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ABSTRACT

A review is presented of the role of trace metals
in biological systems. Concentrations of trace metals
to be found in human tissues are listed, and the
analytical methods for determining these are discussed,
with special reference to atomic absorption spectrometry
and to the methodology of trace analysis of biological
material. Graphite tube atomization atomic absorption
spectrometry is applied to the determination of several
trace metals in urine, with both direct injection of the
sample into the graphite furnace and with preliminary
solvent extraction. Liver is analysed for several trace
metals by the same technique after digestion with either
a nitric acid / sulphuric acid mixture or with tetramethyl
ammonium hydroxide. A study has been made of the matrix
modification of several elements by acids and hydrogen
peroxide, with particular reference to the stabilization
of mercury in the graphite tube with hydrogen peroxide
and hydrochloric acid. A detailed examination is presented
of the factors involved in producing the bending of analyt-
ical growth curves which was observed with the experimental
system employed. |
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PREFACE

The work described in this thesis was carried out in
the Chemistry Devpartment oif Imperial College of Science
and Technology between October 1973 and June 1976. It is
entirely original except where due reference is made, and

no part has been previously submitted for any other degreec.

The units, symbols and abbreviations used in this
thesis are a combination of those recommended by the
Working Party of Medical Editors (608) and those
recommended by Applied Spectroscopy (609). It is
hoped that the nomenclature and units presented are
consistent, if not strictly SI. 1In Chapter 7 many of
the units and calculations are in cgs units. The

majority of the equations used in this chapter originate
in the monograph of Mitchell and Zemansky (361), which
employs c¢gs units throughout. Changing from cgs units
to SI units would necessitate the recalculation of many
of the constants of proportionality in these equations.

Any eccentricities in the style of prose are the
responsibility of the author. It may be relevant to
recall the text of a letter from the late John Saltmarsh
— a fellow of King's College, Cambridze - to the Editor
of Victoria County History:

' I am very sorry to learn that the insertion of
unauthorised commas is not, as I had supvosed, the
work of some officious proof-reader employed by the
printers, but a deliberate interference with my prose
style on your instructions. This is a gross .
impertinence, and I resent it as a personal affront.
I cannot admit the principle that punctuation is part
of the style of vrinting. It is an integral par:t of
my own vrose style, and as such under my absolute

control. The insertion of unauthorised commas destroys

the rhythm of my sentences, and in some instances the
commas inserted by your sub-editor have perverted my

serse. I must absolutely insist that all the commas

inserted by the sub~editor shall be removed.'



Willie's CEpitaph

Little Willie from his mirror
Licked the mercury right off,
Thinking in his childish error
It would cure the whooping cough.
At his funeral his mother
Smartly said to Mrs. Brown

" 'Pwas a chilly day for Willie

When the mercury went down."

The Penguin Book of Comic
and Curious Verse
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Chapter 1.

TRACE METALS IN BIOLOGICAL MATERIAL

1.1 ZIntroduction

The developments in analytical methodology which
in recent years have created the ability to analyse
small samples for low-level constituents have come at
an opportune moment in history. It is now, with
intense interest in the fields of environmental
pollution, in agriculture and in human health and
disease, that the determination of trace amounts of
many elements has become an important aspect of
analytical chemistry.

The role of analytical methodology is particularly
important in clinical chemistry where marginal
deficiencies or excesses of elements may not be
characterized by obvious signs of disease. and can only
be diagnosed by timely, accurate analyses. 1In fact,
the actual biological roles played by some elements in
nutrition, health and disease have yet to be established.
The short-term consequences of extreme deficiency or
excess of many elements are well documented, but in the
region of marginal imbalances, which may have important
long-term consequences for man, there is a definite lack
of reliable data.

In forensic chemistry, and particularly toxicology,
the main purpose in analysing a biological sample for
metallic elements will be to establish an unnatural excess.

The determination of traces of metals in biological
systems has always created a challenge to the analyst.
Many metals are present in concentrations at and below
the parts per million level, and ir. the past the techniques
of colorimetry, polarograrhy and e..:sion syectrography
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have all been stretched to their limits of detection

and often have been coupled with preconcentration steps
to enhance their sensitivity. The relatively recent
development of practical atomic absorption spectrometry
has found a major application in the analysis of
biological systems, for to a large extent this technique
meets the general criteria of any analytical method,
viz. sensitivity, specificity, precision and rapidity.

Atomic absorption spectrometry (A.A.S.) was first
described as a viable analytical technique by Walsh in
1955 (562), and interestingly some of the first applic-
ations of the method were in the fields of medicine,
biology and agriculture (571-573). At the present time
atomic absorption spectrometry with conventional
pneumatic nebulization - fléme atomization has achieved
the distinction of being the most widely used technique
for determining traces of metals in biological fluids.
More recently, since about 1969, various atomization
devices have been employed as alternatives to the flame;
the two main advantages of these 'non-flame' devices are
the vast increases in sensitivity attainable, and the
decreased sample volume requirements.

The purpose of the present investigation was to
take one of the non-flame devices, viz. the graphite
tube atomizer, and to evaluate its performance for
determining a variety of elements in blood, urine and
liver tissue. This work was the basis of a research
contract between Imperial College and the Home Office
Central Research Establishment (H.0.C.R.E.). The contract
was originally intended to be a continuation of a
previous one which had involved the design and construct-
ion of a multi-channel atomic absorption spectrometer
incorporating graphite tube atomization, and which had
been used for the simultaneous determination of up to
nine elements in hair samples (451). It was envisaged
that two of the three years of the contract period would
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be spent in developing the methodology for analysing
biological material, and the final year spent in
applying this methodology to the multi-channel
instrument.

A decision was made by H.O0.C.R.E. at the beginning
of the third year to recover the multi-channel instrument,
and this necessitated a change in the direction of
research: the final year was spent in developing methods
for the precise determination of various elements in
liver tissue. A project at H.O0.C.R.E. involved the
application of spark source mass spectrometry to the
routine screening of liver samples for metals; if an
unusual level of some element were noticed, then atomic
absorption spectrometry, particularly with graphite
furnace atomization, would be employed to provide an
accurate value.

1.2 Metals Present in Human Tissues

The metallic constituents of biological tissues can
be divided into two groups depending on their concentration.
The first group, the macro elements., comprises those -
sodium, potassium, calcium and magnesium - which are
present in concentrations of milligrams per hundred
grams, These elements have been studied for a number of
years and many of their functions have been thoroughly
investigated. Adequate methods for their determination
by flame emission or flame atomic absorption spectrometry
are available, and these elements will not be considered
further in this study. The second group of elements, the
micro or trace elements, comprises almost any other
element which may be present in living tissue at low
concentration (parts per million or less: for mammals, a
trace element may be defined as one that makes up less
than 0.01% of the body's mass). In total, there are
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approximately fifty trace elements which have been found
in the human body, and they make up less than 0.2% of
the total weight of the body (473); only about twenty of
these trace elements are consistently present in human
tissues (Figure 1).

Underwood (549) has made a convenient division of
the trace elements into three groups: (a) those essential
for higher animals, (b) the possibly essential, and
(¢) the non-essential. An essential trace element must
fulfil the following criteria, given by Cotzias (93):
the element must be present in all healthy tissues of all
organisms; the concentration of the element in these
tissues must be relatively constant; and withdrawal of
the element must produce similar structural or physiol-
ogical abnormalities in different species - these effects
must be prevented or reversed by addition of the element.
Schroeder (461) also considers metals which are an
integral part of purified enzymes to be essential.

Trace elements deemed essential at the present time
are vanadium, chromium, manganese, iron, cobalt, nickel,
copper, zinc, molybdenum, tin, selenium, silicon, fluorine
(as fluoride) and iodine. It is interesting to note that
gix of these, viz. vanadium, nickel, tin, selenium, silicon
and fluoride have only been proven essential in the last
six years., This is evidence of both the current intense
interest in trace elements, and the constant evolution
of the subject: less than half a century ago only iron and‘
iodine were considered unequivor~ally as essential, and now
it is thought that to the above list of fourteen essential
elements may ultimately be added arsenic, barium, boron,
bromine and strontium.

The remaining trace elements that occur in living
tissue are believed to be acquired from the environment
in amounts that depend on their ambient levels and on the
extent of contact. This group includes aluminium, silver,
gold, bismuth and gallium, ~nd those metals which are
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known to be toxic in relatively low concentrations:
arsenic, cadmium, lead and mercury. Other toxic metals
may be present as a result of occupational exposure or
accidental or intentional ingestion: beryllium, tellurium,
antimony and thallium. In this context, some elements
cannot be clearly classified as toxic or non-toxic, since
any essential trace element will become toxic when it
enters an organism in large amounts. Underwood (549) has
pointed out that each element will exhibit a spectrum of
actions that depend on the dose and the nutritional state
of the recipient with respect to the element. Starting
with a state of deficiency, increasing amounts of the
element will evoke an increasing biological response

until a plateau is reached, the extent of which is
determined by homeostatic capacity. Larger intakes may
produce pharmacological actions, followed by toxic effects.
This is illustrated in Figure 2, adapted from the work of
Smith (501). |

1.3 Analytical Methods for the Trace Metal Analysis
of Biological Material

The choice of a particular technigue for the
determination of trace metals will depend primarily on
its sensitivity, selectivity, precision and accuracy,
and secondarily on the range of applicability of the
technique, its convenience and cost. If an analysis is
to give results which are meaningful to health-related
gtudies, then it must meet the three criteria of select-
ivity, precision and sensitivity, in that orc¢-r» (352);
these are discussed further in Chapter 2.

Methods which have been employed in trace metal
determinations include X-ray svectrometry, emission
spectrometry, spark source mass spectrometry, neutron
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activation analysis, and atomic absorption spectrometry.
In the past colorimetric methods have been applied but
these, while convenient, are seldom of sufficient
sensitivity for the determination of biological
concentrations of trace elements. Recent years have
shown renewed interest in inorganie polarography and the
availability of improved instrumentation in this field
points to a wider application in the future,

1.3.1 X-ray spectrometry

While X-ray spectrometry has not been considered
primarily a tool for trace analysis, improvements in
conventional X-ray equipment have enabled it to be
employed usefully in this field. The development of
electron probe X-ray microanalysis and X-ray microscopy
has had a great impact on the analysis of small samples,

1.3.2 Spark Source Mass Spectrometry

This is a comprehensive technique of high sensitivity,
but it suffers from many interferences and from relatively
poor methods of detectiony it is difficult to make
quantitative. It has been widely used, however, in
obtaining the data for "Reference Man" (section 1.4)
and continues to he employed for the trace metal analysis
of biological material (306, 533).

1.3.3 VNeutron Activation Analysis

To date this technique is one of the most sensitive
developed for the detection of a large number of elements,
though for greatest sensitivity high neutron fluxes and
long irradiation times are necessary, which add greatly
to the cost of the technique. It is extremely valuable
as an independent method, however, since it is free from
matrix effects.
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While the three techniqgues described avove are of
great value in the analysis of biological material,
being suitable for multi-element determinations, they
are gsophisticated techniques and require expensive
equipment and specialist operators; in addition they are
difficult to apply to the routine analysis of large'
nunbers of samples.

1.3.4 Emission Spectrometry

IMlame emission spectrometry was developed to a high
standard by Lundegfrdh (312) over 40 years ago, and
recently i1t has undergone a partial renaissance as a
result of the improved instrumentation and high
temperature flames developed for atomic absorption
spectrometry (412). TFlame emission methods do have
limitations: a high resolution monochromator is required,
and care must be taken to eliminate band emission super-
imposed on the line emission. At present the majority
of applications reported for flame emission consists of
determinations of sodium and potassium in serum, but
possibly in the future flame emission will emerge as a
competitive technique for some elements and a complement-
ary technique for others, when compared to flame atomic
absorption. »

A technique complementary to flame atomic emission
ig flame atomic fluorescence (271). This msy provide
higher sensitivities for some elements but it has not
been applied to any great extent to biological analyses.

Emission spectroscopy with an arc or spark source
has been used for a number of years; its primary value
lies in its ability to determine simultaneously, quickly
and reliably the qualitative absence or presence of
almost all elements. Photographic detection and micro-
densitometry can achieve a degree of quantitation, though
the procedure does suffer matrix effects (378), and is
time-consuming. The advent of direct reading spectrometers
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has reduced many of these drawbacks, and improvements
in the arc and spark sources have further enhanced the
technique. Much of the early data in the trace element
field was obtained by emission spectrometry (276) and

it continues to be widely employed (377, 565). A new
development in sources for emission spectrometry is the
inductively coupled plasma (151). and the inductively
coupled plasma -~ optical emission system promises to be
an important simultaneous multi-element technique, having
minimal inter-element effects and a large dynamic range.
The technique is admirably suited for analyses in the
trace element field, though as yet it has found few
applications to biological problems (186, 274, 373).

1.3.5 Atomic Absorption Spectrometry

Since the developrment of commercial atomic absorption
instrumentation in the early 1960's, this technique has
proved its worth in many clinical and biological
laboratories, and it is likely that at the present time
more determinations of trace metals in biological
materials are made by this technique than by any other.
The advantages of atomic' absorption spectrometry are well
known (268) and the technique is considered in greater
detail in Chapter 3. |

1.4 Literature Values of Trace Metal Levels

Interest in environmental risks (as opposed to
occupational risks) from such elements as lead. mercury
and cadmium has illuminated the need for information on
natural (or "normal") levels of these elements in both
the environment and man, together with the natural
variability of these levels. Once these natural levels

are known, it is possible to measure unnatural
perturbations against them. It is important to appreciate
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that an "average" value may not correspond to the
“"normal" wvalue.

Only a few whole human bodies have btsen analysed
(570), but even these few analyses are sufficient to show
the considerable variation in trace metal levels which
may occur - due to sex, age, occupation, environment,
past medical history, etec. More recent techniques such
as the whole-body counting of radionuclides (591) or
whole~body neutron activation (20) have been employed in
determining the composition of man, but they are in
general only applicable to a few elements. The procedure
employed at present is to assemble a "Reference Man" from
anglysis of tissues from a wide range of samples; further
analyses can egtablish inputs and outputs of the elements
of interest.

Some twenty years ago the International Commission
for Radiation Protection (I.C.R.P.) identified the need
for a "Standard Man" and in the 1959 report "Permissible
Dose for Internal Radiation" (Publication 2) was published
a standard based on the available data. In 1963,
recognising the deficiencies of these data; and the
possibilities offered by new techniques, a "Standard Man
Task Group" was set up to define the anatomy, composition
and physiology of a standard man; the Task Group comprised
Dr. W.S. Snyder and Mary Jane Cook, both from Oak Ridge
National Laboratory, Dr. Lucien Karhausen, C.E.A., Paris,
Dr. Gwyneth Parry Howells, M.R.C., London, and Dr. Isobel
Tipton, University of Tennessee (532).

Table 1 gives the trace element content of the body
of "Reference Man", based on a T70kg weight, and also the
conecentrations of these elements to be found in his blood
(whole blood, serum and red blood cells). The principal
gstorage areas are also indicated (53, 222, 533).
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Table 1

Element

Yanadium
Chromium
Hanganese
Iron
Cobalt,
Nickel
Copper
Zinc
Nolybdenum
Tin
Selenium
Pluorine
Iodine
Arsenic
Barium
Boron
Bromine
Cadmiun
Lead
Mercury
Antimony
AMuninium

Gold
Lithium
Uranium
Beryllium

Rubidium

Caesjium
Titanium
Zirconium
Fiobium
Tellurium

Trace Mctal Content of "Reference M¥an"

Body
/mg

18
1.5
12
4200
1.5
10
12
2300
9
6
13
2600
11
<18
22
14
200
<50
120
13

61

<10
2.2
0.09
0.036
320
1.5

420
? 110

?7 8.2

/p.p.m

0.3 .
0.02
0.2

60
0.02
0.1
1.0

33
0.1
0.1
0.2

37
0.2
0.3
0.3
0.2
2.9
0.7
1.7
0.2
0.1
0.9

0.1
0.03
0.001
4.6
0.02
0.1l
6.0
1.6
0.1

Blood

0.088
0.14
0.14
2500
0.0017
0.16
5.6
34
0.083
0.68
1.1
0.95
0.29
2.5
£1.0
0.52
24
0.036
1.4
0.026
2.02
1.9

0.0002
0.10
0.0046
< 0.0005
14
0.015
0.14
13
13
0.18

Plasma
mg total

0.031
0.074
0.025
3.6
0.0014
0.09
3.5
5.6

0.1
0.87
2.6

£0.093

& 0.62

17
0.14
0.009
0.16
1.3

0.093

2.2
0.12
1.2
£0.25
0.09

R.B.C. Storape
0.057 »90% in fat
0,044 37% in skin
0.12 43.4% in bone
2400 70.5% in haemoglobin
0.00034 | 18.6% in bone marrow
0.07 18% in skin
2.2 34.7% in muscle
2.8 65.2% in muscle
.o 19% in liver
0.55 25% in fat and skin
.o 38,3% in muscle
0.17 98.9% in bone
0.35 87.4% in thyroid
0.59 follows phosphorus
. 91% in bone
7.5 60% in muscle
. 27.8% in kidney & liver
1.2 91,6% in bone
0.017 69.2% in fat and muscle
. 25% in bone
0.14 19.7% in lung
34.3% in boune
.e 52% in bone
0.061 50% in muscle
oo 65.5% in bone
e 75% in bone
12 follows potassium
.e follows potassium
0.08 49.1% in lung 2nd lymch
12 67% in fat
13 26% in fat
0.078 Probably in bone
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It should be pointed out that spark source mass
spzctrometry was the btechnique employed for most of the
anzlyses used in formulating "Reference Man", and hence
only elemental levels were recorded, i.e. there was no
indication of the forms in which the elements were bound.
Spark source mass spectrometry is not without its
disadvantages as an analytical technique, and it is
possible that the values given in Table 1 may have to be
modified in the light of new data from alternative
analytical techniques. Problem areas associated with the
analyses such as collection, separation and handling of
the tissues would obviously need to be carefully controlled.
Other factors are less easy to control: some tissue
analyses may give only "less than limit of detection®
information, whilst determinable quantities may be found
in other tissues -~ leading to problems of data analysis.
A1l the "Reference Man" tissues were obtained from accident
cases, and it was hoped that these represented a typrical
population, although all the cases may not have been in
optimum health (222).

Intake of trace elements is from the air and diet,
and excretion routes include urine, faeces, sweat and
hair. Air intake is closely related to metabolism and
is well documented, but estimates of food and water
intake present difficulties. Widely different values of
the intake may result from the methods used; these methods
include national consumption and population estimates,
market surveys and controlled balance studies of a few
individuals (1.88).

Average daily intakes of trace metals, and the
corresponding excretions in urine, faeces and sweat are
given in Table 2, together with the "normal" concen-
trations of these elements in hair (53, 218, 222, 451,
533). Air intakes were calculated as the upper limit
due to intake of urban air on the basis of a total daily
air intake of 2.3 x 10% am3 (222).



E.B, "P.+ P,

= food and fluilds

Table 2 Intakes and Fxcretions of Trace Elements
ELEMENT INTAKE
P.+ F, Alr Urine
mg/day ug/day ng/day
Vanadium 2.0 e 0.015
Chromium 0.15 0.1 0.07
Manganese 3.7 2 0.03
Iron 16.0 30 0.25
Cobalt 0.3 4 0.1 0.2
Kickel 0.4 0.6 0.011
Copper 3.5 20 0.05
Zine 13.0 <100 0.5
Molybdenun 0.3 £0.,1 0.15
Tin 4.0 0.34 0,02
Selenium 0.068 vee 0.04
Fluorine 1.8 e 1.0
Iodine 200 0.5 - 35 0.17
Arsenic 1.0 ces 0.195
Barium 0.75 0.09 0.05
Boron 1.3 cee 1.0
Bromine 7.5 ces 7.0
Cadmium ' 0.15 £1 0.1
Lead 0.44 10 0.045
Mercury 0.02 ces 0.015
" Antimony < 0.15 aee < 0.07
Aluminium 45 100 0.1
Lithium 2.0 vos 0.8
Beryllium 0.012 €0.01 0,001
Rubidium 2.2 P 1.9
Tifanium 0.85 cee 0.33
Zirconium 4.2 ves 0.14
Kiobium 0.62 o 0.36
Tellurium 0.112 eos 0.53

EXCRETION
Paeces

mg/day

0.08
3.6
15
0.09
0.37
3.4
11
0.12
1.5

0.15
0.02

0.69
0.27
0.07
0.05
0.3

43

0.01
0.3

Sweat
ng/day

0.059
0.097
0.5
6.017
0.05
1.59
5.08
0.061
2.23
0.34
0.65
0.006

0.1
0.00C9
0.011
6.13
(present)
0.05
0.001

0.003

soe

Hair
ng/g

0.69 - 0.96
1.0

130
0.17 -~ 0.28
0.0075
16 -~ 56

167 - 172

0.3 - 13

0.015

2

5

7
12.5

2.8 - 1.8
18 - 19

6

6.5

9

e % e o e e
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An analyst may be called upon to determine the
metallic content of almost any biological sample, and
data have been published on metallic levels in liver
(144, 241, 383), kidney (101, 304, 419), brain (27, 193,
196, 495) and lung (252, 514), as well as blood (22,
421), urine (284), faeces (190), sweat (218), hair (208,
451) and fingernails (32, 197). Three of the most
important biological samples are blood, urine and liver
and published data on the concentrations of trace metals
in these materials are collected in the following tables,
Tables 3 - 5.

In order to calculate the normal concentrations in
the blood of "Reference Man" the following blood
parameters were employed (85):

Male Adult

red blood cell volume 12-15 cm3/1b
plasma volume 18-20 "
blood volume (total) 30-35 "

Thus the 5015 cm3 of whole blood in "Reference Man"
(70kg = 154 1b) is divided into 2932 em” plasma and
2083 cmS red blood cells

1.5 Functions of Trace Elements; the Effects of
Deficiency and Excess

Mammals developed and evolved in the presence of
high environmental concentrations of some elements, and
it is to be expected that these elements, viz. Si, Al,
Ti, Ba, Zr, Nb, Li, La and Ge will have low orders of
toxicity, whereas elements scarce on the earth and in
seawater will be more toxic to living things. Appropriate
body mechanisms for handling and excreting elements such
as Sn, Ge, Be, As, llo, Hg, Sb, Bi, Pb, Cd, Az, Se, Au and Te,
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Table 3 Normal levels of Trace Yetala in Blood
All values are in pg/lOOcm3
Element Whole Blood Serum Plasma
mean range mean range mean
VYanadium 1.75 1,06
1.7 1.0
1.0
0.46
Chromium 2.79 2.52
2.6 2.4
2.8
1,2
2.9
2.9
2.4
4.7
2.2
52,0,17.0 '
Manganese | 2.79 0.85
2.6 2.9
0.83
2.4 1.6-3.2
0.43
0.6-1.1
1.3
Iron 49,850 123
47,500 114
114
Cobalt 0.034 0.048
0.033 0.038
0.018
0,17-1.5
0.85 0.28-1.7
0.018 0.007 -
0.036
4.3 0.35-0.63 1.2
Nickel 3.19 3.07
3.8 4.2
0.42
2-10
2.5
3.0 1l - 8.5
2.2 0.1-7.7

R.B.C.
range mean
2.74
2.6
0.1-
2.11
2.0
2.0 -
1.1-6.4 | 2.6
2.3
1.6=3.9] 2.2
0.7=5.2
5.76
2.2
0.25 -
0,12-0,16
115,000
111,000
90 -
85-150
0.016
0.015
0.007 -
0.4=7.3]20.8
3.36
4.9
0.1 -
1-8
5

rango

2,1-3.6

1.1-4.1

2,2-2.4

3.0-50.8

Reference

"Ref. Man"
53, 175
473

206

"Ref. Man"
52, 53, 229
473

551

154

356

396

205

276

466

"Ref. Man"
53

473

51

389

94, 397
251

*Ref. Man"
53

473

204

"Ref. Man"
53

473

583

207

525

276

"Ref. Man"
53, 229
473

381, 518
88

276

519

205
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Table 3

Element

(Continued)

¥hole Blood

Copper

Zinc

¥olybdenunm

Tin

Selenium

Arsenic

Barium

Cadmium

mean

range

112
107

678
650

880
810
660
710
700

1.66
0.41

13.56
13

21.9

27
18.2
49.9

49

6 - 20

22.1

< 20
6.9

0.72
0.74

<5

0.33

85-150

80-110

3.5-7.2

Plasma
~.asma
mean

R.B.C.

120
112
116

190
160
98

121
124
109

120
130

14.4

<3,17

19.0

<21
709

<9
<10

range

“100 -

89 -

0-40

mean

106
98

134
1230

<0.8

26.4
25

26
231.6

28,3
110

5.6

1.5

range

Reference

"Ref. Man"
53
473
204

"Ref. Man"
53
4T3
192
552
559
37
276
583

"Ref. Man"®
53, 65
473

"Ref. Man®
53
473

"Ref. Man"
53, 54, 65
473
124

"Ref. Man"
53

473

66

374

234

85

"Ref. Man"
53, 70, 376

"Ref. Man"
53, 229
473

229, 288
88
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Tadble 3

Element

(Continued)

Whole Blood

Lead

Mercury

Gold

Tithium

Uranium

Caesium

Riobium

Antimony

Aluminium

Beryllium

Rubidium

Tiltaaium

Zirconium

Tellurium

mean

27.9
27

~ 20
35

- 0.52
0.65
<3
B - 16

40.4
0.47

37.9
32.0

13

0.004
0.004

1.99

0.09
0.055

< 0.01
< 0.0l

280
270

0.30
0.28

2.79
2.6

260

range

1 - 60

2.94

<5

< 0.003

17

1.1

range

Plasma

mean

< 0.25

3.17
< 0.5
3.1

< 0.4

75
120

0.31

4.09
<4.0

41
<0.6
<8
<1

3.07
<3

range

R.B.C.

mean

57.6
34

0.82
0.67

0.5

6.7
16.0

0.004

2.93
<€ 0.5

< 0.11

< 0.01

576
530

0.28

J.84
< 5.6

580
< 0.6

624
<1

3.74
<3

range

Reference,

"Ref. Man"
53
473
256

433

"Ref. Man"
53

176

540

"Ref. Man"

53, 584

"Ref. Man"
53, 70

582

256

484

"Ref. Man"

53, 308, 584
303, 411, 535
"Ref. Man"
53, 376

473

436

88

“Ref. Man"
48, 53, 584
"Ref, Man"
53, 584

302

"Ref. Man"
53

"Ref. Man"
53

"Ref. Man"
53, 584
"Ref. Man"
53, 584
"Ref. Man"
53, 584
"Ref. Man"
53, 584
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Table 4.

Element
Vanadium
Chromium

Wanganese
Iron
Cobalt

Nickel

Copper

Zine
Molybdenum

Tin
Selenium
Arsenic

Barium
Cadnium

Lead

Mercury

Antimory
Aluminium
Lithium
Beryllium

Rubidium
Titaniunm
Zirconiun
Niobium
Tellurium

Normanl Levels of Trace Metala in Urine

Iable 2 Valueg

rg/day

0.015
0.07

0.03

0.25

0.2

0.011

0.05

0.5

0.02
0.04
0.195

0.05
0.1

0.045

0.015

< 0.07
0.1
0.8
0.001

1.9

0.33
0.14
0.36
0.53

range/p.p.m.
0.01 - 0.0}
0.047 - 0.14
0.02 - 0.06
0.17 - 0.50
0.13 - 0.4

0.007 - 0.022

0.03 - 0.10
0.33 - 1.0
0.10 - 0.30
0.013 - 0.04
0.027 - 0.08
0.13 - 0.39
0.03 - 0.10
0.07 - 0.2
0.03 - 0.09
0.01 - 0.03
0.14

0.067 - 0.2
0.5 - 1.6

0.001 - 0.002

1.3 - 3.8
0.2 - 0.6
0.09 - 0.28
0.24 - 0.72
0.35 - 1.1

Qther Values

mean/p.p.o.

0.016
0.029

0.010
0.087

0.30
0.033

0.18
0.98

0.098
0.21

0.085

0.059
0.07

0.90
1.80

0.10
0.14

0.017 x 1073
0.03
0.170

0.17
0.017 x 1073
0.044
0.012

0.035
0.04
0.04
0.01
0.05 x 1073
0.57

0.001
0.0011

range/p.p.m.
- 0.0}

- 0.040
- 0.133

- 0.98

0.02 - 0.14

0.1 - 0.6
- 0.160

0.001 - 0.007

- 0.100
0.005 - 0.08

- 0.05
- 0.11
- 0.06
-1.92

0.2 -~ 1.2
- 0.15

0.01 - 0.06

< 0.1

0.002 - 0,02

0.01 - 0.14
<0.03

0.03 - 0.1

Reference

53, 467

536, 537

53, 462,466,477
536, 537

53, 469

536, 537

88
53

. 536, 537

88
53, 476

536, 537

88

53, 474

88

53, 475
204

536, 537

117

53, 478

536, 537

88
53, 470

536, 537

88

468, 473

53, 472
53, 465
88

473

53, 473
53, 463
473

88
53,400,
479

117

88

53, 473
88

53, 473
88

53, 473
302

473

464, 473

e Se AV
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Normal Levels of Trace Metnla jn Liver

Table 5
Element Liver Ash

menn/p.pPeMe range/p.p.m.

Venadiun <1l <]l -1

Chromiun 0.4 <0,1 ~ 15

Manganese 100 39 -~ S00

Iron

Cobalt <4 <4 ~ 80

Nickel <5 <5 - 46

Copper 500 200 - 2500

Zinc 3200 1600 - 8600

¥olybdenun 76 13 - 200

T™a 22 <5 - 160

Selenium

Arsenic

Barium < 0.} < 0.3 - 0.6

Cadmium 180 50 - 1500

Lead 130 26 ~ 800

Mercury

Alunminium 44 10 - 300

Gold <10 <10 - 10

Lithium

Uranium

Beryllium

Rubidium

Caesium

Titanium <5 <5 - 250

Zirconium

Dry Weipht ESESh Weight,
mean/p.p.m.  range/p.p.m. /p.p.m.
_ <0.04 < 0,01
0.026 0.009
3.7 1
520
0.2} 0.06
< 0.2 < 0.07
19 10 - 50 7
130 50 = 140 50
2.8 0.09
0.85 0.3
2.1 0.43
0.5 0.01 - 1.0 0.1
0.07 0.05 - 0.8 < 0,003
6.7 5«30 |
4.8 0.9 - 4,6
(0.022) 1.5 = 20 0.3
1.7
< 0.0001
< 0,02
0.04
0.,0009
30
0.05
< 0.2
<4

N.B. Water content of liver is approximately 70%

Iiver ash is approximately 5.4% (range 5-9%) of the dry weight (162)

Reforence

162, 534, 535
162, 534, 535
162, 534, 535
535

162, 398. 534
162, 534, 535
162, 534, 535
162, 534, 535
162, 534, 535
162, 534, 535
135

494

162, 534, 535
162, 534, 535
162, 534, 535
(161), 534
162, 534, 535
162, 398, 534
53

53

161

594

594

162, 534, 535
53

e —— e+

B
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whichh are found in low concentrations on the earth's
surface but are now mined and used industrially in large
quantities, will not have developed in mammals. By
comparing the industrial consumption of various elements
with the amounts present in "Reference Man" and in the
earth's crust and seawater, it i1s possible to estimate
potential exposures (Table 6. adapted from references
222 and 471). '

Elements present in biological samples may be divided
“into five categories: essential, possibly essential, toxic
to living things, slightly toxic to living things, and
probably inert to living things (471). As has been
mentioned before, depending on the dose and the nutritional
state of the recipient, any element will evoke a spectrum
of actions - starting with deficiency and proceeding
through normal and therapeutic states to toxicity.

A1l substances are toxic in large enough doses, but
the toxicity of a particular substance is determined by
the efficiency of the homeostatic mechanisms of excretion -
the lower the efficiency of excretion then the smaller will
be the difference between normal intake of a trace element
by food, water and air and the toxic intake (a typical
ratio of toxic level to regquirement is about 50). If a
gituation arises where the human body burden of an element
is considerably increased over that of primitive man - as
a result of man's actions in smelting ores and refining
metals, in canning foods, and in putting alkyl lead into
petrol - then the normal intake of the element may approach
the toxic intake and even normal intakes may give rise to
sub-clinical effects. This situation is especially
important for five elements, to which living things exhibit
low tolerances: the toxic metals Cd, Pb, Hg, Sb and Be;
these metals have been involved in many deaths and
disabling diseases (99, 310, 420).
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Table 6 A Comparison of the Industrial Connumption of Metalg with the Amounts in “Refercnae
¥an®", the Earth's Cruat and Sea Water.
Element Industrial "Reference Earth's Sea Water
Consumvticon tan rust
CO tons) Jag 75.p.m, /P-P. 10°
(1) Essential
Elements
Vanzdium 5 18 110 2
Chromium 459 1.5 200 0.05
Manganese 1,050 12 1,000 2
Iron 109,000 4,200 50,000 10
Cobalt 6 1.5 23 0.27
Nickel 170 10 80 5.4
Copper ° 1,400 72 45 3
Z2inc 1,278 2,300 65 10
Molybdenunm 25 9 1 10
Tin 59 6 3 3
Selenium 0.5 13 0.09 .e
Fluorine 587 2,600 700 1,300
Calcium 86,273 1,000,000 36,300 400,000
Magnesium 89 19,000 20,900 1, 350,000
Sodium 15,091 100,000 28,300 10,500,000
Potassium 3,230 140,000 25,900 380,000
(11) Possibly Essential Elements
Arsenic 22 <18 2 3
Barium 700 22 400 30
Boron 70 14 3 4,600
Strontium 6 320 450 8,100
(iii) Toxic to Living Things
Cadmium 7 < 50 0.2 0.11
Lead 816 120 10 0.03
Mercury 3 33 0.5 0.03
Antimony 19 8 0.2 ene
Beryllium 0.3 0.04 2 ) oo
(iv) Slipghtly Toxic to Livirg Things
Tungsten 7 (present) 1 0.1
Germenium 11 (present) 2 0.07
Uranium 2.7 0.09 2 -3
Biszuth 1 0.2 0,2 0.017
Tellurium 0.1 8 0,002 eos
Palladium 0,02 (present) 0.01 -
Rhodium 0.002 (present) 0.001 cee
(v) Probably Inert to Livinz Things
Aluminium 3,534 61 81,300 10
Titaniun 413 9 4,400 1
Zirconium 61 420 160 0,022
Lithium 2.6 2 30 180
Silver 0.03 0.8 0.1 0.3
Niobium 2 110 24 0.01
K.B. Industrial Consumption is for the United States in 1968.
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1.5.1 ZEssential Elements

Essential elements may be associated with a wide
range of functions which can be divided into four groups:
electrochemical (Ca, X, Mg, Na), catalytic (Ca, Co, Cu,
Fe, Mg, Mn, Mo, Na, Zn), structural (Ba, Ca, Fe?, Mg) and
miscellaneous, including unknown functions (Cu, Fe, Se,
V, Zn) (53). These functions can be related to groupings
in the Periodic Table; the essential trace elements are
mostly transition elements, with unfilled d-orbitals.
Many interactions occur between the trace elements, and
the Mn-Fe,Cu and Zn-Fe and As-Se interactions are of great
nutritional importance.

Vanadium is now considered to be essential to man, and

acts pharmacologically in inhibiting cholesterol synthesis
(53, 431). It is slightly toxic, unless injected intra-
venously - when it becomes very toxic - and it is considered
a contaminating, not a polluting, element (471). Workers
with vanadium are likely to suffer green tongues (467).

Chromium was established as being present in all living
things by 1948 (471). It is present in an enzyme concerned
with sugar and phosphorus, and Las been shown to act as an
adjunct, perhaps a co-factor, to insulin, and thus is
esgsential for sugar metabolism. Also, it is essential

for cholesterol metabolism (53). Deficiency of chromium
hes been associated with atherosclerosis, and the depletion
of chromium in tissues which occurs with age is probably
due to insufficient intakes: refined foods contain little
chromium. Chromium (III) is moderately toxic, and

chromivm (VI) is highly toxic, possibly even carcinogenic
(431, 462, 466, 477).

Manganese was proven essential to all organisms by 1936
(471). It is a constituent of several enzymes and
proteins, and activates numerous other enzymes (53).
Unegquivocal mangenese deficiency has not been identified
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in man, probably due to the high manganese content of
cereal grains, green vegetables and tea. It is a
moderately toxic element (431, 469).

Iron is essential to all organisms, and functions catalyt-
ically in activating a number of oxidases (471). It'is a
constituent of many oxidising metallb-enzymes, respiratory
pigments and proteins of unknown function (53). Iron
deficiency has long been recognised as the most common
nutritional deficiency in man, but many aspects of iron
metabolism remain undetermined. The low level of iron in
cereal diets is a major cause of iron-deficiency anaemia
in the less-developed countries, though losses of blood

by various means are common contributory causes. Iron is
only slightly toxic (431).

Cobalt was proven essential to all organisms by 1648 (471).

It has a catalytic function, activating a number of cnzymes,

but it is believed to be physiologically active only in the
form of vitamin 312' Ruminant animals are important
synthesisers of vitamin 312’ with the consequence that

cobalt deficiency in man may occur in strict vegetarianism,
giving symptoms of pernicious anaemia. True pernicious

anaemia is a consequence of defective absorption of vitamin 312'
Cobalt is moderately toxic if injected intravenously (53,

431, 476).

Nickel has been shown to be present in all human tissues (520)
and is now considered essential (379). It is associated
with RNA and DNA, is present in proteins and activates
certain enzyme systems. It is unlikely that nickel
deficiency could be a problem in man, though some diets may
contain minimal amounts. The toxicity of inorganic nickel
compounds is not great unless nickel dusts are inhaled;
this may result in lung cancer. Nickel carbonyl is also
carcinogenic. It is found that patients with cirrhosis of
the liver and uraemia have lowered serum nickel levels,
while those suffering myocardial infarction, strokes and
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burns have elevale serum nickel concentrations (53, 431,
ATL, 474).

Copper has been recognised as cessential for all organisms
since 1928 (471). It is a constituent of many metallo-
~enzymes, especlially those connected with oxidation, and
also of proteins. Although copper déficiency has not been
described in human adults, it does occur in infancy,
resulting in anaemia, chronic diarrhoea, and the sex-linked
recessive disorder "kinky-hair syndrome" which involves
retardation of growth and mind. Decreased plasma copper
concentrations may be due to several diseases, such as
celiac disease, or the prolonged use of penicillamine (53,
431, 475). It has recently been shown (272) that low
intakes of copper are associated with increased cholesterol
concentrations; this may have important implications for
human cardiovascular disease. Copper is moderately toxic
to mammals, and diseases suspected to be caused by excess
copper are arthritis and scleroderma. Elevated plasma
copper concentrations occur during pregnancy or as a result
of taking oral contraceptives containing oestrogens. They
may also occur in several illnesses linked t0 stress, as
well as major surgery and myocardial infarction. ILiver
diseases will typically give increased serum copper levels,
possibly due to interference in the biliary excretion of
copper. Pellagra results in increased concentraticns of
copper in serum, urine and hair. Wilson's disease results
in high levels of copper in urine, plasma, liver and brain;
this disease is hereditary and is thought to be caused by

a missing gene, one which governs the copper transport
system. The result is the absorption of large amounts of
copper (53, 431, 471).

Zinc was proven to be an essential element in 1934 (471).
It is a constituent of many metallo-enzymes and of several
proteins of unknown function. It has been established
that zinc is involved in iron metabolism and in wound
healing, and that it is necessary for reproduction, for
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growth and for the formation of DNA and RNA. Conditions
asgocliated with zinc deficiency include pregnancy, taking
of oral contraceptives, Iranian and Egyptian dwarfism,
various infections, alcoholism, liver damage. sickle cell
anaemia, heart attacks, cystic fibrosis, loss of taste and
smell, Mongolism and idiocy. Iost of these conditions are
improved by the administration of zinc, and zinc has been
found to stimulate wound healing. In fact, zinc is
probably the most important micro-nutrienf, though it is
often neglected. It is only slightly toxic to man; up to
150mg a day has been given by mouth to patients for periods
of several years (53, 431, 461, 471, 478).

Molybdenum was known to be essential by 1953 (471). It is
a constituent of the xanthine oxidase system and several

other enzymes. It is closely linked with copper nutrition,
and high intakes of molybdenum will induce copper
deficiency. No clinical manifestations in man have been
traced to molybdenum deficiency; it is moderately toxic
(53, 40, 471)

Tin was not recognised as an essential element until 1970
(480), possibly because its presence had not been detected
consistently in tissue samples - it is easily lost due to
its volatility. It is possible that tin (which readily
forms co-ordination compounds) reacts with proteins or
nucleic acids (431), Tin deficiency is not known to ccecur
in man; the toxicity of inorganic compounds is low and at
present exposures there are no hazards. Alkyl tins, however,
arehighly toxic (53, 468, 471).

Selenium is essential and participates in three enzyme-
catalysed reactions (508). A close relationship exists
between selenium and vitamin E, and selenium occurs in a
few amino acids and many proteins. No pathological
disorders are known in man which can be attributed to

selenium deficiency or excess; selenium is not carcinogenic
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but.excessive amounts can cause discoloured and decayed
teeth, yellow skin, brittle nails and partial or total
loss of hair (53, 471, 472).

1.5.2 Possibly Essential Elements

Arsenic has not yet been proven essential to man (465),
but from antiquity it has enjoyed a dual reputation of
benevolence and malevolence. Organic arsenic compounds
have been employed in the treatment of syphilis, sleeping
sickness and various parasitic diseases. Soluble arsenic
compounds are highly toxic to man, and it has enjoyed a
reputation as a simple, inexpensive and convenient poison
for both suicide and homicide. The lethal dose to man is
of the order of 125mg, but this may vary since some
tolerance to arsenic may occur (99, 420, 471).

Barium has not as yet been confirmed as essential for

life (471). It is present as a natural contamination of
dusts, is added to Diesel 0il to control smoke in exhausts,
and shows little toxicity when swallowed or breathed,
though accumulation in the lungs may give rise to
pathological changes in the lung (53, 471). It is scarcely
toxic when insoluble: barium sulphate is swallowed in large
amounts prior to the X-raying of stomach and intestine.

Strontium has not yet been proven essential to man,
although its biological role has been studied extensively
in recent years because of concern over the biological
implications of ingesting sr20 (471).

1.5.3 Toxic Elements

Cadmium has long been known to be poisonous (99) but it
is only recently that it has been mined in sufficient
quantities to become an environmental contaminant (463).
It is always associated with zinc, and has the ability to
displace zinc in biological systems (285, 478).
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Lead is the largest contaminant of the environment,

locally in rivers near lead mines. but widely in air, water
and soil from the combustion of petrol containing tetraethyl
and tetramethyl lead (464, 471). Lead is a moderately

toxic element, though overt lead poisoning in children

eating lead paint is well known (117). ILead accumulates

with age, and this has resulted in the body burden of
"Reference Man" today being a hundred times that of primitive
man (479). Sub-clinical lead toxicity has been suspected

in urban dwellers, but has not yet been confirmed (53, 67, 285
471, 279).

