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ABSTRACT

COMPUTER ASSISTED CHARACTERIZATION

OF A FILAMENT ELECTROTHERMAL ATOMIZER

By

David Norman Baxter

The influence of modern solid state electronic instru-
mentation and computers upon analytical chemistry is pro-
found. The continuing decrease in cost and increase in
capabilities of laboratory minicomputers, particularly
with the advent of the microprocessor, have combined to
make sophisticated computer supervision of scientific
instrumentation highly beneficial. Electrothermal atomizers
are also becoming increasingly important in atomic spectro-
metric research. Many devices have been proposed in the
literature, but considerable research remains to be done
in further characterizing them.

Three specific investigations, all of which employ
versatile, computer-controlled instrumentation, have been
performed with one such atomizer, the graphite braid.
Scanning electron microscopy with x-ray microprobe fluores-
cence has been used to examine the physical appearance
and evolution of graphite braids as they receive and

atomize analytical samples. Changes which occur in
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braids as they are in service, and some of the behavior
exhibited by deposited samples are observed and discussed.
The control of temperature in electrothermal atomic spec-
trometry is an extremely important parameter. Of the
various feedback signals which can be used for this con-
trol, a method known as radiation programming, in which
the intensity of the blackbody emission from the incan-
descent atomizer is the control signal, is a superior
method of temperature regulation. Radiation programming
is shown to provide lengthened atomizer lifetimes, insensi-
tivity to changes in certain system parameters, and im-
proved atomization characteristics with implications for
lower detection limits and freedom from sample matrices.
Temperature calibration of the atomizer is also illustrated.
In conclusion, to learn more about the mechanisms of
atomization and the behavior of free atoms, two dimension-
al spatial profiles of atomic concentrations above the
atomizer have been acquired. This work was carried out
with the assistance of two computer-controlled instruments
of original design: a "positioner" which translates the
atomization cell with respect to a fixed optical axis,

and a "sampler" which automatically deposits aliquots of
solution on the atomizer. The general shapes of the free
atomic clouds of various elements are shown, and observa-
tions which concern the effects of some sample matrices

are described.
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INTRODUCTION

The practice of analytical chemistry has been revolu-
tionized in recent years by the tremendous advances made
in scientific instrumentation. The variety of physical
phenomena of analytical importance for which precision
instrumentation is available has expanded dramatically,
and the sophistication of both new and familiar instru-
ments increases annually. Much of this progress has been
made possible by a parallel and equally burgeoning growth
in the technology of computers and solid state electronics.
The size, cost, and power consumption of computers and
electronic instruments have steadily dropped, whereas their
capabilities, speed, and performance have continually risen.
Because of these trends, modern analytical instrumentation
can not only perform determinations or observe phenomena
previously unobtainable, but can also guide its own
activities, monitor and correct drifts in its perfor-
mance, and relieve the user of many necessary but routine
duties. When coupled to a computer} an analytical instru-
ment becomes a particularly powerful tool for scientific
investigations, in which the complex capabilities of the
computer can serve to provide detailed and flexible con-
trol over the instrumental functions, as well as compre-
hensive treatment and presentation of the acquired data.

In recent years, the attainment of such goals has been




..




made particularly possible through the introduction and
growth of microprocessors, in which the entire central
processing unit of a modern minicomputer can be placed

on a single solid state device. Their impact has already
been felt in existing instrumentation, and the promise
they hold for future instruments is virtually limitless.
The research described in this thesis has as its central
goal the use of such modern, custom-designed instrumenta-
tion in conjunction with computer-controlled operation to
investigate various facets of an analytical technique
that would be prohibitively difficult to study without
the benefits such control can provide. The technique under
study is filament-type electrothermal atomic absorption
spectrometry, with an atomizer known as the graphite
braid.

Atomic spectrometry is an analytical technique rich
in both instrumental requirements and chemical complexity.
Studies of variables in these categories have been per-
formed for some time by many workers. Most of these have
been with the traditional flame atomizer. The nonflame,
or electrothermal atomizers are more recent developments;
the oldest of them has existed less than twenty years.
In the past decade, a great many such devices have been
described in the literature. Much work remains to be

done, however, in better characterizing atomizers that

alrxeady exist.

