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Preface to the third edition

The first edition of this book was written in the late 1970s at the invitation of a
commissioning editor who had seen a short paper I had published on copper and zinc
uptake by foods cooked in tinned-copper utensils. I was happy to respond to the
invitation since in the course of my research I had come to see the need for a text
which, as T was to write in the Preface, would ‘present a brief and useful summary of
available information [on metals in food, and] make available in one place what
otherwise might require time-consuming literature searches’.

The book was well received. It was favourably reviewed internationally, especially
in food-related journals. These ranged from Food Science (Japan) to the UK Journal
of the Association of Public Analysts, and included similar journals published in Italy,
Germany, Spain, Belgium, USA, Canada, South Africa, Japan, Australia and New
Zealand. It was described by one reviewer as ‘a welcome addition to the library of any
laboratory interested in food analysis and related topics. .. useful for students, con-
sumers, exporters, regulators and even executives of the food industry’. The book’s
wide appeal was underlined by its translation into Russian and publication in Mos-
cow in 1985.

Some ten years after Metal Contamination of Food first appeared I was asked to
prepare a second edition. I agreed on the grounds that, as I said in the Preface, there
was a continuing need for ‘a useful, compact source of information that otherwise
would not be readily available to the hard-pressed scientist and to others who do not
have easy access to technical databases’. There had, moreover, been several significant
developments in the field and the continuing flow of new data on metals in food and
on their technical and health implications had made some of the material in the first
edition obsolescent. Again, the book, in its revised form, was given a welcome by
reviewers. One of them noted that it was ‘an ideal handbook for students in the
chemistry, food and medical fields [and] can be recommended not only for the
medical and biological scientist, but as an invaluable tool to the food scientist’. A
German reviewer described it as ‘a rich source of information that is often lacking in
German scientific literature’.

Advances have continued to be made in the field of food science and metal analysis
in the decade since the second edition was published. During that time certain aspects
of the book have become dated and there is a need to replace some of the earlier data
with new information obtained with the use of more precise and reliable analytical
procedures. Today we know considerably more about a number of metals that were
only briefly considered, if at all, in earlier editions. Several of these, once studied only
by the specialist metallurgist, are now widely used in the electronic and chemical
industries. These must now be added to the list of possible food contaminants, and
information about them needs to be readily available to the food scientist. From the
point of view of the analyst there have been several significant developments, such as
the ready availability of multielement analysis, improved sample preparation proce-
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Xiv Preface to the third edition

dures and a growing interest in chemical species and not simply total concentrations
of metals in foods. There have also been changes in legislative requirements and in
consumer expectations in relation to food quality, not least its metal content, with
major implications for the food industry.

This new edition of Metal Contamination of Food has been written with these
developments in mind. Data on metal levels in foods and diets have been updated with
information gathered from recent international literature. More than 80% of the text
has been rewritten, and, as the addition of the subtitle Izs Significance for Food
Quality and Human Health indicates, greater account is taken than in earlier editions
of the importance of the nutritional properties of many of the metals we consume.
While information is still provided which may be useful for the less experienced, the
new edition also reviews in some detail recent pertinent topics that are currently at the
forefront of research. No attempt is made, however, to cover all topics in depth or to
compete with specialist texts. References are provided for those who wish to proceed
beyond the limits of the book. It is hoped that in this way it will continue to meet the
needs of a wide range of readers.

My gratitude is owed to many people for the help they have given to me in writing
this work: to my wife Ann for her encouragement and patience; to the librarians at
Oxford Brookes University and the Bodleian Library, Oxford University; to many
academic and professional colleagues who assisted in several ways, especially Pro-
fessor J Henry, Dr U Tinggi, Dr J Arthur, Dr H Crews and others who remain
anonymous.

Conor Reilly



Preface to the second edition

It is a brave publisher who will launch a new technical journal or a new book on to
what must appear to be, to all but the most optimistic, an already saturated market.
Not only do scientists groan at the continuous flood of publications with which they
feel obliged to keep abreast, but they must pay attention to shrinking budgets which
demand that a new periodical for the library be paid for by the cancellation of one
already on the shelves. Prasad, writing in the editorial of the first issue of a new trace
element journal®, sought to justify the venture on the grounds that there was a need
for a single publication that would bring together data currently scattered in many
journals, making it difficult for researchers to keep trace of significant advances which
were taking place so rapidly. He expressed the hope that his readers would benefit
greatly from the journal’s comprehensive overview of the many facets of trace element
research.

I used a somewhat similar justification in the Preface of the first edition of this
book. My aim, I wrote, was to present a brief and useful summary of available
information gathered from many sources and thus to make available in one place
what otherwise might require time-consuming literature searches.

Now, 10 years later,  make the same claim, that this is a useful, compact source of
information that otherwise would not be readily available to the hard-pressed sci-
entist and to others who do not have easy access to technical databases. The need for a
new edition is reinforced by the fact that, during that decade, there have been several
significant developments which have made the first edition no longer as useful as it
was meant to be to its users.

The continuing flow of new data on metals in food and on their technical and
health implications has made some of the earlier information obsolescent. Of major
importance have been a variety of improvements in analytical equipment and tech-
niques, notably the introduction of inductively coupled plasma mass spectrometry
(ICP-MS) as well as of Zeeman mode atomic absorption spectrophotometry and the
availability of second-generation certified reference materials (CRMs). Perhaps no
less significant than the technical developments has been a wider acceptance of the
need for greater care and the practise of immaculate laboratory hygiene when dealing
with trace levels of metals in food.

Another development of significance has already been referred to, namely the
appearance of a number of new periodicals dealing with aspects of metals in foods
and their relation to health. Several of these, such as Food Additives and Con-
taminants (from 1984), Journal of Micronutrient Analysis (from 1985), Journal of
Trace Elements and Electrolytes in Health and Disease (from 1987) and Journal of
Trace Elements in Experimental Medicine (from 1988), have been of considerable use
in the preparation of this volume.

Reviews of the first edition showed a surprisingly wide spread of interest in the
subject of metals in food among scientists in different fields. They included physicians,

XV



xvi Preface to the second edition

environmental health officers, food manufacturers, technologists and public analysts.
The book was recommended by one reviewer to food scientists, quality control
professionals and regulatory officials and, as a library reference in schools of public
health and environmental science. Another reviewer noted that it would be of value
also to the interested lay reader.

It was pleasing for the author to find that the book was welcomed in many
countries, because of the international nature of its subject and the worldwide pro-
blems that metal contamination can cause. A New Zealand reviewer noted that the
material was presented in a way to which his fellow countrymen could easily relate. In
Scotland it was recommended for adoption as a textbook for students preparing for
the Mastership in Chemical Analysis. A Russian translation, published in 1985,
testified to its perceived usefulness in the USSR.

It is hoped that the new edition will also appeal to a wide, international audience.
To some extent the style used and selection of material for inclusion in the text have
been determined by an expectation of a wide readership spectrum. Apologies are
made to specialist readers for the over-simplifications and the generalisations which
resulted from this approach. It is to be hoped that the disadvantages will be out-
weighed by the advantage of presenting a thorough overview of the field in a concise,
readable and not too technical manner for less specialised readers from many areas of
interest and from different backgrounds.

My gratitude is due to many people for help in writing this book. My wife, Ann, my
secretaries, the ever helpful information librarians at QUT, as well as my research
associates and graduate students who shared in my enthusiasm for investigating trace
metals in the diet, are all thanked for their contributions.

Conor Reilly
Brisbane, Queensland, 23 March 1990
References
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Preface to the first edition

Some eighty of the hundred-odd elements of the Periodic Table are metals. Several of
the metals are known to be essential for human life; others are toxic, even in small
amounts. These metals occur in all foodstuffs, in greater or lesser amounts depending
on various circumstances. The presence of metals in food can have both good and bad
consequences. It can be of interest to food processors, nutritionists, toxicologists and
a wide variety of other scientists. This book is concerned entirely with the presence of
these metals in food. It concentrates on metals which are generally considered
undesirable, at least in more than trace quantities, in food. In a general way it follows
the pathways by which those metals get into food, and examines the significance —
from the point of view of the manufacturer as well as of the scientist — of that con-
tamination. It considers how man has sought to protect himself from the undesirable
effects of metal contamination of food by passing laws and regulations. The inter-
national consequences of such laws are evidenced by the efforts of the United Nations
and other organisations to develop a uniform and harmonised universal code of
regulations concerning food.

In the second part of the study attention is given to individual metals which occur as
food contaminants. A great deal of investigation has been carried out on many of
these metals from biochemical, medical and other points of view. The findings of these
studies have been published in many different journals and some are still only
available in restricted form. An attempt has been made in this book to present a brief
and useful summary of available information gathered from many sources. The aim
has been to make available in one place what otherwise might require time-consuming
literature searches.

Metals have served man well since he started on the long road of technological
progress. We chart human progress by the metals we have used: thus we refer to the
Bronze and Iron Ages. Only relatively recently have we begun to appreciate the sig-
nificance of metals in a facet of human life besides that of technology. We now know a
great deal about the part played by metals in the structure and function of the human
body. We classify some metals among the essential nutrients. We know that others are
destructive of human life and development. But we are also aware that certain metals
can have both good and bad effects on the human organism, depending on the
amount of metal present and other factors. Apart from the biological and medical
scientist, the food chemist and technologist also have a major interest in the metals.
They know the importance of metals in food not only with regard to health and
toxicity, but also from the point of view of food quality, processing and commercial
characteristics.

The general public is more aware today than ever before of the part metals in
food play in people’s lives. They are exposed to advertising extolling the nutri-
ent value of minerals in food and in health supplements of many kinds. They
are alert to the dangers of heavy metal contamination of what they eat and look
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to legislation to protect themselves against an excess of undesirable metals in
their diet.

It is with these diverse groups of people in mind that this book was written. They all
have a commendable interest in the topic, but information has not always been readily
available to meet their needs. True, the specialist will frequently want to delve deeply
into the question and seek out original reports, but often the intelligent layman, as
well as the technician and specialist, will want a comprehensive, general treatment of
the subject such as is given here.

Metal contamination of food is by no means confined to any one nation. Data given
here on metals in Israeli canned food, Australian fish, Polish margarine and Zambian
gin show the international nature of the problem. Water supplies in Boston as well as
in Glasgow, as will be seen, can carry the same contaminating metals as do illicit
spirits in Kentucky. For this reason summaries of food laws relating to metals from
the UK, the US, Australia and other English-speaking countries, as well as the current
international codes, are given in the text. It is hoped that, in this way, the basic data on
metals in food and their significance for human health will be related to the practical
context of the day-to-day user and the food producer.

Gratitude is owed to many for help given in writing this work: to my wife Ann,
especially, for encouragement and practical help with references and bibliography; to
Drs George and Olga Berg of the University of Rochester, New York, for setting me
right on US food legislation, and for other advice and help; to my brother Brian who,
from the point of view of his own profession of engineering, contributed to sections
on metal contamination during food processing; and to many others who will remain
anonymous. Finally, a word of gratitude to the hard-working secretaries who deci-
phered my writing and endured my re-editing with so much patience.

Conor Reilly
Brisbane, 4 March 1980
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Chapter 1
Introduction

1.1 Ash

“The ashes of an Oak in the Chimney, are no epitaph of that Oak ... the dust of
great persons’ graves is speechless too, it says nothing’
[John Donne 1571?-1631]

Everyone knows what ash is — the greyish-white fluffy powder that is left after
something is burned in a fire. The Oxford Dictionary gives some further meanings of
the word, including ‘the remains of the human body after cremation ... a cricket
trophy competed for regularly by Australia and England ... material thrown out by a
volcano®. None of these seem particularly pertinent to the subject of this book.
However, the Dictionary adds another meaning which not only challenges the claim
of the poet that ash is speechless, but also shows why it is appropriate to discuss it in
the context of metals in food. It is also, we are told, a ‘residue used in chemical
analysis, e.g. to assess mineral content’. The oak tree’s ash is not, then, speechless for
those who know how to listen. The incombustible residue that survives the flames
can, indeed, tell a great deal about the substance from which it was derived. What it
tells is the subject matter of this book.

1.1.1 Ash and the early food analysts

Ash of food and other biological materials has attracted the attention of scientists for
many hundreds of years. In the late seventeenth century, Robert Boyle, who in the
English-speaking world is known as the ‘Father of Modern Chemistry’, developed a
method which used ash to test whether or not medicinal plants and other substances
had been adulterated by sellers of materia medica. Boyle’s technique was adopted b
several of his fellow Chymists and continued to be used into the eighteenth century~.
Though the equipment and the facilities have changed, ashing is still today, three
hundred years after Boyle’s time, part of the repertoire of the food analyst. When, in
the mid-nineteenth century, methods for the ‘Proximate Analysis of Food” were
developed by Professor Hennenberg and his colleagues at the Weende Agricultural
Institute in Germany, ashing was included among their protocols®. Determination of
‘percentage ash’ is taught today to novice analysts, and ‘Crude Ash’ still appears in
reports of the ‘Proximate Composition’ of foods in current scientific literature®.
The primary purpose of Boyle, and others who measured ash in biological sam-
ples until well into the latter half of the nineteenth century, was to detect adultera-
tion. It was only in relatively recent times that scientists came to appreciate that ash
could tell a great deal more about food than whether or not it contained a fraudu-
lent addition. There were, it has to be admitted, good reasons why adulteration was
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4 Metal contamination of food

the main concern of those who were interested in the composition of food in former
times.

Fraud and adulteration of foods were facts of life on a scale which would horrify
today’s consumers’ watchdogs. The halfpenny newspapers, cheap pamphlets and
popular books of the time provided their readers with sensational stories about food
poisonings — a scenario not too different from our more recent era of BSE and E. coli
media scares. It was not just popular hacks who helped stir up public alarm. Even
responsible scientists played their part. In 1820 the London physician Frederick
Accum published his Treatise on the Adulterations of Food and Culinary Poisons,
exhibiting the Fraudulent Sopbhistication of Bread, Beer, Wine, Spirituous Liquors,
Tea, Coffee, ¢&c. Though the book was written in sober style and in the scientific
language of the day, it was widely read by the non-technical public and also provided
ammunition for reforming Members of Parliament who were trying to have legisla-
tion passed to prevent the sale of adulterated food.

Even with further support provided by reports published in the Lancet, the journal
of the eminently respectable British Medical Association, many years were to pass
before the UK Parliament could be persuaded to look seriously at the problem. More
than half a century later, after a number of false starts, the problem finally began to be
tackled by the passing of the Sale of Food and Drugs Act of 1875.

The Act is the basis of all modern British food laws and was adopted, in whole or in
part, by many other countries, especially in the English-speaking world. Among its
many important provisions was the requirement that public analysts had to be
appointed by all local authorities. This requirement for professionally trained ana-
lysts, with statutory powers to seize and test suspect foods wherever they were sold,
was one of the keys to the successful implementation of the Act.

However, it may also have had a negative effect. By putting emphasis on the duty of
analysts to protect the public against fraud, the Act encouraged them to adopt a
narrow focus in their work and concentrate on the detection of adulteration and
contamination. This emphasis is clearly seen in many of the practical manuals and
laboratory handbooks they used. One of the best known of these, first published in
1870, was Foods: their Composition and Analysis. A Manual for the Use of Analy-
tical Chemists and Others, with an Introductory Essay on the History of Adultera-
tion, by Alexander Winter Blyth. The author held qualifications in surgery, chemistry
and law, and was Medical Officer of Health and Public Analyst in the County of
Devon and in the St Marylbone District in London. He was recognised as one of the
leading experts in analytical chemistry of his time, and the methods he taught were
adopted as standard practice in public health laboratories in Britain and in several
other countries.

1.1.2 A nineteenth-century view on food ash

Blyth, like the majority of his fellow public health analysts, paid a great deal of
attention to ash. ‘As a general rule’, he wrote, ‘testing the ash for abnormal metals and
alkaline earths is necessary, and more especially if the ash present any unusual
character, whether in weight, colour, or solubility’. The analyst should determine not
just the total percentage of ash, but also how much of it was water- or acid-soluble, its
alkalinity and how much chlorine and phosphoric acid was present. When these
operations had been completed, ‘for the purposes of the food analyst, the general
constitution of the ash will be sufficiently known™’.

Though this was all that was required to enable public analysts to carry out their
official duties, Blyth knew well that there was more to ash and its constituents than



Introduction S

could be revealed by the relatively simple techniques he taught. In fact, he looked
forward to a time when, with the help of new analytical equipment, such as the
spectroscope,

ash constituents of food have been thoroughly and scientifically worked out. A
very careful search after the rarer metals and elements in the ash-constituents of
plants would, in all probability, be rewarded with the discovery of — if not new
elements — yet of a wide dispersion of the elements that are presumed not to be
widely disseminated®.

1.1.3 Ash in the modern food laboratory

What Blyth predicted has occurred. Application of the spectroscope, in its various
manifestations, from the flame photometer to its inductively coupled plasma suc-
cessors, has revealed the extraordinary range of elements that are the constituents of
food ash. These instrumental advances have allowed analysts to go far beyond merely
the detection of fraud and contamination, to an understanding of the role in human
metabolism of the inorganic components of food. They have allowed them to
undertake what Blyth called ‘physiologico-chemical enquiry [which] cannot be
decided by chemical analysis, or, at all events, by ordinary analysis in which a few
constituents are alone estimated®’.

1.2 The metals in food

About 80 of the 103 elements listed in the periodic table of the elements are metals.
The uncertainty as to the exact number arises because the borderline between what
are considered to be metals and non-metals is ill-defined. While all the elements in the
s, d and f blocks of the table are considered to be metals, there is some doubt about the
elements of p-block. Usually seven of these (aluminium, gallium, indium, thallium,
tin, lead and bismuth) are included among the metals, but the dividing line between
them and the other 23 p-block elements is uncertain.

It is in most cases easy to distinguish between metallic and non-metallic
elements by their physical characteristics. Metals are typically solids that are
lustrous, malleable, ductile and electrically conducting, while non-metals may be
gases, liquids or non-conducting solids. However, there is also an intermediate
group of elements, which are known as metalloids or half-metals, which are
neither clearly metals nor non-metals, but share characteristics of both. The metal-
lic characteristics of the elements decrease and non-metallic characteristics
increase with increased numbers of valence electrons. In contrast, metallic
characteristics increase with the number of electron shells. Thus the properties of
succeeding elements change gradually from metallic to non-metallic from left to
right across the periods of the periodic table as the number of valence electrons
increases, and from non-metallic to metallic down the groups with increasing num-
bers of electron shells. There is, as a consequence, no clear dividing line between
elements with full metal characteristics and those that are fully non-metallic. It is
in this indistinct borderline that the metalloids occur.

In this book no distinction will be made between metals and metalloids since they are
normally considered together by those who formulate food regulations and industrial
codes of practice, as well as by food analysts. The distribution in the periodic table of
the metallic, non-metallic and metalloid elements is shown in Figure 1.1.
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1.2.1 Chemical properties of the metals

In the context of food, it is not the physical characteristics but rather the chemical
properties of an element that are of prime importance. These properties differ con-
siderably between metals and non-metals. The differences are mainly related to the
fact that atoms of non-metals are generally electronegative and can readily fill their
valence electrons by sharing electrons with, or transferring electrons to, other atoms.
Thus a typical non-metal, such as chlorine, will combine with another atom by adding
one electron to its outer shell of seven, either by taking the electron from another atom
or by sharing an electron pair. In contrast, a typical metal, such as sodium, is elec-
tropositive, with positive oxidation states, and enters into chemical combination only
by the loss of its single valence electron. There are other important chemical differ-
ences between metals and non-metals, relating to reduction/oxidation potential, acid/
base chemistry and structural or ligand coordination properties, details of which can
be found in a modern inorganic chemistry textbook®.

1.2.2 Representative and transition metals

The metals are classified by chemists, in terms of their electronic structure, into two
sub-groups which are important in relation to their biological functions. Metals such
as sodium and lead which have all their valence electrons in one shell are known as
representative metals, while those such as chromium and copper which have valence
electrons in more than one shell are transition metals. Representative metals which
have one or two valence electrons have one oxidation state, (e.g. sodium, +1; calcium,
+2) while those with three or more valence electrons have two oxidation states (e.g.
lead, +2 and +4; bismuth, +3 and +35). In contrast transition metals exhibit a variety of
oxidation states. Manganese, for instance, which has two electrons in its outermost
shell and five electrons in the next underlying 3d shell, exhibits oxidation states of +1,
+2, +3, +4, +6 and +7.

There is another important difference between the representative and transition
metals which is of significance in relation to their biological functions. Because suc-
ceeding elements in the transition series differ in electronic structure by one electron in
the first underlying valence shell, the properties of succeeding elements do not differ
greatly from left to right across the periodic table. In contrast, since their electronic
structures differ by one electron in the outer shell, the properties of succeeding
representative metals in a period differ considerably.

The metal zinc is, strictly speaking, in terms of the definition of transition and
representative metals, a representative metal. However, it has many characteristics
analogous to those of the transition metals and often functions like them in biological
systems. Consequently it is often classified along with the transition elements. It has
one difference from them that can be of some importance to the analyst. Most of the
transition metal ions with incomplete underlying electron shells are coloured, both in
solid salts and in solution. The colour depends on the oxidation state of the metal. For
example, Fe>* is yellow while Fe>* is green. However, when, as is the case with zinc,
and generally with all representative metals, the underlying electron shell is filled, the
substance containing the ion is colourless. As we shall see, this absence of coloured
compounds probably helped to account for some of the early lack of progress in
investigations of the metabolic role of zinc.
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1.3 Distribution of the metals in the environment

Unlike the gaseous elements, the metallic elements are not distributed evenly
throughout the environment. For a variety of reasons, including the result of human
activities, some metals have become concentrated in certain places, while others are
almost absent. This uneven distribution has important consequences for the levels of
metals that occur in foods and other biological tissues.

1.3.1 Metals in human tissue

Analysis of the ash produced when the tissues of a human body are incinerated will
show the presence of most of the metallic elements, some in reasonably large quan-
tities, others as almost unquantifiable traces. The ash produced from a total adult
body of 70 kg weight could be expected to contain as much as 1 kg of calcium, 250 g
of potassium, 150 g of sodium and 50 g of magnesium. Other metals will be present in
considerably smaller amounts, ranging from 2—4 g of iron, to 2 mg or less of selenium
and other trace elements. There will also be just detectable amounts of what are
described as ultratrace elements, such as caesium and uranium.

1.3.2 Metals in soil

The presence of so many different metals in human tissue is not surprising since the
foods we eat also contain a wide range of metals, reflecting the metal composition of
the soil on which the foods were produced. Because of the intimate connection
between soil and the metals in our bodies, it is appropriate to give some attention to
the nature of soil and how it contributes to the metal content of food.

Soils are complex assemblies of solids, liquids and gases”. The solid portion
includes both primary and secondary minerals, ranging in size from <2 pm in dia-
meter (gravel) to >2 mm diameter (rocks). The minerals are inorganic compounds of
the different metallic elements, with definite physical, chemical and crystalline
properties. A primary mineral, such as quartz (5i0,), is one that has not been altered
chemically since it was first deposited; in contrast a secondary mineral, such as the
aluminosilicate kaolin {Al;Si;O4(OH)4}, has been chemically changed by weathering.
Inorganic components can account for more than 90% of the solid matter of the soil.
In a typical fertile soil the solid component (made up of about 45% mineral and 5%
organic matter) represents about 50% of the total volume, with air and water each
making up the remainder in about equal amounts (20-30%).

The metals and metalloids found in the highest concentrations in the soil are alu-
minium, iron, calcium, potassium, sodium and magnesium. Also present, though at
much lower concentrations, are a wide range of other elements as shown in Table 1.1.

1.3.2.1 Soil as a source of plant trace elements

Fertile soils supply plants with all the elements they need for growth. These include the
trace elements iron, manganese, zinc, boron, copper, molybdenum and possibly
nickel. In addition cobalt is required as a micronutrient by legumes to enable them to
fix atmospheric nitrogen when synthesising amino acids and protein. If any of these
micronutrients are present in the soil in very low concentrations or only in unavailable
(insoluble) form, plants may show symptoms of trace element deficiency. However, if
high concentrations of some of the trace nutrients, especially copper, nickel and
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Table 1.1 Metals in soil.

Metal Median (mg/kg) Range (mg/kg)
Aluminium 72000.0 700-< 10000
Arsenic 7.2 <0.1-97
Barium 580.0 10-5000
Boron 33.0 <20-300
Beryllium 0.92 <1-15
Calcium 24 000.0 100-320000
Cadmium 0.35 0.01-2
Cobalt 9.1 <3-70
Copper 25.0 <1-700
Chromium 54.0 1-2000
Germanium 1.2 <0.1-2.5
Lithium 24.0 <5-140
Magnesium 9000.0 50—>100000
Manganese 550.0 <2-7000
Molybdenum 0.97 <3-15
Selenium 0.39 <0.1-4.3
Sodium 12 000.0 <500-100000
Tin 1.3 <0.1-10
Titanium 2900.0 70-20000
Uranium 2.7 0.29-11
Vanadium 80.0 <7-500
Zinc 60.0 <5-2900

Adapted from Sparks, D.L. (1995) Envirommental Soil Chemistry, p. 24. Academic Press, New York.

cobalt, are present, plants may show signs of metal toxicity. Other non-nutrient
metals, which can also accumulate in soil and be taken up by growing plants, may not
harm the plants themselves but may be a potential hazard to animals that consume
them. Of particular importance in this regard are arsenic, mercury and cadmium.

1.3.2.2  Variations in the metal content of soils

There can be considerable differences in mineral composition of soils in different
countries and even in different regions in individual countries. As has been observed
by McBride'?, the specific elemental composition of a soil depends on the chemical
composition of the parent material from which the soil was formed. However, the
original composition may have been modified over time by the effects of weathering,
as well as by pollution caused by human activities and by accumulation from natural
biogeochemical processes.

1.3.2.3  Soil metal availability

While the total elemental composition of a soil, which can be determined with con-
siderable accuracy by modern analytical techniques, is of primary interest to the
agronomist and toxicologist, a more useful measure is ‘availability’ or ‘lability” of the
elements the soil contains. This is certainly the case in the context of this book, since it
is their availability for uptake and accumulation by crops that determines whether or
not certain elements become food contaminants.
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The availability to the plants of metals in the soil on which they grow depends on
the properties of the metals, such as tendency to complex with organic matter and to
become adsorbed onto other soil constituents. Availability will also be affected if the
metals are precipitated, for example as insoluble sulphides. The passage of a metal
from the soil through the plant roots and into its growing parts occurs in several steps,
which have implications for the contribution that a food plant may have for human
intake. These steps are described in detail by McBride, but for our purposes it will be
sufficient to note that the soil controls the availability of elements to the plant roots
largely by limiting their mobility through the soil solution. Absorption by the roots
depends on the concentration of the element in the solution that surrounds them. The
plant can modify the chemistry of the adjacent soil solution in what is known as the
rhizosphere effect, by exuding hydrogen ions and organic chelating agents. These
increase the solubility of cations and help their uptake into the interior of the root.

1.3.2.4 Metal transport and location within the plant

Once within the roots, some metals, including, fortunately, the toxic metals lead and
cadmium, may remain in or near the roots, while others are translocated upwards to
the growing parts and into the fruits and other storage organs. Translocation is a
complex operation which depends on the plant’s own biochemical and physiological
operations, but is also affected by other factors, such as the chemical form (or spe-
ciation) of elements in the soil. Since the question of chemical speciation, and its effect
on availability of soil metals, is of some considerable significance in relation to
contamination of food crops, it is worth considering it in more detail here.

1.3.2.5 Soil metal speciation

Metals in soil occur in several oxidation states and in soluble complexes with different
organic and inorganic ligands. The soil solution can contain a wide variety of organic
and other ligands, such as fulvic acid and the inorganic anions HCO3™ and OH™, as
well as other anions that can form soluble complexes with metal cations. This com-
plexing facilitates the transport of metals through the soil solution. It also has a
significant effect on absorption of metals by the roots. For instance, uptake of copper,
which is correlated to the free metal ion’s concentration in the soil solution, is greatly
increased when organic matter is added to the soil, with soluble organic matter acting,
apparently, as a ‘cation carrier’.

The same effect is achieved for cadmium, which forms soluble complexes with
bicarbonate and carbonate when CO, levels and pH are increased in the soil.
According to McBride such findings indicate that both free metal activity (or con-
centration), representing an intensity factor, and total sustained soluble metal con-
centration, representing a capacity (or buffering) factor, are important to biological
systems.

Most metals are, in fact, relatively immobile in soil because they adsorb strongly onto
soil components or form insoluble precipitates. Certain soils are rich in adsorption
sites, such as oxides of iron, aluminium and manganese. Organic matter can also bind
to cations. High soil pH favours sorption and precipitation of metal cations as oxides,
hydroxides and carbonates. In contrast, acid conditions favour sorption and
precipitation of a number of metal anions, including molybdate and selenite.

Soil redox potential is another factor of importance in relation to metal mobility.
Some elements, such as chromium, manganese and selenium, are much more soluble
in one oxidation state than in another. Certain metals which are known as chalco-
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philes, which include mercury, copper, lead, cadmium, zinc, arsenic and selenium,
form insoluble sulphides under reducing conditions which result in the conversion of
sulphate to sulphide.

Mobility of metals is also dependent on whether or not there is movement of water
through the soil. In arid climates, water movement, when it occurs, is upwards. This
results in the transport of soluble metal complexes to the soil surface, where they
accumulate as a result of evaporation. In wet climates, water movement is in the
opposite direction and mobile metal complexes leach downwards. They can, how-
ever, be intercepted by plant roots and deposited in the leaves and other tissues. When
eventually the plants die, the metals they have taken in can bioaccumulate in the
humus and other debris on the soil surface.

As we shall see when we come to consider in detail the various ways in which metals
get into food, soil is not only the primary source of all the metals which naturally
accumulate in plants and animals which we consume, but is also a significant source
of adventitious or accidental contamination of our diet. In a world in which the
environmental spread of potentlally harmful elements as a result of human activity is
an ever increasing problem it is important that those who are concerned with food
safety consider metals in soil as an integral part of their planning and management
processes'’
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Chapter 2
Metals in food

2.1 The metal components of food

As has been noted earlier, the tissues of plant foods, as well as the animals that feed on
them, can be expected to contain most if not all the different metals that occur in the
soil on which they were grown. Since the quantities of the elements in soil can vary
from place to place, the amounts taken up by plants and retained in their tissues can
also show considerable variations. This can have implications for the nutritional
health of consumers, especially if they normally depend on a particular foodstuff to
supply the bulk of their intake of an essential element. This is the case, for example,
with regard to selenium in the UK.

Until relatively recently selenium requirements of the population were mainly met
by the import of US and Canadian wheat which is normally rich in selenium. Since the
mid-1970s American wheat has largely been replaced in the UK market by locally
grown and other EU grain. British and Continental soils have relatively low selenium
contents and consequently European cereals contain significantly lower levels of the
element than do those grown in North America. As a result dietary intake of the
element fell in the UK from about 60 pg/d, in the 1960s, to approximately 40 ug/d in
the late 1990s’.

There can be considerable variations in concentrations of metals even within the
same class of food, depending on its geographical origins and other factors. Zinc
levels in oysters, fori instance, can show a thousand-fold range from as little as 1 mg/kg
to nearly 1 g/kg”. Rice grown in a selenium-rich area of China can contain as much as
1 pg/g of the element, compared to as little as 0.02 pg/g in the New Zealand product®.

Variations in metal concentrations related to geographical sources are not confined
to primary products. They also occur in manufactured foods and beverages. Brazilian
cane spirit (Cachagas), for example, from one region of the country has been found to
contain 0.060 mg chromium/litre, 0.032 mg manganese/litre and 1.67 mg copper/
litre, compared to 0.012 mg chrormum/htre, 0.053 mg manganese/htre and 4.40 mg
copper/litre in the same product manufactured in another region®. Differences in
metal concentrations between samples of illicit alcoholic beverages have been used by
US excise officers as ‘fingerprints’ in an attempt to identify their places of origin, with,
it seems, only limited success”.

Even within a single sample of a food, metals may not be distributed evenly, so that
there can be differences in their concentrations in different parts. A whole grain of
wheat can contain 7.4 pg copper/g, but with only 2.0 ug/g of this in the endosperm. It
is for this reason that refining or fractionation of cereals during milling affects the
amount of metals in the food as consumed, as illustrated in Table 2.1, which shows
the differences which occur in wheat, oats and maize as a result of processing®.

In spite of such variations, for a variety of reasons, between the metal contents of
individual foodstuffs, it is possible, wherever appropriate data from national dietary

12
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Table 2.1 Changes in metal content of cereals following processing.

Metal content (ug/g, wet weight mean + SEM)

Cereal Al Mn Fe Zn Cu
Wheat germ 4.13 4+ 045 194 + 11 105 + 4 92 + 0.5 14.7 + 0.8
Whole wheat 0.31+0.06 67242 3544+0.7 21.0+0.4 3.324+0.03
White flour 0.34 + 0.09 1294+ 0.2 124+ 0.2 9.184+0.13 1.634+0.01
Wholemeal oat flour 3.35+0.14 54.8+0.9 53.34+40.7 27.9+4+0.1 3.70 + 0.02
Refined oat flour 04 +0.2 27.6 +£0.3 129+0.1 14.6+0.1  3.18 +0.03
Raw maize 1.58 + 0.25 7.824+0.22 254407 24.540.7 2.62 +0.82
Maize flour 0.33+0.07 1.73+0.09 5.474+0.21 4.65+0.22 0.65+0.02

Data adapted from Booth, C., Reilly, C. & Farmakalidis, E. (1996) Mineral composition of Australian
ready-to-eat breakfast cereals. Journal of Food Composition and Analysis, 9, 135-47.

and food consumption and composition studies are available, to estimate overall
metal intakes in different countries and by different population groups. How this is
done will be described in detail later. Thus we know, for instance, that the average
intake of dietary lead of 60-65-year-old men in the US in 1991 was 3.46 pg/d’, while
the selenlum intake of one-year-old children in Finland in the same year was

16.0 pg/d®.

2.2 Why are we interested in metals in food?

Among the many different metals that we consume in our diet and accumulate in our
bodies, only a small number are believed to be essential for normal life. An inadequate
intake of any one of these essential inorganic nutrients may result in specific bio-
chemical lesions within cells of the body and development of characteristic clinical
symptoms. The symptoms will normally respond when the deficiency is corrected by
supplying an adequate amount of the missing element.

The nutrient metals have been divided traditionally into two classes according to
the amounts of each which are required for normal body function. As is shown in
Table 2.2, the metals potassium, magnesium, calcium and sodium are classified as
macronutrients, and the remainder as micronutrients.

The use of the term trace element for this second group is no longer as common as it
was in the past. The term originated in the days when the minute amounts of some
elements in biological tissues, down to levels of nanograms (10~ g) or picograms
(107'%g), were beyond the instrumental capabllltles of analysts to quantify exactly
Consequently, they were referred to as occurring in ‘traces’. Today the term is
usually used for an element occurring at a level of <0.01% (< 100 ng/g). Other terms
sometimes used for a micronutrient are minor element or oligoelement. The term
ultratrace element is also met with occasionally. It usually, though not consistently, is
used for elements that occur at levels of <0.01 ug/g (< 10 ng/g).

2.2.1 Functions of the trace elements

To some extent the known functions of inorganic macronutrients and micronutrients
overlap. Both work in three principal ways: as constituents of bone and teeth; as
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Table 2.2 Nutrients and other metals.

Nutrient metals
Macronutrients Calcium
Magnesium
Potassium
Sodium

Micronutrients Chromium
Cobalt
Copper
Molybdenum
Nickel
Selenium

Possibly essential micronutrients Arsenic
Boron
Vanadium

Toxic metals Beryllium
Cadmium
Lead
Mercury

Non-toxic, non-essential metals Aluminium
Tin

soluble salts which help to control the composition of body fluids and cells; as
essential adjuncts to certain enzymes and other functional proteins. The macroele-
ments play major roles in the first two functions, while the trace elements are espe-
cially prominent in assisting enzyme function. Very few of the proteins that act as
biological catalysts do so entirely on their own. Most need the assistance of a non-
protein prosthetic group. If the prosthetic group is detachable it is known as a
coenzyme. The group may be an organic molecule, containing one or more atoms of a
metal, or may consist solely of a metal. In the latter case, if the metal is detachable
from the protein part, it is known as an activator.

Iron and copper occur in the prosthetic group of many enzymes concerned with
cellular oxidation-reduction processes. Molybdenum has much the same function in
certain other enzymes. Zinc and manganese function as detachable activators on
some enzymes and as part of the prosthetic group in others. Most of the other
essential trace elements are believed to play similar enzymatic roles and as a con-
sequence these enzymes are known as metalloenzymes.

Trace elements are also found in other important functional components of the
body, including hormones and vitamins. The production and storage of the hormone
insulin in beta cells of the pancreas, for instance, involves the metal zinc. Hae-
moglobin and myoglobin, oxygen transporters in the blood and muscle tissue, are
iron-containing compounds. Cobalamin, or vitamin B;,, contains cobalt.

2.2.2 New trace elements

As our knowledge of the role of metals in human metabolism has grown, and our
ability to determine their concentrations in foods and body tissues has improved, the
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number of elements that have been proven to come under the heading of essential
trace element has also grown. Up to the middle of the twentieth century only five of
the metals were considered to be in this category: iron, zinc, cobalt, manganese and
molybdenum. In the 1970s selenium was added to their number, and smce then the
case for adding several others, such as boron, has been strengthened . There is no
reason to suppose that the list of essential trace elements is now definitive. It would
not be surprising if some elements with currently insufficiently known physmloglcal
functions were found to have specific biochemical functions in humans. There is
growing evidence that arsenic, for instance, is one such element.

There are several reasons for this uncertainty about the role of possibly essential
metals. To a large extent it can be traced to analytical problems. In addition there is
the difficulty of developing suitable experimental protocols for investigating the
essentiality or otherwise of a metal. It is relatlvely easy to demonstrate that a dietary
insufficiency of a macroelement will result in metabolic disorders, but not for a
micronutrient. For ethical reasons humans cannot be experimentally deprived of
certain elements in the diet in order to see if symptoms of deficiency result. Quite
properly, ethical committees frown upon the once widely accepted practice of using
volunteers, even from among the researchers themselves, for such investigations.
Animal subjects do not always adequately match human requirements or responses to
the elements being tested. Computer programs which might replace such in vivo trials
still seem to lie a long way in the future.

2.3  The toxic metals

As is indicated in Table 2.2, in addition to the essential elements there is another large
group of metals that are toxic. It is not always possible to distinguish clearly between
metals in this category and others that play essential roles in human metabolism and
body function'!. All metals are probably toxic if ingested in sufficient amounts.
Sometimes the margin between toxicity and sufficiency is very small, as is the case, for
example, with selenium. It is difficult to consider toxicity of a single metal in isolation
from other metals and, indeed, from all the other components of a food. Under
normal conditions all metals are capable of interacting with other metals in the body if
consumed together. The physiological effects, including its toxicity, of cadmium, for
instance, are closely related to the amount of zinc also present. Likewise the function
of iron in cells is affected by both copper and cobalt, and to some extent also by
molybdenum and zinc. Several other similar interactions between metals in the body
are known to occur.

In spite of the above reservations it is possible to differentiate between elements that
are known with certainty to be essential and those which cause severe toxic symptoms
at low concentrations and have no known beneficial functions. Mercury, cadmium
and lead are usually considered to qualify for inclusion among the toxic metals,
though there are indications that cadmium and even lead may one day be shown to be
essential elements'?

The term heavy metal is often used, especially in official documents, to describe the
group of toxic metals. It is a descriptive rather than a scientific classification. Strictly
speaking it should only be used for those elements with an atomic weight of 200 or
above, such as mercury (201), thallium (204), lead (207) and bismuth (209)". In
practice it is usually used to refer to metals of a high specific gravity which have a
strong attraction to biological tissues and are slowly eliminated from biological sys-
tems' . However, a typical listing of heavy metals will often be found to include
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arsenic, beryllium, boron, selenium and other metals and metalloids, as well as
mercury, cadmium and lead. This is probably a convenience and relates more to the
metals’ toxicity rather than to their specific gravity. A US government document,
published in 1972, defined heavy metals as ‘common metallic impurities that are
colored by hydrogen sulfide (Ag, As, Bi, Cd, Cu, Hg, Pb, Sb, Sn)’, a distinction based
on chemical propertres, which has been adopted by regulatory authorities in several
other countries

2.4 Effects of metals on food quality

The concern of food manufacturers and processors is not simply to see that their
products are free from toxic metals, or even from essential trace elements, in quan-
tities high enough to cause health problems for consumers, nor is it simply to meet the
various legal requirements or codes of practice that apply to metals in food. They
must also make sure that foods do not contain metals that might bring about dete-
rioration and quality defects.

Traces of certain metals can cause a variety of undesirable changes in foods during
cooking and storage. Even at levels of only a few mg/kg, complexes can be formed
between metal ions and organic compounds causing the development of colours, not
all of them welcome. There was a time when less respectable cooks and food pro-
cessors used the complex formed between copper and chlorophyll to give green
vegetables a bright and stable colour, by cooking in an unlined copper saucepan or
even by dropping a copper coin into the pot. More acceptable is the modern practice
of adding a suspension of food-grade titanium dioxide to skim and other low-fat milk
products to improve their whiteness, as well as creamy texture'®. Another colour
change caused by metal contamination of food is the development of a black pigment
when iron combines with anthocyanins in certain fruits. The blackening of a cherry
pie when it is cut with the blade of a steel knife is a well-known example of this
reaction. Iron can impart a grey-green colour to cream and have a similar effect on
chocolate-containing foods. Aluminium and tin can also affect colour in some foods.

A study by Borocz-Szabo found that iron contamination can adversely affect the
sensoty qualities of a variety of liquid foods, including fruit juices, milk, beer and
wine"’. Corrosion products of steel, especially iron salts, caused loss of odour as well
as development of astringent, metallic or bitter tastes. Milk developed a nauseating
taste under the conditions investigated.

Another, and possibly even more serious, effect of metal contamination on certain
foods is the production of rancidity in fats. Traces of copper, iron and certain other
metals act as catalysts in the oxidation of unsaturated fatty acids. This can result in
spoilage of meat products and in the rapid and costly deterioration of cooking oil and
fat-containing foods. The role of iron and copper in lipid peroxidation, causing
development of off-flavours, especially in pickled meats, has been discussed by
Kanner'®. A similar effect in pre-cooked cereal-based convenience foods has been
reported'”.

2.5 How much metal do we consume with our food?

It is a complex task to estimate the dietary intake of any particular metal and there is
no one technique for doing so which can be considered a universal method of choice.
Just how many different procedures have been employed to assess food intakes by
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differenti 1nvest1gators is indicated by the extensive bibliography on the topic compiled
by Krantzler et al*°

A fairly crude estimate of dietary intakes can be obtained if data are available on
total food consumption by a particular population and the average level of the metal
in foods consumed is known. But more precise estimates are often required by gov-
ernment and other authorities as well as by food manufacturers. As has been observed
by Rees and Tennant of the UK Food Safety Directorate:

while simple methods can be used for prioritisation, the use of crude and inac-
curate intake estimates in food chemical risk assessments can result in suboptimal
risk management solutions being adopted. The cost of such errors is borne by the
consumer either in an increased health risk from food or in restrictions in the
supply and variety of food. It is therefore the duty of regulators and of the food
industry to ensure that accurate estimates of intake are available whenever they
are required®’.

2.5.1 Estimating metal intakes

In their very useful review of methods for estlmatlng food chemical intakes, on which
the following section is partially based**, Rees and Tennant note that some of the
difficulty which can be experienced in estlmating the intake of metals and other food
components by particular populations can be overcome if a hierarchical approach in
line with guidelines recommended by the World Health Organization is adopted?>.
The hierarchical approach is conducted at three levels (or hierarchies), as follows:

Per capita estimation of intake

This is obtained by multiplying per capita food consumption (which in many
countries is available from national food utilisation survey data) by the estimated
concentration of the metal in food (obtained from industry or other commercial data,
or from laboratory analyses of food samples).

This is the simplest and most cost-effective method and provides an estimate of the
average intake of everyone in the whole population. The results do not, however,
apply to ‘non-average’ consumers, but they can highlight potential problems, such as
high intakes, and can point to the need for further investigation. They also allow
comparisons to be made between consumption in different countries, including
Finland, Germany and Japan®*.

Total Diet Studies for intake assessments

The Total Diet Survey (TDS) is also known as the Market Basket Survey (MBS)
because it is based on a basket of food representing the total diet of consumers, which
is known from surveys of food purchases. The foods, purchased in normal retail
outlets, are prepared as if for consumption. They are separated into different food
groups and the groups are analysed for metals and other components. The method
has been used in the UK by the Ministry of Agriculture, Fisheries and Food (now
DEFRA) to monitor food constituents since 1966. The procedures, which were
modified in 1981, have been described by Peattie and colleagues®

Apart from being able to provide useful trend information on intakes and overall
background levels of contaminants, the MBS approach can pinpoint food groups
which represent major sources of a particular contaminant. However, it does not give
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information on individual foods and its findings apply to the average, not the
extreme, consumer.

When the method was originally adopted by health authorities in several countries
it was mainly used to investigate pesticide and radioactive contamination. Its use has
since been extended to include other types of contamination, including metals, for
example in Finland®®. It has been used in a similar manner in Spain®’, Italy?® and
Denmark?’.

Hypothetical diets

A ‘model diet’ approach can be used with reasonable success to estimate dietary
intakes when there is inadequate information to allow the TDS method to be adopted.
Normally the diet is built around typical serving sizes of foods, but in particular
circumstances it may be weighted to allow for certain ‘at-risk’ groups. It can be a cost-
effective way of estimating intakes, especially when the major source of a food
component of interest is a single food. Otherwise, the method is open to error,
especially when many foods are involved.

The model diet approach can be refined by constructing scenarios that reflect the
least to the worst possible cases. Large numbers of variables can be introduced into
the modelling to make the estimates more realistic. Such refinements are useful,
particularly for predicting trends, or intakes of ‘at-risk’ groups.

2.5.1.1 Swurveillance methods for assessing intake

If the cost-effective methods described above provide inconclusive results, more
precise procedures which rely on detailed data on food composition and consumption
may be required. The procedures are generally expensive since they require con-
siderable input of professional expertise and other resources. In the surveillance
approach, reliable food consumption data for the population of interest is combined
with validated data on food composition. Information on food consumption may be
collected by various methods, such as food frequency recordings or weighed food
diaries. Intake data can be obtained from official maximum permitted levels, from
food manufacturers or from direct laboratory analyses. The method is most effective
if the dietary survey covers a large representative sample of the population and
records all food consumed.

Surveillance of dietary intakes of heavy metals has been carried out in several
countries. In the UK consumption data from MAFF’s Dietary and Nutritional Survey
of British Adults (1986-87) has been used®®. The Survey covered a nationally
representative sample of some 2000 adults who completed a seven-day weighed diary
of all foods they consumed. Over 4500 foods were coded and a recipe database used
to express consumption data on the basis of complete foods or individual food
components. In the USA the Nationwide Food Consumer Survey (NFCS) of the
Department of Agriculture (USDA) is used to estimate intake of food components by
individuals®'. A similar programme is operated in Germany>2.

2.5.1.2 Duplicate diet method for intake estimation

Where a particular risk of high intake of a metal or other food contaminant is indi-
cated, it may be necessary to obtain additional information about individual con-
sumers who are identified as being particularly ‘at-risk’ by asking them to supply
duplicates of the actual meals they consume. In theory this is the ideal means of
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assessing intakes of food components since it allows direct measurement to be made
of ‘at-risk’ groups. However, its accuracy depends on the reliability of individuals in
dividing their meals between themselves and the duplicate plate. It is also an expen-
sive operation to carry out on a large scale. Where resources have permitted and the
need for the most accurate data has been acknowledged, the method has been used
to determine food contamination risk, especially in particular population groups. A
good example of such an application of the duplicate diet method was MAFF’s
i1n9v7eStijg3ation of mercury intake by fishing communities in the UK in the late
s77.

2.5.2 Comparison of methods of assessment of metal intakes

Duffield and Thomson have compared several methods of assessing intake of dietary
metals in their study of selenium in New Zealand**. They noted that both diet record
assessment and duplicate diet collections, which have been reported to give the most
reliable estimates, demand a high degree of motivation and cooperation from sub-
jects. In contrast, the food frequency questionnaire (FFQ) method makes relatively
low demands and has been shown to be highly successful in placing individuals into
broad categories of intakes.

In order to evaluate these different methods in relation to assessment of trace ele-
ment intakes, the authors compared results obtained when they used each of the
methods — chemical analysis of duplicate diets, diet records and FFQ, to investigate
selenium intakes in New Zealand. They found that the results from FFQ were con-
siderably higher than those from either duplicate diets or diet records. This may have
been due to under-recording or a restriction of food intake during the recording
period as well as a tendency of FFQ to overestimate intakes of certain food groups.
The authors also found that diet record assessment was not adequate for predicting
intakes of individuals, though they noted that this may not reflect inadequacy of the
method but rather deficiencies in the New Zealand food composition data. Their
conclusion was that duplicate diet analysis remains the recommended measure for
estimating dietary selenium intakes.

As the authors point out, this study provides a unique contribution to dietary
selenium research as the only one reported (up to 1999) in which three different
methods of dietary assessment (duplicate diet analysis, diet records and FFQ) have
been used. Whether the findings of their evaluation of the three assessment methods
can be applied to other elements besides selenium is unclear.

2.6 Assessing risks from metals in food

Government authorities in most countries monitor dietary intakes of metals in foods
because of possible health effects. In the UK this activity has been undertaken on a
systematic and regular basis for many decades by the Ministry of Agriculture Fisheries
and Food (MAFF; now DEFRA) through the Joint Food Safety and Standards Group
(JESSG)?. In the USA food surveillance is the responsibility of the Food and Drug
Administration (FDA) with monitoring of foods for toxic elements carried out
through its Center for Food Safety and Applied Nutrition. In other countries similar
organisations perform the same role of monitoring safety of the national food supply.

Information on concentrations of metals and other elements in food and con-
sumption data obtained by these organisations are used to estimate dietary exposure
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and assess the safety of foods consumed. The risk to health is assessed by comparing
these estimates of exposure with recommended safe levels. These recommendations
are based on the concept of the Acceptable Daily Intake (ADI) which was introduced
by the Joint Expert Committee on Food Additives (JEFCA) of the Food and Agri-
culture Organization of the United Nations (FAO) and the World Health Organi-
zation (WHO) in 1950. The concept has since become the key element in evaluation
of the safety of chemical contaminants in food*®. The ADI is defined as an estimate of
the amount of a food additive or contaminant, expressed on a bodyweight basis, that
can be ingested over a lifetime without appreciable risk®”. It is expressed as a range,
and is usually established on the basis of the NOAEL (no-observed-adverse-effect
level) or LOAEL (lowest-observed-adverse-effect level) in animals. If they are avail-
able, relevant human data, from studies with volunteers or as a result of accidental
exposure, are also used. A Safety Factor (SF), usually 10 or 100, depending on
whether the data source is animal or human, is used to convert the NOAEL or
LOAEL into an ADL.

The Reference Dose (RfD) also uses the NOAEL or LOAEL, but refines the SF into
a Modifying Factor (MF) and four different Uncertainty Factors (UF), usually ten,
three or one*®. The RfD is a term that considers the systematic toxicity of the sub-
stance in question and determines a level unlikely to cause deleterious effects over a
lifetime®®.

The term Nutrient Safety Limit (NSL) has been introduced largely in response to
problems of toxicity that can result from the growing practice of consuming nutri-
tional supplements in quantities greater than recommended intakes. The NSL is
calculated as an intermediate value between the LOAEL and the RNI (recommended
nutrient intake). It provides adequate margins of safety below adverse intake levels
but avoids identifying safety limits that are below the RNI*°. In the UK the term Safe
Intake (SI) is used to indicate an intake or range of intakes of a nutrient that is enough
for almost everyone but not so large as to cause undesirable effects*!.

Another term used to indicate safety limits for food components is Tolerable Upper
Intake Level (UL). This was defined by the Food and Nutrition Board (FNB) of the US
National Academy of Sciences as the maximum level of total chronic daily intake
judged to be unlikely to pose a risk of adverse health effects to the most sensitive
members of the healthy population*?. ULs are set on the basis of identified hazards,
dose-response assessment, intake and exposure estimations and uncertainty assess-
ment.

Certain other exposure endpoints, based on public health considerations, have also
been developed by JEFCA. The Provisional Tolerable Weekly Intake (PTWI) is used
for substances such as heavy metals that are cumulative in their effect and have no
technological purpose in food production. The use of the term ‘provisional’ indicates
that there are inadequate toxicological data to allow a more definitive estimate to be
made, while ‘tolerable’ indicates permissibility rather than acceptability. The term
‘Provisional Maximum Tolerable Daily Intake’ (PMTDI) is used for contaminants
that do not accumulate in the body. It is an estimate of permissible human exposure as
a result of natural occurrence of the substance in the diet.

References

1. MacPherson, A., Barclay, M.N.L., Scott, R. & Yates, R.W.S. (1997) ‘Loss of Canadian
wheat imports lowers selenium intake and status of the Scottish population’. In: Trace
Elements in Man and Animals — TEMA 9, (eds. P.W.F. Fischer, M.R.L’Abbé & R.W.S.
Yates), pp. 203-205. NRC Research Press, Ottawa, Canada.



Metals in food 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

. Lisk, D.J. (1972) Trace metals in soils, plants and animals. Advances in Agronomy, 24,

267-320.

. Reilly, C. (1996) Selenium in Food and Health, p. 220. Chapman & Hall/Blackie, Lon-

don.

. Nascimento, R.F., Beserra, C.W.B., Furuya, S.M.B., Schulz, M.S., Polastro, L.R., Neto,

B.S.M. & Franco, D.W. (1999) Mineral profile of Brazilian cachacas and other interna-
tional spirits. Journal of Food Composition and Analysis, 12, 17-25.

. Hoffman, G.F., Brunelle, R.L. & Pro, M.]. (1968) Alcoholic beverages: determination of

trace component distribution in illicit spirits by neutron activation analysis (NAA), atomic
absorption (AA) and gas-liquid chromatography (GLC). Journal of the Association of
Official Analytical Chemists, 51, 580-6.

. Booth, C.K., Reilly, C. & Farmakalidis, E. (1996) Mineral composition of Australian

ready-to-eat breakfast cereals. Journal of Food Composition and Analysis, 9, 135-47.

. Bolger, P.M., Yess, N.A., Gunderson, E.L., Troxell, T.C. & Carrington, C.D. (1996)

Identification and reduction of sources of dietary lead in the United States. Food Additives
and Contaminants, 13, 53-60.

. Wang, W-C., Mikeld. A-L., Ninto, V., Mileld, P. & Lagstrom, H. (1998) The serum

selenium concentrations in children and young adults: a long-term study during the Finnish
selenium fertilisation programme. European Journal of Clinical Nutrition, 52, 529-35.

. Versieck, J. & Cornelis, R. (1989) Trace Elements in Human Plasma or Serum, 2. CRC

Press, Boca Raton, Florida.

Nielsen, F.H. (2000) ‘The dogged path to acceptance of Boron as a nutritionally impor-
tant mineral element’. In: Trace Elements in Man and Animals 10, (eds. A.M. Roussel,
R.A. Anderson & A.E. Favier), pp. 1043-7. Kluwer Academic/Plenum Publishers, New
York.

Ybaifiez, N. & Montoro, R. (1996) Trace element food toxicology: an old and ever growing
discipline. Critical Reviews in Food Science and Nutrition, 36, 299-320.
Reichlmayer-Lais, A.M. & Kirchgessner, M. (1991) ‘Lead — an essential trace element’. In:
Trace Elements in Man and Animals — 7 (ed. B. Momgilovig), 35/1-35/2, Institute of
Medical Research and Occupational Health. University of Zagreb, Croatia.

Baldwin, D.R. & Marshall, W.]J. (1999) Heavy metal poisoning and its laboratory
investigation. Annals of Clinical Biochemistry, 36, 267-300.

Russel, L.H. (1978) ‘Heavy metals in foods of animal origin’. In: Toxicity of Heavy Metals
in the Environment (ed. F.W. Oehme), pp. 3-32. Dekker, New York.

National Research Council Committee on Food Protection (1972) Food Chemicals Codex,
ix—xii. National Academy of Sciences, Washington, DC.

Phillips, L.G. & Barbano, D.M. (1997) The influence of fat substitutes based on protein
and titanium dioxide on the sensory properties of low fat milks. Journal of Dairy Science,
80, 2726-31.

Borocz-Szabo, M. (1980) Effects of metals on sensory qualities of food. Acta Alimentaria,
9, 341-56.

Kanner, J. (1994) Oxidative processes in meat and products: quality implications. Meat
Science, 36, 169-89.

Semwal, A.D., Murthy, M.C.N. & Arya, S.S. (1995) Metal contents in some of the pro-
cessed foods and their effect on the storage stability of pre-cooked dehydrated flaked
Bengalgram Dhal. Journal of Food Science and Technology — Mysore, 32, 386-90.
Krantzler, N.J., Mullen, B.J., Comstock, E.M., Holden, C.A., Schutz, H.G., Grivetti, L.E.
& Meiselman, H.L. (1982) Methods of food intake assessment — an annotated biblio-
graphy. Journal of Nutrition Education, 14, 108-19.

. Rees, N. & Tennant, D. (1994) Estimation of food chemical intake. In: Nutritional Tox-

icology (eds. F.N. Kotenis, M. Mackey & J. Hjelle), pp. 199-221. Raven Press, New York.
Rees, N. & Tennant, D. (1994) Estimation of food chemical intake. In: Nutritional Tox-
icology (eds. F.N. Kotonis, M. Mackey & J. Hjelle), pp. 199-221. Raven Press, New York.
World Health Organization (1985) WHO Guidelines for the Study of Dietary Intakes of
Chemical Contaminants, Prepared by the Joint UNEP/FAO/WHO Global Environmental
Monitoring Programme. Offset Publication No. 87. World Health Organization, Geneva.



22

Metal contamination of food

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Louekari, K. & Salminen, S. (1986) Intake of heavy metals from foods in Finland, West
Germany and Japan. Food Additives and Contaminants, 3, 355-62.

Peattie, M.E., Buss, D.H., Lindsay, D.G. & Smart, G.A. (1983) Reorganisation of the
British Total Diet Study for monitoring food constituents from 1981. Food and Chemical
Toxicology, 21, 503-507.

Varo, P. & Koivistoinen, P. (1980) Mineral element composition of Finnish food XII.
General discussion and nutritional evaluation. Acta Agricultural Scandanavica, 22, 165-
71.

Urieta, L., Jalon, M., Garcia, J. & de Galdearo, L.G. (1991) Food surveillance in the Basque
country (Spain). I. The design of a Total Diet Study. Food Additives and Contaminants, 8,
861-73.

Turrini, A., Saba, A. & Lintas, C. (1991) Nutrition Research, 11, 861-73.

Solgaard, P , Aarkrog, A., Fenger, J., Flyger, H. & Graabaek, AM (1979) Lead in Danish
foodstuffs, eV1dence of decreasing concentrations. Danish Medzcal Bulletin, 26, 179-82.
Gregory, ]J., Foster, K., Tyler, H. & Wiseman, M. (1990) The Dietary and Nutritional
Survey of British Adults. HMSO, London.

US Department of Agriculture (1994) CSFII/DHKS, Nationwide Food Consumption
Survey, Continuing Survey of Food Intakes by Individuals and Diet Health and Knowledge
Survey, 1990. Machine-readable data set, Accession no. PB94-500063, National Technical
Information Service, Springfield, VA.

Institut fiir Erndhrungswissenschaft (1992) Nationale Verzebrsstudie und Verbundstudie
Ernibrungserbebung und Risikofaktorenanalytik, Institut fiir Ernihrungswissenschaft,
Giessen, Germany.

Haxton, J. Lindsay, D.G., Hislop, ]J. et al. (1979) Duplicate diet studies in fishing com-
munities in the United Kingdom: mercury exposure in a critical group. Environmental
Research, 10, 351-8.

Duffield, A.J. & Thomson, C.D. (1999) A comparison of methods of assessment of dietary
selenium intakes in Otago, New Zealand. British Journal of Nutrition, 82, 131-8.

This role has now been taken over by the Food Standards Agency established in April
2000.

Black, A.L. (1992) Setting acceptance levels of contaminants. Proceedings of the Nutrition
Society of Australia, 17, 36-41.

World Health Organization (1987) Principles for the Safety Assessment of Food Additives
and Contaminants in Food. Environmental Health Criteria No. 70, World Health Orga-
nization, Geneva.

Hatchcock, J.N. (1998) Safety evaluation of vitamins and minerals. In: Nutrition and
Chemical Toxicology (ed. C. Ionnaides), pp. 257-83. Wiley, Chichester, UK.

Barnes, D.G. & Dourson, M. (1988) Reference dose (RfD): description and use in health
risk assessments. Regulatory Toxicology and Pharmacology, 8, 471-86.

Hathcock, J.N. (1993) Safety limits for nutrient intakes: concepts and data requirements.
Nutrition Reviews, 51, 278-85.

Department of Health (1996) Dietary Reference Values for Food Energy and Nutrients for
the United Kingdom. HMSO, London.

Food and Nutrition Board (1989) Recommended Dietary Allowances, 10th edn. National
Academy of Sciences, Washington, DC.



Chapter 3
Metal analysis of food

3.1 The determination of metals in foods and beverages

There have been many improvements in analytical techniques and instrumentation
since the first edition of this book appeared twenty years ago. These have permitted
analysts to determine concentrations of a very wide variety of inorganic elements in
food and drink with an ease and a level of precision previously beyond their cap-
abilities. As a consequence considerable advances have been made in the study of
trace element nutrition and toxicology, and industry has been enabled to respond to
the increasing demands for food composition data made by regulatory authorities.
Two decades ago the equipment and procedures available were sufficient for the
determinations required for what used to be the main responsibility of food manu-
facturers, to ensure product authenticity, quality and safety.

But far more is required today. In the US, for instance, the Nutrition Labeling and
Education Act of 1990 (NLEA) has placed responsibilities on food manufacturers and
processors to provide consumers with a greatly increased range of analytical data on
the components of the products they buy. It has been estimated that these new
requirements affect up to a quarter of a million different food products, marketed by
some 17000 companies, at a cost of $2 billion'. The NLEA requires mandatory
labelling of 14 different nutrients, including three metals (sodium, calcium and iron).
In addition another 34, among them seven additional metals (magnesium, zinc,
selenium, copper, manganese, chromium and molybdenum) which currently may be
labelled voluntarily, are expected to become mandatory in the near future. Similar
legislation is being prepared or has already been introduced in other countries. It is
only because of advances in instrumentation and analytical techniques that manu-
facturers can meet these demands in an efficient and cost-effective way.

New instruments and techniques do not, of themselves, lead to improvements in
analytical standards and productivity. No matter how good they are, unless analysts
follow those fundamental rules for sample preparation and handling which have long
been practised by their professional predecessors, the data they produce will be sus-
pect. The need for care in pre-analytical procedures has been stressed again and again
by experts in the field?.

3.1.1 The first step in analysis: obtaining a representative sample

The most fundamental of the preliminary steps required to ensure accuracy in analysis
is proper sampling. Foodstuffs are seldom homogeneous in nature. Even liquids can
be stratified in layers of different concentrations. It is essential, therefore, that the bulk
sample be sufficiently homogenised to ensure that the subsample which is selected is
representative of the whole. The same must be done with less bulky samples when, as
with animal and plant tissues, they are naturally heterogeneous.

23
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Problems caused by sample matrix variation and methods for their reduction by
unit compostm§ were discussed some years ago by Lento in a review that is still
pertinent today”. As he noted, bulk material is normally selected for analysis by either
random or representative samphng. When random sampling is used, portions are
taken in such a way as to ensure that every part of the material has an equal chance of
appearing in the sample. It is essential that bias due to personal preference or other
cause be avoided. This can be done by numbering the containers and then using a
table of random numbers to control selection, irrespective of any extraneous factor.

Large bulk containers may have to be subjected to representative or stratified
sampling. In this procedure, samples are taken in a systematic way so that each
portion selected represents a corresponding portion of the bulk. The container is
considered to be divided into different sections or strata and samples are removed
from each stratum. The size of the samples removed should correspond to the relative
proportions of the imaginary strata of the bulk. Thorough mixing, for example by
end-over-end rotation, is preferable to representative sampling in the case of liquids
and sometimes even of very fine powders.

3.1.2 Prevention of contamination

Though it seems hardly necessary to stress the need to be scrupulous in preventing
contamination of samples durmg handling and preparatlon failure to do so
undoubtedly continues to occur in some laboratories*, in spite of the warnings by
experts in the field’. It is not unknown for less able analysts to concentrate all their
care and efforts on optimising their instrumental techniques and to neglect pre-ana-
lytical factors which are crucial to the success of their efforts. Among the sources of
possible contamination which should be guarded against are laboratory equipment
items such as homogeniser blades, knives and corers, grinders and sample containers.
In the case of blenders, for example, even when the blades are made of titanium®, a
high degree of contamination of samples may result unless they have been given a
thorough chemical clean-up before use’

A particular source of Contamlnatlon, even in dedicated clean rooms, can be air-
borne dust and particles coming from staff clothing and even skin, cosmetics and
possibly cigarette smoking. The advice églven nearly 20 years ago by Sansoni and
Iyengar on this point remains pertinent®. Atmospheric dust, they pointed out, is a
frequent cause of trace metal contamination. Dust in the air of an open laboratory has
been found to contain 3g Al, 1.6g Zn and 0.2g Cu per kg, while even in a clean
room atmospheric contamination can be significant'.

3.1.3 Drying of samples

Where analytical results are required in terms of ‘fresh food” or ‘portions as served’,
samples will only need to be homogenised or ground in a suitable mill. However, if
samples have to be stored before analysis, or if ‘dry weight’ results are required,
further preparation is necessary. This can involve simple drying to constant weight in
a fan-assisted air oven, at 70-100°C, care being taken to avoid charring. A vacuum
oven allows use of safer, lower drying temperatures and speeds up the process. Freeze-
drying is ideal for preparing samples for trace element analysis. In addition to redu-
cing the moisture content to a suitable level, it results in a crumbly texture which is
convenient for subsequent subsampling and analysis. The freeze-dried samples, sealed
in a plastic (preferably polyethylene) bag, can be stored without refrigeration.
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3.1.4 Purity of chemical reagents and water

It is essential that all chemical reagents used be of the highest quality. Even analytical
grade reagents can be a source of contamination, especially when working at very low
concentration levels, and it may be necessary to test those that are used for impu-
rities'!. Veillon’s advice to ‘check everything’ should be followed by all analysts'Z. It
may be advisable, when impurities are detected in reagents such as nitric or perchloric
acid, to distil them in a quartz still before use.

Just as important as a potential source of contamination is the water used to dilute
samples and reagents. This too must be checked adequately. Only deionised water,
purified to a very low conductivity, should be used. As has been noted by Dabeka,
unless the purity of chemical reagents and water is established, unreliable blanks may
result in overlooked errors, even when all other steps have been taken to ensure
analytical quality control®®.

3.1.5 Glassware and other equipment

It seems hardly necessary to add that, if the highest standards of analytical quality
control are to be achieved, all glassware must be thoroughly cleaned. Merely rinsing
with distilled or deionised water is not sufficient. A routine should be followed which
includes soaking all glassware overnight in an alkaline detergent, then rinsing with
deionised water, with a further soaking in 2% hydrochloric acid. The items should
then be washed in deionised water, followed by two more rinsings in water. They
should then be left overnight for drying in a clean room. Similar care in washing and
drying should be used for other containers and vessels made of plastic.

3.2 Preparation of samples for analysis: digestion of organic
matter

Most of the more frequently used techniques for the determination of metals in
foodstuffs require that samples be prepared destructively before instrumental analysis
is carried out. Exceptions are liquids such as beverages, including water, which may
only require dilution before analysis. In most other foods, organic matter has to be
removed as this would interfere with the analytical process.

Organic matter is usually removed from food samples by some form of oxidation,
either by the use of oxidising acids in a wet digestion or by dry ashing in the presence
of air or pure oxygen. The method used will depend on the metals to be analysed and
the nature of the food. What is aimed at is a procedure that gives reliability and
accuracy in the range of concentrations appropriate to the investigation, and can be
carried out with reasonable speed and cost effectively. The actual method chosen is
often a compromise, for, of the many procedures reported in the literature, it is often
found that no single one will have all the desirable qualities at the same time.

3.2.1 Dry ashing

This method of sample preparation involves the incineration of food samples in a
muffle furnace at a suitable temperature. The resulting ash, free of organic com-
pounds, is dissolved in dilute acid. This is a convenient and easily carried out pro-
cedure for preparing samples for instrumental analysis of many, though not all,
metals. Ashing is usually performed at temperatures between 400 and 600°C.
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However, these temperatures can be too high for volatile metals such as mercury,
arsenic, selenium and lead. Other metals, such as tin, may form insoluble refractory
compounds during dry ashing. In some cases the addition of ashing aids, including
salts of metals as well as acids, may be used to improve the efficiency of ashing and to
assist recovery of certain elements.

