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ABSTRACT

An x-ray molecular level structural characterization of Tertiary origin sub-
bituminous Indian coal is reported in this paper with an attempt to better
understand itsmolecular level structure, the short-range structural features,
to determine the relationship (s) between the aryl / alkyl carbon ratio and
determination © and y-bands positions of the coal. The coal was collected
from Tirap colliery of Assam, North-East Indiahasbeen studied. The average
poly-cyclic aromatic unitin Tirap coal isaribbon-shaped C,, (analogousto
phenanthracene). For this coal, the average carbon atoms (n_) is found to
be 1.24. Also, 73% of the C-C bondsin the coal are between aryl carbons
while 27% of the C-C bond involves at least one alkyl carbon. The results
indicate that the average carbon in this coal has 0.91 nearest carbon
neighborsat abond distance of 1.39 A and 0.33 carbon neighborsat distance
of 1.54 A. The positions of & and y-bands are observed at ad-value of 3.37
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A and 4.92 A respectively. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Codl isavery complex heterogeneous material
mainly cons stsof organic and inorganic matters. The
gructureof cod svariesfrom locationstol ocation. Struc-
turd characterizationsof coa represent oneof themost
important activitiesin coa scienceowingtoitsutiliza:
tions. Thex-ray diffraction patterns of coalsare pro-
duced by digtinct componentsinthecod, whichindudes
diffraction fromtheorganic matrix and minera compo-
nentsiniti*3, The contribution from the organic com-
ponent of coal showsthe amorphous scattering which
describesthe short-range structure of thesmall polycy-
clicaromatic (PCA) unitinit. Thus, theordering of the

carbon atomsin PCA unit and theparallel packing of
these unitsdeterminethe x-ray scattering patterns of
cod s. Although the network structural modeling re-
search oncod using varioustechniqueslike X-ray struc-
turd andysis, FT-IR, solid sateNMR, UV-visble spec-
troscopy etc. hasbeen carried out for morethan half a
century, severd issueslikenatureof thecod structural
network remain unsolved®. Itis, however, extremedy
difficult and chalenging to characterizethestructure of
coal because of itscompositional heterogeneity and
complexity of organic materids, largely insolubleand
amorphous nature®. Thus, thestructura propertiesof
coal have been receiving much attention among coal
scientistsbecause of their importancein chemica reac-
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tivity during variousutilizations. Also, itisworthwhileto
mention that the construction of amodel of the molecu-
lar structure of coal isoneof themost important tasks
in understanding the rel ationships between the coal
structure and reactivity®” and, hence, the structural
study of coa continuesto bepursued intensively.

X-ray diffraction from coal has been asubject of
study among many severd present and past workers™
&2 Many advanceshave been madeinthisareainthe
past severa decades and, thus, the x-ray diffraction
techniqueisuseful for examining themolecular-level
short-range structuring in non-crystalline condensed
phase of coal. Many other modern methods, e.g.,
BCCPIMASnmr, *H CRAMPS, FT-IR areappliedin
studiesof cod structurewhich are sengitiveto the phe-
nomenaoccurringinthe closest vicinity of the atom.
However, from such studiesit isimpossibleto draw
conclusionsconcerningtheordering of atomsat greater
distances®31, Therole of X-ray diffraction study in
cod scienceisenormousanditisafundamenta method
for evaluating carbon-stacking structurein coa . Thus,
theRadid Distribution Function (RDF) techniqueusing
x-ray diffraction dataisused to determinethe structure
of PCA unitin cod which doesnot requireany assump-
tion concerning the structure. Another advantageisthat
theradiation used in x-ray scattering studiesis suffi-
ciently penetrating so that the surface effects may be
ignored. However, onelimitation of Radia Distribution
Function (RDF) methodisthat it providesonly infor-
mation on onespatia dimensionand, aso, itisinsens-
tiveto the presence of hydrogen atoms.

Studiesof cod involving x-ray scattering anaysis
of theaverage PCA unit, theestimation of aryl and akyl
carbon fractions, the number of nearest carbon atoms
bonded to average carbon etc. in coal have been car-
ried out by many scientistg'’20242733  Cartz and
Hirsch*2? termed the small PCA units in coals
“Lamallae” and first noted that the stacking of the lamel-
|ae producesintense peak which arethe dominant fea-
tureinthex-ray diffractogramsobtainedfromcod. The
X-ray scattering study of APC 501 coal suggests an
average PCA unit C, /* and favors apolycyclic unit
built by circular catenation. Also, the study indicates
that the average carbon has approx. 2.5 nearest car-
bon neighbors separated by an average C-C distance
of 1.41 A. The latter is consistent with an alkyl/aryl dis-
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tribution of 14%/86%. It is, however, to be noted that
the structural parametersobtained from x-ray scatter-
ing study arefound to bein good agreement with the
resultsobtained from NM R study.

