivity oeaauroIlonts upon t1.tl unknown were oarried 

out in blocks of ten with five readings on alternate standards 

(Fig 27). In this co.nner, ony 'drift t whioh might occur 

within the photometer durine the course of the measurements, 

duo to e~ectricaJ. or oeoha.nioal. insta.bility, Oell be detooted. 

Tho stD.u~ of the oioroscope was rota.ted e.t each measuring 

point on the unknown to detect e:ny possible anisotropy. If 

the unknown is anisotropio, it exhibits two no.x:i.L1ULl and two 

oinimun vDlues within c 3600 
revolution of tho oicrosoope 

stCc~. Comoonly a total of fifty individuol oeo.suremonts of 

refleoti vi ty for unknowns wore rmde I but in SoDa saoplos r to 

find fifty satisfactory L1oasurablo individual pn.rtiolos was 
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Fig 27 Typical recm-der trace for carbonised vi trini tee 
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Typical recorder - chart presentation of measurements on ten different 
particles of a biaxial absorbing substance compared against diamond 
as a standard [ROil (546nm) = 5.307°,. ] 



iopossible - o.tteopts were then oado to keep the numbor of 

the oeDSurooentl3 as high as possible, but only thirty 

individual oeasurooents on suoh sonples IJD\Y' be possible. 

The oean oo.xiLn.U:l refleoti vi ty of oarbo!t_ 

':i.sed ooal saoples WM oalculatod 'h3' a.veraging tho two 

ma.xiwo rea.dinBfl (at eo.oh 1800
) for oo.ch inc1ividuul point, 

after whioh the moan of the total points ooe.surecl was 

o omput od. During tlOaBureoonts on fresh tlMerala and their 

oarbonised produots up to teoperaturos of 45000, the fiolu 

c1.ianeter was kept at 16.0 miorons in o.ir and 14.0 miorons 

in oil. but it was reduoed to 8.0 morons in air and 6.0 

miorons in oil when the refleoti vi ty cec.surononts wore oarried 

cut on oD.rbomsed residuos c1isplo-ving mosaio struotures. 

Minimuc refleotivity oeasurements wore oorriod out on 

carbonised residues c1.isplo-ving oosaio struoturos. The 

miniI:lUI!l refleotivity was detormined by soleotinG the two 

individual points in each sot of ten measurements on the 
( A 

unknown whioh exhibit the largest birefleoto.noo. Tho o.vorQ.GO 
/-. 

valuo of those two individual points WOB o.oooptod as tho 

minimutl rofleotivity valuos. Vitrinito A (soo Brown .s.t ~ 

1964) was oostly ooasurod in frash spooiocma. Only ono 

rof'looti vi ty oeasurement wee carried out on oaoh part i 010 to 

rotlove erlY effoot of typo va.rio.tion within the sample. 

71 



'l'bIl difforont ranks of Bri tieh ooals woro used in the 

present studios. the ooals ranging from low-rank bi tuoinous 

to anthra.oitio. The low-ra.:nk and ooking ooals (Table 5. Nos. 

1 to 6) were reoeived as largo lumps and were supplied by the 

National Coal Boo.rd, the ookine ooal (Table .5, NOB 7 and 8) 

were oolleoted personally and the anthrllOites (Ta.ble 6) were 

a.vaila.ble in poqthene bo.gs filled with o~eon-<f'roe nitrogon 

froD El. oolleotion in the Orgunio Goooheo1str,y unit. The 

ultioa.te onalyeos (dry o.sh free or dry mineral t1O.tter free 

bases) for these ooals (v1trinite and sporinito) were all 

oarriod out by the National Coal Boord e.nnlyt1oal lo.bora.torios 

(Ta.bles 5 and 6); the different bo.sos for o.na.lysis are of 

littlo oonoern in the outoomo of the work einoe tho ooals wero 

originally low in ash. 



TABLE 5& CHEMICAA JiAHYSE§ OE VI~ flAMPLES 

• •• 

Soom Looality 

Shollow Lea. Hall ColliorY' 
St a.ft'ordshiro 

High Hazol Warsop Collior,yl 
Derbyshire 

High Hazel Whitwell Collior,yl 
Yorkshire 

Clown Bright 5hireoak Collior,yl 
Yorkshire 

Po.rkgo.to Hought on Main 
Coll1or,y I Yorks 

Silkstone Cortonwood Collior,yl 
Yorkshiro 

Unnonod Whit onst all 
Openoast Sit 0 I 
NorthUllberlond 

Bettesha.nger Kent No.51 
Kent 

• g • 

PIP F • •• 1 

Seatl Looality 

Red Verri l$ernant cotlIer,y1 
So. Welos 

• ••• I 

PER CENT DRY ASH FREE 
C N S N .. O 

77.0 -5.2·· ·0.1~ 16.3 

19.6 5.4 1.0 14e0 

82.3 5.0 1.1 11.6 

80.0 5.30 1.2 13.5 

85.4 5.3 1.0 8.3 

86.6 5.5 1.0 5.9 

81.9 5.30 1.1 5.7 

90.0 4-80 1.5 3.1 

• • 

r * • F 

st. _ pe 

C H S NO&: Volatilo 
• errors mutter 

Pump~ Pontratlawr Collier,y 94.2 3.0 0.9 1.1 0.8 4.8 
So. Walos -
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• • 

, • I • • 
High Hazol Waraop Collior,y 

Dorbyshiro 

-.. 
PER CENT DRY ASH FREE 

C 11 5 O+N 

PS· • 

Si lkst ono Cortonwood Collior,y 81.1 6.40 1.3 6.1 
Yorkshiro 

• e. , 
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Vitrinito and sporinito oOl1oontrf:l.tos wore l)ropa.red for the 

of:l.rbonisa.tiol'l oxperioonta aB followal-

Tho ooo.l sauplos wore first brokon into seall lunps of 

about 0.5 k6. ond thon tho vitrinito bonds wore hnndpiokod and 

oonoontra.ted into pure vitrinito eaoplos. Brown ~ £I1t. (1964) 

ha.ve shown tha.t hondpiokod vitrinito (temod tVitrinito At) 

hOB a hiGh~r refleoti vi ty o.rul 0. tloro hOl:loGOnoous o.ppof:l.ranoo than 

the recoinder of tho vitrinito (tVitrinito Dt) in tho Boau. 

Vitrinito A usuolly oocurs in It\Yors of noarly 100,l purity end 

003' hD.vo 0. ooheront botonioo.l struoturo. Vi trini to A wOoS ohoson 

as roprosootati vo of tho difforent ronk lovols in this resoc.roh 

pro~£ll:lr.lO • 

Handpioldng of pure vi trini to WOB rathor 1:1ore diftioul t 

from tho ooldlltJ and ookine vitrinites, duo to tho thinn~ss of tho 

vi trim to boncls. Parti oulat El blooks of ho.ndl)iokod vi t rini t es, 

grounc.l to pa.ss throuah -72BS siovo sizo woro mOO.tl. .Attor 

polishin.3', tho proportion of tho difforont rla.oorc.l (.'TOUpS cnd 

minoral oattor in tho sonplos woro dotorminod und~r tho ciorosoopo 

USing 0. Swift point-oountor oonsisting of 0. oountine OOOhaniSll 

linked to on oleotrioQ].ly oporo.tod tloohMioal stt\8'O. Dotoils of 

this teohniquo are given by Glo.golov (1934) cnd So.loh (1968). A 

total of o.bout 500 points on oo.oh se.mplo is su:ffioioot to ostimt.te 
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l'ABWi ~. tllimQQBAfW;g AUALni~ ~f w~ SAMPII~ 

pm CENT BY VOLUME 

No. SOllll1 1000.11 ty Vitrinite Exinito Inortinite Mineral 
mWiUiit. 

1. Clown Shiroook 
Bright Colliery. 95.0 2.0 2.0 

Yorkshiro 

2.* High Waraop 
Hazel Colliery. 91.0 4.0 4.0 1.0 

Derbyshire 

3. High Whitwell 
Hazel Colliery. 96.0 2.0 2.0 

Yorkshire 

4. Shallow Loo. Ha.ll 
Colliory. 94.0 3.0 3.0 
Staffordshiro 

5. Po.rk€ate Houghton Main 
6.0 Colliery. 89.0 5.5 0.5 

Yorkshire 

6.* Sllk- Cortonwood 
stono Colliery. 94.5 1.0 4.5 0.3 

Yorkshiro 

7. UlU'lamed Whitonsto.lll** 92.0 5.0. 3.0 Northumberland 

8. Bettes- Kent No. 6, 90.0 6.0 4.0 ho.nger Colliery, Kent. 

9. Red Voin Abornnnt 
Colliery. 93.0 6.0 1.0 
S. Wales 

10. Pump- Pentrllll1awra 94.0 6.0 qua.rt ()Q 11 10r,y, 
S.Wales. 

** oponcast site 
* after J. Allan 1975 



the poroentaeo ot tho oonstituents to a. suf'fioiontly noouro.te 

lovol. '!'he oonoontration of tho threo maoorol groups and the 

Lunoral LU'.ttor in ooals o.ro shown in Table 8. 

