Reports

Organically Bound Metals in a Solvent-Refined Coal:

Metallograms for a Wyoming Subbituminous Coal

Abstract. Fractions of a solvent-refined coal that contain organically bound
species of magnesium, calcium, titanium, iron, copper, or zinc have been isolated.
The fractions represent a wide range of chemical types and molecular size. Their

isolation is a step toward speciation.

Minor metallic constituents in a coal
are important for processes that convert
the coal to liquid fuel products. Deposits
containing metals have been implicated
in the loss of catalytic activity for both
primary liquefaction and product hydro-
treating. Metal organics in a product can
lead to the emission of fumes during
combustion.

The possibility that organically bound
metals are present in coals has been
recognized (/). We have recently demon-
strated that metal-organic combinations
exist in a solvent-refined coal (SRC) (2).

We report here the chromatographic
isolation of metal-organic fractions of an
SRC derived from a Wyoming subbitu-
minous coal (3). We achieved isolation
by the direct interfacing of a liquid chro-
matograph (LC) with an inductively cou-
pled plasma atomic emission spectrome-
ter (ICP) (4). Compelling evidence for
the presence of organically bound metals
is provided by (i) a combination of a first
chromatographic separation of the SRC
(according to the polarity of the organic
moieties) with a second separation (ac-
cording to effective molecular size) and
(i) ‘‘on-line”’ multielement detection
with the ICP during the second chro-
matographic separation. We have moni-
tored 15 elements simultaneously (Al,
Ca, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn,
Mo, Ni, Ti, V, and Zn). Six of them (Ca,
Cu, Fe, Mg, Ti, and Zn) are present in
detectable quantities, and each appears
to occur in more than a single chemical
environment.

kew investigators have attempted
quantification and speciation of trace
metals in coal-derived materials. Indirect
evidence for metals in organic combina-
tion has been dcrived from float-sink
separation of either raw coal (5) or vit-
rain concentrates (6) into gravity frac-
tions followed by metal analysis of the
“‘cleanest” coal fractions. Metals so de-

tected were inferred to possess high or-
ganic affinity. Another attack on this
problem has consisted of the analysis of
various coal-derived materials (SRC, H-
Coal, Synthoil) for selected elements (7).
There were experimental problems with
these approaches: (i) single element anal-
ysis (8); (ii) relatively high detection lim-
its for the analytical method of choice;
(iii) wet ashing of the organic matrix with
the inherent danger of contamination (9);
and (iv) the possibility of contamination
by process-derived nonfilterable mineral
matter. The approaches gave no infor-
mation about speciation. Notwithstand-
ing, the work has suggested the organic
binding of certain elements.

We have developed an ICP system for
analyzing metals in an organic matrix.
With our system it is possible to measure
simultaneously up to 34 elements at de-
tection limits between 10 parts per mil-
lion (ppm) and 0.5 part per billion. We
have used a variety of organic matrices,
including heptane, chloroform, and pyri-
dine, for placing the coaly matter in
solution (2). The ICP (I0) is attractive
because of its inherently high tempera-
ture source, its lack of a combustion
flame, the absence of a contaminating
electrode as in graphite-furnace atomic
absorption spectroscopy, and its applica-
bility to flowing (that is, on-line) analy-
sis.

The ICP alone cannot be used to sug-
gest speciation, but, when the ICP is
coupled with a chromatograph, some
knowledge of the nature of the metal
species can be obtained. We have used
Farcasiu’s procedure (/1) for the prepar-
ative separation of SRC by polarity on
silica gel, using selective elution solvent
chromatography (SESC) to vield nine
fractions, designated saturates (fraction
1), aromatics (fraction 2), polar aroma-
tics (fraction 3), simple phenols (fraction
4), nitrogen heterocyclics (fraction 5),
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highly functional molecules (fraction 6),
polyphenols (fraction 7), and molecules
that possess increasing oxygen and nitro-
gen content (fractions 8 and 9). We found
significant quantities of a variety of met-
als in each SESC fraction (2). After
removing the eluting solvent, we sepa-
rated each SESC fraction further accord-
ing to effective molecular size [with a
size exclusion chromatographic column
(12)] by elution with pyridine (13). With
the ICP on-line during the size exclusion
chromatography, we obtained ‘‘metallo-
grams’'—one for each metal and each
SESC fraction monitored (Fig. 1). Blank
runs with our solvents exclude attribu-
tion of any peak in our metallograms to
an occurrence of a metal in a solvent.

We placed a more conventional, dif-
ferential refractive index detector in se-
ries with the ICP to obtain additional
information on the size distribution of
organic constituents in each SESC frac-
tion. Fraction 1 is weighted - toward
smaller molecular size than the other
fractions. There is a trend toward larger
species with increasing SESC fraction
number. A large part of fractions 7
through 9 elutes at the totally excluded
volume. Some highly colored material, -
however, continuously elutes from the
size exclusion chromatographic column
throughout the selectively permeated re-
gion in all cases.

The metallograms for each SESC frac-
tion in Fig. 1 disclose a variety of metal-
organic species. The presence of Mg and
Ca in fraction 1 is a surprise. It seems
unlikely that ‘‘alkyl-like’” species of
these metals would be present in SRC,
since no model systems of this type are
known. Perhaps a molecule of high ali-
phatic content with one bound Mg or Ca
elutes as an organic saturate. The elution
behavior of Ca salts of aliphatic carbox-
vlic acids or phenols, for example, is
unknown on both silica gel (used in
SESC) and polystyrene—~divinyl benzene
copolymer (our packing in size exclusion
chromatography).

