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Preface

Speciation has evolved over the past two (or is
it three?) decades into an important sub-discipline
of analytical chemistry having considerable impact
on environmental monitoring and the life sciences.
In its embryonic phase, elemental speciation was
an academic curiosity, “a rebel without a cause”,
straddling the boundary between the two large and
well-developed areas of inorganic and organic ana-
Iytical chemistry. Gradually, it became apparent
that elemental speciation bridged the gap between
both fields as it borrowed and combined the major
methodologies and techniques, notably chromatog-
raphy in its various modes and sensitive spec-
troscopic detection methods that coalesced into
hyphenated techniques. It is now clear that the
incremental development of speciation analysis
was not born as a trivial academic pursuit but as the
solution to major problems in environmental chem-
ical measurement. I mention just a few examples:
challenges due to massive worldwide emission of
organolead compounds in the atmosphere through
the extensive use of tetra-alkyl lead compounds
in automobile fuel; several mercury pollution inci-
dents connected with the indiscriminate use and
disposal of methylmercury compounds, without
recognising its extreme toxicity; severe disruptions
of the marine environment with effects on aqua-
culture, connected with the use of organotin com-
pounds, for example, as anti-fouling agents in the
marine environment and agricultural applications.

Currently, elemental speciation is well respected
and has established itself as a real bridge, the
paranymph between organic and inorganic analyt-
ical chemistry, utilising the best of both fields for
its development, specific methodology and funda-
mental paradigms.

Despite many potential application areas, spe-
ciation analysis, at least until recently, seemed
rather slow in finding practical exploitation. This is

not surprising. There is a definite induction period
needed for any new development before it finds
its place in technology and society. We cannot
force the pace. Despite scientific achievements,
ultimately the applications need to be triggered by
societal needs, pushed from practice rather than
pulled from science.

A handbook such as this one is a welcome
compendium of information that would otherwise
be scattered throughout the scientific literature.
It can serve as a reference book for those
interested in the subject in academe, government
and industry and those involved with important
questions related to the differences in behaviour
between atoms and molecules.

The first volume of the Handbook of Elemental
Speciation with the subtitle “Techniques and
Methodology” appeared in mid-2003. It deals
with the experimental basis and contains chapters
on the collection and storage of samples and
their problems, on the various methods used in
sample preparation and sample preseparation for
analysis, the full range of different separation
and detection techniques that together provide the
necessary sensitivity and selectivity for trace and
ultra-trace analysis with a number of hyphenated
techniques from solution, the important topic of
calibration and quality assurance/quality control.
The work also provides a detailed description of
the actual status of direct speciation methods in
solid samples on the basis of, on one side, different
beam methods of analysis based on electrons
and X-rays and, on the other side, with solid
or solution applications using new possibilities
offered by synchrotron X-ray methods through
the exploitation of the fine structure of the X-
ray absorption edge. The first volume is concluded
with an overview of rapid screening methods and
risk assessment/regulatory issues concerned with
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speciation. It provides the necessary background
material and a thorough description of the practice
of elemental speciation.

If the first volume deals with the analytical
chemistry of elemental speciation, according to the
IUPAC definition, and, as such, is a basic scientific
discipline, this accompanying second volume deals
largely with speciation and chemical species as
defined by the IUPAC. The material belongs to
applied science and, as far as its routine application
of scientific concepts is concerned, can even be
considered as technology.

What follows in this volume of the Handbook
of Elemental Speciation, as a welcome and practi-
cal complement to Volume I, is a thorough survey
of chemical speciation of the different elements,
treated systematically, more or less from alpha to
omega, within sequence: the compounds of alu-
minium, antimony, arsenic, cadmium, chromium,
cobalt, copper, iron, lead, manganese, mercury,
molybdenum, nickel, platinum (and the other noble
metals), selenium, silicon, sulphur, thallium, tin
vanadium and finally, zinc. This systematic sur-
vey of the different relevant elements for speci-
ation is followed by a review of groups of ele-
mental species, the actinide elements, halogens as
present in the atmosphere, the volatile metals and,
finally, a chapter on proteins and one on the metals’
behaviour in humic/fulvic acids and their implica-
tions for elemental bio-availability in the soil/water
environment. For all these topics, the analytical
chemistry aspects are completed with data on the
physical and chemical properties, environmental,
toxicological, health and legislative aspects of the
species of interest, in short everything important
for the issues in hand. The text concludes with

chapters on various modelling aspects connected
with speciation issues.

It is obvious that for a complex topic such
as this one, the preferable way to deal with the
rather disparate contents is through assembling
the experience of a number of different expert
authors, as no single person would master in
sufficient detail all the topics to be developed. As
in the previously published volume, the editors
selected experts carefully, to provide overall a
high-quality work.

Is this volume going to be the end of the series
and the collaboration among the four editors? I sin-
cerely hope not! The present and previous volume,
as comprehensive as they are, still leave numer-
ous gaps in the field. The two volumes are heavily
centred on the environmental and health sciences,
evidently the most important areas of application
up to now. However, it is clear that as the sub-
discipline develops, a myriad of new analytical
challenges will arise in other areas. We can only
hope that the present two volumes will become
the start of further complements in a continuing
series of handbooks. Speciation analysis in mate-
rials science and especially in the microscopic and
nano-size spatial domains, the pursuit of speciation
analysis and its exploitation in speciation in solid
samples, the growing applications and the chal-
lenges of elemental speciation of metal-containing
proteins in the bio-sciences (metalloproteomics)
and the global issues connected with elemental
speciation in bio-geochemistry will be further areas
of expansion for this important methodology.

Freddy Adams
Antwerp, Belgium, October 2004
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Elemental Speciation has become a challenging
part of analytical chemistry. The short-, medium-,
and long-term perspectives are far-reaching, and
it may be interesting to dwell upon the ways the
scientific community will continue its progress. It
is to be expected that a renewed legal framework
will come into effect, in which essentiality and
toxicity of the elemental species, instead of
total trace element concentration, becomes the
key issue.

During the past 20 to 30 years, elemental spe-
ciation has grown into a full-fledged analytical
discipline. The technological and methodological
achievements in recent years have considerably
increased the possibilities of analytical chemistry.
Today, it is possible to determine numerous ele-
ment species accurately at concentration levels that
were inconceivable some 10 years ago.

The first volume of this Handbook gave a com-
prehensive overview of the analytical possibili-
ties and the general technical and methodological
aspects of speciation analysis [1].

The present — second — volume will cover the
species by element or group of compounds
(actinides, halogens, volatile metals, proteins, and
humic acids) describing the state of the art for
the sections environment, food, clinical, and occu-
pational health and hygiene. Special chapters on
the possibilities of modeling will introduce the
reader to the modern way of predicting chem-
ical situations through theoretical calculations,
made possible by the availability of modern high-
performance computers.

Newcomers in the field will appreciate the total
overview that this Handbook provides. Experi-
enced analysts will value the comprehensive detail-
ing of the most current developments in the
different sectors of elemental speciation.

The current situation in Speciation Analysis
is complex. On the one hand, there is a group
of elemental species that has been thoroughly
investigated and described (e.g. methylmercury,
organotin compounds, and organoarsenicals). On
the other hand, there are those compounds for
which only preliminary scientific knowledge has
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2 INTRODUCTION

been gained (e.g. elements bound to proteins, to
humic acids, etc.).

For the first group, the technological progress in
instrumental analysis has reached a level of perfor-
mance that enables analysts to determine elemental
species accurately at picogram levels and below. In
principle, these procedures already allow compre-
hensive survey measurements. Unfortunately, the
number of laboratories with the necessary skills
and analytical instrumentation is still much too
limited for routine control activities.

Although in research laboratories there exist
reliable analytical instrumentation and validated
standard operation procedures (SOPs), almost
every analytical approach turns out to be only
applicable to a few elemental species, in a narrow
range of matrices. While it would not be too
difficult for instrument manufacturers to transfer
such know-how into routinely usable analytical
instruments, such instrumentation would lack in
general applicability and would therefore only
appeal to a limited market segment. As long
as laws, regulations, and directives do not force
industrial and governmental controlling bodies to
systematically analyze elemental species, the size
of the market will remain too small to guarantee
a reasonable return on investment for routine-
instrument development.

The support for scientific research through uni-
versities and research institutions must increas-
ingly be justified on the basis of the relevance
decided by external funding bodies. Many tradi-
tional fields of application such as environmental
sciences do not offer a promising outlook in this
respect. As a consequence, analytical research
groups face a substantial reduction of support
because of the reallocation of funds to more
“fashionable” sciences such as molecular biol-
ogy or nanotechnology. To adjust to this situa-
tion, analytical scientists need to use their cre-
ativity in finding ways to participate by creating
their niche in, for example, nanotechnology,
cancer research, or proteomics. This requires
an open mind in terms of new opportunities,
evaluating strengths and weaknesses of existing
techniques and methodologies and a departure
from technique-oriented toward problem-oriented

research. Analytical chemistry provides basic
information about the status of humans and their
environment and about the characteristics of mate-
rials, its cycling, and interactions. There is little
doubt that the role of speciation analysis is crucial
in answering questions about the bioavailability,
biological activity, toxicity, or nutritional value
and metabolism of trace elements. The important
role of speciation analysis is evident from the more
than 500 publications every year on the subject and
from the gradual introduction of chemical species,
rather than total amounts, in rules and regulations.
These developments were possible only because
different scientific disciplines have crossed their
respective borderlines.

Analytical chemistry

More and more sensitive analytical techniques
have reached a detection power limited only by
mere contamination problems. At the same time,
the risk of contamination has been drastically
reduced by on-line coupling of separation and
detection into a closed system. There remain,
however, limitations imposed by the presence of
contaminants in the reagents and the release of
impurities by the packing material and many uten-
sils through contact with the sample. Nevertheless,
the quality of the information obtained through
these techniques has been enhanced drastically by
the increased sensitivity gained through hyphen-
ation [2]. Modern mass spectrometric techniques
allow to collect information on the atomic as well
as the molecular species [3, 4]. Fast separation
techniques such as Flow Injection [5], Fast Pro-
tein Liquid Chromatography (FPLC) [6], Capillary
Electrophoresis [7], and Multicapillary Gas Chro-
matography [8] reduce the analysis time and there-
fore the possibilities for species transformation
during analysis. Sample preparation has also been
made instrumental, benefiting from automation and
feedback control (e.g. microwave extraction with
temperature and pressure control [9]). Solvent-less
extraction [10] and other soft enzymatic extrac-
tion methods try to keep fragile species intact.
Some X-ray spectroscopic and microbeam tech-
niques are available for direct elemental speciation
analysis in the solid state, thus bypassing sample
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preparation [11]. Additionally, increasing Quality
Management has caused the comparability and
traceability of analytical measurements to get pos-
sible even for trace and ultra-trace analyses. Man-
ufacturers of certified reference materials (CRMs)
have started to market CRMs for speciation analy-
sis [12, 13]. Research groups have established the
state of the art in speciation analysis and discussed
shortcomings and artifacts during intercomparison
studies and workshops. Species-specific isotope
dilution analysis has been proven to be a very ver-
satile tool for studying species transformation even
during the analysis and enables accurate determi-
nation even under dynamic conditions [14, 15].

Toxicology

The toxicologists have developed increasingly reli-
able investigation and calculation models to deter-
mine the toxicity of chemical species. These data
form the basis for comprehensive characterization
and description of chemical species to be used in
legislation.

Chemometrics

Analytical chemistry, toxicology, and other dis-
ciplines can be improved significantly by using
chemometrical methods. The continuing develop-
ment in data processing techniques allows the use
of highly complex algorithms suited to improve
the quality and quantity of information extractable
from huge sets of data. Accordingly, this discipline
offers valuable support tools.

Medicine, biology, and food science

The assessment of the effect of elemental species
in medicine, biology, and food science depends
heavily on the quality of the analytical and
toxicological input. The most recent developments
in this connection are coming from the field
of proteomics and metallomics, dealing with the
determination of trace metals in biomolecules.
These new scientific fields will hopefully provide
a more fundamental understanding of the essential
role of trace metals in life processes and enhance
our knowledge of their physiological effect on
different organisms. Although this research field

has only recently emerged, the very first results
are already exciting.

It is obvious from this list of disciplines
and their interactions that only interdisciplinary,
targeted approaches will be able to generate
the momentum for further development in ele-
mental speciation analysis. This supposes well-
coordinated research aimed at answering complex
and important questions. It will be interesting
to see whether initiatives such as the Euro-
pean Virtual Institute for Speciation Analysis
(http://www.speciation.net) can provide an effi-
cient platform for such activities [16].
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Volume 2 of the Handbook of Elemental Specia-
tion endeavors to compile the state of the art in
elemental speciation for a large number of chemi-
cal elements. The reader will clearly see why it is
important to measure chemical species rather than
total element concentrations, especially in relation
to environment and living organisms, in health
or disease.

Roughly 90 elements are present on earth in an
as yet unknown number of chemical species.

Our interest went to those species that occur
in low concentrations in environmental matrices
and in living systems. Left out are the abun-
dant elements, carbon, hydrogen, oxygen, nitro-
gen and phosphor, and calcium, lithium, sodium,
potassium, magnesium, chlorine and fluorine and
those elements for which the elemental species
have not yet been substantially investigated and
little or no speciation knowledge is available. It is
expected that our knowledge in chemical species
will expand greatly during the coming decades, in
line with the increasing analytical competence. The
analytical methodology is the subject of Volume 1

of this Handbook [1]. This second volume covers
in detail the various species of 21 elements, of the
actinides, and of four groups of compounds (halo-
gens, volatile metal compounds of biogenic origin,
metal complexes of humic substances and metal
complexes of proteins). Chapters on modeling of
trace element species in the environment, food,
health and disease illustrate the power of modern
chemometric techniques in describing the behavior
of elemental species in complicated systems.

The chapters intend to provide basic knowledge
about the chemical species of each element or
group of compounds. The general structure of each
chapter aims at following a logical progression,
starting with the elemental species as they occur
naturally in the environment, in many cases upset
by dumping practices and further worsened by
input of synthetic species and their derivatives
of purely anthropogenic origin. (The organotin
compounds are undoubtedly one of the worst
examples.) The next step deals with the chemical
form under which they end up in the life cycle,
including the food chain. The study is complete
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6 ELEMENT BY ELEMENT REVIEW

when it is known which elemental species are
being inhaled or ingested by man, how they are
incorporated, excreted and, last but not least, how
they have either been beneficial to the health
of the subjects or, on the contrary, posed a
health risk.

The rudimentary depth of fundamental knowl-
edge in this relatively young discipline made it
impossible to impose a strict organization of the
chapters. Each contribution has been written by
specialists in the field, who have aimed at being
as informative as possible. The individual style
of each author plays, however, a decisive role in
the way the existing knowledge is presented. It is

inevitable that every author be conditioned by his
or her personal focus and academic background in
either analytical chemistry, medical sciences, occu-
pational medicine or environmental sciences.

We hope that the knowledge contained in the
two volumes of this Handbook will provide a
stimulus for further research in this young and
exciting scientific domain.
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1 INTRODUCTION

Aluminum (Al) is the most abundant metal in the
lithosphere. It is bound predominantly in sparingly
soluble oxides (bauxite) and complex alumosil-
icates, comprising 8% of the Earth’s crust. Its
chemistry depends strongly on pH. In contrast,
because Al is very insoluble in the neutral pH
range, its abundance in the oceans is much less,
the Al concentration being below 1 pgdm™3. Nev-
ertheless, its solubility is significantly increased
under acidic (pH < 6.0) or alkaline (pH > 8.0)
conditions and/or in the presence of inorganic and
organic complexing ligands. Acid rain may sub-
stantially mobilize and release Al into soil solu-
tion, and into underground and surface waters. This
effect is observed especially in poorly buffered
soils [1, 2]. Al solubility in soil also increases as
a response to elevated nitrification that causes an

5.2 Analytical techniques for speciation
of Al in environmental water
samples and soil

solutions . . . . ... ... .. ... 10
5.3 Analytical techniques for speciation
of Alinplants . .. ........... 15
6 Conclusions . .................. 17
7 References . ................... 18

increase in acidity and consequently mobilizes Al
into soil solution [3]. The released mononuclear
ionic Al species may undergo polymerization or
may be complexed by available inorganic or
organic ligands [4]. AI*T is a very reactive species.
It reacts 107 times faster than Cr**. In the envi-
ronment and in biological systems, Al exists only
in AI’* oxidation state. Al is too reactive to be
found free in nature. It is widely used in the
industry, representing an additional burden to the
environment. Al;(SO4)3 is added to drinking water
as a coagulant to clarify turbid drinking waters.
Alums, double sulfate salts of AI’** and Nat, K*
or NH,; " such as KAI(SO,),-12H,0 are used in the
paper industry for tanning (to replace Cr’* salts)
and dyeing. Alums are also added to foods, and
AI(OH); can be found in pharmaceutical products,
such as antacids [5]. With the increased release of
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8 ELEMENT-BY-ELEMENT REVIEW

Al to the environment, its toxic effects on humans,
animals and plants have been observed.

2 THE AQUEOUS CHEMISTRY
OF ALUMINUM

Al is a small, highly charged ion. The effective
ionic radius of AI’* is 0.054 nm. Because of
its charge, in aqueous solutions at low pH val-
ues, AI*t is coordinated by six water molecules
in an octahedral configuration. In solutions more
acidic than pH 5.0, Al(H,0)s** exists (abbrevi-
ated as AI*"). In less acidic solution, Al(H,0)¢>"
undergoes hydrolysis to yield Al(H,0)s(OH)>*
(abbreviated as AI(OH)**) and Al(H,0)4(OH),*
(abbreviated as AI(OH),™) species. In the neutral
pH range, Al is mainly precipitated as Al(OH)s.
In basic solutions, the precipitate redissolves,
resulting in formation of tetrahedral AI(OH),~.
The equilibria among mononuclear Al species in
aqueous solutions may be expressed by the fol-
lowing reactions with corresponding equilibrium
constants [5]:

Al(H,0)6>" 4+ H,0 = Al(H,0)s(OH)** + H;0*

Kia = 1073 (2.2.1.1)

Al(HzO)s(OH)2Jr +H,0 = AI(H20)4(OH)2Jr + H30+

Kra = 107> (22.12)

Significant amounts of soluble AI(OH); are not
formed in solution, but deprotonation from two
more Al(H,0)4(OH),™ bound waters yields the
soluble tetrahydroxy aluminum species.

Al(H,0)4(OH)> " + 2H,0 = Al(H,0),(OH),~ + 2H;0"

Kqa = 10721 (2.2.1.3)

Martin [5] reported the distribution of soluble
mononuclear Al species in aqueous solutions at
various pH values, calculated on the basis of
thermodynamic equilibrium constants at 25 °C and
an ionic strength of 0.16. AI** is the prevailing
species below pH 5.0. In the pH range between
5.0 and 6.2, there is a mixture of AI**, AI(OH)**,
AI(OH),™" and colloidal AI(OH); species. At a pH
higher than 6.2, the dominant species is AI(OH), ™.

When the pH of an acidic aqueous solution
increases, the charge density of Al, due to hydrolysis,

decreases and Al begins to polymerize [4]. Polynu-
clear Al species represent important metastable dis-
solved constituents that may remain in solution for
many years. The smallest polynuclear Al complex
in solution is the Al dimer, which is linked by a
dihydroxide bridge (Al,(OH),(H,0)g)**. This Al
dimer is not a stable species. The ring structure of
six aluminum hydroxide octahedra (Alg(OH);5)%*,
the double-ring (Al;o(OH)2®") and the triple-ring
(Al;3(OH)30”) structures are more stable Al poly-
mers [4]. The most widely used method for direct
observation of polynuclear Al species is nuclear
magnetic resonance (NMR) spectroscopy. Various
polynuclear Al complexes with the general formula
[Al,(OH)3],>* and other polynuclear structures of
Al have been proposed in the literature [6]. The
extent of polymerization and the distribution of poly-
mers depend on the degree of oversaturation, pH,
temperature and age of the solution. Elevated con-
centrations of polynuclear species are found only in
highly saturated solutions that are not in contact with
adsorbing surfaces. Higher temperatures and aging
of solutions favor the polymerization process. It was
demonstrated that Al also tends to hydrolyze at clay
surfaces, resulting in polymer formation in soil solu-
tion and aquatic systems. Coalescing of polymers
increases the molecular mass, leading to precipi-
tation of Al from solution as amorphous AI(OH);.
If suspended particulate matter is present in natural
water samples, it will readily adsorb polynuclear Al
species [6].

3 THE DISTRIBUTION OF
ALUMINUM IN ENVIRONMENTAL
SOLUTIONS

In environmental solutions, F~, SO42~ and organic
ligands compete with OH™ for formation of Al com-
plexes. AI** forms stronger complexes with F~ than
S042~.In acidic solutions, containing more fluoride
than Al, almost all AI** exists in the form of fluoride
complexes. Unless there are very high concentra-
tions of sulfate present, fluoride is the most impor-
tant inorganic ligand that complexes Al in acidic
environmental solutions. However, under alkaline
conditions, F~ or SO,42~ are displaced by the OH™
ion [7]. There is evidence of interactions between
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Al and silica. Recently, hydroxyaluminosilicates
have been directly identified in acidic solutions by
atomic force microscopy [8]. Interactions of Al with
HCO; ™ are rather weak. With PO,3~, Al forms spar-
ingly soluble species that are precipitated as AIPOy.
Other inorganic anions that can be found in natural
waters, that is, C1~, Br—, I", S*~ and NO5~, do not
form significant complexes with Al [9].

Naturally occurring organic substances of vari-
ous types play an important role in the binding of
Al in soils, sediments, plants and in natural waters.
Most soils are composed of mineral fraction and
organic matter. Organic ligands originate either
from plants or are synthesized by microorganisms.
The soil organic compounds that form stable com-
plexes with Al are low molecular mass (LMM)
substances such as simple aliphatic acids, phe-
nols and phenolic acids, sugar acids and complex
polynuclear phenols. High molecular mass (HMM)

organic compounds that also form stable com-
plexes with Al are yellow- to dark-colored humic
and fulvic acids. The formation of complexes
occurs by the reaction of A>T with carboxyl and
phenolic groups [10]. A particular role in complex-
ation of Al in the soil solution is played by car-
boxylic LMM organic acids, that is, formic, acetic,
propionic, butyric, oxalic, succinic and fumaric,
as well as hydroxycarboxylic LMM organic acids,
that is, lactic, tartaric and citric. Although their
concentration in soil solution is normally very
low, in the concentration range of 10> mol dm—2,
higher quantities can be found in the rhizosphere
of crop plants. The leaves of plants often con-
tain high concentrations of citric and malic and
to a lesser extent succinic, fumaric and oxalic
acids [10]. Some of these organic ligands can form
strong complexes with AI’** and may therefore
compete for complex formation with inorganic

Table 2.2.1.1. Critical stability constants of some mononuclear AI(IIT) complexes (u = 0.10, T = 25°C).

Ligand Quotient Q Log Q Source:
reference no.
HOH, HL [AIL>H]/[APPT][L] 8.47 12, 13
[AIL, F/[APH][L™]? 16.8
(n=0) [AIL;)/[ABF][L~P? 24.7
(1w =0) [AIL*~)/[APH][L7]* 31.5
HF, HL [AILZH)/[APPF][L™] 6.42 12
[AIL, */[APH][L~]? 11.63
[AIL;)/[ABPF][L~]? 15.5
[AIL*-)/[APH][L-]* 18.1

H,SO4, HoL (1 = 0)

[AILT/[APH][L*] 3.5 14

EDTA, H,L [AIL-)/[APH][L*] 16.5 12
[AIHL/[AIL™][H*] 2.5
[AIL~)/[AIOHL?>~][H*] 5.83
[AIOHL?"J/[AI(OH),L*~][H] 10.31

Lactic acid, HL (1 = 6) [AILZH])/[APH][L] 2.36 12
[AIL, " J/[AP+][L™]? 4.42
[AIL;)/[APF][L~]? 5.8

Oxalic acid, H,L (u = 1.0) [AILH)/[APH][L?] 6.1 15
[AIL, " V/[APH][L2]? 11.09
[AIL;2~ /[APH][L> P 15.12

Malic acid, H,L (T = 37°C, u = 0.15) [AILT/[APF][L*] 4.60 12
[AIL, " /[AP+][L>]? 7.62
[AIHL>*]/[AIL*][H] 2.27
[AIHL,/[AlL, " ][H] 3.69
[AIL,~J/[AIOHL,>~][H*] 3.31

Citric acid, H3L [AILJ/[AIPF][L37] 7.98 12
[AIHL*]/[AIL][H*] 2.94
[AIL)/[AIH_,L~][H"] 331
[AIH_,L~)/[AI(OH)(H_,L)*][H] 6.23

Note: EDTA = ethylenedinitrilotetraacetic acid, u = ionic strength, T = temperature
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ligands, or may even, like citrate, solubilize Al
from precipitates (hydroxide, phosphate) [5, 11].
In environmental solutions, an equilibrium exists
among the various Al species. The distribution
of Al species depends on the concentration of
Al, the concentration of inorganic and organic
ligands and their corresponding stability constants
with Al. Temperature and, in particular, the
pH of the solution also play important roles.
Stability constants for some typical inorganic and
organic ligands that can bind Al in environmental
solutions [12—15] are presented in Table 2.2.1.1.

4 THE TOXICITY OF ALUMINUM

Elevated concentrations of soluble Al species in
the environment cause toxic effects to living
organisms. The toxicity of Al depends primarily
on its chemical forms. Labile positively charged
aqua- and hydroxy mononuclear complexes have
been recognized as the most toxic Al species.
Harmful effects of Al were observed on organisms
of aquatic [16, 17] and terrestrial [18—21] habitats.
Al exhibited severe toxic effects on fish exposed
to 2.8 wmoldm™ concentrations of aqua- and
hydroxy aluminum complexes in the pH range
from 4.0 to 6.5. Responses to Al were the most
severe at pH 6.1 since AI(OH); stuck to fish
gills and at pH 4.5 due to electrolyte loss [16].
Toxic effects of Al on amphibians were also
observed [17]. Investigations on the influence of
Al on red spruce root growth indicated that chronic
exposure to mononuclear positively charged aqua-
and hydroxy aluminum species in concentrations
greater than 180 to 250 umol dm ™3 of Al inhibited
root growth [19]. Al toxicity is also the major
factor limiting crop productivity on acid soils,
which comprise up to 40% of the world’s arable
lands. The major symptom of Al toxicity is a rapid
inhibition of root growth and root branching [21].

In order to understand the phenomena of Al
toxicity, intensive investigations have been carried
out in the last two decades on speciation of Al by
computer modeling and by the use of experimental
analytical techniques. However, speciation of Al
is still a difficult task because of the complexity
of chemical compounds present in environmental

solutions and the great influence of pH on the
distribution of Al species.

S SPECIATION OF ALUMINUM IN
ENVIRONMENTAL SAMPLES

5.1 Computer modeling

Computer modeling is a widely used approach to
elemental speciation and can be readily accom-
plished using one of the many available computer
programs for speciation. Among numerous applica-
tions, computer simulation was employed in specia-
tion of Al in soil solution, taking into consideration
dissolved silica [22]. The proposed model demon-
strated that dissolved silica has a remarkable influ-
ence on Al speciation. Increasing concentrations
of silicic acid may effectively inhibit the forma-
tion of toxic AI’T, AI(OH)**, AI(OH)," as well
as polynuclear Al hydroxy species, and, further-
more prevent Al toxicity to plants. Al binding to
humic substances in acid soils [23] and acid surface
waters [24] has also been investigated by computer
modeling. Investigation of the factors influencing Al
speciation in natural water equilibria with the min-
eral phase gibbsite was also carried out with the
aid of computer programs [25]. These theoretical
predictions have been successful for well-defined
solutions with known total metal concentrations,
ligand concentrations and known corresponding sta-
bility constants but tend not to predict accurately the
metal species in soil solutions owing to the very
complex matrix. Because of uncertainty in ther-
modynamic data, particularly involving naturally
occurring organic solutes, it is useful to distinguish
analytically among various forms of Al. The need
for the experimental determination of the Al com-
pounds present in environmental solutions resulted
in the development of numerous analytical tech-
niques for speciation of Al.

5.2 Analytical techniques for speciation
of Al in environmental water samples
and soil solutions

In speciation analysis of Al, it is of great
importance to avoid extraneous contamination
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Table 2.2.1.2. Driscoll’s scheme for fractionation of Al [34].

<« Total reactive Al, acid digestion —

< Labile Al measured by rapid reaction with 8-hydroxyquinoline —

< Al in strong cation-
exchange column effluent —

Nonlabile mononuclear Al
organic complexes

Labile mononuclear inorganic
Al species aqua AP,
hydroxy aluminum
complexes, fluoro aluminum

Acid-soluble Al colloidal
Al, polynuclear Al
species, strong Al organic
complexes

complexes, sulfato aluminum

complexes

during sampling and speciation procedures. Sam-
ples should be collected in high-density polyethy-
lene or Teflon ware, previously soaked in 10%
HNO; for 48 h and rinsed with high-purity water
(MiliQ, water doubly distilled in quartz) [26]. In
order to prevent chemical transformation of Al
species, samples should be analyzed immediately
after sampling or stored in the dark and cold.
When the concentrations of Al in the samples are
low (ngcm™ concentration level), the speciation
analysis should be carried out under clean room
conditions (at least class 10,000).

Numerous fractionation procedures have been
developed to operationally determine labile, quickly
reacting mononuclear Al species, based on the
rates of reaction with complexing agents such as
8-hydroxyquinoline [27], ferron [28] or pyrocate-
chol violet [29]. Ton-exchange [30] and chelating
ion-exchange [31] chromatography also allow the
determination of mononuclear Al species. Miller
and Andelman [31] reported the speciation of Al
in acidic waters using a Chelex-100 preconditioned
resin. A batch procedure was applied at various
time intervals to distinguish among rapidly, mod-
erately and slowly exchangeable as well as inert
Al forms. Kozuh et al. modified a batch Chelex-
100 technique to a column procedure with induc-
tively coupled plasma atomic emission spectrom-
etry (ICP-AES) detection [32] and a microcolumn
system with electrothermal atomic absorption spec-
trometry (ETAAS) detection [33] for the determi-
nation of mononuclear Al species in aqueous soil
extracts [32] and environmental water samples [33].
The authors also optimized the parameters influ-
encing the efficiency of the extraction procedure

for the determination of the total water-soluble Al
in soil samples [32]. In pure aqueous solutions, all
these techniques enable determination of the sum
of positively charged aqua- and hydroxy Al species
in the acidic and neutral pH range. In environmen-
tal samples, various inorganic and organic ligands
are present that compete for Al. The resulting Al
complexes could also contribute to the measure-
ment signal of total mononuclear Al. In order to
distinguish between various groups of Al species,
Driscoll proposed an analytical scheme [34] that
combines three techniques for speciation of Al
in natural waters. Rapid reaction of Al with 8-
hydroxyquinoline complexing agent, column ion-
exchange and acid digestion were applied to differ-
entiate among labile mononuclear Al species, non-
labile mononuclear Al species and the acid soluble
Al fraction, see Table 2.2.1.2.

Many investigators used Driscoll’s scheme and
applied it with minor modifications to the deter-
mination of Al species in environmental water
samples [26, 35, 36]. Selective procedures have
also been developed for the speciation of AI’*
in environmental samples based on reaction with
the fluorescent chelating agent morin [37], using
a fluoride ion-selective electrode [38] and isota-
chophoresis [39].

In the last decade, investigations were directed at
the development of analytical methods for simul-
taneous determination of different Al species by a
single procedure. For this purpose, ion chromatog-
raphy in combination with postcolumn deriva-
tization using Ultraviolet Visible spectroscopy
(UV-VIS) [40, 41] or fluorescence detection [42,
43] was employed. The method developed by Willet
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[41], which was able to distinguish among free Al
(AI’*, AI(OH)**, AI(OH),* and Al(SO,)T), dou-
bly charged Al-containing ions, that is, (AIF)>* and
singly charged Al-containing ions, that is, AIF,*,
Al(ox)*t, Al(cit)™ was successfully applied to the
speciation of Al in soil solutions [42]. Neutral and
negatively charged species did not influence the
determination of positively charged Al species.
Jones and Paull [43] developed an ion chromato-
graphic procedure for the direct determination of Al
species in waters over a wide pH range, including the
alkaline region. Inorganic mononuclear Al species
were separated from AIF?*, AIF," and Al bound
to organic molecules. Sutheimer and Cabaniss [44]
reported the separation of soluble complexes of
aluminum fluoride, aluminum citrate, aluminum
acetate and aluminum silicate from AI**, AI(OH)**,
Al(OH),™ and AI(OH),~ (which appeared as a
single peak) by the use of cation-exchange high
performance liquid chromatography (HPLC) with
fluorescence detection of the aluminum lumogal-
lion complex.

One of the reasons why ion-exchange HPLC
systems were not frequently applied to the spe-
ciation of Al lies in the common use of halide
solutions as eluents. These eluents lead to cor-
rosion problems with the stainless steel compo-
nents of HPLC systems and are subject to matrix
interference effects with conventional detection
systems, that is, optical spectrometric methods.
Mitrovié et al. [45] developed a cation-exchange
fast protein liquid chromatography (FPLC) pro-
cedure with ICP-AES detection for speciation of
mononuclear Al species. By employing aqueous
8 mol dm—® NaNOj; linear gradient elution quanti-
tative determination of individual Al species (AP,
Al(OH)**, AI(OH),* and AI(OH),”) in the pH
range from 3.0 to 11.0 was obtained in synthetic
aqueous solutions containing Al. The increasing
ionic strength of the eluent during the chromato-
graphic run (gradient elution) allowed the separa-
tion of positively charged Al species. The charge
of the separated Al species was deduced from the
retention times. The experimental data agreed well
with Martin’s predictions [5] calculated on the
basis of the thermodynamic equilibrium constants

at 25°C and an ionic strength of 0.16. The possi-
bility of distinguishing between aqua- and hydroxy
Al species is of great importance in studies of
Al toxicity. However, in complex sample matrices
positively charged Al(SO4)™* and AIF," species as
well as negatively charged oxalato- and citrato-
Al complexes coeluted with AI(OH),™ species,
and AIF** coeluted with AI(OH)>* species. The
technique was successfully employed for specia-
tion of Al in soil extracts in which concentrations
of total Al were higher than 0.5 pgcem™3. Since
most natural water samples and some soil extracts
contain very low Al concentrations, the same
investigators appreciably improved the sensitivity
of the technique down to low ngcm™ concen-
trations by employing a cation-exchange FPLC-
ETAAS procedure, using aqueous 8 moldm™3
NH4NO; linear gradient elution [46]. The influ-
ence of some typical inorganic and organic ligands
on the distribution of Al species at pH 4.0 and
6.0 was investigated as well and is presented in
Figure 2.2.1.1.

Speciation of Al in soil extracts and environ-
mental water samples was performed using the
improved technique [46]. On the basis of the reten-
tion times and data comparison with those in
Figure 2.2.1.1, it was possible to determine par-
ticular Al species or estimate groups of Al species
present in the samples analyzed.

The sensitivities of most analytical techniques
developed are adequate for speciation of Al in
environmental samples. On the basis of the spe-
cific selectivity of a particular technique, single
Al species or different groups of Al species may
be determined. In order to obtain more compre-
hensive information on the Al species present
in environmental samples, comparison of analyt-
ical data from complementary procedures needs
to be performed. Borrmann and Seubert [47] com-
bined ion chromatography with size-exclusion and
cation-exchange columns using “on line” detec-
tion via postcolumn UV photometry and atomic
spectrometry. The proposed analytical system
enabled determination of AP and complexed
Al (fluoro-, oxalato- and citrato aluminum com-
plexes) in the pH range from 3 to 5. Cation-
exchange HPLC and size-exclusion HPLC with
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Figure 2.2.1.1. Influence of some inorganic and organic ligands on the distribution of aluminum species (250 ngecm™ Al)
at pH 4.0 and 6.0 employing cation-exchange FPLC with ETAAS detection (fraction collection 0.5 cm®). The percentage of
mononuclear aluminum species in filtered (0.1 wm) synthetic samples was determined using a Mono S HR 5/5 column, a sample
volume of 1 cm?, aqueous-NH4NOj3 (8 mol dm™?) linear gradient elution in 10 min, and at flow rate of 1 cm’® min~!, n = 2.
(Reproduced from Reference [46] by permission of Wiley VCH.)
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fluorescence detection were also used for deter-
mination of APt and complexed Al (fluoro-,
oxalato- and citrato aluminum complexes) [48].
The two techniques were employed in Al spe-
ciation in soil extracts. Milaci¢ et al. [49] com-
bined three analytical techniques: cation-exchange
FPLC-ICP-AES [45], microcolumn chelating ion-
exchange chromatography — ETAAS [33] and 8-
hydroxyquinoline spectrometry [27] for determina-
tion of Al species in aqueous soil extracts and perco-
lating water samples. Taking into consideration the
specific selectivity of the technique and by compar-
ison of the analytical data, it was demonstrated that
in aqueous extracts of forest soils and in percolating
water samples of forest soils Al exists predomi-
nately as mononuclear species bound to organic
molecules, partially in complexes with humic acids
and to a smaller extent as aluminum sulfato species.
The prevalent mononuclear Al species in clay and
sandy soils were estimated to be aluminum flu-
oro complexes, and the dominant Al mononuclear
species in acid soils were presumed to be aluminum
sulfato complexes.
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Since humic and fulvic acids play an important
role in the environment, many investigations
were oriented to the development of analytical
techniques for determination of aluminum fulvic
and humic complexes. Some procedures were
based on kinetic discrimination of quickly react-
ing Al species with oxine in a flow system [50,
51], whereas others were directed to determi-
nation of the individual concentrations of Al
species. Sutheimer and Cabaniss [52] applied high-
performance cation-exchange chromatography for
quantification of free Al and Al complexed by
fulvic acids. Size-exclusion chromatography was
used for speciation of Al in natural waters [53].
The data indicated that Al was bound to a broad
size range of humic substances and that inorganic
Al was present in polynuclear form. Mitrovi¢ and
Milaci¢ [54] studied Al speciation in forest soil
extracts by size-exclusion chromatography with
UV and ICP-AES detection and cation-exchange
FPLC with ETAAS detection. An example of such
speciation analysis of deciduous forest soils by two
techniques is presented in Figure 2.2.1.2.
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Figure 2.2.1.2. Determination of Al species in filtered (0.45 wm) aqueous extracts of deciduous forest soils (samples 3 and 4)
by size-exclusion ICP-AES-UV (a) and FPLC-ETAAS (b) techniques. (Reprinted from Sci. Total Environ., 258, Mitrovi¢, B. and
Milaci¢, Speciation of aluminum in forest soil extracts by size exclusion chromatography with UV and ICP-AES detection and
cation exchange fast protein liquid chromatography with ETAAS detection, 183, (2000), wih permission from Elsevier.)
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The FPLC chromatograms of samples No. 3 and
4 represent elution of mononuclear Al species.
The LMM complexes of AlF,*, aluminum citrate
and aluminum oxalate are eluted with the solvent
front, whereas Al-humic complexes are eluted at
a retention time from 6.0 to 8.0 min. The size-
exclusion chromatographic peaks of samples No. 3
and 4 indicate that the molecular mass of Al bound
to humic acids in both samples ranges from 7200
to 13,500 Da. Species eluted from 65 to 75 min
represent the LMM-AI fraction. Combination of
the two techniques indicated that 80—95% of total
water-soluble Al in the samples exists in the form
of mononuclear Al species. 45—55% of total water-
soluble Al corresponds to LMM complexes of
AlF,™, aluminum citrate and aluminum oxalate,
and 30-40% of total water-soluble Al exists in
the form of Al bound to humic substances with
molecular masses ranging from 6400 to 9000
Da (conifer forest soils) and 7200 to 13,500
Da (deciduous forest soils). Comparison of the
data from size-exclusion ICP-AES-UV and FPLC-
ETAAS techniques for determination of aluminum
humate complexes indicated good agreement of
results (94—104%). Combination of the proposed
complementary speciation techniques enables a
reliable interpretation of the analytical data. It also
provides more comprehensive information on the
Al species present in forest soil extracts. This
is very important when the toxicity of particular
Al species is studied and when the consequences
of acid rain are investigated in the terrestrial
environment.

5.3 Analytical techniques for speciation
of Al in plants

Al toxicity is a well-known limiting factor in plants
growing in acid soils. Nevertheless, some plants
are able to tolerate even phytotoxic concentra-
tions of Al. They have developed special tolerance
mechanisms, among which external and internal
tolerance mechanisms are most frequently men-
tioned [21]. It was presumed that LMM organic
acids (citric, oxalic, malic, succinic) are involved
in both tolerance mechanisms [55]. The detoxifica-
tion of Al proceeds through complexation reactions
either outside or inside the roots. Investigations of

Al-tolerance mechanisms, the uptake, the kinetics
and the spatial distribution of Al in Al-tolerant and
Al-sensitive plants have been based on the deter-
mination of total Al [56, 57]. Since Al toxicity
depends appreciably on its chemical form, there
was a need to apply reliable analytical techniques
for determination of Al species in plant sap. Al spe-
ciation is also necessary in the investigations of Al
uptake, transformations and translocation into the
upper parts of plants.

There are only a few analytical techniques for
identification and quantification of mononuclear
aqua- and hydroxy aluminum species [45, 46].
Until recently, there was also a lack of reliable ana-
lytical techniques for quantitative determination of
LMM-AI complexes. Bantan et al. developed an
analytical procedure for quantitative determination
of aluminum citrate and some other negatively
charged Al complexes in the pH range from 3.0 to
11.0 by the use of anion-exchange FPLC with ICP-
AES [58] or ETAAS [59] detection. For this pur-
pose, aqueous 4 mol dm~ NaNOj linear gradient
elution [58] or aqueous 4 mol dm~3 NH4NOj; lin-
ear gradient elution [59] was applied. The possibil-
ities for speciation of LMM-AI organic acid com-
plexes in plant sap were investigated by applying
cation-exchange and anion-exchange FPLC tech-
niques in combination with optical atomic spec-
trometric methods [60]. The behavior of different
LMM-AI complexes was investigated in synthetic
aqueous solutions. Speciation analysis of plant sap
of Sempervivum tectorum with a high concentra-
tion of total Al (9.3 pgem™) and Sansevieria
trifasciata with an appreciably lower concentra-
tion of total Al (0.065 pwgcm™>) indicated that the
species present in these samples exist as nega-
tively charged LMM-AI complexes, which were
eluted at the retention time typical of aluminum
citrate and Aluminum aconitate. In order to iden-
tify Al-binding ligands eluted under the chromato-
graphic peaks, analysis by the electrospray ion-
ization ES-MS technique using a Z spray ion
source was also applied. It was proved that the
predominant LMM-AI negatively charged com-
plexes in the samples analyzed were aluminum
citrate and aluminum aconitate. In addition, it was
demonstrated that other LMM organic acids do
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not form complexes with Al in these samples.
Bantan Polak et al. [61] also performed an inves-
tigation on the uptake of various Al species in
Al-tolerant Chinese cabbage (Brassica rapa L. ssp.
pekinensis). Plants were exposed to 10 pgcem™
of Al in the nutrient solution (pH 4.2), containing
APT, aluminum citrate or aluminum malate in a
time span from 1 up to 24 h. In each experiment,
the nutrient solution and stem sap were analyzed
by a combination of cation- and anion-exchange

ELEMENT-BY-ELEMENT REVIEW

FPLC-ICP-AES techniques. Identification of Al
binding ligands eluted under the chromatographic
peaks was performed by the ES-MS-MS technique.
Typical distributions of AI**, aluminum citrate and
aluminum malate on cation-exchange (Mono S)
and anion-exchange (Mono Q) FPLC columns at
pH 4.2 are presented in Figure 2.2.1.3, and the
corresponding electrospray ionization tandem mass
spectrometry (ES-MS-MS) spectra are shown in
Figure 2.2.1.4.
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Figure 2.2.1.3. Typical distribution of AI**, aluminum citrate and aluminum malate at pH 4.2 on a cation-exchange Mono S
column (a) and on an anion-exchange Mono Q column (b) using ICP-AES detection, n = 3. (Reprinted from Phytochemistry,
57, Bantan Polak, T., Milaci¢, R., Pihlar, B. and Mitrovi¢ B., The uptake and speciation of various Al species in the Brassica

rapa pekinensis, 189, (2001), with permission from Elsevier.)
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Figure 2.2.1.4. ES mass spectra and corresponding daughter ion mass spectra for synthetic solutions of aluminum citrate (a) and
aluminum malate (b). (Reprinted from Phytochemistry, 57, Bantan Polak, T., Milaci¢, R., Pihlar, B. and Mitrovi¢ B., The uptake
and speciation of various Al species in the Brassica rapa pekinensis, 189, (2001), with permission from Elsevier.)

The applied combination of speciation tech-
niques enabled determination of particular chem-
ical forms of Al present in the nutrient solution
or in stem sap. The results demonstrated that AI**+
added to the nutrient solution was not transformed
in the growth media during the course of the exper-
iments, but in the roots transformation to aluminum
malate occurred. Al was transported from roots to
the upper parts of the plant as aluminum malate
(70%) and A>T (30%). Aluminum citrate or alu-
minum malate added to the nutrient solution was
transferred to the upper parts of the plant without
transformation of their chemical forms.

6 CONCLUSIONS

Because of its toxic effects on living beings, Al
may represent an environmental hazard, particu-
larly under increased acidic conditions. Growing
environmental concern over the presence of

increased Al concentrations in soil solutions and
fresh waters resulted in the development of numer-
ous analytical techniques for the determination of
Al species. Owing to the complex chemistry of
Al, the variety of Al species present in environ-
mental solutions and the great influence of pH on
Al speciation, quantitative determination of partic-
ular chemical forms of Al is still a very difficult
task for analytical chemists. Numerous analytical
techniques are based on the rate of reaction among
various Al species and different complexing agents
and specific reactions with various chelating and
ion-exchange resins. These techniques in general
enable the determination of quickly reactive chem-
ical forms of Al, mainly the sum of aqua- and
hydroxy aluminum species that have been recog-
nized as the most toxic Al species to living organ-
isms. However, in the presence of other inorganic
and organic ligands that also form complexes with
Al, these techniques are not selective enough. In
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recent years, more selective analytical techniques
have been developed for speciation of Al by apply-
ing ion chromatography, cation-exchange HPLC,
cation- and anion-exchange FPLC techniques and
size-exclusion chromatography. These separation
procedures were combined with different detection
techniques (atomic spectrometric methods, spe-
cific reactions with chelating agents) for deter-
mination of separated Al species. For instance,
cation-exchange (FPLC) with ICP-AES or ETAAS
detection in pure aqueous solutions enabled quanti-
tative determination of individual Al species (AI**,
Al(OH)**, AI(OH),* and AI(OH),~), which is of
great importance in studies of Al toxicity.

In complex matrices such as environmental solu-
tions, a combination of complementary speciation
techniques is necessary for reliable interpretation
of analytical data to be made. It is also important
that after chromatographic separation, Al species
are determined not only on the basis of the reten-
tion time but also that the Al complex, eluted
under a chromatographic peak, be characterized.
ES-MS-MS provides a powerful tool for postcol-
umn characterization of Al-binding ligands.
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1 INTRODUCTION

Food is the main source of the essential major and
minor elements for humans. Na, Mg, P, K and Ca
are recognized as the major and Fe, Zn, Cu, Co,
Cr, Se, Mo and I are considered to be the minor
essential elements. There are some additional trace
elements such as B, F, Li, Si, V, Ni, As, Sn and
Pb that may be potentially essential to humans [1].
Aluminum (Al) is not considered to be an essential
element in human beings, but its toxic effects are
well known, particularly in patients with chronic
renal failure [2, 3]. The bioavailability of Al from
food depends on its chemical forms and the pres-
ence of Al-binding ligands. For instance, consum-
ing black tea with milk would appreciably decrease
Al bioavailability because of the formation of
sparingly soluble aluminum-phosphato species,
whereas drinking tea with lemon would drastically
increase bioavailability of Al owing to formation
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of aluminum citrate complexes. Concern over
the possible relation between environmental Al
exposure and Alzheimer’s disease [4] encouraged
investigations of the potential intake of Al into
the human body, including foods. Foodstuffs and
drinking water represent the potential oral Al expo-
sure. The concentration of Al in foodstuffs may
increase during food processing by the use of Al-
containing food additives. Al may also migrate into
foodstuffs via leaching from kitchenware or from
food packing. Parenterally administered nutrients,
contaminated with Al, represent a risk for Al intox-
ication, particularly in infants with reduced kidney
function. Infants fed with nutrition formulae may
also be exposed to elevated Al concentrations.

In order to estimate the total dietary intake of Al
in human beings, it is first necessary to determine
the total Al concentrations in different foodstuffs and
then afterwards to determine the chemical species of
Alpresentinfoodstuffs, particularly those highin Al.
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2 TOTAL ALUMINUM
CONCENTRATIONS IN FOODS AND
BEVERAGES

Numerous studies have been carried out on
determining total Al concentrations in various
foodstuffs [5—-22]. Miiller et al. intensively investi-
gated the Al content in foods and beverages typical
of German nutritional habits [5]. A total of 128
items were included in this investigation. Con-
centrations of Al in typical representative items
obtained by Miiller et al. [S] and data reported
by other investigators [6, 7] are summarized in
Table 2.2.2.1.

The data of Table 2.2.2.1 indicate that Al con-
centrations in rice, flour and bread ranged from 0.7
to 38 wgg~' Al In some biscuits, higher Al con-
centrations (up to 60 g g~!) were observed, prob-
ably due to the use of Al-containing food additives.
These additives are used to perform various func-
tions in food. Sodium aluminum phosphate is used
as a source of acid in raising agents, and aluminum
sodium silicate is used as an anticaking agent to pre-
vent particles of food adhering to each other [5, 8].
Data from Table 2.2.2.1 further indicate that meat
and fish contain from 0.5 to 30 pgg™' Al, while
higher concentrations of up to 80 ugg™' Al are
found in liver and kidneys. Concentrations of Al
in various vegetables and pulses in general range
between 2 and 90 wg g~! Al. However, various sorts
of lettuce may contain up to 1,000 pug g~! Al. Con-
sidering that in lettuce the dry matter represents
only about 10%, the latter concentration is not so
extremely high. In the group of Milaci¢ [7], it was
demonstrated that the concentration of Al in lamb’s
lettuce was not influenced by the total and water-
soluble Al content in soil. Lamb’s lettuce growing
on clay soil (pH 6.2) high in total and water-soluble
Al (40,700 and 7.70 g g~" Al, respectively) con-
tained 332 pg g~ Al, whereas lamb’s lettuce grow-
ing on peat soil (pH 6.5) low in total and water-
soluble Al (6,800 and 0.62 jLg g~! Al, respectively)
contained 413 Lgg=' Al On the basis of these
observations, it can be concluded that lamb’s let-
tuce may accumulate Al even from soils low in
Al. Herbs and spices (Table 2.2.2.1) contain higher
concentrations of Al, as well. Marjoram with Al con-
centrations up to 1,186 g g~! also seems to be an

Table 2.2.2.1. Total Al concentrations in various foods in
nge~! expressed on dry weight basis and in beverages® in
pgem3, reported by different authors.

Food Range (ugg~! Al)  Reference
(Lgem™ Al

Rice 2.5-21 [5]
0.7-1.6 [6]
Flour 1.5-38 [5]
9.8-20.2 [6]
Bread 2.4-22 [5]
13.5-22.0 [6]
24-37 [9]
Biscuits 7.9-60 [5]
Meat 3.7-29 [5]
0.5-1.8 [6]
4.0-10.0 [9]
Liver, kidneys 9.3-82 [5]
Fish 2.5-30 [5]
0.5-4.0 [6]
Vegetables 2.3-81 [5]
3.6-92 [7]
17.5-79.0 [6]
Lettuce 201-1011 [5]
27-412 [7]
Pulses 2.4-33 [5]
3.6-8.6 [6]
Herbs 29-300 [5]
Spices 5.7-1186 [5]
Table salt 0.2-22 [5]
Fruits 2.1-68 [5]
1.1-9.7 [6]
Sugar and sugar products 3.0-36 [5]
Milk 2.5-6.1 [5]
Dairy products 2.2-70 [5]
1.3-6.3 [6]
6.0-13.0 [9]
Cocoa 21-161 [5]
Cocoa products 4.5-75 [5]
Black tea leaves 607-1291 [5]
684-1192 [7]
Coftfee (powder) 9-29 [5]
Black tea infusions® 4.2 [5]
2.5-4.2 [7]
Coffee infusions” 0.1 [5]
0.35 [7]
Beverages® 0.2-8.2 [5]
33-73 [6]
Red wine® 0.5-4.5 [9]
1.5-38 [5]

“concentration in beverage.

Al accumulator. Sugar, sugar products and fruits are
in general low in Al content. Milk is also low in Al,
but dairy products, especially some types of cheese,
contain up to 70 pgg~! Al, due to additives used
in cheese processing. Cocoa and cocoa products
may contain slightly elevated Al concentrations, but
coffee powder is low in Al content. Consequently,
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coffee infusions also contain low Al concentrations
(0.1t00.35 jug cm~?). Black tea leaves are the food-
stuffs with the highest concentrations of Al, ranging
from 600 up to 1,300 wgg~'. Elevated Al concen-
trations (2.5-4.2 pgcm™?) are also found in black
tea infusions. Beverages in general contain below
8 wgcem™ Al, though exceptions are some types of
red wine with Al concentrations up to 38 jLgcm™>.
However, our results indicated that Slovenian red
wines contained appreciably lower Al concentra-
tions (0.1 t0 0.2 pgcm™).

From the data of Table 2.2.2.1, it is also evident
that different authors in general obtained compa-
rable results for various foodstuff items. Compa-
rable Al concentrations in foodstuffs were also
reported by other investigators in Germany [10],
Taiwan [11], Hungary [12], China [13] and Fin-
land [14-19]. In the United Kingdom, comparable
concentrations of Al were found in bread, fish, sev-
eral vegetables, refreshing drinks and dairy prod-
ucts, but much lower Al concentrations were found
in milk, meat and lettuce [20]. Variations in Al
concentrations in various sorts of lettuce ranging
from 11 up to 413 pgg~! were observed in a study
of the Al content of vegetables, carried out in
Slovenia [7]. Since some sorts of lettuce may con-
tain very low concentrations of Al, and the others
seem to be Al accumulators, this is probably the
reason why in the United Kingdom lettuce in gen-
eral contained lower Al concentrations. Monitoring
studies in the United States of America revealed
similar Al concentrations to those in Table 2.2.2.1
for bread, cakes, various vegetables, chocolate and
spices. However, food of animal origin contained
considerably lower Al concentrations [21, 22].

On the basis of the reported data, it may
be concluded that the Al content of frequently
consumed foods increases in the following order:
beverages, food of animal origin and food of
plant origin. The concentration of Al in different
foodstuffs sometimes depends on the region of
food production. Concentrations of Al in foodstuffs
are in general lower than 30 pgg~!. Higher
concentrations of Al can be found in processed
foodstuffs, some dairy products, some sorts of
lettuce, cocoa and cocoa products and in spices.
The highest concentrations of Al are found in black

tea leaves (up to 1,300 wgg~!). However, studies
performed on the average Al concentration in 24-h
diets [9] indicated that the average dietary intake
of Al is about 6 mg/day [8, 9]. This value is very
low compared to the Provisional Tolerable Weekly
Intake of Al, which for an adult man is 60 mg/day
and was established by the joint FAO/WHO Expert
Committee on Food Additives [23].

3 TOTAL ALUMINUM
CONCENTRATIONS IN DRINKING
WATERS

One of the main routes of entry of Al into the
human body is through the consumption of drink-
ing water with high Al concentrations. Important
sources of elevated Al concentrations in drink-
ing water are the use of Al-based flocculating
agents such as Al;(SOy4); and the release of sol-
uble Al species into surface, ground and drinking
waters because of soil acidification. For this rea-
son, concentrations of Al in drinking water may
considerably vary between different water sup-
plies. Monitoring of Al concentrations performed
for the 54 municipality water supplies in Que-
bec, Canada [4], indicated that total Al concen-
trations ranged between 5 and 260 ngcm™3, with
an average concentration of 40 ngcm™ Al. Vari-
ations in Al concentrations in tap water were also
observed in regular monitoring in 12 municipality
water supplies in Slovenia [24]. Total Al concen-
trations ranged between 1 and 200 ngcm™3, with
an average concentration of 37 ngcm™ Al. Higher
Al concentrations in drinking water ranging from
200 to 500 ng cm~3, were observed in Kenya [6].
Since water is used not only for drinking but also
in preparation of food, such high concentrations of
Al in drinking water may contribute to increased
intake of Al into the human body.

