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FOREWORD 

Nuclear techniques, particularly activation analysis, are already extensively 
used for the in-vitro assay of trace and minor elements in biological materials. 
The International Atomic Energy Agency has, for many years, promoted their 
application in the medical, environmental and agricultural sciences, and has also 
assisted such work by the provision of analytical quality control services. 
However, no single trace analysis technique can be considered best for all 
purposes, and it is therefore natural that the IAEA has also taken an interest 
in recent developments in other, non-nuclear, trace analysis techniques. This 
interest, stimulated by the recommendations of a WHO Expert Committee 
meeting in Geneva, 1973, which pointed to the need for guidance on the 
selection of optimal methods of analysis, led to the convening of an IAEA 
Advisory Group meeting in December 1976 to consider this subject and to 
draw up recommendations on actions to be taken. 

The principal recommendation was that a report be produced containing 
a comparative review of selected techniques for the assay of trace and minor 
elements in biological materials, together with other relevant information on 
the need for such analyses, sampling, sample preparation and analytical quality 
control. The present publication is the outcome of this work. 

The chapters on 'techniques' (chapters 7 — 1 3 ) have in the meantime 
been presented as review papers at an IAEA Symposium on Nuclear Activation 
Techniques in the Life Sciences, held in Vienna in 1978, at which one of the 
themes was the comparison of neutron activation analysis with other trace 
analysis techniques. The full texts of the review papers were withheld from 
publication in the proceedings so that they might be revised as an integral part 
of the present monograph, which thus constitutes a companion volume to the 
symposium proceedings. 

While it is not practicable to consider all possible trace analysis techniques 
within the scope of a monograph of this kind, most of the major analytical 
techniques currently in widespread use are included. It is therefore hoped that 
the volume will be a valuable aid to analysts who wish to identify suitable 
analytical techniques for the determination of trace and minor elements in 
biological matrices. Moreover, since each of the chapters on 'techniques' 
considers their applicability to the elemental assay of an identical group of 
biological reference materials, the information provided enables the reader to 
compare these techniques on a uniform basis. 

The IAEA wishes to express its gratitude to all those who have taken an 
active interest in this publication and especially to those who have contributed 
directly to the contents. The views expressed are those of the authors, and are 
not necessarily shared by the IAEA. 
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Chapter 1 

THE NEED FOR TRACE ELEMENT 
ANALYSES IN THE ANIMAL SCIENCES 

G. PETHES 

1. INTRODUCTION 

The advent of new, sensitive, and in some cases automated, methods of 
analysis for trace and mineral elements in biological materials, together with the 
fact that, in the last 30 years, some 9 new elements have been added to the list 
of known essential trace elements, have resulted in an almost explosive growth 
in the literature on this subject. Research on the biological role of trace elements 
can thus be regarded as a well-established scientific endeavour. 

The purpose of this chapter is to review briefly some of the more pertinent 
findings as regards the role of trace elements in the animal sciences, and to draw 
attention to some of the ways in which analyses of trace elements can add to our 
understanding of these matters. 

The elementary constituents of human and animal organisms may be classi-
fied as major and trace elements, the latter group comprising both essential and 
non-essential elements (including toxic elements). The problems outlined in this 
chapter are restricted to those involving trace elements already proven to be 
essential for optimal animal production. No attempt is made in this chapter to 
refer to individual authors since it would not be practicable to cover the literature 
exhaustively here, and a selective list of specific references would be invidious. 
However, a list of general references is appended, in which almost all the data 
referred to in this chapter may be found [1-24]. 

2. GENERAL CONSIDERATIONS 

For the purpose of this review, the essential trace elements are taken to be 
those for which a lower than normal intake results in a decreased growth rate, 
production or fertility, and hence affects animal production. Workers 
in animal health and production naturally focus their attention on these elements 
because they are a source of real or potential practical problems in everyday life, 
especially in large-scale animal production systems. Animals raised under such 
conditions have little scope for modifying their selection of feed items or feeding 
patterns, and are thus far more susceptible to trace element deficiency or excess 

3 
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than a similar animal living in the wild. Deficiency symptoms or diseases may in 
many cases be corrected by administration of the respective element perorally 
or parenterally. 

Of much greater importance than frank deficiencies are the borderline 
conditions where, usually, without any recognizable clinical symptoms, there is 
a diminished production of meat, milk, eggs or wool, and fertility is reduced. 
The need for prophylaxis to prevent the development of such conditions is of 
great economic importance. It can be accomplished in part with the aid of 
multi-element analyses of the ingredients of the feed and of water, on the basis 
of which the deficiency, or improper ratios of elemental concentrations, may 
be corrected by feed additives. 

Trace element analyses therefore have particular significance in large intensive 
animal management systems where domestic animals are fully dependent on 
what they receive from the feed and water. Such analyses may also call attention 
to conditions where overdosage of certain elements occurs, for example as a 
consequence of improper mixing of the concentrates used in animal nutrition. 

Research on trace element effects in domestic animals is complicated by the 
fact that they may be species-specific. Data obtained on one species cannot 
necessarily be extrapolated to another. The most important species for which 
data are needed are the bovine, buffalo, sheep, goat, pig and horse, as well as 
various domestic fowl, such as hen, duck, goose, turkey and pheasant. Since some 
laboratory and fur animals are of economic importance, it is also desirable to 
obtain data for such species. 

2.1. Interactions between trace elements and other factors 

Analytical results for trace elements in animal feeds do not usually give fully 
adequate information about the availability of these elements to the animal. 
Interactions may occur in the GI-tract between the trace elements and other 
components of the feed, with a consequent effect upon uptake. 

Studies in man have shown that contamination of vegetables with soil 
particles results in a firm binding of heavy metals released from food during 
digestion and may thereby lead to anaemia. In farm animals such a condition, 
while still needing confirmation, is also very likely to occur, especially in areas 
with peaty and acid sandy soil. 

Trace element requirements are also dependent on health status. Higher 
doses may, for example, be needed for prophylaxis and healing. One has to 
consider also that highly productive, fast-growing breeds have a higher-than-
normal requirement. 
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Further factors influencing trace element metabolism are the supply of the 
mineral elements Ca, K, Mg and Na, and of some organic compounds such as 
amino acids and vitamins. Amino acids, for example, enhance absorption of zinc 
from the intestine. In areas where heavy industry is located, some animal health 
problems may arise from airborne elements such as Cd, F, Mo and Se. In a 
beneficial context, however, the atmosphere may be a significant source of S 
and Zn. 

The trace element content of plants used as feeds may be influenced by a 
number of factors such as soil composition, crop species, plant maturity and 
the choice of plant portion harvested. Soil pH is also an important factor. When 
soil pH-regulating material is applied to grasses, usually as lime, the plant molyb-
denum level rises and the levels of Cu, Fe, Mn and Zn decline as the pH is raised 
from the acid range towards neutrality. Increased application of N, P and K as 
micronutrients for plants results in an inverse relationship with the animals' Na 
and Mg intake and a direct relationship with the phosphorus intake. Use of high-
nitrogen fertilizer is associated with an increased incidence of goitre in sheep. 
Intensive nitrogen fertilizing results in a decreased plant copper content and a 
trend towards increased zinc levels. Intensive phosphorus application is most 
likely to reduce crop zinc levels. Depending on their origin, the fertilizers them-
selves may also contain high levels of some trace elements, and may thus have a 
direct influence on trace elements in plants. 

There are many plants, generally referred to as accumulator plants, that can 
accumulate mineral elements to an anomalous degree. Turnip, for example, can 
concentrate large amounts of B, Mn, Mo and Zn when grown in solution culture. 
Many more examples of this type of behaviour have been reported in the literature. 

Water used for the irrigation of plants may affect the plant content of trace 
elements, for example depletion of Cu and Zn, and accumulation of B and Mo. 
Drinking water of animals is often neglected as a factor affecting trace element 
metabolism. However, hard water is known to increase the incidence of goitre, 
from which it may be inferred that it influences iodine metabolism. Fluorine in 
drinking water may also influence thyroid function. 

Agricultural technology may have a profound effect on the soil-plant-animal 
chain. In areas of intensive pig farming where copper is added to the feed there 
is a danger that plants fertilized with the pig manure may have an increased 
copper content. This effect needs to be monitored, especially if it is intended to 
use these plants as a feed for sheep. A similar problem arises when sheep are fed 
on plants that have been grown on the soil of previously abandoned vineyards; 
high copper levels may be observed which result from the use of copper salts in 
viniculture. 

The above remarks emphasize the need for serial large-scale analyses of trace 
elements in animal feeds so as to ensure that the intakes are properly matched to 
the nutritional requirements of the animals. 
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3. ROLE OF TRACE ELEMENTS 

In this section the role of some selected trace elements is outlined with 
special reference to borderline deficiency or disease conditions. 

Chromium This element is generally found in low concentrations in most plant 
and animal tissues but analytical difficulties, which still persist, do not permit 
a reliable evaluation of normal values. In the inorganic form, only trivalent 
chromium exhibits significant biological activity. It is absorbed poorly (~1%) 
from the GI-tract, mainly in the jejunum. Fasting animals have an increased 
absorption rate compared with non-fasting ones. The major excretary route is 
through the urine. 

The importance of chromium as an essential trace element has been revealed 
by the consistent development of disturbed glucose tolerance in experimental 
animals depleted of this element; in the form of 'glucose tolerance factor' it 
seems to be essential for the maintenance of normal glucose and amino acid 
metabolism. In vitro, insulin and chromium potentiate each other in causing 
mitochondrial swelling. 

In the body, chromium probably competes with iron for transferrin binding 
sites. In some clinical and experimental cases, where transferrin is saturated with 
iron, diabetes mellitus develops, possibly due to a concomitant disturbance of 
chromium transport. 

Symptoms of chromium deficiency in experimental animals are impaired 
glucose tolerance, growth retardation, corneal opacity, and necrotic liver 
degeneration. Protein deficiency and blood loss caused, for example, by parasites, 
aggravate the effects of low chromium status. Supplementation of drinking water 
with trace amounts of chromium has been reported to result in increased lifespan, 
lower serum cholesterol levels and decreased atherosclerosis of the aorta. 

Cobalt In man and other monogastric species, cobalt is required in the form of 
the cobalt-containing vitamin B)2- Ruminants, however, can utilize dietary cobalt 
directly, converting it by means of the ruminai microflora into vitamin B12. 

Cobalt is widely distributed in the animal organism, occurring in relatively 
high concentration (0.10-0.25 mg/kg) in the liver, kidney, bone, spleen, pancreas 
and other glandular tissues. The serum concentration is 0.5—1.0 ¿tg/1. Vitamin B n 

in plasma is bound to transcobalamin; the latter promotes the uptake of vitamin 
B n by cells in tissue culture. Cows' colostrum milk contains a 5—10 times higher 
concentration of cobalt than that of mature milk, in which very low concentrations 
(0.5-2.0 jig/1) are found. 

Dietary cobalt is relatively poorly absorbed and is mainly excreted in the 
faeces. Both cobalt and iron share a common absorptive pathway in the proximal 
small intestine, and excess of either ion decreases the absorption of the other. 
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Cobalt deficiency (and of vitamin B12) is observed most frequently in 
ruminants. Young animals are more susceptible than adults. Symptoms are list-
lessness, loss of appetite, marasmus, emaciation, anaemia and elevated renal 
excretion of methylmalonic acid due to decreased activity of methylmalonyl-
-CoA-isomerase, an enzyme involved in succinyl-CoA formation. 

Cobalt deficiency in ruminants can be overcome by using cobalt-containing 
fertilizers, by direct administration of supplementary cobalt to the animal, or 
by vitamin B12 injections. The latter method is also applicable to other species. 

Cobalt has long been known to affect erythropoiesis by controlling steps 
in the synthesis of globin and also of haem. When administered in an amount 
of approximately 1 mg-day - 1 • (kg body weight) -1, cobalt induces polycythaemia 
in a number of animal species. This appears to result from tissue anoxia induced 
by the binding of sulphydryl groups or by stimulating an increase in erythropoietin 
production by the kidney, or by both. 

Despite the unphysiological mechanism of action, cobalt has been success-
fully used for the treatment of nutritional anaemias, and of anaemias secondary 
to septic inflammation, sterile abscesses, or hypophysectomy. These actions of 
cobalt are entirely separate and distinct from those of vitamin B n . 

Excess cobalt causes depression of muscular coordination, anorexia and 
goitre. Daily administration of 25 mg/kg CoCl2 leads to increased lipid-mobilizer 
hormone activity in plasma and the development of hyperlipaemia. 

Copper The economic importance of copper in animal nutrition has been 
established by the demonstration of extensive areas of simple or conditional 
copper deficiency in different parts of the world affecting both crops and live-
stock. Chronic copper poisoning has also been shown to occur naturally. 

The concentration of copper in plasma is around 0.8—1.2 mg/1; it occurs 
in various complex forms loosely bound to albumin, amino acids and to an 
alpha2-globulin, caeruloplasmin. The liver is the main storage organ in which 
copper is mainly found as a constituent of some metallothioneins. 

Absorption of copper from the GI-tract is dependent to a large extent upon 
its chemical form and upon other dietary constituents. The mechanism under-
lying this behaviour is not exactly known but there is evidence that active trans-
port is involved. Absorption is thought to take place when the copper is bound 
to a duodenal protein (mol-wt = 104 daltons). Zinc and cadmium are thought 
to inhibit copper absorption by displacing copper from this protein. Molybdenum 
and inorganic sulphate react to form an insoluble complex with copper, which is 
believed to render the copper biologically inert. A high proportion of ingested 
copper appears in the faeces, most of which is unabsorbed copper; however 
active excretion via the bile occurs in all species. 

At least 35 enzymes and proteins have been discovered which contain copper. 
Of particular importance are caeruloplasmin, tyrosinase, cytochrome oxidase, 
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catalase and monoamino-oxidase. The levels of these compounds reflect copper 
deficiency at an early stage. Various other cuproproteins occur which lack 
enzymatic activity; these include RBC erythrocuprein, cerebrocuprein of the 
brain, hepatocuprein and mitochondrocuprein of the liver. 

Symptoms of copper deficiency are loss of weight, microcytic hypochromic 
anaemia, disturbances in ossification, and impairment of collagen formation. 
Cerebral demyelination also occurs which results in ataxia and swayback. 
A defective keratinization and depigmentation of the wool occurs in sheep, 
resulting in abnormal wool growth. Fibrosis of the myocardium, disturbances 
in fertility, scouring or diarrohea, and splenomegaly are further symptoms that 
may be observed. 

Excessive intake results in accumulation of copper in liver cells. Toxic 
symptoms are haemolytic crisis, jaundice and neurological disturbances. Chemicals, 
alkaloids or infections causing liver damage may have similar effects. Sheep and 
poultry are especially sensitive to copper toxicity. 

Alterations in copper metabolism may be a diagnostic and prognostic 
indicator of infectious illness, severe stress conditions and neoplastic disorders. 

Fluorine This element has long been recognized as a constituents of bones, 
teeth, soft tissues and body fluids. Chronic endemic fluorosis occurs in man and 
farm stock in several parts of the world. The plasma concentration of fluorine 
is normally around 0.1—0.2 mg/1 and that in the teeth between 200—600 mg/kg; 
soft tissues contain 2—5 mg/kg on a dry weight basis. Placenta accumulates 
fluorine and transmits it to the foetus. Excess of fluorine is deposited in the 
bone or is excreted by the kidney. 

A high incidence of caries in man has been shown by many investigators 
to be correlated with a low fluorine intake. This condition, however, does not 
arise as a health problem in farm animals. One of the most remarkable effects 
of fluorine is that it activates adenyl cyclase enzyme, which is the primary 
mediator of hormone action. A low fluorine intake is connected with a 
progressive decline of fertility in mice, but this effect has not yet been confirmed 
in farm animals. 

Excessive intake of fluorine results in toxic symptoms described as fluorosis; 
this is a more common condition than the deficiency state. The bovine is the 
most susceptible species both for acute and chronic fluorosis. Common symptoms 
are loss of condition, pain on movement, lameness, waisting of the main muscles, 
arthritis of the hip, erosions of the tooth enamel, and decreased milk yield. 
Fluorine concentrations in bone and teeth in these conditions range between 
5000-8000 mg/kg. 

Some rocks used for phosphate supplementation contain high levels of. 
fluorine and their use may result in fluorosis. Some drinking water coming from 
deep wells also contain high levels of this element (2 -15 mg/1) and create a 
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fluorosis hazard. The diagnosis of fluorosis may be confirmed reliably by the 
analysis of fluorine in bone. Abnormally high levels in the urine (5 -12 mg/1) 
confirm the diagnosis. 

Iodine As is well known, iodine is required by the body for the synthesis of the 
thyroid hormones thyroxin and triiodothyronine. Both food and drinking water 
are important sources of dietary iodine. 

Iodine deficiency may result in the hypothyroid condition in which energy 
production at the cellular level is decreased. Many goitrogenic substances and 
other factors may have the same effect, for example excessive calcium and fluorine 
intake in drinking water and deficiencies of vitamin A, copper or zinc. 

In farm animals impaired growth, decreased milk and egg production and 
reproductive failure are the outstanding manifestations of iodine deficiency and 
of the consequent impairment of thyroid function. Irregular or suppressed 
oestrus occurs in cows causing infertility or sterility; bulls suffer from a loss of 
sexual drive. The hatchability of eggs laid by hens fed a low iodine diet is markedly 
reduced and the incubation period is significantly prolonged. 

A high intake of iodine does not generally cause problems as it is easily 
excreted by the kidney. Transfer of iodine to milk may have an impact on the 
human consumer. It has been demonstrated that the iodine content of milk may 
be increased by the use of iodine-containing disinfectants for cleaning the teats 
before milking. 

Iron In the animal body most of the iron is bound to proteins such as haemo-
globin, myoglobin, non-hàem compounds such as ferritin, transferrin and 
haemosiderin, as well as a number of enzymes that are mainly involved in 
respiration and oxygen transport. The total number of iron protein compounds 
already known exceeds 50. Some of the iron storage proteins contain high con-
centrations, up to 25—30% iron. 

The iron content of plasma ranges from 0.7—1.5 mg/1; most of the iron 
leaving the plasma is taken up by the bone marrow for haemoglobin synthesis. 
Iron is absorbed from the GI-tract mainly in the duodenum; this absorption 
takes place principally in the ferrous form. Ascorbic acid increases absorption 
by reducing ferric to ferrous. Iron in haem compounds is absorbed directly into 
the mucosal cells of the intestine, without the necessity of release from its bound 
form. Iron excretion is very low and occurs mainly in the faeces via the bile. 

The principal manifestations of iron deficiency are paleness of the skin (in 
non-pigmented animals such as swine) and conjunctiva, hypochromic microcytic 
anaemia, and reduced concentrations of haemoglobin in blood and of myoglobin 
in muscle. The hyperplastic bone marrow contains little or no haemosiderin in 
the iron-deficient animal. Serum iron is subnormal but an increased total iron 
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binding capacity can be observed. Among domestic animals the most important 
consequence of iron deficiency is anaemia occurring in suckling pigs. 

Iron toxicity inhibits the cellular-type defense of the organism by blocking' 
the reticulo-endothelial system. 

Manganese A deficiency of this element has been demonstrated experimentally 
in a number of animal species and occurs naturally on certain diets composed of 
normal feeds fed to pigs and poultry. 

The liver and pancreas are the organs with the highest manganese concen-
trations in the body. However, analytical difficulties, principally contamination 
problems, have led to wide variability in the results reported by different workers, 
with a consequent uncertainty about the true concentrations of manganese in 
normal tissues and body fluids. The lactating mammary gland is reported to be 
able to increase its content of manganese tenfold. Absorbed manganese is 
excreted through the intestine via the bile, which constitutes the main regulatory 
route. 

Manganese is bound in serum to beta^globulin and forms complexes with 
transferrin. It activates a number of enzymes and serves as a necessary cofactor 
in oxidative phosphorylation. It also plays a role in the synthesis of mucopoly-
saccharides in cartilage. In the synthesis of long-chain fatty acids and cholesterol, 
manganese is essential for the conversion of mevalonic acid to squalene. It 
also plays an important role in initiating protein synthesis by supporting the 
activity of RNA polymerase within hepatic nuclei. 

Symptoms of manganese deficiency are retarded bone growth, fragile bones, 
slipped tendon (perosis) in chickens, increased brain excitability and con-
vulsability (neonatal ataxia), abnormality of otolith formation in the inner ear, 
decreased capacity to utilize glucose and a diabetic-like curve in response to 
glucose loading, reproductive disturbances, irregular oestrus and decreased egg 
hatchability in poultry. Toxic intakes of manganese lead to irritation or necrosis 
of the gastric mucosa following acute ingestion. Intravenous administration 
produces hepatic necrosis. Depressed haemoglobin synthesis and neurological 
disorders are further symptoms of toxicity. 

Molybdenum The essentiality of molybdenum is related to its function in various 
metalloenzymes such as xanthine oxidase, nitrate reductase, aldehyde oxidase 
and sulphite oxidase. It is of economic importance in animal nutrition mainly as 
a consequence of excessive intake which occurs naturally in various areas of the 
world and leads to molybdenosis in cattle. 

About 70% of the molybdenum in blood is found in the red cells. The con-
centration of molybdenum in serum is about 15 jug/1 from which it is readily 
dialysable. Of the soft tissues, liver and kidneys generally have the highest con-
centrations. Milk contains around 70 pg/l but the actual level varies with dietary 
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molybdenum intake in cows. The molybdenum concentration in milk is pro-
portional to its xanthine oxidase activity. Tungsten, an established antagonist 
of molybdenum, decreases the activity of milk xanthine oxidase. 

Molybdenum is readily taken up as the M0O4- anion by an active transport 
system of the ileal mucosa. Copper and sulphate can form biologically unavailable 
complexes with this anion in vivo and thereby inhibit absorption. In some 
circumstances molybdenum has been shown to exacerbate copper deficiency 
and to alleviate copper toxicity. Excretion is mainly via the urine, though in some 
species faecal excretion may form the major route. 

Deficiency symptoms are renal xanthine calculi (principally affecting sheep), 
reduced growth and reduced xanthine oxidase activity. However, due to the 
extremely low requirement for molybdenum, deficiency symptoms rarely develop 
except where a high copper, sulphate or tungsten content of the feed occurs. 

Under conditions of excessive intake, cattle and sheep are the least tolerant 
species. The symptoms may best be described as an induced 'conditioned' 
deficiency of copper, namely anorexia, diarrhoea, loss of coat colour, alopecia, 
severe anaemia and deformity of bones. These toxicity symptoms can be alleviated 
by copper supplementation. 

Nickel This element has been shown to be essential for the chick, pig and rat 
under experimental conditions. However, the very low concentrations of nickel 
in tissues and the poor availability of suitable analytical techniques make it a 
difficult element to study. Nickel is poorly absorbed from ordinary diets and 
excreted mostly in the faeces. 

Nickel deficiency in experimental animals has been shown to result in 
impaired growth and an increased foetal death rate. Ultrastructural abnormalities 
in the hepatocytes and impaired oxygen utilization by liver homogenates can be 
observed. An unbalanced calcium-to-phosphorus ratio exacerbates the impaired 
growth of nickel-deficient baby pigs. High levels of nickel fed to calves have been 
shown to result in a reduction of nitrogen retention and impaired growth. 

In man, acute myocardial infarction has been reported to be followed by 
an increased serum nickel concentration. However, similar findings have not been 
confirmed in animals. 

Selenium Deficiencies of this element in sheep, cattle, swine and poultry are an 
important problem in many areas of the world causing serious losses in animal 
production. The plasma selenium concentration, normally about 60 Mg/1, is a 
very responsive indicator of selenium status. Plasma selenium is bound mainly 
to alpha-lipoprotein and free amino acids. The highest concentrations of selenium 
in the body are found in the retina, liver, kidneys, brain, muscles and feathers. 
Dietary selenium is readily absorbed from the GI-tract. Under physiological 
conditions selenium homeostasis is achieved by the regulation of urinary selenium 
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excretion, mainly as the trimethyl-selenonium ion. In ruminants faecal excretion 
via the bile and pancreatic juice is the major route. 

The main biochemical roles of selenium are its antioxidant effect, increased 
oxygen uptake and phosphorylation of tissues. The synthesis of vitamin C and 
ubiquinone is also influenced by selenium. Glutathione peroxidase is the main 
selenoenzyme so far identified in animal tissues. 

Skeletal muscle degeneration (white muscle disease in sheep and calves), 
hepatic necrosis in pigs, myocardial necrosis and haemorrhage, oesophageal 
ulceration, steatitis (yellow fat disease) and exudative diathesis (in the chicken) 
are the main symptoms of selenium (and vitamin E) deficiency. Reduced growth 
hormone secretion and utilization of energy and nitrogen can be observed in 
selenium-deficient rats. Reproductive failure and abnormal spermatozoa are also 
frequent. 

High intakes of selenium result in a form of selenium poisoning called selenosis, 
which may be characterized by dullness and loss of hair, soreness of the hooves in 
ruminants, lameness, liver cirrhosis and anaemia. In extreme cases death results 
from respiratory failure. 

Tin The essentiality of tin is suggested by the reduced growth rate of rats raised 
in an all-plastic isolator system and maintained on highly purified tin-deficient 
diets as compared with the effects of the same diet containing tin supplements. 
Further research is needed, however, on the role of tin in domestic animals. 
Because of its low concentrations in most biological materials and the poor 
availability of suitable analytical techniques, literature data for tin in animal 
tissues and fluids are generally of poor reliability. 

This element, on account of its high oxidation-reduction potential, may 
play a similar role in some biological systems to that of the flavine enzymes. Tin 
has been shown to have a potent induction effect on haem oxygenase, which 
catalyses haem oxidation in microsomes. Because of its poor absorption and 
retention in tissues, it has low toxicity in most chemical forms. Excretion is 
mainly in the faeces. 

Vanadium The essentiality of vanadium for the rat and the chick has been 
established on the basis of evidence from several laboratories, but no deficiency 
or toxicity conditions have yet been demonstrated in domestic animals under 
normal conditions. Because of its low concentrations in most biological materials 
and the poor availability of suitable analytical techniques, literature data for 
vanadium in animal tissues and fluids are generally of poor reliability. In the 
inorganic form, as vanadate, it is only poorly absorbed from the GI-tract 
(0.1-1%). The larger part of the absorbed vanadium is excreted in the urine, 
the remainder being mainly retained in liver and bone. 
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Vanadium stimulates the mineralization of dentine and bone and seems to 
have a caries-protecting effect in animals fed cariogenic diets. Deficiency symptoms, 
demonstrated in chickens in an all-plastic isolator system and fed low vanadium 
diets, include a significantly reduced feather growth and an elevated serum 
triglyceride concentration in growing animals. A high intake of vanadium inhibits 
cholesterol synthesis. A diet containing 200 mg/kg has been shown to cause 
depressed growth and high mortality in the chick. 

Zinc The role of zinc in relation to wound healing has been known for a long 
time, and more recent studies have further demonstrated that it is an essential 
trace element of great importance. 

Zinc occurs in relatively high concentrations in the liver, kidney, pancreas, 
testis, adrenals, prostate, skin and the tapetum lucidum of the eyes. It is 
moderately well absorbed from the GI-tract, by active transport through the 
intestinal mucosa, and is excreted mainly in the faeces via the intestinal wall and 
pancreatic juice. In lactating animals one-tenth of the daily intake is excreted by 
the mammary gland. 

Within cells zinc is stored in the form of metallothioneins. More than 
50 zinc-activated enzymes have so far been identified. The most important are 
carbonic anhydrase, alkaline phosphatase, pancreatic and brain carboxypeptidase, 
alcoholic-lactic- and glutamic-dehydrogenases, thymidine kinase, alpha-mannosidase 
and some dipeptidases. Other zinc-containing proteins are the neural growth factor 
(NGF), gustin of the saliva and cold precipitable protein of the seminal plasma. 
The biosynthesis of ACTH, insulin and testosterone are influenced by zinc. Treat-
ment with glycocorticoids and hypothyroidism both lower the zinc concentration 
in serum. 

The main symptoms of zinc deficiency are growth retardation, loss of 
appetite, bone deformities, alopecia, hyper- and dyskeratinization of the epithelial 
cells (parakeratosis), disturbed wound healing, impaired fertility of both males 
and females, and increased occurrence of teratogenicity and behavioural anomali-
ties. In zinc deficiency, diminished activity of alcoholic dehydrogenase inhibits 
conversion of the storage form of vitamin A (retinilester) to the metabolically 
active retinol. Impaired DNA, RNA, protein and lipid synthesis and decreased 
stability of cell membranes may also be observed. As a result of zinc deficiency, 
the cellular-type immunity is also impaired (hereditary zinc deficiency of cattle). 
The best indicators of the deficiency state are the zinc concentrations in plasma, 
hair and rib. The zinc concentration in liver biopsy samples is also a good indicator. 
Zinc levels in the seminal plasma correlate with sperm quality. 

Zinc is relatively non-toxic to birds and mammals and a wide margin of 
safety exists between normal intakes and those likely to produce deleterious 
effects. < 
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TABLE I. LIST OF ELEMENTS RECOMMENDED FOR SURVEY AND 
TISSUES AND OTHER MATERIALS REQUIRING ANALYSIS 
(A = highest priority, C = lowest priority) 

Element Priority of 
determination 

To be determined in 
Element Priority of 

determination Whole 
blood 

Serum Bone Milk Liver Feed Others 

Ca A + ++ 

P A ++ + 
Mg A ++ + 
Na A ++ 

Cu A + ++ ++ 
I A + ++ 

Se A + ++ Kidney 

Fe a B ++ 

Zn B + ++ Hair 

Mn B ++ ++ Hair 

K C ++ 

Co C ++ 

F C + Teeth 

soä 
Mob ' 

(A) 
(A) 

++ 
++ 

+ + Indicates more appropriate tissue than + 
a Only in cases of low Hb. 
b Only in cases of Cu deficiency. 

4. INVESTIGATIONS FOR WHICH TRACE ELEMENT ANALYSES MAY 
BE REQUIRED 

Although it would not be within the scope of the present chapter to discuss 
the use of radioisotope tracers in studies of trace element metabolism, it should 
be noted that such methods play a vital role in studies of the metabolism of 
individual elements and of interactions between elements. Other methods, such 
as radiation absorption measurements of bone mineral density and in vivo acti-
vation analysis, are also important aids to our understanding of some animal 
production and health disorders. 
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Returning to trace element measurements per se, it should be noted that 
balance experiments, where total intake minus total excretion is determined, are 
often one of the first steps in investigating the metabolism of a trace element. 
However, this type of investigation only gives gross information and is therefore 
of limited value. 

A combination of radiotracer kinetic measurements and stable trace element 
balance measurements yields additional metabolic information that is otherwise 
not readily obtainable. For example, classical balance studies show that copper, 
zinc and some other heavy metals have a high faecal excretion rate, which might 
be thought to imply a low intestinal absorption. However, radiotracer studies 
reveal a relatively high absorption together with a correspondingly high secretion 
and excretion into the gut. 

Measurements of trace element concentrations in individual organs and body 
fluids give useful information about the trace element status of the animal. 
Table I identifies some of the elements and tissues recommended for analysis by 
the participants in an IAEA Panel Meeting [7]. In Table II the author has extended 
these recommendations to other elements and tissues. Because of biological inter-
actions between elements it is also of great interest to measure concentration ratios, 
e.g. for Ca:F, Ca:I, Ca:Mg, Ca:P, Ca:Zn, Cu:Fe, Cu:Mo, Cu:S, Cu:Zn, I:Br, I:F, 
P: Al, S:Se, Zn:Cd and Zn:Hg. 

Analyses of trace elements in biological materials also have a large part to 
play in meeting the following research needs. 

1. There is a need for more critical and more accurate information on the 
distribution of trace elements within various organs and at sub-cellular levels. 

2. Since trace elements are generally active only when present in specific 
biological forms, more information is needed on the nature of these chemical 
forms (valency state, oxidation state, occurrence in the form of complex 
ions or molecules, distribution between organic and inorganic phases and 
between solid and liquid forms, being part of an enzyme, etc.). 

3. All the essential trace elements and mineral elements appear to be subject 
to homeostatic regulation within living organisms (both to maintain a certain 
level in the case of low intake and to eliminate excess in the case of high 
intake). More research is needed on the biological mechanisms involved 
(transport through biological membranes, identification of transport 
molecules and of enzymes which control the processes, etc.). 

4. Tolerance levels of many essential and toxic elements still need to be 
established. Some relevant data [18] are reproduced in Table III, but similar 
data are still required for other elements and species. 

5. More data are needed on the normal ranges of concentration of trace 
elements in plants and foods, e.g. as a function of geographical area. 



TABLE II. TISSUES RECOMMENDED FOR ANALYSIS FOR DEMONSTRATING DEFICIENCY OR TOXICITY STATES 
(A = highest priority, C = lowest priority) ON 

Element 
Al 

Tissue 
Ag As B Ba Br Ca Cd CI Co Cr Cu F Fe Ge Hg I K Mg Mn Mo Na Ni P Pb Rb Sb Se Si Sr Ti V Zn 

Adrenal A 

Bone A A A A B A A A A 

Brain A B - B 

Gut B 

Hair A B B A B A A C B B A 

Kidney A A A B A A 

Liver A A A A B A A B A B 

Lung B A B A A 

Milk B B B c A B 

Muscle c B A B B 

Pancreas A 

Serum B A C A B A B A P c A 
(TIBC) 

c B A A c B A C A A B B C A 

Skin A A 

Sperm B B 

Spleen c B 

Testis/Ovary B A 

*0 
w 
H 
a 
M 
w j 

Thyroid 

Urine A 
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TABLE III. UPPER TOLERANCES FOR SOME TRACE ELEMENTS IN LONG 
FEEDING EXPERIMENTS 

Species SP MO CU Co MN Zn Fe 

Calf 2 30 90 1000 500 

Cow 2 5 50 

Lamb 10 100 500 

Sheep 2 10 1000 

Piglet 2.5 150 200 600 200 

Pig 5 250 300 1000 

Chicken 2 60 1000 1500 
(egg production) 

Data are given in mg/kg dry weight of the feed. 

6. Special emphasis needs to be given to establishing the 'bioavailability' of 
trace elements as this property has a vital bearing on the trace element and 
mineral status of the animal. 

7. There is an important need, particularly in animal nutrition, for the 
identification of acute and subacute deficiency syndromes. Prophylaxis is 
preferable to therapy since the disease conditions are often difficult to treat, 
or it may not be financially worth while to do so. 

8. Better mapping of human and animal disease is desirable and needs to be 
correlated with appropriate biochemical, clinical-chemistry and clinical data. 

Finally, it needs to be emphasized that a multidisciplinary approach is 
essential to determine important causal relationships between trace element intake 
and health-disease conditions in animal production. To this end, the cooperation 
of chemical and physical analysts with medical experts, veterinarians, nutritionists, 
environmental scientists, geochemists, plant scientists and data processing experts 
needs to be encouraged. 
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Chapter 2 

THE NEED FOR TRACE ELEMENT ANALYSES 
IN THE MEDICAL SCIENCES 

K.M. HAMBIDGE 

1. INTRODUCTION 

Trace elements have had a recognized role in clinical medicine for many 
years. The ubiquitous problem of iron deficiency is familiar to all physicians 
and the role of iodine deficiency in endemic goitre was identified first in 1830 [1]. 
At the other end of the spectrum, clinicians have long been aware of the deleterious 
effects of excessive exposure to heavy metals such as lead and mercury. However, 
until recently, clinical recognition was limited to very few of the trace elements. 
There was, for example, a widely held concept that the human was not at risk 
from trace deficiencies, other than those of iron and iodine. 

During the last two decades, however, clinical interest in the trace elements 
has been expanding with steadily growing momentum. Major reasons for this 
development include: (a) the elucidation of the physiological roles of several of 
the 'essential' trace elements at a molecular level which has led to a growing 
appreciation of their importance in many vital metabolic processes in mammalian 
systems; (b) the identification of a role for an increasing number of the trace 
elements in mammalian nutrition; (c) perhaps, above all, the documentation of 
clinical problems resulting from 'new' trace deficiency states, i.e. those of zinc, 
copper and chromium; (d) the rapidly increasing use of chemically defined 
'elemental' diets in medical practice, which has served to emphasize our poor 
understanding of trace element requirements; (e) the identification of a growing 
number of inherited disorders of human trace metal metabolism; (f) the realization 
that environmental pollution may be an important contributory factor to some 
major chronic diseases. 

Despite this growing interest in. and awareness of, the trace elements in 
medical sciences, progress remains quite slow. Residual, but significant, difficulties 
in the investigation and accurate measurement of the minute quantities of trace 
elements in biological systems are still a major factor responsible for limiting 
progress at this time. All too often, technological advances have not been geared 
to the demanding and special requirements of human nutrition and medicine. 
Research directed to achieving a better understanding of the role of the trace 
elements in human health and disease and to the practical assessment of trace 
element status in individual subjects will require a variety of different approaches, 
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and the accurate measurement of trace element concentrations in man and his 
environment is only one of these. Nevertheless, progress, particularly in the 
immediate future, will be dependent to a large extent on accurate measurement 
of normal and abnormal trace element concentrations in the human environment, 
diet, body tissues, fluids and excreta. Though in some clinical circumstances 
measurements of single elements are all that is needed, future progress will be 
facilitated enormously by the application of reliable multielement analytical 
techniques. The need for such facilities is illustrated in this review by focusing 
attention on selected topics that represent key areas for current and future 
research. 

2. HUMAN NUTRITIONAL REQUIREMENTS FOR TRACE ELEMENTS 

A mammalian nutritional requirement has been documented for many 
elements in trace quantities [1 ]. These include vanadium, chromium, manganese, 
iron, cobalt, nickel, copper, zinc, selenium, silicon, molybdenum, tin, arsenic and 
iodine. This list of 'essential' trace elements continues to grow and may, for 
example, also include fluorine, cadmium and lead. Though direct proof of human 
nutritional needs remains limited, it is probable that man requires trace quantities 
of most, if not all, of these elements. Currently, however, the trace elements in 
general represent an outstanding gap in our knowledge of human nutritional 
requirements. This is illustrated by the omission of most of these micronutrients 
from the tables of Recommended Dietary Allowances of the Food and Nutrition 
Board, National Research Council, National Academy of Sciences. The most 
recent edition [2] includes only iron, zinc and iodine in these tables. With the 
growing recognition of human disease states attributable to trace element 
deficiencies [3] and the increasing use of synthetic, chemically defined, formula 
diets, the practical importance of establishing nutritional requirements for other 
trace elements can no longer be denied. The task of determining these require-
ments, including calculations of the normal range of dietary intake for healthy 
people and accurate balance studies at different levels of intake can be simplified 
by the use of reliable, simultaneous multielement analyses. 

The needs for trace element analyses in nutrition are discussed in Chapter 3. 
However, their importance to the medical sciences merits emphasis. These needs 
are extensive, but can be illustrated with one example, that of human milk. The 
formula-fed infant has been shown to be at particular risk from specific trace 
element deficiency states [4] and it is of obvious practical importance to establish 
trace element nutritional requirements for the infant as well as for the adult. 
Calculations of the trace element intakes of breast-fed infants will assist in the 
definition of infant requirements (though the better bioavailability of some of 
the trace elements [5,6] in human milk than in cow's milk must be taken into 
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consideration). With the exception of the bulk elements and a few selected 
trace elements such as Cu, Fe and Zn, the elemental composition of human 
milk appears to-have been scarcely investigated. Data reported in the literature, 
covering 34 elements in human milk (colostrum, transitional and mature) from 
different geographical regions, have been summarized in a recent compilation [7], 
Even in the case of those trace elements, i.e. zinc and copper, the concentrations 
of which in human milk are 'known', the influence of factors such as stage of 
lactation and maternal nutritional status still require further study. 

Intravenous requirements for trace elements in patients maintained on 
total parenteral nutrition present an unsolved problem of growing clinical 
importance. The use of synthetic, chemically defined, diets in medical practice 
is growing rapidly. Selenium deficiency has recently been identified in 
phenylketonuria patients treated with oral low-phenylalanine diets that were 
deficient in this nutrient [8]. Severe copper [9], zinc [10] and chromium [11] 
deficiency states have occurred in patients maintained with prolonged intra-
venous nutrition that was lacking in supplements of these trace elements. Based 
on this recent experience, it is reasonable to assume that other specific trace 
element deficiency states will be identified in the future, unless a reasonable 
estimate of intravenous requirements can be achieved and the necessary 
supplements added to the infusâtes. This will also require multielement analyses 
of these infusâtes to determine the quantities of individual trace elements 
supplied through chance contamination of different products. Calculations of 
these intravenous requirements are dependent on a better understanding of oral 
requirements, and on the percentage of ingested trace elements that are absorbed 
in the intestinal tract. At least until more information is available, trace element 
supplementation of intravenous fluids will need to be monitored with the 
measurement of trace element concentrations in the recipients. 

3. DETECTION OF TRACE ELEMENT DEFICIENCY STATES 

Clinically significant deficiency states have now been documented for iron, 
iodine, chromium, zinc and copper [3] . In addition, disturbances in normal 
physiology have been attributed to selenium [8] and probably to manganese [12] 
deficiency in man. With the exceptions of iron and iodine, these human trace 
element deficiency states have only been recognized since 1960, and there is 
good reason for concern that the occurrence of other human trace deficiencies 
will be discovered as research gathers momentum. It is probably more than a 
coincidence that most of the specific trace element deficiency states that are 
currently recognized pertain to those trace elements that are relatively easy to 
measure in biological samples (e.g. zinc and copper) and to those whose clinical 
manifestations are exceptionally obvious (e.g. iodine deficiency goitres). The 
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accurate measurement of trace elements in concentrations approximating 
1 Mg/kg or less in biological samples still presents formidable difficulties. 

Eventually, specific biological assays may prove to be the optimal means 
of assessing nutritional status with respect to some of the trace elements. 
However, the measurement of trace element concentrations is the only available 
approach for many of these micronutrients at this time and it is probable that 
such measurements will continue to have an important role in the detection 
and confirmation of deficiency states. 

Samples readily available for assay from living human subjects are limited 
in type and very often — especially in infants and young children — in quantity. 
These samples include whole blood, blood plasma or serum, the cellular compo-
nents of blood, and urine, saliva, hair and nail. At present there is a crucial need 
for analytical instrumentation and techniques capable of accurate quantitative 
analyses of trace elements in these samples. Ideally, these techniques would not 
require prior sample preparation, thus diminishing the risk of inaccurate results 
from trace element contamination or loss during preparation procedures. 

These techniques need to be applied initially to the establishment of 
normal ranges of concentrations in these matrices and to the detection of 
possible variations according to such factors as age and sex. It would also be 
most useful at an early stage to determine if values are significantly reduced in 
any of these samples as a result of nutritional deprivation of each specific trace 
element in laboratory animals. 

Once these initial goals are achieved, there are many target areas that 
urgently require investigation of trace element nutritional status. Prominent 
among these are the following. 

Altered dietary requirements 

Some specific stages of growth and development, and other physiological circum-
stances, are associated with increased nutrient requirements or relatively high 
risk of nutrient deficiencies. Examples include rapid stages of growth and 
development in early postnatal life and in adolescence, pregnancy and lactation, 
and changes associated with old age. 

Inadequate diets 

Some populations and individuals are dependent on, or elect to consume, 
diets that are deficient in quantity or quality. Large sections of the populations 
of developing areas of the world whose food supply is inadequate are at risk from 
trace element deficiencies [13—15]. This also applies to relatively deprived sections of 
the population in more affluent countries [16]. Vegetarian diets have been 
reported [17] to be outstandingly low in zinc. These diets also require evaluation 
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with respect to other trace elements. Diets that are high in phytate [18] and 
fibre [19] have also been indicted in the aetiology of zinc deficiency. A large 
percentage of many trace elements is lost in various food-processing techniques 
such as the milling of grain [20] and refining of sugar [21 ]. Thus, individuals 
consuming highly refined diets may also be exposed to an enhanced risk of 
trace element deficiencies. Consumption of large quantities of refined sugars 
may predispose to chromium deficiency by enhancing urinary excretion of 
this mineral [22] and it has been suggested that this is a common cause of 
chromium depletion in the United States. The risk of nutritional deficiencies 
including those of trace elements is particularly high in infants born prematurely 
[23]. Suboptimal growth rate attributable to the low zinc content of some 
modified cow's milk infant formulas has been reported in otherwise healthy 
term infants [24]. The risk of other trace deficiencies in non-breast-fed infants 
will persist until more is known about the quantity and form of trace elements 
in cow's milk and infant formulas in comparison with that of human milk. 

These examples illustrate that widespread specific trace element deficiency 
states can exist in many situations and population groups, and are not restricted 
to those populations suffering from more generalized malnutrition. However, 
data remain limited at this time and large-scale studies are needed utilizing 
adequate multielement analytical techniques to define the extent and circum-
stances of these deficiencies. 

Acquired deficiency states 

Some diseases and other circumstances may adversely affect trace element 
metabolism. For example, both copper [25] and zinc [26] deficiency states 
have been documented in association with acquired intestinal malabsorption 
syndromes. These could result from damage to the normal absorptive mechanisms 
in the intestinal mucosa or to binding of trace elements with phosphates and fat 
in the presence of steatorrhea. Excessive urinary excretion of zinc has been 
reported in association with a variety of diseases and abnormal circumstances 
and this may lead to severe symptoms of zinc deficiency [27]. Drug therapy, 
including, but not limited to, chelating agents, can also deplete the body of 
certain trace elements. Trace element deficiencies in association with intravenous 
nutrition may result from the excessive urinary losses of metals liganded to 
amino acids and peptides in the infusâtes as well as from inadequate intake [28]. 

4. INHERITED DISORDERS OF TRACE ELEMENT METABOLISM 

These represent a specific, perhaps numerically limited, but clinically 
important and intriguing area of growing interest. Four inherited disorders of 
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human trace element metabolism have now been identified. These are haema-
chromatosis, hepatolenticular degeneration (Wilson's disease), Menke's steely 
hair syndrome, and acrodermatitis enteropathica. The latter two have been 
identified only in the 1970s [29,30]. In addition, an inherited defect in 
magnesium absorption has been reported recently [31]. Other inherited disorders 
of trace element metabolism have been identified in animals [32,33]. These 
include one of manganese metabolism [32] and possibly one of chromium 
metabolism [34]. 

Consideration of these inherited disorders serves to illustrate very effectively 
the practical limitations of present, readily available, analytical techniques for 
use in the medical sciences. It remains much more difficult to screen for 
abnormalities of suspected, but unknown, inborn errors of trace element 
metabolism than it does to screen for inborn errors of amino acid metabolism. 
Of the inherited disorders of trace element metabolism that have been identified 
in man, each relates to an element that is relatively easy to measure in the human 
body (one of iron, two of copper, and one of zinc). It seems very likely that, 
with the application of sensitive multielement analytical techniques, further 
inborn errors of trace element metabolism will be identified in man. The potential 
practical importance to the individual patient of identification of these abnormali-
ties of metabolism is well illustrated by consideration of the vastly improved 
prognosis for patients with acrodermatitis enteropathica since the beneficial 
effects of oral zinc supplementation have been confirmed [35]. Moreover, this 
has led to a greatly enhanced understanding of the physiological roles and clinical 
importance of zinc in man. 

5. ANALYSES OF AUTOPSY TISSUES 

Autopsy tissues offer the obvious advantage of accessibility to a much wider 
range of organs and tissues than those available from the living human subject. 
These analyses can lead, for example, to the detection of abnormal trace element 
concentrations in association with certain disease states [36] and can be very 
useful in comparing the body content of trace elements in different populations. 
The most complete series of postmortem analyses, on a world-wide basis, have 
been performed by Tipton and her associates using emission spectrochemical 
techniques [37—39]. Though these studies comprise a very extensive survey, 
certain of the results need further evaluation. For example, it was found that 
chromium levels declined with advancing age in the United States and that 
adult tissue chromium levels were, in general, very low in comparison with those 
observed in other areas of the world. These observations provided the basis for 
the hypothesis that chromium depletion is widespread in the United States [40]. 
Although these analyses were performed nearly two decades ago, no subsequent 
attempt to confirm these important observations has been reported. 
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6. TRACE ELEMENT EXCESSES AND IMBALANCES 

Attention has been focused primarily on trace element deficiency states 
partly because these represent the greatest challenge to the analytical chemist 
and to the sensitivity of the analytical equipment. However, there are also many 
important areas for application in relation to toxic excesses and to imbalances 
of trace elements in man. The potential importance of interactions between 
different trace elements, for example copper and molybdenum [41 ] or zinc 
and copper [42], emphasizes the advantages of employing multielement 
analytical techniques when possible. 

Data on the distribution of trace elements in man's geochemical environ-
ment [43] are much more extensive than those in man himself. Obviously, 
future research designed to determine relationships between human health and 
disease and the trace element content of his environment will be greatly facili-
tated by reliable multielement analytical techniques. Though such studies are 
more likely to be rewarding in communities that subsist largely on local produce, 
potential interest is not limited to such populations. A typical example that 
merits further research is the question of whether differences in trace element 
concentrations between hard and soft water contribute to the reported differences 
in cardiovascular mortality rates [44]. The potential risks of exposure to toxic 
levels, or imbalances of trace elements in the modern urban environment, or in 
industry, urgently need more comprehensive research. For example, industrial 
contamination of the food and water supply with cadmium in several areas of 
Japan led to outbreaks of Itai-itai disease in which accumulation of excessive 
amounts of cadmium caused renal and gastrointestinal lesions and osteomalacia[45]. 

7. CONCLUDING REMARKS 

Though research into, and application of, the trace elements is now gathering 
momentum in the medical sciences, this field currently remains notable with 
respect to our lack of urgently needed knowledge. The examples discussed 
briefly in this chapter should serve to exemplify the need for acquiring much 
fundamental data related to human trace element nutrition, deficiencies, 
imbalances and toxicity. Though not providing an answer to all problems, the 
availability of reliable sensitive multielement analytical instrumentation and 
techniques will facilitate and accelerate future research. It is, however, desirable 
that such techniques be truly quantitative for each of the trace elements 
measured and that they be utilized in conjunction with the greatest skill and 
care in sample collection and handling. 
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Chapter 3 

THE NEED FOR MORE INFORMATION 
ON THE TRACE ELEMENT CONTENT OF FOODS 

FOR IMPROVING HUMAN NUTRITION 

N. RAO MATURU 

1. INTRODUCTION 

The importance of inorganic elements in biochemical and physiological 
processes at all levels of cellular complexity is now well established. Investigations 
have necessarily been restricted for a long time to those elements that occur in 
amounts large enough to be measurable. 

Of the various trace elements that are considered to be important in nutrition, 
iron, iodine and fluorine are probably the most thoroughly investigated, and are 
of established importance to health. This report concentrates on some other less-
well-studied elements which are reported to have beneficial biological effects on 
human subjects and for which further research appears to be strongly indicated, 
namely chromium, cobalt, copper, magnesium, molybdenum, selenium and zinc. 
Deficiencies of most of these elements have been reported in humans. 

2. NUTRITIONAL ASPECTS OF SOME SELECTED ELEMENTS 

Chromium In contrast to other essential trace elements such as zinc and 
copper, it is only recently that a mammalian nutritional requirement for chromium 
has been recognized [ 1 ]. 

The main physiological role of this element is as a cofactor for insulin at the 
insulin responsive cell membrane, and the earliest detectable defect resulting from 
Cr deficiency is an impairment of glucose tolerance. Other deficiency diagnostic 
criteria include low Cr concentrations in hair and low urinary Cr excretion. 

Chromium deficiency is known to exist in man and may result from a grossly 
deficient diet. Preference for foods with a low Cr content may be a contributing 
factor. The widely different biological availability of Cr in foods may be another 
factor in reducing Cr nutrition but data on availability are at present inadequate. 

A quantitative estimate of chromium requirements in man cannot be made 
at this time owing to inadequate knowledge of the forms and biological availability 
of Cr in foods. The loss of Cr in urine amounts to 5 — 10 ^g per day. Dietary 
intakes varying from 20 - 500 Aig/day, depending on the chemical nature of Cr 
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in individual foods, are required to compensate for the loss of the element through 
urine [2]. 

Cobalt The discovery in 1948 that vitamin B12 (cyanocobalamin) contains 
4% cobalt proved this element to be an essential nutrient for man. 

Cobalt is readily absorbed in the human intestinal tract, but most of the 
absorbed material is excreted in the urine; very little of the element is retained. 
The retained Co serves no known physiological function since human tissues cannot 
synthesize vitamin B12. 

No function for Co in human nutrition other than as an integral part of 
vitamin B12 molecule has been clearly established. However, interactions between 
Co and I have been demonstrated in rats [3,4] and workers in the USSR [5] have 
reported that the Co concentrations in the soils, foods and waters of certain areas 
in that country are inversely correlated with the incidence of goitre in man and 
farm animals. 

Copper For many years, human copper deficiency has been considered 
impossible because of the small nutritional requirement for the trace element. 
However, since 1964 many cases of Cu deficiency have been reported. In comparison 
with Zn deficiency, the incidence of Cu deficiency is probably smaller and limited 
to special circumstances. However, the clinical sequelae which are relatively dramatic 
and acute have been defined more clearly and are better understood. 

Neutropäenia and hypochromic anaemia, which does not respond to oral iron 
therapy, are early manifestations of the Cu deficiency syndrome. The anaemia 
results in part from reduction in Cu-containing ferroxidases and ceruloplasmin, 
both of which are involved in the release of iron from body stores. 

The earlier estimate of 50 /Jg/kg body weight for the requirement of Cu for 
infants and young children provides an inadequate margin of safety; an intake of 
80 /xg/kg body weight would be a realistic allowance incorporating a sufficient 
margin of safety. It is probable that 40 /ig/kg body weight is adequate for older 
children [6] and that 30 Mg/kg body weight is adequate for an adult [7], 

Magnesium Although not normally regarded as a trace element, Mg is 
nevertheless an essential inorganic element for which further research appears to 
be indicated. 

The adult human body contains approximately 20 — 25 g of Mg. Despite the 
relatively large amounts present, and the demonstration that Mg is an essential 
nutrient for experimental animals, concrete data indicating its role in human 
nutrition have been presented only recently. Magnesium is known to be required 
for the activity of a great many enzymes, particularly those concerned with 
oxidative phosphorylation. 
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Magnesium deficiency in humans occurs in such conditions as chronic 
malabsorption syndromes, acute diarrhoea, chronic renal failure, chronic alcoholism 
and protein-calorie malnutrition [8]. Symptoms attributed to magnesium deficiency 
include emotional lability and irritability, tetany, hyperreflexia and occasional 
hyporeflexia. 

Adult Mg requirements have been estimated to be between 200 and 300 mg 
per day [9,10]. An intake of 300 mg daily has been found to maintain positive 
balance in women. Estimates of Mg requirements are based on limited information 
regarding the absorption, metabolism and excretion of this nutrient; accordingly, 
the allowances proposed must be regarded as provisional. 

Molybdenum Diets low in Mo adversely affect growth in small animals 
and depress the activity of xanthine oxidase [11,12], There is no evidence, how-
ever, to show that a low Mo intake results in clinical manifestations in man. 

Balance studies in human adults [13] have shown that Mo equilibrium or a 
slight positive balance may be maintained if the diet provides 2 /ig Mo per kg of 
body weight per day. This figure can be tentatively suggested as the requirement 
for humans. 

Selenium Although the need for selenium seems to be adequately 
documented for laboratory and farm animals [14] no corresponding deficiency is 
known in man. In spite of the significant variations in man's intake of Se, no 
pathological conditions have been identified as resulting from Se deficiency. 

There are, however, reports suggesting that Se deficiency may be a compli-
cating factor in certain types of protein-calorie malnutrition in children. It has 
been claimed on the basis of animal experiments that high levels of Se promote 
dental caries and there is evidence that the same may be true for humans [15,16]. 

Sufficient evidence is not available for the establishment of human require-
ments for Se. In man, no clear-cut syndromes connected with deficient or high Se 
intakes have been identified. In most animal species studied, requirements for 
Se approximate 0 . 0 4 - 0 . 1 0 mg/kg of food [17]. 

Zinc The essentiality of Zn for human nutrition has been recognized for 
a long time and a variety of effects of Zn supplementation to human diets has 
been described in the past few years. 

Dietary Zn deficiency is associated with the syndrome of 'nutritional 
dwarfism' which is characterized by retarded growth and delayed sexual maturation. 
The syndrome has been estimated to affect approximately 3% of adolescents in 
rural areas of Iran and Egypt [18]. Other features that have been attributed to Zn 
deficiency include delayed closure of the epiphyses, roughened hyperpigmented 
skin, lethargy, poor appetite and hepatosplenomegaly. 
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The major constituent of the diets of people in these areas is an unleavened 
bread, prepared from high extraction wheat flour. The phytate present in the 
flour binds Zn, particularly in the presence of calcium, and reduces the biological 
availability of Zn in these diets, with the result that the requirements for the 
element are not satisfied [19]. 

Zinc-responsive growth failure has also been observed in young children 
from middle-class homes in the USA who consume relatively little meat, less 
than 30 g/day [20], 

Dietary requirements for Zn are related to the needs for growth, tissue 
repair and obligatory excretion of the trace element. Derived on a factorial basis, 
the requirement for zinc for an adult is 2.2 mg/day. The requirement for the 
trace element increases to 3.0 and 5.5 mg/day during pregnancy and lactation 
respectively [2]. 

3. FACTORS AFFECTING THE TRACE ELEMENT CONTENT OF FOODS 

Various developments in agriculture and technology can affect the trace 
element content of foods. The introduction of new varieties of plants, the use 
of agricultural chemicals, alterations in feeding practices used for farm animals 
and other new techniques designed to increase food production and yields may 
affect the composition of basic food items. 

Three major factors influence the amount of trace elements in foods as 
consumed: (i) inherent characteristics of plants and animals; (ii) environmental 
conditions affecting plants and animals and, (iii) methods for handling and 
processing of the plant and animal material. 

Inherent factors The trace element content of foods may vary signifi-
cantly according to species and age. The variety of fruit will thus determine the 
trace element content of the fresh or canned fruit or the juice. Similarly, the 
trace element content of bread, cereal and other baked foods depends on the 
variety of wheat, rye or oats used. Greaves and Anderson [21 ] reported that the 
copper content of sixteen varieties of wheat grown in the same soil under similar 
conditions ranged from 5.0 — 16.7 mg/kg. 

Age also seems to affect the trace element content of foods. Younger 
animals have a higher copper concentration in organs and muscle meats than do 
older animals of the same species. Lense et al. [22] found egg yolks from 3- to 
4-year-old hens contained 34% less copper than those from 2-year-old hens. The 
same is also true for plants. Amounts of copper present are higher in the greener 
and younger portions of plants [23]. 
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Trace element content of soil The trace element content of the soil and 
the soil type may determine the amount which a plant absorbs beyond the level 
necessary for growth. The availability of the trace element in the soil may depend 
upon its oxidation state and the pH of the soil. This may affect the concentration 
of the trace element in fruits, vegetables and cereals as well as the amounts 
available to herbivorous animals in forage. 

Food grown in the seleniferous areas of Venezuela may contain high amounts 
of selenium [24], On the other hand, foods from Sweden [25] and Egypt [26] 
have been reported to have rather a low selenium content compared with the levels 
found in the USA [27,28]. Also Miller and Mitchell [29] found that the amounts 
of copper in spinach and lettuce depend on the quantity and availability of the 
trace element in the soil. 

Geographical location Differences due to geographical location probably 
depend on contamination of water, air or soil with the trace element. Variations 
observed in the selenium content of foods grown in Sweden, Egypt and the USA 
are a good example of how geographical location significantly affects the trace 
element content of foods. This is also illustrated by oysters in which higher copper 
concentrations are found in those obtained from North Atlantic waters than in 
those from Pacific waters [30,31]. 

Fertilizers and fungicides Compounds containing trace elements are still 
among the most commonly used protective fungicides and minor element fertilizers 
and the use of such fungicides and fertilizers may significantly affect the trace 
element content of agricultural crops. 

Mader and Mader [32] reported that the initial effect of copper spray on 
potatoes was a five-fold increase in concentration but at harvest, sprayed potatoes 
had only 40% more copper than unsprayed tubers. The use of certain fertilizers 
containing trace elements will increase the trace element content of the soil and 
this significantly affects the trace element content of foods. 

Effect of processing The manner in which foods are handled and processed 
may affect considerably the trace element content of foods. Stainless steel is 
unquestionably the material of choice for equipment used in most food and 
beverage processing operations. Virtually all equipment in the dairy industry is 
now made of stainless-steel or glass. Bowen [33] has reported that even with the 
use of stainless steel vessels, contamination with manganese can occur. Reconstituted 
dried cow's milk (0.26 mg/1) contained significantly higher amounts of manganese , 
than did liquid milk (0.04 mg/1) [34]. Contamination with copper may occur when 
copper equipment is used for handling and processing of foods. Industries that 
have utilized copper equipment extensively include breweries and distilleries, yeast 
plants, sugar refineries and bottling plants. 
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The extent of milling of cereals is also known to affect the trace element 
content of foods. Milling removes the outer layers of the grain which are rich in 
minerals and this results in a considerable lowering of the amounts of minerals 
including trace elements in the food. From 40.0 to 88.5% of seven essential trace 
elements are lost during milling of wheat to obtain white flour [35], 

The canning of foods would not necessarily be expected to result in losses 
of trace elements, except perhaps in the fluid in which the foods are kept or in the 
cooking water. Schroeder [35] has reported that canned spinach apparently lost 
82% of the manganese, 71% of the cobalt and 40% of the zinc found in raw spinach. 
Zinc losses amounted to 60% in canned beans and 83% in canned tomatoes. 
Canned carrots, beets and green beans lost 70, 67 and 89% respectively of the 
cobalt found in the raw foods. Canned beets gained manganese by 227% and zinc 
by 60% compared with raw beets. 

Foods canned in tin containers contain a higher amount of tin than that 
present in the raw food. The use of lacquered tins considerably reduces food 
contamination from tin. The use of tin foil in packaging foods can also be a cause 
of tin content increase. 

4. FACTORS AFFECTING THE AVAILABILITY OF TRACE ELEMENTS 

Trace elements present in foods are utilized to varying extents dependent on 
the presence of different factors. A major modifier of availability of copper, iron, 
manganese and zinc is phytic acid, which is widely distributed in plant products 
and especially plant seeds. It appears to form insoluble compounds with the trace 
elements in the gut, thus rendering them unavailable for absorption [36]. In the 
Near East, human zinc deficiency does not appear to be associated with low zinc 
intakes but has been ascribed partially to consumption of unleavened bread rich in 
phytic acid [37]. The reduced availability of zinc in Near Eastern diets cannot, 
however, be explained solely on the basis of their content of phytic acid. 
Reinhold [38] has suggested that fibre in the diet may bind zinc and prevent its 
uptake by the intestine. 

Also the form in which the trace elements are present in the food affects the 
availability of trace element. Inorganic chromium can exist in several valency 
states, of which only the trivalent form is biologically active, but even this is far 
less active than chromium in the form of glucose tolerance factor [39]. Toepfer 
et al. [40] showed that the biological effectiveness of various dietary sources of 
chromium did not correlate with their total chromium content and suggested that 
this discrepancy was caused by variations in the proportion of chromium present 
as GTF. This situation is similar to that of cobalt which must be supplied to man 
as cyanocobalamin. The differential availability of trace elements in foods thus 
limits the use of data on the trace element content of foods for determining the 
nutritional adequacy of diets. 
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5. PRESENT STATUS OF DATA ON THE TRACE ELEMENT CONTENT 
OF FOODS 

Knowledge of the trace element content of foods is at present unsatisfactory. 
The existing compilations have only limited use mainly because of inaccuracies 
inherent in the older analytical methods. Great progress has been made in 
analytical methods for trace elements during the past two decades, as testified by 
Chapters 7—13 of this Report. These improvements have now made possible the 
reliable analysis of foods for the important trace elements. A critical systematically 
designed effort to obtain modern data on the trace element content of foods is a 
basic need for the future application of the growing knowledge of nutritional 
requirements. 

There is a need for a systematically designed effort to obtain up-to-date and 
accurate data on the trace element content of foods, which will be useful in 
designing therapeutic diets and carrying out investigations in laboratories and in 
hospitals on human research related to trace element deficiencies. Information on 
the trace element content of foods will also be useful in food consumption studies 
to assess the overall availability of trace elements to certain population and age 
groups and also in nutrition planning for analysis of national food supplies, 
particularly for regions and countries known to be prone to deficiencies of trace 
elements. 

Currently, various types of computer systems are available which would 
allow storage of data on national food supplies together with data on the content 
of various nutrients, including trace elements in foods. Such systems could be 
used to calculate the nutrient intakes of populations, data which are basic for 
food and nutrition planning. 

For example, in the Food and Agriculture Organization of the United Nations, 
Rome, there is available an inter-linked computer storage and processing system [41] 
which can provide data on national food supply as well as on per capita nutrient 
intakes. At present only data on the major components, vitamins and major 
minerals are stored. As and when reliable data on the trace element content of 
foods are available, they will also be stored. 

Data on national food supply obtained from Food Balance Sheets should, 
however, be viewed with caution. One cannot definitely conclude that populations 
of countries having nutrient intakes higher than requirements do not suffer from 
deficiencies. As discussed in an earlier section of this chapter, the availability of 
nutrients in the food could be a contributing factor. Also, Food Balance Sheets 
do not take into consideration the wide variation in intake among different 
individuals in a population. 

Thus, figures on the availability and total content of nutrients, including 
essential trace element content of foods, could contribute effectively to the 
improvement of nutrition through better assessment and planning. Past experience, 
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and the growing body of knowledge on trace elements, suggest that they should 
not be ignored when considering the adequacy of diets and that in future it will 
be recognized that they play a more important and widespread role in human 
health than has previously been suggested. 
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Chapter 4 

THE NEED FOR TRACE ELEMENT ANALYSES 
OF BIOLOGICAL MATERIALS 

IN THE ENVIRONMENTAL SCIENCES 

E.I. HAMILTON* 

1. INTRODUCTION 

This chapter is concerned with the health of man - in particular with the 
relationship between health and exposure to elements through food, air and 
water. It also seeks to provide at least partial answers to such questions as: ( 1 ) 
for what reasons should the chemical elements in biological systems be studied; 
(2) at what levels and in what environments do, or can, the chemical elements 
constitute a real hazard to the health of man and parts of his environment; and 
(3) if a need for concern can be identified, what types of observations are required, 
1.e. should they be focussed on individuals, communities, or whole ecosystems? 
The number of such questions that can be posed is almost endless; they range 
from purely intellectual exercises and those seeking fundamental knowledge to 
those having a direct and practical benefit to man and his environment. The 
ultimate application of such knowledge is in improving or maintaining the health 
of man in harmony with cultural and technological change. 

2. THE POTENTIAL HAZARDS OF ABNORMAL ENVIRONMENTAL 
EXPOSURE - SOME GENERAL REMARKS 

Until quite recently, in the environmental sciences, the elements of the 
Periodic Table have tended to be treated individually, often in well-defined 
chemical forms. The elements already identified as being of possible concern 
are those subject to known, often accidental, release into the environment. 
The magnitude of such exposure may be likened to that experienced in 
occupational exposure; often the chemical studies required in such cases are 
quite straightforward and appropriate standard methods of analysis already 
exist. In such instances the results of clinical examinations combined with 

* The views expressed in this chapter are those of the author and are not necessarily 
shared by his institute. 

3 9 



4 0 HAMILTON 

epidemiological investigations are often sufficient to identify effects and to 
provide the basic information required to establish permissible levels of exposure 
and acceptable working conditions. Attention is usually focussed upon somatic 
effects following both acute and chronic exposure, but cognizance is also taken 
of possible genetic effects. Once a problem has been identified, experimental 
work on laboratory animals can be used to identify metabolic pathways and 
tissues can be examined for histological changes. Often the results of such ' 
investigations form the basis of a declaration, in the light of present knowledge, 
of what levels are considered safe and what will happen if they are exceeded, 
thereby permitting an evaluation of the total costs and benefits of remedial 
actions. Much of this work is based upon quite considerable extrapolations to 
man of data from many other species, and responses to insults assume either a 
linear or threshold dose-response relationship. 

The role of the essential and non-essential elements in man could, in principle, 
be investigated directly by fundamental research, but such work has generally 
been carried out by means of animal experiments. Slowly the number of elements 
considered to be essential for good health has increased and further possibly-essential 
elements have been identified. Several elements have now been shown to be of 
importance in clinical medicine and attention has been directed to understanding 
their role in biochemical processes. If we now turn our attention to so-called 
'normal' man and the environment in which he lives and proliferates, we have to 
try to evaluate the role of the elements in the absence of well-defined patterns 
of disease and we enter a field of considerable uncertainties where established 
dose-response relationships no longer apply; at the best they may still be 
discerned but more often they become completely lost and the only link with 
identifiable effects is through very tenuous extrapolation. Expressions such as 
'synergistic', 'antagonistic' and 'enhanced effects' have made their appearance 
in the literature on this subject, a reflection of the complexity of many of the 
problems under investigation. While it is possible to consider such effects in so 
far as they involve two or three elements simultaneously, the addition of further 
elements renders the study of interactive processes very difficult if not impossible. 
One difficulty is that the elements of the Periodic Table cannot be treated as 
exhibiting unique properties; groups of elements share similar properties and 
the closer they are together in the Periodic Groups the more difficult it is to 
conceive of natural processes which will destroy their coherence. Typical 
examples are the groups Ca-Sr-Ba-Ra, K-Rb and S-Se. 

One of the major aims of inorganic analytical chemistry is to exploit unique 
chemical and physical properties of the elements in order to separate them one 
from another. In man the processes of natural organic evolution have taken 
advantage of the special ability of some elements, in well-defined chemical forms, 
to perform essential biochemical functions, for example the central role of iron 
in haemoglobin and cobalt in vitamin B12. Nevertheless, in spite of the apparent 
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beauty and perfection of such molecules, they are still not perfect since they 
can participate in processes of isomorphous substitution for other elements — 
although this is rarely reported in the literature. Such substitution processes 
must eventually impair the efficiency of biochemical processes, and once one 
unusual element is able to enter a molecule the door is open for the entry of 
others. Although the human body is replete with control mechanisms of 
various kinds and, given time, can bring into play processes of adaptation, it 
may eventually succumb to prolonged insults. 

Under natural conditions the sudden entry into the human body of an 
unusual element is a rare event; apart from occupational exposure an individual 
moving from one geochemical environment to another can be subjected to 
exposure to some elements, which, in relation to his overall elemental composition 
can trigger off detrimental changes exploiting the weakest links. Today, as a 
consequence of technological change, man no longer exists under natural 
conditions; he is instead being continually exposed to a large number of elements, 
in a great variety of chemical forms, to which he has had no previous exposure 
and it seems inevitable that natural adaptive processes of the body must at times 
be stretched to their limits. Many of these elements are present in complex 
chemical forms and some can mimic natural compounds while others, because 
of organic structure, can participate directly in normal bodily processes. As a 
result there may be overt or covert subtoxic effects which rarely present well-
defined clinical symptoms, but nevertheless result in a deterioration in general 
health. Common symptoms are irritability and lack of energy and drive, for which 
many other causes may also be identified. 

3. ANALYTICAL CONSIDERATIONS 

It is often assumed that the real problem lies simply in identifying clinical 
or physiological effects corresponding to defined levels of exposure, and that 
chemical analysis does not really constitute a serious problem. Unfortunately 
such an assumption is very far from the truth, and it is only through attempting 
to investigate associations between disease and the chemical elements that it 
has become obvious that a major problem is often an inability to carry out 
reliable chemical analyses. This inability can prove to be very costly and, in fact, 
poor analyses can even create apparent associations with disease which, once 
reported in the literature, are difficult to correct. Even when reliable measure-
ments have been made there is often a lack of a model or of data by which to 
judge whether or not an observed level of an element should be considered 
normal, abnormal, or simply the result of a poor analysis. 

Because of the interactive nature of some elements, multi-element studies 
are essential if only to provide data on patterns of association between the 
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elements. However, the evaluation of multi-element data is both poor and 
difficult to achieve in the absence of general holistic models and guidelines, 
which are urgently required. Multi-element studies have recently become a 
reality and with the development of sensitive and sophisticated instrumentation 
most elements can, in theory at least, be determined in a routine manner. 

Considerable improvements are now urgently required in the matter of 
total analysis, i.e. including the experimental design and sampling, which come 
before the analysis itself. It is regrettable that there is often a tendency to be 
more concerned with operations carried out at the laboratory bench and to 
ignore questions related to the objective of the analysis, sampling in the field, 
and sample preparation. For practical purposes the effort has to be sustained 
for years, and suitably equipped central facilities are required; real long-term 
analytical studies are quite different from those required for short-term investi-
gations. At the present time only very few laboratories have sufficient experience 
to determine reliably the levels of elements in a wide variety of biological 
materials; nevertheless there is a great need for laboratories with different 
experience, scattered throughout the world, to produce data of similar quality 
so that the normal levels of the elements may be determined for individuals and 
populations residing in different chemical environments. All too often it is 
assumed that technology is available which can overcome all problems of 
analysis, but there is abundant evidence to the contrary; poor sampling and 
contamination of materials plague analyses and with the passage of time it is 
worth noting how the accepted levels of some elements in some biological 
materials have shown a dramatic decrease as analytical techniques have improved. 
Problems become more severe as attempts are made to determine very small 
quantities of elements or to determine very small differences between the 
concentrations of elements. 

In order to tackle the many problems which confront man today some type 
of logical framework and well-defined objectives are required in a multi-disciplinary 
study to identify the role of the elements in the health of man and to show how 
a healthy environment can be sustained. 

4. SELECTION OF ELEMENTS FOR STUDY 

What elements should be determined? There is no general answer to this 
question but in practice the elements of current interest are those which are 
known to be associated with accidental release into the natural environment, 
such as mercury and lead, those derived from large-scale technological processes, 
such as lead in combustion products of automobile fuels, and some others 
associated with cultural and technological change. It is sometimes difficult to 
keep a proper perspective on such exposure since there is a tendency to assume 
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that all technological pollutants are associated with a hazard even though the 
level to which man is exposed today may be no different from that experienced 
in the past. Every single element of the Periodic Table will produce some 
detrimental effect on man if the level of exposure is sufficiently abnormal. 

The literature abounds with descriptive data on levels of elements in very 
many biological and environmental materials, but often without comment on 
their significance and effects. It is also abundantly clear that some elements 
are reported by some research workers simply because of the availability of a 
simple or sensitive method of analysis, which may explain why such a vast 
number of measurements are made for the element zinc. This element is of 
considerable biological importance, but the body can tolerate exposure to very 
large amounts without any observable harm being caused. Nevertheless, zinc 
has become one of the routinely reported pollution elements. One purpose of 
the zinc measurements is in relation to the more toxic element cadmium; in 
the natural environment cadmium is invariably associated with zinc through 
processes of isomorphous substitution and changes in the ratio Zn/Cd can be 
of diagnostic value. It is relatively simple to determine zinc but can prove to 
be difficult to determine cadmium, hence quite small errors in cadmium 
analyses can totally invalidate the usefulness of the Zn/Cd ratio. 

5. SELECTION OF BIOLOGICAL MATERIALS FOR ANALYSIS 

Tissues of choice for environmental studies are liver and kidney (separated 
into medulla and cortex) as a reflection of detoxification and excretory 
processes; lung to register the entry of elements from the air; brain because 
this organ represents a characteristic feature of man as an example of advanced 
evolution and hence could be sensitive to toxic elements; muscle as an example 
of bulk protein-binding potential; and the skeleton as an indicator of elements 
compatible with the Ca-P system, which are likely to accumulate with age. 

Data are clearly required for all age groups but, in practice, particular 
attention should be paid to the tissues of the newborn (including the placenta 
and mothers' milk, which are readily available), the mature and the aged in order 
to describe changes in the concentration and distribution of the elements with 
age. Many biological problems related to disease require a study of human 
tissues but it is also obvious that, apart from cases of accidental and natural 
death, suitable tissues can be very difficult to obtain. It is therefore desirable 
to consider what other types of material are available; those of choice are 
derived from excretory processes, for example urine, faeces, hair, nail and sweat. 
For each tissue it is essential to understand the biological basis for selection; 
Hopps, for example, has provided an excellent account for the selection of hair 
in trace element investigations [1 ]. 
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6. DEPENDENCE OF ELEMENTAL EXPOSURE ON THE NATURAL 
ENVIRONMENT 

In the natural environment the elements exhibit a heterogeneous distribution 
but on a broad scale quite well-defined natural geochemical regions may be 
identified; important modifying factors are climate and land use. Extensive 
areas of the Earth's crust, supporting large populations, can be identified in 
regions associated with calcareous (chalk, limestone), arenaceous (sandstones), 
argillaceous (clays, shales), igneous (granites, basalts) and metamorphic (schists, 
gneisses) rocks. Each of these rock types gives rise to a characteristic soil type 
with a characteristic type of vegetation, and in turn supports livestock containing 
regionally available elements, thus forging a link between elements in rocks and 
those in items of food. The importance of the levels of elements in soils for 
crop and livestock production is well known but tends to be ignored for man, 
possibly because of difficulties in undertaking experimental investigations. A 
further practical problem concerns the fact that large numbers of people live 
in towns and cities and obtain their food from a wide variety of sources. To 
a degree this is true but such populations provide a further group within the 
major geochemical system identified by their exposure to technological urban 
environments. Within most major geochemical regions other types of anomalies 
also exist, such as the presence of mineral deposits and elements added to the 
soils through agricultural practice. Nevertheless, as a starting point, it seems 
practical to select major types of geochemical regions and determine levels 
of elements in the system rocks-soil-vegetation-livestock and foodstuffs, in order 
to identify chemical pathways and elemental associations. Within regions, 
anomalies which may reflect an enrichment or depletion of some elements 
can be treated in the same manner and thus provide evidence for specific elemental 
pathways. 

