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' SOME ASPECTS OF THE CONSTITUTION OF COAL

B. K. Mazumdar, S. K. Chekrabartty and A. Lahiri

. Central Fuel Research Imstitute
P. O. Jealgora
Dhanbad, India

The last ten years have witnessed rapid strides in our knowledge of the complex
nature and constibtution of coal. The recent contributions from the physical techni-
Ques c.g. infra-red, nuclear magnetic resondnce, X-ray ana van irevelen et al's
statistical aooroacnes have given a new impetus to the study of coal science as a
result of which various modelsts2 of the structural 'unit' of coal have oveen suggested

" from time to time. However, ths problem of coal constitution is ultimately a chemical

onz and in the long run sa.nct.:.on of chemical approaches have to be sought for any
;nructq.rﬁ proposed for-coal, irrespective of the techniuue employed in formulating
the model, - in the past extensive studiss on the oxidatiecn, reduction, halogsnation,
pyrolysis etec. of coal had been carried out but the data, tnrough J_nformatlve, failed
to unravel the intricabe chemical structure of coal in the orthodox chemical sense,
nor did they yield any significant information on the strucbtural paraneters or coal,
an essenvial orerejuisite for hypotnesizing a model siructure, How ‘ever, as a result
of recent studics an attempt way now possiovly be made to make tantative provgsals
bdased on.the mfomatlon on the stale of carbton, hydrogen and oxygen in coa.lj'

Uxygen in Uoal

Thougn there is still divergsnce of opinion regardiing tie actual values of
hydroxyl, coroonyl and czruoXyl oxygen grougs in coal, a fair order of estimate
particularly for hyuroxyl is row availadlelh, 50-60 per cent of ths total oxygen
in coal, at ileast in lower ranks (O {85-86.) is found to be in the form of hyroxyl
groups, ard the rest eppears to be present in small amounts as carbonyl, carboxyl
and ether and/or heterocyclic oiygzen groups. In higher rank coals (C D86.) few
of the functional oxygen groups are bslieved to oe present, but the major part of
oxXygen remains unaccountoo. 1or.

state of Carton and Hydrogen in Coal: ]
(xidation & behydrogenabtion Studies:- The work of done, “heeler and their collabora-
torsi5 in the early twenvies ana ot Hortonl® ana others established that aromatic ity
of coals increased with increase of the rank. Bub, for preciss determination of
aromat:.city obviousiy a method of controiled oxidation was nzeded which would selec-
ively oxidise tie nobecromaitic part of the coal structure, such a method of oxidation |
wa.s recently advancedh by the present vritcrs. It was shown that prolonged oxidation
of coal in air at’ 170°C was crlleﬂy restricted to the non-aromatic structures of coal,
leaving the aromatic carbon skeleton practically intact., Such an approach, supported

' by further viork?,17 led to a numoer of deductions regarding aromaticity, torms of

hydrogen, the size of the aromatic nucleus, and an assessment of the dimensions of
tne alipnatic side-chains in a coal unit. These deductions are presented in Tables

lan:iZ

The recent studié’s on dehydmgenationlo »11,12,13 of coals have thrown some fresh

ilight on the problem, The non.aromatic carbon structure of coal has so far been
assumed -to be only aliphatic in nature. Dchydrogenation studies by Vesterberg's
technique and with ha.logensl8 ) appsar to indicate that the non-aromatic part may be
1a.rge1y‘constitut.ed of alicyclic carvon. Similar indications have since been

obtained by Zrgun 9 from x-ray studies.

