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Preface
The book is comprised of four sections, containing a total of 10 chapters, with two
main areas: presampling and sample preparation for different types of matrices for
inorganic trace analysis and inorganic and bioinorganic speciation analysis at trace
level.

The book discusses a hitherto unrecognized sources of error in analyzing inor-
ganic and biomedical specimens, namely, presampling factors; it accounts for the role
of sampling and sample preparation (reviews selected applied techniques for dry and
wet ashing of samples) as a vital part of a complete analytical procedure. A systematic
approach to understanding contamination, loss, and related measurement problems
before starting the analytical work is the only way to minimize the impact of unfore-
seen errors in the final analytical result. It emphasizes the need for preservation and
storage of biological specimens collected for element determination and speciation
analysis: cites the major factors affecting preservation such as container material,
container pretreatment, storage time, storage temperature, and contamination of the
laboratory environment. It gives an extensive review of the most usual sample prepar-
ation methods that can be used for trace element determination. While methods for
sample preparation in total element determinations are generallywell established, the
determination of the chemical forms of the elements in biological and environmental
samples, food, and industry is the main key to future advances in these subject areas
and this book gives a review of the state of the art of speciation issues in biological
systems, food, industrial materials, and environment sectors. A distinction is recom-
mended between analysis of a specific chemical form of a trace element in several
biological, food, environmental, industrial materials and an analysis in which differ-
ent chemical forms make up the total element content in a compartment. Moreover,
the issue of the quality of results is also highlighted toward the accuracy of the results
for trace element speciation.

The inevitable delay between writing and publication means that it has not been
possible to include all the most recent work in this field. Without doubt, many of the
subject areas targeted in this book have already received in-depth treatment by appro-
priate chapters. Assembling this knowledge into a single source proves advantageous
to the user only if it is accomplished concisely and comprehensively.

An acknowledgment must be given for the dedicated work of all the contribut-
ing authors that made possible to prepare this book. Finally, we would like to thank
the editorial staff of De Gruyter and especially Dr. Katharina Butsch (Acquisitions Ed-
itor Chemistry) for the invitation to edit this book and for the dedicated work and
contributions to analytical chemistry.

Henryk Matusiewicz
Ewa Bulska

https://doi.org/10.1515/9783110366730-202
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Henryk Matusiewicz and Ewa Bulska
Trace Elements in Environmental, Biological
and Industrial Samples

During the past three decades, increasing attention has been focused on enormous
changing of the natural environment. The abatement of pollution of the air, of sur-
face, drinking and seawater and of the soil is an important and very complex task,
requiring the cooperation of specialists from various disciplines including analytical
chemistry. All possible sources of pollution, such as combustion of fossil fuels, mu-
nicipal waste incineration, industrial processes producing waste sludge and all kinds
of waste disposal, need to be investigated, initiating with an elemental analysis of the
material involved.

In contrast to the symptoms of acute metal poisoning, the effects of continued
exposure to low levels are not always well known and understandable. Since elements
considered are mainly taken up by humans through inhalation of air and intake of
food and water, it is of vital importance to have analytical techniques that allow the
determination of elements in such matrices.

According to the IUPAC Gold Book, the term “trace element” is related to any ele-
ment having an average concentration of less than about 100 parts per million atoms
(ppm) or less than 100 ,g/g. However, the common understanding of this term de-
pends on the particular discipline, thus besides analytical chemistry, biochemistry
is related to those elements which are needed in very minute quantities for healthy
growth of living organisms.

The term “trace element” is also commonly used by geologists for those elements
that occur in concentrations of less than 0.1 per cent by weight.

The number of analytical tasks performing over the last years in relation to the
determinations of trace elements in environmental samples is already enormous and
is rapidly increasing. The samples being analysed include water, aerosols and dust,
soil, sewage sludge and so on. These analyses are usually rather difficult owing to the
complex nature of the samples and to the low concentrations involved.

Ideally the method of analysis applied should be sensitive, specific, accurate and
applicable to major, minor and trace constituents. Most analytical techniques only
partly meet these objectives, and it is clear that the required performance character-
istics of the analytical method depend on the analytical problem at hand. Although for
routine applications performed so far, usually only the total amount of an element of
interest is determined, its speciation is enjoying an increased interest. Therefore, it is
not sufficient to determine the overall metal concentration; it must also be established
in which chemical form, for example organometallic, these elements occur.

As mentioned earlier, trace elements are of great importance for the well-being
of living organisms, but can also induce several harmful effects. In this context,

https://doi.org/10.1515/9783110366730-001
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2 Trace Elements in Environmental, Biological and Industrial Samples

a distinction is made between essential and non-essential trace elements. Thus, the
determination of essential (V, Cr, Mn, Co, Fe, Ni, Cu, Zn, As, Se, Mo, S) and non-
essential (Cd, Hg, Pb) trace elements in biological samples is important for our
understanding of the physiology, for reaching a diagnosis and for selecting the ap-
propriate treatment of a disease. The desired analytical method and its performance
characteristics should be selected to be fit for purpose, depending on the element
concerned, on the concentration in the samples of interest, on the variability of this
concentration, on the use to be made of the results and on the number of samples to
be analysed.

