CHARACTERIZATION OF MINERAL MATTER
AND TRACE ELEMENTS IN COAL

- P. L. Walker, Jr.

I. Introduction

There are probably two major reasons why more attention has not
been paid in the past to the relation between the character of mineral
matter and trace elements in coal and the behavior of coal in conversion
processes. First, the major conversion process of commercial importance,
until recently, has been combustion. This reaction is rapid, and can be
carried out at elevated temperatures (with no equilibrium problems). Thus
there has been little interest in whether the mineral matter or trace
elements catalyze the combustion reaction and certainly no thought of
deliberately adding ﬁotential catalysts. It is true that in combustion
there have been major problems with boiler tube deposits reducing heat
transfer and rated furnace performance. Accordingly, there has been interest
shown in possibly relating boiler tube deposition to the nature of the
mineral matter in the coal used. However, negligible effort in this
direction has been made because of the absence, until recently, of the low-
temperature ashing (LTA) approach to separate the mineral matter from the
coal essentially unchanged, Gluskoter in the material included in this
report discusses LTA briefly and gives appropriate references.

By contrast with the carbon-oxygen reaction, the carbon-steam, the
carbon-carbon dioxide, and the carbon-hydrogen reactions are much slower.
Walker et al (1) estimate that in the absence of significant mass transport
resistance the relative rates of the C-02. C-HZO, C—COZ, and C—H2 reactions

3

under similar temperature and pressure conditions are 105, 3, 1, and 107,
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respectively, That is, there i1s essentially a 108 spread in these
reactivities, TFor the C-H20 and C-CO2 reactions, this aﬁ%ead can be
alleviated by operating at increasing'tempe;atures to inéfease rates f
without encountering equilibrium conversion limitations.'VObviously, &bwever,
from the standpoint of cost of materials of construction used in gasification
reactors there is an incentive to not operate at too high a temperature.
When one considers the C—H2 reaction to produce methane, the situation
becomes muéh more serious. Not only is this the slowest gasification
reaction; but since it is exothermic, increases Iin temperature increasingly
restrict the ﬁpper limit of conversion te methane. Tﬁerefore, there is no
doubt that the roll which mineral matter and trace elements might play in
catalyzing the gasification reactions will become a subject of major iﬁterest ol
and rightly so. * i

If it is further appreciated that since the mineral matter in coals appears
to lead to ashes with high catalytic.activity and reactivity for removal of
HZS and COS from productrs;reams from gasifiers, interest in mineral matter
is further stimulated. That is, the Morgantown Energy Research Center of
the U, S; Bureau of Mines has reported results on the removal of HZS from a
simulated producer gas at temperatures between 600-850°C and, pressures
between 1-8 atm using a 25% Fe203-752 sintered fly ash.

In the conversicn of coal to a clean liquid fuel, there is again much
interest in catalysis., There is much incentive to keep the temperature down
to maximize liquid yield and to minimize gas yield. There is also much

incentive to eliminate sulfur from the system as H,S concurrently with lique-

2
faction of the coal. To operate at lower temperatures and to effectively
remove sulfur from the product, catalysts are needed. Again there is much

interest in the possible catalytic activity of the mineral matter and also
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much cénégrn that some trace.elements may poison a catalyst which is
deliberately added to the system.

Therefore, there is no doubt that characterization of the mineral matter
and trace elements in American coals is of prime importance 1if coal
gasification and coal liquefaction processes are to be optimized. Indeed,
it is now recognized that the same is probably true for the combustion of
coal.

II. Status'of Characterization of Mineral Matter and Trace Elements

As discussed by Gluskoter in the material included in this report,
much progress has been made in characterization in the past decade. The
use of LTA has enabled us to separate the mineral matter from the coal. Using
X-ray diffraction and infra-red approaches O'Gorman and Walker (2,3}, among
others, have shown that it is possible to present semi-quantitative or
quantitative data (dependingtuﬁon the precision used) on the amounts of the
majof minerals existing in a:%Qal sample. In addition to the commonly
occurring minerals like kaolinite; {l1lite, montmorillonite, calcite, pyrite,

and quartz, they show that some c&éis have significant amounts of gypsum,

rutile, chlorite, siderite, dolomite, and muscovite. The point is that the

quantitative determination of any minerals in coals which exlsts down to about

1% of the total minerals present can now be made.

