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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-
lytical 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
TUPAC 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.

1 REFERENCES
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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]. A** is a very reactive species.
It reacts 107 times faster than Cr3*. 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,(SOy4)3 is added to drinking water
as a coagulant to clarify turbid drinking waters.
Alums, double sulfate salts of AI’t 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’* is coordinated by six water molecules
in an octahedral configuration. In solutions more
acidic than pH 5.0, Al(H,0)¢>t exists (abbrevi-
ated as AIPT). In less acidic solution, Al(H,0)¢>"
undergoes hydrolysis to yield Al(H,0)s(OH)**
(abbreviated as AI(OH)**) and Al(H,O)4(OH),™"
(abbreviated as AI(OH),™") species. In the neutral
pH range, Al is mainly precipitated as AlI(OH);.
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* + H,0 = Al(H,0)5(OH)*" + H;0™

Kia =107 (2.2.1.1)

Al(H,0)5(OH)*" + H,0 = Al(H,0)4(OH)," + H;0*"

Kra = 10756 (2.2.1.2)

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(0H),™ + 2H,0 = Al(H,0),(0H),~ + 2H;0™

Ksa = 107121 (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 AIP*, AI(OH)>*,
Al(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 (Als(OH);,)°+,
the double-ring (Al;o(OH)»,3*) 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
[ALL(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 Al(OH)s.
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
S0,%~. 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 SO4%~ are displaced by the OH™
ion [7]. There is evidence of interactions between