Besides the concern in biological and environmental objects, new developments
in the metal, semiconductor and ceramic industries as well as in the nuclear industry
require trace and ultra-trace element determinations. The very rapid development in
electronics is due largely to semiconductors of higher purity becoming available. The
reagents and the water used during the production of semiconductor devices must be
of extremely high purity. Also, the metallurgical properties of uranium are influenced
to a significant extent by the nature and concentration of contaminants. A lot of ana-
lytical efforts were made and are still required during research and development in
processes to produce such high purity materials, and the control of the purity of the
final product is also an important challenge to the analytical chemist.

It is worth noting that any trace element-oriented research, where there is a need
to perform analysis at very low levels of concentration, imposes stringent and exact-
ing restrictions on the analytical community. It is obvious that the analysis must be
carried out under strictly controlled conditions in order to obtain meaningful results.
Therefore, before enrolling the sample to be subjected to trace element examination,
a critical self-examination of the capabilities is required, in order to evaluate whether
the laboratory is ready to meet the demands. Then, the entire analytical procedures,
including the quality control, must be properly defined, optimized and finally val-
idated. The essential part is also related to the need for constant surveillance of all
steps in trace and ultra-trace element analysis, with respect to possible contamina-
tions. Thus, the trace element analytics is simply a disciplined way of life by itself; it
is an attitude of mind and calls for a relentless and systematic approach at each stage
with concrete, well-documented working procedures.

To conclude, research aimed at understanding the function of trace elements in
living organisms as well as supporting the industry, where trace element matters,
requires several steps. These include precise quantification even at ultra-trace con-
centration levels, establishment of any preferential sites for specific elements in the
organs of the body or industrial samples and initiation of bioinorganic trace element
studies for characterizing chemical forms. It is imperative that the multidisciplinary
character of biological/industrial (ultra)trace element research be fully recognized
and adopted in all future investigations in this area to obtain meaningful data.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



Part I: Methodology in Trace Element Determination

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



Henryk Matusiewicz
1 Sample Preparation for Inorganic Trace Element
Analysis

1.1 Introduction

Many modern instrumental techniques require complete sample dissolution prior to
an analysis. In other words, these techniques generally involve the introduction of
samples as aqueous solutions to the flame, furnace, or plasma. A variety of techniques
are employed from ambient pressure wet digestion in a beaker on a hot plate (or hot
block) to specialized high-pressure, high-temperature microwave heating. Although
the concentrations of the trace elements in the bulk of the sample are still mainly of
interest, data on their distribution of the surface of the sample, in microregions, or
phase boundaries, have become increasingly important. Further speciation analysis
is also required.

In this chapter, the role of sample preparation in trace element analysis, including
the sequence of analytical steps, systematic errors, preliminary treatments, wet and
dry decomposition, and combustion and fusion decompositions prior to main spec-
troscopic methods of analysis, will be discussed. Within the general area of inorganic
trace analysis, the coverage will be restricted to environmental, bioinorganic, forensic
chemistry, and industrial trace element analysis.

Inmodern trace analysis, the term sample preparation cannot be exactly defined
and covers a very broad field. It starts with mechanical pretreatment of the sample,
for example, cleaning, drying, grinding, sieving, and filtering prior to instrumental
methods of analysis, and extends to chemical methods, for example, digestion, de-
composition, extraction approaches, separation, and enrichment required for a wet
chemical procedure in which the solid, liquid, or gaseous samples are prepared and
passed onto the real determination step.

Sample preparation depends on the nature of the sample, the analyte to be
determined and their concentrations/amounts, and on the desired determination pre-
cision and accuracy. Sample preparation, is, however, inherently expensive and time
consuming, and is responsible for the major source of errors in the various stages of
an analytical procedure.

We will therefore discuss, in this chapter, mainly the physical and chemical oper-
ations that precede the real determination step of the multistage combined procedure.

1.2 Aspects of sampling and sample preservation

The importance of adequate sampling was recognized by leading authorities a con-
siderable time ago, yet it would appear that the level of practice among many
https://doi.org/10.1515/9783110366730-002
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6 1 Sample Preparation for Inorganic Trace Element Analysis

investigators left much to be desired. Thus, the warning issued by Thiers in 1957 [1]
that “unless the complete history of any sample is known with certainty, the ana-
lyst is well advised not to spend his time analyzing it” was largely ignored for several
years. No universally accepted definition for this term or other nomenclature in this
area exists. Sampling can mean one thing to a statistician and have some other con-
notation to a technician collecting a sample, an analyst examining a sample, or an
administrator determining whether a sample meets the requirements of a law or a
contract. Definitions of terms have always been a matter of concern in sampling, and
efforts are being made to clarify the situation. For example, the International Union
of Pure and Applied Chemistry has prepared a document proposed by Horwitz [2] in-
tended to furnish concepts, terms, and definitions in the field of sampling relevant
to analytical chemistry and that are generally applicable regardless of what sampling
objective, commodity, location, quality, or form is involved.

Sampling for subsequent trace analysis is without doubt by far the most crucial
step in an analytical procedure and is the last step of the preanalytical phase that
can possibly affect the accuracy of the analytical results via interference factors. If
not properly planned and practically performed by using appropriate sampling tools
with the utmost care and expertise, total, systematic, as well as random, errors for
sampling can range from a small percentage to several orders of magnitude.

