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XRD and FT-IR investigations of sub-bituminous Assam coals
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Abstract. Two coal samples collected from Makum coal field, Assam, India were studied by XRD and FT-IR
techniques. The X-ray diffractogram shows the existence of some crystalline carbons in Assam coals as proven
by the appearance of peaks. The radial distribution functional (RDF) method was applied for the determina-
tion of structural aspects of the coals. The study indicates that the coals are lignite in type and there is no evidence
of graphite-like structures. The maximum in the G(r) plots of function of radial distribution of atoms (FRDA)
relates to different distances between carbon atoms of aliphatic chains. The first significant maximum relates
to the C-C bond (type C—CH=CH-C), the second maximum relates to the distance between carbon atoms of
aliphatic chains that are located across one carbon atom. The curve intensity profiles obtained from FRDA
show quite regular molecular packets for this coal. The coals were found to be lignite in nature. FT-IR study
shows the presence of aliphatic carbon, C=0 and C-O stretching associated with —OH and —NH stretching vibra-
tions. Kaolinite and quartz were also found to be major minerals in Assam coals by FTIR spectroscopy. The
difference in intensities of carbonyl groups of the coal samples is likely to relate with the rank.
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Even within a certain age group (rank) of coal, such as

Coal is a heterogeneous, combustible, sedimentary carbo-
naceous material found in Earth crust in many parts of the
world (Gorbaty and Ouchi 1981; Myers 1982; Haenel
1992). It also contains other elements such as nitrogen,
sulphur and traces of mineral matter. This is one of the
most plentiful resources of conventional energy and it forms
the backbone of the modern industrial civilization. Although
coal has been utilized for several years, the exact chemical
nature of its structure are still not fully known (Marzec
2002). The structural properties of coal have been receiving
much attention among coal chemists because of their im-
portance in chemical reactivity during various utilizations.
Detailed structural characterization has been found to be
extremely difficult and therefore, research on coal structure
is still a challenging task and continues to be pursued
intensively. The investigation of the chemical structure of
coal has led to comprehensive and well-defined results on
the basis of development of spectroscopic methods. These
are FTIR, UV-visible spectroscopy, X-ray structural analysis,
solid state NMR etc. X-ray diffraction studies provide useful
information about the internal arrangement of atoms in
coal (Haenel 1992). Coals of different age have different
chemical compositions, and therefore, different structures.
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lignites or bituminous coals, the structure may vary depend-
ing on the environment in which a particular coal was
formed.

X-ray diffraction from coal has been a subject of study
among many several present and past workers (Grigoriew
1990; Alvarez et al 1998; Wertz 1998; Saikia et al 2005;
Maity and Mukharjee 2006). The first basic X-ray di-
ffraction studies on coal structure were carried out many
years ago by using simple data processing (Nelson 1954;
Cartz et al 1956; Diamond 1958). Blayden ef al (1944)
postulated that coal contains some aromatic layers aligned
parallel to near neighbours at a distance of about 3-5 A.
Hirsch (1954) indicated that coal (up to about 90% C)
contained an appreciable proportion of small layers con-
sisting of one to three rings. In addition, Cartz and Hirsch
(1960) stated that these small condensed aromatic regions
form part of layer units which may themselves be linked
to other such units by aliphatic or alicyclic materials five-
membered rings to form large bucked sheets. Radial dis-
tribution function (RDF), obtained from Fourier transform
of molecular scattering, has been used to examine the
molecular-level structuring of coals by different workers
(Cartz and Hirsch 1960; Schoening 1982, 1983; Wertz and
Bisell 1994, 1995).

