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ABSTRACT

The general theory, instrumentation and role in chemical analysis
of atomic fluorescence spectroscopy is reviewed.

The atomié fluorescence characteristics and analytical determin-
ation of chromium in an argon-separated air-acetylene flame, using an
electrodeless discharge lamp, ere described. The overlap of neon and
chromium spectral lines has been utilised to produce the atomic fluorescence
and atomic absorption of chromium with a neon electrodeless discharge lamp.
The atomic fluorescence détermination of antimony in copper-base alloys in
an argon-hydrogen diffusion flame isg reported.

An investigation of the preparation and operation of a number of
multi-element electrodeless discharge lamps has been undertaken. Thése lamps
have been used as spectral sources for the atomic fluorescence determination
0f chromium, cobalt, manganese and nickel in a variety of different types
of steel. A scanning technique, employing these lamps, has béen developed
for rapid sequential multi~¢lement determinations by atomic fluorescence
sSpectroscopye.

A non-dispersive atomic fluorescence spectrometer has been
constructed for use with the carbon filament atom feservoir and a flame
cells This has been used for the determination of mercury with the carbon
filament; and zinc in soils gnd a variety of non-ferrous metal alloys with
a flame, Instrumentation for‘the continuous operation of the carbon filament

atom reservoir is described.



ACKNOWLEDGEMENTS

The work described in this thesis is entirely original except
where due reference is mades No part of the work has been previously
submitted for any other degree. The work was, carried out in the Chemistry
Department of the Imperial College of Science and Technology between
October 1970 and September 1972.

I should like to thank my supervisor, Professor T.S.West, for
the help and encouragement he has given me throughout this work. Thanks
are also due to many members of the Analytical Chemistry research group
for helpful discussions.

I should also like to thank the Science Research Council for the

avard of a research studentship.



Abstract
Acknowledgements

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

CONTENTS

THEORETICAL BASIS OF ATOMIC
FLUORESCENCE SPECTROSCOPY

REVIEW OF ANALYTICAL ATOMIC
FLUORESCENCE SPECTROSCOPY

THE ATOMIC FLUORESCENCE
CHARACTERISTICS AND ANALYTICAL
.DETERMINATION OF CHROMIUM IN

AN ARGON-SEPARATED AIR-ACETYLENE
FLAME USING A CHROMIUM CHLORIDE
ELECTRODELESS DISCHARGE LAMP

SOME ANALYTICAL APPLICATIONS OF THE
SPECTRAL OVERIAP OF THE NEON
3594352 NM. AND THE CHROMIUM

359.349 NM. SPECTRAL LINES 1IN
ATOMIC ABSORPTION AND ATOMIC -
FLUORESCENCE SPECTROSCOPY

THE ATOMIC FLUORESCENCE DETERMINATION
OF ANTIMONY IN COPPER-BASE ALLOYS
USING AN ARGON-HYDROGEN DIFFUSION
FLAME AND AN ELECTRODELESS DISCHARGE
LAMP

THE CONSTRUCTION OF MULTI-ELEMENT
ELECTRODELESS DISCHARGE LAMPS AND
THEIR APPLICATION TO ATOMIC FLUOR-

ESCENCE SPECTROSCOPY

22

39

55

66

72



Chapter 7

Chapter 8

Chapter 9

Chapter 10

Chapter 11

References

-
THE ATOMIC FLUORESCENCE DETER-
MINATION OF CHROMIUM, COBALT,
MANGANESE AND NICKEL IN STEELS
USING AN ARGON~-SEPARATED AIR-
ACETYLENE FIAME AND SOME DUAL-
ELEMENT ELECTRODELESS DISCHARGE
IAMFPS
A SCANNING TECHNIQUE FOR MULTI-
ELEMENT DETERMINATIONS BY ATOMIC
FLUORESCENCE SPECTROSCOPY
THE DETERMINATION OF. MERCURY BY

NON~DISPERSIVE ATOMIC FLUORESCENCE

SPECTROSCOPY USING THE CARBON FILAMENT

ATOM RESERVOIR
THE CONTINUOUS OPERATION OF THE
CARBON FILAMENT ATOM RESERVOIR
THE USE OF A NON-DISPERSIVE
ATOMIC FLUORESCENCE SPECTROMETER
FOR THE DETERMINATION OF ZINC
IN SOIL EXTRACTS AND NON-FERROUS

METAL ALLOYS

86

96

119

130

138

147



B

CHAPTER I

THEORETICAL PASIS OF ATOMIC

FLUORESCENCE SPECTROSCOPY



Te1l HISTORICAL INTRODUCTION

" The first work to include the observation of atomic fluorescence
wag carried out in the latter half of the nineteenth century, and was
concerned with the astrophysical study of the composition of stellar and
solar atmospheres. At the beginning of the present century, several groups
of spectroscopists examined the atomic fluorescence spectra of a number of
elements, produced by the atomic vapours contained in quartz cells (1,2).
In the case of sodium, Wood (3) succeede@ in exciting the D line atomic
fluorescence by irradiating an atomic vapour of the element with the atomic
line emigsion from a flame containing sodium chloride. Following Wood's
experiments, the atomic fluorescence spectra of antimony (4), bismuth (4),
cadmiuvm (4), caesium (5), lead (4), lithium (6), manganese (7), mercury (8),
thallium (4) and zinc (9) were all observed, after irradiation by a variety
of spectral sources,

It was not until the 1920's that Nichols and Howes (10, 11)
conducted the first atomic fluorescence studies in flame cellse The elements
examkned in this work were barium, caesium, calcium, lithium, rubidium,
sodium, strontium and thalliume Further investigations, using flame calls,
were made by Badger (12), who observed the atomic fluorescence spectra of
cadmium, copper, magnesium, mercury, Silver, sodium and thallium, and By
Mankopff (13). More recently atomic fluorescence observations were made
by Alkemade and co-workers (14-17) and Jenkins (18-22), in order to obtain
data about excitation mechanisms and fluorescence quantum efficienciése

The potential application of atomic fluorescence spectroscopy to
chemical analysis was first considered in 1961, after Robinson (23), during
an atomic absorption study, had observed the atomic fluorescence emitted
at 28542 nm. by a 1000 ppme. solution of magnesium, in an oxy-hydrogen flame,
using a hollow cathode lamp as the source of excitation. In 1964, VWine-

fordner and Vickers (24) described the theory, instrumentation and procedure
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for the analytical technique, and Vinefordner and Staab (25) gave results
for the determination of cadmium, mercury and zinc by atomic fluorescence
spectroscopye. Despite using what would now be regarded as far from ideal
equipment, they obtained superior detection limits to those which could be
obtained by atomic absorption, using the same instrumentation.

Since then, atomic fluorescence spectroscopy has been applied
to the determination of nearly forty elements, some o? the early extravagant
claims for the advantages of the technique have been moderated, a comprehensive
theoretical treatment of quantitative atomic fluorescence speciroscopy has
been produced, and significant improvements in instrumentation and procedure
have been made. Over one hundred and fifty résearch papers and some
twenty reviews have now been published on the subject.
12 THEORY |
1¢2+1- Scope

In the remainder of this chapter_it is proposed to discuss the
ﬁarious atomic fluorescence processes which can occur and may be made use
of in analyticalvatomic fluorescence spectroscopy, and to consider the
factors which affect the intensity of atomic fluorescence and the shape
of atomic fluorescence calibration curvese.
1202 Atomic fluorescence processes
142021 Basic considerations

The simplest description of the process of atomic fluorescence
is as follows. A ground state atom absorbs a'quantum of electromagnetic
radiation, which raises it to an excited electronic energy state. The
atom subsequently re-emits the absorbed energy as a photon, on returning
to the ground gtate. Atomic fluorescence spectroscopy is concerned with
the measurement of the re-~emitted radiation from an atomic population,
normally in a flame celle

All atoms have a large number of excited energy states, and these

energy states are characteristic of the elemente The energy states all have
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known energy values, aﬁd s0 a specific quantum of radiation is required
to raise a particular atom to an excited energy state. When excitation
occurs from the ground state to an excited energy state, due to the absorption
of radiation, the amount of energy absorbed Ea’ is related to the wavelength

of the absorbed radiation A , by the expression,
[
E.,,:fw:%:-
where h is PlancK's constant, v is the frequency of the absorbed
radiation and ¢ is the velocity of light. Therefore, to cause the excite-
ation of an atom to a higher energy state, by the absorption of radiation,
that radiation must be of a specific wavelengthe
Similarly, when deactivation occurs from an excited energy state
to a lower energy state by the emission of fluorescent radiation, a
corresponding relationship applie#, and the fluorescent radiation will
also be of a specific wavelengthe
Since each atom possesses a large number of excited energy states,
fhere are several different mechanisms by which atomic fluorescence processes
can occur, and these are illustrated diagrammatically in Figure 1.1 and
explained below. |
Te24242 Resonance fluorescence
Resonance fluorescenc¢ occurs when atoms are excited from their
ground state to an excited energy.state by the absorption of radiation, and
then undergo radiational deactivation back to the ground state, emitting
fluorescent radiation of the same wavelength as that of the absorbed radiation.
The most intense resonance fluorescence occurs from the first excited state
of the atom to the ground state. An example of resonance fluorescence is
the atomic fluorescence of zinc at 213.,9 nm., after irradiation with light
of that wavelength (26).
1¢242¢3 Direct-line fluorescence

Direct—-line fluorescence occurs when an atom is raised to an excited

energy state, considerably higher than the4ground state, by the absorption
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FIGURE 1.1

TYPES OF ATOMIC FLUORESCENCE
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. of radiation, and then undergoes radiational deactivation to a metastable
lower excited s£ate, before returming to the ground state by a non-radiative
process. Therefore, the emitted radiation is of a higher wavelength than
that of the absorbed radiation. An example of direct-line fluorescence is
the atomic flucrescence of thallium at 535.0 nm., after excitation with
radiation at 377.6 mm. (27).
le242.,4 Stepwise fluorescence

In stepwise fluorescence, the atom, after excitation tc a high
excited energy state by the absorption of radiation, returns ts the ground
state via a lower excited state. The radiational deactivation occurs from
- the lower excited state, and hence the fluorescent radiation emitted is of
a higher wavelength than that of the absorbed radiation. The atomic fluor-
escence of the sodium 589.0 nme doublet, after excitation with radiation
of the 330.3 nm. doublet (28) is an example of stepwise fluorescence.
le2+2¢5 Thermally-asgsisted resonance fluorescence

Thermally-assisted resonance fluorescence occurs when an atom is
initially raised to an excited state by the absorption of thermal energy from
] the flame (c.f. atomic emission spectroscopy) and then absorbs radiation to
raise it to a higher energy state. Radiational deactivation occurs as the
atom returns to the lower energy state. Thus the fluorescent radiation is of
the same wavelength as that of the absorbed radiation. An example of thermally-
assisted resonance fluorescence is the atomic fluorescence of indium at
410.2 nm., after excitation with radiation of that wavelength (29).
14202¢6 Thermally-assisted direct-line fluorescence

In thermally-assisted direct-line fluorescence the atom is raised
to a slightly higher energy state than in normal direct-line fluorescence due
to the absorption of thermal energy from the flame., Radiational deactivation
then occurs to a lower excited energy state. The atomic fluorescence of

antimony at 259.8 mm., after excitation with light at 2068 nm. has been
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attributed to thermaliy—assisted direct-line fluorescence (30).
1e2¢247 Thermally-assisted anti-Stokes flucorescence

Thermally-assisted anti-Stokes fluorescence is similar to thermally-
assisted resonance fluorescence, except that the radiational deactivation is
back to the ground state, rather than to a lower excited state. Hence, the
fluorescent radiation emitted is of a shorfer wavelength than that of the
absorbed radiatione An example of thermally-assisted anti-Stokes fluorescence
is the atomic fluorescence of gallium at 403.3 nm., after excitation with
radiation at 417.2 nm. (29).

142.2.8 Sensitised fluorescence

Sensitised fluorescence occurs when donor atoms or molecules are
excited by the absorption of radiation to an excited energy state, and
then collide with ground state samfle atoms, transferring energy to them,
and thus raising them to an excited energy state. The excited samplé atoms
then undergo radiational deactivation to a lower energy state, emitting
fluorescent radiation. For example, if a gas containing a high pressure
of mercury vapour and a low ﬁressure of thallium Qapour is excited with
mercury radiation at 253.7 nm., some thallium atomic fluorescence at 377.6 nme
and 535.0 nme will be observed (28).
1¢202¢9 Use of the different types of fluorescence in analytical atomic
fluoresceﬁce spectroscopy '

Resonance fluorescence is the most commonly used of the above
Provesses in analytical atomic fluorescence»spectroscopy. The probabilities
for the transitions causing resonance fluorescence are much greater than
those for the other types of fluorescence. However, the main advantage of
resonance fluorescence in analysis is that the fluorescent radiation
intensities are significantly greater than those with the other types of

fluorescence,
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However, an important disadvantage of resonance fluorescence

is that scatter of the incident radiation by particles in the flame can cause
errors, since the scattered radiation will be of the same wavelength as that
of the fluorescent radiation. This interference does not affect the other
types of atomic fluorescence, when the incident radiation and the fluorescent
radiation are of different wavelengths.

Sensitised fluorescence is not observed in flames under normal
COnditions, since it is impossible to obtain a large enough concentration
of donor atoms in a flame cell to stimulate the atomic fluorescence.
1.243 The intenéity of atomic fluorescence and the theoretical derivation
of analytical atomic fluorescence spectroscopy curves
1e2¢3.1 Introduction

The intensity of the flﬁorescent radiation produced by an atomic
population in atomic fluorescence spectroscopy is proportional to:-

1« The intensity»of the incident radiation directed on to the
étomic population from the source of excitation.

2e The fraction of the incident radiation absorbed by the atomse.
This is a function of the concentration of absorbing atoms,

3. The efficiency of the conversion of absorbed radiation into
fluorescent radiation.

4+ The fraction of the fluorescent radiation self-absorbed by
ground state atomse This is a function of the atomic concentration, and at
high concentrations is a cause of quenchinge

The first attempt to explain the shape of atomic fluorescence and
atomic concentration curves, in relation to the above factors, was made by
Winefordner and Vickers (24). Their theoretical calculations may be simplified,
for the case of resonance fluorescence with a low atomic concentration, to
give the following expression for the intensity of the observed fluorescent

radiation Ef,

E‘f b CIV NO
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where C is a congstant for the particular element and experimental
conditions, Iv ig the intensity of the incidemt radiation and No is the
number of absorbing atoms present. Therefore, at low atomic concentrations,
the intensity of the fluorescent radiation is proportional only to the
intensity of the incident radiation and to the number of atoms present, which
can abgsorb that incident radiation.

This elementary equation, although correct in principle, is somevhat
restricted in its application, since the effect of certain absorption para-
meters ig not fully considered. Several other attempts have been made to
explain the shape of analytical atomic fluorescence spectroscopy curves
(31 ~ 35), both for resonance fluorescence and for some of the other types of
atomic fluorescence. The most exhaustive of these calculations are those
made by Hooymayérs (34); and his 5p§roach to resonance fluorescence curves
will be considered below. BEquations for the other types of atomic fluorescence,
vhich are considerably more complex, will not be considered here, but may be
found in the relevant literature (31 - 34).
1¢2¢3¢2 General expression for resonance fluoreséence

A discussion of the theory of analytical atomic fluorescence curves
necessitates a preliminary consideration of an ideal flame cell. This is
illugtrated in Figure 1.2 It is possible to construct such a flame cell
in practice (35), provided it is surrounded by a mantle flame of the same
gas composition, in order to achieve a uniform temperature throughout the
flame. A homogenous parallel beam of incident radiation of rectangular
cross-section o= 21 x 21' traverses the flame, intersecting the flame axis
at right angles. The dimension 21 lies in the plane of the diagram, whilst
21' is perpendicular to the plane of the diagram. A uniform distribution of
ground state atoms throughout the flame is assumed, The fluorescent radiation
considered is that emitted through a small solid angle dw, perpendicular to

the direction of the incident radiation and to the flame cell.
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FIGURE 1.2
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The integrated energy absorbed per second Eas by the abgorbing
atoms in the volume element of the flame cell 21'dudx (the black shaded

area in Figure 1,2) is given by,
X

o -K
Ea = Zl'dwéxoﬁ[vkv@ v e (1)

wvhere Iv is the radiation flux of the incident light bean,
expressed as energy per unit time per unit area at frequency v and per
unit frequency interval, K, is the absorption coefficient (in cm._1) at
frequency v, and dex is the fraction of energy of frequency v vwhich is
absorbed as the incident beam travels over a distance dx in the flame, and
is given by;

Ky dx = ByNodx e (2)

where B, is the self-absorption factor, and No is the concgntration
of ground state atoms in cm.3.

