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Foreword

The growing awareness of speciation is reflected by the increasing number of
analyses performed in research and routine laboratories in various fields e.g.
food and agriculture, environment, medicine, industry, in which species are
determined. The determination of the ‘chemical forms of elements’ forms the
basis on which to understand the bio-geochemical cycle of contaminants in
terrestrial and aquatic ecosystems and for detecting possible harmful substances
which might be toxic to biota and humans. Besides the importance of this tool for
risk assessment studies, speciation is also highly relevant for testing the quality of
products, e.g. the amount of essential elements in food products, impurities in
pharmaceutical products or chemical substances etc. and is, therefore, of poten-
tial interest to industry.

The evolution of this awareness is, however, quite paradoxical. Dramas were
necessary to alert the public to toxic ‘forms’ of elements, e.g. the high toxicity of
methylmercury identified in Minamata (Japan) in the 1950s, or organotin im-
purities in medicaments (the ‘Stalinon’ problem) in the 1960s. Studies of trace
elements partitioning in sediments and soils were initiated in the 1970s, e.g. to
evaluate the mobility and/or bio-availablility of heavy metals, but speciation was
still considered to be an ‘academic exercise’ at that time, rather than a regulatory
tool.

At the beginning of the 1980s, high mortality of oysters in the Arcachon Bay
(France) due to tributyltin leached from antifouling paints, and subsequent
economic problems in this area, justified strong research efforts which were
crowned with success and opened the way to a larger field of investigations.
Results were reflected in an increasing awareness from the legislative point of
view, since national regulations were implemented (e.g. the banning of TBT-
based antifouling paints, systematic monitoring of methylmercury in fish by
control laboratories, etc.); furthermore, the term ‘clements and their compounds’
appeared in EC Directives related to environmental protection. This decade was
also marked by a flourishing development of new instruments and methods for
the determination of a wide variety of chemical species.

One could have thought that the 1990s would have been a key decade for
speciation with an expanding market for new instruments and a large range of
regulations. This trend was, however, not so marked as was anticipated. Huge
efforts were actually made to improve the state-of-the-art of speciation analysis
within Europe, e.g. projects funded by the European Commission (BCR pro-
gramme and successors) which enabled cross-checking of techiques developed by
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expert EU laboratories and the demonstration of the comparability of data. Six
to seven years were necessary to obtain a good picture of the state-of-the-art for
the speciation of some elements, e.g. As, Hg, Pb and Sn, and to certify suitable
reference materials for quality control purposes. While these efforts were highly
necessary and permitted the identification of robust methodologies and the
rejection of unqualified techiques, a gap existed in the transfer of knowledge from
expert laboratories to routine laboratories. This was recognised by some instru-
ment manufacturers at the beginning of the 1990s, but efforts were limited and
still did not result in the creation of new markets. Moreover, much remains to be
done to disseminate information on the importance of pursuing research and
development efforts in the area of speciation, in particular for decision-makers,
e.g. regulators and industrialists.

The start of the 21st century will represent a cornerstone for speciation. Some
projects have recently started, aiming to develop simple methodologies which
are readily marketable and usable by routine control laboratories (provided
along with Standard Operating Procedures). Certified reference materials are
now increasingly available for the quality control of speciation analysis and all
the requirements are met for speciation to be considered at the same level as trace
organic analysis.

There is still a clear need, however, to enhance multi-disciplinary collabor-
ations and boost communication of research results to decision makers and
end-users (e.g. legislators, industrialists, routine control laboratories). The best
strategy for a way forward will be to share views and expertise among experts
from different disciplines with complementary experience, to communicate with
decision-makers and end-users and to discuss efforts necessary for the transfer of
knowledge to routine laboratories. This has been well understood by the
European scientific communty which decided to act through the development of
a Thematic Network entitled ‘Speciation 21’ funded by the European Commis-
sion’s Standards, Measurements and Testing programme, and run for two years
(1998-2000).

The ‘Speciation 21’ network aims were to tackle problems related to the lack of
communication between scientists, industry representatives and legislators for
the possible improvement of written standards and EC regulations. As stressed
before, legislation at present mainly concerns total element concentrations,
which in many cases is insufficient for an accurate risk evaluation (e.g. for
environment contamination, food quality, health risks etc.). The main objective
of the network was to bring together scientists with a background in analytical
chemistry interested in speciation method development, with potential users
from industry and representatives from legislative bodies. The network organ-
ized a series of meetings to debate all the important questions related to environ-
mental, food and occuaptional health aspects of speciation. This book gives a
detailed review of the state-of-the-art of speciation issues in the occupational
health, food and environment sectors, along with the main conclusions of
round-table discussions held during expert meetings; it provides an insight into
applied research in the speciation field, which was recognised to be in support of
Community policies and industrial competitiveness. As such, this document
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opens new areas of investigation, which should enable speciation to progress and
find its rightful place in the analytical world of the 21st century.

Philippe Quevauviller
Brussels, June 1999






IUPAC Definitions for Terms
Related to Chemical Speciation
and Fractionation of Elements

In order to circumscribe the domain of element speciation, it is mandatory to
quote the TUPAC (International Union for Pure and Applied Chemistry) recom-
mendations for the definition of terms related to the chemical speciation of
elements: ‘chemical species’, ‘speciation analysis’, ‘speciation of an element’,
‘speciation and fractionation’.!

Chemical species. <chemical elements > specific form of an element defined as
to isotopic composition, electronic or oxidation state, and/or complex or mol-
ecular structure.

Speciation analysis. <analytical chemistry > analytical activities of identifying
and/or measuring the quantities of one or more individual chemical species in a
sample.

Speciation of an element; speciation. Distribution of an element amongst defined
chemical species in a system.

It is, however, often not possible to determine the concentration of the differ-
ent individual chemical species that sum up the total concentration of an element
in a given matrix (e.g. in metal-humic complexes or metal complexes in biologi-
cal fluids), which means that it is impossible to determine the speciation. The
practice is then to identify various classes of species of an element and to
determine the sum of its concentrations in each class. This practice is useful and
will continue. Such fractionations can be based on many different properties of
the chemical species, such as size, solubility, affinity, charge and hydrophobicity.
Consistent with restriciton of the use of the term speciation to defined chemical
species, fractionation has been defined as follows:

Fractionation. Process of classification of an analyte or a group of analytes from
a certain sample according to physical (e.g. size, solubility) or chemical (e.g.
bonding, reactivity) properties.

The terms are described in detail in the original manuscript.! Methodological
approaches to achieve speciation and fractionation analysis are also reported.
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Reference

1. D.M. Templeton, F. Ariese, R. Cornelis, L.-G. Danielsson, H. Muntau, H.P.
van Leeuwen and R. Lobinski, TUPAC recommendations, Pure Appl. Chem.,
2000, 72, 143.
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List of Abbreviations

Abbreviations, in particular those for chemical species, are generally defined at
their point of use. A list of commonly used abbreviations follows.

AAS atomic absorption spectrometry
AES atomic emission spectrometry
AFS atomic fluorescence spectrometry
APCI  atmospheric pressure chemical ionisation
API atmospheric pressure ionisation
AQA  analytical quality assurance

ASE accelerated solvent extraction
BCR Community Bureau of Reference
CAC  Codex Alimentarius Commission
CE capillary electrophoresis

CRM  certified reference material

CSv cathodic stripping voltammetry
CT cold trapping

CvV cold vapour

CZE capillary zone electrophoresis
ECD  electron capture detector

EQT  environmental quality target

ES electrospray
FAFS flame atomic fluorescence spectrometry
FID flame ionisation detector

FPD flame photometric detector

GC gas chromatography

HG hydride generation

HPLC high performance liquid chromatography

IC ion chromatography

ICP inductively coupled plasma

LC liquid chromatography

LCM  laboratory control material

MAE  microwave assisted extraction

ML maximum level

MS mass spectrometry

NIES  National Institute of Environmental Studies (Japan)
NIST  National Institute of Standards and Technology (USA)



XXiV List of Abbreviations

NRCC National Reasearch Council of Canada
OEL  occupational exposure limit

PEL permissible exposure limit

PNEC predicted no effect concentration

RM reference material

SFE supercritical fluid extraction

SPE solid phase extraction

SPME solid phase microextraction

TBC toxicological benchmark concentration
TDI tolerable daily intake

TDS total diet study

TLR threshold limit range

TLV threshold limit value

TWI tolerable weekly intake
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CHAPTER 1

Accuracy and Traceability in
Speciation Analysis
PHILIPPE QUEVAUVILLER

1 Introduction

Traceability issues are of increasing concern in all fields where chemical measure-
ments form the basis for decisions. The concepts of accuracy and traceability as
applied to environmental analysis are, however, still prone to misunderstanding,
Some years ago, Horwitz stated that ‘considerable evidence exists in the litera-
ture that few analytical chemists pay attention to the question of the reliability of
the analytical results they produce. These chemists believe that a natural law
exists in measurement science, that if the directions for conducting a measure-
ment are followed, the true value necessarily results’.! This corresponds to the
long-term debate about precision or reproducibility over accuracy,? which is
now relayed by on-going discussions on accuracy and traceability: while accu-
racy refers to the closeness of analytical values to ‘true values’ (trueness) and
among various repetitions (precision), the term traceability implies a link be-
tween the data obtained and established references, through an unbroken chain
of comparisons, all with stated uncertainties. Recent controversial discussions
have illustrated the misunderstanding, which may occur among the analytical
community with respect to accuracy and traceability issues in the area of
speciation analysis, with possible consequences on environmental data interpre-
tation.

Speciation analysis is no longer a new feature. [UPAC defines this term as ‘the
analytical activity of identifying and measuring the quantity of one or more
individual chemical species in a sample’.® The speciation of an element is defined
as ‘the distribution of defined chemical species of an element in a system’.?
Chemical species of some elements (e.g. organotins, organomercury compounds)
are now included in the list of substances to be determined in the frame of
international environmental programmes, requiring an increasing knowledge
and care with respect to the quality control (including traceability issues) of all
monitoring steps (from sampling to reporting data).*
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Analytical techniques used for the determination of chemical species are
generally based on a succession of steps (e.g. extraction, derivatisation, separ-
ation, detection) all of which are prone to various sources of systematic errors.
Within the last decade, international collaborative efforts (through inter-labora-
tory studies and certification of reference materials) have enabled the systematic
study of hyphenated techniques used for the determination of chemical species
of, e.g., arsenic, chromium, mercury, lead, tin and selenium in environmental
matrices (water, fish or mussel tissues, sediments).>”’ The determination of
operationally-defined element fractions (extractable forms of trace elements) in
sediment and soil matrices has also been collaboratively studied, mainly to
harmonise and standardise extraction schemes, in order to improve the com-
parability of data (stressing that, strictly speaking, this type of determination
should not be covered by the term ‘speciation’).® In this context, all of these
collaborative efforts have been understood as being directed towards the drive
for accuracy (trueness and precision as defined below). It has been recognised
recently that these achievements have actually led primarily to the establishment
of reference points (e.g. certified values in reference materials), which do not
necessarily correspond to ‘true values’, but offer a mean with which laboratories
may compare their data internationally and, hence, achieve traceability. This
ambiguity still generates confusion and misunderstanding among the scientific
community. This chapter discusses this issue, focusing on analytical measure-
ments only. Extending discussions on general traceability issues would imply an
examination of steps prior to laboratory work (sampling, storage, etc.) which is
beyond the scope of this contribution.

2 Accuracy

The accuracy concept covers the terms trueness and precision.® Trueness is
defined as ‘the closeness of agreement between the “true value” and the measured
value’, whereas precision is ‘the closeness of agreement between the results
obtained by applying the same experimental procedure several times under
prescribed conditions’. Trueness relies on the true value of the substance to be
measured, which is defined as ‘a value, which would be obtained by measure-
ment, if the quantity could be completely defined and if all measurement imper-
fections could be eliminated’. We will discuss later in this chapter what the
practical implications for speciation analysis are.
There are three recognised ways to evaluate accuracy:?

1 comparison with an ‘independent’ method (i.e. with different measurement
principles and different sources of errors),

2 comparison with other laboratories, and

3 use of Certified Reference Materials.

The principle of establishing certified values of reference materials on the basis of
comparisons of independent methods used by different (independent) labora-
tories has been followed by the European Commission (BCR and its suc-
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cessors).!® The certified values were long considered to reflect the best estimates
of the true values of the certified substances. As discussed below, some may argue
that certified values actually represent reference points to achieve traceability,
but that they are not necessarily to be considered as true values for the verifica-
tion of accuracy. Strictly speaking, measurement results are accurate when both
the result and its uncertainty are described in units from the ‘Systéme Interna-
tional’ (SI units),'* i.e. the kg or the mole for analytical measurements. Previous
discussions have underlined that the use of SI units in chemical measurements is
quite unrealistic and is only applicable if primary methods (‘method having the
highest metrological quality, for which a complete uncertainty statement can be
written down in terms of SI units’, e.g. gravimetry, titrimetry, coulometry, IDMS)
are involved.!2'!3 This will be discussed later in this chapter.

