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Introduction

Due to the importance of coal as a major source of energy and the environmertal
hazards involved in its use, considerable research has become necessary in order to
a) fully understand the different compounds appearing in the coal and their trans- /
formation during processing; and b) know how those compounds contribute to the
pollution of the environment, i.e., acidity of water streams near the coal mines
and pollution by power plants. Some positive properties can be associated with the
mineral matter in coal. For example, recently several researchers have shown that
the mineral matter in the coal may play an important role in the liquefacfion process '
(1). o0f all the minerals in the coal, the iron bearing minerals seem to he the '
most important. TIn most coal utilization techniques the coal is used as raw mate-
rial, and as a result both the organic and inorganic components may be critical in
the acceptance or rejection of a coal for a particular process. Owing to the great
importance of iron as a major constituent of tHe mineral matter in many coals the
Moessbauer effect becomes a powerful tool in the characterization of the iron bear-
ing minerals. .
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The most common use of the Moessbauer effect in mineralogy and geology has been
the determination of the oxidation states of iron in various minerals (2). The
study of the Moessbauer spectral area also gives valuable information on the concen-
tration of the different minerals in rocks (2). Recently the Moessbauer effect was
applied to the study of iron bearing minerals in coal and to determine the amount
of pyritic sulfur (3,4,5).

In wvhat follows the application of Moessbauer spectroscopy (57Fe) to determine
the iron bearing minerals will be described and a critical view of the advantages
and disadvantages of the technique will be presented. In this study more than 200
coal samples were investigated and more than 2000 Moessbauer runs were catrried out
on those samples. Before going into the experimental results, a brief description
of the Moessbauer parameters which give the necessary information to determine the
compounds seems appropriate.

Moessbauer Parameters

Isomer Shift (IS): The shift observed in the Moessbauer lines with respect to
zero velocity is produced by the electrostatic interaction of the nuclear and s-
electrons charge distributions. It is given in the non-relativistic approximation
by (6) :
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The IS gives valuable and unique information on the valence states of iron, in
special for high spin Fe?t and Fedt.

Besides the IS there exists a shift of the Moessbauer lines due to the second
order Doppler effect (7). This shift is given by
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where <v2>_ is the thermal average of the square of the velocity of the Moessbauer
atom in thé solid. It is a parameter that strongly depends on the lattice dynamical
properties of the solid.

The hyperfine interactions affecting the Moessbauer effect are the quadrupole
and magnetic interactions (2). The quadrupole interaction exists when the electrons
and/or the neighboring atoms produce an inhomogeneous electric field at the nucleus,
and when the nucleus possesses a quadrupole moment, Q. This interaction produces
a splitting of the Moessbauer lines for 5’Fe given by (2)

AEQ = Hequ (1 + n2/3)H 3)

where q is the electric field gradient, and n the asymmetry parameter. When q arises
from the electrons of the Moessbauer atom, the temperature dependence of the QS is

.very pronounced, like in high spin Fe? compounds. This temperature dependence is

very useful in the identification of the electronic ground state of the ion.

The hyperfine magnetic interaction arises from the interaction of the nuclear
magnetic dipole moment with a magnetic field due to the atom's own electrons. In
many cases Moessbauer studies at low temperatures are necessary to fully characterize
a compound. In such cases one usually applies an external magnetic field. This
technique is particularly useful for the study of the electronic ground state of
iron ions in minerals (8,9).

A very important Moessbauer parameter is the Debye—Waller'factor (DWF). The DWF
depends on the temprature and is given in the harmonic approximation by (2)

DWF = exp (-k$<x2>T) 4)

where <x2>_ is the mean square displacement of the atom along the direction of the
y-ray emission. The DWF is frequently evaluated in Moessbauer spectroscopy using
an effective Debye model. The DWF can be different for the same compound if the
particle size is very small. One has to be aware of this problem when using the
Moessbauer effect as a quantitative analytical tool.