Two sporini tos and their oorrosponcline vitrlni taB woro 

supplied by ~h-. J. lllo.n ot tho Organio OoDohomistry Unit. 

Tho sporinito saoplos wero oonoontro.tod usine a sino-ohlorido 

density sopa.:ro.tion tlothou (soo J.Allan 1975). They woro thon 

ground to ptlSS - 240 BS sievo sizo tor tho Wo.rsop sporinito 

and - 240 to + 400 BS siovo sizo for tho Silkstono sporinito. 

Tho two oorroepondill6 vi trini tes woro £.,'Tound to po.as through 

- 100 BS siove. The oonoontrations of tho throo oaooral groups 

in the oonoentro.to are shown in To.blo 9. It is d(;jsiro.ble to 

ha.vo a. hiGh initiol oonoontro.tion of sporinito, but proparation 

of puro sporinito oonoontra.tGs is vory ditficult e.ncl usually 

tho sporinito oonoentra.to is oooprisod chiofly of sporinite 

and also other oxini to mo.oerols I rather than puro eporini te. 
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Soem 

High 
&'zel 

SUk-
stone 

TABLE 9. Pil'ROORAPHIC ANAI.YW;;S OF smun;tTE SW,~ 

(AFTER J. AIWAN 197J) 

PBR CENT BY VOLUME 
-

Looality Vitrinita Sporinite Inortinito 

Wo.rsop 
Colliery. 0.2 94.6 5.2 
Derbyshire 

COrtonwood 
Colliery. 1,0 89.7 9.3 
Yorkshire 
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5. aBINDINQ m PO@§HINO 01. tw€L,ES Nm STANDARl]3 

(a) .QQ!¥.B. e Cokes 

Parliou1ate b100ks were made trom fresh and oa.rbonised 

maoetale. using small pre-oast 'Bakeli te' resin disos of a.bout 

2.5 oms diameter and 1 om thiokness. A hole of 1 om dinmeter 

and 3 mm depth was drilled ill the top surfao.e of each diso 

and the ground partioles of maoerals or their oarbonised. 

residues were p1a.oed in this depression before mixing with 

'Bakeli te' resin oontaining the appropriate peroentage of 

aooelerator and oatalyst for rapid setting. The surfaoes 

of the samples were ground on a. diamond lap to produoe a. 

flat, finely soratohed surfaoe. The grinding was oontinued 

on silioon-oarbide paper (grade 400) and then the sample was 

rotated 900 and polishing was oontinued on 'mioro-out' grinding 

paper (grade 600). Water was used for lubrioation and both 

grinding papers were baoked by glass pla.tes, when a. smooth 

matt surfaoe was produoed. Wet poliShing was oa.rried out on 

'Selvyt' oloth-oovered laps, using three different grades of 

alumina (5/20, 3/'5J and 'gamma'). With oarbonised resiciuos, 

further impregnation of the surfaoe with 'Boleelite' was oooasion­

ally neoessary due to the presenoe of oracks and voids whioh 

oou1d aooommod.o.te some of the oa.rlior polishing medio. C'.nd so 

reduoe the possibility of obto.1ning 0. so.tisfo.otory polished 

surfaoe at the final stage. Commonly the ornoks and vo.ouolos 

oou1d be seen a.f'ter polishing to the 600 grade stage. 
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Fresh maoerals and also speoimens oarbonised or 

o 
oxidised up to 600 0 were polished usiDg slow rotating lapb, 

o but tor samplea prepared above 600 c, tast rotating laps 

were used, beoause it was tound thllt tor these aam,ples the 

tast rotating laps produoed better polished surtooes with 

reduoed reliet. Le~~ polishing • aB well as strong band 

pressurea, with 5/20 and 3/50 6'Tades was neede4 .tor ~e 

oarbonised residueB produoed above 10000 0 due to their hardness. 

Light hand pressure was maintained during the final st~s ot 

polishing. All speoimens were rinsed in water and lett in an 

ultrasonio oleaner tor tW) minutes atter pol1shi1lc'J with each 

grade ot alumina. The samples were finally rinsed in water 
~ 

and lett tor three minutes in uJ.trasonio oleaner betore dryiDg 

with tissue. Great oare W88 taken on oleaning and drying, 

since improper wo.shing oould. lead to the deposition ot some 

ot the polishi1J8 powder on the surtace and OQUBe a reduotion 

ot the retlecti vi ty value. 

(b) Polishing ot the Itp.p4vde 

Flat w~ laps were used tor polishing the 6l88s standards. 

The laps were soratohed with two seta ot the lines perpendioular 

to one another to torm a. reot8ll8Ula.r pattem ot grooves to 

acoommodate the polishing powder. A dilute soap solution was used 

tor lubrioa.tion. The temperature ot the lap was kept as low aIJ 

possible to prevent any Bmea.riDg ot wa.x onto the surtaoe ot the 

standards, baoa.us8 ot friotional heat generated cluriDg polish1Dge 
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The polishing was oa.rried ~t vi th S /20 and 3/S0 and 

tinally With 'gamma' alnm1nas and a strong hand pressure W/lB 

applied during polishing. A:tter final pvlishing, the 

standards were rinaed in wa.ter and oleaned with 'Acetone' to 

remove en::! smeared wa.x trom the surtace ot the at andards. 

then the standarda were butted on dr,y clean 'Selvyt' cloths. 

Cowmonly, it a. standard 'was tarnished, firatl1 it was polished 

with 'gamma' and then, it the desired polish was not obtained, 

the polishing, was carried out with a coe.reer grade ot 

poliShing powder. 
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Introqu9t1op 

The ooal maoerala were oarbonised in tour tube turnaoes, 

a pressurised oarbonisation apparatus and a h1gh-temperature 

STaphite turnaoe. Dopend1ng on the nature ot the experiment, 

ditterent oombin.:l.tions ot tu.rnaoe and temperature oontrols were 

used (Table 10). 

(a) M0w-tgmR9rmu,re tub, tu.rpp.o!S , .c.. 1ooooC) 

The tube tu.rnaoes were wound with 'Ka.nthal' wire, the 

temperatures ot the 'hot zones' ot the tu.rna.oe being oontrolled 

by two thermocouples, one trom each end ot each 1Urnaoe. The 

ends of the tu.rna.oes were .ealed by rubber bungs, ea.oh ot whioh 

was pierced to allow inserlion ot either a 6"88 inlet or outlet 

and one of the thermooouples. The theroocouplee were inserled 

separately into silioa sheaths ot appropl'ia.te length to reaoh 

the hot zones of the tu.rnaoea. One was oonneoted to a 'Fostronic' 

ohart reoorder by 0. length ot oompensating oo.ble to allow a oheok 

on temperature varia.tion during experiments. The other thermooouple 

was oonneoted to a temperature oontrol un1 t. The two ends ot the 

fUrnaces were oooled by a current of 0001 wuter. 