3 The Traceability Concept as Applied to Speciation

Traceability is defined as ‘the property of the result of a measurement or the
value of a standard whereby it can be related to stated references, usually
national or international standards, through an unbroken chain of comparisons
all having stated uncertainties’.® The application of this concept to chemical
measurements has been extensively discussed over the past ten years.'''* The
practice often differs from theory: indeed, analytical chemists usually describe
their results (amounts of chemical compounds) in terms of weight or mass,
whereas metrologists underline that weighing ignores the chemical nature of the
measurand and the fact that particles interact with each other in chemical
reactions and not masses of matter.!® It is recognised that the actual measure-
ment of the ‘amount of substances’ correspond to approximations, consisting of
measuring ratios of ‘weight’ and converting them into ratios of amount by means
of ‘atomic weights’ or ‘molecular weights’, which is considered accurate enough
for most chemical purposes.!® In the strict metrological sense, the ‘approxi-
mations’ do not allow one to demonstrate that the measurements are traceable
to the relevant SI unit, i.e. the mole. The arguments developed by metrologists
are that, in any chemical reaction, the masses of reacting compounds change
(even if the effect is extremely small) since there is energy uptake or production.
Furthermore, mass is a property of matter with is basically inert, which is not the
case for (amount of) particles, which explains why the SI system distinguishes
‘mass’ from ‘amount of substance’. As stressed above, the practice is far removed
from theory, and a recent discussion of the key elements of traceability was
conducted between analytical chemists and metrologists, to understand the
concept and make it applicable to routine chemical measurements.'® The three
key elements concern (1) the link to stated references, (2) the unbroken chain of
comparison and (3) the stated uncertainties. The following paragraphs examine
how these concepts apply to speciation analysis.
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3.1 Stated References for Speciation Analysis

3.1.1 Generalities

The ‘stated references’ may be reference methods, reference materials or, as
already said above, the units of the Systéme International (SI)."” The mole and
the kg are the SI units which underpin chemical measurements; the mole relates
atomic/molecular entities to a macro-scale via classical chemical reactions and
provides the basis for analytical techniques such as, for example, gravimetry,
titrimetry and electrochemical measurements (keeping in mind that the kg is
necessary to define the mole).!® In theory, perfect traceability could be estab-
lished if each atom/molecule of a certain substance could be counted one by one
on a microscopic scale. In practice, the measurements correspond to approxi-
mations, e.g. via comparisons of amounts, of instrumental response generated by
a number of particles, etc. Basically, establishing SI traceability nowadays im-
plies the ability to demonstrate to what extent the approximations made are
clearly related to the stated references.'® Typically, many chemical measure-
ments are actually traceable to either a reference material or to a (reference)
method. In the field of speciation analysis, the ‘stated references’ can hardly be
established to the mole given the present state of knowledge. Indeed, as discussed
below, the techniques used involve a series of analytical steps, which multiplies
approximations that are still not under control. The references, in this case, are
either pure substances or Certified Reference Materials (when they exist). At
present, there are no real ‘reference methods’ in speciation to which results can be
traceable, with the exception of operationally-defined parameters (i.e. ‘forms’ of
elements defined according to an extraction protocol,® e.g. a single or a sequen-
tial extraction protocol, which represents in this case the reference. As stressed
above, however, this type of measurement is not really considered as being
covered by the term ‘speciation’).

3.1.2 CRMs as Stated References

It has been emphasised that the ‘reference’ represented by a CRM is not always
reliable since, in many cases, the RM does not have the ‘same’ matrix as the
unknown sample.'! In most cases, CRMs represent a compromise with respect
to the matrix of the unknown sample, which will be useful as a quality control
tool. Analytical chemists should not expect more from CRMs than they can
offer, i.e. they are to be considered as useful tools for validation and not
calibration tools for applying ‘correction factors’ to measurement results. In
other words, if an error is detected in a method when analysing a CRM, this error
has to be removed before the analysis of the unknown sample, and not corrected
for on the basis of the deviation observed for the CRM results. This may sound
trivial, but the validation process of a method, involving the use of CRM(s), is
required prior to measuring unknown samples! Furthermore, it should be
stressed that a correct result obtained with a CRM does not give a full assurance
that ‘correct results’ will be achieved when analysing unknown samples, due to
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differences in matrix composition.

In addition, the question of traceability of CRMs, representing complex
chemical systems, to ST units is still an open debate. The new ISO definition of a
CRM implies ‘traceability to an accurate realisation of the unit in which the
property values are expressed’.!® As with the traceability to SI units, this ‘accu-
rate realisation’ is often difficult to demonstrate in the field of speciation analysis.
In practice, the approximations made at different analytical steps do not give
proof that a 100% recovery has been obtained (e.g. extraction recovery, de-
rivatisation yield). The approximations are actually more valid when the certifi-
ed values have been obtained in the frame of inter-laboratory studies involving
several (independent) laboratories using a variety of different techniques. Even
then, in the absence of a ‘definitive method’, the collaboratively obtained value is
considered to reflect the ‘state-of-the-art’ of a given method (hence a good
reference point), but not necessarily the ‘true value’ of the measured chemical
compound.

As stressed before,!? traceability of chemical measurements to the SI unit (i.e.
to the mole) is achievable for relatively ‘simple’ determinations such as trace
elements in seawater. This has been made possible through measurement rounds
between a few metrological laboratories using a so-called ‘primary reference
method’ (in this case isotope dilution mass spectrometry).'* The traceability of
certified values of a RM to the mole is, therefore, theoretically achievable. What
is demonstrated for water analysis, however, is far from being achievable for
complex matrices requiring chemical pre-treatment, extraction, clean-up, separ-
ations, etc. In this case, the ‘chain’ will be broken at several stages and the
traceability will rely on approximations, i.e. recovery estimates. The better these
estimates, the closer is the achievement of traceability to the relevant SI unit, the
mole. This goes hand-in-hand with the possible achievement of accuracy, i.e. the
closeness to the ‘true value’, which is intimately linked with the possibility of
achieving, and demonstrating, a 100% recovery of the measurand at each
analytical step, where loss or contamination might occur.

Examples of CRMs developed over the past few years to serve as ‘references’
for speciation analysis are given in Table 1.2°

3.1.3 Reference to Well-defined Species

As a general comment, one should consider that a given compound may have
different species and/or different ways of being reported. An example is tributyl-
tin, (C,H,),Sn, which may be reported as the cation TBT ¥, or with its respective
anion (e.g. chloride, acetate, oxide), or even as Sn, depending on the analytical
techniques used.” Therefore, besides the definition of ‘stated references’ as physi-
cal entities (e.g. pure substances or CRMs), the results of speciation analysis
require to be traceable to well-defined units and chemical forms. Potentially
serious errors are made because results, submitted according to one chemical
form, are compared with results reported in a different unit (e.g. comparison of
TBT results reported as TBTCI with results reported as Sn). Strictly speaking the
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Table 1 Examples of Reference Materials certified for their contents in chemical
forms of elements. The table lists CRMs available at BCR ( European
Commission ), IAEA (Austria), NIES (Japan), NIST (USA) and
NRCC (Canada). This list is not exhaustive

CRM Certified parameters & matrices Producer
SRM 2108 Cr(ITT) and Cr(VI) in solution NIST
SRM 2109 Cr(III) and Cr(VI) in solution NIST
CRM 544 Cr(I1I) and Cr(VI) in lyophilised solution BCR
CRM 545 Cr(VI) in welding dust (loaded on a filter) BCR
SRM 1974a Total mercury and methylmercury in mussel

tissue NIST
SRM 2974 Total mercury and methylmercury in mussel

tissue NIST
SRM 2976 Total mercury and methylmercury in mussel

tissue NIST
DORM-1 Methylmercury in fish muscle (dogfish) NRCC
CRM 463 Total mercury and methylmercury in fish BCR

muscle (tuna)
CRM 464 Total mercury and methylmercury in fish BCR

muscle (tuna)
LUTS-1 Trace elements and methylmercury in lobster NRCC

tissue
CRM 580 Total mercury and methylmercury in sediment  BCR
TAEA 356 Methylmercury in sediment TAEA
TIAEA 086 Total mercury and methylmercury in human

hair TAEA
PACS-1 Butyltin compounds in marine sediment NRCC
CRM 462 Butyltin compounds in coastal sediment BCR
CRM 646 Butyl- and phenyltins in freshwater sediment BCR
CRM 477 Butyltin compounds in mussel tissue BCR
NIES 11 Total tin and tributyltin compounds in fish

tissue NIES
CRM 627 Organoarsenic compounds in fish muscle BCR
CRM 605 Trimethyllead in urban dust BCR

results of chemical determinations should be reported as ‘amount (of substance)
measurements’ to comply with the requirements of the SI system.™*

3.1.4 Reference Methods

The question has been raised as to whether the development of ‘reference
measurement’ procedures, adequately applicable to real sample matrices, would
not be a more desirable trend in the coming years, rather than trying to develop
thousands of different matrix RMs.!! ‘Reference measurement methods’, how-
ever, also need to be validated, so the necessity to develop suitable CRMs cannot
be ignored. As stressed in the following section, the development of reference
methods will depend upon the availability of adequate quality control tools, e.g.
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reference materials naturally enriched with isotopically-labelled compounds, to
be used for the verification of extraction recoveries.

3.2 Significance of the Unbroken Chain of Comparisons for
Speciation

3.2.1 Traceability Links

As already mentioned, the determinations of chemical forms of elements are in
most cases based on multi-step methods, representing multiple risks of contami-
nation, or losses of analytes, during the measurement process.’ Strictly (met-
rologically) speaking, measurements are, by definition, quantifying something,
and chemical separations (e.g. extraction, clean-up, chromatographic separation)
do not quantify. However, the separation of chemical species before measuring
them is a very important step on the road of quantification.'! For reliable and
accurate measurements, a 100% complete separation is an essential condition
for accurate quantification, but in itself it is not a measuring process.

3.2.2 Extraction Recoveries

The extraction of chemical forms of elements from various matrices is a complex
matter in which two conflicting issues need to be combined, obtaining an
adequate recovery on one side and preventing losses, especially destruction of
the compound(s), on the other.” Basically, the extraction should be done in such
a way that the analyte is separated from the interfering matrix without loss,
contamination, change of the speciation, and with the minimum of interferences.
Ensuring a good traceability of measurements implies that the extraction recove-
ries are verified. This can be done in several ways, as extensively discussed in the
literature for speciation analysis.?! Although extraction methodologies have
been systematically studied for various organometallic compounds, e.g. or-
ganotins,?? no general consensus has been reached so far on recovery experi-
ments and corrections, which are described elsewhere.?! The main limitations
are due to the lack of CRMs (and their related drawbacks discussed in Section
3.1.2). Much work remains to be carried out to validate this step, which certainly
represents the weakest part of the traceability chain in speciation analysis at the
present. Advances could be made by the use of materials containing incurred
chemical species (bound to the matrix in the same way as the samples to be
analysed), preferably isotopically-labelled, enabling an accurate evaluation of
the recovery, using isotope dilution techniques. Since such materials are not
available at present, the extraction methods should be validated by comparison
with independent methods (which gives good confidence on data comparability,
but not necessarily on accuracy).

3.2.3 A Particular Case — Distillation

In speciation analysis, distillation is used mainly for the determination of methyl-
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mercury (MeHg) in environmental matrices. This procedure is often based on the
addition of H,SO, and KCl at a temperature of 145 °C, with verification of the
distillation recovery by standard additions.?® Recent discussions have illustrated
the controversies that may occur between environmental chemists with respect
to accuracy and traceability issues.?4"27 Artificial MeHg formation was noted by
different groups, especially when water vapour distillation was used.?® The effect
was mainly noted in sediment samples and was not observed in fish samples. The
phenomenon was observed by recording both the normal measurement and the
formation of MeHg due to an enriched Hg?* isotope spike. These observations
threw doubts on the certified values of sediment CRMs, which justified the
organisation of a workshop to discuss this matter.>* Further discussions argued
that artifacts observed by three laboratories were not proof that the certified
values are biased (considering the good agreement obtained by various labora-
tories using independent techniques), because the free (and very reactive) Hg?*
used in spiking experiments, which cast doubt on the materials, can be a
precursor in transformation mechanisms, including methylation. Therefore, the
ionic mercury could have generated the artifacts.?> It was stressed that the
demonstration of artifact formation should rely on experiments with enriched
isotopes of Hg** incorporated into the test material by a natural process.2” A
recent experiment has been performed,?® consisting of the addition of *°°Hg?* to
different sediment samples, which resulted in an artifact formation demonstrated
by an increase in CH;'?°Hg™* as compared with CH,2°°Hg*. However, this
approach did not reflect real conditions. First, the spiking procedure did not
mimic a natural enrichment process and second, the increase in CH,'*°Hg*
simply confirmed that the artifact probably only arose from the addition of the
Hg?* spike. The best strategy to demonstrate effects on MeHg in certified
samples would be to spike the material with methylated-enriched mercury
isotopes. This would distinguish between ‘real” artifacts related to the naturally-
bound MeHg and ‘artificial’ artifacts coming from the MeHg spike used to check
recovery.?” This short account illustrates the difficulty in demonstrating tracea-
bility in multi-step techniques, as used in speciation analysis, and stresses that
CRMs are good ‘reference points’ for achieving comparability of data (traceabil-
ity to a common reference). In this case, the overestimation of the methylmercury
content in sediments, due to possible artifact formation, cannot be firmly ‘dem-
onstrated’ on the basis of the described experiments, and doubts about the
validity of the certified values should not be generalised solely on this basis.
These observations only showed that the distillation method should be carried
out under strict quality control.

3.2.4 Derivatisation Yields

Many techniques used for speciation analysis rely on a derivatisation step, which
may also be used to separate elements from their matrices and interferences, and
to concentrate the species. The principle is to transform the actual compounds
into their derivatised forms, which are more easily separated from each other by
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chromatography. Reactions currently employed in speciation analysis are hy-
dride generation (formation of volatile hydride forms based on the addition of
sodium borohydride), ethylation (using sodium tetracthylborate) and Grignard
derivatisation (with Grignard reagents to achieve butylation, pentylation etc.).
These methods have been reviewed recently.?-3° Despite many publications
describing these reactions, derivatisation procedures are far from being well
controlled, due to an insufficient knowledge of the reaction mechanisms and lack
of high purity reagents. In particular, the evaluation of derivatisation yields
(recovery estimate) is hampered by a lack of primary standards (‘standard having
the highest metrological qualities and whose value is accepted without reference
to other standards of the same quantity’*®) of suitable purity and stoichiometry.
This evaluation should indeed be carried out on the basis of pure derivatised
compounds (e.g. the yield of an ethylation reaction used for the determination of
methylmercury chloride should be evaluated with an ethyl-methylmercury stan-
dard). Recent progress has been made in a collaborative project on tin speciation,
in which pure alkylated derivatives (ethylated and pentylated forms) of mono-,
di- and tributyltin were prepared for the purpose of checking the yield of
Grignard derivatisation.! This is certainly a promising approach, which should
be extended to the determination of other chemical forms of elements, thus
strengthening this link in the traceability chain. It has to be noted however, that
derivatisation may be prone to uncontrolled sources of error, and that if this step
can be avoided it is worthwhile considering the alternatives.”

