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Abstract

More than 10 tons of coal samples from Luxing Coal Mining Company, Guizhou Province have been
collected from various points and sieved into different sizes from the as mined products according
to its market demand and utilization. The series samples with different sizes have been characterized
using X-Ray diffraction (XRD), Laser Raman (LR), Infrared spectroscope(IR), }*C solid state magic
angle spinning nuclear magnetic resonance (**C MAS NMR), and scanning electron microscope. It is
seen that the bigger lump coal has higher pyrite content and quartz, the big lump coal normally has
higher inorganic sulphur content, while the coal powder has higher organic sulphur content. In
addition, the coal powders with smaller size have higher dolomite content. The kaolinite and quartz
are present in the coal with various particles size. The carbon in the Luxing Coal is present in good
crystalline structure, in which 95% of the coal is graphitic structural in the coal with smaller size.

Key words: Puan coal; structure; composition; different particle size.

1. Introduction

Coal has been one of the main energy sources for hundred years, and will likely continue
to be one in the future [*31, It is a widely differing natural rock that consists primarily of
organic materials admixed with smaller quantities of mineral matter including sulphur [,
The organic materials in coal are mainly composed of large polymeric molecules derived
from complex plant materials by complicated chemical and biological reaction processes.
The structure and composition of coal depend mainly on the formation process and the
geological conditions during and after the organic transformation. The mineral matter
may occur both as mineral species and mineral phases of extremely various particle sizes
and as species that are chemically complexed by the organic matter. The structure and
composition of the coal decide the way the coal is utilised [®1,

The physical structure of coal is taken to represent the spatial arrangement of the large
complex molecules, along with a few much smaller ones. The physical structure of coal
may be studied with profit without going to the detailed knowledge of the chemical structure
of the large coal molecules °®.The chemical structures of the organic molecule in coal
vary greatly, particularly with its rank. Indeed, it appears that the chemical structure of
coal and even coals of substantially the same region show more differences than similarities.
On the other hand, the physical structure of coal appears to show more similarities than
differences.

In China, coal is the primary energy source which accounts for 75% of the national
energy consumption. Guizhou province is the main producer of coal in South China, with
an output of up to 0.12 GT in 2006. The proven coal minable reserves are up to 49.8 billion
tons in Guizhou Province. Because of the high content of mineral matter, sulfur, and trace
metallic elements in coal, many researchers have studied the concentration and occurrence
of hazardous trace elements in coal from this area [°-**,

Puan Coalfield is located in the western Guizhou (Fig. 1) and consists of Late Permian [*?]
coal-bearing strata. Permian coal-bearing strata in the Puan Coalfield include the Upper
Permian Emeishan Formation (Ple), the Late Permian Longtan Formation (P2I), the Late
Permian Changxin Formation (P2ch), and the Late Permian Dalong Formation (P2d). The
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Longtan Formation (P2l) is the main coal-bearing formation in the study area and
consists of sandstone, siltstone, mudstone, limestone, and coal, with a total thickness
about 250-320 m [*21, Its sedimentary environment varied from lagoon and tidal flat
through lower delta plain to tidal flat and carbonate subtidal flat.

There have been studies on desulphurisation, demineralisation and trace metal content
analysis in Puan coal based on the assumption that it is used as the fuel. So far, there
have been little reports on the structural parameters. It is well-known that the role of X-ray
study in carbonaceous materials is important. X-ray scattering from coal may provide
insights into the relative arrangement of carbon atoms in its matrix. Fourier transform
infrared (FT-IR) spectroscopy is also a powerful tool for characterisation of coal and its
products as it rapidly builds a comprehensive view of the structure/composition of the
materials. In the present work, both FT-IR and XRD have been used to study the structural
aspects of Luxing coal samples from Puan County, Guizhou Province.

