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Abstract of a thesis in part fuflilment for the degree of Doctor

of Philosophy by William Charles Pearce, entitled:

Trace and Minor Elements in Coal

Several instrumental techniques have been evaluated for the

determination of trace and minor elements in coal.

Electrothermal atomisation and atomic-absorption spectroscopy
using coal slurries gave accurate results for the determination of
arsenic, despite the identification of aluminium spectral interferences.
Selenium determined using the method with deuterium arc background
correction produced 'structured' backgrounds which were corrected
by the Smith-Hieftje system. The method has wide application for

trace metal analysis.

Scanning electron microscopy and energy-dispersive X-ray
analysis produced accurate results for the determination of chlorine
and minor elements in pellets of coal powders. The determination
of sulphur was inaccurate because this element occurs in different
mineralogical forms in coal. Total elemental analyses were also

successfully correlated with ash contents of coal.

Wavelength dispersive X-ray fluorescence analysis of pellets
of powdered coal gave precise and accurate results for determinations
of chlorine and phosphorus. The different fluorescent yields of
organic and inorganic sulphur in coal caused inaccuracy in determinations
of this element. Backscattered radiation was used to estimate ash
content and the possibility of multi-element analysis of coal was

indicated.

Inductively coupled plasma-optical emission spectroscopy
was used for multi-element analysis of coal ash. The method gave
a five-fold increase in speed of analysis, without loss in accuracy
or precision, compared to BS procedures and is recommended for trace

element determinations.

All these techniques should be regarded as complementary

and can be expected to make a significant contribution to coal analysis.



The importance of the mode of occurrence of elements in
coal has been illustrated by studies of chlerine. Long-held views
have been disproved and the likelihood is that chlorine is present
in one form, uniformly distributed and linked ionically to coal but
evolved as hydrogen chloride at low temperatures. It has no relationship

with nitrogen, sodium or other alkali-metals in coal.
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1.1 BRIEF HISTORY, OCCURRENCE AND FORMATION OF COAL

1.1.1 History

Coal is the most abundant of the fossil fuels and its formation
occurred several hundred million years ago by the action of heat
and pressure on buried decaying vegetable matter. A comprehensive

treatise of coal formation and composition was given by Francis.

Coal has been khown from ancient times even though in the ages
preceding the industrial revolution it did not play a part of any
great importance. During several hundred centuries B C the Chinese
mined and utilised coal. (Chengi mines). Much later Marco Polo
mentioned coal as one of the curiosities he found in China. The
Greek philosopher Theophrastos, a pupil of Aristotle knew coal

"and called it 'anthrax', from which the word anthracite was derived.
When the Romans invaded Gaul they noted that a 'flammable earth'

was being excavated from the mountains.

In the middle-ages coal was rediscovered in Europe and the oldest
documents on coal mining date from the twelfth century. The use

of coal was prohibited in many places on account of 'the evil
smelling smoke'. It was not until the end of the eighteenth century
that coal assumed a significant role in the economy which it has
maintained.The UK national production increased to a maximum of

287 million tonnes in 1913 which represented virtually the total
energy demand of the country. In Britain today the National Coal
Board is a very large organisation, produces some 120 million tonnes

of coal per year and employs some 250,000 people.
1.1.2 Occurrence

It is extremely difficult to make estimates of the world's coal
reserves and therefore figureé published on this subject are
disputable. However it is generally accepted that approximately
80 percent of all extractable coal reserves coccur in North America,
Asia and the USSR. The coal resources of China and USA together
equal those of the USSR. Western Europe has less than 10 percent

of the estimated reserves, the United Kingdom with 150 x 10° tonnes

accounting for about one half of this amount.



1.1.3 Origin

Coal originated through the accumulation of plant debris that was
later covered, compacted and changed over a period of millions of
years into the 'organic rock' that we find today. Most bituminous
coal seams were deposited in swamps that were regularly flooded with
nutrient containing water that supported peat-forming vegetation.
The lower levels of the swamp waters were anaerobic and acidic;

this environment promoted structural and biochemical decomposition
of the plant remnants. This microbiological and chemical
‘alteration of the cellulose, lignin and other plant substances,

and later the increasing depth of burial, resulted in a decrease in
the percentage of moisture and a gradual increase in the percentage
of carbon. This change from peat through the stages of lignite,
(brown coal) bituminous coal and ultimately anthracite, (the process
called "coalification") is characterised physically by decreasing.

porosity and increasing gelification and vitrification.

Some schools of thought regard the high pressures exerted by over-
burden strata as most important for the chemical changes in
coalification, others regard bacterial decomposition as the main
agency,2’3’4’5’6 but the universally recognised factor involved in
coalification is undoubtedly temperature.7 The time-temperature
relationship, with the-temperature increasing with increasing depth,
accounts for the general truth of Hilts rule,8 which states that
coals from greater depth have undergone greater coalification. The
degree of coalification is often signified by the coai 'rank’'.

The disagreement concerning the origin, and in particular the
metamorphosis of coal, is further exacerbated by the question as to
whether cellulose or lignin of plant tissues became the principaI
coal forming material. It is however without doubt that both

these constituents are the major precursors of coal.g’lo’ll'



1.2 PETROGRAPHY OF COAL

The banded appearance of coal has attracted the attention of
several scientists and detailed examination revealed quite distinct
coal types. At the beginning of this century two serious attempts
to classify coal types were made, one in England,12 the other in
America.13 The work carried out in England was based on the visual
study of bituminous coals, and the outcome was generally accepted
by coal scientists here and in Europe. The American study using
microscopy'attempted to relate the distinguishable components of
coal with the plant materials from which they originated. Although
the two systems have been compared the sets of terms are not really
equivalent and a true correlation cannot be attained. The Stopes
nomenclature is used by the National Coal Board and it identifies
the following principal components:

vitrain:- " coherent and uniform, brilliant, glossy,
vitreous in texture, breaking with
conchoidal fracture. "

clarain:- " smooth glossy shine when broken at right
angles to the bedding plane, finely banded
surface lustre. "

durain:- " hard with close firm texture which appears
granular. A broken face has a lumpy matt
appearance. "

fusain:- " occurs chiefly as patches or wedges, it consists

of powdery, friable, readily detachable fibrous
strands. "

In addition to the above types there are also boghead and cannel

coals. These have a dull metallic—-like lustre and break with a

conchoidal fracture. A splinter of these coals can be ignited with

a naked flame which will continue to burn. Boghead coal has a dull

brownish colour whilst cannel coal is black. The latter two types

are thought to have originated from the coalification of vegetable

mud deposited at the bottom of swamps.

The introduction of microscopic examination of coal using
tr‘ansmission14 and reflected light oil immersion techniques15
prompted Stopes to update her original classification16 and the
expression 'coal macerals' was first introduced. The above account
is of necessity only a brief description of coal maceral identification

and terminology, and for a more detailed description the reader is
referred to the appropriate texts.’/s+7»18
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1.3 CLASSIFICATION OF COAL

In view of the wide variation in the properties and
composition of coals it is not surprisiﬁg that its classification
has proven complex. As many as fourteen bases17 have been used for
coal classification ranging from as widely different parameters as
visual appearance, to sharpness of X-ray diffraction peaks. The
most useful classification for coal scientists is based upon a
combination of chemical analysis and physical properties. The first
attempt to establish some ordered system to coal classification was
by Regnault19 who with Grﬁherzo published work based on the percentage
of residue obtained when coal is heated (carbonisation). This
terminology is still used in France.

1,22

Early work was also carried out in Germany2 and in the

SA23’24 but it was not until Parr25 combined calorific value with

U
volatile matter and fixed carbon that the coal classification

currently used in the USA first began to take shape. A very detailed
account of the historical development of the classification of

American coals is given by Rose.

27,28,29,30 | quced what is still

In Great Britain Seyler
regarded as a masterpiece of scientific coal classification. His
system was based on elementary composition, viz. carbon, hydrogen
and oxygen, which may be thé reason why it has never met with ready
acceptance in commercial or technical circles. The National Coal
Board has introduced an entirely different system,31 which is based
on volatile matter content and caking properties. The method involves
assessing the Gray-King coke type and volatile matter32 and uses the
misnomer of 'coal rank code' classification. The system is
illustrated in Fig. 1.1l. It is quite possible as the trace element
content of coal becomes more widely established that further methods
of classification may be suggested, until one which satisfies the

needs of the producer; user and coal scientist is obtained.

1.4 OCCURRENCE OF ELEMENTS WHICH ARE PRESENT IN COAL

Coal, although predominantly carbon, contains the elements
hydrogen, oxygen, nitrogen, sulphur and other minor and trace elements.
These elements can either be an integral part of the coals structure

(inherent) or be present as extraneous mineral matter.
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The types of vegetation which flourished in the carboniferous
era were of simpler structure,'but génerally of much greater size than
those predominant today. Classification of the main plant groups
and their chemical constituents is well documented,l’33 and it is
evident from the components listed (carbohydrates, lignins, proteins,
fats, waxes and resins), that coal-forming matter is composed largely
of the elements carbon, hydrogen, oxygen and to a lesser extent
nitrogen and sulphur. _ It is moreover generally accepted that the
various elements, pfesent in coal are likely to have been derived from

three principal sources.34’35

(i) Elements originally present as constituents of the
coal-forming vegetation.

(ii) Dissolved or suspended minerals introduced by water
percolating through the decaying vegetation during
coal formation. This process is called ‘'syngenesis'
and is the coalification of plant material up to and
including the establishment of rank.

(iii) Dissolved or suspended minerals introduced by water
percolating through the pores, cracks and fissures
in the coal after its formation. This process is-
called "epigenesis", in which the changes are due
to outside influences subsequent to the establishment
of rank.

The occurrence of minor and trace elements in coal has been

36 Trace elements are usually found in F& g-l

known for at least 48 years.
levels in coal whereas minor constituents have concentrations of
approximately 0.05 to 1.0 percent. The mode in which they are

present is important when suggestions for their removal or control are
to be postulated. The research described in Chapter 4 clearly
illustrates how detailed studies concerning the mode of occurrence of

- a particular minor element in coal are essential when control strategies
for that element are being considered.

1.5 THE SIGNIFICANCE OF MINOR AND TRACE ELEMENTS IN
COAL UTILISATION

The significance of minor and trace element release during
the combustion of coal is far from clear. Depending on the researcher
the evaluation can differ widely, as can be illustrated by the following

contrasting quotations:



(1) "Possibly one of the most dangefous and certainly one
of the most insidious forms of pollution arises from
the mobilisation (release) of toxic elements such as
As, Fe, Be, Pb, Sb, Hg, Ti and V in our environment.
The majority of living organisms possess little or no
tolerance for these elements, whose presence in the
environment is unseen and often undetected. It is
well established that many trace elements are mobilised
in association with airborne particles derived from
high temperature combustion sources such as fossil
fueled power plants."37

(ii) "The effect of fly ash deposition upon water quality
and vegetation (via root uptake) is insignificant in
the vicinity of the Mojave generating plant after
50 years operation."38

Both statements cannot be correct. One obvious answer is
that the analytical methods used to collect data for evaluation are

unreliable and imprecise.

A £5 million programme of 'acid rain' research, recently
funded by the National Coal Board and the Central Electricity
Generating Board, should establish reliable information about this
international environmental topic, which has provided so much
emotional speculation and conjecture. The five year programme will
concentrate on the causes of acidification of surface waters in Norway
and Sweden, and will be carried out by the Royal Society with the
Norwegian Academy of Science and Letters, and the Royal Swedish Academy
of Science. If one proposal to restrict sulphur emissions throughout
Europe, which would mean a three-fold reduction from UK power stations,
were put into operation, the capital cost to the CEGB is estimated at
£4 billion with an additional operating cost of £700 million a year.

This would increase the cost of electricity by up to 15 percent.

The importance of rapid, accurate and precise methods of coal
analysis cannot pe over emphasised if satisfactory conclusions to such
investigations are to be drawn. Considering the very large tonnages
burnt at power stations the sensitivity of detection of such techniques

needs to be 102 - 10712

39,40

g and the development of such methods is

essential.

®



Elements which in excess could be harmful to man, and which
are known to occur in traces in coal include As, Se, Mn, Sb, B, Cd,
Cr, Cu, Pb, Mg, Ni, V and Zn.41 Whether or not their release by
combustion could, in fact, be harmful will depend on the distribution
and dispersion of waste products and whether concentration has occurred,
rather than the total quantities produced. With the data available
at the present time it is reasonable to accept that the ranges of
trace element concentrations in British coals are similar to those

in US coals, where more information is available,42’43’44 but higher

than in Australian coals.45

The significance of minor and trace element concentrations in
coal cannot be overlooked in modern utilisation technologies such

as liquification, gasification and fluidised bed combustion.?®?47748

These processes not only need detailed studies of coal structure but
also information concerning the inherent and extraneous elements
present. The use of pressurised fluidised bed combustion is critically
affected by elemental composition, but when successfully developed will
dramatically reduce the emission of coal combustion products into the
atmosphere.

1.6 THE HISTORICAL DEVELOPMENT OF ANALYTICAL METHODS FOR
COAL ANALYSIS IN BRITAIN

The British Standards Institution (BSI) was founded in 1901
and incorporated by Royal Charter in 1929. The first published method

in 1930 for the sampliﬁg and analysis of coal for export was BS No.404.49

This was followed the subsequent year by BS No.42050 'The sampling
and Analysis of Coal for Inland Purposes’'. The Solid Fuel Industry
Committee supervised the compilation of these standards with the help
of some twenty-one Government, scientific and industrial organisations.
Recognising the need for coal analysis standards, 1932-1936 saw the
production of further British Standards for the determination of
fusion temperature of coal ash,51 sampling and analysis of Coke,52
sampling of large run-of-mine coal,53 determination of phosphorus in
coal and coke,54 analysis of coal and coke ash,55 ultimate analysis

of coal and coke56 and the crucible swelling test for coal.57



Using the methods previously described in these BS
publications and the Government Department of Scientific and
Industrial Research paper on the methods of analysis of coal and coke,58
BS 1016, 'Analysis and testing of Coal and Coke',59 was first issued
in 1942 and also a second comprehensive specification BS 1017, 'The
sampling of Coal and Coke'.so In order to keep abreast of progress,
the British Standard Specifications are subject to periodic review.

The process of nationalisation of the coal industry in 1947 possibly
delayed the revision of the first of these until 1957 when BS 1016
was separated into 16 parts32 covering the proximate, ultimate
analysis ahd physical testing of coal and coke. This method of
presentation permitted the revision of any part of the standard with
the minimum of delay. Most modifications to the methods or
introduction of new methods were aimed at reducing the considerable
time taken for most of the analyses. It is interesting to note that
in the subsequent reviews of methods certain tests were changed
frequently for example the determination of volatile matter.32 Other
tests such as the Gray-King Coke type32 and the Eschka chemical
analysis for sulphur and chlorine in coal32 have remained virtually
unchanged to the present day.

Part 14, 'The Analysis of Coal and Coke Ash' was completely
revised in 196332 with increased speed of analysis in mind. The
method developed by the British Coal Utilisation Research Association
was adopted61 but in addition an alternative, less precise, method
outlining the use of a Hilger lérge quartz spectrograph was appended.62
The acceptance of the latter method was therefore somewhat limited and
this coupled with the non-acceptance as a British Standard in 1960 of
the Leitz 'Heating' Microscope for the measurement of coal ash
fusibility, became the chief contributing influences to the lack of
interest of coal scientists in the introduction of instrumental methods
for coal and ash analysis. Since 1979 five additional parts have

been introduced into the British Standards:

(1) Part 17, 'Size Analysis of Coal, 1979'32

(ii) Part 18, 'Size Analysis of Coke, 1981'°%

(iii)  Part 19, 'Abrasion Index of Coal and Coke, 1980 -2
(iv) Part 20, 'Hardgrove Index of Coal, 1981'32

(v) Part 21, 'Moisture Holding Capacity of Coal, 1981.32

10



By their very nature BS methods are conservative. The
tendency has been to retain conventional methods because new ones
require expensive instrumentation. However, with the resistance to
technological advances declining, one of the major aims of the work
described in this thesis, is to develop rapid instrumental methods
for coal and coal ash analysis with the same degree of precision as

the current methods so that they can eventually achieve BS status.

1.7 INSTRUMENTAL TECHNIQUES FOR COAL ANALYSIS

Conventional chemical techniques for coal and coal ash analysis
lack the sensitivity needed to measure trace quantities of certain
elements in samples of manageable size, and minor element determination
can also pose problems because of analysis time and poor method precision.
The introduction of instrumental techniques which use the principle of
some physical characteristic e.g. emission of electromagnetic radiation
which differs for each element, offers great scope for improvement.

Such methods are highly sensitive with detection limits of 10—10 to
21.0_12 g. The main features of the instrumental methods generally

used for elemental analysis are outlined below.

Nuclear Activation Analysis (NAA) measures emission from
unstable isotopes generated by nuclear irradiation. Several grammes
of sample are used, which reduces the risk of heterogeneity and the
sample processing is minimal since carbon does not interfere -~ both

63,64
Numerous papers

of which are advantages when dealing with coal.
have been reported outlining the analysis of coal but a limitation is
that potentially toxic elements such as Cd, Cu, Hg, Pb, Ni and Zn are

not easily determined.

Scanning Electron Microscopy and Energy Dispersive X-ray
Analysis (SEM/EDXA) uses a beam of elecfrons to generate secondary
electrons (image) and characteristic X-rays (analysis) from the
specimen surface. The technique requires minimum sample preparation
and can provide structural information, element distributions as well
as chemical analyses. This novel method for coal analysis has not

been used previously to the extent reported here in Chapter 3.

