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INTRODUCTION

Several developing techniques of elemental analysis based on
nuclear technology are becoming more actively applied to research
in the earth science and fossil fuel research.1 This paper will
present a brief description of several relatively new analytical
methods which together with more established techniques such as the
scanning electron microprobe provide a comprehensive array of meth-
ods for materials analysis. These me.hods which are being used in
a continuing study of the elemental cons ituency and integrity of
coal waste products include proton and x-ray induced fluorescent
x-ray analysis (PIXE and XEF), alpha p a n - d e backscattering
(Rutherford backscattering, RBS), proton microbeaa analysis and
electron microprobe ana'ysis.

The role of nuclear-based techniques in materials and earth
science research is yet to be fully defined. For example.

*Research supported by the U. S. Department of Energy, Division of
Basic Energy Sciences, under Contract No. BE-AC02-76CH00016 and
New York State Energy Research and Development Authority as manager
for Department of Energy, Environmental Protection Agency, Electric
Power Research Institute, and Power Authority of the State of-
Sew York.



Rutherford backscattering is a well-used tool in surface and coat-
analysis in the semiconductor industry but little recognized as a
simple technique for major elemental identification in other fields.
This technique was, however, the basis for the lunar surface ma-
terial measurement carried out early in the lunar research program
in the surveyor landers.2 Earth scientists are major proponents
of electron microprobe analysis and yet are only beginning to ap-
preciate the merits of the proton microprobe which, in many respects,
complements the electron beam in terms of elemental sensitivity,
reduced background and differences in spatial resolution and re-
sponse. Complementarity is a key concept in defining a comprehen-
sive set of analytical capabilities.

Also to be discovered is the aost effective area of application
for these techniques in fossil fuel research. With regard to the
study presented here, it may evolve that broad surveys of balance
studies on loss and composition of coal waste materials exposed to
the marine environment may be most useful. Alternatively, detailed
probing of the trace element constitution of microscopic areas of
specific samples will be most useful and give basic information on
solubilities, leaching rates, etc. which cause material changes
with time.

This description of nuclear based analytical techniques will
not include direct comparison with other, more established, analy-
tical techniques, and neutron activation analysis will not be dis-
cussed. It is routinely used elsewhere, fully appreciated by the
earth scientists and readily available. Many methods are certain
to find preferred roles and selection by experimenters with par-
ticular familiarities. There are, however, some general aspects
of the methods to be presented which are distinct and worth noting
out of the specific context. Nuclear based analytical methods
often require little, if any, sample preparation. For the most
part, matrix or chemical states of the sample do not affect the
measurement. In the case of the proton microprobe, analysis with
good spatial resolution and high trace element sensitivity can bs
accomplished in the laboratory outside of the vacuum with the
ability to position and observe the sample during the aeasurement.
These features point to a general feature of overall convenience
and integrity of measurement. The use of particle beam from a
Van de Graaff accelerator in several methods often elicits the
comment that the method is therefore not generally available.
However, there are literally hundreds of these small accelerators
in existence, many with applied programs and outside user capabil-
ity. The technology and access is certainly no more difficult
than in neutron activation analysis, a well-accepted analytical
tcol.



ANALYTICAL METHODS

XRF and FIXE (including the proton nicroprobe) identify ele-
ments by exciting atoms resulting in the emission of characteristic
x rays. Protons of several MeV and electrons of * 20 keV (typical
of electron beam probes) move at velocities close to K and L shell
orbital velocities of light elements and therefore have a high
probability (̂  103 barns) to ionize and produce a characteristic
x ray. Similarly, a 20-keV photon has high probability for an
atomic photoelectric effect in which a K (or L) electron is ejected
from a heavy atom. Johansson, et al.3 first showed that proton-
induced x-ray emission was sufficiently sensitive to measureaent
of trace quantities in various matrices. Johansson et al. have
more recently reviewed the field in detail4 which has grown and
matured to the extent that several international conferences have
resulted.5