The purpose of sampling is to extract a representative amount of material from a
lot – the sampling target. According to CITAC/EURACHEM [3], the analytical opera-
tions can begin by aliquoting a test portion directly from the laboratory sample or from
a test sample obtained after one or more pretreatments. A verified sampling plan with
well-defined procedures for selection, collection, storage, transport, and preparation
of the sample is essential, and the reader should consult expert resources for details
[4, 5]. It is clear, in trace analysis, that sampling must always be followed by an appro-
priate stabilization (preservation) step, with due regard for the nature of the matrix
and the analyte and can only be optimized before analysis. It is shown how nonrepres-
entative sampling processes will always result in an invalid aliquot for measurement
uncertainty (MU) characterization [6].

A specific sampling process can either be representative (in some cases, it can be
replaced and better understood as appropriate) or not. If sampling is not represent-
ative, we have only undefined, mass-reduced lumps of material without provenance
that are not actually worth analyzing. Only representative aliquots reduce the MU of
the full sampling and analysis process to its desired minimum; and it is only such
MU estimates that are valid. Sampling correctness and representatives are essential
elements of the sampling process. Representativeness implies both correctness and a
sufficient small sampling reproducibility (sampling variance).

The starting point of every measurement process is the primary lot. The lot (also
termed the sampling target or decision unit) refers both to the physical, geomet-
rical form and size and the material characteristics of the material being subject to
sampling. All lots are characterized by significant material heterogeneity – a concept
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1.2 Aspects of sampling and sample preservation 7

only fully acknowledged and defined by the theory of sampling (TOS) – where it is cru-
cially subdivided into constitutional heterogeneity and distributional heterogeneity.
Heterogeneity is the prime characterization of all naturally occurring materials, in-
cluding industrial lots. Heterogeneity manifests itself at all scales related to sampling
for nearly all lot and material types. The heterogeneity concept is introduced and
discussed in complete detail in the pertinent literature [7, 8]. The full pathway from
lot to analytical aliquot is complex and is subject to many types of uncertainty
contributions in addition to analysis. TOS focuses on the conceptual and practical
active steps needed to minimize all sampling contributions to MU.

According to the available information regarding the candidate test site and the re-
quested sampling station network resolution, quite a number of sampling approaches
have been developed, a few of which are mentioned here, such as random sampling,
systematic sampling, representative sampling, and subsampling. All approaches have
their merits, and the selection of the most appropriate sampling mode depends on a
number of boundary conditions.

1.2.1 Sample

This is a correctly extractedmaterial from the lot, which can only originate from an un-
biased, representative sampling process. The term sample should always only be used
in this qualified sense of “representative.” If there is doubt as to this characteristic,
the term “specimen” should be used instead.

1.2.2 Specimen

This is a “sample” that cannot be documented to be the end result of a bona fide rep-
resentative sampling process. It is not possible to ascertain the representatives status
of any isolated small part of a sampling target by itself. It is only the sampling process
that can be termed representative or not.

1.2.3 Random sampling

Random sampling is the arbitrary collection of samples within defined boundaries of
the area of concern and is directed at obtaining an extreme value, such as the best or
worst case. The selection of sampling points must be performed in a way that gives
all locations within the boundary of the test area the same chance to be selected. The
basic assumption for choosing the random sampling approach is that the test area
is homogeneous with respect to the pollutants to be monitored. The higher the het-
erogeneity of the area is, the lesser the random sampling approach shall produce the
correct information needed for the complete future cleanout of the area. This means
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8 1 Sample Preparation for Inorganic Trace Element Analysis

that progressive information with regard to the pollutants of concern is needed prior
to sampling, which is usually not the case.

In random sampling of an entire lot of bulk material, the material is divided into
a number of real or imaginary segments. Because of its simplicity, sampling at evenly
spaced intervals over the bulk is often used instead of random sampling, although
results must be closely monitored to prevent errors from periodicity in the material.

1.2.4 Systematic sampling

Each sample collected systematically and analyzed to reflect or test some systematic
hypothesis, such as changes in composition with time, temperature, or spatial loca-
tions, should be considered representative of a separate, discrete population under
the existing conditions. However, the results may still be statistically tested for the
significance of any apparent differences.

A carefully designed sampling plan includes the possibility of unanticipated
events of phenomena that could prejudice the analyses. For example, measurements
at timed intervals are sometimes made with random start or other superimposed ran-
dom time element. The less known about a given process, the more randomness is
merited. Conversely, the more fully a process is understood, the more efficient is a
systematic approach to date acquisition.

1.2.5 Representative sampling

Representative sample frequently connotes a single sample of a universe or popula-
tion expected to exhibit average properties of the population. It is not possible to select
such a sample by a randomprocess or to verify whether it is representative. A truly rep-
resentative sample seems valid only if the sample is defined a priori as representing a
specific purpose.

Although it may reduce costs, measurement of samples defined as representative
yields information not equaling that from valid random samples of the population,
except when the population is homogenized before sampling to produce a number
of similar subsamples. A properly designated and executed random sampling plan
provides sample mean and variation between members, neither of which can be
obtained by analysis of one representative sample.