If a device is to serve effectively as an electrothermal



atomizer, it follows that studies of the device itself
can be of great potential benefit in learning what physi-
cal and chemical processes occur as it is used. In the
present work, scanning electron microscopy and x-ray
microprobe fluorescence have been employed to observe the
appearance of graphite braid and the changes which it
undergoes while in service as an atomizer.

The control of temperature in electrothermal atomizers
is an extremely important parameter. Because an atomizer
will age with continued use, it is a serious matter to
assure that the power supply which heats the device can
be effectively and sensitively regulated to preserve as
nearly consistent temperatures from atomization to atom-
ization as possible. If an electrical parameter such as
the voltage developed across the atomizer is the control
signal, the drift of atomizer temperature with continued
use can be considerable, because control is based upon
an input to the atomizer rather than an output from it.
The radiation method of atomizer control, which follows
the blackbody emission from the device, is such an output
parameter. It will be shown in the present work that this
method is an excellent control signal for electrothermal
atomic spectrometry, and that it provides superior con-
sistency in atomizer temperatures, increased atomizer
lifetime, and the promise of improved detection limits and
ability to deal with complex sample matrices.

Although computer control and powerful instrumentation



plays a significant role in the above studies, their full
capabilities are realized in the final field of investiga-
tion, which is a study of the spatial profiles of free
atom concentrations above the atomizer. To perform such
studies, repeated atomizations of a constant sample are
taken while the atomization cell is systematically trans-
lated in two dimensions with respect to a fixed optical
axis. This work is extremely time consuming because of
the discrete nature of electrothermal atomic spectrometric
sampling. It is also very tedious to perform manually.

In the present work, two sophisticated, computer-controlled
instruments are described which make these studies practi-
cal. One of these is a positioning device which is capable
of performing the orderly movement of the atomization cell.
The second is a versatile and precise autosampling unit.
With these two instruments, and additional instrumentation
which includes a dedicated data collection system, a com-
plete, computer-controlled atomic absorption spectrometer
is described which is able to run itself virtually un-
assisted by the user. As an aid and convenient reference
for the descriptions to follow, Figure 1 shows a block

diagram of the entire operating system.
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HISTORICAL

Atomic spectrometry is today a well established
laboratory technique. It is capable of performing a wide
variety of both qualitative and quantitative determina-
tions, and finds a place in laboratories which do every-
thing from the most current and speculative research to
the most routine and common repetitive sample analysis.
Atomic spectrometric methods are applicable to nearly
every metallic and metalloidic element of the periodic
table, and are frequently the techniques of choice for
the determination of trace quantities of sample consti-
tuents, or for multielement determinations of several

species within the sample.1-4

A. EARLY OBSERVATIONS AND DEVELOPMENTS OF

ATOMIC SPECTROMETRIC TECHNIQUES

Initial observations of atomic spectrometric phenomena
probably date from pre-Lavoisierian chemistry in the form of
the familiar colored flame tests for qualitative analysis.
These early discoveries were given a more systematic and
scientific chemical treatment in the pioneering work of

5 at

Bunsen and Kirchhoff over one hundred years ago,
which time the observation of prism sorted emission spectra
represented one of the prime experimental techniques for

the discovery and confirmation of additional known elements.



With the growth of technological skills in optics and
electrical power generation, the study of emission spectra
and their permanent recording on photographic plates came
to be established as one of the earliest instrumental
techniques. In the years since, electrical arc and spark
atomic emission spectrography have developed a literature
rich in both theory and practice for a great many chemical

6-8 In fact, emission methods remain today as

systems.
the workhorse techniques for the analysis of materials
having metallurgical or geological significance, or for
studies in specialized fields such as astronomy. Applica-
tions and advances in flame emission and radiofrequency
emission techniques have enjoyed a parallel growth no less
impressive.g_ll
A satisfactory theoretical and mathematical explana-
tion of atomic spectra was not possible until the develop-
ment of gquantum mechanics in the early part of this century,
after which a full rationalization of atomic spectra was
rapidly developed. By the early thirties, a very complete
body of knowledge had been acquired, which could effectively
and consistently explain all of the basic atomic spectro-
metric phenomena, as well as a considerable number of the

