


The spectrometer's binding energy scale was cali-
brated using gold (Au 4f7/5; Ep = 84.0 eV). The
raw coals were crushed to ~ 1 cm sized pieces and
hand~sorted to yield samples possessing relatively
flat surfaces. These samples were then fashioned

to fit the Instrument sample holder; the coal sur-
face analysed was not handled, polished or cut during
this sizing step.

Ground samples of raw coal {~ 100 mesh) and theilr
ashes were also analysed, held on the sample probe
by double sided sticky tape. To exclude the possi-
bility of recording contaminants associated with the
tape, a very thick layer of powdered coal or ash was
placed over the entire exposed tape area. The tape
was also analysed separately and found free from
trace elements that would enhance the coal or ash
results.

Broad scan spectra, covering the energy range 0-1000
eV, were Initlally recorded to give a qualitative
surface chemical composition. The 50-250 eV sec-
tions of these broad scans were re-analysed at
enhanced resolution and are referred to henceforth as
wide~scan spectra.

Greater resolution spectra, narrow-scans, of indivi-
dual peaks were then recorded. The times of acqui-
sition for broad-scan, wlide-scan and narrow-scan
spectra are » 2 h (10 scan), 1 h (10 scan) and

5 min (2 scan), respectively. The electron (peak)
intensities,'and hence the absolute detection limits
are dependent on this acquisition time. Dwell time
for all spectra was 2 s; acquisition energy incre-
ments were 1 eV, 0.4 eV and 0.2 eV, respectively,
for broad, wide and narrow scans.

Narrow-scan spectra of carbon (C 1ls), oxygen (0 1ls),
and fluorine (F ls) were recorded for all samples;
calcium (Ca 2p), titanium (Ti 2p), magnesium (KLL
Auger and Mg 2s), sulphur (S 2p, § 2s), iron (Fe 2p)
and barium (Ba 3d) narrow scans were run based on the
broad~scan fingerprint. The carbon (C ls) spectra
were deconvoluted using an lterative-type programme
written by Bancroft et al. (16).

Electrons possessing a particular binding energy,
i.e. peak position, originate from a particular
electronic orbital of an atomic species. Thus each
ESCA peak can be assigned to a specific element.

The number of electroms counted having a specific
energy, i.e. the peak intensity, is thus directly
related to the surface concentration of the specific
elements.

DISCUSSION
General

ESCA analysis of the NBS reference coals and coal ash
indicated the instrument detectlion level for parti-
cular elements and compared the precision of this
method with bulk chemical techmiques. The surface
composition of each sample (coal or ash) was then
determined from the ESCA spectra using the

following procedures. .

It is possible to equate ESCA peak intensities to
elemental surface composition using an equation of
the form:

n I
1

where: nj, n, element concentratioms; I, I, ESCA
peak intensities of these two elements; and K, a
function of the spectrometer and the elements
examined. Detalls of the function K and this calcu~-
lation are given in recent publications (6,17).
Ratios of surface eleméﬂt concentrations are thus
readlly obtained for each sample.

ESCA analysis of these samples published earlier
required NBS standards as instrument calibrants (18).
In that study the oxygen and carbon components were
not Iincluded In the resulting compositions. Since
that work was completed a more satisfactory method
of handling the FESCA data has been determined. For
example, there is now no need to equate one XPS
atomic ratio (n,) to a weight percent determined by
a bulk analytical techmique such as XRF. In the
present paper, the ESCA peak intensities for each
broad scan spectrum have been normalized to that
spectrum’s Si 2s peak Intensity except in one case
where no silicon signal was detected (raw coal

No. 10). 1In that sample, the Al 2s peak was used
instead. The NBS standard analysis (Tables 1 and 2)
indicate the semi-quantitative nature of the ESCA
method. It is probable the surface composition of
the NBS standard samples differ with the certified
bulk chemical analysis. The results (Tables 1 and 2)
for the "surface" versus "bulk” analysis however
agree surprisingly well except for the elements irom,
sulphur and fluorine.

