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JOHN ROBERT WILKINSON

The Atomisation and Determination of
Volatile Metals in Coal

Abstract

The analytical advantages of some novel approaches to atomisation
using gaseous sample transport and slurry nebulization have been
investigated and applied to the determination of trace metals in coal.
A cold vapour atomic fluorescence spectroscopic method for the deter-
mination of mercury using e gas-sheathed atom cell and front surface
illumination was developed. With a manual injection technique the
detection limit was 0.01 ng. Replacement with a continuous flow
system yielded & more rapid and precise method with a detection limit
of ©.045 ng.m1"l. Quantitative recoveries of mercury from a standard
coal were obtained through liberation of the analyte using non-
oxidative pyrolysis.

Continuous hydride generation methods for the determination of
arsenic and selenium using atomic absorption and atomic fluorescence
spectrometry were developed. The detection limits (0.34 ng.ml-1 for
arsenic and 0.13 ng.ml-1 for selenium) were adequate for levels
typically present in coal. Arsenic and selenium were determined in
coal after digestion with perchloric acid and isolation from inter-
ferents by co-precipitation on lanthanum (III) hydroxide. Results
for the determination of mercury, arsenic and selenium in standard
coals are presented.

The analysis of agueous whole coal slurries (up to 25% m/v)
using a Babington type rnebuliser with an inductively coupled all-
argon plasma is described. The effects on atomisation efficiency
of particle size, slurry concentration and sample pumping rate were
investigated. Comparisons are drawn between slurry and aqueous
solution optimum operating conditions and a two-stage slurry estom-
isation process is postulated. Spectral and background interferences
were alleviated by scanning the analytical lines used. Promising
results are presented for a range of coals.
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DNTRODUCTIOH

THE DEVELQPING ENERGY CRISIS AND COAY. AS AH ENERGY SCURCE

The 1970's in particular was a decade in which the indus-
trial world becaze peainfully aware of the exhaustipilitiy
of fossil fuels, with the realisation that the era of
cheap energy had passed. In contrast to the ephemeral
nature of o0il and gas reserves, coal represeants a much
longer term source of energy. The world's relative abun-
dance of coal reserves and their more strategic distrib-
ution make coal an azttractive alternative to o0il as a
feedstock for the chemical and fuel industries. Estim-
ates of coal reserves in Britain range up to 200 x 109
tons, which can be compared ¢ the present National Coal
Board yearly output of 120 x 106 tons. Although only a
small percentage of the former figure is recoverable by

present day mining methods, it is evident that coal will

be the dominant fossil fuel throughout the 21st century.

In recent years natural gas has been welcomed as a rela-
tively clean and easily delivered energy source but even-
tually supplies of such gas will end. Attentior must then
be turned to vroducing substitutes f£rom other available
sources of fossil fuel and it seems likely that we shall
return to gas supplies produced from coal. Although it
night at first sighi appear economically unattractive
and thermally inefficient to gasify or licuefy the ori-
mary fuel, as opposed to using it direct, there are
several major advantages arising from the former course

of action.



The convenitional usagz of coal inveolves siraightforward
combustion, the evolved neat being used to generate
steam to drive turbines which in turn generate elec-
trical power. In recent years, coal combusiion (aléng
with other means of producing energy) has been identif-
ied as a potential source of pollution from volatile
trace elements. liany elements have been identified in
coal (1, 2) and it is a subject of intensive study as to
which become azirvorne after comvustion. Coal has been
suspected because of the general knowledge that a vari-
ety of trace elements, some of which are toxic to animeal
and plant 1life in other chemical combinations, occur in

coal (3).

The particulate emissions from cozl fired steam nlants,
equipped with modern pollution control devices, consist
primarily of sub-micron particles. Recent work (4,5) has
shown that the smaller fly ash particles produced may bve
considerably enriched in several toxic trace elements.
The most widely accepted mechanism (4) involves volatil-
isation of these elements during combustion followed by
adsorption or condensation on the available metrix mater-
ial, mainly non-volatile oxides of Al, lig, fe and Si.
These smaller particles, enriched in poténtially toxic
trace metals, zlso have fthe highest atmospheric mobili-
ties and are deposited predominantly in the lungs (< 1 um),
while larger particles (1-20 um) are deposited primarily
in the nasal and bronchisl regions of the human

respiratory system (4).




In addition to problems of toxic trace element dis-
charges to the environment through particulate fly ash
emissions, the disposal of fly and bottom éshes also
requires careful planning. In a typical plant the larger,
electrostatically precipitated fly ash particles and
stack or bottom ashes are ofien disposed of as slurries
(6). Such processes are frzught with a number of prob-
lems, particularly effluent leekages and in reclamation
of ash covered land. Plants growm on ash amended soils
have absorbed unusually high levels of As, B, Mo, P ané
Se (7, 8, 9, 10). Animals and aguatic organisms (11, 12)
have accumulated selgnium fromn fly ash eifluents and

this element causes particular concern.

The large tonnages of coazl to be consumed could lead to
relatively large amounts of toxic materiels entering the
environment. Some studies (13) on the fate of trace
elements during cozl combustion have revealed that the
relatively voleatile metals, As, Hg, ¥i and Se, gave
negative material balances. These situdies indicated that
up to E5%, 60% and 55% of the Hg, As and Se respectively,

originally present in the coal, could not be accounted

(BN

for in the waste streams analysed. liore recent work (14),
however, has shovm that, through the application of
superior analytical technigues to waste analysis, effec-
tive and quantitative materizl balances are obtainatble.
The authors conclude that almost 211 the arsenic and sele-

nium »resent in the coal eppear in the fly ashes and ex-

naust gases, large pronortions of which elude the



pollution control mecharnisms.

Coal liquefaction and gasification, however, are nece-
ssarily carried out in pressurised vessels and by-
product and waste offtake are more readily monitored.
The Lurgi (15) gasification process was first demon-
strated commercially in 1936 aznd it has been extensi-
vely developed since then., In this process individual
lumps of fuel are progressively gasified as they slowly
descend through the upward flow of gaseous ovroducts.
This arrangement promotes heat transfer from gas to
solid so that the heat released is used efficiently.
ilolten slag is continuously removed from the base of

the reactor and collected in "guench" water, which will
therefore contain a high proportion of the non-volatile
metals present in the coazl feedstock. CGas offtaXke temp-
eratures are low, typically 200-600° ¢, resulting in
many of the wvolatile constituents appearing in the cond-
ensable hydrocarbon dbyproducts. The high mobility of
these metals may cause undesirably high levels to

appear in the final product. Thus there is increased
interest in determining these metals in coal end related
naterials, for example, so that trace metal bzlances in

coal gasification plants may be constructed.
L Y

The toxicity and carcinogenicity of the metals of inter-
est constituie potentially severe health hazerds. For
detailed discussions of speciiic subject areas the reader
is referred to some of the specialised texts (15, 17, 18,

S

-

19) available. However, a review by Piperno (20)

-4 -



l.2.2

both readable and informative and some salient points

are worthy of immediate consideration.

TRACE ELEMENT ENISSIONS: ASPECTS OF ENVIRCHLENTAL

TOXICOLOGY

GEWERAL TOXICOLOGY

Increased potential health risks are now associated with
those elements which are highly volatilised (e.g. mer-
cury, arsenic and selenium) and those discharged primar-
ily as submicron particles (sgch as Cd, Pb, Ni and V;
see section 1.,1). Available pharmacologicel and toxico-
logical data provide & basis for predicting the biologi-
cal consecuences of excessive trace element exposures.
Whilst parameters and mechanisms of injury are known,

in many instances, tolerable body burdens for each

trace element rust be defined.

BIOCHEMICAL TOXICOLOGY

The chemical and physical dissimilarities of trace ele-
ments account for their wide scope of toxicological
effects. liany metals, however, share common properties
which may serve as a basis for their toxicity. Hg, As,
Se, Cd and Pb, for example, a2ll inrhibit a large number of
enzymes having functional -SH groups. 3inding to nucleilc
acids affects their conformations and di;rupts pathways
of oxidative phosphorylation. EHeavy metals stimulate

or inhibit a2 wide variety of enzyme systems, sometimes
for protracted periods and these effects may be so sens-

itive as to precede cvert toxicity. Heavy meteal

-5 -



metabolic injury, in addition %o producing orimary toxi-
city, can adversely affect drug detoxification mechanisms,
with possible secondary conseguences. Fron a toxico-
logical viewpoint the classification of trace elements
into essentizl and non-essential may- -have been over-emph-
asised since bpoth categories-may produce toxicity. The
factors affecting trace element toxicity include the phy-
sical and chemical characteristics of the substance, itis
dose or concentration, exposure time, absorption rate,
metabolic rate and indigenous defence mechanisms. A
further significant threat posed by heeavy metals is their
tendency towards long biological half-lives, for example,
10-25 years for cadmium. In addition to cadmium, other

metals kxnown to accumulate in man are As, Hg and Pbh.

GENETIC AND NEOVATAL TOXICITY

The abilitity of heavy metals readily to cross the placenta
and disrupt nucleic acids, coupled with the high sensi-
tivity of the foetus and neonate increases the poten-

tial dangers of congenital and neonatal toxicity.

Teratogenicity in experimental animels has been demon-
strated with arsenic, cadmaium, lead, inorganic and orga-
nic mercury. The organic forms of mercury cross the

placenta more readily than inorganic forms.,

Some elements, notably Cd, Hg, Se and Zn are likely to
be isomorphous and may compete for the same enzyme bin-
ding sites. Thus, under certain conditions, either

synergistic or antagonistic effecis may be observed.

-6 -
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.2.4

Some workers have reported the prevention of mercury
noisoning by selenium and vice versa. Similar effects

nave been reported for other metal pairs.

PIYTOTOXICITY ANWD RELATED PROBLEIS

Plants represent man's single most important source of
trace elements. Whep industrial contamination of soil
occurs, pollutants may be incorporated into surroundin
food crops. Eeavy metal toxicity in plants is infrecuent.
Ia many cases, metel concentrations in plants show poor
correlation with soil concentrations of the elements.
Plants tend to exclude certain elements and readily acc-
ept or concentrate others., Natural plant:soil concen-
tration ratios of 0:05 or less have been reported for
As, Be, Cr, Ga, Hg, ¥i and V. Human blood levels of
selenium are reported to correlate somewhat with soil

concentrations of the element.

0f the elemenis cited, Eg, As and Se are of particular
interest in coal and 2 study of volatile toxic trace
metals is timely. If applied to the analysis of coal;
tars, effluents and other related materials, such studies
would enable the construction of environmentally signif-
icant trace metal bvalances within a coal gasification
plant. Initizl attention has been directed to coal
samples since this matrixz poses the most severz analy-

tical problems.

The epproaches to and provlems of sazple pretreatment are

discussed in the next section, along with an appraisel

-7 -




1.3

of the scope and limitations of the analytical technicues
commonly used in the determination of trace metals in

coal.

JUSTIRTCATION FOR THE RISSEARCE AND CURPENT HETHODOLOGIES

Although the metels of particular concern, Hg, As and Se
are present in cozl in only trace eamounts, the large ton-
nages of coel to be gasified could lead 1o relatively
large azmounts of these metals entering the environment.

t is therefore becoming necessary to zccurnulate data on
the levels of these metals in coal and their fate during
combustion, gasification and licuefaction. Thus, anal-
ytical technigues applicable to both cocal and related
products.(gég. various ashes, gases, tars, slags and
liquors) are required. The problem of sample treatment‘
is intensified because of the highly intractable nature
of the coal matrix and a variety of approaches have been
used to obtain solutions suitable for analysis., The
optimum recguirements for such a metned are: destruction
of the matrix to aveoid interference problems; avoidarnce
of elevated temperatures, thereby minimising losses of
volatile elements; prevention of undue dilution of the

sazmple or contamination from reagsnts used.

It has been proposed (21) that spark source mass speci-
rcaetry offers a technicue whereby trace metals may be
deternined in coal without sample dissolution, but this
has not been widely confirmed, While coal mey be irra-
diated in order to determine trace metals dy neutron

activation analysis it may be necessary to combust (22)
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or digest (23) the coal later in order to concentrate

the metals drior to counting ic obtain the necessary

ilost alternmative analytical methods for coal entail

prior desiruction of the matrix. Recently, low temper-
ature ashing (150°C) using radio frecuency excited oxy-
gen at low pressure has been used to prepare coal saa-
nles for analysis. This method, however, recuires
specialisty instrumentation and while the majority of
metals are retained, some of the more veolatile may still
be lost (22, 23). The longer established methods of high
temperature ashing (450—500°C) and fusion or wet diges-~

tion still attract considerable interest.

Plame atomic absorpiion spectroscopy is a simple, rapid
and relatively inexpensive method of determining frace
metal levels and has the advantage of being reasonably
free from interferences. Conventionally the working
range of the technicue is around 0.1 to 10 ug.ml-l in
solution, Replacement of aspiration of acueous samples
into the flame, a major socurce of inefficiency, by gas-
eous sample transport has significantly lowered this
working range for several elements., Mercury displays an
appreciable vapour pressure even at roon temperature and
thus, after reduction of Hg2+ to metallic mercury it may
be aerated from solution and the vavours iransoorted to
a non-flame atom cell., Several metals, notably As, Bi,
Ge, Sb, Se and Te, form gaseous covalent nydrides which

may be swept into a flame or elecirically heated atom



cell where they are decomposed and atomised. 4 major
advantage of these technicues is that complete matrix
removel may no leonger be necessary, although precautions
may need to be tekern to drevent interferences by concom-
itant elements in the generztion of the hydrides. Sev-
eral workers determining Hg (24), As (25) and Se (25)
have reported systems in which discrete aliquots of
sample are used for vapour generation. Other reports
(26, 27, 28), however, describe the use of semi and fully
automated systems providing consiant vapour generatvion.
Although relatively complex and expensive the feasibility
of such systems is zpparent and the advantages of such
systems include: steady state signals, leading to grea-
ter convenience and accuracy; elimination of discrete
variables, leading to improved precision; greater freedom
from interferences (29), leading to a potentially wider
range of applications., If improved sensitivity is still
required it has been shown that atomic fluorescence spect-
rometry is often more sensitive and reproducible than

corresponding atomic absorption methods.

The metals of interest have their principal resonance
lines velow 350 nm and therefore should be more amenable
to analysis using atomic absorption or atomic fluores-
cence methods (see section 1.5, p. 24) rather than conven-
tional atomic emission methods (345. £flame and spectro-
graphic methods). The very much hotier atom cell of the

inductively coupled plasma (ca 7000 K) can, by increa-

sing the population of excited analyie atoms, offer
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sensitivities azpproaching or exceeding those of atomic
absorption and atomic fluorescence at wavelengths in

the spectral region of interest,

Ifethods combining metrix destruction and sample atomis-
ation into one step will inevitably attract interest ané
the analysis of finely powdéred coal as an agueous slurry
is one such method. The high temperature atom cell and,
under ceriain conditions,.long residence times offered

by the inductively coupnled plasma should &ssist rapid

and complete matrix destiruction and anzlyte atomisation.
Hence it may be possible to achieve equivalent sensi-

tivities for slurry and agueous concentrations.

Before suitable znalyticel methods can be selected cer-

tain practicel limitations must be considered and these

Iz_]

are subsequently discussed in section 1.5. irst a
brief account of the theory of enalytical atomic spectro-

scopy will be given to enable a critical understanding

of these limitations.’

THEORY OF ATONMIC SPECTROSCOPIC TECHNIQUES

HISTORICAL DEVEIOPLENT

Around the middle of the last century the experiments of
Bunsen and Kirchoff established the basic principles of
atomic spectiroscopy, the emission and zbsorption of
radiation by discrete atoms. Illumerous examples of alxa-
lire metal determinations using flame derived spectira
were reported (30, 31). The first applications of

atomic speciroscopy were in the fields of astrophysics



end astrochemistry, and later in more fundamental
spectroscopic and atomic studies. The publication of

a series of papers (32) oy Lundegardh in 1928, in which
an air-acetylene flame and a preumatic nebuliser were
used for atomic emission spectroscopy, revived interest
in analytical atomic spectroscopy. In the mid 194C's
instruments vecame available mostly for the determin-
ation of the alkali metals, exploiting their easily
excited resonance lines. Illore recently atomic emis-
sion spectroscopy has been used to determine a range

of elements which encompasses most of the periodic
table. In 1955 Alkemade and Wilaiz(33), and Walsh (324)
independently published papers onrn the analytical use-
fulness of atomic¢ absorption spectroscopy, although
Walsh had previously demonstrated a complete laboratory
system in a patent specification in 1953 (35). The
first of many experimental developments of the tech-
nigue were reported (36) by Walsh and co-workers in

1957.

Atomic fluorescence spectrometry, the measurement of
radietion from discrete atoms which have been excited

by absorption of radiation from a source not seen by the
detector, was first reported by Wood (37) in 1905 when

he succeeded in exciting fluorescence of the D lines of
sodium vapour. The analytical applications were Iirst
pointed out by Alkemade (38) in 1962, who used the atomic

fluorescence of sodium in flames to study the excitation
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and deactivation of atoms. The theoretical basis of an
analytical method was cutlined by Winefordner and
Vickers (39) who in 1964 published the first of many

vapers reporting experimental results.

Since the theory aznd methodology of these three tech-
niques ere comprehensively described in the literature
(34, 40-45), the folleowing section will attempt oniy to

summarise some of the more relevant opoints.

THEEQORY AND LEETHODOLOGY

The zbsorotion and emission of radiation are associated
with and characteristic of tramsitions of atoms from one
steady state to another. For two steady states, i and j,
of energies Ei and Ej’ where Ej>>Ei’ then the z2bsorpiion
of light eccompanies the transition i->j, and the emis-

sion of light accompanies the transition j==>i. The

characteristic frequency'xgi is given by:

where h is Flanck's constant,.

Binstein's cuantum theory of radiation defines three types

of transition vetween levels i and j:

1. emission (j>i), spontaneous iransiiions from an
excited state into a lower energy state;
2. absorptiorn transitions (i->j), in response io the

action of external radiation of frecuency wli;
J



3. emission fransitions (j—>1i) stimulated by extern2l

radiztion of frequency \GJ.

The three technigues of atomic spectroscopy are based on
the first two types of itransition and thus are closely
related. In atomic absorption and ztomic fluorescernce
spectroscopy the atoms are excited (i—j) by means of
external light sources emitiing racdiation characteristic
of the analyte atoms,woji. In atomic abvsorption the
fraction of radiation absorbed by the analyie atoms is

n atomic fluorescence & portion of

(2

monitored, whereas
the radiation produced by radiational deactivation is
monitored. 1In atomic emission spectroscopy the analyte
atoms are excited through collisions with flame gas
molecules. A portion of the radiation emitted when a
fraction of the excited atoms urndergo radiational

deactivation is measured.

An admirable discussion of spectroscopic theory and
notation nas been glven ty liavrodineanu and Boiteux
(45). In addition, a number of texts concerming the
rules governing the transitiions which give »rise to
ooserved atomic spectra are available. A detailed
study of these area is ocutside the scope of this work,
but the reader is referred to the work of White (46)

in particular.

- 14 -



1.4.3

1.4.3.1

TEHEORY Qf QUANTITATIVE ATOKIC SPECTROMETRY

ATOMIC EBISSION

The probeability of transitions from given levels with a
fixed atomic population was expressed by Einstein in

the form of three ccoefficients. These so-called tran-
sition probabilities are written gji, Bij and Bji’ which
refer {o spontaneous emission, absorption, and stimu-~
lated emission respectively. They represeat the ratio
of the number of atoms undergoing a transition to the

nunber in the initial level. The intensity of a2 spon-

taneous emission line is related to A_.. by the equation:

-—

Iem = A ..hv.,. N, 1.2
jr 3

For a system in dynamic equilibrium the number of atoms
in the excited state, Nj, is given by the Boltzmann

Distribution Law;

g
LIS K
. go

exp - (Ej/kT) ceas 1.2
where No is the number of atoms in the ground state,

with energy Eo = 0 and gj and g, aTre the statistical

weights of the jth and ground states respectively.

Thus:
N g. exp (- E./XT)
= J J «- e e lu‘d
a -"\ IIT‘
5, &, ex ( no/s_)

If the total number of atoms present, ii, is expressed

as the sum of the population of all levels, i.e.
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(-]
-4
=
.

i, g . exp (- E_/xT
; 8, o ( J/)

N Vg exp (- Ej §T)
]

:g. '-—'.kT
J o LJ/ ) ceen 1.5

?(T)

where P (T) is known as ithe partition function.

For a system in thermodynamic ecuilibrium and neglecting

self absorption:

Iem = A_..hv, . N _. exp (- E/xT)
Ji Ji E&j 1.6

* e 00

? (D)

Thus the intensity of atomic emission is critically
dependent on temperature. iloreover at low analyte
concenirations (i.e. for negligible self absorption) a
plot of emission intensity against sample concentration

is a straight line.

ATQIIC ABSQORPTION

As with Lambert's law in molecular spectiroscopy, atomic
absorption exhibits an exponential relationship between
intensity of transmitted 1light, I, and the absorption

path length, 2:
I = Io exp ( - xy2) e 1.7

where I 1is the incident light beam intensity and k is
o B

the absorpiion coefficient at the fregquency V. 1In




quantitative spectroscopy absorbance, A, is defined as:
A = 105 (IO/I) *s s 158
thus from equation 1.7 a linear relationship is obtained:

A = kvl log e

= 0.4343 k2 1.9

Atomic absorpiion corresponds to transitions from lower
to nigher energy levels and therefore the degree of
absorption depends on the lower level population, which,
for a system in thermodynamic equilibrium is governed by
Boltzmann's law (1.3 above). Since the excited level
popﬁlations are usually small relative to the ground
state population (;;g. the lowest energy state peculiar
to the atom) absorption is greatest in lines resulting
from transitions from the ground state. Such lines are

termed resonance lines,

In theoretical studies three methods of measuring absorp-

tion have been extensively used, based on the measure-

rent of:

1. the integrated absorption coefficient of a resonance
line;

2. the total energy absorbed from the continuous spec--
trum by a resonance line;

3. the relative abscrpiion of light from a source with

2 line spectrua.

Technigues based on the third method involving measure-

ment of the absorption coefficient directly at the line
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centre were first proposed by Walsh (34). Eollow
cathode lamps with narrow emission line profiles were
proposed as speciral sources and Ilames, where the
absorption lines are broadened ty Lorentz and Doppler
effects as the atom cell. Using a monochromator the
emission line is isolated and the intensity meaéured
photoelectrically with and without absorbing analyte
atoms in the optical path. The absorbance, A, is rela-
ted to the conceriration of analyte atoms in the volume
of the atom cell exzmined. The advantage of this methcd
is that only a moderate monochromator is required
whereas integrated absorption coefficient measurements

require an instrument with high resolving power.

ATOMIC FLUORESCENCE

Atomic fluorescence radiance is depéndent (47, 48, 49)
on the radiance of the exciting source (IS), the dimen-
sions of the absorption cell (21,22 and 13), the solid
angle of excitation (), the concentration of absorbing
ground state atoms_(Ho), the efficiency of the absorp-
tion and fluorescence processes, the transition proba-
bility and the extent of line broadening. Winefordner
(47) derived ithe following expression, which relates at
low anelyte concentrations, these »arameters to the

fluorescence intensity (I.) emitted at right angles o
-

the source:

[

I, =xD N xp£6 I Q .10
Q




is the fraction of i undergoing transition

O

source compared to the absorption line, ¥' is the
Tluorescence power yield and AR is the total surface

arez of the irradiated aton cell.

At low concentrations I, is proportiomal to No {for

practical purposes the analyte concentration) and at

high concentrations If is relzted to No-%. Growth
curves of log I, versus log N display this behaviour.
I+t should be noted also that If is directly related to
Is and intense, stable, sharp line sources are desir-
able, though lasers, which are capedle of providing
large amounts of energy over a small spectral range

heve proved suitable for use in atomic fluorescence

spectromeiry.

It is not proposed here to review thoroughly the var-
ious flame and non flame atom cells used in atomic
emission, absorption and fluorescence technigues.

Instead a2 short account of the particular merits of

the atom cells adopted will be given in the approp-

riate chapters. However, in view of the particular
advantages of the inductively coupled plasma as an

ator reservoir and its proposed application to the analy-
sis of so0lid samples, a brief account of the cevelopment
and analytical advantages of this source is given

below.
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PLASMAS

Several different types of plasmz have been used as
atomic exission sources and the applications and limit-
ations are well documented. In recent years the induc-
tively coupled plasma has attracted the greatest atten-
tion though recent review articles have appeared on the
d.c. arc plasma (50), the capacitatively coupled plasma

(51), and the microwave induced plasma (51, 52).

THE INDUCTIVELY COUPLED PLASAA

The inductively coupled plasma (ICP) developed in the
1960's has gained much popularity in recent years., The
source utilises z high frequency (7-50 liHz) magnetic
field applied to a coil, at powers of about 0.5-15 kW,
to'induce a discharge in an argon or argon/nitrogen

gas flow,

Since this work uses the ICP a summary of the developd-
ment, spectroscopic analytical properties and advantages

of this source will follow.

HISTORY AND DEVELOPMENT OF THE INDUCTIVELY COUPLED

PLASHA

In the early 1940's Babat (53, 54) observed an ICP dis-
éharge in air, using power levels up to 100 ki. This
work was concerned with static plasmas and it was not
until 1961, with the work of Reed (55, 56) that flowing
plasmas were reported. Reed used both argon and argon/
nitrogen plasmas in order to grow refractory crystals

and although the potentizl for producing emission

- 20 -



spectra was recognised the plasma was not used for
enzglyticel purposes., The torch described has formed
the basic design for ICP torches used today, which have

changed little from the Reed design.

In 1963 the ICP was first employed as a spectroscopic
source by Greenfield and co-workers (57) who also
introduced the next important modification of the plasma
by using an annular shaped discharge. The torch is
described in detail by Greenfield (57, 58) et 2l and
has proved popular though several other torches have
recently been reported (59, 60, 61). This design of
torch uses a central 'injectorltube' to introduce the
sample aerosol which punches a hole in the flattened
base of the plasma. There was disagreement initially
eabout the desirability of an axdal channel through the
plasma. In 1965 Wéndt and Fassel (62) used a laminar
flow torch which produced a 'solid' ellipsoidal plasma,
(similar to that of Reed) (55, 56) ;laiming an advantage
of less turbulence over the vortex flow arrangement.
Veillon and ilargoshes (63) used a similar system but
excluding the injector tube and reported serious

solute vaporisation interferences, resulting presumably
from inefficient heeting of the anal&te as it passed

around inétead of through the discharge.

In 1969 Dickinsern and Fassel (64) achieved improved
powers of detection using a three-tube torch similar to

that of Greenfield and an ultrasonic nebuliser for

- 21 -




sample introduction. In the period 1976-1980 the
inductively coupled plasma has been reviewed by a
number of authors. Greenfield ei 21 have reviewed
Dlasme jets, microwave and capacitaiively coupled
sources and the ICP in a three part article (51, 58,
65). Barnes (66) has produced an extensive review of

the literature, while Sharp's (52) review contains some

theoretical considerations of emission spectrometry.

The wide range of applications papers that has appeared

shows that ICP atomic emission spectrometry has been

widely accepted.

Potentially one of the rmost important assets of the ICP
is that it may allow the direct analysis of solid or
slurried samplés. This was recognised as early as 1964
by Greenfield (57) and several papers have appeared
reporting the analysis of: beryllium and boron in
aluminium and magnesium oxides (69) and trace metals in
standard orchard leaves and coal (70). The successful
determination of several metals in mineralogical samp-
les using slurry atomisation has recently been reported

(71).

ADVANTAGES OF THE ICP AS AN ZMISSION SOURCE

Summarising the'properties of the ICP there are five
main advantages of the source which are attraqtive to
analytical spectroscopists:

1. low detvection limits, due to the high tempera-

tures experienced by the analyte passing through

- 22 -
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the plasma (6-7000 K) and the inherently low back-

ground of the source; *

2. the source is optically 'thin' and linear calib-
ration ranges of 4-5 orders of magnitude zre widely
reported;

3. relative freedom from chemical interferences com-
pared with other technigues, particularly arec and
spark sources and possibly atomic absorption
spectrometry;

47 the potential to deal with liquid, slurried, solid
and gaseous samples;

5. simultaneous or rapid-scanning multi-element

capability.

Before suitable analytical methods can be selected
certain practicel limitations must be considered and

these are discussed below.