1.2.6 Composite sampling

Until here, single-sample approaches have been considered. For a number of good
reasons, composite sampling schemes might be preferred, one and not the least of the
reasons being identified in analysis cost.
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1.2 Aspects of sampling and sample preservation 9

A composite sample may be considered a special type of representative sample. A
composite sample represents physical averaging, as opposed to arithmetic averaging
of analytical results from individual increments. Many sampling procedures assume
that only average composition is desired, such as bulk, time-weighted, or flow-
proportional averages, and specify collection or preparation of a suitable composite.
Elaborate crushing, grinding, mixing, and blending procedures have been developed
and standardized for preparing solid composites.

Analysis of individual samples permits determination of the average (at the
expense of additional analytical effort), of the distribution of samples within the
population (between-sample variability), and of within-sample variability (if replic-
ate analyses are conducted). Composite samples provide limited information, and the
consequences should be carefully considered before deciding between this approach
and the analysis of individual samples.

1.2.7 Subsampling

Subsample is a correctly mass-reduced part of sample (primary, secondary, etc.). A
subsample is a result from a dissociative (disaggregation) process; a composite sample
is a result from an integrative process. Subsampling is necessary because the sample
received by the analytical laboratory is usually larger than that required for a single
measurement. Test portions taken for replicate measurements of different constitu-
ents by several techniques must be sufficiently alike so that results are compatible.
The effort necessary to reduce particle size, mix, or otherwise process the laborat-
ory sample before withdrawing portions (subsamples) for analysis depends on the
homogeneity of the original sample.

It is obvious that a major requirement for trace element analysis is that specimens
be taken under noncontaminating conditions and thus avoiding all kind of losses;
the specimen and the sample derived from it must exactly reflect the properties of
the matrix. The number and types of samples and sampling devices are too diverse to
enumerate here, but some general principles and recommendations will be given for
collecting samples in which trace metals are to be determined. Ideally, all sampling
devices, tools, and containers should be constructed from plastics with a low con-
tent of trace metals, such as one of the Teflon, or polyethylene (PE). By removing all
metals from the sampler, a major source of contamination is eliminated. Of course,
there are many instances in which this is not practical or possible. In these cases,
the best alternative is to select a high-purity material that will produce no consequen-
tial contamination. In general, for trace analysis, sampling tools made from stainless
steel, such as titanium and ceramics for blades, or highly purematerials like nickel for
needles should be used. In this case, there is only one element that cannot be analyzed
due to high blanks. By now it is obvious that a major requirement for trace analysis is
that the sample be taken under noncontaminating conditions. There are those who
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10 1 Sample Preparation for Inorganic Trace Element Analysis

will object to the cost or dispute the necessity of applying clean room conditions to all
sampling operations [9]. The use of noncontaminating implements and samplers, as
well as complete portable clean room facilities, has become awell-established proced-
ure among many geochemists and oceanographers working in pristine environment.
In addition to contamination by vessels and tools, samples can also be contaminated
by reagents, which have to be added as stabilizers, anticoagulants, and preservatives
[10], especially because they are often added in excessive amounts.

The second important step of the preanalytical phase is the storage (preservation,
stabilization). In trace analysis, sampling must always be followed by an appropriate
preservation and/or stabilization step, with due regard for the nature of the matrix
and the analyte.

Unfortunately, many materials are not stable once they have been sampled and
seldom can samples be analyzed immediately after collection; they need to be stored
for a certain period. Samples may deteriorate by trace element adsorption, losses from
aqueous samples, particle segregation in heterogeneous powders, dehydration or bac-
terial growth in biological samples, or by decomposition of the sample matrix and
the formation of volatile compounds of the trace element analytes. Stabilization tech-
niques exist for most of these problems, but they must be noncontaminating and the
apparatus used for this process must be evaluated for contamination potential.

Liquid samples, such as water (drinking, surface, waste water), beverages, fruit
juices, urine samples, etc., should always be acidified with mineral acids to pH < 2
(HNO3, HCl, andHClO4, all of the highest purity grade) immediately after collection for
stabilization purposes to avoid losses due to wall adsorption and also inhibit bacterial
growth. However, the pH should also be selected in accordance with the requirements
of the subsequent analytical steps.

Losses of elements may occur through the formation of insoluble products that
are strongly adsorbing to the wall of the container, co-precipitation with the main in-
organic and organic constituents of the matrix, the formation of volatile compounds
that penetrate the plastic, and also the formation of compounds that are unsuitable for
the subsequent analytical procedure. Most of these detrimental effects are diminished
or eliminated by the addition of sufficient amounts of preservative. Contamination
during storage is due mainly to the material of the containers. A wide variety of
sample container materials for bottles, flasks, tubes, and vials can be used, the most
common being polyfluorocarbons (polytetrafluorethylene (PTFE), PFA), PE, polypro-
pylene (PP), polyvinyl chloride (PVC), polycarbonate (PC), high-purity quartz, and
borosilicate glasses.