The applications of highly collimated proton beass which ap-
proach micron dimensions have been increasing dramatically over
the last several years. Cookson6*7 first showed the usefulness of
a proton microprobe and several active groups8>9»13f11 have emerged.
Clarke has reported1 on several specific microprobe measurements
on coals with the Harwell machine. Shroy, et al. 1 2 have shown that
a sinple highly collimsted proton beam may be used in the labora-
tory ambient which allows good specimen cooling, ease of specimen
manipulation, the investigation of large or vacuum unsuitable sam-
ples (e.g., gassy) and good spatial resolution and system sensi-
tivity. The ion microprobe clearly coaplements the more familiar
scanning electron microscope (SEM) or microprobe.

The ability of a heavy charged particle to discern the atomic
weight of a scattering particle has been appreciated since the
early discoveries of Rutherford, which inspires the common de-
scription: Rutherford backscattering. Beside the application to
lunar materials evaluation, the technique is well used in semi-
conductor materials and surface analysis and a comprehensive book
by Chu, Mayer and Nicolet is available.13 The ion beam commonly
used is a 2-3 MeV alpha beam from a low energy accelerator.



COAL WASTE MATERIALS

In addition to studying several representative samples of coal
of different ranks and NBS standard reference samples, coal waste
materials comprise the major application of the techniques that have
been described. Justification for the application of our research
to coal waste is based on the following: There is urgency to con-
vert from oil to coal burning at northeastern power plants and con-
version has begun. An important obstacle to utilizing coal is the
large volume of coal combustion products which include mainly fly
ash and flue gas desulfurization sludge (scrubber sludge) if scrub-
bers are used. Both these wastes will require disposal.

The dumping of either the untreated scrubber sludge or fly ash
in the sea would be quite unacceptable, probably having deleterious
environmental effects.15 IU Conversion Systems, Inc. (IUCS), Horsham,
Pa., has developed a marketable stabilized coal waste by combining
the scurbber filtercake with the fly ash. Basically this system
treats sludge and fly ash with lime;cementitious reactions convert
the mix to a stable material that can range from a day-like sub-
stance to hard blocks. These blocks are being used to fabricate an
artificial reef.16

The stabilization reactions in the formation of the coal waste
blocks are similar to those of concrete but do not give the yield
strength of concrete and are sore porous and permeable.-7 The bulk
density of the blocks is about 30% that of concrete, due to the
lighter fly ash used and the absence of high density aggregate aa-
terials. In some instances, bottom ash can be added, as an aggre-
gate, to the coal waste blocks.

The coal wastes investigated in the present study case were from
three coal-fired power plants: (1) Conesville power station, Ohio,
a 820-MW plant using bituminous coal; (2) the Elrama, and (3)
Phillips power stations both near Pittsburgh, Pennsylvania. The
coal waste (Conesville and Elrama) were stabilized by IUCS as cubic
foot blocks. Using the Poz-o-TecR process (IUCS), liae was added
to a fly ash and scrubber sludge nix which was wetted, compacted in a
plywood mold and cured for 28 days to stabilize the mixture into
block form. The ratio (by dry weight) of fly ash to scrubber sludge
was near 1:1. (For the purpose of this paper, scrubber sludge re-
fers to the scrubber sludge filtercake and includes any carry over
of fly ash from particle collectors; the carry over fly ash was a
significant problem only at the Elrama power station.) The bulk
mineralogy1- of the cured blocks vas determined by x-ray diffraction
analysis of unoriented mounts of powdered coal waste saterials.
Major components, based on mineralogy and eleaental composition by
vet and instrumental methods1S are ?iven in Table 1. Smaller blocks
were cut from the 1 ft3 blocks and reacted in seawater tanks for a
period of about 5-6 months, depending upon the nix. The seavater,



Table 1. Composition, expressed as percent dry weight, of major
components in blocks of stabilized fly ash and scrubber
sludge from the Elrama and Conesville power plants,
(^nominal ratio)

