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Synopsis

A number of conventional and advanced analytical techniques (proximate
and ultimate analysis, low-temperature oxygen-plasma ashing, X-ray
diffraction, X-ray fluorescence spectrometry, coal petrography, and light-
element electron microprobe analysis) have been integrated and cross-
checked to provide detailed characterization of coals from the Highveld
coalfield in South Africa, as a basis for better understanding of the
mineralogical and chemical properties of the individual coal sources that
are blended as feedstocks for combustion and carbon conversion
processes. The techniques included methods to quantify the abundance
and composition of the mineral matter (minerals and non-mineral
inorganic elements), and also the abundance and chemical composition of
the individual macerals in the individual coals concerned.

Kaolinite is the most abundant of the minerals in the coals studied,
with lesser but still significant proportions of quartz, mica and/or illite,
dolomite, calcite, and pyrite. Small but variable proportions of anatase,
goyazite, and siderite are present in some coal samples. Electron
microprobe analysis, based on a special configuration for light-element
study, shows that the vitrinite contains less carbon and more oxygen, and
has significantly higher concentrations of nitrogen and organic sulphur,
than the inertinite macerals in the same samples. Minor proportions of
organically-associated inorganic elements, including titanium, were also
identified in some of the maceral components.

A comprehensive knowledge of the minerals and non-mineral
inorganic elements in the coals used for feedstock preparation, obtained by
integration of data from these advanced analytical techniques with more
conventional analyses, may be of benefit in understanding the processes
that take place during coal utilization, and also in avoiding or ameliorating
some of the operational and environmental problems that may occur in
different sectors of the coal utilization industry.
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Introduction

Low-grade, medium-rank C bituminous coals
are mined for South African chemical
companies from six different collieries in the
Highveld coalfield, located in the Mpumalanga
Province of South Africa (Pinheiro et al.,
1998-1999). Products containing coarse coal
particles mixed with rock fragments (> 6 mm
coal fraction) are transported from the mine
sources to the preparation plant, where they
are blended according to their availability to
form a mixture that is suitable for the
company’s coal conversion operations (Matjie
et al., 2006; van Dyk et al., 2006). Finer coal
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particles are pulverized to 100% passing

75 um and combusted in boilers to produce
energy or electricity for the domestic power
and chemical industries (van Alphen, 2005).

Mineral matter in coal

As discussed further by authors such as
Benson (1987), Ward (2002), and van Alphen
(2005), the material regarded as mineral
matter in coal consists effectively of two
fractions: (1) a range of discrete crystalline
mineral particles occurring in the coal in
different ways, and (2) a range of non-mineral
inorganic elements dissolved in the pore water
or intimately associated with the organic
matter (Li et al., 2007, 2010; Mares et al.,
2012). Along with other constituents such as
organic sulphur, the mineral matter is the most
significant factor in problems that may be
associated with coal handling and use, such as
abrasion, stickiness, slagging, sintering,
corrosion, and pollution (Falcone et al., 1984;
Tangsathitkulchai, 1986; Bryers, 1996; Gupta
et. al., 1996; Wall et al., 2002; Creelman et al.,
2013; Su et al., 2001; Barnes, 2009; Matjie et
al., 2008, 2011, 2012a, 2012b). In addition,
mineral matter occurring within the coal
macerals, especially the non-mineral inorganic
elements, is a key contributor to the formation
of ultrafine ash particles, as well as condensed
metallic vapours, during coal combustion
(Buhre et al., 2006; Zhang, 2006).
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Determination of mineral matter and elemental composition of individual macerals

The inorganic elements within the organic structure of
coal macerals may react in a different way to the same
elements occurring in the discrete mineral particles (Falcone
et al., 1984; Ward, 2002). More specifically, Quann and
Sarofim (1986) found that the organically-associated
inorganic elements (calcium and magnesium) in lignitic coal
react with free aluminium silicate to form fused agglomerates
during combustion.

Many of the minerals in coal undergo chemical and
crystallographic changes at the temperatures associated with
combustion (O’Gorman and Walker, 1973; Vassilev et al.,
1995; Creelman et al., 2013), including during preparation of
laboratory ash samples for conventional (proximate) analysis
procedures. The minerals in a coal sample are therefore
usually isolated and identified by low-temperature oxygen-
plasma ashing (Gluskoter, 1965; Standards Australia, 2000),
during which the coal is exposed, under vacuum, to a stream
of electronically activated oxygen, which destroys the organic
matter at a temperature of around 120°C, leaving a residue
consisting of the essentially unaltered mineral components.
The organic sulphur in the coal macerals may, however,
interact with organically-associated inorganic elements to
form mineral artefacts in the plasma-ashing process (Frazer
and Belcher, 1973). Non-mineral calcium, for example, may
react with sulphur released from the coal to form bassanite
(CaS0,.%5H,0) in the low-temperature ash residues of South
African coal samples (Matjie ef al., 2008, 2011, 2012a,
2012b; Hlatshwayo et al., 2009). The formation of such
calcium sulphate artefacts provides an example of the greater
reactivity shown by non-mineral inorganic elements during
coal combustion, relative to equivalent or counterpart
elements (e.g. calcium in calcite) occurring in less reactive
mineral forms.

Electron microprobe analysis of coal macerals

Several authors (e.g. Raymond and Gooley, 1978; Raymond,
1982; Clark et al., 1984; Ward and Gurba, 1998) have used
electron microprobe analysis and similar techniques to
determine the concentration of organic sulphur in coal
macerals. In practical terms this represents sulphur that
cannot be removed from the coal, even if the pyrite and other
sulphur-bearing phases are completely separated out by
conventional preparation techniques (Ryan and Ledda,
1997).

As an extension of this approach, special light-element
electron microprobe techniques have been used to determine
the percentages of carbon, oxygen, and nitrogen in the
individual macerals of coal samples (e.g. Bustin et al., 1993;
Mastalerz and Gurba, 2001; Ward et al., 2005, 2007, 2008),
providing a better understanding of the differences between
the individual components of the organic matter to
complement more conventional chemical and petrographic
studies. This approach has also provided new insights into
the occurrence of non-mineral inorganic elements, such as
Ca, Mg, Fe, and Al, in the different coal macerals and the
changes that may take place in those elements with
advancing rank (Li et al., 2007, 2010).