Loss of water from aqueous matrices (e.g., tissue, fruit, vegetables, and soil
samples) may occur during storage. For this reason, analytical results should always
be reported in terms of dry mass to avoid false interpretations. Drying is best conduc-
ted immediately after sampling. Water removal can be accomplished by oven drying
at elevated temperature, use of desiccating materials, or freeze-drying (lyophiliza-
tion). Freeze-drying has been shown to be the most satisfactory procedure since it
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1.3 Error sources during the analytical procedure 11

minimizes the loss of highly volatile elements and compounds, and as at low temper-
atures fewer alterations of the biological material occur and the formation of insoluble
substances is also decreased.

Liquid samples requiring preservatives, such as blood and urine, are preferably
stored at +4 ∘C, provided that they will be analyzed within 2–3 weeks. If a longer
storage period is necessary, however, the best way to store biological material is to
maintain it at temperatures around –20 ∘C until analysis. In the storage of tissue, it is
important to knowwhether the entire specimen or an aliquot sample representative of
themean value of the specimenwill be submitted for analysis. In the first case, no spe-
cial precaution is needed. After determination of the fresh weight and, if the specimen
is dried, the dry weight, the specimen is cooled as soon as possible to –20 ∘C or below.
At this temperature, bacterial and chemical interactions are largely diminished. Dur-
ing freezing and thawing, the structure of the specimen will be altered by the rapture
of membranes and outflow of intracellular liquid; however, since the total specimen
will be analyzed, the accuracy of the analysis will not be affected. If storage over sev-
eral years is envisaged, the sample should either be dried at –18 ∘C or quick-frozen in
liquid nitrogen at –196 ∘C and then stored at or below –70 ∘C.

Determination of an analyte in serum or plasma requires that the analyte be isol-
ated subsequent to sampling. This is no longer possible after deep-freezing because of
the hemolytic nature of blood samples. In case of elements at very low concentration,
it is preferable that an investigation be conducted on serum rather than plasma. This
reduces the risk of contamination because unlike blood plasma serum is recovered
without addition of an anticoagulant.

The risk of contaminations persists during the entire storage period. Thus, if
the biological samples cannot be analyzed immediately, they should be kept in an
adequately controlled environment or hermetically sealed in a proper material, for
example, plastic. So, in general, samples should be stored at low temperatures in
cleaned containers made of proper materials [11, 12].

Additional information regarding general principles of sampling design and
sample preservation for trace element analysis is discussed by Kratochvil [13] in a book
on sample preparation for trace element analysis.

1.3 Error sources during the analytical procedure

Error (systematic error) relating to a trace element analysis may occur at all points
from sampling through to the determination step. Systematic error arises whenever
the actual nature of the measurement process differs from that assumed. For a meas-
urement to be both accurate and precise, the measured value must be both accurate
and precise and must be corrected for all sources of systematic error or bias, and
the true value must lie within the stated level of confidence. Systematic errors as a
rule become evident at the ,g/g concentration range and increase enormously with
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12 1 Sample Preparation for Inorganic Trace Element Analysis

decreasing absolute amounts or concentrations of the elements to be determined.
They can exceed several orders of magnitude, depending on the omnipresence and
the distribution of the elements in our environment and in the laboratory. Abnor-
mally high values in the analysis may result from the contamination by airborne dust,
reagent blanks, and container material. Of course, as usually a blank value is sub-
tracted, such errors are in principle corrected. A high blank thus primarily affects the
reproducibility and the limit of detection of an analysis.

There exists no chance to discern systematic errors by statistic evaluation of the
analytical data, especially because the most important condition for a statistical treat-
ment of data, which are supposed to display a normal distribution, very often does
not apply. Further, no other simple means for the detection of systematic errors are
available. Systematic errors depend strongly on the element to be determined, on the
matrix, on the method and procedure used, on the conditions of the laboratory, and
on some other parameters.

The most important sources of systematic errors [14] are:
– inadequate sampling, sample handling and storage, in homogeneity of the

sample;
– contamination of the sample and/or the sample solution by tools, apparatus,

vessels, reagents, and airborne dust during the analytical procedure;
– adsorption and desorption effects at the surface of the vessels and phase

boundaries (filters, columns, and precipitates);
– losses of elements (e.g., Hg, As, Se, Cd, and Zn) and/or compounds (e.g., oxides,

halides, and hydrides of the elements) due to volatilization;
– unwanted or incomplete chemical reactions (e.g., change of the valence of ions,

precipitation, ion exchange, formation of compounds and complexes);
– influences of the matrix on the generation of the analytical signals (incomplete

atomization, overlap of peaks); and
– incorrect calibration and data evaluation as a result of incorrect standard ma-

terials, unstable standard solutions, or the use of false calibration functions or
unallowed extrapolations, respectively.

A survey of systematic errors in decomposition methods [15] is given next:
– Errors resulting from contamination from

1. the atmosphere (the air, laboratory environment), the sampling;
2. reagent impurities; and
3. materials (vessels, tools).

– Errors as a result of losses of elements by
1. volatilization,
2. adsorption on the vessel material, and
3. reactions with the vessel material

– Errors resulting from incomplete sample decomposition or dissolution
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1.3 Error sources during the analytical procedure 13

This contribution will mainly deal with the most serious sources of systematic errors
of multistage procedures: element losses due to volatilization and adsorption as well
as the contamination due to the threemost important blank sources: tools and vessels,
reagents, and laboratory air and dust.