The presence of hydroaromat:.c or alicyclic structure was, nowwer, first
suggested by .ieiler?0 on the score of the deh,,drohalogenatlon phenomenon (which

he called "soit“ing“).
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<uantitative measurcment of alicyclic caroon and hyarogesn from dehydrogenation
-sbudies show that a considerable proportion of carvon-im bituminous coal is in

alicyclic form (10-25%) and also that the alicyclicity progressively diminishes with

increase in the rank of coal. antiracite does not contain any alicyclic carbon
nor doegs iv undergo any denydrogenation,

~ The chief objection™ %o this technique (Vesterberg's) for cuancitative reasure-
ment of alicyclicity of coals has been that the method may not seiectively denydro-

genate alicyclic carbon alone_and that aromatic carbon may also e alffected to
somne degree, Further studiest3 nave, however, snown that only a ziinor oart of
denydrogenation may be due to some 51oe-r°actlons (possibly. cross-linking} with
aromatic positions end there does not appear %o oe any doubt, that the methoa is
fairly reliable (as far as coal is concerned).. vorrections have now oean made’
for such possible stray side-rcsactions and the new set of values for alicyclicitvy
of coal qenved are presented in Table 3,

It may aopzar strange, but statistical and exmerimental facts sezm toindicate
that the sum of aromatic anc alicyciic ca.rbon percentage is virtually constant
(0.87 £+0.03) as witl oe seen irom Taoie k. , }

If this be true, then ooviously the value for the percentage of alipnatic
carbon can be deduced from experimentally determined vaiues oi aromabicity and
alicyclicity, and naturally the value ior alipazblic caroon psrcenicge in coalis
will also be nearly constant. This value is between 10-15% : it wmay, however,
be somewnat on the higher side, as it is likely that the values for alicyclicity
presented here is llkB_Ly to err on the minimum side, BDe that as it may, tne
consta.nt nature of tire aliphatic carbon in coal (if this be the case) would
appear to be a remarkable fact, for which no explanation can be ofifered at this
stage.

It was sv.lg,ge:steci.9 earlier taat the aliphatic side~chains present in coal
should be smail anc sven as small as in methyl group, and certainly not longer
than in %n etn 1 group., The estimation of u-methyl content oy hunn ana fotas’
reaction yieided a vaiuz of 2 to 4% of the carbon present as methyl
group in cqal. it is possible thet this value is also on the lower side, as tne
aromatically linkcd methyl group may not be estimated queantitatively vy this
tecnn1que25 Exhaustive ¢hlorination®6 on the other hand gave a higher estimate
of Usmethyl content i,e., 6~-7% of the carbon., The agreement between the experi-
mental values and those theoretically deduced as far as the order is concerrsd )
may or may not be significant. Further retrincment m the techniques of determn.na.-
tion of aliphaticity in coals should prove to e of great value,

ihe Alicyclic Structure in cCoals

The formation of tar is completely innhibited when a dehydrogenated coal is -
carbonized. There is, also, a orooortlonate increase in the yield of cnar,
The additional carbon 'fixed' in the char is apparently proportional and almost
equal in value to the alicyclic carbon estimated directlylo:n»n. Therefore,
it may not o2 J_.J.o%:.cal to conclude that tar nas its origin in the alicyclic
structurcs of coal *:t The complete inhibition of tar formation by any msthod of
dehydrogenation (even oy air/oxygen)27 is also sigriticant.

van irevelen andFitzgerald recently concludedza.‘that "Laal part of coal
structure wnicn yields tar umust be weaikly linked or not at ail bonded to the
remainder’, A study on the extent. of the inhibition of tar formation with
varying .d'egrees of dehydrogenation (Fig.l) also lsads to & similar conclusiont3,
The compleve.inhibition of tar formation, nowever, coes not appear to aszpsnd on
the caomdleleness oi tne cenyurogenation but a minimum quantity of the dehydro-
genebing agent (sulphur) is apoarently needed for Tor the meximum innisvition (Fig.l).
It anpears probable that simulteneously wilth dehydroge xat.:Lon, i condensation
¥ vion \oosswly by f‘ycln_cﬂnydrogenatlon) vetwgen ta: alicyclic part and ths
The coal structure is possibly iniviated., The action of sulpnuric and
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phosphoric acidszg, pho sphoryl oxychloride)p , even Scholl's reagentgl also appear