Significance of mineral matter in coal utilization

The minerals and other inorganic elements in coal may
interact with each other when the coal is used. The nature of
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these interactions and the impact of the associated products
depend on the minerals involved, and also on factors such as
the utilization conditions (e.g. temperature,
oxidation/reduction), the mode(s) of mineral or element
occurrence within the coal, and the opportunities for and
duration of contact between the various phases in the
utilization system (e.g. Bryers, 1996; Grigore et al., 2008;
Matjie et al., 2011, 2012a, 2012b; Creelman et al., 2013).

In order to manage these processes and minimize their
potentially adverse effects, it is important to have a good
understanding of the chemical and mineralogical properties of
the individual coals that contribute to the feedstock
preparation, especially the nature and mode of occurrence of
the different mineral matter components. Although a
significant amount of information is available from chemical
analyses (e.g. proximate analysis, ultimate analysis, ash
analysis), and mineralogical analysis has also been carried
out on some South African coals (Pinheiro ef al., 1998-1999;
Gaigher, 1980; DME, 2006; Pinetown et al., 2007; Matjie et
al., 2011), very little information is available on the chemical
composition of the actual macerals in South African coals or
on the mineralogical composition of low-temperature ash
residues isolated from South African coal samples.

The objective of this paper is to describe the application of
two advanced analytical techniques - evaluation of mineral
matter by quantitative X-ray diffraction and chemical
analysis of coal macerals using the electron microprobe - to
some industrially significant South African coals. As well as
describing the techniques and the results obtained, the study
includes comparisons with data from other, more
conventional procedures, partly to check and confirm the
results obtained and partly to illustrate the relation between
the information from the advanced techniques and
conventional coal analysis data. The use of such information
in understanding the behaviour of South African coals during
utilization is also included in the discussion.

Experimental

Samples of coal from six different mines in the Highveld
coalfield were analysed. Each coal represents a component of
the blend used for gasification and/or combustion
applications in the Sasol industrial complex. Representative
portions of each sample were crushed to the appropriate
particle size and submitted to laboratories in South Africa
and Australia for the analysis programme described below.

Chemical analysis

Representative portions of each coal were ground to 100%
passing 212 um, and the ground samples were analysed by
proximate analysis, using standard methods to measure the
percentages of moisture (SABS 924, 1SO 589), ash (ISO
1171), and volatile matter (ISO 562). Ultimate analysis of the
coals was carried out using the ASTM D5373 procedure. The
ASTM D4239 method was used to determine the total
sulphur content. The overall results were expressed to a dry
ash-free (daf) basis, and the oxygen content was calculated
by difference.

Other portions of each coal were ground to fine powder
and ashed at 815°C at the University of New South Wales in
Sydney, Australia. The ashes were fused with lithium
metaborate and cast into glass discs, following the method of
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Norrish and Hutton (1969). The discs were analysed by X-
ray fluorescence (XRF) spectrometry using a Philips PW 2400
spectrometer and SuperQ software, and the results were
expressed as percentages of the major element oxides in each
ash sample.

Petrographic analysis

Representative splits of each crushed coal were mixed with
epoxy resin and prepared as polished sections for
petrographic analysis. Petrographic analysis was carried out
by Coal and Organic Petrology Services Pty Ltd, Sydney,
Australia, based on optical microscopy using oil-immersion
objectives. The procedure followed Australian Standard
AS2856, based on ICCP guidelines and ISO 7404. The
volumetric proportions of individual macerals and maceral
groups, and also of the visible mineral components, were
determined for each of the coals, as well as the mean
maximum reflectance of the vitrinite in the coal samples.

Low-temperature ashing and mineralogical analysis

Other representative splits of each coal sample were finely
powdered, and a representative portion of each powder
subjected to low-temperature oxygen-plasma ashing using an
IPC four-chamber asher at the University of New South
Wales, as outlined in Australian Standard 1038, Part 22. The
mass percentage of low-temperature ash (LTA) was
determined in each case.

The mineralogy of each LTA from the coal was analysed
by X-ray powder diffraction (XRD) using a Phillips X'pert
diffractometer with Cu Ko radiation, and the minerals present
identified by reference to the International Center for
Diffraction Data (ICDD) Powder Diffraction File. Quantitative
analyses of mineral phases in each LTA were made using
Siroquant™, a commercial XRD interpretation software
package originally developed by Taylor (1991) based on the
refinement principles described by Rietveld (1969).

The clay fraction (less than 2 um effective diameter) of
each LTA sample was isolated by ultrasonic dispersion in
sodium hexametaphosphate (Calgon) and subsequent
settling. This fraction was concentrated, mounted on glass
slides, and investigated in more detail by XRD of the
resulting oriented aggregates using glycol and heat treatment
(Hardy and Tucker, 1988). The relative proportions of the
different clay minerals in this fraction for each sample were
determined using the method described by Griffin (1971).

Elemental composition of individual macerals

Polished sections of representative coal fragments
(approximately 5 mm diameter) were prepared from each
sample. The fragments were selected to embrace the range of
macerals in each sample, as indicated by the macroscopic
appearance (lithotype) of the coal in each case.

The surfaces of the polished sections were coated with a
thin film of carbon, and loaded into a Cameca SX-50 electron
microprobe analyser at the University of New South Wales,
equipped with the Windows®-based SAMX operating system
and interface software. The elemental chemistry of the
individual macerals in each sample was analysed on this
instrument using special light-element techniques, following
procedures described more fully by Bustin et al. (1993) and
Ward et al. (2005).
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Images were also captured of selected fields of view for
each sample (Figure 1) using the optical observation system
of the microprobe unit. Although the resolution was less than
that obtained by reflected-light microscopy under oil
immersion and some details were obscured by the carbon
coating, the light optics of the microprobe were found to be
adequate for recognition of the individual macerals, based
mainly on shape and other textural features.