1.3.1 Blank

Masking of components in a sample, severe interferences with detection, uncertain
qualitative analysis, and unreliable quantitative measurements are all problems in
trace analysis potentially connected through a common factor, the blank. Few ana-
lytical techniques are free from the influence of these difficulties. Even though the
threshold for measuring trace constituents has been lowered significantly with the
discovery and development of techniques with high sensitivity, the full potential for
measurement by spectrophotofluorometry, polarography, anodic stripping voltam-
metry, kinetic and spectroscopy methods, and other techniques with sensitivities
sufficient for measuring elements at the nano/picogram level is precluded in many
practical applications.

In the case of the inability to reproducibly control the blank at levels insignificant
in comparison with the constituent being determined or where difficulties associated
with quantitatively manipulating and recovering submicrogram quantities of trace
elements exist, the limits at which trace elements can bemeasured bymost techniques
will be established by these restrictions. In the presence of constantly fluctuating
blanks, the accuracy and precision of quantitative trace measurements are also influ-
enced significantly. Thus, first-order improvements in the reliability of measurements
at or below the ppm/ppb/ppt region depend greatly upon controlling and reducing
the size of the blank and, where possible, eliminating its effects.

Contamination from particulates in air, impurities in reagents, and trace ele-
ments from containers is considered to be primarily responsible for the blank. Hazards
from less conspicuous sources, including instrumental noise interpreted as a signal
from a component of the sample, must be considered as well [16]. Since consider-
able attention by analytical chemists to these problems is necessary in trace analysis,
state-of-the-art techniques for providing pure atmospheres and working conditions,
for purifying and storing ultrapure reagents, and for performing routine analytical
procedures under ultraclean conditions are subsequently discussed.

1.3.2 Contamination

Contamination in trace analysis is always understood as the increase in the measured
amount or concentration of a component, resulting from its introduction at various
stages of the analytical procedure, from several independent sources other than the
sample and can occur at any point. These are the air, laboratory atmosphere and
working areas, reagents, tools, and apparatus associated with sampling and sample
preparation, and laboratory ware; these will be discussed in sequence.
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14 1 Sample Preparation for Inorganic Trace Element Analysis

The atmosphere of the laboratory is loaded with particulate matter from different
sources such as the environment, floor, walls, ceiling (paint), furniture, equipment,
clothes, analyst himself, and so on. Accordingly, various inorganic and organic com-
pounds are present and, in principle, any element can be found, depending on the
environment, the laboratory itself, and its history. Thus, the composition of the air
in the laboratory will often approximate that of the surrounding atmosphere and will
fluctuate with prevailing atmospheric conditions. Again the dust particles will con-
tain relatively high concentrations of those elements that show a high abundance in
the Earth’s crust (e.g., Si, Al, Fe, Ca, Na, K, Mg, P). In addition, all elements of an-
thropogenic pollution (e.g., Mg, Cu, Cd, Pb, Ni, Co, Zn, Mn) are always present. Dust
and particles brought to, and released or created in the laboratory by the activities of
personnel, appear as a more abundant and critical source of contamination [17].

When the dust comes in contact with the sample, it is a severe source of contam-
ination. Sometimes, protection may be achieved with a cheap and very simple means,
such as closed vessels and apparatus or glove boxes. Ideally, trace analytical work de-
pending on conventional techniques should be carried out in a high-class clean air
laboratory. More efficient and convenient are clean rooms and clean benches [18],
which are flushed with dust-free air. A clean room is an area that is hermetically sep-
arated from the outside atmosphere and that is only accessible through an air lock.
A filter assembly provides for pure air at an overpressure against the outside atmo-
sphere and for circulation with a turbulent flow. A clean hood also reduces particles
and dust in laboratory air. A much cheaper and simpler solution for reducing blank
values due to contamination from laboratory air is the use of evaporation chambers
[18]. The major development for providing particulate-free air is the so-called high-
efficiency particulate air (HEPA) filter [19], which has a definite pore size of 0.3 ,m.
The dust removal efficiency by the deposition on the filter is about 99.97–99.95 %. The
quality of a clean room or clean bench is expressed by the number of particles per
cubic foot having a diameter between 0.5 and 5 ,m and one distinguishes between
the classes 100, 10,000, and 100,000. Typical is “class 100” or “class 10,” meaning
less than 100 or less than 10 particles per cubic foot of air. The use of a clean bench
in a clean room illustrates only one possibility. Another more expensive alternative is
to keep the whole clean room as dust-free as possible. This can be achieved with the
aid of a laminar air flow that enters the room through a HEPA filter installed over the
whole area of one wall or the ceiling [18]. For advanced technologies, however, still
much higher-purity demands now exist. For instance, the electronic industry claims a
much lower dust content for the production of megabyte chips (class 10 or 1 according
to the US Federal Standard). For trace analysis, however, this enormous effort to get
such a high air quality is only rarely necessary.

Availability of clean air facilities, however, does not in itself guarantee dust-free
conditions. The placement of equipment or containers, too high exhaust velocities,
room draughts, or an operator working (the number of persons in the laboratory) near
the fume-hood can distort laminar flow, cause turbulences, and dramatically affect
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1.3 Error sources during the analytical procedure 15

the performance of clean air installations. Also, the weather plays an important role;
when it is raining, the air generally is essentially purer than when it is dry.