Therefore, the intensity of the observed fluorescent radiation dEf,
emitted by the excited atoms in this volume of the flame cell, and observed

through the small solid angle dw, is given by,
~Ky' (L-1 +u)
e Jov

a ) . - ?
aEJ, = ;'L:T EZI Juéxofﬂlvév kv&kvx.] [’-roF oy - (3)
where e-kv0c1+u)allows for the loss in the fluorescent intensity

due to self-absorption in the flame cell, p is the fluorescence yield factor
(iees the fractioﬁal probability that an excited atom will lose its energy
by the radiation of a photon before it suffers a quenching collision),a(v'dv'
is the probability of an emittéd photon having a frequency between v' and

V! 4+ dv', and L 1s the flame thickness.

ol v! represents thevnormalised shape of the fluorescent spectral
line when not distortedlby self-absorption. It is derived from‘classical
theory and is given by '

oy = 8TT'§'°'1 -g-? AN V' . coee (4)
where‘go and g, are respectively the statistical wveights of the
ground and excited energy states involved in the transition, A is the transition
brobability in S_1 and Ao is the centre of the wavelength of the fluorescent

radiatione
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By substituting equation (4) in equation (3) and integrating x and
u between O and 2L and 0 and 21 respectively, the following expression for

the total fluorescent radiation flux Ef, may be obtained,

;= Am'ZIPr I T, (1= ¢ (- kvll)é f ~ky' (L-1)_ -kv (l..-ﬁl)a e (8)

Introducing the dimensionless variable J = KOL = constant NOL,
where Ko is the maximum value of the absorption coefficient Xv, when the
only broadening effect is Doppler broadening at the specific flame temperature,

the following equation is obtained, —ouT (sl Tk '
E}r G.PAVD( an) _”!‘Ib“ o 270y Jl: ) '"E).-(!-e» o L )}éb et
where y is the dimensionless frequency difference 27) :" (ln 2)"2
Vo being the central frequency of the spectial line. ZBVD is the Doppler
half-intensity width of_the spectral line, and is given by,

Lo 8T Kok .
Ay, = 1 (== lo2)" L)

where t is the temperature of the flame, and m is the mass of the
absorbing atoms in the flame.

The value of Ko is given by,
. iy 2 :
ko = D®de’ py 9 ee (8)
Ovp T 8T %0
Qy is given by the expression,

. “h‘
kv _ & (® ¢ dt
Qy = N-k: = n‘o! & vlp-t)? e (9)

The parameter a in equation (9) is the damping constant for the

Particular sample atoms and flame gases, and is given by,

A '
a= 3 (ln2)*
where l)vL is the Lorentz half-intensity width of the spectral line.
Thus Qy describes the normal spectral shape of an isolated resonance line due
to both Doppler and Lorentz broadeninge
Ef may be evaluated from equation (6) in the case of a very narrov
line source and a continuum sources. However, if the width of the absorption

line and the width of the incident line are comparable, information on the

frequency distribution of the incident line will also be required. The deriv-
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ation of analytical atomic fluorescence spectroscopy curves for these two
limiting cases will now be considered.
le2¢3e3 Analytical curve for a continuwm source

In the case of a continuum source of excitation Iy is virtually
constant over the frequency range of interest, and may be replaced by Io'
vhere Iy = Io for the central frequency of the absorption line of the atoms
in the flame cell.s By this substitution and the rearrangement of equation
(6), the following expression is obtained,
Er/ 28 T,0 By, () %p = SE L B0 T TR M))é

Hence the double logarithmic plot of E}/“"I""a\'o (qu) P and J
(=constant NOL) represents the theoretical analytical atomic fluorescence
curve. Some analytical curves, for various values of the damping constant,
derived from the above theory for.a single spectral line with a continuum
source are shown in Figure le3. These curves show that at high atomic con-
cnetrations the intensity of the fluorescent radiation is no longer dependent
on the atomic concentration, and the'curves tend towards horizontal asymptotes,
The point of intersection of the high and low concentration asymptotes is
dependent on the value of the damping constant.
le2¢3+4 Analytical curve for a narrow line source

When the half-intensity width of the incident radiation is small
compared with the absorption line half-intensity width, the integral function
f Iy (- kaL)av in equation (6) may be replaced by the expression 1a -@Qoza-)
where I = Ivdv, being the integrated radlatlon flux of the incident beam per
unit time per unit area. By this substitution and the rearrangement of
equation (6), the following expression is obtained
/28 op 21 = 5 S E L (-0 2, L ST B (- ST oy ety

Hence the double logarithmic plot of Ej./ du U’PZI and J (=constant N L)
represents the theoretical amalytical atomic fluorescence curve, Some analyt-

ical curves for various values of the damping constant, derived from the above
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FIGURE 1.3
SOME THEORETICAL ANALYTICAL CURVES FOR A SINGLE SPECTRAL
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theory for a single spectral line with a narrow line source are shown in
Figure le4e As with the continuum source, at high atomic concentrations the
intensity of the fluorescent radiation is not dependent on the atomic concen-
tration, but in this case tends towards sloping asymptotes.
le2e3.5 Comparison with experimental curves

Zeegers and Winefordner (35) have compared theoretical analytical
atomic Ffluorescence curves derived from Hooymayers theory, as outlined above,
with experimental analytical curves for the resonance fluorescence of magnesium
at 285.2 nm. In the case of a continuum source (xenon arc lamp) the shapes
of the theoretical and experimental curves were identical, although the
values of E;/%Io“’mb ('i%z)"'P in the experimental curves are less than
those in the theoretical curvess This was attributed to systematic errors
in the geometrical factérs in thelexperimental arrangement. Similarly, good
correlation between the two sets of curves was also found with a narrow line
source {electrodeless discharge lamp)e.
Te26346 Conclusion

Hooymayers theoretical treatment (34) c&nfirms that, at low concen-
trations, the intensity of the fluorescent radiation is proportional to the
intensity of the incident radiation and the concentration of ground state
atomse However, at high concentrations self-absorption factors and the nature
of the incident radiation significantly affect the intensity of the fluorescent
radiation. This theoretical treatment provides an adequate explanation of

quantitative atomic fluorescence spectroscopve
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FIGURE 1.4
'SOME THEORETICAL ANALYTICAL CURVES FOR A SINGLE SPECTRAL LINE
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CHAPTER 2

REVIEW OF AMNALYTICAL ATOMIC

FLUORESCENCE SPECTROSCOPY
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241 INSTRUMENIATION FOR ATOMIC FLUORESCENCE SPECTROSCOPY
241¢1 General requirements

Nearly all of the reported studies of atomic fluorescence
spectroscopy have been carried out using either conversioné of existing
commercial atomic emission or atomic absorption spectrometers, or home-
constructed instrumentation. The lack of a commercially available gtomic
fluorescence spectrometer is one reason for the surprisingly small number
of applications of atomic fluorescence spectroscopy to the analyesis of
technical materials. This topic is discussed in more detail in Chapter 7.

The instrumental requirements for atomic fluorescence spectroscopy
are not as stringent as those for atomic emission and atomic absorption. The
normal basic components for an atomic fluorescence spectrometer comprise,
an intense spectral soufce, atom feservoir, lenses anq/br mirrors, form of
monochromation, detector, amplifier and read-out. The general arrangement
of such instrumentation for atomic fluorescence spectroscopy is shown in
VFigure 2«1le These components are discussed individually in more detail
below.
2142 Spectral sources

Since the intensity of the fluorescent radiation produced in
atomic fluorescence spectroscopy is proportional to the intensity of the
incident radiation, as well as to the concentration of the absorbing atoms
present in the atom reservoir, suitable spectral sources should produce the
emission of an intense resonance line of fheAelement concerned. Ideal
sources should also be free from self-reversal and self-absorption, have the
maximun reproduv&ibility and stability, and have the minimum fluétuational
noises The sources should also have a short warm-up time and a long life.
They should be available cheaply for a wide range of elements, and should
require the minimum amount of material in their construction.

In the first studies of analytical atomic éluorescence spectroscopy,
metal vapour discharge lamps, which were the most intense line sources avail-
able at that time, were employed as spectral sources (25,29, 36-47). Whilst



7.
FIGURE 2.1
GENERAL ARRANGEMENT OF INSTRUMENTATION FOR ATOMIC FLUORESCENCE
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these sources have proved adequate for the excitation of the atomic
fluorescence of a few elements, they are not readily available for a large
number of elements. Ordinary hollow cathode lamps (48-53), being the
conventional source for atomic absorption spectroscopy, and demountable
water-cooled hollow cathode lamps (54~56) have also been usede. More
recently, however, much better results have been obtained with high-
intensity hollow cathode lamps (57-80) of the types proposed by Sullivan
and Walsh (81) and Lowe (82). Microwave-excited electrodeless discharge
lamps, operated from a variety of antennae and microwave cavities, have also
been extensively used as spectral sources in atomic fluorescence spectroscopy
(27,30, 39,46,50~53,57,59,61,64,83-119) and these have been prepared for at
least fifty-seven elements (120). This application and their use as spectral
sources in atomic absorption spectfoscopy has lead to considerable interest
in improvements in the construction and operation of electrodeless discharge
lamps (115,116,121—130). High~intensity hollow cathode lamps and electrode-
iesg discharge lamps now provide the most intense spectral sources available
for atomic fluorescence spectroscopye

Although nafrow line sources have normally been used for atomic
fluorescence spectroscopy, they are not essential, and 150 watt (26,49,131—133),
450 watt (134-136), 500 watt (137) and 900 watt (138) xenon arc lamp continua
have all been employed. However, these sources are not usually as intense
as the corresponding line sourcess

In addition to the above types of spectral source, a mercury pen
light (105,139-141), a radio-frequency plasma (142) and a pulsed laser (143)
have also been successfully used to obtain the atomic fluorescence of certain
elements,.
2.1.3. Atom reservoirs

Thé limiting factor in the sensitivity of atomic fluorescence
spectroscopy is the shot noise produced in the photomultiplier (144)., The

signal received by the photomultiplier from a flame contains, in addition to
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the atomic fluorescence component, other components due to thermal and
chemiluminesceﬁce emissions from atoms and molecules present in the flame.
When the atomic fluorescence component is small, these other components
become significant. Therefore, the replacement of the flame by another
type of atom reservoir, in vhich these other components do not occur or

are negligible, would be expeéted to be advantageous for improving the
sengitivity of atomic fluorescence spectroscopye Other major disadvantages
in the use of flames as atom reservoirs are, the inefficiency of the atom-
isation process, requiring comparatively large amounts of sample; and uneven
distribution of the atoms throughout the flame.

Despite the above disadvantages, flames are versatile and relatively
cheap and convenient to use, and so have been employed as atom reservoirs in
the majority of atomic fluorescenée studiese Most of the early atomic
fluorescence investigations were carried out using hydrogen-based and propane-
based flames, with both-premixed and total consumption burners (25-27,30,37-39,
41,46,49,55,56,64,67-71,73~77,87-89,91,95-98,100,105,109,110,117,131-133,
139,145). Although the relatively low temperature of these flames prevented
the production of large atomic populations, enhanced interferences by refractory
materials, and placed a limitation on the variety of elements which could be
determined, these disadvantages were countered by their low flame background
in comparison with acetylene-based flamese. The development of separating
burners for use in'analytical atomic spectroscopy (106,149-159) has led
to the almost exclusive use of inert gas—sepafated acetyleng—baéed flames
in atomic fluorescence spectroscopy (40,63,64,65,66,68,74-76,92-94,102,106-108,
111-113,160),

Several types of non-flame atoﬁ reservoif have been used in atomic
fluorescence spectroscopye The Massmann furnace (80), a modification of
this involving continuous nebulisation into a platinum furnace (105), the
carbon filament atom reservoir (57-61, 79,83) and a platinum wire loop

(84,85) have all been employed for the atomic fluorescence determination of
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a number of elements. A method for the pulsed atomisation of solid
samples has been developed (50-53). A variety of quartz cells have been
employed in the atomic fluorescence determination of mercury (40,141,142)
and iodine (86), although their use is restricted to those elements. An
induction coupled radio frequency plasma torch (161) has also been used to
Produce an atomic vapour for atomic fluorescence spectroscopy. Several
other types of non-flame atom reservoir (162), although of use in atomic
absorption spectroscopy, are not readily adaptable for atomic fluorescence

worke

L.

2.1@4§ Optical arrangement

The purpose of the various optical systems which have been employed'
in atomic fluorescence spectrometers is to direct the greatest possible
amount of the incident radiation An to the atomic population, and the greatest
amount of the fluorescent radiation on to the entrance slit of the mono-
chromator.
| Silica lenses have been employed extensively for both of these
purposese The advantages of their use in the latter application are obvious.
However, in the formér case, particularly when an electrodeless discharge
lamp is used as the spectral source, more radiation can frequently be
directed on to the flame cell by placing the source as close as possible
to the flame.

Mirrors have been used (48,72, 75,88) both to obtain a double
pass of the incident radiation through the flame, and to reflect additional
radiation on to_the monochromator. It has been shown (163) that the first
of these applications does produce an effective doubling of atomic fluorescence
signals, whilst the latter is of little advantage in improving the sensitivity,
since the flame noise is increased in proportion with the atomic fluorescence
signal. A éystem using three mirrors, the third surrounding the entrance
slit of the monochromator, has also been proposed (164).

The use of an aluminium ellipse, with the spectral source (an

electrodeless discharge lamp operated in an A-antenna) and the flame at the
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two focal points of the ellipse, enabled a greater amount of incident
radiation to be directed on to the flame and has resulted in ten-fold
improvements in detection limits (114).

An unsuccessful attempt has also been made to use polarisers
between the spectral source and the flame, and the flame and the entrance
slits of the monochromator, in order to reduce the scatter of the incident
radiation (165). However, it was found that the atomic fluorescence signal
was reduced in proportion with the scatter signal.
2+1e5 Monochromation

Since the spectral source is not viewed directly by the detector,
and the absorbing atoms themselves act as their own monochromating, or
more accurately polychromating, system&(a phenomenon which has been made use
of in the development of resonancé monochromators (166-170)), the use of a
narrow band-pass monochromator for atomic fluorescence spectroscopy is not
necessary, when used in conjunction with a narrow line source. However,
lmonochromators have normally been used in atomic fluorescence studies,
mainly because éhey were a part of the atomic emission or atomic absorptioﬁ
spectrometer employed, for which they are essential. When monochromators
have been employed the band-passes used for atomic fluorescence were fre-
quently far greater than those which would be tolerable in the other two
techniques of atomic spectroscopye

Optical interference filters (44,45,62,63,70,71,103) and some
completely non-dispersive systems (43,65,66,171,172) have been used, with
excellent results. These systems enable the fluorescent radiation from a
large solid angle to be directed on to the detector. When a non-dispersive
system was compared with an optical system incorporating a monochrémator,
using identical instrumentation and operating conditions, a ten-fold increase

in atomic fluorescence detection limits was reported (65).
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2146 Detectops

Normal photomultiplier tubes are generally used in atomic
fluorescence spectrometers., Solar-blind photomultipliers have proved
suitable, particularly with non-dispersive and optical filter systems
(43-45,62,63,65,66,70,71,103,171,172). Photon counting, which is partic-
ularly advantageous for measuring small signals, has been aﬁplied to atomic
fluorescence spectroscopy (173-175), and presents a viable alternative to the
use of conventional photomultipliers, especially when used in conjunction
with non-flame atom reservoirs,
2¢1e7 Amplification

Both a.c. and dece amplification systems have been used in atomic
fluorescence spectroscopy instrumentation. The optimum system for use with
a flame cell is ae.Ce. wifh a synchrbnously modulated spectral source, since
this minimises the effects of thermal and chemiluminescence emissions from
the flame. The modulation of hollow cathode lamps is simple and facilities
for this are available with almost all atomic absorption spectrometers.
However, the modﬁlation of other types of spectral source is more difficult;
and choppers are frequently used, although various forms of electronic
modulation have been used for electrodeless discharge lamps (124,126,129,
130).

With some non-flame atom reservoirs, such as the carbon filament,
when the atomic fluorescence signal is transient and the background signal
is low, d.c. amplifidation systems must be uséd, since a.c. amplification
would require modulation at a higher frequency than is at present practicable.
2.ke8 Read-out

Any conventional signal recording devices are suitable, although
with non-flame atom reservoirs which produce transient signals, fast

response recorders, such as oscillographs, are necessary (59).
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242 THE ROLE OF ATOMIC FLUORESCENCE SPECTROSCOPY 1IN ANALYTICAL
CHEMISTRY
2+2.1. Introduction

Atomic fluorescence spectroscopy has now been applied to the
analytical determination of nearly forty elements. The range of elements
which have been determined has been restricted to the metals; the oply non-
metal for which atomic fluorescence has been observed is iodine (86), and
since this occurs at a vavelength well below 200 nme, the instrumentation
necessary for the determination is not particularly suitable for operation
in routine chemical analysise

It seems to be most probable that the ;uture role of atomic
fluorescence spectroscopy in chemical analysis will be as a complementary
teéhnique to the two weil~establiéhed methods of atomic emission and atomic
absorption spectroscopy for trace metal analysise Therefore, in the following
discussion of atomic fluorescence spectroscopy as an analytical technique, it
will be compared with these other two methods. The three techniques of atomic
emission, atomic absorption and atomic fluorescence have recently been '
critically compared on a mainly theoretical basis by Winefordner et al (176).
2+242 Detection limits

A comparison of the signal strengths obtainable in atomic
absorption and atomic fluorescence (177), has shown that with a flame
cell and a monochromator the atomic absorption signal may be up to 1000
times greater than the atomic fluorescence signal. However, the detection
limits obtainable in all three techniques depend primarily on the signal to
noise ratio. Atomic fluorescence detection limits are dependent on a larger
number of experimental parameters than are those in the other two methods,
and therefore, there is far greater scope for improving atomic fluorescence
detection 1imi£s. The most influential parameter in atomic fluorescence

is the intensity ©f the spectral source. Other parameters include, the
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optimisation of the optical system, the wavelength used for both the
incident radiation and the fluorescent radiation, the composition of the
flame, the flame gas flow rates, énd the type of burner useds A major
limitation on the sensitivity obtainable in atomic absorption is the direct
viewing of the spectral source by the monochromator. This does not apply
in atomic flucrescence. In order to obtain some degree of selectivity in
atomic emission a narrow band-pass (ca.0.002 nm, (120)) monochromator
must be used, which restricts the amount of radiation, which can be observed.
As discussed earlier, this restriction also does not apply to atomic fluor-
escence. Therefore, it is possible to obtain superior detection limits in
atomic fluorescence, particularly if the fluorescent radiation over a large
s0lid angle can be observed.