Mercury is a ubiquitous element, and there appears to be
little hazard to the general population from natural

levels of inorganic mercury or aryl mercury compounds {471).
It is, however, an accumulative poison (99) and is highly
poisonous if injected intravenously or taken orally as
HgClg. Alkyl mercury is highly poisonous, and the dumping
of methyl mercury has led to two outbreaks of poisoning in
Japan, in Minimata and Niigata, and ingestion of grain
treated with alkyl mercury fungicide has resulted in many
deaths (285, 471).

Antimony in the form of stibnite has been employed as a
women's cosmetic for 6,000 years, but today potential
exposures are low except in industrial situations (471).
Potassium antimony tartrate has been used as a treatment
for liver flukes, even though large doses may produce '
heart toxicity, liver damage and even death. Antimony has
been the agent in both accidental poisoning - from
dissolved enamel glazes - and homicidal poisoning;

the lethal dose for man is 600 - 900mg (99, 420).

Beryllium is probably the most toxic metal and causes an
incurable lung disease, but fewer than 900 cases of this
have been revported, most being the result of occupational
inhalation (471). Ievels of beryllium in food and water
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are low, and the main site of entry into the human body

is the lung, where beryllium accumulates and may cause

lung cancer. 3Beryllium particles entering the skin through
a scratch or cut cause an ulcer to develop; this will not
heal unless the particles are removed (471).

Thallium is not normally present in human tissues. Its
poisonous character has heen recognised for a long time,
and although occupational thallium poisoning can occur

in some industries, it is the use of thallium for criminal
purposes that has received the most attention. The potency
of thallium as a poison lies in its odourless and tasteless
properties, and in its ability to produce a variety of
clinical signs. The lethal dose is 1 - 2g (99, 102, 420,
425).

1.5.4 Other Elements

Aluminium is considered to have little biological
significance. Titanium is poorly absorbed by the body
and this results in tissue levels being much lower than
those in the environment. Gallium has low toxicity, but
it is found to concentrate in some tumours. Germanium
has little biological significance (53, 471).

Two elements have found some therapeutic usage:
1lithium in the treatment of manic depression (92, 436,
452, 513), and gold for rheumatoid arthritis (4, 133,
193, 308).
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Chapter 2.

METHODOLOGY OT' TRACE ANALYSIS OF BIOLOGICAL SAMPLES

2.1l Trace Analysis

Although Sandell (453) has defined a trace
constituent as being "below the threshold of quantitative
determination", this definition, which conflicts with the
title of his treatise "The Colorimetric Determination of
Traces of Metals", is not particularly helpful. It is
now generally agreed that "trace analysis" refers to
concentrations lower than 100 p.p.m., although various
workers have interpreted the term according to their own
needs. Ultratrace analysis could refer to concentrations
less than 1 p.p.m.(503), and further divisions have been
proposed by Minczewski(358):

Trace microtrace ultramicrotrace submicrotrace
1071 40 1073 to 107° to 1079 <1079 (%)

Kaiser (248) in an interesting and highly personal account
on "Guiding Concepts Relating to Trace Analysis" has
suggested that "trace" should be retained for qualitative
descriptions, and a new term e.g. "Scope 5;14" implemented
as a definition (where the numbers are the negative decadic
logarithms of sample weight and component concentration).

Trace analysis currently occupies a very important
position in many disciplines, but in an academic environment
of analytical chemistry emphasis is often laid on develcp-
ing instrumentation and insufficient attention may be paid
to practical samples. Meinke (349) has pointed out that
few analysts are capable of analysing at much below the
p.p.m. level on practical samples, except under special
circumstances. In fact, the analysis of real samples at

the sub-p.p.m. level by most trace techniques reguires
great care, together with special facilities and special
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reagents. In many cases the sophistication of the
modern analytical methods has hidden the fundamental
problems of analysis. It should always be borne in
mind that the result in the analysis of real samples
will be the product of several steps, each of which may
increase the error associated with the determination;
these steps include collection, handling and storage of
the sample, preparation for analysis, and the final
determination step (71).

2.2 Sample Collection

The first problem is to define the system being
measured, and then to establish what constitutes a
representative sample of it; the second problem is
actually taking the sample. Good sampling is essential
for a meaningful result in any analysis, but in many
instances insufficient attention is given to this operation.
Often the errors introduced by sampling or by the non-
homogeneity of the sample will be greater than those
associated with the determination (71); sampling errors
" will depend on the type of material to be analysed -
biological materials being one of the more difficult, and
especially so when analyses are to be undertaken at the
trace level. A common assumption that the system under
investigation should be homogeneous may be erroneous:
variations in the analytical results from separate sample
sites may reflect the true situation and not the competence
of the analyst or the analytical technique.

In clinical cases it is often thought that a sample
taken in a routine manner will reflect the state of the
patient, but this assumption may not always be acceptable,
egpecially if the analytical result is to be related to

other results to indicate progress. The analysis can only
reflect one moment in time in a dynamic system which is
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constantly adjusting to many internal and external factors.
A further problem, not often encountered in the sample
types involved here, but which may occur in environmental
systems with & finely balanced eguilibrium, is whether the
actual process of sampling affects the system under
investigation.

In a situation involving a patient. the specimens of
choilce for trace metal determinations will be blood and
urine, though sometimes special samples may be provided
e.g. hair and nail clippings in chronic arsenic poisoning.
Blood and urine will also be available from post-mortem
cases, and sampleé of liver will usually be taken - liver
~is a very important specimen, being the major detoxication
organ of the body.

Urine is a most valuable fluid for toxicological
analyses, as from it indications of excessive excretion of
Pb, As, Hg, Bi, Cu, Fe, Au, Ag and Zn can be obtained. (98).
Urine is normally freely available and since metal levels
are often quoted in terms of excretion over 24 hours, a
24 hour sample is preferred. Urine excretion may vary
between 500 and 1500<3m'3
expressed as concentrations will cover a wide range. ZEven

per day (85), and "normal" levels

at post-mortem when the bladder is apparently empty, traces
of urine may still be available in sufficient quantities
for sensitive micro-determinations (98). Urine is a single
phase specimen and sub-sampling should present few problems.
Urine commonly contains a high proporfion of particulate
matter and if it is necessary to establish the quantity of
trace metal actually dissolved, then the biologist's maxim
of regarding anything passing through a 0.45 micron
Millipore filter as being dissolved, could be applied.

Blood can be regarded as a single phase specimen
for purposes of sub-sampling, though for some purposes it
may be preferable to perform an analysis on serum or
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plasma rather than whole blood. Ten or twenty millilitres
of whole blood caa usually be taken from an adult patient
though samples from children will necessarily be smaller,
and for routine screening purposes often only finger-
prick samples will be taken.

A sample of liver normally contains some blood i.e.
the sample consists of two phases, and a decision must be
taken whether to separate the phases or to take a
representative proportion of each. Since a whole liver is
rarely available for trace metal analysis, it is important
to record the sample site, unless it can be shown that the
analyte concentration is constant throughout the organ.
Liver biopsies will provide smaller samples, of only a
few milligrams.

2.3 Sample Handling and Storage

During each stage from sample collection to final
analysis, the sample may come into contact with a variety
of surfaces, be they implements or containers, made from
a variety of materials. The twin evils of contamination
of, or loss of trace metals from, the sample may result.

Contamination of the sample by containers. apparatus,
reagents and the ambient air is all too common and is
sometimes very difficult to avoid. Various workers have
discussed the role of commonly available materials in the
contamination process (226, 363, 435). 1In particular,
Robertson (435) has shown that many of these materials
contain concentrations of metallic impurities which are
high compared to the levels of the same metals in a typical
sample - sea water. Table 7 gives a small selection of his

extensive data.
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Table 7 Tréoe Element Content of Sea Water and Common
Leboratory Materials (parts/log)

Zn Fe sb or
Sea Water 10 10 0.3 0.5
Pyrex 730 2.8 x 10° 2.9 x 10° -
Quaritz 25 - 40 200
Polyethylene 25 1.1 x 10 0.8 19
Peflon 9 35 0.4 < 30
Rubber 4.1 x 107 <100 360 4.2 x 10
PYC 7.1 x 100 2.7 x 10° 2.7 x 10° 2
Perspex <10 <140 <0.01 < 10
Kimwipe 4.9 x 10 1 x 103 16 500

The problems of contamination are best controlled by

the use of anparatus made of inert material wherever

pcssible, and polyethylene, Teflon and synthetic quartz are

generally agreed as being the best materials.

Stainless

steel instruments are involved in the handling of liver

samples, and though these may introduce some metallic

contaminants, it is difficult to imagine pathologists using

plastic implements in the interests of trace analysis - let
alone the laser used by Hislop and Parker (215) for cutting

bone samples.

Polyethylene is the principal material used because

it is cheap, but it may contaminate some samples: 1t has

been shown that the "Vacutainer" tubes used for collecting

blood specimens may give rise to zinc and lead sample

contamination,
for lead determinations is recommended (202).

and therefore the use of siliconised tubes
Disposable

pipette tips, indispensible for electrothermal atomization

atomic absorption, have been cited as a source of Zn and Fe

5
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contamination (504). In a study of the removal of trace
metal impurities from polyethylene, Karin et al. (254)
recommended the use of 8 nitric acid and a three-day
leach period for optimum removal of the contamination.

Some workers recommend the provision of special’
facilities for trace analysis, with sealed rooms and
positive-pressure filtered air (363, 602).

The purity of laboratory reagents is discussed later
(section 2.4).

Loss of trace amounts of metals from samples in
storage and handling may be as great a problem as that of
contamination. Iosses may take place by adsorption,
precipitation, permeation, ion exchange. volatilization,
liquid-liquid extraction, or sequestration by chemical or
biological action (226).

Adsorption is likely to occur whenever samples come
into contact with large surface areas - be they suspended
particles or éontainer walls. The particles may be already
present in the sample e.g. calcium phosphate in urine, orx
the formation of a precipitate may result in adsorption or
occlusion of the trace constituents. Glass is especially
effective in holding trace metal ions, such as lead, which
polymerise on hydrolysis.

An ion exchange process may occur with glass, or even
with plastics if these have acquired ionic functional
groups following treatment with strong acids.

Many metals may be lost from solutions as a consequence
of the volatility of their compounds (180), and it has been
shown (216) that conditions favouring the formation of

covalent halides e.g. dehydrating agents in the presence
of halide, will permit the quantitative distillation of
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Cr, As, Sb, Sn, Se, Re, Ru and Os, and the vaporization
of large proportions of Ge, Iio and Hg. The losses of
metals from standard solutions are considered in section 2.6.6.

Most workers agree on the undesirability of glass as
a storage vessel, and Minczewski (357) gives the foliowing
order of preference: "Teflon" and fluorinated plastics »
polyethylene > gquartz » platinum » glass. Dyck (134),
however. working with silver ion and "Desicote" glassware
coating, found that plastics were preferable to glass only
over a period of a few days, and that plastics were more
difficult to clean. For the storage of urine samples
awaiting mercury determination, glass containers have been
- recommended in preference to plastic or paper containers (542).

Two factors associated with contamination and loss
in sample handling and storage are the ratio of solution
volume to surface area and the time that the solution and
container are in contact. If these factors can be minimised
then improvements in the accuracy and precision will result;
it can be concluded that dilute solutions should not be
stored for long periods.

If samples are submitted for analysis, and analysed
promptly, then there will be no need to preserve them
chemically. Urine and blood samples may be stored in a
refrigerator at < 10°¢ provided that an anticoagulant is
added to the blood samples. It is recommended that samples
of urine to be analysed for mercury are preserved with
potassium persulphate at the time of collection to prevent
losses of mercury (542). Many biological samples now are
kept deep-frozen prior to analysis, but blood samcles will
haemolyse under thece conditions. Omang and Vellar (393,
394) have studied the concentration gradients of Ca, Cu and Na
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arising in samples of sweal, urine and serum stored at

room temperature, under refrigeration and deep-frozen.

Tney found that calcium in serum or urine is precipitated
during storage at room temperature or under refrigeration,
and that concentration gradients do occur during thawing

of frozen samples; in both cases they conclude, not -
surprisingly, that the specimens should be thoroughly
shaken before analysis. If freeze drying is employed to
dry biological specimens, then the problems of storage will
be reduceda (292).

2.4 Sample Preparation; Reagent Purity

It is unfortunate that many of the techniques of trace
analysis do not allow the direct determination of analyte
but necessitate some preliminary manipulation and chemical
treatment. Electrothermal atomization atomic absorpition
spectrometry is perhaps better placed in this respect than
many techniques: it is possible to analyse directly solid
and various liquid samples (32, 158, 227, 257). Sample
preparation steps may include grinding, mixing., ashing and
dissolution. Separation steps may be utilised to separate
the analyte from the matrix or other interfering species,
and sometimes preconcentration steps are necessary. The
reagents involved in any of these steps are important
sources of contamination.

In the present work, although the direct analysis of
urine was possible, sometimes it was desirable to employ
solvent extraction procedures, and these are considered in
greater detail in Chapter 4. For liver samples., destruction
of the matrix was achieved by wet oxidation, and the methods

employed for this are discussed in Chapter 5.
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The need for pure reagents and solvents in trace
analysis is obvious, dbut may be extremely difficult to
achieve, cespecially since the content of impurity in the
reagent should be lower by one order of magnitude than that
to be determined in the sample. Interest in ultrapure
substances intensified in the 1950's due to the demand
for high purity materials for semiconductor devices, and
now there is available a variety of methods for the
preparation of high purity reagents - in fact the preparation
of an ultrapure substance presents fewer problems than its

storage.

Water, the most commonly used solvent, is usually
purified using ion-exchange resins or distillation in glass
or quartz apparatus (364), but this presents a dilemma:
ion exchange removes most metallic impurities but introduces
organic matter, while distillation reduces the level of
organic contamination but tends to introduce metals.
Alternative techniques for the purification of water are
electrodialysis and sub-boiling distillation., A commercial
unit from Millipore,which acts by passing water through a
reverse osmosis membrane, granulated charcoal, two mixed
bed ion exchange columns and a 0.22 ym membrane filter, has
recently been evaluated by Knctt (275) who compared the
trace metal levels in the purified water with those from
ordinary deionised water (Table 8).

Glass distilled water stored in a polyethylene
container gave adequate blanks for the elements studied
in the present work, with the exceptions of calciun,
magnesium and zinc which gave varying sized atomic
absorption peaks.

Distillations are widely employed for purifying volatile
reagents although various other separation methods, including
the use of chelating agents, can be used - for acids, ba«es
and organic solvents; these have been listed by Mizuike (364).
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Table 8 Comparison of Metal Levels in Millipore and

Deionized VWater

Metal Millipore System Deionized Water
(concentrations in g/cm3)
Al 45 x 1074 1 x 1072
Ca <5 x 1071 <5 x 1011
Cd ' <3 x1071° <3 x 10712
Cr <1 x 10710 <1 x 1010
Cu <5 x 10711 | 1 x 10710
Pe <2 x 107+t 1 x 1072
Mg 3 x 10741 2 x 10710
Mn <1x107H < 1 x 107
‘Na 7 x 1071 1 x 1072
Pb <5 x 1071 < 5 x 107
Si 1 x 1072 5 x 1077
Zn 3 x 1074 3 x 1074

The highest purity acids commercially available are
those from B.D.H. (Aristar) and Hopkin and Williams (Ultrar);

the impurity levels are of the order of 0.1 p.p.m., compared

to 1 p.p.m. for Analar grades, and the maximum levels of
metallic impurities (in p.p.m.) are listed in Table 9.
These acids were employed throughout this study.

~ Sub-boiling distillation has recently received attention
as an ultrapurification technigue. It involves heating a
liquid without bubble formation, either using a radiant
lamp or a strip heater, and condensation of the vapour on a
cooled surface. In some respects the method is similar to
both isothermal and conventional distillation, and it combines
the advantages of both i.e. minimal handling of the reagent
and the avoidance of unrectified liquid in the wvapour.
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Table S Metél Tevels in Purified Acids (in p.p.m.)

Metal Nitric Acid Sulphuric Acid Hydrochloric Acid
Ultrar Aristar Aristar Aristar

As 0.005  0.005 0.005 0.005

ca 0.005 0.005 0.005

Ca 0.05 0.5 ‘ 0.05

Co 0.005 0.005 0.005 0.005

Cu 0.005 0.005 0.01 0.005

Fe 0.1 0.2 0.05 0.2

Pb 0.01 0.001 0.005 0.001

Mg 0.01 0.5

Mn 0.005 0.005 0.005

Hg 0.005 0.001 0.001

Ni 0,01 0.005 0.005 0.005

K 0.05 0.1 0.G5

Na 0.1 0.5 0.05

Zn 0.01 0.04 0.02

Cr 0.05

Sr 0.5

Al 0.05

A sub-boiling still was constructed as part of this
project (Figure 3), and its performance was evaluated using
water. "

A flow-rate of 100 emSh™t was achieved, and the
purified water appeared to have a lower metallic content
than normal glass-distilled water. The design was
constructed from glass and, in addition to water, would
be suitable for organic solvents. Sub-boiling stills for
acids are normally constructed from quartz or Teflon, but
if the condenser and drain tube in the design shown in
Pigure 3 were quartz, then this still could equally well
be used for acids.
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— < cooling
A\ 1M water
20cm \/
(/ overflow

strip heater

Fig. 3 Sub - boiling still

Kuehner et al., (289) have used sub-boiling
distillation for the preparation of high purity acids
and found that impurity levels were reduced by factors
of ten to a hundred, and in the purified acids - nitrie,
hydrochloric, hydrofluoric, perchloric and sulphuric - no
element was present in excess of 10 parts/log; most
elements were well below the 1 part/lo9 level.

2.5 Samvle Analysisi Selectivity and Accuracy., Precision

and Sensitivity

In Chapter 7 the commonly employed techniques of

trace metal deteri.ination were outlined. and it was pointed
out that if an analysis is to give results meaningful in
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nealth-related studies, then it must meet the three
criteria of gocd selectivity (preferably specificity) and
accuracy, precision and sensitivity, in that order (352).

2.5.,1 BSelectivity and Accuracy

. Modern sophisticated and automated insirumentation
often conceals the direct relationship which should exist
between concentration of analyte and final analytical
signal, The determination of one element in the presence
of many others of differing concentration is not simple,
and may be influenced by a range of factors; the continuous
modification and improvements in analytical instrumentation
may lead to anomalies in the literature, as shown in Table 10.

Table 10 Reported Blood Chromium Concentrations

Author Year Concentration Reference

ug / au’
Grushko, Y.M. 1948 35 Biokhimiya, 13, 124
Urone, P.F 1950 50 - Anal.Chem. 22, 1317
Monacelli, R 1956 180 Clin.Chim.Acta. 1, 577
Volod'ko, L.V 1962 200 Vestn.Akad.Nauk,, 1,

107

Schroeder, HL.A. 1962 5203 170 J.Chron,Dis., 15, 941
Wolstenholme, N.A. 1964 1,000 - Nature, 203, 1284
Feldman, F.d. 1967 29 Anal.Chim.Acta, 38, 489
Hambidge, K.M, 1971 7 - In Newer Trace

Elements in Nutrition,
A , N.Y.: Dekker.
Cary, E.E. 1971 7 J.Agr.Food Chem. 19,

398

Davidson, I.W.F, 1973 4.7 Amer.J .Obstet.Gynacol.
116, 601

Pekarek, R.S. 1974 0.72 Anal .Biochem. 59, 283

Obviously, these wvalues for the concentration of chromium
in blood do not represent a blolozical distribution. but
rather improvements in technigues, more careful prevention
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of contamination, or perhaps greater selectivity in the
"more recent methods ~ or alternatively the most modern
wethods may only be detecting a proportion of the chromium
present in a blocd sample.

Since the trace elements occurring in biological
material will be in different forms which may respond in
different ways to a given analytical technique, it is
desirable to establish whether the technique is specific
to one form. or responds to several, or gives a total
elemental analysis. In inorganic trace analysis, specificity
is generally taken as eiemental specificity.

The accuracy of a method should be linked to its
selectivity, taking due consideration of matrix effects,
and the criteria which may be applied to establish the
existence of selectivity and good accuracy in any given
procedure will be considered in the section on calibration
methods (section 2.6).

2.5.2 Precision

Precision is inversely proportional to the coefficient
of variation (relative standard deviation) calculated from
multiple determinations on a given sample. Although a high
degree of precision is normally desirable, its importance
will depend on the analytical situation. Since any
biological parameter in a population will be scattered
around a mean, it will have associated with it a natural
standard deviation, often larger than that of the analytical
procedure. Five per cent coefficients of variation in a
procedure are often desired, but seldom achieved; since only
relatively large differences in trace element concentration
can be interpreted with confidence, a relative standard
deviation of ten or twenty per cent will often be satisfactory.
Improved interpretation of biclogical analytical data may
result not only from better precision in the analysis but
also from careful choice of meaningful gsamples.
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From @ forensic viewpoint it is sometimes said that
"precision is desired, not accuracy". This is true in the
type of forensic analysis which involves comparison of
sample with control (100), but in toxicological work both
precision and accuracy should be desired if the results
are to be meaningfully related to literature values. The
need for precision and accuracy in the determination of
2 metal in a biological sample for forensic purposes is
not usually great, however, since it will normally be
sufficient to establish either a normal level or a consider-
able excess.

It should always be borne in mind that a procedural
precision will never be as good as that quoted in the
original literature, and if inter-laboratory studies are
attempted, even precisions of twenty to thirty per cent will
be difficult to achieve (352).

2.5.3 Sensitivity

Sensitivity is the ability to detect differences in
analyte concentration, and is closely related to the term
"limit of detection". which is the ability to differentiate
analyte signal from blank signal with a given degree of
confidence (247). Greater sensitivity results from a larger
signal change per unit concentration and a mathematical
definition of sensitivity based on this concept has been
proposed by Mandel and Stiehler (337) and Skogerboe et al.
(491).

| a1

sensitivity Y = T s

Where I = Intensity of signal measured
¢ = concentration of analyte
s = standard deviation of signal measurement

Skogerboe and Morrison (492) have shown how this approach
may be employed to give an objective comparison of
sensitivities of different methods.



- 52 ~

In atomic absorption srectrometry, sensitivity is
used in o specizl sense, and implies a fixed quantity,
viz. the concentration or mass of analyte equivalent to

17 absorption (0.0044 absorbance).

Sensitivity in analysis is of course highly desirable,
but even a non-detectable concentration of analyte will
form a valid result if expressed as "less than the limit of
detection". Analyses at or near the limit of detection of
a given technique are obviously less precise, and it may
be advantageous to choose an alternative technique of
greater sensitivity, if one exists.

2.6 Calibration lMethods

Most analytical procedures need to be calibrated, and
the calibration methods commonly used, which must be applied
to the total analytical procedure, will now be examined.

Since calibration methods are dependent on the use of
standards, the concentrations of these must be reliably
known. If chemical interferences occur, then both samples
and standards must be treated similarly; the accuracy of
an analysis depends ultimately on the accuracy of the
standards.

2.6.1 Use of Synthetic Standards

Standard samples synthesised from pure substances are
extensively used in analytical chemistry for relatively
simple problems where the sample matrix is known, and contains
relatively few components. This approach is very useful,
especially when standards are prepared by simple dilution of
analyte in a suitable solvent. A plot of analytical signal
versus solution concentration is the analytical calibration
graph; ideally this should be linear, should have zero
intercept and should have a reproducible slope independent
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of the matrix constituents (388). An intercept will be

due to non-analyte signals (if the solvent is pure) and

the slope will be influenced by matrix effects, as
described in seetion 2.7. $Solid standards, prepared by
powder dilution, find some use in emission spectrography
and X-ray methods and may find some application in electro-
thermal atomization atomic absorption spectrometry, but
often they are impractical and subject to considerable error.

Standards may be prepared in an artificial matrix
mateching that of the sample, but in trace determinations
of biological samples it will usually be difficult to
obtain the matrix constituents in sufficient purity.

Whatever standards are prepared, they may be used
either in constructing a calibration graph, or employed in
the factor method or the bracketing method to obtain the
analytical results (388).

2.6.2 TUse of Certified Standards
Certified standards are useful for assessing the

accuracy of an analytical procedure in any one laboratory,
and become essential if several laboratories are engaged
in a comparative study. As far as possible the standards
used should match the composition of the samples. and for
biological analyses there are available several certified
standards. The United States National Burewu of Standards

has prepared dried, powdered orchard leaves (Standard
Reference Material 1571) and bovine liver (S.R.M. 1577),
and biological standards are also available from other
sources (605).

2.6.3 Use of Independently Analysed Samples

In the absence of available certified standards it is
possible to calibrate by comparison with independent
analytical methods. If an analysis is carried out with

differing sample preparation, ashing or digestion, and
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final determinstion steps, and agreement is reached

between the results, then these results can be accented

as true indications of the composition of the sample.

A useful independent method in trace element analysis is
neutron activation analysis since this technigue does not
suffer matrix effects. and synthetic standards can be
employed in its calibration. If a2 series of samples of
similar nature are to be analysed, then it may be possible
to choose one sample, analyse it by a variety of independent
nethods, and employ it as an "in-house" standard (388).

2.6.4 Use of Fundamental Relationships

In a limited number of situations it may be possible
to achieve calibration by deriving a theoretical relation-
ship between analytical signal and analyte concentration.

2.6.5 Standard Addition

The standard addition method (43) is a most important
one in trace determinations, since it is the only calibration
method that permits a quantitative determination when the
analyte cannot be obtained completely free from the matrix.
The method involves the use of the unknown and the unknown
plﬁs the addition of a known amount of standard; if a series
of additions is made. a simple graphical technique can be
employed to determine the unknown concentration. This is
illustrated in Figure 4, where the signal produced by the
sample is plotted on the ordinate and signals from the
standard additions are plotted to the right of the ordinate.
Exfrapolation of the linear curve to the concentration axis
to the left of the signal exis gives the concentraticn of
analyte in the sample. It is possible to estimate the
precision of the method without recourse to sample
replication (294).

The standard addition method is only valid if the
calibration graphs are linear and pass through the origin.
(a blank should always be run), and if the additions of
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analytical
signal
= ' standard calibration
addition graph
graph
o R < SUE limit of
amount of linearity
analyte in
sample (2X)
signal
from
sample
+4 X +6 X +8X

T T T 1]

standard addition of analyte »

Fig. 4 The standard addition method

standard are in the same physical and chemical condition

. as the analyte. In flame atomic absorption spectrometry

it is necessary to dilute the standard and additions to a
constant volume to avoid corrections for differing volumes.
This requirement does not arise in electrothermal atomization
atomic absorption spectrometry since the signal is proportional
to the mass of analyﬁe, and is independent of sample volumej;
this allows the mechanics of the standard addition to be
simplified: instead of pipetting a mixed solution of sample
and standard into the atom cell, the sample can first be
pipetted in, followed by an aliquot of standard. Japanese
workers (544) have described the use of the standard

addition method with carbon tube atomization atomic absorption

spectrometry.
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2.6.6 Standard Solutions

Most calibration methods require standard solutions
and the preparation of stock solutions for flame spectrometry
has been outlined by Dean and Rainsg (112), A more general,
and perhaps more useful, listing has been given by Smith
and Parsons (499) who made a critical selection of compounds
suitable for prevaring standard solutions, using the criteria
of good stability, high purity, ease of preparation, good
availability, hish molecular weight, and low toxicity.

The 1000 p.p.m. stock solutions used in the present
work were, where possible, prepared according to Smith and
Parson's listing (499). The salts used in preparing the
solutions are listed in Table 1l. The final stock solutions
wers stored in polyethylene containers and were left
slightly acid to prevent hydrolysis.

Table 11 Standard Solutions

Element Salt Used Weight Used (g/500 cm3)
Copper CuSO4.5H20 1.9660
Lead Pb(NO3)2 0.7993
Bismuth B1203 0.5574
Cadmium Cd012 0.3066
Thallium T12804 0.6177
Barium BaCl,.2H,0 0.88396
Zine ZnSO4.7H20 2.1990
Magnesium MgSO4.7H20 5.0706
Antimony SbCl3 0.9368
Nickel N:'LSO4 2.2388
Cobalt 00012.6H20 2.0188
Chromium K20r207 1.4145
Lithium L12003 2.6614
Manganese MnSO4.H20 0.8651
Argenic A8203 1.3203
lercury HgCl, 0.6768
Silver AgNO3 0.7874
Iron FeCl3,6H20 2.4201
Aluminius Al{NO3)3q9H20 6.9520
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A number of chemical suppliers produce standard
solutions for use in atomic absorption analyses, but the
use of these may be troublesome unless a complete recipe
is available (see section 6.2.5). Standard solutions
intended for use in flame atomic absorption usually contain
high concentrations of chloride ion, but the use of these
solutions in electrothermal atomization atomic absorption
has been gquestioned by several workers. Campbell and
Ottaway (72) state a preference for metal solutions of
oxy-anion salts such as sulphate and nitrate rather than
chloride solutions - since the latter would give a higher
degree of molecular volatilization, decreasing the degree
of atomization in the furnace. This has also been stated
by Aggett and Sprott (5).

Adams, Kirkbright and Rienvatana (2) state that halide
salts will vaporize without decomposition, and they obtained
molecular absorption spectra from the halides of potassium
and sodium in a heated graphite tube,

To test the hypothesis that chloride salts give rise
to losses by molecular volatilization, several elemental
standard solutions were made from both the chloride and an
oxy-anion salt. Each standard was diluted to a given level
with water, 2% (v/v) hydrochloric, 2% sulphuric and 2%
nitric acid, and the atomic absorption signal for each
solution was measured. The resulits for lead, cobalt,
manganese and aluminivm are given in Table 12,

The results for lead, cobalt, manganese were
obtained by R.C. Henson, as part of his B.Sc. research
project. The high lead blanks in the acids are ascribed
to the use of G,P.R. or Analar acids instead of Aristar
grade.

For the elements studied, there was no difference
between the absorbances from the chloride salts and those from
nitrate salts (within experimental error).
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Table 12 Absorbance of Solutions Prenared from Chloride

and Nitrate Salts (10 pl samnles)

TLead (0.05 v.p.m,) Cobalt (0.2 p.p.m.)
Chloride Nitrate Blank Chloride Nitrate RBlank
Aqueous 0.09 0.08 0.01  Aqueous 0.170 0.170 0.02
2<% HC1  0.20 0.21 0.12 2% HC1 0.185 0.175 0.03
o H2SO4 0.46 0.46 0.36 2% sto4 0.185 0.165 0.03
2% HNO3 0.21 0.21 0.11 2% HNO3 0.170 0.165 0.03
Mangzanese (0.02 p.p.m.) Aluminium (0.1 p.p.m.) .
Chloride Nitrate Blank Chloride Nitrate
Aqueous 0.26 0.26 0.02 Aqueous 0.06 0.07
2% HC1  0.27 0.28 0.03 2% HC1  0.075 0.075
2% sto4 0.28 0.28 0.03 2% H,80, 0.075  0.075
2% HNO3 0.26 0.27 0.03 2% HNo3 0.075 0.07

When concentrated solutions are diluted to very low
analyte levels, as is necessary for standardizing electro-
thermal atomization atomic absorption spectrometry, the
stability of the solutions is important., At the nanogram-
per-millilitre region it is not unusual to have standard
and sample solutions change in concentration in a relative
short time - mostly decreasing in concentration by adsorpt
occurring on the container walls, though increases in
concentration by contamination may occur. Where adsorptio
does take place, the extent and rate will depend on the
element, its concentration, the pH of the solution and
the type and history of the container (388).

Several workers have studied losses of metallic ions
from aqueous solutions stored in various containers: Vest
and co-workers, in a series of papers, studied the losses
of silver (567), chromium (487) and selenium (488) in

ly
ion

n

Pyrex, flint glass and polyethylene beakers, and investigated
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the distribution of the metal ions on the container

surfaces; Al-Sibaai and Fogg (17) examined the stability

of dilute arsenic, iron and rhenium solutions; and losses

of lead and cadmium during storage have been studied by
Isazq and Zielinski (231) and King et al. (262), respectively.

It can be concluded that serious losses of Ag. lMo. In,
V and Ni occur in glass containers, and that losses of one
to ten per cent in two weeks may occur for Sr, Zn, Cu, PFe,
Pb and Al. Loss of cadmium will be minimised by the
addition of nitric acid (262), while lead losses can be
reduced by the addition of nitric acid or hydrogen peroxide
(231). Anionic surfactants may be used for this purpose
when acidic pH values are not tolerable (557).

Most elemental solutions are stable in polyethylene
containers, especially when kept acidic (pH<?2) to minimise
wall adsorption, though Dyck (134), working with silver,
found plastics preferable to glass only over a short geriod.
He also found pléstics to be more difficult to clean, but
perhaps silver is not a typical element: losses of fifty
per cent or more may occur in only a few days (134).

Much attention has been focussed on the preparation
and storage of mercury solution and samples for mercury
determination (50, 152, 232, 305, 387, 443): losseg of
mercury at the 0.1 p.p.m. level may occur through volatiliz-
ation or adsorption and it is recommended that mercury
solutions at this level should be made up in either 5% (X/V)
nitric acid and 0.01% dichromate (152) or in 1M hydrochlorzb
acid (50). The use of hydrogen peroxide as a preservative
(232)has been guestioned (305). Glass containers are
preferable to polyethylene (542), since use of the latter
may cause high readings (50), due either to mercury leaching
from the container surfaces or mercury vapour passing from
the ambient air through the container wall.
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2.6.7 The Blank

The blank is a solution containing everything in the
sample solution except the analyte, and by subtracting
the blank signal from the total analytical signal it is
possible to correct for nonanalyte signals, assuming that
there are no analyte-matrix interactions. In the analysis
of real samples, however, it is seldom practical or
possible to prepare an exact blank., Solvent and reagent
blanks may be prepared and will correct for signals
produced by thesc materials and their impurities. In some
cases it 1s possible to prepare a matched-matrix blank,
made up to reflect the composition of the sample €.g8. blood
serum, and it may even be possible to produce an internal
blank by removing the analyte from the sample solution.

It is essential to carry a blank throughout the entire

analytical procedﬁre; it is then possible to recognise
excessively high blank values.

2.7 Matrix Effects

The matrix is the major constituents of a sample,
and it may or may not interfere with the determination of
the trace constituents. It is well known that the same
concentration of a trace element gives different sized
signals in different matrices; this is known as the matrix
effect, and may reveal itself as either an enhancement or
a depression of the signal.

The difficulties caused by the matrix effect can be
overcome by separation or isolation of the trace elements
prior to determination, but this will defeat the primary
advantage of electrothermal atomization atomic absorption i.e.
the technigue is a direct one that eliminates the need for
(contaminating) reagents. The matrix effects in this
technique may be caused by several factors: vaporization

of analyte as molecules, molecular background absorption,
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scattering of source radiation, or gas phase interaction
of atoms with the matrix components.

In order to establish whether a determination suffers
a matrix effect, it is necessary to effect a standard
addition on the sample and to compare the plot with a
calibration using aqueous solutions of the analyte:
Pigure 5.

analytical
sighal
std. addn. agueous
[matrix A] calibration
std. addn.
7 [matrix B]
~
e
~
~
1 ”~
equa
concn, fr -
in 7
A&B -
P 4
”~
\ /-

standard addition =

Fig. 5 Matrix effect

If no matrix effect is present in the sample, then the

two graphs are parallel; a matrix effect causing signal
depression gives a standard addition graph of lower slope
than the aqueous calibration. This was the only type of
matrix effect encountered in the present work, since those
resulting in increased slopes ccmpared to the aqueous
calibration, caused by non-atomic absorpition, would be
eliminated aubtomatically by the deuterium arc background
corrector, '
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Since an accurate standard addition can only be
performed over the straight line portion of the graph
it is necessary to establish the extent of the linear
region of the calibration graph for each element. IT
this is not done, the standard addition may result in
large errors (Figure 6). '

A

Analytical ©
signal ' o
//
/'O
re
Correct P
Result . Q-
re
7
7
»“— Actud limit of linearity
= //
7
Apparent
Result

T | 14 ] Ll

Standard addition of analyte »

Fig.6 Possible error in standard addition analysis

This factor is especially important in electrothermal
atomization atomic absorption where the calibration

graphs are generally linear only up to 0.2 - 0.3 absorbance,
compared to flame atomization atomic absorption where the
linear region may extend to 0.6 - 0.8 absorbance. A
discussion of the causes of the bending of the calibration
graphs is given in Chapter 7, together with possible means
of increasing the linear ranges.
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For the purposes of comparing matrix effects
between different samples and different sample preparation
steps, the matrix effect may be defined as the ratio of
the slope of the aqueous calibration to the slope of the
standard addition (Figure 7).

Analytical
Signal Aqueous Aqueous
9 Calibration Calibration
Matrix 1

/ Matrix

different
2 ¢ responses

/ | iL

Matrix 2

Standard addition Actual weight
of analyte

definition:
matrix effect

slope of aqueous calibration
slope of standard addition

Fig. 7 Definition of matrix effect

It is obvious that standard additions of increasingly
smaller slope compared to the ajgueous calibration will be
due to increasing matrix effects, up to a limiting case
where the standard addition falls on the abscissa, and
the matrix effect becomes infinite. The above definition
allows for this, but the absence of a matrix effect will
be defined as a matrix effect of unity (Figure 8).
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Chapter 3

INSTRUNEHTATION

3.1 tomic Absorption Spectrometry

Since the introduction of atomic absorption
spectrometry (A.A.S.) as a viable analytical technique
by Walsh (562) in 1955, it has gained wide acceptance for
determining many metallic elements at trace levels.
Having now truly "come of age" (568). atomic absorption
is both well established and well documented. Countless
reviews and several monographs have appeared: particularly
useful are the books by Kirkbright and Sargent (268), by
Price (424), by Christian and Feldman (89) - dealing with
agricultural and medical applications of flame atomic
absorption - and by L'vov (317) - which is notable for
descriptions of graphite furnace atomization and detailed
expositions of theory.

Reviews dealing with the biological applications of
atomic absorption include the contributions by W¥illis (576,
577, 578), one of the first workers to apply the technique
to biological problems, and reviews by Christian (88),
Schroeder and Nason (473), Delves (117), Berman (42) and
Matou¥ek and Stevens (348). From a forensic viewpoint,
three rather trivial reviews have appeared: by Ramirez-
Munoz (427), by Kirk (265) and by Horncastle (221).

Atomic absorption spectrometry may be defined simply
as the measurement of absorption of radiation by atoms.

If the radiation is of a discrete frequency, v , then the
absorption coefficient Kk, may be defined by the equation:
-1kl
I, = I,% e Vv (1)

where I,° and Iy are the initial and final intensities
of radiation passing through an absorption cell of
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length 1 containing the atomic population. A plot

of ky ¥s. Vv will give the profile of the absorption
line. This profile is the consequence of a combination

of various factors and the resultant half-intensity width

for an absorption line is of the order of 0.002 nm. Those
factors which contribute to the formation of an absorption
line are considered in more detail in Chapter 7.

Two quantities related to ky, are ko, , the peak
absorption coefficient when Doppler broadening alone is
present, and K the integrated absorption coefficient.
a quantity independent of freguency. The difficulties
involved in measuring ky, and K have been examined by
Kirkbright and Sargent (268), who also give an excellent
account of the various methods of evaluating a more
convenient quantity, the total absorption factor A .
This is defined as:

A.. . absorbed radiation intensity _  Igo-1I
T incident radiation intensity 1o [2]
VYhere I = amount of radiation leaving the cell.

Related terms are per cent absorption ({[IO-I)/IO}:: 100) and
absorbance (log IO/I).

The atomic absorption method proposed by Walsh (562)
involves measuring the absorption coefficient at the centre
of an absorption line. This is achieved simply by measuring
the total absorption of an emission line of much smaller
half-width. Under these conditions the total absorption
factor Avg can be evaluated by setting the limits of
integration of:

AT=f(1-e’kV’)dv [3]

as zero and Avg , the source line width (in practice
actually Avy/m /2/In2), and it is possible to derive
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. . -1
an expression relating absorbance A& = log(i1-Ag) +0
concentration of absorbing atoms (268):

A=o0.432 b _2/In2 me? p.N; 1 (4]
Avp /T m c J
where: b = constant (ky=bk,)

Avy = Doppler half-width of the absorption line
e, m= electronic charge and mass

¢ = velocity of light

f;; = oscillator strength
N; = concentration of atoms capable of absorbing
1 = path length

Since the Doppler half-width is proportional to the square
root of the temperature, the absorbance will be insensitive
to small changes in temperature. A plot of absorbance
against concentration should be rectilinear over a wide
range.

The essential requirements of an atomic absorption
system were illustrated by Tyndall in 1872 (Figure 9,
reference 546) and comprise a primary source of radiation,

a means of producing neutral atoms, a monochromator, a
detector and some form of read-out. These components are
found in all modern atomic absorption spectrometers, butb

other refinements have been added ovar the years to

increase the sophistication (and cost) of the instrumentation.

Detailed descriptions of the components of atomic
absorption instrumentation will not be given here, since
much information is available in reviews and books and in
manufacturers' literature. 1In the next three sections are
given short reviews on electrothermal atomization and
background correction - both of importance to the present
study - and a brief outline of the instrumentation employed.



. — Optical arrangement used by Ty~NpALL to demons-
trate the principle of atomic absorption. From left to right,
emission source followed by the absorbing flame with its
sample supplying system and the means to produce and
observe the spectrum.

Fig.9 Tyndall's Demonstration, 1872

3.2 Electrothermal Atomization in Atomic Absorption

Spectrometry

A primary requirement in atomic absorption spectrometry
is the efficient production of a stable atom population, and
traditionally this has been achieved with flame atomization.
To an extent, the use of flames descended from their
application in flame emission spectrometry, but their
intrinsic advantages have earned them a permanent place in
atomic absorption methodology. Flames, however. do have
limitations as atom cells (266), and the recognition of
these limitations has led, in recent years, to much effort
being devoted to azlternative methods of atomization.
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In generel, the alternatives developed have widened the
capabilities of atomic absorption as an analytical
technique; it is now possible to analyse small samples
of liquids or solids at sensitivities greater by one or
two orders of magnitude than those attainable with flame
cells (130, 266, 440, 526, 585). o

A generic term "non-flame atom cell" has gaihed some
acceptance in the literature; it covers any device used
as an alternative to the traditional pneumatic nebulizer
and flame atomizer. The term is perhaps unfortunate and
a division of the various devices as to their mode of
operation would be more informative, e.g. hydride
generation, cold vapour, sampling boat, cathodic sputtering
"and electrothermal atomization.

The atomization devices which have aroused the greatest
interest are the electrothermal atomizers, which rely on
thermal enerzy transfer to the sample for atom formation.
They may be further divided into tubes, filaments and
strips, and loops.