Dry ashing continues to be employed widely by analysts as a convenient and ver-
satile method for preparing food samples for instrumental analysis. Straightforward
dry ashing of blended homogenised food samples has been employed, for instance, 1n
the UNEP/WHO HEAL study in Sweden to assess intake of 17 elements in the diet!®
With the addition of nitric acid as an ashing aid, dry ashing has also been used by
investigators in Slovenia to determine a range of trace elements in composite diet
samples'’. A more complicated application has been in the investigation by Sganish
workers of the effects of freezing on the mineral content of frozen asparagus °. This
involved ashing of the dried and homogenised vegetable material, without the use of
any aid, in a series of mineralisation stages at different times and temperatures
(90-250°C; 460°C; 460-100°C) in a programmable electric oven. The procedure,
according to the report, prevented loss by volatilisation and gave excellent recoveries.

A particular advantage of dry ashing is that it allows use of relatively large sample
sizes. It can also minimise contamination from reagents, since normally only dilute
acid is used to dissolve the ash. In addition the method requires only minimal
attention from the operator. However, there are some disadvantages. It is usually a
lengthy and time-consuming operation and, as was pointed out some years ago by
Crosby, problems may be caused by 1ncomplete combustion and adsorptlon on
surfaces of the incineration crucibles, in addition to losses through volatilisation®”

3.2.2 Wet digestion techniques

Wet digestion requires the use of strong oxidising acids, such as nitric, sulphuric and
perchloric, or, in certain cases, hydrofluoric, phosphoric and hydrochloric acids. The
acids are used either alone or in various combinations, depending on the nature of the
sample and the metals to be analysed. Compared to dry ashing, acid digestion gives
greater flexibility for digestion of a wide range of organic matter with higher recovery
rates for many, though not all, trace elements. The disadvantages of the method are
that it is only suitable for small sample sizes and relatively large volumes of reagents
are required. This can lead to higher blanks and introduce contamination. The use of
strong acids also makes it a potentially hazardous method that requires constant
attention by the operator.

Until relatively recently, when microwave heating methods became available and
closed digestion systems were introduced, wet digestions of biological samples were
carried out in open vessels, such as K]eldahl flasks, preferably with some means of at
least partial reflux of the hot acids. Long-necked Vessels, such as heating tubes, were
also used for the same purpose. Heating was carried out on a sandbath, or in a
specially designed device such as an aluminium block digester. Similar methods are
used today, especially for one-off or small numbers of analyses, as they have been for
more than 40 years since they were described in a report by the impressively entitled
‘Metallic Impurities in Organic Matter Subcommittee of the Analytical Methods
Committee of the Society for Analytical Chemistry’'®.

3.2.2.1 Nitric acid digestion

Digestion using nitric acid alone has been shown to be suitable for digesting many
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different types of biological samples, with good recoveries, for example, of cadmium,
lead and zinc'®. Some complex biological matrices may require repeated digestions
after being reduced to dryness. In the case of some metals, additional steps may be
required to bring about complete release of the metal for example addition of
potassium permanganate in the case of chromium?®’ Hydrogen peroxide can also
increase the ox1d151ng power of the nitric acid and is espeaally efficient for the
determination of zinc, copper, lead and cadmium in foods?

Trace elements, such as selenium, which tend to form stable organic compounds in
biological tissues are difficult to dlgest completely with nitric acid alone. This diffi-
culty can be overcome by using 90% rather than the normal 70% acid**. Addition of
magnesium nitrate to the acid can also improve recovery*’

3.2.2.2 Nitric—sulphuric acids digestion

The presence of sulphuric acid, which has a boiling point of 330°C, in the acid
mixture greatly improves the OdelSll’lg power. This digestion mlxture has been used
successfully to determine copper, iron, zinc and manganese in food**. Addition of
hydrogen peroxide can 1mprove the determination of arsenic, iron, alumlmum zinc
and chromium in plant tissue*’. Though some workers have recommended  the
addition of hydrofluoric acid to improve recovery of chromium, this has not been
found to be necessary with most food samples®®. However, hydrofluorlc acid has
been reported to 1ncrease the efficiency of recovery of mercury after nitric—sulphuric
acid digestion of seafood?”

Nitric-sulphuric acid dlgestion has been less successful for the determination of
selenium in biological materials, probably because organic forms of selenium are
resistant to breakdownZ2®. It was also found to be unsuitable for the determination of
lead, because of the formation of insoluble lead sulphate?’

3.2.2.3 Use of perchloric acid

Perchloric acid is a very powerful oxidising agent and its addition to nitric acid or a
nitric-sulphuric acid mixture dramatically increases the speed of digestion. However,
there are problems with its use because of its exploswe nature. It should never be used
on its own, and even in mixtures only with caution®’. Under certain conditions the
presence of perchloric acid in a digestion mixture may result in the loss of volatile
elements, such as chromium and selenium. The problem can be overcome by using
combinations of acid mixtures®', and by monitoring of the digestion conditions*2.

3.2.2.4 Hydrofluoric acid

The addition of hydrofluoric acid to a sulphuric—nitric—perchloric acids digestion
mixture has been reported to prevent interference by silicate in recovery of chromium
from brewers’ yeast by the formation of silicon tetrafluoride®. A similar procedure
has been found useful for releasing chromium from silicate- rich plant material®*

3.2.3 Microwave digestion

An important development in analysis in recent years has been the widespread
introduction of microwave heating as a replacement for traditional methods of
digesting food and other samples prior to instrumental analysis. Microwaves are
electromagnetic energy that brings about molecular motion, and thus heating, by the
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migration of ions and rotation of dipoles, without causing changes in molecular
structures>”. The microwave heating system was developed in the 1940s but it was
not until the mid 1970s that the method was applied in the laboratory for digestion of
biological materials*®. Initially microwave ovens developed for domestic purposes
were adapted for use in the laboratory, but since then dedicated microwave heating
systems, with appropriate fume extraction and other attachments have become
available.

The technique has many advantages over other digestion systems. There is a sig-
nificant reduction in digestion time, especially compared to dry ashing. It also requires
minimum supervision by a technician. Because the system and equipment readily lend
themselves to automation, it is increasingly being adopted by analysts. Since samples
in microwave digestion systems are usually contained in closed vessels, such as low- or
high-pressure Teflon® tubes fitted with pressure relief valves, losses due to volatili-
sation are minimised and the likelihood of contamination from external sources is
considerably reduced. It is particularly suitable for digestion of samples with a high fat
content which are difficult to digest using other wet systems

Microwave digestion has been used successfully for analysis of a very wide range of
elements. It is routinely used in the UK Total Diet Study to determine some 30 dif-
ferent i inorganic elements*®. The method is partrcularly effective for volatile elements
such as arsenic and selenium, with good recoveries and a 51gn1f1cant reductron in
digestion time®”. It is also suitable for the analysis of mercury in foods*°

An excellent example of the use of microwave heating in the determrnatlon of
metals in foodstuffs has been given by Tahan and his colleagues*'. Two types of
high-pressure reaction vessels were used in their sophisticated procedure, a special
45 ml digestion bomb with a Teflon® PFA (tetrafluoroethylene with a fully fluori-
nated alkoxy side chain) inner cup for mercury and lead, and a 120 ml Teflon PFA
digestion vessel with a pressure release valve for the other metals. The microwave
oven used was designed for laboratory use, with adjustable power output, a pro-
grammable microprocesssor-based digital computer, Teflon®-coated cavity and
other refinements.

3.3 End-determination methods for metal analysis

Rather than attempt to comment on as wide a range as possible of laboratory
instruments for identifying and determining metals in foods, consideration will be
given here to a limited number of end-determination methods that can be considered
to be of the greatest practical significance. Readers who wish to learn about the many
other less commonly used and often more expensive and sophisticated instruments
may consult the specialist literature on the subject. Particularly useful updates on such
equipment can be found in the Technical Report Series of the International Atomic
Energy Agency, Vienna, in the annual Atomic Spectrometry Update and in other
specialist ]ournals and reports*>. An excellent text for those who are especially
interested in atomic absorption spectrometry is the monumental 1000-page work by
Welz and Sperling, with its 6595 references™®

Particular attention will be given here to three major topics: the continuing role of
the atomic absorption spectrophotometer in food analysis, the development of
techniques for multielement analyses and the growing interest in species-selective
determination of elements in food. A brief mention will also be made of spectro-
fluorimetry, because of its current use for certain elements, alongside AA (absorption
spectrometry), in many laboratories.
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3.3.1 Atomic absorption spectrophotometry (AAS)

The atomic absorption spectrophotometer has, since its introduction in the mid-
1950s, remained one of the most widely used instruments for the determination of
major and minor inorganic elements in agriculture, biology, medicine, food studies,
mining and environmental studies**. A high proportion of the analytical data being
produced today has, as a review of the current literature will show, been obtained by
AAS. The method is based on the fact that when a metal is introduced into a flame, an
atomic vapour is produced and light, of a wavelength characteristic of the metal, is
emitted. This emission is used in the analytical procedure of emission spectro-
photometry.

Not all the metal atoms in the vapour, however, are excited sufficiently to emit
light, even in a hot flame. The unexcited atoms can be made to absorb radiation of
their own specific resonance wavelength from an external source. Thus, if light of this
wavelength is passed through a flame containing atoms of the element, part of the
light will be absorbed and the absorption will be proportional to the density of the
atoms in the flame. This was the basis of the original atomic absorption spectro-
photometer which was developed simultaneously by Walsh in Australia and Alke-
made and Milaz in the Netherlands in the mid-1950s*°.

The reason for the continuing popularity of AAS is, primarily, that the instrument is
relatively inexpensive and its use is easily learned by investigators who have not been
trained formally in analytical chemistry. In its different modes it can be used to
determine more than 60 metallic elements, in a wide range of concentrations and in
different matrices. Flame atomic absorption spectrophotometry (FAAS) is rapid and
sufficiently sensitive to permit determination of most of the trace elements in food at
the pg/g range. Graphite furnace AAS (GFAAS) allows determination of a wider
range of elements, down to the pg/kg range. Certain elements are more effectively
analysed by hydride generation AAS (HGAAS)*®. This involves introduction of
gaseous compounds of a volatile element, such as arsenic or selenium, into a flame or
electrothermally heated graphite tube (ETAAS). Cold vapour AAS (CVAAS) is the
method of choice for the determination of mercury and is based on the generation of
elemental mercury vapour at room temperature.

3.3.1.1 Background correction

AAS, like all other analytical techniques, has certain inherent shortcomings. Matrix
problems may have to be overcome by matrix modifications, and, in the case of
GFAAS in particular, spectral interference can also occur, requiring employment of
background correction. This is achieved by the use of a continuum source, usually a
deuterium lamp in the UV region and tungsten iodide in the visible. Another, highly
efficient, form of background correction relies on the Zeeman effect. In this method a
magnetic field, applied to the source or the atomiser, is used to split the resonance line
into its Zeeman components (1 + ), in effect converting the single beam into a
double beam, thus allowing the background to be monitored on the wings while the
analyte signal and background together are monitored with the central component.

3.3.1.2 Use of slurries and flow injection in AAS

In recent years considerable progress has been made in reducing the time taken to
carry out the various stages of AAS, as well as of other analytical techniques, from
sample preparation and through the various steps of end-determination™’. Sample
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preparation has been minimised by the use of slurries that can be handled in the same
way as liquids*®. Flow injection (FI) and continuous flow FI (CFI) modes for intro-
ducing the sample have been developed and play an important part in automation.
They provide an efficient and time-saving way of manipulating samples and reagents
for mixing, diluting and transporting to the point of end-analysis. Glassware, such as
containers and measuring devices, can be replaced by tubes, pumps and valves.

3.3.1.3 Speeding up AAS

A number of other developments have been introduced in recent years which, like FI,
have resulted in reduction in the time taken to carry out analyses using AAS and other
instruments. Some of these are shown in Table 3.1.

Table 3.1 Trends in metal analysis in foods and beverages by atomic absorption
spectrophotometry.

Reduction in sample preparation times: solid sampling; use of suspensions, slurries
Microwave digestion: open, closed systems

Sample introduction: flow injection

On-line preconcentration

Fast furnaces

Improvements in digestion modifiers

Adapted from Ybaiiez, N. & Montoro, R. (1996) Trace element food toxicology: an old and
ever-growing discipline. Critical Reviews in Food Science and Nutrition, 36, 299-320.

3.3.2  Spectrofluorimetry

Though in principle the spectrofluorimetric method can be applied to the analysis of a
number of different elements, in practice its use appears to be confined by food
analysts mainly to the determination of selenium. In spite of certain difficulties, such
as the need for lengthy sample preparation time, it is, to judge from the literature,
widely used for that purpose in preference to GFAAS*’. The reason is that it is a
highly sensitive method and can measure concentrations of selenium down to
nanogram levels in many different biological matrices. It has the added advantage of
requiring only small sample sizes.

The method depends on the measurement of the fluorescence of Se-2,3-diamino-
naphthalene (Se-DAN) complex in cyclohexane extract. The reaction is pH-
dependent and requires the addition of ethylenediaminotetra-acetic acid (EDTA) and
hydroxylamine hydrochloride as masking agents. Prior sample digestion is necessary
to destroy organic matter and reduce Se to inorganic Se(IV). Consequently the method
is time consuming. It is also subject to chemical interference, for example by sulphate.
However, steps can be taken to overcome such interference®’, and preparation time
can be reduced by semi-automation’".
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3.3.3 Inductively coupled plasma spectrometry (ICP-S)

One of the most significant advances made in trace metal analysis in recent decades
has been the use of a plasma source for atomisation—excitation of samples. Plasma
flames are electrical discharges classified according to whether the discharges occur
between two electrodes (direct current discharges or DCP), or a radiofrequency
discharge is used to transfer energy to a gas from an electrical power source (induc-
tively coupled plasma or ICP).

3.3.3.1 Inductively coupled plasma atomic emission spectrometry (ICP-AES)

The use of ICP in combination with atomic emission (ICP-AES, or ICP-OES, optical
emission spectrometry), though its characteristics are similar to those of flame AAS,
has the great advantage of multielement possibilities. It also significantly reduces
matrix interference because of the high temperature of the ICP. The method has been
shown to have high precision, give excellent recoveries from a wide range of food
matrices and to be applicable in the analysis of a range of elements.

Though ICP-AES equipment is more expensive to install and operate than flame or
electrothermal AAS instruments, it has been introduced into many analytical
laboratories because of its considerably improved detection limits, accuracy and
precision, as well as for its multielement capabilities. A good example of its effec-
tiveness as a mainstream instrument in the laboratory is its use for the simultaneous
determination of a range of elements in different food matrices to meet the require-
ments of the 1990 US Nutrition Labeling and Education Act>*

3.3.3.2  Inductively coupled plasma mass spectrometry (ICP-MS)

The coupling of ICP to mass spectrometry (ICP-MS) has provided one of the most
useful and sensitive tools for trace metal analysis. When it was initially developed in
the late 1980s it was described as a technique which combined accuracy, precision
and long-term stability for even the most difficult samples and was clearly worthy of
serious consideration in most routine applications®®. That prediction has been proved
to be correct; however because of the costs involved and the need for expert technical
input, ICP-MS is to be found mainly in university and other research laboratories,
major government establishments and other well-endowed facilities**

In the twenty years since ICP-MS was recognised as being a potentlally powerful
analytical tool, it has undergone many modifications. Adaptations have involved the
marriage of the technique with separation procedures, including chromatography and
electrophoresis. Other developments, for example in methods of sample introduction
such as laser ablation, thermal vaporisation and flow injection, have extended its
capabilities considerably. Details of these developments can be found in current
updates in the llterature An excellent technical review is given in Gill’s text on
analytical geochemistry”>. Recent applications relating to analysis of clinical and
biological materials as well as food and beverages have been discussed by Taylor et
al.>®. Future developments in the technique can be expected to overcome technical
problems that occur w1th present systems and to expand even further the analytical
advantages of ICP-MS>”

As has been commented in a recent review, ICP-MS i is one of the most powerful
techniques currently available for trace element analysis®®. Detection limits in the ng/
litre range or below are normal, and detection limits for all elements are better, in
some cases up to three orders of magnitude, than those obtained by AAS. However,
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availability of the technique in a laboratory, as well as the type of ICP-MS instrument,
will depend to a large extent on the particular analytical tasks that have to be carried
out.

From the economic point of view, the investment and the operational cost are not
justified for the investigation of limited numbers of samples and elements. In such
cases, AAS, in one of its various forms, will continue to be used. If means permit, ICP-
MS should be the method of choice for the analysis of large numbers of samples, in
which several elements are to be determined simultaneously. It is for this reason that
ICP-MS is the instrument of choice in major government analytical centres in many
countries, such as the UK’s Central Science Laboratory, where the determination of a
large number of elements in a variety of food matrices is routinely carried out®”.

3.3.4 Other analytical techniques for trace elements

There are many other specialist techniques and types of instrument which in certain
circumstances may be as suitable or more effective than those discussed above.
However, since they are unlikely to be available in the majority of analytical
laboratories and are probably of more interest to the specialist than to most of the
readers of this book, they will be mentioned here in passing only. For those who
require additional information, this may be obtained in, for example, Gill’s text noted
above and in the various specialist periodicals devoted to analysis. The most widely
used of these other techniques are listed in Table 3.2.

Table 3.2 Analytical techniques for inorganic elements.

Neutron Activation Analysis (NAA)
X-Ray Fluorescence Spectrometry (XRF)
Atomic Absorption Spectrometry (FAAS, GFAAS, HGAAS, CVAAS)
Atomic Emission Spectrometry (AES, ICP-AES, ICP-OES)
Atomic Fluorescence Spectrometry (AFS)
Mass Spectrometry (ICP-MS)
Voltammetry:
Differential Pulse Anodic/Cathodic Stripping Voltammetry (DPASV/DPCSV)
Potentiometric Stripping Analysis (PSA)
Square Wave Anodic Stripping Voltammetry (SWASV)
Fluorimetry

After Schramel, P. (2000) New sensitive methods in the determination of trace elements. In: Trace Elements
in Man and Animals — TEMA 10 (eds. A.M. Roussel, R.A. Anderson & A.E. Favier), pp. 1091-7. Kluwer/
Plenum, New York.

3.4 Determination of elemental species

A highly significant development in recent years in the field of trace element analysis
has been the increase in interest in the determination of the chemical species of an
element rather than simply total concentrations. As has been noted earlier, the total
amount of an element in a food does not necessarily indicate how well it will be
absorbed or how it will behave metabolically when consumed. There is, for example,
a considerable difference between the absorption of iron in its inorganic and in its
organic forms. It is also known that inorganic arsenic is much more toxic than its
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organic species. Many other examples can be given of such differences between the
biological properties of different forms of elements which are customarily reported in
food composition tables as total amounts and not as percentages of the different
chemical species present.

Until relatively recently it was beyond the capabilities and the financial resources of
most analytical laboratories to provide information on more than a very few of the
chemical species of metals that occur in foods, but that situation is beginning to
change. Techniques and instruments are being developed that, before very long,
should make the routine determination of at least the more important of the different
metal species possible. This will have implications, not just for research scientists
interested in the more abstruse questions of human biology, but also for ordinary
consumers, as well as for the food industry and regulatory authorities®®. Many food
scientists and others believe stron%ly that there is an urgent need for species-specific
analytical and toxicological data®’.

3.4.1 Methodology for the determination of metal species

Though in recent years a considerable amount of attention has been given by experts
in the field to the development of analytical techniques for the determination of metal
species, progress is slow. Efforts have been concentrated principally on a small
number of elements that are of particular interest, from the point of view of human
metabolism, and appear to offer the best chance of success. Most publications on the
subject relate to two elements, selenium and cadmium, though some other elements
are now beginning to receive attention.

3.4.1.1 Chemical methods of speciation

Species determination is not, in fact, an entirely new activity for food analysts. In
certain cases it has been undertaken for many years. Magos described a method usin;
CVAAS to determine both inorganic and organic mercury in biological samples®?.
Mercury vapour was released from the samples, after reduction with SnCl, for
inorganic mercury and with SnCl,/CdCl, for total mercury analysis, allowing the
amount of methylmercury to be estimated easily. A gas chromatography procedure
has also been used for the same purpose®”.

Though official tables of food composition, such as the UK’s McCance and Wid-
dowson, still give the iron content of foods only in terms of ‘total iron’, data on the
different proportions of the two chemical species, ferrous and ferric, are available for
many foods®*. The analysis is carried out relatively simply by classical wet chemistry
methods. Similar classical chemical procedures have been used to determine relative
amounts of organic and inorganic arsenic in foods. Such separation methods are,
however, time-consuming and are more suitable for one-off studies than for routine
and especially large-scale investigations. To meet today’s requirements for species
analysis, several new instrumental procedures are now available.

3.4.1.2 Hyphenated techniques for metal speciation

Recent progress in this rapidly developing area of analysis has resulted from the
coupling of a separation process, such as capillary electrophoresis or high-perfor-
mance liquid chromatography, with an analytical instrument for metal detection,
especially ICP-MS, in what is known as a hyphenated technique®’. Though in theory
the technique could be applied to the determination of species of many different
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metals, most of the work reported to date has been carried out on only a few elements,
in particular selenium and cadmium. Moreover, as a report by the Analytical
Chemistry Division of the International Union of Pure and Applied Chemistry has
pointed out, even with selenium, in spite of considerable advances that have been
made, a great deal remains to be done®®.

A technique in which ion exchange chromatography (IEX) is coupled to ICP-MS
has been used to separate four different selenium species in different foods®”. The
determination of species of a number of metals, including selenium, in body fluids has
been successfully carried out in a technique in which hydride generation has been
coupled with ICP-MS®®. The method could, potentially, be used for methylated and
other organic species of all elements that form volatile hydrides. It has been shown to
be particularly useful for the determination of mercury metabolites in saliva.

Other combinations of separation and detection systems for speciation analysis
have also been reported. A range of different selenium compounds have been deter-
mined in mushrooms, using various chromatographic techniques (size exclusion,
anion exchange and cation exchange) combined with different detectors (neutron
activation analysis and atomic fluorescence spectrometry)®®. Different species of
arsenic in a variety of biological reference materials have been determined using a
hyphenated system comprising HPLC and atomic fluorescence spectrometry (AFS),
interfaced via a UV-photoreactor and a hydride generation unit”®.

As this brief review indicates, metal speciation analysis is still very much in the
research and development stage. While undoubtedly it is a matter of great importance
in relation to food and considerable progress can be expected from it in the future, at
present there are still many difficulties to be overcome before it becomes an accepted
and normal part of the activities of food analysts. It is, moreover, highly unlikely ever
to become an easy or low-cost activity, suitable to all analytical laboratories.
According to Crews

as the techniques available become more sopbisticated, and almost certainly
more expensive, further developments will depend not only on collaboration
between researchers and institutes, but between countries too”".

3.5 Analytical quality control

No matter how advanced technically or how modern may be the equipment and
procedures used to analyse metals in foods, the quality of the data generated by
them must always be checked by a quality assurance programme. Knowledge of the
accuracy of its data is the foundation of a laboratory’s quality control’?. Quality
assurance must cover all aspects of the analytical process, including sampling, sam-
ple pretreatment, standards preparation and method validation, as well as data
handling and evaluation. Every step in a programme must be scrutinised, since
unreliable analytical data may be the result of a range of faults, including poor
methodology, improper instrument calibration, impure reagents or failure in analy-
tical procedure.

According to Dabeka, the only way to validate an analytical result obtained from
an unknown sample using a particular instrument and procedure is to use a com-
pletely independent method of analysis”>. This can be done where a laboratory has
the use of another instrument of known accuracy, or by calling on the assistance of an
independent laboratory to analyse the same sample with its equipment. Where this
cannot be done, alternative quality control measures, such as the use of in-house
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SRMs and spike samples, should be taken. Whenever possible, this should be
accompanied by the use of certified or standard reference materials (C/SRMs).

The importance of appropriate RMs has been underlined by Roelandts in a report
on BERM-7, the seventh trlenmal international symposium on biological and envir-
onmental reference materials’* . They are powerful tools for instrument calibration,
validation of analytical procedures and achieving reliability. They also play a key role
in quality control and/or assurance (QC/QA).

If RMs are, however, to fulfil these desirable roles, they must match as precisely as
possible the food matrix to be analysed and fall within the concentration ranges of the
elements expected in the samples. This is essential if the so-called ‘matrix effect’,
encountered frequently in instrumental analyses, is to be avoided. Unfortunately,
reference materials available from such organisations as the National Institute of
Standards (NIST), the International Atomic Energy Agency (IAEA) and other inter-
national and national bodies, do not always meet these requirements. Those that do,
however, though often sold by the agencies at below cost, may still be too expensive
for some laboratories to use.

As the papers presented at BERM-7 show, considerable efforts are being made to
respond to the growing worldwide demand for appropriate natural matrix RMs.
Information, including names of issuing agencies and commercial sources, was
provided at the symposium on more than 100 reference materials, many of them for
trace elements in a variety of matrices, from baby food to human serum, as well as
soils and marine organisms. These can be consulted i in the issue of Fresenius’ Journal
which was devoted to the symposium proceedings”.

In the absence of appropriate SRMs, the techmque of recovery studles is often,
according to Dabeka, the only validation given to an analytical result”® . Unfortu-
nately, recovery studies do not evaluate the accuracy of the blank signal or unspiked
sample signal. They only evaluate the signal of the added analyte and cannot correct
for errors due to an invalid blank, invalid baseline or uncorrected background
absorption in AAS.

Dabeka proposes two easily performed and very practical quality control measures
which can help to compensate for such deficiencies, namely: the inclusion of up to
eight reagent blanks in each analytical batch; and the sample weight test. The latter
consists of taking two different sample weights, one 2-3 times greater than the other.
If the same results are obtained for each sample, there is a very good chance that
analytical errors are absent. In his paper Dabeka presents data to show the effec-
tiveness of these two measures in detecting analytical errors in the routine analysis of
some 15 different metals by ICP-MS.
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Chapter 4
How metals get into food

In a recent review Beavington has commented that disregard of the work of the
pioneer investigators of contamination of the food chain by trace elements risks re-
inventing the wheel'. Though some of these pioneers have already been referred to in
an earlier section, in a book such as this there is little space to spare for more detailed
consideration of forerunners of today’s food analysts. If more information is required,
this can be obtained in Beavington’s very informative paper. Here, while the con-
tributions of the pioneers are acknowledged, attention will be concentrated on present
day concerns.

4.1 Metals in the soil

In an earlier section the distribution of metals in soil, and how they are taken up by
the roots of plants and accumulated in tissues, have been considered. Though, as we
have seen, concentrations of metals in soils can vary considerably, and consequently
uptake by plants, which normally reflects soil levels, can be expected to show cor-
responding variations, food composition data from around the world show
remarkably uniform levels of metals (Table 4.1). Travellers need not be concerned

Table 4.1 TIron, copper and zinc levels in US and UK vegetables.

Metal (mg/kg fresh wt)

Vegetable iron copper zinc
Broccoli
(US) 1.1 0.03 0.27
(UK) 1.5 0.07 0.6
Brussel sprouts
(US) 1.5 0.10 0.87
(UK) 0.7 0.06 0.50
Carrot
(US) 0.7 0.08 0.52
(UK) 0.6 0.08 0.40

US data from American Dietetics Association (1981) Handbook of
Clinical Dietetics. Yale University Press, New Haven.

UK data from Paul, A.A. & Southgate, D.A.T. (1978) McCance and
Widdowson’s: The Composition of Foods. HMSO/Elsevier, London
and Amsterdam.
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that the meal they consume in Sydney will be more than marginally different, from the
point of view of its metal content, from a meal of similar type served to them in
London or New York, or, indeed, in most other countries. Yet there are occasions on
which this would not be true and food contaminated with heavy and other metals can
appear on the plate. Why this occurs is what we are concerned with here.

4.1.1 Uptake of metals by plants

While all plants will, if growing in a nutritionally balanced soil, take up nutrients to
the extent they need for growth, some others possess a special ability that enables
them to take up and accumulate, sometimes to high levels, certain elements. This need
not cause problems for consumers in every case and may indeed sometimes confer a
benefit on them. The shrub, Camellia sinensis, for example, the leaves of which are
dried to make tea, can accumulate manganese, an essential trace element. Tea, which
is probably the most widely consumed beverage in the world, is also one of the most
important sources of manganese in the UK dlet providing more than half of the
estimated 4.6 mg consumed each day by adults”.

Unfortunately, the tea plant also accumulates another metal, aluminium?, about
which, as we shall see in a later section, there are some health concerns. Generalll?/
levels of aluminium in tea leaves have been found to be between 50 and 500 ug/g”,
though there is an early report of as much as 30 000 pg/g in old leaves’. It is unhkely,
however, that even those who drink large volumes of tea are at risk since the con-
centration of aluminium in the brew is considerably lower than in the dried leaves®.

4.1.1.1 Accumulator plants

Not all accumulation of metals by plants from soil is beneficial to the animals,
including humans, who may eat their leaves and other parts. Sometimes the metal
taken up is toxic and is accumulated to dangerously high levels. A particular type of
vetch, Astragalus racemosus, is a notorious example of such a plant. Its ability to take
up and accumulate large amounts of selenium is well known. Selenium, which we will
consider in detail later, though an essential nutrient for animals (but not for plants),
can also be highly toxic, to plants as well as to animals. It is widely distributed in soils,
usually at concentrations of less than 0.1 mg/kg, low enough to cause no problems to
most grasses and fodder plants.

However, in some parts of the world there are areas where considerably higher
concentrations occur in certain soils. This prevents the growth of many ordinary
pasture plants, but not Astragalus racemosus, which not only tolerates high levels of
the metal but also accumulates it to dangerous levels in its tissues. Domestic animals,
such as horses and sheep, that feed on the plant are poisoned. Selenosis is a ma]or
problem in grazing stock in South Dakota and some other parts of the US Midwest”.
It has also been reported elsewhere where soil selenium levels are high and other
accumulator plants grow.

4.1.1.2 Geobotanical indicators

Plants such as Astragalus that can tolerate high levels of metals in the soil are known
in the world of geology as ‘indicator plants’. In the past prospectors considered
geobotany, the study of such plants and their association with mineral deposits, a
valuable addition to their expertise. Even today, though geophysical equipment and
high-speed aerial surveying have taken a lot of the foot-slogging out of field work, the
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presence of indicator plants can provide useful hints to prospectors. Many such plants
are known. A species of basil, Becium homblei, known to prospectors in g)arts of
Africa as the ‘copper flower’, has been used to find deposits of copper ore®. Other
indicator plants have been reported for a variety of metal ores, including uranium,
cobalt, gold and silver’.

Indicator plants are of little more than marginal interest, however, with regard to
the problem of metal contamination of food. The occasional animal that eats, for
example, an Astragalus plant and dies as a result of selenium poisoning, is unlikely to
be used for human food. Of far greater interest are those species of ordrnary asture
plants and food crops that develop the ability to grow on metal-enriched soil'’. These
plants are of special significance when regenerated metal-working and other indus-
trial ‘brown sites’ are brought into use for housing or agricultural purposes, and when
sewage and other waste is used for soil amendment.

4.1.2  Effects of agricultural practices on soil metal content

Amendment of agricultural soil, by the application of various types of top dressing
and agrochemicals, can result in significant changes in its metal profile. Some of these
changes are deliberate, intended to increase levels of desirable nutrients where these
are inadequate. This is what was done in Finland in the early 1980s, when, because of
their concern that the national dietary intake of selenium was inadequate, the gov-
ernment decreed that fertilisers were to be enriched with the element. The result was
that, within a few years, soil and crop levels of selenium increased significantly and, as
a consequence, dietary intakes of the Finnish population more than doubled 1. Other
changes in soil metal concentrations as a consequence of fertiliser use can be less
welcome, for example, a build up of levels of cadmium.

4.1.2.1 Metals in agricultural fertilisers

Without the wide scale use of commercial fertilisers, modern agriculture would not
survive and food production would be inadequate for the world’s needs. However,
even such useful products need to be used with care, since their effects may not always
be advantageous in the long term. There is increasing evidence that repeated intensive
application of certain types of fertllrsers can be a significant source of metal con-
tamination of agricultural soils'?

The long term use of fertilisers on cereal crops in the prairies of south-western
Saskatchewan, Canada, has been shown to result in significant enrichment of the soil
with a variety of metals, including selenium, antimony, cadmium, lead and uranium.
Percentage increases in zinc (25%) and cadmium (66%) were particularly high.
Correspondmg to the soil changes, zinc and cadmium levels in cereals were 50%
higher than in wild plants from unbroken land in the same district'?

In the Canadian study the fertilisers commonly used were found to have high
concentrations of some metals relative to the natural environment. Molybdenum, for
example, was six times and cadmium 970 times higher compared to the average
crustal rock. A Swedish study found that some widely used commercial fertlhsers
were particularly rich in cadmium, with levels ranging from 18 to 30 mg/kg'*.

High levels of cadmium in fertrhsers have been recognised as a source of con-
tamination in foods in Australia'®. Phosphate from the Pacific island of Nauru which
has been used by Australian farmers for many years, contains between 70 and 90 mg
cadmium/kg. This has resulted in a build-up of cadmium in soils in some regions of
the country and, as a result, high levels of the metal have been detected in wheat and
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potatoes, as well as in liver and kidney of cattle and sheep'®. In recent years low-
cadmium fertilisers have generally replaced material from contaminated sources.
Unfortunately, once soil has become enriched in cadmium it is very difficult to remove
the metal.

The persistence of cadmium in the environment and its ability to cause long-term
health hazards is shown by a study of mussels and other crustaceans in fresh water in
an area of Western Australia where superphosphate fertilisers had been in continuous
use for some 16 years. During that time it was calculated that 273 tonnes of cadmium
had been applied to the soil and much of this has been leached into streams and other
waterbodies. There it enters the food web through algae and benthic animals, some of
which, such as freshwater mussels and crayfish, are used as human food. Analyses of
edible tissues from these crustaceans were found to exceed the Australian/New
Zealla7nd guidelines for Maximum Permissible Concentrations for human consump-
tion"’.

4.1.2.2 Metals in sewage sludge

Sewage sludge, the organic-rich material that is left behind after human or animal
waste has been processed in treatment plants, is produced in enormous quantities
throughout the world. The estimated production in England and Wales 20 years ago,
for instance, was over a million tonnes, and has been increasing ever since. Even
greater amounts are produced in other larger industrialised countries. As a result there
is a major problem of disposing of the waste, with increasing restrictions on the use of
landfills and sea dumping and less than enthusiastic community support for con-
struction of large-scale incinerators.

A major and generally acceptable use of sludge is as top dressing on agricultural
land. The practice has considerable economic and ecological attractions. The sludge is
rich in organic matter, on average about 40% of its dry weight. It can contain as much
as 2.4% nitrogen and 1.3% phosphate, two essential plant nutrients which, in the
absence of sludge, would have to be obtained from expensive commercial fertilisers.
Sewage sludge has been found to be a cheap, easily applied treatment that is ideal for
improving soil structure and increasing productivity in agricultural land.

Unfortunately, in addition to its desirable qualities, sewage sludge has a negative
side. It can contain considerable quantities of a variety of different metals, many of
which are toxic to plant and animal life. These metals can come from several different
sources, especially industrial, but even domestic waste can make a substantial con-
tribution. Mercury, zinc, lead and cadmium are among metals that occur in house-
hold rubbish and other waste. Boron, a constituent of many domestic washing
powders, is a major source of the element in waste water that will eventually reach the
sewage treatment plant. Street run-off, which in many municipal waste systems is sent
to the main waste treatment plants, can contain, in addition to lead and other heavy
metals, several of the platinum group of metals which are used in catalytic converters
in vehicle engines.

The wide range of metals and their concentrations that have been reported to occur
in sewage sludge are shown in Table 4.2. The concentrations are considerably higher
than might be expected in normal agricultural land, with more than 300 times as
much zinc and about 100 times as much copper and boron'®.

When such material is added even in moderate amounts to agricultural land, it can
significantly increase levels of toxic metals and other metals in the soil. The added
metals are generally difficult to remove from the soil and can continue to have an
effect on crops for many years. The persistence of cadmium, in particular, is a special



44 Metal contamination of food

Table 4.2 Metals in sewage sludge.

Metal Content (mg/kg)
Boron 15-1000
Cadmium 5-1500
Chromium 6-8 800
Cobalt 2-260
Copper 53-8000
Iron 6 000-62 000
Lead 120-3 000
Manganese 150-2 500
Mercury 3-77
Molybdenum 2-30
Nickel 2-5300
Scandium 2-15
Silver 5-150
Titanium 1000-4 500
Vanadium 20-400
Zinc 700-49 000

Data adapted from Pike, E.R., Graham, L.C. & Fogden, M.W. (1975) Metals
in crops grown on sewage-enriched soil. Journal of the American Pediology
Association, 13,19-33, and Capon, C.]. (1981) Mercury and selenium content
and chemical form in vegetable crops grown on sludge-amended soil. Archives
of Environmental Contamination and Toxicology, 10, 673-89.

problem and there is evidence that as a result of inputs from sludge and other soil
amendments, concentrations in many agricultural lands are slowly increasing'”

Cadmium is by no means the only, or indeed most important, of the metal con-
taminants added to soils and crops by the use of sewage sludge. Several other
potentially toxic metals also cause problems. One of these, molybdenum, is easily
taken up from sludge by growing forage crops, especially legumes, and can adversely
affect the health of farm animals.

Several other potentially toxic elements (PTEs), including copper, mercury, nickel
and zinc, can be present in significant amounts in sewage sludges®’. Because of the
dangers to health that PTEs in sludge can pose to the health of consumers, authorities
in many countries have introduced legislation to regulate their use in agriculture. In
the UK, thlS is done by The Sludge (Use in Agriculture) Regulations 1989 (as
amended) which implements a European Community Directive on the subject®”. In
the USA levels of PTEs permitted in sludges used for soil amendments are controlled
by the Environmental Protection Agency, under EPA Regulations 503%°. A Directive
of the Commission of the European Communities limits the inputs of potentially toxic
metals to soil from sewage sludge®*.

While enrichment of agricultural soils with PTEs through the use of sewage sludge
can result in an increased uptake of metals by crops, it should be noted that not all
metals are taken up to the same extent. In addition, there can be considerable dif-
ferences between levels of uptake even of one type of metal by different species of
plants There is some evidence also, that use of sewage sludge may have a less
serious outcome with regard to uptake of toxic metals by crops than the application of
metal-contaminated commercial fertilisers. Metals in sludge are generally organically
bound and less available for plant uptake than are the more mobile metal salt
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impurities found in fertilisers®®. A review by Dudka and Miller, which looks at,
among other matters, differences in uptake of metals from soils between species and
cultivars of plants, should be consulted for further information on the relationship
between sludge-amended soil and metal transfer to the human food chain?’

4.1.2.3 Metal uptake from agrochemicals

A number of different metallic compounds are used as agricultural chemicals and can,
as a result, contaminate crops. One of the earliest to be used was copper, as copper
sulphate mixed with lime and water in Bordeaux mixture. It was originally sprayed on
grapes, it is said, to deter thieves, and only later was found to prevent mildew. Potato
growers have long used the mixture to prevent blight and other fungal diseases.
Copper salts are still widely used, by home gardeners as well as by commercial
growers, for that purpose. In the case of potatoes, the practice is unlikely to cause any
problems for consumers, since the mixture is sprayed on the overground haulms and
the external peel of the tubers is usually discarded before they are eaten. With grapes
there is a possibility that adhering copper salts on the fruit skin will end up in the
wine, if sufficient time is not allowed between spraying and harvesting for it to be
washed off by rain.

The use of organic mercurial compounds has been the cause of serious and well-
documented cases of food poisoning. Such mercury-containing compounds were once
widely used as antifungal seed dressings. The misuse of treated seed wheat for making
flour caused an epidemic of mercury poisoning in Iraq in the late 1960s, the effects of
which persisted among some of those who were poisoned, for many decades?®. As a
result of this tragedy, and similar accidents elsewhere, the use of mercurial com-
pounds in agriculture is now banned in many countries.

A solution of lead arsenate was formerly widely used in orchards to control pests
such as ermine moth on apples and sawflies on pears. It was very effective for this
purpose but, unfortunately, if used too close to harvest time it left a residue on the skin
of the fruit. This would account for the unacceptable levels of arsenic and lead which
were relatlvely frequently found in the past on apples and pears, as well as in cider and
perry®”. There has been some concern that prolonged use of lead arsenate insecticides
can lead to persistent contamination of orchard soil and could be taken up into the
fruits. However a study of uptake of arsenic and lead by apple and apricot trees
growing in such soil has found that thou 3gh uptake occurs, neither metal reaches levels
which are a danger to consumer health®®

Arsenic can also enter the food chain through another agricultural practice which
uses arsanilic acid as a growth promoter. Though the amounts used are very small, the
compound is very effective in increasing growth rates when added to the rations of
chickens and other animals. The elevated arsenic concentrations sometimes found in
the past in chicken liver probably resulted from use of such growth promoters®'. This
practice is now banned in the UK and some other countries.

4.1.3 Industrial contamination as a source of metals in food

Metal contamination of food as a result of mining and other industrial activities is
widespread. Modern mining is normally subject to stringent environmental protec-
tion regulations and is required to use various devices such as holding dams and
filtering systems to prevent metal-contaminated waste escaping into adjoining areas
where they might contaminate crops. This was not always the case and abandoned
mine workings continue to cause contamination problems in some countries.
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4.1.3.1 Metal contamination from mining operations

There is a long history of metal poisoning of farm animals in the metalliferous regions
of the Harz Mountains of north-eastern Germany. Silver, lead and copper ores have
been mined and smelted there for many hundreds of years and there is widespread soil
contamination with these metals. High levels of lead in locally produced animal
fodder are still reported today and concerns are expressed about possible effects of
high intakes of metals by residents**

The legacy of the British Industrial Revolution, with its proliferation of mining
activities and metal working throughout the country, continues to cause environ-
mental problems. High levels of cadmium in soil and in locally grown vegetables in
the village of Shlgham in Somerset, have been traced to contamination from an
abandoned mine””. Even when the old workings are in isolated areas, far from
farmland, problems can still occur. Increasing flooding in recent decades, a possible
effect of global warming, has caused mobilisation of contaminated materials from
upland deposits in parts of the old lead mining areas of the Yorkshire dales. As a result
lead- -containing sediment has been washed downstream in rivers and streams and
there is concern that crops : and fodder in the basin of the River Ouse may become
dangerously contaminated®®. A similar problem has arisen in southern Spain with the
collapse of the tailing pond dike of the Aznalcollar zinc mine north of the Gua-
dalquivir marshes. Farm and wetland as far as 40 km downstream were contaminated
with cadmium and zinc. Plants were found to contain more than 7 pg cadmium/g and
3384 g zinc/g, 40 and 100 times greater respectively than levels in normal tissue®”

Cadmium in waste water discharges from non-ferrous metal mines and smelters in
the Jintzu area of Japan was responsible for the notorious outbreak of itai-itai disease
reported in the 1960s. As a result of consuming rice irrigated with water from the
mine, local residents accumulated excessive amounts of cadmium in their bodies, with
serious consequences for their health*®. These included sometimes fatal renal tubular
dysfunction®”, as well as osteomalacia which results in bone brittleness and, in
extreme cases, collapse of the skeleton®®

Mercury contamination of the environment, with potential serious consequences
for human health, is widespread in the Amazon basin of Brazil as a result of unre-
gulated gold mining. The mercury is used during the processing of the gold-bearing
gravels and in many illegal or poorly organised workings, much of it is lost with the
waste water discharge. The mercury enters the aquatic ecosystem and causes con-
siderable contamination of river sediments and of fish and other aquatic organisms.
Cattle and pigs have been found to have high blood mercury concentrations and
excessive levels have also been detected in blood, urine and hair of local residents®”.

4.1.3.2  Metal contamination from metal industries

The refining and industrial use of metals, in a wide range of industries from elec-
troplating to vehicle manufacture, can contribute significantly to environmental
contamination with potential for impact on human health. This connection between
industry and metal poisoning has been recognised for many hundreds of years.
Today, in spite of national and international efforts to control the problem, envir-
onmental and health damage resulting from our industrial use of metals continues to
occur throughout the world.

Mercury used as a catalyst in the manufacture of plastic in a factory in Japan in the
1950s caused a tragedy that cost the lives of many and brought the name Minamata
onto the headlines of the world press. For many people the Minamata outbreak was
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the equivalent of Rachel Carson’s Silent Spring and marked a defining moment in the
global environmental movement. The mercury, which was discharged in waste water
into Minamata Bay on the west coast of Japan, eventually, after a chemical trans-
formation, entered into the human food chain through fish and was consumed by
local fishermen and their families. The result was an epidemic of organic mercury
poisoning, a debilitating and, in many cases, fatal illness. As we shall see, mercury is a
very persistent and tenacious environmental pollutant and fish caught in Minamata
Bay even today, many years after discharge from the factory has ceased, carry a high
mercury burden in their tissue

Pollution of the environment with mercury as a result of escapes from industry
continue to cause health concerns in many countries. Release of the metal by paper-
making plants, in which mercury compounds are used in processing wood pulp, has
resulted in contamination of lakes in Sweden and Canada. Fish caught in these waters
have been found to have accumulated high levels of mercury in their tissues. The
danger to human health is considered so great by Canadian health officials that
fishing has been banned in some of these contaminated lakes*.

Large-scale pollution of water by other metals besides mercury and cadmium also
occurs as a result of industrial activity. Typical of such incidents were the levels and
variety of metals released in the late 1960s by a steel-making plant on the River Tees
in north-west England. The river was contaminated with high levels of aluminium,
chromium, copper, iron, manganese and zinc, as well as with lesser amounts of
antimony, arsenic, cobalt tin, titanium, tungsten, uranium, vanadium and tungsten.
It was estimated that each’ day 7500 kg of i iron, 2300 kg of manganese, 850 kg of zinc,
310kg of lead and 25 kg of copper were released®?

Such extreme levels of pollution are now seldom met with in industrially developed
countries, except as the result of spills and other accidents. Steps have been taken by
many governments in recent decades to control the situation, for example, in the UK,
by the Deposit of Poisonous Waste Act (1972) and the Control of Pollution Act
(1974).

One of the worst offenders with regard to release of toxic metals into the envir-
onment has been, traditionally, the metal-finishing industry. Metal-rich sludges
produced by plating shops cause particular problems. These can contain as much as
2.5 % nickel, 1.5% zinc, 1% chromium and copper, 0.25% cadmium and 0.2%
lead**. Economic as well as social pressures have in recent years led the industry to
clean up its activities by detoxifying its waste and collecting as much as possible of the
metals for reuse.

Because of past poor industrial practices and the persistence of many metals in the
environment, there are a number of industrialised areas in the world where, in spite of
current efforts to prevent further contamination, there is a local legacy of metal
contamination. Recent reports from some former Eastern Bloc countries in which
heavy industries flourished in the Soviet era, show that high concentrations of metals
are still encountered in soil and water. In the industrialised areas of northern Bohe-
mia, as well as of Saxony, in the former East Germany, concentrations of chromium,
cadmium, lead, nickel and zinc occur at unacceptably high levels in agricultural soils
and crops. A major contributor to this contamination is believed to be have been low
quality brown coal used in power stations**

This kind of pollution still occurs today. In Plast, an industrial city in the South
Urals in Russia, some 15 factories are engaged in various kinds of metal-related
activities. It has been reported that one of these plants releases 140 tonnes of arsenic
each year into the surrounding area. Emissions from the other factories have also been
found to contain arsenic as well as cadmium, copper, lead, nickel, selenium and zinc.
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Soil in the town and surrounding farm land is significantly contaminated with these
metals, with many samples well above Russian Maximum Allowable Concentrations
(MAC), with corresponding elevated levels in crops. Arsenic, for example, at levels of
0.3-3.6 ug/g (MAC 0.2 pg/g) was found in 94% of potatoes and in 18-25% of other
locally grown foods*

4.1.3.3 Emission of metals from coal

Coal-burning, in large-scale electrical generators as well as in small plants and even
domestic appliances, is often a source of contamination of food. As has been seen
above, the use of brown coal to produce electricity has been responsible for local
contamination with toxic metals in some countries. It has been found that much of the
coal used in China contains significant amounts of mercury and that this can be
emitted into the atmosphere when the coal is burned. It has been estimated that over a
period of five years, from 1990 to 19935, nearly 2500 tonnes of mercury were emitted
over the whole country from coal- burnlng boilers, with the highest emissions in
Beijing, Shanghai and Tianjin*®.

Even on a small scale, coal burning has been shown to cause health problems in
China. A study in south-western China found that some coal used domestically was
rich in selenium, arsenic and fluorine and that there was a high incidence of arsenic
and selenium poisoning among residents in certain areas. The use of coal in unvented
ovens and poorly ventilated houses, with consequent pollution of the air and of food,
was believed to be respon51ble for the endemic selenosis, arsenism and fluorosis
observed in local residents*”.

4.1.3.4 Problems of use of brownfield sites

The policy of many governments to encourage the re-use for housing and other
related development of former industrial brownfield sites, rather than build on
greenfields outside urban areas, can unwittingly expose residents in the redeveloped
areas to the danger of high heavy-metal intakes. As we have seen, environmental
contamination with heavy metals can persist for a long time after a particular industry
has ceased to operate. Even in an area in which there has never been a polluting
industry, urban soil may contain many pollutants as a result of their origins and uses.
Run-off from heavily used roads can contain a variety of toxic and other metals
emitted in exhaust from motor vehicles.

Lead is a particular problem, and its build-up on roadsides has been well estab-
lished. High levels of lead, believed to be due to use of leaded petrol by vehicles, have
been found, for example in such places as an urban school playground in Mamla in
the Phlhpplnes Other metals, such as copper and arsenic, are also known to be
emitted in exhaust* . Cadmium, copper, manganese and zinc have also been detected
in urban air and dusts in apprec1able amounts, probably in part due to wear and tear
of tyres and brake pads®®. Atmospheric dust produced by coal-fired power plants and
municipal incinerators is another source of metal contamination of urban sites”"

In the light of such findings it is clear that urban soil management and, in parncular
use of brownfield sites for domestic purposes, have to be handled with care’ 2, Many
countries have introduced legislation to control such activities and, espec1ally, to
require extensive clean-up of sites before they can be used for residential buildings. In
the US, for instance, where brownfield initiatives are being developed by federal
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authorities and many states, USEPA site-specific risk assessment procedures and
heavy metal toxicity criteria are being used to ensure that the re-use of industrial sites
does not pose a health risk to residents®?.

4.1.4 Geophagia

Not all the soil that is consumed by humans is taken in by accident. Deliberate soil
eating, or geophagia (so named from the two Greek words, geo- for earth, and phag-
for eat), has been long practised traditionally in many parts of the world and is still to
be found today’*. Soils, selected for particular quahtles such as flavour and mouth
feel, from selected sites, are consumed, for example, in countries in Africa, for a
variety of reasons, from religious to medicinal. They are also used as part of the
normal diet, either sprinkled over a dish, rather like pepper or salt, or ground up in
water and used as a sauce. The practice has been criticised as a potential source of
contamination with toxic substances and parasites, though, in theory at least, soil
used in this way could be a source of valuable trace elements in the diet’

However, lead and other toxic elements may also be present, if the soil is con-
taminated. In one study soil consumed traditionally in a region of Uganda was found
to contain elevated levels of the rare earth cerium which was suspected to be asso-
ciated with a locally high level of incidence of endomyocardial fibrosis*®. In spite of
such problems it has been argued that, geophagia, which is unlikely to be ever more
than a practice of local communities in a limited number of places, can play a valuable
public health role by contributing to the correction of deficiencies of certain minerals
in the diet’”

4.2 Metal contamination of food during processing

Though considerable attention has been given in the foregoing section to the problem
of metal contamination of primary foodstuffs before they leave the farm or market
garden, it would be misleading to give the impression that a high proportion of
products arriving at food processing plants contain more than minimal amounts of
toxic metals. In fact, current legislation and the monitoring practices of public health
inspectorates in most of the developed countries see to it that contaminants in foods
intended for processing are negligible or at least at levels which are known, in the US,
as GRAS, ‘generally recognised as safe’. Where there is external contamination with
particles that may contain unacceptable levels of metals, these will be removed nor-
mally during the initial steps of removing inedible and unwanted external parts,
especially of vegetable products.

Contamination with metals does occur occasionally due to the presence of what is
known as ‘tramp’ or ‘rogue’ metal, such as fragments of farm equipment which have
found their way into the product. Foods are routinely screened for such unwanted
materials by one or a combination of standard cleansing operations carried out as a
first step at food processing plants. Screens are used to sift out larger particles, and
metal detectors, using X-ray or magnetic scanners, are used to pick up fragments that
escape the sifting. In-line controls can be set up which are capable of detectmg t
ferrous and non-ferrous materials most frequently encountered as contaminants
spite, however, of the best efforts of primary producers to send contaminant- free
produce to the processor, and of the processor to screen incoming materials, it is still
possible for the end products to contain unacceptable levels of certain metals.
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4.2.1 Contamination of food from plant and equipment

Food processing equipment and containers have long been recognised as sources of
metal contamination of food. It is believed by some historians that the ancient
Romans suffered from chronic lead poisoning as a result of leaching from poorly
glazed pottery vessels in which they stored wine®”. In more recent times use of glazed
vessels to hold pickled olives has caused lead poisoning in the former Yugoslavia®

Lead has long been a problem in food processing because the metal readily lends
itself to the fabrication and repair of cooking and storage utensils. The use of strips of
lead sheet to repair cracks in wine vessels, a practice that is still employed in some
traditional vineyards, has been shown to cause contamination of wine. Eighteenth-
century cider drinkers in England sometimes suffered from ‘Devonshire dry gripes’ or
colic, caused by metal picked up from the lead-lined troughs used by cider makers®!

Amateur repair work on cooking and storage vessels, in which lead solders are
used, have been relatively common causes of food contamination. Even in industry,
stopgap repairs of processing equipment with parts cannibalised from elsewhere, can
cause problems. The replacement of a corroded section of a stainless steel pipe in a
freezer unit by a recycled copper tube in an Australian ice cream plant caused copper
contamination of products and several poisonings in children who consumed them®*

In modern food-processing plants, designed with full regard for hygiene and safety,
there is little if any danger of metal pick-up by the products during manufacture.
High-quality stainless steel, plastics and other structural materials approved for use in
contact with foods, are used. The actual grades of materials used will depend on the
particular products to be handled and the processes to which they are subjected Dairy
products, for instance, are partlcularly sensitive to oxidation when in contact with
copper and some other metals®?. Other foods can also be adversely affected by metals
and alloys used in plant fabrication. The su gect is a complex one and specialist texts
should be consulted for further information®*

Whitman has discussed interactions that can take place between structural mate-
rials used in food plants, and foodstuffs, cleaning agents and other substances®®. He
noted that certain kinds of stainless steel contain traces of arsenic, lead, mercury,
cadmium and zinc, all of which can cause food poisoning. Other metals such as
copper, nickel, iron and chromium can act as catalysts in oxidation reactions and
cause rancidity in fats. It is important, therefore, to use only steels of the highest
quality from which transfer of any of these metals to food during processing will not
occur.

Adoption of good operating procedures is also essential if metal contamination of
products is to be avoided. For example, contact time between foods and equipment
should be kept to a minimum. It has been shown that migration of certain metals,
suchégs manganese and nickel, from stainless steel to foods is relative to contact
time

4.2.2 Metal pick-up during canning

Every process to which food is subjected and each type of container in which it is
placed can make some contribution to the load of chemical contaminants we accu-
mulate in our bodies. Packaging is only one of the sources of metal pick-up®’
However, mainly for historical reasons, the possibility of food being contaminated by
the container in which it is packed looms large in public awareness of food hygiene.
The use of what we know as the food ‘can’ dates back to the response of scientists to
Napoleon’s offer of a prize, in the early nineteenth century, to anyone who could
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develop a practical method of food preservation that would enable him to feed his
vast armies while on campaign. One of his subjects, Nicholas Appert, provided the
solution based on the principle that food spoilage bacteria are destroyed by heat. In
1804 he produced preserved meat by heating and sealing it in glass jars.

Appert’s discovery was developed further by an Englishman, Peter Durand, who
used tin-coated iron containers in place of glass jars. In 1810 he was granted a patent
for his technique of preserving foods in hermetically sealed tin cans. Initially canned
food was produced to meet the needs of the British Army and Royal Navy. The cans
were made of heavy-gauge tinplate at the Dartford Iron Works in Kent, and were
laboriously sealed by hand using lead solder. They were heavy, and bulky, but
remarkably successful as a means of preserving food. As early as the 1820s canned
beef was taken on a Royal Navy expedition to the Arctic. Other canned foods were
developed later: sardines in 1834, green peas in 1837, and condensed milk in 1856.
The first pineapple cannery was established in Hawaii in 1892 and, in 1897, the first
canned soup was produced in the US®S.

There were, however, problems with many of these early cans. On occasion the
food they contained was contaminated with lead and other metals. A public per-
ception grew that canning was associated with food poisoning. There was even a
move in some countries to ban the process. In 1892 a congress of physicians in
Heidelberg, Germany, recommended that ‘tin plate should be forbidden for making
vessels in which articles of food are to be preserved’

Though today the basic principles of canning are the same as they were in the
nineteenth century, techniques and the quality of materials have been greatly
improved since those pioneering days. Nevertheless the problem of metal con-
tamination of canned foods and beverages has not entirely gone away.

4.2.2.1 ‘Tin’ cans

Technically speaking a ‘can’ is any hermetically sealed container in which food is
subjected to a canning process, namely heat treatment to extend its shelf-life. The
tinplate used in cans is a composite packaging material made up of a low-carbon-mild
steel base, a very thin layer of iron—tin alloy, a thin layer of pure tin, a very thin layer
of oxide and finally a monomolecular layer of ‘physiologically safe’ edible oil 7.

Each layer has its special role to play. The tinplate is ‘passivated’, either chemically
or electronically, to build up a ‘passive’ layer on the surface to prevent oxidation. In
both techniques chromium is deposited on the surface of the tinplate. The steel base is
strong and rigid, giving tinplate its robust characteristics that allow it to withstand
high-speed can-making as well as subsequent handling and storage. The tin coating
gives an almost inert inner surface, while the oxide layer protects the tin from oxi-
dation and corrosion. The outer layer of oil helps to prevent scratching of the can
during manufacture and handling. The tin used is of high quality and under standards
approved by ISO and EC regulations must be 99.75% pure. The steel base must not
contain more than 0.05% manganese and chromium, 0.05% molybdenum and
0.04% nickel”!

Cans are often coated internally with lacquer, generally a thermosetting resin
polymerised on the surface of the tin during a baking process. This provides addi-
tional protection where there is a danger that the contents will corrode the metal. The
protective effects of such a barrier are shown by a study of dietary tin intakes in
France, which found that tin levels in the contents of unlacquered cans was 76.6 +
36.5 mg/kg while in lacquered cans it was only 3.2 + 2.3 mg/kg’?. However, in the
months or even years in which canned foods may be in storage, even this barrier may
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not be adequate. A slow corrosion can take place, especially if the food is acid and the
lacquer layer is imperfect. Other factors, such as the presence of nitrate, storage
temperatures, length of storage time, as well as the presence of various oxidising and
reducing agents in the food, can determine the amount of corrosion that takes place.

Until relatively recently lead solders were used to join seams and attach lids to food
cans. This practice has largely been abandoned in many, though not all countries, and
has been replaced by new technologies such as using lead-free solders and solder-free,
welded or folded joins”®. In the US, as well as in several other countries, the
remarkable reduction in dietary lead intake observed in recent years has been
attributed, at least in part, to the phasing out of lead soldered food cans. Not many
years ago the intake of lead from this source could be considerable, as some of the
older data shows. A study in Israel found lead levels of 2 mg/litre in canned fruit
juice”?, while in New Zealand investigators reported levels of 10 mg lead/kg of canned
blackcurrants”. Other metals, such as tin and iron, were also present at unusually
high levels in some of the cans examined.

Though the migration of lead and other metals from the can into its contents is
related to such factors as the length of storage and the ambient temperature, this is not
a simple relationship. An important part in the process can also be related to the
electrochemical properties of the metals, such as the cathodic behaviour of lead
relative to tin. When both metals are in electrical contact in a fluid, the tin will dissolve
in preference to the lead and lead already in solution will be replaced by tin. The
implications of this are well illustrated by the results of analysis of the contents of a tin
of roast veal which had been taken on an Arctic expedition in 1837 and had been left
in permanent deep freeze until it was recovered a century later. Though the can was
crudely made and large amounts of lead solder had been used to seal the top and sides,
only 3 mg lead/kg was found when the veal was analysed, along with 71 mg iron/kg
and a massive 783 mg tin/kg. A tin of carrots recovered from the same cache con-
tained 308 mg iron/kg, 2440 mg tin/kg, with no lead detectable”®.

Changes in the metal content of canned foods occur during storage even in modern
cans. A recent study of canned evaporated milk found that while copper levels fell
from an initial 2.23 + 0.18 to 0.44 4+ 0.01 mg/kg over two years, tin had increased
from 28 + 2 to 114 + 4 mg/kg, and lead from 0.093 + 0.005 to 0.29 + 0.01 mg/
kg””. The level of nitrate in canned food can be the cause of high levels of tin. An
outbreak of food poisoning in Germany was traced to the consumption of canned
peaches imported from Italy. The fruit contained about 400 mg tin/kg compared to
the usual levels of 44-87 mg/kg in canned peaches produced elsewhere. The Italian
cans were found to contain high levels of nitrate that was traced to contamination of
water used in processing. The water came from a well that had as much as 300 mg
NOj/litre. It was concluded that the level of tin in the peaches was not of itself likely to
be toxic, but that nitrate had increased the solubility of the metal”®.

4.2.2.2  Aluminium containers

The aluminium can, for soft as well as brewed drinks, is a feature of modern life. We
make enormous use of aluminium foil for food wrapping and for a variety of food
containers. This is a relatively recent development, for though aluminium has been
commercially available for many years, technological difficulties prevented its wide-
spread use in the food industry. Initially, also, there was some opposition on the
grounds of health. However, this opposition has largely disappeared and today
aluminium is probably the most widely used metal for food packaging.

As with other packaging metals, the pure aluminium metal is not used on its own to
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make cans. Various other metals, including iron, copper, zinc, chromium and man-
ganese, are alloyed with the aluminium to provide strength, improve formability and
increase corrosion resistance. These metals, as well as the aluminium itself, may under
certain conditions migrate into the can’s contents. Uncoated aluminium cans are
readily attacked by food acids, causing hydrogen release and swelling of the can.
Aluminium acts as a ‘sacrifical anode’ when used in conjunction with tinplate or steel.
This is the reason why aluminium ends are sometimes used on steel cans. The alu-
minium provides electrochemical protection by replacing any iron or tin which might
otherwise enter the contents””.

Aluminium has been found to be an excellent metal for storage of many types of
beverages, alcoholic as well as non-alcoholic. It has been shown that even when
solution of the metal occurs, the flavour of the beverage will not be affected until more
than 10 mg aluminium/litre has dissolved. It is claimed that beers packed in alumi-
nium cans are superior in colour, flavour and clarity to those packed in tin-plated steel
cans®®,

Coating the inside of an aluminium can with a vinyl epoxy or other resin helps to
prolong the shelf-life of canned alcoholic beverages and soft drinks. Strong alcoholic
beverages such as whisky and brandy and some wines can undergo undesirable
reactions with the aluminium if packed in unlacquered cans. Pitting corrosion can
occur as well as discoloration of the beverage. As aluminium is dissolved by the liquid,
a flocculent precipitate of aluminium hydroxide can form®!.

Aluminium foil is used extensively for food wrapping and packaging as well as
during cooking. If properly handled and used in the right conditions, the foil fulfils its
roles excellently. However, in the case of frozen foods, for example, bad handling
and, especially, poor storage and resulting thawing can cause both deterioration of
the food and corrosion of the foil. In addition, if aluminium foil comes into contact
with other metals, the electrochemical ‘sacrificial’ reaction can come into play. Pitting
and corrosion of the foil occurs, with aluminium contamination of the food.

4.2.3 Contamination of food during catering operations

Some long-favoured practices used on both a large and small scale in cooking in the
kitchen have been implicated in metal contamination of food. This has been princi-
pally as a result of the use of metals to fabricate the pots and pans and other kitchen
utensils. Ceramic, as well as enamelled, utensils have also been implicated.

4.2.3.1 Metal cooking utensils

Tinned copper pans and pots have traditionally been favoured by chefs. The com-
bination of metals was found to be ideal for cooking: the copper, with its high con-
ductivity, allows rapid heating while the tin protects the easily dissolved copper from
attack by food acids. Today stainless steel, aluminium and a variety of non-stick
surfaced metals, as well as ceramics and glass utensils have been adopted in the
majority of domestic kitchens. Tinned copper pots and pans are still, however, to be
found in many hotel and restaurant kitchens and even in some modern homes.
Unfortunately, while the excellent heat transfer qualities of these tinned copper
utensils is rightly valued, they can also cause contamination of food. The tin used to
plate the copper is, in fact, not pure tin but a lead-tin mixture. The lead is required for
technical reasons as a flux so that the tin can spread evenly over the surface of the
copper. Even though under UK Food Regulations the amount of lead in the tinplate
may not exceed 0.2 %, this is enough in some circumstances to contribute a significant
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amount to foods cooked in tinned utensils, as has been shown in a study of lead
contamination of foods prepared in a commercial restaurant®>

Several different types of food were cooked in the normal manner using three
different utensils, an aluminium saucepan and a new as well as an old and well-used
tinned copper saucepan. The levels of copper and lead in the cooked food, compared
to the raw foods, are shown Table 4.3. As the results show, both of the metals are
leached to an extent dependent on the state of wear of the cooking utensils. In another
study tomato soup heated in a previously unused tinned copper pan was found to
contain 3.53 mg lead/kg, compared to 0.71 mg/kg when prepared in an old pan®’.
When tested by the standard method (measurement of uptake of lead by a 4% acetic
acid solution in contact with the tinplate over a 24-hour period), the tinning on the
new saucepan was found to contain 0.28% lead, which was above the legal limit,
while in the worn pan it contained only 0.1%.

Table 4.3 Copper and lead content of foods before and after cooking in different types of metal
saucepans (mg/kg, wet weight).

Fish Chicken Cabbage Potato
Saucepan Pb Cu Pb Cu Pb Cu Pb Cu
Uncooked 0.31 0.82 0.14 2.21 0.15 1.36 0.19 3.10
Aluminium 0.36 1.37 021 252 0.18 1.04 0.16 1.87
Tinned copper (old) 0.42 5.70 0.25 6.36 0.29 2.07 0.22 2.39
Tinned copper (new) 1.09 2.24 0.94 4.0 0.79 1.93 0.26 1.88

Data from Reilly, C. (1978) Copper and lead uptake by food prepared in tinned-copper utensils. Journal of
Food Technology, 13, 71-6.

Other metals may also be picked up by food from cooking utensils. There is evi-
dence that the traditional use of cast iron pots in some countries, especially over low
fires for slow cooking, can contribute to a high level of iron in the cooked food. This
practice is believed to be related to iron overload of the liver observed in some
population groups 1n southern Africa®®. A similar observation has been made in
Papua New Guinea®. The use of iron pots for cookmg the food of infants has been
suggested as a 81mp1e and effective way of improving their iron intake, especially in
developing countries®®. A condition known as Indian Childhood Cirrhosis (ICC), i
which excess copper becomes deposited in the liver, may be related to the use of
copper and brass utensils in the preparation of infant foods®’

As will be noted later, concern has been expressed by some medical authorities and
several consumer groups that aluminium consumed in the diet may be associated with
the onset of Alzheimer’s disease and other degenerative mental states. Aluminium can
be picked up by food from aluminium cooking utensils and from aluminium foil used
to wrap foods. It is also conmbuted to the diet through the use of certain aluminium
compounds as food additives®®. Whether, however, the resulting levels of uptake are a
risk to health has not been established®.

Even in domestic situations the use of inappropriate metals in equipment used for
food and beverage preparation can cause problems. Coffee percolators made from
aluminium have been found to be a source of dietary aluminium, especially when the
percolation is prolonged®® ngh levels of other metals may also come from similar
sources. A copper coffee urn, in which the grounds had been allowed to build up for
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some time and which was kept on continuous heat, caused gastnc upset in those who
consumed the beverage, apparently due to copper ingestion’'. A high intake of
cadmium, also resulting in gastric upset, was caused by use of a zinc-plated water-
heating unit for beverage preparation®”. The zinc was found to contain a high level of
cadmium.

Many other examples can be given of incidents of poisoning that have resulted
because of the use of inappropriate metals and alloys in domestic and commercial
food preparation. In general, where there is any doubt about its suitability for use in
contact with food an item of equipment should be excluded from the kitchen. Zinc-
and cadmium-plated items have already been mentioned in this connection. In
addition beryllium, which is used as a hardener in copper alloys, should be excluded
from all possible contact with foods, and only metals and equipment made from them
which have been approved for catering should be used for food preparation.

It must be noted, however that not all metal pick-up from cooking and other
equipment poses a health risk®. It is probable that much of our intake of the essential
element chromium is obtained from leachate from stainless steel vessels®. Stainless
steel may also be an important source of nickel in our diet. We have already seen how
iron cooking utensils can contribute to iron nutrition*.

4.2.3.2 Ceramic ware

Pottery containers and cooking utensils have long been recognised as potential
sources of metal contamination of food and drink. Ceramic vessels are normally given
a glass-like glaze to produce a non-porous, watertight surface. The glaze is produced
by coating the surface of the originally porous pottery with what is known as “frit’ and
heating it to a high temperature in a kiln. The frit consists of a mixture of salts of
various metals, including lead, and in the high temperature of the kiln it is vitrified
and forms a glass-like layer on the pottery surface. The glaze on properly made and
kilned plates and dishes should normally be unaffected by food and heat and not
release its lead or other components during cooking. Unfortunately some glazed
pottery, especially of the craft and home-made kind, which has not been kilned at a
sufficiently high temperature or has been made with poorly formulated frits, has been
known to release toxic amounts of lead, cadmium and other toxic metals into food.