3.2.5 Separation

The separation of chemical species of elements can only be performed by
techniques that do not destroy the chemical forms (e.g. by heat-induced decay).
Two basic methods are generally in use for speciation analysis — chromatogra-
phy (liquid or gas) and cold trapping — coupled with various types of de-
tectors.32:33

Cold trapping techniques have achieved much success thanks to their poten-
tial to determine traces of organotins in waters. The separation technique relies
on prior derivatisation of the compounds (hydride generation) and separation in
a simple chromatographic device (U-tube filled with chromatographic material)
after cryogenic trapping. The separation is based on the sublimation points of
the different (hydride) species. Identified drawbacks are related to the low
resolution of the ‘packed column’, the limitation of the technique to species
generating volatile hydrides, and the possible mis-identification of species of
similar volatility.”

Chromatographic separation is certainly the most popular technique used in
speciation analysis. Whilst the use of packed columns is decreasing (although
still used in conjunction with high sensitivity detectors), due to the many pitfalls
observed, e.g. for methylmercury analysis,>* capillary GC is now very popular
and widely used in speciation studies.®>® Liquid separation techniques (e.g.
HPLC) offer more potential than gaseous separation methods,?* and present the
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advantages of not requiring a prior derivatisation step. However, stationary
phases in HPLC (e.g. ion exchangers, ion pairing) are still not widely available
for speciation analysis.

The weak links of this analytical step are mainly related to the risks of losses
(e.g. heat-induced decay at the injection, or instability of the species on the
column) or misidentification. This part of the traceability chain is intimately
linked to the pre-treatment steps, i.e. proper derivatisation in the case of GC and
clean-up of the extracts to eliminate interfering substances. It also relies on the
availability of proper chromatographic phases and calibrants.

3.2.6 Detection

In all analytical measurements, the determinand should, in principle, arrive
alone at the detector, to avoid interferences. The choice of the detector in
speciation analysis will depend on the chemical forms to be determined and the
mode of separation used. Detectors are either element specific (e.g. AAS) or
non-specific (e.g. FID, FPD, ECD). This step is the last one of the measurement
chain where traceability can be lost. This break can be due to, for example,
uncontrolled interferences (e.g. from the matrix), lack of optimisation of the
temperature programme, gas flow rates etc. (e.g. for AAS techniques), etc. The
on-line coupling of classical detectors (e.g. ICP-AES or ICP-MS, FPD, FID) to
GC or HPLC has led to the elimination of the risks related to the off-line
character of detectors, such as ETAAS (which cannot be applied in a continuous
mode), and this has represented considerable progress for speciation studies. MS
detection offers an additional advantage of allowing an on-line QA in the isotope
dilution mode. This technique is certainly the only one that would enable one to
firmly trace back isotopic forms of elements from extraction to detection. As
stated in the previous sections, the possible demonstration of traceability to SI
units for speciation studies would rely on the availability of samples containing
incurred isotopically-labelled compounds, which would be detected (after extrac-
tion, derivatisation, if relevant, and separation) by isotope dilution MS or
ICP-MS. Recent advances have been made in this field with the development of
coupled HPLC-ID-ICPMS techniques for lead and tin speciation.®®

3.2.7 Calibration

The importance of calibration is obvious, since all efforts to obtain a good sample
and carry out the analysis under the best quality control possible, are spoiled if
the calibration is wrong. In theory, firmly establishing traceability in analytical
chemical measurements means that several ‘primary’ chemical reference ma-
terials in the form of (ultra-)pure substances are interlinked by well known,
quantitative high precision—high accuracy chemical reactions (e.g. as available in
titrations or precipitation processes).'! In the case of speciation analysis, the
‘links’ which should constitute the traceability system are made of various
analytical steps, which should be traceable to a limited set of primary RMs.
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Calibration s perhaps one of the weakest links of the measurement traceability
chain, since the risks of errors related to calibration are often not properly
evaluated. Besides the choice of a suitable calibration procedure (e.g. standard
additions, matrix-matching, etc.) and their respective advantages and draw-
backs,” this step relies on calibrants of suitable purity and stoichiometry. This is
certainly one of the major difficulties nowadays in speciation analysis, which may
prevent proper traceability from being achieved, i.e. the insufficient availability of
pure substances (‘primary standards’) in many instances (e.g. organic forms of
arsenic, selenium etc.).

As mentioned above, techniques involving a derivatisation step present the
particular case that they should, in principle, be calibrated with derivatives (since
itis the derivatised forms that are separated and detected, not the species in their
original anionic form) to preserve the traceability link. This implies that ‘second-
ary standards’ (‘standards whose value is assigned by comparison with a primary
standard of the same quantity’*®) should be available. This principle has been
followed in recent inter-laboratory and certification studies on organotins,
where alkylated derivatives of butyltin species have been prepared and distrib-
uted to the laboratories taking part.3':*” This example is, however, the only
attempt, to the author’s knowledge, to improve the traceability of speciation
analysis. Such efforts are actually hampered by the lack of commercially avail-
able ‘primary’ and ‘secondary’ standards.

3.3 Measurement Uncertainties

The uncertainty is defined as ‘a parameter, associated with the result of a
measurement, that characterises the dispersion of the values that could reason-
ably be attributed to the measurand’.’ Traceability and uncertainty are closely
interconnected (see definitions given above). Various approaches exist for calcu-
lating uncertainty (e.g. ISO, Analytical Methods Committee), and these have
been reviewed recently and discussed in view of their application to routine
analysis.>® The purpose of the present chapter is not to discuss uncertainty in
detail, but rather to provide some elements for discussion, with respect to its
meaning for speciation analysis. In principle, speciation measurements would
typically require that uncertainties from individual sources of variations (i.e.
from each analytical step) be combined to produce an overall uncertainty for the
measurement. The simplest way to calculate uncertainty for speciation measure-
ments would be to consider the errors estimated from the different analytical
steps, i.e.

y = y'extraction + y?derivatisation + y’separation + y*detection

The combined standard uncertainty (‘uncertainty budget’) would then be given
by:

u(y) = {uyD)? + u(y2)* + u(y3)* + u(y4)*}?
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The theory, as applied to speciation is, here again, far from the current practice,
owing to a lack of appropriate tools, and because real uncertainty measurements
would be very time-consuming. To achieve the best state-of-the-art, one would
need to employ a CRM with a matrix identical to that of the sample, containing
known (incurred) amount(s) of the compound(s) to be measured, providing that
the enrichment has been performed by a ‘natural’ process. The only actual proof
that a full (extraction or distillation) recovery could be obtained would be via the
use of a CRM isotopically-enriched with the compounds to be determined, and
to determine the isotopes by IDMS or ID-ICPMS. The recovery experiments
could then accurately determine the percentage recovered and its associated
uncertainty. For techniques involving a derivatisation step, the derivatisation
yields could be accurately determined, again with their associated uncertainties.
The same principle applies to the separation (checking that a full separation is
achieved and estimating related uncertainties) and to the detection (estimation of
uncertainty linked to possible interfering substances). As stressed above, the use
of matrix RMs is, however, not recommended for the evaluation of the uncertain-
ty of analytical measurements owing to the differences in matrix composition.!?
This aspect of speciation analysis therefore remains an open research area, which
will certainly generate fruitful (and controversial!) discussions in the years to
come.

3.4 Conclusions

In conclusion to the above discussions, we may ask ourselves ‘is accuracy
achievable in speciation analysis?. To respond to this question, we have to
return to the basic principle of traceability, i.e. ‘the ability to trace the result of a
measurement back, with an acceptable uncertainty, to the closest form of an
accurate realisation of the relevant SI unit (basic or derived) for the quantity
measured or — failing these — of a relevant internationally recognised empirical
unit for that quantity’.!! The definition concerns a specific, defined entity, and
applies to a quantitative amount of substance measured with a verifiable total
uncertainty, involving a measurement conducted using the best possible method.
Basically, the accuracy (‘closeness to the true value’) is achieved if the traceability
of the measurement to the SI unit (the mole) is perfectly demonstrated. As
claimed by metrologists, the most logical metrological way would then be to
report the results as mole (of defined entity) per kilogram of material. It has been
underlined in the various sections that the demonstration of this traceability is
far from achievable in speciation analysis. Therefore, it is currently hardly
possible to pretend that we may perform accurate measurements of the chemical
species of elements.

The metrological principle implies that ‘if the traceability of measurements is
claimed to be other than the mole unit itself, but rather through a procedure,
material or standard, then these must be credibly described and their relation to
the mole clearly established’.'’ With respect to speciation analysis, the first
clause can be easily fulfilled, i.e. traceability can be demonstrated to a pure
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substance, a CRM or a written procedure. The second part of the principle can
hardly ever be achieved for the reasons discussed above.

All these considerations oblige us to admit that, to date, it is not possible to
demonstrate accuracy in most speciation measurements, owing to the multiplic-
ity of unknown variables. The only cases where accuracy can be achieved,
concern the analysis of ‘simple’ matrices (i.e. not requiring chemical pre-treat-
ment), and the determination of species using primary methods, one of the few
examples at present being the determination of Cr-species in water by IDMS.3°
A promising advance is the recent development of HPLC isotope dilution
ICPMS*? applied to Sn- and Pb-speciation analysis, for which the only ‘weak
part of the chain’ is the difficulty in accurately determining the extraction
recovery. Analytical advances for improving the traceability (and the accuracy)
of speciation measurements will certainly be an interesting area of research
during the next two decades.
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CHAPTER 2

Quality Control in Speciation
Analysis

ERWIN ROSENBERG AND FREEK ARIESE

1 Introduction

Chemical species of elements can be differentiated at different levels. At the
nuclear level, isotope distributions can provide information on the environment-
al sources of certain elements, e.g. lead.! At the electronic level, the redox state of
elements will have a strong influence on properties like solubility, binding and
reactivity. A well-known example is the toxicity of Cr(VI), which is much higher
than that of chromium in other redox states.? At the organometallic compound
level, the nature and number of covalently bound ligands will also strongly
influence the element’s properties, such as the toxic properties of methylmercury
in comparison with that of elemental or ionic mercury. Also the nature of more
loosely bound counter-ions may influence the physico-chemical behaviour of
elements. Finally, at an even higher level of complexity, binding to larger units
such as proteins, soot particles or humic acids will have a profound influence on
factors like mobility, stability and bioavailability.® These various types of species
differences generally require dedicated analytical approaches. Naturally, differ-
ent species will usually only be determined and analysed separately if this
provides information essential for the understanding of the system under study.

An important parameter that determines the way in which we study and
interpret species distributions is kinetic stability. Very labile species, or species
undergoing rapid interchanges, may exist only on timescales much shorter than
those typically used for off-line analysis. In such cases only fast, non-invasive
methods are to be used, like ion-selective electrodes or real-time spectroscopic
methods. More time-consuming methods can only be applied to sufficiently
stable species. In this chapter we will focus on relatively stable organometallic
species that will remain unaltered during sampling, storage, extraction from the
matrix and analysis. It should be realised that information on loosely bound
counter-ions or the type of binding to the matrix will usually be lost in the
procedure.
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Advances in analytical instrumentation have been significant over the past
two decades, and in contrast to earlier methods being capable of determining
only the total elemental composition (such as atomic absorption, AAS, or atomic
emission spectroscopy, AES), analytical methods are nowadays capable of dis-
tinguishing and detecting various elemental species. In most cases, hyphenated
methods are used*”’ in which separation is achieved by a suitable chromato-
graphic or electrophoretic technique and ideally element- or molecule-specific
detection is carried out with spectroscopic or other types of selective detectors. In
spite of these developments, organometallic analysis is still not carried out
routinely in many analytical laboratories. Methods and instruments are still
being developed, and typical intra- and inter-laboratory standard deviations
tend to be substantial. In this chapter, several aspects of speciation analysis and a
number of difficulties encountered in present-day organometallic quantification
will be discussed.

As in other fields of analytical chemistry, speciation analysis requires quality
assurance measures to be implemented in order to produce valid data. However,
it appears that this aim is more difficult to reach than in other fields, such as
inorganic or organic analysis. Various reasons can be given, and the following
list is not exhaustive:

* clemental species may be inherently unstable — this may refer to e.g. the redox
state of an element which under atmospheric conditions is oxidised quickly
(e.g. Fe** — Fe3*) or they may be unstable upon extraction from the matrix,
which in some cases has a stabilising effect on the species (for example,
organotin species adsorbed to sediments are much more stable than in aque-
ous solution)

* elemental species may be changed during the extraction/digestion step. Speci-
ation analysis often requires the extraction of the species from the matrix (e.g.
sediments) or in some cases the total digestion of this matrix (e.g. biological
tissue) in order to liberate the analytes completely, and extreme pH values or
elevated temperatures often have to be employed

* clemental species may be changed or be lost during the sample clean-up (due
to their sensitivity to oxidation, elevated temperature or irreversible interac-
tion with the clean-up material)

* elemental species may be changed during the derivatisation: depending on
what method is used for the actual analysis, species may have to be derivatised.
This bears the risk of changing, obscuring or even losing the species informa-
tion.

All these reasons may be responsible for altering the species information orig-
inally present in the sample. Since, however, the different species may largely
differ in their physico-chemical properties, in their bioavailability, toxicity, envi-
ronmental fate and transport, an essential part of the information intended to be
gained through species-selective analysis is inevitably lost.

The implementation of quality assurance measures in a laboratory carrying
out speciation analyses should ensure the following:
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® accuracy of analytical data

® precision of analytical data

® comparability of analytical data (as a consequence of the two above features)
#® stability over longer time frames.

Various aspects of quality assurance in speciation analysis have been dealt with
in books,®? proceedings of conferences'® 2 or individual publications.!*™!”