3.2.1 Tube Furnaces

Although some workers have described atom cells based
on heated quartz tubes (360), stainless steel tubes (224),
tantalum tubes (432), and platinum tubes (46). it is the
graphite tube atomizer which has received the most attention.
The development of graphite furnaces in atomic spectroscopy
may be traced to the work of King (260). King was interested
in measuring the spectra from various elements under care-
fully controlled conditions, especially at different
temperatures, as a means of understanding the absorption
and emission processes taking place in stellar atmospheres.
The furnace he designed cannot be strictly considered as an
analytical device, since a dynamic equilibrium of atoms was
maintained in the furnace, and thus it was impossible to
determine the concentration of atoms in the cell.
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L'vov's first furnace design (318-320) - based on
the King furnace - was later improved (325); both furnace
designs are shown in Figure 10. The later design employed
resistive heating, and pressurigation of the chamber with
an inert gas gave increased atomic residence times. L'vov
and co-workers have applied his furnace to several areas
of analytical interest, but also to the determination of
fundamental quantities - oscillator strengths (321, 327)
and the Lorentz widths of atomic lines (326).

Massmann (344, 345) has described graphite furnaces
for both atomic absorption and atomic fluorescence
spectrometry. The absorption tube furnace is illustrated
in Pigure 10; it differed from the L'vov furnace in not
being totally enclosed, nor was the sample introduced into
a constant temperature tube. Sample solutions (5-200 pl )
were introduced via the hole in the top of the tube. and
solid samples (up to 1 mg) were introduced from the side;
the aliquots of solutions were dried in situ by the
application of current, prior to the atomization step.

A commercial unit, the Perkin-Elmer HGA-70 - Heated Graphite

Atomizer - (340) wag based on Massmann's design of absorption
tube furnace (Figure 10). Three heating cycles were used -
for drying, ashing and atomization - and a "stop-gas"
facility on the atomization step gave increased atomic
residence times and improved sensitivities. An improved
design, the HGA-T74, was employed'in this study and is
described fully in section 3.4.

Woodriff's (538) design of furnace may be considered
as intermediate to those of L'vov and liassmann; it is
jllustrated in Figure 10. The principal feature of the
design is the capability for continuous sample introduction

via the side arm.

The Varian carbon rod atomizer (C.R.A.) is illustrated

in Figure 10; very small sample volumes (0.5 - 1 pl ) can
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be used, and the volatile material passes completely
out of the tube during the ashing step, rather than
distilling to a cooler part of the tube.

Sometimes graphite tubes have been lined or coated
with other substances for special purposes. L'vov's
(318-320) original furnace was lined with tantalum to
prevent the diffusion of vapour through the graphite, but
the reason why Renshaw (432) employed a tantalum liner
was to prevent the formation of barium carbide; an increase
in sensitivity was also obtained. Baird and Gabrielian (30)
lined a graphite tube with tantalum to prevent their samples
from soaking into the carbon; they found improved analyte
recoveries and precision in their analyses of arsenic and
selenium in wastewaters. Woodriff and co-workers (296)
plated the surfaces of graphite tubes with gold for use
in mercury analyses; the mercury present in sample aliquots
amalgamated with the gold, and was not lost during the
drying stage. '

» Recently several workers have found that the use of
pyrolytically coated graphite for electrothermal atomizers
gives improved performance, since the coating prevents
analyte samples from soaking into the surface of the tube.
Though there have been descriptions of the treatment of
carbon tubes prior to their installation in an atomic
absorption set-up 490), it is generally agreed that the
improvements are short-lived unless there is a continual
renewal of the pyrolytic coating. Several workers (90,
339, 527) have described how methane may be introduced
into the gas stream to effect this.

3.2.2 Pilaments and Strips

The construction of atom cells may be simplified
considerably by the use of carbon or metal filaments or
strips; the "Alder-West"(8) cell design for a graphite
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filament is shown in Figure 11.
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Fig.11 West’'s Carbon Filament (ref(8s))

During the atomization step the atoms are carried away
from the filament surface by an inert gas stream; no
further energy is supplied to the atoms once they have
left the filament, and consequently the signals are of
short duration ( ~ 0.5 sec.) Tantalum, tungsten and
molybdenum have all been employed as alternatives to
graphite.

3.2.3. Loops

The history of these simple devices may be traced
back to 1859 when Bunsen (68) described the introduction
of various metals and their compounds into a flame on a
small platinum lcop. Nodern versions employ electrothermal
atomization, and several kinds of wire besides platinum

have been used (57, 83, 17%). Sample size is 2 - 4 pl but
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detection limits are not good,

In the period since Nassmann (345) published his
furnace design - in 1968 - and West (569) his filament
design - in 1969 - many workers have produced their own
varieties of electrothermal atomizer, but the advent of
commercial instrumentation in this field has taken the
edge off the race to produce modifications and improvements
in design; the emphasis now is on applications of the
technique. In this respect, electrothermal atomization
atomic absorption is following the progress of any new
technique: a few initial papers outling the +technique,
followed by a rush of interest and an upsurge in the number
of papers publigshed. As the method becomes well-established,
the rate of increase of publications levels off, the content
of the papers changes from instrumental wvariations to
practical applications, and the rate of appearance of
publications approaches that for all enalytical papers (60, 61).

It is apparent that the "non-flame" methods of atom-
ization have expanded the area of application of atomic
absorption (and atomic fluorescence) spectrometry, but
since about 904 of existing routine applications are
satisfactorily covered by flame atomic absorption
spectrometry, it is unlikely that flameless methods will
ever replace the flame entirely (526).

Figure 12 indicates how, in the field of electrothermal

atomization, emphasis has changed from vapers outlining

new instrumentation and data from pure agueous solution
work to an increasing provortion of papers detailing
applications. It is interesting to see that electrothermal
atomization was applied at an early stage to bpiological
problems, and that biological applications still feature
strongly; the other early avplication was to oil and petrol
analysis. The number of publications used in Figure 12 was
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taken from the bibliogravhies which appear regularly in
Atomic Absorption Newsletter; althoush these do not contain
all publications in the field (60), they should at least

be subject to aconsistent editorial policy, and reflect the
overall situation.

3.3 Background Correction in Atomic Absorpiion Srectrometry

In section 2.7 the causes of matrix effects were
outlined, and it was pointed out that absorption by species
other than the analyte atoms during an AA measurement might
result in an enhancement of the analytical signal. Tlames
are notorious absorbers of radiation in certain épectral
regions, particularly at short wavelengths, but scattering
of radiation or molecular absorption by salts or other
constituents of the sample can occur in both flames and
electrothermal atomizers. In fact non-specific absorption
can be several times greater in flameless atomic absorption
or long tube atomic absorption (277) compared to the less
sensitive flame technique, end the problem becomes increasingly
apparent with biological matrices.

In electrothermal atomization A.A.S. it is sometimes
possible to remove the species causing the background
absorption by careful selection of ashing parameters, but
usually there will be only a partial destruction of the
interfering species before the analyte begins to atomize (439),.
It is claimed that if the inert gas is passed in through
the ends of the tube and out through the dosing aperture,
then the residual background absorption will be reduced -
up to fifteen times (142). For precision and accuracy in
most analyses with electrothermal atomization it is therefore
necessary to employ some form of instrumental background
correction, but before this is applied it will be desirable
to minimise the background absorption either by instrumental
or methodological modification e.g. correct sample dissolution,
careful collimation of light beam, and judicious setting of
ash and atomization times and temperatures.
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Continuum source background correction (245, 277,
323) is available as an accessory from most instrument
manufacturers. The principle is that absorption of the
broad band of continuum radiation by sample atoms is
negligible (since the spectral band width of the monochromator
is typically two orders of magnitude greater than the atomic
absorption 1line), but both the continuum radiation and that
from the spectral source will be absorbed equally by non-
specific effects., In practice it is necessary to match
the two light paths as nearly as possible - usually by
attaching mirrors to the conventional rotating chopper so
as to alternate the two light beams. An alternative system
is to use a semi-silvered mirror and a vibrating quartz
plate placed in the exit slit of the monochromator to provide
modulation, by short-range wavelength scanning, of the
resonance line signal from the spectral source (362). A
further variation - the use of polarization - of continuum
source background correction has been described (586). An
automatic background correcting system for use with transient
(0.5 s duration) atomic wvapour populations has been
developed by Donelly et al. (128). In this system both the
hollow cathode lamp and the hydrogen arc lamp are alternately
éulsed.

The background correction system originally described
by Koirtyohann and Pickett (277) employed a hydrogen lamp
as continuum source, but deuterium lamps and arcs can be
equally usefully employed (244); different instrument
manufacturers promote slightly different sources. Epstein
and Rains (143) have described the use of the very intense
xenon-mercury arc lamp for background correction.

The alignment of the continuum source may be critical
(338), and in flameless atomic absorption the geometry of
the source is significant - an erroneous correction may be
obtained unless the continuum image and that of the hollow
cathode lamp are coincident. The intensities from continuum
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and spectral sources must also be balanced, and in the
wings of the continuum spectrum (Figure 13) this can often
be achieved only by reducing the source operating current,
restricting the area of the source beam, or using an

extremely wide slit width.

intensity —>

Emission

200 i 240 280 320 nm —>

Fig. 13  Continuum spectrum from D2 arc

A variety of factors - smoke from residual fragments
of organic molecules, undissociated salt particles, even
undissociated solvent vapour - will contribute to the
background absorption in graphite furnace atomization.
Several workers have plotted the molecular absorption
spectra of species likely to occur in a sample matrix -
species such as sodium and potassium halides. magnesium
oxide, sulphur trioxide and sulphur dioxide - and have
found that these consist mainly of broad absorption bands

(2, 97, 189, 597).
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Massmann (182) has also observed molecular absorpition

by CN and OH radicals and has pointed out that although
molecular absorption bands can extend over 10 nm, complicated
fine structure of the absorption spectra can also occur.
This fine structure can prevent the correct functioning of
a normal deuterium background correction system in the
regions over which these species absorb; it is fortuitous
that the upper limit to the working range of the D2 arc

( ~ 360 nm) roughly corresponds to the limit of background
absorption. Molecular absorption is not observed at
the longer wavelengths e.g. Ca 422.6 nm (439)

A separate approach to background correction is to
monitor the intensity of both the resonance line and a
nearby non-resonance line (350, 438, 587), but since
non-specific absorption is wavelength dependent, this method
will only be successful if the two lines are close together.
The method might be satisfactory for sequential correction,
but in non-flame analyses it is essential to have simultaneous
correction, as the size of the background signal may vary
from one aliquot to the next.

One approach to badkground correction which is currently
receiving interest is the use of the Zeeman effect to split
resonance lines into pairs of non- absorbing lines at
wavelengths outside the absorption profile of the atomic
vapour. The effect may be produced - by the application
of a magnetic field - in either the light source (279, 510),
or the atom cell, whether flame (547) or electrothermal (110).
The advantages of this approach to background correction
are sensitivity, freedom from chemical pretreatment of the
sample, speed znd convenience of use, but unfortunately the
ranze of applications is limited to the small number of
chemical elements with practically useful Zeeman splittings.
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3.4 The Experimental Svystem

The atomic absorption spectrometer employed in this
study was the Perkin-Elmer Model 300S. This is a single

beam instrument incorporating integration (though not for
transient signals), up to 40x scale expansion and automatic
Zero. Ileter read-out is in either concentration or
absorbance; absorbance signals resulting from atomization
with the graphite furnace were recorded with an Oxford
Instruments series 3000 recorder (response time for full

scale deflection : 0.25 s). Background correction is
effected by a deuterium arc, covering the range 190 to 325 nm.
Since the spectrometer is single beam, a mirror-chopper
system is employed - this allows radiation from the hollow
cathode lamp and the deuterium arc to pass alternately
through the atom cell and monochromator; the optical
components of the complete spectrometer are shown in

Figure 14. The monochromator is based on a Czerny-Turner
mount, and incorporates two reversible gratings to cover

the wavelength range 190 - 870 nm.

For flame atomization an air-acetylene flame was
supported on a 10cm single slot titanium burner, but the
atom cell used principally was the Perkin-Elmer HGA-T4

graphite furnace.

The atomizer portion of the HGA-T74 is shown in schematic
form in Pigure 15. The graphite tube (28mm long, 7mm o0.d.
6mm i.d.) is held in position, and almost totally enclosed,
by two graphite end cones which also carry the electrical
current. Three holes in each of the end cones carry inert
gas around the outside of the tube - the external gas flow -
while an internal gas flow passes through the ends of the
tube and out of the dosing aperture. This gas flow is the
reverse of those in the HGA 70 and 72 atomizers, and is
made possible by having quartz windows at each end of the
atomizer unit. The advantage of the gas flow system in
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the HGA-74 is that the internal and external gas flows

are independently adjustable; during the atomization step
the external gas flow (900 cm3/min.) is retained at its
normal level, and thus will reduce incineration of the
graphite tube, while the internal gas flow may be reduced
from 300 or 350 cm3/min, to zero ("Gas Stop") for increased
atomic residence time, or to 50 e ("Mini Flow") for
samples with a higher analyte concentration. The gas
pattern of the HGA-T74 also ensures the gquick expulsion of
any matrix components during the ashing cycle.

Either nitrogen or argon may be used as the inert
gas., Nitrogen is cheaper, but this gas may react with the
hot graphite to form cyanogen - which has an absorption
band at the chromium wavelength (357.9 nm.). Nitrogen
also giVes decreased sensitivities compared to argon
(Figure 16), and consequently argon was employed throughout
this study.

0.31 4
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o
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S
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©
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05 1.0 1.5 2.0 2.5 3.0 ng Pb
Fig. 16 Calibration graphs with argon and nitrogen
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The control unit of the HGA-74 incorporates four
variable time-temperature circuits which allow independent
adjustment of the drying, ashing, atomization and heating-
out steps. The digital switches 0-999 select temperatures
20%¢ - 2700°C; times may be set up to 30 h. A feature of
the control unit is the ramp step, which allows selection
of the initial and final temperatures of a temperature
gradient, and varying rates of temperature increase.

This ramp step produces steady ashing and, hopefully, the
differential thermal destruction of a matrix. Since the
ramp step can be used up to a maximum of 270000, it is
possible to employ it for ramp atomization, and this is
discussed in Chapter 7. Figure 17 shows how all the

stages of the HGA-74 control unit may be used for a typical

analysis.

Temp.’i\
Burn __ 2700°cC.

Atomize | 2000

11000

_ 200
- 100

Time —»

Fig.17 Typical HGA-74 Programme
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The HGA-T74 control unit incorporates a thermometer,
which indicates the temperature of the graphite tube.
The thermometer is simply a calibrated resistance meter,
only accurate to * SOOC, and it may give varying
readings for different tubes or for differing degrees of
contact between the ends of the tubes and the end-cones.
The temperatures indicated on the meter, corresponding to
various digital values, were compared with the Perkin-
Elmer calibration of temperature vs, digital value (409)
and are shown graphically in Figure 18. The lower temperatures
(up to 6500) were also checked with a thermocouple

(Industrial Pyrometer Co. Ltd.) against the Perkin-Elmer

data (409), and are also shown in Figure 18. A similar
discrepancy was observed between experimental findings and
the Perkin-Elmer data, and it was therefore felt that most
confidence should be placed on digital values obtained

experimentally for optimum ash and atomization temperatures,
as opposed to relating these to the published temperature
values (408, 409). A three-digit number would be of little
value except to another HGA-74 user, however, and so these
numbers were transposed to e using the temperatures
indicated on the meter; it was felt that these were the
most accurate.

3.5 OptimiZation of Instrumental Parameters

The ashing and atomization steps were varied independ-
ently to determine optimum values for each element in
aqueous solution; the drying and heating-out stages were
kept canstant, and the ramp ash stage was not used. The
drying consisted of two stages: 70°C (digital 45) for 15-30s
and 110°C (@igital 60) for a further 15-30s (for 10-30 pl
samples; longer time periods for samples $ 30pul ). The
heating-out stage was at maximum current (= 270000) for 5s.
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Temp.4
/°C.,
3000-
2500+ Perkin— Elme
2000+
Experiment
1500+
1000+
500+
200 400 600 800 1000 digital
value
Temp.’\. :
/°C.
600+ Experiment,/
l/‘
v
L00- 7
Perkin - Elmer
200+
I/'/.
-
L0 80 120 160 200 digital
value
Fig. 18 Temperature calibrations for HGA-74



- 87 -

Typical graphs for optimizing ashing and atomization
temperatures are given in Figure 19. These exhibit the
maxima on & smooth: curve ootained by other workers for
aqueous solutions (340), though it should be noted that
the presence of matrix may alter drastically both the
shapes of the curves and the positions of the maxima.

The maximum ash temperature was taken as the highest
temperature commensurate with minimal loss of analyte,
whilst the optimum atomization temperature was selected
as the lowest temperature on the plateau region - in order
to increase tube lifetime. Table 12 gives the maximum ash
and optimum atomization temperatures (in 0C) of all the
elements studied, and, for comparison, the values published
by Perkin-Elmer (408, 409) .  Aggett and Sprott (5) and
by Campbell and Ottaway (72) have published papers on the

vaporization of elements from graphite surfaces; their data
are given in Tevle 13.

3.6 Calibration Graphs, Sensitivities and Detection Limits:

Analyte in Agueous Solution

At the optimized furnace conditions, analytical growth
curves were constructed to determine the range of the
instrument. Argon was used exclusively as purge gas, and
in most cases "Gas Stop" conditions of atomization were
selected. The most sensitive resonance line was used for
each element, except for zinc and bismuth.

The principal zinc resonance line is at 213.9 nm,

and a very high sensitivity (~ 1 pg) is available at this
wavelength, but initial experiments with distilled water

gave erratic signals - either the distilled water was not -
sufficiently zinc-free, or atmospheric zinc was affecting

the results. It is possible to overcome this problem by
reducing the analytical sensitivity: by the use of a different
spectral line, or the selection of "Iini Flow" conditions
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Table 12 Turnace Onerating Paramneters
wlement Maxinum Ashing Temperature
P-E (409) P-E (408) This study
e °c ¢ dig. value
Cu 1000 900 850 250
Zn 500 450 150
Cd 400 300 300 100
Ba 1400 1580 1350 400
Pb 550 700 700 200
Bi 400 350 300 100
Li 1000 700 200
T1 400 300 100
As 250 700 200
Sb 450 350 120
Cr 1350 1200 700 200
Mn 1100 1000 450 150
Co 1000 1100 850 250
Ni 1200 1200 850 250
Element Optimum Atomization Temperature

Cu 2500 2550 2400 -950
Zn 2000 2000 750
ca 1500 1900 1650 500
Ba 2700 2700 2700 999
Pb 2000 2100 2000 750
Bi 2000 1900 2000 750
Li 2700 2400 950
T1 2100 2200 800
As 2000 2000 750
Sb 2200 2200 800
Cr 2700 2400 900
Mn 2400 2200 800
Co 2600 2400 950
Ni 2500 2400 G50
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Table 13 Published Data on Vanorization of Elements

Element M. pt. B. pt. min. vapn. appearance

(84) (84) temp. (5) temp. (72)
/K /X /K /K _

AL 930 2740 1820 2300

Sb 900 2020 1550

Ba 1000 1910 2200

Bi 540 1830 1130

cd 590 1040 543 850

Ca 1110 1760 1820 1800

cr 2130 2950 1650 1800

Co 1770 3143 1570 1720

Cu 1360 2840 1430 1730

Au 1340 3080 1350

Fe 1810 3020 1500 1750

Pb 600 2010 1130 1000

Ii 450 1620 2100

Mg 920 1360 1570 1550

Mn 1517 2230 1480 1600

Hg 234 630

Ni 1730 3000 1690 1800

Ag 1230 2485 1120 1150

Sn 500 2540 1410 1800

Ti 1930 3560 2420

\' 2160 3650 2350

Zn 690 1180 1070 1100
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during atomization, or the use of a slower rate of
atomization (this point is discussed further in Chapter 7).
For zine it is uniortunate that the second most sensitive
line, at 307.6 nm, is several thousand times less sensitive
than the 213.9 nm line.

For bismuth, the hollow cathode lamp intensity at the
bismuth 223.06 nm line was insufficient for the satisfactory
measurement of absorption, and the alternative 306.77 nm

line was used.

For lead, the 217.0 nm line was chosen, since this was
the line selected for the multi-channelA.A.nstrument (451).
The 283.3 nm line, though in fact less sensitive than the
217.0 nm 1line, is the most popular lead line, due to an
advantageous signal-to-background ratio.

The calibration graphs are given in Figure 20
and data obtained from these graphs are collected in
Table 14, This lists: sensitivities, practical detection
limits (weights needed to give a signal twice the noise
level) - which are also the lower limits to the working
range - and the upper limits to the working ranges, for
both (a) the straight line portion of the growth curve,
and (b) when some of the curved portion is included. It
is always preferable to work over a straight line portion
cf a calibration graph, and if it is necessary to measure
routinely values as high as ( b ), then curve correction
would have to be employed, and this presents difficulties
with discrete sampling on the Perkin-Elmer lModel 300S.
In the present study, however, most measurements were made
at the lower end of the calibration graph.

Since many analysts, accustomed to colorimetry and
flame atomic absorption, are unfamiliar with detection
limits expressed as absolute weights, the practical detection
limits in terms of concentration are given in Table 15, for
5 pl , 10 p1 and 100 pl1 sample volumes.
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Table 15 Practical Detection Limits

This Study

Table 14 Instrumental Capability
Element P-E data (409)
opt. sens. detn.
working /pz linmit
range /ng /ng
Cu 1-28 50 0.12
Zn 10
ca 0.06-0.4 2 0,01
Pb 1 -8 50 0.07
Ba 2 - 30 300 1.3
Bi 3 -20 90 0.5
Li 60 0.3
T1 130 0.15
Ni 3 -20 140 0.98
Sb 290 0.7
Cr 0.5 - 4 10 0.02
Co 2 - 16 80 0.1

Element

Cu
Zn
Cda
Pb
Ba
Bi
Li
T1
Ni
Sb
Cr
Co

Absolu
detn.

/ng
0.12
10.0
0.01
0.07
1.3
0.5
0.3
0.15
0.95
0.7
0.02
0.1

te
1limit

Concentration detn.

1
57p.p.m.
0.024
2.0
0.002
0.014
0.26
0.10
0.06
0.03
0.19
0.14
0.004
0.02

SensSe.
/D&

54
4400

30
120
160

40

70
110
290

17

10upl
/Pepem.

0.012
1.0
0.001
0.007
0.13
0.05
0.03
0.015
0.095
0.07
0.002
0.0l

upper 1imit

to working

range /ng
(a)  (b)
5 8
200 200
0.1 0
2.5 5
12 30
10 20
2 6
4 8
6 10
20 20
1.5 3
3 5
limit
100p1
/P.p.10
1.2
100.0
0.1
0.7
13.0
5.0
3.0
1.5
9.5
7.0
0.2

l.o

«3

9
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Chanter 4.

TRACE METAT ANALYSIS OF URTEE.

4.1 Introduction

In one of the earliest papers outlining the use of
electrothermal atomizers for biological applications,
Matousek and Stevens (348) wrote: ‘'"samples are injected
into a (graphite furnace). and subsequently dried, ashed
and atomized by the application of electric current. The
resulting brief absorption signal is recorded and compared
with standards. The procedure is particularly suitable
for biological work., The samples require no pretreatment".
Other authors have made similar claims regarding the useful-
ness of electrothermal atomizers - including the claim that
selective volatilization of the matrix before the analyte
or vice versa is a generally applicable method of reducing

interference problems. If these claims are true, then the
determination of trace metals in urine - or blood or

digests of liver - should present few problems. Unfortunately,
many of the early visions of the analytical possibilities
offered by electrothermal atomization were extravagant,

perhaps even naive,.

The determination of trace metals in urine - or other

- biological samples - is a severe test for electrothermal
atomization atomic absorption. Urine represents a '"heavy-
matrix" sample and contains a variety of organic and
inorganic substances including albumin, proteins, uric acid,
calcium, potassium. chloride, sulphate and several other
constituents (85). The total solids content of urine is
20-60 g/24h,and since the volume of a 24h urine sample nay
vary between 500 and 1500 mn%according to fluid intake and
the state of health or disease), there will be typicaliy

4% solids present in a urine sample. The variability in the
volume of urire excretion also means that the normal
concentraticr: of trace elemenis will be spread over a wider

range than ti.se in other samples, e.g, blood.
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4.2 Analysis of Urine Directly in the Furnace

4.2.1 Methodology

Since urine samples contain much dissolved and
suspended matter, it can be forsecen that background
correction will be essential for meaningful results
(section 3.3) and this is shown in the following traces
(Figure 21) of the atomization peaks of a 10 yl urine
sample at the lead 283.3 nm wavelength, without and with
background correction.

no 02

Dy on
10 pl urine at 2283.3nm

TYTYY

Fig. 21 Effect of background correction

It has been pointed out ( 338) that the background signal
may show some variation in magnitude, though this may not
always be so - as in the following example for zinc

(Figure 22) where absence of background correction gave
regular-sized peaks, and a standard addition effected on
the sample gave a result much higher than the normal range.
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Abs'."l\

16

124 5 pl samples
std. addn, 08
gives
35 p.p.m.

’

| : —> mass Zn
' ' 50 100 150 200 250 ng

Fig. 22 Standard addition to urine (no background corrn,)

With background correction the result was reduced to the
correct order of magnitude (Figure 23): normal range is

003 ad 1 popomo

s 1 std. addn.
a | gives
<1 4 p.p.m.

5 pl samples

0

v r : , v —_
50 100 150 200 250 ng Zn
Fig. 23 Standard addition with background correction

The use of background correction will eliminate the
effect of interferences giving signal enhancements, bub
interferences giving diminutions of signal may still be
precsent j.e. matrix effects. The best way to establish if
a matrix efiect is present is to effect a standard addition
on the sample; this has been outlined in section 2.7.
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The requirements of the standard addition procedure will
have to be met, and it is especially important that the
additions do not exceed the linear rznge of the calibration
graph; this linear range is often quite limited, as is
shown in section 3.6. A further requirement is that the
zddition should .be in the same chemical form as the analyte
in the sample. In this work the standard additions were
mostly simple agueous solutions of the analyte element, but
there was no guarantee that the analyte in the urine sample
would not be bound in some way to the proteins or other
constituents of the matrix. If they were, and were not
dissociated during the ashing or atomization stages, then
even a standard addition might give a low result.

In flame atomic absorption it is necessary to make
the standard addition to the sample prior to nebulization,
but in electrothermal atomization this reguirement does
not apply, and additions to the sample can either be made
externally (prior to an aliquot of the mixture being
pipetted into the furnace), or in _situ in the furnace.
Obviously it is necessary to establich that these two
methods give the same result - see Figure 24.

If reasonable care is taken, it is possible to pipette
the standard addition on top of the sample aliquot, and
to obtain meaningful results. Since this represents a
convenient technique, it was employed throughout the
present study. In each analysis, the initial stage of 80°¢c
for 15s would ensure thorough mixing of the two aliquots
prior to drying at 120°C for 15s.

4.2.2 Analysis of Urine

For each element studied, the folloving procedures was
adopted:
(a) a urine sample was analysed by the method of standzrd
addition; if the analyte level was below the limit of
detection of the method (e.g. for thallium) a spiked urine

samcle was emnloyed;
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[b] standard addition made > 0.014 . y

outside furnace

Fig. 24 Comparison of standard addition procedures

(b) an agueous solution of similar or equal conceniration
to that of the analyte in the urine sample was analysed by
the standard addition method;

(c) an analytical growth curve for the element in urine
was constructed. by suitably spiking a urine sample.

Comparison of the slcpes of the graphs obtained in
(a) and (b) gave an estimate of the magnitude of the matrix
effect present in the urine sample (section 2.7): absence
of a matrix effect is defined as a matrix effect of unity.
The standard addition in (b) 2lso gave an indication of
the accuracy of the method. From the calibration graphs
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derived in (c), sensitivities and detection limits were
calculated.

The instrumentsl conditions for each element were
those listed in Table 12, though in an attempt to produce
a generalized HGA-T4 nrogramme which would be suitable
for multi~element determinations (451), a maximum ashing
temperature of 400°¢ was employed in most cases. A ramp
ashing step was incorporated into each analytical programme,
and the maximum ashing temperatures used are listed in
Table 16.

Standard addition graphs for Cd, Cu, Tl and Ni in
urine are given in Pigure 25; +the sample siges used and
the measured analyte concentrstions for Cr, Cu, Co, Ni, Sb,
Zn, Ba, Cd, Pb, Li and T1 are listed in Table 16.

The calibration gravhs for the analyte elements in
urine are given in Iigure 26, and the observed sensitivities
and detection limits were found to be slightly poorer, in
terms of mass of analyte, than the corresponding aqueous
calibrations.

4.2.3 Correcting Ability of +the Deuterium Arec

Although some workers (166, 482) using atomic absorption
spectrometry have pointed out that deuterium arc background
correction will only correct for limited amounts of matrix
interferences, equipment manufacturers have not emphasised
this limit to the usefulness of background correction.

It was noticed in this study that large scatfter peaks
appeared for gsome elements when the volume of the urine
aliquot was increased. These peaks are in fact wavelength-
dependent, as is to be expected for molecular scattering (581).
At various analyte wavelengthc, increasing volumes of
unspiked urine samples were run to establish the sample size
at which the large peaks appeared - this sample size indicated
the limit 1o the correcting ability of the deuterium arc
background corrector. The relationship hetween analytical
wavelength and maximum volume corrected by the background
corrector is shown in Tigure 27.
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Teble 16 Analysis of Urine Dircctly in the H3A-T74 Furnace
Element Max. Ash Sample sigze Concn.,. Matrix
Temp./°C and type found effect
/ PePemo present .
Cr 400 10 pl unspiked 0.003 1.23
10 pl spiked 0.18
0.2 pPePenie
Cu 400 10 pl unspiked 0.025 1.30
Co 400 5 pl unspiked 0.06 1.34
Ni 400 5 pl unspiked 0.014 1.10
Zn 700 10 pl unspiked < L.of D. 2,16
Ba 1400 10 pl unspiked < L.of D.
' 10 pl spiked 0.2 2.25
O0e2 DeD.Me
cd 400 20 pl unspiked 0.0015 1,48
Pb 400 10 pl unspiked 0.08 1.81
Sb 280 10 pl unspiked < L.of D.
Li 400 10 pl unspiked 0.015 1.42
Tl 400 10 pl unspiked <L.of D.
10 p.l Spiked, 304 2!76

3.5 pepente
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Fig. 25 Typical standard addition graphs
for urine and aqueous solutions
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Fig. 27 Maximum volume corrected by D, arc
(normal urine sample)

This figure shows that for wavelengths up to about 300 nm
it is only possible to correct for the background inter-
ferences in 10pl aliguots of urine; this is a severe
restriction on the measurement of low concentrations of
metalsin urine by direct analysis in the furnace.

At wavelengths greater than 300 nm it is possible to
correctv for the background in volumes of urine larger than
10 pl-~ probably because molecular absorption “rom sodium or
potassium halides is very low in this spectral region (2).
This is a fortuitous situvation since the upper limit to the
working range of the deuterium arc is about 325 nm, though
some workers (403) have reported background ccrrection at
the Cr 357.9 nm line. Using solid tissue samples, Lundgren
and Jchansson (315) found that the samrtle size was limited to
about 200 pg, owing vo the non-specific absorption from the
salt content of the tissue.
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4.2.4 Conclusions

The results given in Table 16 show that a matrix
effect is present in 211 the urine / analyte combinations
tested. The magnitude of the matrix effect ranges from
1.10 - for nickel - to0 2.76 - for thallium, thoush whether
the size of the matrix effect is devendent on the analyte
element or on the actual urine sampvle would have to be
established by further work. The magnitude of the matrix
effect might be reduced by raising the maximum ashing
temperature, but it is likely that the high solids content
of urine would still produce a noticeable matrix effect.
The variable solids content of urine samples precludes the
- use of calibration gravhs based on pooled urine samples,
a procedure which has been used for blood analyses (115),
and for an accurate analysis by electrothermal atomization
atomic absorption svectrometry a standard addition
procedure will be essential. Using such a procedure, the
concentrations of analyte elements in unspiked urine
samples all lay within the normal range (Table 4), although
the value found for lead was slightly high.

The calibration graphs for analyte element in urine
(Figure 26) show the feasibility of determining any of
these elements in urine, though a severe restriction on
any method based on direct analysis of a urine sample in
the graphite furnace is the volume 1imit of the correcting
ability of the deuterium arc. This volume limit was found
to be usually 10 pl, though with a new, bright deuterium
lamp, it was possible to correct for the background in 20 pl
samples (cadmium in Figure 26).

The method of standard addition on a urine sample in
the graphite furnace was found to be satisfactory for Cr, Cu,
Co, Ni, Cd, Pb and Li. Thalliwm could not be detected in
an unspiked urine sample (concentration detection limit:
0.01 P.p.m.), and barium also could not be detected in an
unsoniked vrine szwole (concentration detection limit: 0.1 Dep.m.)
At the 307.56 nm line, the zinc concentration detection limit
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was 1 pep.m., Which is above the normal range of zinc in
urine. A sensitiviiy enhancement of several thousand
times 1is produced by the use of the zinc 213.9 nm line,
but the sensitivity at this wavelengtﬂ is so great that
special precautions have to be taken to prevent zinc
contamination. The concentration detection limit for
antimony in urine was O.4 p.p.m.; this was a consequence
of a noisy output from the antimony hollow cathode lamp
employed. Antimony, and also arsenic, hollow cathode
lamps are well known to have low radiation outputs and
short operating lives. The use of electrodeless discharge
lamps for these two elements will lead to enhancements in
brightness and stability, and thus to improvements in
detection limits and precision. '

In the study of bismuth, no problems were encountered
in plotting a calibration graph with aqueous solutions
of bismuth, but when bismuth standard additions were made
on a urine sample the graph shovn in Figure 28 resulted.

Abs.
/
0.25 A 2
0.20 -+
» » aqueous standards
A ° o standard addition to 20 wul
015 fresh urine 7
1 standard addition to 20}1[
0.10 - 1 3-day old- urine _
0.05 - T , ] -
é ; H"' £ & -

20 40 60 8O 100 ,ng Bj

Fig. 28 Standard addition for bismuth in urine
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The initial additions of bismuth to the urine did not
result in significant increases in absorbance until a
1limit was reached, when the absorbance did increase.

The 1limit appeared to be derendent on the age of the
urine (Figure 28); 1in addition, the measurements on

the 3-day old_sample were 1lessg precise than those in the

fresh sample.

A chemical solution to the problem was sought: the
initicl bismuth solutions used were simple aqueous dilutions
of a 1000 p.p.m. stock solution, prepared by dissolving
Bi(N03)2 in 3% nitric acid. A new 1000 p.p.m. bismuth
stock solution was made by dissolving bismuth metal in
nitric acid, and dilution %o give a final solution which
was 2% in nitric acid. Improved standard addition graphs
were produced when aqueous dilutions of this solution

were used: Figure 29.

Abs.
0.30 o Adqueous
0.25 ] solutions
0.20 : Standard
addition
0.15 - . 2 to 10 pl
0.10 /
0.05 °
A

T 1 4

2.0 4.0 6.0 8.0 100
+ Ng Bi

Fig. 28 Standards not acidified

When the diluted standards were made up in 2% nitric =acid,
and these solutions were used for the stendard addition,
the graph produced was further straishtened: Figure 30.
It was still advisable, however, to use a fresh ﬁrine
sample to achieve an accurate standerd addition.
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Fig. 30 Bismuth in urine - standards 2% nitric acid
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4.3 Anulysis of Urine with Preliminary Solvent Zxtraction

4.3.1 Introduction

It is sometimes found. in analyses employing flame
atomization atomic absorption, that the amounts of analyte
present are below those levels which can be easily determined,
and it then becomes desirable to concentrate the analyte
element. This is often achieved by solvent extraction, a
procedure having the additional advantage of separating
the analyte from possible interferences in the sample matrix.
It is perhaps this factor which is the more important for
electrothermal atomization atomic absorption where
sensitivities (in terms of concentration) will often be
one or two orders of magnitude better <+han those of flame
atomization atomic absorption; even these high sensitivities,
however, may be insufficient for some applications. e.g.
thallium and barium in biological samples.

Solvent extraction will result in increased sensitivity
for the analyte element if the volume of immiscible organic
solvent is small relative to that of the aqueous sample,
and a two- to ten-fold concentration enhancement is often
achieved. The presence of organic solvent is an additional
sensitivity-increasing factor if a fleme is used as the
atom cell (15, 16, 79): organic solvents will maintain or
enrich a flame, raising the flame temperature and thus
ensuring the rapid vaporization of the analyte. The lower
viscosities and suriace tensions of organic solvents
(compared to water) lead to increased aspiration rates, and
the lower surface tension ensures more efficient analyte
vaporization (301, 437). A similar situation does not
arise in electrothermal atomization atomic absorption where
a given quantity of analyte element will result in a certain
absorbance, independent of the solvent employed (6, 42).

The behaviour of various metal chelates in organic extracts
during ashing and atomization in a graphite tube atomizer
has been examined by GomiZ¥ek et al. (177).
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IMethods other than solvent extraction may be employed
to concentrate trace elements. Dvaporation is possibly
the simplest technique and has the advantage that large
amounts of reagents or complicated glassware are not
reguired. It is, however, a very slow prccedure, and
results in an increase in the total solids contents of the
solution; it is best employed for water, mineral acids or
organic liquid samples.

Ion exchange is currently gaining in popularity as a
method of separation and preconcentration in trace element
determinations - particularly in the analysis of water for
ultratrace constituents. There are basically three
different tyres of ion exchange resin: cation exchange,
anion exchange and chelating, and all three have found wide
use in trace element determinations. Many ion exchange
resins have high capacities and large volumes of dilute
solutions can be passed through the ion exchange column with
nearly complete retention of the ionic species; the retained
cations can then be eluted with a relatively small volume
of dilute strong acid, e.g. 2M nitric acid. If a sample
contains large amounts of Na, X, Ca and llg ions then these
may saturate the column, preventing the complete retention
of trace cations. Several workers in the trace metal field
have described the preconcentration of trace elements - with
cation exchange (45), with precipitation ion exchange (522),
with a liquid ion exchanger (531), and with an anion
exchange resin to separate Sn, Cd and Zn from excess Cu (330).

Chelating resins contain functional groups similar
to those in conventional chelating agents and thus are
somewhat more zelective than cation or anion exchange resins.
Since most will not retain alkall or alkaline earth elements,
these resins are extremely useful in the analysis of "real"

samples.,

Dithizone on a cellulose base was synthesised by
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polyamine-polyurea resins have been studied by Dingman et al.(12¢
for the purpose of concentrating trace metals, but

Chelex-100 ion exchange resin, commercially available from
Bio-Rad Laboratories, appears to be the most widely employed

chelating resin. It has been used by Blout et al. (47) for
the trace determination of cobalt, nickel and bismuth, and
by Agarwal et al. (3) for the concentrative extraction of
Cu, Zn. Rb, Sr and Pb from urine. Ridley and Taylor {434)
separated a large number of metals from sea water using
Chelex-100 and found the optimum sample pH to be between
five and nine. The recoveries for T1(I), Sn and W(VI)

were poor, but 90-100% recoveries for Ag, Bi, Cd, Ce(III),
Co, Cu, In, Mo(VI) , Ni, Pb , Re(VII), Se, Th, V(V), Y
and Zn were obtained. Using chelating resins, Biechler (45)
separated Cd, Cu, Fe, Pb, Ni and Zn from industrial waste
water, and Sato et al. (454) separated heavy metals from
estuarine water. Dingman et al. (125) have synthesised a
resin containing dithiocarbamate groups which gave
quantitative retention of Ag(I), Hg(II), Cu(II), Sb{III),
Pb(II) and CA(II), whilst Knapp et al. (273) used a reverse
phase technigue with diethyldithiocarbamates to concentrate
Zn, Cu, Ni, Pb, Hg and Co - quantitatively at pH 4-7.

Descriptions of other preconcentrating techniques have
appeared: Dawson et al. (108) used electrolytic extraction,
whilst Newton et al. (375) simply soaked a tungstean alloy
wire loop in the sample for a scecified period of time;
metal ions concentrated on the surface of the loop which
could then be used as an electrically heated atomizer.

The use of separation procedures for atomic absorption as
applied to clinical chemistry have been reviewed by

Delves (116), but it is solvent extraction which is by far
the most commonly employed method.

In the present study, it was thought that two situations
might arise when it would be desirable to employ a solvent

extraction procedure:
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(2) in heavy matrix samples where the size of the matrix
varied between similar samples, and standard addition was
necesgsary for an accurate result, the use of solvent-
extracted samples and standards might provide a more
satisfactory analysis throughput;

(b) for analyses with the multi-chamnel instrument (451),
separation of the analyte elements from the biological
matrices would be essential, since there was no facility

on the multi-chammnel instrument for simultaneous background
correction.

4.3.2 Requirements for Chelate and Organic Solvent in
Solvent Extraction for Atomic Absorption Spectrometry

(a) Chelate A selective complexant is unnecessary in
atomic absorption spectrometry since the method itself will
impart a high degree of selectivity to an analysis; in
addition a general chelating agent will allow several trace
metals to be extracted simultaneously, and then to be
determined in a single extract. The general chelating agents
most commonly employed in atomic absorontion spectrometry are
listed in Table 17.

Several esoteric chelating systems have been employed
in atomic absorption for a variety of purposes. Russian
workers have used hexamethylene ammonium hexamethylene
dithiocarbamate to extract heavy metals from a sea water
matrix (69, 543), and another group of Russian workers has
employed a diphenyl carbazene - pyridine - toluene system
for the extraction of zZn, C4, Co, Cu and Ni (62), whilst
Japanese workers have favoured high molecular weight amines
for various extractions, e.g. cadmium (539) and lead (182).
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Table 17 General Chelatine Azents usced in A.A.S.

Compound Metals Commonly Extracted Reference

1,10-phenanthroline Fe, Co, Cu, Zn, €4, Pbh,
¥Mn, Ag 457

cupferron v, Ti, Cu, Mn, Fe, Ni 114,368,509

8-hydroxyquinoline Al, alkaline earths

(oxine) + others 81,96,342,450
dithizone Ag, Pb, Cd, Zn, Cr 442,449,453,595
acetylacetone

(AcAc) transition metals 388

sodium diethyldithio-
carbamate (NaDDC) Pb, Cu, Fe, ln, Te 380,453

ammonium pyrrolidine Cu, Pb, Cd, Co, Mn, Fe,
dithiocarbamate Ni, Bi, Z2n, As, Ir, P4,
(APDC) P, Se, Te, T1, Mo, V, Cr 293,368

Not all extractions are based on chelate formation
and a few metals can be extracted directly as their halide
complexes from strongly acid solutions. These extractions
may be very selective, since many common elements will not
be extracted at all, Under appropriate conditions and with
a suitable organic phase the following metals may be extracted
as halides: PFe(II), Ga(III), In(III), T1(III), U, Au, Pb,
Hg, €d, Cr(III), Sb(V), Ti(III) & Mo(vI) (168,253,388, 423).
Halide extractions may be used either to concentrate the
analyte metal or to remove a large excess of matrix element.