12 ;.

more common deviations from ideal model behavior.
return, atomic spectrometry served as one of the principal
techniques for the experimental confirmation of early
quantum mechanical predictions, the Bohr atom being a

particularly prominent and well known example. Inherent



in the theoretical treatment, and in some experimental
observations at the time, was the realization of the exis-
tence of the other two atomic spectrometric techniques,
atomic absorption and atomic fluorescence.

Although atomic absorption had been known since 1802
with Wollaston's discovery of the Fraunhofer lines in the
sun's spectrum, true chemical applications of the method
did not occur until the early 1950's, partly because of
instrumental limitations imposed by the lack of a practical,

13 With the adoption of the

stable, narrow line source.
hollow cathode discharge tube, and the groundbreaking work
of Alan Walsh in Australia, atomic absorption moved into
the realm of viable analytical chemical techniques.14'15
After a somewhat slow start during the remainder of the
fifties, atomic absorption grew rapidly during the mid-
sixties. Several lines of competitive instrumentation
appeared in the marketplace, and an intensive though at
times overly idealistic sales program got underway. By
the end of the sixties, an atomic absorption instrument
of some sort was likely to be found in nearly every major
academic and industrial lab, and the growth of the method
has been prodigious ever since.ls'17
Atomic fluorescence is an even more recent develop-
ment than atomic absorption. Although it too had been
recognized theoretically and experimentally for some

years,ls'19 it was not until 1962 that Alkemade proposed

20

its application to chemical analysis, and not until



1964 that the first modern paper on the subject appeared

21 In the short time since, it

22,23

by Winefordner and Vickers.
too has enjoyed a significant growth, although it
remains at this writing primarily a research method only,
chiefly because of the lack of commercial instrumentation,
and some reluctance by instrument builders to accept it as

a companion to atomic absorption rather than a duplication

or a competitor.

B. COMPARISON OF FLAME AND ELECTROTHERMAL METHODS

With the exception of the electrical arc and spark
techniques, most experimentation in atomic spectrometry
has been performed using a flame as the medium with which
to produce free atomic vapor. This is historically the
natural development of the discipline, and a flame support-
ing instrument is still the standard configuration for
commercial atomic spectrometric systems. This is not to
imply, however, that the flame is an outmoded or funda-
mentally unsuitable atomization device. Flames do possess
a number of characteristics that recommend their use.?%
Burners and auxiliary apparatus to ignite and sustain a
flame are common and readily available in a variety of
modifications. They are capable of producing a flame of
high stability and reproducibility. The number of different
fuel and oxidant combinations available, as well as the

ability to adjust fuel-to-oxidant ratios, allows flames
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to be used over a wide range of temperatures. Flames offer
very good levels of detectability and sensitivity for
many elements with resonance lines in the common region of
200 to 400 nm. Finally, the sample in a flame system may
be continually aspirated, which gives rise to a DC signal
that may be detected as such or modulated with an AC com-
ponent for phase-locked detection, and improvement of
signal-to-noise qualities.

Yet, in spite of their popularity and capabilities,
flame atomizers do suffer from numerous disadvantages
that detract from their usefulness. The flame itself is
an extraordinarily complex chemical environment, rich in
molecular, atomic, and radical species which can seriously
plague an analysis. This is true both from the chemical
standpoint of depopulating the supply of free atomic species
through formation of stable analyte compounds such as
hydroxides or oxides, and from the physical standpoint
through such effects as molecular quenching of fluores-
cence. The high rates of flow and the expansion effects
of the combusting gases act to dilute the atomic concentra-
tion of analyte in the flame. Flames can often contribute
significantly to the background emission or absorption
character of the system, especially for those elements
with analysis wavelengths near the vacuum ultraviolet.
The overall efficiencies of aspiration, desolvation, and
vaporization are rather low for flame systems. Finally,

the amount of sample solution required may be excessive,
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if not impossibly large, for critical samples such as are
found in clinical work. It may certainly be counter-
argued that much modern research has been directed towards
alleviating these problems. The use of ultrasonic nebu-
lization to improve sample transport efficiencies is a case

25 Nonetheless, because of effects such as these,

in point.
alternative methods of atomization in atomic spectrometry
have found increasing use in recent years.