O~geD-tree n1 trogen wo.s flushed through the turnaoe8 

during the oourse ot oarbonisation. All joints were painted 

with 80ap 80lution at the begirmine ot each experiment to deteot 
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TABLE 10 

THE CARBONISATION AND HIGH TEMPERATURE mUIFMENT 

Tyl:e of Furn:l.ce Nature of Type of (hs Flush Types of Temperature Type of h'i lth of Tompero.ture 
Ex:periIJent Container Contrullers & Indicators Thermocoupl e Uniform Hot Ranee 

Zone 

Tube Carbonisation silica bO:l.ts nitrogen-free CNS Instrumont 'Sirect' two Platin,%" 
4.5 cm length oxy~n Mark II proportio~l platinum 130 6 CIJ 25

0 
to 

temperature oontroller rhodium 10000 C 

Tuba Carbonisation silica boats nitrog~n-free Eurotheri:l· .-' temperature two Platin,%" 
4.5 cm length oxygen controller units consisting platinum 130 

25° t o of (i) An 'Eurotherc;. ' rhouiura 7 CD 

PrOBTocmer JA 061 set point 1000vC 
ramp gen~rator 
(ii) Eurothorol proportionnl 
temperature controller type 
0.17 (iii) Eurothoro. 
'Thyristor l unit Type 0.31 
for protection against 
excessive voltago 

Tube Carbonisation silica boats nitroeen-free Eurothorm horizontal two Platin,%" 
4.5 cm length oxygen temperature controller platinun 130 5 cm 350°C 

Type 0.72 rhodiUI:l 

Tube Carbonisation silica boats nitroGen-froe Ether 1 Transitrol1 a platinum/plat-
4.5 CD loneth oxyeen temperature controller inum 13% rhodium 6 cm 150l)C 

& a chromal-alunol 

'Bomb ' Co.rbonisation sealed eol d none CNS instrument 'Sirect' two Platin,%" ~500 t Pressuri sed under hydraulic tube Mk I proportional pl:l.tinum 13 0 

Apparatus pr essure t emperature controller rhocliun 
OO:)C 

Hieh Temperature Hieh-temperature nuclear grade Cambridgo ' tlisappearine 10 cm 
graphite furnace heating (JI'aphite boats filament 1 pyrometer none at 2000'..iC 1000° t o 

2.5 t o 5 cm o.reon 5 cm 24000 C 
length at 2900

0
C 



an:! leaks ot gas. The gas lea.ving the turn.a.oe was bu.bbled 

through a. tlow~eter to ensure even tlow through the furnace. 

This apparatus provided a maximum h¥draulio pressured 

4Kbar, at a. temperature level ot up to 600°0. An air compressor 

(Fig 28a) indireotly pressurises the h\Ydraulio system by 

pressurising the ~dra.ulio tluid, whioh transmits the pressure 

to a tStellite bomb' (Fig 28b) oapa.ble ot withstanding pressure 

ot 60000 psi. A full desoription ot this apparatus was given 

by Marsh!1.al.r. (1910) and Kelvin (1914). 

(0) H1gh-leEWern~ure graphite Quwpe (Fi&; 29') 

This furnace was used tor the temperature range above 

1000°0 up to 2400°0 and was desoribed in detail by Karsh and 

~e-Jones (1965). Further detailed information relatine to 

the above equipment oan be found in Table 10. 
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Fig 28 Apparatus for carbonisation under 

pressure ( after Melvin 1974) 

( a ) whole system 

(b ) satellite 'bomb ' 



High-temperature graphite furnace (after 

Marsh and Wynne-Jones 1965). 
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Intrgduotioll 

The ground samples were dried overnight a.t room 

temperature in 0. dessioator flushed with o:x;y~e nitrogen 

prior to the start ot each experiment. Samples used in hish­

temperature oo.rbonisations (i.e. > 1000oC) were tirst oarbon -

° ised at 900 C tor one hour and were then kept in bottles flushed 

with o~gen-t~e nitrogen so they did not need dr,ying prior to 

the start ot hi~-tewperature treatment. 

(a) Low-tEpernture tube tui5j9AQe 

The samples were inserted i hour betore the start ot the 

experiments and the tu.rna.oe was flushed vi th o:x;ygen-tree nitrogen 

to remove the o:x;ygen in the system.' The boats were halt-tilled 

with ground samples to allow some space tor swelling which ooourred 

during oarbonisation ot some samples. They were then placed on a 

tirebriqk or a metallio oontainer With a Semi-oiroular seotion. 

Atter the a.ppropriate soak period, the temperature of the fUrnaoes 

was allowed to drop to room temperature (about 25°c). The samples 

were removed and stored in sealed bottles, whioh were flushed with 

or:/gen-tree nitrogen. 

Cb) Pressurised oKbonisa'jion apwa'jus 

This a.pparatus was operated by members ot staff ot the 

Northem Coke Research School of Chemistry LaboratOries. The 
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samples were sealed in gold tubes, whioh were plaoed at the 

bottom of the vessel ('bomb') (Fig 28b). The bomb was then 

tilled with distilled water as a trallSmi tti~ medium and 

oonneoted to the ~d.raulio oompressor (Fig 28&.) before the 

bomb was lowered into the t'u.maoe. Rapid quenching in oold 

water was oarried out at the end of each oarbonisation (for 

:fUrther information see page253). 

One hour 'waiting' time was allowed prior to the start 

ot oarbonisation when the tumaoe was flushed through w1 th 

argon. The boats were direotly inserted into the uniform 

hot zone. Removal ot the samples was similar to the low­

temperature tube furnaoes. 
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.lB1£.oduoji on 

It is desira.ble to expose all samples to the same 

oonditions durinG each experiment. In the present resea.roh 

programme a wide r6nge of temperature levels, rates of heating, 

soak periods and pressure levels were employed (Table 11). To 

obtain aoourate and uniform results, the different awaplea in 

ea.oh experiment.when appropriate, were oarbonised to[."Gther, ao 

that the residuea a.t that partioular level of heat treatment 

Buffered the same oonditions. The dea-ree of oontrol of the 

various experimental factors varied, however, with the type of 

tumaoe and temperature-oontrolling equipment. 

The temperatures were oontrolled to an aoouraoy of 

a.bout t 5°0 within a uniform hot zone whioh varied, depending 

on the tumaoe. from 5 - 7 om. The rate of heating was 

oontrolled to an acauraoy of :!: 2°0/mn at the fastest rate of 

hea.ting used (6000/min), but the oontrol on the rate of heating 

inoreased as the rate fell •. 'Soak periods' were oontrolled 

exaotly. 

The acouracy of oontrol of the temperature levels ot thia 

equipment to about 10°0 w1 th a oontrol on the rate of heating 
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T.AJ3LE 11. THE EXP::.1:RIJ·1ENTAL OONDITION E:M1'WYED IN PRESENT 
...... ..., •••• _ •••••• I • • • .... •• 

~@.AIIII~ 

Nature of lTemperature Rate ot Temperature S~ak • '\ 
experiment (OOr heating interval period: I 

°C/min. time 
I j 

Influenoe ot rate :t 1°C 50°C 40O-S500C 
- , 

of hea.ting during 40Q...9500C :t 10°C 25°C 550-7000C 1 hr. 
:t 60°C 50°C 70Q...9500C 

, 
oarbonisation 

Heating below de- 150°0 between 
oomposition phase, and none none 1 & 32 
for different periods 350°0 ~ks. 

I of time. 

Carbonisation of 
50°0 300-450°0 sporinite alone and 

30Q...9500C sporinite and :t 5°0 25°C 450-700°0 1 hr. 
vitrinite 50°0 70Q..J)5000 
mixtures 

Influenoe of 
pressure during 35()..60000 t 4-5°0 50°0 1 hr. 
oarbonisation 

1 

High temperature 1000-2400oC ± 10°0 50°0-1000-1400
c 

treatment 1000C-140o-16~~ 1 min. 200~C-1600-180~( 
1 , LiOO J C 200~LiOO 



about : O.1°c/min (see Part VI later tor details I note there 

is u 20°0 gradient through the gold tubes trom top to bottom). 

The seel< period was approxlma:te17 one hour. iI.. wide range of 

pressure levels was used in the present stud3' , 1;ying between 

about 3000 pei to 45000 psi. The level of pressure oould be 

oontrolled to an aooura.oy ot t 1000 pei a.t highest pressure 

level. 

The temperature oould be oontrolled to an o.oourao,y of 

+ ° about - 10 0 within the hot zone, bu.t the aoouraoy ot temperature 

measurement oould be muoh less accurate than! 10°C beoause of 

the use of a visual pyrometer. The accuracy of the rate ot 

heating was about! 20 0/min and a. rate of approximately 10
0
C/min 

was used, althouGh the rate was higher than 100 C/min up to 1200
0
C 

and then deoreased With rise ot temperature. A preoise 80ak 

period ot 1 minute WQS used throughout this series of experiments. 
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9..1... PW'WGWlf.( 

(El.) 9gti0al ppst<?ID;i,p,,;QJgN?P;i 

Optioal photomiorographs were taken with an 'ASAHI' 

oamera mount ed on a. Zeiss 'at and.a.rd Un! versal' refleoted-l1 gbt 

miorosoope (Pla.te 2). With a built-in I!la.B2'lifioation ot x1.25 

and using Zeiss x16 or %40 'Antiflex' oil immersion objeotives 

with a x10 ocular to 8ive an overall magnifioa.tion of either x114 

or x184 onto the film, illlatl'8s were reoorded on 'Pan P' film. 

The photomiorographs were taken either in pllllla-polarised 1i()ht 

or with orossed polars. 