4 TOTAL ALUMINUM
CONCENTRATIONS IN PARENTERAL
SOLUTIONS, NUTRITION FORMULAE
AND BREAST MILK

Parenteral exposure to Al can occur via total par-
enteral nutrition [25]. Contamination may appear
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because of the use of calcium salts and additives
for parenteral nutrition, containing concentrations
higher than 100 jLgcm™> Al [26]. Intensive stud-
ies on contamination of parenteral nutrition solu-
tions with Alindicate different concentrations of this
contaminant [25-32]. Lower concentrations from
0.007 to 0.018 g cm~? Al [27], moderate Al con-
centrations from 0.004 to 0.07 wgcem™ [26] and
higher Al concentrations from 0.06 to 1.23 pug cm ™3
Al [32] werereported in parenteral solutions. Despite
highly elevated renal Al excretion, the median serum
Al concentrations in patients on parenteral nutrition
were slightly increased [26]. Therefore, parenteral
nutrition solutions may represent a risk of Al intox-
ication in infants with reduced kidney function and
in patients with impaired renal function.

Concentrations of Al in infant formulae made
up ready for consumption exhibited lower con-
centrations in cow’s milk—based formulae of 0.02
to 0.57 wgem™ Al, than in soya-based formu-
lae of 0.42 to 2.35 pgem™ Al [33]. A similar
range of Al concentrations in infant formulae of
0.06-1.23 pgem™ Al was reported by Baydar
et al. [32]. The Al content in baby food samples
was also determined. In slurried baby food sam-
ples, Al concentrations ranged between 0.4 and
3.0 pgg!' Al [34].

Reports on concentrations of Al in breast milk
indicate a wide range of Al concentrations from
0.004 to 2.67 wgem— Al [8, 34, 35].

5 MIGRATION OF ALUMINUM
FROM FOOD PACKING INTO
FOODSTUFFS AND LEACHABILITY
OF ALUMINUM FROM
KITCHENWARE INTO FOODSTUFFS

Al foils are frequently used for packing, and foil
containers are used for chilled and frozen food.
Investigations of the Al content in foods after being
frozen, refrigerated and cooked or baked in Al
foil containers showed a very small increase of Al
concentrations, compared to the natural Al content
in food [36]. Foodstuffs with neutral pH and low
salt content such as milk and dairy products, edible
fats and oil do not significantly leach Al from Al
food packing.

Most Al in packing is used in converted form.
This means that the packed goods do not come in
contact with the Al itself, since there is a layer of
plastic (epoxy-phenolic resin, vinyls) that covers
the Al packing. An experiment was carried out
in order to evaluate the influence of storage of
apple juice on leaching of Al from coated Al cans.
The results indicate only a slight increase in Al
concentration in apple juice stored for 22 months
in coated Al cans [36].

Numerous investigations have been carried out
to estimate the extent of leaching from Al utensils.
Rajwanshi et al. investigated the leaching of Al
with organic acids and fluoride [37]. Oxalic acid
leached Al more efficiently than acetic, tartaric and
citric acids. Fluoride alone was not able to leach Al
significantly from utensils, but assisted in leaching
Al in the presence of acids. Gramiccioni et al. [9]
compared the Al content in selected foodstuffs
after cooking in Al cookware or in glassware and
stainless steel. The data indicated that in general
normally salted foods (pasta, beans) did not leach
appreciable concentrations of Al from Al cookware
during cooking. Tomato sauce leached moderate Al
concentrations, which increased after cooking from
2.84 to 5.53 pgg~! Al Coffee also leached some
Al from cookware. The concentration increased
from 0.37 prepared in stainless steel containers to
0.93 wgg~! Al prepared in Al containers. Similar
observations for espresso coffee made in stainless
steel (0.35pugem™ Al) and in Al containers
(1.1 pgem™ Al) were also reported by other
investigators [7]. Pickles significantly leached Al
during cooking in Al utensils [9]. The concentration
of Al after cooking in stainless steel was 0.37 pg g~
Al, and in Al cookware it was found to be
19.30 g g~ ! Al. Ivanova et al. [7] observed similar
effects after cooking sauerkraut and sour turnip in
Al cookware. The concentrations of Al in the sauce
of sauerkraut and sour turnip found after cooking in
stainless steel cookware were 0.2 and 0.1 g cm™3
but after cooking in Al cookware were appreciably
higher, 31.3 and 26.0 pg cm™3 Al, respectively.

It can be therefore concluded that Al does
not migrate significantly from Al food packings
into foodstuffs when food of normal salinity
and neutral pH is stored. However, appreciably
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high concentrations of Al may be leached dur-
ing storage or cooking of acidic foodstuffs such as
tomato sauce and pickles, containing low molecu-
lar mass organic acids. Considering the increased
bioavailability of Al complexes with low molecu-
lar mass organic acids, the use of Al utensils for
such kinds of foods is not recommended.

6 SPECIATION OF ALUMINUM
IN FOODSTUFFS

Al speciation has not been frequently applied in
the analysis of foodstuffs. The main reason lies
in difficulties related to efficient extraction of Al
species from solid foods without transformation of
these species before analysis. The other reasons
are the complexity and variability of the Al species
present in foodstuff samples and the lack of reliable
speciation techniques for the determination of the
variety of Al species. However, there are some
reports of speciation of Al in drinking waters and
tea infusions.

6.1 Speciation of Al in drinking waters

There are numerous reports on speciation of Al
in environmental water samples, but data on Al
speciation in tap water are rather scarce. Mitrovi¢
et al. applied cation-exchange fast protein liquid
chromatography (FPLC) — electrothermal atomic
absorption spectrometry (ETAAS) for speciation
of Al in environmental water samples and in tap
water [38]. Al present in tap water of pH 7.6 and
a total Al concentration 5.2 ngcm™ was eluted
from the column with the solvent front, indicat-
ing the presence of AI(OH)s~ species. Gauthier
et al. [4] investigated the chemical speciation of
Al in four drinking water supplies that underwent
complete treatment in water purification, includ-
ing a flocculation step with Al sulfate. The mean
total Al concentration in these tap waters was
37 ngcm™3. The proportion of organic monomeric
Al was determined experimentally, and inorganic
forms of Al (AI’*, Al-hydroxy species, aluminum
fluoro, aluminum silicato and aluminum sulfato
species) were estimated using the AL-CHEMI spe-
ciation model. Because of the high pH of these

waters, the prevailing monomeric Al form was
found to be aluminum-hydroxy species.

6.2 Speciation of Al in tea infusions

Flaten and Lund [39] investigated Al speciation
in black tea infusions of different origin. The
total Al concentrations in tea infusions were
about 5 g cm™3. Speciation of Al was studied by
size-exclusion chromatography using postcolumn
reaction with pyrocatechol violet and a UV-visible
spectrophotometric liquid chromatography (LC)
detector for the detection of Al at 580 nm, and
organic molecules at 280 nm. A representative
chromatogram is presented in Figure 2.2.2.1.
Data from Figure 2.2.2.1 indicate that the Al
peak was eluted at 28 min and coeluted with
organic molecules. The size of the Al species
eluted was estimated on the basis of the calibra-
tion of the size exclusion chromatography (SEC)
column and was presumed to range from 4,000
to 6,500 Da. The analysis of tea infusions of dif-
ferent origin indicated that Al is bound in the
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Figure 2.2.2.1. Size-exclusion chromatograms of a tea infu-
sion prepared from a Twinings Earl Gray tea bag, mobile phase
0.12 mol 1! Tris at pH 5.5. (A) Aluminum detected at 580 nm
after postcolumn reaction with pyrocatechol violet; (B) organic
material detected at 280 nm. (Reprinted from Sci. Total Envi-
ron., 207, Flaten A. K and Lund W, Speciation of aluminum
in tea infusions studied by size exclusion chromatography with
detection by post-column reaction, 21, (1997) with permission
of Elsevier.)
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same size-range of organic molecules, irrespec-
tive of the origin of the tea. It was estimated
that Al-binding ligands in tea infusions might cor-
respond to polyphenolic compounds. Erdemodlu
et al. [40] investigated the speciation of Al in
black tea infusions by a combination of Amber-
lite XAD-7 and Chelex-100 resins. Al in eluents
was determined by flame atomic absorption spec-
trometry (FAAS). Hydrolyzable polyphenols were
retained on an XAD-7 resin, while Chelex-100
resin was used to separate cationic Al species. On
the basis of the results, they concluded that about
20% of total Al in black tea infusions corresponds
to cationic Al species, and about 30% of Al exists
in the form of hydrolyzable polyphenols.

7 CONCLUSIONS

Foodstuffs and drinking water represent potential
routes of intake of Al into the human body. Exten-
sive investigations on the total Al concentrations in
various foodstuffs indicated that under normal cir-
cumstances the average dietary intake of Al is about
6 mg/day. This value is low compared to the recom-
mended upper limit of 60 mg/day for an adult man
established by the joint FAO/WHO Expert Commit-
tee on Food Additives [23]. The concentration of Al
in foodstuffs may increase during the food process-
ing by the use of Al-containing food additives. Al
may also migrate to foodstuffs via leaching from
kitchenware, particularly when acidic food is pre-
pared in such containers. Al foils and coated Al cans
used in food packing do not represent an apprecia-
ble source of migration of Al from packing material
into foodstuffs. Parenterally administered nutrients,
contaminated with Al, may represent a risk of Al
intoxication, particularly in infants with reduced
kidney function. Infants fed with nutrition formulae
may also be exposed to elevated Al concentrations.
Drinking water contaminated with Al can represent
a potential body burden especially for subjects with
impaired renal function.

There is a lack of speciation data on the Al
compounds present in foodstuffs. There are only
a few reports on the speciation of Al in black
tea infusions, indicating that Al may be bound
to polyphenolic compounds. There are also some

speciation data on the distribution of Al species in
tap water, suggesting that Al-hydroxy complexes
are the prevailing species.

In order to better understand Al accumulation
in the human body, speciation data on representa-
tive foodstuffs, especially those with elevated Al
concentrations, are needed. There is an open field
for scientists to develop new analytical techniques
for speciation of Al in such complex matrices
as foodstuffs.
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1 INTRODUCTION

Aluminum (Al) has no known biological func-
tion in living cells but exhibits biological toxi-
city in experimental models [1-4] and, in par-
ticular, in patients undergoing regular dialysis [5,
6]. Al is related to many clinical disorders such
as renal osteodystrophy [7], microcytic anemia [8]
and dialysis encephalopathy [9]. Al accumulation
in brain has also been related to the neurodegener-
ative process in Alzheimer’s disease [10, 11], but
it is still a matter of debate whether Al is deposited
in the brain compartments as the result of or as the
inducer of Alzheimer’s disease.

Although Al is the most abundant metal in
the environment, the sparingly soluble nature of
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SEIUM . v o v v v v e e e n s 30
3.2 Determination of LMM-ALI species
in human serum . . . .......... 32

3.2.1 Analytical techniques for the
speciation of aluminum
citrate and some other

LMM-AI species ....... 33
3.2.2 Determination of LMM-Al
species in human serum: an
analytical approach . . . . .. 35
4 Conclusions . .................. 38
S5 References .. .................. 38

most Al compounds considerably decreases the
probability of an Al body burden in humans
from environmental sources. Therefore, the nor-
mal body burden of Al is rather low, less than
35 mg, distributed, with the exception of the lung,
in all human tissues at concentration levels of
2-3 mgkg™! dry mass [5]. The reported normal
serum Al concentrations are also low, ranging
from 0.5 to 8 ngcm™ Al [12], and a recent report
from Sanz Medel’s group indicated even lower
normal Al concentrations, around 2 ng cm3 Al
or less [13]. The main route of entry of Al into
the human body is through consuming drinking
water with high Al concentrations. The sources
of elevated Al concentrations in drinking water
are either owing to the use of flocculating agents
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such as Al,(SO4); or to soil acidification and
consequential release of soluble Al species into
surface, ground and drinking waters. Al over-
load in patients with chronic renal failure has
been largely prevented by eliminating aluminum-
containing phosphate-binding agents and by the
use of high-purity water for preparation of dial-
ysis fluids [14]. However, Al may still enter the
body of dialysis patients via consumption of food
and beverages and, in particular, by consumption
of Al-based drugs and antacids [15]. Several epi-
demiological studies also indicated a connection
between an increased risk of various mental disor-
ders, including Alzheimer’s disease, and elevated
Al levels in drinking water [16, 17].

In order to better understand Al transportation
in the human body, it is necessary to know the
chemical species in which Al is present in body
fluids and tissues [18]. Among a variety of biolog-
ical samples, Al speciation was most frequently
investigated in human serum. Progress was made
in the development of analytical techniques for the
determination of the amount and composition of
high molecular mass Al (HMM-Al) as well as low
molecular mass Al (LMM-AI) species in human
serum. However, because of the complex chem-
istry of Al in serum, its low total concentration
and the high risk of contamination by extraneous
Al, speciation of Al in biological fluids is still a
difficult task for analytical chemists.

2 ALUMINUM-BINDING LIGANDS
IN HUMAN SERUM

2.1 Potential high molecular mass
Al-binding ligands

There is a broad consensus that most Al in
human serum is bound to proteins. This fraction is
considered to be the HMM-AI fraction. Although
albumin (M,, 66,000) is present in human serum at
concentrations of about 40 gdm‘3, it is too weak
as a metal ion binder at physiological pH values
(7.4) to be able to effectively compete for AI**+
with other much stronger AI** carriers such as
citrate and transferrin [19, 20].

The concentration of transferrin (My, 77,000) in
normal human serum is about 3 gdm™3. Transfer-
rin has two metal-ion-binding sites per molecule.
Since it is only 30% saturated with Fe3t, it
has available about 50 wmoldm™ of unoccupied
metal binding sites. So it can be regarded as a
potential binding ligand for AI** under physio-
logical conditions [19-21]. Because of the unique
involvement of the synergistic bicarbonate anion in
the formation of metal-transferrin complexes, met-
als are only bound as a ternary complex between
the metal, the protein and a carbonate anion. The
AI** binding constants to transferrin are high; Log
K, is 12.9 and Log K, 12.3. Since the correspond-
ing Fe* binding constants are much higher (Log
K 22.7 and Log K; 22.1), AP is not competitive
with Fe’* in binding transferrin [20]. It is possible
that AI** and other toxic metals that strongly bind
to transferrin enter the brain by this pathway [19].

2.2 Potential low molecular mass
Al-binding ligands

Citrate occurs in human serum at a concentra-
tion of about 0.1 mmoldm~3 [19, 22] and is con-
sidered to be one of the major LMM-AIl bind-
ing ligands in mammalian serum [19]. Martin [23,
24] and Venturini and Berthon [25] calculated the
distribution of AT species in the presence of
0.1 mmoldm™2 of citrate in a wide pH range.
At pH < 3, the prevailing species is AIP*. At
pH values near 3, the positively charged cit-
rate complex AILH* coexists with A’*. At pH
3-5, the prevailing species is neutral AIL®. As
the pH increases, AIL° undergoes deprotonation
with pKy, = 3.4. The resulting AILH_;~ species
contains three anionic carboxylate groups and a
deprotonated citrate hydroxy group. The AILH_;~
species prevails in the pH range from 4 to 7.5.
At pH > 7.5, water-derived AI(OH);~ occurs and
dominates at pH > 8. Although most of the citrate
in serum is present as the Ca’t complex, AI’*
easily displaces Ca’* from citrate. Citrate solu-
bilizes AI’* from insoluble AI(OH); and AIPO,.
It is therefore strongly recommended that citrate
compounds are avoided in the diet of dialysis
patients [22].
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In human serum, the total concentration of
phosphate is about 2 mmoldm~3 [22]. AI** read-
ily forms sparingly soluble species with PO43~,
which may precipitate from body fluids as a mixed
phosphato-hydroxy complex and under serum con-
ditions may be described as Al(POg4)¢2(OH); 4.
Because of precipitation reactions, the solution
chemistry of the phosphate system may be directly
studied only at pH < 4, so it was scarcely inves-
tigated [26]. In many investigations, soluble Al-
phosphate species were not involved in speciation
models, and citrate was considered as the prevail-
ing LMM-AI species in human serum [22-25].
In order to estimate the binding constants of
Al-phosphate species at physiological pH, lin-
ear free-energy relationships (LFER) have been
used. Stability constants estimated by LFER cal-
culations were then used in computer model-
ing of Al-phosphate at physiological pH. The
prevailing LMM-AI species in human serum
was deduced to be the mixed hydroxy complex
Al(PO4)(OH)~ [27, 28].

Proposed models for biological speciation con-
sidered only binary species of AI’* with LMM
ligands. Since biological systems contain various
potential LMM-AI binding ligands, the formation
of ternary Al complexes is also possible. In the
group of Kiss [29], a comprehensive investigation
was carried out on the main potential LMM-Al
binders in blood serum. The species distribution of
binary aluminum citrate (A) and aluminum phos-
phate (B) and ternary aluminum citrate phosphate
systems was calculated in a pH range from 2 to 8.
The stability constants for the neutral and slightly
alkaline pH range were estimated on the basis of
LFER calculations. The data clearly demonstrated
that at physiological pH, the LMM-Al species
present in serum are binary citrate (AIAH_,)>~
and phosphate (AIBH_;)~ complexes, and ternary
species (AIAB)*~ and (AIABH_)*~. The percent-
age of particular LMM-AI species varies with the
total concentration of Al in serum.

Other LMM constituents of blood serum such as
lactate, oxalate and amino acids have significantly
lower affinities for AI** than citrate and phosphate
and were therefore not considered in modeling
calculations [29]. The presence of AI(OH),~ was

predicted in human serum but at a very low
concentration, representing only about 3% of total
LMM-ALI species [27].

3 ANALYTICAL TECHNIQUES
AND CHEMICAL SPECIATION
OF ALUMINUM IN HUMAN SERUM

The main problem in chemical speciation of
Al in the serum of healthy subjects is the
very low Al concentration (a few ng cm™) [12,
13] and contamination by extraneous Al. The
speciation of Al in healthy subjects was therefore
in general possible only in spiked samples. To
avoid contamination with extraneous Al, high-
density polyethylene or Teflon ware should be
used, previously soaked with 10% HNO; for 48 h
and rinsed with high-purity water (MiliQ, water
doubly distilled in quartz) [30]. Speciation analysis
should be carried out under clean room conditions
(at least class 10,000). In order to remove Al from
eluents used in chromatographic procedures, Van
Landeghem ef al. [31] applied an on-line silica-
based C;s scavenger column that had a strong
affinity to adsorb Al. Similarly, Soldado et al. [32]
used an Al scavenger column containing Chelex
100 chelating agent adsorbed on Cg bonded silica.
Bantan et al. [33] treated the chromatographic
eluent first with the chelating resin Chelex 100
(batch procedure). After decanting and filtering,
the eluent was passed through a silica-based
high performance liquid chromatography (HPLC)
LiChrosorb RP-18 column to remove traces of
Al. Since the fast protein liquid chromatography
(FPLC) columns used in the speciation procedure
also contained trace amounts of Al, cleaning
of the resin column was performed by passing
10 cm® of 5 moldm™* citric acid through the
column. A similar cleaning procedure was also
applied to remove traces of Al efficiently from
microultrafiltration membranes Centricon 30 [33].

To obtain reliable analytical data in speciation of
Al in biological samples, it is extremely important
to avoid all possible sources of contamination
and to apply appropriate cleaning procedures
for removing traces of Al from the eluents,
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reagents, columns and filtering devices used in the
speciation procedure.

3.1 Determination of HMM-AI species
in human serum

In order to determine the percentage of Al bound to
the protein serum fraction, HMM-ALI species were
separated from LMM-AI species by ultrafiltration
procedures. The quantification and characterization
of Al-binding protein was performed by using dif-
ferent chromatographic procedures in combination
with various detection techniques. The most inten-
sive investigations in the area of determination of
HMM-ALI species were carried out in the group of
Sanz Medel [32, 34-39].

3.1.1 Fractionation of Al in human serum

Pérez Parajon et al. [34] critically appraised the
speciation of Al in serum by ultrafiltration and
highlighted the problems of contamination that led
to controversial results reported by previous inves-
tigators. The authors compared ultrafiltration and
microultrafiltration procedures. Al in filtrates was
determined by electrothermal atomic absorption
spectrometry (ETAAS). Since the classical ultra-
filtration procedure was more liable to the con-
tamination with extraneous Al, microultrafiltration,
which minimized contamination risk, gave more
reliable results. Data indicated that in spiked serum
of healthy subjects, about 8% of total Al was ultra-
filtrable, while in renal patients this percentage was
about 13%. From these data, it was concluded that
most Al (about 90%) is bound to the HMM pro-
tein fraction and was in agreement with data from
some other investigators [40, 41]. Pérez Parajon
et al. [34] also found that after desferroxiamine
(DFO) chelation therapy in renal patients, total
serum Al and the ultrafiltrable fraction increased
significantly. The reason was most probably the
mobilization of Al by DFO from body tissues
and serum proteins. Wrébel et al. [35] reported
that about 11% of total serum Al was ultrafil-
trable. They found that the percentage was influ-
enced neither by the individual renal pathology

of the patients nor by kidney transplantation. In
patients undergoing DFO chelation therapy, the
total Al was significantly increased. In one patient,
the serum Al concentration was increased from
60 ngcm™> before DFO treatment to 180 ngcm ™3
after DFO treatment. In another patient, an increase
in Al concentration from 15 to 150 ngcm™ was
observed. The ultrafiltrable fraction that repre-
sented about 11% of total Al before DFO treat-
ment was increased to almost 80% of total serum
Al after DFO treatment. In further investigations,
Wrébel et al. [36] reported that ultrafiltrable Al in
spiked human serum was found to be 12 + 5%.
Fractionation data obtained by other investiga-
tors indicated that in normal, nonexposed subjects
the percentage of microultrafiltrable Al was about
20% [33, 42]. It was also experimentally demon-
strated [33] that the percentage of LMM-AI in
spiked serum was the same, regardless of the total
Al concentration in the spiked serum, when sam-
ples were spiked with 50 to 150 ngcm ™ of AT,
However, it was found that the percentage of ultra-
filtrable Al varied among different pooled serum
samples and ranged from 15 to 19% [33].

Fractionation of serum by the microultrafil-
tration procedure gives information on the ratio
between HMM-AIl and LMM-AI in human serum.
It can also provide a useful analytical tool in
the estimation of the efficiency of the chela-
tion therapy.

3.1.2 Chromatographic procedures
for the determination of HMM-AI species
in human serum

In order to quantify and characterize the Al-binding
proteins in serum, chromatographic procedures in
combination with various specific detection tech-
niques are required. Many investigators used size-
exclusion chromatography (SEC). The SEC anal-
ysis of protein-bound Al in serum is rather com-
plicated because of the critical role of bicarbon-
ate in the binding of Al by transferrin [21]. In the
absence of bicarbonate in the eluting buffer, more
peaks and a greater proportion of LMM-AI frac-
tion were observed [43]. In contrast, when bicar-
bonate was added to the eluting buffer, fewer peaks
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were observed in the SEC chromatogram, and the
largest peak appeared in the transferrin/albumin
region [44]. Because of the poor resolution between
transferrin and albumin, it was not possible to
identify the Al-binding protein in serum by SEC
procedures. To obtain higher resolution in separa-
tion of serum proteins, anion-exchange chromato-
graphic columns were applied. Blanco Gonzélez
et al. [37] and Garcia Alonso et al. [38] used a TSK
DEAE-3SW silica-based ion-exchange column and
0.05 mol dm~3 tris(hydroxymethyl)-aminomethane
(TRIS-HCI) buffer with “off-line” detection of sep-
arated species by ETAAS [37], or “on-line” Al
derivatization with 8-hydroxiquinoline-5-sulfonic
acid and molecular fluorimetric detection [38].
Their investigations indicated that Al was bound
only to transferrin, but a significant amount of Al
was retained by the silica-based column support.
To prevent Al adsorption on the column, Wrébel
et al. [36] used a polymeric anion-exchange (Pro-
tein Pak DEAE-5-PW) column for separation of
serum proteins. Linear gradient elution was applied
in 30 min, using (0—1.0 mol dm—3) NaCl in TRIS-
HCI buffer (pH 7.4) containing 0.01 moldm™> of
NaHCOs;. The elution profile was detected with a
UV detector at 280 nm and Al determined in 600 WL
fractions “off-line” by ETAAS. The fraction con-
taining Al-binding protein was also characterized
by SDS-PAGE electrophoresis. The results again
confirmed that transferrin was the only serum pro-
tein that binds Al. To exclude the risk of displace-
ment of Al from the protein during the chromato-
graphic procedure, Soldado Cabezuelo et al. [32]
used faster separation columns. An anion-exchange
FPLC Mono Q HR 5/5 column was applied in spe-
ciation of spiked human serum and serum of ure-
mic subjects. Linear gradient elution was applied
in 20 min using (0—0.25 mol dm~3*) NaCl in TRIS-
HCI buffer (pH 7.4) containing 0.01 moldm™> of
NaHCOs. A Chelex 100 scavenger column was used
“on-line” to clean up the eluents (<1.5 pgcm™ Al)
before they entered the analytical column. UV detec-
tion at 280 nm was used to characterize the serum
proteins, and Al was determined in 500 pL fractions
“off-line” by ETAAS. An example of such speci-
ation analysis of serum from a dialysis patient is
presented in Figures 2.2.3.1 and 2.2.3.2.

@ Transferrin
IgG
Albumin
(b)
T T T
0 5 10 15 20
t (min)

Figure 2.2.3.1. Anion-exchange FPLC separation of human
serum proteins: (a) standard solution (0.5 g L™! transferrin, 5 g
L~! albumin and 1 ¢ L' immunoglobulin G); and (b) diluted
(1 4+4) uremic serum. Detection at 280 nm. (Reproduced
from Reference [32] by permission of the Royal Society
of Chemistry.)

These data demonstrate that both Al and trans-
ferrin are eluted from 6 to 8 min, confirming
that Al is bound to transferrin. To obtain lower
limits of detection enabling speciation of Al in
unspiked serum of normal subjects on an anion-
exchange Mono Q HR 5/5 column, Soldado
Cabezuelo et al. [39] used “on-line” quadrupole
inductively coupled plasma mass spectrometry
(ICP-MS) and high-resolution ICP-MS systems in
detection of separated Al species. Proteins were
detected by UV spectrophotometry at 295 nm. Lin-
ear gradient elution was applied in 15 min using
(0-0.25 moldm™3) ammonium acetate in TRIS-
HCI buffer (pH 7.4). Traces of Al in eluents
were removed by using a Chelex 100 scavenger
column. The high-resolution ICP-MS detection
system enabled “on-line” speciation of unspiked
human serum containing 2.5 ngcm™ of total Al.
In the eluting volume typical of transferrin, two
distinct peaks were obtained, presumably indicat-
ing two binding sites of Al in transferrin [19-21].
Nagaoka and Maitani [45] used the same FPLC
Mono Q HR 5/5 column and the same buffer as
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Figure 2.2.3.2. Aluminum elution profile, as detected by ETAAS, of a representative undiluted serum sample (total Al content
92 pgL~!) from a dialysis patient. (Reproduced from Reference [32] by permission of the Royal Society of Chemistry.)

Soldado Cabezuelo et al. [39] but different gradi-
ent elution conditions in 50 min. By combining
UV (280 nm) detection of eluting proteins and
high-resolution ICP-MS detection of Fe and Al,
they concluded that Al is selectively bound to the
N-lobe site of transferrin.

The above experimental data obtained by chro-
matographic and various detection techniques
demonstrated that the HMM-AI binding ligand
in human serum is transferrin. These conclusions
agree with theoretical predictions that transferrin
is a potential protein-binding ligand for A at
physiological conditions [19-21]. The experimen-
tal microultrafiltration data indicate that the HMM-
Al protein fraction represents 80 to 90% of total
serum Al

3.2 Determination of LMM-AI species
in human serum

To complete information on modeling of LMM-
Al complexes in human serum [22-29], it is also
necessary to determine the amount and the com-
position of these species. This requirement was
also pointed out in investigations of Al toxicity

in humans. As described above (Section 3.1.1.),
first attempts were made to fractionate HMM-
Al from LMM-AI complexes by microultraltrafil-
tration. Reported data indicated that 8—-20% of
total Al in serum of healthy subjects corresponded
to ultrafiltrable LMM-ALI species [33—-36, 40—42].
With the exception of one report [42], all exper-
iments on serum of healthy subjects have been
performed using spiked samples.

The composition of LMM-AI species in human
serum was investigated by different chromato-
graphic procedures in combination with various
detection techniques. Keirsse et al. [46] applied
SEC analysis with ETAAS detection for specia-
tion of Al species in spiked serum of a healthy
volunteer and the spiked hemofiltrate of a uremic
patient. Besides the HMM fraction, which repre-
sented 40% of total Al in the spiked serum, two
unidentified LMM fractions of Al were separated
on a P10 Bio-gel column. Two unidentified LMM
fractions of Al were also observed in the spiked
hemofiltrate sample separated on a P4 gel. Favarato
et al. [47] employed a TSK-GEL HW 55S SEC
column for separation of Al species present in
the serum of normal and occupationally exposed
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subjects. Separated Al species were determined
by ETAAS. In addition to one HMM-AI fraction,
three to five separated LMM fractions that con-
tained Al were also found but not identified. Leung
et al. [48] examined the in vitro effect of citrate
and DFO on Al-binding constituents in serum from
a patient with chronic renal failure by gel fil-
tration chromatography on a Bio-gel P-2 column
and by FPLC chromatography using Superose-6
HR 10/30 and HR 15/50 columns. Separated Al
species were determined by ETAAS. It was found
that after addition of an excess of citric acid to
serum, the chromatographic peak that was pre-
sumed to correspond to aluminum citrate was sig-
nificantly increased.

In order to determine the composition of LMM-
Al species present in human serum, there was
a need for the development of more powerful
speciation techniques. Since aluminum citrate has
been theoretically predicted as one of the important
LMM-AI binding ligands in human serum [22-25,
29], efforts were directed to the development of a
reliable analytical procedure for speciation of this
biologically important molecule.

3.2.1 Analytical techniques for the speciation
of aluminum citrate and some other
LMM-AI species

An intensive study of the possibilities of aluminum
citrate speciation by HPLC with ETAAS detec-
tion was reported by Datta ef al. [49]. The poten-
tial for separation of aluminum citrate from other
Al species was investigated by the use of nor-
mal, reversed-phase and mixed-phase (ODS/NH,)
columns and various mobile phases. The best
results for synthetic standard solutions of alu-
minum citrate were obtained when cyclobonded
and cyanobonded phase columns were employed
using a mobile phase composed of MeOH : H,O
(1:1, v/v) with TEA and glacial acetic acid
(pH 4.0). However, the retention characteristics
were not reproducible and aluminum citrate recov-
eries were moderate and did not exceed 65%, most
probably due to adsorption of Al on the silica-
based columns. For that reason, the technique
was not recommended for routine quantification

of aluminum citrate in biological samples. In the
group of Milaci¢, first data on quantitative deter-
mination of aluminum citrate in synthetic solu-
tions [50] and the application of the technique
developed to speciation of LMM-AI species in
serum samples [33, 51, 52] were reported. Ban-
tan et al. [50] applied separation on a Mono Q
HR 5/5 strong anion-exchange column with ICP-
AES detection, using aqueous 0 to 4 mol dm™3
NaNOj gradient elution in 10 min. The hydrophilic
polyether resin-based column substituted with qua-
ternary amine groups enabled quantitative determi-
nation of synthetic solutions of aluminum citrate
over a wide pH range from 3.5 to 11.0. Data from
this study are presented in Figure 2.2.3.3.

It can be seen that in the pH range from 6.5 to
7.4, negatively charged aluminum citrate complexes
were quantitatively eluted from 5.0 to 6.0 min with a
maximum peak at 5.5 min. At pH values lower than
6.0, the percentage of negatively charged species
decreased, presumably due to a neutral aluminum
citrate complex appearing in the solution. At pH
3.5, a broad peak was observed for the positively
charged citrate complex at an elution time from
1.0 to 3.0 min, and a small peak also occurred at
the retention time of negatively charged aluminum
citrate complexes. It was proven that species that
were not eluted at pH values lower than 6.0 (neutral
aluminum citrate, AI**) were strongly adsorbed on
the resin column and did not influence subsequent
separations. On increasing pH values above 7.4,
the percentage of negatively charged aluminum cit-
rate species decreased since the predominant species
becomes AI(OH)4~, which was eluted from 2.0 to
3.0 min. Because of its high tendency to adsorb
strongly on the column, this species was quanti-
tatively determined only at pH 11.0. The distribu-
tion of Al species versus pH, in the presence of an
excess of 3 moldm™ citric acid (Figure 2.2.3.3),
in general agree with the calculated data reported
by Martin [23, 24] and Venturini and Berthon [25].
The experimental data with other LMM-AIl com-
plexes indicated that at physiological pH nega-
tively charged AI-EDTA and aluminum oxalate
complexes were also separated from aluminum cit-
rate. Although the repeatability of measurement
was very good (RSD 2%), the applicability of the
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Figure 2.2.3.3. Influence of pH on the distribution of Al species (2.5 pg Al cm™, 3 M excess of citric acid) employing
anion-exchange FPLC with ICP-AES detection (fraction collection 0.5 cm?). The percentage of monomeric Al species in synthetic
samples of aluminum citrate. Mono Q HR 5/5 column, sample volume 0.5 cm?, aqueous-NaNO; (4 moldm—) linear gradient
elution, flow rate 1 cm® min~!, n = 3. (Reference 50).
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developed technique to most biological samples was
limited because of its moderate sensitivity (LOD
0.1 wgem™ of separated Al species).

3.2.2 Determination of LMM-AI species
in human serum: an analytical approach

Because of the very low total concentration of Al
in human serum [12, 13], speciation of LMM-Al in
healthy subjects was possible only in spiked sam-
ples. Most investigators spiked serum with A’
so that the concentration of total Al in serum after
spiking ranged between 100 and 200 ngcm~> and
was similar to concentrations that could be found
in serum of some dialysis patients. Since reported
concentrations of ultrafiltrable Al in serum repre-
sented only 10-20% of total Al [33-36, 40—42],
it was necessary to apply very sensitive analytical
procedures in order to identify and quantify the
LMM-AI complexes present in spiked serum and
serum of dialysis patients.

A previously developed anion-exchange FPLC-
ICP-AES procedure [50] using NaNOj as eluent
was not sensitive enough. To lower the detection
limits for speciation of aluminum citrate to the
low ng cm™3 concentration level, the choice of an
appropriate eluent that enabled quantitative sepa-
ration of aluminum citrate on a Mono Q HR 5/5
strong anion-exchange column and reliable deter-
mination of separated Al species by ETAAS played
a critical role. For this purpose, Bantan et al. [33]
examined the capability of various eluent solutions.
Aqueous 0—4 mol dm~3 NH4NO; gradient elution
was found to separate quantitatively aluminum cit-
rate on a strong anion-exchange Mono Q HR 5/5
FPLC column in the pH range 6.5 to 7.4. The
main advantage of NH4NOj; eluent lies in its abil-
ity to decompose quantitatively in the graphite tube
during the ashing step. This enabled quantitative
and very reproducible (RSD 2%) determinations
of separated Al species by ETAAS in 0.5 cm?
fractions collected throughout the chromatographic
procedure. Negatively charged aluminum citrate
was quantitatively eluted from 4.5 to 5.5 min. The
low limit of detection for separated species (2 ng
aluminum citrate cm~3) provided the possibility of
applying the technique for the analysis of LMM-Al

species in spiked human serum. An investiga-
tion was performed in spiked (50—150 ng AT,
nitrate salt) pooled serum of healthy volunteers.
All the necessary steps to avoid contamination as
described above in Section 3 were considered [33].
Samples were first microultrafiltered. Speciation
analysis of the microultrafiltrable fraction repre-
senting 15-19% of total Al indicated that LMM-Al
species were quantitatively eluted under the elution
time typical of aluminum citrate. On the basis of
these observations, it was presumed that LMM-Al
corresponded to aluminum citrate.

In addition to citrate [22—-25], phosphate [27,
28] and ternary citrate-phosphate complexes [29]
have also been considered to be important LMM-
Al species present in human serum. So it was
necessary to provide more detailed information on
the identity of the Al species eluted under the chro-
matographic peak [33]. For this purpose, Bantan
et al. [51] characterized LMM-AI species in spiked
serum not only on the basis of the retention time
but also by ES-MS-MS analysis of the LMM lig-
ands eluted under the chromatographic peak. The
study was performed on the spiked serum of eight
healthy subjects in order to estimate individual
variability in the percentage and composition of
LMM-ALI species. Separation and determination of
Al was performed as described previously [33].
To obtain better selectivity, 0.2 cm?® fractions were
collected throughout the chromatographic run and
in the fractions containing Al, ES-MS-MS analy-
sis was performed. Two examples of such analysis
(two different spiked samples, No. I and IV) are
presented in Figures 2.2.3.4 and 2.2.3.5.

The mass spectra in Figure 2.2.3.4 (sample No.
I) indicated that in the fraction eluted from 2.4
to 2.6 min a phosphate-binding ligand (peak m/z
97 and corresponding daughter ion spectra with
m/z 97 and 79) was present, whereas in the
fraction eluted 3.0 to 3.2 min the presence of a
citrate binding ligand was confirmed (peak m/z
191 and the corresponding daughter ion spectra
with m/z 111, 87 and 85). Mass spectra from
Figure 2.2.3.5 (sample No. IV) indicated that in the
fraction eluted from 2.4 to 2.6 min a phosphate-
binding ligand (peak m /z 97 and the corresponding
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Figure 2.2.3.4. ES-mass spectra and corresponding daughter ion mass spectra of m/z 191 and 97 for eluted fractions from 2.4
to 2.6 min and 3.0 to 3.2 min, respectively, on an anion-exchange FPLC column for serum sample No. I. (Reproduced from
Reference [51] by permission of The Royal Society of Chemistry.)

daughter ion spectra with m/z 97 and 79) was
present, whereas in the fraction eluted from 3.0
to 3.2 min the presence of both phosphate (peak
m/z 97 and corresponding daughter ion spectra
with m/z 97 and 79) and citrate (peak m/z 191
and corresponding daughter ion spectra with m/z
111, 87 and 85) binding ligands was confirmed. On
the basis of these analyses, aluminum citrate and
aluminum phosphate were identified in sample No.
I, whereas in sample No. IV aluminum phosphate
and ternary aluminum citrate phosphate species

were present. These data are in agreement with the
computer-aided speciation calculations in human
serum performed in the group of Kiss [29]. (See
Figure 2.2.3.6 and compare data at pH 7.4).

The experimental data of Bantan et al. [51] fur-
ther indicate that the distribution of LMM-Al
species varied among particular individuals. Indi-
vidual variability was also observed in the percent-
age of LMM-AI species in spiked serum, which
ranged from 14 up to 55%. The same analytical
procedure was also applied by the same group to an
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Figure 2.2.3.6. Species distribution curves for complexes formed in the Al'!-citrate-phosphate system at serum concentrations
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investigation of the speciation of LMM-ALI species
in the serum of six continuous peritoneal dialy-
sis patients [52]. Three serum samples with low
total Al concentrations (below 12 ngcm™) were
spiked before speciation analysis, whereas the high
total Al concentrations in serum of three patients
who consumed Al-based drugs (80 to 130 ngcm™
Al) enabled determination of the percentage and
for the first time also the distribution of LMM-Al
complexes in nonspiked samples. It was demon-
strated that the percentage of LMM-AIl species
in the serum of continuous ambulatory peritoneal
dialysis (CAPD) patients in spiked and nonspiked
samples ranged from 24 to 53% and in one non-
spiked sample was even 100%. The authors did not
find a reason for such a high content of LMM-AI
species in this particular sample. LMM-AL species
in spiked and nonspiked samples corresponded to
Al-phosphate, aluminum citrate and ternary alu-
minum citrate phosphate complexes. It was also
demonstrated that spiking of serum with A+ did
not influence the distribution of LMM-ALI species.
Therefore, spiking may be applied in the investi-
gations of the distribution of LMM-AI complexes
in serum, when the total concentration of Al is too
low to perform reliable speciation analysis.

4 CONCLUSIONS

Al is involved in many health disorders. In order to
understand the mechanisms of Al toxicity, its trans-
port through the human body and its accumulation
in target organs, speciation analysis may contribute
important information. In the last two decades,
numerous investigations have been carried out on
computer modeling and on the development of reli-
able analytical techniques for speciation of Al in
biological samples. Human serum was the most
intensively investigated. Because of the very low
concentrations of Al in serum of normal subjects
(a few ngcm™>) and the environmental abundance
of Al, there is a high risk of contamination during
speciation analysis. Appropriate handling of sam-
ples and cleaning procedures should be applied in
order to avoid contamination by extraneous Al. In
addition, analysis should be performed under clean
room conditions. Anion-exchange FPLC with UV

and ETAAS or high-resolution ICP-MS detection
were found to be the most convenient analyti-
cal techniques for the determination of HMM-AI
binding ligands. In combination with SDS-PAGE
electrophoretic analysis of separated protein frac-
tions containing Al, it was confirmed that trans-
ferrin is the Al-binding protein in human serum.
The percentage of this HMM-AI species ranged
between 80 and 90% of total serum Al. The com-
bination of microultrafiltration and speciation anal-
ysis of ultrafiltrable Al by anion-exchange FPLC
and ES-MS-MS techniques demonstrated that the
LMM-ALI fraction is composed of aluminum cit-
rate, aluminum phosphate and ternary aluminum
citrate-phosphate complexes. The percentage and
the composition of LMM-ALI species is individu-
ally variable. In general, it was found that sera
of dialysis patients contain higher percentages of
LMM-AI complexes (up to 50%). The composi-
tion of HMM-AI species and LMM-AI species
determined by the analytical techniques developed
agrees with the data calculated by computer mod-
eling reported in the literature.
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1 ALUMINUM SPECIES IN
OCCUPATIONAL EXPOSURE

Occupational exposure to aluminum or aluminum
compounds may be encountered in primary or sec-
ondary aluminum production, cryolite (NazAlFg)
refining, in aluminum foundries, in the production
of aluminum flake powder, corundum (Al,O3),
aluminum fluoride (AlF;), or aluminum sulfate
(Alx(SO4)3), and when working on aluminum such
as grinding, extruding or welding [1].

On the basis of measurements of aluminum in
serum and urine, increased internal loads have
sometimes been detected in workers engaged in
primary aluminum production [2], melting and
foundry [3], and in the production of cryo-
lite [4], corundum [5], or aluminum sulfate [6].
However, a recent review of studies on health
effects in workers exposed to different aluminum
compounds [7] suggested that increased body
burdens are presently of concern only in alu-
minum powder production and in certain types of
aluminum welding.

5 Determination of Aluminum in Serum and

Urine ........ ... ... ......... 44

5.1 Collection and storage . . . ... ... 44

5.2 Analytical determination . ...... 45
5.3 Internal quality control and external

quality assurance . ........... 45

6 Assessment of Results . ........... 45

7 References .................... 46

Aluminum flake powder was produced either
by melting solid aluminum and ‘“‘atomizing” by
means of compressed air to form powder, which
was then ball-milled with white spirit, or by
direct ball-milling of shredded aluminum foil to
give the same end product [8]. After drying, the
powder consisted of flakes 10 to 200 pm in
diameter and 0.05 to 1 pwm in thickness. Another
company produced pyro-powder, which was made
of aluminum particles of less than 5 wm in
diameter with a fine layer of aluminum oxide
on the surface [9]. Some powder workers have
exhibited 30 times higher serum aluminum and
100 times higher urinary aluminum levels than
occupationally nonexposed persons [6, 10].

Aluminum is welded either with the metal inert
gas (MIG) or tungsten inert gas (TIG) method.
MIG welding produces plenty of metal fume (in the
authors’ study, up to 14 mgm™3 of aluminum was
found in the breathing zone), whereas TIG weld-
ing produces little fume. In the high temperatures
of the arc welding process, aluminum is vaporized
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and then quickly condensed, largely reacting with
oxygen, into chains of submicrometer particles that
may agglomerate and form larger spheres or rafts
(still below 1 wm is size and thus respirable) [11].
The composition of the microparticles is mainly
aluminum oxide (Al;O3). Grinding and polishing
accompany welding. Grinding dusts contain parti-
cles of metallic aluminum larger than the welding
fume particles. Depending on the grinding and pol-
ishing tools used, a variable fraction of the dust
is expected to be respirable. Among MIG welders,
serum and urinary aluminum levels can, in extreme
cases, exceed normal values by 20- and 100-fold,
respectively [12].

2 PARTICLE CHARACTERISTICS
AND TOXICOKINETICS

The occupationally important aluminum species
are the fine particulate aluminum and its oxide
in the form of powder or freshly generated weld-
ing fume. The physical dimensions of the particles
have been described above. Aluminum is insolu-
ble in water, and aluminum oxide is very slightly
soluble. Aluminum sulfate, which is widely used
as a flocculant for the treatment of raw and waste
water, is a water soluble salt. Opposite to what
is known for aluminum powder workers and alu-
minum MIG welders, these authors noted no sig-
nificant increase of aluminum body burden among
aluminum sulfate production workers in spite of
long-term exposure to the dust, especially in bag-
ging, and Sjogren et al. [6] also observed only
slight increases of serum and urinary aluminum.
The authors believe that this discrepancy can be
explained on the basis of differences in parti-
cle characteristics and consequent dissimilarities in
inhalation toxicokinetics.

Sjogren et al. [12] exposed three previously
unexposed volunteers to the MIG welding fumes
of aluminum for one day, and six professional alu-
minum welders to similar welding fumes over one
workweek. Their remarkable observations were
that among the unexposed volunteers, urinary alu-
minum concentration rose from the preexposure
level (0.1 wmol L~!) up to 15 wmol L~!, peaking

soon after the end of exposure, and then declined
with a half-time of about 8§ h. Among the profes-
sional welders, those who had a working history of
two years or more and had the highest nonexposure
urinary aluminum levels (1.6—13.6 pmol L~!) did
not show any consistent increase of urinary alu-
minum during or immediately after exposures,
and neither did they show any decline during
the following weekend. Hence, aluminum in urine
depended partly on the current exposure as indi-
cated by the previously unexposed volunteers and
partly on the duration of past exposure (and accu-
mulated body burden thereof) as indicated by the
long-term welders.

A subsequent study by the same authors demon-
strated that among welders exposed for less than
one year, the elimination half-time for aluminum
in urine was about nine days, whereas among
welders exposed for more than 10 years the uri-
nary half-time was calculated to be six months
or longer [13]. Riithimiki et al. [14] studied alu-
minum welders who had been occupationally
active for four years and found that whilst the
serum aluminum concentration declined right after
a workday to about a half in 16 h, later on and
some months after a total stop of welding, serum
aluminum decreased with an apparent half-time of
about 137 days (4 subsequent weekly samples). It
should be noted that there was no obvious cor-
responding decline in urinary aluminum over the
same period.

Among active flake powder workers, urinary
aluminum declined over a four- to five-week
holiday with a half-time of 35 to 42 days, whereas
among retired workers the half-times varied from
less than one up to eight years and were related to
the number of years since retirement [8].

Because of the very small particle size, alu-
minum welding fume is breathed deep into
the lungs, where about 30% is expected to be
deposited, and an additional 20% is deposited in
the airways [15]. Although the previous data show
that part of the deposited aluminum is rapidly
absorbed and excreted, it can be assumed from
the inhalation toxicokinetic model for sparingly
soluble particles [15] that part will be retained
in the lungs over months or years with gradual
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Figure 2.2.4.1. Correlation between the duration of welding history with aluminum (months) and urinary aluminum concentration
in a morning sample voided after an interval of two days away from exposure. (Reproduced by permission of Finnish Institute
of Occupational Health from Riihimiki, V., Hdnninen, H., Akila, R., Kovala, T., Kuosma, E., Paakkulainen, H., Valkonen, S.
and Engstrom, B., Scand. J. Work Environ. Health, 26, 118 (2000).)

dissolution and absorption. The main part of the
particulate substance is expected to be cleared by
the mucociliary escalator to the gastrointestinal
tract where absorption of aluminum is low [16].
Nevertheless, on the basis of the assumptions
that welding of aluminum over four years had
resulted in a steady state (daily uptake equals
daily excretion) and that all excretion of alu-
minum takes place via urine, about 1.4% of the
inhaled and deposited aluminum was estimated to
be absorbed [1].

Apparently, aluminum powders are handled in
the respiratory system rather similarly to the weld-
ing fume particles because aluminum in blood
and urine of the exposed workers exhibit much
the same features as among welders. Differences
in particle size, shape and the different tech-
nologies used in particle generation, however,
raise suspicions that also specific toxicokinetic
properties may be involved. These authors found
that aluminum sulfate particles in the premises
of production and bagging tended to be large
(10 wm or more in diameter). In the humid respi-
ratory system, this water soluble and hygroscopic

substance is expected to grow even larger and
become quantitatively deposited in the airways. On
the airway mucosa aluminum sulfate dissolved in
water is transformed to less soluble species or is
bound to mucus [17], and is presumably cleared
to the gastrointestinal tract where only little is
taken up.

The critical toxicokinetic characteristic of the
sparingly soluble, small inhaled aluminum parti-
cles is accumulation in the lungs and, after dis-
solution and transport, in other organs, notably
the bones. What is feared most is that it could
also accumulate in the brain, which, like the
bone tissue, is a known target of aluminum
toxicity [16]. Figure 2.2.4.1 illustrates the con-
cern. Urinary aluminum (as well as serum alu-
minum, which is not shown) among MIG welders
increased with the number of months at work [18].
The study population was drawn from 10 dif-
ferent places of work: in some of them, the
slope of increase in urinary aluminum was steep
because of intensive exposure, in some it was not
because, for example, personal respiratory protec-
tion was used.



OBIJECTIVES OF BIOLOGICAL MONITORING 43

3 COMBINED OCCUPATIONAL AND
NONOCCUPATIONAL EXPOSURE

Intake and uptake of aluminum for the healthy
general population from various sources such as
food, water, community air, antiperspirants and
vaccines have been recently reviewed [16, 19].
The intake may vary markedly, from 1 to 30 mg
or even more per day, especially depending on
the use of food products containing aluminum
in food additives. However, absorption of dietary
aluminum under normal circumstances causes
minor changes in serum or urinary aluminum
levels and will not confuse biological monitoring
of workers. In contrast, the use of antiacid
drugs (aluminum hydroxide) and antiulcer agents
(sucralfate) may result in ingestion of up to several
grams of aluminum per day and absorption of
up to 5 mg per day [16]. This large dose of
aluminum is reflected in clearly increased levels
of both serum and urinary aluminum [20, 21].
In individual cases, urinary aluminum can reach
10 wmol L~!. After the drug use was stopped,
aluminum concentrations in plasma and urine
declined rapidly, but slightly increased levels in
urine could be observed during some weeks.

Ingestion of acid food cooked in utensils made
of aluminum can in exceptional cases increase
aluminum concentration in urine [22].

4 OBJECTIVES OF BIOLOGICAL
MONITORING

The purpose of biological monitoring of occupa-
tional exposure to aluminum is to prevent haz-
ardous accumulation in the body and thus any
potential systemic toxicity. There have been differ-
ent views as to whether plasma/serum or urine best
reflects aluminum body burden. Several authors [2,
23] have pointed out that urinary excretion of
aluminum is more sensitive than the serum alu-
minum value to occupational aluminum exposure.
Whilst significant increases in urinary aluminum
were observed already at low levels of exposure,
increases of serum aluminum were only marginal
and remained within the range of normally encoun-
tered values. Figure 2.2.4.2 depicts the correlation
between serum and urinary aluminum (for the tim-
ing of sampling, see later) among 84 welders [18].
There is a fair correlation between the two param-
eters (note the logarithmic scale) with a tendency

14 e o o
T
- i
©
€
= 0.14
<I( ]
(%) ]
0.01 4——rry e e —

0.1 1

10 100

U—AI (umol L)

Figure 2.2.4.2. Correlation of the serum (S—Al) and urinary (U-Al) aluminum concentrations. (Reproduced by permission of
Finnish Institute of Occupational Health from Riihimiki, V., Hinninen, H., Akila, R., Kovala, T., Kuosma, E., Paakkulainen, H.,
Valkonen, S. and Engstrom, B., Scand. J. Work Environ. Health, 26, 118 (2000).)
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for the serum aluminum to follow more closely the
rise in urinary aluminum only at higher levels.

Urinary and serum aluminum concentration of
aluminum welders in samples taken at the end
of the shift depend both on the current exposure
and the body burden. Which one of the two plays
the dominant role in any actual measurement is
determined by the duration and intensity of the
preceding work history. In order to uncover the
body burden, some time needs to be allowed for
the elimination of the most recent uptake. In search
for the ideal timing for sampling, the authors have
found it both useful and practical to use the serum
sample obtained in the morning before work (and
entering the contaminated premises), and to use the
urine sample voided in the morning after a normal
two-day rest period [18, 22].

Other important biological monitoring objec-
tives that concern the health significance of the
biological measurements, or aspects of method
validity, for example, physiological variability in
serum binding or in renal handling, are more elu-
sive. In particular, the relationships between serum
or urinary aluminum and aluminum in the brain
are not known. During continuing exposure, serum
and urinary aluminum could be predictive of metal
accumulation in the brain since rabbits exposed via
inhalation to fine aluminum oxide dust for five
months exhibited almost doubling of the serum
aluminum concentration and more than doubling of
the brain aluminum level [24]. The situation can be
completely different after the exposure has ceased.

S DETERMINATION OF ALUMINUM
IN SERUM AND URINE

Standardized sampling time, contamination-free
sample collection, storage and analysis together
with reliable analytical methods of aluminum in
serum and urine are required for the purposes
of biological monitoring. Serum is preferred over
plasma for aluminum analysis because anticoag-
ulants, such as heparin and citrate, may contain
Al. Urine is obtained as a spot sample. Standard-
ization of aluminum concentration for excretion
rate of urine is normally used, although it is not

clear whether correction to a common relative den-
sity or creatinine excretion is the more appropriate
method [25, 26].

Electrothermal atomic absorption spectrometry
(ETAAS) is the most common, suitable and cost-
effective instrumental technique for the determina-
tion of aluminum in serum and urine. Other tech-
niques, for example, inductively coupled plasma
atomic emission spectrometry (ICP-AES) or induc-
tively coupled plasma mass spectrometry (ICP-
MS), are less used for occupational samples. These
methods alone provide no information about alu-
minum speciation in serum and urine. Chromato-
graphic separation techniques coupled with spec-
trometric detection have recently been reviewed
for the speciation of aluminum both in envi-
ronmental and biological samples [27]. Internal
quality control (IQC) and external quality assur-
ance (EQA) procedures should be used to monitor
and review the validity of the analytical perfor-
mance [26, 28].

5.1 Collection and storage

Dust from the workplace constitutes a major con-
tamination hazard. The specimen has to be col-
lected outside the working area, and after washing
the hands. To avoid contamination from clothing
and skin, urine is voided before (preshift sample)
or after (postshift sample) changing the clothes,
preferably after a shower, directly into acid-washed
polyethylene vials. Whole blood is collected into
an acid-washed glass tube or an Al-free evacuated
collection tube and centrifuged. Serum is trans-
ferred using an Al-free plastic pipette into an acid-
washed plastic tube. Stainless steel needles and
vinyl gloves free of talc have to be used. No com-
mercially available plastic containers or glass tubes
should be used before acid cleaning. Recommen-
dations and guidelines for sampling and storage
have been reviewed [26, 29, 30].

Glass should not be used for storage of the
samples for aluminum measurement, whereas
polypropylene or polystyrene tubes were found to
be suitable. Acidification by, for example, nitric
acid does not seem necessary for urine specimens
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to prevent adsorption of aluminum onto contain-
ers. Serum and urine are stable in plastic vials for
several days at room temperature and can be stored
in the refrigerator at <5 °C for one to two weeks;
for longer storage, freezing at —20°C is recom-
mended [31].

5.2 Analytical determination

The use of ETAAS for analysis of aluminum
in serum and urine provides contamination-free,
accurate and sensitive measurements from a
small sample size. The limit of determination
around 1 pgL~' (0.04 pmolL~") has been reg-
ularly reviewed [32]. Stabilized temperature plat-
form facilities and matrix modification may be
used to reduce the loss of volatile aluminum and
gas interference effects. Several ETAAS meth-
ods that are based on relatively simple prepara-
tion with matrix-matched calibration, using nitric
acid, Triton X-100, magnesium nitrate alone or
together with Triton X-100 as matrix modifiers
have been published for aluminum in occupa-
tional samples [22, 33—35]. Analytical methods
for aluminum in serum and urine have been
reviewed [25, 32].

Absence of contamination in analysis should be
verified by repeated analyses of blanks in each
series. Preparation is performed under reasonably
particulate-free conditions in a high efficiency
particulate air (HEPA) filtered laminar flow hood.
Powder-free gloves are worn throughout. All
laboratory equipment should be acid washed or
acid rinsed and the reagents must be of Al-free
high-purity grade.

5.3 Internal quality control and external
quality assurance

IQC and EQA procedures provide regular use of
control or reference materials and participation
in EQA schemes. Commercial reference materials
useful for quality control of aluminum in occu-
pational samples are available with noncertified
reference values for human serum or freeze-dried

urine from SERO AS, Billingstad, Norway, and
from Bio-Rad, QSD, Irvine, USA, as well as from
NIST (National Institute of Standards and Tech-
nology), Gaithersburg, USA.