Asmeasured by x-ray scattering, theaverage poly-
cyclicaromaticunitinAPCAOL islinearly catenated C ,
modd . Itis, however, impossibleto construct amodel
containingall alomic groupsfoundincod, especidly as
their quantitative proportionsare not known.

Tertiary origin Tirgp coal, Assam, Indiahave been
classified asthe sub-bituminoustype on the basi s of
sudiesontheir chemica compaositionand physicd char-
acteristics. Themolecular level structure of Tirap coa
have not been studied using X-ray diffractiontechniques
whileworkson other aspectsof cod viz. deminerdiza-
tion, desul phurization, tracemetal s contents, structural
parameters etc. have been reportedi***1, This paper
atemptstoanayzethemolecular leve structureof Tirgp
coa by Radia Distribution Function (RDF) technique
using x-ray diffraction datafor thefirst time. It, also,
includesthe determination of nearest carbon neighbors,
therelationship (s) betweenthearyl / alkyl carbonra-
tio, and distribution of ideal peaksof aryl and alkyl C-
C atom-pairsetc.

EXPERIMENTAL

Freshly mined coa samplewascollected from Tirgp
coalliery from North-East Indiaand ground to < 150
imsamplesize. 5 gof thesamplewasdeminerdised®
by dispersingin 30 ml of conc. HCI solution (36.5 wt
%) and stirred for 3 h at 40 °C. Then the coal was
filtered and washed with digtilled water. TheHCl tregted
sampleswas then mixed with 30 ml of conc. HF solu-
tion (48wt %) and stirred for 3 h at the sametempera-
ture. Finally thetreated cod waswashed with hot dis-
tilled water toremoveHF and dried in an air oven at
ambient temperature. It may, however, be mentioned
that theacid trestment used in deminerdization of coa
doesnot effect structural changesinlow rank coal§¥7.
The proximate analysis of the coal wascarried out in
PA (Leco, TGA-700). TheelementsC, H and N were
determined by the elemental analyzer: Perkin Elmer
model 2400 and % of oxygenwascaculated by differ-
encemethod. Thephys co-chemica andysisof thecod
sampleisshownin TABLE 1.
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TABLE 1: Physico-chemical analysisof the coal sample

. Volatile Fixed O
Moaisture Ash matter carbon c H N (by diff)
230 099 43 53.7 77.975.751.15 15.13

Thex-ray diffraction datawere obtained using a
computer controlled X-ray diffractometer: TypePhilip
PW1710, with start angle: 4.02 and stop angle 89.98
andtarget: Cu (Fefiltered) with graphite crystal mono-
chromator and scintillation counter with scientillator Nal
single crystal. Measuring condition mode: Voltage:
30KV, Current: 20mA. The observed experimentd in-
tensitieswere corrected for air scatter, absorption by
the sample and polarization effect. TheRDF calcula-
tion was carried out following aprocedure given by
Klug & Alexandert™.

RESULTSAND DISCUSSION

Figure 1 showsthex-ray diffractogram of the Tirap
coal. Thex-ray pattern shows diffuse peaksat the po-
stionsof themost prominent grgphitebands. Theatom-
pair correlation functiong(r) for thecod sampleisshown
inFigure2. Theinter-atomic distancesinthecoa were
calculated from the g(r) curvesobtained after Fourier
transformation of theintendty data. Usingthe method
of Konnert and Karl€®, the statistical uncertainty ()
of theinter-atomic distanceswasca culated to be+0.01.
Thus, for apeak ing(r) tobestatisticaly significant, its
maximum must be greater than 1+219, i.e., 1.02 for
g(r) obtained for Tirap coal. Thus, thesmall peak at
about 0.3 A comes from the non-vitrinite portion of the
cod™ whichisnot seemsto bestatisticaly significant.
Hence, theg(r) distribution curveindicatesthefirs sta-
tistically significant pesk (P1) a about 1.43 A and fur-
ther concentrationsareat about 2.6 A and 3.8 A.