The best reported detection limits for atomic fluorescence, atomic
absorption and atomic emission spectroscopy, obtained using flame cells and
monochromation, are given in Table 2.,1. It seems probable that in nearly all
cases the optimal operating conditions were used, and so this table should
give a fairly good comparison between the three techniques. However, it should
be borne in mind vhen considering the Aata presented in this table, that
several alternative definitions of detection limits have been quoted by
different groups of workers, and that whilst detection_limits for atomic
absorption/are giveﬁ here, the sensitivity is usually of more significance
in that method.

Thirty-seven of the sixty-nine elements listed in Table 2.1 have been
determined by atomic fluorescence spectroscopye. Atomic fluorescence provides
the lowest detection limit for thirteen of these elements (viz: antimoﬁy,
ca&mium, copper, germanium, gold, manganese, mercury, nickel, silicon, silver,
tellerium, thallium and zinc) and detection limits equal to those obtained by

the next best method for three others (viz: bismuth, cobalt and lead).
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COMPARATIVE DETECTION LIMITS FOR ATOMIC FLUORESCENCE,

ATOMIC ABSORPTION AND ATOMIC EMISSION SPECTROSCOPY.

ELEMENT

ATOMIC FLUORESCENCE

1 2 3 4

\

ATOMIC ABSORFTION -

1 2 3 4

ATOMIC EMISSION

1 2 3 4

Aluminium
Antimony
Arsenic
Barium
Beryllium
Bismuth
Boron
Cadmium
Caesium
Calcium
Cerium
Chromium
Cobalt
Copper
Dysprosium
Erbium
EBuropium
Gadolinium
Gallium
Germanium
Gold
Hafnium
Holmium

Indium

396.2 SAN 1-1 93
217.6 PA 5-2 30
193.7 HA 1-1 96
234.9 SAN 3-2 106

30648 SAA 4-2 107

208.8 HA 1-6 118

359.3 SAA 5-3 112
240.7 HA 5-3 64
3247 HA 1-3 67

417.2 HA 3-1 96
265.1 SAN 1-1 94

242.8 HA 5-3 68

451.1 HA 1-1 118

309.3 AN 3-2 186
217.6 AA 1-1 184
193.7 HA  5-2 185
553.6 AN 1-2 188
234.9 AN 1-3 186
223.1 AA 4-2 186
249.8 AN 2-0 188
228.8 AL  6-4 188
852.1 PA 2-2 188
422.7 AN 5-4 188
520.0 AN 3+2 188
357.9 AA  3-3 186
240.7 AA  5-3 184
324.7 AL 2-3 186
421.2 AN 3-2 188
400.8 AN 5-2 188
459.4 AN 2-2 188
368.4 AN 4-0 184
287.4 AL 7-2 184
265,2 AN 2-1 188
242.,8 AA  1-2 188
30703 AN 2-0 188
410.4 AN 1-1 184

303.9 AA  5-2 184

396.2 AN 5-3 180
259.8 A0 241 181
235.0 A0 541 181
553,6 AN 1-3 179
234+9 SAN 1-1 106
306.8 SAA 2-0 157
249.8 AD 341 181
326.,1 AN 2-0 178
852.1 A0 8-3 181
422,7 AN 1-4 179
569.7 A0 141 181,
425.4 AN 5-3 178
352.6 SAA 4-2 151
425.4 AN 1-2 178
404.6 AN 7-2 183
400.8 AN 4-2 183
45944 AN 6-4 183
452,2 A0 2~0 181
417.2 AN 1-2 180
265.2 AN 5-1 180
267.6 AN 5-1 178
36842 AD  8+1 181
40544 AN 2-2 183

451.1 AN 2-3 180
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ELEMENT ATOMIC FLUORESCENCE | ATOMIC ABSORPTION | ATOMIC EMISSION |
1 2 3 4 1 2 3 4 1 2 3 4
Todine ———— 183.0 SAN 4+1 187 —
Iridium 254.4 HA 142 49 208.9 AA 4-1 188 | 380.0 A0 1+2 181
Iron 248,3 HA 8-3 96 248.3 AA  5-3 184 |} 372.,0 SAN 3-2 151
Lanthanum — 670.8 AA  5-3 184 | 441.7 AN 1-1 178
Lead 405.8 BA 1-2 88 283.3 AA 1-2 184 | 405.8 AN 2-1 178
Lithium —— 55041 AN 6-4 186 | 579.1 AN 3-5 178
Lutetium — 336,0 AN 1-0 188 | 331.2 A0 2-1 181
Magnesium 285,2 SAA 2-4 65 285.2 AA 1-4 186 | 285.2 AN 5-3 179
Manganese 279.5 SAA 1-3 102 | 279.5 AN 2-3 184 | 403.1 AN 5-3 178
Mercury 25347 HA 2-2 139 ] 25347 AA 2-1 188 | 253.7 A0 441 181
Molybdenum 31343 SAN 5-1 93 | 313.3 AA 3-2 184 | 379.8 A0 3-2 181
Neodymium _— 463.4 AN 2-0 184 | 488.3 AN 6-2 183
Nickel 232,0 AA 3-3 69 232,0 AA 5-3 184 | 341.5 AN 3-2 178"
Niobium R 334.4 AN 1-0 186 405.9 SAN 6-2 154
Osmium — 290,9 AN 1-1 188 | 442.0 A0 1-2 181
Palladium 24448 SAA 3-2 76 | 247.6 AA 2-2 186 | 363.5 AN 5-2 178
Platinum 265.9 HA 541 49 | 265.9 AA 1-1 184 | 265.9 AN 2-0 178
Potassium J— 766.5 AA  3-3 188 | 766.5 A0 3-3 181
Praseodymium —— 495.1 AN 141 184 | 495.1 AN' 1-0 183
Rhenium - 346,0 AN 9-1 188 | 346.,0 AN 2-1 178
Rhodium 369.2 HA 3-0 49 343.5 AR 6-3 188 | 369.2 saA 2-1 182
Rubidium — 780.0 AA 3-3 188 | 780.,0 A0 2-3 181
Ruthenium 372.8 HA 142 49 349.9 AA 2-1 188 | 372.8 A0 3-1 181
Samarium — 429.7 AN 2-0 184 | 476.0 AN 2-1 183
Scandium 390,7 HA 141 118 | 391.2 AN 5-2 188 | 391.2 AN 3-2 178
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ELEMENT ATOMIC FLUORESCENCE ATOMIC ABSORPTION ATOMIC EMISSION
1 2 3 4 1 2 3 4 1 2 3 4

Selenium 204.0 PA 1~1 98 | 196.0 HA 5-2 185 —
8ilicon 25146 SAN 7-2 108 | 251.6 AN 8-2 186 | 251.6 A0 ' 5-0 181
Silver 328.1 HA 1-4 118 | 328.1 AA 5-4 184 | 328.1 AN 2-2 178
Sodium — 589.0 AA 3-4 188 | 589.0 A0 1-4 181
Strontium 460.7 HA 3-2 118 | 460.7 AA 4-3 188 | 460.7 AN 1-4 179
Tantalunm — 271.5 AN 2-0 186 | 481.3 A0 2+1 181
Tellurium 214.3 PA 5-2 98 214.3 AA 9-2 186 | 283,3 A0 242 181
Terbium — 432.7 AN 5-1 188 | 431.9 AN 4-1 183
Thallium 377.6 HA 8-3 118 | 276.8 AA 2-2 188 | 377.6 AN 2-2 180
Thorium —— 371.9 AN 2+2 188 5761 A0 242 181
Thulium — 371.8 AN 2-2 188 | 371.8 AN 2-2 183
Tin 303.4 HA 1-1 87 | 224.6 HA 1-2 185 | 284.0 AN 3-1 178
T4 tanium 319.9 SAN 4-0 66 | 364.3 SAN 3-2 93 | 399.9 SAN 2-1 93
Tungsten — 255.1 AN 1-0 188 | 400.9 SAN 4-1 154
Uranium — 351.5 AN 3+1 i84 351.5‘A0 141 181
Vanadium 318.4 SAN 7-2 93 | 318.4 AN 2-2 184 | 437.9 AN 1-2 178
Ytterbium — 398.8 AN 4-2 184 | 398.8 AN 2-3 183
Yttrium _— 407.7 AN 3-1 184 | 362.1 AN 4-2 183
Zine 213.9 HA 4-5 118 | 213.9 HA 2-3 185 | 213.9 A0 5+1 181
Zirconium — 360.1 AN 3-1 93 | 477.2 SAN 1-0 93

Notes
1. Wavelength {mm.).

2+ Flame. AN = nitrous oxide -~ acetylene, SAN = inert gas -

separated nitrous oxide - acetylene, AA = air - acetylene, SAA = inert
gas - separated air - acetylene, A0 = oxy - acetylene, HA = air - hydrogen
(or inert gas - entrained air - hydrogen) and PA = air - propane.
-1 3. Detection limit (ppme.) in aqueous solution. (ieee
3% 10 =0e3pPMe, 1 =0=1x10 =1ppme and 5+ 1 =5x10 =230 PP ) o

4

-1 =

Reference.
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Atomic fluorescence detection limits in a flame cell obtained
with a line source and a monochromator, with a continuous source and a
monochromator, and with a line source and é non-dispersive system are given
in Table 2¢2. Absolute detection limits by atomic fluorescence and atomic
absorption obtainable with the carbon filament atom reservoir have been
given elsewhere (57-61, 79,83).

Thus, although atomic fluorescence detection limits, and also
ranges of determination, are comparable with and in some cases very much
better than those obtained by atomic emission and atomic absorption, they
are not as good as those vwhich were originally, somewhat extravagantly,
predicted for the method (24,28).

26243 Selectivity

Atomic fluorescence speétroscopy using a line source and mono-
chromation appears to be as free from interferences due to other speciesg
as is atomic absorption. The only additional interference effects which can
occur in atomic fluorescence are quenching, which is due to the flame gases
ratﬁer than to other species present in the sample solution, and the scatte£
of the incident ra&iation by small particles in the flame. Quenching is
discussed more thoroughly in Chapter 3 and scatter in Chapter 8. Those
interferences which have been reported are normally small and may be overcome
by the same methods as those which are used in atomic absorption (e.g. solvent
extraction, suppressing agents, standard additions etc.). VWhen a continuous
source is used spectral interferences may occur as a result of the close
Proximity of the spectral lines of different elements (137), giving a
situation similar to, although not quite as serious as, that found in atomic
emission. Little is known of interference effects with non-dispersive
systems, although if a.c. amplification and a narrow line source are used,
there is liftle reason to suppose that there would be any increase in

interferences over systems employing monochromatione.
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COMPARATIVE DETECTION LIMITS FOR ATOMIC FLUORESCENCE

SPECTROSCOPY WITH A LINE SOURCE,

AND A NON-DISPERSIVE SYSTEM

A CONTINUOUS SOURCE,

ELEMENT LINE SOURCE CONTINUOUS SOURCE | NON-DISPERSIVE
1 2 3 4 1 2 3 4 1 2 3 4

Aluminium 396.2 SAN 1-1 93 —— SAN 4+1 66
Antimony 217.6 PA 5-2 30 | 231.1 HA 1+2 131 SAA 4-2 65
Arsenic 193.7 HA 1-1 96 —-— SAA 6-0 65
Berylliwn 234.9 SAN 1-2 106 — SAN 3-2 66
Bistth 306.8 SAA 4-2 107 | 306.8 HO 2-0 133 SAA 2-1 65
Cadmium 228.,8 HA 1-6 118 | 228.8 HO 8-2 133 SAA 2-4 65
Calcium 422,7 HA 2-2 118 | 422.7 HA 1-1 136 —
Chromium 359.3 SAA 5-3 112 | 359.3 AA 3-0 137 F SAA 2-3 65
Cobalt 240,7 BA 5-3 64 | 240.7 HA 5-1 136 SAA 1-3 65
Copper 324.7 HA 1-3 67 | 324.7 HA 2-2 135 F SAA 1-3 65
Gallium 417.2 HA 3-1 96 | 417.2 HA 5-0 49 SAA 6-0 65
Germanium 265.1 SAN 1-1 94 — SAN 4-1 66
Gold 242,8 HA 5-3 68 | 267.6 HO 4-0 133 SAA 5-3 65
Indium 4511 HA 1-1 118 | 410.5 HA 2-0 49 SAA 1-0 65
Iridium 254.4 SAA 2+2 65 | 25444 HA 142 49 SAA 4-0 65
Iron 248.3 HA 8-3 96 | 248.3 HA 1-0 49 SAA 3-3 65
Lead 405.8 HA 1-2 88 | 283.3 HA 3-0 49 SAA 1-0 65
Magnesium 285.2 SAA 2-4 65 285.2 HA 1-2 136 SAA 2-4 65
Manganese 279.5 SAA 1-3 102 | 279.5 HA 2-1 131 SAA 1-2 65
Mercury 253.7 HA 2-2 139 253.7 HA 142 131 SAA 7-2 65
Molybdenum 313.3 SAN 5~1 93 — —
Nickel 232,0 AA 3-3 69 | 232.0 HA 1-0 135 SAA 2-3 65
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ELEMERT LINE SOURCE CONTINUQUS SOURCE NON-DISPERSIVE
1 2 3 4 1 2 3 4 1 2 3 4
Palladium 244.,8 SAA 3-2 76 340¢5 HA 5+1 49 SAA 141 65
Platinum 265.9 HA 5+1 49 2659 HA 5+2 49 SAA 3-1 65
Rhodium 36%9.2 HA 3-0 49 369.2 HA 1+2 49 SAA 3+1 65
Ruthenium 372.8 HA 242 49 3728 HA 1+2 49 SAA 8+1 65
Scandium 3%0.7 HA 1+1 118 — ——
Selenium 204.0 PA 1-1 98 196.0 HA 1+4 131 SAA 6-0 65
Silicon 251.6 SAN 7-2 108 — —
Silver 328.1 HA 1-4 118 3281 HA 1-3 135 F  SAA 2-4 65
Strontium 460.7 HA 3-2 118 —— ——
Tellurium 214.3 PA 5-2 98 214.3 HA 5+1 131 SAA 3-0 65
Thallium 377.6 HA 8-3 118 3776 HA 7-2 135 SAA 3-1 65
Tin 303.4 HA 1-1 87 303¢4 HA 5-0 131 SAA 3-0 65
Ti taniun 319.9 SAN 4-0 66 — SAN 841 66
Vanadium 318.4 SAN 7-2 93 — ——
Zinc 213.9 HA 4-5 118 2135 HA 3-2 136 SAA 3-4 65
Notes.
1. Wavelength (nm.)e F = optical filter.
2. Flamee. See notes to Table 2.1 Additionally HO = oxy-
drogen.
3¢ Detection limit (ppm.) in aqueous solutione

4e

Reference.
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. 20204 Other considerations

Atomic fluorescence calibration curves are normally linear over
several orders of magnitude, vhich is a considerable improvement on atomic
absorption. This is particularly useful since it is possible to alter the
range of determination by controlling the intensity of the spectral source.

The relative simplicity and low cost of atomic fluorescence
instrumentation, when compared with that necessary for similar determinations
by atomic emission and atomic absorption will be appreciated from the
discussion earlier in this chapter.

The other main advantage of atomi¢ fluorescence is that it is
potentially more suitable for simultaneous multi-element determinations than
are atomic emission or atomic absorptione. The whole field of multi-element

atomic spectroscopy is discussed in more detail in Chapter §.
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CHAPTER 3

THE ATOMIC FLUORESCENCE
CHARACTERISTICS AND ANALYTICAL
DETERMINATION OF CHROMIUM IN

AN ARGON-SEPARATED AIR-ACETYLENE
FLAME USING A CHROMIUM CHLORIDE

ELECTRODELESS DISCHARGE IAMP
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3e1 INTRODUCTION

There are numerous references in the literature to the determination
of chromium by atomic absorption spectroscopy, including the analysis of a wide
range of technical materials. The majority of these determinations were
carried out in air-acetylene flames, although air-hydrogen and nitrous oxide-
acetylene flames have also been used. Atomic absorption detection limits
appear generally to be of the order of 0.01 ppme; the best to have been
reported being 0.003 ppm. (186) in an air-acetylene flame. Approximately
fifteen interferences by other ions have been reported, probably the most
serious being that due to iron (189). Although it has been shown that the
majority of these interferences may be reduced by the use of a fuel-lean
flame (189-191), the sensitivity of the determination is also significantly
reduced (192-194). In some cases éomplexation and solvent extraction or
suppressing agents have been used to overcome these interferences.

Chromium is not normally determined by atomic emission spectroscopy,
ahd-until the application of narrow band-pass monochromation to atomic
emission analysis was reported (195), any determinétions of chromium by this
_method were accompanied by preliminary complexation and solvent extraction
procedures (196). Atomic emission detection limits for chromium are also
normally of the order of 0.0l ppm.; the best to have been reported being
0.005 ppme (178) in a nitrous oxide~acetylene flame.