The obvious difficulty of carrying out speciation analysis under good quality
control, gives rise to what we may call a ‘Catch-22’ situation: since there is no
(generally accepted) method for the various tasks and problems of speciation
analysis, there is no general knowledge on the distribution of elemental species in
food and feed, the environment or the work place. As there is a lack of compar-
able, valid and complete data, there is a lack of legislation for determining and
monitoring elemental species and, even if it existed, legislation could hardly be
enforced at the present time. On the other hand, since there is only in exceptional
cases legislation for the determination of elemental species, public awareness and
interest in the development of valid methods or dedicated instrumentation is
comparatively low.

One particular difficulty in the field of organometallic analysis is related to the
fact that many different species are to be analysed in a single analytical run. This
is done partly as a result of traditional analytical approaches. Formerly an
analysis of tin, mercury, arsenic etc. meant a thorough acidic digestion followed
by elemental analysis, typically by AAS. As the first methods were developed to
determine the different organometallic species separately, it was, of course,
expected that for a particular element the sum of its individual species would
equal the total content as measured by AAS. A more complicated and more
expensive method should not overlook certain species that would have been
included in a standard, total element measurement. When legislative criteria are
expressed in terms of total element contents, one can only use information on
separate species if all major species have been included in the analysis.

This approach has led to the current situation that analytical laboratories are
often expected to develop or optimise a method for all species of a given element.
On the other hand, the various species of a given element often have very
different physico-chemical properties, making this a very challenging task. For
instance, extraction procedures optimised for the relatively non-polar tributyltin
may not be very effective for the more polar species, monobutyltin.'® Inorganic
forms of arsenic require a totally different approach from arseno-sugars or
arsenobetaine.!®29 Apart from the physico-chemical properties, the concentra-
tions of the various species (and thus the optimum sample intake or dilution/
enrichment factor) can be very different. As a result, many methods existing
today are carried out under what may be referred to as ‘compromise optimal
conditions’, conditions developed in order to determine the full spectrum of
species, but which may not be ideal for each individual analyte. When adopting
such methods it should be confirmed whether it was optimised for the same
species of interest. If necessary, separate approaches should be used, if certain
important species cannot be adequately determined in a single analytical run.
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It appears thus, that analytical chemists first have to demonstrate their ability
to determine elemental species in the relevant (environmental, food and health
related) matrices under good quality control and then to propose methods ‘it for
purpose’, in order that speciation analysis be generally accepted. In the following
pages, we will discuss the difficulties that are encountered, and the measures that
may be taken, for establishing speciation analysis under good quality control.

2 General Aspects in Quality Control of Speciation
Analysis

In the following sections, we will briefly mention aspects and considerations of
quality control for trace analysis in general, and particularly focus on the
implications for speciation analysis. As mentioned previously, all considerations
that apply to trace organic analysis, also apply to speciation analysis, but, in
addition, particular precautions have to be taken in this field, due to the proper-
ties of organometallic species. An overview of the different steps in speciation
analysis and the possible errors related to this each particular step is given in
Figure 1.

3 Sampling, Conservation and Storage

At this point, it has to be emphasised that the final determination (separation and
detection) of elemental species usually only accounts for the smallest fraction of
error or uncertainty in the entire analytical process. Often the biggest source of
errors in analytical chemistry is beyond the control of the analyst, since he/she is
typically not involved in the sampling or all subsequent steps, such as conserva-
tion and storage of the samples, prior to the delivery of the sample to the
laboratory. Thus, one has to assume that the sample that was delivered is
representative of the analytical problem. In fact, any conclusions from the
measurements are, strictly speaking, only valid for the sample that was analysed,
and not necessarily for the population that may have been sampled in an
inappropriate or non-representative way.

The, sometimes, limited stability poses additional problems in speciation
analysis, when compared with trace organic analysis or the analysis of total
metal concentrations. Although certain organometallic species appear to be
remarkably stable (e.g. arsenobetaine — in contrast to the As(III)/As(V) ratio??)
this is not generally the case, and may not be true for most relevant elemental
species (e.g. the storage stability of organoselenium species has been found to be
much lower than that of inorganic selenium species?2). It is therefore recommen-
ded that biological or environmental samples be stored deep-frozen (at —20°C
or lower), but this may not always be possible in the field. Sending samples by
mail or courier service at ambient temperatures should only be done if stability
studies have shown the particular type of species/matrix combination to be
sufficiently stable over several days. Aqueous samples may be stored at 4 °C, but
should be processed as soon as possible after sampling. While the stability of
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Figure 1 Individual steps for speciation analysis with the typical tasks to be performed
inside and outside the laboratory

selenium compounds in solution has been investigated>-2> there are only
limited data available on organotin compounds in solution. However, the stabil-
ity in freeze-dried sediments and mussel tissue has been investigated in detail,
since this is one of the essential steps in the preparation of reference materials.'*

When preparing (certified) reference materials, the stability should be guaran-
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teed for several years. This often means that the samples should be air-dried,
freeze-dried, and/or sterilised, before sealing into bottles or ampoules. During
this treatment the species concentrations may be altered, but for (C)RMs this
may be acceptable as long as no further changes occur after the certification.

It is evident that similar precautions have to be taken when storing calibrants.
Pure calibrants are essential for calibration and recovery studies. It should be
realised that for the calibrants the nature of any loosely bound counter-ions will
depend on the synthetic route used in their production. These will generally be
different from those encountered in natural samples. Some calibrant species
feature only limited stability. For instance, mono-alkylated tin species are known
to form oxide polymer networks upon contact with water or air moisture.
Calibrant solutions of these species may therefore degrade upon repeated open-
ing. Elements in different redox states [e.g. Cr(I11)/Cr(VI) and As(111)/As(V)] tend
to change their distribution when stored in solution, and organometallic species
are degraded more or less quickly (depending on the degree of substitution) in
aqueous solution. Even in organic solvents (such as methanol), degradation can
occur remarkably fast, and this implies that the calibrants be prepared freshly at
appropriate intervals (where, as a rule of thumb, the interval becomes shorter as
the concentration of the calibrants decreases). However, small-scale preparations
could lead to relatively large weighing errors. Whenever the solubility is not
limited, it is advisable to prepare calibrant solutions at high concentrations in
aprotic organic solvents, such as THF, and seal them under an inert atmosphere
in a number of small ampoules for future use. Particular care has to be taken
when mixed calibrant solutions are prepared, since there is the possibility of
transalkylation reactions among organometallic species of different elements.

4 Subsampling

Since modern methods of speciation analysis are highly sensitive, it is, in most
cases, sufficient to use only a small sample aliquot for analysis. A small sample
intake per analysis is also desirable since it (i) minimises the consumption of
(expensive) reagents and solvents, (ii) reduces the time needed for sample prep-
aration due to the smaller sample/extract volumes to be handled and (iii)
minimises the amount of matrix introduced into the analytical system and thus
problems related to memory effects, contamination of the analytical system,
column deterioration etc. On the other hand, problems with the homogeneity
may arise, when the actual sample intake becomes smaller. In particular, it must
be remembered that, due to the specific properties of elemental species, they may
be homogenous on a larger scale, whilst being inhomogeneous on a microscopic
scale. Different species may be enriched in, or adsorbed onto, distinct parts of the
sample, e.g. fat-rich tissue or dissolved organic matter. If the (sub-)sampling
process fails to be representative, the species distribution may be skewed. The
question of homogeneity, and thus of minimum sample intake, is difficult to
answer for new samples. Only for (certified) reference materials, which are
sufficiently well characterised, is this value well defined, since it has been deter-
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mined by extensive homogeneity testing. In practice, it is recommended to make
a statistical analysis of the data to determine the contribution of sample in-
homogeneity. If the analytical results of replicate analyses differ by significantly
more than the standard deviation calculated from repeated analysis of the same
sample, inhomogeneity of the sample may be suspected. If the scatter is reduced
when the sample intake is larger, this is further evidence that the minimum
sample intake was too small.

5 Extraction/Digestion

The extraction or digestion procedure in a speciation scheme aims to liberate the
analytes from the matrix with minimal co-extraction of interfering compounds,
and without changing the species information. Since metal species and particu-
larly organometallic species tend to be bound rather strongly to the matrix (by
adsorptive forces, ionic or van der Waals interactions), the extraction process
must — from a physico-chemical point of view — apply energy to overcome the
interaction of the analyte with the matrix. On the other hand, the energy applied
(not necessarily thermal energy, but also chemical, electromagnetic or other
forms of energy) should not be too large, since this may lead to decomposition of
the analyte. Unfortunately, the range of acceptable working conditions where
maximum recovery is achieved with minimum sample decomposition is often
very narrow (as has been demonstrated for microwave assisted extraction (MAE)
of organotin compounds from sediments?#).
A suitable solvent for the extraction of metal species has two functions:

¢ it liberates the analyte from the matrix by weakening the bond to the matrix
and/or by displacing it from the active sites of the matrix, and

* it stabilises the metal species by solvating or complexing it, thereby avoiding
the re-equilibration and re-adsorption on to the matrix

The degree to which an extraction mixture succeeds in fulfilling both criteria
determines the extraction yield for a particular analyte and a particular matrix.

The situation has probably been most extensively studied in the case of
organotin species. A great number of more or less established extraction schemes
is available in the literature (for a general assessment see refs. 25-27, for compari-
sons of methods applied to sediments see refs. 28-30, and for biota see refs. 31
and 32). Table 1 gives an overview of the different options that have been used for
the extraction of organotin compounds from biota. The great variety of extrac-
tion conditions derives from the fact that the compounds to be analysed differ
significantly in their polarity and in their physico-chemical properties. While
monobutyltin is a highly polar compound that is adsorbed on to the matrix
mainly through ionic interaction, triphenyltin is a highly lipophilic compound
that has strong interaction with the matrix through van der Waals forces. It is
thus almost impossible to optimise the extraction procedure to yield quantitative
recovery for all analytes and any type of matrix. From the study quoted above,?®
the trends discussed in the following paragraph became evident.
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Table 1 Matrix of the different options for the extraction of ionic organometallic
(organolead, organotin, organomercury) compounds (after ref. 23)

Extraction solvent Complexing agent Acid Method of extraction

* Methanol * none * none e agitation

* Hexane * tropolone e HCI e Soxhlet extraction

* Pentane e diethyl- e HAc e refluxed

* Toluene dithiocarbamate * HBr * ultrasonication +

* Methanol * APDC shaking

* Dichloromethane * microwave-assisted
extraction

For the trisubstituted organotin compounds the highest extraction yields can
be achieved in the presence of acids in polar to medium-polarity solvents. The
use of complexing agents such as tropolone does not improve the recovery since
it does not form complexes with TPhT or TBT. This is in clear contrast to the di-
and mono-substituted organotins, where the use of a complexing agent and/or of
a polar solvent (in addition to acidic conditions) is favourable for obtaining good
recoveries. The kind of acid used seems of less importance, although HCl appears
to be somewhat more efficient than acetic acid. However, the concentration of
acid used seems to be critical, since degradation of tri- and di-substituted
organotin compounds was observed in extraction experiments with acid concen-
trations in excess of 1 moll™!. The way in which the extraction is carried out
plays a subordinate role, unless extraction conditions are so energetic that
partial destruction of the analytes occurs (as has been demonstrated with micro-
wave assisted extraction?#).

Apart from the sample preparation schemes that provide extraction of the
analytes from the sample matrix, schemes have been reported in which complete
solubilisation (digestion) of the matrix is achieved. This can be achieved for biotic
matrices by either an enzymatic approach, where an enzymatic digest of the
tissue is performed using a mixture of lipases and proteases,**** or by solubilisa-
tion of the tissue with tetramethylammonium hydroxide (TMAH).>433 Due to
the complete digestion of the tissue, both methods provide comparatively clean
extracts that can be injected into the GC after derivatisation, even without
clean-up. Since the enzymatic method is carried out under very gentle conditions
(37 °C and near-neutral pH for typically 12—24 hours) no problems of decompo-
sition of the analytes are observed. It has, however, been suspected of giving rise
to blank problems, due to metal traces introduced with the enzymes.>* The
TMAH solubilisation of the tissue is a much faster procedure, with complete
solubilisation of the tissue being achieved within one to two hours at 60 °C.3°
Longer digestion times are not recommended since degradation of the organotin
compounds may occur.

For aqueous samples, derivatisation can take place in situ and does not require
a preceding extraction step if in situ aqueous-phase alkylation is chosen.



Erwin Rosenberg and Freek Ariese 25

Of vital importance is the determination of the extraction yield of a given
procedure. It is evident that, for a multi-species procedure, extraction yields will
generally be different for individual compounds. In principle, three options exist
which all have their merits, but in some cases also significant shortcomings.?”-38
These are:

¢ the use of spiking experiments,
* the repeated extraction of analytes from the same sample, and
s the use of certified reference materials.