The Moessbauer effect can be used not only for the identification of mineral
species, but also for a quantitative analysis of the mineral contents. The Moess~
bauer spectral area is given for a single line source and absorber by (10) ,
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where B = background (non-Moessbauer radiation); N(=) = counting rate at infinity
velocity; I' = full width of half-height of the absorption line; fafs = DWF of
absorber ang source; ¢_ = absorption cross-section at resonance; n_ = number

of Moessbauer atoms per square centimeter. The above formula has to be corrected
for lines splitted by hyperfine interactions (11). When using the Moessbauer effect
as a quantitative analytical tool, care must be taken that B, f_and f_are known.

A discussion on the quantitative method of analysis will be given at the end of

the paper.
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Experimental Procedures

The coal samples used in this work were collected following strictly ASTM pro-
cedure D2013-72. The samples were mounted in lucite containers that were hermetical-
ly sealed. Pressed pellets of the grinded coal were also used as samples. The
average surface densities of the samples used were between 150 to 300 mg/cmz. J
Several samples from the same seam were analyzed ih order to check for consistency
of the results. Some runs were carried out on raw coals (not grinded) as well, for
testing purposes. The bulk of the samples used in this study were from West Virginia
coals. The Moessbauer spectrometer used in this work was a conventional constant
acceleration spectrometer. A 50mC 57Co:Pd source was used. The Moessbauer spectra
were analyzed using a non-linear least-square fit program and assuming Lorentzian
lineshapes. The measurements covered a wide temperature range. Many runs were /
carried out at low temperatures (4.2 K) and in the presence of an external magnetic
field (40 kOe). The velocity calibration is given with respect to a-Fe at room '
temperature {RT).

Experimental Results and Discussion

The different iron bearing minerals detected in coal using Moessbauer spectros—.
copy are classified below according to their major groups, i.e., sulfides, clays,
carbonates, and sulfates.

Sulfides: 1Iron disulfide (pyrite) is the most important of the iron bearing minerals
in coal. In pyrite the iron ion is in the low spin configuration, Fell.
The six d-electrons are occupying the T2 ground state and no magnetic moment is
present at the iron site (8). 1In pyrité®each cation has a distorted octahedral co-
ordination of six nearest neighbors sulfur, the octahedron being slightly compressed
along one of the axis. Consequently, the crystalline field at the iron site is low-
er than cubic and an electric field gradient exists at the 57Fe nucleus, producing
a characteristic QS in the Moessbauer spectrum.

There is a metastable phase of FeS,, marcasite, which is the orthorhombic di-
morph of pyrite and appears also in several coals. Marcasite has slightly different
IS and QS (Table 1). When the amount of marcasite in coal is more than 20% of the
total iron disulfide content its detection using Moessbauer spectroscopy is pos-
sible. 1In general, petrographical techniques seem to be more appropriate for
identification of marcasite (at least for qualitative measurements). In table 1
a list of the different iron sulfides and their respective Moessbauer parameters
is given.

A typical spectrum of a coal is given in figure 1. The sample has been treated
with HCl (following ASTM standard D-2492) to get rid of the non-pyritic iron (sul-
fates). The spectrum is typical of pyrite. All the ca. 2000 spectra run in this
work show the presence of pyrite (contents ranging between 7 to 0.1%). While
studying several coal macerals a new Moessbauer spectrum associated with pyrite was
observed in three different samples (9) rich in framboidal pyrite. The extra Moess-
bauer doublet showed the same magnetic behavior as pyrite (low spin). However, its
Moessbauer parameters are different and the IS suggests a smaller electronic den-
sity at the nucleus than for FeS;. The low temperature measurements indicate that
the spectrum cannot be associated with any of the other minerals. It is possible
that this phase is highly disordered (or "amorphous") FeS,.

Other iron sulfides are produced during coal processing. They are mainly
pyrrhotites. For compositions varying between FeS (troilite) and Fe;Sg(monoclinic
pyrrhotite), the compounds are referred to generally as pyrrhotites (12). The
Moessbauer spectrum of iron pyrrhotites can be observed in the coal liquefaction
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mineral residue. The study of these pyrrhotites is of considerable importance due
to their potential use as disposable catalysts in coal liquefaction (1). It is to
be noted that the presence of pyrrhotites was observed in some severely "weathered"
coal. 1In studies carried out under a reducing hydrogen atmosphere (between RT and
400°C) the conversion of all the pyrite to pyrrhotites was observed.