Individual points on representatives of the different
maceral groups were analysed for each sample using the
operating conditions described by Ward et al. (2005). The
accelerating voltage for the electron beam was 10 kV and the
filament current 20 nA, with a magnification of 20 000x,
giving an beam spot size on the sample of around 5 to 10 um
in diameter. As discussed by Bustin et a/. (1993), an
independently analysed anthracite sample was used as the
standard for carbon in the analysis process. A range of
mineral standards was used for the other elements (Li et a.,
2010).

The percentages of carbon, oxygen, nitrogen, sulphur,
silicon, aluminium, calcium, magnesium, potassium,
titanium, and iron were measured for each selected point,
with a note on the type of maceral represented in each case.
The results of the individual analyses were tabulated in
spreadsheet format. Although care was taken to analyse only
‘clean’ macerals and avoid areas where visible minerals were
also present, the area analysed for some points unavoidably
included significant proportions of mineral components (e.g.
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Figure 1—Images of polished sections as viewed under the electron
microprobe. (A) Semifusinite (upper right) and minor vitrinite (lower
left), sample 2; (B) cutinite (fine and elongated dark-grey stringers)
distributed in vitrinite bands, sample 6; (C) sporinite (small dark-grey
lenticles) surrounded mainly by vitrinite, sample 6; (D) fusinite particles
(bright grains with high relief) surrounded mainly by vitrinite and
semifusinite, sample 6. Height of each image is approximately 600 um.
Circular dots on images represent marks left by the electron beam
after measurement
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quartz, clay, and pyrite) as well as the organic matter. Points
that apparently included mineral contaminants (e.g. points
with high (>0.5%) Si or with particularly high percentages of
both Fe and S) were excluded from consideration; so, too,
were points that included some of the mounting epoxy resin
(e.g. epoxy filling empty cell structures), indicated by
unusual oxygen and high nitrogen contents.

Results and discussion
Chemical analysis

Proximate and ultimate analysis

Proximate analysis data (Table I) shows that the samples
yield 30-34% volatile matter on a daf basis. The inherent
moisture content of the coals ranges between 2.9% and 3.8%,
and the ash yield of the samples tested (air-dried basis)
ranges between 22.1% and 29.7%. Total sulphur content,
determined as part of the ultimate analysis procedure (see
below) ranges from 0.7% to 1.1% when expressed on an air-
dried basis.

Ultimate analysis data (Table 1) indicates that the coals
contain high proportions of carbon (77-80% daf), with
relatively low concentrations of total sulphur (0.9-1.6% daf),
nitrogen (2-2.1% daf), and hydrogen (4.0-4.6% daf). The
oxygen content of the coals (daf basis) was found by
calculation to range from 12 to 16%.

Coal ash analysis

The proportions of inorganic elements (reported as oxides)
in the coal ashes, derived from XRF analysis, are given in
Table III. The percentage of ash for each sample analysed in
this way, determined as part of the XRF analysis procedure,
is also indicated. These percentages are slightly different
from the ash percentages in Table 1, partly because of
differences in the samples actually analysed by the two
laboratories, and also possibly because of differences in
sulphur retention within the ashes due to different ash
preparation techniques.

Silica (SiO,, 47-58%) and alumina (Al,05, 21-28%) are
the dominant constituents in the coal ashes, with lesser but
still significant proportions of Ca0, Fe,05, MgO, and TiO,.
Other oxides, with the exception of SO; and in some cases
P,05 and K0, each make up less than 1% of the coal ash
samples.

The percentage of sulphur retained as SO; in the ash is
less than that expected if all of the sulphur in the coal (the
total sulphur in Table I) was retained in this way. As with the
formation of bassanite in oxygen-plasma ash discussed
above, the extent of sulphur retention depends partly on the
ashing conditions (e.g. heating rate) and partly on the
proportion of elements such as Ca that are available to
combine with the S released from the coal during the ashing
process. For example, the lowest percentage of SO in
Table IIT occurs in sample 2, which also has the lowest
percentage of Ca0, and the highest SO5 percentage occurs in
sample 6, which has the highest CaO percentage. Links
between CaO and SO; in ashes prepared under similar
conditions are discussed further by Koukouzas et al. (2009).
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Petrographic analysis

Petrographic analysis (Table IV) indicates that the coals are
inertinite-rich, with significant proportions (9-27%) of visible
mineral matter. If the minerals are excluded and the maceral
percentages recalculated to 100%, the coals contain 19-30%
vitrinite and 64-77% inertinite components on a mineral-free
basis. Liptinite makes up between 3 and 5% (mineral-free) of
the coal samples. Samples 5 and 6 contain slightly higher
proportions of vitrinite and liptinite and lower proportions of
inertinite than the other coal samples.

The vitrinite in the coals is represented mainly by
relatively thick bands of collotelinite (telocollinite). Finer
bands of collodetrinite (desmocollinite) occur in minor
proportions, typically as a structureless matrix containing
other maceral components. The principal inertinite maceral is
semifusinite, with minor proportions of inertodetrinite,

Table |

Proximate analysis data (air-dried basis) for the
coals tested

Sample number 1 2 3 4 5 6

Moisture (%) 3.3 29| 32| 34| 30| 38
Ash (%) 245 | 29.0 | 29.7 | 27.2 | 26.8 | 221
Volatile matter (%) 217 | 229 | 21.3 | 21,5 | 224 | 231
Fixed carbon (%) 50.5 | 45.2 | 45.8 | 47.9 |47.8 | 51.0
Total sulphur (%) 1.1 1.0 0.8 10| 11| 07
Volatile matter (daf basis, %) | 30.1 | 33.6 | 31.7 | 31.0 | 31.9 | 31.2

Table Il

Ultimate analysis data for the coals tested (dry,
ash-free basis)

Sample number 1 2 3 4 5 6
Carbon (%) 79.9 | 785 |77.1 | 77.8 | 79.0 |77.9
Hydrogen (%) 436| 455| 4.07| 4.12| 459 | 4.29
Nitrogen (%) 212 2.00| 1.97| 2.00| 2.08 | 2.00
Total sulphur (%) 1.55| 141 1.15| 1.50| 1.62 | 0.92
Oxygen (% by difference) |12.1 | 13,5 | 15.7 | 146 | 12.7 |14.9