In spite of the above limitations of atomic emission and atomic
absorption for the determination of chromiwm, no full investigation of its
atomic fluorescence characteristics and analytical determination has vet
been undertaken. However, atomic fluorescence detection limits at 357.9 nme
and 359.3 nme have been reported by several groups of workers. Cresser and
West (137) obtained detection limits of 3 ppm. for the combined fluorescence
of the 357.9 nme, 359.3 nm. and 360.,5 nm. lines and 20 ppme. for the combined
fluorescence of the 425.4 nme, 427.5 nm. and 428,9 nme lines, using a 500 watt

xenon arc lamp continuum and a slightly fuel-rich premixed air-acetylene flame.
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These workers (89) also reported detection limits of 20 ppme with some
concentric two-chamber type dual—elemeht electrodeless discharge lamps,
containing chromium chloride, and a slightly fuel-rich turbulent oxy-
hydrogen flame, at 359.3 nm. Dagnall, Taylor and Vest (96) obtained a
detection limit of 0.05 ppm. at 357.9 nm., using a chromium chloride
electrodeless discharge lamp and a premixed air-hydrogen flame. Dinnin
(55) reported a detection limit of 100 ppmes at 357.9 nme. with a demountable
wvater-cooled hollow cathode lamp and a turbulent air-hydrogen flame, Manning
and Heneage‘(49) obtained a detection limit of 10 ppme with a 150 watt xenon
arc lamp continuum, and 20 ppme. with a hollow cathode lamp, in an air-
hydrogen flame at 357.9 nme. Omnetto and Rossi (56) reported a detection
limit of 1 ppme with a demountable water-cooled hollow cathode lamp and an
air-hydrogen flame at 357.9 nm., aﬁd (41) 5 ppme by spectral overlap at
359.3 nme using a mercury vapour discharge lamp and a turbulent air-hydrogen
flame. Zacha et al (118) obtained a detection limit of 10 ppm. with a
chromium/bhromium iodide electrodeless discharge lamp and a turbulent air-hydrogen
flame, at 359.3 nme It is apparent, however, from-the monochromator slit-
‘vwidths reported to have been used in some of the above studies, that the
combined atomic fluorescence of the 357.9 nme, 359.3 nm. and 360,5 nm.
lines was observed, rather than that of the particular wavelength specified.
Omnetto and Rossi (197) calculated the theoretical relative atomic fluorescence
intensities of these three resonance lines. However, when compared with
experimental values, obtained using a demountable water-cooled hollow
cathode lamp as the spectral source, little correlation was founds This
difference was attributed to the occurrence of thermally-assisted processes
in addition to resonance fluorescence. |

In this chapter the preparation and operation of a chromium
chloride electrodeless discharge lamp, and its use in an investigation of
the atomic fluorescénce characteristics and analytical determination of

chromiwn in an argon-separated air-acetylene flame, is described.
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3.2 EXPERIMENTAL
3¢2+1 Apparatus

The spectrometer used was a Southern Analytical A1740 grating
flame spectrometer. This atomic emission spectrometer had previously been
modified to make it more suitable for atomic fluorescence determinations
(137,198). The original monochromator, a grating blazed at 500 nm., with a
fixed slit-width of 0.1 mm., corresponding to a spectral band-pass of 0.6 nme,
had been replaced by a grating blazed at 300 nm. and a Southern Analytical
A3000 type variable slit mechanisme. This provided a choice of six slit-
widths of up to 1 mm., corresponding to nominal spectral band-passes of
0418, 0435, 0¢6, 1.5, 3 and 6 nme. The EMI $663B photomultiplier tube,which was
most sensitive to the higher wavelengths normally associated with atomic
emission spectroscopy, had been replaced by a u.v.-sensifive Hamamatsu type
R213 photomultiplier tubes These modifications to the moncchromator and
detector meant that the automatic background correction facility originally
available with this instrument could no longer be used, although the d.c.
background correction and integration facilities remained. The integrator
- gave a choice of 2, 5; 10, 15 and 20 second periods of integration of the
Photomultiplier signal at a fixed wavelength. The spectrometer was equipped
for wavelength scanning at a speed of 75 nm. min._1.

The amplification system of this instrument was dece., and therefore,
any thermal emission signals observed, due to either flame background or
atomic emissions, had to be subtracted from the total signal recorded, in
order to obtain the atomic fluorescence signal by difference. To facilitate
this procedure, and to enable the full scale of the recording potentiometer
to be used for the atomic fluorescence signals, the de.ce. background correction
vas employed to minimise the thermal emission signals.

The above limitation on the operation of this instrument for atomic
fluorescence determinations made low background flames desirable. Attempts

had previously been made to modify the large (ca. 40 mm, diameter) Southern
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Analytical burner for use with separated flames, although the best result
which could be achieved was a form of inert gas shielding (198), which,
however, proved adequate for some subsequent atomic fluorescence studies
which had been carried out with this instrument (91,137). This burner was
not considered to be suitable for the determination of chromium and similar
elements, and therefore, the burner and burner housing were completely removed.
A Unicam SP900 air-acetylene burner head and stem were adapted for ﬁse with
a separated flame, in a similar fashion to that described elsewhere (150),
using glass beads and alternate rows of corrugated and plain chrome-nickel
strip, to provide a laminar flow of the inert gas. Several unsuccessful
attempts were made to use this burner in conjunction with the Southern
Analytical nebuliser, but eventually a Unicam SP900 nebuliser unit was also
usedes This nebuliser is'of the cyélone type and so is particularly effective
for removing large droplets, so that only a fine homogenous mist reaches the
burner. The resultant burner assembly gave excellent results when used with
both separated and unseparated air-hydrogen and air-acetylene flames.

- The output from the amplifier was fed to-a Servoscribe chart recorder,

_ as well as to the recording potentiometer on the spectrometer. The chart
recorder was used on the 20 millivolt range and could be operated at six
speeds, ranging from 0.5 mme. min.—1. to 600 mm. min.—1. This was particularly
ugeful for examining the spectra and operating characteristics of electrode-~
less discharge lamps. However, when integration was used for atomic fluor-
escence measurements, it was found to be more convenient to hote down the
readings directly from the recording potentiometer on the instrument.

The electrodeless discharge lamps were operated at 2450 +25 MHz.
with a Microtron 200 microwave generator and a three-quarter wave (Broida
type) resonant cavity. A quarter wave (Evenson type) resonant cavity was als¢
available, but this was found to be less suitable for the operation of the
electrodeless discharge lamps examined in this worke. The discharge of the

lamps was initiated using a Tesla high-~frequency vacuum tester,
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The general arrangement of the instrumental components for atomic
fluorescence determinations was illustrated in Figure 2.1. The electrodeless
discharge lamp was placed as close as possible to the flame (ca. 35 mm. from
the centre of the flame), An asbestos screen with a slit 30 x 15 mm. vas
Placed between the resonant cavity and the flame, It was so arranged that
this screen could be moved backwards and forwards to act as a shutter to
eliminate the irradiation of the flame by the spectral source. The centre
of the flame was situated ca. 50 mm. from the entrance slit of the mono-
chromator.
342¢2. Preparation of electrodeless discharge lamps

The general procedure for the preparation of electrodeless discharge
lamps and the equipment required have been described previously (99,127)e
The chromium elecfrodeleés discharée lamps used in this work were prepared
by the following methode A blank tube ca. 40 mm. long was prepared from 8 mm.
internal bore quartz tubing and degassed in the usual mammer. Chromium
chloride hexahydrate (cas 1 mge A«R. grade) was introduceds The tube was
réconnected to the vacuum line, evacuated to ca. 0.1 torr, and heated
. gently for five minutés, flushing several times with argon, to dehydrate
the metal chloride. The dehydrated metal chloride was sublimed ca. 20 mie
up the walls of the tube. The tube was then pressurised with argon at 3-4
torr and sealed. The freshly prepared lamps were conditioned in the microwave
cavity for ca. 1 hour before use.
3.2.3 Reagents

1000 ppme chromium stock solutione 51233 ge of A.R. grade chromium
chloride hexahydrate was dissolved in distilled water and diluted to 1 dm.3.
This solution was diluted as required immediately before use.

‘ Diverse ions. Solutions were prepared from As.R. grade metals, salts

and acids, and distilled water.
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33 RESULTS AND DISCUSSION
3¢3+1 Operation of electrodeless discharge lamps

The optimal incident power for the operation of the chromium chloride
electrodeless discharge lamps was found to be 50 watts. After the initial
running-in period the lamps required a warm-up time of ca. 10 minutes when
the discharge was initiated from-the cold. Under these conditions the lamps
were an intense blue in colour and exhibited the main lines of the chromium (I)
spectrum., The relative intensities of those lines which had an intensity of
greater than 5% of that of the 357.9 nm. and 359.3 nme lines are listed in
Table 3.1 The line to background ratios of the 357.9 nm. and 359.3 nm. lines
were greater than 100:1, and the stability of the lamps at these wavelengths
was within +3% over a period of 1 hour,
3¢342 Atomic fluorescence measureﬁents

The wavelengths at which atomic fluorescence signals were observed
wvhen a 10 ppm. solution of chromiwn was nebulised into the argon-separated
éiv—acetylene flame, and the relative intensities of this fluorescence are
given in Table 3.i. The most intense atomic fluorescence observed was the
. resonance fluorescence at 357.9 nme, 35943 nm. and 360.5 nm., arising from
transitions between the y7PZ, y7Pg and y7Pg excited states and the ground
state a7S3 (199,200). The wavelength at which atomic emission signals were
obsefved when a 10 ppme. solution of chromium was nebulised under the same
conditions and the relative intensities of this emission are also given in
Table 3.1ls The most intense atomic emission wés observed at 425.4 nm., 4275 nme
and 428.9 nm., arising from transitions between the Z7PZy z7P§, and z7Pg
excited energy states and the ground state (199,200).

By the use of the maximum monochromator slit-width of 1 mm.,
corresponding to a spectral band-pass of 6 mm., the atomic fluorescence
signals observed at 357¢9 nme, 359.3 nme and 360.5 nme. could be combined to
give a considerable increase in the total atomic fluorescence signal observed

by the photomultipliere. For this purpose the wavelength control of the'spectro-

meter was set at 359 nme
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TABLE 3.1
REIATIVE SOURCE, ATOMIC FLUORESCENCE AND
ATOMIC EMISSION INTENSITIES FOR CHROMIUM
REIATIVE RELATIVE REIATIVE
WAVELENGTH TRANSITION INTENSITY ATOMIC . ATOMIC
(1, ) o b OF SOURCE FLUORESCENCE EMISSION
a INTENSITY INTENSITY
a a
299.88 ¢ a582 - x5p‘1’ g
8 - -
300.09 ¢ . a51>3 - 0% )
Py 5 5.0
300451 a’D, - D, 19 - -
302,91 ¢ a5D2 - xSP(,I) )
303.02 ¢ aSDS - ysng ; 10 - -
303,13 ¢ a5D1 - YsFi 3
357.87 a783 - y7PZ 100 100 14
359,35 a783 - y7Pg 100 77 29
360453 a783 - y7P‘2’ 94 33 27
390.88 a5D3 - z5ng 12 - -
-5 5.0
391492 aD3-2D4 7 - -
396437 a783 - ySH; 22 - 0.5
425.43 a733 - z7P2 62 10 47
427,48 a783 - 27P§ 57 20 81
428,97 a7S3 - z7Pg 55 18 100
434,45 a5D3 - zSF‘Z 20 - 4
5 5.0 '
435,18 a D4 -z FS 20 - 3
5 5.0
520445 < | a’s, - a’P, )
520460 ¢ a532 - zSP; 44 1.5 745
5 5.0
520.84 ¢ a’s, - z'Py

Notese

a - The valies of relative intensity are uncorrected for detector response
and the three scales of relative intensity are not directly comparable
with each other.

b - References 199 and 200. The ground state of Cr(I) is a783.

¢ - Lines unresolved by the monochromators
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" 3e3¢3 Choice of flame

Atomic fluorescence detection limits at 359 nm. with an air-
hydrogen and an air-acetylene flame, both argon-separated and unseparated,
are given in Table 3.2, The lowest detection limit was obtained in the
argon-separated air-acetylene flame.

Argon was chosen as the separating gas in preference to nitrogen,
since it was found that the atomic fluorescence signals were considerably
reduced when nitrogen was used. The effect of these two separating gases
on the atomic fluorescence signals of a number of elements including
chromiun is shown in Table 3.3+ This shows that in most cases the atomic
fluorescence signal is approximately halved when nitrogen is used, compared
with the argon-separated flame. In some cases the actual signal may be
smaller with the nitrogen—separated flame than with the unseparated flame,
although at the same time the detection limit is improved by separation, due
to the tremendous reduction in the flame background. These observations may
be attributed to the greater quenching and cooling effects of nitrogen. The
lérge diatomic nitrogen molecules, with their largé quenching cross-~section,
_are likely to have considerably more collisions with, and hence deactivate,
more excited chromium atoms, than are the smaller monatomic argon molecules,
The higher thermal capacity and higher conductivity of nitrogen lower the
temperature, and hence the efficiency, of the flame. This latter effect is
of more significance in atomic emission spectroscopy than in atomic fluorescence
or atomic absorption. The only advantage to be found in the use of nitrogen
as a separating gas for atomic fluorescence spectroscopy is that it is only
about one tenth of the cost of argone.

A slightly fuel-lean flame was used, and the optimal gas flow rates
were found to be 1e1 dme> mine acetylene, 7 ame> min.”! air and 10 dme> min.”
argons The atomic fluorescence signals were slightly greater, although not
significantly so, in a more fuel-rich flame, but it was found that interfer-

ences from other ions were also greater., This is similar to the situation
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TABLE 3.2

ATOMIC FLUORESCENCE DETECTION LIMITS FOR CHROMIUM

AT

359 NM. IN A VARIETY OF ANALYTICALLY USEFUL FILAMES.

FLAME DETECTION LIMIT
(ppm.)
Air-hydrogen 0.5
Argon-gseparated air-hydrogen Oe1
Air-acetylene 0.05
Argon-~separated air-acetylene 0,005




TABLE 3.3
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COMPARISON OF ATOMIC FLUORESCENCE SIGNALS IN ARGON-SEPARATED

AND NITROGEN-SEPARATED AIR-ACETYLENE FLAMES

WAVELENGTH

ELEMENT ARGON~SEPARATED NITROGEN-SEPARATED
FLAME FLAME
nme (arbitrarily 100)
Chromiwn 359 100 51
Cobalt 240.7 100 46
Iron 248.3 100 58
Manganese 279.8 100 70
Mercury 253.7 100 67
Silver 328.0 100 50
Zinc 213.8 100 35
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reported for the atomic absorption determination of chromium (189,191),
although in atomic absorption the reduction in signal in the fuel-lean flame
appeared to be more significant (192-194) than was experienced in atomic
fluorescences This is partly because in atomic fluorescence, any reduction
in the number of chromium atoms produced in the flame caused by altering the
stoichiometry of the flame, is also accompanied by a considerable decrease
in the flame background, which enables higher instrumental gains to be used.

The optimal flame height for atomic fluorescence measurements was
between 15 and 35 mm. above the burner head.
3¢344 Detection limits and calibrafion data

A comparison of atomic fluorescence and atomic emission detection
limits at the main wavelengths for chromium, the three lines near 359 nm.,
the three lines near 4274nm., and tﬁe three lines at 520 nm., in the argon-
separated air-acetylene flame is given in Table 3.4+ Due to the use of
integration the detection limit was defined as the concentration of chromium
in aqueous solution which produced a signal equivalent to twice the standard
deviation in signél near the lower limit of the calibration curve. The best
.atomic fluorescence detection limit was 0.005 ppme at 359 nm. and the best
atomic emission detection limit was 0,02 ppme at 427 nme

A calibration curve for the atomic fluorescence determination of
chromium under the optimal conditions established is given in Figure 3+1. This
shows a linear working range of over three orders of magnitudee.
3¢3+.5 Interference |

The effect on the atomic fluorescence signal produced at 359 nm. by
a 2 ppme. solution of chromium of a 250-fold weight excess of thirty-eight
elements (viz: Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cu, F, Fe, Hg,
X, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, S, Sb, Si, Sn, Sr, Ta,.Ti, Tl, V, W,
Zn and Zr) was investigated in a fuel-lean flame. The only significant inter-
ference (i.e. greater than twice the standard deviation in signal at this

concentration) were due to ceriuwm (+6%), silicon (+5%) and titanium (+4%).
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TABLE 3.4
ATOMIC FLUORESCENCE AND ATOMIC EMISSION DETECTION LIMITS

FOR CHROMIUM IN AN ARGON-SEPARATED AIR-ACETYLENE FLAME

WAVELENGTH ATOMIC FLUORESCENCE ATOMIC EMISSION
(nm.). DETECTION LIMIT DETECTION LIMIT
(Ppm')O (ppm.).

3579
358.3
36045

0005 Qe

)
425.4 g
42745 01 002
42849 )
i

52044
520.6

2.0 0.2
520.8 :
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These interferences may all be attributed to the refractory nature of these
elements, and none of them are particularly serious.

The effect of the same excess of eighteen of the above elements
on the atomic fluorescence signal produced by a 2 ppme solution of chromium
in a fuel-rich argon-separated air-acetylene flame was also examined. The
following interferences were observed, Ce (+20%), Mo (+15%), V, Si (+10%),
Be (+6%), Hg (+5%), Mg, Li (~-4%), Bi (-6%), Ag, As, Au, X, P, Pb, S, Sb and
Zn no interference.

A brief investigation of the effect of the same excesses of some of
the elements considered above on the atomic emission of chromium showed that
the majority of these elements interfered, in both a fuel-rich and a fuel-lean
flame, at both 359.3 nme and 427.5 nm., even wvhen a narrower monochromator
slit-width, corresponding to a specfral band-pass of 0.6 nm., was useda
3.4 CONCLUSION

The detection limit obtained for the atomic fluorescence determination
of chromium compares favourably with those reported in the.literature for atomic
absorption and atomic emissione As in the case of atomic absorption spectroscopy
-(189-191), interferences are reduced by the use of a fuel-lean flame, but in
atomic fluorescence this is not accompanied by such a significant loss in
sensitivity. Unless an extremely narrow monochromator slit-width were used,
atomic fluorescence appears to be far freer from interferences than is atomic
emission for the determination of chromium.