(b) Organic Solvent Tor atomic absorption determinations

involving direct aspiration into a flame, the sclvent
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employed should support, or at least not extinguish, the
flame. It should be of a suitable viscosity and not be

too volatile, and it should not give unpleasant pyrolysis
products [e.g. chlorinated solvents may give phosgene (297),
though on occasions these solvents have been used (178)] .

In addition it should not contribute adversely to the back-
ground radiation. 4-methylpentan-2-one (commonly called
methyl isobutyl ketone, MIBX) is a popular choice of
solvent in atomic absorption analyses, and is commercially
available in a specially purified form of low metallic
content. The solubility of MIBK in water (20 emS/dm> at
250C) is too great to allow very large concentration

factors, and heptan-2-one (methyl n-amyl ketone) would be

a suitable alternative. A third choice, heptan-3-one is

4.5 times less soluble in water at 25°C than MIBK, and will
extract metal chelates equally well, but the lower efficiency
of nebulization of heptan-3-one may be a drawback (148).
Acetone (347) and ethanol (311) have also been employed in
some instances, and various solvents have been used for
given determinations (96, 103, 153).

There are no special requirements for the solvent in
electrothermal atomization atomic absorption spectrometry,
and in addition to those solvents normally employed for
flame work others such as chloroform, carbon tetrachloride
and benzene have been used (6). The solvent may be selected
on the basis of its extraction properties, but the require-
ment of solvent purity will be stringent. Insufficiently
pure solvents could be purified by simple distillation or by
sub-boiling distillation (section 2.4).

Since APDC and NaDDC, together with MIBK, have been
extensively used for solvent extractions in atomic
absorption analyses, and since they are all commercially
available in purified form from a number of chemical
suppliers, they were selected for study in the present work.
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4.3.3 The APDC/MIBK and 1HaDDC/MIBK Extraction Systems
Descriptions of the chelating ability of APDC (336, 511)

" coincided temporally with the pioneering work of Walsh (562) on

atomic absorption spectrometry (562), and the early workers

with atomic ahsorption were quick to realise the useful-

ness of an APDC/MIBK extraction (155, 342, 575); this

extraction system has also found application in emission

spectroscopy (560).

APDC, the abbreviation of the commonly used term
ammonium pyrrolidine dithiocarbamate (which should
more correctly be called ammonium l-pyrrolidinecarbo-
dithioate), will react with over thirty metals, mainly in
acid media (336). Applications of the extractions are
numerous, but few systematic studies appear to have been
made on the extraction variables, stability constants and
efficiencies of APDC chelates. Standard works on solvent
extraction (367, 509) usually have only a brief mention of
APDC or NaDDC.

Slavin (493) and Sprague and Slavin (506) give some
data on APDC, and a paper by Mansell (341) gives much
useful information. Lakanen (293) performed a systematic
study of the extraction of several metals over a wide pH
range with APDC, Though he employed chloroform as the
organic phase, much of his data should apply to MIBK
extractions. Koirtyohann and Ven (278) reported the pH
dependence of the extraction of Cu, Pb and Zn with the
APDC/1IBK system. Wyttenbach and Bajo (593) studied the
extraction of fourteen metals with WaDDC into chloroform,
and Kinrade and Van Loon (263) have made a detailed study
of the extractions by both APDC and NaDDC.

4 summary of the pH levels at which several metals
have been reported to be successfully extracted with APDC-
or NaDDC into IIITY or chloroform is ziven in Table 18.

I+ is well known 2t the quantity of metal extracted by
a chelating ager: .3 strongly dependent on the pH of the
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solution (367,509), bubt it is nol widely realised that
chelating agents will often alter the pH of the solution
to which they are added. The use of a buffer solution is

often advisable.

Chromium solutions can be extracted only if they are
first heated to boiling pcint and then allowed to cool,
before extraction is carried out (342). The extraction
efficiency of manganese is dependent on the APDC
concentration; none will be extracted if the APDC
concentration is low (341).

Table 18 Extraction of APDC and NWaDDC Chelstes

APDC NaDDC

Metal pH Extracted Reference pH.-Extracted Reference
T1 3-10 81,293 8-11 453
Cu 2- 8.5 293, 341,368 3.6,8-11 380,453
Pv 2- 4 293, 341, 368,

o275 3.6,8-11 380,453
ca 1- 5 293,341,368 g8-11 - 380
Co 2- 4 293, 341,342,

368 3.6,8-11 380,453
Mn 3--4 293, 341, 342,

368 3.6 380
Fe 2~ 5 293,368 3.6 380
Ni 2- 4 293, 341, 342,

368 3.6,8-11 380,453
Mo 4 293, 342, 368 - -
v 4 81,293, 342,

368 6 453
Bi 1- 6 293,341 g8-11 453
Zn 2- 6 293, 341, 368 3.6,8-11 380,453
Cr 3- 9 342,368 3.6 380
Ag 1-10 293 8=11 453
As 2- 6 368 6 453
Heg 2- 4 353 8-11 453
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4.3.4 Extraction of Truace letals from Urine

Though nunmerous papers have detailed the application
of APDC and UaDDC extractions to various analytical
problems, and several workers have studied the pH
devendence of these extractions from simple matrix
solutions, there are few published studies on the equivalent
extractions from urine or blood. In practical analyses it
is also important to establish that extraction efficiencies
are the same for standards as for samples (369).

Kubasik and Volosin (284) adjusted aliquots of a
pooled urine sample to pH values between 1 and 12 and then
measured the extraction of added amounts of lead, cadmium
and thallium with NaDDC. Their experimental results are
shown in Figure 31; they recommended a pH range of 3-7 for
the simultaneous extraction of the three elements.

Abs. NaPDC/MIBK

Lead

Thallium

.3- - - Cadmium

Fig. 31 Extraction of metals from urine

An investigation of the extraction -~ pH relationship
fer several metals in urine was undertaken, using both the
APDC/IIBK and NaDDC/MIBK extraction systems. An initial
study using lead served to establish an optimum orerating

procedure,
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The extraction of lead from urine with APDC/MIBK
over the pH range 1-12, carried out with adjustment of
pH prior to addition of APDC, and vice versa, is shown
in Pigure 32,

0.44 %
(0]
(&
C
3
0'3"6
(7]
0
<
APDC added first
0.24
014
pH adjusted
first
2 4L 6 8 10 12 pH>

Fig. 32 Extraction of Pb from urine with APDC/MIBK

Urine is a strongly self-buffering medium, and standard
buffer solutions were inadequate in adjusting its pH
outside the range 6.0 - 8.0; consequently nitric acid
was added to achieve low pHs. and sodium hydroxide
solution was added to give high pHs. The effect of
different acids (unitric, formic and acetic) was also

- investigated. and is shown in Figure 33

Figures 32 and 33 were obtained from analyses of
the MIBK layer by graphite furnace atomization atomic
absorption, though fleame atomization could have been
used equally successfully. In view of the considerable
gains in ease of operation and speed of analysis, flame
atomization atomic absorption was enployed for the
remaining work in this section.
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Fig. 33 Effect of different acids on extraction

The extraction ¥vs. pH curves for lead with APDC and
NaDDC in the pH range 2-12 are given in Figure 34,
0.4 -
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o
a4 - v

2 A 6 8 10 12 pH—>
Fig. 34 Extraction of lead from urine
Since APDC extracts metals mainly from acidic media, for

the other metals studied the only pH adjustments employed
were those giving lower pHs.
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The proceduvre adopted for Pb, Cu, Bi, Wi, Co, Cr, TFe,
I'n, Cd, %1, Zn, Li, Mg, As and Sb was to take a 20 cm3
aliquot of suitably spiked urine, adjust its pH with nitric
scid, add1.0cm>1 APDC or 1% NaDDG solution and 5.0 cm> WIBK,
shake the mixture and centrifuge (both for fixed periods of

3

time). Using 5 cm” MIBK this procedure gave sufficient
clear extract for nebulization, but the use of 2 cm3 LNIBK
gave a viscous extract, though this problem could be over-
come by an initial extraction of the urine sample with
MIBK. The solutions of APDC and NaDDC were prepared fresh
daily, because of the instability of APDC solutions.

Jenne and Ball (240) have recommended an initial extraction
of APDC solution with MIBK to remove water-insoluble
components and to reduce the content of trace metal
impurities. They found that APDC solutions treated in this
way could be kept for several weeks under refrigeration
provided that a sufficient excess of APDC was used to
compensate for the slow decrease in its chelating capacity.

The extraction vs. pH curves for Cu, Pb, Fe, Cd, T1,
Zn, and Hg are given in Figure 35, and from these the
optimum pH range for the extraction of each element may be

selected.

The extraction of several elements from a single sample
has been considered by a number of workers. A few descriptions
of the sequential separation of trace metals have appeared:
Delves et al. (118) used a six stage extraction procedure
for the determination of eleven metals in small samples
of blood, whilst Korkisch and Sorio (281) used an initial
preconcentration step followed by adsorption on an ion
exchange column and szelective elution to give separation
of Cd4, Co, Cu, in, Pb, U and Zn. A simultaneous separation
of trace elements has more obvious advantages,and solvent
extraction systems suitable for this have been studied in

some detail.,
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Fig. 35 Extractions from urine
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Montford (366) compared six chelating agents and six
organic solvents for extracting metals, and recommended
that samples a2t pH 2 be extracted with NaDDC into MIBK,
for the determination of Fe, Co, Cu, Cr, Mn and Ni.
Montford found that dithizone formed an extractable
complex only with copper, although Sachdev and West (449,
450) have reported the extraction of Ag, Cd, Co, Cu, Ni, PDb
and Zn with dithizone at pH 7.5 into ethyl propionate. A
more recent study by Appleby and Savory (23) involved the
conparison of four chelating systems for the extraction
of cd, Se, Ag, Rb, Zn and Fe from serum; +the APDC/MIBK
system was chosen as being the most efficient. A further
study from the same laboratory (300) involved the ashing
of serum in a low temperature asher, dissolution of the
serum ash in pH 4 buffer, and extraction with APDC into
MIBK; +this procedure was suitable for the simultaneous
extraction of Se, Cr, Fe and Zn.

Most workers have in fact employed extractions based
on APDC or NaDDC for multi-element separations. Willis (575)
was an early advocate of the extraction of heavy metals
from urine, and emvloyed an APDC/methyl n-~amyl kebone system
for the simultaneous extraction of Pb, Hg, Bi and Ni at
pH 3-4; he pointed out that urine samples preserved with
acetic acid are at this pH. Goulden et al. (183) combined
an APDC/MIBK extraction at pH 3 for the extraction of Cu,
Zn, Fe and Cr from natural waters with an automated
extraction system; this instrumental system was later
improved by Pierce et al. (417). The APDC/MIBK system has
been apnlied to sea water samples by Brooks et al. (59) -
at pH 4 , and by Kremling and Petersen (283) - at pH 3~4 —
for multi-element extractions.

Nix and Goodwin (380) extracted Fe, In, Cu, Co, Ni,
Cr, Pb and Zn simultaneously from natural waters with
NaDDC/¥IBK at pH 3.6 using a vphthalate buffer. An extraction
system based on NaDDC and a mixture of butan-l-o0l and
4 methylpentan-2-one has been employed by Jones et al. (243)
for the simultaneous extraction of Co, Cr, Cu, Fe, Im and

Zn from sea water adjusted to pH 55. N2DDC and MIBK were
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used by Olzen and Sommerfeld (392) to extract In, Cd and
Pb from water samples at pH 3.5, but for storage of the
samples the chelates were then back extracted into
acetone - hydrochloric acid solution. Tweeten and Knoeck
(545) employed a KaDDC/iscamyl alcohol extraction system
to preconcentrate Zn, Cu, e, Pb, Cd and ln from water
samples adjusted to pH 2.3 - 4.0 with hydrochloric acid,
but found that only copper was extracted quantitatively;
the other metals were extracted with an efficiency greater
than 90%, except manganese for which the recovery was
only 59.6%.

Kinrade and Van Loon (263) have made a detailed study
of solvent extraction systems for flame atomic absorption
spectrometry. For all the nine chelating agents they
examined satisfactory extraction of Ag, Co, PFe, 1n, Ni,
Pb, Zn, Cd, Cr, Hg and Mo could not be obtained at any one
pH value, though APDC showed the best extraction -
characteristics. They found a combination of APDC with
NaDDC for extraction into MIBK gave the best:range of pHs
over which most of the elements examined could be
extracted. At pH 3-6 Cd. Co, Cu, Fe, Ni, Pb and Zn could
be extracted simultaneously; silver was also extracted if
the narrower pH range 4.5 - 6.0 was used. The use of
citrate buffer was recommendzd for its stability and non-
interference in the extraction process. The addition of
NaDDC was found to have a stabilizing effect on all of the
metal complexes, At pH 5.0 the distribution ratios for
the metal complexes of APDC with NaDDC were: Ag 1800,
cd 2500, Co 8000, Cu 5000, Fe 2800, Hi 4200, Pb 2300 and
Zn 160.

From the results of the present work, and with
consideration of the data of Kinrade and Van Loon (263),
it was possitle to formulate an optimiged multi-element
extraction suitable for urine (ard vossibly other matrices):

take 10.00 cm3 ugine, adjust pH to 4.0 with nitric

acid, 26d 0.5 cmo (1 AFDC + 17 1addC), end 2.0 emd
NIBK, shake the mixture and centrifuge. Carry out

analyses on ‘the clear upper layer.
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This extraction system was found to be suitable for the
simultaneous extraction of Cu, TFe, Pb, Cd, T1, Zn, g,

i and Co. Chromium, manganese and lithium were not
extracted by this system at pH 2.0 - 8.0. Chromium forms
the very stable hexahydrate complex Cr(H20)63+, and if
chromiun were to be determined, the sample solution . would
have to be first heated to boiling and then allowed to
cool (342), The reason for manganese not being extracted
was probably an insufficient concentration of APDC (341).
The analytical sensitivities for Bi, Sb and As were
insufficient to assess the extraction system for these
elements, though it is probable that antimony is extracted
(342).

4.3.5 BSolvent Extraction and Electrothermal Atomization

Few studies have appeared on the behaviour of extracts
of metal chelates in electrothermal atomization atomic
absorption. Aggett and West (6) applied a carbon filament
atomizer to the solvent extracts of five trace metals from
aqueous solutions - using four organic solvents and five
chelating agents. They envisaged that the organometallic
species might sublime from the filament in molecular form
rather than undergo atomization, but in fact the behaviour
of the organometallic systems was virtually identical to
that of aqueous solutions of the metals. Gomiscek gt al.
(177) studied the phenomena occurring during the atomization
of metal tetramethylenedithiocarbamates in a graphite tube
furnace, and found that a temperature of 100°C would
vaporize the solvent, whilst temperatures of up to,330°C
resulted in-decomposition of the chelates - to metal
sulphides in the oresence of argon. Iost metal sulphides
would be stable up to 110000, allowing ashing up to this
tenmperature to be employed, but since lead and cadmium
sulphides are volatile, these elements would be lost at
temperatures much lower than 1100°¢.
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A paper by Dudas (132) ocutlined the effect of drying
paraneters on the atomic absorption signal from APDC/LIBK
extracts of cobalt and nickel, HWe found that drying at
temperatures above 50°C immediately after sample injection
resulted in reductions in the absorption of cobalt and
nickel, and recommended that a time lapse of two minutes
or more should precede the drying stage, in order +to
achieve maximum absorption signals. The slow drying by
evaporation apparently allowed the organic extract to
spread in the graphite tube to a greater extent. Various
delay times were tried with the present equipment, using
an MIBK extract of lead APDC (Table 19), but no significant
difference in absorption was found. ‘

Table 19 EBffect of Time Delay on Atomic Absorption
Signal of Tead APDC

Delay Absorbance
0 s ) 0.203
30 s 0.200
1 min 0.205
2 min 0.210

The disparity between these results and those of
Dudas may be due to the use of pyrolytically treated
graphite tubes and untreated tubes, respectively.
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Chapter 5.

TRACE METAL AWALYSIS 0P LIVER

5.1 Introduction

Electrothermal atomization atomic absorption offers
the possibility of direct analysis of liver tissue.'
Lundgren and Johansson (315) have described a graphite
furnace design similar to that of L'vov (section 3.2.1)
in which samples of heart and pancreatic tissue were placed
on a carbon cup electrode in the side of a carbon tube
furnace, and then dried for 1 minute, ashed (sometimes in
the presence of air) for 3 minutes, and atomized. The
sample size was limited to about 200 pg; larger samples
gave excessive non-specific absorption from the salts
present in the tissue. Pickford and Rossi (415) used solid
sampling combined with graphite tube atomic absorption for
the determination of Ag, Cu, Pbp and ¥n in N.B.S. Bovine

Liver - a freeze-dried sample. Four or five milligram
samples were used, but it was found necessary to employ a
standard addition technique.

The analysis of solid (wet and dry) tissue samples in
electrothermal atomization atomic absorption will be subject
to interference from non-specific absorption - hence back-
ground correction is essential - and also matrix effects -
with the need for a standard addition procedure. It was
thought that a preliminary destruction of the organic matrix
of tissue sampnles might reduce these problems, and have the
additional advantage that the szmple would be in ligquid form

and hence easier to handle.

Dry ashing and wet ashing are the most widely used
-methods for the destruction of organic matter.

Dry oxidation at low temperatures (<100°C) involves
activated oxygen radicals produced in a radio-frequency
discharge. First introduced by Gleit and Holland (172), the
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technique has been described by Gleit (171) and by Backhaus
(28). Commercial instrumentsation is now available and the
technique is likely to find wider application in the future,
especially for determinations of As, Se, Cd, Ge and Sn.

A seventy-fold concentration enhancement for wet tissue is
achieved, but the method is slow and may involve ashing
times of up to 2 days for a 5g sample, Its use in the
determination of beryllium, cadmium and tellurium in animal
tissue has been documented (307).

In dry oxidation at high temperatures (400 - 7OOOC)
the organic matter is decomposed in the presence of atmos-—
pheric or introduced oxygen. This is a relatively simple
technique which can accommodate large samples and does not
require the addition of (contaminating)reagents. It has the
disadvantage that loss of trace elements can occur through
volatilization, or through retention on the walls of the
ashing dish or in the acid-insoluble fraction of the ash (555).
Ashing aids may be employed to combat these sources cf error.

Wet oxidation is a relatively low temperature oxidation
carried out by oxidising agents in solution. Oxidising
acids (nitric, sulphuric and perchloric in different
combinations, and with modifications for special purposes)
or alkalis (e.g. gquaternary ammonium hydroxides) may be used.
It is a rapid technique, and although volatilization losses
are not entirely absent, they are lower than in dry ashing
at high temperatures. The major disadvantage is the
possibility of contamination from the large excess of
reagent employed. The use of acids in wet oxidation is well
documented (181)., Hydrogen peroxide may be used as an
oxidising agent. either in conjunction with acids (129), or
on its own (119). The use of quaternary ammonium hydroxides
as tissue solubilisers was introduced relatively recently (235).

Middleton and Stuckey(354), Gorsuch (181), Thiers (524)
and O'Haver (388) have prodﬁced comprehensive comparisons
of the recoveries of elsments by different sample vreparation
techniaues. The selection of a particular procedure for a

given analytical problem may be restricted by the conflicting
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recommendations which are often found in the original
literaturc. Comparative siudies have been carried out to
find the optimum ashing vprocedure (169, 170, 230, 316).
The usefulness of any particular technigue must be gauged

by actuslly applying it to a given problem (316G).

5.2 Digestion with Nitric Acid and Sulphuric Acid

5.2.1 Introduction _

The three most popular acid digestion mixtures, viz.
HNCB + HClO4, HHO3 + HC10, + HZSO4 and HNO3 + HZSO4, were
applied to the digestion of liver tissue, but the nitric
acid/sulphuric acid mixture was sclected on considerations
of safety and ease of operation. This is probably the
most widely used mixture of oxidising agents, and many
elements are said to be recovered satisfactorily by +the use
of this mixture - including Zn, As, Cu, Co, Ag, Cd, Sb,
Cr, Mo, Sr and Fe (181).

5.2.2 Digestion Apparatus and Procedure

Although open flasks are often employed for wet
digestions, it is sometimes preferable to use a closed
system to prevent the loss of volatile elements. Such a
system has been described by Gorsuch (181), and a very
similar set-up was used in the present work. Other systems
have been describod (528, 529), and a novel approach by
Koirtyohann and co-workers (1) was to place an encapsulated
mixture of sample and digestant inside a microwave oven -
the internal heating of the mixture gave rapid, safe and
efficient ashing of the sample.

The apparatus used in this study is illustrated in
Pigure 36. It is similar to the system proposed by the
"Petroleum and Related, K Compounds" Subworking Group of the
Community Bureau of Reference (91) for the acid digestion

c¢f single cell protein. The apparatus employs commercizlly
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avolilable components, and is designed to allow refluxing
or distillation of the digestion mixture. Distillation
will separste the acild mixtures, the comvonents of which
can then be recombined in the digestion flask. A single-
necked flask was actually employed, but if a two- or
three-necked flask is used it is possible to control the
lengths of the distillation stages by monitoring, with

a thermometer vpositioned in one of the necks, the temp-
erature attained by the reaction solution. This can be
especially useful with mixtures containing perchloric
acid. Most elements will be Tretained during a digestion
in this apparatus, and even the very volatile elements
such as selenium should be retained by the scrubbing
action of water placed on the coarse sinter.

Wihen the digestion apparatus was first assembled, it
was cleaned by boiling water in the flask until steam rose
throuzh the apparatus and issued from the top. After each
digestion the apparatus was cleaned by boiling nitric acid
in the flask.

The procedure adopted for the digestion of liver was
to weigh a 2g sample of the wet homogenrnized tissue into

3

Aristar sulphuric acid was

the digestion flask. The digestion mixture of 10 cm
Aristar nitric acid and 3 cm3
then added to the liver. The mixture was refluxed for one
hour, with 10 cm3

and with coolant water flowing through both ccndensers.

distilled water placed on top of the sinter

After one hour the lower condenser was drained and further
heating of the mixture distilled the nitric acid into the
reservoir. Heating was continued until white fumes of
sulphuric acid appeared, when the heating was stopped and
the nitric acid was drained into the digestion flask. The
complete procedure was repeated until the sulphuric acid
digest reached a pale straw colour which indicated complete
digestion, The liver digest could be collected in two ways:
either the nitric acid and sulphuric acid fractions could
be separated and traznsferred to separate volumetric flasks,
or the two fractions could be combined in the digestion
flask and then transferred to one volumetric flask, before
making up to volume. The latter procedure was adopted.



The digestion procedure worked reasonably well,
though the hot plate used was not sufficiently powerful
to effect complete separation of the nitric and sulphuric
acids. During the course of a digestion the water placed
above the sinter gradually drained down the apparatus.

The digestion method was examined by taking standard
copper solutions through the entire procedure: recoveries
of 100 I 4% were obtained.

5¢2.3 Analysis of Acid Digest of ILiver

A single acid digest of a "normel" liver sample was
used to establish working methods for the determination
of Cu, Pb, Mn, Cd, Ag, Cr, Al, Ni, Li, Co and Ba. The
digest of approximately 2 g liver with 10 cm3 nitric
acid and 3 cm3 sulphuric acid was diluted to 25 cm3 with
distilled water. This solution is referred to as "the
digest", and wes further diluted for the determination
of some elements. For each element the instrumental
conditions listed in Table 12 were employed, and a ramp
ashing step was incorporated into each analytical
programme - the maximum ashing temperature for this step

is given in Table 20.

Standard additions were carried out on suitable
dilutions of the digest and acid blank for each element
listed in Table 20; +this table lists the volumes and
dilutions used, and the matrix effects observed. Some
standard additions were carried out using standards made
up in an acid matrix equivalent to that in the sample.

A very noisy signal was given by the cobalt hollow
cathode lamp employed, and it was difficult to distinguish
the cobalt signal from the noise. Using ashing up o
65000., no cobalt signal could be detected from up to
50 pl of 10x diluted digest. 20 pl samples of the digest
gave detectable signals, but the results were not reliable.
Barium could not be detected in cither the digest or the
acid blank.



Tavle 20 Analysis of Acid Digests of Iiver
Element Max. Ash Standards Sample
Temp./°C Vol. ~Dilm.

Cu 1100 agueous 5 pl 10x
1100 acid 5 1l 10x

Pb 400 agueous 5 pl 10x
630 agqueous 5 pl 10x

630 acid 5 ul  10x

630 acid 5 rl 20x

Mn 650 aqueous 5 ul  10x
cd 440 agueous 5 upl 20x
440 acid 5 upl 20x

Ag 440 agueous 10 pl 10x
440 acid 10 pl 10x

Cr 400 agueous 10 pl  20x
Al 1100 agqueous 5 pl 20x
Ni 625 agueous 10 pl undil
Li 625 agueous 10 pl undil
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1.0
2.3
1.07

1.11
1.79

1.44
1.2
1.0

1.0
1.28
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Acid digestions were carried ouft on four human liver
samples and duplicate samples of N.B.S., Bovine Liver with

the help of R.C. Henson, a third year undergraduate
student. The digests were snalysed for Cu, Fe, ¥n, Cr,
Pb and Cd, uvsing the methods outlined above. Since the
matrix effects present in samvnles suvitably diluted for
the determinations of Cu, Ie, In and Cr were virtually
unity, the concentrations of these elements were
determined from aqueous calibration graphs. For lead’
and cadmiun determinations the samples could not be
diluted sufficiently to reduce the maetrix effect present
to unity, due to the low levels of these elements in the
samples. Standard addition procedures would be necessary
for accurate analyses of lead and cadmium, but there was
insufficient time to carry these out. A blank correction
was made to all the analyses, and the results obtained
are given in Table 21.

Table 21 Analysis of Human Liver for Cu, Fe, Mn and Cr

Sample Concentration / p.p.m. (fresh weizht)

Cu e Mn Cr

296/75 - (1) 10.5 211 1.6 1.6
" - (2) 10.6 200 1.6 1.5
297/75 6.0 237 0.8 4.1
298/75 - (1) 7.1 189 0.7 1.9
" — (2) 7. 189 0.6 200
299/75 - (1 10.5 137 1.1 1.9
" - (2) 8.1 158 0.7 1.8

The results in Table 21 are in satisfactory agree-
ment with literature values of the concentrations of these
metals in liver (fresh weight basis): Cu 3-15 p.p.m.,

e 90-300 vD.p.Mey ¥nawl p.p.me 2nd Cr~0.2 D.P.Mo

The concentrations determined in duplicate analyses
of N.B.S. Bovine Liver were: Cu 201, 197 p.p.m.,

Im 7.2, 7.0 vepem. and Cr 1.9, 1.8 p.p.m., which are in
fair agreement with the certificate values: Cu 193 £ 10 p.p.m.,
and Mn 10.3 * 1.0 p.p.m.
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5.2.4 Conclusions

Digestion of liver with a nmixture of nitric acid
and sulphuric acid, followed by analysis of the digest
by electrothermal atomization atomic absorption specirometry,
is 8 satisfactory procedure for the determination of many
trace metals in liver. ITf the matrix effect present in
the sample is unity, or close to unity, then elemental
concentrations can be obtained by comparison of the
analytical signals with an agueous calibration graph.
Por larger matrix effects, the use of standard addition
procedures will be essential if accurate analyses are
required. In general, metrix effects are reduced by raising
the ashing temperature and by increasing the dilution of
the sample. TFor ashing temperatures of 625 - 110000,
e.g. Ni, Mn, Cu and Al, the observed matrix effects are
close to unity, whilst for lead increasing the ashing
temperature from 400 to 63000 reduced the matrix effect
from 2.3 to 1.17. A two-fold increase in dilution -~ from
10x to 20x - reduced the lead matrix effect from 1.17 to
1.07.

The use of gstandards made up in an acid matrix
matching that in the samples gave no benefits in the form
of reduced matrix effects or ease of calibration. The
procedure was actually complicated by the level of analyte
present in the acid blank. For cadmium, althousgh the
matrix effect was reduced when acid solutions were used
(Table 20), the precision of the measurements made with
acidified standards was not as great as the corresponding
measurements with agueous solutions.

The levels of analyte elements in the acid blanks
were hirsh. Tor equivalent dilutions of the liver digest
and the acid blank, the signal ratios observed were:

Cu 76.9, Pb 1l.65, kn 2.09, Cd 5.54, Ag 3.25, Al 7.28,

Ni 2.68 and Li 3.60. These ratios reveal that - except
for comner - any error in measurinz the blank siznel will
have a large effect on the accuracy of the analysis.

A sampie : blank signal ratic of 10 ¢ 1 would be satis-—
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factory, but to achiecve this further purification of the
reagents would be necessary. Sub-boiling distillation
(section 2.4) would be a salisfactory method for purifying
acids. An alternative approach would be to use a simpler
procedure, as has been described by Segar and Gilio (482).
In order to reduce contamination during wet ashing these
workers used nitric acid alone in pure fused silica flasks.
Each digestion, however, took several days to complete.
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5.3 Digestion with Tetramethyl Ammonium Iviroxide

5.3.1 Introduction

Alkaline digestants such as tetramethyl and tetraethyl
ammonium hydroxides were originally employed in liguid
scintillation counting (194), and 2 commercial product -
Soluene-100 - was specifically formulated for use with
toluene and xylene based scintillation counting solutions.
These digestants have also found application in the gas
chromatograrhic analysis of tissue samples and more recently
have been applied to sample preparation prior to atomic
absorption spectrometry.

Jackson et al. (235) employed Soluene-100 for the
determination of Z2n, Cu, Fe and Mn in animal tissues by
flame atomization atomic absorption, and found that the
preparation of the tissue samples was fast, with minimal
handling, sample loss and contamination. TIuyten et al. (316)
evaluated Jackson's (235) method, and found that it save
good results for the determination of copper and zinc in
human brain, but they were unable to dissolve fish meal
with the Soluene-100. Soluene-100, which is tetramethyl
ammonium hydroxide (TMAH) in toluene, was also employed by
Kaplan (252) for the digestion of rat lungs prior to the
determination of cadmium, nickel and zinc. MNurthy et al.
(371) used an aqueous solution of TMAH to digest rat liver,
rat kidney and rat hair samples, and analysed the resulting
homogenates for Zn, Cu, Cd and Pb by flame atomic absorption.

More recently graphite furnace atomic absorption has
been employed in the analysis of THAH digests. Gross ancd
Parkinson (187) analysed liver and other tissue digests for
Cu, Pb, Zn. Cd aad Mn, and with N.B.S. Bovine Liver achieved

good agreement with the certified results (except for coPper).
Barlow and Khera (31) employed the commercial product
Soluene-350 for the digestion of placental and liver tissue
prior to the determination of lead.
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5.3.2 Digestion Procedure

Sam»les of liver (approx. 10g) were homogenized in
a rotary homogenigzcr for five minutes. No water was
added to the samples, and if not required immediately they
were preserved by freezing. Two grams of freshly homo-
genized sample or mixed thawed sample (394) was weighed into a
3 tetramethyl ammonium hydroxide solution
(25% w/w, Hookin & Williams Ltd. or B.D.I. Chemicals Ttd.)

was added. The mixture was left for several hours at room

beaker and 5 cm

temperature to effect dissolution; higher temperatures
increase the dissolving power of the TilAH (31). The
resultant solution was diluted to 25 cm3 with distilled
water in a volumetric flask. The final solutions varied
in colour from dark brown to yellow.

5.3.3 Analysis of TMAH Digest of Liver

The 25 cm3 of solution obtained from the digestion
procedure is referred to as - "the digest"; this digest
was further diluted for the determination of some elements.
The instrumental conditions for the elements - ln, Cd, Ag,
Cr, Al, Ni and Li - determined in the digest were those in
Table 12. A ramp ashing step was incorporated intc each
analytical programme, and the maximum ashing temperatures
used are listed in Table 22,

Standard additions were carried out on suitable dilutions
of the digest and THAH blank, for each element.
The volumes and dilutions used are listed in Table 22,
together with the size of the matrix effects observed.

5.3.4 <Conclusions

Solubilization of liver tissue with TMAH is a simple,
rapid and convenient method for the preparation of this
material for analysis by electrothermal atomization atomic
absorption. For elements which can be ashed to 600°C or
above e.g. lin, Al, Ni and Li, the residual matrix effect
is low - even for an undiluted digest - and probably could

be ignored in routine analvazis., The rore volatile elements
24 3



Table 22 Analysis of TMAH Digests of Liver

Element Max. Ash Sample Blank

- Temp. /°C. Volume DIIE%EBh Matrix  Volume Dilution Matrix
Min 650 . 5 pl 10x 1.02 10 ul 10x 1.02
cda 440 5 pl 100x 1.41 10 pl 10x 1.41
Ag 440 5 pl 100x 1.21 5 pl 100x 1.21
Cr 400 10 pl 100x 1.64 10 pl 10x 1.19
Al 1100 10 pl 1000x 1.11 10 pl 500x 1.11
Ni 625 10 pl  undil 1.07 10 pl  wndil  1.07

Li 625 10 u1  undil 1.21 10 p1  undil 1.04

- LET -
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c,g. Cd., Az and Cr are subject to more severe matrix
eiffects; possibly higher ashing temperatures could be
employed, but accurate analyses for these elements will

only be achieved by employing standard addition procedures.
The analysis of TiAH by standard addition for each

element shovied that there were significant amounts of each
element present (Table 23).

Table 23 Trace Metal Content of TIAH

Elenent Concentratiorn/p.p.m.

Cu 0.6

Pb 0.6

Mn : 0.015

Cd 0.03

Ag 1.90

Cr 0.19

Al 50

Ni 0.05

Ii 0.1

Murthy et al. (371) do not mention TMAH blanks in
their study, while Xaplan (252) ran reagent blanks. but
did not report any values. Jackson et al. (235) analysed
reagent blanks and found that only zinc gave a measurable
signal. These three workers employed flame atomic
abzorption, but the workers with the more sensitive electro-
tnermal atomization technigues - Gross and Parkinson (187)
and Barlow and Khera (31) - make no mention of reagent blanks,

Prom the present study it is apparent that the levels
of metallic contaminants in commercial THAH can be
considerable. For eguivalent dilutions of the liver digest
and the TMAH blank, the signal ratios observed were:
¥n 2.7:1, Cd 12.5:1, %g 1.35:1, Cr 2.22:1, Al 4.03:1,

Mi 1.30:1 and Li 1.7%:1. For results of the greatest

accuracy it will be Lﬁcessary to purify the TMAH, Probably
the most effective wuy of achieving this will be to solvent
extract the metallic contaninznts, e.s., with cupnferron into

ott—

chloroform.
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MATRIX MODITICATION

6.1 Introduction

An important feature of electrothermal atomization
atomic absorption is that vpretreatment of the sample is
unnecessary in many instances., Prior to the atomization
stage 1t is often sufficient to employ drying and ashing
steps to rcmove solvent and matrix constituents.
Occasionally, however, analyses will be met where the
relative volatilities of analyte and matrix are such that
the matrix cannot be completely removed before a temperature
is reached which is sufficient to effect partial atomization
of the analyte element. This situation is especially likely
to occur in the analysis of biological materials or in the
determination of very volatile elements such as Se, Te, Cd,
Hg or As. Modificaticn of the matrix by chemical agents,
either to the sample solution or directly to the sample
aliquot in the furnace, is a means of overcoming the
problem (141), and will be effective either by increasing
the volatility of the matrix constituent(s) or by decreasing
the volatility of the analyte element.

6.1.1 Matrix Modification to Increase Volatility of Matrix

This techinique is well illustrated by the determination
of copper in sea water by Ediger et al. (142} where the
addition of ammonium nitrate solution produced a reaction
with the sodium chloride present in the sea water.

NaCl + NH4NO3 — Na£03 + NH401’

and ashing temperatures of less than 500°C resulted in the
products volatilizing out of the furnace. Sodium chloride
has been shown by Adams gt al. (2) to exhibit considerable
molecular absorption in the hot graphite tube over the
wavelength range 190-360 nm, whilst sodium nitrate produces

no molecular absorpiion over the same wavelength range.
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Thus any residual sodium nitrate should not give a (molecular
absovrption) matrix interference. If the matrix constituents
of a sample are knovn, then it may be possible to predict
chemical reactions which would give products showing low

molecular absorption at the analyte wavelength.

6.1.2 HMatrix Modification to Decrease Volatility of Analyte
Element.

The addition of nickel solutions t0 samples contzaining
selenium, tellurium or arsenic will result in the formation
of relatively involatile compounds in the furnace, and
ashing temperatures higher than would be normal for agueous
solutions of these elements may be employed (141). Copper
may be used instead of nickel, since it will form similar
stable compounds.

The addition of ammonium fluoride, sulphate or phosphate
to cadmium solutions allows ashing temperatures of up to
90000 to be employed, compared to a limit of 50000 fer
simple cadmium solutions. This effect is due to the form-
ation of stable cadmium compounds in the furnace; ammonium
salts are preferred since they are more easily decomposed
by heat (141).

Other examples of this matrix modification technique

have appeared in the literature, and will be discussed in
the next two sections.

6.2 Latrix Mcdification to Decrease Volatilitv of lMercwy

6.2.1 Introduction

Mercury is very difficult to determine by electrothermal
atomization atomic absorption because even the drying of a
mercury solution results in a significant loss of mercury -
due to its high volatility. It is this high volatility of
mercury - even at room temperature - and the 2bility to
produce a monabomic vapour, which made possible oodsoa's (589)
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flameless atomic absorption determination of mercury in
1939 - a determination which predated the classical work

by Walsh (562) on atomic absorvticn with flame atomization.
Even the determination of mercury by atomic absorption in
an air-acetylene flame is not very sensitive [sensitivity
for 1% absorption = 7.5 ug/cm3(407)] , and although the
toxicity of mercury has been recognised for many years, it
is only within the past seven that methods have become
available which are capable of determining mercury reliably
at the low levels encountered in bhiological and environ-
mental samples. These methods can be traced to the work

of Brandenberger and Bader (55, 56) and Hatch and 0tt (199);
variations of the reduction - aeration continuous
recirculation technique for the cold vapour determination
of mercury, introduced by Hatch and Ott, are now employed
in many laboratories. These highly sensitive technigues have
led to a large volume of data on mercury levels. A recent
review by Ure (550) on the determination of mercury by
non-flame atomic absorption and fluorescence spectrometry
includes the cold vapour method; this method is the subject
of a detailed study by Hawley and Ingle (200) who optimized
the experimental parameters and achieved, with their
recommended method, a concentration detection limit of

1 part per 1012 Hg(II) for a 1 cm> sample.

Ediger.(l41) has described the addition of ammonium
sﬁlphide to mercury in nitric acid solution in a graphite
tube furnace. The resulting stabilization allowed ashing
temperatures of up to 300°C to be employed, and a detection
limit of 0.2 ng was achieved.

Issag and Zielinski (232) studied the determination
of mercury with a graphite tube atomizer, and reported a
50% signal enhancement by the addition of hydrogen peroxide
to ajueous mercury solutions. They found ashing temperatures
up to at least 200°C could be used, and postulated the
formation of a stable mercury-peroxy complex.



- 142 -

It was thought desirable to include mercury in this
study of the analysis of urine for trace metals by ashing
and atomizing directly in the graphite tube, and since the
high volatility of mercury would preclude any ashing of an
untreated urine matrix, an investigation of the chemical

stabhilization of mercury was undertaken.

6.2.2 Experimental Procedure

A1l mercury determinations were maae at the 253.65 nm
line using a spectral band width of 0.7 nm. The optimized
programne for the HGA-~T74 comprised: initial drying at 105°¢
(digital value 60) for 30s, and ashing at 155°C (digital
value 80) for a further 30s; a 10s atomization at 2000°%¢
(digital value 720) under "gas stop" conditions, and a
final heating at 2700°C for S5s. Argon was used as the
purge gas. Lercury working standards were prepared by
serial dilution of a 1000 p.p.m. stock solution (0.6768 g
mercuric chloride dissolved in 500 ml distilled water).
Hydrochloric (34-37 % w/w) and nitric (69-71% w/w ) acids
were of "Aristar" or "Ultrar" quality, and the hydrogen
peroxide employed was 20 volume (6% w/v), general purpose
reagent grade (Hopkin and Williams Ltd.)

6.2.3 Experimental Results

Initial experiments failed to reproduce the results
of Issag and Zielinski (232). The addition of hydrogen
peroxide (4% v/v 20 vol.) to a 5.0 p.p.m. mercury solution
gave no enhancement of the mercury atomic absorption signal,
neither did the addition of nitric acid (4% v/v conc. HNO3),
nor a combination of nitric acid and hydrogen peroxide
(4% v/v + 4% v/v). Comparison of the present experimental
parameters with those of Isaag and Zielinski showed the only
real difference tc e the mercury stock solution used. It
vas thought that their, commercially prepared, mercury
solution might contain hydrochloric acid, and consequently
test solutions were made up in hydrochloric acid. The

results arc given in Table 24.
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Tahle 24. Absorbance Trom 50 o~ Tlercury in Solullons

Containin~ Various Chemiczl Additions.

5.0 v.n.m. He solubion Absorbance from 50 rnz

anueous 0.007
4% HNO3 0.007
4% H?_O2 : 0.007
455 HEOy + 4% H,0, 0.007
4% HC1 0.045
455 HEL + 4% H,0, 0.12

4% HC1 + 4% HNOy + 4% H,0, 0.12

The addition of hydrochloric acid gave an eight-fold
enhancement of the mercury signal, and a combination of
hydrochloric acid and nydrogen peroxide gave approximately
20x signal improvement, but hydrogen peroxide on its own
apreared to have no effect. In order to clarify the
situation, further experiments were undertaken.

(a) Effect of hydrochloric acid concentration
5.0 p.p.m. mercury solutions in 0-18;* (¥/v) hydrochloric

acid were preprared and 10 pl aliquots analysed. The
experiment was repeated after the addition of 2<xn320 volume

3

resulting grapvhs are given in Figure 37. The possibility

hydrogen peroxide to the 100 cm” of each solution. The

that the hydrochloric acid might contain appreciable amounts
of mercury weas considered (453), but mercury could not be
detected in water blanks containing 0-12% hydrochloric acid.

(rn) Effect of hvdrogen peroxide concentraticn

For 5.0 p.p.m. mercury solutions in 8% (v/v) hydrochloric

¢cid, the hydrogen peroxide content was varicd between O and
4% (v/v 20 volume solution), and 10 pl aliquots analysed.

The results are shown in Figure 33.
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BEffect of chleride ion corcentration

The chloride icon conceniration in solutions of:

(i) 5.0 p.p.m. Hz, (ii) 5.0 p.p.m. Hg contairing 2% (v/v
20 volume) hydrogen peroxide, (iii) 5.0 p.p.m. Hg
containing 6% (v/v) nitric acid. and (iv) 5.0 p.p.m, Hg
Contglﬁlhg 2% hydrogen peroxide and 6% nitric zcid. was
raried between 0 2nd 0.6 I by the =2ddition of 0-40 ml
8% (w/v) ammonium chloride solution., 10 pl azliquots of
each solution were analysed, and the resulting graphs are
given in Pigurc 39.
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Fig. 39 Effect of chloride ion concentration on
mercury atomic absorption signal

(d) Effect of ashing temnerature and atomization temperature

Solutions of mercury containing 4, 8 and 12% hydro-
chloric acid, each with 2% hydrogen peroxide, were ashed
at temperatures varying from 60 to 44000. For tenperatures
over 10500, a dry/ash progranme was used: drying at 105°¢C
for 30s, and ashing 2t the seccond temperature for a further
30s., Atounization at 2000°¢ gave plots of absorbance vs.
ashing temperature (Figure 40). The temperatures over the
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range 0-500°C were determincd separately by the use of a

thermocouple, and were found to be in general agreement
kS 4 155 &5

(+

-

50°C) with the data supplied by the manufacturer (409).