The alternative practical energy source for atomic
spectrometric atomization is electrical power. Over the
past fifteen to twenty years, many researchers have pro-
posed and characterized such "flameless", or more properly
stated, electrothermal atomizers, which are generally
fashioned out of some substance which is sufficiently
refractory to withstand sudden and repetitive heating
to temperatures as high as 3000° K.26 Perhaps the most
fundamental contrast between these methods and the more
classical flame approaches is that in electrothermal
techniques, the sample is not usually continuously as-
pirated by some sort of nebulizer, but is rather deposited
as a discrete sample of typically only a few microliters
total volume directly onto the atomizer. 1In a similar
manner, the atomizer itself is not usually continuously
at the atomization temperature, but is instead stepped
through a heating sequence. First, gentle heating is
employed to remove the solvent, followed by strong heating

to affect atomization, with an optional intermediate
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heating level for the ashing of organic matrices. From
these differences arise many of the comparative advantages
and disadvantages of the electrothermal techniques. Elec-
trothermal atomizers lack the complex chemical environ-
ment of a burning flame, as well as much of the expanding
gas dilution effect. They also possess considerably less
spectral background interference. These effects all com-
bine favorably to give electrothermal atomizers a general
advantage over flames in terms of detectability and sensi-
tivity for many elements. The very small sample sizes are
beneficial to those analyses where sample conservation is
essential. Furthermore, the fact that the entire sample
may be discretely placed directly upon the atomizer sur-
face substantially improves the overall efficiency in making
the transitions from a dilute solution to an atomic vapor.
At the same time the electrothermal methods suffer
difficulties as well. One of the most vexing, at least
for those devices employing discrete sampling, is the
transitory nature of the analytical signal. In place of
the DC level or AC waveform that can be observed and
processed over tens of seconds, many electrothermal
atomizers produce an absorbance spike of duration as
short as one quarter second. In addition, sampling cannot
be repeated much faster than one sample per minute. The
instrumental readout must consequently be prepared to
follow transients, and integration of the transient is

advisable for quantitation of results over a reasonable
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dynamic range. Furthermore, the same atomizer must be

used over and over for each successive sample, which in-
evitably leads to drifts due to aging, and often requires
the eventual discarding of a spent device. A final problem
is the difficulty in reproducibly drawing and depositing
sample quantities on the order of only a few microliters.
Electrothermal atomizers can be divided into either the
"furnace" or "filament" categories. They are discussed

here in that order.
C. FURNACE ELECTROTHERMAL ATOMIZERS

The concept of using a furnace-like device for atomic
spectrometric studies dates back to the early part of this
century, when King proposed the use of a furnace manu-
factured from graphite for studies in atomic spectrophys-

27-29 The first such device intended specifically for

ics.
analytical chemical work was that proposed by L'vov about
1961.30 His atomizer consisted of a graphite tube 30 to
50 mm long and 2.5 to 5 mm in inner diameter. The sample
was placed onto a treated graphite electrode which was
inserted into an opening in the side of the furnace. To
atomize the sample, an arc was struck from this electrode,
while simultaneously another power source heated the main
furnace body to temperatures as high as 3000° K. To pro-

tect the device from atmospheric attack, it was enclosed

in an argon-filled container fitted with quartz windows
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to permit passage of the source beam down the furnace axis.
L'vov and Lebedev improved upon the original design with
such additions as two channel operation with an internal
standard, a simpler means of heating samples, use of
pyrolytic graphite in the furnace to retard sample dif-
fusion into the walls, and the ability to function at

31,32 Some forty ele-

greater than atmospheric pressure.
ments were examined and detection limits on the order of
picograms of material were realized.