Since the work described above was completed, atomic.fluorescence
detection limits for chromium of 0.0015 ppm. (65) and 0,002 ppm..(201) have
been reported using inert gas-separated air-acetylene flames, high-intensity
hollow cathode lamps and atomic fluorescence spectrometers incorporating
filters. These results confirm the observations made in the above work that
chromium atomic fluorescence signals are enhanced by the use of a wide spectral

band-pass, enabling the observation of the atomic fluorescence of the 357.9 nm.,
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359¢3 nme and 360.5 mm, lines. The close proximity of these three resonance
lines greatly enhances the potential of atomic fluorescence for the determin-

ation of chromium, when compared with atomic emission and atomic absorption,

particularly with non-dispersive systems.
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CHAPTER 4

SOME ANALYTICAL APPLICATIONS OF THE
SPECTRAL OVERLAP OF THE NEON 359.352 NM.
AND THE CHROMIUM 359.349 NM. SPECTRAL
LINES 1IN ATOMIC ABSORPTION AND ATOMIC

FLUOCRESCENCE SPECTROSCOPY
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4.1 INTRCDUCTION

The overlap of the spectral lines of several pairs of elements
has been observed in both atomic absorption (202-206) and atomic fluorescence
(41,83,100,104, 106). In atomic absorption an emission line of an element
emitted by the spectral source overlaps sufficiently with an absorption line
of a second element present in the flame, so that the atomic population of the
second element absorbs some of the incident radiation. In atomic fluorescence
this abgorption of radiation induces the atomic fluorescence of the element
in the flame. Although this phenomenon occurs as a spectral interference
in atomic absorption, it may be used to advantage in atomic fluorescence,
since the atomic fluorescence produced need not necessarily be resonance
fluorescences

Spectral overlap occurs secause atomic emission and absorption
lines become broadened. The factors affecting the broadening of atomic
spectral lines in flames have been discussed by Winefordner et al (207),
who ;alculated the theoretical half-intensity widths of the main emission
and absorption lines of sixty elements. The broadening of the spectral lines
- emitted by electrodeléss discharge lamps has been discussed by Cooke (123),
although self-reversal and self-absorption make the calculation of'half—
intensity widths impractical. However, it may be concluded from the theoret-
ical values obtained in the above work, that spectral overlap could occur
with pairs of spectral lines nominally less than 0.010 nm. apart.

The first reported use of spectral overlap in atomic fluorescence
spectroscopy was the determination of bismuth using an iodine electrodeless
discharge lamp (100,106). The iodine 206,163 nm. non-resonance line overlaps
with the bismuth 206,170 nm. absorption line; to stimulate tﬁe direct~line
atomic fluorescence of bismuth at 302.464 nme An atomic fluorescence detect-
ion limit of 0.09 ppm. was reported at this wavelength with an iodine lamp,
compared with 0.04 ppme. for the direct-line atomic fluorescence of bismuth at

306,772 nm., after excitation with a bismuth electrodeless discharge lamp (106).
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Corresponding atomic absorption detection limits were 10 ppme. at 206.2 M.
with the iodine source, and 1 ppm. at 223,1 nm. with the bismuth source (100).

Similarly, an arsenic electrodeless discharge lamp has been used to
stimulate the atomic fluorescence of cadmium (83,104). The arsenic 228,812 nm,
resonance line overlaps with the cadmium 228,802 nm. resonance line, resulting
in the resonance atomic fluorescence of cadmium at 228.802 nm. (83,104), and
the atomic phosphorescence of cadmium at 326.106 nm. (83). Detection limits
by atomic fluorescence of 10 ppm. with the arsenic source and 0,0017 ppme with
a cadmium electrodeless discharge lamp, and by atomic absorption of 45 ppm.
with the arsenic source and 0.3 ppme with the cadmium source, were obtained
at 228.8 nm. (104).

Mercury and cadmiun metal vapour discharge lamps have been used to
excite the atomic fluorescence of éome other elements (viz: chromium, iron,
magnesium, palladium and thallium). However, it is not certain how much of
this atomic fluorescence occurs as a result of spectral overlap and how much
is induced by the continua of the lamps.

Spectral overlap has been reported as an interference in atomic
. absorption for severai pairs of elements (esg. europium and copper (202),
platinum and iron (202), vanadium and aluminium (202), vanadium and silicon
(202), cobalt and mercury (203), gallium and manganese (204) and antimony
and lead (205)).

The spectral overlap of the neon 359.352 nme and the chromium
359.349 nme spectral lines has also been reported (206), although this is
not a spectral interference in the same sense as the examples given above.
Neon is frequently used as the fill gas in hollow cathode lamps, and a cali-~
bration curve was obtained between 10 and 300 ppme. for the atomic absorption
of chromium, using a neon-filled aluminium hollow cathode lamp (206). Omnetto
and Rossi (197) attempted to stimulate the atomic fluorescence of chromium
using a neon-filled hollow cathode lamp, but the intensity of the neon

359,352 nm. line was not sufficient for this.
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In this chapter the construction and operation of a neon electrode-
less discharge lamp, and its use as a spectral source for the atomic absorption
and atomic fluorescence determination of chromium, is described. Neon-filled
chromium chloride electrodeless discharge lamps are also examined as potential
sources for the atomic fluorescence determination of chromium.

4,2 EXPERIMENTAL
44241 Apparatus

Atomic fluorescence spectroscopye The instrumentation and its
application to atomic fluorescence determinations, and the optimal operating
parameters for the determination of chromium, were described in Chapter 3.

Atomic absorption spectroscopy. Measurements were made using a
Techtron AA4 atomic absorption spectrometer. An unseparated air-acetylene
flame, with an acetylene flow rate.of 1,0 dm.3 m:i.n.m1 and an air flow rate
of 8 dm.3 min.-1, was burnt on a 100 mm. long path burner. The part of the
flame viewed by the monochromator was 4-8 mm. above the burner head. The
electrodeless discharge lamps were modulated in phase with the spectrometer
amplifier at 285 Hz,., using a Microtron 200 modulafor unite A monochromator
_.;lit-width of 0.1 mm., corresponding to a spectral band-pass of 0.3 nm. was
used.

44242 Reagents

The chromium solutions were freshly prepared from a stock solution,
as described in Chapter 3.

44243 Construction of electrodeless discharge lamps

The equipment and general procedure adopted have been described
previously (99,127). The lamps used in this work were prepared in the following
way e

Neon electrodeless discharge lamps. A blank tube ca.40 mm, long was
prepared from 8 mm. nominal internal bore quartz tubing, in the usual manner.

The blank tube was connected to the vacuum line and evacuated. It was flushed
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with neon (ordinary grade) and reevacuated, several times. The tube was
heated under vacuum to red heat for 3-4 minutes, and flushed several times
with neon to remove any occluded gasess The tube was cooled to room temper-
ature, pressurised with neon at the required pressure, and sealeds Freshly
prepared lamps were conditioned in the microwave cavity for ca. 20 minutes
before use. |

Neon-filled chromium chloride electrodeless discharge lampse. These
lamps were prepared in the same fashion and at the same f£fill gas pressure as
the argon~filled chromium chloride lamps described in Chapter 3, except that
neon was used in place of argon.
4,3 RESULTS AND DISCUSSION
4,341 Spectrum of neon electrodeless discharge lamps

The neon electrodeless discharge lamps were an intense red in colour;
a colour similar to that which is characteristic of neon-filled hollow cathode
lampse The spectrum of a neon electrodeless discharge lamp, between 200 nme
and 500 nme, is shown in Figure 4.l All of the most intense emission lines
in this part of the spectrum, including that at 359.352 nm., are identifiable
. as those of the neon (1) spectrum (208), although it is probable that some
of the less intense lines observed may be attributable to the neon (II)-(V)
spectra, or to the spectra of impurities present in the ordinary grade neon gas.
The most intense neon emission lines appeared above 550 nm., and these accounted
for the predominant red colour in the discharge. However, the wavelengths of
these lines are too high for them to be of usé in the excitation of atomic
fluorescence. These lines at higher wavelengths are more intense since these
are resonance lines, whereas those in the 330 nm. to 370 nm. wavelength range
are non-resonance lines {ee.ge the 359.352 nme line is attributable to the
transition between the 4p'(%); excited energy state and the‘BS'(%)l excited

. 61
energy state, whilst the ground state for neon is 2p So (201)).
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44342 Operation of electrodeless discharge lamps

Incident power and emission intensity plots for neon electrodeless
discharge lamps pressurised at 1, 5 and 10 torr, at 359.352 nm., are given in
Figure 4.2. The lamps containing 5 torr of neon were slightly more intense
than those prepared at the other pressure. It is apparent, from these plots,
that at powers above ca. 30 watts the emission intensity ceases to increase
significantly with the incident powere Therefore, in order not to overrun
the lamps, they were normally operated at 25-30 watts incident power,

When operated at this power the electrodeless discharge lamps
required virtuvally no warming-up time, and exhibited the maximum emission
intensity immediately upon initiation of the discharge. The stability of
these lamps at 359.352 nme over a period of 1 hour was within +1.5%s The line
to background ratio at this wavelénéth was greater than 100:1. The lamps
appear to have a reasonably long life-time, beiné as bright after over 100 hours
operation as when first prepared.

44363 Atomic fluorescence determination of chromium

‘ Atomic fluorescence measurements were made in an argon-separated
air-acetylene flame, uéing the optimal operating parameters previously
e;tablished for chromium (Chapter 3). An incideﬁt power and atomic fluorescence
plot obtained with a neon electrodeless discharge lamp pressurised at 5 torr,

) solubion

whilst nebulising a 2O‘ppm.Aof chromium is given in Figure 4.3, together with
the comparative incident power and source intensity plote. At powers above
cae 30 watts the atomic fluorescence signal decreases as the incident power
increases.

A detection limit of 2.5 ppm. was obtained for chromium atomic
fluorescence at 359 nm., using a monochromator band~pa$s of 6 nme Due to the
use of integration the detection limit was definéd as the concentration of chromium
in aqueous solﬁtion which produced a signal equivalent to twice the standard

deviation in signal near the lower limit of the calibration curve., The calibration
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curve was linear up to ca. 50 ppme and passed through the origine Above 50 ppme
it curved towards the concentration axis. This compares with a detection limit
of 0.005 ppmes and a linear calibration curve up to 50 ppme obtained with an
argon-filled chromium chloride electrodeless discharge lamp (112, Chapter 3).

The atomic fluorescence detection limit obtained with the neon
electrodeless discharge lamp would be expected to be much worse than that
obtained with the chromium chloride lamp, since in addition to the reduction
in sensitivity due to the use of spectral overlap, only the atomic fluorescence
at 35943 nme is stimulated, whilst with the chromium chloride lamp that at
357.§ nme and 360.5 nme is also stimulated.

44344 Atomic absorption determination of chromium

For atomic absorption measurements the electrodeless discharge lamps
vere modulated at 285 Hze. Under thése conditionsg the lamps had to be operated
at 35-40 watts incident power, since below these powers they went out, unless
a low percentage modulation was usede A detection limit of 0.l ppme was obtained
in the air-acetylene flame. In this case the detection limit was defined as
the concentration of chromium in aqueous solution which produced a signal

_equivalent to twice the noise near the lower limit of the calibration curve.

The calibration curve was slightly curved towards the concentration axis, and
passed through the origine This is comparable with a detection limit of 0.003 ppme
obtained with a chromium hollow cathode lamp in an air-acetylene flame (186).

4e¢3e5 Atomic fluorescence determination of chromium with a neon—-filled chromium
chloride electrodeless discharge lampe

The optimal incident power for these lamps was found to be 50 wattse
They required a warm-up time of cae 10 minutes on initiation of the discharge
from the cold, after which they displayed the main spectral lines of chromium,
the most intense being 3579 nme, 359.3 nme. and 360.5 nm. These lamps were as
intense as the corresponding argon-filled lampse An atomic fluorescence detection
limit of 0,005 ppm. was obtained with a neon-filled chromium chloride lamp,

which is the same ag that previously obtained with an argon-filled lamp (112,

Chapter 3).
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444 CONCLUSION ‘

A neon electrodeless discharge lamp may be used as the spectral
source for the atomic fluorescence and atomic absorption determination of
chromiume As would be expected, the detection limits are ca. 100 fold poorer
than with chromium sources. However, neon sources could be useful for chromium
determinations when chromium is present in samples at reasonable concentrations.
Neon~filled chromium lamps showed no advantages when compared with argon-filled

chromium lampse
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CHAPTER 5

THE ATOMIC FLUORESCENCE DETERMINATION
OF ANTIMONY IN COPPER-BASE ALLOYS
USING AN ARGON~HYDROGEN DIFFUSION
FIAME AND AN ELECTRODELESS DISCHARGE

LAMP.
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5.1 INTRODUCTION

As shown in Table 2,1, antimony is one of those elements with
better reported detection limits by atomic fluorescence than by atomic
absorption or atomic emission. Dagnall, Thompson and West (30) first
excited the atomic fluorescence of antimony, obtaining a detection limit
of 0.05 ppm at 217.6 nm in an air-propane flame with an electrodeless
discharge lamp., Several other groups of workers have also reported detection
limits for the atomic fluorescence determination of antimony, using a
variety of flames and spectral sources (65,89,104,118,129). Recently,
Kolihova and Sychra (209) have examined the atomic fluorescence of antimony
in various premixed flames, and obtained a detection 1limit of 0.03 ppm
in an argon-hydrogen diffusion flame at 217.6 nm with a high-intensity
hollow cathode lamp. |

Although both argon-hydrogen and nitrogen-hydrogen diffusion
flames provide good detection limits for thé analysis of several elements
by atomic spectroscopy, interference effects would be expected to be
significant due to the low temperature (ca. SOOOC) of these flames, A
recent publication (210) has reported the effects of interferences by
other gpecies on the atomic absorption determination of tin in an argon-
hydrogen diffusion flame. Most of the nineteen elements examined caused
enhancements of the tin absorption. This was attributed to the transfer
of heat from particles of these metals to the tin, increasing the rate of
volatilisation of the tin, and to absorption by non-atomised particles.
However, it is probable that these flames may well be of use for the
determination of technical materials, provided that the sample matrix is
not too variables

The atomic absorption determination of antimony in metallurgical
products frequently involves a solvent extraction procedure (211,212), This
should provide a relatively constant sample matrixe This chapter describes

the application of such a solvent extraction procedure to the determination of
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antimony in copper-base alloys by atomic fluorescence spectroscopy, using
an argon-hydrogen diffusion flame and an electrodeless discharge lampse
S5¢2 EXPERIMENTAL
5¢2.1 Apparatus

The Southern Analytical Al1740 grating flame spectrometer and
ancillary equipment, as described in Chapter 3, were used to obtain the
atomic fluorescence measurements. The preparation and operation of antimony
electrodeless discharge lamps has been described previously (30). The argon-
hydrogen diffusion flame was burnt on the Unicam SP900 air-acetylene burner
head, although these flames are probably best supported on a piece of cae. 10 mm
diameter quartz tubing. A flow rate of 2 dm3 min_'1 hydrogen and 8 dm3 min.-1
argon was used. The part of the flame viewed by the monochromator was
between 20 mm and 40 mm above the burner head.
54242 Reagents

100 ppm antimony stoék solutione 042668 g of A.R. grade potassium
antimony tartrate were dissolved in distilled water and diluted to 1 dms.
This solution was diluted as required immediately before use,

5% sodium ﬁitrite solutione 5 g of sodium nitrite were dissolved
in distilled water and diluted to 100 dm3.

Iso-butyl acetate.

Hydrochloric acid and nitric acide A.R. grade,
5423 Procedure for calibration curve

10 cm3 of the 100 ppm antimony stock solution were transferred
to a 100 cm3 volumetric flask and diluted to volume with distilled watere
0, 1, 2, 5 and 10 cm3 aliquots of this seolution were transferred to a series

3

of 100 cm3 volumetric flasks, 60 cm™ of A.Re grade hydrochloric acid were

added to each flask, and the solutions diluted to volume with distilled watere.
20 cm3 aliquots of each solution were transferred to a series of 100 cm3

separating funnelse. 065 cm3 of the 5% sodium nitrite solution were added

and the separating funmels shaken vigorously for 1 minute to oxidise the Sb (III)
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to SbClg. 5 cm3 of iso~-butyl acetate were added and the separating funnels
6’

were discarded and the organic layers nebulised into the argon-hydrogen

shaken vigorously for 2 minutes to extract the SbCl The aqueous layers
diffusion flame., Atomic fluorescence signals were obtained for each solution
using 10 second .integration, and these results were plotted against the
antimony concentration to obtain a calibration curve between 0.1l and 1 ppme
5¢2¢4 Procedure for the analysis of copper--base alloys

0.1-Q.2 g of the copper~base alloy was weighed into a 100 cm3 beaker,

3 of A.R. grade hydrochloric acid and 2 cm3 of A+.Rs grade nitric acid

6 cm
were added.e The beaker was covered with a watch glass and heated gently

to dissolve the copper-base alloys. When the copper-base alloy was completely
dissolved, the solution was evaporated to a volume of 2-3 cm3 to remove the

3

nitric acide The solution was transferred to a 100 om” volumetric flask and

diluted to volumes A 10 cm3 aliquot of this solution was pipetted into a

3

100 ¢m3 volumetric flaske 60 cm™ of A.Re grade hydrochloric acid were added,

and the solution diluted to volume with distilled waters A 20 cm3 aliquot
of this solution was transferred to a 100 cm3 separating funnel. 0.5 cm3 of
5% sodium nitrite solution were added and the separating funnel shaken
vigorously for 1 minute. 5 cm3 of iso-butyl acetate were added and the
separating funnel shaken vigorously for 2 minutes. The aqueous layer was
discarded and the organic layer nebulised into the argon-hydrogen diffusion
flames The atomic fluorescence signal obtained was compared with those
obtained with the standard solutions.
5.3 RESULTS AND DISCUSSION
5¢3+1 Calibration curve

The atomic fluorescence calibration curve for antimony in\i§p-butyl

acetate, for concentrations between 0,1 and 1 ppm in the aqueous solution

before solvent extraction, was linear and passed through the origin.
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532 1Interference and matrix effects

The effects of the matrix element, copper, and the other major
constituents in the copper-~base alloys on the atomic fluorescence determination
of antimony was investigated. The effects of a 1000-fold (weight) excess of
copper and 100-fold (weight) excesses of arsenic, bismuth, iron, lead, nickel,
tin and zinc, on the atomic fluorescence signal produced by an 0.5 ppm
solution of antimony were examineds No interference (i.e. less than +5%
deviation in signal) was observed with any of these elements.,

Yanagisawa et al (211) found that of the elements investigated
above, arsenic, iron and tins were the only ones which were either completely
or partially extracted into iso-butyl acetate with the antimony. Therefore,
these are the only elements from which an interference in the flame could be
expected. Since these elements afe relatively easily atomised in argon-hydrogen
diffusion flames, the lack of interferences is not unexpected.
533 Analysis of copper-base alloys

The results obtained for the determination of antimony in three
copper-base alloys from the B.C.5. range (Bureau of Analysed Samples Ltd.,
Middlesborough) are given in Table 5.1, together with the certificate values.
Two samples of each alloy were weighed, dissolved and extracted, and three atomic
fluorescence readings were taken for each solution and averaged to obtain
these results, The standard deviations for these analyses are also given
in Table 5.1,
54 CONCLUSION .