Varying the atomization temperature for a two stage

ash of 105°C/30s, 155°C/30s, gave the plot shown in
Figure 40, for the absorbance from 50 ng mercury.
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Fig. 40 Effects of furnace ashing and atomization
temperatures on mercury signal

(e) Calibration

Using the optimized experiumental conditions it was
possible to construct a calibration graph for mercury in
a 177 (v/v) nydrockhloric acid and 2% (v/v) 20 volume
hyirogen peroxide solution, The calibration graph is shown
in Figure 41; it is linear up to 120 ng mercury, with a
sensitivity of 1.65 ng and a detection limit of 3.8 ns.
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Fig. 41 Calibration graph for mercury

(£f) Tlame Atomization

Solutions of: (i) 100 p.p.m. mercury (aqueous),
(ii) 100 p.p.m. mercury ir 2% (v/v) hydrogen peroxide,
(iii) 100 p.p.m. mercury in 8% (v/v) hydrochloric acid,
and (iv) 100 p.p.m. mercury in 2% hydrogen peroxide and

8% hydrockloric acid, were examined by atomic absorption
with atomization in an air-acetylene flame. Each solution

gave the same absorbance value.

6.2.4 llechanism of the Stabilization of Mercury.

It is difficult to envisage the formation of a mercury
peroxy complex, as suggested by Issaq and Zielinski (232),
which would be stable in the strongly reducing atmosphere
present in a hot graphite tube. It was at first thought
that the hydrogen peroxide might, by reducing the Hg(II)
to Hg(I), be enhancing the measured zbsorbance, as has been
observed in the atomic absorption determination of mercury
with flame atomization (212). The fact that the observed
enhancerent occurred only in the graphite tube atomizer and

not in the fleme aprezred to negate this argument.
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Additionally, whern ascorbic acid was added to dilute
gsolutions of HgCl,, no signal enhancement was observed
<

for grashite tube atomization.
i

The facts which emerge from this study are that the
mercury stabilization is effected by a combination of
acid and chloride ion e.g. hydrochloric acid or hydrogen
chloride, and the presence of hydrogen peroxide causes a
further enhancemernt, though hydrogen peroxide on its own
will not effect the stabilization. The hydrogen peroxide
enhancement was not a simple pH effect; this is shown in
Table 25.

Tabhle 25. Effect of Varying pH with H202 and HNO., on the

He Signal.

Sample pH Absorbance
120 ng Hg, 6% HC1 0.90 0.18
120 ng Hg, 6% HC1, 2% H,0, 0.60 0.23
120 ng Hg, 6% HC1, HEO4 0.60 0.14
120 ng Hg, 109 HC1 0.40 0.21
120 ng Hg, 10% HC1, 2% H,0, 0.30 0.24
120 ng Hg, 109 HC1, HHOy 0.30 0.19

The amounts of hydrochloric acid and hydrogen peroxide
required to effect the enhancement of the mercury signal
are too large to postulate the formation of any kind of
stoichiometric complex. and it seems likely that the
enhancenent/stabilization is due to the conditions present
in the vavour phase in the furnace. The conditions are
that HC1l gas is present in excess, and it is possible that
mercury atoms will be held in the gas phase by the formation
of HgC12. It is interesting to note that the maxima of the
ashing profiles (Fiszure 40 ) are near to the constant boiling
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temperature of hydrochloric acid: 110°C (84). By passing

HC1 gas into the furnace, via the argon inlet, during the

ashing stage, thc results given in Table 26 were obtained.

Table 26 lercury Determinations in Presence or Absence

of HC1l gas at the Ashing Stage.

Samople Absorbance Absorbance
(HC1 gas) (No HC1 gas)

10 pl H20 0.01 0.005
10 p11 5.0 p.p.m. Hg 0.15 0.005
101 5.0 p.p.m. Hg, 2% H,0, 0.15 0.005

272’

The data in Table 26 tend to support the gas-phase
theory vs. the formation of a complex in solution, but the
role of the peroxide is not clear. If the peroxide is
.aoting in its capacity as an oxidising agent, then other
oxidising agents would be expected to effect the enhancement.
The effect of ammonium persulphate was tested, in both the
absence and presence of silver nitrate catalyst; the results
are given in Table 27.

Table 27 HMercury Determinctions with Two Different

Oxidising Azents.

Cemple Absorbance
101 5.0 p.p.m. Hg 0.005
10p1 5.0 p.p.m. Hg, 65 HC1 0.06
10p1 5.0 p.p.m. Hg, 63 HCL, 2% H,0, 0.16
101l 5.0 p.p.m. Heg, 67 HC1l, 27> ammonium

persulphate 0.05

10p1 5.0 p.p.m. Hg, 6% HC1l, 2% ammonium
persulphate + Agqu 0.05
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The variation in the absorption maximum with change
in the hydrochloric acid concentration, shown in Figure 40,
is a possible cavse of the discontinuities in the enhance-

ments shown in Figure 37.

6.2.5 Conclusions

In the determinaticn of mercury by atomic absorption
spectrometry with graphite furnace atomization, it is
possible to reduce the loss of mercury during the drying
and ashing steps by the presence of hydrochloric acid.
The formation of Hg012
gas in the kot grarhite tube reduces the loss of mercury

by the high concentration of HC1

atoms, and results in a consicderable enhancement of the
mercury signal. Hydrogen peroxide effects a further signal
enhancement, though this is neither a reducing, oxidising
nor a pH effect of the hydrogen peroxide. It is possible,
however, that an HgClZ. H202 adduct, of higher thermal
stability than HgClZ, is formed.

After the completion of this work a note by Owens and
Gladney appeared (395). These authors also found that the
presence of HC1 was essential to achieve any enhancement
of the mercury signal by hydrogen peroxide. The results
of Issaq and Zielinski (232) are probably due to their
failure to recognise the presence of HCl in commercially
prepared standard solutions.

6.3 Matrix Modification by Acids and Tyvdrogen Peroxide

6.3.1 Introduction

There are few »published data on the effect of the
~acid matrix on elemental sensitivity in graphite furnace
atomization A.A.S.., though it has been stated that chloride
salts are unsuitable due to their tendency to volatilize
as molecules (73) - see section 2.6.6., This point has yet
to be vroven satisfactorily, thoush Fuller (166) in
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investigating the cifcet of acids on the determination

off thallium found sulphuric and nitric zcids to have
nesligible effect in the 0.001 - 1% v/v concentration
range, whilst hydrochloric andé perchloric acids gave
severe depression of the thallium signals. Fuller
attributed these results to the formation of volatile
chlerides during the ashing step. Addition of sulphuric
acid reduced the interferences both from the hydrochloric
and perchloric acids znd also from up to 100 ug/0m3 sodium

chloride.

Ediger (141) has vointed out the effects of perchloric
acid and hydrogen peroxide on atomic absorption signals for
gallium and germanium, and in view of the role of hydrogen
peroxide in the mercury stabilization, and the lack of
data on the effect of the acid matrix on elemental
sensitivies, a study of the effects of hydrochloric acid,
nitric acid, hydrogen peroxide, hydrochloric acid plus
hydrogen peroxide and nitric acid rlus hydrogen peroxide
on analyte signals was undertal-en.

6.3.2 Experimental Results
(2) Cu, ¥i. Cr, Cd. Li, As. Fe., Ba. Mn and Au.

For each of these metals, the stoclt solution was

a

diluted to give solutions which would result in atomic
absorption signals of approximately 0.05 absorbance (for
10 pl aliquots): (i) in distilled water, (ii) in 2% (v/v)
nitric acid, and (iii) in 2¢ (v/v) hydrochloric acid.
After measuring the absorbance for each solution under the
appropriate instrumental conditions (section 3.5), further
measurements were carried out after the addition of
205)
(v/v) levels. It was found that for the ten metals

hydrogen peroxide - at both 1% (v/v 20 volume H and
listed above the atomic absorption signals were not
significantly enhanced or reduced by the presence of nitric

acid, hydrochloric acid or hydrozgen veroxide - cexcept for

Y

manganese, where slight increases in siznal with iacreasing
sercuide concontration were obssreved, This was found to
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be due to conbamination of the hydrogen perovwide by
nanganese: at the manganess wavelength a 2% (v/v) hydrogen
peroxide solution gave an absorbance of 0.01, and a 4%
(v/v) solution one of 0.02.

(b) Al, Ga, In, 71, Pb, Sb, Bi and Iig
Nitric acid, hydrochloric acid and hydrogen peroxide

resulted in some definite interferences on the atomic
absorption signals for these elements, which, with the
exception of mercury, are all metallic p-block elements.
The presernce of hydrochloric acid and hydrogen peroxide
gave enhanced mercury abtomic absorption signals; a detailed
study of this effect has been given in section 6.2. The
results for the other elements are listed in Table 28.

Aluminium and lead gave larger signals with increasing
hydrogen peroxide concentration for each of the agueous and
acid solutions; this was found to bes due to contamination
of the hydrogen peroxide by these metals. Ga, In, T1, Sb
and Bi could not, however, be detected in the hydrogen
peroxide. The addition of increasing quantities of hydrogen
peroxide to the gallium, indium and thallium solutions
resulted in diminishing signal sizes; for antimony a signal
ennancement was observed, whilst for bismuth the signal
remained fairly constant,.

A comparison of signal size from agueous standards
with those in acid matrices showed that the change from
agqueous to nitric acld gave slightly enhanced signals for
most elements, except Tor gzallium where the enhancement was
dramatic. The change from ajueous to hydrochloric acid
gave slight enhancecments for aluminium, gallium and lead,

a large enhancement for bismuth, and a slight reduction
for antimony. Indium and thallium gave larger reductions

in the signal.



10pl
10pul
10pul
10pul
10pul
10pl
10pl

Table 28 Effect of Nitric and Hydrochloric Acids on the Atomic Absorption

Sifnals of Al,

Ga, In, T1,

Sb and Bi.

Sample

0.1 p.p.m. Al
4 p.p.m. Ga
0.1 p.p.m. In
0.1 p.p.m. T1
0.03 p.p.m. PDb
0.5 p.p.m. Sb
0.2 p.p.m. Bi

Aqueous

0.06
0.10
0.06
0.14
0.05
0.06
0.06

o,
+ 1¢ H202

0.10
0.09
0.05
0.10
0.08
0.065
0.06

+ 2% H,0,

0.11
.08
0.045
0.10
0.08
0.07
0.06

Absorbance

2% HNO

0.07
0.24
0.075
0.15
0.08
0.04
0.10

3+ 1% H,0

0o + 2% H202
0.10 0.11
0.19 0.18
0.07 0.068
0.14 0.13
0.09 0.095
0.048 0.05
0.09 0.09

0.08
0.11
0.035
0.06
0.075
0.05
0.14

2% HC1l + 1% H,O

272
0.09
0.08
0.033
0.07
0.08
0.06
0.145

+ 2% H202

C.10
0.07
0.03
0.075
0.09
0.09
0.145

-~ L&t -
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6.3.3 Conclusicns

The deprezsion of the thallium signal by hydrochloric
acid agrees with the work of FTuller (166). and a similar
eflect was observed for indium, though not for any of the
other elements investigated. This questions the theory
(5, 73) that chlorides will volatilize during the ashing
step, with resultant loss of analyte. Presumably, if
atomization takes place via the oxide state (73), then
hydrolysis of the analyte element must occur in chloride
solutions, and loss of the element as molecular chloride
will be minimal for most elements (except indium and
thallium).

Since the signal enhancements observed will most
probably be due to chemical stabilization of the analyte,
it should be possible to interpret the results in fterms of
compound formation in the furnace. Oxidising agents, such
as nitric acid, will help the formation of metal oxide
during the ashing step (73), and hence may give a slight
signal enhancement. The dramatic enhancement of the
gallium signal by nitric acid has also been observed by
Fernandez (156) who recommended the use of nitric acid plus
hydrogen peroxide because this gave more reproducible results
than nitric acid alone, while still enhancing the sensitivity
over that of aqueous solutions. Germanium also gives
increased sensitivities in oxidising matrices such as nitric
and perchloric acids (242). PFor gallium and germanium, the
lower oxides (Ga20 and Ge0O) are more volatile than the
higher oxides (Ga203 and Ge02), and thus enhancement of
gallium or germanium signzls will occur in conditions
favouring the formation of the higher oxides - such as the
presence of oxidising acids (242).
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Chanter 7

BENDITG OF ARALYTISAL CURVES

T.1 Introduction

It is noticeable in many of the papers which have
appeared on the subjeclt of atomic absorption with electro-
thermal atomization that the calibration graphs obtained
are either curved with an initial straight line portion -
Pigure 42 - or apparently curved right from the origin -
Tigure 43. In this work it was observed that the electro-
thermal atomization graphs were linear up to a limit which
occurred at relatively low absorbance values, i.e. 0.3-0.4 -
Figure 20 - compared to flame atomization where calibrations
are linear up to 0.6-0.7 absorbance (407). It was also
apparent that the extent of the linearity was very important
wnen standard additions had to be carried out, as discussed
in section 2.7, and an investigation into the causes of the
increased curvature and smaller linear range was undertalen.
Other workers (137, 258) have commented on the shapes of the
calibration graphs, but have not attempted to identify the
causes.

Several authors (320, 448, 458, 599) have considered
the shapes of analytical growth curves in atomic absorption
spectrometry, and have ouslined the probable causes of
bending of these curves - though almost exclusively for flame
atomization systems. The factors involved in causing the
greater curvature in calibration graphs from electrothermal
atomizcrs may be divided into two groups, taking the basic
classification of Rubefka and Svoboda (448):

I Tactors arisinzg in the instrumental system

Por measurements involving transient signels it is
necessary to consider:
(1) the method of signal measurement (whether peazlt height
or peak area);
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frequency (if modulation of the spectral
source is ecmployed);
(iii)the response time of the electronics (including the

L

read-out device).

Iiore gereral factors are:

(iv) light which is emitted by the source and falls on the
detector hut is not absorbed by the absorbing medium;

(v) inhomogeneities of the temperature and spatial
distribution of the absorbing atoms in the absorbing
medium;

(vi) emission by the absorbing medium affecting the measured

signal.

IT Factors related to the properties of the varticular

spectral line itself

(i) hyperfine structure of the line;
(ii) ratio of absorption and emission line widths;
(iii)resonance line broadening and shift in the absorbing

medium,

Neglected in these factors is any process which disturbs
the proportionality between the concentration of analyte in
the sample volume and its concentration in the absorbing
medium. In relation to this, Manning and Fernandez (340)
have pointed out that different sampling procedures will
give rise to different analytical curves, due to the porosity
of the carbon surface. Analyte solution will soak into the
graphite, the amount soaking in depending on the mode of
sampling; the use of pyrolytic graphite (section 3.2.1)
overcomes this problen,

These possible causes of the observed curved calibration
graphs will now be considered in relation to the instrumental

system employed in this work.
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7.2 1lethed of Sisgnal eaourement

It may be advantagecous to employ integrated absorbance
rather than peak absorbance when plotting growth curves in
electrothermal atomization atomic absorption spectrometry.
The theoretical approach (322, 324, 516), which is mainly
due to L'vov, assumes that the element to be determined is
complevely atomized, that all of the atoms ol the element
enter the analysis volume, and that the removal of atonic
vapour from the analysis volume is determined solely by
diffusion (and hence is exponential). If Ng is the number
of atoms of an element in the sample, N is the total number
of atoms entering the analysis volume at any instant ¢,

Ty 1is the atomization time, Tg is the mean length of time
spent by an atom in the analysis volume (the residence time,
defined as the time taken for the absorbance to decrease
from its peak value to a value e +times smaller), and Tg
is the length of time during which the signal is recorded
(Pigure 44), then:

in the peak method. at time T3 , when the sample is

completely atomized, N reaches its peak value Npeax and:

‘Tg 2 Tl -T4]/T .
Npeak=N02 [T] [Tr—-l'*'e 12 (5]
i 2

If T4/Ty<« 1 then to a first approximation Npeak = Np.

Therefore, if the sample is completely atomized in a time

t <« Ty , the peak value Npeak corresponds to the total
number of atoms in the sample, Ng . If Ty = Tg the

value N peak depends upon Ty and Tg , and a simple relation-
ship between N peak and Ne 1s possible only if Ty /7 Tg

is constant.

The integration method depends upon measuring the

integral value @y of atoms during the entire period for
which atoms are produced and remain in the analysis volume.
The integrated absorbance is revresented by the area under
an absorption peak, and it bears a simple relationship to
the total number of atoms in a sample:
T3
Qy = N(t)at (6]

(8]
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Thig integral reduces lo: @y = Mo.Tg , wWith the proviso
that Tg 2 Ty+4¥e . Thus @y 1is independent of Ty ,
the rate and duration of sample transfer to the analysis

Ty
voiume.,

Katskov and L'vov (255) have shown that the integral
is also independent of the time constant of the recording
system. Thus measurements of Qp will be less affected by
both physical interferences which cause changes in the rate
of atomization (i.e. matrix effects), and by changes in the
signal half-width resulting from changes in the analyte
concentration. 3By its nature a transient signal is liable
to variation in its absorption profile and measurement of
peak-area should be more precise than that of peak-height -
though it is necessary for Tg to remain constant, and for
complete vaporization of the analyte ‘o occur.

Interferences causing a change in the total number of
atoms will obviously affect both the peak-areca and peak-
height measurements. The sensitivity of the peak-height
method is highest when Ty/Ti>> 1, and in the peak-area
method the magnitude of Tg will govern the sensitivity.

IMany workers in the field of electrothermal atomization
applied to atomic absorption have been content to coastruct
their calibration graphs by plotting peak absorbance VvsS.
weight of analyte, due no doubt to the extreme difficulty
of determining peak-area with an oscilloscope, or the
tediousness of measuring peak-area on the paper output from
a chart recorder. In fact, when a filament atomizer is used
for the pulse vaporization of samples, the peak method of
signal measurenent is preferable for many elements. This is
a consequence of the theory outlined above, and is due to
the properties of a filament atomizer: open nzature, rapid
temperature rise and short residence time. The filament
actuzlly functions as a furnace and not as an isothermal
cuvette (516). In the determination on the filament of the

lvh3enun 22d vanadiun,

%

more refractory alements, such 2s m
it will become advantageous to use

(516).

ne integration method
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It can be predicted that greater advantages will ensue
with the usc of signal integration when an isothermal cuvette
is employed, such as the L'vov furnace and variations of the
Massmann furnsce. NMechanical nmethods of signal integration
involve manipulation of the geak once it has been recorded
on the chart paner; these methods include triangulation,
cutting-out and weighing and nmeasuring the product of peak
height and width at half the height (although this will only
be strictly valid for symmetrical peaks). Electronic
integration of the signal is the method of choice, however,
and various integration modules are available; the latest
atomic absorption instrumentation incorporates peak integration
facilities (74). In this study, the only feasible method
for determining integrated absorbance was to cut-out and
weigh the chart paper peaks. Integrated absorbance calibration
graphs were plotted in this fashion, and compared with the
corresponding peak absorbance calibrations (TFigure 45).

Integration gave some increase in the linear range.
D (5]

006 -

0.5 //g’
o Int_ - -
C o
8 0.4 4 ‘

S 2~ Ppeak
A
< 03 .
0.2 -
0.1 1
1 2 3 L ngPb

N.B. Integrated absorbance plotted in
arbitrary units to give initial
slope equal to peak abs. plot

Fig. 45 Comparison of calibration graphs using peak
and integrated absorbance
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Severzl wovkers have recently employed signal
integralion in conjunction with granhite tube atomization
atonic absorption spgectrometry, and hove reported both
increased linearity of the calibration granhs for some
elements (360, 516) and improved precision (332, 414).
Improvements in grecision cnd freedom from sign=l shape by
the use of integrated absorbance have also been reported

for the flame microboat technigque (11). Vith the exceptions
of the papers by Chakrabarti and co-workers (515, 516) and
by L'vov and co-workers (49, 328), the data reported on
integrated absorbance are, unfortunately, in arbitrary units,
and not readily amenable to guantitative comparisons. It
may be concluded, however, that the use of integrated
absorbance increases the linear portion of the calibration,
the increase being most noticeable for the more volatile
elements, i1.e. zinc and cadmium as compared to molybdenum
and vanadium.

The use of peak absorbance rather than integrated
absorbance is thus a contributory factor to the observed
bending of the electrothermal atomization calibration graphs,
but since even the integrated absorbance calibrations curve
at lower absorbance values than corresponding flame
calibrations, and the increased curvature is observed with
filament atomizers (Figure 42) where theoretical considerations
show that peak absorbance will give a true representation
of atom concentration, it is possible that some other factor
is involved.

7.3 Chopring Frecuency

The spectral source in most commercial atomic absorption
spvectrometers is modulated at 0 Hz, the frequency of the
British electrical supply. In the Perli-in-Flrer Nodel 3003,

a typical single beam instrurment emvloying bhackground

[
3.3 . SR T B s PP PR S ] - , h S ey - -~ .
correction, medulation i1s achicved by mechanical chiopning

of the source signal. The chopper has three sectors: one

¥
Py
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blank which zllows the light beam from the spectral source
to pass through, one mirrored to reflect the light from the
deuterium arc (Figure 14), and one blackened as a zero
reference. Consequently, the zctual absorption signal in
the graphite furnace is viewed for €.67 ms every 20 ns, and
five sampling intervals occur in every 100 msj; Figure 46
shows these sampling intervals superlm sosed on the relatively
fast lead signal obtained at 2700 °c (adapted from reference

33).

60 -
0 0.5ng Pb
_ A0 2700° C
o Mag,
A Hq

T [{ | ! L4 L 1 L)

230 300 350 400 450 500 550 600 650 700 750 800 850 900
Time / ms —>

Fig. 46  Sampling of pulse atomization absorption signal

Alder (7) has discussed the measurement of short
duration signals with a modulated system. If the gate time
is ¢t and the duration of the light signal 1is T , he
caleculated that a value of T/t of approximately 40 would give
acceptable reprocducibility of measurement. If this

alculaticn is applied to the presenv case, then gsignals of
duration greater than e~ 270 ms will be reproduced to an

aceentable degree of accuracy. Takle 29 gives signal
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durations for the GA-74 (33). 3ince even a mercury sigznal

is lonzer than 270 ms, a chopping frequency of 50 Ez will

be adequate for processing signals from the HCA-T4.
Table 29 Tyvoical Sicnal Durations for the TIGA-T74
Element Time

Hg 600 nis

Pb 800 ms

Cd 1.40 s

Cu 2.20 s

As 2.20 s

) 8.0 =5

For other flameless systems, however, where the signal
duration is much shorter (such as the graphite filament),
it will be =zdvantageous to increase the chopping frequency
in proportion to the decreased signal time, though a
consequence of short signal duration will be shorter times
available for averaging out the various sources of error.

7.4, Resronse Time of Electronics

The Ferkin-Elmer ilodel 30035 is a conventional atonmic
absorption spectrometer, designed to follow the relatively
steady signzls which arise from the uvse of flame atomization.
Considerable electronic manipulstion of the signal takes
place before it is finally displayed. It was considered
that some delay to the signal might be taking place in the
electronics, resulting in 2 change in the shape of the
calibration graph. A calibration graph obtained in the
usuval manrer, by measuring peak heights on & chart recorder
display of the absorption signal (the ~ 0.25 s response time
of the recorder was considered adezuate for this purpose)
was compared with a calibration zraph obtained by measuring

the signal size at the photomultiplier tube. For this
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purpose @an oscilloescore was employed to monitor the cutputb

across the ballast resistor to the photomultiplier tube.
o -

The calibration graohs are given in Figure 47, and 1t
czn be concluded that the internal response time of the
instrument is adequate. In fact any dependence of the
absorption signal on the response time could be eliminated

by measuring integrated absorbance,

0.44 ui 0.4 12
2 <
0.2- 0.2 -
. ) chart . oscilloscope
1 2 3 ng Pb 1 2 3 ngPb

Fig. 47 Comparison of calibration graphs using chart
recorder and oscilloscope sighal presentation
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7.5 Inhomogeneitics of the Temperature and Svnatial

Dissributions of the Absorbing Atoms

Kilroe-Smith (258) has stated that non-linear
calibrations from electrothermal atomizers are caused
by a breakdown of the Beer-Lambert law, due to an |
unequal distribution of analyte atoms in the atom cell.
He pointed out that the Beer-Lambert law:

A - k.loc [7]
where k = constant
1l = path length

concentration of
absorbing species

c

assumes that de¢ = g, i.e. a consbtant concentration of

atoms along the lenzth of the atom cell 1s required for
the Beer-ILambert law to be valid, whereas the actual
situation in an electrothermal atomizer might be:

atom A #//////———‘\\\\\\
concentration

path length

A strict derivation of the Beer-Lambert law shows that

the absorbance is proportional to the total number of
absorbing species, and should be independent of their
distribution in a fixed wvolume. In any case, at the

time of peak absorbance in atomic absorntion with electro-
thermal atomization, it is likely that the samvle atoms
are distributed evenly throusghout the volume of the
graphite tube.
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7.6 Other Mnetors Avioing in the Tnstrumental System

Various spectral interferences may occur in atomic
absorvtion spectrometry: more than orne absorbing line may
be viewed by & given spectral band pass, a non-abcorbed
line may be emitted by the excitation source, spectral
overlap may occur (384), and various other factors such
as molecular absorption and scattering of radiation may be
present. Mozt of thece interferences will have equal
effect on the measured atomic absorption whether a flame or
a non-flame device is employed for atomization, unless the
width of the absorption profile differs markedly hetween
these two atom cells., An estimate of the size of the
abgsorption line widths for a graphite tube atomizer is
made in section 7.8.2: the line widths are of the same order
of magnitude as absorption line widths in a flame.

Modulation of the spectral source will eliminate the

possibility of emission by the absorbing medium affecting
the measured signal.

7.7 Hyperfine Structure of the Svectral Line

The effect of hyverfine structure of the source emission
line has been examined by Rubefka and Svoboda (448), but it
can be predicved that this factor would affect equally the
results from flame or electrothermal atomization atomic
absorption.

7.8 Ratio of Absorption and Emission Line ¥idths

T7.8.1 Introducticn
Winefordner (579) has pointed out that in atomic
absorntion srectrometry 2 linear relationship between the

0
observed absorbance and the concentration of analyte will
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only rezult if the source line width is very narrow compared
to the absorption Jine width. This point tas been discussed
in greater detail by Shimazu and Hashimoto (458) and by
Rubefla and Svoboda (448). The latier have computed the
shapes of anzlytical curves for different ratios of emission

and absorption line widths: Figure 48.

It has been shown by L'vov (317) and Cantle and iullins
(74) - Pigure 49 - that the linearity of calibration graphs
in electrothermal atomization atomic absorption may be
improved by pressurization of the inert gas in the cuvette.
Increased pressure causcs increased Lorentzian half-width
of the absorption line, and a counsequent higher ratio of
absorption half-width to emission half-width.

7.8.2 The Absorption Line Width

' If the absorption line from an electrothermal etomizer
is narrower than that from a flame cell, it is possible

that this is a contributory factor to the curvature of
calibration graphs., Although direct measurements of
absorption half-intensity widths have been made inter-
ferometrically in flames (64, 269), to date there have been
no direct measurements by this method of the absorption line
widths in a furnace atomizer. 1In 1940 King and Stockbarger
(261) reported the measurement of absorption f£-values
using the Xing furnace (260). In this device a static
population of atoms is maintained (as opposed to the transient
populations produced in the modern electrothermal atomizers),
and King and Stockbarger found that the equivalent widths

of the absorption lines lay in the range 0.0002-0.0006 nm,.

In order to estimate the size of absorption half-widths
produced in electrothermal atomizers, it is necessary to
resort to calculations from first principles and to consider
the relative importance of those processes which contribute
to the formation of an absorption profile.

It is well known (64, 361, 530) that several processes
may contribute to the forration of an absorption linc:
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ratios: em/abs
1 0

Absorbance

2 .
3 1.0
4

Concentration

Fig. 48 Calculated analytical curves
for different half-width ratios
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Fig.49 Calibration graphs at
different inert gas pressures
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(2) Untural 3roadening

A spectrul line has a finite half-intensity width
which may be calculated by the Deisenberg Uncertainty
Principle from the mean lifetime (1) of the excited state.
The line-broadening has a Lorentzian freguency distribution
of the form:

I(V) = 10/ 1-{-[2(v—vo)/AvN]2 [8])

where the halfl-intensity width, Avy , is given by:

Avyg = 1 /207 (9]
It is possible to calculate v if the oscillator
strength, f , is known, since:

7f = SI:IT:e" %T }\: [10]

Where g; & £, are the statistical weights of the
normal and excited states. resvectively, and Ag 1s the
wavelength corresponding to ve

Table 31 gives the values of Avy calculated for some
elerients using the data in Table 30, and the following
constants (84):

-28
g

m = 9.1091 x 10

e = 2.997925 x 100 cm s7°
e = 4.803 x 10"10 e.s.u.
m

3.141593

(b) Doopler Broadening

Doppler broadening of a spectral line is the consc-uence
of the emitting or absorbinz atoms having a range of cc..- onent
velocities in the direction of observation. The distribution

is Gausslan and is of the form:

I(v) = Io.e‘[(2(V“Vo)/AvD),/1n2]2 [11]

where the half-intensity width, Avp , is given by:

Avy = [2 /1n2/ cl vo. /2 RT/M [12]

It is therefore straightforward to calculate Doppler
half-intensity widths at any desired temrersture - Table 31,
The half-intensity widths in this table were calculated
using the data from Table 30, and a selected temperature of
2800 X,
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nectral Data for Some Flenents

Table 30 Atomic
Element Al nm Transition g./8, £
Al 309.27 0.23
Sb 217.59 0.04
As 193.70 0.095
Ba 553.56 6's, - 6'P, 3 1.4
Be 234.86 2's, - 2'P, -3 0.24
Bi 223.06 0.012
ofs! 228.80 5'Ss - 5'P, 3 1.2
Ca 422,67 4's, - 4'P, 3 1.5
Cr 357.87 0.34
Co 240,72 0,22
Cu 324.75 4*Sy, — 4*Py, 2 0.74
Ga 287.42 4*Py, - 47Dy, 2 0.32
Ge 265.16 . 0.84
Au 242.79 6*Sy, = 6™ Py, 2 0.3
In 303.97 5B, ~ 5Dy, 2 0.36
Fe 248.33 0.34
Pb 218.00 0.39
283.31 6%p, - 7°P, 3 0.21
Li 670.78 2%3y, ~ 2%Py, 2 0.7
Mg 285.21 3'S, - 3'p, 3 1.2
Mn 279.48 0.58
Hg 253.65 6's, - 6°p, 3 0.03
Mo 313.26 0.20
Ni 232,00 0.095
Pt 265.94 0.12
Se 196.03 0.12
Ag 328.07 5%y, ~ 5Py, 2 0.51
Sr 460.73 5'Se = 5'P, 1.54
Te 214.28 0.08
71 276.78 6™y, ~ 6 D3y 2 0.27
Sn 286.33 5P, - 6P, 3 0.23
Ti 365.35 0.22
U 358. 49 2.1
Zn 213.86 4's° - 4'p, 3 1.2

A
26.98
121.75
74.92

©137.34

9.012
208.98
112.40

40,08
51.996
58.93
63.54
69.72
72.59
196,966
114,82
55.847
207.2
207.2
6.94
24,305
54.938
200.59
95.94
58.71
195.09
78.96
107.87
87.62
127.60
204. 37
113.69
47.90
238.03
65.38
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Table 31 Natural and Dopnler Half-Tntencsity Widths

Blement A /nm Avy/11z Avp /17
Ba 553.56 1.617 x 107 1.751 x 10°
Be 234.86 1.540 x 107 1.612 x 10°0
ca 208,58 6.357 x 10" 4.684 x 10°
Ca 422.67 2.971 x 10/ 4.246 % 10°
Cu 324.75 3.724 x 107 4.389 x 107
Ga 287.42 3.374 x 107 3.374 x 10°
In 303.97 2.823 x 107 2.350 x 10°
Pb 283.31 9.258 x 10° 2,786 x 10°
Li 670.78  8.258 x 10° 6.430 x 10°
M 285.21 5,012 x 107 8,081 x 10°
Ag 328.01 2.515 x 107 3,335 x 10°
Sr 460.73 4.519 x 10° 2.634 x 107
] 276.78 8,314 x 10/ 2.872 % 10°
Zn 213.86 1.009 x 10 6.571 x 107

(¢) Lorentz (Pressure) Broadening

Collision of an absorbing atom with other atoms or
molecules of a foreign gas results in broadening, shift and
~asymmetry of the line profile. The earliest theory, due to
Lorentz, gives an eguation for evaluating the resultant
hal f-intensity width, which is now known as the Lorentz
half-intensity width Avy (361):

Avy = -%—(no. of broadening collisions per second
per absorbing atom)
= % of N J2wRT (1/M,+1/3M) [13]
where of = collisional cross section for Lorentz broadening
of the atom concerned
N = no. of foreign gas srecies per unit volume

M, M,= stomic or molecular weights of the colliding
species.

In calculating Avy from ejuation [13] the “imiting
factor is finding a suitable value for the colli.ional cross
section,whnich is usunlly an exzerimentally deterrined

1
quantity. In their calculations of collisional half-widths
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cf soma avonic speciral lines in common analytical flames,
Porsons g5 al. (399) fook two valuas o reprecent maximum
and minimum collisional cross scetions, Tor absorption
lines originating from electrotnermal atomizers, however,
only element-argon or element-nitrogen interactions are
relevant, Iluch experimental worik has becn carried out on
the collisional brouziening of spectral lines by neutral
atoms, but this experimental work has mainly involved the
- alkali metals. In Shelr review of the literature up to

1937, Ch'en znd Taleo (86) found that, except for silver
‘and mercury, all observations had been made on the absorption
lines of alkali metal atoms. The review by Hindmarsh and

Farr (211) of the post-1937 literature again shows that much
of the experimental work involved the alkali metals - due

to the more straightforward theoretical interpretation of

the data from these elements. Atomic absorption spectrometry
is not generally apolied to the alkali metals, and data on
those elements commonly determined by this technique are
scarce.,

Table 32 gives the result of an extensive literature
gsearch for collisional cross sections of elements of

interest in atomic absorption spectrometry.

Table 32 Collisional Cross-Sections

Element  Tems/K Line/nm o* x 107 o Ref
He WNe Ar Kr
Ga 1500 103.3 1.11 1.01 2.77 (404)
In 1300 410.2 1.20 1.26 3.21 (404)
Ca 850 422,673 0.68 0.74 1.79 2.45  (405)
Ca 422.673 0.78 (209)
Ca 422,673 1.90 (502)
Ca 657.3 0.76 0.86 1.20 1.77  (500)
Ca 657.3 0.65 (210)
Sr 750 460.733  0.75 0.85 2.21 2.69  (405)
Ba 940 553.54 0.77 0.76 2.00 2.68  (405)

Mg 2385.213 1.90 (502)
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If the data in this table are anvlied to the moedel
situation of atomization 2t 2300% in & graphilte tube, under
"gas-ston" conditions of argen, the collisional half-
intensity widths mzy be c2lculated - Table 33. The concant-
ration of argon atoms is calculated by assuming the tube

to be full of argon at one atmosphere pressure:

23
N = 6.02252 x 10 x 273.16 cm~3 [14]

22.415 x 1000 x 2800

Table 33 Collisional Half{-Inbtcnsity Tidths (Element + Argon)

Elenant Lince/nm Avy /Y7
Ba 553.548 6.33 x 10°
Ca 422,673 8.25 x 107
Ga 403.3 1,10 x 101°
In 410.2 1,18 x 1010
1 235,213 9.78 % 10°
Sr 460.733 8.45 x 10°

The movre modern collision theory, due to Weisskopf and
Lindholm, gives a more satisfactory explanation of the
broadening process since it actually predicts line shift
and asymmetry as well as giving estimates of the half-
width (36, 58, 211). The theory assumes a general attractive
interaction denotezd as~-Cp/rP where p is an.integer.

For a radiating particle in 2 gaseous medium the most
important interaction is the van der azls interaction
between uncharged particles, and the earlier workers took
this irnteraction viz.-Cg/r® 2z the basis for their theories.
The theory oredicts that:

Avp = 1.30 Co*v™°m {151

A 0.8
or Avy = 8.16 (CG/ﬁ)°4v0 N [16]

04 06
and shift B = -2.86(Cg/H) v N (17 ]

Ao e C Sy Flvpgs rrers Apy "ol a ven ey
llres g ~C LhG wvin der L8ALS COnILnNit

(o

or thie interaction

4.

N is the concentration of perturbing varticles

and v is the relative velocity of the particles, and
equals S8RT I/M+1/M




Dimensional analysis shows the units of Cg to be

cm6 Hzﬂl.

It is possible to estimate Cpax and €pin for a
given interaction in terms of a, , the polarizability of
an excited atom, and a, , the polarizability of a normzl
foreign molzcule (113). Alternatively, in considering onl;

) / b o
the polarizability of the perturber (530):

je X

Ce¢ ~ a.p’/e* [19]
where p = electron co-ordinate,
it is possible to estimate the maznitude of Cg. Atomic

polarizabilities in the visible region are of the order of

~24
2 x 10724 (530), and taking Pp *to be ~ e.8ao - wWhere ao
is a typical atomic radius - gives a value of Cg - of
O'_58 cm6 Hz-l. Direct calculation of van der Waals inter-

actions from quantum theory is possible (104).

In fact, experimental C€g values exceed the theoretical
ones by factors of about two or three (211), which has led
some workers to examine (12, 6) potentials or even (12, 8, 6)
potentials: use of these gives an improvement in the theoretical
values of €Cg, though the calculations are necessarily more

conmplex,

(d) Broadening Due to Huenchina Collisions

Collisional de-excitation and a ccnsequent reduction
in the lifetime of the excited state of = resonance line
may occur if foreign gas molecules have vibrational levels
very close to the resonance line excited state. The result-
ing line broadening has a Lorentzian freguency distribution,
and a half-intensity width given by an expression similaxr
to that for Lorentz pressure broadening (egquation [13] ).
In guenching collisions transfer of energy must occur
between the valence electron of the excited atom and the
rare gas atom, and it can be expected that these collisions
will not contribute much to the absorption line width if
argon is present in the graphite furnace, though the effect

will ba larger for nitrogson, Czaleuluied half-inteasity widths
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are given in Table 34, together with the experimentally
determined values of the guenching cross-section (268).
Conditions were taken to be 2800K and with the graphite

tube full of inert gas.

Table 34 Quenching Half-Interaity Widths

Element Temp/K Line/nm Argon Nitrogen

°g1 £cm2 Avq /Hz Uaz/cmz Avg /Hz
I 1400 670.78 0.3 x 10726 <4.71 x 10° 6.8 x 10726 1.10 x 10
™ 1400 204.37 0.1 x 10710 <6.60 x 10* 6.4 x 10718 4.92 x 10°
Tb 1400 207.2  =:0.0 - 5.7 x 10716 4.38 x 10°

(e) Holtzmark (Resonance) Broadening

~ This is due to collisions (or strong exchange-type
interactions) of the absorbing atoms with other absorbing
atoms of the same kind. The frequency distribution is
Lorentzian, and the half-intensity width is given by:

4 T
Avy == cl% N (DRI [20]

Again, the effective cross-section, oé‘,has to te
determined experimentally. Table 35 gives two typical
values, and the calculated half-intensity width for 1 ng
of the analyte element in a graphite tube at 2800K.

Table 35 Holtzmark Half-Intensity Widths

Element Line/nm Unzgcmz Avyg /Hz Reference

In 410.2 5.80 x 10713 1.09 x 10° (404)
Ca 422.673 2.91 x 10712 2.66 x 107 (406)

(f) Stark Broadening _
This is caused by the effect of an electric field on

an absorbing atomn, but it may be neglected in considerations

of broadening processes occurring in a graphite tube atomizer.

A
gy
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(¢) Celf-nbsorntion Drosdening

This is an important factor under conditions of high
optical density; it is considered in greater detail in
section 7.9.

A compilation of calculated half-intensity widths for
natural, Doppler, Lorentz, guenching and Holtzmark broadening
for some elements is given in Table 36. “here necessary,
"gas stop" conditions with argon as inert gas and a
temperature of 2800K in the graphite tube are assumed.

It can be seen that the Doppler and Lorentz effects will
give the greatest contributions to the resultant line width,
and it is poszible to estimate this total width by convoluting
the Dopper and Lorentz half-intensity widths (606):

AVT o [Avi) + -A—VL-)L'F[AV ]z. /8 [

= (%) [( 2 D ] 211

The simpler equation:

Avp = [Av 4 AvETA [22]
gives values for Avg which are approximately 4% lower than
the values obtained by applying equation [21] .

Table 37 lists the calculated values of Avgqg for
various elements in the furnace and, for comparison, values
of Avqp for flame atomization. Values of a (the natural
damping ratio = Avnm [Avy ) are also listed.

King and Stockbarger (261) found that the equivalent
widths of absorption lines in the King furnace (260) lay in
the range 0.0002 - 0.0006 nm. If these values are converted
to freguencies, they give the range 4 x 108 - 5x 109 Hz
[ for wavelengths 200 - 400 nm, using the expression
Avyy ={e/At)Arp]. Recently, Koizumi and Yasuda (607),
in calculating the magnetic fields necessary to effect
Zeeman splitting of spectral lines, took an average value
of 60 x 10—16 om2 for the effective cross secticn for Lorentz
broadening, and calculated total half-intensity widths.

They Tound i va2lue of 2.5 x 109 z for the cadnmium 228.8 um
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422.673
324.75
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670.78
285.21
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Table 37 Total Absorption Line Widths in Furnace and Flame Atomizers

Tlerent

Ba

Ca

Cu

Ga
In

Li

J5¢=4

=g
HE (k ¢

N
o

Line/nm

553.548

422.673

324.75

403.3
410.2

670.78
285.21
328.07
460.733
213.86

Turnace

Ovy/Hz

6.78 x ]_O9

1.00 x 10%°

10
10

1.19 x 10
1.23 x 10

1.43 x 1O10

9.20 x 107

3.01

1.62

0.27
0.42

1.01

2.67

Temp/K

2800

2800

2800
2800

2800

2800

Plame
Avy/Hz,
4.07 % 10°
(o}
2.35 x 107
2.47 x 10°
5.00 z 107
5.10 x 10°
5.14 x 10° .
4.55 x 10°
5.14 % 107

7.40
8-69
5.07

6.92

2.0
0.83
0.84

0.62
0.57
0.59

0.46
0.56

2270
2500
2760

2500
2760
2730

2500
2730

2500
2730
2730

2730

Reference

n

-
220

217
331
331

331

- 08T. -
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line, and 3.9 % 107 Hz for the lesd 283.3 nm line.