Further, the major and trace elements in coals can be measured quanti-
tatively using eithér the high temperature ash or the LTA material (). It
' is, of course, simpler to produce an ash sample by_air oxidation at an
elevated temperature than it is to produce an ﬁTA sample. In most cases,
insignificant vaporization of the_elements occurs during this ashing and thus
it can be used. However, there are major exceptions, for example mercury
which vaporizes significantly ugiéf high temperature ashing (4). Im this'

case, analysis of the LTA mgperia&k@s-required. Elements present in major




amounts are generally determined by atomic adsorption (5). Elements present
in trace amounts are determined either by atomic absorption or emission
spectroscopy., Neutron activation analysis and x-ray fluorescence analysis

can also be used. The point is that the know-how is present to analyze for

the major and minor metallic elements in coal.

There is absolutely no excuse for thé characterization of mineral matter
and trace elements in cocals not being made, as described briefly above, if
the data appear to be of importance. It is suggested that today a significant
segment of the electric power industry utilizing coal is not aware that these
characterization procedures exist. A recent letter from Professor Gould
is included to suppoft this point. G%uskoter concludes that there are only
four laboratories in the United States which, to his knowledge, have demon-
strated competence in the chemical, mineralogical, and petrographic analysis
of coal: 1llinois State Geological Survey, Pennsylvania State University,
U. S. Bureau of Mines, and U. 5. Geological Survey. In some way effective
coupling must be set up between the electric power industry and these
laboratories so that the industry can benefit from the laboratories expertise.
Some continuing support from EPRI for these laboratories would appear to be in
order to assure their continuing capabilities in this characterization area.

1II. Addirional Information Which We Want on Mineral Matter and Trace Elements

Itris clear that if we are truly going to understand the relation
between minerai matter and trace‘eleménts in coal and their role in catalysis
of coal conversion processes (as well as other important processes to EPRI
such as filtration of coal seolutions and preparation proéesses) there is much
more that we need to know about these materials. At least a partial lﬁst of

additional characterization parameters we would like to be able to measure
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is as follows:

a. Distribution in particle size and shape of the major minerals as
they occur in coal. °

b. Association of minerals with particular macerals.

c. In a particle assemblage of ground coal, a weight or volume percent
"distribution of particles going from 100% coal to 100% mineral --
and identification of what mineral or minerals are in each particle.

d. Trace elements.associated with major minerals and coaly regionm,
their distribution and bonding.

IV. Approaches Being Studies_at Penn State to Obtain Additional Data

Whereas some of ;he approaches described below may also be in the
process of being studied in laboratories other than Penn State, thils writer
will confine his remarks to Penn State studies since he knows them the best.
It is certain, in any case, that not wuch total effort is underway in the
United States at this time,

A. CESEMI

Consider, first, item IIIa above. White and co-workers at
Penn State have been studying the characterization of coal mine dust for ﬁhe
past four years (6,7). In essence the research tool developed by Dr. White
called CESEMI (Computer Evaluation of Scanning Electron Microscope Images)
involves computerization of the scan control and data output of a JSM-1
scgnning electron microscope (SEM) so that the size and location of any given
particle in the field being scanned is coded into the computer. By energy
diserimination on the characteristic x-ray emission spectra, it is possible
to discriminate among elements from Na up, and estimate the amounts present
at the extremely small point at which the instrument is focused. By comparing
the ratios of elements present, a mineral identification of eéch particle

can be made together with its size and shape. When a statistically significant
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number of particles have been analyzed, data are processed by computer to
summarize the size and shape distribution characteristics of each particle
type, See Tables 1(a) and 1(b) for an example of such an énalysis.

In the present apparatus a series of x-ray.detectors have been optimized
for the simultaneous detection of C, Al, Si, S, Ca, and Fe. As is seen in
Table 1(a), this permits the identification of 31 different particle types
including carbon (coal), alumina, gquartz, kaolinite, calcite, illite, gypsum,
and pyrite. Obviously the x-ray detectors can be set to look for other
elements if desired, that is, if other elemental compositions giving other
minerals are of interest.