J.. 'atereosoan' (Postex-Cambridge Instruments Ltd) soanning 

eleotron miorosoope was used. ll'or this purpose, a small amount 

ot sample, a 1mm cube (approximately) of a reliet..pollshed. or 

unpolished. sample was mounted on a fla.t mushroom-ehaped speoimen 

holder. To promote eleotrioal oonduotivity, gold-palladium alloy 

shadowing was oa.rr:i.ed out under high vacuum. (full details ot the 

teohnique emplqyed are given qy Boult and Brabason 1968). 
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Plate 2 Photomicrography equipment . Zeiss and 

Standard Universal micros cope and 'Asahi ' 

camera. 



.1.9. N:RAY E9lllPl'E AND p'IHon 

(a) Equipment. 

X-r1J3 power photographs were obtained USing ouK: 0< 

radiation produoed b.Y ~ Pbillipa X~~ &enerator with ~ 

oamera radius of 6 om. To obtain sha.rper diffraotion bandB. 

small oollimeters were used throughout the experiments. 

(b) Method 

The speoimerm' were ground to pass throuGh a 240 BSS 

sieve and poured into a 0.3 mm silioa-glass oapillary. The 

glass oe.pilla.ry was then placed in the oamera and oarefully 

oentred af'ter loading the film. The oamera was mounted on 

the Xt-r1J3 generator. The ~o{ radiation was produoed at 

40 KV and 20 W... it. nickel filter was plaoed immediately 

in front of the s11 t to absorb the K ja radia.tion. Films 

were exposed for 2 hours and then developed. The diffraotion 

bands were indexed and oompared quali tat! vely w1 th thOSe of 

graphite. 
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Specul~r reflo~tivi ty ia the peroent E:.e;e of inoident 

light whioh is l'e:('lected from the aurf~.ce ,jf :.:Jl optioally fl£l.t 

pcliahad surfaco. Tbo l'e1'1ecti vi ty of a tr{'.:ru,~)a.ren t 1Ubstanco 

is dependent on ·the refractive index of the surrounding medium, 

the wavelerlb-1ih ,;.t whioh the refleotivi ty m"~Bl.:.rement 1a carried 

out and the oondition of the surface of the s'l"..bstanoe. 

The peroentab~ refleotivity of a ru~eriul with nec1iBible 

or no absorptioll, suoh aB diamond or glass, o"..n 'be oaloulato!: .... 

from the Fresnel equation. 

R = 

2 
(n - n ) 

ID 

(n + n )2 
m 

whore 

••• t) •••••••• (1) 

R is the peroentaee refleot! vi ty of the 
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substanoe at normal incidenoe, / 
n ia the refrootive index of the Bul.stanoe, 

and 

1'1m is the refractive index of the surrounding 

medium 

The above equation is modified for un a'!.Jaorbing material 

when the followin.::; equ,.tion (Beers) is ;,LS~ ' "~ I 



2 + n2k
2 

(n - n ) m 

R= . .. .......... ( 2 ) 
2 2k2 (n + nm) + n 

where 

le is the absorptive index, 

the absorption coeffioient K is sometimes 

used in above equation, where K = r.k. 

(b) Refractive Index 
. Or •••• De es 

Refractive indioes ~ bo oaloulated by applyinc Beers 

equation (2) after measuring the refleotivity in two medic, (e. g. 

air and immersion oil), using the equation in the following 

transposed forms 
~ ( 2 2) 
2 11 oil - n air 

~ + R --,- T'rr' 
o a 

1 + R o 

where 

1 •• T{ 
a 

···········(3) 

n is the refractive index of the oubsta.nce 

llair is refractive index of air 

noil is the refractive index of the immersion oil 

Ra is the refleotivi ty of substance in air, and 

Ra is t he reflectivity of subst onoe in oil. 

'Ihe abs orptive index (k) oan be ca1cu1a.ted from the 

following equationl 
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k- ............ --"!P""-----... -- .......... . 
n

2 
(1 - R ) a 

(d) }31refleot,S9.e. 

The birefleotanoe of a. substance is oalculated from the 

differenoe between the true maximum. and true minimum refleotivities. 

Birefleotanoe - (~ - ~min) ••••••••••• (5) 



The improvement in techniques of reflectivity measurement has 

greatly enhanced the accuracy of suoh determinations. Many investi&­

ations have been oarried out to deteot the sources of error in refleot­

ivity determinations and in the derived optical constants, but soma of 

these lacked systematio stuQy and only considered a few of the factors 

involved. 

Dahme and Mackowal~ (1950) and (1951), Wage (1954); Jones 

(1961); Murohison and Boult (1961); von Gehlen and Pillor (1964), 

Harrison (1965); Galopin and Henry (1912), Juckes (1913); Melvin 

(1914) and Cook and furchison (1975) studied tho errors in refleot­

ivity measurement and their correotion. With ca.roful adjustment of 

the refiectivity equipment and the oorreot polishing techniquos, tho 

fundamental sources of error can be reduoed and a roproduoi bili ty of 

less than 1% can be achieved. Aocurate refieotivity measurement is 

dependent on the elimination of many sources of error. Soma of thoso 

sources of error arise within tho refleoti vi ty equipment and o.ro 

termed internal sources of error; some are due to inacouraoies caUBed 

by ~he surfaces of specimens and standards and the opera.tors. Those 

are termed external souroes of error. All the possiblo souroes 

of error are summarised below, although many have been considered 

by previous worke .... in this Unit. 

These errors are as folloWBI-
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(1) 

(11) 

(111) 

CW) 

(v) 

errors duo to misuso of sta.ndards, 

levelling errore, 

foousilll! orrore, 

orrors duo to the conditions of the 

microsoopo systom, and 

orrore duo to change in propertios of 

tho immersion oil. 

It is dosira.ble to OLlploy standards whoso rofloctivities 

lie as olose as pos131blo to tho unknown samplo so as to roduoo 

tho orrore due to tho drift, socondar,y glaro and variation of the 

proporties of the immors1on oil (seo lator). Na.turally glass 

stand.D.rUa would not be usod against diamond or silioon carbido, 

because of errore that would arise from their much c1iff'orent 

levels of reflectivity. 

(11) H&v;el11ns; ErtQ.rs 

The standards and the spooimen must be oorroctly aligned 

porpendioular to the optio o.xis of the mioroscopo, because 

ina.oourato results will ha obtainod due to the tilt o.w0'3 from the 

optio axis. Woge (19.54) and Galopin and Henry (1972) havo oloarly 

demonstrated that erronooue rofloot1vity values o~ bo obtoin~d 

beoo.uso of' inaoourat e levelling. 
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Improper focusing loads to incorrect reflectivity values 

and co.ro must be taken to ensure oorroct airnilnr focusiIlG' on 

stonda.rc1s o.nd unknowns. Dcluno a.nd M..l.Ckowaky (1950)r Wogo (1954); 

Jonea (1961) and Galopin and Henry (1912 recognise tho errors 

that c.rise due to focusin,z. Howover, accurate focusing' is ro.thor 

difficult on standards, po.rticulurl$, with rofleotivi ty IJecaure­

ments under oil on glassos, but this difficulty can bo ovorCOLlO 

by focusing on a. mark or scro.tches on the surfc.co of tho sto.nda.rds. 

Thore:w no problom when caking moa.surecent on cool oonstituents, 

due to their more hot erogenous nature. 

A reproduoible result oan only bo obtainod if the optioo.l 

conditions of mioroscope aJ.'O sta.ble, o.g. the lamp and photo­

multipliorare stablo and also the photouultiplier is linear in 

its response. However, within this group, thoro o.ro othor 

s ouroos of error due to I 

(a) insta.bili ty of the eleotrioal system, 

(b) drift, 

(D) \iarm-upt timo of tho IJicrosoopo, 

(4) miorosoope sto.go, 

(j) 'glaro' effect 

(a) .I,nst9tbj.].~L.of the eleotrioal SYst.ol1 

The Eleotrioal sta.bility decreases whon operating 
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the photomultiplior usine' too very smoll o.porturos 

and high voltages, e.g. abovo 140Ov. Use of the 

photorJUltiplier in this oondition results in 

excessive eleotrical noise and continuous 

fluotua.tion of tho signal rocei vod by the 

photomultiplier. The Signal noise within 

the system oan be elimina.t~d by dooreasinG' the 

voltago aoross the photocultiplier and inoro~sing 

the i aperture size. However, after osto.blishing 

eleotrical stability within the equipmont, if 

any further modifications are needed during 

the oourse of tho tloasurOlJent, e.g. due to 0. 

sudden inorease in the level of the refleoti vi ty 

of the unknown, then this probloIl oan bo over­

ooce onl3" by adjustcont of the liGlt intenSity. 