Areas of particular interest are those which are remote from technological 
societies, in particular those inhabitated by primitive people who still retain the 
closest links with the natural environment and who could therefore provide 
evidence of a fundamental type no longer available in advanced technological 
communities. A major objection to this type of approach is that such people 
are subject to different types of exposure as a result of environmental, cultural 
and social factors and also that they have rather characteristic patterns of 
disease often related to malnutrition or bad sanitation. Nevertheless there are 
good grounds for believing that such studies are worth while and that the 
findings may be more relevant to people living in developing countries than are 
the data obtained from very sophisticated technological societies. 

Much of this type of information already exists but is scattered throughout 
the literature and requires to be brought together within some form of frame-
work for the purposes of objective evaluation. The results of such an exercise, 
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FIG.l. Solar abundances of the elements. 

even if carried out quite crudely, could serve to identify those levels of elements 
which are tolerated by man in different environments and thus provide an 
objective basis for comparing levels of elements found in natural and technologically 
altered environments. 

The first objectives are to establish baseline data on the abundance of bulk 
levels of elements in human tissues from defined geochemical regions and to 
identify whether or not elemental associations found in the natural environment 
can in fact be passed on to man. By reducing geochemical variables to a 
minimum it should be possible to identify the required accuracy of chemical 
analysis which, for many elements, will be very demanding. 

The elements which form the Earth today were formed by well-defined 
nuclear processes described by the theory of Burbidge, Burbidge, Fowler and 
Hoyle [2]. The relative abundances of the elements in the solar system are 
illustrated in Fig. 1, while Fig. 2 illustrates general similarities between the 
concentrations of elements in crustal rocks and those in human blood; the 
associations are even more meaningful when a comparison is made between 
blood and sea-water, as illustrated in Fig.3. It is generally accepted that 
organic evolution started in the seas and that blood serum represents a link 
with the early seas. In considering these associations it has to be remembered 
that some elements, such as silicon and aluminium in rocks and hydrogen, 
carbon and nitrogen in biological materials, are excluded from such comparisons, 
also that interest should not centre upon absolute levels but rather on the 
similarities in the shapes of both curves. Clearly an examination of these 
associations indicates that it is pointless to consider whether any people may 
be completely lead-free simply because this element is fairly abundant in the 
solar system and crustal rocks and is likely to enter man through chance 
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FIG.2. A comparison between the abundance of the elements in crustal rocks and whole 
human blood. 
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FIG.3. A comparison between the abundance of the elements in sea-water and whole 
human blood. 
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phenomena by isomorphous substitution processes. There is a considerable amount 
of information describing the levels of elements in the seas, and from this it is 
possible to predict which elements are likely to be available to developing 
biological systems protected by biological membranes, and also to identify the 
extent to which biological processes have utilized particular elements, for 
example the use of iron for electron transfer processes in haemoglobin. In 
marine environments this element occurs as particulate matter because of the pH 
of sea-water, although organically bound species of iron also exist. 

7. INTAKE OF ELEMENTS FROM FOOD, WATER AND AIR 

7.1. Food 

Apart from those elements involved directly in respiration, the major route 
of entry of most elements into the body is through the diet, and here it is the 
levels of elements in prepared foods rather than raw products that are relevant. 
In the preparation of food considerable chemical changes can take place, for 
example loss as a result of cooking, addition from utensils used in cooking 
foods and the selection of only parts of raw products from consumption. In 
order to raise vegetables and livestock well-defined conditions for optimal growth 
are required. A comprehensive review of the requirements for trace elements in 
human and animal nutrition has been published by Underwood [3] and 
specialized monographs on individual elements are also available, for example 
a review of the biology of the element molybdenum published by Chappell 
and Petersen [4]. 

With the present trend to centralized intensive farming, crops and livestock 
tend to be associated with particular geochemical environments. But gradually, 
as soils become impoverished, artificial fertilizers are used in ever increasing 
amounts. The net result is that a new pattern of trace elements is superimposed 
upon natural levels. In the case of some major crops, such as cereals, the product 
is distributed throughout the world. On the other hand it is difficult or 
uneconomic to transport some crops, which therefore tend to be grown and 
consumed locally. Finally, the domestic garden can be a significant source for 
some seasonal foods, thus providing the closest link with the natural environment. 

Data obtained by Hamilton and Minski [5], reproduced in Table I, summa-
rize the total daily intake of elements from prepared foods typical of the 
United Kingdom. People living in other countries may have somewhat different 
intakes. In some instances unusual elements present in raw materials can also 
be found in man; for example the elevated levels of arsenic in residents of 
Japan who consume large amounts of sea foods enriched in arsenic. As far as 
is known, however, the high intake of arsenic by the Japanese is not associated 
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TABLE I. TOTAL DAILY INTAKE (/xg/day) FOR THE ELEMENTS 
PRESENT IN PREPARED DIETS FOR THE UNITED KINGDOM 

Element Mg/day Element í/g/day 

U 0.99 Rb 4 350 + 1.547 

Th < 0.05 Br 8 400 + 900 

Pb 3 2 0 ± 1 5 0 Se ~ 2 0 0 

Bi < 5 As (3 380 ± 4 7 0 ) 

TI < 2 ~ 1 0 0 

Hg < 1 6 Ge 367 + 159 

Au < 7 Zn 14 250 ± 1 220 

Pt < 1 Cu 3 110 ± 760 

Ir < 1 Ni < 3 0 0 

Os < 1 Fe 23 250 ± 1 120 

Re < 1 Mn 2 674 + 854 

W < 1 Cr 320 ± 162 

Ta < 1 Ti ~ 8 0 0 

Rare earths < 5 Ça 1.37 + 0.02 X 106 

Ba 603 ± 225 K 2.80 ± 0.03 X 106 

Cs 13 ± 7 Cl 5.40 ± 0.06 X 106 

I 2 2 0 ± 51 S 0.94 ± 0.06 X 106 

Sb 34 ± 27 p 1.87 ± 0.03 X 106) 

Sn 1 8 7 ± 42 Si (1.22 + 0.1 X 106) 

Cd 64 ± 30 Al 2 330 + 1 060 

Ag 21 + 17 Mg 0.25 ± 0.02 X 106 

Mo 1 2 8 ± 34 Na 4.64 ± 2.39 X 106 

Nb 2 0 + 4 F ~ 5 0 0 

Zr 53 ± 34 B 2 819 ± 1 554 

Y 16 ± 7 Be < 15 

Sr 858 ± 144 Li 107 + 53 
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with any well-defined patterns of morbidity, though it does not follow that the 
levels of arsenic which they can apparently tolerate would be acceptable to 
others. With an increased global demand for food and the lack of resources to 
satisfy the requirements of a very large number of the world's population, 
increasing attention is now being directed to the production of artificial and 
substitute foods which need to be examined not only in terms of calorific value 
but also for their chemical composition, including trace elements. 

7.2. Water 

Water constitutes the next most important route of entry of elements into 
man. In most instances the levels of elements in potable waters tend to be low 
but a water factor, as yet unidentified, is thought to be important in relation to 
the incidence of cardiovascular diseases; hard water is considered to be beneficial 
and soft water harmful. There is still room for considerable improvement in 
laying down guidelines for acceptable levels of elements in drinking water, but 
it must be recognized that water is a very difficult substance both to sample 
adequately and to analyse. 

The importance of water quality is particularly relevant to those who are 
exposed to unusually large volumes, for example individuals undergoing renal 
dialysis. Remarkable and rapid improvements in the health of renal dialysis 
patients occurred after ion-exchange cartridges were used to deionize the input 
water. However, a partial case history described by Hamilton [6] showed that 
while many elements were removed from the water the addition of dialysis salts 
together with impurities possibly added more elements than were removed. 

Water supplied by commercial water undertakings seldom gives rise to 
concern for the health of man, though the same may not be true for water 
from natural wells and surface waters. However, water sampled at domestic taps can 
be contaminated as a result of contact with plumbing materials or the random 
presence of suspended solids that are present in most water systems. Many 
analyses for levels of elements in water can only be accomplished after the 
use of some form of pre-enrichment technique, which is often a source 
contamination. An alternative is to use some form of 'natural' enrichment, if 
only to obtain crude estimates, such as kettle fur or humic substances present 
in most water systems. The first objection to such an approach is that kettles 
constitute a major source of contamination but this rarely occurs provided that 
the deposits are thick, as illustrated in a preliminary survey described by 
Hamilton [6]. 



CHAPTER 6 51 

TABLE II. THE MEAN CONCENTRATION (ng/kg) FOR THE MASS OF THE 
ELEMENTS IN AIR FOR THE YEAR 1969, COLLECTED AT AN URBAN 
SITE ON THE PERIPHERY OF LONDON 

Element RPS, Sutton Element RPS, Sutton 
(ng/kg) (ng/kg) 

u 0.015 ± 0.0100 Z 0.53 ± 0.2 
Th 0.030 ± 0.010 Y 0.17 ± 0.07 
Bi 0.20 ± 0.04 Sr 1.7 + 0.6 
Pb 260 ± 74 Rb 2.8 + 1.0 
TI 0.048 ± 0.020 Bra 180 ± 40 
Hga 1.0 ± 0.8 Sea 0.12 + 0.04 
Au 0.001 ± 0.001 Asa 6.6 + 2.1 
W 0.27 ± 0.04 Gea 2.2 + 1.0 
Lu 0.003 ± 0.001 Zn 200 ± 50 
Yb 0.02 ± 0.01 Ga 0.18 ± 0.09 
Tm 0.003 ± 0.001 
Er 0.02 ± 0.01 Cu 26.4 ± 5.0 
Ho 0.01 ± 0.01 
Dy 0.03 ± 0.02 Ni 8.6 ± 2.2 
Tb 0.008 ± 0.003 Co 1.1 ± 0.4 
Gd 0.035 ± 0.02 Fe 400 + 70 
Eu 0.01 ± 0.01 Mn 14.3 ± 7.0 
Sm 0.10 ±0.02 Cr 4.9 ± 1.3 
Nd 0.22 ± 0.10 V 32.1 + 11.0 
Pr 0.05 ± 0.02 Ti 31.9 + 16 
Ce 0.48 ± 0.10 Sc 0.2 ± 0.1 
La 0.23 ± 0.07 
Ba 4.5 ± 1.0 Ca 330 + 160 
Cs 0.16 ± 0.06 K 980 ± 520 
Ia 3.6 ± 0.15 Cla 2 800 + 900 
Te 0.14 ± 0.10 Sa 2 480 + 600 
Sb 1.8 ± 0.6 P 140 ± 78 
Sn 1.2 ± 0.9 Si 800 ± 300 
In 0.14 ± 0.02 AI 370 + 130 
Cd 0.4 ± 0.10 Mg 290 ± 145 . 
Ag 5.2 + 0.20 Na 428 ± 214 
Rh 0.21 ± 0.07 F a 1.2 + 0.5 
Ru 0.21 + 0.10 B 2.7 ± 1.3 
Mo 0.38 ± 0.20 Bea 3.0 ± 0.2 
Nb 0.09 ±0 .03 Li 1.8 + 0.5 

a Data considered to be low because of incomplete retention on filters; the data are therefore 
biased towards involatile debris. 



5 2 HAMILTON 

7.3. Air 

The remaining route of entry of elements into the body is through inhalation. 
In spite of the usually low concentration of elements in air the quality of air is 
known to be associated with disease, especially in urban areas. This urban factor 
is associated with the combustion products of fossil fuels as well as with other 
technical products, such as leaded fuel additives. 

The human respiratory system is very efficient at excluding particulate 
debris, but efficiency becomes impaired with degradation of the ciliary escalator, 
such as may result from smoking. Very few data exist on the abundance of 
elements in human lung samples taken from different environments, but it is 
worth noting that it takes only about 14 days for suspended tropospheric 
particulates to pass around the world once and hence no part of the Earth is free 
from technological or natural debris. The data presented in Table II are fairly 
representative of the concentrations of elements in air in developed countries, 
though the levels at a particular site are influenced by local sources moderated 
by climate and weather. Apart from direct inhalation and penetration of debris 
to the deep lung, where residence times are very long, one area of concern is 
associated with the direct ingestion of air particulate debris, such as dust, which 
can be a significant route of entry for some elements to babies and children. 

In its assessment of the need to implement early action for global environ-
mental monitoring, the Environmental Studies Board Commission on Natural 
Resources, National Research Council [7 ], gave high priority to the need to assess 
global pollution. Suess and Craxford [8] have edited a manual on urban air 
quality management which is essential for such co-ordinated global studies. 

The impact of major constituents present in air has been clearly described 
by Braekke [9] for acid precipitation on forest and fresh-water ecosystems in 
Norway. While many national studies clearly show a gradual reduction in levels 
of pollutants in air over the past decade it is also clear that the mass of material 
discharged into the air, for many elements, is actually increasing. Local fallout 
is reduced by the use of high chimney stacks, but global values must increase, 
thus adding to the load of pollutants to which man and the natural environment 
are exposed. 

8. CONCLUSIONS 

Today the discipline of toxicology provides a large mass of information on 
the effects of many pollutants following both acute and chronic exposure. What 
does not yet exist is a similar body of information sufficient to permit an evalua-
tion of the effects of chronic exposure to low levels of the elements and then-
compounds, such as has become an integral part of today's civilization. The 



CHAPTER 6 5 3 

Committee on Medical and Biological Effects of Environmental Pollutants 
(MBEEP) of the US National Academy of Sciences proposes to publish twenty-
two reports on this subject, ten of which have already appeared, for example on 
nickel [10] and selenium [11]. However, there appears to be some doubt 
whether individual elements should be subjected to detailed appraisal in this 
way, whether organics should be favoured to inorganics or whether total 
ecosystems should be the centre of attention. Approaches and solutions to these 
problems are many and varied and clearly it will be a rare event, if not unique, 
if clear-cut solutions can be found. 

In the long term, epidemiological studies will probably identify many 
pollution situations which present a hazard to man and his environment. How-
ever, this may be a bitter pill to swallow as it is tantamount to saying that man 
himself should be used as a monitor of possible harm. Meanwhile, clinical 
studies continue to become more sophisticated and illuminating but it is rare to 
design the appropriate experiments or make the critical observations relevant to 
a very complex system. Therefore, while acknowledging that both reductionistic 
and holistic approaches are required, man's present state of knowledge, and general 
analytical capability, seem to direct attention to holistic studies, as it is generally 
accepted that many of the element-disease associated patterns of morbidity have 
multi-factorial causation. The International Atomic Energy Agency has played 
an important role [12—14] in supporting and promoting wide ranging investigations, 
based initially upon the analytical capability derived from nuclear studies, but in 
more recent years extending into the wider use of non-nuclear methodology. 

Rare and Unusual diseases, and large-scale acute accidents resulting in the 
release of toxic materials, probably attract sufficient attention and will therefore 
be studied adequately. Although much more difficult, the fields of study for 
which effects cannot be clearly observed, or where the number of variables is 
great, may eventually be recognized to be of greater importance. We are now 
approaching a period in which broadly based compilations describing health and 
specific elements are becoming available, for example the publication Environ-
mental Health Criteria, Mercury [15]. What still appears to be lacking, however, 
is the appearance of a suitable model linking the behaviour of an element to its 
chemical and biological properties. A basis for such a general model can probably 
be found by considering geochemical associations of the elements with particular 
reference to environmental problems, while in the biological field Irving and 
Williams [16] and Williams [17] have clearly provided a basis for the comparative 
biological chemistry of the chemical elements. 
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Chapter 5 

SAMPLING AND STORAGE 
OF BIOLOGICAL MATERIALS 

FOR TRACE ELEMENT ANALYSIS 

B. SANSONI, G.V. IYENGAR 

1. INTRODUCTION 

This chapter deals with those aspects of sampling and storage of biological 
materials for trace element analysis that normally precede the receipt of the 
sample in the analytical laboratory and that are commonly the responsibility, 
not of the analyst himself, but of somebody else, e.g. in the case of medical 
samples, a pathologist. Since these steps are often carried out by a person who 
is not thoroughly familiar with the requirements of trace element analysis, they 
may lead to considerable uncertainty about the integrity of the analytical sample. 
In the worst case the sample may be totally unsuitable for analysis, either because 
it is unrepresentative of the material being studied, or because its composition 
has been changed by contamination or other sources of error. 

Throughout this chapter, trace element analysis is discussed mainly in terms 
of intact biological matrices and such steps as subcellular fractionation and 
protein precipitation are considered to be outside the scope of this presentation. 

2. GENERAL AND THEORETICAL CONSIDERATIONS 
OF SAMPLING 

As a general rule the analyst himself should be directly involved in the 
sampling procedure in order to ensure that the samples are representative, and 
that no significant changes in composition occur during sampling, transport and 
storage. When medical restrictions prevent the analyst from applying special 
sampling procedures, the medical staff should be familiar with the requirements 
of valid sampling. A reorganization of the whole analytical procedure may be 
necessary when the representativeness of the sample is in doubt or if the sampling 
procedure proposed by the analyst is not completely followed. The analyst, for 
his part, should try to obtain sufficient background information on the whole 
analytical problem, the sample history and approximate sample composition 
before recommending a sampling programme. Compared with other modes of 
chemical analysis, it appears that not much has yet been done to apply sampling 
statistics systematically in trace element studies of biological materials. 

57 
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2.1. Basic requirements 

In quantitative chemical analysis only a small part of the total material is 
generally used to provide the analytical signal from which the concentrations of 
the components of interest are calculated. In general, a large sample is taken from 
the bulk material and transported to the laboratory (laboratory sample). Sub-
sequently an aliquot is taken to provide a much smaller analytical sample. Of 
this, very often only a small fraction is actually used to produce the analytical 
signal. 

The sample and its subsamples must satisfy several requirements. 

1. The mean composition of the laboratory and analytical samples should, 
in principle, be exactly the same as that of the bulk material to be evaluated 
(representative mean composition). However, this is an ideal condition which 
cannot usually be met in practice. Compromises are to increase the number of 
random aliquots to be analysed and to homogenize the bulk material before 
sampling. 
2. The variance of the concentration levels within the laboratory and analytical 
samples should be the same as that of the bulk of material (representative 
variance). 
3. The total error introduced during the entire sampling operations should be 
less than, or only of the same order of magnitude as, the error of the subsequent 
analytical procedure. 

2.2. Sampling methods 

Representative samples can be obtained by several methods. In random 
sampling, a number of samples are randomly chosen from the bulk of material. 
This is valid only for a truly homogeneous bulk material, e.g. liquid samples, or 
for smaller heterogeneous materials which have been homogenized before sampling. 
On the other hand, representative samples cannot be obtained by random sampling 
of inhomogeneous material unless the number of random samples taken is quite 
large. The overall error in this case largely depends on the degree of inhomogeneity. 

For large samples that cannot be homogenized, and in population studies, 
it is necessary to use a sampling approach. This involves systematically sampling 
several constituent parts of a given material, e.g. by collecting samples from a 
population covering different age groups, sexes, geographical regions and 
nutritional habits. 

In some cases the bulk material is made up of well-defined parts which are 
individually fairly homogeneous, e.g. different organs of the human body. The 
composition of the whole human body may be computed by analysing the 
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individual homogeneous sections. This method is known as differential sampling. 
However, it is normally applied only to bulk materials that have clearly identifiable 
subdivisions and that cannot easily be homogenized in a single batch, as in the 
case of total body analysis. 

2.3. Planning a sampling programme 

When planning the analytical work it is advisable to visualize clearly the 
requirements to be met at the sampling stage, which is the most basic part of 
the analysis. These requirements include (a) background information on the 
sample to be analysed, e.g. nature of the sample, probable bulk chemical com-
position of the matrix, topographic distribution, etc., (b) clear perception of the 
required sampling tools and probable basic hazards, (c) degree of homogeneity 
to be expected and type of homogeneity tests, if necessary, (d) number of 
subsamples which may be necessary to obtain the desired accuracy in the final 
analytical result if random samples are analysed, (e) consideration of the special 
requirements arising from medical restrictions, autopsy regulations, collection 
of timed samples and samples under dietary control, etc., and (f) the required 
sample preparation scheme, with associated precautions. Prior evaluation of 
these points greatly helps the experimenter to obtain an adequate amount of 
the sample material and to work out the best compromise between the ideal 
requirements of sampling and the practical possibilities. 

2.4. Further reading 

For further information on this subject the reader is referred to Refs [1 — 15]. 

3. HAZARDS 

The basic hazards faced in all the steps of sampling, storage and analysis 
are contamination by elements, loss of elements and changes in mean composition 
with respect to the elements to be determined. 

3.1. Contamination by elements 

Contamination of the sample by trace and other elements during sampling 
may occur from the environment of the sample, the sampling operation itself 
and the operating personnel. During the sampling operation, contamination may 
arise from dust and volatile contaminants in the air. In addition, the sampling 

(Text continued on page 64) 



TABLE I. TRACE ELEMENT LEVELS AND LABORATORY ATMOSPHERE ON 
O 

Element Non-filtered aira Filtered aira Tobacco smoke'5 Cosmetics2 Sweat c Skinc Hair0 Element 

Mg/g dust jug/g dust Mg/gd Uëlë jug/ml Mg/g wet Pg/g 

Al 3 000 6 1 - 2 4 - 2 9 
As 55 < 0 . 0 1 2.85 0 .06 -0 .10 0 . 2 - 3 . 7 
Br 23 < 0 . 0 2 71.50 4000 0 .2 -0 .5 4 - 1 0 < 1 - 5 3 
Ca 2 690 < 0.004 6 X 104 4 - 1 0 250 2 0 0 - 3 1 9 0 
Cd 2.8 0.1 0.032 0 .24 -2 .7 
Cl 1.5 < 0.005 630 1 0 5 4 - 2 041 2654 9 5 0 - 4 8 0 5 
Co 9 0.1 0.034 1.12 0.02 0.05 
Cr 39 < 0.006 0.35 0.10 0 . 1 - 3 . 6 
Cs 1.3 < 0 . 0 1 0.01 0.03 0 .4 -1 .1 
Cu 213 < 0 . 0 2 0 . 1 - 1 . 5 1 0 - 2 0 1 1 - 3 2 
F 1.0 0.10 0 . 2 - 2 . 0 
Fe 3 230 < 0.006 7.30 1100 0 . 5 - 1 . 5 10 5 - 6 8 
Hg 0.10 1 .3 -7 .6 
I 2.9 < 0 . 0 1 0.01 0.10 < 1 - 1 5 
K 7 920 < 0.004 250 1 7 6 - 3 5 0 3067 1 5 0 - 8 6 3 
Mg 2.4 < 2 3 9 0 1 - 4 8 58 1 9 - 1 6 3 
Mn 116 < 0 . 0 0 6 0.06 0.1 0 . 3 - 5 . 7 
Mo 0.05 0 .06 -0 .21 
Na 2 950 134 1 0 1 7 - 3 370 2000 1 8 - 1 7 2 0 
Ni 70 0.50 0 . 0 5 - 0 . 2 0.05 0 . 6 - 6 . 5 
P 1 150 1.50 1400 0 . 2 - 1 . 5 327 8 3 - 1 6 5 
Pb • 2 150 < 0 . 0 4 0 .05-2 .7 0.10 3 - 7 0 
Rb 23 < 0 . 0 1 2 0 . 2 - 0 . 5 0 
S 20 000 < 0 . 0 0 3 400 1500 47 700 
Sb 14.8 < 0 . 0 3 0.15 0.04 0 . 1 - 3 

M > 
Z 
vi 
O 
Z 
(S 3 O. 
i—t >< 
w 
z 
o > 
SO 



TABLE I. (cont.) 

Element Non-filtered air a Filtered air a Tobacco smoke*5 Cosmetics3 Sweat0 Skinc Hair0 Element 

Mg/g dust Mg/g dust ws/gd Mg/g Mg/ml ßg/g wet Mg/g 

Se 0.6 < 0 . 0 2 0.22 0.25 0 . 6 - 2 . 5 3 
Si 9 X 104 1 0 0 - 2 0 0 2 0 - 1 9 5 0 
Sn 9.6 < 0 . 0 5 ? 
Sr 13.5 < 0 . 0 1 0.10 0 . 0 5 - 0 . 9 2 
Th ? 
Ti 258 3 6300 0.50 0 . 0 5 - 1 4 
T1 0.03 0.012 
U 0.1 < 0 . 0 1 0 .00013 
V 259 0.005 0.15 0 . 0 0 5 - 0 . 5 3 
Zn 1 640 < 0 . 0 2 10 3.5 X 10" 1 6 - 2 0 9 9 - 4 5 0 

a Ref. [6]. 
b Ref. [16]. 
c Ref. [17], 
^ Condensate. 



TABLE II. TRACE ELEMENT IMPURITIES IN LABORATORY-WARE MATERIALS 

Element Glass Polyethylene 
(high pressure) 

Process unknown Tygon Plexiglas Synthetic quartz Teflon 

Mg/g ng/g ng/g JUg/g ng/g ng/g ng/g 

Al 100 000 a 8 0 - 3 100 2 3 0 - 3 000 55 
As 0.17 
Br 186 70 
Ca 1 000 a 2 0 0 - 2 0 0 0 0 200 5 
Cd 0.38 
Cl 1 600 8 0 0 - 3 000 3700 
Co 0.082 5 0 . 0 7 - 0 . 3 1 0.05 0.33 0 . 3 3 - 1 . 7 0 
Cr 1 5 - 3 0 0 1 9 - 7 6 6 10 1.60 NDC - 3 0 
Cs 0.12 0.05 0.06 0.12 0.05 
Cu 4 6 . 6 0 - 1 7 10 9.50 2.00 22 
Fe 3000 a , 2 8 0 b 6 0 0 - 2 100 10 500 50 140 160 NDC - 3 5 
Hg 0.03 
K 3000 a NDC 500 NDC 

Mg 600 a 8 0 - 1 5 0 0 120 
Mn 1000 a 10 510 2 32 
Mo 0.40 
Na 300 000 a 1 7 0 - 1 0 000 4 4 - 2 5 000 NDC 2 5 0 0 - 5 0 0 0 
Ni 200 50 
Pb 200 200 200 
Rb 2.43 NDC 

Sb 2.92 5 0.18 0.01 0 . 4 0 - 3 . 8 0 NDC 

Se 43 0.002 0.70 NDC 

Si 400 000 a 2 000 2000 100 
Sr 800 
Th 3 0.46 
U 840 
Zn 0.73 90 28 5 10 34 8 

o\ 
to 

ce > 
Z 
O 
Z 

* 
M 
Z O > 
73 

a Pyrex. b Borosilicate. c ND = Not detected. Data pooled from Refs [ 5 , 1 8 - 2 6 ] . 



TABLE III. CONTAMINATION OF SOME MINERAL ACIDS BY LEACHING OF 
CONTAINER WALLS DURING EVAPORATION 
Concentration in ng/ml and (a) in ng/g 

Element leached HCl HNO3 HF 

Glass Polyethylene Polypropylene Teflon Quartz Polyethylene a Tef lon Quartz Polypropylene T e f l o n 3 

Al 10 3 0.1 0.3 10 2 20 0 .54 3 

Br 38 

Ca 5 60 4 60 1 

Cd 0.03 0 .0007 

Co 0.02 2.6 0.2 

Cr 0.02 0.03 0.9 0.6 7 0.4 

Cu 3 4 0.01 1 160 0.01 0.2 0.4 

Fe 0.7 0.6 4 10 14 20 0.3 3 

Mg 7 0.02 3 10 7 20 0.12 3 

Mn 0.005 0.001 0.5 0.4 50 0.2 0.6 0.1 

Na 90 2 30 7.5 

Ni 0.03 0.01 0.3 1.0 ND 0.02 0.4 

Pb 2.30 0.06 440 0.5 ND 1 0.03 0.1 

Si 30 0.8 0.4 1 8 

Sn 0.4 ND 

Ti 0.2 0.07 0.04 2 2 

V 0.76 

Zn 7 0.02 0.04 0 .04 0 .1 

ND = Not de tec ted . 
Data pooled f r o m Refs [ 2 7 - 3 1 ] . 
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TABLE IV. IMPURITIES IN PRESERVATIVES AND 
INTRAVENOUS SOLUTIONS 

Element Heparin3 Formalin'3 Sterile H 2 O b 0.45% NaClb 5% Dextrose' ' 

Ba 2 . 5 - 1 2 

Br 0.07 

Ca 3 0 0 - 2 9 0 0 0.006 NDC NDC 

Cl 13 

Cr 0.21 (Cu) 0.65 0.36 

Fe 3.50 

Hg 0.01 

I 0.07 

K 60 

Mg 1.60 NDC 0.0022 0.0014 

Mn 3.60 0.09 0.0004 0.008 

Na 18 

P 2.40 

Rb 0.04 

Sb 0.14 

Se 0.03 

Sr 5 - 0 2 

Zn 28 6.20 0.11 0.11 0.0014 

a mg/kg. 
b mg/1. 
c ND = Not detected. 
Data pooled f rom Refs [ 3 2 - 3 4 ] . 

tools may contribute contamination to a marked degree. Numerous possi-
bilities of contamination of the samples by the operating personnel also exist. 
Exhaled air, spit, phlegm, sweat, cosmetics, tobacco ash, tobacco smoke or even 
clothing debris may contribute. Some types of contamination which may be 
derived from the laboratory atmosphere are summarized in Table I. 

Non-metallic tools and laboratory-ware made of polyethylene, polypropylene, 
teflon, quartz, agate, boron nitride and corundum are commonly used for 
sampling biological materials. Some of them could be potential contaminants 
for selected elements. Table II shows the trace element impurities found in such 
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commonly used laboratory materials. Leaching of elements from container walls 
by reagents and liquid samples is another source of contamination of which a few 
examples are given in Table III. In some cases reagents, e.g. formalin, are used 
as stabilizers and preservatives during certain sampling operations. All these 
reagents are possible sources of contamination and need to be checked. Some 
examples are given in Table IV. 

3.2. Loss of elements 

Adsorption on container walls and tools is a source of error particularly 
for low-level trace elements in body fluids. With occasional exceptions quartz, 
teflon and high-purity polyethylene containers are generally suitable for storing 
dilute solutions, e.g. those used in the preparation of standards. Interactions 
between trace elements in dilute solution and various container materials have 
been reported for various elements, e.g. chromium [35,36], silver [37—40], 
mercury [41—44], selenium [45], Pb, Cd, Ni and Zn [39], serum minerals [46], 
and trace elements in sea water [24,47], as well as reactions of various ions in 
aqueous solution with glass [48]. 

Losses of solutions due to sputtering, spraying, agitation or loss of a solid 
sample, e.g. in the form of dust or ash during ashing, are generally trivial, but 
can be observed relatively often. Errors of this kind are, however, not repro-
ducible. In the case of sedimentation or precipitation in liquids, trace elements 
may also be lost by coprecipitation. The most hazardous steps for the loss of 
trace elements, however, are ashing, drying and evaporation to dryness. The 
volatility of an element during such treatment depends to a large extent on its 
chemical form in the sample. For example, molecular (Hg(CH3)2) or metallic (Hg) 
mercury is much more volatile than ionic (Hg2+, HgCl2-) mercury. Overlooked 
differences in chemical form between the trace element under investigation and 
an added carrier may also result in errors, e.g. As(III/V), Fe(II/III) [49]. 

3.3. Change in mean composition 

Changes in mean trace element composition of a sample may result from 
physical or chemical changes. 

The change in sample weight due to loss of water is an important source 
of error, if no special precautions are taken. This is a difficulty often experienced 
with biopsy samples of soft tissues. The necessary precautions are storage in 
closed systems, freezing at the sampling site, or repeated weighing of the sample 
as a function of time followed by extrapolation of the weight to the sampling 
time. In contrast, the residue from ashing or evaporation may absorb water 
from the surroundings, e.g. lyophilized urine. 
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Segregation of a heterogeneous mixture of solid particles of different size, 
shape and density can cause a considerable change in composition if aliquots 
are taken without prior re-mixing. 

During reconstitution of frozen fluids by thawing, the protein part tends 
to form small lumps resulting in concentration gradients if the solution is not 
mixed thoroughly. Since many metals are bound to proteins or are components 
of specific enzymes, inhomogeneity in the fluid will affect the accuracy of the 
determination. 

Chemical processes that may result in changes in mean composition are 
hydrolysis, oxidation (e.g. decomposition), haemolysis of whole blood, denatura-
tion of proteins by excess heating or chemical reagents, fermentation, photochemical 
reactions and microbial attack, e.g. fungus growth. 

4. PRACTICAL STEPS 

4.1. Sampling procedures for solids 

Sampling of solids is often more complex than that of pure liquids. As a 
general rule, the homogeneity of the total sample and of subsamples should 
never be assumed to be satisfactory until this has been proved. Because of the 
lower reactivity of solids, the dangers of contamination from container walls, 
etc., losses of trace elements due to absorption and other effects and changes in 
mean composition are generally smaller than with liquids. 

The site or topographical situation for sampling and subsampling has to 
be selected carefully. Attention should be paid to the different regions of 
kidney (cortex/medulla), bone (marrow/hard parts), skin (dermis/epidermis), 
tooth (enamel/dentin), and hair (distance from the scalp). 

Removal of surface contamination may be accomplished by washing, 
trimming, or freeze drying followed by scaping-off the surface layer. 

4.2. Sampling procedures for liquids 

For liquids the problems of heterogeneity and sampling statistics are generally 
less difficult than ifor solids because of the relatively high degree of homogeneity. 
In the case of suspensions or emulsions it has to be decided whether these should 
be sampled whole or whether the phases should be sampled separately. If 
necessary, the two phases of suspensions or emulsions can be separated and 
weighed before analysis, in order to determine their elemental contents separately 
and to arrive at the values for the whole sample by calculation. 

Timed collection is necessary for several body fluids, for example a 24-hour 
collection period for urine samples [50]. 
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4.3. Transport to the laboratory 

When the time taken for transport is only a few hours, it may be sufficient 
if the samples are only kept cool (~4°C) during this period; otherwise they 
should be deep frozen and transported in this state. Suitable containers for this 
purpose are now available commercially. Because of the problem of losses and 
contamination, the container materials should be chosen carefully. Most workers 
use suitably cleaned polyethylene or teflon containers which are non-wettable 
and therefore reduce liquid-container interactions (see Section 4.5). Special 
care must be taken to exclude dust. It is also advisable to avoid exposing the 
samples to extremes of humidity. 

Especially for solids, segregation should be avoided or, if this is not possible, 
the samples should be thoroughly re-mixed after transport. 

Whenever possible, whole organs should be transported with their own 
capsules. Sensitive liquids such as whole blood should be transported with a 
minimum of turbulence to avoid breakdown of cells. Blood samples for serum 
preparation should be transported within a few hours. Preferably they should be 
centrifuged within one hour of collection in order to avoid haemolysis. 

4.4. Preservation 

Biological materials for trace element analysis are generally preserved by 
drying, freezing or, less commonly, by the addition of chemical preservatives. 
Radiation sterilization is also a possibility, though not often used. 

Freeze drying provides a convenient mode of preservation because of 
elimination of water and denaturation of protein. Oven drying can be used for 
this purpose but it has a few disadvantages [51—54]. 

Under normal conditions, freezing is the best long-term preservation method. 
For short-term storage, temperatures of about 2—4°C (i.e. normal refrigeration) 
are low enough. Long-term storage should generally be done by deep freezing 
at 15°C. The experimenter should be aware, however, that because of 
denaturation of proteins and redistribution of elements due to rupture of cell 
walls by ice crystals, some irreversible processes may take place. 

Whole organs and tissues can be preserved for long times by storing in 
formalin and alcohol. Usually a mixture of 70% ethanol and 15% aqueous 
formalin ( 1 : 1 by vol.) is used. However, this method of preservation is not nor-
mally to be recommended because of the following disadvantages. Trace elements 
may be picked up by the sample from the surrounding liquid or alternatively 
they may be lost into the solution by leaching. In addition, elements may also 
be leached out of the container walls. Blank correction by analysing the 
surrounding preservative solution is problematic unless the fresh preservative 
solution is also kept under similar conditions. 
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4.5. Storage 

Storage of the sample obtained after the sampling procedure may have 
several purposes. First, the sample may have to be kept awaiting sample 
preparation and the following analytical steps if these cannot be carried out 
immediately after sampling. This is important in long-term investigations when 
it is desired to analyse all the samples in one series. Second, it may be necessary 
to prepare and store duplicate samples (identically prepared aliquots), one of 
which remains with the user of the analytical data for independent cross-checking 
at a later time, if necessary. Storage of duplicate samples for a definite interval 
is also necessary sometimes in forensic and clinical analysis for legal reasons. 
Analytical reference materials are also often produced in very large quantities 
and have to be stored for years. A last argument for long-term storage is the 
preservation of characteristic ecological, environmental or biological samples 
as specimen banks for use in future monitoring investigations. 

The maximum acceptable storage time depends on the organ or tissue in 
question and the speed of autolysis. The storage temperature may be 2—4°C 
for short-term storage but should be < - 15°C for longer preservation. 

The total surface area of the container and the free space in it should be 
kept to a minimum. Containers with non-porous, smooth and non-wettable 
surfaces are generally preferable. As far as possible, whole organs or tissues should 
be stored without dividing them into smaller parts. The larger the amount of 
sample stored in the container, the less significant will be the influence of con-
tainer surface. By careful attention to these factors, contamination of the sample 
from container walls and the whole sample environment, trace element losses 
and changes in mean composition are minimized [2 ,4 ,7 ,22,24,35,46,50,55] . 

Containers with non-wettable walls (teflon, polyethylene, etc.) are commonly 
used. Surface preconditioning, especially of quartz and glass containers, can be 
carried out by mineral acids such as HN0 3 , HCl and diluted HF, by chelating 
reagents (EDTA) and oxidants (H 2 0 2 ) , followed by thorough rinsing with 
demineralized distilled water [22,46,48,56]. 

Some common materials for containers and laboratory-ware are listed below 
in decreasing order of importance in each group. Polymers: polyfluorohydro-
carbons (teflon, kel-F, tetzel, halar, etc.), polyethylene (high-pressure PE 
generally preferred to low-pressure PE), polypropylene (hostalen, hostaflon, etc.), 
silicone rubber (one of the purest rubbers, but contamination risk by Zn is 
reported), polymethyl methacrylate (plexiglas, perspex; relatively low in trace 
element impurities). Glasses: ultrasilica (synthetic quartz), borosilicate glass. 
Metals: High-purity aluminium foil, platinum, high-purity titanium, etc. 

Proper packing helps to protect the sample against the basic hazards. A 
wide variety of containers (bottles, boxes, cans, etc.) made of different materials 
(plastics, minerals, metals) can be used. Protection from water vapour is 
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important since diffusion through the container walls, especially in the case of 
plastics, may occur. 

This chapter was prepared by one of the authors (G.V.I.) as a summary of 
a more detailed report [ 11 ] to which the reader is referred for more information 
and references. 
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Chapter 6 

SAMPLE PREPARATION 
OF BIOLOGICAL MATERIALS 

FOR TRACE ELEMENT ANALYSIS 

G.V. IYENGAR, B. SANSONI 

1. INTRODUCTION 

This chapter describes the main problems, and some solutions to them, 
that the analyst should take into account when preparing biological materials 
for trace element analysis. As in Chapter 5, these matters are discussed mainly 
in terms of intact biological matrices and such steps as subcellular fractionation 
and protein precipitation are considered to be outside the scope of this presentation. 
Furthermore, biological materials are discussed mainly with reference to human 
and animal tissues, although most of the same considerations may be taken to 
apply to other types of biological samples as well. 

2. GENERAL AND THEORETICAL CONSIDERATIONS 

Unlike the basic sampling operation, which may at times preclude the direct 
participation of the analyst (e.g. because of autopsy regulations, medical restrictions 
or lack of sufficient biological background), the responsibility for preparing the 
samples for analysis belongs to the analyst. Ideally it should be possible for him 
to assess and control the basic hazards such as contamination, loss of elements and 
change in mean composition, at all the different stages of sample manipulation. 
However, elaborate sample preparation involving such steps as drying, powdering, 
homogenization and subsampling is obviously only possible when enough sample 
material is available and the analyst is not confronted with small quantities such 
as those obtained by needle biopsies. 

The sample obtained by a sampling operation generally has to be reduced 
in amount by subsampling in the laboratory to provide the much smaller sample 
that is actually analysed. With solid samples, drying, powdering, homogenization 
and homogeneity testing may all be necessary before subsampling. 

Samples of body fluids are generally heterogeneous suspensions or emulsions. 
For these a separation into pure liquid and solid phases, or stabilization and 
homogenization of the suspension or the emulsion followed by homogeneity 
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FIG.l. A generalized sample preparation scheme. 

testing, have to be considered. If there is a drying or ashing step, the sample 
should be rehomogenized and again tested for homogeneity. Both solid and 
liquid samples may have to be preserved to avoid changes in their composition 
with respect to the element to be determined, if not analysed immediately. 

A generalized sample preparation scheme, which takes account of these 
considerations, is presented in Fig. 1. However, because of the complexity of 
materials and situations, it may not be universally valid, and is therefore mainly 
useful as a 'checklist' of the most important practical steps that the analyst may 
need to apply. 

2.1. The analytical laboratory 

The main requirements of the analytical laboratory for trace element 
analysis, and of the tools and laboratory-ware used in it, are discussed in 
Chapter 14. Further information pertaining to contamination and other 
problems is also given in Chapter 5. 
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One of the basic requirements is that potential contamination hazards should 
be kept small in relation to the concentration levels sought in the sample. For 
some elements this condition can be met by simple means. For example, the 
elements Cu, Fe and Zn are present at mg/kg levels in most biological materials 
and a reasonably clean laboratory is usually adequate for the preparation of 
such samples. At the other extreme is the preparation of blood serum samples 
for the determination of Mn. The concentration of this element in blood serum 
is only ~0 .6 pg/l and unusual precautions are prerequisites for the avoidance 
of external contamination [1 ] since Mn is widely distributed in the environment, 
e.g. as air-borne dust. For determinations at the pg/kg level, clean air benches or 
glove boxes are usually indispensable for sample preparation. 

Problems of contamination and loss of elements are present at every stage 
of the analysis. They demand a minimum of sample manipulation and the use 
of appropriate equipment. Dust-free containment is a basic necessity at all 
stages of preparation. However, the magnitude of the contamination problem 
and its prevention are dependent upon the element involved. For example, Cr, 
Mn and Pb create more problems than Bi, Te, Th, TI and U. Air-borne contami-
nation is especially dangerous for Pb analysis at low concentrations. 

If the samples are treated with chemical reagents, these may be a major 
source of contamination depending upon their purity, the concentration level 
of the element analysed and the method of analysis used. Some examples of 
trace element impurities in different types of water samples and reagents, as 
reported by various investigators, are presented in Table I. 

Tools for handling autopsy and other biological samples should normally 
be made of materials that contain very low concentrations of the trace elements 
of interest. Suitable materials are plastic, quartz, titanium and boron nitride. 
Except when certain trace elements such as Cr, Mn and Ni are to be determined, 
it may even be acceptable to use steel knives for sample preparation, provided 
they are not freshly sharpened [18]. Disposable plastic gloves, teflon tweezers, 
polyethylene and teflon foils, and wax paper (parafilm) are other handy aids. 

If it is necessary to use tools made from materials that could be a potential 
source of contamination, appropriate monitoring should be carried out under 
realistic conditions. Problems of this kind arise particularly in the collection of 
biopsy samples. 

2.2. Fragmentation, powdering and homogenization 

The preparation of solid biological samples for trace element analysis 
generally involves fragmentation of the bulk material, grinding to the desired 
particle size, and homogenization. Usually the biological material is first dried 
to facilitate the subsequent steps. 



TABLE I. TRACE ELEMENT IMPURITIES IN SOME REAGENTS USED FOR SAMPLE PREPARATION 
Concentrations in jug/1 

-0 
o \ 

H2O HCl HF HNO 3 H2SO4 HCIO4 

Element 
Tap" Demineralized 

Singleb 

distillation 
p.a. Ultra 

pure 
p.a. Ultra 

pure p.a. 
Ultra 
pure p.a. Ultra 

pure 
p.a. Ultra 

pure 

Al 57 0.10 < 0 . 0 0 2 8 0.80 4 0.5 7 1 8 - - -

As - - - - - - - - 0.005 - - - -

Br 95 0.10 - - 2.60 - - - 7 - - - -

Ca 55 000 1 < 0 . 0 0 0 3 72 0.30 0.4 52 0.2 0.4 10 2 760 0.2 

Cd 0.70 < 0 . 1 0 <0 .007 0.03 0.003 8 0.005 0.1 0.03 < 1 < 1 0.1 0.05 

a 14 100 1 < 0 . 0 0 0 4 - - - - - - - - - -

Co - < 0 . 1 0 0.02 0.09 0.001 < 1 1 0.018 0.01 < 1 < 1 - -

Cr - < 0 . 1 0 0.0002 1.10 0.008 5 0.6 72 0.10 25 2 10 9 
Cs 0.02 - <0 .00001 0.002 < 0 . 0 0 2 - - < 0.01 <0 .1 - - - -

Cu - 0.20 < 0 . 0 0 2 0.20 0.03 0.50 0.30 1.30 0.2 3 3 11 0.10 

F 1.40 - < 0 . 0 0 0 2 - - - - - - - - - -

Fe - 0.20 <0 .0005 1 - 60 0.60 1300 0.80 8 - 330 2 

Hg - < 1 - - - < 1 0 < 1 0 - - < 1 0 - - -

I 9.40 - <0 .001 - - - - - - - - - -

K 28 000 0.04 <0 .0001 200 0.10 0.40 1 < 1 0 9 < 1 0 4 200 0.6 

Mg 10 400 0.30 < 0 . 0 0 0 2 7 0.30 2 0.1 3 0.40 3.30 2 500 0.2 

Mn 2.20 0.05 <0 .0005 < 2 0.001 0.60 0.03 9 2 8 0.8 - -

Mo - 0.02 - 0.02 - - - - - - - - -



TABLE I. (cont.) 

H2O HCl HF HNO3 H2SO4 HC104 

Element 
Tap8 Demineralized 

Singleb 

distillation 
p.a. 

Ultra 
pure p.a. 

Ultra 
pure 

p.a. 
Ultra 
pure 

p.a. 
Ultra 
pure P.a. 

Ultra 
pure 

Na 8 100 0.03 <0 .0002 500 0.20 100 0.60 80 0.01 20 9 600 2 

Ni 30 <0.1 <0 .0002 0.20 0.005 0.50 0.05 0.70 0.03 < 1 0.20 8 0.50 

P 43 0.004 <0 .0003 - 0.20 - 7 0.80 0.50 - - - -

Pb 8.50 0.10 <0 .003 0.20 0.0015 2.20 0.002 0.20 0.01 1.2 1 2 0.20 

Rb 10 - <0 .001 - - - - - - - - - -

S 14 100 4 <0 .0003 - 3 - - 0.60 15 - - - -

Sb 0.60 < 0 . 5 0 <0 .002 0.20 0.38 - 3.0 0.03 0.04 - - - -

Se 3.30 - - - - - - 0.20 0.09 - 200 - -

Si 4 900 0.50 - 20 1 - 4 30 8 18 - - -

Sn 0.60 0.10 <0 .004 0.07 0.002 11 0.05 0.10 0.002 0.60 0.20 0.30 0.30 

Sr 11 000 0.06 <0 .007 2 0.06 0.50 0.10 0.20 0.01 0.40 0.30 14 0.02 

Th - - <0 .0002 - - - - - - - - - -

Ti - < 0 . 1 - - 0.006 - 0.50 0.50 0.80 - - - -

n - <0.0001 0.10 0.10 0.20 0.10 0.20 - 0.10 0.10 0.10 0.10 

u - - • - - - - . - - 0.003 - - - -

V 18.50 < 0 . 1 0.40 - 0.08 - - 0.05 - < 2.40 - - -

Zn 5.60 <0.1 <0 .002 1 0.03 6 0.10 4 0.08 < 1 < 1 7 0.10 

a Tap water f rom UK, Belmont area, Surrey. 
b Thermal distillation in quartz and then passed through a double-stage mixed-bed ion exchanger followed by filtration through a complex 

teflon filter. 
Data pooled f rom [ 2 - 1 7 ] , 
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The actual sample analysed is generally much smaller than the original 
sample taken at the hospital or in the field. Therefore, dividing the original 
sample into several parts (subsampling) is often necessary. 

The smallest permissible amount of analytical sample depends on the 
maximum particle size of the laboratory sample. The smaller the analytical 
sample, the smaller should be the particle size. For this reason, in most cases, 
particle size reduction is necessary before subsampling. An additional purpose 
of particle size reduction is to promote subsequent dissolution of solid analytical 
samples by enlarging their surface area. Furthermore, some methods of analysis, 
e.g. optical emission spectroscopy and mass spectrometry, require the sample to 
be in powdered form. 

Fragmentation and powdering of soft tissues can be accomplished by 
conventional means, provided that sufficient precautions are taken to avoid 
contamination. A particularly useful apparatus is a 'microdismembrator' 
comprising a teflon vessel in which the sample is vibrated rapidly, together with 
a teflon-covered metal ball, at liquid-nitrogen temperature [19], Other suitable 
materials for grinders and homogenizers include ultrapure quartz [20], poly-
methylmethacrylate [21], high pressure polyethylene and high-purity titanium. 

Fragmentation and powdering of hard tissues such as bone and teeth present 
formidable problems for the trace element analyst [22]. These matters are 
discussed further in Section 3.3.1. 

Homogenization involves not only fragmentation and powdering, but also 
mixing of different batches, and testing to confirm that the distribution of 
elements is adequately uniform. It is particularly necessary (a) for preparing 
biological standard reference materials, (b) before subdividing samples when 
comparing different analytical methods, and (c) to prevent the segregation of 
particles in samples containing a wide range of particle sizes. 

Homogeneity tests may be carried out by determining certain elements in 
randomly selected subsamples, e.g. K, Zn, Se, Ag, which represent major, minor, 
trace and ultra trace levels, respectively. For examining different locations on 
the surface of pellets prepared from the powder, electron and ion microprobes 
can be used. It is also possible to measure the bulk density at different locations 
in the sample by examining the degree and rate of weight loss during.drying, or 
by determining the .constancy of the ash content at different locations [23]. 
The uniformity of the particle sizes can be conveniently checked by sieving 
and observing the different sieved fractions. The presence of coarse particles 
can also be revealed by visual inspection under a microscope. 

2.3. Drying and ashing 

Drying — and, to a lesser extent, dry ashing — are commonly applied 
before homogenization, or, in the case of instrumental measurements, as a 



CHAPTER 6 7 9 

means for preconcentrating the sample to some extent before analysis. The 
principal methods of drying are oven drying and freeze drying; air drying is 
not normally to be recommended in trace element work. 

Oven drying During oven drying of biological samples it is important to control 
the temperature. At temperatures around 100°C and above the biological matrix 
may decompose, depending upon the nature of the sample [23]. This results in 
the loss of residual dry matter and intrinsically volatile elements such as Hg may 
be lost. In an oven-drying experiment measuring the dehydration rates in urine, 
whole blood, serum, erythrocytes, muscle and liver, the loss of dry residue 
observed was most pronounced for urine, namely 31% [24]. The losses from 
blood and certain soft tissues were between 4 and 7%. 

On the other hand, drying at lower temperatures reduces volatilization 
losses but also exposes the sample to the ambient environment for longer periods 
of time, thus increasing the risk of contamination. In addition, it is difficult to 
dry bigger samples satisfactorily. 

Freeze drying Freeze drying, also known as lyophilization or vacuum freeze 
drying, involves three stages: prefreezing, primary drying and secondary drying. 
Ensuring an adequate vacuum and prefreezing the samples before lyophilization 
are the key factors in obtaining good retention yields of elements and preventing 
contamination. Failure of the vacuum may lead to thawing of the frozen sample, 
promoting sample-container interactions and thereby losing the advantage of the 
frozen state. 

Ashing Ashing may be defined as the removal of the organic matrix by converting 
it to suitable gaseous components which are then volatilized, leaving behind an 
inorganic residue. Among the various ashing methods, dry ashing with air in an 
open muffle furnace, or with oxygen plasma at temperatures below 150°C [ 25], 
oxy-hydrogen combustion at high temperatures (for different materials), and wet 
ashing with HN03/HC104 and H 2 S0 4 /H 2 0 2 are of major importance. Dry ashing 
at temperatures around 500° C has the disadvantage of volatilization of a large 
number of elements such as Ag, As, Co, Cr, Hg, I, K, Na, Pb, Sb, Se, Sn and Te. 
A few examples are shown in Table II. For more details concerning different 
types of ashing and their relative merits the reader is referred to Ref. [34]. Wet 
ashing is generally to be preferred to dry ashing because it results in lower losses 
of trace elements as well as faster, and often more complete, removal of organic 
substances. 

Regarding the recovery of an element after drying or ashing, it has been 
questioned whether inorganic radiotracers added to biological samples can be 
used to provide an accurate measure of the recovery of organically bound elements 

(Text continued on page 82) 
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TABLE II. LOSS OF ELEMENTS DURING DRY ASHING OF BIOLOGICAL 
SAMPLES 

Element Matrix Procedure or 
mode of incorporation 

Temperature Time 
(°C) (h) 

Loss observed 

Ag Animal, liver 
kidney 

Chemical analysis 450 
450 

< 5 
<20 

Al Animal, liver 
kidney 

Chemical analysis 
Chemical analysis 

450 
450 

16 
12 

As Ox, blood (dry) 

Rat, bone 
blood 
kidney 

Radioisotope, 
spiking 

Radioisotope, 
intravenous 

850 
550 
450 

450 
450 
450 

16 
16 
16 

16 
16 
16 

35 
29 
28 
44 
86 
82 

Ba Animal, liver 
kidney 

Chemical analysis 450 
450 

Ca Human, rib Radioisotope, 
spiking 

420 
600 
710 

16 
16 
16 

<1 
<1 
<1 

Cd Animal, liver 
kidney 

Rat, liver 
liver 
kidney 

Chemical analysis 

Chemical analysis, 
platinum dish 

450 
450 

600 
500 
500 

? 
? 

16 
16 
16 

< 0 . 7 
<6 

1.6 
2 
4.4 

Co 

Cr 

Animal, liver 

Mollusc 

Sugar, refined 
brown 
unrefined 

Mollasses 

Sugar, refined 
brown 
unrefined 

Chemical analysis 

Radioisotope, 
metabolized 

Graphite furnace 

Chemical analysis 

Chemical analysis, 
muffle furnace 

450 

450 
800 

450 
450 
450 

450 

450 
450 
450 

< 1 4 

26 
22 

0 
13 
47 

52 

63 
62 
86 

Mollasses 450 89 
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TABLE III. (cont.) 

Element Matrix 
Procedure or 
mode of incorporation 

Temperature Time 
(°C) (h) 

Loss observed 
(%) 

Cu 

Animal, kidney 
liver 

Rat, liver 

Rat, blood 

Animal, kidney 
liver 

Chemical analysis 

Radioisotope, 
platinum dish 

Chemical analysis 

450 
450 

700 
500 

700 
500 

450 
450 

? 
? 

16 
16 

16 
16 
? 

? 

< 2 5 
< 7 

2.2 
6.1 

51.3 
4 

0.4 
0.2 

Fe 

Hg 

K 

Animal, kidney 
liver 

Rat, liver 
blood 

Fish (whole) 

Human, rib 

Chemical analysis 

Chemical analysis, 
platinum dish 

450 
450 

500 
500 

110 

420 
600 
710 

7 
? 

16 
16 

24 

16 
16 
16 

0.1 
0.3 

No loss 
0.4 

81.4 

<1 
55 
90 

Mn 

Mo 

Mollusc 
metabolized 

Animal, kidney 
liver 

Animal, kidney 
liver 

Radioisotope 

Chemical analysis 

Chemical analysis 

450 
800 

450 
450 

450 
450 

15 
21 

0.4 
0.3 

< 1 . 5 
< 0 . 4 

Na 

Ni 

Pb 

Human, rib 

Ox, blood 

Animal, kidney 
liver 

Animal, kidney 

liver 

Human, rib 

Radioisotope, 
spiking 

Chemical analysis 

Chemical analysis 

420 
600 
710 

450 

450 
450 

450 
450 

600 
710 

16 
16 
16 

16 

? 
? 

? 

7 

16 

16 

< 3 
10 
20 

Slight 

< 1 5 
3 

<12 
< 2 . 4 

< 5 
40 
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Element Matrix 
Procedure or 
mode of incorporation 

Temperature Time 
(°C) (h) 

Loss observed 
(%) 

Sn Animal, kidney 
liver 

Chemical analysis 450 
450 

< 0 . 3 
< 1 1 

Sr Animal, kidney 
liver 

Ox, blood 

Rat, bone 
blood 
kidney 

Chemical analysis 

Radioisotope, 
spiking 

Radioisotope, 
intravenous 

450 
450 

450 

450 
450 
450 

? 
? 

16 

16 
16 
16 

< 0 . 5 
< 2 . 5 

Slight 
16 

5 

Zn Mollusc Radioisotope, 
metabolized 

Seaweed Chemical analysis 

Mussels Chemical analysis 

Ox, blood Radioisotope, 
spiking 

Rat, blood Chemical analysis, 
new porcelain 

Rat, blood Chemical analysis 

Animal, kidney Chemical analysis 
liver 

Rat, liver Chemical analysis, 
etched procelain 

450 
800 

500 
1000 

500 
1000 

450 
550 
850 

700 

500 

450 
450 

700 
500 

? 
1 

16 
16 

16 
16 

16 
16 
16 

16 

16 

7 
7 
16 
16 

33 
44 

No loss 
No loss 

No loss 
No loss 

No loss 
No loss 
No loss 

1 

No loss 

<1 
<1 

1.1 
1.3 

Data pooled f rom Refs [ 2 6 - 3 3 ] , 

in that sample [35, 36], Nevertheless, this is the usual way in which such 
recoveries have been studied. 

The effect of temperature during oven drying of different biological 
matrices such as oyster, rat tissues and human urine on the recovery of the 
elements Cd, Co, Cr, Fe, Hg, I, Mn, Pb, Sb, Se and Zn is summarized in 
Table III. The losses range from not-detectable up to more than 50%. In àn 
animal experiment, after long-term incorporation of radioisotopes of Co, Hg, I, 
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Sb, Se and Zn, drying at up to 120°C showed no losses of Co and Zn from rat 
tissues. However, the volatile elements Hg, I, Sb and Se showed tissue-specific 
differences in retention [24,39]. Cr is also a disputed element in this respect; 
problems concerning the determination of Cr in biological materials have been 
exhaustively discussed [29,30,33,40-44] , but are still not fully resolved. 

Table IV shows the recovery of various elements in different matrices 
following freeze drying. Basically freeze drying is well suited for drying biological 
samples, yet care should be taken to prevent contamination from the metallic 
housing of the freeze drier for elements such as Cr, which may volatilize and be 
trapped by the sample. Use of non-metallic components such as perspex, or 
preferably quartz, is desirable for the construction of the sample housing 
compartment of the freeze drier. 

Generally freeze drying of biological samples has been reported to be 
satisfactory for most elements in different matrices such as Se in milk [49], Hg 
in guinea-pig and rat tissues [47], Cr, Fe, Mn, Se and Zn in oyster [38] and Co, 
Hg, I, Sb, Se and Zn in a number of rat tissues and human urine [24,39]. How-
ever, losses have been reported for Hg in fish [31,46,48] and pons, a sub-part of 
brain [31 ]. In another experiment freeze drying was found to be satisfactory 
for water samples with respect to a number of elements including Se but not 
for Hg and I [45]. 

With respect to the retention of selenium in different biological matrices, 
it was reported to be lost from milk and egg powder on oven drying but not on 
freeze drying [49]. In plant material oven drying for 6 h at 100°C resulted in a 
loss of 6%, whereas in herbage no loss of Se was reported even at 110°C. Serious 
loss of Se up to as much as 75 to 84% was also observed during wet ashing of 
urine samples and, for this reason, a closed digestion system was recommended 
as the only solution for the accurate analysis of urinary Se [50]. In an animal 
experiment, Se volatilization in the rat was shown to be affected by the diet [51]. 

Concerning mercury, which is labile upon exposure to heat, the extent of 
loss on oven drying reported in the literature for various biological matrices is 
very variable. However, there is some consistency in the reported data regarding 
its loss from fish by both freeze- and oven-drying procedures [31,46,48]. In an 
animal experiment, for brain samples which were spiked with Hg, no loss was 
reported on drying [52]. However, a serious loss of up to 57% in some parts of 
the brain was reported from another laboratory [31 ]. 

Drying of urine presents special problems. Oven drying is unsuitable for 
trace element analysis as the matrix begins to decompose even at 80°C, resulting 
in the loss of residual dry matter. In an experiment with human urine, losses of 
volatile elements, especially of Hg and Se up to 15 and 30% respectively, were 
observed on oven drying at 80 and 105°C; no loss was observed on freeze 
drying [24], However, freeze drying has the following disadvantages. It is not 

(Text continued on page 87) 
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TABLE III. LOSS OF ELEMENTS DURING OVEN DRYING OF BIOLOGICAL 
SAMPLES 

Element Matrix 
Procedure or 
mode of incorporation 

Temperature 
(°C) 

Time 
(h) 

Loss observed 
(%) 

Cd Oyster Radioisotope, 120 48 No loss 
metabolized 90 48 No loss 

50 48 No loss 

Rat liver Radioisotope, 110 16 1 
kidney intravenous 110 16 1 

Co Oyster Radioisotope, 120 48 No loss 
metabolized 

Mollusc Radioisotope, 110 1 14 
metabolized 

Rat, many Radioisotope, 80 72 No loss 
tissues intravenous 110 24 No loss 

120 24 No loss 

Cr Rat liver Radioisotope, 120 48 No loss 
blood intravenous 110 16 3 

Fe Oyster Radioisotope, 110 16 5 

Rat blood intravenous 105 48 No loss 

Hg Human urine 203Hg-organic, 80 72 3 
intravenous 105 24 15 

120 24 25 
Plankton Chemical analysis 60 50 5 1 - 6 0 

Rat liver Radioisotope, 80 72 5 
metabolized 105 24 3 - 1 0 

120 24 7 - 1 5 

Rat brain Radioisotope, 120 24 5 - 1 6 
muscle metabolized 120 24 5 - 2 1 

I Human urine Radioisotope, 80 72 2 
metabolized 105 24 4 

120 24 7 

Rat muscle3 Radioisotope, 120 24 < 5 
blood metabolized 120 24 7 
serum 120 24 7 
erythrocytes 120 24 8 
brain 120 24 10 
kidney 120 24 15 
lung 120 24 7 



CHAPTER 6 8 5 

TABLE III. (cont.) 

Element Matrix 
Procedure or 
mode of incorporation 

Temperature 
(°C) 

Time 
(h) 

Loss observed 
(%) 

Mn Oyster Radioisotope, 5 0 - 1 2 0 48 No loss 

Mollusc metabolized 110 ? 14 

Pb Oyster Radioisotope, 60 48 10 
metabolized 100 48 17 

120 48 20 

Sb Rat blood Radioisotope, 105 24 < 5 
metabolized 120 24 < 5 

Rat brain 120 24 8 
kidney 120 24 9 
lung 120 24 6 
spleen 120 24 7 

Se Herbage Chemical analysis 30 12 No loss 
60 12 No loss 

100 12 No loss 

Rat blood Radioisotope, 120 24 < 5 
brain metabolized 120 24 < 5 
lung 120 24 < 5 
muscle 120 24 < 5 

Human urine 75Se organic, 80 72 1 2 - 3 0 
intravenous 105 24 3 0 - 5 0 

120 24 5 0 - 6 5 

Oyster Radioisotope, 60 48 < 5 
metabolized 100 48 < 5 

120 48 > 2 0 

Zn Rat blood Radioisotope, 110 16 No loss 
liver intravenous 110 16 No loss 

Rat, many Radioisotope, 80 72 No loss 
tissues metabolized 110 24 No loss 

120 24 No loss 

Mollusc Radioisotope, 110 9 9 
metabolized 

a No loss observed for any of these rat tissues below 105°C [24], 

Data pooled f rom Refs [24, 31, 37, 38], 
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TABLE IV. LOSS OF ELEMENTS DURING FREEZE DRYING OF BIOLOGICAL 
SAMPLES 

Procedure or Pressure Time Loss observed3 

mode of incorporation (Torr) (h) (%) 

Co Oyster Radioisotope, ? 24 No loss 
metabolized 

Cr Oyster ? 24 No loss 

Fe Oyster ? 24 No loss 

Hg Fish Chemical analysis ? ? 20 

Fish homogenate Chemical analysis ? ? 16-39 
Radioisotope, spiking ? ? No loss 

Butterfish Chemical analysis ? ? 70 

Human brain (pons) ? ? 18-57 

Plankton ? ? 50 -64 

Guinea-pig, rat: Methylmercury (203Hg) ? ? 3 
muscle 0.05 24 3.3 
liver 1.7 
kidney No loss 
heart 1.5 
blood 2.8 
faces No loss 
muscle Phenylmercury (203Hg) 0.05 24 No loss 
liver 2 
kidney No loss 
blood No loss 
fasces 9.3 

Sea cucumber Chemical analysis ? ? 59 
Water 0.01-0.05 4 8 - 7 2 39 
Human urine 203Hg-organic, 0.05 48 2 

intravenous 

I Water Chemical analysis 0.01-0.05 4 8 - 7 2 32 

Human urine Radioisotope, 0.05 48 2 
metabolized 

Mn Oyster Radioisotope, ? 24 No loss 
metabolized 

Pb ? 24 No loss 

Se Human urine 75Se-organic, 0.05 48 3 
intravenous 

3 No loss was observed for the elements Co, Zn, Sb, I, Hg and Se for a number of tissues from 
rat [24], 

Data pooled from Refs [24 ,31 ,38 ,45-48] . 
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practical if the number of urine samples is excessive or if the sample size is 
large. Moreover, freeze-dried urine residue is hygroscopic so that additional 
precautions are necessary to prevent absorption of water vapour. For these 
reasons, wherever the analytical technique permits, elemental analysis of whole 
urine is recommended. 

3. PRACTICAL STEPS 

The method used for the preparation of samples for analysis must take 
account of the analytical technique, the bulk element composition, the element 
to be determined and the concentration level. In this section, a few practical 
considerations for the preparation of samples for activation analysis and atomic 
absorption spectrometry, and some methods used by various investigators to 
prepare tissues and fluids for analysis, are summarized. 

3.1. Sample preparation for neutron activation analysis 

The preparation of samples for neutron activation analysis involves a 
number of special problems. Before activation the samples have to be enclosed 
in high purity, specially cleaned, irradiation containers (usually polyethylene 
for short irradiations and quartz for long irradiations); care must be taken at 
this stage to ensure that the sample material itself is not unduly heated during 
the sealing process. For long irradiations in a reactor, unless a special cooling 
facility is available or a vented irradiation capsule is used, irradiation of liquids 
and wet tissues may be forbidden because of radiolysis and the consequent 
danger of explosion of the irradiation container. Irradiation of such samples in 
the frozen state helps to avoid this problem and also minimizes container-sample 
interactions. Various aspects and applications of low-temperature irradiation are 
discussed in Ref. [53]. 

Samples that have been exposed to very high neutron fluences should 
generally be cooled in liquid nitrogen before being opened. This procedure, 
in addition to reducing the pressure inside the container, also helps to solidify 
liquid samples for easy handling. However, care should be taken to avoid 
weighing errors due to condensation of moisture on the surface of the cooled 
sample material, if the sample has not been weighed already. When irradiating 
fine powders such as milk powder and homogenized soft tissues in quartz tubes, 
compressing the sample powder into a pellet at the bottom of the tube with the 
help of a high purity quartz rod of appropriate diameter prevents dispersion of 
the powder inside the container during irradiation, and facilitates quantitative 
and easy recovery of the sample material from the broken ampoule. For 
samples prepared in polyethylene bags (especially for liquid samples) squeezing 
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the air out of the bag just before sealing prevents excess pressure build-up during 
irradiation. 

3.2. Sample preparation for atomic absorption spectroscopy 

The methods required vary greatly in complexity and in the consequent 
risk of contamination. For elements such as Cu and Zn in serum, a simple 
dilution with high-purity water is generally sufficient. On the other hand, for 
elements such as As, Ge and Cr, pretreatment such as by dissolution and 
extraction is necessary either for preconcentration or to eliminate matrix 
effects. All such steps carry the risk of contamination. For solid samples, 
dissolution of the matrix is almost a necessity and demands a very clean working 
environment, high purity reagents and skill on the part of the analyst. Further 
details are discussed in Chapter 8. 

3.3. Some procedures for specific tissues 

3.3.1. Hard tissues 

Calcified tissues such as bone and tooth present formidable difficulties, 
especially when homogenization in the natural state (i.e. without ashing) is 
desired. This difficulty is exemplified by the absence of a certified reference 
material for bone in its natural form. Another difficulty is the variation in 
the mass of marrow in different types and parts of bone, which contributes to 
the wide dispersion of the results reported in the literature [54]. 

Big samples of bone can be divided into small pieces by cooling in liquid 
nitrogen, wrapping in PVC sheets and then fracturing with the help of a nylon 
hammer. The conventional methods of powdering bone using agate, ceramic, 
tungsten carbide or steel mortars is unsuitable for trace element analysis. Both 
wet digestion and dry ashing at high temperature have only limited use for 
calcified tissues for various reasons [28, 55]. Low-temperature dry ashing 
(100—150°C) is used by some investigators [56, 57] because of its simplicity 
and wide applicability for the non-volatile elements. Concerning the loss of 
volatile elements, the assessment is complicated by the unknown biochemical 
binding of trace elements in bone, which is a unique biological material. The 
use of a laser in preparing small portions of bone for chemical analysis has also 
been reported [36] and deserves to be explored further. 

In a recent attempt, the brittle fracture technique has been used to pulverize 
small pieces of bone at liquid nitrogen temperature, using a teflon-covered metal 
ball, teflon vessel and a 'microdismembrator' [19]. Because of technical 
difficulties, teflon-covered metal balls were not entirely successful, and had to be 
replaced by pure titanium balls. However, only 2 - 3 g of bone and single tooth 
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samples can be homogenized by this method, which is therefore unsuitable for 
handling the much larger amounts needed for the preparation of analytical 
reference materials. 

3.3.2. Semi-hard tissues 

Hair and nail are the two most important tissues in this group. The main 
problem of sample preparation is to remove surface contamination, for which 
purpose various washing procedures have been developed. The relative merits 
of these procedures are, however, still in dispute [58—68]. 

Hair The merits and demerits of various washing procedures for hair have been 
extensively evaluated by some investigators [58—61, 66]. All these procedures 
fall into the following major categories: acetone-ether-detergent wash, hexane-
ethanol wash, detergent wash and exclusive EDTA wash. These procedures aim 
to remove oil, dust and other surface contamination. 

The Snoop wash (a commercial detergent), organic wash and the boiling 
water wash all effect no changes in Cu, Zn, Ca or Mg values; Zn is unchanged 
after most washing procedures except chelating procedures [66]. The EDTA 
procedure has been found to be well suited to eliminate the surface contamination 
of hair [61 ]. Washing with hexane-ethanol or detergent washing of hair samples 
has been found to be satisfactory for Cr [69]. In another study a non-ionic 
detergent was recommended to be best for a number of elements [60]. The 
greatest variability was reported for Cu after washing by different procedures [58]. 

Nail Nail samples are usually obtained with the help of stainless-steel scissors 
or nail clippers. Visible dirt should be scraped off with a quartz knife, razor 
blade or teflon-coated forceps [70—72]. 

A variety of washing methods using detergents or organic solvents have 
been briefly reviewed [72]. Samples treated with nail varnish require drastic 
cleaning to remove the surface contamination completely, with the consequent 
risk of affecting the integrity of the sample. In a recent investigation on samples 
from Egypt, very high values for Au were observed in such samples [73]. 

It is difficult to conclude which of the available washing procedures is best 
for hair and nail samples. However, it may be remarked that the chelating 
procedures generally tend to remove more than the surface contamination and 
that the detergent washes are preferred by some workers since they correspond 
more closely to in-situ washing [66]. 

3.3.3. Soft tissues 

A primary difficulty with soft tissues results from the presence of unwanted 
components such as connective tissue, capsule, skin, visible fat, blood vessels, 
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nerves, hair (in skin sampling), glandular parts, GI-tract contents such as food 
remains and faeces, residual blood, extracellular fluid, etc., which are intimately 
mixed with the sample material to be prepared for analysis and are difficult to 
remove completely. This problem has been discussed with reference to a few 
organs such as kidney [74], blood vessels [75], brain [76] and liver [77,78]. 

Blood-rich organs, such as liver, heart, spleen, kidney and placenta, present 
more difficulties than other soft tissues. It is not possible to remove the residual 
blood completely without damaging in some way the originality of the parent 
tissue. This leads to widespread variations in the reported results, at least for 
Fe [54]. 

Sample preparation is much simpler, and more reliable, when sufficient 
material is available for multiple subsampling, which is normally the case for 
autopsy material but not for biopsy material. In the former case, after shaving 
off the outer layer with appropriate instruments, subsampling may be done either 
in the frozen state or after thawing. However, random subsampling in the frozen 
state does not permit the removal of interfering components, such as residual 
blood in blood-rich organs. Another problem is that, if frozen tissue is handled 
with a stainless steel knife, contamination from elements such as Cr, Co, Mn and 
Ni should be anticipated because of the greater friction in cutting the frozen 
solid. For example, Cr was found to be increased by a factor of more than 10 in 
an experiment designed to compare sample handling procedures using boron-
nitride knives and stainless-steel scalpels under different conditions, and it was 
concluded that neither method was entirely satisfactory [79]. 

To remove interfering components and to homogenize the tissue, frozen 
samples need to be thawed. At least partial elimination of blood can then be 
achieved by a quick distilled-water wash. However, these operations cause the 
loss of tissue fluids and possible cell damage, which can affect the elemental 
distribution within the tissue. This problém remains to be further investigated. 
Perfusion with isotonic solutions removes extracellular fluids and prevents cell 
damage, but introduces contamination problems, and is therefore not 
recommended. 

Biopsy samples can be obtained from a number of organs and tissues such 
as liver, kidney, muscle, prostate, skin, tooth and bone. Only a few milligrams 
of the sample material can be obtained by needle biopsies. One problem with 
such small samples is the difficulty of removing fat, blood and connective tissue. 
For example, about 1% of blood was found in muscle samples [80]. Another 
difficulty is to determine the exact weight of the sample if information is needed 
on a fresh-weight basis. This is generally done by weighing the samples several 
times at short known intervals of time soon after removal and extrapolating to 
zero time. References [80-82] have explored the diagnostic utility of muscle 
biopsy elemental analysis and some of the associated difficulties. 

Some problems of sample preparation for certain typical tissues are discussed 
below. 
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Liver The main difficulty in preparing liver is the removal of the residual blood 
(~5% by weight), blood vessels and fat. The magnitude of the error in the mean 
composition of the liver portion analysed depends on the effectiveness with 
which this is done since blood [83], blood vessels [75] and fat [84] have different 
elemental compositions. 

In the absence of recommended standard procedures, liver is handled in 
different ways by various investigators [18,77,79,85]. For example, in an 
experiment designed to study the natural variation of the distribution of 11 
elements in bovine liver, the tissue was handled as described below [18]. 

About 1 kg of fresh bovine liver was obtained from a butcher who was 
instructed to cut the liver on one side only, wrap it up in clean PE-sheets and 
then to freeze it immediately. Further treatment involved cutting off 1 to 2 cm 
around the edge of the liver. Plastic forceps and a specially prepared suprasil 
quality quartz knife were used throughout. The liver was cut into 3 big slices 
to free it from most of the visible non-liver components, such as fat and blood 
vessels. The slices were then rinsed three times in quick succession with penta-
distilled water and gently squeezed in clean PE-sheets between the rinsing 
operations. Thus it was possible to eliminate most of the blood. Subsequently 
the liver slices were freeze dried and wrapped separately in several folds of clean 
PE-sheets. After cooling in liquid nitrogen they were gently pressed between 
two perspex plates. This treatment subdivided them into small pieces from which 
most of the remaining smaller blood vessels could be removed. From these 
smaller blocks a few pieces were retained as random samples. The rest, which 
amounted to about 120 g of dry tissue, was homogenized and stored in clean 
PE-bottles. However, this method does not eliminate the extracellular fluid 
completely and there is also the risk of damaging some cells while washing with 
water, since it is not isotonic [77], 

Kidney The presence of blood is a problem as with liver, and there may also be 
difficulties in separating the medulla from the cortex. However, if the sample 
is freeze dried, these two components are easily separable and the capsule can 
also be detached readily [86]. 

Brain and lung Since these two organs are symmetrically developed, duplicate 
sample preparation is possible. Brain has several sub-parts which vary in their 
trace element composition [76]. Regarding lung, close physical examination 
of the inside wall is recommended during sample preparation in order to check 
for the deposition of dust particles which have not been cleared by the 
circulating blood or ciliary apparatus, especially in samples from subjects living 
in highly polluted/dusty regions for long periods of time. 
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Placenta This is a difficult material to handle. It consists mostly of clotted 
maternal and foetal blood and decidual tissue contaminated with amniotic fluid. 
Since placenta samples are usually received from the maternity ward in the 
frozen state, thawing is necessary before sample preparation in order to 
eliminate the trapped fluids. By using a perforated hollow cylinder and a 
suitable piston made of teflon, part of the fluids from the thawed samples can 
be gently forced out. However, excess squeezing and washing with water to 
achieve maximum elimination should be avoided. Homogenization is very 
important; it is advisable to homogenize after drying. 