PRACTICAL LIMITATIONS AND POSSIBLE LETHODOLOGIES

Flame atomic absorption and atomic fluorescence gener-
ally offer better sensitivity_than flame atomiec emis-
sion for elements having their principal resonance lines
below aparoximately 350 nm. This is principally due

to the inability of even the hottest flames to produce
significant populations of excited atoms to undergo

high energy, short wavelength transitions. Purthermore
other studies (47, 72, 73) have shown ihai if an atomic
resonarce line is measured by all three technicues,
flame atomic emission should produce lower detection

limits than atomic absorpiion or atomic fluorescence
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for resonance lines above approximztely 400 am, between
300 and 400 nm 2ll three methods should give similar
limits, but below 300 nm atomic absorption and atomic

fluorescence sheould provide lower detection linmit

1]

Systematic errors arising from monochromator drifi and
small variations in detector response during analysis
are absent in atomic absorntion methods since the ratio
of the absorved and unabsorbved signals is measured.
This is both an advantage and & disadvantage since it
is difficult experimentally to measure a vanishingly
spmall difference in two large quantities and thus a
limit is placed on the sensitivity of atomic zbsorption
techniques., The sensitivities of atomic emission and
atonic fluorescence are not limited in this way and =zy
be ;ncreased by using higher temperatures (emission)
and brighier sources {(fluorescence). loreover, the

use of a high temperature atom cell, such a&s the induct-
ively coupled plasma, very largely eliminates the
limitations of atomic emission at wavelengths below 400
nm, Published results for the inductively counled

plasma tend to confirm this,

Sample pretreatzmert methods also require careiul attien-
tion if analytical methods suitable for routine use are
to be realised. Unless elevated temperaturss, pressures

or highly oxidising acids are used, coel is exiremely

This naturally causes problems in atiemptis to digest
coal while cuaniitatively retaining wolatile trace



metals. Moreover, typical sample solution corcen-
trations are unlikely to exceed avout 5% m/v. In some
American coals an average mercury conceniration of

0.24 4g.g™ has been estizated (22), which for a 5% m/v
sample solutiion represents z solution containing 1.2
ng.ml-l of mercury. This concerntration is too low to
be determined by atomic absorption technigues using
prneunatic nebulisation and zir/acetylene flames. For
mercury, however, a2 specific approach is possible,
using cold vapour reduction-azeration techniques. The
working range of atomic absorption measurements is

then significantly lowered. The atom cells used in
cold vapour atomic absorption determinations are fre-
quently of the closed system itype which use guartz
tubes to coniain the mercury in the optical path. This
type of cell is unsuitable when the use of atonic
Tluorescence specirometry is desired, for example, when
extra sensitivity is reguired for low mercury coals.
Thus a suitable atom cell is recuired if atomic fluor-
escence specirometry is to be used to determine very low

levels of mercury.

An entirely analogous situation exists for arsenic and
selenium. Although typical concentrations of ihese
metals in coal are generally higher than that of mer-
cury, problems of poor semsitivity and precision are
again encountered using pneumatic nebulisation and air/
acetylene flameé. The poor signal to backgrounéd ratios

observed at the principal resonance lines of arsernic
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and selenium (192.7 and 19€.0 nm respectively) are mainly
attributadble to the high absorption a2t these wavelengths
of flame gas species. This may largely be overcome by
using the more transparent hydrogen-based entrained air
diffusion flames, using either argon or nitrogen as

support gas. These cooler flazmes, however, are prone

rferences caused by incomplete salt dissociation

t
[}
(WS
5}
cf
1]

and molecular zbsorption when solutions are aspirated
directly. Hebulisation and atomisation efficiency can
be improved by generation and aspiration of gaseous
hydrides directly into the atom cell. The flame and
electrically heated quartz tube atomisers used in
atomic absorption determinations are incompatible with
atomic fluorescence methods. An atom cell comprising
of a suitably designed burner and a hydrogen Dbased/
entrained air diffusion flame should offer several
advantages when used with atozic fluoresceance speciro-
metry. Argon is to be preferred to nitrogen as the
flame support gas since the latter seriously cuerches

fluorescance.

) DY

Prior destruction of the coz2l matrix may be avoided if

2 reliable method for the anzlysis of whole coal samples
can be developed. The direct introduction of agueous
whole coal slurries inito an inductively coupled plasma
may be suitable, but efficient and rapid matrix destruc-
tion and anaiyte atomisation are essenti if sufficient
sensitivity and precision are tc be obtained. The 2ol

atom cell and, under certain circumstarnces, long
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residence times available with the inductively coupled

plasma may satisfy these conditions.

When sensitivity is not critical it is generzlily easier
to use atomic absorption rather than atomic fluores-
cence spectrometry. However, the typical levels of these
metals in coal, coupled with the limitations of conven-
tional wet chemical digestion procedures, means that
atomic absorption is unlikely to provide sufficient

sensitivity for their routine determinaiion in coal.

OBJECTIVES ANMD SCOPE OF TEIS WORK

For coal, as with oil and gas, it is essential to use
its energy content efficiently, not only to conserve
reserves, tut also to minimise process plant size, feed-
stock requirements and thus final product cost. Coal
gasification and licguefaction offer not only rouies for

the production of fuels and chemicals at high thermal

LY

efficiencies, but also a means oi producing them with
significantly reduced pollution hazards relative to
those assoqiatéd with coal combustion. Furihermore,
dependence on increasingly costly and unceriain supplies

o

of vetroleum feedstock is reduced.

le nave seen from the preceding discussions that the
increased use of c¢oal may iead to significant amounts of
several volaiile frace metals entering the environment.
The toxic and carcinogenic properiiss of these metals

causes particular concern aznd it is becoming increasingly

necessary o accumulate data on their dispersion and
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fate in and arouné coal-utilising power vlznts. 3Zefore

A ]
[
I
v
[44]
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the construction of environmentally significant
balances is possiblie, reliable anelyticael methods
suitable for the routine determination of these vola-
tile metels in coal are necessary. Ve have also dis-
cussed some of the limitations of conventional samdle
oreparation and analytical technigues coxmonly used in
the deterzination of low levels of trzce metals. The
work presented in this thesis is directed towards the
attainment of a number of goals, which are summarised

as the develcopment of:

a. reliable end cuantitative methods for the extrac-
tion and collection of volatile metals from coal
samples;

b. methods for the generztion and transport of
gaseous anealytes from the solutions produced in a.
above;

c. avom reservoirs suitable for the determination of
mercury, arsepic and selenium usinz etozic fluor-
escence spectrometry;

d. methods for the determination of trace metals in
whole coal through the direct introduction of
acueous whole cozal slurries into an inductively

coupled plasca. .

o)
Hy

the elements cited, mercury, arsenic and seleniun
are of particular interest in coal and would conven-

o

illustrate the problems and poientialities of

F1
]
3
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ot
} 1}



these zpproaches to aitomisation., Gasecus sample irans-
port and slurry injection offer several anzalytical
advantages and an opdortunity to siudy ithese novel

approzches to atomisation,

t
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Chanter 2. DETSRNINATION OF IJERCURY USIIHG COLD VAPOUR ATOIC
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PECTROMZETRY AWD A CAS-SEEATHED ATCY CELL,

2.1 THTRODUCTION

Accomdanying the awareness of the dangers of vollution by mer-
cury is the need for more accurate arnd reliesble methods applicable
to the wide renfe of materials vhich may contair iraces of mercury

oresent in botn orgznic and inorganric combination. Alihou many

‘<‘

mevhods for the determination of low levels of mercury have been du3-

lished in the last 50 years, most date from less than 15 years ago.

Eech method has its charactsristic advantzges a2nd limitations which
are discussed briefly below. For a fuller discussion the reader is

referred to the review by Chilov (74).

Under ideal conditions colorimetric vrocedures may be ver *y sensitive

cr

. -1 .
(capable of detecting aporoximetely O ._}JG. ml of mercury), but the

susceptibility to interierences and the tedious metnods reauired io

3

minimise such interferences may make them unsuitzble for coal analysis.

-

Volumetric procedures tend to lack sensitiviiy while methods based

on catalysls or enzyme innibitlon by mercury (II) ions zre ovrone to

interferences. Although =zpplicable to samples containing as litile
-

1 . . . . o :
as 0.1 rg.g neutron activation analysis is not widely used. Speci

e2lised equipnmeni and instrumentation are required arné cornsiderable

ount of sample is small neutron activation provides a2 suitablse means
of non-desiructive 2nalysis. The Eifficuliy in obtzinins suiizdie
ectivation sources and radio-tracers limits irhe usefuiness of rzdio-

chemical methods. Suci methods are, nhowever, sensitive ard reguirs
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ie meripulation and activation ihan neutron activaiion

3

metrhods. In addition radioisotope dilution methods are readily

zutomaied. Pocox precision and sensitivity zay result from the sew-

hese interferences mey requires involvad
celculations, while methods for reducing interferences by sevar-
ation of the mercury Trom the metrix may be tedious. Emission spec-
trozrapnic methods exhibit poor sensitivity and preconceniration of
the mercury may be necessary, while d. c. arc plasma meihods suffer
frorm peoor drecision, due to the irrenroducible way in which the sam-
vle enters the vlasma and also from matrix interference effects. 0OF

the instrumental technricues discussed neutron activation analysis is

proving the most nopular in the analysis of co2l and related materiels.

<

3,

well reflected in the number of reports which have been published in

the last 12-15 years. The review articles by Ure (73), in narticuler,
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and Chilov (74), bvoth gi fuller zccounts of

|.I
<
o

mercury oy atomic zbsorption and atomic fluorescence spesctrometry
using poth flame and Tlameless atom cells. The next section is de-
voted to 2 orief examination of the analytical merits of these

technizues.

2.2 DETEAIMATION 0F MERCUTY USING LTCHIC AZS0ORPTION AND &4TCUIC

d
sure =

m

4]
wn

Slemental mercury exhibits an zooreciable vapour or

room fempnerature; the vanour is monziomic end it is therefore unnec-

-~ FN
e8gary v

v

o empnloy 2z flame or



Yloodson (76) determined mercury using atonic absorpiion sneciro-

tm

metry after collectiing the metal orn 2 caldmium sulphide pad »rior to
volztilisetion into a silice absoroticn celi. Atormic zbsorntion was
measured at the 253.7 nm resonance line znd molecular zbsorption wes
compensaied for using a continuum tackzround source. 4 landmark in
tre develooment of cold vaoour technicues was the daper by Haich and
0tt (77), which has formed the basis for mosi subseguent work. In
tkis meinod the solution obtzined by digestion of rocks with sulnhuric
acid was oxidised with nydrogen peroxide and potassium permengznate.
Treatment of this solution with 2 mixture of sodium chioride zand
hydroxyammonium sulphate was followed by reduction with tin (IX) sul-
pnhate soluiion. Air was bubbled through the solution and passed
through 2 magnesium perchlorate drier, transoerting the mercury into

the absorstion cell. Zence the term "cold vapour reduction/zeration

technigue”.

In flames, typical detection limitis are O.%pg.ml for atomic absor-

otion (78) and 0.1 ﬂg.ml- for atomic fluorescence (7%). hen cold

N

vapour reduction/aeration technicues are used the reporied deiection

for atomic abscration (80)

limits are much lower, typically 0.6

@

using 5 =l samples and 0.02 ng for atomic fluorescence (81) using
1 =1 samples. In the flameless technigue there is less diluticr of
the mercury vadour in the ootical vath ati any given moment and en-

nznced sensitiviiv resulis,

=~

Two metrods are commonly used %o generate mercury vavour for subse-

cuent delivery into the optical nath of an atomic spectirometer., The

firs:s involves amzlzametion of ithe mercury eleciroliyiicaliy onto

coprer wire (82), or directly Zrom soluiion onto silver screens or
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advanizge of introducing voth 2 sreconcentra

separaiion siep, whereby votential interferences nay be rejected, but

they czn te cuite comdlex. The second method, the cold vapour reduc-

imp-
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tion technique is generelly 1
Yicity, cﬁeapness and robust nature. Cold vapour atomic absorpiion
methods, however, suffer from several disadvantages wnicn may be

overcome by using atomic Iluorescence speciromeiry. Witk cold vap-

fogging of the cell walls by

our za2tomic absorption spectrometry,
molsture necessitates drying the vapours drior to their entry io the
atom cell, and the desiccant can be both 2 source of conteminztion or
mercury loss (86); when 2 windowless cell is used in atomic Tluores-
cence speciromeiry, such preblems are avoided., Nolecular absorpiion
interferes with cold vapour atomic abdbsorsiion specirometry and vack-
ground corrsction is nighly desirable; in ztomic fluorescence snec-
tromeiry molecular absorntion noses a smaller nroblem, idvantages

of improved sensitivity and grester linear working range are also

The desizn of the atom cell is of critical importance if the full

adventazes of atomic fluorescence ovar atomic zosor

(o]

. Thompson end Reynolds (87) recognised

(I)

nmeiry are to be achisve
this when they used a cell without windows, later modified by using
a simple sheaining unii constructed Srom zceitwvl resin (21). Fulil

Cetzils of the constructiion o7 the sheath, wrich was desizned

sroduce & laxminar shield of errson around thne zigz: cell viere not

Siven, Dul z2n imsrovament in th2 signal of 2 Tactor of tuwe, zttri-
Sutad o decreased nuenching by enirzined zir, was renorted.



Cevalll and Rossi (88) reported a2 "zas-shielcded mercury vapour

(»n

scrayer" Tor afozic fluorescence speciromeiry. Tris wes marnufaciured
irom nerspex and th2 ceniral mercury vapour channel was jrotecied by
2 laminer flow of zrgon issuing from 2 1 =m annulus. in innrove-
ment in the intfernsity of the fluorescencs siznal of 28-Fold was ob-

A large numner of dravious redorts have described manual injection

rete samples, Such methods ere relztively iine

(o]

technicues usirg dis
consuning and 2 fully-zutcrated system using the reduction/zerziion
atoric absorvtiion,nrocedure hzs been described (26). 4Although rela-

iively expensive and comdlex this report indicated the feazsidility

]
it
f2.
L]
<

veloping a continuous flow drocecdure. The advanteges of such

a2 procsdure may ve summarised as: steady state signals are achieved,

the conirol over experimenial conditions is increased; the baseline

establishes the background level unambizuously and this remains ess-

envially consiant,

2d arzon-sheathed atom cell,

o

Irn this work the use of 2 simple, impr

used zs ine beasis of the deteciion systen for the determination of

mereury oy cold-vazoour eiomic fluorescencs spectrometry is descrived.
Both discrete manual injeciion znd continuous Tlow systers were used
tc generaziz mercury vapour. The recduciion cell was pursad with ergon

ard the evolvaed mercury vapours were swedt to the windowless, erson-

sheazinad atomic fluorescence cell,



<t
o
Q.

uat

1

The performnance of the ontimised system was eva

Fa) - -

vhe mercury content of a barisy seed sample and I1.5.

[#7]
Q
]
O
D
)
'3
.

Leeves, SRii 1571.

lercury vapours were generated using voth discrete injeciion and
coniinuous Tlow sysiems. In tne former the reduction cell was =z

three-necked, pear-sheped flask of 25 =l capacity =2nd a syringe was
used to inject sample aliquots viaza a rubber gepitun into tin (II)
caloride solution (fig. 1). Continuous generation of mercury vanour
was achieved by using itwo small peristaliic pumpns to deliver tin (II)
hloride and sa2mdle solutions simultaneously to the reduction cell,
To zccomodate this arrangemeni a new reduction celil was designed znd
cornstructed which included a constant head drairnage tube (fig. 2).
In each case mercury was removed by & small flow of argon and swedt
to the atom cell which was consirucied as follows. Approximately
150 canzillery tubes (60 =m long, 0.7 mn i.d.), of the iyne commer-

cially avaiiadble as melting point itubes, were glued zround the out-

side of a pyrex glass tube (6 =m i.d.). This arrangement was secured

inside & shortenad Hirsch filter iube (22 =mm i.d.), using the side arm
2s gas inlet (fig. 3). The boiiom of the ocuter fube was seaisd with
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& radpar dung and the 7l

llerecury vapours en

channel were consirzined in the opiiczl neain by 2 second flow of

argor which passed through the surrounding capillary iubes to nro-
duce =2 laminer strean of arzon around the ceniral flow Flucrescance



was excited and measured in the voluzme 0-25 mm ebove the laminar

flow device.

Trhe cell was mounted verticzlly in an =2fomic absorpiion speciro-

meter in ce of the burner/nevuliser assembly, znd =2t ihe focel

{s]
pot
o

poirt of the specirometer lens. The sneciral source, z mercury

pessed through the spectrometer focussing lans to the monochrom-

o
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eometry of this arrangement is shown in fig. 4. The
distances were: light source to cell, 65 mm; cell to lens, 78 mm;
an angle of 450 was subiended., The mercury lamp wes air-cooled by
directing ihe air strezm from the spectrometer compressor down

through the fop of the microwave cavity.. The spvectromeisr was oper-

1 & spectral bandpass of 2.0 nm. Using the manuagl injection
techrnicue fluorescence pezxs were obizined on a strip chart recor-

der and an integrator nrovided peak areaz measurements. The steady
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Pig. 2 Continuous flow sysiem for the generaiion of mercury vapour

Peristaltic pump, sample/standard solution 7 mi.min
Reduciion cell

Drain, to waste

Carrier gas inlet, 0.4 l.min_l argon

Hercury vapours to ztom cell

AN :

£

- 38 -
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Laminar flow device

_ 25cm

/
\

capillaries

g-Scm

Shortened Hirsch filter

tube

-1
argen, 5.5 l.m:in ~

-, 0 -
Hg"/Ar at 40C ml.min 1
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Fig., 4 Block Diagram of Instrumentation
A Linear emplifier
3 Precision integrator
C Chert recorder
2 Atomic spectrometer
B Laminar flow device
? Slectrodeless discharge lamp in microwave cavity
G Hicrowave generaior
A Reduction cell
I Gas pressure and flow controller
d Argor supply
2 Aargon for laminar fliow
Argorn for aeration of Hz to atoﬁ cell
=) Angle subtended by source, atom cell and slit, 450




Instrumentation and

Ootimum Operacing Conditions

Comoonent

Excitation source

Microwave cavity

Gas flow rate
controller

Chart recorder

Integrator feeding
linear amplifier

G.C. Integrator

Syringe

Reduction cell

Peristaltic Pumps

Model
1L151

Mercury EDL

.Broida % wave

cavity, 210 L
powered by -a
Microtron 200
Mark III
microwave
generator

Pye
Panchromatogran

Elecktronic 194

5530000

TP503

1 n? disposable

syringe (plastic)

Mark III -

Mark Iv -

-41-

Supplier

Instrumentation
Laboratories
Inc. Lexington,
Magsachusetts,
U.s.a.

EDT Research
Ltd., London
NW10

Electromedical
Supplies
Wantage, Oxon.

Pve Unicam,
Cambridge.

Honeywell,
Brentford,
Middlesex.

Honevwell

Honeywell

Gillette
Brentford,
Middlesex.

Laboratory
constructed

Schuco
Scientific

Halliwick
Court Place
Woodhouse Road,
London

Operating Conditions

Flame Emission
damping factor ls;
scale expansion X5;
PMT voltage 700;
wavelength 253.7 nm;
spectral band pass
2.0 nm.

Jéw incident power
cooled by a flow of
v 32 minT* air.

Using reference
outlet for aeration
flow and column 1
outlet for laminar
flow. Columnn 2
outlet closed.
Typically 5 min
inch~! and 10 av
full-scale deflec-
tion.

10 mV span.

Typically 1%
threshold level, 1ls
response time.

10 rpm delivering
2.5 m%.min" L.

60 rpm delivering
7 m2.min"1,



Urless otherviise stated the reagents used were of eralytical

Tin (II) chloride soluiions.

Presared by dissolving 4CO g and 100 of tin (II) chloride

4]

dinhydrate in hydrochloric acid (1 litre, 1 II) for the mznuzal injec-
tion and continuous flow sysiems respectively, In draciice suspen-

sions were formed but sheking before use yielded suitably xcrogen-

sous mixiures. A few granules cf tin were added io nrevant zerial
oxidation and the solutions were durged wiih zrgon Zor zbout 5 min-

uies each day before use to exvel any a2bsorhed mercurr.

v

e

Potessium dichromzte solution.

Prepared by dissolving potassium dichromate (0.3 z) in dilule
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liercury (II) nitrate solution.
Prepared uy dissolving mercury (IT) niiraie hexminvdrazie

(1.6630 £) in pofassium dichromeie soluiion (1 liire), Calibration

standards wers drepared by aporooriate dilutions

Prenylmercury (IT) aceiate sclution.

nenylmercury (II) zcetaie was prepzred azs descrited by liakarova

W

and Nesmeyenov (8S5) 2nd iwice recrysiszllised from ethanol. 4 siock

soiution of 0.42G7 z in sotassium dichromate soiution (2 iitre) wias
Drazarad,




2.3.3 2RCCEDURS

sium dichromate in dilute nitiric acid 2s recommended oy Feldman (9C).

‘Wnen the solutions were stored in borosilicate glassware this diluent

/)]
Q
by
}-
]
On
i
=2

orevenived losses of mercury for severzl days at level
end lower, and for several weeks at concentirations of 20 n ng.ml T oand

o +

higner. Samdle digests remained stable for 2t least 1 vorking day.

2.3.3.2 DIGESTICH OF SEEDS AND QRCHARD LIAVES

Berley seeds (0.5 g) were shaken wiih concenirzted nitric acid
(10 m1) and refluxed on a water vath at 80°C for 20 minutes. Orch-
ard leaves (2.0 g) were shaken with concentrated nitric acid (20 m1)
and 21lowed to stand overnight before refluxing. The resulting solu-

el

to volume .
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n
43
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tions were trznsferred %ifo volumeiric

b

(100 m1 for the seeds, 50 ml for the leaves) with the sotassium

2.3.3.3 DETSRUINATION OF ZRCURV

(i) wenual 3

After switchirg on both argon
svandard and samdle solutions were
ride solution (3 ml ) conizired in
Tercury was swent into the sioxm cell

gscence signel recorded. Each soluti

ne mean Jeakx srea cazlculated.




R

of the mass of mercury injectesd, tut wes ity¥dically compleie in
30-100s.
(ii) Contiruocus flow systen

After switching on boih argon flows tin {II) chloride =znd szm-
ple solutions (2.C ml and 7.5 ml respectively) were pumped simul-
+ anitaly + ‘i e +3 11 DL o 174 =3 Ry + 3r
tensously to the reduction cell. After ecuilibration the steady
state signal was sampled using the specirometer integrator (4 x 4s).
2.4 RESULTS A¥D DISCUSSION

2.4.1 QOPTILISATICY QOF THZ %WANUAL TIJECTIOW TECHITILUL
2,4.1.1 HSTRUNENTAL PARALETERS
At the oveginning of the work the oderating conditions used
somewnat arbitrary. These conditions were:
incident microwave power 30 W
. - .o -1
laminer T1low rate 3 1.min arson
carrier fliow rate 3 l.omin © argon
injection volume 1.0 m1 100 ng.ml . mercury
soluticn
s . L s S A - -1 2+
tin (II) chloride solution 2 ml of 170 g£.1 ~ Sr
2 2 — . 3 - O 0 - 2 mmam P - - M
Fluorescence was measured z2i 907 bui a disproporiionziely a
level of background and scatter was gbserved. This was rzduced,
ever, after 2 sizpls carcdhoard light wrzp was locatad zround tne
outzut zneriure. A variety of sarameters inciuding siit widtin,
nrhotomultinliar voltage and scz2le expansion ware gxenined until

were

hovi-

L4
i~



best siznal to noise raziio was obtained. In & number of satisfact-

ory combinztions of these perameters a rousghn linit of deieciion was

- s oa . -1 - .
found %o bte ihe same, arproximetely 12 ng.ml ~. It wes feli that =
better detectior limit would be realised if the lesvel of baekzrounc

could be substantially recduced, permitiing

he
ok
N8
[}
o]

voliazes. Consecuently "front-fazce illumin
immediate improvement in the characteristics o the beseline noise
level was observed and background was virtually eliminated, This
ailowed much greaier Ifreedom in the choice of o¢perzting conditions.
Lgain various combinaitions of these conditions were exenmined and thne
vest combination (700 wv; scale expansion x5; 2.0 na slit width) gave
s c s -1 -1 - p .
gz detection 1limit of 2 ng.ml and 5 ng.ml cculd routinely be

determined.

The new geomeiry used to accomodzte ithe frowmi fzce illurination
meant that the laminar flow device hal to ve moved from its vosition

adjaceni 1o, but jusi delow the specirometer lens %o z nosition some

€0 mn from the lens., Some degradation of nerformence hed been =z2rii-
cipaved since fluorescence internsity is inversely srovoriionzl to

2f flucrescence. In the new desition the 2iom cell was locaied at

M -

enproximately the focal lenzth of the lens which may zave coniri-

3 ..
deternine whether this inocrezse was 2ue o the use 57 457 1ilumin-
- -, 1 oo ) - - a“~ - - - . - .. -~

grion or irrough mors efficient colleciion of the aitonic Tiuorss-

- 25 -




use of ¢5° illumination.
At This siage relatively Door vrecision was obiained and ithis was

vhought to be due io fluctuations in the EDL output intermsity. Since
the EDL wes not wholly contained in the cavity 2 temperaiure grad-
ient was developing 2iong the lengih of the EDL. This caused 2
cycling of {he mercury vanour in the tube and resulted in extrame
variations in output intensiiy. Conseguenily, the air line frox the
IL 151 compressor was directed cdown the central hollow of the micro-
wave cavity. The flow raie used was 3 l.min and tris produced a
steady baseline without markedly affecting overall ouinut intensity,
The optimum forward microwave power was then determined by mezssuring

-

ferent vowers using 1 ml injectiors of

Fad

ine fluorescerncs signzl at 4

(=1
Hy

- -1 ; - . . .
10C ngml “of mercury. The results are given in Table 2.

>R 11]

The value chosen for subsequent work was 28 W which zave the best

compromise between reproducibiliiy znd signal to noise ratio.

larinza> flow gzas
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pecause 0 its low cross section of cusnchning of fluorescence rele-

tive to 2ir and nitrogen. Tihe iwo flow rates were opiimised by 2

simple Faciorizl drocess In which signzl size was measured at four
¢iffereni aeretien fiow rates, 2ach one with zix different laminar



Table 2. Optimisation of the forward microwave power

Incident microwave power/W Peak area Peak height

{arbitrarv units)

18 130 0.16
25 283 . 0.21
32 . 504 0.26
40 756 0.27
48 - results too 'noisy' to be meaningful

—47-




Fiz. 5 Bffect of argorn flow rates on mercury atomic filuorescence

=1

aerztion flow rates/l.min
O 0.3
Ol4

0.5

B <0

§ 0.7

O

C.9

PLUORSSCENCE PEAK
AREA (ARBITRARY
UNITS)

92

ol 3 5 7 9 11
' LAMINAR PLOYW RATE
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front of ithe ZDL and siii. A% certain flow raies
red gore distance a2bove the Tlucrescence zone =nd veritical expulsion

0 tne mercury was retarded. This effect furither increased ihne

For a2 given laminar flow rate, the hizher the carrier gas flow rate
the smeller the signal, since the residence time of the mercury in

the lignt path was reduced by the increasad driving force of the

carrier sirean.

At very low carrier flow rates (0.3 1..':in-1 or less), insufficiently
vigorous agitation caused the mercury ito rezcnh the Fluorescence

zone as & series of "oplugs", resulting in deformed pezks and noor
orecision. This effect became more pronounced as inre volume of solu-

tion in the reduction cell increased after each subsecuent injection.

Alzhougn peax area was only sligntly affected peak height and shape

e

N

were marxedly altered, the veak width at half-height increasing with
1 Py (=]

-

tnie volume of solution in the reductior cell.

The leminarity of the two gazs Tlows was observed wvisuaslly %y plecing
wo Jreschel bvotiles, one contairing dilute ammoniz solution, ihe

oitner dilute hydrochloric acid, i:
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glterreiely. -When the evolwved ammornium chloride was pzsse



passed through the reduction cell only, a2 reguler, vertical flow
of gas past the EDL and slit was observed up to 3 cm above the lam-
inar flow device. The "pinching" effect of the laminar flow then
caused the ammonium chloride to éddy slightly in the space beiween
the EDL and the slii before slowly diffusing away vertically. Some
experiments were performed using 3 m internal diametér tubing to
introduce the carrier gas into the reduction cell. Better resulis

vwere, however, obtained using capillary tubing, since more vigorous

agitation occurred and sharper, more reproducible peaks were observed.