The surface detection level is = 10-9 g cm_z;
assuming the depth of analysis is 5 nm, this sensi-
tivity translates into a bulk detection limit of

= 1000 ppm (0.l wt %). Thus, only elements concen-
trated > 0.1% will be detected by ESCA.

Ashing effectively concentrates the residual mineral
fraction in the raw coal by an order of magnitude,
i.e. combustion reduces coal weight by ~ 90%. ESCA
analysis of the ash 1s thus more informative,
although combustion does release volatile elements
sited within the organic fraction of the raw coal
and possibly alters the surface of the residuals.

In addition to major element surface analysis, the
ESCA technique fingerprints the coal or coal ash
samples; note that each ESCA broad-scan spectrum is
unique for each deposit. Duplicate analysis of each
coal indicated good reproducibility and supported
this uniqueness. Further studies within each
deposit, laterally along seams, and between different
seams 1Is, however, requlired for verification of the
unique fingerprint. i

The ESCA technique has given interesting results
concerning the chemistry of the four coals and their
ashes, which are not measured by bulk chemical ana-
lysis. These findings are discussed separately
later.

Raw Coal

Coal is highly heterogeneous owing to the Influence
of the variable bio-geological processes occurring
during and after initial deposition of the organic
debris. Fine-grained detrital minerals, e.g. quartz,
alumina~silicates (clays, feldspars, etc.), and
chemical precipitates (iron oxides, gypsum, etc.),
are trapped and incorporated into the organic debris
in aquecus environments (19). During diagemesis,
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TABLE 1 - ESCA Chemical Analysis of Raw Coal Surfaces

Raw Coal Samples?

Element

wt %) NBS Standards North American Coals®
* 15% 16322 1635 8 10 I 3

EscA _ bulk®? EScA bulk®  ESCA bulk ESCA bulk ESCA bulk ESCA bulk

Si 7.7 5.8 1.3 0.52 2.7 1.0 N.D. 2.0 10.5 6.0 1.0 1.0
Al 5.2 3.1 0.8 0.30 7.4 1.0 1.2 2.0 10.6 2.0 2.5 2.0
Fe N.D.d 1.1 N.D 0.22 N.D. 0.50 0.9 1.0 N.D. 2.0 0.4 0.1
Ca N.D 0.24 1.5 0.54 2.4 0.30 N.D. 0.5 N.D. 5.0 1.7 2.0
Ti N.D. 0.15 N.D. 0.02 N.D. 0.1 0.9 0.3 N.D 0.1 N.D. 0.5
S N.D.  1.59 0.8 0.32 N.D. 2.0 3.1 3.0 N.D. 2.0 N.D. 3.0
F 1.25 wN.A.° 1.4 N.A. 3.8 N.A. N.D. N.A. N.D. N.A. 1.9 N.A.
ci N.D. 0.08 N.D. 0.003 0.9 N.A. 1.5 N.A. 0.8 ©N.A., 1.1 N.A.
Nf 1.2 1.27 1.5 1.0 1.4 N.A. N.D. N.A. 0.3 N.A. 2.0 N.A.
[+ 59.3 73.8 60.0 71.8 48.1 { 74.0
08 25.3 {85-7 R CLE Tty {95'1 ootz ey {eze (573 {or

2 Surface concentrations are calculated from equation 1 using ESCA peak intensity ratios
normalized to Si 2s except Sample No. 10, where Al 2s had to be used. Note the surface
compositions have been calculated on a hydrogen free basis as hydrogen cannot be
detected by ESCA.

b Accepted values from US NBS certificate of analysis (14) and/or reference (Lé):

c

determined by difference.

d N.D. not detected. e

Hh

from the UHV system.

Bulk analysis by XRF and/or SSMS (4); note carbon and oxygen (a combined value) are

N.A. not analyzed.