A Canadian study of a range of earthenware items on sale in high-street stores, for
example, found that 50% of them were poorly glazed and were unsafe for use with
food. A more recent study in Mexico concluded that use of lead- glazed pottery was
among the most important factors related to high blood lead levels in children”®
Lead-glazed ceramic ware continues to be cons1dered one of the major potentlal
sources of dietary lead in the US by the FDA®’

Standards related to leaching of heavy metals from ceramic ware have been
established by several governments as well as international bodies. The Council of the
European Economic Community issued a directive laying down 11m1ts for lead and
cadmium leaching under specified conditions for ceramic articles”®. The International
Organisation for Standardlsatlon (IOS) has also established permlss1ble levels for lead
and cadmium release”. In the US the FDA has established an ‘action level’ for lead
release from glazed ceramic ware of 0.5 mg/litre, and has established the ‘Ceramic
Dinner Ware Lead Survelllance Program’ to protect consumers from excessive lead
ingestion from such sources'’’. In the UK MAFF (now DEFRA) has issued similar
guidelines ",

Both MAFF (DEFRA) and the USFDA give a piece of advice that it would be well
for all consumers to follow. When it comes to whether or not to use a particular
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ceramic item to prepare or store food or drink, it is best to avoid craft and home-made
or antique ceramics and to stick to commercially made products. With these, unlike
the other items, you can normally be assured that the glazing meets legal standards
and is unlikely to contaminate food with lead or other toxic metals.

4.2.3.3 Enamelled ware

Enamelled kitchen ware can also cause metal contamination of food. Enamel is
similar to glaze on pottery; a glass-like layer is baked onto the surface, serving both as
an anticorrosive lining and as decoration on a metal utensil. As is the case with
ceramics, enamelled casseroles, plates, saucepans and other kitchen appliances that
come from reputable manufacturers and conform to British or other standards will be
safe to use. But others of less reputable origin, whose adherence to good standards
cannot be guaranteed, are suspect. This is especially true of those that are bright
yellow or red in colour, indicating the possible use of lead or cadmium pigments. Old,
worn enamelled vessels with cracked surfaces are also suspect.

4.2.3.4 Other domestic sources of metal contamination of food

Printing and decoration used on food and beverage containers may also be a source of
metal contamination. A Japanese study found that the pigment used to decorate some
types of drinking glasses could release high levels of lead and cadmium into bev-
erages' %%, Print and colour on plastic vessels and wraps can also be a source of metal
contamination of the contents. High levels of lead have been detected on the outside
of soft plastic bread wrappers. In a study of sources of lead in the diet of children, the
risk of lead poisoning associated with the re-use of plastic food wrappings to store
food in the refrigerator has been stressed'®. Other metals may also be added to food
in the same way'%*.

Wrapping paper and cardboard can also contribute to the metal content of food.
Cadmium, chromium and lead have been detected in several different kinds of paper
used for a variety of different food-related purposes. In paper teabags, for instance,
cadmium was found at a level of 0.3 mg/kg'®’. A study of coloured wrapping papers
used for confectionery found that many of them contained unacceptably high levels of
lead'“®. One such wrapper on a sweet contained more than 10 g lead/kg of wrapper.

A high level of metals in the colours and print used on wrappers does not, of course,
mean that the sweets and other products that are contained in them will necessarily be
contaminated. The printing and decoration are normally on the outside of the
wrappers and are not normally in contact with the contents. The danger can arise
when, in re-use, the wrappings are turned inside out and used to store other types of
food. In the case of children, the teeth are sometimes used to open a difficult wrapping
and it is not unknown for sweet papers to be chewed. However, even in such cases
there may not be any danger of absorption of toxic metals. Whether this occurs will
depend on the solubility of the pigments. In many countries there are regulations
which set strict limits for migration of materials from plastic and other wrappings into
food'®”. A study carried out by the Canadian Department of Health and Welfare
found that while a range of metals, including copper, mercury and lead, could be
detected in plastic wrappers and containers used on foods sold to the public, none of

theselggere soluble to any significant extent and would be unlikely to be absorbed by
food ™.
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4.3 Food fortification

The addition of certain nutrients, including trace elements, to food and drink is widely
practised around the world as a public health measure and a cost-effective way of
ensuring the nutritional quality of the food supply'®’. In certain countries and for a
limited number of food products, it is a legal requirement. Additions are also made by
food manufacturers in response to pressure from consumers and, not least, to ensure
that their products have a competitive edge in the market place.

Iodine was the first nutrient to be added on a large scale to a food as a public health
measure to combat the goitre which was then endemic in many parts of the world. In
1922, a hundred years after the Swiss physician Coindet found that iodine could cure
the disease''?, the first public health intervention using the element was undertaken in
the State of Michigan in the US'"'. Todised salt was introduced and resulted in a
marked reduction in levels of incidence of goitre, especially among children. About
the same time several cantons in Switzerland introduced iodised salt, with similar
results. Before long the policy was introduced in many countries, either as a voluntary
initiative or backed by government legislation which required that table salt sold to
the public should be fortified with the element. The remarkable success achieved in
many countries, showed that an intervention of this nature, in which a nutrient,
naturally present in the diet in inadequate amounts, was added to an appropriate food
delivery vehicle to boost intakes, was a valuable public health resource.

During World War Il many countries introduced fortification of bread and flour to
combat nutritional deficiencies which were expected to result from wartime food
shortages and rationing. The addition of iron, as well as three water-soluble vitamins,
to flour was introduced in the US in 1940 and was later extended to bread''?. Similar
requirements were introduced in the UK and elsewhere about the same time. The

requirements, with the addition of calcium, are still in place in the UK today''?,

though it has been recommended that it should no longer be mandatory''*.

Strictly speaking, the addition of iron, calcium and the water-soluble vitamins to
bread and flour should be described as restoration rather than fortification. The latter
term refers to the addition of nutrients to a food, whether or not it is naturally present
in that food, for the purpose of correcting a deficiency in the population. The practice
can also be described as enrichment. When, in contrast, a nutrient is added to a food
to replace what has been lost during processing, the term restoration is appropriate.

Another term used in relation to the addition of nutrients to food is substitution.
This refers to the adding of a nutrient to a substitute or simulated food, designed to
take the place of another product (such as textured vegetable protein, TVP). Nutrients
are added to bring levels in the substitute up to those normally found in the product it
replaces. Supplementation is a more general term used in relation to addition of a
nutrient to a food in which it is not normally found. Another term, standardisation,
refers to the addition of nutrients to a food to compensate for natural variations.

4.3.1 Regulations and current practice regarding fortification of foods

Additions of nutrients are normally made to four categories of foodstuffs''>. These
are:

(1) foods for special dietary uses
(2) foods which have reduced levels of nutrients as a result of processing
(3) food substitutes
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(4) staple foods used as vehicles for nutrients which may be at low levels in a
population.

Legislation relating to the addition of nutrients to foods and regulations about the
kinds and quantities of additions that may be used, as well as about the claims that
may be made concerning the resulting enriched products, differ between countries.
Usually they follow the general principles established by the Codex Alimentarius
Commission of FAO/WHO!'® and the USFDA!'!”.

4.3.1.1 UK regulations

In the UK, the addition of iron, as well as calcium and two water-soluble vitamins, to
bread and flour is compulsory. There are also specifications for infant formulae which
de facto require the addition of several nutrients'!®, including iron and copper, to
ensure that they are at specified levels in the product'!®. Apart from these statutory
requirements, addition of minerals and other nutrients is permitted to all foodstuffs,
with the exception of alcoholic drinks, provided that:

(1) the addition is not injurious to health

(2) the product is not controlled by a compositional standard which expressly
forbids addition

(3) the product is correctly labelled.

Specific claims on the label may only be made with respect to certain ‘scheduled’
nutrients, which include the two metals iron and zinc <".

4.3.1.2  Australian and New Zealand regulations

In contrast to the voluntary approach to food fortification followed in the UK, as well
as in the US where a wide variety of additives may be used under the GRAS system,
some countries, such as Australia and New Zealand, have adopted a more restrictive
policy. Standard 1.3.2 of the joint Food Standards Code of the two Antipodean
countries regulates the addition of vitamins and minerals to foods and the claims that
can be made about them'?!. The Standard stipulates that ‘a vitamin or mineral must
not be added to a food unless the:

(1) addition of that vitamin or mineral is specifically permitted in this Code
(2) vitamin or mineral is in a permitted form, unless stated otherwise in the Code.’

The permitted minerals (and vitamins), the foods to which they may be added, the
amount permitted and the ‘maximum claim per Reference Quantity’ are listed in a
short series of tables. Iron and zinc may be added to biscuits, flour, bread and
breakfast cereals. The same elements may also be added to ‘vegetable protein foods
intended as a meat analogue’. Zinc, but not iron, may be added to ‘analogues derived
from legumes’ and to ‘analogues of yoghurt and dairy desserts’. In each case ‘a
maximum claim per Reference Quantity’ is given as a proportion of the (Australian)
RDL. This ranges from 15 to 50% of the recommended amount, depending on the
nutrient and the type of food to which it is added. Similar restrictive lists of permitted
additives, and the foods to which they may be added, are also enforced in several
other countries.
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4.3.2 Foods commonly fortified

Voluntary fortification of a variety of foodstuffs, in accordance with such guidelines,
is undertaken by food manufacturers in the UK and other countries. Examples can be
seen in the various ready-to-eat (RTE) breakfast cereals, of which more will be said
later. Among other foods which are commonly fortified with minerals are vegetable-
based products intended as a replacement for meat, such as textured vegetable protein
(TVP) to which iron and zinc are added. Several different trace elements are also
added to what are described as ‘foods for special dietary uses’, for example, as
slimming aids and ‘sports’ foods and drinks. A specially enriched biscuit has been
used to bring about a si%niﬁcant improvement in the micronutrient status of school
children in South Africa’*?.

4.3.2.1 RTE breakfast cereals

RTE cereals are one of the success stories of modern food technology. Their growth in
popularity in many countries from their introduction at the beginning of the twentieth
century has been remarkable. They have replaced, for great numbers of consumers,
the traditional cooked breakfast of bacon and eggs and even of oatmeal porridge'?.
In Australia, which is believed to have the third highest consumption level of RTE
breakfast in the world, after the UK and Ireland'**, 80% of the pogulation consume
them at least once a week, with 50% consuming them every day'*’. Americans are
also big consumers of these products'?®. It has been shown that RTE breakfast cereals
can make a significant contribution to intake of several essential trace elements, such
as iron, zinc and copper, in countries where consumption is high, such as Ireland'*”. A
similar finding has been reported in Australia'?®, the UK'?’, and the US"%°.

Most of the cereals used to manufacture such RTE produce, such as maize and rice
and refined wheat, are naturally low in trace elements. It is the added minerals used to
fortify the foods which account for the levels of the nutrients listed on the package
labels and which are a major selling point promoted by the manufacturers. How
significant nutritionally these increased levels can be may be gathered from the fact
that a normal serving of cornflakes produced by one of the major cereals companies is
capable of supplying 29% of the iron, 2.5% of the copper, 3% of the manganese, and
1% of the zinc requirement of an (Australian) adult'>",

4.3.2.2 Functional foods

The term functional food is used to describe food products that contain components
which can affect some physiological function and have a greater nutritional potency
than is found in ordinary foods. It is not a scientific definition but rather a marketing
term. Other terms are also used to describe such nutritionally modified products
which, in recent years, have become a rapidly growing part of the health food market.
They are known also as nutraceuticals and designer or engineered foods and are
promoted by their manufacturers as ‘the next generation of food, providing specific
physiologic, health-promoting, and even disease-preventing benefits’'*2. In Japan,
where the market for such products is enormous, the official term used is ‘foods for
specified health use’ (FOSHU). They are defined as ‘foods that can be expected to
have certain health benefits and that have been licensed to bear health claims’'??,
Among the many different kinds of functional foods on sale in Japan and other
countries are products containing such potentially health-promoting ingredients as
dietary fibre, oligosaccharides, gamma-linoleic acid, lactic acid bacteria, various
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phytochemicals and a variety of minerals. Just as for any other food additive, the use
of any such ingredient in a product is subject, in the UK and other countries, to the
general food law. In the US the ingredients must have GRAS classification for the
particular use intended'**. Any claims made on labels about the health—gromoting
qualities of the product will also have to conform to labelling legislation??.

The use of trace elements and other inorganic components in the production of
functional foods has not, so far, been extensive, but is expected to grow as the
marketing value of the increased presence of antioxidants and related substances is
recognised by manufacturers. Zinc is one element that has already been used in this
way in some products. Selenium has also been used to a limited extent, for example, in
a drink commercially available in China'?®, and were it not for technical difficulties,
would 1p3r70bably by now be a component of other functional foods designed to combat
cancer >’.

4.3.3 Natural fortification of foods with metals

In recent years there has been a growing interest in using natural means, such as plant
breeding and selection, rather than actual physical addition of vitamins and minerals,
to increase the nutrient content of staple foods. The prevalence of micronutrient
deficiencies in many of the less-developed nations has encouraged health authorities
to investigate methods of food fortification which are simpler, more reliable and more
cost-effective than the distribution of supplements or the mechanical fortification of
commercial food products. Though these efforts are still at an early stage, progress
has already been made and there are good grounds for hoping that the outcome will
boost nutrition in many countries. The aims and early achievements of the con-
siderable interdisciplinary efforts that are being committed to the project were dis-
cussed at an international symposium organised by the Consultative Group on
International Agricultural Research (CGIAR) and entitled ‘Improving Human
Nutrition through Agriculture’ at Los Bafios in the Philippines in October 199938,

One of the topics discussed at the conference was CGIAR’s Micronutrients Project,
which is aimed at developing a package of tools that plant breeders will need to
produce mineral- and vitamin-rich cultivars. The target crops are rice, wheat, maize,
phaseolus beans and cassava, all staple foods of enormous importance in many of the
poorer regions of the world. The minerals targeted are iron and zinc. Progress has
already been made in breeding plant varieties which have special abilities to take up
minerals from the soil and concentrate them in their edible parts. Zinc-efficient wheat
varieties have been developed in Australia and are beginning to be grown commer-
cially there’”. In the US an iron-efficient soya bean has been developed. At less
advanced stages of development is iron-accumulating rice produced at the Interna-
tional Rice Research Institute in the Philippines, and of maize cultivars with improved
iron and zinc levels in South Africa'#’. Several other mineral-efficient staple food
crops are also in the pipeline*!.

Besides the contribution to human nutrition which these new varieties and cultivars
can make, there is also a major advantage for growers of these crops. Plants which are
rich in trace elements are higher-yielding and more resistant to disease and drought,
and require less irrigation than do ordinary, low mineral levels varieties'**. These
attributes should make them more attractive to farmers, not only in poor countries
but also in the developed world. There, too, foods that have naturally enriched trace
element concentrations could have a marketing edge and a premium value to health-
and environment-conscious consumers.
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Chapter §
Metals in food and the law

As long as food remained a private matter for individuals and their families, the law of
the realm had nothing to do with it. But once food became an item of commerce,
legislators stepped in with regulations and decrees. Originally many of these were
probably related to religious observations, though, as perhaps the prescriptions given
to the ancient Hebrews to avoid eating the flesh of swine and other ‘unclean’ animals®
indicate, some of them may also have had practical implications. Later, as trade
increased and people, especially in the new towns and cities, began to rely on com-
mercial growers and traders rather than on their own home production, laws relating
to the sale and quality of food were introduced as, inevitably, fraud and sharp
practices entered the marketplace.

In medieval England the Assize of Bread, a law to ensure that bread sold to the
public was of the proper weight, was promulgated. This was followed over the
centuries by many other decrees designed to prevent adulteration and fraud in specific
foods. In the colonies of New England the laws of the mother country relating to food
were generally in force, though, with the growing spirit of independence, some of
purely local interest were also enacted. In post-independence USA laws relating to the
production and sale of food were passed in the different states. Many of these were
similar to regulations and statutes that were by then in place in many other countries.
Legislation concerning food has continued to grow in volume throughout the world
until today, in addition to a multiplicity of national laws, there are numerous inter-
national regulations controlling the quality of foods in the world marketplace.

5.1 Why do we have food legislation?

A sentence in the Sale of Food and Drug Acts of 1875 tells us the reason why we have
food laws: ‘No person shall sell to the prejudice of the purchaser any article of food or
any other thing which is not of the nature, substance or quality demanded by such
purchaser’. This is the key to Britain’s first effective legislation relating to food and is
the foundation on which today’s food laws are based, both in the UK and in countries
that inherited her legal system. It establishes the legal right of purchasers to whole-
some and unadulterated food and requires purveyors to ensure that the products they
sell meet the requirements of the law. In countries where the legal system owes little, if
anything, to Britain, a similar principle is at the core of legislation to protect the rights
of purchasers and governs the practices of food manufacturers and traders.

As has been mentioned already, there was very good reason why protection of
consumers against fraud and adulteration was in the forefront of the minds of the
legislators who pushed through the first food laws in the UK. The evidence is clear
that legislation was sorely needed to control levels of contamination in foods in pre-
1875 days. Apart from the instances cited in Accum’s Treatise on Adulterations of
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Food and Culinary Poisons, many more examples can be found in the popular as well
as the scientific literature of the time.

A major concern of consumers in those days was that the food they purchased
could have been deliberately contaminated with non-food materials, including metals
and their salts. The adulteration was practised usually for one of two reasons: either
inert material was incorporated into a product to increase its bulk and hence the
seller’s profits, or fraudulent additions were made to improve the appearance of an
otherwise low-quality product. Chalk (natural calcium carbonate) or alum (naturally
occurring crystalline potassium aluminium sulphate) was mixed with flour as an
‘extender’; copper sulphate crystals were added to beer and Prussian Blue (potassium
ferriferrocyanide) to tea to improve colour. Other metallic adulterants used were talc
and French chalk (both natural forms of magnesium silicate), calcium sulphate, lead
chromate and iron oxide.

Early numbers of the Analyst, a ‘monthly journal devoted to the advancement of
analytical chemistry’, which began to be published in 1875 by the Society of Public
Analysts, make interesting reading. Their reports give many examples of fraudulent
or, perhaps, simply ignorant practices of food processors and sellers, and make it clear
that the skills of the Public Analysts were sorely needed to ensure that the provisions
of the recently enacted ‘Food Act’ were respected.

The cases reported in the Analyst covered a wide range of foodstuffs. Cheese seems
to have caused particular problems. Some Canadian samples were, according to one
report?, found to have been coated with ‘cheese spice’, a mixture which contained
48% zinc sulphate, to prevent ‘heaving and cracking’ of the product. Other samples
contained appreciable amounts of lead. The report also noted that

it is well known that the green mould in certain kinds of cheese has been imitated by
the insertion of copper or brass skewers ... [and] instances have occurred in which
preparations of arsenic have been added to cheese as a preservative.

The use of copper salts to improve the colour of green vegetables was commented
on in another article. There were several prosecutions for the offence of selling green
peas treated in this way. The practice was not confined to the UK, as an article re-
printed from a German chemical journal on the use of copper salts to preserve the
green colour of vegetables showed?®. Other illegal practices intended to improve the
appearance of foods included the use of ‘barium-ponceau lake’ to give Cayenne
pepper a ‘brilliant fiery colour’ and of several different metallic salts to improve the
quality of spices®.

In addition to such adulterations deliberately made to deceive purchasers, the
Analyst also made note of different kinds of inadvertent contamination of foods. One
was a problem which is still with us today, the transfer of metals from printing inks
and colours on wrappings to the product they contain. A translation of an article from
a French periodical gave information on the use of cheesecloth and paper coloured
with lead chromate to wrap ‘chocolate bonbons™. Other articles provided informa-
tion on the danger of transfer of lead to food from tmplate, pewter and solder, as well
as from the rubber rings used to seal the lids of glass jars. Since many of these incidents
occurred in the UK well after regulations had been introduced to prevent them, the
scale of the problem is easily seen. Clearly, it was not just new laws that were required
to protect the public from the sale of adulterated food, but vigorous policing to see
that the laws, and their related regulations, were fully observed.
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5.1.1 International and national legislation

According to the authoritative Food Industries Manual, ‘food manufacture world-
wide is unusual as an industrial process in that its products are heavily circumscribed
by legislation of one kind or another’®. These range from national laws, such as the
UK’s Food Safety Act and the US Nutrition Labeling and Education Act to inter-
national regulations such as the EU Directive on the Official Control of Foodstuffs
and the directives and guidelines published by the Codex Alimentarius Commission
of FAO/WHO.

It is important for anyone who is concerned with the maintenance of food quality,
whether as a health professional, government official or food manufacturer, and who
wishes to establish and maintain a secure customer base, to have some knowledge of
this legislation. How detailed that knowledge has to be will depend on an individual’s
particular professional role in relation to food. What will be given here is an overview
of the legislation in force in a number of countries, as well as of some of the more
important international regulations. For those who need to know more and to follow
up certain aspects of food legislation in detail, several excellent textbooks and man-
uals are available. Two of these that are pertment to the UK, are Flowerdew’s Guide
to tbe Food Regulations in the United Kingdom’, and Jukes’ Food Legislation of the
UK®.

5.1.1.1 UK legislation on metals in food

The primary purpose of food law in the UK and in most other countries, according to
Jukes, is to protect the health of consumers and to prevent them belng defrauded”.

This is achieved by a combination of primary legislation (the Acts of Parliament) and
secondary legislative measures (the Regulations or Orders). The primary legislative
powers are contained in the Food Safety Act 1990. This Act was intended to con-
solidate and modernise the long series of Food Acts under which food manufacture
and sale in Britain had been governed since the 1860 Act to Prevent Adulteration of
Food and Drink*.

A good idea of the parliamentary manoeuvrings and developments over a period of
nearly 150 years which eventually resulted in the passing of the 1990 Act can be
obtained from the chronologlcal list provided in Paulus’s study of the sociology of
food legislation in Britain'!. While the Acts usually contain general prohibitions, the
more detailed controls requlred to deal with the scientific and technical aspects of
food production are provided by the Regulations. Some of this secondary legislation
is issued as ‘Orders’ rather than ‘Regulations’. They are published as Statutory
Instruments (SIs) with a reference number indicating year of publication and number.
Though it may seem that such a system provides a clear and simple pathway for
anyone, such as a food manufacturer or trader, who needs to know whether his or her
product meets the requirements of the law, it has been remarked by Flowerdew, ‘the
very nature and verbosity of the UK food regulations have made this rather difficult to
do, and will inevitably mean that ambiguities will arise'

Regulations are issued by government ministers, normally after wide consultation
with organisations which may be affected by them. The minister will also have
consulted with expert advisory committees, such as the Food Advisory Committee
(FAC), an amalgamation of the former Food Standards Committee (FSC) and the
Food Additives and Contaminants Committee (FACC). Among the Reports which
have been of service to ministers in drawing up several regulations related to metals in
food are, for example, a series on arsenic, copper and other trace elements published
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by the FSC in the 1950s, and that on metals in canned foods produced by the FACC in
the 1970s and 1980s.

Among Regulations of particular pertinence to the subject matter of this book are
those that control the use of additives in food. In the UK this is achieved by the use of a
‘positive list’ system. Only those additives positively listed in the Regulations which
perform a defined function (antioxidant, colour etc.) may be used in food. In some
cases the approved use may be restricted to certain foods and quantities.

There are relatively few UK Regulations that refer specifically to metal con-
taminants in food. Government policy has been to monitor and, when necessary,
agree a voluntary policy of eliminating contamination at source rather than estab-
lishing numerous regulations for individual metals in different foodstuffs. It is only
when a serious and potentially widespread hazard is identified, that legislation is
introduced. Under the Food Safety Act protection is provided to consumers by the
provision that prosecutions can be brought on the basis that a product is injurious to
health and that non-statutory limits, including internationally recommended limits,
can be used as evidence in court'>.

Three metals, arsenic, lead, and tin, as well as a few radioisotopes, are included
among regulations relating to contaminants in food under the 1990 Food Safety Act.
A maximum permitted level of 1 mg/kg is set for arsenic in ‘unspecified foods’. This is
increased or decreased in a range of ‘specified foods’, from, for example, 0.1 mg/kg in
non-alcoholic beverages and 0.5 mk/kg in alcoholic beverages and fruit juices, to
4.0 mg/kg in chicory and 5.0 mg/kg in dried herbs and spices. In the case of lead the
maximum permitted level in ‘unspecified foods’ is 1.0 mg/kg, with, in ‘specified
foods’, for example, 5 mg/kg in dandelion coffee, and 10 mg/kg in curry powder,
mustard, game, game paté and shellfish, and lower amounts of 0.2 mg/kg in beer,
non-alcoholic drinks and infants’ food. Regulations for tin are simple, with a clear
statement that ‘no one may sell or import any food containing a level of tin exceeding
200 mg/kg’.

No statutory limits have been laid down for cadmium in foodstuffs. However, the
FACC has recommended that monitoring of levels of the metal in the food supply
should continue to be carried out. Where food is imported from countries in which
levels of cadmium in foods are controlled, enforcement authorities in the UK are
encouraged to have regard to these controls when examining such imported food'*.

Limits for copper in foods have been recommended by the FSC. These are general
limits of 2 mg/kg in ready-to-drink beverages, and 20 mg/kg in other foods, with
certain exceptions. These include alcoholic and concentrated soft drinks, 7 mg/kg;
chicory, 30 mg/kg; cocoa powder, 70 mg/kg; tea, 150 mg/kg; tomato purée, paste and
juice, 100 mg/kg; and tomato ketchup and sauce, 20 mg/kg"'>. The use of aluminium
metal is permitted as an external coating on sugar confectionery for the decoration of
cakes and pastries'®. Aluminium silicate may also be used in a limited number of
foods at certain maximum levels'”.

The Regulations relating to radioactive contamination were originally introduced
in response to the Chernobyl nuclear power station accident of 1986 but have been
retained to allow rapid implementation in case there is a further incident. They are in
line with Regulations established by the European Commission. They set maximum
permitted levels for foodstuffs and feeding stuffs (in Bq/kg) for radioactive strontium,
iodine, plutonium and transplutonium elements and other nuclides.

Many more metals are included in Regulations related to drinking water, both
bottled and natural mineral water. Maximum limits are set for a long list of metals,
including aluminium (200 pg/l), iron (200 pg/l), manganese (50 pg/l), copper
(3000 pg/l), zinc (5000 pg/l), arsenic (50 pg/l), cadmium (5 pg/l), chromium (50 pg/l),
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mercury (1 pg/l), nickel (50 pg/l), lead (50 pg/l), antimony (10 pg/l), selenium (10 pg/l),
boron (2000 pg/l) and barium (1000 pg/l). In Regulations for natural mineral waters it
is stated, under the heading ‘Toxic substances’, that ‘the following maximum are
specified and the water must not contain any other substances in amounts which
make it unwholesome: mercury 1 g/l; cadmium 5 g/l; antimony, selenium, lead 10 g/l;
arsenic, cyanide, chromium, nickel 50 g/I’.

5.1.1.2  US legislation on metals in food

There is a distinct resemblance between the food laws of the US and of the UK that can
be traced back to some extent to common roots'®. They both had their origins in the
late nineteenth century and were intended to ensure that consumers had access to
clean and wholesome food in the marketplace and were protected against adultera-
tion and fraud. In 1906 the first comprehensive federal food law, the Food and Drug
Act, was passed by the US Congress and signed by President Theodore Roosevelt. The
Act prohibited interstate commerce in misbranded and adulterated foods, drinks and
drugs. Over the past century, the Act has been modified and amended in a variety of
ways, to improve its effectiveness, to cover unforeseen loopholes and to allow for
developments in technology and trade. Its name was changed and its scope extended
with the passing of the Federal Food, Drugs and Cosmetic (FDC) Act in 1938,

The current Federal Food, Drug and Cosmetic Act (as amended) remains the basic
food law of the US. Like the UK Food Safety Act 1990, the FDC Act is a single
enabling law which allows for the publication of detailed statutes or implementing
Regulations to ensure that the provisions of the law are properly carried out. Reg-
ulations are promulgated by the Food and Drug Administration (FDA) and are
published in the Code of Federal Regulations. These are given Titles, such as Title 21:
Food Composition Regulations (21 CFR).

It is impossible to make a neat summary of current US regulations and standards
for metals in food. As in the UK, information has to be sought under several different
headings in official documents, such as compositional standards for different food-
stuffs and animal feed and for drinking water. Information on food additives,
including metallic compounds, which have been classified as GRAS (‘generally
recognised as safe’) and have been accepted by the Commissioner of the Food and
Drug Administration as ‘food grade’ can be found in the Food Chemicals Codex™°.
These GRAS additives include, for example, aluminium calcium silicate (as an anti-
caking agent in table salt, to a maximum of 2%), and cuprous iodide (as a source of
iodine, in table salt to a maximum of 0.01%).

The Codex sets maximum limits for trace impurities, including metals, ‘at levels
consistent with safety and good manufacturing practice. The maximum limits for
heavy metals shall be 40 parts per million, for lead ten parts per million, and for
arsenic three parts per million, except in instances where higher levels cannot be
avoided (under conditions of good manufacturing practice)’*'. These are not, in fact,
statutory requirements since the Codex does not have the force of law, but has quasi-
legal status as establishing food grade quality. As well as being used in this way by US
legislators, its specifications have also been adopted, under certain conditions, by the
FACC in the UK as well as by authorities in Canada and certain other countries.

An important amendment to certain provisions of the Federal Food, Drug and
Cosmetic Act is the Nutrition Labeling and Education Act (NLEA) of 1990. The
NLEA was designed to assist consumers to maintain healthy dietary practices by
requiring that food manufacturers provide extensive information of the nutritional
composition of products. Information must be provided on 14 different nutrients,
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which include the metals calcium, iron and sodium. Thirty-four other nutrients,
including nine additional metals, may be labelled voluntarily. It is expected that
eventually the labelling of the voluntary nutrients will become mandatory*?. The
NLEA does not, of course, set standards for levels of these metallic elements in foods.
It has, however, significant implications for food manufacturers and processors, by
requiring them to provide analytical data on three metals (or, if they choose to include
them on the label, on nine additional metals).

5.1.1.3 Legislation in Australia and elsewbere in the English-speaking world

Australia, a country approximately the size of the US, but with a population of some
18 000 000 people, is a federation of six separate states and two territories. Each state
and territory has its own parliament and passes its own laws relating to internal
affairs. There is also a federal parliament at Canberra, the national capital, respon-
sible for external affairs as well as for a multiplicity of national and inter-state
matters.

Health legislation, including that related to food, is the responsibility of the indi-
vidual Australian state and territory parliaments. Although many of the laws and
regulations relating to food had been broadly modelled on the UK 1875 Sale of Food
and Drugs Act, when they were first passed, local interests and inter-state rivalry
resulted in considerable diversity of detail between states. These differences proved to
be an impediment to free trade in foodstuffs between states and resulted in increased
costs to food producers and customers. It was widely recognised that this was an
unsatisfactory situation and a number of attempts were made to rationalise food laws
on a national basis. It was only, however, in 1975 that a conference of health min-
isters from each state and territory and the Commonwealth agreed that a uniform
Food Act, suitable for adoption by each of the different governments, should be
developed.

Several years of discussion and planning followed. Food laws of each of the Aus-
tralian states and territories were considered, as well as legislation from the UK, the
US, Canada, New Zealand and other countries. Particular attention was paid to the
Model Food Act that had been proposed jointly by the WHO and FAO. By 1980
planning and development were completed and a proposed Model Food Act was
adopted by the Health Ministers’ Conference.

The Act, like the enabling legislation of the UK and the US, is relatively brief and
contains very little in its text about food. What it does is to empower authorised
officers and departments to take certain actions related to the purpose of the Act (to
ensure that consumers have access to pure and wholesome food), such as making
regulations prescribing standards for food. These Model Food Standard Regulations
were subsequently prepared by the National Health and Medical Research Council
(NHMRC) on behalf of the Health Ministers’ Conference and, after some delays,
were adopted by the individual states and territories. Some 20 years after the first
steps were taken towards a uniform food law and standards, a further dramatic
advance was made when a decision was made by Health Ministers of Australia as well
as of New Zealand to adopt a new joint Food Standards Code for both countries. The
Ministers have established the Australia New Zealand Food Authority (ANZFA), an
independent expert statutory body, the role of which is to protect the health and
safety of people in the two countries through the maintenance of a safe food supply?>.

ANZFA has issued a number of standards which are at present in draft form but,
after consideration by appropriate bodies and, no doubt, modifications, will be
adopted by the two countries. Two of these are of particular pertinence to the subject
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matter of this book. Standard 1.4.1: Contaminants and Restricted Substances sets
maximum levels (MLs) of specified contaminants, including metals, in nominated
food groups>*. Only four metals, arsenic, cadmium, lead and tin, are included. The
number of foods is also limited and includes only those about which there is particular
concern. In the case of tin, for instance, an ML of 250 mg/kg is given only for ‘all
canned goods’. In the case of arsenic the MLs are 1 mg total arsenic/kg cereals and, for
inorganic arsenic, 2 mg/kg of crustacea and fish and 1 mg/kg of molluscs and seaweed
(edible kelp). Mercury MLs are restricted to seafoods, with a mean level of 1 mg/kg
for certain specified fish (including marlin, tuna and all species of shark), and 0.5 mg/
kg for other fish and fish products, as well as crustacea and molluscs. The method to
be used for sampling marine foods for mercury and calculation of the mean level in a
certain number of sample units is also prescribed. The proposed MLs for the other
two metals, cadmium and lead, are summarised in Tables 5.1 and 5.2.

Table 5.1 Maximum permitted levels of cadmium in food (Australia and New Zealand).

Food Cadmium levels (mg/kg)
Chocolate and cocoa products 0.5

Kidney (cattle, sheep, pig) 2.5

Liver (cattle, sheep, pig) 1.25

Meat (cattle, sheep, pig) 0.05

Molluscs 2.0

Peanuts 0.1

Rice 0.1
Vegetables (leafy) 0.1
Vegetables (root and tuber) 0.1

Australia New Zealand Food Authority (2000) Draft Food Standards Code: Standard 1.4.1. Contaminants
and Restricted Substances.
http://www.anzfa.gov.au/draftfoodstandards/Chapter1/Part1.4/1.4.1.htm

Table 5.2 Maximum permitted levels of lead in food (Autralia and New Zealand).

Food Lead levels (mg/kg)
Brassicas 0.3
Cereals, pulses, legumes 0.2

Offal (cattle, sheep, pig, poultry 0.5

Fish 0.5

Fruit 0.1

Infant formula 0.02

Meat (cattle, sheep, pig, poultry) 0.1
Molluscs 2.0
Vegetables (other) 0.1

Australia New Zealand Food Authority (2000) Draft Standards Code: Standard 1.4.1. Contaminants and
Restricted Substances.
http://www.anzfa.gov.au/draftfoodstandards/Chapter1/Part1.4/1.4.1.htm
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The second standard pertinent to metals in food i in the ANZFA Draft Food Stan-
dards Code is Standard 1.3.2: Vitamins and Minerals® . This regulates the addition of
vitamins and minerals to food and the claims that can be made concerning them. It
lists the foods to which certain vitamins or minerals may be added and the maximum
permitted amounts that may be used. The foods include a range of cereal products
(biscuits, bread, breakfast cereals, flour), dairy products (milks, cheese, yoghurts, ice
cream), edible oils and spreads, fruit juices and analogues (such as meat replacers
made from vegetable protein, and others). Apart from calcium and magnesium, the
only trace metals which are approved for addition are iron and zinc, and these are
restricted to the cereal products as well as to certain analogue foods.

5.1.1.4 International standardisation and harmonisation of food laws

The history of the development of food laws in most technologically advanced nations
is very similar to that of the UK and the USA. The change from home production of
foods to dependence on shops and markets which followed industrial development
and urban expansion led to the passing of many specific and, later, comprehensive
food laws in Germany, France and other countries. The fundamental principle
underlying all such legislation was the protection of the health of the consumer and
the prevention of fraud. Though sharing a common foundation, national differences
in outlook and diversity of economic interests led to the passing in the different
countries of a great variety of laws and regulations governing the composition,
labelling, handling and other aspects of food production and trade. A consequence of
this was, inevitably, barriers to free trade between nations. Since the end of World
War II there has been considerable international pressure for reduction in these
barriers and for harmonisation of legislation and the development of internationally
acceptable food standards. Slowly these barriers have been coming down, especially
as a result of the efforts of the United Nations through two of its agencies in
particular, the Food and Agriculture Organization (FAO) and the World Health
Organization (WHO).

One of the most significant steps towards international harmonisation of food
standards has been the development of the Codex Alimentarius. Its origins can be
traced back to 1958 when FAO collaborated with the International Dairy Federation
to produce a Code of Principles on Milk and Milk Products. In the same year the
International Commission on Agricultural Industries developed the Codex Ali-
mentarius Europeus (the European Food Code). In 1961 these separate activities were
merged in a joint Food Standards Programme under the auspices of the FAO and
WHO, and the Codex Alimentarius Commission was established, as an international
body, with representatives from nearly all members of the United Nations*®

The Codex Commission has made considerable strides in developing international
food standards. In collaboration with member governments, international agencies
and other bodies, and following a detailed and prolonged procedure involving many
separate steps to allow adequate consultation with interested parties, a number of
standards for a variety of foodstuffs have been proposed by the Commission. The
guiding principle behind all of its proposals is the protectlon of the health of con-
sumers and the ensuring of fair practices in the food trade®’

Two types of standards have been developed: the so- called “verical’ or commodity
standards for individual foods or groups of foods, and ‘horizontal’ or general stan-
dards, such as the General Standard for Contaminants and Toxins in Food?®
Examples relating to metal contamination of food which come under these two types
of standards are the Codex maximum levels for total lead in orange juice of 0.3 mg/kg
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and 0.1 mg/kg in rapeseed oil. The Codex guideline for methylmercury sets a guideline
of 0.5 mg/kg for all fish, with the exception of predatory fish for which the level is
1.0 mg/kg.

The views and proposals of the Codex Commission play a very important role in
the preparation of food legislation by individual countries as well as by other bodies
such as the European Commission. National food standards and other agencies draw
on the Commission for information and advice. Its standards and guidelines are, in
many cases, incorporated into legislation, as, for instance, in the Australian Model
Food Act and Draft Food Standards Code. In addition many countries follow Codex
recommendations in, for example, setting tolerance limits for toxic metals in foods
and beverages.

5.1.1.5 European Community food regulations

When the European Economic Community was established under the Treaty of Rome
in 1957, one of its principal aims was the facilitation of trade between its member
states. In the case of legislation relating to food, in spite of the fundamental similarities
between the laws in the different states, the intricacies of legislation in each of them
made harmonisation between them difficult. To overcome this problem a programme
was set up aimed at the development of legislation which would be generally
acceptable within the Community.

The task was not easy, especially because of the number of different bodies that had
to be involved: the government of each state, the European Parliament, the Council of
Ministers and others. As a result of this and other difficulties, the development of
harmonised food legislation is a slow process. Only a limited amount has successfully
passed through the different steps involved and been promulgated by the Council. A
great deal still remains in draft form. Nevertheless, though time-consuming, it is a
worthwhile exercise and its eventual benefits to the food industry, not just in Europe
but worldwide, will be considerable.

EU legislation applied to food usually takes two forms — the Regulation and the
Directive®®. Regulations normally apply to primary agricultural products under the
Common Agricultural Policy (CAP) and come into force in all member states at the
same time. Directives, intended to create a market free of internal barriers, deal with
largely technical matters such as food standards. Directives have to be implemented
by each member state before they become law.

There are similarities, as might be expected, between EU Regulations relating to
metals in food and those of the Codex Alimentarius. A good example is the Com-
mission decision relating to the measurement of mercury in fish, which sets an ML of
0.5 mg/kg in fish in general, with the exceptlon of certain species, such as tuna and
shark, for which the limit is 1.0 mg/kg>".

A Community Directive of 1995 on food additives has established levels of trace
elements they may contain. For instance, the specifications for chlorophyll (E140) are:
arsenic < 3 mg/kg, cadmium and mercury < 1 mg/kg, and lead < 10 mg/kg>2. There are
also directives that list essential trace elements that may be used in infant formulae*
Another directive relating to metals deals with the composition of natural mineral
waters>®. Apart from these few items, and a number of others expected to be pro-
mulgated soon, including regulations on lead and cadmium levels in })CCIflC foods,
there is as yet only a framework regulation on contaminants in food”>. There are,
however, numerous other regulations and directives on other aspects of food com-
position and quality not directly pertinent to. the subject of this book. Details may be
found in Appendix 4 of Jukes’ monograph®®.
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The UK, like other member states of the EU, has, since it joined the Union in 1973,
been adopting EU legislation into its own laws. EU Directives related to metals in
food, mentioned here, which have been incorporated into UK Food Standards Reg-
ulations include those on food additives (95/45), infant formulas (91/321), and nat-
ural mineral waters (80/777). A European Directive of a different, though closely
related, nature on radioactive contamination of food (3954/87) was adopted in the
UK in response to the Chernobyl nuclear accident in 1986. It can be expected that
many more Directives will be produced by the European Union that will have sig-
nificant implications for the food industry.

5.2 Codes of practice

In addition to the formal legislation relating to food standards, there are many codes
of practice which do not have strictly legal status but provide a guide and can be
considered as evidence by a court. Such codes set voluntary agreed standards and
have been found to have certain advantages over definitive regulations. Their flex-
ibility can allow a more rapid response to changing circumstances and permit
operation outside the code, where this can be justified by changing circumstances.

There are many codes of practice which relate to the food industry, such as that
relating to fortification of food. Codes have been published by various national and
international bodies, including the FAO and WHO as well as the Codex Alimentarius
Commission. In the UK, codes have been approved by LACOTS, the Local Autho-
rities Coordinating Body on Food and Trading Standards. This body brings together
the various government and local authority trading standards departments and
environmental health departments to assist in the enforcement of legislation at a local
level. Other codes are produced by national and international trading organisations
and manufacturing associations. A list of those observed in the UK has been published
by the Institute of Food Science and Technology>”.
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Chapter 6
The persistent contaminants: lead, mercury,
cadmium

The three representative metals, lead, mercury and cadmium, are, along with arsenic,
the commonest and most widely distributed of environmental metal poisons'. They
are also among the most troublesome of the metal contaminants encountered by the
food industry. Each of them has been responsible for large-scale incidents of poi-
soning and, in spite of the many steps that have been taken by government authorities,
they continue to be potential threats to the safety of consumers in certain circum-
stances. They are specifically included in the official food safety regulations in many
countries and between them have probably been responsible for more official doc-
umentation than any other food contaminant. For many consumers these three are the
elements that first come to mind when metal poisoning is mentioned.

6.1 Lead

When Georgius Agricola described lead as a ‘pestilential and noxious metal’ in the
sixteenth century he was stating a fact that had long been recognised?. Similar views
about lead had been expressed by others for more than a thousand years>. As early as
400 Bc, the Greek physician Hippocrates described a disease known as saturnism
(after the Greek name for the planet Saturn, the ancient symbol for lead), with
symptoms ranging from colic to delirium and paralysis, which affected men who
worked with lead. Four centuries later the Roman scholar Pliny noted that ship-
builders who used white lead as a preservative on the hulls of vessels suffered from an
illness known as plumbism (after the Latin name for lead, plumbum).

Over the following centuries others also commented on problems associated with
the metal. It was not, however, until the nineteenth century, when detailed records
began to be kept of the hazards connected with certain industrial practices, that the
full extent of lead poisoning began to be acknowledged. The reports of, among
others, Ramazzini in Italy, Thackrath in England and Tanquil des Planches in
France showed that nineteenth-century Europe desperately needed laws to control
industrial practices which exposed workers to hazards from lead and other
poisonous substances.

It was only reluctantly that governments and industrialists accepted the veracity of
the reports of these pioneers of occupational health, and began to take steps to remedy
the dreadful conditions that had been exposed. Legislation was introduced in several
countries to control the use of lead in industries such as pottery making, printing ink
production and metal fabrication. In the UK the Factories (Prevention of Lead Poi-
soning) Act of 1883 was followed by regulations restricting the consumption of food
and drink in sections of pottery works where lead glazes were employed. These early
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pieces of legislation were followed in the next century by long series of regulations
devoted to prevention of lead poisoning. Similar steps were taken in other countries
with the result that lead poisoning on the scale encountered in the eighteenth and
nineteenth centuries, is today ‘a disease for the history texts™.

6.1.1 Chemical and physical properties of lead

Lead is element number 82, in Group IVB of the periodic table, with an atomic mass
of 207.19. It is one of the heavier of the elements with a density of 11.4. It is a soft,
bendable and easily fused metal which can be beaten flat with a hammer and cut with
a knife. When first cut its surface is bright and mirror-like, but on exposure to moist
air soon tarnishes to a dull grey colour as a surface layer of basic lead carbonate
forms. A similar protective film forms when the metal comes into contact with ‘hard’
water containing carbonates. Lead melts at a relatively low temperature of 327°C. Its
boiling pointis 1725°C. It is a poor conductor of heat and electricity. Oxidation states
of lead are 0, +2 and +4. In organic compounds it is usually in state +2. Most salts of
Pb(I), as well as lead oxides and sulphides, are only slightly soluble in water, with the
exception of lead acetate, lead chlorate and, sparingly, lead chloride.

Lead forms a number of compounds of technological importance. Litharge, a
yellow powdery monoxide (PbO), is formed when the metal is heated in air. On
further heating the monoxide is raised to a higher oxidation level and Pb3;Oy4 (red
lead) is formed. White lead or basic lead carbonate, Pb3(OH),(COs3),, is prepared
commercially by the action of air, carbon dioxide and acetic acid vapour on metallic
lead. Another lead pigment is the yellow chromate (PbCrOy). These compounds, as
well as lead linoleate and salts of other organic acids, were formerly widely used in the
paint industry. Today their use is restricted because of their toxic nature.

Some of the organic compounds of lead are of considerable economic importance.
Among the best known are tetraethyl- and tetramethyl-lead, Pb(C,Hs); and
Pb(CHj3)4. Both are liquids at normal temperatures and are used as ‘anti-knock’ or
antipercussive additives in petroleum motor fuel. Lead has the ability to form alloys
with other metals. Solder, an alloy of lead and tin and other metals, is of considerable
economic importance. Formerly pewter, another lead—tin alloy, was made with 20%
or more lead, but modern pewter contains little, if any, of the metal.

6.1.2 Production and uses

Lead is found, at least in small amounts, almost everywhere in the world. Soils
normally contain between 2 and 200 mg/kg. It is seldom found in the native, metallic
state. Its most common ores are galena (PbS), cerussite (PbCOj3;) and anglesite
(PbSOy). It is usually associated with other metals, including zinc, cadmium, iron and
silver. Often in the past it was the presence of silver that accounted for the extraction
of lead from otherwise economically non-viable lead ores.

Economically workable ore bodies occur in many parts of the world, with major
production in the US, Russia, Australia, Canada, Peru, Mexico, China, the former
Yugoslavia and Bulgaria. Lead mining was once a major industry in Britain, but the
mines have now closed. Lead, however, is still produced in the country, both from
imported ores and by recycling of lead scrap. World production of primary lead is
now about 2.5 million tonnes per annum and is expected to remain stable at around
this figure. Secondary lead production, from scrap, is estimated to increase to about 3
million tonnes per annum over the next decade’.

The ease with which lead can be extracted from its ores probably accounted for its
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early exploitation by humans. When galena is roasted in a charcoal fire it is partly
oxidised at a low temperature. The oxide then reacts with the unconverted lead
sulphide and proceeds, more or less by itself, to complete the conversion to the
metallic state. This is the system on which the original ore hearth furnace was based, a
method used 2000 years ago by Romans and Greeks, and others before them. Today
this technique has been replaced by the blast furnace in which reduction is achieved by
carbon monoxide or producer gas made from coke.

Uses of lead fall into two main groups: as metal and in chemical compounds.
Because of the ease with which it can be fabricated, as well as its high resistance to
corrosion, the metal is used to make pipes, tanks and other containers for corrosive
liquids. Lead water pipes have been used since Roman times though much less today
than formerly. Lead sheets are still used to roof major buildings, such as churches,
though far less commonly than in former times. A major modern use of metallic lead
is in the manufacture of lead/acid batteries for automobiles, electric vehicles, emer-
gency lighting plants and similar equipment. It is estimated that by 2006 the battery
industry will account for more than 70% of the world lead supply®.

An interesting, though considerably smaller but still significant, use of lead is in the
manufacture of ammunition for firearms. It is reported that tup to 12 000 tonnes of the
metal are used annually for this purpose in France alone’. In the 1970s it was esti-
mated that a staggering 15 billion individual lead shot were fired each season over the
duck and geese hunting grounds of North America®,

The effect on the environment of such quantities of lead, much of which falls to the
ground and is subsequently eaten by game birds, is considerable. A Yugoslav study
found that 41% of mallard ducks killed during the 1979-82 hunting season had more
than 2 mg/kg of lead in their tissues, some from embedded shot, much from shot
which had been consumed and ended up in the gizzards of the birds. A more recent
study in Greenland found that shot was a major source of lead intake in the country’.

Lead solders of a variety of compositions are used in a number of industries,
especially in plumbing and electrical work. Solders were once used to seal all food
cans, but this application has now ceased in many countries. They are still used
extensively in the manufacture of automobile bodies as well as in wheel bearings. A
former important user of lead was the printing industry. Lead alloys of various kinds
were used to make typeface. However, since the print was used over and over again as
typeface was melted down and recast, the actual quantity of lead involved was lim-
ited. Today computer technology and other forms of printing have seen the relegation
of lead type to a limited number of traditional printing works. The use of lead
compounds, both organic and inorganic, is extensive. We have seen something above
of the lead-containing pigments used in printing and painting. Because of the well-
recognised dangers to health, especially of children, that can be caused by white lead-
based paints, their use is now restricted largely to priming work. Red lead paints are
still used in large quantities as a rust inhibitor for iron and steel.

A major use of lead salts is in glazing of ceramics. Lead salts are also used in the
manufacture of flint and crystal glass, as well as enamels. Other uses are in the vul-
canising of rubber, as fungicides and insecticides in agriculture and as antifouling
compounds on the hulls of ships. But, though overall use of the metal and its salts
continues to increase worldwide, many of its older applications have been aban-
doned, or at least restricted, because of their danger to the health of consumers.

One of the most significant changes in the industrial uses of lead has been in the
manufacture of motor fuel. In the early 1920s it was discovered that the problem of
‘knocking’, or premature ignition before sparking of the mixture of air and petrol
vapour in the cylinder of an internal combustion engine, could be overcome by the
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addition of tetraethyl-lead (TEL) and other alkyl-lead compounds. Manufacturers of
automobile fuel began to add ‘anti-knock’ to their products. The use of lead additives
to increase octane rating'® continued for the following half-century, in spite of some
concerns about the environmental and health dangers resulting from the release of
lead in exhaust fumes of petrol engines.

By the early 1970s the amount of lead used to make leaded petrol had increased
enormously. In the UK alone approximately 40 000 tonnes of the metal were being
converted annually into TEL and related compounds for use as fuel additives. Most of
this was eventually released to the environment as exhaust emissions. In Australia
approximately 8000 tonnes of lead were used in the same way in the late 1970s. It was
estimated that about 5600 tonnes of this lead were emitted in exhaust fumes''. After
another decade, during which restrictions had been introduced to limit the sale of
leaded petrol and its use had been reduced natlonally by some 45 %, nearly 5000
tonnes of lead were still being added to motor fuels in that country'?

Today legislation is in place in the UK, Australia and most other countries to
reduce, and eventually totally eliminate, the use of leaded motor fuels. Unfortunately,
though the expected benefits to the environment and to human health are consider-
able, the consequences of more than half a century of the use of leaded petrol has
meant that many urban environments carry a burden of lead which can still cause
problems".

6.1.3 Lead in the human body

Lead is found in every organ and tissue of the human body. The total amount varies
with age, occupation, and environment. It has been estimated that western ‘Reference
Mar’, a 70 kg male who has not been exposed to excessive amounts of environmental
lead, contains between 100 and 400 mg of the metal, with an average of 120 mg, or
1.7 ug/g of tissue'*. We probably begin life with a small body store of lead. Transfer
across the placenta from the mother to the fetus has been shown to occur and the
body’s lead store increases with age, as exposure to environmental lead is prolonged.

After birth we absorb lead by ingestion from food and drink and, to some extent,
by absorption through our lungs. In adults about 10% of the lead ingested is absorbed
from the gastrointestinal tract. In children percentage absorption may be as much as
50%. Several dietary factors can affect absorption. Uptake is increased by a low
calcium status, as well as by iron deficiency. A diet high in carbohydrates and low in
protein can have a similar effect. This can have important consequences, for example
for those living on a poor diet in polluted areas. Children from low socio-economic
backgrounds, whose diet is low in calcium, have been found to have a significantly
1ncreased risk of a high absorption of lead compared to those with an adequate
diet"®

Once absorbed into the blood, the lead is transported around the body by belng
attached to blood cells and constituents of plasma'®. About 5% is placed in an
exchangeable compartment (soft tissues and blood) with the remaining 95%
sequestered in bone, as insoluble phosphates. Bone lead has a half-life of 20-30 years,
but, under some conditions of stress, may be released into the blood at any time.

About 90% of the lead ingested by adults is lost in faeces. Of the 10% absorbed
from the gastrointestinal tract, about three-quarters will eventually leave the body in
urine. Other excretory pathways are gastrointestinal secretions, hair, nails and sweat.
Absorbed lead may also appear in human milk. Under conditions of gross environ-
mental contamination, this could be a hazard for breastfed infants. Usually, however,
lead levels in the milk are low, between 2 and 5 pg/l, well within acceptable ranges of
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intake'”. A report of levels of lead up to 0.12mg/l in breast milk of some Japanese
nursing mothers can most probably be discounted as due to analytical inadequacies’
However, a recent study of the consequences of environmental pollution in Russia
suggests that high levels of lead in human mllk are not uncommon where long-term
neglect of industrial hygiene has occurred'’

There is a similarity between the metabolism of lead and of calcium. Both metals
are found in bone crystal structure. It was once believed that, with time, lead became
buried deeper and deeper within the bone structure and was held there permanently.
However, there is now evidence that such ‘burying’ takes place only after a very long
time and that a potentially dangerous pool of available lead persists for many months
after high levels of exposure. It is possible, as noted above, that even ‘fixed’ bone lead
may be mobilised under certain conditions, such as shock and illness.

Levels of lead determined in ancient skeletons uncovered in archaeological digs
suggest that modern humans may accumulate more of the metal than did their
ancestors. While lead in bones of 258 twentieth-century Americans averaged 100 mg/
kg, with a range of 7.5-195 mg/kg, levels of less than 5 mg/kg were found in the
skeletons of Peruvian Indians datmg from about Ap 1200. Levels of between 5 and
10 mg/kg were found in the remains of third-century Polesi in contrast to levels of
about 12 mg/kg in the bones of modern residents of Poland*’

Lead levels in teeth can also be used to study accumulation of the metal with time.
In addition, measurement of the ratios of naturally occurring lead isotopes in the teeth
can prov1de information about the source of the metal. A study of Norwegian teeth
from medieval times found Pb*°%/Pb*** ratios between 18.8 and 18.2, in comparison
with present day ratios of between 18.0 and 17.6, indicating the impact of indus-
trialisation and traffic?!

Lead in hair has been used as an indicator of exposure to external contamination
as well as to assess dietary uptake. In a US study, levels of lead in nineteenth-century
children’s ‘anitique’ hair that had been kept in lockets were found to be on average
164 mg/kg compared to 16 mg/kg in modern hair. It was concluded that the differ-
ence was due to changes in the American way of life, such as reduced use of poorly
glazed earthenware vessels for food and beverages®’. However, as others have
shown, lead levels in hair can be affected by several external and internal factors
besides diet, such as sex and age, hair colour, shampoos and other cosmetic treat-
ments, as well as the part of scalp from which hair is clipped, length of sample and
method of preparation for analysis*>. Consequently hair analysis is generally con-
51dered to be of little use as a dlagnostlc aid, except in the case of gross lead poi-
soning**

6.1.4 Biological effects of lead

Symptoms of acute inorganic lead toxicity are relatively easily recognised, but not
those of chronic poisoning which may occur after accumulation of lead in the body by
small increments over a long period of time. Lead primarily affects four organ sys-
tems: haemopoietic, nervous, gastrointestinal and renal. Acute lead poisoning usually
manifests itself in gastrointestinal effects. Anorexia, dyspepsia and constipation may
be followed by an attack of colic with intense paroxysmal abdominal pain. This is the
‘dry gripes’ of the ‘Devonshire colic’ once known to cider makers who used lead-lined
vessels in their fermentation processes. At times the pain caused can be so severe that it
may be taken for acute a %)Spendicitis There is also frequently marked general weak-
ness, fatigue and malaise™. Lead encephalopathy is rare in adults, but, at least until
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relatively recently, was more common in children. It is observed especially in children
with pica (eating of soil and other non-food materials) in some urban environments.

Today gross symptoms of lead poisoning are seldom met with except in those
exposed to certain occupational hazards. Attention is now centred largely on sub-
clinical levels of poisoning. One of the effects of chronic low-level poisoning is
interference with the pathways of haem biosynthesis. Mild anaemia is still sometimes
seen in occupationally exposed workers, but the characteristic ‘leadworker’s pallor’,
first described in 1831 by the French physician Laennec, is seldom seen today. The
erythr01d bone marrow where haemoglobin synthesis is carried out is the ‘critical
organ’ targeted by lead*®. The metal inhibits the action of several enzymes involved in
haem biosynthesis, among them delta-aminolaevulinic acid dehydrase (ALA-D). This
catalyses the formation of porphobilinogen, a precursor of haemoglobin, from o-
aminolevulinic acid (ALA). Measurement of the activity of ALA-D, as indicated by
concentration of ALA in the blood, provides a sensitive clinical test of lead poisoning.
The test gives an indication of levels of lead uptake long before any obvious physical
symptoms appear and is of value in detecting incipient lead poisoning.

Peripheral neuropathy was formerly frequently observed among workers exposed
to lead. Lead palsy resulting in weakness, and in foot or wrist drop (painter’s palsy) in
which paralysis of the muscles of hands or feet occurs, though now rare, is still seen in
severely poisoned patients®”. High intakes of lead are also responsible for autonomic
neuropathy resulting in abdominal colic and pain®®. Intakes of even small amounts of
lead over a long period can result in chronic and irreversible kidney disease. The
legacy of long-term exposure to lead, ingested in fragments of white lead paint by
children in Queensland, Australia, has been the h1gh level of incidence of nephritis, in
many cases fatal, formerly scen in adults i in the State*. Similar conditions continue to
be observed today in some lead workers®°

The effects of exposure to even low levels of lead on the behaviour and intelligence
of children has been causing increasing concern in recent years. There is strong evi-
dence that significant damage can be caused to their neurophysiological develop-
ment>!. A US study found that children with a high body burden of lead (as shown by
levels in the dentme of their teeth) had IQs about four points lower than children with
low dentine lead®?. Groups in other countries, including Australia®® and the UK,
have shown similar relationships between body lead burden and performance in
intelligence. It has been estimated that doubling of the lead body burden of children is
associated with a deficit of 1-2 points on the IQ scale®’. Though some doubts have
been expressed about the validity of such conclusions® 6, growing concern about the
risks to children posed by environmental lead has resulted i in steps being taken in
several countries, including the US®”, the UK*® and Australia®”, to reduce the levels of
intake of the metal by children and others. As a result of these moves there have been
remarkable decreases in the level of dietary intake of lead in many countries in recent
years.

In contrast to inorganic lead, organic lead primarily affects the central nervous
system and has little effect on blood lead concentrations. TEL, for example, is an
acutely toxic compound, far more dangerous than metallic lead or its inorganic
compounds. It is a volatile liquid which is fat-soluble and is readily absorbed through
the lungs as well as by the skin and the gastrointestinal tract. After absorption TEL is
distributed to various tissues, particularly the brain, where it decomposes to triethyl-
lead and small amounts of inorganic lead. The earliest symptom of alkyl-lead
intoxication is insomnia. Poisoning is usually acute, developing into toxic psychosis,
and may result in death. These effects can be brought about by ‘petrol-sniffing’, a
serious problem among some socially deprived young people*”.
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6.1.5 Lead in food and beverages

A remarkable achievement of the food industry and of government authorities in a
number of countries has been the marked reduction in levels of lead in certain foods
and in the overall diet, especially of children, since the early 1970s. Though the
dangers of lead ingestion had long been recognised and legislation was introduced in
many countries to protect consumers against them, it was really only since the risk to
children of even moderate intakes was recognised that the problem began to be
tackled effectively. The success of many of the measures that have been taken to
reduce lead levels in food suggests that within the foreseeable future, childhood lead
poisoning will, except in exceptional cases, be ‘a disease for the history texts’*!
Lead, however, will always remain a normal ingredient of our diet. It is present in
all foods and beverages, primarily as a natural component, but also as an accidental
additive picked up during processing. Levels of the metal in foods throughout the
world, except in situations where there are industrial or other types of environmental

contamination, are surprisingly stable and uniform, ranging from about 0.01 to about
0.25 mg/kg, as is shown in Table 6.1.

Table 6.1 Lead content of foods in different countries (mg/kg).

Food Canada Spain Japan UK

Cereals 0.012-0.078 0.01-0.065 0.092 (mean) 0.01-0.04
Meat/fish 0.011-0.121 0.005-0.065 0.186 (mean) <0.01-0.10
Dairy products 0.001-0.082 <0.005-0.015 0.032 (mean) <0.01-0.02
Vegetables 0.006-0.254 0.005-0.045 0.090-0.257 <0.01-0.02

Dabeka, R.W., McKenzie, A.D. & Lacroix, G.M.A. (1987) Dietary intake of lead, cadmium, arsenic and
fluoride by Canadian adults: a 24 hour duplicate diet study. Food Additives and Contaminants, 4,
89-102.

Urieta, L., Jalon, M. & Eguileor, I. (1996) Food surveillance in the Basque Country (Spain). II. Estimation of
the dietary intake of organochlorine pesticides, heavy metals, arsenic, aflatoxin M, iron and zinc through
the Total Diet Study, 1990/91. Food Additives and Contaminants, 13, 29-52.

Teraoka, H., Morii, F. & Kobayashi, J. (1981) The concentration of 24 elements in foodstuffs and
estimation of their daily intake. Eiyo to Shokuryo, 34, 221-39.

Ministry of Agriculture, Fisheries, and Food (1998) Lead, arsenic and other metals in food. Food
Surveillance Paper No. 52. The Stationery Office, London.

6.1.5.1 Lead in meat and offal

Other foods, apart from those listed in the Table 6.1, can contain significantly high
levels of lead. In a Swedish study it was noted that while lead levels were 0.008 mg/kg
in beef and 0.12 mg/kg in pork, they were 0.30 mg/kg in cattle kidney and 0.52 in pig
kldneg/ . In the UK lead in carcass meat was 0.01-0.03 mg/kg and 0.04- O 37 in
offal**. High levels in cattle offal have also been reported in the Netherlands**

6.1.5.2 Lead in canned foods

Foods packed in cans with lead-soldered side seams contain higher levels of lead than
do fresh or frozen foods. A study in Israel found that some fruit juices on sale in stores
contained 2 mg lead/kg*. A similar 1nvest1gat10n in Italy reported levels of up to
20 mg/kg of the metal in canned vegetables*®. In Canada, in the late 1980s, lead levels
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in infant formulas in lead-soldered cans were found to be on average 46.2 ng/g,
compared to 1.7 ng/g in lead-free cans*’. As we have seen earlier, because of dangers
posed to health by a high lead intake, many countries, 1nclud1ng the US, have
restricted, or 1n some cases totally stopped (especially for infant foods), the use of
soldered cans*®. In many countries old-style food containers have been largely
replaced by seamless (‘two piece’) and electrowelded cans. As a consequence there has
been a considerable drop in lead levels in canned foods, with a significant effect on
dietary lead exposure. In the case of infant foods, for instance, average lead levels
were reported to have fallen in the US from 0.15 to 0.013 mg/kg, and in 1nfant juices
from 0.30 to 0.011 mg/kg between the early 1970s and the early 1980s*°

6.1.5.3 Lead in wines

Another source of potentially high dietary lead intake, though for an obviously
limited group of consumers, are wines in bottles with lead seals. A study conducted by
the US Bureau of Alcohol, Tobacco and Firearms (BATF) in 1990 found that some
wines, both domestic and imported, had elevated levels of lead. This, it was con-
cluded was at least partly due to the use of tin-coated lead foil caps on the bottles. As
a consequence, a prohibition on the use of such caps was proposed by the FDA®°,
Similar steps have been taken in other countries. In Europe the EC has banned the use
of lead foils containing more than 1% lead for this purpose

An investigation in the UK** found that unpoured wines, " both red and white,
contained less than 250 pg lead/litre (range 27-240 pg/litre of the 52 samples tested)
whether they were lead-capped or not. However, when lead-capped wines were
poured the lead content increased, in several cases dramatically. Twenty-five samples
tested showed an average increase of 3.6 + 2.5 ug lead/litre. Another five samples
increased by 35, 50,410, 555 and 1890 pg/litre (nearly twice the UK statutory limit of
1 mg/litre). The increases were attributed to deposition of corrosion products from the
lead cap on the bottle glass. Though use of tinned-lead foil and similar lead-con-
taining capsules has been decreasing worldwide in recent years, the practice continues
in some traditional wineries and there are many vintage wines in cellars that still have
the traditional cap. MAFF (now DEFRA) has given the advice that whenever wines
are poured the bottle top should be carefully wiped to remove all posmble corrosion
products®?. This would seem to be a wise precaution for wine lovers in the light of the
finding that blood lead concentrations in middle-aged men in the UK are positively
associated with alcohol consumption®

6.1.5.4 Lead in home-grown vegetables

A somewhat surprising source of high dietary lead intake is the urban garden and
smallholding. Home-grown vegetables, especially in soil that has been industrially
contaminated, have been shown to contain levels of the metal which exceed the
statutory limit>>. It is believed that the most important source of contamination of
agricultural soil in the UK is atmospheric deposition from lead in the exhaust of petrol
engines. In 1986 it was estimated that 1500 tonnes of lead were deposited in this way,
as opposed to 100 tones from sewage sludge’®.

A study conducted on behalf of MAFF, to assess Whether consumers of home-
grown vegetables could be at risk of excessive lead intake®”, found that in certain
urban areas in Britain, soil lead concentrations ranged from 27 to 1676 mg/kg dry
weight (mean 266 mg/kg dw) compared to a mean concentration of 74 mg/kg dw in
agricultural soil in England and Wales. Analytical results indicated a considerable
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range of lead concentrations in vegetables grown in urban allotments and gardens.
These were <0.02-1.7 mg/kg fresh weight for spinach, 0.06-1.5 mg/kg for cabbage
and 0.06-1.0 mg/kg for broccoli. Though only 1% of all the vegetables analysed had
levels above the statutory limit of 1 mg/kg, it was concluded that individuals whose
consumption of vegetables was solely derived from home-grown produce and lived in
areas with the highest soil lead levels (such as the suburbs of Hammersmith and
Richmond in London) could have elevated lead intakes.

6.1.5.5 Lead in water

Most natural waters contain about 5pg of lead per litre. WHO recommends a
maximum limit of 50 pg/litre, which is the same as the EU maximum allowable
concentration. Normally municipal supplies will contain well below this limit, but
there can be exceptions. A survey carried out in Liverpool found that almost half the
samples taken from public water supplies had levels above the WHO maximum.
Similar findings have been reported in other cities where old lead domestic plumbing
is still in place®®. In a study of domestic water in Birmingham, average lead con-
centrations were found to be 28 ng/litre. Of these, 45% had concentrations greater
than 20 pg/litre, with 12% exceeding the WHO limit®”.

Lead contamination in domestic water may be due to pollution by industrial and
municipal waste. However, it is most often caused by the use of lead in the plumbing
system. The problem is most serious in areas where the water is ‘soft’, with a low pH.
Such water is plumbosolvent and can dissolve large amounts of metal from the sys-
tem. On the other hand, hard water of high pH and containing dissolved salts of
calcium and magnesium forms ‘scale’ on the inner surface of the pipe and this prevents
solution of the metal. In parts of the UK, such as the Scottish Highlands where
domestic water originates in acidic peat moorland, plumbosolvency can be a serious
problem. In Glasgow, for instance, water from taps in some older houses was found to
contain more than 100 ug lead/litre, twice the WHO maximum and ten times the
average concentration in most households in England®®.

6.1.6 Adventitious sources of dietary lead

Ordinary food is not always the main source of dietary lead. As has been indicated
earlier, lead may also be taken up from a number of adventitious, non-food sources.
Some of these, such as lead solder in food cans and lead plumbing in domestic water
systems, can, as we have seen, be responsible for serious health problems. A number
of other non-food sources which continue to be of concern, in spite of recent successes
in reducing overall lead intakes, have been discussed in a report published by the
Centre for Food Safety and Applied Nutrition of the USFDA®!. Though some of these
have already been briefly mentioned, it will be useful to consider them in more detail
here because of their persistence as a source of lead contamination of the diet.