The optimum flow rates were found to be 0.4 and 5.5 l.min-l for car-
rier and laminar flows respectively. Under these conditions the
laminar stream eliminated the effecis of draughts and prevented lat-
eral diffusion of mercury vepour. Entrainment of atmospheric species

which effectively quench mercury fluorescence was markedly reduced.

This resulted in a hundredfold improvement in the limit of detection
ove; that obtained previously when flow rates of 3 1.rnin-1 for voth
laminar and zeration flows were used. PFurther, signal size was appro-
ximately 12 times greater than that obtained with no lamipar gas flow.
Precision generally appeared slightly improved et higher laminar flow
rates, typically 1-5% relative standard deviation (RSD) in the range
3-11 l.zmin™}, compared with 6-26% RSD when operating without ihe

larinar gas flow (Table 3),

2.,4.1.3 REDUCTIOH -CELL VOLULE

Ir the apparatus described previously a 25 ml flask was con-

nected directly to the botiom of the laminar flow device, but the

- 50 -




Table 3. Effect of shielding gas

No shielding

. . =1
Carrier gas, £.min

Relative peak area

R.S5.D.

With shielding, at

optimum flow of 5.5 l.minhl

Carrier gas, .?..min-l
Relative peak area *
R.S.D.

~51-

18%

(=]

0

7%

3.

5%

5



reed Iresjuenily To empiy ithe cell led to difficuliy in realigning the
ontics ol the system. In ordsr io be able to remove the Tlask with-

i%a were connecied viz
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out disturbing i:

2 45C mm length of polypropylene itubing (10 =m i.d.). Since this ine-

Tiask wes used instead of the 25 =i flask. Iliuch broader pezks were
ooserved and pearx area decressed by aporoximately 20%. It was con-
cluded tnat in the case of the 25 ml flask less diffusion of mercury

vapour wes occurring inside the flask and thzt ihe mercury vapour was

U

iravelling aliong the tube as a discreie »lusg. Consecuently, the 2

4]

w1l flask connected to the laminar flow device via the polyprooylen

tuding was used for a1l subsecuent work.

2.4.,1,&6 SAPLE SIZE

Iy

The need for a small reduction cell placed constirainis on ixe

-1

of argon &s carrier,

i1y

excessive frothing occurred (causing large amounis of weter vanour o

3
et
¢

I
o
4]

r the fluorescence zone) when the total volume cof scluiio

1]
]
ctr
[41]

cell exceeded approximately 14 =l. iloreover, it became diffigult For
the argon to purge the mercury rapidly Trom the large vwolume of solu-

~

tion and peak broadening occurred. The concentration arnd volume of

tin (II) chloricde used were chosen in ordsr %o provide z large excass

I <] 2+ P4 2+ 3 P E ] ; ES < Lol L3 -
¢ 3n ovar =g and suificient volume to ensure rzdid,efficient
mixing., It was cecided o use 3 ml of ¢tin (IT) chloride solution

vo 20 in

wits an injection volume of 0.5 51, This narmitted up jech-
tiorns fo be rade velore ii decame necessary o empiy the celi, In
oraciice the tin (II) chloride was replaced after 15-1%2 injections.




G.5 =1 into thes cell on 2 precision dalance =nd vieighing each injec-

vion, Three different syringes were used znd a measn relztive stan-

2.4.2 O0PTINISATICH O0F THZ CONTILUOLUS PLOW SYSTE!

The exderiment to determine the opntimunm gas flow raies was
repeated using the continuous flow sysiem, 2nd similar resultis were

obtained. At carrier Tlow rates less tha
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was purged somewhat irresulsrly from solution producing erratic

. -1 . .
signals, Having adopted 0.4 1,mi as the dreferred carrier flow

L

. . o . -1
rate ithe optimal laminar flow rate was agz2in 5.5 l.min .

3

The signzal against {ime vlot odtained from the coriinuous flow systenm

1]

was tynical of an automated flow systex as showvn in figz., 6. Signel

th the flow-rate znd concentraition of the

O
[0}

. . . . \ - . =1

tin (IX) chioride solution in the ranges 2.5 10 25 rl.nin and 5 to

40% =/v respecitively. The signal increased linearly with the flow-
. -1 .

ndard) up to a meximum of 30 ml.mir , aoove

rate of sample (or st

oy
in

which 1t became difficult to drain the cell sufficiently rapidly.

pr] . + = o=l 3 : -
flow-rates of 2.5 ml.min of tin (II) chloride solutior (107 m/v

. - . =1 ]
as the dihydrszie) z2nd 7.C ml.min of semple/standard were chosen to

minizise the volume of reageni and sampdle required, consistent with
accepianle signal size. Using these flcv-raites the rise iime, as

shown in Tig. &, was aboui 6Cs and the sample delivery tube con-

teined sulficient resicuel solution %0 2llow 2z 155 integratior tims
or The speciromeier to be used with removzl of the iubs frox the
sample solution upon commerncemeni of ihe integration. Consesauent ¥

)

]
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Pig, 6 Typical signal versus time plot for the continuous flow system

A. t = o tube is placed in sample solution

e N B. t = 00s steady state signal is obtained and
ADSORPTION, E3 C: delivery tube is removed from solution
ARBITRARY UNTTS | [

1 ()___ B-C, 15s integration period
[ | C. t = 798 solution ceases to enter cell
| | D, t = 160s baseline is re-established

TINE/
MINUTES



the amount of sample consumed was aboui 7 ml. Pesidual mercury was

sase-line re-

n
H
l.ll

£tablished sbout nutes

(1

ourged Trom the cell zand the

2fter soluiion ceased io enter izne cell. Totzl anaiysis iime vas 2
1o 3 minutes ner solution.

2.4.3 DEPICTICH LIUITS A3D LIFEBAR CATIZRATION RANCES

2.4.,3.1 LAHUAL INJECTION TECESICUE

The detection iimit {that concentratior of mercury sroducing =
signal ecuzl to the mean of the blank plus iwice the standard devi-

ation of the blanx mean) wzs 0.02 n e i,e. for 0.5 m] injec-

on

tions, 0.01 ng.

At nigh concentraztions of mercury little scale expansion was recuired

and the effecis of baseline drifi were minimal. 2Precision was rood,

however, shori-term Tluciuatioxns in the tase-line coupled with high

scaig~-a¥sansion resul
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taren 2s the maximun folerasle RSD, ihe lower znd of ihe useful worl-

ing renge of the method wazs 0.4 ng.rxl i.e. C.2 ng for 0.5 1

2.4,2.2 COVTIUQUS TLOW SYSTERS

ng.al 7. Precision, nowever, wzs Zenerszil

icaily 27 RSD 2%t 0.5 ng.ml - compared wiith 7I' 2D 2% C.5 =ng.m1 ~ Tor
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the manuel injection technicue. Taking 107 RS
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able, the lower end of ithe useful workinz rarg

0.2 ng.ml_l.

fralytical working curves were consirucied for beth methods using

stverndard solutions of mercury prepared “rom 2 siock soluiion of

-3
lOOijg.ﬂl T of mercury. In each case the celibration nlot was
n - -1
lirear over zpproxizetely four orders of megritude, from 0.4 ng.ml

. -3 )
(10% R3D) to 20C0 nz.m1 = (3% RSD). Trne caelibreiion plot is shown

in fig., 7 &nd the values in parentheses indicate the RSD 2% that

2.4.4,1 DETERMINATION OF LERCURY Iii BARLEY SE&DS

Tze barley seeds had been coated with 2 seed dressing containing

dhenylmercury (II) acetzte. The samples were digested using concen-

(Y

trated niiric acid (section 2.3.3.2, page 43) znd the 'results for

[¢1]

even replicate determinetions mre shown in Table Za. In this case

k]

]

independent mercury content figure was noi aveilazbdle znd the sce-

m

uracy of the method was checked using recovery %ests. Known zmounts

=

of pheryimercury (II) acetzte was azdded %o six replicate semdles of
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10.60 1 10.98 ] 10.34 | 10.80 | l0.78
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-1
stimated standard deviation of the mean = 0.07 ug.g

‘®Zach reported figure is the mean of 5 measurements of the same digest.

)
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Recoveries oI ohenvl mercuric acstate (
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Replicate number .1 2 3
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% recovery 39.2
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of a series of solutions esach contzsining a Fixed volume of the same
stvandard solution znd verious known volumes of a seed solutior. of

7 conteni. A4 plot of integcrated signzl zrea ggainst
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concentrziion of mercury was linear, indiceating in

rix enhancement or suporession effects,

2.4.4.2 DETERITIATICH OF LIRCURY I ORCHARD LEAVES

The accuracy of the method waes then checked 5y analysing ranli-

.1

cate samples of 2 siandard referernce materisl, S.R.il, 1571 Crchard

leaves (Xational 3ureau of Standards, Weshingion D. C., U. S, A.).

The samples were digesied overnight in concenirzied ritric zcid

o=

P

(section 2.3.3.2 nzse 23).

The results are given in Pa3le 5 ani show excellent z2Zreement with
the certified value and impressive orecision.

2.5 CQICLUSIOYS

In generel the difficuliy of preparing exci*ation sources of?-
ering 2 high signel-to-noise ratio has hindered the develooment of

atonic fluorescence spvectiromeiry. Ir the case of rercury, however,

it is relatively sasy to prepsre suiizble sources and, under suit-

scence {grezier sensitiviiy and exiendad linea» dynamnic rarga) ars
availa . In %the work described several claarly idersifieghis Fze-

1
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Table §

Mercury content of orcharé leaves

(SBS SPM 1571, certificate value 155 £ 15 ng.g-l)

Replicate Number 1 2 3 4 5 6 7

-1.@
Mercury Found (ng.g l) 159 ( 153 § 155 155 159 | 158 | 157

Mean = 157 ng.g—l

. e e = -1
Estimated standard deviation of the mean 1.0 ng.g

Relative standard deviation 0.6%

Atach reported figure is the mean of 5 measurements of the same

digest
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i:ethods of producing mercury wvanour dy neating metzal iraps on which
mercury has odeen collecled after dissolution or combustion of the

sample, generally orove rore efficient in removing nolentizl inter-

ferents. Such methods are, however, complex znd expensive. In con-

cnean &nd robust. Wnen stronsly oxidising soecies a2re sbsent this
procedure is equally free from interferences. Unnecessary dilution

of mercury vapour by flame-gases is avoided using the flameless ziom
cell, This results in g higher instantaneous concentrztion of rmer-

cury in the onticel psih end exnhenced sensitivity.

Tne lorg path-lengtn aton-cells preferred in atomic absorpiion spec-
trometry are not necessary in atomic fluorescence spectrometry, where
2 suitable atom-cell is one in which tne anal&te toms are cont ined
in a relatively smzll volume close to both ithe excitation source end
the entrance slit. The atom cell described is thus enitirely suited
for use with atomic fluorescence spec%rometry. The geometry and vos-
itioning of the tuve from which ths mercury vapours are discherzed
ensures thet 211 ths mercury avolved reaches ihe optical path., Tre
laminar flow of argon surrounding the atom cell prevenis laterzil
diffusion of mercury 2llowing a windowless cell to be used, which
elininaves the problems encountered with Fogging of cell windows

1

=t

by watver vapour. Since

m

the mercury 2volved reaches ih2 onticzl

)

dain a2 prime consideration is thet of residence time, which is ros:

deperdent on carrier gas flow rzie. The odiirum residenze tige has
Deen obiained by using the optimal comtination of carrier and lartinar

Reth is retarded ny turbulant mixing of the two

]
(1]
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b
]
o
@
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0
<
[
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-
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fluorescence zonsa.

tne ontical paih the sheesihing gas prevenis enirainmen:t o the sur-
rounding 2ir, Oxyzen and nitrogen eare thus excluded from the storn
cell and cuencring of mercury aitomic fluorescence by these svecies
is prevented (it has been shown thai the Tluorescence signal is only
5% and 25%, in air and nitrogen respectiv ely, of that obtained in

argon). The use of shezthing gas also produces significant improve-

The calibration plot obitained is itypical (91) of atoric fluorescence
methods in which a line instead of a continuum excitation source has

been used. At low mercury concertrations the response versus concern-

tr

’1)

tion ploi is rectiliineer, i.e., the slove = 1 =nd response is 2ro-

o+
o
b

o
i3

doriional io ii, the number of afoms. 4 wercury concentrations

1,

-1 . . - s s .
(2000 nz.m1 and greater) absorption of the fluorescent radiziion oy

N

cF

mercur& atoms on the periphery of the atom cell causes =z negative
deviation from the expected enalyticzl growtn curve., This ef
becomes more pronounced as the mercury concentration increzses urniil
& voint is reached when the signzl begins io decrsase witk: increase
in concentration. 3Beyond this noint the itrend continues uniil ihe

slope of the 2lot resaches 2 value of -% and responss is provortionzl

to i °, the reciproczl of the sgusre »oo0t of ihe number of mercury
avoms. Gevertneless, celiibration is linesgr ovaer zddroximatels Tour
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to some renoried atomic fluorescence ané atozic
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linear dynamic xanges, it is considerzdly superior to tyoicel astomic

aosorntion linear caliidration plots.

) Ty

1 wrnich excit-

3

Tre vast majority of workers have raported methods i

*

illuminafion are interesting since they suggest thzt 2¢Y is 2z much

. . . ) , o
less favourable angle of illumination. Cne reassn, Darnaps, why SO

nas proved so podular is that this angle is most reaci i1y accommodated

by the practiczl systems which have been used. Using illumination

o ., - . . : .
at 457 the level of specular reflection znd backgrouné radiztion

eritering the monochromator is much reduced. Cozn uenily greater
amplification of the signel with only = minixal incresse in noise is
achieved, res ng in greatly increased sensitivity.

he manual injection technicue described provides goced sensitivity,

ck

ime-consuming and suffers from pocr drecision ai very

‘g

low levels of mercury due io the number of discrete varizbies zré

manipulations involved. 1In contrast the coriinuous Tlow system pro-

minimal loss in sensitiviiy. If t ne dead volume of the swsiem could

Lol
-}

[4+3

Lp]

a

S

¥

ve substantielly reduced, then the increased conceniration o

in the carrier gas could result in even veiier semsitivity.

v

Thus esilomic fluorescence specirometry has provicdaed z rmethod whick is

both sensitive and pdrecise Tor the deterszination of mercury snd wnich
exiends over a wide lirear cziibraitior ranze. The cas-shesthad zior



Tercury in the opticel pnaih a2nd zlso by sreveniing entrazinment of
atmospheric species which are known to auench rmercury atomic fluor-
escence. ‘hile the device described has been used in & conventional
dispersive svectrometer, it is easily accormodated and srould be
suitable for instalilation in rmost instruments, including ron-disper-
sive systems of the itype recently reported (92, 93), but noi yet
widely availeble. The ease .of analysis provided by the continuous
flow system coniributes toward the overzll usefulness of ithis method
wher. large numbers of samples, containing diverse matrices and widely

varying amounts of mercury, are to be analysed.
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Chapter 3. DETERMINATION OF KHERCURY IN COAL

3.1 INTRODUCTION

Determinations of mercury in coal are fraught with a number of
problems because of the highly intractable nature of the coal matrix,
the -volatility of mercury and the very low levels thought to be pre-
sent (typically significantly less than;lupg.g'l. It has been pro-
posed that instrumental techniques such as spark-source mass spectro-
metry (2, 21) and X-ray fluorescence (94) may be used to determine
mercury in coal without sample dissolution, but this has not been
widely confirmed. While such methods are relatively simple and rapid,
good sensitivity and precision are not readily obtained and the
results reported may be only semiquantitative. While whole coal may
be irradiated in order to determine mercury by neutron activation
analysis (95), it is frequently necessary to combust (22, 96) or
digest (23, 97, 98) the coal later in order to concentrate the mer-
cury prior to counting to obtain the necessary sensitivity. Wwhile
offering good accuracy and precision, these methods are frequently
very time-consuming and complex, requiring expensive,specialised

instrumentation.

Most alternative analytical methods for coal entaill prior destruc-
tion of the matrix. Recently, low temperature ashing (150°C) using
radio-frequency excited oxygen at reduced pressure has been used to
prepare coal samples for analysis. While the majorify of metals are
retained some of the more volatile may still bé lost (22, 23). 1In
addition, prolonged sample treatment times (typically 70 hours for

a 0.5 g coal sample) afe required, several samples are



conventiently ashed simultaneously. Low temperature ash may also
require further treatmént, e.g. fusion or dissolution with hydro-

fluoric acid to bring it into a form suitable for analysis.

A few reports have appeared on methods of coal dissolution without
prior ashing. A variety of oxidising acid mixtures and conditions
have been used, typically under reflux, e.g. sulphuric acid/potas-
sium permanganate (99), sulphuric acid/nitric acid (100),

sulphuric acid/nitric acid/perchloric acid (101, 102), perchloric
acid/periodic acid (103), sulphuric acid/hydrogen peroxide (104),
aqua fégia/potassium permanganate (105). Some of these methods may
produce incomplete digestion or losses of volatile elements, espe-
cially mercury due to the vigorous diéestion conditions. -The use

of PTFE lined digestion bombs is another alternative reported, and
again a variety of acid mixtures has been used, e.g. aqua regia/
hydrofluoric acid (106), fuming nitric acid/hydrofluoric acid (107).
Combustion bombs in which the coal is burned in oxygen under high
pressure have also been reported. After combustion the gases were
absorbed in dilute nitric acid (108) and hydroxalymine hydrochloride/
dilute nitric acid (109). These bombs present some handling diffi-
culties (23, 105) and acid migration may-result in damage tc metallic

components and losses of mercury.

Oxidative combustion and non-oxidative pyrolysis have been uséd to
generate mercury vapour at temperatures reported variously between
600°C (110) and 850°C (111). The liberated mercury is removed by
a small flow of gas, commoniy oxygen, air or nitrogen and trapped
on a series of gold frits (23, 111, 113) or collected in a suitable

absorbing medium, commonly acidified potassium permanganate solution
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(23, 110, 113, 114), or in a liquid nitrogen cooled trap (€8). Some
workers (110; 115) have experienced over-rapid combustion when using
oxygen as the purge gas, while others have recommended the use of
"secondary combustion and ashing agents, e.g. silver and'quartz wool
(115), scdium bﬁrbonate (111), in order to prevent losses of mefcuny
by adsorption on uncombusted carbonaceous materials and tars. Other
workers using amalgamation methods have reported that similar auxil-
liary oxidising agents and catélysts, 3;5. copper oxide (88), sodium
nitrate (112), alumina and quartz wool (114), silver wool (23) and
hot platinum wires (88), may be required to prevent smoke and orga-
nic vapours from obstructing amalgamation sites on the metal frits
and from entering the absorption cell. Similar results have been
observed by some workers collecting the mercury in acidic potassium
permanganate solution where organic vapours and combustion products
(23, 116), e.g. sulphur dioxide and oxides of nitrogen, have decom-
posed the collecting solution resulting in losses of mercury. In
one variation (117) pased on the above methods a sample of coal was
combusted and the evolved mercury collected on the inner surface of
a porous, gold-plated carbon tube. The tube was inserted in a car-
bon rod atomiser and the mercury determined by conventional electro-
thermal atomic absorption spectrometry. In another variation (118)
the mercury released on combustion of the coal was collected on gold
spherules from which it was subsequently removed by digestion with
concentrated nitric acid in a heated autoclave. The mercury was
electrolytically deposited onto carbon cathodes which were then in-
serted into a graphite tube and the mercury determined by electro-
thermal atomic absorption spectrometry. This latter method is some-
what time consuming, requiring at least twelve hours to ensure com-
plete deposition of the mercury onto the carbon cathodes.
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One review article by Schalesinzer snd Schuliz (112) surrarizes :the

néd limitazions of several ozches to szmple preireai-

1.\)

advantzages

m

ment wnile arother by Lenmder et’ gl (120) compares the resulis ob-

tained for coal enalysis using a variety of

In this work investigetions into the use of various oxidising acid
wixtures as 2 means of dissolving coal samples for subsequent mercury

analysis are described. The mzjor recuirement of a suitable method
J

is that safe and reproducible liberatiorn of the mercury from the coal

is achieved in as short a time as possible while guantiiatively re-

ct

eining the wercury. In the methods examined attenpnts were made no%
only tvo digest the coal, but also to leacnh and to distil the mercury
from the coal matrix.

In eddition to the dissolution methods considered a more specific

involving oxidative combustiorn and ron-oxidative pyrolysis

.3.

androsci
of coal as a meens of releasing mercury was examined, As nreviously
stated severzl workers have reported such methods though conilicting
opinions exist especielly regarding the choice of the combusti

supoort gas and the need {o include auxilliary oxidising sgenis and
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catalysts in thé combustion frain. e on-oxideati DY

vsis under niirogen seemed to offer a method whereby mercury could ke
isolated from coal without the attendant hazards of explosive izni-

tion, ?otaésium dichromate solution (due to its sroven utiiity for

séorlng dilute solutions of mercury) or potassium nermansanaie solu- .

+ -

tion (by virtue of its previcus epplicetions) was used o collect

the mercury =volvad during syrolysis (or cormbusiion) of ithe cozl.

Subseguent determination of the mercury was aschieved using the cold
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vepour atoxic Tluorescerce sysiem descrived in Chzpter 2. The perfor-

i)
)
{
o
"y
ot

he ootimised systiem was evaluated by cdetermining the mercury
content of various coal 2nd ash samples including the ¥BS bituminous

cogl, SR. 1632a.

3.2 ESLOERIVENTAL

3.2.1 ZSUIZWEIT

All wei chemical digestions znd distilletions were performed
using readily available laboratory glassware, i.e. a2 2-necked, round-
bottomed 250 ml flask and a B24 Juickfit double surfzce condenser.

"Reaction mixtures were heated using 2 Bursen burner. The tube fur-

nace (Carbolite Lid., Sheffield) and pyrolvsis trzin are shown in

Unless otherwise stated, zll reagents used were of analytical

=

Hitric acid diluent znd preservative for standards:
0.03% m/v potassium . -
dichromate in nitric acid, 16 M.
Potassium dichromeie solutions:

(i) for digestion experiments:; 0.57 “/v in concexntrated

1]

T, . ‘ .
(ii) for leaching experiments; 0.03% “/v in concentrated

yrolvsis experiments; twelve soluiions were

€
r
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nrepared containing concenirated sulphuric =zcid (200
. . s s . -1
m1.1 7) and concentrated niiric acid (100 m1.1 ).
Eydroxylamine hydrochloride solution:
20% “/v in distiiled
‘deionised water, purified by a double extraction with
. . Dy In .
dithizone (0.05% /v in chloroform).
Concentrated nitric acid.
Concentrated sulphuric zcid.
Concentrzted hydrochloric acid.
Concentrated nyvdrofluoric acid,
£ 1, - 3 ”~ . .T.
Concentrated perchloric acid (80 and 727 “/v).
Hvdrogen peroxide (100 wols, 307 “/v).
Boric acid solution (saturated solution, 65 "/v).
Potassium perchlorate solution (g.po.1n).

Potassium iodide.
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Fig. 8 Schematic diagram of coal Nitrogen inlet, 300 ml.min~*

A
pyrolysis system B. GScrubbing solution, 50 ml.
C. Fused silica tube
D. TPFurnace
E. Fused silica boat, containing powdered coal
r lleating tape and power supply -
G. Collecting solution, 20 ml
H. Collecting solution, 5 ml

/\ (in a 50 ml graduated flask)




3.2.3 PROCSDURES

3.2.3.1 VBT DIGESTIQHNS

SULPHURIC ACIB/HITRIC ACID

owdered cozl (1.0 g) was zdded %o the digesiion flask contzining
concentrated sulpnuric acid (7 ml) and concenirazied nitric acid
(3.5-7 =m1). lThe mixture was refluxed gently for aporoxirately 9C nins.
Further small alicuots (0.5 ml1) of nitric acid were added over a per-
iod of 20 mins ({otel volume added 3.5 =l1). After cooling thne solution

end residues were transferred, with washings, to a 50 nl gradusted

Tlask,

SULPHURIC ACID/NYDROGEN! PEROXIDE

Powdered coal {C.2 g) was added to the digestion flask cortaining
concentrated sulphuric acid (10 =1). The mixiure was heated o 80

.

at this temperature for 1-2 nours. Hvdrozen versxide

.

and maintaine
Was added dropwise until the solution cleared or until a2 maximum of

5 m1 had been added. In an zlternstive method concentrated nitric

v

(5 ml), was added to ihe sulpruric acid at the beginning of the

igestion and the hydrogen peroxide added zs before.

o

[

After cooling, the sclution and residues were vransferred with wasn-

ings to & gracuated flask (25 or 50 rl).

HITIC ACID/PCTASSIUN DICHROLLTE

[
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Powdered coel (1.0 g) was added ic the dizestion

olutior (0.5 “/v in concentrated nitric zcid,
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20 ml). The mixture was refluxsd gentl




after approximstely 90 mins znd the reszent added viaz ithe second neck
of the Tlask. After heating for a furiher 90 rzins. the mixiure was

&

cooled a2nc {re solution ané residues iransferred wiin washings to

g 50 ml graduated flask.

PERCILCRIC ACID

(i) with nitric 2cid preireatment.

+
ces
gesv

on flask con-

(%

Powdered coal (0.5 g) was added to the d

<k

2ining potassium dichromate solution (0.5% “/v in concentrated niirie

- S

ac If used, potassium iodide (0.1 g) was zdded a%f this

Il
A,
\
£l
-
S

noint. The mixture was heated gently for 10-15 mins after which ner-

. . . o . o .
chloric acid (80 or 72% “/v, 25 m1) was sdded and the mixture refluxed

rh

1% hours. When cool the solution and residues were

Wl
g
o

gently for

transferred, with washings, to a 50 ml graduated flask.

(ii) without nitric acid pretreatment.
Powdered coal (0.5 g) was added to the digesiion fiask cor-
taining perckloric acid (80 or 72< m/v, 30 m1). If used, potassium
iodide (0.1 g) was edded and the mixiure neated uniil effervescence

bezan end the reactiorn hecame vizorous ané self-susigining., Heating
N b —_

m

was discontinued until effervescence subsided whereuvpon the mixiure

0

was refluxed until dissoluition occurred (section 23.3.1.4, 3.79).

IC ACID

wITRIC_ACID/H/DRCCHLORIC ACID/EYDROTLUC

Powdered coal (0.5 z) was nlaced in the 2.7. . bems liner, to

d hydr»ochloric

[{4]

wrich concentrated nitric acid (6 m1) and concentres
acid (3 1) were added. The bomb wzs ithen sezled ard hezted in an

oven maintainsd at 135 107C for 1% nours, After coocling in air for
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45 mins =znd in iced water for 20 mins, the bomb wes ozeried, concen-

v}

trated nydrofluoric acid (5 z1) added and the bomb reheated %o 1 5°C

(]

for 2 further 1% hours. After cooli

(=0

ng as described zbove excess
aydrofluoric acid was destroyed wiih saturated boric zcid solution
(6% “/v, 50 ml). The solution was then iransferred wiih washings to

e 100 rl graduated flask.

If incomplete digestion of the co2l occurred en 2licuot of the solution
wae filtered through glaess wool and analysed in addition %o the unfil-
tered solution.

3.2.3.2 LEACEING

NITRIC ACID/XYDROCHELORIC ACID

Powdered coal (1.0 g) was added to the digestion flask containing

concentrated hydrochloric acic (30 ml1) arnd potassium dichrorate solu

tion (0.03% /v in concen ed nitric acid, 7.5 ml) and refluxed
gently for 1 hour. After cooling the mixture was filtered throuzh

ok

I

glass wool into a S50 ml graduated flask ané made un to volume v

flasx and residus wzshings.

3.2.2.3 DISTILLATICH

NIT2TIC LCID/SULPEURIC ACID

Powdered coal (1.0 g) was placed in the digestion flask containing

corncentraied nitric acid (30 m1) and zonceniraied suloruric zcid

-
i

(52 =1) 2rnd hezted wvigorously without »efiuvx Tor 1-2 Zours. Tre
evolvad mercury wes collacted in notassium permanzanate soluiiorn

(i77 =/v in sulphuxic acid, 10 w1, 1 ) in 2 25 71 zraduated flzsk.
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urm per-

The air condenser was washed into the flask and excess potass
menganaie solution desiroyed using hydroxylzmine hydrochloride solu-

tion (20% v, added dropwise until {he surple colour was dischzrzed).