Table Il

Inorganic oxide percentages (wt%) from XRF
analysis of coal ash samples

Sample number 1 2 3 4 5 6
Ash (815°C) 28.9 40.6 | 308 32.8 | 30.6 22.8
SiO, 51.27 | 53.67 | 52.17 | 49.63 | 58.25 46.79
Al,O3 2470 | 2795 | 26.40 | 27.05 | 21.22 | 23.71
Fe,O4 4.31 3.69 2.46 3.55 3.48 3.74
TiO, 1.24 1.29 1.54 1.48 1.15 1.43
P05 0.40 .070 0.67 0.83 0.70 1.17
Ca0o 7.46 5.70 8.08 7.75 6.19 13.27
MgO 2.19 1.67 2.64 2.1 1.70 3.64
Na,O 0.41 0.22 0.50 0.36 0.38 0.55
K,O 0.79 1.13 0.84 1.21 1.07 0.35
SO, 5.57 4.50 4.94 5.59 4.47 6.13
Total 98.33 | 100.52 | 100.24 | 99.56 | 98.60 |100.78
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Table IV

Petrographic analysis of coal samples (vol.%)
Maceral group 1 2 3 4 5 6
A — Minerals included

Vitrinite (%) 16.7 18.9 17.4 17.2 26.7 | 24.7
Liptinite (%) 3.0 27 | 27 | 28 47 | 49
Inertinite (%) 67.2 51.8 | 64.9 | 63.7 55.7 | 61.6
Minerals (%) 131 26.6 | 15.0 16.2 12.8 8.8
B — Mineral-free

Vitrinite (%) 19.2 25.8 20.5 20.6 306 | 27.1
Liptinite (%) 3.5 3.7 3.2 3.4 5.4 5.4
Inertinite (%) 77.3 70.6 | 76.3 | 76.1 63.9 | 675
Rvmax (%) 0.72 0.70 0.75 0.72 0.70| 0.7

macrinite, and fusinite, and traces of micrinite are also
present. Sporinite and cutinite are the only liptinite macerals
present, with sporinite being especially abundant in the
liptinite-rich coals represented by samples 5 and 6.

The minerals or mineral-rich components visible under
the microscope are mainly disseminated clays, with minor
carbonate and traces of quartz and pyrite. Stony particles
(shale) are also present in the crushed coal grain mounts,
especially in the mineral-rich coal of sample 2. It should be
noted that the percentages in Table IV are all volume
percentages; since minerals such as quartz and clays typically
have densities around twice those of the macerals in coal, the
weight percentages of mineral material would be significantly
higher, as a fraction of the coal, than the volume percentages
indicated in the table.

The coals have a mean maximum vitrinite reflectance,
measured on collotelinite (telocollinite), of 0.70-0.75%.
According to ISO 11760 (ISO, 2005), this indicates that the
coals can be classified as medium-rank C bituminous coals.

Mineralogy of LTA residues

Table V summarizes the weight percentage of LTA isolated
from the coals by oxygen-plasma ashing, and also the
percentages of the individual minerals in each LTA, based on
the powder XRD and Siroquant evaluations. Figure 2
illustrates typical X-ray diffractograms of the LTA from the
coal samples.

LTA - Sample 4 (top), 6 {middie) and 3 {bottom)

Figure 3A provides a plot of the LTA percentage for each
sample against the percentage of high-temperature (815°C)
ash indicated for the same coal sample in Table III. The plot
includes a diagonal line, along which the data points would
be expected to fall if both percentages were equal. The data
points, however, fall above this equality line, indicating that
the percentages of mineral matter, expressed by the LTA, are
slightly higher than the high-temperature ash yields from the
same coal samples. This is because the LTA contains an
abundance of essentially unaltered minerals, such as clay
minerals, pyrite, and carbonates, which liberate volatile
components and leave a lesser proportion of altered mineral
residue after the high-temperature ashing process. For
example, although quartz is non-reactive, kaolinite loses
around 14% by mass and calcite loses around 44% on high-
temperature ashing, due to dehydroxylation and
decarbonization reactions respectively. The slope factor
(1.08) in the linear regression equation indicates that, on
average, the overall proportion of mineral matter (LTA) in the
coal samples is typically around 8% higher than the (high-
temperature) ash yield.

Table V

Mineralogy (wt%) of LTA from coal samples from
powder XRD analysis

Sample number 1 2 3 4 5 6
LTA 31.9 43.9 345 36.2 33.6 24.6
Quartz 17.6 21.5 20.6 15.2 20.1 18.3
Kaolinite 51.4 50.4 49.5 440 50.8 47.6
lllite bld 57 bld 57 53 2.2
Mica 104 7.4 7.0 6.9 4.5 45
Calcite 2.1 1.2 2.7 9.8 1.8 4.6
Dolomite 10.3 6.4 11.7 10.0 10.2 15.2
Siderite bld 1.3 0.9 0.4 0.3 1.4
Pyrite 2.4 1.4 1.6 1.4 2.6 2.0
Bassanite 2.1 1.4 1.6 25 1.9 25
Goyazite 1.0 1.7 2.7 3.0 1.4 0.9
Anatase 2.7 15 1.6 1.0 1.0

Note: bld = below limit of detection
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Figure 2—X-ray powder diffractograms of typical LTA residues, showing peaks used to identify individual major mineral components
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Figure 3—(A) Comparison of LTA percentage to ash yield for coals analysed in the study; (B) comparison of volumetric percentage of mineral components
determined by petrographic analysis (solid symbols) to LTA percentage for samples studied. Open symbols represent an approximate comparison by
weight, based on multiplying the volumetric percentages by two to allow for density differences between minerals and macerals

Figure 3B shows the relation between the percentage of
mineral matter as indicated by the LTA and the percentage of
visible mineral components identified during petrographic
analysis. Because the petrographic data provides volume, not
mass, percentages, and because the minerals have higher
densities than the macerals, the volume percentages indicated
by optical microscopy (solid symbols) are significantly lower
than the weight percentages indicated by the plasma-ashing
data. However, if the volume percentages of the minerals are
multiplied by two (open symbols) to allow for the differences
in density and thus to represent approximate weight
percentages, the mineral percentages indicated by the
petrographic analyses fall close to the equality line,
suggesting a broad consistency in the data from the two
different sources.