6.1.6.1 Lead in alcobolic beverages

A survey of dietary lead levels in the Basque region of Spain in 1991 found that
alcoholic beverages, particularly wine, contribute significantly to dietary lead
intake®®. This was attributed to the high wine consumption (173.8 g/day) of those
surveyed and to the fact that the wines had considerably higher lead levels than other
beverages, though, it was pointed out, concentrations in Spanish wines are similar to
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those found in other countries. Levels of 50-100 pg/litre have been reported in wines
sold in Italy, West Germany and the UK®?.

In the USFDA Report®* it was noted that wine can represent ‘sizeable and con-
trollable contributions to the total body burden of lead’. The finding that many wines,
both domestic and foreign, had elevated levels of lead prompted the FDA to advise the
Bureau of Alcohol, Tobacco and Firearms, the body with primary regulatory
authority in the US for wine, that it would be ready to support action to remove wines
containing more than 300 pg lead/litre from the marketplace.

Lead levels in wine and other alcoholic beverages can be increased by storage in
unsuitable containers. Leaded crystalware decanters have been shown to leach lead
into wine, including port and sherry, with time®’. The USFDA has issued advice on
the use of crystal glass vessels for long-term storage of alcoholic beverages®®.

Another source of lead in alcoholic beverages which is sometimes encountered is
poorly glazed ceramic vessels. A Spanish study found that several cases of lead poi-
soning could be traced to the use of vitrified and non-vitrified earthenware vessels to
store wines®’. Similar cases have been reported from Sweden®®, Britain®® and the
former Yugoslavia, when 40 drinkers were poisoned by lead leached from a glazed
ceramic wine jar’".

6.1.6.2 Lead in dietary supplements

Unexpectedly high levels of lead have been found in calcium supplements made from
dolomite and bonemeal”" The USFDA has advised children and pregnant and lac-
tating women to avoid consumption of such supplements because of risk of excessive
lead intake”?.

In 1995 samples of propolis, a natural product produced by honeybees from pollen
and exudate found on buds of certain trees, which is sold as a health food and is used
in a wide variety of health products, were found to contain high levels of lead. A
MAFF study in the UK found lead ranging from 1.7 to 1570 mg/kg in some propolis-
containing health foods”>. Since consumption of these products would obviously have
a considerable effect on lead intake, warnings were issued to local environmental
health departments in the UK as well as to European authorities and, where detected,
the contaminated products were withdrawn from sale.

6.1.6.3 Lead in plastic packing

A practice in some households that could have the undesirable effect of increasing
dietary lead intake by members of the family is the re-use of plastic food bags and
other wrappers. In an earlier section consideration has been given to the transfer of
lead and other heavy metals from the pigments and print used on paper and other
wrappings to food. This possibility is highlighted in a US study’* of plastic bread
wrappings and their re-use in the home. The wrappings were obtained on widely
available brands of bread sold in supermarkets. Lead, at an average of 26 + 6 mg per
bag, was detected on the outer, printed, surfaces of the bags, though not on the
insides. It was calculated that up to 100 pg of lead could be leached from each exterior
surface by a weak acid in ten minutes. Bread, as originally packed, inside the bags
would not have taken up any of the metal, but this was not the case when the bags
were turned inside-out and re-used. This was found to be the case with 16% of 106
families who responded to a survey about their use of such bags.
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6.1.7 Dietary intake of lead

The Joint UNEP/FAO/WHO Food Contamination Programme, or GEMS/Food in its
shorthand form, was established by the United Nations Environment Programme
(UNEP) to collect, assess, and disseminate information on contaminants in food
which are considered to pose serious threats to health”>. Prominent among them is
lead. It is one of the most frequently monitored contaminants, with about 30 coun-
tries in the GEMS/Food network providing data on concentrations in a wide variety
of foods.

It has been possible, on the basis of the GEMS data, to construct what its called a
‘global diet’ from which it has been estimated that world intake of lead is 153 pg/d or
18 ug/kg body weight. The data on which the estimate is based covered the years
1981-8, before efforts to reduce the use of soldered cans and the phasing out of leaded
petrol in many countries began to have a significant effect on levels of lead in foods.
Nevertheless the GEMS/Food data indicated that a downward trend in lead intake
had become apparent in some countries such as the UK and the USA, but not in
others. In Japan, for instance, after an initial drop in intake, dietary lead levels had
begun to increase once more. The increases were believed to be due in some countries
to increased consumption of wine and, in industrialised countries, to high con-
centrations of lead in tap water. The considerable differences between lead intakes in
some countries compared to others, for example Cuba (63 pg/kg body weight/week)
and Denmark (5 pg/kg bw/week), were considered to be due to differences in con-
sumption of foodstuffs which contribute most to the total intake of lead by adults
(drinking water, beverages, cereals, vegetables and fruit). It was not believed that
canned food, in spite of the high levels of lead that they sometimes contain, could be
identified as major contributors to overall intake”®

More recent data on dietary lead intakes in several countries indicate that the
downward trend noted in the late 1980s has generally continued, as is shown in Table
6.2. In the UK, for instance, estimates of dietary exposure to lead covering the years
1976 to 1994 show a fall from 0.11 mg/day to 0.024 mg/day. Though it is possible
that the decrease in estimated intakes may in part be due to a lowering of the limit of
detection from 0.05 mg/kg in 1988 to 0.01 mg/kg in 1991, a real decrease in exposure
is also evident. This reflects the success of measures taken to reduce lead con-
tamination of food, such as replacement of soldered cans, banning of lead seals on
wine bottles and the phasing out of leaded petrol”’. A similar downward trend has
been seen in the US. In the case of 14-16-year-old males, for instance, between 1982
and 1991, lead intakes fell from 38 to 3.2 g/day. Similar rates of reduction were seen
in other age and sex groups. More recent data from the US Total Diet Study indicates
that the reductions have either levelled off or continued”®

6.1.7.1 Lead in children’s diets

Perhaps the most significant effect of recent efforts to reduce lead contamination of
food and the environment has been seen in the case of children. It was largely concern
at what dietary lead was doing to the health of young people that triggered the
increased interest in lead shown by governments and other agencies in the late 1970s.
As has been mentioned above, there is growing evidence that blood lead levels pre-
viously accepted as normal are associated with learning deficits and that the devel-
oping brain is especially susceptible to the toxic action of the metal””. Moreover,
absorption and retention of lead from food are higher in infants and young children
than in adults®®. Such concerns were largely responsible for what can rightly be
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Table 6.2 Estimated dietary lead intakes in different countries.

Country Intake (pg/day) Year
Canada 24 1986-88
Egypt 240 1996
Netherlands 32 1984-86
Spain 39 1990/91
Sweden 17 1987
UK 24 1994
USA 15 1990

Dabeka, R.W. & McKenzie, A.D. (1995) Survey of lead, cadmium, fluorine, nickel and cobalt in food
composites and estimation of dietary intakes of these elements by Canadians in 1986-1988. Journal of
the Association of Official Analytical Chemists International, 78, 897-909.

Saleh, Z.A., Brunn, H., Paetzold, R. & Hussein, L. (1998) Nutrients and chemical residues in an Egyptian
mixed diet. Food Chemistry, 63, 535-41.

Van Dokkum, W., De Vos R.H., Muyst, H. & Westra, J.A. (1989) Minerals and trace elements in total diets
in the Netherlands. British Journal of Nutrition, 61, 7-15.

Urieta, L., Jalon, M. & Eguileor, I. (1996) Food surveillance in the Basque Country (Spain). II. Estimation of
the dietary intake of organochlorine pesticides, heavy metals, arsenic, aflatoxin M, iron and zinc through
the Total Diet Study, 1990/91. Food Additives and Contaminants, 13, 29-52.

Becker, W. & Kumpulainen, J. (1991) Contents of essential and toxic mineral elements in Swedish market
basket diets in 1987. British Journal of Nutrition, 66, 151-60.

Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from the UK Total
Diet Study. Food Additives and Contaminants, 16, 391-403.

Mackintosh, D.L., Spengler, J.D., Ozkaynak, H., Tsal, L. & Ryan, B. (1996) Dietary exposures to selected
metals and pesticides. Environmental Health Perspectives, 104, 202-9.

described as a triumph for public health care — the remarkable decrease in dietary lead
intakes, especially by children, seen in many countries in recent decades.

This is well illustrated in the case of Canada, where average lead intakes of infants
in the late 1970s were 50.3 pug/day (6.64 pg/kg/day)®!. These had been reduced to
15 pg/day by 198852, The reduction was largely attributed to improvements in can-
ning procedures. Previously, locally available ready-to-use infant formulas packed in
lead-soldered cans contained on average 46.2 ng lead/g. In contrast, formulas in lead-
free cans contain only 1.7 ng/g, and in glass jars 2.5 ng/g of the metal.

In the Canadian study, as in a British investigation of lead intake by infants®?, it was
found that the quality of the water used to prepare the infant’s food could have a
considerable effect on levels of lead consumed. In the city of Glasgow, for instance,
where lead plumbing is still extensively used in older houses, infants were found to
have, on average, an intake of 3.4 mg/week, which is 0.4 mg/higher than the PTWI for
adults. An interesting finding in the Glasgow study was that when water from the hot
tap was used to make up infant formulas, levels of lead in the food were considerably
higher than when the cold tap was used.

Significant reductions in lead in children’s diets have also been observed in other
countries (see Table 6.3). In the US intakes by children under one year of age fell from
0.37 pg/kg bw/day between 1986 and 1991 to 0.2 pg/kg bw/day in 1990/91%*. Less
dramatic, though still si§nificant, falls occurred in Germany (21.2 to 5.8 pg/day,
between 1988 and 1995)%°, and in the UK (from 26.4 to 20.57 pug/day, between 1988
and 1993)%.

There is little doubt that such data confirm ‘the success of the measures taken to
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Table 6.3 Dietary lead intakes by infants and children.

Intake (png/kg

Country Years Age (years) Intake (pg/day) body wt/day)
Canada 1986-88 1-4 15 —

Finland 1980 3 49 32
Germany 1988/89 5-8 21.2 0.91
Germany 1995 1.5-5.3 5.8 0.35
Netherlands 1988/89 1-4 10 —

UK 1988 2 26.4 2.2

UK 1993 0.3-1.2 20.57 —

USA 1986-91 0.5-0.9 — 0.37

USA 1990/91 0.5-0.9 1.82 0.2

Adapted from Schrey, P., Wittsiepe, J., Budde, U., Heinzow, B., Idel, H. & Wilhelm, M. (2000) Dietary
intake of lead, cadmium, copper and zinc by children from the German North Sea Island Amrum.
International Journal of Hygiene and Environmental Health, 203, 1-9.

reduce lead exposure and contamination of food’®”. Nevertheless, the asserted aim of
the US Congress to eliminate childhood lead poisoning totally has not yet been
achieved. There are still persistent pockets of high levels of lead intake, especially in
urban and socially deprived areas of the world. In the US alone it has been estimated
that more than a million children still have blood lead levels above the 10 pg/dl which
is the US guideline for intervention®®. It would be a mistake for health authorities and
government agencies concerned with public health to relax their efforts to control
lead contamination of the diet, in the mistaken belief that the remarkable decreases in
dietary lead intake revealed by Market Basket Studies in several countries is evidence
that the end of the road has been reached®’.

6.1.8 Amnalysis of foodstuffs for lead

Provided due allowance is made for the risk of contamination, lead is readily deter-
mined in all types of foods using a variety of the analytical procedures, either single or
multielement, which have been discussed earlier. Both wet and dry ashing can be used
for sample pretreatment. The most suitable acid for digestion is nitric. Use of sul-
phuric acid can result in low recoveries due to the formation of insoluble sulphate.
Perchloric acid causes losses in the ashing stage and is not suitable for ETAAS. A
sulphuric—nitric acids mixture has been found to be suitable for the determination of
lead in marine as in other foods”®. Recovery is good with dry ashing, provided the
temperature is maintained below 500°C. To avoid losses due to volatilisation, and to
minimise the possibility of contamination from external sources, use of a closed cir-
cuit microwave digestion system is recommended.

In the absence of more advanced equipment and where sample numbers are low,
atomic absorption spectrophotometry is normally the method of choice for the
determination of lead in food. Because of low levels in the majority of biological
samples, ETAAS is recommended, rather than flame spectrometry, which is not
sufficiently sensitive. Matrix effects can be overcome by preliminary separation of the
lead from the digest, by extraction into 4-methylpentan-2-one (MIBK). The use of
background correction is highly desirable. Problems can arise if high levels of anions,
including phosphate and carbonate, which depress absorbance, are present in the
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digest’®. There have been many recent advances in analytical procedures for lead
which involve the use of ICP-MS, including high-resolution ICP. Several of these
employ hyphenated techniques, such as hlgh -performance size-exclusion chromato-
graphy (HPSEC) coupled with ICP-MS*?

6.2 Mercury

Mercury is one of the ‘ancient’ metals. It was known to the Greeks in classical times as
bydrargyrum (liquid silver or quicksilver) because of its appearance and liquid state.
The Romans gave it the name mercury, after the swift messenger of the gods. It was
used by the alchemists in their attempts to transmute base metals into gold. It was also
long valued for its medicinal uses — some real, some imagined. Two of its other early
uses were for silvering mirrors and in the extraction of gold from its ores. The latter is
an application which continues to the present dag§ sometimes with unwelcome con-
sequences for human health and the environment””. Today mercury is widely used in
industry, mainly because of its chemical properties. It serves as a catalyst in a variety
of industrial and laboratory reactions. Its high electrical conductivity makes the liquid
metal valuable also to the electrical industry.

From very early times it was recognised that mercury could have sinister side
effects. Georgius Agricola wrote in the sixteenth century of qulcksﬂver disease’ from
which mercury miners in the Harz Mountains of Germany suffered”*. The nineteenth-
century makers of felt hats who used mercury to prepare the material showed peculiar
mental symptoms which gave rise to the saying ‘mad as a hatter’. The term suffered a
strange transportation, from Lewis Carroll’s Alice in Wonderland to the Bendigo gold
fields of colonial Australia where miners, affected by the mercury they used to extract
the metal from crushed ore, were known as ‘hatters’®® - Today there is concern at the
possible effects on health, of patients as well as of workers in dental clinics, of the use
of mercury amalgams in teeth’®. The medicinal use of mercury has also caused
problems. It has been argued, for instance, that the death in 1840 of the great Italian
violinist Paganini may have been hastened by chronic mercury poisoning from the
treatment he was given for s;;phllis and the excessive use of laxatives containing
calomel (mercurous chloride)””. A more recent unwelcome side effect of the use of
mercury compounds in health care is ‘Pink disease’, caused by the use of calomel in
ointments used to treat nappy rash and in teething powder for infants”®

Mercury is still considered as one of the most dangerous of all the metals we are
likely to meet in our food. Worldwide attention among food and toxicology experts is
focused on the metal and levels of intake in the diet are strictly monitored in most
countries. Concerns relating to such topics as the persistence of mercury in the
environment, its bioaccumulation and transport in the aquatic food chain, its levels in
different foodstuffs and the 1mphcat10ns for health, were raised in 1989 in a WHO
document®®. They continue to receive serious worldwide attention this century.

6.2.1 Chemical and physical properties of mercury

Mercury , given the symbol Hg from its Greek name hydrargyrum, is element number
80 in the periodic table. Its atomic weight is 200.6 and its density 13.6, making it one
of the heavier of the metals. It is liquid over a wide range of temperatures, from its
melting point of —38.9°C to its boiling point of 356.6°C. Elemental mercury (Hg(0))
is rather volatile. A saturated atmosphere of the vapour contains approximately
18 mg/m> at 24°C. The metal is slightly soluble in water and in lipids. Sulphates,
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halides and nitrates of mercury are also soluble in water. Mercury has two oxidation
states, Hg(I) mercurous, and Hg(II) mercuric, and forms two series of compounds,
e.g. HgCl (mercurous chloride, or calomel) and HgCl, (mercuric chloride, or corro-
sive sublimate). In aqueous solution two other combinations are formed with
chlorine, HgCl;~ and HgCl4*~. Mercurous mercury is rather unstable and tends to
disassociate in the presence of biological materials to give one atom of metallic
mercury and an Hg™" ion.

Organic compounds of mercury are of considerable interest, because of their wide
natural distribution and their toxicity. Volatile compounds are formed between alkyl-
mercury compounds and the halogens. These are highly toxic. Less volatile are the
hydroxide and nitrate of short-chain alkylmercuric compounds. Methyl- and ethyl-
mercury chloride has an affinity for sulphydryl groups, which enables it to bind to
proteins in biological tissues.

6.2.2 Environmental distribution of mercury

Mercury is not widely distributed in the environment. Its average concentration in the
Earth’s crust is about 0.5 mg/kg and there are only a limited number of places in
which it occurs in concentrated form suitable for extraction. These are found in what
is sometimes known as the ‘mercuriferous belt’, a chain of volcanic areas which
stretches along the Mid-Atlantic Ridge, the Mediterranean, South and East Asia and
the Pacific Ring. In this belt are found the ancient mines of Europe and the Western
world at Idria in Yugoslavia, Almaden in Spain and New Almaden in California.
Commercially worked ores are mainly sulphides, most commonly cinnabar, the red
sulphide (HgS).

Mercury vapour is a normal component of the atmosphere, in which elemental
mercury is the principal form. The vapour arises naturally from emissions from
volcanoes as well as by volatilisation from soil. It has been calculated that natural
degassing of the Earth’s crust and oceans releases up to 150 000 tonnes of mercury
vapour into the atmosphere annually. It is also produced by combustion of fossil
fuels, and from mines, metal refineries, waste incinerators and crematoria. These
human activities are estimated to produce about 10 000 tonnes of mercury vapour
each year'%.

Atmospheric mercury is oxidised to soluble divalent mercury and returns slowly to
earth in rainwater. In surface waters and sediments the divalent mercury can be
reduced again, or methylated by micro-organisms to form methylmercury. Methy-
lation of mercury usually takes place in the upper layers of sediment on sea or lake
bottoms. The methylmercury so formed is rapidly taken up by living organisms. It
enters the food chain via plankton-feeders and goes on up through predators feeding
on these. At the end of the chain are the larger carnivores, fish, such as the marine
sharks and freshwater pikes, which, with growth in size and age, can accumulate
considerable amounts of organic mercury. After these come human consumers, who
are then at risk of methylmercury poisoning.

As has been shown by the Swedish Expert Group on environmental hygiene'°?,
local loading of methylmercury can be caused by industrial pollution, such as that
produced by the paper pulp and chloralkali plants or, as has been found in the coastal
waters between Australia and New Zealand, by emissions from naturally occurring
mercuriferous deposits'®2. While little can be done, from the point of view of human
health, with regard to mercury from natural sources, strict pollution control can be
effective where industry is the source of contamination.
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6.2.3 Production and uses of mercury

The metal is easily extracted from cinnabar, which can contain as much as 70% of the
element. The ore is roasted in a current of air to release mercury vapour, which is then
condensed into flasks. Annual world production was about 10 000 tonnes in the
1980s, but production has been falling as a result of environmental concerns and
changes in use of the element'?3. The principal uses of mercury are industrial. About a
quarter of total production is employed in the manufacture of scientific and electrical
instruments and another quarter as electrodes in the chloralkali industry. The
remainder is used in the production of paints and pigments, as well as in agro-
chemicals and in medicinal and pharmaceutical products and other specialist items.
These include catalysts used in the manufacture of plastics, ‘slimicides’ in the pro-
duction of wood pulp and paper, germicides and pesticides. Organic mercury was
formerly used in quantity as a fungicidal dressing for seeds of wheat and other cereals,
but this application has now been banned. Until recently up to 3% of total mercury
production was used as amalgam in dentistry, but because of concerns about the
effects on health of such tooth fillings, this use is now rapidly decreasing.

6.2.4 Biological effects of mercury

Mercury is a cumulative poison. It is stored mainly in the liver and kidney, with a
small amount (about 10%) in the brain and blood. The level of accumulation depends
on the chemical form of the mercury ingested. Inorganic mercury is poorly absorbed
and what is taken in is quickly excreted from the body, equally in faeces and urine,
with a small amount exhaled. Mercury vapour, in contrast, is readily absorbed
through the lungs. Up to 80% of the vapour inhaled enters the blood. Prior ingestion
of alcohol can reduce this to 50% because the alcohol inhibits oxidation of Hg(0) to
Hg”* by the enzyme catalase and hydrogen peroxide in the red blood cells'®*. It has
been shown that elemental mercury absorbed into the blood of a pregnant woman can
pass readily through the placenta to the fetus.

Compounds of inorganic mercury can be much more toxic than the metal itsel
Mercuric chloride (HgCl,, corrosive sublimate), for example, is a notorious and
dangerous poison. The greater part of the absorbed Hg** is concentrated in the
kidneys where it causes severe damage to the brush border membranes, by disrupting
membranes and inhibiting SH-enzymes and damaging DNA. The result is kidney
failure. If, however, selenium is also present, it can protect against damage by com-
bining with the mercury and blocking its toxic actions. After recovery from the acute
effects, mercury can still be detected in kidney tissues for many years'%°.

The biological effects of organic mercury are much more severe than those of either
metallic or mercuric mercury'®’. Of the different organic compounds that occur
naturally, methyl- and ethyl-mercury are the most toxic. Methylmercury has been
listed as one of the six most dangerous chemicals in the environment by the Inter-
national Program for Chemical Safety'®®. Up to 90% of most organic mercury
compounds is absorbed by the intestine from ingested food. Phenylmercury is also
absorbed through the skin. Dimethylmercury, described as a ‘supertoxic’ chemical
which can quickly permeate latex gloves, has been responsible for a number of
fatalities, including the death of a research scientist in the US in 1997'°°, Most of the
methylmercury absorbed from the intestine is bound initially to blood proteins and is
then transported in red cells to other tissues. The central nervous system is the target
organ for organic mercury toxicity. More than 95% of mercury in the brain has been
shown to be organic.

flOS
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Methylmercury has long been recognised as a neurotoxin for both adults and the
fetus''%. The compound freely crosses the placenta and has a devastating effect on the
fetal brain. Even when the mother shows no sign of toxicity, the brain of the fetus can
be damaged. Even after birth the infant can continue to be affected by methylmercury
ingested by the mother, since the compound also appears in the milk. Excretion of
absorbed organic mercury is mainly in bile in faeces, though some is also lost through
the kidneys. Absorbed organic mercury will be retained for a long time, causing
functional disturbances and damage. There seems to be a latent period between initial
intake and the appearance of symptoms.

Clinical signs of methylmercury poisoning are sensory disturbances in the limbs,
the tongue and around the lips. The effects are dose related and are 5-10 times more
serious in the fetus than in an adult. With increasing intake, the central nervous
system is irreversibly damaged, resulting in ataxia, tremor, slurred speech, tunnel
vision, blindness, loss of hearing and, finally, death'"". Levels of mercury in the blood
and in urine can be used to estimate the total mercury burden of the body. Methyl-
mercury and total mercury levels in hair have also been used with some success to
measure intakes. Hair mercury measurements, in sections cut at different distances
from the scalp, have been used to provide a chronological record of intakes during a
prolonged period of mercury poisoning''*.

6.2.5 Mercury in food

Mercurz and its organic derivatives occur naturally in minute amounts in most
foods'"'?. It is found in three different forms: elemental mercury, mercuric mercury and
alkylmercury. The form influences absorption and distribution in body tissues and
biological half-life. As we have seen, it also affects toxicity. Normally the level of
mercury of any kind in our food is very low, ranging from a few micrograms up to
50 pg/kg. Levels of total mercury that can be expected to occur in foods, in the absence
of gross contamination, are illustrated by data from the UK Total Diet Study of 1991
(Table 6.4). They are similar to levels published for other countries, such as the US'?,

Fish and organ meat may sometimes contain high levels of mercury as a result of
industrial pollution of water or of soil by use of sewage sludge as an agricultural top
dressing. A range 1.0-136 pg/kg in kidneys and 7.0-14.0 yg/kg in livers of cattle in the
Netherlands has been attributed to the latter cause''”. Levels of mercury up to
1.61 mg/k§ in fish caught in coastal waters of Egypt have been attributed to industrial
pollution''®. Even vegetables, if they have been grown on sludge-amended soil, can
contain high levels of mercury. Up to 40 pg/kg (dry weight), ten times the normal
level, has been detected in lettuce grown on mercury-polluted soil*!”.

The dietary intake by UK adults has been estimated to be an average of 5 pg/day,
with an upper range of 9 pg/day''®. This level of intake changed little over an 18-year
period up to the 1994 Total Diet Study. It is well within the JEFCA PTWI of 0.3 mg/
week (43 pg/day) for a 60 kg adult. The UK intakes are not very different from the
8 ug/day found in US adults, but lower than those re(g)orted from the Basque region of
Spain (18 pg/day)''?, and from Egypt (78 pg/day)'*°. The higher intake in Spain has
been attributed to a high intake of fish in the Basque region and to a higher mercury
concentration in the fish consumed there, compared to other countries (68-200 pg/
kg).

Fish consumption in the UK, and in most other countries, is the major contributor
to mercury in the diet. In 1994 some 25% of total mercury intake came from this
group. Because of the importance of fish as a source of dietary mercury and the
known effects of industrial and other forms of pollution on mercury levels in marine
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Table 6.4 Mercury in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.004
Miscellaneous cereals 0.004
Carcass meat 0.003
Offal 0.006
Meat products 0.003
Poultry 0.004
Fish 0.054
Oils and fats 0.003
Eggs 0.004
Sugar and preserves 0.004
Green vegetables 0.002
Potatoes 0.003
Other vegetables 0.002
Canned vegetables 0.004
Fresh fruit 0.003
Fruit products 0.002
Beverages 0.0006
Milk 0.0007
Dairy products 0.002
Nuts 0.003

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

organisms, many countries operate special surveillance programmes to monitor the
levels of mercury in commonly consumed fish. In the UK, for instance, regular surveys
are carried out on fish caught in coastal and other waters as well as on imported fish
and shellfish'*!. The importance of such monitoring, from the public health point of
view, is that more than 75% of the mercury in fish may be present as methylmercury,
the most toxic form of the element'*2. Though published food composition data for
mercury normally provides information only on total mercury, the PTWI proposed by
JEFCA draws a distinction between the two forms. While the PTWI for total mercury
is 5 ug/kg bw/week (equivalent to 0.3 mg/week for a 60kg adult), not more than
3.3 pug/kg bw/week (0.2 mg/week) should be organic.

Alkylmercury is formed in marine and freshwater sediments from inorganic mer-
cury which may have originated from industrial discharges. From there it is taken up
by filter-feeding organisms and on via their predators into fish and other marine
organisms. In the process mercury may be concentrated, by a factor of as much as
3000, in tissue of a large predator fish such as a freshwater pike or a marine shark.
Accumulation in fish is related to size. Large tuna over 60 kg in weight may have levels
of organic mercury up to 1 mg/kg in muscle. This compares to terrestrial animals with
normally about 20 pg/kg in their tissue. In some polluted waters fish may accumulate
far higher levels of total mercury, most of it in organic form. In a study of fish caught
in UK waters, the average mercury content of those from clean coastal waters was
found to be 210 pg/kg, while some specimens from industrially contaminated rivers
and estuaries contained between 500 and 600 pg/kg'*®. Considerably higher levels
have been found in South American tuna, which contained 6.9 mg mercury/kg of
which 6.2% was in organic form'**,
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The notorious Minimata Bay tragedy in post-World War II Japan was caused by
mercury pollution of fishing grounds by industry'*’. What became known as Mini-
mata Disease was officially recognised in 1956, but had actually been affecting the
residents of the area for many years before that. The debilitating and, in several cases,
fatal illness was found to be due to consumption of fish contaminated with mercury
that had been discharged from a chemical factory. Levels of up to 29 mg methyl-
mercury/kg were found in locally caught fish and shellfish. Though the factory
causing the pollution was closed in the late 1960s and discharge of methylmercury
into the bay ceased at that time, the area remains polluted to this day and there are
36.9 certified Minimata-diseased patients per 1000 population in the area'?®.

The Japanese tragedy, which was followed by other incidents of mercury poisoning
also caused by industrial pollution elsewhere in Japan, caused considerable concern in
other countries where fish is consumed in quantity and industrial pollution occurs.
Several well-fished lakes in Sweden and Canada, near mercury-using wood pulp
factories, were known to be heavily polluted. Levels of methylmercury of up to 10 mg/
kg were found in the fish'?”. As a result, fishing was banned in several of these lakes
and efforts were made to clean up the pollution'?®.

Though fish is the major source of methylmercury in the diet, and there is evidence
of a correlation between fish consumption and total mercury intake'*’, intoxication
has also occurred on a large scale as a result of ingestion of methylmercury from a
non-fish source. Alkylmercury compounds were formerly used as antifungal agents
for dressing cereal seeds. In Iraq, in 1960, seed wheat which had been dressed in this
way, and was not intended for human consumption, was used to make flour. As a
result many thousands of people were poisoned. Some died, others were permanently
incapacitated and there were many cases, also, of prenatal poisoning'?°. Similar
incidents were reported subsequently from Pakistan and Guatemala''.

Health authorities and food legislators in most countries responded to these and
other widely-reported large-scale incidents of mercury, and especially organic mer-
cury, poisoning by introducing strict controls on levels of the element permitted in
foods such as fish. In Australia, for instance, there is a maximum permitted level of
0.5 mg/kg (fresh weight) in most fish and molluscs, with the exception of certain
larger predators, including shark and tuna, which are permitted to contain 1.0 mg/
kg'?2. In the UK, following a European Commission decision, a limit of 0.5 mg/kg in
edible parts of fresh fish, with a higher limit of 1.0 mg/kg for tuna, shark, swordfish
and halibut, has been adopted. In the US, though the FDA has set a limit of 1 mg/kg
for methylmercury in fresh fish'*?, the EPA believe that the limit should be lower. The
Agency has proposed that intake of mercury should be reduced to not more than
0.1 pg/kg body weight/day'*. This is considerably less than the JEFCA PTWI of 5 pg/
kg bw/week. The proposal has given rise to considerable debate and is opposed by
several investigators who question whether low levels of mercury are a health hazard,
especially in fish caught in waters where there is no industrial pollution. The critics
cite a large-scale study that has found no evidence of neurological damage in children
born to mothers who regularly eat mercury-contaminated fish in the Seychelles
Islands in the Indian Ocean. Similar evidence pointing to the absence of dangers to
health when ocean fish containing mercury of natural origin, rather than from
industrial pollution, are consumed, was put forward some years ago by Margolin in
his comprehensive review of the question'>’.

6.2.6 Analysis of foodstuffs for mercury

Flameless or cold vapour atomic absorption spectrophotometry (CVAAS) is one of
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the more widely used methods for the determination of mercury in foods, especially in
investigations of a limited number of elements in relatively small numbers of samples.
In the method the element is determined by measuring the transient absorbance
produced when mercury vapour released from the sample is led through a cell which
replaces the burner in the light path of the instrument. Magos has described its use for
the determination of both total and inorganic mercury in undigested biological
samples'*®. The mercury vapour is released from the samples, either by reduction in
alkali solution by SnCl, for inorganic mercury, or by SnCl,/CdCl, for total mercury
analysis. Loss of volatile mercury and matrix interferences which are encountered
when using CVAAS with undigested samples can be overcome by microwave diges-
tion in a nitric/sulphuric/hydrogen peroxide or a nitric/sulphuric/hydrochloric acids
mixture'?’.

A reliable and sensitive, but more complicated, method which separates out
the different mercury species before analysis has been described by Capon and
Smith'%, It involves an initial extraction of samples with benzene, followed by fur-
ther extraction and treatment with ethanolic sodium sulphite and separation of
the organic mercury into benzene, leaving the inorganic mercury in the aqueous
layer. The inorganic mercury is then converted into methylmercury by treatment
with methanolic tetramethyltin. The end analysis is performed by gas chromato-
graphy. In the UK Total Diet survey, food samples were digested with nitric
acid in plastic pressure vessels using microwave heating and then analysed for mer-
cury by hydride generation—-inductively coupled plasma-mass spectrometry (HG-
ICP-MS)">.

6.3 Cadmium

Cadmium, unlike lead and mercury, is a relatively ‘new’ metal, which was discovered
in 1817 by the German chemist, Friedrich Stromeyer. When first isolated it was a
chemical novelty, available only in small quantities and with no obvious use. But that
has changed and cadmium is now employed in quantity, especially in the plating and
chemical industries. Unfortunately, as well as being technically valuable, the metal is
also highly toxic and is now, as a result of its wide industrial use, a commonly
encountered food contaminant and a hazard to health.

Cadmium poisoning may, in fact, have occurred in humans well before the exis-
tence of the metal was established in the nineteenth century. Cadmium occurs in
association with several other metals in ores and often is an unsuspected contaminant
of the extracted metals. It is commonly present in zinc, for instance, and may have
been responsible for many instances of what was believed to be ‘zinc poisoning’. Even
the minute amounts of cadmium which may be present along with other metals can
cause poisoning. Moreover, since it is easily soluble in organic acids, the cadmium
present, for example, in the zinc used to galvanise utensils can easily leach into acid
foods from buckets and other containers.

Cadmium has been described as ‘one of the most dangerous trace elements in the
food and the environment of man’'#’. The extent of this danger was brought to the
world’s attention by the ifai-itai disease outbreaks in Japan between 1940 and 1975 in
people living in cadmium-polluted areas. The tragedy, which was due to industrial
pollution and resulted in considerable human suffering and death, stimulated a flurry
of investigations and alerted health authorities to the serious nature of the problem of
cadmium pollution'*'. Recently the metal has been the subject of increased attention
as evidence has been coming to light which suggests that, as in the case of lead and its



The persistent contaminants 101

effects on children, previously accepted levels of intake believed to be safe are too
high'*?. Today, as with lead and mercury, cadmium levels in the food supply are
monitored by health authorities and permitted levels in foodstuffs are regulated by
legislation in many countries.

6.3.1 Chemical and physical properties of cadmium

Cadmium is element number 48 in the periodic table, with an atomic weight of
112.4. It is a fairly dense (specific gravity 8.6), silvery-white, malleable metal
which melts at 320.9°C and boils at 765°C. It has an oxidation state of +2 and
forms a number of inorganic compounds, including chloride, sulphate and acet-
ate. Most of these are water-soluble, with the exception of the oxide and the
only slightly soluble sulphide. A number of organo-cadmium compounds have
been synthesised, but they are very unstable and none occurs naturally. It forms
complexes with organic compounds such as dithizone and thiocarbamate that
are the basis for colorimetric determination methods for cadmium. The element
can join to protein molecules by sulphydryl links. An important physical prop-
erty of cadmium is its ability to absorb neutrons. This makes it useful in the manu-
facture of control rods in nuclear reactors.

6.3.2 Production and uses of cadmium

Cadmium is found in the rare mineral greenockite and in small amounts in some zinc
ores. However, these sources are not commercially exploitable and most of the metal
used industrially comes as a by-product from zinc smelters and from the sludges
obtained from the electrolytic refining of zinc. World production is about 20 000
tonnes per year.

One of the major uses of cadmium, which accounts for 55% of world production,
is in nickel-cadmium dry cell batteries'**. Another 8% is used in electroplating. The
metal provides a better surface protection to iron than does zinc, and is widely used in
the automobile industry on engine parts and other components. Formerly it was also
frequently used for plating food and beverage containers, especially where they were
exposed to damp conditions, as in cold rooms and refrigerators. However, a number
of poisoning incidents from food and drink stored in cadmium-plated containers
alerted authorities to the toxicity of cadmium plating and the metal is no longer used
for such purposes. Two other important uses of cadmium, which between them take
about a third of production, are as stabilisers in polyvinyl chloride (PVC) plastics and
as dyes and pigments. Cadmium sulphide and cadmium sulphoselenide are widely
used as pigments in paints and plastics.

A smaller but very important use (about 3% of total production) is in the making of
alloys. Cadmium forms fusible alloys with a number of other metals and these are
widely used industrially. Cadmium—copper is found in high-conductivity cables, in
bearing alloys and in automobile components. Cadmium-silver and cadmium-lead
are used in some solders. In 1992 a Directive of the European Community banned the
use of cadmium in pigments, stabilisers and plating, except in cases where no suitable
alternative is available, or where, as in nuclear reactors, it is used for safety rea-
sons'*. As a result of these and other related measures, primary production of
cadmium, in parallel with lead and mercury, has begun to decline, as less toxic
substitutes are introduced'*’.
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6.3.3 Cadmium in food

While cadmium is found in most foodstuffs, this is normally at very low levels, unless
contamination has occurred. An estimate of cadmium intake based on a hypothetical
‘global’ diet produced by WHO gave a range of the metal in foods as 6-300 pg/kg,
with the highest levels in offal and shellfish!*®. Levels of cadmium in the different
foods are seen in Table 6.5, which is based on findings of the UK Total Diet Study of
1991'*7. UK levels are somewhat lower than data from Australia'*® and Canada'*’
but higher than levels reported for Spain (Basque Country)"*°.

Table 6.5 Cadmium in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.03
Miscellaneous cereals 0.02
Carcass meat 0.001
Offal 0.07
Meat products 0.007
Poultry 0.002
Fish 0.02
Oils and fats 0.02
Eggs 0.001
Sugar and preserves 0.009
Green vegetables 0.006
Potatoes 0.03
Other vegetables 0.008
Canned vegetables 0.007
Fresh fruit 0.002
Fruit products 0.001
Beverages 0.001
Milk 0.001
Dairy products 0.002
Nuts 0.05

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

In spite of some differences between levels of cadmium in different foodstuffs,
overall dietary intakes of the metal in most countries appear to be generally similar,
according to data published by the WHO"?!. Results from some 20 different coun-
tries, with one exception, show that daily intakes are below the PTWI of 7 ug/kg body
weight and that levels of intake have generally been stable over a number of years.
Other data indicate that intake in most countries does not exceed 20 pg/day, with, for
example a range of 10-14 pg/day in Germany'>%. Many investigations of cadmium
levels in foods and diets have indicated that meat offal and seafoods are usually richer
in cadmium than are other components of the diet. Fish consumption has been shown
to be positively correlated with blood cadmium levels'’?. Elsewhere vegetables, and
especially potatoes, have been found to contribute a higher proportion of dietary
cadmium than do fish to the diet'**.

The high levels of cadmium sometimes found in vegetables can be attributed to two
causes, the use of fertilisers which are contaminated with cadmium, and the appli-
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cation of contaminated sewage sludge to agricultural soils. Cadmium occurs in fer-
tilisers as a natural constituent of the phosphate rock from which they are produced.
Depending on the place or origin of the phosphate, levels of cadmium may range from
2 to 100 mg/kg. In Australia phosphate from the Pacific island of Nauru, which was
widely used until recently, contains between 70 and 90mg/kg of the metal'®>.
Application of these fertilisers can make a significant contribution to soil cadmium.
Moreover, the effects of continuing use are cumulative and long-lasting. In Australia
this has resulted in a legacy of soil and crop contamination in some areas'’®. High
levels in potatoes, especially, have been reported'” as well as in wheat, beef and sheep
offal’®. Similar problems have been reported in Sweden'”.

The use of sewage sludge as a fertiliser for agricultural land can also be a significant
source of cadmium contamination of soil. Although the sludge is largely composed of
domestic waste, it may also include industrial discharges, food processing waste and
storm run-off from roadways. The processes used to rend down raw sewage and
remove harmful bacteria do not remove heavy metals, but rather tend to concentrate
them, and the resulting sludge may therefore contain high levels of cadmium'®°. In
spite of restrictions in many countries that are intended to limit the amount of heavy
metals applied to agricultural land, sewage sludge remains a particularly important
source of accumulated cadmium in crops and farm animals in some areas'®’.

Industrial pollution is a particularly serious cause of cadmium contamination of the
food chain. This was the cause of outbreaks of itai-itai disease in Japan. Rice irrigated
with industrially polluted water accumulated up to 1 mg cadmium/kg, compared to
levels of 0.05-0.07 mg/kg in non-polluted areas. The contamination was not confined
to one region only of the country. It was calculated that as a result of serious neglect of
industrial hygiene, cadmium released from non-ferrous mines and smelters resulted in
9.5% of paddy fields and 7.5% of orchard soils throughout Japan being severely
contaminated with the metal'®%,

The long-lasting environmental effects of industrial cadmium pollution are well
known in other countries besides Japan. Concern was caused in the 1970s when
drainage from long-abandoned base metal mines in the village of Shipham, in Som-
erset, England, resulted in high levels of contamination of soil with cadmium and
other metals!®>, Though soil and pasture plants as well as groundwater were found to
contain higher than normal levels of cadmium'®*, no convincing evidence was found
of health effects in local residents from possible exposure to cadmium'®’. Industrial
contamination in Russia and other areas of the former Soviet bloc has led to higher
than average levels of cadmium and other toxic metals in soils and crops, and raised
concerns about possible health effects in the community. Increased urine and hair
cadmium levels were found in the general population of three Russian industrial
cities'®. A significant difference in cadmium levels and in dietary intakes of the metal
by people living in West Germany and the former GDR has been attributed to higher
levels of cadmium pollution in the east'®”.

Transfer of cadmium from contaminated soil to vegetables, and thus into the
human diet, is well recognised'®®. Studies on brownfield urban sites in the UK found
that two kinds of green leaf vegetables, lettuce and spinach, were ‘cadmium accu-
mulators’ and could take up as much as 3.1 mg/kg (dry weight) and 10.0 mg/kg (dry
weight) respectively'®”. Vegetables grown on soil contaminated by volcanic activity in
Northern Chile were similarly enriched with cadmium, as well as with arsenic and
lead'”®. A range of concentrations from 0.2 to 40 mg cadmium/kg was found in
various vegetables sold in the local markets.
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6.3.4 Cadmium in water and other beverages

Water normally makes a minimal contribution to dietary cadmium intake. Levels in
domestic water are generally less than 1 pg/litre. However, contamination can occur
from the use of zinc-plated (galvanised) pipes and cisterns. A study of water used in
boilers in Scottish hospitals found cadmium concentrations up to 21 pg/litre in some
samples while average levels were significantly higher than the WHO standard for
drinking water of 10 pg/litre’”". In Australia galvanised tanks are widely used outside
metropolitan areas to hold rainwater for domestic use. A study found that this
practice can result in some cadmium contamination of the water, especially if the
tanks are old'”?. Zinc used for galvanising iron in Australia is primarily produced by
the electrolytic process. The cadmium content of the zinc produced in this way has
decreased markedly since the 1920s, from about 100 mg/kg to less than 10 mg/kg
today. Cadmium levels in water held in galvanised tanks have been found to correlate
significantly with the cadmium content of the zinc plate. No tanks of recent manu-
facture had cadmium levels above the WHO limit, though in two of the oldest tanks
they were 2.3 and 3.6 pg/litre. The study concluded that there was little risk to the
Australian rural community in using tank water, even when this had been collected
off galvanised roofs, provided the tank was relatively new.

Other beverages may also have elevated levels of cadmium due to contact with
cadmium plate. Soft drinks dispensed from vending machines with cadmium-plated
parts have been found to contain up to 16 mg of the metal/litre. Coffee brewed in a
continuously operating urn, in which cadmium-plated pipes had been used, had
significantly elevated cadmium levels'”. Tllicit alcoholic beverages, made in crude
apparatus using cadmium-plated parts, had up to 38 mg of the metal/litre!”*.

6.3.5 Dietary intake of cadmium

A mean intake of 14 pg of cadmium/day was reported for the UK population in
1994'73_ This was similar to intakes found in previous Total Diet Surveys in Britain.
These intakes were lower than the WHO limit of 60 pg/day for a 60 kg adult. The UK
intakes were comparable to intakes in several other countries, such as The Nether-
lands (6-19 pg), the USA (18 ug) Germany (10-14ng) and Canada (13 png). A
European Commission study of the EU found that intakes ranged from 7 to 57 ng/day
across 15 of its member states'”®.

Several factors, apart from food contamination, may increase intake of cadmium.
Cigarette smoking is particularly important in this regard. Some cigarettes can con-
tain between 0.9 and 2.0 ug/g (dry weight) of the metal'””. Cadmium is readily
absorbed from cigarette smoke through the lungs, with, it is estimated, every 20
cigarettes smoked contributing 0.5 to 2.0 pg of the metal!”%. Another non-food source
of dietary cadmium is zinc-containing dietary supplements. Cadmium contamination
has been shown to occur in a high proportion of such supplements tested in the US'”°.
Though the concentrations of cadmium in the supplements were not excessively high,
the facts that lead was also present and that they are often consumed daily for a long
time underline once more the need for manufacturers to use only highly purified
minerals in such pharmaceutical preparations.

6.3.6 Uptake and accumulation of cadmium by the body

About 6% of the cadmium ingested in food is normally absorbed from the gut. The
presence of other components of the diet, including phytate, calcium and protein, can
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affect the level of absorption. After absorption, the cadmium is transported in the
blood, bound to albumin. It is taken up by the liver, where it induces the synthesis of
metallothionein (MT), to which it binds. MT is a low molecular weight protein that is
involved both in transport and selective storage of a variety of metals. Cadmium and
zing, and to a lesser extent iron, mercury and copper, compete for binding sites on
MT. After the initial binding of cadmium to MT, the complex is released into the
circulation. It is filtered by the kidneys where it is reabsorbed into the proximal
tubules, which are the critical organs. Cadmium in the renal tubular cells has a half-
life of 17-30 years and is retained until the cells’ synthetic capacity for MT is
exceeded'®’.

Newborn babies have very little cadmium in their bodies. However, accumulation
steadily takes place, even from low levels of intake and renal concentration increases
over the years, reaching a maximum at about the age of 50 years'®!. By then as much
as 30 mg of cadmium will have been accumulated in the body of an average resident in
an industrialised country, with most of this in the kidney. In the case of a smoker, or
of someone living in a polluted environment, there may be as much as 100 mg/kg in
the kidney cortex'®%. When levels reach a maximum or “critical’ level, kidney damage
will begin as the MT-cadmium complex is degraded and the metal is released, either
to recombine with MT or to begin toxic processes within the tubular cells. The result
is irreversible renal damage, with release of the cadmium and an increase in urinary
excretion of the metal.

6.3.7 Effects of cadmium on bealth

Ingestion of cadmium can rapidly cause feelings of nausea, vomiting, abdominal
cramp and headaches. Diarrhoea and shock can also occur. About 15 mg cadmium/
litre of liquid is enough to bring about these effects. It is probable that a number of
cases of acute ‘zinc’ poisoning reported in children and others who drank lemonade
and other fruit drinks which had been stored in galvanised vessels, with almost
immediate nausea and vomiting, were actually due to cadmium.

Long-term ingestion of cadmium causes serious health problems. In Japan, cases of
itai-itai disease were identified among people living in cadmium-polluted areas. The
cadmium, consumed in rice which accumulated the metal from polluted irrigation
water, caused proximal tubule damage, anaemia and a severe loss of bone mineral
resulting in painful fractures. The name of the disease, which means ‘ouch! ouch!’, is a
macabre joke which refers to the gasps of agony of those who suffered these effects. In
other countries where similar cadmium pollution occurred and populations were also
exposed to excessive intake, symptoms were less severe than in Japan where, it is
believed, other dietary influences such as a 1ggenerally low intake of proteins, exacer-
bated the effects of the cadmium poisoning' .

Evidence in support of this view has come from a study of oyster fishers and their
families in New Zealand who consume high amounts of cadmium-rich oysters,
ingesting nearly as much of the metal as did the Japanese farmers who ingested
cadmium-rich rice. The New Zealanders, who had an otherwise nutritious and
plentiful diet, neither accumulated high levels of cadmium nor suffered from tubular
proteinuria. However, the oysters and the total diet of the New Zealanders are not
deficient in protein, calcium, zinc and iron, unlike the Japanese diet'®*.

There is some evidence that, at least in industrially exposed workers, cadmium
intake may result in a higher than normal level of cancers of the prostate and lungs'®>.
There is, as yet, no convincing evidence that cadmium ingested in food will have the
same effect. However teratogenic effects have been attributed to cadmium and
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chromosome aberrations have been observed in some itai-itai victims. Congenital
abnormalities occur in rats fed cadmium-contaminated water over a long period'®®.

Cadmium toxicity may be counteracted by simultaneous ingestion of certain other
metals. In animals, cobalt, selenium and zinc have been shown to have this effect.
Cadmium competes with zinc and other metals for binding sites on the protein MT,
which indicates that metabolically significant interactions occur between these
metals'®”. A low intake of copper may reduce tolerance to cadmium'®®,

6.3.8 Amnalysis of foodstuffs for cadmium

Though wet digestion sample greparation has been recommended for the determi-
nation of cadmium in foods'®”, dry ashing, following pre-digestion using a micro-
wave digestion system, has been found to be very effective for the purpose, especially
in foods with a high fat content, such as nuts'”’. Dry ashing, followed by graphite
furnace atomic absorption spectrophotometry, has been used by a number of inves-
tigators in Spain and elsewhere to determine cadmium in a variety of foods'”!. ICP-
MS, following microwave digestion with nitric acid in pressure vessels, is the method
used in the UK’s Total Diet Study for cadmium'®?. A similar multielement method has
been }19s§d by the USFDA in a study of cadmium and other heavy metals in sea-
foods .
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Chapter 7
The packaging metals: aluminium and tin

Metal pick-up by food from cooking utensils and containers has probably occurred
ever since metals began to be used for domestic purposes rather than, solely, to make
weapons. Pewter plates and bronze cauldrons, no doubt, contributed their share of
lead and copper to meals consumed by our medieval forebears, but their effects on
human health would not have been suspected at the time. It was only in the nineteenth
century, when canning began to be introduced as a way of preserving food, that
suspicions were raised about the safety of the use of metal containers to hold food.
The public began to hear for the first time of what was then known as ‘tin poisoning’,
though the metal responsible for gastric upsets in those who consumed contaminated
canned food was most probably lead.

When the ‘new’ metal, aluminium, began to be used for making saucepans and
other kitchen utensils, it, too, came under suspicion and there were moves in some
countries to have its use in this way prohibited by law because of its suspected
toxicity. Though both tin and aluminium have weathered the storms and continue to
be used in enormous quantities, especially for food and beverage containers, every
now and again, doubts are raised among consumers as to whether these are indeed
acceptable metals to use in food preparation and preservation. This question will be
considered here, in the light of recent observations and reports.

7.1 Aluminium

Aluminium is the most common metal in the Earth’s crust. Because of its reactive
nature, it does not occur as a free element but only in combination with oxygen,
silicon, fluoride and other elements as silicates and other compounds. Many of its
naturally occurring compounds are insoluble and thus aluminium in soil is relatively
immobile and its concentration in natural waters, both fresh and marine, is normally
very low. However, under acid conditions, the solubility of aluminium can be
increased. As a consequence of environmental changes resulting from population
growth and intensified agriculture and industrialisation, the pH of surface waters has
been decreasmg, leading to increased mobilisation and solubilisation of soil alumi-
nium’. The resulting increase in uptake of the element by plants and animals, and thus
into the human food chain, is a cause of considerable concern to env1ronmentahsts
and to health authorities today”.

There is evidence that the first use of aluminium was in China in about AD 300
when a copper-rich aluminium alloy (aluminium bronze) was produced by thermal
reduction of copper and aluminium minerals. In Europe, however, though the sub-
stance known as alum (impure potassium aluminium sulphate) had been known and
used for many hundreds of years as a mordant in dyeing, it was not until 1807 that the
metal itself was discovered, and named, by the English chemist Humphrey Davy. He
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gave it its -ium ending, in keeping with the names he had given to two other metals he
had discovered, sodium and potassium. The alternative spelling and pronunciation,
aluminum, is widely used, especially in America. Elemental aluminium was first
produced in pure form, though in minute quantities, by Oerstead in Denmark in
1825. Commercial extraction techniques were developed in France thirty years later
by Delville, who exhibited the new metal at the Paris Exhibition of 1855. The cost of
extracting the metal at that time was about £130/kg.

It was only after 1889 when, with the increasing availability of electricity, a less
expensive extraction method was developed by Bayer in Germany that the possibility
of commercial exploitation of aluminium began to be seriously considered. Further
developments in extraction of alumina (aluminium oxide) from its ores, and
improvements in processing, reduced the cost of production to about £0.44/kg by the
end of the nineteenth century. By the mid-twentieth century, aluminium was well on
its way to becoming the world’s second most important metal®.

The growth rate of aluminium use during the past century has been greater than for
any other metal. Though there have been some ups and downs in aluminium usage in
recent decades, as a result of economic slumps and surges, it is expected that annual
rates of increase in production will continue to be between 1 and 3% for the fore-
seeable future®. Demand is currently met by i increasing primary production from
bauxite ore, as well as by secondary production using scrap metal. Today recycling is
a majc;r source of the metal. Total world production today is about 15 million
tonnes”.

7.1.1 Chemical and physical properties of aluminium

Aluminium has an atomic weight of 27 and is number 13 in the periodic table. It is a
light metal with a density of 2.7 and a melting point of 660.4°C. It is a soft, ductile,
silver-white metal, with good electrical and heat conductivity. It is extremely resistant
to corrosion, though its alloys are less so. It has an oxidation state of +3. Aluminium is
a very reactive metal and can ignite in air if mixed with the oxides of other metals and
exposed to heat. This is the basis of the thermite reaction which was used in
incendiary bombs during World War II.

The principal inorganic compounds of aluminium are the oxide (Al,O3), hydroxide
{Al(OH)3}, sulphate {Al,(SO4)3}, fluoride (AlF;) and chloride (AICl;). Alums are
double salts of aluminium with the general formula M,S04.R,(SO4)3, where M
represents Na, K or NHy, and R is Al (or Cr). Aluminium also forms organic com-
pounds, some of which are highly reactive and become hot and fume in air.

7.1.2 Production and uses

Though aluminium compounds make up about 7% of the Earth’s crust, mainly as
clays in soils and silicates in rocks, it is commercially extracted only from a few types
of ores. Bauxite (hydrated aluminium oxide) is the principal ore, with cryolite (sodium
aluminium fluoride) used in smaller amounts. Three countries currently account for
about 60% of the world’s production of bauxite, Australia, Guinea and Jamaica.
China and Russia are also major producers.

For over a century the Bayer process for the production of alumina (aluminium
oxide) from bauxite and the Hass—Heroult process for the subsequent production of
metallic aluminium have been in use®. The first step in the production of the metal
involves the conversion of the ore into aluminum hydroxide by treating the bauxite
with sodium hydroxide. The hydroxide is then converted into the oxide by heating to
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about 150°C. The alumina is then mixed with fused cryolite and fluorspar (CaF,) ata
high temperature. An electric current is passed through this cryolite bath to electrolyse
the dissolved alumina. Oxygen is formed at the carbon anode and aluminium collects
as a metal pad at the cathode.

Aluminium produced in this way is usually cast into ingots. These can be reheated
and rolled and pressed into a variety of forms, as plate, sheet, wire and foil. At this
stage the aluminium contains impurities, mainly iron and silicon, plus smaller
amounts of zinc, gallium, titanium and vanadium. It is purified by fractional crys-
tallisation and other means.

Aluminium metal has many industrial applications because of its lightness, elec-
trical conductivity, corrosion resistance and other useful properties. Much of the
world’s production is used in the electrical industry, but there are increasing appli-
cations in construction and automobile engineering, aircraft and ship manufacture,
building construction, and in the manufacture of domestic and industrial appliances
and other goods. In most modern households aluminium will be found in cooking and
food storage utensils, foil and takeaway containers, cookers, refrigerators, freezers,
air conditioners and other appliances. Another major non-construction use of alu-
minium is in cans, especially for beverages.

In many of its applications, aluminium is used in alloy form, combined with other
metals. These include copper, zinc, chromium, magnesium, nickel, titanium, iron and
silicon. Alloying increases the strength and improves other qualities of aluminium,
especially as regards casting and machining. There are numerous non-metallurgical
uses of aluminium and its compounds. Alumina is used extensively in the refractory,
abrasive and ceramics industries. Smaller amounts of aluminium compounds are used
as flame retardants, catalysts, and adsorbents in a variety of industries. The food
industry uses them as food additives, in baking powder, processed cheese, manu-
factured meat and other products. Aluminium is also widely used in pharmaceutical
products, from toothpaste to antiperspirants and products such as antacids. Alumi-
nium sulphate and other compounds are used almost universally as a coagulant for
particle sedimentation in water treatment plants.

7.1.3  Aluminium in food and beverages

A great deal of information is available on levels of aluminium in foods and in the
diets of different populations. However, some of the earlier data in the literature are
limited and their accuracy suspect because of the inadequate analytical techniques
used to produce them’. Even some more recent information may not be reliable
because of continuing analyt1cal problems®.

Aluminium is ubiquitous in the physical environment and is present in every food
and beverage. Levels in plant foods reflect the aluminium content of the soil and water
where they were grown. All plants accumulate some of the element during growth.
There are, in addition, a small number of others, such as tea and some herbs and
spices, that are able to take up relatively high levels of the metal. A Spanish study
found that levels of aluminium in 17 types of splces and aromatic herbs contained
from 3.74 to 56.50 ug/g (dry weight) of the metal®. The average value for aluminium
levels in dried leaves of Camellia sinensis, from which tea is brewed, is reported to be
50-1500 mg/kg'”. The highest level recorded was 30 000 mg/kg'®.

7.1.3.1  Aluminium in fresh foods

There can be considerable variation in levels of aluminium in fresh foods, depending
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on a variety of environmental and geographical factors. Some of this may be due to
soil contamination and failure to wash the products adequately. In the absence of
gross contamination, the range of aluminium levels that can be expected in most fresh
vegetables, as reported from a number of countries, is about 0.5 to 3.0 mg/kg.
However, it was found that levels in vegetables available for sale in Sweden could vary
by a factor of 10'%. An Australian study found a range of <0.1-18.5 mg/kg in root
vegetables and 0.6-26.0 in lettuce'’. Levels of aluminium in animal products gen-
erally are similar to those in plant foods, with reports of about 0.3 mg/kg in beef to
4.0 mg/kg in bacon in the US'*. Similar data have been reported from other countries,
with the exception of organ meat and offal, which may contain 0.1-53.0 mg/kg"”.

7.1.3.2  Aluminium in processed foods

The major source of aluminium in the diet in many countries is processed food.
Aluminium is added either directly in legally permitted additives or adventitiously
through the use of aluminium cooking utensils and containers. A considerable
number of aluminium-containing food additives and processing aids are used inter-
nationally and there are differences between legislation relating to them and the types
approved in different countries. Those permitted for use under food legislation in one
country, Australia, are listed in Table 7.1 Additional substances, including alumi-
nium, in its own right, as a silver metallic surface colour for decorating confectionery,
are permitted in other countries, including the UK'®. British law also permits use of
aluminium silicates (officially numbered E554, E556, E557 and E559) in a limited
number of foods at certain maximum levels'”.

Additives can have the most dramatic effects in increasinl% aluminium levels in
manufactured foods, with cereal products particularly affected®. This is illustrated by
data in Table 7.2 from the UK TDS of 1991'°. The high level of aluminium in

Table 7.1 Aluminium-containing food additives permitted for use in Australia.

Additive Use

Aluminium lakes in synthetic colours

Sodium aluminosilicates anti-caking agent
flavourings
premixes

dried milk (in hot-drink vending machines)
beverage whiteners

Sodium aluminium phosphate acid aerator (in baking compounds/powders, e.g.
in cakes)
Fosetyl aluminium/aluminium phosphide agricultural residue found on certain fruits,

vegetables, nuts, spices etc.

Aluminium stearate processing aid
Aluminium sulphate desiccating preparation
Sodium aluminosilicate lubricant, anti-stick agent (e.g. in table salt)

Adapted from Allen, J.L. & Cumming, F.J. (1998) Aluminium in the Food and Water Supply: an Australian
Perspective. Reserch report No. 202. Urban Water Research Association of Australia, Melbourne.
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Table 7.2 Aluminium in UK foods.

Food group Mean concentration (mg/kg, fresh weight)
Bread 3.7
Miscellaneous cereals 78
Carcass meat 0.49
Offal 0.35
Meat products 3.2
Poultry 0.33
Fish 5.5
Oils and fats 1.2
Eggs 0.27
Sugar and preserves 3.6
Green vegetables 1.8
Potatoes 2.2
Other vegetables 3.2
Canned vegetables 1.1
Fresh fruit 0.57
Fruit products 1.0
Beverages 1.7
Milk <0.27
Dairy products 0.64
Nuts 11

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

‘Mlscellaneous cereals’ reflects use of aluminium- -containing additives in some bakery
products®’. A US study found 86.0 mg/kg of aluminium in a commercially manu-
factured chocolate cake?! , while a similar type of cake analysed by the Australian
Government Analytlcal Laboratory contained 224.8 mg/kg of the metal®*

Additives used in several other types of foods, especially snack foods, can also
contribute significant amounts of aluminium to the diet. In the US levels of up to
274 mg/kg have been reported in chewing gum, with as much as 4 mg in a single
stick?®. Chewing gum sold i in the UK appears to contain less aluminium, with only
1.1 mg/kg reported by MAFF**, Among snack foods, certain types of extruded foods,
such as cheese snacks, were found to be rich in aluminium in an Australian study®’.

7.1.3.3  Aluminium in infant formulas

Because of concern that infants and young children can be particularly at risk of
possible adverse effects of a high intake of aluminium, and evidence that some
ingredients used in infant formulas and feeds may contain relatively high levels of the
metal, authorities in many countries pay particular attention to intakes by this group
of consumers. There have been 2 number of reports of higher than normal levels of
aluminium in infant formulas®®, particularly those for low-birth-weight infants*”

Within different types of formulas, the highest levels of aluminium have been found in
soy-based products®®. However, in recent years there has been a reduction in the use
of soy in mfant foods and levels of aluminium in them have been reported to be
decreasing®. Overall dietary exposure of infants to aluminium in the US has been
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estimated to be on average 0.7 mg/day>°. Mean daily intakes by Australian infants are
reported to be 0.048 mg on Whey based formulas, 0.408 mg on soy-based formulas,
and 0.205 mg when infant cereal is consumed, compared to an intake of 0.104 mg by
infants consuming breast milk. All these intakes are below the WHO/FAO PTWI3".

7.1.3.4  Aluminium in beverages

Certain types of beverages can be a significant source of dietary aluminium. Water
normally contains very low levels, since most aluminium compounds are only slightly
soluble in water, except under acid conditions. However, high levels of aluminium
have been reported in some natural surface waters, with concentrations up to 20 mg/
litre in a few places®®. In the Kii Peninsula of Japan, where aluminium levels in
drinking water are high, an unusual form of dementia occurs among local residents.
The condition, which has symptoms similar to those of Parkinson’s disease, is
believed by some investigators to be linked with an excess of aluminium in drinking
water and the diet, though there is also evidence that a chronic low mtake of calcium
and magnesium, as well as a high intake of manganese, may be involved*?

7.1.3.5  Aluminium in domestic water

Domestic water which is delivered from a central source through a reticulation system
by municipal and other authorities is commonly treated with coagulants to remove
turbidity and improve clarity and colour. The most commonly used coagulant is
aluminium sulphate (alum). It has been shown that use of alum at normal accepted
levels can increase aluminium levels in water threefold, from about 0.2 to 0.6 mg/
litre**. Concentrations of aluminium in tap-water in several countries, including the
Us, UK Sweden, Canada and France, have been reported to range from 10 to
2670 ug/htre the latter value being for alum-treated water in the US> Levels found in
reticulated domestic water in eight Australian cities ranged from <20-36 pg/litre in
Sydney to <20-360 pg/litre in Melbourne. The nationally weighted means for total
aluminium were estimated to be 81 pg/litre for alum-treated water, to 66 ug/htre for
non-alum treated water (in Sydney where ferric chloride, and not alum is used)’®.

These Australian figures, and many of those reported in other countries, are gen-
erally in line with guidelines published by the Joint Expert Committee on Food
Additives of WHO?”. These recommend that the aluminium concentration in
domestic water should not exceed 0.2 mg/litre. Interestingly the recommendation is
made on aesthetic grounds, not on the ba51s of health — a practice followed both by the
USEPA and the Australian NHMRC?®, European Community guidelines®” set a
Maximum Permltted Concentration (MAC) of 220 ug/htre with a preferred value of
50 ug/htre . This MAC has been incorporated into law in England and Wales since
1989*

Addition of excessive amounts of aluminium sulphate to water in treatment plants
has been known to increase aluminium levels in reticulated water considerably
beyond acceptable levels. This occurred in the Camelford district of Cornwall, Eng-
land, in July 1988 when 20 tonnes of aluminium sulphate were accrdentally added to
the reglonal water supply**. Consumption of 100-300 mg aluminium in local tap-
water 2-3 days after the sprllage was reported to have caused gastrointestinal effects,
joint pains, headaches and blurred vision™ Subse%uent investigations of locals
produced evidence of possible organic brain damage
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7.1.3.6 Levels of aluminium in bottled waters and canned soft drinks

Analyses of 43 different local and imported brands of bottled mineral waters available
on the Italian market found levels between 2 and 25 pg aluminium/litre, with a mean
value of 6 pg/litre for still waters and 11 pg/litre for carbonated waters®. A similar
study in Australia of mineral waters sold in supermarkets found a range of <0.005-
0.447 mg/litre, with a mean of 0.12 (+ 0.19) mg/litre in still waters*®

Because many soft drinks are sold in aluminium cans, there is some concern that
since they are the preferred drink of many young people, they could be a source of
high levels of intake of aluminium. Leaching from cans could be expected to occur,
especially since many of the drinks, including those that are cola-based, are acidic.
However, this view is not supported by the (limited) data available in the international
literature, which indicates that alumlmum levels in both cola- and non-cola soft
drinks range from < 0.1-3.2 mg/litre*”, though there is one Austrahan report of a level
of 3.24 mg/litre in a widely consumed brand of cola drink*®. An investigation in the
UK concluded that aluminium levels in canned beverages were normally < 1 mg/k§

Reported typical levels of aluminium in fruit-based drinks are 0.3-1.5 mg/litre’
US study found levels of 5 mg/htre or less in fruit juices, with the exception of 23 mg/
litre in very acid rhubarb juice®!. Australian freshly made orange juice was reported to
contain 0.03m 2g aluminium/litre, in contrast to 0.015 mg/litre in commercially
prepared juice’

7.1.3.7 Aluminium in brewed tea

Tea i is, sa1d to be the second most commonly consumed beverage in the world, after
water’>. We have already seen that the tea plant, Camellia sinensis, is a natural
accumulator of aluminium, sometimes to very high levels. Even after tea is brewed
and the spent tea leaves strained away, the resulting beverage can contain significant
levels of aluminium. There have been reports of as much as 40-100 mg/litre in infused
tea’*. However, more typical levels are 2—6 mg/litre®>. Significant differences in levels
in teas from different countries have been reported. These differences may owe more
to the maturity of the leaves used, than to their place of origin®®

7.1.3.8  Aluminium in alcoholic beverages

Though wooden barrels and glass bottles continue to be used, especially for tradi-
tional beers, aluminium casks and cans are today increasingly used in the brewing
industry. Thus many beers might be expected to contain a significant amount of
aluminium. However, though levels of up to 8—10 mg/kg have been reported in some
UK beers, these were the exception. More than 60% of British beers tested in an
extensive study had less than 0.2 mg alumlnlum/htre . Similar levels were found in
another UK study conducted by MAFF*®. Canned beers in Australia have been
reported to contain aluminium levels similar to those found in tap-water, around
0.15 mg/litre, with a range of 0.10-0.25 mg/litre’”. A Scandanavian study has
repo6r0ted that aluminium levels in European beers range from <0.1 to about 1.0 mg/
litre

7.1.4 Dietary intake of aluminium

A PTWI of 7mg aluminium/kg body weight was established by JEFCA in 1989°.
This is equivalent to 420 mg/week or 60 mg/day for a 60 kg adult. Recent estimates of
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dietary intakes of aluminium in a number of countries show that this PTWI is not
normally exceeded. Daily adult intakes are reported to average 3.9 mg in the UK®?,
3.1mg in Holland®?, 2.5-6.3 mg in Italy®*, 4.5-6.5mg in Australia®, 2.5mg in
Japan®®, and in the US 7-9 mg®”. The more general figures published by FAO/WHO
in 1989 give an adult intake of 6-14 mg/day and 2-6 mg/day for children®®.
Reported intakes of aluminium from food and beverages have been falling in
several countries in recent years. Some of these falls are most probably artefacts due to
improvements in analytical techniques, but more recent data point to real reductions.
In the US there is evidence that a decrease in the use of aluminium compounds in
processed cheese has had a significant effect on dietary levels of the metal®®. In the UK
the fall in aluminium intakes for adults from 11 mg/day in 1994 to 3.4 mg/day in 1997
has been attributed to the lower aluminium concentrations in bread and other cereal
products resulting from a decrease in use of aluminium-containing additives.

7.1.4.1 High consumers of aluminium

There are a number of circumstances in which higher than normal intakes of alu-
minium may occur, for example where there is a high proportion of aluminium-rich
foods in the diet. This was found to be the case in an Australian study which looked at
aluminium intakes and found that the foods and beverages which contributed most to
the total daily aluminium intakes of all population groups aged two years and over
were cakes and tea’’. Using data from the National Nutrition Survey (NNS) of 1995,
and concentrating on 95th percentile intakes, aluminium levels ingested by ‘high
consumers’ of tea and cakes were estimated. These were, for the youngest group of
2-11 years of age, 10 mg/kg bw, 6 mg/kg bw for 12-18 years old, 5 mg/kg bw for
19-64 years old and 4 mg/kg bw for those over 65 years old. Though aluminium
intakes by the adults were high compared to average intakes by the whole population,
only the youngest group was found to exceed the PTWI, with the 12—18-year-olds not
far off. As the authors of the Australian report point out, though these intakes are
high, they represent only a small proportion of the whole population. Only 5-7% of
2-11-year-olds were reported to consume tea, according to the NNS data, and the
high intakes reflect only 5% (the 95th percentile) of that group.