Instrumental drift oon be observed by clteration 

of tho level of the stando.rd reading on cho.rts 

during refleoti vi ty meo.suroment s ; normally the 

drift is linoar between standArds. However, 

the reflectivity measurements wst ba stopped 

if the drift is irregular or ohanges dirocti on. 

The greater tho drift I tho moro frequont must 

be the meoauromonts on the standard. Melvin 
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( ') d. 

(1914) sta.tes that tho drift effeot incroases 

with rise of teoperoture. 

The refleoti vi ty equipment t a.f'ter ewi tolling 

on, must be allowed 20 mina 'wa.rm-up' period 

to reo.oh equilibrium. due to the electrioal 

oomponents in the oircuits of the cppc.ro.tus. 

Determinntion of refleotivity during this 

period would leo.c.1. to inaocurate results. 

If the sto.go of the miorosoope is not 

properly oentrod to the optio axis of the 

tlioroeoope, than in measuroments ot o.nis-

otropy it produoes inevitable errors due to 

I:loveraent of the pc.rticlo: &W8(f from the point 

on which Deusuranents a.ro being cade. Unevon 

movetaent of the sto.go on roto.tion results in 

on inorease or deoroase of rofleoti vi ty due to 

increase and deoreaso of the clistanoo betwoon 

objective and sto.ge (see Molvin 1914). 

Glo.re or ba.ck-refloctance is the amount cf strD3' 

light within the optical. system reflooted trorJ 
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aurfaoes of vo.rious oomponents. This error 

oan simply be elinino.ted by measuring the (,JIlount 

of this light and Elubtraoting it from the tote.! 

roading. However, thero is Mothor Lloro oOr.Iplox 

typo of glo.ro (tseoonda.r,y alo.rel) which is duo to 

light refleotod by speoimon being rofleotod down 

again by the objootivo front lons~. Pillar (1967) 

reoognisos this souroo ot error. The cagnitudo ot 

seoondary glaro offoot is relo.tod to the miorosoope 

obgeotive and levol of speoimon refleotivity, but 

is relatively unimportant in lowor rofleot1l1g', 

aaterials. 

Tho refractive index of the oil has 0. direot 

influenoo on the refleotivity of an unknown 

oe.terial. Tho refrootivo index of immorsion oil 

deorea.ses With increase of temporature, whioh results 

in an inoreo.ao ot the refleot1vi ty of the epeoilJon. 

Jukes (1973) reported on ohanges in the rofra.otivo 

index of immersion oil with temporaturotoontnuding 

that errors o.rising from the vo.rio.tion of the 

refra.otive index of the oil in the tomperature rango 

o 0 
of o.bout 25 up to 35 C is negligible. The sa.ce 

author e.lso pointed out a variation in the properties 

of the immersion oil due to oontaminntion or 
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deterioration with o.ge. To elir.:dno.to this 

souroe of error, the immersion oil should be 

ohanged daily. 

In making routine reflootivity meaauro~ants, extornv.l 

sources of error o.ro also 0. lir.d .. :Ung foot or. Theso sourcos 

of error aro OB follows 1-

(i) errore duQ to tho operator, 

(ii) polishing orrors, 

(i11 )orrors in chart roading, 

(iv) orrors due to tho tloisture contont of 

speoimons (ooal oacorals), and 

(v) errore in tho number of );1eaaureoents. 

The results of e. series of experiments oonduotou. 

by the Br! tish.~ OokQ Resea.:roh .Assooio.tion (1972) 

at difforont laboratories to detormino tho repro­

ducibility of the reflectivity of u serios of 

coal Id thin ond betwoen the lo.boro.torios o.re shown 

(Tal)le 12). It is ovident frOIil this Tablo tho.t 

the average mnxiuum oil refleotivity values 

detormined by different lcboratories for tho sr.oe 

oools produce 0. differenoe in results. ThG. 

disorepancy of the results is probably 0. combination 
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of the difforent lovols of t1.Ooura.oy and tho varying qIlol.!.ti ty of 

tho areas to whioh tho rofleotivity naasul'OIJonts woro cude, o.G. 

the rofleotivity values givon by tho Univorsity of Nowoastlo upon 

T.1no for ell threo ooals aro highor tho.n thoBo from oth~r labora..-

tories, in this Oc.BO, probably duo to mv.Jdn8' tho rofloot1vi ty 

naOSUl'Olllonts only on Vitrinito A whioh would noroolly rosult. in 

0. hiehor reflootivity valuo. 

JABL.E 12 ERO~UCI}3,;ra,?l OF TW ~q.'ll~TY WIl',HI! &'tfD ~ 
W lrAlP.M-J9¥ES U~ B ... C..&At8EPORT, 1912') 

Lc.boratory No. o..Low-ra.nk* b.Modi UL)oooI'a.nk* o.Hi~-ro.nk* 

%Roil Y-Ailoil %Roil 

1 oporatoro A. .OI8~~ I I •••• 1.t.2~1 I .. ' 1.432 
B 0.~1 1.157 1.459 

2 0.86 1.14 1.530 

3 0.881 1.235 1.531 

4 0.888 1.2265 1.524 

5 Opera-toro A 0,89 1,.19_ 1,48 
B 0.89 1.20 1.47 

6 0.891 1.191 1.517 

1 0.901 1.199 1,518 

8 0.902 1.184 1.416 

9 0.905 1.213 1.500 

10 0.909 1.89 1.441 

11 0.94 1.20 1.52 
~vorsity of 0.95 1.29 1.51 !N:awoa,stlo 

~proa.d of results 0.095 0.165 0.14 
~il {absoluto} 10.5% 13.6% 9.33~ 
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(ii) Polishi~ Errors 
._.on • ~ cc ••• 

An accurate refleotivity measurement depends 

on the quality of the polished surfuces of 

the st ando.rds and unknowns. 

(a) Standards . 
Commonly a tarnished gla.ss stCl.ndo,rd 

will give a refleoti vi ty value lower 

thrul its true value, but ocoasionally 

matching of the two gluss stondo.rds 

cannot be aohieved with accuracy 

because of undetected errors, such ne 

tarnishing of the two standc,rds in 

proportion to their reflectivitios; 

this rarely happens because of the 

frequent use of the at andards, but 

if the stMda.rds are kept unused under 

oil immersion for relatively long periods 

of time (s~ 1 month), then it is better 

to repolish before use. 

(b) S,£e ci mens. 

The natur~ of the polished surfa.ces 

of the unknown spocimens are of great 

importe.nco in reflectivity moa.suroments, 

in particula.r when the detection 

of small reflectivity 
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differenoes is required. The 

results of Woge .( 1954) and lwfurohison 

andBoult (1961) sugL?,'EIst that leIlL'"th;y 

polishing leads to deterioration of 

the polished surfaces, BO oare must 

be taken to avoid unneoClssary pol1shill8' 

on • gamoa' a.lwnna. ILlpropor'"' wash1~ 

and drying also leaves sooe of tho 

polishing powder on the aurfooea and 

also the polished surta.oes oan be 

Smeared with soap (used as lubrioating 

agent durine polishing), resultil16 in 

inoorreot refleotivity values. 

(11i ) Errots in Chart "l\,e~ 

The ohart of the pen reoorder is divided into 100 

divisions and the length of the tro.oe on the ohort frOl;} zero is 

proportionoJ. to the intensity of the light. However, it is 

ioportont to reo.d the ohart ooourately, beoause an inooouro.te 

rea.ding results in an erroneous refleotivity value. 

(iv) Errors due to the.Jlloisturo oontent of the s.J2e.q,iwlJ~D. 

(Cog.l. WoWs) 

104 

An influence of moisture oontont on the reflooti vi ty 

of vitrinites, pc.rttoularly lo~ank end enthrooitio vitrinites 

was reported by Harrison (1965). The refleoti vi ty deoretl.Sed 



with rise of Doisturo oontent and tho SQtlO author suggested El. 

standard 1~our dr.ring period for wot-polished spooioons before 

making refleotivity oeasureoents. The Dore reoent results of 

)hrohison (privete oommunioation) show tha.t the ooisturo 1:'.lso 

OQUSos a. doorease of refleotivity in vitrinite of oolcine ra.nk. 

Again, to eliIJinate this source of error, speoimens wore dried 

for 15 hours os was suggested by Harrieon (1965). 

(v) !rror from the f!lI'Jbc.;r of raeasureo.ents 

The accuracy of the refleoti vi ty value of the 

unknowns is 0. funotion of the number of determinatione. 