Faeces Like urine (see next section), only timed collections (generally up to 
48 or 72 h) are useful for metabolic studies. This creates unpleasant handling 
problems since it is necessary to homogenize a large bulk of material before 
subsampling it for analysis. Freeze drying is by far the best drying method 
since it also deodorizes the sample to a great extent. Contamination with urine 
and blood, especially for samples collected from menstruating females, should be 
checked. Different colouring agents may be used as markers to detect the 
beginning and the end of a collection period. 

3.3.4. Biological fluids 

Biological fluids are susceptible to bacterial growth in the unfrozen state 
and therefore sample preparation should preferably be finished within 24 h. 
Among the various biological fluids whole blood, serum, plasma, urine, milk and 
cerebrospinal fluid are easily accessible. Other less common specimens in this 
group include semen, tears, sweat, sputum and saliva. Samples from fluids such 
as synovial, amniotic, pancreatic, prostatic, bile and gastric juice require special 
procedures. Some aspects of specimen collection, preparation and stability of 
biological fluids with respect to trace element analysis have been excellently 
reviewed [87]. Drying of biological fluids concentrates the residue by a large 
factor — about 5 for whole blood, 12 for serum and 30 for urine. 

Procedural details for a few typical fluids are outlined below. Since most 
biological fluids are suspensions or emulsions, care should be taken to select 
the phase of interest, or in the case of the whole sample, to ensure that the 
phases are properly mixed. 

Blood Blood is conveniently obtained by venous puncture. Since various 
considerations limit the widespread use of non-contaminating needles made of 
alloys such as Pt-Rh for drawing blood, disposable needles and syringes are 
generally used. It is recommended to collect the blood in 10 or 20 ml fractions 
successively using the same needle, and to discard the first two or three fractions 
in order to limit contamination. However, this method is not entirely satisfactory 
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for elements such as Cr and Mn. On the other hand, the use of plastic catheters 
or needles made of Ni reduces the contamination several-fold for difficult 
elements such as Mn [1 ], as well as the discomfort to the subjects, since a single 
rinse provides a valid sample. 

In addition to the difficulties listed above, the preparation of neonatal 
blood samples presents additional problems since only a small volume can be 
obtained because of certain paediatric considerations. A technique for obtaining 
capillary blood samples from the heel, using a flexible teflon tubing, has been 
described [88]. 

It is important to avoid haemolysis of blood samples, since elements such 
as K and Fe, which are present at a higher concentration in erythrocytes, may 
affect the serum value depending upon the degree of haemolysis. Visible 
haemolysis begins at about 50 mg of haemoglobin per 100 ml serum [89]. 
Use of a dry syringe, slow transfer to a dry test tube, and sufficient time for 
clotting are all necessary. The use of fresh blood, blood from the newborn 
and blood which has not sufficiently clotted, increase the risk of haemolysis. 
Up to 0.3% haemolysis does not affect the Cu and Zn values in serum [90]. 
However, in paediatric serum samples, a high value for Zn following haemolysis 
has been reported [91 ]. Further discussion of the effect of haemolysis may be 
found in Refs [92-94], 

Serum Serum should preferably be separated from clotted blood within one 
hour [89]. The clotting of blood takes about 15 min at room temperature, but 
is delayed if siliconized glassware, teflon or PE-containers are used. Fractionation 
of blood by centrifugation is done at about 3000 rev/min for 5 to 10 min. The 
contents of the tubes should be kept closed to prevent contamination and loss 
by evaporation. Recentrifugation of the separated serum is sometimes necessary 
to spin down the residual erythrocytes. Disadvantages with serum are that 
haemolysis is greater than in plasma and clotting releases K from platelets. For 
this reason, normal K values are lower in plasma than in serum [54]. Zn may 
also be affected in the same way [95]. 

Plasma The main difference between serum and plasma is the presence of 
fibrinogen in the latter. Plasma can be obtained by immediate centrifugation 
of heparinized blood, but the presence of the anticoagulant is undesirable for 
trace element analysis. However, it is possible to obtain plasma without an 
anticoagulant if fresh blood is immediately centrifuged [89]. The conditions 
are the same as described under serum. 

Erythrocytes Careful removal of all the serum is necessary to separate the 
erythrocytes. However, a certain amount of trapped serum (usually 5-8%) is 
unavoidable and needs correction. A check on the haematocrit is recommended 
if erythrocyte values are used to compute whole blood values, or vice versa. 
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Urine Problems concerning trace element analysis of urine have been thoroughly 
assessed with respect to contamination, sampling and sample preparation [96]. 
A few practical hints are outlined below for obtaining a 24-h collection, as 
random samples have only limited qualitative use. 

Twenty-four hour collections are made, omitting the first voiding at the 
start of the collection period but including the last one at the end of 24 h. 
High-pressure PE-bottles, pre-cleaned by leaching separately with HN03 and 
H 2 0 2 for a few hours, followed by liberal rinsing with double-distilled water, 
are suitable containers. Following sample collection, aliquoting of the vigorously 
shaken contents should be carried out using pipettes which have been rinsed 
several times with the urine. It is preferable to freeze and lyophilize these 
subsamples ( 15 to 10 ml) to avoid the interaction of urine with the container 
though some difficulties in handling freeze-dried urine have been noted in 
Section 2.3. Some patients wear metal catheters in the urinary passage, which 
might contaminate the samples. Collection in pyrex bottles introduces serious 
contamination of Cu [97]. 

Milk Recently the analysis of human milk has become the subject of increased 
attention in relation to infant nutrition. Samples of breast milk are collected, 
after cleaning the nipples and wiping them dry with paper tissues, either by 
manual expression or by the use of a breast pump. It is necessary to empty at 
least one breast completely and to mix the contents to obtain a representative 
sample since the mean composition changes during the feed. The status of the 
sample, i.e. colostrum, transitional or mature, should be clearly defined since the 
stage of lactation influences the protein content and therefore the trace element 
concentrations. 

Sweat Sweat is usually collected either by the so-called arm bag method using a 
PE-bag around the arm or from the whole body by collecting the free flowing 
drops from various points of the body. This is done in a specially created 
sweating environment after the subjects have showered. However, collection of 
a valid sweat sample is difficult because of numerous contamination hazards. In 
addition, unpredictable dilution may occur since the profuseness of sweating 
varies greatly in different parts of the body [98—100]. The sweat collected 
should be homogenized by vigorous shaking and prepared immediately for 
analysis. It is necessary to centrifuge it in order to obtain a cell-free sample. 

3.4. Further reading 

The following review articles and selected references discuss some of the 
numerous problems that arise in preparing biological samples for trace element 
analysis. They include general discussions on contamination [101—106], 



CHAPTER 6 9 5 

sample handling and treatment [16, 25, 79,86,107-109] , handling of liquid 
samples [87], destruction of organic matter [26,34, 55,110-112], specimen 
collection and preservation [89,113], homogeneity [19,21, 23,77,114], special 
problems concerning selected samples such as urine [96], blood serum [1 ], 
liver [77], kidney [74], thyroid [115], hair [58, 116], biopsy of muscle [80], 
cerebrospinal fluid [117], saliva [118], and sweat [100]. 

4. CONCLUDING REMARKS 

Unlike the basic sampling operation which may at times preclude the 
direct participation of the analyst, the entire responsibility for sample preparation 
rests with the analyst, who is thus the most important part of any analysis. His 
direct participation in the whole analytical procedure, also if possible including 
sampling, greatly helps to improve the accuracy of the re'sults. 

Many problems still remain to be solved. There is still an urgent need to 
evaluate critically some of the existing sampling and sample preparation 
procedures for various biological materials in order to be able to recommend 
some standard procedures and to identify suitable equipment. Only then will 
the intercomparison and utilization of analytical results from various sources be 
valid for wider application such as nutritional and physiological studies covering 
various population groups. 
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Chapter 7 

NEUTRON ACTIVATION ANALYSIS 

V.P. GUINN, J. HOSTE 

1. INTRODUCTION 

In this chapter, the applicability of the method of reactor-flux thermal-
neutron activation analysis (hereafter referred to simply as NAA) to the assay of 
biological materials for their trace-element contents is considered. Other forms 
of nuclear activation analysis (e.g. using fast neutrons, energetic charged particles, 
or energetic photons) are not included, since the form of the method employing 
high fluxes of thermal neutrons is, for most elements, the most sensitive, most 
used, and best developed form of the general method. Although NAA is also 
widely used and well suited to the analysis of many other kinds of sample matrices, 
attention is focused here on its use for the analysis of biological materials. 

2. THEORY 

The theory of the method is quite simple, and is presented briefly here. 
When a sample containing various amounts of major-constituent, minor-constituent, 
and trace elements is exposed for a period of time t¡ to a uniform and steady flux 
density 0 of thermal neutrons (neutrons in thermal equilibrium with their room-
temperature surroundings; average neutron energy then being 0.025 electron volt), 
small fractions of the number of nuclei of the various stable isotopes of all the 
elements present will capture a thermal neutron. For example, if the sample 
contains some amount of copper, which consists in nature of a mixture of the 
stable isotopes 63Cu and 65Cu, a small fraction of the 63Cu nuclei present will 
capture a thermal neutron to form 64Cu nuclei, and a different small fraction of 
the 65Cu nuclei present will capture a thermal neutron to form 66Cu nuclei. In 
each event, the newly formed nucleus is in an excited nuclear energy state, which 
promptly (usually within about 10"12 s) drops to the ground state of the product 
nucleus - emitting 'prompt' gamma-ray photons of several characteristic energies 
in the process. In the usual form of the NAA method, these prompt gamma rays 
are not measured. If the product nucleus is another stable isotope of the element, 
it is of no use in the regular NAA method, but if it is a radioisotope of the element, 
its subsequent radioactive decay (after the sample irradiation has stopped, and 
the activated sample has been removed to a suitable radiation detector) can be 

105 
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used to detect, identify, and measure the amount of the induced activity. In the 
example of copper just cited, both 64Cu and 66Cu are radioisotopes of copper, 
and hence can be used for analytical purposes. 

If the sample contains N nuclei of a particular stable isotope, the steady 
rate of formation of its (n,7) product nuclei is simply N<t>o, in which a is the (n,7) 
cross-section of such target nuclei, i.e. the effective cross-sectional area per nucleus 
of such target nuclei toward the capture of thermal neutrons. Tables normally 
list such isotopic (n,7) cross-sections in units of barns, where 1 barn equals 
10~24 cm2. If the (n,7) product is radioactive, those nuclei will be decaying at 
a rate X N*, where X is the radioactive-decay first-order rate constant of that 
species of radioisotope, and N* is the number of such radioactive nuclei present 
at any give time. Thus, at any given time during a steady irradiation, the net rate 
of formation of such radioactive product nuclei, dN*/dt, is equal to N0CT — X N * . 

When this equation is integrated, one obtains the basic NAA equation: 

A0 = -(dN*/dt)o = N M l - e " X t i ) 

in which t j is the duration of the irradiation period, and A0 is the activity (i.e. 
disintegration rate per second, Bq1) of that particular species of radioisotope just 
at the end of the irradiation — that is, at zero decay time. The decay constant X, 
being the rate constant of a first-order reaction, is equal to In 2/T, i.e. 0.69315/T, 
where T is the half-life of the radioisotope. It should be remarked here that the 
above basic NAA equation applies to each radioisotope produced in the sample 
by (n,7) reaction during the irradiation, independent of one another. The total 
disintegration rate of the activated sample, just at the end of the irradiation, is 
thus the sum of all the different A0 values. Two terms are common to all the radio-
isotopes produced in the sample during the irradiation: <p and t¡. They each differ, 
of course, in their values of N, a and X (and hence T), and therefore the individual 
A0 values will be different from one another. 

The parenthetical expression, ( l-e~X t i) or ( l - e - 0 6 9 3 4 ^ ) , in the basic NAA 
equation is an important parameter, and is called the saturation factor, S. Its 
numerical value is in the range between 0 and 1 : zero for no irradiation or an 
extremely short irradiation, relative to the half-life, T; 1 for an infinitely long 
irradiation, or at least one in which t¡ » T. For example, if tj = 10T, S has the 
value 0.999. It is a dimensionless quantity, which rapidly and asymptotically 
approaches the limiting value of 1 (at saturation) with increasing irradiation time, 
relative to the half-life of the induced activity. At t¡/T values of 1, 2, 3, 4, 5, 6 . . . , 

S reaches values, respectively, of 1/2, 3/4, 7/8, 15/16, 31/32, 63/64 At 
saturation, when S= 1, A0 is simply equal to N<¡>o, i.e. to the steady rate of formation 
of the radioisotope, that is, its rate of decay is equal to its rate of formation, so A0 

1 Bq is the unit of radioactive disintegration rate: 1 Bq = 1 disintegration per second. 



CHAPTER 6 107 

does not increase any further with more prolonged irradiation of the target stable 
isotope at the same steady thermal-neutron flux (0). 

The N term in the basic NAA equation is itself equal to waNA/AW, in which 
w is the weight of the element present in the sample (the unknown quantity when 
a sample is being analysed for that element; a known quantity in a standard sample 
of the element); a is the fractional isotopic abundance of the particular target 
stable isotope of the element, amongst the stable isotopes of the element (for the 
20 elements that are monoisotopic in nature, a of course equals 1); NA is 
Avogadro's number (6.022 X 1023 atoms/gram-atom); and AW is the chemical 
atomic weight of the element. 

Thus, the basic NAA equation can be rewritten as 

Ao = ^ 0 a ( l - e - ° - 6 9 3 V T ) 
0 AW 

To actually use the equation in analytical work would thus require accurate 
knowledge of the numerical values of a, NA , AW, <j>, a , t¡ and T. Some of these 
are accurately known or can readily be accurately measured, but some are not. 
However, if a comparison - rather than absolute - method is used, it is not 
necessary to know the numerical values of any of these parameters. So long as 
they have the same value in both sample and standard, and the activated sample 
is compared with an activated standard sample of the element, these quantities 
all cancel out. Thus, when one writes the above equation for both sample and 
standard, and then divides one equation by the other, the much simpler comparison 
equation results:. 

A0 (sample) _ w (sample) 

A0 (standard) w (standard) 

With the comparator equation, it is not even necessary that 0 be steady during 
the irradiation. 

When a sample of a radioisotope is counted on a suitable radiation detector, 
only some fraction, e, of the disintegrations will result in counts. The magnitude 
of this fraction depends upon a number of parameters: the decay scheme of the 
radioisotope (types, energies and percentages of the different particles and/or. 
radiations emitted in the decay); the type, size, shape and operating conditions 
of the detector; and the solid angle subtended by the detector (usually referred 
to as the counting geometry). For a given radioisotope, e can be estimated or 
measured, if desired, for the total counting rate, or the counting rate due to gamma 
rays of a particular energy, or the photopeak (i.e. total-absorption) counting rate 
due to gamma rays of a particular energy. However, such measurements are time-
consuming and are not necessary, so long as all activated samples and standards 
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in a given series of measurements are counted under exactly the same conditions, 
so that the e value for a given radioisotope is the same in all. Under these 
conditions, for each induced activity, A{, = e A0, where AÓ is now its counting 
rate, in counts per second, whereas A0 is its disintegration rate, in disintegrations 
per second — at zero decay time. 

Thus, the comparator equation can also be written with counting rates: 

AÓ (sample) _ w (sample) 

A¡> (standard) w (standard) 

Finally, since the decay of a radioisotope, being first-order, follows the 
expression, A t = A0 e " a 6 9 3 t / T , or A( = AÓ e - ° - 6 9 3 t / T , where t is the decay time 
in between, the comparator equation can also be written for any stated decay 
time, t, since the end of the irradiation: 

A; (sample) _ w (sample) 

A¡ (standard) w (standard) 

This is the form of the comparator equation that is normally used in actual 
practice. It depends upon e (sample) being the same as e (standard), which then 
requires that both be counted on the same detector — but since both sample and 
standard cannot be counted on the same detector simultaneously, but instead 
must be counted sequentially, one of the two measured counting rates must be 
corrected to what it would have been at the time the other was counted. Thus, 
Aj' = A't e"0-6 9 3^ is used to make this usually small adjustment. 

Radioisotopes formed by the (n,7) reaction, being 'neutron-rich', in most 
cases decay by ß~ emission. Fortunately, almost all these ß~ emitters (32P, 204T1 
and 210Bi being the important exceptions) decay in some or all of their disinte-
grations to an excited state of the product nucleus — which then promptly drops 
to its ground state, emitting gamma rays of one or more characteristic, sharply 
defined energies in the process. In some instances, an (n/y) product is a metastable 
nuclear isomer of the product nucleus. In most of such cases, these decay by 
isomeric transition, IT, (rather than by ß~ emission) to the ground state of the 
product nucleus, but not immediately, emitting gamma rays of one or a few 
characteristic energies in the process. Particularly important examples of such 
metastable-isomer (n,7) products are the radioisotopes 60Com, 77Sem, 123Snm and 
207Pbm. A lesser number of (n,7) products decay in some of their disintegrations 
by ß+ emission or orbital electron capture (EC). Since ß+ particles rapidly slow 
down in matter, and then undergo an annihilation reaction with a negative 
electron — to produce two 511 keV gamma-ray photons emitted in opposite 
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directions — any ß+ emitter will contribute to a peak at 511 keV in the gamma-
ray pulse-height spectrum. In EC decay, characteristic X-rays of the decay-product 
isotope are emitted. If these are K X-rays of medium to high atomic number 
elements, they will also produce useful peaks in the pulse-height spectrum (197Hg 
is a particularly important example). In many cases, EC decay is also accompanied 
by gamma-ray emission. Another mode of radioactive decay, competitive with 
gamma-ray emission for high-atomic-number nuclei and low gamma-ray energy, 
also results in emission of characteristic X-rays. This mode of decay is called 
internal conversion (IC). 

Whereas most (n,7)-product radioisotopes decay to a stable isotope, there 
are a number of cases in which this is not the case — the decay forming instead 
another radioisotope. A well-known example is 239U (half-life = 23.5 min), which 
decays by ß~~ emission to 239Np (half-life = 2.35 days). Both parent and daughter 
emit gamma rays, so either one can be used in the NAA detection and measurement 
of uranium in samples. Gamma rays due to 239U follow the simple 23.5-min half-
life of 239U, but those due to 239Np initially follow a more complicated composite 
'half-life', finally following the 2.35-day half-life of 239Np after all of the 239U has 
decayed into 239Np. 

In some instances, fast-neutron products can be significant, and thus slightly 
complicate the analyses. However, this difficulty is generally negligible with 
biological samples, and hence will not be discussed here. 

2.1. Detection limits 

From the standpoint of sensitivity of detection, which improves with 
increasing induced specific activity (i.e. Bq per gram of element), inspection of 
the basic NAA equation in its A 0 = (waNA/AW) 0a ( l - e~ a 6 9 3 t i , ' T ) form shows that 
the greatest specific activity will be produced: 

the higher the thermal-neutron flux (0) 
the higher the isotopic (n/y) cross-section (a) of the target stable isotope 
the higher the fractional isotopic abundance (a) of the target stable isotope 
the smaller the chemical atomic weight of the element (AW) 
the shorter the half-life (T) of the radioisotope product (for a limited 

irradiation time, tj). 

For the cases of practical interest, the various values of o range from about as 
low as 10-28 cm2 (i.e. 10"4 barn) to as high as 10 -20 cm2 (i.e. 104 barn). The 
various values of a range from about as low as 10~4 to as high as the maximum 
possible value of 1 (for the 20 monoisotopic elements). The chemical atomic 



1 1 0 GUINN and HOSTE 

weights, of course, range from about 1 (for H) to 238 (for U). The range of 
radioisotope half-lives of practical interest is from about 0.1 second to perhaps 
100 years (quite a few (n/y) products have even much shorter, or much longer 
half-lives, but these are of little or no use in NAA work). To take a rather typical 
illustrative case, one may take values of <j> = 1013 n1 cm - 2 • s - 1 , a = 10~24 cm2 

(i.e. 1 barn), a = 0.3, AW = 100, and T = 1 hour. Thus, for a 1-hour irradiation, 
the saturation term S would be 0.5, and A0 per gram of the element would be 
1 X 0.3 X 6 X 1023 X 1013 X 10"24 X 0.5/100, or 9 X 109 Bq. Since, in the absence 
of interfering activities, one can still detect and measure disintegration rates as low 
as about 1 Bq, it is evident that a rather typical limit of detection might 
be about 10"10g, or 10~4 pg. Since the NAA method can accommodate samples 
even as large as one gram (or even somewhat more), it is seen that a typical limit 
of detection may be as low as about 10~4mg/kg, or 0.1 pg/kg, for a 1-g sample. 

Owing to the wide ranges in the various values of a, a and T, in particular, 
and to a lesser extent in the various values of AW, the various induced specific 
activities — for any given combination of 0 and t¡ — vary widely. In fact, con-
sidering the activities of practical use, they vary from the lowest value to the 
highest over about a 108-fold range. Thus, in the NAA method, some elements 
can be determined with very high sensitivity, most with very good sensitivity, 
and some only with rather modest sensitivity. 

One remaining factor that affects the actual interference-free limit of 
detection for an element is the detection and measurement of the induced activity. 
Nowadays, for the counting of activated samples (e.g. biological samples), one 
almost always employs a multichannel gamma-ray spectrometer, with a lithium-
drifted germanium, Ge(Li), semiconductor detector, or perhaps an intrinsic Ge 
semiconductor detector (formerly, the most widely used gamma-ray detector was 
the efficient, but poor-resolution, thallium-activated sodium iodide, Nal(Tl), 
scintillation detector). At a given sample-to-detector distance, the efficiency of 
photopeak detection of a gamma ray emitted by an activated sample increases 
with (1) decreasing gamma-ray energy, (2) increasing detector area, and (3) 
increasing detector thickness. Most Ge(Li) detectors in use at present are pseudo-
cylindrical in shape, have a 'diameter' about equal to the thickness, and have 
sensitive volumes in the range from about 20 cm3 to 100 cm3. The energy resolution 
(full-width at half maximum, FWHM, of the photopeak) of Ge(Li) detectors 
typically ranges from about 1 kiloelectron volt (keV) for low-energy gamma rays 
(less than a few hundred keV) to about 3 to 4 keV for fairly high-energy gamma 
rays (1 000 to 3000 keV). Other factors being the same, both the detection 
efficiency and the photofraction (the fraction of the pulses that fall in the desired 
total-absorption peak — the rest falling in the unhelpful Compton continuum of 
the pulse-height spectrum) decrease with increasing gamma-ray energy. 

In Table I, the approximate calculated best limits of detection, in the absence 
of interferences, are shown for some 68 elements, for the following rather typical 
conditions: 
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TABLE I. CALCULATED BEST INAA DETECTION SENSITIVITIES FOR 
68 ELEMENTS - IN THE ABSENCE OF INTERFERING ACTIVITIES 
( F o r <pth = 1 0 1 3 n c m " 2 s" 1 , t¿ = 5 h m a x . , t d = 0 , t c = 1 0 0 m i n m a x . , r 

40 cm3 Ge(Li) detector, 2 cm distance, largest photopeak) 

1-3 x 10~7jJg In, Eu, Dy 

4-9 x 1 0 - 7 Ho 

1-3 x 1 0 " 6 Mn, Sm, Au 

4-9 x 1 0 " 6 
Rh, Lu, Re, Ir 

1-3 x 1 0 " 5 Co, Cu, Ga, As, I, Cs, La, 

4-9 x 1 0 " 5 Na," V, Br, Ru, Pd, Sb, Yb, 

1-3 x 1 0 " 4 Se, Ge, Sr, Te, Ba, Nd, Ta 

4-9 x 1 0 " 4 Cl, Se, Cd, Gd, Tb, Tm, Hf 

1-3 x 1 0 " 3 Al, Zn, Mo, Ag, Sn, Ce, Os 

4-9 x 1 0 " 3 K, Ti, Cr, Ni, Rb, Y, Pr 

1-3 x 1 0 " 2 Mg 

4-9 x 1 0 " 2 Zr 

1-3 x 1 0 " 1 F, Ca, Nb 

4-9 x 1 0 " 1 

1-3 Fe 

4-9 Si 

10-30 S, Pb 

In addi t ion to the above 6 8 e lements , three more can be de termined by (3 count ing: P (5 X 10~" MB). 

B i ( l X 10~2jug) and T l ( 2 X 10"2 /ug). 

0 = 1 X 1013 n • cm - 2 • s - 1 

maximum t¡ = 5 h 
counting with a 40 cm3 Ge(Li) detector, with a sample-to-detector distance 

of 2 cm 
zero decay time (td) before start of count 
maximum counting time (tc) = 100 min. 

Here, the limit of detection is arbitrarily (but generally fairly realistically) defined 
as the amount of the element, in ng, that will give 30 net photopeak counts in the 
major gamma-ray peak of the (n/y) product of the element that provides the most 

(Text continued on page 117) 



1 1 2 GUINN and HOSTE 

TABLE II. CALCULATED APPROXIMATE LIMITS OF INAA DETECTION 
FOR 68 ELEMENTS IN THE ABSENCE OF INTERFERING ACTIVITIES 
(For 0 t h = 1013 n cm"2 s"1, t¡ = 5 h max., td = 0, t c = 100 min max., 
40 cm3 Ge(Li) detector, 2 cm distance, largest photopeak) 

(n, 7 ) 7-Ray Caled, approx. 

Element Radioisotope Half-life* energy (keV) LOD (/Lig) 

F 20p. 1 1 . 6 s 1633 3.3 X 10"1 

Na M Na 15.0 h 1368 7.7 X 10"5 

Mg 27Mg 9.46 m 844 1.2 X 10"2 

Al 28A1 2.31 m 1779 1.8 X 10"3 

Si 31 Si 2.62 h 1266 5.4 

S 37S 5.07 m 3102 1.6 X 101 

Cl 38C1 37.3 m 1642 9.4 X 10"4 

K 4 2 K 12.4 h 1525 4.7 X 10"3 

Ca 47Ca 4.54 d 1297 6.5 X 101 

49Ca 8.80 m 3083 1.2 X 10"1 

Sc 4 6 Sc m 19.5 s 142 2.5 X 10"4 

« S c 83.9 d 889 2.3 X 10"4 

Ti 51 Ti 5.79 m 320 3.9 X 10"3 

V S 2 y 3.75 m 1434 7.4 X 10"5 

Cr 51 Cr 27.8 d 320 7.8 X 10"3 

Mn 56Mn 2.58 h 847 1.3 X 10"6 

Fe 59Fe 45.6 d 1099 3.2 

Co «"Co"1 10.5 m 59 1.5 X 10"5 

mCo 5.26 y 1173 1.2 X 10"2 

Ni 65Ni 2.56 h 367 7.3 X 10"3 

Cu MCu 12.8 h 511 3.5 X 10"5 

"Cu 5.10 m 1039 4.3 X 10"3 

Zn 65Zn 245 d 1115 4.2 X 10""1 

6 9Znm 13.8 h 439 1.2 X 10"3 
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(n, 7) 7-Ray Caled, approx. 
Element Radioisotone Half-life* energy (keV) LOD (ne) 

Ga 70Ga 21.1 m 175 3.9 X 10~3 

^Ga 14.1 h 834 2.9 X 10"5 

Ge 7 5Gem 48.0 s 140 6.7 X 10"3 

7SGe 82.0 m 265 2.4 X 10"4 

77Ge 11.3 h 211 1.1 X 10~3 

As 76 As 26.4 h 559 2.8 X 10"s 

Se 75Se 120 d 136 1.2 X 10~2 

7 7Sem 17.5 s 162 5.5 X 10"4 

Br 80Br 17.6 m 617 1.1 X 10"4 

82Br 35.3 h 554 6.7 X 10"5 

Rb 86RBM 1.02 m 556 7.1 X 10"3 

^RB 18.7 d 1077 8.4 X 10"2 

88Rb 17.8 m 898 1.6 X 10"2 

Sr 8SSrm 70.0 m 232 1.7 X 10"3 

87Srm 2.83 h 389 1.4 X 10"4 

Y 90YM 3.10 h 202 5.5 X 10"3 

Zr 9SZr 65.5 d 724 8.4 X ÎO^1 

97Zr 17.0 h 747 5.5 X 10"2 

Nb 9 4 Nb m 6.29 m 871 9.7 X 10"2 

Mo "Mo 66.7 h 181 6.8 X 10"3 

101 Mo 14.6 m 192 3.1 X 10"3 

Ru 97RU 2.88 d 216 5.4 X 10"3 

103RU 39.5 d 497 6.1 X 10"3 

105RU 4.44 h 724 8.5 X 10~5 

Rh 1 0 4 Rh m 4.41 m 51 5.2 X 10"6 

104 Rh 43.0 s 556 3.1 X 10"4 
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TABLE II.(cont.) 

(n, 7 ) 7-Ray Caled, approx. 
Element Radioisotope Half-life* energy (keV) LOD (ßg) 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Cs 

Ba 

luaPd 

1 0 9 p d 

108. 

110 

Ag 

'Ag 

u 0 A g m 

incdm 

U 5Cd 

1 1 4 j n m 

116 I n m, 

n 6 I n 

u 7 S n m 

123Snm 

125Snm 
1 2 2 , Sb 

Sbn 

Sb 

Ten 

Te 

Te" 

'Te 

Cs 

134, Cs 

131 Ba 

4.69 m 

1 3 . 5 h 

2.42 m 

24.4 s 

255 d 

48.6 m 

53.5 h 

50.0 d 

54.0 m 

13.4 s 

14.0 d 

39.5 m 

9.50 m 

2.80 d 

93.0 s 

60.4 d 

117 d 

68.7 m 

30.0 h 

24.8 m 

25.0 m 

2.89 h 

2.05 y 

12.0 d 

28.7 h 

2.55 m 

189 

88 

633 

658 

658 

245 

528 

190 

417 

434 

158 

160 

332 

564 

498 

603 

159 

460 

780 

160 

443 

127 

605 

124 

268 

662 

1.2 X 10"3 

5.9 X 10~5 

1.1 X 10"3 

1.0 X 10~3 

1.3 X 10~3 

7.1 X 10"4 

6.3 X 10"3 

2.2 X 10"2 

3.0 X 10"7 

9.9 X 10"3 

4.4 X 10"1 

1.0 X 10"3 

5.3 X 10~3 

8.5 X 10"5 

4.5 X 10"1 

4.7 X 10~3 

1.3 X 10"1 

2.0 X 10"3 

2.2 X 10~2 

2.1 X 10"4 

2.9 X 10~5 

1.6 X 10"5 

2.4 X 10"3 

7.6 X 10"2 

8.2 X 10"2 

5.0 X 10"1 
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(n, 7 ) 7-Ray Caled, approx. 
Element Radioisotope Half-life* energy (keV) LOD (ßg) 

139Ba 82.9 m 166 1.1 X 10 ' 4 

La 1 4 0 La 40.2 h 487 3.1 X 10~5 

Ce 137Ce 9.00 h 446 1.1 X 10"1 

141 Ce 32.5 d 145 3.8 X 10"3 

143Ce 33.0 h 293 1.3 X 10~3 

Pr 1 4 2 p r 19.2 h 1576 3.7 X 10"3 

Nd 147Nd 11.1 d 91 3.7 X 10"3 

149Nd 1.80 h 211 2.0 X 1 0 - 4 

l s l N d 1 2 . 0 m 116 9.1 X 10"4 

Sm 153Sm 46.8 h 103 3.0 X 10"6 

155Sm 23.5 m 104 1.2 X 10"s 

Eu 1 S 2 Eu m i 9.30 h 122 1.1 X 10~7 

152Eu 12.7 y 122 7.8 X 10"5 

154EU 16.0 y 123 2.0 X 10~3 

Gd l s 9 Gd 1 8 . 0 h 364 6.4 X 10"4 

161Gd 3.60 m 360 1.5 X 10"3 

Tb i60T b 72.1 d 299 5.4 X 10"4 

Dy 1 6 S D y m , 1.26 m 108 1.1 X 10"5 

I 6 5Dy 139 m 95 1.9. X 10"7 

Ho 166HO 26.9 h 81 7.9 X 10~7 

Er 1 6 7 E r m 2.30 s 208 7.2 X 10"3 

1 , 1 Er 7.52 h 308 2.7 X 10~s 

Tm 1 7 0Tm 134 d 84 7.3 X 10"4 

Yb 169Yb 31.8 d 64 2.0 X 10~4 

1 7 5 Y b 101 h 396 2.9 X 10~4 

I 7 7Yb 1.90 h 150 6.8 X 10"5 
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TABLE II.(cont.) 

Element 
(n, T) 
Radioisotope Half-life* 

7-Ray 
energy (keV) 

Caled, approx. 
LOD (Mg) 

Lu 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Lu 

175, Hf 

179jjj.ni 

180jĵ m 

1 8 1 H f 

182 t« m Ta 

1 8 2 T a 

IS^m 

1 8 7 W 

186Re 

Re 

«Os" 

'Os 

Os 

192jrmi 

194Ir 

191Pt 

1 9 7 p t m 

197 

203 

Pt 

SPt 

Au 

Hg 

Hg 

3.69 h 

6.74 d 

70.0 d 

18.6 s 

5.50 h 

42.5 d 

16.5 m 

115 d 

5.30 s 

23.9 h 

88.9 h 

18.7 m 

16.7 h 

9.90 m 

15.0 d 

31.5 h 

1.42 m 

74.2 d 

17.4 h 

3.00 d 

78.0 m 

18.Oh 

31.0 m 

2.70 d 

65.0 h 

46.9 d 

208 

344 

214 

215 

133 

147 

68 
108 

72 

137 

106 

155 

187 

129 

139 

612 

317 

328 

539 

346 

78 

543 

412 

6 9 - 7 8 

279 

3.9 X 10~6 

8.6 X 10"s 

7.3 X 10~3 

1.1 X 10"3 

3.9 X 10 - 4 

6.4 X 10~4 

6.6 X 10"4 

2.9 X 10"4 

3.3 X 10~3 

2.2 X 10"5 

3.7 X 10"5 

1.3 X 10~4 

6.5 X 10~6 

1.4 X 10~2 

2.0 X 10"3 

2.5 X 10"3 

1.4 X 10"2 

5.2 X 10"5 

7.6 X 10"6 

2.0 X 10"1 

8.3 X 10"3 

4.6 X 10"4 

8.6 X 10~3 

2.4 X 10~6 

1.5 X 10"5 

2.4 X 10"3 
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TABLE II. (cont.) 

(n,7) 7-Ray Caled, approx. 
Element Radioisotope Half-life* energy (keV) LOD (/ig) 

Pb 2 0 7 p ^ m 0.80 s 570 1.4 X 101 

Th 233Th 22.1 m 87 8.0 X 10~5 

2 3 3 p a 27.0 d 310 6.4 X 10""4 

U 2 3 9 u 23.5 m 75 1.0 X 10~s 

239Np 2.35 d 106 2.8 X 10~4 

* Abbreviations: s = seconds, m = minutes, h = hours, d = days, y = years. 

Under similar conditions, but using ß~ counting, the following additional limits of detection 
should be noted: 

P via 14 .3d 32P(ß~ E m a x = 1.71 MeV), LOD = 5 X 1 CT4/ig 

Bi via 5.01 d 2 1 0 Bi( j3~E m a x = 1.61 MeV), LOD = 1 X 10"2/ig 

T1 via 3.81 y 204Tl(/3— E m a x = 0.766 MeV),LOD = 2 X 10"2/ig 

sensitive detection of the element. Of the 68 elements, three (In, Eu and Dy) are very 
sensitively detectable — down to as low as 1 — 3 X 10"7 /ig. Conversely, two (S and 
Pb) are not very sensitively detectable — only down to as low as 10—30 /ig. The 
median-sensitivity elements are detectable down to as low as 1 — 3 X 10~4 jug. 
In Table II, the (n,7) product, its half-life, and the energy of its principal gamma 
ray, and its calculated lower limit of detection are shown for each of the elements 
listed in Table I, as well as for additional (n,7) products of the element (if any) 
that also provide sensitive detection. 

It should be emphasized that the limits of detection shown in Tables I and II 
are (1) only approximate, (2) only for the irradiation, decay and counting 
conditions used in the calculations, and (3) only the limits of detection when no 
other significant activities are present. The detection limits are poorer if a thermal-
neutron flux lower than 1013 n • cm - 2 • s"1 is used, if a Ge(Li) detector smaller than 
40 cm3 is used, and if the counting geometry is poorer than for a 2 cm distance. 
Also, they are poorer for the elements measured by activities with half-lives 
considerably longer than 5 h - if the irradiation time used is less than 5 h, and/or 
if the counting time used is less than 100 min. On the other hand, all the detection 
limits are improved further if a higher neutron flux is used, if a larger detector is 
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used, and if the counting geometry is improved - and they are improved further, 
for the long-lived activities, if longer irradiation and counting times are used. 

Of the 83 elements that occur in nature as stable isotopes or almost stable 
isotopes (e.g. ones with very long half-lives, such as 232Th and 238U), Tables I and II 
list the 68 elements which have an (n,7) product that emits gamma rays in some 
or all of its disintegrations. Four other elements could be added, namely, the inert 
gases Ne, Ar, Kr and Xe, but these have little chemical interest and do not occur 
significantly in biological or other kinds of ordinary solid or liquid samples. The 
remaining elements of the 83 that are not listed in the Tables are the 11 elements, 
H, He, Li, Be, B, C, N, O, P, TI and Bi. The reason for excluding these elements 
is that they either become negligibly activated, they form only a radioisotope with 
an extremely short half-life or a very long half-life, or they form only a pure 
emitter (with no accompanying gamma rays). Three of them (P, TI and Bi) can 
be detected fairly sensitively if one employs a very careful post-irradiation separation, 
with carrier, and then does counting (the detection limits for these three elements 
are shown at the bottom of Tables I and II). 

3. INSTRUMENTATION AND TECHNIQUES 

For high-sensitivity NAA work, one needs the high neutron flux of a research-
type nuclear reactor. These are usually of the pool type, the water serving as 
coolant, biological shield, and moderator (to slow down the fission neutrons to 
thermal velocities). A photograph of a typical pool-type reactor, looking down at 
the core through the pool, is shown in Fig. 1. Depending upon the maximum 
operating power of the reactor used, the maximum available thermal-neutron flux 
density in which samples can be activated is approximately 1012 (for a 100 kilowatt 
reactor), 1013 (for a megawatt reactor), and 1014 n ' cm - 2 • s_1 (for a 10 megawatt 
reactor). Especially for the production and detection of short-lived induced 
activities (that is, ones with half-lives in the range of seconds to minutes), one 
uses a fast-transfer pneumatic-tube system, activates and counts one sample at a 
time, and only needs correspondingly short irradiation and counting times. For 
the production and detection of longer-lived induced activities (ones with half-
lives of hours, days, or longer), one irradiates a number of samples and standards 
simultaneously, provides a longer irradiation time, and counts each activated 
sample longer. In one type of research reactor, the TRIGA, there is a very useful 
rotating sample rack, containing 40 tubes, so that as many as 40 samples can be 
irradiated simultaneously at exactly the same average neutron flux — thus elimi-
nating the use of flux monitors for normalization to the same flux. The reactor 
shown in Fig. 1 is a TRIGA reactor. 

The typical Ge(Li) gamma-ray spectrometer consists of a shielded, encased, 
liquid-nitrogen-cooled Ge(Li) crystal (see also Section 2.1) — coupled to a high-
voltage supply, a preamplifier, a linear amplifier and a multichannel pulse-height 
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FIG. I. View of TRIGA reactor core through water pool (Univ. of Calif., Irvine). 

analyser (typically one with 4096 analysis and storage channels). The spectro-
meter usually includes electronic components sucn as a pulse-pileup rejector, 
a baseline restorer, a preset timer (for various selected counting clocktimes or 
livetimes), a percentage deadtime meter, and an oscilloscope display. Usually, 
the spectrometer includes a rapid magnetic-tape data storage system, and often a 
small computer, coupled with a teletypewriter for data readout. A photograph 
of a typical Ge(Li) 4096-channel gamma-ray spectrometer is shown in Fig.2. 
When a pulse-height spectrum is read out, the energies and net photopeak counts 
(with the standard deviation of the counts) can be rapidly calculated and printed 
out. The pulse-height spectrum of a single radioisotope, emitting gamma rays of 



FIG.2. View of a Ge(Li) 4096-channel gamma-ray spectrometer (Univ. of Calif., Irvine). 
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only one energy, consists of a Compton continuum which decreases rapidly at 
the Compton edge (EC E = E t / (1 + 511/2E7) keV) and then rises rapidly to a 
narrow, almost Gaussian photopeak (total-absorption) peak. For a radioisotope 
that emits gamma rays of more than one energy, or for a mixture of radioisotopes, 
the pulse-height spectrum is the sum of the individual spectra, and hence exhibits 
a number of Compton continua, Compton edges and characterizing photopeaks. 
The energy scale is very close to being linear, so if the spectrometer is operated 
at a gain setting of 1.00 keV per channel (determined accurately by calibration 
with radioisotope sources of two or more gamma rays of accurately known energies) 
and if the intercept is zero, the gamma-ray energy range covered is from zero to 
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FIG.3. Oscilloscope display of a portion of a Ge semiconductor gamma-ray pulse-height 
spectrum (Univ. of Calif., Irvine). 

4096 keV. Almost all gamma rays (and of course characteristic K X-rays) emitted 
by (n,7) product radioisotopes fall in this range (e.g. note the gamma-ray energies 
listed in Table II). Gamma rays with energies well above 1022 keV generate not 
only a primary photopeak, but also first and second escape peaks (at energies of, 
respectively, 511 and 1022 keV lower energy), and indirectly produce some 
511 keV gamma radiation. An oscilloscope photograph of an illustrative Ge(Li) 
pulse-height spectrum is shown in Fig.3. 

If an induced activity of interest is not discernible as a peak (or peaks) in a 
pulse-height spectrum, one can also calculate a firm upper limit for the possible 
amount of the element present in the sample — from the counting statistics in the 
region where the photopeak should appear, but does not. For example, if the 
total counts in this region (usually covering a region equal to 3 times the FWHM 
of the peak in question) were 100 counts, its standard deviation (±NW) would 
be ± 10 counts, and the defined 3 o minimum number of net photopeak counts 
that would definitely be detectable would be 30. By comparison with a standard 
sample of the element, activated, decayed and counted identically, this number 
could then be converted to the upper limit of the amount and concentration of 
that element possibly present in the sample. 
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3.1. Instrumental and radiochemical neutron activation analysis 

Techniquewise, there are two main forms of the NAA method: (1) the 
purely instrumental form, and (2) the radiochemical-separation form. These two 
forms of NAA will be referred to, respectively, as 1NAA and RCS-NAA. 

3.1.1. Instrumental neutron activation analysis 

In INAA, no chemistry is performed on the sample after it has been activated — 
the sample is merely activated and then counted on the gamma-ray spectrometer 
after a suitable decay time. This form of the method is nondestructive. Except 
under severe irradiation conditions, the radiation chemical damage to the sample 
is only minor, and the elemental composition of the sample is not changed 
detectably. For example, by rearranging the basic irradiation equation 
( -dN/d t = N(pa) and using deltas instead of differentials, one obtains the equation 
-AN/N = 0aAt. For the rather typical case of 0 = 1013 n • cm - 2 • s_1 , 
a = 10"24 cm2 (1 barn) and At(= t¡) = 3600 seconds (1 hour), -AN/N is found to 
equal 3.6 X 10"8 or 3.6 X 10~6%. Thus it is seen that in a typical case only about 
4 X 1CT6% of the target nuclei of a given kind capture a neutron, or in other words, 
after the irradiation the sample still contains 99.999996% of those nuclei originally 
present. Since almost all (n,7) products decay by ß'~ emission, their decay forms 
a tiny amount of the element of the next higher atomic number. For example, 
neutron activation of sodium (entirely 23Na) forms 15.0-hour 24Na. This decays 
by ß~ emission to form stable 24Mg. The (n/y) cross-section of 23Na is 0.53 barn. 
Thus, in a 1-hour irradiation of a 1-gram sample containing 1% sodium, if the 
sample originally contained no magnesium at all, it is readily calculated that it 
would now contain 2 X 10"4 mg/kg Mg (all as 24Mg). In general, such changes in 
the elemental composition of a sample are so minute that, later on, the same 
sample could be analysed again with no detectable change in the results. 

3.1.2. Radiochemical neutron activation analysis 

The radiochemical-separation form of the method is destructive of the sample, 
but only after the irradiation. Then, carrier amounts of the trace elements of 
interest (and often 'holdback-carrier' amounts of trace elements that are not of 
interest, but which might contaminate the separated trace elements of interest) 
are added to the activated sample, and suitable chemical reaction steps are carried 
out to isolate the elements of interest either individually or in groups. The carriers 
used are small known amounts (usually in the range of 0.1 mg to 20 mg) of the 
elements, in non-radioactive form, usually in suitable solution form. The purpose 
of the carrier is to bring the concentration of the trace element of interest up from 
its original trace level to a macro-concentration, so that thereafter losses of the 
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element (e.g. by adsorption) or contamination from the reagents used will be 
reduced to very small percentages of the amount of the element now present, 
and also so that macro-chemical separations can be performed. It is of course 
essential that steps be taken (e.g. by alternate reduction and oxidation steps) to 
ensure that the activated trace element and the carrier of the element are in 
exactly the same chemical form and valence state, so that they are chemically 
indistinguishable from one another. Here it should be remarked that some or 
much of the radioisotope formed from an element by (n,7) reaction is often 
present in one or more chemical forms that are different from the original chemical 
forms in which the element is present in the sample before activation. This is 
because of the recoil energy imparted to the newly formed nucleus as it emits its 
prompt gamma-ray photons. These recoil energies are generally many times 
larger than most chemical bond energies, so the bond is broken and the nucleus 
(with many of its orbital electrons) is ejected. It slows down to near thermal 
velocities and then reacts in some way or ways with molecules of the sample 
medium. When an activated element is separated (using an accurately known 
amount of carrier) as the pure element (e.g. Au) or a pure compound of the 
element (e.g. BaS04), the yield (i.e. percentage recovery of the element) can be 
determined by merely weighing the separated product that is counted. In other 
cases, the yield can be measured by any of a number of rapid elemental analysis 
methods, such as atomic absorption, volumetric titration, spectrophotometry, or 
by a short reactivation — since milligram amounts are now present. From the 
percentage yield, which is often above 90%, the counting rate of the separated 
element can be normalized to what it would be for 100% recovery. 

Pre-irradiation chemical separations are also used in NAA work, but usually 
only when they are absolutely necessary. Whereas post-irradiation radiochemical 
separations with carriers eliminate the usual problems of trace-element chemistry 
(losses by adsorption and contamination from reagents) - thus making the NAA 
method unique — this advantage is lost if pre-irradiation chemical separations are 
used. In general, one resorts to pre-irradiation sample treatment only if other 
matrix elements, upon activation, seriously interfere with the INAA detection of 
a very short-lived induced activity of interest. With induced activities with half-
lives in the range of only seconds to minutes, it is often essential or at least 
desirable to use some form of pre-irradiation chemical removal of one or more of 
the principal interfering elements. Then, of course, it is essential to use very pure 
reagents, make reagent-blank measurements, and test the procedure (usually with 
a radiotracer of the element of interest) for any possible loss of the element of 
interest during the pre-irradiation chemical operations. 

3.2. Sample preparation 

With some exceptions, samples to be analysed by the NAA method can be 
activated in their normal solid or liquid state - with no pre-treatment (except 
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perhaps homogenization of solid samples by grinding, in order to obtain a 
representative sample). The two main exceptions are (1) samples for which a 
pre-irradiation treatment is necessary because a very short-lived activation product 
is to be measured, and this is interfered with by other induced activities, and (2) 
liquid samples (e.g. blood, urine) that are to be activated with a thermal-neutron 
fluence of the order of 1017 n • cm - 2 or larger - in which case the water must 
usually be removed first, for example by freeze-drying, in order to reduce the 
production of gaseous decomposition products. Samples are merely weighed into 
cleaned polyethylene vials for irradiations at neutron fluences up to about 
1017n • cm"2, or weighed into cleaned quartz vials (then sealed) for irradiations 
at larger fluences. Sample sizes can be varied, as necessary or desired, all the way 
from micrograms to milligrams to grams. For biological samples, a typical sample 
weight is about 100 mg of solid (dry) material. Even in INAA, it is sometimes 
necessary (though often not) to transfer the activated sample to an unactivated 
plastic vial before counting, because of activation of impurities in the vial material. 
When sample pre-treatment is necessary, biological samples are usually first 
carefully wet-ashed (e.g. with boiling concentrated or fuming HN0 3 , HN0 3 + HC104, 
or HN0 3 + H2S04). 

3.3. Further reading 

In this brief review of NAA methodology, only the major points have been 
covered. For those desiring a more detailed coverage, any of a number of good 
books or more extensive chapters of books may be consulted to advantage. For 
example, books on the subject of neutron (or nuclear) activation analysis include 
those by De Soete, Gijbels and Hoste [1 ], Kruger [2], Lyon [3] and Bowen and 
Gibbons [4], More detailed chapters on NAA by Guinn [5] and [6] may also be 
helpful, as well as a chapter devoted to nuclear reactors [7]. A very useful compi-
lation of isotopic abundances, (n,7) cross-sections, and radioisotope decay schemes 
is the Table of Isotopes, by Lederer, Hollander and Perlman [8]. Tables of 
precisely measured gamma-ray energies have been published by Adams and Dams [9] 
and Erdtmann and Soyka [10]. Good compilations of NAA detection sensitivities 
are those of Girardi et al. [11] and of Erdtmann [12]. Heath's gamma-ray spectrum 
catalogues [13, 14] are also very useful. The total literature on NAA is now very 
extensive and is well documented by a number of different abstracting services, 
e.g. INIS Atomindex, published by the IAEA. A very useful guide to the literature 
for the period up to 1971 has been published by the US National Bureau of 
Standards [15], 

4. APPLICABILITY OF THE NAA METHOD 

In this section, various aspects of the practical use of the NAA method — 
particularly for the trace-element analysis of biological samples — are considered 
briefly. 
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4.1. Accuracy and precision 

Performed properly, the absolute accuracy of the NAA method can often be 
within ± 1 % of the true value, if there is sufficient element in the sample to give 
comparable or better precision in the counting measurements performed on the 
activated sample. For a single radioisotope emitting gamma rays of only one 
energy, the number of net photopeak counts needed in the pulse-height spectrum 
to provide relative standard deviations associated with the counting statistics of 
+0.1%, ±1% and ±10% are, respectively, 106, 104 and 102. In more complicated 
pulse-height spectra, including a number of radioisotopes and gamma-ray energies, 
these numbers of counts must be larger — because of the effect of the underlying 
Compton continuum counts. For the common Ge(Li) case in which a particular 
photopeak covers n channels, and the Compton level is determined by summing 
n/2 channels on either side of the peak, the standard deviation of the net photo-
peak counts (NPPC) is readily shown to be related to the number of gross 
photopeak counts (GPPC) and the number of Compton baseline counts (BLC) 
by the equation CTnppc = ± [GPPC + BLC ]1/2. The number of counts accumulated 
in a given photopeak during a counting period t c is readily shown to be 

C = A I _ ( 1 _ e - 0 . 6 9 3 t c / T ) 
0.693 

in which As is the photopeak counting rate at the start of the counting period 
and T is the half-life of the radionuclide; t c is the counting period in clocktime 
units. If there, is any significant analyser deadtime during the counting period 
(due to a high total counting rate), the corrected value for As may be obtained 
from the equation by dividing C by one minus the average fractional deadtime 
during the counting period. In order to minimize pulse-pileup distortion of the 
pulse-height spectrum, it is usually desirable to restrict sample counting rates so 
that the percentage analyser deadtime is less than 10%. 

4.2. Interferences and matrix effects 

In NAA measurements of biological samples, employing Ge(Li) detectors, 
there are very few commonly occurring induced activities that emit gamma rays 
of energies so close to one another that they are not completely resolved as 
separate peaks in the Ge(Li) pulse-height spectrum. In the few instances in which 
overlapping photopeaks do occur, the components can be resolved mathematically, 
or often merely by counting again at a longer decay time, since the two mutually 
interfering radioisotopes usually differ considerably in half-life. Biological samples, 
in general, are rather ideal matrices for the NAA method. They do not contain 
significant levels of high (n/y) cross-section elements, and hence thermal-neutron 
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self-shielding effects are negligible. They have a low density and a low average 
atomic number, and hence sample gamma-ray-attenuation effects are negligible. 
They predominately consist of the elements H, C, N and O, which are negligibly 
or little activated (at least so far as gamma-ray emission is concerned), so matrix 
activation of the principal elements is not a problem. However, some difficulties 
are generated by the fact that many biological samples contain 0.1 — 1% levels of 
the elements Na, P, Cl and Br. Over a considerable range of irradiation and decay 
times, the induced 15.0-h 24Na, 37.3-min 38C1, 17.6-min 80Br and 35.3-h 82Br 
induced activities dominate the gamma-ray pulse-height spectrum when such 
materials are analysed by INAA. The high levels of these activities considerably 
raise the instrumental limit of detection of other elements that may be present. 
If these three elements are removed, by either pre-irradiation or post-irradiation 
separations, other elements can then be more readily observed and measured. 
After sufficiently long decay, of course, these four induced activities cease to 
be significant. Phosphorus forms only 14.3-d 32P. This is a pure ß~ emitter, 
but the maximum energy of its ß~ particles is quite high (1710 keV). Tnese 
must be prevented from reaching the detector, so that they will not smear the 
gamma-ray pulse-height spectrum of the activated sample, and contribute heavily 
to the analyser deadtime. They are usually stopped completely, or almost so, by 
interposing a few centimetres of plastic absorber between the sample and the 
detector. However, even though such a low atomic-number absorber minimizes 
the formation of bremsstrahlung (continuous gamma radiation generated by the 
slowing down of the ß~ particles), the high level of 32P activity and the high 
maximum energy of the 32P ß~ particles still result in the production of considerable 
bremsstrahlung, which interacts with the detector to smear the pulse-height spectrum 
appreciably. In some instances, it is necessary or desirable to radiochemically 
remove the induced 32P activity before making gamma-ray spectrometry 
measurements. 

4.3. Multi-element analysis and automation 

Basically, INAA and NAA with group separation are intrinsically multi-element 
methods, since usually quite a few elements are observed in a single pulse-height 
spectrum. By using several combinations of irradiation and decay times, the number 
of elements that can be detected and measured is increased considerably. 

If sufficiently large numbers of samples of a similar nature are to be analysed 
under a given set of conditions, it is evident that the INAA method can readily be 
automated, and this has been done by various groups. If only short-lived induced 
activities are of interest, a whole bank of samples and standards (each in its poly-
ethylene vial) can be processed automatically, one at a time — each receiving a 
preset irradiation period, a preset decay time, and a preset counting period. If 
longer-lived activities are of interest, a large number of samples and standards can 
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be activated at the same time, and the activated samples later fed, one at a time, 
from an automatic sample changer into the gamma-ray spectrometer, where each 
is counted under identical conditions. In both procedures, the pulse-height data, 
sample identification, sample weight, decay time to start of count, and counting 
period are readily transferred automatically to magnetic tape — before removal 
of the sample from the detector and replacement by the next sample. Various 
computer programs are in regular use for the processing of such taped pulse-height 
spectra. In general, they perform the operations of peak-searching, identification 
of the significant induced activities (from the observed photopeak energies), 
measurement of net photopeak areas (and the standard deviation of each), decay 
corrections, and comparison with similarly activated and counted standards of the 
various elements — to provide jug and mg/kg values of each detected element (along 
with its standard deviation). Many programs include tests for the singularity of 
each observed peak, and provision for resolving overlapping peaks into their 
components. Some programs also provide firm upper limits for the possible levels 
of undetected elements. 

Although automation of the INAA method can be and has been carried out, 
automation is not widely practiced. The reason is that most laboratories do not 
deal with sufficiently large numbers of samples of a similar nature, to be analysed 
for the same elements, to make construction of such automation equipment really 
worth while. However, partial automation through the use of an automatic 
sample changer to feed activated samples and standards to the spectrometer is 
more common. 

Similarly, various radiochemical-separation procedures can be and have been 
automated to reduce the manpower required to carry large numbers of activated 
samples through such separation procedures — which are often fairly time-
consuming. Again, however, in most laboratories the sample load of a given type 
is often not large enough to warrant the effort of devising and constructing an 
automated separation system. 

4.4. Equipment and analysis costs 

In general, NAA involves high equipment costs, but low or fairly low man-
power costs per analysis. The two main pieces of equipment are expensive — 
a suitable research-type reactor typically costing anywhere from US $300 000 to 
US $1 000 000, and a fully-equipped Ge(Li) gamma-ray spectrometer costing 
from US $35 000 to US $50 000. However, the operating costs of nuclear reactors, 
at least those operating in the 1012 to 1013 n • cm"2 • s"1 flux density range, are 
rather low, and the operating cost of a Ge(Li) spectrometer is very low. The per-
sample irradiation cost, where either samples are activated one at a time in a 
pneumatic-tube system (for about one minute each) or many samples are activated 
simultaneously for perhaps an hour, is typically in the range of US $1 to US $3. 
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For counting periods in the range of a minute to 10 min, the counting cost per 
sample is typically about US $1. Data handling may add an additional per-sample 
cost of US $1. The manpower involved may add a cost of anywhere from US $2 
to US $5 per sample. Thus, the total per-sample cost — in INAA — may typically 
be in the range of US $5 to US $10. This may result in quantitative results for 
from 1 to 5 elements, so the per-sample, per-element cost may only be from 
US$1 to US$10. 

Where pre-irradiation or post-irradiation radiochemical separations, pneumatic-
tube irradiations appreciably longer than one minute, multi-sample irradiations 
appreciably longer than one hour, and/or counting periods appreciably longer than 
10 minutes are necessary, the per-sample and per-element costs may, of course, 
be increased several- to many-fold. 

4.5. Analysis time 

For many elements NAA differs markedly from other methods of analysis 
with respect to the total time from the start of analysis to the final calculation 
of the results. This difference is because of one unique parameter it utilizes — 
the parameter of radioactive-decay half-life. For analyses involving only short-
lived species, not only is the time required for the analyses short (of the order of 
one to a few minutes per sample), but also the elapsed time to production of 
results is comparably short. Where longer-lived induced activities are to be 
measured, there are two main possibilities: (1) one in which post-irradiation 
radiochemical separations are used to optimize measurement of the elements of 
interest, and (2) one in which radioactive decay is used for the same purpose-
Procedure ( 1 ) increases the amount of time the chemist must devote to each 
sample, but keeps the time interval to production of results moderate — typically 
in the range of hours. Procedure (2) minimizes the amount of the chemist's time 
needed, but increases the time interval to production of results — typically to 
days, weeks, or even a month after the end of the irradiation. 

4.6. Pitfalls 

The NAA method, like most methods of elemental analysis, has some pitfalls 
into which an inexperienced analyst can stumble. However, for biological samples, 
such difficulties are minimal. For many minor and trace elements of interest, 
INAA can readily supply good and unambiguous, unbiased results with biological 
samples. With the use of radiochemical separations, the NAA method can readily 
determine many more biological trace elements with good absolute accuracy. 
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4.7. Special requirements 

These are very few. Essentially, the method is applicable to any kind of 
solid or liquid sample (or even gaseous samples, except that elemental analysis 
of gaseous samples is seldom of interest, and sample weight is greatly restricted 
by the low density of gases), to samples weighing from micrograms to grams, and 
for almost all elements — as mentioned earlier, the exceptions being only the 
elements H, Li, Be, B, C, N, O, P, T1 and Bi, and of these, P, T1 and Bi can be 
sensitively determined if radiochemical separations and ß~~ counting are employed. 
Also, as mentioned earlier, biological samples can be activated in their as-received 
form, in polyethylene, up to thermal-neutron fluences of about 1017 n • cm - 2 (i.e. 
for up to 1 h at a neutron flux density of 1013 n • cm - 2 ' s_1, or up to 10 h at 
1012 n • cm"2 , s"1), but irradiations to larger fluences generally require dry samples 
sealed in quartz ampoules. 

An important additional requirement is that, in most countries, activation 
analysis samples (after activation) are only permitted to be handled in laboratories 
that are licensed for work with radioactive material. 

4.8. Applicability of NAA to the analysis of four biological reference materials 

In Tables III, IV, V and VI, the applicability of the NAA method, in three 
illustrative forms of the method, to the analysis of four biological reference 
materials for the 28 trace elements of particular interest, is summarized. The 
three forms of the NAA method considered are (1) that involving post-irradiation 
radiochemical separation (or, for very short-lived induced activities, pre-irradiation 
chemical separation) of each element individually, (2) that involving only one 
illustrative group chemical separation procedure (to eliminate all the alkali metals 
and the halogens as well as phosphorus), and (3) that involving the purely instru-
mental procedure (INAA), with no chemical operations at all. The four biological 
reference materials considered are Bo wen's kale (Table III), NBS bovine liver, 
SRM 1577 (Table IV), IAEA animal muscle H-4 (Table V), and dried blood serum 
(Table VI). The assumed concentrations of the elements of interest are listed 
in Appendix I, Table A-I. 

The irradiation, decay and counting conditions used in the calculations are 
as follows: ( 1 ) irradiation at a thermal-neutron flux density of 1 X 1013 n ' cm - 2 " s~' 
for not more than 5 h, (2) zero decay for the individual-element separation case, 
and decay times ranging from 6 s to 500 h (about 21 d) for the group-separation 
and pure INAA cases, and (3) counting for not more than 100 min 2 cm above a 
typical Ge(Li) detector coupled to a multichannel pulse-height analyser (using 
a 2-cm-thick plastic ß-particle absorber). 

A recently developed computer program [16, 17] was used to calculate, 
using the at least approximately known elemental composition of each reference 
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TABLE III. ELEMENTS DETECTABLE BY NAA IN BOWEN'S KALE 

NAA with E lement NAA with Group 
E l e m e n t Separat ion Separat ion INA A. 

AS +++ +++ + 
B e - - -

Ca +++ +++ +++ 
Cd +-H- ++ -

Cl +++ R e m o v e d +++ 
Co H-H ++ + + 
Cr +++ ++ ++ 
Cu +++ +++ ++ 
F ++ R e m o v e d -

Fe +-H- ++ + + 

Hg +++ + + + +++ 
I +++ R e m o v e d -

K +++ R e m o v e d +++ 
Mg +++ +++ ++ 
Mn +++ + + + + + + 
Mo + + + +++ ++ 
Na + + + R e m o v e d +++ 
Ni +++ - -

P - R e m o v e d -

Pb + - -

Sb +++ -H-+ + + 
Se +-H- + + + + 

Si +++ - -

Sn +++ - -

TI - - -

U +++ ++ -

V +++ ++ + 
Zn + + + + + + ++ + 

No. +++ 23 9 7 
No. ++ 1 7 8 
No. + 1 0 2 
No. ? 0 0 0 
No. - 3 6 (+6 removed) 11 

With element separation and ß counting, P becomes +++ and TI becomes H 

material, the detailed approximate nature of the pulse-height spectrum resulting 
from the counting of the material for each of the various tj, td and t c values. 
Up through 100 min, the conditions used in the calculations were t j = t d= tc= 0.1, 
0.3, 1, 3, 10, 30 or 100 min. For tj = 300 min, tc was set at 100 min, and the 
calculations were performed for td values of 300, 1000, 3000, 10 000 and 
30 000 min. Thus, the 12 sets of conditions employed in the calculations cover 
the approximate optimum practical detection of induced activities ranging in 
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TABLE IV. ELEMENTS DETECTABLE BY NAA IN NBS BOVINE LIVER 

NAA with E l e m e n t NAA with Group 
E l e m e n t Separat ion Separat ion INAA 

A s +++ +++ ? 
Be - - -

Ca +++ ++ ++ 
Cd +++ + -

Cl +++ R e m o v e d +++ 
Co +++ +++ +++ 
Cr ++ + + 
Cu +++ +++ +++ 
F +++ R e m o v e d ? 

Fe +++ +++ +++ 
Hg +++ +++ +++ 
I +++ R e m o v e d + 
K +++ R e m o v e d +++ 
Mg +++ +++ + + 
Mn +++ +++ +++ 
Mo +++ ++ + + 
Na +++ R e m o v e d + - H -

Ni ++ - -

P - R e m o v e d -

Pb - - -

Sb +++ ++ + 
Se +++ +++ +++ 
Si ++ - -

Sn + + + - -

TI - - -

U +++ - -

V +++ ++ ? 
Zn +++ +++ +++ 

No. +++ 21 
No. + + 3 
No. + 0 
No. ? 0 
No. - 4 

9 10 
4 3 
2 3 
0 3 
7 (+6 removed) 9 

W i t h e l e m e n t s e p a r a t i o n a n d ß c o u n t i n g , P b e c o m e s + + + a n d T I b e c o m e s + + . 

half-life all the way from seconds to a few years. In the calculations, the sample 
size was set at that amount that would give a total counting rate of 5000 counts/s 
(in order to keep the analyser deadtime down to less than 10% and prevent 
spectrum distortion by pulse pileup) at the start of the counting period, or one 
gram maximum, if one gram gave a counting rate of less than 5000 counts/s. 

All (n,7) product radioisotopes of each of the 28 elements of interest (plus 
those from Al, Ba, Br, Rb, S and Sr) were considered, as well as all gamma rays 
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TABLE V. ELEMENTS DETECTABLE BY NAA IN IAEA ANIMAL MUSCLE H-4 

E l e m e n t 
NAA with E lement 

Separat ion 
NAA with Group 

Separat ion INAA 

A s -H-+ ++ + _ 
Be - - -

Ca +++ + + + + + 
Cd +++ + -

Cl +++ R e m o v e d +++ 
Co +++ +++ ++ 
Cr ++ + + + 
Cu +++ +++ ++ 
F ++ R e m o v e d -

Fe ++ ++ ++ 
Hg ++ + +++ +++ 
I +++ R e m o v e d -

K + + + R e m o v e d + + + 
Mg +++ +++ +++ 
Mn +++ +++ ++ 
Mo +++ ++ -

Na +++ R e m o v e d +++ 
Ni + + + ? -

P - R e m o v e d -

Pb - - -

Sb +++ ++ -

Se +++ +++ ++ 
Si ++ - -

Sn ++ - -

TI - - -

U +++ ++ -

V +++ ? -

Zn ++ + +++ +++ 

No. +-H- 19 9 6 
No. + + 5 5 6 
No. + 0 1 1 
No. ? 0 2 0 
No. - 4 5 (+6 removed) 15 

With element separation and ß~ counting, P becomes +++ and T1 becomes ++. 

p r o d u c e d b y e a c h o f t h e s e rad io i so topes . T h e program p r o d u c e s , f o r e a c h 
c o n d i t i o n , t h e var ious C o m p t o n c o n t i n u u m levels , C o m p t o n edges , p h o t o p e a k s 
and escape peaks in the resulting pulse-height spectrum. Taking into account the 
magnitude of the Compton level underlying each photopeak, it calculates the 
number of net photopeak counts, and its standard deviation, for each photopeak. 

In the Tables, the approximate best precision of detection of each element 
(for its best radioisotope product, and the best gamma-ray energy of that radio-
isotope, under the best of the 12 conditions used) is indicated for each of the 
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TABLE VI. ELEMENTS DETECTABLE BY NAA IN DRIED BLOOD SERUM 

NAA with E l e m e n t NAA with Group 
E l e m e n t Separat ion Separat ion INAA 

A s +++ +++ -

Be - - -

Ca +++ +++ ++ 
Cd + ++ ? -

Cl +++ R e m o v e d +++ 
C o +++ +++ + 
Cr ++ ? ? 
Cu +++ +++ ? 
F ++ R e m o v e d -

F e ++ ++ ++ 
Hg +++ +++ + + 

I +++ R e m o v e d -

K +++ R e m o v e d + 
Mg + + + +++ -

Mn +++ +++ -

Mo +++ ++ -

Na + + + R e m o v e d + + + 

Ni +++ ++ -

P - R e m o v e d -

Pb - - -

Sb ++ + +++ + + 

Se +++ +++ +++ 
Si ++ - -

Sn +++ + -

Tl - - -

U +++ + + + -

V +++ ++ + -

Zn +++ +++ +++ 

No. +++ 20 12 4 
No. ++ 4 3 4 
No. + 0 1 2 
No. ? 0 2 2 
No. - 4 4 (+6 removed) 16 

With element separation and ß counting, P becomes +++ and Tl becomes +• 

four biological reference materials, for the three forms of the NAA method shown. 
High-precision detection is indicated as +++, corresponding to a relative standard 
deviation of ~1% of the value; medium-precision detection as ++ (arei of ~10%); 
poor precision detection as + (orei of ~20-40%); borderline detection as ? 
(a re l o f - 5 0 - 1 0 0 % ) ; and undetected as - ( a r e l of >100%). 

Of the 28 elements of principal interest, three, namely Be, P and Tl, are not 
detected by NAA with gamma-ray spectrometry — as mentioned earlier. One 
additional element, Pb, although it does form a gamma-emitting (n,7) product, 
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0.80-second 207Pbm, has such a poor detection sensitivity that it is only detectable 
at all in one of the four materials (Bowen's kale), and then only via a pre-irradiation 
isolation of the element. 

At the other extreme, three elements (Na, CI and Zn) are measurable to 
high precision (+++) in all four materials even by INAA. In fact, of course, it is 
because of the high concentrations of Na and CI (especially in dried blood serum) 
and the resulting very high activity levels of 15.0-h 24Na and 37.3-min 38C1 that 
the INAA detection of many of the trace elements is made more difficult. Only 
after all of the 38C1 and almost all of the 24Na have decayed out, is it possible to 
detect very many trace elements in such materials by means of INAA — those 
then detected being elements that have longer-lived (n,7) products. This large 
influence of 24Na and 38C1 is of course eliminated if either the individual-element-
separation procedure or the group-separation (removing Na, K, Rb, Cs, F, CI, Br, 
I and P) procedure is used. Two other large activities, 17.6-min 80Br and 35.3-h 
82Br, also interfere considerably in the INAA of biological samples, until they have 
decayed out. 

When using the individual-element-separation procedure, it can been seen from 
Tables III—VI that of the 28 elements of interest the number of elements detectable 
to various precisions in these four materials are: 

Bowen's kale 23 +++ 1 ++ 1 + 0 ? 3 -
Bovine liver 21 +++ 3 ++ 0 + 0 ? 4 -
Animal muscle 19+++ 5 ++ 0 + 0 ? 4 -
Blood serum 20+++ 4++ 0 + 0 ? 4 -

With radiochemical separations and ß~ counting, phosphorus can also be 
precisely determined (+++) in all four of these materials. Similarly, T1 could also 
be precisely determined in Bowen's kale (+++) and to medium precision (++) in 
the other three materials. 

Similarly, with the group-separation procedure, the precisions are: 

Bowen's kale 9 +++ 7 ++ 0 + 0 ? 6 - 6 removed 
Bovine liver 9 +++ 4++ 2 + 0 ? 7 - 6 removed 
Animal muscle 9 +++ 5++ 1 + 2 ? 5 - 6 removed 
Blood serum 12+++ 3 ++ 1 + 2 ? 4 - 6 removed 

And, when using the purely INAA procedure, the precisions attainable are: 

Bowen's kale 7 +++ 8++ 2 + 0 ? 11 -
Bovine liver 10+++ 3 ++ 3 + 3 ? 9 -
Animal muscle 6 +++ 6++ 1 + 0 ? 15 -
Blood serum 4 +++ 4++ 2 + 2 ? 16 -
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Whereas, for these four materials, the average number of elements detectable 
to relative precisions of ±40% or better (i.e. +++, ++ and +) is about 24 when the 
individual-element-separation procedure is used, it is much smaller (namely, about 
14) when the purely instrumental NAA procedure is used. For the group-separation 
method, about 16 elements on the average are detectable to precisions within these 
limits, but three more (Na, K and CI) could of course also be measured quite readily 
by a preceding INAA measurement — bringing the total to 19 elements out of the 
28 of interest. 

In addition to the three elements not detected by any of the three INAA 
procedures (Be, P and TI), seven elements are not detectable by INAA in any of 
the four materials: Cd, F (except ? in bovine liver), Ni, Pb, Si, Sn and U - under 
the conditions considered. However, six of these seven (all except Pb) are detectable 
in all four materials by the individual-element-separation form of the NAA method. 

It should be noted that a number of additional elements are detectable by 
NAA in some or all of these four illustrative biological materials and other bio-
logical materials — besides the 24 elements out of the 28 of particular interest. 
These additional elements, depending upon the particular material and the condi-
tions used, include such elements as: 

Ag Al Au Ba Br Cs Ga Hf In Ir La Rb Ru S Sc Sr Ta Te Th W Zr 
and most of the rare-earth elements. 

4.9. Typical illustrations 

The application of three forms of the NAA method, under rather typical 
conditions, to the analysis of four biological reference materials has been con-
sidered in the previous section. Earlier, too, the basic nature of the purely instru-
mental form of NAA has been considered in sufficient detail for the purposes of 
this chapter. What remains is to here expand upon the radiochemical-separation 
(and pre-irradiation separation) methods — citing a number of the many different 
separation schemes that have been used to advantage. 

In many instances, researchers have been primarily interested in determining 
a single trace element in one or more kinds of biological matrices, and hence have 
developed highly specific separation schemes to isolate that element from all others. 
Notable examples are the determination of the manganese level in human blood 
serum by Cotzias et al. [18], the determination of iodine in blood serum by 
Comar and Le Poec [19], and the well-known series of studies on arsenic in hair 
by H. Smith and J.M.A. Lenihan. The very careful work on the determination of 
chromium in biological samples by J.O. Pierce, J.R. Vogt and co-workers is another 
good example. A method for the determination of vanadium in blood serum, 
involving pre-irradiation wet-ashing, followed by a rapid post-irradiation radio-
chemical separation of the induced 3.75-min 52V activity, was developed 
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by Lukens et al. [20]. Versieck et al. [21] have developed a radiochemical-
separation procedure to individually separate out the induced activities of three 
elements of interest in biological samples: Mn, Cu and Zn. The literature of 
NAA includes a large number of individual-element-separation schemes, of which 
the above are but a small sampling. It should be remarked that, once an element 
has been separated in a radio chemically pure state, it is often advantageous to 
count the sample on a gamma-ray spectrometer utilizing a Nal(Tl) scintillation 
detector instead of a Ge(Li) semiconductor detector. In such cases, the better 
energy resolution of the Ge(Li) detector is not needed, and the better detection 
efficiency of the Nal(Tl) detector is an advantage. For example, the photopeak 
counting efficiencies of a typical 7.6 X 7.6 cm (348 cm3) Nal(Tl) scintillation 
detector for gamma rays of energies of 100, 300, 600, 1000, 1500, 2000 and 
3000 keV are, respectively, about 26, 16, 8.3, 5.0, 3.5, 2.7 and 1.9% - whereas 
the corresponding values for a 40 cm3 Ge(Li) semi-conductor detector are only 
about 3.7, 1.8, 0.90, 0.33, 0.20, 0.14 and 0.12%, both for a 2 cm distance. Thus, 
the photopeak detection efficiency of the typical Nal(Tl) detector ranges from 
7 - 9 times better, for lower-energy gamma rays, to from 15-19 times better than 
for a 40 cm3 Ge(Li) detector, for higher-energy gamma rays. (This disadvantage 
of the Ge(Li) detector, however, is considerably offset by its better energy resolu-
tion, resulting in its photopeak counts for a given energy being spread over a much 
smaller number of channels in the pulse-height spectrum.) 

Many workers have developed radiochemical-separation schemes for biological 
samples based upon removal of the high level of induced 15.0-h 24Na activity as 
the first step in the procedure, following wet-ashing with carriers. For the removal 
of sodium, most workers make use of the procedure first developed by Girardi 
et al. [22], which involves adsorption of the sodium, from 8M HCl solution, on a 
column of specially prepared hydrated antimony pentoxide (HAP). The column 
eluate is then processed further, by various methods, for the determination of 
various trace elements of interest — usually by one or more group separations. 
In the separations, two other high-level induced activities (37.3-min 38C1 and 
17.6-min 80Br) are usually eliminated by decay and/or separation of the elements 
of interest by adsorption on a cation-exchange column — which also serves to 
eliminate the two other, longer-lived, interfering activities (14.3-d 32P and 35.3-h 
82Br). Recently, Guinn et al. [23] have used the HAP procedure as a pre-irradiation 
method for the removal of sodium from wet-ashed marine biological samples 
(using 8M HNO3 instead of 8M HCl) in the subsequently purely instrumental 
determination of vanadium (3.75-min 52V). 