Clay minerals: Clay minerals represent a large percentage of the inorganic mineral

content in coal. TIllite, kaolinite and mixed clays are the major
clay minerals present in coal. The crystal structures of the clay minerals are
basically derived from two types of sheets. A tetrahedral sheet typically made of
Si0Oy units, and an octahedral sheet typicilly made_of Al (0, OH)g units (13). The
ideal formula, i.e., for kaolinite is A123 Sizu 052 (OH)y , but as in all clay
minerals, a certain maount of cation substitution is possible. 1In mica and its
derived clay minerals, illites, the octahedral sheet containi only A13 , but in the
tetrahedral sites one quarter of the Si% is replaced by A137. The net negative
charge of the layer is balanced by interlayer alkali cations which also bond the
layers together. The interlayer in montmorillonite or vermiculite is occupied by
H,0 and/or cations, whereas in chlorite there is a complete sheet of aluminum (mag-
nesium) hydroxide, the brucite sheet. Continuous ranges of chemical composition are
often possible between the different clays and there is a great variety of mixed
layer structures. Iron can be substituted in the octahedral layer in its high-spin
ferrous and ferric forms, and occasionally in the tetrahedral layer. However, the
iron concentration in clays is relatively small (a few % by weight) for kaolinite
and illite, the most frequently found clays in coal (14).

In general the clays appearing in the coal show slightly different Moessbauer
parameters than pure clays. The usual method utilized to identify the clay minerals
in coal is X-ray diffraction of the LTA, but due to the poor crystallinity of the
clays in the coal the technique cannot be used for quantitative measurements. The
Moessbauer effect is not much of an improvement due to the small iron content of
the clays. A coal rich in clays is shown in figure 2 (about 10% mineral matter).
The appearance of two peaks at higher velocity is not due to the presence of two
sites in the clay or to two different clays, it is produced by szomolnokite. By
treating the sample with HCl, the sulfate was washed away and the clay (possibly
illite) could be clearly seen (Figure 3). Treating the coal with HNO3 dissolves
the pyritic iron and the spectrum of the clays can be detected more clearly.
Figure 4 shows the Pittsburgh coal (230 mesh) shown in Fig. 1 after treatment with
HNO3. The spectrum (notice the smaller effect) is identified as that of kaolinite
(a small QS is detectable).

In general, to study the clays in coal one should treat the samples as describ-
ed above, or run the experiments at low temperatures in order to resolve the over-
lapping lines (measurements in an external magnetic field become necessary) (8,9).
Moessbauer parameters for the principal clay minerals, pure and as they appear in
coal, are given in table 1.

Sulfates: The iron sulfates were detected in more than 90% of the coal samples

studied. The sulfates are considered to be produced by 'weathering" of
the coal. The amounts detected in this study ranged from 0.2 to 0.005% of total
weight.

The standard technique used for detection of sulfates is X-ray diffraction of
the LTA. Nevertheless, we have observed that in some cases sulfates are present in
the coal and the X-ray does not show any line attributable to them (15). The most
abundant divalent iron sulfate observed in the coals studied is FeSOy°Hy0 (szomol-
nokite), a monoclinic crystal with a tetramolecular unit cell (16). This compound



orders antiferromagnetically around 10K with an effective interval field of 359 kOe
(9). oOther sulfate minerals found less frequently are FeSO,*4Hy0 (rozenite), and
FeS0y, *7HpO (melanterite); anhydrous ferrous sulfate was detected when the coal was
stored under vacuum. The ferric sulfates commonly observed in several coals are
coquimbite and jarosites.

A word of caution concerning the presence of trivalent sulfates in the coal is
appropriate here. These sulfates have in general lines which overlap with the Moess~
bauer pyrite lines. The result is the detection of a slightly asymmetric pyrite
spectrum. If one treats the samples with HCl it will appear as if some of the pyrite
has dissolved in HC1l, but this is of course not true, and is the result of the pre-
sence of the iron sulfates. The ferric sulfates are easily distinguishable from
pyrite. When Moessbauer measurements are carried out at 4,.2K in the presence of a
large external field, the characteristic hyperfine field of Fe3t is detected (about
500 kOe). It was observed also that many of the ferric sulfates are formed during
LTA (3).