In routine refleotivity measurement, the errors 

enouuntered are normcJ.l¥ due to polishing anU to the mounting 

of the sto.ndo.rcls and speoimens, and to some extent, foousins. 
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1,}. ACcgRlt,cl..ANP PRECISION...9F...w>iECTIYI'l'Y AND DERIYNR . 

P~ 01 WK)GEN1ip~ ~ACES 

If Doth internal and external souroes of error are 

eliIJinated, or reduoed EIS fo:r as possible, then a.oourate c.nd 

reproduoible refleotivity rosults oan be obtained. Aooording 

to von Gehlen and Piller (1964), tho errore in refleotivity 

measurements rongo from 1 to 5%, the amount of error inoro('.6ill(J 

as the reflectivity of the unknown folls. The error in the 

refleotivity of low-refleoting co.teriols oan be as arect c.s 

1~. The errors normally quoteu. for a. series of expericents 

are the reproduoibilities for c po.rtioular apparatus and they 

do not inoiLude 0.11 the :f'undarnentel errors ariSing froLl the 

speoinen end apporatus. Tho f\m.cl.a.ulentel errors have to ba 

oalcula.ted if the refleotivity values are to be used to ocl.oulo.te 

its optioal oonstants. More reoently Golopin and Hanr,y (1972) 

ho.ve supported the above view, statine tha.t a distinotion IJU.St 

be c.a.d.e between the :f'Undooontal orrors ooourring in the whole 

measuring prooedure o.nd the acourate roproduoibility of 

refleoti vi ty measurement with equipoent. The errore in the 

values of the optioal oonstants derived from refleotivity 

measurements o.re high, even if' all preoautions are tekon to 

reduoe as far o.s possible the errors in refleotivity tleasurorJont. 

The errore in the voluos of rofrcotive and o.bsorptive index 

will be the higher the lower are the refleotivities; ausorptive 

index in particular. oan show ioa~nary values in low-o.bsorbine 

ma.terial oven when the refleoti vi ty cea.surements are I:J...'\de with 

high acouracy. 
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.. 141 ACCURA,CY J:pp'.P.RECISION O~ OP.?l.9.* PfPPERTIijS OF CONi! 

AN;O~ 

The accuracy in reflectivity moasureoent on vitrinites 

increases with rising reflectivity (soe, for exnmple. Jonos 

1961). More recently Cook and Murchison (1975) support the 

Move etatenem and they have also shown that the refractive 

and absorptive indices are ooro lie.ble to inoorreot values the 

lower is the level of the reflectivity of the vi trim to. 

The largest errore in refractive and absorptive index will 

arise when the reflect! vi ty in cJ.r is higher and that in oil . 

lower by SOLle peroentage. In general, the effeot on absorptive 
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index is greater than that on refra.otive index. 

Vitrinites in the ookine ra.nge develop a heterogeneous 

tlosaio struoture durina the oarbonisa.tion, whereas vitrinitos 

of lower rank and anthra.citic rank keep their relatively 

homogeneous struoture. Thus tho a.ooura.oy of the reflectivit10s 

and the derived optical oonstants for low rank and anthraoitio 

vi trini tes should be relatively higher than measurements on oosmcs 

from cokine coel vitrinites. The oosaic structure with its 

heteroeoneous nature adds further oooploxity to the problem of 

elimina.ting errors. It is very diffioult, if not iopossible, 

to moasure reflectivities on indivic1l.lal mosaic units, even with 

oodem refleotivity equipcent and restrioted field arous. 

Consequently, unlike low-rank vitrinite, oach individual 

refleotivity measurement on El mosaio struoture involves El. numbor 

of the individual mosaio units tl.1ld each of those moscio units 



normally beha.ves optioally differently at low temper<:l.tures, 

i.e. one LlD\Y show a. miniIaULl refleotivity, whereas another (in 

the SaDe field aroa) exhibits IJ.OJd.mw:l rofleotivi ty. Thus, 

a. refleotivity IJea.BUremom on 0. mosaic struoture is 0. 'bulk' 

Lleasurocent, ostioating the liGht intonsi ty of the whole field. 

Goodarzi nnd MUroh1son (1972) aQknowledge the abovo probleu, 

but oontend that the Ilethoa. is satisfaotory having obtoinoLl 

oeanillbJ'ful results in the tren<lfl of optioal properties, 

whioh oorrelate woll with trends of independently derived 

paraoeters. With inoreuso of tempera.ture, the mosaio units 

behave optioally oore siIailarly, i.o. thore is o.agI'eljation of 

sevoral units (in the soco field area) produoing a. larBer o.rOL~ 

with homogeneous optioal behaviour. 

In the present roseo.roh proGI'amoe, the aoouracy of 

refleoti vi ty nea.sureoent on hoooGGllOous surfaoes is about :!: 

1%. but m~ well be lower in oaasureoenta on oosaios. 
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15. THE 0P'.I'f,.QA£, CHARACTER 91 VI.TRIffiTES AND THEIR 

CAWmSJ1iD--- RESIDYES 

Vi trini te in ooal is widely believed to behave optioally 

in a similar manner to uniaxial negative substance With its 

maximum refleotivity in the section parallel to the bedding 

and the true minimum reflectivity in the section perpendicular 

to the bedding. Optically anisotropic crystals are either 

uniaxial or biaxial. The uniaxial indicatrix has a single 

optic axis and a rotational ellipsoid, the axes in the section 

perpendicular to the optio axis are equal, i.e. the section 

perpendicular to the optio axis is isotropic. The other 

principal seotion of the ellipsoid is elliptical (anisotropic). 

If the axes of the circular section are shorter than the optic 

axis, then the crystal is optioally positive; with the reverso 

oondi tion it is optically nesati ve (Fig 30 ). In randomly 

oriented particles of a uniaxial negative orystal. there will 

be a constant value for maximum refleotivity and a variable 

value for minimum reflectivity, but a uniaxial positive orystal 

shows the reverse oondition. 

The biaxial indica.trix has three axes of unequal length 

and two optio axes. The seotions perpendioula.r to these two 

optio axes are oircular and all other seotions are elliptioal. 

The two optio axes are equally inolined to the horizontal and 

the angle between the optio axis is termed the '2v angle'. 

The biaxial oryst~ likewise ~ be optically po~tive or negative 
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Fig 30 Uniaxia1 negative indicatrix . 



depending on whether the 2v angle is out into equal halves by (0(.) 

the major axis or ( ~ ) the minor ms. In the randomly oriented 

particles with a bia:x:1al indioatrix, both maximum and minimum 

refleotivity values are variable. The above desoription is an 

over simplification of the biaxial indioatrix in the oa.se of 

a.bsorbing substanoes. With absorbing materials, the absorptive 

indices also must be considered and in fact the material will 

possess four optio axes. 

Vitrinite particles in particulate blocks alw~s oxhibit 

the maximum refleotivity, but the true minimum is only exhibited 

in partioles cut perpendicular to the circular section of the 

indica.trix. Otherwise they only show the IOOJd.mum and not the 

true minimum reflectin,y. Sinoe the partioles lie randomly, 

the majority show a minimum lying somewhere botween the maximum 

and the tzue minimum (Fig 31); probably only a few particles 

will show a. value close to the true minimum. 

Cook !i M" (1972) suggest a. biaxial behaviour in a. 

meta,-anthr~itio vitrinite (carbon - 93.&,( da.f). The reflectivity 

showed different values for both maximum and minimum reflectivity 

in seotions parallel and perpendicular to bedding. Later, 

Cook n al. (1972) examined a. range of anthraoitio vitrinites 

and were able to oonfirm their earlier findings. The b1a.xic.l 

behaviour of anthra.oitio vi trini te waa related to strain within 

the molecular groups, lateral stress and remnant botanioal-f'orm 

anisotropy. 
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Fig 31 Typical recorder trace for fresh vitrinite 
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Goodarzi and l>fu.rohison (1912) onticip"J.ted on optioo.1ly 

biaxial struotured behaviour for mosmos produced during oarbon­

isation of ookin~range vitrinite13 (Fig 21). Molvin (191~ arcued 

that the mosaio produoed by na.tural. motmorphism of ooal is optioally 

unie.xial. .A. biaxial 'orystol' oontains two circular seotions, 

which are isotropic o.nd a. unia.xial orystal. oontains only one 

suoh seotion. Also a biaxial 'orystal' shows only ~mwa 

wsotropy when it has been seotioned perpendioular to the 

intermediate rods, whereas in a unio.xiol orystal, Do seotion 

containing the optio axiol plane exhibits maximum o.nisotropio 

value. Thus, if a mosaio is optioally biaxiol, it should show 

about twioe as much isotropic beha.viour than wi th unirudl:'~ 

particles and a high o.n1sotropy should be obtained less frequently 

during the reflectivity meo.surement, whioh doos not appea.r to be 

the case. However, the same author believes that there is 

extreme difficulty in obtaining an isotropio section in 0. mosaio, 

because even a minute deviation from tho circular ellipsoid 

leads to observable anisotropy. Melvin states that the varia.tion 

in the maximum and minimum values of reflectivity of mosmcs is 

not due to biaxial behaviour, beoauso the variation of maximum 

and minimum refleoti vi ty are independent of eaoh other in biaxial 

crystals, whereas in uniaxial crystals j an inorease in mininrum 

reflectivity is acoompanied by deoreaae in maximum rofloctivit,. 