Power Plant Fly Ash CaCO3 CaSO3*%H2O CaSOu»2H2O Ca(0H)2 SUM

Fly Ash:
Scrubber
Ratio*

Elrama
1:1

Conesville
1:1

53 17.4

2.0

18.4

33.6

4.3

5.9

93

90

changed approximately bi-weekly, was monitored for major and minor
constituents leached from the blocks. The results of the leaching
study have been reported elsewhere.19 After this exposure samples
from the surface and interior of representative blocks were taken,
crushed and powdered and prepared for analysis by re-forciing as pel-
lets 10 mm in diameter, 1 ram thick. Thin sections for prof.on and
electron microscopy were also prepared. Identical samples were pre-
pared from blocks not exposed to seawater (unreacted). Samples of
the sludge and fly ash from the Conesville plant were also available
as well as representative bituminous coals. The coal waste project
has continued with large production runs of 18,000 8 in. *8 in.* 16
in. In September 1980 these blocks were dumped via barge in the At-
lantic Ocean approximately three miles south of Fire Island just east
of Fire Island Inlet. They are shown on shore and in place in Fig. 1
The coai waste reef will be studied jLn situ for a period of three

years.'

\"< I*. Ĵ -̂ *.?-:-.'"• i- y

Figure 1. Stabilized scrubber sludge/fly
ash blocks, l e f t , and in-s i tu,
above.



RESULTS

The results presented will first emphasize the techniques of
FIXE, XRF, RBS and nicroprobes as applied to the analysis of coal
waste block material and associated biota. A brief later section
will describe measurements of anthracite, bituminous and lignite
coal.

1A. PIXE

Most measurements of proton induced x-ray spectra from the
several samples of interest reported here were made with an external
proton beam in, the microprobe configuration. For increased sensi-
tivity, a relatively large .006 in. diameter aperture was used which
required a 0.001 in. aluminum window to maintain vacuum. This
window caused a relatively small extraneous background.

The higher energy portion of the FIXE spectra from samples of
Conesville blocks from the surface of reacted blocks, the unreacted
blocks and the NBS SRM1632a standard coal are shown in Fig. 2.
The measurements were made for a determined integrated beam charge
and used a .030 in. Mylar absorber on the detector to reduce the
overall count rate by eliminating copious low energy x rays. Hi,
Cu, Zn, Ga, Ge, As, Rb and Sr can be observed in the block spectra,
both reacted and unreacted. Ga and Ge are known trace elements in
coallu and their concentrations can be estimated from the Zn and
As in the NBS standard coal shown below which contains 28 ± 2 and
9.3 ± 1 yg/gm, respectively. Arsenic is also prominent in the
block spectra and would be expected from the fly ash component.

Figure 2. PIXE x-ray spectra from
7 to 17 keV of samples
of Conesville block,
reacted and unreacted
and NBS SRM 1632a Coal.
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Fig. 3 shows the full energy range spectra of the Conesville
samples from reacted (surface), reacted (interior) and input bitu-
minous coal without the low energy x-ray absorber. Prominent x
rays include S, Ca, Ti, Ma and Fe in addition to those in the higher
energy portion. Some reduction of Ca and S relative to the large Fe
peak may beobserved in the reacted surface spectrum. The major com-
ponents of these spectra, together with an interior sample of the
reacted Conesville block, were analyzed quantitatively by a computer
fitting program to the K a lines of interest. It is assumed the
iron minerals present are not mobilized so that the iron intensity
should be presumed constant in reacted and unreacted blocks. There-
fore it is of interest to compare the ratios of observed elemental
x-ray intensities to the iron intensities in the several samples.
These ratios are shown in Table 2A.

Fig. 4 is a composite of PIXE spectra of the Conesville sludge,
fly ash and bituminous coal. It ±r, clear that the fly ash is the
principal source of trace elements for the blocks.
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Figure 3. PIXE x-ray spectra of
Conesville block:
reacted surface, re-
acted interior and
unreacted material.
No low energy x-ray
absorber was used.