Carbon content measured by ESCA includes a small sorbed portion (hydrocarbons) derived

g Oxygen content measured includes a small portion of adsorbed oxygen due to handling in

air prior to analysis.

reducing conditions enhance the growth of sulphide
minerals, e.g. pyrite. Increasing pressure and
temperature alter the H/C and 0/C ratios producing
an Increasingly carbon-rich coal (20). Thus the
organic and mineral fractions may vary significantly
between deposits, between stratigraphic units within
deposits and even within individual coal beds.
Broad-scan ESCA spectra of the raw coals (NBS
standards and unknowns) are shown in Figure la. The
two largest peaks are due to carbon (C 1s) and
oxygen (0 1ls). Several other peaks are evident
corresponding to the mineral components (Al, Si, Ca,
S). The wide-scan spectra, Figure lb, reveal these
peaks more clearly. Large fluorine (F 1s) and
chlorine (Cl 2p) peaks are observed in several of
these samples (Figures 1 and 2).

The chlorine and fluorine may either be bonded
organically or be sited inorganically within minerals
such as clays, fluorite, etc., or both.

The O 1s and C 1s peak intensities include a rela-
tively small contamination component from exposure
to the air prior to analysils, and from hydrocarbons
originating from the ultra high vacuum (UHV) system.
This contaminant layer has only a slight effect on
overall sample compositions, however, note the ESCA
carbon and oxygen contents for the NBS raw coals
agree well with bulk analysis (Table 1).

Note the large variations in spectra count rates per
scan for these coals (Figure 1). Elemental surface
analysis was then determined from the spectra of
Flgure 1 using equation 1. The calculated compo-

sition for the raw coals are shown in Table 1.

One raw coal, No. 10, contains iron and titanium
above the detection level as well as high sulphur.
The position of this sulphur peak indicated it _is
present in this sample in the reduced state ($°7)
probably as pyrité. Iron was also measSured in

coal No. 5 however no sulphur was detected indica-
ting the ilron probably exilsts iIin clays or as the
oxide.

Coal sample No. 8, having the largest fluorine
content is also unique because of its complex carbon
content. The computed narrow-scan carbon (C 1s)
spectra (Figure 3) indicate that sample No. 8
contains a carbon specles not present in the other
coals examined. The C 1s peaks at -~ 285, ~ 287, and
~ 289 eV represent carbon bonded as hydrocarbon,
carbonyl and carboxyl, respectively (21-23). The
fourth peak at = 284 eV, only seen in sample No. 8,
is indicative of carbon in the form of graphite
(23). Graphite carbon (C 1s) on the McPherson 36
spectrometer is found at a binding energy of

284.3 = 0.2 eV referenced to gold (Au 4f7/2, Ey =
84.0 eV) (24). The carbon spectra of the ashed
sample shows similar results. The large hydrocarbon
C 1s signal at ~ 285 eV 1s due principally to the
coal's hydrocarbon fractlon, however a small, vari-
able hydrocarbon contamination contribution from the
ESCA vacuum system enhances this signal.

The elemental surface analyses (Table 1) indicate
only fair agreement between the ESCA analyses and the
bulk analyses. Analysis of the ashed coal was more
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Figure 2: Narrow-span ESCA spectra (10 scans) of
fluorine (F 1s) covering the 680-700 eV energy
region of the broad scans shown in Figure la.
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Figure 3: Narrow scan spectra (2 scans) of carbon
(C 1s) covering the 278-298 eV energy region of the
broad scans of Figures 1 and 4. Note the ESCA spec-
tra of raw coals No. 1, 5, 10 were essentially iden-
tical in appearance (2 peaks) as were their ashes
and, therefore, only sample No. 1 results are shown
here.