7.1.4.2 Adventitious contributions of aluminium to the diet

Accidental and other non-food sources of aluminium can also be a source of increased
intake. It is difficult, however, to quantify the contribution made to the diet by such
means. Several studies have found that use of aluminium cooking utensils, as well as
aluminium foil, can increase the amount of the metal in some, but not all, foods”*. In
countries where aluminium utensils are widely used, such as India% significant levels of
the metal have been found in most domestically prepared foods”2.

Uptake depends, to a certain extent, on the acidity of the food. Potatoes, for
instance, showed no increase when boiled in an aluminium saucepan, compared to a
glass pan. Stewed tomatoes, in contrast, with 0.14 mg/kg after cooking in glass, had
15.5 mg/kg after use of an aluminium saucepan. Levels in cabbage likewise increased
from 0.34 to 90.8 mg/kg. Increases in aluminium in meat stored and cooked in alu-
minium foil also occurred, though to a lesser extent. Raw frozen beef contained
0.39 mg/kg; when frozen in foil, the level went up to 0.47 mg/kg. Cooking in foil
increased it to 5.7 mg/kg, and it reached 7.4 mg/kg when reheated in the foil.

Uptake of aluminium by beverages stored in aluminium cans has been shown to
occur, sometimes to a significant extent. Beer in an all-tinplate can contained 0.15 mg
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aluminium/kg, compared to 0.38 mg/kg in a can with aluminium ends. Fresh orange
juice in an aluminium can contained 12.4 mg/kg, compared to 1.3 mg/kg in fresh
juice. Aluminium in water boiled in an aluminium pan increased in 20 minutes from
0.05 to 8.08 mg/kg, though only at a low pH of 3.07°. A UK study found that rhu-
barb, a highly acid food, took up more than 100 mg/kg from an aluminium cooking
pan. Even such a non-acidic product as sponge flan cases, prepacked in aluminium
foil, were found to have 1150 mg aluminium/kg, compared with 13 mg/kg in
unpacked cases’*

It has to be pointed out that though aluminium can be contributed to the diet from
such adventitious sources thlS route of dletary intake is probably neither consistent
nor of major significance”>. However, this is unlikely to reassure everyone concerned
about the use of aluminium in contact with food. There has been opposition to the use
of the metal in catering for many years, and it is still widespread today. As early as
1886, shortly after the metal began to be used extensively for makmg cooking
utens1ls, claims were made that food cooked in them was toxic’®. The resulting
controversy was vigorous. It was still going on forty years later when Bl‘ltlsh manu-
facturers of aluminium felt obliged to issue a report in defence of the metal””. Almost
immediately their report was attacked by a Dr Spira, who argued strongly in support
of the anti-aluminium case’®. The controversy rumbled on for another four decades,
until, in 1971, the American Medical Association entered the field with a statement
that evidence was lacking to support the view that the small amounts of aluminium
ingested in the diet, even when aluminium cooking utensils were used, had any ill
effects on human health”®. This view was substantially repeated by the USFDA some
years later®’

Even now, three decades later, the controversy refuses to go away. Reports in the
medical literature, as well as in the popular media, of connections between aluminium
and a variety of diseases, and even the commercial promotion of filtering and other
devices to remove aluminium from domestic water, makes it an issue of continuing
interest to the community. This concern is not confined only to the non-scientific
public but is even expressed by some food scientists®'.

7.1.5 Aluminium absorption

In spite of the widespread distribution of aluminium in the environment, as well as its
presence in all diets, little is normally absorbed from food or beverages. Why this is so
is still not fully understood®2. It is clear that the chemical form of the element is an
important factor in controlhng absorption. Aluminium hydroxide, as well as the
phosphate, is very insoluble and is poorly absorbed from the gut, in contrast to the
soluble and easily absorbed citrate. Both vitamin D and the parathyroid hormone
may help to moderate absorption of aluminium. Body stores of iron also appear to
play a part, since there is increased absorption in people with low ferritin levels. There
is evidence that age and other conditions affect absorption, with increased aluminium
absorption in those suffering from Alzheimer’s disease

The percentage of aluminium in ingested food that is absorbed from the gastro-
intestinal tract varies widely between individuals®*. Uptakes as high as 7% have been
reported in healthy young men®’. In contrast, absorption of aluminium in the elderly
Alzheimer’s patients was only 0.06-0.1%°. Other studies have found that absorp-
tion in general accounts for upwards of 1% of total ingested aluminium®’. Once
absorbed, aluminium accumulates in the bone, kidney, llver and brain. In blood,
aluminium is bound malnly to transferrin and albumin®®. Most of the absorbed
aluminium is excreted in urine, with a small amount in facces and bile®®
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The GI tract is a major barrier to aluminium absorption. When this is by-passed, as
in patients undergoing total parenteral nutrition (TPN), a high body burden of the
metal can result. This has been shown in patients on dialysis where aluminium-treated
domestic water was used in the dialysate. The aluminium was directly transferred
across the d1a1ys1ng membrane, with serious consequences for the patient. For thlS
reason, care is taken today that only aluminium-free water is used during dialysis”°.

The kldneys are normally able to excrete absorbed aluminium efficiently, but in
kidney failure this does not occur. In order to prevent build-up of high levels of serum
phosphate, a symptom of the disease, chronic renal failure patients are prescribed
aluminium hydroxide-containing gels to limit absorption of phosphate from the GI
tract. Unfortunately, as a consequence, these patients, with inadequate kidney func-
tion and a high aluminium intake, can accumulate a high body burden of the metal.
Aluminium can also be absorbed in excess, even by healthy persons, if they are given
large oral loads of the metal®’. In such circumstances, urinary excretion increases, but
some storage also takes place. Tissues most affected are liver, kidney, spleen and
bone. Some of the extra aluminium may also be stored in the brain.

7.1.5.1 Metabolic consequences of high aluminium absorption

The effects of high aluminium intake, especially with regard to its possible connection
with Alzheimer’s disease, have been the subject of considerable controversy in recent
years. There is no doubt that aluminium is a neurotoxin. As has been noted above,
chronic renal failure patients who have undergone dialysis with alummlum -con-
taining water have frequently developed severe neurological problems®?. Accumu-
lation of aluminium in the brain has also been associated with Alzheimer’s disease”.
High concentrations of aluminium have been reported in the neurofibrillary tangles
found in the brains of Alzheimer’s patients’*, but whether the metal is a cause, or a
consequence, of the disease is still debated”’. ngh intakes have also been associated
with osteomalacia in adults and defective bone mineralisation in children”®, as well as
with several other conditions, such as metabolic alkalosis and bowel obstruction.
Whether aluminium-related conditions such as have been described here can be
caused by intake of aluminium in normal foods and beverages by individuals who do
not have chronic kidney failure, are not on TPN or dialysis, and do not consume large
amounts of aluminium-containing pharmaceutical products, is far from clear. A
recent Australian study has shown that intake of aluminium i in treated water as well in
ordinary food and beverages, 1nclud1ng tea, was minimal®’. Some evidence which
suggests that there is an association between aluminium in drmkmg water and Alz-
heimer’s disease (AD) has been produced by a number of epidemiological studies”®
while others have failed to do so””. However, as has been pointed out by Doll* 104
among others, epidemiological studies of this kind have many confounding variables
and inherent design weaknesses which make interpretation of the results difficult.
According to MAFF, evidence supporting the view that a reduction in the aluminium
intake of the general populatlon would be likely to reduce the incidence of AD i is t00
tentative to justify changes in the use of aluminium sulphate in water treatment'”

7.1.6  Analysis of foodstuffs for aluminium

As has been mentioned, many of the analytical data relating to aluminium in food and
beverages published some years ago were unreliable, because of inadequate equip-
ment and procedures available to analysts. The principal difficulty they experienced
was due to the ubiquitous nature of aluminium and the high risk of contamination
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throughout the various steps in the analytical process. Newer techniques have helped
overcome these problems and enabled greater accuracy, reliability and sensitivity to
be achieved in the determination of aluminium in dietary components and other
materials in recent years. However, the problem of contamination can still occur and
render results unreliable unless the greatest care is taken to isolate samples from the
environment. For this reason, anyone embarking on aluminium determination in food
and beverages for the first time would be well advised to read the paper by Savory and
Wills on the subject, even though it was written back in 198912,

Wet acid digestion, preferably in a closed-circuit microwave system, is the preferred
sample preparation method. Dry ashing can be used, th0u$h unless it is carried out at
low temperatures, loss of aluminium chloride can occur'. Graphite furnace AAS
provides an accurate and relatively easy method for determining aluminium levels in
foods and beverages, especially when relatively small numbers of samples are
involved. Background correction using a deuterium lamp, or Zeeman background
correction, is desirable'®*. ETA-AAS, following microwave digestion of samples in
high-pressure bombs, was used to study aluminium and other metals in commercial
canned seafoods by Tahan and colleagues, who describe their method in detail'®’.

ICP-MS was used to analyse aluminium and other trace elements in samples col-
lected in the UK Total Diet Study'°®. ICP-AES has been successfully used to determine
aluminium in the US TDS'?7, as well as in many small-scale investigations, such as a
study of trace elements in breakfast cereals'’®. A considerable advantage of using ICP
rather than GF is that it helps to overcomes matrix problems caused by the refractive
nature of aluminium.

If available, and the cost is appropriate to the nature of the investigation, NAA
should be considered for the analysis of aluminium in dietary samples'®®. Its use
eliminates the need for extensive sample preparation, and thus reduces the likelihood
of contamination. However, in samples with a high phosphorus content, a pre-
liminary separation step may be necessary to remove this element as it can cause
interference.

7.2 Tin

Tin is one of the ancient metals. There is evidence of tin production in Anatolia, in
Turkey, in the Early Bronze Age''°. It was valued by early metallurgists because of its
ability to form alloys with distinctive and very useful properties when mixed with
other metals. Soft and vulnerable copper was converted into tough and resistant
bronze by the addition of tin; lead was converted into rigid, and lighter, pewter. A
bronze containing 10% tin was produced in Cornwall in the Middle Bronze Age,
some 4500 years ago. Though a tin bracelet was found on the Greek island of Lesbos,
dating from about 3000 BC, and grains of metallic tin have been recovered from the
wreck of a Phoenician ship in the Mediterranean''!, it is only in relatively recent times
that the metal has been used in its own right. For the past two centuries considerable
quantities of tin have been used to plate utensils used to store and process food.
Even before tinplate was developed, the metal had an important place in the kitchen
and on the dining table. Bronze cooking and storage utensils, and eating implements,
were common, at least in wealthy homes. Pewter plates and dishes were only replaced
when porcelain and glazed earthenware were introduced into common use in the
seventeenth century. Undoubtedly, during those earlier centuries, some food must
have been contaminated with tin leached from bronze and pewter culinary equip-
ment, but there is no evidence that our medieval forebears suffered any major ill
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effects from intake of the metal in this way. Indeed, the culinary use of tin has stood
the test of time well, from a practical as well as a health point of view. Only in some
exceptional cases has tin resulted in serious poisoning. Even today, in spite of a few
expressions of concern, it is still generally accepted as safe for use with food.

7.2.1 Chemical and physical properties of tin

Tin has the symbol Sn, after its Latin name stannum. It is element number 50 in the
periodic table, with an atomic weight of 118.7. Tin is normally a mixture of three
crystalline forms and, consequently, its specific gravity is not fixed but lies between
5.8 and 7.3, depending on the proportion of each form present. The metal is soft,
white and lustrous and is easily rolled into wire and foil, and extruded into tubes. It
has a low melting point of 231.9°C and is highly resistant to corrosion. Oxidation
states of tin are +2 and +4. It forms two series of compounds, stannous and stannic.
Among its inorganic compounds are stannous chloride (SnCl,), stannic chloride
(SnCly), stannic oxide (SnO,) and sodium metastannate (Na,SnQOj3). Tin also forms a
number of organic compounds, the organotins. These are important industrially,
especially the alkyl and phenyl compounds.

7.2.2 Production and uses of tin

Though tin is widely distributed in small amounts in most soils, it is commercially
produced in quantity in only a few places in the world. Tin deposits are associated
with certain types of granite and occur in only a few known localities such as
Malaysia, China, Bolivia, Cornwall (UK), Saxony—Bohemia and Nigeria. In all these
areas it is found mainly as the mineral cassiterite or tinstone (stannic oxide, SnO,).
Much of the South-east Asian ore occurs in alluvial deposits, known as placer
deposits, from which it is extracted by washing away the associated sand and
gravellli. Mined vein ore in granite rock is much more difficult to extract and
requires that the ore is heated with powdered charcoal in a reverberatory furnace.

Until well towards the end of the twentieth century, about 60% of the world
production of tin took place in what is known as the South-east Asian Tin Belt,
extending from Burma (present day Myanmar) and Thailand to Malaysia and
Indonesia. But in recent years China has become the world’s major producer, with
Brazil, Peru and Bolivia following closely behind''®. Small-scale production is
undertaken in some other countries, such as Australia and Zambia, but this is usually
intermittent and depends on world prices. The ancient Cornish tin mines have not
been in commercial use for some years. Interestingly, the US, which uses more tin than
any other country, has little tin production of its own.

Primary production of tin worldwide is about 250 000 tonnes per annum, with an
increasing amount of secondary tin being produced each year from scrap. Most tin is
used to produce tinplate, which is sheet steel coated with tin to prevent rusting. Today
the plate is usually applied by electrodeposition, though dipping in molten metal is
still used on a small scale in some specialist industries, such as the manufacture of
copper cooking utensils. Most of the tinplate is used for making food containers (‘tin
cans’). Tin coatings are also used in the manufacture of engineering and electrical
components and for other applications where resistance to corrosion is important.

Important alloys of tin include bronze (copper and tin) which was one of the earliest
alloys to be used. Solder (mainly lead and tin) melts more easily than pure tin and is
widely used to join metals together. Pewter (lead and tin), and various related alloys
with antimony, copper and other metals, which are known by such names as Monel
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and Britannia metal, are used today largely for ornamental purposes. An alloy of tin,
with lead and antimony, was formerly widely used as type metal in printing works.

About 5% of total tin production is used in the chemical industry. Tin compounds
are employed in the manufacture of certain types of glass and enamels, in dyeing and
printing of textiles, and as a reducing agent in certain chemical processes. The
pharmaceutical industry uses them in a number of ways, such as tin fluoride in
toothpaste. Organic compounds of tin are used as stabilisers in PVC plastics, as well
as in rubber paints. Other organic compounds are used as fungicides and other
agrochemicals. An important, though highly controversial, use is that of organotin
compounds as antifouling agents on boats and ships.

7.2.3 Tin in food and beverages

The normal level of tin in food and beverages is low, except where they have been in
contact with the metal in cans and other tinplated containers, as is shown in Table
7.3, which is based on data collected in the UK TDS in 1994''*. Similar levels were
reported in subsequent studies, for example in the 1997 TDS, which found that levels
of tin in all food were below 0.1 mg/kg, except for canned vegetables and fruit
products, which include canned fruit'™. Data from other countries confirm the UK
finding of low levels of tin in most foods, apart from those preserved in cans. A French
study found that tin levels in fresh foods were 0.03 + 0.03 mg/kg, compared to 76.6
+ 36.5mg/kg in food preserved in unlacquered cans, and 3.2 + 2.3 in lacquered
cans''®. Similar levels have been reported in Japanese food''”.

Table 7.3 Tin in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.03
Miscellaneous cereals 0.02
Carcass meat 0.02
Offal 0.02
Meat products 0.31
Poultry <0.02
Fish 0.44
Oils and fats 0.02
Eggs <0.02
Sugar and preserves 0.02
Green vegetables 0.02
Potatoes <0.02
Other vegetables 0.02
Canned vegetables 44
Fresh fruit 0.03
Fruit products 17
Beverages 0.02
Milk <0.02
Dairy products 0.31
Nuts 0.03

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.
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As is clear from the above studies, and from many others reported in the literature,
levels of the metal in food are in every case related to storage in tinplated cans or
contact with tinplated cuhnary utensils''®. The tinplate is normally little affected by
the food with which it is in contact, but can dlssolve, usually very slowly, if certain
substances are present which accelerate corrosion'', These substances, which
include residual and nitrate oxygen, are known as cathode depolarisers. Acid con-
ditions can also encourage corrosion. It is to prevent this that insides of cans are
commonly coated with lacquer, generally a thermosetting resin polymerised on the
surface by heat’

Uptake of tin by food depends on the nature of the foods as well as whether cans are
lacquered or not. Meat and meat products are often contained in lacquered cans and
are not normally aggressive towards the tin. Canned meats seldom contain more than
trace amounts of the metal. In contrast, tomatoes, which often have a high nitrate
content, and are often sold in unlacquered cans, have been found to contain more
than 50 mg/kg of tin. Highly coloured fruits, such as blackcurrants and raspberries,
contain anthocyanins which are highly aggressive towards tinplate, even when pre-
served in lacquered cans, and have been found to accumulate up to 100 mg/kg of
tin'?'. In a study of tin in ‘infant foods in the UK, levels of up to 33 mg/kg were found
in some samples which were either sold i In cans or contained fruit ingredients which
may have been stored previously in cans'?2. In a similar study of infant foods in New
Zealand, levels of up to 18 mg/kg of tin were detected in some canned products'??

Con31derably higher levels of tin have, on occasion, been found in individual cans,
and in a few cases in whole batches of cans. Tins of Italian peaches, on sale in Ger-
many, were found to contain 400 mg tin/kg. A high level of corrosion of the tin flate
was attributed to high levels of nitrate in the water used to process the fruit'
spectacular example of tin uptake by food stored in cans was seen in foods stored in
cans which had been taken to the Arctic in 1837 and remalned there unopened for a
century, with 783 mg/kg in veal and 2440 mg/kg in carrots'?

7.2.3.1 Organotin compounds in food

In addition to inorganic tin, food may also contain organic tin compounds, which
pose a much greater risk to health than do the inorganic compounds. While it is highly
unlikely that tin in canned food is in anything other than the inorganic form, there is
evidence that certain foods may also contain organotin compounds. This does not
appear to be as a result of natural conversion of inorganic to organic forms, as is the
case for mercury in marine organisms. It is most probably the result of increasing
industrial use of organotin compounds. Dibutyltin salts are used as stabilisers in PVC
plastics, and trialkyl- and triaryl-tin compounds are used as biocides. Tributyltin
(TBT) has been used extensively until recently as a marine antifouling agent, though
legislation has been introduced in many countries to limit its use.

An Indian study has revealed the high levels of accumulation of organotin com-
pounds in freshwater food chains, largely as a result of the discharge of untreated
domestic sewage into rivers. High concentrations of mono-, di- and tri-butyltin were
detected in dolphin, several species of fish and various invertebrates in the River
Ganges, pointing to high levels of biomagnification of these compounds in living
orgamsmsu6 High levels of organotin compounds have also been detected in
municipal wastewater and sewage sludge in Switzerland'?

Because of the use of TBT-containing antifouling pamts on the majority of the
world’s deep-ocean ships, as well as on smaller vessels, many harbours and coastal
waters are now heavily contaminated with organotin compounds. This has resulted in
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contamination of many marine organisms, such as oysters in parts of Australia'*® and

various molluscs in rivers in the UK and elsewhere'?’. In the early 1980s TBT was
detected in Atlantic farmed salmon in the UK, apparently as a result of the use of
antifouling paints on netting cages used to contain the fish. It was also detected in
freshwater trout as a result of spill from a wood treatment plant which used TBT as a
timber preservative'*°. Because of concern about the danger to the consumer’s health,
the use of TBT-based antifouling paints has been effectively banned in the UK since
198731, Most other countries now have legislation to restrict the use of these pro-
ducts.

7.2.4  Dietary intakes of tin

Apart from the dramatic findings in the case of the food stores of the ill-fated Franklin
expedition, even the highest of the levels of tin reported in UK, as in several other
countries, including France'** and Japan'??, seldom exceed the UK’s legal limit of
200 mg/kg for tin in food"**. Total tin intake in the UK in 1997 was reported to be 1.9
mg/day for the mean and 6.3 mg/day for 97.5th percentile adult consumers, with 94 %
of this intake accounted for by consumption of canned foods and fruit products'?>.
These intakes are similar to those reported in other countries, such as the US and
Franceg which were reported to have intakes of 3.5 and 2.7 mg/day of tin respec-
tivel;r1 ®. A lower intake of 0.644 mg/day of tin by Japanese adults has been repor-
ted"®”. Since the PTWI for tin established by the WHO is 2 mg/kg bw, equivalent to
120 mg/day for a 60 kg person, tin intakes in the UK, and in the other countries for
which we have consumption data, is not a cause for concern.

7.2.5 Absorption and metabolism of tin

Tin ingested in food is poorly absorbed and is excreted mainly in faeces. At most
about 1% of ingested tin enters the blood. Absorption appears to be related to the
chemical form of the element, with Sn(II) being four times more readily absorbed than
Sn(IV) compounds. Absorbed tin is rapidly excreted initially, but small amounts may
be retained in kidney, liver and bone, with little in soft tissue. Excretion is mainly in
urine, with a small amount also in bile’*®. Tin does not appear to have any biological
role in the body, though it has been shown to be capable of inducing the enzyme
haemoxygenase and, in rats at least, to stimulate growth under certain conditions'*”.
Inorganic tin is generally considered to be non-toxic. High intakes of tin in food can
irritate the GI tract and can cause nausea and vomiting in some individuals. These are
short-term effects and usually occur at concentrations above 200 mg/kg'*°. However,
there is considerable individual variation in response to tin. Levels as high as 500 mg/
litre in fruit juice have failed to cause gastric upset in some volunteers. An intake of
200 mg/kg over an extended period of time failed to cause toxicity in others'*!. In
rats, however, prolonged intake of low levels of inorganic tin have been associated
with growth retardation and histological changes in the liver. Tin may also interfere
with the metabolism of iron and zinc. Rats fed a tin-enriched diet developed anaemia.
They also lost more zinc in faeces and retained less in bones than did controls'*2,
Organotin compounds are much more toxic than are inorganic forms of the ele-
ment. Triethyl- and trimethyl-tin, like their lead equivalents, are dealkylated rapidly
to toxic trialkyl derivatives and are then metabolised more slowly to less toxic di- and
mono-derivatives. All of these and other related compounds, especially TBT, are
genotoxic'*?. Triethyltin interferes with cellular metabolism by uncoupling oxidative
phosphorylation, causing mitochondrial damage and resulting in cerebral oedema
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leading to neurotoxicity. Organotin compounds can also stimulate catecholamlnes,
leading to hyperglycaemia, changes in blood pressure and immunotoxicity'**.

7.2.6 Analysis of foodstuffs for tin

Problems can be experienced when analysing tin in foods and beverages. Graphite
furnace AAS, with deuterium lamp or Zeeman background correction, is an effective
analytical procedure and has helped overcome some of the difficulties experrenced by
some earlier analysts. However, high ashing temperatures are required and matrix
interference can be severe with different tin compounds. The use of pyrolytically
coated graphite tubes and iz situ coatin, ng i is recommended, allowing lower atomisa-
tion temperatures and higher sensitivity

Total tin concentrations in foods and beverages are routinely determined as part of
multielement surveys in a number of countries. In the UK this is performed usm% ICP-
MS, following acid digestion in pressurlsed vessels using microwave heatrng
similar procedure has been followed in France'*”. Techniques for spec1at10n of
organotin compounds using gas chromatography with mass spectrometry are avail-
able'*®, Different techniques which employ liquid chromatography-mass spectro-
metry interfacing systems to determine levels of organic tin have been applied to the
analysis of food and beverages'*’.
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Chapter 8
Transition metals: chromium, manganese, iron,
cobalt, nickel, copper and molybdenum

Chemists classify the metals in terms of their electronic structure, either as repre-
sentative or transition metals. The former have all their valence electrons in one shell,
whereas the transition metals have their valence electrons in more than one shell.
Their electronic structure gives the transition metals considerable chemical variety
and flexibility: they are able to form complexes and to bind particular molecules and
functional groups and to have more than one stable oxidation state’.

Metals with incomplete underlying electron shells are usually coloured, with the
colour dependent on the oxidation state. The colour can be modified by the nature of
non-metallic elements or groups with which the metal is combined. These colours are
the basis for the many colorimetric analytic methods which were formerly widely used
for transition metals. Because they are usually easy to detect, quantitatively as well as
qualitatively, the biological significance of several of the transition metals has been
recognised for some time and much is known about their functions and properties in
foods and diets.

The transition metals are subdivided by chemists into three groups: the main
transition or d block elements, the lanthanide elements, and the actinide elements?.
Here we are interested principally in the main transition group. This contains ele-
ments in which the d shells only are partially filled. Scandium, with an outer electron
configuration of 4s3d, is the lightest of the group. The eight following elements:
titanium, vanadium, chromium, manganese, iron, cobalt, nickel and copper, have
partly filled 3d shells, either in the ground state of the free atom (all except copper) or
in one of their more important ions (all except scandium). This group of elements
makes up the first transition series, numbers 21-29 in the periodic table.

The next element, number 30, zinc, is sometimes considered to belong to the
transition metals, since it shares some of their properties, but, strictly speaking, it is
not. Its outer electron configuration is 3d'°4s* and it forms no compounds in which
the 3d shell is ionised. It also differs from the transition metals in that, with its filled
outer shell, it does not form coloured compounds. However, zinc is usually associated
with the transition metals in textbooks, and that convention will be followed here.

Two other characteristics of transition metals are of particular interest in relation to
the present study. The first is their strong metallic quality: they are mainly hard, tough
metals, with high melting points, and are capable of conducting heat and electricity
well. They can also form useful alloys among themselves and with other metals. This
has meant that the transition metals have long been used for construction of equip-
ment for the food processing and catering industries.

The second characteristic is of interest from the point of view of chemical and
biological activity. Transition metals, as they go from left to right across the periodic
table, show only small variations in their physical and chemical properties. This is
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because, generally, succeeding elements in the series differ in electron configuration by
one electron in the next to outer valence shell, rather than in the outer valence shell.
The interchangeability of several of the transition elements in their biological roles,
for example as coenzymes, may be accounted for by this characteristic.

We will be concerned here mainly with metals of the first transition series, with
particular attention to those of most significance in relation to food. These are, in
ascending order of their atomic numbers, chromium, manganese, iron, cobalt, nickel
and copper, as well as molybdenum, from the second transition series. In the next
chapter we will look at the remaining transition elements from all three series, as well
as their close relation, zinc.

8.1 Chromium

Chromium is widely distributed in the Earth’s crust, though at low levels. It has a
concentration of about 250 pg/kg of soil®. It is a metal about which, in the context of
human biology, we did not know a great deal until very recently. We now know that
its low environmental concentration bears little relation to its importance to health.
Its toxicity to industrial workers has been recognised for many years*, but it was only
in the 1950s that its essentiality to human life began to be appreciated’. Today
chromium is attracting increasing attention in the medical field, especially because of
evidence for its important role in carbohydrate and lipid metabolism®.

One of the principal reasons why progress has been slow in establishing the vital
role of chromium in animal and human metabolism was the difficulty formerly
experienced in determination of the element. In 1977 Eric Underwood, in his pio-
neering study of trace elements, noted that reliable data on the distribution of chro-
mium in the animal body were sparse and sporadic because of the absence of
satisfactory methods for its analysis’. Though that situation has now been remedied,
much still remains to be learned about the role of chromium in food and nutrition.

8.1.1 Chemical and physical properties of chromium

Chromium has an atomic weight of 52 and is element number 24 in the periodic table.
It is a heavy metal, with a density of 7.2, and a high melting point of approximately
1860°C, the exact temperature depending on the crystal structure of the sample in
question. It is a very hard, white, lustrous and brittle metal and is extremely resistant
to corrosion. Chromium can occur in every one of nine oxidation states, from —2 to
+6, but only the ground 0, and the +2, +3 and +6 states, are of practical significance.
The most stable and important oxidation state is Cr(Ill), which gives a series of
chromic compounds, including the oxide Cr,O3, chloride CrCls, and the sulphate
Cr(SO4)3. Industrially important Cr(III) salts are the acetate, citrate and chloride.

In higher oxidation states almost all chromium salts are oxo-forms and are potent
oxidising agents. The Cr(VI) compounds include the chromates CrO4*~ and the
dichromate Cr,0O-*". Important compounds of this type include lead, zinc, calcium
and barium chromates, as well as sodium and potassium chromates and dichromates,
each of which is very soluble. From the biological point of view, hexavalent chro-
mium is of particular importance because of its toxicity due to its oxidising properties.

The relatively unstable Cr(II) chromous ion is rapidly oxidised to the Cr(III) form.
Few of the other forms of chromium, such as Cr(IV) or Cr(V), are known, or if they
are, they do not appear to be of biological significance.
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8.1.2 Production and uses of chromium

Through chromium is widely distributed in small amounts in rocks and soils, its only
commercial ore is chromite, FeOCr, O3, which can contain up to 55% chromic oxide.
Chromite is found in commercial quantities in a few parts of the world, especially in
South Africa and Russia. Smaller deposits are worked in the US, Zimbabwe and a few
other countries. The chromite ore is reduced in a furnace with carbon to produce
ferrochrome, a carbon-containing alloy of chromium and iron. Pure chromium metal
is produced from this, either by electrolytic treatment or by conversion into sodium
dichromate by treatment with hot alkali and oxygen followed by reaction with alu-
minium.

Chromium has many industrial uses. More than half of the metal produced
worldwide is destined for the metallurgical industries, where it is used for the pro-
duction of stainless steels of various kinds, in alloys with iron, nickel and cobalt. Its
high resistance to oxidation has led to its extensive use as an electroplated coating
agent and in stainless steel. Another 30% is used in the production of refractor
materials for lining furnaces and kilns, and the remainder in the chemical industry®.
Chemical uses of chromium include production of tanning agents, pigments, catalysts
and timber preservatives. Some chromium is used as an additive in water to prevent
corrosion in industrial and other cooling systems. It is probably this use that accounts
for a significant amount of industrial chromium emission”. Chromium salts are also
found in some household detergents, as well as in pottery glazes, paper and dyes.

8.1.3 Chromium in food and beverages

As was noted in the UK Report on Dietary Reference Values published in 1991,
because of inadequate analytical techniques and possible chromium contamination,
values for levels of the metal in foods and diets published prior to 1980 should be
viewed with caution. Certainly, as a perusal of the earlier literature shows, some high
levels were reported, which subsequent investigations have failed to confirm. Though
analytical procedures have undoubtedly improved during the past two decades, and
much more reliable data are now published, the determination of chromium in bio-
logical materials is still considered a challenge by some analysts'’.

Chromium levels are generally very low in foods and beverages, as can be seen in
Table 8.1. In many of the food groups analysed by the MAFF scientists who prepared
the data used in the table, chromium was found at or below the limit of detection
(LOD) of 0.1 mg/kg. The best food sources of the metal are meat, whole grains,
legumes and nuts, though they are unlikely to contain more than about 0.5 mg
chromium/kg. One of the best sources of the metal is brewer’s yeast, which can
contain up to 5 mg/kg, though levels in different samples can vary widely'?. Chro-
mium-enriched yeast is widely used as a nutritional supplement for humans as well as
animals'®. There have also been reports of high levels of chromium in spices, such as
black pepper, and in raw sugar'®.

Though water may contain chromium, especially if it is affected by emissions from
industry, it is unlikely to make a significant contribution to dietary intake of the metal.
If any chromium is present in drinking water, it is likely to be Cr(VI), which is far more
soluble than hydrated Cr(IIl) oxide. WHO drinking water standards, which have been
adopted by the EU, set a maximum permitted level of 50 pg/litre for Cr(VI)'®. Total
chromium levels in drinking water in several European cities range from 1.0 to 5.0 pg/
litre, with a mean of 2.0 pg/litre. A person drinking 1.5 litre/day would have a daily
intake of between 1.5 and 7.5 ug of chromium from this source alone'®.
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Table 8.1 Chromium in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.1
Miscellaneous cereals 0.1
Carcass meat 0.2
Offal 0.1
Meat products 0.2
Poultry 0.2
Fish 0.2
Oils and fats 0.4
Eggs 0.2
Sugar and preserves 0.2
Green vegetables 0.2
Potatoes 0.1
Other vegetables 0.1
Canned vegetables 0.1
Fresh fruit <0.1
Fruit products <0.1
Beverages <0.1
Milk 0.3
Dairy products 0.9
Nuts 0.7

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

Increased levels of chromium in agricultural soils, and thus potentially in crops, can
occur through the application of sewage sludge, as well as by atmospheric deposition
of fumes produced by industry. Several countries have introduced legislation to limit
such sources of pollution. In the UK the Department of the Environment has set a
guideline limit of 400mg/kg for the chromium content of sludge-amended soils. This is
about ten times greater than the mean chromium content of most agricultural soils'”.

8.1.3.1 Adventitious chromium in foods

Canned and other processed foods may include adventitious chromium, taken up
from cooking utensils and storage vessels, including cans. Stainless steel, which is
widely used in food processing equipment and fittings, may contain chromium, as
well as a number of other metals. All of these can migrate from the steel into food, the
amount transferred depending particularly on the length of contact time between the
food and the metal'®. The temperature at which processing is carried out is also
important, as is the pH of the food. The level of pick-up by acid foods from stainless
steel is seen in red cabbage, pickled in 4% acetic acid (vinegar), which contained 72 ug
chromium/kg, compared to about 10 ug/kg in the fresh vegetable'®.

The ‘passivation treatment’, in which chromic acid or another chromium
compound is used to increase the lacquer adherence and resistance to oxidation of
tinplate, can contribute significantly to the level of pick-up of chromium by canned
food. It has been calculated that if all the chromium on the inner surface of a
454-gram can migrated into the contents, it would result in a final concentration of
about 400 pg/kg™. Lacquering actually protects the contents of cans from this
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chromium. It has been found, for example, that while fresh fruit and vegetables
contain 0.009 mg/kg chromium, this can increase to 0.018 mg/kg when they are
canned

8.1.3.2 Dietary intakes of chromium

Reported levels of chromium in foods, and hence in daily diets, have decreased over
recent decades due to improved analytical procedures, instrumentation and preven-
tion of chromium contamination**. Today’s reported intakes are generally much
lower than the 0.30 mg/day or higher estimated in the 1970s?. In contrast daily mean
adult intake in, for example, the UK, as estlmated from the 1997 TDS, is 0.1 mg/day,
with 0. 17mg/day for the 97.5th percentlle . Similar flndlngs have been reported in
recent years, including the US (0.2 mg)*® Japan (0.89 mg)*® and Denmark (0.5 mg)*’

8.1.3.3 Recommended intakes of chromium

Chromium is included among the nutrients for which, in the UK, a range of ‘Safe
Intakes® (SI), rather than an RNI has been established on the grounds that a DRV
could not be set because of insufficient reliable data on human requirements. The SI is
judged to be a range of intakes at which there is no risk of deficiency or of undesirable
effects. For chromium the SI is, for adults, above 25 pg/day, and for children and
adolescents 0.1-1.0 pg/day. COMA, in its 1999 report, noted that the WHO had not
set a PTWI for chromium and that current estimates of intake in the UK, ‘did not
warrant any major concerns in terms of toxicity, or deficiency’*®

In the US, because there was inadequate data for establishing an RDA, an estimated
safe and adequate daily dletary intake (ESADDI) of 50-200 pg/day of chromium has
been established for adults®®. Since the intakes of many people, in the US and else-
where, are below the lower range of the ESADDI, the tentative nature of these
recommendations was clearly pointed out in the 10th (1989) edition of the US
Recommended Dietary Allowances and the advice given that

until more precise recommendations can be made, the consumption of a varied
diet, balanced with regard to other essential nutrients, remains the best assurance
of an adequate and safe chromium intake.

It is to be expected that these more precise recommendatlons w1ll emerge from the
review of dietary reference values currently ongoing in the US*°

8.1.4 Absorption and metabolism of chromium

The mechanism of absorption of chromium from food in the GI tract is not yet well
understood. It appears to involve an active process, not simple diffusion®'. Various
factors affect absorption. Uptake is inversely related to the amount of the metal in
food. Phytate significantly reduces absorption, while it is enhanced by ascorbic
acid®?. There also appears to be competition between chromlum and other metals,
1nclud1ng zinc, iron, manganese and vanadium, for uptake®®. Overall, the rate at
which chromium is absorbed into the intestine is low, ranging from 0.5 to 3%.
Studies using rats have shown that Cr(VI) is absorbed at a faster rate than is
Cr(III)**. Absorbed chromium is transported in blood bound to transferrin, with
both metals competing for the same binding sites®’. The adult human body appears
to contain between 4 and 6 mg of chromium. The metal is stored to a limited extent
in organs, including kidneys, spleen and testes. Absorbed chromium is excreted
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mainly in urine, with a small amount in faeces. The chromium content of body tis-
sues decreases with age’®.

There is strong evidence that chromium is an essential nutrient for humans, though
this is disputed by some 1nvest1gat01rs3 Its essentiality was first recognised in the
1960s through observat1ons of patients maintained on TPN who developed impaired
glucose tolerance®®. It was found that they could be returned to normal by addition of
small amounts of chromium to the infusion fluid*’. The chromium appears to func-
tion in an organic complex which potentiates the action of insulin. The metal has been
found to be an integral part of a dinicotinic acid-glutathione complex, the so-called
glucose tolerance factor, GTF*°. Though this complex has been extracted from bre-
wer’s yeast, and other apparently biologically active chromium complexes have been
detected in other organisms, none of them has yet been fully characterised*!

There is evidence that chromium deficiency is associated with elevated blood glu-
cose levels and that chromlum fed to elderly persons improves glucose tolerance, as
well as blood lipid levels**. Chromium appears to participate in lipoprotein meta-
bolism, and a low chromium status may result in decreased levels of high-density
cholesterol (HDLC). Improved chromium nutrition may reduce risk factors asso-
ciated with cardiovascular disease as well as diabetes mellitus*?

There is considerable interest, especially among athletes and sports nutritionists, in
the possibility that chromium can help to increase lean body mass and decrease
percentage body fat. Numerous studies have been conducted to investigate the rela-
tionship of the metal with exercise and fitness. However, findings have been equi-
vocal. Nevertheless, the use of chromium supplements has gained in popularity
among athletes and others, in the belief that it will co yensate for losses caused by
exercise, increase lean body mass (LBM) and reduce fat™*

8.1.5 Chromium toxicity

Trivalent chromium has a low order of toxicity and then only at high levels of intake.
The hexavalent form is, in contrast, extremely toxic. Intakes of 1-2 grams/day can
cause kidney and liver necrosis*’. There is no evidence, however, that the chromium
normally present in food is a danger to health, whether the metal is present naturally
or has migrated into the food from stainless steel cooking equipment.

Concern has been raised by reports of toxic effects of ingestion of certain chro-
mium-containing supplements. Chromium picolinate, a widely available supplement,
much used by some athletes and others, has been reported to cause clastogenesis
(chromosome breakdown) It is, however, unclear whether it is the Cr(IIl) or the
picolinate that is responsible for the toxicity*®. There is an urgent need for closer
scrutiny of the possible toxic effects of this and other chromium supplements*”

8.1.6 Analysis of foodstuffs for chromium

Because of the usually very low levels of chromium in foods and beverages, and the
considerable danger of contamination of samples, chromium has tradmonally been
considered by many analysts to be a difficult element to determine*®. Today many of
the analytical problems encountered have been overcome by the development of new
equipment, especially closed microwave digestion and highly sensitive analytical
instruments, but difficulties can still be encountered. Apart from ensuring absolute
cleanliness and use of a suitable work station during sample preparation, care has to
be taken to avoid loss through volatilisation, especially if dry ashing is used. A pro-
blem can be encountered if acid digestion is used with samples containing appreciable
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levels of silicates that can interfere with recovery of the metal. Release of the
chromium can be achieved by adding hydrofluoric acid to the digestion mixture*’.

A problem encountered when using GFAAS for chromium is inadequate back-
ground correction. The deuterium lamp is of little use for this purpose because its
intensity at the 357.9 nm line is low compared to the hollow cathode lamp and will
not eliminate the non-specific absorption. A high-intensity tungsten-iodide lamp, or
Zeeman background correction, can be used to overcome the problem®®. Where
available, NAA is the analytical method of choice, since it avoids extensive sample
preparation®’.

8.2 Manganese

Until relatively recently manganese, if considered at all by toxicologists and other
medical and biological investigators, was included among the scientific curiosities, of
little consequence to human health. They might have heard of ‘manganese madness’
in workers exposed to fumes of the metal, but that was probably the extent of their
knowledge. We now know that there is much more to manganese and its relation to
human health than its industrial toxicity.

8.2.1 Chemical and physical properties of manganese

Manganese is element number 25 in the periodic table, with an atomic weight of
54.94. Tts chemical and physical properties are, in many respects, similar to those of
iron, which it immediately precedes in the first transition series. Manganese, however,
is harder, more brittle and refractory, with a lower melting point, 1247°C. Like iron,
it is a reactive metal which dissolves in dilute, non-oxidising acids. It ignites in
chlorine to form MnCl, and reacts with oxygen at high temperatures to form Mn3Oj,.
It also combines directly with boron, carbon, sulphur, silicon and phosphorus.

Manganese has several oxidation states, the most characteristic of which, especially
in solution and in biological complexes, is the divalent Mn(II). This forms a series of
manganous salts with all the common anions. Most of these are soluble and crystallise
as hydrates. Mn(II) also forms a series of chelates with EDTA and other agents.

The other oxidation state, Mn(III), is important iz vivo. Ingested Mn(II) is thought
to be converted into Mn(IIl) which is the form of the element that binds to trans-
ferrin®*. Mn(IV) compounds are of little importance, except for the oxide MnO,,
pyrolusite, which occurs in nature and is one of the chief ores of the metal.

Mn(VI) is found only in the manganate ion (MnO4*"). Similarly Mn(VII) is best
known in the permanganate ion (MnQ,"). Potassium permanganate is a common and
widely used compound, traditionally known to many as the wine-red aqueous solu-
tion, Condy’s fluid. Permanganates are powerful oxidising agents. Manganese forms
several organo-compounds. The best known of these is methylcyclopentadienyl
manganese tricarbonyl, which is used as an anti-knock additive in petroleum fuels.

8.2.2 Production and uses of manganese
Manganese is a ubiquitous constituent of the environment, comprising about 0.1% of

the Earth’s crust. It is the twelfth most common element and the second most common
heavy metal, after iron. Ores of manganese occur in a number of substantial deposits,
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especially as pyrolusite, the Mn(IV) oxide. Major commercially exploited deposits
occur in Africa, Russia, Canada and Australia. The metal is produced by roasting the
ore, followed by reduction by aluminium.

The principal industrial use of manganese is in the manufacture of steels. Man-
ganese steel alloys are particularly strong. The metal is also used to make other types
of alloys that are used in a variety of applications, such as in electrical accumulators.
Manganese compounds are used to make pigments and glazes, as well as domestic
and pharmaceutical products. A recent use has been as a replacement of alkyllead
additives in petroleum fuels and of metallic lead in shotgun cartridges.

8.2.3 Manganese in food and beverages

Manganese is present in all plant and animal tissues, usually at low levels of con-
centration. There does not seem to be much variation in levels in foods between
countries. Data in Table 8.2 are typical of reported levels in several other countries,
such as the US*3. Interestingly, in contrast to iron and in spite of the chemical simi-
larities between the two metals, cereals and cereal products are among the richest
sources of manganese, with low levels in meat and offal. An interesting and, in the
national context, important finding in the UK is that tea can be a major source of
manganese in the diet. Dry tea leaves can contaln between 350 and 900 mg/kg, and
the beverage itself 7.1-38.0 mg of the metal/kg®®.

Table 8.2 Manganese in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 8.0
Miscellaneous cereals 6.8
Carcass meat 0.14
Offal 2.8
Meat products 1.4
Poultry 0.17
Fish 1.1
Oils and fats 0.02
Eggs 0.31
Sugar and preserves 1.5
Green vegetables 2.0
Potatoes 1.9
Other vegetables 1.6
Canned vegetables 1.8
Fresh fruit 2.0
Fruit products 2.2
Beverages 2.7
Milk 0.03
Dairy products 0.27
Nuts 15

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.
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8.2.4 Dietary intake of manganese

The mean dietary intake of mangangse by adults in the UK is 4.5 mg/day’°. About half
of this is believed to be from tea®®. Daily intakes in the US were reported to be
somewhat lower, averaging 2.85 and 2.21 mg for 25-30-year-old men and women
respectively over ‘the years 1982-91°. Similar figures have been reported for Belgium
and Spain. It is generally believed that these levels of intake are ade%uate and that
there is no need for concern about possible deficiencies of manganese’®. However, in
theory at least, it is possible that in a diet in which wholemeal cereals and tea are not
consumed, manganese intakes could be less than optimal.

8.2.4.1 Dietary requirements for manganese

There is no evidence that dietary manganese deficiency ever occurs in the general
population. Deficiency has been induced in animals fed a specially designed, low
manganese diet, with symptoms of impaired growth and skeletal abnormalities. There
have been a small number of reports of apparent deficiency in humans who consumed
a restricted diet with very low levels of manganese’”. There is at present inadequate
information on which to base a DRV. It has not been p0s51ble to define requirements
on the basis of a number of short-term balance studies®®. Health authorities in a
number of countries have, on the assumption that current population intakes are
adequate, adopted a pragmatic approach to determining recommendations. In the UK
an SI has been set of above 1.4 mg/day for adults and 16 pg/day for infants and
children. The US ESADDI is 2.0 to 5.0 mg/day.

8.2.5 Absorption and metabolism of manganese

There are many gaps in our knowledge of the metabolism of manganese. It is
known that uptake from food is low, with considerable variation between indivi-
duals. An average retention rate of 3% has been reported, with a range of 0.6-
9.2% in adult men®'. Absorption occurs along the length of the small intestine.
The process appears to be an active one and is related to the manganese status
of the body®®. Absorbed manganese leaves the blood qulckly and is concentrated
in liver and other organs. Excretion is mainly in bile in faeces, with only a small
amount in urine. Manganese is an essential nutrient for humans. Its known bio-
chemical functions are as activator and constituent of enzymes. Those it acti-
vates include hydrolases, kinases, decarboxylases and transferases®>. Most of
these can also be activated by other metals, especially magnesium, with the excep-
tion of the manganese-specific glycotransferases Enzymes of which manganese is
an essential cofactor include arginase, hexokinase, superoxide dismutase and xan-
thine oxidase.

The effects of manganese deficiency in humans are far from clear. Evidence from
animal studies suggest that the metal is required for normal bone and cartilage for-
mation, and for protecting cells against oxidative damage by free radicals. Very little
else is known about its role in human metabolism or its clinical importance. It may be
that certain types of stress accentuate the effects of dietary manganese insufficiency.
An example of this is ethanol toxicity, which increases superoxide production and can
be counteracted by manganese superoxide dismutase, thus placing an increased
demand on manganese stores
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8.2.6 Manganese toxicity

Though manganese has long been recognised as a toxic element to industrial workers
and miners, it is considered to be one of the least toxic through oral intake. This has
been attributed to the fact that when excess is consumed absor £t10n is very low and
what is absorbed is efficiently excreted via the bile and kidneys®’. However, this may
not be true in the case of people exposed to high levels of environmental pollutlon by
manganese. Severe neurological damage has been observed in inhabitants of Groote
Eylandst, an island in the Gulf of Carpentaria off the north coast of Australia which
contains one of the world’s richest manganese mines®®. About a thousand Aboriginal
people of the Angurugu tribe live there, literally on top of deposits of high-grade
manganese ore deposits. All over the island are opencast mines and piles of crushed
ore. A layer of black pyrolusite dust covers everything. The soil contains upwards of
103 000 mg/kg of manganese. Fruit and vegetables eaten by the local people are rich
in manganese: bananas contain 31 mg/kg, yams 720 mg/kg and paspalum, 240 mg/kg.
It has been estimated that islanders consume 100-200 mg/day of the metal. Up to
2% of them are affected by motor neurone defects and cerebellar dysfunctions. A
distinctive symptom of the condition is an awkward, high-stepping gait, which has
earned them the name of ‘bird people’. Whether this condition is due to an oral intake
of manganese, or is a form of the fume fever which is responsible for the manganese
madness’ that can affect industrial workers, has not been determined®®. It has been
suggested that the ‘bird people’ have a genetic predisposition which is trlggered by the
high environmental level of manganese®”. Whatever may be the ultimate cause of the
illness suffered by the inhabitants of Groote Eylandt, a major role for chronic man-
ganese poisoning, as a result of excessive dietary intake, cannot be ruled out.

8.2.7 Analysis of foodstuffs for manganese

Manganese is relatively easily determined in food by GFAAS, following acid diges-
tion. For low concentrations, background correction is essential. A procedure using a
nitric/sulphuric acid digestion mixture and employing Zeeman background correc-
tion has been descrlbed No problems with matrix interferences or losses of analyte
were encountered’’

While the use of background correction is strongly recommended, various pre-
concentration procedures of samples can also be effective when using AAS to deter-
mine manganese in foods. A method in which manganese in the digest was complexed
with cupferron and then adsorbed on activated carbon has been described. A detec-
tion limit for manganese of 1.8 pg/litre was achieved by the method”".

8.3 Iron

Iron is the second most abundant metal, after aluminium, and the fourth most
abundant element in the Earth’s crust. The Earth’s core is believed to consist of a mass
of iron and nickel, and, to judge from the composition of many meteorites that have
been analysed, iron is also abundant elsewhere in the universe. The importance of the
metal in the physical world is matched by its importance to human life. Civilisation, as
we know it, would not exist without iron. We use more of it than of any other metal.
The Iron Age has been followed by the age of steel and technology, in which the metal
plays an ever-increasing role.

The human body, like nearly all other living organisms, has, during the course of
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evolution, come to depend on iron as the linchpin of its existence. The release and
utilisation of energy from food depend on the iron-containing enzymes of tissues. Iron
is needed for the synthesis of blood pigments, as well as for many other essential
activities of cells. Out of all living organisms, only certain bacteria, of the genera
Lactobacillus and Bacillus, appear to possess no iron-containing enzymes, In these
organisms, the functions of iron are replaced by other transition metals’?. Never-
theless, in spite of its abundance, iron deficiency is probably the most common
nutritional deficiency in the world, even in the best-fed countries”>

8.3.1 Chemical and physical properties of iron

Iron, which has the chemical symbol Fe after its Latin name ferrum, is element
number 26 in the periodic table. It has an atomic weight of 55.85 and a density of
7.86. Pure iron is a white, lustrous metal which melts at 1528°C. It is not particularly
hard and is ductile and malleable. It is a good conductor of both heat and electricity.
The physical properties of iron are significantly affected by the presence of even small
amounts of other metals and carbon, an effect which accounts for one of the most
significant characteristics of the metal, its ability to be transformed into various types
of steel. Iron is a chemically active element. In moist air the metal rapidly oxidises to a
hydrous oxide which we call rust. Unlike the patina on copper, rust does not provide
permanent protection for the underlying metal since it readily flakes off, exposing the
underlying untarnished surface.

Iron forms two series of compounds, ferrous Fe(Il) and ferric Fe(Ill). Other oxi-
dation states also occur, but are not of biological importance. Three oxides are
known, FeO, Fe,03, and Fe;O4, representing the Fe(Il) and the Fe(IIl) as well as the
mixed Fe(II)-Fe(Ill) oxide which occurs in nature as the mineral magnetite. Iron
dissolves in acids to form salts. With non-oxidising acids, in the absence of air, Fe(II)
salts are obtained. Many iron salts, as well as the hydroxides, are insoluble in water.

One of the most important of the chemical properties of iron, from the point of
view of human biology, is its ability to form coordination compounds with organic
molecules, especially the porphyrin nucleus. The most important of these are the
haem pigments, found in haemoglobin and myoglobin, the compounds responsible
for oxygen transport in the body. Alternation between the metal’s two oxidation
states, Fe(Il) and Fe(Ill), is essential to the role of these compounds in oxidation/
reduction reactions involving other iron porphyrin proteins active in respiration, the
cytochromes”®. Another characteristic of such organically complexed iron, of con-
siderable biological importance, is the fact that, compared to inorganic iron salts,
organic iron compounds are highly bioavailable, and easily absorbed from food.

8.3.2 Production and uses of iron

Large-scale production of iron, especially for making weapons, seems to have begun
in Asia Minor and elsewhere in the Middle East during the first millennium BC.
Though iron is sometimes found in the metallic state in meteorites, and many soils are
rich in the metal, it has always been extracted from a number of different ores. These
include haematite, Fe, O3, magnetite, Fe304, limonite, FeEO(OH), and siderite, FeCOs.
Extraction of the metal is a highly skilled process, involving reduction of the ore by
smelting in a blast furnace with various forms of carbon.

Though iron itself is widely used in a number of different forms, particularly as the
almost pure wrought iron, it is mainly employed to make various kinds of steel. Steel
is iron containing between 0.1 and 1.5% carbon, as well as different amounts of other
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metals. The amount of carbon and the types of metal added to the original cast iron
depend on the quality of the steel required and the functions for which it will be used.
These uses are so numerous and so well known that they will not be discussed further
here, except to remark that whether in the form of cast iron, or as a component of
steel or other alloys, iron plays a major part in the construction of food processing
equipment, containers and other utensils used for food. It is through the use of such
equipment that much of the food contamination by iron comes about.

8.3.3 Iron in food and beverages

Iron is present in all foods and vegetables, as it is in all biological materials. Con-
centrations in different foods can vary greatly, depending on the kind of food and the
processes to which it has been exposed. Overall a range of about 0.1 mg/kg or less at
the lower end, to about 100 mg/kg at the upper end, can be expected in foods usually
consumed in a western-style diet. Table 8.3 gives the mean concentrations determined
in different food groups examined in the 1994 UK TDS”°. Similar results have been
reported in similar studies carried out elsewhere, including the US”°.

Table 8.3 Iron in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 21
Miscellaneous cereals 32
Carcass meat 21
Offal 69
Meat products 23
Poultry 7.1
Fish 16
Oils and fats 0.5
Eggs 20
Sugar and preserves 9.4
Green vegetables 11
Potatoes 8.1
Other vegetables 7.5
Canned vegetables 12
Fresh fruit 2.7
Fruit products 32
Beverages 0.4
Milk 4.1
Dairy products 12
Nuts 34

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

One of the foods with the highest concentration of iron is animal offal, especially
liver. Other animal products, in particular red meat, are also rich in iron. This iron is
organically bound haem iron, which is easily absorbed. Plant foods are generally poor
sources of iron and what is present is in the inorganic form. However, in contrast to
most other plant foods, dark green vegetables, such as spinach, are relatively rich in
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iron. Generally cereals are low in iron, but breakfast cereals, fortified voluntarily, and
flour, to which the addition of iron is required by law, are relatively rich in the metal.

8.3.3.1 Iron in canned foods

Particularly high levels of iron are, on occasion, found in canned foods.Uptake of the
metal, especially by certain kinds of fruit and vegetables, in this way can be a problem.
Several factors, such as the pH of the contents, whether or not nitrate is present, as
well as the standards of hygiene used in the canning plant, determine the level of iron
accumulated in foods in tinplated cans. Some fruits, especially the tropical pawpaw
(papaya), naturally contain such high levels of nitrate that they cannot be stored in
this way without excessive iron uptake. Other fruits, temperate as well as tropical,
also present problems. One study found iron levels of 5.5 mg/kg in canned grapefruit,
5.0 mg/kg in canned pears and 1300 mg/kg in canned blackcurrants””

The age of the can and the length of storage are also important in relation to iron
uptake. It has been shown that the iron content of a variety of canned foods increased
by an average of 34.8% after 280 days’ storage and 42.8% after a full year. An
extreme case was a can of anchovies stored for four years, with 5800 mg/kg of iron.
Many countries now require canned food to carry a ‘use by’ date to overcome the
problem of spoilage by metal pick-up with excessive storage time”®.

8.3.3.2 Iron fortification of food

Iron levels in foods can be significantly increased by fortification. As has been noted
above, deliberate addition of iron to certain foodstuffs during processing was initially
introduced in some countries as a health intervention to prevent iron deficiency as a
result of wartime food restrictions. In 1941 legislation was introduced in the US which
required the enrichment of flour and bread with iron, and certain other nutrients, to
the level found in whole wheat’®. The UK and other countrles adopted a similar
programme about the same time. It is still in force in the UK today®® and requires that
flour, apart from wholemeal, must contain not less than 1. 65 mg iron/100 grams, as
ferric ammonium citrate, ferrous sulphate or iron powder®'.

Several other foods besides flour and bread are required by UK law to be fortified
with iron. Infant formulas must contain iron at a minimum of 0.12 mg/100 kJ and a
maximum of 0.36 mg/k], and follow-on formulas a minimum of 0.25 mg/100 k] and a
maximum of 0.50 mg/kJ®%. Processed products used as substitutes for meat, officially
described as ‘foods that 51mulate meat’, must also be fortified to a mean concentration
of 20mg/100 gram protein. In addition, UK legislation allows for the voluntary
fortification with iron of several different types of processed foods, such as breakfast
cereals, infant weaning foods, meal replacements and other diet foods. The amounts
of iron which can be added are related to the recommended dietary intakes for iron
and range from 17 to 100% of the RDA®?,

When the requirement for fortification with iron first became mandatory, white
flour was chosen as the vehicle because white bread provided up to one third of food
energy of poorer families in the UK and it was believed that this would reduce the level
of iron deficiency anaemia which was then common. Besides the officially sanctioned
forms of iron, many other forms have been proposed. There is considerable debate
about their relative effectiveness in meeting the requirements of the legislation®*. A
major problem with all of them is their bioavailability, as is shown in Table 8.4.
Unfortunately, some of the more bioavailable forms, such as ferrous sulphate, can
cause problems, including enhanced vitamin degradation, oxidative rancidity, colour
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Table 8.4 Bioavailability of different forms of iron.

Form of iron Relative bioavailability (%)
Ferrous sulphate 100
Ferrous lactate 106
Ferrous fumarate 101
Ferrous succinate 92-123
Ferrous gluconate 89
Iron-glycine 85
Ferrous citrate 74
Ferrous saccharate 74
Ferrous tartrate 62
Ferrous pyrophosphate 39
Haemoglobin iron 37-118
Ferric sulphate 34
Ferric citrate 31
Ferric orthophosphate 31
Iron(Ill) EDTA 30-290
Sodium iron pyrophosphate 15
Reduced elemental iron 13-90
Carbonyl iron 5-20

After Fairweather-Tait, S.J. (1997) Iron fortification in the UK: how necessary and effective is it? In: Trace
Elements in Man and Animals — TEMA 9 (eds. P.W.P. Foscher, M.R. L’Abbé, K.A. Cockell & R.S.
Gibson), pp. 392-6. NRC Research Press, Ottawa, Canada.

changes, off-flavours and precipitates in the foods to which they are added. To avoid
such problems, less well-absorbed but less damaging forms are used.

There is, in fact, considerable opposition among some health professionals to the
continuation of the practice of compulsory fortification of food with iron. Iron
overload, which may be exacerbated as a result of fortification of staple foods, is a
real problem for some people®>. It is also argued that, because of the use of some
forms of iron with low bloavarlability, fortification fails to produce any worthwhile
result. Reduced iron powder, in particular, has been singled out for criticism®®

The problem of bioavailability of the different forms of iron and their suitability for
use in food fortification is not, however, clear cut. In the case of reduced iron in
particular, it has been pointed out that human studies on its absorption have pro-
duced inconsistent and conflicting results®”. Its bioavailability relative to ferrous
sulphate has been reported to range from 13 to 148%. Such variations can be
attributed to such factors as differences in particle size, porosity, surface area and
manufacturing processes. When tested under carefully controlled conditions, using
bread enriched with the stable isotope *®Fe, it has been shown that hydrogen-reduced
iron powder is soluble under gastric conditions and is available for uptake into the
mucosal cells of the GI tract, to an extent comparable to that of iron(II) sulphate®’.

The levels of iron requrred by legislation to be added to fortified foods have caused
controversy in some countries. In 1971 the USFDA proposed that levels in refined
wheat products should be increased from about 2.6 to 8.8 mg/100 grams. The
proposal met with strong opposition because of possible danger to the health of some
people”. The proposal was withdrawn. In Sweden, where an increase in levels of iron
fortification up to 6.5 mg/100 grams had been approved in 1970, legislation requiring
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fortification of flour was totally withdrawn in 1995°'. It is anticipated that similar
moves will be made to remove mandatory iron fortification of cereal products in other
countries within the next decade®.

Unintentional fortification of foods can occur through the use of iron cooking and
processing equipment. The significance of this adventitious uptake is highlighted by
two recent studies. An investigation of the incidence of iron deficiency anaemia (IDA)
in Brazilian infants found that the use of iron cooking pots to prepare their food
significantly improved their iron nutritional status”®. Another study, in South Africa
and Zimbabwe, found that use of a traditional beverage, a low-alcohol ‘sweet’ beer,
which was made in non-galvanised iron vessels and cast iron pots, helped prevent IDA
in women of childbearing age”®. The finding of the protective effect of iron enrich-
ment of traditional beer in the second study is of interest, since, in contrast, home-
brewed beer has been indicated as a contributing factor in iron overload in several
other studies, in Southern Africa in particular”.

8.3.4 Dietary intake of iron

In spite of the wide-scale distribution of iron in the environment and in most foods,
iron deficiency is probably one of the most common nutritional problems, even in
prosperous communities. Indeed, IDA remains one of the few deficiency disorders
observed commonly in Western industrialised countries”®. One reason for this is that
we live in a world in which the energy demands made on humans are continually
decreasing and where, as a consequence, if excessive body weight is to be avoided, a
decreased intake of dietary energy is essential. The requirements of most nutrients
including iron, however, are not reduced and adjustments have to be made to the
composition of meals to provide the right balance of energy and nutrients. This is
done by increasing the nutrient density of food, that is, the amounts of essential
nutrients per unit energy. Unfortunately, many people, rather than adjusting their
diets in this way, have a high intake of ‘empty calories’, in so-called ‘junk foods’ which
are rich in energy, fat and sugar, but low in iron, among other essentials. A second,
and probably more important, reason for an inadequate intake of iron is that though
the metal may be present in foods consumed, it is not there in a readily bioavailable
form and thus the amount absorbed from the GI tract is inadequate for the body’s
needs.

8.3.5 Iron absorption and metabolism

The uptake of iron is a complex process. Its initial absorption in the GI tract depends
on the bioavailability of the particular form of the element present in the food con-
sumed as well as on the overall composition of the diet. Iron occurs in foods in two
different forms, as organically complexed haem iron and as inorganic compounds.
The iron in cereals, vegetables and fruits and other plant foods is inorganic, or non-
haem iron, and has a far lower level of bioavailability than does the iron in meat and
other animal products. In addition, other components of a meal can either help or
hinder iron absorption. Bioavailability will be hindered by phytate, fibre, tannin and
oxalate and enhanced by ascorbic and other organic acids, such as citrate®”.

A diet with adequate sources of energy and relatively rich in inorganic iron can fail
to meet nutritional needs for the element, if the food consumed is also rich in dietary
fibre or tannin. It has been shown that one cup of tea can reduce absorption of iron
from 11.5 to 2.5% from a meal consisting mainly of bread”®. On the other hand, citric
acid in fruit can increase iron absorption from a mixed meal sevenfold®”.
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Iron absorption is apparently regulated by the existing iron status of the body. If
this is low, the absorption mechanism can be stimulated to increased activity. When
iron stores are high, absorption is slowed down. The pH of the gut also has an effect,
with food iron mainly in the more readily absorbed ferrous state under acid condi-
tions.

Once the iron in ingested food has been absorbed and has entered the blood, only
small amounts are lost from the body, except when bleeding occurs. There is no
physiological mechanism for secreting iron, so iron homeostasis depends on its
absorption. Thus the healthy individual with a good store of iron is able to maintain a
balance between the small normal losses and the amounts of the element absorbed
from food. Normally only a very small amount of iron, about 1 mg/day, needs to be
absorbed. The metal first enters the intestinal mucosal cells where it is bound into
ferritin, an iron-storage protein. This is a large molecule from which the iron can be
readily mobilised when required. Some of the incoming iron may be transferred
directly by a transport protein, transferrin, to bone marrow and other tissues to be
used in the synthesis of haemoglobin and myoglobm 100

Loss of iron from the body normally occurs through the ageing of cells in the
intestinal mucosa. As these are lost from the gut and excreted they carry with them
iron which had been incorporated into ferritin. This accounts for the adult body’s
approximately 1 mg/day iron loss which must be made up by absorption from the
diet. Iron released from the blood’s red cells, as these are broken down in the spleen
after about 120 days of life, is recirculated in plasma and re-utilised. The kidneys are
normally very effective in preventing any loss of this circulating iron.

8.3.5.1 Functions of iron

Iron is an essential nutrient for all living organisms, with the exception of certain
bacteria. An adult human contains about 4 grams of iron, of which nearly 3 grams are
contained in the two metalloproteins, haemoglobin and myoglobin. Both molecules
are able to bind to oxygen in a reversible manner. Haemoglobin is packed within the
red blood cells and is used to carry oxygen from lungs to tissues. Myoglobin is
confined to muscle cells, where it provides an oxygen reserve.

Iron is also an essential component of a variety of enzymes, such as the cytochromes
and catalase. In these the iron atoms, present in the ferrous and ferric states, inter-
change with gain or loss of an electron, as part of the electron chain responsible for
the redox reactions necessary for release of energy in cellular catabolism and synthesis
of large molecules. These enzymes account for about 4% of the functional iron
compounds of the body

In addition to its major functions in oxygen transport and as a cofactor in many
enzymes, iron also plays an important role in the immune system. Though the
mechanisms involved are complex, there is good evidence that an abnormal iron
nutrltlonal Status can lead to impaired immune function, with serious consequences

for health'®

8.3.5.2 Iron deficiency anaemia

Iron deficiency ultimately results in failure of the body to produce new blood cells to
replace those which are constantly being destroyed at the end of their normal life
span. Gradually the number of blood cells falls and, with this, the amount of hae-
moglobin in the blood. The cells become paler in colour and smaller in size. These
undersized cells are unable to carry sufficient oxygen to meet the needs of tissues, so
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energy release is hindered. This is what is known as microcytic hypochromic anaemia,
or, simply, as iron deficiency anaemia (IDA)'°%. Those suffering from IDA show
symptoms of chronic tiredness, persistent headache, and, in many cases, a rapid heart
rate on exertion. There may also be other functional consequences, including a
decreased work cag)aaty, a fall in intellectual performance, and a reduction in
immune function.'®® There is concern that IDA in 1nfancy and childhood may have
serious consequences, such as morbidity and defects in growth and development in
infancy, as well as impaired educational performance in schoolchildren

8.3.6 Recommended intakes of iron

The UK RNTI is 1.7-8.7 mg/day for both males and females from birth to ten years of
age. This rises to 14.8 mg/day for females from years 11 to 50, when it is reduced to
8.7 for the post- Childbearing years. Women with a high menstrual loss are recom-
mended to increase iron intake by consuming a supplement. The RNI for males from
years 11 to 18 is 11.3 mg/day, with a drop to 8.7 mg/day for later years'%’.

8.3.7 High intakes of iron

Iron toxicity can occur as a result of ingestion of large amounts of iron compounds.
This is most unlikely to be caused by iron in normal foods, but by accidental intake of
a chemical substance. A lethal dose for adults is about 100 g, while in children, among
whom most cases of iron poisoning occur, it is 200-300 mg/kg body welght . The
source of the iron in most childhood poisoning appears to be supplement pills used by
their mothers which the children mistook for sweets

A high intake of iron can be a serious problem for persons with the hereditary
disorder of haemochromatosis. This condition, in which there is a gradual accumu-
lation of iron in tissues and which can result in liver failure, occurs in nearly 1% of
Europeans and more frequently in people of African origin. There is evidence that in
some cases iron overload is caused by excessive intake of the metal as a result of
consumption of foods and beverages prepared in iron cooking pots and containers'?”
Concern has been expressed by some investigators about the possibility that an
excessive intake of supplementary iron, in addition to a high meat diet, could result in
high levels of cellular oxidation and be linked to ageing, coronary artery disease and a
variety of neurodegenerative and inflammatory disorders

8.3.8 Amnalysis of foodstuffs for iron

Iron in foods is readily determined by AAS. Concentrations in most samples generally
fall within the working range of the instruments. Both dry ashing and acid digestion
can be used to prepare samples for analysis. For lower concentrations of iron GFAAS
can be used directly on digests, without the need for preconcentration.

8.4 Cobalt

Cobalt is one of the most fascinating of the biological trace elements, with several
unusual facets. Its name was derived from the German word for goblin, and was
coined by the miners of the Ore Mountains of Thuringia and Saxony. They con-
sidered it a useless and evil metal, because its presence in ores prevented the extraction
of other metals and, as a consequence, they named it after ‘Kobold’, an evil earth
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spirit'®®. Cobalt is a relatively rare element, making up about only 0.001% of the
lithosphere. It occurs in animals, including man, in minute amounts, and the daily
intake of the human body is not much more than 0.1 pg, yet it is an essential trace
element. It is an integral part of vitamin By, or cobalamin, of which the body contains
not much more than 5 mg. However, if there is less than this, the fatal illness perni-
cious anaemia can develop. Its role in vitamin By, appears to be the main, if not sole,
function of cobalt in humans.