The above results demonstrate that the use of an argon-hydrogen
diffusion flame, together with a solvent extraction procedure is a practical
method for the determination of antimony in copper-base alloys by atomic

fluorescence spectroscopye
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TABLE 5.1

ATOMIC FLUORESCENCE DETERMINATION OF ANTIMONY IN COPPER-BASE ALLOYS

SAMPLE CERTIFICATE ATOMIC % STANDARD

-1 VALUE (%) FLUORESCENCE | DEVIATION
BeCeSe 183/3 Leaded gunmetal 0e25 0,26 2.8
BoCoeSs 207/1 Bronze 0,084 0.090 3.8
BeCeSe 364 Leaded bronze 0.18 0.18 3.0
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CHAPTER 6

THE CONSTRUCTION OF MULTI-ELEMENT
ELECTRODELESS DISCHARGE ILAMPS AND
THEIR APPLICATION TO ATCMIC FLUOR-

ESCENCE SPECTROSCOFPY
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6.1 INTRODUCTION
6elels Types of multi-element source for atomic fluorescence spectroscopye

The ad&antages to be found in the use of a single spectral source
for the determination of a number of elements by atomic absorption or atomic
fluorescence are mainly economic ones of reduced warm-up times and storage
space, leading to greater availability of instrumentation and hence a
reduction in costse. To achieve this both continuum sources and multi-
element line sources have been used.

High pressure xenon arc lamps have been used in atomic fluorescence
spectroscopy for the determination of twenty-seven elements (26,49, 131—138).
The best detection limits reported with these sources are compared with those
obtainable with line sources in Table 2.2, The major disadvantage in the
use of xenon arc lamps is that theif peak emission intensities are normally
in the region of 400-500 nm., and they are not particularly intense in the
200-285 nm., wavelength range, where atomic fluorescence is frequently the
most sensitive method of analysis in flames. A study of interference effects
has shown that spéctral interferences are greater with a continuum source than

_with a line source (137). Continuum sources are not generally practical for
atomic absorption, unless extremely narrow spectral band-passes are used.

A pulsed dye laser has also been used (143) to stimulate the atomic
fluorescence of nine elements (Viz: aluminium, calcium, chromium, gallium,
indium, iron, manganese, strontium and titanium). The detection limits obtained
with this source are of the same order as thosé obtainable with line sources.

Multi—element hollow cathode lamps have been manufactured for use
in atomic spectroscopy by several groups of workers (213-219). Although these
sources are sometimes suitable for atomic absorption spectroscopy, selective
sputtering of the most volétile element frequently causes the émission lines
of that element to predominate in the spectral emission of the lamp. Thus the

radiation of only one element will be of a sufficient intensity to stimulate

f
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atomic fluorescence, Demountable hollow cathode lamps have also been used
for atomic fluorescence spectroscopy (54-56), and although these have some
merit in solving some of the problems associated with multi-element sources,
they are not suitable for simultaneous or rapid sequential multi~-element
‘determinations.

The development of electrodeless discharge lamps as spectral
sources for atomic absorption and atomic fluorescence spectroscopy (99,118,127)
has led to some investigations into their possible use as multi-element sourcese.
661le2 Multi-element electrodeless discharge lamps

Electrodeless discharge lamps are normally prepared from either
the metal, the metal chloride, the métal iodide, the metal plus iodine, or
a mercury-metal amalgam, depending upon the volatility of the element. Those
lamps which contain the metal togetﬁer with iodine or mercury may be considered
to be potential multi-element sources,

Lamps containing iodine have been recommended Ffor several elements
(e.gt antimony (30), arsenic (97) and selenium (98)). Whilst it has been
found impossible to excite iodine atomic fluorescence with the 2064162 nme
. line radiation, since‘this is a non-resonance line (220), spectral overlap
with the bismuth 2064170 nme line may be used to stimulate the direct-line
atomic fluorescence of bismuth (100,106).

Mercury amalgam lamps have been successfully prepared for copper,
indium, lead, silver and thallium (109), although it should be noted that
mercury is probably present in the majority of electrodeless discharge lamps
due to diffusion from the vacuum gauge during preparation. The mercury
radiation emitted from these lamps may be utilised to obtain the resonance

fluorescence of mercury at 253.7 nme.

The first multi-element electrodeless discharge lambs specifically
constructed for use in atomic spectroscopy were reported by Marshall and West
(110), who prepared cadmium-zinc, gallium-indium and bismuth-mercury-selenium-

tellurium sources. Fulton, Thompson and West (104) have constructed an antimony-
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arsenic source, which was also used for the determination of bismuth by
iodine spectral overlap, and cadmium by the spectral overlap of the arsenic
208,812 nme and the cadmium 228.802 nm. lines. These two investigations of
the construction and operation of multi~element electrodeless discharge lamps
have shown that the combination of two or more elements, or their halides, in
the same lamp, does not give rise to more interferences than are found with
the corresponding single-element lamps, and that there is no decrease in the
line intensity of the source or in the intensity of the atomic fluorescence
produced upon irradiation of an atomic population of the appropriate species
in a flame. Five or six—elément sources of this type have been suggested (221),
although there would bé limitations on the choice of elements which could be
used together, due to difficulties in obtaining elements or their compounds
of compatible vapour pressurese.

This restriction led Cresser and West (89) to propose a concentric
two-chamber arrangement, consisting of a 2 mm. internal bore tube inside an
8 mme internal bore tubes This followed observations that the stability of
electrodeless diséharge lamps could be improved by the use of a vacuum jacket
. surrouwnding the lamp (118,222). Since tﬂe inner tube will become much hotter
than the outer during operation, the less volatile material should be placed
there, and the more volatile material in the outer tube. It is possible to
seal the inner and outer tubes at different inert gas pressures. Electrodeless
discharge lamps of this type have been reported for eleven pairs of elements
(viz: tellurium-selenium, arsenic-selenium, siiver—zinc, silver-cadmium, silver-
mercury, zinc-mercury, lead-cadmium, chromium-cadmium, nickel-~chromium,
manganese~chromiun and antimony—bismuth). Some of these pairs of elements are
of widely different volatilitiés.

The operation of clusters of two or four 2 mm. internal bore lamps
in one resonant cavity has also been investigated (223, 224), Combinations of

lamps used in this manner were selenium-tellurium, cadmium—~zine and cadmium-

zinc~gallium~thallium.
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The three types of multi-element electrodeless discharge lamp
which have been proposed for use in atomic fluorescence spectroscopy are
illustrated in Figure 6.l. Comparisons of the operating characteristics
of these three types of lamp have been carried out for selenium-tellurium
(233) and cadmium-zinc (224) dual-element combinations. When more than one
tube was opefated in the same resonant cavity, either in a cluster or in a
concentric two-chamber arrangement, the discharge of one element tended to
predominate in the spectral emission, and it became difficult to initiate the
discharge of all of the tubes, or relaxation oscillations occurred, which in
extreme cases led to two tubes alternately switching on and offe. The small
2 mme diameter lamps had a much shorter life than the larger lampse The
glass-blowing associatéd with the preparation of the concentric two chamber
type lamps was much more difficult fhan that for the other types. The
conclusion from both sets of observations (223,224) was that the combination
of several elements or compounds in a single tube was the simplest and best
means of providiﬁg stable, intense multi-element electrodeless discharge lamps
for atomic fluorescence spectroscopye |

In this chapter the construction and operation of a number of multi-
element electrodeless discharge lamps of the type proposed by Marshall and West
(110), and their use as spectral sources for atomic fluorescence spectroscopy,
is described.
62 EXPERIMENTAL
6e2e1 Preparation of multi-element electrodeless discharge lamps

The equipment and general procedure used were as described previously
(99,127). However, since there are some minor differences in:the construction
of multi-element electrodeless discharge lamps, the procedure adopted will
be outlineds A blank’tube ca. 40 mme. long was prepared from 8 mme internal
bore quartz tubing, and degassed in the usuwal manner. The least volatile fill

material was introduceds The tube was reconnected to the vacuum line and
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FIGURE ‘6.1
TYPES OF MULTI-ELEMENT ELECTRODEI:,E.ISS DISCHARGE LAMP
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evacuated to cas Oel torr. The £fill material was sublimed ca. 20 mm. up the
walls of the tube. The more volatile fill material was then introduced, the
tube reconnected to the vacuuwn line and evacuated to ca. 0.1 torr, and the
£ill material sublimed ca. 20 mme. up the walls of the tubee If more than
two £ill materials are used, this procedure should be repeated until all
have been introduced. If the fill materials are of similar volatility
they may be introduced and sublimed together. When hydrated metal chlorides
were used, the compound was dehydrated in situ, by heating the tube gently
under vacuum for 5-10 minutes, with several flushings of argon, before
sublimation on the walls of the tube. The freshly prepared lamps were
findlly conditioned in the resonant cavity for ca. 1 hour before use.

The fill materials used were A.R. grade metals or salts, when
these were available. The type of fill material used ( esgs metal, metal
chloride, metal iodide or metal plus iodine) was mormally that previously
reported to be the most suitable for use in the preparation of the corres-
ponding single-element lamps (222), although the relative volatilities of the
materials had to be taken into consideration. Argon was used throughout as
- the fill gas. |

The amounts and type of fill material and argon pressures used for
the electrodeless discharge lamps prepared in this work, together with those
previously reported (104,110), are listed in Table 6.1 for dual-element lamps
and Table 642 for multi-element lampse
64242 Apparatus

The multi-element electrodeless discharge lamps were operated at
2450425 MHz with a Microtron 290 microwave generator and a three~quarter wave
(Broida type) resonant cavitye The discharge of the lamps was initiated with
a high-frequency Tesla vacuum tester., The spectral emission broduced by the
lamps was monitored with the modified Southern Analytical A1740 grating flame

spectrometer, described in Chapter 3.
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TABLE 6.1

CONSTRUCTION AND OPERATING PARAMETERS AND ATOMIC FLUORESCENCE DETECTION
LIMITS FOR SOME DUAL-ELEMENT ELECTRODELESS DISCHARGE IAMPS.

EDL Contents Oper- Wave~ AFS
ating length [detection|
Power nme limit
a
watts Ppm
Zinc-cadmium (110)| 1 mg zinc, 1 mg 60 213.8 0.001
cadmium, 3 torr
argone. 228.8 0,001
Gallium~Indium 5 mg gallium, 5 mg 60 41742 l.Ob
(110) | indium, 3 torr b
argone. 45101 002
Selenium~ 5 mg selenium, 5 mg 40-50 204.0 1ob
Tellurium (110) | tellurium, 5 mg : b
iodine, 1 torr argon. 238.3 1.5
Arsenic-Antimony | 4 mg arsenic, 4 mg 40-45 235.0 25
(104) | antimony, 27 mg 4 e
iodine, 3 torr argone. 217.6 0.9
Cobalt-Nickel 1 mg cobalt chloride, 60 24047 0.01
1 mg nickel chloride,
45 torr argon. 232,0 0.02
Manganese- 1 mg manganese chloride, 60 279.8 0,005
Chromium 1 mg chromium chloride, . a
) 4 torr argon. 359.3 0.005
Nickel-Chromium 1 mg nickel chloride, 60 23240 0.01
1 mg chromium chloride, a
4 torr argon. 35943 0.008
Copper-Nickel 1 mg copper chloride, 50 324.7 0401
1 mg nickel chloride,
4 torr argona. 232.0 0.07
Cobalt-Iron 1 mg cobalt chloride, 60 24047 0.01
1 mg ferrous chloride,
4 torr argone 24843 0.1
Lead~-Manganese 1 mg lead chloride, 50 405.8 0.01
1 mg manganese chloride,
3 torr argon. 2798 0.01
Cadmium~Lead 1 mg cadmium chloride, 45 228.8 0.008
1 mg lead chloride,
3 torr argon 405.8 0e3
Iron~-Manganese 1 mg ferrous chloride, 60 248.3 0.01
1 mg manganese chloride,
4 torr argone 279.8 0005

ae. In argon-separated air-acetylene flame using medified Southern A1740

with 10 or 20-~second integration.
be In air-propane flame, using unmodified Southern A1740 with 20-second

integration. (110)
ce In unseparated air-acetylene flame using Techtron AA4. (104)
de Combined fluorescence at 357.9 nm, 359.3 nm, and 360.5 nm.
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TABLE 6.2
CONSTRUCTION AND OPERATING PARAMETERS FOR SOME MULTI-ELEMENT
ELECTRODELESS DISCHARGE IAMPS.
Lamp Contents Operating] Wavelength AF detection
Power NnMe limit ppm.
watts
Selenium-Tel lurium- 5 mg selenium, 40-50 2040 10%
Bismuth-Mercury (110) | 5 mg tellurium, a
5 mg bismuth, 238.3 1.5
5mg iodine, a
mercury diffused 302.5 Oe5
from gauge, 0.5 a
torr argon 25347 046
Arsenic-Antimony- 4mg arsenic, 40-45 23540 25b
Bismuth-Cadmium (109) | 4 mg antimony b
27 mg iodine) 21706 009
3 torr argon b
30245 25
228.8 10¢
Zinc-Cadmium- 1 mg zinc, 70 213.8 0.004d
Thallium-Mercury- 4 mg cadmium, a
Bismuth chloride, 228.8 0,002
5 mg thallous a
iodide; mercury 2537 1
diffused from a
gauge,4 torr 37746 0+4
argon a
302.5 10

ae In air-propane flame using unmodified Southern Al1740 with 20-

second integration.

(110)

be In unseparated air-acetylene flame using Techtron AA4 (104)

Ce In unseparated air-acetylene flame using unmodified Southern
A1740 with 20-second integration. (104)

de In argon-separated air-acetylene flame using modified Southern
Al740 with 10-second integration.
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6.3 RESULTS AND DISCUSSION
6+3.1 Operation of multi-element electrodeless discharge lamps

All of the dual-element electrodeless discharge lamps were an
intense blue in coloure. The main spectral lines of both elements (e.g. ¢cobalt
240,7 nme and nickel 232.0 nm.) were of approximately equal intensity, in all
caseses The line to background ratios of the main resonance lines were all
greater than 100:l. To give an example of the type of spectrum obtained, the
spectrum of a cadmium~-lead dual-element electrodeless discharge lamp, between
300 nme and 600 nme, is shown in Figure 6.2. In some of the lamps OH bands
between 305 nms and 315 nm. were observed. Their presence was attributed to
failure to obtain complete dehydration of the hydrated metal chlorides used
in the preparation of the lamps. The presence of the OH bands did not appear
to interfere with the efficiency of these lampse

The five element bismuth-cadmium-mercury-thallium-zinec lamp was an
intense green in colour, due to the predominant emission of the thallium 5350 nme.
line., The main resonance lines of each element in this lamp were not of such
comparable intensities as those of the dual—elemenf lampse The main lines
_ Observed in the spectral emission of this lamp, between 200 nme. and 400 nm.,
and their relative intensities, are listed in Table 6.3,

The optimal incident powers for the operation of the multi-element
lamps are given in Tables 6.1 and 6.2. The optimal incident power was that
which resulted in the maximum atomic fluorescence intensity being produced
upon irradiation of an atomic population of the appropriate element in a
flame, for the element in the combination giving the lowest atomic fluorescence
signal, consistent with a stability of.iS% over a period of 1 hour at the
main resonance line of each element. After the initial running-in period,

a warm-up time of ca. 10 minutes was required when the discharge was initiated
from the cold.

Atomic fluorescence detection limits obtained with the multi-element
electrodeless discharge lamps, mostly in an argon-separated air-acetylene

flame, are given in Tables 6.1 and 6.2.
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FIGURE 662

'
[

EMISSION SPECTRUM BETWEEN 200 AND 600 NM FOR A LEAD-CADMIUM'

DUAL-ELEMENT ELECTRODELESS DISCHARGE IAMP (Major lines of each

element only identified).

2261 4
2288 Cd

405.7 P

2830 Pb

,A Lan HL_LIJ\KL |
CXD | . -

wavelength am.