. to nave similar effects on inhibition of tar formation and probably through a

sinilar mechanism of condensation reaction, leading to fixation of the alicyclic
carbon in the char. '

v

amother significant fact is that on dehydrogenation or even in condensation
reactions mentioned above, nearly 927 of the total carbon in coal is found to be
retained in the char (6009¢) on caroonigation, irresvective of ths rank of coal
s0 treated from lignite upto the high renk oituminous coals. Normally, in carbo-
nization only 70-8C% of the carbon is fixed in the coks or cher at 600°C. Thus,
the 'extra' carbon retained in char is'of the order of 10-22% of the total carbon
in coal, which correspords to the values of alicyclicity of coals determined uirectly
Dy, deiydrogenabion reactions, iihe proportion oi carcon normully fixed in coke and
ciizr on carwonization at 600°C corresponds W the aromutic carbon in coals<.
The additional carbon fixed on tresatments mentioned above and the constancy of the
value at about 92 %, again, appears to correspond to the sum of aromatic and alicy-
clic carbon, irrespective of the rank of coal.

This would irdicate that in course of coalification enrichment of aromatic
carpor takes place at the expenses of alicyclic carbon {and possibly derived from
it), the sum total ol the two obeing constant. : :

ttages in Coslification :

The progressive increase in aromaticity in coal (&t the expense of alicyclic
curvon) during coalification rust be a very slow process and a gradual one, Uns
may, therefore, envisage a ‘parent' coal unit ab any mrticuiar stage of evolubion
wiich will very in arometicity, alicyclicity ana ring size. lhis corcspt of the
evolution of coal with increasing rank may be hypothetically illustrated in terms
cf the structural models shown in rfig. 2.

The model I, ¥ = 68 %, may be arbitarily assumed to bz the ‘'parent' structural
unit of coal, existing in the lignitic stage (there may bz other structural units,
but the model I may oe conceived to be as the predominant species at this level).
decarvoxylation and partial dehydroxylation (vhich are believed to bz the major
reactions in the evolution of coal in the lower ranks) of model I can lead to e -
stage of model II, © = 79 %. ‘[he model ILIA, ¢ = 91 % is envisagod to be the )
transitional stage marked by the completion of the decarboxylation, denydroxylation
and dehydrogenation of the alicyclic ring and its fusion with the aromatic rucleus.
Partial demethylation may also occur between the stage II and IIILA. o

The transitory nature of these structures is to be emphasissd at any particular
stage of the rank svolution of coal. WJecarboxylation may be largely completed at
or near about 307 oarbon coal but the process may continue well after this stage
is reached. Small amounts of carboxylic oxygen can still be detected even in -
84,35 % caroon coal, Sehydrogenation of The alicyclic ring ama ring-ciosure oy
cyclodehydrogenation (model IT & ITIA) may constitube the major steps in the
bituminous coal range. :

‘he prbperties of the three hy'gnthetiéal structures designed to portray the
three important transition steps in ranik-evoiution may ve depicted as in Taole 5.

. "The analysis of structure IIIA (Table_ 5) broadly represents a typical high
rank bituminous coal (¢ = 91 &) having 9Lt aromatic carbon. This 'unit' given in
"the model is presumed to be the most predominant one present at 91% carvon ievel.
At any intermediate stage of coalification between lignite and this high rank
bituminous coal, a certain fraction of the 'unit' of model I may undergo metamor-
prosis into the 'unit' of model II which in its turn, under the prevailing
geo-chemical condition may underg further progressive transformation into the
model IITa, The final stage (model IILi) is, thus, a result of the sum total of
decarboxylation, dehydraxylation, dehydrogenation and partial demethylation of the
tparent' unit (model I), The incipient initiation of stage Il to Lils reaction in
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the earlier stages is also not precluded. As a result, any transitory stage in.
rank-evolution may contain a mixture of one or two or all of the above types of
units, though one or the other model species may predominate, depending upon the
level of geochemical metamoronoslsm attained in the natural state.