On the other hand, there have been lots of studies on the coal treatment and conversion,
especially on the desulfurization due to the increasing environmental regulations. So far,
most work has been based on the analyses of the overall sample, which are all based on
the uniform evenly sampling [*3*2*1, In fact, when coal is mined, the mined products are
normally sieved into different size and supplied according to the utilisation. For example,
the lump coal is normally sold at higher price to the coking industry or steel industry,
while the smaller coal powder is sold for power generation. It is expected that the coal
with different composition and structure would be present in different shapes during the
mining, because of the strength and binding capability of the different compounds such
as quartz, carbon, kaolinite and pyrite which are normally present in coal.

In this paper, large amounts of samples were collected from a coal field from Puan,
and the samples have been classified according to the particle size. The samples with
different particle sizes have been characterised using XRD, *C NMR, elemental analysis,
FTIR, and laser Raman. Some interesting results are obtained.

2. Experiments
2.1. Sample collection and preparation

Freshly mined coal samples were collected from Luxing Coal Mining Field, Puan County,
Guizhou Province. Puan County is located at latitude of 25°18 to 26° 10’35”N and longitude of
104°51'10" to 105°09'24"E. The detailed location of Puan county, Guizhou Province is shown in
Fig. 1.

More than 100 Kg of samples was randomly collected from different points of mined coal
batches. Generally speaking, the mined coal from Luxing does not have big lump size. Most
of the coal is less than 50mm. The as-received sample is sieved into different sizes, e.g.,
the part with >25mm, 13-25mm, 6-13mm, 3-6mm, 0.5-3mm and 0-0.5mm. The amount
of each part is weighed to determine its proportion in the total sample. The moisture content,
ash, sulphur content and volatile component in each part are analysed according to the
Chinese standard GB 5751-1986.

2.2. 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, N and S were analysed by an elemental analyser, The
PerkinElmer 2400 Series II CHNS Elemental Analyzer. The calorific values were determined
using Bomb calorimeter (ASTM D 3286). The analyses 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). All analyses for the samples were carried out in quadruplicate and
mean values have been reported.

Table 1
M.o/% Ag/% St.o/% Vd Qbad (kJ/g)
Overall coal 2.33 18.47 3.4 9.8% 30.43
sample

The crystalline structure of the samples were determined by X-ray diffraction using a
Philips X’ PeRT Pro Alpha 1 diffractometer with Cu Ka radiation (A= 1.5406A) operated at
a tube current of 40 kV and a voltage of 40Ma. Data were collected over 26 values from
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20° to 80°, at a scan speed of 1°/min. Laser Raman spectra were obtained using a Perkin
Elmer 400F Ramanstation Raman spectrometer. Fourier transform infra red (FTIR) spectra
were carried out by diffused reflectance using a Bruker Vertex-70.
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The morphology of the coal samples was observed with scanning electron microscopy
(SEM) on a Hitachi S-520 microscope operated at 20 kV and 40 mA. Raman spectra were
recorded with a resolution of 2 cm™! using an Yvon Jobin Labram spectrometer with an
Ar+ laser (514.5 nm) running on a back-scattered confocal arrangement. The samples
were pressed on a microscope slide and the scanning time was set to 60 s. The scanning
range was 90 to 2500 cm™.

Solid-state MAS NMR measurements were carried out in a CMX-200 NMR spectrometer
at a frequency of 50.31 MHz. The strongly metallic samples were diluted to 40% with sodium
chloride and ground finely before packing into the 7 mm zirconia rotor, fitted with boron
nitride inserts. Typically 20 000 transients were collected using a single pulse (45°), with
a pulse delay of 1.0 s and a 4 kHz spinning speed. The spectra were recorded at room
temperature using adamantane (6 = 29.5) as the reference.

3. Results and discussion

Normally in Guizhou, when coal is mined and sold as fuel for combustion, it is required
to measure sulfur content, ash, moisture and volatile matters. The index of the coal as
fuel is shown in Table 1. The overall sample has sulfur content of 3.4%, suggesting it is
the coal fraction with the highest sulphur content. Its moisture content is 2.33 wt% and
ash content 18.47% after combustion. The heating value is 30kJ per gram, volatile content
about 9.8%.