Table 1(b) summarizes the form in which the data are supplied. The
important information for each particle type includes: percentage of total
number of particles, percentage of total area of particles, average surface
area, average equivalent circular diameter, and weight % of actual particles.
This approach is particularly suitable for the <l0um material and can be used
directly on the screened LTA material of less than this size. For sizes
>10um, the particles can be imbedded in an appropriate mounting medium and
characterized as polished sections. Studies are now underway to evaluate
CESEMI for characterization of mineral matter particles and to compare values
obtained for weight distribution with that obtained by chemical characterization‘
of the minerdl matter as described in Section II.

The technique also appears to be useful in the characterization of mineral
matter particles in the size range 0.5-100um in polished sections ;f ceal.
Studies along this line should also be pursued.

It is estimated that it would require over $175,000 to duplicate this
CESEMI apparatus. A system with improved resolution using an available

JSM-50A SEM and a dedicated computer (like the PDP 11/20) could be developed
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for another $50,000.

B. Direct Linear Analysis of Mineral Grains in Polished Coal “Sections

In the SEH, a backscattered electron signal (the elastically
scattered primary electrons and not the low energy electron used for the
usual SEM images) yields an image of a polished section-of coal in which
the brightness 1s greater for the densest material. All coal macerals are
relatively dark in these EBS images because the H,C,N,0, of the organic
matter forms a matrix of low atomic number. Silicate and carbonate mineral
grains yield a sipnal of intermediate brightness while pyrite is the
brightest of the commonly occcurring minerals in coal. Dr. White has shown
how EBS can be used to characterize the mineral matter in coal.

This is illustrated in the accompanying micrographs taken from a
polished grain mount of coal. Figure 1(a) 1is the unaltered EBS image takén at
100X magnification. Here the darkest parts of the image are coal and/or
mounting epoxy, the gray is from si;icéte mineral grains and the brightest
areas are pyrite. Figure 1(b) Is a processed signal image inlwhich all
mineral areas are bright and the non-mineral regiohs are black. Figure 1(c)
is a processed signal image showing all pyrite fields as bright while all
non-pyrite minerals and carbonaceous material is black. Figure 1l is from a
sample concentrated in "heavies'. Figure 2 is a SEM microgfaph for a more
typical polished section of coal grains (-14 mesh). This image, recorded at
300X, 1s for the NBS standard coal 163]A. Although not resolved in the
image, the beam was actually generated by a dense matrix of discrete picture
points as picture elements. In this case the beam was advanced by a digital
sweep gengr;to:,scanning at 1024 picture points per line and scanning a
total of Big:iiﬁ;s.L#;'

T
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image,

(a) unaltered EBS i

. Electron Backscattering Images:
(c) only pyrite is bright.

(b) total mineral is bright,

Magnification 100X.

FIGURE 1



~ FIGURE 2. SEM Micrograph For a More Tyrpicalr |
Polished Section of Coal Grains.
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The electronics used to make the black/white-images seen in Figures 1(b)
and 1(c) alsc are used to determine the lengths of intercepts*for‘each "on"
segment (bright areas) of the scan iines. These ”cordllengths" are stored
in a multichannel anélyses (MCA) in such a way as to build up a spectrum of
chord lengths. In the example given here a total of seven frames (images)
like the one in Figure 2 were accumulated to form a composite spectrum,
with the data being displayved by direct teletype printout. These data in
turn are fed into a PDP 11/20 computer programmed to generate grain size
distribiutions using the basic Kahn and Fullman Formula. Information
generated includes the number and percentage of particles in particular size
ranges, the area and volume percentage occupled by mineral graims, and the
average distance travelled between mineral grains. As 1s suggested by
Figure 1(c), if the information 1s desired only on the pyrite this can be
supplied.