The Mg metallogram for fraction 8
exhibits a sharp peak near the totally
permeated region, indicating molecules
of small ‘“‘size.” Titanium is not detect-
able (less than 4 ppb) in fractions 1
through 5. Only more polar fractions
(fractions 6 through 9) show measurable

Fig. 1 (facing page). Metallograms for magne-
sium, calcium, titanium, iron, copper, and
zinc: on-line ICP detection for these metals
during size exclusion chromatographic sepa-
ration of nine SESC fractions of Amax SRC
on a 30-cm, 100-A p-Styragel column with
pyridine elution. The exclusion volume was
4.75 ml.
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Ti, in each case at the totally excluded
volume. Fraction 6 shows the highest Ti
concentration (~ 0.2 ppm).

The elution of Fe species commences
at the totally excluded volume for each
SESC fraction. This is not the case with
Cu and Zn, for which molecules of
‘“‘size”” smaller than an n-Cy5 alkane are
predicted to elute.

Major Cu and Zn peaks eluting from
fraction 1 correspond to ~ 1.3 ppm (Cu)
and 0.4 ppm (Zn). The Cu metallogram
from fraction 7 has relatively sharp
peaks from which concentration can be
estimated: progressing to smaller
‘‘sized’’ species (increasing elution vol-
ume), the concentrations are ~ 0.8, 2.3,
and 1.1 ppm, respectively. Since fraction
7 is reputed to be polyphenols, these Cu
signals may be due to the elution of Cu
phenolates.

The Zn metallogram from fraction 7
exhibits the largest number of discrete
peaks, four. The largest ‘‘sized’’ Zn
compound elutes at the totally excluded
volume and is ~ 6 ppm. Elution of the
species at 10.5 ml indicates a molecule at
the “‘size’’ of n-decane.

Fraction 8 has a Zn concentration of
~ 45 ppm, all of which elutes in a narrow
band at the “‘size’’ of n-C,4 alkane.

Fraction 9 displays a bimodal separa-
tion of totally excluded and selectively
permeated (~ 0.25 ppm) Zn-containing
matter.

As far as we know, we are the first to
report distributions of organically bound
metals in coal-derived products. The iso-
lation of metal-organic fractions is a first
step toward their speciation, which
could yield information significant for
both producing and utilizing coal liquids.
Evidence for the survival of organome-
tallic combinations of biological origin
may be useful to geochemists concerned
with the chemistry of coalification.

The source of organically bound met-
als in coal-derived materials is still un-
certain. They may be present in the raw
coal. They may be produced as a result
of chemical reaction during the coal con-
version process. They may originate
with the processing equipment; we have
observed large Cr concentrations in the
process solvent used for the production
of the SRC studied.
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Polycrystalline Echinoderm Calcite and Its Fracture Mechanics

Abstract. Polycrystalline calcite was revealed by scanning electron microscopy of
fractured skeletal ossicles of the sea star Echinaster spinulosus (Echinodermata,
Asteroidea). Whisker-like calcite crystals were observed in specimens that were
loaded in stress relaxation before being fractured; rapidly broken surfaces were
smooth and glassy. The crystallites were 1300 angstroms wide and at least 3600
angstroms long and were packed together in lamellae. The lamellae were wound into
spirals that formed the trabecular bars. All the crystallites in an ossicle appear to be
aligned in the same direction. Geometric considerations indicate that the require-
ment for packing the crystallites smoothly may explain the high magnesium ion

concentration of echinoderm calcite.

Virtually all echinoderms have an en-
doskeleton composed of calcite ossicles
or spicules. As a skeletal material, echi-
noderm calcite has several unusual fea-
tures: (i) macroscopically, the calcite
forms a fenestrated structure of trabecu-
lae pierced by roundish holes (stereom);
(ii) the calcite is ‘‘impure,’’ containing 4

to 16 percent Mg?* substituted for Ca®*
(1); (iii) evidence for an organic matrix
within the calcite is equivocal (2); and
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(iv) each skeletal element, excepting
echinoid teeth, behaves optically as a
single crystal (3, 4). It is not clear wheth-
er each skeletal element (spine, plate, or
ossicle) is monocrystalline or an aggrega-
tion of crystallites with perfectly aligned
optical axes. X-ray crystallographic
analyses indicate that each skeletal ele-
ment could be referred to a single crystal
lattice (4). Although the data did not rule
out a polycrystalline substructure (5, 6),
the perfect alignment of crystallites re-
quired to explain the x-ray data had
seemed unlikely. Furthermore, since ex-
tensive scanning electron microscopy of
fractured skeletal surfaces had failed to
reveal a polycrystalline substructure (3-
5), most workers preferred the mono-
crystalline hypothesis (3-5, 7, 8).

I now present evidence that the skele-
tal elements of echinoderm calcite are
polycrystalline. Carinal and dorsolateral
ossicles of the sea star Echinaster spinu-
losus (Asteroidea: Spinulosida) were

Fig. 1. Scanning electron micrograph of a
fractured trabecular bar within a skeletal ossi-
cle of the sea star E. spinulosus. Whisker-like
calcite crystallites aligned in spiral lamellae
demonstrate the polycrystalline substructure
of the calcite ossicle. Scale bar, 10 um; mag-
nification, x5000.
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