~83-
TABLE 6.3

MOST INTENSE EMISSION LINES DISPIAYED BY ZINC-CADMIUM~THALLIUM-~
MERCURY--BISMUTH FIVE-ELEMENT ELECTRODELESS DISCHARGE LAMP.

Line (nm) Element Intensity
206,.2 I, 18.5
213.8 Zn (1) 39,0
226.4 cd (11) 12.0
228,8 ca (1) 5640
23749 T1 (1) 440
25347 Hg (1) 49.0
258.0 T1 (1) 440
270.9 T1 (1) 445
276.8 T1 (1) 2545
279.4 - 3.0
287.5 - 55
291.8 T1 (1) 1945
297.5 - ‘ 10.0
306.4 - 445
312.5 Hg (1) 4,0
322.9 T1 (1) 6e5
32641 cd (1) 65.0
328;3 Zn (1) 440
33043 Zn (1) 18.5
33445 Zn (1) 2740
340.3 cd (1) 19.5
346.6 ca (1) 3745
351.9 T1 (1) 5365
361.0 cd (1) 4545
365.0 Hg (1) ’4.0
377.6 T1 (1) 5545
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The operating characteristics (incident power and intensity plots,
incident power and atomic fluorescence plots, stabilities and detection 1imits)
for the cobalt-nickel, chromium~nickel and chromium-manganese dual-element
electrodeless discharge lamps were compared with those for single-~element
chromium, cobalt, manganese and nickel lamps, prepared in a similar manner
from the hydrated metal chlorides. No significant differences were observed
in the operation of the dual-element and single-element lamps. Thié confirmed
previous observations (104,110).
6e3.2 Attempts to prepare multi-element electrodeless discharge lamps for
other combinations of elements

Attempts were made to prepare electrodeless discharge lamfs for
combinations of elements other than those listed in Tables 6.1 and 6.2 Some
combinations of elements used incluae manganese-nickel, mercury-tin, cadmium-
tin, lead-tin, lead-thallium, chromium~-manganese-nickel, cobalt~iron-nickel and
cadmiun-mercury-seleniun~tellurium~thallivum-zince These lamps were all
unsuitable for analytical use, either due to lack of stability and short life,
or to the predomiﬁance of the spectral emigsion of one of the elements in the
. discharge. It should also be noted that for several of those multi-element
electrodeless discharge lamps which were found to be satisfactory, the particular
combination of the metals anq/or their halides used, was often the only such
combination which resulted in the construction of a successful lamp.
6+3+.3 Discussion

Generally dual-element electrodelessldischarge lamps were found to
be as easy to construct as the corresponding single-element lamps, provided
that the two elements combined in the lamp were of reasonably compatible vapour
pressures. Although these dual-element lamps have proved successful in various
applications, as discussed in Chapters 7 and 8, it would obviously be more
advantageous to be able to construct lamps combining a greater number of

elements. However, it was only found possible to prepare one five-element

lamp in this worke



—85.

The main difficulty experienced in the preparation of lamps céntaining
several elements was in the control of the amounts of the fill materials used.
Firstly, the relative amounts of each £ill material must be carefully controlled,
and secondly, the total amount of fill material must not be too greate Separate
sublimation of each f£fill material, commencing with the least volatile, helps
to overcome these difficulties. However, this is tedious when a large number
of f£ill materials are involved.

It is probable that most of these constructional problems could be
solved by introducing the £ill materials in solution, and evaporating and
drying in situ under vacuum. It would then be simple to control the relative
amounts of each element or compound present, as well as the total amount of
£i111 material usede This technique has already been adopted for the prepar-
ation of single-element cadmium and zinc electrodeless discharge lamps (122,123).
Some preliminary investigations (225) suggest that this method will be advan-
tageous in the construction of multi-element lamps, and a four-element cadmium-
gallium—iﬁdium~zinc lamp has been prepared in this manner, as well as dual-
element cadmium-zinc and gallium~-indium lamps.

' 6+44 CONCLUSION

There are a considerable number of parameters involved in the
preparation and operation of electrodeless discharge lamps. The investigation
of these parameters has been the subject of much work (115,116,121-123), which
has done much to explain their effects. However, it is apparent that there is
still a lot not known about the preparation and operation of these lamps.

Until a better procedure is evolved for their reproducible construction, the
production of multi-element electrodeless discharge lamps will remain, to some

extent, a matter of trial and error.
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CHAPTER 7

THE ATOMIC FLUCRESCENCE DETERMINATICN
OF CHROMIUM, COBALT, MANGANESE AND
NICKEL IN STEELS USING AN ARGON-
SEPARATED AIR-ACETYLENE FIAME AND GSOME

DUAL-ELEMENT ELECTRODELESS DISCHARGE LAMPS
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7.1 INTRODUCTION

Despite itg inherent advantages of high sensitivity, high
selectivity and simplicity, atomic fluorescence spectroscopy has been
somevhat neglected as a methed for the determination of minor constituents
in technical materialse This may partially be attributed to the omission
of an atomic fluorescence spectrometer in the range of commercially avail-
able instrumentation.

Klaus (47) has determined zinc and cadmium in biological materials,
using metal vapour discharge lamps and an air-hydrogen flame. Vickers and
Merrick (139) have determined mercury in urine, after solvent extraction,
using a pen-light source and an oxy-hydrogen flame, Matousek and Sychra
(68) have analysed gold in mine waters, in an argon-oxy-hydrogen flame
with a high~intensity hollow cathbde lampe. These workers (74) have also
determined nickel in gas oils and petroleum distillation residues, using
a high-intensity hollow cathode lamp and a nitrogen-separated air-acetylene
flame. Cotton and Jenkins (134) have analysed copper, iron and lead in
hydrocarbon fuels, burning the fuels‘with nitrogén on a specially constructed
burner,rand using a 450 watt xenon arc lamp. Marshall and Smith (226) have
determined zinc in high-pressure boiler feed waters, using an electrodeless
discharge lamp and an air-hydrogen flame. Winefordner and co-workers have
determined wear metals in jet engine oils: copper, iron, lead, magnesium,
nickel and silver were determined using a hydrogen-argon-entrained air
flame or an air-hydrogen flame and electrodeless discharge lamps (117), and
copper,- iron, magnesium and silver were determined by a combined atomic
emission-atomic fluorescence procedure, using a 150 watt xenon arc lamp and
a hydrogen-argon-entrained air flame (132)s, Hobbs, Kirkbright and West (107)
have determined bismuth in aluminium alloys, using an iodine electrodeless
discharge lamp and a nitrogen-separated air-acetylene flame. Dagnall, Taylor
and West (95) have analysed lead in steels, using an electrodeless discharge

lamp and an air-propane flame. Xirkbright, Rao and West (108) have determined
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silicon in low alloy steels, using an electrodeless discharge lamp and
a nitrogen-separated nitrous oxide-acetylene flame.

The Technicon AFS6 multi~channel atomic fluorescence spectrometer
has been used for the atomic fluorescence determination of calcium, copper,
magnesium, manganese and zinc in soil extracts (63), and copper, irom,
magnesium, manganese, nickel and zinc in aluminium alloys (64), using high-
intensity hollow cathode lamps and a nitrogen-separated air-acetylene flame,

Non-flame techniques have also been used. Amos et al (60) have
utilised the carbon Ffilament atom reservoir for the atomic fluorescence
determination of lead in blood, using a high-intensity hollow cathode lamp.
Belyaev et al (50-53) have used a pulsed atomisation technique for solid
samples to determine cadmium in graphitee.

This chapter reports the application of two of the dual-element
electrodeless discharge lamps, the preparation of which was described in
Chapter 6, to the determination of chromium, cobalt, manganese and nickel
in a variety of different types of steel.

The atomic fluorescence determination of all four of these elements
has been described previously. Fleet, Liberty and West (64) studied cobalt
using both a high-intensity hollow cathode lamp and an electrodeless dis-
charge lamp as spectral sourcese. Armentrout (48) has examined nickel using
a hollow cathode lamp, and Matousek and Sychra (69) have examined both
elements using high-intensity hollow cathode lampse. Ebdon, Kirkbright
and West (102) have investigated the atomic fluorescence of manganese
using a manganese chloride electrodeless discharge lamp, whilst the
atomic fluorescence of chroMium with a chromium chloride electrodeless
discharge lamp was described in Chapter 3.

7«2 EXPERIMENTAL
Te2al Apparatus
The instrumentation used and its application to atomic fluorescence

determinations was discussed in Chapter 3. A monochromator slit-width of
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05 mme, corresponding to a spectral band-pass of 3 nm., was used, except
for chromium determination, when the maximum slit-width was used. The
facilities for 20 second integration were employeds The flame used was
slightly fuel-leag argon~separated air-acetylene, The construction and
operation of the electrodeless discharge lamps was discussed in Chapter 6.
74242 Reagents

100 ppme stock solutions of each element were prepared respectively
by dissolving 0.4037 ge of AR« grade cobalt chloride hexahydrate, 04049 g.
of AeRe grade nickel chloride hexadrate, 0.5123 ge of AeRe grade chromium
chloride hexahydrate and 043566 ge of A R. grade hydrated manganese chloride,
in distilled water, and diluting each to 1 dm.3.

The hydrochloric acid, nitric acid and amyl acetate used were all
A+Rs grade. |
7243 Procedure for the analysis of steel samples

An appropriate amount of the steel (1.0—1.5 ge for steels containing
Cae 00,01% of the element, 0.02 g. for steels containing cas 0e5% of the
element etc,) wﬁs weighed out info a 100 cms.beaker. 15 cm.3 of concentrated
hydrochloric acid and 7.5cﬁ.3 of concentrated nitric acid were added. The
beaker was covered with a watch glass and heated gently to dissolve the
steels When all of the steel had dissolved, the solution was diluted to
50 cm.3 and filtered through a filter paper, the filtrate being collected
in a 100 cm.3 volumetric flask. The beaker and filter paper were washed
thoroughly and the filtrate and washings diiuted to volume with distilled
water, FPor steels of widely different concentrations of the four elements,
dilutions were carried out, so that the final solution contaiﬂed Cae 1 DPPMe
of the element concerned. In some cases, different amounts of acid were
required to dissolve the steel, depending on the major constituentse

Due to the depressing matrix effect of iron on the atomic fluores—

cence determination of chromium, it was found necessary to remove most of the
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iron from sample solutions, when the steel contained less than 045% chromiume
This was achieved by extracting the iron from the hydrochloric aciq/nitric
acid solution after dissolution, with an equal phase volume of amyl acetate,
One extraction in this way was sufficient to remove 60% of the iron present.
Pre-equilibration of the aqueous solution to 8M with respect to hydrochloric
acid increased the efficiency of the iron extraction to ca. 9?%: L

Calibration solutions in the range of 0-2 ppm. were prepared by
trangferring 10 cm.3 of the relevant stock solution to a 100 cm.3 volumetric
flask and diluting to volume with distilled waters 0O, 5, 10, 15 and 20 cm.3
aliquots of this solution were transferred to a series of 100 cm.3 volumetric
flasks. 15 cm.3 of hydrochloric acid and 7.5 cm.3 of nifric acid were added
to each flaske. The solutions were diluted to volume with distilled water.
If the quantities of acid used td dissolve the steel sample are different
to those stated, the standard solutions should be prepared to contain corres-—
ponding amounts of acide

The discharge of the electrodeless discharge lamp was initiated.and
the lamp allowed to stabilise at its operating péwer for cae. 10 minutes. The
standard and sample solutions were nebulised into the argon-separated air-
acetylene flame as requireds The dece background correction facility was
used to minimise the thermal emission signal, and the background reading
subtracted from the total signal to obtain the atomic fluorescence signal.
7¢3 RESULTS AND DISCUSSION
73«1 Calibration data

Complete atomic fluorescence calibration curves for cobalt and
nickel in acidic solution are given in Figure 7.l A calibration curve for
chromium in aqueous solution was given in Figure 3.1, and the shape of the
manganese atomic fluorescence curve has been described elsewhere (102). All
of these curves are of the same general .shape as that discussed in Chapter le.

Detection limits obtainable in aqueous solution are given in Table 6.1l.
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FIGURE 7.1
ATOMIC FLUQRESCENCE CALTBRATION CURVES FOR COBALT AT 240.7 NM
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The calibration curves used for the steel determinations, obtained
using acidic solutions between O and 2 ppm. were linear and passed through
the origine
7.3+2 Interference and matrix effects

The effects of 250-fold weight excesses of thirty-eight ions on
the atomic fluorescence of a 2 ppme. solution of chromium were discussed in
Chapter 3« The effects of 1000-fold weight excesses of twenty-six ions én
the atomic fluorescence of an 0.5 ppme solution of manganese has also been
discussed recently (102). Both studies were carried out in inert gas-separ-
ated air-acetylene flames, and the only interferences observed were due to
refractory metals, which were present at insignificant levels in the steels
under investigation.

The effects on the atoﬁic fluorescence of a 5 ppme solution of
cobalt and a 5 ppm. solution of nickel of a 100-fold excess of twenty-five
elements commonly found in steels (viz: Al, As, B, Bi, Ca, C4, Co, Cr, Cu,
Mgs Mn, Mo, Nb, Ni, P, Pb,.S, Sb, Si, Sn, Ta, Ti, V, W, Zn.and Zr) were
examineds No interference (i.e. greater than +3% deviation in signal) was
observed with any of these elementse

The effects of a 10,000-fold weight excess of the matrix element
(iron) on the atomic fluorescence of a 2 ppme solution of chromiwm, cobalt,
manganese and nickel were investigated. In the case of cobalt, manganese
and nickel there was a decrease in the atomic fluorescence signal of less
than 2%e This was not considered sufficiently significant to warrant further
investigation of the effect of iron on the atomic fluorescence of these
elementss However, a significant reduction in signal (ca. 20%) was observed
'~ for chromium, and, therefore, a preliminary solvent extraction procedure with
_amyl acetate was used to remove most of the iron before chromium determination.
.The effect of the acids used in the dissolution of the steel

samples was also examined. Chromium, cobalt, manganese and nickel standards
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(5 ppme of each element) were prepared in 10% (v/v) nitric acid and 20%
(v/v) hydrochloric acid solution. (This was the highest acid concentration
necessary to dissclve any of the steel samples used in this work)e. The
atomic fluorescence signals obtained from these solutions were compared with
those of aqueous solutionse The atomic fluorescence signals of the acid
solutions were cae 5% less than those of the aqueous solutions for each
elements This effect was attributed to the higher surface tension and
viscosity of the acid solutions reducing the efficiency of nebulisation
compared with aqueous solutionse This showed the need for preparing standard
solutions with approximately the same acid concentrations as the sample
solutionsa
7363 Analysis of steel samples

The results obtained fér the determination of chromium, cobalt,
manganese and nickel in a variety of different types of standard steel,
mostly from the B.Ce.S. range (Bureau of Analysed Samples Ltd., Middlesborough),
are given in Table 7.1, together with the certificate'values. One sample
of each steel was weighed and dissolved, and four atomic fluorescence readings
were taken and averaged to obtain these results.

The precision of the method was also investigated using one of
the standard steels (B.CoeS. 277 Mild steel for cobalt and nickel and B.C.S.
406 alloy steel for chromium and manganese)s Seven samples of the steel
were weighed and dissolved, Four atomic fluorescence readings were taken
and averaged for each solution, to obtain the results from which the ranges
and standard deviations were calculateds These data are given in Table 7.2
7«4 CONCLUSION

The above results show that atomic fluorescence spectroscopy, with
a dval-element source, has considerable merit as a method for the determin-

ation of minor constituents in steels.



TABLE 7.1

ATOMIC FLUORESCENCE DETERMINATION OF- CHROMIUM; COBALT, MANGANESE AND NICKEL 1IN STEELS
CHROMIUM COBALT MANGANESE NICKEL
SAMPLE *Standarda Atomic Stapdarda Atomic Standarda Atomic Standarda Atomic
analysis (fluorescence pnalysis [fluorescence janalysis jfluorescence gnalysis [fluorescence
BeC.Se 277 Mild steel 0,075 0.07 0e125 0e127 0e49 0e49 06233 0+233
BeCoSe 273 Mild steel 0.03 0.04 0.021 0.020 050" 0.50 0.031 0.030
BeCoSe 271 Mild steel - - 0.012 0.010 - - 0,013 0.014
B.C.Se. 225 Ni-Cr-Mo steel 1,04 1.05 0,01 0,010 - 04595 0460 1.67 1.64
BaCeSe 225/2 Ni-Cr-Mo steel 1.08 1,08 —_— — 0456 0456 143 1.43
B.C.Se 406 Low alloy steel 2.12 2e11 —— —— 0«53 0653 1l.69 1.67
B.C.S. 407 Low alloy steel 3.00 300 — - 0.13 0.13 0e61 060
B.C.S5. 328 Mild steel - — Oel7 0.168 0.43 044 —— ——
B.CeS. 260/3 High-purity iron —_— — 04010 04011 — —_— 0,004 04005
BeCoSs 334 Austenitic 2546 2565 0.052 0.052 085 0.84 2046 2045
stainless steel
B.C.5. 341 Ferritic stainless 24,0 23.7 —_— - 0e43 0.42 0«56 0.56
steel
BeCsSe 483 High-speed steel 3621 3618 1.94 1.93 0.29 0429 - —_—
3857y Stainless steel - —— 0. 66 0667 —_— - 2.07 2.08
3924y Stainless steel —— —— 036 0.38 —— — 0.82 0.84
7120(08891) Stainless steel — — 0.027 0.027 — —— Oe24 06237
2e BeCoS. certificate values for B.CeSs samples. The remaining three samples had been analysed by 'Quantovac’ emission

spectrography

~p5
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TABLE 7.2

RANGES AND STANDARD DEVIATIONS TFOR

DETERMINATION OF CHROMIUM,

B.CoS. 277

COBALT,

THE ATOMIC FLUORESCENCE

MANGANESE AND ©NICKEL 1IN STEELS

Cobalt Nickel
Certificate value 0.12(5) 0.23(3)
Mean value of atomic fluorescence 0.127 0233

analysis
Range in certificate values

Range by atomic fluorescence

06119 ~ 04137

0.120 ~ 0.133

0.227 ~ 0.242

06225 = 06237

Standard deviation (%) by atomic 3¢5 2.0

fluorescence
B.C.S 406

Chromium Manganese
Certificate value 212 0.53
Mean value of atomic fluorescence 211 0.531
analysis

Range in certificate values 2408 ~ 2,15 0.53 -~ 0.54
Range by atomic. fluorescence 2,04 - 2,18 0e525~ 04538
Standard deviation (%) by atomic 265 1.8

fluorescence
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CHAPTER 8

A SCANNING TECHNIQUE FOR MULTI-
ELEMENT DETERMINATIONS BY ATOMIC

FLUORESCENCE SPECTROSCOPY



Y

8.1 INTRODUCTION
8elel, Multi-element atomic spectroscopy

One of the major limitations of atomic speétroscopy as a method
of chemical analysis is that no entirely satisfactory system for simultaneous
or rapid sequential multi-element determinations has yet been developed.
This aspect of atomic spectroscopy has been the subject of a considerable
amount of research work over the last few years (170, 227), resulting in
a number of possible multi-element instrumental systems for atomic emission,
atomic absorption and atomic fluorescence.