3.2.3.4 2YROLYSIS AND CQii3USTI0H 2ROCEDURES

PYROLYSIS AND COLLECTIOQ! TIif 2CTASSIUL DICERONATE SOLUTION

Powdered coal (2.0 g) was weighed inio a fused silieaz boat,

. s o] . : :
previously clezned by heating to 1006 C in 2 sirezm of nitrogen. The
boat was inserted into a fused silice tube (25 mm i.4., 500 mm long)

located in the cavity of the iube furnace. &4 Dreschel bottle (to act

as scrubter) end the collecting vessel {a 25 =l grazduaied flask) were

by

7illed with 50 ml and 20 ml of the appropriete collecting solution.
The scrubber was then connected to the front of the pyrolysis train
and the collecting vessel to the end (fig. 8). The delivery tube was
meintained at lSOOC by a: heating izpe to prevent condensation of

water znd/or organic vapours on the glassware. The furnace was nested
to 800°C (2bout 40 mins at 20°C min™l) during which time niirogen

..]_)

(300 =1, min was flushed through the tube to sweev the svolved
& 1

. . . o .
mercury into the collecting solution. On reaching 800 C the Furnace
. s a - : (o] .
was switcned off and allowed to coonl to approximately 400°C (abouti

1 nour). The side arm was rinsed wiih concentraied niiric acid

- H
ent blank

|.|.

io 4 rea

o
ot

ng sol

($ 5 ml1) wnich was added to the colilect

3]

G

was prevared by syrolysing an emoty boat.

PYROLYSIS TOLLOYWED 3Y CCLLECTIQN T PCTASSIUN PIRVANGLNATE SOLUTION

liethod 1

This jrocedure was similar io that described above but included
the following modiications:
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(i) ©ootassium permengznate solution(l™ “/v in sulphuric acid, 1)

was used as the scrubbing and collecting solution, 50 =1 zrd 15 ml
respeciively.

wise to the collecting solution to destroy excess potassium perman-

- . N . . i . P -
yéroxylamine hydrocnloride solution (209 “/v) was zdded drod-

J-:
[N
~r

Hethod II
This procedure is similar to that described in *'I! above, but

solution descrived in

an

uses the more oxidising ard scidic colleciin
section 3.2.2, page 63. In addition the single collecting vessel

weas replaced with two vessels in series, containing 20 ml and 5 ml

JETERCTIATICH OF NERCURY

The epparaius, operating condifions ané srocedures used for the
determination of mercury are given in Chapter 2 (section 2.3.3.3,(ii),

page 44),




3.2 RESULTS AilD DISCUSSIQH
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ceeded smoothly and, after further small a

(2

been azdded during digestion solu-

pote
O
o
o
o
=¥
=y
o
[+

ume added 3.5 ml) of nitr
tions of coal were eventuzlly ottazined. These seclutions contairned

ca and were colourad bright yellow due to the sresence

'l
3
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e
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ct
v
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m
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of Fe” . Unfortunately dissolution itimes were frecuently in excess

6f three hours and digestion was often incomplete. Attemois

@

miss these effecis were made by including more nitric acid in ih
iniviel mixture to make the conditions more oxidising. Yo significent
reduction in dissolution time was observed, even for mixiures in which
ivne initial ratio of acids had been reversed. As ihe arount of nitric
acid was increased excessive frothing occurred =nd ithe ~ixiure was

-

then beczme difficult to wash »n»ior

[&]

blovm irto the condenser, whiceh
to collecting the coal sciution guantitatively. I[joreover, becausz of

the sirenuous reflux conditions used the nitric zcid could no*: He cdis-

m

tillecd off (as in 35 1016) without loss of rercury aiso., Consecusntly

the solutions cbiained from mixtures conteining large zmounts of nit-

£o4

ric acid were often deen bhrown coloured end it wes 2ifficuli to tell

LY ;D :

wnen and i digestion was complete. The concerntraiions of nitric a=d



Pl

indicated that signal size and precision were not significantly =z7-

‘J»

s

fected by the concentration of either nitric or sulphuric acid.

The resulis overell, however, were not ancourasging., Recovsries of
mercury iroz SR 16322 were inverizbly low (iypically 30-507), dis-

solution times were lengthy end droblems of incomplete dizestion

were encountered.

3.2.1.2 SULPHURIC ACID AND HYDROGE! PEROXIDE

s 0 ' .
Using {he recommended temperature of €0 C this method invar-
ie®ly produced incomplete digestion of the coal. odifying the recc-

tion cornditions by: increasing the amount of zcid and/or hydrogen

Ity
o
H

peroxide; adéing the cozl as two 0.1 g nortions; heatin srolonged

vperiods (up to 3 hrs); using orolonged heating with elevaied temper-

atures (150°C), fsiled %o =zchieve compnlete digestion of the cozl.

Both filtered and unfiliered solutions were analysed wiih recoveries
of mercury from SR¥M 1632a itypically 2C-40%, e initial rezction

r o

conditions were modified to include nitric acid (5 ml conc.) 2xmd the

hyérogen peroxide was then added as before. Similer resulis were

obtained and the method was deemed unsatisfactory.

3.3.1.3 HITRIC ACID &¥D POTASSIUNM DICHROHATE

Usirg this method the coal samples underwent verv subdbdusd, reluc-

tant reaction and no significant dissolution occurred. 1In one exper-

iment the mixiure wes cooled and pnotassium percnloreie solution




vigorous, digesiion of the coel wes still) incomdieie as evidenced by

nt of coal »emaining unreacted in the flask.

It was felt fhat the potentizl explosive hezzards associated with
the use of perchloric acid could bve overcome DYy dretreziment of the
coeal with concenirated nitric acid, in order to oxidise the more rea-
ctive orgenic components. Perchloric =zcid of two different strengths
(80 and 727 ¥/v) was used 2né in each case incomplete dissoluiion of
the coal occurred when nitric acid was included in ithe digestion oro-
cedure. The same result was obtained whern 60% nerchloric acid was
used without nitric acid. FKowever, wher 72% pexrchloric acid was used

without nitric acid pretreziment, rapid and complete dissolution of
the coel was observed. Using the stated cuantities the mixture was
heated gently with a Bunsen burner until the reaciion secame vigor-
ous and self-sustaining (1C-15 mins). Heatins was reapolied afier

gffervescence had subsided and complete dissolution wes achieved after

a2 total reaction time of about 30 nins.

Recoveries of mercury from SR 1632z, however, were low, in the range

20-507, but were greatesi for samples in which the coal had been

fully digested. Tor these latier sampnles the losses were aresuried to

ce cue to voletiiisation of the mercury at the elevaied item-eratures
A . %

recuired o reflux concenirated perchloric acid (approximately 210°C).

Sxperiments in which lower i{emperatures were used
the cozl whilsi others, in which excess potazssium iodide was adéed ig

the mixiture in ordsr %2 zreverti losses of —~ersurw through formz



3.2.2 LEBACHING OF ERCUAZ USIIG NITRIC ACID AND HEYDRCCHLCRIC ACID

« e

wercury is thought to exist in coal predominanily zs the sulvhide,

jis

Which is zpprecizbly soluble in zqua regia (hydrochloric acid/niiric
acid, £:1)., Thus atiempts were made

coal matrix without completely dissolving the coal.

ry

) . . ‘e o .
The mixture described was heated gently (80-100°C) for apnroximately
30 mins. DPotassium dichromate was included in the nitric =zcid {0.053<

e .. . L
“/v) for two reasons, firsily o retain the evolved mercury (ss with

'y

the standard solutions), and secondly to oxidise any organic materizis
which may have interfered in he atomic fluorescence deteciion of mer-
cury. 3oth filtered and unfiltered solutions were analvsed bui low
recoveries of mercury were obtained (less than 209) even when prol-

onged heating (up to S0 mins) and/or elevated temperziures (up

150°C) were used.

=i

These rezagents were then used in experimenis with a PTPE lined diges-
tion bomb. The method employed was itydical of those using such bombs
in that carbonaceous material was destroyed using nydrochloric acid/

fuming nitric acid and siliceous materisl using hydrofluoric acid, the
‘use of which introduced the following drawbacks: sirenuous safety
Precautions, sometimes wvery time consuming, were required due to tne

exiremely corrosive nature of nydrofluoric acid; saiuraied boric zcid

solution was recuired io reutrzlize excess hydrofluoric =zcid, thereby
Surther dilutinz the semdle sclution and possibly increasing rezgent

convermination; specisl nigh density PTAE bomb liners were reguired io
minimise acid nigration which might otherwise have resulied in rlercury

lossas or damzze to the bomb; polydronyiens or PRI volumeiric



vessels were renuired,

Tne results obtzined with fhe bomb were =o% encour zzing. Sempie
throughnut times were {ypically Tour io Five hours and ihne method
seemed limited by the need to use small szmples (0.5 g) or less,
producing sample concentrations of 1% "/v or less, BEven after Dro-

odious volumes of oxides of nitrogen were releasec
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1
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(o]
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upon ovening the bomb. Frothing and leakage of ihe contentis zlso

occurred, lezding to losses of mercury.

Clearly these epproaches to sample digsstion were unsatisfactory and
there seemed no simple way to overcome these shortcomings., Thus it
was decided to try t{o exploit, rather than combat, the volatili ty of

mercury, and to distil the mercury from the coal followed by collec-

tior in a suitable collecting medium.

3.3.3 DISTILLATION OF IERCURY

Tnis method was found to be unsuitzble since gaseous decompos-
ition droducts evolved during the reaciion, were carried over wiih the
mercury. The potassium permangeneste was reduced to manganese dioxide

wnich tended to nizte out on the glassware, thereby cdecreasing the

=0
74

ability of the solution to absord mercury and czusing low recover

Zeczuse of the potentisl safety hazards involved in using dercnloric

zcid without reliux (when denydration and fuminz rav occur) stili-
lztion using this =scid was not zittemnied. Ciher acid mixiures wers

digestion 2rncounterad sreviously were evnected to prevent relezse o




rercury from the cozl.

I% vwizs decided therefore to invesiigsie non-oxidative Pyrolysis and

:

oxidative comdbustiion as methods of relezsing mercury from cozl.

. o, .
Replicate samples of a2 base cozl wers oyrolysed =zt 800 C in =2
stream of nitrogen (scrubbed by passing through a2 =721l volume of

collecting solution) zand the evolved mercury coliected in ezch of 2

d.

'3

series of solutions containing votassium dichromate in nitric zc
Tre acid strengths were 1.6, 5.0 and 16 M. Zach acid solutio=n was
used to make four sdlutiong cortaining 0.03, 0.3, 3.0 and 5.0¢ /v
sotassium dichromete. 1In some cases (strong acid and/or high potas

sium dichromete concentrations) it was difficuli to dissolve the pota-

=
=t

ssium dichromate withnout prolonged immersion in an trasonic bath.
The results were compared (Table 6 ) to cdetermine which solution wes

most efficient for coliection of the mercu»y. A rezzent blank has

veen subtrzcted in ezch case.

=

he resulis are generally incornclusive though high acid ccncentrations

opear to be favoured. Four semples of SR 156322 were ny yrolysed and

[t

tze evolved mercury zbscrbed in the four sirong ecid soluiions of

/v solutions were ce 200, 180, 300 znd 2807 res-
pectively, The reasons for these high recoveries were nos irmediately
gddarent itnough sevarsl Dnossible causes were identified, wihich were:

pyrolvsis boats contained warying amounts of rercury;

~—
jv)
A
ct
t e
'

@
'J

ii rercury convamination of the nitric zcidé and/or noiassium

- 282 -



Table 6. Fluorescence signal as a function of nitric acid and

potassium dichrcomate concentrations

Potassium dichromate
concentration, % m/v

3.0

5.0

~83-

acid molarity
l.6 5.0 16

Fluorescence signal/arbitrary units

2051 1417 4554
1774 2659 4260
5503 3113 5767
3457 2826 5691



(v)

tne highly acidic notassium dichromeie soluiions were leach-
ing mercury from the glassware used;

mercury in the purge gas was not effectively removad by the
scrubber;

organic pyrolysis products noi oxidised by the notassium
dichromate solution were underszoing broad band molecular

fluorescence at and zround the analyiical iire.

In order to eliminate each of these effects ihe following stens were

teken:

. . 0, .
the dyrolysis boats were heated to 1000°C in a muffle furnace

) o

supplied with a small flow of nitrogen, (the boats were tren
stored in concentrated nitric acid in a closed container);

o . .
dotassium dichromate was heated to 420 C (meliing noint

o . . . A
3987C) under a stream of nitrogen irn 2 muifle furnace and

the

je

stirred to remove any mercury {(the cleaned notassium dichro-

mate and nitric acid solutions were anazlysed For mercury con-

]

. . c -1 ot
tent which was found to be less than 0.5 rg.rml for hoth

solutions).

ct

he glassware used was cleaned and stored in concentraed
nitric zcid in 2 closed container;

a2 solution of notassium permengerzte in dilute sulphuric

acid was used io scrub the purge zZas;

the rluorescence spectrum was scanned in the region 240-2£5 nm
while pumping Tirsi sterndard solution and secondly sample solu-
icant differences in the line »drofiles wexe

observed indicsting the atsence of brozé pané molscular

fluorescence.

0
[£9



After tz2xing 211 the szbove preczutions recoverizs of
SR\ 16322 were still nizh, typically 120-200¢. In vi
o identily the reasons Tor tnese high recoveries ize
omate solution wes rejected. The basic pyroliysis pr
teined but poiassium permanganate solution (17 /v in

1 if) .wes used as ithe purge Zas scrubder and Dercury ¢
tion. The probdlems encounfered in distillzaiion exper

solution were again apparent. Organic pyrolysis nrod
notassium permangenste io manganese dioxide which »nla

tnereby decreasing the ability of the solut

Tercury, causing low recoveries. Some experiments we

F)

wnich the coel was combusied by using air a2s th

JUrg

-5

evidence of over rzpid cormbusiion causin outiering

silica bozt 2nd sudden discharges of gaseous producis

collecting solution. These effects combined itc yield

ttemdt to control the raie of

4

oI mercury. att

=1

t0 102 ml.min -

=l

s flow rate was reduced Trox . .

200

. . o -1
low anyvizy, was mainteined 2% 20°C nmin ~.

of mercury was odserved.

iglly ovsrcome
the cor cehtr“ i

adding concent

cr

[

zeihod recoveries of nercury were

<

in se2ries, conitaining 20

r2coveries of mercury

ern

rzt=

mercury from

awv of the fajilure

edure was r-e-

sulnriaric zcid,
ollacting soiu-
izents using this

ucts reduced the

t2d out on the

ion to =zbsord
re nerformed in

2 gas, There was

0f coal from %the
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moustion the surge
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».4  CONHCLUSIOI

The cdetermination of mercury in cozl has posed severazl Ffunds-

mental analytical problems in terms of the intraciability of the =mat-

o

rix, the volatility of mercury and the low levels tynically pnresent
in coal. VWhile instrumentel technicues, in which nrior destruction.
of the matrix was avoided, have been renorted, ihe consensus of odin-

ion nas favoured isolaiion ard collection of the mercury ovrior

-

- 3 ] +

analysis. Iz the work deseribed the efficiency of & number of wet
chemnical digestion mixtures has been evaluated and compared with the

derformence of systems in which thermal relezse of the mercury was

follovied by collection in 2 suitable absorbing redium.

In generz2l the resulis obtained for the various acid mixbtures used

are disapnpointing. Excepi when using concentrated perchlioric acid

complsie, reproducible dissolution of the coal is not rsadily ach-
.

ieved. When dissolution doess occur the reaction times are usually

in excess of three nours (3C min. for perchloric acid) and elevated

<k

o . .
emceratures ( 260 C) necessary. Low mercury recoveries are invar-

. :

zired, indicating thet rcercury is lost during digesiion,

[N
o
'-J

g
Q
o
ot

a

Presunably through volatilisation. Possibly this is beczuse some of

[l

cury is present as the sulphide which readily oxidises and

Y

ok
4]
1
[{1]
"3

deconposes vo elemenial mercury and evan strenuous reflux azpdeers

+ 4

unable e revain the mercury formed in such hot, oxidising conditions.

. i o . ., . .. 2+
Tre addiiion of notassium dichromaie o ensure the oresence of =z

in soluiion (2nd to 2ssist oxidziion of ithe meirix) fails o aravent



TABLE 7

Resuits of Mercurv Determinations on VYarious Coal and Ash Samples

Coal Mercury found/ Incdependent Aralysis
ng g~}
Mercury guoted/ HMethod
-1
ng g -
- a N - .
NBS SRM 1l632a 1341 130 = 30 AAS and NAA
NCB A 140 <400 NAX
NCB B 175 <500 NAA
Coal Ash Mercury found/ Mercury quoted/ Metnod
ug g~ ! g g7}
BCRA Ash 202 195 CVArS
a. Mean of nine replicate coal samples with each of these solutions

-1
analysed nine times. Standard deviation 3.1 ng g =, relative
standard deviation 2.7%.
b. Certificate valiue.

AAS = Atomic absorption spectrometry

NAX Neutron activation analysis

CYAFS = Cold wvepour atomic fluorescence spectrometrv

-87-



volaiilisation losses. 3imilarly adding excess potassium iodide

. e~ T12- .
fails to retain mercury as the [hgiA] complex ion.

dad ore or more of the dissolution methods oroved satisfactory, typ-
ical cozl sample solution concentrations were likely to have beern in
the range 0.5-2% “/v (0.6-2.6 ng.ml-l mercury). The determinetion of
sucin low levels of mercury is, however, well within the scone of the

-1
0.4 ng.ml

(44

S
.

detection system described (typically 104 2.5.D. a

Since none of the exverizments involving direct dissolution and leach-

ing of the coal setisfies the recuiremenis for a suitable method an

alternative approach is required and one in wh

Ty of

ot
[N

ch the wvolatil

b

mercury can successiully be exploited appears attractive.

The problems of the reactiviiy of the sample decompnosition products
experienced in distillation experiments are aggravated in atiempis to
pyrolyse coal, since pyrolysis produces more smoke, volatile organic
vapours and sulphur dioxide than does distillation of mercury from
solution. The low recoveries of mercury observed when coal is com-
busted mey be due to adsorption of mercury on carbonaceous matier
deposited on the walls of the tube following over-rapid burning of the
semple. Although the success of subsequent pyrolysis experiments is

N
primarily to the modifications made io the colleectin solution,

@
1._‘.
cn

u

ot

the use of two collecting vessels in series and = heeting tape to pre-
vent condensation in the side arm voth assisied in ensuring gquantiia-
tive collection of the mercury. Depletion of the availzble potassiunm
permenganate is allevaited by increasing ihe corceriration 5-fold,
while adding nitric azcid %o the solution assisis in oxidising some

componenis of the smoke which may otherwise rezct with the notassium

- a8 -



derranganzte. The collecting solution descrived gives cuaniiiziive

recoveries of mercury for ithe only coal availeable nazving =z certified
r irne independeni analysis of ciher

mercury vzlus, Gocd ggreement wiih

coals was 2150 oblairned zand the solution is expected io0 b2 suffici-

petn

ently oxidising for a range of coal types, ¢.5£. sub-tiiuminous and

brown coals.

The use of the argon-sheathed atom cell zrd cold-vapour aitomic fluor-

tions and the continuous {low system, drovides more than adecuzie
orecision for eozl analvsis (2.7% relaitive); th 15 especially so

when the inherent sampling problems of coal are considered. The large

-1
linear working-range for mercury in coal (5 ne z o 2SIU§ g ), with

-1 . .
.13 ng g ~ using 2 2gsampie, coulié be even

Fad
EN

}=3

a detection limit o
further improved by varying the samole size taken or the amouni of

collesctirng solution.

inzlysis time is presently 2 to 2 minutes ver solubtion, bui the tine
consuming sten involves the slow heating a2nd cooling rates of the
Zurnace availadbie. 4 smeller, more versatile furnace with more radid

heating and cooling razies should merkedly reduce the overall anzlysis

n

time of annroximately 12 hours per sample, This would make the method

even more suijed to the routine determination of mercury in cosl and
fly =2sh, witz its probadle extension to coal iar and relsted materizls,



Chapier 4, DETIRTHATION OF ARSENIC 471D SALELIU BY ATQNIC

ABSORPTIOH AND ATQITIC PL.UORESCZNCE STECTIOLETRIY USIHCG COMTINUQUS

EYDRIDE ZZNERATION

4.1 INTROJUCTI

As with mercury the last 15 years nas witnessed 2 much-increased
intersst in the determination of low levels of earsenic and seleniux
in 2 veriety of samples. Traditionelly, routine determinations of
arsenic have been performed using varizstions of the method firs
reported by Cutzeit (121) in 1879. 1In this method arsenic was detfer-
mined by volatilizing the element as arsine (Ashs) and compearing the
colourztion formed upon discs of dry peper impregnated with mercury
(I1) cnmloride with that obtzined using %Xnown amounts of arsenic.

The method lacks precision aznd it is doubtful whether the accuracy
exceeds 10¢% of the true value. On the whole, spectrophotomeiric pro-

cedures based on molybdenum oblue (100) or silver dieithyltrziocarbamzte

}.J.
<k

(122) have proved superior. Both possess zood sensitivity and ore-

(3]

cision, but exhibit poor selectivity za2nd ere prone to interferences.

Selenium has been determined spectrophotometrically by fluorimetric

I-J

meinods using 3,3'-diamirobenzene (123) ard 2,3 diamironzpthalene
(Dax) (124, 125). The use of DAY, however, has certain disadvan-

tages including the need to purify the reagent and to perform the

anelysis prompily due to the unsiable nature of the pizzselenol

™

ted

complex. urthermore, DAN is chemically relsz
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geric compouréds, Selenium contirues %o te determined colourimetri-

Because of the limitzticons mentioned these methods nave lerzgely been

superseded, parily by irstrumentel tecnricues (e.35. spark-source



zass spectrometry (2), X-ray fluorescence (94) and neutron activa-
tion analysis (127) - see section 5.1), but more frequently by atomic
spectroscopic methods (see below), which generally offer greater

freedom from interferences and improved sensitivity.

4.2 DETERMINATION OF ARSENIC AND SELENIUM USING ATOMIC SPECTRO-

SCOPIC TECHNIQUES.

0f the atomic spectroscopic technicues available hydride gener-
ation/atomic absorption is the most widely used. 1In this method the
sample is mixed with a suitable reductant éfter which the gaseous
covalent hydride is purged from solution by a stream of gas and
delivered to the atom cell. The advantages of this method include
quantitative transfer of the analyte to the atom cell and separation

of the analyte from the matrix which reduces chemical interferences.

Godden and Thomerson (128) have reviewed the wide variety of app-
roaches reported for the determination of several metalloid elements
by hydride gereration/atomic spectrometry. Confiicting opinions
(129, 130) exist regarding the selectivity and efficiency of the
various reductants used. lMany authors (129, 131, 132) have prefer-
red sodium tetrahydroborate (III) solution. Others have used mix-
tures of titanium (III) chloride/magnesium powder (133) and potasz-
sium iodide/zinc powder/tin(II) chloride (130, 134, 135).
Advantages claimed for sodium tetrahydroborate (III) are speed of
hydride evolution, simplicity, higher conversion efficiency, lower
tlank levels and the co-evolution of hydrogen which nelps to purge
the hydrides. Interferences from reducing mixtures containing tin

(II) ions have been reported (136). Collection devices, particularly
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balloons (129, 137), for storing the hydrides prior to transfer to
the atom cell proved advantageous when the analytical sigrnal was
czeesured by peak height methods and slower reductants, g;é. zine,
were used. Most recent systems (25, 138) have excluded collecting
devices by sweeping the hydrides directly to the atom cell. Methods
involving injections of discrete samples were initially reported but,
while sample may be conserved in this way, such systeas prove tedi-
ous when lerge numbers of samples are to be analysed. Several work-
ers have reported automated systems for the generation of arsine and
hydrogen selenide in which the reductant and sample were pumped to a
reduction cell (27, 28, 29, 139, 140, 141) prior to etomit absorption
spectrometry. The merits claimed for these systems are speed in
analysis, improved precision and greater freedom from interferences

(29) compared to manual injection.

Flames and tubes (either flame (19, 138) or electrically heated (25,
142, 143)) have been used to generate free atoms from the gaseous
hydrides. The high absorbance of the air/acetylene flame (144) at
the arsenic and selenium resonance lines (193.7 and 196.0 nm res-
pectively) results in poor signal to noise. In contrast the argon or
nitrogen/hydrogen/entrained air diffusion flames are mérkedly more
transparent at these wavelengths and have found many applicetions
(129, 130, 145). The problems of compound formation interfersences
sometimes encountered using these cool flames are lergely overcome
when gaseous samples of covalent hydrides are introduced directly
inte the flame. Nany authors have reported using heated cuartz
tubes as the atom cell, which improved sensitivity by eliminating
flame absorption and increasing residence times. Graphite tube

r
etonisers have also been used (29) though interference effects are
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apparently more pronounced.

When increased sensitivity is required this may be achieved using
hydride generation followed by atomic fluorescence spectrometry.
Both dispersive (146) and non-dispersive (147, 148) systems have
been used to determine arsenic and selenium and impressive detection
limits are quoted. The use of a miniaturised argon/hydrogen flaie

has also been described (149).

Atomic emission spectrometry using the inductively coupled plasma

has also been used to determine arsenic (150) and selenium (151).

The analytes are introduced as the hydrides aﬁd advantages analogous
to those obtained when using atomic absorption spectrometry are
gained. Of the alternative atomic spectroscopic techniques available
for the determination of arsenic and selenium electrothermal atomic
absorption spectrometry is currently the most widely used. The popul-
arity of this technique for these elements stems from the fact that
the use of flames is avoided and the problems of low signal to back-
ground at the analytical lines of interest are reduced. However,
scattering of source radiation by particulate matter in the furnace
tube is more severe at these short wavelengths and for many matrices
high and variable matrix absorption is unavoidable. Consequently
background correction is highly desirable. Methods in which tﬁe
sample is injected into the furnace manually can prove tedious and
part- or fully-autcmated systems, which generally offer improved
precision are more widely reported. Nevertheless the methods can be
time-consuming (5-10 minutes for 5 replicates per solution) especi-
ally when prior addition of matrix modification agents is necessary

to prevent losses of volatile elements such as arsenic and selenium.
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In addition, sample preparation and control of experimental condi-
tions requires careful attention if reproducible results are to be
obtained. Despite these apparent limitations the inherently good
sensitivity of the techmique has been exploited to good effect by
workers (152, 153, 154) determining arsenic and selenium in a

variety of matrices.

Qur requirement was for a simple yet sensitive hydride generation
system suitable for routine analytical determinations. The continu-
ous flow system (section 2.3.1, page 35), was retained was the basis
of the method and the hydride generation system developed by Thompson
et al (155) was modified for our purposes. Sodium tetrahydroborate
(III) solution wes chosen as the reductant for the reasons outlined
above. Since flames represent a well understood and simple to oper-
ate class of atom cell, a small argon/hydrogen/entrained air flame
was adopted as being favourable for atomic fluorescence but also
applicable to atomic absorption. Argon was chosen as the support gas

because of its low fluorescence quenching characteristics.

4.3 EXPERIMENTAL

4.3.1 EQUIPHENT

The apparatus used for the determination of mercury was modified
by adding a 28-turn auto-analyser mixing coil (2.5 mm i.d.) between
the peristaltic pumps and the reduction cell. The two solution
streams entered the coil via a "Y" shaped adaptor and this premixing
of the reductant and analyte solutions resulted in partial generation
of the hydride prior to entry into the reduction cell. The intimate

mixture of spent solution plus hydride was released into the top of
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the reduction cell, which now functioned largely as a gas/liquid
separator, while a stream of argon, introduced via a capillary, was
directed into the incoming mixture. This arrangement promoted eff{i-
cient stripping of the hydride from the spent solution which was
taken to waste through the constant-head drainage tube. The nydride
was then swept by the flow of argon to the base of the burner, where
it was mixed with a small flow of hydrogen prior to decomposition in

the flame (Pig. 9).