In earlier multi-element studies of biological materials using group-separation 
procedures, Ge(Li) gamma-ray spectrometers were not available, and hence 
separations into a number of groups was necessary — to compensate for the much 
poorer energy resolution of the Nal(Tl) detectors that had to be used up to 
1965—1970. This necessity may be seen by a comparison of the energy resolutions 
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of typical Nal(Tl) (7.6 X 7.6 cm, 348 cm3) and Ge(Li) (40 cm3) detectors. At 
gamma-ray energies of 100, 300, 600, 1000, 1500, 2000 and 3000 keV, the 
resolutions (FWHM in keV) of a Nal(Tl) detector are, respectively, about 14.5, 
30.9, 48.0, 65.0, 82.5, 98.0 and 129 - whereas for the Ge(Li) detector the 
corresponding resolutions are typically about 1.7, 1.9, 2.1, 2.5, 2.9, 3.3 and 
4.2 keV. Thus, the resolution of such a Ge(Li) detector ranges from about 
8 - 1 6 times better at low energies to about 20 -30 times better than that of the 
Nal(Tl) detector at high energies, i.e. high-energy gamma-ray Ge(Li) photopeaks 
(1500-3000 keV).are only some 1 /28 to 1 /30 as wide as corresponding Nal(Tl) 
photopeaks. The superior resolution of Ge(Li) results in far fewer overlapping 
photopeaks in the pulse-height spectra of activated samples containing many activities 
than in corresponding Nal(Tl) pulse-height spectra. Some illustrative examples 
of the earlier use of NAA group radiochemical separations and Nal(Tl) gamma-
ray spectrometry are the determination of 22 trace elements in human heart and 
liver samples by Wester et al. [24] ; of 17 trace elements in samples of cancerous 
and non-cancerous human liver by Samsahl et al. [25], using an automated 
separation system; of 31 trace elements in samples of human heart and liver, and 
kale, by Samsahl et al. [26], again using an automated separation system; and of 
14 trace elements in dry samples of whole blood, wheat flour, potatoes, milk and 
oysters by Tjioe et al. [27] who used an automated separation system. Well-known 
purely instrumental NAA studies, using Nal(Tl) gamma-ray spectrometry, are the 
multi-element studies of human head hair by R.E. Jervis and A.K. Perkons. 

Illustrative similar group-separation biological NAA studies, but employing 
Ge(Li) gamma-ray spectrometry (in some cases also using Nal(Tl) gamma-ray 
spectrometry for somp of the measurements), are the determination of nine trace 
elements in kale by Van den Winkel et al. [28]; of 23 trace elements in samples 
of kidney, heart and kale by Morrison and Potter [29]; of 43 trace elements in 
samples of blood serum and liver by Mazière et al. [30], using a partially automated 
procedure; of 11 trace elements in dry samples of kale, bovine liver, animal bone, 
milk, potatoes and wheat flour by Steinnes [31]; of 15 trace elements plus various 
rare-earth elements in animal tissue samples by Gaudry et al. [32], using a partially 
automated procedure; of 24 trace elements in samples of human liver by Lievens 
et al. [33], using a partially automated procedure; of 23 trace elements in white 
blood cells by Schumacher et al. [34], using an automated procedure; and of 
10 trace elements in samples of Dover sole liver by de Goeij et al. [35]. Recently, 
D'Hondt et al. [36] have used a semi-automated radiochemical-separation proce-
dure to determine 17 trace elements in samples of IAEA animal muscle H-4 and 
human muscle. 

In these procedures, various methods have been used for the wet-ashing 
of the biological materials, e.g. H2S04 + H202 , HN0 3 + HF, aqua regia + H202 , 
HF + H202 , H2S04 + HNO3, conc. or fuming HN03 , and HN0 3 + HC104. In 
addition, dry-ashing is sometimes used: in a muffle furnace (if volatile elements 
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are not to be determined), or by plasma ashing or Schöniger combustion [28] 
if both volatile and non-volatile elements are to be determined. Particularly 
where certain volatile elements are of interest (e.g. Hg, As, Se), even the wet-
ashing procedures must be carried out under reflux. 

In the various separation systems used, a number of different procedures 
are combined. These include steps such as precipitation (e.g. of the rare-earth 
elements as the fluorides), ion-exchange (using either cation-exchange or anion-
exchange resins, or both), distillation (e.g. of Hg, Se, As and Sb as the bromides), 
complexing and solvent extraction, removal of sodium by HAP, etc. 

For the researcher seeking to ascertain the various NAA procedures that 
have been used to determine a particular element, or various elements, in general 
or in specific kinds of biological samples (e.g. blood, hair, nails, liver, kidney, 
heart, muscle, fish, marine mammals, leaves, urine, etc.), an invaluable aid is the 
NBS Activation Analysis Bibliography [15]. This covers the NAA literature 
quite thoroughly up to and including 1971, listing some 7 000 publications in 
this field. Especially useful is the cross-indexing system of the Bibliography, 
which enables one to make a rapid survey of the references listed according to 
element determined, matrix analysed, type of NAA procedure used, author, etc. 

Other single good sources of large numbers of NAA papers, including many 
on the analysis of biological samples, are the Proceedings of the five International 
Conferences on Modern Trends in Activation Analysis. These conferences have 
been held at Texas A&M University (College Station, Texas, USA) in 1961 and 
1965, at the US National Bureau of Standards (Gaithersburg, Maryland, USA) 
in 1968, at the French Saclay CEA laboratory (Saclay, Fran.ce) in 1972, and at 
the Technical University of Munich (Munich, Federal Republic of Germany) in 
1976. The complete papers from each of the conferences have been published in • 
the respective Proceedings. In addition, the papers from the 1972 and 1976 
conferences have also been published, in each case, in a series of issues of the 
Journal of Radioanalytical Chemistry. Other excellent sources of NAA papers 
are the Proceedings of a number of international symposia organized by the IAEA, 
i.e. the Proceedings of the Symposium on Radiochemical Methods of Analysis 
(1965), of the Symposia on Nuclear Activation Techniques in the Life Sciences 
(1967, 1972 and 1978), of the Symposium on Nuclear Techniques in Environ-
mental Pollution (1971), of a Research Coordination Meeting on Trace Elements 
in Relation to Cardiovascular Diseases (1973), of the Symposium on Comparative 
Studies of Food and Environmental Contamination (1974), and of the Symposium 
on Measurement, Detection and Control of Environmental Pollutants (1976). 
Additional good sources are the Proceedings of the 1971, 1974 and 1977 
International Conferences on Nuclear Methods in Environmental Research, held 
at the University of Missouri (Columbia, Missouri, USA). Another good conference 
proceedings is the one on L'analyse par Radioactivation et ses Applications 
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aux Sciences Biologiques, held at the French Saclay CEA laboratory. The pro-
ceedings were published by Presses Universitaires de France, Paris, France in 1964. 
Most of the papers in it are in English, despite its French title. 
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Chapter 8 

ATOMIC ABSORPTION SPECTROSCOPY 

G.F. KIRKBRIGHT 

1. INTRODUCTION 

During the past two decades since the introduction by Walsh [ 1 ] of a 
practical system which would allow quantitative analytical atomic absorption 
spectroscopy (AAS), the technique has become one of those most extensively 
employed for the determination of trace element composition of a wide variety 
of materials. The principal attractions of the technique of AAS for these 
purposes are the high attainable sensitivity for a wide range of elements and 
high selectivity for the analyte element sought. Instrumentation for AAS is 
relatively inexpensive and suitable for routine operation in most laboratories 
by operators who have undertaken only a small amount of basic training. 
Relatively few problems are encountered in the determination by AAS of 
trace concentrations of elements in dilute aqueous solutions. For matrices of 
biological origin, e.g. serum, urine, tissues, it is essential to ensure adequate 
attention to sampling, sample pretreatment and elimination or compensation 
for matrix effects if accurate and precise results are to be obtained by the 
technique. This chapter outlines the principles of operation of the technique, 
the main types of atom cell and other instrumental systems most frequently 
encountered in AAS applied to biological materials. Specific consideration is 
then given to the applicability of the technique to the determination of toxic and 
essential trace elements in selected matrices. The matrices considered are animal 
muscle (H-4), Bowen's kale, NBS bovine liver and human blood serum. 

2. THEORY 

The concepts relating to the processes of emission and absorption of 
radiation by atomic species can be explained simply. If energy is applied to a 
population of atoms produced in a suitable 'atom cell', say in the form of heat in 
a flame or electrically heated furnace, some of the atoms will be excited to higher 
energy levels. When these atoms eventually return to their lower energy levels, 
the energy acquired from the thermal source must be released. That portion of 
this released energy which appears as radiation is the emission spectrum of the 
atom and is characteristic of the particular atomic species. External provision 
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of thermal energy to atomic vapour and monitoring of the emission spectrum 
observed forms the basis of the well-known technique of atomic emission 
spectroscopy (AES) which is still widely employed using arc, spark, flame and 
plasma discharge sources. 

Not only will thermal energy excite a particular atom to emission, but 
light energy whose wavelength is equivalent to the energy required to raise an 
electron from one energy level within the atom to another of higher energy will 
perform the same function. It has been known since the early part of the 
19th century that any species which can be excited to emit radiation at a 
particular wavelength will also absorb radiation at that wavelength. This property 
forms the basis of the technique of AAS which allows the measurement of the 
concentration of species in an atomic vapour capable of absorption of radiation 
at a particular well-defined wavelength. 

If a beam of monochromatic parallel rays of frequency V and intensity I0 

is incident upon an absorbing atomic vapour of thickness '1' capable of absorbing 
at frequency V , its intensity will be reduced and the transmitted intensity I may 
be written 

where kv is the absorption coefficient of the medium for light of frequency v. 
For dilute atomic vapours the intensity of the transmitted light shows a 

frequency distribution similar to that shown in Fig. 1. From this figure and 
from Eq.(l), kv can be obtained as a function of frequency v. Figure 2 shows 
a typical curve of kv versus v. It is clear that kv exhibits a sharp maximum at a 
certain frequency v0 and that it decreases to zero only at a finite distance from 
v0 . Around the central frequency v0 the curve thus presents a finite width; the 
distance between the two points where kv has fallen to one-half of its maximum 
value, k 0 , is called the half-width of the absorption line and is denoted by Av. 
The reasons for which kv presents such a width are beyond the scope of this 
discussion; the reader is referred to more comprehensive texts which deal with 
relevant broadening processes in some detail as they relate to AAS [2 — 5]. 

For a particular absorption frequency, whatever the physical processes 
responsible for the broadening of an atomic absorption line may be, it may be 
shown [1 ] that the integral of the absorption coefficient, taken over the region 
where kv is not zero, is proportional to the number N by unit volume of 
absorbing species: 

I = I0 exp ( - kvl) (1) 

J kvdv = KN (2) 

The proportionality coefficient K depends on quantities related to the 
absorption line and not upon N. 
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FIG.l. Variation of transmitted intensity with frequency for absorption of monochromatic 
radiation of frequency V by a dilute absorbing atomic vapour. 

FIG.l. Variation of absorption coefficient ky with frequency for absorbing atomic vapour. 

This integral is termed the integrated absorption and would provide a 
method for measurement of N if the integrated absorption could be measured. 
Measurement of this integrated absorption, however, is difficult to achieve in 
practice. 

A more practical way in which to obtain N from absorption measurements 
consists of measuring the absorption coefficient k0 at the centre of the absorption 
line. k0 may be expressed as a function of the integrated absorption and of the 
half-width, Av: 

where b is a numerical factor which varies slightly with relative importance of 
the physical processes which are responsible for the broadening of the line. 

Thus, if Av is independent of N, k0 is proportional to N in the same way 
as the integrated absorption (Eq.(2)) as from Eqs (2) and (3) 

V 

2 
k0 = b • —— kvdv 

Av (3) 

k 0 = b -
_2_ 
Av 

• K N (4j 
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FIG.3. Schematic representation of principle of operation of atomic absorption spectroscopy. 
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FIG.4. Single-beam atomic absorption spectrometer. 

Relative values of N can be obtained by measuring k 0 ) i.e. I0 and I for the 
central frequency of the line v0. From Eqs (1) and (4) it is clear that a plot of 
log I0 /I (the absorbance) against N will be rectilinear. Establishment of a curve 
of growth (or calibration curve) in this way forms the basis of the quantitative 
analytical technique of AAS. 
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The above brief outline of the fundamental theory of AAS ignores many 
factors which are important in a full understanding of the fundamental processes 
involved and assessment of some of the basic advantages and limitations of the 
technique. Many excellent texts are available which will provide deeper insight 
into these processes and effects [1—7]. 

In practice the most elegant way in which to measure the absorption 
coefficient at the line centre is to employ the Walsh peak absorption method [5]. 
This method measures k0 , the peak absorption coefficient at the central wave-
length of the line, employing a sharp line spectral source (normally a hollow 
cathode lamp) of the element of interest. Provided that the emission Une profile 
from this source at the wavelength employed is narrow relative to the correspond-
ing absorption line profile, the absorbance (log I0/I) at this wavelength provides 
a direct linear relationship with N, the number of absorbing species per unit 
volume in the absorption cell. 

Figure 3 illustrates the mode of operation of the technique of AAS using a 
sharp Une atomic spectral source. The spectrum of the element under study is 
emitted from a hollow cathode lamp. In the atom cell (flame or other device for 
sample atomization) a portion of the ground state line intensity, corresponding 
to the concentration of this element, is absorbed. Lines from the source which 
do not occur in absorption (higher excited state lines) are not attenuated. After 
dispersion of the light in a monochromator, the resonance line is separated by the 
exit slit and all other lines are prevented from reaching the detector. The 
detector sees only the resonance line whose attenuation by the analyte atoms 
in the sample introduced into the atom cell is then displayed. 

3. INSTRUMENTATION AND TECHNIQUES 

The basic construction of a simple atomic absorption spectrometer is shown 
schematically in Fig.4. The most important components are the spectral source (A) 
which emits the spectrum of the element of interest; an atom cell (B), usually a 
flame or graphite furnace, in which the atoms of the sample are formed by 
thermal dissociation; a monochromator (C) for the spectral dispersion of the 
source radiation and an exit slit for selection of the wavelength of the analyte 
resonance line; a detector (D), normally a photomultiplier tube, to permit 
measurement of the radiation intensity at the resonance line, and (E) an amplifier 
and display system for recording of the absorption values. To eliminate any 
possible interference from flame emission virtually all modern AAS systems 
operate using a chopped or modulated spectral lamp to provide an a.c. light 
source whose intensity can be monitored and discriminated from d.c. flame 
radiation employing a tuned a.c. amplifier after the photomultiplier detector. 

Many modifications and refinements to the basic system outlined above 
are found in commercially available spectrometers for AAS. Two of the most 
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FIG.5. Double-beam atomic absorption spectrometer. 
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FIG. 6. Single-beam atomic absorption spectrometer with background correction using a 
deuterium hollow cathode lamp. 

important of these are (a) the use of double-beam systems (Fig.5), which provide 
for higher stability of operation, and (b) the provision of background correction 
facilities employing a continuum source to correct for non-atomic background 
absorption. The mode of operation of this type of system, which is highly 
desirable in the use of AAS for the examination of biological materials using 
graphite furnace atomization, is shown in Fig.6. Radiation from the atomic 
spectral line source (usually a hollow cathode lamp) of the analyte element and 
from a source which emits a continuum in the UV-visible region (either a 
deuterium or hydrogen hollow cathode or arc) is passed alternately through the 
atom cell containing the sample vapour. Absorption of the continuum radiation 
over the relatively broad spectral band-pass of the monochromator by the narrow 
absorption band of the analyte atoms is insignificant but radiation from both 
sources is absorbed strongly in the presence of non-specific (non-atomic) absorp-
tion due to absorbing molecular species or scatter from particulate material in 
the atom cell. The double-beam circuitry in the detector readout system may 
thus be used to compensate automatically for changes in background absorption. 

3.1. Atom cells for AAS 

The two principal types of atom cell employed in AAS to provide thermal 
energy for sample vaporization and atomization are the premixed flame and the 
electrothermal atomizer. The atom cell chosen for a particular determination will 
depend on consideration of the required sensitivity and determination limit, 
occurrence of interference effects from the matrix elements, extent of sample 
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preparation required, speed, precision and available sample mass or volume. The 
following brief discussion of sample introduction techniques and atom cells is 
presented specifically from the viewpoint of the use of AAS for the examination 
of biological materials; reference should be made to the more detailed discussion 
of these techniques and devices presented in standard texts and reviews [6—8], 

3.1.1. Sample introduction with premixed flames 

There are four principal ways in which atomic absorption spectroscopy with 
flame atom cells may be utilized with liquid samples: 

(a) with direct nebulization of aqueous samples using a pneumatic 
nebulizer-spray chamber system; 

(b) with direct pneumatic nebulization of sample solutions after pre-
concentration of the analyte element(s) by solvent extraction; 

(c) with the 'boat-in-flame' or Delves cup technique; 
(d) with generation of the gaseous hydride of the analyte element(s) and 

introduction of this into a hydrogen-based diffusion flame. 

The preferred technique will usually depend primarily upon the concentra-
tion of the analyte in the prepared sample solution (digest) and the sample 
volume available. 

(a) Direct pneumatic nebulization of aqueous sample solutions 

Direct aspiration of prepared aqueous sample solutions by the air or oxidant 
gas supply to the flame using the type of pneumatic nebulizer and spray chamber 
assembly routinely employed in all commercially available AAS spectrometers is 
probably the simplest technique in flame AAS and is in widespread usage. The 
flames most commonly employed are (1) the premixed air-acetylene flame for 
elements which are relatively easily atomized, such as Na, Mg, Cd and Zn, and 
(2) the hotter premixed nitrous oxide-acetylene flame; this is generally only 
employed for the determination of those elements whose oxides are thermally 
too stable to be dissociated in the air-acetylene flame, but can be atomized 
effectively in the reducing environment of the fuel-rich nitrous oxide-acetylene 
flame, such as Be, Mo and V. 

Flame AAS may be employed successfully for the direct determination of 
the most commonly encountered major elements in biological materials 
(Ca, Mg, Na and K) and can be used in some cases also for the determination of 
some trace elements for which the technique exhibits high sensitivity (e.g. Zn). 
For solution samples of low dissolved solid content, direct flame AAS with 
pneumatic nebulization is capable of good precision ( 1 - 2% or better) and allows 
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relative freedom from matrix effects. The minimum sample volume required 
per analysis is usually 3 to 5 ml. 

(b) Direct pneumatic nebulization after preconcentration by solvent extraction 

This procedure has been widely used in flame AAS of biological materials 
(particularly urine and tissue digests). In a typical procedure, the analyte 
element to be determined is extracted in the form of its chelate complex with a 
suitable organic chelating agent into an organic solvent such as ethyl acetate or 
methyl iso-butyl ketone (MIBK). Pretreatment of samples by this type of 
procedure can result in increased sensitivity and selectivity. By extraction from 
a relatively large volume of aqueous sample solution into a smaller volume of 
organic solvent a preconcentration of the analyte(s) is achieved; in addition the 
nebulization efficiency for organic solvents with conventional pneumatic 
nebulizer-spray chamber assemblies may be substantially greater than for aqueous 
solutions. Thus, preliminary solvent extraction of the analyte(s) can allow the 
determination of elements which are present in the original solution at concen-
trations too low for direct determination by flame AAS. Additionally, greater 
freedom from condensed phase and vapour phase interferences caused by 
matrix elements may be obtained in procedures where the analyte(s) is separated 
at the solvent extraction step from bulk components such as Ca, Na, Cl", PO4" 
and organic matter. The most widely employed chelating reagents for these 
extractions applied to biological materials are sodium diethyldithiocarbamate 
(NaDDTC) and ammonium pyrrolidine dithiocarbamate (APDC); methyl 
iso-butyl ketone is extensively employed as an appropriate organic solvent. 

(c) Boat-in-flame or Delves cup technique 

These techniques employ devices which permit the efficient introduction of 
small liquid samples (10—100 jul) into the flame used for atomization. The liquid 
sample is placed in a cup or 'boat' (nickel, stainless steel, tantalum or molybdenum), 
dried in the edge of a premixed flame (usually air-acetylene) and then inserted 
into the hot interzonal part of the flame. The sample is vaporized and the analyte 
atomic absorption recorded during the time that the sample takes to vaporize 
completely. A transient absorption signal is thus obtained whose peak height 
(and/or area) is proportional to the mass of analyte element introduced in the 
sample cup. In the Delves cup technique, the analyte and sample vapour leave 
the cup and enter a cylindrical cell, fabricated of ceramic or silica, also placed 
higher in the flame. The radiation from the hollow cathode lamp source passes 
along the axis of this tube. These devices permit high sensitivity to be obtained 
using only small samples by increased sample transfer efficiency to the flame 
compared with pneumatic nebulization; in addition, in the Delves cup technique 
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the greater residence time of the analyte atoms in the long cylindrical cell yields 
additional signal enhancement. 

These techniques are most effective for the determination of elements such 
as Ag, As, Cd, Hg, In, Pb, Se and TI which are relatively volatile and easily 
vaporized at the temperature achieved in the cup (somewhat less than the flame 
temperature). The entire sample atomization process is usually complete within 
only a few seconds after insertion of the boat into the flame and the amplification 
and recorder system employed in the AAS system must, therefore, have a fast 
response time ( < 1 s). Interference effects may be more pronounced with these 
devices than in a flame with pneumatic nebulization. The Delves cup technique 
has found widespread application for the determination of Pb in blood [9—14]. 

(d) Gaseous hydride generation technique 

In this technique aqueous sample solutions are treated with a suitable 
reducing agent (usually sodium borohydride) after acidification to generate the 
volatile covalent hydride of the analyte element(s). The hydrides are then swept 
out of the hydride generation cell on a stream of inert gas (usually argon) into 
an argon-hydrogen diffusion flame or an electrically heated silica tube for the 
atomization and determination by AAS of the element concerned. The 
technique is most commonly used for the determination of As and Se but may 
also be applied in the determination of Sb, Bi, Ge, Sn and Te. High sensitivity 
may be achieved by this technique as high transient concentration of hydride per 
unit volume of the flame gas may be achieved during the generation process 
provided that this is rapid and efficient. This technique also may achieve a 
separation of thé analyte from the matrix elements and allow greater freedom 
from interference effects caused by non-specific background absorption. Certain 

' elements, however, may cause interference by reduction of the efficiency of 
hydride liberation; the presence of copper, for example, results in serious inter-
ference in the determination of Se due to formation of copper selenide in the 
reduction process on addition of the sodium borohydride reagent. 

A similar technique, although not involving the generation of a hydride, 
is found in the determination of mercury by the 'cold-vapour technique'. The 
unique properties of mercury, that it is the only metal exhibiting appreciable 
vapour pressure at room temperature, has a monatomic vapour and that it does not 
react readily with atmospheric oxygen, facilitate its determination by AAS 
without recourse to flame or other heated atom cell techniques. Stannous 
chloride may be added to sample solutions to reduce mercury to elemental form; 
air is then passed through the solution to sweep the vapour into a silica absorption 
cell for AAS. Organic material may be destroyed by oxidation (usually with 
KMn0 4) before reduction of mercury for absorptipn measurement. Digestion 
with KMn04 /H2 S0 4 may release both inorganic and organically bound mercury. 
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This type of method has been reviewed by Manning [15] and has found wide-
spread application to the determination of mercury in biological samples [16]; 
simple accessory equipment for the technique is available from all AAS instrument 
companies. 

3.1.2. Electrothermal atomization 

This technique has achieved great impact on trace analysis of biological 
materials by AAS. Small liquid samples (5 - lOjul) are transferred directly to an 
electrically heated graphite (or tantalum) rod, ribbon or tube. The solvent is 
removed by heating at a low temperature (ca. 100°C), the organic matter is 
destroyed by ashing at a preselected elevated temperature (ca. 400 - 900°C) and 
the residual material containing the analyte element is vaporized (atomized) at 
high temperature (up to 3000°C) and the absorption measured at the analyte 
wavelength. Most commercially available AAS systems now offer some form 
of graphite tube device. The applications of this type of system to biological 
materials have continued to attract attention at an increasing rate. 

Advantages of the use of electrothermal AAS include: 

(a) small sample size (5 — 10/il); 
(b) high sensitivity (usually 102 or better in concentration terms than flame 

methods, i.e. ng or pg absolute weight sensitivity); 
(c) ease of operation, safety. 

Disadvantages include: 

(a) matrix effects more prevalent than with flames; 
(b) simultaneous multi-element analysis not possible; 
(c) analysis time per sample slower than flame methods. 

The single most attractive feature of the technique is the high absolute 
(weight) and relative (concentrational) sensitivity which may be attained. The 
sensitivity is great enough for many elements to allow their direct determination 
in biological samples (blood,urine, tissue digests). The single biggest difficulty 
is concerned with the occurrence of matrix effects and their recognition, control 
or suppression. For real samples, particularly where complex matrices are 
present, automatic background correction (D2 corrector) is an essential require-
ment. Suitable in-situ sample pretreatment by controlled ashing of organic 
matter is also essential. Electrothermal atomizers have also been employed using 
direct sampling of solids rather than solution samples. Reference should be made 
to the literature reviews concerned specifically with the application of electro-
thermal atomization devices to biological materials (e.g. Ref.[19-24]). 
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3-2. Preliminary sample preparation 

Although the technique of AAS may in some cases be applied directly 
using solid samples of biological materials, for example the direct determination 
of trace elements in finger-nails and hair by electrothermal atomization [28, 29], 
the majority of trace element determinations in biological material by AAS are 
undertaken with liquid samples. These may either be untreated or pretreated 
samples of biological fluids, such as blood, serum or urine, or digests obtained 
after dissolution of solid samples such as muscle tissues or plant materials. 

3.2.1. Fluid samples 

The two most commonly encountered fluid samples of biological origin 
whose analysis is often required by AAS are blood (or blood serum) and urine. 
These samples may normally be used directly and introduced into both flame 
and electrothermal atom cells after dilution and the addition of any necessary 
reagents to suppress interferences etc., if appropriate. Thus, major elements 
(Na, K, Ca, Mg) may be determined by direct flame AAS after 1:20 or 1:50 dilution 
with distilled water. For Ca and Mg 1% sodium EDTA, 0.5% lanthanum in 
hydrochloric acid or 0.25% strontium must be added to suppress phosphate 
interference in the air-acetylene flame. Although protein does not interfere in 
the determination of Ca and Mg when using a good nebulizer-burner system at 
the high sample dilution and in the presence of lanthanum, some workers have 
obtained better reproducibility with deproteinized samples. Precipitation with 
trichloroacetic acid is normally employed for deproteination. Na and K are 
normally determined directly after 1:50 dilution of the serum and using an 
air-hydrogen flame. If an air-acetylene flame is employed the sodium content 
of the potassium standard solution must be approximately matched to that in the 
samples (to control ionization interference). Electrothermal atomization is not 
usually suitable for the determination of Na, K, Ca and Mg in serum as high 
dilutions are necessary and the required precision and accuracy are difficult to 
achieve. Fe, Cu and Zn are present in similar concentrations in serum 
(ca. 1 mg/1) and can be determined directly by AAS in the air-acetylene flame. 
Zn can be determined against aqueous standards using 1:5 diluted serum and 
undiluted or 1:2 diluted urine. The determination of Fe and Cu presents some 
problems as the attainable sensitivity for these elements is poorer than for Zn. 
The high viscosity of blood serum prevents the use of aqueous standards; the 
use of high dilutions, however, is not possible due to loss of sensitivity and 
precision. Some workers therefore prefer to use deproteination or solvent 
extraction separation; careful control of experimental conditions is thus 
required and the technique is relatively slow. A number of workers prefer the 
direct technique and overcome the viscosity problem by diluting the serum 
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1:2 with water and matching the viscosity of the standard solutions with,a 
commercially available synthetic plasma expander [25]. However, this procedure 
can only be employed for Fe when a reliable haemolysis can be carried out 
after the sample has been taken. Haemolytic sera can only be determined with 
reasonable reliability after deproteination. The direct method often gives high 
results for Fe in serum compared with other techniques. The determination of 
Fe and Cu in undiluted urine has no problems; samples are normally acidified 
with sulphuric acid before nebulization. 

The graphite furnace electrothermal atomizer may be employed for Fe, Cu 
and Zn. Only microlitre samples are required. Most workers prefer a micro-
deproteination procedure for Fe in serum; this gives good results even with only 
20 pi serum samples [26, 27]. Cu in serum and Fe and Cu in urine can be deter-
mined by electrothermal AAS directly or after dilution with water. Zn is relatively 
volatile and preatomization losses in electrothermal AAS may result in low results 
unless a suitable reagent is added to assist thermal decomposition; nitric acid or 
lanthanum have been employed for this purpose. Pre-ashing of samples may also 
be used to minimize problems in the determination of Zn in serum. 

Other trace elements in serum are generally only determinable by flame AAS 
after extensive sample pretreatment to effect preconcentration or to remove 
interference effects or to do both. Mn, however, is present in blood serum at 
sufficiently high concentrations to allow direct flame AAS determination after 
1:2 dilution with water. Ni and other elements (Co, Mo, Bi, Cd, Pb, Hg) are 
better determined by flame AAS after solvent extraction with APDC into MIBK. 
Electrothermal atomization techniques may be employed for the direct deter-
mination of the elements AI, Cr, Mn and Ni. Some problems are encountered 
with the use of this technique for the determination of elements of high volatility 
such as Hg, As, Se and Cd. Preatomization losses during the ashing of organic 
material in the furnace must be minimized or eliminated; this may be accomplished 
in some cases by the application of matrix modification techniques in which the 
analyte element is converted into a bound form of lower volatility. An example 
of this is the stabilization of mercury by the addition of ammonium sulphide to 
the sample in the furnace or the addition of Ni or Cu to stabilize As and Se. 

Mercury is usually determined by the 'cold vapour technique' after reduction 
with tin(II) chloride. Several different sample preparation procedures have been 
used for this determination including allowing the sample to stand for several 
hours in a mixture of sulphuric acid and potassium permanganate, digestion in 
chromic acid or digestion in a mixture of nitric acid and perchloric acid (see 
Ref.[15]). 

The sample preparation procedures employed in the Delves cup technique 
for the determination of Pb in blood or serum are relatively simple. The sample 
may be dried in the nickel cup and treated with hydrogen peroxide or merely 
dried and the cup introduced directly into the flame; some procedures employ 
nitric acid or aqua regia rather than hydrogen peroxide before atomization. 
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3.2.2. Solid samples 

The solid samples of principal interest for the purposes of this discussion are 
animal tissues and plant materials. With the exception of a few reports of direct 
solid sample analysis using graphite furnace electrothermal atomizers, such as the 
determination of Mg, Cu, Fe, Zn, Mn, Pb and Ag in hair [28] and Cu in finger-
nails [29], most AAS procedures for solid biological materials require destruction 
of organic matter by wet- or dry-ashing before flame or electrothermal deter-
mination. Dry-ashing can be successfully employed as long as care is taken to 
control conditions to minimize ions of the more volatile elements; wet-ashing 
is generally preferred for biological materials and a variety of acid mixtures have 
been recommended for such digestion procedures. Care must be taken that the 
reagents employed are sufficiently pure to ensure that they do not contaminate 
the sample digest with high levels of the analyte element(s) and lead to unaccept-
able 'blank' values. Chapter 6 should be consulted for a discussion of ashing and 
digestion techniques and reagents employed for biological materials. 

Apart from conventional wet- and dry-ashing procedures for tissue samples 
which are applied before the determination of analyte elements by AAS, a number 
of novel digestion methods have been recommended which may offer advantages. 
Tölg and co-workers [30] examined a modified 'cold combustion' with activated 
oxygen for tissue samples of less than 1 g and trace elements in the nanogram 
range; less than 2% loss of volatile elements such as Se and Hg by this technique 
was obtained. These workers also examined digestion of tissue samples under 
pressure in a PTFE vessel with nitric acid and also obtained only minimal loss of 
volatile elements [31]. Similar digestions have been described in a number of 
other reports [32, 33], 

The room-temperature digestion of tissue using the quaternary ammonium 
hydroxide (Soluene 100) has been successfully employed by a number of 
workers [34, 35]. In a comparison of this technique with pressure digestion, 
Lutyen and co-workers [36] found, for example, that brain tissue could be 
digested better with quaternary ammonium hydroxide while fish tissue was 
better digested with acid under pressure. 

Both wet- and dry-ashing procedures have commonly been employed before 
AAS for plant materials. Schramel [37] determined eight trace elements in 
Bowen's kale after wet-ashing with H 2 S0 4 /H 2 0 2 and employed graphite tube 
furnace AAS. Giron [38] reported no significant difference between dry- and 
wet-ashing with HN03/HC104 for the determination of a number of elements 
in plants, only the precision was better with dry-ashing. Robles and Lachica [39] 
compared wet-ashing (with HN03/HC104 ) with three simple extraction proce-
dures employing HN03/HC1, HCl alone and HC1/HF respectively to remove 
silicic acid. The last procedure gave the highest values for Fe, Cu, Mn and Zn. 
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4. APPLICABILITY OF THE METHOD 

4.1. Sensitivity and detection limits 

The sensitivity attainable for the determination of an element by AAS with 
given instrumentation is defined as the concentration of the element (usually in 
ppm, jug • ml"1 or mg • l"1 in aqueous solution) which produces a 1% absorption 
signal (0.0044 absorbance) under optimal experimental conditions. The sensitivity 
value depends primarily on the absorption path length and the efficiency of 
nebulization and atomization in the atom cell. This sensitivity defines the slope 
of a linear calibration graph of absorption against concentration and hence it is 
frequently used when a knowledge of the required analyte concentration range 
in sample and standard solutions is needed. The achievable 1% absorption 
sensitivities for particular elements remain fairly constant between well-designed 
instruments of the same type. Some values obtained for different elements by 
flame AAS with a typical commercial instrument are shown in Table I. For 
analytical work a disadvantage of using the 1% absorption sensitivity is that it 
yields no information about the achievable precision or the minimum concentra-
tion that may be determined or detected. 

Adequate analytical precision may be obtained with modern AAS instruments 
for many elements at solution concentrations that produce less than 1% 
absorption. The detection limit defines the lowest detectable concentration of 
the analyte in the sample solution. This may be defined as that concentration 
of the element that produces an absorption signal equivalent to twice the 
standard deviation in the noise fluctuation of the background (zero absorption) 
signal under the experimental conditions employed. Some workers also use a 
definition of the detection limit based on the analyte concentration required to 
produce an absorption signal-to-background noise ratio of 2; at this limit the 
relative standard deviation in the analysis is 0.5. Typical detection limits 
obtainable in flame AAS for different elements with a commercial double-beam 
system are shown in Table I. 

4.2. Precision and accuracy 

The reproducibility of analytical absorption signals in flame AAS for 
repetitive introduction of liquid samples can frequently be better than 1%, i.e. a 
relative standard deviation of 0.01. For electrothermal atomization, even with 
simple aqueous or organic solvents manually introduced repetitively into 
graphite tube furnaces, it is usually difficult for a skilled operator to achieve 
better than 3% reproducibility, i.e. a relative standard deviation of 0.03. With 
automated sampling systems recently introduced for AAS with electrothermal 
atomization, however, this may be improved considerably (to relative standard 
deviation values as low as 0.005). 
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TABLE I. SENSITIVITIES AND DETECTION LIMITS IN FLAME 
AAS OBTAINED WITH A COMMERCIAL ATOMIC ABSORPTION 
SPECTROMETER 

Element Wavelength Reciprocal Detection Flame 
sensitivity limit 

nm mg/1 1% mg/1 

Ag 328.1 0.06 0.002 Air/C2H2 

Al 309.3 1.0 0.02 N2O/C2H2 

As*) 193.7 0.15 0.02 Argon/H2 (diff.) 
0.8 0.15 Air/C2H2 

Au 242.8 0.25 0.01 Air/C2H2 

B 249.7 40 2.0 N2O/C2H2 

Ba 553.6 0.4 0.01 N2O/C2H2 

Be 234.8 0.03 0.002 N2O/C2H2 

Bi 223.1 0.4 0.003 Air/C2H2 

Ca 422.7 0.05 0.001 Air/C2H2 

Cd 228.8 0.03 0.002 Air/C2H2 

Co 240.7 0.2 0.01 Air/C2H2 

Cr 357.9 0.1 0.003 Air/C2H2 

Cs 852.1 0.5 0.05 Air/C2H2 

Cu 324.7 0.1 0.001 Air/C2H2 

Dy 421.2 0.7 0.05 N2O/C2H2 

Er 400.8 0.9 0.04 N2O/C2H2 

Eu 459.4 0.6 0.02 N2O/C2H2 

Fe 248.3 0.2 0.01 Air/C2H2 

Ga 287.4 2.2 0.1 Air/C2H2 

Gd 407.9 17 1.2 N2O/C2H2 

Ge 265.1 2.5 0.2 N2O/C2H2 

Hf 286.6 15 2 N2O/C2H2 

Hg 253.7 10 0.2 Air/C2H2 

Ho 410.4 0.7 0.04 N2O/C2H2 

In 304.0 1.0 0.02 Air/C2H2 

Ir 264.0 10 1 Air/C2H2 

K 766.5 0.05 0.001 Air/C2H2 

La 550.1 45 2 N2O/C2H2 

Li 670.8 0.05 0.0003 Air/C2H2 

Lu 336.0 7.5 0.7 N2O/C2H2 

Mg 285.2 0.01 0.0001 Air/C2H2 

Mn 280.1 0.1 0.002 Air/C2H2 

Mo 313.3 0.6 0.02 N2O/C2H2 

Na 589.0 0.015 0.0002 Air/C2H2 

Nb 334.3 40 2.0 N2O/C2H2 

Nd 463.4 10 1.0 N2O/C2H2 

Ni 232.0 0.1 : 0.002 Air/C2H2 

Os 290.9 1 0.1 N2O/C2H2 

P 213.6 300 100 N2O/C2H2 

Pb 283.3 0.7 0.01 Air/C2H2 
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TABLE I (cont.) 

Element Wavelength Reciprocal Detection Flame 
sensitivity limit 

nm mg/1 1% mg/1 

Pd 247.6 0.3 0.02 Air/C2H2 

Pr 495.1 25 5. N2O/C2H2 

Pt 265.9 2.0 0.1 Air/C2H2 

Rb 780.0 0.1 0.002 Air/C2H2 

Re 346.0 15 1 N2O/C2H2 

Rh 343.5 0.5 0.005 Air/C2H2 

Ru 349.9 0.5 0.1 Air/C2H2 
Sb 217.6 0.5 0.04 Air/C2H2 

SC 391.2 0.4 0.02 N 2 0/C 2 H 2 

Se*) 196.1 0.25 0.1 Argon/H2 (diff.) 
0.5 0.2 Air/C2H2 

Si 251.6 1.5 0.02 N2O/C2H2 

SM 429.7 10 2 N2O/C2H2 

Sn 224.6 1.1 0.02 Air/H2 

2.5 0.5 Air/C2H2 

Sr 460.7 0.15 0.002 N2O/C2H2 

Ta 271.4 20 1 N2O/C2H2 

Tb 432.6 7.5 0.6 N2O/C2H2 

Tc 261.5 3 Air/C2H2 

Te 214.3 0.7 0.05 Air/C2H2 

Ti 364.3 2 0.05 N2O/C2H2 

TI 276.8 0.5 0.02 Air/C2H2 

Tro 371.8 0.35 0.01 N2O/C2H2 

U 351.5 50 30 N2O/C2H. 
V 318.4 2.0 0.05 N2O/C2H2 

w 400.9 15 1 N2O/C2H2 

Y 410.2 1.8 0.1 N2O/C2H2 

Yb 398.8 0.1 0.005 N2O/C2H2 

Zn 213.8 0.02 0.001 Air/C2H2 

Zr 360.1 10 1 N2O/C2H2 

* Measured with an electrodeless discharge lamp. 

It is usually more relevant, however, to consider the reproducibility of the 
complete analytical procedure, i.e. to include random errors associated with the 
sampling process, sample preparation, pretreatment and AAS determination. 
Under these conditions the attainable reproducibility in both flame and electro-
thermal AAS may vary widely depending upon the element(s) determined and 
the sample type. For major element determinations (e.g. Na, Ca) the required 
relative standard deviation (RSD) of the complete analytical procedure is 
usually low as their precise determination is frequently important; fortunately 
in flame AAS with careful sample preparation RSD values of not greater than 
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O.Ol — 0.02 are realizable for these elements. For trace element determinations 
it is usually possible to relax the requirements of high precision and RSD values 
of 0.1 are frequently acceptable. Again fortunately, provided care is taken to 
minimize random losses or contamination of samples during sample preparation, 
RSD values of this order may be attainable for trace element determinations using 
flame AAS and, with careful operation, by electrothermal atomization for some 
elements. 

There are two principal influences which affect the attainable accuracy 
in AAS procedures for biological materials. Systematic errors may arise due to 
contamination by the presence of the element(s) to be determined in the 
reagents (water, acids, etc.) used in wet-ashing procedures of sample preparation; 
similarly losses of trace elements in controlled wet- or drying-ashing procedures 
may give rise to an error which is relatively reproducible and thus appears to be 
systematic. In both flame and electrothermal atomization AAS, systematic 
errors may arise through matrix effects in which the material of the sample 
matrix changes the slope of the analytical calibration graph of absorbance versus 
concentration from that which would otherwise be obtained for the analyte 
element in the absence of the matrix elements. Such effects can occur due to 
physical effects at the nebulizer (or tube wall) or as chemical interferences in 
the considered phase or vapour phase. The text-books on AAS should be 
consulted for a full discussion of these effects [6—8], The most frequently 
encountered procedures to compensate for the influence of these effects, where 
these cannot be removed by use of suitable sample preparation procedures (such 
as solvent extraction), are the use of internal standardization, matching of sample 
and standard solutions directly or by the standard additions technique and the use 
of standard reference materials (SRM) of the same material to obtain calibration 
data. When SRMs are not available the most frequently used procedure is the 
standard additions technique. This may be applied within the range of concen-
trations corresponding to linear calibration graphs. The signal is measured for the 
sample alone and for the sample plus aliquots of a solution of the analyte element 
of known concentration. The concentration of analyte element in the sample 
may then be calculated, assuming a linear calibration, by extrapolation. The 
main advantage of the method is that, provided the added analyte element is 
released as atoms in the same manner as the analyte element present in the 
sample, exact matching of the sample and standard solutions (sample to which 
known amounts of analyte element are added) is achieved automatically. This 
is most useful in the analysis of biological samples where complex matrix element 
effects may be observed. The standard additions method gives incorrect results 
in AAS when molecular band absorption or scattering from particulate material 
in the flame or furnace is encountered. When this method is employed, therefore, 
the use of a continuum source background corrector is recommended to check 
for this potential source of systematic error. 
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4.3. Interferences 

The occurrence of specific interferences in AAS, where a particular atomic 
species present in a sample together with the analyte element causes interference, 
is very rare owing to the high spectral line selectivity of the technique. Non-
specific effects, however, are commonly encountered. These arise most frequently 
from the formation of molecular species of elements present in the matrix which 
absorb radiation at the wavelength of determination of the analyte element or 
as a result of chemical interference effects in which the concomitant materials 
present in the sample affect either the rate or efficiency of analyte atom forma-
tion, or both, in the flame or atom cell employed. After it is recognized, the 
former effect of non-specific molecular absorption can usually be minimized 
or eliminated by the use of a continuum source background corrector. The latter 
effect of chemical interference, however, is usually more troublesome. As 
described in Section 4.2 of this chapter the occurrence of chemical interference 
effects gives rise to change in slope sensitivity of the analytical calibration 
function. Depending upon the origin and nature of these interferences a number 
of techniques may often be employed for their elimination or minimization. 
These include, for example, a hotter flame or a modified nebulizer to provide 
a finer aerosol, the use of matrix modification procedures, ionization suppression 
and releasing and protective agents. It is sometimes preferable to resort to 
extensive separation of the analyte element(s) from the matrix by solvent 
extraction, ion-exchange or coprecipitation before flame or electrothermal 
AAS when severe matrix effects would otherwise be obtained. When these effects 
cannot be easily eliminated or minimized, it is usual to employ the technique of 
standard additions to provide for their compensation. An extensive discussion 
of interference effects commonly encountered in AAS has been given by 
Kirkbright and Sargent [7]. 

4.4. Multi-element analysis and automation 

AAS is primarily a single-element technique in which the spectrometer is 
operated at any time using the hollow cathode lamp source appropriate to the 
element being determined at the wavelength of one of its resonance lines. 
Although spectrometers capable of simultaneous multi-element analysis have 
been designed and employed in a research environment to permit the determina-
tion of perhaps 6 — 8 elements in a particular matrix, this approach has not been 
taken in commercially available AAS instruments. Although at least one two-
channel (dual element) AAS spectrometer is commercially available, systems 
capable of multi-channel operation may not become of widespread commercial 
availability. The principal reason for this is the restricted analytical dynamic 
concentration range of the technique (usually not more than 2 orders) which 
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conspires against the ability of a multi-channel fixed wavelength system to effect 
simultaneous analysis for a large number of elements unless only a limited 
restricted range of concentration ratios of one analyte element to another is 
expected. For some applications, however, where this is the case, for example 
in the routine analysis of serum for major and minor components, this may not 
be a serious limitation because of the relatively constant composition expected 
and if sufficient demand is created for AAS systems for these purposes it will 
no doubt be fulfilled by the instrument manufacturers. 

Modern AAS spectrometers are now equipped with facilities which make 
their operation routine and trouble-free through the use of microprocessor control. 
Thus wavelength control, slit programming, calibration, curve correction, integra-
tion, etc. may be undertaken with high precision by only a semi-skilled operator. 
Automated sample introduction systems are routinely available for most 
commercial instruments to permit unattended analysis of large numbers of liquid 
samples. It has recently been demonstrated that the use of an automatic sampler 
to deliver repetitively small volumes of samples to electrothermal atomizers can 
result in significant improvement in attainable precision compared with manual 
sample introduction. 

In laboratories with central computing facilities it is now routinely possible 
with most AAS spectrometers to interface these to such facilities to permit data 
acquisition, storage and retrieval automatically. This can be most useful when 
large numbers of samples are examined routinely in different locations by 
different instrumental techniques. 

4.5. Costs of equipment and analyses 

The capital costs of AAS instruments range quite widely depending on the 
facilities required. A simple, single-beam system may cost between 7000 and 
15 000 US dollars depending on whether it is equipped with a flame or electro-
thermal atomizer and on whether it has a background correction facility. A 
similar system with microprocessor control, printer and automated sample 
introduction facilities could cost as much as 20 000 US dollars. 

Running costs are relatively low; these include the cost of occasional hollow 
cathode lamp replacement and of supply gases. For flame AAS gas costs are 
usually nominal for air-acetylene flames and the greatest expenditure is incurred 
on the cost of nitrous oxide supplies to support premixed nitrous oxide-acetylene 
flames. When argon is employed rather than nitrogen as the purge gas in electro-
thermal atomization AAS the gas costs of routine continuous operation of these 
systems can be appreciable. 

The cost per analysis for AAS determinations is quite low but naturally 
depends on analysis time and sample throughput. Unfortunately, the attraction 
of the lower capital cost of AAS instrumentation compared with many other 
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techniques (e.g. spark source mass spectrometry or neutron activation) is offset 
to some extent by the fact that AAS is essentially a single-element technique so 
that analysis time is appreciably longer when a number of elements are to be 
determined in samples. The operator cost, however, may also be lower as the 
technique can be operated routinely by technical staff less expert in the technique 
than might be required for some multi-element analysis techniques. 

4.6. Analysis time and sample throughput 

The actual AAS measurement procedure is relatively rapid. For prepared 
liquid samples as many as 150 to 200 samples per hour may be analysed for a 
single element using flame atomization and conventional pneumatic nebulization 
as usually no more than a few seconds' aspiration of samples, blanks and standards 
is required. The technique of electrothermal atomization is less rapid as careful 
sample introduction is required and this is usually followed by a desolvation and 
ashing programme before atomization, which may take between 30 s and several 
minutes. Additionally, it may be necessary to delay introduction of a further 
sample until the furnace has cooled or been cleared of memory effect by firing at 
high temperature between samples. These requirements usually restrict the 
sample throughput rate to not more than about 20 per hour. 

Usually, however, for materials of biological origin it is the attainable rate 
of sample preparation in a form suitable for AAS rather than the AAS measure-
ment step which limits the sample throughput. This is particularly so where 
wet- or dry-ashing procedures of sample preparation are necessary. 

4.7. Special precautions and requirements for operation of equipment 

Modern commercially available AAS instruments incorporate the interlocks 
necessary to ensure their safe operation with both premixed flame or electro-
thermal atomization techniques. Thus, for example, it is usually not possible 
to ignite the flame unless the correct gas flow rate setting-up procedure has been 
undertaken. Provision must be made in laboratories to be employed for AAS 
work for safe use of cylinder gases; local regulations must be observed for storage 
and use of these, particularly for the fuel gases (usually acetylene or hydrogen). 
Laboratory ventilation must be adequate to prevent danger arising from build-up 
of explosive gas originating from inadvertent slow leakage from cylinder reducing 
valves or gas control valves on AAS instruments. In addition, fume extraction 
located above the flame or furnace atomizer is essential. For some electrothermal 
atomizers it is necessary to provide a suitable power outlet capable of supplying 
30 A at a line voltage of 200 — 240 V adjacent to the instrument. 

(Text continued on page 164) 
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TABLE II. APPLICATION OF ATOMIC ABSORPTION SPECTROSCOPY TO 
DETERMINATION OF ELEMENTS OF INTEREST IN BIOLOGICAL 
MATERIALS 
A. Flame Atomization — Direct Nebulization of Aqueous Sample Solutions 

ELEMENT Bowen's kale . NBS Bovine Liver Animal Muscle Blood 
SEM 1577 H-4 Serum 

As _ 
Be -

Ca - + •H + + + • - - • • 

Cd + ? - -

Cl - - - -

Co - - - -

Cr + + + + + + + + 

Cu + + + + + + + + 

F - - - -

Fe + + + + + + + + 

rig 
I _ _ _ 
K + + + + + + + + + + + + 

Mg + + + + + + + + + + + 

Mn + Ht + + + + + 

Mo - - - — 

Na + +• + + * -S- + + + -t + + 
Ni - - - _ 
P ? T ? 

Pb ? - - -

Sb - - _ _ 
Se - 1 -

Si + + • 

Sn - - — _ 
TI - - - — 

U - - -

V _ 
Zn + + + + + + + + + • • -

+ + + determinable to a high precision 1% reL) 
+ + determinable to a medium precision 10% rel.) 

+ determinable, but only to a poor precision 20 — 40% rel.) 
? borderline ( ~ 50 - 100% rel.) 
— not determinable 
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B. Flame Atomization - Special Sample Introduction Techniques, or after 
Preconcentration and Separation 

ELEMENT Bowen's kale NBS Bovine Animal Muscle Blood Serum 
Liver , SEM 1577 H -k 

NOTE NOTE NOTE NOTE 
As + + a + + a + + a + + a 
Be + b.l - - - ' - -

Ca + + 2k + + 2A + + 2k + + 2k 
Cd + + b.2 + + b.2 + + b.2 + + b.2 (c) 
Cl - - - - - - - -

Co + + b.2 + + b.2 + + b.2 + + b.2 
Cr + + b.3 + + b.3 + + b.3 9 b.3 
Cu + + b.2 + + b.2 + + b.2 + + b.2 

F - - - - - - - -

Fe + + b.2(2A) * + b.2(2A) + + b.2(2A) + + b.2(2A) 

Hg + + b.2(d) + + b.2(d) + + b.2(d) + + b.2(d) 

I - - - - - - - -

K - 2k - 2k - 2k - 2k 

Mg - 2k - 2k - 2k - 2k 
Mn +• + b.2 + +- b.2 + + b.2 + + b.2 

Mo + + b.2 + +- b.2 + + b.2(?) + + b.2 
Na - 2k - 2k 2k - 2k 

Ni + + b.2 + + b.2 + + b.2 + * b.2 
P +• + e + + e + + e + +• e 

Pb + + b.2(c) + + b.2(c) + + b.2(c) + + b.2(c) 

Sb + + a + + a + + a 4- + a 

Se + + a + + a + + a + + a 

Si + + e + + e + + e + + e 
Sn + +• a + * a + + a + + a 

TX + + b.2 + + b.2 + + b.2 + + b.2(c) 

ü - - - - — - — -

V + + b.4 - - - - î _ 
Zn + + b.2 + + b.2 + + b.2 + + b.2 

2A Special sample introduction not necessary, see Table IIA. 
a Hydride generation technique. 
b After preconcentration by suitable ashing procedure and extraction with 

(1) acetylacetone (2) APDC/MIBK 
(3) tributyl phosphate/MIBK (4) cupfercon/MIBK. 

c Delves cup technique possible, 
d Mercury cold vapour technique preferred. 
e Indirectly by determination of Mo associated with heteropoly phosphomolybdic acid 

(for P) or silicomolybdic acid (for Si) after solvent extraction. 
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C. Electrothermal Atomization - Graphite Furnace System 

ELEMENT Bowen's kale NBS Bovine Liver Animal Blood 
SRM 1577 Muscle Serum 

As ? 7 7 7 
Be +• + - - -

Ca 2A1 2A1 2A1 2A1 

Cd + + + + 

Cl - - - -

Co 7 7 ? 7 

Cr + + + + + + + + 

Cu + + + + + + + + 

r - - - -

Fe + + + + + + + + 

Hg +2(2B) +2(2B) +2(2B) +2(2B) 

I - - - -

K 2k 2k 2A 2k 

Mg 2A. 2A 2A 2k 

Mn + + + + + + + + 

Mo 1 + + + +1 1 
+ + + +1 

Na 2k 2A. 2k 2k 

Ni +• + + + + + + + 

P 
Pb + +

2 
+ +

2 2 -i- + 

Sb 9 ? ? ? 
Se * +

2 

Si + + +• + +• > + • -fr 

Sn + + 7 + + 

TI ? - - -

U - _ 
V 7 1 _ - 7 1 

Zn + +
2 

+ +
2 2 + + 2 + + 

2A Flame preferred to electrothermal atomization, see Table IIA. 
2B Cold vapour technique preferred, see Table IIB. 

1 Subject to carbide formation in furnace. 
2 Volatile analyte may require matrix stabilization. 
3 Using POx absorption at Pb ion line at 220.3 nm. 
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4.8. Applicability of AAS to biological materials 

Of the 28 elements whose determination in biological materials forms the 
subject of this report, the technique of AAS with conventional commercially 
available equipment is possible for 24. Thus, elements which cannot be deter-
mined in this way are Cl, F and I, whose resonance lines he in the vacuum UV 
region not accessible. The method has such poor sensitivity for determining U 
that this element may also be considered not determinable. The ability to 
determine the 24 possible elements naturally depends on the detection limits 
required, on the degree to which matrix effects may degrade sensitivity and the 
extent to which the desire to apply AAS as the technique of choice allows 
extensive sample pretreatment or special atomization techniques to remove these 
effects and achieve improved detection limits. 

Information on the application of AAS to the determination of the 
28 elements of interest in the four biological materials specified (Bowen's kale, 
NBS bovine liver, animal muscle H-4 and blood serum) is presented in Tables IIA, 
IIB and HC. These relate to the applicability of AAS with flame atomization and 
aqueous solution nebulization, flame atomization using special sample introduction 
techniques and electrothermal atomization, respectively. The assumed 
concentrations of the elements of interest are listed in Appendix I, Table A-I. 
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Chapter 9 

INDUCTIVELY COUPLED PLASMA 
ATOMIC EMISSION SPECTROSCOPY 

W.J. HAAS, V.A. FASSEL 

1. INTRODUCTION 

This chapter discusses inductively coupled plasma-atomic emission spectro-
scopy (ICP-AES) as a viable alternative to neutron activation analysis (NAA) for 
the performance of one of the analytical tasks that NAA is reputed to do very 
well, namely the determination of major, minor, trace and ultratrace concentrations 
of the elements in biological materials. 

ICP-AES and NAA are similar in that both are spectrometric techniques and 
both come close to fulfilling most of the performance criteria for an ideal multi-
element analytical system. Compared with NAA, the important features exhibited 
by the ICP-AES approach are its lower equipment and operating costs, its greater 
sample throughput rate when many elements are to be determined and its capability 
for on-line, simultaneous multielement determinations; its powers of detection, 
accuracy and precision for the determination of trace elements in biological 
samples are comparable to those obtained by NAA. 

2. ATOMIC EMISSION SPECTROSCOPY (AES) 

Historically, AES has been the classical approach for simultaneous multi-
element determinations, including the determination of trace quantities of the 
elements in biological materials [1—6], In contrast to atomic absorption or atomic 
fluorescence techniques, AES has no requirement for an auxiliary primary source 
for each element to be determined. All that is necessary is an acceptable scheme 
for generation of free atoms or ions of the analyte elements and for excitation of 
their emission spectra. The appropriate .analyte emission lines are then isolated 
and their intensities are measured in the conventional manner, e.g. with a multi-
channel polychromator of the type shown in highly schematic form in Fig.l. 

In the minds of many analysts, the importance of AES as an analytical tool 
for the determination of trace elements has declined during the past decade. The 
primary reason for this decline is the remarkable succès that flame atomic absorp-
tion spectroscopy (AAS) has achieved in the years since Walsh published his first 
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FIG.l. Schematic diagram of a typical atomic emission poly chromator. (Reprinted with 
permission from Anal. Chem. 46 (1974) 1155A. Copyright by the American Chemical Society.) 

paper on the application of AAS to chemical analyses [7], A second factor that 
may have contributed to the decline of AES has been the occasional assertion that 
polychromators of the type shown in Fig.l are too complex, too cumbersome, too 
difficult to keep in alignment and too expensive. The authors of these assertions 
may not be aware of the technological improvements that have occurred over the 
past thirty years. Observation of a modern steel or aluminium control laboratory 
reveals that these instruments are employed for the determination of up to ten 
or more elemental constituents, at rates of up to 600 analyses/hour (on 40 to 
50 samples), often under alarming environmental conditions, with relative standard 
deviations of 0.5 to 1 per cent for twenty-four hours per day. The number of 
major, minor and trace determinations performed in this way by the instruments 
in current use must be at least as great as the total of all other trace element deter-
minations by atomic absorption and neutron activation methods combined. 

In more recent years the potential importance of AES for elemental analysis 
has made a sharp upward turn, primarily because of major developments in the 
heart of any AES analytical system, i.e. the vaporization-atomization-excitation 
source. These advances resulted primarily from the realization that conventional 
arc, spark and combustion sources possessed properties that were far less than 
ideal. This realization led to the investigation of various electrically generated 
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'flames' or plasmas in which the sample materials (a) could be introduced with 
the convenience and precision which had been characteristic of flame sources, 
and (b) could be atomized and excited in a chemically inert environment whose 
effective temperature was considerably higher than that provided by flames, and 
whose spatial extent and analyte residence time were considerably greater than 
those of arc and spark discharges. These investigations led to the development of 
a superior vaporization-atomization-excitation source for AES [9]. This source 
is an inductively coupled plasma (ICP), a special type of plasma that derives 
its sustaining power by induction from high frequency electromagnetic fields 
[10-12]. The AES analytical applications of these plasmas have been reviewed 
recently by Greenfield et al. [13], Barnes [14] and Fassel [15]. 

3. INDUCTIVELY COUPLED PLASMAS 

The inductively coupled argon plasma is a luminous, partially ionized, 
gaseous discharge. The plasma furnishes a chemically inert, high temperature 
environment that is very effective for vaporization, atomization, ionization and 
excitation of sample materials that are injected into it. 

Reed's development of ingenious ways of forming and stabilizing inductively 
coupled plasmas in the early 1960s [10, 11 ] set the stage for a number of sub-
sequent interesting applications [16]. Although Reed recognized that these plasmas 
offered attractive possibilities for vaporizing, atomizing and exciting the spectra 
of material injected into them [10], the initial analytical studies apparently were 
undertaken independently in two widely separated laboratories, one at Albright 
and Wilson in Oldbury, UK [17] and the other at the Ames Laboratory, Iowa 
State University, USA [18]. 

A specific goal of these early analytical investigations was to ascertain the 
potential of inductively coupled plasmas for trace level, simultaneous multielement 
determinations. For these applications, limits of detection are primary figures of 
merit [19, 20]. If detection limits are measured on a signal/noise basis, the measured 
values provide the analyst with a sound numerical basis for comparing the capabilities 
of diverse analytical methodologies. 

Table I contains a partial listing of present ICP-AES detection limits for 
simultaneous multielement analysis. For the sake of comparison, the corresponding 
information for a model neutron activation procedure (NAA) is also presented in the 
Table. Because the focus of this Technical Report is on analytical techniques in 
the life sciences, it is important to note that the analysis wavelengths indicated for 
ICP-AES were selected to achieve a reasonable compromise between optimum 
detecting powers for the elements listed and minimum interference from the major 
elements present in biological and geological samples. Two other points that should 
be emphasized are (a) the Table does not list all the elements that can be detected 
at low concentrations under multielement analysis conditions; and (b) detection 



TABLE I. ANALYSIS WAVELENGTHS (nm) AND LIMITS OF DETECTION (mg/kg) FOR 
MULTIELEMENT ANALYSIS BY ICP-AES AND NAA 

Analysis Limit of Detection Analysis Limit of Detection 
Element Wavelength ICP-AESa NAAC Element Wavelength I C P - A E S a N A A C 

Ag 328. .07 (0 . . 0 0 0 7 ) 0. 0 0 0 1 Nb 271. .66 0 . 009 0. 1 
Al 308. .22 0. .0006 0. . 0 0 1 Ni 231. 60 0 . 0 0 0 5 0 . 05 
As 193, .76 0. 003 0. . 0005 P 214 . . 9 1 ( 0 . 0 0 8 ) . . . 

B 208. . 95 (0 . 001) Pb 220 .35 0. . 002 . 
Ba 455, ,40 ( 0 . 0001) 0. . 0 1 S 180. . 73 0. . 0 0 0 2 " 20. 
Be 313, ,04 0. 0 0 0 0 1 - - - Sb 206. . 83 0. 004 0. 01 

Bi 223. .07 0. 008 Sc 255. .24 ( 0 . . 0004) 0. 05 
Ca 315. 89 0. 0016 0. 5 Se 196. .03 0 . 002 0. 05 
Cd 226. .50 0. 0 0 0 1 0. .02 S i 251. . 6 1 ( 0 . 0 0 1 ) 20 . 

Co 231. 16 (0 . . 002 ) 0 . 0009 Sn 189. .99 ( 0 . 003) 0. 02 
Cr 205. .55 0. 0004 0. .2 S r 407 . . 77 ( 0 . . 0 0 0 0 4 ) 0. 0009 
Cu 324. .75 0. 00006 0 . 0002 Te 214. .28 ( 0 . 004) 0 . 009 

Fe 238 . 20 ( 0 . 0005) 40 . Th 401 . 91 ( 0 . 0 0 8 ) 0. 01 
Ga 294 . 36 0. 005 0. ' 0004 T i 334. 94 0. 0006 0. 01 
Ge 199. 82 ( 0 . 01) 0. .002 T1 190. .86 ( 0 . 0 0 4 ) 

Hg 253 . 6 0. 02 0. ,002 U 385. .96 ( 0 . . 025 ) 0. . 0004 
K 766. 5 ( 0 . 001) 0. 04 V 310. 23 ( 0 . 0006) 0. 0001 
Mg 279 . 81 ( 0 . 0015) 0. .05 W 207 . 91 ( 0 . 003) 0. 0007 

Mn 2 5 7 . 61 0. 00002 0 . 0 0 0 0 0 5 Y 371 . 03 0. 0 0 0 1 1. 0 
Mo 2 8 4 . 82 ( 0 . 002) 0 . 03 Zn 213 . 86 0. 0002 0. 02 
Na 589 . 59 (0. 0071 0. 0009 Zr , 339 . 20 ro. 0 0 0 7 ) 0. 2 

a From Ref.[21 ] and subsequent observations at the Ames Laboratory for ultrasonic nebulization of analyte solutions containing one 
percent (v/v) nitric acid. The values in parentheses are extrapolated from the results of Winge et al. [22], who employed pneumatic 
nebulization. The validity of this extrapolation has been substantiated by the work of Ref.[21 ]. The reported limits of detection 
correspond to the concentration of analyte which is required to give an average net emission intensity (for ten consecutive ten-second 
measurement periods) which is equal to three times the standard deviation of the background (blank) intensity measured under the 
same conditions [23]. 

k Extrapolated from the pneumatic nebulization result of Kirkbright et al. [24], 
c Data from Guinn [25] for 1 g sample, maximum irradiation time of 1 h at a thermal neutron flux density of 1013 n-cm"2 ,s_ 1 7-ray 

spectrometry. (Editor's note: limits of detection calculated by Guinn under other assumptions are listed in Chapter 7 of this Report, 
Table II). 
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limits lower than those shown in the Table can often be obtained by optimizing 
the experimental conditions for a particular element. Various workers [21,26-28] 
have reported ICP-AES detection limits for elements that are not listed in the 
Table, and some have reported superior values fr>r some of the elements that 
are listed. 

The principal conclusions that can be drawn from Table I are that ICP-AES 
and NAA have comparable powers of detection for a large number of elements and 
that ICP-AES has substantially superior powers of detection for a number of bio-
logically important elements (B, Be, Ca, Cd, Cr, Fe, K, Mg, Ni, P, Pb, S, Se, Si, 
Tl and Zn). 

The magnitude and uniformity of the ICP-AES detection limits given in 
Table I indicate a level of analytical capability that has been difficult or impossible 
to achieve with other multielement techniques, including NAA. For example, the 
ICP-AES detection limits represent the lowest concentrations of the subject elements 
that can be detected with ~ 90% certainty when a single ten-second measurement 
period is employed. The corresponding detection limits for the NAA procedure 
assume two or three irradiations (of perhaps 1, 5 and 60 min), followed by 
appropriate decay and counting times of roughly corresponding duration. Clearly 
then, if analysis time can be equated with difficulty, NAA has more difficulty in 
achieving comparable multielement detection limits than does ICP-AES. The 
realization that these ICP-AES powers of detection can be achieved under a single 
set of operating conditions for simultaneous determination of major, minor and 
trace constituents suggests that inductively coupled plasmas possess distinctive 
properties that are not found in other analytical sources. It is appropriate, 
therefore, to review the operating principles and properties of these plasmas 
before proceeding to a discussion of their analytical applications. 

3.1. Plasma formation 

Although inductively coupled plasmas may be formed under a variety of 
experimental conditions, the combination of torch configuration, patterns and 
magnitudes of gas flow, and forward power recommended by Fassel and associates 
[8, 9, 28, 29] are commonly used in currently available commercial instruments. 
In the discussion that follows, specific reference is made to the configuration used 
in our laboratories, although the scientific principles and operating procedures 
apply to others as well. As shown in Fig.2, the plasma is formed and sustained at 
the open end of an assembly of quartz tubes. This assembly is commonly referred 
to as the plasma torch. The open end of the outermost tube is surrounded by 
an induction coil, which is connected to a high frequency current generator. In 
our systems the latter provides regulated forward power levels of up to ~ 2 kW 
at a frequency of 27.12 MHz. To form a stable plasma, a pattern of two, or 
sometimes three, argon flows is used, as shown in Fig.2. The auxiliary gas flow 



172 HAAS and FASSEL 

ARGON FLOW 

FIG.2. Typical inductively coupled plasma configuration. The auxiliary argon flow is optional, 
as explained in the text. 

facilitates initiation of the plasma and prevents overheating of the sample injection 
tube during initiation. Normally, the auxiliary flow is not used when aqueous 
aerosols are being introduced into the plasma. When the various flows are adjusted 
properly, as discussed below, the plasma is initiated with a Tesla discharge. 

To appreciate the formation of an inductively coupled plasma, it should be 
recalled that the high frequency currents (I), which flow in the induction coil, 
generate oscillating magnetic fields (H). The lines of force of these fields are 
oriented axially inside the quartz tube, as shown in Fig.2. The induced magnetic 
fields cause the 'seed' of electrons and ions produced by the Tesla coil to flow in 
annular, closed paths inside the quartz tube space. This electron flow is analogous 
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to the current flow in a short-circuited secondary of a transformer. Because the 
induced magnetic fields are time-varying in their direction and strength, the electrons 
are accelerated on each half cycle. The accelerated electrons (and ions) meet 
resistance to their flow; joule or ohmic heating is a natural consequence, and addi-
tional ionization occurs. Electric field coupling is also involved in the early stages 
of formation of the plasma, but its role has been neglected in this simplified dis-
cussion. The steps described above may lead to the formation of a plasma of 
extended dimensions if argon flows of the proper configuration and magnitude 
pass through the coil region, an adequate seed of electrons is initially provided, 
and if the output impedance of the generator is properly matched to the plasma. 

3.2. Thermal isolation of plasma 

The plasma attains gas temperatures of such magnitude [30] that some thermal 
isolation of the plasma is required to prevent destruction of the torch. This isolation 
is achieved by Reed's vortex stabilization technique [10, 11], which utilizes a flow 
of argon that is introduced tangentially in the manner shown in Fig.2. The tangential 
flow of the argon coolant gas, which is typically in the 10 to 20 litres/min range 
for the apparatus shown, streams upward, cooling the inside walls of the outermost 
quartz tube and centering the plasma radially within the tube. The plasma itself 
resides within and extends slightly above the exit end of the torch. 

In addition to the coolant or vortex-stabilization flow there is an argon 
carrier-gas flow of approximately 1 to 1.5 litres/min. This flow transports the 
sample to the plasma, either as an aerosol, a powder, or a thermally generated 
vapour. The total argon flow required is therefore in the 11 to 22 litres/min range. 

3.3. Sample introduction 

For plasmas to be effective atomization and excitation sources, the sample 
aerosol must be injected efficiently into the plasma and remain in the interior 
high temperature environment as long as possible. These conditions have been 
difficult or impossible to attain in non-ICP systems that have been suggested for 
analytical purposes [9], and the ICP poses similar problems. In the ICP the gases 
are heated internally, causing thermal expansion in a direction perpendicular to 
the exterior surface of the plasma. Consequently, there is a tendency for sample 
materials to go around the plasma. The sample injection process must overcome 
this tendency without causing collapse of the plasma. 

The radiofrequency skin depth effect has been used to achieve more efficient 
sample injection. Inductively coupled plasmas tend to assume a toroidal or annular 
shape in the region of the induction coil because the skin depth effect causes the 
region of highest induced current density, and plasma heating, to occur near the 
outer surface of the plasma. The degree to which the annular shape is developed 
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FIG. 3. Typical pneumatic nebulization facility. (Reprinted with permission from Pure Appl. 
Chem. 49 (1977) 1537. The cross-flow nebulizer is described in Ref. [32].) 

depends on the frequency of the current generator and on the flow velocity and 
pattern of the carrier-gas stream that is used to inject sample materials into the 
plasma. When the frequency is increased, for example, from 4 to 27 MHz, the 
region of highest current density within the plasma moves nearer to the outer 
surface of the plasma, and the annular discharge becomes more effectively 
punctured by low aerosol-carrier flow rates. For a frequency of 27 MHz, a carrier-
gas flow of approximately 1 litre/min assures the effective injection of sample into 
the plasma, if a properly designed injection orifice is used [9, 26, 29]. 

The most common approach for the introduction of samples into the plasma 
is injection of aerosols that are formed either by ultrasonic or pneumatic nebuliza-
tion of liquid samples, or of aqueous or organic solutions of sample material. 
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FIG.4. An ultrasonic nebulizer. (Reprinted with permission from Anal. Chem. 49 (1977) 634. 
Copyright by the American Chemical Society.) 

Typical sample introduction facilities for this approach are illustrated in Figs 3 
and 4. Aerosols of solid metallic particles produced by ultrasonic nebulization 
of molten metals have been introduced into plasmas [31 ], and approaches for 
direct sampling and injection from solid samples have been devised for use with 
the inductively coupled plasma [33, 34]. A number of investigators have reported 
on the introduction of the gaseous hydrides of As, Bi, Ge, Sb, Se and Te [35-37], 
The direct injection of powdered samples is also feasible [38]. However, the latter 
has not been shown to be generally suitable for quantitative analyses [13]. 

The direct nebulization of liquid samples is obviously most convenient for 
the direct analysis of materials that can be nebulized efficiently as received. Some 
examples of such materials are process stream waters, edible oils, gasoline, and 
other liquid fuels. Some biological fluids may require dilution to achieve maximum 
efficiency of nebulization. 

Samples that are not in liquid form may be dissolved by a number of con-
ventional methods. These procedures include low temperature plasma ashing [39] 
or conventional dry-ashing followed by dissolution of the residue in dilute nitric 
or hydrochloric acid [40], and a variety of wet-ashing procedures that employ 
mixtures of concentrated nitric and perchloric acids [41—43]; nitric, perchloric 
and sulphuric acids [41-43]; or sulphuric acid and hydrogen peroxide [44]. The 
relative merits of these procedures have been discussed by Gorsuch [45] and 
Sansoni and Iyengar [46]. Details concerning the preparation and introduction of 
biological samples are given in Section 4 on applications. 
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FIG.5. Temperature in the plasma as measured by the spectroscopic slope method [30]. 
(Reprinted with permission from Pure Appl. Chem. 49 (1977) 1540.) 

3.4. Properties of the plasma 

The ICP possesses a number of unique physical properties that make it a 
remarkably useful vaporization-atomization-excitation source. These properties 
can be interpreted by referring to the scale drawing of the plasma in Fig. 5. 
According to our temperature measurements above the coil, and by extrapolative 
estimation down into the induction region [30], the sample particles experience 
a gas temperature of = 7000—8000 K as they pass through the plasma. By the 
time the sample decomposition products reach the analytical observation height, 
15 to 20 mm above the coil, they have had a residence time of ~ 2 msec at 
temperatures ranging downward from ~ 8000 (estimate) to ~ 5500 K [30]. 
Both the residence times and the temperatures experienced by the sample are 
approximately twice as great as those found in N2 0-C2 H2 flames — the hottest 
flame commonly used in analytical spectroscopy. The combination of high 
temperatures and relatively long sample-plasma interaction times should lead 
to complete sample vaporization and a high, essentially total, degree of atomization 
of the analyte species. Once the free atoms or ions are formed, they occur in a 
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chemically inert environment, as opposed to the violently reactive surroundings 
in combustion flames. Thus, their lifetime, on the average, should be longer than 
in flames. 

With reference to interelement or matrix interferences in the vaporization-
atomization-excitation process, it is important to emphasize that the sample 
materials and their decomposition products are heated indirectly, via conduction 
and radiation, as they pass through the energy input region of the plasma. As a 
consequence, there appears to be only a negligible interaction of the sample with 
the eddy current that is flowing in the plasma. For reasons not yet understood, 
the addition of easily ionizable elements to the plasma causes remarkably low 
ionization type interferences on analytes of low ionization energies; this observa-
tion is in contrast to the large effects commonly observed in flames. 

The ICP possesses other unique advantages. First, after the free atoms and 
ions are formed, they flow downstream in a narrow cylindrical radiating channel. 
The optical aperture or viewing field of conventional spectrometers can be readily 
filled by this narrow radiating channel. In this way, the radiation emitted by the 
free atoms or ions is used effectively. Second, at the normal height of observation, 
the central axial channel containing the relatively high number density of analyte 
free atoms and ions has a rather uniform temperature profile [30]. The number 
density of analyte species in the high temperature envelope that surrounds the 
axial channel is far lower. Under these conditions, the analyte free atoms and ions 
tend to behave as optically thin emitting sources. Thus, linear analytical calibration 
curves that cover five orders of magnitude change in concentration can be readily 
achieved if the signal measurement system has adequate dynamic range. The 
variable dilutions that are so often needed in AAS are therefore essentially 
eliminated in ICP-AES. 

Several unique advantages also accrue from the simple fact that the optimum 
region for observation of the analyte emission is separated spatially from the region 
in which free atom formation occurs. Sample vaporization and atomization occur 
in the high-temperature environment of the core of the plasma; the analyte free 
atoms or ions released in the core are then observed downstream in temperature 
environments ranging downward from 6500 K to typical combustion flame 
temperatures. 

Two other auvantages of inductively coupled plasmas are worthy of note. 
First, no electrodes are used; therefore contamination from the electrodes 
normally used in other types of plasmas is eliminated. Second, because the plasma 
operates on noncombustible gases, the system can be used in locations where 
combustible gases are not permitted. 

3.5. Description of spectra emitted 

The plasma has the overall appearance of a very intense brilliant white, non-
transparent core and a flame-like tail. The plasma core, which resides inside and 



1 7 8 HAAS and FASSEL 

extends a few millimetres above the induction coil region, emits an intense con-
tinuum in addition-to the spectrum of neutral argon. The continuum presumably 
arises from ion recombination processes and bremsstrahlung emission. As indicated 
above, radiation from the plasma core has little analytical utility. The core fades 
into a second recognizable zone of the plasma that extends from approximately 
1 to 3 cm above the induction coil. This zone is also bright but slightly transparent. 
In the mid-to-upper regions of this zone, the continuum emission is sharply reduced 
by several orders of magnitude from the core emission. Structural background con-
sists of Ar and C lines, the OH band emission between 280-325 nm, and weak band 
emission from N j , NO, NH, CN and C2 . The intensities of the nitrogen- and 
oxygen-containing species can be drastically reduced by increasing the flow rate 
of argon coolant gas from a value of 10 litres/min to ~ 20 litres/min [47]. The 
tail flame o-- third zone of the plasma is barely visible when distilled water is 
nebulized ' v su m es typical flame colours when analy tes are added to the plasma. 
The axial passage of the sample aerosol and its decomposition products through the 
plasma is clearly visible. Tables of analytically useful lines observed in the plasma may 
be found in several publications [13, 22, 26, 48, 49]. 

3.6. Compromise experimental variables 

The analytical performance of an ICP may be greatly affected by the choice 
of experimental parameters. If the assumption is made that the choice of 
frequency, the torch configuration, and the pattern of gas flows ensure effective 
injection of the sample into the axial channel of the plasma, the remaining dominant 
experimental parameters are: (a) power input into the plasma; (b) the flow-rate 
of argon carrier-gas; and (c) the observation height. Although the nominal power 
of the generators employed for analytical purposes has ranged from 2 to 15 kW, 
most investigators have worked in the 2 to 5 kW range [13]. Most of the advantages 
cited by Greenfield et al. [13] for using higher power cannot be disputed, but 
documentation that greater 'sensitivity', improved precision, and more effective 
elimination of chemical interferences are achieved has been lacking. 