The study on structure of coal was carried out in India
very early, which showed the aromatic layered structure in
coals (Mahadevan 1929, 1930; Mitra 1953). The detailed
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spectroscopic studies carried out on Indian coals have not
been reviewed as yet as per our literature survey. Not
much X-ray diffraction and spectroscopic work has been
done on Assam coals although extensive research works
were carried out on different aspects (Barooah and Baruah
1996; Baruah et al 20006), particularly sulphur problem
and trace metals of coal. But few have shown interest in
completely understanding the structural features of Assam
coals, which has relations with the chemistry of coal that
became the topic of research in recent years (Iino 2002;
Kashimura et al 2004). Thus, a basic knowledge of coal
structure is crucial to an understanding of the physical
properties of coal and chemistry of conversion processes
such as gasification, liquefaction, combustion, carbonization
and desulphurization. There is still only little basic in-
formation concerning the structure of Assam coal. Assam
coals have been classified as sub-bituminous on the basis
of the studies on their chemical compositions and physical
characteristics (Myers 1981). Because of its high sulphur
content, it has to be blended with other auxiliary fuels
such as natural gas or imported coals to satisfy the energy
requirement in the power plant and the limitation on sul-
phur and nitrogen oxide emission to the atmosphere. It is
to be noted that low-grade coal, ranging from lignite to
sub-bituminous are exclusively used in combustion to
generate electric power. It is from this point of view that
the present investigation is directed to some aspects of
structural studies of Assam coal by X-ray diffraction and
FTIR spectroscopy.

In this study, some aspects of structural investigation
of two Assam coals were discussed by the radial distribu-
tion functional studies, which is, therefore, independent
of any assumptions about the presence and structure of
crystalline region in coal. Although the removal of mineral
matter component is desirable, it is not essential in the
present case because the parameter is based on a very small
region of radial distribution function thereby greatly re-
ducing the probability of interference from the mineral
component (Schoening 1983). Radial distribution functions
(RDF) have been used frequently in different investiga-
tions of coal (Ruland 1968). Assam coals have not yet
been attempted for structural investigation by using XRD.
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Thus, this paper attempts to analyse the structure of Assam
coal by RDF technique using X-ray diffraction data for
the first time.

2. Experimental

Freshly mined coal samples were collected from Baragolai
and Tipong collieries of Makum coal field, Assam, India.
Makum coal field lies between latitudes 27°13'-27°23'N
and longitudes 95°35'-96°00'E in the Tinisukia district of
Assam, India. The samples were ground to —200 BS (sizes)
before using for FT-IR, XRD and other chemical ana-
lyses.

2.1 Physico-chemical analysis of coal samples

The proximate analyses of the coal samples were done by
standard methods (IS: 1350 (Part I) 1984). The elements
C, H and N were analysed by an elemental analyser,
Perkin Elmer, model 2400, total sulphur was determined
by Eshcka method (Himus 1954) and the percentage of
oxygen was calculated by the difference. The forms of
sulphur were determined by following standard methods
(ASTM D 2492). The calorific values were determined
by using Bomb calorimeter (ASTM D 3286). The analy-
ses of the coal samples are given in table 1. The ash
analysis of the coal samples was carried out by standard
methods (Vogel 1969; Karr 1978b) and reported in table
2. All analyses for the samples were carried out in qua-
druplicate and mean values have been reported. The FTIR
of the original coal samples are recorded by Perkin Elmer
system 2000, Model 640B using KBr pellet.

2.2 X-ray diffraction data collection and treatments

The samples were properly washed with sufficient distilled
water for maximum removal of mineral matter. Diffraction
data were obtained using computer controlled X-ray Di-
ffractometer Type XPERT PRO (PHILIPS). Start angle:
3-015, target: Cu (Fe-filtered), stop angle: 100, measuring

Table 1. Chemical analysis of coal samples (as received basis, %owt).
Volatile Fixed Pyritic Sulphate Organic  Total

Coal Ash Moisture matter carbon sulphur sulphur sulphur sulphur C H N O H/C O0/C
Baragolai  5-70 2-40 4740  44-50 0-61 0-53 4.16 5-30 754 553 0-89 1248 0-07 0-17
Tipong 7-90 3-20 43.50  45-40 0-31 0-51 3-32 4.14 760 523 1-10 977 0-11 0-13

Table 2. Ash compositions of coal samples (Yowt).