When the coal is classified into different sizes, weighed and analysed, the results are
shown in Table 2. It is interesting to see that the amount of coal with size bigger than
25mm is 22% of the total coal sample, coal with particle sizes of 13-25mm is about 13%,
while the coal content with 6-13 mm of size account for 23.9% of the total coal amount,
which is the dominant amount in the sample. Interestingly, the fine powder accounts for
8.97% of the coal sample, the 3-6mm sized coal is the second least, and 3-0 mm sized
coal has 18.5 of the total coal samples. In terms of Mad, 13-25mm samples has the lowest
moisture content, only 0.95%, while the one with bigger size >25mm and small size 0.5-
3mm has a high moisture content, about 1.5%. The highest moisture content occurs in
the muck embedded coal, about 2.07%.

The highest ash content comes from the muck which is present mainly in the coal particles
greater than 25mm. The coal sample with size of more than 25mm accounts for 20.37%
of the 100kg coal sample. Muck and coal embedded muck has been packed in the bigger
coal lump, and manually separated, which are weighed and analysed. The muck has sulphur
content of 12.15%, ash content of 72%, which can be assigned to pyrite and kaolinite.
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The coal embedded in muck has the second highest ash content, 40.37% and sulphur
content of 7.89%, which can be understood by considering that it is a mixture of pyrite
and coal. The coal in the big lump sample is about 17.96% of the total coal sample. Its
sulphur content is about 2.62%, which is very close to that of the coal sample with the
size of 0-0.5mm.

Table 2. Analysis of the coal samples with different particle Sizes

Coal Vd (%) Content Mad/% Ad/% Corrected  Sulfur/%
. component in the Ad/%
size/mm
overall
sample%
coal 14.6% 18.23 1.49 12.40 12.46 2.619
coal embedded 1.6% 1.59 2.07 40.31 40.37 7.892
>25 muck
muck 0.8% 2.23 1.45 71.16 71.22 12.149
summary 13.830 22.05 1.53 20.37 20.43 3.965
25~13 15.5% 13.12 0.95 17.96 18.02 3.613
13~6 14.5% 23.92 1.23 17.56 17.62 3.736
6~3 16.5 13.39 1.27 17.48 17.54 2.966
3~0.5 16.3 18.55 1.48 16.70 16.76 2.799
0.5~0 15.8 8.97 1.18 21.50 21.56 2.676

The coal sample with the smallest size (0.2-0.5mm) has the lowest ash content, about
15.8%. The sulfur content in the coal component decreases with the coal particle size.
The muck lump that was manually separated from the bigger coal lump, which is about
2.23% of the total coal sample has the highest sulfur content, 12.2%, which is from FeS.
The coal part with the smallest size has the lowest S content, about 2.67 wt%.

The CHN analysis of the coal with different particle size is given in Table 3. It is interesting
to see that the coal with bigger particle size has higher carbon and nitrogen content and
relatively lower hydrogen content, except the one with size >25mm which has lower carbon
content and also nitrogen and hydrogen content. This can be understood from the table
one - there is a significant amount of muck contained in the coal, which is composed of
inorganic compounds. These coals may be more mature than the one with smaller sizes.

The crystalline phase in the Luxing coal was identified using X-Ray diffraction, and the
results are shown in Fig 1.it is seen that the coal samples have strong diffraction peaks
with various diffraction intensities, suggesting the Luxing coal contain lots of crystalline
materials. The 2 theta peaks at 12.4, 20.5 and 33.3° are assigned to the kaolinite, whose
formula is Al,Si,Os(OH)4. The diffraction peaks at 26.6° are assigned to the quartz diffraction,
suggesting that the coal has significant amount of quartz. The peaks at 33.3 and 56° are
due to the diffraction of pyrite. The weak diffraction peaks at 29.3° is due to the dolomite
presenting in the coal samples.