With regard to the role played by the flow rate of the argon carrier-gas and 
the observation height, several early papers [9, 17, 26, 27, 50] established that a 
remarkably low degree of interelement interference was observed under the same 
experimental conditions that yielded optimum detection limits. Boumans and 
de Boer [27] concluded that for simultaneous multielement analysis at high detec-
tion power, two pairs of values of observation height and carrier gas flow would 
provide optimum analytical performance for most elements in the periodic system. 
However, because of the excellent powers of detection observed in our laboratory 
at a fixed observation height and carrier gas flow, and the general experience 
that improvement factors greater than five could be rarely achieved by optimizing 
these parameters, the concept of a single 'compromise' set of experimental values 
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for forward power, observation height, and carrier gas flow was strongly supported 
for the detection and determination of all metals and metalloids [28, 29]. Further 
evidence that such compromise values can be identified has been provided by 
Boumans and de Boer [48]. 

3.7. Freedom from interelement interactions 

The ultimate scope of application of any analytical technique is determined 
by many operational and performance factors. One of the most important of these 
is the degree of freedom from interelement interactions or interferences ('matrix 
effects') exhibited by the analytical method. These interferences by concomitants 
(constituents in the sample other than the analyte) may be spectral or non-spectral 
in nature. The former arise from incomplete isolation of radiation emitted by the 
analyte at the selected analysis wavelength from other radiation detected by the 
instrument; the analyte signal itself is not affected. This definition includes 
spectral line and line broadening interferences, stray light interference, and ion-
electron recombination interferences [51, 52]. Non-spectral interferences or 
matrix effects do affect the magnitude of the analyte signal; typical examples 
are ionization and solute vaporization interferences, which are well known in AAS, 
and nebulization-transport effects, which may occur in any system that employs 
a nebulizer for the introduction of sample materials. 

The occurrence of spectral interferences is common in spectroscopy and 
there are well-known approaches for the elimination or drastic reduction of their 
effects upon the analytical results. The most important requirement is that they 
be recognized. Spectral line interferences can frequently be eliminated altogether 
by judicious selection of the analysis lines. The selection of appropriate analytical 
lines may require some compromise between optimum detecting power and least 
spectral interference from major concomitants, but generally these compromises 
are acceptable. Interference correction schemes that are based upon measurement 
of the concentration(s) of the interfering element(s) can also be used to reduce 
the effects of spectral interferences [40]. The latter approach is particularly 
appropriate when the concentration determinations are performed by a simul-
taneous multielement technique such as ICP-AES. Specific approaches for reduc-
tion of interference from stray light and recombination emission have been discussed 
by Fassel and associates [51, 53, 54]. 

In the discussion of the properties of inductively coupled plasmas presented 
above, the physical aspects that lead to expectations that non-spectral interelement 
interactions in these plasmas would be far less than in other vaporization-atomization-
excitation sources were noted. These expectations have been confirmed repeatedly 
[40, 55-59]. 

One of the practical and valuable implications of the high degree of freedom 
from interelement effects is the possibility of establishing a single set of analytical 



TABLE II. ACCURACY DATA FOR STEEL ANALYSES 

wt % 
NBS System System System NBS value, wt % 

Element Sample No. Matrix 1 2 3 Av. Range 

10g Open hearth (0.2%C) 0, .032 0.033 0.030 0. 031 0. 027-0.033 
33c 3 Ni 0. ,033 0.037 0.031 0. 032 0. 030-0.034 
169 77 Ni-20 Cr 0. .095 0.10 0.130 0. 095 0. 095-0.105 

19g Open hearth (0,2%C) 0, ,37 0.37 0.36 0. 374 0. 369-0.380 
33c 3 Ni 0. .055 0.052 0.051 0. 052 0, 049-0.056 
129 Bessemer (0.1%C) 0. .018 0.020 0,021 0. 018 0. 014-0.019 

160 19 Cr-9 Ni-3 Mo 0. ,051 0,05 0.048 0. 053 0.047-0.06 
169 77 Ni-20 Cr 0. 014 0,014 0.015 0. 015 0. 013-0.02 
341 20 Ni-2 Cr 0, 15 0.13 0,15 0. 152 0. 145-0,159 

19g Open hearth (0.2%C) 0. ,56 0.59 0.57 0. 55 0. 55-0.559 
33c 3 Ni 0, ,73 0.73 0,78 0, 73 0. 73-0,735 
73c Stainless steel 0. ,33 0.31 0,28 0. 33 0, 325-0,34 

73c Stainless steel 13 cr 0. 24 0.23 0.220 0. 246 0. 241-0,255 
111b 1 Mn-2 Ni 1, ,80 1.78 1.82 1. 81 1. 80-1.83 
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MANGANESE CONCENTRATION ( ^ g / m l ) 

FIG.6. Analytical calibration for Mn in matrix compositions which are encountered in the 
analysis of foods: 
o Calibration, curve 
• Steak 
• Lettuce 
• Carrots 
A White bread 
* Common salt 
The reference blank and calibrating solutions were based on 35 wt% H CIO 4 in deionized 
distilled water; test solutions for the foods contained 0.1 wt%food matrix in the same medium. 
The compositions of the test food matrices are given in Table III. 

calibration curves for the determination of analytes in a variety of sample matrices. 
Some of the evidence that the ICP fulfils this possibility is shown in Fig.6 for a 
variety of matrices that are important in the analysis of food samples [58], and in 
Table II for a variety of high- and low-alloy steels [59]. Results such as those shown 
in Fig.6 demonstrated that the analyte concentrations in a variety of different 
foods could be determined from a single calibration curve when perchloric acid 
was the dominant component (50% by volume) of the food digest solutions 
introduced into the plasma. The compositions of the test food matrices are given 
in Table III. Similarly, in the steel study, Butler et al. [59] demonstrated that 
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TABLE III. TYPICAL MINERAL ASH COMPOSITIONS 
OF COMMON FOODS (wt %) 

Food Na K Mg. Ca P 

Total Diet 19 41 2 15 23 

Steak 6 58 3 2 31 

Lettuce 3 72 - 11 7 

Carrots 10 70 - 10 9 

White Bread 63 13 3 10 11 

AI, Cr, Cu, Mn and Ni could be determined accurately in low- and high-alloy steels 
by relating the analyte line intensities to analytical calibration curves that were 
based on reference solutions that contained only Fe and the analyte elements. 
No attempt was made to match the overall composition of the steel samples and 
the synthetic reference solutions employed for the calibration. The accuracy of 
the analyses was assessed by analysing a series of National Bureau of Standards (NBS) 
reference samples. Three different ICP systems with different characteristics 
were used. The analytical results, summarized in Table II, show excellent agree-
ment with the NBS average and range values, even though the Fe content varied 
from > 9 9 wt.% (NBS-19g) down to < 1 wt.% (NBS-169). 

4. APPLICATION OF ICP-AES TO BIOLOGICAL SAMPLES 

Careful attention to the prevention of both positive and negative contamina-
tion before the actual analysis step is an absolute necessity for accurate trace 
element determinations by ICP-AES just as it is for determinations by any other 
method, including neutron activation analysis. Many factors in the sampling, 
storage and other possibly necessary preanalysis steps that may be important in 
this regard have been discussed by Thiers [60, 61], Tölg [62] and others [63], 
as well as in Chapters 5 and 6 of this Report. 

As we noted earlier, the most commonly used method for introduction of 
samples into the plasma requires either direct nebulization of liquid samples, or the 
nebulization of solutions that contain the sample materials. Sample dissolution 
is obviously a potential source of contamination or analyte loss, and it generally 
results in considerable dilution of the sample and degradation of the powers of 
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TABLE IV. ANALYSIS WAVELENGTHS AND ICP-AES DETECTION 
LIMITS FOR TRACE ELEMENTS IN URINE 

Limit of 
Analysis Detection 

Wavelength in urine 
Element (nm) (mg/1) 

Al 308,22 0 .015 
As 193 .76 0 .03 
B 249 .68 0 .12 

Be 313 .04 0 .00006 
Cd 226 .50 0.001 
Co 238 .89 0 .023 

Cr 205, .55 0, .0016 
Cu 324. ,75 0. .0076 
Fe 261, ,19 0, ,0031 

Mn 257. .61 0. .0026 
Ni 231, ,60 0. .0026 
Pb 220. ,35 0, ,016 

Se 196. ,03 0, ,012 
V 311, ,07 0. ,0017 
Zn 213, ,86 0, ,026 

detection. In addition, sample dissolution may be the most time-consuming step 
in the whole analytical procedure. Consequently, liquid biological samples either 
have not been pretreated at all before their injection into the plasma, or the 
necessary sample preparation step has been kept as simple as possible. 

Greenfield and Smith [64] nebulized 25 pi volumes of heparinized blood 
without any pretreatment, and Kniseley et al. [65] reported on the direct nebuliza-
tion of 25 pi volumes of whole blood, serum and plasma. The latter authors also 
reported the nebulization of standard addition solutions for which the serum and 
plasma were diluted by a factor of two, and whole blood was diluted by a factor 
of ten (with either deionized water or IN HCl). 

Dilution of urine samples with an equal volume of 2% (vol./vol.) HCl was 
also employed by Haas et al. [54] to dissolve normal urine precipitates and thereby 
avoid the possible loss of trace analytes by adsorption or coprecipitation before 
the nebulization step. A novel background correction scheme was also employed 
in that work, and constant amounts of internal reference elements (Ga and Y) were 



TABLE V. ANALYSIS OF HUMAN BIOFLUIDS BY BROMIDE DISTILLATION/ICP-AES 

ICP-Distillation Typical 
Procedure Reported Values Literature 

Biofluid Element (mg/1) (mg/1) 

Whole As 0.016+0.006 0.001-0.92 67 
Blood Se 0.182+0.010 0.10-0.34 68 

Sn 0.032+0.009 -0.12 69 
Ge 0.006+0.003 — — 

Serum As 0.032 0.0-0.05 70 
Se 0.162 0.05-0.15 70 
Sn 0.032 0.0-0.47 70 
Ge N.D. a 0.0-0.10 70 

Urine As 0.036+0.004 0.03-0.14 71 
Se 0.050+0.005 0.01-0.15 72 
Sn 0.011+0.005 0.013-0.015 69 
Ge N.D. — — 

N.D. = not detected. 
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added to each sample and reference solution. The principal feature of the back-
ground correction procedure was that spectral background intensities in the vicinity 
of each analyte line were actually measured for each solution introduced into the 
plasma. When these background intensities were employed for the subsequent 
determination of the net intensities of the analyte lines, stray light and recom-
bination emission effects (which depend on sample composition) were eliminated 
in a direct manner. The net line intensities of the internal reference elements were 
used to compensate for different rates of sample introduction into the plasma so 
that urine samples with a wide (normal) range of total solids content could be 
analysed with a single set of analytical calibration curves. The limits of detection 
that were observed for a number of elements of biological interest in urine are 
given in Table IV. The powers of detection were sufficient for quantitative deter-
mination of the normal concentrations of many elements in urine (B, Be, Ca, Cu, 
Fe, Mg, P, Se and Zn) but were insufficient for even the detection of many others 
(Al, As, Cd, Co, Cr, Mn, Ni, Pb and V). Apparently,these latter elements will have 
to be preconcentrated before their introduction into the plasma. 

Nixon [66] recently described a procedure for the quantitative distillation of 
As, Se, Sn and Ge bromides from perchloric acid digests of biological samples, as 
a means of preconcentrating these analytes before their injection into the plasma 
for multielement determinations. The procedure was applied for the simultaneous 
determination of As, Se, Sn and Ge in blood, serum, and urine, and the accuracy 
and precision of the total procedure were determined (to the extent to which that 
was possible) by application of the method to NBS standard reference materials. 
Typical analytical results are summarized in Tables V and VI. The relative standard 
deviation for 12 separate determinations of the analyte levels in NBS orchard leaves 
was 0.05 for As, Se and Sn; 0.14 for Ge at the 0.3 mg/kg level in spiked orchard 
leaves. Although the accuracy and precision were adequate, the equipment and 
supervision required for the distillation and the relatively large amounts of bio-
logical material that were required decreased the attractiveness of the method for 
the analysis of both small amounts and large numbers of biological samples. 

Several other workers have also either used or investigated ICP-AES for deter-
mination of trace elements in solid biological samples. Scott and Strasheim [73], 
for example, compared ICP-AES results for multiple determinations of Fe, Mn, 
Cu, Al, B and Zn in six botanical samples with results obtained by AAS, DC arc 
emission spectrometry, and X-ray fluorescence spectrometry. The ICP-AES 
method was sufficiently sensitive for the direct determination of these elements in 
solutions of the plant materials that were obtained by dry-ashing. The solutions 
introduced into the plasma contained 2 g of dried sample per 50 ml of solution. 
Only one reference standard solution was used for calibration, and no interference 
corrections were mentioned. The authors concluded simply that the overall 
accuracy and precision of the ICP-AES method were 'acceptable' as compared with 
the other methods that were mentioned. 
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TABLE VI. ANALYSIS OF STANDARD REFERENCE MATERIAL (SRM) 
BY BROMIDE DISTILLATION/ICP-AES 

Material SRM Element 

ICP-Distillation 
Procedure 
(mg/kg) 

NBS 
(mg/kg)a 

Bovine 1577 As 0.29+0.11 0.055+0.005 
Liver Se 0.97+0.03 1 . 1 + 0 . 1 . 

Sn 0.22+0.18 — D 
Ge ~N.D. C 

— 

Orchard 1571 As 8.8+0.4 10+2 
Leaves Se 0 . 0 7+0.004 0.08+0.01 

Sn 0.34+0.09 — 

Ge N.D. — 

Coal 1632 As 6.5+0.5 5.9+0.6 
Se 2.9+0.1 2 . 9+0 . 3 
Sn 4.0+0.2 .— 
Ge N.D. — 

Coal 1630 Se 2.12+0.09 (2.1) 

aParentheses indicate concentration values which are not 
certified by the NBS. 

bNot determined by the NBS. 

'N.D. = not detected. 

Scott and Strasheim also noted the occurrence of background variations in 
the vicinity of the zinc line that correlated with changes in the concentrations of 
the major constituents in the botanical samples. Presumably, these intensity changes 
were caused by changes in the concentrations of easily ionized species in the sample 
materials, because they were adequately compensated for when the blank and 
reference solutions had major element (Ca, Mg, K) concentrations that were 
similar to those of the sample solutions. This point is only mentioned here as 
an illustration of a number of 'problems' that various investigators have observed 
and solved by matrix-matching. The problem with the matrix-matching approach 
is that it prevents the full utilization of ICP-AES capabilities for simultaneous 
determination of both the trace elements and major elements. As previously 
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noted, interference-correction algorithms can be applied successfully when 'inter-
ferences' such as those observed by Scott and Strasheim are noted. Direct 
measurement of the spectral background for the samples themselves, as in Ref. 
[54], can also be used for eliminating the effects of background shifts. Both of 
the latter approaches are well suited for automatic execution by commercially 
available, computer-controlled, ICP-AES analytical systems. In addition, neither 
of the latter approaches prevents the simultaneous determination of trace and 
major elements in the same sample solutions. 

Irons et al. [74] compared the multielement analytical performance of a com-
mercial ICP-AES system and of a custom-built X-ray fluorescence (XRF) system. 
The test samples were NBS bovine liver and orchard leaves, and blends of those 
two materials. For ICP-AES, the samples were dissolved with Feldman's nitric-
perchloric acid digestion procedure [43]; the solutions introduced into the plasma 
contained 1 g of sample per 50 ml of solution. The elements determined by 
ICP-AES included Ca, Cu, Fe, Mg, Mn, Ni, Pb and Zn. The ICP-AES and XRF 
techniques both performed favourably with respect to accuracy when compared 
to determinations performed by AAS for the same sample materials. The instru-
mental precision was ~ 1% for ICP-AES and XRF, but the precision of the total 
sample preparation and analytical procedures was somewhat poorer, due to 
(assumed) lack of precision in the sample preparation procedures that were required 
for the two techniques. 

Biological samples examined at the Ames Laboratory include serum and 
blood [65]; urine [54]; hair, bones and teeth [75]; foods [58]; NBS bovine 
liver, orchard leaves, and IAEA animal muscle H-4 and milk powder A-l 1. Some 
of these studies have been mentioned above. Much of our recent work has 
focussed on solution of the analytical problems associated with stray light [51, 53] 
and recombination emission [52, 54]. As noted in Ref. [51 ] normal variations in 
the concentrations of concomitant elements in real samples (particularly biologicals) 
can cause the sample background intensities to be significantly different from 
those observed for the reference blank solution and can cause the background 
intensities to vary from sample to sample by amounts that are often comparable to 
the concentrations of the trace elements that are to be determined. If these back-
ground differences and variations are unrecognized or ignored, they can be important 
sources of analytical bias. This is particularly true for determinations near the limits 
of detection, because then the background intensities are a large fraction of the 
total (analyte plus background) intensities. 

Although a complete discussion of the various approaches that have been 
suggested for solution of these problems is beyond the scope of this work, it may 
be appropriate to illustrate the size of the problem and the progress that has 
been made so far. Table VII shows some recent ICP-AES results that were 
obtained for NBS bovine liver. Only one set of raw intensity data was taken for 
this sample, but three different techniques were used for determination of the 
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TABLE VII. ICP-AES SIMULTANEOUS MULTIELEMENT ANALYSIS 
RESULTS FOR NBS BOVINE LIVER SRM 1577* 

Concentration (mg/kg) 

Element X(nm) NBS** Profile Standard Manual 

Ca 315. 8 124+6 122 123 122 
Cu 324. .7 193+10 204 204 202 
Fe 268+8 282 283 285 

Mg 279. _ *** 0 604+9 481 481 _ _ 
Zn 213. 8 130+13 126 126 130 
Zn 202. 5 130+13 132 133 138 

Cd 228. 8 0.27+.04 .28 .37 .26 
Cd 226. 5 0.27+.04 .33 .42 .29 
As 193. 7 0.055+.005 .15 .45 

Co 345. 3 (0.18) .30 .95 .22 
Mo 386. 4 (3.4) 3.8 5.4 3 .7 
Pb 220. 3 0.34+.08 .38 1.5 < .3 

Se 196. 0 1.1+0.1 1.2 3.0 1 .7 
V 311.0 .06 .14 .07 

* The authors are indebted to W. J. Paplawsky and F. Grabau IV 
for substantial contributions to the work summarized in this Table. 

** National Bureau of Standards Certificate of Analysis, 
Standard Reference Material 1577, Bovine Liver, Revised June 14, 
1977. Non-certified values are shown in parentheses. 

*** The Mg 279.5 nm line used for this analysis is known to 
be inappropriate for biological samples. The Mg 279.8 nm line 
is recommended instead. 

analyte concentrations. The results listed under the 'Standard' column heading 
were obtained with the usual 'blank subtraction' method for background cor-
rection [76]. The background correction procedures employed for results listed 
under 'Profile' and 'Manual' both used actual sample background data, as mentioned 
above; however, the necessary background correction operations were performed 
by a computer in the former case, and by a skilled analyst in the latter. 
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Three main points should be noted regarding the results in Table VII. First, 
the ICP-AES results obtained with automatic background correction were in good 
agreement with the NBS certified and information values for all elements except 
Mg and As. The Mg result was incorrect because the emission line used for this 
study has a high degree of self-absorption and non-linearity at the high concentra-
tion levels that are common in biological samples. The Mg line at 293.65 nm 
has provided vastly superior performance for other analyses of biological samples 
and similarly good performance is expected for the Mg line at 279.81 nm. For 
As, the large difference between our result and the NBS value is actually equi-
valent to only ~ 1.3 times the ICP-AES detection limit for As in the sample solu-
tion that was employed (1 g sample per 25 ml solution). 

A second point to be noted is that for every element whose concentration 
was determined near the limit of detection, i.e. those in the lower half of Table VII, 
the results obtained by the conventional blank subtraction approach for back-
ground correction ('Standard' column) were substantially higher than the other 
results for those elements. These differences reflect the size of the analytical 
error that occurred because the conventional blank subtraction procedure treats 
stray light and recombination emission contributions to the total observed sample 
emission intensity as if they were analyte emission. Obviously, the conventional 
procedure is inadequate when concentration determinations must be performed 
near the limits of detection. 

The third point to be noted from Table VII is the good agreement between 
the results that were obtained when background corrections were performed by 
the programmed computer procedure and when they were performed by a skilled 
analyst ('Profile' and 'Manual' columns, respectively). The good agreement 
indicates that the background correction procedures that are necessary for 
effective direct elimination of stray light and recombination interference have 
indeed been properly programmed for computer execution. The obvious implica-
tion is that they could probably be performed by the minicomputers that are 
normally supplied as an integral part of present commercial ICP-AES multi-
element analysis systems. 

The recent publication by Dahlquist and Knoll [40] is the most comprehensive 
report to date on the use of ICP-AES for the simultaneous multielement analysis 
of biological materials. These investigators studied the application of ICP-AES to 
the determination of 18 major, minor and trace elements in a wide variety of bio-
logical samples. A thorough characterization of the accuracy and precision of the 
results they obtained for standard reference materials was an important feature 
of their work. 

One of the primary goals of the Dahlquist and Knoll (D and K) work was to 
identify and characterize alternative analytical procedures for biological samples 
that would take full advantage of the simultaneous multielement analysis capability 
of ICP-AES, without having to resort to preconcentration or separation procedures. 
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TABLE VIII. REFERENCE SAMPLE MATERIALS ANALYSED BY 
DAHLQUIST AND KNOLL [40] 

Reference Sample Source 

Orchard leaves 

Bovine liver 

Botanicals 
(13 sample materials) 

Serum 
(3 control materials) 

Liver, muscle tissue, 
leaves stems (ash) 

NBS SRM-1571 

NBS SRM-1577 

Le Comité' Inter-Institutes 
d'Stüde des Technique 
Analytique de Diagnostic 
Foiliare (CII) 

American Hospital Supply 

Illinois Natural History 
Survey 

Soil extracts University of Minnesota 

TABLE IX. SAMPLE TYPES AND REFERENCE SOLUTIONS 

Sample Type Sample Dissolution Reference Solutions 

Lyophylized botanical 
tissues 

Lyophylized animal 
tissues 

Blood serum 

Ashed tissues 

Soil extracts 

H N O 3 - H C I O 4 

H N O 3 - H C I O 4 

H N 0 3 - H C 1 0 4 

Four different 
dry-ashing 
procedures 

1 M Ammonium 
Acetate 

17% HC10 4 

ti 

1.25N HCl 

1 M Ammonium 
Acetate 
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TABLE X. ELEMENTS DETERMINED SIMULTANEOUSLY IN THE 
WORK OF REF. [40] 

Na Fe Al Cu 

K Cu Ba Mn 

Ca Zn Cd Ni 

Mg Co Pb 

P Cr Sr 

Specifically, procedures were sought which would be suitable for multielement 
analysis of a variety of biological samples with: (a) a single sample preparation 
procedure, (b) a single set of 'compromise' instrumental operating conditions, 
and (c) a single set of analytical calibration curves. The sample types studied 
by D and K are shown in Table VIII, and the various alternative sample preparation 
procedures are indicated in Table IX; the elements which were determined simul-
taneously are listed in Table X. 

The commercial ICP-AES instrument employed by D and K provided sufficient 
accuracy and precision for critical examination of the sample preparation proce-
dures on a multielement basis. In addition, software available with that instrument 
was used to calculate concentration corrections for a relatively small number of 
spectral interferences that were observed. The values of the individual contri-
butions to these corrections were calculated using second-order polynomials. 
The independent variable in each of the contributing polynomials was the 
measured concentration of one of the known interfering elements. In practice, 
this interference correction approach can provide suitable corrections for many 
of the effects of stray light, recombination emission, and spectral line interferences. 

On the basis of the analytical recoveries they observed for the sample pre-
paration methods that were investigated, D and K concluded that nitric-perchloric 
wet digestion [43] was the preferred sample dissolution procedure for biological 
materials. It should be noted that this conclusion was contrary to one of the 
principal objectives of the D and K work, namely, a demonstration of the analytical 
validity or even superiority of one or more of the alternative sample preparation 
procedures as compared to the conventional nitric-perchloric digestion. Because 
all of the alternative procedures yielded solutions that contained 5 to 10 times 
more sample per unit volume than the practical limit for nitric-perchloric digests, 
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the principal result of such a demonstration would have been an anticipated 5-
to 10-fold improvement in the limits of quantitative determination for trace 
elements in biological samples. 

The only significant limitation of the nitric-perchloric procedure identified 
in the D and K work was the low solubility of alkali element and ammonium 
Perchlorates. For general application to biological samples these low solubilities 
restricted the concentration of the solutions introduced into the plasma to a 
practical limit of no more than 1 g of dry sample per 50 ml of solution. Unfortu-
nately, at those solution concentrations, the normal levels of a number of impor-
tant trace elements (Cd, Co, Cr, Ni, Pb and V) were uncomfortably close to or 
below the limit of quantitative determination (5 times the detection limit) for 
the instrumentation employed by D and K. 

All the sample preparation procedures investigated by D and K required 
considerable time, but the samples could be processed in batches; actual instru-
mental time for multielement analysis, including all necessary calculations and 
printout of results in concentration units, was only 80 s per sample. 

Two general conclusions reached by D and K were: (a) that ICP-AES is 
a rapid and efficient technique for the quantitative simultaneous multielement 
analysis of biological materials, on a routine basis, and (b) that the accuracy, 
precision and powers of detection observed for the ICP-AES technique compared 
favourably with those of other, highly regarded multielement methods, including 
neutron activation analysis and rotating-disk atomic emission spectroscopy. The 
authors conceded that their investigation was not comprehensive as compared with 
the recognized multielement capability of ICP-AES. The list of elements studied, 
although lengthy, did not include a number of elements of obvious biological 
importance. Those 18 elements that were included in the investigation, however, 
allowed rigorous statistical evaluation of ICP-AES performance as compared with 
that of other recognized analytical techniques for biological samples. The range 
of these evaluations included major, minor, trace and ultratrace concentration 
levels. 

5. ASSESSMENT OF THE APPLICABILITY OF ICP-AES 
IN THE LIFE SCIENCES 

Table XI summarizes the applicability of the ICP-AES technique for the 
determination of selected trace and other elements in four biological reference 
materials: Bowen's kale; NBS bovine liver, SRM 1577; IAEA animal muscle, 
H-4; and human blood serum. The elements and sample materials considered 
in this assessment, as well as the categories used for indication of the analytical 
precision, were selected by the IAEA Advisory Group on the Selection of 
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TABLE XI. APPLICABILITY OF ICP-AES FOR THE DETERMINATION 
OF SELECTED ELEMENTS IN SOME TYPICAL BIOLOGICAL MATERIALS* 

Element Animal Bowen ' s Bovine Blood 
Muscle Kale Liver Serum 

As _ _ - ? 

Be - +++ + ++ 
Ca +++ -HH- +++ +++ 
Cd + ++ -H- ++ 

Cl _ - - _ 
Co - - - -

Cr + + + + 
Cu +++ +++ +++ 

F _ _ _ _ 
Fe +++ +++ +++ +++ 
Hg - - - -

I - - ? +++ 

K +++ +++ +++ +++ 
Hg +++ +-H- +++ +++ 
Mn +++ +++ +++ -H -
Mo - ++ +++ -H-

Na +++ +++ +++ + - H -
Ni ++ ++ ? + - H -
P - H - + +-H- +++ +++ 
P b - 44- - -H-

Sb _ _ -

Se - - + - H - + 
Si +++ +++ +++ + 4 + 
Sn - - - ++ 

T1 _ _ _ 
U - - - _ 
V - + - +-I-
Zn +++ -H-+ +++ +++ 

No. +++ 10 11 11 12 
No. ++ 1 4 1 7 
No. + 2 2 3 1 
No. ? 0 0 2 1 
No. - 15 11 11 7 

* Experimental conditions and compositions are summarized in Table XII and in 
Appendix I, Table A-I. 

+++ determinable to a high precision 1% rel.) 
++ determinable to a medium precision 10% rel.) 
+ determinable, but to a poor precision (~20—40% rel.) 
? borderline; (precision ~ 50—100% rel.) 
— not determinable 
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TABLE XII. EXPERIMENTAL CONDITIONS ASSUMED FOR ASSESSMENT 
OF ICP-AES APPLICABILITY FOR BIOLOGICAL SAMPLES 

Sample weight 1 gram 

Sample treatment HNO3-HCIO4 wet-digestion 
without added catalyst 

Sample dilution 1 g/50 ml; 
(1 g/5 ml for serum) 

Final acid concentration 9 wt% HCIO4 

Sample introduction mode Ultrasonic nebulization with 
aerosol desolvation [21] 

Limits of detection As in Table I, but degraded by 
a factor of four [77] for 
9 wt% HCIO4 solutions 

Optimal Methods for the Assay of Trace Elements in Biological Materials. The 
elemental concentrations assumed by the Group, for comparative assessment 
of the applicability of various trace analysis techniques, are given in Appendix I, 
Table A-I. Although the assumed values in this Table represent 'reasonable' concen-
trations of the subject elements in the example reference materials, they are not 
to be regarded as either actual or 'recommended' values. Actual data were included 
when available, but reasonable values (enclosed in parentheses) were simply 
invented for certain of the elements. The experimental conditions assumed for 
the ICP-AES assessment are summarized in Table XII; accurate corrections for 
spectral background and for spectral line interference were assumed to have been 
applied as described in Refs [54] and [40], respectively. 

It should be emphasized that the assessment of applicability for ICP-AES 
(Table XI) is for a single set of operational conditions for simultaneous determina-
tion of all the elements of interest. This is in contrast to the usual analysis and 
assessment procedures for NAA, where a variety of different irradiation, decay 
and counting periods are selected to optimize the analytical performance for 
individual elements or groups of elements. Although various sets of operating 
conditions can also be employed to optimize the detecting power for selected 
elements or groups in ICP-AES, that possibility was not considered for the assess-
ments summarized in Table XI. Other familiar approaches that can be used to 
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optimize the applicability of ICP-AES for the determination of particular elements 
or groups of elements in biological samples include, for example, the hydride 
generation technique (As, Sb, Se, Sn) and various other preconcentration tech-
niques such as those mentioned by Kirkbright [78]. The summary of applicability 
given in Table XI assumes no prior concentration of any of the analytes. 

A number of other elements that may be present in biological samples, but 
which were not considered in the assessment of applicability, are determinable by 
ICP-AES. Depending upon the particular biological material and the concentration 
levels, these additional elements are Al, B, Ba, S, Sc, Sr, Ti and Y. 

6. TYPICAL FACILITIES AND OPERATING COSTS 

The cost of complete, commercially available, ICP-AES instrument systems 
ranges from approximately US $40 000 for simultaneous determination of ten 
elements to over US $120 000 for a more sophisticated system for simultaneous 
determination of 45 elements. 

The multielement ICP-AES systems are usually supplied with a small digital 
computer such as the DEC (Digital Equipment Corp.) PDP-8a, -8/e, -8/m, or the 
PDP-11/03, -11/04, -11/05, or -11/34. The computer performs all the data 
acquisition and system control tasks, and executes the necessary calculations for 
calibration of the instrument and for conversion of observed net intensity data 
to appropriate analyte concentration units. Other tasks performed by the com-
puter include background correction, interelement interference correction, and 
control of an optional automatic sample changer. The multielement analytical 
results are printed by the computer, in a tabular format and in convenient concen-
tration units, approximately 60 to 90 s after the introduction of each sample. 
Thus, manual manipulations of the data are completely eliminated. 

Complete ICP source units are also available separately for those who prefer 
to construct their own systems or to improve their existing atomic emission 
facilities [79], The source units (US $7000 to US $17 000, depending upon the 
power level and options) include a radiofrequency generator (1.5, 2.5 or 5 kW), 
plasma torch assembly, pneumatic nebulizer, argon controls, and an impedance 
matching network. Options that are available include automatic power level 
control, automatic impedance matching circuitry, and an ultrasonic nebulizer. 
The plasma source units can be used with a polychromator, for simultaneous 
multielement analysis, or with a scanning monochromator, for one-element-at-
a-time determinations. A complete description of the latter type of ICP-AES 
facility (cost ~ US $25 000) has been given by Scott et al. [29], 

The main operating costs for ICP-AES are the operator's wage plus either 
US $3/h for liquid argon or US $5/h for high pressure argon. The total cost for 
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electricity (actually included in the above) is less than US $0.15/h. For com-
parison, the sample throughput rate, total operating cost, and the level of required 
operator skill are nearly identical for ICP-AES and flame AAS. However, ICP-AES 
provides simultaneous multielement analysis capability, whereas AAS does so only 
to a limited degree. Hence, as the number of elements to be determined increases, 
the cost per elemental determination by ICP-AES becomes progressively lower 
in comparison with AAS. 

7. OVERVIEW AND OUTLOOK 

Our impression is that the application of ICP-AES in the life sciences is just 
beginning. Most investigations so far have given only a partial indication of the 
potential value and practicality of ICP-AES for rapid, simultaneous,multielement 
analysis of biological samples. The published reports do indicate that potential 
contamination problems are widely recognized and are kept at levels that have not 
affected accuracy. There is evidence, too, that even the most recently recognized 
'problems' that have been associated with ICP-AES, i.e. stray light, ion-electron 
recombination emission, and nebulization-transport effects, are all solvable by 
relatively simple modifications of existing procedures. Also, as advanced sample 
introduction techniques such as those described in Ref.[21] and [80] come into 
wider use, we expect further reductions in the limits of detection that can be 
achieved with commercial ICP-AES systems, and increased application of ICP-AES 
for multielement determinations on small volume samples. Finally, the computers 
that are commonly supplied as part of commercial ICP-AES systems are well suited 
for execution of routine tasks that would be helpful for assessing the quality of 
analytical performance. It is fully expected, therefore, that appropriate software 
packages for routine quality control will be available in the very near future. 

The complementary nature of ICP-AES and NAA capabilities for the deter-
mination of trace quantities of the elements is an important feature of the two 
techniques that has not been emphasized previously. On the one hand, ICP-AES 
exhibits excellent powers of detection for a number of elements that are difficult 
or impossible to determine at trace levels by multielement NAA (i.e. B, Be, Cd, Cr, 
Fe, P, Pb, S, Si, TI and Zn). On the other hand, NAA provides powers of detection 
for other elements (As, Co, Ga, Ge, Hg, Mn, U, W and many of the rare earths) 
that are far superior to those reported so far for ICP-AES. In this sense, NAA 
and ICP-AES should be viewed as complementary rather than as competing 
analytical techniques. 
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Chapter 10 

MASS SPECTROMETRY 

G.H. MORRISON 

1. INTRODUCTION 

A mass spectrometer is an apparatus which produces a beam of gaseous 
ions from a sample, sorts out the resulting mixture of ions according to their 
mass-to-charge ratios, and provides output signals which are measures of the 
relative abundance of each ionic species. Mass spectrometry is probably the 
most comprehensive and versatile of all instrumental methods of analysis. 
Many different kinds of materials can be analysed with a suitable mass spectro-
meter, and more information is obtained per microgram of sample than with 
any other analytical technique. Appropriate instruments can be used to identify 
and measure the concentration of inorganic and organic species, elucidate molecular 
structure, and study fundamental physical phenomena of atoms and molecules. 

This chapter is concerned with the applicability of mass spectrometry 
to the determination of trace elements in specific biological materials. Even 
with this specialized assignment, a number of different mass spectrometric 
techniques can be used to obtain a wealth of information which is difficult or 
impossible to obtain with other analytical techniques. These mass spectrometric 
methods include spark source mass spectrometry (SSMS), isotope dilution mass 
spectrometry (IDMS), and secondary ion mass spectrometry (SIMS) or ion probe 
analysis. 

Spark source mass spectrometry is particularly useful for simultaneous 
multielement trace analysis for survey purposes. It is possible to determine 
more than 33 elements including many of the essential and toxicological elements 
in biological samples with high sensitivity and with accuracies and precisions of 
the order of ± 10% or better. Survey data obtained by this technique are realistic 
for purposes of comparing levels of elements present in specimens present in one 
area with another, provided the matrices of samples are similar [1], 

Isotope dilution mass spectrometry is primarily used in the determination 
of selected trace elements in biological samples with high accuracy and precision 
of the order of ±0.1%. The technique is particularly useful for the certification 
of biological standard reference materials for use in the calibration of simpler 
and more rapid techniques of analysis. 

Secondary ion mass spectrometry is a relatively new technique that shows 
considerable potential for studying the distribution of trace elements in bio-
logical tissue. The technique, involving either ion microscopy or ion microprobe 
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analysis, allows the determination of many elements in the parts per million range. 
More important, it permits cytological localization of specific elements, thereby 
providing many new possibilities in histochemistry, physiology, pathology, 
pharmacology and toxicology. 

These last two mass spectrometric methods involve complex sample 
preparation and expensive instrumentation so that they find greatest applicability 
in research and should not be considered for routine analytical situations. 

2. THEORY AND SCIENTIFIC PRINCIPLES 

2.1. Spark source mass spectrometry 

Spark source mass spectrometry [2] employs a vacuum spark source which 
permits the direct analysis of solid samples. In this source, a high-voltage radio-
frequency (RF) discharge (50-150 kV) is produced between two closely spaced 
electrodes of the material to be analysed. The repetition rate and duration of the 
RF spark source is variable in order to meet the various analytical requirements 
of different types of samples. 

The design of commercial spark source instruments used is similar and 
employs double-focusing Mattauch-Herzog geometry. For photographic recording, 
this geometry offers a great advantage over other designs since it is simultaneously 
double-focusing for all masses. This permits simultaneous photographic recording 
of a large range of masses and integration over a period of time to provide high 
sensitivity. Figure 1 [2] shows schematically how the instrument functions. In 
the source region two electrodes made from the material being analysed are 
sparked, resulting in vaporization and ionization of the sample constituents. 
After acceleration of the positive ions produced into the slit system, the electro-
static analyser selects for transmission ions of a certain energy range, with no 
mass separation. The magnetic field separates the ion beam according to mass-
to-charge ratio, providing mass analysis at the same time. 

The ions may be recorded either electrically or photographically, the latter 
being preferred for maximum survey information. For photographic detection 
it is desirable to record a series of graded exposures on the photoplate. These 
exposures range from a charge collection of about 10"14 coulombs (one spark) 
to a maximum practical exposure of 10"6 coulombs. The resolved ions cause 
blackening on a photographic emulsion, which is then developed and evaluated. 

The various elements in a sample give rise to a variety of lines in the spectrum, 
the most intense one is due to singly charged ions. These are preferred for analytical 
purposes. Multiply charged ions (at 1/2, 1/3, etc. of isotopic masses) may also be 
present, and their intensities fall by a factor of 3 - 1 0 for each degree of ionization. 
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FIG.l. Double-focusing Mattauch-Herzog geometry. 

In addition, polyatomic ions are always present in the RF spectra of such semi-
metallic elements as C, Si, Ge and Se. Relative intensities are normally of the 
order of X+ > X+

2 >X+
3 > X* , carbon being an exception. Finally, complex 

ions such as Fe 2 0 + and A1N+ may also be observed, usually at low intensities. 
In any analysis, it is essential that the line used to determine the concentration 
of a particular element be free of spectral interference. 

A semiquantitative estimate of trace element concentration can be made 
from a visual comparison of exposures necessary to produce just detectable lines 
from a trace element isotope and an isotope of a reference element [3]. Trace 
element concentrations can then be calculated from the following equation: 

where the subscripts s and i represent the standard and trace element respectively, 
C = concentration in mg/kg (wt), X = concentration of internal standard, 
E = beam monitor exposure in coulombs of charge for equivalent peak intensities 
of the trace element and standard species (just detectable lines for visual method), 
0 = isotopic abundance, f(M) = a function describing the mass dependence on the 
emulsion (this function varies with the method used to obtain intensity values 

C , = J L Es es f(Mj) . Aj Ss 

100 Ej ei f(Ms) A s Sj 
• 106 = mg/kg (wt) (1) 
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and can be neglected for the visual procedure), A = the gram atomic weight 
conversion from atomic to weight units, and S = the experimental relative sensi-
tivity factor (assumed to be 1) for the visual method. Values obtained by this 
visual procedure have been found to be accurate to within a factor of three for 
inorganic systems. For more quantitative work, densitometry and emulsion 
calibration should be employed to establish the intensity exposure ratio Es/E¡, 
which dominates Eq.(l ). It is possible to achieve precisions of ± 5-20% relative 
standard deviation, providing the samples are homogeneous. With regard to 
accuracy: if experimental sensitivity factors for the various elements in a given 
matrix are determined using standards and used in the calculation of concentra-
tions of the trace elements, accuracy will approach values of 5—20%. 

2.2. Isotope dilution mass spectrometry 

In stable isotope dilution analysis [4] the concentration of an element in a 
matrix is determined from the change produced in its natural isotopic composition 
by the addition of a known quantity of the same element, the isotopic composition 
of which has been artificially altered. The theory has been treated extensively [5], 
practical calculations developed [6], and reviews of the technique are available 
[7 -9] . 

A known amount of the sample mixture is equilibrated with a measured 
quantity of the isotopically enriched component called the spike. A separation 
procedure is carried out and the new isotope ratio of the separated phase is 
measured. Since the method involves only measurements of isotopic ratios, 
the separation does not have to be quantitative and sometimes may be omitted 
altogether. Three isotopic ratios must be measured or known: R n , the ratio in 
the natural element; Re , the ratio in the spike; and R m , the ratio in the separated 
mixture. In most cases there are only two isotopes involved, and frequently the 
available enriched tracer is almost monoisotopic. The concentration of the trace 
element of interest is calculated, in mg/kg by weight from Eq.(2) 

R e — R m Rn + 1 A W 
— 111 X — X — X — (2) 
R m - R„ Re + 1 Ae M 

where A and Ae are the atomic weights of the natural and enriched element, 
respectively (the ratio is 1 for most purposes), M is the weight of the sample 
in g, and W is the amount of tracer added in /ug. It is seen that the more enriched 
the tracer the larger the ratio difference and the greater the accuracy. 

The technique is applicable to elements that have at least two stable or 
long-lived radioactive isotopes and are available with an artificially altered isotopic 
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composition. Seventeen monoisotopic elements, including F, Na, Al, Mn, As 
and Bi cannot be analysed by stable isotope dilution. 

Both electron impact and thermal ionization mass spectral sources are 
employed in isotope dilution analysis. The former is used for gases and for 
elements that can be converted into volatile compounds such as C0 2 and 
tetramethyl lead. Thermal ionization is, however, the most used method and 
triple and V-shaped filaments are being most widely employed. 

Commercial instruments are readily available for routine use, but for high 
precision custom-made instruments are still common. Most instruments are 
patterned on a design by Nier [10,11 ]. 

Systematic instrumental errors can largely be eliminated by proper 
calibration technique, i.e. by calibrating the tracer itself using isotope dilution. 
Errors by interference are rare and can be avoided. By using different quantities 
of samples but the same amount of reagents in two analyses, it is sometimes 
possible to estimate reagent contamination from the deviations from proportionality. 
The elimination of errors due to mass discrimination by the internal standard method 
is discussed by Dietz et al. [ 12], A detailed mathematical treatment of the depen-
dence of the errors on the constitution and quantity of tracer has been given by 
Crouch and Webster [13]. Relations are derived for the proper selections of 
the most suitable tracer and its optimum required quantity. 

Isotope dilution is the most sensitive and most accurate of all mass spectro-
metric techniques. The method is specific in that in most cases only one element 
can be determined at a time. It is particularly attractive in cases where quantitative 
separation of constituents is a problem. With such high absolute sensitivities as 
10"6 to 10~15 g, concentration procedures are advantageous even with very small 
samples, since the method does not depend on chemical recovery. The major 
limitation is contamination. 

2.3. Secondary ion mass spectrometry 

This technique involving either ion microscopy or ion microprobe analysis 
is capable of performing both surface and interior microanalysis of solid materials 
for all elements from H to U with sensitivities of the order of a few mg/kg or better, 
depending on the matrix [14], Since ion sputtering is used to remove material 
from the surface of the sample and generate data, microcompositional informa-
tion can be obtained on a three-dimensional basis. Thus, in addition to lateral 
images of the surface, concentration profiles can be established over depths 
varying from less than a few tens of ängströms to several microns. 

In ion probe mass spectrometry a duoplasmatron ion source is used to 
bombard the surface of the sample. Either noble gases or reactive gases such 
as oxygen can be used in this gun to produce either positive or negative ions. 



FIG.2. Schematic representation of ion microscope. 
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The primary ion beam can be accelerated to 15—25 keV. A small diameter 
primary beam (2 -10 ¿um diameter) can be used to sample the local region or a 
larger region can be bombarded and only those secondary ions originating from 
the local region of interest accepted for measurement. When primary beam 
diameters of a few microns are employed, the technique is referred to as ion 
microprobe analysis. 

Ion microscopy, involving the use of a primary beam of 250 ¡xm diameter, 
is particularly useful in the study of the distribution of elements in biological 
tissue. It provides a spatially resolved mass analysis of the secondary ions 
produced at the surface of the sample. The ion optics provide a direct imaging 
capability by retaining a one-to-one correspondence between the point of origin 
at an ion on a sample and its location in the final mass-resolved beam. The final 
magnified image thus contains information regarding the spatial distribution of 
any selected element (or isotope) in the sample within an area of 250 ßm diameter 
with a spatial resolution of less than a micron. 

A schematic diagram of the ion microscope is shown in Fig.2 [14]. The 
secondary ions emitted from the sample are accelerated in a uniform electrostatic 
field by the immersion lens which forms a global image. A mass spectrometer is 
used to separate the ions according to their mass-to-charge ratio. The magnetic prism 
provides momentum filtering and the electrostatic mirror provides energy filtering. 
The filtered ion image is then magnified by a projection lens and converted to an 
equivalent electron image, which can be directly recorded on photographic film 
or converted to a photon image for visual observation using a fluorescent screen. 
Alternatively, electrical detection is possible using a light scintillator-
photomultiplier combination whose current output is proportional to the amount 
of a particular ion imaging on the converter cathode. It is possible to perform 
a mass scan of the ions present in a given region of the sample. 

A variety of ionic species are produced by the ion bombardment process 
and include singly charged monoatomic and polyatomic ions, multiply charged 
ions, and interelement molecular ions. In addition, 'hydrocarbon' ions and oxide 
ions may be produced from molecules chemisorbed at the surface depending upon 
the vacuum conditions in the vicinity of the target surface. Generally, the most 
intense ion species from inorganic materials are the singly charged monoatomic 
ions of the elements present. To increase the mass resolution of the instrument, 
thereby minimizing the possibility of spectral interferences, an electrostatic 
analyser attachment is shown in Fig.2. 

When using electrical detection, the measured secondary ion current I is 
related to concentration by the equation 

T C m S i p a 0 (3) 
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where T = the practical ion yield, C m = the atomic concentration of element M 
(corrected for its isotopic abundance), S = the total sputtering yield (number 
of atoms of any kind removed per incoming particle), ip = the primary beam 
density, and a0 = the area on the target surface (A = G 2a 0 , where A is the area 
of the magnified image in front of the counting system and G the degree of 
magnification). The practical ion yield, T, is defined as the ratio of the number 
of M+ ions collected to the number of M atoms removed from the target. It 
takes into account the ionization efficiency as well as the transmission efficiency 
of the instrument. 

3. SAMPLE PREPARATION 

3.1. Spark source mass spectrometry 

(a) Drying. Fresh and untreated animal tissue are vacuum-dried in a lyophilizer 
to a constant weight. The lyophilized samples are then broken into fairly small 
pieces and powdered, for example, in a Spex Freezer-Mill. For standard reference 
materials such as NBS orchard leaves, bovine liver, Bowen's kale and IAEA animal 
muscle (H-4), these steps are unnecessary since these materials have already been 
dried, ground and homogenized by the issuing organizations. 

Before analysis, all biological samples in powder form should be further 
dried in the following ways: 

Plant samples — dry in a vacuum oven at 90°C for 30 h. 

Animal samples — dry in a vacuum oven at room temperature for 30 h. 

The dry biological samples should be kept in a well-stoppered plastic 
(polystyrene) container and stored in a desiccator until ashed. 

(b) Homogenization. In general, homogeneity is achieved most easily when 
the mean diameter of the particles present is small. The large amounts of fat 
found in some animal tissues may be a source of difficulty in grinding the 
lyophilized materials. Grinding with a Spex Freezer-Mill or equivalent apparatus 
solves this problem. 

The Freezer-Mill is an impact grinder designed to operate at liquid-nitrogen 
temperature [15]. The grinding mechanism is housed in a double-walled insulated 
enclosure. The grinding operation involves only a single moving part: a heavy 
impactor which is electronically shuttled back and forth within a stationary sample 
container, thus hammering the sample against two anvils. The low temperature 
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permits grinding many biological materials that are ungrindable at room tempera-
ture, since at low temperature even oily substances become hard enough to be 
crushable into smaller particles. 

The sample container, shown in Fig.3, consists of two ferromagnetic end 
plugs, a plastic (polycarbonate) centre section and an impactor. Two tight-fit 
teflon caps are inserted to encase the impactor, thereby eliminating metallic 
contamination of the sample. Some fluorine contamination from the teflon 
lining results; however, since fluorine is a volatile element that may be partially 
lost during the ashing process, it is not determined in SSMS procedures. 

In summary, the homogenization process is as follows. The freeze-dried 
biological sample is first broken into fairly small pieces. The grinding vial is 
then filled with pieces and the grinding apparatus is turned on for about three 
minutes. The finely powdered material (100-200 mesh) is then transferred to an 
appropriate-sized polyethylene bottle containing teflon mixing balls and further 
homogenized by shaking and rolling. 

(c) Ashing. Because of spectral interferences resulting from organic fragment 
ions it is not feasible to directly spark biological materials. These organic ions 
of differing complexity are formed in the spark and result in spectral interferences 
that may appear at every mass from 14 to above 200 with a great chance of over-
lapping the trace element lines of interest. This makes qualitative identification 
difficult and quantitative measurement impossible for many elements. Even with 
the high resolution attainable with double focusing mass spectrometers, these 
organic interferences pose a serious limitation to direct SSMS of biological materials. 
It should, be noted that there are varying degrees of organic interference from dif-
ferent biological materials, so that body fluids and bone samples show fewer inter-
ferences than do animal tissue and plant materials, thereby permitting limited trace 
determinations. 



2 1 0 MORRISON 

LTA - 6 0 0 

By subjecting biological samples to either wet- or dry-ashing before mass 
spectrometric measurement, the interferences from the organic species can be 
greatly reduced so that the full capabilities of SSMS can be approached. 

The subject of ashing biological materials has been treated in detail in Ref.[ 16]. 
The danger of contamination when using wet-ashing techniques decreases its use-
fulness so that dry-ashing techniques are preferred in SSMS. One procedure involves 
ashing the sample in air in a furnace at around 400—500°C. A more preferred 
procedure employs a low-temperature dry-ashing technique based on microwave 
excitation in low-pressure oxygen atmosphere. 

A commercial instrument, the Tracerlab Low Temperature Dry Asher, is 
capable of ashing samples at temperatures in the region of 150°C [17], Complete 
removal of organic material is accomplished with no addition of chemical reagents 
except a high purity stream of excited oxygen. Ashing also preconcentrates the 
sample so that analytical sensitivity is improved. 

Figure 4 is a diagram of the ashing system [18]. Commercial-grade oxygen 
is admitted through a flow meter controlled by a needle valve. The oxygen passes 
through a RF electromagnetic field which produces excited oxygen species that 
attack the sample surface in the oxidation chamber. Exhaust vapours are removed 
by a mechanical pump. 
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TABLE I. ASHING FACTORS FOR VARIOUS BIOLOGICAL 
SAMPLES 

Sample Ashing factor % 

Orchard Leaves 

Kale 

Bovioe Liver 

Pig Liver 

Pig Kidney 

Lake Trout 

11.8 
20.4 

5.58 

6.32 

7.37 

17.1 

The oxidation proceeds in a gentle fashion at approximately 150°C, thus 
avoiding high temperature volatilization of trace elements and decomposition 
of inorganic structure. The volatile products of the oxidation, such as CO, C0 2 , 
NO, S02 and H2 O, and volatile elements (F, CI, Br and I) are carried away in the 
exhaust system. The remaining ash contains the inorganic elements primarily as 
oxides. 

Volatilization losses of trace elements during low temperature ashing of 
biological materials have been studied by Gleit [17], Gleit and Holland [19] and 
Evans and Morrison [20]. They found no losses of Sb, As, Cs, Co, Cr, Cu, Fe, Pb, 
Mo, Mn, Se, Na, Zn, Cd, Ni, TI, Sn, Sr, Ti and V, and only minor losses of Au, 
Hg, Ag, Si and P. 

The ashing times required for various biological materials range from two to 
three days. The ashing factor, defined as weight of ash divided by weight of 
freeze-dried sample, for several biological materials is given in Table I. 

(d) Addition of internal standard. Yttrium is a good choice of internal standard 
for quantitative analysis since it occurs in negligible amounts in most biological 
samples. It is a monoisotopic element of mass 89, its multiply charged ions have 
non-integral masses that will not interfere with the analysis. The internal standard 
is also in the middle of the mass range of interest and appears on all exposure 
levels on the photoplates. 

The internal standard can be added by solution doping of graphite powder 
which must eventually be blended with the ash to provide an electrically 
conducting sample [21 ]. This method gives a more homogeneous and reproducible 
mix than other solid-doping techniques in a considerably shorter time and with 
much less manipulation, thereby reducing the possibility of contamination. 
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(e) Electrode preparation. In our laboratory, the following procedure is used. 
A suitable amount of the biological ash is weighed and transferred to a small 
polystyrene vial containing a plastic bead. The graphite powder doped with 
yttrium is added in the ratio of one-to-one. The mixture is then shaken for 
30 min with a mechanical shaker to achieve a homogeneous mixture. The blended 
mixture is then pressed in an Associated Electrical Industries 1 /4-in die at 
160 000 lbf/in2 to form rod electrodes 5/64 in in diameter and 3/8 in long. 
These are cut in half with a stainless-steel blade to provide the two electrodes 
which are then loaded into the mass spectrometer. 

3.2. Isotope dilution mass spectrometry 

(a) Dissolution. An appropriate sized biological sample is transferred to a 
teflon beaker and a weighed aliquot of separated isotope solution (spike) is 
added to the sample. The ensuing chemical procedure must ensure that the 
element to be determined and its spike are mixed thoroughly. This requires 
complete decomposition of the sample, and then, if necessary, treatment to 
convert all of the element, normal and spike, into the same chemical form. 
When complete mixing has been achieved the element is separated in a suitable 
state of purity for mass spectrometric analysis. 

Decomposition of biological samples is accomplished by heating with 
suitable acids, usually HN03 and HC104, with the addition of HF for some 
samples. Since high sensitivity is required for the determination of most trace 
elements in biological materials, the reagents used should be well purified. 

Suggested methods of purification include [7]: 

Water — by mixed bed ion-exchange followed if necessary by distillation 
in a quartz still. 

Hydrochloric acid — by distillation of the constant boiling mixture, or by 
dissolving hydrogen chloride gas in pure water. 

Nitric and perchloric acids - by vacuum distillation in a quartz still. 

Hydrofluoric acid — by distillation in polyethylene, or by passing the gas 
into water contained in an ice-cooled vessel. 

Solid reagents — by recrystallization; traces of a number of metals may be 
removed by repeated extraction with dithizone or 8-hydroxyquinoline 
in chloroform. 

Depending upon the element, contamination from the apparatus may be 
a source of error. When possible, acid treatments or fusions should be made 
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in platinum dishes, and generally polyethylene or silica apparatus is preferred 
to glassware. Errors may also be caused by losses from solutions of spike or 
standards by adsorption on the walls of the containers. Once again, fused silica 
or polyethylene are preferred to glass. Another potential source of error for some 
elements is atmospheric contamination. One solution is to perform all manipula-
tions in clean air hoods or special clean rooms [22] to provide an environment 
free of the elements to be determined. 

(b) Chemical separation. As a determination made by isotope dilution depends 
on a measured isotope ratio, once mixing of the normal and spike element is 
complete the result found is independent of the chemical yield. This is true 
only if the contamination correction is small. If it is large then the yield must 
be complete for the net result to be accurate. It is preferable to restrict the 
contamination level to 1% or less of the measured quantity of the element. 

Of the various separation methods, solvent extraction and ion-exchange 
chromatography are used most frequently [7]. As mentioned, the separation 
need not be quantitative, and it is omitted altogether when there is no inter-
ference from other substances present. 

(c) Sample loading. The solution of the separated fraction is loaded by means 
of a scrupulously cleaned quartz pipette onto degassed metal filaments (usually 
Re or Pt). The solution is then dried with an infra-red lamp while passing a small 
current through each filament. 

3.3. Secondary ion mass spectrometry 

The analysis of biological specimens by this method poses two major 
problems; the first involves devising methods of preparation which will preserve 
as far as possible the conditions existing in the living state, and second that they 
are non-conductors. 

(a) Specimen preparation. The specimen must be prepared so that the 
in-vivo distribution and concentration of the elements present in the different 
cellular and extracellular compartments are not changed. The general procedure 
involves fixation, dehydration, embedment, sectioning and mounting on metal 
discs. Cryotechniques and vacuum dehydration are recommended for diffusable 
ions. The study of non-diffusable ions can be accomplished by routine paraffin 
or Epon embedment procedures. Care must be taken to avoid elemental 
contamination from reagents and cutting tools used in the microtome. 
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(b) Conductivity. Theoretically, SIMS microanalysis can only be performed 
on specimens which are electrical conductors and which have a perfectly flat, 
equipotential surface. Surfaces of non-conducting specimens may become 
irregularly charged during bombardment with the primary ion beam, with a 
resultant loss of the image. 

For some soft tissues which are porous, the cutting of thin sections of the 
order of 1 to 5 /im may suffice in providing a sufficiently conductive sample. 

Otherwise, it is recommended to vapour deposit in vacuum a metallic grid 
(As, Cu or Al) on the surface of the specimen. The layer of evaporated metal 
is a few microns thick with grid bars 0.003 mm wide and grid spaces 0.150 mm 
on each side. The presence of the metallic grid allows the free flow of electric 
charge over the surface of the specimen. The windows provided by the grid 
spacings allow visible observation of the sample during bombardment for optimum 
choice of area to be examined. A less satisfactory procedure involves the deposi-
tion of a thin metallic film over the entire surface of the specimen. 

4. ASSESSMENT OF APPLICABILITY OF METHODS 

4.1. Spark source mass spectrometry 

With SSMS it is possible to achieve precisions of ± 5—20% relative standard 
deviation, providing the samples are homogeneous [23], The homogeneity of 
the sample is very important since very small amounts of sample are consumed 
during sparking so that large sampling errors can result unless proper precautions 
are taken. 

With regard to accuracy, if experimental sensitivity coefficients for the various 
elements in a given matrix are determined using standards, and these coefficients 
are used in the calculation of concentrations of trace elements, accuracy will 
approach values of 5—20%. The accuracy will, of course, depend on the validity 
of the.certified value in the standard. It should be noted that the accuracy and 
precision of individual elements can vary considerably depending on the level 
of the signal, matrix effects, interferences, etc. Therefore, a range of acceptable 
values is given above. Elements with accuracies lying significantly higher than 
this range are suspect and should not be reported. Simultaneous multielement 
analyses imply a compromise in experimental conditions so that a sacrifice in 
accuracy and precision must be made for obtaining information on a large number 
of elements. The temptation to report elements with poor values must be resisted. 

As mentioned earlier, quantitative analysis by SSMS requires that relative 
sensitivity coefficients (RSC) be determined by analysis of calibration standards. 
The RSC is defined as the ratio of the measured relative concentration of an element 
to its certified relative concentration in a calibration standard. In theory, the RSC 
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is used to correct for the different ionization efficiencies of the various elements 
under consideration. Actually, many analysts employ RSCs which include addi-
tional factors, such as those representing the mass dependencies of photoplate 
sensitivity, ion transmission efficiency and line width corrections, rather than 
correct for them separately. 

Although, in principle, the RSC of an element in a given matrix is invariant, 
in practice RSC values obtained in the past often contain large systematic errors 
due to inhomogeneity, incorrect certification of standards, spectral interferences 
and measurement errors. 

4.1.1. Systematic errors and their minimization [24] 

(a) Elimination of inhomogeneity. Biological materials are non-conducting 
substances of a complex nature where sample heterogeneity is a primary source 
of error. In addition, these samples and standards must be ashed, powdered and 
uniformly blended with graphite (or another suitable conducting matrix) in order 
for the final pressed electrode to sustain the RF spark. Morrison and Rothenberg 
[25] have developed a procedure which significantly improves the uniformity of 
the electrode material by grinding the sample or standard in an agate electro-
magnetic micromill and blending with a high purity graphite conducting matrix. 
The material is ground to a powder which will pass completely a 400-mesh 
nylon screen, blended with graphite containing appropriate internal standards 
and pressed into electrodes. 

(b) Internal standard introduction. The preparation of homogeneous conducting 
electrodes containing one or more internal standard elements has always been one 
of the major difficulties of calibration in SSMS. Because of the lack of homogeneity 
resulting from the addition of internal standard in solid form followed by successive 
powder dilutions, a variety of solution-doping procedures have been proposed. A 
relatively rapid method was developed by Jaworski et al. [21 ] which allows the 
preparation of homogeneous internal standard mixes without the limitations of 
previous methods. The method involves solution-doping of graphite with internal 
standards followed by freeze-drying and blending. In this way a large amount of 
graphite may be processed into a stable doped conducting medium which may then 
be tested for homogeneity as well as contamination. This stock graphite may then 
be used to provide exactly the same amount of internal standard in the electrodes 
of both sample and calibration standard. 

(c) Certification of standards. As mentioned earlier, the denominator of the 
RSC definition contains the certified concentration of the element under considera-
tion in a particular standard. Hence, any error or imprecision in the certified value 

(Text continued on page 220) 
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TABLE II. SPECTRAL INTERFERENCES OBSERVED IN ORCHARD LEAVES 

Ele-
ment Isotope 

Concen-
t ra t ion 

Principal 
Interferences 

Minor 
Interferences 

Be 9 Ul tratrace ( 2 7 A 1 3 ) 

F 19 Trace ( " F e 3 ) (LiC, H 3 O ) 

Na 23 Trace 

Mg 24 Minor ( 7 2 C 2 ) 

25 ( 2 5 C 2 , C 2 H ) 

26 ( l 2 CN) , (C2H2) 

P 31 Minor 15N0 

Cl 35 Minor 23NaC 

37 37MgC ( C 3 H ) 

K 39 Major N a O , ( C 3 H 3 ) 

41 (C2H0, C 3 H 5 ) 

Ca 40 Major C 2 0 (MgO)(CN2) 

42 CNO (CN0),(C2H20, C3H6) 

43 "PC ( C 3 H 7 ) 

44 32sc ( C 0 2 , C 2 H „ O , C 8 H 8 ) 

V 51 Ul t ratrace (3 9KC, 35C10) (3 7A1C2)(C„H3) 

Cr 52 Trace (""CaC, 52KC) 

(C2N2 , 13 C 3 0) (12 C i i HJ 

53 ( 3 7C10, "'KC) ( 5 3 S i C 2 ) , ( C 4 H 5 ) 

Mn 55 Trace ( 2 3 NaS) , 39K0 

Fe 54 Mi nor (CaC, A1 2 ) , (C 4 H 6 ) 

56 2"MgS, CaO, ( 3 5 SC 2 ) 

57 •^KO, ( 5 7 SC 2 ) 

Co 59 U1tratrace SiP, Mg3SCl 3 5 C I C 2 

Ni 60 Trace (CaC, Na37Cl) ( C S 0 ) , ( C 5 ) 

61 Mg37Cl ( 3 7 CIC 2 ) , (C s H I ) 

62 3ip ( C 5 H 2 ) 

Cu 63 Trace P 3 2 S, ( 3 1 PO 2 , 39KC2) 
(CSH3) 

65 P3"S, ( ^ K C z , 1,9Mg20) 

Consents 

Be was very weak 

Vo la t i l e 

Intense s i n g l e t , 
2 3 Na 2 + measurable 
Intense peaks 

2 5Mg2 + measurable 

Intense s i n g l e t , 
3 1P3 measurable 
Vo la t i l e 

Intense s ing le t 

* i K 2 + measurable 

l | SCa2 + measurable 

5 1 V 2 + measurable 

Intense s ing le t 
5 5Mn2 + measurable 

No s ign i f i can t Interference 

Unresolved peaks 
5 9Co 2 + measurable 

I f present Ni was very weak 

{ C 5 H 5 ) No s ign i f i can t interference 
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TABLE III (cont.) 

Ele-
ment Isotope 

Concen-
t ra t ion 

Principal Minor 
Interferences Interferences Comments 

Zn 

As 

Se 

Ho 

Cd 

Sn 

Sb 

I 

Tl 

Pb 

66 

67 

68 

75 

78 

80 

92 

94 

95 

96 

97 

98 

100 

111 

112 

113 

114 

116 

117 

118 

119 

120 
121 
123 

127 

203 

205 

206 

207 

208 

Trace 

Trace 

UItratrace 

111 t rat race 

5"FeC, « S 2 , ( 3 "S0 2 ) 

3 2 S 3 5 C 1 ( 3 5 C 1 0 2 ) , 5 5 H n C 

"FeC 6 8S , ( ^ B a 2 , 3 2SC3) 

"»Ca^Cl , 63CuC, (C 6 H 3 ) 7 5 As 2 + Measurable 

UI t ratrace 

3 9 K 2 , K37C1 (C6Hg) 

"0Ca2, 3 2 S 2 0 ( 3 2 S 0 3 ) 

M0 C a 52 C r > 9 2 Z r 

« M 9 * Z r , (C 7H 1 0 ) 

'•"CaMn 2 9 Br0 , ( C 7 H n ) 

l , 0Ca5 6Fe, 3 2S 3
 3 2 S 2 0 2 , (C8 ) 

*°Ca5 7Fe 85RbC, 8 1 Br0 , (C8Hi) 

8 6 SrC, 9 8 S 3 , (CaH2) 

l 0 0 SrC 8 7RbJ 3C, (C8H.,) 

7 9 Br0 2 

i i 2 f e
 1 1 2 SrC 2 

8 9 YC 2 , 3 9 K 2
3 5 C1 1 1 3 I n , 8 1Br0 2 

MoO 

UI t ra t race »«Cd 
39K3 

1 1 9 K 3 

""Caj 
Trace 

UI t ratrace 

UI t ratrace 

Trace 

«SRb02, 117K2C1 

87Rb02 

(12Cio) 
109AgC 

107AgO 

1 1 5 I n C , l l l CdO 

TaC2 

I f present Se was very weak 

No s ign i f i can t interference 

V o l a t i l e 
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TABLE III. SPECTRAL INTERFERENCES OBSERVED IN BOVINE LIVER 

Ele-
ment I s o t o p e 

Concen- Pr incipal 
t r a t i o n Interferences 

Minor 
Inter ferences Comments 

Be 

F 

Na 

Mg 

P 

Cl 

Ca 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

9 

19 

2 3 

24 

25 

26 

31 

35 

37 

39 

41 

40 

42 

43 

44 

51 

52 

5 3 

55 

54 

56 

57 

59 

60 

61 

62 

6 3 

65 

U l t r a t r a c e ( 2 7 A 1 3 ) 

Ul t ra t race ( 5 7 F e 3 ) 

Mi nor 

Mi nor 

Mi nor 

Minor 

Minor 

23NaC 

37MgC 

Minor C20 

CNO 

" P C 

32SC 

Ul t ra t race ( 3 9KC, 3 5C10) 

U l t ra t race (""CaC, S2KC) 

Trace 

Minor 

( 3 7 C 1 0 , ^ K C ) 

39K0 

( L I C , H 3 0 ) 

( 1 2 C 2 ) 

( 2 5 C 2 . C 2 H ) 

( 1 2 C N ) ( C 2 H 2 ) 

1 5 N 0 

(C3H ) 

N a O , ( C 3 H 3 ) 

(C2H0, C 3 H 5 ) 

(Mg0)(CN2) 

(CN0), (C 2H 20, C3H6) 

( C 3 H 7 ) 

(C0 2 , C 2 M , C8H8) 

(C„H3) 

(C2N2 , 1 3 C 3 0 ) , ( I 2 C , A ) 

( 5 3 S I C 2 ) , ( C „ H 5 ) 

23NaS 

Be very close to detect ion 
l i m i t 

V o l a t i l e 

Intense s i n g l e t 2 3 N a 2 + 

measurable 

Intense peaks 

2 5 Mg 2 + measurable 

Intense s i n g l e t 
3 1 P 3 + measurable 

V o l a t i l e 

Intense s i n g l e t 

1 , 1K 2 + measurable 

'• 'Ca2 measurable 

S 1 V 2 + measurable 

A complex of f a i n t l ines 
occurs, higher resolut ion 
w i l l be required 

Intense s i n g l e t 
5 5 l ln 2 measurable 

No s i g n i f i c a n t in ter fe rence 

U1tratrace 

!!! t ra t race (CaC, Na 3 7Cl) 

Mg 37C1 

31p2 

Mi nor 

(CaC ) , (C„H6) 

21|MgS, "°Ca0, ( 3 2 SC 2 ) 

" k o , ( 5 7 SC 2 ) 

S iP, ( 2 * M g 3 5 C l , 35C1C2) 5 9 Co 2 + measurable 

(CS0),(Cs) 

( 3 7 C 1 C 2 ) , (CSHI) 

( C 5 H 2 ) 

P 3 2 S, ( 3 1 P 0 2 , 3 9 KC 2 ) , (C 5 H 3 ) 

P 3"S, ( " K C z , "MgzOJCsHs) 

I f present Ni was very weak 
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TABLE III (cont.) 

Ele-
ment Isotope 

Concen-
t r a t i o n 

Principal Minor 
Interferences Interferences Comments 

Zn 

As 

Se 

Ho 

Cd 

Sn 

Sb 

I 

TI 

Pb 

66 

6 7 

68 

75 

78 

80 

9 2 

94 

9 5 

9 6 

9 7 

98 

100 
111 

112 

1 1 3 

1 1 4 

116 

1 1 7 

118 

1 1 9 

120 
121 

1 2 3 

1 2 7 

2 0 3 

2 0 5 

206 

2 0 7 

208 

Minor 

U1tratrace 

U1tratrace 

Trace 

Ul t ra t race 

5"FeC, 6 6 S 2 , ( 3 " S 0 2 ) 

55MnC, 3 2S 3 5C1, ( 3 5 C10 2 ) 

58FeC, 6 8 S 2 > ( 3 2 SC 3 ) 

C ° C a 3 5 C l ) 65CuC 

3 9 K 2 , K37CI (C6H6) 

1 | 0Ca2 , 3 2S 20 (32S03>) 

"°Ca5 2Cr 

3 9 K 2 0 9 * Z r , (C7H1 0 ) 

"•«CaMn 7 9 Br0 , ( C 7 H n ) 

I | 0Ca 5 6Fe, 3 2S 3
 3 2 S 2 0 2 > (C 8 ) 

l f 0Ca57Fe esRbC, 8 1Br0 (C 8 H i ) 

9 8 S 3 , ( C 8 H 2 ) 

e7RbC, (CGHT,) 

7 9 Br0 2 

n 2 F e 2 

8 9 YC 2 , 3 9 K 2
3 5 C1 8 1 Br0 2 

MoO 

Ul t ra trace 1 1 6Cd 
39K3 

119K3 

U1tratrace 

Ul t ra t race 

U1tratrace 

Trace 

8 5 Rb0 2 , 1 1 7 K 2 Cl 

8 7Rb02 

"°Ca 3 , ( 1 2 C 1 0 ) 

109AgC 

107AgO 

»»CdO 

TaC2 

7 5As2 measurable 

I f present Se was very weak 

No s i g n i f i c a n t in ter ference 

V o l a t i l e 
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will be introduced into the value of the RSC over and above that contained in the 
apparent analytical result (i.e. one uncorrected for relative sensitivity) obtained 
by SSMS analysis. This is often ignored by analysts who quote the precision of 
their analyses to be 5% or better. Even the best calibration standards available 
usually have a 10% average uncertainty in the value of their certified trace elemental 
compositions, and, by necessity, this will contribute to the uncertainty of the final 
results. The average uncertainty for 19 certified elements in NBS orchard leaves 
is 8.5%, with a range of uncertainty from 1.4 to 18.1%. The average uncertainty 
for 12 certified elements in NBS bovine liver is 9.4% with a range of uncertainty 
from 5.2 to 23.5%. 

(d) Spectral interferences. The presence of unresolvable interferences due to 
molecular lines and multiply charged species has always been a serious problem 
in SSMS. Neutron activation analysis has been used repeatedly in our laboratory 
to verify the accuracy of SSMS in an unfamiliar matrix. Agreement between the 
two methods when using the same comparative standard to analyse widely differing 
samples has been the basis for concluding that RSCs remain constant in the same 
matrix. Disagreement between the two methods can be an indication of inhomo-
geneities, measurement error, interferences, as well as a matrix effect. Inter-
ferences are generally indicated when larger and larger RSC values are encountered 
as the absolute concentration of an element decreases to the detection limit. 
Elements which do not exhibit RSC values invariant over several orders of 
magnitude change in absolute concentration should be excluded from the final 
results. In cases where the effects of interferences become clearly discernable 
only at relatively low absolute concentrations, RSC values from standards having 
much higher levels of that element should be used. Even here caution must be 
exercised as drastic changes in interference patterns may cause apparent changes 
in RSC even at relatively high levels of the element being considered. The use 
of isotope ratios to recognize the presence of interferences is helpful but limited 
in complex matrices by the fact that often all of the isotopes of an element with 
the possible exception of one are interfered with. 

In a detailed analysis of the mass spectrum of a biological ash-graphite mix, 
where a maximum resolution of 2600 was attained, many spectral lines were 
shown to be multiplets [26]. These interferences can be attributed to carbides, 
oxides, polymers, multiply charged ions and other molecular species of several 
or more major, minor and trace elements. The degree of interference is a function 
of the resolution of the instrument and the relative concentrations of the elements 
of interest and that of the interfering species. 

Precise mass measurements were performed on the mass spectra of NBS 
orchard leaves and NBS bovine liver [26]. The accuracy of the mass measurements 
was approximately ± 0.01 amu. Atomic compositions were derived from the cal-
culated mass with the aid of a table compiled by Burdo and Morrison [27]. The 
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major sources of interferences are tabulated and presented in Tables II and III. 
The first three columns list the elements, their isotopes and their concentration 
levels. The elements are roughly divided into four classes as major (> 1% by wt), 
minor (100 mg/kg - 1%), trace (1 -100 mg/kg) and ultratrace (< 1 mg/kg). The 
fourth column presents the lines most likely to interfere with measurement of the 
isotope listed. If the intensity of an interference line was less than 10% of the 
analyte line, it was listed under the column of "Minor interferences". The species 
in parentheses indicate that they were resolvable from the isotope peak of interest 
given the resolution of the Nuclide Graf 2.1 spark source mass spectrometer. 
Finally, only those elements of direct biological interest (essential or toxicological) 
are included. 

The absence of organic fragment ions in the mass spectrum of biological 
ash-graphite mix indicates that the organic material has been completely removed 
by low temperature ashing. The intensities of multiply charged atomic ions and 
the carbon polymer species were greatly reduced, while molecular ions were more 
abundant. 

In this study the following elements were resolved from inorganic interfering 
species sufficiently well to permit dependable determinations of concentration: 
Na, Mg, P, K, Ca, Mn, Fe, Cu, Zn, Mo, Cd, Sn, Sb and Pb. On the other hand, the 
values of Be, V, Cr, Co, As and TI may represent upper limits of their concentration. 
It is because they are either monoisotopic trace elements or multiisotopic trace 
elements for which interferences can be detected for all isotopes but one by 
examining isotopic ratios. Intense interfering lines masked the isotopic lines 
of Ni and Se, preventing the determination of these elements. Furthermore, CI, 
F and I were known to be lost during low temperature ashing, so that their 
detection was ignored. 

(e) Photoplate evaluation and data handling. At the present time no other ion 
detector can match the ion sensitive photographic emulsion for resolution, sensi-
tivity and scope in simultaneous multielement analysis by SSMS. The precision 
of analysis by photoplate detection, however, has suffered from the variability 
of the emulsion characteristics from plate to plate and the difficulty in calibra-
tions for these effects. The emulsion most frequently used for ion detection by 
SSMS is that of the Ilford Q-2 photoplate. An excellent review of the photoplate 
blackening process and photoplate calibration has recently been published [28]. 
The ion-sensitive emulsion does not darken in a linear manner and the darkening 
characteristics change from plate to plate. Nevertheless, it is possible to derive 
the curve relating the optimal transmission and relative exposure by several 
methods. Because line shape can vary throughout a given spectrum and because 
statistical emulsion variations can introduce significant error in the measurement 
of line width, a number of investigators have developed computer-oriented systems. 
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TABLE IV. ABSOLUTE DETECTION LIMITS IN NANOGRAMS 

Spark Source Neutron Spark Source Neutron 
Element Mass Spectr . Ac t iva t ion* Element Mass Spectr . A c t i v a t i o n * 

Ag 0 . 2 0 .01 Mo 0 . 3 10 
Al 0 .02 1 N 0.01 
As 0 .06 0 .1 Na 0 .02 0 . 5 
Au 0 . 2 0 .05 Nb 0 .08 0 . 5 
B 0 .01 Nd 0 .4 10 
Ba 0 . 2 5 Ni 0 .07 5 
Be 0 .008 0 0.01 
Bi 0 . 2 50 0s 0 .4 5 
Br 0 .1 0 . 5 P 0 .03 50 
C 0.01 Pb 0 . 3 1 ,000 
Ca 0 .03 100 Pd 0 . 3 0.05 
Cd 0 . 3 5 Pr 0 .1 0 .05 
Ce 0 .1 10 Pt 0 . 5 5 
Cl 0 .04 1 Rb 0 .1 5 
Co 0 .05 0 . 5 Re 0 . 2 0 .05 
Cr 0 .05 100 Rh 0 .09 0.05 
Cs 0 .1 50 Ru 0 .03 1 
Cu 0 .08 0 .1 S 0 .03 500 
Dy 0 . 5 0.0001 Sb 0 . 2 0 . 5 
Er 0 . 5 0 .1 Sc 0.04 1 
Eu 0 . 2 0.0005 Se 0 . 1 500 
F 0 .02 100 Si 0 .03 5 
Fe 0.05 5,000 Sm 0 . 5 0 .05 
Ga 0 .09 0 . 5 Sn 0 . 3 50 
Gd 0 . 5 1 Sr 0 .09 0 . 5 
Ge 0 . 2 0 . 5 Ta 0 . 2 5 
Kf 0 .4 100 Tb 0 .1 5 
Hg 0 . 6 1 Te 0 . 3 5 
Ho 0 . 1 0 .01 Th 0 . 2 5 
I 0 .1 0 . 5 Ti 0 .05 5 
I n 0 . 1 0 .005 T1 0 .2 
I r 0 . 3 0.01 Tm 0 .1 1 
K 0 . 0 3 5 U 0 .2 0 . 5 
La 0 . 1 0 .1 V 0 .04 0 .1 
Li 0 .006 Yb 0 .5 0 .1 
Lu 0 .1 0 .005 Zn 0 .1 10 
Mg 0 . 0 3 50 Zr 0 . 1 100 
Mn 0 .05 0.005 

* Editor's note: limits of detection calculated under other assumptions are 
listed in Chapter 7 of this Report, Table II. 