Coal Si0, Fe, 04 MgO CaO SO, Ti0, Al,O;  Others

Baragolai 60-6 21-8 1.7 0-7 0-4 12 10-0 3-6

Tipong 56-7 174 1-1 1.7 12 1.0 162 4.7
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time: 0-5, step angle: 0-03 and data processing condition:
smoothing points, goniometer radius (R): 240 mm, equa-
torial angle subtended at the specimen by the detector slit
(p): 1°. The observed experimental intensities were cor-
rected for air scatter, absorption and polarization by the
sample by using the formulae given elsewhere (Klug and
Alexander 1974) as summarized below.

2.2a Correction for air scatter: For the symmetrical
reflection in diffractometry the correction for air scatter is
given by

a, = 1/2 + (1/2 — TcosO/R pexp(-2 u1/sinb),

where q, is the ratios of the air scattered intensity received
with and without the sample, R the goniometer radius, S
the equatorial angle subtended at the specimen by the
detector slit, 7 the thickness of the flat specimen and u
the absorption coefficient.

2.2b  Correction for absorption by sample for symmetrical
reflection: This correction for the sample is performed by

/It =1 — exp(-2uTcosO)] ",

where /7 is the observed intensity, /,, the intensity corre-
sponding to specimen of effectively infinite thickness, 7" the
thickness of the flat specimen and u the absorption coef-
ficient.

2.2c  Correction for polarization: For crystal-mono-
chromatized radiation a ray scattered by the sample is
diminished in intensity by the factor

_ 1+cos” 20’ cos® 20

P 2
1+cos” 260’

where 6’ is the Bragg angle for the reflection planes of the
monochromatic crystal. Thus, for the (200) planes of so-
dium chloride cos™26' is 0-723 for CuKa radiation.
Hence, the observed intensities should be normalized to
the un-polarized reference level by multiplying them by
the reciprocal of equation above.

2.3 Determination of radial distribution function (RDF)
for Assam coals

X-ray diffraction provides the atom sizes and arrange-
ment in solid state. In most diffraction and certain theo-
retical investigation of matter, knowledge of structure is
sought, and such knowledge is frequently displayed as a
distribution function giving the probability of finding of a
pair of atoms in a given configuration. The pair distribution
function may be represented as p(r;-7,), which gives the
probability of simultaneously finding atom 1 in a unit
volume located at »; and atom 2 in a unit volume at »,. By
placing the coordinate system’s origin on an atom and
integrating over the space accessible to that kind of atom,
a distribution function, p(r, — 1) is obtained.
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The RDF for coal samples may be evaluated by using
the methods given elsewhere (Klug and Alexander 1974)
using the following relations,

47r p(r) = 47zr2p0 +£J.Si(S) sinrSds,
V4
0

1
Si(S)=——-1
)=

where S'is defined as 47sin6/A, p(r) the number of atoms
per unit volume at a distance, », from the reference atom,
po the mean atomic density, N the Avogadro’s number
and f'the scattering factor for carbon atom.

Then the RDF [477°p(r)] and atomic pair distribution
function [47r°{p(r) — po}] plots for the coals were evalu-
ated using the corrected diffraction intensities obtained in
this study using the methods given elsewhere (Klug and
Alexander 1974). A new computer program in C++ was
developed for the evaluation of radial distribution func-
tion of coal samples.

3. Results and discussion
3.1 Physico-chemical analysis

Tables 1 and 2 demonstrate the physico-chemical proper-
ties of 4 coal samples from different collieries of Assam,
India. The coals are high sulphur in nature as seen from
their sulphur contents, where sulphur is mainly organi-
cally bound. The inorganic forms of sulphur are low in
Assam coals. Baragolai coal has the highest sulphur con-
tent with a value of 5-30 (%wt), which in turn is low in
ash content (5-70 %wt). The percentage of ash is of signi-
ficance in the usefulness of coals. On the other hand, the
highest ash containing Tipong coal has lower sulphur
content with a value of 4-14 (%wt). The composition of
ash varies with the rank of coal and in some cases, variations
are observed in the same seam. Due to its drift origin,
Indian coals, in general, are of high ash content and the major
constituents of ash are silica (Si0O,), alumina (Al,O3) and
iron oxide. Ash compositions of the coal samples are
compared in table 2. The ash composition also reflects the
usefulness of the coal. All coal samples have the highest
percentage of SiO, followed by Fe,O; or AlL,Os;. The
other forms of oxides in ash include Na,O, K-O etc. The
H/C was found to be 0-07 and 0-11 for Baragolai and Ti-
pong coals, respectively. The O/C ratios for the coals
were found to be approximately same with 0-17 and 0-13
for Baragolai and Tipong coals, respectively.