In the late sixties, Woodriff and coworkers construct-
ed a furnace atomizer 150 mm long and 7 mm in diameter:.33-39
It was continuously heated by a high wattage supply, and
was enclosed in an insulated, steel container provided
with a continuous flow of argon. Samples were either
discretely deposited, or nebulized into the furnace through
a side arm. A number of elements were examined with this
device, as were some matrix effects.

About the same time as Woodriff's work, Massmann
devised another furnace similar to L'vov's, but simpler

40,41 The tube measured 55 mm long and

in construction.
6.5 mm in diameter. It was resistively heated up to 2600°
K by a high wattage supply. Samples were deposited through
a small hole bored in the side of the furnace. Both solu-
tion and solid samples were examined, and the device was
also redesigned in an alternate shape specifically intended

for atomic fluorescence. A further modification of the

Massmann device was marketed in 1970 by the Perkin-Elmer
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Corporation, and named the HGA-2000 ("Heated Graphite

42-44 It was the first of several commercial

Atomizer").
electrothermal devices, and is in increasingly widespread
use.

A furnace atomizer for use in atomic fluorescence was

45 It featured observation slits

designed by Wineforder.
cut in the graphite so as to prevent observation of black-
body radiation by the detector, as well as a septum and
syringe method of sample injection. Robinson and coworkers
described an induction heated atomizer for the determination

46-48

of air pollutants. Air is drawn through a tube filled

with carbon chunks and heated to about 1400° C. The carbon
monoxide produced acts with additional hot carbon to re-
duce metallic ion vapors to the elemental state, after
which they are analyzed in a second heated tube made of

quartz. The system was capable of detecting cadmium at

levels as low as 0.005 microgram per cubic meter of air.49

Other inductively heated graphite tube furnaces were pro-

posed by Headridge and Smith,50

sen. 51

and by Langmyhr and Thomas-

The advantage of continuous sample introduction first
realized by Woodriff has also been retained in several
additional devices. Veillon and coworkers have described
a vertically oriented graphite tube furnace, useful in
atomic fluorescence, which receives sample continuously

52

in the form of an argon carried aerosol. Wineforder

and his students have explored techniques for continuous
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sample introduction into furnaces through the use of a
pneumatic nebulizer and steel desolvation chamber.53'54
Papers have also appeared in which already existing
atomizers have been modified to improve their performance.

Chapman, Dale, and Kelly reduced the diameter of a fur-
nace on either side of the sample deposition region to
produce regions of greater heat that would retard the dif-
fusion of atomic vapor out of the observation window. 2>
Robinson and coworkers have described techniques in which
a sample in a complex matrix is placed into the side arm
of Woodriff-type furnaces for extensive pretreatment de-
signed to destroy and flush out the matrix. The analyte
of interest can then be atomized relatively matrix
free.56'57 Successful direct analyses for trace metals
in such difficult matrices as blood, urine, and sea water
were reported. Church et al. have designed a low tem-
perature Woodriff-type furnace for mercury determinations
in which oxygen is actually drawn through the furnace to
assist in sample matrix combustion.58
Several authors have performed investigations designed
to improve and extend furnace methodology. Veillon and
his students have experimented with techniques to deposit
and maintain pyrolytic graphite coatings upon atomizers,
through use of a constant supply of methane gas at trickle

59,60

flow rates. Similar studies have been reported by

61 62

Molnar and Winefordner, and by Sturgeon and Chakrabarti.

