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INTRODUCTION

The composition of coal reflects its complex physical and chemical history.
Throughout coal genesis, from accumulation of plant debris and during subsequent
coalification, solute species in ground waters are constantly exchanged with the
porous and reducing carbonaceous debris. From existing geochemical data (e.g.,
Wedepohl, 1969; Kronberg et al., 1981), it appears that coal and coal-related
materials (peat, lignite, etc.) may incorporate and accumulate a complex array of
elements. To some extent coal deposits acts as gigantic carbon filters through
which ground waters wash the products of rock leaching. Very 1ittle is known con-
cerning the exact siting of trace elements in coal and these elements at times
attain ore grade (e.g., U, Mo).

The modern large-scale (1015 g a'1) burning of coal may have ramifications not '
only for the global carbon cycle but contingent on their fates during combustion,
also for the global cycle of other elements concentrated in coal. For example the .
deposition over the past five decades of charcoal as well as several metals (Cr,
Fe, Co, Ni, Cu, Zn, Cd, Sn and Pb) in Lake Michigan sediments correlates with
variations (oil, coal, wood, installation of control devices) in fuel use (Goldberg
et al., 1981). Associated with coal combustion is the accumulation of easily leach-
able ash. Other recent work {Chapelle, 1980) shows that some metals (Cr, Ni, Zn,
Cd, Pb) sorbed onto surfaces of Fe-A1-0 phases in ash are easily leached by perco-
lating waters.

Here discussion is confined to the coal chemistry of the transition metals,
some of which are known to play catalytic roles in coal combustion and to the coal
chemistry of the halogens. The presence of F and C1 at the per cent levels in some
coals is significant for combustion technologies (concerned with corrosion problems,
etc.) and for problems related to atmospheric emissions.

EXPERIMENTAL

The analytical data reported here pertain to samples of raw coal, ash from coal,
lignite and tar sand, as well as NBS standard reference coals and coal ash. The non-
reference coals are bituminous coals from Western Canadian mines, hosted in Creta-
ceous formations. The lignites are from North Dakota and Ontario, and the tar sand
from Fort McMurray, Alberta. The British Columbia coals (samples 2-6, Table 1) are
from different seams in the same mine, as are the Alberta coals (samples 7-9). The
sample numbers correspond to those appearing in more detailed analytical reports
(Kronberg et al., 1981; Brown et al., 1981a, b). The analytical techniques employed
in all these studies are spark source mass spectroscopy (SSMS) and electron spectro-
scopy for chemical analysis (ESCA).

SSMS is useful for surveying the concentrations of 60-70 elements in a single
analysis. However, it is necessary to pre-ash or otherwise pre-treat samples con-
taining substantial material of low mass number, which easily forms polyatomic
positive jons. Coal, due to its high carbon content exemplifies this difficulty,
and an unmanageable number of interferences appear in the mass spectral record of
raw coal. In this study the samples of coals, lignites and tar sand were dry ashed
for 4-6 hours at 600°C in a muffle furnace. Sample electrodes, prepared by mixing
the ash with pure graphite (Taylor, 1965), were sparked in a JEOL mass cpectrometer
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(JMS-01BM-2}. The mass spectra were recorded photographically and interpreted semi-
quantitatively using USGS standards (Flanagan, 1973). With regard to the analysis
of coals and other geological materials (soils, Mn nodules, rocks, volcanic ash,
deep-sea sediments, etc.) the analytical uncertainty is within the variation encoun-
tered using normal sampling techniques.

ESCA s a spectroscopic surface sensitive technique by which the concentrations
of all elements (except H) can be surveyed semi-quantitatively to a surface depth of
1-5 nm. Detection 1imits are =10-9 g cm-2 of surface (=0.1 bulk wt. %). Thus for
geological materials, semi-quantitative information can be obtained for major ele-
ments and for surface concentrated minor and trace elements (Brown, 1978; Bancroft
et al., 1979). There are several advantages of ESCA for coal analysis: (1) ESCA
is non-destructive. (2) It is often possible to gather details on the in situ
chemistry of elements (oxidation state, coordination number, etc.). (3) Both raw
coal and coal ash may be analysed. Ashing effectively concentrates the mineral
fraction in coal by an order of magnitude, permitting concentration measurement of
additional elements. Surface concentration of elements (e.g., F, S) during combus-
tion by surface sorption reactions may be monitored. (4) ESCA multi-element scans
may be done quickly (v 1 hour) and may be useful in fingerprinting coals.