In our laboratory, Burdo et al. [29] have developed a computer system inter-
faced to a microdensitometer which has improved the accuracy and precision of 
photoplate evaluation and data handling. The open-loop system acquires and 
stores digital transmittance profiles. Intensity profiles are obtained by the point-
by-point transformation of transmittance profiles according to the Hull equation. 
The emulsion calibration method is applicable to peak height, line width, or peak 
area intensities. Furthermore, calibration of photoplates individually using a 
suitable internal standard has made it possible to overcome the plate-to-plate 
variations in emulsion characteristics. Experience with the system has shown that 
an average calibration precision of 5% relative standard deviation is attainable. 
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4.1.2. Detection limits 

Detection limits for spark source mass spectrometry assuming no inter-
ferences in the measurement step are given in Table IV as well as those for thermal 
neutron activation analysis [30]. The latter is generally considered one of the most 
sensitive trace techniques. To express the mass spectrometric values in absolute 
weight units requires that the amount of sample consumed and the transmission 
factor of the instrument be known. Unfortunately, these quantities are not 
usually known or stated in the literature. Therefore, the values listed were 
calculated on the basis of experimental observations by Hannay and Ahearn [31 ], 
who determined that 1011 to 1012 atoms of a particular isotope were required to 
produce a detectable effect on the photographic plate. Assuming that 5 X 1011 

singly charged ions would allow photographic detection, the values listed in the 
table were calculated from 

W(a) = (5 X 1011) M/A • Na = (8 .3 X 10"13) M/A (4) 

where M = gram-atomic weight of the principal isotope of the element, A = relative 
abundance of the principal isotope, and Na = Avogadro's number. The calculated 
neutron activation values represent those attainable with a neutron flux density 
of 1013 n • cm2 • s"1 for a maximum irradiation time of one hour, and assuming 
no decay before counting. The mode of decay (ß or 7) that will produce the 
best limit is assumed. 

The values for both mass spectrometry and activation analysis represent 
idealized values, since in the analysis of actual samples, interferences by the matrix 
or other trace elements often prevent their attainment unless chemical methods 
for the removal of interferences are employed. It should be noted that spark source 
mass spectrometry is potentially capable of determining all 77 elements listed, the 
spread of detection limits being within three orders of magnitude with a mean value 
of 0.17 nanograms. In comparison, the detection limits for neutron activation are 
spread over eight orders of magnitude depending upon the nuclear properties of 
the elements, with a mean value of 114 nanograms. Disregarding the four elements 
which, by activation, have detection limits above 100 nanograms, the mean value 
becomes 13.6 nanograms, 

Although the traditional photographic plate detector has shown itself well 
suited for trace survey analyses involving large numbers of elements, the inherent 
problems associated with quantitation plus the length of time required for plate 
exposure, development and subsequent data reduction tend to limit its full 
exploitation. The recent development of electrical detection systems with greater 
absolute sensitivity and response linearity offers the advantages of speed and greater 
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precision over the photoplate. Electrical detection appears to be particularly 
applicable to the precise determination of a small number of specific elements 
after photographic survey of a sample. The peak switching approach is capable 
of achieving accuracy and precision in the range of 3—5%, provided the samples 
are homogeneous. The preparation of the sample is the same as for photographic 
detection and, once the sample is in the spectrometer and the source evacuated, 
it takes just a few minutes to make the electrical measurements for one element. 
This includes the data acquisition and computation if the spectrometer is coupled 
to a computer. Once again, for accurate results the isotopic line must be free of 
interferences. Electrical detection using a scanning mode provides multielement 
information much more rapidly than photographic detection; however, precision, 
accuracy and sensitivity are sacrificed. Thus, valuable trace information could be 
missed in such an approach. 

4.1.3. Analysis time 

The time to perform a spark source mass spectroscopy survey analysis 
depends to a considerable extent on the number of exposures and the length 
of charge collection employed. To determine trace elements present at very 
low concentrations (~ 10 /zg/kg), long charge collections are necessary and may 
require runs as long as an hour or more. 

Sample size can vary from several milligrams to 50 mg of ash. The larger 
amount is preferred to minimize sampling error and to allow for a sufficient 
number of replicate analyses. 

Sample preparation time will depend upon the nature of the sample and the 
degree of care taken to ensure homogeneity. The slowest step in the analysis 
is ashing. Wet-and dry-ashing, while fairly rapid, have the disadvantages of 
contamination and loss of volatile species. Low-temperature ashing is the pre-
ferred method but can take many hours. Processing of photographic plates 
adds to the length of analysis, as in emission spectroscopy, but this step is 
generally automated. Finally, the plate evaluation may be laborious considering 
the large amount of elemental data obtained. However, use of automated densito-
meter scans to produce digital information which is coupled directly to a computer 
reduces this step to a routine operation. 

4.1.4. Applicability to biological matrices 

The SSMS method is capable of determining approximately 33 elements 
simultaneously in biological materials, including many of the essential and 
toxicological trace elements. This does not mean that it is always possible to 
determine all of them in all. biological matrices. The capability of detection 
depends on the levels at which the elements are present, the interference 
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effects, and the matrix in which they are present. In animal soft tissues the 
concentration level of the elements is much lower than in land plants, so that 
fewer elements can be determined. 

The method has been applied to the multielement analysis of such diverse 
biological samples as fish, pig kidney and liver, kale and the two NBS standard 
reference materials, orchard leaves and bovine liver. From considerable experi-
mental experience the detectable elements can be roughly classified into three 
groups. (1) Analytically good elements: Li, B, Al, Si, P, Mn, Fe, Cu, Zn, Rb, 
Sr, Mo, Ag, Cd, Sn, Ba and Pb. The accuracy and precision of the determination 
of these elements are usually good (of the order of 10%). Most of these are 
multiisotopic elements for which isotopic ratios were maintained for at least 
two isotopes, thereby permitting dependable determination of concentration. 
More than half of them have certified "Relative Sensitivity Coefficients" deter-
mined from NBS standards. (2) Analytically marginal elements: Be, V, Cr, 
Co, As, Cs, La, Ce, Pr, Bi, TI and Sb. Most of these are monoisotopic elements 
that occur at ultratrace levels in biological materials. If unresolvable interferences 
occur, the values may represent only upper limits of concentration. (3) Volatile 
majors: Na, K, Mg and Ca. Doubly charged ionic lines of these elements were 
used in SSMS analysis. Because of their volatility and the fact that the more 
variable multiply charged species were used, they are more susceptible to 
electrode temperature changes and other sparking conditions. The precision of 
their determination is usually poor and the accuracy fluctuates within a wide 
range. However, atomic absorption and flame emission spectroscopy and other 
analytical techniques provide more accurate results for these elements. 

SSMS is one of the few instrumental methods that can successfully determine 
B, Si and P. Because of its extreme sensitivity, SSMS is often the only method 
that can determine Li, Al, Ag, Ce, Sn, Ba, Pb, Be, V, As, Bi, Sb and TI at ultratrace 
concentration levels (< 1 mg/kg). Se, Ni and Hg are known to be important to 
biological systems. Unfortunately, they cannot be measured by SSMS because of 
spectral interferences or because they are below the detection limit. 

4.1.5. Equipment 

The cost of a spark source mass spectrometer is in the US$100 000 to 
US $150 000 range and a number of commercial instruments are available. 
Both photographic and electrical detection systems are desirable for maximum 
flexibility. 

Other equipment needed for biological analyses includes a densitometer for 
quantitative evaluation of photoplates, a low temperature asher for preparation 
of samples, blenders for homogenizing samples and a high pressure press for 
preparation of electrodes for analysis. The cost of these times depends upon 
their level of sophistication. 



TABLE V. APPLICABILITY OF SPARK SOURCE MASS SPECTROMETRY 
TO ANALYSIS OF BIOLOGICAL SAMPLES 

to 
to 
ON 

Ele-
ment 

Animal 
Muscle 
(H-4) Bowen's Kaie Bovine Liver Serum 

Ele-
ment 

Animal 
Muscle 
(H-4) Bowen's Kaie Bovine Liver Serum 

As ++ ++ ++ ++ Mn ++ ++ ++ ++ 

Be Î ? ? ? Mo ++ ++ ++ ++ 

Ca ++ ++ ++ ++ Na + + + + 

Cd ++ ++ ++ ++ Ni ? ? ? ? 

Cl - - - - P ++ ++ ++ ++ 

Co + + + + Pb + + + + 

Cr ++ ++ ++ + Sb ++ ++ ++ •++ 

Cu ++ ++ ++ ++ Se ? ? ? ? 

F - - - - Si ++ ++ ++ 

Fe ++ ++ ++ ++ Sn + + + + 

Hg - - - - TI + + + + 

i - - - - U ? ? ? ? 

K + + + + V ++ ++ ++ ++ 
Mg ++ ++ ++ ++ Zn ++ ++ ++ ++ 

++determinable to a medium precision }0% rel.) 

+determinable, but only to a poor precision 20-4056 r e l . ) 

7borderl1ne (~ 50-100% rel.) 

"not determinable 
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A clean area for the preparation of samples is important to minimize 
contamination. The instrument room should be air conditioned if possible. 

4.2. Isotope dilution mass spectrometry 

Because isotope dilution mass spectrometry is used primarily for the very 
specialized task of certification of standard reference materials, any discussion 
of its general applicability to biological samples must be limited. 

It is a single element technique with little possibility for extension to multi-
element analyses. The accuracy and precision is of the order of ±0.1%, one of 
the most accurate mass spectrometric methods. Matrix effects are minimal 
since chemical separations are employed to isolate the species to be measured. 
Because of the chemical pretreatment and considerable care needed to avoid 
contamination, the time of analysis is somewhat lengthy. The instruments are 
usually custom made and therefore quite expensive, costing several hundred 
thousand dollars. At present, the method exists in only a few large government 
laboratories and should not yet be considered a practical analytical tool. Further 
details can be found in several references [4,7,22], 

4.3. Secondary ion mass spectrometry 

This method is at present very limited in its applicability to routine biological 
analyses. It is included in this treatment because of its great potential for the 
study of the distribution of trace elements in biological tissues. Thus, it could 
provide many new possibilities in histochemistry, physiology, pathology, pharma-
cology and toxicology. 

In general, biological tissue is prepared for ion microscopy or ion microprobe 
analysis by procedures involving fixation, dehydration, embedment, sectioning, 
deposition on conducting metal disks, and removal of embedment material. In 
principle, all elements and isotopes can be studied. Actually, the existence of 
polyatomic ions limits the detection of some elements. In histological sections 
these polyatomic ion interferences, which are produced essentially by C, H, O, N 
and Ca, appear predominantly between masses 12 and 80. The identification of 
lighter and heavier elements is not disturbed; other elements such as Mg, Mn, Fe 
and Cu may be studied when they are present in large amounts but are not detected 
at very low concentrations. 

With ion microscopy it is possible to determine the distribution of a given 
element in a field of view of ~ 250 fxm diameter with a lateral resolution of 1 ¿zm. 
The distribution of the element can be correlated with morphological or histological 
features, thereby providing an insight into the pathway and function of the various 
elements. The technique has been used to study the distribution of various trace 
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elements in soft tissues such as lung, liver, intestine, abdomen, kidney and thyroid 
etc. Hard tissue including bone and teeth has also been studied. 

The time of analysis is determined primarily by the sample preparation step 
which involves normal histological procedures. Actual analysis time is short once 
appropriate areas have been selected. Sample amounts required are very small, 
similar to other microscopy techniques. Samples can be as small as a few milli-
metres and as thin as a few micrometres. 

Interference problems and matrix effects are presently serious so that 
quantitative analyses are difficult. Empirical methods employing reference 
standards are required. In view of the valuable and unique information obtained 
simply from qualitative examination of ion micrographs, the limitations of quanti-
tation do not at present detract from the use of the technique. 

In the ion microprobe mode where small features of the order of several 
micrometres can be analysed, mass scans can be performed to provide a rapid 
qualitative or semiquantitative multielement analysis. When using standards, 
accuracies and precisions of the order of ± 10—25% are possible, provided spectral 
interferences are not present. 

The cost of instrumentation is in the US $250 000 to US $350 000 range and 
the running of the instrument requires well-trained personnel. Auxiliary equipment 
such as microtomes and vapour deposition apparatus, and photographic facilities, 
are essential. 

4.4. Applicability of SSMS to the analysis of selected biological samples 

Information on the applicability of mass spectrometric methods to the 
determination of 28 essential and toxicological elements in selected biological 
samples is presented in Table V. The assumed elemental composition of these 
materials is defined in Appendix I. The data are limited to those obtained by 
spark source mass spectrometry, the most used method for trace multielement 
analysis. As can be seen, the method can be used for the simultaneous deter-
mination of most of the elements of biological interest with medium precision. 
Its main application is for the survey analysis of a variety of samples. Because 
of their specialized nature and inapplicability to routine analyses, comparable 
data for isotope dilution mass spectrometry and secondary ion mass spectrometry 
are not provided. 
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Chapter 11 

X-RAY METHODS 

A.A. KATSANOS 

1. INTRODUCTION 

The emission of characteristic X-rays following atomic excitation has long 
been used for elemental analysis. The variety of new systems that are becoming 
available and the number of books, reviews and general articles which appear 
in the literature indicate the increasing interest in the X-ray methods, especially 
for environmental and biological studies. Some of these books and articles that 
may be of interest to the reader are given.in Refs [1 — 14]. 

Commercial equipment with a cathode tube as primary X-ray source and 
a detection system consisting of a diffraction spectrometer and a proportional 
counter has long been available for X-ray fluorescence analysis. Lately, the 
development of semiconductor X-ray detectors and the availability of particle 
accelerators have made possible the development of many new techniques and 
applications. Thus, protons and other heavy particles may be used very effect-
ively for the excitation of the atoms of the sample since they provide very high 
cross-sections for the production of K and L X-rays (the cross-section is a measure 
of the probability of interaction to produce a certain effect). The detection of 
the X-rays is much more efficient with a semiconductor detector than with a 
diffraction spectrometer and the possibilities of automation are also improved; 
however there is some loss in resolution. Owing to these factors, it has been 
possible to develop particle-induced X-ray emission (PIXE) analysis into a method 
combining the advantages of high sensitivity, speed and automation for simul-
taneous multielement determinations. It is applicable to practically all elements 
up to uranium, though there are some difficulties for the light elements. 

A comparison of the X-ray production cross-sections for protons, electrons, 
and gamma rays was presented as long ago as 1964 [15] indicating the potential 
and advantages of protons as a source of atomic excitation. However, it was only 
lately, with the development of the Si(Li) detectors, that a number of researchers 
started to apply the method widely. 

For PIXE analysis a sample of 1 fim to 1 mm in thickness.and an area of 
0.1 to 2.0 cm2 is usually irradiated under vacuum with a proton beam of 
1 - 5 0 0 nA from a particle accelerator. K and L X-rays between 1 and 25 keV 
are detected at a backward angle relative to the beam with a Si(Li) or germanium 
detector. The spectrum is recorded with a multi-channel analyser, and analysis 
is usually automated by a computer. Furthermore, a number of special 
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experimental arrangements have been developed, like a microbeam up to a few 
microns in diameter for analysis with good spatial resolution [12,16], an 
external proton beam for irradiation in free air [17], window-less detectors for 
X-ray energy as low as 300 eV, etc. 

The theoretical sensitivity for the detection of each element is below 10"12 g, 
but the practical sensitivity for multi-element analysis is usually limited to a 
range between 0.01 and 10 mg/kg because of the continuous X-ray background 
[13, 18]. This is caused mainly by Compton scattering and the bremsstrahlung 
radiation of the projectile particles and secondary electrons [13,19]. 

The sensitivity obtained by the X-ray fluorescence method is of the same 
order, but only selectively for a specific range of atomic numbers. The ability 
to select micro-areas for analysis, the speed and other advantages of the PIXE 
method are also missing. 

Electrons [6] have long been used in X-ray microanalysis and the spatial 
resolution can be in the micron range. However, in this technique the continuous 
background from the primary electron bremsstrahlung is considerably higher, 
resulting in lower detection sensitivity. Excitation by electrons, X-rays, protons, 
and other heavy ions is compared in Refs [13,20—25]. 

2. THEORY 

2.1. Basic principles 

The interaction of charged particles or X-rays with the electron cloud of an 
atom creates electron holes, leaving the atom in an excited state. A large number 
of K and L holes are produced only with high energy X-rays and charged particles. 
The life time of K and L holes varies between 10~9 and 10"16 s. The holes may 
be filled by any of the other electrons with higher energy, and the extra energy 
is either emitted as a characteristic X-ray or as an Auger electron. The ratio of 
the X-rays emitted divided by the total number of holes is defined as the 
fluorescence yield for each of the shells. The different X-ray groups are labelled 
by capital letters corresponding to the shells with the electron vacancies, and 
suffixes for the electrons which drop into the vacancies (K a , Kß, L a , etc.). The 
number of these X-ray groups with different energies is very large, corresponding 
to the various combinations of atomic electron shells and subshells. However, 
when one detects the characteristic X-rays in the range 1 to 25 keV, a relatively 
small number of high intensity peaks are observed corresponding to the transi-
tions shown in Fig. 1. The energy of each of the X-ray lines is characteristic for ' 
each of the elements, and increases with increasing atomic number. This is an 
important feature allowing the identification of the atom from which an X-ray 
with specific energy has been emitted. The energies of the X-rays may be 
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FIG.l. Diagram of atomic energy levels. Electronic transitions corresponding to X-ray lines 
observed in the PIXE and fluorescence analysis are marked by arrows. 

shifted somewhat due to band structure in solids, but these shifts are too small 
to be detected in most applications. More important is the energy shift due to 
multiple excitations of the atoms, leading to satellite peaks [1,5,26]. However, 
this effect is only noticeable at high bombarding energies and with heavy 
projectiles. 

Some X-ray spectra of various elements are shown in Fig.2. These spectra 
were detected with a Si(Li) detector (see Section 3.2.3) which is commonly used 
in X-ray analysis. The energy of the K lines of the elements from sodium to 
uranium varies from 1 to ca. 100 keV, and the energy of the L lines from zinc 
to uranium from 1 to ca. 17 keV. X-rays with energy above 20 keV are of very 
low intensity and are therefore not useful for analysis. Thus, in practice, the 
K lines are utilized for the detection of the lighter elements and the L lines for 
the heavier elements. It can be seen from Fig.2 that the situation is quite simple 
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FIG.2. X-ray spectra of some elements obtained by bombarding thin foils with 2 MeV 
protons, as observed when using a Si(Lij detector with 160 eV resolution at 5.9 keV. The 
intensities of the low energy peaks were decreased by using a plastic absorber in front of 
the detector. 

in the K series, where one observes mainly two peaks from each element. More 
Inline peaks are observed, however, for the heavier elements. The relative 
intensities of the various peaks in Fig.2 are not proportional to the intensities 
of the transitions as they depend on the mode of excitation, the detection 
efficiency, the absorbers used in front of the detector, etc., as discussed in 
Section 3.3. A serious difficulty in X-ray analysis arises from the possible over-
lap of the K lines of the light elements with the L lines of the heavier elements. 
More details may be found in Refs [1—4]. 
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FIG.3. Cross-sections for proton-induced K and L X-rays. 

2.2. Production of X-rays 

2.2.1. Protons 

The collision of charged particles with atoms leads to ionization by 
coulombic interaction, creating one or more electron holes. Semi-classical and 
quantum mechanical descriptions of the process can be found in Refs [1,5,7,26—30]. 
Additionally, in the review articles [ 13] and [14], an extended list of references for 
experimental cross-section measurements can be found. 

Concerning the analytical aspects of particle-induced X-ray emission, the 
ionization cross-sections for the various elements by protons of energy between 
1 and 10 MeV are of particular interest. From the data on ionization cross-
sections and fluorescence yields in Refs [7,9], the cross-sections for the produc-
tion of K and L X-rays by protons in the above range have been calculated and 
are presented in Fig.3. These values are very close to the experimental cross-
sections, but they should only be used for general conclusions rather than for 
exact quantitative calculations. The number of X-rays produced increases rapidly 
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FIG.4. Absolute efficiency curves from K and L X-rays derived from the data obtained by 
bombarding thin foils with 2 MeV protons; solid angle 10~2 steradians. 

with energy at low energies, and, for each element, it is much higher for the L 
than for the K X-rays. 

From Fig.3 useful deductions can be made as to the optimum proton energy 
to be used for each experiment. For this purpose one must take into account: 
(a) the increase of the continuous background radiation with increasing proton 
energy, as discussed in Section 2.3, (b) the fact that K X-rays are usually used for 
the detection of elements with atomic number up to 40 and L X-rays for elements 
with atomic number above 40, and (c) the occasional need for increased sensitivity 
for specific elements or groups of elements with low, medium or high atomic 
numbers. The absorption of some of the X-rays with special absorbers is very 
important here and is discussed in Section 3.3. 

It can be seen that protons with energy above 3 MeV, which create higher 
background from nuclear reactions, will not produce a considerably increased 
number of X-rays per atom. For this reason a projectile energy between 2 and 
3 MeV is usually chosen, except when the interest is only in elements with X-rays 
below 5 keV. A lower proton energy is preferable in this case in order to have 
decreased background from bremsstrahlung radiation from secondary electrons 
and other sources, as discussed in Section 2.3. When the interest is in elements 
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which emit X-rays of higher energy, an absorber is used in front of the detector 
to decrease the high counting rate due to low energy X-rays, which are the most 
abundant. Thus a higher proton current can be used for better statistics in shorter 
time in the high energy region. 

As an example, Fig.4 shows some typical efficiency curves from experiments 
with 2 MeV protons on thin metallic targets and with a detector solid angle of 
1 CT2 steradians. For each element the figure gives the number of X-rays col-
lected by the detector from 10~10 g of the element when bombarded by 
1 microcoulomb of 2 MeV protons. Since the proton currents which are usually 
used in practice vary between 10 and 100 nA, 1 microcoulomb corresponds to 
only 100 to 10 s irradiation times, respectively. These experimental curves can 
also be deduced from the cross-section curves of Fig.2, the efficiency of the 
detector versus X-ray energy, the solid angle subtended by the detector, and the 
X-ray absorption tables of Ref. [3], 

2.2.2. Heavy ions 

Ions heavier than protons are sometimes used for the bombardment of the 
analyte and for production of characteristic X-rays. The process, however, is 
much more complicated and one of the special features is the multiple ioniza-
tion of the atoms, leading to shifts of the X-ray energies and giving rise to 
satellite peaks, thus producing more complicated spectra [1,5,26]. The cross-
section for X-ray production by heavy ions is higher than for protons, and it is 
particularly large at low energies. In addition, the high energy background, which 
comes mainly from nuclear reactions and bremsstrahlung radiation of the pro-
jectile, is lower with heavy ions, but the low energy part is higher and more 
complicated [21-23], Another factor that should be taken into account is 
the small penetration of the heavy ions. The results obtained so far indicate that 
heavy ions are generally not advantageous for X-ray analysis, though they can 
be used in certain cases, as in surface physics. 

2.2.3. Electrons 

Electrons in the energy range 10-100 keV have about the same cross-
section as protons in the MeV range, and therefore produce high intensity 
X-rays from the target. Such electrons are much easier to obtain than protons 
from smaller and less expensive equipment. However, high continuous radia-
tion is produced from the beam as bremsstrahlung, thus limiting the sensitivity 
of detection. Electrons are mainly used in analysis in connection with electron 
microscopes [6]. 
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ATOMIC NUMBER 

FIG.5. Absolute efficiency curves for Ka and La X-rays derived from the data obtained by 
irradiating thick targets with X-rays from a 5 mCi 109Cd source. A 90 mm2 Si(Li) detector 
was used for the detection of the characteristic X-rays (see Fig. 7). 

2.2.4. Electromagnetic radiation 

In the X-ray fluorescence methods, electromagnetic radiation from X-ray 
tubes or radioisotopes is used as a primary source for the excitation of the target 
atoms. It is well known that photons interact with the atomic electrons in three 
main modes: (a) the photoelectric effect, (b) elastic scattering, and (c) inelastic 
(Compton) scattering. Details of the processes and the analytical aspects may 
be found in Refs [2 ,4 ,8 ,12,14, 20]. Briefly one may state that the cross-
sections for X-rays are much lower than those for particles, the detection 
efficiency is higher for elements emitting X-rays with energy just below the 
energy of the primary source, and, finally, a considerable background is produced 
from the Compton scattering of the primary photons. 

The result of the low cross-sections is that the absolute amount of elements 
that can be detected is of the order of 10"9 g compared with 10~12 —10"15 g 
that can be detected when protons are used. This means that larger samples and 
longer irradiation times are required to achieve good sensitivity limits. Efficiency 
curves for K a and La X-rays derived by irradiating thick targets with a 5 mCi 
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109 Cd source in a commercial fluorescence system are shown in Fig. 5. Com-
parison with Fig.4 shows the difference in the number of secondary X-rays 
produced by protons and electromagnetic radiation and the difference in sample 
size which is required. X-ray tubes produce primary beams that are much more 
intense than that produced by a 5 mCi radioisotope source, but they still cannot 
reach the detection limits achievable with protons. 

Another observation is the inverse slope of the efficiency curves in Figs 4 
and 5. The number of X-rays that are produced increases in Fig. 5 as the energy 
of the secondary rays reaches the energy of the primary beam. Thus, by changing 
the energy of the primary beam the maximum of the curves is shifted and this 
property is used to optimize the sensitivity for a specific range of atomic numbers. 

2.3. Background 

As mentioned previously a very important factor influencing sensitivity is 
the background; the peaks of the characteristic X-rays are always superimposed 
on a background of continuous radiation. Numerous publications on the subject 
can be found in the literature, some of which are given in Refs [ 14,31 —34], 
This continuous radiation complicates the analysis of the spectra and limits the 
sensitivity for the detection of the trace elements in the sample. 

In the charged-particle-induced spectra this radiation comes mainly from: 

(a) bremsstrahlung produced by the incident particles 
(b) bremsstrahlung produced by secondary electrons emitted from the target 
(c) Compton scattering of gamma rays 
(d) room background 
(e) nuclear reactions 
(f) molecular orbital radiation 
(g) radiative electron capture 
(h) low energy tails of the characteristic lines 

The above list indicates how complicated the processes of background produc-
tion are and how difficult they are to predict. However, some general remarks 
can be made. The low energy part of the background comes mainly from 
source (b) and the high energy part from sources (a) and (e). With increasing 
projectile mass, source (b) increases and sources (a) and (e) decrease. Both parts 
of the background depend highly on the matrix elements of the target and the 
incident energy. Detector shielding will affect mainly the high energy part. 
Therefore, the most important factors for reduced background are the careful 
choice of the incident energy, the shielding of the detector and, above all, 
elimination of all light elements from the target by drying or even ashing the 
material. Finally, a very important factor for non-conducting materials is 
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FIG.6. Schematic diagram of an X-ray fluorescence system with cathode-ray tube and 
crystal spectrometer. 

electrical charging of the target. In such cases the background completely 
covers the characteristic peaks. Some techniques for avoiding this effect are 
described in Refs [17,35], 

For the fluorescence method, source (a) does not -exist and the dominating 
contribution to the background radiation in the spectra comes from Compton 
scattering of the primary beam. 

3. INSTRUMENTATION AND TECHNIQUES 

3.1. Fluorescence systems 

A schematic diagram of a commercial unit for X-ray fluorescence analysis 
is shown in Fig.6. Such a unit consists of the following main parts: (a) the 
primary beam source, in this case a cathode tube preferably with variable X-ray 
energy; (b) the sample, which can be in vacuum, in helium, or in air; (c) the 
detection and analysis system of the secondary X-rays which are emitted 
from the sample, in this case a diffraction spectrometer which consists of a 
crystal, a proportional counter and a mechanism for changing the diffraction 
angle; and (d) the recording system which records the intensity of the analysed 
beam as a function of the diffraction angle, i.e. as a function of the X-ray 
energy. Such systems are fairly simple in operation and they have good energy 
resolution, i.e. good separation of the various characteristic peaks. On the other 
hand they are quite slow, requiring long irradiation times, and the detection 
sensitivity is not very good and is limited to a narrow range of atomic numbers 
depending on the energy of the primary beam. Finally, the size of the sample 
must be quite large: generally of the order of a gram, although samples as small 
as 0.1 g can be used. 
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FIG. 7. Schematic diagram of an X-ray fluorescence system with a radioisotope source and a 
semiconductor detector. 

There are many commercial systems available, varying mainly in the degree 
of automation in sample changing, vacuum control, angle scanning, and even 
automatic analysis of the spectra obtained. The prices of such systems vary 
in the range of US $ 100 000 to US $200 000. 

Instead of an X-ray tube a radioactive source may be used to excite the 
target sample, utilizing either gamma rays or X-rays following electron capture 
in the source material. The schematic diagram of such a system is shown in 
Fig.7. For radiation protection purposes and other reasons, the intensity of 
the source is usually limited to 5—10 mCi. The beam intensity produced by such 
a source is low compared with the beam from a cathode-ray tube. For this reason 
the detection system consists of a semiconductor detector, and the basic unit 
of the recording system is a multichannel analyser. The system is simpler and 
more compact than the tube system, the energy resolution poorer, and the 
detection sensitivity lower. Commercial systems may be found in the price 
range US $30 000 to US $60 000. 

Finally, a system with a primary beam from a cathode-ray tube and a 
detection and recording system similar to that of Fig.7 may be found having 
the advantages of a high intensity beam and high detection efficiency. 

3.2. Particle-induced X-ray analysis systems 

3.2.1. Accelerator and beam characteristics 

In contrast to the previous systems, those based on an accelerator are not 
available as a package; therefore each main part of the system is discussed 
separately. A schematic diagram of such a system is shown in Fig.8. 
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A van de Graaff accelerator producing 2 to 3 MeV protons is ideal for 
PIXE analysis. Although the ionization cross-section increases rapidly with the 
incident particle energy, the sensitivity is actually lower at higher energies 
because of increased background radiation. An energy of 2 MeV is usually a 
good compromise in most cases for obtaining good statistics within a short 
irradiation time and with a relatively low continuum. A limited current of 
50—100 nA is used in these cases, depending on the thickness, the thermal and 
electrical conductivities of the sample, and the technique used (see Section 3.2.2). 
Beams of heavier ions could yield higher sensitivity, but in practice the secondary 
electron bremsstrahlung radiation also increases so that the overall effect is 
negative. A collimated beam of 1—3 mm diameter can be used for homo-
geneous samples or samples with an internal standard (Section 3.3). When the 
samples are not homogeneous, the proton beam must necessarily be homogeneous, 
and this is usually achieved by diffusing the beam through a thin foil. 
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As previously mentioned, certain laboratories have developed microbeam 
facilities for spatial analysis of the targets. Beams of the order of 2—10 Mm in 
diameter have been achieved with elaborate systems of quadrupole magnets, and 
simpler systems using only collimators have been reported with beams of the 
order of 3 0 - 5 0 Mm. 

3.2.2. The sample chamber 

The samples, which are usually mounted on slide frames, are affixed on 
some type of a target changer inside a vacuum chamber. A thin window of low 
atomic mass material on the side of the chamber allows the X-rays through from 
the target to the detector. Low energy X-rays are detected by placing the 
detector inside the vacuum chamber without using any windows on the chamber 
and the detector. Electrical charging of non-conducting targets causes a very 
high background in the spectra, but with a small electron gun [35] this effect 
can be eliminated. In other cases the irradiation chamber is filled with helium 
or some other gas and is separated by a thin foil from the vacuum of the beam 
tube. Systems for irradiation in free air have also been reported [17]: they allow 
fast and convenient procedures and, in most cases, also produce better results, 
especially for biological and outgassing samples. 

Finally, the monitoring and integration of the beam current can be achieved 
with several techniques for which information can be found in the literature. 

3.2.3. Detectors 

Si(Li), Ge(Li) and Ge(in) (intrinsic germanium) semiconductor X-ray detec-
tors are now commercially available with active areas between 25 and 100 mm2 

and depths of 5 to 10 mm. The resolution varies from 150 to 250 keV at 5.9 keV. 
A detector with the best possible resolution is desirable for resolving close-

lying peaks and also for higher detection sensitivity by obtaining spectra with 
good peak-to-valley ratios. A 25 mm2 area X 5 mm thick detector is adequate 
for PIXE analysis, but detectors with larger areas are required for the X-ray 
fluorescence methods for which the ionization cross-sections are usually smaller. 
Si(Li) detectors have a good efficiency between 2—15 keV, and windowless 
detectors for as low as 300 eV X-rays (K lines of carbon) are available. The 
Si(Li) detectors should be used when the interest is mainly in the low mass 
region, although they can be used for atomic numbers as high as that of. uranium 
since the detection of the L lines is utilized for Z above 40. However, for 
elements above atomic number 20, better results are usually obtained by using 
germanium detectors which have a practically flat response between 3 and 
75 keV, with a gap around 10.5 keV. Moreover, although the intrinsic germanium 
detectors are more expensive than the Ge(Li) ones, they have the advantage of not 
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requiring liquid nitrogen cooling while not in operation. A thin beryllium window 
between 8 and 25 (im is recommended for the silicon detectors; in the germanium 
detectors, windows as thick as 100 jum may be chosen. 

A variety of crystal X-ray spectrometers is available with an energy resolution as 
as low as 0.2 eV. However, as these spectrometers are more expensive and much 
less efficient, they are mainly used in fundamental research. 

3.2.4. Data collection systems 

Pulsed optical feed-back preamplifiers usually supplied with the semiconduc-
tor detectors give very good results at high counting rates. A bias supply, a good 
amplifier, a pile-up rejector, and a multichannel analyser with fast ADC and 
1024-channel memory are also required. Standard spectrum analysis computer 
programs are available for peak finding, fitting of overlapping peaks and area 
calculations. Some extra features like peak identification, automatic quantita-
tive determination, etc., are also very useful, especially for the routine analysis of 
many identical samples. When using standard computer-based analysers, which 
are available for general use in accelerator laboratories, one may have the final 
results on-line. 

3.2.5. Cost of equipment 

The cost of an accelerator for energies 2 to 3 MeV is of the order of 
US $ 100 000, but quite a few old van de Graaff accelerators are available on the 
market for as little as US $ 10 000. The cost of a good detector is about 
US $ 10 000, and the rest of the electronics including the analyser costs between 
US $20 000 and US $50 000. Thus, one may say that a complete system would 
cost between US $50 000 and US $170 000, which is cheaper than a good 
fluorescence system. 

3.2.6. Personnel 

The minimum personnel required for operation of the equipment and for 
data collection and analysis would be one van de Graaff technician, one technician 
for electronics and two scientists. 

Finally, the access to a mechanical workshop and to a big computer is 
highly desirable. 

3.3. Procedures for sample preparation and analysis 

A wide variety of sizes, shapes and types of target can be used for analysis, 
especially for the case of irradiations in free air. Thin targets may be prepared by 
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deposition of the material from solutions onto Mylar, carbon or other thin 
backings. Thin biological samples are also commonly prepared using a microtome. 
Thick samples are preferably prepared in the form of pellets. In both cases wet 
materials should be dried if increased sensitivity is required. Ashing of the material 
when possible is recommended because it frees the sample from the light inert 
elements (H, C, O, N) which contribute to the background by the processes 
described in Section 2.3. Details about drying and ashing methods for biological 
materials are given in Chapter 6 of this Report. There is no low limit as to the 
weight of the sample required as long as it can be handled and mounted. 

Quantitative results can be obtained from absolute efficiency experimental 
curves (as those of Figs 4 and 5), from absolute cross-section data, or from com-
parison with the known concentration of an element which is added to the sample 
(internal standard). For thick samples care must be taken to obtain uniform and 
clean surfaces, since X-ray analysis is really a surface analysis method. Correc-
tion must be made in this case for the excitation cross-section variations versus 
depth and for X-ray self-absorption in the target. These corrections are not 
however necessary for targets prepared with an internal standard. 

Light elements which have very high X-ray production cross-sections yield 
high counting rates on the detection system. For this reason a plastic or alu-
minium absorber is added in front of the detector in order to increase the 
sensitivity for the heavier elements. In other cases critical absorbers are used for 
specific regions of the spectrum. For example, a chromium absorber can lower 
the intensity of the iron peak up to a factor of 1000 without effect on the other 
elements, the rule here being that the absorber must have an atomic number 
smaller by two units than the element the lines of which are to be eliminated. 
Finally, for the detection of elements from carbon to phosphorus, the beryllium 
window of the detector is replaced by a valve connected to the vacuum chamber 
and opened only when good vacuum is ensured in the chamber. 

4. APPLICABILITY OF THE METHOD 

The capabilities and limitations of the methods that have been described 
here may be summarized as follows. Reference is made, in particular, to the 
PIXE method. 

The sensitivity for the analysis of a sample without any prior concentration 
is of the order of 1 mg/kg and is uniform for all elements above sodium. Better 
sensitivity is achieved, however, in specific applications with special procedures 
(pre-concentration, etc.). The absolute amount of an element that can be 
detected is of the order 10"12 to 10"15 g. It has been concluded from inter-
national intercomparison studies that the accuracy and precision are excellent 
when thin targets are analysed and very good when thick targets are analysed; 
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TABLE I. POSSIBILITIES FOR THE DETERMINATION OF CERTAIN 
ELEMENTS OF INTEREST IN FOUR BIOLOGICAL SAMPLES 
Always without prior concentration of the analytes 

Element Kale a Liver*3 Muscle0 Serum** 

As -

Be -

Ca +++ 
Cd -

Cl + 
Co -

Cr -

Cu ++ 
F 
Fe 
Hg -

I -

K + 
Mg* ? 

Mn ++ 
Mo -

Na* 1 . 

Ni ? 

P + 
Pb + 
Sb -

Se -

Si -

Sn -

Tl -

U -

V ? 
Zn +++ 

+ + ++ 

+ ? ++ 

+++ ++ ++ 

+++ +++ +++ 

++ ++ ++ 
— ? — 

++ - -

? ? + + 
— ? — 

++ ++ + 
? ? + 

+++ +++ +++ 

+ + + determinable to a high precision 1% rel.) 
+ + determinable to a medium precision ( ~ 10% rel.) 
+ determinable, but only to a poor precision 2 0 - 4 0 % rel.) 
? borderline 5 0 - 1 0 0 % rel.) 
— not determinable 
* set-up with windowless detector 

a Bowen's kale. 
b NBS bovine liver, SRM 1577. 
c IAEA animal muscle, H-4. 
^ Human blood serum (dry). 

See Appendix I for further details. 
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FIG.9. X-ray spectrum of Bowen's kale. A pellet 0.5 mm in thickness was prepared from the 
standard material without prior concentration or any other process. The sample was irradiated 
in free air for 5 min with 50 nA of 2 MeV protons using the NRC Democritos external 
beam facility. An 88 mg/cm2 plastic absorber was used in front of the Gefin) detector for the 
low energy X-rays. 

moreover, the methods allow the determination of trace elements in the presence 
of other elements in high concentrations. 

Some of the main advantages of analysis by PIXE are (a) the simplicity and 
speed of sample preparation, which is usually of the order of a few minutes, 
and (b) the speed of analysis, which requires 1 — 10 min irradiation time and a few 
minutes for the analysis of the spectrum by a computer which can be on-line to 
give immediate results. These results include the simultaneous determination of 
all elements above sodium. Therefore, the method offers a high degree of speed 
and automation, which is desirable when a large number of samples has to be 
analysed for many elements. Finally, the size of the sample can be very small. 

Furthermore, the method is non-destructive and can even be used in vivo. 
It can be used for spatial distribution of surfaces and has some possibilities for 
depth analysis. It should also be mentioned that, during irradiation of the sample, 
one can measure, along with the X-rays, elastic scattering of protons for the 
determination of light elements in thin targets (C, N, O) and prompt gamma 
rays from nuclear reactions for the determination of some light elements such 
as fluorine. 

A disadvantage is the small penetration of the primary beam in the target 
material which means that the method can only be applied for surface analysis. 
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FIG.10. X-ray spectrum of an ashed human blood sample containing 0.2 mg/kg lead, 
produced by bombardment with 2 MeV protons (external beam). A Ge(in) detector with 
133 mgjcm2 plastic absorber was used. 

FIG.11. X-ray spectrum of a skin cancer sample showing excessive lead contamination. 
The sample was irradiated for 5 min with 50 nA of 2 MeV protons (external beam). A 
Ge(in) detector with 88 mg/cm2 plastic absorber was used. 
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Other limitations of the method are an overlapping of the various peaks caused 
by insufficient detector resolution and matrix effects in general. The detection 
of the very light elements (up to carbon) is impossible, and that of the light 
elements from carbon to phosphorus very difficult and not very accurate. 

The installation and operation of such systems is demanding and requires 
a high level of technical support. However, it is probably no more complicated 
or difficult than other sophisticated systems of analysis. 

4.1. Applicability to the analysis of four biological reference materials 

Typical examples of the detection possibilities are presented in Table I for 
four biological reference materials. The concentrations of the various elements 
in these materials are given in Appendix I, Table A-I. A typical X-ray spectrum 
for one of the materials is shown in Fig.9. 

4.2. Typical illustrations 

It is estimated that about 50 laboratories in the world are currently applying 
PIXE analysis. The number of fluorescence systems in operation is even larger. 
A large number of applications are reported every day in many fields, most of 
which are described in the references given in this chapter. In the life sciences 
the applications are related to the determination of toxic and beneficial trace 
elements in various animal and human organs, in plants, foods, drugs, etc. 

The publications on these applications are numerous. Just to mention a few, 
Ref. [36] reports the spatial distribution of some elements (P, K, Ca) in teeth 
and other samples from determinations with a 30 fim proton beam; Ref. [37] 
describes how bromine deficiency and zinc excess were observed in the blood 
serum of patients undergoing haemo-dialysis; Ref. [38] gives a detailed report 
on the analysis of whole blood, serum and other similar fluids by PIXE. As an 
example, the X-ray spectrum of a blood sample is shown in Fig. 10 which is 
taken from a study of possible contamination of people working in lead-
contaminated areas. Another research programme in progress at the NRC 
"Demokritos" is an investigation of possible correlations between the content 
of trace elements in skin cancer tissues and malignancy in connection with 
occupation, environment and other factors. The spectrum of a skin sample 
highly contaminated with lead is shown in Fig. 11. Nickel and lead were the 
most frequently detected elements in the malignant samples. Whenever lead 
was detected, increased lead concentrations were usually also observed in 
unaffected skin samples from the same persons, but at lower concentrations than 
in the cancerous samples. 
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Chapter 12 

CHEMICAL METHODS 

R. NEEB 

1. INTRODUCTION 

A survey of the currently available methods of chemical analysis for the 
determination of elements in biological materials is given in Table I. For trace 
analysis, widespread use has only been found for the spectrophotometric methods 
which are therefore treated in some detail in this review. Mention is also made 
of catalytic methods which, although highly sensitive, have up to now found only 
rare applications in practical trace analysis because of interferences and pronounced 
matrix effects. In contrast, some of the newer chromatographic methods, particularly 
gas chromatography and high-performance liquid chromatography (HPLC) may 
soon develop to the point where they can be regarded as useful additional methods 
of trace element analysis. Of special interest for titrimetry is the use of electro-
metric methods for the detection of the end point [1,2]. A striking example is 
the determination of fluoride with the aid of ion-sensitive electrodes at the trace 
level [3,4]. However, for the purpose of trace analysis the methods of high accuracy 
but low sensitivity, such as tritrimetry and gravimetry, are generally of no 
importance and are not discussed further. 

The focal point of the discussion here is laid on the spectrophotometric 
methods on account of their general applicability and their widespread use for the 
determination of the elements which lie within the scope of this chapter. The 
reader is also referred to a number of books and other publications on this 
subject listed in Refs [5—14]. In an annex, chromatographic and catalytic 
methods are briefly described, demonstrating their principal possibilities and 
features for their application in trace element analysis. 

2. THEORY (SPECTROPHOTOMETRY INCLUDING FLUORIMETRY) 

2.1. Origin of light absorption 

Interaction of electromagnetic radiation with molecules or complex ions in 
solution can lead to a loss of incident radiant energy, called absorption. Owing 
to the occurrence of discrete energy levels in the atomic and molecular domain, 
absorption takes place with discrete amounts of energy. Absorption of light 

2 5 3 
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TABLE I. SURVEY OF CHEMICAL METHODS OF ANALYSIS 

Method Range of 
application l im i t a 

Remarks 

Gravimetry 

Titrimetry 

Light absorption 
spectrometry 
(colorimetry, 
spectrophotometry) 

Fluorimetry 

Catalytic methods 

Gas chromatography 
(Metal chelates) 

High-performance 
liquid chromatography 
(HPLC) 
(Metal chelates) 

1 - 0 . 1 mg 

1 0 0 - 1 0 jug 

1 - 0 . 1 tig 

1 0 - 1 ng 

1 - 0 . 1 ng 

0 . 1 - 0 . 0 1 ng 

5 - 0 . 5 ng 

Low selectivity 
* 

Low selectivity 

Generally applicable 

Sensitive but high 
interferences 

Sensitive but high 
matrix effects 

High absolute (mass) 
sensitivity but low 
concentration 
sensitivity 

a A reasonable average range is listed. Some spectacular sensitivities reported for single elements 
in pure solutions have found no qualified application in practical analysis and are therefore 
regarded as non-representative for the method. 

is therefore an energy-dependent, i.e. wavelength-dependent, process. Absorption 
processes lead to excited states of the molecular or ionic species present in 
solution from which a return to the ground state is possible by two main path-
ways: 

( 1 ) the species in the excited state may collide with solvent molecules or other 
molecules whereby the photon energy of the incident beam is converted into 
heat. This radiationless absorption is the general case in analytical 
absorptiometry; 
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FIG.l. Absorption spectra of Ni-DEDTC (50 mg/l) and Cu-DEDTC (50 mg/lj in 
CHCh (d = 1 cm). 

(2) the return from the activated state takes place by releasing photons 
equivalent to the difference in energy between two levels. This light 
emission\process may occur with a certain delay between the primary 
absorption and the subsequent emission process. It is usual to classify 
analytical procedures based on the measurement of emitted light following 
an absorption process into two groups 
(i) fluorescence, where the time delay is of the order of 1CT7 — 10~8 s 

or less and 
(ii) phosphorescence, with time delays of greater than 10~4 s. 

Fluorescence measurements especially have found applications in trace 
element analysis because of low background and high sensitivity. The lack of 
sufficient fluorescent systems, however, restricts the widespread use of this 
technique. Because of its relative importance some mention is given of fluorescent 
procedures in the following sections. 

Any taking up of energy is related to the frequency v or the wavelength X 
of the absorbed radiation by the following equation 

where h is Planck's constant and c the speed of light. Ee is the excitation energy 
required to bring one electron from the ground state to the excited state. Owing 
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concentration c 

FIG.2. Principle of light absorption measurement. 

to the character of atomic and molecular energy systems, a group of distinct 
lines should arise by an excitation process, but the additional effects of energy 
dissipation by the vibration and rotation of atoms with respect to one another 
lead to a broadening of lines in the majority of inorganic systems under con-
sideration. The result is the appearance of bands or of typical absorption spectra, 
such as those shown in Fig.l, caused by superposition of several bands. 

2.2. Quantitative relationships between light absorption and concentration 

2.2.1. Absorption measurements — absorptiometry 

When the incident power of a monochromatic beam of electromagnetic 
radiation is defined as P0 and the transmitted power as P (as shown in Fig.2), 
there is, as a consequence of the absorption process, an exponential decrease in 
the transmitted power which depends on the number of absorbing particles, 
expressed by concentration c, and the path length of light d through the sample 

P = P0 e"k c d (where k' is a constant) 

This is the general form of the Beer-Lambert (or Beer-Bouguer) law and is the 
basis for the use of absorbance measurements in analytical chemistry. The usual 
form of Beer-Lambert's law is obtained after mathematical transformation and 
becomes 

Po 1 log — = log - = A = k c d = E 

in conformity with the commonly used notation: P/P0 = T, transmitían ce; 
log 1/T = A, absorbance (or E, the decade extinction); and k is a constant. If 
the path length d and the concentration c are expressed in centimetres and 
mol/litre, k is called the molar absorptivitiy e (or the molar extinction coefficient) 
and the Beer-Lambert's law becomes 

A = E = e c d 
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TABLE II. MOLAR EXTINCTION COEFFICIENTS FOR SOME SELECTED 
SYSTEMS 

Element Reagent e Wave length 
(nm) 

Cd Dithizone 6.5- 104 520 

Pb Na-diethyldithiocarbamate 1.1- 104 436 

Al Oxine 5- 103 410 

Co 2-Nitroso-1 -naphthol 1.2- 104 535 

B Curcumin 1.4- 105 555 

T1 Rhodamine B I' 10 s 560 

Mn Oxidant (form of MnOJ ) 2.6- 103 526 

Cu NH3 70 610 

e depends on the molecular or ionic species present in solution and on the wave-
length of the absorbed light. To obtain maximum sensitivity, an optimum wave-
length must be chosen by inspection of the absorption spectra. Experimental 
conditions generally do not allow d to increase to more than a few centimetres. 
Because of practical constraints, the absorption vessel cannot be made very small. 
It follows that c cannot be decreased very far simply by decreasing the volume 
of solution. Therefore, as a general rule, it is mainly the magnitude of e that 
influences the sensitivity obtainable by light absorption measurements. Some 
values of e are given in Table II. 

The limit of detection is given by the intrinsic mechanism of light absorption 
which, in general, is dependent on the dimensions of the chromophoric system. 
For a single electron transition and on the assumption that every photon absorbed 
leads to a transition process, calculation of the maximum attainable molar 
extinction yields e m a x = 5 - 10s [litre-mor1-cm"1 ] [15], In practice most of the 
molar extinction coefficients lie in the range of 10 4 -10 3 or less (see Table II). 
If one follows Sandell's proposal [16] to define sensitivity as the number of 
micrograms of an element per millilitre that causes an extinction of 0.001 in a 
1 cm cell, most 'sensitivities' are within the range of 0.01-0.001 mg/1. 

For most practical purposes the fundamental Beer-Lambert law is perfectly 
valid, although sophisticated considerations show deviations from it, particularly 
at high concentrations (>10~3 M). 
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TABLE III. EXAMPLES FOR THE FLUORIMETRIC DETERMINATION OF 
TRACE ELEMENTS (see Refs [ 17, 18 ] ) 

Element Reagent Sensitivity 
(/ig) 

Be Morin 0.005 

F Al complex of 0.002 

Eriochrome red B 

Se 3,3'-Diaminobenzidine 0.005 

T1(I) HCl/KCl 0.01 

U NaF (solid) 0.0001 

2.2.2. Fluorescence measurements — fluorimetry 

In simplified terms, the intensity of fluorescent light Pp is given by 

PF = 3.3 0 -P0 • e • d-c 

where 0 is the quantum yield, a measure of the efficiency of production of 
fluorescent radiation, i.e. 

_ number of photons emitted 
number of photons absorbed 

0 is always less than 1 and in most systems is very small. When working at 
constant excitation and emission wavelength, one obtains the simple equation 
Pp = K c, where the constant K may be established by calibration with standards. 
Because many processes, e.g. 'quenching effects', tend to decrease the quantum 
yield, fluorescence measurements are by no means insensitive to changes in the 
physical and chemical parameters of the solution environment. Therefore inter-
element effects and matrix influences are much more pronounced than in normal 
spectrophotometry. In most cases, however, very sensitive spectrofluorimetric 
determinations are of less significance in applied trace analysis than is spectro-
photometry. 

Some examples of spectrofluorimetric systems of practical importance are 
given in Table III. 
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FIG.3. Experimental device for light absorption measurement. 

3. INSTRUMENTATION AND TECHNIQUES 

3.1. Instrumentation 

The term colorimeter refers to a simple visual device for the visible region 
where colour equality is established between a standard and the solution under 
investigation. Further instrumental development has led to photometer-type 
instruments with filters for the proper selection of the working wavelength region. 
The replacement of filters by grating- or prism-type monochromators with narrow 
bands of wavelength allows more precise measurements of absorbance. The 
principle of the absorption measurement is illustrated in Fig.3. 

All instruments must allow for setting of the zero point and 100% trans-
mission (P0). This may be effected by variable slits and replacement of the sample 
cell by a reference cell in a single beam system. Double-channel systems work 
with beam splitters or choppers together with single or twin detector systems [19]. 
For most absorption measurements in the UV and visible region, single-channel 
instruments are mostly used. For automatic recording instruments, double-
channel systems are also used. For fluorescence measurements it is necessary to 
use instruments which allow continuous and independent selection of the exciting 
wavelength and the wavelength of the fluorescent light. This may be achieved 
with filters or, in more advanced instruments, with two monochromators. In the 
latter case it is possible to record the spectrum of the re-emitted light. In most 
instruments a 90° angle between the primary excitation radiation and the 
direction of observation is used (see Fig.4). 

Smaller angles have certain advantages with turbid or strongly absorbing 
sample solutions and are therefore used in some commercial setups. For some 
spectrophotometers fluorescence attachments are available, providing an 
inexpensive expansion of measurement facilities in trace analysis. 
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FIG.4. Principle of fluorescence measurement. 

For routine investigations in the visible and UV region, absorption cells are 
constructed of glass or silica. They usually have capacities of 1 - 5 ml with light 
paths of 1 - 5 cm. Microcells of different construction are also commercially 
available for use with common spectrophotometers. The wavelength limit of 
glass vessels lies in the 300-350 nm region, whereas silica cells transmit down 
to 200 nm, the working range being mostly limited by absorption of the solvent 
itself. 

3.2. Chemical systems for colour production in inorganic trace analysis 

Coloured species with sufficient absorbance are generally produced by 
chemical reactions directly in the sample solution or after a suitable separation 
process. 

A tentative classification of these reactions is given in the following sections 
according to either the type of reaction in solution or the reagent applied. 

3.2.1. Redox and precipitation reactions with inorganic reagents 

In some relatively rare cases, ions or complexes of elements in solution show 
sufficiently strong absorption in an appropriate oxidation state to allow their 
determination. By the use of suitable reagents this oxidation state must be 
produced and maintained in solution. Examples are the conversion of Mn (II) 
to the highly coloured MnO^- and the formation of CrO^ ions. 

Production of colloidal precipitates of elements by reduction of metal salt 
solutions (or by the precipitation of low-solubility compounds) with suitable 
reagents and stabilization of the colloidal suspensions for colorimetric measurements 
are no longer in widespread use because of the ready availability nowadays of 
more sensitive organic reagents. Current examples of the use of colloidal 
precipitates are the determination of selenium and tellurium as elemental 
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TABLE IV. EXAMPLES OF COMPLEX-FORMING COLORIMETRIC 
REACTIONS WITH INORGANIC REAGENTS 

Element Reagent Complex formed 

Mo(VI) Thiocyanate + SnCl2 Orange-red Mo(V)-
thiocyanates 

Fe(III) Thiocyanate Red [Fe (SCN) x ] ( 3 ~ x ) 

Ti(IV) H2O2/H2SO4 Yellow [ T i 0 2 ( S 0 4 ) 2 ] 2 ~ 

P(V) Molybdate Yellow molybdatophosphate 
(heteropoly acid) 

Si(IV) Molybdate + SnCl2 Silicomolybdenic blue 
(reduced heteropoly acid) 

suspensions. The formerly used determination of lead as colloidal PbS (held in 
solution by gelatine as a protective substance against surface action) has been 
completely replaced by methods based on the use of the well-known dithizone 
reagent (see below) which was introduced in the twenties. 

3.2.2. Complex-forming reactions with inorganic reagents 

Of much more interest for colorimetric and spectrophotometric deter-
minations are complex-forming reactions producing coloured or UV-absorbing 
species in solution. Complex formation may be accompanied by changes in the 
valence state. In some cases, reaction products can even be extracted by organic 
solvents, thus allowing an increase in the sensitivity and selectivity of the deter-
mination. Some typical examples of inorganic complexes for trace element 
determination are given in Table IV. 

3.2.3. Use of organic reagents 

With organic reagents a vast variety of colour-forming reactions is at the 
analyst's disposal allowing the determination of nearly all elements in a reasonably 
sensitive and selective manner. The number of investigations making use of 
organic reagents for applied inorganic trace element analysis has grown rapidly 
in the last decades; the results of these investigations can be found in the extensive 
literature (see Refs [5-14]). Depending on the type of organic reagent used, 
two main classes of reactions can be established: 

( 1 ) the formation of ion-associates and 
(2) the formation of chelate compounds. 
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The latter reaction in particular offers tremendous possibilities for the enhancement 
of selectivity and sensitivity of trace determinations. 

The formation of ion associates ('ion pairs') can lead to interesting possibilities 
for colorimetric determinations [20]. The combination of a colourless anion 
(cation) with a coloured reagent cation (anion) gives rise to salts which, in contrast 
to the underlying non-associated reagent, are extractable with an organic solvent. 
Depending on the intensity of the colour of the partner, highly coloured extracts 
can be formed which often allow sensitive determinations, in some cases with high 
selectivity. An example is the determination of Sb(V) with Rhodamine B. 

(C2H5)2Nn / V / 0 \ A / N(C2H5)2 XXX; 
i 

Q p C O O H 

CI 

Rhodamine B 

In hydrochloric acid solution [SbCl6]~ reacts with the reagent cation to form 
a red-violet ion associate compound which can be extracted with benzene. The 
reagent under the same experimental conditions (6—7 N HCl) is not soluble in 
the organic solvent. Most other analytical association complexes are formed 
similarly by reacting with the so-called 'onium' salts, here Rhodamine B; others 
are tetraalkylphosphonium salts or 1,10-phenanthroline. From the latter the 
Perchlorate of the Fe(II) compound 

Tri-( 1,10-phenanthroiino)-Fe(II)-perchlorate 

can be extracted with nitrobenzene, thus giving an enhancement of selectivity of 
the iron (II) determination compared with that achieved by the use of the water-
soluble simple phenanthroline salt. Instead of Perchlorate, long-chain alkyl-
sulphonates may also be used successfully [21]. 
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Ligands with several reactive groups or electron-donor atoms ('multidentate 
ligands') are able to react with a cation (as electron acceptor) to form compounds 
with a ring structure, as illustrated by the following reaction: 

Nearly all metals form chelate compounds, whereas the elements of the 5th 
and 6th group of the Periodic Table almost exclusively act as electron donors. 

Chelates differ strikingly from normal salts and are thus preferred in 
analytical chemistry. These differences are [22—24]: 

(1) their high stability ('chelation effect'), 
(2) their solubility in commonly used solvents, and 
(3) their high light absorption efficiency, which can be produced by introducing 

chromophoric groups. 

Most chelate-forming organic reagents are weak protolytes that show pH-dependent 
dissociation HL ^ H + + L" with the dissociation constant 

OH 
+ Al3+ 

8-Hydroxychinolin 3 

_ [ H + ] [ L - ] 
d [HL] 

The formation of the chelates is described by the following equation 

where Kst is the stability constant. 
By introducing the pH instead of H + and combining and solving for 

X = 
M e l 4 n - m > + 

Men + + M L ( " " m ) + 
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with X as a representative ratio for the amount of chelate formed in solution, 
one obtains, after rearrangement, 

l o g Í T ^ F T = m ( l o g K d + 1 0 § t H L í + P H ) + l o s K s t U A. J 

This equation shows that chelate formation is dependent on (i) the dissociation 
constant Kd and the concentration of the organic reagent, (ii) the stability 
constant of the compound formed and (iii) the pH of the solution. The effects 
of (ii) and (iii) on chelate formation are shown schematically in Fig. 5. 

One of the most striking features of the application of chelates in trace 
analysis is the extractability of most of them with organic solvents. As extraction 
efficiency shows similar behaviour to X (see above), Fig.5 also represents the pH 
dependence of the extraction efficiency on the supposition of equal solubility of 
the chelates in a homologous series. If the cations under investigation have 
sufficiently different stability constants, sharp separations can be achieved by 
proper choice of the pH. 

Another advantage of the extraction in an immiscible solvent is the enrich-
ment gained by using small volumes of the organic phase. 

Complex forming reactions with masking reagents also act in the same 
manner as pH variations. The stability constants of the complexes formed 
with these reagents have a different sequence of values from that of the chelates 
under investigation. Relative changes of X and the extraction behaviour may 
therefore be obtained, thus changing the selectivity of a reaction. Examples of 
preferred masking reagents are EDTA, CN", oxalate, citrate, tartrate, S2O3", 
F~ and P O 4 " 

Some typical examples that illustrate these statements are as follows. 
Firstly, water-soluble chelate systems are produced by reagents containing the 
—SO3H group. In some cases an additional accumulation of hydrophilic groups 
which also participate in the chelate formation leads to higher solubility in water. 
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TABLE V. WATER-SOLUBLE CHELATES FOR DETERMINATION OF TRACE 
ELEMENTS 

Element Reagent pH/masking agent 

Bi Xylenol orange 0 . IN HCl 

Cd PAN 3 > 1 2 / K C N 

Se 3,3'-Diaminobenzidine 2.5/EDTA + oxalate 

Sn Pyrocatechol violet 5/Zn-EDTA 

V Xylenol orange 4-5/Zn-EDTA 

Mg Eriochrome black T 10/CN" 

a PAN = l-(2 pyridylazo)2-naphthol. 

Sometimes precipitation occurs with the organic reagents used for colorimetric 
determinations; this problem may be difficult to avoid in cases where no better 
reagent is available. The determination is occasionally improved by adding 
protective detergents to maintain a colloidal suspension. Some organic reagents 
and the details for the colorimetric determination of the elements in aqueous 
solutions are given in Table V. 

Some of the reagents that give rise to water-insoluble chelates are of general 
interest and have been thoroughly investigated; a few have even been the subject 
of special monographs [25, 26]. One of the best-known reagents is 'dithizone' 
(diphenylthiocarbazone) that reacts in its (A) keto- and (B) enol-forms with cations, 
forming highly coloured extractable primary (I) and secondary (II) dithizonates: 

x S \ 

S = C 

( A ) 

H S - C 

(B) 

N H - N H 

N=N 

Keto form 

N - N H — 

N=N 

( I ) 

Cu" 
2 N=N ' 

, C = N - N H O 

^ / s \ 
- O c d c u " < n _ n ^ c - n = n < I > 

Enol form 
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TABLE VI. EXTRACTION OF D1THIZONE METALS (see Refs [26, 27]) 

Element Complex pH for complete 
extraction a 

Colour 

Cd Cd (HDz)2 6 . 5 - 1 4 Red 

Co Co (HDZ)2 5 .5 -8 .5 Violet 

Cu Cu (HDZ)2 1 - 5 Red-violet 

Cu Cu Dz 7 - 1 4 Yellow-brown 

Fe Fe (HDZ)2 7 - 9 Violet-red 

Hg Hg (HDZ)2 1 - 4 Orange 

Hg Hg DZ 4 - 1 4 Red-violet 

Ni Ni (HDZ)2 6 - 9 .. Brown-violet 

Pb Pb (HDZ)2 6 .5 -10 .5 Red 

Sn Sn (HDZ)2 5 - 9 Red 

Zn Zn (HDz)j 6 - 9 . 5 Red 

a Depending on reagent concentration in the organic phase, here 25 /jM solution of reagent 
in CHCI3. 

Table VI shows some reaction possibilities with the optimal pH range for 
extraction. A considerable increase in selectivity is obtained by using a masking 
reagent, the details of which can be found in the literature. 

Another large family of extractive spectrophotometric reagents is the 
dithiocarbamates, containing the reactive group 

R \ 

R" 
N - C + Me: n + N - C Me/n 

R " ^ S ^ 

where R' and R" are various side groups. The diethyldithiocarbamate (DEDTC) 
is the most common reagent in use, and its reactions with the elements of the 
Periodic Table can be seen in Table VII. 

The influence of some masking reagents on the completeness of extraction 
is shown in Table VIII for some selected elements. For further details the reader 
is referred to Refs [27, 29, 30]. Another widely used reagent is 8-hydroxychinoline, 
'oxine', which forms insoluble, mostly coloured, precipitates with many elements, 
the extraction behaviour of which is demonstrated in Fig.6(a) [31 ]. The influence 
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of EDTA on the extraction of the oxine metals is shown in Fig.6(b). The high 
masking power of this compound is clearly indicated. 

Other reagents like dithiol, cupferron and various compounds containing 
the dioxime group exhibit reactions of greater or less selectivity suitable for the 
determination of particular trace elements. 

3.3. Preliminary sample preparation 

All colorimetric and spectrophotometric procedures for the determination 
of trace elements are solution procedures. In some rare cases where the colour 
is developed on restricted paper spots impregnated with a suitable reagent (e.g. 
the determination of As after evolution as AsH3 according to Gutzeit's method), 
the primary sample for the production of the coloured species is also a solution. 

For the determination of trace elements in biological materials the 
decomposition and destruction of the organic matrix must precede the pre-
paration of the sample solution for the final determination. Consequently, many 
of the details concerning sampling, preparation of solution and decomposition 
procedures are essentially the same as those described in Chapter 6. As some 
colour reactions are sensitive to light and others need time for full development, 
it is recommended to follow the strict sequence of reagent addition as prescribed 
in the procedure. Proper oxidation states must exist in solution. An excess of 
oxidants often influences the blank values because of reactions with the organic 
reagent, and these oxidants must therefore be removed. 

Before the optical measurements are carried out the sample must be clear 
and without suspensions. The same is true for the cell in use. In extractions of 
coloured species into an organic phase for subsequent determination, filtration 
of the organic phase through a small dry filter paper removes suspensions of 
water droplets. Filtration only occasionally causes disturbances when measure-
ments are made in the UV region. 

4. APPLICABILITY OF THE METHOD 

4.1. Accuracy and precision 

The error in colorimetric determinations by visual comparison of the colour 
is due to the deficiencies of the human eye and is of the order of ±5%. Higher 
accuracy is obtained with photometers for light absorption measurements. If one 
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TABLE VII. EXTRACTION WITH Na-DIETHYLDITHIOCARBAMATE (see Ref.[28]) 

Li Be B C N O P 

Na Mg Al Si P S Cl 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br 

Rb Sr Y Zr í 'NbJ Mo Tc Ru —Rh~j Pd Ag Cd In Sn Sb Te I 

Cs Ba La Hf Ta W Re ¡ Os Ir - p - r ¡ Au Hg T1 Pb Bi Po At 

Fr Ra Ac 

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Th Pa Np Pu Am Cm Bk Cf Es Fm Md No 

= Complete extraction. 

= Partial extraction. 
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TABLE VIII. INFLUENCE OF pH AND MASKING AGENTS ON THE 
EXTRACTION OF SOME METAL DIETHYLDITHIOCARBAMATES 

Element pH-range for complete extraction with CCI4 

Pure solution + KCN + EDTA 

As(III) 4 - 6 (>7) 4 - 6 

Cd 4 - 1 1 7 - 1 1 4 - 6 

Co(III) 4 - 1 1 4 - 8 4 - 8 

Cu(II) 4 - 1 1 4 - 1 1 

Fe(III) 4 - 9 . 5 

Hg(II) 4 - 1 1 7 - 8 . 5 4 - 1 1 

Mn(III) 6 - 9 7 - 9 . 

Ni 4 - 1 1 

Pb 4 - 1 1 7 - 1 1 5 - 6 

Sb(III) 4 - 9 . 5 8 - 9 . 5 4 - 9 . 5 

Sn(IV) 4 - 6 . 2 4 - 6 . 2 

V(V) 3 - 6 

No extraction. 

Partial extraction. 

assumes that the error of extinction measurement is dE, corresponding to a 
concentration error dc, one obtains by applying Beer's law (see Section 2.2.1) 

dc 1 c dc dE d(log T) 0.43 
— = — = - and — = — = = dT 
dE ed E c E log T T-logT 

By plotting the relative error in concentration dc/c against E or T one obtains, 
for an assumed dT or dE, curve b shown in Fig.7. This clearly indicates the 
existence of an optimum working range of the method for which a particular 
experimental error gives rise to a minimum overall error in the analytical deter-
mination. In modern instruments the assumption of a constant error dT or dE 
independent of the magnitude of T or E is not strictly valid. A more reasonable 
assumption is the dependence of dT on the square root of T caused by noise 
phenomena in photometric detectors [33, 34], The calculation of the error curve 
taking these effects into account yields curve (a) of Fig.7 [32], 
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FIG.6. Effect of pH on the extraction of various metals with an excess of 8-hydroxychinoline 
(0.1 N, CM e = 0.0001 M) (seeRef.[ 31]). (a) Without, (bj with 0.01M ethylenediaminetetra-
acetic acid. 
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FIG. 7. Error curve in the measurement of transmittance (Tj or extinction (E) (see Ref. [32]). 
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In practice, for most spectrophotometers, the error curves lie somewhere 
between curves á and b. Nevertheless, the requirement of working in the optimal 
transmission or extinction regions (0.2 < E < 1.5, 65% > T > 3%) remains valid. 
In this optimal range the precision of absorption measurements is found to be 
about 0.5%. Use of the proper dilution of the sample or proper choice of the 
diameter of the absorption cell can ensure that the measured extinction lies in 
these optimal ranges. 

4.2. Multielement analysis, interferences and matrix effects 

Owing to the band character of the spectra dealt with in inorganic light 
absorption trace analysis, sharply separated spectra are usually not observed. 
Thus a sufficient wavelength range is a prerequisite for the determination. To 
perform multielement analyses a mathematical treatment must be applied for the 
analysis of the overlapping spectra. Assuming a linear addition of all the spectra, 
the extinction at each wavelength X at constant d is given by 

E^ = Cj c, d + e2 c2d + ... I elCid 

where e¡ are the individual molar extinction coefficients of the species under 
investigation. For the analysis of a system consisting of n constituents, n extinction 
measurements at different wavelengths are needed as well as a knowledge of the 
corresponding e^ values. The mathematical solution of the resulting set of n 
equations permits the calculation of the desired concentration. As n increases 
this treatment grows more and more imprecise and complicated and only very 
rarely have reasonable applications been found. Multielement analysis in spectro-
photometry is therefore only of limited value in trace analysis. Only in cases 
where the individual species exhibit sufficiently well separated absorption bands, 
unaffected by each other, are simultaneous determinations possible. An example 
is the determination of Cu and Fe in blood with oxine [35]. 

As most of the colour reactions are not specific, care must be taken to 
ensure that proper reaction conditions are used, especially the proper masking 
reagents and pH, to render the determination more selective. Also the choice 
of a suitable wavelength range enhances the reliability of the determination and 
avoids interferences. 

With regard to matrix effects, the masking properties of the inherent 
constituents must be considered, e.g. the phosphate content of biological ashes 
or residues. High concentrations of inert neutral salts can lead to non-linearity 
of the calibration curves. These non-validities of the Beer-Lambert's law 
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originate in changes in the physical status of the absorbing species ('neutral salt 
effect'). Constant non-reacting salt contents are therefore necessary for precise 
measurements. Extraction procedures are superior in this respect to direct 
measurements in aqueous solutions. This superiority is still more pronounced 
when non-reacting but coloured constituents of the matrix are present. 

4.3. Costs, basic equipment and working conditions 

Simple colorimetric determinations may be made by visual colour comparison 
with simple inexpensive devices or even only by comparison with a set of standard 
solutions. Low-cost photometers are now available for less than US $300. As 
spectrophotometers with monochromators are always superior to filter photo-
meters, acquisition of a simple low-cost spectrophotometer provided with a 
grating monochromator is preferred to any filter device. Automatic instruments 
providing automatic plotting of absorption spectra are by no means necessary 
for trace analysis, as determinations are made at a constant preselected wavelength. 

The ease and rapidity of absorption measurement has led to the incorporation 
of spectrophotometers into many devices for fully automated analysis, especially 
for applications in clinical chemistry. The prices of these commercially available 
setups are rather high, whereas simple spectrophotometers are available at 
moderate prices (less than US $800). 

No special hardware and accessories are necessary for the maintenance of 
spectrophotometers. A sufficient number of cells of different sizes and some 
replacement lamps should be on hand for operating the instrument. The time 
required for analysis depends on the procedure used ; usually the preparation of 
the sample solution is the most time-consuming step. The measurement itself 
is done very quickly and a high throughput of samples is therefore possible. 
There are no special requirements for the spectrophotometric equipment. The 
usual precautions have to be taken in trace analysis, especially to guard against 
contamination. Most commercially available apparatus is equipped with stabilized 
power supplies so no further voltage stabilization is usually required, neither is 
it necessary to operate in an air-conditioned room because there is no marked 
temperature dependence of the extinction measurements. Apparent changes 
are mostly caused by temperature-dependent contraction or expansion of the 
sample volume in the cell which changes the effective concentration. Temperature 
changes of 3—5°C are acceptable and do not markedly influence the precision of 
the spectrophotometric measurement. Evaluation of a measurement is generally 
done by calibration curves. These curves should be checked from time to time. 
According to the Beer-Lambert law, plots of extinction E against concentration 
c should be linear. Apparent deviations from the Beer-Lambert law occur if the 
light used in absorptiometry is not monochromatic. The use of filters instead 
of monochromators is sometimes the cause of such an observed non-linearity of 
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TABLE IX. TABULAR PRESENTATION OF APPLICABILITIES OF THE 
METHOD 

Element Kaie3 Liverb Muscle c Serum ^ 

As 7 v- - v-
Be 7 - - -

Ca + + + + + + + + 

Cd + + 7 ? 

Cl + + + + + + + + 

Co - 7 - -

Cr 7 7 7 -

Cu + + + + + + 

F + + + 7 

Fe + + + + + + + + 

Hg 7 - - -

I - 7 - + 

K + + + + + + + + 

Mg + + + + + + + + 

Mn + + + + + 7 

Mo + + 7 + /? 

Na ++ + + + + + + 

Ni 7 - 7 7 

P + + + + + + + + 

Pb + + + + + 

Sb - - - 7 

Se + + /? + 

Si ++ + + + + ++ 
Sn ? - - + 

Tl 7 - - -

U - - - -

V 7 - - 7 

Zn ++ + + + + + + 

+ + + determinable to a high precision ( - 1 % rel.) 
+ + determinable to a medium precision (~10% rel.) 

+ determinable, but only to a poor precision (20-40% rel.) 
? borderline (~5 0-100% rel.) 
- not determinable 

a Bowen's kale 
b 
c 
d 

NBS bovine liver, S RM 1577 
IAEA animal muscle, H-4 
Human blood serum (dry) 

- See Appendix I for further details. 
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an analytical calibration graph. The same effect may be produced by the choice 
of an unsuitable filter wavelength. The improper choice of filters or wavelengths 
also leads to low sensitivities and higher blank values, for instance by self-
absorption of the reagent. When a monochromator is used whose slits are too 
wide, non-linearity of the calibration curves can be observed in the region of 
sharp absorption maxima. The standard calibration curve should be rechecked 
at intervals; generally it is sufficient to verify the position of one point at some 
distance from the origin of the graph. 

4.4. Applicability to the analysis of four biological reference materials 

Table XI gives a tabular representation of possible colorimetric or spectro-
photometric determinations of elements present in some representative biological 
materials and illustrates the applicability of these techniques for the determination 
of trace and other elements in four representative reference materials. The 
assumed concentrations of the various elements in these materials are given in 
Appendix I, Table A-I. 

4.5. Conclusions 

The low number of new scientific papers dealing with spectrophotometric 
methods, as compared with papers on other instrumental methods, conceals the 
continued widespread use of these techniques especially in small laboratories. 
These methods will continue to be of interest to many investigators and laboratories 
as they require relatively simple and inexpensive equipment and yet offer high 
sensitivity and selectivity. 