Damping constants were calculated to be 0.54 for the cadmium
line and 0.84 for the lead line. The results of King and
Stockbarger (261) and Koizumi and Yasuda (607) are in
satisfactory agreement with the calculated values given in
Table 37.

Table 37 shows that the half-intensity widths of
absorption lines in a furnace are of the same order of
magnitude as those in a flame, and the postulate that
calibration graph bending is due to narrow absorption lines
in the furnace nust be invalid.

7.8,3 The Source Emission Line Widths

If hollow cathode lamps are run at relatively high
operating currents, then self-absorption of the emission
line by the atoms in front of the hollow cathode may take
place, with consejuent broadening of the line profile (44).
Commercial atomic absorption instruments, especially those
with a large number of mirrors and reflecting surfaces, need
fairly high operating currents of the hollow cathode lamp
to achieve a satisfactory through-put of light. Tone of
the lamps used in this study was run at a current greater
than the manufacturer's recommended maximum, but the
possibility that self-absorption in the source was taking
place, with resultant effect on the calibration graphs (561),
was examined: Figure 50. Although some decrease in
sensitivity was observed with higher operating currents,
the linear range of the calibrations remained approximately
constant.

7.8.4 Contribution by the Deuterium Arc

In plotting the calibration graphs in Figure 50 no
background correction was employed, and it was observed
that the graphs were less curved than when baclkground
correction was employed - Pigure 51. These graphs show
the typical shapes of growth curves for atomic absorption

with line ard contiruum sources (599): Pirumre 52.
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In effect, when background correction was enployed, the
detector wus monitoring the atonic absorption not with the
desired narrow line from the hollow cathode lamp, but with

a hollow cathode lamp spectral line broadened by continuum
radiation from the deuterium arc., If a wide source line

is employed for evaluating Ag, the total absorption factor,
then it can be caleulated (268) that at low optical
densities A is proportioned to the concentration of absorbing
atoms, while at high optical densities Ag is proportional to

the square root of the concentration ¢ “bsorbing atoms.
Pigure 53 gives calibration graphs for o-gper and lead,

plotted with both absortance vs

1 N - - = er P
abzovbance va. (mass of anal

mass ¢l analyte and
T u

inre root
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relationshiﬁ at higher anelyte masses 1i.e. hicher optical
densities is clear, and is further illustrated in PFigure 54
which is a log/log plot of absorbance and mass of analyte
for copner.

©
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Fig. 54 Log / log plot of absorbance and mass
of analyte for copper
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7.9 Resonance Line Broadening and Shift in the Absorhing

Medium

7.9.1. Introduction
Radiation of a given frequency passing through an
absorbing medium is absorbed according to the ejuation:
I, = I,° e~¥v! (1]
where Iy® & Iy are initial ard final intensities of
the radiation of freguency W
ky = absorption coefficient
1 effective path length

ky is related to k, , the peak absorption coefficient when
Doppler broadening alone is present, by the equation:

2.[v-y) 2
k\’ = kg, e~ [ _—ATD— lnl] [23]

When both Lorentzian and Doppler broadening contribute
to a line profile, they may be combined by meansS of a Voigt

integral:

»
a
Ky = ko & f ay  [24]
v °m a+(w yO*
-V,)is the dist e
where -\J“ — (V-V,)is the distanc
w = of a frequency band
from the line centre
y = S =X & -~ the freguency
vy displacement from (V-Vo)
and a = Qvy+lvy AnZ a is the natural

Avp damping ratio.
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The optical density of a medium is defined as:
opticzl density = k.l [25]

It is an important gquantity since the value of kg, is
directly related to the concentration of absorbing atoms.
The effect of increasing optical density on

Iy [1,° (ie. e~ ¥vl) curves for a given spectral line

is shown in Figure 55; in calculating the data for this

figure the simplifying assumption of minimal Lorentzian

contribution was made. OSince the quantity w has

been used - a dimensionless quantity relating the width and

shape of a line to the Doppler half-width - the curves in

Figure 55 will be tybical of most elements. Tor incrcasing

optical density the transmitted intensity decreases but the
line half-intensity width remains approximately constant,

. up to a limiting value at which the absorption saturates,

first at the centre of the line and then outwards towards

the wings,

The shape of the spectral profile will be different
vhen the Lorentzian contribution cannot be neglected., since
a Lorentzian profile has much more prominent wings than a
Doppler profile, and consequently a lower peak height for
the same total area - Figure 563 in this figure the two
curves have equal total areas and egqual half-widths.

Figure 57 shows how increasing optical decnsity affects
the absorption line width for a pure collisional broadened
line (220). The dashed curves describe how an equivalent
emission line will be distorted at high atomic concentrations,
due to radiative disequilibrium near the border of the atom
cell (in this example, a flume) (13).

Ilost absorption line profiles will contain contributions
from both Lorentzian and Doppler comronznts; the relative
importance of these contributions is measured by the ratio

of their half-widths: a . Consideration of Fiesures 55 and 57
>
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Figure 56 Comparison of Lorentzian and
Doppler line profiles
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Figure 57 Variation of absorption line width with
increasing optical density (k,.l)
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at at low optical densities the absorpiion

5

is indevendent of atomic concentration, but
optical densities produce saturation of the

at the line centre followed by line broadening -
absorption factor increasing at the wings of
Large optical densities will thus increase the

width of the line i.e. self-absorption broadening.

The equivalent width of a line is defined as:
w, = J(1-e™)av [26]
and since ky is prorortional to N.£f, W, is some function
of N.f.1 and a plot of log W, vs. log N.f.l
growth for the spectral line.

is the curve
TMgure 58 shows a plot
log (Wo/Avp) - 2 quantity independent of line width -

vs. log [(N.£1 /7 Avp)/Inl ] - ¥.B. this expression
is equal to: log [ 10.6 kol].

The three regions of Figure 58 are related to the
optical thickness of the absorbing medium. Region A
corresponds to optical thinness kel <1)and the curve of
growth is a straight line. Vhen the optically thin

criterion is no longer applicable, W increases less rapidly

>
=
(W)
L
)
2
.Q‘\
1 - /
a=0
0 -
-1
region B region C
_2 ] ¥ L] ) [ 4
1.0 1.5 —> log N.f.l
Fig. 58 Curves of growth for a spectral
line at different damping ratios
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than N.f.1 and the curve f[lattens out: region B. TIncreasing
W.£! further results in the absorption occurring in the
wings of the profile: region C. The absorption profiles

corresponding to regions A-C are given in Figure 59.

Iv
A

e

L L T

A C
— \)
Figure 59 Absorption line profiles corresponding

to regions A,B and C of the
curve of growth (Fig.58 )

M gure 58 shows the relationship between total
absorption and analyte concentration in the atom cell.
In the Walsh (562) method of measuring atomic absorption,
a narrow emission line is employed to monitor the absorption
coefficient at the centre of the absorption line. The
consequence of this is a linear relationship between
absorbance and analyte concentration until a concentration
limit is reached, above which there is progressive deviation
from linearity. At very high optical density strong
absorption occurs and the measured absorbance reaches a
constant value independent of the analyte concentration (599) —

Pigure 52.

-..'..._.\‘ /- ————— K s N4

\ ] [l 1

‘| ,f' 1 |

—%‘l < A\) i 1

1] I’ a 1 i

[N B

\‘j . __>6_A\)e : :

: !

1

A i |

i v A |

Absorption line profile Emission line profile Resultsrt AA signal
A\)O = half width A\)e = half width s = spectral band

of absorption line of emission line wicgth of monochromctor

Fig.60 The Walsh method of measuring Atomic Absorption
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Typical values of opitical density in flame and plasma
atom cells are given in Table 38, taken from the work of
Kirkbright and Ward (270) and recalculated using a plasma
temperature of 5500 K. The values of k,-1 are all less
than unity i.e. approximating to the optically thin
condition. ' ’

Table 38 Tyvpical Optical Densities

Element HZO_CZEE flame Plasma
2800 K 5500 K
Ca(I) 0.050 0.210
ca(II) 0.0057 0.0509
cu(I) 0.000562 0.0197
Zn(I) 0.00520 0.148

If conditions of high optical density are produced
during atomization in a heated graphite tube (267) then
it is possible that these conditions are a contributory
cause of the typically small linear ranges and large
curvatures of the growth curves from electrothermal
atomizers.

7.9.2 Calculation of Optical Densities Occurring during
Atomization in a Graphite Tube

The expression for k, , the peak absorption coefficient
for pure Doppler broadening, is well known (317, 361):

2
Z%n' lnn?’. TeNg  [27]

ky, =

and an expression for Avy , the Doppler half-width has
beer given previously:

Avp=2din2 ., , [zRT
D - N, e (12 ]
Combination of these two equations gives:
.lﬁ'—a e"‘ N: f»JA
k, = d 2
° m.Vy [ART [28]

and since Vo= ¢ /Ao , an expression for optical density,
kol is obtained:

e [ | &
kol = o s 'ff{'f'}“" N1 [29]
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10

wheres e. = elcctronic charge (= 4.803 x 10777 e.s.u)
m = nags of electron (= 9.209] x 10728 g)
¢ = veloeity of light (= 2.997925 x 1019 cm s_l)
R = gas constant (= 8.3143 x 107 erg.i" ! mo1™2)
f = oscillator strength
Ao = wavelength of line (cn)
A = atomic mass (g mol"l)
T = absolute temperature (K)
N = concentration of absorbing species (cm_3)
1 = effective path length (cm)

Using constants expressed in the c.g.s. system, equation [29]

reduces to:

k,1 = 1.1611 x 10‘6.f-A° A/T «N-1 [30])

In order to calculate cptical densities occurring in
graphite tube atomization it is necessary to estimate the
effective path length and the volume of the atom cloud at
atomization (in order to calculate the concentration of

atoms present).

Assuring that the atom cloud fills the tube under
"Gas Stop" conditions, then the volume of the atom cloud
is given by mw.r%1 (r = radius and 1 = length of tube),
and the concentration of atoms, N, by:

mass analyte (ne) x 6.02252 x 1023 x 1079

N = cm -

atomic mass of analyte (4) x mr:l
and the product N.1 is therefore: (311
N.] = [ass analyte (ng) x 6,02252 x 1014
’ A X mr* [32]

The value of kgl will be independent of the path
length and “-:nends only on the cross-sectional arca of the
tube (if %  atom cloud fills the tube). This has been
pointed ou~ by L'vov (317).

Using eauations [30) and [32] , values of kel were
calculated fer 0.1 nz cuan f 32 elements in the

crochite tuke (0.3 em internral radius, 2.0 em long) at
L] Iy -

i
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Tauble 39 Calculated COnticzl Densities for 0.1 ns Afmounts

of Various ©blemnents in a Granhite Tube at 2300K

Elemont A/nm ko1
Aluminium 309.27 6.40
Antimony 217.59 0.37
Arsenic 193.70 74.46
Barium 553.56 30.91
Beryllium 234.86 8.78
Bismuth 223,06 0.09
- Cadmium 228.80 12.11
Calcium 422,67 46,81
Chromium 357.87 7.89
Cobalt 240.72 T3.22
Copper 324.75 14.09
Gallium 287.42 5.15
Germanium 265.16 12.22
Gold 242.79 2.43
Indium 303.97 4.77
Iron 248.33 5.28
Lead 217.00 2.75
283.31 . 1.93
Lithium 670.78 83.32
Magnesium 285.21 32.45
Manganese 279.48 10,22
Mercury 253.65 0.25
Ilolybdenum 313.26 2.99
Nickel 232.00 1,34
Platinum 265,94 1.07
Selenium 196,03 1.24
Silver 328.07 7.53
Tellurium 214,28 0.71
Thallium 276.78 2.44
Tin 286.33 2.83
Titanium 365,35 5.43
Uranium 358.49 22.81

Zinc 213.86 14.84
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2800 X, uveing the data in Table 30. The calculated values
are listed in Table 39; for the calculations the efficiency
of producing atoms from the sample was taken as unity. This
assumption was also made by Winefordner (580) who compared
the atom-producing ability of a graphite furnace with that

of a flame, and found the graphite cell to be more efficient
by a factor of 600. A comparison of the values of ko1 for
Ca, Cu and Zn in a flame (Table 38) with those calculated
for 0.1 ng amounts of the same elements in the furnace gives
the ratios: Ca(I) 220, Cu(I) 280 and zZn(I) 100, i.e. of the
same order of magnitude as Winefordner's ratios. It is
possible that the gas expansion factor between the heated gas
temperature and room temperature will affect the peak atomic
concentration of analyte (581).

It would thus appear that the optical densities
occurring during atomization in a gravhite tube (ard probably
other electrothermal atomizers) are several orders of
magnitude greater than typical optical densities in flame
or plasma atom cells, and are thus contributory factors to
the observed short linear ranges and high curvatures of
growth curves from electrothermal atomizers. This conclusion
was tested by performing atomic absorption measurements under
differing conditions of optical density.

. Two methods were used to vary the optical density
during the atomizetion step. The first method utilized
the ramp ash facility on the HGA-T4 -~ in effect a ramp
atomization was perforuedsgiving a steady release of atoms
from the sample into the analysis volume and thus maintaining
conditions of lower optical density than a simple pulse
vaporization of sample. Different rates of temperature rise
were selected with the HGA-T4, and the resultant calibration
curves are given in Figure 61. Peak absorbance was
plotted in this figure, and consequently there was a
decrease in sensitivity for the slower atomization rates,
since these produced smaller, but wider peaks - Figure 62.
Integration of the sizgnal restored the sensitivity, but the
linear sxtent of each curve was not affected.
The second method of varying the optical density was to
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use different gas flow rates during the atomrization step;
G

i

D

gince the two sitages on the HGA-T74 which are normally used
for atomization are subject to aubtomabtic control of gzas
flow, the atomizations were carried out using the ramp step
and with varying gas flow rates - Figure 63. As might be
predicted, higher gas flow rates (which producad lower
optical densities by faster removal of atoms from the
analysis volume) gave lower peak absorbances, but greater
linearity in the calibration graphs.

7.10 liethods to Increase the Linear Rances of Calibration

Granphs from Electrothermal Atomizers.

A large lincar calibration range is desirable for any
analytical technijue, and it is one of the drawbacks of
electrothermal atomization atomic absorption that the
typical linear range is not large. The consequence of this
is that only samples vhich have analyte concentrations
falling within a small range can be analysed without recourse
to sample dilution. %hen it is necessary to perform standard
additions (section 2.7) care must be taken to ensure all the
measurements lie on the linear region of the calibration.

Obvious advantages will be produced by extending the
linear region of electrothermal atomization calibration
graphs. Two methods of achieving this have been given in
the previous section, viz. by a slow atomization step or by
reducing the inert gas flow during atomization. The logical
conclusion to reducing the gas flow rate - $he use of "Gas
Stop" conditions - is already widely employed because it
gives maximum sensitivity. To retain the analytical
sensitivity during a slow atomization it is necessary to
employ signal integration, but occasionally it may be
desirable *> reduce the analytical sensitivity e.g. fov =inc
determins’  was at the 213,9 nm line (section 3.6.) It wi.l

then be = "icient to plot reak helrcht,

A different approach to linearising calibration graphs
has been proposed by Kilroe-Smith (258, 259), Instead of
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plotting absorbance vs. mass of analyte, Kilroe-Smith
plotted (opécity—l) vs. mass of analyte, and {ound that the
linear region of the graph was increased ccansiderably.
Calibration graphs previously plotted for coprer, cadmium,
thallium and cobalt (Figure 20) were replotted using
(opacity~1), and indeed showed increases in the linearity -
Figure 64. A linear absorbance vs. mass of analyte plot
produced a concave graph when replotted using (opacity-1) -

Figure 65.

The reason why (opacity-1) vs. mass of analyte should
produce a linear graph is unclezar. Normally absorbance
vs. mass of analyte is plotted since a linear relationship
exists between these two guantities (268) but ¢% absorption
is sometimes used instead of absorbance. At low absorbances,
absorbance (log Io/I} is pronortional to % absorption
(lo-T}/ I, )x100. (Opacity-1), which is ({(Xo-X}/ I) is only
equal to ¢ absorption at very low absorbances - at higher
absorbances there is no obvious relationship between the
two terms. Kilroe-Smith (258, 259) makes no suggestion
why (opacity-1) should produce a linear relationship to mass
of analyte; it is possibly a mathematical quirk.

0.4 4 1.6
o
o «
5 '
a 0.3 1.2 >
o ‘G
0 s}
< &
0.2 1 0.8
0:1 1 0.4

‘i 2 3 4 5 6 mass of
analyte

Fig. 65 Absorbance and opacity plots for a
calibration linear in absorbance
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Chepter 8

CONCTLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES

Atomic absorption spectrometry is well established
amongst the technigques available to.the modern analyst
(80) and it has become the method of choice for the
determination of many metallic elements at trace levels.
The use of electrothermal atomization further extends the
range of applicability of atomic absorption spectrometry.
The work presented in this thesis shows that the technique
can be successfully applied to the analysis of urine and liver.

Methods are given for the analysis of urine samples by
direct injection into the furnace. Cr, Cu, Co, Ni, Cd, Pb
and Bi can be determined in unspiked urine samples, but the
method is restricted by the necessity of employing standard
addition procedures, and by the volume limit to the correcting
ability of the deuterium arc background corrector. Solvent
extraction of urine improves the detection limits attainable,
and an extraction procedure is presented which is suitable
for the single-element or simultaneous extraction of Cu, Fe,
Pb, Ca, T1, Zn, Hg, Ni, Co and Sb.

Liver tissue may be digested with either a nitric acid /
sulphuric acid mixture or tetramethyl ammonium hydroxide,
and it 19 possible to determine ¥n, Cd, Ag, Cr, Al, Ni, Li,
Cu and Pb in the digests - in many cases without the need
for stendard addition. Levels of analyte elements in the
acid and THAH blanks were high, and for results of good
accuracy purification of these reagents will be necessary.
Sub-boiling distillation is a suitable method for acids,
whilst a solvent extraction would be preferable for the ThAH.

Research on trace metals in man and in t-° environment
is an area of importance to the overall under:..nding of
the votential hasards and benefits to men's heolith. Tosee
and Adlkrins (610) have correlated geographical location to
differing levels of dental caries. The correlation showed
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dependence between type of food consumed and metal content
of the soil where the food was grown, and potable water.
Webb et 2l.(566) applied a cluster analysis technique to
the multi-element analysis of cardiovascular tissues and
showed that the technique could distinguish between types
of tissue. Application of a pattern recognition technique
(282) might provide a more satisfactory evaluation of the
data, and thus provide a method for the diagnosis of disease.
Klevay (272) has recently shown that low intakes of copper
are assoclated with increased cholesterol levels. The
determination of trace metals in biological systems, and
the relation of the levels of these metals to states of
health and disease - for both short-term and long-term
exposures - is likely to increase in importance in the

near future, but accurate analyses of these trace metals
and thelr statistical interpretation will be more important
than the development of new instrumentation, though further
work on multi-element systems will be extremely valuable.

The use of a graphite tube atomizer means that it is
possible to perform chemical operations actually in the
furnace, and matrix modification is likely to provide a
useful means of altering the volatility of an analyte
element; this should reduce the difficulty of some deter-
minations. Soivent extraction is a form of matrix modific-
ation; some chelates decompose t0 sulphides during the
charring step (177), and higher ashing temperatures can be
used. Matrix effects due to the high solids content of
urine and liver digests were a recurring problem during this
study, and these should be reduced or eliminated by the use
of solvent extraction procedures.

The study on the causes of bending of the analytical
curves showed that two main factors were involved - the
contribution of the deuterium arc and the high optical
densities formed during atomization., The latter could be
reduced by a slow atomization sten or by altering the
inert zas flow rate — which led {o increases in the linear
ranges of the calibration graphs. Slow atomization also
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gave reduced analytical sensitivities when vpeak absorbance
was plotted; +this could be useful in some instances when

samples of hizh anelyte concentration need to be analysed.

The theoreticael work involved in calculating half-
vidths showed that much basic data does not exist, and
since the graphite tube offers a very simvle, well defined
analytical system (analyte + graphite + inert gas in
a fixed volume), the system could be usefully employed
in more fundamental studies, e.g. measurements of oscillator
strengths, collisional cross—sections, etc. - which was

the purpose for which King originally designed his furnace.

REFERENCLES

The 1ist of 610 references presented covers the
various topics studied in the thesis. The literature
of the trace metal analysis of biological meterial is
extensive, and the author's collection of relevant
references - which is by no means exhaustive - contains
over 3000 references; +this excludes determinations of
Ca, Mg, Na and XK.



-~ 206 -

References

1.  Abu-Samrs, A., Morris, J.5. & Koirtyohanm, S.R. (1¢75) Vet ashing of biological
samples in a microwave oven. Analyvical Chemissry, 47, 1475.

2. Adanms, M.J., Kirkbright, G.F. & Rienvatana, P. (1975) Molecular absorption spectra
of some simple inorgznic salts in the heated graphite atomizer, Atomic Absorzntion
Newslettor, 14, 105,

3. Agarwal, M., Bennett, R.B., Stump, I.G. & D'Auria. J.M. (1975) Analysis of urine for
trace elements by energy dispersive X-ray fluorescence spectrometry with a pre-
concentrating chelating resin. Analytical Chemistry, 47, 924.

4. Aggett, J. (1973) Determination of gold ia serum by atomic absorption spectrometry
with a carbon filament atom reservcir. Analyticae Chimica Acta., 63, 473.

5. Aggett, J. & Sprott, A.J. (1974) Non-flame atomization in atomic absorption
spectrometry. Analytica Chimica Acta, 72, 49.

6. Aggett, J. & Yest, T.5. (1971) Determination of elements in organic solvents.
Analytica Chimica Acta, 57. 15.

7. Alder. J.F. (1971) Th.D. Thesis, Chemistry Department, Imperial College.
University of London. _

8. - Alder, J.F. & West, T.S. (1970) Determination of cadmium by A.F.S. with an unenclosed
atom reservoir. Analvtica Chimica Acta, 51, 365.

9. Alder, J.F. & West, T.S. (1972) The direct determination of silver and copper in

lubricating oils. Analytica Chimica Acta, 58, 331.

10. Alder, J.F. & West, T.S. {(1972) Determination of nickel in crude and residual
fuel oils by A.A.S. Analytica Chimica Acta, 81, 132.

11. Aldous, K.M., Mitchell, D.G. & Ryan, F.J. (1973) Computer controlled atomic
absorption spectrometer for measurement of transient atom populations.
Analyticzl Chemistry, 43, 1990.

12. Alger, D., Anderson, R.G., Mains, I.S. & West, T.S. (1971) A study of some matrix
effects. Analytica Chimica Acta, 57, 271.

13. Alkemade, C.Th.J. & Zeegers., P.J.Th. (1971) Excitation and de-excitation processes
in flames. 1In Svectrocrenmical Methods of Anzalysis, ed. Winefordner, J.D.
Hew York: Wiley-Interscience.

14. Allain, P. (1975) Determination of bismuth in blood, urine and cerebrospinal fluid
by flameless A.A.S. Clinica Chimica Acta, 64. 281.

15. Allan, J.E. (1959) 1In Proceedings 2nd Australian Svectroscory Conference.
Nature, 184, 1195,

16. AMlan, J.E. (1961) The use of organic solvents in A.A.S. Svectrochimica Acta, 17. 467
17. A1-Sibaai, A.A. & Foag, A.G. (1973) Stability of dilute standard solutions of
antimony, arsenic, iron and rhenium used in colorimetry. Anzlyst. 98. 732.
18. Amos, M.D., Bennett, P.A., Brodie, K.G. & Iung, P.W. (1971) Carbon rod atcmizer
in A.A.S. and A.PF.S. and its clinical application. Amalytical Cheristry, 43, 211,
19. Anand. V.D., White, J.M. & Kino, H.V. (1975) Some aspects of specimen collection
and trace element analysis of body fluids, Clinical Chemistry, 21, 595.

20. Anderson, J., Osbormn, S.B., Tcmliason, R,W.S., Newton, D., Rundo, J., Salmon, I.
& Smith, J.¥. {1964) Neutron activation analysis in man in vivo. Lancel, ii, 1201.

21. Anderson, R.G., Johnson, H.¥. & West, T.S. (1971) Atomic absorption under limited
field viewing conditions., Analytica Chinica Acta, 57, 28].
22, Anderson, W.N., Broughton, P.M.G., Dawson, J.B. & Fisher, G.7. (1974) An evaluation
of some A.A. systems for the determination of lead in blood. Clinica Chimica Acts, 350,12¢

23.  Appleby, D.E. & Savory, J. (1972) Studies on soivent extraction technigues for
activation analysis of serum, Analytica Chimica Acta, 62, 317.

24. Arroyo, M. (1973) Analytical determinatisn of lead in urine by A.A.S.
Rev. Clin. Esp,, 123, 119,

25. Arroyo, ., Coca, M.C. & Rubio, C.D. (1972) Analytical determination of iron in
urine by A.A.S. Rev. Clin, Zsv,, 125, 43.

26. Arroyo, M, & Salinas, M. (1969) Levels of chromiun in blood and urine and possible
related skin effects. ued., y. Sesz. del., Trabaio, €8, 39.

27. Backer, E.T. (1969) Chloric acid digsstion in the defermination of trace metals in
brain and hair by A.A.S. Clinica Chimica Aetz, 24, 233.

28. Backhaus, G. (1974) Low-temperature incineration of samples for trace element
analysis. G.I,T, Fachz. Lab., 18, 533.

29. Bailey, P. & Kilroe-Smith, T.A. (1975) Effect of sample preparation on bloed lead
levels., Anzlytica Chimieca dActa, 77, 29

30. Baird, R.B. & Gabrielian, 3.M, (1974) Tantalum foil-lined grachite tube for the
analysis of As and Se in waste wasers by A.A.S. Apclied S»ectrosceory, 28, 273.

31, Barlow. F.J. & Khera, A.X. {1975) Sample preparation using tissue solubilization by
Soluene-350 for Fb determinations by graphite furnace A.A,S. Atomic abgorniicn
Newsletter, 14, 149.




- 207 -

32, Barnett, W.B, & Kabn, H.L. (1972) Determination of copper in fingernails by A.A.
with the graphite furnace. Clinical Chemistry, 18, 923.

33. Barnett, .3,,.Kerber, J.D. & Knott, A.R. (1975) Optimization of instrumental
electronics for use with flameless A.A, sampling devices, 18ih Collcjguium
Speetroscoricum Internationale, Grenoble, comm. no. 25.

34. Bek, P., Janoulkova, J. & Moldan, B, (1974) Determination of manganese and strontium
in blood serum using the P.-E, HGA-70 graphite furnace, Atcmic Absorntion
Newsletter, 13, 47.

35. Belling, G.B, & Jones, G.B. (1975) The determination of manganese in small samples
of biological tissue by flameless A,A.S. Anzlytica Chimica Acta. 80, 276.

36. Ben-Reuvan A, (1969) The meaning of collision brecadening of spectral lines: the
classical-oscillator enalos. In Advances in Atomic ard Molecular Physics. Vol. 5,
ed. Bates, D.R. & Estermann, I. New York: Acadenmic rress.

37. Berfenstam, R, (1952) Acta Paediatric, 41, 389.

38, Berge, D,G, & Pflaum, R.F. (1968) Determination of copper in urine by A.A.S.
American Journal of ¥edieal Technology, 34, 725.

39, Berman, E. (1964) The determination of lead in blood and urine by A.A.S.
Atomic Absorption Fewsletter, 3, 111.

40. Berman, E. (1965) Application of A.A.S. to the determination of copper in ~serum,
urine and tissue. Atcmic Absorvtion Newsletter, 4, 296.

41, Berman, E. (1967) Determination of cadmium, thallium and mercury in biological
materials, Atomic Absorpiion Lewsletter, &, 57.

42, Berman, E. (1975) Biochemical applications of flame emission and A.A. spectrometry.
Apvlied Soectroscony, 29, 1.

43,  Beukelman, T.E. & Lord, S.S. (1960) The standard addition method in flame spectrometry.
Apnlied Spectroscony, 14, 12.

44. Bevan, D.G. & Kirkbright, 5.F. (1976) The influence of operating parameters on the
profile of the Ca 422,67 nm resonance line emitted by a demountable hollow cathode
lamp, Applied Speetroscony, 30, 162.

45, Biechler, D.G. (1965) Determination of trace Cu, Pb, 2Zn, Cd, ¥i and Fe in
industrial waste waters by A.A.S. after ion exchange concentration on Dowex A-1,
Analytical Chemistry, 37, 1054. _

46, Black, M.S., Glenn, T.H., 3ratzel, M,P. & Winefordner, J.D. (1971) A.P.S. with
continuous nebulization into a platinum furnace. Analytical Chemistry, 43, 1769.

47. Blout, C.W., Leyden, D.E,, Thomas, T.L. & Guill, S.M. (1973) Application of chelating
ion exchange resins for trace element analysis of geological samples using X-ray
fluorescence. Analytical Chemistry, 45, 1045.

48. Boirie, C., Bosc, D., Fugot, G & Platzer, R. (1962) Determination of minute traces
of uranium in biological subsiances (blood and organs). Acta Chim. Hunsg. 33, 281.

49, Borzov, V.P., L'vov, B.V & Plyusheh, G.V. (1969) Zh. Prikl. Snektros, 11, 217,

50. Bothner, M.H. & Robertson, D,E. (1975) Mercury contamination of sea water samples
stored in polyethylene containers. Analytical Chexnistry, 47, 592.

51. Bowen, H.J.M. (1956) The determination of manganese in biological material by
activation anzlysis, with a note on the gamma spectrum of blood.
Journal of luclear Energy, 3, 18.

52. Bowen, H.,J.M. (1964) The determination of chromium in biological material by
radioactivation. Analyst, 89, 658.

53. Bowen, H.J.M. (1966) Trace Zlementas in Biochemis*ry, New York: Academic Press.

54, Bowen, H.J.M. & Cawse, P.A. (1963) The determination of selenium in biological
material by radiocactivation, Analvst, 88, 721.

55. Brandenberger, U. & Bader, H. (1967) Flameless A.A. method for the determination
of small amounts of mercury. Helv, Chim. Acta, 50, 1409.

56. Brandenberger, H. & Bader, H., (1963) The determination of mercury by flameless ALA.S,
II. A stetic vapour method. Atomic Absorption liewslatter, 7, 953.

57. Bratzel, il.P., Dagnall, R.M. & Winefordner, J.D. (1969) A new simple atou reservcir
for A.F.S. Analytica Chimica Acha, 42, 197.

58. Breene, R.G. (1961) The Shift 2nd Shove of Svectral Lines. Oxford: Pergamon.

59. Brooks, R.R., Presley, B.J. & Kaplan, I.R. (1967) APDC-MIBX extraction system
for the detcraination of trace elements in saline waters by A.A.S. Talanva, 14, 809.
60. Brooks, R.R., & Smythe, L.E. Ll975) Trends in A.A.S. Analytica Chimica Acta, 74, 35.
61. Brooks, R.R. & Smythe, L.E. (1975) The progress of analytical chemistry 1910 - 1970,
Talanta, 22, 499,

62. Brovko, I.A.. ¥azarov, S.N. & Rish, M.A. (1974) A,A. determination of Zn, Cd, Co,
Cu and Wi after their extraction concentratlon in the di-phenylcarbazone - pyridine-
toluene system, 2h. Anal. ¥hin., 22, 2387.

63. Browner, R.F,, Dapnall, R.M., & West, T.S. (1969) A.F.S, 2nd A.A.S. of thallium
and mercury with Z,D.T.8 a3 sources., Talanta, 15, 75.




64'
65.

66.

67.
€8,
69,
70,
T1.
72.
73.
T4.
T5.
76.
1.
78.
79.

80'
8l.

82.

83.
84,
85.
86.
87.

88,
89.

90-
ol.
92.

93.

94,

95'

- 208 -~

DBruce, C.F. & Hannaford, P. (1971) On the widtha of atomic reasonance lines from
hollow-cathode lamps. Spectrochimica Act-, 268, 207,

Brune, D., Samsahl, K. & Wester, P,0, (1964) Aktiecbolaget Atomenersgl Stockholm
Report AE 134.

Brune, D., Samsahl, K. & Wester, P,0, (1966) A comparison between the anmounts of
As, Au, Br, Cu, Fe, Mo, Se and Zn in normal and uraemic human whole blecod by N.A.A.
Clinica Chimica Acta, _l, 285.

Bryce-Smith, D, (1971) Lead pollution ~ a growing hazard to public health.
Chemistry in Britain, 7, 54.

Bunsen, R. (1859) Aan. Chem. Pharm., 111, 257,

Busev, A.I., Byrlko, V.M., Tereshchenko, A.P. & Novikova, N.N. (1970) A.A, and
spectrograchic determination of traces of heavy metals after their concentration
by extraction with hexamethylene ammonium hexamethylene. 2h. Anal, ¥him., 25, 665.

Butt,” E.M., ¥usbaum, R.E., Gilmour, 7.C.. Didio, S.L. & Mariano, S. (1964) Trace
metal levels in human serum and blood. Archives of Envirormental Health, 8, 52.
Calder, A.B. (1964) The statistical approach in analytical chemistry: why it is
important.  Analvtical Chemistry, 36, 254 (Aug.)

Campbell, W.C. & Ottaway, J.M. (1974) Atom formation processes in carbon furnace
atomizers used in A.A.S. Talanta, 21, 837. .

Campbell, W.C. & Ottoway, J.M. (1974) Formation of atoms in carbon furnace atomizers
in A.A.S. Proceedings Socisty for Analytical Chemistry, 11, 161. :

Cantle, J.B. & MNullins, C.B. (1975) Peak area measurement of transient signals in
A.A.S5. 18th Colloguium spectrosconicum Internationale, Grenoble. comm. no. 218,
Carr, G. & Yilkinson, A.W. (1975) Zinc and copper urinary excretions in children
with burns and scalds., Clinica Chimica Acta, 61, 199. :

Carritt, D.E. (1953) Separation and concentration of trace metals from natural waters.
Analytical Chemistry, 25, 1927.

Cary, E.E. & Allaway, W.H. (1971) Determination of chromium in plants and other
biological materials, Journal of Agriculture and Food Chemistry, 19, 1159.

Castellari, G. & Fiorentini, P. (1974) Method for the determination of chromium in
urine by flame spectroscopy with selective A.A. Laboratorio, 57, 47.

Chakrabarti, C.L. & Singhal, S.P. (1970) Effect of complexing agents and organic
solvents on the sensitivity of A.A.S. technique. Spectrochimica Acta, 24B, 663.

Chalmers, R.A. (1968) Aspects of Analytical Chemistry. Edinburgh: Oliver and Boyd.

Chau, Y.K. & Lum~Shue-Chan, K. (1969) A.A. determination of microgram quantities
of molybdenum in lake waters. Analytica Chimica Acta, 48, 205.

Chau, Y.K. & Luz-Shue-Chan, K. (1970) Complex extraction of vanadium for A.A.S.
Analytica Chimica Acta, 50, 201,

Chauvin, J.V., Newton, 4.P, & Davis, D.G. (1973) Determination of l:2ad and nickel
by A.A,S. with a flameless wire-loop atomizer, Analytica Chimica Acta, 65, 291.

Chemical Rubber Company (1972~73) C.R.C. Handbook of Chemistry and Physics,
53rd edition, Ohio: Chemical Rubber Comgpany.

Chemical Rubber Company (1968) C.R.C. Handbook of Clinical Laboratory Data,

2nd Edition. Ohio: Chemical Rubber Company.

Ch'en, $.-Y. & Takeo, M. (1957) Broadening and shift of spectral lines due to the
presence of foreign gases, Reviews of Modern Physies, 29, 20.

Chooi, M.K., Todd, J.K., & Boyd, N.D. (1975) Effect of carbon cuv aging on plasma
zinc determination by flameless A.A.S. Clinical Chemistry, 21, 632.

Christian, G.D. (1969) Medicine, trace elements and A.A.S. Analytical Chemistry, 41, 244

Christian, G.D. & Peldman, F.J. (1970) Atomic Absorntion Spectroscony:
Applicationg in Agriculture, RBioloay and Medicine. New York: iwiley—-interscience.
Clyburn, S5.A., Kantor, 7. & Veillon, C. (1974) Pyrolysis treatment for graphite
atomization systems. Analvtical Chenmisiry, c, 2213,

Community Bureau of 2eference, sub-working group "Petroleum and Related Comrpounds"
(197%) Proposed szandard metnod for dicestion of sincle ecell vrotein,

Cooper, T.B., Simpson, G.M. & Allen, D. (1974) Rapid direct micro method for
determination of plasma lithium. Atomic Absorntion Hewsletter, 13, 119,

Cotzias, G.C. (1967) Importance of trace substances in environmental health as
exenmplified by marnsanese. In Proceesdinzs 1st Annual Conference on Trace Substiances
in Envirormental ¥=alth, ed. Hemphill, D.D. Columoia, Llissouri: Universisty of ilissouri.

Cotzias, G,C., Miller. S.T. & Bdwards. J. (1966) Feutron activation analysis: the
stability of manganese concentrations in human blood and serum., Journal Laboratory
end Clinical Medicine, 67, 836,

Cruz, R.B., & Yan Ioon. J.C. (1974) Critieal study of the application of grachite
furnace non flame A.A.S. to the determination of trace base metals in complex heavy
matrix sample solutions. Analvtica Chimieca Acta, 72, 231,




96,

97.
981
99.

100.
101.

102,
103.
104.
105.
106.
- 107.

108,

109.

1l10.

111.

112.

113.
114.
115.
11se.
117.
118,
119.
120,
121,
122,
123.
124,

125,

126,

- 209 -

Culp, J.H., Windham, R.L. & Yhealy, R.D. (1971) A.A.S. of copper after extraction
with selccted orpanic solvents from agueous solution with 8-hydroxyaquinoline.
Analytical Chemistry,43, 1321.

Culver, 3.R. & Surles, T. (1275) Interferences of molecular spectra due to alkali
halides in non-flame A.A.S. Analytical Chemistry, 47, 920.

Curry, A.S. (1969) Pgison Detection in Human Organs. Springfield, Illinois:
Charles C. Thomas.

Curry, A.S. (1973) Advances in Forensic and Clinical Toxicology.
Cleveland: Chenical Rubber Company.

Curry, A.S. (1972) Recent developments in forensic science. Nature, 235, 369.

Curry, A.S. & Knott, A.R. (1970) ‘"Normal" levels of cadmium in human liver and
kidney in England, Clinica Chimica Aeta, 30, 115,

Curry, A.S., Knott, A.R. & Read, J.P. (1969) Determination of thalllum in biological
material by flame spectrophotometry and A.A. Analyst, 94, 744.

Dagnall, R.M. & West, T.S. (1964) Observations on the A.A. spectroscopy of lead in
aqueous solution, in organic extracts and in gasoline. Talanta, 11, 1553.

Dalgarno, A. & Davison, W.D. (1966) The calculation of Van der Waals interactions.
In Atomic and liolecular Physics, Vol, 2, ed. Bates, D.R. & Eastermann, I.
New York: Academic Press.

Davidson, I.W.P. (1973) American Journal of Obsteirics and Gynacolomy, 116, €01,

Davidson,I.W.F. & Secrest, W.L. (1972) Determination of chromium in biological
materials by A.A.S. using a graphite furnace atomizer., Analytical Chemistry, 44, 1808.

Davis, M.H, & Grossman, V.B. (1971) A sensitive method for the determination of
chromium in biological materials. Analytical Biochemistry, 44, 319.

Dawson, J.B., Ellis, D.J., Hartley, T.F., Evans, M.E.A. & Metcalf, K.%W. (1974)
Electrolytic extraction combined with flame A.A. for the determination of metal ions
in agueous solution, Analyst, 99, 602,

Dawson, J.B., Ellis, D.J. & Newton-John, H. (1968) Direect estimation of copper in
serum and urine by A.A.S. Clinica Chimica Acta, 21, 33.

Dawson, J.B., Grassam, E., Ellis, D.J., & Kier, M.J. (1976) Background correction
in electrothermal A.A.S. using the Zeeman effect in the atomized sample.
Analyst, 101, 315.

Dawson, J.B. & Walker, B.E. (1969) Direct determination of zinc in whole blood
plasma and urine by A.A.S. Clinica Chimica Acta, 26, 465.

Dean, J.A. & Rains, T.C. (1971) Standard solutions for flame spectrometry. In
Flame Emission and Atomic Absorption Stectrometry, ed. Dean, J.A. & Rains, T.C.
New York: Marcel Dekker.

De Galan, L. & Tagenaar, H.C. (1971) The Profile of Atomic Spectral Lines. In
Proceedings 3rd Internatioral A.A.S. and A.P.S. Congress, Parig

Delaughter, B. (1965) The determination of sub-p.p.m. concentrations of chromium
and molybdenum in brines. tomic Absorption Newsletter, 4, 273,

Delves, H,T. (1970) A micro~sampling method for the rapid determination of lead
in blood by A.A.S. Analyst, 95, 431.

Delves, H.T. (1972) The use of separation procedures for A.A.S. in clinical chemiSury.
Proceedings of Society for Analvtical Chemisiry, Q, 268.

-

Delves, H.T. (1973) The deternination ol trace metals and their significance in
clinical chemistry. Atomic Absorntion Newsletter, 12, 59.

Delves, H.T., Shepherd, G, & Vinter, P, (1971) Determination of eleven metals in
small samples of blood by sequential solvent extraction and A.A.S. Analyst, 96, 260.

Denbsky, G. (1973) Rapid, low-loss wet-ashing of biolopical materials with hydrogen
peroxide at high temperature and pressure, Z. Anal, Chem., 267, 350.

Devoto, G. (1968) Determination of lead in urine and blood by A.A.S.
Boll. Soc. Ital. Biol. Swzer., 44, 421.

Devoto, G. (1968) Indirect determination of arsenic in urine by A.A.S.
Boll, Soc., Ital. Biol, Szer., 44, 425.

Devoto, G. (1968) Determination of chromium (VI) in biological liquids by A.A.S.
Boll., Soc. Ital), Biol, Scer., 44, 1251,

Devoto, G. (1968) Determination of bisnuth in urine by A.A.S.
Boll., Soc. Ital. Biol, Jwer., 44, 1253.

Dickson, R.C. & Tomlinson, R.H, (1967) Selenium in blood and human tissues.
Clinica Chimiea Acta, 16, 311,

Dingman, J.F., Gross, K M., "11hno, E.A. & Siggia, S. (1974) Concentration of
hgavy metalg by complex formation on dithiocarbamate resins, Analvtical Cheristry,
46, 774,

Dingman, J.%., Siggia, S., Barton, C. & Hiscock, X,B. (1972) Conceniration and
separation of irace wetal cations by cozplexatlon on-prolyamine-polyurea resins,
Analytical Chonmistry, 44, 1351.




127.
128.
129.
130.

131.

132,

133.

134.

135.

136.

137.
138.
139.

140.
141,

142,
143.

144.

145.

146.
147.
148.

149.

150.
151.
152,
153,
154.
155.