EQA schemes relevant in biological monitor-
ing are operated for aluminum in serum and
urine by the German Society of Occupational
Medicine [36] and the Centre de Toxicologie du
Quebec in Canada [37]. Additionally, worldwide
schemes for aluminum in plasma or serum are
operated by the University of Surrey in Great
Britain (UK NEQAS for Trace Elements) [38] and
by the Laboratoire de Biochimie-Toxicologie in
France [39].

6 ASSESSMENT OF RESULTS

The upper reference limit of aluminum in occu-
pationally nonexposed people who do not con-
sume antacid drugs is estimated to be approxi-
mately 16.2 pgL~" (0.6 pmol L") for urine and
below 5.4 pgL~! (0.2 pmolL™!) for serum [25,
33]. The German biological tolerance value for
occupational exposures (BAT value) for urinary
aluminum is 200 wgL~! (7.4 pmol L~!) (not cor-
rected to relative density) in an after-shift speci-
men [40]. Interpretation of the result is not unam-
biguous. A high urinary aluminum level combined
with a short work history is predictive of inten-
sive current exposure, whereas in the context of
a long work history it may also indicate a high
body burden.

The concentration of aluminum in specimens
collected in the morning after two days away from
work is less affected by exposure of the preced-
ing days and is more reflective of the body bur-
den. On the basis of adverse effects of aluminum
on welders, the Finnish Institute of Occupational
Health has recommended 6.0 umol L™! (corrected
to relative density of 1.024) as the biological action
level in a specimen collected in the morning after
two days without exposure. Recent findings in
welders both in Finland [18] and in Sweden [7]
suggest that this action level may be too high to
protect the worker from harmful effects in cen-
tral nervous system functions. No action levels for
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aluminum in serum in occupational exposure have
been proposed. Measurement of serum aluminum
in a preshift sample, or later in the postexposure
phase, is capable of detecting remarkably increased
body burdens of Al. However, this situation is
not typical of the occupational setting and indeed
should be prevented with the help of the biolog-
ical monitoring program. Hence, measurement of
urinary Al, which is more sensitive to exposure, is
to be preferred.
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1 INTRODUCTION

The investigation of antimony and its compounds
is of growing interest in the field of element speci-
ation. They are considered as pollutants of major
concern by the Environmental Protection Agency
(EPA) of the United States and the European Com-
mission [1, 2]. The German Research Community
(DFG) also underlines the importance of the mon-
itoring of antimony [3]. In addition, the maximum
admissible concentration of antimony in drinking
waters was established at 10 pugL~! in Europe and
recommended at below 2 wgL~! Sb in Japan.
The speciation of antimony is important espe-
cially in the environmental and biomedical field
because its toxicity, its bioavailability and its reac-
tivity depend not only on the oxidation state but also
on the very nature of the specific compound. Gener-
ally, inorganic antimony is more toxic than organic
species, with Sb(III) being more toxic than Sb(V).
Antimony, a metalloid in the 5th group of the
periodic system, shows similar chemical charac-
teristics as arsenic, so that the early speciation
experiments used similar methods for the inves-
tigations. The main stratagems include reduction
of the antimony compounds and the formation
of gaseous hydride or volatile organic species,
separation of the species by liquid chromatogra-
phy to end with a suitable detection system. In
addition, extraction techniques (liquid/liquid and
liquid/solid), coprecipitation, electrochemical and
radiochemical methods are described.

2 GENERAL INFORMATION
2.1 Antimony sources

Antimony (Sb) is a relatively rare element of the
S5th main group. Its abundance is as high as that
of cadmium, around 0.7 mgkg™! in the terrestrial
environment. Natural sources of antimony include
rock weathering and volcanic activity. Therefore, it
is widely distributed and found in low background
concentrations in all matrices. In addition, it
is obvious that Sb is emitted by anthropogenic
sources into the environment.

The natural or background concentrations of Sb
in different environmental matrices offer a great

variety. In uncontaminated water, the concentration
is typically around or below 1 pgL~!. Depending
on the rock structure, in soil Sb contents of
up to 500 mgkg~! have been measured. The
concentration of Sb in plants and animals seems to
be correlated to the soil content. In mammals, most
of the antimony is excreted chemically unchanged
in less than 48 h after uptake. Studies showed that
even in populations of sheep eating grass grown on
highly Sb-rich soils, the Sb concentrations remain
rather low.

In addition to the natural sources, there are a
great variety of anthropogenic sources of anti-
mony. In Japan, about 20,000 tons of Sb are
employed in different industrial processes every
year, opposite to only 100 tons of arsenic, well
known for its toxicity [4]. Ancient Egyptians used
antimony compounds as cosmetics. Alchemists
considered antimony an important material and a
possible source of gold. More recently, antimony
is used as part of letter metals and hardener of
soft lead bullets, so that elevated concentrations of
Sb can be find around fire ranges. It is a com-
ponent of break linings and an additive in the
vulcanization process of rubber, for example, in
the tyre industry. Therefore, it has been suggested
that higher concentrations of Sb would be present
at high traffic areas, crossings and maybe airports.
Sb is used together with organic chemicals as an
important constituent in many fire retardants, for
example, as part of textiles, carpets and coatings
of walls. This practice has lately been questioned
because of the toxicity of Sb compounds. Other-
wise, Sb compounds are used as clarifying agent
and as pigment in the production of ceramics and
glassware as well as in metal coatings. Finally,
a relatively large amount of Sb is emitted dur-
ing the combustion of fossil fuels such as coal
and oil.

Another important area of the application of Sb
compounds is the biomedical field. Sb compounds
are used as therapeutic agents mainly in tropical,
parasitic diseases such as Leishmaniasis and Bil-
harziasis with millions of people living at risk.
Therefore, some analytical efforts have been made
to ensure the quality of the therapeuticals and to
investigate the mode of action of the compounds.
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2.2 Antimony toxicity

Generally, the toxicity of Sb compounds is ca.
10 times less than that of arsenic, but it depends
largely on the oxidation state and chemical struc-
ture. Important are the binding partners, potential
ligands and the solubility of the compounds. Like
arsenic, inorganic antimony species are more toxic
than organic species. Elemental Sb is more toxic
than its salts. Trivalent Sb has a toxicity that is
10 times higher than that of pentavalent Sb [5].
Sb,03 and SbCl; are known for their ability to
act as inhalative lung carcinogens in female rats
and to elevate the sister chromatide exchange rate
in cells [6]. There are few data about the toxicity
of antimony, predominantly total Sb, in humans.
Most antimony species are excreted unchanged
after uptake within 48 h. Lead-battery workers,
who are exposed to Sb,O3; and SbH3, showed ele-
vated Sb levels in their urine. SbHj3 is highly toxic
and can cause injuries of the central nervous sys-
tem and blood hemolysis.

Sb(V) has only very slight affinity for erythro-
cytes, whereas Sb(III) reacts with red blood cells
and sulthydryl containing compounds. The tox-
icity is caused by irreversible binding to thiol-
containing enzymes. In contrast to arsenic, Sb(III)
and Sb(V) seem not to be detoxified via methy-
lation in mammals, but the mechanism for their
genotoxicity remains unclear [7]. Exposure to anti-
mony and its compounds can cause irritation of
the respiratory tract, leading to pneumoconiosis.
In addition, antimony can induce different forms
of health-threatening effects such as dermatitis,
keratitis, conjunctivitis, suppuration of the nasal
septum and gastritis.

2.3 Preparing for speciation
2.3.1 Species of main interest

Up to now, there is a major gap between the
species occurring in the environment and rele-
vant from a biochemical point of view and those
investigated by the analytical chemical commu-
nity. Environmental matrices offer a great vari-
ety of different reaction partners and complexing

agents for inorganic Sb. In laboratory experiments,
Sb show strong interactions with oxygen and sul-
fur, for example, forming oxides, sulfide and other
compounds. Probably, there are many Sb species
in matrices such as water or sludge, sediment or
soil, which cannot be addressed today. Some of
the reasons for this are given in the section “ana-
lytical problems with Sb speciation”. In biological
samples, many reactions of Sb involving enzymes,
proteins and other biomolecules could take place
leading to Sb compounds with Sb—C bindings and
also to molecules with a high molar mass. To
the author’s knowledge, there is only one study
published giving a brief reference to these pro-
cesses [8].

In speciation analysis, mainly two groups of
species have been investigated up to now. First
and classically, the examination of inorganic anti-
mony is represented by the oxidation states of
trivalent antimony [Sb(III)] and pentavalent anti-
mony [Sb(V)]. Normally, no conclusions are given
about the chemical structure of these compounds,
although a few authors tried to conclude about
the aqueous chemistry of Sb(III) and Sb(V) [9].
Many inorganic compounds are known and com-
mercially available, for example, the halogenides
and oxides of both oxidation states, but mostly
the sodium antimonyltartrate for Sb(IIl) and the
potassium hexahydroxyantimonate for Sb(V) are
used as standards. These two components combine
high purity with sufficient solubility in aqueous
solutions, which are features that many antimony
species do not show.

Second comes the investigation of simple
organic antimony compounds in environmental
and biomedical samples. In early publications,
a relatively broad variety of methylated species
has been described [10]. Monomethylated methyl-
stibonic acid [MeSbO(OH);] and dimethylated
dimethylstibinic acid [Me,SbOOH] as well as
monomethylstibine [MeSbH;] and dimethylstib-
ine [Me,SbH] were proposed, on the analogy of
arsenic chemistry. More recent studies showed
massive rearrangements of the Sb compounds in
the course of the experiments. These artifacts
raised serious doubts regarding the correctness of
the earlier assumptions. In addition, many groups
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tried to synthesize the mono- and dimethylated
compounds without success. The products were
either not be formed at all, could not be puri-
fied or were unstable under environmental condi-
tions. Nowadays, only the presence of trimethy-
lated antimony compounds in nature has been
demonstrated beyond doubt. There are four differ-
ent trimethylated Sb(V) species used for analysis:
Me3SbC12, Me3SbBr2, Me3Sb(OH)2 and Me3SbO,
therefore they should be called Me;SbX,. All
these compounds show similar chemical behavior
in the specific experimental conditions. Me3;SbCl,
appeared to be able to form a single charged
cation or anion, depending on the conditions,
whereas in case of Me3SbO only an anionic species
was described. Because of the lack of commer-
cially available standards, all methylated com-
pounds are laboratory made and purified, which
is described in the following section “synthesis
of organic antimony compounds”. In addition to
the trimethylated Sb(V) compounds, the trimethy-
lated Sb(III) [Me;Sb] is used for analysis. Some
authors applied this species directly as standard
to gas chromatographic analysis, whereas others
use it for the synthesis of the pentavalent com-
pound. The Me;Sb is formed during the reduction
of Me3SbX, by sodium borohydride, an important
step in Sb speciation.

Although +IIT and +V are the main oxidation
states of Sb in all types of samples, the oxi-
dation state —III is of great importance in Sb
speciation. Many authors apply the reduction of
Sb compounds to Sb(—III) to form the corre-
sponding hydrides for speciation purposes. The
SbH3 is gaseous at room temperature and suffi-
ciently stable during the analysis, although it may
be easily oxidized under aerobic conditions and
undergo rearrangement reactions in case of methy-
lated Sb compounds.

2.3.2 Synthesis of organic antimony
compounds

Most of the literature about the synthesis of envi-
ronmentally relevant antimony species is rather
old, sometimes leading back to the beginning
of the twentieth century. These compounds were

not described spectrometrically and their purity
could not be sufficiently proven. Therefore, up
to now only the trimethylated species of anti-
mony have been synthesized and purified as to
meet the quality requested for analytical pur-
poses. Dorsk ef al. described the synthesis of
Me;SbCl, [11]. Other species, for example, the
mono- and dimethylated compounds, could either
not be formed and purified at all or showed
chemical characteristics unsuitable for analysis, for
example, insolubility, polymerization and sensi-
tivity to air, moisture or light. Meinema et al.
prepared dimethylated compounds by reaction
of Mes;SbCl, with natrium in liquid ammo-
nia [12]. Morris et al. have studied trimethyl-
stibine oxide and found that, when prepared
by oxidation of trimethylstibine with HgO in
anhydrous diethyl ether, the compound has a
dimeric structure [13]. In addition, they pro-
posed a polymeric structure for dialkylstibinic
acids because antimony has in comparison to
arsenic a lesser tendency to form double bonds
with oxygen.

More recent methods showed differences between
the formatted species, depending on the synthesis
route. Dodd et al. showed that MeSbO(OH), and
Me,SbOOH were either polymeric or not accessi-
ble under environmental conditions [9]. The syn-
thesis of Me3Sb(OH), was fulfilled by the reduc-
tion of Me3;SbCl, by potassium borohydrate and
subsequent oxidation with mercury oxide. The
group achieved dimethylic species of Sb(V) like
Me,SbC1(O,H,),, but no species without hydrogen
peroxide. These compounds were not suitable for
analysis because they were insoluble in many media
and exploded upon heating.

For analysis, mostly Me;SbCl,, Me;SbBr,,
Me;Sb(OH), and Me;SbO were used. Zheng et al.
investigated the mass spectra of these compounds
and concluded that in aqueous solution exchange of
chloride and hydroxide may take place [14]. Depro-
tonation could lead to a monoanionic species. In
addition, they showed the presence of monoan-
ionic Sb(V), for example, Sb(OH)¢~, H,SbO4~,
and dimeric, dianionic Sb(III) as [Sb,(C4OH»)2 1*~
in aqueous solution, providing some explanations
for the chromatographic behavior of these species.
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3 EXPERIMENTAL SETUP
3.1 Speciation analysis

The speciation of antimony is a rising field in
analytical chemistry, although in comparison with
other metal and metalloid speciation, for example,
mercury, lead or arsenic, there are relatively
few papers dealing exclusively with speciation of
antimony. Many authors combine the speciation of
antimony with other metals or metalloids such as
lead, tin, arsenic, bismuth, selenium or tellurium.
In these methods, the parameters of the separation
and the detection had to be optimized in such a
way as to allow the investigation of all elements.
As a consequence, fewer antimony species are
monitored and the detection limits are typically
higher than in methods exclusively developed for
antimony speciation. In the last five years, there
have been more papers solely dealing with Sb
speciation in order to get more data about this
element in different matrices.

Two main routes have been followed by most
of the authors. The classical way is the reduc-
tion of the antimony compounds to the corre-
sponding hydride or methylated compounds and
the separation with means of gas chromatogra-
phy. The second path is the separation of the
species by liquid chromatography. Some authors
applied electrophoresis for the separation. For
the detection, mostly element specific detectors
were used, including atomic absorption spec-
trometry (AAS), atomic fluorescence spectrome-
try (AFS), inductively coupled plasma — atomic
emission spectrometry (ICP-AES) or inductively
coupled plasma — mass spectrometry (ICP-MS).
Some authors used photometric detection or elec-
trospray mass spectrometry (ESI-MS). One group
fulfilled the speciation with neutron activation
analysis (NAA). A review of the methods is
given [15].

Many authors investigate only the oxidation
states of Sb, the inorganic Sb(III) and Sb(V). There
are numerous publications dealing with procedures
to do so. Most often, the total Sb and the Sb(III)
contents are measured in a two-step procedure,
and the Sb(V) concentration is calculated on the

basis of these results. Some studies showed in
simple model systems the affinity of Sb to oxy-
gen and sulfur-containing compounds. A major
drawback in the development of Sb speciation is
the lack of calibrants. As a consequence, many
species, for example, showing as peaks in chro-
matograms, cannot be identified. This problem will
be addressed further in the section “problems with
speciation”.

3.2 First attempts in speciation

The first attempts of speciation of different anti-
mony compounds were made by Andreae et al.
in 1981 [10, 16]. They applied techniques already
developed for the speciation of arsenic and
used the reducibility of antimony compounds by
sodium borohydride in acidic solution. Sb(IIl) and
Sb(V) were reduced simultaneously in a highly
acidic solution containing iodide as prereducing
agent. In a second step, Sb(III) was selectively
reduced at near-neutral pH, at which no reduc-
tion of Sb(V) takes place. The Sb(V) amount was
calculated by subtraction. Methylstibonic acid and
dimethylstibinic acid could be reduced without
the addition of iodine. The stibines were col-
lected after formation on a cold trap filled with
gas chromatographic package. They eluted in the
order stibine, methylstibine and dimethylstibine
and were detected by quartz furnace AAS with
detection limits of 0.3—0.6 ngL~'. This was the
first report of the analyses of methylated antimony
compounds. There is some doubt on the reliability
of the data because rearrangements of Sb species
have been examined widely.

3.3 Separation by reductive methods

Antimony compounds can be reduced to the corre-
sponding hydrides or organometallic compounds.
Sb(II) and Sb(V) are both reduced to stibine,
SbHj3, at room temperature a toxic gas with a
strong garlic smell. Its stability under the ana-
Iytical conditions is sufficient for the determi-
nation with different element specific detectors.
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The methylated Sb(V) species are reduced to the
corresponding Sb(IIT) species: MeSbO(OH), to
MeSbH,, Me, SbOOH to Me,SbH and Me;SbX; to
Me;Sb. These reactions have been used widely for
the speciation of antimony. Advantages are the low
detection limits even by use of AAS detection and
the separation from the matrix, because the ana-
lytes are going from liquid to gaseous phase. Draw-
backs are the limitation to reducible species, the
difference in detector response for different com-
pounds leading to problems in quantification and
a great variety of matrix effects on the reduction
process. Many authors deal with the parameters of
the reduction and the influences, for example, of
matrix components on the analytical performance.

Four different setups for the reduction can be
found in literature.

1. The classical batch type for speciation of Sb(III)
and Sb(V)
2. The classical batch type mainly for speciation
of organic species
. The flow injection
4. The postcolumn reaction after liquid chromato-
graphic separation

(9]

The first three strategies will be presented in this
section, the latter as part of the liquid chromato-
graphic methods. In addition, the products of the
reduction can be collected and preconcentrated in
cold traps and afterwards be analyzed with low-
temperature gas chromatography (LTGC). In con-
trast to the differential methods for the determina-
tion of Sb(III) and Sb(V), the inorganic Sb gives
only one signal because both oxidation states form
the same hydride (SbHj3). Therefore, these meth-
ods are used for the determination of methylated
Sb compounds. They are described below in the
section “low-temperature gas chromatography”.

Element specific detection is predominant as de-
tection in the reductive type speciation of Sb, for
example, hydride generation-atomic absorption
spectrometry (HG-AAS), hydride generation —
inductively coupled plasma — atomic emission
spectrometry (HG-ICP AES) and hydride gener-
ation — inductively coupled plasma — mass spec-
trometry (HG-ICP MS).

3.4 The classical batch type
for speciation of Sh(III) and Sb(V)

The knowledge of the oxidation states of antimony
is one of the main goals for the speciation. By the
reduction of Sb(III) and Sb(V), the same product,
SbHj3, is formed, so that no direct speciation
is possible. Nevertheless, quite a lot of authors
used the hydride formation for the distinction
between both oxidation states. Sb(IIl) is reduced
fast and easily at pH-values from strongly acidic to
nearly neutral. In contrast, Sb(V) is only reduced
at rather a low pH and at much slower rates.
Typically, no complete reduction of Sb(V) could
be achieved without a prereduction to Sb(IIII) [17].
Preconcentration of the analytes is possible with
the batch type reactors. Mostly, the hydride was
collected in cold traps, although it is not used as
often as in LTGC.

As stipulated before, the speciation of Sb(III)
and Sb(V) is fulfilled in a two-step procedure.
At first, one part of the sample is reduced at
higher pH-values without prereduction, so that
only Sb(IIT) is reduced. After that, a second part
of the sample is completely prereduced from
Sb(V) to Sb(Ill) before the reduction step, so
that the total amount of antimony is measured.
The Sb(V) concentration could now be calcu-
lated as the difference between the two measure-
ments [18, 19]. Typical conditions and analyti-
cal data for the batch type reduction are given
in Table 2.3.1. Detection limits for total Sb and
Sb(III) were identical.

3.5 Continuous flow and flow
injection methods

Flow injection is often used for the preconcentra-
tion of antimony species in cold traps in order
to improve the performance of the analytical
methods. Compared to the batch reactions, typi-
cally lesser concentrated solutions are employed.
Figure 2.3.1 shows a schematic diagram of a HG-
ICP-MS system and Table 2.3.2 reports the con-
ditions for the on-line reduction of Sb(V) and
SbdID) [19].
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Table 2.3.1. Conditions and analytical data for the batch type reduction [19].

Parameter Value Parameter Value
Sample aliquots 3 mL Detection AAS

Prereducing agent 3 mL 2% KI Detection limit 2.97 ng

Acid 5 mL 4 M HCI Sensitivity 3.03 x 1073 a.u./ng

30 s
3 mL 4% NaBH4

Prereducing time
Reducing agent

Precision (n = 10)
Linear range

3.6% at 40 ng
3.0-95 ng

To ICP-MS

Argon purge gas

Gas-liquid
separator

Autosampler

L Pump 1
Thiourea 0.3 M

Valve

<4— Nebulizer gas

Waste
Remote pump

1.2% 3M

Waste NaBH, HCI

Figure 2.3.1. FI-HG-ICP MS setup used by Bowman er al. (Reproduced from Reference [20] by permission of The Royal

Society of Chemistry.)

Table 2.3.2. Conditions and analytical data for the on-line-reduction procedure [20].

Parameter Value Parameter Value
Sample aliquots 200 pgL Detection ICP MS
Prereducing agent 0.3 M thiourea Flow rate 0.35 mL
Reaction time 180 s Detection limit 0.06 pgkg!
Reducing agent 1.2% NaBH,4 Precision (n = 10) 10%

Acid 0.12 M HCl Linearity Up to 50 pgkg™!

Many authors tried to find reducing parameters
suitable not only for antimony but also for the
other hydride forming elements like As, Bi, Se,
Te [21, 22]. Cabredo et al. used a flow injection
method for the preconcentration of antimony in
a cold trap system for the detection with gas
phase molecular absorption spectrometry [23]. A
two-step method for the speciation of Sb(IIl) and
Sb(V) is presented by Hou and Narasaki [24].
First, the total Sb was determined by HG-ICP
MS after prereduction with potassium iodide
and reduction with borohydride. In a second

step, the Sb(II) is detected selectively at pH
5.5 without inference of Sb(V). The inductively
coupled plasma — atomic emission spectrometry
(ICP-AES) has been applied as detector for flow
injection hydride generation used by Menendez
Garcia et al. [25].

One method was presented for the specia-
tion of the two inorganic and the trimethylated
Sb-compounds by selective reduction without gas
chromatography. The flow injection method was
used by Ulrich for the speciation of Sb(III),
Sb(V) and Me;SbO in a three-step procedure [26].
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It was stated that fluoride influenced strongly the
hydride formation and suppressed it completely for
inorganic species in the presence of iodide. Detec-
tion limits of 1.1, 1.2 and 1.4 wgL~! with standard
deviations of 2.6—-8.1% for Me3;SbO, Sb(III) and
Sb(V) were achieved and the time consumption of
the analysis was comparable to liquid chromato-
graphic separations.

Continuous flow as technique for sample delivery
has been used rarely for antimony speciation. A
major drawback of such methods is the large
amount of sample needed for a single analysis.
Especially in the environmental and biomedical
field, the sample size is often limited. Menendez
Garcia et al. presented a method for a tandem on-
line separation of Sb(III) and Sb(V) with continuous
flow and the selective extraction of the Sb(III)
dithiocarbamate into methylisobutylketon (MIBK)
followed by addition of acid and reducing agent and
ICP-AES detection [25]. Risnes and Lund studied
the effects of interferences on the hydride formation
in a continuous flow setting [27].

3.6 Factors that influence
hydride generation

According to the literature, the hydride formation
process for antimony species depends on many fac-
tors. Important are the concentration of borohydride
and the nature and concentration of acid, the reac-
tion time and the presence or absence of prereducing
agents like iodide. In addition, many authors deal
with the influence of matrix elements or compounds,
which in many instances can hinder the reduction
process to a large extend. All parameters affect the
reduction of the diverse antimony species in differ-
ent ways. While Sb(III) and even more of the methy-
lated compounds are easily reduced under various
circumstances, the reduction of Sb(V) is critical.

3.7 Reduction

Most literature deals with the reduction of anti-
mony with sodium borohydride in acetic solu-
tion. Depending of the experimental setup, dif-
ferent concentrations and pH-values were applied.

Variation of the pH-value have been used by
Alegria et al. for the speciation of Sb(III) and
Sb(V) because only Sb(IIl) was reduced in sig-
nificant amounts by borohydride at pH 5 to
7 [17].

In contrast to that, many authors stated a depen-
dence of reduction on the pH-value of the sam-
ples and the Sb(V):Sb(III) ratio. That means there
is a significant amount of Sb(V) detected under
the conditions of Sb(III) reduction, which causes
unreproducible errors in the speciation analysis.
Deng et al. overcame this problem by adding
8-hydroxyquinoline as masking agent [28].

Some authors describe the electrochemical reac-
tion of antimony [29-31]. This reduction should
overcome the problems of contamination and
low stability of borohydride solutions and the
interferences by transition metals. Nevertheless,
the studies showed problems in the stability
of the electrodes and the reproducibility of the
results.

3.8 Prereducing agents

Pentavalent antimony could not be reduced by
sodium borohydride in sufficient amounts in a
short time. Especially when flow injection or post-
column derivatization are used, the prereduction
of Sb(V) is essential for the performance of the
methods. Diverse prereducing agents have been
applied such as potassium iodide, potassium bro-
mide, L-cysteine or thiourea with different results.
Welz and Sucmanova concluded that L-cysteine
was able to reduce Sb(V) in 5 to 30 min similar to
the action of potassium iodide [32]. An advantage
was the better stability of the L-cysteine solution
in comparison to iodide. When simultaneous
speciation of different hydride forming elements
should be performed, Bowman et al. proposed the
use of thiourea [20]. This compound was able to
reduce Sb(V) to Sb(II) in less than 300 s.
Vuchkova and Arpadjan examined the influ-
ence of dithiocarbamates on the hydride gener-
ation because these complexing agents could be
used for preconcentration and matrix separation of
antimony compounds [33]. The reduction was per-
formed with good results in methanolic solution.
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3.8.1 Impact of matrix elements

Different studies deal with the problems of matrix
components for the reduction of antimony. Two
main effects have been described: the reoxidation
of antimony by oxidizing compounds such as
HNO; and the reaction of NaBH4 with matrix
elements, leading to a decrease in efficiency of
the added sodium borohydride. Risnes and Lund
examined the influences of nitric acid and several
transition metal elements on the determination of
Sb(III) and Sb(V) [27]. Both interferences could
be minimized by using a solution containing 10%
thiourea as prereducing agent in a continuous flow
type procedure with ICP-AES detection.

A 100-fold excess of Cu*t, Cd**, Ni*t, Pb**
and Fe** led only to a slight signal suppres-
sion [34]. Hou and Narasaki found strong inter-
ferences of the hydride formation especially for
trivalent or hexavalent chromium and for molyb-
denum [24].

3.9 Low-temperature gas
chromatography

Gas chromatography was used for the separation of
the antimony hydrides and methylated compounds.

Helium-supply

Dropping funnel

NaBH,-solution

and acidified

Drying tube

Sample, suspended

All these are gaseous at room temperature and are
often preconcentrated by cold trapping, so that bet-
ter performance could be achieved by using low-
temperature gas chromatography. The mechanism
of separation relies on differences in boiling point
and interaction of the species with the chromato-
graphic material. Mostly packed columns were
applied. Figure 2.3.2 shows a hydride-generation
apparatus for LTGC with ICP-MS detection [35].

Krupp et al. used low-temperature gas chro-
matography coupled with inductively coupled
plasma mass spectrometry (LTGC-ICP-MS) for
the determination of several metal and metalloid
species [35]. In a batch reactor, the sample was
derivatized by hydrogenation with 5% NaBH,. The
reaction products were dried and the species were
collected in a packed GC column filled with supel-
coport absorption material and cooled in liquid
nitrogen. Several organic antimony species could
be detected at '?!Sb after GC separation. Clark
and Craig showed the possibility of an on-column
hydride generation [36]. The difficulty of the quan-
tification of the methylated species is described in
many publications because no standards are avail-
able for the correlation of the signal intensity to the
concentration. Therefore, no analytical data regard-
ing detection limits and reproducibilities can be
given for this group of methods.

Trap with
absorption material

Liquid
nitrogen

Figure 2.3.2. Hydride-generation apparatus for LTGC with ICP-MS detection. (Reproduced from Reference [35] by permission

of Springer Verlag GmbH & Co KG.)
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3.10 Separation by liquid
chromatographic methods

Liquid chromatography is the second interesting
method for antimony speciation. It offers the
possibility to overcome some drawbacks of the
reduction methods as listed below:

1. Only reducible species can be detected. No
other species can be viewed.

2. The reduction for the separation of Sb(III)
and Sb(V) employs two steps. The Sb(V) is
calculated by subtracting Sb(IIl) from total Sb.
This leads to elevated standard deviations of the
methods. In addition, the time of analysis may
be shorter for liquid chromatography.

3. It is either possible to investigate Sb(III)/Sb(V)
or total inorganic Sb/methylated species by
the reduction method. Liquid chromatography
offers the possibility to monitor all species in a
single run.

These reasons led several groups to work on Sb
speciation by liquid chromatography. The species
of main interest, Sb(III), Sb(V) and Me;SbX,, are
anionic in aqueous solution. In addition, a cationic
form of Me3;SbX, has been described. Therefore,
mainly ion chromatography (anion chromatogra-
phy) has been applied. Two types of methods can
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be distinguished: The first one uses liquid chro-
matography directly coupled to an element specific
detection, while the latter applies liquid chro-
matography with postcolumn reduction, to com-
bine the advantages of liquid chromatography with
the matrix separation and low detection limits of
the reduction methods. Both groups of methods
will be described in the next sections.

3.11 Liquid chromatography
without hydride generation

The separation of Sb(III) and Sb(V) was fulfilled
by Smichowski et al. using anion chromatography
with phthalic acid as eluent and a Hamilton PRP-
X100 column with different element specific detec-
tors [15]. Detection limits were 400 and 80 pg L ™!
for Sb(III) and Sb(V) for the detection with HG-ICP
MS. The phthalic acid method has been expanded
to the detection of Sb(III), Sb(V) and Me;SbO by
Ulrich, as shown in Figure 2.3.3 [37]. Both methods
showed extensive peak broadening for the Sb(III)
peak at relatively large retention times.

Zheng et al. used a silica gel column with
phthalic acid eluent, which led to a significant
improvement of the retention times, the peak
shapes and the detection limits with 0.1 and
0.3 pgL~! for Sb(V) and Sb(III), but loss of the
ability for Me;SbX, separation [14]. Zhang et al.
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Figure 2.3.3. The ion chromatographic separation of 100 pgL~! Sb(III), Sb(V) and Me3;SbO (named TMSbO in the figure)
with ICP-AES detection. (Reproduced from Reference [37] by permission of Springer Verlag GmbH & Co KG.)
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used a 2-cm anion chromatographic column and
tartrate eluent and achieved a good separation of
Sb(II) and Sb(V) [38]. The short columns mini-
mized the strong interactions between the Sb(III)
and the anion-exchange material. Another study
showed the applicability of a miniaturized anion-
exchange column for the speciation of Sb(IIl) and
Sb(V) with hydride generation — atomic fluores-
cence detection (HG-AFS) [39].

Guerin et al. used anion chromatography with
an ammonium phosphate eluent and methanol
modifier and ICP-MS detection for the deter-
mination of several metalloid species including
Sb(V) [40]. The application of ultrasonic nebu-
lization for HPLC-ICP MS has been described by
Krachler and Emons with detection limits of 14 ng
L~! for Sb(III), 12 ng L~! for Sb(V) and 9 ng L~!
for Me;SbCl, [41]. Their procedure covered two
steps: in the first one Sb(V) and Sb(III) were sepa-
rated with ethylenedinitrilotetraacetic acid (EDTA)
eluent, whereas in the second Sb(V) and Me;SbCl,
were eluted with NH4;HCO; and tartaric acid.
Figures 2.3.4 and 2.3.5 show these determinations.

The influence of different complexing agents such
as citrate and tartrate on anion chromatographic
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Figure 2.3.4. Chromatogram of the separation of 50 ng L~!
Sb(III) and Sb(V). (Reprinted from Anal. Chim. Acta. 429,
Krachler, M. and Emons, H., Speciation Analysis of Antimony
by High Performance Liquid Chromatography Inductively Cou-
pled Plasma Mass Spectrometry Using Ultrasonic Nebulization,
125, Copyright (2001), with permission from Elsevier.)
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Figure 2.3.5. Chromatogram of the separation of 50 ng L~
Sb(V) and Me;SbCl,. (Reprinted from Anal. Chim. Acta. 429,
Krachler, M. and Emons, H., Speciation Analysis of Antimony
by High Performance Liquid Chromatography Inductively Cou-
pled Plasma Mass Spectrometry Using Ultrasonic Nebulization,
125, Copyright (2001), with permission from Elsevier.)

separations was studied by Ulrich [42]. It was
concluded that these compounds have a strong
influence on the retention times of the species and
the performance of the method and that eluents with
low complexing tendency should be used.

3.12 Liquid chromatography followed
by hydride generation

Several authors describe liquid chromatography
and postcolumn reduction of the antimony species.
Better detection limits could be achieved in com-
parison to the direct coupling of ion chromatog-
raphy to an element specific detection. Two rea-
sons have been proposed: The separation from the
matrix with lesser background signals and prob-
ability of signal overlap and — in case of plasma
spectrometry — the use of dry plasma, which can
enhance the detection limits significantly. A major
drawback is the limitation of the methods to the
reducible species, although all antimony species
considered in the literature up to now can be
reduced with sodium borohydride to gaseous com-
pounds at least at elevated temperatures.
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The reduction was mostly done in a flow
injection type setting with either one-step addition
of acid and sodium borohydride or two-step
addition of a first prereducing agent followed by
borohydride. Figure 2.3.6 shows a setting for the
one-step procedure [38].

Krachler and Emons described the chromato-
graphic behavior and the reduction characteristics
for several liquid chromatographic systems cou-
pled to flow injection HG-AAS for the speciation
of Sb(III), Sb(V) and Me3;SbCl,. Detection limits
of 0.4, 0.7, and 1 pgL~! for Me3SbCl,, Sb(III)
and Sb(V) were obtained. In addition, ICP-AES
and ICP-MS have been used as detectors for liquid
chromatography.

3.13 Capillary electrophoresis

Only few papers deal with the speciation of
antimony with capillary electrophoresis. Michalke
and Schramel developed a method with 20 mM
Na,HPO4/NaH,PO, at pH 5.6 as background
electrolyte and NaOH or acetic acid as stacking
electrolytes and on-line coupling with an ICP-
MS detection system [43]. Detection limits of
0.1-0.7 pgL~"! could be achieved for inorganic
and methylated antimony species. Figure 2.3.7
shows an example of an electropherogram of
the separation of Sb(V), Sb(IIl) — here present as
Sb(OH); — and Me3SbCl,.

3.14 Special methods

Only few authors use graphite furnace atomic
absorption spectrometry (GF-AAS) for detection

HPLC pump
Sb sample
Tartrate buffer/
50 mmol L~

i1
1.0 mL min Valve

in antimony speciation. Garbos et al. described
differences for the sensitivities of Sb(II) and
Sb(V) with palladium as modifier in the graphite
furnace, which was connected to the low reducting
efficiency for Sb(V) [44]. Thiourea as prereducer
was used by Wifladt er al. [45]. Moreno et al.
described the possibility of the usage of AFS for
the speciation of Sb(II) and Sb(V) [46]. Deng
et al. used this technique with 8-hydroxychinoline
as masking agent for interferences of Sb(V) and
transition metals on the selective determination of
Sb1I) [28].

Genetically engineered bacteria were used for
the selective analysis of Sb(III) by Scott et al. [47].
The bacteria produced S-galactosidase, depend-
ing on the amount of Sb(II) present. The
B-galactosidase concentration was monitored elec-
trochemically. Several authors used electrochem-
ical techniques for the speciation of antimony.
Wagner et al. determined Sb(III) and Sb(V) by
adsorptive stripping voltammetry [48]. The differ-
ent electroactivities of Sb(IIT) and Sb(V) were used
for speciation, as Sb(V) is not active at mercury
electrodes and has to be reduced first [49].

Garbos et al. presented a speciation method
involving the measurement of Sb(V) and total
antimony with ICP-MS. The Sb(Ill) was selec-
tively removed by solvent extraction with N-
benzoyl- N -phenylhydroxylamine and its concen-
tration was calculated as the difference between
total Sb and Sb(V) with a detection limit of 0.7 ng
L1 [44)].
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Figure 2.3.6. Schematic diagram of high performance liquid chromatography (HPLC) coupled to HG-AAS for the speciation of
Sb. (Reproduced from Reference [20] by permission The Royal Society of Chemistry.)
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Figure 2.3.7. Electropherogram of the separation of 10 pgL~' Sb(V), Sb(IIl) — here present as Sb(OH); — and Me3SbCl,.
(Reprinted from J. Chromatogr. A, 834, Michalke, B. and Schramel, P., Antimony speciation in environmental samples by
interfacing capillary electrophoresis online to an inductively coupled plasma mass spectrometer, 341, Copyright (1999), with

permission from Elsevier.)

A simple photometric method for the specia-
tion of Sb(III) and Sb(V) was developed by Rath
et al. [50]. They determined the Sb(III) concentra-
tion with bromopyrogallol red and the total anti-
mony after reduction of the Sb(V) with iodide.
The Sb(V) content could be calculated by the dif-
ference of the two measurements. A totally dif-
ferent approach consisted of successive precipi-
tation of antimony species for analysis of both
species [51].

4 PROBLEMS LINKED TO
ANTIMONY SPECIATION

Sb speciation exhibits a bundle of problems. Some
of them are more general in nature and apply
to every speciation analysis, whereas some are
specific for Sb.

The problems can be separated in the follow-
ing groups:

— Problems with standards

— Problems with samples

— Chromatographic problems
— Problems of detection

These problems will be addressed next.

4.1 Problems with standards

The stability of standards is critical for the
analysis of antimony species, especially for the
investigation of the oxidations states Sb(IIl) and
Sb(V). The oxidizability of Sb(IIl) was reported by
Krachler and Emons [41]. They found that freshly
made standards of Sb(III) were not stable for more
than a few hours, after which peaks of Sb(III)
and Sb(V) occurred during the measurements. A
better stability of the standards was achieved by
thoroughly removing dissolved oxygen by flushing
with helium or by complexation of Sb(IIl) by the
addition of 1.25 mM EDTA at pH 4.7.

A special problem for Sb speciation is the syn-
thesis of the necessary standards. There are several
compounds that have been proposed for environ-
mental samples but could not be synthesized in
appropriate quality. Several signals in the chro-
matograms could not be identified because no
standard compounds were available. In addition,
there are no certified reference materials for Sb
species in different matrices.

4.2 Problems with samples

The total content of Sb in most matrices is rather
low, often in the low pg L~! or pg kg~ range.
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That means even lower concentrations for the
species, especially for the rarer ones. Therefore,
there is often only one method suitable and
available for the determination of Sb species in
this ultra trace region, which leads to problems
with the validation of the results.

The extraction efficiencies for Sb are extremely
low for many matrices, so that the speciation must
deal with fractions very low in Sb and a residue,
which contains most of the antimony. Another
important problem is the stability of the Sb species
in the samples. It has been shown for standards that
there is a rapid oxidation of Sb. If such processes
took place in the samples, no reliable data of the
species distribution can be gathered. Up to now,
there are no evaluations on the sample stability
in respect to Sb in the literature, a problem that
should be addressed as soon as possible.

4.3 Chromatographic problems

The methylated compounds of antimony can, like
arsenic species, undergo transformation during gas
chromatographic examinations. Dodd et al. inves-
tigated the reduction process of Me;SbCl, and

Me;Sb(OH),, which both should react with potas-
sium borohydride to the single product Me;Sb [9].
Gas chromatographic analysis showed four differ-
ent peaks presumably representing SbH3, MeSbH,,
Me,SbH and Me;Sb, so that obviously molec-
ular rearrangement occurs during the analysis.
Figure 2.3.8 shows this rearrangement [9]. As a
consequence, there should be some doubts as to
the correctness of some older studies on anti-
mony species in which reduction and gas chro-
matographic separation have been applied.

On the other hand, the presence of mono-
and dimethylated species in environmental or
biomedical samples is still possible. As there are no
standards available of these compounds, standard
addition techniques cannot be considered. These
species might undergo rearrangements as well, so
that similar chromatograms could be achieved with
either Sb species.

There are two main problems in liquid chro-
matography: the first one is the peak broaden-
ing especially for Sb(II). The Sb(II) in aque-
ous solution occurs as double or even higher
charged anions that interact strongly with the
ion chromatographic resin. On the other hand,
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Figure 2.3.8. HG-GC-MS chromatograms of the products from Me;Sb(OH), solution. A and B are unspecified components.
(Reproduced from Dodd, M., Grundy, S. L., Reimer, K. J. and Cullen, W. R., (1992) with permission of John Wiley and Sons

Limited [9].)
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Sb(V) and Me3;SbX, have short retention times, so
that the separation of all three components in one
single chromatographic analysis has been rarely
done [42].

4.4 Detection problems

Hutton et al. recognized signal suppression in ICP-
MS determinations with the presence of refractory
elements [52]. The groups of Guy efal. and
Jakubowski et al. showed different behavior of dry
aerosols like organometallic gases in comparison to
nebulized metal solutions [53, 54]. Feldmann and
Hirner described the necessity of internal standards
for ICP-MS detection because of the influence of
hydrogen on the plasma and the deposition of SiO,
out of the samples in the nebulizer and the detector
during the chromatographic analysis [55].

S RESULTS OF SPECIATION

Up to now, only few data of antimony species in
different matrices exists. One main reason is the
low concentrations, especially in uncontaminated
environmental samples, which make the speciation
a very difficult task. Another reason is the lack of
suitable standards. Only few inorganic compounds
and gaseous Me;Sb are available commercially.
Different groups made efforts to synthesize organic
antimony species such as MeSbO(OH), for analyt-
ical purposes, but they all failed. Only trimethy-
lated pentavalent antimony species (Me;SbCl,,
Me;SbBr,, Me;SbO, Me3;Sb(OH),) have been pro-
duced in sufficient amounts and purity. In addition,
no standard reference materials are available up to
now in which all relevant antimony species have
been certificated.

Another important point for the investigation
of real world samples and for the understanding
of the fate of Sb in biota is the development of
gentle and yet efficient extraction processes for
different matrices. The efficiencies are still gen-
erally low, distinctively lower than for As. Extrac-
tion yields from soil with water, methanol/water
or 0.2 mol L~! acetic acid are less than 1% [56].

Slightly better results are obtained by enzymatic
or alkaline extractions [57]. In addition, often there
are no data about the stability of the species during
the extraction processes.

Most data are documented for different kinds
of water samples, for example, natural water,
mineral water, waste water or sea water. A
few studies exist about antimony in soil, in
sediments, in landfill and sewage gases, in plants
and in tissues. But nearly all of them only give
selective information about single samples and
some general description about the distribution
of antimony species in the environment or the
food chain. One relatively large area for antimony
speciation belongs to the biomedical field because
of the use of antimony as therapeutic agent in
tropical diseases. Distinctive procedures have been
developed for quality insurance in these drugs. In
addition, antimony species in cell extracts have
been investigated to give insight into mechanisms
of drug action.

5.1 Antimony complexes

Complexes of Sb(IIl) and Sb(V) can influence
the chromatographic behavior of this species [42].
Guy et al. presented a method for the monitor-
ing of different antimony complexes of citrate,
malate and lactate [53]. The structure of these
compounds was investigated with nuclear mag-
netic resonance (NMR). For the separation of the
compounds, liquid chromatography with NH4Cl as
eluent and either ICP-AES or ESI-MS as detector
was used. Results showed no influence on the chro-
matographic behavior for Sb(IIl) species, whereas
different Sb(V) complexes could be detected.

5.2 Antimony in the environment

There are not many data available about the spe-
ciation of Sb in the environment. Some studies
deal with the Sb cycles and the average amount in
different kind of samples, but these examinations
deal with the total content of Sb. The main path-
ways of antimony are atmospheric input and the
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water cycle. The concentration level of antimony
in the earth’s crust is ca. 0.2 mg kg~'. In unpol-
luted waters, the concentration of Sb is typically
below 1 pgL~!. Anthropogenic activity and pol-
lution can lead to concentrations as high as 100 pg
L~'. It has been estimated that around 38 ton of Sb
are emitted yearly into the environment by human
activities. The dependence of the total Sb concen-
tration in leaves on the amount and the distance to
traffic has been established recently [58].

Information about Sb speciation in environmen-
tal samples have been documented in a few case
studies, for example, one special lake, one spe-
cial area of needle trees, one special soil. Some of
these studies will be described in the next sections
about environmental reactions related to the matri-
ces water, sediment, soil, plants and landmill and
sewage gases.

5.3 Environmental chemistry
of antimony species

Up to now, there are only a few studies that
deal with the environmental chemistry of antimony
compounds. Because of the low concentration of
antimony in typical samples, the monitoring of the
species is difficult. Most of the authors stress the
similarities between arsenic and antimony and pro-
pose similar pathways of biochemical reactions.
Parris and Brinckman investigated the methyla-
tion and oxidation of trimethylstibine [59] after a
possible biological methylation of inorganic anti-
mony compounds. The abiotic oxidation took place
rapidly for Me3Sb with a constant of 10> M~'s~!.
Therefore, they concluded that the concentration
of Me;Sb in any aerobic surroundings in the envi-
ronment should be limited by this process.

The biomethylation of Sb(IIl) and Sb(V) to
Me;Sb by microorganisms was first monitored in
1997, although the process had been proposed
for many years [60]. One reason could be the
low concentration of these compounds in the head
space of experimental cultures of microorganisms,
especially in respect to arsenic species. The aerobic
biomethylation by Scopulariopsis brevicaulis was
shown under aerobic conditions by Andrewes

et al. [61]. In anaerobic environments, Me;Sb was
measured above soil-enrichment cultures spiked
with Sb(ID) [51].

5.4 Antimony in water

Water is the matrix, in which the antimony
speciation has been mostly applied. Especially tap,
fresh and mineral water sources have been used
as test matrices for newly developed methods.
Therefore, there is a relatively large amount of data
available for this matrix.

Garbos et al. examined natural waters in the area
of Warsaw [62]. The total antimony concentration
was less than 1 pg L~!, with over 90% of
Sb(V) in the samples. This result, similar to
other studies, reveals that in natural waters the
prevailing chemical form is Sb(V). Problematic
is the instability of Sb(IIl) regarding oxidation,
which has been found in other studies. Maybe the
predominance of Sb(V) in water samples is caused
by species transformation after the sampling.
This problem — as for other matrices — has to be
addressed further on. Smichowski et al. as well as
Nash et al. give a review on antimony speciation
in water [15, 63].

5.5 Antimony in sediments and sludges

Slurry formation-hydride generation AAS was
used by de la Calle Guntinas et al. for the spe-
ciation of Sb(IIl) and Sb(V) in sediments [18].
The antimony species in the slurry were directly
reduced to the hydride, without any further sample
preparation. The analysis evolves in two steps as
described in the experimental section, first detect-
ing Sb(III), then total Sb, with the calculation of
the Sb(V) amount as the difference between the
two measurements. In marine sediments, total con-
tents of 0.161 wg g~! with a Sb(V): Sb(IIl) ratio
of 5:1 were found. The same group investigated
the bioavailability of antimony in sediments with
similar methods [19]. They found that less than
50% of the antimony is soluble in aqua regia,
which they stated to be a good estimate of the
maximum plant-available amount.
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Krupp et al. investigated sediments in a German
river by LTGC-ICP-MS [35]. The samples were
freeze-dried, homogenized and stored at —20°C.
No statement was made about the influence of
sample preparation on the analytical results. The
three methylated antimony species were found in
concentrations of 0.2 to 9.8 ng g~! for MeSbH,,
0.1to 1.2 ng g~! for Me,SbH and 0.1 t0 0.9 ng g~!
for Me;Sb. In addition, SbEt; was postulated in
some of the samples. It was identified on the basis
of the calculation of the boiling point based on
retention time. No standard was available for this
species. Eight antimony species have been found in
fouling sludge by Michalke and Schramel, but they
were only able to identify Sb(V) and Me;SbCl,
by standard addition [43]. Nash et al. presented in
a review mainly focusing on methodologies for
total Sb some aspects on antimony speciation in
sediments [63].

5.6 Antimony in soil

Only very few data are available about the anti-
mony speciation in soils. One drawback — as for
sediments and sludges — is the low extractability
of antimony compounds, although the antimony
content in soil can reach as much as 100 mg
kg~!, for example, due to rock whethering. De la
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Calle Guntinas et al. investigated the bioavailabil-
ity of antimony in one soil sample and between
44 and 48% of the antimony could be extracted
by aqua regia [19]. Ulrich found Sb(V) to be the
predominant species in antimony-rich soils. Two
unidentified substances were noted [26]. In addi-
tion, Me3SbO could be identified as shown in
Figure 2.3.9.

5.7 Antimony in plants

Benson and Cooney proposed a bioalkylation pro-
cess of antimony by marine algae similar to
arsenic [64]. But they did not show analytical
proofs for their hypothesis. The biosorption of
Sb(IlI) and Sb(V) of two biological substrates,
spirulina platensis, a cyanobacterium, and phase-
olus, derived from a plant were studied by Madrid
et al. [65]. Both substrates were able to accumulate
antimony over a wide range of pH-values, tem-
peratures and incubation times. The accumulation
depended on the oxidation state of antimony with
a higher rate for Sb(III). The amount of antimony
in the plant was monitored with electrothermal
AAS after extraction of the plants with nitric or
hydrochlorid acid.

Freshwater plants were examined using HG-GC-
MS by Dodd et al. Organoantimony compounds
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Figure 2.3.9. Chromatogram of a soil sample from eastern part of Germany, measured by IC-ICP MS at '>!Sb, where Sb(III),
Sb(V) and Me3;SbO (named TMeSbO) were identified and two more species were to be seen.
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were identified in pondweed (potamogetan pecti-
natus) on the basis of the retention times and the
mass spectral data [66].

5.8 Antimony in landfill and sewage gases

Feldmann and Hirner investigated several metal
and metalloid species in landfill and sewage
gases [55]. They collected the gases directly by
cryogenic trapping cooled by acetone/liquid nitro-
gen to —80°C. The gases consisted of 45 to
61% methane and less than 1% oxygen. As ana-
lytical method, thermodesorption combined with
gas chromatography for separation and ICP-MS
for detection of '>!'Sb and '**Sb were used. The
standards used for the determination were prepared
by Miiller, a member of the group of Hirner, as
mixture of methylated hydrides [67]. One major
component in the chromatogram was detected in
concentrations of 0.618 to 71.6 wgm™ and could
be identified as Me3Sb by comparison of the reten-
tion time with that of the standard. SbH; was only
found in very low concentrations in landfill gases.

5.9 Antimony in the biomedical field

There is a growing interest in the speciation
of antimony in the biomedical field because
the mechanism of its toxicity to humans is not
well understood and Sb is used as an important
therapeutic agent in several tropical diseases. The
mode of action of these compounds is rather
unknown because it cannot be examined unless
thorough knowledge of the Sb species in the
cells is acquired, which implies speciation analysis.
In the last few years, some efforts have been
made to investigate these samples, although much
more data are needed for the understanding of the
complex biological processes.

The analysis of biological samples is rather
challenging because matrices such as urine, tis-
sue and cell extracts show a rich variety of com-
plexing agents and salts. In addition, there are
biomolecules, for example, enzymes or proteins,
able to bind with metalloids and to promote reac-
tions such as oxidation or reduction of Sb. In the

next sections, some methods for the Sb speciation
in biomedical samples will be described.

5.9.1 Antimony speciation in tissue and cells

Rondon et al. presented a method for the selec-
tive determination of Sb(III) and Sb(V) in liver
tissue [68]. They first extracted selectively Sb(III)
with 1 mol L~! acetic acid, then measured the total
amount of antimony after microwave-assisted min-
eralization. Detection was done with HG-AAS.
The method was proven with standard materials,
but no data for real samples were given.

Several medical studies deal with the specifica-
tions of Sb(III) in cells and the metabolization of
antimony, although mostly no concrete analytical
chemical data are given and the results are derived
from cell experiments. Nies described the pathway
of Sb(IIl) in Escherichia coli [69]. It enters the
cells via the glycerol facilitator. The detoxification
of cells from Sb(III) should work similarly to that
of arsenite by efflux.

5.9.2 Antimony speciation in urine

Krachler and Emons presented a method for the
speciation of Sb(II), Sb(V) and Me3;SbCl, in urine
by HPLC-ICP MS with detection limits of respec-
tively 8 ng L', 20 ng L™ and 12 ng L™! and
8 ng L~! [87]. The method was applied to occu-
pationally exposed and nonexposed individuals.
The predominant species was Sb(V) followed by
Me;SbCl;, and only trace amounts of Sb(IIl) were
found. The sum of these antimony species rep-
resented a range of 51-78% of the total Sb in
the samples.

5.9.3 Antimony drugs as treatment
Jor leishmaniasis

Leishmaniasis is a parasitical, tropical disease,
endemic in 80 countries, with approximately
400,000 new cases per year, which was described
first by Leishman and Donovan in 1903 [70, 71].
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An emerging risk is Leishmaniasis as HIV-
co-infection, for example, in Southern Europe.
Leishmania donovani and some other leishmanial
species are the main causative agents of visceral
Leishmaniasis [72]. The parasites exist in two
forms, the extracellular promastigote and the
amastigotes, which live inside the phagolysosomes
of macrophage cells of many host species [73-75]

In the early years of the twentieth century,
Sb(III) compounds have been used as therapeu-
tic agents for Leishmaniasis. Because of their
high toxicity, they have been exchanged by pen-
tavalent antimony in 1950. Nowadays, mainly
sodium stibogluconate (pentostam) and meglumine
antimonite (glucantime) are used. Although the
antimony drugs have been prescribed over the
last decades, their mechanism of action remains
unclear [76]. In addition, clinical resistance to the
antimony was increasingly reported, uprising the
need for new anti-leishmanial drugs [77, 78].

The toxicity of antimony in the parasitic cells
depends on the stage of the parasite and the
oxidation state of the antimony compounds. As
experiments show promastigotes of L. donovani
are generally more resistant against the antimony
than amastigotes, with Sb(III) being far more toxic
than Sb(V). Therefore, it has been hypothesized

that Sb(V) is accumulated by the macrophage and
reduced to Sb(IIl) either in its phagolysosome
or directly in the parasite cell [79, 80]. Cross-
resistance between Sb(III) and Sb(V) has been
shown in Leishmania tarentolae, indicating a
major role of trypanothione as complexing agent
in the parasitic resistance [81]. However, the
mechanism seems to be different in other species
of Leishmania. An additional possibility is the
direct toxicity of Sb(V) for the amastigotes [82,
83]. Recently, some efforts have been made to
establish analytical methods for the antimony
speciation in extracts of different cell types.
Shaked-Mishan ef al. used ion chromatography
ICP-MS to show the direct reduction of antimony
within the parasite cells [88]. The same group
used selective reduction for antimony speciation
in cell samples with similar results [84]. These
were the first data showing direct reduction activity
in cells and indicating a mechanism involving
reduction and toxicity of the Sb(III) compound
because Sb(V)-resistant Leishmania showed no
activity. Several unidentified antimony species
have been found in the samples, pointing to more
antimony metabolism in the cells. Figure 2.3.10
shows the reduction activity in Leishmania cell
extracts [84].
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Figure 2.3.10. Indication of reduction activity in cells: cell extracts of amastigotes Leishmania incubated with Sb(V), measured
with IC-ICP MS and nitric acid as eluent. The components A—C are unidentified compounds. (Reprinted from Anal. Chim. Acta,
417, Ulrich, N., Determination of antimony species with fluoride as modifier and flow injection hydride generation inductively

coupled plasma emission spectrometry, 201, Copyright (2000),

with permission from Elsevier.)
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5.9.4 Antimony treatment for bilharziasis

In addition to leishmania, antimony containing
drugs are used as therapeuting agents for bil-
harziasis, the most widespread parasitic disease
in Egypt [85]. Compounds such as antimony
potassium tartrate, antimony piperazine and anti-
mony lithium thiomaleate could be investigated
by extraction and preconcentration of antimony
by dithiocarbamates [86]. Belal ef al. applied the
reaction of different Sb(II) antibilharzial com-
pounds with dibromodiethylbarbituric acid for a
potentiometric titration procedure [34].

5.9.5 Quality control of pharmaceutical drugs

One of the problems of the treatment of leishma-
niasis with antimony drugs is the quality control.
The therapeutic agent is Sb(V), whereas Sb(III)
is relatively toxic and should not be present in
the pharmaceuticals in larger amounts. Therefore,
efforts have been made for the determination of
Sb(III) in these products. Rath et al. used a pho-
metric method [50].