The burner consisted of a borosilicate glass tube (8.5 mm i.d., 100
mm high) with inverted "Y" side-arms (5 mm i.d., 35 mm long) to act
as gas inlets. This was located vertically in the spectrometer,

replacing the burner/nebuliser assembly, and at the focal length of

the entrance slit lens.

Arsenic and selenium hollow cathode lamps were used as spectral
sources for atomic absorption measurements. The light beéms were
focussed on the atom-cell through a zoom lens located between the
source and the burner. Atomic absorption measurements were then made
in the volume 0 - 10 mm above the burner using the spectrometer
optical system. Arsenic and selenium electrodeless discharge lamps
were used as line sources for atomic fluorescence measurements.
These were arranged so that the volume O - 25 mm above the burner
was irradiated, the fluorescence radiation passing through the
entrance slit to the monochromator. Atomic fluorescence was excited
using front-face illumination with a source/atom-cell/slit angle of

45°,



Atomic absorption and atomic fluorescence were measured at 193.7 and
196.0 nm for arsenic and selenium respectively. For atomic fluores-
cence the spectrometer was operated in the "emission" mode and a
spectral bandpass of 2.0 nm was used in all work. The steady-state
signals obtained were sampled using the spectrometer integrator.

Instrumentation and operating conditions were given in Table 8.

4.3.2 REAGENTS

Unless otherwise stated the reagents used were of analytical

grade,

Sodium tetrahydroborate (III) solution.

Prepered by dissolving sodium tetrahydroborate (III) (Pisons
Scientific Apparatus, Loughborough, Leicester, 1 g G. P. R.) in
sodium hydroxide solution (100 ml, 0.1 Ii). Solutions prepared this

way remained usable for 2 - 3 days.

Arsenic'and selenium standard solutions.

Arsenic and selenium standard solutions were prepared by serial
dilution of stock solutions of 1000 Fg.ml-l (Hopkin and Williams,
Chadwell, Heath, Essex). Working standards, typically in the range

1 -100 ng.ml'1 were prepared using the diluents described below.

Hydrochloric acid diluent solutions.

Arsenic solution diluent was prepared by dissolving scdium
iodide (10 g) in hydrochloric acid (1 litre, 5 4). Selenium solution
diluent was prepared by dissolving sodium bromide (10 g) in

hydrochloric acid (1 litre, 5 ).
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Fig. 9 Continucus flow system for the generation of gaseous hydrides

A. Peristaltic pump, 2.5 ml.min Y sodium tetrahydroborate (III)
solution

B. Peristaltic pump, 7.0 ml.min t sample or standard solution
C. 28 turn mixing coil. (2.5 zm i.d.)

D. Gas/liquid separator

E. Drain, to waste I

. Argon carrier gas inlet, 120 ¥ 10 mJ..m:'Ln-1
G. Hydrogen iniet, 1680 ¥ 10 ml.min~?

H. Borosilicate glass tube burner
I

. Argon/hydrogen/entrained air flame atom cell
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Table 8

INSTRUMENTATION AND OPTIMUM OPERATING CONDITIONS

Comggnent

Excitation Sources;
Atomic absorpticn

Atomic fluorescence

Microwave Cavity

Peristaltic Pumps

Model

Arsenic and
Selenium Hollow
Cathode Lamps

Electrodeless
discharge lamps

Broida % wave
cavity, 210L,
powered by a
Microtron. 20C
Mark III micro-
wave generator

Schuco Minipumps
Mark III and

Sugglier

S$.J. Juniper & Co
Harlow, Essex

Elecéromedical
Supplies
Wantage

Oxon

Schuco Scientific
Halliwick Court
Place, Woodhouse
Rocad, London.

Instrumentation
Laboratories
Lexington,
M.A., USA

Se

800
x2
196.0

Mark IV ,
Spectrometer’ IL 151
Spectrometer operating conditions
Function aas
As
Mode Atomic absorption
Photomultiplier voltage 800
gain x2
wavelength/nm 193.7
band pass/nm 2.0
4 x

integration period/s
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Operating Conditions

As 4 mA; Se 4 mA

As 37W; Se 64w

Mark III, (reductant)
2.5 mf min—1

Mark IV (standard)
7.0 m2 min~!

afs
As Se

Atomic emission

900 800
x2 x5
193.7 196.0
2.0
4 x 4



4.3.3 PEROCEDURES

4.3.3.1 PRESERVATION OF STANDARDS

The arsenic (III) and selenium (IV) calibration standards were
stabilised by dilution with the hydrochloric acid solutions of
sodium iodide and sodium bromide respectively. When the solutions
were stored in borosilicate glassware these diluents prevented loss-
es of arsenic and selenium feor several days at 100 ng.ml-1 and lower

and several weeks at 500 n\g.ml-1 and higher.

4.3.3.2 DETERMINATION OF ARSENIC AND SELENIUM

Zero the instrument when pumping sodium tetrahydroborate (III)
solution and hydrochloric acid solutions into the gas/liquid separ-
ator. Replace the acid diluent with the sample or standard solution.
Using the spectrometer integrator measure the atomic absorption or
atomic fluorescence, of either arsenic or selenium at the appropriate
wavelength, once a2 steady state signal has been obtained (approxim-'

ately 45 seconds later).

4.4 RESULTS AND DISCUSSION

4.4.1 OPTIMISATION OF THE SYSTEMN

4.4.1.1 GAS FLOW RATES

The optimum gas flow rates were identified by a simple factorial
process. Hydrogen and argon flow rates were examined in the range
0.05 to 1.2 l.min-l. The process was repeated at several different

burher heights, for both arsenic and selenium using atomic absorption

and atomic fluorescence spectrometry. Typical results are shown in
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PFig. 10. The optimum flows were those causing least dilution of the
hydrides. Wren using very low flows of hydrogen, 0.1 1.min"! and
less, pulsing from the peristaltic pumps caused the very small flame
to fluctuate. ZLow flows of argon, 0.1 1.min"! and less, purged the
hydrides only slowly from the gas/liquid sepérator. Both effects
caused poor precision. The gas flows producing the greatest signals
with acceptable precision were 120 * 10 and 180 ¥ 10 ml.min™! of

argon and hydrogen respectively.

4.4,1,2 CONTINUOUS PFLOW SYSTEL:

Signal size was relatively insensitive to variations in sodiﬁm
tetrahydroborate (III) solution concentration and flow-rate. The sig-
nal increased linearly with the flow-rate of sample up to a maximum
of 30 ml.:nin_1 above which it became difficult to drain the cell suf-
ficiently rapidly. Flow-rates of 2.5 ml.min-1 of sodium tetrahydro-
borate (IXII) solution and 7.0 mJ..min_l of sample solution were chosen
to minimise reagent and sample consumption, consistent with accept-

able signal size.

4.4.1.3 SODIUM TETRAHYDROBORATE (IIT) AND HYDROCHLORIC ACID

SOLUTICON CONCENTRATIORNS

Different concentrations of sodium tetrahydroborate (III) and -
hydrochloric acid solutions were investigated in the range 0.5 to
4% w/v and 1 M to 7 M respectively. For arsenic little variation
in signal size with pH was observed though for selenium an optimum
hydrochloric acid concentration of 5 - € Ik acid was clearly iden-
tified. The reagent concentrations chosen were designed to minimise

over vigorous reaction while ensuring rapid and efficient generation
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Fig. 10 Optimisation of argon and hydrogen flow rates for the

determination of arsenic by atomic absorption svectrometry
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of the hydrides. Since arsine is produced eaqually readily from

As (II1) and As (V) in strongly acidic solution (pH <4) and selenium
sensitivity is enhanced in strong acid, 5 M was chosen as the pre-
ferred hydrochloric acid concentration, for which the optimum sodium
tetrahydroborate (III) solution was 1% w/v. Aqueous solutions of
sodium tetrahydroborate (III) were stable for only a few hours but
this problem was readily overcome by preparing solutions in dilute

sodium hydroxide solution (0.1 li).

4.4.1.4 BURNER DESIGN

The very short path-length, 8.5 rtm, though suitable for atomic
fluorescence spectrometry, could be considered less favourable for
atomic absorption spectrometry than a long path-length burner. As
all the sample reaches the atom cell the consideration should, how-
ever, be of residence time and efficiency of irradiation. This
design, the simplest possible construction, has been found to give
very satisfactory performance. In further experiments the evolved
hydrides were swept into the expansion chambers of conventional
air/acetylene and nitrous oxide/acetylene burners. After a similar
optimisation of the gas flows the longer path lengths did produce
somewhat larger absorption signals. Signal to noise, however, was
much reduced, more so for the air/acetylene burner than for the

nitrous oxide/acetylene burner and this work was not continued.

The optimum optical arrangement for absorption was obtained by pla-
cing the burner at the focal length of the entrance slit lens with
the top of the burmer blocking the lower half of the light beam

from the hollow cathode lamp. The width of the light beam, at the
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burner, was then set equal to the diameter of the burner using the
spectrometer zoom lens. This corresponded closely to the optical

focus.

4.4,1.5 OPTIMISATION OF ATOMIC FLUQRESCENCE SIGNALS

The volume O - 25 mm above the burner was irradiated, zgain
using illumination at 45% in preference to the conventional 90o
illumination. In this arrangement the burner was located at the
focal length of the entrance slit lens (instead of adjacent to it)
and azdvantages similar to those gained in the determination of mer-
cury were observed, i.e. much lower levels of background radiation
and specular reflection reachirng the monochromator, enabling greater
signal amplification with a minimal increase in noise and also more

efficient collection of the atomic fluorescence.

When the power to the electrodeless discharge lamps was varied the
graphs obtained of integrated fluorescence signal against forward
microwave power were linear from 18 W (lowest available setting) up
to 55 W and 67 W for arsenic and selenium respectively. The selenium
signal was stable at high power, though above approximately 40 W the
arsenic signal became very noisy. The power settings yielding con-
sistently acceptable signal to noise ratios were approximately 37 ¥

and 64 W for arsenic and selenium respectively.

4.4.1.6 DETECTION LIMITS AND LINEAR WORKING RANGES

The following flow rates (ml.min—l) were used to determinre
arsenic and selenium using hydride generation/atomic absorption and

atomic fluorescence spectrometry:
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I+

hydrecgen , 180 10
argon 120 I 10
sodium tetrahydro-

borate (III) 2.5
sample or standard 7.0

Using these conditions the detection limits and linear working ranges
Shown in Table 9 were obtained. A relative standard deviation of
-10% was taken as the lower limit of the useful working range of the
methods and the corresponding concentrations are also shown in

Table 9.

4.5 CONCLUSION

Because of its greater sensitivity, relative to conventional
atomic absorption methods, hydride generation/atomic absorption. has
become the method of choice for the determination of hydride forming
elements. The success of the technique is due to a number of factors

all of which contribute to the sensitivity available,

¥hen a suitable reductant is used and efficient stripping of the
evolved hydrides achieved, quantitative transfer of the analyte,
from solution to the atom cell is possible., The analyte, now in the
form of a simple gaseous compound, is readily decdmposed, allowing
the hydride to be introduced directly into the flame. Thus undue
dilution of the analyte through inefficiént nebulisation processes
is avoided and enhanced semnsitivity results. When using air/acety-
lene fiames traditional atomic absorption methods for the determin-
ation of arsenic and selenium suffer from poor sensitivity due to

absorption by the flame at the wavelengths of interest. Since the
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TABLE 9

DETECTION LIMITS AND WORKING RANGES

FOR THE DETERMINATION OF ARSENIC

AND SELENIUM

Atomic absorption spectrometry
Limit of detection (20}
Linear calibration range

Lower limit of working range*

Atomic fluorescence spectrometry
Limit of detection (20)
Linear calibration range

Lower limit of working range*

Limits/ng ml'l

Arsenic Selenium
0.8 0.5
2.5 - 150 1.5 - 100
5.0 2.5
0.34 0.13
1.0 - 50 1.0 - 50

2.0 1.0

* The lower limit of the working range is taken to be the level at

which the relative standard deviation has risen tc 10%
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hydride is easily decomposed once separated from the matrix, the
air/acetylene flame can be avoided in favour of a cooler, less lumin-
ous flame. Thus, hydrogen-based diffusion flames have been exten-
sively uséd as atom cells in hydride generation/atomic absorption
methods, mainly due to the low background énd absorption character-

istics in the spectral region immediately above 190 n=.

By choosing an atom cell with suitable geometry this fype of flame
is well suited for use with atomic fluorescence spectrometry. Argén
is usually preferred to nitrogen as the support gas because of its
lower cross-section for gquenching of atomic fluorescence. The rela-
tively low temperature also results in reduced quenching and reduced
thermal expansion with minimal dilution of the analyte atoms in the

atom cell.

In the work described each of the parameters expected to exert the
greatest effect on sensitivity and precision has been investigated.
The sodium tetrahydroborate (III) solution is shown to be a rapid

and efficient reducing agent for the generation of arsenic and sele-
nium hydrides. Premixing of the solution streams prior to their
entry into the gas/liquid separator promotes efficient reduction.

The geometry of the burner and the optimum gas flow rates combine tq
generate a miniature flame which is suitable for both atomic absorp-
tion and atomic fluorescence measurements. The excellent sensitivity
obtained using atomic absorption spectrometry with such a short path-
length is due to the way in which the hydride is introduced to the
atom cell. Quantitative transport of the gaseous analyte to the

atom cell is readily achieved using only a small flow of argon and
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undue dilution by flame gases is avoided. The anzlyte atoms are
contained in a small volume (approximately 1 cm3) which results in
efficient irradiation, while the low gas flows promote increased
residence times. Using longer path length burners failed to produce
any increase in sensitivity due to the high gas flow rates required
to support the flame, which resulted in dilution of the analyte and

short transit times through the atom cell.

The apparatus, though extremely simple, offers competitive sensit-
ivity using atomic absorption spectrometry. Atomic fluorescence
spectrometry, disappointingly, gives only a small advantage in
detectability (a factor of approximately three) and no gain in linear
Working range. Both of these problems are thought to be due to the
difficulties in operating the sources in a suitably intense manner.
Thermostatting of the sources could be expected (156) to extend the

lower end of the fluorescence working ranges considerably.

The inexpensive pumps allow continuous generation of the hydrides,
thus improving precision by eliminating discrete variables, and
accuracy, by unambiguously défining the background level. By using

an autosampler the system could be fully automated.
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Chepter 5. DETERMINATION OF ARSENIC AWD SELENIU:R IN COAL

5.1 THTRODUCTIQH

A number of reports has appeared on the determination of arsenic
and selenium in coal using & variety of techniauez s»¢ approaches.
Both elements have been determined in whole coal using spark-source
mass spectrometry {157) (semiquantitatively, (2)) and X-ray fluores-
cence (22, 94). Using the latter, poor accuracy, due to spectral
interferences, has been reported (22) though the use of sophisticated
computing techniques has enabled some workers (94) to overcome both
spectral and matrix interferences, permitting calibration with
aqueous solutions. However, careful preparation of the sample app-
eérs necessary in order to ensure the homogeneoué particle size re-
portedly desirable. WNeutron activation methods (95, 97, 158, 159,
160, 161) have also been applied to the analysis of whole coal sam-
ples. Several workers have reported good agreement between experi-
mentally obtained and certified arsenic and selenium values wﬂen
analysing standard coals. While lengthy sample pretreatment proced-
ures are avoided, problems of limited sensitivity and poor precision
may be encountered when the concentration of arsenic or selenium is
very low, typically Z‘Fg.g-l or less. In addition most of the repor-
ted neutron activation methods require that the activity of the sam-
ple be allowed to decay for lengthy periéds, both for safety reasons
and to reduce interferences, and this may prove a major analytical
disadvantage. Arsenic and selenium have been determined in low temp-
erature coal ash using spark source mass spectrometry (162) and neu-
tron activation analysis (22). While the ash is relatively easily

obtained the methods used for subsequent dissclution of the ash, and
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the chemical treatment of the solutions obtained, zppear extremely
tedious. iiany workers using neutron activation methods have preferred
to dissolve (127, 163) or combust {(96) the sample after irradiation

in order to remove potential interferences and to preconcentrate

arsenic &end selenium before counting.

Feasability studies (164) have recently been performed using heavy-
ion induced 'K', 'L' and ‘i’ X-rays to excite trace metal spectira

of coal and biological samples. ‘Ythereas proton-induced X-ray emis-
sion methods are more widely reported, methods using heavy-ion in-
duced X-rays are attracting interest henause of the greater sensiti-
vity available with these higher energy X-reys. 4lthough potentially
capable of simultaneous multi-element analysis this technique apnears

limited by the complex spectra produced.

The lower volatilities of arsenic and selenium relative to mercury
have been exploited by several workers who have reported methods of
sample dissolution using oxidising acids at elevated temperatures,
Various geological samples (rocks, soils or sediments) were digested
using mixtures of agua regis (165), nitric acid/perchloric acid (147),
nitric acid/overchloric acid/hydrochloric acid (166), and nitric acid/
perchloric acid/hydrofluoric acid/potassium permanganate/notassium
versulohate. Other workers have reported fusion of the sample with
sodium hydroxide followed by digestion of the melt using nitric¢ acid
(167) and water (139). Similar approaches have been used to deter-
mine both arsenic and selenium in coal. fter dissolution of coal
using & mixture of perchloric acid/periodic acid, arsenic was deter-
mined colourimetrically (103) and by atomic absorption spectrometry

using a sampling boat technique (168). Selenium has been determined
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using anodic stripping voltametry (169) after dissolution of coal usirg
& mixture of nitric acid/perchloric acid/sulpruric acid. Using a sim-
ilar mixture to digest coal, other workers have determined arsenic arnd
selenium using gas/licuid chromatography with a microwave plasma atcmic
eminsion detector (170, 171) and electrothermal atomic absorntion
spectrometry (108, 172). High temperature ashing technicues have also
heer used to prepare cogl samples for subsecuent determinstion of ar-
senic and selenium. After treatment with a suitable ashing agent,
either a solution of megresium nitrate (173) or a mixture of magnesium
oxide/sodium carbornate (1C8), powdered coal was ashed at temperatures
between 450 and 500°C. The ash was treated withrhydrochloric acid
orior to anelysis using hydride generation/atomic absorption spectro-
metry. A similar ashing temperature was reported (174) for coal sam-
oles which had been treated with a solution of magnesium nitrate/
nickel nitrate to vrevent volatilisation losses. Subsecuent deter-
mination of arsenic (and antimdny) was nerforred using electrothermal

atomic absorption svectrometry.

While the hydride generation/atomic absorption spectrometric technigue
is currently proving popular for the determination of low levels of
arsenic and selenium, the anslysis of 'real' sampnles has been shown to
suffer from a wide variety of interferences, e.g£. valency state (175,
176), pH (177), certain metals (28, 178, 179) and anions (28, 178).
Several authors (180, 181) have reported similar intererences when
using hydride generation/atomic fluorescence spectrometry. Wumerous
aporoaches have been used to eliminate or to reduce these interfe;-
ences to tolerable levels, Successful methods have involved the use

of masking agents (182) or separation of the analytes from the inter-
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fering species by coprecipitation on metal hydroxides (183, 184).

In this work a method is described in which concentrated perchloric
acid is used to digest coal prior to analysis for arsenic and sele-
nium using hydride generation/atomic absorption and atomic fluores-
cence spectrometry.. Potential interferences are investigated, iden-
tified and overcome using a simple method in which arsenic and sele-
mium are separated from the matrix by a coprecipitation step using
lanthanum (III) hydroxide. After this step arsenic and selenium are
determined using the hydride generation methods described in Chapter

4,

A second method for arsenic (arising from the interference studies)
is described in which solvent extraction is used to separate arsenic
from the perchloric acid digest prior to determination using electro-

thermal atomic absorption spectrometry.

Feasability studies on the determination of arsenic in low temperature

coal ash are also discussed.,

5.2 EXPERIMENTAL

5.2.1 EQUIPMENT

Coal digestions were carried out using routinely available labor-
atory equipment, including: a two-necked, round-bottomed_flask (250 ml);
a B24 (Quickfit) double-surface condenser and a Bunsen burner, tripod

and gauze.
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Precipitation of lanthanum (III) hydroxide was performed by mixing

the appropriate solutions in a centrifuge tube (100 ml, PTFE) which,
after cooling, was inserted into a heavy-duty centrifuge (M.S.E.

Super Minor centrifuge, M.S.E. Scientific Instruments, Manor Road,
Crawley, Sussex). The continuous flow system and atom cell desc-

ribed previously were used to determine arsenic and selenium by hydride

generation/atomic absorption or atomic fluorescence spectrometry.

In experiments where the arsenic was removed from the perchloric acid
matrix by solvent extraction, subsequent determination was performed
using a full-automated electrothermal atomic absorption procedure.

Instrumentation and operating conditions are given in Table 10.

Ash samples were prepared for analysis by ashing powdered coal under
radiofrequency excited oxygen at reduced pressure. Experimental con-
ditions are given in Table 11. Subsequent determination of the arsen-
ic was performed using electrothermal atomic absorption spectrometry

(see Table 10 for details).

Silica residues (obtained on the dissolution of coal with perchloric
acid) were analysed qualitatively using both X-ray fluorescence and
_X-ray diffraction. The equipment and operating conditions used are

described in Table 12.
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Table 10

Instrumentation and optimum operating conditions used in the

determination of arsenic by electrothermal atomic absorption

spectrometry
Component Model Supplier
Spectrometer PE 272 Perkin Elmer
Post Office
Lane
Beaconsfield
Bucks
Autosampler as 1 "
Recorder 056 "
Sources As hollow "
cathode lamp
deuterium arc "
Furnace HGA 76B "
Furnace Operating Conditions
Cycle dry
parameter
o
temperature ( C) . 150
time (s) 20
gas flow
-1 50
(nf.min ~ argon)
recorder no
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Operating Conditions

Atomic absorption

PMT voltage 620 V
wavelength 193.7 nm
spectral bandpass 0.7 nm
Sample volume 20 uf
4 replicates per sample.
1l cm.min_l; 10 mv f.s.d.
7.5 mA
4 mA
See below
char atomise
1250 2700
15 8
50 ' stopped
no yes



Table 11

Instrumentation and operating conditions used in the preparation

of low-temperature coal ash

Plasma generator: Nanotech Plasma Prep P100
Supplied by Nanotech Thin Films Ltd.,

Sedgley Park Trading Estate,
Prestwich, Manchester.

Operating conditions: Forward power; 115 *+ 5 @
Reflected power; ca. 5 W
Oxygen flow rate; 20 * 2 mllmin-l
Sample size; 0.05 - 0.5 g coal
Asbing time; wvarious, typically
between 24 and 90

hours.
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Table 12

Instrumentation and operating conditions used in the analysis of

silica using x-ray fluorescence and x-ray diffraction

X-ray fluorescence: Link Systems MECA 10 energy-dispersive
x-ray fluorescence analyser, fitted with
a KEVEX 0100 pulse height analyser
subsystem for data processing.

Anode settings: Voltage, 45 kV; current, 10 mA.

Targets: (a) molybdenum (b) barium titanate.

The samples were mounted on a small PTFE block and irradiated

through a vacuum path for 1000 seconds.

X-ray diffraction

X-ray films were exposed in a Debye-Scherrer camera using iron-

filtered cobalt Ko radiation, (6.93 keV).
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5.2.2 REAGEHTS

Unless otherwise stated all reagents used were of analytical

grade.

Hydride generation

Sodium tetrahydroborate (ITI) solution,

1% ©/v in sodium hydroxide solution, 1 M.

Lanthanum (ITII) chloride solution
Prepared by dissolving lanthanum (III) chloride (10 g) in dis-

tilled, deionised water (100 ml).

Ammonium hydroxide solution
Prepared by diluting concentrated ammonia solution (S. G, 880)

with an equal volume of distilled, deionised water.

Hydrochloric acid diluent solutions for arsenic and selenium standard

solutions

(i) Sodium iodide solution
Prepared by dissolving sodium iodide (10 g) in

distilled, deionised water (100 ml).

(ii) Sodium bromide solution
Prepared by dissolving sodium bromide (10 g) in

distilled, deionised water (100 ml).

Solvent extraction

Hydrogen peroxide (100 vols., 30% "/v)

Saturated bromine solution
Prepared by adding bromine (5 1is1) to distilled, deionised water

{100 m1).



Sodium iodide solution
Prepared by dissolving sodium iodide (20 g) in distilled, deion-

ised water (100 ml).

Diethylammonium diethyldithiocarbamate solution
Prepared by dissolving diethylammonium diethyldithiocarbamate

(BDH Chemicals, Poole, Dorset; 0.5 g) in chloroform (100 ml}.

Copper sclution

Prepared by dissolving copper foil (0.50 g) in dilute nitric
acid (500 ml, 4 I1) and diluting to 1 litre with distilled, deionised
water. The resulting solution contained 500_;/15.ml-l copper in 2 K

nitric acid.

Arsenic standard solutions

Arsenic standard solutions were prepared by-serial dilution of
a stock solution containing lOOOJJg.ml-l of arsenic (Hopkin and Will-
iams, Chadwell Heath, Essex). Working standards, typically 0.015 -

0.15Jug.ml‘1, were prepared using the copper solution as diluent.

All coal digestions were performed using concentrated perchloric acid
(72% "/v). Low temperature coal ash was leached using the copper
solution described above.

5.2.3 PROCEDURES

5.2,3.1 DISSOLUTION OF COAL USING CONCENTRATED PERCHLORIC ACID

Powdered coal (0.7 g), was added to the digeétion flask and a
double surface condenser fitted to the B 24 neck of the flask., Con-

centrated perchloric acid (35 ml, 727 m/v) was added via the second
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neck of the flask, which was then stoppered and the flask swirled
repeatedly to ensure mixing and thorough wetting of the coal. The
mixture was heated gently using a Bunsen burner until effervescence
began (5 - 10 mins). At this point the reaction became vigorous

and self-sustaining. Heating was discontinued until effervescence
subsided (5 - 10 mins), whereupon the mixture was heated strongly
until complete dissolution of the carbonaceous matter was observed.
The mixture was then refluxed for approximately 1C mins and allowed to
cool, yielding a sample solution in 45 mins or less. VWhen more con-
centrated sample solutions were required the mixture was cooled after
the initial effervescence had ceased and a second portion of coal
(0.3 - 0.7 g) added via the second neck of the flask. The procedure
was then continued as described above and the total reaction time was
typically 1 hour. After cooling, first in air and secondly in an
ice/water mixture, the solution and silica residues were transferred
with condenser and flask washings (10 ; 12 ml, 5 ¥ hydrochloric acid)
to a graduated flask (50 ml). As a safety precaution iced water
(approximately 200 ml) was placed in a separating funnel, fitted in‘
the vertical arm of a Quickfit 'fJ' shaped two way adaptor located in
the top of the condenser. 1In certain experiments when smouldering
and/or ignition of the coal was observed, the iced water was immed-
iately discharged into the reaction flask to cool and quench the

mixture.
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5.2.3.2 SEPARATION OF ARSENIC AND SELENIUM EY CO-PRECIPITATION

WITH LANTHANUM (III) HYDROXIDE

An aliquot of the perchloric acid digest (10 - 20 ml) was trans-
ferred to a PTFE centrifuge tube (100 ml capacity) and lanthanum
(III) chloride solution added (2 ml, 10% m/v). Sodium iodide solution
(1 ml 10% ®/v) or sodium bdbromide solution (1 ml, 10% "/v) was added
for arsenic or selenium determinations respectively. After mixing,
ammonium hydroxide solution (25 - 50 ml, 50% "/v) was poured quickly
into the mixture. Por arsenic determinations the solution was cooled
by immersion in cold water. Por selenium determinations the solutioﬁ
was allowed to cool in air (10 - 15 mins), the heat of neutralisation
being used to assist reduction of selenium (VI) to selenium (IV).

The lanthanum (IXII) hydroxide precipitate was separated from the bulk
of solution by centrifuging at approximately 3000 r.p.m. for 2 - 3
minutes. A second aliquot (1 ml) of lanthanum (III) chloride solu-
tion was added and the mixture centrifuged as before. The super-
natant liquor was carefully discarded and the precipitate dissolved.
in a minimum of hydrochloric acid (5 M, containing 1% ®/v sodium
bromide. or sodium iodide for selenium or arsenic determinations res-
pectively). The resulting solution was transferred to a graduated
flask (10 - 25 ml) and made up to volume again, using the appropriate
hydrochloric acid diluent. The solution was then analysed for arse-
nic or selenium by hydride generation/atomic absorption or atomic

fluorescence spectrometry (section 4.3.3.2, page 99).