Melvin did not definitely sta.te whether coke mosaios would 

behave as biaxial or uniaxial materials. Cameron (1961) measured 

the reflectivity of randomly-oriented p~iolos of some anisotropio 
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minerals at 549 nm and sucoessfully demonstrated that it is 

possible to recognise by refleotivity measuremont the optioal 

symmetry of unia.xiaJ. and biaxial minerals and even to determine 

their optical sign. Figs 32a and b demonstrate the method 

whioh Cameron used to reprosent his results. It is olear 

that uniaxial ruaterials have either 0. constant maximum and 

variable minimum for nogative sign and the reverse situation for 

positive sign (Fig 32a). Fig 32b shows the rosults of tho 

birudal orystal. It is evident that neith~r the oo.ximum values 

nor the minilJIU.Iil vc.luos st £l\Y oonstc.nt. 
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It seems olear from the abovo results tha.t fresh vitrinites 

in ooals up to anthro.oi tic re.nk behu.vc optioally as a unio.xicl. 

ne gat i ve material c.nd that anthro.oitic vi trini tos caJ' possess 

lower symmetry, behaving as optically biaxial matorials. 1.106o.i06 

in oarbonised vi trini tes which Goodo.rzi and liIurohison (1912) 

suggest behave as bic.xial materials e..ro uniaxio.l noga.tive 

o.ooording to Melvin (1914). Melvin olso statos that the minimum 

refleotivity in ooke mosaios inoreases with deorease of the 

mo.xiLIWil value and also that birudal orystals only 'randomly' 

shOl'l high anisotroPYt but the results of Goodarzi (1911) show 

that the maximum or minimum refleotivit;ies increase or decrca.se 

independently of ono another. Towards the end of his argument, 

even Melvin states that fa. proportion of tho individual reruiings 

do displt\Y' a. range of maximum and ruiniIJUlAl values which would fit 

a bia.xi.a.l hypothesis', although he goes on to st at 0 that thoso 

reflooti vi ty reD.dings oan also be attI·i buted to unio.xiol bohaviour. 



Fig 32 Reflectivity of randomly orientated particles 

(after Cameron 1963) 
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The background to oertain footors whioh influenoe the 

oharo.oter of the produots of the oarbonisa.tion prooess have 

boan oonsidered earlier (see Seotion 11 of this thesis). In 

the prosent ohapter, 3 review is ~irst given of previous 

investigations into the influenoe which heating ro.te has 

generclly on the oarbonisation process o.nd then the ohanges . 

which have been observed on morphology, optioal properties and 

molecular struoture (throuah x,..re;s stUdies) by variation of 

hea.ting rate. 

The results of ourrent investi~~ion are described and 

disoussed in the following orderl-

(0.) A sUIlllllD.17 ot the ohanges in QorpholoQ" and mesophaso 

with vo.rying heating ro.te and vi trini te rank and a 

disoussion of the implioations ot these ohanges - the 

detailod desoriptions are given in Volume III 

(Appendix I). 

(b) Desoriptions of the variations in optical properties 

(reflectivity, biretloctanoe, retractive and absorptive 

index) with rtlllk and varying heating ra.te. 

(c) A disoussion of the implications of the ohanges in 

the optioal properties of the carbonised vi trin1 tes, 

in the first oa.se considering sicply the effect of 

three different heating ra.tes on single vitrin1tGs. 
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The seoond part of the disOUBsion oonsiders 

the properties of all six vitrinitos grouped 

together for individual heatint3' rates, sinoe 

further oonolusions about the oo.rbonis~tion 

prooess oan be drawn froe suoh group1Db~. 
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2 REVIEW OF RELATED INVESt:IGATIONS 

A. Introduotion 

The rate at whioh ooal is subjeoted to thorma.l trea.tment 

is one of several itlportant fo.otors in dotermining the quality 

of a. ooke. For example, weakly oaking ooal oan produoe a. ooke 

if ocrbonised at 0. rate of approximately 500C/min (Berkowi tz 

1968), but a strongly ooking ooal will not yield 0. highly swollen 

ooke, or even a strongly ooherent ooke, if it is heated at 0. rate 

of less than 0.05
0

C/min. Muoh resea.roh. hcs been undertc.ken to 

stud\Y the effeot of heating rate on the physioal ond ohemioal 

properties of the oarbonised produots of vitrinites of different 

rank. 

Dulhunty nnd Ho.rrison (1953) oo.rbonised a series of oools 

of different ranks (oo.rbon - 69.3, 74.4, 80.6 and 91.6% do.f) at 

o 0 teopera.tures betwoon 450 and 700 C and at heating rates of 4 

and 20 Llins and 1-h )i, 6i. 32, 64, 99 ond 144 hours, over 0. 

o ° temperature rise froIil 150 to 700 c. They measured volWJe 

oha.n{j"'Os and the deGree of ooherenoy. The volume o~"()s for 

oaking and high-rank coking ooal (oe.rbon • 86.4 and 91.6% def) 

were +230 and +475 rospeotively at the fastost rate of heating 

ond -36 and -6 for the slowest rate of heating. The semi-ookes 

famed were very strongly ooherent and ootlplotely fused at the 

featest rate of hec.ting, but o.t the slowest rate of heating 

were non-ooherent with angular pa.rtioles in the ooking ooal and 

sliGhtly ooherent With slightly rounded partioles in the ooking 
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ooal. There was a gradual transition of oohorenoy and streneth 

between the two extreme rates of hen.till3. r!'he effeot of rate 

of heating on the voluoe ohange beoame moro evident with proLTessive 

increase of rank, vo.ry1ng o.pproximately With the square of the rank 

and the inverse squaro of tho V01UIilO oho.nu"'O. The authors ooncludod 

that the physioal. oondi tions and the rank of 000.1 w:-.:,e tho two 

deteroining footors on tho ultra-fino struoture of tho oarbonised 

resiauo (semi-coke). not the rate of hon.tine whioh Derely influenoes 

the swelling and shrinking of the ooal. 

Later van Krevelon .21 al. (1956) oarbonised e. low-volatilo 

bitULlinous ooal (V.~ - 18% da.f') o.t tODpera.turos ro.ng1ng botwoen 

4000 0 and 600°0 and a.t ratos of heating between 0.60 and 6.6°0/min, 

ooncluding that an increase in tho rate of hoo.til'l6 causes 0. 

displaoecent of the rate of dooocposi tion ourve to a. highor lovel 

and to 0. higher tecpero.ture. Loss of weiGht during carbonisation 

was found to be dependent on the rate of heating (Fig 33). Tho 

sace authors also examined 0. mediuo-volo.tile bitucinous coal 

(V.X •• 24% daf), using 0. plastometer and 0. heating rate betweon 

00/ 00 
0.1 and 1.2 0 min o.t toopero.tures betwoen 310 to 550 o. They 

found toot wi. th faster rates of heo.tillG. plasticity increo.ses and 

all charooteristio teoperatures are shiftod to highor levels (Fie 

34). Brown (1956) supportod the above findings and further showed 

that the 'coking' activity of coal incroases ond 0. higher deBToe of 

plastioity and a groo.ter rate of d~composition reBults with on 

increasod ro.te of hoating. 



Fig 33 Decomposition (loss of weight) of bituminous 

coal (vm = 18% daf) carbonised at different 

heating rates (after van Krevelen ll!:h. 1956). 
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Fig 34 Variation of plasticity with heating rates for 
o 

vi trini te (vm = 24.0% daf) carbonised up to 550 C 

(after van Krevelen et al. 1956). --
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~g 35 Variation of dilatation with temperature of a 

bi tuminous coal, carbonised at different heating 

rates (after van Krevelen 1961). 
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Van Krovolon (1961) stctes that the ratE) of dovolc.tiliso.­

tipn is largely dependant on the rate of heating ond ciso th..'"1.t tha 

rate of dilatation is higher the faster is the rate of hoating (Fig 

35). The entire oarbonisation prooess, softening, dC(,'nSifioction. 

swelling and resolidifioation were shown to be l;,"l'eatly dependent 

on and related to the hoatillti rate. The results of Brown (1956) 

ond van Krevelen.21 al. (1956) c.nd (1961) aro in 8.b'Teeoont and 

they olearly indioate that the ro.to of heating must influence the 

structure of the resulting oarbonised residue. 