ESCA spectra were recorded using a McPherson 26 spetrometer equipped with an
aluminum anode operating at 200 watts. Details of the ESCA procedures used for
this study are available elsewhere (Brown et al., 1981a, b).

RESULTS AND DISCUSSION

The concentrations, obtained by SSMS (Table 1), of transition metals and halo-
gens for some North American coals and coal-related materials are compared (Table 2)
to data available for coal from various sources and to crustal abundances. The
chaotic concentration patterns for many elements are a reflection of the complexity
of chemical and physical processes associated with coal formation. The extreme
variation is possibly related to local ground water chemistry and to the local
permeability of coal and enclosing strata. With respect to crustal abundances (CA),
both the transition metal and halogen concentrations, range from strongly depleted
(less than 10-fold CA) to strongly enriched (greater than 10-fold CA). The data
from other sources include those from coal deposits on other continents, and the
wide concentration ranges may be an expression of the type of Earth processes
leading to coal deposition and formation.

0f the transition metals (Table 1) Sc, Y and Zr appear the least mobile. The
variations in Nb concentrations are intriguing and Nb may be more mobile or may be
hosted in phases distributed more unevenly. The variation in Ti concentrations is
noteworthy, and chemical migration of Ti in association with coal diagenesis has
been noted (Degens, 1958). Moreover, there is evidence for the chemical coupling
of Ti (and Zr) compounds to enzymes and other biologically active macromolecules
(Kennedy, 1979). Further, Taylor et al. (1981) have shown that Mg, Ca, Ty, Fe,
Cu, Zn species in coal may be extracted by organic solvents.

Our knowledge of the sources of halogens and their mode of concentration in
coal is vague. River and ground waters flowing into coal basins would contribute
substantial amounts of C1. It could be introduced by rain and aerosols either
directly or transferred via the biosphere. The sources of Br and F are less certain.
F could be added during deposition by the influx of fine-grained detrital minerals
or volcanic ash. For example, fluorite (CaFp) is observed in the ESCA scan of coal
No. 8 (Table 3).

In the ESCA scans of raw coals (Table 3), the largest peaks correspond to the

detection signals for carbon (C 1s) and oxygen (0 1s). Other elements detected
included Al, Si, Ca, sometimes S, and in some samples substantial F and C1. Large
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variations, indicated by the number of counts per second during ESCA analysis, are
attributed to chemical variations in coal surfaces. The differences in carbon peak
positions were of interest especially in sample no. 8, for which the C 1s peak posi-
tion is indicative of graphitic carbon and this scan also contains the largest F is
signal.

Recently, an examination of raw coal macerals by XPS indicates that fisinite
displays characteristics (C 1s binding energy 284.4 eV) essentially identical to
pure graphite. It was also observed that the vitrinite fraction of a western
Canadian coal sample was greatly enriched (> 1 wt. percentage) in an organically
found fluorine species, @(CFy), type.

In the ESCA scans of ashed coals (Table 4) many more elements (Na, Mg, Ti and
Fe) agpeared and the F 1s and S 2s peaks are enhanced. S appearing both as 50¢
and $2- is likely associated with Fe as iron sulphide (pyrite), the outer shell
oxidized to sulphate by combustion. The concentrations of Al, Ca, Ti and Fe in
NBS reference ash (1633a) measured by ESCA (using the Si 2s peak as a reference)
agree well with recommended values. In the ash, F and S surface concentrations are
much greater than those observed in the bulk samples, and this could be evidence for
preferential siting of these elements on ash surfaces. C1 was not detected on the
ash surfaces by ESCA, in contrast to the high signals noted on raw coal surfaces,
and C1 may be removed in the volatile phase during combustion.

CONCLUSION

The combined use of SSMS and ESCA results was successful in part in overcoming the
unique analytical difficulties presented by the heterogeneous chemical and physical
distribution of intimately combined inorganic and organic species in coal. These
techniques and modifications of them are applicable to the study of the combustion
chemistry of coal as well as to the assessment of the environmental impact of coal
utilization.
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