In the coal samples with smaller particle size, the peaks of quartz, and kaolinite are
relatively weak, while a strong diffraction peaks appear at 29.5, which is due to the presence
of dolomite. These results suggest that the different sized coal particles may contain different
mineral materials.

Table 3. CHN analysis of the coal samples with different size

Raw coal size CHN Elemental Analysis (wt%) H/C mol
range C H N ratio
64..51 2.78 1.09 0.53
0.2-0.5mm 67.71 2.64 0.94 0.47
0.5-3mm 60.75 2.63 0.85 0.51
3.-6mm 75.33 2.74 0.98 0.43
6.-13mm 87.81 2.69 1.12 0.35
13.-25mm 81.05 2.51 1.06 0.36

25.-50mm 66.79 2.45 0.87 0.43
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It is interesting to see that almost no amorphous phase materials are present in the
Luxing coal samples, because no broad lump is seen in the XRD pattern of all the coal
samples.
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Fig. 2 XRD patterns of the Luxing coal sample with size range of the green 0.2-0.5mm,
and red: 0.5-3mm.

Except the strong sharp peaks which are assigned to the inorganic components such
as kaolinite, pyrite, quartz, crystoballite, mullite, the strong diffraction peak at 2 theta of
25.8° is due to the crystalline carbon in the coal sample. These results are very different
from the coal samples from other reserves ¥ 22261 because normally the coal presents
amorphous structure which only show a big broad hump peak at around 24° of 2 theta in
the XRD pattern. The Luxing coal shows a relatively sharp peak at 25.6° and a relatively
weak peak, which is typical of graphite structure. The peak at 25.6° is the typical (002)
plane of graphite, while the one at 45° is assigned to (101).

It has been shown that with coal in the other places ?"?°1 sometimes the broad peak
may be assigned to the minerals, and is due to the high content of the minerals overlapping
with weak amorphous coal [?°1, In the Luxing coal, clearly the carbon diffraction peak is
strong and sharp, although the minerals such as kaolinite, quartz and mullite overlap with it
in this position, the crystalline carbon can still be identified. In addition, when the minerals
were completely separated using a physical method, this peak become sharp, and more
intense, suggesting that the carbon in Luxing coal is in highly crystalline phases, which
may be mainly in the graphite phase.

Normally XRD results can give semi quantitative analysis of the crystalline materials in
the sample. The stronger diffraction peaks suggests a higher content of the component.
The diffraction peaks of kaolinite in the smaller coal fraction, e.g 0-0.5mm, is relatively
weak, suggesting it contains less kaolinite than the one with particle size of 0.5-3mm.
However, the relative peak intensity of quartz and pyrite in the smallest coal particles is
stronger than in the bigger particle (Fig. 5), suggesting that there may exist more quartz
and pyrite in the smaller coal size. Also strong diffraction peaks appear at 29.6 and 48.1
in the diffraction patterns of the coal sample with the size of 0.2-0.5, which are assigned
to the dolomite. The reason for the coal sample with the smaller particle size having high
content of dolomite is that the dolomite may be finely present in the coal layer, which
exist as fine powder in separate phase, as it is easily sieved out from the total coal sample.
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Fig. 3: XRD patterns of the Luxing coal sample with bigger size range

50

In the coal samples with bigger particle size range, XRD showed that the coal sample
with 3-6mm particle size range has the highest quartz content, but relatively low mullite,
dolomite and kaollinite and pyrite. In the sample with the particle size range of 6-13mm,
there are more kaolinite and mullite, crystallite, but less quartz and pyrite. The sample
with particle size of 13-25mm has the lowest impurities such as quartz, kaolinite and pyrite.
Clearly, the sample with particle size larger than 25mm has the highest mullite and pyrite,

which

is in agreement with the elemental analysis, as shown in table 1.
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FT-IR spectrum of the coal sample with different particle sizes
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The FT-IR data obtained from coal samples of different sizes are shown in Fig. 4. All
the coal samples show IR transmission bands at 998, 864, 760, and 481 cm™ and a shoulder
at 1018 cm™, which is assigned to the to the oscillation vibration of Si-O-Si in quartz and
kaolinit, and the strong peak at 998 and 738 are assigned to the C=0 vibration in dolomite
(CaMg(C05),)[30], i.e., dolomite. The peaks at 2010-2151cm™ are due the oscillation
valence of the Ar-H, and Ar-OH. The peaks at 2925-3004 cm™ are due to the C=0 bonds
in the coal, and the peaks. The peaks 3608-3654cm™ are due to the Ar-H stretching
vibration [£0-321,