ANNEX 

Al. CATALYTIC METHODS 

Catalytic methods for the determination of trace elements are mostly based 
on the catalytic effect of trace elements in a homogeneous reaction mixture 
in which the reaction rates depend on the concentration of the catalyst [36—38]. 
If one assumes that the simple reaction, the so-called indicator reaction, is 
X + Y -*• P and that this reaction only takes place at a measurable rate in the 
presence of the catalyst Men + , then the observable reaction rate is 

— = k - [XHP] . [Me n + ] 
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Here the concentration-dependent parameter is the reaction rate. By plotting 
the reaction rate against the concentration of the catalyst one obtains the analytical 
calibration curve, provided that the experimental conditions are kept strictly 
constant. The lowest detectable concentration of Men + depends on the lowest 
amount of the product P that can be estimated for a given interval of time. 
Appropriate monitoring of reaction products is therefore an important feature 
in the analytical application of catalytic (or kinetic) methods of chemical analysis. 
Automated techniques of data acquisition and processing provide favourable 
precision and sensitivity. With spectrophotometrical monitoring, sensitivities 
of the order of 1(T7 M/litre are easily obtained, sometimes even better. The 
main reaction types used for the determination of trace elements are redox 
reactions, and more rarely complex exchange and other reactions. Many different 
redox reactions are catalysed by the same substances, thus decreasing selectivity 
of the individual determination. There are also pronounced effects of inert 
matrix components and temperature on the reaction rate, thus limiting in 
practice the application of these techniques to a small number of elements. 
Some examples are given in Table AI. 

A2. CHROMATOGRAPHIC METHODS 

A2.1. Liquid/liquid chromatography 

The improvement in this old technique in the past decade has been achieved 
by reducing the particle diameter of the column filling material down to 5 /im 
and by the use of adsorbents thereby yielding high resolution of the eluted species. 
The necessary penetration of the mobile phase through the column is effected 
by the application of high input pressures, which is a special feature of the 
experimental setup of high-performance liquid chromatography (HPLC) [45-47]. 
Commercial equipment is now available at reasonable prices and with good 
reproducibility. Sensitivity and accuracy are determined mainly by the choice of 
detector. In metal chelate -HPLC, spectrometers with a micro-flow attach-
ment are generally used. With a column length of 2 cm and inner diameter of 
5 mm, and a working pressure of 40—200 atm, the time required for analysis is 
usually less than 20 min. With injection volumes of 50 pi, detection limits are 
of the order of 10"9 g with reasonable accuracy. Most of the ligands used allow 
pre-enrichment and separation from the matrix by a proper choice of extraction 
conditions with organic solvents, thus increasing the sensitivity and selectivity. 
Some proposals for HPLC of metal chelates are shown in Table AIL 
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TABLE AI. CATALYTIC DETERMINATION OF TRACE ELEMENTS 

Reaction Catalyst Detection 
limit 

Ref. 

Ce (IV) + As (III) I 5 ng [39] 

Perborate + iodide F (Zr) 19 ng [40] 

Sulphanilic acid + H 2 0 2 Cu 5 ng [41] 

Luminol + H 2 0 2 (chemolum. det.) Cr (III) 26 pg [42] 

Alizarine S + H 2 0 2 Mn (II) 0.3 ng [43] 

Formation of phosphomolybdenum b l u e 2 (POD 1 mg/kg [44] 

a Rate of formation dependent on P04-concentrat ion. 

TABLE AIL HIGH PERFORMANCE LIQUID CHROMATOGRAPHY OF 
METAL CHELATES 

Ligand Element Ref. 

Dithizonate Hg, Ni, Co, Zn, Cu, Pb, Cd [48] 

1,2-Diketobisthiobenz-hydrazone Hg, Ni, Cu, Zn, Pb [49,50] 

Dialkyldithiocarbamates Cu, Co, Ni, Hg [50] 

1,2-Diketobisthiosemi-carbazones Hg, Cu, Ni [50] 

(3-Diketonates Al, Cu, Be, Cr, Ru [51] 
Co, Fe, Zn, Zr, Ni 

TABLE AHI. GAS CHROMATOGRAPHY OF METAL CHELATES 

Ligand Elements Ref. 

/3-Diketonate Be, AI, Cr, Fe, Co and others [ 5 2 - 5 5 ] 

ß-Thioketonate Ni, Pt, Pd, Zn, Co [ 5 6 - 5 8 ] 

(3-Aminoketonate Cu, Ni [59,60] 

Salicylaldimine Ni, Cu, Zn [61] 

Dialkyldithiophosphate Zn, Ni, Pd, Pt, Rh [62] 

Dialkyldithiophosphinate Zn, Cd, Co, Ni, Pb [63] 

Diethyldithiocarbamate Pb, Ni, Cu, Cd, Zn [64,65] 

Di(trifluorethyl)-dithiocarbamate Bi, Sb, Pb, Cd, Ni, Zn [65] 
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FIG.Al. Gas chromatogram of di(trifluorethyl)-dithiocarbamatesafter extraction from aqueous 
solution containing 0.06 ßg/l Zn, Cu, Ni, Co, Fe (III) and 0.1 ßg/l Cd, Hg (II), Pb, Bi (see 
Ref.[ 66];. 

A2.2. Gas chromatography 

The use of metal chelates in gas chromatography is restricted to some 
thermally stable compounds of sufficiently high volatility. They are of special 
interest as modern gas chromatography offers tremendous possibilities for 
separation and determination of volatile compounds. Up to now, only some 
general-purpose systems have been reported [52—55]. New detector systems 
allow discrimination between several eluted compounds and provide high 
sensitivity for particular elements. The highest sensitivities are obtained with the 
electron-capture detector. Other promising detectors for chelate gas chromato-
graphy are the thermic ion detector (N- and P-sensitive) and the flame photo-
meter detector. 

In combination with capillary gas chromatography, precolumn techniques 
and special splitting techniques, further improvements in sensitivity are possible. 
As all chelate systems in use for gas chromatography allow extraction of the 
components in question, pre-enrichment and enhancement of selectivity broaden 
the applicability of these techniques. Some examples of highly effective chelate 
systems for gas-chromatographic trace-element determination are given in Table AIII. 

Figure Al shows the gas chromatogram of some di(trifluorethyl)-dithio-
carbamates after extraction from aqueous solution containing the trace metals 
in the ßg/l range. 

It seems that in the near future HPLC and gas chromatography of metal 
chelates will compete favourably with other methods of chemical analysis of 
trace elements. 
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Chapter 13 

ELECTROCHEMICAL METHODS 

R. NEEB 

1. INTRODUCTION 

Electrochemical analysis means the application of one or the other of two 
important laws of electrochemistry in the field of applied analytical chemistry: 
(1) Faraday's law and (2) the Nernst equation. 

The scope of electrochemical methods based on the application of Faraday's 
law may roughly be divided into two groups, one concerned with an immediate, 
usually quantitative, interaction via an electric current in which one follows the 
course of the measurement by observing the magnitude of the current passed 
(coulometry), or alternatively via a determination of products deposited on the 
electrode surface (electrogravimetry). Neither of these methods is of much 
applicability to the detection of trace elements. In a second group of procedures, 
in contrast, the measurement is carried out via a current produced from prior 
electrolytic processes, handled under controlled conditions of mass transport at 
appropriately small, polarizable electrodes. These techniques are referred to 
generally as voltammetry. However, in the case where a mercury dropping 
electrode is employed, the term polarography is more commonly used. 

Analytical methods based on the use of the Nernst equation are referred 
to as potentiometry. In this connection the use of so-called ion selective electrodes 
is of some interest for trace analysis. Up to now, only solid state electrodes have 
found applications in the determination of traces of some anions, for example the 
LaF3 and the silverchalcogenide electrodes. These are of special interest for the 
determination of ionic species or unbound ions in solution. 

For the purposes of this Report, the only reasonable methods remaining with 
wide application in trace analysis are those based on polarography and voltammetry, 
which are therefore discussed here in detail. The reader is also referred to a number 
of books and other publications on this subject listed in Refs [1 — 19]. 

2. SCIENTIFIC PRINCIPLES 

2.1. Scope of polarography and voltammetry 

In polarography and voltammetry the electrochemical determination is 
accomplished on indicator electrodes of small surface area. When definite current 

281 



TABLE I. BASIC PRINCIPLES OF IMPORTANT POLAROGRAPHIC AND VOLTAMMETRIC METHODS USED FOR 
CHEMICAL ANALYSIS 

Name Process involved Concentration 
proportionality funct ion 

Shape of curve 

Direct current polarography 

Voltammetry 
(chronoamperometry, 
cathode-ray 
polarography) 

Alternating current 
polarography 

i = f CE) 
(E = const, or 
alters slowly) 

i = f (E) 
E = F ( t ) 

(about 0 . 0 1 - 0 . 3 V/s) 

i~ = f ( E = ) 

i D ~ c 
' D 

A. 
A 

E = Electrode potential, 
i = Current, 
t = Time. 
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or voltage functions are applied, the individual inter-relationships between potential, 
current and time depend not only on the nature of the material transported to 
the electrode surface and the nature of the electrode reaction, but also on the 
concentration of the depolarizer in the solution. This concentration dependence 
is a prerequisite for the application of polarographic and voltammetric procedures 
in chemical analysis. 

The basic principles of the most important polarographic and voltammetric 
procedures used in chemical analysis are given in Table I. Many of these simple 
methods are suitable for analysis of dilute solutions ( 1 CT5 - 1 0 - 6 M) and hence 
for trace analysis, but are inadequate for those trace-analytical techniques that 
require a still higher degree of sensitivity. 

The sensitivity is limited by the charging current, a non-faradaic current, 
which is caused by the build-up and decomposition of an electrochemical double 
layer at the electrode/electrolyte boundary. Several other polarographic methods 
are based on the elimination or decrease of this charging current. They generally 
rely on classical techniques, with improved instrumentation, or they are based on 
novel principles of measurement. The sensitivity can be improved to some degree 
in inverse polarography and voltammetry involving an additional preliminary 
electrochemical concentration step. Polarographic determinations can be carried 
out with very small volumes and therefore the limits of detection are small. Many 
alternative constructions of polarographic cells are described in the literature. 
All determinations are performed in solution. This solution must also contain a 
supporting electrolyte and, in d.c. polarography, a special additive serving as a 
maxima suppressor. The qualitative information is obtained from the peak 
potential (Ep) or the half-wave potential (E 1 / 2) and the quantitative information 
from the concentration-dependent peak- or diffusion-current (ip or id). The two 
together constitute all the available information given by analytical polarography 
and voltammetry. 

A comparison of various sensitive polarographic and voltammetric methods 
is given in Table II. The following well-established methods are in common use 
at the present time: d.c. polarography, a.c. polarography (with phase-sensitive 
rectification), pulse polarography and inverse voltammetry. 

2.2. Inverse voltammetry 

2.2.1. Field of application 

The sensitivity of polarographic and voltammetric methods can be increased 
considerably if it is possible to enrich the element to be determined at the indicator 
electrode before the actual voltammetric determination. In the simplest case this 
is accomplished by amalgamation through electrochemical reduction of cations at 
mercury electrodes. If carried out properly, this procedure of electrolytic 



TABLE II. COMPARISON OF VARIOUS SENSITIVE POLAROGRAPHIC AND VOLTAMMETRIC METHODS USED 
FOR TRACE ANALYSIS 

Technique Sensitivity 
[Mole/1] 

Time required3 

[min.] 
Selectivity Field of application 

d.c. polarography 10~ 5 -10~ 6 2 - 1 0 cf. Section 3.3 Many elements 

Derivative 
d.c. polarography 

5 -10" 7 10 > d.c. polarography Similar to conventional 
d.c. polarography 

Cathode-ray 
polarography 

5 1 0 " 7 1/6 Poor Similar to d.c. polaro-
graphy, poorer in irre-
versible systems'5 

Differential 
cathode-ray 
polarography 

10~ 7 -10~ 8 1/6 > Cathode-ray 
polarography 

Similar to d.c. polaro-
graphy, poorer in irre-
versible systems'1 

a.c. (with phase-selective 
rectification) polarography 

10~ 5 -10~ 6 3 - 1 0 « Derivative 
polarography 

Limited application 
(only reversible 
systems)*5 

Harmonic wave 
polarography 

10~ 6 -10~ 7 5 - 2 0 « a.c. polarography 
(better with different 
values of n) 

Limited application 
(only reversible 
systems)b 



TABLE II. (cont.) 

Technique Sensitivity 
[Mole/1] 

Time required a 

[min.] 
Selectivity Field of application 

Square-wave 
polarography 

1 0 " 1 0 - 2 0 a.c. polarography Limited application (less 
sensitive in irreversible 
systems)b 

Pulse 
polarography 

1 0 " 8 - 1 0 " 3 - 1 0 > Square-wave 
polarography 

Generally applicable 
(revers, and irrevers. 
systems)b 

Stripping procedures 
(inverse voltammetry) 

1 0 ~ 9 - 1 0 ~ 5 - 6 0 ' pulse polarography, dependent 
on electrode and technique 

About 15—20 elements 

a Excluding preparation. 
b Reversible: height of currents only dependent on diffusion controlled processes. 

Irreversible: electron transfer processes are predominant in current generation. 
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( C a t h . ) 
D i rect ion of reg is t ra t ion 

Normal D e t e r m i n a t i o n : 
M e + + e - red „ M e o ( H g ) 

Electrolysis Potent ia l of the 
e n r i c h m e n t ana lys is 

E 

Direct ion of regist rat ion 

I n v e r s e D e t e r m i n a t i o n : 

M e 0 ( Hg ) +e" 

( anod.) 

FIG.l. Basic principles of anodic and cathodic stripping voltammetry (reproduced with 
permission from Ref. [16],/. 

enrichment, which is comparable to electrolytic extraction, provides a higher 
concentration of the element in the amalgam than in the original solution. 
Subsequently, the amalgam electrode can be used for voltammetric determinations 
by normal techniques. 

Since a characteristic of these processes involving electrochemical concentration 
is the reversal of the direction of current and voltage during electrolysis and 
determination, respectively, they are referred to as inverse procedures, or more 
commonly, as anodic or cathodic stripping voltammetry. 

Recording the current-voltage curve in the anodic direction, with a rapidly 
changing direct voltage, yields anodic current-maxima that are dependent on the 
concentration of the metal in the amalgam (see Fig. 1). Depending on the 
duration of electrolysis and on the ratio of the volume of aqueous solution to that 
of the electrode, which is large when a microelectrode consisting of small mercury 
droplets (0 .4-2.0 mm3) is used, enrichment factors of the order of 10 2 -10 3 are 
obtained. The sensitivity of the determination is increased correspondingly. 
Thus, 10~9 M solutions and, when using special techniques such as differential 
pulse polarography and Hg-film-electrodes, even 10 -11 M solutions can be analysed 
without difficulty. 

Metals insoluble in mercury can also be determined since thin layers of 
precipitate can be redissolved electrolytically. With inert solid electrodes, noble 
metals such as Hg, Ag or Au can be determined after electrolytic concentration. 
It is possible to enrich anions, provided they yield sparingly soluble precipitates 
with the cations formed by the electrolytic oxidation of the metal of the indicator 
electrode. Thus halides can be determined with silver and mercury electrodes. The 
films of sparingly soluble silver and mercury halides deposited on the electrode 
surface are reduced during the course of the determination which is carried out 
in the cathodic direction. The voltammetric peak current depends on the amount 
of cation contained in the precipitate film. The cation concentration, in turn, 
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depends only on the halide concentration of the solution, provided the electrolysis 
conditions are maintained constant. Similarly, polyvalent elements present in 
suitable solutions can be enriched as sparingly soluble precipitates by electrolytic 
reduction or oxidation. During the subsequent determination with reverse current 
and voltage, the elements are reconverted into the original ions. 

The formation of sparingly soluble precipitates through valence changes can 
be promoted by the presence of an organic reagent, provided the latter forms 
sparingly soluble complexes only with the ion of the particular valence state 
formed during electrolysis (Table III). 

In addition to electrolytic concentration, purely adsorptive processes on the 
surface of the electrode can lead to enrichment of an element. In this case the 
process of concentration is either the direct adsorption of a compound of the 
element, e.g. with a metal reagent, or the reaction with a reagent film adsorptively 
bound on the electrode. In both cases the voltammetric determination is performed 
in a manner similar to the determination of the element in aqueous solution and, 
strictly speaking, is not an inverse process. 

The following elements can be determined by cathodic or anodic stripping 
voltammetry after deposition as metals on mercury or inert electrodes: alkali 
metals, alkaline earths, Ag, Au, Bi, Cd, Co, Cu, Fe, Ga, Hg, In, Mn, Ni, Pb, Sb, Sn, 
TI and Zn. Co, Fe, Mn, Pb and TI can be determined through valence changes 
as sparingly soluble precipitates (hydroxides); Co, Cr, Sb and Sn by addition of 
reagents to form sparingly soluble precipitates preceded by electrolytic changes 
in valence. 

The following anions can be concentrated and determined as sparingly 
soluble salts of silver or mercury by anodic oxidation of the electrode material: 
Br", CP, CN", CNS~, F e ( C N ) 6 F e ( C N ) 6

4 I" , S 2 ' , as well as Chromate, 
molybdate, oxalate, tungstate and vanadate. 

The accuracy of these procedures is less than that of conventional polarography 
and voltammetry because electrolytic concentration introduces additional sources 
of error; the standard deviation is 3 to 10%. One great advantage of the inverse 
methods is the high sensitivity that can be obtained with relatively modest 
instrumentation. Generally a direct current polarograph, whose stationary 
electrodes provide the peak currents, is employed. Fundamentally, inverse deter-
minations can also be performed by other techniques, e.g. by a.c. polarography 
and pulse polarography. 

2.2.2. Experimental procedures 

The electrolytic concentration is carried out in degassed solutions at a 
definite electrolysis potential, generally around 2 0 0 - 4 0 0 mV above the half-wave 
potential in d.c. polarography or above the peak potential in voltammetry. The 
conditions used, especially the duration of electrolysis, the volume of electrolyte 
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TABLE III. POSSIBLE ANALYTICAL APPLICATIONS OF STRIPPING VOLTAMMETRY 

Electrolytic enrichment Stripping reaction Example 

Reduction to metal Me+(soln.) + e" Me0 (El.) M e 0 - e" -* Me+ Deposition of Cd, Pb, Tl 
on Hg electrode 

Formation of sparingly soluble salts 

Prim: Oxidation of 
electrode material 

Sec: Reaction with 
anion (A) 

Me0 (el.) - e" ->• Me+ 

Me+ + A" -»• MeAl 

MeA + e" -+ Me0 + A" Deposition of I as Agi on 
Ag electrode 

Formation of sparingly soluble 
precipitate via valence change 

Prim: Reduction (oxid.) 
of the ions 

Sec: Precipitation 
(a) with OH" 

(b) with reagent 
(H2R) 

Me3+ + e" -»• Me2+ 

Me2+ + 20H" Me(OH)2 

Me 2 + + H2R-*-MeR 

Me(OH) 2 - e" Me3+ + 20H" 

MeR - e" -*• Me3+ + R" 

Reduction of 
[Fe(OH)4]" to Fe(OH)2 

Concentrating tin as tin (II) 
diethyldithiophosphate 
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and the mechanical construction of the cell, must be kept constant. In most cases, 
only between 0.1 and 0.9% (depending on the electrolyte volume and intensity 
of stirring) of the element is deposited on the microelectrode and this fraction is 
representative of the concentration present. Also, the electrode must possess a 
constant and reproducible surface area. Stationary mercury drop electrodes and 
platinum or graphite electrodes coated with a mercury film are employed. 
Platinum, carbon and graphite electrodes are used in the anodic region. 

The composition of the solution has an even stronger influence on the 
selectivity of the determination than in conventional polarography. Separations 
can be accomplished during the electrolysis itself when solutions containing 
suitable complex-forming agents are employed. Additional selectivity can be 
obtained if, after the electrolysis and before the voltammetric determination, 
the composition of the solution is altered. The reason is that the inverse 
peak potentials, like the half-wave potential, are dependent on the composition 
of the solution. From codeposited metals the lëss noble metal can be 
selectively dissolved at a suitable potential ('post-electrolysis') and, in this 
way, small concentrations of a noble metal can be determined in the presence of 
a large excess of a less noble one. Difficulties not observed in normal polarography 
can arise during the deposition of certain metals on mercury electrodes because of 
intermetallic compound formation between the deposited metals or between the 
deposited metal and the electrode. Formation of these compounds diminishes 
or even completely eliminates the inverse signals. Occasionally new signals, 
corresponding to the anodic dissolution of the intermetallic compounds, are 
observed. Similar difficulties can arise with mercury film electrodes on a platinum 
substrate because of the slight solubility of platinum in mercury. Such electrodes 
are, therefore, unsuitable for the determination of, for example, antimony. The 
extent of the interference depends on the stability of the intermetallic compounds 
formed and diminishes with decreasing concentration of the latter. 

3. APPLICABILITY OF THE METHOD AND WORKING PARAMETERS 

3.1. Working range, sample size and preliminary sample preparation 

Polarographic and voltammetric determinations with the above-mentioned 
methods may be performed down to the concentration range specified in Table II. 
Optimal conditions are, in general, only reached with some elements, depending 
on potential range, base solution and nature of the Polarographie electrode process. 
Front-runners in sensitivity are differential pulse-polarography and inverse voltam-
etry. In the two latter cases for some elements, problems temming from the 
blank value caused by the necessary supporting electrolyte restrict the overall 
sensitivity. 
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As regards the sample size necessary, microcells for use with 0.05 ml of 
solution have been described and these function well. Detection limits may 
therefore be very low. Only in inverse voltammetry are larger volumes necessary 
to obtain full sensitivity. Small volumes lead to easy depletion of solutions 
during enrichment electrolysis, so that no further gain in sensitivity is reached. 
With the usual stationary mercury electrodes and an electrolysis time of 30 min, 
a 1-ml volume is the lower practical limit. 

All polarographic and voltammetric procedures are performed in solution. 
Therefore, for the determination of trace elements in biological material, a prior 
decomposition is required to destroy the organic matrix. When using wet 
decomposition procedures the polarographic determination can be carried out 
either directly in the digest solution itself (the usual case) or after selective 
separation of the trace elements by a suitable method such as solvent extraction. 
In all cases the polarographically active digestion reagent residues such as H 2 0 2 

or nitrous gases can interfere and must be carefully removed before the polaro-
graphic and voltammetric determination is carried out. Also traces of the organic 
phase, or the organic reagent used for the extraction, must be removed by 
appropriate decomposition procedures. 

When ion-exchange columns are used, products of decomposition from the 
column packing may occasionally impair the polarographic determination, 
especially when a.c. techniques are employed. Similarly, impurities in purified 
water prepared by ion exchange, or organic contaminations introduced during 
storage in plastic vessels (especially low-pressure polyethylene), can interfere with 
the analysis. Regarding the influence of electrochemically inactive matrix material 
introduced by the method of digestion, see Section 3.4. 

3.2. Accuracy and precision 

The reproducibility of individual procedures can vary considerably. In all 
polarographic and voltammetric determinations the error is associated partly 
with the reproducibility of the surface area of the polarographic or voltammetric 
indicator electrode. With a dropping mercury electrode of exactly reproducible 
surface area, the error (relative standard deviation) is 0.5—2% in both d.c. and a.c. 
polarography. In more dilute solutions the error increases due to the inferior 
shape of the current-voltage curves. Careful selection of the capillary is a 
prerequisite for good reproducibility. When very dilute solutions are used, 
especially with the sensitive a.c. techniques, some interference occurs due to 
penetration of electrolyte film between the capillary wall and the mercury of the 
electrode causing an irregular flow of residual current. These effects can be 
reduced by suitable dropping capillaries. 

Stationary electrodes, i.e. electrodes having a constant surface area, generally 
display poorer reproducibility for single measurements. Stationary mercury 
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FIG.2. Polarographic half-wave potentials in various solutions (Elements Cu, Bi, Sb, TI, Pb, Cd). 
a. O.IMNH4OH+0.1M Amm. tartrate d. 0.1M Amm. citrate, pH 6.1 
b. 0.1 M EDTA, pH 7 e. Satd. citric acid 
c. 0.1M Amm. citrate, pH 8.5 f . IN HCl 

(Reproduced with permission from Ref. [ 16]J 

electrodes behave most favourably; solid electrodes of noble metals, carbon and 
graphite are less suitable. The reproducibility of carbon- or graphite-based 
electrodes depends on a suitable pretreatment and renewal of the electrode 
surface. Best results are obtained with carbon paste electrodes, which achieve 
relative standard deviations of a few per cent. 

The total error in polarographic determinations depends also on the methods 
of evaluation used, which are almost exclusively those involving calibration curves, 
internal standards and standard addition; their accuracy decreases in this order. 
The error in polarographic determinations is considerably reduced when comparison 
polarography is employed. In this technique the difference in current between two 
identical cells is measured. One of the cells contains the sample solution of 
unknown concentration, while the other contains a standard solution having a 
concentration similar to that of the sample. Since only the measurement of the 
difference in concentration between the two cells is effectively involved, the mean 
standard deviations are of the order of 0.05-0.1% at concentrations above 10~4M. 
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FIG.3. Effect of a change in supporting electrolyte in inverse voltammetry. 
a. IN HCl 
b. IN HCl + 2M ethylenediamine 
c. IN HCl + 2M NH4OH + 2M Na EDTA 
d. IN HCl + 2M NH4OH + 0.2M Na citrate 

(Reproduced with permission from Ref. [1].) 

3.3. Interferences 

The selectivity of Polarographie methods is determined by differences in the 
characteristic Polarographie information obtained with a particular mixture. In 
direct current polarography, the selectivity depends on differences between half-
wave potentials and also on the slope of the Polarographie waves. This slope is 
dependent on the electrochemical valence, n, involved in the electrode reaction. 
Flat curves (small n) require larger differences in half-wave potentials for 
satisfactory resolution. The required differences are of the order of 150—300 mV, 
depending on the value of n and on the ratio of the concentrations of the 
components. Another element present in excess is unlikely to interfere with the 
determination if the subsequent wave is located such that the half-wave potentials 
differ by 500 mV. 

In classical d.c. polarography with preceding wave the limit of detection is 
generally reached when the other element is present in a 50- to 100-fold excess. 
In the latter case the limit is increased 100—1000 times by using a.c. polarography. 
Generally, methods involving peak currents offer better limits of determination 
for the analysis of mixtures. This is true both for a.c. polarography and its variants 
(square-wave polarography, pulse polarography, etc.) and for derivative d.c. 
polarography. For a qualitative differentiation, a difference of 30—50 mV between 
the peak potentials is often adequate when peak currents are used. 
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Apart from the limitations imposed by the method, the selectivity of Polaro-
graphie determinations depends to a great extent on the choice of a suitable 
solution. As shown in Fig. 2, adding complex-forming substances and altering 
the pH can favourably affect the separation of half-wave potentials. 

These effects are still more pronounced in inverse voltammetry, where a 
changeiin supporting electrolyte between electrolysis and voltammetric determina-
tion enhances drastically the possibilities for selective determinations. Figure 3(a) 
shows the peak potentials of Pb, Sn and T1 in a supporting electrolyte of IN HCl, 
which is not suitable for the simultaneous determination of the three elements 
[20]. If, after electrolysis, the composition of the solution is altered by adding 2M 
ethylene diamine (b), 2M NH4OH + 2M NaEDTA (c), 2M NH4OH + 0.2M Na citrate 
(d), separation of the peaks is improved and simultaneous determination is possible. 

In addition to the method involving formation of chemical complexes for the 
displacement of half-wave potentials, their position can be altered also by electro-
chemical masking [21, 22], In this technique, a surface-active substance adsorbed 
on the surface of the electrode selectively inhibits one or more electrode reactions, 
resulting in the selective disappearance of individual Polarographie signals. These 
effects can be observed in both a.c. and d.c. procedures but are more apparent in 
a.c. polarography. In stripping voltammetry addition of surface-active 
substances sometimes increases the selectivity of a determination [23]. • 

In IM H C I O 4 + 0.05M EDTA + 0.02% Triton X 100, the lead wave remains 
unaltered after saturation of the solution with camphor, Whereas the bismuth 
wave is displaced considerably towards negative potentials. This enables lead to be 
determined in the presence of a 1000-fold excess of bismuth [22], 

3.4. Matrix effects 

Effects caused by an electrochemically active matrix are to be considered 
under the headlines given above. In many cases large amounts of inactive matrix 
material are present, which can affect the qualitative and quantitative nature of 
the polarographic information. These phenomena can be explained partially by 
the relationship between the concentration of the element to be determined and 
the concentration-dependent polarographic signal; in all these relationships the 
diffusion coefficient is involved. In classical polarography, the Ilkovic equation 
gives the relationship between the limiting diffusion current ij> and the concen-
tration c 

iD = 6 0 . 7 n - m 2 / 3 - t 1 / 6 - D 1 / 2 c 

Since D « 1/rj according to Stokes-Einstein, any alteration in the viscosity 77, 
e.g. due to a change in the electrolyte concentration, leads to a change in iß. 
A similar relationship is valid for polarographic and voltammetric processes. Thus, 
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FIG.4. Limiting diffusion current of cadmium in solution containing sulphuric acid. (Data 
from Ref. [24], Reproduced with permission from Ref. [16].) 

in solutions of high sulphuric acid content, such as are obtained after Kjeldahl 
digestion, the limiting diffusion current of cadmium is considerably diminished 
(Fig. 4). In such cases, the analytical determination must be carried out either 
at constant electrolyte concentration or by adding a standard. 

Large amounts of inert material, especially species showing some adsorption 
affinity towards the electrode surface, produce changes in the interboundary 
structure of the double layer and thereby lead to a strong dependence of the 
polarographic signal on the composition of the solution ('inhibition') in those 
procedures that are sensitive to electrode reaction mechanism (e.g. a.c. polarography). 

Also in inverse voltammetry, inert matrix effects influence severely the 
peak height [25]. This is due to changes in electrolysis effectiveness and the 
influence of matrix electrolytes during voltammetric determinations. Examples 
for the determination of cadmium are given in Fig. 5 showing the influence of 
different inert salts on the peak height. Suspended or dissolved organic materials 
behave in a similar manner. In addition, sorption of these substances on the 
electrode surface leads to further changes of peak current and peak potential, 
sometimes connected with broadening and deterioration of current/voltage (c/v) 
curves. 

3.5. Possibilities for multielement analysis 

Multielement analyses are possible within the limits described. Provided 
sufficient differences of e, E p or E1 / 2 are involved, the simultaneous determination 
of different elements in the same solution is possible in concentration ranges of 



4 CHAPTER 10 2 9 5 

[ M o l ] 

FIG.5. Decrease of inverse voltammetric peak height of cadmium in solution with high 
contents of inert salts. (Reproduced with permission from Ref. [25].) 

comparable magnitude. Low concentrations of preceding elements in the c/v 
curves have no or negligible influence on the determination of the following 
species. Higher concentrations are tolerable up to a 100- to >1000-fold excess, 
depending on the particular system. Peak-current shaped c/v curves are generally 
more favourable for multielement analysis, because it is easier to recognize small 
peaks than small waves. Depending on n (the electrochemical valency) and 
differences of peak potentials, overlapping of the curves limits the possibilities of 
simultaneous determinations of the dissolved species. 
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3.6. Possibilities for automation 

Automation of sample changing in the electrolytic cells and of the 
programming of the measurement are easily possible in principle and may 
be performed by a skilled electronic technician. Commercial set-ups are 
available for a variety of Polarographie and voltammetric procedures. The 
PAR 374 system, for example, operates with computer-controlled circuitry 
and data evaluation systems, including a new type of pressure-controlled mercury 
electrode. The model 3010 Trace Metals Analyser (esa) employs anodic stripping 
voltammetry with a small dedicated computer. This computer actively controls 
the analysis cycle, sorts the electronic signals and computes and displays concentra-
tions in units such as mg/l,jug/l etc. 

3.7. Cost of basic equipment and special hardware 

Apparatus for d.c. polarography and especially for inverse voltammetry can 
be constructed simply by using operational amplifier circuitry and low cost 
recorders. Estimated prices for the whole set-up are ~ US $1000. For the more 
sophisticated instruments a correspondingly higher level of electronics expertise is 
required. Commercial apparatus for a variety of procedures is nowadays available 
at moderate prices (~ US $6000). Multifunctional instruments are generally to be 
preferred since they are suitable for all kinds of trace analysis. The most 
comprehensive instruments (~ US $25 000) incorporate a mini-computer for data 
evaluation and the plotting of the results. 

Special hardware is restricted to recorder accessories and occasional replace-
ment of capillaries and vessels. During analysis, purified nitrogen is needed for 
degassing. 

3.8. Analysis time and throughput of samples 

The time required for analysis is dependent on the procedure used, ranging 
from seconds, with oscillographic registration, up to 30 min in inverse voltammetry, 
the longer time being required for enrichment electrolysis. When using naturally 
dropping mercury electrodes, the usual drop-times (3—7 s per drop) imply a fairly 
long duration of registration of the whole c/v curves (many drops). In modern 
instrumentation mechanically driven drop capillaries, which allow the registration 
of the c/v curves in 1—2 min and are also applicable in classical d.c. polarography, 
are preferred. These analysis times do not include the time required for the 
preparation of the sample. Degassing of the sample solutions with nitrogen is 
also a time-consuming factor which may be reduced in the analysis of a series of 
samples by the simultaneous degassing of several samples. A throughput of samples 
of more than fifteeen per hour is thereby possible. 
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TABLE IV. POSSIBILITIES FOR THE DETERMINATION OF SOME 
ELEMENTS OF BIOLOGICAL INTEREST IN FOUR REFERENCE MATERIALS 
BY ELECTROCHEMICAL ANALYSIS 

Element Kale" Liverb Muscle0 Serumd 

As ? 

Be -

Ca + - + 

Cd ++ + + ? 

Cl + + + + + + + + 
Co ? 

Cr ? 

Cu + + + + + + + + 

F + + ? -

Fe + + + + + + + + 

Hg ? - - -

I - - - ? 

K -

Mg -

Mn + + ? -

Mo + + -

Na -
Ni ? - ? ? / -
p _ 

Pb + + + + + + + + 
Sb ? - - -

Se ? + ? + 

Si -
Sn + - - + 
XI + ? ? ? 
U -

V -

Zn + + + + + + + + 

++ determinable to a high precision 1 % rel.) 
++ determinable to a medium precision (~ 10% rel.) 
+ determinable, but only to a poor precision (~ 20-40% rel.) 
? borderline (~ 50-100% rel.) 
- not determinable 

Bowen's kale 
NBS bovine liver, SRM 1577 
IAEA animal muscle, H-4 
Human blood serum (dry) 

In all cases 
without prior 
concentration 
of the analytes 

see Appendix I for further details. 
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3.9. Special requirements for operation of equipment 

No special requirements are necessary for the polarographic equipment. 
The usual precautions have to be taken in trace analysis, especially for the 
avoidance of contamination. Most commercially available apparatus is equipped 
with stabilized power supplies and no further voltage stabilization is usually 
required, neither is it necessary to operate in an air-conditioned room. However, 
a temperature dependence of the drop time must be taken into account if 
significant changes in room temperature occur. Also, the diffusion currents are 
very sensitive to small changes in temperature. For this reason it is absolutely 
necessary to apply precise thermostatic control to the electrolysis cell itself. 

3.10. Applicability to the analysis of four biological reference materials 

The applicability of electrochemical techniques to the analysis of four biological 
reference materials is summarized in Table IV. The concentrations of the various 
elements in these materials are given in Appendix I. 
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ANALYTICAL QUALITY CONTROL 





Chapter 14 

THE CHEMICAL LABORATORY 
AND TRACE ELEMENT ANALYSIS 

E.I. HAMILTON * 

1. INTRODUCTION 

This chapter is concerned with some aspects of analytical quality control 
that are the responsibility of the analyst in his own laboratory. The aim of such 
work is to provide assurance that the analytical results obtained in the laboratory 
are of acceptable accuracy and precision, in relation to the purposes for which 
they are required, and that they may be compared meaningfully with similar data 
from other laboratories. However, it should not be overlooked that, in many 
instances, the first time an analyst becomes acquainted with a sample is when 
it is received in the laboratory. Therefore, in practice, an analyst can only be 
held responsible for the analytical quality control of those operations which take 
place in his own laboratory. In the real world it is unfortunately not uncommon 
for the levels of elements in samples to be totally disturbed, such as by the addition 
or loss of elements,before they reach the laboratory, or even for the wrong type 
of sample to be collected in relation to the scientific use of the final result. 

Irrespective of the analytical methods employed within the laboratory 
there is a need to assure adequate quality control by the use of certified reference 
materials and participation in interlaboratory comparisons. However, for many 
types of analyses, an ability to produce acceptable data on reference materials 
does not always guarantee that the quality of data obtained for real samples will 
be the same. One of the major problems concerns contamination within the 
laboratory — a matter which cannot be overcome by the use of sophisticated 
analytical instrumentation. To achieve adequate control over contamination in 
a laboratory it may be necessary to allocate up to 20% of the total work load 
to such duties. This chapter describes some of the main points to which attention 
should be paid. 

2. SOURCES OF CONTAMINATION 

2.1. Location 

When setting up a new laboratory careful attention should, if possible, 
be paid to the location relative to possible sources of contamination such as 

* The views expressed in this chapter are those of the author and are not necessarily 
shared by his institute. 

3 0 3 
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a busy highway, the fallout plume of a factory or urban developments, all of 
which can be significant sources of wind-borne debris. Data presented in 
Chapter 4, Table II, illustrate the high concentrations of many elements present 
in air particulate materials, which can easily permeate the internal environments 
of buildings. It is essential to determine the types and levels of elements present 
in the external air and the extent to which they can enter a building in relation 
to the season of the year and local meteorological conditions. Once the nature 
of such sources has been identified, measures can be adopted to ensure that 
external dust is excluded from the laboratory. 

2.2. Air supply 

For trace element analysis it is generally essential to equip the laboratory 
with some form of clean air supply. In the United States, Federal Standard 209a 
defines a method for expressing the concentration of particles in the air of work 
areas and is based upon the maximum number of particles in the size range 0.5 to 
5.0 pm per cubic foot of air. For example, Class 100 degree of cleanliness permits 
100 particles per cubic foot with particle sizes between 0.5 and 5.0 pm; similarly 
Class 10 000 allows a maximum of 10 000 such particles per cubic foot. 

To attain Class 100 conditions, laminar flow is essential together with the 
use of high efficiency particulate air filters (HEPA). These filters are made of 
pleated sheets of porous material separated by plastic spacers, thus providing a 
maximum of surface area for filtering. Each unit is fabricated in the form of a 
box-like structure commonly 61 cm X 61 cm X 14.9 cm providing a minimum 
air flow capacity öf about 500 ft3 /min, with a minimum efficiency rating of 
99.97% for 0.3 pm particles. This type of filter is fairly expensive and can 
easily be impaired if subjected to air with a high particle load. For this reason 
it is advisable to use some sort of pre-filter to remove a major fraction of the 
particles. Pre-filter systems can be quite cheap and usually consist of a mat of 
fibreglass coated with a tacky substance to trap dirt followed by finely woven 
bag filters as illustrated in Fig. 1. More sophisticated systems, such as those which 
use wet cyclonic washing with fine high-pressure jets of water, or electrostatic 
precipitators, can be very efficient in removing airborne particulates but they are 
often unreliable and back-up systems are essential in case of failure or during 
maintenance. 

The interface between the laboratory and the external environment also 
requires special attention. However, most problems can be overcome by using 
some form of air-lock containing a shoe-change barrier. 

Preferably the whole trace element laboratory should be supplied with clean 
air. The minimum requirement is that a clean working area should be available 
for handling the analytical samples while they are exposed to the laboratory 
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FIG.l. Illustration of a simple air filtration system; overall dimensions, 12 ft X 2 ft X 2 ft. 
A. Insect screen. B. Coarse fibreglass filter impregnated with a tacky substance. C. Fine 
fibre filters coated with a tacky substance, 80% efficiency AFI test. D. Fan. E. Silica sheathed 
heater coils. F. 95 ft2 of woven cotton filtering media, flow capacity 2000 ft3 /min, efficiency 
95% AFI test. G. HEPA filter, 0.3 ßm, 99.97% efficiency, DOP test. H. Air humidity and 
temperature control unit. 

The system is equipped with suitable safety controls and manometers to determine when 
the rate of filtration becomes reduced and when the filters require changing. 

atmosphere. Suitable working areas are provided by laminar flow clean air benches 
of the kind now available from a number of different manufacturers. 

The objective in air quality control is to achieve air of an acceptable purity 
in relation to the nature of the work. Minimum safe requirements should be 
attained since it is pointless to use very expensive systems unless demanded by 
the work. This is advocated not only on the grounds of cost but also because 
sophisticated systems are difficult to maintain, and normal working procedures 
may have to be drastically changed, with the result that the throughput of samples 
is considerably reduced. 

2.3. Walls, floors, working surfaces, etc. 

Within the laboratory all dtist traps should be kept to a minimum, and 
walls and ceilings should be covered with an impervious layer. White polyurethane 
gloss paint should be used for walls and opaque white polypropylene sheet for 
bench tops. Bench tops should be further covered with a layer of disposable 
clear plastic sheet which can be discarded when soiled. The permanent layer of 
polypropylene should be backed with a layer of fibreglass since it is otherwise 
difficult to fix it to the bench top, which can consist of simple blockboard. 
All joins, including those around sinks, can be heat welded thus providing a 
continuous run of bench cover free from joins. Floors should be covered with a 
good quality sealed linoleum or vinyl material without joins and extended about 
10 cm up each wall to provide a watertight floor. Considerable attention should 



3 0 6 HAMILTON 

be paid to the preparation of walls and floors because, if they are unsound or 
contain grease, a good bond with covering materials is not possible. Various 
excellent epoxy preparations are now available and provided they do not contain 
pigments they can be used to cover most surfaces. In the case of walls and 
ceilings, shrinkage or chemical reactions with substrates may occur, leading to 
an unsound finish. 

To reduce the spread of dust within the laboratory, commercially available 
tacky mats should be used to remove dust from the soles of footwear and should 
be placed at the entrance to rooms. Some of the earlier products consisted of a 
wad of cotton mesh about 2 cm thick impregnated with a tacky substance. 
They are most suitably placed in mat wells in the floor since otherwise they 
presented a hazard to pedestrian traffic. More recent products consist of thin 
solid mats, which can be placed directly on the floor. 

2.4. Clothing and footwear 

Attention should be paid to the type of laboratory garments used, which 
should not generate static charge or shed debris such as starch. Simple white 
undressed cotton garments are satisfactory; they should be laundered in the 
laboratory and should receive a final rinse in demineralized water. Special foot-
wear can be restricted for use in the laboratory or alternatively lint-free cotton 
overshoes may be worn. 

2.5. Fume cupboards 

A fume cupboard should be considered as an instrument requiring careful 
upkeep and attention rather then an item of laboratory furniture. It is beyond 
the scope of this article to consider this important topic in detail. Suffice it 
to indicate some of the common faults associated with fume cupboards: 

(a) Lack of containment of fumes during use, usually attributable to 
insufficient or inhomogeneous extraction. 

(b) Totally inadequate ducting for extracting fumes. Often ducts have 
to pass from ground level to the top floor of a multi-storey building. It is not 
uncommon to find that the diameter of such ducting is only 15—25 cm, which 
is inadequate, or that the ducting contains several right-angled bends which 
impair air flow. 

(c) Roof air intake and outlet points are too close together with the result 
that, under some weather conditions, extracted air is drawn back into the intake. 

(d) The air ducts are made of unsuitable materials such as galvanized iron, 
or plastics easily attacked by inorganic or organic reagents. This is a particular 
problem if the air flow is poor and condensation of vented materials occurs. 
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FIG.2. A simple system for the evaporation of solutions containing perchloric acid or other 
hazardous substances. A. Heaters set in a block of Pyroceram (Corning-Warej located in the 
bench top,thus preventing the release of contaminants as a result of oxidation of standard iron 
surfaced heaters. B. Beakers containing solutions to be evaporated; each beaker is placed under 
a quartz funnel connected to a standard water vacuum pump, thus the evaporated species can 
be directly discharged into an open or closed drain. D. Input of filtered nitrogen gas. 
E. Enclosure made of a suitable material, for example glass or quartz. F. Pressure release valve. 

Fume cupboards require considerable volumes of air to function properly 
and it may therefore be preferable to use some type of air screen cupboard which 
only takes a small volume of air from the room. Essential air changes in the 
laboratory should be as independent as possible of the air requirements of fume 
cupboards. With careful planning, some form of compromise can be achieved 
and thus reduce wastage of clean air, which may be expensive to produce. Some 
chemical reagents are hazardous in use; one, namely perchloric acid, is often 
used in special fume cupboards equipped with elaborate water washing systems. 
The cost and upkeep of such fume cupboards may be justified in some circumstances 
but there are other simpler and safer ways of handling such chemicals as exempli-
fied by the apparatus illustrated in Fig.2. 

2.6. Glove boxes 

If there is any risk of transmitting disease when preparing human tissues 
in the laboratory for analysis, all operations should be carried out in enclosed 
boxes fitted with shielded UV light sources. The extracted air should be passed 
to a special flue fitted with an incandescent platinum oxidizer; particular 
attention should be paid to prevent the release of dry powders. 
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FIG.3. Comprehensive water purification system. 
1. Input water passing through a coarse filter. 2. Coarse cotton filter. 3. Pleated paper filter 
retaining particles larger than about 2 ßm. 4. Fine pleated filter retaining particles larger than 
0.45 p.m. 5. Borosilicate or quartz still. 6. Polypropylene storage tank for distilled water. 
7. Direct output for distilled water. 8. Outlet for stored distilled water. 9 and 10. Stored 
distilled water is pumped through two mixed bed ion-exchange resin columns. 11. Teflon 
filter to remove debris from ion-exchange resins. 12. Polypropylene tank for storing deionized 
water. 13. Outlet for stored deionized water. 14. Direct outlet for deionized water. 15. Deionized 
water is pumped up through an ion-exchange bed. 16. UV coil made of quartz to breakdown 
elements combined in organic substances. 17. Two-stage column consisting of an ion-exchange 
bed followed by a fine carbon bed resting on a teflon filter. 18. Outlet for clean water to supply 
sub-boiling stills; this ultra-clean water should be used directly, but can be stored in acid-
leached teflon, quartz or boron nitride containers. 

All materials used in purifying water have to be selected on the basis of very low element 
content and before use have to be subjected to appropriate leaching procedures. Water is 
pumped around the system by use of peristaltic pumps or gravity feed. Waste hot water 
from the still and UV oxidizer can be passed to an insulated storage vessel and used for general 
washing. 

2.7. Water supply 

One of the most important requirements of a trace element laboratory is 
a reliable and continuous supply of pure water. The quality of tap water supplied 
to laboratories is very variable depending upon geography and season of the year. 
Local water boards can generally supply information on the chemical quality of 
the water that they supply. Some of the problems encountered especially in 
soft-water areas can be solved by fitting a simple filter on the inlet pipe. Metal 
plumbing should be replaced by plastic pipes within the laboratory if only to 
remove the need to have metal pipes attached to the walls. 
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FIG.4. System for removing elements from glass, quartz and plastics by acid leaching. 
a. Inlet for acid vapours produced by boiling acid in a flask. 
b. Drain outlet to remove condensed acid vapour trapped in, h, which is placed below 
the manifold, a-c, from which protrude a series of perforated uprights, g, upon which the 
vessels to be cleaned are placed. For large vessels the manifold uprights are fitted with 
two supports, f , in order to improve the leaching action. To provide for an even venting 
of acid vapour throughout the manifold the diameter of the uprights is increased along 
its length and a control valve, c, is fitted at the outlet which can be either vented into a 
fume-cupboard or into the jet of a water vacuum pump. The whole system is enclosed in a 
glass shield which has an inner coating of teflon; the enclosure is supplied with a stream of 
clean nitrogen. 

The removal of elements from water can be a time-consuming and difficult 
task. In the author's experience it is preferable to use one single system rather 
than to rely upon several simpler pieces of apparatus. A fully comprehensive 
system, which also optimizes the use of water in the laboratory, is illustrated 
in Fig.3. 

In the same manner as air quality should be monitored, so it is also essential 
to determine regularly the quality of prepared water in order to be certain that 
there has not been a breakdown in purification. It is worth noting that it is very 
difficult to determine levels of trace elements either in air or water simply because 
the volume which can be analysed is limited. Enrichment techniques can of course 
be used but they introduce further sources of error. Large volumes of water may 
be used in an analysis and, in the process of extracting the element of interest, 
the gradual addition of impurities present in water can be significant, for example 
those derived from surface deposits remaining on glassware and those precipitated 
or extracted with the element to be measured. 

Water (and acids) play an important role in cleaning laboratory glassware 
and plastics. A simple system for cleaning such items is illustrated in Fig.4. 
Separate items of glass and plasticware are required for use in the preparation of 
samples and standards and they should never be mixed during cleaning and 
storage. 

2.8. Drying, ashing and grinding 

Significant contamination or loss of elements may arise from drying, ashing 
and grinding. Before any sequence of processes is adopted in routine analysis 
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FIG.5. An example of an oil vapour trap fitted to a vacuum pump. 
A. Vacuum pump. B. Oil trap fitted with a lower section made of perspex so that the 
accumulation of oil can be seen; the upper part of the trap is connected to a pipe, which 
is vented to the external air. C. The base of the pump is sealed into a tray which contains 
an adsorbent material on the floor. 

each step should be checked individually - which can take a considerable time. 
This problem, ever present in analytical laboratories, can be checked by the use of 
radiotracers in such a way that the label is incorporated into the sample in the 
correct chemical form, or alternatively neutron activated real samples can be used. 
Grinding and homogenization vials constitute a serious source of contamination, 
especially if the internal surfaces are not kept highly polished. As soon as internal 
surfaces become worn the items should be discarded. 

2.9. Reagent blanks 

It is also of fundamental importance to ensure that the quality of chemical 
reagents is acceptable for trace element analysis. Many potential problems can be 
overcome by sampling one item of a batch product. If satisfactory, a bulk purchase 
can be made to ensure a future supply of similar quality. This principle can also 
be applied to the purchase of many laboratory items such as glassware and plastics. 

Quite clearly, when all these precautions have been taken, the extent to which 
contaminants have been reduced to an acceptable level can only be estimated by 
the analysis of the so-called 'blank'. Unfortunately, the conventional blank rarely 
contains the chemical matrix of the sample and consequently either loss or gain 
of the elements and their compounds may not be the same for both sample and 
blank. Nevertheless, several blanks should always be included with each batch of 
samples together with an internal laboratory standard having the same matrix as 
the sample. This internal laboratory standard should previously have been 
standardized against a certified reference material. 
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3. MONITORING OF CONTAMINATION 

Once all practical and reasonable steps have been taken to remove air-borné 
contaminants it is advisable to implement some form of air monitoring. After 
collection of particulate materials on filter papers, or aqueous total impact 
collectors, assay for Si and Al will usually indicate whether or not external dust 
is present; a Si/Al ratio of about 3 is characteristic of external dust. Other 
elements such as zinc and lead are also good indicators of contamination for 
those concerned with the analysis of biological materials. 

A preliminary phase of air monitoring will usually identify the presence of 
any unusual element, or will confirm that contamination is low enough for analyses 
to proceed. Some common sources of contamination that may be discovered by 
such programmes of surveillance are the following: 

(a) Copper, zinc and iron from electric motors. 
(b) Barium, zirconium, strontium, zinc, iron, chromium, titanium, calcium, 

potassium, phosphorus, silicon, aluminium, magnesium and sodium from female 
cosmetics, especially face powders. 

(c) Silicon, nickel, vanadium and other metals exhausted with oil vapour 
from vacuum pumps. 

The presence of oil vapour in a laboratory is to be discouraged as it provides 
a trap for particulate material. This potential problem can be overcome by 
fitting each device with an oil mist trap and then venting the remaining volatile 
constituents into separate extract ducts as illustrated in Fig. 5. 

The next stage is to remove these sources of contamination and to determine 
remaining levels of elements which can be removed from the laboratory air by 
filtration. This exercise will usually show the presence of many elements, although 
the pattern of elements will have changed from those characteristic of external 
debris to those generated within the laboratory. The simple act of raising and 
lowering the arms provides a powerful air pump which will generate a very large 
number of particles including debris from clothing and the skin. If the analyst 
still feels that the levels of some elements are unacceptable then local ultrapure 
laminar flow air screens can be used at critical sites. 

Throughout the working year the internal environment of the laboratory 
is exposed to various different types of contamination and it is useful to develop 
some simple tests for specific elements. In trace element analysis the author has 
found it very useful to make simple spot tests with dithizone to detect the presence 
of zinc (and lead). A dilute solution of dithizone is made up in carbon tetrachloride; 
the test solution is absorbed onto a piece of clean tissue, which can also be used 
to obtain wipe samples of bench tops and internal surfaces of containers. The 
tissue is then sprayed with a clean buffer at pH9 and spotted with the dithizone. 
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The appearance of a red colour is usually a clear indication of zinc contamination, 
which is also commonly associated with many other elements. Dithizone may also 
be used in this way, together with masking reagents added to the buffer, or at a 
different pH, to detect several others elements at trace levels. 

This technique has proved to be very useful in the author's laboratory 
in identifying an unknown source of zinc contamination which gradually increased 
in magnitude over a period of one week. The source was eventually traced to a 
box of Pasteur pipettes. The zinc originated from paper packing between layers 
of pipettes. The contamination increased with time because, as the contents of 
the box were used up, the mass of finely divided fibre from the packing material 
increased in the lower layers. 

4. CONCLUSIONS 

To improve the quality of trace element analysis, considerable effort may 
be required to identify sources of contamination and to remove them. Quite 
alarming decreases in the reported levels of elements in biological and environ-
mental materials can be achieved once the presence of contaminants is identified. 
At the same time some degree of perspective must be maintained as it is easy to 
become enraptured with the problems of contamination and losses of elements 
resulting from processing. In the author's opinion each laboratory should become 
engaged in at least one exercise to determine the quality of the internal environment 
and to establish minimum practical steps for adequate control. 

As a further guide to laboratory design and possible types of contamination, 
a bibliography of some relevant literature is appended to this chapter. 
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REFERENCE SAMPLES FOR TRACE ELEMENTS IN 
BIOLOGICAL MATERIALS AND ASSOCIATED 

ANALYTICAL PROBLEMS 

L. KOSTA 

1. INTRODUCTION 

Biological reference materials for trace element studies are currently being 
prepared and issued by a number of different international and national bodies. 
Very commonly, when such materials are submitted as unknown samples to a 
diverse group of analytical laboratories, the results reported cover a wide range — 
in some cases so wide that no consensus values can be derived. In part this may 
be due to the inexperience of some of the laboratories concerned. However, for 
some elements and some matrices, even well-experienced laboratories may have 
great difficulties in producing mutually consistent results. Such problems, as 
evidenced by results for reference materials, are probably also very typical of what 
may be encountered in analysing any biological material. Thus they provide a very 
useful demonstration of the practical problems that analysts working in this field 
must be prepared to face. 

The purpose of this chapter is to review briefly some of the more important 
of the biological reference materials that are currently in use or being planned, 
and, by means of results obtained for these materials, to provide illustrative 
examples of a number of important practical problems of trace element analysis. 

2. BIOLOGICAL REFERENCE MATERIALS PRESENTLY IN USE OR 
PLANNED 

2.1. Biological reference materials presently in use 

Some of the most widely used of the presently available biological reference 
materials are identified in Table I. Of these, Bowen's kale appears to be the 
most thoroughly investigated possible reference sample for trace elements in 
nutrition, agriculture and plant physiology, and was recently recommended for 
use as such from two sources [1, 22]. The material is homogeneous for samples 
greater than 100 mg, and there are more than ten averages available by at least 
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TABLE I. CONCENTRATIONS OF SOME IMPORTANT MINOR AND TRACE ELEMENTS IN SELECTED BIOLOGICAL 
REFERENCE MATERIALS 
(Values in mg/kg unless otherwise specified)3 

E l e m e n t Bowen ' s kale Orchard leaves Bovine liver T o m a t o leaves Sp inach Pine need les 

[1] NBS 1571 [2 ] NBS 1577 [ 3 ] NBS 1573 (4) NBS 1 5 7 0 [5 ] NBS 1575 [6 ] 

Al m . 4 3 296 i 30 • f 7 | 37 ± 6 • [7) i: 0 .12% c: 8 7 0 ± 5 0 c: 5 4 5 ± 3 0 

As i: 0 . 1 4 ± 0 . 0 2 c: 10 ± 2 c: 0 . 0 5 5 ± 0 . 0 0 5 c: 0 . 2 7 ± 0 . 0 5 c: 0 . 1 5 ± 0 . 0 5 c: 0 . 2 1 ± 0 . 0 4 

B i: 45 .8 ± 4 . 0 c: 33 ± 3 - i: 3 0 i: 3 0 -

Br x: 24 .4 ± 1.5 i: 10 9.0 t 0.6 • 18| i: 2 6 i : 5 4 i: 9 

9.5 i 0.8 o | 9 | 8.0 ± 1.0 o (10[ 

Ca (%) ï : 4 . 1 4 ± 0 .18 c: 2.09 ± 0 . 0 3 c: 124 ± 6 mg/kg c: 3 . 0 0 ± 0 . 0 3 c: 1 .35 ± 0 . 0 3 c: 0 . 4 1 ± 0 . 0 2 

124.7 o [11[ 2.7 1 O [ l 11 

Cd i: 0 .89 ± 0 .09 c: 0 .11 ± 0 . 0 1 c: 0 .27 ± 0 . 0 4 i: 3 i: 1.5 0.21 ± 0.01 o 121) 

Cl (%) i: 0 .35 ± 0 . 0 3 i: 6 9 0 m g / k g i: 0 .27 - - -

690 o [11| 0.28 ± 0.03 o [11] 1.1 i 0.1 o [11] 
732 ± 29 • [121 

C o x: 0 .064 ± 0 . 0 1 2 i: 0.2 i: 0 . 18 i: 0 .6 i: .1.5 \ 
0.4 ± 0.1 o [1 1| a 

Cr m: 0 .38 c: 2.6 ± 0 . 3 c: 0 . 0 8 8 ± 0 . 0 1 2 c: 4 .5 ± 0 .5 c: 4 . 6 ± 0 . 3 c: 2 .6 ± 0 . 2 £ 

3.1 t 1.1 o ( i l l 22.8 o (13] 

Cu x : 4 .87 ± 0 .42 c: 12 ± 1 c: 1 9 3 ± 10 c: 11 ± 1 c: 12 ± 2 c: 3 . 0 ± 0 . 3 

14.1 ± 5.6 o [1 i | 

F m: 6 .0 i: 4 - - - -

Fe x : 115 ± 6 c : 3 0 0 ± 20 c: 268 ± 8 c: 6 9 0 ± 25 c: 5 5 0 ± 20 c: 2 0 0 ± 10 

469 ± 118 o | U | * 

Hb Ï : 0 . 18 ± 0 . 0 3 c: 0 . 1 5 5 ± 0 .01S c: 0 . 0 1 6 ± 0 . 0 0 2 i: 0 .1 c: 0 . 0 3 0 ± 0 . 0 0 5 c: 0 . 1 5 ± 0 . 0 5 

0.13 ± 0.12 0 (111 

I m: 0 .08 i: 0 .17 i: 0 . 18 0.3 í 0.1 ®[14| 1.1 ± 0.2 ® (14[ <0.2 ®(14] 

K ( % ) x: 2.4 ± 0 . 1 c: 1.47 ± 0 . 0 3 c: 0 . 9 7 + 0 . 0 6 c: 4.46 ± 0.03 c: 3 . 5 6 + 0 . 0 3 c : 0 . 3 7 ± 0 . 0 2 

1.44 ± 0.08 o [11| 1.0 í 0.06 o [11] 4.4 ± 0.3 o (11] 

1.44 i 0.04 o [9] 0.96 * 0.01 0 ( 1 5 ] 

Mg (%) x: 0 .156 ± 0 . 0 0 8 c: 0 .62 ± 0 .02 c: 6 0 4 ± 9 m g / k g i: 0 . 7 - -

0.62 í 0.02 o [il] 605 ± 27 o [ 1 1 | 

Mn x: 14.7 ± 1.2 c: 91 ± 4 c: 10.3 ± 1.0 c: 2 3 8 ± 7 c: 165 ± 6 c : 6 7 5 ± 15 

20$ Í 10 O[111 

Mo x: 2 .3 ± 0 .2 c: 0 . 3 ± 0 .1 i: 3 .4 - - -

N ( % ) i: 4 .33 ± 0 . 1 6 c: 2 .76 ± 0 . 0 5 c: 10.6 ± 0 .6 i: 5 .0 i: 5 .9 i: 1.2 

Na (%) i: 0 . 2 3 ± 0 . 0 2 c. 8 2 ± 6 m g / k g c: 0 . 2 4 ± 0 . 0 1 .046 1 .005 o |11) - -

81.8 ±1 .8 o [ i i ) 0.27 ± 0.01 O [1 1| 

77 ± 4 O [9| 



B o w e n ' s kale Orchard leaves Bovine liver T o m a t o leaves Sp inach Pine needles 

[1] NBS 1571 (2 ] NBS 1577 [3 ] NBS 1573 [4 ] NBS 1 5 7 0 [5 ] NBS 1575 [ 6 ] 

Ni m: 1.1 c: 1.3 ± 0 . 2 0.27 ±0.12 o 1101 
0.18 ± 0.02 ®|38) 

- 6 
6.5 o |16) * 

3.5 

P ( % ) i: 0 . 4 5 ± 0 .03 

0.44 t 0.03 s |17¡ 

c: 0 .21 ± 0 .01 

0.21 t 0.07 o (11] 

i: 1.1 

1.4 - 0.03Q ( n i 

c: 0 .34 ± 0 .02 

0.34 1 0.09 o 1111 

c: 0 . 5 5 ± 0 . 0 2 c: 0 . 1 2 ± 0 . 0 2 

Pb m: 2.7 c: 45 ± 3 

57 i 17 O |7 1 

44 t 2 ®'t 18 | 

c: 0 . 3 4 ± 0 .08 c: 6 . 3 ± 0 . 3 c: 1.2 ± 0 . 2 c: 10.8 ± 0 . 5 

Rb x: 51 .7 ± 5.4 c: 12 ± 1 

1 1.3 t 0.4 O |1 1| 

31.3 O 115 1 

c: 18.3 ± 1.0 

18.6 ± 1.0 o (11) 

29 O 115] 

c: 16.5 ± 0.1 

1S.2 í 1.4 O 111 ) 

c: 12.1 ± 0 . 2 c: 11.7 ± 0 . 1 

Sb i: 0 . 072 ± 0 . 0 1 3 c: 2.9 ± 0 . 3 i: 0 . 0 0 5 0.030 t 0.002 o 11 Sa) 

0.12 i 0.05 • (15b) 

0.031 ± 0.001 o 11 Sa) 

0.69 t 0.15 • |15b | 

0.198 ± 0.003 o (1Í 

1.14 ± 0.44 • |15b | 

S ( % ) m: 1.8 i: 0 .19 1.6 ± 0.2 • |38) - - -

Se i: 0 .14 ± 0.01 c: 0 .08 ± 0.01 c: 1.1 ± 0 . 1 - - -

Si m: 233 i: 17 - - -

400 ± 5 2 ® 117) 476 1 12 O 1111 16.8 ± 1.8 o l u ) - - -

Sn i: 0 .21 ± 0 .03 0.29 ± 0.03 O |55 1 0.021 t 0.003 o [55) - - -

Sr m: 88 c: 37 ± 1 

45 ± 15 O 17 J 

41 ± 3 OI19] 

i: 0 .14 c: 4 4 . 9 ± 0 .3 

65.5 ± S.8 o ( 111 

c: 87 ± 2 c: 4 .8 ± 0 .2 

U - c: 0 . 0 2 9 ± 0 . 0 0 5 i: 0 . 0 0 0 8 c: 0 . 0 6 1 ± 0 .003 c: 0 . 0 4 6 ± 0 . 0 0 9 c; 0 . 0 2 0 ± 0 . 0 0 4 

V i: 0 . 3 6 ± 0 . 0 4 m : 0 . 5 3 5 [15a] m : 0 . 0 5 9 [ 1 5 a ] 1.27 ± 0.03 O (20) 1.13 ± 0.10 o 120) 0.35 ± 0.02 o |20] 

Zn x: 31 .2 ± 2.2 25 ± 3 c: 130 ± 13 c: 62 ± 6 

58 ±3 .3 o (11) 

c: 5 0 ± 2 60.3 ± 1.3 0 (21( 

a T h e values r epo r t ed are t h o s e available f r o m the i n f o r m a t i o n shee t s o r o t h e r d o c u m e n t a t i o n per ta in ing t o these mater ia ls , x - overall m e a n of l abo ra to ry m e a n s ( r e c o m m e n d e d value), m = median value, c = cer t i f ied value 

(mean ±95% c o n f i d e n c e interval) , i = value q u o t e d f o r i n f o r m a t i o n only . 

F o r a few e lements , s o m e recen t l i te ra ture values are also q u o t e d in smal ler t ype toge the r wi th a s y m b o l indica t ing the t e c h n i q u e used, o = des t ruc t ive t he rma l n e u t r o n ac t iva t ion analysis ( N A A ) , • = non-des t ruc t ive t h e r m a l N A A , 

® - non-des t ruc t ive 14 MeV N A A , o = charged par t ic le act ivat ion analysis , » = p h o t o n act ivat ion analysis. T h e reader is also r e fe r red t o Tables II—IV for o t h e r r ecen t da ta f o r the e l emen t s As, Cd , Co , Cr, Cu , Fe , Hg, I, Mn, Mo, 

Ni, Pb, Sb, Se, Sn, V and Zn in B o w e n ' s k a l e , NBS o rcha rd leaves and NBS bovine liver. 

O 
s > 
IS 
H W 
sa 

u> 
vo 
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two different techniques which are in good agreement for two major components 
(Ca, K), one minor component (Mg) and nine trace elements (Br, Cu, Co, Fe, 
Hg, Mn, Mo, Rb, Zn). For another group including one major (N), three minor 
(CI, Na, P) and twelve trace constituents (As, Au, B, Cd, Cs, La, Sb, Se, Sc, Sn, 
V, W) good estimates of the true concentrations can be derived from the available 
data. 

Since 1971", reference material 1571, orchard leaves, has been available 
commercially from the US National Bureau of Standards [2], In addition to the 
elements determined in kale, uranium is also certified in this sample. In compari-
son with Bowen's kale, the orchard leaves reference material contains much 
higher levels of arsenic, lead and antimony which are probably due to the 
application of pesticides at some stage before collection of the leaves. Also, there 
is an insoluble fraction (mainly silica) left after wet decomposition of this sample. 

Recently NBS issued certificates for three additional plant reference 
materials, namely 1570 spinach [5], 1573 tomato leaves [4] and 1575 pine 
needles [6], with certified values for thirteen, eleven and twelve trace constituents, 
respectively, in addition to the major constituents calcium, phosphorus and 
potassium. 

These five plant materials seem to offer an adequate representation of 
different types of surface (land) plants of interest to agricultural and nutritional 
chemists. 

Regarding animal tissues, 1577 bovine liver [3], a commercial sample pre-
pared and certified by NBS (in co-operation with several other laboratories), has 
been available since 1972. Being the only sample of its type, it is commonly 
referred to in papers related to biomedical fields and has also been recommended 
as a reference material for use in co-operative studies undertaken by the WHO 
and co-ordinated by the IAEA [23]. 

The present status of the certification of these reference materials is recorded 
in Table I. It will be noted that several important elements are missing from the 
table, indicating difficulties in assessing their concentrations at the levels involved. 
In part this is so either (a) because of the lack of two or more independent 
techniques by which to determine the element, (b) because there was no agree-
ment between the results obtained by different techniques, or (c) because the 
results were not acceptable due to poor precision. 

2.2. Biological reference materials presently being tested or planned 

An ambitious programme related to reference materials was started in 1973 
by the Community Reference Bureau of the Commission of the European 
Communities. Among a total of 26 samples currently being developed there are 
also materials of interest for clinical and biological research, of which a sample of 
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single cell protein is being given particular attention and is expected to be 
certified in the near future for a number of trace elements. 

Two major projects within this programme, both involving plant materials, 
are underway as joint actions by two groups of laboratories. The first is co-
ordinated by the Interinstitute Committee for Plant Analysis [24]. The available 
samples, thirteen in number, include powdered dried leaves of cotton, maize, 
vine and a number of fruit trees. Analytical data have been published for five 
minor (Ca, K, Mg, N, P) and four trace constituents (Cu, Fe, Mn, Zn). The second 
project, co-ordinated by the Joint Research Establishment at Ispra, is part of the 
METRE programme (Mesures Etalons et Techniques de Référence); emphasis is 
on the methodology for mercury, fluorine, lead and cadmium in 22 botanical 
samples. Preliminary results were reported at the Euroanalysis III Conference in 
Dublin in August 1978 [25]. 

According to its latest information sheet [26], the IAEA is able to supply 
several biological reference materials for trace element studies. Although none 
of them has so far been certified for trace elements, they do to a limited extent 
serve this purpose for some elements on the basis of intercomparison data. 
Preliminary reports which contain large sets of intercomparison results have been 
issued for animal muscle H-4, copepod homogenate and sea plant; these would 
permit valid conclusions about likely true concentrations for several elements, 
while for a few other elements some additional work is still required to obtain 
certified values. A report on a new marine sample, fish flesh homogenate MA-A-2, 
has just been distributed [27]. 

In view of the importance of reference materials in nutritional and health 
related studies, it has been suggested [28] that out of the selection of the IAEA 
intercomparison samples still available in sufficient quantities, the milk powder 
A-l 1 and the animal muscle H-4 should be submitted to further study and/or 
additional analyses as found'necessary for these samples in order to meet the 
criteria for certified reference materials. 

In 1976 the International Organization for Standardization (ISO) founded 
a Council Committee which, as part of its activities, started collection of data on 
the availability of reference materials from all over the world, and in a round-table 
conference 12 international organizations expressed their interest in dealing with 
reference materials [29]. 

At the national level, in the United States, the National Bureau of Standards 
has two new food grain samples [30] and a new animal tissue, oyster homoge-
nate [31 ], in the process of certification. In the Soviet Union, a series of samples 
representing three types of soils (SP 1, SP 2, SP 3) and one each of a grass mixture 
(SBMT), wheat corn (SBMP) and potato (SBMK) have been distributed to 
105 laboratories in the USSR for the purpose of certification as a part of a co-
operative effort of the Marijskij State University in Ioshkar Ola, and of the Central 
Institute for Agrochemical Assistance to Rural Economy (CINAO) in the USSR [32]. 
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3. ANALYTICAL PROBLEMS REVEALED BY RESULTS FOR BIOLOGICAL 
REFERENCE MATERIALS 

The samples selected for detailed discussion in the framework of this paper 
are the IAEA intercomparison samples animal muscle H-4, oyster homogenate 
MA-M-1, milk powder A-l 1, and, in part, sea plant SP-M-1. These are highly 
relevant materials, representative of many present analytical needs. For all of 
them intercomparison data are available which, although far from satisfactory in 
terms of certification, nevertheless give an approximate picture of the concen-
tration ranges involved. Comparative data are also presented in this section for 
Bowen's kale, NBS orchard leaves 1571, and NBS bovine liver 1577. The second 
aspect which was taken into consideration in selecting these materials for discussion 
was to illustrate the limitations of existing analytical techniques, and the 
difficulties to be expected in attempting to.certify elements occurring in biological 
materials at very low concentration. 

Although extremely low detection limits are often claimed for different 
analytical techniques, valid results can be expected for most elements only from 
laboratories with extensive analytical experience with these techniques as well 
as with the types of materials involved, and, in some cases, with the individual 
elements to be certified. 

3.1. Bulk and minor elements 

The elements calcium, chlorine, magnesium, potassium and sodium, with 
concentrations typically in the range from a few per cent down to a few hundredths 
of a per cent, are generally classified as bulk or minor elements, and are not dealt 
with in detail here. At these concentrations the choice of techniques and methods 
is rather wide. 

Nevertheless, the analysis of these elements is not always without problems. 
For example, the determination of calcium by flame emission or atomic absorption 
spectroscopy is generally thought to be straightforward and simple. However, 
intercomparison results for the selected reference materials provide strong evidence 
of systematic errors by some participants, most of whom (—75%) used atomic 
absorption spectroscopy. It is well known that this technique is subject to inter-
ference from phosphate, which can be avoided by choosing appropriate conditions 
in a high temperature flame, such as nitrogen [ 1 ] oxide-acetylene. Details of the 
procedures actually used by the different participants would be necessary to help 
clarify the considerable dispersion of the results. Also, it would be desirable to 
have results by other techniques such as titration and potentiometry, which 
appear to be applicable at these levels. 
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TABLE II. CONCENTRATIONS OF SOME READILY MEASURABLE 

ESSENTIAL TRACE ELEMENTS IN THE SELECTED REFERENCE MATERIALS 

(Values in mg/kg)a 

E l e m e n t 

C o p p e r I r o n M a n g a n e s e Z i n c 

Mate r i a l 

B o w e n ' s ka l e [1 , 3 3 , 3 4 ] x : 5 . 0 ( 5 3 ) [ 3 3 ] x : 118 ( 3 7 ) [ 3 3 ] x : 14 .7 ( 3 8 ) [ 1 ] x : 3 3 . 2 ( 6 2 ) [ 3 3 ] 

r : 3 . 6 - 6 . 5 [ 3 4 ] r: 8 8 - 1 5 7 [ 3 4 ] r : 1 2 . 6 - 1 8 [ 3 4 ] r: 3 0 - 3 8 [ 3 4 ] 

4.49 ± 0.27 O 110] 105 ± 1.4 0 (351 32.0 ± 1.0 o [351 

S.50 t 0.2 o | 3 5 | 117 ± 1 8 O(101 11.9 ± 2.6 0 ( 3 6 1 34.7 ± 1.8 o (10| 
6.2 ± 0.2 O 1361 97.2 ± 8.4 0 ( 3 6 1 26.5 í I . l 0 | 3 6 | 

O r c h a r d l eaves N B S 1S71 [ 2 ] c: 12 ± 1 c : 3 0 0 ± 2 0 c : 91 ± 4 c : 2 5 ± 3 

11.6 ± 0.4 o [371 279 ± 79 o [19) 81 ± 4 O 119] . 27 s 2 0 ( 1 9 | 

21 ± 11 0 ( 7 | 260 ± 20 o [ 3 0 | 8 9 + 5 • 1 3 0 1 24.2 ± 1.5 o 118 1 

14 i 2 • m 326 ± 30 • [ 7 1 97 ± 10 • m 24.8 ± 1.1 • | 3 0 | 

1 1.8 ± 0.30 o (301 290 ± 30 O[71 91 ± 1 o 11 H 27 ± 7 o | 7 | 

11 ± 1 o 1191 121 0 ( 1 S ( 79 ± 3 o |9 ] 20 ± 6 0 | 7 ] 

12 0 | 1 5 l 31 1 ± 10 o ( i i | 55 0 | 1 5 | 

B o v i n e l iver N B S 1 5 7 7 [ 3 ] c : 1 9 3 ± 10 c : 2 6 8 ± 8 c: 1 0 . 3 ± 1.0 c: 1 3 0 ± 13 

191 ± 11 o [ l l l 261 ± 1 3 o (11) 

185 ± 7 » [371 265 ± 3 0 • | 3 8 | 10.5 ± 1.1 • 1 3 8 1 128 ± 12 • | 38 ] 

198 ± 9 • [381 350 ± 64 o [ 19] 9.6 ± 0.5 o 1191 140 ± 16 o | 19 ] 

161 ± 12 o [191 264 ± 2 9 • [401 13 ± 3 • l 7) 133 ± 7 • [40] 

154 í 43 0 [ 7 1 280 ± 30 • (71 10.0 ± 0.7 o [39] 142 ± 11 • 171 

241 i 45 0 [ 1 5 l 283 ± 6 0 O [ 15] 10.2 ± 0.7 o (111 148 ± 15 0 ( 1 5 ] 

188 í 10 o | 3 9 | 265 ± 1 l • (39 | 128 ± 14 0 ( 7 | 

129 ± 4 O [391 

I A E A o y s t e r h o m o g e n a t e m : 3 2 6 ( 6 4 ) m 3 0 9 ( 5 4 ) m : 7 3 ( 4 9 ) m : 2 8 4 2 ( 7 7 ) 

MA-M-1 [ 4 1 , 4 2 ] r: 5 5 . 5 - 4 8 0 r : 0 . 2 1 - 2 8 0 0 r : 0 . 0 9 4 - 1 1 0 r : 2 . 8 - 5 4 0 0 

308 ± 10 O [431 

I A E A sea p l a n t SP-M-1 [ 4 4 , 4 5 ] m : 1 2 . 4 ( 6 9 ) m : : 1 7 5 5 ( 5 7 ) m : 5 8 . 8 ( 5 6 ) n v . 6 1 . 3 ( 7 5 ) 

r : 3 . 3 - 4 3 r: 4 4 5 - 3 3 3 4 r: 4 0 . 3 - 1 0 0 r: 1 . 6 - 2 2 5 

10.1 ± 0.7 0 ( 4 3 1 

I A E A a n i m a l m u s c l e H - 4 [ 4 6 , 4 7 ] m : 4 . 0 2 ( 3 4 ) m : 4 8 . 8 ( 3 6 ) m 0 . 5 2 ( 2 7 ) m : 8 5 . 5 ( 4 8 ) 

r: 1 . 6 6 - 1 1 . 5 r: 3 6 . 5 - 8 3 . 0 r: 0 . 0 8 2 - 3 . 8 ¡ S r : 4 3 - 2 2 9 

3.22 ± 0.05 0 1431 

4.01 ± 0.12 o [48] 47 .3 ± 4.0 o |48 ) 0.450 ± 0.012 o 1481 87.42 ± 1.92 o [48[ 

87.95 ± 6.07 • (481 

I A E A m i l k p o w d e r A - l 1 [ 4 7 , 4 9 , 5 0 ] m : 0 . 8 9 ( 1 0 ) m 3 . 3 ( 1 J ) m 0 . 3 7 ( 8 ) m : 3 7 . 8 (1_3) 

r: 0 . 3 9 - 2 . 6 r : 1 . 6 - 9 . 6 r : 0 . 2 2 - 1 . 4 r: 2 5 . 8 - 5 6 

a T h e n u m b e r q u o t e d in r o u n d b r a c k e t s , a n d u n d e r l i n e d , is t h e n u m b e r of l a b o r a t o r y m e a n s r e p o r t e d , m = m e d i a n , r = r a n g e , 

c — c e r t i f i e d va lue . R e c e n t l i t e r a t u r e v a l u e s a r e q u o t e d in s m a l l e r t y p e t o g e t h e r w i t h a s y m b o l i n d i c a t i n g t h e t e c h n i q u e s u s e d , 

o = d e s t r u c t i v e t h e r m a l n e u t r o n a c t i v a t i o n a n a l y s i s ( N A A ) , • = n o n - d e s t r u c t i v e t h e r m a l N A A , © = n o n - d e s t r u c t i v e 14 M e V N A A , 

o = c h a r g e d p a r t i c l e a c t i v a t i o n ana ly s i s , 8 = p h o t o n a c t i v a t i o n ana ly s i s , A = a t o m i c a b s o r p t i o n s p e c t r o s c o p y ( A A S ) w i t h t h e r m a l a t o m i z a t i o n , 

& = A A S w i t h f l a m e a t o m i i a t i o n , 0 = v o l t a m m e t r i c t e c h n i q u e s , o = i n d u c t i v e l y c o u p l e d p l a s m a o p t i c a l e m i s s i o n f o l l o w i n g h y d r i d e g e n e r a t i o n , 

• = a b s o r p t i o n s p e c t r o p h o t o m e t r y . 
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FIG.l. Intercomparison results for copper in four IAEA reference materials. Each point represents the mean value 
reported by one participant. In the figure these laboratory means have been arranged from left to right in order of 
increasing value [ 4 1 , 4 2 , 4 4 - 4 7 , 4 9 , 5 0 ] , 
n = number of reported averages 
m = median data of scale ( ) given in brackets 
Techniques used are coded as follows: 
o Neutron activation analysis 
A Atomic absorption 
o Optical emission 
•ft Anodic stripping voltammetry 

O • 

V 

= Other methods 
= Spectrophotometry 
= X-ray fluorescence 
= Photon activation analysis 

+ Results for copper in sea plant reported in two subsequent sets of data [ 8 1 , 8 2 ] , plotted separately and displaced 
horizontally to show that increasing the number of results did not improve the outcome. 
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For chlorine, the reported values were all obtained by non-destructive 
activation analysis. They are not in very good agreement but could be comple-
mented and verified by other techniques such as Potentiometrie titration or 
coulometry which are at present the preferred techniques used in clinical chemistry. 