As indicated in Table V and Figure 2, the LTA derived
from the six coals is made up mainly of kaolinite, with lesser
proportions of quartz, mica and/or illite, and dolomite, and
minor proportions of siderite, calcite, pyrite, anatase, and the
aluminophosphate mineral goyazite (SrAl;(PO,),(OH)s.H,0).
A small proportion of bassanite (CaSO,.%H,0) is also present
in the LTA samples; as discussed above, this was probably
derived from interaction of organically-associated calcium in
the coals with organic sulphur during the low-temperature
ashing process (Frazer and Belcher, 1973; Matjie et al., 2008,
2011, 2012a, 2012b).

Further data on the clay minerals, based on the separate
oriented aggregate XRD study of the <2 um fraction, is
provided in Table VI. The results differ in some ways from
the bulk analysis data for the same minerals in Table V;
different fractions were analysed in each case, and different
methods were used for the mineral percentage estimations.
Kaolinite is the dominant mineral in the clay fraction of all of
the LTAs. Small proportions of illite are present in the clay
fraction of most samples, along with a somewhat greater
relative proportion of expandable-lattice clay material. In
most of the LTAs the expandable clay is represented by
irregularly interstratified illite/smectite (I/S), but in two of the
samples (sample 1 and sample 3) a separate smectite phase is
also present. Detailed identification of such phases is difficult
from the XRD powder patterns alone (Figure 1), partly
because of the relatively low overall proportions present in
the LTAs and partly because the poorly-ordered crystal
structures of those minerals produce diffuse peaks in the
powder diffractograms.
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Comparison of mineralogical and chemical data

The chemical composition of the (high-temperature) coal ash
expected from each of the coals, based on the mineralogy of
the LTA residues, was calculated from the mineral
percentages listed in Table V and the chemical composition of
the individual minerals based either on stoichiometry or on
typical analyses of the same minerals published in the
literature (¢f. Ward et al., 1999). The results, presented in
Table V11, allow for loss of hydroxyl groups from the clay
minerals, CO, from the carbonates, and changes in the pyrite
at high temperature. They were also normalized to exclude
SO; associated with the bassanite in the LTA material.

Table VI

Clay mineralogy (wt%) of <2 um fraction from
oriented aggregate XRD analysis of coal LTA
samples

Sample Kaolinite | lllite | Expandable Nature of
number % % clay % expandable clay

1 93 1 6 Mainly smectite

2 92 3 5 Mainly irregular I/S
3 90 2 8 Smectite + regular I/S
4 92 3 5 Regular to irregular I/S
5 93 3 4 Mainly irregular I/S
6 96 0 4 Mainly irregular I/S

Note: I/S = interstratified (mixed-layer) illite-smectite

Table VII

Inferred ash chemistry (SO;-free) based on
Siroquant data

Sample number 1 2 3 4 5 6
SiO, 55.17 | 59.32 | 56.18 | 51.33 | 57.57 | 54.02
Al,Og 28.86 | 29.09 | 27.51 | 28.18 | 28.55 | 26.58
Fe, O3 1.91 2.02 1.95 1.46 228 | 273
TiO, 3.22 1.74 1.92 1.23 1.19| 0.99
P,Og 0.41 0.67 1.10 1.26 0.57 0.38
Ca0O 6.27 3.93 7.27 | 12.20 5.98 | 10.27
MgO 2.69 1.63 3.08 2.70 2.66 413
Na,O 0 0 0 0 0 0
K>O 1.47 1.61 0.99 1.64 1.20 | 0.91
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Similar data for the high-temperature ash analyses by
XRF spectrometry, normalized to exclude SO;, is given in
Table VIII. Figure 4 provides graphic plots comparing the
principal oxide percentages indicated by the two different
techniques. Equal ranges for the axes are used in each case,
and each plot includes a diagonal line along which the points
would fall if the percentages indicated by each technique
were equal.

Although individual outliers are represented on some of
the plots, the bulk of the data points for Si0,, Al,0, Ca0, and
MgO fall close to the diagonal equality line. This suggests
that the quantitative percentages in the mineralogical
analyses (Table V) are generally consistent with the chemical
data independently determined by XRF analysis of the
respective high-temperature ash materials. One sample
(sample 5) appears as an outlier on the plot for Al,O5, with a
low percentage of Al,O5 indicated by the XRF data compared
to that inferred from the XRD results. This may reflect
inconsistencies between the actual coal samples subjected to
analysis by the two different techniques, such as variations
in the balance between the clay and non-clay components.

The plot for K,0 appears to indicate a consistent over-
estimation from the XRD data compared to the actual
percentage as indicated by direct ash analysis. However, as
discussed more fully in other studies (e.g. Ward et al., 1999),
this is probably due to incorporation of lower than expected
proportions of K into the interlayer crystallographic spaces of
the illite in the coals, which was not allowed for in the
stoichiometric compositions used for illite in calculating the
inferred chemical compositions from the XRD data. This is
reinforced by the presence of I/S, and in some cases smectite,
in the clay fraction of the LTA residues, which was not
detected in the powder XRD patterns used for the inferred
ash chemistry calculations.
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The data for Fe,05, on the other hand, suggests a
consistent under-estimation of Fe-bearing phases by XRD
analysis, with most points falling below the equality line.
This may be due to errors in the determination of Fe-bearing
phases due to absorption of the Cu radiation used for the
XRD analysis (¢f. Ward et al., 2001), inclusion of Fe in the
structure of the calcite and dolomite (which was not allowed
for when calculating the inferred oxide percentages), or
possibly the presence of Fe in noncrystalline form (e.g. poorly
crystalline Fe oxyhydroxides) within the mineral matter.

Elemental composition of individual coal macerals

The results of the electron microprobe analyses of the coal
macerals are summarized in Table IX. This data represents
the average proportion of each element in each maceral for
the respective samples, based on the number of individual
points indicated in each case.