5.2.3.3. SOLVENT EXTRACTION OF ARSENIC FROK COAL DIGESTS

An aliquot of the perchloric acid digest (10-20 ml) was placed in a
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small beaker (50 ml) and hydrogen peroxide solution (1 - 2 ml) added.
The solution was heated gently until effervescence ceased and, after
cooling, extracted with diethylammonium diethyldithiocarbamate solu-
tion (2 x 10 ml, 0.5% /v in chioroform). The organic phase was
discarded and a second aliquot (1 - 2 ml) of hydrogen peroxide solu-
tion was added, followed by saturated bromine water (1 - 2 ml). After
boiling to dispel the bromine the solution was cooled, sodium iodide
solution (1 ml, 20% M/v) added and the mixture allowed to stand for

10 mins. The solution was then extracted with the diethylammonium
diethyldithiocarbamate solution (2 x 5 ml) and the acueous phase dis-
carded. The organic phase was then extracted with the copper solution
(2 x 5 ml, '5001.1g.ml-1 copper in nitric acid, 2 ¥). This solution was
then analysed for arsenic by elecirothermal atomic absorption spectro-
metry using the instrumentation and operating conditions described in

Table 10.

5.2.3.4 LOVW TEMPERATURE ASHING OF COAL SAMPLES

A sample of powdered coal (typically 0.5 g) was spread thinly on
a cover glass which was then placed in the sample chamber of the
ashing unit. After evacuation of the chamber a small flow of oxygen
(20 ml.min-l) was introduced, the forward power set to approximately
100 W, and the plasma initiated. The forward power was increased to
a nominal setting of 115 W and the plasma tuned to produce a minimum
of reflected power (typically 5 W).. The sample was z2llowed to ash
in the oxygen plasma for a period ranging between twenty four and
ninety hours. On completion of the ashing cycle the oxygen supply
was switched off and the pressure in the sample chamber slowly allowed

to rise to atmospheric. The ash was then mixed with the nitric acid -
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solution of copper (15 ml of 500 pg.ml-l copper in 2 ¥ nitric acid)
and heated at BOOC for 30 mins. The suspension was allowed to cool to
approximately 30°C and then filtered directly into a2 graduated flask
(25 ml). The precipitate was washed and the solution made up to vol-
ume with the same copper solution. Arsenic was determined by electra-
thermal atomic absorption spectrometry using the instrumentation and

operating conditions described in Table 10.

5.3 RESULTS AND DISCUSSION

5.3.1 DISSQLUTION OF COAL USING CONCEKTRATED PERCHLORIC ACID

The results of previous experiments using perchloric acid had
shown that it was possible to dissoclve the carbonaceous content of
coal rapidly and reproducibly. However, since perchloric acid enjoys
a rather dubious.reputation (Que mainly to its explosive hazards when
improperly handled) it was decided first to determine whether or not

the reagent could be used safely on a routine basis.

During initial attempts to digest coal the ratio of voiume of acid

per unit weight of coal was varied in order to determine which propor-
tions yielded rapid and safe dissolution of the coal while preventing
undue dilution of the sample solution. It was found to be essential
to wet the coal thoroughly but, wherever possible with a minimum of
agitation. If the acid and coal were not intimately mixed small
inclusions or 'pockets' of dry coal tended to react rather vigorously
during preliminary heating of the mixture. In some cases when the
ratio of acid to coal was low (typically 20 ml:1l g or less) these

inclusions tended to persist to the stage of vigorous heating of the
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mixture and ignition of the coal occurred, Similarly, when the cozl
and acid mixture was shaken too vigorously prior to heating a thin
layer of coal dust was seen to collect on the inside of the flask -
above the level of the acid. During heating of the mixture this coal
dust was seen to smoulder, suggesting imminent ignition. When this
happened the iced water stored in the separating funnel in the top of
the condenser was immediately discharged into the flask to gquench

the mixture and prevent potential explosion. The minimum acid to
coal ratio necessary to minimise thecse problems was 40:1, though in

practice 50:1 was preferred.

The sample solution concentrations were of the order of 1l.4% m/v.

This concentration represented arsenic concentrations of 130 and 5
ng.ml-1 and selenium concentrations of 36 and 12 ng.tnl-1 for SRM's
1632a and 1635 respectively. While these levels were measurable with
the proposed detection systems, the precision obtainable for both
arsenic and selenium in SRM 1635 was unlikely to exceed 10% (relative).
Consequently sample solution concentrations were increaéed by adding
more coal during digestion. This proved to be a relatively simple

task and increased the time taken for sample dissolution by only

15-20 mins.

5.3.2 DIRECT DETERMINATION OF ARSENIC AND SELENIUN IN PERCHLORIC

ACID DIGESTS USING HYDRIDE GENERATION/ATCMIC AESORPTION AND

ATOMIC FLUORESCENCE SPECTROMETRY

Initial attempts to determine arsenic and selenium directly in
the perchloric acid digests of standard coals using the hydride .

generation methods described resulted in low recoveries of both
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elements (typically 80%). Four possible causes were suspected, which

vere:

i) 1losses through volatilisation due to the elevated temper-
atures recuired to reflux concentrated perchloric acid

(200-210°C) ;

ii) adsorption of arsenic and selenium on the silica pre-

cipitated during digestion of the coal;

iii) depletion of the available reductant concentration due
to reaction between perchloric acid and sodium tetra-

hydroborate (III) solution;

iv) interferences during generation of the hydrides by cer-

tain transition metals, notably copper and nickel.

5.3.3 IDENTIFICATION OF INTERFERENCES

To identify which one (or more) of these possible causes was

responsible the following strategy was adopted:

a) to separate and analyse the silica for arsenic and selenium
content;

b) to develop an zalternative and independent method for the deter-
mination of arsenic and selenium in the coal digests. (If
quantitative recoveries were obtained then volatilisation
losses could be discounted)

c¢) to prepare standard solutions containing perchloric acid and
dilute hydrochloric acid and to compare the signal against
that of standards made up in dilute hydrochloric acid only;

d)A if a) above indicated that arsenic and selenium were retained
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during digestion, to separate both of the analytes from the
interferents in the perchloric acid matrix prior to deter-

mination using the hydride generation technigue.

After digestion of two coal samples the silica was filtered from both
solutions (Nucleopore,.Q‘QPm)and taken for analysis by both X-ray
fluorescence and X-ray diffraction. The results of the X-ray diff-
raction confirmed that the material was largely quartz combined with
small amounts of kaolinite and alumina. The X-ray fluorescence re-
sults were more interesting, both samples yielding spectra in which
peaks due to arsenic were obéerved (detection limit 5_’.1g.g-1).
Selenium was not observed in either spectrum but this was probably
because the maximum levels of selenium anticipated in the silica were
below the detection limit of the method (5 pg.g™ ). The silica was
returned to each of the solutions and the samples refluxed for 10-15
minutes. After a second filtration the silica was again examined
using X-ray fluorescence, which this time showed that the arsenic
had been desorbed. After analysis of the solutions using hydride
generation/atomic absorption spectrometry the recoveries of arsenic
were still low (typically 80%) and this possible mechanism of inter-

ference was discounted. The X-ray fluorescence spectra are shown in

FPigs 11, 12 and 13.
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Pig. 11

X-ray fluorescence examination of residues remaining after digestion of NBS SRM 1632a

(bituminous coal) using concentrated perchloric acid
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Pig. 12

X-ray fluorescence analysis of silica residues from perchloric acid digestion of NBS S 1632&,
(a) before refluxing; (b) after refluxing

L-ray energy/kev
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Broad spectrum X-ray fluorescence scan of silica residues from perchloric acid digestion of

Fig. 13
NBS SRM 1632a
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5.3.3.1 DETERMINATION OF ARSENIC USING SQLVENT ZXTRACTION/ELECTRO-

THERMAL ATOKIC ABSORPTION SPECTROMETRY

In respect of (b) it was decided to determine arsenic using a
technicgue not involving hydride generation. Due to the low levels of
arsenic anticipated (10-100 ng.ml-l) electrothermal atomic absorption
spectrometry was selected. Again, direct analysis of the perchloric
acid digests using this method was impracticable due to severe att-
ack on the carbon tubes during the atomisation stage. Consequently
a method was developed in which the arsenic was removed from the
matrix by a solvent extraction/back extraction procedure prior to
determination using the carbon furnace. In the method described
(185, 186)(section 5.2.3.3, page 119) hydrogen peroxide was added to
the coal digest to convert all the arsenic to the pentavzlent oxid-
ation state. The first extraction with diethylammonium diethyldithio-
carbamate solution was included to remove transition metals which may
otherwise have been co-extracted with arsenic (III) or subsequently
have interfered with the carbon furnace determination, but not penta-
valent arsenic. The arsenic was then reduced to the trivalent oxid-
ation state with sodium iodide solution and removed from the perchlo-
ric acid by a second extraction with diethylammonium diethyldithio-
carbamate solution. Potassium iodide solution is not suitable since
larée amounts of insocluble potassium perchlorate are precipitated
which collect at the interface of the two phases during the second
extraction and hamper separation. Sodium perchlorate is readily
soluble and causes no such problems. Arsenic was subsequently
stripped from the organic-phase by bapk—extraction with an aqueous
solution of copper, which was chosen because of its higher formatiion

constant than arsenic with diethylammonium diethyldithiocarbamate (186).



Analysis of the solutions obtained by this procedure using electro-
thermal atomic absorption spectromeiry gave recoveries of arsenic

of 101 ¥ 4% (three determinations).

The same solutions when analysed using the hydride genergtion/atomic

absorption method gave recoveries of approximately 80%.

This approach was not repeated for selenium due to the difficulties
encountered in identifying a complexing agent with which selenium

could be simply and selectively extracted from the cozl digests.

Prom the resuits of these experiments it appeared increasingly likely
that the low recoveries of arsenic and selenium obtained using the
hydride generation methods were due to interferences during gener-
ation of the hydrides. Thus, some method of separating the arsenic
and selenium from these interferents was required. While quantitative
removal of arsenic from the perchloric acid matrix had been achieved
using the solvent extraction procedure, the solutions used for analy-
sis contained large amounts qf copper (Soo‘pg.ml'l). Copper has been
widely reported to interfere in hydride generation methods, probably
through compound formation with the analytes, in this case copper
arsenide and copper selenide. Analysis of these copper containing
solutions by hydride generation/atomic absorption spectrometry gave
very low recoveries of arsenic, typically 50%. Other metals which
displace arsenic from the diethylammonium diethyldithiocarbemate
qomplex (3;5. mercury, palladium and silver) are also reported to
interfere in hydride generation methods and these were not invest-

igated, In addition simultaneous isolation of arsenic and seleniun
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was not possible using the solvent extraction procedure described.
Extraction of selenium fequired adjustment of the pH of the solution
to approxdmately 5.5, but this would have been suitable for thé ex-
traction of arsenic also. However, the iodide added to reduce
arsenic (IV) to arsenic (III) also reduced selenium (IV) and (VI) to
selenium metal which was not extractable using diethylammonium diethy-
ldithiocarbamate. PFurther experiments designed to co-extract arsenic
and selenium simultaneously were not performed due to the difficulty
in identifying a reducing agent powerful enough to reduce arsenic

(V) to arsenic (IIT), yet mild enough to reduce selenium (VI) to
selenium (IV) and no further (and which would not produce a precipi-
tate.when added to the perchloric acid digests). Rather an alter-
native method was sought and the simultaneous removal of arsenic and
selenium from ccal digests was soon successfully achieved using a
variation of one of a number of reported methods in which both these,
and other hydride forming elements, were co-precipitated on

lanthanum (III) hydroxide from ammoniacal solution. The efficiency
of the procedure was evaluated by determining arsenic and selenium

in a series of standard solutions, some of which contained the trace

metals thought to be responsible for the low recoveries observed.

5.3.3.2 EFFICIENCY OF THE CO-PRECIPITATION STE?P

Various 'synthetic' coal solutions were prepared contéining the
trace transition metals present in SRM 1632a (chromium, copper, iron,
lead, manganese, nickel, vanadium and zinc, as well as arsenic and
seleniuﬁ). Two solutions contained these metals in their 'natural’
(in coal) concentration ratios and were made up in solutions of

hydrochloric acid (5 1) and a mixture (1:1) of hydrochloric acid
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(5 1) and concentrated perchloric acid. Two other solutions were
prepared using similar acids but contained the metals other than
arsenic and selenium at a concentration of 10,000 ng.ml-1 of each
other metal. Vhen measured using hydride generation/atomic absorp-
tion spectrometry both sets of solutions gave epparently low recover-
ies of arsenic and selenium, (typically 80-90%) relative to solutions
made up in hydrochloric acid (5 K) and containing no transition
metals. The solutions containing 10,000 ng.ml™' of transition metals
gave slightly lower recovefies than the solutions directly represen-
tative of SRM 1632a. The results are given in Table 13. Although
rigorous attempts to identify specific metals were not made,the eff-
ects of copper and nickel in particular were investigated. Solutions
of both arsenic and selenium containing copper or nickel (SHM 16325
concentration ratios) were analysed directly using hydride generation/
atomic absorption spectrometry. 1In each case recoveries were low,
typically 90% and 80% for nickel and copper containing solutions res-
pectively. When the lenthanum (XII) hydroxide procedure was carried
out in ammoniacal solution using a single precipitation arsenic waé
recovered quantitatively, but only 93 : 2% of the selenium was reco-
vered. Quantitative recoveries of both elements were obtained using

the double precipitation procedure described.

5.3.4 DETERMINATION OF ARSENIC AND SELENIUI IN COAL

The perchloric acid/lanthanum (III) hydroxide coprecipitation
method was then used to prepare sample solutions of SRMs 1632a and
1635. Arsenic and selenium were subsequently determined using

hydride generation/atomic absorption and atomic fluorescence
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spectrometry. The results are given in Tables 14, 15, 16 and 17. 1In
attempts to increase the recovery of arsenic from SR 1635 the concen-
trations of both the lanthanum (III) chloride and ammonium hydroxide .
solutions were increased. The arsenic values for SR 1635 were not
increased, but the results were within the NﬁS cuoted range and were

deemed acceptable.

A range of non-standard coals was analysed for arsenic and the results
obtained were compared with results obtained. independently (187)
using British Standard B.S. 1016 and neutron activation analysis. The

results are shown in Table 18.

5.3.5 PREPARATION AND ANALYSIS OF LOW TENPERATURE COAL ASH

The recommended ashing time for a 0.5 g coal sample was seventy
hours, with intermittent shut down and stirring of the ash. This wes
considered to be unacceptable if the method was to be used on a rou-
tine basis. Consequently experiments were performed in which the
weight of coal taken and the ashing times were varied in order to
find the optimum conditions for rapid preparation of the ash. The
ash leachates were analysed for arsenic by carbon furnace atomic
absorption spectrometry (see Table 10) and the results are shown in

Table 19.

The results suggest that the sample needs to be ashed for more than
twenty-four hours if quantitative leaching of the arsenic from thel
ash is to beée achieved. In one experiment the ash was not filtered
from the leachate and an ash slurry was analysed instead. The reco-

very of arsenic was within 6% of the value obtained for the filtered
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leachate though precision was worse, presumably due to light scat-
tering in the furnace by ash particulates. KNevertheless, the res-
.ults demonstrate that the method permits the enalysis of arsenic in
coal with adequate accuracy and pre;ision provided that sufficient

time is allowed for ashing of the sample.
The ash was also analysed by X-ray fluorescence before and after

leaching. The results (Figs 14 and 15) indicate that arsenic is

effectively leached from the ash using the method described.
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Table 13
A comparison of the responses obtained from various solutions with
and without the trace metals present in SRM 1632a as measured

using hydride generation/atomic absorption spectrometry.

% recoveries of arsenic and selenium

As Se As Se

Nominal ccmcentrat::i.ons/ng.m.Q,_l 20 20 100 100

Solutions*:
a 100 100 100 100
b 103 97 102 99
C 86 90 S0 89
d 86 90 91 84
e 79 83 84 80
f 82 80 83 80

All arsenic and selenium sclutions contained sodium iodide and

sodium bromide (1% m/v) ‘respectively.

a 5M hydrochloric acid containing arsenic and selenium

b 5M hydrochloric acid/concentrated perchloric acid (l:1} containing
arsenic and selenium

¢ SM hydrochlorlc acid containing: arsenic, (20 ng. mf ), chromium,
(70 ng.mf~ Ly, copper, (35 ng.m%-l); iron, (2,000 ng. ml‘l), lead,
(25 ng.m2-1) ; manganese, (60 ng.m%~1); nlckel, (40 ng.mg~1y;
selenium, (5 ng. »2-1) ; vanadium, (90 ng.mf~1l); zinc, (60 ng.m$" L.

d 5M hydrochloric acid/concentrated perchloric acid (1:1) with the
metals as in 'c' above.

e ©5M hydrochlorlc acid containing: arsenic, (20 ng. mf ). selenium,
(5 ng.mi~ y; chromium, copper, iron, lead, manganese, nickel,
vanadium and zinc (10,000 ng.mg~ Ly,

f SM hydrochloric acid/concentrated perchloric acid (1:1) with the
metals as in 'e' above.
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TABLE 14 Determination of Arsenic in SRM 1632a

National Bureau of Standards

Standard Reference Material 1632a, Bituminous Coal

Quoted Arsenic Content = 9.32 % 1 ug.g-l
. -1
Arsenic found ug.g
a.a.s. a.f.s.
9.13
9.36
9.44
9.34
8.30
9.66
9.66
9.12
*both analyses on 9.02* 9.13*
same solution 9.57
9.02
9.49
9.12
-1 -1
mean 9.34 ug.g_l 9.27 ug.g_l
standard deviation 0.23 ug.g 0.25 ug.g
relative standard 2.43% 2.66%

deviation
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TABLE 15 Determination of Arsenic in SRM 1635

National Bureau of Standards

Standard Reference Material 1635, Sub-bituminous Coal

Quoted Arsenic Content = 0.42 * 0.15 ].1g.g_1

Arsenic found ug.g—

mean
standard deviation
relative standard
deviation

1

a.a.s.

0.31
0.31
0.33

0.32 ug.g-
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TABLE 16 Determination of Selenium in SBRM 1632a

National Bureau of Standards

Standard Reference Material 1632a, Bitumous Coal

Quoted Selenium content = 2.6 * 0.7 ug.g-1
Selenium found ug.g_l
a.a.s. a.f.s
2.48
2.59
2.67
2,51
2.59
2.53
2.67
2.59
2.70
2.68
2.65
2.63
-1 -1
mean 2.58 Ng.g 2.64 ug.qg
standard deviation 0.08 pg.g~1 0.05 pg.g-t
relative standard 2.9% 1.9%

deviation
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TABLE 17 Determination of Selenium in SRM_1635

National Bureau of Standards
Standard Reference Material SRM 1635, Sub bitumous Coal

Quoted Selepium Content 0.9 * 0.3 ug.g”1

Selenium found ug.g-l
a.a.s. a.f.s
0.97
©.89
0.86
0.89
0.93
0.91
0.93
0.87
0.88
) -1 -1
mean 0.90 ug.g_l 0.90 ug.qg
Standard deviation 0.03 ug.g 0.03 Ug.g'l
relative standard 5% 5%
deviation
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Table 18

A comparison of the arsenic levels determined in this work with

independent analyses con six coal samples

This work

Hydride generation/

a.a.s.

Sample

1 18.5

2 15.7

3 17.3

4 8.4

5 4.6

6 15.2
a

magnesium content

Arsenic va].ues/'p.lg.g-l

Independent analyses

Neutron . B.S.1016

Activation
28.0 16.7
20.0 14.1
32.0 13.2
11.3 7.0
- 2.9
- lo.8

assuming an arsenic content of 16.7 ug.g—l.
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E.T.A.A.S.
a b

17.7 -

22.7 12.0
22.7 16.0
14.3 12.5
6.7 4.8
13.5 8.9

Calibrated with aqueous solutions matched for nickel and

Calibrated with aliquots of slurried coal (sample 1)



Table 19

Recovery of arsenic from low temperature coal using electrothermal

atomic abscrntion spectrometrv

National Bureau of Standards

Standard Reference Material 1632a, Bituminous Coala.

Ashing time/hours

24 72
. -1
Sample weight/g - As found ug/g
0.050 7.4 1 10.0 * 0.4
0. 200 6.5 1 9.18 t 0.4*
0.500 ' 6.0 £+ 1 9.14 + 0.4

* Arsenic found by analysis of slurry 8.8 £ 1.3 Ug.g_l

a Certificate value, 9.32 t 1 ug.g-l.
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Pig. 14

X-ray fluorescence analysis of low temperature coal ash from NBS SRM 1632a (a) before, and
(b) after leaching with dilute nitric acid
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Pig. 15 Broad spectrum X-ray fluorescence scan of low temperature coal ash from NBS SRM 1632a
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5.4 CONCLUSIONS

The determination of arsenic and selenium in coal has recently:
been reported by several authors and a noteworthy feature of the liter-
ature is that no single technicue has proved to be either analytically
superior to or noticeably more popular than the others. Several
instrumental techniques have been used to determine these elements in
whole coal but problems of limited sensitivity and poor precision
have induced other workers to use lengthy ashing or combustion proce-
dures in order to overcome these problems. Erually popular are methods
in which the coal has been dissolved or wet ashed prior to the deter-
mination of arsenic or selenium. Numerous ashing aids, digestion mix-
tures and detection systems have been reported. In the work described
here coal is taken into solution using concentrated perchloric acid.
Arsenic and selenium are removed from interferents by coprecipitation
on lanthanum (III) hydroxide prior to determination using hydride

generation/atomic absorption and atomic fluorescence spectrometry.

The perchloric acid digestion procedure is seen to be a very simple
and efficient method for the dissolution of coal. The elevated temp-
eratures required to reflux concentrated perchloric acid (200-210°C)
have incurred no losses by volatilisation of either arsenic or sele-
nium. The strenuous reflux conditions used also minimise undesirable
emission of perchlorate fumes., Thus the tendency towards dehydration
of the acid, which may subsequently introduce potential explosive
hazards, is avoided. When used as recommended this method is comp-
letely safe and reliable showing no tendencies towards ignition and/or
over-vigorous reaction. It has been used regularly throughout this

phase of the practical work to dissolve numerous coal samples, of
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widely varyving compositions in a rapid and reproducible manner.

Some workers (170) have experienced problems of adsorption of selenium
on precipitated silica when dissolving environmental samples using a
mixture of nitric, perchloric znd sulphuric acids. Such problems

have been avoided in this work by refluxing the coal digest to de-

sorb arsenic and selenium from the residual silica.

Direct analysis of the perchloric acid digests using the proposed
hydride generation methods fzils to yield guantitetive recoveries of
arsenic and selenium. The results of a series of experiments have
indicated that these low recoveries are due to inhibition by certain
transition methods (probably nickel and copper) during generation of
the nydrides. A possible explanation is that species such as copper
arsenide, copper selenide, nickel arsenide and nickel selenide are
precipitated during mixing of the sodium tetrahydroborate (III) and
sample solutions, when the pH of the solution rises sharply. Thus,
appreciable amounts of both arsenic and selenium are made unavailable
for reduction and low recoveries result. The large excess of lan-
thanum (III) ions added during the precipitation step ensures that
arsenic and selenium are preferentially precipitated with the lan-
thanum while the copper and nickel remain in solution as their alkali
soluble ammine complexes. Overall the coprecipitation step is much
more rapid and simple than the solvent extraction procedure (see
below) and in addition is capable of isolating arsenic and selenium

simultaneously.

The solvent extraction procedure has helped to confirm the efficiency
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of the perchloric acid digestion. FKowever, while cuantitative seo-
aration of arsenic from the perchloric acid digests is possible, the
method, like many solvent extraction methods, is tedious and time
consuming. DNevertheless, its usefulness should not be underestimated
and if a suitable reducing agent, one capable of reducing arsenic N
to arsenic (III) and selenium (VI) to selenium (IV), can be identified,
then simultaneous extraction of arsenic and selenium should be poss-
ible. Because of the non-standard nature of many of the hydride
generation systems reported many workers will continue to determine
arsenic and selenium by electrothermal atomic absorption spectrometry,
which is a well-characterised and standard technique. Thus, this
method may well prove attractive to those laboratories not equipped
with hydride generation equipment. Similarly, it may be possible to
use the coprecipitation method to isolate arsenic and selenium and
then simply to dissolve the precipitate in dilute nitric acid (instead
of dilute hydrochloric acid) prior to determination using electro-
thermal atomic absorﬁtion spectrometry. Lanthanum has been used (188)
successiully as a matrix modifier to prevent premature volatilisation
of arsenic during determination using electrothermal atomic absorp-

tion spectrometry.

Cf the two methods described, coprecipitation followed by hydride
generation/atomic absorption or atomic fluorescence soectrometry is
preierred because of its overall simplicity and ease of operation.
Analysis time per solution is approximately one minute, whereas the
electrothermal atomic absorption method recuires 5-10 minutes
(approximately 1%-2 mins per replicate, 4 or 5 replicates per solution).

The latter also requires considerably more care when setting the
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experimental and operating conditions.

The results of thne coal analyses are encouraging in terms of accuracy
and pfecision. VYalues obtained for both élements in both standard
coals using hydride generation/atomic absorption and atomic fluores-
cence spectrometry are within the WBS guoted ranges. The value ob-
tained for arsenic in SRW 1635 is towards the lower end of the NES
guoted range. The certified value is based upon figures obtained by
determinations performed using atomic absorption spectrometry and
photon activation analysis. Authors (158, 159, 160, 189) determining
arsenic in SRii 1635 using instirumental activation methods have repor-
ted average values substantially higher than the IBS value, and often
with poorer precision, This is probably because such low concentra-
tions are close to the detection limits of the method§ used but
possibly there may be some interferences. Consequently, a certificate
value based on results obtained using these techniques may be biased

towards the high end of the range.

The use of the miniature flame as the atom cell and atomic absorption
or atomic fluorescence spectrometry, together with the reproducibie
digestion conditions and continuous hydride generation provides a
suitably accurate and precise method for the determination of arsenic
and selenium in coal. Interferences during generation of the hydrides
are readily overcome using a simple and rapid coprecipitation proce-
dure. The detection limits of 58 and 36 ng.g-l by atomic absorption
spectrometry and 25 and 10 ng.g-l by atomic fluorescence spectro-
metry for arsenic and selenium respectively are adequate for typical

arsenic and selenium levels in coals. Vhen extra sensitivity is



required these detection limits can be improved by a factor of 2 - 3
by increasing the amount of coal dissolved per digestion (though

correspondingly longer digestion times are required).

Finally, the potential of the low temperature oxygen plasma ashing
technique as a suitable method for preparing coal samples for subse-
qguent determination of arsenic and selenium has been investigated.
At the moment the time-consuming step is the time requirea to effect
ashing of the sample. Recent studies (190) have shown that, under
suitable experimental conditions, ashing times of three hours are
sufficient to prepare coal samples for analysis. The inherent simp-
licity of this method makes it very effective, and if this can be
coupled with such short sample preparation times, the capital outlay

for such instrumentation should be justifiable.
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Chanter 6. THE DETER:IHATION OF TRACE LETALS IN COAL USING THE NETEOD

0® SLURRY ATONISATION In Al TNDUCTIVELY COUPLED PLASIHA

6.1 INTRODUCTION

The direct atomisation of solid or slurried samples would appear
to offer a rapid method for the analysis of intractable matrices
which might normzlly require pretreatment using lengthy digestion or
combustion procedures. Traditionally arc and spark optical emission
spectrometry has been an important technique for the analysis of
Solid samples. The technigue is most successful when analysing con-
ducting materials, the sample beirg used as one of the electrodes.
Yon-conducting materials have been analysed, usually in powdered form
and after mixing with graphite (or occasionally copper) powder to
make the sample more conducting. Arc and sparx emission spectrometry
is, however, fraught with a number of problems. It is usually neces-
sary to calibrate using standards with compositions closely resembling
those of the samples. H¥atrix interferences and irreproducible arc
conditions may ceuse poor precision, a problem more evident when analy-
sing powdered, non-conducting samples. In general these techniques
are better suited to the analysis of bulk sold samples (e.g. metals)
than to powders. In contrast atomic absorption and inductively
coupled plasma atomic emission spectrometry offer good sensitivity,
precision and relative freedom from chemical interfefences. It is nét
surprising therefore that there has been a gradually increasing inter-
est in the apolication of these technigues tc the anzlysis of solid

and slurried samples.
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% comprehensive review (191) describing the various zpproaches to

the direct analysis of sclid samples using atomic absorption spectro-
metry contazins many references to both theoreticezl consideratiorns and
practical applications. -Another review (192) deals more generzlly
with atomic emission and atomiec fluorescence zs well as afomic absorp-

tion spectrometry.

ilethods using flames for atomisation of solid samples (293, 194, 195)
have tended to produce results lacking sensitivity and precision.