11



X-ray fluorescence spectroscopy (XRF) also requires minimal
preparation of solid=samples. The limitation as with SEM/EDXA is
that only a small volume of the sample surface is analysed. Bombard-
ment of the sample by a beam of X-rays ejects electrons from the inner
shells of some atoms which then emit secondary X-rays (fluorescence)
of characteristic frequency as outer shell electrons move to fill gaps.
Self-adsorption, enhancement and effects of particle size all interfere
with the quantitative emission of secondary X-rays, but can be
corrected by calculation. As with NAA the method is potentially
capable of multi-element analysis and only the very light elements
are difficult to detect. Although there was considerable interest
in this technique for coal analysis between 1960 and 1970,65’66 there

was little progress beyond the research stage.

Spark Source Mass Spectrometry (SSMS) ionises the sample and
then separates the ions according to their mass/charge ratios. ‘It
covers a wide range of elements but is liable to interference by multi-
charged and complex ions. The sample analysed is very small with
consequent risk of errors when dealing with non-homogeneous materials.
Practical instrumentation is slow to use, for example coal samples

require preliminary treatment to remove carbon and hydrogen.67’68

Atomic Emission Spectroscopy (AES) measures the intensity of
light emitted at wavelengths characteristic of individual elements when
atoms are excited in an 'atom cell'. This can be a flame, plasma
or electrically heated carbon tube. It is rapid and sensitive but
liable to spectral interference both from 'overcrowding' of lines
when many elements are present and from broad molecular bands. Samples
normally need to be dissolved which ensures that they are homogeneous
but this also involves eliminating carbon from coals.69 Solid-samples
‘have been used but generally with poorer precision than solution
analysis.7o Care is also needed to avoid changes in the concentration

of excited atoms due to changes in flame temperature.



Atomic-Absorption Spectrometry (AAS) is inexpensive and the
most frequently used of modern instrumental methods for trace metal
analysis. Samples are vaporised and atomised in a flame or an
electrically heated graphite device or via conversion to volatile
hydrides.71 Light from a line source, usually emitting a single
elemental spectrum is passed through the vapour and the degree of
absorption measured. Absorption, which depends on the concentration
of ground-state atoms present is much less sensitive to 'atom cell!
temperature fhan the emission from excited species used for atomic
emission spectrometry; it is, however, still liable to spectral
interference. Sample preparation, including elimination of carbon
from coals, is also usually needed before all three methods of
injection.72 For the commonest, flame vaporisation, this involves
solution of the samples which has the advantage of ensuring homogeneity
but at some risk of contamination. The use of solid-sample
introduction into a graphite furnace73 is reported in Chapter 2 of
this study and shows that with careful control of the furnace conditions

acceptable results can be obtained.

Other physical analytical methods, e.g. photo-electron
spectrometry, ion-microprobe mass spectrometry, auger electron
spectrometry, proton bombardment for inducing X-ray emission (PIXE),
can be used to determine trace element distributions within
individual particles. These are more specialised methods and are not
considered as practically useful at this time because there are
simpler less sophisticated alternative techniques available. The
methods described generally have high sensitivity and good
reproducibility, although (NAA) has been shown to give large
imprecision in the analysis of fly ash74 (ranges from £ 1.7 to z 33.3

percent).

1.8 AIMS AND OBJECTIVES OF THE PRESENT STUDY

Coal analysis can thus be shown to be a branch of analytical
chemistry with an honorable history. Methods have been developed
which have achieved widespréad acceptance, British Standard recognition
and partly because of this and the traditional nature of the industry's
préduct there has perhaps not been as rapid an acceptance of new

instrumentally based methodologies as in some of the younger industries.



Recent technological developments in coal utilisation and environmental
awareness are causing tighter and more comprehensive specifications to
be developed for coal. The understanding of the effects of minor

and trace elements has increased but the mode of occurrence of these
elements is very often important when strategies for their control

or removal are to be postulated. This together with the common need
to speed analytical procedures and to release manpower means that it

is timely to study the application of instrumental methods to coal

analysis.

Given the pressures discussed above and the nature of coal
it is possible to identify the desirable features of any new
analytical methods:

(i) high sensitivity for the elements of concern, as often
only trace levels may be deleterious and when high
tonnages are used the mass flow of such elements may
still be high;

(ii) speed, to meet customers strict quality requirements
many samples are submitted for analysis in laboratories
with constraints upon manpower, as coal can be trouble-
some to bring into solution methods directly applicable
to powdered coal are preferred as are multi-element
methods;

(iii) acceptabie precision and accuracy.

A further important consideration is the likely availability of
instrumentation in the relevant laboratories e.g. this was considered

to eliminate NAA and SSMS.
The aims of this study have been to:

(i) identify promising new analytical méfhbdologies for
coal analysis;

(ii) investigate the fundamental application of these to

| coal analysis;

(iii) develop suitable methodologies for routine coal analysis.

To these ends the following techniques were assessed as being worthy

of extensive study:

14



(i) atomic~-absorption spectrometry using electrothermal
atomisation and coal slurries;

(ii) scanning electron microscopy and energy dispersive
X-ray analysis of coal powders;

(iii) quantitative multi-element analysis of coal powders
by wavelength dispersive automated X-ray fluorescence
spectrometry;

(iv) multi-element optical emission spectrometry of solutions

of coal ash by inductively coupled plasma.

None of these techniques determine all the elements and none
can be considered accurate in an absolute sense as all require
calibration. Choice between them is generally based on convenience
or utility and the analytical coal scientist will employ several

techniques to achieve his objective of precise, accurate and rapid

analysis.

-15



CHAPTER 2

DIRECT DETERMINATION OF TRACE ELEMENTS
IN COAL BY ATOMIC - ABSORPTION SPECTROMETRY
USING SOLID-SAMPLING AND ELECTROTHERMAL
ATOMISATION |

16



2.1 INTRODUCTION

The increase in sensitivity obtained using electrothermal
atomisers instead of flames for atomic-absorption spectroscopy is now
widely accepted. Fuller75 gives a useful éccount of conventional
electrothermal atomisation for atomic-absorption spectrometry. The
general applicability of electrothermal atomisers for solid samples
has been shown by several groups of workers.76—8o In particular
Langmyhr and Aadalen81 reported the direct determination of copper,
nickel and vanadium in coal and petroleum coke by graphite furnace
atomic~-absorption spectroscopy. Marks, Welcher and Spellman
atomised directly, chips of complex alloys and successfully determined
traces of selenium, lead, bismuth, tellurium and thallium. The
molecular absorption from matrix salts usually associated with .the
analyte was eliminated in this procedure arid therefore improvements in

signal to background noise were claimed when results were compared

with atomisation fromacid solutions of the same alloys.

The aim of this chapter is to develop methods for the
determination of certain trace elements of concern in coal viz.
arsenic and selenium by using conventional graphite furnace atomic-
absorption spectroscopy and then to extend these into a method for

their direct determination in coal by solid-sampling.

The toxic and carcinogenic properties of arsenic and its
compounds are well known.83 Although the toxicological significance
of different levels and forms of exposure may not be fully appreciated,
control of such exposure is obviously desirable. There is therefore
an established need to monitor the levels of arsenic entering the
environment. Coal contains arsenic at trace levels and the National
Coal Board monitors closely the arsenic content of fuel supplied to
food manufacturers where contamination may occur, e.g. sugar refiners,
maltsters and brewers. Typically it is recommended that the arsenic

content of the fuel supplied to these industries should not exceed

~1
6 pes g -
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Selenium is similar to arsenic in toxicity and reactivity.
A precise knowledge of the selenium content in the environment and
food products is therefore necessary. The analytical determination of
selenium is difficult and additionally the colorimetric reagent often
used (diaminobenzidine) is a carcinogen and stringent regulations must

be adhered to in order to ensure its safe use.85

Even though fume and dust may be removed from stack gases
using electrostatic precipitators, arsenic and selenium fumes may be
gaseous at -low temperature and this, together with the increased
large-scale burning of pulverised coal for power generation, may pose

problems of environmental pollution.

The existing British Standard method86 for the determination
of arsenic in coal is time consuming and requires an experienced analyst.
The precision of the method is poor and, probably because the procedure
involves a hydride generation stage, was also found to give low results
for certain coals including National Bureau of Standards certified
samples. The repeatability by the same analyst for this method is
given as 1.0 pg glfr coals with arsenic content (as Aszoa) less than
Gpgg"land l.5);g§]1‘or coals with arsenic content of 6pg g'lor greater.
This degree of precision, particularly for high-arsenic coals, is

difficult to achieve.

Selenium on the other hand is not determined by the NCB on a
routine basis and no BS method for its determination has been suggested.
Hence there is a requirement for a rapid, sensitive and precise method

for determining both arsenic and selenium in coal.

The obvious attraction of an instrumental technique to
determine arsenic and selenium directly in coal is that complex error-
prone sample preparation stages are eliminated. Neutron-activation
analysis has the sensitivity to perform this determination but the
equipment is not readily available to most laboratories. X-ray
spectroscopic analysis does not possess sufficient sensitivity for
direct trace element analysis of coal. Atomic-absorption spectroscopic
equipment is available in most laboratories but conventional flame
spectroscopy is not sufficiently sensitive for the routine monitoring
of low arsenic levels. If, however, arsine is generated using sodium
tetrahydroborate (III) and the hydride swept to a flame or heated tube

atomiser, the sensitivity of the method is greatly improved.87
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Unfortunately, the hydride generation technique suffers from a number
of interferences,87’88 and is only applicable after the sample has been

brought into solution.

The use of graphite furnace atomisation provides one of the
most suitable methods for trace element analysis of coal. However,
the large increase in sensitivity over flame atomic—-absorption is
offset by a substantial increase in background absorption levels.
This increase in background absorption is caused by an increase in both
molecular absorption and light scattering from particles in the atomic
vapour. The particular difficulty in electrothermal atomisation is
that the distribution of the atomic vapour being measured and the back-
ground reading are not reproducible from one atomisation cycle to the

next. Two additional difficulties were encountered in this study.

(i) wavelengths in the UV range of the electromagnetic
spectrum are used for the analyte lines causing a

further increase in background absorption levels;

(ii) the use of solid-samples increases matrix concentration
levels, poses problems with calibration and sampling

precision.

In all the background correction systems known at the present
time two measurements have to be made; one incorporating the atomic-
absorption signal and background; the other the background.alone. The
difference between these two measurements gives the true atomic-
absorption signal. The most suitable methods for background correction
in electrothermal atomisers are briefly discussed in the subsequent
paragraphs. For a more comprehensive study reference should be made

to Newstead, Price and Whiteside.89

2.1.1 Continuum Source Method

This is by far the most common 6f the background correction systems
available. The continuum source may be either a hollow cathode lamp
e.g hydrogen or tungsten, or a deuterium arc (Dy arc). The latter
gives a more intense source but has different geometry to a line
source and is therefore much more difficult to optically align in
the spectrometer. The Do arc emission spectrum is quite intense

up to 400 nm but reduces to almost zero in the visible wavelength

range.
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The principle of background correction using a continuum source
is simply explained by Ebdon.71 When using a line source such
as a hollow cathode lamp we observe specific atomic-absorption
in the atom cell, absorption from molecular species and light
scattering from particulates (non-specific absorption). When
using a continuum source the amount of atomic-absorption .
observed is negligible, but the same amount of non-specific
absorption is seen. Thus if the signal observed with the
continuum source is subtracted from that observed with the line
source, the error is removed. This correction procedure is

very simply illustrated in Figure 2.1.

The probléms with continuum background correction are emphasised
when using electrothermal atomisation and were first described by

90,91 The band-pass of the monochromator is typically

Massmann.
two orders of magnitude wider than the atomic-absorption line.

The background measurement is an averaged reading over this band- -
Vpass and may differ from the actual background absorption at

the atomic-absorption line. This variation in background within
the band-pass can.be caused by the fine structure of molecular
electronic spectra or the broadened edges of other elemental
atomic-absorption lines particularly when that element is present
in high concentrations. This latter occurrence is however
uncommon. This type of background problem is referred to as
"gtructured" background. = Depending upon the characteristic

shape of the background, when its averaged absorption is subtracted
from the atomic=-absorption signal it can result in under or over

compensation (negative absorption reading).

It is also evident that if the atomic-absérption line was broadened
then problems would arise. The width of absorption lines of
analyte atoms are generally considered to be governed by Doppler
and Lorentz effects. The former arises from the random thermal
motion of atoms whilst the latter arises from collisions of atoms
with other atoms or molecules of a different kind. The centre of the
line is broadened primarily by the Doppler effect whilst the wings
are broadened by the Lerentz effect. For resonance lines, self-
absorption broadening can be very important. The maximum
absorption occurs at the line centre and proportionally more
intensity is lost here by self-absorption than at the wings.

Thus, as the concentration of atoms increases in the atom cell

not only does its intensity increase, but its profile changes.
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Figure 2.1. Continuum source background correction
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This is simply illustrated in Figure 2.2. High atom
concentrations give rise to appreciable self-absorption and can
actually result in 'self-reversal'. This characteristic is

made use of in one of the background correction methods discussed

later.

Despite these problems the continuum source method of background
correction is widely used and many successful applications have

been reported.89

2.1.2 Zeeman Method

The principle and use of this method of background correction
has been suitably explained by several authors.7l’92’93 Its
usefulness when determining arsenic and selenium in geological
samples has been described recently by Pruszbowska, Giddings and

Barratt.94

An atomic spectral line when generated in the presence of a strong
magnetic field can be split into a number of components of

slightly different wavelengths (~ 0.004 nm). The magnetic field
can be applied to the source or atom cell but greater instability
problems have been found with the former type. In a 'normal!

Zeeman effect the line appears as three components when viewed
perpendicular to the magnetic field. A typical example of 'mormal'
Zeeman splitting is given in Figure 2.3. The % component is
situated at the ‘'‘normal!' wavelength of the line, but the c’P and o
components lie an equal distance either side. This 'normal'’

Zeeman splitting is uncommon and complex 'anomolous' patterns

are more usually obtained giving large reductions in sensitivity.
The o components are linearly polarised perpendicular to the
magnetic field whilst the <% component is polarised in a plane

parallel to the magnetic field.

ff the maghetic field is placed around the atomiser and a rotating
polariser positioned between the light source and the sample, the
<7 component, which gives both the atomic-absorption of the element
and background absorption can be measured separately from the o
signal which gives only the background absorption. Subtraction of
the o~ signal from the 7y signal produces the true analyte
absorption. This type of correction, because of the very small
displacement from the atomic-absorption line, in order to measure

background, should frequently correct for 'structured' background

described in 2.1.1. A difficulty found with this correction
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Figure 2.2 Effect of self-absorption on line profile with

increasing concentration 1 to 5.
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Figure 2.3 Normal Zeeman effect for Magnesium at the 285.2 nm line
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method is that widely differing concentrations of the analyte can
produce the same corrected atomic-absorption reading. As the
concentration of the analyte increases, the o° components broaden
and begin to absorb more and more of the perpendicular component

of the source radiation. This analyte absorption therefore appears
as background‘and can be so large that when substracted from the

7% component can actually reverse the curve.95 This effect is
often referred to as 'roll over' and limits the useful analytical
working range to about 0.5 absorbance units. It is illustrated in

Figure 2.4.

2.1.3 Smith -~ Hieftje Method

This background correction system recently developed uses the
concept that when excessive current is passed through a hollow
cathode lamp self-reversal occurs.96 This is because unexcited
atoms in the lamp absorb radiation at the atomic spectral line.
The lamp is first run at low current giving a signal from the
sample element and background. A brief pulse of higher current
is then applied to the lamp reducing the atomic-absorption of the
sample to a minimum, but without changing the background
absorbance intensity. The true absorbance of the element is
obtained using the difference of the two signals. The effect of
self-reversal upon an atomic line has already been explained and

is illustrated in Figure 2.2.

This system has the advantages that background correction can

be made anywhere in the spectrum range and that it should correct
'structured' background and spectral interferences. It is
claimed to compensate for background absorbances of as high as

3.0 units. The three main disadvantages are:

(i) the sensitivity of the absorption signal can be

reduced by large amounts;

(ii) although inexpensive itself, the electronics
necessary in the spectrometer make it impossible to

use with existing atomic-absorption instruments;

(iii) with concentration broadening in the atom cell non-

linear calibration curves can again present problems.
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Figure 2.4 The effect of increasing copper concentration upon
calibration using Zeeman background correction
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Deuterium arc background correction was used extensively in this
work, primarily because of its availability. When background
problems were encountered, particularly with the determination of
selenium, it was necessary to evaluate the performance of the Zeeman

and Smith-Hieftje correction systems.

2.2 EXPERIMENTAL

2.2.1 Reagents

Hydrochloric acid (1 M, Aristar grade)
Hydrofluoric acid (48% V/V, Aristar grade)
Nitric acid (concentrated, Aristar grade)
Hydrogen peroxide (30% m/V, Aristar.grade)
Ethanol (AnalaR grade)

Magnesium nitrate (Mg (N03)2 6H,0, AnalaR grade)
Nickel nitrate (Ni (N03)2 6H20,'AnalaR grade)
Aluminium solution spectrosol 1000 mgl_1

Iron solution spectrosol 1000 mgl-l
All chemicals were obtained from BDH Chemicals, Poole, Dorset.