Figure 4. Conesville block aat-
erials: sludge, fly
ash and representative
bituminous coal. PISE,
no low energy absorber.



Table II. Iron Ratios to Observed Elements In Conesville Block

Ratio

I'u/O

Ke/S

Vv/K

IV/C'u

Kt7Tl

Kc/Mn

Fc/NI

Kc/Clii

Ke/Zn

Fc/Ca

Ku/t!t!

I'CJ/AK

IV/IM.

r»/Ki*
Ke/Sr

Unreacted

3830 .

14

71

lf»5

1510

1170

7400

f 1400

1540

A. PJXE
Reacted
Interior

5050

31

109

230

2270

1180

6630

7600

1520

Reacted
Surface

8260

34

67

160

1510

950

6640

9950

1840

U.

Unreacted

90

280

6

92

1270

660

100

880

880

160

450

100

5.4

XRF
Reacted
Surface

220

220

11

94

1510

580

100

1160

640

175

330

75

12.6

C.

Unreacted

0.08

0.12

0.06

RBS
Reacted
Surface

0.17

0.35

0.164



IB. XRF

Spectra, of unreacted and reacted surface staples of the Cones-
ville blocks are shown together with the NBS SRMl633a fly ash stand-
ard for reference in Fig. 5. Many eleaents are evident including
higher Z trace eleaents, e.g. As, but it Is difficult to qualita-
tively judge if leaching has occurred in the reacted sample. There-
fore quantitative analysis of the K,a peaks have been carried out and
iron to element ratios were calculated and are listed in Table 2B.
It should be noted that a clear Pb Lg is observed at 12.62 keV which
implies that a Pb Lg is mixed with the As K a at 10.52 keV. A Pb
standard was measured to determine the Pb La/Lg ratio and thus re-
move the Pb La interference from the As K 3 based on the Pb Lg

intensity. In Table 2B we notice that Ca and S and Sr as well have
been leached from the reacted block.

1C. RBS

Coal and coal waste samples were measured by Rutherford back-
scattering using 2.8 MeV alpha particles from the 3.5 MV Van de
Graaff accelerator in a* standard scattering chamber geometry. As
implied by name, the scattering angle with respect to the incoming
beam was 165° and the billiard ball kinematics apply. A 2ilAm
alpha source together with an electronic pulser were also present
during the runs but they are off scale between' channels 3800 and
4096. The pulser assures continuous monitoring of the systea gain
and count rate stability and the 5.486-MeV a source provides an
absolute energy calibration. It is possible to calibrate the na-
chine energy and energy scale to a few keV and thus measure the
elemental edge energies accurately with high assurance of the
particular specie.
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Figure 5. X-ray
spectra from XRF
of Conesville
uareacted block,
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Fig. 6 is a composite of several RBS spectra plotted on a log
scale of samples of NBS SIM 1632a and SRM 1633a coal, fly ash,
unreacted and reacted block material, from the lower to the upper
spectrum respectively. On this scale, quantitative analysis is
difficult; however, the major elements and minor heavy elements
observed are: C, 0, Al, Si, S, Ca, Fe, As, Ba and very heavy
elements (Hg or Pb). It is noteworthy that this technique allows mea-
surement with a continuous relative efficiency of light elements
down to carbon. Fig. 7 is an enlargement of the edges of inter-
est for the reacted surface and unreacted block material. The
height of each edge is proportional to the relative amount of each
element present, and it is of interest to compare the ratio of 0,
S and Ca to that of Fe as has been done with the other techniques
in Table 3C. He find again that sulphur and calcium are reduced in
the reacted surface material by factors between two and three. A
reduction of over two for oxygen is also observed which would be
expected because CaSC^'^O, and unreacted Ca(0H)2 are the major
oxygen-containing phases (Table 1) leached from the blocks.

Figure 6. Backscattered alpha
particle spectra (RBS)
of pressed samples of
Conesvilie reacted
surface and unreacted
material and XBS SR!
1633a and 1632a Fly
Ash and Coal standards.