156,
157.

158.

159,

- 210 -

Dgllcfcld, E. (1971) Micro-method for determination of the lcad content of blood
and urine by A.A.S. Aerztl. Lub., 17, 369.

Donrelly, T.H., Eccleston, A.J., Gully, R.L. & Ferguson, J. (1975) A high sreed
method of continuous background correction in A.A.S. Applied Spectrescopy, 29, 154,

Down, J.L. & Gorsuch, T.T. (19€7) The recovery of trace elcments after the
destruction of organic matter with 505 hydrogen peroxide. Analyst, 92, 398.

Dresser, R.D., Mooney, R.A., Heithmar, E.M, & Plankey, F.W. (1975) Electrically

heated non~flame atomizers. Journal of Chemical Zduecaticn, 52, A451.

Ducharme, D.M. & Pena, L.P. (1974) Simple apparatus and procedure for digestion

of biological materials in determinations of nor-volatile elements.

American Journal of Clinica) HNutritien, 27. 528.

Dudas, M.J. (1974) Zifect of drying parameters on the heated graphite furnace
determination of trace metals in LIZXK-APDC solutions.

Atomic Absorption Yewsletter, 13, 67.

Dunckley, J.B. (1973) Estimation of gold in urine by A.A.S., Clinical Chemistry,19,1081.

Dyck, W. (1968) Adsorption of silver on borosilicate glass. Analytical Chemistry,
40, 454.

Dye, W.B., Bretthauer, E., Seim, H.H. & Blincoe, C. (1963) Fluorimetric
determination of selenium in plants and animals with 3,3' - diaminobenzidine.
Analytical Chemistry, 35, 1687.

Ealy, J., Boltor, iI.E., McElheny, R.J. & Morrow, R.W. (1974) Determination of lead
in vhole blood by graphite furnace A.A.S.

American Industrial Hvoiene Association Journal, 35, 566.

Ebdon, L., Kirkbright, G.F, & West, T.S. (1972) Determination of manganese by A.A.S.
Analytical Chimica Acta, 58, 39.

Ebdon, L., Kirkbright, G.F. & West, T.S. (1972) Determination of iron dy A.A.S.
Analytica Chimica Acta, 61, 15.

Ebvert, J, & Jungmann, H, (1974) Rapid and sensitive determination of lead in urine
by flameless A.A.S. Z. Anal. Chem., 272, 287.

Bdiger, R.D. (1973) Perkin-Elmer A.A. Application Study no. 550.

Ediger, R.D. (1975) A.A. aralysis with the graphite furnace using matrix modification.
Atomic Absorption Newsletter, 14, 127.

Ediger, R.D., Peterson, G.E, & Kerber., J.D. (1974) Application of the graphite
furnace to saline water analysis, Atomic Absorption Newsletter, 13, 61.

Epstein, M.S. & Rains, T.C. (1976) Evaluation of a xenon-mercury arc lamp for
background correction in A.A.S. Analytical Chemistry, 48, 528,

Evenson, M.,A. & Anderson, C.T. (1975) Ultramicro analysis for Cu, Cd and Zn in
human liver tissue by use of A.A.S. and the heated grarhite tube atomizer.
Clinical Chemistry, 21, 537.

Evenson, M,A. & Pendergast, D.D. (1974) Rapid ultramicro direct determination of
erythrocyte lead concentration by A.A.S. with use of a graphite tube furnace.
Clinical Chemistry, 20, 163.

Evenson, M.A. & Warren, B.L, (1975) Determination of serum copper by A.A.S. with
use of a graphite cuvette. Clinical Chemistry, 21, 619.

Everett, G.L., West, T.S. & Williams, R.W. (1974) The determination of tin by
carbon filament A.A.S. Analytica Chimica Acta, 70, 291.

Everson, R.J. & Parker, H.E. (1974) 3-heptanone vs. 4-methyl-2-pentanone as
extracting solvents in A.A.S. Analytical Chemistry, 46, 2040.

Falchuk, K.H., Evenson, M.A. & Vallee, B,L, (1974) A multi-channel A.A. instrument:
simultaneous analysis of Zn, Cu and Cd in biologic materials.

Analytical Eiochemistrv, 62, 255. .

Parrelly, R.0. & Pybus, J. (1969) MNeasurement of lead in blood and urine by A.A.S.
Clinical Chemisiry, 15, 566.

Fassel, V.A. & Kniseley, R.N. (1974) 1Inductively coupled plasma - optical emission
spectrometry. Analytical Chemistry, 46, 1110A.

Peldman, C. (1974) Preservation of dilute mercury solutions.

Analytical Chemistry, 46, 99.

Feldnan, F.J., Bosshart, R.EZ. & Christian, G.D. (1967) Sensitivity of manganese
determination by A.A.S. using four solvents. Analytical Chemisiry, 39, 1175.
Peldnan, P.J., Knoblock, E.C. & Purdy, ¥.C. (1967) The determination of chromium
in biological materials by A.A.S. Analvtica Chimica Acta., 38, 489,

Peldran, P.J. & Purdy, ¥.C. {1965) The A,A, spectroscopy of chromium,

Analytica Chimieca Acta, 33, 273.

Pernandez, F,J. (1973) Perkin-Flmer A.A. Avclication Studv no. 549,

Fernandez, F.J. (1975) Micromethod for lead determination in whole blood by =~ - .,
with use of the graphite furnace. Cliniczl Cherminvry, 21, 558.

Pernandez, P.J. & Manning, D.C. (1971) A.A. znalysss of metallie pollutants in
water using a heated grazhite atcmiczer. Atomic Abscerntion Nawcletter, 10, 65.
Findlay, %W.J., Zdrojewski, A. & Quickert, N. (1974) Temperature neasurements of a
graphite furnace used in flameless A.l. Spectroscory Letters, 7, 63,




- 211 -

160. Findlay, ¥.J., Zdrojewski, A. & Quickert, H. (1974) Preatormization losses in
flameless A.A.S. Crectrossooy Letters, 7, 355.

161, Forbes, R.M., Coopcr, A.R. & Mitchell, H,H. (1954) On the occurrerce of Be, B,
Co and Hg in human tissues., Journal of Biolosictil Chemistry, 209, 857.

162, Forssén, A. (1972) Inorganic elemen®s in the human body.
Ann. Med. Bxp. et Riol. Fenn. 59, 99.

163, Fuller, C.Y, (1972) Toss of copper and nicksl during preatomization heating
pericds in flameless A.A. determinations, Analytica Chimica Acta, 62, 442.

164, Fuller, C.%. (1974) Kinetic theory of atemization for non-flamec A.A.S. with a
graphite furnace. Kinetics and mechanism of atomization for copper.
Analyst, 99. 739. :

165, Fuller, C.W. (1975) A kinetic theory of atomization for non-flame A,A.S. with a
graphite furnace. II. Analytical applications of kinetic information for Cu.
Analyst, 100, 229.

166. Fuller, C.W. (1976) The effect of acids on the determination of thallium by A.A.S.
with a graphite furnace. Analytica Chimica Acta. 81, 199.

167. Garnys, V.P. & Smythe, L.E. (1975) Pundamental studiecs on improvement of precision
and accuracy in flameless A.A.S. using the graphite-tube atomizer. Lead in whole
blood. Talanta, 22. 881,

168, Gawali, S.B. & Shinde, V.M. (1976) Separation of gallium, indium and thallium by
solvent extraction with 4-methyl- 2-pentanol, Analytical Chemistry, 48, 62.

169, George, G.M., Frahm, L.J. & McDonnell,J.P. (1973) Dry ashing method for the
determination of total arsenic in animal tissues: collaborative siudy.
Journal of the Association of Official Analyticzl Chemists, 56, 793.

170. Giron, H.C. (1973) Comparison between dry ashing and wet digestion in the
preparation of plant material for A.A.S. analysis, Atomic Absorption Newsletter,
i2, 28.

171. Gleit, C.E. (1965) High frequency electrodeless discharge system for ashing
organic matter. Analytical Chemistry, 37, 314.

172, Gleit, C.E. & Holland, W.D. (1962) Use of electrically excited oxygen for the low
temperature decomposition of organic substances. Analytical Chemistry, 34, 145%.

173. Glenn, L.T., Savory, J., Fein, S.A., Reeves, R.D.. Molnar, C.J. & Winefordner, J.D.
(19735 Graphite rod atomizer in A.A.S. for direct determination of irom in serum.
Analytical Chemistry, 45, 203.

174. _Glenn, 4.T., Savory, J., Hart, L., Glenn, T. & Vinefordner, J.D. (1971) Determination
of copper in serum with a graphite rod atomizer for A.A.S.

Analytica Chimica Acta, 57. 263.

175, Gofmann, J.W.. de Lalla, O.7., Johnson, PF.. Kovick, E.L.. Lowe, 0., Piluso, D.L.,
Tandy, R.K. & Upham, F. (1562) Revert UCRL 10211 University of California,

176, Goldwater, L.J. (1972) Mercury: A Mistory of Juicksilver. Baltimore: York Press.

177. Gomi¥dek, S., Lengar, Z., Cernetic. J. & Hudnik, V. (1974) Behaviour of metal
tetramethyldithiocarbamates in the graohite tube furnace for A.A.S.
Analytica Chimica Acta, 73, 97.

178, GomiSéek, S. & Span, M. (1974) Atomization of mectal chelates in chlorinated organic
solvents by flame spectrometry. Analytica Chimica Acta., 69, 49.

179. Goode, S.R., iontaser, A. & Crouch, S.R. (1973) Optimization of instrumental
parametcrs in an automated non-flame A.F. spectrometer,
Applied Swectroscooy, 27, 355.

180, Gorsuech, T.T, (1962) Losses of trace elements during oxidation of organic
materials. Formation of volatile chlorides during dry ashing in rresence of
inorganic chlorides. Analyst. 87, 112,

181. Gorsuch, T.T. (1970) The Destruction of Organic llatter. London: Pergamon.

182, Goto, T. (1974) A.A.S. of lead extracted with high molecular weight amines.
Bunseki Kagaku, 23, 1165.

183. Goulden, A. (1973) International Laboratory, 31.

184. Greig, R.A. (1975) Comparicon of A.A, and N.A. analyses for determination of Ag,
Cr and Zn in various marine organisms. Analyticnl Chemistry, 47, 1682.

185. Green, H.C. (1975) The effect of valency state on the determination of chromium
in perchloric¢ acid media by A.A.S. Ana2lyst, 1G6C, 640,

186. Greenficld, S. & Smith, P.B, (1972) The deternination of trace metals in
microlitre sannles by olasma torch excitation with special reference to oil,
organic compounds and blood samples. Analytica Chimica Acta, 53, 341.

187. Gress, S.3. & Parkinson, E.3. (1974) Aralyses of metals in huran tissues using
base (T.1.A.E.) difests and graphite furnace A.A.S.
Atonic Absorntion liewsletter, 13, 107.

188. Grover, M.E., Boone, L., Houk, P.C. & Wolf, S. (1967) Problems in juantitating
of dictary surveys., dJournal of Arzerican !lledical Asceciation, 201, 8.

189, Gucer, S. & Mascmann, J. (1973) Cn the rhysieal and chemical processes in ALA.
analysis with graghitle tates. Paper precented at 17in Collojuinm Sozeirosconicum

Internationnala, Floreace,

& laas, H, (1974) Determination of chromium in faeces
57, 17.

S

.

190, Guncaga., J., Lentrner, ©

. G
by A.A.S. Clinica Chimica Acin, .




191.

192,
193.
194,
135,
196.
197.

198.

199.
200.
201.
202.

203.

204,
205,
206.
207.
Zos.
209.
210.

211,

212,
213.
214,
215,
216.

217,
218.

219,
220.

221,

222.

- 212 -

Hall, R.J. & Parber, 7. (1972) Determination of bismuth in body tissues and
fluids after administration of controlled doses.
Journal of the Association _of Official Analytical Chemists, 55. 639.

Halstead. J.A., Hackley, B. & Smith, J.C. (1968) Plasma zinc and copper in

pregnancy and after oral coniraceptives. Lanceti, ii, 278.

Hanig, R.C. & Aprison. M.H. (1967) Determination of Ca, Cu, Fe., Mg, Mn. K. Na. Zn
and chloride concentrations in several brain areas., Analytical Biochemistrwv, 21, 169.
Hansen, D.L. & Bush, E.T. (1967) Improved solubilization procedures for liasuid
scintillation counting of biological materials. aAralytical Bicchemistry, 18. 320C.
Hansen, J.L. (1968) QMeasurement of serum and urine lithium by ALALS.

American Journal of Medical Technolorv, 34, 625.

Harrison, .., Netsky. M.G. & Brown, M.D. (1968) Trace elements in human brain:
copper, zinc, iron and magnesium, Clirica Chimica Acta, 21, 55.

Harrison, W.W. & Tyree, 4.B. (1971) The determination of trace elements in human
fingernails by A.A.S. "Clinica Chimica Acta, 31, 63.

Harth, M., Haines, D.S.M., & Bondy, D.C. (1973) A simple method for the determination
of gold in serum, blood and urine by A.A.S.

American Journal of Clinical Patholoay, 59, 423.

Hatch, W.R. & Ott, 7.L. (1968) Determination of sub-microgram quantities of mercury
by A.A.S. Analytical Chemistry, 40, 2085.

Hawley, J.E. & Ingle, J.D. (1975) Improvements in cold vapour A.A. determination

of mercury. Analytical Chemistry, 47. 719.

Heinemann, G. (1973) A.A.S. determination of lead in blood and urine with the Delves
sampling system. 2. Klin. Chem. Xlin. Biochem., 11, 197.

Helman. E.Z., Wallick. D.K. & Reingold, I.M. (1971) Vacutainer contamination in
trace element studies. (Clipnical Chemistry, 17, 61.

Helwig, H.L., Hoffer. E.M., Thielen, 7.C., Alcocer. A., Hotelling., D.R., Rogers, W.H.,
& Lench, J. (1966) Urinary and serum zinc levels in chronic alcoholism.

American Journal of Clinical Patholosy, 45, 156,

Henry, R.J. (1969) Clinical Chemistry, Principles and Techniaues.

New York: Harper & Row.

Herring, 7.B., Leavell, B.S., Paixao. L.M., and Yoe, J.H. (1960)
American Journal of Clinical Nutrition, 8, 846.

Heydorn, K. (1966) Report no. RISC-138, United States Atomic Energy Commission.
Heyrovsky, A. (1952) (Cas. Lek. Cesk., 91, 680.

Hilderbrand, D.C. & White, D.H. (1974) Trace element analysis in hair: an evaluation.
Clinical Chemistry, 20, 148.

Hindmarsh, W.R. (1959) Collision broadening and shift in the resonance line of
calcium., Monthly Notices of the Roval Astroncmical Soeciety, 119, 1i.

Hindmarsh, ¥.R. (1960) Collision broadening and shift in the 657.3 nm line of
calcium, Monthly Notices of the Royal Asircnomical Society, 121, 48.

Hindmarsh, W.R. & Farr, J.M. (1972) Collision broadening of spectral lines by
neutral atoms. In Propress in Quantum Electronics, ed. Sanders. J.H. & Stenholm, S.
Vol, 2, part 3. Oxiord: Pergamon,

Hingle, D.N., Kirkbright, G.?. & West, T.S. (1967) Some observations on the
determination of mercury by A.A.S. in an air-acetylene flame. Apalyst. 92, 759.
Hinnov, E. (1957) A method of determining optical cross sections.

Journal of the Optical Sccicty of America, 47, 151,

Hinnov, E. & Kohn, H. (1957) OCptical cross sections from intensity-density
measurements. Journal of the Ontical Society of America, 47, 156.

Hislop. J.S. & Parker. A. (1973) Use of a laser for cutting bone samples before
chemical analysis.  Analvst, 28, 694,

Hoffman., J.I. & Lundell, G.E,P. (1939) Journal of Research, National Bureau of
Standards. 22, 465.

Hofmann, F.W. & Kohn. H. (1961) Optical cross sections of resonance lines emitted
by flames under ccrditicns of partial thermal ionization.

Journal of the Optieal Scciety of Amerieca, 51, 512,

Hohnadel, D.C., Sunderman, ?.W., Nechay, M.W. & lcleely, M.D., (1973) A.A.S. of nickel,
copper, zinc and lead in sweat collected Irow healthy subjects during sauna bathing.
Cliniecal Chenistry, 19, 1288.

Holroyd, P.M. & Snodin, D.J. (1272) Determination of lead and cadmium in tapwater,

g~ eie

milk and urine. Journal of the Associztion of Publie snalysts, 10, 110.

Hooymayers, KE.P. (1966) QJuenching of excited alkali atoms and hydroxyl radicals
and related effects in flames. Ph.D. Thesis. University of Utrecht,

Horncastle, D.C.J. (1973) Atomic absorption spectrophotometry.
Vedicine, Scionecs and the Taw, 13, 3.

Howells, G. (1973) Human trace metal burdens. In Chemical analvsis of the
environment and oilier modern technintues, ed. Ahuja, S, et 21, London: rlenum,




- 213 ~

223. Hubbard, D.P. (1973) Annual Revortic oun Analvtieal Atuvmie Stectrosecopy Vel. 2: 1972
London: Society for Analyticul Chemistry.

224, Hudson, R.D. (1964) Atcmic absorpticn ercss section of sodium vapour.
Physical Review, 135, A1212.

225. Huffman, H.L. & Caruac, J.A. (1975) A preliminary study on the effect of time on
aprarent lead content of evaporated milk as determined by non-flame A.A.S.
Talanta, 22, 871.

226, Hume, D. (2973) Pitfalls in the determiration of environmental trace metals.
In Chemica) 2nalysis of the environment and other mcdern techniques, ed. Ahuja, S.
et al. Londen: vlenum.

2217. Hwang, J.Y., Ullucci, P.A. & lokeler, C.J. (1973) Direect flameless A.A. determination
of lead in blood. Analytical Chemistry, 45, 795.

228, Hwang, J.Y., Ulluceci., P.A., Smith, S.B. & Malenfant, A.L. (1971) Microdetermination
of lead in blood by flameless A.A.S. Analytical Chemistry, 43, 1319.

229, Imbus, H.R., Cholak, J., Niller, 1.M., & Sterling, T. (1963) Boron, chromium,

- cadmium and nickel in blood and urine. Archives of Environmen*al Health. 6, 286. °

230. Isaac, R.A. & Johnson, 7.C. (1975) Collaborative study of wet and dry ashing
techniques for the elemental analysis of plant tissue by A.A.S.
Journa) of the Association of Cfficial Aralytical Chemists, 58, 436.

231, Issag, H.J. & Zielinski. W.L. (1974) Loss of lead from aqueous solutions during
storage., Analytical Chemistry, 46, 1328,

232. Isaag, H.J. & 2ielinski, W.L. (1974) Hot A.A.S. method for the determination of
mercury at the nanogram and sub-nanogram level, Analytiecal Chemistryv, 4€, 1436.

233. Isaaq, H. J. & 2ielinski, W.L. (1976) Exchange of ccmments: loss of mercury
during flameless A.A.S5. Analytica)l Chemisiry, 48, 787.

234, Iwataki, N. & Horiucki, K. (1959) Osaka City _ Universitv Journal, 5, 209.

235. Jackson, A.J., Michael, L.M, & Schumacker, H.J. (1972) Improved tissue solubilization
Analytical Chemistry, 44, 1064. _ [for A.A.

236, Jackson, X.W., fuller, T.D., Iitchell, D.G., & Aldous, K.M. (1975} A rapid
microsampling-cup A.A. procedure for the determination of lead in urine.
Atomic Absorption liewsletter, 14,121.

237. Jackson, K.W. & West, T.5. (1972) Determination of nickel with an unenclosed aicm
reservolr. Analytica Chinmica Acta, 59, 187.

238. Jackson, K.W., West, T.S. & Balekin, L. (2973) Determination of chromium with a
: fully enclosed atom reservoir. Analytica Chimica Acta, 64, 363.

239, Jago, J., Wilson, P,E. & Lee, 3.!. (1971) Determination of sub-mierogram amounts of
cobalt in plant and animal) tissues by extraction and A.A.S. Analyst, 96, 349.

240. Jenne, E.A. & Ball, J.¥. (1972) Time stability of agqueous APDC and iis manganese
and nickel complexes in MIBK. Atcomic Absorption Hewsletter, 11, 90.

241. Johnson, C.A. (1976) The determination of scme toxie metals in human liver as a
gulde to normal levels in New Zealand. Analvtica Chimica Acta, B, 69.

242, Johnson. D.J., West, T.S. & Dagnall, R.M. (1973) Determination of germanium by
A.A.S. with a graphite tube atomizer. Analytica Chimie2 Aeta. 67, 79.

243. Jones, M., Kirkbright, 6.®., Ranson, L. & 7es%t, T.S. (1973) Simultanecus
determination of traces of Co, Cr., Cu, Pe, Mn and Zn by A.F.5. with preconcentration
by an automated solvent extraction procedure. Analytica Chimica Acta, 63, 210.

244, Kahn, H.L. (1968) A background compensation system for A.A.
Atomic Abgorption Wewsl:%ter. 7, 40,

245. Kahn, H.L. & Manning, D.C. (1972) Background correction in A.A.S.
American Laboratory,4, 51.

246, FKahn, H.L. & Sebestyen, J.S. (1970) The determination of lead in blood and urine
by A.A.S. with the sampling boat system. Atcmie Absorntion Wewsletter, 8, 33.

247, Kaiser, H. & llenzies, A.C. (1968) The limit of detection of a comclete analviical
procedure., London: Adam Hilger.

248. Kaiser, H. (2973) Guiding concepts relating to trace analysis, Pure and
Applied Chezistrv, 34, 35. _—

249, Kambayashi, K. (12970) Measurement of thallium in urine *:* A.A.S, and the effect of
peniecillamine upon thallotoxicosis, Igaxu to Seibutsu-- - 80, 309.
250. Kanmbayashi, K. (1971) Determination of manganese in ur:.. by A.A.S.

Igaku 1o Seibutsusalm, 82, 181.

251. Kanabrocki, £.L.. Case, L.P., Pields, T.. Graham, L., Ocster, Y.T. and Kaplan, E. (1966)
in Develorments in Asnlied Sceeiroscoov, vol. 5, ed. Pearson, L.R. and Grove, E.L.
Rew York: :lenum.

252, Kaplan, P.D., Blackstone, M. & Richdale, N. (1973) Direct determination of Cd, ni
and Zn in rat lungs by A.A.5. Archives of ITevircnmeninl Health, 27, 387.

253. Kapur, J.K. & Test, T.S. (1974) Determination of lead in instant ccffze and tea
powders by czrbon filament A.A.S.  Analyiicz Chimica Asta, 73, 180.

254, Karin, R.¥W., Buono. J.A. & ¥asching. J.L. (1975) Removal of trace elemental
impurities frem polyethylene bty nitrie acid. Analytieal Chemistry, 47, 2296.

255. Katskov, D.A. & L'vov, B.V. (2971) 2Zh. Prikl., Spektics. 15, 783.




- 214 -

256. Kehoe, R.A., Cholak, J. & Storey, R.V. (1940) Journal of Mutritien, 19, 579.

257. Kerber, J.D., Koch, A. & Peterson, G.E. (1973) The direct analysis of solid samples
by A.A. uscing a graphite furnace. Atomic Absorption Newsletter, 12, 104.

258. Kilroe-Smith, T.A. (1975) Linear working graphs in blocd lead determinations with
the Beckman flumeless A.A. cuvet. Clinical Chemistry, 21, 630.

259. Kilroe-Smith, T.A. (1975) Optimization of working conditions in flameless ALA.
18th Colloruium Snectroscovicum Internationale. Grenoble, comri.no. 62.

260. (i) King, A.5. (1908) Astrocvhysical Journal, 27, 355; (ii) King, A.S. (1912)
Astrophysienl Journal, 35, 1203 (111) ning, A.5. (1913) Asirochysical Journal, 37, 119;
iv) ing, A.0. (1922) Astrovhysical Jeurnal, 56, 318; (v) Xing, A.S. & £ing, R.B.
1935) Astrochysical Journzi, 32, 377.

261. King, R.B. & Stockbarger, D.C. (1940).. Absorption f-values by the method of total
absorption. Astronhysical Journzl, 21, 488.

262, King, W.G., Rodriguez, J.M. & Wai, C.M. (1974) Losses of trace concentrations of
cadmium during storage in glass containers, Analytical Chemistry, 46, 771.

263. Kinrade, J.D. & Van Loon, J.C. (1974) Solvent extraction for use with flame A.A.S.
Analytical Chemistry, 46, 1894.

264, Kinser, R.2. (1866) Determination of bismuth and tellurium in body tissues of
animals by A.A.S5. American Industrial Hygiene Association Journzl, 27, 260{

265. Kirk, P,L. (1970). Instrumentation in Criminalists. Journal of Forensic Sciences, 10,97

266. Kirkbright, C.F. (1971) Application of non-flame atom cells in A.A.S. and A.F.S.
A review. Analvst, 96, 609.

267. Kirkbright, G.*. (1975) Optical density - its rewards and penalties.
Proceedings Analytical Division Chemical Society, 12, 8,

268. Kirkbright, G.F. & Sargent, M. (1974) Atomic Absorption and Fluorescence Spectroscopy.

) London: Acadenic.

269, Kirkbright, G.F., Troccoli, 0.E. & Vetter. S. (1973) Line widths for calcium in
air-acetylene and nitrous oxide-acetyle flames. Spectrochimica Acta, 283, 1.

270. Kirkbright, G.F. & Ward, A.®. (1974) A.E.S. with an induction-coupled high-frequency
plasma source. Comparison with the inert gas shielded premixed nitrous oxide-
acetylene flame for multi-element analysis. Talanta, 21, 1145.

271. Kirkbright, G.F. & Vest, T.S. (1972) A.F. for chemical analysis.
Chemistry in 3ritain, 8, 423.

272. Klevay, L.M. (1973) Hypercholesterolemia in rats produced by an increase in the ratio
of zinc to copper ingested. American Journal of Clinical Nutrition, 26, 1060.

273. Knapp, G., Schreiber, B. & Frei, R.W. (1975) Simple concentration procedure for
trace metals for X.R.F. and A,A.S, Analytica Chimica Acta, 77, 293.

274. Kniseley, R.N., Passel, V.A. & Butler, C.C. (1973) Application of inductively-counlad
plasma excitation sources to the determination of trace metals in micrclitre volumes
of biological fluids. Clinical Thenmistry, 132, 807.

275, Knott, A.R. (1975) Investigation of a high purity water system.
Atomic Absorotion Wewsletter. 14, 126.

276. Koch, H.J., Smith, E.R., Shimp, N.F. & Connor, J. (1956) Analysis of trace elements
in human tissues. Cancer, 9, 499.

277. Koirtyohann, 5.R. & Pickett, E.E. (1965) Background correction in long path A.A.S.
Analytical Chemistrv, 37, 601.

278. Koirtyohann, S.R. & Yen, J.%¥. (1973) Critical study of the APDC-MIBK extraction
system for A.A.S. Analytical Chemistry, 45, 1986

279. Koizumi, H., & Yasuda, X. (1975) New Zeeman method for A.A.S. Analytical Chenmistry,
47, 1679. )

280. Kopito, L. & Schwachman, H. (1967) Determination of lead in urine by A.A.S. using
coprecipitation with bismuth., Journal of Laboratory and Clinical Medicine, 70, 326.

281. Korkisch, J. & Sorio, A. (1975) Determination of seven trace elements in natural
waters after separation by solvent extraction and anion exchange chromatography.
Analytica Chimica Acta, 79, 207.

282, Kowalski, B.R. (1975) Measursment analysis by pattern recogrition.
Analytical Chemistry, 47, 11524,

283, Kremling, K. & Petersen, H3 (1974) APDC-MIBK extraction system for the determination
of copper and iron in 1 cm” of sea water by flameless A.A.S.
Analytica Crimica Actz, 70, 35.

284, Kubasik, W.P. & Volosin, .T. (1973) Simplified determination of urinary cadmiunm,
lead and thallium, with use of carbon rod atcmization 2nd A.A.S.
Clinical Chemistryv, 19, 954.

285, Kubasik, YN.P. & Volosin, ¥.7. (1973) FHeavy metal voisoning: cl:i- ::1 aspects and
laboratory analysis, American Journal of Mediecal Technelosy, 3+, 143,
286, Kubasik, N.P., Voloain, ¥.T. & Nurray, ¥.i, (1972) Carbon rod 2 <zizer applied to

measurements of lead in whole blood by A.A.S. Clirical Chemistr., 18, 410.

287, Kubasik, N.P. & Volosin, X.T. (1974) Usc of the carbon rod atomzizer for direct
analysis of lead in hlood. Clinic2l Chenmistry, 20, 303.




288,
289.

290,
291.
292.
293.
294.

295,
296,

297.

298.

299,
300.

301.

302.

303,

304,
305.

306,
307.
308.

309.
310.
.
na.
3.
314,
35,
316,

317.
318,

- 215 -

Kubota, J., Lazmar, V.A, & Losee, P, (1968) Ccpper, zinc, cadmium and lead in
hunuan blood from nincteen locations in the U.S. Archives of Environmental
Health, 16, 738. ]

Kuehner, E.C., Alvarez, R., Paulsen, P.J. & ¥urphy, T.J. (1972) Production and
analysis of gpecial high-purity acids purified by sub-bolling distillation.
Analytical Caenistry, 44, 2050.

Kurz, D., Roach, J. & Eyring, E.J. (1972) Direct determination of serum zinc
and copper by A.A.S. Biochen. Medicine, 6, 274.

Kurz, D., Roach, J. & Eyring, E.J. (1973) Determination of zinc (in e.g. blood
serum or urine) by flameless A.A.S. Analyticz) Biochemistry, 53, 586.

LaFleur, P.D. (1973) Retention of mercury when freeze-drying biological materials,
Analytical Chemistry, 45, 1534.

Liakanen, E. (1966) Separation and concentration of trace metals by means of APDC.
Atomic Absorntion liewsletter, 5, 17.

Tarsen, I.L., Hartman, N.A. & Wagner, J.J. (1973) Estimating precision for the
method of standard additions. Analytical Chemistry, 45, 1511.

Lauwerys, R., Buchet. J.P,, Roels., H.. Berlin A. & Smeets. J. (1975) Intercomparison
progran of lead, mercury and cadmium analyses in blood, urine and aqueous solutions.
Clinical Cnemistry, 21, 551.

Lech, J,F., Siemer, D. & Woodriff, R. (1974) Gold-plating of graphite for the
determination of mercury with use of flameless devices in A.A.S.

Avpplied Scectrosco:y, 28, 78.

Legg, E.F. (1974) FPhosgene p*oductlon during aspiration of trichloroacetic acid

into a flame emission spectrophotcmeter. clinica Chimica Acta, 50, 157.

Lehnert, G., Klavis, G., Schaller, K.Y, & Haas., T. (1969) Cadmnium determination in
urine by A.A.S. as a screening test in industrial medicine.
British Journal of Indusgtrial lledicine, 26, 156.

Lehnert, G., Schaller, X.H. & Haons, 7. (1968) The A.A.S. determination of cadmium
in serum and urine. 2. Elin. Chem, Klin. Biochem., 6, 174.

Leitner, S.S. & Savory, J. (1975) Solvent extraction of Se, Cr, Fe and 2n from
ashed serum samples. Analytica Chimica Acta, 74, 133. :

Lemonds, A.J. & McClellan, B.E, (1973) Correlation of enhancement of A.A.
sensitivity for selected metal ions with physical properties of organic solvents.
Analytical Chemistry, 45, 1455.

Lieben, J. & Metzner, F. (1959) American Industrial Hygiene Association Abstracts,
Industrial Health Conference, Chicago.

Liebscher, K, & Smith, H. (1968) Essential and non-essential trace elements.
A method of determining whether an element is essential or non-essential in human
tissue. Archives of ZEnvironmental Health, 17, 88l.

Livingston, H.D, (1972) Measurement and distribution of zine, cadmium and mercury
in human kidney tissue, Clinical Chemistry, 18, 67.

Lo, J.M. & Wai, C.M, (1975) Mercury loss from water during storage: mechanisms and
storage. Analytical Chemistry, 47, 1869,
Locke, J. & Morgans, D. (1975) The determination of trace elements in liver tissue

by spark source mass spectrometry. Home Office Central Research Establishment,
report no. 177.

Lockwood, T.H. & Limtiaco, L.P. (1975) Determination of Be, Cd, and Te in animal
tissue using electronically excited oxygen and A.A.S,
American Industrial Hysiene Associ=tion Journal, 36, 57.

Lorber, A., Cohen, R,L., Chang, C.C. & Anderson, H.E, (1968) Gold determination in
bilological fluids by A.A.S.: apvlication to chrysotherapy in rheumatoid arthritis
patients. Arthritis and Rheumatism, 11, 170.

Lorimier, D.?. & Fernandez-Garcia, J.G. (1970) Determination of lead in urine by
A.A.5. Helv. Chim, Acta, 53, 1990.

Louria, D.B., Joselow, M.M. & Browder, A.A. (1972) The human toxicity of certain
trace elements. Annals of Internal Medicine, 76, 307.

Lunde, G. & Paus, P.E. (1974) Zthanol as a solvent in the determination of arsenic
in marine extracts by A.A.S, Analytical Letters, 7, 363,

Lund055rdh, H, (1929) Die Quantitative Scektralanzlyse der Flemente, Part I.

Jena: Fischer,

Lundegfrah, H. (1934) Die Quantitative Svektralanalvse der Flemente, Part II.

Jena: Fischer,

Lundgren,G, (1976) Direct determinaticn of cadaium in blood with a temperature-
controlled heated graphite tube atcmizer. Talanta, 23, 309.

Lundgren, G. & Johanssoh, G. (1974) Temperature-controlled graphite tube furnace
for the determination of trace metals in s¢lid biological tissue. Talanta. 21, 257.

Iuyten, S., Smevers-Verbecke, J. & Massart, D.I. (1973) A cemparison of fast
destructicn metnodc for the de4ernzination of trace metals in biological materials.
Atomic Absorrticn MNewsmleltser, 12, 131,

L'vov, 3.V. (1870) Atomic Absorcticn Srectrochemical Analysis. London: Adam Hilger.
L'vov, B.V. (1959) Jcurnal Engn, Phys.. 2, 44.




~ 216 -

319, L'vov, B.V. (1959) Journal Encn. Phvsa., 2, 5S6.

320, IL'vov, B.V. (1961) The analytical use of A.A, spectra.
Spectrochimica Aeta, 17, T76L.

321, L'vov, B.V. (1965) Determination of the absolute values of oscillator strengths
by conbined measurements of the total and linear absorption of vapour layers in
a graphite cell. Ontics and Spectirosecopny, 15, 282.

322, Lt'vov, B.V, (1968) 2h. Prikl, Snektros., 8, 517.

323, L'vov, B.V. (1969) The potentialities of the graphite crucible method in A.A.S.
Spectrochimica Acta, 243, 53. :

324, L'vov, 3.V., Katskov., D.A, & Lebedev, G.G.(1968) 2Zh. Prikl. Svektros, 9, 558.
325, L'vov, B.V. & Lebedav, G.G. (1967) 2h. Prikl. Soektros, 7, 264.

326, L'vov, B.V. & Lebedev, G.G, (1966) Symposium of Theoretical Soectroscony, Yerevan,
327.- Ltvov, B.V. & Plyushch, G.V. (1963) 15th Symposium on Svectroscooy, Minsk.

3jes. L'vov, B.V. & Plyushch, G.V, (1969) Integral method for measuring flame A.A.
Zh. Prikl. Svektros, 10, 903. :

329, Machata, G, & Binder, R. (1973) Determination of traces of lead, thallium,
zinc and cadmium in biological material by flameless A.A.S. Z. Rechtsmed, 73, 29.

330. McCrackan, L.D., Vecchione, M.C, & Longo, S.I. (1969) 1Ion exchange separation
of traces of tin, cadmium and zinc from copper and their determination by A.A.S.
Atomic Absorntion Hewsletter, 8, 102.

3. McGee, W.W. & Winefordner, J.D. (1967) Measurement of the damping constant of

gseveral elements in several hydrogen and acetylenc-oxygen flames using an
absorption method. Journal Quant. Svectros. Rad. Transfer, 7, 261.

332, McIntyre, N.S., Cook, M.G, & Boase, D.G. (1974) Flameless A.A. determination
of Co, Ni and Cu: comparison of tantalum and molybdenum evaporation surfaces.
Analytical Chemistry, 46, 1983.

333. McNeely, M.D., Nechay, M.V. & Sunderman, F.W. (1972) Measurements of nickel in
gserum and urine as indices of envirconmental exposures to nickel.

Clinical Chemistry, 18, 992.

334, McWeely, ¥.D. Sunderman, F.W,, Nechay, M.W. & Levine, H. (1971) Abnormal
concentrations of nickel in serum and cases of myocardial infarctioa., stroke,
burns, hepatic cirrhosis and uraemia, Clinjecal Chemistry, 17, 1123.
335. Maessen, PF,J.M.J. & Posma, M.D. (1974) Direct determination of Au, Co and Ti
* in blood plasma using the mini-Massmann carbon rod atomizer.
Analytical Chemistry, 46, 1445.

336. Malissa, H. & Schoffman, E. (1955) Mikrochim. Acta, 187,

337. Mandel, J. & Stiehler, R.D. (1954) Sensitivity - a criterion for the comparison
of methods of test. Journal of Research, NWational Bureau of Standards, A53, 15%.

3as. Manning, D.C, (1972) Using the Perkin-Zlmer deuterium background correction
systen. tomie Absorption Newsletter, 11, 112.

339. Manning, D.C. & Ediger, R.D. (1976) Pyrolysis graphite surface treatment for
HGA-2100 sample tubes. Atomic Absorption Newsletter, 15, 42,

340, Manning, D.C. & Fernandez, F.J. (1970) Atomization for A.A. using a heated
. graphite tube, Atomic Absorotion Newsletter, 9, 65.
341, Mansell, R.E. (1965) Notes on the extraction of manganese with chelating
agents and MIBK. Atomic Absorption Newsletter, 4, 276.
342, Mansell, R.E, & Emmel, H.7. (1965) Trace metal extractions from brine with
APDC and oxine., Atomic Absorotion Wewsletter, 4, 365.

343. Marks, G.E., Moore, C.E., Kanabrocki, E.L., Oester, Y.T., and Kaplan, E. (1972)
Determination of trace elements in human tissue, Avppnlied Svectroscorny, 26, 523.

344, Massmann, H. (1967) Bestimmung von arsen mittels atomabsorption.
Z. Anal. Chem., 225, 203.

345. Massmann, H. (1968) 3tudies of A.A., and A.F. in a graphite cell,
Spectrochimica Acta, 233, 215.

346, Massmann, H. (1971) ¥Ncn-flame absorption devices in A.A.S. In Flame Emission
and Atomiec Abcorciion 3rectrometrv, ed. Dean, J.A. & Rains, T.C.
New York: l[iarcel Dekker.

347. Matkovieh, C.E. & Christian, G.D. (1974) Solvent extraction of metal chelates
into water-imaiscible acetone. Aralytical Chemistry, 46, 102,

348. Matou¥el, J.P. & Stevens, B.J. (1971) Biological applications of the carbon
rod atomizer in A.A.S. DPreliminary studies on kg, Fe, Cu, Pb, and Zn in blood
and plasma. Clinical Chemistry, 17, 363.

349, Meinke, W.,W. (1973) 1Is radioactivity the ultimate in trace analysis?
Pure and Arnlied Chemistry, 34, 93.

350, Menzies, A.C. (1960) A study of atomic absorptiocn spectroscopy.
Analviical Chemissry, 132, 293,

351, Meret, S. & Henkin, R.I. (1971) Sinultaneous direct estimaticn by A.A.S. of
coprer and zinc in serum, urine and cerebrospinal fluid,
Clinical Chenisiry, 17, 369.




352,

353.

358.
359.

360,
361.
362.
363.
364.
365.
366.

367.

368. -

369.
370.
371

372.

373.

374.

375,

376.
3717,

378.

379.

380,

381.
382.

383.

- 217 -

Mertz, ¥. (1975) Trace element nutrition in health and disease: contributions
and problems of analysis. Clinienl Chenmistry, 21, 468,

Mesman, B.B. & Smith, B.S. (1970) Determination of mereury in urine by A.A.
using the APDI/WIBY extraetion and boat technique.
Atomie Absorvtion lewslatver, 9, 8l.

Middleton, C. & Stuckey, R.E. (1953) The preparation of biological material
for the determination of trace metals. Analyst, 78, 532.

Middleton, G. & Stuckey, R.E. (1954) The preparation of biological material
for the determination of trace metals II. Analyst, 79, 138.

Miller, D.0. & Yoe, J.H. (1959) Spectrovhotometric determination of chromium
in human plasma and red eells. Clinica Chimiea Acta, 4, 1378.

Minézwski, J. (1966) Preconcentration in truce analysis. 1In Traee Character-
ization, Chemical and ’hvvwcn‘, ed. Meinke, ¥.W. & Scribner, B.F.
Washington: National Lureau cor Standards.

Mincgwski, J, (1962) Anal. Chim. Aead. Sci. Hung., 34, 123.

Miro, M. & Sutton, D.C. (1970) Barium and strontium determination in
bioclogical materials by A.A.S. Applied Svectroseopy, 24, 220.

Mislan, J.P. (1963) Seventh Conference on Analytical Chenistry in Nuelear
Technology, Gatlinbeig, Tennessee,

Mitchell, A.C.G. & Zemansky, M.¥. (1971) Resonance Radiation ard Excited Atoms
Cambridge: University Press.

Mitchell, D.G., Rankin, J.M. & Bailey, B.7. (1972) A pseudo double beam
A.A, spectrometer., Spectrosecopy Letters, 5, .

Mitchell, J.%. (1973) Ultrapurity in trace analysis. Analytical Chemistry,
45, 4924.

Mizuike, A. (1965) Separations and Preconcentrations. In Trace Analysis:
Physical Methods, ed. Morrison, G.H, MNew York: Interseience.

Mom¥ilovie, B., Belonje, B. & Shah, B.G. (1975) Effect of the matrix of the
standard on results of A.A.S. of zinc in serum, Clinieal Chemistry, 21, 588.

Montford, B. (1968) Trace analysis by A.A.S. A sequential multi-element
approach by solvent extraction. Canadian Speetroseony, 13, 126.

Morrison, G.H. & Freiser, H. (1962) Solvent Extraction in Analytical Chemistry.
New York: Jdohn Viley.

Mulford, C.E. (1966) Solvent extraction technigues for A.A.S.
Atonic Abqorptlon Vewsletter, 5, 83.

Munro, D.C. (19¢8) Eiffeet of acidity and extraction ratio in solvent
extraction procedures for A.A. flame spectrophotometry.
Applied Svectroscoov, 22, 199.

Murphy, M.K. & Veillom, €. (1674) Relative efficiency of several atomization
and sample introduction systems in analytical atomic spectrcmetry.
Analytica Chimica aeta, 63, 295.