Determination of near est carbon neighbors, aryl
and alkyl carbons

It may, however, be mentioned that the six-mem-
ber aromaticringsfusedinto polycydicaromatic (PCA)
unitswere proposed to be the dominant short-range
structural speciesfound in medium-rank coal§*. In
smdl crystdline PCA compounds, the average bonded
distance between aryl carbonsis 1.39 A4l whilethe
typical bond distance between alkyl carbonsis1.54
A" For Tirap coal P1 liesin betweenthesetwo dis-

tances and, hence, the area (0.9462 €?A) and the peak
maximum (1.43 A) under P1 may be used to estimate
the number of nearest carbon atom bonded to the av-
erage carbon (n) with 0.76 fraction of mineral free
carbonatominTirap coal by
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Figurel: X-ray diffractogram of tirap coal
25 4 pO
2 4
1.5 4 P2

\/[\V/\ NA £ A

-1.5 1

glr)

=2 A1 1 atom pair distance

=2.5; -

Figure2: G (r) obtained for tirap coal
n =Pl _ €A /(0.76*36 e?A) )
andthefractionsof aryl and alkyl carbonsin the coa
byl45.461:
P1_ A={x1.39 A} +{(1-x) 1.54 A} @)
wherex isthefraction of aryl C-C bondsand 1-x is
thefraction C-C bondsthat involveat | east onealkyl
carbon. For Tirgp coal, the average carbon atoms (n_)
isfound to be 1.24 while 73% of the C-C bondsin
the coal are between aryl carbonsand 27% of the C-
Cbondinvolveat least onealkyl carbon. Combining
theseresultsindicate that the average carbon in this
coal has0.91 nearest carbon neighborsat abond dis-
tance of 1.39 A and 0.33 carbon neighbors at adis-
tanceof 1.54 A.

Deter mination of molecular leve structure

(a) Ideal peaks of aryl and alkyl C-C atom-pair
distributions

Theideal peaks of aryl and alkyl C-C atom pair
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distribution were ca cul ated from the equationg?!

IP_ . .=1.6(2m)°*f2c(Q)M (Q){cos(Qx")+cos(Qx)}As (3)
and
IP,c.c=0.6(2m)** ¢ (Q)M (Q){cos(Qx°)+cos(Qx?)}  (4)
Inthese equationsxi=r-1.39 A, x?=r+1.39 A, x*>=r-1.54 A,
x*=r+1.54 A

Figure 3 showstheidea C-C peakscalculated for
0.91 C-C atom pair separated by 1.39 A and for 0.33
C-C atom-pairs separated by 1.54 A.

2 A

15 4

(1)

0

0.5 1 15 2 2.5

o5 1 atom-pair distance

Figure3: A: P1lin g(r) compared with ideal C-C peak
separated by B: 1.39Aand C: 1.54A

(b) Smulated structurefunction of PCA

M any workerg?0.2627.4047-501 haye proposed the six-
membered aromatic ring fused into thepolycyclic aro-
mati ¢ unitswhich dominantsthe short-range structure
gpeciesfoundinmediumrank cods. Thesmulated struc-
turefunction for some PCA model §24 was cal cul ated
using he Kuritapeak shapeformalism byY:
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Figured: Thesimulated structurefunction calculated for
some PCA unit

W (r) =1+a n, [cos{2nKd, }][exp{-7d,] (5)
Where, a isaco-efficient that normalizesthefirst pesk

inW(r) toP1ling(r) and k & t are constants which
shapethesmulated maximaand minimain W(r). Fig-
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ure 4 showsthe simulated structure functions cal cu-
|ated for severa polycyclic aromatic units. Here Plis
characterized by the bonded C-C atom pairswhile P2
is caused by the nearest and the second nearest non-
bonded C-C atom-pairs.

(c) R-value: Thestructurecorrédation factor and
analogousstructural model

Theresulting structure co-rel ation factor for each
simulated structure curvewas cal cul ated by!>?
R={€e(r)}*{£q(r)}? (©)
Whereg(r)=g(r)-W(r)

TABLE 2 showsthestructure co-rel ationfactor ob-
tained from acomparison of theatom-pair correlaion
function g(r), compared with the simulated structure
curve W(r) calculated for each PCA compounds. The
lowest R-value signifiesthe best correl ation between
g(r) and W(r). Theseresults (with R=0.063* 10?) indi-
cate that the ribbon-shaped (linearly catenated) C,,
structural model best agreeswith theatom-pair corre-
lation function foundfor Tirap coal.

TABLE 2 : Structure correlation values for the PCA models
R-value (*10?)

PCA molecules

PC1 Cs; Benzene 0.165
PC2 Cy Naphthalene 1.032
PC3A Cys Anthracene 0.803
PC3B C,, Phenanthracene 0.063
PC4A Cyg Naphthracene 651.079

(d) Real spacestructural model

Theribbon-shaped linearly catenated C,, mode,
best agreeswith g(r) asevident by itsR-valuewhichis
lowest structure correlation factor (R=0.063* 103). It
was, a0, indicated previoudy that themaximuminthe
structure curve (r=1.43 A) showsthat aconsiderable
fraction of the C-C bondsis between carbon atoms
whereat least oneatom inthepair isan akyl carbon.
Thustheakyl carbonsare bonded to someof the sec-
ondary carbonsof the PCA unit. Thisleadsto thestruc-
tural model of theC , unitwithalkyl carbon.