The general reasons for the difficulties in the design of suitable
instrumentation for multi-element atomic spectroscopy are summarised below,

l. A single set of instrumental operating parameters may normally
only pe used over a concentration-range of one order of magnitude for
maximum sensitivitye

2. For certain elements, the number of emission, absorption or
fluorescence wavelengths which are available for measurement is small,
and the different wavelengths may give sensitivities which differ by
several orders of magnitude. Therefore, sample dilutions will be necessary
if the analysis is required over a wide concentration range, which may
result in the determination of several solutions for the multi-element
analysis of one sample.

3. The optimum operating parameters (e.g. flame type, gas flow rates
and height above the burner) vary from element to element, if the maximum
sensitivity and selectivity are to be attained.

The various instrumental systems which have been developed to
overcome these and other difficulties will now be considered.
8.le2 Multi-element atomic emission spectroscopy

Alfhough simultaneous multi-element analysis for many elements

may be readily accomplished for solid samples by atomic emission spectroscopy,

using arc and spark excitation and multi-chamnel spectrographs, the simultaneous



-98~
multi-element determination of liquid samples in flame cells is complicated
by the large number of emigssion lines displayed by some elements, band
emissions and other interference effects.

An automatic high-speed scanning multi-channel spectrometer,
based on an oscillating diffraction grating and using a scanning speed of
1800 nm sec -1 has been constructed (228). This spectrometer was used for
the rapid sequential determination of calcium, magnesiwmn, potassium and
sodium in clinical samples. The adaption of this spectrometer for multi-
element atomic absorption and atomic fluorescence has also been suggested.

Recently, a rapid (450 nm min-l) scanning technique, employing a
commercially-available single-channel atomic absorption spectrometer with
a fast response operational amplifier and a u.v. recorder, and a nitrogen-
separated nitrous oxide—acetylene>flame has been reported (229). This
technique was successfully applied to the rapid sequential determination
of copper, magnesium, manganese and strontium in milk solutionse
8,163 Multi-element atomic absorption spectroscopy

A major limitation on the construction of multi-element spectro-
meters for atomic absorption is the rigidity of the optical arrangement
(i.es source, atom reservoir and monochromator in a straight line). However,
a number of systems have been adopted to obtain a single light path through
the atom reservoir and on to the monochromator, for the radiation of several
elementse.

Mavrodineau and Hughes (230) angled the radiation from a number
of hollow cathode lamps on to a diffraction gratinge The hollow cathode
lamps were so aligned that a single beam was producede This passed through
the flame and on to a second diffraction grating, which split the beam into
its spectral components which were directed on to a series of photomultipliers.
Strasheim and co-workers (215,231) have used multi-element hollow cathode

lamps, tandem-mounted hollow cathode lamps, semi-transparent mirrors or a

time-resolved spark, to produce a single beam which was passed through the
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flame cell anqvon to a four - or six~channel quartz spectrograph, fitted
with a direct-reading attachment. Brech (232,233) has reported a similar
system, incorporating two six-element hollow cathode lamps and a twelve-
channel spectrograph. Valsh (170) has suggested the isolation of the
resonance lines of different elements by the sélective modulation of hollow
cathode lamps (81,234-236).

Walsh (170) has also reported the operation of a six~-channel
atomic absorption spectrometer, using resonance detectors (166—169,171),
vhich greatly reduce the bulk of the monochromation-detection systeme. This
differs from the systems previously described in that no attempt is made to
obtain a single light path through the flame cell. 8Six high~intensity
hollow cathode lamps are arranged on one side of the flame cell and six
resonance monochromator—detectors-on the other side. Since there are six
light paths through the flame, the burner is star-shaped and may only be
used with an air-propane flame. This instrument has been used for the
simultaneous determination of copper, lead, nickel and silver in mineral
ores.,
8ele4 Multi-element atomic fluorescence spectroscopy

Atomic fluorescence is far more suitable for simultaneous or rapid
sequential multi-element analysis than is atomic absorption. Since the
incident radiation is not measured by the detector, it is easy to direct the
light from several gpectral sources on to the flame cells It is also possible
to simplify the detection system by the use of optical filters in place of
a monochromator.

A spectrometer designed specifically for multi-element atomic
fluorescence was initially reported by Mitchell and Johansson (70,71), who
used it for the simultaneous determination of copper, iron, magnesium and
silver., Dagnall, Kirkbright, West and Wood (62,63) have described the

application of a similar atomic fluorescence spectrometer, capable of the
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simul taneous determination of up to six elements, to the analysis of
calcium, copper, magnesiuwm, manganese, potassium and zinc in soil extracts
(62), and copper, iron, magnesium, manganese, nickel and zinc in aluminium
alloys (63). These instruments are complex, requiring individual single-
element hollow cathode lamps, a rotating wheel with an optical filter for
each element, which is synchronised with the lamp power supply, and a
sophisticated signal-processing system. Walsh (170) has reported the use
of a simpler non-dispersive seven-channel atomic fluorescence spectrometer,
incorporating a solar-blind photomultiplier. More recently, Malmstadt and
Codos (237) have proposed a twelve-channel atomic fluorescence instrument.

The potential use of a scanning technique for multi-element atomic
fluorescence, employing commercially--available atomic emissioq/étomic
absorption instrumentation, has been discussed elsewhere (110,120). This
chapter describes the application of some of the dual-element electrodeless
discharge lamps, the preparation and operation of which was discussed in
Chapter 6, to multi-element atomic fluorescence determinations by a scanning
technique.
8.2 EXPERIMENTAL
8+2+.1 Apparatus

The modified Southern Analytical A1740 grating flame spectrometer
and ancillary equipment for atomic fluorescence determinations, as described
in Chapter 3, was used in cdonjunction with an air-hydrogen flame for some
preliminary studies of the scamning technique. The spectrometer was equipped
for scanning at 75 mnm min—l. This instrument has a de.c. amplification
system, and with the scanning technique there is no means of backing off
the flame background emission. Although this instrumental system was not
particularly suitable for the scanning technique, satisfactory results were
obtained fof the rapid sequential determination of zinc and cadmium.

The following experimental arrangement was therefore finally

selected for the scanning technique;—
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Spectral sources. The dual-element electrodeless discharge
lamps were operated at 2450425 MHz with a Microtron 200 Mark II microwave
generator (Electro-medical Supplies Ltd., Wantage. UsK., Model 2000L) and
two three-quarter wave (Broida type resonant cavities (EMS Model 210L)e 1In
order to coperate the two resonant cavities from one microwave generator, a
two-port power divider (EMS Model 4000L) was useds The power divider vas
connected to the microwave generater by an 18 in. length of coaxial cable
(EMS Model 2009L), and to the two resonant cavities by two 54 in. lengths
of coaxial cable (EMS Model 2010L). The use of the two-port power divider
enabled the output from the microwave generator to be divided equally
between the two resonant cavities. This meant that the lamps in both
cavities had to be operated at the same incident power. However, the majority
of the duval-element electrodeless-discharge lamps have optimal operating
powers of ca. 60 watts, so that the choice of lamps vhich could be operated
together from one microwave generator was not greatly restricted. The output
from the microwave generator was modulated at 285 Hz, using a Microtron Mark II
modﬁlator unit (EMS Model 3005L). The discharge of the lamps was initiated
using a Tesla high~£fequency vacuun tester.

Burner. An air-acetylene flame wés supported on a Meker type
circular burner head (Beckman—RIIC Ltd., London. U.K.)s. This flame was
separated with argon. Initially a commercial emission burner shield
(Beckman—RIIC) wvas used, but this did not prove very successful. A separator,
similar to that used Qith the Unicam SP900 burner described in Chapter 3,
was constructed around the short (height 4.5 cme) Beckman burner. Although
this burner required four argon inlets, the separation achieved was as good
as that obtained with the separator previously built around the ﬁnicam burner.
A diagram of this burner is shown in Figure 8.1.

Spectrometer. The spectrometer used was a Techtron AA4 atomic
absorption spectrométer (Varian~Techtron Ptye. Ltd., Melbourne, Australia.),

fitted with a Hamamatsu type R213 uv-sensitive photomultiplier. This'spectro-
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FIGURE 8.1 _
SEPARATING BURNER BASED ON THE BECKMAN EMISSION BURNER
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meter has a range of monochromator slit-widths up to 0.3 mm, corresponding
to a spectral band-pass of 1 nm. The only wavelength scanning facilities
available with this instrument are at 450 nm min~l, which is too fast for
use with conventional chart recorders. Therefore, a variable speed
stirrer motor (Citenco Ltd., Borehamwood, U.K., Model KQPS 24) was connected
to the monochromator 'wavelength set' control by means of a brass sleeve.
This made available a choice of scanning speeds between 10 and 50 nm min‘le
This motor could be engaged or disengaged wusing the arrangement for the
operation of the 'wavelength set' control, so that when disengaged the
scanning motor on the monochromator could be used for resetting the wave-
length after a scan. The amplifier, which is modulated at 285 Hz, was
synchronised with the Microtron modulator unit via the connector normally
used to synchronise a chopper. The output signal from the amplifier was
conneéted to a Servoscribe potentiometric chart recorder (Smiths Industries
Ltd., London. U.K., Model RE 511).,

Optical arrangement. The optical arrangement is shown in the
block diagram in Figure 8.2s The dual-element electrodeless discharge lamps
were placed as close as possible to the flame (ca. 60 mm from the centre of
the flame). The resonant cavities were ca. 10 mm apart, and it was not found
necessary to use any screening arrangement between them. The only difficulty
caused by placing the resonant cavities so close together was experienced
in initiating the discharge of both lampse However, once alight, the close
proximity of the two resonant cavities did nét appear to affect the operation
of the lamps. It was found necessary to cover one of the side holes of the
cavity nearer to the monochromator to prevent any stray radiation from the
lamp falling on to the entrance slits of the monochromator, either directly
or through the condensing lens. The atomic fluorescence from the flame was
focussed on to the entrance slits of the monochromator with a Techtron

condensing lens (focal length 62.5 mm.).
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8.2.2 Reagents

All stock solutions (1000 ppm) were prepared from A.Re. grade
reagents and distilled waters. The stock solutions were diluted as required
immediately before use.
84243 Procedure

The discharge of both electrodeless discharge lamps was initiated
and they were allowed to stabilise at their normal operating power for ca,.
10 minutes. The wavelength control was set so that a wavelength ca. 5 nm
below that of the lowest resonance line required was indicateds The scanning
motor was engaged, the solution was nebulised into the flame, and the chart
recorder and then the scanning motor were switched on. After scanning to
cae 5 nme above the wavelength of the highest resonance line required,
the scanning motor was switched off and disengaged, and the chart recorder
switched off, The monochromator was returned to the original wavelength
by means of the spectrometer scanning motore. The proceduré was then repeated
with the next sblution. As usual in atomic fluorescence determinations it is
desirable to nebulise a standard solution between each unknown solution. The
peak heights were measured, and those of the unknown solutions compared
with those of the standard solutions.
8+.3. RESULTS AND DISCUSSION
8.3.1 Initial experiments with Southern A1740

Two scans obtained for zinc-cadmium-iron-manganese atomic fluorescence
between 205 and 285 nm in an air-hydrogen flame at different monochromator
slit-widths, are shown in Figure 8.3. The wide slit-widths which were
necessary, meant that only elements with fairly widely separated atomic
fluorescence wavelengths could be used. Flame emissions cause a slope in
the base-~line at higher wavelengths, which also restricts the choice of
elements which can be used with a scanning technique employing this instrumente.

The effects of flame emission and scatter for the zinc 213.8 nm
and cadmium 228.8 nm atomic fluorescence are illustrated in Figure 8.4. This

shows that at these wavelengths scatter and flame emission are negligible.
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FIGURE 8.4

ATOMIC FLUORFSCENCE SCANS BETWEEN 200 AND 250’ NM FOR ZINC AND
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with_the scanning speed of 75 mm minm:L available with this
spectrometer, the peak heights were ca. 80% of the steady state signals,
and standard deviations in peak height of cas. 6% were obtained.

8.3.2 Selection of operating parameters

The elements to be determined must be analysed in the same flame
and under the same instrumental operating parameters. Since it is unlikely
that the operating conditions will be optimal for all of the elements to be
determined at one time, a compromige must be made, and either the optimal
operating parameters for the least sensitively determined element, or the
most favourable conditions for the majority of the elements will have to be
selected,

The operating.parameters used in this work were those which were .
found to be optimal for the majority of the elements to be determined. The
optimal operating conditions for the multi-element determination of zinc,
cadmium, nickel and cobalt are discussed belows.

Flame conditionse In order to reduce both the flame background
emission and the'flame noise, and so to obtain a flat base~line for the
wavelength scan, a low-background flame, such as argon-separated air-acetylene,
is desirable. The flame was slightly fuel lean and flow rates of 0.6 dm3
min~l acefylene and 8 c’tm3min“:L weére useds A flow rate of 20 dmzmin"l argon
was necessary to separate this flame with the commercial separator, and

10 dm3

min-l with the home-made separator. The part of the flame vieweé by

the monochromator was between 5 and 15 mm ab&ve the burner-head.
Monochromator slit-width. The monochromator slit-width must be

selecfed so that the fluorescence lines of the elements whose atomic fluor-

escence is stimulated by the light source, do not overlap within the spectral

band-passe Preferably this should be arranged so that the peaks produced

on the wavelength scan are completely separate, thus enabling more accurate

measurements of the peak heights to be made. Since wide spectral band-passes

are advantageous in atomic fluorescence, this places a restriction on the
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elements which may be determined together in a scanning technique. The
mascimum monocﬁromator slit-width of 0.3 mm, corresponding to a spectral
band-pass of 1 nm, was used throughout this work.

Scanning speed. The speed used for wavelength scanning must be
compatible with the response times of the amplification system and the chart
recorder. Under certain circumstances it is possible that the scanning speed
cpuld also be dependant upon the monochromator slit-width. The response
time of the Servoscribe chart recorder, which was slower than that of the
amplifier, was ca. 1 secondes In order to obtain a faithful response (i.e.
peak height = steady state signal), a scanning speed of 25 nm m:i.n—1 was
required. However, the initial experiments with the Southern Al740 spectro-
meter showed that considerably faster scanning speeds can be used without
too greater loss in sensitivity of reproducibility. The chart recorder
was operated on the 10 millivolt range at a speed of 30 mm min—l (i.e. 1 nm
on the chart paper rebresented a wavelength scan of 0.83 nm).

'843.3 Wavelength scans for zinc-cadmium-nickel-cobalt

A typical atomic fluorescence wavelength scan, between 210 and
245 nm, obtained while nebulising a solution containing O.1 ppm zinc, O.l ppm
cadmium, 1 ppm nickel and 1 ppm cobalt, is shown in Figure 8.5. The wave-
length range scanned includes the major resonance line of each of these
elementse. The actual scanning time for this wavelength scan Qas ca. 85
seconds, and the total time for such a determination for the four elements
was cae 100 secondse
8¢3+44 Detection limits

The detection limits obtained for the determination of zinc, cadmium,
nickel.and cobalt by scanning atomic fluorescence are given in Table 8.l.
Due to the use of peak height measurement, the detection limits were defined
as the concentration of the e;ement in aqueous solution which produced a

peak height equivalent to twice the standard deviation in peak height near

the lower limit of the working range. These detection limits are of the same
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FIGURE 8.5

ATOMIC FLUORESCENCE SCAN FOR ZINC, CADMIUM, NICKEL AND COBALT

Co 2407 nm
Ni 2320 nm
Cd 2238 nm

7n 2139 nm
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TABLE 8.1

ATOMIC FLUORESCENCE DETECTION LIMITS AND WORKING RANGES FOR ZINC,
NICKEL AND COBALT USING THE SCANNING TECHNIQUE.

CADMIUM,

~111-

Element Wavelength Working fange Detection limit
nm ppm ppm

Zinc 213.8 0+02~145 0,003

Cadmium 228.8 0s02~1.0 0,002

Nickel 23260 0.2-10 0.02

Cobalt 240.7 0.2-10 0.02
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order as those previocusly obtained for these elements by conventional
atomic fluorescence