2.2.2 Preliminary Studies

Coal is a notoriously difficult matrix to destroy without loss of
volatile metals.97 The extraction of arsenic from powdered coal was
first attempted using hydrochloric acid (1 M). The arsenic content
of the filtered leachate was determined by electrothermal
atomisation using nickel nitrate as matrix modifier.98 The
results, although reproducible for avgiven sample, were low when
compared to the standard method. Therefore, various other
digestion procedures were investigated. Dissolution can be
achieved speedily using perchloric acid, but the use of this

reagent is discouraged for routine analysis by the National Coal
Board. British Standard 101686 recommends the use of concentrated
sulphuric acid/concentrated nitric acid, but this is both slow and
leaves undigested silica suspended in solution. The alternative
British Standard 1016 dry oxidation method86 using potassium

permanganate, magnesium oxide and oxygen, yields low arsenic recoveries.
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Some workers favour the use of PTFE-lined steel pressure bombs and

a mixture of fuming nitric acid and hydrofluoric acid.99 In this
laboratory some problems were encountered with acid migration and
subsequent attack upon the steel casing of the bomb. In addition,

a maximum of only 100 mg of coal could be digested on each occasion,
a serious limitation for the determination of arsenic and selenium.
The most successful approach was based upon a dry-ashing procedure
(with magnesium and nickel nitrates as ashing aids) followed by

acid digestion, first reported by Hayneslo0 for combustible
municipal wastes. The dry-ashing procedure was either accomplished
in a similar manner to that described by Haynes, or by using a low-
temperature plasma asher. The ash was then taken up in a mixture
of concentrated nitric acid, hydrofluoric acid and hydrogen peroxide,
with nickel nitrate as volatilisation suppressor. Following the
successful evaluation of this digestion procedure it was adapted

to allow the direct injection into the furnace of coal slurried in
nitric acid containing magnesium and nickel nitrates. The arsenic
and selenium levels in the coal were determined following an

optimised furnace heating cycle.

2.2.3 British Standard Procedure

This was performed as laid down in BS 101678 (wet oxidation method).

2.2.4 Digestion of coal for electrothermal atomisation

Coal (2g) was heated in a platinum crucible with 10% m/V magnesium
nitrate solution (15 cm3), 25% m/V nickel nitrate solution (5 cm3)
and ethanol (3 cm3) according to the method described by Haynes.loo
After drying at 120°C for 2 hours, the mixture was heated at 160°¢C
for 4 hours and then at 450°C for 4 hours. After cooling, water
(5 cms), concentrated nitric acid (10 cm3) and concentrated
hydrofluoric acid (2 cm3) were added. The solution was heated

to dryness. Further nitric acid (10 cms) and hydrogen peroxide
(30% mv, 10 cm3) were added to complete the dissolution. The

digest was made up to 100 cma.
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As an alternative to the first ashing stage the coal (2 g) may be
placed in a low-temperature plasma asher (Plasmaprep 100; Nanotech
(Thin Films) Ltd., Prestwich, Manchester). The activated stream
of oxygen gas decarbonised the sample completely in 48 hours at

20 watts forward power. The ash was then digested with nitric
and hydrofluoric acid as above after the addition of 25% m/V

nickel nitrate solution (5 cms) as a volatilisation suppressor.

2.2.5 Slurry atomisation method

Coal (0.5 to 1 g) ground to less than 45 um, using a mill

(Type MS400; Retsch Spectromill, Glen Creston Ltd., Stanmore,
Middlesex) wasweighed accurately into a 50 cm3 polypropylene screw-
cap bottle and 10 cm3 of a reagent solution (containing 10 gl-l

each of nickel and magnesium nitrate, 50 cmsl'-l of concentrated

nitric acid and 100 c:msl-'l ethanol) were added. A magnetic
stirrer bar was inserted, the bottle sealed and the contents
stirred for 5 minutes. Aliquots of the suspension (5 to 20 pl)
were taken using a precision micro-pipette (Gilson Pipetman P;

Anachem Ltd, Luton, Bedfordshire) while continuously stirring.

2.2.6 Atomiser Parameters

A double-beam atomic-absorption spectrometer (Model 460; Perkin-
Elmer Ltd., Beaconsfield, Bucks.) fitted with a carbon furnace
atomiser having a silicon photodiode temperature sensor and four
stage programme unit (Model 76(b), Perkin-Elmer Ltd.) was used.

An arsenic and a selenium electrodeless discharge lamp (EDL) and
power supply from the same manufacturer were also employed. The
spectrometer was fitted with a deuterium arc simultaneous background
corrector and a furnace fume extraction unit. Signals were displayed
on a multi-range chart recorder (Model Speedomax XL68l, Leeds and

Northrup, Birmingham).

Samples were injected into the furnace either using the 0-20 pl
adjustable precision micro-pipette or a tantalum solid-sampling

spoon (Perkin-Elmer Ltd.).
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The following parameters were used for the determination of

arsenic and selenium by electrothermal atomisation.

Arsenic Wavelengths: 193.7 nm and 127.2 nm
Slit width: 0.7 nm (alternate)

Furnace conditions:

Dry :  200°C for 50s, very slow ramp-rate (1 x 30)
Char : 900°C for 50s, slow ramp-rate (30)

Ash : 1200°C for 50s, slow ramp-rate (30)

Atomise : 2200°C for 6s, maximum power-rate (0)

Argon internal gas flow-rates: normal 140 cm3 min_
. 3 .. -1
mini-flow 25 cm™ min

Time for complete analysis cycle 185s

Selenium Wavelengths: 196.0 nm and 204.0 nm
Slit width: 0.7 nm (alternate)

Furnace conditions:

Dry : 200°C for 50s, very slow ramp-rate (1 x 30) .
Char : 900°C for 50s, slow ramp-rate (30)

Ash : 1200°C for 50s, slow ramp-rate (30)

Atomise : 2000°C for 5s, maximum power rate (0)

Argon internal gas flow-rates: normal 140 cm3 minél
s 3 .. -1
mini-flow 25 cm min

stopped-flow O <:m3m:i.n_1

Time for complete analysis cycle 184s

2.2.7 Analysis of the residue remaining after the Haynes
digestion procedure was carried out on a high—ash coal

On standing, a sample of a high-ash coal (MK) digested by the
procedure described in section 2.2.4 produced a white crystalline
deposit. In high-ash coal digests, such deposits were always
observed. The solution was filtered and the deposit examined
qualitatively using the techniques of Scanning Electron Microscopy
and Energy Dispersive X-ray Analysis (SEM/EDXA) (Camscan 330 ADP
scanning electron microscope; Cambridge Scanning Company, Bar Hill,
Cambridge and Link 860 Series I X-ray analysis equipment; Link

Systems, High Wycombe, Bucks.)
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The sample was mounted on an aluminium stub using non-agueous carbon
dag (LEIT-C) and dried. The characteristic X-rays were generated
from the sample using an electron beam accelerating voltage of

20 Kev. The X-rays were detected with a solid-state silicon/lithium

crystal and processed using pulse-height discrimination.

2.3 RESULTS AND DISCUSSION

2.3.1 Determination of arsenic in coal by dissolution and
electrothermal atomisation

Selected coal samples, including NBS Standard Reference Material
1632a (Nétional Bureau of Standards, Washington, USA) were digested
using the full digestion procedure of HayneslOO outlined in A
Section 2.2.4. The amount of hydrofluoric acid recommended was
increased for some high-ash coals to ensure that all the silica__
was digested. The NBS sample was also plasma ashed prior to i
digestion. The results obtained are given in Table 2.1 where they
are compared with results obtained by three different laboratories )
using the BS method.86 Using the full digestion procedure, good
agreement was found with the certified value for NBS SRM 1632a with
acceptable precision. The result obtained following plasma ashing
appears to be low and experience suggests that it is necessary to
control very carefully the operation of the asher to prevent losses
of volatile elements such as arsenic. Agreement with the results
obtained by the BS method86 is not so good and the problems with

this method will be discussed later.

The programme cycle was shown to give no '"memory" effect for the
determination of arsenic. Nickel nitrate effectively prevented loss
of arsenic during the char and ash stages. The use of pyrolytically
coated tubes reduced the peak height and distorted peak shapes, and
therefore uncoated tubes were preferred. These effects would
appear to be in accord with the mechanisms of arsenic atomisation
"and stabilisation recently reported.lol Peak-height measurements
were used in calibration and for all determinations. However, to
obtain sharp peak profiles it was found necessary to use the maximum
power heating mode (5.6 watts) in the atomisation stage. With this
rapid initial heating some means of temperature control is necessary
to monitor the power application and prevent overshoot of temperature.
A silicon photodiode temperature sensor achieves this by monitoring

the light emission from the outside wall of the graphite tube.102
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TABLE 2.1

Comparison of the determination of arsenic in coal following

dissolution
. -1 . . .
Arsenic content/pg g (air-dried basis)
Coal Sample BS method® Digestion/Graphite Furnace
Different Laboratories Separate Digests
1 2 3 1 2 3
A 4.9 5.0 4.6 3.9 3.6 3.8
B 17.0 20.9 17.1 27.5 26.4 27.5
C 7.8 6.3 7.6 5.2 5.2 5.9
D 6.1 5.0 5.3 8.1 8.5 8.7
NBS SRM 1632(a) CERTIFIED 9.3 = 1.0 9.8 9.6 9.0
Plasma ashed 1632(a) CERTIFIED 9.3 = 1.0 7.6 8.4 -
86

2nmethod according to BS1016
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This sensor is easily calibrated for the atomisation temperature

selected.

Reagent blanks were found to be low and it was not necessary to
apply any correction. The miniflow mode was used to reduce the
internal argon flow-rate during the analysis of low-arsenic coals.
Calibration graphs were slightly curved for both the normal and
miniflow modes but working ranges of 1 to 8.0 ng and 0.5 to 2.5 ng
of arsenic, respectively, were obtained. The upper amounts
correspond to absorbances of approximately 0.2 and 0.15 unit and
20.0 pg.g—l and 6.5 pg g—l arsenic in coal, respectively, using

a 20 pl injection. The lower end of the working range for this
technique was estimated to be 0.1l pg g_l of arsenic in coal, using
a 50 pl injection.

2.3.2 Determination of arsenic in coal by solid-sampling
and electrothermal atomisation

Following this success in determining arsenic in coal after ashing
and dissolution, attempts were made to extend the method so that
the matrix was destroyed in situ in the furnace. Initially,
milligram amounts of coal powdered to less than 45 um were added
directly to the furnace tube using a specially designed solid-
sampling spoon. The coal was then wetted with nickel nitrate

and magnesium nitrate before the programme cycle was commenced.
The results obtained, however, were not reprodﬁcible. It was then
decided to investigate the use of slurried coal samples. The
slurries were prepared in a solution containing nickel nitrate (to
form nickel arsenide and prevent losses during the lengthy ashing
and charring necessary), magnesium nitrate (to act as an ashing
aid), nitric acid (to provide an acidic medium) and ethanol (to

act as a wetting agent).

The precision of the micropipette for the delivery of distilled
water and the slurry was determined and found to be within the
manufacturer's specifications. The pipette was found in a run
of 10 determinations, at the 20 pl level, to deliver 20.029 mg of
distilled water with a standard deviation of 0.163 mg (0.3%

relative), giving 95% confidence level limits of 20.326 to 19.674 pl.
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The precision of the slurry-sampling and atomisation was also found
to be satisfactory. Ten replicates of a 10 pl injection of a

coal slurry (0.5 g in 10 cm3) gave an average chart deflection of
11.50 units (approximately 1.15 mV) with a standard deviation of
0.60 unit (5.2% relative).

Comparative results for the analysis of arsenic in coal by this
solid-sampling method and the BS method86 are given in Table 2.2.

An encouraging agreement between results obtained by the BS method,
calibration with aqueous arsenic standards (matched for nickel and
magnesium content) and calibration with aliquots of coal sample A,
can be seen for the coal samples A-H. These samples, all from the
East Midlands Coalfield, have similar compositions being bituminous
low-rank (802, 902) coals. Agreement was not so good for samples I
and J which are European coals, of unknown rank but high ash and the
National Bureau of Standards SRM bituminous coal, which was also
found to have a-high ash content. VWhen the NBS SRM 1632(a) coal
was taken as the standard and the arsenic content recalculated, the
contents of coals I and J were determined as 9.4 and 9.1 ug g-l

respectively, in much better agreement with thoseobtained by the

BS method.

When a larger sample of British coals was taken from various
coalfields, the results presented in Table 2.3 were obtained.
Examination of this table shows. reasonable agreement between the
BS method results and those obtained using coal standards and
direct slurry atomisation. The results using aqueous calibration

" are not in such good agreement.

2.3.3 Determination of arsenic in coal by the British
Standard method ©6

As the evidence that all the discrepancies observed arose from
problems with the slurry atomisation technique was not convincing,
it was decided to investigate the performance of the BS method86
with a high-arsenic coal sample. In outline, the BS method
involves the digestion of a sample of coal groﬁnd to less than

212 pm, in concentrated nitric and concentrated sulphuric acids.
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TABLE 2.2

Comparative results for the determination of arsenic in coal

using the slurry atomisation method

Coal Sample Arsenic content/ug g—l (air-dried basis)
BS methoda Slurry with Slurry with
reagent coal A as
calibration standard®
A 4.8 5.0 -
B 18.3 20.5 16.9
Cc 7.2 7.5 6.4
D 5.5 ‘ 6.0 5.4
E 11.6 12.5 9.9
F 7.3 9.2 7.7
G 24.2 22.0 18.0
H 5.0 4.3 3.7
I 10.1 25.5 20.7
J 9.2 24.5 | 20.1
NBS SRM 1632(a) 9.3d 25.1 20.5
86

qMethod according to BS1016

bCalibrated with aqueous reagents matched for nickel and
magnesium content

cCalibrated with aliquots of coal A as 4.8 pg.g—l arsenic content

dcertificate value 9.3 & 1.0
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TABLE 2.3

Determination of arsenic in coal using the slurry atomisation

method for coals from various British fields

Arsenic content/pg g—l (air-dried basis)

Sample BS method® Slurry with Slurry with
reagent calibration coal as standard’

Wales C507 1.0 1.2 -
- Cc508 1.9 2.6 - 2.0°
509 3.0 4.1 3.2°
510 4.3 5.5 4.3°
c511 3.8 6.6 5.1°¢
553 1.0 1.4 0.9°
Yorkshire 358 2.0 2.1 1.5d
359 6.0 9.2 -
360 16.0 25.4 15.6%
361 23.0 49 314
. 362 29.0 96 , 939
Scotland KH 9.7 16.8 10.1°
MT 5.9 13.1 7.4°

ZMethod according to BSLOL6°0

bCalibrated with aqueous reagents matched for nickel and magnesium
content

CCcalibrated with aliquots of coal C507 as 1.0 ng g—l arsenic content

dCalibrated with aliquots of slurried coal 359 as 6.0 pug g_l arsenic
content

eCalibrated with aliquots of slurried coal MK (see Table 2.4) as
16.7 pg g‘l arsenic content
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This form of attack was preferred to the alternative dry oxidation
procedure which gives low arsenic recoveries. Argine is evolved
from the digest, using granulated zinc and the in situ sulphuric
acid, following prior reduction of arsenic to arsenic (III) with
tin (II) chloride and potassium iodide. The evolved arsine is
collected in dilute iodine solution and then treated with ammonium
molybdate and hydrazine sulphate to form the blue molybdo-~arsenate
complex. The absorbance of the complex at 835 nm is measured.
The results of this investigation on 13 different samples of the
same coal gave a range of values of 18.6 to 31.9 Be g_l, with a
standard deviation of 3.53 pg g_l (14% relative). The 95%
confidence limits were 25.2 fqa pe g—l. "These results are not

untypical of the BS method for high-arsenic coal samples.

Recently considerable attention has been given to the determination
of arsenic by hydride generation followed by atomic-absorption
spectrometry87. Some interferences observed in this technique
might also be expected to affect the BS method. In the determination
of arsenic in coal digests by arsine generation atomic—absorption
spectroscopy low recoveries have been observed if undigested silica
is allowed to remain suspended in solution and if metal ions éuch
as copper and nickel are present.lo3 In this latter work the
interference from silica was removed by prolonged boiling or
elevated digestion temperatures, which age the silica, and that of
transition metal ions by a lanthanum hydroxide co-precipitation
step from ammoniacal solution. It is clearly prudent to ensure
that the effect of silica is minimised in the BS method and hence
an alterhative digestion procedure with a faster boiling rate at

310°C was evaluated. The results are given, in brackets, in

column two of Table 2.4.

Given these potential problems with the standard method and the
evident poor precision of this method a comparison was sought of

results obtained by the slurry method for arsenic with several other

analytical methods.
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TABLE 2.4

Comparison of results for the determination of arsenic in coal

by various methods (air-dried basis)

Coal Sample -1
Arsenic content/ug g (air-dried basis)
a,b . . c d .
BS method Hydride = AAS NAA Graphite Furnace Slurry
_method

(e) (f) (g)
MK 16.7 18.5 28.0 17.7 - 48
SK 14.1 (16.6) 16.7 i 20.0 22.7 19.0 49
TY 13.2 (17.0) 17.3 32.0 22.7 16.0 44
CT 7.0 ( 6.9) 8.4 11.3 14.3 12.5 45
TY T/H 2.9 ( 2.8) 4.6 - 6.7 4.8 19
TY H/H  10.8 (12.6) 15.2 - 13.5 8.9 34

Z)ethod according to BSLO1650

bFigures in brackets according to BS1016 but with a faster boiling
rate

CArsine generation from perchloric acid digest, following lanthanum
hydroxide co-precipitation, with flame atomic absorption finish97

dNeutron activation analysis

®Calibrated with aqueous reagents matched for nickel and magnesium
content

fCalibrated with aliquots of slurried coal MK as 16.7 pg g-l arsenic
content

Ecalibrated with standard additions of aqueous arsenic
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2.3.4 Comparison of results for determination of arsenic
in coal by several analytical methods

A comparison of arsenic figures for six different coals from the
East Midlands coalfield by the BS method,86 hydride generation,
atomic—-absorption spectrometry,lo3 neutron-activation analysis

and the graphite furnace direct slurry atomisation procedure is
given in Table 2.4. The problem with precision using the BS method
is clearly shown for high-arsenic coals, (viz. greater than 6 yg g-l)
in columns two and three of Table 2.4. The results obtained by
hydride generation, the modified BS method and the direct slurry
atomisation method calibrated with slurried coal are in reasonable
agreement. The figures obtained by neutron-activation are
generally high, and as this was performed elsewhere under contract
the reason for this is not clear. It does seem to be generally
true that when arsenic values for standard coals are reported,
activation analysis results are often higher than those obtained

by other methods.104 Unfortunately, papers presenting such results
frequently do not discuss these figures or offer comparisons with

alternative procedures. 0o 07

The results obtained by the standard.additions procedure are clearly
high. Obviously arsenic in aqueous solution added to a coal slurry
behaves differently in the graphite furnace to that bound in the
coal. For the same reasons, the best calibration appears to be
obtained by using different amounts of a slurried coal sample of a
similar nature and with a known arsenic content. In the light of
these results, it was decided to investigate the somewhat anomalous
arsenic figures for some coals. In particular, results that show
least agreement appear to involve coals with a high-arsenic and a
high-ash content, suggesting some mineralogical origin of the

discrepancies. The coals selected are listed in Table 2.5.