Figure 7. Enlargement of portions
of RBS spectra fros
unreacted and reacted
surface saaplts of
Conesvilie material.



It is also of interest to note that barium (or perhaps cesiuo)
is observed in the RBS spectrum as a minor constituent. The barium
L x rays at 4.457 and 4.828 keV, if excited by PIXE or XRF, would
be obscured by the more abundant, ubiquitous titanium K x rays at
4.508 and 4.931 keV. Thus a third independent method is helpful to
resolve interferences.

ID. Proton and Electron Microprobe Scans

Because the collimated proton beam is available externally in
the laboratory, it is possible to scan samples in either a continu-
ous line scan or to position the beam on particular areas of in-
terest. Scans of thin, 30 pm sections were made with protons at 4
ram intervals across a midsection of sample of — 4 cm in length.
The sample was essentially homogeneous in the sludge/ash mixture
and the participates were smaller than the .006 in. aperture used
which determines the spatial resolution. Several positions in the
midsection were found to be relatively lower in iron and corre-
spondingly higher in Mn and Ni. The reduction in Fe could be due
to the fact that scan positions included (randomly) fewer small Fe
particles which were found to be the major iron source.

Figure 8 is a montage of scanning electron microscopic results
showing the micrograph with a variety of particles and a slight
secondary exaittanee difference in areas of the matrix. The x-ray
scans shown below confirm that the different areas of the matrix
are Ca-rich and others Si-rich. The ubiquitous Fe is found in
particles up to ~ 20 urn in size. This scan of major eleaents
suggests why the proton scans showed very unifora results although
sone abnormally high concentrations of trace constituents (in fly
ash particles, for example) would be expected in the proton scans.

IE. Organic Remnants

Several samples of biota, taken from the surfaces of blocks
placed in the Atlantic for about one month, were dried and analyzed
by XRF for possible uptake of elements that aight be identified
with the blocks themselves. These included calcareous tube build-
ing worms (Sabellaria vulgaris). a hydroid (Obelia) and worm
casings. A group of mud-tube worms (Asabellides occulata) was
also run. Figure 9 is a XRF spectrum of the worm casing typical
of all measurements except for the raid-cube worms. We find Si,
K, Ca, Ti, V(sl), Mn, Fe, Xi(sl), Cu, Zn, Ga(sl), Pb, Br, and 5r.
Only the very minute suggestion of Ga has a possible identifica-
tion with coal or coal waste products. Although the Pb L~ inter-
feres with the observation of As, observed in the fly ash eocponent
of the bricks, the Pb Lc is also prominent and of approximately
sufficient intensity to"assign the 10.5 keir peak as the accor-pariv-
ing Pb L^. The larger mud-cube worss and their preparation
exhibited a large asncunt of ?b, high Mn and Ca.
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Figure 3. Scanning electron
micrograph and assoc-
iated x-ray scans of
thin section of Cones-1

ville reacted block
material.

Figure_9-_XBF.x-ray spectrum.of-- -
a mud-tube worm
(Sabellaria vulgaris) _
casing taken from blocks
after one month in the -
ocean.

Coal

Samples of the several ranks of coals were studied by PIXE,
XRF and BBS. Fig. 10 shows a collection of XKF spectra taken for _
the same x-ray fluence on samples (from the top) of anthracite, _
bituminous (representative of the Conesville input material) and
North Dakota lignite. Sulphur is evident in all materials as are
other major elements, Ti, Fe, Zn, Br and Sr. However, As is ob-
served in the anthracite and is present in greater quantitites in
the Conesville bituminous sample, and it is not observed in the
lignite. Arsenic was strongly observed in Conesville fly ash
and the composite bricks. Lignite is significantly different,showing
very little calcium, iron and strontium but high titanium and
zinc>.._ _.



Rutherford backscattering results have shown in Fig. 6 the
ability to discern minor and trace quantities of heavy elements
with a continuous (Z2) sensitivity. Further, it has been previously
demonstrated21 that RBS provides a simple means for finding major
element relative abundances with agreement between measured and
certified values of pressed NBS standard coal (SKM 1632a) within 15Z.