In figure 5 a Moessbauer spectrum for a mixture of szomolnokite (A) and rozenite
(B) is shown. The sample was characterized by X-ray diffraction as well as Moess-
bauer spectroscopy. After LTA (17) the Moessbauer spectrum shows the presence of
szomolnokite (no rozenite) and ferric sulfate. This was observed for all the runs
carried on the coal samples studied. In table 1 a list of the iron sulfates and
their respective Moessbauer parameters is given.

Carbonates: The Moessbauer spectra of some of the coal samples show the presence of
FeCOy (siderite). Siderite has a rhombohedral structure with an octahedron of
oxygens around the iron with a small trigonal distortion along the c-axis. Siderite
is magnetically ordered at low temperatures (T _ = 38K) with a very distinctive
Moessbauer spectrum (18). During the study it was observed on several occasions
that a Moessbauer spectrum appeared to be that of FeCOz; however, by carrying out
low temperature measurements the presence of either clay or ankerite was inferred.
Ankerite [Ca(FeMg) (CO3),] is another carbonate that appears in some coals. It is
nearly impossible to distinguish ankerite from siderite using Moessbauer spectros-
copy at room temperature (RT). One has to carry out low temperature measurements.
In table 1 the relevant Moessbauer parameters are given for the iron carbonates
observed in coal. 1In all the measurements no more than 0.1% siderite by weight

was detected.

Other minerals: In this work no other minerals were detected using Moessbauer spec—
troscopy, except the ones mentioned above. However, in heavily
weathered coals and coal refuse the presence of iron oxides(hematite and to a lesser
extent magnetite) were observed. Pyrrhotite was also detectable in some of the
heavily weathered coals. Other minerals like spharelite, chalcopyrite and arseno-
pyrite were not detectable in these experiments. Some of the latter minerals have
been identified using scanmning electron microscopy, but their presence in the coal
is too small to make their contribution to the Moessbauer spectrum significant.
Other sulfides like Fe3S, or FepS3 (19) were not detectable in any of the samples
at RT or 4.2K. No evidence of organically bound iron in coal was found for all the
studied samples (20).

Moessbauer Spectroscopy as a Tool for Quantitative Determination of Pyritic Sulfur

The use of Moessbauer spectroscopy to determine the amount of iron in a sample
presents several serious problems to the experimentalist. One has to know the
Debye-Waller factor of pyrite and the background radiation accurately. The DWF of
FeS; can be determined from the temperature dependence of the spectral area for pure
crystals of known thicknesses. However, in many coals pyrite is highly dispersed
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and form very small particles which have low crystallinity; consequently, the DWF
might differ considerably from that of large FeS; crystals. Also, a very important
source of error is the determination of the non-resonant radiation background. In
all the runs carried out in this study it was observed that variations of 10 to

30% occur in background counting rates for samples of coals with the same weight per
unit area. The differences are due to the heterogeneity of the mineral composition
of the coals. Both photoelectric scattering (mainly by the 14.4 keV) and Compton
scattering of the high energy y-rays contribute to the background radiation. This,
of course, indicates that a full analysis of the y-ray spectrum for each sample is
necessary. Any use of standards to determine the amount of pyritic sulfur will have
to take into consideration the problems mentioned above (5). The use of Moessbauer
spectroscopy for quantitative analysis has to go hand in hand with the standard
chemical procedures (ASTM D 2492-68), as a complementary technique and not as a
substitute. In general, the most accurate Moessbauer quantitative measurement will
give an error of about 10%.

Conclusions

The Moessbauer effect has been used as an analytical tool to characterize the dif-
ferent iron bearing minerals in coal. It has been pointed out that by the use of
low temperature measurements (in the presence of a large external magnetic field)
and treatment of the coal samples all the iron bearing minerals can be correctly
identified. The use of Moessbauer spectroscopy as a quantitative analytical tool
presents several experimental difficulties. It is recommended that this spectros-
copy be used as a complement to and not as a substitute for the standard techniques.
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