The use of spiking experiments to determine extraction yields has to be consider-
ed a compromise, and is definitely not an ideal approach. It is known today that
an analyte that is spiked into the matrix (usually in the form of a concentrated
solution) is not necessarily bound to this matrix in the same way as would occur
naturally. When the matrix has taken up the analytes over a longer period, it may
have been introduced into tissue, or be bound in a stronger/different form to the
matrix, than for the spiked analyte. As a consequence, the extraction of a spiked
analyte will be easier to perform and produce higher recoveries, than that of a
‘real’ sample. If these recovery rates are used for correction, the results will be
underestimated. When this method still needs to be used, it is recommended that
the analytes are applied in a solvent that has the ability to wet the matrix, and
that sufficient time is allowed for equilibration (e.g. overnight). However, the
matrix and the analyte(s) need to be carefully considered in order to prevent, for
example, decomposition of already unstable analytes during the spiking pro-
cedure. Following the fortification of the matrix with the calibrant solution, the
matrix then needs to be dried to remove the residual solvent in a gentle stream of
inert gas.3%**° The determination of extraction recoveries by spiking is best
performed with a blank matrix (one that does not contain the analyte under
investigation). If an uncontaminated matrix is not available, the extraction
efficiency can only be determined by adding a known amount of the analyte to
the sample already containing the analyte, and by analysing the spiked sample
together with the unspiked. The recovery is then calculated from the signal and
concentration increments, instead of the absolute signal and concentration:

Y(%) = AWlfound/An’ladded x 100

where Y = extraction yield (in %); Amy, 4 = increment of analyte mass found;
Am, 4.4 = increment of analyte mass added. Alternatively, surrogates (which are
similar to the analytes in their chemical structure and may be expected to show
the same behaviour) or isotopically labelled compounds (which are chemically
identical to the analytes) may be used for estimating the extraction yields. The
latter technique certainly represents the best approach to determine recoveries
from spiking experiments, provided that the above recommendations for spiking
are adhered to. A similar approach, using isotopically labelled compounds, is the
isotope dilution technique. In this, the alteration of the natural isotopic ratio of a
certain element is achieved by the addition of an elemental species with a
changed isotopic ratio. The quantitative determination of the species from the
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alteration of the isotopic ratio is used to compensate for matrix effects. However,
the lack of suitable isotopically labelled compounds, and the necessity of mass
spectrometric detection,*’*? precludes the general applicability of this ap-
proach. Furthermore, it needs also to be mentioned that, in the case of isotope
dilution, spiked calibrants will not bind to the matrix in the same way as
naturally occurring analytes.

Experiments in which a naturally occurring sample is extracted repeatedly
offer another method to determine the extraction yield where:

Y (%) = m,/EZm; x 100

with: Y = extraction yield (in %); m, = mass of analyte extracted in the first
extraction; m; = mass of analyte extracted in the ith extraction step. In practice,
such an experiment is carried out by extracting the sample repeatedly, under
identical conditions, as long as the analytes can be detected in the extracts.
Although this procedure does not suffer from the disadvantage that the analytes
are spiked, it has to be considered that the first extraction step may irreversibly
change the matrix, and that the extraction behaviour is thus altered significantly
for the second, and all further extraction steps. In addition, this procedure is very
tedious to perform and still does not guarantee that the analyte is quantitatively
removed from the matrix. For example, if a second extraction yields no detect-
able analyte levels, it may be concluded that the first extraction was virtually
complete, but it could also mean that only the loosely-bound fraction was
extracted, and that other extraction conditions are required for the remaining
fraction.

Where available, the use of a certified reference material (CRM) is the most
desirable way for the determination of extraction yields. There are some restric-
tions that limit the usefulness of even this approach. The matrix of the CRM
must match that of the sample (which underlines the importance of having a
great variety of CRMs with different matrices). Even if the matrices of CRM and
sample are the same, one must be aware of the differences between a processed
matrix (e.g. ground, freeze-dried tissue) and fresh material. This can lead to
significant differences in recoveries even when the matrices are, in principal, the
same. Furthermore, the CRM should contain the analyte at a concentration that
is similar to that of the sample. If the concentration levels vary widely, extraction
recoveries may also differ in the same way. Finally, the analyte should not have
been spiked to the CRM, but be present as a naturally occurring compound (to
be consistent with what was said above for spiked samples). It is evident that
these three conditions are impossible to satisfy, but the closer they are obeyed,
the more realistic is the calculated recovery of the extraction procedure and the
smaller is the uncertainty of the final result.

6 Derivatisation

Since many organometallic compounds are of a non-volatile nature, derivatisa-
tion of the analytes is required for those speciation techniques where separation
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is achieved by gas chromatography. Separation techniques such as liquid
chromatography, ion chromatography, capillary electrophoresis and other
liquid phase separation methods do not require derivatisation of the analytes
with the associated possibilities of errors. Undoubtedly, the derivatisation step is
one of the most critical in the sequence of steps in speciation analysis. Which
derivatisation reaction can be applied depends largely on the species to be
investigated. Again, the group of organometallic compounds with the general
formula R, M”*, where R represents an alkyl or aryl group, and M can be e.g. Sn,
Pb, or Hg, has been investigated in greatest detail.*3
The most commonly applied derivatisation reactions are:

* hydride generation,
¢ alkylation with Grignard reagents, and
* alkylation with tetra-alkylborates

Hydridisation is usually performed with NaBH, directly in aqueous solution. An
acidic medium (ca. pH 2) is required for hydride generation and the formation of
volatile hydrides, as illustrated for alkyltin compounds:

4R,Sn“"®* 4 (4 — x)NaBH, + (12 — 3x)H,0 —» 4R SnH,, _, + (4 — x)Na*
+ (4 — x)H,BO, + (12 — 3x)H*

The volatile derivatives are stripped from the solution in a purge-and-trap
system on to a cryogenic trap (a U-shaped tube filled with a chromatographic
adsorbent and immersed in liquid nitrogen). Controlled heating of the cold trap
allows separation of the derivatives according to their volatility.

Depending upon the element and the matrix, hydride generation (HG) has to
be optimised with respect to the reagent concentration, the pH and the acid
used.***3The potential simplicity of the method (which can be used directly in
aqueous solutions) and the high sensitivity, due to the achievable high pre-
concentration factors, are hampered by the fact that the presence of organic
matter in high concentrations significantly reduces the derivatisation yield (as
shown for butyltin*® and for arsenic compounds*’). High metal concentrations
seem to cause an inhibition of the hydride formation.*#4%4® In practice, the
hydride generation technique is routinely applied to the determination of hy-
dride-forming elements. In this case, different redox states may be distinguished
under different reaction conditions [e.g. arsenic which can form arsine (AsH,)
from both As(III) and As(V) (arsenite and arsenate) at pH 1 while only arsenite is
reduced at pH 5; or the differentiation of Se(IV) and Se(VI)]. NaBH, has
also been used successfully for the derivatisation of butyltin compounds.
Obviously, there is a steric influence on the derivatisation reaction. Methyltin
compounds are readily derivatised with NaBH,, whilst butyltin compounds
require more powerful reducing conditions.?”**° Phenyltin compounds are
not well determined by hydride generation, since derivatisation yields are
low and irreproducible, and the derivatives show poor chromatographic
behaviour.*8-31

In practice, the use of hydride generation for speciation analysis is dominant,
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when coupled to atomic absorption or atomic fluorescence systems as element-
specific detectors. It may be coupled to both gas and liquid chromatographic
separation techniques, potentially also with post-column oxidative degradation
of the elemental species. For the speciation analysis of organometallic com-
pounds, it shows severe limitations due to the limited separation power of the
cryogenic trapping/U-tube chromatography set-up. On the other hand, the
derivatives are not sufficiently thermally stable to allow high-resolution gas
chromatography at elevated temperatures.

Traditionally, the second most commonly applied technique for speciation
analysis is derivatisation by Grignard reagents. This technique has been used
particularly for the speciation of organotin and organolead compounds and
produces stable derivatives suitable for gas chromatography according to the
relationship:

R,M** + yR'MgX — R R, M + yMg>* + yX~

Since the reagent quickly decomposes in aqueous solution, the reaction has to
take place in an aprotic solvent. This requires extraction of the ionic compounds
from the aqueous phase into a suitable organic solvent (e.g. hexane or isooctane),
usually by the addition of a complexing agent such as diethyldithiocarbamate
(DDTC), ammoniumpyrrolidine dithiocarbamate (APDC?3?) or tropolone.>?
After addition of the Grignard reagent and allowing the reaction to proceed for a
few minutes, the excess of reagent has to be destroyed. This is normally done by
the drop-wise addition of water. Since this reaction may be vigorous, efficient
cooling of the reaction mixture is recommended and the addition of extra solvent
(hexane or isooctane) as keeper helps to avoid analyte losses. Grignard reagents
are very efficient tools for transforming ionic organometallic compounds into
their fully alkylated derivatives. They are less sensitive to interferences than, e.g.
hydridisation or alkylation with NaBEt,, and the reaction generally has high
yields. The influence of reaction parameters when using Grignard reagents has
been studied extensively.**3%:34 59 [t has been demonstrated that the reaction
time is not critical, since the reaction proceeds very quickly. In addition, the
reaction temperature is not critical, but the concentration of the derivatisation
reagent should be kept at 1 or 2moll ™! in order to ensure quantitative yields.
The choice of Grignard reagent will mainly depend on the species to be deter-
mined. For steric reasons, derivatisation with short-chain Grignard reagents (e.g.
MeMgCl) may be easier to perform than with those of longer chain length (e.g.
PeMgBr), but this effect is only minor. For practical reasons, medium- to
long-chain Grignard reagents are to be preferred, since they do not give rise to
evaporation losses during subsequent pre-concentration steps.>® In general, the
Grignard derivatisation technique is excellently suited for the speciation analysis
of organometallic compounds. It is, however, also the most tedious procedure,
due to the solvent exchange and the multiple extraction steps, and bears the risk
of contamination and sample losses when not performed appropriately.

Only a few interferences are observed when derivatising with Grignard re-
agents. One of these is the derivatisation of sulfur concurrently extracted from
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Table 2 Derivatisation reagents and conditions for organometallic speciation

Reaction type and reagent Typical experimental conditions

Hydride generation:

* NaBH,  as 0.4-20% aqueous solution

¢ LiB(C,H;);H s as 0.1% solution in THF

Grignard derivatisation:

» methylation with MeMgCl * as 1-2mol L ™! solution in diethyl ether
* ethylation with EtMgCl * as 1-2mol L™ ! solution in THF

* propylation with PrMgCl
e pentylation with PeMgBr

Alkylation/arylation with borate reagents:

e ethylation with NaBEt, * as 0.5-10% aqueous solution
* propylation with NaBPr, s as 5-20% solution in THF
* butylation with (Bu,N)BBu, s as 5-10% solution in acetone

¢ phenylation with NaBPh,

sulfur-rich sediments. During the derivatisation, dialkyl mono-, di- and tri-
sulfides are formed which particularly interfere when flame photometric and
mass spectrometric detection methods are used.®® Therefore, different tech-
niques have been designed to overcome this problem, either by oxidation of the
sulfur compounds to the corresponding sulfones,’* or by applying column
chromatographic clean-up techniques.®’ However, with element-specific gas
chromatographic detectors (such as the atomic emission detector or ICP-MS)
these interferences are not observed. '

The use of sodium tetraalkyl- (and aryl-)borates as derivatisation reagents for
organometallic compounds bridges the gap between NaBH, and Grignard
derivatisation reagents. It is particularly attractive, since it provides alkylated
(and thus more stable) derivatives of the ionic organometallic compounds (as
with Grignard reagents) and can be used in aqueous solution (under similar
conditions as to NaBH,). For the sample preparation procedure, the feasibility
of in situ derivatisation means a significant reduction in the number of sample
handling steps (and the potential risks for contamination or sample losses).®>3
The derivatisation is usually carried out in buffered aqueous samples, or aqueous
extracts, by the addition of the alkylborate solution. It is dexcribed by the
reaction:

4R M’* + yNaBR', + 3yH,0—4R R, M + yH,BO; + 3yRHT + yNa*

The resulting tetra-alkylated organometallic compounds are simultaneously
extracted into a small volume of organic solvent (hexane or isooctane), which can
be used for GC analysis after phase separation. Due to the fact that one to three
alkyl groups have to be transferred to the mono- to tri-valent organometallic
cations respectively, the derivatisation yields depend strongly on the degree of
substitution and the nature of the organometallic moiety. Additional factors that
influence the derivatisation yield are the pH of the sample extract and the reagent
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concentration, but the reaction time is not critical.** There is general agreement
that for organotin compounds, the reaction produces the highest derivatisation
yields at pH 4-5. At lower pH values, fast degradation of the alkylborate reagent
takes place. At high pH, complexation reactions of the analytes and side reac-
tions of the reagent presumably hamper the derivatisation. While the reaction
time is not critical, which indicates that the derivatisation reaction and potential
decomposition reactions of the reagent take place more or less instantaneously,
the concentration of the reagent is critical. It has not only been shown that higher
concentrations of NaBEt, produce higher derivatisation yields,**>® but it was
also demonstrated that the gradual addition of the reagent in multiple portions
increases the derivatisation efficiency.®* This is in agreement with the assump-
tion that the alkylborate reagent reacts quickly, but is also readily decomposed
after addition to the sample extract. One also needs to consider that typical
amounts or concentrations of the alkylborate reagents added to the extract
(different volumes of 0.2-5% solutions) are on average about one order of
magnitude lower than that of Grignard reagents used for the same purpose.

When samples with high metal or organic matter content are derivatised, the
amount of reagent added should be increased, in order to compensate for
additional reagent consumption through side reactions.?8:36-62:65-67 Thijs effect
can be minimised by moving away from the in situ procedure and separating the
extract from the sample before derivatisation.®*¢®

In conclusion, in situ ethylation by sodium tetraethylborate may be considered
an effective and very convenient technique for the derivatisation of organometal-
lic (particularly tin, mercury and lead) compounds. It has to be kept in mind,
however, that derivatisation yields are generally lower with alkylborates than
with the corresponding Grignard reagent®®-4:%® and that the magnitude of the
difference depends on the analyte, the matrix and the derivatisation conditions
applied. As the derivatisation yield also tends to be more variable than with
Grignard derivatisation, it is absolutely mandatory to monitor the derivatisaton
yield with every batch of samples that is analysed. In this context it has to be
mentioned that the stability of alkylborate reagents in aqueous solutions is very
limited and they should thus be prepared fresh each day. Also, the degradation of
the reagent during storage as the solid substance (e.g. by the reaction with
moisture and oxygen) may occur, and is recognised by a change in colour of the
white powder to yellow. As an alternative, it is recommended to dissolve the
reagent in THF, in which it was found to be stable over a period of at least eight
weeks.?