In itself, this is not an extraordinary result except that it should
be realized that the RBS measurement can proceed concurrently with
PIXE and be used to directly analyze a thick target matrix. The
characterization of the sample matrix is essential for accurate
self-absorption corrections that must be applied to the x-ray spectra
for trace analysis.
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CONCLUSIONS

Proton and x-ray induced x-ray emission have proved Co be sen-
sitive and convenient methods to measure major trace element concen-
trations in bulk quantities of coal and coal waste materials. These
techniques are complementary in their sensitivities as a function
of atomic number, and both require little sample preparation. The
PIXE measurements were made with the proton beam in air in a micro-
probe configuration. Collimated proton beam scans were made on
several thin sections of fly ash/sludge block materials and good
trace sensitivities were observed for small specific volumes; SEM
scans showed a high degree of material homogeneity which precluded
significant elemental variations at the *» 100 urn spatial resolution
used. An excellent study of the trace elemental distribution in
the mineral components of macerals of bituminous coals has been
carried out by Chen, et al.22 Many of the trace elements in bulk
observed in this study, such as Ge, Ti and As, were observed in
different distributions within these minerals. A spatial resolu-
tion of "v. 2 to 4 um was required for these observations.

Rutherford backscattering was used to directly observe major
and minor elemental concentrations in coal waste materials and in
several representative ranks of coals. BBS is useful for only
trace concentrations of heavy elements, but it does provide a
method independent of fluoresced x rays for detection of possible
middle Z interferences. Some information as to the organic
("volatile") or inorganic (less volatile under the beam) nature
of the elemental matrix may be deduced from the shape of the sur-
face or near full energy edge of the spectrum. Highly peaked,
surface-augmented spectra are often observed for elements such as
Ca which may better withstand beam surface heating effects as
small refractory particles.

The observed depletion, demonstrated in this study, of Ca and
S (and also 0) in the reacted block is due primarily to the dis-
solution of CaSO3*1jH2O in seawater. Duedall et al., in an inde-
pendent study, using the same blocks, determined the flux of Ca 2 +

and SO3
2~ (reported as SOi*2**) from the blocks to seawater to range

between 10~7 mole/mm2/day during the first 20-30 days to 2-3 *
10~s aole/smr/day at the end of the leaching experiment (148-170
days, depending upon the mix). Using these fluxes, a one-
dimensional aodel based on diffusion was developed. The model
predicts diffusivities (for Ca2+) of 1.2-3 x 10~9 ca2/sec and the
depth (xc) of penetration of the diffusion process: in 10 days
xc - 0.06-0.10 cm; in 365 days, xc • 0.39-0.61 ca; and in 30 years,
xc « 2.1-3.3 cm- In future work PIXE, SSF, and BBS will be used
to confirm xr tor a variety of blocks expcsed to seawater for
different periods of tine.



Arsenic, present in trace amounts in coal, is an element of
concern and is enriched in fly ash.11* The form of As in fly ash
is unknown. However, because of its volatility nost of the As
probably becomes attached to the surfaces of the fly ash particles
during and subsequent to combustion processes. Thic view is sup-
ported by the fact that As is rapidly mobilized in aqueous solu-
tions whose pH > 9. Groenwold et al.23 reported As concentrations
in excess of 600 yg/£ in ground water (below a fly ash disposal
field) whose pH was 11.6; for ground water whose pH was 7.9 (e.g.,
the pH of seawater), the reported As concentration derived from
another fly ash field was 35.3 pg/£. The Fe/As ratios in Table
II suggest that very slight As had leached from the reacted blocks.
Further research will focus on the calibration of PIXE.XRF, and
BBS methods in order to calculate the rate of loss of As from the
blocks. The proton microprobe is expected to play a unique role
'in further characterizing fly ash particles as to their arsenic
and accompanying trace elemental constituency.
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