The intensity of peak at 2920 cm™" is greater than the peak 2850 cm™ indicating the
presence of long aliphatic chains in the coal. . The peak around 1579 cm™ in the coal is
observed due to aromatic C=C, vinylic C=C and possibly due to other O-containing functional
groups. The oxygen containing functional groups found in coal specifically include phenols
and alcohols, ethers, carboxylic acid and carbonyls. In view of the diversity of decomposed
plant matter, finding any systematic variation in the distribution of these functional groups in
coal seems unlikely. Several authors have reviewed quantitative determination of these
various oxygen functional groups. . The band at 1398 cm™! is mainly due to CH; symmetric
deformation while -CH5; and -CH, in cyclic structures may also partly contribute to this
band.

The band between 864 cm™ and 738 cm™ has been assigned to aromatic structures 231,
The weak band at 670 cm™! observed in the coal could possibly be due to C-S bond. These
absorptions are useful in determining the aromatic ring structure of a coal.

It is very interesting to see that the relative peak intensity of 1018cm™ in all the samples
does not differ greatly, suggesting that there have been equivalent amounts of quartz
and kaolinite. The peak intensities of 998.6cm™ and 738cm™ decrease as the coal particle size
increases, suggesting that the dolomite content increases as the coal particle size becomes
smaller.

Although the pyrite has been detected by XRD, it has very weak vibrations which normally
appears at 400-600cm™, and due to the strong vibrations of the other minerals such as
kaolinite, dolomite and mullite, the IR absorption is not seen.
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Fig 5. Laser Raman spectra of Luxing coal sample with different particle size.

The coal samples with different particle sizes were measured with Laser Raman spectroscopy,
and the results are shown in Fig. 5. Laser Raman spectroscopy has been applied to structural
characterization of carbon materials including graphite and glassy carbons 34361 but
polycrystalline graphite and carbon materials show another Raman band at 1360 cm-.
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The 1360 cm™ band has been assigned to a vibrational mode originating from the distorted
hexagonal lattice of graphite near the crystal boundary !, and can therefore be
observed for ordinary carbon materials containing various defective structures in the
graphite layer planes, i,e. a defect induced Raman vibrational mode. It has been reported
that the relative intensity ratio of the 1360 cm™ band to the 1580cm™ graphite band
increases on going from natural graphite through polycrystalline graphite up to glassy
carbon 41, and can be used as a measure of imperfection of the graphite layer planes ¢,
Because laser Raman is based on surface scattering technology and the coal samples with
various sizes are covered with the carbon, only two main bands are seen in all samples.
These bands are seen at 1354cm™ and 1590cm™. The intensity of the peak at 1354cm™
stays almost the same across all samples, while the peak at 1590cm™ increases with the coal
particle size decreasing. As reported in the literature, the crystalline ordered carbon
shows the G band at 1560cm™, while the band at 1354cm™ is mainly the defected
crystalline or deformational plane of the carbon. The laser Raman results showed that the
Luxing coal has crystalline carbon presenting in the sample. The coal fractions with the
smaller particle size have the higher crystallinity, i.e. more graphite is present in the
smaller coal particles.