Such methods are not widely reported. Since the early experiments

of L'Vov and co-workers (196) on the analysis of solid samples using
electrothermal atomic absorption spectrometry this technicue has |
been widely used to determine a range of elements in a variety of
sample matrices (191, 197, 198, 199). Powdered samples have also been
anelysed directly using the inductively coupled plasma. Fluidised
beds (69) and hollow, demountable sample-holders (70) have been used
to effect sample introduction. The major analytical problems associ-
ated with these techniques have been: sample segregation; er}atic
sample introduction rate; selective volatilisation; non-specific
absorption; insufficiently rapid or complete destruction of the

matrix and/or incomplete volatilisation and atomisation of the anel-
yte. Some or all of these effects may combine to a greater or lesser
extent to produce relatively poor sensitivity and precision. How-
ever, when only semi-quantitative results are recguired such methods
are generally rapid and the loss in accuracy may be made tolerable

by the gain in speed of analysis. i'ore recently laser ablaiion has
been used to volatilise samples for subsequent analysis using spark

emission spectrography (200) and inductively coupled plasma emission
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spectrometry (201). 1In the latter method the samples were collected
on adhesive tape prior to volatilisation and 2 fully-automatic multi-
element analygis was performed every ten seconds, Vhile good preci-
sion was reported for several elements, the small amount of sample
actually reaching the atom cell (typically 1 Pg) resulted in poor
precision (10-25% RSD) for other elements. Disadvantages of these
techniques include problems due to sample inhomogeneity and the rela-

tively poor shot-to-shot reproducibility of existing lasers.

of ;ncreasing popularity is the analysis of slurries, i.e. powders
suspended in either aqueous or organié solvents. In early work (202)
flame atomic emission spectra were obtained by aspirating 2 soil sanm-
ple suspended in a 1:1 mixture of isopropancl and glycerol. Later
workers determined alkali metals in plants (203) and rocks (204)
using analogous techniques. A significant contribution to the field
of slurry analysis was the paper by Willis (205). 1In this work a .
study was made of the factors influencing the atomisation efficien-
cies of several metals when suspensions of geological materials were
sprayed into a flame for analysis using atomic absorption spectro-
metry. Perhaps the most prominent feature of the work was the con-
clusion that only particles of 12J1m or less contributed appreciably
to the absorption signal and that atomisation efficiency increased
rapidiy with decrease in particle size. Some workers (206, 207)

have attempted to overcome the problems encountered with flames by
using electrothermal atomic absorption spectrometry. Thixofropic
thickening agents were used to produce stable suspensions and the
authors concluded that particle sizes of up to 25 pm were tolerable.

Since these studies it has beéome apparent that the potential for

- 150 -




the direct analysis of slurried samples may be limited by the comp-
lexity of the untreated matrix. In the case of electrothermal atom-
isation methods problems of non-specific absorption are significant
while blocking of the sample capillary or burner slot are problens
encountered when using -conventional burner/nebuliser assemblies.
Although less sensitive than electrothermal atomisers, typical
burner/nebuliser systems are generally more convenient to operate
and capable of more rapid samplé throughput. Mucﬁ work has been
performed on the development of nebuliser and burner systems capable
of handling samples with high salt concenérations and high levels of

suspended solids.

Development and sﬁbsequent characterisation of a unigue nebulisation
principle by Babington (208) has revolutionised sample introduction
techniques. The advantage of this type of nebuliser is that the
sample is no longer required to pass through a very narrow capillary
(gg. 0.35 mm). Instead the sample flows through a relatively broad
tube (up to a few mm) énd is delivered to a2 narrow orifice through
which argon issues at close to supersoniec veloecity. Shattering of
the sample siream by the argon allows direct generation of high-
density, finely-dispersed aerosols from a variety of complex mater-
ials., Using this type of nebuliser in combination with a wide-slot,
high-solids burner, copper and zinc have been determined in whole
blood, milk, urine and seawater using atomic absorption spectro-
metry (209). Several asuthors have subsequently reported modified
versions of this nebuliser. The argon used for nebulisation was
discharged from a narrow orifice located in a 'V' groove which had

been cut along one end of the nebuliser body. Sample was allowed to
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trickle downr this groove and the greater contact estahlished betweern
sample and gas resulted in more efficient nebulisation, These nebu-
lisers have been used in the analysis of samples containing high
salt concentratiors and/or high levels of suspended solids, gég.
various steels (210), liquid foodstuffs (211), and sludge and biol-

ogical samples (212).

Slurries of horogenised animal tissue samples have been nebulised
using similar apparatus, prior to determination of copoer, zinc and
manganese using atomic absorption (213) and d.c. plasma atomic emis-
sion (214) spectrometry. An advantage claimed for the latter detec-
tion system was that the sample was introduced to the atom cell via
& much larger orifice. Thus problems of burner blockaege were eli-
minated enabling continuous sample intrecduction instead of pulsed

nebulisation.

Despite these obvious advances, flame atomisation efficiencies in
slurry nebulisation techniques are still low, typically 207 of

those of acueous solutions of ecuivalent concentration. A recent
study (71) has compared the use of flame, electrothermal and induct-
ively coupled plasma atomisation technicues for the analysis of
slurries. The authors conclude that for flame atomisation pulsed
nebulisation was necessary to avoid blockage of the nebulisation
system, and for inductively coupled plasma atomisation a high-solids
nebuliser is essential. Atomisation efficiency in nebuliser based
systems 1s shown to be dependent on sample transport efficiency,

0
Py

particle size, atomisation temperature and sample matrix. or

analytical determinations it is reportedly necessary to grind the
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szmple to less than 10 um particle size and to use standzrds which are
closely matched to the samples. Por electrothermal ztomisation
narticle size effects are reportedly significant only above 25 um,

when samnpling becomes ithe major source of error.

Some work nhas been performed on the direct anzlysis of whole coal
slurries -using atomic absorption spectrometry. The results discussed
in a preliminary renort (215) are generally inconclusive except for
the suggestion that calibration using stardardised slurries instead
of acueous sclutions may be necessary. 4 second, more comprehensive
report (216) and a further paper (217) have discussed the effects of
several paraneters (E;E- siurry concentration, viewing neight and
flame composition) on analytical performance. Relative to aqueous
solutions typical slurry atomisation efficiencies were 20 2 6.
Calibration was achieved using slurries of several different coals,
the metal levels of which had previcusly been determined using con-
ventional ashing/dissolution atomic absorotion procedures. However,
significant deviations from linearity were observed for the slurry
calibration plots and two pdssible causes were discussed, Ffirstly
different coals mey contain significantly different amounts of mine-
ral matter which may dictate the grinding characteristics of the coal
and hence influence the final particle size distribution. If the
size of a particle is related to the composition of that narticle,
then segregation of the sample has occurred and cgrtain size frac-
tions may be relatively enriched or depleted in one or more of the
analytes. Secondly coals with different compositions may undergo

different atomisation processes, Thus under identical experimental

conditions the response per unit concentration of analyte may vary
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from coal to coal.

Analytical methods based on slurry atomisation techniques have seve-
ral advantages to offer,'particularly in terms of speed in znalysis
and prevention of possible contamination during pretreatment of ihe
sample., FHKowever, the complexities of this approach are apparent,

If these limitations can be eliminated or reduced to tolerable levels,
either by the refinement of existing methods, or by the development

of new techniques, then such methods would be of particular interest

to those involved in the analysis of coal.

The inductively coupled plasma offers an atom cell of higher temper-
ature (relative to flames) and, under certain conditions, longer
residence times. These effects should combine to promote complete
matrix destruction and énalyte atomisation. Hence it may be poss-
ible using the inductively coupled plasma, to achieve equivalent

sensitivity for slurry and aqueous concentrations.

To date no-one has been able to define unambiguously the precise
excitation mechanisms responsible for the emission spectra observed
using an inductively coupled plasma. Recent work (218) has led to
an appraisallof the extent of local thermal equilibrium in the all-
argon plasma. The results of these and other studies (219, 220)
indicate that local thermal equilibrium does not exist in the all-
argon plasma, which has led to the suggestion of a non-thermal exci-
tation mechanism involving collisions between the analyte and meta-

stable argon species (the so-called Penning ionisation). This idea




is particularly attractive since the excitation energies of the
metastable argon levels of 11.55 and 11.71 eV correspond well with

the excitztion energies of singly ionised species found in the plasma.

The situation for the nitrogen-cooled plasmz, however, is somewhat
different, In this plasma there appears to be s tendency for the
nitrogen to quench the metastable argon snecies, and local thermel
equilibrium mey be more closely eporoached. Removal of these meta-
stable argon species from the plasma would result in a decrease in
the amount of energy available for sample excitation. Consequently
the intensity of ion lines may be reduced while the intensity of

atom lines should be less affected.

This work describes the development of 2 metﬁod for the analysis of
coal samples using direct slurry atomisation in an inductively coup-
led plasma. The performance of both nitrogen-cooled and all-argon
plesmas was optimised for aqueous solutions (for cadmiuﬁ) and coal
slurries (for manganese) using the variazble step size simplex pro-
cedure (221; 222) as recently reported for the induétively coupled
plasma (223). The effects on sensitivity and precision of slurry
concentration, sample purping rate and particle size are 21so invest-
igated. The performance of a PTFE "Babington-type" high-solids
nebuliser for the generation of sample zerosols from coal slurries

is evaluated,
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6.2.1 ECUIPHUENT

~ Schematic diagram of the instrumentztion used in this work is

shown in Pig. 16.

The plasma torcn (see reference 61 for details of construction) was
mounted concentrically in a three-turn, water-cooled, copper induc-
tion coil. Radiofrequency power wes supplied to the coil by a 5kW,
27 IiHz free-running generator (Radyne RS0P, Radyne, Vokingham, Eng-

land).

Gases were supplied to the torch by a purpose-built 'gas-box'. Five
rotameters in this box allowed direct switching of the pnlasma fron
'start up' to 'running' conditions. The coolant gas flow was equip-
ped with a switching facility enabling éither argon or nitrogen to be
selected as the coolant gas. All three gas flows (coolant, plasma
and injector) were controlled at the gas-box allowing the optimum

operating conditions to be selected.

The analyte was introduced into the plasma in the form of zn zerosol
which was produced using a PTFE 'high-solids' rebuliser (PFig. 17;

see reference 224 for details'of construction). During this work the
nebuliser was force-fed using a small peristaliic oump (Schuco MMini
Pump Mark IV, 60 r.p;m., Schuco Scientific, Ealliwick Court Place,
London). This was necessary in order to orovide z constant head of

sample as this type of nebuliser has no natural uptake action.

- 156 -



The larger aerosol droplets produced were removed using a laboratory-
constructed double-pass spray chamber (Pig. 18) and the resulting
analyte aerosol was transported through the central injector tube of
the torch into the plasma. In later experiments, when high pumping-
rates were used to deliver coal slurries to the nebuliser, a recyc-

ling soray-chamber (Fig. 19) was used to conserve sample solution.

An inverted image of the plasma was projected 1:] onto the 25}1m
entrance slit of the monochromator using a quartz lenrns, 7.5 cm focal
length. The spectroscopic emission lines of interest were isolated
using a 0.5 m Evbert scanning monochromator (Jarrell Ask (Europe),

Le Locle, Switzerland). The radiation was then focussed via e

25}1m exit slit onto a vhotomultiplier tube (Hamamatsu R106, operated
at 500 v). The signal from the photomultiplier was amplified using
a linear picoammeter (L M 10, Chelsea Instruments Ltd., London), and
fed into a three-pen potentiometric chart recorder.(Type 1*C 641-32,

Watanabe Instrument Corvoration, Japan).

Coal samples for preliminary slurry investigations were ground using
a Tema Laboratory Disc iill (llodel T100, Siebtechnik, Mulheim, West
Germany). Subsequent samples were ground using a ilcCrone licronising
11111 (}¥McCrone Research Associates Limited, 2 WcCrone liews, Belsize

Lane, London NW3).

Coal &ash solutions were analysed for selected trace metals
'using an Instrumentation Laboratories I.1 151 atomic zbsorption
spectrometer (Instrumentation Laboratories Inec., Lexington, Massach-

usetts, U, S. A.).
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Particle size distributions were determined using a Coulter Counter
irodel T A ITI Nultichannel Particle Counter, (Coulter Electronics,

Northwell Drive, Luton, Beds.). Proorietory 'Coulter electrolyte ard
dispersant were used to suspend the samples which were sized using a

counting tube with a 140‘Pm orifice.
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Fig. 18 Double pass spray chamber
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A Samplet inlet tube, 0.8 mm i.d.
B. Gas inlet, typically 0.3 1.min~t
C. P.T.".E. body of nebuliser
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E. fuickfit conical beaker, 250 ml.

®, Drain, to waste
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Fig.: 19 "Recycling nebulisation system
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6.2.2 REAGENTS

Calibration standards for both atomic absorption ard inductively
coupled plasma methods were prepared by serial dilution of stock
IOOOng.ml;l solutions of chromium, copper, iron, manganese, nickel,
vanadium and zinc (B.D.K. Chemicals, Poole, Dorset). TFor slurry
analyses dilutions were made using a stock diluent of Triton X-100

solution (B.D.H. Chemicals, 1% '/v).

The following analytical grade reagents were used in the coal ash

dissolution procedure:

concentrated hydrochloric acid;

concentrated nitric acid;

concentrated hydrofluoric acid;

saturated boric acid solution (6% "/v in distilled, deionised

water),

6.2.3 PROCEDURES

6.2.3.1 ANALYSIS OF COAL USING FLAKE ATOMIC ARSCRPTION SPECTROIETRY

Coal samples were ashed and the ash 613501vea using the American
lNational Standards Institute/American Society for Testing Naterials
method ANSI/ASTH D 3683-78 (225).  Using this method coal ashed at
500°C was dissolved with ecua regia and hydrofluoric acid. Saturated
boric acid solution was used to neutralise excess hydrofluoric acid.
The solutions obtained were analysed for chromium, copper; iron,
manganese, nickel, vanadium and zinc using atomic ébsorption spectro-
metry. The spectrometer operating conditions used were those recom-

mended by the instrument manufacturer.
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6.2.3.2 GRIXDIIC ¢® COAL SANVPLE

The samples as received had been ground to pass a -250 mesh
sieve (60)Jm). For the particle size investigations 40 g of one
coal sample was ground using the Tema Leboraztory Jiscliill. 4Lfter
grinding the whole of the szmple for approximately two minutes, the
sample was tipped into a series of sieves and the éifferent size
fractions isolated by manual agitation of the sieves. The particle
size ranges were: 250-125}1m, 125-106)1m, 106—63)1m, 3-53}1m, 53-
BB-Pm and less than 38}Jm. Portions of each frazction were used to

. . m R .
repare the coal slurries (4% "/v) which were used to assess the
pres;

effect of particle size on emission signzal.

For the slurry simplex optimisation procedures a second 40 g portion
of the same coal sample was ground in four 10 g vortions using the
Tema Leboratory Discliill. After screening the powder produced, those
perticles not nassing through a BB‘Pm sieve were combined and grourd
repeatedly until all of the sample had been reduced to less than
38_Pm in diameter. All the particles were comtined and a coal slurry
(42 ™/v, 1 litre total volume) prepared using the whole of the sémple.
Trhis slurry was used during optimisation of the a2ll-azrgon and nitro-
gen-cooled plasmas. Coal samples were prepared for quantitative
analysis using the licCrone iiicronising i1ill. Typically S g of sam-
ple were dry-ground for approximately 30 mins. A fotzl of 30 g of
each coal was ground in this way and the samples were mixed thor-
oughly orior to the removal of the nortion (10.0 g) with which the

slurries (107 “/v) were prepared.
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©.2.3.3 SELECTION OF SPECTRAL LINES AND MEASUREMENT OF ELISSION

SIGHALS

N The spectral lines used were selected following an appraisal of:
(i) the signal to background ratio ébailable at that line
in the concentration range of interest;
(ii) the freedom from spectral interferences, particularly

iron emission lines.

This was performed using mixed calibration standards containing each
of the metals of interest (1.5, 3.0 and 4.5.rg.ml—l of cadmium, copper,
lead, manganese, nickel, vanadium and zinc), each solution containing

lOOOJJg.ml-l of iron.

Quantitative emission measurements were made using an all-argon plasma
employing two different sets of operating conditions. These condi-
tions are shown in Table 20. As a result of this appraisal, copper,
iron, manganese and nickel were determined using the atom line con-
ditions, while vanadium was determined using the ion line conditions.

Chromium, lead and zinc were not determined.

In order to ensure accurate measurement of the background under the
analyte signals the emission spectrum was scanned continuously across
a few nanometers either side of the analytical lines, To improve the
precision of the measurements the lines were scanned at least three

times for each of the standards and samples.
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Plasma operating conditions were opiimised for:

(i) cadmium in aqueous solutions using both all-argon and
'nitrogen-cooled plasmas at the cadmiur 228.8 nm atom
line ;

(ii) cedmium in agueous solution using & nitrogen-cooled
plasma at the cadmium 214.4 nm ion line;

(iii) manganese in coal slurries using both zll-argon and
nitrogen-cooled plasmas at the manganese 403.1 nm atom

line.

The variable step-size simplex method, as previously applied to the
inductively coupled plasma by Ebdon et al (223), was used to optim-

ise plasma performance.
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Table 20

Preferred operating conditions for cbservation of atomic¢ and

ionic emission lines in an all

-argon plasma

Parameter

. -1
Coolant gas flow /%.min
Plasma gas fldw/ﬂ.min—l
Injector gas flow/!?..rnin—l

Power/kwW

Observation height/mm
above load coil

These conditions were

used to determine

atom lines

14.0
0.58

0.50

26

copper 327.4
iron 372.0

manganese 403.1

nickel 341.8

nm

nm

nm

nm

ion line

vanadium 290.9 nm




6.3 RESULTS AND DISCUSSION

[y

6.3.) OPTLIISATION P PLASHA PERFORMANCE POR THE DETERITMATION CF

CADL:IUL.

Initizl studies were directed towards the determination of
cadmium. Simplex optimisation procedures (using the criterion of
signal to backsround retio, SBR) were performed for acueous solutions
using the cadmium 228.8 nm atom line operating both all-érson and
nitrogen-cooled plasmas. The optimum values obtained for the vari-
ous flow-rates, power settings and observation heights are given in
Table 21. Conrnfirmation that these values were representative of the
true optima was obtezined using the method of univariate seerches
(223, 226, 227). In this procedure n - 1 of the n varigbles were
held constant and SBR was evaluated throughout the range of the
remaining variavle. The results are shovm for the all-argon plasma

in Figs 20-24, and for the nitrogen-cooled plasma in Pigs 25-29,

The shaded areas on these figures represent the final ranges of the
values permitted for these variabhles at the termination of the simplex.
The greatest differences between the two plasmas were noticed for

the coolant flow-retes, power settings and observation heights. For
the all argon plasma an elongated, conical fireball extending appro-
ximately 5 cm gbove the load coil was observed. For the nitrogen-
cooled vlasma the low coolant-flow and the quenching effect of the
nitrogen corbined to generzte a more compact and intense fireball
extending only 1-2 cm above the load coil. As a resuli lower obser-
vatiog heights were preferred for this plasma. The higher power

preferred for the nitrogen-cooled plasma is in egreement with the



reported results of other workers (223, 22r),

The absolute emrission signal in the opltimised nitroger-cooled nlasma
was approximately three times more intense than in the optirmised 211~
argon plasma, However, the greater background of the nitrogern-cooled
plasma resulted in a much reduced SBR ratio (0.024) relative to the
all-argon plasme (SBR 0.34). These results were in keeping with the
general trends outlined previously. In order to investigate this
eporoach further, the cadmium ion line at 214.4 nm was optimised using
a nitrogen-cooled plasma. is the simplex procedure progressed it
became increessingly clear that SBER's wére relatively insensitive to
the nitrogen flow rate. At very low flows of nitrogen, 5BR . increased
2s the plaesma approximated more closely to an all-zZrgon olasma. A
plot of SBER versus nitrogen flow rate is shown in Pig. 30. Point B
is correctly identified as providing the maximum SBR within the
initial linits of the simplex. Witrogen flow rates lower than those
et point A produced unstable plasmas and were outside the limits of
the simplex. The results are in keeping with the.Suggéstion thet

ion line eiissions should be more intense in an all-azrgon plasma,

At the end of these experiments it was concluded that the sensitivity
available for cadmium with the instrumentation to hand (detection
linmits ca. ljxg.ml-l) was insufficient to determine cadmium at the
levels typically present in coal (ca. 0.2)45.5-1). It was decided
therefore that initial investigations into slurry analysis would be

verformed on the determination of manganese, an element consider-

ably more plentiful in most coals.
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Table 21

Optimur operating conditions for the determination of cadmium

using all-argon and nitrogen-cooled plasmas

Parameter

Coclant gas flow/SE.min-l
Plasma gas flow/l.min-l
Injector gas flow/l.min-;
Power/kW

Observation height/mm
above load coil.

SBR for an agueocus solution
of 1 yg.me-1 of cadmium

Plasma type
all-argon nitrogen-cooled
4.6 (Ar) 3.2 (Nz)
10.9 11.4
0.31 0.31
0.60 1.0
20 13
0.340 - 0.024

SBR measured at the cadmium 228.8 nm atom line. -
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Fig. 21 Cd (I) 228.8 nm Univariate search: Plasma flow - all-argon plasma
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Fig. 22 Cd (I) 228.8 nm Univariate search: Injector flow - all-argon plasma
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fig, 23 Cd (I) 228.8 nm Univariate search: Viewing height - all-argon plasma
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Fig. 26 Cd (I) 228.8 nm Univariate search; Plasma gas flow - nitrogen cooled plasma
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Pipg., 28 Cd (I) 228.8 nm Univariate search; Viewing height - nitrogen cooled plasma
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Fig., 30 Variation of cadmium ion line and atom line SBR's with increase in nitrogen coolant flow rate
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6.3.2 OPTIMISATION OF PLASKA PERFORIAKCE FOR SLURRY ATOLTSATIOHN

The initial operating conditions selected were those reportied
oreviously (227) when this instrumentation had been used to deter-
mine manganese in a range of metallurgical samples. The parameters
investigated were those considered likely to have the greatest eff-
ect on SBR, i.e. slurry concentration, sample pumping rate and par-
ticle size. Slurry concentrations and sample pumping rates were
varied in the ranges 1-25¢ "/v and 0.67-5.0 ml.min~t respectively.
Particle sizes were in the ranges 250-125)1m, 106—63.Pm, 6;-53J1m,
SB—BS.FM and <:38J1m. Both types of plasma were used and the res-
ults are shown in Pigs 31-43. FPFrom these results the following

general conclusions were drawn,

Por the all-argon plasma, SBR increased rectilinearly with increa-
singlslurry concentration up to approximately 207 m/v. Deviation
from linearity was approximately 5% at 25% m/v. Tor the nitrogen-
cooled plasma SBR increases linearly (slope = 0.4) up to slurry
concentrations of approximately 10% m/v. While the absolute emission
signal was greater in the nitrogen-cooled plasma, the increased
background level again resulted in inferior SBR and this is reflec-

ted in FPigs 31-43.

The.signél to background ratio increased with increase in sample
pumping rate, more so for the all-argon plasma than for the nitrogen-
cooled plasma which showed little change in SBR at sample pumping
rates greater than 2.0 ml.min-l. Tor the all-argon plasme, a2s the
slurry concentration was increased, the range of linearity of res-

ponse was extended to higher pumping rates.
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Particle size was a critical factor in determining the magnitude Qf
the emission signal. Particles less than BB.Pm proGuced the largest
signals, while those in the range 38—53-Pm produced signals at least
twice the size of.particles in the range 53-63J1m. Particles greater
than 7OJ1m contributed very little to the overall SBR, probably due
to insufficiently rapid and/or complete atomisation of such relatively

large particles.

To ensure that the responses from different particle size frazctions

were not due to segregation of the sample during grinding, samples

from each size fraction were analysed for manganese content using

flame atomic absorption épectrometry (section 65.2.3.1, page 163).

The results showed no significant differences between the various size

fractions. An average value of 90 2 1.5J1g.g-1 was obtained and this
1

agreed fairly well with an independent analysis figure of 99]Jg.g- ,

determined by neutron activation analysis.
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Fig. 32 SR es a function of sample pumping rate for a &7 /v
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?ig. 34 SBR as a function of sample pumping rate for a 254 /v
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Fig. 35 SBR as & function of slurry concentration, pumping sample
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Pie. 36 S5BR as a function of slurry concentration, pumping sample

at 1.4 ml.min—1
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Pig. 37 SBR as & function of slurry concentration, pumping sample

at 2.0 ml.min-l
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Fig. 38 SBR as a function of slurry concentration, pumdping sample
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Fig. 39 SBR as a function of slurry concentrztion, pumping sample
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ig. 40 as a function of particle size, puﬁping a 19 /v
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Pig. 241 SBR as a function of particle size, pumping at 4% sy

slurry at 2.0 ml.min-l
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fig, 42 SBR as a function of particle size, pumping a 19 /v slurry

at 5.C ml.min'l
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Plasma performance for slurry atomisation was then optimised using
the variable step size simplex procedure. The SBR was measured at
the 403.1 nm manganese atom line in both all-argon and nitrogen-
cooled plasmas. A slurry concentration of 4% m/v and a sample pump-
ing rate of 2.0 _ml.min-1 were chosen in order to minimise consumption
of slurry while producing acceptable signal size. The coal sample
vas ground and sieved repeatedliy until all the particles passed
through a 38)1m sieve. Particle size analysis showed that approx-

imately 5% (by number) of the particles were smaller than lO}tm.

The optimum conditions for both plasmas are given in Table 22. Again
the all-argon plasma gave better results in terms of SBR because of
the low background observed. Under the optimum conditions fhe app-
arent concentration ;f manganese in the coal, as determined using
aqueous calibration standards in the all-argon and nitrogen—cooled
plasmas, was 48.6 and 36.6J4g.g-1 respectively (compared toA9OJ1g.g-1
by a.a.s.). These concentrations represent atomisation efficiencies
(relative to aqueous solutions) of 60% and 40% for the all-argon and
nitrogen-cooled plasmas respectively. It was decided at this point
to use the all-argon plasma for all subsequent experiments because

of the better SBR's available relative to the nitrogen-cooled plasma.
A comparison of the optimal conditions for the'determination of

manganese in coal slurries and aqueous solutions using an all-argon

plasma is shown in Table 23. Several significant and inter-related
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Table 22

Optimum operating conditions for the determination of manganese

by direct atomisation of whole coal slurries

Plasma type

all-argon nitrogen-cooled
Parameter
Coolant gas flow/S?..min—1 2.65(Ar) 4.0(N2)
Plasma gas flow/f.min 1 13.3 13.3
Injector gas flow/l.min_l 0.35 0.38
Power/kwW 0.29 ‘ 0.40
Cbservation height/mm above 34 33.5

load coil

SBR measured at the manganese 403.1 nm atom line, using a 4% m/v

coal slurry (particles smaller than 38 um), pumped at 2.0 mﬁ.min-l.
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Table 23

Optimum operating conditions for the determination of manganese

in agueocus solution and in whole coal slurries using an all-argon

plasma
Sample type
agqueous solution whole coal slurry

Parameter
Coolant gas flow/ .min T 8.7 2.65
Plasma gas flow/ .min 14.0 13.3
Injector gas flow/ .min-; ©.58 ©.35

. .29
Power/kW ©.30 °
Observation héight/mm 26 . 34

above load coil

SBR measured at the manganese 403.1 nm atom line.
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features were apparent. The height of observation above the load-
coil was somewhat higher for slurries than for anueous solutions.
£lthough the plasma gas flows were similar, the coolant and injector
gas flows were markedly lower for slurries. The outcome of a2 combin-
ation of these factors was a shift towards longer residence times in
the atom cell., This effect would be expected to promote more effi-
cient metrix destruction and analyte z2tomisation. That lower power
was preferred for slurry atomisation is perhaps surprising. It was
thought that this may have been the outcome of having optimised the
operating conditions for signal to background. Whereas the back-
gfound inereases linearly with increasing power, this may not be so
for the analyte emission signal. If this is the case then a point
will be reached when the background is increasing more rapidly than
the signal and for slurry atomisation this point anpears to be reached
at relatively low power. This was ¢confirmed by performing a uni-

variate search to identify the optimum power (Fig. 44).