Table Vil
Normalized inorganic oxide percentages (SO,-free)
from XRF data for coal ash samples
Sample number 1 2 3 4 5 6
SiO, 55.24 55.87 | 54.71 |52.79 | 61.84 | 49.40
Al,Oq4 26.62 29.09 | 27.69 |28.77 | 22.53 | 25.03
Fe,03 4.65 3.84 2.58 3.78 3.69 | 3.95
TiO2 1.33 1.34 1.62 1.57 1.22 | 1.51
P,05 0.43 0.72 0.70 0.88 074 | 1.24
CaO 8.04 5.93 8.47 8.24 6.57 | 14.01
MgO 2.36 1.74 2.77 2.24 1.80 | 3.84
Na,O 0.44 0.23 0.52 0.38 0.41 0.58
K;0 0.85 1.17 0.88 1.29 113 | 0.37
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Figure 4—Comparison of major element oxide percentages inferred from quantitative XRD data to observed oxide percentages obtained by direct ash
analysis (both normalized to an SO;-free basis). (A) SiO,; (B) Al,O5; (C) Fe,04; (D) CaO; (E) MgO; (F) K,O. Diagonal line on each plot represents equality
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Table IX
Elemental composition of macerals in coal samples by electron microprobe analysis

Maceral Points C% N% 0% Mg% Al% Si% S% K% Ca% Ti% Fe%
Sample 1

TC 23 73.24 2.38 18.97 0.01 0.06 0.06 0.65 0.00 0.10 0.55 0.02
DSC 12 74.82 2.46 17.39 0.01 0.10 0.11 0.67 0.01 0.10 0.44 0.00
SF 15 84.40 0.98 10.21 0.01 0.02 0.04 0.30 0.01 0.07 0.02 0.00
FUS 16 85.73 0.84 8.68 0.03 0.06 0.09 0.25 0.01 0.13 0.01 0.00
Sample 2

TC 23 74.34 2.29 18.00 0.03 0.10 0.07 0.79 0.01 0.13 0.38 0.00
DSC 22 78.56 1.94 14.71 0.01 0.09 0.12 0.58 0.01 0.06 0.22 0.00
SF 7 88.28 0.23 7.07 0.07 0.01 0.01 0.24 0.01 0.07 0.01 0.00
FUS 15 89.28 0.75 6.31 0.07 0.02 0.02 0.36 0.01 0.15 0.01 0.00
Sample 3

TC 15 73.17 2.41 19.83 0.01 0.41 0.33 0.76 0.05 0.06 0.38 0.00
DSC 12 74.49 2.31 18.62 0.01 0.40 0.25 0.77 0.08 0.07 0.41 0.00
SF 10 81.04 1.66 13.03 0.02 0.22 0.25 0.42 0.02 0.08 0.01 0.00
FUS 14 83.11 1.00 11.41 0.02 0.00 0.01 0.36 0.00 0.11 0.02 0.00
Sample 4

TC 23 77.32 1.93 16.02 0.01 0.10 0.10 0.39 0.03 0.06 0.42 0.00
DSC 17 77.67 2.10 15.24 0.01 0.17 0.16 0.40 0.02 0.07 0.45 0.00
SF 12 85.46 0.81 9.16 0.02 0.01 0.01 0.19 0.01 0.09 0.01 0.00
FUS 14 86.36 0.99 8.43 0.04 0.01 0.02 0.18 0.01 0.17 0.01 0.00
Sample 5

TC 33 75.39 2.10 17.96 0.01 0.24 0.07 0.80 0.01 0.09 0.03 0.00
DSC 19 76.47 2.19 16.80 0.01 0.17 0.09 0.87 0.01 0.08 0.09 0.00
SP 1 79.70 1.89 15.00 0.02 0.54 0.53 1.14 0.02 0.04 0.03 0.00
SF 6 86.26 0.94 9.48 0.06 0.06 0.08 0.34 0.01 0.17 0.01 0.00
FUS 8 89.22 0.43 7.39 0.04 0.09 0.07 0.37 0.01 0.12 0.00 0.00
IDT 2 90.90 1.52 5.77 0.02 0.13 0.13 0.33 0.00 0.12 0.02 0.00
Sample 6

TC 29 69.51 2.67 23.38 0.02 0.19 0.06 0.46 0.01 0.12 0.07 0.00
DSC 21 70.06 2.55 22.06 0.02 0.20 0.08 0.47 0.01 0.17 0.06 0.00
CuT 2 76.49 1.61 16.03 0.01 0.18 0.01 0.35 0.00 0.12 0.02 0.00
SP 4 77.04 1.84 14.28 0.02 0.29 0.09 0.36 0.00 0.93 0.02 0.00
SF 18 80.39 1.25 12.64 0.02 0.04 0.03 0.22 0.01 0.14 0.01 0.01
FUS 12 85.05 0.72 9.40 0.06 0.10 0.10 0.17 0.00 0.26 0.01 0.00
IDT 5 90.13 0.68 4.23 0.02 0.02 0.01 0.20 0.00 0.43 0.01 0.00

TC = telocollinite, DSC = desmocollinite, SP = sporinite, CUT = cutinite, SF = semifusinite, FUS = fusinite, IDT = inertodetrinite. Pts = number of points analysed

for indicated maceral.

As with other samples studied by this technique (e.g.
Ward et al., 2005), the vitrinite macerals in the coals were
found to have lower carbon and higher oxygen contents than
the inertinite macerals. Collotelinite (referred to in Table IX as
telocollinite) generally has a slightly lower carbon content
than the collodetrinite (desmocollinite) in the same samples.
Comparison with data presented by Ward et al. (2005)
indicates that the carbon content of the collotelinite
(telocollinite) in most samples (around 75%) is similar to that
of the same maceral in coals from the Bowen Basin of
Australia, having a mean maximum vitrinite reflectance of
around 0.7%. As indicated in Table IV, similar vitrinite
reflectance values are noted for the coal samples analysed in
the present study.

The collotelinite (telocollinite) in sample 6, however, has
a slightly lower carbon content (around 70%), yet still has a
vitrinite reflectance of 0.7%. The significance of this is not
clear at present; it may indicate either a slightly low vitrinite
carbon percentage for a coal with a similar rank to the other
samples, or a slightly high reflectance for the vitrinite in a
coal with a slightly lower rank.