Runnels and his associates have proposed a related process
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in which the coating is a refractory metal carbide. Im-

proved performance of the furnace in analyses of metals

a.63

prone to carbide formation was observe Fuller and

Thompson have evaluated some concepts of solid sampling

64 Thomassen et al. have proposed analyses in

techniques.
which the trace metals of interest are electrodeposited on
graphite sticks, which are then scraped, and the resulting

65 Extensive explora-

powder analyzed in a cup-like device.
tory work has been performed by Ottéway and coworkers to
extend the applications of furnaces to atomic emission
analysis of elements such as the alkali metals and alkaline
earths.®® DpeGalan has published a critical study of some
of the practical pitfalls and implications of furnace
atomic spectrometric work.67

Applications of furnace type atomizers to specific
analyses are extensive; dozens of references could be

d.l,2,26

cite Some representative papers from only the

past few years may be given here as examples. Among the

clinical and biological methods may be listed analyses

68 69 70 71 aq’2

and lea
75

cadmium, chromium,

73

for aluminum, gold,

in blood, mercury, and lead74 in urine, or chromium

76 in tissues. Many applications may be found

77

and selenium

for geological samples, including cadmium, silver, lead,

78

thallium, and zinc in rocks. Environmental samples con-

tinue to be of interest, with methods reported for silver,

79

beryllium, cadmium, and lead in air, cadmium in seawa-

80

ter,” “or selenium in industrial effluents.81 Among the food
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analyses may be included aluminum, chromium, copper, lead,

82 and cobalt in feed grains.83

and zinc in mussels,
Metal and alloy analyses are well represented also, with

techniques available for aluminum in steels,84 silver,

85 86

bismuth, and cobalt in tin, iron in silver and gold,

and lead, bismuth, selenium, tellurium, thallium, and tin

in metal chunks.87

D. FILAMENT ELECTROTHERMAL ATOMIZERS

The furnace devices were the first to be developed
and are the most numerous among commercial instrumentation
in the field. Aside from the comparative advantages and
disadvantages with respect to flames previously mentioned,
furnaces as electrothermal atomizers have the advantages
of s0lid sample capabilities, and a more flamelike environ-
ment for the sample in that it is surrounded by the hot
atomizer. Samples are thus more likely to be efficiently
atomized and kept in the atomic state. Problems associ-
ated with their use include their bulkiness, a necessity
for cooling facilities, and the requirement of a power
supply of arc welder proportions to heat them rapidly
to the requisite high temperatures. Because of these
detractions, the alternative type of electrothermal
device, known as the filament atomizer, was developed.

The first filament atomizer was that reported by

T. S. West and his colleagues in 1969-1970.88-91 1,
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consisted of a filament originally 25 mm long by 2 mm
in diameter with a notch grooved in the center to take
the sample. It was secured to stainless steel electrodes
and enclosed in an argon purged chamber with quartz
windows. Performance of this device in both atomic
absorption and atomic fluorescence was reported for
about twenty elements, with detection limits roughly
comparable to the furnaces.

Belyaev and coworkers developed a solid sample
graphite atomizer shaped like a miniature cup, and
used to examine samples prepared in graphite powder.
Representative determinations included cadmium and silver

92-95 A commercial device based on the fila-

96,97

in rocks.
ment design was marketed by Varian Techtron. It is
actually a miniaturized Massmann furnace consisting of
a rod 9 mm in diameter with a 3.5 mm transverse hole,
supported by water cooled graphite electrodes. This
atomizer has the provision for supplying hydrogen gas
around the filament during analysis, allowing the user
to suppress many matrix effects.

Several other authors have also reported filament
type devices, most of which are not too dissimilar from
the original West concept. Such atomizers would include

98

the designs of Dipierro and Tessari, as well as the

atomizer used in this work which was reported by Crouch

99-101 5:i11 another device was reported

102

and Montaser.

by Molnar and Winefordner, which was surrounded
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during use by a laminar hydrogen-argon-entrained air
flame to assist in preserving the atomic population.