3.2 Radial distribution functional (RDF) analysis of coals

The X-ray diffraction profiles of coals indicate that they
are amorphous in nature (figure 1). The obtained radial
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distribution function (RDF) and atomic pair distribution
function [G(r)] plots for Baragolai and Tipong coals are
shown in figures 2 and 3. Structural determination based
on RDF fall into two main categories. In the first category,
the RDF yields the mean distribution of interatomic dis-
tances of carbons and in the second category the structure
of coal is determined. In either category, deductions
about structure are based on the peak position and areas
in the RDF. The RDF provides meaningful information
about the mean number of nearest neighbours and their
mean distances of approaches, and in certain cases intra-
molecular configuration may be deduced. Although in the
later case, configuration of structure is attained by agree-
ment between observed intensity and that calculated on
the basis of some model (Kruh 1962). Table 3 shows the
number of nearest neighbours (concentration of atoms) at
different distances in coal matrix and graphite. These
distances also signify the inter-atomic distances in a single
layer of coal obtained from the RDF curves (figure 2). The
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Figure 1. X-ray diffractogram of Baragolai (B) and Tipong
(T1) coal samples.
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Figure 2. RDF of Baragolai and Tipong coal samples.
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coal samples show some concentrations of atoms at a
distance of 0-4 and 0-5 A as shown in table 3. Grigoriew
(1990) in his study of coal vitrinite with about the same
chemical composition found no interatomic distance of
0-4 A. This indicates that the 0-4 or 0-5 A distance comes
from non-vitrinite portion of the coal. Baragolai coal
shows a little similarity with the graphite-like structure. It
has 3 nearest neighbours at a distance of 1-4 A, which is
quite similar with the nearest neighbour of graphite struc-
tures at a distance of 1-42 A (table 3). The absence of the
interatomic distance of 1-42 A in coal samples indicates
the absence of graphite like arrangement of carbons in
coal. Thus, the layers present in these coals are not graphite-
like in their internal coordination system, which can also
be attributed from the average C—C-C valence angle.
This angle may be estimated from the RDF by

¢=cos ' [p2> - 2p°12p)°.

Using p; = 0-4 (or 0-5) and p, = 1-4 (or 1-5), ¢ is found to
be >180° which is very unlikely. Therefore, it may be
concluded that the coals are lignite in type and contain no
evidence of graphite-like structure. This can be compared
with the lignite type of coal of different localities already
reported (Elliot 1981). It may be mentioned here that the
compositional differences like elemental composition,
volume of vitrinite, mineral matters etc between these
coals lead to differences in the RDF plots.

Figure 3 shows the comparison of G(r) curves of the
two coal samples from different collieries of Assam. The
first significant maximum in the plots of Tipong coals
was found to be at » = 0-15 nm, whereas it was » = 0-14 nm
for Baragolai coal which relates to the C—C aliphatic bond
length. The second maximum was found to appear at
r = 0-27 nm for Baragolai coal and » = 0-26 nm for Tipong,
respectively. These relate to the distance between carbon
atoms of aliphatic chains that are located across one car-
bon atom. Further, the third maximum for Baragolai coal

A

3 4
T (&)

Figure 3. Plot for pair distribution function for the coal sam-
ples (B: Baragolai and Ti: Tipong coals).
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Table 3. Inter-atomic distances (A) in a single layer of the two Assam coals and graphite
structure.
Baragolai Tipong Graphite
Number of Number of Number of