8.4.1 Cbhemical and physical properties of cobalt

Cobalt has an atomic weight of 58.9, and an atomic number of 27. It is a hard, brittle,
bluish-white metal, with magnetic properties similar to those of iron. It has a density
of 8.9 and a melting point of 1490°C. The metal is fairly unreactive and dissolves only
slowly in dilute acids. Like other transition metals, cobalt has several oxidation states,
but only states +2 and +3 are of practical significance. Co(II) forms a series of simple
and hydrated cobaltous salts with all common anions. Few cobaltic Co(III) salts are
known, since oxidation state +3 is relatively unstable. However, numerous stable
complexes of both the cobaltous and the cobaltic forms of the element are known.

8.4.2 Production and uses of cobalt

Cobalt occurs in the Earth’s crust in association with other elements, especially
arsenic. Smaltite, CoAs,, cobaltite, CoAsS, and linnaeite, Co3S,4, are three of its best-
known ores. However, the chief commercial source of the element is the residue left
after electrolytic refining of nickel, copper and lead. Major ore deposits are found in
Morocco, Canada and the Democratic Republic of the Congo. Other deposits are also
worked in Australia, Uganda and Zambia. World demand for cobalt has been
increasing rapidly in recent decades and is estimated to reach 40 000 tonnes in 2002.
The growth in demand has been largely due to increased use of the metal in chemical
applications (prlmarlly in portable rechargeable batteries) and in alloys. Whether
demand will continue to increase in coming years is debatable!’

A growing use of cobalt is in the production of high- strength ‘superalloys’. The
addition of cobalt to steel results in greater hardness and brittleness, improves the
cutting power of high-speed tools, and alters the magnetic properties. Combined with
aluminium and nickel it produces an alloy which is used to make strong permanent
magnets for radios and electronic devices. When alloyed with chromium and tungsten
it is used to make hard-edged metal-cutting and surgical instruments. Cobalt is also
used in the manufacture of glass and glazing for pottery. Some of its salts produce an
intense and beautiful blue and are used in cerulean, cobalt green and cobalt yellow
pigments and paints. An important use is in the form of its artificially produced
isotope, cobalt-60 (°°Co), which is a source of y-rays used in cancer treatment. Cobalt
is also used in the pharmaceutical industry. Cobalt—chromium alloys are employed in
some metallic prostheses.

8.4.3 Cobalt in food and beverages

Information on levels of cobalt in foods and diets throughout the world is not very
plentiful. Data from the UK indicate that levels in most foods are very low, at
< 0.1 mg/kg, as is seen in Table 8.5. The highest levels are found in offal meat and
nuts. It has been reported that another good source of cobalt is yeast extract, sold
under such brand names as Marmite in the UK and Vegemite in Australia.
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Table 8.5 Cobalt in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.02
Miscellaneous cereals 0.01
Carcass meat 0.004
Offal 0.06
Meat products 0.008
Poultry 0.003
Fish 0.01
Oils and fats 0.003
Eggs 0.002
Sugar and preserves 0.03
Green vegetables 0.009
Potatoes 0.02
Other vegetables 0.006
Canned vegetables 0.01
Fresh fruit 0.004
Fruit products 0.005
Beverages 0.002
Milk 0.002
Dairy products 0.004
Nuts 0.09

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

Surprisingly, though in general dairy products are low in cobalt, an Italian study
found that the mean concentration range in cheese was 1.6-32 pg/kg, with the highest
levels in curd and hard cheeses. Some samples contained as much as 46 pg/kg. It was
estinﬁged that cheese contributed approximately 10% of the total cobalt intake in
Italy .

Average daily intake in the UK is about 0.3 mg. This is about the same as estimated
daily intakes in the US (150-600 pg)''* and Japan (300 pg)''?, but considerably
higher than that reported in Finland (13 pug)''* and Belgium (26 pg)''®. The use of
cobalt-containing food additives has been known to increase dietary levels of the
metal excessively. Formerly cobalt salts were sometimes added to beer to improve
foaming qualities''®. The practice is no longer in use following fears that the resulting
excessive consumption of cobalt was responsible for an epidemic of cardiac failure in
heavy drinkers, some of whom were ingesting the equivalent of 8 mg of cobalt sul-
phate each day. An investigation concluded that the cobalt alone was not responsible
for the epidemic, and that two other factors, a high alcohol intake and a dietary
deficiency of protein and/or thiamin, played a part in the incident''”.

8.4.4 Recommended intakes of cobalt

There are no recommended intakes for cobalt itself, but only for the cobalt-containing
vitamin By,, cobalamin. This is a large, complicated molecule in which a single atom
of cobalt sits at the centre of a porphyrin-like corrin ring. Neither animals, including
humans, nor higher plants are able to synthesise vitamin By, and it has to be obtained
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preformed in food. Neither elemental cobalt nor any of its compounds can meet this
requirement. The vitamin is made by bacteria, particularly soil bacteria, which have
the ability to incorporate cobalt into the corrin ring structure. The UK adult RNI for
vitamin By, is 1.5 pg/day, which is equivalent to about 0.06 pg of cobalt.

8.4.5 Absorption and metabolism of cobalt

Reports by different investigators on levels of absorption of cobalt from the diet
present a confusing picture, with estimates ranging from 5 to 45%"''8. The variation
may be due to nutritional and other factors which affect levels of absor}gtion, such as
body iron status''” as well as the chemical form of the element in food"?°. The human
body contains little more than 1 mg of cobalt, with about a fifth of this stored in the
liver'?!. Excretion is mainly in urine.

No functions of cobalt in human nutrition, other than as an integral part of vitamin
B1,, have been clearly established. The vitamin plays a very important role in the
body, especially in cells where active division is taking place, such as in blood-forming
tissues of bone marrow. Deficiency of the vitamin is responsible for the development
of pernicious anaemia when abnormal cells known as megablasts develop. This leads
to potentially fatal macrocytic anaemia. In addition to the anaemia, the nervous
system is also seriously affected.

There are some indications that cobalt may be required for synthesis of thyroid
hormone, according to a report which noted an inverse relationship between cobalt
levels in food, water and soil in some areas with the level of incidence of goitre in
animals and humans'?2. It has also been claimed that cobalt, rather than chromium, is
the metal in GTF, the Glucose Tolerance Factor'*>.

8.4.6 Toxicity of cobalt

Cobalt, like certain other hard metals, such as tungsten, can cause lung fibrosis and
asthma in industrial workers exposed to its dust and fumes'**. Concern has been
expressed that cobalt in metal implants, for example in hip replacement prostheses,
may eventually be redistributed in the body, with possible effects on health. However,
the evidence for this is slight'*’. Another medical use of cobalt has caused problems.
When cobalt salts have been used as a non-specific bone marrow stimulus in the
treatment of certain refractory anaemias, high doses have been reported to cause
serious toxic effects, including goitre, hypothyroidism and heart failure'*°.

Apart from such high and non-ingested intakes of chromium, there is no evidence
that cobalt, at least at the levels normally found in the diet, has any toxic effects.
Health authorities have not felt it necessary to set limits for cobalt in food. However,
there may be problems with high levels in some dietary supplements and health foods.
In the UK a Working Party on Dietary Supplements and Health Foods of MAFF
warns that cobalt could have undesirable effects above a chronic dose of 300 mg/
day ™.

8.4.7 Amalysis of foodstuffs for cobalt

Because of its low levels of concentration, the determination of chromium in foods
and beverages presents some difficulties. AA is normally the method of choice, though
FAAS is insufficiently sensitive. GFAAS, with background correction, preceded by a
preconcentration, is recommended'?®. Sensitivity can be improved considerably by

the use of pyrolytically coated graphite tubes'?.
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8.5 Nickel

Nickel, like cobalt, owes its name to its refractory nature and to the problems this
gave to medieval Saxon miners. It occurred in a type of copper ore that was very
difficult to refine and was known as ‘kupfer-nickel” after a local bad earth spirit which
plagued the miners'3°. The problems associated with the extraction of nickel from its
ores have been overcome and the metal is now of major industrial consequence, but it
still remains, for the biologist, something of a problem. Though there is good evidence
that it is an essential nutrient for animals, it has not been shown to have a clearly
defined biochemical function in humans'*'. Moreover, while its toxicity for industrial
workers is well known, it is not certain that it can have similar consequences when
consumed in food.

8.5.1 Chemical and physical properties of nickel

Nickel is element number 28 in the periodic table with an atomic weight of 58.71. It is
a tough, silver-white metal with a density of 8.9 and a melting point of 1453°C. The
metal is very adaptable to the requirements of fabricators and can be drawn, rolled,
forged and polished. It has, in addition, good thermal and electrical conductivities. It
readily forms alloys with other metals, especially iron. Though highly resistant to
attack by air and water, it can be dissolved in dilute acids.

The chemistry of nickel is relatively complex. Like other transition metals it has
several oxidation states, including Ni(0), Ni(I) and Ni(II), but only the divalent form is
commonly encountered. One important exception is nickel dioxide, NiO,, in which it
is in the tetravalent state. Ni(II) forms a number of binary compounds with various
non-metals, such as carbon and phosphorus. It binds many substances of biological
interest, including amino acids and proteins. Nickel forms an extensive series of
inorganic compounds, many of which are green in colour and are soluble in water.
When finely divided nickel metal is exposed to carbon monoxide, nickel carbonyl,
Ni(CO)y4, is formed. This is a colourless volatile liquid that decomposes at high
temperature to form CO and free nickel metal. This reaction is the basis of the Mond
method for separation of nickel from other metals.

8.5.2 Production and uses of nickel

Nickel occurs naturally in combinations with arsenic, antimony, sulphur and other
elements. Its principal ores include kupfer-nickel and garnerite, a magnesium-nickel
silicate, as well as certain varieties of the iron mineral pyrrhotite, which contains up to
5% nickel. One of the first commercial sources of the metal was the Pacific Island of
New Caledonia, where a silicate containing 10% nickel occurs near the surface. An
even richer source, and one of the world’s major deposits, is at Sudbury, in Ontarlo,
which was discovered during the cutting of the Canadian Pacific Rallway
Elemental nickel, alloyed with iron, is found in some meteorites. There is evidence
that the Earth’s core may contain considerable amounts of the metal.

Extraction and refining of nickel from its ore are complex. Usually the ore is
converted by heating to Ni,S; and then to NiO, which is reduced to the metal by
hydrogen. Pure high-grade nickel is produced by the Mond process, in which the
crude metal is reacted with carbon monoxide to produce gaseous nickel carbonyl.
Heating to 200°C reduces the Ni(CO)4 to 99.9% pure metal.

The major use of nickel metal is in the production of high-quality, resistant alloys
with iron, copper, aluminium, chromium, zinc and molybdenum. There are said to be
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some 3000 different nickel alloys'*?. Nickel-containing steels are highly corrosion-
resistant and are used in the manufacture of food-processing equipment. Nickel alloys
are also used in storage batteries, automobile and aircraft parts, and electrodes.
Nickel compounds are important to the chemical industry, for example as catalysts in
hydrogenation of fats. They are also used in pigments in lacquers, paints, pottery and
cosmetics. Nickel sulphate is used as a mordant in dyeing and fabric printing.

8.5.3 Nickel in food and beverages

Nickel occurs in small amounts in most soils. Plants may contain between 0.5 and
3.5 mg of the metal/kg'**. Levels in most foods are low, at less than 0.2 mg/kg. Data
for levels in different foods in the UK are given in Table 8.6. There are exceptions to
the generally low levels in foods. Some food plants, such as tea, have naturally high
levels of the metal. A UK study found that tea leaves contain 3.9-8.2 mg/kg, and
instant tea 14-17 mg/kg'?®. Certain culinary herbs also contain relatively high levels.
The cacao bean, from which cocoa and chocolate are made, may contain as much as
10 mg/kg. Nuts are also a good source of the element!*°.

Table 8.6 Nickel in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.10
Miscellaneous cereals 0.17
Carcass meat 0.04
Offal 0.06
Meat products 0.06
Poultry 0.04
Fish 0.08
Oils and fats 0.03
Eggs 0.03
Sugar and preserves 0.28
Green vegetables 0.11
Potatoes 0.10
Other vegetables 0.09
Canned vegetables 0.25
Fresh fruit 0.03
Fruit products 0.06
Beverages 0.03
Milk <0.02
Dairy products 0.02
Nuts 2.5

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

Nickel levels in processed foods can be increased by pick-up from cooking equip-
ment and containers. As seen in Table 8.6, higher than average levels are found in
canned fruit in the UK. Similar findings have been reported from the US'3”. Nickel
migration in dairy products and other foods from stainless steel containers has been
reported %%,



Transition metals 159

8.5.4 Dietary intakes and requirements

Dietary intake of nickel is normally very low. The mean total adult exposure to nickel
in the UK has been reported to be 0.12 mg/day, with a range up to 0.21 mg/day"'>°.
These results are of the same order as those reported in other countries, including
Finland (0.13 mg)"*° and the US (0.17 mg)'*!. The human requirement for nickel is
unknown and no RDA or DRV has been set for the element. It has been estimated that
requirements may be as low as 5 pg/day'*2. There is no evidence that levels of intake
in the UK or elsewhere fail to meet the body’s needs and symptoms of deficiency in

humans are unknown.

8.5.5 Absorption and metabolism of nickel

Nickel is poorly absorbed from food. Between 3 and 6% of dietary intake is believed
to be retained by the body. Absorption appears to be enhanced by iron deficiency.
Nickel is transported in the blood principally bound to albumin. It seems to be fairl;f
evenly distributed among tissues and is not accumulated in any particular organ'*>.
Excretion is mainly in faeces, with a small amount in urine.

Nickel is recognised as an essential nutrient for animals, and possibly also for
humans, though its essentiality has still to be proven definitively'**. No clear bio-
chemical function for the element has been identified in humans, though it is possible
thatitserves as a cofactor or structural component of certain metalloenzymes similar to
the nickel-containing enzymes that have been identified in plants and micro-organisms.
These include urease, hydrogenase and carbon monoxide dehydrogenase. Other
enzymes, including carboxylase, trypsin and coenzyme A, are activated by nickel.

Signs of nickel deficiency have not been described for humans, though they are well
recognised in animals. Rats and other animals deprived of nickel show depressed
growth, reduced reproductive rates and alterations of serum lipid and glucose
levels'® . It has been suggested that because the nickel content of some human diets
can be lower than that inducing such changes in animals, the metal should be con-
sidered a possibly limiting nutrient under specific human conditions'*®.

8.5.6 Nickel toxicity

In contrast to industrial nickel, which can cause cancer of the respiratory tract and
dermatitis'*’, dietary nickel appears to be relatively non-toxic to humans. It has been
estimated that the level of toxicity in humans is about 250 mg'*®. However, there is
increasing concern at the possibility of allergic reactions to nickel in foods. Nickel is a
common sensitising agent with a high prevalence of allergic contact dermatitis. An
oral dose of 0.6 mg of nickel sulphate has been shown to produce a positive skin
reaction in some individuals with nickel allergy'*’. Interestingly, it has been reported
that nickel eczema sufferers have a significantly lower intake of nickel-rich foods, such
as chocolate, nuts, beans and porridge oats, than do non-sufferers, and that serum
nickel levels correlate with intakes of these foods'°.

8.5.7 Analysis of foodstuffs for nickel

The method of choice for nickel analysis is GFAAS, with adequate background
correction. The procedure has been used in the study of trace elements in the diet by
the Swedish National Food Administration'*!. Samples were prepared by dry ashing,
followed by solution in nitric acid. Deuterium lamp background correction was found
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to give satisfactory results, though it has been claimed that the Zeeman method is
superior'*2. The determination of nickel using GFAAS directly on a slurry of wheat
flour in a nitric acid/hydrogen peroxide mixture has been described'*>.

8.6 Copper

Copper was probably among the first of the metals to be discovered. This was because
it is relatively easily extracted from its ores by simple metallurgical processes, and,
moreover, is often found ready for use in its elemental, metallic state. Its ores, because
of their relative abundance and distinctive colours, were easily recognised even by
unskilled prospectors. However, though it could be used for making ornaments and
utensils for holding food and drink, copper was not good for making weapons or
large structures of any kind until its ability to form a tough alloy with tin was dis-
covered. The discovery of bronze ushered in a great period of human development,
the Bronze Age, which lasted for many hundreds of years until the copper alloy was
replaced by the more useful iron. In China and India, brass, an alloy of copper and
zinc, has played a major role in the lives of millions of people for thousands of years.
Copper and its alloys are still of importance, not least in the food industry, in today’s
world.

8.6.1 Chemical and physical properties of copper

Copper has an atomic weight of 63.54 and its atomic number is 29. It has a density of
8.96 and a melting point of 1083°C. It is a tough though soft and ductile metal,
second only to silver as a conductor of heat and electricity. These are the properties
which have made copper so valuable to the electrical industry, as well as to the
manufacture of utensils of many kinds. Copper is resistant to corrosion in the sense
that on exposure to air it is superficially oxidised. Copper-sheathed roofs and domes,
in the damp, sulphur-polluted air of many cities, take on a patina of green hydroxo-
carbonate and hydroxo-sulphate, verdigris, which protects the metal from corrosion.

Copper has two stable oxidation states, +1 (cuprous) and +2 (cupric). There is some
evidence that it may also occur in a third oxidation state (+3) in some crystalline
compounds and complexes, but, if so, its existence is transitory. Copper forms a wide
range of cuprous and cupric inorganic compounds. Most cuprous compounds are
readily oxidised to the cupric form. The ability of copper to form complexes with
amines and other ligands is a distinctive characteristic of the metal and accounts for
many of its biological properties. These complexes, which are coloured, also provide
the basis for several colorimetric methods for determination of the element, such as
Fehling’s and Benedict’s tests.

8.6.2 Production and uses of copper

Copper ores are widely distributed throughout the world. The most important are
malachite, azurite, chalcopyrite, cuprite and bornite. Most are sulphides, but oxides,
carbonates, arsenides and chlorides also occur. Many of the ores are mixed with other
metals, including zinc, cadmium and molybdenum. The metal is relatively easily
extracted by roasting the ores in air to form the oxide, and smelting.

World production of copper depends very much on industrial needs. In recent years
there has been a dramatic slump in demands by industry, as copper began to be
replaced by cheaper metals, as well as by other materials such as fibre optics,
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especially in the electrical industry. Even today, however, the manufacture of elec-
trical cables and associated equipment accounts for about half of the world pro-
duction. Copper pipes and fittings are still extensively used in plumbing, though
plastic has been replacing them in recent years. Another industry in which copper is
no longer used as extensively as in the past is the manufacture of cooking and other
food-processing equipment. Copper sheeting is still used for roofing buildings and
sheathing boat hulls. A major use continues to be as a component of alloys with zinc
and other metals. Brass utensils are widely used, especially for domestic purposes, in
some countries. Copper-containing bronzes of various kinds, such as phosphor-
bronzes, are widely used to make high-quality machines and industrial fittings. Other
industrial applications include plating and circuit board production, and the manu-
facture of vehicle parts such as brake pads.

Copper salts have important pharmaceutical and agricultural uses. Bordeaux
mixture, a fungicide used to prevent blight in potatoes and grapes, was one of the
earliest and most important to be developed. Copper-containing insecticides and
wood preservatives, such as cupro-arsenate, are widely available. Copper algicides
are used in water treatment, and copper salts to clear underground pipes blocked by
tree roots. In agriculture copper salts are used as growth enhancers, especially of

pigs' S,

8.6.3 Copper in food and beverages

Copper is present in all foods, with concentrations in most ranging from about 0.05 to
2.0 mg/kg. There are some exceptions, such as offal and nuts, which can contain
considerabl;/ more. Copper levels in the different food groups in the UK are shown in
Table 8.7'°. Similar levels have been reported in other countries, including the US'®,
Italy'5” and Spain’*®. The best food sources of copper, apart from animal offal and
nuts, are cereals, especially wholegrain, with about 1-4 mg/kg and up to 10 mg/kg in
certain ready-to-eat breakfast cereals, especially those based on wheat bran®”.

8.6.3.1 Copper in drinking water

Apart from food, a significant source of copper can be domestic water supplies. Even
though copper has been replaced in plumbing fittings in many modern homes, tap
water can still deliver a significant amount to consumers. Levels of naturally occur-
ring copper can vary considerably, depending on the nature of the soil and the rock
where the water originates. The WHO standard for drinking water is 50 pg/litre, but
this can easily be exceeded by water which has passed through copper pipes. A study
of metal uptake from domestic plumbing in an Australian city found that daily
consumption of 1.5 litres of water could give an intake of 80 pug of copper when the
water was drawn from the cold tap. This increased to 12.3 mg when water from the
hot system, which had a copper tank and immersion heater, was used'®®. This
instance, was, in fact, an extreme exception, and most domestic water supplies are
unlikely to have such high concentrations of copper or other metals.

Most countries have guidelines for copper in water, both at the treatment plant and
the tap. These range from a conservative 50 pg/litre in France and Sweden (in line with
WHO recommendations), to 1.0 mg/litre in the US, Norway and Finland, and to a
maximum of 3.0 mg/litre in Germany and the UK'®'. It is interesting that even in the
UK, with a higher allowable total copper level than the WHO, a study of copper and
zinc in urban children found that levels in water used to prepare their food had no
discernible effect on their intakes'®*. However, drinking of domestic water which was
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Table 8.7 Copper in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 1.6
Miscellaneous cereals 1.8
Carcass meat 1.4
Offal 40
Meat products 1.5
Poultry 0.73
Fish 1.1
Oils and fats 0.05
Eggs 0.59
Sugar and preserves 1.5
Green vegetables 0.84
Potatoes 1.3
Other vegetables 0.91
Canned vegetables 1.5
Fresh fruit 0.94
Fruit products 0.73
Beverages 0.10
Milk 0.05
Dairy products 0.45
Nuts 8.5

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

contaminated with more than 1.6 mg copper/litre is reported to have caused poi-
soning in children in the US'®3,

8.1.3.2 Adventitious copper in food

A non-food source of copper which can have a significant effect on dietary intake is
the copper utensils used in cooking and food processing. Copper was once a favoured
metal for making saucepans and other cooking equipment, because of its high heat
conductivity. However, as the author of the present study has shown, a meal of meat
and Vegetables cooked in copper utensils can have more than twice the level of the
metal found in the same meal cooked in stainless steel or aluminium equipment'®
Though today copper saucepans are more often seen in a decorative than in a
practical role, they can still be used, on occasion, for preparing or storing food and
beverages. As a result poisoning can occur, as was the case with 15 Australian chil-
dren who drank lime cordial which had been stored overnight in an old urn. The
drink contained 300 mg/litre of copper and within minutes of drinking it the children
developed symptoms of acute copper poisoning, with nausea and vomiting. The
source of the copper was the urn’s electrical heating element 165 Chronic copper
poisoning of mfants Whose feed was prepared using water taken from a hot-water tap
has been reported®®
There is some evidence that the endemic illness Indian childhood cirrhosis (ICC), in
which there is an excessive accumulation of copper in the liver, is associated with the
use of brass utensils to prepare the food of infants'®”. There have been reports that
high intakes of copper in infant feeds are also associated with other forms of cirrhosis
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in children. A study in Austria found evidence of a connection between cow’s milk
containing 63.3 mg/kg copper and what is known as endemic Tyrolean childhood
cirrhosis'®®, though this is disputed®’.

8.6.4 Dietary intakes of copper

Copper intakes in different countries are generally similar at about 1-3 mg/day. The
levels reported seem to have remained relatively constant in recent years. The UK TDS
of 1974 found an intake of 1.4 mg/day in adults, with an upper range of 3.0 mg/
day'”°. Three years later, the mean intake was still 1.4 mg/day and the 97.5th per-
centile 3.2 mg/day. In Finland adult male copper intake was estimated to be 1.7 mg/
day'”!. Mean adult daily intakes reported in a number of other countries are 1.0 mg
in Japan'’?, and 1.2 + 0.6 in Denmark (males)'”®. In other European countries
reported copper intakes are very similar'’*. In the US intakes for both male and
female adults varied little over a nine-year period, with, for 25-30-year-old males,
1.21 mg in 1982/83, 1.10 mg in 1986/87 and 1.16 mg in 1990/91'7°.

8.6.4.1 Recommended and safe intakes of copper

Expert committees in many countries have experienced difficulties in trying to
establish recommended levels of intake of copper, mainly because of absence of clarity
about its metabolic role and, to some extent, because it is not only an essential ele-
ment, but also toxic at high levels of intake. These problems are reflected in official
recommendations in different countries. In the 1989 review of the US RDAs, it was
noted that because of the uncertainty about quantitative human requirements, it was
not possible to establish an RDA for copper. Instead a safe and adequate range of
dietary intake for adults (ESADDI) of 1.5-3 mg/day was recommended.

The UK’s expert panel on dietary intakes also noted the inadequacy of data, but felt
that though it was unable to establish an Estimated Average Requirement (EAR) or a
Lower Reference Nutrient Intake (LNRI), there were sufficient data for infants and
biochemical changes in adults on which to base RNIs'”®. An RNI of 1.2 mg/day was
proposed for adults, with an additional 0.3 mg for women who were lactating.
Recommendations for infants were 0.3 mg/day, and for children 0.4-0.7 mg/dz%.
These are similar to the European Community Population Reference Intake (PRI)!”,
but lower than the WHO Normative Requirements'”®. The 2001 review of US dietary
intakes recommends an RNI of 0.9 mg copper/day'”’.

As available data show, typical western diets fail to meet even the lower limits of the
US ESADDI, and just reach the UK and European recommendations. Surveys in the
US have shown that over the period from 1974-1991, intakes never exceeded 80% of
the lower end of the ESSADI'®°. Estimates in the UK based on the 1997 TDS, are
below the PMTDI and approximately equal to the RNI Therefore, according to
MAFF (now DEFRA), copper intakes are not a concern in terms either of toxicity or
of deficiency. However, if the US ESADDI is taken as appropriate, copper deficiency
should be expected to be relatively common. In fact, overt symptoms of deficiency are
rare in the UK as well as the US and most other countries for which information is
available. Such findings suggest, according to Failla, either that the lower limit of the
ESADDI is too high, that marginal copper deficiency may be common but is too
difficult to diagnose, that water provides sufficient copper to meet additional
requirements, or some combination of such factors'®'. The question of copper
requirements is being reconsidered in a current review of Dietary Reference Intakes in
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the US, but the problem is still unresolved. A major reason for this is the absence of
clear functional or other indices of copper status in humans'%*

8.6.5 Absorption and metabolism of copper

Levels of coggper in the human body are under homeostatic control over a broad range
of intakes'®?. Generally 30-60% of copper in food is absorbed across the intestinal
mucosa, but eff1c1ency of absorption varies with the dietary content present in the GI
tract. The amount absorbed seems to be controlled by the level of copper already in
the body, in a feedback type of mechanism. Several factors, besides total levels of
copper in food and in the body, can affect absorption. Phytate has an inhibitory effect.
There is also interaction between molybdenum and copper. Low levels of molybde-
num in food can result in retention of copper by the body, while high levels provoke
an increase in copper excretlon Molybdenum-induced copper deficiency is well
known in farm animals'®*. Other metals, including iron and zinc, play a similar
antagonistic role towards copper185

Absorbed copper is rapidly transferred to the liver, kidney, heart and brain. Some
copper is lost in urine, but the main excretory route is via bile in faeces. Within tissues
copper is complexed with proteins. The principal copper protein is caeruloplasmin
(Cp). This is a blue coloured molecule, with a molecular weight of 150000, and
contains 8 Cu(I) and 8 Cu(II) ions. Cp accounts for about 3% of the total copper in
the body It is manufactured in the liver and is involved in the regulation of levels of
copper in the body. It is an important, but not the only transporter of copper to cells
of the body'®®. Cp plays an essential role in the oxidation of Fe(Il) to Fe(Ill), a
important step in iron transport and haemoglobin manufacture.

8.6.5.1 Copper enzymes

The adult human body contains about 100 mg of copper. Most of this is tightly bound
to about 20 proteins, whose characteristics have been established. Several of these are
enzymes, with copper serving as a catalytlc cofactor. They function in a wide range of
cellular and extracellular activities'®”. They include cytochrome ¢ oxidase, involved in
ATP production; superoxide dismutase (SOD), which functions in oxygen metabo-
lism; caeruloplasmin, in iron transport; lysyl oxidase, necessary for maturation of
extracellular matrix; as well as tyrosinase, which is involved in production of the
pigment melanin. Copper enzymes are also involved in the synthesis of a range of
neuroactive amines and peptides (such as catecholamines). Maintenance of all these
enzymes and their activities at optimum levels requires that adequate supplies of
copper are available for incorporation into the apocuproproteins.

Failure to meet the body’s dietary requirements for copper could result in bio-
chemical inadequacies in the cells and low levels of activity of copper enzymes.
However, though copper deficiency is well recognised in farm animals, severe defi-
ciency is rare in adult humans. In infants, especially those that are premature, and in
young children who are hospitalised for long perlods, copper deficiency is well
recognised and leads to leucopenia and skeletal fragility'®®, as well as susceptibility to
respiratory tract and other infections'®®. Anaemia may develop if the deficiency is
prolonged and severe. In adults there is growing evidence that copper deficiency can
result in cardiovascular problems'”?, for example in patients maintained on TPN'”?,
Copper deficiency has also been associated with development of anaemia, hypo-
pigmentation and various other symptoms, including abnormalities of glucose and
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cholesterol metabolism and heart function'®?. There are also indications that an
inadequate copper status may be related to reduced immune response’”>.

Two hereditary diseases involving copper occur in humans. Menke’s ‘steely hair
syndrome’ is characterised by an inability to absorb adequate copper from the diet. Its
symptoms, as the name suggests, include changes in the appearance and structure of
the hair, accompanied by serious defects in cellular metabolism. In contrast the other
hereditary condition, Wilson’s disease, results in accumulation of excessive amounts
of copper in liver and brain. Both diseases can be fatal if not treated. Each disease
results from the absence or dysfunction of unique copper-transporting proteins. These
are adenosine triphosphatases, ATPases, which, in the case of Menke’s disease, are
required to transport copper across the placenta, the GI tract and the blood/brain
barrier, and, in Wilson’s, for carrying copper from the liver to the bile'”*.

8.6.5.2 Depression of copper absorption by zinc and other metals

As with many other trace elements in the diet, interaction can occur between copper
and several other metals, with consequences for copper status and metabolism.
Excessive intakes of zinc, especially in the form of high-concentration dietary sup-
plements, have been shown to inhibit intestinal absorption, hepatic accumulation and
placental transfer of copper, as well as to induce clinical and biochemical symptoms of
copper deficiency®’. It has also been shown, at least in experimental animals, that a
high intake of tin can result in a lowering of copper status through inhibition of
copper absorption'”®,

8.6.6 Copper toxicity

High oral intakes of copper salts can be toxic, though, since their effect is emetic, it is
difficult to retain enough in the body to produce fatal results. Intakes of up to 0.5 mg/
kg body Weight/da& and an occasional intake of up to 10 mg/day, are considered to
be safe for adults'”’. Chronic intakes can have long-term health effects, such as
childhood cirrhosis. However, official data, in the UK and the US, indicate that overt
toxicity from dietary sources of copper is extremely rare. High levels of copper in
foods can, however, have undesirable consequences, apart from toxicity. Even a small
amount can act as a catalyst for the oxidation of unsaturated fats and oils, bringing
about undesirable changes in taste, odour and colour in certain foods. Such changes,
while undesirable from the point of view of appearance and consumer acceptability,
do not, however, cause a significant increase in toxicity or a decrease in nutritive value

of the affected food.

8.6.7 Analysis of foodstuffs for copper

Today in most large-scale analytical programmes, such as the UK TDS, copper in food
is determined with ICPMS or an equivalent multielement technique. However, in
smaller studies, copper analyses are still frequently carried out by simpler procedures.
Flame AAS is relatively easy to use and it is accurate, sensitive and suffers little matrix
interference'”®. The current method of choice for small-scale studies is generallgf
GFAAS, with deuterium-lamp'®® or Zeeman-mode background correction®%’.
Sample preparation, by acid digestion, preferably in a closed, microwave-heated
system, is recommended®’’. With very low levels of copper in the food sample,

extraction and concentration following digestion may be necessary.
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8.7 Molybdenum

Though molybdenum has been known to science for two centuries, following its
isolation by Hjelm in 1782, its 1mgortance in animal and human life was not
appreciated until relatlvely recently . In 1930 it was found to act as a catalyst for
nitrogen fixation in bacteria. In 1943 its role in the enzyme xanthine oxidase in rat
liver was established. Then in 1967 its essentlahty was recognlsed when the pathology
of molybdenum deficiency was recognised in humans®

8.7.1 Chemical and physical properties of molybdenum

Molybdenum has an atomic weight of 95.94 and is number 42 in the periodic table. It
is dull, silver-white in colour and is mealleable and ductile, with a high melting point
of 2610°C. The metal is strongly resistant to acid. It undergoes oxidation when heated
in air, but at lower temperatures is not easily affected by oxygen. The chemistry of
molybdenum is complex. Like other transition metals, it has a number of oxidation
states, from —2 to +6. Only the higher oxidation states are of practical significance,
with the lower states occurring mainly in organometal complexes. The most stable
oxidation state is Mo(VI). The trioxide, MoQs3, is a white solid which dissolves in
alkaline solutions to form molybdates, -MoQy. These tend to polymerise into poly-
molybdates of the form X¢Mo(MogO54).4H,0. It seems that in blood and urine
molybdenum exists mainly as the molybdate ion. Numerous complexes of Mo(V) are
known, including cyanides, thiocyanates, oxyhalides and a variety of organic che-
lates. Molybdenum can form alloys with other metals. The chemistry of these, like
that of its organic compounds, is extensive and complex.

8.7.2 Production and uses of molybdenum

Molybdenum is one of the rarer elements. Though some areas of high soil molyb-
denum are known, especially overlying deposits of certain types of shale, generally
levels in agricultural soils are low. There are a number of molybdenum ores, the most
important of which is molybdenite, MoS,. Its only known major deposit is in Col-
orado in the US. To produce the metal, the ore is crushed, treated by a flotation
process and roasted to form MoQ3, which is reduced to the metal with hydrogen. The
major use of molybdenum is in the production of steel. Molybdenum steels are
extremely hard and strong and are used extensively in heavy machinery and military
hardware. Molybdenum is also used in the chemical and other manufacturing
industries as a catalyst, as well as in paints and pigments and in pharmaceutical and
agricultural products.

8.7.3 Molybdenum in food and beverages

Molybdenum is found in all foods and beverages, usually at low levels of less than
1 mg/kg. Typical levels in a range of foodstuffs are given in Table 8.8. In addition to
nuts, animal offal is the only foodstuff that contains relatively high levels of the metal.
Data similar to those reported in the UK have been found in the US TDS. The range of
levels, expressed as pg/kg, in a variety of foods purchased in supermarkets throughout
the US, were: cereals/cereal products 26-1170; meat/fish, 4-1290; milk/dairy pro-
ducts, 19-99; vegetables, 5-332. In the US study, cereals were found to make up
almost 40% of total intake of the general populatlon with, in the case of infants,
dairy products contributing nearly 30%2°
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Table 8.8 Molybdenum in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.20
Miscellaneous cereals 0.23
Carcass meat 0.01
Offal 1.2
Meat products 0.12
Poultry 0.04
Fish 0.03
Oils and fats 0.02
Eggs 0.08
Sugar and preserves 0.03
Green vegetables 0.15
Potatoes 0.09
Other vegetables 0.06
Canned vegetables 0.31
Fresh fruit 0.01
Fruit products 0.009
Beverages 0.003
Milk 0.03
Dairy products 0.07
Nuts 0.96

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UKTotal Diet Study. Food Additives and Contaminants, 16, 391-403.

There does not appear to be any particular type of food which, in the absence of
extrinsic factors, has a naturally high level of molybdenum. However, environmental
conditions, such as pollution from natural or human sources, can lead to high levels in
certain plants. There have been reports that residents of parts of India and Armenia,
where the soil is naturally rich in molybdenum, have abnormally high intakes of up to
15 mg/day*®*. High levels of molybdenum have been found in plants grown on soils
treated with sewage sludge and with certain fertilisers*’°.

8.7.4 Dietary intakes of molybdenum

Intake of molybdenum by adults in the UK averages 0.12 mg/day, with an upper level
of 0.21 mg/day. The intakes are in the same range as those reported in a number of
other countries, such as the US (120-240 ug)*°”, Sweden (44-260 pg)*°®, and Finland
(120 ug)**. These are generally lower than the 250-1000 pg/day previously reported
from some other countries. These higher figures may, however, reflect unreliable
analytical procedures rather than true intakes.

8.7.5 Absorption and metabolism of molybdenum

Molybdenum in food is readily absorbed by the body, possibly by a passive
mechanism. More than 80% is absorbed in the stomach and the remainder in the
small intestine?'°. Retention rates are low and most of the absorbed molybdenum
appears to be excreted in urine within 24 hours of intake. In blood, molybdenum is
loosely bound to the red cells. Some is retained in the liver and kidneys. It is an
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essential constituent of several enzymes, including xanthine oxidase/dehydrogenase,
which is necessary for the formation of uric acid. It is also found in aldehyde oxidase,
which is involved in purine metabolism, as well as in sulphite oxidase. The latter is
essential for the detoxification of sulphite arising from the metabolism of sulphur-
containing amino acids, as well as from ingestion of bisulphite preservatives and the
inhalation of sulphur dioxide.

There is evidence that in all molybdoenzymes, the metal forms part of a complex
called the ‘molybdenum cofactor’. Its chemical structure is not fully known, but is
believed to be a small, non-protein structure containing a pterin nucleus. A con-
sequence of the need of the body to incorporate molybdenum into a complex struc-
ture is a potential for genetic abnormalities. A rare lethal inborn error of metabolism
which involves sulphite oxidase and xanthine oxidase activities is known to occur.
The disorder is characterised by deranged cysteine metabolism caused by a lack of
functioning molybdenum.

Dietary molybdenum deficiency has not been shown to occur in humans, though it
has been recognised in experimental and farm animals. A patient receiving prolonged
TPN acquired a syndrome described as ‘acquired molybdenum deficiency’ char-
acterised by disturbances of sulphur metabolism. The patient suffered mental dis-
turbances and lapsed into a coma. His condition was reversed by the administration
of ammonium molybdate*!!.

A close connection between the metabolism of molybdenum and of both sulphur
and copper has been clearly recognised in farm animals. Sulphur and sulphur com-
pounds can be shown to limit molybdenum absorption and retention in animals.
Sulphur is, in fact, used to treat ‘teart disease’, which is the name given to molyb-
denum toxicity in cattle. A consequence of this disease is copper deficiency due to
impaired copper availability caused by the molybdenum?'?. Evidence for similar
effects in humans is not available.

8.7.6 Toxicity of molybdenum

Though molybdenum appears to be relatively non-toxic to humans, there is some
evidence that high intakes of between 10 and 15 mg/day may be associated with
altered metabolism of nucleotides and reduced copper absorption®'?. There is a
report of a possible connection between regular intakes of vegetables containing high
levels of molybdenum and a high incidence of gout in Armenia. It has been suggested
that the molybdenum encourages increased activity of the enzyme xanthine oxidase
which leads to an increased production of uric acid leading to gout*'*. In the UK a
Safe Intake of 50-400 pg/day has been recommended. The US ESADDI is 75-250 pg/
day. Both of these recommendations are based on the fact that usual intakes fall into
these ranges and do not appear to result in either deficiency or toxicity.

There has been a report of acute human molybdenum toxicity caused by con-
sumption of a dietary supplement. The supplement was described as ‘chelated
molybdenum’ and contained 100 pg/tablet, of which one a day was consumed by the
patient. Within three weeks he began to show severe psychotic symptoms, with strong
audio and visual hallucinations. His condition was described as similar to ‘lucor
metallicum’ or ‘manganese madness’. Even though he had consumed the supplement
for little over two weeks, a year later he still showed signs of the effects of molyb-
denum toxicity*'>.
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8.7.7 Analysis of foodstuffs for molybdenum

The generally very low levels of molybdenum in foods and beverages cause some
problems for analysts. Acid digestion, followed by extraction and concentration of
the element, is recommended. Subsequent analysis of the digest can be carried out
effectively using GFAAS with appropriate background correction. Several different
procedures for the determination of molybdenum, and other trace elements, in foods
and other biological samples, are available. Both closed microwave and open acid
digestion can be used for sample preparation. In those with a high silicon content
which can bind molybdenum, digestion efficiency is sometimes improved by the
addition of hydrogen fluoride?'®. Low-temgerature digestion using a Teflon® tube
has been shown to give excellent recoveries*'”.
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Chapter 9
The other transition metals and zinc

The only other metals of the three transition series that are of some practical sig-
nificance as possible contaminants of food are titanium and vanadium of the first
series, silver of the second, and tungsten of the third. Zinc, as has been noted earlier, is
not, strictly speaking, a transition metal. However, it fits in chemically with the metals
of the first series, completing the line from scandium to copper in the periodic table. It
shares common food sources with several of the biologically active transition metals,
and interacts functionally with them in cells of the body. It is also not infrequently
found as a contaminant of food in the company of other transition metals. For these
reasons, as well as for convenience, zinc will be treated here as an addendum to the
transition metals.

9.1 Titanium

It is a surprise for many people to learn that titanium, a metal to which they seldom, if
ever, give any thought, is the eighth most common element in the Earth’s crust. Food
scientists and nutritionists are no less ignorant about the metal, for titanium does not
normally have a place in their professional textbooks. However, as with several other
ultratrace components of the diet which are becoming of increasing commercial
importance, it may be necessary to pay more attention to this element in the future. In
fact, titanium is one of the important ‘strategic’ metals and is used extensively in
advanced engineering and space-age technology. It will be some time, however, before
the large gap in our knowledge about the nutritional role and metabolic significance
of titanium is filled.

9.1.1 Properties, production and uses of titanium

Titanium is element number 22 in the periodic table, with an atomic weight of 47.9. It
is a hard, light (density 4.5) metal, with a melting point of 1675°C. It is strongly
resistant to corrosion, but when heated can ignite and burn in air. It is also the only
element that can burn in nitrogen. Like other transition metals, titanium has several
oxidation states, but normally exists in compounds in the +4 state.

In spite of its abundance in the environment, titanium metal is difficult to produce
in its pure state, because of its high melting point. Major sources are mineral sands
which contain the two important ores, ilmenite (ferrous titanate, FeTiO3) and rutile
(TiO,). Since it combines with both oxygen and nitrogen at high temperatures, tita-
nium cannot be extracted from its ores by straightforward reduction. One method
used to avoid this problem is to heat the ore with carbon in a stream of chlorine to
produce titanium tetrachloride. The tetrachloride, which is a liquid, is condensed,
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purified by fractional distillation and reduced to the metal with molten magnesium
under an atmosphere of argon.

Because of its very high tensile strength titanium metal and its alloys are used
extensively in aircraft and spacecraft production, in military equipment, including
guided weapons, and in naval vessels. A growing application is in the manufacture of
human and veterinary prostheses. A minor, though not unimportant, use is in the
production of blenders and homogeniser blades used by food analysts. Because of
their high resistance to acids and salt solutions, titanium and its alloys are used in the
manufacture of equipment for the food processing industry”.

Certain titanium compounds are commercially important. Titanium dioxide is used
as a white pigment in paints, especially for outdoor use, and now largely replaces
white lead, formerly the basis of most white paints. It is also used in the food industry
as an addmve for whitening flour, confection and non-dairy milk product sub-
stitutes”. It has a number of apphcatlons in the pharmaceutlcal and cosmetic indus-
tries. Titanium chloride, which is a liquid which fumes in moist air, is used in
smokescreens and in skywriting. It is also used as a catalyst in the plastics industry for
polymerisation of olefins. Various titanium esters are used for waterproofing fabrics
and titanium sulphate is an excellent textile mordant. Barium titanate, which is
piezoelectric, is used in the electronics industry as a transducer for the interconversion
of sound and electricity.

9.1.2 Titanium in food and beverages

Very little is known about levels of titanium in foods and beverages. Because of its
wide-scale distribution in the environment, the metal is almost certainly a con-
taminant of everything we consume, but in low concentrations, mamly as external
contamination, since it is poorly absorbed by plants from soil®. Levels of about
2.0 mg/kg have been reported in cereals, vegetables, dairy products and some other
foods. However, these reported concentrations may be suspect, since techniques for
the accurate determination of titanium at low levels in biological tissues have not been
well established and reliable certified reference materials (CRMs) are not available*.

Some data have been published on levels of dietary intake of titanium in a number
of countries. Daily intakes have been calculated in the US as between 3 and 600 pg for
adults living in a non-industrially-polluted area. Intakes may be higher in those
exposed to emissions from oil- and coal-fired power s stations’. A mean daily intake of
271-305 pg has been estimated for Japanese adults®.

9.1.3 Absorption and metabolism of titanium

Few studies appear to have been carried out on the uptake and behaviour of titanium
in the human body. Very little of the element appears to be absorbed from digested
food, and relatlvely high levels reported in lung tissue are believed to be due to dust
inhalation’. Excretion of what is absorbed from the GI tract appears to be rapld
Titanium has no known phys1olog1ca1 role. It appears to be non-toxic, at least in the
amounts normally consumed in food. There is some evidence that titanium from non-
food sources can be taken up by body tissues, but whether this has any significance for
health is doubtful. A study of titanium in soft tissues in contact with titanium plates
used in craniofacial surgery found that some appears to enter tissues, probably as
metallic particles released during insertion of the plates, and that time-dependent
leakage is negligible®.
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9.1.4 Analysis of foodstuffs for titanium

Little has been reported in the literature on analytical procedures for the determi-
nation of titanium in foods and other biological materials. More than a decade ago, it
was commented by two experts on trace element analysis that

the element titanium in human serum has hardly been searched for. That interest
may, however, grow in order to learn the impact on the buman body of the
titanium materzal in modern prostheses and in many drugs and cosmetic pre-
parations’.

The interest has, indeed, grown, but much still remains to be done. The use of several
different instrumental analytlcal methods has been reported 1nclud1ng GFAAS, with
background correction, following acid digestion of samples'®. A recent study found
that ICP-OES was a more convenient and reliable method than AAS for titanium
determination in human tissues''. Other workers have used NAA to determine the
metal in blood'?

9.2 Vanadium

Interest in the biological effects of vanadium has been growing substantially smce
claims were made in the 1970s that it was an essential trace element for humans'?. In
recent years vanadium has been the subject of several books and conference pro-
ceedings, and though its essentiality remains to be proved beyond doubt, it is
becoming widely accepted that the metal has important and unique roles to play in
human metabolism'*. At the same time there is also concern about the increasing level
of environmental pollution caused by emission of vanadium from coal- and oil-
burning power stations and other industrial plants. It was as an industrial toxin that
the metal was known long before its possible role in human metabolism was
postulated!®.

9.2.1 Chemical and physical properties of vanadium

Vanadium is element number 23 in the periodic table, with an atomic number of 50.9.
It is a relatively light metal ( densrt¥ 6.1), steel-grey in colour, tough and corrosion-
resistant. Its chemistry is complex'®. Vanadrum has a number of oxidation states,
from —1 to +3, though the most common valence states are +3, +4 and +5. Tetra-
valent vanadyl (VO *) and pentavalent vanadate (VO,>") are the predomlnant forms
in biological systems. Vanadium is capable of undergoing oxidation—reduction
exchanges and this su;gests that some of its known biological activities involve
cellular redox activity

9.2.2 Production and uses of vanadium

Vanadium occurs widely in the environment, though not in metallic form. In most
soils it is present at levels of about 0.1 mg/kg. It has several different ores, all of which
are mixed. Carnotite, for instance, also contains uranium. Other ores include
patronite, roscoelite and vanadinite. It is mined commercially in the US, as well as in
Peru and a few other countries. Much of the commercially used vanadium is a by-
product of uranium extraction. An important source is crude oil and fly ash from
power stations, especially where oil is used as fuel.
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The principal use of vanadium is in alloys with iron and other metals. The presence
of even small amounts of vanadium (less than 1%) adds strength, toughness and heat
resistance to steel and it also makes cast iron shock-resistant and ductile. The vana-
dium is usually added in the form of ferrovanadium, a vanadium—iron alloy produced
from mixed vanadium—iron ore. Vanadium steels are used to make high-speed
machinery and tools as well as springs. Pure vanadium metal and its chemical com-
pounds have numerous industrial applications. They are used as catalysts in the
production of ammonia, and of various polymers and rubber. Vanadium compounds
especially the pentox1de, are used in ceramics, glass and paint, as well as in photo-

graphy.

9.2.3 Vanadium in food and beverages

Little information is available on normal levels of vanadium in individual foods and
diets. Levels in most foods appear to be low, between 1 and 30 pg/kg'®. Levels
reported in the US in different food groups (expressed as means in pg/kg, with ranges
in parentheses) are as follows: cereals/cereal products: 23 (0-150); meat/fish: 10
(0-120); vegetables: 6 (0-72); milk: 1 (0-6)"°. Among the richest food sources are
reported to be skimmed milk lobster and some other seafoods, vegetable oils, certain
vegetables, and some cereals®’. Fruit, meat, butter and cheese are poor sources?!.

In spite of its low concentrations in most foods, the diet is the major source of
vanadium for the general population. Estimated daily intakes range from about 10 Hg
to 2 mg2 Adult daily intakes have been reported to be 13 pg in the UK?2, 10-60 pg in
the US**, and 230 g in Japan®*. Beer drinking has been shown to contribute sig-
nificantly to intake. A German study found that intake by men, at 33-35 ug, was
about twice that of women, at 14 + 11 pg, and was due to 28 ug provrded by beer?’.

A major source of vanadium intake for some individuals is dietary supplements
Various vanadium compounds, such as vanadyl sulphate, are commonly used to
enhance weight training by athletes and others. It is believed by many that vanadium
can increase muscle mass and generally enhance athletic ability. Though the evidence
for this is not strong, some athletes consume 60 mg of vanadyl sulphate/day. A US
study has found that some supplements may contain up to 13 mg of Vanad1um/kg and
can contribute up to 25 ug out of a total daily intake of 33 pg of the metal®®

9.2.4 Absorption and metabolism of vanadium

High air levels of vanadium occur in certain occupational situations, such as during
boiler cleaning, which disturbs vanadium dust. Soluble vanadium compounds such as
vanadium oxides, present in such dusts, are readily absorbed through the lungs, in
contrast to vanadium in food, which is poorly absorbed with as little as 2% entering
the blood. Daily absorptlon by an adult is between 5 and 10 pg.>” Vanadium is found
in extremely low levels in biological tissues, including blood. Excretion of accumu-
lated vanadium is rapid and occurs through the kidneys.

There is growi ng evidence that vanadium has an essential role in animals, possibly
including humans®®. In animals experimental vanadium deficiency has been found to
be associated with stunted growth, impaired reproduction, and altered red blood cell
formation and iron metabolism, as well as changes in blood lipid levels and hard
tissue formation. It is also believed that vanadate and other vanadium compounds
increase glucose transport and improve glucose metabolism?®. It has been found that
vanadium can alter the activity of a number of enzymes, mcludmg Na-K-ATPases
involved in muscle contraction, as well as serine/threonine kinases located in growth
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factors, oncogenes, phosphatases and receptors for insulin®’. Whether all these effects
occur in humans as well as in experimental animals has not been established.

A vanadium deficiency has not been shown to occur in humans and it has been
claimed that many of the deficiency signs reported for vanadium are questionable.
However, it is widely believed, though not necessarily on solid grounds, that vana-
dium compounds can enhance athletic performance by increasing lean body mass and
improving glucose metabolism®’.

Vanadium in food has, apparently, a low level of toxicity®2. Entry into the body by
other routes, however, can cause serious consequences. The toxicity of vanadium
compounds usually increases with oxidation state, with those containing V(v) the
most toxic. Most of the toxic effects result from local irritation of the eyes and upper
respiratory tract, though systemic toxicty also occurs, with a wide range of effects,
including neurotoxic and hepatoxic damage.

9.2.5 Analysis of foodstuffs for vanadium

Problems may be encountered in the determination of vanadium in food and bev-
erages because of low concentration levels. However, these can be overcome by
taking normal precautions and, if necessary, use of a pre-concentration procedure,
involving solvent extraction or ion-exchange®>. GFAAS has been used successfully to
determine vanadium in foods, as well as in cigarettes®*. A spectrophotometric
method, based on the vanadium(V)-catalysed oxidation of 1,8-diaminonaphthalene
(DAN) by potassium bromate, in which absorbance is monitored over time, has been
reported to be simple to operate and to give reliable results with food and hair
samples, without pre-separation

9.3 Silver

Silver is one of the most ancient of the metals used by mankind. It has a long history of
association with food and beverages. Today it is still used for culinary purposes,
though in most households it seldom appears on the table except on special occasions
when the silver cutlery is taken out. It is only in formal banquets and in top hotels and
restaurants that silverware continues to serve as it once did.

9.3.1 Chemical and physical properties of silver

Silver is element number 47 in the periodic table, with an atomic weight of 107.87. It
is a white, lustrous, soft and malleable metal, capable of taking a high degree of
polish. Its melting point is 960°C. It has the highest known electrical and thermal
conductivities of any metal, properties which account for its use in the electrical
industries as well as in the traditional kitchen. Silver is relatively unreactive chemi-
cally, but it blackens in the presence of sulphur compounds as silver sulphide is
formed. Several oxidation states are known, though only Ag(I) is of practical con-
sequence. Argentous compounds of some importance are Ag(I) nitrate, acetate and

halides.

9.3.2 Production and uses of silver

Since Roman times, and earlier, silver has been recovered as a by-product of lead
extraction by what is known as the ‘cupellation’ (oxidation in a blast of air in a heated
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‘cupel’ or flat dish made of porous refractory material) of silver-containing lead ores.
It is also extracted from other mixed ores, for example of copper. Small amounts are
recovered, also, from the silver ore argentite. Large-scale production of the metal
takes place in China, Peru, Russia, the US and Mexico. Apart from its use in jewellery
and coins, silver is used in tableware, both in its own right and as silver plate on
vessels made of copper and other metals. Silver forms a number of useful alloys and
solders with copper, cadmium and lead. Its components are widely used in the pho-
tographic industry, as a germicidal agent in water treatment and for other related
purposes. Silver metal and solders are also found in computers and other electronic
and electric equipment. Various silver compounds of silver are used in the pharma-
ceutical and cosmetic industries.

9.3.3 Silver in food and beverages

Few studies on silver in foods and diets have been reported in the literature. The metal
is known to occur naturally at low levels in most plant and animal tissues. Reported
levels range from undetectable to a few pg/kg in fruits and vegetables and little more
in other types of food®®. Intake is probably about 20 pg/day for adults not exposed to
environmental silver contamination®”. Where silver or silver-plated utensils are used
for preparation and storage of food, intake may be increased. The use of silver
compounds to treat domestic water supplies may also make a contribution to intake.
There is some evidence that certain types of vegetables, such as Brassica species, can
accumulate hlgher than usual levels of silver, especially if grown in soﬂs contaminated
by industrial emissions, but this is unlikely to cause excessive intake*®

9.3.4 Absorption and metabolism of silver

Little is known about the level of absorption of silver from food. Animal studies
suggest that it is about 10%. Little of the metal appears to be retained in body tissues.
When excessive intake occurs, accumulation appears to occur in liver and skin. Most
of the absorbed silver is rapidly excreted, mainly in bile with faeces, with only a small
amount in urine. Silver is not known to perform any essential function in humans. It
has been shown to interact metabolically with both copper and selenium. In experi-
mental animals silver has been reported to accentuate signs of copper deficiency and
to induce a selenium-like deficiency state>”. The addition of both copper and selenium
to the diet decreases the toxic effects of silver in turkeys*

There is no evidence that silver in normal diets has a toxic effect on humans.
However, the silver compounds in drlnklng water can promote necrotic liver
degeneratlon in rats deficient in vitamin E*'. The toxicity of silver is related to the
solubility and availability of the different silver compounds. In soil, sewage sludge and
sediments in which silver sulphide predominates, toxicity is very low, even when total
silver concentrations are high. Though silver thiosulphate is highly soluble, its toxicity
is also low because of complexing. Highly soluble silver nitrate is one of the most
toxic silver compounds

Prolonged ingestion of silver-containing pharmaceutical preparations can bring
about the development of a distinctive blue-grey discoloration of the skin, eyes and
mucous membranes. This condition, known as argyria, is seen sometimes in silver-
smiths and others who are 1ndustr1ally exposed to the metal*. Consumption of some
types of ‘anti-smoking lozenges’ which contain silver salts has been reported to bring
about similar effects.
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9.3.5 Aunalysis of foodstuffs for silver

Problems likely to be encountered in analysis of silver are often due to the low levels of
the metal in foods and other biological samples. The use of closed microwave
digestion using acid mixtures is advisable for sample preparation, since silver is
readily reduced to the metallic state and volatilises during dry ashing. ETAAS, with
background correction, will normally be suitable for endpoint determination. When
concentrations are very low, chelate extraction with sulphur-containing ligands, such
as dithizone, is recommended.

9.4 Tungsten

Tungsten is the only metal to have two officially recognised names. In 1951 IUPAC,
the international body responsible for preserving order in the area of chemical
nomenclature, decreed that the element was to be known, officially, as both tungsten
and wolfram. The name tungsten, derived from the Swedish tung, heavy, and sten,
stone, was largely used in the English-speaking world, while wolfram, possibly based
on the German wolf, wolf, and ram, the Middle High German for dirt, appeared most
frequently in German scientific texts. In spite of the fact that the symbol W is used for
the metal, the name tungsten will be used in the present study.

9.4.1 Chemical and physical properties of tungsten

Tungsten is element number 74 in the periodic table, with an atomic weight of
183.84. It is a heavy, steel-grey to tin-white, ductile and malleable metal, with a
density of 19.3. It has the highest melting point (3410°C) and, at temperatures over
1650°C the highest tensile strength, of all metals. Though oxidised in air at high
temperatures, it has excellent corrosion resistance and is only slightly attacked by
most acids. Tungsten is a transition metal of the third series and, like other metals of
the group, has several oxidation states from +2 to +6, but the most stable derivatives
are hexavalent. It is not a very reactive element. Some of its better-known compounds
are the trioxide, WOj3, and tungstic acid, the hydrated trioxide, H, WO,.

9.4.2 Production and uses of tungsten

Tungsten does not occur as the free metal in nature and its compounds are rather rare.
Its main ores are wolframite, FeWQy,, and scheelite, CaWO,4. Major producers of the
metal are the US, China, Bolivia and, potentially, Russia. The metal is extracted by
converting the ores to oxide by roasting in air and then reducing with hydrogen.

Tungsten has many important industrial uses. It is mainly used in the production of
steels for high-speed toolmaking and other purposes where great strength and heat
resistance are essential. Tungsten is combined with carbon in the alloy known as
carbaloy. This is one of the hardest materials known. It can hold a cutting edge under
very severe conditions. It is used as a substitute for diamonds on drill and machining
surfaces. Tools such as chisels and punches made of tungsten have a close uniform
texture and can be ground to a fine edge. Filaments made from tungsten are widely
used in electric light bulbs and for wiring in electric furnaces. There are several uses of
tungsten compounds, such as for pigments. Magnesium tungstate is used as a phos-
phor in some fluorescent tubes.
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9.4.3 Tungsten in foods and diets

Little is known about levels of tungsten in foods. They generally appear to be very
low, in spite of wide-scale industrial use of the metal. Daily intakes in Sweden have
been estlmated to be 8-13 ug, with levels in domestic water supplies between 0.03 and
0.1 pg/litre**. A UK study found that daily intake was less than 1 pg*

9.4.4 Absorption and metabolism of tungsten

Absorption of tungsten from food in the GI tract appears to be very limited. In
experimental animals 97% of the ingested metal was eliminated from the body within
72 hours. Excretion was equally divided between urine and faeces. There may be
some retention in bones*®. Dietary tungsten appears to be non-toxic to experimental
animals and, presumably, to humans. There is no evidence that it is an essential
nutrient for any animal. There may be some interaction between tungsten and
molybdenum in the body. Animals fed a tungsten-containing diet were found to have
reduced activities of the two molybdenum-containing enzymes, xanthine oxidase and
sulphite oxidase.

9.4.5 Analysis of foodstuffs for tungsten

The low levels of tungsten in foods and the absence of well-established analytical
procedures for the metal in biological samples present problems for the analyst.
Inorganic samples of the metal and its compounds can be analysed readily by GFAAS.

9.5 Zinc

While zinc was known to be an essential nutrient for plants and certain animals from
early in the twentieth century, zinc deficiency in humans only began to be recogmsed
in the 1960s, when zinc- responsive dwarfism was detected in children in Egypt
Though there was some uncertainty about the possibility of more general zinc defi-
ciency among humans, because of the element’s ubiquity in the environment, sub-
sequent studles have confirmed the essential role played by zinc in human
metabolism*®. Today zinc is known to be a key nutrient of worldwide significance,
and has ]omed iodine and i iron among trace elements whose deficiency problems
urgently need to be addressed*’

9.5. Chemical and physical properties of zinc

Zinc is element number 30 of the periodic table, with an atomic weight of 65.37. Its
density is 7.14, which makes it one of the ‘heavy metals’. It is a bluish-white, lustrous
metal, but tarnishes in air to a blue-grey colour as a coat of zinc carbonate,
Zn,(OH),CO3, develops. This forms a tough adhering layer and is the reason why
zinc is used extensively, in galvanising, on the surface of other less resistant metals.
Zinc has a low melting point of 420°C and is ductile and malleable when heated to
100°C.

Zinc is a chemically reactive element. It combines readily with non-oxidising acids,
releasmg hydrogen and forming salts. It also dissolves in strong acids to form zincate
ions (ZnO,%"). It reacts with oxygen, especially at high temperatures, to form zinc
oxide, ZnO. It also reacts directly with halogens, sulphur and other non-metals. In
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spite of its completely filled 3d electron shell, zinc shares with its neighbouring
transition metals an ability to form strong complexes with organic ligands. Zinc can
form alloys with other metals. One of these is brass, made of copper and zinc and
other metals. It may also be added to the copper—tin alloy, bronze.

9.5.2 Production and uses of zinc

Zinc ores are widely distributed and are commercially exploited in several European
countries as well as on a larger scale in the US, Russia, southern Africa and Australia.
The principal ores are sulphides, such as sphalerite or zinc blende (natural ZnS),
calamine (ZnCO3) and zincite (ZnO). These ores usually contain other metals,
including lead, cadmium and arsenic.

To extract the metal, the ores are crushed and may be concentrated by a flotation
process, before being roasted in air to produce the oxide. This is then reduced by
heating with coke and the metal is distilled off. The zinc produced in this way is
normally contaminated with cadmium and other metals. It is purified by careful
redistillation. Zinc is very volatile and processes of smelting produce large emissions,
which, unless adequate precautions are taken, can cause serious environmental pol-
lution. In addition to primary production, recycling from scrap accounts for a sig-
nificant part of the more than 7.5 million tonnes of zinc used each year®’.

The principal use of zinc for many centuries was in the production of brass. This is
really a family of alloys composed of 60-82% copper and 18-40% zinc. Brass has
been made in China and elsewhere in Asia for some 2000 years. It was used tradi-
tionally for the manufacture of cooking equipment and food and beverage containers,
a use that has declined considerably in the West, but still continues on a large scale in
other parts of the world. A modern large-scale use of zinc is in architectural brasses.
These contain at least 30% of the metal and are commonly referred to as ‘bronzes’,
mainly because of their similar uses, colours and weathering characteristics. These
zinc-bronzes are used structurally in modern buildings as well as in decorative
hardware, plumbing fixtures and architectural details and surface finishes.

A major use of zinc, which accounts for about half the world production, is to
protect iron and other metals from corrosion®!. In the process called galvanising, a
coat of zinc is applied to other metals by various methods, such as hot dipping or
dusting (sherardising). The zinc layer protects the underlying metal in two ways: by
forming a tough skin of basic bicarbonate, and by acting as a ‘sacrificial metal’. As it
corrodes, the zinc releases electrons that flow to the other metal making it more
negative and thus reducing its corrosion rate. The electrical circuit, from the zinc
anode to the iron or steel cathode, is completed when the electrons return through
water or another conducting medium to the zinc. Sacrificial zinc anodes are used to
protect ships’ hulls, offshore oil platforms, pipelines and other structures exposed to
seawater.

Zinc metal itself is used extensively in the construction of buildings, for roofing and
rainwater systems, as well as for cladding. It is also found in many manufactured
items, such as transistors, circuit boards, photocopiers, dry cell batteries and many
others. Zinc compounds have many applications in the chemical and pharmaceutical
industries, such as in the manufacture of paints and pigments and of rubber and
plastics. They are also found in cosmetics, medicines, nutritional supplements and a
variety of household consumables. Its wide use in the home and elsewhere in the
community accounts for a very high level of zinc contamination in household dust, as
well as in water and air. A study in Hong Kong reported levels of more than 2 mg zinc/
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g in dust collected on window ledges in houses . The consequences of such
contamination are well known to the food analyst’>.

9.5.3 Zinc in food and beverages

In Western societies u]snwards of 70% of zinc consumed is provided by animal pro-
ducts, especially meat™. Liver and other organ meats are particularly rich in the
element, as are most scafoods. Another good source is oysters, which can contain as
much as 1000 mg/kg. Other good sources are seeds, nuts and wholegrain cereals.
Levels of zinc in foods consumed in the UK are shown in Table 9.1. These intakes are
comparable to those in the US®®, Australia®® and several European countries®’. The
average zinc intake by UK adults is about 9-12 mg/day. The zinc content of a typical
adult US diet is between 10 and 15 mg/day. Similar levels are reported from many
European countries’®. In many Asian countries zinc intakes are low, especially in the
diet of children, because of the absence of appreciable amounts of animal products in
the customary diet™®.

Table 9.1 Zinc in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 9.0
Miscellaneous cereals 8.6
Carcass meat 51
Offal 43
Meat products 25
Poultry 16
Fish 9.1
Oils and fats 0.6
Eggs 11
Sugar and preserves 3.8
Green vegetables 34
Potatoes 4.5
Other vegetables 2.6
Canned vegetables 3.9
Fresh fruit 0.8
Fruit products 0.7
Beverages 0.3
Milk 3.5
Dairy products 14
Nuts 31

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

9.5.4 Absorption and metabolism of zinc

Absorption from the diet, which occurs in the small intestine, is affected by a number
of factors. It ranges from less than 10 to more than 90 %, ‘with an average of 20—
30%°°. Various other components of the diet can affect uptake Competition for
absorption occurs between zinc and other elements, especially copper, iron and
cadmium. Phytate, fibre and calcium can limit uptake, whereas animal protein
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enhances it. A diet rich in wholemeal bread, which contams these three antagonists,
has been shown to cause deficiency of the clement®!

An adult human contains between 1.5 and 2.5 grams of zinc, almost as much as
iron and more than 200 times more than copper, the third most abundant trace
element in the body. Most of the zinc absorbed from the mtestme is found intra-
cellularly, primarily in muscle, bone, liver and other organs®?. High concentrations
are found in the prostate gland in men, and in the eye. Zinc in plasma is mainly loosely
bound to albumin and is also transported bound to transferrin. In the liver it is bound
to the low molecular weight, metal-binding protein, metallothionein.

Most of the body’s zinc reserves turn over slowly and are not readily available for
metabolism. Only about 10% makes up a readily available pool of exchangeable zinc,
which is used to maintain various zinc-dependent metabolic functions. The body’s
zinc content is regulated by homeostatic mechanisms, mainly through control of
absorptlon of exogenous zinc from the gut and by regulatlon of excretion of endo-
genous zinc in pancreatic and other gastrointestinal secretions®®. Since only about
0.2% of the body’s total zinc is in plasma, a small change in uptake by, or release
from, muscle or other tissues can have profound effects on levels in plasma. Plasma
zinc concentrations can be affected by stress, surgery, physical exercise, infection and
several other factors®*. Consequently, plasma levels do not give a reliable measure of
total body zinc stores under all circurnstances.

Zinc is rapidly excreted via the faeces. These contain both unabsorbed zinc as well
as some endogenous zinc excreted in bile. Only a small amount appears in urine, with
about the same quant1ty in sweat. This loss may be greatly increased when excessive
sweating takes place®’.

9.5.5 Biological roles of zinc

Zinc is an essential component of more than 200 different enzymes, of which as many
as 50 play important metabolic roles in animals. It occurs in all six classes of enzymes.
In addition, the metal provides structural integrity in many proteins. Zinc ligands help
maintain the structure of cell membranes and of some ion channels. ‘Zinc finger
protein’ is involved in processes of transcnpnon factors that link with the double helix
of DNA to initiate gene expression®®. The expression of certain genes is known to be
regulated by the quantity of zinc absorbed from the diet. It is believed that zinc has a
role in regulation of cell growth and differentiation.

Its multiple roles are indicated by what occurs when zinc is deficient in the diet of
young animals. There is a rapid development of clinical symptoms, which include
growth retardation, poor and erratic consumption of food, loss of appetite, alopecia,
and development of scaly keratinous lesions on the skin. Resistance to infection is
reduced through failure of the body’s immune response mechanism. Wound healing is
slowed. Similar symptoms are seen in humans whose dietary intake of zinc fails to
meet the body’s requirements. An extreme case is the rare inherited disease known as
acrodermatitis enteropathica in which a genetic defect results in inability to absorb an
adequate amount of zinc from food. It occurs in early childhood and is characterised
by severe bullous-pustular dermatitis of the hands and feet and the oral, anal and
genital areas, and total hair loss. The disease, which is read1ly treated W1th supple-
ments, was always fatal until the discovery of its relation to zinc def1c1ency . Similar
symptoms have been observed in patients on long-term TPN whose zinc supply was
inadequate.