2.3.5 Effect of coal type on direct slurry atomisation method

The ash, total sulphur (and pyritic sulphur) contents of several
coal samples were determined and compared with the arsenic content
as determined by the BS method.a6 These figures are given in
Table 2.5. The composition of the ash for most of these coals

was also determined and these results are presented in Table 2.6.



TABLE 2.5

Ash and Sulphur contents of samples analysed for arsenic (air-dried basis)

Coal Sample Ash % p/m Total Pyritic Arsenic 12
Sulphur Sulphur content/ng g
_% n/m e m/m_

A 4.6 1.14 - 4.8

B 7.9 2.17 - 18.3

c 3.8 1.37 - 7.2

D 4.5 1.21 - 5.5

E 5.9 0.82 - 11.6

F 8.0 1.18 - 7.3

G 5.9 2.46 - 24.2

H 3.1 1.43 - 5.0

I 16.4 1.45 - 10.1

J 16.4 1.08 - 9.2

NBS SRM 1632(a)b 21.7 1.62 - 9.3 (Cert)

C507 2.3 1.07 - i.0
C508 3.2 1.05 - 1.9
C509 4.0 1.30 - 3.0
C510 2.5 1.25 - 4.3
c511 3.7 ~ 1.63 - 3.8
553 2.3 1.08 - 1.0
358 3.1 1.43 - 2.0
359 8.6 1.88 - 6.0
360 27.5 2.58 - 16.0
361 28.2 3.18 - 23.0
362 38.2 3.17 - 29.0
MK 18.4 i 2.14 1.16 16.7
SK 15.7 1.76 0.89 16.6
CT . 16.5 . 0.80 0.23 6.9
TY 14.7 1.55 0.66 17.0
TY T/H 5.6 1.01 0.18 2.8
TY H/H 4.5 1.25 0.33 12.6
MT 21.3 0.62 0.28 5.9
KH 11.6 1.13 0.48 9.7
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TABLE 2.5 continued

Coal Sample Ash % m/m Total Pyritic Arsenic  _
Sulphur Sulphur content/pug g
b m/m_ % m/m_

Western 1.3 5.G° 3.3 1.60 0.48 2.3
1.3-1.4 s.6° 7.7 2.78 1.88 11.1
1.4-1.5 S.G° 17.9 3.79 . 3.07 23.1
1.5-1.6 S.G° 26.5 3.91  3.28 34.5
1.6~1.7 S5.6° 35.0 4.26 3.94 55
1.7-1.8 5.G° 41.s 5.32 5.11 65

Not determined

Determined by BS method86
b National Bureau of Standards SRM 1632(a)

¢ Specific gravity separated coal fractions
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Correlation coefficients of 0.88, 0.84 and 0.95 were found between
ash, total sulphur, and pyritic sulphur, respectively, and the
arsenic content of coal. The sfrong correlation of arsenic with
pyritic sulphur may indicate the presence of the mineral arsenopyrite
(mispickle) in coal. It may be possible to identify arsenopyrite
in coal using the techniques of scanning electron microscopy and
energy dispersive X-ray analysis. The correlation coefficients
for the difference in the arsenic level as found by the BS method86
and the slurry atomisation method with the percentage ash constituent
values are shown in Table 2.7. Clearly none of these correlations
is significant.

Analysis of a low=—ash coal directly in the furnace tube after a
high—ash coal determination did not produce any significant change
in the observed abscorption. It was therefore concluded that the
apparent increase in the response by direct electrothermal
atomisation with increased ash content of coal was not caused by
build-up of ash in the tube. The major ash constituent in coal is
silica, and to test the suggestion that silica can occlude arsenic
in electrothermal atomisation, pure quartz and amorphous silica
(less than 3 um) were added to coal slurries in concentrations of
up to 5 percent of the coal, without any measurable effect on the

absorption signal.

Recently several workers have reported considerable success in using
graphite platforms in graphitefurnace atomisers to overcome a
variety of interferences.llo The use of such a platform ensures
that the analyte atoms are released from the platform into a hotter
environment, thus more nearly approaching the ideal of isothermal
atomisation and reducing vapour-phase interferences. When small
platforms were made from old graphite tubes and samples pipetted
onto them, there was no improvement in the results obtained by the
standard additions technique. The only changes observed were some
broadening of the absorption peak, indicating, as expected, a slower
release of arsenic relative to the rapid atomisation mode normally
used. That the platform technique did not remove differences in
the atomisation of arsenic from coal and from aqueous calibration
solutions is a further confirmation that the interferences do not

occur in the vapour phase.



1€°0 T1°0 L0*0 1I¥°0 8c°0 10°0 0€°0 9T°0 10°0 ¢c'o vi°o JUOTOTIIV0) UOTIBTSIIO)

N

0S o°a "ofuw 0%t o%en  o8m  o®d o1z fo%a Sty ots qUBN3 TASUO) YSY

SJueN313sSU0d Use ogejzusdgad snsJoa anbiulyds] uorjesiwole Aaants ayy pue

omwo;pm& Sg ouy KAq SoN{eA OTUSSJE UT 90UaJ9JJTIP oUj J0J S3USTOTIIS0) UOTIBTSJJ0D

L*2 314Vl

45



Fuller gz_gilll have drawn attention to the effects that particle
size may have on the electrothermal atomisation of solid-samples;
particularly the sampling errors that may arise with particles
larger than 25 ym. All samples in this work were ground to pass
through a 45 pm sieve. The particle size distributions of samples
A-J and NBS SRM 1632(a) were examined using a Coulter Counter. In
each instance 98% of the particles were found to be less than

40.3 pm insize, with most of the particles being in the range

20.16 to 10.08 Jm. The particle size fractions were fairly
consistent for all the samples and therefore within a suitable range

for solid electrothermal atomisation.

2.3.6 Aluminium spectral interference at the arsenic 193.7 nm line

The direct atomisation of coal slurries requires accurate
measurement of the background absorption, which may be in the range
0.4 to 0.8 absorbance units. The conventional continuum source
dual beam background correction system, such as the deuterium arc
used in this work will not correct for 'structured' background or

spectral interferences.

Recently an aluminium spectral interference at the arsenic 193.7 nm
absorption line has been described by Riley.112 This interference
was reported to be from Al+ lines at 193.47 and 193.45 nm and the Al2+
line at 193.58 nm on the arsenic 193.7 nm resonance line used.

Given the very narrow widths of atomic-absorption lines this seems

at first unlikely. When it is recalled that a solid-sampling
technique was used and that aluminium was present at levels up to
about 6% in the coal (60,000 ng g™') it will be seen that very
considerable broadening of the aluminium lines can be expected and
some problems from overlap of the wings of these broadened lines

might be possible.
Such an interference was not indicated by the correlation coefficient
(0.22) shown in Table 2.7 A possible explanation is that only a

proportion of the aluminium present in coal is digested, whereas the

correlation was established using the total aluminium content.
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The precipitation of MgAlFs.xH20113’ll4 would remove the aluminium
from solutions of coal prepared by the Haynes digestion procedureloo
and should thus effectively reduce this aluminium spectral
interference to negligible levels. The SEM/EDX analysis of the
filtered Haynes digestion residue for a high-ash coal (MK) is shown
in Figure 2.5. The presence of fluoride, magnesium and aluminium
is indicated and accepting the poor sensitivity of this technique
for the determination of fluoride it is not unreasonable to suggest

that most of the aluminium has been precipitated from solution as

MgALF . xH,0.

To investigate further, 5‘P1 of a1l pg cm?;-l aluminium solution
were added to a number of low-ash coals digested by the Haynes
procedure and this resulted in large signal enhancements. This
confirmed that aluminium at high concentrations does cause
interference at the arsenic 193.7 nm line. A selection of high-~
ash coals, including NBS reference materials were analysed as
previously described but at the alternative 197.2 nm resonance line,

which is reported to be free of aluminium interf’erence.112

2.3.7 Analysis of arsenic at the 197.2 nm resonance line

The 197.2 nm line is generally less intense than the 193.7 nm line
and consequently more noise was encountered. Aqueous calibration
standards showed the linear working range to extend to approximately
10 ng of arsenic using the mini-flow mode of 25 cm3 min-l argon

(¢c.f 2.5 ng for the 193.7 nm line). The lower limit of the useful

working range was about 2 ng, again a four-fold increase.

Several high—ash coals, powdered and then slurried as previously
described were then re-analysed at 197.2 nm by slurry atomisation
using aqueous calibration standards matched only for nickel and
magnesium nitrate content. The results are given in Table 2.8.
Clearly many of the major discrepancies shown in Tables 2.2, 2.3

and 2.4 have been eliminated. Good agreement is found with values
obtained by the standard method up to and including 4% m/m aluminium
in the coal. In the one case where good agreement is not obtained
the ash content.is so high, almost 40%, that perhaps complete
confidence cannot be maintained in the hydride formation step of

the BS method.
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TABLE 2.8

Determination of arsenic in coal using the 197.2 nm

resonance line (air-dried basis)

Coal Sample Aluminium Ash  As previously BS method/ As found
Content % % found at Bg g at 197.2 nm/
m/m in coal m/m 193.7 nm/ pe g~
pee’ |
NBS SRM 1632(a) 2.06 21.7 25.1 9.3-% 1.0 8.5
NBS SRM 1635 0.32 5.2 ND . 0.42 0.15% 0.75
KH 1.67 11.6 16.8 9.7 7.7
360 3.85 27.5  25.4 16.0 12.9
361 4.12 28.2 49 23.0 23.5
362 5.77 38.2 96 29.0 39
MK 2.74 18.4  17.7 16.7 [18.5)' 14.4
1
CT 2.46 16.5 14.3 7.0 (6.9)" 8.3
: L
SK 2.21 15.7 22.7 14.1 (16.6)' 14.6
{16.7}!
, _ L
TY 2.15 14.7 22.7 13.2 (17.0)' 14.5
(17.3):

! Figures in square brackets obtained by hydride generation AAS,
see ref. 97.

* Certificate value

L Figures in parentheses obtained according to BS 1016 but with a
faster boiling rate.

ND Not determined
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Attempts to improve upon the agreement shown in Table 2.8 by the
standard addition method of calibration were not successful. Indeed
positive errors and poor precision were obtained with this method.
This is perhaps not surprising since the success of the standard
addition method depends upon adding analyte in a form similar to
that present in the sample. Adding aqueous arsenic solutions to

a coal slurry does not meet this criterion.

The results presented in Table 2.8 clearly indicate that arsenic
can be determined directly in a wide range of coals using slurry
atomisation and agueous calibration standards, providing the 197.2 nm
resonance line is used. It seems likely that a very broadened
aluminium line is responsible for a spectral interference which

gives rise to positive errors at the 193.7 nm line.

Correction for such a spectral interference was not achieved using
thg-éonventional continuum source approach used in this work but
possibly a spectral background correction device based on the
Zeeman effect or the Smith-Hieftje principle would have eliminated
this interference. Choice of the alternative 197.2 nm resonance
line, still provides adequate sensitivity, removes the necessity
to look at alternative background correction systems, and markedly
extends the utility and versatility of a very rapid analytical

procedure.

2.3.8 Characteristics of the Method

The above results using the 193.7 nm line show that it is not
possible to determine arsenic in coals using solid-sampling electro-
thermal atomisation with aqueous solution calibration but that it is
possible to determine the arsenic content of coals by calibration
with a coal of the same type and of known arsenic content. Such
arsenic figures can be provided by the digestion/conventional

electrothermal atomisation procedure described above.

The results using the alternative 197.2 nm resonance line with aqueous
solution calibration for coal slurry analyses, show very good
agreement with certified reference coal standards and samples analysed
by BS procedures. These results make it unnecessary to investigate

the use of other types of background correction systems.
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The total time for a complete analysis of ground coal was less than
ten minutes.

Using aqueous injection of 20 pl and the 'miniflow' internal gas-—
flow mode for the 193.7 nm line 0.05 ng of arsenic gave an absorbance
of 0.0044, whilst for the 197.2 nm line 0.2 ng of arsenic gave the
same absorbance i.e (1%). When a 10% m/V slurry was used the
detection limit was less than 0.5 He g-l for both these lines. Thus,
the method is well suited to cover the normal range of arsenic
contents of 1 to 25 ug g-l found in coal. The working range can be
further extended by making a more dilute slurry, enabling cocals of
high arsenic contenf to be determined.

2.3.9 Determination of selenium in coal by dissolution and
electrothermal atomisation

This trace element found in coal, is not analysed on a routine
basis by the NCB and therefore a comparison for accuracy of the

method could only be made with the two NBS/SRM coals.

Calibration graphs using aqueous selenium solution in a nickel and
magnesium nitrate matrix, with and without a platform in the
graphite tube for the miniflow mode at the 196.0 nm line, are
given in Figures 2.6 and 2.7. The graphs show an approximate
linear working range up to 12.5 ng and 15 ng of selenium

respectively.

Analyses of coals digested by the Haynes procedureloO are given

in Table 2.9. The results clearly show poor precision for certain
coals, although the values obtained for the NBS SRM 1632(a) coal
are acceptable and in good agreement with the certified value.

The signal response for digested coals was characterised by a
negative-absorption, presumably caused by overéompensation of the
background using the Dy arc. This often indicates the presence

of %tructured'background, a problem described in Section 2.1.1.

The. absorption profile is illustrated in Figure 2.8. This
profile made it difficult to evaluate the true atomic-absorption

signal.

The formation of volatile SeFg, or even HySe, during the digestion
procedure is a possibility and could be the reason for poor

repeatability observed for the results given in Table 2.8.
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Figure 2.7 A Calibration curve of selenium using a

platform insert in the tube and mini-flow

mode at the 196.0 nm line
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TABLE 2.9

Determination of selenium in coal using the Haynes

digestion procedure

Coal Sample Cert. Value Selenium content/ng g - (separate
T _pe gt digests air-dried basis)

1 2 3
1632(a) 2.6 £ 0.7 2.6 3.3 2.8
1635 0.9 £ 0.3 1.2 2.4 -
MK - 0.3 0.9 1.5
- 2.7 0.5 1.2
- 1.4 0.5 -
KH - 0.8 0.3 -

- Not determined
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Figure 2.8 Characteristics of the absorption signal

for selenium at 196.0 nm using aqueous
digestion of coal
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The use of slurried coal samples, to eliminate possible digestion
problems produced even larger over compensation of the atomic-
absorption signal than that illustrated in Figure 2.8. This

made absorption measurements impossible.

Spectral interference from atoms of iron at the selenium 196.0 nm

;- atomic line has been reported by Saeed when analysing blood serum.

Such an interference was confirmed by the addition of iron solution
(ZQ»pl aof 1000 mg 1-1) to selenium standards matched for nickel and
magnesium nitrate contents. These additions produced overcompensation

of the atomic-absorption signal as shown in Figure 2.8.

The alternative but less sensitive 204.0 nm line was then examined
using both aqueous digests and slurried coal samples. Over=-

compensation of the atomic-absorption signal was once again found.

A background measurement problem was found for slurried coal samples
using an alternative instrument, (Instrumentation Laboratory

model 517, Instrumentation Laboratory (UK) Ltd, Warrington,

Cheshire WA3 7PB). This equipment uses deuterium arc background
correction and the analyses were performed using a platform insert

in the graphite tube.

Thus, -with the equipment available at both the collaborating and
sponsoring establishments, it was not possible to achieve satisfactory
background correction for the determination of selenium in coal.

With the kind co-operation of two instrument manufacturers, back-
ground correction systems that have been suggested as being capable

of compensating for 'structured' background (see Section 2.1) were
investigated for the determination of selenium in coal.

2.3.10 Determination of selenium in coal using electrothermal
atomisation and the Zeeman background correction system

2.3.10.1 Analytical conditions

A Perkin-Elmer (PE) model 5000 atomic-absorption spectrometer
fitted with graphite furnace atomisation and Zeeman background
correction was used in the study. The following parameters

were selected after optimisation of the signalsvobtained for
selenium in solutions of nickel and magnesium nitrates (HayneslOO
digestion concentrations).

Wavelength 196.0 nm (EDL)
Slit width 0.7 nm
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Furnace conditions
Dry llOZC ramp for 20 seconds
110°C hold for 20 seconds

Char 8002C ramp for 20 seconds
800 C hold for 30 seconds

Atomise 2000°¢ max power rate 5 seconds

Time for complete analysis cycle 95 seconds.

2.3.10.2 Results and Discussion

The calibration for selenium in a nickel and magnesium nitrate
solution matrixloO was linear up to 100 pg l_l. A solution of
NBS SRM 1632(a) coal (2g 100 cm3 -l) was found to give no
measurable signal response for a 20 pl injection into the
furnace. Spiking selenium solutions with large excesses of iron
solution produced a considerable depression in the absorption

signal viz:

Solution (yug l_l) Peak height measurement(mm)
100 Se 111 110
100 Se + 100 Fe 67 68

The background correction system did not apparently correct for
interferences from iron atoms. When slurried samples of

NBS SRM 1632(a) coal were analysed, a variable signal was obtained
which could not be measured. The equipment traces a back-
ground signal in addition to the atomic-absorption response for
an element. This Eackground signal was greater for the

100 pg 1-l selenium solution than for the same amounts of both
selenium and iron solutions. This is not easy to explain

unless there was an equipment fault. The background correction
system was not capable of removing iron interference at the
selenium 196.0 nm atomic line, and could not be used for the

analysis of coal slurries.