(e) Alkyl carbonsassociated with the PCA unit

Thesimulated structure curvesare cal cul ated from
the non-bonding (NB-PCA) and bonding model (B-
PCA). Inthe non-bonding mode, it was assumed that
thealkyl carbonsarenot bonded to the PCA unit while
inthebonding model thealkyl carbonswere assumed
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to be bonded to some of the secondary aryl carbons of
theC , unitinaproportionsimilar tothearyl/akyl car-
bon distribution (0.73/0.27) inthe coal. For thecorre-
lation between P1in g(r) and ssmulated W(r) isbased
on 0.91 C-C atom-pairsseparated by 1.39 A and 0.33
C-C atom-pairs separated by 1.54 A. Figure 5 shows
the simulated curvesfor NB-PCA & B-PCA calcu-
lated fromr=0.00 A tor=3.00 A. Over theregionfrom
r=0.00tor-3.00, R=0.062* 10 for the B-PCA model
whilefor the NB-PCA model R=66.589* 103. These
resultsindicatethat most if not al of thealkyl carbons
arebonded tothearyl unit.

60

30

g(1) & W(r)

0 1 2 3 4 5 6 7 8
1: atom-pair distance

Figure5: A: TheW(r) calculated for NB-PCA model (...)
compar ed with g(r) B: anon-bonded model C: TheW(r)

(f) Reciprocal spacestructural model

Figure 6 showsthe J(Q) the simulated reciprocal
spacex-ray scattering curve J(Q) calculated fromthe
methyl substituted anthracenemodd following thepro-
cedure“> % given by
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Figuf €6: TheJ(Q)(...) calculated from the model compared
withi(Q) (L)

Intensity in eu

J(Q)=(n, /Qf4mr2p,Sin(Qr, Ar, W
Where n, representsthe number of jk C-C atom-pairs
separated by the distance M

Thereciproca space structure co-relation factor
for the comparison was ca culated by
R=£2(Q)/i*(Q) 8
Whereg(Q)=i(Q)-J(Q)

When themaximum centeredin J(Q) at 1.754 is
included; R=0.660 and when itisexcluded it becomes
0.697. Comparison of the R-valueindicatesthat the
maximum centered at 1.75 A is caused by the atom-
pair scattering withintheaverage PCA unitinTirgp cod.
Thus carbon atom in PCA unit appearsto be bonded
toakyl carbons.

(g) Proposed molecular level structural model

Six-membered aromatic ringsfusedinto polycyclic
aromatic (PCA) unitswere proposed and thusthe av-
erage poly-cyclic aromatic unitinthiscoal isaribbon-
shaped C , model ana ogousto phenanthracenewith
most if not al of thealkyl carbons arebonded to the

aryl unit.
Ther and y-bands

The carbon related peaks around 20-26° basically
classified into two categories: onederived from aro-
matic ring stacking around 26° so-called n-band or 002
band and the other around 20° named y-band, which
isbelieved tobederived from diphatic chaind® %, The
7 and the y-bands were observed in this coal at ad
vaueof 3.37 A and 4.92 A respectively.

CONCLUSIONS

Theproposed molecular leve structura model for
Tirap coal isasix-membered aromaticring found into
polycyclic aromatic (PCA) unitsand it isaribbon-
shaped C , model ana ogousto phenanthracenewith
most if not al of thealkyl carbons arebonded to the
akyl unit. However whether the alkyl carbons associ-
ated with the PCA unit are methyl, methylene can not
be determined from these x-ray scattering experiments.
Thearyl andakyl carbonsinthiscod are determined
to be 73% and 27% respectively. The d-values of n-
band and y-band are observed at 3.37 A and 4.92 A
respectively. Itis, dso, to benoted that it doesnot pro-
videdirect evidence about theforceswhich causethe
“stacking” of the poly-cyclic layers into graphene units.
However, the graphene layersare distorted from pla-
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narity by theaiphatic moietieswhich aredirected, on
theaverage, into the spatid regionsbetweenthedightly
irregular grapheneunitsand causethenonuniformstrain
inthar stacking. Thislatter effect causesthedifferences
of thegraphenelayer stacking diffraction peak. Also,
certain systemic errors may be present in experimental
dataowing to inadequate source collimation, extrane-
ousinstrument background and incorrect absorption
correction. Theseresults could be useful in chemical
reaction during thevarious utilization processes.
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