During the 1960s zinc deficiency of epidemic proportions was observed in young
people, mainly males, in Iran, Egypt and other parts of the Middle East. Those
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affected belonged to poor communities, whose diet consisted mainly of unleavened
wheat bread. Though the cereal contained zinc, it was also rich in phytate and fibre
which made the zinc unavailable for absorption, resulting in severe zinc deficiency.
Those affected showed signs of poor growth, stunting, anaemia, hypogonadism and
delayed sexual maturity. Zinc supplementation was followed by dramatic changes,
with rapld development of puberty and accelerated growth®®.

There is considerable evidence that many people, especially in poorer and devel-
oping countries, such as Bangladesh®’, suffer from margmal zinc deficiency. Though
its effects are less dramatic than those reported in Iran in the 1970s, marginal defi-
ciency can also have serious health consequences, especially for children. These
include depressed immunity, impaired taste and smell, night blindness, impaired
memory and decreased spermatogenesis in men”’. Because of the serious 1mp11cat10ns
of the problem, considerable efforts are currently being made to improve zinc
nutrition, especially in poorer countries, by prov1510n of supplements as well as by
other means, including fortification of staple foods”"

9.5.6 Zinc requirements and dietary reference values

Considerable problems have been encountered in trying to establish dietary zinc
requirements. This is largely due to the difficulty of assessing zinc status and optimal
zinc nutriture in humans. Plasma zinc levels do not give a true measure of the body’s
available zinc, since this can be affected by many other factors besides diet, such as
stress and illness. Other biomarkers of zinc status, such as activity of zmc dependent
enzymes, are not sufficiently specific to be more than of supportive value”?. The use of
estimates of habitual intake in populations without evidence of zinc deficiency can be
of some use, but lacks precision. In practice, a factorial approach, which is based on
the quantity of absorbed zinc required to match endogenous excretion of the element,
has been used to estimate requirements in several countries, including the UK and the
US. Its use, however, has not produced uniform recommendations. Thus, while the
UK RNI for adult males and females is 9.0 mg/day, the 1989 US RDA was 15 mg/day
for adult males and 12 mg/day for females up to the age of 50 years.

9.5.7 Toxic effects of zinc in food and beverages

Zinc salts are intestinal irritants and can cause nausea, vomiting and abdominal pam
which usually requires an intake of about 250 mg or more of a zinc salt in adults”>.
This has been known to occur when water which has been stored in galvamsed
containers has been consumed. Prolonged exposure to high intakes of zinc are
believed to result in copper deficiency and subsequent anaemia. It may also interfere
with iron metabolism. Because of evidence that similar effects may be produced by
ingestion of high doses of zmc supplements, an intake of more than 15 mg/day in this
way is not recommended”*

9.5.8 Analysis of foodstuffs for zinc

Zinc is readily determined in food by AAS. Depending on levels in samples, flame
AAS or graphite furnace AAS may be used, with good results. Because of the fact that
zinc is a pervasive and universally distributed component of air and dust, precautions
have to be taken to prevent contamination. Both FAAS, with deuterium background
correction, and GFAAS with pyrolytlc graphite coated tubes have been used with
success to investigate levels of zinc and other metals in dietary supplements””. The
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method of choice for zinc in several large-scale multielement investigations is ICP-MS.
The UK TDS uses this method on samples which have been homogenised and digested
with nitric acid in plastic pressure vessels, using microwave heating”®.
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Chapter 10
The metalloids: arsenic, antimony, selenium,
tellurium and boron

The metalloids, arsenic, antimony, selenium, tellurium and boron, chemically and
physically lying between metals and non-metals, have considerable interest for both
the toxicologist and the food scientist. All of them are to a greater or lesser extent
toxic and some appear as contaminants in the food regulations of several countries.

Arsenic has been traditionally associated with homicide and the forensic scientist.
No one can take the presence of this element in the diet lightly. Yet arsenic is almost
universally distributed in foods and drinks, and daily intake, even in the absence of
pollution, can be as high as 0.5 mg for some. It may even be that this poisonous
element is essential for human life.

Antimony, though also ancient and long used as a medicine and in cosmetics, is not
believed to play a nutritional role in humans. Along with its compounds, such as the
hydride stibine, it is a well-known industrial hazard and its toxicity to animal life has
been reported.

Selenium was for a long time better known for its toxicity than for any other
quality. Farmers whose cattle died from ‘blind staggers’ after eating certain selenium-
accumulating plants had no idea that the toxin in the fodder was, in fact, an essential
nutrient for man and animals. When Berzelius first isolated selenium in 1817 he
initially thought that what he had obtained from the residues of the roasted copper
pyrites was the element tellurium discovered by his friend and fellow scientist M.H.
Klaproth a few years earlier. However, though the properties of the substance he had
isolated were very like those of the other element, he soon realised that they were not
identical. As he later wrote; “for this reason I gave it the name selenium from the Greek
word selene, which 51gn1fles the moon, while tellus is the name of our own planet’’. In
spite of these similarities in chemical properties, tellurium shares none of the
important metabolic functions of selenium.

Artisans in ancient cultures relied on borax, and other compounds of boron, to
make their glass and ceramics, as do glassmakers and potters today. Boric acid has
long been used in medicine and in cosmetics, and there is increasing evidence pointing
towards a role for the element in human nutrition. However, its toxicity, both chronic
and acute, is also recognised.

10.1 Arsenic

Until relatively recently arsenic contamination of food was considered by many to be
a rare occurrence, usually the result of accidental addition to a manufactured product,

as in the infamous tragedy of 1900 when arsemc -contaminated beer poisoned more
than 6000 drinkers in the north of England?. Apart from such cases, arsenic was little
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known outside the books of the murder mysteries writers. That is no longer the case.
Today arsenic is recognised as one of the most widespread and serious of the inor-
ganic contaminants of the diet in several countries. According to the WHO, there are
more than 20 countries in which there is serious arsenic contamination of ground-
water>. In West Bengal in India and in neighbouring Bangladesh, millions of people
are at risk of arsenic poisoning from this source. It has been estimated that, within a
few years, one in ten adult deaths in that part of the world could be from cancers
triggered by the element®.

10.1.1 Chemical and physical properties of arsenic

Arsenic is one of the Group 15/V elements along with nitrogen, phosphorus, anti-
mony and bismuth. Its atomic number is 33 and the density of its stable form is 5.7.
Elemental arsenic exists in several allotropic forms. The stable form is a silver-grey,
brittle crystalline solid that tarnishes rapidly in air, and at high temperature burns to
form a white cloud of arsenic trioxide. Yellow crystalline and black amorphous forms
are also known.

The chemistry of arsenic is similar to that of phosphorus in many respects. It has
oxidation states of —3, 0, +3 and +5. It combines readily with many other elements,
for example with hydrogen to form arsine, AsHs, an extremely poisonous gas, and
with oxygen to form a trioxide (As,QOs3, or As;Qg). The trioxide is also known as
‘white arsenic’ and is very poisonous. It was probably this substance that the ancient
Greeks, as well as the medieval alchemists, who were not able to prepare the pure
element itself, knew as arsenic. Other important compounds are arsenic trichloride
and the various arsenates (compounds of arsenic acid, H3AsO,), such as lead arsenate
and copper aceto-arsenate. Arsenic also forms organic compounds such as dime-
thylarsinic acid (CH3),AsO(OH) and arsenobetaine (CH3As*CH,COQ"). These are
of considerable interest since they occur naturally in certain foods, especially of
marine origin, and are far less toxic than inorganic arsenic compounds.

10.1.2 Production and uses of arsenic

Arsenic is distributed widely in the Earth’s crust. It occurs in soils, waters, both marine
and fresh, and in almost all plants and animal tissues. Its principal native ores are
arsenopyrite, FeAsS, realgar, As;S,, and orpiment, As,S3. Arsenopyrite, which is also
known as mispickel, is one of the more important sources of the element. Arsenic is
widely distributed in other ores in association with various metals, and in fact the bulk
of commercial arsenic is obtained as a by-product of the extraction of copper, lead
and other metals from their ores. The arsenic is recovered from the dust deposited
from the flue gases produced during smelting. The flue dust contains up to 97%
arsenic trioxide (with about 3% of oxides of other metals, the most important of
which is antimony).

Arsenic has many industrial applications. It forms alloys with other metals which it
makes strong, hard and corrosion-resistant. A major use is in the chemical industry, in
pharmaceuticals, agricultural chemicals, preservatives and pigments. It is such uses
that at one time helped confer on arsenic the dubious honour of being accounted
second only to lead as a toxicant in the farm and household’.

Agricultural chemicals and related arsenic-containing substances have, until
recently, been widely used in herbicides, fungicides, wood preservatives, insecticides,
rodenticides and sheep dips. Though this use is now restricted, and even totally
banned in some countries, arsenic is a persistent contaminant. Even many years after
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they ceased to be used, some streams and locations on farms remain toxic because
they were once exposed to arsenicals. The most important of the farm chemicals of
this type are lead arsenate, copper arsenate, copper aceto-arsenate (Paris green), and
sodium arsenate (Wolman salts), all formerly well known to farmers. A deadly arsenic
compound, is 2-chlorovinyldichloroarsine, CICH=CHAHCI,, also known as lewi-
site. This was one of the poison gases used in enormous quantities, with horrendous
consequences, by both sides during World War 1.

Other uses of arsenic and its compounds are in the making of glass and enamels, in
textile printing, as preservatives in tanning and taxidermy, and in pyrotechnics.
Arsenic is added to lead in the manufacture of shot. Its presence slows down the
solidification of the lead and allows it to flow more slowly and thus assure perfectly
spherical pellets. The arsenic also helps harden the lead. Arsenic is added to germa-
nium in the production of semiconductors for transistors and integrated circuits.

Arsenic compounds were once widely used in medicine. A traditional home remedy
was Fowler’s solution, a preparation containing 1% arsenic trioxide which was used
for treatment of skin problems and even taken internally for the prevention of leu-
kaemia and anaemia®. Organic arsenicals, such as salvarsan, were used for treating
syphilis. Today arsenic compounds continue to be used in certain herbal remedies, for
example, in Ayurvedic medicine’.

10.1.3 Arsenic in food and beverages

Arsenic is to be found in most foods. Levels rarely exceed 1 mg/kg except in seafoods,
including fish, crustaceans and seaweeds. Indeed arsenic intake is usually posmvely
related to the quantity of seafoods in the diet®. Levels of total arsenic found in UK
food in the 1994 TDS are shown in Table 10.1 The investigators observed that though
fish consumption was low, with an average intake per household per day of 0.018 kg,
compared, for example, to 0.133 kg of potatoes, the fish group contributed 89% of
the total national arsenic intake compared to 8% contributed by potatoes. Bread and
cereals, though also eaten in greater quantities (0.120 kg/day) than fish, contributed a
respectable 27% of the total arsenic, still less than the fish group’. A Canadian study
found that 18.1% of intake came from cereals and cereal products, 14.9% from
starchy vegetables, and 32.1% from the meat/fish group'. It is important to note that
all these intake figures are for total arsenic and that most of this is organic arsenic, not
the more toxic inorganic form.

10.1.3.1 Arsenic in mushrooms

Certain types of mushroom mvesngated 1n a Swiss study have been reported to
contain surprisingly high levels of arsenic''. While levels in cultivated commercial
mushrooms were 0.2-0.5 mg/kg dry weight, which is of the same order of magnitude
as levels in most fruits and vegetables, some edible wild mushrooms, including those
of the genus Agaricus, which are traditionally consumed in Britain, contained more
than 10 mg/kg dry weight. One species, Laccaria amethystina, described as of ‘minor
culinary importance’, contained up to 200 mg/kg dry weight. However, as the authors
of the report point out, moderate consumption of most edible mushrooms will con-
tribute little to the arsenic intake of the average consumer. Even eating L. amethystina
may be harmless, since its arsenic is present mostly in the organic form, as methylated
arsinic acids, which have a low toxicity.
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Table 10.1 Total arsenic in UK foods.

Food Group Mean concentration (mg/kg fresh weight)
Bread 0.008
Miscellaneous cereals 0.01
Carcass meat 0.004
Offal 0.004
Meat products 0.004
Poultry 0.003
Fish 4.3
Oils and fats 0.007
Eggs 0.002
Sugar and preserves 0.008
Green vegetables 0.003
Potatoes 0.005
Other vegetables 0.007
Canned vegetables 0.003
Fresh fruit 0.002
Fruit products 0.003
Beverages 0.002
Milk 0.002
Dairy products 0.003
Nuts 0.009

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

10.1.3.2  Arsenic in fish: organic and inorganic forms

As has been seen above, fish and other seafoods can accumulate high levels of arsenic
and contribute significantly to daily intake of the element. Up to 26 mg/kg have been
found in crab meat, and 40 mg/kg in shrimps, and a massive 170 mg/kg in prawns in
one UK study'?. Free-swimming fish do not generally contain as much arsenic as do
shellfish. A UK study found a range of 1.0-6.0 mg/kg in haddock and < 0.5-2.4 mg/kg
in herring taken from the open sea, with 0.2-34 mg/kg in flounder and 0.5-24 mg/kg
in sole from a polluted estuary’ 3_ Australian marine fish contain up to 4.4 mg/kg, with
levels in 21% of those tested above the legally permitted level of 1.0 mg/kg'®.

It is appropriate to mention that the food regulations in force in Australia at the
time of this study, while setting a maximum permitted level for arsenic in flsh
crustaceans and molluscs, made it clear that this applied to inorganic arsenic only'>.
In the revised Food Standards Code for Contaminants and Restricted Substances
(Standard 1.4.1), issued by the joint Australia New Zealand Food Authority
(ANZFA) in 2000, a similar approach is taken, with the addition of ‘seaweed (edible
kelp)’ to the seafood group. In the case of cereals, however, a limit is set (of 1 mg/kg)
for total arsenic™®. In contrast to the Australian/New Zealand Regulations, the UK
Arsenic in Food Regulations simply note that the permitted level for arsenic in
unspecified food is a maximum of 1 mg/kg; and in certain specified foods between 0.1
and 10 mg/kg. No distinction is drawn in the regulations between organic and inor-
ganic forms of the element. A footnote to the regulations states that ‘the limit of 1 ppm
arsenic does not apply to: ... fish, edible seaweed, or any product containing fish or
edible sea\;veed where arsenic is naturally present at levels above 1 ppm in that fish or
seaweed’!
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10.1.3.3 Arsenic in water

Arsenic is detectable in almost all potable waters. The usual levels of concentration
range from 0 to 200 pg/lltre with a mean of 0.5 pg/litre. Since water is a significant
source of dietary arsenic, and, moreover, the element in water is mainly in the more
toxic inorganic form, most countries set limits for arsenic in drinking water. In the US,
for instance, this was 50 pg/litre in 19735 but has since been reduced to 10$lg/litre asa
result of concerns about the long-term effects of high intakes in water”. Particular
sources, such as spas and hot springs, often have higher concentrations of arsenic than
are found in domestic drinking water. This is recognised in some countries in reg-
ulations relating to bottled natural mineral waters. In the UK, for instance, the
allowance is a maximum of 50 pg/litre*®

Natural groundwater, including wells and springs, sometimes contains excep-
tionally high levels of arsenic. What has been described as ‘regional endemic chronic
arsenicism’ or ‘endemic arseniasis’, has been attributed to domestic use of such
naturally contaminated waters®!. Levels of 1—4 mg/litre of inorganic arsenic, as the
trioxide, have been detected in domestic water in Volcanlc regions of several South
American countries, including Argentina and Chile**. In Taiwan similarly con-
taminated water has been associated with chronic arsenic poisoning

Far more widespread contamination of domestic water by arsenic, with serious
consequences for human health, has in recent years been reported from several
regions in South-east Asia. In such countries as Bangladesh, and in Bengal in India,
deep tube wells supply drinking water for as much as 90% of the population. These
wells were introduced as a reliable source of clean groundwater to replace normally
used and often disease-contaminated surface water. Unfortunately, many of these
deep wells tapped formerly unavailable sources of naturally occurring arsenic. As a
result, drinking water used by many millions of people has become contaminated. The
magnitude of the tragedy is shown by findings that, in Bangladesh alone, water in
40% of wells is unfit for human consumption. Levels of 100 pg of arsenic/litre are
common, with many samples above 1000 ug/litre.

10.1.3.4  Arsenic from industrial pollution

Industrial pollution and accidental contamination can result in higher than normal
levels of arsenic in food and beverages. Environmental contamination around a coal-
burning power station in the Czech Republic was responsible for considerable
increases in arsenic levels in water and locally grown crops. More than one tonne of
arsenic was emitted each day from the plant’s smokestacks. Drinking water was
found to contain 70 pg arsenic/litre and surface water 210 pg arsenic/litre?®. Chronic
arsenic poisoning, in animals as well as humans, has been reported in the UK in the
vicinity of coal-fired brick kilns?®. An investigation of the effects of past mining
activities in Cornwall found ev1dence of increased arsenic levels in locally grown crops
and in hair of local residents*”. Emissions from metal industries, with resulting
environmental consequences, have been reported from the US, Sweden and other
countries

10.1.3.5 Accidental contamination of foods by arsenic

Accidental contamination of food with arsenic has resulted in a number of serious
cases of poisoning. An early and fully recorded case, which resulted in the setting up
of a Royal Commission, occurred in the UK in 1900 when arsenic-contaminated beer
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poisoned more than 6000 drinkers in Lancashire and Staffordshire, 70 of them
fatally. The cause of the outbreak was the use of arsenical pyrites to make the sul-
phuric acid that was used in the beer fermentation®’. An even more serious accident
occurred in Japan 55 years later when more than 12000 infants fed on arsenic-
contaminated formula were poisoned, killing 120. The arsenic was traced to the
sodium phosphate used to stabilise the formula. This had been produced as a by-
product during refining of aluminium from bauxite which contained considerable
amounts of arsenic’

The former wide-scale use of arsenicals as pesticides in vineyards has resulted in
some cases of arsenic poisoning of wine drinkers. Increased dietary intake has also
occurred from residual arsenic in horticultural chemicals on vegetables and fruit.
Though there has been a significant decrease in the use of arsenicals in agriculture in
recent years, they are still used extensively on certain non-food crops, including
cotton. Cotton seed by-products, such as cooking oil, are used as human foods and
there can be some danger that they may be a pathway for arsenic into the diet>!

10.1.4 Dietary intakes of arsenic

Typical estimates of total arsenic intakes for Europe and North Amerlca range from
10 to 30 pg/day. WHO/FAO have set a PTWI of 15 pg/kg body weight2. This applies
only to inorganic arsenic and is equivalent to an intake of 130 pg each day for a 60 kg
adult. Since most of the arsenic ingested in the diet is in the organic form there seems
to be little cause for toxicological concern about normal intakes of the general
population in those countries surveyed, even when, as some of the following data
show, arsenic intakes are apparently high compared to the WHO limits.

Mean adult intakes in the UK are 120 ug, with a 97.5th percentlle of 420 ng. These
levels, based on the 1997 TDS, are similar to those found in previous surveys*?. US
intakes are lower than UK levels with mean intakes of 51 pg and 38 pg/day found in
the 1986 and the 1991 TDS**. Levels of intake closer to the UK results have been
reported from other countries, such as New Zealand (adult intake 150 ug/day ) and
Spain (Basque region) with a mean daily total arsenic exposure of 286 ug>’. In all
these studies, fish consumption was found to contribute most of the arsenic in the diet.

10.1.5 Absorption and metabolism of arsenic

All arsenic compounds, including the inorganic tri- and penta-valent forms as well as
its organic compounds, are easily absorbed from the GI tract. Once absorbed arsenic
is rapidly distributed to lungs, liver, kidney and spleen and subsequently redistributed
to the skin, nails and hair where it is tightly bound to keratin. After about 24 hours the
organs begm to release their arsenic, which is excreted through the kldneys Skin and
hair, however, hold onto it, and levels may increase over several days>®.

The ability of hair to retain absorbed arsenic is the basis for the use of this tissue to
investigate intakes of the toxin. Levels in halr from 5 to 700 mg/kg arsenic have been
found in cases of acute arsenic poisoning>”. It has been claimed that the death of the
exiled French Emperor Napoleon on St Helena in 1826 was caused by chronic arsenic
poisoning. In support of this theory is the finding that a lock of his hair, removed
within a day or two of his death contained 10.38 mg/kg of arsenic, more than 12
times the normal level in hair>®. Whether this finding, which was made nearly 150
years after his death, justifies the claim that Napoleon was murdered by his enemies
by putting the toxin into his wine over a long period of time, is impossible to say.

Metabolism of arsenic in mammals varies between species. In humans ingested
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inorganic arsenic is reduced and methylated in the liver to generate much less toxic
organic compounds, such as monomethylarsonic and dimethylarsinic acids, which
are then excreted in urine. Inorganic arsenic species are large ligands and their toxicity
is a result of their tendency to attach themselves to sulphydryl groups of proteins and
thus block their action. Arsenite, in particular, binds preferentially to the enzyme
pyruvate dehydrogenase, causing inhibition of cell energy production and raised
pyruvate concentrations. Arsenate oxyanions, because their stereochemical structure
resembles sulphate and phosphate, can enter mitochondria and compete with phos-
phate as a substrate, to form high-energy compounds which are unstable and
uncouple oxidative phosphorylation?

In contrast to the inorganic compounds, organic arsenicals are non-toxic.
Arsenobetaine, which is the main arsenic compound in fish and shellfish, where it
occurs along with trimethylarsenine and other species, is stable. When ingested it is
rapidly absorbed into the blood and is excreted, unchanged, in urine. Inorganic
arsenic can cause both acute and chronic poisoning. Arsenic trioxide is a common
cause of the former, with a fatal dose of between 70 and 180 mg. The pentavalent
form is less toxic than the trivalent form.

Ingestion of inorganic arsenic can cause vomiting and haemorrhagic diarrhoea
within minutes or hours, if taken with food. Haematuria and acute renal failure may
follow. The principal pharmacological effects are dilation and increased permeability
of capillaries, especially in the intestines. Chronic poisoning from long-term, low-dose
intakes, causes decreased appetite and weight loss. Other symptoms include
abdominal pain, facial oedema, respiratory difficulty and obstructive ]aundlce Later,
features of neuritis appear, with weakness, trembling and other effects** . Transverse
white ‘Mees’ lines are seen on the nails. Longer-term effects include peripheral
neuritis, conjunctivitis and skin problems. These are often seen in people living in
areas where the groundwater is contaminated with arsenic. Within a few years, they
develop hyperkeratosis, pigmentation and skin ulcers. Incidences of cancers of skin,
lung and gastrointestinal tract are significantly increased, as extensive studies in
Bangladesh and India have shown®!

Arsenic is known to interact with other toxic elements in the animal body. It has
been shown to counteract the toxicity of an excess of selenium. For this reason it is
sometimes added to the feed of poultry and cattle in areas of naturally high selenium.
The reverse can also occur, when selenium counteracts the toxic effect of arsenic.
Sodium selenite, injected into a pregnant animal simultaneously with sodium arsenite,
which is teratogenic, has been shown to prevent malformations of the fetus. Similar
interactions between arsenic and cadmium have been demonstrated. It is possible that
common modes of action of the different elements, especially through interactions
with protein —SH groups, account for some of these observations

It has been argued that, in spite of its evident toxicity, arsenic is an essentlal nutrient
for humans*?. Arsenic deprivation in farm ammals has been associated with
depressed growth and abnormal reproduction**. There is some evidence that arsemc
may play an essential metabolic role, possibly as an activator of certain enzymes™. It
could also act as a substitute for phosphate. However, whether this justifies the
1nclu51or61 of arsenic among the established essential trace elements is still far from
certain®

10.1.6 Analysis of foodstuffs for arsenic

A traditional and sensitive test for arsenic is Marsh’s test. This semi-quantitative test
depends upon the formation of the hydride when hydrogen gas is bubbled through a
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solution containing arsenic or its compounds. When the arsine is passed through a
narrow heated glass tube, it is decomposed leaving a deposit of metallic arsenic. The
test was well known to the forensic scientist as well as to Sherlock Holmes’ fans in
former years, but has now been replaced by more sensitive instrumental procedures.

Arsine is still the basis of one of the widely used methods for the determ1nat1on of
arsenic in food. HGAAS is recommended for nanogram quantities of the element*”. A
recent development is the flow-injection adaptation (FI-HGAAS), which provides a
simple and reliable method for both total and inorganic arsenic

Because of the importance of determining the species of arsenic compounds in
foods, several methods have been developed for this purpose. Separation of arsenic
compounds by high- performance liquid chromatography (HPLC) allowed determi-
nation of different arsenic species using on-line decomposmon in a UV reactor prior
to HGAAS and atomic fluorescence spectrometry (AFS)*’. In large-scale studies such
as the UK TDS, hydr1de generation coupled to ICP-MS is used to determine total
arsenic in most foods*®

10.2 Antimony

Antimony came to prominence in the news media in recent years when a possible link
between it and sudden infant death syndrome (SIDS), or cot death, was reported. The
suspected link was through a fungus, Scopulariopsis brevicaulis, found in some PVC
mattresses. The fungus was believed to act on fire-retardant chemicals, including
antimony, present in the mattresses. This resulted in the generation of toxic antimony
trihydride or stibine, which could be responsible for cot deaths. In support of this
hypothems was the fmdmg of higher than normal antimony levels in blood of SIDS
victims”'. However, further investigations showed that the fungus was not always
present and that antimony was not present in flame retardants used on cot mattresses.

10.2.1 Chemical and physical properties of antimony

Antimony, which has been given the chemical symbol Sb from its ancient classical name
of stibium, has an atomic weight of 121.8, and is number 51 in the periodic table of
elements. It is a fairly heavy metal with a density of 6.7. Though closely related to
arsenic, its physical properties are more metallic. Its crystalline form is lustrous silvery
grey in colour and is very brittle and flaky. It melts at 631°C and vaporises at 1750°C. It
is a poor conductor of heat and electricity. Oxidation states are +3 and +5. Antimony is
not affected by air at room temperature, but when heated burns brilliantly. Among its
most important compounds are the tri- and pent—oxides, the trichloride, and the tri-
and penta-sulphides. The trihydride, stibine, SbH3, is a gas.

10.2.2 Production and uses of antimony

The main ore of antimony is stibnite, Sb,S3, which is mined in China and in South and
Central America. Antimony also occurs along with nickel in ullmanite, NiSbS. To
extract the metal, the ores are heated with scrap iron, which removes the sulphur as
FeS. Antimony is also obtained as a by-product of the refining of other metals.
Antimony is used in the metallurgy industry, especially in alloys. When it is added to
other metals, such as lead, it hardens them. It is employed for this purpose in, for
example, the manufacture of battery plates and in type metal, as well as in solders,
ammunition and electric cable coverings.
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Antimony is widely used in the chemical industry to produce fireproofing materials,
as well as paint and lacquer, rubber, glazes and pigments for ceramic and glass
manufacture. Antimony compounds have long been used medicinally for the treat-
ment of parasitic infestations. One of these, which is still widely used in the tropics, is
antimony potassium tartrate, 2K(SbO)C4H404.H,O, commonly known as ‘tartar
emetic’. This and other antimonials are used to treat schistosomiasis (bilharzia) and
certain types of leishmaniasis (kala-azar). In ancient times the metal was valued as a
cosmetic, especially as an eyeshadow.

10.2.3 Metabolism and biological effects of antimony

Not a great deal is known about the uptake of antimony from food or its behaviour in
the human body. From animal experiments it would appear that about 15% of the
ingested metalloid is absorbed in the GI tract. The absorbed antimony seems to be
concentrated in organs, including the liver, kidneys and skin. Excretion is rapid
initially, but there may be a long-term component which is retained in the body. There
is no evidence that antimony is an essential nutrient in humans’~.

Physical contact with antimony and its compounds, as well as with its fumes and
dust, can cause dermatitis, conjunctivitis and nasal septum ulceration®?. The hydride,
stibine, is very dangerous. Exposure to it causes headache, nausea and vomiting, and
can be fatal. Exposure to other antimonials affects the skin and can cause myocardial
infarction. Though most of the known antimony poisoning incidents are due to
industrial exposure, a few caused by ingestion have been reported. Most of these have
been due to contamination of soft drinks stored in enamelled containers. Symptoms
include colic, nausea and weakness, with slow or irregular respiration®®.

10.2.4 Antimony in food and beverages

Levels of antimony in foods are generally very low, in many cases below detection
limits. They range from < 0.001 to 0.004 mg/kg fresh weight, as shown in Table 10.2.
A study of infant foods in the UK detected antimony in most samples but generally at
very low levels, with a mean of 0.004, and a range of <0.0001-0.36 mg/kg>>. Little
information is available on antimony levels in foods in other countries. Intakes of
0.25-1.25 mg/day have been reported for children in the US*®. Mean adult intake in
the UK is estimated to be 0.003 mg/day®’, and in Japan 80 + 68 pg/day>®. Levels of
0.1-0.2 pg/litre have been reported in some samples of both river and seawater’”.
High levels of antimony can occur in beverages in contact with enamelled surfaces.
Low-pH fruit drinks have been shown to be capable of dissolving as much as 100 mg/
litre of antimony from enamel®°. The US EPA limit for antimony in drinking water is
0.1 mg/litre.

10.2.5 Analysis of foodstuffs for antimony

Because of low concentrations in foods and beverages, it may be necessary to pre-
concentrate antimony by solvent extraction before analysis. Solid samples may be
digested either by dry ashing, using magnesium nitrate, or wet acid digestion. To
avoid loss by volatilisation, temperatures must be kept low in open digestion. Use of
closed microwave digestion is recommended to overcome such problems. GFAAS,
with appropriate background correction, can be used for determination of even very
low levels of antimony. The presence of chloride can cause problems and it may have
to be removed by back-extraction into alkaline ammonium tartrate. HGAAS is
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Table 10.2 Antimony in UK foods.

Food group Mean concentration (mg/kg fresh weight)
Bread 0.001
Miscellaneous cereals 0.004
Carcass meat 0.002
Offal 0.001
Meat products 0.004
Poultry 0.001
Fish 0.003
Oils and fats 0.002
Eggs 0.001
Sugar and preserves 0.002
Green vegetables <0.001
Potatoes 0.001
Other vegetables 0.001
Canned vegetables 0.002
Fresh fruit 0.001
Fruit products 0.001
Beverages <0.001
Milk <0.001
Dairy products 0.001
Nuts 0.001

Adapted from Ysart, G., Miller, P., Crews, H. ez al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.

effective for low concentrations of antimony. There may, however, be problems with
stability of the hydride in the presence of some other elements®’.

10.3 Selenium

Though selenium itself was only discovered by the Swedish chemist Jons Jakob
Berzelius in 1817, its toxicity to animals had brought the element to the attention of
humans many centuries earlier. In about 1295 the Venetian traveller, Marco Polo,
travelling in what was then called Cathay, described what we now know as selenosis
in horses®?. They had eaten certain plants, native to the part of China in which he was
travelling, which seem to have had the ability to accumulate selenium in their leaves®’.
The same type of toxicity has been recognised in many investigations in other parts of
the world. It occurs over a wide area of semi-arid regions of the mid-US, where it can
poison horses and cattle and was given the name ‘alkali disease’ by stockmen. The
earliest reports were of poisoning of cavalry horses fed on herbage growing in what
became known as ‘poison areas’ and ‘bad lands’. It has been suggested that one of the
plants, Astragalus racemosus , also known as milk vetch or ‘locoweed’, was
responsible for the failure of the relief cavalry to reach General Custer at the Battle of
Little Big Horn®".

Symptoms of selenosis in animals include lameness, hair loss, hoof cracking,
blindness and paralysis, accounting for its other names of ‘change hoof disease’ in
horses, and ‘blind staggers’ in cattle. The plants responsible can accumulate extra-
ordinarily high levels of selenium: in A. racemosus as much as 15 g/kg (dry weight),
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and in the Austrahan accumulator Neptunia amplexicaulis 4 g/kg, more than enough
to kill an animal®®

Selenium p01son1ng of farm stock has been reported in many parts of the world
besides China, the US and Australia, including Mexico, Venezuela, Colombia,
Canada, Ireland and Israel. Selenosis is still recognised as a danger for farm animals
under certain soil conditions. It can also be a danger to humans who consume
foodstuffs grown on selenium-rich soils®®

It was a considerable surprise, therefore, when this highly toxic substance turned
out to be an essential trace element, for farm animals as well as humans. Indeed, as
was found in the country where Marco Polo first came across its toxic trail, there are
some regions of the world where the element is in such short supply that endemic
selenium deficiency occurs, with serious consequences for health. China is in the
unhappy situation of having within its borders three endemic diseases, all selenium-

related, one of excess (human selenosis) and the others of def1c1ency (Keshan and
Kashln Beck)®”.

10.3.1 Chemical and physical properties of selenium

Selenium occurs in Group16/VI of the periodic table, along with sulphur. The two
elements, with tellurium and polonium, make up the sulphur family. Selenium has an
atomic weight of 78.96 and is number 34 in the table. Its density is 4.9. It boils at
684°C and volatilises easily on heating. It occurs in a number of allotropic forms, one
of which is metallic or grey selenium. This crystalline form contains parallel ‘zigzag’
chains of atoms and is the stable form at room temperature. Another form is
monoclinic or red selenium which is an amorphous powder, analogous to yellow
‘flowers of sulphur’.

Selenium has unique electrical properties that make it of exceptional value
industrially. Its electrical conductivity, which is low in the dark, is increased several
hundredfold in light, which also generates a small electrical current in the selenium. It
is, in addition, a semiconductor, possessing asymmetrical conductivity, which allows
it to transmit a current more easily in one direction than in another. Selenium is
chemically close to sulphur and forms similar types of compounds It reacts with
metals to form ionic compounds containing the selenide ion, Se*". It also forms
covalent compounds with most other elements. Normal oxidation states are —2 (e.g.
Na,Se, sodium selenide), O (Se, elemental selenium), +4 (e.g. Na,SeO3, sodium sele-
nite) and +6 (e.g. Na,SeOy, sodium selenate).

Other inorganic compounds of particular interest include hydrogen selenide, H;Se,
which can be formed by the direct action of hydrogen on selenium, but the reaction is
sluggish. It is speeded up by the addition of sodium borohydride, as is done in the
determination of the element by HGAAS. The hydride is a flammable, highly toxic
gas, with an offensive odour. Selenium dioxide, SeO,, is produced when the element is
burned in air. It is a strong oxidising agent, which dissolves in water to form selenous
acid, H,SeOj3. It is used in Kjeldahl digestions to catalyse the oxidation of nitrogen
compounds. Selenium trioxide corresponds to sulphur trioxide, and dissolves in water
to form selenic acid, H,SeOy. It is a strong oxidant and reacts with many inorganic
and organic substances. The two series of compounds formed by these acids, selenites
and selenates, are of importance in the pharmaceutical and agricultural industries as
dietary supplements, and in fertilisers.

The organic compounds of selenium are of considerable interest and some of them
play important roles in cell biochemistry and nutrition. Organoselenium compounds
are similar to organosulphur compounds, but are not identical in chemical and bio-
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chemical properties. Nearly all of the selenium compounds have a notoriously
unpleasant and pervasive odour, a property that may formerly have restricted
investigations by some chemists 6 . Today they are among the most widely investi-
gated of the organometallic compounds. Of most interest are the selenoamino-
carboxylic acids, selenium-containing peptides and selenium derivatives of the nucleic
acids. Particularly important are selenomethionine, the Se analogue of the S-amino
acid methionine, and selenocysteine. The latter is of crucial importance in human
metabolism and is known as the ‘21st amino acid’, the only non-S amino acid to have
its own sgeaﬁc codon to direct its incorporation into a protein in ribosome-mediated
synthesis®’

These different organic and inorganic forms of selenium are of considerable sig-
nificance in relation to biological function and toxicity of the element. There is evi-
dence that its nutritional role depends on whether the selenium occurs in the organic
or inorganic form in the diet’’. Food normally contains only organoselemum com-
pounds, such as selenocysteine and selenomethionine. Its i inorganic compounds, such
as sodium selenite and selenate, are normally consumed only in supplements.

10.3.2 Production and uses of selenium

Selenium is widely, though unevenly, distributed in the lithosphere. Soils and rocks
generally contain about 50-200 pg/kg, but in some places, depending on geological
and other factors, it can be at considerably greater or lesser concentrations. It occurs
at high concentrations particularly in sedimentary rocks, such as limestone, coal and
shale, as well as in volcanic deposits where it is isomorphous with sulphur. Selenium is
concentrated in soils in some dry regions, such as the US Midwest. There it is found in
alkaline soil as selenates. Elsewhere, in acid soils, it is present as selenides and to some
extent as elemental selenium.

Selenium occurs in a number of ores, though none of these is commercially worked
as a primary source. It occurs in ores along with other metals, usually as the selenide,
for example in clausthalite, PbSe. When an ore such as iron pyrites, which contains
selenium, is roasted, the selenium is deposited in the flue dust, from which it can be
extracted. It is also obtained as a residue of copper pyrites oxidation in the lead
chamber used in the manufacture of sulphuric acid. Most selenium is obtained today
from the slimes left when copper is refined electrolytically. Refinery slimes can contain
up to 50% selenium, along with other valuable metals, including gold, germanium
and tellurium. Most of the world’s supply of selenium comes as a by-product of metal
refining in Canada, the US and Belgium, with smaller amounts from Zambia and a
few other countries. World production is about 2300 tonnes per year.

Use of selenium has been growing in recent years. It has many industrial applica-
tions, and is also used extensively in agriculture and in the pharmaceutical industry.
The electrical and electronic industries take about one-third of total production. It is
used on photoreceptive drums of plain paper copiers (e.g. xerox machines), though
this has been decreasing as selenium is replaced by other photo-sensitive materials.
Other related uses are in laser printers, rectifiers, photovoltaic cells and X-ray
machines. Selenium is also extensively used both to decolorise and to colour glass.
The addition of cadmium sulphoselenide to the glass mix makes one of the most
brilliant reds known to glass-makers. Other selenium compounds are used to produce
a variety of other colours, as well as the bronze or smoky glass used in many modern
buildings.

In metallurgy, addition of small amounts of selenium to alloys improves the
machinability of wrought products and castings. It enchances corrosion resistance in
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chromium and other alloys. Other industrial uses of selenium include pigments in
plastics, a hardener for grids of lead—acid batteries, as a catalyst in chemical reactions
and in rubber curing.

Selenium is used extensively as an additive in animal feeds and as a dietary sup-
plement. Soil deficiencies are corrected by adding selenium compounds to fertilisers
and top dressings. Potasssium ammonium sulphoselenide, which is a strong pesticide,
was the first systemic insecticide to be marketed. It was once widely used on vege-
tables, but is now restricted to non-food plants because of its toxic properties.
Considerable amounts of selenium are used in the pharmaceutical industry, parti-
cularly as dietary supplements. A surprisingly large amount is used as an anti-dan-
druff preparation. A stabilised buffered solution of selenium sulphide is marketed as a
shampoo under the trade name Selsun.

10.3.3 Selenium in food and beverages

Levels of selenium in plant foods, and in animals that feed on them, reflect levels in
soils on which they grow. Soil selenium concentrations are subject to considerable
regional variations, and consequently levels in different foods can show a wide range.
This has important consequences for dietary intakes. Thus, in the US where much of
the grain-producing regions have selenium-rich soils, the average intake of the ele-
ment is 62-216 pg/day, while in parts of China, where the soil is depleted, intakes are
3-22 pg/day. In the UK, where, as in most other European countries, soil levels are
relatively low, average intake is about 40 pg/day. Levels of selenium in the different
food groups consumed in the UK, as found in the 1997 TDS, are shown in Table
10.37 These are similar to those reported for other Euro yean countries, such as
Germany They are higher than levels in New Zealand””, but lower than those
reported for the US*.

10.3.3.1 Variability in selenium levels in foods

It should be pointed out that the figures reported for selenium levels in foods in the UK
and other countries represent average concentrations. However, the coefficient of
variation (CV) for selenium concentrations in individual foods can be considerable. In
the US TDS which reported the concentration of selenium in some 234 different
foods, the CV ranged from 19 to 47% with an average of 32%, higher than for other
metals”>. The high CV in animal tissues was attributed to variable amounts of sele-
nium consumed and in plant material to the high variability of the soil content.
Variations in selenium levels in foods in other countries, in some cases of up to a
hundredfold, have been attributed to similar causes’®

An example of the level of variability in selenium levels in a particular foodstuff is
seen in the case of milk, which ranges from 10 to 260 pg/kg in different parts of the

US”’. However, there can even be significant differences between levels in milk pro-
duced on different farms in the same district. An Australian study found that raw milk
from one farm contained 38.5 pg/litre compared to 21.0 pg/litre in milk collected on
the same day on a neighbouring farm. Overall, concentrations in processed milk
collected OVEI tWO years across Australia ranged from 38.34 + 6.01 to 15.87 +
4.49 ug/htre . The range of selenium in milk in the UK has been reported to be 7-
43 1 /htre s and in a high soil selenium region of the US (South Dakota) 32-138 g/
litre®®. In contrast, milk products in a region of low soil selenium in China contained
2-10 pg/lltre It is also interesting to note that though wheat grown in North
America is generally a good source of selenium, the concentration range is 6-66 pg/
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Table 10.3 Selenium in UK foods.

Food group Mean concentration (ug/kg fresh weight)
Bread 44
Miscellaneous cereals 39
Carcass meat 115
Offal 492
Meat products 130
Poultry 185
Fish 360
Oils and fats 30
Eggs 194
Sugar and preserves 9
Green vegetables 8
Potatoes 3
Other vegetables 22
Canned vegetables 14
Fresh fruit 1
Fruit products 0.7
Beverages 0.4
Milk 14
Dairy products 32
Nuts 251

Adapted from British Nutrition Foundation (2001) Briefing Paper: Selenium and Health. BNF, London.

kg®2. This may be compared with the reported range of 2-53 pg/kg in the UK, where
dietary selenium intake is moderate to low®’.

An important conclusion from a consideration of the wide variations in selenium in
foodstuffs is that, in general, food composition tables cannot be used to provide an
accurate assessment of selenium intakes. This has implications for official investiga-
tions which annually determine the range of selenium, and other nutrients, in a variety
of foods. The contribution of each group to average intake is assessed, using popu-
lation average consumption data, but, as can be seen from the above considerations,
estimations of intakes of selenium can only be relatively crude.

10.3.3.2 Good sources of dietary selenium

The richest sources of selenium are organ meat, such as liver (0.05-1.33 mg/kg),
muscle meat (0.06-0.42 mg/kg) and fish (0.05-0.54 mg/kg). Though cereals contain
only 0.01-0.31 mg/kg, cereal products make a major contribution to intake because
of the relatively large amount of them consumed in most diets. Another good source
of the element is nuts. Vegetables, fruit and dairy products are poor sources of
selenium.

10.3.3.3 Brazil nuts

Brazil nuts have been reported to be the richest natural source of dietary selenium.
Levels of up to 53 pg/g have been found in some sold in the UK**. In the US, nuts
purchased in supermarkets averaged 36 + 50 pg selenium/g, with the extraordinarily
high level of 512 pg/g in an individual nut. However, it has to be pointed out that high
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levels of selenium in Brazil nuts on sale in the UK and other countries cannot be
guaranteed®. The content is highly variable and depends on how effective the rain
forest tree Bertholletia excelsa, from which the nuts are harvested, takes up the ele-
ment from the soil. This is determined by the maturity of the root system and the tree
variety, as well as by selenium levels and chemical form in the soil, pH and other
factors.

Brazil nuts are gathered over an enormous area of the Amazon basin, in Brazil,
Bolivia and neighbouring countries in tropical South America. Not all soil types and
conditions across the growing areas of B. excelsa are the same. In some, such as the
Manaus to Belem area, stretching for nearly 1000 miles across the lower reaches of
the Amazon, soil levels are high and readily available for absorption. Nuts from this
region contain between 1.25 and 512.0 pg/g, with an average of 36.0 + 50.0 p/g. In
contrast nuts from the Acre-Rondonia region, on the upper Amazon, where soil levels
are low, contain an average of 3.06 + 4.01 pg/g, with a range of 0. 03-3.17 ng/gt. It
is probable that differences in place of origin account for the range of selenlum levels
found in a recent survey of those sold in the UK, which was 0.085-6.86 pg/g®’.

Brazil nut kernels average about three grams in weight. If these were to contain
selenlum even at about 50 ug/g, which is approximately the level found in some
nuts®® , consumption of three nuts would result in ingestion of about 450 pg of the
element. This is the amount of selenium that the UK Department of Health considers
to be the safe maximum intake of selenium for an adult®. Half a nut would do the
same for a 10 kg infant.

10.3.4 Dietary intakes of selenium

As might be expected, since selenium concentrations in the diet generally depend on
levels of the element in the soils in the area in which foods are produced, and soil
selenium can show considerable differences across the globe, estimates of per capita
intakes vary widely between countries. This is shown in Table 10.4, in which intakes
range from a low of 3 pg/day in parts of China, where human disease has been cor-
related with selenium deficiency, to a high of nearly 7mg/day in another part of the
same country where human selenosis occurs. In a country like New Zealand that has a
history of selenium-deficiency diseases in farm animals, human intakes are almost two
to ten times higher than in selenium-deficient areas of China. In contrast, residents of
the US normally have an intake twice as hlgh or more, than that of New Zealanders®

In the diets of most countries, the main sources of selenium are cereals, meat and
fish, with only a small contribution from dairy products and vegetables. A US survey
found that five foods: beef, white bread, pork chicken and eggs, contributed about
50% of the total selenium in a typical diet!. In the UK diet, bread, cereals, fish,
poultry and meat are the main contributors. Percentage intakes from different foods
were: bread and cereals 22, meat and meat products 32, fish 13 dairy products and
eggs 22, vegetables 6 and other foods 5, and, from nuts 1.3%°*

The dominance of cereal-based foods as core sources of dretary selenium means
that intakes can be affected by a variety of unexpected circumstances. These include
the success or failure of domestic harvests, international grain prices, and national
agrlcultural and trade policies, that affect the importation of grain from the world
market”?. Europe, for example, which relied in the past on imported North American
wheat to provide high-quality flour for bread making, has, with the development of
new bakery technology, been able to rely more and more on home-grown wheat.

In contrast to the Canadian and US wheat, which mostly comes from areas where
the soil is relatively selenium-rich, European soils usually contain low levels of the



210

Metal contamination of food

Table 10.4 Estimated selenium intakes of adults in different countries.

Country Intake (mean and/or range,
pg/day)
Australia 57-87
Bangladesh 63-122
Belgium 30
Canada 98-224
China:
Enshi Province 3200-6690
Keshan area 3-11
Finland:
Pre-1984 25-60
Post-1984 67-110
France 47
Germany 47
Greece 110-220
Ttaly 49
Japan 133
Mexico 9.8-223.0
New Zealand 5-102
Spain 60
Sweden 38
Turkey 32
UK:
1974 60
1997 39
USA 98 (60-220)
Venezuela 80-500

Adapted from Reilly, C. (1996) Selenium in Food and Health. Blackie/Chapman &
Hall, London.

element. In consequence selenium levels today in bread and other bakery products
sold in Europe are lower than they were in immediate post World War II years. This
change has significant implications for dietary selenium intake in Europe. In the UK,
for instance, there has been a substantial drop in selenium 1ntake from an average in
1978 of 60 pg/day, to 43 pg in 1994 and 39 pg in 199774 Correspondmg to this
decline has been a fall in blood levels of selenium in Brltlsh residents over the past
twenty Jears 3. Similar falls in intake and status have been reported elsewhere in
Europe

There is concern among some nutritionists about the possible adverse health effects
of low selenium intakes. In some countries steps have been taken to protect the
population against possible adverse effects of this situation. In Finland the law
requires that selenium be added to all fertilisers and, as a result the selenium status of
the population has been more than doubled in recent years””. In New Zealand the law
permits, but does not require, farmers to use selenium-enriched top dressings on
grazing land, to combat deficiency in farm animals. Self-medication with selenium
supplements is widely practised, and is actively promoted by the pharmaceutical
industry and the media in many countries’®. Increasingly, selenium-enriched food
products are becoming available to meet the desire of consumers to increase levels in
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their diets. Several types of ‘functional foods’, ranging from fortified table salt to
enriched sports drinks, are sold in some countries””. In addition to natural accumu-
lators, such as Brazil nuts, other plant foods which are encouraged to accumulate
selenium by cultivation on selenium-enriched soil, such as some of the genus Bras-
sicae, as well as garlic and other members of the Allium family, are widely promoted,

especially in health food stores!'®°.

10.3.5 Dietary requirements and recommended intakes for selenium

Selenium has been added relatively recently to the dietary recommendations in many
countries, as evidence establishing its important role in human health has become
accepted. Until 1989 the only official guideline for selenium levels in diets was the US
ESADDI of 50-200 pg/day, when the Food and Nutrition Board introduced the first
US adult RDA of 70 pg/day for males and 55 pg/day for females. In 2000 the RDA
was replaced by a Dietary Reference Intake of 55 pg/day for all adults'®'. In the UK
the Department of Health has set an RNI of 75 pg/day and 60 pg/day for men and
women respectively!®%. This is higher than the US DRI for men and also exceeds the
WHO recommendation of 40 pug/day for men and 30 pg/day for women'?3.

It is believed by some health experts that these recommendations are insufficient to
meet human needs and should be increased. There is considerable debate as to
whether dietary recommendations should apply only to the prevention of deficiency
diseases, or generally to the promotion of growth, maintenance of good health and
the reduction of risk of other diseases. In the case of selenium in particular, it has been
argued that intake recommendations should be increased to reflect possible beneficial
effects for prevention of chronic diseases, such as cancer and heart disease'®*.

10.3.6 Uptakes from food and metabolism of selenium

Selenium is present in foods mainly as the amino acids selenomethionine (mainly in
cereals) and selenocysteine (in animal products). In some plants it also occurs as the
selenate. In the leaves of cabbage, beets and in garlic, up to 50% may be present in the
inorganic form'%. Various other selenium compounds are found, generally in small
amounts, in some plants; for example, methyl derivatives, responsible for the dis-
tinctive odour of garlic166, and selenocystathionine, which is a toxic factor in the
South American nut, Coco de Mono'®”. Selenium is also consumed in nutritional
supplements in the form of selenite, selenate, selenomethionine and other selenium
compounds, as well as in enriched yeast preparations.

Absorption of selenium in the GI tract is efficient, with uptake of around 80%.
Selenomethionine appears to be actively absorbed, sharing a transport mechanism
with the amino acid methionine. Selenocysteine may share a common active transport
mechanism with basic amino acids. Selenate is absorbed by a sodium-mediated carrier
transport mechanism shared with sulphur, while selenite uses passive diffusion'®®. A
number of dietary factors, in addition to the chemical form, can affect the absorption
of selenium from food. Enhancers of bioavailability include protein, vitamin E and
vitamin A. Inhibitors include arsenic, mercury, sulphur, guar gum and vitamin C.

Retention of absorbed selenium appears to vary according to its chemical form.
Thus selenomethionine is absorbed and retained more efficiently than selenate or
selenite, but is not as efficient at maintaining selenium status. The reason for this
appears to be that though selenomethionine is retained in muscle and other tissue
proteins to a greater extent than selenocysteine or the inorganic forms, this retention
is non-specific and is as a replacement for methionine. As a consequence, unlike the
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other forms, the selenium in selenomethionine is not immediately available for
synthesis of functional selenoproteins'®’.

Excretion of selenium is primarily in urine, in the form of the trimethylselenonium
ion, (CH3)3 Se*''°. A small amount of selenium is exhaled through the skin and lungs
as dlmethyl selenide, CH3—Se—CH3, and dimethyl diselenide, CH3;—Se—Se—CH3.
These are the compounds that account for the strong ‘garlic’ smell on the breath of
people who have consumed excessive amounts of selenium.

10.3.7 Biological roles of selenium

The primary fate of all selenium absorbed by the body, whatever form is ingested, is to
be incorporated into selenoprotein enzymes which perform a number of essential
functions in the body. After absorption, selenium is transported from the gut and
reduced to selenide within red blood cells, liver and other tissues. It is then deposited
in various organs where it is incorporated into specific selenoproteins as selenocys-
teine. This incorporation is a unique and quite extraordinary activity, the discovery of
which has been hailed as one of the most remarkable achievements of modern
molecular biology.

Synthesm of selenoproteins is a complex process which has not yet been fully
worked out''!. However, what is clear is that genes for the process contain an in-
frame UGA codon which directs the cotranslational insertion of selenocysteine into
protein. This is the first time that a non-standard amino acid has been shown to act in
this manner. As a result, selenocysteine is recogmsed in terms of ribosome-mediated
protein synthesis, as the 21t amino acid!'2. Some 30-35 selenoprotelns have been
detected and about half of these have been characterised in mammalian cells''.
Those which have been identified in human tissues are listed in Table 10.5. All of
these enzymes play an essential role in human metabolism.

The glutathione peroxidases function as intracellular antioxidants that protect cell
systems against free radicals. It was the recognition of its role in the enzyme glu-
tathione perox1dase (GSHPx) in 1973 that helped to identify selenium as an essential
trace element''®. Since then four distinct glutathione peroxidases have been identi-
fied, as listed in Table 10.5. These GSHPx enzymes protect the body against free-
radical damage from lipid and phospholipid peroxides and hydrogen peroxide. The
iodothyronine deiodinases are involved in thyroid hormone metabolism, particularly
in the conversion of the inactive form of the hormone thyroxine, T4, into the active
T3, tri-iodothyronine form. The three thioredoxin reductases are involved in DNA
synthesis and thus in cell growth and division.

Less is known about some of the other functional selenoproteins. Selenoprotein P
may have an antioxidant role in extracellular fluids. It may protect endothelial cells
against peroxidative damage during inflammation, particularly from peroxynitrite, a
reactive nitrogen species formed by the reaction between nitric oxide and superoxide
under inflammatory conditions'!>. Seleoprotein W may also have a role in anti-
oxidant defences, as well as in muscle metabolism. Seleoprotein synthetase is an
enzyme required for the incorporation of selenocysteine into selenoproteins. Sperm
capsule selenoprotein protects sperm cells from oxidative damage and may be
necessary for the structural integrity of mature spermatazoa'®.

As is only to be expected, deficiency of a trace element such as selenium, with so
many roles in cellular metabolism, will have 31gn1f1cant health effects. Selenium
deficiency is associated with several diseases of major economic importance in farm
animals. In humans chronic low intake of dietary selenium is responsible for Keshan
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Table 10.5 Selenoprotein-containing enzymes in humans.

Glutathione peroxidases classical or intracellular GSHPx1
gastrointestinal GSHPx3
plasma GSHPx3
phospholipid hydroperoxide GSHPx4

Sperm capsule selenoprotein (form of GSHPx4)

Selenoprotein P

Iodothyronine 5'-deiodinases Type 1 (IDI-1)
Type 2 (IDI-2)
Type 3 (IDI-3)

Thioredoxin reductases TR1, TR2, TR3

Selenoprotein W

Selenoprotein synthetase (SPS2)

disease, a sometimes fatal cardiomyopathy which occurs especially in children and
young women, as well as for Kashin-Beck disease, a chronic osteoarthropathy, which
also affects mainly children. These diseases are found in parts of China and other
areas of central Asia where soil levels of selenium are very low.

Several other selenium-responsive conditions occur in humans, including
cardiomyopathies and muscular problems in patients on total parenteral nutrition
(TPN). Normal function of the thyroid gland is also dependent on an adequate
supply of the element'!”. There is evidence that selenium deficiency can also cause a
range of problems, including defective immune response''®, and increased suscept-
ibility to various forms of cancer and to coronary artery disease. A connection
between selenium deficiency and increased susceptibility to infectious disease has
been postulated on the basis of evidence that low selenium levels in the host can
trigger increased virulence in a viral pathogen'!”. A decline in selenium status in
human immunodeficiency virus (HIV) has been shown to occur. There is increasing
evidence that selemum supplementation can have a beneficial effect on HIV and
AIDS patients'?

10.3.7.1 Protective role of selenium against toxic metals

Ingested selenium has been shown to be able to counteract the toxic effects of heavy
metals in food. It has been used as an antidote against cadmium and mercury poi-
soning. There is evidence that the simultaneous presence of high levels of selenium
along with high levels of methylmercury can protect consumers against mercury
toxicity. Inhabitants of Greenland, and other communities that rely on fish and other
marine foods as the major component of their diet, can ingest large amounts of
methylmercury'?!. However, as was found in a study ‘of an Inuit fishing community,
though blood mercury levels often exceed 200 pg/litre, a level at which symptoms of
methylmercury poisoning normally appear, there was no sign of mercury intoxica-
tion. This was attributed to the presence of high levels of selenium in the fish and seal
meat the people consumed'?
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10.3.8 Selenium toxicity

Selenium toxicity is well documented in farm animals. Human selenosis occurs in the

central Chinese district of Enshi County, where the condition has been extensively
studied. Intakes of up to nearly 7000 ug/day were recorded in one particular village
where selenosis was widespread'?®. There is also some ev1dence of diet-related sele-
nosis occuring in other seleniferous areas of the world"**. Sometimes it is caused by
excessive intake of dietary supplements

Symptoms of chronic selenium poisoning ,include vomiting, diarrhoea, hair and nail
loss and lesions of the skin and the nervous system. There is some debate about the
levels of intake which bring about such symptoms. Residents of some high soil sele-
nium areas appear to have none of them, though they consume as much as 700 pg/
day. According to the Environmental Protection Agency in the US, a daily intake of
5 ug/kg body weight (350 pg for a 70 kg adult) is not toxic'*® . WHO recommends an
upper safe limit of 400 pg/day. In the UK the recommended maximum safe daily
intake from all sources for adults is 6 ug/kg body weight or 450 pg for an adult male.

Some investigators believe that the WHO upper safe limit, and presumably also the
slightly higher UK maximum safe limit, are too conservative'%’. It is argued that this
view is supported by Chinese findings of no adverse effects among individuals with
blood concentrations as great as 1000 ug/litre (about ten times the normal range) and
intakes of 835 pg selenium/day’

In the case of selenium supplements, because of concern at the possibility of over-
consumption, a maximum upper safe level of 200 ug/day has been proposed by the
European Federation of Health Food Manufacturers. A similar level of 200 pg is
recommended as a max1mum daily dose for long-term supplementation, with 700 pg/
day for short-term use'?”. A recent large-scale human intervention trial in the US
found no dermatological changes or other signs of selen051s with long-term supple-
mentation of up to ten years, using a dose of 200 pg/day’*°

10.3.9 Analysis of foodstuffs for selenium

Until relatively recently, the determination of selenium in foodstuffs was a challenge
to analysts, because of the element’s often very low levels in samples and the ease with
which it can be lost by volatilisation during preparation. Even today, with all the
advantages of modern analytical equipment and techniques available, there can, as
has been commented, ‘still exist some problems with the analytical methodology,
without, however, assuming enormous proportions’ 131

Careful attention to sample pretreatment is essential to prevent losses. Dry ashing
should be avoided. An acid digest, using nitric acid alone or a nitric—sulphuric acid
mixture, carried out on a temperature-controlled heating block or in conical flasks on
a plate heater, has been found appropriate, though care must be paid to temperature
setting and maintenance! 2, Digestion times can be shortened, and danger of vola-
tilisation reduced, by using a closed digestion system with microwave heating'*?

Though spectrofluonmetry, using 2,3-diaminonaphthalene (DAN), has been
shown to be an accurate and sensitive analytical procedure, and was widely used for
selenium until relatively recently, it is now largely replaced by less cumbersome
instrumental techmques134 135 ' HGAAS is now the method of choice in many of the
studies reported'*® Combmmg the method with flow injection (FI) to introduce
standards and test solutions in a 10% HCI matrix stream provides, it is claimed,
several advantages such as lower reagent consumption and higher tolerance to
interfering elements and, in addition, permits automation of the procedures
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Other techniques and procedures for the determination of selenium in foods used
today include instrumental neutron activation analysis (INAA), inductively coupled
plasma atomic emission spectrometry (ICP-AES), inductively coupled plasma mass
spectrometry (ICP-MS), isotope dilution mass spectrometry (IDMS) and X-ray
fluorescence (XRF), as well as less elaborate techniques such as polarography, gas
chromatography and GFAAS. The method used to determine selenium in foods
collected in the UK TDS is hydride generation-inductively coupled plasma-mass
spectrometry (HG-ICP-MS).

There is increasing interest in determining different species of selenium com-
pounds in foods'*®. Methods for doing so are being developed and several proce-
dures have been reported. Some of these have recently been evaluated in a review
published by the Commission on Microchemical Techniques and Trace Analysis of
the International Union of Pure and Applied Chemistry (IUPAC)'*°. Among them
were methods based on radioimmunological assay (RIA) for selenoproteins, which
were found to offer very low detection limits, but required that the proteins be first
isolated in amounts sufficient for antibody production. More promising were
another group of methods, using hyphenated techniques, based on the coupling of
electrophoretic or chromatographic separation with an atomic spectrometric or
other selenium-specific technique. These hybrid systems include polyacrylamide gel
electrophoresis (SDS-PAGE)-INAA, and high-performance liquid chromatography
(HPLC)-ICP-MS. The IUPAC report noted that though progress has been made in
developing such procedures, much still remains to be done. A major challenge is to
refine the methods to improve sensitivity and reduce vulnerability to matrix inter-
ference. Now that the importance of knowing not only the total amount of selenium
present in a food or other biological sample, but also which and how much of the
various species are present, has been established, undoubtedly it will not be long
before this challenge is overcome'*°.

10.4 Tellurium

Tellurium is a rare element, with a natural abundance of a few mg/kg, and its
importance as a food contaminant is minor. It is, however, included in this sec-
tion to round off the story of selenium, with which it is closely related, in chem-
istry and in origins. In addition, tellurium is also one of those metals at present
of little concern to toxicologists but which, because of their growing industrial
uses, could become of greater significance as potential contaminants of the
human diet.

10.4.1 Chemical and physical properties of tellurium

Tellurium, Te, is number 52 in the periodic table of the elements, with an atomic
weight of 127.6. It is a silvery-white brittle metalloid and exists in several allotropic
forms. It is a member of the sulphur family, with very similar chemical properties to
sulphur and selenium. It combines with oxygen to form a variety of oxides, includ-
ing the dioxide, TeO,, and trioxide, TeO3. These in turn give rise to the two weak
acids, tellurous, H,TeO3, and telluric, HsTeOyg. Tellurium forms two series of tell-
urides, examples of which are sodium telluride, Na,Te, and sodium hydrogen tell-
uride, NaHTe. Hydrogen telluride, H,Te, is formed by the action of weak acid on
tellurides.



216 Metal contamination of food

10.4.2 Production and uses of tellurium

Tellurium has been found in nature as the free element, but most frequently occurs
in ores combined with gold, lead or silver as tellurides. There are several different
ores, but none is used for production of the metalloid. All commercially used tell-
urium is recovered from the slimes from electrolytic processing of non-ferrous
metals, particularly copper. World production of tellurium is estimated to be about
450 tonnes each year, with production mainly confined to Canada, Japan, Peru and
the US'*

Tellurlum has a number of industrial uses, largely in metallurgy. It is used to
improve the properties of steels and other metal alloys for special purposes. About a
quarter of world production is used as chemicals and catalysts in, for example,
hydrogenation and halogenation reactions. Tellurium compounds are used as curing
agents in rubber manufacture, in explosives and the manufacture of glass and plas-
tics. A growing and increasingly important use is in electronics as a semiconductor
in thermoelectric and photoelectric devices. A mercury—cadmium telluride alloy is
used as a sensing material for thermal-imaging devices as well as in medical
diagnosis'**

10.4.3 Tellurium in foods and diets

Little information is available on tellurium levels in most foods. Some of what is
available, especially in older reports, is of doubtful reliability, due to inadequate
analytical techniques which inflated results. A more recent study found that tellurium
concentrations, in the limited number of foods and beverages examined, was of the
order of 1 pg/kg or below. This is about two orders of magnitude lower than previous
recorded values . Levels of tellurium in a variety of foods and beverages are given in
Table 10.6, which is based on this study.

From the limited data available, it is possible to estimate that daily intake of tell-
urium is between 1 and 10 u%/day This is considerably lower than the intake of
100 pg/day formerly reported * It has been suggested that differences between
intake in different regions are due cither to regional variations in the tellurium content
of plants, or to contact of some of the foods analysed with metal containers that had
been contaminated by tellurium'*°.

10.4.4 Uptakes and metabolism of tellurium

About 10-20% of ingested tellurium appears to be absorbed by the body'*®. This is
followed by rapid excretion, mamly in urine*’. Some tellurium may be exhaled from
the lungs after being metabohsed into dlmethyl telluride. This has a strong and per-
sistent garlic-like odour that has been detected on the breath of volunteers who
consumed 100 pg of sodium tellurite!*®,

There is no evidence that tellurium is an essential trace element or performs any
specific metabolic function in humans. The toxicity of orally administered tellurium
has been shown to be low in experimental animals. Rats fed 375-1500 ug of ele-
mental tellurium per gram of diet for 21 days developed a garlic-like odour on their
breath, but showed no pathological changes. When the tellurium was fed as TeO,,
they suffered from temporary paraly51s of hind limbs, hair loss and other symptoms.
Soluble salts were toxic at concentrations of 25-50 pg/g of diet'
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Table 10.6 Tellurium levels in some foods and beverages.

Food/Beverage Te content
(ng/kg, wet wt)
Water (tap) <0.2
Red wine 0.5
Milk <4
Meat (beef) <5-<10
Fish (imported) <2
White flour <5
Wholemeal flour <5
Corn 0.22
Garlic 0.9—<5
Mushrooms 1.0
Onions 0.8
Potatoes 3.2
Tomatoes <0.7
Lettuce <10
Apples <0.7-3.2
Curry powder <10
Cheese (parmesan) 13
Herbs (mixed, dried) 12
Paprika powder <10

Adapted from Kron, T., Hansen, C.H. & Werner, E. (1991) Tellurium
ingestion with foodstuffs. Journal of Food Composition and Analysis, 4,
196-205S.

Note: most of the concentrations are below detection limits, indicated by <.

The different detection limits were the result of different amounts of sample

prepared for the AAS analytical technique used.

10.4.5 Analysis of foodstuffs for tellurium

Problems have been encountered by analysts in determining tellurium in food because
of its generally very low concentrations. There are other difficulties, 1nclud1ng analyte
loss, preconcentration problems, background and matrix effects'°. Some of the
carlier determinations which were carried out using NAA appear to have given
doubtfully high results. HGAAS has been used with some success, though problems
were experienced with foods containing fats and oils, which had the effect of reducing
the tellurium signal.

10.5 Boron

In the official UK report on dietary reference values published in 1991, the element
boron was covered in a total of just twelve lines of text. The final sentence reads: ‘the
role of B in humans is unknown and the essentiality of B remains to be demonstrated.
There do not appear to be any published studies relating to the question of B toxi-
city’'®!. That situation has changed dramatlcally over the past decade. There is now
1ncreasmgly strong evidence that boron is indeed an essential trace element for
humans and there is no shortage of published studies which deal with the question,
not just of boron’s toxicity, but also of its unique metabolic role.
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10.5.1 Chemical and physical properties of boron

Boron, B, is number 5 in the periodic table and has an atomic weight of 10.8. It is a
metalloid with predominantly non-metallic properties and exists in two forms, as an
amorphous dark brown powder and as yellow crystals. Crystalline boron is trans-
parent and nearly as hard as diamonds. Its electrical resistance is remarkable in that at
room temperature it is about two million times greater than at red heat. Chemical
properties of boron are similar to those of silicon. It forms compounds with oxygen,
hydrogen, halogens, nitrogen, phosphorus and carbon. Boron burns in oxygen to
form boric oxide, B,Oj3. This dissolves in water to form orthoboric acid, H;BO3. If
dry orthoboric acid is heated it is converted first into metaboric acid, HBO,, then into
tetraboric acid, H,B407, and finally into boric anhydride, B,O3.

Among the most important compounds of boron are sodium tetraborate deca-
hydrate, Na,B;0,.10H,0O, commonly known as borax. Sodium perborate,
NaBO,.3H,0.H,0,, is made by treating borax with sodium hydroxide and hydro-
gen peroxide. On hydrolysis the perborate liberates hydrogen peroxide. Boron
nitride, BN, is a crystalline substance analagous to graphite and is sometimes called
‘inorganic graphite’. Boron carbide is an extremely hard substance and can be used as
a substitute for diamonds in cutting and abrading tools. Boron forms a number of
organic compounds. It has a tendency to form macromolecules with organic mole-
cules, such as carbohydrates, as well as with ATP, vitamin C, steroids and other
compounds of biological importance'*2.

10.5.2 Production and uses of boron

Boron is widely distributed in the lithosphere, but usually at low concentrations. It
occurs in concentrated form as orthoboric acid in volcanic regions and as borax and
colemanite, Ca;Bs01.5H,0, in dry lakes of the world’s deserts. Though borax was
known since ancient times and was used in medicine, glass-making and alchemy, the
element was first produced in a semi-pure form in 1808 by Davy in England and by
Gay-Lussac in France. The element is obtained commercially by reducing the oxide
with magnesium and leaching with hydrochloric acid.