The digested coal solution appeared to have lost selenium,
supporting the possible formation of volatile SeFg or HpSe in

the digestion procedure.

Evaluating equipment under such limited trials is not satisfactory
and it may be that the instrument was malfunctioning. A second

evaluation was carried out some two months later but the results

obtained did not change the conclusions already made.
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2.3.11 Determination of selenium in coal using the Smith-
Hieftje background correction system

2.3.11.1 Analytical conditions

An Instrumentation Laboratory (IL) model Video 22, dual channel,
double-beam atomic-absorption spectrometer fitted with graphite
furnace atomisation and both Smith-Hieftje and deuterium arc
background correction systems was used in this study. I am
indebted to others for these results116 which are included to
illustrate the nature of the problems encountered in selenium

determination.

The equipment was optimised for the determination of selenium
using the method previously described in section 2.3.10.1. The
conditions were found to be different from those used previously

with the (PE) equipment.

Wavelength 196.0 nm
Clean on
High-flush on

Pyrolytically  coated tube

Furnace conditions
Time(s) 30 25 30 - 5
Temp (°C) 79 115 800 2030 2030

Time for complete analysis cycle 90 seconds

2.3.11.2 Results and Discussion

The calibration for selenium in the nickel and magnesium nitrate
solution matrixloo was linear up to 100 pg l-l. Coal slurries
only were examined using the equipment, because of the previously
reported difficulty in obtaining repeatable results on solutions
of coal prepared by the Haynes digestion procedure.loo The
results obtained for the two NBS reference coals are given in
Table 2.10. The values obtained are in reasonable agreement
with the certified values and suggest that this type of back-
ground correction system is capable of removing spectral

interference from atoms of iron at the 196.0 nm resonance line.

58



Table 2.10

Determination of selenium using Smith-Hieftje background

correction and slurried coal sampling

Selenium content/pg g-l (air-dried basis)

NBS Sample Cert. Value This work116
+

1632(a) 2.6 - 0.7 1.6

1635 0.9 £ o.3 1.1
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The results obtained using the Smith-Hieftje system should be
considered tentatively because of the limited number of results
available for evaluation. However, this background correction
device was also used for the determination of arsenic at the
193.7 nm atomic line using coal slurries.116 The reported
aluminium spectral interference at this line was completely
eliminated and the results obtained for the NBS SRM coals

were in very good agreement with the certified values.

Graphical plots illustrating this work are given in Figure 2.9.

It appears that the Smith-~-Hieftje system does have a greater
potential for application to the direct determination of selenium
in coal than the Zeeman méthod of background correction, but I

was not convinced that the Zeeman equipment was indeed functioning

correctly.

2.4  CONCLUSION

The method of solid-sampling and electrothermal atomisation
for coal analysis has been shown to be very successful for the
determination of arsenic. The difficulties encountered using the
method applied to selenium, were that background interference problems
occurred using a deuterium arc at the two most sensitive selenium

lines.

The method avoids digestion problems for trace metal analysis
of coal, such a problem with selenium has clearly been identified
in this study. However, the use of solid-samples increases matrix
concentrations and the consequential atomic line broadening may
generate background absorption measurement problems, particularly
when using a continuum source method of correction. The wings of
broadened atomic lines near to the analyte line will cause an incorrect

background measurement when using a continuum source method.

The use of Zeeman and Smith-Hieftje background correction
systems, which are suggested as capable of compensating for spectral
overlaps and 'structured' background showed some success, particularly

when using the Smith-Hieftje principle.
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Figure 2.9 Comparison of Do arc and Smith-Hieftje

background correction for the determination
of arsenic in slurried samples of NBS SRl 1632(a)
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An additional problem in the study was the unavailability

of coals with accurately determined selenium contents.

The method should, however, have a wide application for trace
metal analysis in coal, particularly if careful background correction

and matrix modification are employed.
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CHAPTER 3

THE APPLICATION OF SCANNING ELECTRON MICROSCOPY AND
ENERGY-DISPERSIVE X-RAY ANALYSIS TO POWDERED COALS
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3.1 INTRODUCTION

Coal combustion is likely to be the major energy source
well into the next century and therefore efficient utilisation
as well as environmental considerations are active fields of research.
Sulphur, chlorine and other volatile minor and trace elements present
in coal can produce potentially harmful materials such as sulphur
dioxide and hydrogen chloride. The attractions of direct instrumental
techniques for elemental coal analysis are speed and accuracy,
achieved by elimination of error-prone, time-consuming, preparation
stages.

The scanning electron microscope and complementary énergy-

dispersive X-ray analysis equipment (SEM/EDXA) can be used for

117,118,119

non-destructive quantitative micro-analysis. The technigue

is normally employed on highly polished metallic specimens. Recently
energy-dispersive X-ray fluorescence spectroscopy was applied for
seam location differentiation of coal specimens using trace element

concentrations.120

A micro-analysis technique such as SEM/EDXA would be useful
to demonstrate the uniform micro-distribution of certain elements
found in coal, in particular chlorine, whose mode of occurrence
is no longer thought to be as alkali metal salts present in the
mineral matter.121,122

Quantitative analysis of a range of coals by -the SEM/EDXA
technique is reported here. Twelve elements were determined simultaneously,
i.e. chlorine, sulphur and the major constituents of coal ash.

The results for chlorine and sulphur are compared to those obtained
by the current British Standard methods 122 and by those obtained
potentiometrically with the appropriate ion-selective electrodes

(1sE).72% For the other elements, comparisons are presented where
possible with figures obtained by the atomic-absorption spectroscopic,
colorimetric and gravimetric analyses of solutions prepared from

the same coals ashed at 81500.123 Two National Bureau of Standards
reference coals have also been analysed. Correlations between
these results, the conventional ash content’23 and the SEM/EDXA
elemental sum, excluding chlorine and sulphur, are also investigated

in this chapter.
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- 3.2  EXPERIMENTAL

3.2.1 Instrumentation
3-30 ADP Scanning electron microscope (SEM)  (CamScan, Bar Hill,

Cambridge).

860 Series I Energy-dispersive X-ray (EDX) analysis system with solid
state Silicon (Lithium) detector (30 mm? active area, resolution FWHM
at 5.9 keV of 155 eV at 10,000 cps ) and fully quantitative ZAF4/FLS
and ZAF/PB software. (Link Systems, High Wycombe, Bucks).

Double beam atomic-absorption spectrometer, Model 460,

(Perkin-Elmer Ltd., Beaconsfield, Bucks).

Manually operated press Type 5100-4599 (15 . tonnes) (Perkin-Elmer Ltd.,
Beaconsfield, Bucks ).

Micro-mill, Type MS 400, Retsch Spectromill, (Glen Creston, Stanmore,
Middlesex).

Cobalt and multi-element standards, Leit-C carbon dag, (Agar Aids,
Stansted, Essex ).

Coulter Counter Model TA II, (Coulter Electronics Ltd., Luton Beds ).
Carbon fibre vacuum deposition equipment, (Nanotech, Prestwich,

Manchester).

3.2.2 Sample Selection
Three pillar sections of coal from the National Coal Board, East

Midlands Region were selected to give a range of ash contents, and
chlorine contents in coal of 0.2-0.8 percent. The seams chosen are
shown in the coal pillar photographs (Plates 3.1, 3.2 and 3.3) and
details of the routine analyses are given in Tables 3.1, 3.2 and 3.3.
In addition, two National Bureau of Standards reference coals, 1632a

and 1635 and six well analysed bituminous coal standards were examined.

3.2.3 Sample Preparation
Each sampled coal pillar was separated into two approximately equal
sections along its length, one half being sealed in plastic bags and

retained. The other half was sub-divided and its seam profile and

analysis are illustrated in Tables 3.1, 3.2 and 3.3.

65



855

27

&>



S )
I's <c’
A
AW AW

AW
! /
GS
AW AW
, /
21 pht
20 pht
/
%Jd
/
48 s &
%
/& /
/ /
v U
4&
/
4 /
AW
/
R NERE
/ /
s
> B/ & 9d
s Us

) P

*

7@



2
2 h
2
2
i)

?1

5)
+
14
1
1
1o
U
U#
bd)
1



* (poutwuxe woQr) Aoa? Fydry .onounezs!unamvcom

*B3[UeI36 V00 Y3TA ‘Loxf xawp ‘euoispnm “q3vegues .

. *oyojopnu puu TUOd JYITIQ POATOTIOFUI
(wove-02 OTQUTIVA BEOWHOTYY) OTIINTT ‘Aoad ¢euojspum‘yjavezvas

*T®00 g
~opuq .ua sdupgawd w.u.nv I938A °3BOTO Oy} UT 63TIONUR puw’ nuo.xoom n«:.u.a.:uﬁk TR00 Jydtag

*ouoI}s TINP YITM [80F AYITIq Snourwcny ALrep
*cduggaud puw sjesood.ugecny H.cugam Y3 TA.TB00 JuStag

*300T0 OU3 UT o} JIeNuy WA TU00 uITIE

*3TOTO oy} UF 03TIONGT YITA 100 WG

*Tuod Judtaq woy [ueuq n.aaoo TINp WOy {6:{uex3e8 TIND Y3ITA TU0O Fydraq ao.w ,noa )

*eqUeI3u TIMP UTY3 Auvm qitA 1900 juirad

R *TU0D JUITIQ PUU BUOLEPNR POABOTIOIUL
.?onaeduoauoowvaoom.ndnnaﬂnmuunv.nv:npoaovnqohﬂ:»g.h?@.oaoaa_:i

NOILdI¥2S3a

. gL:l @1eas
21°0 1o | e6s | 22 - b 001d
120 SL°0 9°9l 0c*e c ¢ 0014
6£%0 L1 G GE ¥9°1 g’ 2 0014 .
1c°0 0£°0 8°c8 vece $y2-0c 1 xoowd
. . . 3 . . «.
LS50 28't e | LE°T v c6500
¥9°0 8e°T 66 | ¥t gt g
. v6509
. L] oG -.
/L0 o.r 0 26 gt b4 o.mmmom
19°0 '€£8°0 0°S (ad (028 a
. - 96509
95°0 | ¥L*0 6°¢ 1€t 91 3 uag6
, L6509 | -
95°0 98°0 8'< 26t St d
. 86509
. . . . ] .
150 ¥8*0 (4 1230 ot 66509
09°0 2L°0 L 9€°t 2t B
. R ,oowom‘
¥e°0 oveQ besh €Lt 4 1 Jooy .
. 1T°0 11°0 EAYA: ] 0s°¢ - 2 Jood
%o D *h 534 w5
2uUlJOYD Lac\m_:w ysp S8 ul LELA-T

~ (P214P 4ID) SISATVNY

09 IBITTd Te0J

09 aeTyTd TEOD jJO SIsSATeue oTTjoid weag

L*¢ 318yl

69



(pouswuxo wd Q) Aoad ‘ouojopnu *i3aU09uag

*sesuey 21374Ad pue BO20J JTP [UJIA0E YITA (90D JydTal

. . - . *3331343 suod *£0ad Huvp ‘uaISpre HIJU2ITIS

1902 3yB1aq w2 b Jeseq {190 | jnp wd T 11903 J4Fiuq ws ot dog

. o . *ayvogl® YydTaq YA [uod fing

*1w02 ydTaq wa p [UEnq 11w0d TINP wd 1 {1902 3ydyaq wo p dol

*{uoo T{NP puu 3yd1aq popuvy
*1w0d ydyay

*1u0d ydtag

*sasusy 2Y3TaAd UTYY pue PEdEJ FITP [DIOA0Y Y3TA (00D IYSyagd

«ReaB-ystumoaq ‘suocinpnu ‘yyIvajeag
R : *8937a4d aje(j owos YITA 180D Jydtag

S1rod IYTaq Wy 9 Yvawq t{wod (np Lu 1 1y{wod ydyaq wo 9 tfuvod TINp wo 1 $1V0d Jyitaq wo g9 doy

+807144d SnOaqYS owosm YA [E0D Judfayl

(poutwsxe wd 0g) wd G yesuq uf.aosop ‘Auys *Losd ‘ouoyspny

NO11d142s30a

OL:L aTeas

02°0 010 vean vg°2 - 001 4 R7:144
ve*o 95°¢ v'6 Le°1 y 01119 —
0z°0 98°¢ B°¥9 90°C ® TI119
£€°0 Sb'0 vy (K3 setiy |
EG0) o | &t Al G T Q BIT19 -
9€°0 CIAR GRS o1 3 pi1e
‘05°0 vt 9 ({24 & 8 451119
S0 et 0 v c'T 9 b 41110
"> 151
ve'o ve'e v'e oc’ ST W LIT19
vE'o 08’y 8 el 6 1 31119
91°0 92°0 v°S8 A I3 f 61119
vE'0 [: 134 4 24 A4 ¢ L nd Nozt19
neo 2ze 92 oet 0z T 12119
ne'o 96V (A 9g°t L % T2113 o
91°0 1€°0 9°59 Sy 2 -
I < I [ w3 ;
a2uoI> g::?:w yso 40 gs i (1225
(Poiap JiD) SISATYNY

L9 Jel1td TE€0]

19 Jerrtd [eod Jo stsATeue afrjoid weag

Z¢'¢ 3avl

70



~ *(eurl) 8385&., VLR CELLLS - - - - +¢ | 2 xo01g
*ORI}ETT ‘Ae1f ‘euciupnu yjare3uog QOO | v&TU| O'GB| J5"¢| B¢ | T I881d| e6veD
*oSupjaed 3ITp Awew yjre Tvod juStag | | 2o | 06’2 | 2*ur| ovct| 8 v
*ho13 Rty ATauftys ‘ouolspnu Y)re03sos 90*0 | &' | @9 1£2| T a
*EM00OTUOGITO 4OUO3LPIIT IR0 50S e ol Yo | g'asl Vve't| ¥ b}
ursong possexduoo yonu g TE6d TIMP L4aTd 12°0 | 1e'L | 9°02| 16°T| ¥ N
ccBurgaed utwsny Auewm y3TA 1900 3uSTag 0£°0 | o2 1 | -2 es't| ¥ a
*TR00 Jy3Taq SnoUTYSTNY Arop 0| 21| 6L1] 68°1| ¢ 4
*wog ecaq puv woz doy uy cOupyasd urssvy Auem Wym P00 quBrag 2cof 61| o9 | ert| ot D
*T900 Jyfrag ol gg 1| 25l veer| oe K zot
7 *sesual OFFRIAL T TR0O quBtag vzro| ece LS| set a I
)
*sasuey OFjTXAd puv o3uriaed 4aTP Aoy ® wyEa W00 qubrxa - | gzco | tpev | vewr| eber| T £y
* (PeuTuvxe moQGT) *BTNAUTT DuTuTEuoo ‘oTFENES Aoxd AP *ATTS ‘ewo3spri - | covo | 15°¢ | z'fel 25z | - gooy | SOSE9
. S ) ) ) : : . DN Mo | M sel- | wa B :
. : upaopp] anydins|’ yso ubds LR 1225
NOILdIdDS3a (P21Ip JID)  SISATYNV

OL:l ®8Teds

¢£9 JIelT11d 1eo)

€9 JeT(td [eod jo sTsATeue a[T140ld weag

£°¢ 318yl

yeve9

S6VE9

96v€9
LEVED
86vt9

66VEQ.

00SE9

T0SES

CO0SE9 -

£0SE9’

71



For each subsection two representative 200g samples of < 212 um éoal
plus one 200g sample of < 2.8 mm coal were prepared. The coarser

sample was retained for stock whilst the other two samples were used

for SEM/EDX analysis and British Standard chlorine, sulphur and ash

analysis.123’1za

For SEM/EDX analysis 250-500 mg portions of air-dried coal were placed
in a 13 mm diameter die under vacuum, and a load of 10 tonnes applied
for 3 minutes. This produced a coherent coal disc of approximately

2-3 mm thickness. This disc was mounted on a 13 mm diameter stereo-
scan stub using non-aqueous carbon dag (LEIT-C) which was then allowed
to dry in air. A number of coals prepared in this way were coated with

a thin film of carbon using the carbon fibre deposition equipment.

A special holder supplied by the microscope manufacfurer enabled a
cobalt reference standard and five coal discs to be mounted together
in the microscope chamber. This arrangement took approximately
15-20 minutes to pump down to the required vacuum of 10 ~ torr before
analysis. The total time involved for the multi-element analysis of
a single sample of <212 Mm coal is estimated as less than 30 minutes.

Ash analysis on the residue after incineration of selected coal

samples at 815°C was carried out according to standard procedures.123

3.2.4 Methods of Analysis

The method for quantitative analysis by SEM/EDXA using a polished
multi-element standard is well documented.117:118,125

It is usual practice to carbon-coat a non-metallic sample with

a thin film of carbon for quantitative analysis.125 This prevents
build-up of electrons at the specimen surface and maintains stability
of X-ray excitation. It also reduces thermal damage and movement

of ions within the specimen which may change the surface composition.

It was unclear whether pressed discs of coal powder would be sufficiently
conducting to prevent this charging effect, since coal is basically
eighty percent carbon, it was initially assumed that charging effects

would be negligible.
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Cobalt and elemental spectra generated from polished standard

materials were stored and processed using the energy-dispersive

analysis equipment.  Two different methods of processing the X-

ray energy spectra of coal were evaluated in this study. The first

method used corrected absolute intensities from the elements present

and has been available commercially for about four years (ZAF&/FLS).126’127
The second method ratios the peak to local background counts for
each element and at the time of writing has been available commercially
for only a few months (ZAF/PB).128’129

can be regarded therefore as evaluating the technique for coal

The work reported here

analysis.