6 CONCLUSION

Antimony speciation is a growing field of ana-
lytical chemistry. Two main types of techniques
are applied in modern methods. First, there is
the selective reduction to distinguish between
Sb(Ill) and Sb(V) or — after gas chromatogra-
phy — between inorganic Sb and methylated com-
pounds. The other route is the use of liquid chro-
matography to investigate inorganic and organic
Sb species, although up to now from all organic
antimony compounds only trimethylated Sb have
been clearly identified in environmental or biomed-
ical samples.

Sb speciation is used for gathering data about the
environmental distribution of Sb compounds and
the Sb cycle in nature. Although some results have
been presented, the data are much too anecdotic
to draw general conclusions on the species distri-
bution up to now. Another important field is the
biomedical speciation. In this field, recent efforts

have led to a slightly better understanding of the
mode of action of antiparasitic therapeutic agents.

New attempts were made to establish other
analytical methods, especially in the biomedical
field. Size-exclusion chromatography might be
a new pathway for the separation of antimony
species. Much effort is needed to overcome
the difficulties encountered in Sb speciation: the
low concentration, the lack of standards and of
reference materials and as a consequence reliability
of the data.
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1 INTRODUCTION

Realgar, orpiment and other arsenic minerals were
already known to the Greeks of Aristotle’s time
(about 300 BC), even though the element itself was
not known. Arsenic was first described by Albertus
Magnus in the thirteenth century. It was widely
used as a poison and in folk remedies. The element
found more and more application in agriculture and
industry in the twentieth century. It is only since
“Arsenic and Old Lace”, the famous play written
by Joseph Kesselring in 1941, that arsenic has been
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known as a toxic element to everyone. Nowadays,
the biological and environmental effects of arsenic
are studied in detail [1] since serious pollution
and numerous cases of poisoning from arsenic
in drinking water have been found in the last
decades. Many cases occur in poor countries
that lack the necessary infrastructure to be able
to react promptly. Even though regulations still
focus on total arsenic concentrations, the effect of
arsenic is dependent on the physical and chemical
properties, toxicity, mobility and biotransformation
of arsenic species.
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2 SOURCES OF ARSENIC

Arsenic is found ubiquitously in the atmosphere,
in water, soils and sediments, as well as in organ-
isms. The abundance of arsenic is about 52nd in
the earth crust and the element is associated with
igneous and sedimentary rocks, particularly with
sulfide ores [2]. Arsenic is very mobile, and dif-
ferent mechanisms control mobilization and trans-
formation of arsenic in the environment. Atmo-
spheric arsenic is released by natural phenom-
ena as well as by anthropogenic sources and
returned to the earth’s surface by dry and wet
deposition. Natural and anthropogenic sources con-
tribute 60:40 to the atmospheric deposition [3],
whereas other estimations report a 30 : 70 split [4].
The element circulates in various forms through
the atmosphere, water and soil before enter-
ing its ultimate sink in the sediments. Rela-
tively little is known about the fate of arsenic
in sediments: Arsenic sulfides are assessed as
ultimate arsenic sink in anoxic sediments and
the rate of remobilization of arsenic as a func-
tion of redox conditions in sediments is under
investigation [3].

2.1 Natural sources

Arsenic is found in more than 245 minerals:
60% arsenates, 20% sulfides and sulfosalts, 20%
arsenides, arsenites, oxides and elemental As. The
most common mineral is arsenopyrite (FeAsS).
Table 2.4.1.1 gives an overview of the major
arsenic minerals in nature. The earth’s crust and
rocks contain about 2 to 3 g As/g (levels range
from 0.1 to several hundred pgg~!) [5]. Sedi-
mentary rocks contain in general higher levels
of arsenic (0.5-455 wgg~!) than igneous rocks
(0.06—113 pgg™") [6]. Sands and sandstones tend
to have the lowest concentration. Concentration
levels in coals and bituminous deposits are often
high. Samples of organic rich shale have As con-
centrations up to 900 pg g~!. The usual concentra-
tion range in coal is 2.5 to 20 wg g~ ! but extremely
high concentrations up to 35 mgg~!' do occur [7].
Most of the arsenic is associated with pyrite.

Table 2.4.1.1. Major arsenic minerals occurring

in nature.
Arsenopyrite Fe[AsS]
Ni[AsS]
Cobaltite Co[AsS]
Realgar AsySy
Orpiment AsyS3
Proustite Ag3AsS3
Enargite Cu3zAsSy
Tennantite (Cu, Fe, Zn);AsS;_4
Arsenolite As,O3
Claudedite As,O3
Lollingite Fe[As;]
Chloanthite Ni[As,]
Niccolite Ni[As]
Smaltin Co[As;_3]

Arsenic is mobilized by water and leaching
depends on several factors such as pH or the
redox potential. The two dominant natural sources
of As in the atmosphere are low-temperature
volatilization (about 26,000 tons per year) and
volcanic activity (about 17,000 tons per year) [3].

2.2 Anthropogenic sources

The world production of arsenic is estimated at 75
to 100 x 103 tons per year. Sweden is the world’s
leading producer, and the United States uses half
of the world’s production [8]. In 1990, about 70%
was used in wood preservatives, 22% in agricul-
tural chemicals (herbicides and desiccants), 4% in
glass, 2% in nonferrous alloys and 2% various.

Main sources of arsenic are copper and lead
ores. Raw products are both As,O; and elemen-
tal As. Arsenic is released to the environment
by various industrial processes, mining or smelt-
ing and agricultural activities as well as a by-
product of coal combustion. Nriagu and Pacyna
estimate a total anthropogenic input between
64,000 and 132,000 tons per year onto land [4].
(see Table 2.4.1.2)

2.2.1 Industry

Elemental As is used as an additive in special
alloys. Arsine is used in microelectronics and
semiconductor industry. Moreover, arsenic trioxide
finds its application as a decolorizing agent in the
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Table 2.4.1.2. Main sources of As discharge onto soil
(after [4]).

Source Contribution (%)
Commercial waste 40
Coal ash 22
Atmospheric fallout from 13

steel production
Other mining activities 16
Other sources® 5

“Agricultural and food wastes, animal wastes and manure,
logging and other wood wastes

glass and ceramics industries. The main amount of
As is released from the metal processing industries
(about 1.5 kg As per ton Cu, 0.4 kg As per ton
Pb and 0.65 kg As per ton Zn) [3]. The elevated
level of As within the gangue mineral together
with an economic ore mineral causes risks of wind
dispersal and leaching of As during processing,
which can lead to very high As concentrations near
old dumps. Smelting of Cu is the largest solely
anthropogenic input (about 40%) followed by coal
combustion (20%). Coal combustion produces fly
ash up to 30% of the weight of coal. Arsenic is
enriched in fly ash particles as a consequence of the
condensation of volatile arsenic species onto the
surfaces of the particles. Levels of 6 to 200 pg As
per gram can be found in pulverized ash (e.g. fuel
ash). Arsenate is the dominant species in fly ash,
and arsenite contributes between 3 and 40%. Fly
ash is partially used for the production of cement
but the main part is disposed of as mine fills or in
waste dumps [7].

Solutions, which are used in geothermal power
plants to raise steam, can contain high amounts of
arsenate and provide a further potential for pol-
lution. Significant contamination of rice fields by
inorganic arsenic in wastewater from geothermal
electric power stations and mining waste have been
reported in Japan [9].

2.2.2 Sewage sludge

The degree of industrialization is reflected in the
amount of As in sewage sludge. The As is derived
mainly from surface runoff, atmospherically de-
posited As, residues from pesticides, to a minor
degree phosphate detergents and a major impact
from industrial effluents. It is reported that arsenic

is released as volatile methylated and hydride
species from sewage treatment facilities and land-
fill sites [10].

2.2.3 Agriculture and forestry

Arsenic compounds are widely used in agriculture
and forestry as insecticide or herbicide, as growth
promoter, as well as in sheep dips (to control
ticks, lice and fleas), wood preservative, cotton
desiccant and dye reagent. Phosphate fertilizers
are another possible source of arsenic, depending
on the phosphate rock used (about 8 pgAs/g
rock), even though no significant increase in the
As concentration of soils from this source was
detected so far.

The total amount of As in agricultural use is
decreasing steadily, even if developing countries
are still using large quantities of agents, which
are already forbidden in Western Europe. Because
of the toxic effects on the environment, the con-
sumption of arsenic in agriculture and forestry has
decreased to half from 1980 to 1990. Inorganic
As compounds were applied in the early twentieth
century (Pb, Ca, Mg and Zn arsenates, Zn arsen-
ite, copper acetoarsenite (Paris green)) but have
been largely replaced by organic arsenicals (e.g.
mono- and disodium methanoarsenate or cacodylic
acid). Sodium arsenite was used in the 1970s in
the United States to control aquatic weeds and
has led to significant contamination. Already, the
production of the compounds is a potential risk.
For example, dumping of industrial effluents from
the production of Paris green has contaminated
the groundwater in the residential area of Cal-
cutta [11]. Pollution from residual As is a major
concern, and “replant syndromes” can be observed
in young fruit trees as a result of phytotoxic lev-
els of As in soil. Soils treated with pesticides
show higher As concentration compared to areas
treated with herbicides, which are usually applied
at lower rates.

Chromated copper arsenate (CCA) is a com-
monly used wood preservative against biological
decay [12]. Other compounds are arsenic pentox-
ide, calcium arsenate, lead arsenate and sodium
arsenate. The wood preservative industry is the
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major market for As in the United States. Long-
term problems can be expected when the treated
wood needs to be dumped or burnt.

Arsenic (e.g. arsanilic acid or 3-nitro-4-hydroxy-
phenylarsonic acid) is furthermore used as feed
additive, for example, in poultry feeds to control
coccidiosis and as growth promoter [13].

2.2.4 Other applications

Until 1940, inorganic As was used for medication.
The best known is Salvarsan (arsphenamine),
formerly used extensively for treatment of syphilis
and yaws. Nowadays, arsenic is still used as
antiparasitic agent in veterinary medicine and
in folk remedies. Recently, arsenic trioxide was
investigated for the treatment of promyelocytic
leukemia [14].

Arsenic (as sulfide realgar) finds further applica-
tions as pigment and in fireworks. Paris green, also
called Schweinfurt green, an extremely poisonous,
bright green powder, was used extensively as a pig-
ment in wallpaper in the nineteenth century [15].
Additionally, surface soil contamination is reported
by disposal of tannery waste containing sodium
arsenite used as pesticides at the tannery [16].

3 ARSENIC SPECIES AND THEIR
TRANSFORMATION PATHWAYS

Arsenic can be described as a semi-metal-forming
covalent compound or anionic species. The oxi-
dation states are —III, O, III and V [8]. Elemental
As has several allotropic forms (grey, yellow and
black arsenic). Grey As is the stable form.

More than 25 different As compounds have
been identified in biological samples [17]. The
most common arsenic species with environmen-
tal importance are listed in Table 2.4.1.3. Arsenic
species can undergo transformation via abiotic
or biotic processes. Oxidation, reduction, adsorp-
tion, desorption, dissolution, precipitation and
volatilization of arsenic commonly occur [4, 6].
Figure 2.4.1.1 shows a simplified transformation
pathway of arsenic in the environment.

Elemental arsenic and arsenic trioxide are the
main particles found in atmospheric deposits.
Arsenic trioxide is a product of smelting operations

and a raw product for most arsenicals. Arsenate is
the thermodynamically more stable form of inor-
ganic As in soils and water. Arsenate and arsenite
can be converted easily under oxidizing or reduc-
ing condition. Oxidation of arsenite to arsenate in
soils is conducted by bacteria or catalytically by
Mn(IV) and Fe(III) oxides. As(V) can furthermore
be immobilized by coprecipitation with hydrous
iron or manganese oxides [20].

MnO; 4+ HAsO; + 2H' < Mn?* + H3AsO4
2Fe*t + HAsO, + 2H,0 S 2Fe” + H3AsO4
+2HT

The acidic and basic properties of arsenic and
arsenous acid influence their environmental and
analytical behavior:

Arsenic acid:

H3AsO4 + H,O & H,AsO4™ + H30+

pK, =220
H,AsO,~ 4+ H,0 < HAsO,>~ + H;07
pK, = 6.97

HAsO,>~ + H,0 & AsO,*~ + H;0"
pK, =11.53
Arsenous acid:
H3AsO; + Hy0 & HyAsO;~ + H;0"
pK, =9.22
H,AsO;~ + H,0 < HAsO3*™ + H;0™"

pK, = 12.13
HAsO3%~ + H,0 < AsOs*~ + H;0%
pK, = 13.4

The most stable species in normal soil within
pH 4 to 8 are HyAsO, (pH 2 to 7), HAsO4>~
(pH > 7) and H3AsO; (pH < 9). A drop of the
redox potential (Eh) below +300 mV at pH 4
or below —100 mV at pH 8 leaves H3AsOj as
the thermodynamically stable As species in the
absence of complexing species and methylating
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Table 2.4.1.3. Main arsenic compounds and their LDs, values when applicable.

Species

LDs [mgkg™'] [18]

As (elemental)

Inorganic arsenic(Ill) species

As trioxide
Arsenous acid
Arsenite (AsIII)
As chloride

As sulfide
Arsine (AsH3)

Inorganic arsenic(V) species

As pentoxide
Orthoarsenic acid
Metaarsenic acid
Arsenate (AsV)

Organic As species

Monomethylarsine (MMA)

Dimethylarsine (DMA)

Trimethylarsine (TMA)

Monomethylarsonic acid (MMAA)
Dimethylarsonic acid (Cacodylic acid)(DMAA)
Trimethylarsine oxide (TMAO)

Arsenobetaine

Arsenocholine

Dimethylarsinoyl Ethanol

Arsenosugars (R-dimethylarsinoylriboside) 1_6

763 As
14 A82 03
14 HAsO,
14 AsO;3~
14 AsCls
14 A82 S 3
3 ASH3
20 A82 05
20 H3AsO0y4
20 HAsOs3
20 AsO,3~
CH3 ASH2
(CH3),AsH
(CH3)3As
1800 CH;AsO(OH),
2600 (CH;3),AsO(OH)
(CH3 )3 AsO

(CH3)3As™ CH,COOH
(CH3)3;As™ CH,CH,OH
(CH3),AsOCH,CH,0H
See structure below[19]

|
X
OH OH
R X Y
1 (CH3)2As(0)- -OH -OH
2 (CH3),As(0)- -OH ~OPOHCH,CH(OH)CH,OH
3 (CH3),As(0)- -OH -SO;H
4 (CH3),As(0)- -OH -0SO:H
5 (CH3),As(0)- -NH, -SO:H
6 (CH3),As™ - -OH ~0SO;H
organisms [2]. Figure 2.4.1.2 shows the pE/pH a release of As into the surrounding environ-

diagram for As-H,0O system at 25 °C.

The presence of sulfide and reducing condi-
tions can lead to the precipitation of As,S3; in
lake, river and marine sediments. The formation
of sulfides in a reducing environment accompa-
nies the reduction of As(V) to As(III). On the other
hand, geogenic sulfides can undergo oxidation with

ment [21]. Sulfates are formed and leached out
because of the high redox potential of sulphur.
Subsequently, the amount of arsenic sulfide is low
in soils.

Oxidation of arsenite to arsenate is one of
the protective mechanisms of microorganisms [2].
There are also well aquatic bacteria, which reduce
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Figure 2.4.1.1. Simplified transformation pathway of arsenic in the environment. (Reprinted from [8] with permission
from Springer.)
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Figure 2.4.1.2. pE — pH diagram for the As-H,O system at 25 °C. Total dissolved As species set at 50 ng g~!. The area with
the vertical bars represent the common pE—pH domain in natural water. (Reprinted from [22] with permission from Elsevier
Science Publishing B.V.)
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arsenate to arsenite under aerobic conditions.
Anaerobic reduction was observed in activated
sewage sludge and wine yeast. The reduction of
arsenate to arsine is only observed in significant
quantities in soils enriched with glucose and urea.
Some soils release arsine from arsenite under
anaerobic conditions [2].

Originally, inorganic As is incorporated by
autotrophic organisms such as algae.

Biotransformation by organisms can be observed
throughout the food chain [23]. Methylation is con-
sidered as a detoxification process by organisms
and degradation of methylated species by photo-
chemical processes can be observed as well. Methy-
lation by fungi or bacteria forms monomethylar-
sonic acid, dimethylarsinic acid (cacodylic acid),
trimethylarsenic acid or trimethylarsine [2]. The
formation of toxic trimethylarsine by molds grow-
ing on wall paper decorated with As pigments led
to a number of poisoning incidents in England and
Germany as well as in New York/USA in the nine-
teenth century.

Challenger described in his review the mecha-
nism of arsenic methylation by fungi and favored
the hypothesis that the methylation of arsenic
involved the transfer of a methyl group from
already methylated compounds [15]. Although
arsenic intermediates as described by Challenger
are found in cell preparations, the reaction is
supposed to be more complex in reality. In his
first review, Challenger suggested that bacteria do
not methylate arsenic. The first report of arsine
produced by bacteria was published 1971 [24].
Since then, a number of bacteria have been iden-
tified to produce methylarsine. Cullen and Reimer
comprehensively describe different transformation
mechanisms by microbiological activities in their
review [2]. The methylation of inorganic As has
been studied extensively in methanogenic bacteria,
which produce methane as their primary metabolic
end product under anaerobic conditions. Bacterial
reactions usually lead to dimethylarsine, a com-
pound stable in the absence of oxygen.

Arsines and methylarsines are generally volatile
and unstable in air. Arsine is a toxic gas with
a typical smell of garlic. Arsine decomposes

following the reaction:
AsH; & 1/nAs, + 1.5 Hy(+66.5 KJ)

Several publications report about the biotransfor-
mation of highly toxic inorganic arsenic species
to less toxic methylarsonic acid or dimethy-
larsinic acid [25]. Arsenic compounds are metab-
olized in animals, plants, algae and mushrooms
to even more complex organoarsenicals such as
arsenobetaine, arsenocholine, dimethylarsynilribo-
sides (arsenosugars) and tetramethylarsonium ion
and to a small extent to some other nonidentified
arsenic species [26].

4 ARSENIC IN THE ECOSYSTEM
4.1 Arsenic in soils

The natural level of As in soils depends on the rock
type, the normal range being 1 to 40 g As/g [8].
In general, arsenic levels in uncontaminated and
untreated soils seldom exceed 10 g g~'. The Euro-
pean Community recommended for total arsenic
levels in soil not to exceed 20 pgg™'.

Increased concentrations are usually found for
acid sulfate soils due to the weathering of pyrite. In
agricultural areas, arsenic residues can accumulate
up to 600 wgg~!. Highly polluted soils can be
localized in the neighborhood of mining plants
or coal-fired power plants and concentrations of
more than 1000 wgg~! have been recorded for
sites in Australia [27]. Total As contamination in
mine spoils in England exceeded 20,000 pgg™!
with its maximum concentration at a depth of 20
to 40 mm [28].

Arsenic mobility is a result of complex interac-
tions between soil and solution. Main factors are the
redox potential, pH, particle size, content of organic
matter, nature of minerals and competing ions [29].
Inorganic Arsenic species (mainly arsenate) have
been known to have a high affinity to oxide sur-
faces [30]. The level of available As is lower in soils
with a high amount of clay, Fe/Al oxides and calcite
due to sorption of As. Especially in coarse textured
soils, As can move down a profile with leaching
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water. The bioavailability of arsenic in soils and sed-
iments is usually reflected by the extractability using
a variety of different reagents [20].

Arsenic in soils is mainly present as arsen-
ate. However, arsenous acid is the predominant
form under reducing conditions [8]. The soil con-
ditions can also lead to a change in the oxida-
tion state or to methylation by microbial activity.
Arsenite is generally more mobile than arsenate,
hence immobilization of As can be enhanced by
oxidation. Arsenic solubility is low under oxidiz-
ing conditions (200—500 mV) and up to 95% of
arsenic is present as arsenate. At high pH or under
reducing conditions, arsenate is reduced to sol-
uble arsenite. Under moderately reducing condi-
tions (0—100 mV), arsenic solubility is controlled
by iron oxy-hydroxides. At strong reducing con-
ditions (—200 mV), the amount of soluble arsenic
increases significantly. However, arsenate to arsen-
ite transformation is slow and can be controlled
by manganese (MnO, is reduced to Mn’*). (See
Figure 2.4.1.2 and paragraph 3, as well). Among the
competing anions (C1~, NO3~, SO4%~ and PO4*7),
PO,>~ substantially suppresses arsenate sorption
since arsenic shows many chemical similarities to
phosphor. Nevertheless, the soil chemistry of As is
much more diverse because of the different oxida-
tion states and species and the formation of bonds
with S and C. Phosphate, in contrast, is more sta-
ble over a wider range of Eh and pH conditions
than arsenate. Variable results have been obtained
in the reduction of the toxicity of As by adding Al,
Fe and Zn compounds, S, lime and organic mat-
ter [1]. Currently, there are several methods under
investigation for the remediation of contaminated
soils, but most methods are expensive, time con-
suming and risky [31]. Recently, the use of plants,
which accumulate arsenic to a high amount (hyper-
accumulator), is under research to be applied in
phytoremediation of contaminated sites [32].

4.2 Arsenic in water

Concentrations of arsenic in freshwater vary by
more than four orders of magnitude, depending
on the source of arsenic, the amount available
and the local geochemical environment. Under

natural conditions, the greatest range and the high-
est concentrations of arsenic are found in ground-
waters as a result of the strong influence of
water-rock interactions and the favorable physical
and geochemical conditions for arsenic mobiliza-
tion and accumulation. Distinct seasonal variations
in arsenic concentration can be observed. Usual
groundwater concentrations range from <0.5 to
10 wg L~". Concentrations up to 370 g L~! have
been reported in Wyoming and Montana as a result
of geothermal inputs from the Yellowstone geother-
mal system [33].

Wells in contaminated areas in Bangladesh or
Taiwan in some cases show an extremely increased
arsenic concentration of up to 2500 pgL~! and
bore waters in Argentina have concentrations
of more than 7800 wgL~'. Average values for
arsenic in seawater are about 2 pg L~!, whereas
in freshwater a wider variation of 0.4—80 pgL~!
can be observed [34].

Increased concentrations are also reported in river
waters in arid areas. Surface waters often have a
high pH and alkalinity and show concentrations
of naturally occurring arsenic ranging between 190
and 21,800 g L~!. Significant increases in arsenic
concentration of river water may also occur as
a result of pollution from industrial or sewage
effluents, from mill tailings or mine wastes, as well.
Concentrations up to 556 wgL~! are reported in
streams adjacent to deposits in British Columbia.
Only limited data are available for arsenic in oilfield
and other brines, but concentrations can be very high
(more than 200 mgL~") [8].

The most common valence states of arsenic in
water are arsenate, which is more prevalent in
aerobic surface waters, and arsenite, which is more
likely to occur in anaerobic groundwaters [35].
Arsenate is mainly stable as HAsO4%~ and Hy AsO4 ™
in the pH range of seawater. Arsenite is again stable
as neutral H3AsOj3. Organic arsenic forms may be
produced mostly in surface waters by biological
activity (e.g. as a result of methylation reactions
by phytoplankton[2]) but are rarely quantitatively
important. Organic forms may, however, occur
where waters are significantly affected by industrial
pollution or agricultural activities.
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4.3 Arsenic in the atmosphere

Natural phenomena (weathering, biological activ-
ities and volcanic activities) as well as anthro-
pogenic sources (smelting operations, fossil fuel
combustion, pesticides) release arsenic to the atmo-
sphere. Arsenic is present in air mainly in partic-
ulate form as arsenic trioxide. The relatively high
volatility of some As compounds (both from natu-
ral and anthropogenic origin) means that the geo-
chemical cycle contains significant fluxes through
the atmosphere. Volatile methylated and hydride
species are also released from sewage treatment
facilities and landfill sites [10].

Average levels for arsenic in Europe are about
1 ngm™ for rural areas, 2 ngm™ in urban areas
and <50 ngm~ in industrial areas [18]. Concen-
trations of arsenic in rainfall and snow in rural
areas are at typically less than 0.03 pgL~!. Smelt-
ing and coal burning increase the concentration
by one order of magnitude and concentrations up
to 16 wgL~!' have been found in rainfall down
wind of a copper smelter [36]. Total arsenic depo-
sition rates have been calculated in the range
<1-1000 pgm=2 yr~!, depending on the relative
proportions of wet and dry deposition and proxim-
ity to contamination sources. Values in the range
38-266 wgm~2 yr~! (about half as dry deposition)
were estimated for the mid-Atlantic coast [37]. An
estimate of the total atmospheric flux suggested
73,540 tons per year with a 60:40 or 30:70 split
between natural and anthropogenic sources [4].
The atmospheric input of arsenic was reported to
lead in the upper 5 cm of the soil to a concentra-
tion of approx. 5 times higher compared to lower
regions [3].

4.4 Arsenic in biological tissues

Arsenic shows no indication of being an essen-
tial element in biological processes, even though
some organic compounds are reported to stim-
ulate root growth of plants and arsenic com-
pounds have been used as food additives to pro-
mote animal growth, as well. Both arsenite and
arsenate accumulate in living tissues because of

their affinity for proteins, lipids and other cellu-
lar compounds [38]. The highest As concentration
is found in aquatic life forms because of accu-
mulation of compounds that have been synthe-
sized from arsenate at low trophic levels. Typ-
ical concentrations range from 5 to 50 pgg™!
but can go up to 2500 pgg~! [2, 39]. It is well
known that the arsenic concentration in marine
animals is usually higher than in the surrounding
water and that arsenic is mainly present as organic
species [40].

The ability of aquatic organisms to trans-
form inorganic As into complex organoarseni-
cals appears to be retained along the food chain.
Fish retains up to 99% in an organic form [39].
In general, organoarsenical species in aquatic
plants are found mainly as dimethylarsenic com-
pounds. The concentration of organoarsenicals
is usually lower in freshwater fish. Arsenobe-
taine and arsenocholine are found as products
of marine animals and mushrooms [41]. After its
isolation in 1977, arsenobetaine was recognized
to be the most abundant arsenic compound in
marine animals. Arsenocholine was found in sig-
nificant concentrations in marine shrimp, and the
presence of arsenic-containing sugar derivates is
also well established [42]. Trimethylarsine oxide
has been found as minor component, as well.
More than 25 arsenic species have been reported
in biological tissues [17]. Mostly, natural lev-
els in plants are less than 1 wgg~'. Brandstet-
ter et al. reported concentration ranges in plant
tissues in the Austrian Alp region from 0.03 to
345 ngg! [43].

A limited number of plants and algae is known
to accumulate As to a significantly higher extent
or correlate directly with the As concentration of
the surroundings. These plants can be used either
for phytoremediation of contaminated areas or for
bio-monitoring of As contamination [32].

The main route for uptake of inorganic arsenic
compounds is through roots, whereas organic
compounds enter the plant by absorption through
the leaves or bark.

Bioavailable arsenic in soils is usually reflected
by the amount of As found in the mobile or easily
mobilized fraction of sequential extraction schemes
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(see Table 2.4.1.4). The total As content in soils
usually does not reflect the phytoavailability and
phytotoxicity [8]. As an example, concentrations of
arsenic in fruits were directly correlated to HCI
extractable arsenic in highly contaminated soils.

Table 2.4.1.4. As fraction as assessed by sequential leach-
ing [44-46].

Fraction Characterisation

Mobile Includes the water soluble and
easily exchangeable
(unspecifically adsorbed)
metals and easily soluble

metallorganic complexes.

Easily mobilized Contains the specifically bound,
surface-occluded species
(sometimes also CaCO;
bound species and
metallorganic complexes

with low bonding forces).

As that is bound on carbonates.

Different methods extract the
organically bound fraction
before the oxide fraction
before the carbonate-bound
fraction or directly after the
carbonate-bound fraction or
after the oxide-bond fraction.
The organically bound
fraction itself can again be
diverted up to three separate
fractions.

Carbonate bound
Organically bound

This fraction is sensitive to
drying procedures prior to
extraction. They are most
susceptible to changes in pE
and pH. Trace metals bond
to Mn-Ox may be readily
mobilized upon changed
environmental conditions.
This fraction is to be
separated prior to Fe- or Al
oxides

In this fraction, the Fe-bound
fraction can also be
distinguished in amorphous
Fe-bound and crystalline
Fe-bound fraction

Mn oxide bound

Fe and Al oxide bound

Residual fraction This fraction mainly contains
crystalline-bound trace
metals and are most
commonly dissolved with
high concentrated acids and

special digestion procedures.

Also, a sulfide fraction can be
distinguished.

5 TOXIC EFFECTS OF ARSENIC

There are great differences in the toxicity of the sin-
gle species. In general, organo-arsenic compounds
are significantly less toxic than inorganic arsenic
compounds. Arsenite is reported to be more sol-
uble, mobile and more toxic than arsenate com-
pounds [8]. The toxicity is directly related to mobil-
ity in water and body fluids. The toxicity conforms
to the following order (highest to lowest toxicity):
arsines > inorganic arsenites > organic trivalent
compounds (arsenoxides) > inorganic arsenates >
organic pentavalent compounds > arsonium com-
pounds > elemental arsenic [1, 8]. Arsenobetaine
and arsenocholine are considered as nontoxic. Add
to this that the pollutant is usually toxic to plants and
soil biota at concentrations that do not affect animal
or human health.

5.1 Microbial toxicity

It is reported that arsenic has a direct influence
on the microbial activities especially in soils.
Many factors influence the inhibitory effect on
the microflora. Decrease in population of bacte-
ria, fungi and nematodes were reported to correlate
with the concentration of As [47]. Maliszewska
et al. report that overall arsenite and arsenate had
little effect on the development of actinomycetes
and fungi flora and suppressed the growth of Azo-
tobacter sp. They observed a decrease in dehy-
drogenase activity, as well [48]. Other investiga-
tions report the inhibition of urease activity by
As(11D) [49].

Cullen and Reimer describe in their review the
varying tolerance of microorganisms for arsenic
and that arsenite oxidation by an inducible enzyme
system is one mechanism of resistance [2]. Marine
fungi seem to be more tolerant than nonmarine.
The growth of Dendryphiella Salina was actu-
ally stimulated by arsenic. A variety of fungi has
increased tolerance to arsenate in the presence of
phosphate. Plasmid-mediated resistance to arsen-
ate can be explained by the synthesis of a highly
specific arsenate efflux pump that eliminates intra-
cellular arsenate. A number of bacteria have been
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isolated that show resistance to arsenite/arsenate
and newly discovered bacteria use arsenic in their
energy generation process in much the same way
that humans use oxygen to release energy from
food [50].

5.2 Effects on plants

No evidence exists that there might be an arsenic
species that is an essential nutrient for plants,
even if stimulation of root growth and small yield
increases at low As levels have been observed [8].
This effect was explained by displacement of
adsorbed phosphate by arsenate, releasing phos-
phate as a nutrient. The concentration, which
is necessary to injure plants, ranges from 1 to
10 wgg~'. Crops are very tolerant to soil arsenic,
whereas beans, rice and vegetables show a higher
sensitivity.

The symptoms in case of toxicity for plants indi-
cate a limitation in the movement of water and a
loss of turgor, resulting in wilting [51]. Light acti-
vation is inhibited by interference with the pentose
phosphate pathway. Symptoms from organoarsenic
species (methylarsonic and dimethylarsinic acid)
include chlorosis, gradual necrosis, dehydration,
cessation of growth and finally death [52].

5.3 Effects of arsenic species on animals

Inorganic arsenic species are known as poison but
have also been used as medicine for thousands
of years, dating back to the ancient Greeks
and Romans.

Even if the element arsenic is reported as an
essential nutrient at trace levels for some ani-
mals, no comparable data exists for humans [53].
Arsenic deficiency for goats is reported to lead to
decreased growth, greater abortion of fetuses dur-
ing pregnancy and higher mortality rate during the
second lactation. Similar events have been reported
for rodents and chicken. However, the deficiency
signs depend on several other dietary factors as
well, such as, for example, zinc, arginine, choline,
methionine and guanidoacetic acid status. These

substances are interrelated because they affect the
methionine metabolism. Inorganic As is reduced
by reductive methylation in the liver and excreted
in the urine as organic species [54].

6 ARSENIC IN HUMAN NUTRITION

Historically, the use of arsenic trioxide as homi-
cidal and suicidal agent is well known and the
poisonous nature has been widely exploited. The
currently accepted health limits for human con-
sumption are 1 wgg~! food (dry weight) [55].

At present, it is inappropriate to give dietary
recommendations for arsenic for humans with
respect to the essentiality of arsenic since no
data are available [56]. On the basis of animal
studies, the suggested arsenic requirement for
animals is between 25 and 50 ng As/g food (based
on diets containing 4000 kcalkg™') without any
specification of the species. This dietary intake is
equal to about 20 pg As per day if extrapolated
to the human. Human diets normally contain 12 to
50 pg As per day and thus the postulated arsenic
requirement for humans apparently can be met
by food and water normally consumed without
reaching the health limits.

Today, a number of areas are contaminated
with As, resulting in an ecological and a health
problem. Recently, the most extensive poisoning
has been reported for Bangladesh and West Bengal
(India) [8].

6.1 Drinking water

The current WHO provisional level of As in
drinking water is 10 pgL~!, the target for the
European Union is 10 pugL~! (current standard in
Germany, effective since 1996) and the current
level in the United States is 50 ugL~! [57].
In January 2001, the Environmental Protection
Agency (EPA) published a new standard for
arsenic in drinking water that requires public water
supplies to reduce the total arsenic concentration
to 10 pgL~! by 2006. The current level dates
from 1975 and is based on the standard set by
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the Public Health Service in 1943. The new rule
was withdrawn before it took effect and finally
on October 31, 2001 EPA announced again its
decision to move forward in implementing a new
standard for arsenic in 2006.

Exposure of As by contaminated drinking water
has resulted in serious As poisoning [18]. Incidents
due to geologically contaminated groundwater are
reported from Argentina, Bangladesh, Canada,
Chile, China, Hungary, India, Mongolia, Mexico,
Romania, Taiwan, Thailand and the United States.
In Bangladesh alone, 1/6" of the 120 million
population is potentially at risk from drinking As-
contaminated water. The problem in Bangladesh
was undetected for many years because of the
lack of suitable arsenic testing laboratories within
the country. Main sources are wells, which are
drilled in As-rich geologic areas. Concentration
of inorganic As in well water ranges from 95 to
3700 wgL~! in the affected areas.

Mining-related As problems in water have
been identified in many parts of the world,
such as Austria, Ghana, Greece, India, Mex-
ico, South Africa, Thailand, the United Kingdom
and the United States. Groundwater concentra-
tions between 10 and 5000 pgL~! are reported.
Another main source of arsenic pollution of
water is contamination by industrial or agricultural
waste.

Several methods are applied for removing inor-
ganic arsenic (mainly arsenate) from drinking water
(e.g. coagulation/filtration, lime softening, activated
alumina, ion-exchange, reverse osmosis, reversal
electrodialysis and nanofiltration). In September
1993, EPA developed, with contractor support,
a document entitled “Treatment and Occurrence-
Arsenic in Potable Water Supplies” [58]. This doc-
ument summarized the results of pilot-scale stud-
ies examining low-level arsenic removal, from
50 wgL~! down to 1 pgL~" or less.

6.2 Dietary exposure

The lowest values of actual daily intake of arsenic
are reported for the Netherlands as 12 pg As per
day. Nriagu et al. report that a typical US adult diet
contains about 48 g As per day [57]. The main
sources are dairy products, meat, fish and poultry.
Table 2.4.1.5 lists average dietary uptakes in
different countries without specifying the chemical
species involved. Arsenicals — arsanilic acid and
roxarsone — are permitted for nontherapeutic uses
as growth promoters in animal feeds in the United
States [59].

Data on food indicate that trace concentrations
of arsenic are present in all nutrients, but total
arsenic concentrations in food vary widely from

Table 2.4.1.5. Estimated average dietary intake of arsenic in various countries.
Reproduced from [18] by permission of WHO.

Country Method of sampling® Intake of total arsenic ug day ™'

Australia MB (adult male) 73.3
(adult female) 52.8
(2-year-old) 17.3

Brazil DD’ (students) 18.7-19.5
(S. Catarina 1 region) 49.2-52.9
(Manaus region) 139.6-159.3

16.5-17.0

Canada TD (5 cities — adult male) 59.2
(5 cities — 1 to 4 yrs) 14.9

Croatia MB 11.7

Japan DD (adult — male&female) 182

Spain TD (Basque region — adult) 291

UK TD (adults) 63

USA MB (adults) 52.6
(0.5-2 yrs) 27.6

“MB: market basket survey; TD: total diet study; DD: duplicate diet study.

bMean values not reported.
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country to country (type of soil, water, geochemi-
cal activity, use of arsenical pesticides). The high-
est concentrations of total arsenic are found in
seafood. Typical levels in seafood range from
5 to 50 pgkg~! even if concentrations up to
2500 wgkg~! were measured [39]. The concentra-
tion in freshwater fish is usually much lower than
in marine fish and concentration levels vary with
respect to species and locations. These levels found
in seafood are not considered as a health hazard
because the arsenic species belong to the group of
organoarsenicals that are considered as nontoxic.

Seafood is followed by meat and grain with
respect to the arsenic concentration. Fruit, veg-
etables and diary products have generally lower
total concentrations. Edible seaweed contains 19 to
172 wgkg! As, and similar levels are reported for
marine algae from Norway. Concentrations of total
arsenic in various food groups in North America
are given in Table 2.4.1.6.

Contamination of crops, fruits and vegetables
occur through spraying or root uptake. Ordinary
crop plants do not accumulate enough As to
be toxic to humans. Moreover, the edible parts
accumulate less As than the rest of the plant,
and accumulation of As residues to toxic levels
cannot be expected. Instead, growth reductions
and crop failures are the main consequences
from As pollution. The accumulation of As in
grapes grown in contaminated vineyards remains
a problem and over 50% of the wine sold in the

United States contains more than 50 pg As/L. The
significant reduction of As-containing pesticides
has significantly reduced the possibility of As
contamination via crops, fruits or vegetables.

Arsenic in food occurs as a mixture of inor-
ganic species and the less toxic organic arsenicals,
including trimethyl species such as arsenobetaine.
In general, organoarsenic compounds account for
60 to 99%. Studies indicate that inorganic arsenic
levels in fish and shellfish are generally low
(<1%), but that other foodstuffs (meat, poultry,
diary products and cereals) contain higher propor-
tions of inorganic arsenic.

6.3 Other sources of exposure

Arsenic is found in household items, tobacco
smoke (estimates are 0.25 pgAs per cigarette),
laundry detergent and bone meal. Another source
of direct As uptake is As inhalation of exhaust
fumes of coal, which is burnt inside in open
pits and from consumption of foods dried over
coal fires. This problem is found especially in
southern China. Air levels up to 0.13 mgm~ are
reported, which is up to 40 times higher than the
standard [60, 61].

In addition, there is the potential for significant
occupational exposure to arsenic in several indus-
trial areas, in particular, arsenic production, non-
ferrous smelting, electronics, wood preservation,

Table 2.4.1.6. Total arsenic concentrations in various food groups from Canada. Reproduced from

[18] by permission of WHO.

Food category

Mean (g As/kg wet weight)

Range (g As/kg wet weight)

Milk and dairy products 3.8
Meat and poultry 243
Fish and shellfish 1662.4
Soups 4.2
Bakery goods and cereals 24.5
Vegetables 7.0
Fruit and fruit juices 4.5
Fats and oils 19.0
Sugar and candies 10.9
Beverages” 3.0
Miscellaneous? 12.5

<0.4-26
<1.3-536.0
77.0-4830.0
<0.2-11.0
<0.1-365.0
<0.1-84.0
<0.1-37.0
<1.0-57.0
1.4-105
0.4-9.0
<0.8-41.0

“Includes coffee, tea, soft drinks, wine and canned and bottled beer.

bIncludes bran muffins, muffins with and without raisins, gelatin desserts, raisins, baked beans, weiners and raw

& canned beets.



82 ELEMENT-BY-ELEMENT REVIEW

glass manufacturing and the production and appli-
cation of arsenical pesticides. Moreover, arsenic
inhalation can occur in areas with excessive use of
arsenic-containing pesticides. At present, a number
of countries have established occupational regu-
lations for arsenic, which set limits in the range
from 0.01 to 0.1 mgm™ of inorganic arsenic in
the workplace.

7 ANALYSIS OF ARSENIC
AND ARSENIC SPECIES

There is no shortage of analytical methods for
the analysis of total concentration of arsenic as
well as for As speciation, but special attention has
to be paid to sampling and sample preparation.
Sampling is fundamental for a reliable monitoring.
Sample removal from its natural environment
can already disturb the equilibrium. In water
samples, oxidation may take place and arsenate
is the only species that is finally analyzed.
Sample preparation such as digestion, filtration,
preservation and/or prereduction is usually carried
out prior to analyses, depending on the analytical
procedure. It is evident that sample preparation
needs to be done without alteration of the chemical
species. This problem is especially relevant in case
of geological material, soils and biological tissues
that need some kind of processing prior to analysis.
Methanol extraction is in most cases sufficient
to remove essentially all organoarsenicals into
solution. Another example concerns arsenobetaine
that is not transformed on storage but is hydrolyzed
almost quantitatively by hot alkali digestion.

7.1 Total arsenic concentration

Colorimetric techniques as well as voltammetric
techniques have been largely replaced by flame and
flameless atomic absorption — and emission spec-
trometry. Later, the introduction of inductively cou-
pled plasma mass spectrometry reduced the limits
of detection significantly (<1 pgg~! in solution).
Direct methods are increasingly used to assess the
As concentration and the binding states in different

types of solid samples: X-ray fluorescence (XRF),
X-ray adsorption near edge structure (XANES), sec-
ondary electron microscopy (SEM), secondary ion
mass spectrometry (SIMS), laser ablation induc-
tively coupled plasma mass spectrometry (LA-
ICP-MS), extended X-ray adsorption fine structure
(EXAFS) and wide-angle X-Ray scattering as well
as infrared spectroscopy and alpha proton X-ray
spectrometry (APXS) on board the Mars Pathfinder
mission, which measured the composition of six soil
samples and five rock samples at the Ares Vallis
landing site on Mars.

To investigate As in the field, it is necessary to
provide a field test kit, which is easy and safe to
use, cheap, robust and reliable. Sensitivity should
as an example range from 2 to 1000 pgL~! for
As in drinking water. Most of the current field
test kits are based on the Gutzeit method, which
involves the reduction of As(IIl) and As(V) by
zinc. Arsine gas is released and produces a
stain on mercuric bromide paper. Early kits were
particularly tested in India and Bangladesh but
showed poor reliability at lower concentrations
(<100 pgL="). A development of the standard
Gutzeit kit is currently under research and should
be stable, sensitive and easy to calibrate [18].

7.2 Analysis of arsenic species

An overview is given of current analytical method-
ologies for arsenic speciation in environmental
samples in the article by Taboada-de la Calzada
et al. [62]. Most of the methods are conventional
instrumental methods — mainly chromatographic
techniques (high performance liquid chromatogra-
phy (HPLC), gas chromatography (GC), etc.) cou-
pled with a variety of detectors. Even if chemical
speciation has become state of the art in arsenic
speciation, analytical problems such as sampling,
sample preparation and the availability of certified
reference materials are still far from trivial and
not yet well established. A main problem is the
preservation of species for subsequent laboratory
analysis. A number of CRMs have been character-
ized for their arsenic species [63].

Speciation procedures of inorganic arsenic species
are done on the one hand on the basis of different
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oxidation/reduction conditions to determine As(III)
and As(V), and on the other hand on the basis of
selective extraction in different phases. Spectropho-
tometric methods using SDDC (sodium dimethyl
dithiocarbamate) were modified for the determi-
nation of arsenite and arsenate by control of pH.
Hydride generation is applied for speciation by vari-
ation of the pH and coupled to atomic fluorescence
chromatography, atomic absorption spectrometry
(AAS), atomic emission spectrometry or inductively
coupled plasma mass spectrometry [62]. The dif-
ference in electrochemical properties enables elec-
trochemical techniques for speciation (differential
pulse polarography). Voltammetric methods can be
coupled to inductively coupled plasma atomic emis-
sion (ICP-AES) or inductively coupled plasma mass
spectrometry (ICP-MS).

Nowadays, speciation methods, including the var-
ious organoarsenicals, involve an initial separation
by a chromatographic technique (e.g. GC, liquid
chromatography (LC), size-exclusion chromatogra-
phy (SEC), capillary zone electrophoreses (CE)),
coupled to an element specific detector (e.g. AAS,
inductively coupled plasma emission spectrometry
(ICP-AES), inductively coupled plasma mass spec-
trometry (ICP-MS)). Such combinations resulted
in powerful speciation techniques with very low
detection limits. These different coupling techniques
used for arsenic speciation are described compre-
hensively in various reviews [2, 62, 64—66].

Gas chromatography was applied for the mea-
surements of volatile species using thermal desorp-
tion, packed column or open tubular GC. The latter
columns show high resolution, which is essen-
tial for the analysis of complex environmental and
biological samples and offer improved sensitivity.
Since many compounds are not volatile or can-
not be transformed to volatile derivates without
loss of information (e.g. metalloproteins, arseno-
choline, As-containing lipids), LC is, however,
the most commonly applied separation technique.
The coupling to sensitive element specific detec-
tors (ICP-MS) is steadily improving this field
of application. Normal and reversed phase parti-
tion chromatography, ion interaction chromatog-
raphy, ion-exchange chromatography as well as

SEC are applied as separation techniques. Capil-
lary zone electrophoresis is based on the separa-
tion in an electrical field and was applied com-
prehensively for the speciation of arsenic, even
though there is still a lack of “real sample appli-
cations” [67].

Recently, arsenic speciation using microorgan-
isms was under discussion [62]. The demand for
the determination of arsenic species raises further-
more the need for the development and optimiza-
tion of multidimensional chromatography for the
separation and molecule-specific detection (such as
electrospray tandem mass spectrometry (ES-MS-
MS) [68].

In soil science, speciation is usually referred to
as the characterisation of the phase on which As is
bound [44]. This is assessed by applying sequen-
tial extraction schemes. A general goal of selective
chemical leaching is the accurate determination of
the partitioning of elements among different discrete
phases of a sample. In practice, some major factors
may influence the success in selective leaching, such
as (i) the chemical properties of an extractant cho-
sen, (ii) the extraction efficiency, (iii) experimental
parameter effects, (iv) the sequence of the individ-
ual steps, (v) specific matrix effects such as cross-
contamination and reabsorption, (vi) heterogeneity
as well as physical associations (e.g. coatings) of
the various solid fractions. All these factors have
to be critically considered. Several well-established
standard procedures can be found in literature [44].
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1 EFFECTS OF ARSENIC IN THE
HUMAN ORGANISM

The use of inorganic arsenic (As;) for the treatment
of anemia and chronic skin diseases has been
discontinued for decades but, at present, As,O3
regains interest for the therapeutic management
of acute promyelocytic leukemia [1], while several
organoarsenicals are used as antiparasitic drugs.
Most often, however, the poison character of
arsenic is acknowledged [2—4]. In living organ-
isms, soluble pentavalent inorganic arsenicals can
compete with phosphate and lead to the forma-
tion of l-arseno-3-phosphoglycerate that is spon-
taneously hydrolyzed without ATP production; in
addition, they are easily reduced into arsenite,
which rapidly binds to biological thiol groups,
inhibiting many important enzymes, among which
is the activity involved in ATP production by
way of oxidative phosphorylation reactions. An
impairment of energy production coupled with the
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inhibition of many other thiol enzymes can affect
virtually all cellular functions. Thiol enzymes such
as glutathione peroxidase and thioredoxin reduc-
tase have been recently shown to be much more
sensitive to inhibition by trivalent mono- and
dimethylated As than by the inorganic trivalent
form of the element [5]; the same compounds,
involved in the As; metabolism (see below) were
shown to be able to nick and break phage X174
supercoiled DNA and proved to be 77 and 386
times more potent, respectively, than As™ in a
Comet assay using human lymphocytes [6].

The strong irritating behavior of As™ toward
living tissues coupled with its powerful inhibiting
properties explains the gastrointestinal symptoms,
disturbances of cardiovascular and nervous system
functions and eventually death in case of severe
acute intoxication.

Several epidemiological studies have shown that
chronic exposure to As; is causally related with
cancer in humans. The risk of lung cancer is
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increased among workers and populations living
near certain As-emitting industries, and it appears
that tobacco consumption can further increase that
risk. In case of ingestion of As-rich water, risks
for skin, lungs, bladder and kidney cancer are
increased. Besides these most critical effects, many
other disturbances have been causally related with
As toxicity. As the element is distributed in all
organs, impairments in several systems have been
described; they include respiratory, cardiovascular,
gastrointestinal, hematological, hepatic, skin, neu-
rological and genotoxic effects [2—4]:

— dusts with inorganic arsenic are irritating for
the respiratory tract, but increased frequency
of cough, sore throat, sputum and rhinorrhea
has also been reported in consumers of con-
taminated drinking water;

— the contribution of As to ‘Blackfoot’ disease
is disputed but ‘Raynaud’ syndrome, cyanosis
and gangrene of the fingers and toes have
been reported not only in Taiwan but also in
Germany, Chile, Mexico, Bangladesh;

— inorganic arsenicals are irritating for the gas-
trointestinal mucosa, causing nausea, vomit-
ing and diarrhea; this is of course more the
case after acute exposure but has also been
reported after chronic exposure by inhalation
and ingestion;

— the toxic action of arsenic on bone marrow
cells is probably responsible for red and/or
white blood cell depression often observed
after exposure by the oral route; it should be
recalled that poisoning with arsine gas causes
hemolysis probably due to fragilization of
the erythrocyte membrane following reduced
glutathione depletion caused by arsine;

— reversible liver enlargement has been observed
particularly in two episodes of food poisoning
by As in Japan, portal hypertension in subjects
treated with Fowler’s solution for several years
and liver cirrhosis in German vintners after
heavy consumption of wine contaminated with
arsenic-containing pesticides; large elevations
in serum enzymes indicating hepatotoxicity are
observed only in cases of acute poisoning;

— chronic exposure to inorganic arsenic fre-
quently causes hyperkeratosis of the palms

and soles and hyperpigmentation (melanosis
speckled with paler spots) in areas of the skin
not exposed to the sun;

— chromosome aberrations in cultured lympho-
cytes and micronuclei in exfoliated buccal and
bladder cells have been observed in subjects
exposed to the element; the evidence for an
effect of As on reproduction and development
seems accumulating but needs confirmation
because of the limitations of the studies report-
ing such outcomes;

— insubjects surviving acute poisoning, peripheral
nervous disturbances are frequently encoun-
tered; the lower extremities are often more
severely affected than the upper extremities;
exposure to lower levels affects sensory and
motor neurons: abnormalities in electromyo-
grams have been reported in subjects consum-
ing contaminated drinking water; the peripheral
neuropathy symptoms may progressively dis-
appear when exposure is ended, but recovery is
often not complete.

In recent years, evidence has increased that
chronic consumption of As-rich drinking water
might be associated with an increased risk of high
blood pressure and diabetes [4].

2 ARSENIC ABSORPTION
AND DISTRIBUTION IN MAN

The bioavailability of inorganic As compounds
absorbed through inhalation and ingestion is pro-
portional to their water solubility: As oxides,
sodium arsenite and arsenate enter the organism
more rapidly and to a greater extent than As sul-
fides or lead arsenate. The valence state of the
element does not influence its absorption rate in
hamsters intratracheally instilled with solutions of
inorganic soluble salts. Likewise, in man, the gas-
trointestinal absorption of both tri- and pentavalent
inorganic arsenicals is rapid and extensive. Lim-
ited data suggest that the percutaneous absorption
of arsenate from water is very low (1% in man).
Organoarsenicals such as monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA) are effi-
ciently (>80%) absorbed by the oral route.
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Because of the matrix complexity, the fotal As
concentration in biological tissues is most often
reported. In environmentally exposed subjects, As
distributes almost equally in internal organs; a
slight increased concentration can, however, be
observed in tissues with a high keratin content such
as hair and nails. As shown in Table 2.4.2.1, quite
variable concentrations are found in a same tissue
from different individuals, and different environ-
mental exposure levels may be proposed to explain
differences among corresponding tissue concentra-
tions observed in different countries (however, an
influence of the analytical techniques used can-
not be totally excluded). Other data suggest that
As accumulates in tissues with age without any
sex-linked differences. An increased concentration
in blood (>1 wgL™!) can be observed during a
short period only after the absorption step; after
a lethal dose, concentrations in liver and kidney
are markedly higher than in other organs. Scarce
efforts for the speciation of As in biological tis-
sues from environmentally exposed subjects indi-
cate the presence of only very low and barely
higher proportions of MMA and DMA, respec-
tively. In tissues of an acutely intoxicated man
(Table 2.4.2.1), MMA/DMA ratios ranged between
2.5 and 3 and MMA proportions between 10 and
30% of the total tissue contents.

3 ARSENIC BIOTRANSFORMATIONS
AND EXCRETION IN MAN

The knowledge on As biotransformation in mam-
mals is limited to the inorganic forms and, accord-
ing to observations in human volunteers and

Table 2.4.2.1. Total arsenic concentration in human tissues (ng
As g~ wet weight).

Tissue Environmentally Fatal poisoning
exposed subjects (Reference 9)
(Reference 7) (Reference 8)
Liver 145+6.9 129 £ 39.7 147,000
Kidney 12.4 £20.7 129 £72.3 26,600
Lung 19.9 £22.7 104 £ 29.5 1113
Spleen 152+ 16.6 101 £49.4 1172
Brain 39+£1.0 - 833
Cerebellum - 132 £60.2 1095
Skin - 153 £97.7 2900

laboratory animals, results are similar follow-
ing absorption by inhalation, ingestion or even
intravenous injection of water-soluble compounds.
Data on biotransformations chiefly derive from
investigations on urinary metabolites because the
kidney is the main excretory organ in animals.
While in microorganisms inorganic arsenate under-
goes successive reductions and oxidative methy-
lations, leading to mono-, di- and trimethylated
arsenicals [10], in man and other mammals, how-
ever, only the two first steps are observed: they
lead to mono- and dimethylated arsenicals identi-
fied as monomethylarsonic (MMAY) and dimethy-
larsinic (DMAY) acids (Scheme 2.4.2.1). Several
thiols (cystein, dithiothreitol) can reduce pentava-
lent arsenicals in vitro but, in vivo, reduced glu-
tathione seems to play the most important role in
the reduction steps; methyl groups are supplied
by S-adenosyl methionine and possibly also by
Vit Bj; and methylated analogs. Arsenic methyl-
transferases have been located in different organs,
but the liver cytosol proved to be the best source
of enzymatic activities; arsenite and methylarson-
ous acid methyltransferases from rabbit [11] and
rat [12] liver have been partially purified and char-
acterized.

The speciation of As in urine was long limited
to the directly reducible forms of the element, that
is, the inorganic tri- and pentavalent derivatives
and the methylated compounds MMA and DMA.
The latter, determined as arsines, were thought
to involve As in the pentavalent state until Le
et al. [13] demonstrated for the first time the
presence of MMA™ and DMA™ in urine from
people in Inner Mongolia who consume drinking
water with 510 to 660 g As L' and administered
300 mg of the chelator sodium 2,3-dimercapto-
1-propane sulfonate (DMPS) after an overnight
fasting. That the presence in urine of trivalent
methylated arsenicals was not necessarily due to
treatment with the chelator was confirmed by
the detection of spontaneous MMA! in urine of
17% of Romanian subjects [14] consuming As-
rich drinking water. Afterwards, not only MMA™
but also DMA"' have been observed in urine in
48 and 72%, respectively, of subjects who drink
contaminated water in West Bengal [15]. However,
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SAMe: S-adenosyl-L-methionine

Scheme 2.4.2.1

until now, trivalent methylated As compounds
have not (yet?) been shown in urine of control
people, that is, nonoccupationally exposed and
consuming drinking water with low As level
(<10 wg L"), In addition, the stability of trivalent
inorganic, mono- and dimethylated As added
in human urine samples appears to display a
considerable variation [16]. Urinary MMAVY and
DMAY concentrations reported previously for
control subjects are probably correct and do not
underestimate any of the methylated compound;
the possible imprecision only relates to the valence
state of As in the methylated derivatives, as
previous determinations included a reduction step
of arsenicals in acid medium effective on both
the trivalent and pentavalent species of MMA
and DMA.

The methylation of inorganic trivalent As has
been studied in man administered 7.14 g As"/kg
either iv or po [17]. Within the 24 h following the
absorption, 30 and 22% of the dose was excreted
in urine after iv and po administration, respec-
tively. A clear-cut difference in the proportion
of As forms was also evidenced: unmetabolized
forms and mono and dimethylated metabolites rep-
resented 63, 13, 24 and 38, 23, 39% of the uri-
nary excretion after the iv and po administration,
respectively. This points to the importance of the
liver for As metabolism and to that of the kid-
ney for its excretion. The po administration of

SAH: S-adenosyl-L-homocysteine

7.14 g As¥ as MMA or as DMA showed that
in man no de-methylation occurs; at the opposite,
a limited methylation of MMA(£10%) into DMA
was observed. During four days, after a single dose
(7.14 ng As/kg) of NaAsO,, MMA or DMA, 46,
78 and 75%, respectively, of the dose are elimi-
nated in urine; the time corresponding to the excre-
tion of half the total amount excreted in four days
was below 4 h in the case of MMA, approximately
11 h for DMA and 28 h for NaAsO,.