C. Mineral Characterization by Reflectance Measurements

Without doubt the mineral in coal which is of most importance
is pyrite, not only because it is the precursor of metallic iron which can
have high catalytic activity but also because of its importance from the
standpoint of pollution considerations, Of all the major minerals in coal,
pyrite has by far the highest reflectance to normal light, Its reflectance
is also much higher than the coal& material. Reflectances of the major
macerals in coal are vitrinite ((.8-1.0%), exinite (<0.4%), and fusinite-
micrinite (2.0-7.0%); by contrast, pyrite has a reflectance of about 507.
Thus one approach which has been used to characterize pyrite in polished
sectlons of coal has been based on these majo.r differences in reflectivity.
Indeed, commercial Ameda units have been used to some extent for this puréose

in the United States.
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Drs. Spackman and Vastola, in the Coal-Laboratories at Penn State, have
begun to automate this approach with considerable success. They have worked
with either polished sections of coal or crushed coal samples which are cast
in a resin matrix followed By surface polishing. To expedite the characteri-
zation of pyrite particle size, an automated system based on a photometric
reflectance measuring system, an automatic microscope stage drive and a
computerized data acquisition system has been developed. The resolution
of the present system is 2um, using a conventional Lietz microscope. Data
obtained by the automated system can be processed by the computer (a PDP-Q)
to produce an output in the form shown in Tablelz for a particular sample.

At the present maxiﬁum rate of traverse across the polished section (about
400 optical fields per second), it is possible to characterize about 10,000
particles in 6 min. Not only is it possible in a number of size fractions
to give the percentage of coal and percentage of pyrite but also to break
down the number of particles going from O to 100% pyrite.

Another real possibility will be to study the association of the pyrite
particles with particular macerals, since the macerals differ in reflectance.
However, since fheir differences in reflectance are not large (as previously
pointed out) it will be necessary to improve the system somewhat to make this
discrimination. For example, the incandescent light source presently being
used would be replaced by higher intensity illumination from a CW gas laser
source. It is estimated thét this improved system can be obtained for an
additional $20,000. Part of this expense would be involved in obtaining a
minimum configuration microcomputer to be used for data acquisition. By
interfacing the mini computer with the existing computer facility (PDP-9)
it will use the main computer input/output and bulk storage facilities that

are already available.
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TABLE 2

COMPUTER OUTPUT FROM REFLECTANCE MEASUREMENTS

Total Pyrite %
Total Free Pyrite %

Total Edge Pyrite %

Size %Z Diastribution Percent Particles with Pyrite Compositions of
Microns Coal Pyrite 0 20 40 60 80 100%

<5
5- 10
10- 20
20~ 30
30- 40
40- 50
50- 75
75-100
100-150
> 150
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D. Electron Microprobe

There should be interest in the distribution of trace and
minor elements in both major mineral regions and organic regions found in
coal. Limited efforts to obtain results of this type on coal have been made
using an electron microprobe (8). Microprobes have been improved con-
siderably recently in sensitivity and automation. TFor example, an Applied
Research Laboratory instrument, with three spectrometers, with a computer
costs about $175,000. ﬁowever, it 1is felt that before:spending this kind of
money studies should be made using older and cheaper models, such as the
ARL-AMX unit, to determine how much valuable data can be generated. For
example, titanium is of particular interest since it appears to peison the
cobalt molybdenum sulfide catalyst used in coal liquefaction. It is felt
that the titanium in the rutile (TiOZ) mineral is not causing the problem,
but rather the titanium which is thought to be organically bonded in the
coal structure. Could the electron microprobe measure the extent of
uniformity of distribution of the organically bonded titanium?

Further, we would like to know more about the particular macerals yith
which the trace elements might be primarily associated. 1In principal, this
type of information can be obtained using the microprobe.

E. Summary

It is certain that the more information of the type discussed
above 1s 1s possible to obtain the better chance we have of understanding
the role of trace elements and mineral matter in catalyzing or inhibiting
gasification and liquefaction reactioms. Some of these analyses discussed
require expensive equipment and are non-routine. They would only be used on

particular samples on which meaningful process results have been obtained.
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In the meantime, however, the characterization procedures must be thoroughly
studied so that confidence 1s gained in their capabilities and their limitations

are fully understood.
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