The vitrinite macerals in each individual coal have
markedly higher (organic) sulphur and nitrogen contents
than the inertinite macerals in the same samples. This is
consistent with observations made in other studies (Ward
» 176
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and Gurba, 1998; Mastalerz and Gurba, 2001). In almost all
cases the proportions of these elements in the vitrinite
macerals are approximately twice those in the same sample’s
inertinite components.

The proportion of organic sulphur in the vitrinite of
samples 1, 2, 3, and 5 is around 0.6-0.8%, while the vitrinite
of samples 4 and 6 has only 0.4-0.5% organic sulphur. The
significance of this observation is also not clear at present.
The absence of any significant iron in these macerals (Table
IX) confirms that the sulphur in all cases is organic in nature,
and that the higher sulphur levels do not reflect incorporation
of submicroscopic pyrite in the macerals concerned.

The overall proportions of carbon, oxygen, and nitrogen
for the whole-coal samples, expressed on a dry ash-free basis
(Table 11y are intermediate between the carbon, oxygen, and
nitrogen contents for the vitrinite macerals on the one hand
and the inertinite macerals on the other (Table IX), as
determined by the electron microprobe study. The total
sulphur content of the coals (Table II), however, is
significantly higher than the values indicated by microprobe
analysis of the mineral-free macerals; this reflects the
additional occurrence of pyrite (and thus additional pyritic
sulphur) in the mineral-bearing whole-coal samples, as
indicated by the mineralogical data in Table V. Macerals
containing visible pyrite were avoided in the microprobe
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analysis, which was focused on the mineral-free organic
components. The proportion of organic sulphur in coals from
similar Highveld sources is typically around 0.45% (Skhonde,
2009), which is between the sulphur concentrations
measured by microprobe for the vitrinite and inertinite
macerals (Table IX) in most of the coals analysed in the
present study.

These comparisons reinforce the well-known but often
overlooked fact that coal represents a mixture of different
macerals, along with its mineral components. The individual
macerals, which may react independently or with each other
during utilization, have somewhat different characteristics to
the whole-coal chemistry, and thus may follow different
reactions at the particle scale to those expected from more
conventional whole-coal analysis data.

Despite efforts to avoid including data from points with
significant contamination by mineral matter, the vitrinite and
semifusinite macerals in sample 3, and possibly also sample
4, appear to contain small, approximately equal, proportions
of both Al and Si. This may suggest incorporation of an
intimate admixture of kaolinite or a similar clay mineral into
the maceral structure. Lesser, but similarly equal, proportions
of Al and Si are noted in the vitrinite of samples 1 and 2. The
vitrinite in samples 5 and 6 appears to have relatively high
proportions of Al and only traces of Si, suggesting either the
incorporation of bauxite-group minerals (gibbsite and/or
boehmite), or possibly incorporation of Al as an inorganic
element within the vitrinite component. The occurrence of Al
in vitrinite, without significant Si, was also noted in
microprobe studies by Ward et a. (2007) and Li ez al.
(2010).

Small proportions (mostly <0.2%) of Ca were noted in the
macerals of some coal samples, especially the inertinite
macerals. Ca is especially abundant in the sporinite and
inertinite components of sample 6, probably indicating traces
of calcite in the pore spaces of those particular macerals. For
the vitrinite macerals, the relatively minor amount of Ca may
occur within the organic structure.

The vitrinite in samples 1, 2, 3, and 4 contains significant
proportions (0.3-0.5%) of titanium. This may occur either as
evenly distributed submicroscopic particles (¢f. Mares et al.,
2012) or be incorporated directly into the maceral structure.
Traces of Ti (<0.1%) are also possibly present in the
vitrinites of the other two coal samples. Titanium is not,
however, present in any of the inertinite components. This
provides support for earlier findings by Snyman et al. (1983)
that coal float fractions from the Witbank coalfield contain
high vitrinite with organically associated titanium, and by
van Alphen (2005), who noted the presence of titanium in
the vitrinite of South African coals using SEM techniques.
The presence of Ca, Mg, and Al has also been noted in the
macerals of South African coals by van Alphen (2005), based
on SEM studies.

More detailed electron microprobe studies using
quantitative element mapping (Li et al., 2007) have shown
that Ca and Al in other coals form an integral part of the
maceral structure, rather than representing fine but discrete
included mineral particles. Quantitative element mapping
using electron microprobe techniques has not, however, been
applied to the coals of the present study.

The Journal of The Southern African Institute of Mining and Metallurgy

Significance of advanced analytical data

The typical high ash yield from South African coals,
combined with coal mineralogy and ash composition, may be
responsible for the formation of clinkers and slags that
subsequently erode or block utilization equipment and lower
production efficiency during coal combustion and carbon
conversion processes (¢.g. Matjie et al., 2006; Matjie, 2008;
Matjie and van Alphen, 2008). A number of recent studies to
evaluate the mineralogical changes that take place in
operating gasifiers and packed-bed combustion systems
(Matjie et al., 2008, 2011, 2012a, 2012b; Hlatshwayo et al.,
2009) have made use of oxygen-plasma ashing and
quantitative XRD analysis of different feed coals, combined
with chemical and XRD analysis of the associated ash
residues and, in some cases, electron microprobe study of
individual phases within the ashes and slags. These have
shown, inter alia, that the fused material bonding less-
reactive, often stony, coal fragments together in clinkers and
similar deposits is derived from melting and subsequent
cooling of Ca-rich and/or Fe-rich residues left after
destruction of low-ash coal particles that originally contained
abundant calcite, dolomite, and/or pyrite, and also possibly
some non-mineral Ca or Fe in the organic components.

Similar studies, linking the mineralogy of ashes from
pulverized-fuel power stations to the mineral matter in the
respective feed coals, have been published by Ward and
French (2006) and Silva et al. (2010). These and other
studies (e.g. Creelman et al., 2013) show that the individual
components of the mineral matter in the feed coals may react
in different ways, with some being essentially non-reactive
but others forming phases that may bond to combustion
surfaces or interact with other mineral matter products under
operating plant conditions.