3.2. Trace elements 

The concentrations of various essential, toxic and other trace elements in 
the selected reference materials are summarized in Tables II—V. Both in absolute 
terms and also relative to interfering components of the matrix, their concen-
trations vary by orders of magnitude within this group of materials. For this 
reason the analytical problems may also be expected to vary considerably from 
one material to another. In general, the difficulty in accurately assessing the 
concentration of an element increases disproportionately with decreasing con-
centration of that element. 

3.2.1. Readily measurable essential trace elements 

The essential trace elements Cu, Fe, Mn and Zn appear to be readily 
measurable in most biological matrices by a variety of analytical techniques. 
Their concentrations in the selected reference materials are presented in Table II. 
Typical of the results obtained in interlaboratory intercomparisons are the data 
on copper presented in Fig. 1. Milk powder, apparently, presents a difficult 
analytical problem. However, for the other materials, if limits are set around 
the median corresponding to ± 10% of its absolute value, it is found that one-
third to two-thirds of all reported means fall within the range so obtained. A 
fairly reliable estimate of the true concentration is therefore possible. There 
appear to be no significant differences between the results obtained by different 
analytical methods. Atomic absorption spectroscopy is the method most 
frequently used, but there is also a representative number of results obtained by 
neutron activation analysis as well as a few by X-ray fluorescence analysis. 

Increasing the number of participants in such intercomparisons does not 
necessarily improve the consistency of the results reported. This may be seen 
by comparing the two separate diagrams for SP-M-1 (Fig.l). The collection of 
data on the right was a new set [45] obtained during the year after the first 
report [44] was published. 

3.2.2. Toxic metals 

The concentrations of the toxic metals Cd, Pb, Hg and Ni in the selected 
reference materials are presented in Table III. 
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TABLE III. CONCENTRATIONS OF SOME TOXIC METALS IN THE 
SELECTED REFERENCE MATERIALS 
(Values in mg/kg)a 

E l e m e n t 

M a t e r i a l 1 — - ^ 

C a d m i u m L e a d M e r c u r y N i c k e l 

B o w e n ' s k a l e [ 1 . 3 3 , 3 4 ] x : 0 . 8 0 ( 1 2 ) [ 1 ] 

r . 0 . 3 8 - 1 . 0 6 134] 

0.99 1 0 .06 o [35] 

0.87 ± 0 . 1 7 0 ( 1 0 ) 

1.01 ±0.11 M s i ] 

m : 2 . 7 ( 1 0 ) 
— [ 1 1 

r . 1 . 6 - 5 . 4 1 1 

3.8 ± 0 . 6 O [36] 

2.23 ± 0.18 * [511 

x : 0 . 1 6 7 ( 1 5 ) 
— [ 3 4 ] 

r . 0 . 1 1 - 0 . 2 3 

0.184 ± 0.02 2 0 [ 1 0 ) 

0.146 ± 0.004 0 ( 3 5 ] 

m : 1.1 ( 5 ) 
[ 1 ] 

r : 0 . 2 8 - 1 0 . 9 8 • 

0.78 ± 0.09 A [ S 1 | 

0.87 ± 0 . 0 9 O [10] 

O r c h a r d l e a v e s N B S 1 5 7 1 [ 2 ) c : 0 . 1 1 ± 0 . 0 1 

0.116 ± 0.008 O [37] 

0.11 ± 0 . 0 1 ° [ 1 * | 

c: 4 5 ± 3 

57 ± 17 0 [7] 

42 ± 4 « [ 1 2 ] 

44 ± 2 ®(18¡ 

c : 0 . 1 5 5 ± 0 . 0 1 5 

0.21 ± 0 . 0 5 • [7] 

0.1S4 ± 0.02 o [30] 

0.14 ± 0 . 0 1 o (18] 

0.15 ± 0 . 0 2 o [ i l ] 

c : 1.3 ± 0 . 2 

1.28 ± 0.16 o [ l l ] 

B o v i n e l iver N B S 1 5 7 7 [ 3 ] c : 0 . 2 7 ± 0 . 0 4 

0.25 t 0.024 * ( S l | 

0.30 ± 0 . 0 2 o (37] 

0.25 ± 0.03 8 [3S | 

0 .275 ± O.OOS M 5 2 ] 

c : 0 . 3 4 ± 0 . 0 8 

0.25 ± 0.039 M S I ] 

c : 0 . 0 1 6 ± 0 . 0 0 2 

0.018 ± 0.002 O [36] 

0.017 1 0.002 • (391 

0.01 6 ± 0.004 ° ( 1 1 1 

c : -

0.05 ± 0 . 0 6 1 4 (51] 

0.27 ± 0 . 1 2 O (10] 

0.20 ± 0 . 0 3 * [ 3 9 1 

0.18 ±0 .02 « 1 3 8 ] 

I A E A o y s t e r h o m o g e n a t e 

MA-M-1 [ 4 1 . 4 2 ] 

m : 2 . 3 ( 4 9 ) 

r : 0 . 4 - 2 1 

1.77 ± 0.05 0 ( 4 3 ] 

1.0 ± 0 . 2 ° | 1 0 ) 

m : 1 .65 ( 3 5 ) 

r : 0 . 2 - 1 2 . 7 

1.53 ± 0.08 0 [431 

m : 0 . 1 9 ( 4 4 ) 

x: 0 . 1 0 8 - 1 . 6 

0.18 ± 0 . 0 4 o ( i o l 

m : 3 . 3 ( 1 7 ) 

r: 0 . 2 7 - 2 2 

I A E A s e a p l a n t SP-M-1 [ 4 4 , 4 5 ] m : 0 . 4 3 ( 4 6 ) 

r : 0 . 1 1 - 2 4 

0.46 ± 0 . 0 5 O (43] 

m : 1 5 . 3 ( 4 9 ) 

r : 0 . 7 2 - 4 6 

13.1 ± 0.5 0 ( 4 3 ] 

m : 0 . 3 4 ( 5 0 ) 

r : 0 . 0 5 - 5 . 6 

m : 18 .1 ( 3 8 ) 

r : 6 . 5 5 - 4 2 

I A E A a n i m a l m u s c l e H - 4 [ 4 6 , 4 7 ] m : 0 . 0 7 ( 1 4 ) 

r : 0 . 0 0 4 - 0 . 9 6 

0.05 ± 0 . 0 1 0 ( 4 3 1 

0.021 ± 0 . 0 0 3 o | 4 B ] 

m : 0 . 2 5 ( 9 ) 

r : 0 . 0 2 - 1 . 2 2 

0.09 ± 0.01 0 ( 4 3 ] 

m : 0 . 0 1 4 ( 1 1 ) 

r : 0 . 0 0 5 - 0 . 5 8 

m : 1 .02 ( 3 ) 

r : 0 . 9 7 - 8 0 

I A E A m i l k p o w d e r A - l 1 [ 4 7 , 4 9 , 5 0 ] 

r : < 0 . 0 0 2 - 0 . 0 4 3 ( 5 ) 

m : 0 . 3 8 ( 4 ) 

r: 0 . 1 5 - 0 . 6 6 

m : 0 . 0 0 2 9 ( 2 ) 

r : 0 . 0 0 2 5 - 0 . 0 0 3 2 r : < 0 . 1 4 - 1 . 7 ( 3 ) 

* S e e f o o t n o t e s , T a b l e 11. 

Cadmium 

Techniques, methods and factors influencing accuracy and precision in the 
determination of cadmium in biological material have recently been evaluated 
and documented with an extensive coverage of the relevant literature [83]. 
Recently a method for the determination of cadmium in foodstuffs, together 
with lead and nickel, by flame atomic absorption spectroscopy has been 
described [51 ], and a comprehensive report on the statistical treatment of the 
data has been published [84], 
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For methods other than activation analysis, contamination of reagents by 
cadmium is one of the main sources of difficulty in analysing this element. In 
addition, as reported by Smith [85], appreciable quantities of cadmium may be 
released from laboratory glassware by acid treatment. However, these problems 
are not so serious as to make the determination of this element unreliable at the 
levels typical of the samples referred to in Table III, with the possible exception 
of milk powder. 

The determination of cadmium by atomic absorption spectroscopy, 
particularly the electrothermal variety of this technique, is subject to a number 
of interferences. These are similar to those for lead, and are discussed in greater 
detail in the section on that element. 

In oyster tissue the concentration of cadmium is high enough to permit the 
application of the flame atomization technique resulting in much better control 
over the experimental conditions. The available data do not specify which 
approach was used, although flame atomization is implied by the relatively good 
agreement between averages of a number of laboratories. Out of forty-nine 
averages, including several results by anodic stripping voltammetry and activation 
analysis, twenty-one are within ± 10% of the median as compared with ten out 
of 46 (22%) in sea plant, which contains approximately five times less cadmium. 
In animal muscle the concentration is still lower; only thirteen laboratories 
returned results, and the agreement between averages as well as between techniques 
is poor. 

Lead 

Contamination risks during the wet mineralization of the sample by 
destructive techniques and from other sources [86] are a considerable problem 
in the analysis of lead but may be reduced by the use of ultrapure chemicals and 
by simplifying and minimizing the number of operations. New procedures, e.g. 
using quaternary ammonium salt solubilizers, have been reported to be of some 
utility [87]; on the other hand, these materials introduce new problems in 
flame atomic absorption spectroscopy related to processes occurring in the 
flame. 

Apart from known instrumental parameters influencing the signal in electro-
thermal atomic absorption spectroscopy, attention has recently been turned to 
inter-reactions and reaction mechanisms between the analyte and other con-
stituents of the sample [88]. 

Depression of the signal for lead in the presence of sodium chloride is a well-
known phenomenon and is of particular importance for biological materials. 
Time-resolved measurements [89] have revealed the occurrence of double peaks 
of lead and of shifts with respect to the molecular absorption maxima of sodium 
chloride. This adds to the complexity of phenomena determining the shape 
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and intensity of the signal. Sodium chloride also effects the atomization of other 
elements such as copper and manganese [81]. 

Intercomparison data on lead are of variable quality. Forty-nine averages 
were reported on the sea plant sample, most of them by atomic absorption 
spectroscopy [44, 45] and there is a fairly good agreement between eight laboratory 
averages. Two results by anodic stripping voltammetry were also close to the 
median. Generally, however, very few analysts used the latter technique, although 
it appears very attractive for determining lead as well as Cu, Zn and Cd since the 
results are not influenced by as many factors as in atomic absorption spectro-
scopy [43]. In the oyster sample, the concentration is much lower and the scatter 
much wider. A more representative range of techniques including optical emission 
spectroscopy, non-destructive photon activation analysis, colorimetry, as well as 
atomic absorption spectroscopy and anodic stripping voltammetry have been 
applied to the determination of lead in muscle tissue [46]. However, there are 
only nine results in total, and these are so widely dispersed that no value can be 
suggested without additional data. In milk lower concentrations are expected, 
possibly in the range of electrothermal atomic absorption spectroscopy, as 
indicated by preliminary results. 

Mercury 

According to the intercomparison data, the concentration of mercury is 
highest in sea plant, with a median value of 0.34 mg/kg. Twelve results by neutron 
activation are distributed among thirty-eight by cold vapour atomic absorption 
spectroscopy, and there is a more condensed group of eight results around 
0.34 mg/kg, three of them by neutron activation analysis. For oyster homogenate 
forty-four results were returned, nine of them by neutron activation analysis. 
However, the most condensed group of results is not around the average (0.30) 
or the median (0.21) but at a somewhat lower value of 0.17 ± 0.02 mg/kg 
enclosing ten results by atomic absorption spectroscopy, five by neutron 
activation analysis and one by anodic stripping voltammetry; these represent 
35% of all reported averages. This distribution indicates a systematic trend 
toward higher values by atomic absorption spectroscopy since results by this 
technique prevail in the upper half beyond the median. At concentrations of 
mercury around 0.1 mg/kg and less this tendency becomes more pronounced. 

Of a total of nine significant results for mercury in animal muscle H-4, 
only two were obtained by atomic absorption spectroscopy and six by neutron 
activation analysis (plus one by optical emission spectroscopy). The highest 
among them, by the cold vapour technique, exceeds the next lower, also by this 
technique, by a factor of nearly three. For milk powder A-l 1, only results from 
the author's laboratory have been reported, based on neutron activation analysis [49], 
with an average of 0.003 mg/kg. At this level atomic absorption spectroscopy 
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measurements were not attempted. In one of the earlier intercomparison experi-
ments a milk sample coded A-8 was distributed by the IAEA. Seven averages 
were returned ranging from 1.40 to 50 /xg/kg, but they were all discarded as non-
acceptable. There are two reference samples for mercury in the IAEA selection 
at the 1 Mg/kg level [56]; wheat flour V-2 with a suggested average of 3.5 /ig/kg 
based on only three results from a total of five, of which the two much higher 
were rejected, and V-2/1. The work carried out in this laboratory on an earlier 
IAEA sample (Cod Vo. V-l), now withdrawn but containing mercury at a similar 
level, has shown that the time and effort required for keeping measurements 
unaffected by contamination, and achieving simultaneously a precision comparable 
to that by neutron activation analysis, did not justify the application of flameless 
atomic absorption spectroscopy for solid samples containing mercury at the level 
of a few jug/kg. It could be demonstrated [90] by using direct ignition of the sample 
followed by preconcentration and purification of mercury by amalgamation on 
gold, followed by its thermal release into the absorption cell, that contamination 
accounted for most of the positive bias. 

In a comparative study with nine participating laboratories reported by 
Tölg [82, 91, 92] and involving the determination of mercury in a milk powder 
sample, results ranged between 0.5 and 136 Mg/kg with an average of 41 Mg/kg. 
Amalgamation on gold, combined with microwave plasma excitation of the released 
mercury vapour, gave the lowest result which was believed to be the best 
approximation to the true content. 

Nickel 

Nickel is one of several elements which permit little choice with respect to 
the techniques applicable to their determination at trace levels. Atomic absorption 
spectroscopy has been predominantly used for the determination of its con-
centration in the oyster homogenate and sea plant samples, which contain as 
much as 3.3 mg/kg and 18.1 mg/kg of nickel respectively, as indicated by results 
from 1.7 laboratories for oyster homogenate and 38 laboratories for sea plant. 
Only NBS orchard leaves have so far been certified for nickel; the techniques used 
to arrive at the certified value of 1.3 ± 0.2 mg/kg were isotope dilution mass 
spectrometry, neutron activation analysis and polarography. 

The determination of nickel by neutron activation analysis can be based on 
either of two reactions, namely 64Ni(n,-y)65Ni and 58Ni(n,p)58Co. Low abundance 
of the parent isotope (1.16%) in the case of the former reaction and low cross-
section (less than 100 mb for neutrons in the energy range between 1 and 3 MeV) 
in the case of the latter severely limit the applicability of the technique at the 
levels typical of most biological materials. Only one laboratory has reported 
results by this technique for oyster homogenate and four laboratories for sea plant. 
Considering the relatively high levels of nickel that are present, other techniques 
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TABLE IV. CONCENTRATIONS OF SOME ESSENTIAL TRACE ELEMENTS 
PRESENTING SEVERE ANALYTICAL PROBLEMS IN THE SELECTED 
REFERENCE MATERIALS 
(Values in mg/kg)a 

Element 

Material 

Chromium Cobalt Molybdenum Tin Vanadium 

Bowen's kale (1, 33, 34] x : 0.31 (14) [33] 

r: 0 . 1 8 - 0 . 4 2 [34] 

0.46 i 0.04 o [61] 
0.44S ± 0.006 o |35| 

x: 0 .064 {19) (1] 

r: 0 . 0 4 1 - 0 . 0 8 3 

0.059 : 0.001 o [35] 
0.077 • 0.008 o 110] 

x: 2.3 ± 0.2 ( 18)[1 ] 

r: 1 . 9 - 2 . 6 

2.03 ! 0.08 o [351 
2.59 * 0.35 3 ||0| 
2.8 î 0.2 0|36] 
2.13 ï 0.12 0 |S3] 

x: 0 .23 (7) [33] 

r: 0 . 1 6 - 0 . 3 6 | 3 4 ] 

0.20 ± 0.01 • [54] 
0.20 i 0.01 O (55] 

x: 0.366 (5) [33] 

r: 0 . 3 3 0 - 0 . 4 1 0 [34] 

0.376 ± 0.013 0 (20] 
0.369 ± 0.006 O [561 
0.397 ± 0.017 0 [57] 

Orchard leaves NBS IS71 

[ 2 , 3 1 ] 

c: 2.6 ± 0.3 

2.76 î 0.15 o |37) 
3 ± 1 • [7| 
2.57 ! 0.01 • |58| 
2.495 t 0.014 o(SM 
1.97 ± 0.44 C ] 111 
2.4 î 0.1 0|9| 

i: 0.2 

0.29 » 0.1 • |7| 
0.14 : 0.01 o 1301 
0.13 ! 0.02 o 1191 
0.11 î 0.01 O Ht) 

c: 0.3 ± 0.1 

0.24 i 0.03 o [5 3] 
0.33 î 0.07 o [ 11] 

0.29 ! 0.03 0 [s51 
0.30 ! 0.02 o (591 

m : 0 . 5 3 5 (16) 

r: 0 . 3 6 0 - 0 . 9 0 0 

0.401 ± 0.016 O [56] 
0.471 ± 0.014 o [20] 
0.60 i 0.02 O [60] 

Bovine liver NBS 1577 

[ 3 , 3 1 ] 

c: 0 .088 + 0.012 

0.13 Î 0.03 0 [611 
0.21 ! 0.03 0 {s8 ) 
0.12 ±0.07 «[401 
0.085 ± 0.009 o 1371 
0.21 i 0.07 • (391 

i: 0 .18 

0.23 î 0.1 • |7| 
0.178 ! O.OOS • [391 
0.223 ± 0.011 0 (3S| 
0.246 ± 0.020 o ( 101 
0.41 i 0.12 0 [19] 
0.24 • 0.03 • [40] 

i: 3.4 

3.12 ± 0.26 0 153] 
2 ± 1 0[7[ 
3.19 • 0.14 O (3S| 
3.71 î 0.25 o [10] 
3.33 0 [62 1 
3.3 ±0.2 o [39 1 

c: — 

0.021 î 0.003 o (55| 

m: 0.059 (5) 

r: 0 . 0 2 0 - 0 , 5 0 0 

0.062 ± 0.002 0 ( 56) 
0.0S9 i 0.002 a (lot 
0.066 ± 0.00S o(57| 
0.06 ± 0.005 0 [381 
0.033 ± 0.003 0 |39] 

IAEA oyster homogens te 

MA-M-1 [ 4 1 , 4 2 ] 

m: 1.13 (30) m 

r: 0 . 3 - 7 5 

0.65 î 0.3S 0 [61] 

m:0 .45 (26) 

r: 0 . 2 8 6 - 5 . 7 

0.41 î 0.04 ojlOI 

m: -

0.5 1 ± 0.05 o [)0| 

m i - m: — 

r: -

0,45 5 * 0.015 O|20| 

IAEA sea plant SP-M-1 

[ 4 4 , 4 5 ] 

m : 4 . 6 5 (38) 

r: 0 . 0 8 - 2 2 

4.2 î 0.2 o|61| 

m: 2.3 (36) 

r: 0 . 1 8 6 - 2 9 . 0 

m: - ni: -

9.0 ±0.2 o [20] 

IAEA animal muscle H-4 m; 0.084 (1^) 

r: 0 . 0 1 2 - 0 . 8 0 

0.086 ± 0.008 o|49| 

m: 0 .0093 (19) 

r: 0 . 0 0 1 5 - 0 . 9 1 6 

0.013 ±0.001 O [48] 
0.003S S 0.0003* (48) 

m : 0 . 0 5 4 7 (7) 

r: 0 . 0 3 2 - 0 . 3 8 3 

0.048 ± 0.006 O 1481 0.009 ± 0.002 O (S5| 

r: -

0.0038 ± 0.0001 o (611 
0.0028 : 0.0002 0 [56] 

IAEA milk powder A-l 1 
[ 4 7 , 4 9 , 5 0 ] 

m : 0 . 1 6 9 (4) 

r: 0 . 0 3 3 - 0 . 7 6 

m: 0 .018 (3) 

r: 0 . 0 0 5 - 0 . 7 6 0 

m: 2.4 (3) 

r: 0 . 1 1 0 - 3 . 6 

0.094 i 0.004 O [49] 

m: -

0.0015 i 0.0004 0 (491 

See footnotes , Table II. 
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such as colorimetry and X-ray fluorescence analysis should be applicable in further 
evaluations of these and similar reference materials. 

3.2.3. Essential elements subject to severe analytical problems 

The following group of essential elements, comprising Cr, Co, Mo, Sn and V, 
is subject to a variety of analytical problems which are mainly a consequence of 
the low concentrations of these elements in most biological materials. Their 
concentrations in the selected reference materials are presented in Table IV. 
Although these levels are theoretically within the reach of several analytical 
techniques, their determination presents many problems, the reasons for which 
have been partly identified but not yet entirely overcome. 

Chromium 

Factors influencing the determination of chromium in biological materials 
have been discussed by Parr [93] and investigated in detail by Behne et al. [94], 
Volatilization losses were observed during ignition which were attributed to the 
possible existence of volatile organic chromium compounds though the existence 
of such a volatile chromium fraction has been disputed by some authors [95]. 
Losses could also occur due to the formation of volatile inorganic chromium 
compounds such as chromium (VI) dioxide-dichloride, e.g. in the wet minerali-
zation of samples in open vessels if perchloric acid is used as oxidant. On the 
other hand, chromium is a frequent contaminant of glassware surfaces and 
chemicals so that errors of positive or negative nature can arise or compensate 
for each other; this explains large variations in all intercomparison studies. The 
interfering nuclear reaction of iron, 54Fe(n,a)51Cr, and possible high blanks from 
quartz irradiation ampoules have to be considered in neutron activation analysis. 
Low values should be expected in direct procedures based on atomic absorption 
spectroscopy due to volatilization losses [94]. However, the data reported by 
Bowen [33], and those by Fukai et al. [96] indicate rather the opposite since the 
results obtained by atomic absorption spectroscopy appear to be systematically 
higher than those by neutron activation analysis. Therefore, the problem of 
accurate chromium analysis below the mg/kg level remains open for the time being. 

The reference sample most frequently referred to with respect to chromium 
is NBS standard reference material brewer's yeast 1569 with a certified chromium 
concentration of 2.12 ± 0.08 mg/kg. Several new sets of data have been reported 
by different authors [40, 58, 97] but questions have also been raised about its 
suitability [61 ]. 

Cobalt 

The nuclear characteristics of cobalt are favourable for its determination by 
instrumental neutron activation analysis because of the high cross-section 
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(37.5 b), 100% abundance of the parent isotope, and long half-life (5.26 years) of 
the product nuclide. Efficient radiochemical separations have also been worked 
out. The short-lived metastable 60Com has only rarely been used in analytical 
determinations. However, the agreement between reported data for cobalt is not 
satisfactory by any technique for any of the reference samples, and those by 
atomic absorption spectroscopy are obviously systematically influenced. 

It is interesting to compare the raw data for cobalt in the sea plant sample, 
which has the highest concentration of this element among the six materials con-
sidered. As can be seen from the Fig.2, atomic absorption spectroscopy and neutron 
activation analysis are equally represented with respect to the number of reported 
averages, by sixteen results each. One set of results by emission spectroscopy 
(1 ± 0.3 mg/kg) is also included and for two others the technique was not 
specified. Considering the differences between medians, averages (indicated on 
the ordinate) and ranges it is obvious that a major fraction of results by atomic 
absorption spectroscopy were strongly biased towards higher values. However, ten 
averages (30% of all) cluster around 2.2 ± 0.2 mg/kg, which suggests that, by some 
selection of the laboratories, it should not be difficult, at least at this level, to arrive 
at a good estimate of the true concentration. 

Molybdenum 

As can be seen from Table IV, Bowen's kale is the reference material 
with the largest set of data on molybdenum, consisting of eighteen laboratory 
averages. It is also the only one for which nearly half of the results have been 
obtained by colorimetry, while all the others have been obtained by activation 
analysis. Agreement between the two techniques is good enough to permit 
recommendation of the value 2.3 ± 0.2 mg/kg for certification [1]. Of the NBS 
samples, molybdenum has been certified only in orchard leaves; the techniques 
used in this case were neutron activation analysis and isotope dilution mass 
spectrometry [2]. For bovine liver only an information value is quoted in the 
certificate [3]. No data on molybdenum have been reported for sea plant or 
oyster homogenate. All seven significant results for animal muscle H-4, of which 
the median can be regarded as an information value, were obtained by neutron 
activation analysis [46, 47]. In contrast, three different techniques, namely 
neutron activation analysis, spark source mass spectrometry and atomic absorption 
spectroscopy, have been used in attempts to determine the molybdenum con-
centration in milk powder A-l 1 ; the results by the latter two techniques, although 
in reasonable agreement, are probably much too high. 

Among colorimetric reagents for molybdenum, 2,3-toluenedithiol has been 
shown to be rather selective. The chelate with molybdenum exhibits high molar 
absorptivity, providing sufficient sensitivity for the analysis of most biological 
materials. 
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FIG.2. Intercomparison results for cobalt in IAEA sea plant. Each point represents the mean 
value reported by one participant. In the figure these laboratory means have been arranged from 
left to right in order of increasing value [44, 45]. 
(See footnotes to Fig.l.j 

As regards the determination of molybdenum by atomic absorption 
spectroscopy, considerable progress has been made during the last two years in 
understanding the mechanisms and in identifying the interfering reactions, 
occurring at the high temperatures (>2200°K) required for atomization of this 
element [98]. 

Differential pulse polarography has also been introduced as a very sensitive 
analytical method for molybdenum. A method, based on the separation of 
molybdenum in the form of dioxo-bis-(8-quinolinolato)molybdenum(VI), followed 
by reduction at -1 .08 V vs. SCE has proved successful in the analysis of plant 
materials [99]. 
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Tin 

Because of the analytical difficulties, the analysis of tin at its natural levels 
in biological materials is rarely reported ; the few results in the literature have 
been mainly obtained by activation analysis. Recently the determination of tin, 
and also of vanadium, by atomic absorption spectroscopy has also been 
reported [88, 100]. 

The determination of tin by neutron activation analysis poses severe problems, 
in part because of the short half-lives of the induced radionuclides, unfavourable 
cross-sections or practical problems associated with fast radiochemistry. On the 
other hand it offers alternatives which can be regarded as sufficiently different 
as to provide independent methodologies. Its determination can be based on 
measurements of five radionuclides, ranging in their half-lives from 10 min for 
125Snm, 40 min for 123Smm, 27 h for 121Sn, 14 d for 117Snm, up to 114 d for 
113Sn. The first three isotopes permit its determination at levels approaching 
1 ¿ig/kg [101], In comparison, the determination of tin by absorption spectro-
photometry in kale requires gram amounts of sample for one single determination 
at the 220 Mg/kg concentration level in order to obtain significant absorbance. 

Vanadium 

Data on vanadium, although limited in number, are presently available for 
Bowen's kale, orchard leaves and bovine liver. Only a few laboratories appear 
to have the methods and experience required to determine this element at con-
centrations typical for biological fluids and tissues. 

Results are in very good agreement for Bowen's kale and bovine liver but 
much less satisfactory for orchard leaves. Reasons for major deviations in the 
latter case are probably associated with contamination of the sample by soil 
particles. The existence of this second phase could give rise to variable results 
depending on the chemical treatment. A variety of kinetic methods of analysis 
has been described in the literature [102], but this technique has been used for 
determining vanadium in orchard leaves by one group only [103]; their value 
is somewhat lower than the average by activation analysis. The same applies 
also for atomic absorption spectroscopy, by which results have been reported 
for orchard leaves and bovine liver. 

3.2.4. Non-metallic trace elements 

The first three elements in Table V have in common their reducibility to 
hydrides. Several analytical methods based on this property, but differing 
considerably in the approach and apparatus used, are described in the current 
literature. Parameters influencing the reduction to, and the decomposition of, 
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TABLE V. CONCENTRATIONS OF SOME NON-METALS IN THE SELECTED 
REFERENCE MATERIALS 
(Values in mg/kg)a 

E l e m e n t 

A n t i m o n y A r s e n i c S e l e n i u m I o d i n e 

M a t e r i a l 

B o w e n ' s k a l e [1 , 3 3 , 3 4 ] x : 0 . 0 7 2 ( 1 3 ) [ 3 3 ] x : 0 . 1 4 ( 1 8 ) [ 3 3 ] x : 0 . 1 3 8 ( 1 3 ) [ 3 3 ] x : 0 . 0 8 0 ( 3 ) [ 6 4 ] 

r : 0 . 0 5 0 - 0 . 1 1 0 [ 4 4 ] r : 0 . 1 1 - 0 . 2 2 r : 0 . 0 2 - 0 . 1 5 [ 3 4 ] r : 0 . 0 6 3 - 0 . 2 7 0 [ 3 4 , 6 5 ] 

0.060 ± 0.003 0 (351 0.12 ± 0.01 o 1671 0.124 ± 0.004 [54] 0.074 ± 0.003 o [64] 

0.050 i 0.003 o [66] 0.13 t 0.01 

0.140 ± 0.008 

4 1541 

o 1541 

0.127 i 0.006 |68[ 0.079 ± 0.001 o 1691 

O r c h a r d leaves N B S 1 5 7 1 [ 2 ] c: 2 . 9 ± 0 . 3 c: 1 0 ± 2 c : 0 . 0 8 ± 0 . 0 1 i: 0 . 1 7 

2.8 ± 0.1 o (37] 9.9 ± 0.1 • | 7 2 | 0.09 t 0.01 0 [ 3 7 [ 0.167 ± 0.01 o [751 

2.9 í 0.2 • |701 9.7 ± 0.4 o [371 0.11 i 0 .03 â [73 | 0.188 ± 0.026 o [761 

2.86 ± 0.08 » 1 3 0 ] 17 OI151 0.086 ± 0.01 • [30] 0.173 ± 0.004 o [69 | 

3.3 ± 0.6 » (191 10.0 ± 0.4 o [30] 0.078 ± 0.004 o [74[ 

2.3 ± 0.3 o [ 7 1 | 9 .0 ± 0.4 

10.0 ± 0.1 

a [71 ! 

A [54] 

B o v i n e l iver N B S 1 5 7 7 [ 3 ] i: 0 . 0 0 5 c: 0 . 0 5 5 ± 0 . 0 0 5 c: 1.1 ± 0 . 1 i: 0 . 1 8 

0.007 í 0.005 • |40[ 0.055 ± 0.001 0 [77 I 1.06 £ 0.06 O [37] 0.187 ± 0 .013 o 1751 

0.026 ± 0.001 • ¡391 0.054 ± 0.004 o [371 0.98 ± 0.06 i [73] 0.220 ± 0.030 . [ 3 8 1 

0.016 ± 0.002 • 1 3 8 1 0.052 ± 0.007 • [ 3 8 | 1.09 ± 0.08 • |39[ 0.222 t 0.015 o [691 

0.054 i 0.002 • | 3 9 | 1.08 ± 0.2 A |79] 0.20 ± 0.01 o [39] 

0.053 ± 0.002 o [781 1.14 ± 0.11 o [40] 

0.059 o [ l l | 1.14 ± 0.08 • |80[ 

I A E A o y s t e r h o m o g e n s t e [ 4 1 , 4 2 ] m : 0 . 0 5 2 ( 7 ) m : 1 1 . 3 ( 2 2 ) m : 2 . 1 ( 2 1 ) 7 . 5 o | 6 9 [ 

MA-M-1 
r: 0 . 0 1 3 - 1 5 . 6 r : 0 . 0 1 6 - 1 6 3 r: 0 . 0 5 - 2 . 8 2 

2.08 ± 0.17 [681 

I A E A sea p l a n t SP-M-1 [ 4 4 , 4 5 ] m : 0 . 6 0 ( ^ 5 ) 

r : 0 . 3 0 - 1 . 3 

m : 3 . 4 5 ( 2 0 ) 

r : 0 . 4 - 1 3 . 0 

m : 0 . 1 8 ( 1 1 ) 

r: 0 . 1 4 - 0 . 2 1 

3 3 0 o [ 6 9 ] 

I A E A a n i m a l m u s c l e H - 4 [ 4 6 , 4 7 ] m : 0 . 0 0 6 ( 1 1 ) 

r : 0 . 0 0 2 - 0 . 4 1 

m : 0 . 0 0 7 4 ( 1 2 ) 

r : 0 . 0 0 3 6 - 0 . 9 7 

m : 0 . 2 7 5 ( 2 0 

r: 0 . 1 4 - 0 . 4 3 0.011 

0.150 

o [47[ 

o [47[ 

0.005 1 l 0.0003 o [78 | 0.28 t 0.02 • [481 0.070 ± 0.004 o [691 

I A E A m i l k p o w d e r A - l 1 [ 4 7 , 4 9 , 5 0 ] r: < 0 . 0 0 0 2 - 0 . 0 0 1 ( 3 ) r: 0 . 0 0 4 5 - 0 . 0 0 5 4 ( 2 ) m : 0 . 0 2 8 ( 3 ) 

r : 0 . 0 2 7 - 0 . 0 9 2 
0.082 í 0 .003 O 169[ 

a See f o o t n o t e s , T a b l e II . 

hydrides have been studied in detail and, very recently, the simultaneous deter-
mination of several elements has been achieved by excitation in a plasma torch 
into which hydrides were swept [107]. Apart from Sb, As and Se, conditions have 
also been established for extending the method to the determination of Bi, Ge, 
Te, Zn and possibly also Pb. So far, however, applications to real samples have 
been limited to the three elements Sb, As and Se. 
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Antimony 

The concentration of antimony in biological materials is typically between 
10 and 100 Mg/kg, or lower. NBS orchard leaves is an exceptional sample in this 
respect, its high antimony content being apparently associated with external 
contamination. Although it has been demonstrated that reduction to hydride 
by sodium tetrahydroborate(III) proceeds reproducibly (provided that antimony 
is present in its trivalent state), and that adequate methodology for atomic 
absorption spectroscopy using the injection technique has been developed [105], 
results for reference materials are still lacking. All data on antimony in these 
samples are so far based on neutron activation analysis. Thermal neutron cross-
sections for the formation of the 2.8 d ,22Sb and of the 60 d 124Sb are both 
relatively high (6.2 and 4.0 b, respectively), and so are the abundances of the two 
parent isotopes (57.25 and 42.75%). Radiochemical separation is usually required 
when basing the determination on 122Sb while results relying on 124Sb are usually 
derived from instrumental measurements. 

Arsenic 

Reduction to the volatile hydride has been the basis of the old (Marsh 1835, 
Gutzeit 1870) as well as of the modern analytical methods for arsenic. In the 
final measurement, comparative colorimetry on paper as used in the classical 
Gutzeit procedure has been replaced by a more precise spectrophotometric 
determination based on the reaction of the hydride with silver diethyldithio-
carbamate; alternatively atomic absorption spectroscopy of elemental arsenic 
after thermal decomposition of the hydride is being used as the modern much 
more precise version of the old Marsh method. In fact, neutron activation analysis 
is predominantly used in trace analysis of arsenic in biological materials, as can 
be seen from the distribution of reported data for this element in intercomparison 
studies (Fig.3). Divergent results have their origin in losses due to volatilization 
of arsenic, or in the uncertainties associated with incomplete arsine evolution 
[106, 107], its rate of formation or with parasitic absorption at the wavelength 
of the characteristic line, which is at the far end of the near-ultraviolet region. 
In his recent paper on kale, Bowen [33] included results for arsenic that were 
obtained only by neutron activation analysis. For its determination in marine 
samples and in muscle tissue, the fraction of results obtained by atomic 
absorption spectroscopy is small compared with that by neutron activation analysis; 
16 by NAA and 5 by AAS in oyster, and 11 by NAA compared with 
one by AAS in muscle. In the IAEA milk sample A-8, mentioned above, 
only two results were returned for arsenic, one by NAA and the other by 
colorimetry, in reasonable agreement, 14 and 18 ßg/kg respectively. Just one 
result of 5.4 ßg/kg, in good agreement with our value of 4.5 ßg/kg [49], is so far 
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FIG.3. Intercomparison results for arsenic in four IAEA reference materials. Each point 
represents the mean value reported by one participant. In the figure these laboratory means 
have been arranged from left to right in order of increasing value [ 4 1 , 4 2 , 4 4 — 4 7 , 4 9 , 5 0 ] , 
(See footnotes to Fig. 1.) 
x Higher group of results for arsenic displaced horizontally to emphasize the difference in scale 

(ordinate higher by two orders of magnitude). 

available for A-11. The scarcity of data at these levels simply reflects the problems 
associated with measurements at very low concentrations. 

Selenium 

Three techniques can be used for the determination of selenium in biological 
materials at the trace level, atomic absorption spectroscopy, neutron activation 
analysis and fluorimetry. 
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For the purposes of atomic absorption spectroscopy, quantitative reduction 
of selenium to the hydride form can be achieved only if it is present in the 
quadrivalent state. The yields in the reduction stage also depend on the rate of 
addition of sodium tetrahydroborate(III), which must be stabilized [107], as 
well as on its concentration, the acidity of the sample solution and on other 
constituents present [104]. Hydride is usually swept with hydrogen into a burner 
into which oxygen is simultaneously introduced. Gases produced during 
combustion carry atomized selenium through the side tube of a T-shaped open 
cuvette used for absorption measurements [73], 

The results of the intercomparison studies so far reported are almost 
exclusively based on neutron activation analysis measurements of the activity 
induced in the isotope 74Se, which has a large thermal neutron cross-section but 
a very low abundance (0.87%). Hence, selenium does not belong to the elements 
exhibiting the highest sensitivity by this technique. Cyclic neutron activation 
analysis of selenium, based on the 17.5 s activation product 77Sem, has been 
reported recently [54, 80, 108] but there are not yet enough data on the available 
reference materials to assess the importance of this technique. 

Fluorescent compounds produced in reactions between selenium and several 
aromatic-aromatic-o-diamines have been shown [ 109 ] to offer a very good alternative 
to activation analysis. The fluorescence of naphtho-2,3-selena-l, 3-diazole formed 
with 2,3-amino naphthalene is particularly intense and recent applications of the 
technique are based on this reagent [110, 111]. Results obtained by this method 
have been reported by three laboratories for Bowen's kale, and there have been 
several reports on biomedical applications, e.g. the determination of selenium in 
blood [112]. In view of the growing interest in this element in biomedicine 
and environmental health it would be desirable to have more data by this technique 
on biological reference materials. The technique is not demanding from the 
point of view of instrumentation, although it is delicate to perform and time 
consuming. For further information on analytical methods for selenium, the 
reader is referred to a review article by Shendrikar [113]. 

Iodine 

For iodine, neutron activation analysis appears to be the method of choice, 
although photon activation can also be used, but with lower sensitivity. Reactor 
activation permits 2—3 orders of magnitude higher sensitivity with comparable 
precision, and offers the possibility of more selective activation by epithermal 
neutrons. Of the very few data on reference materials most are of a very recent 
date [14, 75, 114]. An intercomparison organized by the IAEA on a sample of 
wheat flour V-5, specifically for iodine, involved the catalytic technique [115, 116] 
in addition to neutron activation analysis. Results revealed differences of one 
order of magnitude between the averages of the two techniques but better agree-
ment within one technique [117]. 
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The very low concentration of iodine in this sample (~5 Mg/kg) makes it 
unsuitable as a reference material since it is too close to the detection limits of 
the available techniques primarily because of very severe contamination problems. 
This difficulty applies particularly to laboratories routinely using iodine compounds, 
for example in iodometric titrations or extractions based on iodide systems. 
Release of iodine from solutions of its compounds by light or irradiation or both 
into the atmosphere is recognized; associated with its volatility is its tendency to 
adsorb on surfaces and dissolve in plastic laboratory-ware, adding to the difficulties 
in preventing high blanks. Conventional techniques, involving handling and 
contact of sample or sample solutions with surfaces, are known to give positively 
biased results, and it is reasonable to assume that high results obtained by the 
catalytic technique are influenced by these factors. A method [69] involving 
only ignition of the sample and one iodide-iodine-solvent extraction cycle has 
been shown to give a pure spectrum of 128I, and can be completed in 25 min. 
Using this method separate analyses of samples, and the polyethylene ampoules 
in which they were irradiated, were performed. The concentration of iodine 
in the ampoules ranged from a few up to 450 Mg/kg- In newly opened membrane 
and cellulose filters its concentration was of the order of a few micrograms per 
kilogram but in a filter paper taken out of a box kept open in the laboratory for 
a period of about a month its concentration was as high as 750 Mg/kg. Results 
for dust, settled on less accessible surfaces (tops of shelves or hoods), ranged 
between 10 and 80 mg/kg while in the filtered air the concentrations in the 
laboratory were between 40 and 80 ng/m3. With increasing iodine concentrations 
in the sample, the contributions from these and other sources become less 
critical. Results for iodine in the reference samples discussed in this paper are 
presented in Table V, and in the few instances where data from other authors 
are available for comparison, the agreement is good. 

4. CONCLUSIONS 

From the available evidence, contamination appears at present to be a 
major limiting factor in determining elements at concentrations below 100 Mg/kg. 
Its contribution depends on the technique and element considered, and the 
absolute as well as relative concentration of the element compared with other 
components of the matrix. A large measure of freedom from systematic error 
from this source is a basic advantage of activation analysis compared with other 
methods of trace element analysis. This applies to all stages of the analysis 
following the irradiation. In the case of an intercomparison or reference sample, 
the preparation, homogenization, packing and distribution do not enter into the 
results of individual laboratories since this part of the intercomparison is the 
responsibility of the body organizing the experiment as a whole. Reference 
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materials, therefore, do not provide any means for testing two sources of 
systematic errors, namely incorrect sampling and contamination at the stage of 
sample preparation. 

Handling of a reference sample before irradiation is reduced to a few simple 
operations such as opening the container, taking aliquots for weighing, transfer 
and encapsulation. It is therefore rather surprising to find results by activation 
analysis spread across nearly the same range as those obtained by techniques which 
are not free of contamination problems. Obviously other influences enter into 
the measurement process operating in the same direction and of similar magnitude. 
Activation analysis is known to be particularly sensitive to differences in geo-
metrical positioning of samples relative to standards, during irradiation as well 
as during counting. It also presupposes identical behaviour of tracers, carrier, 
and traced species; in reality, however, they sometimes behave differently. Since 
tracers are usually used for the determination of chemical yields, large errors can 
be introduced into the final results. Discrepancies of this type can be explained 
occasionally by careful examination of relevant parameters. Sometimes, such 
errors are detectable only after a set of data obtained in a different way or in a 
different laboratory has become available for comparison. This makes the search 
for systematic errors a very demanding and costly operation. Nevertheless every 
effort has to be made to identify such errors since their contribution often 
heavily outweighs the combined effects of all sources of random error. Reasonable 
consistency in the results of an intercomparison can only be expected when the 
participants all have extensive expertise not only in a particular technique but 
also in other relevant aspects of analytical chemistry. 

To obtain a value close to the true concentration of a component in a 
complex material, if that component is subject to interferences and occurs in an 
unfavourable concentration ratio relative to interfering components, requires 
much analytical effort and expertise. Intercomparisons are therefore becoming 
prohibitively expensive for participating laboratories. An intercomparison there-
fore pays off only if a similar effort is invested in extracting all the information 
possible that the collected data can supply. As shown by Harris [ 118] in a recent 
paper, results do not usually follow a Gaussian distribution, neither is the average 
the best approximation to the correct value even for data as simple as con-
secutive burette readings. In a multistage analysis of a complex biological matrix, 
involving dissolution, transfer, addition of reagents, separation and instrumental 
reading, it is highly unlikely that the errors cancel out. As a rule we can therefore 
expect biased results, particularly when working outside the optimum range of a 
technique or near the limit of its applicability. As a consequence, rigorous 
statistical treatment of data for assessing the true value can only be applied if 
preceded by a careful study of all known possible sources of error. This approach 
offers a good, and in many instances the only, chance for disclosing and 
identifying sources of systematic error and for making a reliable estimate of their 
relative importance. 
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The preparation and certification of new biological reference materials is 
a costly and time-consuming undertaking, and in general it appears that 
mechanisms operating in international organizations do not satisfy the require-
ments for the efficient and rapid actions which are necessary to meet present 
needs. The reference.materials now in common use have come into existence 
either as a result of personal initiative, such as in case of Bowen's kale, or they 
have been prepared by a commercial organization such as the US National 
Bureau of Standards which has the experience, facilities, contacts and financial 
backing required to tackle the problem in a fast and efficient manner. 

The biological reference materials now in use or being planned meet many, 
but not all, of the present requirements of trace element research. Marine 
organisms, which pose some unique analytical problems, are still not adequately 
represented. Large-scale environmental surveys presently under way, such as the 
Joint F AO (GFCM)/UNEP Coordinated Project on the Pollution of the 
Mediterranean, would benefit considerably if suitable reference materials were 
available. The IAEA analytical quality control material fish flesh, MA-A-2 [27], 
if certified, would probably be the best of the currently available materials for 
this purpose. 

Reference materials for whole blood, serum and bone are also still urgently 
needed for comparative studies in clinical chemistry and biomedical research. 

The presently available intercomparison data for analytical quality control 
materials probably do not provide an entirely realistic and balanced picture of 
the capabilities of current analytical techniques for the determination of trace 
elements in biological materials. Activation analysis and atomic absorption 
spectroscopy appear to be somewhat over-represented, except for those elements 
such as B, F, Si and P for which they are either unsuitable or seldom used. 
Indeed, for these elements, almost no intercomparison data are available at all. 
The paucity of data obtained by other techniques such as colorimetry, X-ray 
fluorescence analysis and voltammetry is remarkable since, for some elements, 
they might have been expected to provide the major share of the data. 
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APPENDIX I 

ELEMENTAL COMPOSITIONS OF FOUR 
SELECTED REFERENCE MATERIALS 

In Chapters 7—13 of this Report the authors were requested to provide 
information on the applicability of the various analytical techniques considered 
in these chapters to the determination of trace and other elements in four selected 
biological reference materials. The materials chosen for consideration were 
intended to be typical of a wide range of biological matrices of different 
elemental compositions, namely Bowen's kale, representing a plant material, and 
NBS bovine liver, IAEA animal muscle, and human blood serum, representing 
animal tissues. In this way it was hoped that the applicability of the various 
analytical techniques could be evaluated and compared on a meaningful and 
objective basis. 

Table A—I specifies the elemental compositions of the four selected reference 
materials used by the authors in conducting their appraisal. The values quoted 
represent 'reasonable' concentrations of the elements in question, but are not 
necessarily to be taken as recommended values. The 'best' data available as of 
1977 were used as far as possible, but in other cases reasonable values (enclosed 
in brackets) were simply invented. More recent data for Bowen's kale, NBS bovine 
liver and IAEA animal muscle are discussed in Chapter 15. The elements Usted 
include all those for which it was intended to conduct an appraisal of the appli-
cability of the different analytical techniques (see Appendix II), together with a 
few additional elements (e.g. Br and Rb) which can be a source of interference in 
the analysis. 

It should be noted in particular that while three of the selected reference 
materials exist in reality and are available to interested analysts, the fourth 
material, human blood serum, is only a hypothetical sample for which reasonable 
elemental concentrations have been invented. No certified reference material 
of this composition is yet available. 
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TABLE A—I. ASSUMED ELEMENTAL COMPOSITIONS OF FOUR 
SELECTED BIOLOGICAL REFERENCE MATERIALS 

All values in mg/kg dry weight 

Element Bowen's kale NBS bovine liver, 
S RM 1577 

IAEA animal 
muscle, H-4 

Human blood 
serum 

Al 40 (1.7) 9.5 (5) 
As 0.14 0.055 0.006 (0.05) 

Ba 6.2 (0.01) (0.02) (1.5) 
Be (0.2) (0.005) (0.001) (0.001) 

Br 24.4 (10) 4.1 (65) 

Ca 41 400 123 186 (2000) 
Cd 0.89 0.27 0.09 (0.05) 
Cl 3 540 2 600 1 950 (75 000) 

Co 0.064 0.18 0.009 (0.005) 
Cr 0.3 (0.1) 0.1 (0.02) 
Cu 4.9 193 3.9 (25) 
F 5.0 (29) (2) (0.5) 
Fe 115 270 49 (25) 

Hg 0.18 0.016 0.014 (0.05) 
I 0.08 (0.2) 0.011 (1.5) 
K 24 300 9 700 15 600 (3 500) 
Mg 1560 605 1 040 (450) 
Mn 14.7 10.3 0.52 (0.01) 
Mo 2.3 3.2 0.068 (0.2) 
Na 2 300 2 430 2 080 (65 000) 
Ni 1.0 (0.1) 1.0 (0.5) 
P 4 450 (13 700) 9 050 (3 000) 
Pb 3.0 0.34 0.25 (0.5) 

Rb 52 18 18 (4) 
S 19 000 (8 400) 9 600 (24000) 

Sb 0.072 0.02 0.005 (0.05) 
Se 0.14 1.1 0.28 (2.5) 

Si 200 (40) (100) (70) 
Sn 0.23 0.02 0.009 (0.5) 

Sr 99 0.14 (0.1) (1) 
Tl 0.15 0.05 (0.02) (0.02) 

U 0.01 0.0008 0.003 (0.01) 
V 0.36 0.06 0.004 (0.1) 

Zn 31.2 130 86 (25) 



APPENDIX II 

THE APPLICABILITY OF SOME SELECTED ANALYTICAL TECHNIQUES 
TO THE ASSAY OF TRACE AND MINOR ELEMENTS 

IN FOUR BIOLOGICAL REFERENCE MATERIALS 

The applicability of the analytical techniques reviewed in Chapters 7—13 of 
this Report, as concerns the elemental analysis of the four biological reference 
materials specified in Appendix I, is summarized in Table A—II. Information 
presented in Chapters 7—13 for 28 minor and trace elements of recognized biological 
interest (selected on account of their known essentiality or of their real, or potential, 
toxic effects) is reproduced in this table in a format which permits easy comparison. 

The symbols used in Table A—II have the following meanings: 
+++ determinable with high precision ( ~ 1% relative SD) 

++ determinable with medium precision ( ~ 10% relative SD) 
+ determinable with poor precision ( ~ 20 — 40% relative SD) 
? borderline ( ~ 50 - 100% relative SD) 
— not determinable 

A—1 : 

A—2: 

A—3: 
C—1 : 
C—2: 
E : 
M : 
N—1 : 
N—2: 
N—3: 

metals, halogens and phosphorus) 
X : X-ray analysis - PIXE 

A more condensed summary of this information is provided in Table A—III 
in which those methods are identified that are applicable to all four reference 
materials with high or medium precision. Of the 28 selected elements, 26 can be 
determined by neutron activation analysis (in one or other of its forms), 22 by 
atomic absorption spectroscopy, 13 by mass spectrometry, 11 by chemical or 
electrochemical methods, 10 by emission spectroscopy and 3 by X-ray methods 
of analysis. 

atomic absorption spectroscopy (AAS) — flame atomization with direct 
nebulization of aqueous sample solutions 

AAS — flame atomization using special sample techniques, or after 
preconcentration and separation of the analyte 
AAS - electrothermal atomization in graphite furnace 
chemical methods 
electrochemical methods 
emission spectroscopy — inductively coupled plasma source 
mass spectrometry — spark source 
neutron activation analysis (NAA) — instrumental methods 
NAA with single-element separation 
NAA with group separation (simple scheme involving removal of alkali 
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It should be noted that 'applicability' is used in these tables only in the sense 
of meaning whether the method can reasonably be expected to provide an 
accurate result for the element of interest at the required level of sensitivity. This 
summary therefore does not take account of the important fact that emission 
spectroscopy, mass spectrometry, some versions of neutron activation analysis 
(N-l and N-3), and the X-ray methods are all multi-element methods whereas the 
other methods considered are basically single-element methods. Other factors to 
be taken into account in selecting the actual analytical method that should be used 
for solving a particular problem include the instrumental and other analytical costs, 
the time required for analysis, the level of expertise required on the part of the 
analyst, and perhaps most important of all, the availability of a particular technique. 
Further information about some of these may be found in the relevant chapters 
of this Report. 



TABLE A—II. IDENTIFICATION OF METHODS APPLICABLE TO THE ELEMENTAL ANALYSIS OF FOUR 
BIOLOGICAL REFERENCE MATERIALS AT DIFFERENT LEVELS OF PRECISION 
E L E M E N T B O W E N ' S K A L E NBS B O V I N E L I V E R A N I M A L M U S C L E B L O O D SERUM 

S R M 1 5 7 7 ( H - 4 ) ( H U M A N ) 

AS 0 . 1 4 a +++ N - 2 0 . 0 5 5 a + + + N - 2 0 . 0 0 6 a + + + N - 2 0 . 0 5 a + + + N - 2 
+++ N - 3 + + + N - 3 + + + N - 3 + + + N - 3 
++ A - 2 + + A — 2 + + A — 2 ++ A — 2 
•+ M +-f M ++ M ++ M 
+ N-l ? A — 3 ? A — 3 ? A — 3 
? A — 3 ? C—1 - A-l ? C-l 
? C-l ? N-l C-l ? E 
? C - 2 - A-l - C - 2 - A-l 

A-l - C - 2 E - C - 2 
E - E - N-l - N-l 

- X - X - X - X 

B E 0 . 2 + + + E 0 . 0 0 5 + E 0 . 0 0 1 ? M 0 . 0 0 1 ++ E 
++ A — 3 ? M - A-l ? M 
+ A - 2 - A-l - A - 2 - A-l 
? C-l - A-2 - A — 3 - A - 2 
? M - A — 3 - C-l - A — 3 

A-l - C-l - C - 2 - C-l 
C - 2 - C-2 — E - C - 2 
N-l - N-l - N-l - N-l 
N - 2 - N - 2 - N - 2 - N - 2 

- N - 3 - N-3 - N - 3 - N - 3 
- X - X - X - X 

a Concentration (actual or assumed) in mg/kg dry weight. 



TABLE A - I I . (cont.) 

E L E M E N T B O W E N « S K A L E NBS B O V I N E L I V E P 
SRM 1 5 7 7 

CA 41400 +•«-+ A—1 
+++ E 
+++ N-l 
+++ N - 2 
+++ N — 3 
+-H- X 
++ A — 2 
++ C-l 
++ M 
+ C — 2 

123 +++ A—1 
+ + + E 
+++ N-2 
++ A-2 
++ C-l 
+ + M 
++ N-l 
+ + N—3 
+ X 

C—2 

CO 0.89 ++ N - 2 0.27 +++ N-2 
+ A-2 ++ A-2 
+ C - 2 ++ E 
+ E ++ M 
+ M + A-3 
+ N - 3 + C-l 

A—1 + C-2 
A-3 + N-3 
C-l ? A—1 
N-l - N-l 
X X 

w cn 

ANIMAL MUSCLE 

186 +++ A—1 
+ + + E 
+•+ N - 2 
+ + + N-3 
+ + A-2 
+ + C-l 
+ + M 
++ N-l 
+ C - 2 
+ X 

0 . 0 9 +++ N - 2 
+ + A-2 
+ + M 
+ A - 3 
+ C-2 
+ E 
+ N-3 
? C-l 

A-l 
N-l 

- X 

BLOOD SERUM 
(HUMAN) 

2000 

0 . 05 

+ + + A-l 
+ + + E 

N - 2 
+ + + N-3 
f-f A - 2 
+ + C-l 

M 
+ + N-l 
+ + X 

C - 2 

• + + N - 2 
+ + A - 2 
+ + E 
+ + M 
+ A-3 
? C - l 
7 C - 2 
? N-3 
- A-l 
- N-l 
— X 

% D M 
z 
ö 

e 



ELEMENT BOWEN'S KALE NBS B O V I N E L I V E R 
SRM 1 5 7 7 

CL 3540 +++ N-X 2600 +++ N-l 1950 + + + N-l 75000 +++ N-l 
+++ N — 2 +++ N-2 +++ N - 2 +++ N - 2 
++ C-l ++ C-l ++ C-l ++ C-l 
++ C^2 ++ C—2 ++ C—2 ++ C - 2 
+ X + X ? X + + X 

A—1 - A—1 - A-l A— 1 
A-2 - A—2 - A-2 - A — 2 
A — 3 - A—3 - A — 3 - A — 3 % 

- E - E - E - E n 
- M - M - M - M § 

B 

CO 0.064 ++«• N-2 0.18 +++ N-l 0 . 0 0 9 + + + N-2 0.005 +++ N-2 
++ A-2 +++ N-2 + + + N — 3 +++ N — 3 
++ N-l +++ N—3 ++ A-2 ++ A-2 
++ N — 3 ++ A-2 ++ N-l + M 
+ M + M + M + N-l 
? A — 3 ? A—3 ? A — 3 ? A — 3 

A-l ? C-l - A-l - A-l 
- C-l ? C-2 - C-l C-l 
- C - 2 - A-l - C - 2 - C - 2 
- E - E - E - E 
- X - X - X - X 

OJ 
l-ri 



TABLE A-II. (cont.) 

ELEMENT BOWEN'S KALE NES B O V I N E L I V E R 
SRM 1 5 7 7 

CR 0.3 +++ N — 2 0.1 ++ A-l 
++ A-l ++ A-2 
++ A-2 ++ A—3 
++ A — 3 ++ M 
++ M ++ N-2 
++ N-1 + E 
++ N — 3 + N—1 
+ E + N—3 
? C-l ? C—1 
? C - 2 - C—2 
- X - X 

CU 4.9 +++ E 
+++ N-2 
+++ N — 3 
++ A-l 
++ A - 2 
++ A — 3 
++ C - 2 
++ M 
++ N—1 
++ X 
+ C-l 

193 + + + E 
+++ N-l 
+++ N-2 
+++ N—3 
+ + + X 
++ A-l 
++ A-2 
+ + A — 3 
++ C-l 
++ C - 2 
+ + M 

OJ 
un 
o\ 

A N I M A L MUSCLE BLOOD SERUM 
( H - 4 ) ( H U M A N ) 

0.1 ++ A-l 0 . 0 2 ++ A-l 
++ A-2 ++ A — 3 
++ A — 3 ++ N - 2 
+ + M + E 
++ N - 2 + M 
+ + N — 3 ? A-2 
+ E ? N-l 
+ N-l ? N — 3 £ 
? C-l - C-l S 

C - 2 - C - 2 § 
- X - X X 

3.9 +++ E 
+ + + N-2 
+ + + N — 3 
+ + A-l 
+ + A-2 
+ + A-3 
++ C - 2 
• + M 
++ N-l 
+ + X 
+ C-l 

25 +++ E 
+++ N - 2 
+++ N — 3 
++ A-l 
++ A-2 
++ A-3 
++ C-l 
++ C - 2 
++ M 
++ X 
? N-l 



ELEMENT BOWEN'S KALE NBS B O V I N E L I V E R 
SRM 1 5 7 7 

5.0 ++ N - 2 29 +++ N-2 
+ C-l + C-l 
+ C - 2 + C-2 

A-l ? N-l 
A-2 - A-l 
A — 3 - A-2 

- E - A — 3 
- M - E 

N-l - M 
- X - X 

FE 115 +++ E 
+++ N - 2 
+++ X 
++ A-l 
++ A - 2 
++ A — 3 
++ C-l 
++ C - 2 
++ M 
++ N-l 
++ N-3 

270 + + + E 
+++ N-l 
+++ N-2 
+++ N-3 
+++ X 
+ + A-l 
++ A-2 
++ A — 3 
+ + C-l 
+ + C - 2 
++ M 

A N I M A L MUSCLE BLOOD SERUM 
í H—41 (HUMAN) 

++ N-2 0.5 ++ N-2 
+ C-l ? C-l 
? C - 2 - A-l 
- A - l - A-2 

A-2 - A — 3 
A — 3 - C-2 

- E - E 
- M - M > 

N-l - N-l g 
- X - X g 

49 + + + E 
+++ X 
+ + A-l 
+ + A-2 
+ + A — 3 
+ + C-l 
+ + C - 2 
+ + M 
+ + N-l 
+ + N-2 
+ + N-3 

25 +++ E 
+++ X 
++ A-l 
++ A-2 
+ + A — 3 
++ C-l 
+ + C - 2 
++ M 
++ N-l 
++ N-2 
++ N-3 

OJ 
- j 



TABLE A-II. (cont.) 

ELEMENT BOWEN«S KALE NBS B O V I N E L I V E R 
SRM 1 5 7 7 

HG 0.18 +++ N-l 0.016 +++ N-l 
+++ N-2 +++ N-2 
+++ N-3 +++ N-3 
•• A-2 ++ A-2 
+ A-3 + A-3 
? C-1 - A - l 
? C - 2 - C-l 

A-l - C-2 
- E - E 
- M - M 
- X - X 

0 . 0 8 +++ N-2 0.2 +++ N-2 
- A - l + N-l 

A-2 7 C-1 
A-3 ? E 
C-l - A-l 
C - 2 - A-2 
E - A-3 
M - C-2 
N-l - M 
X - X 

00 

A N I M A L MUSCLE BLOOO SERUM 
( H - 4 ) (HUMAN) 

.014 +«•+ N-l 0.05 + + + N-2 
+++ N - 2 + + + N - 3 
+++ N-3 ++ A-2 
++ A-2 ++ N-l 
+ A-3 + A-3 

A-l - A-l 
C-l - C-l 

C - 2 £ C-2 
E - E « 
M - M O 
X X X 

a 

0.011 + + + N-2 
- A-l 

A - 2 
A-3 

- C-l 
C-2 
E 

- M 
- N-l 

X 

+ + + E 
+ + + N-2 
+ C-l 
? C - 2 
- A-l 
- A-2 
- A-3 
- M 
- N-l 
— X 



ELEMENT BOWEN«S KALE NBS B O V I N E L I V E R 
SSM 1 5 7 7 

24300 +++ A-l 9700 + + + A-l 
+++ E +++ E 
+++ N-l +++ N-l 
+++ N-2 +++ N-2 
++ C-l ++ C-l 
+ M ++ X 
+ X + M 

A-2 - A-2 
C-2 - C-2 

MG 1560 + + • A-l 6 0 5 +++ A-l 
+++ E + + + E 
+++ N - 2 +++ N-2 
+++ N — 3 +++ N — 3 
++ C-l ++ C-l 
++ M ++ M 
++ N-l ++ N-l 
? X - A-2 

A-2 - C - 2 
C - 2 X 

ANIMAL MUSCLE BLOOD SERUM 
( H - 4 ) (HUMAN) 

1 5 6 0 0 + + + A-l 3500 +++ A-l 
+++ E +++ E 
+++ N-l +++ N - 2 
+++ N - 2 ++ C-l 
++ C-l ++ X 
+ + X + M 
+ M + N-l a A-2 - A - 2 g 

C-2 - C - 2 g O t—I x 

1040 +++ A-l 
+ + + E 
+*+ N-l 
+++ N-2 
+++ N — 3 
+ + C-l 
++ M 
? X 

A-2 
C - 2 

+ + + A-l 
+ + + E 
+ + + N - 2 
+ + + N — 3 
+ + C-l 
+ + M 
- A - 2 
- C - 2 
- N-l 
— X 

LH 
KO 



TABLE A - I l . (cont.) 

E L E M E N T B O W E N ' S K A L E NES B O V I N E L I V E R 
SRM 1 5 7 7 

MN 14.7 E 10.3 +++ E 
+++ N-l +++ N-l 
+++ N-2 +++ N-2 
+-H- N-3 +++ N-3 
++ A-l ++ A-l 
++ A-2 ++ A-2 
++ A — 3 ++ A — 3 
++ C-l ++ C-l 
++ M ++ M 
++ X ++ X 
+ C - 2 + C-2 

MO 2.3 + + • N - 2 3 . 2 +++ E 
+++ N-3 +++ N-2 
++ A-2 ++ A-2 
++ A-3 ++ A — 3 
++ E ++ M 
++ M ++ N-1 
++ N-l ++ N-3 
• C-l + C-l 
+ C - 2 + C - 2 

A-l - A-l 
- X - X 

OJ 
ON 
O 

ANIMAL MUSCLE BLOOO SERUM 
( H - 4 ) (HUMAN) 

0 . 5 2 +++ E 0.01 +++ N - 2 
+ + + N-2 +++ N-3 
+++ N - 3 ++ A-l 
++ A-l ++ A-2 
++ A-2 ++ A-3 
++ A-3 ++ E 
++ M ++ M 
++ N-l ? C-l > 
+ C-l - C-2 g 
? C - 2 - N-l Z 

X - X 

0 . 0 6 8 +++ N-2 0 . 2 +++ N - 2 
++ A-2 ++ A - 2 
++ A-3 ++ A - 3 
++ M ++ E 
++ N-3 ++ M 
? C-l ++ N-3 
- A-l + C-l 

C-2 - A-l 
- E - C - 2 

N-l - N-l 
- X - X 

O 



ELEMENT BOWEN'S KALE NBS B O V I N E L I V E R 
SRM 1 5 7 7 

NA 2300 +++ A-l 24-30 +++ A-l 
+++ E +++ E 
+++ N-l +++ N-l 
+++ N-2 +++ N-2 
++ C-l ++ C-l 
+ M + M 
? X ? X 

A-2 - A-2 
C - 2 - C-2 

NI 1.0 +++ N-2 0.1 ++ A-2 
++ A - 2 ++ A—3 
++ A — 3 ++ N-2 
++ E ? E 
? C-l ? M 
? C - 2 - A-l 
7 M - C-l 
? X - C-2 
- A-l - N-l 
- N-l - N—3 

N—3 - X 

AN I MAL. MUSCLE 
( H—4) 

BLOOD SERUM 
(HUMAN) 

2 0 8 0 +++ A-l 
+ + + E 
+ + + N-l 
+++ N - 2 
+ + C-l 
+ M 
? X 

A-2 
C-2 

65000 +++ A-l 
+++ E 
+++ N-l 
+++ N - 2 
++ C-l 
+ + X 
+ M 

A-2 
C - 2 

1.0 +++ N-2 
+ + A-2 
+ + A — 3 
+ + E 
? C-l 
? C - 2 
? M 
? N — 3 
? X 

+ + + E 
+ + + N-2 
+ + A - 2 
+ + A — 3 
+ + N — 3 
? C-l 
? C - 2 
? M 
- A-l 



TABLE A-II. (cont.) 

ELEMENT BOWEN'S KALE NES B O V I N E L I V E R 
SRM 1 5 7 7 

4 4 5 0 +++ E 13700 +++ E 
+++ N - 2 +++ N-2 
++ A - 2 ++ A-2 
+• C-l ++ C-l 
++ M ++ M 
+ A-3 ++ X 
+ X + A-3 
? A-l ? A-l 

C - 2 - C - 2 
N-l - N-l 

+t A-2 0.34 ++ A-2 
++ A-3 + + A-3 
+ + C-l + + C-2 
+ + C - 2 + C-l 
++ E + M 
+ M 7 X 
+ N - 2 - A-l 
+ X - E 
? A-l - N-l 

- N-l - N-2 
- N-3 - N-3 

A N I M A L MUSCLE BLOOD SERUM 
( H - 4 ) (HUMAN) 

9 0 5 0 +++ E 
+ + + N - 2 
++ A-2 
+ + C-l 
+ + M 
+ + X 
+ A - 3 
7 A-l 

C - 2 
N-l 

3000 +++ E 
+++ N - 2 
+ + A-2 
++ C-l 
++ M 
+ A-3 
+ X 
? A-l 

C - 2 
N-l 

0.25 ++ A-2 
++ A-3 
++ C - 2 
+ C-l 
+ M 
? X 

A-l 
E 
N-l 
N-2 
N - 3 

++ A-3 
• + C - 2 
++ E 
• C-l 
+ M 
+ X 

A-l 
N-l 

- N-2 
N - 3 



ELEMENT BOWEN'S KALE NBS B O V I N E L I V E R 
SRM 1 5 7 7 

SB 0.072 +++ N-2 
+++ N — 3 
++ A - 2 
++ M 
++ N-l 
? A-3 
? C - 2 

A-l 
C-l 
E 
X 

SE 0.14 +++ N-2 
++ A-2 
++ A-3 
++ N-l 
++ N — 3 
+ C-l 
? C - 2 
? M 

A-l 
E 
X 

0.02 +++ N-2 
++ A-2 
++ M 
++ N—3 
+ N-l 
? A-3 

A-l 
C-l 
C-2 
E 
X 

1.1 +++ N-l 
+++ N-2 
+ + + N—3 
++ A-2 
++ A-3 
+ C-l 
+ C - 2 
+• E 
? A-l 
? M 

X 

ANIMAL MUSCLE BLOOD SERUM 
( H - 4 ) (HUMAN) 

0 . 0 0 5 +++ N - 2 0.0 +++ N-2 
++ A - 2 +++ N - 3 
+ + M •+ A-2 
++ N - 3 •+ M 
? A-3 ++ N-l 
- A-l ? A-3 

C-l ? C-l £ C - 2 - A-l S 
E - C - 2 g 
N-l - E x 
x - x a 

0 . 2 8 +++ N - 2 2 . 5 +++ E 
+++ N-3 +++ N-l 
++ A - 2 +++ N - 2 
++ A-3 +++ N - 3 
++ N-l ++ A-2 
+ C-l •.+ A-3 
? C - 2 + C-l 
? M • C - 2 

A-l ? A-l 
- E ? M 
- X - X $ 



TABLE A-II . (cont.) 

ELEMENT BOWEN'S K A L E NES B O V I N E L I V E R 
SRM 1 5 7 7 

E 40 + + + E 
+ + + N-2 + + A-2 
++ A-l + + A-3 
+ + A-2 + + C-l 
++ A — 3 + + M 
+ + C-l + + N-2 
+ + M ? A-l 
- C - 2 - C-2 
- N-l - N-l 
- N—3 - N—3 
— X - X 

++ + N-2 0.02 +++ N-2 
++ A-2 + + A-2 

A — 3 + M 
+ C - 2 ? A-3 
+ M - A-l 
? C-l - C-l 

- A-l - C-2 
- E - E 
- N-l - N-l 
- N — 3 - N—3 
— X - X 

OJ 
a\ 

A N I M A L MUSCLE BLOOD SERUM 
( H - 4 ) (HUMAN) 

+ + + E 70 + + + E 
+ + A-l + + A-2 
+ + A-2 + + A — 3 
+ + A - 3 + + C-l 
+ + C-l + + M 
+ + M + + N - 2 
+ + N-2 + A-l 
- C - 2 - C - 2 
- N-l - N-l 
- N — 3 - N — 3 
— X — X 

0 . 0 0 9 ++ A-2 0.5 +++ N - 2 
++ N-2 ++ A-2 
+ M ++ A — 3 
? A—3 ++ E 
- A-l + C-l 

C-l + C - 2 
C - 2 • M 

- E + N — 3 
N-l - A-l 
N — 3 - N-l 

- X - X 



ELEMENT BOWEN«S KALE NBS BOVINE L I V E R 
SRM 1 5 7 7 

TL 0.15 +•+ N-2 
++ A-2 
+ C - 2 
+ M 
? A - 3 
? C-l 

A-l 
E 
N-l 
N-3 
X 

0.05 ++ A-2 
++ N-2 
+ M 
? C-2 

A-l 
A-3 
C-l 
E 
N-l 
N-3 
X 

0.01 +++ N - 2 .0008 +++ N-2 
++ N-3 7 M 
? M - A-l 

A-l - A-2 
A-2 - A-3 
A - 3 - C-l 
C-l - C-2 
C-2 - E 

- E - N-l 
N-l - N-3 

- X - X 

ANIMAL MUSCLE 
C H - 4 ) 

0 . 0 2 ++ A-2 
+ + N - 2 
+ M 
? C - 2 

A-l 
A-3 
C-l 
E 
N-l 
N-3 
X 

0.02 ++ A-2 
++ N-2 
+ M 
? C - 2 

A-l 
A-3 
C-l 
E 
N-l 

- N-3 
X 

0.003 + + + N-2 0.01 +++ N-2 
++ N - 3 +++ N - 3 
? M ? M 

A-l - A-l 
A-2 - A-2 
A-3 - A-3 
C-l - C-l 
C-2 - C - 2 

- E - E 
- N-l - N-l 
- X - X 



TABLE A—II. (cont.) 

ELEMENT BOWEN'S KALE NES B O V I N E L I V E R 
SRM 1 5 7 7 

0.36 +++ N-2 0.06 +++ N-2 
++ A-2 •+ M 
++ M ++ N-3 
++ N-3 ? N-l 
+ E - A-l 
+ N-l - A-2 
? - A-3 - A-3 
? C-l - C-l 
? X - C-2 

A-l - E 
C - 2 - X 

ZN 3 1 . 2 +++ A-l 130 +•+ A-l 
+++ E +++ E 
+++ N-l +++ N-l 
+++ N - 2 +++ N-2 
+++ N-3 +++ N-3 
+++ X + + + X 
++ A-2 ++ A-2 
++ A-3 ++ A-3 
++ C-l ++ C-l 
++ C - 2 ++ C - 2 
•»•+ M ++ M 

A N I M A L MUSCLE 
( H - 4 ) 

+ + + N - 2 
+ + M 
? N - 3 
- A-l 
- A-2 
- A-3 
- C-l 
- C - 2 
- E' 
- N-l 
— X 

8 L 0 0 0 SERUM 
(HUMAN) 

0.1 +++ N - 2 
+++ N - 3 
++ E 
++ M 
? A-2 
? A - 3 
? C-l 

A-l 
C - 2 
N-l 
X 

86 +++ A—1 
+++ E 
+++ N-l 
+ • + N - 2 
+++ N-3 
+++ X 
+ + A-2 
+ + A-3 
++ C-l 
+ + C - 2 
+ + M 

25 +++ A-l 
+++ E 
+++ N-l 
•++ N - 2 
+++ N - 3 
+++ X 
++ A-2 
++ A - 3 
+ + C-l 
++ C - 2 
++ M 



APPENDIX I I 3 6 7 

TABLE A—III. IDENTIFICATION OF ANALYTICAL METHODS 
APPLICABLE TO THE ELEMENTAL ANALYSIS OF ALL FOUR SELECTED 
REFERENCE MATERIALS WITH HIGH OR MEDIUM PRECISION 
( ~ 10% relative SD, or better) 

Analytical method 

Element A-l A-2 A-3 C-l C-2 E M N-l N-2 N-3 X 

As X X X X 

Be 

Ca X X X X X X X X 

Cd X X X 

a X X X X 

Co X X X 

Cr X X X 

Cu X X X X X X X X X 

F X 

Fe X X X X X X X X X X X 

Hg X X X X 

I X 

K X X X X 

Mg X X X X X X 

Mn X X X X X X X 

Mo X X X X X 

Na X X X X X 

Ni X X X 

P X X X X X 

Pb X X X 

Sb X X X X 

Se X X X X X 

Si X X X X X X 

Sn X X 

TI X X 

U X 

V X X 

Zn X X X X X X X X X X X 

28 
9 18 10 9 4 10 13 7 26 12 3 

22 11 10 13 26 3 
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