In one volunteer, five consecutive daily doses
of 1 mg inorganic As'™ were shown to lead to a
partial saturation of the As methylation capacity.
This observation is consistent with the inhibition
at high substrate concentration of As methylation
in in vitro systems involving a rat liver cytosol
preparation as enzyme source [18] or a primary
culture of human hepatocytes [19]. Observations
in cases of attempted suicide with As trioxide [20]
are also in accordance with a possible saturation of
the As methylation: during several days after As
ingestion, inorganic forms of the element represent
the highest proportion of urinary metabolites.
Another support to the hypothesis of a possible
saturation of inorganic As by excess of substrate is
given by the observations of Benramdane et al. [9]
who measured As in tissues of a subject who died
three days after ingestion of 8 g As,O3: 80% of As
was present as inorganic species (mainly trivalent),
14% as MMA and 6% as DMA.
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Arsine gas is readily absorbed by the respiratory
route; its metabolism leads to the urinary excretion
of the same metabolites [21] as after absorption of
other inorganic arsenicals.

Organoarsenicals can be easily absorbed through
mushrooms or seafood consumption. They are
rapidly excreted in urine, some without transforma-
tion (arsenobetaine, arsenocholine), but others may
undergo changes leading to DMA excretion [22].

4 FACTORS POTENTIALLY
MODIFYING ARSENIC METABOLISM

It should be stressed that most population groups
studied so far have on average 10-30% inor-
ganic, 10-20% MMA, and 60—70% DMA in urine
but show a considerable interindividual variation.
Groups with unusually low or high urinary excre-
tion of MMA have been identified, pointing to the
possible existence of a genetic polymorphism in
the biomethylation of As [23]. In some studies,
age and sex did not influence the relative distri-
bution of the urinary As metabolites; in others,
children had a higher percentage of inorganic As
and a lower percentage of DMA in urine than
adults and, compared with men, a higher rela-
tive amount of DMA has been observed in urine
in women [4]. A reduced methylation of As and
an increased tissue retention of the element pos-
sibly leading to increased toxic effects have been
observed in animals fed a diet deficient in precur-
sors of S-adenosylmethionine [24]. This led sev-
eral authors to suggest that poor nutrition might
increase the toxicity of As, but only slight varia-
tions in the percentage of methylated As metabo-
lites have been observed in the urine of popula-
tions consuming As-rich drinking water and either
enjoying good nutrition or suffering from exten-
sive malnutrition [4]. Experimental studies on As
metabolism in man have shown that liver disease
did not affect the urinary excretion of an iv injected
dose but respectively increased and decreased the
proportions of MMA and DMA in urine [25].

A severe nephrectomy leading to a uremic
syndrome in rabbits administered a small dose of
carrier-free 7*As-As(V) strongly reduced the renal

excretion of the element; this caused an extensive
binding of As; to insoluble tissue constituents, the
more so as the methylation capacity of the uremic
rabbit was deeply depressed [26].

Patients with chronic renal insufficiency and
without any known exposure to inorganic As
showed a threefold increase of the element in
serum and a twofold increase in packed cells com-
pared with controls; these increases are related to
the degree of renal insufficiency [27] and involve
DMA and mainly arsenobetaine [28], which are
also the only metabolites found in serum of control
subjects [29].

5 ARSENIC LEVELS IN HUMAN
BIOLOGICAL SAMPLES

Hair, nail, blood and mainly urine can be ana-
lyzed to document an undue absorption of inor-
ganic As. However, matrix complexity often pre-
vents As speciation so that only total As concen-
tration can be determined in nonliquid biologi-
cal samples. Specific sample pretreatments have
been proposed in particular cases, for example,
the digestion of hair in 2 M NaOH at 95°C for
3 hours to reveal DMA [30] and the liberation
of protein-bound arsenicals from binding sites on
liver cytosolic proteins by CuCl at pH 1 [31] or
2 M HNO; at 110°C for 1 min [32]. As species
are more easily identified in blood and urine; nev-
ertheless, for kinetics reasons, the determination of
urinary metabolites is preferred for the biomonitor-
ing of exposure to the element. High performance
liquid chromatography (HPLC) techniques using
ion pair separation on reversed-phase Cg or anion
and/or cation exchangers have been proposed to
separate arsenicals excreted in urine but more than
a single chromatographic step is usually necessary
to determine all the metabolites identified up to
now. Many procedures are used to quantify As
compounds: inductive coupled plasma with mass
spectrometry (ICP-MS) can detect any As com-
pound and appears to be the most sensitive method.
Less expensive techniques include atomic absorp-
tion spectrometry (AAS) and atomic fluorescence
spectrometry (AFS). This latter technique, how-
ever, needs the formation of volatile arsenicals to
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be burnt in an air/H, flame. Both tri and pen-
tavalent inorganic and methylated arsenicals gen-
erate corresponding volatile arsines when treated at
pH < 2 with a reducing agent such as NaBH,, but
only trivalent compounds do so at pH 6. A strong
oxidation step is needed to mineralize trimethylar-
sonium derivatives such as arsenobetaine before
their detection by AFS.

5.1 Hair and nails

Hair and nails concentrate As because of their ker-
atin content, which is believed to bind trivalent
As forms, possibly methylated as DMA in human
hair [30]. Both tissues are subject to external con-
tamination and can be used to identify As inges-
tion provided that external contamination can be
excluded. While several washing procedures have
been proposed, no definitive technique appears to
be available to selectively assess absorbed As. As
levels in samples from persons not subjected to sig-
nificant exposure are less than 1 g As/g but val-
ues up to several wgg~! have been reported after
either consumption of As-rich drinking water or
exposure to dusts of a coal-fired power plant [33].
To quantify low-level As exposure through drink-
ing water, determinations in toenail samples have
also been reported [34].

5.2 Blood

As concentration in blood mainly reflects recent
exposure because the element is rapidly cleared
from blood following a 3-exponential clearance
curve, the first component of which corresponds to
the majority of As in blood and has a half-life of
about 1 h. In case of severe intoxication, however,
a biological half-life of As in blood as long as 60 h
has been calculated [20]. Comparing nonexposed
subjects, consumers of As-rich drinking water
and Black Foot Disease patients, Heydorn [35]
found concentrations of 2.5, 15 and 30 pgAs/L
of plasma and 2.5, 22 and 60 pug As/L of
whole blood, respectively. However, more recent
techniques lead to lower concentrations in control
subjects: 0.38 and 3.2 g L~! in serum and packed
cells, respectively [36] and 0.96 wgL~! in whole

Table 2.4.2.2. Concentration (jrg As/L) of arsenic metabolites
in urine of control subjects.

Subject number Asi MMA DMA  Reference
148 19+12 19+14 21+£15 [40]
413 1.3£18 1.6£22 6.1+9.0 [41]
30 1.7£1.1 20+1.0 33+25 [42]
21 37+£20 1.0+£06 7.7+5.38 [43]

blood [28]. Because it is influenced by seafood
consumption and increases much less and for a
shorter duration than in urine, As concentration in
blood can actually be considered as an incidental
biomarker of exposure to the element.

5.3 Urine

A few studies report baseline values of the urinary
As metabolites in populations not particularly
exposed to the element. Most often, the valence
state of As in inorganic and methylated species
is not specified, but due attention is paid to the
consumption of seafood. Some published values are
presented in Table 2.4.2.2. Nonhydride-producing
As species are generally assumed to be organic
arsenicals of dietary origin; their abundance is
highly variable and may be concomitant with an
excretion of DMA related to arsenosugar digestion
after seaweed or mussels consumption [37, 38].
Depending on the contamination level of drinking
water by As, the urinary excretion of the element
and its metabolites can range between <10 and 1000
(and more) pg As/L [39]; DMAV is currently the
metabolite present in the highest proportion but has
been shown, in some extreme cases, associated with
the presence of MMA™ and DMAM [14, 15].

6 THE BIOLOGICAL MONITORING
OF OCCUPATIONAL EXPOSURE
TO INORGANIC ARSENIC

In occupational settings, exposure to inorganic As
forms is much more frequent than to the methy-
lated (herbicides) or arylated (pesticides) arseni-
cals. To monitor occupational exposure, the deter-
mination of the urinary metabolites is the pre-
ferred biomarker. The relevant urinary arseni-
cals include the tri- and/or pentavalent inorganic,
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mono- and dimethylated As forms; their concen-
tration in urine mainly reflects recent exposure.
As the consumption of some seafood can increase
the urinary DMA excretion [22, 43], urine sam-
ple collection must be performed 2 to 3 days after
subjects refrained from eating fish, shellfish or sea-
weed. The monitoring of an occupational exposure
through urine analysis must also take into account
a possible inorganic As ingestion through drink-
ing water because the same metabolites as after
inorganic As inhalation (or ingestion) at the work-
place are produced. Highly significant relation-
ships are reported between exposure to airborne
inorganic As compounds and the concentration of
As in urine; regression coefficients, however, are
varying highly according to the different working
exposures, different contributions of oral expo-
sure and different analytical methods adopted [44].
Recent studies in a copper smelter [45], a sul-
furic acid plant [46] and glassworks [47], using
specific measurement of urinary metabolites report
more coherent results: after an 8 h exposure to
a mean concentration of 10 wgAs/m? in air, the
mean urinary concentration of inorganic As ranges
between 5 and 7 pg L~!, while it remains below
1.5 pgL~! in nonoccupationally exposed sub-
jects. The value for the sum of As;, MMA and
DMA is below 15 pg As/L in nonoccupationally
exposed subjects without recent seafood consump-
tion [44]. The American Conference of Govern-
mental Industrial Hygienists (ACGIH) biological
exposure index for inorganic As is 35 pgAs/L
(As; + MMA + DMA) in urine collected at the end
of a workweek [48].
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1 ENVIRONMENT

It is well known that cadmium compounds belong
to the most hazardous pollutants in the environ-
ment. The intake of even very small amounts of
this ubiquitous element already causes severe toxic
effects to humans. Therefore, the speciation of
cadmium in the different environmentally relevant
matrices is absolutely necessary.

1.1 Water

The speciation of cadmium in aquatic matrices
is dominated by electrochemical methods. Anodic
stripping voltammetry with a rotating disk electrode
was used to investigate the kinetic speciation
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of cadmium in freshwaters [1] and in aqueous
solutions containing dissolved organic matter [2].
Another technique like gel-integrated Hg-plated-
Ir-based microelectrode array in combination with
anodic stripping voltammetry was suitable to dis-
criminate between mobile and colloidal metal
species in natural waters at nanomolar or sub-
nanomolar levels [3]. Organic chelates were the
dominant chemical ligands of cadmium (73 to
83%) in filtered estuarine water samples from
a high-salinity region determined by differential
pulse anodic stripping voltammetry (DPASV) [4].
In contrast to this result, 80% of the dissolved cad-
mium in water from a polluted lake was analyzed as
free Cd*>* ions measured by the same electrochem-
ical procedure and a technique involving ligand
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exchange [5]. The speciation of cadmium in seawa-
ter applying DPASYV revealed that two different cad-
mium species were present in the voltammograms
obtained. By UV-irradiation experiments, an inor-
ganic and organic cadmium form could be detected.
Water column samples exhibited an enrichment of
inorganic cadmium by depth [6].

Electrochemical detection was also used to spec-
ify Cd** and monomethyl-Cd* ions in Atlantic
Ocean water. The concentrations measured resulted
in the range of about 0.5 pgL~! for monomethyl-
cadmium ions as represented in Figure 2.5.1.1.
Thereby, humic acids did not influence the
voltammetric determination of monomethylcad-
mium. It was also discovered that biomethyla-
tion was the most probable formation process for
this methylated cadmium species [7]. This result
was confirmed by another study of Pongratz and
Heumann who showed that monomethylcadmium
in ocean waters had a maximum concentration
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Figure 2.5.1.1. DPASV (differential pulse anodic stripping
voltammogram) of a seawater sample from the Atlantic
Ocean with a determined MeCd* concentration of 492 pgL~!.
(Reproduced from Reference [7] by permission of American
Chemical Society.)

in water depths up to 50 m, often correlating
well with the chlorophyll-a content represented in
Figure 2.5.1.2 [8]. In depths of about 200 m, sig-
nificant concentrations of methylated metal com-
pounds could be detected by using a voltam-
metric method, in which no chlorophyll-a was
present. The authors concluded that marine bacte-
ria predominantly contributed to methylated met-
als at deeper water levels [8]. An overview of
trace element speciation techniques in waters con-
cerning the relationship between aquatic toxic-
ity and bioaccumulation of dissolved metal com-
pounds like those of cadmium, zinc, and other trace
elements was given by Florence, Morrison, and
Stauber [9].

The speciation analysis of Cd in biomatrices
is mainly applied to microorganisms [10—12],
animals [13—17], and phytosystems [18—31].

1.2 Microorganisms

In bacteria, a cadmium-binding form was ana-
lyzed by high-performance gel permeation liquid
chromatography combined with inductively cou-
pled plasma mass spectrometry. Cadmium was
bound to a metallothionein (MT)-like protein with
a molecular mass of about 10,000 Da [10]. A com-
bined procedure consisting of extraction, gel per-
meation chromatography (GPC), anion-exchange
chromatography, high performance liquid chro-
matography (HPLC), and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)
was applied to purify a cadmium-binding protein
with a molecular mass of 23,000 Da in bacilli [11].
In bacteria cells of Escherichia coli, a cadmium-
binding protein with a molecular mass of about
39,000 Da was detected by using Sephadex G-100,
metal chelate affinity chromatography, and disc gel
electrophoresis in the purification procedure. Cad-
mium levels were estimated by atomic absorption
spectrometry (AAS) [12].

1.3 Animals

Concerning terrestrial cadmium speciation studies,
earthworms were investigated using polyacrylamide
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Figure 2.5.1.2. Concentration depth profile of trimethyllead, monomethylcadmium, and chlorophyll-a in the South Atlantic at
47°S, 15°W. (Reproduced from Chemosphere, 39, Pongratz, R. and Heumann, K. G., Production of methylated mercury and lead
by polar macroalgae — a significant natural source for atmospheric heavy metals in clean room compartments, 89 (1999), with

permission of Elsevier.)

gel electrophoresis under nondenaturing condi-
tions [13] and gel filtration chromatography of
prepared supernatants [14]. The electrophoretic
and chromatographic properties of the detected
cadmium-binding proteins were similar to MT
used for comparison in both cases. In terrestrial
snails taken from polluted land near an industrial
complex, a cadmium-binding protein of molecular
mass 22,000 Da was found [15]. In aquatic ani-
mals, proteins bound to cadmium were detected
in worms [16] and zooplankton [17]. In amphipods
from polar marine waters, the cytosolic bound cad-
mium was related to proteins in the molecular mass
range of 18,000 Da. After centrifugation of the
homogenates, 66% of the total cadmium was found
in pellets and 34% in the cytosol. A combination of
gel chromatography and flame AAS was applied to
analyze the MT-like cadmium proteins [17].

1.4 Phytosystems

Cadmium compounds in vertebrates and fungi
are detoxified by the MTs. In highly cadmium-
contaminated plant cell cultures, the element was
mainly complexed to the phytochelatin peptides.

However, small amounts of cadmium were bound
to proteins with a molecular mass of greater
than 30,000 Da [18]. GPC with inductively cou-
pled plasma mass spectrometry detection was
developed for the speciation of cadmium com-
plexes with oligopeptides, known to be biosyn-
thesized by plants exposed to metal stress [19].
Kaneta, Hikichi, Endo, and Sugiyama investi-
gated cadmium-treated rice plants with respect to
the existing cadmium bonding states. The plant
extracts were separated by GPC. By this method,
three cadmium peaks were detected, one species
representing an organic compound with a molec-
ular mass of greater than 440,000 Da and another
species with a molecular mass of 33,100 Da. The
third peak included a cadmium-containing mate-
rial with a molecular mass of 7000 Da and an
inorganic cadmium salt [20]. Cadmium-binding
complexes with an apparent molecular mass of
5600 Da were isolated from the roots of cadmium-
contaminated rice plants. The purified cadmium
species contained 44% cysteine and 39% glutamate
and lacked in aromatic amino acids. Spectro-
scopic measurements indicated the presence of a
cadmium-mercaptide bonding [21].
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A cadmium-binding protein with a molecu-
lar mass of 3100 Da and a cysteine content of
40% was isolated from roots of maize [22]. Other
cadmium-binding proteins from roots of tomato
were partially characterized by using gel elec-
trophoresis [23, 24]. Guenther and Umland inves-
tigated the cadmium species existing in leaves
from unpolluted rape. Two cadmium elution ranges
were detected in the cytoplasmic fraction, one cad-
mium species greater than 80,000 Da and two cad-
mium species with a molecular mass of 4400 Da.
No relationship of one of the low-molecular mass
cadmium species to the classes of phytochelatins
or MTs could be stated [25]. Further cadmium-
binding components were detected in pea [26] and
soybean plants [27].

In the process of Rhizobium—faba bean symbio-
sis, two cadmium-binding protein complexes with
molecular masses of 200,000 Da and 67,000 Da
were formed by the nodules at higher levels of cad-
mium. This result was thought to be a mechanism
by which Rhizobium—faba bean elevated resis-
tance to cadmium toxicity [28]. By conducting gel
chromatographic separation at pH 7.5, a cadmium-
binding protein in algae was analyzed. This protein
was suggested to be a dimer with a molecular
mass of 6500 Da [29]. Roots of grass produced
a MT-like protein when they were exposed to
cadmium for seven days. To purify this protein
with a molecular mass of 3700 Da, a combina-
tion of anion exchanger and gel filtration was
used [30].

Tobacco plants were exposed to nonphytotoxic
levels of cadmium to examine the role of the
cadmium-binding peptides (CdBPs) in the tobacco
leaves. For that, the protoplasts and vacuoles
were isolated from leaves of cadmium-exposed
seedlings to directly determine the localization
of Cd and CdBPs. Thereby, it turned out that
the purified vacuoles contained all of the CdBPs
and cadmium found in protoplasts. Probably, the
CdBPs were synthesized extravacuolarly [31]. A
chromatogram of purified CdBPs is presented in
Figure 2.5.1.3 and the amino acid composition of
this compound is found in Table 2.5.1.1. Amino
acid analysis showed that the main components
were y-(Glu-Cys);-Gly and y-(Glu-Cys)s-Gly.
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Figure 2.5.1.3. HPLC chromatogram of purified CdBPs (cad-
mium-binding peptides) from tobacco leaves after acidic
extraction, gel filtration on Sephadex G-50, and lyophiliza-
tion. Detection was in the UV range at 214 nm. Amino acid
analysis represented in Table 2.5.1.1 showed that the predom-
inant components in the system, peaks 2 and 3, consisted
only of three amino acids, cysteine, glutamate/glutamine, and
glycine. Peaks 2 and 3 were identified as y-(Glu-Cys);-Gly
and y-(Glu-Cys)s-Gly, respectively. (Reproduced from Ref-
erence [31] by permission of American Society of Plant
Biologists.)

Table 2.5.1.1. Amino acid composition of purified cad-
mium-binding peptides from tobacco leaves.

Amino acid Amino acid composition (residue %)
Peak 2 Peak 3 Peak 4 Peak5 Peak 6

Cys 38.0 38.0 37.7 39.9 35.0
Asp/Asn 0.2 0.1 0.0 0.0 0.0
Thr 0.3 0.2 0.1 0.0 0.0
Ser 0.3 0.3 0.1 0.0 0.0
Glu/Gln 46.2 49.5 48.5 48.6 53.0
Pro 0.0 0.0 0.0 0.0 0.0
Gly 14.2 114 10.5 11.1 11.9
Ala 0.3 0.2 04 0.1 0.0
Val 0.0 0.0 0.4 0.1 0.1
Ile 0.1 0.0 0.1 0.0 0.0
Leu 0.1 0.0 0.1 0.0 0.0
Tyr 0.0 0.0 0.0 0.1 0.1
Phe 0.0 0.0 0.0 0.0 0.1
His 0.0 0.0 0.0 0.0 0.0
Lys 0.0 0.1 0.0 0.0 0.0
Arg 04 0.2 2.3 0.0 0.0
N 3 4 4 4 4

The results of this study suggested that these
molecules might be involved in transport of Cd
to the vacuole [31].
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1.5 Soil and soil solutions

The investigation of the phytoavailability of cad-
mium in soils is very important to understand the
mechanisms of trace metal uptake and transport
by the plant root. The speciation of cadmium in
soils was performed by using sequential extraction
methods for dividing the particulate-bound cad-
mium into several fractions. Statistical data showed
that the two fractions “exchangeable cadmium”
and the “metal-fulvic acid-complex-bound cad-
mium” represented the plant-available cadmium
fractions to a great extent [32]. Sequential chemi-
cal extraction procedures were applied to the spe-
ciation of cadmium in different soils and sedi-
ments [33—38]. Thereby, the respective matrices
were incubated with special aqueous solutions, like
magnesium nitrate solution for simply exchange-
able cadmium ions or sodium acetate solution for
carbonate-bound cadmium ions under determined
conditions. The respectively extracted part of cad-
mium in the single solutions was analyzed.

In soil solutions, methods based on dialysis and
ion exchange as well as special computer pro-
grams (e.g. GEOCHEM) to the elucidation of the
cadmium-binding proportions were applied [39].
Different chromatographic methods such as exclu-
sion and reversed-phase HPLC as well as ion-
exchange chromatography were used to identify
the various species of cadmium in the same
matrices. Using ion-exchange chromatography,

cadmium was found to be mainly in the form of
inorganic cationic species, including the free ionic
form, Cd%*. Also, some organic and inorganic neu-
tral species were detected, especially in soils of
higher pH [40].

The activity of free Cd**, Zn?>*, and other ions
in other soil solutions was determined by using a
combination of the Donnan equilibrium and graphite
furnace AAS method. The principal species of Cd
and Zn in these matrices were free metal ions
and hydrolyzed ions [41]. In contaminated soils
containing between 0.1 and 38 mg Cd kg~', free
Cd** activity in solution was determined by the
use of DPASV, assuming DPASV was sensitive
to easily dissociated inorganic ion-pairs and free
Cd** ions while excluding organic complexes [42].
Otto, Carper, and Larive found that Cd?* ions were
predominantly bound to the oxygen-containing
functional groups of the fulvic acids investigated
using cadmium-113 nuclear magnetic resonance
spectroscopy. These results are environmentally
important because soil and aquatic fulvic acids
affect the bioavailability and transport of metal
ions [43]. In Figure 2.5.1.4, a well-characterized
soil fulvic acid is represented. It contains a mixture
of phenol-carboxylate polyelectrolytes and has a
molecular mass of about 1000 Da. Light scattering
data emphasized the polydisperse character of this
mixture. The equilibrium behavior of metal ion
binding by this matrix was examined theoretically
and experimentally [44].

COOH claH COOH
oy OH
CH,
OH 0
HO—CH, OO o O COOH cooH
/ \20H2
COOH o COOH
c=0
OCHs

Figure 2.5.1.4. A speculative sketch of a plausible component of a soil fulvic acid mixture. (Reproduced from Reference [44]

by permission of Wiley-VCH.)
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2 FOOD

It is very important to investigate the effects
of long-term, low-level cadmium exposure in
the human organism to validate existing risk
assessment procedures. The bioavailability and
intestinal absorption of cadmium is predominantly
determined by the available cadmium-binding
forms in food [45]. Therefore, it is urgently
demanded to investigate the cadmium species
especially in these matrices.

As about 70% of the cadmium intake by human
beings can be ascribed to vegetable foodstuffs,
it is rather important to investigate the existing
cadmium species right in this food category [46].
Many of the examined plants were not analyzed
with regard to their eatable parts. For example, in
rice [47], pepper [48], and wheat plants [49], the
cadmium species in roots were analyzed. There-
fore, the results obtained have little significant
meaning to questions of nutrition science.

2.1 Fruit and vegetables

Also in the past, the cadmium-binding forms in eat-
able parts of plants were investigated. For example,
in cabbage leaves a cadmium-binding complex
with a molecular mass of 10,000 Da was discov-
ered [50, 51]. In other studies, systematical inves-
tigations on the cadmium-binding states of several
vegetable foodstuffs were realized. The plants were
subjected to liquid shearing by treatment with an
electrical dispersant (ultra-turrax) in buffer. After
that, the centrifugation of the resulted homogenates
and the separation in supernatants (cytosols) and
pellets followed. After an acid digestion, the cad-
mium contents of the cytosol and pellet fractions
were determined. By this procedure, the distribu-
tion of cadmium between the cytosol phase and
the solid components of the plant cell was inves-
tigated [52, 53]. By this so-called initial step of
element speciation [54], consequently, it turned
out which percentage of cadmium could be fur-
ther characterized by GPC. As an example, the
percentages of cadmium in the cytosols of 20
commercial vegetable foodstuffs are represented in
Figure 2.5.1.5 after the application of the sample

preparation above-mentioned. The values obtained
range from 28 to 87%. In most plants, the cytosol
parts range from 37 to 75%. Very high percentages
of cadmium in the cytosol were found in paprika
with about 90%. From these results, the authors
concluded that nearly all of the cadmium in this
foodstuff could be submitted to a speciation anal-
ysis [53, 55].

Further characterization of 17 vegetable cytosols
by using GPC revealed that cadmium mainly
occurred as species of greater than 30,000 Da. In
lettuce, paprika, carrot, and Jerusalem artichoke,
small amounts of cadmium species with a molec-
ular mass of less than 5000 Da were present. In
Chinese cabbage, 100% of the cadmium species
were eluted in the range of less than 5000 Da
shown in Figure 2.5.1.6 [53].

In order to elucidate the cadmium species in
contaminated vegetables, radish and spinach plants
were treated with different amounts of cadmium.
The eatable parts of these plants were homoge-
nized in a buffer and centrifuged. Cadmium in the
resulted fractions was analyzed by graphite fur-
nace AAS [46]. The percentage of cadmium in
the cytosol fractions ranged from 28 to 38% for
spinach and was about 80% for radish. The resulted
cytosols were separated on a Sephacryl S-400
GPC column [46]. In Figure 2.5.1.7, it is obvious
that there are two cadmium elution ranges for all
spinach groups with an elution maximum of about
200,000 Da for the high molecular mass species.
The high molecular mass (150,000—700,000 Da)
and the low molecular mass cadmium species
(<150,000 Da) in all plant cytosols eluted at about
the same retention volume by using GPC [46].
Nearly identical results were obtained for the
radish cytosols. It was verified that the high molec-
ular mass Cd species in both vegetables were cad-
mium proteins [46].

The GPC fractions of the high molecular mass
Cd species of both plants investigated were fur-
ther separated by a preparative native continuous
polyacrylamide gel electrophoresis (PNC-PAGE)
method [46]. The detected cadmium species of
both plants showed a very similar elution behav-
ior in all cytosols analyzed. Therefore, it was
supposed that the high molecular mass cadmium
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Figure 2.5.1.5. Percentual cadmium in the cytosols (supernatants) of commercial vegetable foodstuffs after ultra-turrax treatment
in buffer and centrifugation of the homogenates obtained. The soluble parts are now available to a further speciation analysis.
(Reproduced from References [53, 55] by permission of Springer Verlag GmbH & Co KG.)

species of the two different vegetable foodstuffs
have a very similar chemical structure [46]. It is
very interesting that in the model plant Arabidop-
sis thaliana, cadmium proteins of a similar size
range, compared to the high molecular mass cad-
mium species available in spinach and radish, were
detected by using a combination of GPC, PNC-
PAGE, and electrothermal atomic absorption spec-
trometry (ET-AAS) [56].

In native lettuce, the majority of cadmium
was bound to a low molecular mass protein of

about 3200 Da and to a high molecular mass
protein of more than 75,000 Da by using a
combination of ultra-turrax homogenization in
buffer and subsequent ultracentrifugation and gel
filtration of the cytosol [57, 58].

2.2 Legumes and rice

In soybeans harvested in the region where the well-
known “Itai—Itai” disease broke out, cadmium
species of more than 100,000 Da were detected
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Figure 2.5.1.6. Distribution of the cadmium recovered on low molecular mass (<5000 Da) and high molecular mass
(>30,000 Da) species in the cytosols of vegetable foodstuffs after cell breakdown, centrifugation, and gel permeation
chromatography on Sephadex G-50. (Reproduced from Reference [53] by permission of Forschungszentrum Juelich GmbH.)

and served as a basis for the toxicological evalu-
ation of the element in food [59-61]. The speci-
ation analysis of cadmium was carried out after
extraction by the coupling of liquid chromato-
graphic methods with element analytical proce-
dures in the on-line-mode. In other soybeans har-
vested from soil treated with cadmium-containing
sewage sludge, cadmium species of more than
50,000 Da were analyzed [62]. Another study con-
cerning the bioavailability of metal compounds in
food revealed that cadmium in rice grains existed
as an insoluble complex with phytic acid and

protein by using gel filtration chromatography [63].
After an extraction of polished rice grains grown
in cadmium-contaminated rice fields, cadmium
was mostly bound to glutelin in soluble fractions.
This compound was analyzed by HPLC with on-
line detection by inductively coupled plasma mass
spectrometry [64]. Bean fruits were investigated
by a combined ultra- and diafiltration technique
for use in speciation analysis of protein-bound cad-
mium in plants. The cadmium species detected by
these methods were present mainly in the molecu-
lar mass range of greater than 30,000 Da [65].



102

ELEMENT-BY-ELEMENT REVIEW

Cadmium
[ng/g]
1.4

124
1.04|
0.8 1
0'6 -.- WP WP R -
oo ||| AP RAEDD
0.0 BB S H Fany -

20 34

i : o
44 8 50 52

Fraction number
Group: B &2 | |3 ZZ44 M5

Figure 2.5.1.7. The Cd distributions in uncontaminated (1) and contaminated (2-5) spinach cytosols are shown. Plant groups 2
to 5 were each contaminated with four different amounts of cadmium. The cytosols were separated by Sephacryl S-400 S gel
permeation chromatography. The most important Cd-binding form in the cytosols of all spinach plants examined was found to
be high molecular weight Cd species (fractions 32—40). The Cd elution maxima were detected in the range of about 200 kDa
(fraction 37). (Reproduced from Reference [46] by permission of Springer Verlag GmbH & Co KG.)

2.3 Cereals

A major dietary source of cadmium are cere-
als [45]. In wheat, three to four cadmium-containing
substances were eluted in the range of 4000 to
>100,000 Da using GPC [66, 67]. General con-
siderations on cadmium species and other metal-
binding forms in corn and cereals were published
by Brueggemann and Ocker [68, 69].

2.4 Yeast

In brewers’ yeast, Saccharomyces cerevisiae, a
cadmium-binding protein of 9000 Da, was ana-
lyzed. The characteristics of MTs for this pro-
tein were proved, and thus these molecules were
expected to play a role in cadmium-resistance. The
cadmium compound was purified by gel perme-
ation and subsequent ion-exchange column chro-
matography [70]. Another cadmium-binding pro-
tein with a molecular mass of 8000 Da was found
in the same organism [71].

2.5 Mushrooms

In the mushroom Agaricus bisporus, no MT-
like components were detected by applying a

combination of gel filtration, ion-exchange, and
affinity chromatography [72]. In a cadmium-accu-
mulating mushroom, Agaricus macrosporus, a Cd-
binding phosphoglycoprotein with a molecular
mass of 12,000 Da was isolated. This compound
was proposed to bind cadmium by its phospherine
groups and furthermore, it was not related to
MT [73]. Kruse and Lommel found two cadmium-
containing protein fractions in the mushroom
Agaricus arvensis Schff. ex Fr. with molecular
masses of 2000 and 15,000 to 20,000 Da [74].

2.6 Shellfish

In marine animals, mainly the common mussel
Mpytilus edulis was investigated [75-77]. Mussel
cytosols were purified by GPC [75-77], reveal-
ing cadmium-binding proteins with two molec-
ular masses [75, 76]. Each of the two proteins
was further resolved into four subcomponents
by ion-exchange chromatography. As a result,
small cytosolic cadmium amounts were bound to
macromolecules of more than 50,000 Da [75, 76].
Metallothionein-like proteins of the common mus-
sel from natural populations were characterized
and partially purified. For that purpose, different
coupling techniques consisting of inductively
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Figure 2.5.1.8. HPLC — ICP mass spectra of the cadmium
species from (a) uncooked and (b) cooked pig kidney;
(c) equine renal MT (metallothionein). 1, 2, and 3 are
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114Cd-containing peaks, respectively. (Reproduced from Refer-
ence [82] by permission of Royal Society of Chemistry.)

103

coupled plasma mass spectrometry (ICP-MS)
and fast protein liquid chromatography were
applied [77]. Oyster extracts were also separated
by GPC. In the resulted fractions corresponding
to a high molecular mass protein that was heat
labile, cadmium and zinc could be detected [78].
In another study, the Cd-binding proteins in Amer-
ican oysters were investigated after exposing these
animals to Cd concentrations in a flowing seawater
system [79].

2.7 Meat

Predominantly liver and kidney are the critical
target organs for cadmium toxicity and accumu-
lation in organisms. Consequently, some methods
for characterizing chemical forms of trace metals
in animal liver were provided. Metal speciation
was applied by a combination of supercritical fluid
extraction with on-line detection by AAS [80]. On
simulated gastric digestion of cooked pig kidney,
all of the cadmium present in solution eluted as
one peak that corresponded to ionic cadmium. A
subsequent simulated intestinal digestion of the
gastric digest under neutral conditions proved that
the retention time for the whole cadmium corre-
sponded to that of MT. The authors concluded that
the metal had dissociated from the MT binding
sites under the acidic conditions and was rebound
at pH 7 [81].

In a study of Crews, Dean, Ebdon, and Massey,
cooked and uncooked pig kidney was compared

2.0
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0 10 40 50 60 70
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Figure 2.5.1.9. Concentrations of Cd in HPLC fractions
of breast milk after sample pretreatment. The collected
“MT-fractions” (56—59 min) were run on isoelectric focusing
as shown in Figure 2.5.1.10. (Reproduced from Reference [83]
by permission of Walter de Gruyter GmbH & Co KG.)
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Figure 2.5.1.10. Distribution profile of MT (metallothionein)-standard, accepted MT-fraction (56—59 min, Figure 2.5.1.9)
obtained from human milk and citrate in an isoelectric focusing cell. In the resulted electropherogram, good correspondence
was obtained by comparing the MT-fraction from human milk with that of the MT-standard. Therefore, cadmium occurring in
breast milk is predominantly present as cadmium-metallothionein species. (Reproduced from Reference [83] by permission of

Walter de Gruyter GmbH & Co KG.)

with respect to the investigation of cadmium
species in these matrices. By a combination of
HPLC and inductively coupled plasma mass spec-
trometry, it was found that the majority of soluble
cadmium in retail pig kidney was bound to a MT-
like protein that was heat stable and that survived
in vitro gastrointestinal digestion. In uncooked
kidney, three peaks corresponding to molecular
masses of 1,200,000 Da, 70,000 Da and 6000
to 9000 Da were detected after aqueous extrac-
tion [82]. The small amount of the high molecular
and the medium molecular mass cadmium species
from this matrix was presumably rendered insolu-
ble during cooking. In Figure 2.5.1.8, mass spectra
of the cadmium species of uncooked and cooked
pig kidney and equine renal MT are presented.
In all cases, the same retention time (24 min) for
the low molecular mass cadmium species (6000 to
9000 Da) were measured [82].

2.8 Milk

For the elucidation of the cadmium-binding forms
in human milk, a combination of high performance
liquid chromatography (HPLC) and voltammetry
was applied. The determination of the cadmium in
the single HPLC fractions followed after a nitric
acid digestion by DPASV [83]. The cadmium elu-
tion time was in accordance with the retention of

the MT-standard (57 min) verified by this method.
In Figure 2.5.1.9, the elution profile of cadmium
from human milk is shown. The resulted fraction
with the highest cadmium content (57 min), an
MT-standard and citrate, were further separated by
isoelectric focusing and the following distribution
profiles of standards and sample were compared to
each other [83]. As a result, in Figure 2.5.1.10 it
is shown that good correspondence was achieved
between the MT-standard and the accepted “MT-
fraction” from human breast milk. Michalke and
Schramel concluded that cadmium occurring in
human milk was mainly available as MT. Further-
more, as represented in Figure 2.5.1.10, it could be
shown that cadmium was not associated with the
known zinc binding factor citrate although there
is a chemical relationship between Cd and Zn.
Both elements are bound to completely different
biomolecules in human milk [83] and also in the
most vegetable food [53].

3 REFERENCES

1. Lam, M. T., Murimboh, J., Hassan, N. M. and Chakra-
barti, C. L., Electroanalysis, 13, 94 (2001).

2. Lam, M. T., Chakrabarti, C. L., Cheng, J. and Pavski, V
Electroanalysis, 9, 1018 (1997).

3. Pei, J., Tercier-Waeber, M.-L.
Chem., 72, 161 (2000).

and Buffle, J., Anal.



10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

33.

REFERENCES

. Kozelka, P. B. and Bruland, K. W., Mar. Chem., 60, 267

(1998).

. Xue, H. and Sigg, L., Anal. Chim. Acta, 363, 249 (1998).
. Helmers, E., Fresenius’ J. Anal. Chem., 350, 62 (1994).
. Pongratz, R. and Heumann, K. G., Anal. Chem., 68, 1262

(1996).

. Pongratz, R. and Heumann, K. G., Chemosphere, 39, 89

(1999).

. Florence, T. M., Morrison, G. M. and Stauber, J. L., Sci.

Total Environ., 125, 1 (1992).

Takatera, K. and Watanabe, T., Anal. Sci., 8, 469 (1992).
Capasso, C., Nazzaro, F., Marulli, F., Capasso, A., La
Cara, F. and Parisi, E., Res. Microbiol., 147, 287 (1996).
Khazaeli, M. B. and Mitra, R. S., Appl. Environ. Micro-
biol., 41, 46 (1981).

Ramseier, S., Deshusses, J. and Haerdi, W., Mol. Cell.
Biochem., 97, 137 (1990).

Suzuki, K. T., Yamamura, M. and Mori, T., Arch.
Environ. Contam. Toxicol., 9, 415 (1980).

Cooke, M., Jackson, A., Nickless, G. and Roberts, D. J.,
Bull. Environ. Contam. Toxicol., 23, 445 (1979).
Demuynck, S.and Dhainaut-Courtois, N., Comp. Biochem.
Physiol., 106C, 467 (1993).

Ritterhoff, J. and Zauke, G.-P., Mar. Environ. Res., 45,
179 (1998).

Grill, E., Winnacker, E.-L. and Zenk, M. H., Science,
230, 674 (1985).

Vacchina, V., Polec, K. and Szpunar, J., J. Anal. At.
Spectrom., 14, 1557 (1999).

Kaneta, M., Hikichi, H., Endo, S. and Sugiyama, N.,
Environ. Health Perspect., 65, 33 (1986).

Obata, H. and Umebayashi, M., Soil Sci. Plant Nutr., 32,
461 (1986).

Rauser, W. E. and Glover, J., Can. J. Bot., 62, 1645
(1984).

Bartolf, M., Brennan, E. and Price, C. A., Plant Physiol.,
66, 438 (1980).

Lue-Kim, H. and Rauser, W. E., Plant Physiol., 81, 896
(1986).

Guenther, K. and Umland, F., Fresenius’ Z. Anal. Chem.,
331, 302 (1988).

Gruenhage, L., Weigel, H.-J., Ilge, D. and Jaeger, H.-J.,
J. Plant Physiol., 119, 327 (1985).

Casterline, J. L. Jr., and Barnett, N. M. Plant Physiol.,
69, 1004 (1982).

El-Enany, A.-W. E. and Abd-Alla, M. H., Phyton, 35, 45
(1995).

Hart, B. A. and Bertram, P. E., Environ. Exp. Bot., 20,
175 (1980).

Rauser, W. E., Plant Physiol., 74, 1025 (1984).
Voegeli-Lange, R. and Wagner, G. J., Plant Physiol., 92,
1086 (1990).

Krishnamurti, G. S. R. and Naidu, R., Aust. J. Soil Res.,
38, 991 (2000).

Krishnamurti, G. S. R., Huang, P. M., Van Rees, K. C. ],
Kozak, L. M. and Rostad, H. P. W., Analyst, 120, 659
(1995).

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.
57.
58.

105

Ho, M. D. and Evans, G. J., Anal. Commun., 34, 363
(1997).

Ramachandran, V. and D’Souza, T.J., Chem. Spec.
Bioavail., 9, 121 (1997).
Krishnamurti, G. S. R., Huang, P. M., Kozak, L. M.,

Rostad, H. P. W. and Van Rees, K. C. J., Can. J. Soil Sci.,
77, 613 (1997).

Davidson, C. M., Wilson, L. E. and Ure, A. M., Frese-
nius’ J. Anal. Chem., 363, 134 (1999).

Benitez, L. N. and Dubois, J.-P., Int. J. Environ. Anal.
Chem., 74, 289 (1999).

Holm, P. E., Andersen, S. and Christensen, T. H., Water
Res., 29, 803 (1995).

Tills, A. R. and Alloway, B. J., J. Soil Sci., 34, 769
(1983).

Wu, Q., Hendershot, W. H., Marshall, W. D. and Ge, Y.,
Commun. Soil Sci. Plant Anal., 31, 1129 (2000).

Sauve, S., Norvell, W. A., McBride, M. and Hender-
shot, W., Environ. Sci. Technol., 34, 291 (2000).

Otto, W. H., Carper, W. R. and Larive, C. K., Environ.
Sci. Technol., 35, 1463 (2001).

Langford, C. H., Gamble, D. S., Underdown, A. W. and
Lee, S., Interaction of metal ions with a well characterized
fulvic acid, in Aquatic and Terrestrial Humic Materials,
Christman, R. F. and Gjessing, E. T. (Eds.), Ann Arbor
Science, Ann Arbor, MI, 1983, Chapter 11, pp. 219-237.
Crews, H. M., Spectrochim. Acta B, 53, 213 (1998).
Guenther, K., Ji, G. and Kastenholz, B., Fresenius’ J.
Anal. Chem., 368, 281 (2000).

Shah, K. and Dubey, R. S., J. Plant Physiol., 152, 448
(1998).

Jemal, F., Didierjean, L., Ghrir, R., Ghorbal, M. H. and
Burkard, G., Plant Sci., 137, 143 (1998).

Hart, J. J., Welch, R. M., Norvell, W. A, Sullivan, L. A.
and Kochian, L. V., Plant Physiol., 116, 1413 (1998).
Wagner, G. J., Plant Physiol., 76, 797 (1984).

Wagner, G. J. and Trotter, M. M., Plant Physiol., 69, 804
(1982).

Guenther, K. and Waldner, H., Anal. Chim. Acta, 259,
165 (1992).

Guenther, K., Contributions to Multielemental Speciation
Analysis in Vegetable Foodstuffs: Investigations on the
Binding Forms of Many Elements with Special Regard
to Zinc and Cadmium, Reports of the Research Centre
Juelich 3358, ISSN 0944-2952, Juelich (1997).
Guenther, K., von Bohlen, A. and Strompen, C., Anal.
Chim. Acta, 309, 327 (1995).

Guenther, K. and Weber, G., Element speciation analysis:
an overview, in Analytiker-Taschenbuch, Vol. 20,
Guenzler, H., Bahadir, A. M., Danzer, K., Fresenius, W.,
Galensa, R., Huber, W., Linscheid, M., Schwedt, G. and
Toelg, G. (Eds.), Springer, Berlin, Heidelberg, New York,
1998, pp. 71-103.

Kastenholz, B., Anal. Lett., 37, 657 (2004).

Henze, W. and Umland, F., Anal. Sci., 3, 225 (1987).
Henze, W. and Umland, F., Speciation of cadmium and
copper in lettuce leaves, in Trace Element Analytical



106

59.

60.
61.

62.
63.
64.
65.

66.
67.

68.
69.
70.

71.

ELEMENT-BY-ELEMENT REVIEW

Chemistry in Medicine and Biology, Vol. 4, Braetter, P.
and Schramel, P. (Eds.), Walter de Gruyter & Co, Berlin,
New York, 1987, pp. 501-507.

Yoshida, S., Tanaka, R. and Kashimoto, T., J. Food Hyg.
Soc. Jpn., 27, 64 (1986).

Yoshida, S., Agric. Biol. Chem., 50, 2273 (1986).
Yoshida, S., Tanaka, R. and Kashimoto, T., J. Food Hyg.
Soc. Jpn., 26, 511 (1985).

Casterline, J. L. Jr., and Yip, G. Arch. Environ. Contam.
Toxicol., 3, 319 (1975).
Suzuki, T., Takeda, M.
Chem., 23, 345 (1977).
Suzuki, K. T., Sasakura, C. and Ohmichi, M., J. Trace
Elem. Med. Biol., 11, 71 (1997).

Lange-Hesse, K., Dunemann, L. and Schwedt, G., Frese-
nius’ J. Anal. Chem., 339, 240 (1991).

Brueggemann, J., Getr. Mehl Brot, 48, 26 (1994).
Brueggemann, J., Veroeff. Arbeitsgem. Getreideforsch.,
248, 93 (1993).

Brueggemann, J. and Ocker, H.-D., Getr. Mehl Brot, 42,
108 (1988).

Brueggemann, J. and Ocker, H.-D., Veroeff. Arbeitsgem.
Getreideforsch., 213, 98 (1988).

Inouhe, M., Hiyama, M., Tohoyama, H., Joho, M. and
Murayama, T., Biochim. Biophys. Acta, 993, 51 (1989).
Mangir, M. and Ehrlich, W., Chemosphere, 19, 1261
(1989).

and Uchiyama, M., J. Hyg.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Esser, J. and Brunnert, H., Environ. Pol. A, 41, 263
(1986).

Meisch, H.-U., Beckmann, 1. and Schmitt, J. A., Biochim.
Biophys. Acta, 745, 259 (1983).

Kruse, H. and Lommel, A., Z. Lebensm. Unters. Forsch.,
168, 444 (1979).

Frazier, J. M., Environ. Health Perspect., 65, 39 (1986).
Frazier, J. M., George, S. S., Overnell, J., Coombs, T. L.
and Kagi, J., Comp. Biochem. Physiol., 80C, 257
(1985).

Ferrarello, C. N., de la Campa, M. D. F, Carrasco, J. F.
and Sanz-Medel, A., Anal. Chem., 72, 5874 (2000).
Nordberg, M., Nuottaniemi, I., Cherian, M. G., Nord-
berg, G. F., Kjellstrom, T. and Garvey, J. S., Environ.
Health Perspect., 65, 57 (1986).

Ridlington, J. W. and Fowler, B. A., Chem.-Biol. Inter-
act., 25, 127 (1979).

Wang, J. and Marshall, W. D., Anal. Chem., 66, 3900
(1994).

McWeeny, D. J., Crews, H. M. and Massey, R. C., Spe-
ciation chemistry of foods — problems and prospects, ACS
Symposium Series, Vol. 445, American Chemical Society,
1991, Chapter 19, pp. 248-256.

Crews, H. M., Dean, J. R., Ebdon, L. and Massey, R. C.,
Analyst, 114, 895 (1989).

Michalke, B. and Schramel, P., J. Trace Elem. Elec-
trolytes Health Dis., 4, 163 (1990).



2.5.2 Speciation of Cadmium in Health and Disease

Violaine Verougstraete

Université catholique de Louvain, Brussels, Belgium

1 Introduction ................... 107
2 Metabolism of Cadmium. . ......... 107
2.1 Absorption . ............... 107
211 Oralroute ............ 107

2.1.2 Inhalation route . ....... 110

2.1.3 Dermalroute .......... 111

2.2 Distribution. . .............. 112

1 INTRODUCTION

Various cadmium compounds have found their
way into modern society [1-5]. In humans, uptake
of cadmium may occur via the inhalation of
contaminated air or the ingestion of food and
drinking water. Workers may be exposed to the
metal or its compounds present as fumes or dust
in the air at the workplace. For the nonsmoking
general population, food is generally the major
source of exposure, the contribution from other
pathways (ambient air, drinking water, ingestion
of household dust) to total uptake being small.
Tobacco smoke is an important additional source
of cadmium uptake in smokers, as the plant
naturally accumulates relatively high cadmium
concentrations in its leaves.

2 METABOLISM OF CADMIUM
2.1 Absorption
2.1.1 Oral route

Most ingested cadmium species pass through the
gastrointestinal tract without being absorbed and

23 Excretion ................. 113

3 Toxicological Aspects. . . .. ........ 113
3.1 Toxicological aspects for the general

population. . .. ............. 113

4 Occupational Health . . . ... ........ 114

5 References .. .................. 117

are eliminated in the feces (Figure 2.5.2.1). Obser-
vations in humans indicate that the average gas-
trointestinal absorption of cadmium is about 3—7%
when no specific modifying factors are present.
Main factors that potentially affect the absorption
rate of the ingested cadmium include the type of
cadmium compound, the composition of the diet,
interactions with other trace elements in the diet
(in particular zinc), iron status, and age [2, 5—8].

Little is known about the mechanism of uptake
of the various forms of cadmium and on the
transport across the epithelial cells in the intestine.
Experimental systems trying to elucidate this have
most frequently used high doses of cadmium salts
(such as CdCl,) perfused through jejunal loops
without the normal intestinal contents. Uptake of
ionic cadmium is reported to occur preferentially
in the duodenum, where pH is low because of
the emptying of the gastric contents into this
part of intestine. Distal to the pancreatic duct,
pH increases, and the cadmium is chelated by
various dietary components and less available for
intestinal uptake.

An in vitro experiment carried out by lijima [9]
has tested the solubility of various cadmium
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Figure 2.5.2.1. Absorption, distribution, and excretion of cadmium after exposure by the oral route: most of the ingested Cd is
not absorbed and is directly eliminated in feces. The intestinal absorption of the Cd ion may proceed by simple diffusion and/or
be mediated by a metal-ion transporter (DMT-1). Cd may be present in food as Cd-MT, and these complexes may be absorbed
intact. In blood, absorbed Cd?* binds to anionic groups of proteins such as albumin. Liver synthesizes MT that binds Cd**, and
Cd-MT is released in bloodstream. Cd-MT is filtered by the renal glomerulus and may be reabsorbed by the proximal tubule
cells. In humans, the main portion of the Cd body burden is found in liver, kidney, and other tissues where it is bound to MT.

Absorbed Cd is eliminated from the body in feces and in urine.

compounds in artificial gastric and intestinal
juices. The solubility in artificial gastric juice was
reported to amount 72—94% for cadmium stearate,
carbonate, and oxide. On the contrary, solubility
in artificial intestinal juice was low for all tested
compounds (2, 0.01, 0.1% for cadmium stearate,
carbonate, and oxide, respectively).

It has been reported that metallothionein (MT),
a low-molecular weight protein capable of bind-
ing as many as seven cadmium atoms per
molecule, is usually the principal form of cad-
mium in foods from animal origin [10—-12]. After
exposure to such foodstuffs, cadmium may be
present in the intestine lumen either as a com-
plex with MT (Cd-MT) or with other dietary
constituents. If these complexes are stable at
low pH, they are not preferentially absorbed in
the duodenum.

Experimental studies have indicated that Cd-
MT complexes may be absorbed intact by the

intestine, but data on the rate of absorption are
contradictory: studies in animals given a single
oral dose of cadmium in the form of Cd-MT
or CdCl, have indicated similar absorption of
both forms of cadmium, although differences were
observed in the tissue distribution, with Cd-MT
being distributed preferentially to the kidneys. On
the other hand, when animals were given Cd-MT
with the diet or via a gastric tube for several
weeks, the concentrations of cadmium in liver and
kidney were consistently lower than in animals
exposed to similar doses of CdCl,, indicating a
lower absorption of Cd-MT [13].

Experiments conducted in rats have suggested
that the ingested cadmium taken up by the mucosal
cells is bound to MT directly in the mucosa. One
part of this MT-bound cadmium will be absorbed,
whereas the other part will be sequestered for sev-
eral days and eliminated in feces by desquamation
of the mucosal cells [14, 15].
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Recently, some of the factors that contribute
to metal homeostasis at the molecular level have
been identified and appear to include proteins that
mediate the import of metals from the extracellular
environment, such as the metal-ion transporter
DMT1 (also known as NRAMP2 or DCTI).
Located in the apical membrane of the enterocytes,
this protein is considered to be a major cellular
uptake mechanism for the dietary iron ion in
the duodenum but appears to also mediate the
active cellular uptake of the zinc, manganese,
copper, cobalt, nickel, cadmium, and lead divalent
ions. The existence of a common mechanism of
uptake for a wide range of metals implicates that
a potential interplay among these elements may
occur at their absorption level [16, 17].

The influence on absorption of the type of diet
and deriving from it, of the chemical complexa-
tion of cadmium in the ingested food, has been
evaluated both in experimental systems and in vol-
unteers. In most of these studies, the cadmium con-
tent in diet, blood, urine, or in feces was analyzed
either by flame-atomic absorption spectrometry
(flame-AAS) or by graphite furnace atomic absorp-
tion spectrometry (GFAAS). Experimentally, the
bioavailability of cadmium from boiled crab hep-
atopancreas, in which cadmium is mainly associ-
ated with denaturated proteins of low solubility,
was reported to be slightly lower than from inor-
ganic cadmium (CdCl,) [18]. In human volunteers
who ingested hepatopancreas labeled with radioac-
tive cadmium chloride, whole-body retention was
only slightly lower than the values obtained using
dissolved cadmium ions (1.2-7.6 vs 4.6—-6%) [5,
19, 20]. Dietary intake and uptake of cadmium
in nonsmoking women consuming either a mixed
diet low in shellfish or with shellfish once a week
or more were compared by Vahter et al. [13]. The
shellfish diet contained twice as much cadmium as
the mixed diet. Cadmium in feces corresponded
to 100 and 99% of that in shellfish and mixed
diets, respectively, indicating both a low absorp-
tion of the dietary cadmium (<1%) and no signif-
icant difference in uptake despite the differences
in the daily intake of cadmium. In two groups
that consumed either a vegetarian/high-fiber diet
or a mixed diet, fecal cadmium values were in the

109

same range [21]. Overall, these results indicate that
in general, cadmium absorption after ingestion of
food from animal origin is not dependent on chem-
ical complexation.

Contradictory results have been reported on
the bioavailability of plant cadmium compared
to inorganic Cd [12]. Experimental data showed
that when rats were given either a soil polluted
with cadmium or an equal amount of cadmium
as CdCl,, the relative oral bioavailability of
soil-adsorbed cadmium appeared to be reduced
more than twofold as compared to the inorganic
cadmium. This suggests that the soil matrix may
significantly reduce the absorption of cadmium in
the gastrointestinal tract [22].

Beside the chemical complexation of cadmium
in food, metal-metal interactions in the body
and in food may affect cadmium gastrointestinal
absorption. The presence of divalent and trivalent
cations such as calcium, chromium, and magne-
sium in the jejunum lumen has been reported to
decrease cadmium uptake in rats, possibly by a
nonspecific effect on the charge distribution of the
intestinal brush border membrane [23]. Zinc has
been reported either to increase the amount of
absorbed cadmium or to reduce it [24-28].

Effects of plant zinc on plant cadmium bioavail-
ability have been investigated experimentally by
McKenna et al. [12] and results indicated (a) that
increased plant zinc lowered cadmium retention
in kidney, liver, and jejuno-ileum of animals;
(b) a lower bioavailability of cadmium from crops
grown in zinc-cadmium contaminated sites com-
pared with cadmium-only polluted sites if both
metals were absorbed readily in edible plant tis-
sues; (c) plant species differed in cadmium avail-
ability for identical concentrations of zinc and
cadmium in edible tissues because of differences
in plant speciation or plant components that may
interfere with absorption in the animal gut, [12,
29-30]. In humans, blood cadmium levels (as a
reflection of cadmium uptake) measured in oys-
ter consumers and seal meat eaters were low
compared to that in Japanese farmers with sim-
ilar intakes from cadmium polluted rice (1-3 vs
7-62 wg L") [31, 32]. The lower bioavailability
of the cadmium from oysters compared to rice
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might also be partially explained by differences in
intake/status of iron and zinc. The higher absorp-
tion of cadmium from contaminated rice has, in
particular, been attributed to the fact that rice
excludes soil zinc from its grain, which allows
increased cadmium exposures without any coun-
teracting increase in food zinc. Cultures and crops
such as wheat, lettuce, or others grown in Western
countries do not seem to exclude zinc as rice does.
Moreover, it has been shown that the iron remain-
ing in polished rice has a very low bioavailability
compared with iron in other foods. This may result
in an inadequate supply of iron and influence the
nutritional status in consumers of a diet where rice
is the dominant food [30].