Murthy, L., Menden, E.Z., ZFller, P.M. & Petering, H.G.(1973) A.A. determination
of Zn, Cu, Cd and Pb in tissues solubilized by aqueous tetramethyl ammonium
hydroxide. Analvtical Bioehemisiry, 53, 365,

Muzzarelli, R.A.A. & Rochetti, R. (1975) A.A, determinations of lin, Co and Cu
in whole blood and serum, with a graphite atemizer, Talanta, 22, 683.

Nakashima, R., Sasaki, S. & Shibata, S. (1975) Determination of silver in
biological materials by high frequency plasma torch emission spectrometry.
Analytica Chimica Acta, 77,

Natelson, S, (1957) lMierotechninues of Clinical Chemistry for the Routine
Laboratory. Springfield, Iliinois: Thomas,

Newton, M,P,, Chauvin, J.V. & Davis, D.G. (1973) A new highly sensitive

preconeentrating sampling technique for flameless A.A.S.
Analytical Letters, 6, 89.

Niedermeier, W., Greitz, E.E.& Holley, H.L. (1962) Arthritis and Rheumatism, 5,4139.
Niedermeier, W., Grizgs, J.H. & Johnson, R.S. (1971) Emission spectrometrie

determination of trace elements in biclegical fluids,
Applied Spectroscory, 25, 53.

Kiedermeier, 7., Grizgss, J.H. & Tedbdb, J. (1974) MNatrix effects in the emission
gpectrometric znalysis for itrace metals in biological sypecimens,
Applied Sveetroscorv, 23, 1.

Nielsen, F.H, Studies on the essentiality of nickel. In Newer Trace Elements
in Nutrition, ed, Nertz, W. & Cornatzer, W.E.

Nix, J. & Goodwin, T. (1970) The sinultaneous extraction of Fe, Mn, Cu, Co, Ni,
Cr, Pb ard Zn from natural water for determination by A.A.S.
Atomic Absorrtion lewsletter, 9, 119,

¥omoso, S. & Suanderman, 2.w. (1¢70) A c
biclogical nmaterials. Cliniczl Chenmistry, 16

f nickel in serum, urine and other
v 477,

Nomoto, S. & Sunderman, P.W. (1970) A.A.S. of nickel in serum, urine and other
biologieal materials. Cesk, Farm., 20, 477. :

Nordberg, G.F., .*scauor, M. & Lind, B, (1971) Distribution of eadmium auong
protein fractions of mouse liver, Acta Pharmacol. et Toxicol, 22, 456,




218 -

384. Norris, J.D. & West, T.S. (1974) Applications of spectral overlap in A.A.S.
Analytical Chemistry, 46, 1423,

385. Norval, E. & Butler, L.R.?., (1972) Determination of lead in blood by A.A.S.
with the hipgh temperature graphite tube. Annlyties Chimica Acta, 58, 47.

386. Nozdryukhina, L.R., Grinkevich, N.I. & Cribovskaya, I.F. (1973) Trace elements
in blood of ischaemic heart disease patients and in acme medicinal herbs.
In Trace Subgtances in Eavirorrentnl fHesltn, 7, ed. Hemphill, D.D.
Missouri: University ol Nissouri,

387. Odashima, T. & Kumagai, Y. (1973) Scme observations on standard mercury
solutions for A.A.S. Atomic Absorrtion Newsletter, 12, 39,

3s8. O'Haver, T.C. (1976) Chemical aspects of elemental analysis. 1In Trace Aralysis,
Spectroscopic Methods for Zlements, ed. Vinefordner, J.D. New York: Wiley.

3849, Olehy, D.A., Schmitt, R.A. & Bethard, W.F. (1966) Journal of Nuclear

' Medicine, 7, 917.

390, Olsen, E.D., & Jatlow, P.I. (1972) An improved Delves cup A.A., procedure for
determination of lead in blood and urine. Clinical Chemistry, 18, 1312,

391. Olsen, E.D., Jatlow, P.I. PFernandez, F.J. & Kahn. H.L. (1973) Ultramiero method
for determination of iron in serum with the graphite furnace.
Clinical Chemistry, 19, 326.

392. Olsen, R.D., & Sommerfeld M.R. (1973) A technique for extraction and storage
of water sanvles for Un, Cd and Pb determination by A.A.S.
Atomic Absorption NevslPtter, 12, 165.

393. Omang, S.H. & Vellar, 0.D. (1973) Analytical error due to concentration
gradients in frozen and thawed samples. Clinica Chimica Acta, 49, 125.

394. Omang, S.H. & Vellar, 0.D. (1974) Concentration gradients in biological samples
during storage, freezing and thawing. 2. Anal, Chem., 269, 177.

395. Owens, J.¥.& Gladney, E.S. (1976) BExchange of comments: loss of mercury during
flameless A.A.S. Analytical Chemistrv, 48 787.

396. Paixio, L.M. & Yoe, Y.H. (1959) Scectrochemical determination of TF, Cr, Ni,
Cu and Zn in human plasma and red cells. Clinica Chimica Acta, 4. 507.

397. Papavisiliou, P.S., Miller, S.T. & Cotzias, G.C. (1966) American Journal of
Physiology, 211, 211.

398, Parr, R,M., & Taylor, D.M. (1964) The concentrations of Co, Cu. Fe and Zn in
some normal human tissues as determined by N.A.A. Biochem. Journal, 91, 424.

399. Parsons, M.L., McCarthy, W.J., & ¥inefordner, J.D. (1966) Approximate half-

intensity widths of a number of atomic spectral lines used in A.Z. and A.A.
flame spectrometry. Applied Srectroscony, 20, 223.

400. Patterson, C.C. (1965) Contaminated and natural lead environments of man.
Archives of Environmental iHealth, 11, 344.

401. Peaston, R.T. (1973) Determination of copper and zine in plasma and urine by A.A.S.
Med. Lab, Technol. 30, 249.

402. Pekarek, R.S., Beisel, ¥.R., Bartelloni, P,J. & Bostian, K.A. (1972)

. Determination of serun zinc concentrations in normal adult subjects by A.A.S.
American Jourral of Clinical Patholoszy, 57, 506.

403, Pekarek, R.S.,, Hauer, Z.C., Wannemacher, R.V. & Beisel, W.R. (1974) Direct
determination of serum chromiwn by an A.A. spectrophotometer with a heated
graphite atomizer. Analvtical 3iochemistry, 59, 283.

404. Penkin, N.P. & Shabanova, L.N. (1967) Oscillator strengths and effective cross
sections of the resonance lines of gallium and indium atoms for line-broadening
processes. QOptics and Svectroscooy, 23, 1ll.

405, Penkin, N.P. & Shabanova, L.N¥. (1968) Broadening of the resonance lines of
calcium, strontium and barium by inert gases. QOotics and Svectrosceny, 25, 446.

406. Penkin, N.P., & Shzbanova, L.N. (1969) Broadening of the resonance lines of
calcium, strontium and barium due to collisions with atoms of the same gas.
Optics and Srectresegorv, 26, 191,

407. Perkin-Elmer (1973) Analytical Methods for Atomic Absorption Spectroscory.

408, Perkin-Elmer (1973) Descriptions and operating instructions, HGA-2000. Perkin-
Elmer Corp., Norwalk, Connecticut.

409. Perkin-Elmer (1975) Descriptions and operating instructions, HGA-74. Perkin-
Elmer and Co, GMBH. Uberlingen.

410. Perry, E.F.. Koirtyohann, S.R. & Perry, H.M. (1975) Determination of cadmium
in blood and urine by graghite furnace A.A.S. (Clinical Cheristry, 21, 626,

411.  Perry, H.M., Tipton., I.H., Schroeder. H.A. & Cook, M.J. (1962) Variability in
the metal coutent of human organs, Journal Taboratory and Clinical
Medicine, €0, 245,

412, Pickett, Z.%. & Hoirtyohann
at an old method. analyiienl Chawistry, 41, 28A (Dec.)

413. Pickford, C.J. & Rossi, G. 72) Analysis of high purity water by flameless
A.A.8. I. Use of an automated sampling system. Anzlyst, 97, 647.

414, Pickford, C.J. % Rossi, G. (1973) Analysis of high purity water by flameless
A.A 8. 11, aL:na], integrution with a non~rescnance line correction system for
spurious absorction phenomena. Analyst, 93, 329.

S.R. (1969) Flame emission rhotometry - a new look

(1

& |2



~ 219 -

415, Pickford, C.J. & Rossi, G. (1975) Determination of some trace elements in
N.B.S. Bovine Liver using flameless A.A. and solid sampling.
Atomic Absorption Newsletter, li, 78.

416, Pierce, J.0, & Cholax, J, (1966) Chromium and molybdenum in biological
materials by A.A.S. Archives of Environmental Health, 13, 208.

417, Pierce, F.D., Gortatowski, M,J. Mecham, H.D. & Fraser, R.5, (1975) Improved
automated extraction method lor A.A S. Analytical Chemistry, 47, 1132,

418, Pirke, K.M. & Stamm, D. (1970) Heasurement of urinsry copper excretion by
A.A.S. 2. Klin. Chem, ¥lin. Biochem., 8, 449.

419, Pisecator, M. & Lind, B. (1372) Cadmium, zine, copper and lead in human renal
cortex. Archives of Snvironmental Health, 24, 426,

420. Polson, C.J. & Tattersall, R.N. (1973) Clinical Toxicolozy. London: Pitman.

421, Posma, FP.D. (1975) Determination of trace meials in blood, plasma and serum
by flameless A.A.S. 18th Collozuium Spectroscopicum Internationale, Grenobls.
comm. no. 88, )

422. Posma, F.D., Balke, J., Herber, R.F.M. & Stuick, E.J. (1975) MNicrodetermina%ion
of cadmium and 1ead in whole blood by flameless A A.S. using carbon tube and
carbon cup as samnle cell, and comparison with flame studies.

_ Analytical CheWLSDrv, 47, 834.

423, Premi, P.R. & Cornfield, A.H. (1968) Determination of total Cu, Zn, Fe, lIn and
Cr in plant materials and organic residues by extraction with hydrochlorlc acid
followed by A.A.S. Snect“0v1s'on 19, 15.

424, Price, W.J. (1972) Analytical Atomic Absorption Spectrometry. London: Heyden.

425. Prick, J.J.G., Smith, W.G.S. & Miller, L. (1955) Thallium Poisoning
Amsterdam: Elsevier,

426, Pronk, C., Oldenziel, H. & Lequin, H.C. (1974) Method for determination of
serum iron, total iron binding capacity, and iroa in urine by A.A.S. with
manganese as internal standard. Clinica Chimica Acta, 50, 35.

427. Ramfrez-Mufloz, J. (1967) A.A. flame photometry in criminology: potentialities
and applications, Journal of the Forensic Science Society, 7, 151.

428. Rebane, V.N. (1969) Relation hetween the optical broadening. shift and
depolarization of a spectral line caused by collision. QOpties and
Spectrogcopy, 26, 371.

429, = Reeves, R.D., Patel, 3.M., Molnar, C.J. & Winefordner, J.D. (1973) Decay of
atom populations following graphite rod atomization in A.A.S.

Analytical Chemistry, 45, 246.

430, Regan, J.C.T., & %Warren, J. (1976) A novel agpproach to the elimination of
matrix interferences in flameless A.A.S, using a graphite furnace,
Analyst, 101, 220,

431. Reinhold, J.G. {(1975) Review: Trace elements - a selective survey.
Clinical Chenmistry, 21, 476,

432, Renshaw, G.D. (1973) The determination of barium by flameless A.A.S. using a
modified graphite tube atomizer. Atomic Absorotion Wewsletter, 12, 153.

433, Rice, E.W. & Fletcher, D.C. (1965) In Standard ¥Methods of Clinical Chemistry,
Vol. 5, ed. Meites, S. HNew York: Academic.

434, Ridley, J.P. & Taylor, D, (1968) Chelating resins for the concentration of
trace elements from sea water and their analytical use in conjunction with A,A.S.
Analytica Chimica Acta, 40, 479. )

435, Robertson, D.E., (1968) Role of contamination in trace element analysis in
sea water, Analytical Chemistry, 40, 1067.

436, Robertson, R., Fritze, K. & Grof, P, (1973) Cn the determination of lithium in
blood and urine. Clinica Chimica Acta, 45, 25.

437. Robinson, J.%. (1960) Effect of organic and aqueous solvents on fleme photometric
emission and A.A. spectroscopy., Analy*ica Chimieca Aciz, 23, 479,

438, Robinson, J.W. (1961) Flame thotometry using oxycyanogen flame,

Analytical Cheamistry, 33, 1226.

439, Robinson, J.¥., Hindman, G.D. & Slevin, P.J. (1973) Correction for background
absorption in A.A.S, with carbon atomizers, Analytica Chimica Acta, 66, 165,

440. Robinson, J.¥. & Slevin, P.J. (1972) Recent advances in instrumentation for A.A.
American Lahoratory, 4, 10.

441, Robinson, J.V7W., Wolcott, D.X., Slevin, P.J. & Hindman, G.D. (1973) Determination
of cadmium by A.A.S. in air, water, sea-water and urine with a R.F. carbon-bed
atomizer. Analxtica Chimica Acta, £6, 13.

442, Roosels, D. & Vanderkeel, J.V. (1958) 4n A.A. determination of lead in urine after
extraction with dithizone, tomic Absornticn Newsletter, 7, 9,

443, Rosain, R.N. & Wai, C.H. (]973) Rate of loss of mercury from agueocus solution
when stored in wvarious containers, Analvtica Cnimi 55, 279.

444, Rosen, J.F, & Trinidad, E.E. (21972) The microdieterzinaticn of blocd lead in
children by flameless A.A.S5: the carbon rod atomizer, Journal of Laborat:ry
Clinical Medicine, 88, 567.




- 220 -

445, Roas, R.T. & Conzalez. J.G. (1973) Dircct determination of chromium in urine
by selective volatilization with atom reservoir ALA.
Analytica Chimica Acta, 63, 205.

446. Ross, R.T. & Gonzalcz, J.G. (1974) The direct determination of cadmium in
biological samvles by sclective volatilization and graphite tube reservoir A,A.S,
Analytica Chimica Acta, 70, 443.

P

447, Ross, R.T. & Gonzalez, J.G. (1974) Direct determination of trace quantities of
manganese in blood and serum using selective volatilization and graphite tube
regervoir A.A.S. 3ull. Environ. Contam. Toxicol., 12, 470.

448. Rubedka, I. & Svoboda, V. (1965) Some czuses of bending of analytical curves
in A.A.S. Analytica Chimica Acta, 32, 253.

449, Sachdev, S.L. & West, P,¥. (1969) Concentration and determination of traces of
metal lons. Analvtica Crhimica Actn, 44, 301.

450, Sachdev, S.L. & Weat, P.¥. (1970) Concentration of trace metals by solvent
extraction and their determination by A.A.S. .
Environmental Sciencs and Technolosy, 4, 749.

451,  Samuel, A.J. (1975) Ph.D. Thesis, Chemistry Department, Imperial College,
University of London.

452, Samuel, D. & Gottesfeld, Z. (1963) Lithium, manic-depression, and the chemistry
of the brain. Endeavour, 32, 122.

453, Sandell, E.B. (1959) Colorimetric Determination of Traces of Hetals.
New York Interscience.

454, Sata, A., Oikawa, T, & Saitoh, N. (1975) Resin treatment for analysis of trace
heavy metal in estuarine water by flameless A.A.S, Bunsekxi Kazaku, 24, 584.

455, Schaller, K.H., Essing, H.G. & Valentin, H., (1972) Quantitative determination

' of urinary chromium by flameless A.A.5. 2. Klin. Chem. Xlin.Biochem., 10, 434.

456, Schaller, X.H., Essing, H¥:G., Valentir, H. & Schilke, G. (1973)

The quantitative determination of chromium in urine by flameless A,A.S.
Atomic Absorntion Wewsletter, 12, 147.

457, Schilt, A.A., Abraham, R,L, & Martin, J.E. (1973) Solvent extraction of metal
1,10-phenanthroline complexes and concentration of trace amounts of metal ions
prior to spectrophotometric or flame photometric determination.

Analytical Chemissry, 45, 1308.

458, Shimazu, !. & Hashimoto, A. (1962) Relation between shape of analytical curves

and spectral line profiles in A.A., analysis. Science of Light, 11, 131.

459, Schramel, P, (1973) Determination of eight metals in the international
bioloplcal standard by {lameless A.A.S. Analytice Chimica Acta, 67, 69.

460, Schramel, P, (1974) Application of peak integration in flameless A.A.S.
Analytica Chimiea acta, 72, 414,

461, Schroeder, ,A., (1960) 1In Me:al Binding in Medicine, ed. Seven, M,J., & Johnson, L.A.
Philadelphia: Lippincott.

462, Schroeder, H,A. (1968) The role of chromium in mammalian nutr1t1on.
American Journal of Clinieal utrition, 21, 230.

463, Schroeder, H.A. & Balassa, J.J. (1961) Abnormal trace metals in mang cadmiumf
Journal of Chronic Disesses, 14, 236.

464, Schroeder, H.A, & Balassa, J.J. (1961) Abnormal trace metals in man; lead,
Journal of Chronic Disenses, 14, 408.

465, Schroeder, il.A. & Zalassa, J.J. (1966) Abnormal trace metals in man; arsenic,
Journal of Chroniec Discases, 19, 85.

466, Schroeder, ¥.A., Balassa. J.J. & Tipton, I.H., (1962) Abnormal trace elements
in man; chromium. Journal of Chroniec Dis=zases, 15, 941.

467. Schroeder, H.,A., Balassa, J.J. & Tipton, I.H. (1963) Abnormal trace elements

in man; vanadium., Journa) of Chronic Diseases, 16, 1047.

468, Schrueder, H,A., Balassa, J.J. & Tipton, I.H., (1664) Abnormal trace metals in
man; tin. Journal of Chronic Diseases, 17, 483.

469, Schroeder, H.A., Balassa, J.J. & Tipton, I.H. (1966) ZEssential trace metals in
man; manganese: a study in homeostasis. Jcournal cof Chronie Diseasss, 19, 545.

470. Schroeder, H.A,, Balassa, J. & Tipton, I.H. (1970) 3ssential trace metals in
man; molybdenum. Jourrnl of Chronic Diceases, 23, 48l.

471, Schroeder, H.A, & Darrow, D.X. (1973) Relation of trace metals to human hezlth
effects., In Chemiczl Annl-weis of the Znvironment and other medern *echnisues,
ed. Ahuja, 5, ct al. Yorks rlenui.

472. Schroeder, H,A,, Frost, A, & ﬂalassa, J.J. (1970) Essential trace metals in man;

, A
geleniun., Journal of Chron

473, Schroeder, H.A. & YNa
Chenistry, Clinics

c_Diseases, 23, 227

Trace element analysis in clinical
461,
474. Schroeder, Y,A., 3alacs % -iptor, 1,4, (1262) Abnormal trace reials in man;
nickel, dJdaournal of tht) ires

475, Schroeder, H.A.,
copper. dJournal

. (1966) =ssential trace metals in cang
19 1007.




476,
477,

478,

479,

480.

481.

482,

483.

484,
485.
486,

487,

488.

489.

490,
491.

492,

493,

494,

495.

496,

497.

498,

499,

5000

501.
502.

503.

504.

Schroeder, H.A., Huson, AT, & Tipton, I.H. (1367) ssential trace metals in
man; cobalt Jvu 'nal of Chreni iseases, 20, 869.

Schroeder, H.A,, Yason, A.P, & Tipton, I.H. (1970) Chremium deficiency as a
factor in atherosclerosis. Journal of Chronic Diseases, 23, 123.

Schroeder, UH.,A.,, Nason, A,P,, Tipton, I.H. & Balassa, J.u. (1967) Essential
traee metals in wan; zinc: relation to environmental cadmium.

Journal of Chrenic Diseuses, 20, 179.

Schroeder, H.A, & Tipton, I.H, {1968) The human body burden of. lead.

Archives of Envirormental Health, 17, 965,

Schwartz, K., ilne, D.B. & Vinyand, E. (1970) Growth effect of tin compounds

in rats maintained in a trace elerment controlled environment.
Biochem. Biophys. Res. Coxmun. 40, 22.

Segal, R.J. (1969) Non-specificity of urinary lead measurements by A.A.S.
A gpectrophotometric method for correction. (Clinical Chemistry, 15, 1124,

Segar, D.A. & Gilio, J.L. (1975) The determination of trace transition ele"ents
in biological tissues using flameless atom reservoir A.A. In Avalttlcal
aspects of mercury und obther neavy metals in the environment, ed. Frei, R.VW. &
Hutzinger, 0. London: Gordon anid Breach.

Segar, D.A. & Gonzalez, J,.G. (1972) Zvaluation of A.A, with a heated grarphite
atomizer for the direct determination of trace transition metals in sea water,
Analytica Chimica Acta, 58, 7.

Seibold, M., (1960) Xlin. Wochschr., 38, 117.

Selander, S. & Cramer, X. (1968) Determination of lead in urine by A.A.S.
British Journal of Industrial lledicine, 25, 139.

Selander, S., Craner, X, Borgeuson, B, & Yandorf, G. (1968) Determination of
lead in blood by A.A.S. British Journal cf Industrial Medicine, 25, 209.

Shendrikar, A.D, & Vest (1974) A study of adsorption characteristics of
traces of chromium (IIIS and (VI) on selected surfaces. Analytica Chimiea Acta,
72, 91.

Shendrikar, A.D. & West, P.7. (1975) Rate of loss of selenium from aqueous
solution stored in various containers. Analytica Chimica Acta, 74, 189.

Shkolnick, G.M. & Bevill, R.F. (1973) The determination of thallium in urine
and plasma by Delves cup A.A, Atomic Absorntion YVewsletter, 12, 112.

Siemer, D.D., Woodriff, R. & Vatne, B. (1974) Simple technique for cozating carbon

(‘J
o

‘A.A.otomizer components with pyrolytic carbon. Applied Srcectroscony, 28, 582.

Skogerboe, R.K., Heyley, A.T. & Morrison, G.H. (1966) Oxyhydrogen flame

excitation of refractory elements. Analytical Chemistry, 38, 182]1.

Skogerboe, R.K. & Morrison, G.H. (1971) Trace analysis: essential aspects.

In Treatise on Anaivtical Chemistry, Part T, vol. 9, ed. Zolthoff, I.li. and

Elving, Y.Jd. liew Yorx: ?ilcy—lncerscience.

Slavin, W, (1964) Some data on APDC. Atomic Absorpticn Newsleiter, 3. 141.

Smales, A.A. & Pate, B,D, (1952) The determination of arsenic in biological
material. Analyst, 77, 196. :

Smeyers-Verbeke, J., Defrise-Gussenhoven, E., Ebinger, G., Loewenthal, A. and
Massart, D.L. (1974) Distribution of copper and zinc in human brain tissue.
Clinica Chimica Acta, 51, 309.

Smeyers-Verbeke, J., Massart, D.L. Versieck., J. & Speecke, A. (1973)

The determination of copper and zinc in biological materials. A comparison of
A.A. with spectronhotcmetry and H.A.A. Clirica Chimica Acta, 44, 243.
Smeyers-Verbeke, J., Michotte, Y., Van den Winkel, P. & Massart, D,L. (197€)

Matrix effects in the determination of copper and manganese in bioloqlcal
materials using carbon furnace A.A.S. Analytical Cheml%vr' 48, 125.

Smeyers-Verbeke, J., Segebarth, G. & Massart, D.L, (1975) The determination of
copper and manganese in small biolozical samples with grarhite furnace A.A.S.
Atomic Absorpticn llewsletier, 14, 153,

Smith, B.W. & Parsons, %.L. (1973) Preparation of standard solutions (especially
for use in flame-spectroscopic methods): critically selected compounds.

Journal of Chemical Zducation, 50, 679.

Smith, G. (1967) Collision brozdeninz and shift in the 657.3 nm line of calciunm.
Procgeedinss Royal Sociexy, A297, 288,

Smith, P.F. (1962) Ann. Bev, Plant Thusiol., 13, 81,

Smith, W.¥. & Gallagher, A. (1966) Radiative lifetime of the first excitecd state
of ionised caleium and magnesium by the Hanle effect. DJhysicnl Review, 145, 26.
Snooks, E.C. (1972) In Ultrarurity: Methods and Technijues. ed. Zief, M, and
Speights, R. New York: llarceli Dledker.

Sommerfeld, X.R., Love, T.D. & Clcen, R.D. (1975) Trace metal contamination of
disnosable pipet tips. Atomic Absorotion Newsletiter, 14, 31.

(1971) Direct deteramina‘ion
. 31, 5.

Spector, Y., Glusman, 3., Jatlow, 7., & O
of copper in urirne by A.A.S. Clinieca Chi




506.

507.

508,
509.

510.

511.
512.

513. .

514,

515.
516.

517.
518,
519.
520.
521.
522,

523.

524.
525 [
526.

527.

528.
529.

530.
531.

532.
533.
534,
535.
536.
537.
538.

539.

540.

Sprague, S. & Slavin,
and lead in potassiun

- 222 -

W. {1964) Determination of very small amounta of copper
chloride by organic extraction and A,A.S.

Atomic Absorption Newsletter, no. 20, 37.

Sprague, S. & Slavin,

W. (1964) The determination of nickel in urine by A.A.S. -

preliminary study. Atomic Absorption Newsletser, 3, 160.

Stadtman, T.C. (1974)
Stary, J. (1964) The

Selenium biochemistry. Science, 183. 915.
Solvent Extraction of Metal Chelates. London: Macmillan and

Pergamon.

Stephens, R. & Ryan, D.E, (1975) An application of the Zeeman effect to analytical
atomic spectroscopy. II Background correction. Talanta, 22, 659.

Stettler, A. & Exler,
Stevens, B.J. {(1972)

H, (1955) Naturwissenschaften, 42, 45.
Biological applications of the carbon rod atomizer iIn A.A.S.

2, Determination of copper in small samples of tissue. (Clinical Chemisiry, 18, 1379.

Stokes, P.E., Stoll, P.M., Shamoian, C.A. & Patton, M.J. (1971) Effiecacy of
lithium as acute treatment of manic-depressive illness. Lancet, 1319.

Stringer, C.A., Zingaro, R.A., Creech, B. & Kolar, F.L. (1974) Lead concentrations
in human lung samples. Archives of Environmental Health, 29. 268.

Sturgeon, R.E., Chakrabarti, C.L. & Bertels, P.C. (1975) Atomization in graphite
furnace A.A.S. Peak height method vs. integration method of measuring absorbance.

HGA-2100. Analytical

Chemistry, 47, 1250.

Sturgeon, R.E., Chakrabarti, ¢.L, Maines, I.S5. & 3ertels, P.C. (1975)
Atomization in graphite furnace A.A.S. Peak height method vs., integration method
of measuring absorbance. CRA 63. Analytical Chemistry, 47, 1240.

Sullivan, J., Parker,

M. & Carson, S.3. (1968) Tissue cobalt content in "beer-

drinkers" myocardiopathy. Journal of Laboratory and Clinical lledicine, 71, 893.

Sunderman, F.W. (1965) Measurement of nickel in biological materials by A.A.S.
American Journal of Clinical Patholory, 44, 182,

Sunderman, F.W. (1967) Spectrophotometric measurements of serum nickel.
Clinical Chemistry, 13, 115.

Sunderman, ®.V7., Decsy, IM,I. & Melleely, M.D. (1972) Wickel metabolism in health
and disease. Annals of N.Y. Academy of Science, 199, 300,

Suzuki, M. & Wacker, W.E.C. (1974) Determination of manganese in biological
materials by A.A.S. Analytical Biachemistry, 57, 605.

Tera, F., Ruch, R.R. & lorrison, G.H. (1965) Preconcentration of trace elements
by precipitation ion exchange. Analytical Chemistry, 37, 358.

Theron, P.F., Rimmer,

R., Nicholls, H.A. & Ehret, W.J. (1973) Causes of

variation of Cu, Fe, ¥n, Zn and Mg levels in bovine livers. I. Determination of

trace elements by A.A

.S. Journal of the South African Veterinary Association, 44,271

Thiers, R.2. (1857) Contamination in srace element analysis and its coatrel.
In }ethecds of Biochemical Analvsis, vol., 5, ed, Glick, D. New York: Intersciznce.

Thiers, R.E., Williams, J.?. & Yoe, J.H. (1955) Separation and determination
of milli-microgram amounts of cobalt. Analytical Chemistry, 27, 1725.

Thomerson, D.R., & Thompson, X.C. (1975) Sample atomization in A.A.S. (1275)

Chemistry in 3ritain,

11, 316.

Thompson, X.C., Godden, R.G. & Thomerson, D.R. (1975) A method for the formation

of pyrolytic graphite

coatings and enhancement by calcium addition techniques

for graphite rod flameless A.A.S. Analytica Chimica Acta, 74, 289.
Thompson, R.H. & Blanchflower, W.J. (1971) Wet ashing apparatus to prepare

hel

biological materials for A.A.G. Laboratory Practies, 20, 859.
Thompson, R.H. & Blanchflower, W.J. (1974) Improved wet-ashing apparatus for

biological materials.

Lahoratory Practice, 23, 362.

Thorne, A.P. {1974) Srectroohysies. London: Chapman & Hall,

Tinsley, D.A. & TIddon

, A. (1974) Use of a 1liquid ion exchanger in the solvent

extraction and A.A. determination of trezce copper in waters, Talanta, 21, 633.

Tipton, I.H. (1970) Trace elemen$s in human tissue - a need for standards.
American Journal of Clinical fuirition, 23, 123,

Tipton, I.H. Gross and elamental composition of "Reference Nan", In I.C.R.P.

Handbook, reoort of 3
Kl

abeommitiee, New York: Pergamon.

Tipton, I.H. (19C0) Tre distribution of trace metals in the human body. In
¥Metal Bindinc in ledieine, ed., Seven, M.J. & Johnson, L.A. Philadelphia; Lipsincott.,

Tipton, I.H, & Cook, l.J. (1953) Trace elements in Human Tissue II. Adult
subjects from the United States. Health ®hrsies, 9, 103,
.

Tipton, I.H., Stewart

. P.L. & Dickson, J. {1969) Patterns of elemental

excretion in lorng term balance studies. Health Phvsies, 16, 455.

Tipton, I.H., Stewart, P.L. & Martin, P.G. (1966) Trace elements in diets
and exreta, FHealth Phvsies, 12, 1683. )

Toffaletti, J. % 3avory, J. (1975) Use of sodium tetrahydroborate for the
determinztion of total mercury in urine by A.A.S. Analviical Chemisz*ry, 47, 2091.

Tonouchi, S,, Suzuki,

T., Sotobayashi, T. & Koyama, S. (1971) Deternination of

cadmium by A.A.S. combined with soivent extraction with hipgh molecular weight

arines, Bunseki Wamak

u, 20, 1453.

Toribara, T.Y. # Shields, C.P., (1968) The z2nalysis of submicrogram nmounts of
r

mercury in tissues,

American Industrianl ilyriene Assoclation Journal, 29, 87.




- 223 -

541. Torsi, G. & Tessari. G, (1973) Influence of heating rate on analytical
reaponse in flameless A.A.S5. Analytical Chemistry, 45, 1812.

542. Trujillo, P., Stein, P. & Campbell, E. (1974) Preservation and storage of
urine samples for determination of mercury.

American Industrial Hypiene Association Journal, 35, 257.

543. P?salev, D., Alimarin, I.P, & Yetman, S.I. (1972) Use of hexamethylene
ammonium hexamethylene dithiocarbamate for extraction and A.A. analysis,
Determination of trace elements in sea water. 2Zh. Annl. ¥him., 27, 1223.

544. Tsujino, R., Kishimoto, T., Ikeda, M., Horoshima, H. & Mori%a, K, (1974)
Standard addition method for a carbon tube flameless atomizer.

Bunseki Kagaku, 23, 1535.

545. Pweeten, T.N, & Knoeck, J.W. (1976) Solvent extraction study for simultanecus

determination of six trace metals in river water. Analvtical Chemistry, 48. 64.

546." Tyndall, J., (1883) Six Lectures on Lizht 1872-1873 Wew York: Appleton.
547. Uchida, Y. & Hattori, S. (1975) Oyo Butsuri, 44, 852,

548, Ullucei, P.A. & lwang, J.Y. (1974) Determination of cadmium in biological
materials by A.A. Talanta, 21, 745.

549, Underwood, E.J. (1971) Trace Elements in Fuman and Animnl Nutrition. 3rd Edn.
New York: Acadenic,

550. Ure, A.M., (1975) The determination of mercury by non-flame A.A.S. and A.F.S.
A review, Analytica Chimica Acta, 76, 1.

551, Urone, P.F. & Anders, H.K, (1950) Determination of small amounts of chromium
in human blood, tissues and urine. Analytical Chemistry, 22, 1317.

552. Vallee, B.L, & Gibson, J.G. (1948) The zinc content of normal human whole
blood, plasma, leucocytes and erythrocytes.
Journal of 3Biglosical Chemistry, 176, 445.

553. Van Eijk, #.G., Wiltink, V.F., Bos, G. & Goossens, J.P. (1974) Measurement of
the iron content in human liver specimens. (Clinica Chimica Acta, 30, 275.

554, Van Ormer, D.G. & Purdy, 7.C. (1973) Determination of manganese in urine by A.4.S.
Analvtica Chimica Acta, 64, 93.

555. Van Raaphorst, J.G., Van Weers, A.W. & Haremakxer, H.M. (1974) ZLoss of zinc and
cobalt during dry ashing of biological material. Analyst, 99, 523.

556. . Van Trigt, C., Hollander, T. & Alkemade, C.T.J. (1970) Zeeman scanning of
alkaline earth absorption line profiles in flames at atmospheric pressure.
Journal Quant. Spectros. Rad., Transfer, 10, 1301.

557. Venable, R.L, & Ballad, R.V, (1974) Effects of surfactants on A.A. analysis
of dilute aqueous copper and nickel solutions, Analytical Chemistry, 46, 131.

558. Vens, M.D. % Lauwerys, R. (1972) Simultaneous determination of lead and
cadmium in blood and urine by complexing ion exchange resin chromatograpny
and A.A.S. Arch., Mal. Prof., 33, 97.

559. Vikbladh, F. (1950) Scand. J. Clin, Invest., 2, 143.

560. Voth, J.L. (1963) Spectrograchic method for determination of trace elements
in milk, Analytical Chemisiry, 35, 1957.

561. Vagenaar, H.C, & de Galan, L. (1975) The influence of line rrofiles upon analytical
curves for copper and silver in A.A.S. Spectrochimica Acta, 30B, 361.

562. Walsh, A. (1955) The application of A.A. spectra to chemical analysis.
Spectrochimica Acta, 7, 108.

563, Walsh,P.Rgfasching, J.L. % Duce, R.A. (1976) Ilatrix effects and their control
during the flameless A.A. determination of arsenic, Aralytical Chenmistry, 48, 1014.

564, VWashington, R. & Borgs, D.R. (1975) Urinary iron in patients with sickle cell
anaenia. Journal of Laboratory and Clinical ledicine, 86, 17.

565, Vebd, J,, Niedermeier, Y., Griges, J.H. & James, T.N. (1973) Emission
spectremetric determination of trace metals in biological tissue,

Applied Spcectroscony, 27, 342.

566, Webdb, J. lUiedermeier, Y., Griggs, J.H., Kirk, K.A., Turner, M.E. & James, T.N.
(1976) The cluster analysis technijue of pattern recognition: application to
the trace metal composition of cardio-vascular tissues.

Analytica Chimica Acta, 21, 143,

567. VWest, P.K., Vest, P.7, & Iddings, F.A. (19€7) Adsorption characteristics of
traces of silver on selected surfaces, An2lytica Chimica Acta, 37, 112,

568. Wes%, T.S. (1974) A.F. and A.A.S. for chemical analysis., Analyst, 09, 836,

i, ?

569, West, T,.S., & Williams, X.K. (1969) Construction and operation of (carbon
filament) atom reservoir. Analytica Chimica letn, 45, 27.

570. Widdowson, E.¥., & Dickersorn, J.W.T. (1964) Chemical composition of the body.
In lineral uetabelism, ed. Comar, C.L, & Bronner, P. New York, Academic.

571. Willis, J.7, (172¢
I. Calcium., 3:e

572, Willis, J.3. (196
II. Magnesium. S

s 2tion of metals in blood serurm by ALALS,
imica sota, 16, 259.

0) The deternination of metals in blood se: . oy A.A.S.
2




- 224 -

573. Willis, J.B. (1960) The determination of meials in blood serum by A.A.S.
III. Sodium and potassium. goectrochimica Acta, 16, 551,

574. willis, J.B. (1961) 381, Determination of lead in urine by A.A.S. Fature, 191, 381.

575. Willis, J.B. (1962) Determination of lead and other hsavy metals in urine by A.A.S.
Analytical Chemistry, 34, €14,

576. Willis, J.3., Analysis of biological meterials by A.A.S.

In Methods of Bicehenical Annlvsis, Vol, XI.

577. Willis, J.B. (1971) Analysis of biological materials by atomic spectroscopic
techniques. A review of propgress in the last decade. In Procecdings of 3rd
International A.A.S. and A.%.S., Ccngress, Paris. ]

578. Willis, J.3. (1973) Recent advances in the analysis of biological materials by
A.A. techniques. Zndeavour, 32, 106.

579. Winefordner, J.D. (1963) The effect of spectrometer slit width on intensity of A.E.

lines in emission flazme photometry and the effect of source line width on
absorbance of A.A. lines in absorption flame photometry. Acvlied Scectroscooy, 17,1C9

580. Winefordner, J.D. (1970) Hon flame cells in A.F.S. In Atomic Absorction
Spectroscooy, Plenary lectures at 2nd International A.A.S. Congress, Shneffield,
ed. Dagnall, R.M. & Kirkbright, G.F, London: Butterworths.

581, Winefordner, J.D. (1972) In Luminescence Spectroscooy in Analytical Chemistry,
by Winefordner, J.D., Schulman, 5.G. & O'llaver, I.C. Lew York: Interscience.

582, Wolff, H. (1948) Riochem, 2., 319, 1.

583, Wolff, H. (1950) Klin. Tochschr., 28, 280.

584, Volstenholme, W.A. (1964) Analysis of dried blood plasma by spark source mass
spectrometry. HNature, 203, 1284,

585, Woodriff, R. (1974) Atomization chambers for A.A, spectrochemical analysis.
Review. Aoplied Svectroscony, 28, 413.

586. Voodriff, R., Culver, 3.R. & Olsen, K.7. (1970) A background correction technijue
for furnace or flame A.A. with double beam spectrophotometers.
Applied Snectroscony, 24, 530.

587. Woodriff, R. % Schrader, D. (1973) A new dual wavelength spectrometer.
Applied Spectroscony, 27, 181.

588, Woodriff, R., Stone, R.W. & Held, A.M. (1968) Electrothermal atomization for
A.A. analysis., Apolied Scectroscopy, 22, 408.

589, Voodson, T.T. {1939) Rev. Sci. Instrum., 10, 308.

590. Woodward, C. (1974) Aanual Rerorts on Analytical Atomiec Snectroscopy, vol 3: 1673
London: Society for Analysical Cheristry.

591, Woodward, X.T., Trujillo, T.T., Seruch, R.,L. & Anderson, E.C. (1956) Correlation
. of total body potassium with body water. Nature, 178, 97.

502, Wright, P.C. & Riner, J.C. (1975) Determinaticn of cadmium in blcod and urine
with the graphite furnace. Atomic Absorntion lewsletter, 14, 103.

593. Wyttenbach, A. % Bajo, S. (1975) Extractions with metal dithiocarbamates as
reagents, Analytieal Chemistrv, 47, 1813,

594, Yamagata, N. (1962) Journal Radiat. Res.., 3. 4.

595, Yamamoto, Y., Kumamuru, T., Hayashi, Y. & Xante, M. (1972) Effect of solvent
extraction on the A.A.S. determination of p.p.m. levels of cadmium with
dithizone, Talanta, 19. 853.

596, Yaouda, K, (1966) Relationship between resonance line profile and absorbance
in A.A.S. Analvtical Chemistry, 38, 592.

597. Yasuda, S. & Kakiyama, H, (1975) Absorption spectra of alkali-metal and alkaline-
earth metal salts in flameless A.A.S. using a graphite tube atomizer.

Bunsexi Kagaku, 24, 377.

598, Zachariasen, H., Anderson, I., Kost¢l, C. & Barton, R. (1975) Techninue for
determining Ni in blood by flameless A.A.S. Clinical Chemistry, 21, 9562.

599. Zeesers, P.J.T., Snith, R. & "inetordner. J.D. (19€3) Shapes of analytical
curves in flame spectrometry. Aralytical Cheristry, 40, 26A. (Nov.)

600, Zettner, A. & lMansbach, L. (1965) Application of A.A,S. in the determination of
iron in urine. Anmerican Journal of Clinical Patholozy, 44, 517.

601, Zettner, A., Rafferty, K. & Jarecli, H.J. (19€8) The determination of lithium in
serum and urine by A.A.S. Atoziec Absorrtion Iewslettar, 7, 32.

602. Zief, M. & Mesher, A.G. (1974) Clean envircnment for ultra-trace analysis.
Environmental Seience and Technelory, 8, 677,

603, Zinterhofer, L.d.M., Jatlow, P.I. & Tappiano, A. (1971) A.A., determination of
lead in blood and urine in the presence of E.D.T.A. Jcurnal of Laboratory
Clinical lMedicire, 78, 664.

604. Zurlo, W., Griffini, A.M. & Colombo. G. (1969) Determination of lead in urine
by A.A.S. after co-precipitation with thorium., Analytiea Chimica iecta, 47, 203.

605, Sources of biclegiczl standards:
National Bureau of Standards, ‘Washington,
Dr. H. J. li. Bowen, Reading University.
Dr. A. L. Kenwortny, tichigan State University.
Dr, ¥. Merlini, Ispra, Italy.
Tobacco and Health Research Institute. University of Kentucky.



606.

€07.
€08,
609,

610.

- 225 ..

Whiting, E.E. (1868) Journal Juant. Spectrose., Radiat. Transfer, 8, 1379,

Koizumi, H. & ¥osuda, ¥. (1976) Detormination of Pb, €1 and 2Zn using the
Zeeman effect in ALA.3.  An2lytienl Chemistryr, 48, 1178,

Ellis, G., ed. (1972) Units, Svmbols ind Abbreviations., A 2uide for Biolo.ical
and Nedicnl Iditors wni Ausihors. Londun: The Royal Joclety of lledicine,

Fateley, W.G.. ed. (1975) Srectroscopic Nomenclature.
Applied Spectroscons, 29, 548.

Losee, P.L. & Adkins, B.L, (1968) Anti-cariogenic effect of minerals in fcod
and water. Nature, 219, 630.



ERRATA

p 63 1line
p 67 1line
P 74 1line
P 95 1line
p 97 1line
P 141 line
P 163 line

(91 ]

12
10
4
9

35
6

for

-226-

gtandard sddition read standard

addition line

for
for
for
for
for
for

tempercture reed absolute temperature
outling recad outlining
forseen read foreseen

enalyte read analyte atoms

mercury-veroxy read peroxy-mercury
signal shape read signal shape effects