It was felt that the atomisation efficiency of the gll-argon plasma
(60%) might be improved if the proportion of particles in the sample
less than IOJJm could be increased. Five coal samples including two
standard coals were ground usiné specizlised equipment (K cCrone
Micronising 1M1ill) which was expected to reduce the majority of the
sample to iess than IOJJm in diameter. When the particle size dis-
tributions were evaluated, however, the resultis were disappointing.
At most only 45% of the particles were Smallgr than IOJJm, elthough
for all the samples at least 957. of the particles were smaller than
25.Pm. Wet grinding of the samples using water or more especially

acetone would be expected to produce more particles smaller than
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10 o Using; water, however, losses of water soluble trace metals
components are possible, while acetone would alter the sample com-
position by removing moisture from the coal. For the coals examined
a direct correlation between moisture and ash content and the ease
of grinding was apparent and this is demonstrated in.Table 24, As
the moisture content decreased and the ash content increased, then
the number of particles smal;er than 10}1m increasgd. The possible
effects of this trend on atomisation efficiency are discussed in the

following section.
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Table 24

Correlation between ash and moisture content and the apparent

ease of grinding of the five coals analysed

Coal % moisture % ash % (by number) of
particles smaller
than 10 um

NBS SRM 1632a 2.2 22.2 45.1
(bituminous coal) N

NCB C 3.4 2l.6 42,2
NCB B 5.9 17.5 39.6
NCE A 9.4 ‘4.6 31.8
NBS SRM 1635 ‘18.8 4.3 28.5

(sub-bituminous coal}

Moisture and ash contents determined using NCB standard methods.

Particle size distributions evaluated using Coulter Counter,
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6.3.3 ANALYSIS OF COAL STURRIES BY DIRECT ATOLITISATION TN AN

II:DUCTIVELY COUZLED DPLASEA

The ground coal samples were used to orevcare slurries (107 T/v
in agueous 1% v/v Triton X-100) and attempis were made to determine
selected trace metzls by direct atomisation these slurries in an
inductively coupied nlasma, Problems were immediately encountered
due to the high levels of iron in the samples which resulted in
nunerous intense iron emission lines. Nany of the analytical lines
preferred for the determination of the desired elements in typical
aqueous samples were interfered with by these iron emissions. 1In
addition, different coals containing different emounts of iron were

susceptible to these spectrazl interferences ito varying degrees.

Consequently a range of analytical emission lines was investigated
for each of the elements of interest. Each lire was evaluated in
terms of sensitivity (SBR) and relative freedom from spectral inter-
ferences. Both atom and ion emission lines were examined using the
plasma operating conditions given in Table 20. The analytical lines
fulfilling these requireﬁents to the greatest extent were selected
for the analytical procedures to follow. Vanadium gave

better results using ion lines and typical ion line operating con-
ditions. Copper, iron, manganese and nickel gave better results
using atom lines and typical atom line conditions (Table 20). Since
the simplex optimisation procedures for slurries had been performed
using an atom line (manganese 403.1 nn), the feasibility of deter-
mining these latter elements using the optimised slurry operating
conditions was investigatedl While the SBR available for meanganese

was sufficient to determine this element at typical levels in coal
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slurries, the S3R's for copper and nickel were very low. This phen-
omenon highlights the variations in the atomisaiion processes occur-
ring in the plasma fireball. Using conditions ontimised for acueous
solutions of manganese, several other metals (in addition to maﬁga—
nese) gave easily measureable emissions when atomised from ccal
slurries. However, when conditions svecificeally ontimised for the
determination of manganese in coal slurries were used the metzls
other than marganese gave only very small emission signals when
atomised from coel slurries. Simplex ontimisation of each of the
enission lines selected for the determination of copper, iron and
nickel would have produced individual sets of operating conditions
specific for each metal. From these sets it may have been possible
to formulate a single set of compromise conditions suitable for the
analysis of all three metals. This process could have been repeated
for vanadium to establish compromise conditions for analyses using
ion lines. However, such a comprehensive investigation was outside
the scope of this work. Since adequate SBR's had been obtained for
copper, iron, menganese and nickel using the atom line conditions
given in Table 20, these conditions were adopted for the analysis

of these elements. .Vanadium similarly gave poor SBR's using the
optimised slurry operating conditions and these elements were deter-
mined in coal slurrieé using the ion line conditions given in

Table 20.

Earlier studies had shown that SBR increased with sample pumping
rate (figs 31-34). Using a 10% v coal slurry the ontimum sample
oumping rate was 15 ml.min-l. To prevent undue waste of sample slu-

‘rry the recycling spray chember (Fig. 19) wes used throughout,
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In additior %o the coals anzlysed a vortion of the ash obtained
T 1632a was used %o prepare a slurry (ca. 27 “/v, which, when
calculated as a weight of whole coal represented a2 slurry concentra-
tion of 107 7/v). The results obtained for the five coels and the
esh are shown in Tables 25-29, together wiih the apparent atomisation
efficiencies (i.c.n. slurry atomisation values as a percentage of

the flame a.a.s. values)}. Correlation plots of these results are

given in PFigs. £5-49,

Ruantitative measurements of npeak intensities were taken by nmeking
replicate scans across the analytical lines used. The appropriate
background contribution was subtracted to.yield the net emission
signal. Since nigh background levels were observed at most of thke
wavelengths of interest, relatively high attenuation (tyoically

100 mV-1lv full-scale deflection on the recorder) was required. Con-
sequently the peaks measured were often small in relatiorn %c the
overall background sigﬁal. An estimate of the precision availablev
was mede by measuring the maximum and minimum values possible for
each peakx as well as the value considered to represent the mean peak
height. By this method the variance of the mean peakX height measure-
ments was found to be aoproximately : 25 . However, the values
measured for the maximum and minimum peakx heights had not been re-
fined to exclude any contributions from spurious noise peaks. After
elimination of very high and very low measurements (of maximum and
minimum pezk height respectively), the variance of the measurements
was estimated to be approximately : 15%, After taking into account
the relatively small variations in background level the overall

precision for three renlicete measurements was estimated to be
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avoroximately - 12¢. The uncertainty of the Tlame etomic absorp-

. . +
tion results wes tynicelly - 5-107.

Results were obtained for copper, iron, manganese, nickxel and vana-
diunm. As e basis for the discussion of these results reference is
made to Table 24, The order of 'grindability' of the coals (mea-
sured in terms of the number of particles smeller then IOJJm) is:

SR 16322>C>B>4> SR 1635, Thrus, if atomisetion efficiency is
simply and most directly affected by particle size, the atomisetion
efficiencies observed for these cozls should follow a similer order.
This trend was not observed for the coals znelysed and the results
obtained for copper, nickel and vanadiw showed that atomisstion
efficiencies were biased in favour of those slurries containing the
highest concentrations of small particles. PFor cosner and varadium,
good agreement was observed between the values determined experiment-
ally (flame atomic absorption aﬁd slurry a2tomisation) and the NBS
certificate values for the standard coals analysed. When.the novi-
standerd coazls were anzlysed for copper znd varadium the égreément
between the values determined using flame atonic absorption svectro-
metry and slurry atomisatiop vas generally less satisfzctory. The
discrepancies were rarndor: and no single coal was dientified as

giving consistently high or low results using the slurry atomisation
method. The results for the determination of nickel imply that there
has been some contamination and/or segregation of the sample. This
is demonstrated by the consistent discrepancy between the values
determined experimentally for SR 1532z (ca. 39 rg.g-l using flame
atomic absorption spectrometry and slurry atomisation) &and the L3S

b

certified wvalue (21}€rg.g- . Overall the results obtained for
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Table 25

Determination of Copper

atom line conditions, 327.4 nm,

A comparison of the values determined using flame atomic
absorption spectrometry (f.a.a.s.) and inductively coupled

plasma slurry atomisation (i.c.p.s.a.)

technique

NBS

f.a.a.s. i.c.p.s.a. e
P certificate value

Sample slurry

concentration of copper/ug.g-l

SRM 1632a 17.5 17 (97) 16.5

SRM 1632a ash 17.9 (105)
SRM 1635 4.7 4.6 (98) 3.6
NCB 2 27 18 (67)
NCB B 36 26 (72)
NCB C 52 53 (102)

Values in parentheses indicate apparent atomisaticn efficiencies

relative to values obtained using f.a.a.s:
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PMig. 45 Correlation of results obtained for Copper in ccal using flame a.a.s. and i.c.p. slurry
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Table 26

Determination of Nickel

atom line conditions, 341.5 nm

A comparison of the values determined using flame atomic
absorption spectrometry (f.a.a.s.) and inductively coupled

plasma slurry atomisation (i.c.p.s.a.)

technique

NBS

f.a.a.s. i.c.p.s.a. ;
s i1.c.p.s.a certificate value

Sample slurry

concentration.of nickel/ug.q 1

SRM 1632a 42 ) 39 (93) 19
SRM 1632a ash 39 (93)

SRM 1635 7 17 (243) 1.7
NCB A ' 33 ' 38 (115)

NCE B 61 | _ 57 {93)

NCB C 56 56 (100)

Values in parenthesés indicate apparent atomisation efficiencies

relative to values obtained using f.a.a.s.
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Fig., 46 Correlation of results obtained for Nickel in coal using flame a.a.s. énd i.c.p. slurry
atomisation
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Table 27

Determination of Vanadium

ion 1line conditions, 290.9 nm

A comparison of the values determined using flame atomic
absorption spectrometry (f.a.a.s.) and inductively coupled

plasma slurry atomisation (i.c.p.s.a.)

technique

NBS

f.a.a.s. i.c.p.s.a. e
P certificate value

Sample slurry

concentration. of vanadium/ug.g-l

SRM 1632a 42.5 51 (120) 44
SRM 1632a ash 53 (125)

SRM 1635 5.7 5.4 {95) 5.2
NCB A 20 20 (100}

NCE B 37 53 (143)

NCB C 44 73 {166)

Values in parentheses indicate apparent atomisation efficiencies

‘relative to values obtained using f.a.a.s.
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Fig. 47 Correlation of results obtained for Vanadium in coal using flame a.a.s. and i.c.p. slurry
atomisation
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Table 28

Determination of Manganese

atom line conditions,

403.1 nm

A comparison of the values determined using flame atomic

absorption spectrometry (f.a.a.s.) and inductively coupled

plasma slurry atomisation (i.c.p.s.a.)

Sample slurrv

SRM 1632a
SRM. 1632a ash
SRM 1635

NCB A

NCE B

NCB C

f.a.a.s.

21.5

28.3

34

73

194

technique

i.c.p.s.a.

NBS
certificate value

. =1
concentration. of manganese/lg.g

42 (195)
18 (84)

8.5 (30)
48 (141)
g6 (132)
128 (66)

28

21.4

Values in parentheses indicate apparent atomisation efficiencies

relative to values obtained using f.a.a.s.
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Fig. 48 Correlation of results obtained for Manganese in coal using flame a.a.s. and i.c.p. slurry
atomisation
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Table 29

Determination of Iron

atom line conditions, 372.0 nm

A comparison of the values determined using flame atomic
absorption spectrometry (f.a.a.s.} and inductively coupled

plasma slurry atomisation (i.c.p.s.a.)

technique

NBS

f.a.a.s. i.c.p.s.a. .
P! certificate value

Sample slurry

concentration. of J‘.rcm/}.lg.g-l

SRM 1632a 12,560 3,830 (30) 11,100
SRM 1632a ash . 3,416 (27)
SRM 1635 3,070 736 (25) 2,320
NCB 2 7,160 2,916 (41)
NCB B 16,340 6,5-42 (40),
NCB C 20,550 7,088 (34)

Values in parentheses indicate apparent atomisation efficiencies

relative to values obtained using f.a.a.s.
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Pig. 49 Correlation of results obtained for Iron in coal using flame a.a.s. and i.c.p. slurry
atomisation
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nickel using flame atomic absorption spectrometry and slurry atomis-
atior showed good acreement for all the coals except SXI 1635, which
gave consisiently high results using the slurry estomisation technigue.
-The results obtained for menganese are disappointing and shows poor
agreement between the values determined using flame atomic absorntion
spectroretry ard slurry atomisatior. The reasons for the variable

recoveries 2re unclear znd any attempts to correlate atomisation effi-

ciency with particle size distribution are meaningless,

The low recoveries of irorn were attributed initielly to the high levels
of iron in the a2tom cell causing self absorption of the sigral or
saturation of the photomultiplier tube. Both suggestions were dis-
counted when dilutions of one slurry (10 and 20C fold) failed to
oroduce results significantly different (1-5%, to the parent slurry.
The reasons for the poor atomisatiorn efficiencies cbserved for iron
(relative to other elements) are unclear. One possibility is that

the iron is conteined in coal as relatively large inclusions of oxides
and éulphides. Grinding of the sample redﬁces these inclusions to

the same size as the cozl particles, but} since such reterisl is con-
siderably more refractory than coal, atorisation may be slow or

incomplete.

During nebulisation of the slurries, droplets of aerosol impinging

on the bottom of the Spfay chamber end partly nebulised slurr& were
returned to the semple reservoir. It has been suggested by sore
autnors that onl& particles smaller than IO}xm contribute z2pprecizbly

to the analyte emission signal. Furthermore if the order-sorting
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effect of the sprzy cnamber resulis in selective transoort of very
gmall nzriicles to the atom cell, then the slurry recycled %o the

szmnle reservoir viould be reletively denleted in these narticles.

to ceuse some de-
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terioration irn signrnal size since successive nortions of slurry redbu-

lised into the plasme would contain nrogressively fewer sneller
narticles. Unlortunstely the ehsolute weignt of slurry reaching the
plasma during typicel arelysis times was very smell and any deterior-

]

ion would have been very smell., ¥o significant decreazse in signal

B
ck
14

size was observed, even alter drolonged nebulisation o
slurry. There is some evidence to suggest that, for the range of par-

~

ticle sizes investigated (c . 2-30)42), atomisztion efficiencies apnnear

4

to be indeverdent of the particle size distribution of the szmples.
Cther zuthors discussing these parameters have been concerned largely
with the analysis of refractory geological materials, It may he that
the small particle sizes reportedly necessery for efficient ztomisation
of these materials are not necesszry for coel. Since more than 957
(by numbter) of the narticles sresent'in 211 the coal samndles esnalysed
were smaller than 3Q}tm, this velue iszy be closer to any criticel
rvicle size than is 1OJJ:.

L4

Tris feature ra2y be relatgd botk to the compositicon of the meterials
ndergoing atomisation, and the rates a2t which the processes occur.
Since atomisation of refractory nmaterizls (e.g. ash) should be slower

than for coal long residence times and very small narticles may be

XY - -
wo stage atom-

Y
(-2

necesszry to ensure comnlete cimisation. IFor cozl

isation process ray be suggested. Pirstly the relatively large carbon
narticles are ashed or pyrolysed in the plasne fire-bhsll, leaving




behind staller narticles of ash, which are subsecuently atorised.

The overzll tire scales for the slow atomisation of ash particles

1))

nd the itwo-stase sziomisziion of coal particles mey be comparable.

ttempts were made to confirm this mechanism by scanninz the emission

B

spectrum of a2 coal sliurry in order to locate molecular bancheads due
i rediczls (359, 288 end 422 nm), CH radicals (422 nzm) and C, radi-
cals (474 and 517 nm). ¥itr the exception of weak CE radical emis-

siozs 2%t ca. 4322 nm none of these bands was observed. Ir all proba-

bility this was due to disscciation of any reaction sreducts by the

hizgh temperetures in the atom cell.
=) 1

Good agreement was observed between the results obtained for the
analysis of the ST! 16322 coel slurry and the ash slurry sroduced

from this cosl. This is interesting when the particle size distribdb-
utions of these two samples are corsidered. from Table 20 it is seen
that the low-ash coals produce fewer small particles on grinding than
do high-ash coals. Thus it may be vostulated that the relatively
large particles left after grinding zre largely carbonaceous in com-
position, Subsequent zshing of the coal renoves c;rbonaceous meterial
so the number of these large particles should be reduced, i.e. the
asn should contain a higher percentage of small particles than the
coal froi which it was produced. Particle size anaiysis of the ash
from SR 16322 confirms this in that only 45% of the criginel coal
particles were smaller than IO}Am, whereas T75% of the ash particles
were csmaller than IOJxm (Table 30). Hence better atomisation effi-
ciencies might be expeéted for the ash slurry than for the coal

silurry. If however the postulated dtomisation mechanisx is correct
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ecuivalent efficiencies for coal and ash slurries might he under-
standable. & comparison of the values determined for the two slurries
revezled that the rangenese and iron values again showed no consis-
tercy, both elements in fact giving lower recoveries for the ash
slurry (857 and 45? o the coal slurry figure for iron and mznganese
respectively). TFor copper, nickel and venadium (those elements giving

the best resulis overall) the differences betweer. the ash and coal

o S
slurry values were not significant, - 5%.



Table 30

Particle size distributions of NBS SRM 1632a and the ash produced

from this coal.

Upper limit of

. . % QOccurrence
particle size range/um

coal ash
2.52 0.5 3.2
3.17 2.3 7.8
4.00 4.2 11.0
5.04 5.9 12.9
6.35 10.1 14.7
8.00 10.9 13.4
10.08 11.2 11.6
12.70 11.3 9.6
16.00 | 14.4 8.2
20.16 12.1 4.9
25.40 10.4 1.9
32.00 6.7 0.8
Totals 100 100
% of particles smaller than 10 um 45.1 74.6
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6.4 COWCLUSIQONS

The atomisation of whole coal slurries using the higk temner-
sture atom cell available with the inductively coupled plasma has
beer investigated. The method has been fourd tc show considerable
srorise for the determination of trace metals in coz2l. ithile prepa-
ratior and introduction of the sample into the plasme have been found
to be simple and rapid, analytical problems of a more fundemental

rature have been encountered.

Traditionally problems of nebuliser and burner blockage are ercount-
ered when samples containing suspended solids or high selt corcen-
trations are znelvsed using conventional flame technicues. A4 signif-
icant contribution to the avoidance of such problems has been made Ty
the modified Babington-type nebuliser used throughout this work.
Blocking of this nebuliser is avoided by introducing the siurry irto
the nebulising gas stream via a2 relatively wide diareter tube (ca.

¢.8 mn i.d., compafed to ca. 0.35 mr for typical Keinhard nedbulisers).
This type of nebuliser does rnot function by generating a Venturi
effect at the zas/licuid interfece and consequently has no naturel
uptake mechanism, Accordingly a constant hezd of sample is nzin-
tained at -the nebuliser tip using a small peristaltic pump. With

this zrrangement the nebuliser nas been found to give excellent ser-
vice for & wide range of slurry concentrations (up to 25 */v), intro-
duced =zt high saiple pumping rates (15-20 ml.min-l) and containirg
relatively large particles (maximum particle size 105J4m).

Ixcessive consumption of slurry when pumping sample at 15 ml.min_l

is avoided using & gastight recycling system in which slurry zerosol
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droplets impinging on the walls of the spray-chamber and partly
nebulised slurry are returned to the sample reservoir via the spray
chamber drain. If only a limited amount of sample is available lower
pumping rates (typically 0.5-2.5 ml.min_l) can be used, though at the

cost of a loss of sensitivity (typically 20%).

At the present time the major analytical problems are associated with
the restricted freedom of line selection. Two independent factors
are responsible for these problems. Pirstly the long residence times
identified by the simplex procedure involve viewing the plasma high
above the load coil (typically 34 mm). Wh;le the level of background
radiation should be relatively low at this height, sufficient time
may have elapsed to allow extensive recombination of metal ions and
electrons so that emissions at atom lines should be more intense

than at ion lines; Attempts to exploit the greater sensitivity of
some of the ion lines available for the elements determined neces-
sarily involve looking lower in the more energetic regions of the
plasma tailflame.' This in turn reduces the residence time (and poss-
ibly the degree of atomisation) of the sample, and increases the level
of background radiation. Both effects combine to produce inferior
SBR's and no gain in analytical performance is obtained. Thus, due
to thg extended residence times required to ensure complete atomis-
ation of the slurry particles, the use of some potentially sensitive

ion lines is precluded.
Secondly, as & result of spectral interferences from iron, many of

the preferred atom lines are unavailable. V\hile alternative lines

may be found, the sensitivities of these lines may be insufficient
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to allow determination of the desired metals at levels typical in

coal slurries. The poor resolving power of the monochromator avail-
able in this work serves only to aggravate these problems. On way

to overcome these problems might be to determine the iron content of
each coal and then to prepare calibration standards with accurately
matched matrices for each individual slurry. However, this neces-
sarily requires an atomisation efficiency of 100% for iron so that the
amount of iron added to each set of standards can be determined accu-
rately. The results obtained for iron indicate that this approach is

not as yet feasible.

From the results of the experiments performed it has become clear that
speciral interfe;ences pose the major analytical problems in this
method. Where interference-free lines can be found the application of
simplex optimisation techniques should assist in identifying the
experimental conditions which will enable the sensitivity of such lines
to be exploited fully. Clearly there is much scope for expanding the
simpléx optimisation work already carried out here, not only in
continuing similar optimisation experiments on a wider range of
elements and spectral lines, but.also to investigate the analytical
potential of new systems (e.g. an all-nitrogen plasma has recently

been reported )(229).

Recent developments (230, 231) in I.C.P. instrumentation appear to
favour the more flexible computer controlled scanning sequential
spectrometers in preference to direct reader simultaneous detection
systéms. Sequential systems no longer require analyses to be per-

formed using a single set of compromise operating conditions, since
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operational parameters can be changed to suit each elemeﬁt in turn.
Therefore it is logical to extend the role of the computer to include
manipulation of the plasma controls (i.e. gas flows, power and view-
ing height). Such a system should be ideally suited to simplex optim-
isation studies and would give information not only about fhe funda-
mental mechanisms of plasma systems, but also for general analytical
work, where optimi;ation of operating parameters for different elem-

ents in various matrices could be achieved rapidly and efficiently.

The results of the optimisation studies carried out here suggest that
the all-argon plasma is more suited to the determination of trace
metals in coal slurries than is the nitrogen-cooled plasma. This
enables a lower power (and hence less expensive) generator to be

used. The argon plasma préduces only a low background with relatively
few molecular bands, and a potentially wider range of sensitive
spectral lines is available. Unfortunately the matrix background

from coal slurries interferes with many of the preferred analytical
lin;s. If a direct reading spectrometer is used to measure the
emission signal, the highest péssible resolution must be used to
eliminate or minimise matrix interferences on the fixed set of
analytical lines available. If a more flexible scanning monochrometer
is used spectral interferences can often be overcome by using diff-
erent spectral lines, or compensated for using wavelengih scanning
technigues (as in this work). In either case a monochromator of

high resolving.power will assist considerably in successfully over-

coming interferences of this kind.
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In conclusion, the potential for the rapid znalysis of whole coal
slurries using the inductively coupled plasma is clearly demonstrated.
Analysis times are reduced from typically 1%-2 working days (say for
five elements determined in one coal sample using flame atomic absorp-
tion methods) to less than % of a working day, including the time
taken to grind the sample. Elimination or avoidance of spectral
interferences (perhaps involving variable step-size simplex techniques)
will enhance considerably the utility of the method which should be
applicable to a wide range of coals and related materials, e.g. ashes

and coke.

When this method is used in conjunction with the methods described
previously for mercury, arsenic and selenium an overall strategy for
the determination of a wide range of trace elements in coal is avail-
able, thus enabling the construction of significant trace metal

balances in and around coal-utilising power plants.
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Selected lectures from the C.N.A.A. H.S5c¢c. in Instrumental
Analytical Chemistry.

Department of Chemistry %nalytical Discussion Group;
(Sheffield City Polytechnic; weekly from iay 1978 until
December 1980; Chairman of the above, January-December,
1980).

Department of Environmental Sciences'Chemistry of Natural
and Polluted Environments Research Group‘(Plymouth Poly-
technic; weekly from January until October 1981).
Department of Chemistry Research Colloquia (Sheffield City
Polytechnic; fortnightlylfrom May 1978 until December 198l1).
Sheffield Modern Methods of Analysis (Metallurgical and
Engineering) Group (British Iron and Steel Research Asso-
ciation Headquarters, Sheffield; bimonthly from May 1978
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Instrumentation Laboratories Inc., IL User Group Meetings,
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(viii)

North East Region R.I.C. and Atomic Spectroscopy Group
'"Problem Areas in Atomic Absorption', Gatesheaq, October
25, 1978.

Atomic Spectroscopy Group, joint meeting with the Board
of Annual Reports on Analytical Atomic Spectroscopy and
the Sheffield Modern Nethods of Analysis Group, 'Sixth
Annual Reports on Analytical Atomic Spectroscopy
Symposium', Sheffield, January 4th 1979.

North East Region R.I.C. with Sheffield and District

.C.5./R.I.C. 'A Century of Achievement in Metallurgical

Analysis', Sheffield, January 17th 1979.

Analytical Division 'Research and Development Topics in
Analytical Chemistry', Edinburgh, July 4th/5th, 1979.
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Region R.I.C., 'Plasma Emission Spectroscopy', Bristol,
November 21st, 1979.

Atomic Spectroscopy Group, joint meeting with North East
Region R.I.C., '"Competitive Spectroscopies in Metal-
lurgical Analysis', Sheffield, December Sth, 1979.

Atomic Spectroscopy Group, joint meeting with the Board of
Annual Reports on Analytical Atomic Spectroscopy, 'Seventh
Annual Reports on Analytical Atomic Spectroscopy Symposium'
Sheffield, lMarch 27th, 1980.

Analyti;al Division 'Research and Development Topics in

Analytical Chemistry', Canterbury, April 1st/2nd, 1980.
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(ix) Atomic Spectroscopy Group with North West Region R.S.C.,
'Industrial Applications of Atomic Absorption Spectro-
scopy', Lancaster, September 16th, 1980,

éx) R.S.C. Autﬁmn lleeting: Analyti;al Division Symposium
on 'Trace and Ultra-Trace Analysis', Cardiff, September
23rd-25th, 1980.

(xi) Industrial Division, joint meeting with North East Region
R.S.C., 'Industrial Hygiene HMonitoring', Sheffield,
December 3rd, 1980.

(xii) Atomic Spectroscopy Group, joint meeting with North East
Region R.S.C., 'Plasma Emission Spectroscopy', lliddles-
borough, March 11th, 1981. |

(xiii) Atomic Spectroscopy Group, joint meeting with the Board of
Annual Reﬁorts on Anmalytical Atomic Spectfoséopy, 'Eighth
Annual Reports on Analytical Atomic Spectroscopy
Symposium: Quality Assurance and Atomic Spectroscopy’,
Sheffield, April 2nd, 198l.

(xiv) Royal Society of Chemistry Annual Chemical Congress:
Analytical Division Symposium; *Matrix and Sensitivity
Problems in Analysis', Guildford, April 7th-9th, 1981.

(xv) Analytical Division 'Research and Development Topics in
Analytical Chemistry', Salford, June 30th/July 1lst,

1981 (Paper presented at this meeting).

In addition to these lectures and meetings a period of 3 months
(May - July 1980) was spent at the London Research Station of the
British Gas Corporation. Duties during this period invelved the
development of general analytical methods for the analysis of coal,

particularly using carbon furnace atomic absorption spectrometry.
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In press

(;) 'Determination of mercury in coal by non-oxidative
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Accepted by 'The Analyst' and in press.
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analytical atomic spectrometry!

Accepted by 'Analytical Proceedings'! and in press.
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Accepted by 'Anal. Chim. Acta' and in press,
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Invited
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of Analysis (Sheffield Metallurgical and Engineering) Group, Sheffield,
November, 1979.

'"The determination of volatile trace metals in coal by analytical
atomic spectrometry.' Presented at a Paculiy of Environmental Science

Research Symposium, Plymouth Polytechnic, Plymouth, September 1981.

‘ Submitted

'The determination of volatile trace metals in coal by analytical
atomic spectroscopy.! Presented at 'Research and Developments in
Analytical Chemistry', Analytical Division, Royal Society of Chemistry,
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OTHER PROFESSIONAL ACTIVITIES
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1977 onwards.
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