Studies in volunteers have also indicated that
cadmium gastrointestinal absorption is signifi-
cantly and positively influenced by a depleted iron
body store. When a breakfast that contained around
25 g labeled cadmium chloride was given to a
group of 22 subjects of whom 66% of the female
subjects had a low ferritin, average absorption was
8.9 + 2% in 10 subjects with low body iron stores
(ferritin <20 wgL~!) and 2.3 +0.3% in 12 sub-
jects with normal iron stores (>20 wgL~!) [33].
In the study of Berglund er al. [21], a depleted
iron store status was associated with, at most, a
doubling of cadmium oral absorption. A possible
explanation for the higher absorbed levels of cad-
mium in the case of iron depletion is the existence
of a common mechanism of uptake for both ele-
ments. The depletion of iron is reported to upregu-
late the expression of DMT]1, a transporter mainly
responsible for the active uptake of iron in the
mucosal cell but with some affinity for other diva-
lent ions such as cadmium [16, 34].

No influence of age on gastrointestinal absorption
of cadmium has been demonstrated in human
studies. However, it has been demonstrated that
suckling rats absorbed cadmium (CdCl,) to a greater
extent than adult rats (25.6% in one-week-old rats vs
7% in six-weeks-old animals on milk diet) [35, 36].

2.1.2 Inhalation route

After inhalation exposure, the amount of absorbed
cadmium from the lung will be influenced by

ELEMENT-BY-ELEMENT REVIEW

several factors, including the type of cadmium
compound. In air, cadmium metal and salts exist
primarily as fine suspended particulate matter.
When inhaled, some fraction of this particulate
matter (<10 pwm) is deposited in the airways or
the lungs and the rest is exhaled. After deposition,
the uptake into lung epithelial cells, interstitium,
or the systemic circulation depends on physical
and biochemical processes in the respiratory tract
such as clearance, solubilization, and transport.
The deposition pattern of the particles is related
to the particle density and size; the larger particles
tend to be deposited in the upper part of the
respiratory tract, whereas the smaller particles may
reach the gas exchange area. Particle size and
density may vary according to the compound in
presence: for example, cadmium fumes, consisting
mainly of cadmium oxide, have a small particle
size (0.1 pm), but in an experiment conducted
with cadmium sulfide, the median aerodynamic
diameter was reported to be 3.1 wm [37]. Studies
of the particle size distributions of cadmium in
urban aerosols generally show that the metal is
associated with particulate matter in the respirable
range [2].

Another key determinant for the lung absorption
is the solubility of the chemical species present
in the respiratory system. Highly water-soluble
salts such as chloride, acetate, nitrate, and sulfate
would be expected to have the highest absorption;
however, the pattern of absorption of the different
cadmium compounds does not always correlate
with solubility as defined with water as solvent
[2, 5, 38, 39].

In 1973, the Task Group on Metal Accumula-
tion [40] made estimates of the respiratory and
total absorption after inhalation of an aerosol of a
compound with a relatively low solubility, such as
CdO. Assuming that ventilation is moderate, that
the cadmium aerosol is deposited and cleared from
the respiratory tract as are other particles in gen-
eral and that the particles deposited on the ciliated
epithelium will be entirely transferred to the gas-
trointestinal tract because of the low solubility, it
can be estimated that respiratory absorption will
vary between 2.5 and 50%, depending on particle
size and alveolar deposition (50 or 100%) [40].
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Several experimental studies have investigated
the influence of speciation on lung absorption
of cadmium after single or repeated inhalation
exposure, mostly comparing a soluble chloride
compound with a compound present either at
the workplace (oxide, sulfate, ...) or in cigarette
smoke (oxide). Cadmium content in lung tissues,
in blood, in urine, or in feces was determined using
AAS or GFAAS.

After single inhalation of CdO (dust or fumes),
CdS, or CdCl, through an endotracheal tube, CdO
dust exhibited a much longer pulmonary retention in
the rat than CdO fumes. According to the authors of
the study, this might be explained by the smaller
particle size of CdO in fumes compared to dust.
CdCl, and CdS were cleared from the lungs about
three times as fast as CdO dust (retention half-time:
about 70 days for CdCl, and CdS vs 215 days for
CdO). In monkeys exposed to the same compounds,
about 40—-60%, >90% and <20% of the total lung
cadmium could be lavaged 40 days after exposure
to CdO, CdS, and CdCl,, respectively [37, 41].

In rats and rabbits exposed to aerosols of CdCl,
and CdO for two hours, a greater clearance of
CdCl, (58%) than of CdO (46%) was observed,
although both compounds had similar total depo-
sition rates [42].

In rats exposed continuously during 30 days to
submicron aerosols of CdCl,, CdO (0.1 mgm™3)
or CdS (I mgm™3), most of the cadmium in
the CdCl, and CdO-exposed groups was found
in the lung cytosolic compartment, both at the
end of the inhalation and after an additional two-
month period in fresh air. However, the cadmium
content of the lung homogenates, cytosols, and
the lung cytosolic MT was found to be twice
as much in CdO exposed rats compared to rats
exposed to CdCl,. The alveolar lavage analysis
also indicated that inhaled CdO, despite a lower
solubility, was more available to lung tissue than
the soluble CdCl,. In the group exposed to CdS,
fecal excretion of cadmium was greater than after
CdO exposure, reflecting a greater mucociliary
clearance from the lung to the gastrointestinal
tract and thus a lower absorption from the lung.
Moreover, no detectable transfer of inhaled CdS
to liver and kidney was found [38].
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In humans, quantitative data on absorption
after inhalation exposure to cadmium derive also
from comparisons of uptake in smokers and
nonsmokers. On the basis of the comparison of
the cadmium body burdens, cadmium absorption
from cigarette smoke appears to be higher than
absorption of cadmium aerosols measured in
animals [43].

The chemical form of cadmium in cigarette
smoke is likely to be similar to that produced
by other combustion processes, primarily cadmium
oxide. The greater absorption of cadmium from
tobacco smoke is likely due to the very small size
of particles in cigarette smoke and the consequent
high alveolar deposition [43]. According to Krajnc
et al. [44], cadmium in ambient air is associated
to particles of circa 1 to 2 um, and a deposition
of 20—-30% can be assumed. Particles of cigarette
smoke being much smaller, a deposition of 50%
can be assumed for these particles. On the basis of
data from autopsies, it was calculated that 67% of
the deposited amount in the lung due to smoking is
being absorbed and the same rate can be assumed for
ambient air. Hence, Krajnc et al. calculated that 14%
of the inhaled amount of cadmium from ambient air
and 40% from cigarettes is being absorbed [44].

Overall, it is estimated that about 10% of the
cadmium present in cigarettes (1-2 pg/cigarette)
is inhaled and that 25-50% of the inhaled
cadmium by the smokers is absorbed. Thus,
smoking a pack of 20 cigarettes daily will result
in a net uptake of 0.5-2 pwg cadmium [2, 5, 45].

2.1.3 Dermal route

Available information suggests that cadmium is not
well absorbed though the skin. Limited penetration
of water-soluble cadmium compounds (CdCl,) has
been demonstrated when applied as a solution or
as ointment to shaved skin of animals. Cadmium
was also reported to accumulate in the skin as evi-
denced directly by the measurement of the element
itself but also indirectly by the increased concen-
tration of zinc in the skin, probably reflecting a
local induction of MT [46].

No studies conducted in humans on the dermal
absorption of the various cadmium compounds
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were located. In vitro, the percutaneous absorption
of cadmium from CdCl, in water and soil has
been measured using human cadaver skin [47].
The bioavailability of '°Cd mixed as the chloride
salt with a sample of soil was low: skin penetration
was between 0.6 and 0.13% of the applied
dose (analysis of the radioactivity by scintillation
counting). Application of a water solution of '%Cd
resulted in the penetration of about 10% of the
applied dose into the skin fragment after 16 h
and about 0.5% absorption in the plasma. An
additional experiment was carried out to simulate
exposure that would be comparable with a swim
or bathing by exposure of human skin to CdCl, in
water during 30 min. After 30 min, about 2% of
the applied dose was measured in the skin and
no cadmium was found in the plasma receptor
fluid. These results are, however, not directly
extrapolative to other cadmium compounds that
may be markedly less water-soluble than the
chloride compound.

Following absorption, cadmium is mainly pres-
ent in the organism as Cd°*t ions and the
biodisposition of cadmium as ion is assumed to
be independent of the chemical form to which
exposure occurred.

2.2 Distribution

Once absorbed, cadmium is widely distributed
and retained in the body where it accumulates
throughout life. Hence, the body burden increases
because of the continuous exposure, and the
element has a biological half-life of about 20 years.
While the newborn baby has a total body burden of
less than 1 pg of cadmium, the average total body
burden at age 50 has been estimated to range from
5 to 30 mg. After long-term low-level exposure,
about half the body burden of cadmium is localized
in the kidneys and liver, a third of the total being
in the kidneys, with the major portion located in
the cortex. The distribution of cadmium in the
kidney is of particular importance, as this organ is
a critical target after long-term exposure. The ratio
between the cadmium concentration in the kidney
and that in the liver decreases with the intensity
of exposure. High renal burdens have been found
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in cadmium-exposed workers without functional
renal impairment (up to 450 or even 600 mgkg™!
ww tissue). In nonoccupationally exposed subjects,
the cadmium concentration in the kidneys is
generally between 10 and 50 mgkg~' ww (two-
to fivefold increase in smokers) [2, 48, 49].

In blood, most cadmium is found in the
erythrocytes (about 90%). The measured value of
cadmium in blood is generally below 3 pgL™!
in European subjects not occupationally exposed
to cadmium. Concentrations in the order of 5 to
10 wgL~! are extremely rare, unless in heavily
contaminated areas [2, 32]. Reported cadmium
concentrations in the blood of exposed workers
are generally between 5 and 50 pgL~', but levels
between 100 and 300 wgL~! have resulted from
extreme exposure [50—52]. As tobacco smoking
is an additional source of cadmium intake in
the general population, values for cadmium in
blood are two- to fivefold higher in smokers than
in nonsmokers.

Cadmium does not appear to undergo any direct
metabolic conversion, such as oxidation, reduction,
or alkylation. The Cd?** ion binds to anionic
groups in proteins and other molecules [5]. The
sulthydryl groups in albumin and MT have a
particularly high affinity for the cadmium ion. In
all tissues, cadmium is bound mainly to MT whose
production is stimulated by cadmium exposure
and also by other metals such as zinc, copper,
and mercury. Exact physiologic functions of MT
are not known, but it is thought to play an
important role in the biological detoxification
of metals, including cadmium [5]. It has been
reported that pretreatment with metals known to
stimulate the synthesis of MT prevents the toxicity
of subsequent cadmium exposure [53-55], and
a deficiency in MT appears to occur in several
mammalian tissues that are highly susceptible to
the toxic effects, such as rat, mouse, monkey testes,
rat ventral prostate, and hamster ovary [56]. Non-
MT-bound cadmium may therefore have a role in
the pathogenesis of cadmium-related tissue injury.
The speciation of other cadmium complexes in
tissue or biological fluids is unknown [5].

Further studies in humans that documented
the influence of speciation on the distribution of
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cadmium in the body were not located. In animals,
it has been reported that after oral administration of
cadmium bound to MT, the cadmium is distributed
proportionally more to the kidneys, whereas cad-
mium as chloride administered by the same route
distributes primarily to the liver [57-59].

2.3 Excretion

Most of the cadmium that has been absorbed after
ingestion or inhalation is excreted slowly, with
urinary and fecal excretion being approximately
equal. Urinary excretion is related to body burden,
recent exposure, and renal damage. In people
with low exposures, cadmium in urine is mainly
related to body burden, and the extent of excretion
increases with age at least until age 50 to 60
and then declines slowly. In exposed people
with renal damage, urinary excretion of cadmium
increases. Cadmium can also be excreted by
other routes (bile, saliva, hair, nails) but to
a lesser extent [2, 5, 60]. In urine, cadmium
has been reported to be bound to MT [2, 60].
Cadmium is also eliminated in breast milk, and
concentrations are reported to be 5—10% of levels
in blood [5]. For the elucidation of the cadmium-
binding forms in human milk, a combination
of high performance liquid chromatography and
voltammetry was applied. It could be concluded
that the cadmium in human milk is mainly
available as MT (see Sections 2.5.1, 2.8).

No further information on the forms of cad-
mium involved in the excretion of the element
was located.

Concerning a possible transplacental transfer, it
appears that the placenta provides a relative barrier,
protecting the fetus against cadmium exposure.
There is some buildup of cadmium in the placenta,
and cadmium levels in placenta are significantly
higher in smokers than in nonsmokers. The
mechanism involved is still unknown, but the most
plausible hypothesis is that cadmium is retained
by binding to MT in the placenta. Cadmium can
cross the placenta but at a low rate. The cadmium
concentration in newborn blood is on average
40-50% lower than in maternal blood.
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3 TOXICOLOGICAL ASPECTS

Cadmium has no known physiological role.

Cadmium is toxic to a wide range of organs.
Primary targets are the kidneys, bone, and the
lung, although it is generally accepted that after
long-term exposure, either by the inhalation of
cadmium compounds at occupational settings or
by the ingestion of food and drinking water, the
kidney is the critical organ [2, 60].

From the located information, many toxic effects
appear to involve the ionic form of cadmium
(Cd**). Following mechanisms of toxicity, fre-
quently evoked, seem to indicate that of impor-
tance for the occurrence of toxic effects is the
interaction of the cadmium ion with MT or its
presence as free, unbound ion. For example, renal
damage is believed to occur if there is a local-
ization of free cadmium (Cd**) or an excessive
concentration of cadmium that remains unbound
to MT. In rats, cadmium (ion) has been shown to
perturb lipid composition and enhance lipid per-
oxidation in liver tissue [61]. Cadmium ion has
also been shown to alter zinc, iron, and copper
metabolism, as well as selenium [62]. The ionic
radius and charge of the cadmium ion being com-
parable to those of the calcium ion, it is conceiv-
able that the cadmium ion replaces the calcium at
cellular binding sites and may lead to disturbances
in cellular calcium homeostasis [1].

3.1 Toxicological aspects for the
general population

In nonoccupationally exposed subjects, expo-
sure occurs mainly by ingestion of cadmium-
contaminated food. Tobacco smoking is an addi-
tional source of uptake, both in the general popu-
lation and in workers.

Acute intoxication has been observed after food
and drink contamination by high concentrations
of cadmium from solders in water pipes, taps,
cooling, or heating devices, or from dissolution
of cadmium from pottery, usually occurring when
acid juices and the like are stored in these
items [2, 63—-65]. The main symptoms of oral
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toxicity are nausea, vomiting, diarrhea, abdominal
cramps, headache, and salivation, and recovery
from mild or moderate poisoning appears to be
rapid and complete.

Two fatal cases of self-poisoning with cad-
mium compounds were reported in the literature.
The ingestion of about 150 g cadmium chloride
caused hemorraghic necrosis of the stomach, duo-
denum, and jejunum. Death occurred 30 hours
after admission. Necropsy showed also pulmonary
edema, pleural effusions and ascites, focal hep-
atic necrosis, and slight pancreatic hemorrhage.
Kidneys appeared normal [66]. Wisniewska-Knypl
et al. [67] reported that ingestion of 25 mgkg™!
cadmium iodide resulted in death seven days later;
necropsy revealed damage to the heart, liver, and
kidneys, besides gastrointestinal damage.

The bone tissue constitutes a target organ for the
general population exposed repeatedly to excessive
concentrations of cadmium compounds in food or
in drinking water. A severe form of bone dis-
ease caused by cadmium intoxication is the clinical
syndrome referred to as Itai—Itai disease reported
in aged Japanese women living in the basin of
the Jinzu river, characterized by osteomalacia and
osteoporosis. The major source of uptake of cad-
mium was the ingestion of rice and water pol-
luted by a mine located 50 km upstream from the
endemic area [2]. Cadmium is believed to exert a
negative effect on bone metabolism. The mecha-
nism is, however, not fully understood and types
of bone lesions associated with cadmium expo-
sure are not clearly identified. Beside disturbance
of bone metabolism, another explanation is that
cadmium induces kidney damage and/or hyper-
calciuria, which might promote osteoporosis and
osteoporotic fractures.

Renal effects can be detected in the general pop-
ulation after long-term, low-level oral exposure to
cadmium. The reported renal effects of cadmium in
environmentally exposed populations mainly con-
sist in tubular proteinuria that may be accompa-
nied by other signs of tubular dysfunction such as
enzyme leakage and depressed tubular resorption
of amino acids, glucose, calcium, copper, and inor-
ganic phosphate [5]. Until now, mortality studies
were not able to detect an excess of end-stage renal
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disease in populations exposed to cadmium com-
pounds, however, a recent epidemiological study
suggests that the incidence of renal replacement
therapy is increased in a population with occupa-
tional/environmental exposure to cadmium [68].

Other adverse reactions in various organs/systems
such as the liver, testes, cardiovascular and hema-
tological systems have been reported in animals
exposed to very high doses of cadmium compounds,
but the relevance of these observations for human
exposure conditions is uncertain.

In invitro and in vivo experiments, several
cadmium compounds (chloride, sulfate, acetate)
appear to have the capability of altering genetic
material but no consensus has been reached on
the mechanism of action. Studies performed in
environmentally exposed populations do not allow
to identify the type of cadmium compound(s) to
which subjects are precisely exposed, but it cannot
be excluded that cadmium might exert genotoxic
effects [1, 2].

There is currently no indication or evidence
that cadmium acts as a carcinogen in the general
population exposed by the oral route.

With regard to reprotoxicity, epidemiological
studies do not speak for an association between
exposure to cadmium and relevant effects on fer-
tility or reproductive organs in the general popula-
tion. No clear evidence indicates that cadmium has
adverse effects on the development of the offspring
of women exposed indirectly via the environment.
Some effects on birth mass and motor and per-
ceptual abilities of offspring have been reported
related to cadmium measured in hair [69-71]. It is
not clear whether these effects are specifically due
to cadmium or were influenced by a simultaneous
exposure to other substances such as lead.

Overall, there is no evidence of any influence
of speciation on the type, severity, or duration of
these effects.

4 OCCUPATIONAL HEALTH

Occupational exposure occurs mainly by inhala-
tion in various industries that involve the pro-
duction and recovery of cadmium metal, the pro-
duction of cadmium oxide, the manufacture of
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nickel-cadmium batteries, the production of pig-
ments, alloys, and stabilizers and cadmium plating.

An additional exposure may occur by the
oral route when workers eat with dirty hands
or bite their fingernails at the workplace, for
example. Limited dermal exposure may occur
when cadmium compounds powder/dust are han-
dled or when maintenance of the production
machinery involved in the process is necessary.
Tobacco smoking constitutes an additional intake
of cadmium.

In the past, pyrometallurgical operations with
cadmium have sometimes been associated with
high concentrations (>1 mgm™3) of cadmium
oxide dust or fumes. Since the 1960s, considerable
improvements in occupational hygiene have pro-
gressively been accomplished. As a result, present-
day cadmium concentrations at the workplace are
usually of the order of 10 wgm™3 or lower. In gen-
eral, only airborne total cadmium concentrations
are monitored in the working environment; factors
that influence respiratory absorption, such as spe-
ciation of cadmium, are not taken into account,
and the size distribution of the collected particles
is rarely documented [2].

The current permissible limits (Threshold Limit
Value-Time-Weighted Average) for cadmium in
air, recommended by the American Conference
of Governmental Industrial Hygienists, are cur-
rently set at 10 jLg Cdm™> (inhalable fraction) and
2 wg Cdm=3 (respirable fraction) [72]. These val-
ues are generic for all cadmium compounds and
do not take speciation into account.

Acute poisonings and, in some cases, deaths
have been reported among workers shortly after
exposure to fumes of cadmium oxides, when
cadmium metal or cadmium-containing materials
were heated to high temperatures. At an early
stage, the symptoms may be confused with those
of “metal fume fever. However, these condi-
tions are different, with cadmium-lung leading
to delayed pulmonary edema and possibly death.
Subjects who survive the acute cadmium poi-
soning may recover without damage, although
some authors have reported delayed development
of lung impairment. Cadmium concentrations in
air were not reported in most case-reports. It
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has been estimated that an 8-hour exposure to
5 mgm~> may be lethal and an 8-hour exposure of
1 mgm™ is considered as immediately dangerous
for life [2, 6].

Several authors concluded that long-term inhala-
tion exposure to cadmium (most often CdO fumes
and dust) leads to decreased lung function and
emphysema [73-82]. Other studies, however, have
not shown a cadmium-related increase in impaired
respiratory function [78, 83, 84]. Possible expla-
nations for these discrepancies are the use of
different diagnostic criteria over time and the
fact that earlier studies did not control for the
effects of cigarette smoking. Additional respira-
tory symptoms reported in highly exposed workers
are chronic rhinitis and impairment of the sense of
smell. In a group of 73 heavily exposed workers
(probably to CdO) in a plant producing nickel-
cadmium batteries, 26% of the workers were diag-
nosed as suffering from hyposmia, 17.8% from
paraosmia, and 1.4% from anosmia. Olfactory dis-
orders were generally associated with hypertrophic
changes of the nasal mucosa [85].

Clinical bone disease has been described in
workers exposed to cadmium compounds (CdO
dust and fumes), but the number of cases is limited.
The incidence of bone disorders appears to have
peaked 40 to 50 years ago when exposures were
high and the dietary conditions may have been
deficient in the countries with reported cases [86].
More recently, a cross-sectional study carried
out in workers exposed to cadmium (compounds
not specified) provided results compatible with a
role of cadmium in the genesis of osteoporosis,
as an inverse dose—effect relationship could be
demonstrated between cadmium dose estimates
and forearm bone mineral density [87].

The kidney is the main target organ after
inhalation exposure to cadmium. No located data
mentioned renal effects that would be specific
for particular cadmium compounds [2, 5, 88, 89].
The first manifestation of cadmium nephrotoxicity
in occupationally exposed subjects is usually a
tubular dysfunction associated with an increased
urinary excretion of low-molecular mass proteins.
In some cases, an effect on the glomerulus may
also be observed in cadmium-exposed workers,
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as indicated by increased urinary excretion of
high-molecular mass proteins, including albumin,
immunoglobulins G, or transferrin. There are
indications that the glomerular function of heavily
exposed workers declines more rapidly than that
of nonexposed subjects, but there is currently no
evidence from mortality studies of a progression
to end-stage renal disease [90—93]. An additional
effect on the kidney seen in workers after high
levels of exposure is an increased frequency of
kidney stone formation [5, 94—98].

Studies performed on a limited number of
occupationally exposed subjects are suggestive
of an effect of cadmium on the peripheral and
central nervous system, but these findings should
be confirmed [99, 100].

Regarding genotoxic effects of cadmium com-
pounds, examination of lymphocytes from work-
ers occupationally exposed to both cadmium
and lead in smelters have shown significant
increases in chromosomal aberrations [101-103].
In men exposed primarily to cadmium oxide
dust and fumes in a copper-cadmium alloy
factory, only high-intensity, long-term exposure
(>1000 pwg/m3-y) was associated with a signifi-
cant increase in the frequency of chromosome-type
aberrations [104—-106].

Cadmium and its compounds have been clas-
sified as ‘carcinogenic to humans (group 1)’ by
IARC in 1993. The observation of an increased
number of lung cancers in a US cohort of
cadmium-exposed workers and the finding of
lung tumors in animals exposed by inhalation to
various cadmium compounds (CdO fumes and
dust, CdCl,, CdS) played an important role in
this assessment [1, 90, 107—110]. Initial studies
conducted on workers indicated an elevation in
prostate cancer among men employed at the pro-
duction of batteries [111], alloys [112], and cad-
mium metal [113]. There is no solid subsequent
evidence that cadmium acts as a prostate carcino-
gen following occupational exposure. With regard
to lung cancer, results provided by the studies
carried out in different types of occupational set-
tings involving an exposure to cadmium com-
pounds appear conflicting, and confounding by co-
exposure to other carcinogens and smoking can
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not be excluded. However, the weight of evi-
dence collected in genotoxicity tests, animal exper-
iments, and epidemiological studies leads to con-
clude that cadmium has to be considered at least
as a suspected human carcinogen upon inhala-
tion exposure.

No clear evidence indicates that inhaled cad-
mium had adverse effects on fertility or sex organs
or on development of the offspring of women occu-
pationally exposed to cadmium (generic).

Biomonitoring of exposure

In subjects occupationally exposed to cadmium
compounds, biological monitoring may be used to
characterize exposure. One advantage of biological
monitoring in regard with exposure to cadmium,
is that it evaluates the overall exposure, whatever
the route of entry. Nonoccupational background
exposure (smoking, diet, residence) will also be
taken into account as the organism integrates the
total external (environmental and occupational)
exposure into one internal load [60].

At low exposure conditions (i.e., general envi-
ronmental exposure or moderate occupational
exposure), when the total amount of cadmium
absorbed has not yet saturated all the available cad-
mium binding sites in the body (in particular in the
kidney), the cadmium concentration in urine (Cd-
U) mainly reflects the cadmium level in the body
and in the kidney. There is a close relationship
between the cadmium concentrations in urine and
in kidneys. When integrated exposure has been so
high as to cause a saturation of the binding sites,
cadmium in urine may then be related partly to
the body burden and partly to the recent expo-
sure. When renal damage develops, a considerable
increase of urinary cadmium excretion occurs.

Under occupational conditions, cadmium in
blood may be considered as mainly a biomarker
of recent exposure. However, the relative influ-
ence of the cadmium body burden may be more
important or even dominant in subjects with pre-
vious exposure and subjects who have accumulated
large amounts of cadmium [60].

Overall, in humans, there is no clear evidence
of an influence of speciation on the type, severity,
or duration of these effects, although one can
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suspect that differences in absorption related to
the chemical speciation may lead to different
effect levels.
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1 INTRODUCTION

Chromium is a metallic element that occurs
predominantly in its Cr(Ill) and Cr(VI) oxi-
dation states. It is most commonly found in
its trivalent form as chromite Cr,O3; x FeO
(annual output of chromite worldwide in 1998: [1]
14.2 million t). This ore, which is mined, among
other countries, mainly in South Africa (about
49% of the world’s total), Zimbabwe (about
95% of chromium resources are geographically
located in southern Africa), Kazakhstan, India,
and Turkey, is the starting material for the pro-
duction of metallic chromium, chromium alloys,
and a variety of chromium compounds. They
are mainly used in steel manufacturing (85% of
chromite consumption), in production of ferrous
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and nonferrous alloys, in electroplating and tan-
ning industries, and for the production of pig-
ments. This extensive use in industrial processes is
the dominant source of anthropogenic chromium
emissions in liquid, solid and gaseous forms [2],
which can have significant adverse biological and
ecological effects. The production of 1 t of steel
in an electric arc furnace, for instance, gener-
ates 10—15 kg of dust that can contain, besides
some other toxic metals, up to 10% of hexavalent
chromium. A part of this dust, consisting mainly
of a mixture of metal oxides volatilized from the
furnace and collected in the filtration system, is
emitted to the atmosphere, whereas the material
accumulated on the filters is usually deposited in
landfill sites as hazardous waste. Here, the water
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soluble Cr(VI) can be washed out and eventually
contaminate the groundwater. For estimation of
the ecological and toxicological consequences of
such a process, the knowledge on the kind and the
amount of chromium species present is required.
Cr(Ill) and Cr(VI) differ in charge and physico-
chemical properties and consequently in chemical
and biochemical reactivity. Cr(Ill) is known as a
trace element essential for proper functioning of
lipid, glucose, and protein metabolism in mam-
malians [3], whereas Cr(VI) is much more a threat
to biological systems because of its mutagenic and
genotoxic effects. More details about the biological
role of chromium, its essentiality, and its toxicity
is given in the next chapter by P. Hoet.

Beside its toxicity, the mobility and bioavail-
ability of a potentially hazardous substance needs
to be investigated also with respect to possible
environmental effects. Cr(VI) compounds, except
some metal chromates like those of Pb, Ba, Sr,
Ca, Ag, and Zn, are highly soluble, mobile, and
bioavailable compared to the sparingly soluble
Cr(IIT) compounds. It is therefore necessary to gain
species selective information rather than results for
the total chromium contents of environmental sam-
ples. Only a speciation approach will yield the data
needed to evaluate distribution and transport pro-
cesses, chemical transformations in water, soil, and
atmosphere, and physiological and toxicological
effects of chromium compounds.

During the past two decades, a growing num-
ber of papers pertaining to methods for chromium
speciation and environmental occurrence of both
species was published. Some remarkable reviews
by Kotas and Stasicka [4] and by Marqués
et al. [5, 6] summarize the zest of chromium spe-
ciation under an environmental point of view
up to the year 1998, resp. 2000. A comprehen-
sive review on chemistry and risk assessment of
chromium in the environment was given by Kim-
brough et al. [7].

2 CHROMIUM CHEMISTRY
IN THE ENVIRONMENT

The different approaches used for chromium
speciation can be better understood by looking

121

at the chemistry of this element, which is very
complex. Chromium exists in all possible oxidation
states from —II up to +VI, but for environmental
studies primarily Cr(IlT) and Cr(VI) are relevant.
Cr(Il), Cr(IV), and Cr(V) oxidation states may
be produced as intermediates in the cellular
metabolism, their lifetimes, however, are short.
A stable and nontoxic compound that is not of
environmental concern is CrO,, which is produced
on an industrial scale and is used as ferromagnetic
material for audio- and videotapes.

Cr(VI) is predominantly produced by air oxida-
tion of chromite in alkaline melts. The chromate
formed readily dissolves in water as a salt with
the anion CrO4>~ or, depending on pH-value (<1)
and concentration (>0.02 mol L~!), as dichro-
mate, Cr,072~.

The equilibrium constants in Table 2.6.1.1 [8,
9] show the strong dependence of the relative
fractions of the different species on the pH-value.
At “ambient” pH-values, the predominant anion
is HCrO,~. The dichromate anion is usually not
found because it is formed at a pH-value below 1
and at concentrations above 0.02 mol L~!, which
might only be achieved in industrial landfills with
chromate deposits. A simplified scheme of this
behavior is given in Figure 2.6.1.1 [9].

Cr(VI) in acidic solution shows a very high
positive redox potential [E] (equation 2.6.1.1),
which denotes that it is strongly oxidizing and
unstable in the presence of electron donors such as
organic matter or reducing inorganic compounds,
which are ubiquitous in soil, water, and airborne
matter [10]. Under more basic conditions, the
oxidation potential is noticeably lower, as indicated
in equation (2.6.1.2).

E=+1.35V HCrO,” +7H" +3 e~ 2 Cr*" + 4H,0
(2.6.1.1)

E=—0.13V CrO;* +4H,0+3 e = Cr(OH); + 50H"
(2.6.1.2)

Table 2.6.1.1. Equilibrium constants (ionic strength = 1).

HCrO,~ = H*+ CrO4*- K=18x10"°
H,CrO4 = H"+ HCrO4~ K =50
2HCrO,~ = Cr,0,2 + H,0 K =94

Source: Date taken from Reference [8] and [9]
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Figure 2.6.1.1. pH and concentration depending domains of Cr(VI)-species in aqueous solution (Data taken from Reference [9]).

Cr(Ill) is the most stable form in natural
systems. As a “hard” Pearson acid, it can form
a large variety of complexes with “hard” ligands
like water and several inorganic and organic
anions that contain oxygen or nitrogen as electron
donor atoms [11]. Some of the hexacoordinated
octahedral complexes are kinetically very stable
and can prevent precipitation of Cr(II) at pH-
values at which it would otherwise precipitate.
The chemistry of Cr(IIl) shows similarities to that
of AI(IIl): Cr(OH);-aq is amphoteric but more
basic than acidic. In aqueous solution and in the
absence of complexing agents, other than H,O or
OH~, Cr(IIl) exists as hexaaquochromium(3+) ion
and its hydrolysis products [12]. [Cr(H,0)c]** is
a moderately strong acid with a pK, ~ 4 as shown
by equations (2.6.1.3-2.6.1.5).

Cr(H,0)6°" + H,0 2 Cr(OH)(H,0)s*" + H;0™"
(2.6.1.3)
Cr(OH)(H,0)s** 4+ H,0 = Cr(OH),(H,0),* + H;0*
(2.6.1.4)

Cr(OH),(H,0)4" 4+ H,0 = Cr(OH); aq + H;0™
(2.6.1.5)
In environmental compartments, hexacoordi-
nated Cr(III) complexes with single charged anions

as ligands usually can carry charges from 43
to 0, that is, [Cr(H;0)_,X,]¢F, n =0 to 3,

which is important to consider when ion chro-
matography is used for separation of the different
chromium species. The complexation of chromium
with ligands other than OH™ increases its sol-
ubility when the ligands are discrete molecules
or ions. In case the donor atoms belong to a
macromolecular system like humic substances, the
Cr(IIl) complexes can be more or less immobile.
As has been shown by Marx and Heumann [13],
Cr(II) and humic substances can form kinetically
stable complexes, which is very important for the
mobility of chromium in the environment. If humic
substances are present and bound to soil or sed-
iment, the mobility of Cr(Ill) will be very low
because of the formation of stationary complexes.
The presence of soluble humic substances, how-
ever, will increase the mobility of Cr(Ill) dra-
matically because of the formation of stable and
soluble complexes.

Under certain conditions, Cr(Ill) in aqueous
solution can be oxidized to Cr(VI), as can be taken
from Table 2.6.1.2 [7].

Table 2.6.1.2 shows that the pH-value is essen-
tial for the interconversion of both oxidation states.
High values of the redox potential [E] in waters
correspond to strongly oxidizing conditions. Gen-
erally, there is an inverse relation between E and
pH-value as to the redox behavior of chromium.
That means that Cr(VI) is easily reduced at low pH
and much more stable against reduction in alkaline
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Table 2.6.1.2. Examples of Cr(III)/Cr(VI) redox reactions.

E [V]
2CrP +5H,0+30;=2Cr02 +10HT +3 0, 0.87
2 Cr’* +2 H,0 + 3 Hy0, =22 CrO42~ + 10 Ht +3 0, 0.58
3 MnO, + 2 Cr(OH); = 3 Mn?** 4+ 2 CrO4%~ +2 H,0 + 2 OH™ 1.33
2 Cr*t+ H,0 + 3 PbO, = Cr,0,% +2 Ht+ Pb** 0.13
HCrO,~ + 3 Fe?t + 7 Ht = Cr*t + 3 Fe’* + 4 H,0 0.56
2HCrO,~ +3H,S+8H T =2Cr*t +8H,0+3 S 1.18
2 HCrO,~ 4+ 3 HSO3t +5 HT 2 2 Cr** + 5 H,0 + 3 SO,2 2.12

Source: Data taken from Reference [7]

medium. Conversely, Cr(IIl) is very stable at low
pH and is much more easily oxidized at strong
alkaline conditions.

Another very important factor that affects the
redox behavior of chromium is the concentration
level of the oxidizing/reducing agents. Although
several agents are capable of oxidizing Cr(III),
only a few of them exist in high enough con-
centrations in the environment to oxidize Cr(III)
to Cr(VI). In contrast, agents that reduce Cr(VI)
are typically found at sufficiently high concentra-
tions to play an important role, even if Cr(VI)
reduction is thermodynamically less favored. The
reduction of Cr(VI) by Fe(Il), for instance, has
a low redox potential of 0.56 V, but the con-
centrations of Fe(Il) in the environment are high
enough (e.g., in ambient aerosol in wintertime in
municipal areas) to actually enforce this reduc-
tion [14]. Ozone, demonstrating the opposite, can
react with Cr(IIl) to form chromate (redox poten-
tial of 0.87 V), but the concentration of ozone in

most environmental media is rarely high enough
to accomplish this oxidation [12].

Other important processes that influence the
amounts of chromium species present in environ-
mental compartments are precipitation and dissolu-
tion reactions. The water solubilities of both Cr(VI)
and Cr(III) species vary over many orders of magni-
tude. Most Cr(VI) compounds are water soluble, and
the solubilities are almost independent of the pH-
value. Chromate, however, can also form sparingly
soluble salts of a variety of divalent cations, such
as Pb?t, Ba?t, Sr*t, Zn?t, and Cu?t, which read-
ily dissolve in acidic medium. Solubilities of some
chromium compounds are given in Table 2.6.1.3 [7].
The chromates listed can be contaminants of the
groundwater at industrial landfill sites.

Usually, the water soluble Cr(IIl) compounds do
not occur naturally and are unstable in the envi-
ronment. The principal reaction of Cr(IIl) in water
is hydrolysis yielding different hydroxo species of
varying solubility. In a pH range of approximately

Table 2.6.1.3. Solubilities of chromium(III)-hydroxide and a number of chromates.

Solubility product constants Lg

Cr(OH); (s) = Cr’t +3 OH™
CaCrO4 = CrO,%~+ Ca**
SrCrO; = CrO4>~+ Sr2t
BaCrO4 = CrO4%~+ Ba**
CuCrO, = CrO4* + Cu?*t
PbCrO, = CrO42 + Pb*+
ZnCrO4 = CrO42~+ Zn?t

ZnCrO,4 x 4 Zn(OH), = CrO42~+ Zn?* + 4 Zn(OH),

K,CrO; = CrO4> +2 K+

Na,CrO; = CrO4* + 2 Nat
(NH4)>CrO; = CrO4>~ +2 NH,*+
K,Cr,07 2 Cr,0,2~ +2 K*
Na,Cr,07 = Cr,0,% 4+ 2 Na*t
(NH4)»Cr,07 = Cr,0,% +2 NH4*+

1 x 1073° [mol L1
2.3 x 1072 [mol L~!]?
3 x 1073 [mol L™'?
3 x 1071% [mol L~!}?
3.6 x 1078 [mol L~!]?
1.8 x 107 [mol L~'}?
1.1 x 107 [mol L1}
5 x 10717 [mol L~!]?
0.23 [mol LIP3
3.65 [mol LIP3
20 [mol L1
4.9 x 1073 [mol L~1P?
510 [mol L~'}?
4 [mol L7113

Source: Data taken from Reference [7]
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5 to 12 Cr(III) precipitates as Cr(OH)3, and the for-
mation of mixed hydroxides (e.g., (Cr, Fe)(OH)3),
which have even lower solubilities than Cr(OH)s,
can reduce the concentration of soluble Cr(IIl) to
apparently zero. At a pH-value above 12, Cr(OH);3
shows its amphoteric character and is transformed
into the readily soluble tetrahydroxo complex
Cr(OH)4~ (pK, of 15.4) [12]. These strongly basic
conditions are usually not found in the environ-
ment but can be a reason for chromium mobility
in chemical landfill sites. The presence of organic
complexing agents such as humic acids, tannins or
polyhydroxyacids, can prevent Cr(III) species from
precipitation under slightly acidic to basic condi-
tions. This behavior is relevant for the mobility of
chromium compounds and consequently for esti-
mating chromium contamination of a specific envi-
ronmental compartment.

Absorption and desorption reactions at mineral
surfaces are important for understanding the fate
and transport of chromium, as they affect its
concentration in the environment. Sorption causes
the removal of chromium from aqueous medium
to the surface of a solid material. The sorption
of Cr(Il) and Cr(VI) from aqueous solution on
bentonite, for example, was studied by Khan
et al. [15] Chromate, for instance, can be sorbed
to minerals that expose hydroxy groups on their
surfaces [14]. This process can also be used for
analytical purposes in connection with chromium
speciation (e.g., Al,O3 filled chromatographic
columns) (equation 2.6.1.6).

R-OH + H* + HCrO,~ = R-OH, "HCrO,~
(2.6.1.6)
Conversely, Cr(IIl) can sorb to partially nega-
tively charged surfaces like silicates, and organic
complexes of Cr(IIl) can sorb to organic mat-
ter [16]. Extent and kinetics of such processes
depend highly on different variables like pH, sur-
face area, temperature, or density of active sites.
Therefore, generalized assumptions about sorption
processes cannot be made.

3 SPECIATION PROCEDURES

As has been discussed in the previous chapter,
speciation of chromium is most often reduced
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to the quantification of the two main oxidation
states III and VI, following the requirements of
governmental regulations that mainly cover only
the quantification of the total amount of chromium
or of Cr(VI). Therefore, in the following, we will
discuss only those procedures and problems related
to the main two species.

Speciation of chromium in environmental sam-
ples as an analytical process of identification and
quantification involves five to six important steps
(depending on the matrix), which have to be
brought carefully into line with the respective ana-
lytical problem. These steps are typically sampling,
sample storage, sample pretreatment (extraction,
matrix separation, preconcentration), separation of
species, detection, and calibration. Each one of
these steps of the procedural chain can influence
the accuracy of determination of both chromium
species, and each one has to be optimized with
respect to the others.

The most crucial steps are sampling, long-term
storage, sample pretreatment, and species sep-
aration because during these operations species
conversion has the highest probability to occur.
As has been discussed in the previous chapter,
conversion of the oxidation state could pro-
ceed in both directions, oxidation as well as
reduction, but Cr(IIl) is unlikely to be oxi-
dized to Cr(VI) under usually applied condi-
tions of storage and sample pretreatment, at least
in case of liquids. The oxidation of Cr(Ill) to
Cr(VI) takes place only under drastic condi-
tions, that is, heating and the presence of oxy-
gen or an oxidizing agent such as Mn(IV) in
a strongly alkaline medium. Therefore, for accu-
rate quantification of both chromium species
major emphasis has to be placed on preventing
Cr(VI) from reduction during the whole analytical
procedure.

3.1 Sampling and storage

Concerning the species conversion, the time
needed for sampling and the lapse between sam-
pling and analysis are becoming essential factors.
This problem strongly changes with the matrix
to be investigated. In the case of liquid samples,



SPECIATION PROCEDURES

such as natural water or sewage, the time of sam-
pling is very short compared to storage/transport
and analysis of the sample. The same applies to
most solid matrices, such as soils or sediments.
In the case of sampling airborne particulate mat-
ter, the conditions are different. Airborne parti-
cles are collected on filters, in impactors, or in
impingers. Because of the very low concentration
of chromium in this material (esp. Cr(VI])), large
volumes of air have to be filtered, and therefore
the sampling time has to be rather long (up to
several days), which drastically increases the risk
of species conversion. In general, sampling needs
proper planning in order to obtain reliable results
representative for the system under investigation.
For instance, natural waters and sewages are in
a persistent equilibrium with the sediments at the
ground and with the atmosphere. Sampling may
disturb this equilibrium and can lead to a signifi-
cant change in the fractions of the species present.
A means to avoid such changes is to collect a
certain amount of the sediment as well, to per-
mit the solution/dissolution equilibrium to exist for
a longer time. Keeping the equilibrium between
aqueous phase and atmosphere for a longer time is
nearly impossible because of the limited volume
of the closed vessels mostly used for sampling.
Furthermore, if storage is necessary, it is impor-
tant to keep the temperature as low as possible for
two reasons. First, cooling resp. freezing the sam-
ple will slow down the reaction kinetics between
chromium species and other redox partners present
in the sample to a much lower level. Second,
at lower temperatures the biological activity of
microorganisms present in the sample decreases. In
the case of samples heavily loaded with microor-
ganisms (i.e., sewage), it might be appropriate to
freeze the sample to stop practically any micro-
biological activity that could affect the species
distribution. To minimize errors possibly caused
by these problems, the sample should be analyzed
immediately after collection.

3.2 Pretreatment

Sample pretreatment and analyte preconcentration
are often necessary to remove the main portion of
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the interfering matrix, to bring the species into a
separable and/or detectable form and to achieve
the needed detection limit, and is often intended to
prepare the species for separation, applying suit-
able chemical modification. Preconcentration and
separation of the chromium species make use of
obvious differences in their chemical behavior, that
is, electrical charge, complexation properties, and
solubilities. The difference in charge is utilized,
for example, in ion chromatography to separate
the negatively charged chromate anions from the
positively charged Cr(III) complexes.

The mostly used means of pretreatment for
chromium speciation consists in complex forma-
tion. Chromium, as has been discussed in the
previous chapter, can form different complexes
depending on its oxidation state. A frequently
used method for detection of Cr(VI) is its selec-
tive reaction with diphenylcarbazide (DPC), first
mentioned in 1900 [17], which results in a bright
purple-colored Cr(IlII) complex that can be pho-
tometrically detected at 540 nm. This method
is very robust and sensitive and tolerates many
uncolored matrices. Another possibility is complex
formation through reaction with different substi-
tuted dithiocarbamates, that is, ammonium pyrro-
lidine dithiocarbamate (APDC), dialkyl dithiocar-
bamates, and several alkylene bisdithiocarbamates
(BDTCs). The chromium dithiocarbamate com-
plexes are formed — in contrast to the DPC com-
plex — with both species, Cr(VI) and Cr(IIl). It is
therefore necessary to separate these complexes
prior to detection. Several other complexes suitable
for chromium speciation are described in the liter-
ature. They are formed with substituted quinolines
and Cr(VI) and Cr(II), with ethylenedinitrilote-
traacetic acid (EDTA) and some organic anions and
Cr(IIl), and with a great number of other organic
ligands and Cr(VD).

Oxidation/reduction procedures are another im-
portant means for pretreatment. Some authors
describe the oxidation of Cr(III) to Cr(VI) in order
to measure total chromium and to calculate the
Cr(IIT) content as the difference between total
chromium and Cr(VI). The method can be applied
vice versa to calculate Cr(VI) as the difference.
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3.3 Species separation

The next important step in the speciation pro-
cedure is the separation of the different species.
Many different methods were described in the lit-
erature. Among them, liquid—liquid extraction was
frequently applied. Both species can be separated,
for instance, by using a liquid anion exchanger
such as Amberlite LA-2, which extracts the chro-
mate anion from the sample. Organic Cr(III) com-
plexes, also those formed during sample pretreat-
ment, can be extracted into an organic solvent, for
example, 4-methyl-2-pentanone (MIBK or IBMK).
Up to now, liquid—liquid extractions were carried
out only as batch procedures, which makes them
time consuming and sometimes difficult to handle.
Because of the needed amount of solvent, its con-
tamination with chromium is often the reason for
a higher limit of detection.

The most commonly used method for chromium
species separation is liquid chromatography in
one or the other form. The major advantage is
that separation and the subsequent detection can
be directly coupled to each other. A large vari-
ety of column materials were used for chromium
species separation, for example, activated or mod-
ified alumina, silica gel, sorbents based on cellu-
lose, dextranes, and various other modified mate-
rials. Instead of treating all these solid phases in
detail, we focus on the different types of chro-
matographic separation. The mainly used method
for chromium species separation is ion chro-
matography. Cation-exchange material is capa-
ble of retaining positively charged Cr(IIl) ions,
whereas anion-exchange material retains the neg-
atively charged chromate anion. For this pur-
pose, various strongly or weakly acidic cation-
exchange resins and strongly or weakly basic
anion-exchange resins were used. In some cases,
ion-exchange chromatography was applied just for
removing one species and to detect the other one.
An elegant way to combine preconcentration with
species separation is to retain the species of interest
on the ion-exchange resin and to change the eluent
afterward (either change of pH or change of ionic
strength). Through the elution, the retained species
is released from the column into a much smaller
volume compared to the original sample, and
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accordingly the limit of detection can be increased
dramatically. If a mixed bed ion-exchange resin is
used and an adequate solvent employed (isocratic
or gradient elution), both species can be retained
and separated [18]. This chromatographic tech-
nique is mostly used with on-line detection, which
means that preconcentration, separation, identifica-
tion, and quantification of the different chromium
species are carried out in a one-step analytical pro-
cess. On-line detection offers several advantages
because it noticeably reduces the time needed for
the analysis and by this means reduces the danger
of species conversion. Such modern hyphenated
techniques that comprise on-line pretreatment, sep-
aration, and detection have become state of the
art, especially for matrices with low chromium
content and for routine analysis with a high sam-
ple throughput.

Another often-used chromatographic technique
is ion pair chromatography. In this case, a reversed
phase column material with a Cg or C;g n-alkylated
surface is used, which needs to be conditioned
either with a tetra-n-butylammonium salt to retain
anions or with an n-octylsulfonyl salt to retain
cations. Such columns show reversed phase as well
as ion-exchange properties and allow the sepa-
ration of chromate and Cr(IIl) ions without any
sample pretreatment. Additionally, the separation
and detection of organic Cr(III) complexes, owing
to interaction with the reversed phase material,
is possible. In the ion-exchange mode, organic
Cr(IlT) complexes will not be retained and arrive
at the detector with the void volume. Reversed
phase chromatography is also frequently recom-
mended for separation of chromium species. Here,
it is necessary to work with organic complexes of
either one or both chromium species. Furthermore,
capillary electrophoresis was applied to chromium
species separation. This technique has the char-
acteristic feature (which may be an advantage)
that only a very small sample volume can be
applied. An advantage is certainly the high sep-
aration efficiency; a serious disadvantage, how-
ever, is the sensitivity toward the composition of
the sample matrix. If the sample contains higher
concentrations of electrolytes or organic matter, the
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separation will be seriously disturbed, if not impos-
sible at all. Several fractionating techniques such
as filtration, adsorption, precipitation, centrifuga-
tion, coprecipitation, and electrochemical proce-
dures are described in the literature. These meth-
ods are often applied to a specific matrix or are
used for samples that contain very high con-
centrations of chromium. These will not be dis-
cussed here — additional information is given else-
where [4-6, 19].

3.4 Detection

Among the detection methods used for chromium
speciation, spectrometric and photometric tech-
niques are the most popular ones. The selection
of the proper methodology is of course strongly
related to the concentration of the species to
be determined and the matrix in which they
are present. Therefore, photometric techniques are
most often applied to samples that contain higher
chromium concentrations, for instance, to waste
waters, whereas spectrometric techniques in com-
bination with trace enrichment have been applied
to matrices such as unspoiled groundwaters and
environmental samples with a very low concentra-
tion of chromium, owing to their better sensitivity
compared to the other methods.

The mainly used detectors for chromium speci-
ation published during the last 20 years are ultra-
violet visible (UV/VIS) photometry (more than
30% of published literature) and atomic absorp-
tion spectrometry (AAS) (more than 20% of pub-
lished literature) [6]. The other detection methods
like chemiluminescence or fluorescence (molec-
ular spectrometry), diode laser atomic absorp-
tion spectrometry (DL-AAS), inductively coupled
plasma atomic emission spectrometry (ICP-AES)
or inductively coupled plasma mass spectrom-
etry (ICP-MS), X-ray fluorescence spectrometry
(XRF), neutron activation analysis (NAA), and
various electrochemical methods are only used for
special applications.

The most common way for chromium specia-
tion is to determine the total amount of chromium
and the amount of one of the species, the other
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one is then calculated by subtraction. The total
amount of chromium can be determined either
after acidic digestion or (mostly) after oxidation
of all chromium to Cr(VI) followed by the mea-
surement of the latter (either species selective or
unselective). The reduction of Cr(VI) to Cr(IIl) is
applied to a lesser extent. Some authors describe
the quantification of both species (for example,
with mixed bed ion-exchange chromatography) to
determine the total content of chromium in a sam-
ple. In this case, the result of the quantification
has to be carefully verified because only the sol-
uble fractions of the chromium species can be
determined, and the presence of different Cr(III)
complexes can easily lead to false measurements
and quantifications. By far the most frequently
used method of detection and determination of the
different chromium species in aqueous media is
the reaction of Cr(VI) with DPC and the subse-
quent measurement with UV/VIS photometry. The
overall content of chromium in the samples can
be determined with the same method after oxi-
dation of Cr(IlT) with alkaline hydrogen peroxide
or sodium metaperiodate. This method is robust
and only little susceptible to interferences. Nev-
ertheless, the detection of the diphenylcarbazide-
Cr(VI) complex can be interfered by the presence
of high concentrations of Fe(Ill), Hg(Il), Mo(VI),
and V(V) ions, but these ions can be separated, if
necessary, prior to detection, for example, by ion
chromatography. Additionally, mathematical cor-
rections can be applied to reduce the negative pho-
tometric effects of the interfering ions [20]. This
method of Cr(VI) detection in aqueous media is
up to now the most important method to quantify
Cr(VI) and is documented by several national and
international standards, for example, Environmen-
tal Protection Agency (EPA) methods 7196A [21],
7199 and 218.6 [22] in the United States, DIN
38405-24 [23] and DIN 19734 [24] in Germany,
and ISO 11083 [25].

4 LIQUID MATRICES

Compared to solids, liquid samples are easier to
analyze because sampling and sample prepara-
tion are straightforward operations and usually no
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extraction procedure is required. Problems dis-
cussed in the literature are mostly related to
native waters (ground- and surface waters), potable
waters and waste waters [6]. The latter ones per-
tain to the group of most frequently investigated
samples to clarify the question in which form
chromium is released, transported and deposited
in the environment. During the years 1983 up to
spring 1999, more than 400 articles were pub-
lished [6] that deal with chromium speciation in
aqueous samples. This, on the one hand, shows the
interest in chromium speciation in aqueous media
and, on the other hand, points to the necessity
of validating new speciation methods with liquid
standards, which have to be easily accessible.

The sampling of liquids such as natural water or
sewage requires only a very short time compared
to the sampling of, for example, airborne particu-
late matter. Therefore, the possibility of species
conversion during sample collection is negligi-
ble compared to the subsequent time consuming
storage/transport and analysis steps. One approach
to reduce species conversion during and after
the sampling process is to couple the collection
directly with a suitable preconcentration step. Sam-
pling of river water directly on a micro chromatog-
raphy column filled with aluminum oxide was
described by Cox and McLeod [26]. After sam-
pling, the column is inserted into a flow-injection
system in order to carry out on-line elution and
detection. This strategy, called “in-field sampling”,
has the advantage to preserve the species and
to remove most of the matrix that can interfere
with species detection and quantification. A risk
of species transformation during sampling, how-
ever, still remains because of the increased con-
centration of the adsorbed chromium species and
their reaction with redox partners present in the
matrix.

In case only one species can be detected and
quantified (e.g., via species selective complexa-
tion), oxidation or reduction may be applied to
measure total chromium. This way was chosen
by Mugo and Orians [27] for investigation of sea
water. They prepared selectively a volatile com-
plex of Cr(III) with 1,1,1-trifluoroacetone that was
quantified with an electron capture detector after
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separation by gas chromatography. The overall
chromium content was determined after reduction
of Cr(VI), either keeping the acidified (pH = 2)
sea water at room temperature for 24 h or adding
sodium sulfite at a pH of 6. This method is car-
ried out in a batch mode, and due to the larger
sample volumes needed, the risk of contamina-
tion is significant. Such a disadvantage can be
overcome by using an on-line system for separa-
tion and detection [28]. An exemplary article of
Padarauskas et al. [29] should be mentioned. The
authors describe an on-line preconcentration and
determination of Cr(VI) in drinking water, sur-
face water, and groundwater by high-performance
liquid chromatography (HPLC) using precolumn
complexation with DPC. The collected samples
(up to 100 mL) are treated with an acidic DPC
solution, and after the development of the purple
color the complex is collected on a short concen-
trator column filled with reversed phase material.
After the collection is accomplished, the liquid
flow is switched to a water/acetonitrile mixture,
for chromatography on a 100 mm-C;3-RP col-
umn and on-line detection with an UV/VIS detec-
tor. With skillful construction of the HPLC sys-
tem, the whole process can be fully automated.
The use of a concentrator column (which equals
a solid phase extraction) increases the detection
limit noticeably and eliminates a major part of the
matrix that may disturb the detection. The reversed
phase chromatography separates the chromium-
DPC-complex from the rest of the matrix so that
it leads to a sharp signal in the UV-detector. The
authors reach a detection limit for Cr(VI) of 20 ng
L—!, which equals an absolute amount of 2 ng
Cr(VD) in a 0.1 L sample. This example points
out that hyphenation of preconcentration, chro-
matographic separation, and detection may sig-
nificantly improve the selectivity and sensitivity
of the determination of different chemical forms
of chromium in liquid samples. Another example
is given by Andrle et al. [30], who are able to
detect both chromium species in galvanic waste
waters. Except for sampling, the whole speciation
process is performed on-line. The aqueous sam-
ple of about 15 mL is continuously mixed with
a buffered ammonium pyrrolidine dithiocarbamate
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(APDC) solution, and after passing a tube reac-
tor to complete the reaction the resulting com-
plexes of both chromium species are collected on
an RP-SPE-column. From here, they are eluted
with a 65% acetonitrile/water mixture, transferred
onto a Ci3-RP-HPLC column for separation and
detected with ICP-MS, graphite furnace atomic
absorption spectrometry (GFAAS) or UV-VIS pho-
tometry. The best results with respect to selectivity
and sensitivity are achieved by coupling RP-HPLC
with ICP-MS using a hydraulic high-pressure neb-
ulizer (HHPN). Here, some oxygen has to be
added to the sample gas to reduce the amount
of molecular interferences (>3 Ar-'>C-compounds).
The authors chose the °Cr isotope for detection
with respect to little interferences and a good sig-
nal/noise ratio. With this approach, the authors
achieved a detection limit of 0.1 pgL~! (2 pg
abs.) for Cr(VI) and 0.2 pgL~! (4 pg abs.) for
Cr(II). Beside these very low detection limits, the
ICP-MS detection offers the additional advantage
of making possible multielement measurements.
Since there exist many elements that can be com-
plexed by APDC, this method has the potential
for multielement speciation in a single-step ana-
lytical approach.