In sumoary, the a.bove studies show that at fast ratos of 

heating tho decomposition of oo~~ 1s delcyed; the ooal first 

softens, then deoomposes and rosolidifies. At slow he~tine rctes, 

tho plastio rOllt,"'e is deoree.sed and tho ooal deoocposos et IJIloh 

lower tempero.tures. Sinco dega.sifioation is a' stow prooess, 

oocurring over 0. lOnt,J'6r period of tice, the U'o.soous meteriols 

are released in a stepwise set of rQaOtions. Plastioity ocn ba 

partially reduoed by very slow heo.ting of the ooal and. it is posei bIo 

to oonvert ooci to a seci-ooka oocplotely wi thc.ut en::! or little 

softening during the oarbonisation prooess. This indioc..tee that 

the pricary oo.rbonisation prooess is suppressed and that rosolid­

ifioation (seoondary oarbonisation prooess) is a.ohievod direotly. 



B. I>l>RPIDLOGY 

The aor-.l?hology of the oc.rbonisod residuos of oools 

oc.rbonised at different rates of hoc.ting ho.ve been studiod 

by optioal and eleotro~oennine niorosoopiool methoUs by a 

nucber of invostigators. 

(i) Optioal ~liorosooRY 

Newell and Sinnatt (1924) exe.mined the morphol0l.C" ot 

fine partioles' ot ooal ocrbonised a.t (l, hoa.ti~ rate of o.bout 

100C/min vvor teopero.tures rQ.1'l(,"ill(; from 500° up to 900°C. 
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The oarbonised 0001 partioles wore exaoinod eithor by transmittod 

or reflected light. ° ° Up to 515 cnd 600 C there was no ohtJ.l'J{;"e, 

apart from roundill8 and sliGht swellinr; of the particlos; nt .. 
npproxice.tely 600°C the ooal partioles f'oroud 0. hollow spheriool 

shape, temed Co ·oenosphere'. Cenospheres oonsist of fino 

frames or ribs and 'Windows' whioh o.re transparent. The sizo 

of the otmospheres and the 'wi.'lc.lows' onlarges and the 'windows' 

beooce oore opoque with rise in ocrbonisation tOQperature. At 

o 
about 900 0 the ribs cnd windows Ot!.ll no lOlll;,--er be diff'erentic.ted. 

Maokowsq c.nd Wolft (1966) oc.rbomsed a. oocl. (V ~M~. 23.9% 

do.f) using different partiole sizos (-0.2 to 5Imil) up to 600°0 

a.t rates of 2600 
t 3°. o.nd 0.5°C/Din Ellld studiod the developmont 

of de~if'ioc.tion vcouolos. At the f'r..stest rate of heatinG. 

about 69% of' fine partiolos devoloped pores, whero3S only 38% 

did so at 3°C/win ond 14% at 0.5°0/min. The fomation of 

vaouoles increosea with risine hec.ting rate for oll partiole 
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sizes. A high-ra.nk ("V.l.1. = 10.6% da.f), using similar grain 

o sizes to the o.bove coo.l, was also carbonised up to 600 0 ~t heOoting 

rates of 3000 0/rrdn a.nd. 30 0/m1n. About 42% of tho large po.rticles 

were oonverted to ooke on henting at the fa.ster rOote, but only 10% 

were ooked a.t 300/rrdn. At 3000 0/m1n a.bout 12% of the fine po.rticles 

were ooked, but none of them developed DJ."lY devolati liso.tion pores 

o.t the slow rnte of henting. Ilbckowsky and. Wolfe assume thnt a 

non-coking or wenkly cOking coa.l Crul produce a coke a.t high rates 

of heating. The results of l.nckowsky and Wolf! (1966) show 

that at a. fast heo.ting rate the co.rbonisod rosidues develop lo.rgor 

and moro numerous devolo.tilisation vo.cuoles than at 0. slow rete 

of hent ing. 

Street .2.t.a:!.:. (1969) cOorbonisod n. series of coo.1s of 

different ro.nk (V.M. a between 6.6 o.nd 45% d.af) at heOoting retes 

of 105°0/seo up to 700°0 with toto.1 holding times of about one 

seoond. The co.rbonisction residues wero examined by optico.1 cnd 

eleotron microsoopy. Ooa.l of 34.5% 'V •• M.. nfter oarbonisation at 

550°0 produces a tMn....-mJlfld residue, while ooals with 28.1 and 

21.4% ·V.M. show typico.1 tuobrellas' or cenospheres, which consist 

of 0. fro.ra.e or ribs and lo.rge windows. Evolution of volo.tile Oo.ttor 

at about 450°0 results in the formo.tion of gas bubbles o.nd o.t 

o.pproximo.toly 500°0, tho ribs. windows and moobranes which cover 

the windows o.ppear to form cenospheres. Tho results of Newell 

o.nd Sinnatt (1924) and Street £t 0;,1" (1969) o.re similar o.nd indico.te 

that development of 'oenosphero' is typiot'~ morpaology of vi trini te 

carbonised at fast ro.te of hoating. 



Finally, Goldring (1913) oxruJined tho averat.,"EI mosaio 

size of three ookes oarbonised at ra.tes of 3°C and 5°C/cl.n up 

to 600°C cnd found tho.t thore wo.s no eubsta.ntial va.ric.tion in 

the mosaic size due to the different ra.tes of heating, but he 

stated that ElllY drostio ohange in rate of hea.t1ng oan effeot 

the mosaio characteristios. 

CH) Eleotron Mjl.,oroso0Pf{ 

MoOarlney (1911) oxaoinou with the eleotron-eoannina 

miorosoope ookes produoed a.t hea.tine rates of 3°C/oin and cbout 

800000/seo at tOr.lporo.tures up to 1160°0 froe a hi~-volctile 

e.nd a medi~olatile, bi tuminous-ro.nk vi trini tee ThG Lledirul­

volatile vitrinite on heatine to 1160°0 at the fost rete of 

heating produced a smooth tusGd DOSS with LlOJl3 pores, but the 

hi~-volatile bituminous vitrinite in oontrost fomed 0. twisted 

ti brous mass. 

~~sh (1913), using optioal and electron oiorosoopes. 

presented sohoma.tio91ly the effeots of hoct1ng ro.te on tha 

developLlent of mosophase units <lurine oo.rbonisation under 

pressure (Fig 36). At slow rc.tes of hee-till{; the mesophnso did 

not develop, but os the rate of hanting inoreo.sed, mesophnae 

first appoared os spheres in an isotropio matrix and then os a. 

'botr,yoidal' sho.po and finally o.s ooclosoed mesophase units. 
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This seqUenoe oould ba rastrioteu by inoreosillG the heo.ting rate, 

i.e. direot oonversion of the isotropio mass to a. botr,yoidal 

sha.pe. 



Fig 36 The conditions of development of spherical 

mesophase during carbonisation under pressure 

in relation to temperature and h~ating time 

(after Marsh 1973). 
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The above studies show tho.t the morpholo~ 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. T~lor (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 
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° ° 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 



12·0,~--------------------------' 

a 

100 

I I 
/, 

8·0 

~", 

...J 

,,{ 
/'! 

0 :f 
t: 
UJ 

:/ 
u z 

J, 
« 6·0 
I-
U 

/: 
UJ 
...J 

I: 
u. 
UJ 
0:; 

iD 
4·0 

2·0 

°0 250 500 750 1000 
TEMPERATURE - °C 

HEATING RATE 

12·0 

b 

8·0 
...J -0 

~ I-
UI 
u 
z 

6·0~ :! 
0 
UJ 
...J 

~ U. 
UI 
0:; 

m 
4·0 

2·0 

00 

• 
~ 

8 

•• i 

•• 
• 

• • 
• 

• 0.° • • ° 0°. 
.0 • 

• .0 ". • .0 
.10° 
~ 

° 

2SO SOO 750 1000 
TEMPERATURE - °C 

HEATING RATE 

___ 600 C/min - - - 100Clmin ------ l°C/min 0 - Fresh sample • -60°C/min. -10°C/min o-l°e/min 



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 
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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, 
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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 
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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. 



170 

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. 
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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. 