135ppm 129ppm

| Sample >25mm

| 13C MAS NMR ’ {
Sample 0-3mmm ] \ .
|

13C MAS NMR

Fig. 6. 3C MAS NMR of the coal samples with different particle sizes

Solid state *C MAS NMR spectroscopy offers the advantage that spectra can be acquired
on whole coal samples with little or no pre-treatment % 37 281 To further study the carbon
status in the coal samples with various particle sizes, *3C NMR measurement was carried
out for the samples with particle size of 0-3mm and >25mm. Three main NMR bands are
observed in all the samples, one at about 18 -50ppm, the main band at 135ppm, and the
third at the chemical shift peaked at 205ppm. Normally the peaks at the chemical shift of
NMR at (0-50) ppm region are assigned to the aliphatic carbons in the sample 39431,
The peak centred at 130ppm above is normally due to the aromatics. Graphite is a mature
polyaromatic, which normally has chemical shift at 135-138ppm. The broad **C NMR
bands at 200ppm above are due to the carbon atoms in the carboxylic or ketonic compounds.

Normalization of the 3C NMR showed that the peak at 135ppm is about 87% of the total
components, the aliphatic carbon accounts for 4.1%, and the carboxylic and ketonic
carbons account for 8.9%.

In the sample with the particle size greater than 25mm, three similar major *C NMR
bands are observed; the aliphatic carbon NMR signal is relatively weaker than the one with
smaller size, while the aromatic carbon peaks at 130ppm, which is less mature and crystallized
than that seen in the sample with smaller particle size. Also peaks assigned to carboxylic
and ketonic carbons have more or less the same intensity. Comparing Fig. 6 a and b showed
that the coal sample with smaller particle size has higher chemical shift, 135ppm while
the one with bigger particle size has **C NMR band at 130ppm, suggesting it has more
graphite. Also the aliphatic carbon content is about 5.8%, and the ketonic carbon content
at around 200ppm is about 9.6%.

The SEM-EDX results of the coal sample with the size of 0-3mm are shown in Fig. 7. It
is seen that the samples are not very uniform, some points are rich in carbon, and at some
points the minerals co-exist with the carbon materials. Fig. 7-A shows that the carbon rich
area, which has more than 97% of carbon, has few mineral impurities except a small amount

.......................................
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of Si and oxygen. The morphology of the materials shows a layer-like structure, which is
characteristic of graphite. This further suggests that graphite is present in Puan coal.
However, in other domains of the coal sample there are white dots observed in the SEM
images. These were analysed using EDX, and the composition of the white sphere showed a
much higher silica, iron and titanium content. This suggests that the mineral particles are
not trapped in the coal later, which may be easily separated using physical methods. However,
on the mineral free region, the dark area, the main component is carbon, with small amounts
of sulphur present, which suggests that organic sulphur is present in the graphite layer.
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Fig. 7 SEM-EDX results of the coal sample with the size of 0-3mm
4. Conclusion

The Luxing coal in Puan County, Guizhou Province China has been sampled and sieved
to different particle sizes. The properties and composition of the coal sample with different
sizes have been characterised using elemental analysis, XRD, FTIR, 13C Solid State NMR
and Laser Raman spectroscopy. The results are as follows:

1. Luxing coal is mainly anthracite coal with heating value more than 30kJ per gram, and
average coal content more than 3wt%.

2. The coal with bigger particle size (> 25mm) has the high muck content, which is
mainly pyrite. This coal has high ash content and sulphur content, although it has a
higher commercial price in the local market. The coal with smaller size has less
sulphur and relatively low ash content except the sample with the smallest size, 0.2-
0.5mm.

3. The main minerals in the coal samples include kaolinite, quartz, mullite, dolomite and
pyrite. The pyrite is mainly present in the coal with the bigger particles. Kaolinite and
quartz are present in all the coal samples with various sizes. The coal sample with
small size has higher dolomite content.

4. The carbon component in the Luxing coal sample is highly crystallized, which is semi-
graphite or graphite material. The coal with the smallest size has more graphite-like
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materials, which is about 90% of the carbon. The other carbon in the coal also include
aliphatic carbon and carboxylic and ketonic carbon materials that account for more
than 15% of the carbon materials

5. It is recommended that the Luxing coal should be further treated to separate the
mineral and treat the coal to graphitification of the resources.
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