Boron has a considerable number of industrial applications'*3. It is used as a
deoxidiser and degasifier in metallurgy and to improve hardenability and facilitate
annealing of steel and other alloys. Boric acid and perborates are used as brazing
fluxes. It is also widely used in the production of enamels, as well as in the manu-
facture of special glass, such as that used to make laboratory glassware, as well as in
fibreglass and ceramics. The ability of boron to absorb neutrons makes it ideal for use
in steel alloys for making shielding materials and control rods in nuclear reactors.
Boron fibres, which have a very high tensile strength, are added to plastics to make a
material that is stronger, though far lighter, than steel.

Borates are used in magnets, sandpaper and grinding wheels. In the automobile
industry boron compounds are used to make antifreeze, motor oil, brake fluid and
power steering fluids. The electrical and electronic industries use borates to make
capacitors, transistors, semiconductors and other computer components. Borax and
boric acid were once used extensively to preserve and extend the palatability of foods,
such as fish, meat and meat products'*®. They also have a long history of use as an
antiseptic and in several other pharmaceutical compounds. However, because of
toxicological considerations, this use is now discouraged, if not actually prohibited, in
some countries. Boron compounds are found in a very wide range of household
chemicals, especially in washing powders and cleaning agents, as well as in cosmetic
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preparations, such as creams, soaps, shampoos and many others. They are also used
in wood treatment, insecticides and microbiocides, as well as in water treatment
plants and in fertilisers.

10.5.3 Boron in food and beverages

Boron is a normal component of the diet, occurring in all food groups, as shown in
Table 10.7. It occurs at highest concentrations in plant foods, especially in vegetables
and fruit, with a particularly high level in nuts, but at low concentrations in animal
products. The UK data correspond closely to levels in foods in the US'*. Particularly
good sources of boron in the US diet, according to a recently compiled database, are
peanuts (17 mg/kg), peanut butter (14.5 mg/kg) and raisins (22 mg/kg)'*°. Boron
concentrations in beverages ranged from 6.1 mg/kg in dry table wine, to 1.8 mg/kg in
apple juice and milk, 0.29 mg/kg in coffee, 0.13 mg/kg in cola-type soft drinks,
0.12 mg/kg in beer and 0.09 mg/kg in brewed leaf tea. The median level of boron in
drinking water in the US has been reported to be 0.031 mg/litre, with an upper range
of 2.44 mg/litre™”. Interestingly, coffee and milk, in spite of their low concentrations,
are the top two contributors to boron intake in the US because of the volumes in
which they are consumed. For the same reason, several of the other beverages also
make a major contribution.

Mean adult intake in the UK has been estimated to be 1.4 mg/day, with an upper
range of 2.6 mg/day'°®. The US average daily adult intake has been estimated as
1.5 mg, which is very close to the UK value'*®. However, a recent report, based on a
greater number of foods, found that intakes by adults in the US are as low as 1.17 +

Table 10.7 Boron in UK foods.

Food group Mean concentration (pg/kg fresh weight)
Bread 0.5
Miscellaneous cereals 0.9
Carcass meat <0.4
Offal <0.4
Meat products 0.4
Poultry <0.4
Fish 0.5
Oils and fats 0.4
Eggs <04
Sugar and preserves 0.8
Green vegetables 2.0
Potatoes 1.4
Other vegetables 1.4
Canned vegetables 1.2
Fresh fruit 3.4
Fruit products 2.4
Beverages 0.4
Milk <0.4
Dairy products 0.4
Nuts 14

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.
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0.65 for males, and 0.96 + 0.55 for females'®’. In contrast, intakes by Canadian
women have been reported to be 1.33 + 13 mg/day'®’.

Because of higher levels of the element in plants than in animals, vegetarians might
be expected to have a higher than average intake, with about 20 mg/day'®*. However,
it was found that boron intakes by adult vegetarians in the US are actually 1.47 +
0.70 for males and 1.29 + 1.12 pg/day for females. It has been suggested that the
reason for these unexpectedly low intakes may be that, although vegetarians consume
more boron-rich fruits, nuts and legumes, their diet also includes more low-boron
grain products and less total energy than that of non-vegetarians'®3,

10.5.4 Absorption and metabolism of boron

Ingested boron is rapidly taken up from the GI tract, with possibly more than 90%
absorbed'®*. The boron is rapidly distributed throuéghout body water. It is not
metabolised and most of it is rapidly excreted in urine'®>. A small amount appears to
be retained in body tissues, especially bone and spleen'®®. Boron has long been known
to be essential for the growth of plants and there is increasing evidence that it is also
essential for animals and humans. The WHO Expert Committee on Trace Elements
has declared that boron is ‘probably essential’'®’, and the USDA believes that a
provisional RDA could be established for the element'®®, The 1989 edition of the US
Recommended Dietary Allowances stated that there was substantial evidence that
boron was an essential micronutrient in animals. However, more information about
actual boron intakes was needed before recommended intake levels could be deter-
mined'®®. The same reasoning was followed by authorities in the UK and so far there
are no official recommendations on boron intakes in the diet.

There is considerable experimental evidence that boron deprivation affects the
composition or function of several components of the body, including the skeleton
and brain. It also affects biochemical indices associated with the metabolism of other
nutrients, including calcium, copper, nitrogen and cholecalciferol'”°. Effects of low
boron intake were enhanced when the animal simultaneously suffered from nutri-
tional stress, for example by deficiencies of vitamin D, calcium, cholecalciferol,
magnesium and potassium. Boron appears to affect calcium and magnesium meta-
bolism positively, and may be needed for energy substrate use and membrane func-
tion'”!. A number of clinical studies have indicated that boron deficiency can also
occur in humans and may be of significance in relation to osteoporosis. There is
evidence that supplementation with boron can influence the metabolism of major

minerals and bone-related hormones, for example in post-menopausal women'”?.

10.5.5 Boron toxicity

Dietary boron has a low level of toxicity, most probably because almost all that is
absorbed is rapidly excreted. However, this control can be overwhelmed by high
doses, as has been shown in the case of experimental animals and in a few humans
who have been accidentally poisoned by pharmaceutical and household products
containing boron'”?. Acute toxicity causes nausea, vomiting, dermatitis, lethargy and
other symptoms. In extreme cases kidney damage occurs, followed by circulatory
collapse and death. The minimum lethal dose for humans is not known, though single
doses of 18 to 20 g have been fatal to adults. An ADI of 0.3 mg/kg body weight/day,
equivalent to about 20 mg boron/day for a 70 kg man, has been proposed by the US
FDA on the basis of a NOAEL (no observable adverse effect level) of 9.6 mg/kg/day.
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10.5.6 Analysis of foodstuffs for boron

The accurate determination of boron in biological materials has been described by
expert analysts as ‘exceptionally difficult’”*. The reasons for this are not simply
because of the very low levels of the element usually encountered in samples. There
are also many other problems, including carbide formation and matrix effects, which
affect AAS determinations in particular. ICP-MS was used successfully in the UK
TDS, though the high limit of detection (0.4 mg/kg) indicates difficulties encoun-
tered'””. A method has been described that is said to circumvent many of the pro-
blems, such as volatilisation, mineral residue and low boron concentrations. This uses
a very sensitive instrument, an inductively coupled argon plasma spectrometer
(ICAP), after an open-vessel, low-temperature wet digestion'”®.
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Chapter 11
The new metal contaminants

In 1988 the distinguished Canadian environmentalist Jerome Nriagu, in a paper on
the problems posed by industrialisation to the environment, made the following
thought-provoking observation:

Metals and their compounds are indispensable to the safety and economy of most
nations and have been key factors in the liberation of modern civilization from
hunger, disease and discomfort. Few, if any, of the metals known to mankind has
not found some application in industry, and the number of commercial uses
continues to grow with the development of modern science and technology.
Inevitably, each industrial process generates wastes which must be discharged
into the1 environment, along with the ever growing list of new metallic com-
pounds’.

This chapter will deal with some of those new metallic compounds for which
industry continues to find novel applications. It will examine the significance of some
of these metals for human health, especially in relation to food contamination. Many
were formerly unknown to the majority of people and seldom encountered except by
the specialist scientist and metallurgist. In some cases little is known about them from
the human health point of view, but an attempt will be made to at least flag potential
problems which could arise with increasing use in the future. Since it is not be possible
to cover all the metals that are actually used commercially or are still at the stage of
experimental application, a selection of those about which most is known will be
made. They will be grouped under three different headings

(1) the radioactive metals
(2) the catalytic metals
(3) the electronic metals.

11.1 The radioactive metals

In 1896 the French scientist Henri Becquerel discovered that the element uranium
emitted rays which could affect the emulsion on a photographic plate. A decade and a
half later Madame Marie Curie and her husband Pierre showed that atoms of ura-
nium and radium undergo spontaneous disintegration to form atoms of other ele-
ments and in the process emit penetrating rays. This spontaneous decomposition of
atomic nuclei is what we call radioactivity. In 1903, Becquerel and the two Curies
shared the Nobel Prize in physics for their discovery.

Several radioactive elements and isotopes of elements occur in nature, and people
have been exposed to their penetrating rays, usually at very low levels, ever since the
human race first evolved. But during recent decades a new form of radioactivity,
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artificially produced, has been introduced into the environment. Atomic weapons and
nuclear energy production, as well as a variety of applications in medicine and
industry, have greatly added to the world’s radioactive load.

The penetrating rays that are emitted by radioactive elements are commonly
referred to as ionising radiation, because of the effects they produce. The rays are
high-velocity particles emitted from the nuclei of atoms. Two principal kinds of
particles are produced: a-particles, which consist of two neutrons and two protons
(identical to the helium nucleus); and B-particles, which are high-velocity electrons.
These emissions may be accompanied by y-rays. These are electromagnetic rays, like
X-rays, and are more penetrating than either o~ or B-particles.

When a nucleus loses an a-particle, its atomic mass is decreased by four units and its
atomic number by two. The loss of two protons from the nucleus is accompanied by
the loss of two electrons, thus maintaining electrical balance. When a B-particle is lost,
there is no change in the mass of the nucleus, but there is an increase of one in the net
positive charge, so that the atomic number increases by one unit. The emission of y-
rays has no effect either on the atomic number or the atomic weight of an element,
since these rays possess neither mass nor charge. All elements with atomic numbers
greater than that of bismuth (83) have one or more isotopes, which are naturally
radioactive. A few elements of lower atomic number, such as potassium and rubi-
dium, also have naturally occurring radioactive isotopes. Artificially produced
radioisotopes of many atoms are also known.

It may be useful to clarify some of the terms used with regard to isotopes and
radioactive elements, since they are sometimes confused in non-specialist literature.
Isotope refers to a type of atom, while nuclide refers to the nucleus of a specific
isotope characterised by its atomic number, mass number and energy. Radionuclides
are unstable nuclides, which emit ionising radiation. The rates at which disintegration
of radionuclides takes place are not the same for all elements. The term half-life is used
for the time taken for the activity of a radionuclide to decay to half its original level,
that is, for half the nuclei to disintegrate. The SI unit used for radioactivity is the
becquerel (Bq), which is defined as one radioactive disintegration per second.

11.1.1 Radioisotopes

There are three different types of natural radionuclides. Some, such as uranium (U)
and thorium (Th), have always been with us. They have extremely long half-lives of
millions of years. A second group, daughter elements, is produced by the disin-
tegration of members of the first group. Thus radium-226 (Ra-226) is produced by
the disintegration of U-238. Ra, in its turn, produces a daughter of its own, radon
(Rn-222), which is itself unstable, producing lead (Pb-210), and this, in its turn,
produces a daughter, polonium (Po-210). The third group of radionuclides is con-
stantly being formed by the action of cosmic rays on elements in the atmosphere. One
of the most important of these is carbon-14, which is made from the nucleus of
nitrogen. These naturally occurring radionuclides account for the ‘natural back-
ground’ in the presence of which we have evolved®. In recent years man-made
additions have more than doubled the levels of radiation to which we are exposed.
These have come from nuclear weapons, emissions of the nuclear industry and the
increasing use of radioactive materials in medicine and industry.

When a nuclear bomb is exploded, or a nuclear reactor operated, a complex
mixture of many different radionuclides is produced by fission of the fuel materials.
Included are the long-lived heavy elements, such as U-235 and plutonium (Pu-239), as
well as caesium (Cs-137), half-life 30 years, strontium (Sr-90), half-life 28 years,
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cobalt (Co-60), half-life 5.27 years, ruthenium (Ru-106), half-life one year and iodine
(I-131), half-life eight days. In an explosion, many other radionuclides are also pro-
duced, not directly from the nuclear fuel, but as a result of the action of neutrons from
the fission of other elements present in the bomb or reactor’s casing and in the
immediate environment of the explosion. The ‘activation products’ can include zinc-
65 (half-life 245 days) and C-14 (half-life 5730 years). The radioisotopes used in
medicine, industry and research are also activation products, but made by ‘neutron
bombardment’ of selected target atoms in specially designed nuclear reactors.

11.1.2 Radioactive contamination of foods

Man-made radionuclides from a variety of sources, such as explosions of nuclear
weapons, release of waste into air and water from nuclear plants, accidents in nuclear
power stations and in nuclear submarines, have, during the past half century, con-
tributed to nuclear contamination of human foods. Radionuclides released into the
atmosphere will eventually fall to earth where they can be absorbed by plants and
consumed by grazing animals. Radionuclides discharged into fresh or marine waters
can result in contamination of fish and other aquatic organisms. Through these
pathways, they can enter the human food chain. Table 11.1 lists the most important
of the artificially produced radionuclides with their half-lives, the type of radiation,
and the principal food pathways they can follow.

Contamination of food with radioactive metals is a twofold hazard to health, for, in
addition to the chemical toxicity which might be expected from ingestion of any
poisonous metal, there is the additional hazard of radiological toxicity. However,
though only specific chemical forms of non-radioactive contaminants are normally
toxic, any intake of radioactivity increases an individual’s exposure to ionising

Table 11.1 Food pathways of radioactivity to humans.

Nuclide Half-life Radiation Pathway

H-3 124y B all foods

C-14 5730y B all foods

S-35 87.4d B milk, plant foods

Sr-90 285y B milk, molluscs, meat
Tc-99 0.22 x 10°y B vegetables, crustaceans, offal
Co-60 53y By molluscs

Ru-106 ly By plants, molluscs, offal
1125 60.1d By milk

I-129 15.5 x 10°y By milk

1131 8.0d By milk

Cs-134 21y By milk, fish, shellfish, offal
Cs-137 30.1y By milk, fish, shellfish, offal
Pu-238 87.74 y o offal, molluscs

Pu-239 24000 y o offal, molluscs

Am-241 432y oy offal, molluscs

Np-237 22 x10%y oy offal, molluscs

Adapted from Ministry of Agriculture, Fisheries and Food (1994) Radionuclides in Food. Food Surveillance
Paper No. 43. HMSO, London.
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radiation. Thus, exposure to uranium and its compounds is known to cause renal
toxicity (the main chemical effect), as well increasing the risk of developing cancer (an
effect of ingestion of a-particle-emitting uranium).

Both types of effect have been observed in a small number of US Gulf War veterans
who were exposed to depleted uranium (DU) in armour-piercing prO]CCtllCS used in
that conflict’. Though there is concern about the chem1cal effects of DU in shrapnel
fragments still lodged in body tissues of these soldiers*, it is the radiological risk that
normally attracts most attention from health and environmental authorities as well as
from national and world bodles, especially the International Commission for Radi-
ological Protection (ICRP)’. It is also the reason why permissible levels of radio-
nuclides in foods and the environment are generally much less than those for chemical

contaminants®.

Not all radionuclides behave in the same way after they are ingested in food. Some
are not absorbed from the GI tract to any significant extent and mainly pass through
the gut and are excreted. These include the actinides, plutonium-238 and -239,
americium (Am-241) and neptunium (Np-237). Others, such as caesium (Cs-137), are
rapidly and largely absorbed. Once absorbed, the behaviour of the radionuclide will
depend on its chemical form. Thus Cs-137, which is similar in chemistry to potassium,
accumulates, as does potassium, in soft tissue, including muscle. The strontium
nuclide Sr-90, which can substitute for calcium, to which it is chemically very similar,
accumulates in the skeleton. The outcome of accumulation of any radionuclide in
such ways will depend, ultimately, on what sort of radioactivity it produces, and its
persistence, which in its turn depends on its physical and biological half-life.

Another factor which has to be considered in relation to radioactive contamination
of food is that the behaviour of radionuclides, both in foods and in the human body,
can be affected by the presence of chemical analogues. An example of this is the effect
of calcium on radioactive strontium. Cows grazing on Sr-90-contaminated fodder
have been shown to be able to discriminate against the strontium in favour of calcium
in their milk. As a consequence, the Sr-90/calcium ratio in human bone varies,
depending on whether calcium is mostly obtained from milk and dairy products or
from vegetables and cereals. Another example of interaction between a radionuclide
and a stable isotope is that of iodine-131 and stable iodine. In a widely used and
effective countermeasure following nuclear accidents, administration of stable iodine,
in the form of iodide or iodate, is used to block uptake of I-131, especially in children
who have been exposed to the radionuclide”.

In the light of the above considerations, when assessing the impact of radionuclide-
contaminated food on consumers the following should be taken into account:

(1) the pathway of the radioactivity from source to the human diet

(2) the chemical form of the contaminant

(3) its uptake from ingested food

(4) its physical and biological half-lives and the type of radiation emitted
(5) the presence of competing stable analogues.

In addition, when considering the question of the health effects of consumption of a
particular food contaminated with a radioactive metal, it must be recognised that the
radiation dose from any such food will depend on four factors:

(1) the quantity of the food eaten over a period of time

(2) the level of radioactivity in the food consumed

(3) the type of radiation (o, B or y) emitted by the radionuclide(s) in the food

(4) the chemical properties of the radionuclides, which determine whether they are
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uniformly distributed throughout the body or are concentrated in particular
tissues.

The effects of these factors are summarised in the concept of a Dose Conversion
Factor. The DCF relates the amount of radioactivity consumed (in Bq) to the resulting
Dose Equivalent. This is expressed in SI units as sieverts (Sv), and is the quantity
obtained by multiplying the absorbed dose by a factor that allows for the different
effectiveness of the different types of ionising radiation in harming tissues. This is
usually taken as 1 for B- and y-radiation and 20 for a-particles.

In order to determine the radiation dose that an individual will receive from a
particular contaminated food, it is necessary to know the level of activity of each
radionuclide it contains as well as the actual amount of the food consumed. Dietary
surveys can provide the latter information. The identity and amounts of the nuclides
present in the food can be determined by the use of a high-resolution gamma spec-
trometer or other analytical procedures. The health effects of radiation are described
as either non-stochastic, in which the severity of the effect is related to the magnitude
of the dose received, or stochastic, in which the probability of an effect occurring, but
not its severity, is related to the dose received®. Non-stochastic effects, which include
various degrees of radiation sickness, only occur with relatively large doses. Sto-
chastic effects may be cancer or a genetic effect, which is not immediate and for which
there is no threshold dose below which it does not occur.

11.1.2.1 Food contamination caused by the Chernobyl accident

The reality of radioactive contamination of food was brought home to the world by
the Chernobyl accident, which occurred on 26 April 1986'°. A reactor in the nuclear
power station at Chernobyl some 100 km north of Kiev in the Ukraine, then part of
the USSR, was accidentally accelerated in a few seconds from low to more than a
hundred times full power. The result was a massive explosion that lifted the roof off
the building and spewed out debris on the surrounding area. A radioactive cloud was
produced which was fed by emissions from the damaged plant for several days. The
cloud was blown on the wind over much of Europe, as well as east towards Japan and
China. It contained a wide range of fission products, many of them highly radioactive,
the most prominent of which were iodine-131, caesium-137 and tellurium-132.

The impact of the Chernobyl nuclear explosion on radionuclides in UK foods is
illustrated by the average level of Cs-137 detected in Scottish milk. In 1985 this was
0.1 Bq/litre. After Chernobyl it had risen to 7.8 Bq/htre In the followmg year it had
decreased to 5.4 Bq/htre and by 1990 to 0.2 Bg/litre''. Similar rises, and subsequent
falls, were detected in several other foodstuffs, 1nclud1ng mutton and lamb.

Heavy rain caused deposition of large amounts of radioactivity as the cloud passed
over Scandinavia and on across Europe. It crossed the English Channel six days after
the explosion and moved across England, Wales and Scotland and on to Ireland
before disappearing out over the Atlantic Ocean. Monitoring by health authorities in
the countries over which the radioactive cloud passed found levels approaching and,
in some cases, exceeding ICRP and other official intervention levels in some foods. In
France, Germany, Greece and other countries, certain types of vegetables, especially
spinach, were withdrawn from sale. In Finland the sale of reindeer meat was pro-
hibited. In the UK restrictions were imposed on the slaughter of lambs produced on
contaminated grass in parts of Wales, the Lake District and Scotland.

Now, more than a decade and a half later, the effects of the Chernobyl disaster still
persist in the environment. Though the acute effects have appreciably decreased,
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authorities in many countries continue to monitor food and the environment for
possible delayed effects of the nuclear accident. Cs-137, one of the main radionuclide
carried by the winds to the UK from the Ukraine in April 1986, still persists on the
hillsides of Wales and is detectable at more than background level in sheep reared on
its upland farms'?. Contamination of grazing sheep by Cs-137 still occurs in pasture
land in southern Finland which was in the path of the radioactive cloud released at
Chernobyl . In Greece, which was less seriously affected than some other countries,
there is still concern at its possible impact on food, and monitoring continues

11.1.2.2  Food contamination and the nuclear industry

Nuclear power stations, nuclear fuel production and reprocessing, production and
use of medical and industrial isotopes, and scientific research all produce radioactive
waste. Its discharge to the environment, or storage in various forms and holding
areas, must be carefully controlled if environmental contamination is to be avoided or
at least kept to a minimum. Under government regulations in the UK, as in most other
countries, only solid waste with very low levels of activity may be disposed of with
other industrial or household refuse in local authority tips; if the waste has a higher
level of radioactivity it may be buried in special landfill sites. Waste with the highest
levels of contamination must be stored, either at the site of production or elsewhere in
special storage facilities. None of these methods of disposing of solid radioactive
waste should, normally, result in contamination of food. The same can be said of
gaseous waste which is normally discharged from high stacks to ensure that any
radioactivity emitted is diluted and dispersed before it is carried to the ground.
Though this method should also minimise the likelihood, it may in some circum-
stances result in contamination of food crops, as can also occur when liquid waste is
dispersed.

Liquid discharges from nuclear industries are normally made in the UK, and in
other countries where a convenient coastal location is available, through long pipe-
lines into the sea. This is done to ensure that any radioactivity is greatly diluted and
widely dispersed. The success of this method depends on the efficiency of in-house
controls of levels of radioactivity in the discharges. Where these are inadequate, or
accidental spills occur, as has been the case at some nuclear installations, unac-
ceptably high levels of contamination of marine organisms can occur.

Data published by the MAFF in the UK for levels of Cs-137 in plaice caught off-
shore at Sellafield in Cumbria'® indicate that spills have occurred in the past. In 1963
levels in the fish were 19Bq/kg. Four years later they had risen to 26 Bg/kg. Over the
following years they continued to rise, with a jump in 1975 to 1100 Bg/kg. Levels
peaked in the following year at 1500 Bq/kg. Since then they have fallen to 940 in 1977
and 15 Bg/kg in 1991, indicating an improvement in plant hygiene and an absence of
further uncontained emissions. Nevertheless, concern continues to be expressed by
environmentalists and others on both sides of the Irish Sea at the possible effects of
emissions from the Sellafield plant on fish and other marine foods.

Sellafield is not, in fact, the only source of radioactivity in British coastal waters.
Cs-137 has been detected in marine organisms at every site examined around the
whole coastline'®. There is clearl;/ more than one source of the radionuclide, though
Sellafield is the most significant'”. For this reason, a strict surveillance programme is
in place to monitor levels of intake of radionuclides in foods derived from within close
proximity of the plant where contamination by discharges of waste may have
occurred. This is done under the Terrestrial Radioactivity Monitoring Programme
(TRAMP) which was set up by MAFF in the early 1990s"S.
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Results of the 1995 programme indicate that, in spite of waste discharge from the
plant into the atmosphere, the activity of Cs-137 in the diets of both adults and
children in the vicinity of the Sellafield plant was similar to that of a control group in a
non-contaminated area. Moreover, levels of Cs-137 intake found in the TRAMP
study were over an order of magnitude lower than those that had been recorded in
Cumbria nine years earlier. However, activity of another radioactive metal, Sr-90,
was relatively high in children’s diets at Sellafield, compared to adults and the control
group. However, overall, the TRAMP results showed that exposure from the con-
sumption of foodstuffs collected near Sellafield did not exceed the recommended limit
of 1.0 Sv/year®.

11.2 The catalytic metals

Many countries now require that internal combustion engines of vehicles be equipped
with catalytic converters to control levels of exhaust emissions. These converters
usually contain 1-3 grams of two different platinum metals (malnly platinum, pal-
ladium and rhodium), supported on a ceramic honeycomb monolith®. Their purpose
is to control emissions of nitrogen oxides, as well as carbon dioxide and hydro-
carbons. During use of the converters, there is abrasion of the surface of the catalyst
and emission of platinum and palladium occurs. It has been estimated that platinum is
emitted at the rate of 1-3 ug/mile by cars equipped with converters

11.2.1 Platinum metals in the environment

The requirement for catalytic converters in all new automobiles has had a consider-
able impact on platinum production and use worldwide, and, as a consequence, has
raised concerns regarding possible effects on the environment and the diet. In the US,
where converters have been a requirement since 1975, use of platinum metals
approximately doubled over the following decade, with the automobile industry
using as much of these metals as all other industries in the country combined. There
appears to have been a corresponding increase in levels of platinum metals in dust on
the sides of heav1ly trafficked streets, far higher than the expected natural abundance
of the metals?*.

Similar fmdmgs have been made in many other industrialised countries. A German
study found that platinum levels in motorway soils ranged from 15 to 30 ng/g,
cons1derably higher than background concentrations (0.09-4 ng/g)*>. There is
growing concern that some of this emission can settle on food crops and contaminate
the human diet. In Italy, analyses of roadside dust in Rome for platinum, palladium
and rhodium have pointed to the need to continue to momtor urban sites in view of
the increasing number of cars using catalytic converters**. In Australia, where
increasing levels of platinum metals have been detected on roadside vegetation, it has
been claimed that as a result, diet is now a major pathway of platinum into body>’.

11.2.2 Platinum metals in food and diets

Table 11.2 lists the concentratlon of both platinum and palladium determined in UK
foods in the 1994 TDS?®. This was the first time that the platinum metals were
included in a UK TDS. In addition to the two main metals of the group, iridum,
rhodium and ruthenium levels in foods were also determined. Concentrations of all
three fell to between <0.0001 and 0.002 mg/kg, with one exception, a value of
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Table 11.2 Platinum and palladium in UK foods.

Mean concentration (mg/kg, fresh wt)

Food group Platinum Palladium
Bread 0.0001 0.002
Miscellaneous cereals 0.0001 0.0009
Carcass meat 0.0001 0.0004
Offal <0.0001 0.002
Meat products <0.0001 0.0006
Poultry 0.0001 <0.0003
Fish <0.0001 0.002
Oils and fats 0.0002 0.0004
Eggs <0.0001 0.0004
Sugar and preserves 0.0001 0.0005
Green vegetables 0.0001 0.0006
Potatoes <0.0001 0.0005
Other vegetables 0.0001 0.0005
Canned vegetables <0.0001 0.0004
Fresh fruit <0.0001 0.0004
Fruit products <0.0001 0.0005
Beverages <0.0001 0.0004
Milk <0.0001 <0.0003
Dairy products 0.0001 0.0004
Nuts 0.0001 0.003

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates
of 30 elements from the UK Total Diet Study. Food Additives and Contaminants,
16, 391-403.

0.004 mg/kg for ruthenium in nuts. As the authors of the report noted, the platinum
group of elements are notoriously difficult to analyse, as the concentrations in foods
are generally close to the limits of detection. They can also be prone to interferences
when measured by ICP-MS. Thus, while concentrations were found to be very low in
all the foods tested, the reported values should be regarded as ‘worst case’ levels.

Mean and upper level dietary exposure levels in UK adults were estimated to be
0.0002 and 0.0003 mg/day for platinum, and 0.0002 and 0.002 mg/day for palla-
dium. Mean intakes of other platinum metals were estimated to be: iridium 0.002
(upper range 0.003), rhodium 0.0002 (0.0004), and ruthenium 0.004 (0.006) mg/
day. An Australian group found that platinum intake in that country was, on average,
1.44 pg/day. Information on levels of intake of the platinum metals in diets elsewhere
is not readily available, but they are likely to be of the same order, about 2 pg/day, in
countries with a similar transport infrastructure to Britain. Intakes will, undoubtedly,
increase in coming years as older cars without catalytlc converters are phased out and
increasing numbers of new cars are produced?”.

11.2.3 Health implications of platinum metals in the diet

Platinum metal compounds are a recognised hazard for workers occupationally
exposed to them?®. The metal itself appears to be biologically inert. Halogenated
compounds, such as sodium tetrachloroplatinate, can cause allergenic reactions, with
eczema, skin lesions, wheezing and other signs of mucous membrane inﬂammation.
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Non-halogenated compounds as well as neutral complexes, including the anticancer
drug cisplatin Pt(Cl),(NH3),), are not allergenic.

There is little information about the biological effects of platinum metals in foods.
Metallic platinum is not, apparently, a problem, because of its insolubility and inert
nature. However, it has been shown that platinum in road dusts can be solubilised
and enter the soil via rain run-off into sewage and irrigation water. Platinum in soil
can be taken up by plants®*. There is evidence that platinum in plant and animal
tissues is bioavailable. However, there is no evidence that platinum compounds
entering the human food chain in this way are a health hazard for the general public.
This may not be the situation in the future, as emissions from catalytic converters
continue to increase. Certain platinum compounds which could be dispersed into the
environment in this way are known to be cytotoxic and have mutagenic and carci-
nogenic effects®®. A chlorinated compound of platinum (H,PtClg) has been shown to
cause acute toxicity in fish, with lysis of mucosal cells of the intestine®!. Even though
the anticancer drug cisplatin is non-allergenic, its medical use is not without hazard*?.
It is for such reasons that authorities in the UK and elsewhere maintain a watching
brief on this relatively new source of pollution.

11.3 The electronic metals

Every year millions of computers, ranging in size from handheld play stations through
home PCs to mainframes and large pieces of telecommunication systems, are
discarded throughout the world. In the UK alone, approximately six million PCs were
sold in 2000. Estimates of sales elsewhere are more than ten times that figure. All of
this equipment, as well as the multitudes of phones, television sets and other items
which depend on their electronic brains to function, contains a wide range of metals,
some very rare and costly, in their circuit boards and other parts.

Until recently much of this equipment ended up in landfills or other dumps, with
little recycled or re-used. But that is now changing. A European Union Directive on
Waste and Electronic Electrical Equipment (WEEE) will before long require that at
least 75% of each computer and similar item must be recycled. In addition, there is
growing awareness that dumping is a highly uneconomic way of disposing of these
precious metal-rich items. Money can be made out of recovering their contents.
Though the electronic metal recovery industry is still in its infancy, it is growing in
some countries. In the UK one plant in Wales deals with about 100 tonnes of circuit
boards each month. In one year the plant extracted about 500 kg of gold, one tonne of
silver and 150 kg of palladium from scrapped electronic equipment”.

Circuit boards and related items contain several other metals besides the ‘old
metals’, gold and silver, and the more recent palladium. These ‘new metals’ include
tantalum, gallium and several others whose electrical properties have made them ideal
for the electronic age. Until quite recently these were rare metals, seldom encountered
except in the metallurgy laboratory and certainly never in the normal household.
Some of them were, in fact, given the name ‘rare earths’ by chemists, and that is what
they were. Unlike the common metals such as iron and zinc, and even the less common
lead and mercury, the human body never had to cope with them, except in the most
minute background amounts, in the everyday environment or diet.

But now almost every household in the technologically advanced world will have
equipment in it that contains one or other of these formerly rare metals. In tips and
dumps, on land and sea, there is obsolete equipment and parts from which germa-
nium, tantalum and other metals can potentially leach into the environment. They
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have been detected in soil and in sewage sludge from which they can enter the human
food chain. How much this has occurred is only now becoming quantified, as gov-
ernment authorities become aware of the problems that could be caused by this new
environmental challenge.

Little is, as yet, known about the full extent of this problem. Data on levels of these
new electronic metals in the environment and in human diets have only recently begun
to become available, and are still far from complete. Here we will look at what is
known about some of these metals, not to provide a full picture but to draw attention
to what could become a major health problem and a challenge for the food industry.

11.3.1 Germanium

Germanium (symbol Ge, atomic number 32, atomic weight 72.59) is a member of
Group 14/IVA of the periodic table of the elements, along with carbon, silicon, tin and
lead. It is a grey-white metal that retains its lustre in air and is resistant to acids and
alkalis. Its chemistry has similarities to that of silicon. Its forms two oxides, GeO and
GeO,, as well as hydrides and several organometallic compounds. It has important
physical properties which account for its growing industrial uses. Its high refractive
index makes it a natural 50% beamsplitter. In addition, it can act as a rectifier when
alloyed with small amounts of other metals. Germanium occurs widely in the Earth’s
crust, though at low levels. It is found in more concentrated form, along with silver, in
the mineral argyrodite, as well as in sulphide ores of lead, zinc and other metals. It is
obtained as a by-product of zinc refining and to a limited extent from waste products
of the coal and coke industry.

Until recently the main use of germanium was in the manufacture of special optical
glass used in optical filters for thermal imaging and similar applications. A rapidly
growing use is in the manufacture of transistors and other electronic devices, as well
as in radar. Small amounts of the metal and its organic compounds are used in the
health industries, especially as dietary supplements.

Germanium can be detected, at very low levels of concentration, in all foods. A UK
study has reported that levels in all food groups ranged from <0.002 to 0.004 mg/
kg®*. These are lower than levels reported in earlier studies in the US in which some
foods were found to contain more than 2 mg/kg of germanium. The differences can
most probably be accounted for by better analytical procedures used in the UK study
(ICP-MS) than in the 1967 US investigation®. Dietary intakes of germanium in the
UK are estimated to be 0.004 mg/day, for adults, with an upper range of 0.007 mg/
day’®. These are considerably lower than the approximately 1.5 mg/day calculated
for US adults in the earlier study’’.

Little is known about the metabolism of germanium ingested in the diet. Absorp-
tion from the GI tract is believed to be rapid and complete, followed by rapid
excretion, mainly in urine®®. There is no evidence that germanium has any functional
role in the body. However, in recent years it has been claimed that certain organic
compounds of germanium may have some immune enhancing, anticancer and anti-
viral properties. The evidence for this is not clear and there are no reports of results of
well designed clinical trials relating to the medical use of germanium. Nevertheless, a
substance known as Gel32, as well as other organic germanium preparations, are
promoted as dietary supplements by practitioners of alternative medicine on the
Internet®”.

Germanium has been shown to produce toxic effects, including degenerative
changes in liver and kidney, in experimental animals*’. The element does not appear
to be toxic to humans at levels of intake found in normal diets. However,
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consumption of doses of the order of 50 to 250 mﬁ/day over periods of 4-18 months
can cause serious harm to health and even death™".

11.3.2 Tantalum

Tantalum (symbol Ta, atomic number 73, atomic weight 180.9) is a transition ele-
ment, along with vanadium and niobium in Group 5/VB of the periodic table. Though
it was isolated and named by Berzelius nearly two centuries ago in 1820, it has, until
quite recently, remained an almost unknown rarity of the chemical world. That
situation is now rapidly changing as tantalum has become recognised as a key metal in
the electronics industry, especially as a component of mobile phones**. Tantalum is a
white, ductile, malleable metal. It is resistant to attack by most strong acids. It burns
in air to produce tantalum pentoxide (Ta,QOs), which can combine with metallic
oxides and hydroxides to form compounds called tantalites.

Tantalum is fairly widely distributed in the Earth’s crust in small concentrations. Its
main ore is tantalite (FeTa,Og), which usually occurs along with the corresponding
ore of niobium, columbite (FeNb,Og). Major deposits occur in Australia and Scan-
danavia, with lesser amounts in the US, Brazil and South Africa. The two metals,
tantalum and niobium, are extracted together from their ores by fusion with potas-
sium fluoride and are subsequently separated by solvent extraction or selective
crystallisation.

Tantalum has a number of important industrial uses. Most of the world’s pro-
duction is used for capacitors in electronic circuits and rectifiers in low-voltage cir-
cuits and, until recently, the most rapidly growing application was in mobile phones
and such devices as Sony play stations. Tantalum steel alloys are very resistant to
corrosion and for this reason are used in surgical and dental instruments, as well as to
pin together broken bones. For the same reason, tantalum has largely replaced pla-
tinum in standard weights and laboratory ware. A former use of tantalum was as a
‘getter’ to remove gas from vacuum tubes, and in electric lamp filaments.

Tantalum levels in foods and diets are unknown. They are not likely to be high. Its
fate on ingestion and absorption is probably similar to that of niobium, which has
been reported to be present in low levels in human tissues. However, there appear to
be no reported studies on tantalum, a gap in nutritional and toxicological knowledge
that will, no doubt, be filled before long.

11.3.3 Caesium

Caesium, or to use its alternative spelling, cesium (symbol Cs, atomic number 55,
atomic weight 132.9035) is a soft, white, chemically reactive metal, which is in Group
1/IA of the periodic table. It is one of the alkali metals, along with the far more
common lithium, sodium, potassium and rubidium, and the even less common
francium. We have already come across the radioactive isotopes of caesium, in par-
ticular Cs-137, which is one of the more common radionuclides found in foods as a
result of emissions from nuclear industries and accidents. Here we are concerned with
the non-radioactive element.

Caesium compounds are very like those of potassium and rubidium, with similar
formulae and properties. Metallic caesium oxidises readily in air. On exposure to
light, it emits electrons, a property which makes it ideal for use in the photosensitive
surface of the cathode of photoelectric cells. It is this emission of electrons that makes
the metal a candidate for use in the proposed ion engine which could be used to propel
spaceships in the near perfect vacuum of outer space.
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Caesium is extracted from a few rare minerals, including pollucite (or pollux),
CsAlSi;Og, and carnellite. Rubidium is always present along with caesium in most of
these ores and commercially caesium always contains rubidium. One of the richest
known deposits of pollucite, containing up to 34% of the metals, is on the Medi-
terranean island of Elba. It is also found in commercial quantities in the US. The use of
caesium in photoelectric cells has already been mentioned. It is also used in a number
of other applications in the electronic industry and as a catalyst in the chemical
industry. Caesium bromide is used for optical crystals in certain types of spectro-
photometers.

Most of the limited information we have on caesium levels in foods and diets and its
metabolism has come from the extensive studies that were undertaken following the
Chernobyl accident. Concentrations in most foods and diets appear to be very low, at
less than 0.5 ug/kg, in the absence of acc1dental contamination. Daily intakes in the
UK were reported to be about 13 pug/day*. On the basis of their close chemical
similarity, it is generally accepted that caesium and potassium follow the same
metabolic pathways in the human body. It is apparently rapidly and totally absorbed
from food in the GI tract. Like potassium, caesium is distributed throughout the body
and accumulates in soft tlssues with a good blood supply, especially muscle. It is
rapidly excreted in urine**. However, this is not necessarily always the case and
neither potassium nor rubidium can be considered a biological analogue of caesium*’.
There is no evidence that caesium plays any important metabolic role in the bodys, still
less that it is an essential for life. It has been found that caesium can replace the
essent1al element potassium as a nutrient for some lower organisms, but not for higher
animals*®. It does not appear to be toxic, at least at levels normally found in foods.
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Chapter 12
Barium, beryllium, thallium and the other
metals — summing up

So far, in the previous eleven chapters, only about one-third of the elements of the
periodic table that can be described as metals or metalloids have been considered, in
varying detail. While some of the other two-thirds are of considerable commercial and
chemical interest, they are not normally of major consequence as food contaminants.
However, a few have, in fact, featured in major, usually accidental, poisoning inci-
dents. Some of the others, like the metals that have been covered in the previous
chapter, could become significant food contaminants as a result of their growing
industrial uses. It will be useful, therefore, to look briefly at a number of these other
potential food contaminants, from the point of view of present uses and in antici-
pation of possible future developments.

12.1 Barium

Barium belongs to Group 2/IIA of the periodic table, along with beryllium, magne-
sium, calcium, strontium and radium. They are known collectively as the alkaline
earth metals. Its widespread distribution in the environment and its commercial uses
in many domestic and medicinal applications make it of particular interest as a
potential food contaminant. In fact there have been well-substantiated cases of serious
poisoning as a result of ingestion of barium salts.

12.1.1 Chemical and physical properties of barium

Barium (symbol Ba, atomic number 56, atomic weight 137.3) is the heaviest of the
alkaline earths, with a density of 3.5. It is a soft, silvery-yellow metal that is malleable
and ductile. Its chemical properties are similar to those of calcium. It is very reactive
and ignites spontaneously on exposure to moist air. It forms both an oxide (BaO) and
a peroxide (BaO,). It is a divalent element and forms compounds with all ordinary
anions which correspond to those of calcium. Among its compounds of industrial use
is the hydroxide, known as ‘caustic baryta’, Ba(OH),.8H,0O. Another, the sulphate,
BaSQOy, is one of the most insoluble compounds known. Barium titanate (BaTiO3) is a
crystalline substance with ferroelectric and piezoelectric properties.

12.1.2 Production and uses of barium

The main commercial barium ore is barytes or heavy spar (BaSO4). It is also found in
witherite (BaCO3). Some 80% of the barytes extracted from deposits is used as it
occurs, without any treatment apart from crushing, to make special mud used for oil
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and gas drilling. The remaining barytes are usually reduced with charcoal to the
sulphide, which is then used to make the various chemical compounds that are
required by industry. The metal itself, which is difficult to produce because of its high
reactivity, can be prepared by electrolysis of its molten salts.

Barium compounds have a number of important industrial applications. A small
amount is used to make special alloys with aluminium, nickel and magnesium. These
were formerly much used in the construction of radio valves and other vacuum tubes
because of their high thermionic electron emission. They are still used today in
sparking plugs, as well as for bearings and other specialised purposes.

Barium compounds are used in the manufacture of glass, as fillers for paper, textiles
and leather, and in ceramics, television tubes, bricks, pigments in paints and dyes, in
lubricating oil additives and a number of domestic products. These include cosmetics,
insecticides, vermicides, detergents and bleach. An important medical use of barium
sulphate, which relies on its insolubility and its opaqueness to X-rays, is as the basis of
the ‘barium meal’ in radiological investigations. Thus barium is very much part of the
modern human environment and way of life, a fact of some significance when it is
realised that, unlike calcium and magnesium, barium and its compounds are
poisonous.

12.1.3 Barium in food and diets

Barium is found in all foods, usually at levels of about 0.05-1.0 mg/kg. Data on levels
in the different food groups consumed in the UK are summarised in Table 12.1. These

Table 12.1 Barium in UK foods.

Food group Mean concentration (pg/kg fresh weight)
Bread 1.0
Miscellaneous cereals 0.79
Carcass meat 0.05
Offal 0.07
Meat products 0.27
Poultry 0.02
Fish 0.18
Oils and fats 0.03
Eggs 0.47
Sugar and preserves 0.84
Green vegetables 0.38
Potatoes 0.16
Other vegetables 0.50
Canned vegetables 0.27
Fresh fruit 0.35
Fruit products 0.28
Beverages 0.06
Milk 0.07
Dairy products 0.31
Nuts 56

Adapted from Ysart, G., Miller, P., Crews, H. et al. (1999) Dietary exposure estimates of 30 elements from
the UK Total Diet Study. Food Additives and Contaminants, 16, 391-403.
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are similar to the limited data reported in some earlier studies'. There is, apparently,
no particularly good food source of barium, with the exception of nuts. Levels of
33 mg/kg have been found in apricot kernels, and 14 mg/kg in pecans. The Brazil nut,
which, as we have already seen, is believed to be the richest food source of another
metal, selenium, also has extraordmary accumulatmg powers for barium. Levels of up
t0 3000 mg/kg have been found in some kernels?.

Concentrations of barium in drinking water have been reported to vary con-
siderably geographically. Levels of as much as 1000-10 000 pg/litre have been
reported in some places®. Domestic reticulated drinking water will normally have
cons1derably lower concentrations. The US EPA’s maximum contaminant level for
barium in community water systems is 2 mg/litre®.

Dietary intake levels of barium have been reported for only a few countries. In the
UK the mean adult intake has been estimated to be 0.53 mg/day, with an upper range
of 1.3 mg’. Similar intakes have been reported in the US®. Intake in Japan has been
estimated to be 359 ug/day for the average adult”. WHO has estlmated that total
intake of barium of an adult from food and water is 300-1700 pg/day®. There is some
concern that, in certain circumstances, dietary intakes of barium can be increased to
an undesirable extent. It has been found that barium can be leached from glazed
ceramic ware, resulting in contamination of their contents. Laboratory studies have
shown that it is possible for a person who drinks a relatively large volume of coffee
brewed in a ceramic pot and consumes orange juice from a similar container to ingest
as much as 9.7 mg/day of barium. This is higher than the EPA’s estimated oral
reference dose (RfD) of 0.07 mg/kg body weight/day, equivalent to 4.9 mg/day for a
70 kg adult’.

Ceramic glazes traditionally contain a variety of metals, including lead, nickel and
lithium as well as barium. Because of the well-recognised potential health hazards that
can be caused by leaching of lead from ceramic ware, barium salts have been
recommended as a substitute for lead in the frit formulations for glazes. This may not
be appropriate advice in the light of findings that potentially toxic barium can also be
leached from ceramic ware

12.1.4 Absorption and metabolism of barium

Absorption of barium from food depends on the chemical form of the element. Some
of its salts, such as the sulphate, are insoluble. Most of the other forms of the element
found in foods appear to be at least relatively insoluble and much of the element
ingested in this way is rapidly excreted. Other compounds of barium readily dissolve
in digestive fluids. The form of barium found in Brazil nuts (as yet unidentified), for
instance, has been shown to be rapidly absorbed from the gut and retained in the body
both in experimental animals and human volunteers''. In a normal meal between 1
and 30% of the barium in food will enter the blood. Some of this will be retained in
bone and teeth, with much rapidly excreted. Barium has been shown to cross the
placental barrier in pregnancy.

There is no convincing evidence that barium is an essential trace nutrient for
humans. Early studies that seemed to show it was required for growth in rats have not
been substantiated'?. Soluble barium salts are extremely toxic. Ingestion of barium
chloride and barium carbonate at doses as low as 0.2-0.5g have caused acute
poisonings in human adults, with symptoms that include vomiting, gastroenteritis
and paralysis. Severe resglratory weakness and failure of the cardiovascular system
has also been reported?. Barlurn compounds have caused accidental as well as
suicidal death by ingestion'®. Certain barium salts are used as rodenticides'®. Chronic
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exposure to barium is often associated with effects on the cardiovascular system.
There may be a connection between hi gh levels in drinking water and high blood
pressure as well as cardiac mortality'®. Chronic barium poisoning in a Chinese
community, caused by consumption of contaminated salt, appeared to be associated
with increased cardiovascular disease'”

12.2 Beryllium

The metal beryllium came to public attention in the 1940s when what seemed like an
epidemic of beryllosis, or beryllium poisoning, occurred among industrial workers,
especially in the newly established nuclear industry. There was considerable concern
when what were known as ‘neighbourhood cases’ began to occur in people living in
the vicinity of plants that used the metal. The outbreaks were relatively short-lived
and ceased after control programmes were produced in beryllium-using industries. An
official statement was made which asserted that beryllium was a hazard mainly for
mdustrlal workers and ‘oral ingestion of beryllium compounds is of minimal con-
cern’'®. Unfortunately, that was not, in fact, the end of the story. As better analytical
techmques have been developed for berylhum and the dangers to public health of
even small amounts of toxic substances in food and the environment are increasingly
recognised, berylhum has once more come to the attention of health and environ-
mental authorities'®. In 1993 an official US review concluded that, for the general
population, ingestlon of food and drinking water was by far the most important route
of beryllium exposure?’

12.2.1 Chemical and physical properties of beryllium

Like barium, beryllium (symbol Be, atomic number 4, atomic weight 9.0) is one of the
alkaline earth metals of Group 2/IIA. The metal is silvery-white in colour, is very
strong and flexible, and has a high melting point. It is the lightest of all solid, che-
mically stable substances. It has very good electrical and thermal conductivities. It is
corrosion-resistant and transparent to electrons, reflects neutrons and has a low
coefficient of expansion. Chemically beryllium resembles aluminium. Its salts readily
hydrolyse. In water the hydroxide, Be(OH),, is amphoteric. When dissolved in alkali,
compounds of the type Na,BeO, (sodium beryllate) are formed*

12.2.2 Production and uses of beryllium

Beryllium occurs in a number of ores, the best-known of which is the mineral beryl,
beryllium aluminosilicate (Be3Al,SigO13g). It is also found in other gemstones, such as
aquamarine and emerald. The metal is extracted by electrolysis. The physical prop-
erties of beryllium make it ideal for a number of industrial applications: as windows
for X-ray tubes, in equipment requiring high electrical and thermal conductivity, in
springs that must resist frequent vibrations. Beryllium forms a number of valuable
alloys with copper, nickel, aluminium and other metals, and most of the metal is used
for this purpose. The addition of as little as 2% of beryllium to copper results in an
alloy six times stronger than copper, without reducing the high thermal and electrical
conductivity of that metal®2. Beryllium alloys are used for making non-sparking tools,
dyes and high-strength lightweight parts of aircraft, missiles and nuclear reactors.
Beryllium compounds, especially the oxide, are used in the electronics industry in
ceramic chip carriers, resistor cores and laser tubes. Beryllium ceramics are also used
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in heat-resisting coatings, for example on rocket nozzles and re-entry cones on space
vehicles and in crucibles. A former, but now abandoned, use of the oxide was in
fluorescent tubes and screens.

12.2.3 Beryllium in food and diets

There is a surprising lack of information on levels of beryllium in foods and bev-
erages, in spite of the considerable interest in its environmental and toxicological
importance. An early study, carried out before reliable analytical procedures had been
developed for the metal, estimated that daily intake in an industrial society was about
100 pg/day, with levels of about 0.1 mg/kg dry weight, in a variety of vegetables and
cereals®®. More recent data suggest that intakes are considerably lower and levels in
food are in the nanogram-per-gram range, with, for example, 0.2-1.4 ug/kg in
potatoes®*. Levels in drinking water are also very low, usually less than the US EPA
standard of 4.0 ug/1**. The range of beryllium in US drinking water has been reported
to be 0.01-0.7 pg/l, with an average of about 0.2 pg/I*®. Water in the Netherlands has
been reported to have a mean of <0.05, with a range of <0.05-0.21 pg/litre?”.

Dietary intakes of beryllium in the US have been estimated to be approximately
0.12 pg/day*®. An older UK study estimated that intakes in that country were < 15 pg/
day®”. An estimate of intake in Japan of 5.0 + 5.8 pg/day has been reported*’. Apart
from these estimates, there are no other published data on beryllium intakes in dif-
ferent countries and population groups.

12.2.4 Absorption and biological effects of beryllium

Animal experiments indicate that absorption of beryllium from ingested food is low.
What is absorbed is carried in blood, apparently as a colloidal phosphate bound to
protein, to the liver, where it is retained initially. Some of this is subsequently
deposited in bone where it behaves in a manner akin to magnesium. Most of the
absorbed beryllium is eventually excreted in urine, though some may appear in
milk>!.

Beryllium and its compounds are highly toxic to animal cells, even at very low
levels. At high concentrations they can cause death. Beryllium is a powerful inhibitor
of several enzymes, in particular alkaline phosphatase. It can also affect protein and
nucleic acid metabolism and interfere with immune function. Exposure to dust, fumes
and aerosols of beryllium was believed to be the cause of ‘neighbourhood’ beryllium
disease. Direct contact with soluble beryllium compounds causes contact dermatitis
and possibly conjunctivitis as well as skin ulceration. Inhaled beryllium and its
compounds may cause cancer, in addition to incapacitating lung disease2.

At present there is no clear evidence that ingested beryllium can cause health
problems similar to those reported in industrial workers exposed to the metal. It is
believed by some investigators that usual beryllium levels in food and beverages do
not pose a serious health risk. However, this view is based almost entirely on older
data, many of which were obtained by analytical methods considered unreliable
today>>. Current information on levels in foods and diets is, at best, a rough estimate
and is insufficient for a reliable health risk assessment®*.

12.3 Thallium

Thallium came to prominence in the 1970s following a number of serious poisoning
incidents caused by misuse of thallium-containing pesticides. An editorial in The
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Lancet called for the utmost vigilance in the use of such products and recommended
that restrictions should be placed on their availability®’. Articles in newspapers and
magazines brought the problem to the attention of the public and alerted them to the
potential danger of what was, until then, a relatively unknown metal. Though that
public concern has largely been replaced by other much more disturbing problems of
food safety, thallium poisoning still remains a real threat under certain conditions.

12.3.1 Chemical and physical properties of thallium

Thallium’s symbol is Tl and its atomic number is 81. With an atomic weight of 204.59
and specific gravity of 11.85 it is one of the heaviest of the elements. The metal is
physically like lead, is white, with a bluish tinge, and is malleable, with a low melting
point of 303.6°C. Thallium belongs to Group 13/IIIA of the periodic table, along with
boron, aluminium and gallium. Like them, it normally is trivalent, but also exhibits
other valencies. Thallium(I) compounds, such as T1,SO,4 and T1,CO3, are soluble and
resemble those of alkali metals, especially potassium. TI(IIl) compounds, such as
TI(OH);3, resemble those of aluminium.

12.3.2 Production and uses of thallium

Thallium is a rare metal, though widely distributed at low concentrations in rocks and
soil. It is often found in the sulphides of heavy metals and is recovered as a by-product
of smelting of lead and zinc ores. It has a number of industrial uses, in alloys, as a
catalyst in the petroleum and other chemical industries, in the manufacture of semi-
conductors, electric switches, pigments, dyes, luminous paints, artificial gems and
window glass. A minor use is in the manufacture of fireworks, to which it gives a
green colour, and in pesticides, particularly rat poison. Formerly, thallium had a
number of medical applications, including the treatment of scalp ringworm. Such use
has been banned in the UK for many years. Thallium isotopes are used in clinical
imaging®.

12.3.3 Thallium in food and diets

Little information is available on levels of thallium in foods and diets. It would seem
from published data that the normal level in most foods is 0.1 mg/kg or less. Mea-
surements of thallium in foods in the UK made in the 1994 TDS found that in nearly
all cases levels were at or below the analytical limit of detection, and ranged from
<0.001 to 0.003 mg/kg>”. There is some evidence that thallium is readily taken up and
accumulated from contaminated soil by certain vegetables, especially of the Brassica
genus. Levels of up to 0.125 mg/kg in cabbage?®, with an extreme instance of 42 mg/
kg in some grown on heavily polluted soil in China, have been reported®®. Levels of
0.003-0.12 mg/kg have been found in lettuce also grown on polluted soil*’. A
German study has reported that concentrations of thallium exceeded 0.1 mg/kg in
samples of kohlrabi and broccoli*!.

There is some concern that people who consume home-grown Vegetables on
thallium-contaminated soil are likely to have elevated intakes of thallium™~. Thallium
in soil behaves like potassium and is readily taken up by plant roots. Thallium pol-
lution through atmospheric deposition of contaminated fumes emitted from indus-
trial plants, such as smelting works and cement manufacturing, is known to occur®.
While normal soils usually contain about 1 mg/kg of thallium, horticultural soils in
the vicinity of a cement plant have been shown to have levels up to ten times the
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normal level. Local people who consumed vegetables grown on this soil were found to
have a mean urinary concentration of thallium of 0.0052 mg/litre, compared to a
mean of 0.0003 mg/litre in a control population, indicating that contaminated
vegetables are a significant route of exposure to thallium through contaminated
food**. The dietary intake of thallium in the UK has been estimated to be 0.002 mg/
day with an upper range of 0.004 mg/day*’. German intakes have been estimated at
about 0.002 mg/day*®. Higher levels have been reported from Japan, where it is

estimated that the mean adult daily intake is 0.040 + 0.064 mg®*’.

12.3.4 Absorption and metabolism of thallium

Thallium is readily and totally absorbed from food. Once absorbed it is rapidly
distributed throughout the vascular space and from there enters the central nervous
system and other tissues. Elimination of absorbed thallium commences about 24
hours after ingestion, with about two-thirds secreted into the intestine, from which
significant reabsorption occurs, and the remaining one-third excreted in urine*®.

Thallium is highly toxic. The toxicity depends on the element’s ability to bind to
sulphydryl groups in membranes and nerve axons, and to mimic potassium, with
which it can exchange and thus disrupt fundamental cellular metabolism. Acute
poisoning results rapidly in nausea, diarrhoea and abdominal pain. Delirium, con-
vulsions and circulation problems follow and may culminate in death. A character-
istic feature of the disease is hair loss, usually accompanied by skin rash. The alopecia
is reported to be due to the formation of insoluble intracellular complexes between
thallium and riboflavin, which may account for symptoms mimicking those of
riboflavin deficiency®”. Recovery from thallium poisoning may be incomplete, leaving
mental abnormalities, especially in children.

Thallotoxicosis, or thallium poisoning, is usually the result of accidental or
intentional ingestion of thallium compounds. It was the deliberate use of thallium by
the man who became known as ‘the St Albans poisoner’ to kill his victims, in one of
the most notorious murder cases in the UK, that drew public attention to thallium in
the 1940s°°. There appears to be only one published report of thallium toxicity
caused by consumption of thallium-contaminated food. This occurred among villa-
gers in Guizhou province in China who became ill after consuming vegetables grown
on thallium-contaminated soil’’. In theory a similar outcome can be expected in
anyone who consumes vegetables which have accumulated ten or more times the level
of thallium normally found in foods. However, to judge by the admittedly limited
data available, current thallium intakes in the UK, and presumably in other countries
with similar environmental conditions, should not cause concern’?.

12.4 The other metals

Little is known, from the point of view of food and human toxicology, about the other
elements which will be considered briefly here. They are a disparate collection and,
apart from the common chemical properties they share as metals and metalloids, have
little in common except the potential of several of them to become food contaminants
as they come into increasing industrial use. Unfortunately, we do not know very much
about their levels in human diets or their effects on human metabolism, but it is likely
that this situation will change as investigation into the health significance of metal
contaminants of foods expands. What will be done here is to ‘tag’ these elements as
potential problems and once again to leave it to future editions to expand on the
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details if further research indicates that fuller treatment is called for. As a glance at the
table of contents of the last (2nd) edition of this book will show, this is what has been
done in the present edition in the case of boron, germanium and thallium.

12.4.1 Bismuth

Bismuth (symbol Bi, atomic number 83, atomic weight 208.98) is a member of Group
15/VA, along with arsenic and antimony. It shares many of their chemical char-
acteristics, though it is much more metallic in character than the other two metalloids.
Bismuth is found in nature in the pure state and also occurs in combination as bismuth
ochre, Bi; O3, and bismuth glance (Bi,S3), from which it can be produced by heating in
air. It is also produced as a by-product of the refining of lead and copper. The metal is
lustrous, hard and brittle with a reddish tint. It readily forms alloys which have low
melting points. Bismuth alloys are used to make electrical fuses, safety plugs and
automatic sprinkler systems, as well as in nuclear reactors. The metal has a number of
other industrial applications, such as the manufacture of paint and in rubber vulca-
nising. Many cosmetic and pharmaceutical preparations, such as face powders,
antiseptics, absorbents and antacids, use bismuth compounds. The chelate tripo-
tassium dicitratobismuthate has relatively recently become of importance in treatment
against Helicobacter pylori in patients with gastric or duodenal ulcers. It is also a
widely used over-the-counter remedy for 1nd1gest10n 33

Levels of bismuth in food are normally low, rangmg from 0.0001 t0 0.001 mg/kg in
all the food groups covered in the UK TDS> . Dietary mtake in the UK has been
estimated to be 0.0004, with an upper range of 0 0007 mg/day”®. Estimated intakes in
Japan are somewhat hlgher at 3.3 + 2.6 pg/day’®. Bismuth and its compounds taken
orally are not readily absorbed. What is absorbed is rapidly excreted, mainly in the
urine. There is no evidence that bismuth is an essential nutrient for humans. Excessive
intakes of water-soluble bismuth compounds can cause renal damage and encepha-
lopathy, as well as less serious problems of skin irritation and pigmentation®”. There
are a number of reports of bismuth p01son1ng 1n children who consumed large
amounts of bismuth-containing pharmaceuticals’®. There have also been reports of
adults being treated with bismuth medications who developed bismuth poisoning
when they exceeded the prescribed dose’”. Bismuth intake in normal food does not
appear to be a problem.

12.4.2  Lithium

Lithium (symbol Li, atomic number 3, atomic weight 6.939) is one of the alkali metals
in Group 1/IA, along with sodium, potassium, rubidium and caesium. It is the lightest
of the group, in fact the lightest solid substance known, with a specific gravity of 0.57.
It is a silvery-white metal. Chemically it resembles sodium, though many of its salts
are only sparingly soluble, unlike those of other alkali metals. Lithium has a number
of industrial applications. It is used in certain alloys, in the manufacture of special
glass and glazes and in electrical batteries. Lithium is probably best known, at least by
reputation, for its use in psychiatric medicine to treat manic-depressive psychosis.
Lithium occurs in all foods, though at low levels. A range of 0.003-0.06 mg/kg has
been reported in UK foods, with an estimated mean adult daily intake of 0.017 mg®®
Similar intake levels of 14 + 53 pg/day have been reported in Japan®'. Little more
information is available on food levels and dietary intakes of lithium. Lithium is
absorbed efficiently in the intestine and is excreted mainly in urine. Though there is
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some evidence that lithium may have an essential role to play in certain animals, this
has not been confirmed®®. No complete explanation of the element’s therapeutic
efficacy in psychoses has yet been given. It has been suggested that it may act by
altering the distribution of electrolytes within the brain®®. Toxicity from misuse of
lithium medication is well known, though the same has not been reported for lithium
ingested in food. High doses of lithium may cause interference with glucose meta-

bolism, and hypothyroidism.

12.4.3 Zirconium

Zirconium (symbol Zr, atomic number 40, atomic weight 91.22) is usually described
in chemistry textbooks as one of the ‘rare metals’. Yet it is, in fact, the twentieth most
common element on the Earth’s surface. It is even more abundant in soils than are
copper and zinc. It is probably best known to many as the gemstone zircon, ZrSiOj,.
Its chemistry is similar to that of titanium, with which it shares a place in Group 4/
IVB. Zirconium has several important industrial uses, such as in alloys. Its dioxide,
ZrQ,, known as zirconia, is a valuable refractory material, with a very high melting
point and low coefficient of expansion. The metal is also used in industrial abrasives
and in flame proofing. Various zirconates, such as Na,ZrOs, are used in the
production of enamels and opaque glass.

Little information is available on levels of zirconium in foods and diets. It is
believed to be present in almost all foods and daily intake is probably in the micro-
gram range, rather than the 3.5 mg/day reported in an early study®*. Little is known
about absorption or metabolism of zirconium. It is believed to have a low level of
toxicity when ingested by rats. It has been shown to accumulate in a variety of living
cells®®. There are no indications that zirconium in food is a cause for concern.

12.4.4 Cerium and the other rare earth elements

The term ‘rare earths’ refers to elements of atomic numbers 57 to 71. They all have
physical and chemical properties that are very similar to those of aluminium. In fact
the elements resemble each other so closely that their separation was an exceedingly
difficult task before the advent of ion-exchange techniques. They are found in a
number of complex silicate and phosphate minerals which usually contain a mixture
of the elements. A major source is monazite and other mineral sands which are found
in Australia and some other countries.

In recent years these metals have come into prominence in a number of industrial
applications. An alloy of iron with a mixture of rare earth metals, of which about
25% is lanthanum, is known commercially as misch metal. It is used to manufacture
the so-called “flints’ of cigarette lighters. A mixture of the fluorides of the metals forms
the core of carbon arcs used in the motion picture industry for studio lighting and
projection. This application uses about a quarter of the rare earth compounds pro-
duced. Another use in a related industry is in colour television tubes to improve colour
rendition. Rare earths have considerable catalytic powers and are employed in the
refining of petroleum.

Little is known about the biological effects of the rare earth metals or of their levels
in human foods and diets. Lanthanum and its compounds have a low to moderate
acute toxicity rating and their industrial use requires care®®. There are reports that
rare earth metals, especially lanthanum and cerium, occur in some fertilisers and that
these may cause contamination of agricultural soils, with consequences for animal
and possibly human health®”. Wastewater from both sewage treatment and food
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processing plants have been found to contain a wide range of rare earth metals®®.
High levels of cerium in certain soils which are eaten by geophagists in parts of central
Africa may be associated with a locally high incidence of endomyocardial fibrosis®’.

12.5 The remaining metals: summing up

Less than half the elements categorised as metals and metalloids have so far been
considered here. There are many others that could warrant inclusion in a book with
the title Metal Contamination of Food. Several of them, such as gold, indium, nio-
bium and rubidium, have been considered appropriate for inclusion in their reviews of
important metals in the environment and in biological tissues by several experts in the
field, such as Nielsen”® and Tsalev”'. These, as well as some other metals included
among the thirty determined in the official UK TDS”?, such as ruthenium and indium,
could well have been discussed here. But we still know very little about them as
contaminants of foods, and they are still mainly of interest in the area of occupational
health and environmental toxicology. That situation will undoubtedly change as
many of these metals find new and extended industrial and domestic uses. As a result
they will, like lead and other metals discussed here at some length, become food
contaminants of note, deserving of consideration in a study such as this.

The point was made in the second edition of this book that a major factor which
would help to bring metals previously not considered as significant food con-
taminants to the attention of food scientists, legislators and others was improvement
in analytical techniques. Advances, particularly in atomic absorption spectro-
photometry and in the availability of a much wider range of certified reference
standards, were to be expected over the following decades. These have, indeed, taken
place and have considerably enlarged the available database on metal contamination
of foods. But, while improvements in AAS have certainly contributed to knowledge,
the real advances have been in ICP-MS and related multielement instruments as well
as in sample preparation techniques.

As a result we now have reliable information on a wide range of the less well-
known elements that occur in foods and biological materials, at levels of reliability
and concentrations that not long ago were far beyond our analytical capabilities.
Particularly significant has been the reduction, both in cost and in time, made possible
by these new and improved instruments and techniques. It is beyond doubt that, with
the use of these new instruments and procedures, data will continue to be obtained to
fill the lacunae in our knowledge of metals in food.

There was another prediction in the previous edition of this book, namely that
another important step was about to be taken in understanding metal contamination
of foods and that rapid progress could be expected. This was in relation to the spe-
ciation of elements in food, and the need to go beyond the simple investigation of total
concentrations to determining their chemical forms. Unfortunately, unlike the
situation regarding improvements in analytical techniques, speciation studies are still
very much in their infancy and the predicted progress has not been made.

Food composition databases, even in recently published official documents such as
those produced in the UK by the Food Standards Agency, still continue to provide
information mainly, if not exclusively, in terms of total metal contents. There are a
few exceptions, such as the separate listing on occasion of organic and inorganic
arsenic and mercury in fish and other foods, but in most cases only total quantities
appear in the tables. The same situation occurs in food legislation, both national and
international. FAO/WHO, for instance, has established maximum limits for certain
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metals in some foods and beverages, but, apart from mercury where the limits refer to
its methyl form, limits are generally given in terms of total metals. Similar regulations,
with reference to total lead, mercury and cadmium in food, have been established by
the European Union. Even in the case of essential minerals permitted in certain foods,
European legislation pays little attention to the chemical forms of the elements,
though these can have significant effects on their biological efficacies.

As the authors of a recent review have commented, this situation results in the
development of a vicious circle. Because legislators continue to build almost exclu-
sively on expressing the content of trace elements in a matrix only by the total content,
without regard to chemical species, there is no challenge to produce simple and fast
analytical methods to provide more relevant speciation data’>. It is up to analysts to
break out of that vicious circle and to develop the methods to provide these missing
data.

As has been noted by one of the UK’s leaders in the field, the concept of speciation
applies not only to metals of nutritional importance, but also to potentially toxic
elements, such as arsenic, cadmium, mercury and lead. A better understanding of the
predominant chemical forms of such contaminants in foods would, therefore, seem to
be essential for those who have to make decisions concerning dietary requirements
and related legislation”?. It is difficult not to agree with this author’s conclusion that:

the study of human nutrition and health requires more information about trace
element species in food. Proper dissemination of accurate information gives
consumers informed choice, it allows industry to make the best use of foods,
supplements and processing (which might affect chemical species), and it pro-
vides governments with the basis for good advice and legislation. It may be that
one day essential trace element species will be listed on food composition labels
or that legislation for potentially toxic elements will be based on the chemical
species present rather than the total concentration” .
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acceptable daily intake

atomic fluorescence spectrometry
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continuous flow injection

coefficient of variation

cold vapour atomic absorption spectrometry
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direct current discharges

dose conversion value

dietary reference intake

dietary reference value

estimated average requirement

electrothermally heated graphite tube atomic absorption
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inductively coupled plasma atomic emission spectrometry
inductively coupled plasma optical emission spectrometry
inductively coupled plasma mass spectrometry

isotope dilution mass spectrometry

instrumental neutron activation analysis
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