Contamination in trace analysis is comprehensively dealt with in the book by Zief
and Mitchell [20] and by Mitchell [21]. It initiated extensive follow-up work, which has
made an essential contribution to our understanding of the problem. Advances in con-
tamination control are also the subject of a recent survey by Barnes et al. [22] in a book
on microwave-assisted sample preparation for trace element determination edited by
de Moraes Flores and Mitchell in his review paper [23]. Supplementary information
on systematic errors caused mainly by contamination and losses of elements can
be found in comprehensive monographs dealing with trace elemental analysis from
Knapp and Schramel [24] and Hoffmann [25].

1.3.3 Reagents

Reagents used in sample preparation are another very common source of contam-
ination. Reagents used that come into contact with the sample or standards, such
as water, acids, bases, solvents, salts used as matrix modifiers, buffers, support-
ing electrolytes, fluxes, oxidants and reductants, chelating agents, and other reagent
chemicals, must be of the highest available purity. At least as importantly, they must
be stored and handled in such a way as to maintain this level of purity. Some of these
needs for pure reagents have been met by commercial suppliers who have focused
their attention on this problem and have introduced special lines of ultrapure, su-
per pure, or electronic-grade reagents andmetals. Because specific attention has been
given to the proper handling, containing, analysis, and storage of reagents, levels of
many trace elemental impurities in commercial lots of chemicals have been reduced
considerably. The dynamic interplay between preparation, handling, containment,
and analysis of ultrapure chemical standards and reagents for the clinical chemical
laboratory is described [26]. Even though an overall improvement in the quality of
several suppliers’ chemicals has been accomplished, for most ultratrace analyses the
analyst must still verify that the purity of any purchased reagent is sufficient for the
intended analytical application. Reagent impurities capable of interfering with the
analytical measurement should be so low that they give a blank value that is less than
10 % of the analyte level. Although reagents sufficiently pure for many applications
are available commercially, the analytical laboratory committed to ultratrace determ-
inations of a variety of elements must also be able to produce a wide range of pure
reagent chemicals itself. For many analytical problems, the level of a specific contam-
inant of interest can be adequately controlled only by designing a special laboratory
purification method. The basic analytical reagents can now be ultrapurified on the
laboratory scale with relative ease by a number of techniques. Accordingly, in extreme
trace analysis, we often have to use only those reagents that can easily be purified,
such as gases and liquids [27, 28].
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16 1 Sample Preparation for Inorganic Trace Element Analysis

Ultrapure water is the most abundantly used analytical reagent, and the prepar-
ation of ultrapure water, for example, by distillation below the boiling temperature
(sub-boiling, nonboiling) in a quartz [29] or PTFE [29, 30] stills or by membrane
processes and its permanent quality control, is of greatest importance. The term
sub-boiling distillation was coined and the first publication produced by 1972 [31].
Regarding membrane processes, three membrane processes are widely used in wa-
ter purification systems: reverse osmosis, ultrafiltration, and microfiltration. A fourth
process, ultramicrofiltration, is sometimes identified as lying between ultrafiltration
and microfiltration. The processes are differentiated from one another by virtue of
the different ranges of pore sizes found in the membranes. The reverse osmosis is a
membrane separation technique using a material through which water molecules will
pass but solute molecules will not. Unlike ultrafiltration, in which separation of sub-
stances is based solely onmolecular size and form, reverse osmosis membranes retain
ions of a size comparable to that of the water molecule. The next method of water
purification is deionization (sometimes called demineralization). Most laboratory de-
ionizers are mixed-bed cartridge units in which cation-exchange and anion-exchange
resins act in concert to remove ionic contaminants (mainly inorganic salts) from the
feed water. In many laboratories, it may be desirable to preprocess the deionizer feed
water using a reverse osmosis unit or mixed bed ion exchanger, thus removing most
of the dissolved salts before the final purification step. Normally, the purified wa-
ter production must be conducted in a laboratory with appropriate air cleanliness
and stored in vessels or containers free from contamination. The quality of this re-
agent, needed in large volumes for dissolving samples and preparing solutions, must
be periodically monitored by quantitative analysis [32–36]. Since water of absolutely
purity has virtually no conductance, the easiest and fasted method of measuring wa-
ter purity is by measuring conductance (reciprocal of resistivity) with a meter made
for this purpose [37]. Readings are expressed in ,s/cm. On the other hand, a res-
istivity >18.2 MK cm is an indication of quality, but is not necessarily a certificate of
high-purity water.

High-purity reagents do not always satisfy the standards required by extreme trace
element determination since the control of impurities is usually restricted to only a
few elements. Liquid decomposition reagents (e.g., nitric, sulfuric, hydrochloric, per-
chloric acids) and some organic solvents in a highly pure quality can be obtained by
the so-called sub-boiling distillation [30]. The distillation made of quartz, PP, or PTFE
should be used for the purification of acids (except HF) and water. The purification
is based on evaporation of the liquid by infrared heating at the surface to avoid vi-
olent boiling [25]. In this way, the formation of liquid aerosols that are transported
with the distillate is avoided, which in the conventional distillation technique con-
taminates the distillate. The residual impurities for sub-boiled liquids are at the pg/mL
level, which is sufficient for most of the ultratrace procedures. The yield of such a sub-
boiling still amounts to some 100 mL per day. This is sufficient for most purposes in
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ultratrace analysis purposes due to unavoidable contamination during storage. There-
fore, only that volume of acid required for the immediate use should be prepared.
Apart from this technique, no other universal (single) purification procedure is cap-
able of removing all metallic or cationic impurities to such a low extent. It should be
noted that sub-boiling distillation ensures the separation of impurities of low vapor
pressure such as metal ions, but it does not eliminate impurities having high vapor
pressure such as organic compounds or some anions [30].