Among the filament devices, there are also a variety
of atomizers which are made of materials other than graph-
ite. Donega and Burgess developed an atomizer prepared
from 25 micron thick tantalum or tungsten foil, and
shaped into a boat structure 50 mm long by 6 mm wide,
with a depression for containing the sample solution.103
The device was provided with a quartz envelope, and oper-
ated at subatmospheric pressures. A simplified version
of the Donega and Burgess device was developed by Hwang
and coworkers, and eventually became the Flameless Sampler

104

produced by Instrumentation Laboratory. Other devices

in this category include the tantalum strip of Takeuchi

105 106

the tantalum filament of Maruta and Takeuchi,
107

et al.
and the tungsten filament of Cantle and West.
A closely related class of nongraphite atomizers
are the wire loop devices. Tungsten and platinum loops
were investigated by Winefordner and coworkers.los-llo
Their loop had a diameter of 1/32 inch, and receives
sample solution through a dipping process. Crouch et al.
investigated automated analysis in atomic fluorescence

111

using platinum wire loops. A tungsten filament atom-

izer was proposed by Williams and Piepmeier using the

112 Chauvin

tungsten element of an ordinary light bulb.
and colleagues used loops prepared from an exceptionally

high melting tungsten-rhenium alloy.113 Other similar
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atomizers would include the tungsten filament of McCul-

114

lough and Vickers, the molybdenum ribbon of Ohta and

Suzuki,115 the molybdenum filament of McIntyre, Cook,

and Boase,116

117

and the tungsten wire loop of Newton and
Davis.

Applications of the filament and loop type atomizers
to real analysis problems are competitively numerous with
the furnace methods. The nature of the matrices en-

countered are similar as well. Thus, reports have been

offered on the determination of zinc,118 copper,119 and

120 121

in blood or serum, zinc in saliva, and

122

lithium
Arsenic, antimony, and tin have been
124

cadmium in fish.
123 iridium in
126

examined in steel, selenium in copper,

125

noble metals, and selenium in copper and iron.

Filament techniques have been applied to the analysis of

128 129 in water.

130

arsenic,127 beryllium, and manganese

Cadmium has been examined in air particulates, as has

131 Rock samples have been analyzed

132

zinc in sediments.

and the cobalt
133

for gold, cobalt, lead, and vanadium,

levels of soils have received attention. Additional

successful analyses would include those of metals in jet

134 gold in photographic film,l35 barium and

136

engine oil,

chromium, copper, and iron
k.138

antimony in gunshot residue,

137 and lead in canned mil

in polymers,
Compared to the furnaces, a filament atomizer enjoys
the prime advantage of not needing nearly as much elec-

trical power to reach the highest analysis temperatures,
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which makes a corresponding reduction in the size of both
the atomizer and its supporting facilities. The filament
devices can also be more beneficial in atomic fluores-
cence because their smaller size cuts down on the amount
of background radiation observed by the detector. On

the negative side, the filament devices do not sustain
the sample after atomization. Unlike flames and furnaces
which surround the sample with a hot medium, the filament
expells the sample into the sheath gas, where it is
rapidly cooled and subject to condensation. As a result,
it is often observed that analyses in difficult matrices
can at times be better done in a furnace. Several
workers have observed, however, that use of hydrogen in
the sheath gas to ignite and sustain a hydrogen dif-
fusion flame during atomization is greatly beneficial to
preserving the atomic population.%'loz'140 Confining
the optical field of view to the region immediately above

the filament is also of merit.l39

E. SAMPLING BOAT AND PROBE TECHNIQUES

Aside from the purely electrothermal techniques,
there are also several other classes of atomizers which
exploit chemical peculiarities of specific systems, or
attempt to combine virtues of both the flame and electro-
thermal methods. Prudnikov has explored the enhance-

ment of flame method sensitivities through introduction
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of liquid or solid samples directly into the flame on
the tip of a graphite microprobe, which may or may not

d.l4l-l43

be externally heate A technique employing a

tantalum sampling boat was developed by Kahn and cowork-

er8,144 and by Ringhardtz and Welz,145

in which a sample
is pipetted into a small tantalum trough, dried by

gentle heating, and then pushed reproducibly into a
conventional flame. A variety of clinical determinations

d146 or thallium in urine147 have

such as cadmium in bloo
been performed with this technique, and the boats them-
selves are available commercially. Perhaps the best

known of these combination approaches is the Delves cup,
which combines the concepts of mechanical sample introduc-
tion with the use of an absorption tube resident in the
flame. This tube serves as a containment chamber for

the gases of the atomized sample during analysis.1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>