Mo coal can, thersfore, be homgﬂmous in respect of their unit structures.
As an example, a proportion of 10:70:20 of the’ three structures may represemt the
typical analysis, both chemical amd structural, of a 80% carbon coal (Table 5).
Such a plausible structural analysis of. a 807 carbon coal would indicate that it
_has undergone substantial decarboxylation. It would also indicate that dehydro-
xylation, dehydrogenation, (including cyclo-dehyirogenation) and demethylation
processes had been initiated in varying degrees. All the transformations are
_consistent with the known properties of coal of such a rank. A partial comversion
of model II to Iil4 (say bo the extent of 227 as suggested in the proportion of the
units; will lead to an increase in aromaticity ami also to the grovth of 1;na .aromatic
nucleus at the expense of alicyclic carbon. -

'he possibility of a number of model spscies (units) occurring together at any
stage of coalification (though ons or the other may be the dominant one) may also
explain some of the following observations: (1) the assortment of ring sizes in
any coal, (2) the constant trend of the sum of aromaticity and alicyclicity in any
rank of coal.(lignites and bituminous coal), (3) ths constancy of carbon per cent
retained in the char of dehydrogenated-coal samples of any rank, as well as
several other apparently perplexing facts observed in course of owr studles on
dehydrogenation and cyclo—condensa.tlons.

“Whereas the transition of stage I to stage IIIA depicts the evolution of rormal
coals upto the highest rank in the bituminous range occurring under a set of gso-
emical conditions, the transition of ‘stage IIL to stage IV (anthracite stage;
- must, oy all accounts, be an abrupt and drastic one, involving a completely new set
of geochemical conditions. The evolution of a typical anthracite may be conceived -
.as shown in Fig. 3. ‘ . "

The structural models given here are. not initended to actually represent any
coal but has merely been used to illustrate the concept of thejneterogeneityof
the coal structure at any varticular stage, and to emphasise the precominant
chemical transmutation that may take place in response to geochemical forces in
nature at any given level of meta::nrphlc hlstory of coal.

Studies in rank clc.sszl.flcatlon of coal have led to the formuistion of tne
well-known coal band, which by itself, emuhaslses the transitory nature of the
metamorphic changes in coal. whether there ars distinct and discretely separate
zones of chemical reactions in courss of rani-evolution is yet to be estc.ollsned
though te predominance of one ='t of reactions over anotier at any stage can
nmot be disputed.- ’

Admitiedly, the models, the reactions, ana tn= conceph ol co-existence of
several models may explain meny experimentally determined properties of coal, but
We do not sutmit them here as pure "modcls® of any 'unitf coal;. that stage may
yet ve far off., The number of rings assumed or other structural feature shown in
the models- {e.g. the digposition of unaccounted oxygen) may be different and still
fit into the general picture of evolution of rank, bubt what is emphasised is that
rarely any reaction in nature is ever complete, thougn the ideal is al‘*la.ys
towa.rds pverfection,
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Fig, 1 Inhibition of Tar Formation and- kaﬁo: of Additional Carbon u.: c?ﬁ.

oc:mmnc.m:e on Varying Uegrees of cmrw&dmm:m:o:.
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Pig, 2 Hypothetical model Unit illustrating its Tran
‘of Lignites to High Rank Bituminous Coal,

sition from the stage
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Pig, 3 Hypothetical lodel Unlts deolctmg the normat:.on of anthracite from

the Stage of High Rank pituminous voa.l.

Yodel IV : Zmpirical mrmu.xa B Cruth 29, o, 5

Unlt wt, = 562.2, C = 94,0, H 2.8
=12, 0 =20, f2 = 0.95.

Typical ana_lys:.s of c.ntﬂraClte c 91,..3, H= 3.0, ¥ = 1.0,
0 =1.7