Distance (A) neighbours  Distance (A) neighbours  Distance (A) neighbours

0-4 - 0-4 - - -

14 3 1.5 3-8 1.42 3

2.7 10 2:6 10 2-46 6

3-8 21 3-6 19 2-86 3

4.6 30 4.6 30 3.75 6

56 45 54 41 425 6

- - - - 4.92 6

- - - - 5-11 6
at » = 0-38 nm and for Tipong coal at » = 0-36 nm were also N\
found, which is related to the distance between carbon B~ Y,
atoms of aliphatic chains located across two carbon atoms. _ f’/ { f\ [T
These two coals show a maxima at similar positions of Y g sf g"m\ ,ﬂj
r=0-46 nm. This value is found to be similar with the £ | A /v""‘\ff o -
distance between parallel aliphatic chains of oriented poly- £ \ / TN A AN
cthylene (Vasin and Gladyshera 1983). The curve inten- g \ yd i VA { %j‘ ! \ r}
sity profiles of G(r) clearly show quite regular molecular < A [/' V ’a.f“"x\ ,"1'{ '1\ |
packets for these coals. These two high sulphur Assam VY~ W oo f il
coals have almost the same RDF inter-atomic distances o n I |
except slight differences. The slight differences in the ﬁ\,r\i
inter-atomic distances for coals are attributed to their di- X;f

¥ ¥ ] H i H i i I 1

fference in contents of clay minerals like illite, quartz and
chlorite.

3.3 FTIR spectroscopic study of coals

Fourier transform infrared (FTIR) spectroscopy is a powerful
tool for characterization of coal and its products as it fur-
nishes fast comprehensive view about the structure/
composition of the materials. Figure 4 shows FTIR spec-
tra of the two coal samples. In assigning the bands, the
absorption bands are compared with the standard patterns
(Scheinman 1970; Speight 1973; Karr 1978a; Given et al
1985; Cooke et al 1986; Grigoriew 1990; Das 2001). The
broad absorption bands observed between 3200 and
3600 cm ™ in the coals are due to N-H and O-H groups.
The main features of FTIR are the strong aliphatic ab-
sorptions (29202850 cm™'). The intensity of peaks at
2920 cm' is greater than the peaks at 2850 cm ™ for all the
coal samples and indicates the presence of long aliphatic
chains in all the coals. The pronounced aliphatic character
is connected with their suitability for liquefaction. Low
intensity aromatic bands were observed in 900-700 cm'
regions for Baragolai and Tipong coals. The peaks near to
1699 cm™ appears in coal indicating the presence of carbonyl
(C=0) contents. The oxygen containing functional groups
found in coal specifically include phenols, alcohols,
ethers, carboxylic acid and carbonyls. The region of
1000-1300 cm ™' observed in the spectra is for C-O bonds

4000 3600 3200 2800 2400 2000 1800 1600 4400 1200 1000 800 600 400

em-1

Figure 4. FTIR patterns of the two coal samples (B: Baragolai
and Ti: Tipong coals).

in coal structures. The absorbance in this region is found
to be decreased in case of Baragolai coal. The weak band
at 690 cm™' observed in the coal may be due to C—S bond.
FTIR spectra may be used for the identification of minerals
associated in the coal structures (Karr 1978a). Most of
the peaks in FTIR spectra of coal between 1100 and
400 cm™' can be assigned to clay minerals such as quartz,
kaolinite, illite and montmorillonite groups. The distinct
peaks at 1031 cm ™ and 1008 cm ™ are for kaolinite mineral
group and 471 cm ™' can be attributed to quartz in the 4
coal samples. A weak absorption due to iron pyrite (FeS,) at
420 cm™ in Tipong coal is also observed. So, the two
Assam coals are contaminated with clay minerals, mainly,
kaolinite and quartz. The coals studied are found to be
similar in mineralogical compositions from XRD and
FTIR analyses.

4. Conclusions

The two coal samples from Assam are found to be amor-
phous in nature. Radial distribution function (RDF) study
on these coals indicates that they are lignite in type and
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there is no evidence of graphite-like structure. The coals
contain aliphatic chains with parallel orientations. The
curve intensity profiles obtained from RDF show quite
regular molecular packets for this coal. FTIR study shows
the presence of aliphatic, aromatic, C=0, C-O groups and
minerals such as kaolinite, quartz etc.
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