TABLE 2 [ESCA Chemical Analysis of Coal Ash Surfaces

Ashed Samplesa

Element

(we %) NBS Standard North American Coal Ash®

£ 15% 16332 8 10 1 5

ESCA  bulkP ESCA bulk  ESCA bulk  ESCA bulk  ESCA bulk

Si 16.9 22.8 2.8 3.0 5.1 10.0 10.9 10.0 21.5 25.0
Al 19.0 (14.0) 6.4 3.0 11.3 9.0 8.2 7.0 10.0 10.0
Fe 2.7 9.4 1.1 0.1 4.2 10.0 1.4 6.1  N.D. 1.0
Ca 2.2 1.1 2.9 0.1 5.1 4,0 5.8 10.0 0.9 0.5
Ti 1.3 (0.8) 0.6 0.03 0.6 0.3 1.5 0.1 2.5 1.0
sd 4.2 [2005] 3% N, 374 WD, 187 ND. ND. WD
F 2.0 [=0.05] 1.0 0.05 N.,D. 0.05 0.9 0.05 N.D. N.D.
Ba N.D. (0.15) 1.5 0.6 N.D. 0.3 0.8 0.2 N.D. 0.06
Mg ¥.D. 0.50 ¥.D. N.D. 6.7 10.0 0.3 5.0 N.D. 0.10
¥a ¥.D. N.A. N.D. N.A. 3.2 N.A. N.D. ¥ N.D. N.A.
ce 14.1 66.5 34.4 40.5 31.4 {
o el 100 {93 12 3% {se.3s 593 {51.55 3575 (2.3

a

Surface concentrations are calculated from equation 1 using XPS peak intensity
ratios normalized to Si 2s.

b Accepted values from US NBS certificate of analysis (14); values in brackets
listed but not certified, values in square brackets determined in concomitant
SSMS study (4).

¢ Analysis by XRF and/or SSMS (4).

d Sulphur is present as the sulphate species (SG+) except for ashed sample No. 8
where sulphide ($2-) was also detected.

€ as per Table 1; note some of this carbon is probably carbonaceous surface
sited residue deposited during the coal ashing step.

£

As per Table 1; some of this oxygen will be from oxygen species such as CO,

CO2 etc., assoclated with the carbonaceous coating (see e).

(CaF,), clays etc. In ash No. 8 there is the possi-
bility that sulphur-carbon bonding exists, perhaps
associated with the graphite component. Fluorine on
the ash surfaces is more likely adsorbed during
combustion of the coal and/or be associated with
resistate mineral matter. Fluorine contamination of
the sample surfaces through handling or from the
spectrometer is unlikely. Elevated levels were also
detected using spark source mass spectroscopy and
the fluorine levels varied significantly between
consecutive sample analysis by XPS and SSMS.

Coal No. 8, No. 10 and their ashes contain low
silicon but appreciable aluminum. It is therefore
possible that this aluminum is bonded organically,
as has been previously postulated (1) and/or exists
as the oxide A1203.

The presence of appreciable calcium and fluorine in
coal ash No. 1 and 8 possibly indicates the

presence of mineral fluorite (CaF,). Coal ash No. 5
contains only oxygen, carbon, aluminum, silicon,
titanium and calcium in excess of the detection
limits (» 0.1%). The ratio of Si/Al is much greater
than unity indicating the presence of quartz rather
than clay minerals.

The ESCA surface findings agree semi~-quantitatively
with the NBS reference bulk ash values for silicon,
aluminum, calcium, iron, titanium, carbon and oxygen.

The surface contents of sulphur and fluorine,
however, greatly exceed those found in the fly ash
bulk analysis indicating their preferential surface
concentration on ash particles, Note thatr the ashed
samples do not contain detectable chlorine and
nitrogen although high levels are measured in the
raw coal. Combustion liberates the nitrogen and
chlorine indicating some/all is organically bound.

CONCLUSIONS

The results of this preliminary study indicate ESCA
is a useful spectroscopic technique for finger-
printing coal deposits., It can be applied semi-
quantitatively for major elements in coal and ash

if appropriate reference standard samples are avail-
able. Ashing raw coal improves the detection limits
by an order of magnitude, however, volatiles (F, Cl,
S, etc.) may be lost. In-situ analysis of raw coals
by ESCA, although less sensitive, measures volatiles
lost during sample preparation and analysis by other
analytical techniques. ESCA is excellent for moni-
toring surface concentrated species, e.g. F and C1,
on fly ash and has detected elements in different
chemical environments, e.g. sulphur as s2~ and sb+
and carbon as graphite, hydrocarbon or oxy-carbons.
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