When both calibrations were carried out the geometry conditions

were such that the specimen was not tilted towards the X-ray detector.
This position was chosen to give the take-off angle best suited

to the design of the instrument and hence optimum X-ray collection
efficiency. However, these conditions have the disadvantage that

the specimen cannot be tilted without changing the azimuth, elevation

and cosine angles.

3.2.4.1 ZAF4/FLS Software

This software uses net intensities from the elements. It was

set up for a processing time of 20 us and 20 eV per channel

and then proceeded with accbrding to the manufacturers instructions.
The elemental calibration list was chosen to include all the

major and minor constituents found in coal. A typical analysis
print-out is shown in Table 3.4. Careful examination of this
table shows that the geometry, operating voltage and reference
parameters are entered first. The ZAF4/FLS software offers

a choice of sub-routines prompted by the words 'PROGRAM' 'OPTION'
and 'NEXT' which allow various analytical operations to be
performed. From a choice of possible schemes for the analytical
calculations, an option was selected which gave one element

by difference. Thus, a missing, i.e. undetectable, element

is made to account for the difference in composition of all

the detected elements from one hundred percent. The X-rays

of the elements hydrogen, carbon, oxygen and nitrogen are all
absorbed by the beryllium window (0.008 mm thick) of the detector
but of these carbon was chosen as the 'element by difference’

since the coal matrix is predominantly organic in nature.
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TABLE 3.4

Computer print-out of SEM/EDX analysis of coal
using ZAF4/FLS software

* 791*% ZAF4/FLS REVO1-LINK SYSTEMS LTD.-1978

TILT= .00/ ELEVATION=35.00/ AZIMUTHAL ANGLE= .00/
COSINE= .966/ KV= 20.00/

EV/CH=20/ CALIBRATION ELMT:CO/ PEAK ENERGY(KEV)= 6.9242/
LABEL (20 CHAR. MAX.):26/10/83

PROGRAM=

1=DATA ANALYSIS 2=ANALYSER 3=DISK LISTING

4=EDIT STANDARD FILE 5=CHARACTERISATION 6=CHANGE SNO,SN1
7=SAVE/RETRIEVE PROFILE LIBRARY

PROGRAM=1

E.D.S. ANALYSIS? YES

OPTION=

0=STANDARDS OR SPECTRUM TREATMENT ONLY

1=ALL ELMTS 2=1 ELMT BY DIFF. 3=1 ELMT BY STOICH.
4=ALL ELMTS,NORMALISED 5=ELMT BY STOICH.,NORMALISED

OPTION=2 UNANALYSED ELMT: C LIVETIME=100

ELMT  LINE STD
CL
S
FE
SI
AL
CA
MG
NA
K
TI
MN
P
C

ANALYSE CO ?NO
TRACK NO.(C0)=6
COBALT 3 LIVETIME 100S LIVETIME = 100
ENERGY RES AREA
- 6.6 104.15 71495
6912.9 170.22 173426

T
1
1
1
1
1
1
1
1
1
1
1
1
1

RRXRXRXRRXRXRRXXRXRXRXRXRXXX

TOTAL AREA= 401916 GF= 49.966

ANALYSES? NO

TRACK NO.=7

NBS 1632 A (1) LIVETIME(SPEC)= 100
ENERGY RES AREA

- 7.0 103.69 72508
TOTAL AREA= 96757

oooooo
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TABLE 3.4 (continued) -

FIT INDEX= .80

ELMT APP.CONC ERROR(WT%
cL .073 .029

S 1.080 .042

FE 514 .052

SI 4.587 .064

AL 2.679 .068

CA - .220 .032

MG .109 .059% &2 SIGMA¥
NA .084 .085% €2 SIGMA*
K 451 ~.037

TI A7 .032

MN .026 .037% <2 SIGMA*
P - .025 .052% &2 SIGMA*
[ 12 zAF/S]

20.00 KV TILT= .00 ELEV=35.00 AZIM= .00 COSINE= .966
SPECTRUM: NBS 1632 A (1) 26/10/83
LAST ELMT BY DIFFERENCE
ELMT ZAF SELMT

cL 1.078 .068

S 1.123 .962

FE .879 .586

SI 1.111 4.128

AL 1.138 2.354

CA 1.092 .201

MG 1.102 .099

NA .962 .087

K 1.171 .385

I .905 .188

MN .868 .030

P 1.595 .000

C .354 .000

TOTAL 9.088
NEXT=

1=MORE ANALYSES 2=ADD MORE ELMTS 3=STD.CALIBRATION
4=CHANGE ELEMENTS 5=SAME ANALYSIS,CHANGE OPTIGON
6=VIEW DEVIATIONS(MID SCREEN=3.6 SIGMA)

NEXT=
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The corrections for atomic number (Z), absorption (A) and
fluorescence (F)125 were made on the basis of this assumption.

The elements to be determined, including the element by difference,
are then entered with their selected X-ray lines and standard

numbers.

Cobalt was used as an intermediate reference standard in order

to compensate for drift in instrument operating conditions

such as the beam current. A spectrum of pure cobalt (area
scanned - 0.04 mm2 magnification-~1000) was first processed

at given instrument settingsand then the unknown coal sample
analysed for a1 area scanned - U.B'mmz, (= magnification ~ 200),
taking .care not to change any instrument settings other than the
specimen stage Z control to focus the sample. This maintains

a fixed object to lens distance which preserves the same geometry.
Changes in electron optical conditions made it advisable to

re-calibrate with cobalt after three coal disc analyses.

Examination of results in Table 3.4 shows that the computer
first prints out the analysed element symbol, the apparent
concentration and the error (% m/m) which is the standard
deviation. When the apparent concentration is less than

twice the error then '< 2 sigma' is printed, which indicates

the result is not statistically significant. This was the

case for a number of elements normally determined in routine
coal ash analysis. The ZAF4/FLS programme performs two operations
upon each unknown spectrum. Firstly, the filtered least squares
(FL5)126’127 peak deconvolution routine is executed. This
routine first compensates for any drift in the spectrum, by
reference to the cobalt standard, removes silicon escape peaks,
then applies a digital filter to the spectrum. The peaks

in the resulting filtered spectrum are then fitted using a

least squares algorithm and a library of stored standard element
spectra to determine the contribution of each element emission
line to the unknown spectrum.127 Secondly, the resulting
elemental peak areas are corrected, using the ZAF routine

in the package, to yield the required elemental composition.
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The X-rays generated from the cobalt standard and coal samples
were generally counted for a computer live-time of 100 seconds
although in some cases longer periods were used to improve
limits of detection. The cobalt calibration statistics were
chosen such that the average 'dead time' ( the time X-rays

cause pulse pile-up in the processor) was less than 40%.

In addition to the ZAF correction factors and the élemental
composition, the programme yields a measure of the systematic
versus random errors in the processed spectrum. Thus a figure
of merit for the 'goodness of fit' ('fit index')127 is produced
and the residuals from the peak fit may be viewed in order

that any unexpected elements, or regions of poor fit, may

be identified and investigated.

3.2.4,2 ZAF/PB Software

The ZAF/PB programme enables quantitative analyses to be estimated
for particles and bulk spec}mens of uncertain geometry e.g.
powders, deposits on filters, etc. The peak to local background
ratio for each element is calculated and the ratio of these

values to the peak to background ratios from known standards

are used in an iteration procedure to calculate the composition

of the unknown.128’129

The advantage of using this ratio method is that peak to background
measurements are lesé geometry dependent. However, statistical
errors in the estimation of background are relatively high

and therefore the method should not be expected to give the

same precision as the ZAF4/FLS procedure. Table 3.5 shows

a print-out of the ZAF/PB analysis procedure for the same

spectrum as shown in Table 3.4.

Geometry and operating voltagé are entered first, followed

by a request for, 'Analysis of particles?' In most cases

the reply is 'No', the exception being for widely dispersed
particles where X-ray fluorescence is assumed to be negligible.

The fluorescence correction in the ZAF procedure is not applied

in this case. An analysis livetime of 100 seconds is generally
used with a matrix option, where carbon as the chosen element,
accounts for the difference between the total of all the elements
determined and one hundred percent. Cobalt is used as the
intermediate reference standard as described in the ZAF4/FLS method.
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TABLE 3.5

Computer print-out of SEM/EDX analysis of coal
using ZAF/PB software

* 287% ZAFPB REVO1-LINK SYSTEMS LTD.-1979

TILT= .00/ ELEVATION=35.00/ AZIMUTHAL ANGLE= .00/
COSINE= .966/ KV= 20.00/

ANALYSIS OF PARTICLES?NO

EV/CH=20/ CALIBRATION ELMT:CO/ PEAK ENERGY(KEV)= 6.9242/
LABEL (20 CHAR. MAX.):15/11/83 COAL DISCS

PROGRAM=

1=DATA ANALYSIS 2=ANALYSER  3=DISK LISTING

4=EDIT STANDARD FILE 5=CHARACTERISATION 6=SET SYSTEM RESOLUTION
7=PROFILE UTILITIES

8=EDIT MATRIX FILE  9=CALCULATOR

PROGRAM= 1

SPECTRUM ANALYSIS? YES LIVETIME=100

OPTION=

0=SPECTRUM TREATMENT ONLY 1=ALL ELMTS ANALYSED

2=ELMTS IN KNOWN MATRIX 3=ANALYSIS OF STANDARD(IN MATRIX)
4=ELMT BY STOICHIOMETRY

10-HOLDER  11=GRID

OPTION=2 MATRIX NO.=2: CARBON

ELMT LINE STD
CL
S
FE
SI
AL
CA
‘MG
NA
K
TI
MN

T
1
1
1
1
1
1
1
1
1
1
1
P 1

RARARRARXRXRXRXRXRXRXRXRXXRXXX

ANALYSE CO 7NO

TRACK NO. (CO)=6

COBALT 3 LIVETIME 100S LIVETIME= 100 I/P RATE= 4019 CPS
ENERGY RES AREA

- 6.6 104.15 71495
6912.9 170.22 173426

TOTAL AREA= 401916 GF= 49.966
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TABLE 3.5 (continued)

ANALYSE? NO

TRACK NO.=7

NBS 1632 A (1) LIVETIME(SPEC)= 100
TILT= .00/ ELEV=35.00/ AZIM= .00/

ENERGY RES AREA -

- 7.0 103.69 72508

TOTAL AREA= 86757 ...... FIT INDEX= .90

4 ITERATIONS  G-FACTOR= 3.544

20.00 KV TILT= .00 ELEV.=35.00 AZIM.= .00 COSINE= .966

SPECTRUM: NBS 1632 A (1) 15/11/83C0OAL DISCS
ELMTS IN MATRIX: CARBON
ELMT ~“AREA AREA/BGND %CONC FST
CL K 322 +- 126 .036 +- .014 .14 1.952
S K 4508 +- 172 444 +-  ,018 1.67 2.726
FE K 1179 +- 117 .383 +- .038 .82 3.330
SI K 18206 +- 252 1.624 +- .036 5.14 1.509
AL K 7539 +- 190 .755 +- .025 2.93 1.455
CA K 857 +- 123 126 +- .018 .29 1.884
MG K 194 +- 94 031 +- .015 .14 1.451
NA K 70 +- 53 .024 +- .018 , .16 1.966
K K 1692 +- 137 .220 +- .018 .52 1.632
TI K 604 +- 111 .110 +- .020 .25 2.823
MN K 66 +- 93 .018 +- .025 .04 3.149
P K -64 +- 141 -.006 +- .014 -.02 3.164
MATRIX 87.93

' TOT= 100.00
NEXT=

1=MORE ANALYSES 2=ADD MORE ELMTS  3=GAIN CALIBRATION
4=DATA ANALYSIS 5=CHANGE OPTION.KEEP SAME ELMTS
6=VIEW RESIDUAL SPECTRUM

NEXT=
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The coal analysis spectrum is entered along with the coal disc
geometry parameters. The 'Fit Index' is calculated which

is a measurement of the quality of fit of the unknown spectrum

to stored standard peak profiles and is related to the normalised
chi-squared for the fit. 7 The background ratios for all
elements are determined and these values are subjected to

an iterative calculation process in which the G-factor i.e.

the relative efficiency of the bremsstrahlung production given

by:-
G = éé Ci212
Ai
where Ci= Mass fraction
Zi = Atomic number
Ai = Atomic weight of element i in material

and inter-element corrections are determined. When the calculation
stage is complete, the number of iterations and the G-factor

are printed followed by the analysis condition, option label

and the table of results. The element symbol is printed

first, followed by the 'AREA' which is the net total counts

after the least squares fitting routine . + one standard deviation.
This is followed by the 'AREA/BGND', which is the ratio of
deconvoluted peak area to estimated background per KeV : one
standard deviation; the percentage concentration and finally

the FST. The FST (factor for standard treatment) is calculated
from the standard profiles and is a correction factor for

the particular standard used in calibration. As in the ZAF4/FLS
procedure, after the results have been printed the prompt

'NEXT=' is issued. The spectrum analysis procedure is illustrated

in Figures 3.1 and 3.2.

3.2.4.3 Novel method using a Coal Standard

It is possible using the ZAF/PB software to utilise a spectrum
from a well characterised reference coal as a standard.

This should allow more accurate peak to background ratios

to be estimated for unknown coal matrices. The procedure
involves collecting a cobalt spectrum and then a coal standard
spectrum for 100 seconds counting time. These spectra are

then processed using the option to calculate FST and RST (Ratio

for standard treatment) values for the coal standard.
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Schematic diagram of spectrum processing
and data correction - ZAF /PB

Figure 3.1
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Figure 3.2

Schematic diagram of spectrum and data

processing - ZAF/PB
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The values and the percentage concentration of the elements
are stored in the standards file. The analysis of unknown
coals 1s carried out as described in section 3.2.4.2 except

that the peak profile from the coal is used as the standard.

3.2.5 Particle Size Reduction

To establish the effect of fine grinding of coal on the precision
and accuracy of the results obtained using SEM/EDXA, approximately
3g of two samples (60593 and 61118) were ground separately for

20 minutes in the micromill. The resultant coal passed easily

through a 45 um sieve and was then pressed into duplicate pellets

for analysis.

.3 RESULTS AND DISCUSSION

3.3.1 ZAF4/FLS Programme

3.3.1.1 Chlorine

The results of duplicate chlorine determinations by the three
chemical methods and of three single replicate determinations

by SEM/EDXA are given in Tables 3.6, 3.7 and 3.8, together

with the respective averages. The samples analysed included

29 sub-sections predominantly of coal (less than 50% ash)

and 12 of dirt (over 50% ash content). Comparing the averages

of the three chemical determinations with those of the three
SEM/EDXA determinations, the difference exceeds 0.04 percent

for only two of the coal sub-sections and five of the dirts.
Clearly a calculation method which assumes the major residual
element to be carbon will perform less satisfactorily on samples
containing more than 50% ash, but for coal samples the overall
procedure can be considered to give results in very good agreement
with traditional methods. This very good agreement between

bulk chemical methods and the SEM/EDXA micro-analytical technique
provides positive evidence for the uniform distribution of
chlorine in coal lithotypes, and its probable existence in

one bonding Form.125 The limit of detection was about 0.4 mg g_1-
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3.3.1.2  Sulphur

Little agreement is apparent between the total sulphur contents
determined chemically and by SEM/EDXA shown in Tables 3.9,
3.10 and 3.11. The closest approach occurs in coal samples

where the pyritic sulphur is virtually absent viz. (samples

61109, 61112, 61113, 61119, 60589, 60592 and 60595-60601 inclusive).

This is consistent with the understanding that organic sulphur,
like chlorine, is uniformly distributed within the coal, while
pyritic and sulphate sulphur may occur in discrete areas of
comparatively high concentration. On the other hand, all

the SEM/EDXA estimates are lower than the total sulphur determined
by the BS 1016 high temperature method.'2> Tt might have

been expected that the random selection of sample area scanned
would give rise to some abnormally high estimates where pyritic
particles were included in the field of view, but this is

not apparent from a consideration of the sets of three replicates
reported for each sample. It must therefore be concluded

that the pyrites is fairly uniformly disseminated, either

in its natural occurrence or in the process of grinding the

samples to ¢ 212 pm prior to analysis.

An explanation is required for the repeatable but very low
estimate of sulphur content by SEM/EDXA when more than a trace
of pyrites is present. The reproducibility of the calibration
for sulphur using an iron sulphide (FeSZ) standard was confirmed
(as shown in Table 3.12). Thus the accuracy of calibration
must be queried, this may also explain some low results obtained
for iron in the same coals detailed below. Mineralogical
effects on the analysis of samples using the similar technique
of X-ray fluorescence have previously been reported.130 Such

mineralogical effects may also be present here.

The limit of detection for sulphur was found to be about 0.6 mg g~
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3.3.1.3 Other Elements

Tables 3.13, 3.14 and 3.15 show the percentage contents of silicon,
aluminium, iron, titanium, calcium, magnesium, sodium and potassium
in each of the 41 subsections. A comparison of these subsection
percentage contents with those determined by standard atomic-absorption
spectroscopic, colorimetric and gravimetric procedures on solutions
of coal ash123 is given in Table 3.16. The agreement is fairly
good, although the SEM/EDXA procedure lacks sensitivity for certain
trace elements and results for iron and calcium are often low.

As additional checks standard coals NBS SRM 1632a and 1635 (National
Bureau of Standards, Washington, D.C) and five reference coals

were subjected to SEM/EDXA as well as conventional analysis.

The results shown in Tables 3.17 and 3.18 indicate good agreement
for several elements (notably chlorine, aluminium, potassium and
titanium)while the agreement is poorest for iron, sulphur and
silicon. Again the poor agreement for iron and sulphur may be

due to effects caused by the presence of iron pyrite. The levels
of magnesium, sodium, manganese and phosphorus observed are generally
below the detection limits. The detection limits for the major

and minor elements found in coal were estimated for counting periods
of 100 and 250 seconds and are listed in Table 3.19. Examination

of this table shows that detection limits are improved slightly

by increasing the counting time from 100 seconds to 250 seconds.