The disadvantage of the tetraethylborate reagent, that it cannot be used for the
analysis of ethylated species of the relevant metals (particularly the environment-
ally relevant ethyllead compounds), has been overcome by the introduction of
alternative alkylborate reagents. Recently, sodium tetrapropylborate and tet-
rabutylammonium tetrabutylborate reagents have become commercially avail-
able and have been used for speciation analysis. While the latter reagent is clearly
not useful for speciation analysis of organotin compunds, it has been used
successfully for the analysis of organolead compounds’® and reduces the risk of
sample losses during evaporative sample concentration steps, due to the lower
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volatility of the butyl in comparison with the ethyl derivatives. The propylborate
reagent is, however, ideally suited for the simultaneous analysis of environment-
ally relevant organolead and organotin compounds and has been optimised and
used for their analysis with GC-AED’® and GC-ICP-MS.”! The optimum
conditions for the use of the tetrapropylborate reagent are similar to those of the
tetracthylborate reagent.

For the analysis of mercury and methylmercury, the use of sodium tetra-
phenylborate as derivatisation reagent has been reported.”>” Due to the fact
that sodium tetraphenylborate is a very mild derivatisation reagent, it can only
be used for this task, but not for the derivatisation of organotin or organolead
compounds. However, the lower reactivity of this reagent when compared with
tetraethylborate or NaBH, minimises the risk of artifact formation, which has
been strongly debated recently.”*7>

In conclusion, it may be said that it is the responsibility of the analyst to decide
which of the above discussed derivatisation techniques is most appropriate for
the problem at hand. In the case of organometallic compound analysis, prefer-
ence may either be given to a more robust but considerably more labour-
intensive technique (Grignard derivatisation) or to a simple, potentially in situ
derivatisation technique (alkylborate derivatisation) that has the disadvantage of
lower derivatisation yields and robustness. In any case, the analyst has to prove
the fitness of the applied method for the purpose, and from this point of view a
derivatisation method that consistently produces lower (but still reasonably
high) derivatisation yields that are monitored and verified by the use of control
samples and reference materials may be acceptable.

Of course, a variety of other derivatisation methods exists for which, in
principle, the same holds true: it does not matter whether the derivatisation
reaction is, for example, a complex acylation/esterification procedure for the
analysis of seleno-aminoacids’® or a simple one-step reaction’” — if the method
produces reasonably high, stable derivatisation yields that are unaffected by
interferences, it can be considered fit for purpose.

Unfortunately, as a result of derivatisation the detected compound is chemi-
cally different from the original analyte. For each analyte, two different species —
one underivatised and one derivatised — should thus be available for calibration
and determination of recoveries. If these compounds are not commercially
available they should be synthesised to a sufficient level of purity.”®

In order to be able to monitor the derivatisation efficiency of organotin
compounds with different degrees of substitution, the German standard for the
determination of organotin compounds prescribes the use of differently al-
kylated organotin calibrants (mono- and diheptyltin and tripropyltin chlor-
ides).”®

A particular point for consideration is the possibility of transformation of
some species into others. Since organometallic species are often relatively un-
stable, sample handling conditions, such as contact with air, extraction at
higher temperatures or low pH, or derivatisation conditions, may sometimes
lead to an alteration of the species information. For instance, dealkylation of
TBT has been shown to occur during storage at higher temperature'* or dur-
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ing extraction or derivatisation.? In such cases the TBT measurements would
lead to low results, while those of dibutyltin (DBT) or monobutyltin (MBT)
could be too high as the result of this artifact. One should realise that such
transformations can lead to particularly large errors if the concentration of the
‘starting compound’ is much higher than that of the product species. For
instance, in the dried mussel powder of CRM 477 the triphenyltin (TPhT) level
is more than an order of magnitude higher than that of diphenyltin (DPhT). It
was observed that when the Grignard derivatisation was carried out at elevated
temperature, a minor (5%) transformation of TPhT occurred and that this
doubled the level of DPhT.®® A similar artifact was reported for methylmer-
cury determinations using derivatisation with tetraethylborate. A minor con-
tamination level of the reagent with methyl groups could lead to elemental
mercury being derivatised into methylethylmercury, and quantified as
ethylated methylmercury. In environmental sediment samples, with elemental
mercury levels orders of magnitude higher than that of methylmercury, these
types of artifacts could lead to large errors in the quantification of the latter.8*
In addition, the extraction/distillation procedure commonly applied in the de-
termination of methylmercury was shown to produce significant artifacts
through methylation of inorganic mercury by the matrix constituents.82-83

In recent years, a number of methods have appeared in which separation is
based on liquid chromatography (LC).® Traditional LC detectors such as UV-
Vis absorption are not suitable for organometallic species at trace levels, but new
interfaces allow coupling to other types of detectors, such as ICP-MS8+85 or
electrospray-MS/MS.%° This would allow one to analyse underivatised or-
ganometallic species, thus significantly reducing the number of analytical steps
(and potential sources of error).

7 Separation

Since there are only a few detection techniques that can determine different
species in the presence of one another, a separation of the different species is
mandatory. The three principal techniques applied for this purpose are gas
chromatography (GC), liquid chromatography (LC), which includes ion
chromatography (IC), and electrophoretic methods, of which capillary (zone)
electrophoresis (CE or CZE) is the most important.

Gas chromatography is today the most commonly employed technique in
speciation analysis of organometallic compounds.?”-8¢ It is particularly attract-
ive because of its high separation power (when used with capillary columns), and
due to the availability of highly sensitive and selective detectors such as mass
spectrometry (MS), atomic emission detection (AED), flame photometric detec-
tion (FPD) and electron capture detection (ECD). It requires, however, sufficient
volatility and thermal stability of the analytes, which in most instances is
achieved by derivatisation as outlined above. Once the analytes have been
extracted from the matrix and derivatised, the gas chromatographic separation
of elemental species poses no particular difficulties when compared with trace
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organic analysis. Of course, chromatography-related problems are observed,
such as split discrimination when split injection is used with compounds that
span a wide volatility range, and peak tailing problems due to analytical columns
starting to exhibit active sites or due to contamination of the precolumn (the use
of which is generally recommended). It is worth mentioning that analysis se-
quences should be designed with care. Since calibrants are usually made up in
clean solvents, they tend to ‘flush’ the chromatographic system, leaving behind
active sites to which analyte molecules may adsorb. When a sample is injected,
the response may be lower than expected due to adsorption of the analyte
molecules onto the active sites of the liner, chromatographic column, transfer
line or interface to the detector. After repeated injection of matrix-loaded
samples, the matrix saturates all active sites in the chromatographic system, and
the response increases and eventually reaches a stable value. When, after a
number of sample injections a larger number of calibration solutions are injected
successively, the chromatographic system will be flushed again and the response
will decrease, due to the newly exposed active sites in the system. It is therefore
recommended that samples and calibrants be measured alternately in a se-
quence, to keep the system conditioned in a constant state. Maximum care
should be exerted to keep the gas chromatographic system as clean and as inert
as possible. The liners used should be silanised and exchanged at intervals,
particularly if extracts are injected without prior clean-up. Pieces of the poly-
siloxane rubber material in the liner, originating from septum damage by the
syringe needle, are detrimental in obtaining reproducible results.

Peak tailing may also be an indication of thermal degradation of the
organometallic compounds on the chromatographic column. The metal oxides
formed (e.g. SnO,, PbO) may cause adsorption and thus excessive peak tailing of
the organometallic species. Depending on the type of detector used, the same
phenomenon may also give rise to detector-based peak broadening, as has been
observed for the AED.?’

Cryo-trapping separation may be considered as a simplified form of gas
chromatography. The short, packed column and the coarse temperature control
of the system, however, only allow simple separations to be performed. Different
chemical species that have similar volatility (e.g. BuMeSnH, and PhSnH,) are
not separated.®®

Liquid chromatographic techniques are of great interest for speciation analy-
sis since they do not require derivatisation of non-volatile or ionic organometal-
lic compounds.?9~°! However, they are inferior to gas chromatography in terms
of separation power and — probably with the exception of ICP-MS — available
detectors are not sufficiently specific and sensitive at the same time. In the case
of ionic organometallic compounds; ion chromatography or ion pairing
chromatography offer the best separation. Reversed-phase chromatography can
only be adapted, with difficulties, to the separation of ionic compounds, and does
not provide adequate separation in most cases.

Capillary electrophoresis (CE) is one of the newer separation techniques. In
the normal mode of operation, it is restricted to the separation of ionic com-
pounds. Due to the small sample volume usually applied (in the low nL range),
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CE requires coupling to the most sensitive detectors, to be useful for speciation
analysis. The coupling to ICP-MS as a detector is promising, but still suffers
from many difficulties in practice.’?-%® In particular, the question of robustness
towards heavily matrix-loaded samples has not, so far, been addressed in a
satisfactory way.

8 Detection

Almost any kind of available detector has been used for speciation analysis in
combination with gas and liquid chromatographic separation or electromigra-
tion methods. From the point of view of quality assurance, compound- or
element-specific detection is desirable and nonspecific detectors such as flame
ionisation detection (FID) for gas chromatography or UV-absorbance detectors,
although occasionally still applied, should be replaced by more selective de-
tectors. Some detection principles require post-column derivatisation to estab-
lish selectivity, for instance with a fluorogenic label.”* Even with element- or
molecule-specific detectors, it has to be realised that under practical conditions
they have a limited selectivity and may suffer from more or less serious inter-
ferences. This is most evident with optical detection such as flame photometric
detection (FPD), atomic emission detection (AED) or atomic absorption spec-
trometric detection (AAS). In all three cases, background emission or absorption
at the characteristic wavelength of the detected element can make the detection
of (ultra)trace amounts, in the presence of a large amount of matrix, difficult.
Typical selectivities that can be reached with these instruments are in the range
of 103-10%, and for most applications this is sufficient. However, particularly in
cases of doubt (e.g. when peaks appear at unexpected retention times), one
should try to ascertain the correctness of the element-specific response (e.g. by
observing the characteristic emission spectrum in the case of atomic emission
detection). Molecular mass spectrometry is equally suitable as a detector for
speciation analysis. While GC-MS is well established as a workhorse technique
in the analytical laboratory, this is not yet the case for liquid chromatography
coupled to mass spectrometry (LC-MS). The recent improvement in LC-MS
technology, brought about by the atmospheric pressure ionisation techniques
[in the form of electrospray, ES, or atmospheric pressure chemical ionisation
(APCI)], is soon expected to change this picture. Molecular mass spectrometry
(coupled to both GC and LC) offers the advantage that not only the central metal
atom is detected, but rather the whole molecule. This is a necessity in the
identification of unknown compounds, but also helpful when, for example,
assignments of retention times have to be made. Molecular information in the
form of a mass spectrum is, of course, only possible when the MS is operated in
scan mode. In order to obtain the sensitivity required for trace analytical
determinations, the selected ion monitoring (SIM) mode is preferred. Since only
two or three characteristic ions are used in this case, the detection is more
susceptible to interferences. For quantitative analysis, acceptable ranges for the
peak ratios of the characteristic ions (the quantifier and the qualifier ions) have to
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be defined. If the peak ratio is outside the acceptable range, an interference is
likely to be present.

Elemental mass spectrometry, in most instances coupled to inductively-
coupled-plasma atomisation and ionisation (ICP-MS), is presently one of the
most sensitive element-specific detectors. It may be interfaced to both gas and
liquid chromatography or to capillary electrophoresis. Since the chemical bonds
are totally disrupted in the high-energy plasma, ICP-MS does not provide any
information about the compound initially present. This information has to be
deduced from the preceding separation step. In that respect, ICP-MS and
molecular MS detection provide complementary information that can be used
advantageously.

9 Calibration

A controversial issue in speciation analysis is how to obtain quantitative results
and which quantification method is the most suitable. Various approaches have
been suggested and applied, and each has both merits and shortcomings. The
two principal possibilities are:

¢ quantification by external calibration and
* quantification by standard addition.

In the following, we will assume that the applied speciation scheme includes
various sample preparation steps, such as extraction from the solid matrix,
derivatisation, clean-up and determination by a suitable instrumental technique.
In a case where the analysis does not require all of the above steps, the scheme
can be simplified accordingly.

External calibration is certainly the simplest technique for quantification, but
unfortunately it must be considered inappropriate in most cases, except perhaps
for the simplest of matrices. External calibration can be performed at different
levels of complexity. For analytical schemes that include derivatisation, the
simplest way of performing an external calibration is by using derivatised
calibrants. There are, though, a number of obstacles related to this. First,
derivatised calibrants may be difficult to obtain, and even when they are avail-
able their stability and potential sources of losses (e.g. through degradation
and/or solvent evaporation) have to be critically monitored when they are used
for calibration. Examples include alkylated organotin compounds which can be
synthesised then subjected to a series of distillation and/or recrystallisation steps
before they are of satisfactory purity to be used as calibrants.®> The disadvantage
of this type of calibration is that it does not take into account the extraction,
derivatisation, and clean-up steps, which usually have recoveries significantly
less than 100%. Any loss factors occurring during these steps need to be quanti-
fied separately.

Carrying out an external calibration with underivatised calibrants is the next
possibility, being more complex but at the same time more representative. Since
the calibrants (e.g. ionic organometallic compounds) undergo the same de-
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rivatisation procedure as the samples (ideally, they should be derivatised on the
same day and with the same batch of reagent under identical conditions as the
samples), the day-to-day variability of the derivatisation efficiency should be
compensated for. On the other hand, it has to be remembered that the derivatisa-
tion efficiency is often higher in pure solutions than in a matrix-loaded extract.
Underivatised calibrants are also more widely available, but here again, the
stability of the calibrants has to be scrutinised with extreme care — in particular,
di- and mono-substituted alkyl-metal compounds are known to undergo degra-
dation. Having to derivatise all calibrants at different levels, in order to establish
a calibration curve, makes this method of calibration a tedious procedure.