5 SOLID MATRICES
5.1 General remarks

Even nowadays, chromium speciation in solid
material remains an analytical challenge because
an extraction procedure has to be applied. The
general approach described in the literature is
extraction under acidic, neutral, or alkaline condi-
tions. Each one of these is problematic, concerning
recovery as well as species conversion. Because of
some special features, the speciation of chromium
in airborne particulate matter will be discussed in
a separate chapter.

Sampling of solids requires about the same pre-
cautions as sampling of liquids. Care has to be
taken that the sample keeps its original composi-
tion with respect to the chromium species, there-
fore freezing or freeze-drying is recommended.
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The subsequent step of species extraction is the
most challenging part of speciation in solid mat-
ter because of the difficulties in achieving suf-
ficiently high recoveries and in avoiding species
conversion during this procedure. On the one hand,
high recovery requires strongly acidic or alkaline
conditions, but this increases the risk of species
conversion. On the other hand, more moderate
conditions of extraction prevent species conver-
sion, but the dissolution of some chromium com-
pounds (esp. Cr(III) complexes and some metal
chromates) can be hindered. As can be taken from
the chemical section, the use of acids for dis-
solution would lead to wrong results because of
the high oxidation potential of chromate at low
pH-values. At a pH above 6, the chromate is
much more stable, but most of the Cr(Ill) com-
pounds and some poorly soluble chromates such
as PbCrQO4, BaCrOy4, or ZnCrO4 will not be dis-
solved. Strongly alkaline conditions imply the risk
of a possible oxidation of Cr(Ill) to Cr(VI) in
the presence of oxidizing substances, for example,
oxygen or Mn(IV) salts. The best compromise for
extraction is a pH of 8 to 10, in which the major
part of the sparingly soluble chromates can be dis-
solved. In case Cr(IIl) is present, masking by a
complexing agent such as EDTA or TRIS will
prevent Cr(Ill) (hydroxy- and aquo-complexes)
from oxidation [31]. An interesting approach for
species conserving extraction of Cr(VI) from
solid matrices was published by Foy et al. [32]
The authors used a supercritical fluid extrac-
tion (SFE) with carbon dioxide to extract selec-
tively Cr(VI) from a solid soillike matrix and
used lithium bis(trifluoroethyl)dithiocarbamate as
chelating reagent. The dried chelate was then dis-
solved in methanol and quantified with ICP-AES.
The authors received extraction recoveries of about
88% when using a National Institute of Standards
and Technology (NIST) standard, but the useful-
ness of this method has to be proved in future
with natural material. Another example for a gen-
tle extraction method is given by Wang et al. [33]
The use of ultrasonic extraction with an alka-
line ammonium buffer is capable of extracting
even sparingly soluble chromates such as PbCrOy4
with recoveries of more than 85%. In combination
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with a strong anion-exchange solid phase extrac-
tion (SAE-SPE), which removes Cr(III) and the
major part of the interfering matrix, the Cr(VI) is
determined as Cr(III)-DPC-complex and quantified
with UV/VIS-photometry. The authors received a
detection limit of 80 ng Cr(VI) per sample. Their
method is applicable for on-site monitoring of
Cr(VI) in environmental and industrial hygiene
samples. Several other examples of chromium spe-
ciation in solid matrices, for example, in soil,
sediment, metal, ore, sludge, cement, leather, and
so on, can be found in the review of Marqués
et al. [5]

Considering the literature of the last decades, it
is essential for a correct determination of Cr(VI)
in solid material to use an alkaline buffer solution
for extraction. In the presence of oxidizing com-
pounds or if heat has to be applied to the sample
during the extraction process, it is necessary to add
a complexing agent to prevent oxidation of soluble
Cr(IIT). Depending on the investigated material, it
is appropriate to use a species selective determi-
nation of Cr(VI), that is, complex formation and
unspecific (UV/VIS) or element specific (atomic
absorption spectrometry (AAS), atomic emission
spectrometry (AES), mass spectrometry (MS), etc.)
detection. If chromatography is used for species
separation, a critical alignment to the matrix has to
be performed. Even if an element-specific detec-
tor is used, the determination of Cr(VI) can be
seriously disturbed because of varying amounts of
Cr(IlT) complexes.

Recently, Kingston et al. presented an impor-
tant application of “speciated isotope dilution mass
spectrometry” (SIDMS) for chromium speciation
in water [34] and in solid samples [35]. This is
to our knowledge the first approach to evalu-
ate the species conversion that may occur dur-
ing sampling, pretreatment, and separation. For
this purpose, both species have to be accessible
in different isotope-enriched forms, for example,
Cr(IIl) as a Cr-enriched standard and Cr(VI) as
a 3Cr-enriched standard, or vice versa. The sam-
ple is spiked with a known concentration of each
isotope-enriched species that should equal the con-
centration present in the sample to achieve the
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highest accuracy during the isotope ratio measure-
ment. After separation of the different species, for
example, using ion-exchange chromatography, the
isotope ratios in both chromium species are deter-
mined. With four isotope ratios (*°Cr(III)/>>Cr(1II),
BCr(I)A2Cr(1D), S°Cr(VD)/A>Cr(VI), 33Cr(VD)/
2Cr(Ill)) a set of four equations can be solved
to calculate the initial concentrations of Cr(III)
and Cr(VI) as well as the degree of conversions
between Cr(III) and Cr(VI) that have occurred
after spiking. SIDMS as well as isotope dilution
mass spectrometry (IDMS) can be applied to the
development of standard reference materials for
chromium speciation in the environment. The pro-
duction and development of standards, which take
into account possible matrix effects, is an urgent
need, in particular, for solid matter. Only two
matrix-adapted standards for chromium speciation
were developed so far. One is freeze-dried mat-
ter in a lyophilized form (BCR-544) [36], which
contains both chromium species in a concentra-
tion (approx. 25 wgL~!) that can appear in nat-
ural/drinking water. In this form, the reference
material can be stored for a long time without any
species conversion. A simple dissolution in a car-
bon dioxide aerated sodium hydrogen carbonate
buffer at a pH of 6.4 gives a ready-to-use ref-
erence standard. The other one is the only solid
matrix adapted Cr(VI) reference standard. It con-
sists of a glass fiber filter loaded with welding
dust that contains about 100 pg Cr(VI) (BCR-
545) [37].

5.2 Airborne particulate matter

Speciation of chromium in airborne particulate
matter has received an increasing interest during
the last decade [19] and is presently one of the
most urgent analytical problems to be solved. In
comparison to dust of some contaminated work-
ing places (e.g., welding shop [38] or stainless
steel production), the concentration of Cr(VI) in
airborne particulates is very low. Therefore, the
sampling times have to be quite long as compared
to the sampling times of other matrices, where the
amount of collected matter is not time-dependent.
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This particular requirement increases the risk of
species conversion dramatically because Cr(VI)
is in contact with the sampling substrate (filter,
impinger solution, impactor membrane, etc.) for
a long time, and possibly reducing material (e.g.,
Fe(Il), organic matter) is accumulated likewise
during collection or is in steady contact with the
sampled material (for instance, sulfur dioxide).
For sampling of airborne particulate matter, dif-
ferent methods can be employed. The most fre-
quently used technique is air filtration. Many filter
materials were used for this purpose, for example,
regenerated cellulose (RC), cellulose nitrate (CN),
cellulose acetate (CA), glass fibers (GF), quartz
fibers (QF), polycarbonate (PC), polyethersulfon
(PES), nylon, polypropylene (PP), polyvinylchlo-
ride (PVC), polytetrafluoroethylene (PTFE) or
polyvinylidenefluoride (PVDF), with pore diame-
ters between 0.2 pm and up to 10 wm. Choosing
the right material for chromium speciation is essen-
tial. The blank value and the stability of the differ-
ent chromium species under sampling conditions
have to be carefully investigated for each filter
material before use. A very inert filter material, and
one of the most expensive too, is PTFE. However,
filters made of PTFE are a good choice in case
they have to be coated with some aggressive chem-
icals. Neidhart er al. [39] coated PTFE filters with
NaOH and PbO, to stabilize Cr(VI) in strongly
alkaline medium and to suppress the reaction of
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sulfur dioxide with chromate because of oxidation
of SO, by lead dioxide. Here, the use of PTFE fil-
ters is mandatory because most of the other filter
materials would be destroyed under these condi-
tions. This approach, however, is not useful for
routine measurements. Only filters with a diame-
ter of less than 50 mm can be used in this way,
the handling of bigger filters coated with NaOH
and PbO, is almost impossible without breaking
up the coating. Therefore, the sample throughput
is restricted to less than 7 m> in 24 h, which does
not allow to achieve a limit of detection lower than
approx. 2 ng m—>. A significant extension of the
sampling time would lead to Cr(VI) conversion
for reasons already mentioned before. The typical
half-life period of Cr(VI) in ambient particulate
matter is about 13 h [40]. During the sampling pro-
cess, it might decrease because of the accumulation
of reducing particulate substances and the exposi-
tion to reducing trace gases. In Figure 2.6.1.2, the
decrease of Cr(VI) on a loaded filter during col-
lection of airborne particulate matter is shown as a
function of sampling time. On a CN-filter loaded
with 7.1 ng cm~2 Cr(VI) before sampling, airborne
particulate matter is collected with a flow rate of
0.16 m®> h~! cm~2 in a municipal area. After 1 h,
approx. 50% and after 6 h more than 80% of the
Cr(VI) were reduced. In this case, speciation was
carried out — after extraction of a part of the fil-
ter with a NaHCO3/CO, buffer at pH 6.4 — with
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Figure 2.6.1.2. Reduction of Cr(VI) on a filter during sampling of airborne particulates.
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ion pair chromatography coupled to DL-AAS [41]
(diode laser atomic absorption spectrometry) for
detection (conditions: see [42]).

Reducing gases may be (partially) removed
with diffusion scrubbers (denuders or coated
sieves) [39], assembled in front of the filter
holder. A selective removal of reducing particles,
however, is not possible. Even the size selective
sampling of particles with an impactor does not
help much since chromium containing particles can
range in size from below 1 wm (incineration) over
5 to 50 pm (melts) up to 100 pm (Cr-plating). The
mass median diameter of chromium containing
particles in the environment is about 1.5 pwm [43].

An example of metal speciation in airborne
particulate matter is given in Figure 2.6.1.3. The
aerosol was collected in an industrial urban area at
wintertime. Here, a multielement chromatogram is
shown after species separation with ion chromatog-
raphy (Dionex, AS 7) with an Element 2 (Finnigan
MAT) ICP-MS as detector. Figure 2.6.1.3 easily
indicates the usefulness of ICP-MS as detector for
metal speciation because of its multielement detec-
tion capability. Beside its high sensitivity for a
variety of metal and nonmetal ions, the ICP-MS
can give additional information of possible redox
partners, for instance, Fe(Il), present in the sample
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that can influence the presence of Cr(VI) in the
environment.

Figure 2.6.1.3 shows the relative high amount of
Fe(II), which is typically higher in winter than in
summertime [44]. Rhodium and indium are used
as internal standards, whereas Rh(III) indicates the
void volume (no retention time on this column).
In(III) is used for the internal calibration. In the
case of a very difficult matrix, ion chromatography
can be disturbed if, for example, a lot of different
Cr(IIl) complexes are present in the sample,
which could have nearly the same retention
time as Cr(VI). If unknown samples have to be
analyzed, a validation with a species selective
detection method (e.g., complexation with DPC)
is recommended.

An approach toward on-line monitoring of hex-
avalent chromium using filters for collection of
airborne particulate matter was published recently
by Samanta et al. [45] The authors describe a fully
automated system for sampling, extraction, sepa-
ration, and detection of aerosol Cr(VI). Particulate
matter is collected on glass fiber filters (45-mm
diameter) during 15 min (60 L throughput), there-
fore changes in species content should be very
small. The system works with two different fil-
ters, one is collecting airborne particles, while the
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second one is extracted and dried. By this means,
monitoring of aerosol chromate with a good tem-
poral resolution is possible. The loaded filter is
extracted with 10 mmol L~! NaOH (which is nec-
essary for solubilization of lead chromate and other
sparingly soluble chromates), the extract is neu-
tralized in a suppressor system, and the chromate
is collected on an anion-exchange preconcentra-
tion column. Then the chromate is eluted with an
alkaline perchlorate solution and detected photo-
metrically after reaction with DPC in a mixing coil.
A detection limit of 5 ng m= Cr(VI) is reported
for this system.

Another sampling device useful for chromium
speciation is the traditional impinger. Compared
to the filter sampling technique, the impinger is
rather limited with respect to the gas flow rate
(up to 10 m* per 24 h). Nevertheless, impingers
offer some advantages, for instance, the dilution
of the collected material during the sampling
process through the sampling liquid, reducing the
danger of unwanted side reactions of the chromium
species. Furthermore, the species of interest can
be stabilized immediately during sampling by a
buffered medium. Cr(VI), for instance, can be
stabilized by use of an alkaline buffer solution,
which decreases the reactivity toward reducing
substances. Cr(IIl), which is prone to oxidation
in strongly alkaline medium because of oxidants
such as oxygen and some highly oxidized metal
ions, can be protected through complexation with
EDTA or TRIS. The advantage of adjusting the
impinger buffer solution to achieve maximum
stability of the sampled species clearly outweighs
the disadvantage of a lower flow rate. This is
indicated in several papers that compare the
collection of airborne particulate matter with filters
and impingers. In nearly all cases, a higher Cr(VI)
concentration was found when impinger sampling
was applied [46].

6 FOOD

The speciation of chromium in food is only
rarely performed during the last decades. Mainly
soluble chromium has been detected and acid

133

or high temperature digestions have been carried
out to quantify the total amount of chromium
(see [5]). It is not remarkable to find only very
few references about determining Cr(VI) in food
because of the reductive potential of organic
matter. The lifetime of small concentrations of
readily soluble chromates in food should be short
(approx. minutes to hours). Sparingly soluble
chromates such as PbCrOy, in particular when
higher concentrated, might be stable in food for
a much longer time.

Chromium was first discovered as an essen-
tial trace element in 1955. The body of an
average healthy individual contains only several
milligrams. However, this small amount plays
important roles in the enhancement of insulin’s
effectiveness, regulation of blood sugar levels, and
the activation of various enzymes for energy pro-
duction. These are some reasons why chromium
picolinate, a trivalent form of chromium com-
plexed with picolinic acid, is used as a nutritional
supplement [47], but it is also promoted by man-
ufacturers for weight loss, particularly for obese
people who may be in danger of developing dia-
betes. Scientists have been studying the supple-
ment’s potential role in weight control, but so far
the most carefully conducted studies have shown
no benefits. Because chromium helps insulin to do
its job, it seems reasonable that it might help peo-
ple with Type 2 diabetes or those at high risk for
developing it. Low levels of chromium are char-
acteristic of diabetes, though there is no evidence
that low chromium causes diabetes. Some studies
have found that chromium picolinate supplemen-
tation in doses of 200 micrograms is beneficial,
but others have not. The main reason for these
inconsistent results is that even nowadays it is
difficult to diagnose chromium deficiency by use
of atomic spectroscopy and it is still an analyti-
cal challenge for speciation studies performed at
molecular levels.

Concerning Cr(VI), there is one article given
in the literature by Soares et al. [48], who per-
formed a determination of Cr(VI) in animal feeds.
The authors used an alkaline extraction with
0.01 M NaOH and, after centrifugation, deter-
mined the chromium content in the supernatant
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liquid species unselective with electrothermal
atomic absorption spectrometry (ET-AAS). This
approach could lead to higher values for Cr(VI)
than present in the sample. Due to the high pH-
value of 12, some Cr(Ill) could be dissolved as
Cr(OH),~. Therefore, an additional species sepa-
ration step or a species selective detection method
is recommended.

7 CONCLUDING REMARKS

Despite the significant advances that have been
made in metal speciation analysis techniques over
the past 25 years, much remains to be done. Sev-
eral new approaches for separation of chromium
species using different pretreatments and various
chromatographic techniques have been developed.
During the last years, considerable efforts in the
development of hyphenated techniques, that is to
say coupling of high-performance separation tech-
niques with element-selective or structure-selective
detectors, have been made. The state of the art
nowadays in chromium speciation is to perform
the speciation process on-line, that includes sam-
ple pretreatment, species separation, determina-
tion and quantification, and sometimes even sam-
pling in one continuous process. This approach
can reduce the blank value of chromium due to
usually smaller volumes of solvents necessary for
pretreatment and species separation. In addition,
on-line methods are much less time consuming
compared to batch methods. It is now well estab-
lished that flow methods provide the best alterna-
tive to obtain in-field preconcentration as well as
removal of matrix at the same time, thus improv-
ing the sensitivity and selectivity of the detection
methodologies. Moreover, the use of flow-injection
methods provides an easy way to combine several
chromatographic techniques with different detec-
tion methodologies. Very powerful separation tech-
niques and extremely sensitive detection methods
for chromium have been developed, such as cap-
illary electrophoresis for separation or stripping
voltammetry techniques for molecular detection.
These techniques, however, are strongly interfered
by the matrix and therefore are somewhat limited
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in use. The development of an efficient and selec-
tive matrix separation technique is a requirement to
receive the low detection limits that are necessary
for the determination of Cr(VI) in environmental
matrices.

Another big problem that has to be solved in
future is the realization of a sampling procedure of
airborne particulate matter that keeps the species
proportion. During the time-consuming sampling
process, a lot of redox processes can take place
that can change the ratio of Cr(Ill) to Cr(VI).
Efforts have to be done to understand the fate
of chromium in the environment and to develop
a sampling technique that keeps chromium at its
original oxidation state. The use of multielement
detection techniques such as ICP-MS and ICP-
AES offers the possibility of detecting several
other possible redox partners of chromium, thus
giving more information about chromium’s fate in
the specific matrix.
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1 OCCUPATIONAL EXPOSURE

The toxicology of chromium does not reside in the
elemental form. It varies greatly among a wide vari-
ety of very different chromium compounds. Oxida-
tion state and solubility are particularly important
factors in considering the toxicity of chromium with
respect to its chemical speciation [1-8].

1.1 Main occupational exposures
to chromium

Chromium is seldom used alone; as an additive
it endows alloys or materials with new properties:
strength, hardness, permanence, hygiene, color and
resistance to temperature, wear and corrosion [7].
The metallurgical, refractory and chemical indus-
tries are the primary users of chromium. The met-
allurgical industries consumed 85% of primary
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chromium during the 1990s, compared to 78% in
1980. This increase is due to the high growth
in demand for metallurgical products contain-
ing chromium, especially stainless steels. Demand
from other markets has been static over the past
decade, with 8% destined for chemicals and 7%
for refractories and foundry sands [7].

In the metallurgical industry, chromium is used
to produce stainless steels, alloy cast irons, non-
ferrous alloys and other miscellaneous materials.
Ferrochromiums are the main intermediates used by
the metallurgical industry. Chromium is used as an
alloying and plating element on metal and plastic
substrates for corrosion resistance in chromium-
containing and stainless steels and in protective
coatings for automotive and equipment accessories.

In the chemical industry, chromium is used
primarily in pigments, metal finishing, leather
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tanning and wood preservatives. Chromium com-
pounds offer two distinctive features that gov-
ern several main applications, namely, perma-
nence and color stability. Natural materials such
as leather, wood and timber are stabilized for
durability and long service by chromium salts
that also allow permanent fixing of other com-
pounds (mordant behavior) such as colorful dyes,
fungicides and insecticides. Leather tanning is
the largest chemical use, and timber preserva-
tion with the well-known CCA (chromium-copper-
arsenic) product has been the fastest growing in
recent years. Chromium pigments that are used
in paints, inks and plastic coloring are the sec-
ond largest use. Feature colors are chrome green,
chrome oxide green, chrome yellow and molybde-
num yellow, while zinc and strontium chromates
are used in corrosion-resistant priming paints [7].
Other uses are chromium electroplating, other
surface coatings, catalysts, drilling muds, water
treatment, textile dyes, inks, toners for copying
machines, photography, process engraving, mag-
netic tapes, pyrotechnics and as catalysts. In the
past, chromium was also used in cooling towers as
a rust and corrosion inhibitor.

The high melting point of chromium ore has
encouraged its use in refractory compositions for
more than 100 years. In the refractory industry,
chromium is a component in chrome and chrome-
magnesite, magnesite-chrome bricks, and granu-
lar chrome-bearing and granular chromite, which
are used as linings for high temperature indus-
trial furnaces.

Occupational sources of chromium exposure are
found in the following industries [1-7]:

With respect to Cr(VI) compounds, the most
important exposures are:

— to sodium, potassium, calcium and ammo-
nium chromates and dichromates during chro-
mate production;

— to chromium trioxide (chromium oxide or
chromic acid) during chromium plating. There
are two types of chrome plating: the decorative
plating in which a thin layer of chromium
(0.5 to 1 pm: bright chromium platers) is
deposited over another metal and the hard

plating that produces a thicker coating (5 to
10 pm: hard chromium platers) much more
resistant to corrosion than the decoratively
plated material;

to insoluble chromates of zinc and lead
during pigment production and spray painting,
chromate pigments are used in paints, metal
primers, as colorants in rubber, paper and inks;
to water-soluble alkaline chromates during
steel smelting and welding. Cr(VI) compounds
can be found in small amounts in highly oxi-
dized fumes during the melting/smelting and
pickling stages of the production process and
during welding operations [3]. With most arc
welding processes, such as Gas Metal Arc
Welding (GMAW) also known as Metal Inert
Gas (MIG); Flux-cored Arc Welding (FCAW);
Shielded Metal Arc Welding (SMAW) also
known as Manual Metal Arc (MMA); Sub-
merged Arc Welding (SAW), a small fraction
of the filler metal is vaporized-condensed (oxi-
dized) or vaporized-(oxidized)-condensed, cre-
ating a fume consisting of small particles con-
taining chromium that is mainly in the trivalent
form. Cr(VI) is only present in small propor-
tions. The fumes from SMAW (covered elec-
trode) and FCAW processes contain the high-
est proportion of Cr(VI) compounds (K,CrOy,
Na,CrOy4, NaK3(CrOy4),, K;NaCrFg), but with
these two processes it is possible to employ
very efficient fume extraction systems. Gas
Tungsten Arc Welding (GTAW) also known
as TIG Tungsten Inert Gas or WIG, Wol-
fram Inert Gas), GMAW and SAW pro-
cesses do not generate signification amounts
of Cr(VI) [9]. Chromium contained in scrap
metal is metallic;

to other chromates during cement production
and use;

to chromates in CCA (chromium(VI) triox-
ide — copper oxide — arsenic trioxide) timber
preservatives. In wood, Cr(VI) is reduced
to Cr(IIl) forming chromium arsenate. Wood
used for joinery is well-dried and virtually all
Cr(VI) is reduced to Cr(Ill) and no Cr(VI)
was detected in any samples of the work envi-
ronment in six joinery shops [10]. If wood
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is improperly fixed, not as well dried as in
joinery wood, exposure to Cr(VI) may occur.
Dust from commercially available impreg-
nated wood has been found to contain as much
as 20% of total chromium as Cr(VI) [10].

Cr(Ill) compounds that are common in work
place air include:

— chromite ore during chromate production;

— in the ferrochromium industry. Chromium in
chromite ore exists entirely as Cr(III) and most
is reduced to Cr(0) during the production of
ferrochromium. However, oxides of Cr(VI)
can be formed at high temperatures during
the process because of oxidation of Cr(IIl);
Hexavalent compounds are also found in small
amounts in highly oxidized fumes from the
melting/smelting process. Hence, during the
production of ferrochromium, workers may be
exposed to dust and fumes containing Cr(III)
and Cr(VI) compounds;

— chromic oxide during pigment production
and use;

— chromic sulfate during leather tanning;

— chromic oxide during the production of chro-
mium-containing refractories, for example, the
glass production industry, in cement, cop-
per. During the use of chromium-containing
refractories, the high temperatures involved
and presence of alkalis may result in release
of Cr(VI).

Cr(0):

— metallic chromium is an important and widely
used alloying element in ferrous and nonfer-
rous alloys. In alloys based on nickel, iron-
nickel and cobalt chromium is primarily used
to confer oxidation and corrosion resistance.
In alloys of aluminum, titanium and copper,
chromium is used to control microstructure. It
markedly increases the hardness of steel and
improves its resistance to corrosion. Stainless
steel contains at least 12% and may contain up
to 30% chromium. Chromium-containing tool
steels contain 1-12% chromium. Chromium-
containing steels are used in a wide variety
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of industrial and domestic applications: from
engine and jet engine components to surgical
implants. Occupational exposures to airborne
dusts containing chromium metal may occur
during production, welding, cutting and grind-
ing of chromium alloys.

— Chromium powder is used in the production of
welding electrodes and in chromium coatings.

Air limit values for workers
exposed to chromium

ACGIH [11]

Cr(VI) water soluble 50 ugm™3 (TWA)
compounds

Cr(VI) insoluble 10 pgm™ (TWA)
compounds

Cr(0), Cr(I1II) 500 pgm=3 (TWA)

OSHA [12]

Cr(VD) 100 pgm™ as CrOs

(ceiling limit)

Cr(II), Cr(IIT) 500 pgm=3 as Cr

(TWA)

Cr(0), insoluble salts 1000 pgm™ as Cr
(TWA)

NIOSH [13]

Cr(VI) 1 pgm™ (TWA)

Cr(0), Cr(Il), Cr(IIl) 500 pgm=> (TWA)

Note: TWA = time-weighted value

1.2 Biological monitoring: interpretation

Methods for the determination of chromium in bio-
logical and environmental samples are developing
rapidly, and early results should be interpreted with
caution. The determination of chromium species is
currently a very sophisticated procedure, and few
analytical data are available. The biological tissues
appear to be the least adequately addressed of the
matrices with respect to the chemical speciation of
their chromium contents [8].

The five methods that have been used for deter-
mining low levels of chromium in biological sam-
ples are neutron activation analysis (NAA), mass
spectrometry (MS), graphite spark atomic emis-
sion spectrometry (AES), graphite furnace atomic
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absorption spectrometry (GFAAS), and inductively
coupled plasma with mass spectrometry (ICP-MS).
These methods measure chromium as Cr(total) and
do not differentiate between Cr(Ill) and Cr(VI).
Of these five methods, only the GFAAS is readily
available in routine laboratories, and this method
is capable of determining chromium levels in bio-
logical samples when an appropriate background
correction method is used. However, in biological
samples where chromium is generally present as
Cr(IID), the choice of a particular method is dictated
by several factors such as the type of sample, its
chromium level, and the scope of the analysis [1].

Numerous investigators report on biological
chromium levels in workers exposed to various
chromium compounds. Studies have been mainly
performed on electroplaters and welders exposed
to Cr(VI) but also in tannery workers exposed
to Cr(Ill). Workers exposed mainly to Cr(VI)
compounds have higher urinary Cr levels than
those exposed primarily to Cr(Ill) compounds;
hard chromeplaters have higher urinary chromium
levels than bright chromeplaters; MMA stainless
steel welders display higher levels than MIG
or TIG stainless steel welders or mild steel
welders [1-3, 14, 15].

Chromium in urine can be regarded as a marker
of internal chromium exposure. However, on the
basis of urinary chromium alone it is not pos-
sible to distinguish whether exposure to Cr(VI)
or Cr(Ill) has occurred. It provides information
on total chromium absorption: Cr(VI) and Cr(II)
from occupational and environmental sources.
Organic Cr(II) complexes taken as food supple-
ments can be easily absorbed, and elevated uri-
nary chromium levels can be misinterpreted if
considered as specific biomarker of exposure to
Cr(VI). Still, the determination of chromium in
urine is often regarded as the most practical biolog-
ical monitoring method for assessing exposure to
water-soluble Cr(VI) compounds in occupationally
exposed subjects. Both past and recent exposure
influence the urinary chromium level, while the
daily incremental increase in urine (postshift value
minus preshift value) appears to be a better indi-
cator of current exposure to water-soluble Cr(VI)
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compounds. Chromium accumulation is demon-
strated by increasing preshift urinary chromium
concentrations during the working week and
slowly decreasing urinary chromium levels during
periods of discontinued exposure [16].

The American Conference of Governmental
Industrial Hygienists (ACGIH) has adopted as the
biological exposure index for Cr(VI) water sol-
uble fumes 10 pg total chromium/g creatinine
as increase during a shift and 30 pg/g creati-
nine at the end of shift corresponding to a time-
weighted-average exposure of 0.05 mgm™3 [11].
The Deutsche Forschungsgemeinschaft has esti-
mated that exposure to chromium oxide concen-
trations of 0.03, 0.05, 0.08 and 0.1 mg m~3 leads
to postshift urinary concentrations of 12, 20, 30
and 40 pg chromium L~! [17].

Cr(VI) penetration into the erythrocytes can
occur at any time in the three-month life span
of the cells. Hence, chromium in red blood cells
reflects internal exposure to Cr(VI) during the
lifetime of the erythrocytes. According to the
Deutsche Forschungsgemeinschaft [17], long-term
exposures to airborne concentrations of chromium
trioxide of 0.03, 0.05, 0.08 and 0.1 mg m~3 result
in chromium concentrations of 0.9, 1.7, 2.5 and
3.5 ng/100 mL whole blood. It is suggested that
exposure to highly soluble Cr(VI) compounds
might be monitored by Cr determination in ery-
throcytes in parallel to the determination of Cr
in urine. When low levels are found in erythro-
cytes with correspondingly higher urinary Cr lev-
els, extracellular reduction of the Cr(VI) can be
considered to have been sufficient for rapid detox-
ification and elimination of these compounds [18].

2 CLINICAL ASPECTS
2.1 Toxicokinetics

In mammals, differential kinetics of Cr(VI) and
Cr(IIT) and reduction of Cr(VI) to Cr(III) are most
important determinants of the disposition and toxi-
city of chromium. The bioavailability of chromium
is a most important factor determining the toxic-
ity of a specific chromium source. Absorption of
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inorganic Cr(VI) compounds, by ingestion, inhala-
tion or dermal contact is higher than that of inor-
ganic Cr(Ill) compounds. Once absorbed, Cr(VI),
which is unstable in the body, is reduced to
Cr(V), Cr(IV) and ultimately to Cr(III) by many
substances, including ascorbate and glutathione.
Absorbed chromium is excreted primarily in urine
mainly as Cr(III).

2.1.1 Absorption
2.1.1.1 Ingestion

The rate of chromium absorption after oral expo-
sure is relatively low and depends on several fac-
tors such as the valence state, the water solubility
and the chemical form of the compound, as well
as the gastrointestinal pH.

Gastrointestinal absorption of inorganic Cr(VI),
although limited, occurs with greater efficiency
than absorption of inorganic Cr(III). Rates of
chromium uptake from the gastrointestinal tract
varies from practically null for highly insolu-
ble inorganic Cr(IIl) compounds such as chromic
oxide to 0.4-3.0% for inorganic Cr(Ill) com-
pounds to approximately 2—10% for inorganic
Cr(VI) as potassium chromate [1-4, 19-23].

Chromate is unstable in acid solution and tends
to be rapidly reduced to the trivalent state.

Human and animal studies have demonstrated
that, after intestinal administration, the absorption
of Cr(IlT) (chromium chloride) is not significantly
changed, while the absorption of Cr(VI) (°!Cr-
labeled sodium chromate) is greatly increased.
Moreover, incubation of Cr(VI) (sodium chro-
mate) with gastric juices prior to intraduodenal
or intrajejunal administration in humans and rats,
respectively, virtually eliminated absorption of
chromium. Samples of gastric juice from variously
treated human subjects efficiently reduced Cr(VI)
(as sodium dichromate). Hence, the absorption of
(di)chromate is highly dependent on the degree
of reduction of Cr(VI) to Cr(Ill) by the gastroin-
testinal tract. Reduction of Cr(VI) to Cr(IIl) by
acidic fluids in the digestive tract, for example, by
saliva and mainly gastric juice and sequestration
by intestinal bacteria decrease intestinal absorption
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of Cr and probably account for the poor intestinal
absorption of Cr(VI) [24, 25]. Fasting conditions
may strongly influence the gastrointestinal pH, and
hence Cr(VI) reduction and absorption rates. Many
beverages or food components have reducing prop-
erties [26]. Some investigations show that nearly
all the ingested Cr(VI) (potassium dichromate)
is reduced to Cr(Ill) before entering the blood-
stream [21, 22]. However, the absorption from the
gastrointestinal tract is so fast, as reflected by the
rapid apparition of chromium in the blood, that it
is able to compete effectively with reduction in the
stomach [27]. Alternatively, the rapid increase of
chromium in blood, could be explained by the for-
mation of well-absorbed Cr(III) organic complexes
following the reduction of Cr(VI) in the gastroin-
testinal tract [20, 28].

Comparative ingestion of a single dose of
potassium dichromate alone [Cr(VI)], potassium
dichromate fully reduced to Cr(III) with orange
juice (prior to ingestion) or chromium trichlo-
ride (Cr(IIl) resulted in a bioavailability of 6.9%
for Cr(VI), 0.6% for Cr(VI) reduced by orange
juice to Cr(IIl) and 0.13% for Cr(IIl), based on
two-week urinary excretion. Hence, the reduc-
tion of Cr(VI) in orange juice leads to the for-
mation of organic Cr(III) complexes that are
more bioavailable than inorganic Cr(Ill) [21]. The
absorption of Cr(Ill) is effectively dependent on
its chemical form; while inorganic Cr(IIl) is
poorly absorbed, organic Cr(Ill) appears to be
more readily absorbed. The form of ligand linked
to Cr(Ill) has a major influence on chromium’s
bioavailability. Organic complex forms of Cr(III)
with ligands such as acetate, citrate, glycine,
glutathione, nicotinate and picolinate are fairly
well absorbed by comparison with inorganic salts.
These complexes show different tissue distribu-
tion and access to biologically important storage
depots than other chromium compounds [29]. The
most popular form of chromium in dietary sup-
plements, chromium picolinate, is remarkably sta-
ble; it remains intact for several hours in synthetic
gastric juice and days to weeks under other phys-
iologically relevant conditions and is much more
absorbed than dietary Cr(III). The complex also
appears to pass unhindered through the jejunum
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and probably migrates to and is incorporated into
cells in its original form [30].

Cr(VI) release from stainless steel during cook-
ing is unlikely to occur to any significant level.
Acidic food items leach more chromium from
stainless steel than do neutral or basic food items.
However, this acidity would rapidly reduce Cr(VI)
to Cr(II), and it is unlikely that this leaching would
result in actual absorption of Cr(VI) by the organ-
ism [31].

The ingestion of chromium-contaminated soil
by children because of their mouthing behav-
ior is a matter of concern. The geochemical and
physical properties of soil influence the bioavail-
ability of chromium. Animals orally adminis-
tered chromium in soil excreted higher levels of
chromium in both urine and feces compared to a
group fed CaCrO, [32]. Utilizing simulated gas-
tric conditions, the oral bioaccessibility of Cr(III)
(as chromic chloride) and Cr(VI) (as sodium chro-
mate) in soil was determined to range between 18
and 72%, depending on the temperature, the pH
and the type of soil. Overall, it appears that Cr(III)
is more readily extracted from soil than Cr(VI) by
the synthetic gastric juice [33].

2.1.1.2 Inhalation

Numerous experimental and human studies indi-
cate that several factors can influence the absorp-
tion of chromium following inhalation: the size of
the particles or droplets, the oxidation state, the
solubility of the chromium particles in the biolog-
ical fluids, the activity of alveolar macrophages,
the interaction of chromium with biomolecules fol-
lowing deposition in the lung [1-6]. In humans,
absorption of inhaled chromium following occu-
pational exposure has been demonstrated by detec-
tion of chromium in the serum, urine or/and hair
of workers exposed to Cr(IIT) or Cr(VI).
Following inhalation exposure, chromium may
be cleared from the lungs to the gastrointestinal
tract by mucociliary clearance, absorbed into the
systemic circulation or remain in the lung. While
Cr(Ill) compounds, absorption and mucociliary
clearance is estimated to be only 5-30%, about
53-85% of Cr(VI) compounds (particle size
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<5 pm) are cleared from the lungs by absorption
into the bloodstream or by mucociliary clearance
in the pharynx; the rest remaining in the lungs [1].
Intratracheal instillation of Cr(III) (as CrCls) in
anesthetized rabbits resulted in limited absorption:
in blood chromium was entirely confined to the
plasma compartment and only trace amounts were
deposited in liver and kidney. By contrast, after
similar application of Cr(VI) (as Na,CrO,), the
bulk of blood radioactivity was present in erythro-
cytes, and substantial deposition occurred in liver
and kidneys [34]. This experiment illustrates the
importance of chromium species in its bioavail-
ability. Cr(III) compounds are poorly absorbed, but
nevertheless increased urinary chromium concen-
trations have been observed in workers exposed to
Cr(II), indicating that Cr(IIl) is absorbed at least
to some extent.

Absorption of soluble Cr(VI) compounds is
rapid compared to that of poorly soluble or insolu-
ble Cr(VI) compounds. Following an initial phase
of absorption, chromium remaining in the lungs
is cleared more slowly. Hence, chromium accu-
mulation in the lungs occurs after repeated inhala-
tion of chromium compounds; this phenomenon
being more pronounced for poorly soluble or insol-
uble compounds.

Within the respiratory tract, Cr(VI) is reduced
to Cr(III) in the epithelial-lining fluid, pulmonary
alveolar macrophages, bronchial tree and periph-
eral lung parenchyma cells. Ascorbate seems to
play a main role in this process; reduction by
glutathione is slower and results in a greater res-
idence time of chromium in the lungs [35]. An
enhanced chromium-reducing capacity of human
pulmonary alveolar macrophages and periph-
eral lung parenchyma has been observed in
smokers [36].

2.1.1.3 Dermal

Systemic toxicity has been observed in humans
following dermal exposure to Cr(VI) compounds,
mainly chromic acid, indicating a significant
percutaneous absorption [37—-41].

The systemic uptake of chromium in volun-
teers immersed below the shoulders during three
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hours in water containing Cr(VI) at a con-
centration of 22 mg L~! was calculated to be
1.5%10™* pg/cm?-hour [42].

In vitro, Cr(VI]) (as potassium dichromate) was
found to have a greater ability to penetrate the
human skin than Cr(IIl) (as chromium chloride
or chromium nitrate) and also a higher degree
of accumulation in the skin. The uptake in the
epidermis was more ten times higher than that of
Cr(IlT) even when Cr(III) was applied at twofold
higher concentrations [43].

Lower skin penetration of Cr(III) agrees with the
observation that much smaller amounts of Cr(VI)
than of Cr(Ill) are required to elicit a positive
reaction in hypersensitive persons [44, 45].

Topical application of aqueous solution of
Cr(VI) on the skin of rats generated the tran-
sient species, Cr(V). Partial removal of the stra-
tum corneum increased the rates of formation
of Cr(V) [46]. However, investigations indicated
a limited reduction ability of the human skin
in vitro [43].

2.1.2 Distribution and elimination

Once absorbed, the fate of chromium will depend
on the oxidation state. At physiologic pH, Cr(VI)
predominantly exists as the chromate ion CrO4=
with a structure similar to physiologic anions
like PO4= and SO4~ and readily penetrates cell
membranes through the phosphate and sulfate
anion-exchange carrier pathway. While Cr(III)
compounds are unable to cross the cell mem-
branes by the same pathway, soluble Cr(III) may
enter cells via passive diffusion and phagocyto-
sis, but only with very low efficiency [1-4]. It
seems that Cr(IIl) can bind to the cell mem-
brane because of the presence of cation-binding
sites on it [47]. Insoluble lead chromates have
been shown to adhere in vitro to the cell mem-
brane and dissolve to release a high local con-
centration of chromate oxyanions that can enter
the cell. Phagocytic uptake of these particles also
occurs [48].

Once Cr(VI) has penetrated the cell, it is
reduced to Cr(III). This reduction occurs probably
in all tissues but has been mainly demonstrated
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in the kidneys and the liver. A wide vari-
ety of factors have been documented to reduce
Cr(VI) in vitro; microsomal and mitochondrial
enzymes as well as nonenzymatic reductants are
involved (a.o. ascorbate, glutathione, cysteine,
H,0;, cytochrome P450, glutathione reductase,
NAD(P)H, DT diaphorase). Their respective role
under physiological conditions is not yet clearly
elucidated. Moreover, species differences observed
in Cr(VI) metabolism suggest that observations
in rodents cannot necessarily be extrapolated to
humans. Ascorbate and glutathione seem to be the
major reductants of Cr(VI) in cells. Cysteine also
plays a role in the reduction process of Cr(VI), a
role that appears to become more significant under
conditions of occupational exposure to Cr(VI)-
containing welding fumes [49—54]. The reduction
inside the cell makes chromium essentially imper-
meable through the cell membrane.

Reduction of Cr(VI) to Cr(Ill) occurs in the
plasma limiting the penetration of Cr(VI) into red
blood cells. This reduction capacity is enhanced
by a recent meal but may be overwhelmed at very
high Cr(VI) concentrations [55]. The reductive
capacity of plasma is lower than that of the red
blood cells [55, 56]. The uptake of 3'Cr(VI) by
RBCs in whole blood is characterized by two
apparent half-times of about 23 seconds and 10
minutes in vitro [57]. Within the red blood cells,
Cr(VI) undergoes rapid reduction to Cr(IIl) by
hemoglobin, glutathione and other reductants [51,
55, 56]. The cellular reduction of Cr(VI) maintains
its concentration within the cell at a low level,
allowing continuing penetration of Cr(VI) into the
cell. The rate of Cr(VI) uptake into red blood cells
may not exceed the rate of intracellular reduction
at these concentrations [55]. After a few hours,
chromium is bound quantitatively intracellularly,
and this intracellular chromium cannot be removed
to the extracellular space even by addition of
chelating agents as long as the cell membrane
is intact. Unstable intermediates formed during
the reduction, Cr(V) and Cr(IV), and Cr(IIl) bind
to hemoglobin and other intracellular components
such as glutathione and amino acids, resulting
in increased total chromium levels that remain
elevated in the red blood cells fraction of blood for
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several weeks [20]. This explains why following
Cr(VD) exposure, plasma and red blood cells
chromium levels rise rapidly to a peak, and the
red blood cells level remains consistently elevated
for weeks, while plasma chromium level returns
rapidly to background [20].

In the bloodstream, Cr(II) is mainly confined
to the plasma compartment [57] and possesses a
highly stable binding activity for the S-globulin
fraction of serum proteins but also for other metal-
transporting proteins such as transferrin. At higher
concentrations, Cr(III) binds to serum albumin or
a1- or op-globulins [20].

Since the penetration of Cr(IIl) in the red blood
cells is limited, the ratio of whole blood chromium
to plasma chromium concentrations is significantly
different following Cr(VI) and Cr(IIl) exposures.
As only Cr(VI) appears to be able to penetrate the
erythrocyte membrane significantly either because
it exceeds the plasma reduction capacity or because
it enters the erythrocytes before the reduction has
occurred, monitoring of red blood cell-chromium
may be a useful indicator of systemic uptake of
Cr(VI), but not to trivalent.

Tissue levels are higher after exposure to Cr(VI)
than to Cr(Ill). The highest concentrations are
found in the lung, blood, liver, kidney, spleen,
heart and bone tissues [1-4]. Autopsy studies
indicate that chromium concentrations in the body
are highest in kidney, liver, lung, aorta, heart,
pancreas and spleen at birth and tend to decrease
with age. In all tissues, except for the lungs, there
was a rapid decline in chromium concentrations
from birth to the age of 10 years, followed
by a more gradual decrease until the age of
80 years. The levels in the lung first decline
but increase again from mid life to old age.
Following inhalation, high levels of chromium can
be found in the lungs for extended periods since
it is not completely cleared or absorbed. Insoluble
chromium compounds that are not cleared may be
retained for a considerable time.

After oral exposure to chromium compounds,
especially those of Cr(IIl), chromium is recovered
almost entirely in the feces because of the poor
absorption rate. Absorbed chromium is mainly
excreted via urine; minor routes include feces,
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milk, sweat, hair and nails [1-4]. The existence
of a capacity-limited renal reabsorption process is
suggested [1].

Following ingestion, the urinary excretion half-
lives of chromium as Cr(Ill) chloride, potassium
dichromate reduced with orange juice or potassium
dichromate were approximately 10, 15 and 40 hours,
respectively [20, 21]. In a case of acute oral potas-
sium dichromate poisoning, urinary elimination
proceeded according to an open one-compartment
model with a half-life around 71 hours. Chromium
elimination from serum followed an open two-
compartment model, with average half-lives of
3.16 hours for phase one and 50 hours for the sec-
ond phase [58]. In a man who was repeatedly given
Cr(VI) in drinking water, a plasma elimination half-
life of 36 hours was estimated [59].

A linear one-compartment kinetic model gave
estimates of the half-times ranging from 15
to 41 hours for chromium in urine of welders
and electroplaters mainly exposed via inhala-
tion. Detailed kinetic studies in welders sug-
gest the existence of three compartments show-
ing elimination half-lives of approximately 7 h,
15-30 days and 3-5 years [1-4, 14, 15]. Obser-
vations in chromeplaters suggest that the excre-
tion of chromium can be approximated to a two-
compartment model; an initial rapid phase with
an assumed half-life of 2—-3 days being followed
by a phase with a half-life of approximately one
month [60]. A follow up of a former plasma cut-
ter of stainless steel exposed to dust and fumes
containing chromium during his work concluded
to half-lives of more than three years in serum
and about 10 years in urine. The study shows that
exposure to airborne dust and fumes containing
chromium may cause accumulation of chromium
in the body (mainly in the lungs), and that when
exposure ends, elimination of chromium is very
slow [16].

There is indication that all chromium excreted in
the urine is Cr(IIl) regardless of the nature of the
exposure (Cr(Ill) or Cr(VI)), indicating the rapid
reduction of Cr(VI) before excretion. [1, 27].

Figure 2.6.2.1 aims to summarize the main
toxicokinetic aspects of chromium.
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Figure 2.6.2.1. Summarizes the main characteristics of chromium toxicokinetics. Cr(VI) is readily reduced in the GI and
respiratory tracts to Cr(III), which is much less bioavailable. This reduction also occurs in the plasma limiting the uptake
of Cr(VI) by the cell. Organic Cr(Ill) complexes are more readily absorbed and able to cross the cell membranes. Cr(VI)
penetrates the cell via the sulfate anion channel and is reduced to unstable intermediate, Cr(V), Cr(IV) and finally Cr(III), which
bind to intracellular components. These complexes remain inside the cell for its life span. Cr(VI) is reduced to Cr(Ill) before

urinary excretion. Cr(III)-L : Cr(III) bound to a ligand.

The values reported for chromium concentra-
tions in the blood of nonoccupationally exposed
human beings were considered to range from
0.2 to 70 wgL~! in serum and plasma and 5
to 54 gL~ in red blood cells [1-4]. More
recent studies indicate that chromium concentra-
tion in the plasma or serum of healthy sub-
jects is of the order of 1 pgL~' or less [15,
61]. The reference values (arithmetic mean)
reported in a review on trace element concen-
trations in biological specimens according to the
TRACY protocol ranged from 0.5 to 1.5 pgL~!
serum [62]. Highly variable values are reported for
whole blood 0.7-28.0 wgL~! [61]. In red blood
cells, values ranging from 3-7 pgL~! [63] to
20-36 wgL~! [61] are found.

Chromium in urine rarely exceeds 0.5 ng/g
creatinine and is generally below 1 pg/g creati-
nine [1-4, 15]. Smokers display higher urinary
chromium levels than nonsmokers do. Exercise,
pregnancy, infection, physical trauma and other

forms of stress, drinking beer, intake of min-
eral supplements and diabetic status all led to
slightly elevated urinary chromium levels, while
red blood cells chromium level were not affected
by these factors [64]. A nearly fivefold increase
in chromium excretion, associated with exercise-
induced increases in glucose utilization, has been
shown in volunteers 2 h after a strenuous 6-mile
run [65].

2.2 Essentiality and toxicity of chromium

The biological reactivity of chromium depends on
its valence state. Schematically, the metallic state
(zero valence) is biologically inert, the trivalent
state represents the essential element and the
hexavalent chromium is considered to be the
toxic form.

In humans and animals, Cr(III) is an essen-
tial nutrient; it plays a role in glucose, fat and
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protein metabolism by facilitating interaction of
insulin with its receptor site [66]. Till today, the
essential form of the chromium carrying compound
has never been unequivocally identified. It is sug-
gested that the oligopeptide chromodulin binds
chromic ions in response to an insulin-mediated
chromic ion flux, and the metal-saturated oligopep-
tide can bind to an insulin-stimulated insulin
receptor, activating the receptor’s tyrosine kinase
activity. The molecular agent responsible for trans-
porting chromium from mobile pools to insulin-
sensitive cells is probably the metal transport pro-
tein transferrin [30]. Increases in insulin levels
should result in increased transport of transferrin,
including the portion containing bound chromium,
culminating in chromium transport from the blood
to insulin-sensitive cells and ultimately chromod-
ulin [30].

Suboptimal dietary intake of chromium is asso-
ciated with increased risk factors linked with dia-
betes and cardiovascular diseases: elevated blood
glucose, insulin, cholesterol and triglycerides, and
decreased high-density lipoproteins. More severe
signs of chromium deficiency (including nerve and
brain disorders) that are reversed by supplemen-
tal chromium have been reported in patients on
total parenteral nutrition without Cr(III) supple-
mentation [66, 67]. Only Cr(Ill), and not Cr(VI),
potentiates the action of insulin both in vitro and
in vivo.

However, Cr(III) does not work physiologically
as a free ion, but rather when linked with a suit-
able ligand [68]. The form of ligand is of primary
influence in chromium’s bioavailability, function
and safety. In the past decades, some researchers
have put forward the hypothesis of the occurrence
of a chromium—nicotinic acid complex as the bio-
logically active form of Cr(IIl) (glucose tolerance
factor or GTF), a compound that could poten-
tiate insulin function in regulating carbohydrate
metabolism and reducing levels of low-density
lipoprotein cholesterol (LDL) cholesterol [68]. The
GTF factor has, however, never been identified,
and its concept cannot be withheld anymore [30].

Niacin-bound chromium(III), or chromium polyn-
icotinate, and chromium picolinate are used as
micronutrients and dietary supplements. Trivalent
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chromium supplementation has been suggested as
an attractive option for the management of type 2
diabetes and for glycemic control in persons at high
risk of type 2 diabetes. It has been stated that serum
glucose can be improved by chromium supplemen-
tation in both types 1 and 2 diabetes [69]. However,
arecent systematic review and meta-analysis of ran-
domized clinical trials concluded that no association
between chromium and glucose or insulin concen-
trations among nondiabetic subjects could be shown,
the data for persons with diabetes were assessed
inconclusive [70].

Very rare cases of toxicity involving Cr(III)
picolinate excessive ingestion have been reported
[71-73].

The toxic mechanism of action differs for hex-
avalent versus trivalent chromium. Cr(VI) causes
cellular damage via its role as a strong oxidizing
agent, whereas Cr(IIl) can inhibit various enzyme
systems or react with organic molecules [1-4].
Cr(VI) compounds were found to be 1000 times
more cytotoxic to human cells than were the Cr(III)
compounds at equimolar concentration [74, 75].
The difference in toxicity between Cr(VI) and
Cr(III) compounds is believed to be due to the
fact that Cr(VI) can penetrate biological mem-
branes via nonspecific anion carriers more read-
ily than Cr(III). However, it appears that Cr(III)
compounds may cause toxicity at higher concen-
trations and/or depending on the ligands attached
to it [76-78].

On the one hand, Cr(VI) and not Cr(IIl) pene-
trates the cell. On the other hand, Cr(IIl) and not
Cr(VI) binds to DNA. Hence, although is Cr(VI) is
considered to be the toxic form of chromium, there
are strong indications that Cr(III) or the interme-
diates formed during the intracellular reduction of
Cr(VI) contribute to the cytotoxicity, genotoxic-
ity and carcinogenicity of Cr(VI) compounds. The
intracellular reduction of Cr(VI) generates unsta-
ble, reactive Cr(V) and Cr(IV) intermediates as
well as, in Fenton-like oxidative cycling, unsta-
ble reactive oxygen species (ROS) (superoxide
anion, hydroxyl radicals and nitric oxide, thiyl
radicals, ascorbate radical and carbon-based rad-
icals) and finally Cr(IIl) that forms stable com-
plexes with many biological ligands, including
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DNA [77-85]. The toxicity of Cr(VI) is thought
to result from either direct binding of these inter-
mediates to cellular constituents and/or through the
generation of free radicals (Figure 2.6.2.2 summa-
rizes the main aspects involved in the toxicity of
chromium). Chromium elicits numerous effects at
the biochemical, the genomic and the cellular lev-
els. In vitro and in vivo studies have demonstrated
that Cr(VI) induces an oxidative stress leading to
DNA damage and oxidative deterioration of lipids
and proteins. A cascade of cellular events occurs
following Cr(VI)-induced oxidative stress includ-
ing increased lipid peroxidation, membrane dam-
age with leakage of lactate dehydrogenase (LDH),
modulation of intracellular oxidized states, activa-
tion of protein kinase C, apoptotic and necrotic
cell death, and altered gene expression [86, 87].
A variety of DNA lesions are generated during
the reduction of Cr(VI) to Cr(Ill), including DNA
strand breaks, alkali—labile sites, DNA—protein
and DNA-DNA crosslinks, Cr—-DNA adducts
and oxidative DNA damage, such as 8-oxo-
deoxyguanosine. The relative importance of the
different chromium complexes and oxidative DNA
damage in the toxicity of Cr(VI) is unknown [35].

Independent of any inherent ability to generate
ROS, Cr(VI) might compromise the cell’s antioxi-
dant defenses, for example, by depleting ascorbate

-
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or glutathione or by inhibiting glutathione reduc-
tase [81].

Except at very high concentrations, most Cr(III)-
containing compounds are relatively nontoxic,
nonmutagenic and noncarcinogenic [54]. How-
ever, it is important to mention that the form of
ligand is of primary importance in the bioavail-
ability and potential toxicity of Cr(III). One should
stress that release of chromium from chromium
picolinate for use in cells requires reduction of
the chromic center, a process that can lead poten-
tially to the production of harmful hydroxyl rad-
icals [30]. An invitro study has demonstrated
concentration-dependent effects of Cr(II) picoli-
nate and niacin-bound Cr(IIl) on enhanced pro-
duction of ROS including superoxide anion and
hydroxyl radicals, and DNA. Although both Cr(III)
supplements exhibited significantly much less
oxidative stress and DNA damage compared with
Cr(VI), Cr(IIT) picolinate exhibited higher produc-
tion of noxious superoxide anion and increased
DNA fragmentation compared with niacin-bound
Cr(IID) [87]. Cr(IIl) picolinate has been shown to
be mutagenic in vitro at physiological relevant
doses, whereas at the same dose Cr(III) chloride
was not. Similarly, chromium picolinate caused
significant cell death, while chromium nicotinate,
nicotinic acid and chromium chloride did not cause
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Figure 2.6.2.2. Summarizes the main aspects of chromium toxicity.



CLINICAL ASPECTS

any cell death or toxicity. Hence, coordination of
Cr(III) with picolinic acid might make chromium
more genotoxic than other forms of Cr(II) [88].

If the reduction of Cr(VI) to Cr(III) inside of tar-
get cells is implicated in the toxicity of chromium
compounds, this reduction in body fluids and non-
target cells results in detoxification and is a major
mechanism of protection since the poor ability of
Cr(III) to cross cell membranes [35]. When intro-
duced by the oral route, Cr(VI) is efficiently detox-
ified upon reduction by saliva and gastric juice,
and sequestration by intestinal bacteria. If some
Cr(VI) is absorbed by the intestine, it is mas-
sively reduced in the blood of the portal system
and then in the liver. It has been claimed that
these mechanisms may explain the lack of geno-
toxicity, carcinogenicity and induction of other
long-term health effects of Cr(VI) by the oral
route [35]. Within the respiratory tract, chromium-
reducing processes also lower the toxic potential
of Cr(VI). Pulmonary macrophages phagocytose
the Cr(VI) particles that are then reduced and
sequestered. These macrophages can be expecto-
rated or swallowed. Cr(VI) is also reduced in the
epithelial-lining fluid; the lining layers of rat lungs
provide an ascorbic acid-related capacity for pro-
tection of the cells against the toxic effects of
chromates. Hence, it is suggested that lung cancer
can only be induced when Cr(VI) doses overwhelm
these defense mechanisms. The efficient uptake
and reduction of Cr(VI) in red blood cells could
explain its lack of carcinogenicity at a distance
from the portal of entry into the body [35]. Cr(VI)
compounds are easily reduced, but oxidation of
trivalent to hexavalent chromium does not appear
to occur in the organism.

2.3 Health effects

The overall toxicity, carcinogenicity and general
hazards of chromium are highly related to chemical
speciation, the hexavalent chromium compounds
being more toxic than the trivalent compounds.
Acute and/or long-term exposure to Cr(VI) is
mainly associated with damage to the skin, the
respiratory tract, the kidneys and an increased risk
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of lung cancer, the type of damage and the target
organ being dependent on the route of exposure.