Data from XRD and geochemical studies may be
complemented by information gathered from optical and
electron microscopy, including integration of scanning
electron microscopy and image analysis techniques (e.g. van
Alphen, 2005; French et al., 2008), which indicate the modes
of occurrence of the mineral components within the coal or
coal products. Indeed, a combination of the two approaches
can be used to provide a better understanding of how the
mineral matter actually occurs in South African coals, and
also how the mode of occurrence impacts on mineral matter
behaviour during different utilization processes (e.g. Matjie et
al., 2011).

In a different application, Pinetown et al. (2007) used
mineralogical data on a range of coals from the Witbank and
Highveld coalfields, obtained by oxygen-plasma ashing and
quantitative XRD analysis, to evaluate the balance between
phases that may give rise to acid leachates (e.g. pyrite) and
phases such as calcite and dolomite, which have the potential
to neutralize those acids in field situations. Acid-base
accounting data generated from such studies was noted as
being of value in making plausible predictions concerning the
potential of the coal and non-coal rocks to contribute to acid
mine drainage in these and other coalfield areas.

The mineral matter in the feed coals may be responsible
for volatilization of minor amounts of Al and Si during
combustion and carbon conversion processes (Matjie et al.,
2006; Matjie and van Alphen, 2008). In addition, some of the
expandable-lattice clay minerals in the coal samples may
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react at elevated temperatures to form ultrafine ash particles
containing aluminosilicate species (Matjie, 2008; van Alphen,
2005). The aluminosilicate species from these ultrafine ash
particles may then dissolve in the plant water and form a
colloidal aluminium silicate precipitate, which builds up on
the heat exchanger plates during the liquid-liquid extraction
process (Matjie and Engelbrecht, 2007). Formation of this
gelatinous precipitate is an operational problem that may
result in a severe blockage of the heat exchanger plates and
eventually need to be removed with hydrofluoric acid, a toxic
and corrosive chemical. The potential for such issues may
therefore need to be taken into account by incorporating
mineralogical data into the blending of coal feedstocks for
industrial use.

The non-mineral inorganic elements (¢.g. Ca, Mg) in
lignitic coals have been shown to react with aluminium
silicates released from breakdown of other minerals to form
fused agglomerates during the combustion process (¢.g.
Quann and Sarofim, 1986). They may also be responsible for
evolution of corrosive and polluting gases such as hydrogen
sulphide, carbonyl sulphide, and sulphur oxides (Ozum et al.,
1993), and the formation of ultrafine ash particles, as well as
condensed metallic vapours, during coal combustion and
carbon conversion processes (Zhang et al., 2006; Buhre et
al., 2006; Matjie, 2008). Recognition of such elements,
through either electron microprobe analysis or more
conventional studies, may help to minimize the potential for
corrosion, slagging, and fouling in operating combustion and
gasification plants (Creelman et al., 2013), as well as the
emission of gases and/or fine particulates with potential for
adverse environmental impacts.

Conclusions

A number of advanced analytical techniques, including low-
temperature oxygen-plasma ashing, quantitative X-ray
diffraction analysis, and light-element electron microprobe
analysis, have been combined with more conventional
methods (proximate and ultimate analysis, ash analysis, and
petrographic studies) to evaluate the mineral and organic
matter in coals from several Highveld mines, used as
feedstock for combustion and carbon conversion processes.
Such a combination of techniques allows better evaluation of
the proportions of fluxing minerals (pyrite, dolomite, and
calcite) and organically-bound inorganic elements that appear
to be responsible for clinker and slag formation, as well as
the volatilization of inorganic elements and sulphur
emissions associated with these and other activities.

The proportions of mineral matter in the coals studied, as
indicated by low-temperature oxygen-plasma ashing, are
higher than the proportions of ash indicated by conventional
proximate analysis, reflecting the decomposition of clays,
carbonates, and other minerals in the coals at the high
temperatures used in the proximate analysis process. If
allowance is made for the higher density of the minerals
relative to the macerals, this is also consistent with the
volumetric percentages of mineral components determined by
optical microscopy and petrographic analysis.

Kaolinite is the most abundant of the minerals in the coal
samples, with lesser but still significant proportions of quartz,
mica and/or illite, dolomite, calcite, and pyrite. Small but
variable proportions of anatase, goyazite, and siderite are
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present in some samples. Bassanite, which also occurs in the
LTA residues, was probably formed by interaction of non-
mineral Ca with S released from the organic matter during the
plasma-ashing process. More detailed XRD analysis of the
clay (< 2 um) fractions of the LTA samples, using ethylene
glycol and heat treatment, has further identified the nature of
the expandable clay minerals (smectite and interstratified
illite/smectite) present in the coal samples.

Light-element electron microprobe techniques have
enabled direct measurement of the carbon, oxygen, nitrogen,
and organic sulphur contents of the individual macerals in
the coals, providing determinations that are possible in
conventional analysis only by indirect techniques (e.g.
oxygen, organic sulphur). The vitrinite was found to contain
less carbon and more oxygen, and to have significantly
higher concentrations of nitrogen and organic sulphur, than
the inertinite macerals in the same coal samples. Minor
proportions of organically-associated inorganic elements,
including Ca, Al, Si, Mg, and Ti, were also identified in the
macerals, especially (for Ti) in the vitrinite components.

As well as the crystalline mineral phases, non-mineral
inorganic elements such as Ca and Mg may contribute to, and
even promote, the formation of clinkers and slags in plant
equipment at the elevated temperatures associated with coal
combustion and carbon conversion processes. Along with
pyrite and organic sulphur in the coals, they may also be
responsible for the evolution of corrosive gases (hydrogen
sulphide and sulphur oxides), formation of ultrafine ash
particles, fouling of water by aluminium silicate, and
generation of condensed metallic vapours during the coal
combustion and carbon conversion processes.

A comprehensive knowledge of the minerals and non-
mineral inorganic elements in the coals used for feedstock
preparation, gathered by integration of conventional and
more advanced analytical techniques, may be of benefit in
understanding the processes that take place during coal
utilization, and in avoiding or ameliorating some of the
operational and environmental problems that may occur in
different sectors of the coal utilization industry.
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