The next stage of complexity for external calibration is to spike a blank matrix
with the calibrants at different levels, and to subject the fortified material to the
entire sample preparation procedure. This has to be considered the most repre-
sentative way of (external) calibration, since the calibrants undergo all analytical
steps in the same way as the analytes in the actual sample. Thus, all losses, be it
during the extraction from the matrix, the derivatisation or the clean-up, are
common to both the analytes and the calibrants and should thus cancel each
other out. However, a disadvantage is that the analyst may not even be aware of
the magnitude of these losses. The remarks made previously, concerning the
difficulty of carrying out spiking experiments, apply here as well and may, in
practice, impair the results. Blank matrices may not be available, or may not be
very similar to the sample matrix. As discussed above, binding of the spiked
calibrants to the matrix may not be as strong as in the case of naturally occurring
species, thus leading to an overestimation of the recovery. On the other hand, the
opposite has also been observed. Some organometallic compounds are more
stable when adsorbed on to a sediment or other solid matrix. Since the decompo-
sition rate is significantly reduced when compared with the species in the spiking
solution (which is basically a consequence of the reduced accessibility and the
changed chemical environment of the molecule, which may experience a different
hydrophilicity or hydrophobicity than when in solution), recoveries may in such
cases also be underestimated.

The second principal approach for determining analyte concentrations is to
perform a calibration in the matrix through the ‘method of standard addition’.
The method of standard addition is based on adding defined increments of the
analyte to the sample. After the analytes are allowed to equilibrate with the
sample matrix, the sample is extracted and the extract is processed as a regular
sample. From the known amounts added and the responses found for the
fortified sample, it is possible to construct a calibration graph which has a
non-zero intercept and meets the concentration axis at a value corresponding to
the initial concentration of the sample (with a negative sign). From a statistical
point of view, a number of conditions are to be fulfilled for a valid standard
addition experiment. The analyte increments — usually three to four concentra-
tion increments are considered satisfactory — should be spaced in approximately
equal distances. Furthermore, they should be chosen in such a way that the
concentration is almost doubled at the highest concentration level. Under these
conditions, the standard addition graph can be evaluated best and the confi-
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Figure 2 Graphical representation of quantitative evaluation by standard addition with
(a) suitable (top) and (b ) unsuitable (bottom) concentration increments

dence interval of the result (Figure 2, top) is minimised. If the concentrations with
which the sample is fortified are too small in relation to the initial concentration,
the slope of the calibration line becomes too low, and could even become
negative as the result of random measurement errors. In other words, the
confidence interval of the calibration can become too large to be practically
useful (Figure 2, bottom). If, on the other hand, standard addition is carried out
at a level much higher than that of the original analyte, the influence of matrix
interferences may no longer be comparable (for instance, in the case of a limited
number of active binding sites in the matrix).

It will be clear that the optimal spiking level will depend on the analyte level
present in the sample. For analyte levels close to the LOD it will be advantage-
ous to spike at more than twice the original level in order to decrease the
influence of random analytical errors. Samples that already have high initial
concentrations of the elemental species to be determined require particular
attention. Spiking the sample to increase the analyte level to twice its initial
concentration may already lead to levels exceeding the linear range of the
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Figure 3 Graphical representation of quantitative evaluation by standard addition with
concentration increments that are (a) within the linear range (top) and (b)
exceeding the linear range of response (‘bottom)

detector. The consequence is that the slope of the calibration line is under-
estimated and the analytical result is consequently overestimated (Figure 3). It is
therefore essential to check that, after spiking, the concentrations lie within the
linear range.

But even if these prerequisites are all fulfilled, there are some important
limitations of the standard addition method which have to be kept in mind.
Again, the question of how to spike correctly is raised. As discussed above, the
added calibrants should ideally be incorporated into the matrix in the same way
and of course in the same chemical form as the naturally incurred species. The
standard addition approach requires that a series of measurements be performed
for each sample that needs to be analysed, thus making the method much more
time-consuming and costly. Also, some pre-knowledge of the analyte levels is
needed in order to establish the proper addition levels. Furthermore, one has to
be aware that, although the standard addition method is particularly attractive
since it inherently corrects for proportional systematic errors, it does not correct
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for constant systematic errors (e.g. blank problems or constant sample losses).

Isotope dilution (ID) is a special form of standard addition that can be used to
improve the accuracy of quantitative analysis. In contrast to inorganic analysis,
however, suitable species with altered isotopic ratio are only rarely available
commercially, since very few isotopically labelled organometallic compounds
have been synthesised. The practical usefulness of ID techniques for speciation
analysis is further limited due to the fact that — in order to compensate for all
systematic errors during the sample preparation procedure — the species with
altered isotopic ratio has to be added to the matrix. Thus, all the difficulties that
apply to spiking a sample and that have been discussed above apply also to the
isotopically labelled compounds.

10 Calculation of Results and Reporting

The final stage of the analysis is the calculation of the results and the reporting.
In speciation analysis the same care has to be applied as in any other field of
analytical chemistry, but the possibilities for introducing errors may be some-
what greater and are not always evident. In trace organic or inorganic analysis
there is usually no doubt as to what species the final result refers to, either to the
compound (in organic analysis) or to the metal (in inorganic analysis). Since
speciation analysis lies between these two fields, results are reported both in
terms of the central metal atom (e.g. tributyltin as tin) and of the analyte species
itself (e.g. as tributyltin cation). Sometimes the listed concentrations refer to the
complete compound, including the counter-ion that was used for calibration (e.g.
as tributyltin chloride). In each case, the report has to state clearly to which
species the results apply. This is particularly important, since the form in which
the analyte is determined is usually not identical to the form in which the
calibrants have been prepared, since a derivatisation step is usually involved (e.g.
tributyltin chloride which, after ethylation, is detected as tributylethyltin). Con-
version factors between the bare metal, the species to be detected and the
derivative that is actually detected may significantly differ from unity. Finally, it
should be realised that even when this is clear to the analyst it may still cause
confusion to the end-users of the data.

A further issue of discussion is whether results should be corrected for recovery
when this is known to be different from 100%. Although there is no general
agreement on this topic in the scientific community, the authors are inclined to
suggest the following procedure, which is adopted from trace organic analytical
practice.®®

Considering the concentration ranges and the difficulties of speciation analysis
in complex matrices, a method that produces a recovery of 70-120% may be
considered appropriate. Methods that produce recoveries higher than 120%
(that is, methods that significantly overestimate the actual concentration) as
verified by spiking experiments, or by the analysis of certified reference materials,
may not be considered trustworthy. Methods that feature a recovery of less than
70% would seem to be unsatisfactory, but considering the difficulty of speciation



40 Quality Control in Speciation Analysis

analysis and the fact that we generally have to work with compromise methods
which are designed to be applicable to a wider spectrum of analytes instead of a
single species, we often have to accept methods that produce recoveries lower
than 70% for some species. In this case, there is no doubt that a correction of the
results for recovery has to be applied (when external calibration is used). Still,
strong doubts will remain regarding a method that fails to produce quantitative
recoveries, even if the recovery is fairly constant. If the matrix impedes the
extraction/derivatisation procedure to such an extent that only, e.g., 50% of the
analyte is recovered, then it is likely that with a slightly different matrix or under
marginally different conditions the recovery may vary significantly. Thus, if
possible, the recovery should always be determined with the same matrix as the
actual sample.

If the recovery is in the range of 70-120%, the correction for recovery is
debatable.?” One of the arguments against such corrections is that the recovery
correction factors may be burdened by an uncertainty factor, which must be
considered in the total uncertainty budget of the analysis. In contrast to this,
uncorrected results include only the uncertainty related to the analysis itself. In
addition, recovery factors are strictly speaking only valid for the matrix in which
they have been determined. If they have to be determined in the actual sample,
this can only be done by spiking experiments with all the associated (and
previously discussed) shortcomings. This situation may be summarised as fol-
lows: “‘Why should I correct data which I trust with a correction factor in which 1
have no confidence™?

There are, though, a number of arguments in favour of correcting data by
empirically determined recovery factors. First, not correcting data from different
laboratories whose methods have different recoveries would produce different
results for the same sample. If the reproducibility of the measurement within the
laboratories is sufficiently good, these results would be statistically different. In
the case of organometallic compounds such differences are likely to occur when
some laboratories use underivatised calibrants while others use alkylated com-
pounds for external calibration. The former will typically have high recoveries, as
only losses during the extraction step need to be accounted for, while with
derivatised calibrants the recoveries tend to be much lower as they reflect the
losses throughout the whole analytical procedure. Second, not correcting for
recovery gives a negative bias to the results. This negative bias would diminish as
the method and its recoveries improve, which means that the results (for instance
the concentrations in a CRM) would not be consistent over time, but eventually
shift to higher values. For these reasons, it is the authors’ opinion that recovery
corrections need to be applied based on the best available recovery determina-
tions. The fact that the corrected results do not suffer from method-dependent
biases outweighs the disadvantage related to the extra uncertainty. The correc-
tion factors applied should be clearly stated in the analytical reports.
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11 Achieving Quality in Speciation Analysis on a Daily
Basis

Achieving quality (and being able to demonstrate this) on a daily basis is one of
the most difficult tasks for a routine laboratory. This holds true particularly for
speciation analysis, due to the problems of low concentration levels, complex
matrices, instability of analytes, complicated sample preparation schemes and
risks of contamination.

A number of tools are at the disposal of analytical chemists to allow them to
monitor (and to improve, if necessary) the quality of their analyses. These are,
among others:

¢ use of validated protocols for sampling, sample storage and analysis

* monitoring of calibrant and (derivatisation) reagent stability

* monitoring of blanks

* monitoring of instrument performance

* use of control materials (reference materials, laboratory control materials,
certified reference materials)

* participation in inter-laboratory comparisons.

It is generally recommended that only validated methods be used for speciation
analysis. This requirement is, in practice, difficult to comply with, since the
influence of the sample matrix on the analytical process is of such over-riding
importance that, in principle, the application of a method to a new matrix
requires its re-validation. If a complete validation cannot be done, at least the
determination of the recovery has to be performed (even if the quantification is
done by the standard addition technique). In exceptional cases it may be accept-
able to use external calibration when the results are related to suitable internal
standards. These internal standards are spiked in an appropriate way to the
matrix (in which they must not be present initially) and undergo the entire
sample preparation procedure. In organotin speciation, frequently used internal
standards are tripropyltin and tricyclohexyltin, which are very similar to
tributyltin and triphenyltin in their physico-chemical properties. They may be
used either to monitor whether the recovery of the trisubstituted organotin
compounds is within the normal range and thus does not need a recovery
correction (see discussion above), or they may be used to correct for the recove-
ries of the trisubstituted organotin compounds, assuming that the recoveries of
chemically similar species will also be similar. This assumption has been the basis
of the suggested method of evaluation in the draft German standard DIN
38407-13.7° Here, the response of the mono-, di- and tri-substituted organotin
compounds is normalised to the response of monoheptyl-, diheptyl- and tri-
propyltin used as internal standards. This procedure is intended to make the
data evaluation more robust against matrix influences.

For monitoring the stability of reagents or calibrants or for documenting
blank values and instrument state, the use of control charts is highly recommen-
ded. Control charts plot the result of an analysis as a function of the date or series
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of analyses. Shewhart charts are the most frequently used control charts for this
purpose.®” They have a central line (equal to the mean of the analysis results,
determined in a pre-period) and, at a distance of two standard deviations from
this central line the warning limits and at X + 3s, the control limits. An analytical
process that is under control will mostly produce results that fall within the
interval X + 2s. If results repeatedly fall in the range between warning and
control limits of the control chart, or if they exceed the control limits, there is
reason to believe that the process is out of control (there are a number of exactly
defined conditions when a situation is considered out of control, see, e.g., ref. 97).
In a case when an out-of-control situation has been encountered, routine analy-
sis should be discontinued until the cause for the deviating results has been
identified and eliminated.

Shewhart charts may be used for a number of purposes. The most common use
is that of monitoring the analysis result (mean or single value) of a suitable
control sample over time. Depending on the nature of the control sample, either
the correct operation of the instrument can be demonstrated (e.g. if the control
sample is a pure calibrant), or the success of the entire process, if the control
sample is a real matrix sample. Shewhart charts may also be used to monitor
procedure blanks or recoveries of the entire sample preparation procedure.

Whilst, in most cases, either single values or the mean from n repetitive
measurements are plotted in a mean value chart, control charts can also be
designed to monitor the range or the standard deviation of repetitive measure-
ments. Out-of-control situations can thus not only be detected when there is a
significant bias of the result, but also when the standard deviation becomes
unacceptably large. Next to Shewhart control charts, the so-called Cusum
control charts have gained some importance. [n the Cusum chart, the cumulative
sum of the parameter to be monitored is plotted over time. If the system is under
control, the fluctuations around the target value are purely statistical and their
sum should be close to zero. If there is a constant bias introduced into the
measurement system, the mean would constantly shift to either higher or lower
values. Although the Cusum chart has certain merits, it lacks the easy and
intuitive appreciation that is offered by the Shewhart chart, since the value that is
plotted is the cumulative sum, rather than the direct result of an analysis.

For the purpose of monitoring both the instrument and method performance,
control samples are used. Suitable control samples may be certified reference
materials (CRMs), reference materials (RMs), or laboratory control materials
(LCMs). In order to be suitable, the used materials have to satisfy the following
conditions:

* stability: the material must not change its composition over a long period of
time under defined storage conditions (e.g. at — 20 °C), since the intention is to
be able to monitor the method performance for an extended period and to
ensure that results that have been measured with long time intervals are still
comparable.

* availability: for the same reasons as given above, the control material should
be available in sufficient quantity.
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® homogeneity: the homogeneity, the concentration level and the minimum
sample intake of a control sample are interrelated; the better the homogeneity
of the material is, the smaller the recommended sample intake may be — which
also depends of course on the concentration level of the analyte. Between-
sample variations due to inhomogeneity should be insignificant in comparison
with the measurement uncertainty.

* assigned/certified value: a control material may (but need not) have an assigned
value for the analyte that is to be measured. If the assigned value has been
obtained through the certification procedure of an internationally recognised
body (e.g. BCR, NIST, NIES or NRCC),°%° the material is a certified
reference material. When the certification has not been attempted, or has not
been concluded successfully, the material is distributed as a (not certified)
reference material. Since the stability and the homogeneity of this material
have usually been demonstrated, it may still be of great value to analytical
laboratories. The assigned value, however, is not given in the form of a certified
value with its associated uncertainty, but instead as an indicative value or
concentration range. Laboratory control materials may be considered the
lowest level in this hierarchy of control materials. The most important require-
ments for LCMs are that they be stable and sufficiently homogenous for the
purpose they are used for. They do not have to have an assigned value, at least
not through a formal procedure. Since LCMs may, for example, be the
remainder of a previously analysed sample batch that is available in sufficient
quantity and for which the homogeneity and the stability have been proven,
they represent a low-cost alternative to reference materials for use in certain
cases.