An interesting comparison, between the ash content as normally
determined at 8159C123 and the SEM/EDXA estimate of the ash-forming
elements present can be made. The calculation of an ash content
to represent the residue left on combustion at 815°C using the
elemental comﬁosition of the original coal is difficult because
the proportion of sulphur retained in the ash is not predictable.
Using these combustion conditions all the chlorine is volatilised
and none remains in the ash. As an alternative, however, the
relationship between the conventional ash content and the sum

of the elements determined by SEM/EDXA excluding chlorine and
sulphur altogether can be demonstrated as in Figure 3.3. The

correlation coefficient is 0.997.

92



saydues asoqe ayj jo Aue ut pajaasjap agq pinoa snioydsoyy Iou asauebuey Jayjrap

310N
Bl°L¢ 22'¢ 10°¢ wi'¢ 82°0 (zo 9L°05 89°0 69°0 LL°0 90°07 LL'0 €L°0 19°0 29°0 %¥9°0 6C°C wl°¢ 0L£°€ 9L°6 GW'6 G666 BC'6lL £L°BlL 96°6L 68509 °
6Z°62 S9°Z 762 0L°Z 91°02 Z€°0 62°0 8L'0 {0 Ov'0 ZL'0 9L°0 61°0 %0 670 090 1€°Z €L°L LZ2°C 86°L €56 %0°8 OL'CL €L°9L 29°CL 06509 .
L9°4i 02°L €2°L 0€°L 9L°0)> 61°0 91°0> 9L°0 SL°0 %Z2°0 ZL°0 LL°0 %1L°0 LL°O 9L°0 6L°0 8S°L €9°L 1§°L €€°y O£'%  Zv'h [B8'9 #8°9 60°L 16509
9L ¢ 06°C 9672 89°C 9¢°0 91°0>8L°0 8£°0 S£°0 I9°0 w1°0 LL°0 90°0,25°0 89°0 Lw°0 BL°L LL°L B89°L 186 LL°6 92°6 HZ°LL L6°9l W6°SL 26509
82°¢ €L°0 £0°0) L0°0 9L°0y ¥Z2°0 9i°0>8L°0 €L°0 9L°0 09°0 s¥°0 95°0 90°0> 90°0) €2°0 €8°0 €6°0 16°0 %L°0 19°0 29'0 i8'0 L0 S9 O £6509
86°L £0°0>L0°0) L0°0Y $2°0 8Z°0 LL°0 ZL°0) ZL°0) ZL°0) 9v°0 6£°0 8£°0 90°0Y 90°0) 90°0Y B9°0 67°0 S¥°0 Ov°0 £€°0 2€°0 8€'0 LE'0 8¢°0 76509
9i°2 L0°0L0°0) £L0°0> 82°0 0£°0 w£°0 €10 £1°0 €L'0 %9°0 9%°0 %.°0 90°0> 90°0> 90°0) $€°0 62°0 GZ°0 S£°0 O0£'0C O0L'0 6£°0 S€°0 2€°0 $6509
A L0°0>L0°0) £0°0) SL°0 9L°0) €2'0 ZL°0> ZL°0> LL°0 9%°0 %»°0 29°0 90°0> 90°0) 90°0? 2Z°0 6L°0 (Z°'0 6L°0 LL'0 BL'O0 €2°0 Zi°'0 #%i°'0 96509
L6°0 LD°0YLD°0Y £O0°0) 61°0 9L°0 9L°0> Zi°G)> ZL'0? ZL°0) S€°0 82°0 Ly*0 90°0> 90°0) 90°0y 0Z'0 SL°0 91L°0 vL°0) SL°0 %i'0 ZL'0> 9L°0 SL°O L6509
LL°o L0°07L0°0> LO°Cy 91°0> 02°0 91°0> ZL'0) Z1°022L°07 v£°0 92°0 SZ°0 90°02 90°0% 90°0Y ZZ°0 OL°0 0L°0 9L°0 9L°0 HL°0) £1°0 ZL°0)> €L°0 86509
7etl £0°0£0°0) £0°0) LZ2°0 91°0)> 91°0> €£1°0 L1L°0 Zi°0)> $¥°0 €5°G L£°0 90°0) 90°0» 90°0? 61°0 €£°0 €2°0 02°C LL'0 4L°0D> %2°0 6L°0 6L°0 66509
8l ¢ 6L°0 7L°0 L1°0 £2°0 L€£°0 8L°0 9L°0 9L°0 ZL°0>6£°0 95°0 L£°0 90°0) 90°0» 90°0» 22°0 0€'0 (Z°0 €L'0 69°0 OL'0 €L°L 60°L SL-°L 00909
L8l G6°L 6S°L 181l 9L°0) 0Z°0 v9°0 6L°0 LE°0 O9°0 OL'0 (10 £2°0 £2°0 12°0 H2°0 26°L Sh'L wL'l 00°s Lé6°% wL°S w88 <6°8 LL'OL 10909
96°LE 10°¢ 1672 Lh°¢ LE£°0 0£°0 Z¥°0 OL°0 9S5°0 6L°0 €Z°0 LL°0 €2°0 29°0 SS°0 69°0 €9°¢C wL°¢ Z¢°h 9¢°6 86°8  €L'LL LS°LL £LZ°LL 80°1Z  €0909
w/wgy
uatjrsodwo]
Tejuawatyl uorjeutw
rtejol ¢ 4 l £ Z l € I'4 l £ Z l € 4 l £ 4 l € Z l € Z l ~-Iajaq
[PEPRERS L]
abesaay w/w % N w/w % eN u/w % by w/w % 83 wjw g T w/w 9% 34 w/w % Ty w/w % 19 uawaf]
09 Wv3S

(stseq patap-ITe) yxQ3/W3S DUTSN [e0] j0 stsA[euy [ejuawaryl

£L°¢ 37avl

93



sa[dues aaoqe ay} jo Aue ur pajoajap aq pInad snioydsoyq Jou asauebuey Jayjrapy T310N

9¢°S¢ 78°2 L6°C (LB°Z wv.@v 9L°0) 9L°0) 9v°0 87°0 €¥°0 90°0) 90°0) 90°0) 69°0 69°0 LS°0 0L°Z BL'Z €L°Z €8'6 £6°6 NHL'6 SL°6lL 95°61 06°8L  £6v€9
68°¢ 60°0 ZL'0 €L°0 9L°0) 9L°0) 8L°0 ZL'0) ZL'0) ZL'0) 8L°0 2£°0 %Z°'0 90°0) 90°0) 90°0) ¥9°0 26°0 06°0 62°L BZ'L LlL'L 9¢°L ©€'L 8Z°L n6n<9
L9z 2071 LB°L 8971 [£°0 0€°0 0Z°0 €2°C 62°C w£°0 LZ°0 SL°0 0Z°0 Lw°0 (v°0 8S°0 LS°L 2Z9°L 6£°L GL°B L0°6 96°8 1Z°CL 9B°CL %8°ZL  S6H¢9
sZ'61 SLTL9LTL 1271 91°0) 91°06) 9L°0% ZL'0Y w1°0 2Z°0 90°0) OL'0 €1°0 8£°0 6£°0 v9°0 88°0 B88'0 98°0 99°S 22°9 &S€°9 0B'6 9v°OL 29°0L 96%€9
66°L 2€°0 6£°0 Z¥°0 91°0p 91°0 wZ°0 2ZL°0) ZL°0) ZL°0) LL°O LL°0 OL°0 80°0 90°0) wL°0 65°0 LS°D £9°0 99°C 9L°T LB°Z Sv°€ SO°% OL°Y L6WE9
£6°1 L0°0>L0°0) £D°0 91°0) 91°0)SZ°0 ZL°0) ZL°0) SL°0 9¥°0 Ov°0 6£°0 90°0) 90°0) 90°0) 6v°0 O%°0 uh°0 LL'0 9€°0D 6£°0 6£°0 L£°0 Ov°0 86%¢9
19°S £0°0)£0°0> £0°0) BL°0 9L°0 9L°0) S¥°0 69°0 690 19°Z 29°C 9L°Z 90°0y 90°0p 90°0) 9€°L 6%7°L 6L €€°0 €¥'0 €€°0 ¢€°0 6£°0 €€°0 669¢9
oLe L0°0yL0°0) LO°0) 6170 LZ'0 9L°07 BL'O SL°0 ZL°0 9L°0 89°0C 29°0 90°0) 90°0) 90°0) £$°0 £S°0 1$°0 0£°0 €2°0 22°0 820 6L°0C %2'0 00s€£9
701 £0°0)£0°0) LD°0p 9L°0) 91L°0% 91°0» ZL°0) ZL°0) ZL°0) 92°0 LL£°0 %Z°0 90°0) 90°0) 90°0) €£2°0 SZ'0 6L°0 wL°D LL°O LL°0 %10 8L°0 LL°O L0S€9
A9 L0°0) LO°07 LO°0) 91°0) S1°0) 9L°0) ZL°0) ZL'0>ZL°0) 020 %Z°0 1Z'0 90°0) 90°0) 90°0) €5°0 %S0 €¥°0 9L°0 ZL°0 HL°D 920 92°0 6L°0 20s¢9
88'7 ° ¥Z°0 12°0 €2°0 9L°0 9L°0) 9L°0) ZL"0) TL'0) ZTL'0) LL£°0 6L°0 2Z°0 90°0) 90°0) 90°0) 88°L 6B°L £8°L 08°0 B89°0 16°0 SH'L wE'L 1St £06€9
8 ¢¢ €672 LL°Z 89" 9L70) w0 WET0 SS°0 ZL°0 §9°0 6L°0 SL°0 9L°0 9SG 95°0 LSTO0 L% 4Ty 0Z°% 0B'L SU'8  €£9°L 6L°9L L6°LL LZ°9L  S0SE9

w/wy
uot}Tsodwo) )
[ejuawafy uoTjeuTw
[ejop ¢ 4 l € 4 L € 4 l £ 4 3 € 4 l 11 4 l £ A L £ Z L -1a3aqQ
pajodallo)
abaJaay w/w % N w/w % eN w/w 5 By w/w % eJ w/w % Ty w/u % a4 w/u g v w/w % 1§ juawai]
. £9 Wv3S

(stseq payap-1Te) yxQ3/W3S buTsn [eo) jo sfsA[euy [ejuawal]

7l°¢ 378Vl

94



saTdwss aAroqe ayy jo Aue ut

pa3233ap 8q pTnod snioydsoyy Jou asauebuep Jayjtay 310N
18 26°S¢ 0€°¢ 92°¢€ 6£°¢ L€°0 62°0 62°0 25°0 29°0 %S°0 9L°0 €10 8L'0 €6°0 65°0 29°0 siL°¢ 90°¢ €1°¢ 60°0L 0L°0L L0O°0L £9°8L vL°8l 20°61  60LL9
5 L9°¢ LL°0 80°0 ZL'0 91°0) 9L°07 9L°072ZL°0) ZL°0) ZL'0) 60°0 60°0 9L°0 90°0)» 90°0) 90°0) SL°L 90°L H2°L 10°L %0°L Z0°L OL°L L") €0°1 oLy
19 sz sz GB°L 86°L €8°L 91°0) 62°0 %Z°0 €£°0 6£°0 ¢€°0 Z¢L°0 LL°0 90°0) »5°0 8S°0 2S°0 w0°Z 20°Z Ol°Z 60°8 19°8 €5°8 SZ'LL S8°LL 64°LL  LLLL9
7 08t L0°0pL0°0) L0°0) 91°0) 91°0) 61°0 ZL°0) ZL°0) 7L°07 80°0 80°0 60°C 90°0)60°0 90°0) 0L°0) OL'0) OL°0) 6£°0 99'0 69'0 69°0 89°0 SL'O ZitL9
: 9L £0°0>L0°0Y L0°0Y 91°07 9L°0> 9L°0) ZL°0) Ne.ov ZL°0) 90°0) 0L*0 80°0 90°0290°0) 90°0> 0L°0) 0L°0) OL°0Y ¥S°0 %50 0$°0 €5°0 SS°0 vs'0 €LY
. 6071 £0°0)LB°0) LO°G) 9L°07 91°0» 9L°0 ) ZL°0) Z4°0) Z1L°0) 90°07 0L°0 90°0) 90°0> 90°C) 90°0) 02°C O¢°0 LL°0 0£°0 0€°0 L€'0 Z€°0 8€°0 €0 L9
. 74N} £0°0)L0°0) £0°0Y 61°0 9L°0) LL°0 ZL°0p ZL°0) ZL°0) 90°07 90°0) 90°0) 90°0) 90°07 90°0) £Z°0 0Z'0 B2°0 S£°0 LZ°0 6£°0 2£°0 €€°0 92°0 SLLL9
' 9Lt L0°0)L0°0G) LO°0Y 91°0) 9L°0 9L°0) ZL°0) Z1°0) ZL°0) 90°0, 90°0) 90°0) 90°0> 90°0) 90°0) v0°L Li°L 10°L 61°0 12°0 SZ°0 6Z'0 0Z°'0 1Z°0 91LLL9
65°1 L0°0)L0°0) 80°0 9170y 9L°0>9L°0) ZL°0) ZL°0y ZL°0) ZL*0 60°0 90°07 90°07 90°0) 90°0) 20"l (D°L S6°0 BL°0 6L°0 6L°0 9L°0C 0Z°0 SL°O LLLLY
) S9°¢ 60°0 Y10 OL°0 2Z°0 91°0) 9L°0) ZL'C) ZL'0) ZL°0) L1°0 60°0 90°07 90°0) 90°0) 90°0) S0°Z HL°L %8°L 89°0 69°0 89°0 69°0 8BL'O LL°D 8LLLY
8 09°1¢ 69°¢ 26°¢C 6Z°€ BZ'0 9L°0) Z5'0 2£°0 BEL'0 65°0 90°0y TL'0 90°0) 6%7°0 €570 2§°0 €S°L Su'L 9y°L LL°OV 8L°LL 6L°0L 60"yl 08°%L 9<°HL  6LLLY
i €671 L0°GYL0°0Y LO°0) 91°07 12°0 91°C) ZL°0) Zi°0) ZL°0) 80°0 ZL'0 BO°C 90°0) 90°0) 90°C) ¥8°0 8°0 6L°C L0 Iy'0  Zv'0 BL'OD 6v°0 00O 0zZiL9
. 851 £0°0PL0°0) £0°0) 91°0) £2°0 91°0) ZL*0) ZL°0) ZL°0) 90°0> 60°0 800 90°0) 90°0) 90°0) S0 65°0 €£5°0 Ov°0 1€°0 2Z£°0 S€°0 2€°0 €€°0 LZLL9
Lz no.aVnc.ov £0°0) 02°0 9L°0) LL°0 ZL°D) Z1°0) ZL°0) 80°0 OL°D OL°0 90°0) 90°0) 90°0) ¥6°0 €0°t 20°L 9Z2°0 2€°0 0¢°0 290 Zv'0 iv°0 2119
8 0L°Lg 9p°¢ th'€ O9°C 92°0 (Z°0 91°0) 95°0 2Z9°0 8S'0 90°0790°0)90°0) 9%°0 97°0 Ly°0 95°C €9°2 By°Z LL°6 6£°6 W6 LL'SL ££7°GL w6'wl  wZLL9
w/wsg
uoTj1sodwo)
! Tejuausiy uoTjeUTW
Tejol ¢ Z l € Z l € l i € 4 l € l l 1 Z l € 4 2 € Z l -193aq
t pajdaiin)
abeaaay w9 w/w % ey w/w 9 By w/w % e) w/w % Ty w/w % ay w/w % Ty w/w % 1§ juawatl
19 Wv3S