2.3.1 Acute exposure

Reported oral LDsy values in rats are in the
range 13-80 mg of Cr(VI) per kg of body
weight for soluble compounds; 250-3120 mg/kg
bw for slightly soluble compounds. The oral
LDsy for Cr(IIl) compounds range from 1900
to 3300 mg/kg bw. Hence, hexavalent com-
pounds appear to be 10—100 times more toxic
than the trivalent chromium compounds by the
oral route. Acute inhalation LCsy values in rats
for several soluble chromium(VI) compounds
(sodium chromate, sodium dichromate, potas-
sium dichromate, ammonium dichromate and
chromium trioxide) ranged from about 30 to
140 mg chromium(VI)/m? [1-4]. In adult human
subjects, the lethal oral dose is 50—70 mg soluble
chromates/kg body weight [2].

Some Cr(VI) compounds, such as chromic
acid, sodium and potassium chromates, are potent
oxidizing agents, and are thus strong irritants of
mucosal tissue. They may cause severe eye, skin,
digestive tract and respiratory tract irritation with
possible burns.

Fatal cases of accidental or intentional inges-
tion of Cr(VI) (potassium, sodium dichromate and
ammonium dichromate) have been reported in the
past and continue to be reported, but cases of
acute occupational exposure to chromium are par-
ticularly rare. Caustic burns in the gastrointestinal
tract resulting in thirst, vomiting and abdominal
pain, severe hemorrhage, cardiovascular collapse
due to severe hypovolemia, acute tubular necrosis
(ATN) with oliguria/anuria, severe liver damage,
coagulopathy, convulsions, coma and death are
described [1-4]. About 1 g of potassium dichro-
mate (VI) is considered a lethal dose. Persons who
ingested 5 g or more experienced gastrointesti-
nal bleeding, massive fluid loss and death within
12 hours after ingestion. When the ingested dose
was 2 g or less, renal tubular necrosis or diffuse
hepatic necrosis resulted, with acute renal failure
before death in some cases. Typically, the kid-
ney and liver effects develop 1 day to 4 days after
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ingestion of a sublethal dose. Acute chromium poi-
sonings are often fatal regardless of the therapy
used [1]. A case of adult respiratory distress syn-
drome has also been reported following ingestion
of potassium dichromate [89].

Intact or damaged skin contact with Cr(VI)
compounds can result in severe systemic toxicity.
In the past, external application of chromic acid
for the treatment of warts and cauterization of
hemorrhoids has given rise to many cases of
poisoning with acute renal failure [S]. Antiscabies
ointment containing Cr(VI) resulted in necrosis
of skin at application sites, nausea, vomiting,
shock, coma and death. Severe nephritis and
death followed cauterization of an open wound
with Cr(VI) oxide. An occupational fatality was
described after an accident in which a worker
was burned on the arms and trunk with hot
potassium dichromate [1]. Chromium intoxication
can occur from the cutaneous absorption of
chromium following chromic acid burns that are
as small as 1% of the total body surface area [40].
Fatal issues have been reported in cases with
corrosions covering less than 10% of the body
surface area [90].

Very little quantitative data are available con-
cerning the acute toxicity produced by the inhala-
tion of chromic acid and chromates.

The IDLH (Immediately Dangerous To Life
Or Health Concentrations) established by the
NIOSH [91] (30 mgm™ as CrOs, or expressed
as its equivalent: 15 mg Cr(VI)/m?®) is based on
the statements by ILO [92] that ‘a man exposed
for several days to concentrations of chromic
acid mist of about 20-30 mgm™> experienced
cough, headache, dyspnea and substernal pain;
the signs persisted for 2 weeks. Another man
working on the same process was similarly but
less severely affected’. No inhalation toxicity data
were available on which to base an IDLH for
Cr(III) compounds. Therefore, the revised IDLH
for Cr(Ill) compounds was established at 25 mg
Cr(IIT)/m? on the basis of acute oral toxicity data
in animals. This may be a conservative value due to
the lack of relevant acute toxicity data for workers
exposed to concentrations above 25 mg Cr(IIT)/m>.

ELEMENT-BY-ELEMENT REVIEW

2.3.2 Noncarcinogenic effects on the
respiratory tract

The respiratory tract constitutes a major target fol-
lowing inhalation exposure. Occupational exposure
to chromium compounds, which mainly occurs
via inhalation, has been mainly studied in the
chromate-production, chrome-plating and chrome-
pigment, ferrochromium production, leather tan-
ning and chrome alloy production industries.

2.3.2.1 Nasal and septal mucosa irritation

Nasal mucosa irritation and atrophy, nasal sep-
tum ulceration and perforation have been widely
reported, in the past, in chromeplaters follow-
ing exposures to Cr(VI) as chromic acid mist.
Associated signs and symptoms include inflamed
mucosa, rhinorrhea, nasal itching, soreness, sneez-
ing, smeary and crusty septal mucosa and nose
bleed. Initially, nasal septum ulceration may
be painless but with continued exposure the
narcotizing effect of chromates to underlying
tissues may become painful and lead to per-
manent scarring [1-4]. Nasal ulcers and per-
forations have been associated with exposures
to Cr(VI) concentrations of 0.09-9.1 ugm™3
(average: 2.9 pgm™>); almost all the workers
employed longer than 1 year showed nasal tis-
sue damage [93]. In another study, these lesions
have been reported to occur in two-thirds of the
subjects exposed to peak levels of 20 pgm™>
or more near the baths; nasal irritation being a
common complaint among subjects exposed to a
daily average concentration exceeding 1 pgm™
of chromic acid (8 h-TWA: time weighted aver-
age exposure). It was concluded that short-term
exposure to at least 20 ugm™> may cause sep-
tal ulceration and perforation [94]. On the basis
of this study, the US Department of Health and
Human Services used a lowest-observed-adverse-
effect level (LOAEL) of 2 pgm™ to derive an
inhalation minimal risk level (MRL) of 0.005 pg
Cr(VI)/m? for intermediate-duration exposure to
Cr(VI) as chromium trioxide mists and other dis-
solved Cr(VI) aerosols or mists [1]. This LOAEL
was also used by the Environmental Protection
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Agency (EPA) to derive the inhalation reference
concentration (RfC) for upper respiratory effect of
chromic acid mists and dissolved Cr(VI) aerosols
at 0.008 wgm= [4].

Such effects on the upper respiratory tract have
also been reported in chromate-production work-
ers [1-4, 95]. For example, a 43.5% incidence
rate of nasal septal perforation has been reported
among workers of a chromate-producing plant that
manufactured sodium chromate and dichromate.
At the time of the study, airborne chromate con-
centrations ranged from 10 to 2800 pgm™ [96].
Nasal septum perforation, assumed to be due to
chronic exposure to low-level Cr(VI), has also
been described in welders [97].

2.3.2.2 Changes in lung function

Effects on the lower respiratory tract including
inflammatory changes and various disorders have
been reported in workers exposed to chromium
(VD) [1-4]. Changes in pulmonary function (slight,
transient decreases in vital capacity (VC), forced
vital capacity (FVC), forced expired volume in
1 second (FEV1), forced mid-expiratory flow dur-
ing the workday) have been measured among
electroplaters exposed to chromic acid [94, 98,
99]. These effects have been observed at Cr(VI)
8-h mean exposures exceeding 2 ugm™ and
cigarette smoking was not a confounding vari-
able [94]. This level was established as LOAEL to
derive an inhalation MRL of 0.005 pg Cr(VI)/m?
for intermediate-duration exposure to Cr(VI) as
chromium trioxide mists and other dissolved
Cr(VI) aerosols or mists [1].

In the ferrochromium and stainless steel pro-
duction industry, exposure to dusts containing low
concentrations of Cr(VI) or Cr(Ill), for an average
duration of 18 years, did not lead to any respira-
tory changes detectable by lung function tests or
radiography nor to any increase in symptoms of
respiratory diseases [100].

2.3.2.3 Sensitization

Isolated cases of occupational asthma caused
by Cr(VI) compounds have been reported in
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workers exposed to cement [101-103], in elec-
troplaters [103—107] and in stainless steel weld-
ing [108-109].

In some reports, sensitization to Cr(VI) has
been demonstrated by positive skin prick with
Cry(SO4)3 [103, 105] and in a few studies,
bronchial challenge tests with aerosolized solu-
tions of K,Cr,O; have been performed to fully
confirm the diagnostic [101, 102, 107]. Anaphy-
lactoid reactions characterized by dermatitis, facial
angioedema, bronchospasms accompanied by a
tripling of plasma histamine levels and urticaria
have been observed in chromium sensitive individ-
uals exposed to chromium challenged with Cr(VI)
as sodium chromate dichromate [110].

Cr(VI)-sensitized subjects may react following
exposure by inhalation to Cr(Ill) compounds
as shown by positive provocative test using
Cry(S04)3 chromium sulfate [103, 106]. A case of
asthma has also been reported in a leather tanning
worker mainly exposed to Cr(IIl), however, as
already mentioned, these workers can also be
exposed to small quantities of Cr(VI) [111].

Smoking of cigarettes contaminated with cement
might be a significant factor in the causation or
elicitation of asthma [101].

Most patients with chromium asthma reported
in the literature presented a history of dermal
involvement with either urticaria or allergic contact
dermatitis, preceding the respiratory disease.

Cross reaction with nickel may exist [105, 112].

2.3.3 Effects on the skin
2.3.3.1 [Irritating and ulcerating effects

Hexavalent chromium is a skin irritant and some
compounds, such as, chromium trioxide, potassium
(di)chromate and sodium (di)chromate are strong
corrosive agents that can cause burns upon der-
mal contact. These burns can facilitate the absorp-
tion of the compound and lead to systemic toxic-
ity [37-41].

Severe dermatitis and skin ulcers (‘chrome
holes’, ‘chrome sores’) can result from direct
contact with high concentrations of chromic acid,
sodium or potassium chromate or dichromate.
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These lesions have mainly been reported among
chrome platers [1-4]. Common sites for these
persistent ulcers include the nail root, knuckles
and finger webs, backs of the hands and forearms.
They also develop readily at the site of insect
bites, sores or other injuries. The characteristic
chrome sore begins as a papule, forming a 2—5-mm
ulcer with raised hard edges. Ulcers can penetrate
deep into soft tissue or become the site of
secondary infection. The progression to ulceration
is generally painless, the lesions heal slowly, can
persist for months and lead to scars. There is no
indication that these lesions lead to malignancy.

Trivalent compounds are not considered to
produce such effects.

2.3.3.2 Sensitization

Chromium (VI) is one of the most common
contact sensitizers in industrialized countries. Most
occurrences of contact dermatitis result from
occupational exposure. It is generally accepted
that while chromium metal itself does not act
as a hapten and is nonsensitizing, Cr(IlI) and
Cr(VI) can both bind covalently to proteins and
cause allergy.

Allergic contact dermatitis resulting from expo-
sure to Cr(VI) has been demonstrated in numerous
patch-testing studies of contact dermatitis patients
during routine testing or in Cr(VI)-sensitized sub-
jects, when challenged with potassium dichromate.
Solubility and pH appear to be the primary deter-
minants of the capacity of individual chromium
compounds to elicit an allergic response [113,
114]. Equimolar challenge concentrations of sev-
eral soluble chromates (potassium dichromate,
potassium chromate, sodium dichromate, sodium
chromate) induced similar skin responses [115].

Sensitization to trivalent compounds is much
less frequent, but some subjects may react to high
concentrations of these compounds. Guinea pigs
sensitized with Cr(VI) react with Cr(IIl) and vice
versa; this suggests that chromium hypersensitiv-
ity is not directed against chromium specific oxi-
dation state [114]. In chromium-sensitive individu-
als, Cr(VI]) elicit allergic receptions more frequently
than Cr(III) compounds; however, patch-testing of

ELEMENT-BY-ELEMENT REVIEW

Cr(VI)-sensitive subjects with Cr(Ill) compounds
showed that high concentrations of Cr(III) can elicit
a reception [116, 117]. The relatively lower skin-
sensitizing potential of Cr(III) compounds is gener-
ally ascribed to their poorer degree of permeation
through the skin [43, 118, 119].

Immunologically, trivalent chromium appears
to form the hapten of concern in chromium
sensitization. In contrast to Cr(VI), Cr(III) binds
more strongly to proteins. Most likely, Cr(VI)
readily penetrates the skin and the membrane
of Langerhan’s cells where it is transformed
into Cr(Ill) that then binds to proteins and
forms a hapten-carrier complex that acts as an
antigen [114].

Occupational sources of chromium exposures
associated with chromium sensitization include
numerous materials and processes such as cement,
tanning industry, chromium plating baths, chromium
colors and dyes, wood preservatives, anticorrosive
agents, welding fumes, lubricating oils and greases,
cleaning materials, textiles and furs, printing, plant
cleaners, automobile factory, glues, wood ash,
foundry sand, match heads, boiler linings, making of
television screens, magnetic tapes, tyre fitting, wood
and paper industry, and even milk testing [113, 114,
120, 121].

Cement remains a major cause of allergic con-
tact dermatitis [122—127]. This is due to the for-
mation of Cr(VI) from Cr(II) present in the raw
material from which cement is produced. Oxida-
tion of Cr(III) to Cr(VI) occurs during cement pro-
cessing in the kiln at temperatures between 1400
and 1500 °C [128]. Wet cement has a high pH so
that it can alter the stratum corneum of the skin
resulting in irritation, which in turn facilitates the
penetration of Cr(VI) and the elicitation of allergic
reactions. Occupational groups such as construc-
tion workers and bricklayers are therefore at risk
of developing chromium allergy.

In some countries, ferrous sulfate is added to
cement to reduce Cr(VI) to Cr(Ill), which in
the alkaline cement water mixture precipitates as
chromium hydroxide of very low water solubility.
This results in a considerable reduction in the con-
tent of hexavalent chromium and a decrease in the
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prevalence of chromium allergy among construc-
tion workers has been reported [128—-131].

Workers within the tanning industry mainly
exposed to trivalent chromium (chromium sulfate)
may also develop chromium allergy. Leather often
also contains trace amounts of leachable Cr(VI),
which is formed by oxidation of Cr(Ill) during
the tanning process [111, 132—-135]. It has been
estimated that, with traditional tanning methods,
4-9.5 kg of chromium (calculated as Cr,O3) per
ton of skins are not chemically fixed (during pro-
cessing if it is not carried out with a suitable high
exhaustion tanning system (International Environ-
mental Commission IUE, 1996). Chromium der-
matitis is often due to exposure in the occupa-
tional environment, however, consumer products
such as Cr(Il)-tanned leather products are also
an important source of chromium exposure. Small
amounts of leachable hexavalent chromium were
found in both chromium and vegetable tanned
leathers. Thus, the risk of chromium dermatitis
cannot be disregarded [132]. In a Danish study
that assessed chromate-sensitive patients in an
urban tertiary referral center with respect to pri-
mary cause of sensitization, in an area where the
risk of chromate exposure from cement had been
reduced, it was established that leather was the
most frequent nonoccupational source of chromate
sensitization [129].

Oral administration of chromium salts (potas-
sium dichromate) may exacerbate dermatitis in
sensitized patients. A case of systemic contact
dermatitis ascribed to the ingestion of chromium
picolinate has been reported [136].

Concern has been raised about the release, and
biologic fate, of metal species from implant cor-
rosion and wear. The issue of host hypersensitiv-
ity to these elements remains of concern. Cellu-
lar uptake of chromium was documented in red
blood cells following corrosion of stainless-steel
and cobalt-chromium surgical implants in vivo,
in the red blood cells of patients undergoing
total joint revisions and in fibroblasts subjected
to products of fretting corrosion of stainless-
steel and cobalt—chromium implants. These obser-
vations suggest that corrosion of implants can
lead to the release of hexavalent chromium into
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the body [137]. A case of generalized eczema-
toid dermatitis apparently caused by allergy to
chromium liberated from a metal dental plate has
been reported [138]. Other isolated cases of aller-
gic reactions attributed to dental and orthopedic
implants have been described, but it is not always
clear to determine whether chromium or other met-
als have caused the allergic reactions [139].

2.3.4 Effects on the kidneys

Cases of ATN and renal failure following massive
ingestion of chromic acid, potassium or sodium
dichromate are well described [1-4]. Systemic
involvement following skin burns by chromic acid
can also lead to renal failure. Moreover, some
case studies suggest that chromium(III) picolinate
might also cause nephrotoxicity when ingested in
excess [71, 72].

In experimental studies, chromate selectively
accumulates in the convoluted proximal tubule
where necrosis occurs [140].

It has been suggested that kidney might be one
of the targets of chromates upon chronic expo-
sure conditions. Numerous biochemical markers
of kidney damage have been studied in work-
ers engaged in chromate and dichromate pro-
duction, in chrome platers, in stainless steel
welders, in workers employed in ferrochromium
production, in boilermakers and in workers in an
alloy steel plant: B-hexosaminidase, lysozyme, $,-
microglobulin, total proteins, albumin, protein 1,
transferrin, retinol-binding protein (RBP), brush
border protein antigen (BBPAg) or enzyme activi-
ties of alanine-aminopeptidase, LDH, N-acetyl-8-
D-glucosaminidase (NAG), gammaglutamyl-trans-
peptidase (yGT), and B-galactosidase. These stud-
ies have yielded equivocal results. Signs of tubular
dysfunction, with elevated urinary excretion levels
of B,-microglobulin, NAG, BBPAg or RBP, have
been reported in chrome platers and chromates pro-
duction workers but not in others [1-4].

No signs of kidney damage in tests of function
of tubules or glomerules were found in stainless
steel welders [1-4].

No renal impairment was found in work-
ers with long-term low-level Cr(IIl) exposure
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(mean airborne Cr(VI) concentration below detec-
tion limit) in ferro-alloy metallurgy [141]. Sim-
ilarly, no increase in urinary B;-microglobulin
levels was found in tannery workers in compar-
ison to referent control workers [142]. In boil-
ermakers or in workers employed in an alloy
steel plant exposed to Cr(0), no increase in uri-
nary levels of chromium, and no differences
in the levels of RBP, B;-microglobulin, NAG
or other indices of renal toxicity were found
[143, 144].

2.3.5 Mutagenicity and carcinogenicity

In 1990, the IARC (International Agency for
Research on Cancer) [6] assessed the carcino-
genicity of chromium and chromium compounds
and concluded as follows.

— There is sufficient evidence in humans for
the carcinogenicity of Cr(VI) compounds as
encountered in the chromate production, chro-
mate pigment production and chromium plat-
ing industries.

— There is sufficient evidence in experimental
animals for the carcinogenicity of calcium
chromate, zinc chromates, strontium chromate
and lead chromates.

— There is limited evidence in experimental ani-
mals for the carcinogenicity of chromium tri-
oxide (chromic acid) and sodium dichromate.

— There is inadequate evidence in humans for
the carcinogenicity of metallic chromium and
of Cr(IIT) compounds.

— There is inadequate evidence in experimen-
tal animals for the carcinogenicity of metal-
lic chromium, barium chromate and Cr(III)
compounds.

The Working Group made the overall evaluation
on Cr(VI) compounds on the basis of the combined
results of epidemiological studies, carcinogenicity
studies in experimental animals and several types
of other relevant data that support the underlying
concept that Cr(VI) ions generated at critical
sites in the target cells are responsible for the
carcinogenic action observed.

ELEMENT-BY-ELEMENT REVIEW

Final IARC evaluation

Overall
evaluation

Degree of
evidence for
carcinogenicity

Human Animal

Cr VI 1
Cr(VI) compounds as Sufficient

encountered in the

chromate & chromate

pigment production,

chromate plating

industries

— Barium chromate Inadequate

— Calcium chromate Sufficient

— Chromium trioxide Limited

— Lead chromates Sufficient

— Sodium dichromate Limited

— Strontium chromate Sufficient

— Zinc chromate Sufficient
Cr III compounds Inadequate Inadequate 3
Metallic Cr Inadequate Inadequate 3
Welding fumes 2B

— Welding fumes and Limited

gases

— Welding fumes Inadequate

Group 1: carcinogenic to humans
Group 2: 2A: probably carcinogenic to humans
2B: possibly carcinogenic to humans
Group 3: not classifiable as to its carcinogenicity to humans
Group 4: probably not carcinogenic to humans

The US Environmental Protection Agency
(USEPA) has also classified chromium(VI) in
Group A, which is a human carcinogen [145].

A huge literature covers the activity of chromium
compounds on genetic and related effects in
in vitro test systems.

In a recent review [35] on the genotoxicity
and carcinogenicity of chromium compounds, it
was concluded that (a) the lack of carcinogenicity
of Cr(0) and Cr(Il) compounds in experimental
animals is well established (b) Cr(VI) can induce
a variety of genetic and related effects in vitro,
but only a minority of animal carcinogenicity
data with Cr(VI) compounds were positive. As
highlighted by the author, most positive studies
used administration routes that do not mimic any
human exposure and bypass physiological defense
mechanisms; positive results were only obtained at
implantation sites and at the highest dose tested.
Exposure to Cr(VI) has been known for more
than a century to be associated with induction
of cancer in humans. However, carcinogenicity
requires massive exposures, as is only encountered



CLINICAL ASPECTS

in well-defined occupational settings, and is site
specific, being specifically targeted to the lung
and, in some cases, to the sinonasal cavity. The
large majority of the results obtained with Cr(VI)
compounds were positive as a function of Cr(VI)
solubility and bioavailability to target cells. The
activity was less frequently evident with Cr(VI)
compounds having a low solubility, which often
needed to be artificially solubilized, for example,
with alkali, prior to challenge with target cells [35].

It should be noted, however, that recent in vitro
investigations have reported a mutagenic activity
of Cr(IIT) picolinate, while chromium nicotinate,
nicotinic acid and Cr(IIT) chloride hexahydrate did
not produce chromosome damage at equivalent
nontoxic doses. Damage was inferred to be caused
by the picolinate ligand because picolinic acid in
the absence of chromium was clastogenic [88].

Epidemiological studies carried out in the
chromate-production industry and in the chromate
pigment production industry have consistently
demonstrated an association with an increased risk
of lung cancer. While some studies provide sug-
gestive evidence of a causal relationship between
chromium plating and lung cancer, others have
reported inconclusive results, but they generally
support the conclusion that Cr(VI) is carcinogenic.
In ferrochromium workers (mainly exposed to
Cr(III) but also to Cr(VI)) the overall results with
regard to lung cancer were inconclusive. In leather
tanning workers, where exposure is mainly to
Cr(II), no excess risk of cancer is reported. Cases
of sinonasal cancer were reported in epidemiolog-
ical studies of primary chromate-production work-
ers, of chromate pigment production workers and
of chromium platers suggesting the possibility of
an excess risk for these rare tumors [1-4, 6].

No clear relationship between exposure to
welding fumes and occurrence of lung cancer has
been demonstrated. In 1990, IARC [6] concluded
that there is limited evidence in humans for the
carcinogenicity of welding fumes and gases and
inadequate evidence in experimental animals for
the carcinogenicity of welding fumes. Welding
fumes were classified as possibly carcinogenic to
humans (Group 2B).
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A meta-analysis conducted in 1997 calculated
a 30 to 40% increase in the relative risk of
lung cancer among welders when they are com-
pared to the general population. The meta-analysis
failed to demonstrate that stainless steel welders,
although potentially exposed to nickel and hexava-
lent chromium, are at higher lung cancer risk than
mild steel welders. Asbestos exposure and smoking
are confounding factors [146]. The latest findings
provide suggestive but not conclusive evidence of
a modest lung cancer risk associated to mild-steel
welding [147-149].

At present, the carcinogenicity of hexavalent
chromium by the oral route of exposure cannot
be determined because of a lack of sufficient
epidemiological or toxicological data.

2.3.6 Reproductive and developmental effects

There is limited information on the reproductive
and developmental effects of Cr(VI) in humans.

In 2001, The Health Council of the Nether-
lands [150], which evaluates the effects on the
reproduction of substances at the workplace, con-
sidered that in men, fertility studies considering
occupational exposure to Cr(VI) and its com-
pounds had focused on welding. Some of these
studies reported effects on semen quality in
welders, whilst others reported no effects. Unfor-
tunately, these studies generally lack information
on exposure and confounding factors such as other
exposures (a.0. other metals, heat and noise), age
and smoking habits.

In view of the animal data, the committee’s
recommendations are as follows.

— For effects on fertility, the committee recom-
mends classifying Cr(VI) and its compounds
in category 3 (substances that cause concern
Sfor human fertility) and to label Cr(VI) with
R62 (possible risk for impaired fertility)

— For developmental toxicity, the committee rec-
ommends classifying Cr(VI) and its com-
pounds in category 2 (substances which should
be regarded as if they impair fertility in
humans) and to label Cr(VI) with R61 (may
cause harm to the unborn child).
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10.

11.

12.

13.

14.

ELEMENT-BY-ELEMENT REVIEW

For effects during lactation, the committee
is of the opinion that because of a lack of
appropriate data Cr(VI) and its compounds
should not be labeled.
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1 INTRODUCTION

The main oxidation states of cobalt are (II) and
(III), the former being the most stable. Cobalt(I),
(IV) and (V) compounds can be formed, but those
are not well characterized. The most common sim-
ple and hydrated Co(II) salts include cobalt car-
bonate, cobalt chloride, cobalt hydroxide, cobalt
nitrate, cobalt sulfide and cobalt sulfate. The most
common Co(Il) complexes include the hexacoor-
dinated species with H,O, NH; and dimethylsul-
foxide as ligands (cationic complexes); the tetrahe-
dral species with C17, Br—, I, SCN~, CH3;CO,~
or OH™ (anionic complexes); and the tetrahe-
dral complexes with pyridine, phosphine and
arsine derivatives (neutral complexes). Cobalt(II)
compounds mainly exist as complexes with lig-
ands such as NH;, CN—, NO;~, ethylenedini-
trilotetraacetic acid (EDTA), phtalocyanines and
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azo dyes. These electron-donor ligands stabilize
Co(IIl) in solution, usually forming octahedral
complexes. In the absence of such ligands, Co™t*
is so unstable that, at acidic pH, it rapidly oxi-
dizes water to molecular oxygen. In alkaline solu-
tions containing ammonium hydroxide or cyanide,
Co'™ can be oxidized by air or hydrogen per-
oxide to form more stable Co(IIl) complexes.
The ability of cobalt to form complex species
and the interconversion between cobaltous and
cobaltic compounds are important in many indus-
trial applications, including their use as catalysts
or paint dryers. As yet, their involvement in
the biological mode of action of cobalt species,
except for the reactions of vitamin B, is incom-
pletely understood.

The most important Co(II) salts of carboxylic
acids are formate, acetate, citrate, naphtenate,
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linoleate, oleate, oxalate, resinate, stearate, succi-
nate, sulfamate, 2-ethylhexanoate and cobalt car-
bonyl. A biologically important cobalt compound
is vitamin B, or cyanocobalamin, in which cobalt
is complexed with four pyrrole nuclei joined in a
ring called corrin, similar to porphyrins.

When heated, cobalt metal is oxidized to the
mixed or cobaltocobaltic oxide, Co(IL,III) oxide
or Co304; above 900°C, the cobaltous oxide
Co(II) oxide or CoO is formed. The mixed Co(Il,
IIT) oxide has the spinel structure with Co(I)
and Co(Ill) at tetrahedral and octahedral sites,
respectively.

The main characteristics of the most common
cobalt compounds are summarized in Table 2.7.1.

2 COBALT IN THE ENVIRONMENT
2.1 Natural and anthropogenic sources

Natural sources of cobalt in the environment are
soil, dust, seawater, volcanic eruptions and forest
fires. It is also released to the environment from
burning coal and oil, from car, lorry and aeroplane
exhausts, and from industrial processes that use the
metal or its compounds.

Cobalt is the 33™ element on the earth crust
with an average concentration of 10-20 ngg™!,
but much higher concentrations are found in ore
deposits from which approximately 25,000 tons
of cobalt metal are produced annually. The most
important minerals from which cobalt is puri-
fied are cobaltite (CoAsS), smaltite (CoAs,) and
erythrite [Co3(AsOy4);]. About 40% of the world
cobalt mining is in Central Africa (Democratic
Republic of Congo, Zambia) where it is extracted
in association mainly with copper; other main
locations include Australia, Canada, China, Rus-
sia, Morocco and New Caledonia [1]. Through the
process of weathering, cobalt is leached from its
parent earth crust material and enters the soil sedi-
ment system from which it is partially taken up by
plants and animals and through the food chain to
man. Elevated levels of cobalt in soil may also
result from anthropogenic activities such as the
application of cobalt-containing sludge or phos-
phate fertilizers, the disposal of cobalt-containing
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wastes and atmospheric deposition from activi-
ties such as mining, smelting, refining or com-
bustion. Total cobalt is present in most soils in
the range 0.1-50 pgkg™! and the cobalt avail-
able to plants between 0.1 and 2 pgkg~!. The
predominant cobalt species in soil is the Co(II)
ion. Overall, in soil-plant systems, the behav-
ior of cobalt follows that of the Fe-Mn system.
Plant uptake of Co*? is dependent on the frac-
tion of the element adsorbed on Mn and organic
complexes. Cobalt is required by the Rhizobium
bacteria, which has a symbiotic association with
legume roots and the free-living N-fixation bac-
teria Azobacter. Cobalt is probably an essential
element for plants, as an enhanced supply results
in increased yields for cereals. Lack of cobalt in
the soil (less than 0.1 wgkg™!, for example, in
granitic soils, sandstones, sands, limestones) may
result in a deficiency of vitamin B, in rumi-
nants (see below, [2]). Because of the rather low
concentration of cobalt in many agricultural soils,
the addition of cobalt compounds (simple salts or
chelates) to fertilizers, lime and sewage sludge has
been a common practice in most countries. The
cobalt content of fertilizers (phosphate and nitrate
types) is in the range 1-12 pgkg~!. Toxic effects
on plants are unlikely to occur below soil cobalt
concentrations of 40 wgkg~!. However, soil con-
centration is not the only parameter determining
toxicity. Plant species greatly vary in their sensi-
tivity to cobalt, and soil type and chemistry greatly
influence cobalt toxicity. The most important soil
properties is soil acidity; the more acidic the soil,
the greater toxic potential for cobalt. Soils with
high cobalt concentrations usually also have high
arsenic and nickel concentrations that are generally
more toxic to plants (and humans) than cobalt.

In environmental water, cobalt is naturally
present in trace amounts as Co™™ and as suspen-
sions of the almost insoluble carbonate, hydrox-
ide and sulfide compounds. An average concentra-
tion of 0.3 pg Co/L has been reported in seawater,
cobalt ranking as the 44™ element in abundance,
but there is a large regional variability. Speciation
methods have been developed using cathodic strip-
ping voltammetry to determine the extent of cobalt
complexation with ligands in seawater [3, 4]. A few
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pg Co/L can be present in river water, lakes, spring
water, ground or well water. Cobalt in river waters
is present in the form of very stable complexes
possibly associated with humic acids. Cobalt is
also released into water from anthropogenic sources
such as mining, discharge from industries and atmo-
spheric deposition [2].

Natural and anthropogenic sources contribute
almost equally to the emission of cobalt in the
atmosphere. Natural sources of cobalt in the atmo-
sphere are windblown continental dust, seawater
sprays, volcanoes, forest fires and continental and
marine biogenic emissions. The primary anthro-
pogenic sources of cobalt in the atmosphere are
the burning of fossil fuels and sewage sludge,
phosphate fertilizers, mining and transformation of
cobalt-containing ores and industries that produce
or process cobalt. The natural background air con-
centration of cobalt is in the order of 1 pgm™3, but
concentrations up to 40 ng m~> have been reported
in urban areas [5]. The exact cobalt species present
in the atmosphere are not well characterized.

3 COBALT IN FOOD

Cobalt enters the food chain via plants from water
and soil. The cobalt status of plants may depend on
a number of factors such as soil levels of available
cobalt and other elements such as manganese and
iron, the moisture content of the soil, the pH of the
soil, the plant species, the plant organ and its stage
of growth. The effect of cobalt on plants is not fully
understood and may vary among different species.
In general, plants do not require cobalt in their
metabolism. The importance of cobalt in plants
lies in its part in the food chain, in that it provides
a source of the element to animals and particu-
larly ruminants that synthesize vitamin B,. Veg-
etables contain inorganic cobalt but little or no vita-
min Bj;. Green leafy vegetables and fresh cereals
are the richest sources of cobalt (0.2—0.6 pgg™!
dry weight); dairy products, refined cereals and
sugar contain the least cobalt (0.01-0.03 pgg™!
dry weight) [6].

Ruminants obtain the vitamin B, necessary
for their metabolism by absorbing rumen organ-
isms that are able to synthesize the vitamin, other
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herbivores (horse, rabbit) synthesize vitamin B,
in their cecum. The presence of cobalt in their
foodstuffs is therefore essential for the synthesis of
vitamin B, by the microorganisms and therefore
for the survival of the animals and the downstream
food chain. When the dried herbage contains more
than 0.1 g g~', the cobalt intake of the ruminant
is generally sufficient to meet its need. Animal
livers, kidney and muscles contain high concen-
trations of cobalt (0.15-0.25 pgg™' dry weight,
not exclusively in the form of vitamin Bi;) [7].

Tobacco contains about <0.3-2.3 mg Co per
kg dry weight and approximately 0.5% of the
cobalt appears in the mainstream smoke. The exact
speciation of cobalt in tobacco is not known. Very
limited data are available on the exact species of
cobalt present in food.

The contribution of drinking water and bever-
ages to the dietary intake of cobalt is minimal.

Cobalt is the only essential oligoelement that
needs to be supplied in a particular form, that
is, vitamin Bj;, to be physiologically active.
Human dietary intake of cobalt is highly variable
with reported values generally between 5 and
50 wgday~! [8]. Most of the cobalt ingested by
humans is inorganic, vitamin B, representing only
a small fraction. The main sources of vitamin
By in food according to Leboulanger [9] are
summarized in Table 2.7.2.

In a survey conducted during 1986—1988, foods
were purchased at the retail level in Canada and
prepared for consumption. Mean (range) levels
of cobalt were 9.4 ngg~! (<0.3-75.7) with the
highest concentration in waffles (76 ngg~!), corn
cereal (74 ngg~') and potato chips (70 ngg™").

Table 2.7.2. Vitamin B, content

in food [9].
Food Vitamin B,
(ngg™)
Beef liver 0.40
Beef kidney 0.20
Pork heart 0.17
Herring 0.14
Mackerel 0.05
Cow milk 0.025
Beef meat 0.025
Cheese 0.01
Whole eggs 0.004
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The estimated dietary intake was 11 pg per
day [10]. However, in the United States, much
higher values have been reported in a survey on
the metal content in more than 230 foods collected
in 1984 by the Food and Drug Administration; Co
intakes were estimated at 493 to 1489 pgday~!.

In the 1960s, cobalt sulfate has been added as
a foam stabilizer (0.8—1.6 pgmL™') to several
brands of beer in Belgium, USA and Canada in
response to complaints of poor foaming qualities.
This episode lead to outbreaks of cardiac dis-
ease among heavy beer consumers (up to 10 liters
per day) of cobalt-fortified beer, and this prac-
tice was rapidly abandoned. Subsequently, it was
found that the actual cause of poor foaming was
detergent residue on beer glasses due to inadequate
rinsing [11].

4 COBALT IN HEALTH AND DISEASE

As a constituent of vitamin By,, cobalt is an essen-
tial element and, so far, another physiological role
of cobalt has not been demonstrated in human
nutrition. The human body (adult 70 kg) contains
on an average 1.1 mg cobalt, 85% of which is in
the form of vitamin Bj;. The normal ranges of
cobalt and vitamin B, plasma concentrations are
<0.2 ngmL~! and 200 to 900 pgmL~!, respec-
tively [12]. The daily requirements of vitamin B,
are of about 1 pg (0.1-2.5 according to different
authors), which corresponds to 0.0434 g of cobalt
per day (4.34% of vitamin B, weight). Consider-
ing that only 50% of vitamin By, is absorbed by
the gastrointestinal tract, the recommended daily
allowance of vitamin By, is 2.4 pg (or 0.10 png
cobalt). Because 10-30% of older people may
malabsorb food-bound vitamin By, in the United
States it is recommended for individuals older than
50 to add a supplement of vitamin By, to their diet
(e.g. vitamin B, fortified food) [13].

4.1 Metabolism of cobalt

A limited number of studies indicate that cobalt
speciation influences the kinetics of absorption
of the element by the oral and inhalation routes.
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Once absorbed, cobalt is mainly present in the
organism as Co(Il) ions (except for vitamin B;),
and distribution and excretion are less dependent
on speciation.

4.1.1 Absorption

Quantitative data on the absorption of cobalt
compounds and the influence of speciation are
very limited.

The oral bioavailability of cobalt compounds
varies with the solubility of the compound, the
material ingested concomitantly, and incompletely
characterized individual factors. In early experi-
ments, Murdock (1959) cited in [14] showed that,
following oral administration of Co(Il) ions, the
urinary excretion of the element was inversely pro-
portional to the dose (0.25, 1.25, 5 or 10 mg Co
per kg). The uptake of ionic cobalt from the gas-
trointestinal tract has been reported to occur from
the proximal jejunum through a saturable process
that limits the extent of uptake [14]. The intesti-
nal absorption of ionic cobalt seems to involve
mechanisms common with Fe(Il), with a first step
of mucous absorption followed by the transfer
from the enterocytes. A competition for the diges-
tive absorption of ionic iron and cobalt has been
observed in rat. The respective gastrointestinal
absorption rates of inorganic cobalt forms have,
however, not been very well characterized. In the
hamster, less than 0.5% of CoO is absorbed by
the digestive route, whereas 9-45% of cobalt chlo-
ride is absorbed in humans by the same route [15].
In human volunteers, depletion of iron stores was
associated with a significantly increased gastroin-
testinal absorption of the element administered as
cobalt chloride [16]. In the rat, the gastrointestinal
absorption of Co(Il) ions administered as chloride
was significantly reduced by complexation with
low molecular weight compounds such as histi-
dine, lysine, glycine, casein or EDTA. Adminis-
tration of Co(II) ions with cow milk increased
the gastrointestinal absorption up to 40%. The
same study noted no difference in the gastroin-
testinal absorption rate between Co(II) and Co(III)
chloride, but Co(II) complexed with glycine was
absorbed in significantly greater amounts than
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Co(IIT) complexes [17]. The digestive absorption
of cobalt compounds is also influenced by nutri-
tional factors such as the presence of albumin or
lactose that increase the absorption of the element.
Gastrointestinal absorption of radiolabeled cobalt
citrate has been found to decrease rapidly from
newborn to weaning and adult animals in both rats
and guinea pigs [18]. The digestive absorption of
vitamin B, is dependent on the presence of several
specific proteins (R-binder, intrinsic factor, recep-
tor) (see below).

The deposition pattern of inhaled particles in
the respiratory tract is related to particle density
and size, the largest particles tending to deposit
in the upper respiratory tract and the smallest par-
ticles (less than 2 pm) reaching the gas exchange
regions. While approximately 30% of inhaled CoO
is absorbed within 24 h in the hamster, consid-
erably lower values have been reported in the
rat [19]. The absorption of deposited cobalt par-
ticles is also dependent on the chemical species
involved with soluble cobalt salts (e.g. cobalt(I)
nitrate) being more readily absorbed than mixed
oxides [20]. Studies in the rat have also shown
that the respiratory absorption of cobalt metal
particles is significantly increased in the pres-
ence of tungsten carbide particles [21]. In workers
exposed to cobalt pigments in the pottery indus-
try (mainly by inhalation), the absorption of the
element estimated through the measurement of uri-
nary cobalt concentration was significantly higher
in workers exposed to soluble cobalt dye (cobalt-
zinc-silicate) than in those using insoluble cobalt
(cobalt aluminate) [22]. Significant differences in
the absorption of cobalt have also been reported in
workers exposed by inhalation to varying cobalt-
containing particle species: cobalt metal alone or
mixed with tungsten carbide in hard metals par-
ticles was rapidly excreted in urine and reflected
recent airborne exposure, whereas no relation with
recent exposure was found in workers exposed
to cobalt oxides, suggesting lower or slower pul-
monary absorption [23].

Limited information is available on dermal
absorption of cobalt, and the influence of speci-
ation is not documented. The absorption of Co(II)
ions (radiolabeled CoCl, in acid) is less than 1%
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through intact skin in the guinea pig [24]. Signifi-
cant dermal absorption of cobalt (as reflected by
increased urinary excretion of the element) has
been reported following prolonged skin contact
with hard metal dust [25] or coolant solutions con-
taminated with cobalt-containing materials [26].

4.1.2 Distribution

In animals and in humans, cobalt does not
accumulate in a specific organ [27]. In humans not
specifically exposed to cobalt, the liver contains
10-20% of the body burden. There exists no
indication of an accumulation of cobalt in the
human body with age. Long-term oral exposure
studies performed in the rat with CoCl, resulted
in significantly increased levels of the element
in all tissues (liver, kidney, muscle, brain, testes,
myocardium and serum). Following inhalation,
exposure of dogs to radiolabeled Co oxides, the
highest levels of cobalt have been found in the
lungs, kidney and liver. A toxicokinetic study
in the rat has shown that, following a single
subcutaneous administration of elemental cobalt or
its protoporphyrin chelate, the elimination rate of
the chelate was significantly slower than that of the
element. Other studies that document the influence
of speciation on the distribution of cobalt in the
body have not been located.

In blood, cobalt is evenly distributed in
plasma and cellular fractions; in nonoccupationally
exposed people, the blood cobalt concentration
is <0.5 wgL~!'. Higher levels can occur in
patients who consume multivitamin pills, with
renal insufficiency or with orthopedic prostheses.

For the non-vitamin B, fraction of cobalt in the
organism, the form(s) in which it is distributed in
the organism and specific ligands have not been
characterized.

4.1.3 Excretion

In humans, whatever the exposure route, the excre-
tion of cobalt is mainly through the urinary route
(about 90% of inhaled cobalt) following a biphasic
elimination pattern (fast phase of hours-days and
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slow phase of months-years). In the absence of
exposure, cobalt urinary concentrations are below
2 ng/g creatinine. Higher levels can be found in
patients who take multivitamin medications or with
surgical prosthesis. The form(s) of cobalt involved
in the excretion of the element have not been char-
acterized.

4.2 Physiological aspects

The most important biological activity of cobalt
involves the vitamin B}, series of coenzymes that
play a number of crucial roles in many biological
functions. Cyanocobalamin (vitamin Bp;) was
isolated as a red crystalline compound in 1948.
Its structure consists of a corrin ring system that
provides four nitrogen donor atoms in a plane for
bonding cobalt(IlT). In the isolated vitamin B
crystals, a cyanide group is bound to the cobalt
atom, but, as such, vitamin B, has no biological
activity. In the biochemically active forms, the
cyanide is replaced by a methyl (methylcobalamin)
or an adenosyl group (adenosylcobalamin). These
structures constitute a way for nature to devise
a labile organocobalt compound kept intact from
external attack by the axial substituent on the
corrin ring. As in most monogastric species,
cobalamin cannot be synthesized in the human
body and must be supplied in the diet. The
only source of cobalamin is animal products:
meat and dairy foods. Cobalamin is released from
food during gastric digestion and forms a stable
complex with a specific protein, gastric R-binder.
On entering the duodenum, the cobalamin-R binder
complex is digested and the released cobalamin
binds to intrinsic factor, a 50 kDa protein secreted
by parietal cells of the stomach epithelium. This
complex is resistant to digestion and is specifically
taken up in the distal ileon where it is released in
the circulation bound to transcobalamin I, II or III
and finally stored, mainly in the liver. A significant
fraction of vitamin B, (3—6 pgday™!) is excreted
in the bile and undergoes an entero-hepatic cycle.

Methylcobalamin is an essential cofactor in
the conversion of homocysteine to methionine,
a critical step in the biosynthesis of folate,
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purine and choline-containing compounds. Adeno-
sylcobalamin is required for the physiological con-
version of methylmalonyl coenzyme A to succinyl
coenzyme A.

Except in true vegetarians, deficiency in cobal-
amin is almost always due to malabsorption result-
ing from a dysfunction at one of the several
steps of its gastrointestinal absorption. The symp-
toms associated with cobalamin deficiency include
hematologic (megaloblastic anemia), gastrointes-
tinal and neurological (peripheral and central)
manifestations. Apart from specific therapy related
to the underlying disorder, the mainstay of treat-
ment for cobalamin deficiency is replacement
therapy. Because the defect is often related to
malabsorption, replacement is generally admin-
istered parenterally in the form of cyanocobal-
amin (e.g. 100 pg per day for a week gradually
decreased to achieve a total of 2000 g during six
weeks, followed by a maintenance therapy with
100 pg every month). While hematological and
gastrointestinal manifestations ameliorate rapidly
after treatment, neurological symptoms may not be
fully corrected.

Numerous case-control and prospective studies
have identified elevated plasma homocysteine as a
strong independent risk factor for cerebrovascular,
cardiovascular and peripheral vascular disease. The
exact mechanism that explains the vascular toxicity
of elevated homocysteine levels is unknown at
present. Studies indicate that it is both atherogenic
and thrombogenic. Many studies have noted strong
inverse relationships between homocysteine levels
and the status of both vitamin B;, and folate [28].

Metal ions such as zinc and iron, apparently
more rarely cobalt, may play a variety of physio-
logical roles in natural proteins including catalysis,
electron transfer and stabilization. Several enzymes
such as rat liver e-D-mannosidase are activated
by Co*™ ions, but it is not clear whether these
ions are involved in these enzymes. Recent studies
have shown that certain proteins contain cobalt in a
form other than the corrin ring of vitamin B, [29].
Eight non-corrin-cobalt containing enzymes have
been characterized, including:

— methionine aminopeptidase: this metalloen-
zyme is ubiquitous in pro- and eucaryotic cells
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and is involved in cell regulation, intracel-
lular targeting and protein turnover through
the cleavage of N-terminal methionine in
newly synthesized polypeptides. It contains
two Co'™ ions per active subunit that cat-
alyze hydrolysis.

— prolidase or proline dipeptidase is involved in
the terminal degradation of cellular proteins.
Its catalytic site contains two Co™ per unit.

— nitrile hydratase catalyses the hydration of
nitriles to amides and is involved in the
metabolism of toxic compounds in bacterial
systems but also industrially for the large-scale
production of acrylamide and nicotinamide
from the corresponding nitriles. This enzyme
is the first example of a non-corrin protein that
contains one Co™ ™ ion in each active unit.

— glucose isomerase catalyses the reversible
isomerization of D-glucose to D-fructose and
is of outmost commercial importance for
the industrial production of corn syrup. The
actynomycetes enzyme requires the presence
of one Co*™ ion per four subunits. In the
industrial processes that use this enzyme,
reduction of the cobalt added to the culture
medium is important because of the potential
health risks associated with the consumption
of cobalt in humans.

— methylmalonyl-CoA carboxyltransferase,
lysine-2,3-aminomutase and bromoperoxidase
are bacterial enzymes that also contain Co™™
ions.

— aldehyde decarbonylase converts a fatty alde-
hyde to a hydrocarbon and CO; the enzyme
isolated from green algae consists of one Co-
porphyrin per subunit. Other cobalt-porphyrin
containing proteins have been found in reduc-
ing bacteria and their prosthetic group appears
to contain Cot™t ions.

Several cobalt transporters (COT1, NhlF, GRR1)
have recently been characterized in yeast cells;
their function is to concentrate Co™™ ions from the
extracellular milieu and to compartmentalize these
ions in the cell mitochondria. Whether similar
transporter proteins exist in mammalian and human
cells and how they may affect cobalt metabolism
and/or toxicity is not known [30].
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Several genes such as heme oxygenase or
erythropoietin are sensitive to hypoxia and respond
in a similar manner to Co(Il) ions in vitro (hypoxia
mimetic effect of cobalt ions) [31]. Although the
exact molecular mechanisms of this effect of Co(II)
ions is not well characterized, it might contribute
to explain the polycythemic effect of cobalt in vivo
(see next section).

4.3 Toxicological aspects

As for other inorganics, it is unlikely that the toxic
manifestations associated with excessive exposure
to cobalt result from a single and specific mode
of action. At least two types of cobalt species
can elicit toxic manifestations through different
mechanisms, that is, cobalt metal particles and
cobalt ions.

In vitro at least some toxic effects are specifi-
cally caused by cobalt metal particles and cannot
be explained by the presence of solubilized cobalt
forms. Physicochemical studies have shown that
cobalt metal, and not its (II) ionic species, is ther-
modynamically able to reduce oxygen in activated
oxygen species (AOS); the kinetics of this process
is, however, slow because of the poor oxygen-
binding capacity at the surface of cobalt metal par-
ticles. In the presence of tungsten carbide particles,
the oxidation of cobalt metal is catalyzed at the sur-
face of these particles, reduction of dissolved oxy-
gen in AOS is enhanced and soluble cobalt cations
are produced in larger amounts [32].The increased
capacity of hard metal particles to produce large
quantities of AOS compared to cobalt metal alone
provides an explanation for their inflammatory
action in the lung (see parenchymal disease) and
their mutagenic/carcinogenic potential (see below)
and point to the necessity to consider these alloys
as a specific toxic entity. In this system, soluble
cobalt ions are also produced during the critical
reaction, but they do not drive it. This mechanism
is illustrated on Figure 2.7.1.

Cobalt ions can produce toxicity through several
different mechanisms.

— There is evidence that Co(Il) ions can inhibit
the catalytic activity of certain enzymes such as
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Tungsten Carbide

Active oxygen
species!

Figure 2.7.1. Physicochemical mechanism of the interaction between cobalt metal and tungsten carbide particles. (Adapted from
Lison et al. Chem. Res. Toxicol., 8, 600 (1995) with permission of American Chemical Society).

tyrosine iodinase, cytochrome P450 or peroxydase.
This effect has also been demonstrated for deoxyri-
bonucleic acid (DNA) repair enzymes (incision
and polymerization steps), in which Co(II) ions
interact with zinc finger domains in the pro-
tein [33].

— It has been demonstrated in vitro that, in
the presence of H,O,, Co(Il) ions are able to
cause chemical damage in DNA bases from
chromatin, probably through the production of
hydroxyl radicals [34]. Such effects appear to be
mediated by a Fenton system, also influenced by
the concomitant presence of chelators (e.g. 1,10-
phenanthroline) [35] and can be site-specifically
formed, possibly through the binding of Co(II)
ions in zinc fingerprint domains of DNA-binding
proteins [36]. In vivo, intraperitoneal administra-
tion of Co(Il) ions (3 and 6 mg Co per kg as
cobalt acetate) in the rat produced oxidative DNA
damage in renal, hepatic and pulmonary chromatin.
The altered bases identified were typical products
of hydroxyl radical attack on DNA, and some of
them have been shown to be promutagenic [37]. It
is probable, but not demonstrated, that this in vivo
effect is dependent on the presence of endogenous
levels of H,O, in target tissues.

— Co(Il) ions can act as hapten and bind to
macromolecular components to produce immuno-
genic products that can account for allergic
reactions.

— The irreversible chelation of lipoic acid by
Co(Il) ions under hypoxic conditions might rep-
resent a relevant mechanism for the pathogenesis
of cobalt-induced cardiomyopathy in beer drinkers
(Webb 1982 in [27]),

— Co(II) ions have been shown to alter cal-
cium influx into cells, functioning as a calcium
channel blocker [38], to alter the expression of
glucose transporter proteins and modify glucose
metabolism [39], but the clinical significance of
these observations is not well documented.

When considering these possible modes of
toxicity, it should, however, be kept in mind
that, in vivo, the bioavailability of Co(Il) ions is
relatively limited because these cations precipitate
in the presence of physiological concentrations of
phosphates (solubility constant (Ksp): 2.5 x 1073
at 25 °C) and nonspecifically bind to proteins such
as albumin.

These mechanisms of action involving ionic
cobalt forms are also relevant for metallic cobalt
species (alone or associated with tungsten carbide
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particles) because the toxic reaction that produces
AOS leads in parallel to the oxidation of metallic
cobalt and hence to the formation of ionic
cobalt species.

In acute cyanide poisoning, the capacity of
Co(Il) ions to form stable complexes with CN™
cations is used to neutralize this toxicant. Sev-
eral cobalt-containing complexes such as hydrox-
ycobalamin or dicobaltic EDTA are proposed to
treat cyanide poisoning [40].

Differences in the bioavailability of cobalt from
different compounds are illustrated in the varying
acute toxicity of these compounds (Table 2.7.3).

Occupational activities are the main source of
potentially excessive exposure to various cobalt
compounds, mainly by inhalation of particles and
the respiratory tract is the main target organ (see
below). Only a few toxic manifestations were in
the past related to nonoccupational oral exposure
to inorganic cobalt compounds. In man, no adverse
effects of vitamin B, have been reported from
single oral doses as high as 100 mg and chronic
administration of 1 mg weekly for up to five years.

Cobalt compounds exert a stimulating effect on
erythropoiesis and have been used (mainly in the
form of cobalt chloride) as a therapy for anemia
(25-100 mg daily). A goitrogenic effect of cobalt
compounds has been well documented in patients
treated with cobalt chloride for hematological
disorders [41]. Experimental studies have shown
that Co(Il) ions block the iodide uptake by
follicular cells and the subsequent step of iodide
organification (see above).

As mentioned above, outbreaks of cardiomyopa-
thy were reported in Belgium, USA and Canada
among heavy consumers of beer (up to 10 liters per

Table 2.7.3. Acute oral toxicity of different cobalt compounds
in the rat.

Compound LDsg LDsg
(mgkg™") (mg Co/kg)

Cobalt metal 6171 6171

Cobalt(II) chloride 80 37

Cobalt(IT) chloride 766 125

hexahydrate

Cobalt(IT) oxide 202 159
1700 (gastric tubing) 1338

Cobalt sulfide >5000 >5000
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day) to which cobalt sulfate had been added as a
foam stabilizer (0.8—1.6 wgmL~") [11]. The clas-
sical cardiomyopathy syndrome associated with
cobalt beer was characterized by left and then
right heart failure accompanied by cardiomegaly,
gallop rhythm, cyanosis, low cardiac output, peri-
cardiac effusions and hypotension. Some of the
patients regained normal cardiac status upon ces-
sation of exposure. The serum cobalt concentra-
tion was reported as being 150 to 1500 ugL~! in
one patient, but these values should be considered
with caution since control values of 70 pgL~!
were reported in the same study. Cobalt urinary
excretion rates ranging from 34 to 533 pgday~!
have also been found. The epidemiological evi-
dence for a causal role of cobalt in the patho-
genesis of this cardiomyopathy is convincing, but
the exact mechanism remains unknown, although
cardiac lesions have been produced in experi-
mental animals treated with cobalt salts. Since
the amount of metal ingested in the cobalt-beer
drinkers was lower (up to 10 mgday~') com-
pared with the doses used in anemia treatment,
the influence of other factors has been consid-
ered. It has often been assumed that poor nutri-
tion and ethanol had played a synergistic role in
the development of the myocardium lesions. The
development of a fatal cardiomyopathy in ure-
mic patients treated with cobalt salts for anemia
has also been described [42]. Interestingly, poly-
cythemia has also been reported in heavy beer
consumers [11].

Co(II) acetate and chloride were not found to
be teratogenic in hamsters and rats, respectively.
Cobalt chloride was found to be a potent teratogen
for Xenopus laevis.

Cobalt-chromium alloys are used in prosthesis
for human joint replacement (e.g. femoral head)
and dental appliances because of their resistance
to both wear and corrosion and their high fatigue
strength. Cobalt and nickel released from ortho-
pedic or dental prostheses may precipitate allergic
reactions, with local effects and inflammation [43].

Adverse reactions in various organs such as
the liver, kidney, testes and pancreas have been
observed in animals treated with high doses of
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cobalt [19], but the relevance of these observations
for human exposure conditions is uncertain.

S OCCUPATIONAL HEALTH

The industrial uses of cobalt and its compounds
are summarized in Table 2.7.4. The major uses
are for the manufacture of alloys, hard metals
and magnets. Because of the practical advantages
of high melting point, strength and resistance to
oxidation, cobalt metal is used for the production
of a number of alloys. The CAS Registry lists
approximately 5000 alloys of cobalt with other
metals, of which cobalt is the base metal for about
2000. The main cobalt-based alloys are:

— the strong and corrosion-resistant superalloys
that in addition to Co may contain Ni, Cr, Al,
Y and small amounts of other metals,

— the magnetic alloys that also contain Pt, Sm
and other rare earth minerals,

— the cobalt-containing high-strength steels,

— the electrodeposited Ni—Co alloys,

— the so-called hard metals or cemented carbides
that are not genuine alloys but composite mate-
rials manufactured by a powder metallurgy
process from tungsten carbide (about 90% in

Table 2.7.4. Industrial uses of cobalt compounds.

ELEMENT-BY-ELEMENT REVIEW

weight) and cobalt metal (up to 10%) particles.
The hard metals possess extraordinary proper-
ties of hardness (close to that of diamond) and
remarkably resist heat and wear. Unlike other
metals, their hardness increases with tempera-
ture,

— alloys with special properties such as for
surgical and dental implants (e.g. vitallium that
associates chromium and cobalt).

Occupational exposure to cobalt occurs mainly
by i