Control materials can be used for different purposes. First, they may serve to
monitor the stability of the measurement system or the method. For this pur-
pose, it is not necessary that the assigned value be known or even certified — in
principle, the comparison of the results of different series of analyses may already
give an indication whether the analytical system is under control. They can also
be used to assess whether a new method yields results that are consistent with
those obtained using a previous method. The second use of RMs is to assess the
accuracy of the procedure. In this case, it is essential that the assigned concentra-
tion value for the control material be precisely known with a statement of its
uncertainty. Only then is it possible to assess recoveries for the method, which
may, for example, be applied to the analysis of samples with a similar matrix.
Although this approach is, in principle, acceptable, great care has to be exerted.
This also holds true when certified reference materials are used for the calibra-
tion of a method which is not generally recommended, but which, under certain
conditions, is considered acceptable. Calibration by the use of a CRM means to
calibrate a method whose systematic errors are either not known, or cannot be
mastered, by the use of a matrix-matched calibrant of known concentration.
Since certified reference materials are usually not available with analyte concen-
trations at different levels, a one-point calibration is performed. However, par-
ticularly in complex matrices, the assumption of a one-point calibration line
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going through the origin is not always justified. First, recoveries may be different
at different concentration levels (which leads to a curvature of the calibration
line) and also a one-point calibration is only possible in the absence of any
constant, systematic errors.

A point of discussion is, at what frequency should control materials be used. It
is a misconception from earlier times that certified reference materials are ‘too
valuable’ (in terms of both availability and price) to use them on a regular basis.
This is certainly not true. The costs of the use of reference materials will, in most
cases, be negligible in comparison to the labour costs for the sample preparation
and analysis, particularly when the analysis has to be repeated due to the
analytical system being out of control, this not having been discovered early
enough. Additionally, there is the potential for claims for compensation, due to
incorrect analytical results.

Although the necessity of using control samples on a regular basis is well
understood, the present situation is that we still face a great demand for suitable
(certified) reference materials in speciation analysis.'°® As said before, only a few
(C)RMs are available for metal (redox) and organometallic species in a few
selected matrices. Usually, these RMs are only available with the species of
interest at one concentration. This is unfortunate, since most analysts would like
to have the species of interest at different concentration levels in various ma-
trices. Furthermore, even if the matrix and the concentration level of the analyte
are somehow matched to the actual analytical problem, the objection remains
that reference materials and actual samples are vastly different in their physical
composition. While reference materials are usually very fine freeze-dried pow-
ders and therefore very homogenous, actual samples may be inhomogeneous, of
varying particle size and fresh (i.e. wet). Thus, they may behave differently in the
sample preparation procedure, and recoveries determined from the analysis of
the CRM may not be applicable to fresh samples.

An alternative — or rather a complement — to the use of CRMs is the participa-
tion in inter-comparison exercises for the purpose of quality assurance. Since the
stability of the matrix materials used in inter-comparison exercises does not have
to be guaranteed for years (in contrast to CRMs), fresh materials that are much
closer to actual samples (e.g. tissue homogenates, wet sediments) can be used.
Participating in such inter-comparisons may help identify potential problems
associated with the analysis of fresh samples. Furthermore, inter-comparison
exercises are able to react quickly, for example, to the public demand for quality
control measures for a new analyte/matrix combination, since stability tests do
not have to be performed for such extended periods as for the production of
CRMs. A further benefit of the participation in inter-laboratory comparisons is
the exchange of expertise in the technical discussion meetings which may help to
overcome problems related to the analytical procedures in individual labora-
tories.
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Table 3 Uncertainties in certified levels for trace elements, organics and or-
ganometals in various CRMs.

A: Trace elements in various matrices
Trace elements in soil CRM 141R

Concentration range: 0.25mgkg ™' (Hg)-683 mgkg~! (Mn)

Average relative uncertainty (n = 9): 3.5%
Trace elements in plankton CRM 414

Concentration range: 0.276 mgkg ~* (Hg)-299 mgkg ™! (Mn)

Average relative uncertainty (n = 11): 43%
Trace elements in lichen CRM 482

Concentration range: 0.48 mgkg ™! (Hg)-1103mgkg ™' (Al)

Average relative uncertainty (n = 9): 3.7%
Total average uncertainty trace elements (n = 29) 3.9%

B: Persistent organics in various matrices
Chlorinated biphenyls (CB) in milk CRM450 (ugkg™1)

Concentration range: 1.16 ugkg™! (CB 52)-19 ugkg ™ (CB 153)

Average relative uncertainty (n = 6): 10.3%
Pesticides in animal fat CRM 430 (mgkg ™ 1)

Concentration range: 0.2mgkg ™! (endrin}-3.4mgkg ™! (p,p’-DDT)

Average relative uncertainty (n = 9): 8.8%
Chlorinated biphenyls (CB) in cod liver oil CRM 349 (ugkg ')

Concentration range: 68 ugkg ™! (CB 28)-938 ugkg ! (CB 153)

Average relative uncertainty (n = 7). 7.6%
Polycyclic aromatic hydrocarbons (PAHs) in sewage sludge CRM 088
(mgkg™")

Concentration range: 0.42mgkg ™' (benzonaphthothiophene)
-2.16 mgkg ™! (pyrene)
Average relative uncertainty (n = 8): 8.2%
Total average uncertainty persistent organics (n = 30) 8.6%

C: Organometals in various matrices

compound concentration uncertainty rel. uncertainty
Organotins in mussel powder CRM 477 (mgkg ™! as cations)

MBT 1.5 0.27 18.0%
DBT 1.54 0.12 7.8%
TBT .22 0.19 8.6%
Methylmercury in fish CRM 463 & 464 (mgkg™!)

MeHg 3.04 0.16 5.3%
MeHg 5.5 0.17 3.1%
Arsenic species in tuna fish CRM 627 (mmolkg™ 1)

Arsenobetaine 515 2.1 4.1%
DMA 2.04 0.27 13.2%
Trimethyllead in urban dust (ugkg™')

TriML 7.9 12 15.2%
Methylmercury in sediment CRM 580 (ugkg™!)

MeHg 75.5 3.7 4.9%
Organotins in sediment candidate CRM 646 (ugkg ™! as cations)

TBT 480 50 10.4%
DBT 770 80 10.4%
MBT 610 110 18.0%
TPhT 29 9 31.0%
DPhT 36 7 19.4%
MPHhT 69 17 24.6%

Total average uncertainty organometals (n = 15) 12.9%
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12 Conclusions

In this chapter, we have discussed procedures for organometal analysis and
pointed out some common pitfalls. We have focused on the sample analysis in
the laboratory, but it should be realised that even larger errors can potentially
result from improper sampling methods, instability during storage or transport,
or sampling schemes that are not fit for purpose. More effective communication
between the sampling crew, the analytical staff and the end-users could minimise
such problems. In the laboratory, analytical problems can be related to the
limited stability of the species and/or the calibration solutions, incomplete
extraction, the necessity to carry out derivatisations, spiking problems, the fact
that often a single, compromise method is used for a range of different species
and the limited availability of suitable calibrants and CRMs. The consequence of
these potential sources of error is that analytical uncertainties for organometallic
species in real samples are typically larger than for other environmental pollu-
tants such as heavy metals or persistent organic compounds. This is illustrated in
Table 3 listing the relative uncertainties (95% confidence intervals) of a number
of species compiled from recent certifications. For organometallic species these
errors were still considered acceptable for certification purposes, reflecting the
current state-of-the-art.

Regarding the instrumentation used for speciation analysis, currently there are
no dedicated instruments on the market that would enable the extraction,
derivatisation, separation and detection of organometallic species in a single,
on-line procedure. Consequently, the various analytical steps will have to be
performed in an off-line approach, with a risk of introducing manipulation
errors, analyte degradation, evaporation losses etc. It is hoped that current
efforts in the field of instrument development!®! will soon allow analytical
laboratories to carry out organometallic species analysis more efficiently with a
higher analytical precision. We would also like to stress that these improvements
should be the result of continuous efforts in both research and routine labora-
tories. Rather than relying on rigidly specified standard methods, which carries
the risk of all laboratories making the same systematic error and which tends to
slow down development, laboratories and instrument manufacturers should be
encouraged to develop new approaches. The comparability of both the new and
established methods can be verified using CRMs.
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CHAPTER 3

Sample Treatment and Storage in
Speciation Analysis

J.L. (}OMEZ-ARIZA, E. MORALES, I. GIRALDEZ AND
D. SANCHEZ-RODAS

1 Introduction

Speciation analysis is today performed routinely in many laboratories to control
the quality of the environment, food and health. Chemical speciation analyses
generally include the study of different oxidation states of elements (e.g. As, Cr,
Se, Fe) — stable/non-inert species, or individual organometallic species (e.g.
methylarsinic acid, methylmercury or tributyltin) — stable/inert compounds.
Strictly speaking, the word speciation should not be applied to the determination
of ‘extractable forms’ of metals,’ which are operationally defined on the basis of
single or sequential extractions.

The major target species therefore include well-known organometallic envi-
ronmental pollutants which have created great environmental concern in the last
few decades?'3 (e.g. butyl- and phenyl-tin, alkyl-lead), products of transformation
of toxic elements (e.g. methylmercury, organoarsenic) and complexes of essential
and toxic metals and non-metals with biomolecules,* selenomethionine, sele-
nocystine. The oxidation state assessment of some elements such as As(III) and
(V), Se(IV) and (VI), or Cr(III) and (VI) is also of great interest.

The need for the determination of individual chemical species occurs especial-
ly when these species are known to have a different impact and behaviour, e.g.
toxicity, mobility, or bioavailability. The oxidation state of the elements is one of
the reasons for their differential toxicity: this is the case of Cr(VI) against Cr(11I).
The degree of alkylation is another important cause of toxicity, trialkyltins being
more toxic than di- or mono-alkyltins, methylmercury (MeHg) more so than
Hg(II) and so on. Sometimes the introduction of a toxic single ion into a complex
organic molecule produces a clear reduction of the element’s toxicity, such as
As(III) against arsenobetaine (AsB). Generally, metal alkylation helps the mol-
ecule pass across the biological membrane and results therefore in accumulation
in the food chain.>” In other cases, toxicity is caused by the volatility of
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organometallic species and easy absorption through the lungs, as is the case of
mercury.

The determination of chemical forms of elements is still an analytical chal-
lenge. The species are often unstable and concentrations found in the different
matrices of interest are often in the ugl™! level or in some cases (e.g. alkylated
forms of metals such as Sn or Pb) even in the ngl™?! (e.g. estuarine waters) or
ngg~! (sediments and biological tissues) range, whereas inorganic forms can be
simultaneously present at thousand-fold higher levels. For this reason, sensitive
and selective analytical atomic techniques (atomic absorption spectrometry,
AAS; mass spectrometry, MS; flame photometric detector, FPD; inductively
coupled plasma-atomic emission spectrometry, ICP-AES; inductively coupled
plasma-mass spectrometry, ICP-MS; atomic fluorescence spectrometry, AFS,
etc.) are being used as available detectors for speciation, generally coupled with
some chromatographic step (GC, HPLC) to provide time-resolved introduction
of analytes into the atomic spectrometer.®

The apparent feasibility of species-selective analysis for organometallic com-
pounds and products of their degradation, down to the picogram level, has
resulted in the increasing interest of national regulatory agencies, governmental
and industrial quality control laboratories and consequently of manufacturers of
analytical instrumentation.® Speciation analyses are, however, still developed by
academic laboratories, because procedures usually involve many steps, which
are frequently time-consuming and they generally involve a chromatographic
step for species separation, which contributes to their unreliability. The complex-
ity involved in the coupling between several instruments has a straightforward
consequence in the duration of the analysis, as well as in the instrumentation
costs. On the other hand, the sample preparation has to transfer the elemental
species present in the sample into a solution suitable for separation by a
chromatographic column. The preparation of such a solution requires the ex-
traction and derivatization of analytes present in the sample and this involves
numerous steps and manipulations that increase species losses and demand
considerable operator skills and time. Therefore, in order to get these species-
selective analyses to be performed in governmental and industrial quality control
laboratories, the procedures have to be simplified and sample throughput in-
creased, thereby reducing the use per unit time of expensive analytical instru-
mentation and the necessary, highly skilled analysts.® One of the most important
factors is thus the improvement of sample preparation and treatment steps, via
the introduction of a new generation of simple, rapid and reliable procedures for
species extraction and derivatization, before their introduction to the tandem
chromatograph/detector.

It is also true that analytical techniques for speciation analyses are sometimes
not sensitive enough to control the effectiveness of regulations,'® e.g. 0.2 ng1~ ! of
tributyltin (TBT) established as Environmental Quality Target (EQT) in waters
in the Netherlands.'' This fact makes it essential to apply pre-concentration
techniques suitable for both the different types of sample and species.

Simultaneous speciation of several elements is also an important task. Gen-
erally, problems arise during sample preparation (species extraction, enrichment
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and derivatization) due to the variety of conditions needed for each element and
this has led to the introduction of new reagents such as sodium tetraethylborate
(NaBEt,) for the simultaneous derivatization of several elements!? (e.g. tin, lead
and mercury), as well as the implementation of techniques for efficient and
accelerated isolation of the bulk of the analytes from the sample matrix, such as
microwave assisted extraction.® Finally, the integration and automation of all
steps between sampling and detection significantly reduces the time of analysis,
increasing reproducibility and accuracy. For this reason, the development of new
devices is needed for the full speciation of samples in a single instrumental
device.>13

2 Sample Treatment

The use of HPLC and especially GC, as time-resolved introd