(s18eq patap-iTe) yX(a/W3S Bursn Teo) jo stsATeuy Tejuawail

Sit¢ 37avl

95



sTsATeuy Xgi/Wis 'z

ysy TeO) ayj Jo uOTINTOS Jo STsATeuy ITIJawTIO[0] pue uorjdiosqy JTWOly *|

8LLL9 TL°0Y 10°0) 60°0) LO'OY LL°0 91°0 Zi°0) LL°0 OL°0) ¥0'0 OL°0 90°0 80°0) €0°0 €6°L 0Z'€ OL'O £€8°0 sL°0 10°L 6°8 glLL9
6LL1L9 ZL°0y %0'0 60°07 90°0> ¥S°¢ 29°% ZL°0 LS°0 S%°0 €0°L 80°0)> LZ2°0  €S°0 1S°0 €S°L (9°L 6Z°LL S0°9L €6°HL BL°O0L 2°S8 61119
0cLL9 ZL°0> 10°07 60°0y 100> LO'0)60°0 ZL°0> 60°0 OL°0) ZO'O .0L°0 €L°0 80°0> Z0°0 €8°0 %6°'L Q%'0 96'0 ¢v°0 1970 LS 0zLL9
LzLL9 ZL°0> 10°0 60°07 10°0> LO°0>€0°0 Z1'0) 60°0 OL°0> LO'0 60°0C OL°0 80°0» LD°0 $5°0 ¥B'0 6¢'O 62°0 €¢°0 ©€°0 6°2 LzL9
ZZL1L9 ZL°0> 10°0y 60°0> LO'0Y LO°0y90°0 LL'0 60°0 OL°0> Z0'O 60°0 9L°0 80°0) €0°0 €0°L Ov'¢ 0£°0 L£'0 €w°0 0s°0 €L [AAR %
"ZiL9 Z1'0y w0°0 60°0Y 60°0) 2S°€ 96°€ ZZ°0 8£°0 19°0 (0°L 80°0y 8L°0 S%°0° Iy'0 49°CT ¢L'T LIh'6 LS*€lL 9¢°SL wLZZ  6°%8 7ZLL9
867€9 €L°0> 20°0 60°0> ¥0°0 £0°0)20°0 €1°0) €£1°C LL°0) #2°0 4»°0 1L°0 80°0> L0°0 9%'0 €L°0 L{°O £€°0  Iv°0 8y°0 6% 867¢9
L69£9 €102 20°0 60°07 100 O%°0 L0 €1°'0) #1°0 OL°0) LL°0 2ZL°0 SL'0 SL°0 SL'0 %9°0 %8°0 18°Z 20°¢  90°% LS 0z L6YE9
964£9 Z1L°0y 20°0) 60°0Y %0°0> 1Z2°L S€°t 0€°0 6Z2°0 SL°0 £2°0 LL°0 21°0 2v°0 v<'0  L6°0 (z°L 8Z°9 £L°L 990t 90°LL  0°9§ 96%£9
S6Y¢9 ZL°0y €0°0 60°0Y 90°0y L8°L S0°Z ZL°0) 82°0 62°0 9%°0 0Z°0 9L°0C £S°0 1S°0 8BS'L w<°'L  90°6 8C°LL LLtgl 0§°Ze 9L G6%€9
Hene9 £L°0> €0°0 O0L°0) L0°0 ZL°0 L1°0 81°0 LO°D L1°0> 90°0 (£2°0- LS°0 60°0> €0°0 88°C LL°L €€°I ggtL on°l Ll 0°tL v6v¢9
£64¢€9 ZL°0> %0°0 60°0) 90°0Y €6°C 68°CZ ZL°0) 92°0 (%°0 GL°0 B0°0y 6L°0 99°0 8%°0 BL'Z S0°Z 20°0L [S°LL 65°6L 8€°97 6°88 £69¢9
L6509 €1°0> 10°07 0L°0% %6°0 L0°02L0°0 91°0 ZL°0 11°0> LZ2°0 L£°0 86°0 60°0) 100> 8L'0 890 SL'O ZL’0 §1°o 9L°0 6°< L6509
86509 y1°0y 10°0> LL°0y S0°0 80°0)L0°0 #%L°0) 60°0 LL'0Y ¥Z°0 0£°0 26°0 60°0> L0°0> SL'0 €»'0 9L°0 ot'e zZL'o £L°0 0 86509
66509 €1L°02 10°07 GL°0> S0°0 (0°CyL0°0 €£1°0) LL°O ZL°0 2£°0 89°0 SZ°L 60°0> L0°0 [Z°0 65°0 BL'O sL*'0 Zz°o JAN] 0°s 66509
00909 €£1L°07 10°07 0L°0Y %0°0 B1L°0 L1°0 92°0 ZZ°0 %i°0 92°0 (v°0 SL'O 800> €0°0 820 w9»'0 §L°0 Lo 6Ll 7" L 00909
10909 Z2L°0y 10°0) 60°07 LO°0)y 2L°L €8°L 92°0 0€£°0 1£°0 09°0C 8L°0 9Z°0 SZ°0 22°0 %9°'L w§'L  (n°¢ L9°9  69°6 [AAN AT N 10909
£0909 ZL°0y v0°0 60°0) 90°0 12°¢ wv°¢ L0 €€°0 OL°0 Ll°L 22°0 SZ°0 09°0 €5°0 66°¢ 66°¢ 90°0L %S°ZL 90°6L ZL'wZ 8°(8 £0909
"ON 4 L A l A 3 Z ! A 3 Z L Z l Z l Z L Z 3 (w/urs ‘ON
afdues (w/n %) d  (w/w %) Uj (/W) i (w/we) eN (w/w ) B (w/wg) ey (wwg) 1) (w/w ) 8y (u/u %) TV (w/w

%) IS ysy ardueg

(stseq A1p) yse (0D ay} JO uoTINTOS B JO sTSATBUE Y3TM STsATeUB [eOD X(3/W3S JO UOSTIEdWO)

9L ¢ I7avl

96



£

‘anfeA parjridad-uoN,
€z1°9 33ed ‘910l S8 Aq sTsATBUY,
Lg) “SITNsaL >m:vmﬂut

| “use 1803 ayy o uot}sabTp 4y Jajye A132wTI0702 1o uoTidiasqe dtwoje Aq JTnsay,

10M STy} WOy $3INSaYq

*1B0J (SNOUTWN}TG-QNS) ¢E9L PUB (SNOUTWN}TE) TBO] BZE9| T8TIa}ey 3dudlajay plepuels *y'S°'A ‘J°Q uojbutysey ‘spiepuels jo neaing [euotien,

Z210°0 - 900°0 o0 oL'0) 0L°0> aL°0> d
200°0 200°0 200°0 L0°0) L0°0% L0°0) L0°0) uy
€00°0 ¥ 120°0 20°0 z0°0 90°0) 90°0) 90°'0) 90°0 1]
100 - $0°0 L0°0> L0°0) L0°0) L0°0)> bl
£0°0 ¥ 52'0 - 8L°0 9L°0> 9L°0) 9L°0) 9L°07 EN
oL°o - oL°o zL°0) ZL°0) 4 1)) ZL'0)> By
20°0 ¥ 95°0 - 85°0 £1°0 9iL°0 Lo £z°0 e)
20°0 ¥ Z¢'0 rAd] Ui 1] 1z'o 1z°0 8L°0 SZ°0 v
£1°0 ¥ ¥9°0 - 9L°0 vZ'0 £2°0 8L°0 1£°0 15
€0°0 ¥ v2°0 $00°0 ¥ 6£2°0 wZ°0 (1] 1) 0L°0y oL+ 0y oL oy a4
€L°0 ¥ ov°0 £¢°0 L(8€°0) £1°0 £1°0 Lo sL 0 S
£000°0 £000°0 - 90°0 ) 90°0 90°0 ) 90°0> 1
antep 2SWY abeJaay < F2 1
pheupery PaT4T3Ia) uorysabrq QUXA3/W3S Juswar3
W/ U0T3EBIJUAIUDY
oSE9L WHS SEN
820°0 - £0°0 0L°0> oL (1[04 oLeo> d
Z000°0 ¥ L£00°0 Z000°0 ¥ 8Z00°0 50°0 L0°07 oL*o L0°07) L0°0) upl
£10°0 ¥ $91°0 4(8L°0) vL°0 Lo yL°0 6L°0 6L°0 191
L0'0 ¥ L%°0 20°0°F Zv'0 S0 i£°0 9¢°0 9¢°0 ov°o A
9L0°0 %00°0 ¥ ¥80°0 g0°0 9L°07 9L° 0> 91°0) L1°0) eN
S£0°0 ¥ S60°0 (1°0) 0L°0 rAN 1) 1oy ZL 0y rAR 1) by
10°0 ¥ £2°0 £0°0 4 £2°0 9z°0 aLo LL°0 Lo 0z'0 e)
%0°0 ¥ L6 (1°€) v0°¢ ve'z 82°2 8¢z S€°C v
W0°0F 6°§ - 68°S oLy %0y vy 1y 15
€0°0 % €L°L 20°0 F 1Lt 1t 650 15°0 %50 65°0 aj
€2°0 % &n°L £0°0 ¥ 29°1L ,(85°1) 96°0 560 96°0 96°0 S
S00°0 * 9£0°0 - - Lo*o L0°0 90°0) L0°0 1
anTeA SYv abeaaay < 7 1
vchvmﬁo patjT3aa3 :oﬂwmmm_c XA Juawaty
w/w % U0T3BIJUIOUCYH

mmmnoe WYS SN

aIeM}308 §1i/y4vz butsn (sTseq Kap) mmno— pues BZC9| WHS SAN STE0D plepuels Ul SjuU3WA[a JO UOTjeUTWIa}aq
e

L€ 378Vl

97



¢z1? 1Bd ‘9101 S8 Aq sTsdteuy,

¢z 8 31Bd ‘9101 S8 Aq sTshteuy,

yse [BOD ayj} jo uorisabrp 44 J1ajye AI1jawraojod 10 uorjdiosqe Ofwole Aq §31nsayq
3I0M STY} woly SI[NSAYg

*uoT30ajap jo JTWIT a8yl Mmo[aq aaam snioydsoyd pue ssauebuey

(91

82°0 620 0 SZ°0  6Z'0 2L'0 zZLo y1°0 60°0  ZL'D 11
80°L  0Z°L zZl'L LZL 2L 29'0 290 29°0 29'0  29°0 A
9¢'0 [2'0 €20 €0 zz°0 6L'0  9L°0) 91°0)  9L°0) 9L°0) eN
ov'0 0€°0 62°0  8€°0  %Z°0 0Z'0  si'0 sL°0 S1°0 9l°C by
9z°'0 6z'0 9z'0 20 9z'0 9z'0 sL°0 z1°0 y1°0  0Z°0 )
96°¢  [£'6  9€°¢  €€°¢  Iw's &n°¢ 10°¢ 66°2 00°¢  90°¢ v
ZL'6 Zi*8 €08 w0°8  6Z'8 60°s  SZ'y 12y v AL N YAD) Tg
09°Z 68°L  BL°L  S6°L  w6°l 68°L <Ll T} 60°L 8Ll a4

plvw2) LS°L  B8s°L ss°1 851 p(62°2) SHL gn°L 'L 9nty S

o(um'0)  sv'0 tv'0 ww0 Sh°0 2(12°0) zz°0 z2z°'0 oA B A 1

89 ‘oN aydues jeo) ‘jay [ "ON aTdues yeo0] -jay

f1°0  Z1*0  90°0)> £L'0 iL'D £1°0 w0 91°0 €£1°0 w0 li'o oLo 90°0) 60°0 L' 1
S9°0  ¥5°0 60 £6°0  €5°0 99'0 9.°0  18°0 OL°0 9L°0 05'0 9570 L5°0 95'0 950 A
€1°0  91°0) 9L°0y 9L°0> 9L°0 0Z'0 91°0) 9L°0) 020 9L°0Y 22°0 91°0> 9L°0y  9L°C; 9L°0) e
£€2'0  6L°0 91°0 - #L'0 8Z°0 12°0 ZL*0y  Zl*oy  vz'0 ZL°0) 12’0 L0 8L°0 91°0 zL'Op by
€9'0 S¢°0  9¢°0  BL'0 0 ov'0 w2*0  1z’o w20 L2°0 0£'0  8i'0 1o 9z:0  9L°'0 e]
Lzz 177 62°¢ 17 nete we'g  60°¢  91°f  w0°f  80°¢ v9°Z 492 e 192 86°2 v
86y 99°¢  99°¢C  #9°¢  99°¢ 6L°9 L0°'S  €Z°S  €8'%  91°§ Wy owlg 8L¢ L5'¢  88°'¢ 5
oz 8sTL o wstL o €9°L 65°L $8°Lt  0€°L 0Ll 2L L€t 8L'L  80°L 10°1 AN} et ay

p(90°2) ¢yl gptL OvL Syl p(8zTz)  BEtL ozl 0£TL ZvUl p(2£°2) od? weL 0£°'L 6Z°L S

5(£2°0) Zz'0 0 T'0 €2°0 ,(L2°0) 96 0E'B w20 62°0 2(56°0)  wpeo o 70 8u°'0 1

cyy  abeaaay [ Z i Syy  abeaaay ['s A ! Syy _abedaay [ Z L
uor§sabiq SUXQI/WI5 uo13sabyg UXQ3/HI5 uot38eb1g eVXQ3/W3S JuswoT3
T ~ON J1dues [80] " Joy —— ¢ "ON S{0WeS [e0] "Jay — __0OZ "ON o[dWes {eoj ~Jag

(sTseq patIp-1TB) w/w & UOT]BIJU3DUOY

a1em}j0s §74/p4yz Dursn sTeOD 8dualajyal uT sjuawale JO UOTIBUTWIAYAQ

gL°¢ 374Vl

98



TABLE 3.19

Estimated detection limits for counting periods of 100 and 250
seconds using ZAF4/FLS software for coal discs (air-dried basis)

Counting period 100 Counting period 250

seconds seconds
Element Detection limit % m/m Detection limit % m/m
Cl 0.06 0.04
S 0.08 0.06
Fe - 0.10 0.07
Si 0.12 0.08
Al 0.14 0.09
Ca 0.06 0.04
Mg 0.12 0.08
Na 0.16 0.1
K 0.07 0.05
Ti 0.06 0.04
Mn 0.07 0.05
P 0.10 0.07
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Figure 3.3

Calibration of SEM/EDXA corrected minor element

composition and conventional ash content
" (correlation coefficient 0.997)
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3.3.1.4 Precision of Chlorine and Sulphur Determinations

The precision of the SEM/EDXA technique for chlorine and sulphur
determinations was assessed from twenty replicate analyses of

sample 60596, chosen for this purpose because it contained practically
no pyritic sulphur. The same area of the sample disc was analysed
each time, with a cobalt calibration check after every three

sample scans. The relative standard deViations (coefficients

of variation) were calculated to be 2.5 and 4.9 percent for chlorine
and sulphur respectively (the mean values being 0.636 % m/m chlorine

and 0.711 % m/m sulphur).

3.3.1.5 Effect of Particle Size of Coal

To investigate whether the particle size of the coal influenced

the result of the SEM/EDXA determination of chlorinme or sulphur

two samples (60593 and 61118) were ground separately in the micro-
mill. This produced a material which passed easily through a

45 ym sieve, and particle size determinations using a Coulter
Counter have shown that only ten percent of the coal particles
produced were in fact greater than 20 ym in size. Duplicate

discs prepared from each sample were analysed in the manner already

described and the results are given in Table 3.20.

The mean chlorine contents (0.56 and 0.37 percent) agree well

with the figures determined at <212 pm size (means 0.55 and 0.40
percent) and with the means of the three chemical methods of

analysis (0.59 and 0.36 percent). On the other hand the estimates
of sulphur content (means 1.43 and 2.90 percent) are slightly

lower than the corresponding figures at<212 pm (1.55 and 3.00
percent) and much lower than by chemical methods (1.99 and 4.84
percent). Grinding to finer than 45 pm can at least be said

to be without effect on the chlorine determinations. Reproducibility

between discs also appears to be acceptable.
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TABLE 3.20

Duplicate micro-analysis of coal milled to less than 45 um
(air dried basis)

(Area analysed 14 mmz)

Sample 60593 Sample 61118
Element % m/m Element % m/m
Element Disc A Disc B Disc A Disc B
Cl 0.55 0.56 0.36 0.38
S 1.38 1.47 2.88 2.92
Fe 0.82 1.02 1.78 1.97
Si 0.55 0.52 0.64 0.73
Al 0.48 0.48 0.57 0.60
Ca 0.71 0.86 £0.06 £0.06
Mg 0.11 0.17 {0.12 £0.12
Na 0.15 0.21 <0.16 {0.16

Potassium, manganese, phosphorus and titanium were all
below the limit of detection.
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3.3.1.6 Effect of Sample Area Scanned

Table 3.21 lists the single determinations of chlorine and sulphur
made on three samples (60593, 60596 and 61113) for different areas
analysed in the range 1.40 x 107 pmz to 1.41 x 101 ymz. The
corresponding magnifications are also shown. A magnification
of 50000 was the highest at which acceptable focussing could be
achieved for coal discs under the chosen operating conditions.
The depth of penetration was not measured, but with the electron

beam accelerating voltage used (20 kV) it would be a few pm only.

The chlorine values show no particular trend, and the relative
stardard deviations are similar to those mentioned above. For
sulphur there is a downward trend with decreasing area of scan

for sample 60593 (0.99 percent pyritic sulphur) shown in Figure 3.4.
This trend is barely noticeable for the other two samples which
contain less than 0.1 percent pyritic sulphur. This downward

trend for sample 60593 can be attributed to a reduction in the

pyritic sulphur present in the area analysed.

It would appear from the SEM/EDXA sulphur results of the samples
in which pyrites is virtually absent, that the results are in
close agreement with the organic sulphur determined by difference,
using British Standard methods.12 The practical use of this

is limited however, because the majority of coals contain pyrites.

It was observed using the SEM that iron pyrite was found in coal
usually as sub-micron particlés or agglomerates (framboids) (Plates
3.4 and 3.5). It was impossible in the majority of cases to
resolve a Field‘of view for analysis without inclusion of iron
pyrite. Increasing the magnification to greater than 2000 times
for sample 60593 enabled a field of view to be selected without

pyritic inclusions, but this was the exception rather than the

rule.
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TABLE 3.21

Effect of sample area scanned on chlorine and sulphur

determinations (air-dried basis)

Magni Fication Arga Sulphur % m/m Chlorine % m/m
um 60593 60596 61113 60593 60596 61113
X 50 1.40 x 107 1,74 0.75 0.71 0.56 0.63 0.44
100 3.50 x 10 1.55 0.73 0.69  0.55 0.62 0.42
200 8.80 x 10°  1.47 0.74 0.69 0.53 0.61 0.43
500 1.43 x 10°  1.68 0.70 0.71  0.55 0.63 0.45
1000 - 3.56 x 10°  1.42 0.73 0.70 0.53 0.61 0.42
2000 8.91 x 10°  0.98 0.71 0.65 0.52 0.65 0.45
5000 1.41 x 10°  1.00 0.71 0.66 0.52 0.66 0.47
10000  3.52 x 10°  0.95 0.64 0.71 0.58 0.61 0.43
20000 8.80 x 101  1.02 0.65 0.62 0.53 0.62 0.42
50000 1.41 x 107 1.00 0.64. 0.63 0.54 0.64 0.40
Average 1.28 0.70 0.68 0.54 0.63 0.43
Range 0.95- 0.64- 0.62- 0.52- 0.61- 0.40-
1.74 0.75 0.71 0.58 0.66 0.47
Std. Dev 0.32 0.06 0.03 0.02 0.02 0.02
95%
Confidence 1.28+ 0.70: 0.68+ 0.54+ 0.63x 0.43%
Limits 0.64 0.08 0.06 0.04 0.04 0.04
Relative 25.0 5.7 4.4 3.7 3.2 4.7

Std.Dev (%
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Effect of Area scanned on sulphur and

A Figure 3.4
8 chlorine contents for coal sample 60593
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