One means that has been used to overcome the formation of liquid aerosols that
are transportedwith the distillate is isothermal (also called isopiestic) distillation [38–
40]. In principle, if containers of volatile reagent-grade acids (HCl, HBr, CH3COOH,HF)
andNH4OH and pure water are placed in a sealed chamber (such as large desiccators),
acid vapor will be absorbed in the pure water until an equilibrium vapor pressure is
reached. This isopiestic distillation is the room temperature version of the sub-boiling
method (which it preceded) and produces a highly pure but medium strength product.
The latter problem can be circumvented by saturating pure water or isopiestically pre-
pared reagents with pure gaseous compounds, NH3, HCl, and HBr, for example. The
method for HF purification based on a combination of isopiestic and sub-boiling dis-
tillation resulting in increase in production rate has been reported [41]. The purity of
the distilled water and purity of the container largely determine the quality of reagent
produced.

Reports of quantitative determination of trace elements by electrodeposition and
anodic stripping imply general utility of electrochemical methods for ultrapurifica-
tion of reagent chemicals. Electrodeposition is a very interesting tool for separation
of ultratrace concentrations from salt solutions as these are good electrolytes and as
electrolysis techniques suffer from contamination only to a very low extent [42]. For
example, the constant current electrodeposition of trace elements (Cu, Cd, Co, Fe, Ni,
Pb, Zn) onto a graphite tube cathode from highly concentrated NH4F solutions was
studied. The deposition yield of >99 % was achieved in the ng/mL range (and below)
so that a solution of high purity was obtained [43, 44].

Electrolysis at the mercury cathode has been recognized for decades as being po-
tentially extremely effective for purifying aqueous solutions of various reagents [27].
In principle, any reagent soluble in water can be purified by electrolysis at the mer-
cury cathode, provided its component ions are not electroactive at the applied cathode
potential required for reduction of the impurity ion. Electrochemical inertness at the
anode potential is also required. Additionally, the reagent solutionmust be chemically
inert with respect to reaction with mercury (including dissolution of the mercury).

In general, all reagents should be checked for contamination before use by analyz-
ing reagent or sample blanks containing all the reagents in the same concentrations
as would be present in the final sample solution. Any reagent that is shown to be con-
taminated must be discarded; for this reason, it is often a good idea to purchase these
high-purity chemicals in small quantities.
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1.3.4 Materials

Materials used in the construction of buildings are known to contribute atmo-
spheric pollutants or produce particle fallout. Calcium in trace quantities can be
constantly emitted from materials commonly used in walls and ceilings. Paints con-
taining metallic pigments are chipped, flaked, or abraded from walls and furniture.
Stainless steel hoods, sinks, and other furniture, copper faucets and pipes, gas
regulators, metal heating and air conditioning units, and other metallic objects usu-
ally corrode after prolonged use under normal laboratory conditions. Metallic dusts
from these objects contribute significantly to particulates in the atmosphere of the
laboratory.

No vessel material is absolutely resistant even to water. The vessel material in con-
tact with the sample during the decomposition or dissolution also frequently causes
systematic errors. Elements can be either dissolved from thematerial or desorbed from
or adsorbed on the container surfaces. Therefore, all vessels used to contain samples,
standards, or reagents used in the analysis should be checked and shown to be free
of contamination before they are used. It is preferable to set aside a set of vessels for
trace analysis only. Especially glass, which contains a number of elements as major or
minor components and a lot of other elements at a very high trace level, is very impure
as compared to quartz, PTFE, PP, and PE [45]. In addition, the losses of elements due
to adsorption are very high. Therefore, glass vessels should not be used for element
determinations in the extreme trace range.

Vitreous silica, especially artificial quartz, is the most pure material that is com-
mercially available in different purity classes but unfortunately quartz containers
(and tools) are also the most expensive ones. They definitely deliver negligible blanks
(except for Si), low wall adsorption, temperature resistance up to 1,200 ∘C, and
high resistance to most inorganic acids with the exception of HF and concentrated
phosphoric acid.

Fluorinated polymers PTFE (Teflon), PFA (Teflon), and TFM (Hostaflon) are sub-
stantially less pure. Nevertheless, they are much more cheaper than quartz and
therefore they are preferred in most of the routine laboratories, especially used as the
digestion vessels, but exhibits very variable quality depending on its origin. The max-
imum digestion temperature for such vessels is about 250 ∘C. The advantage of these
materials is their resistance against nearly all acids, and they can therefore be used
for sample digestion with HF. Contamination from the vessel material is not a prob-
lem. In general, PTFE is not as good as the other two materials because of its porous
structure, which arises from the sintering process used for the vessel production. TFM
is a chemically modified PTFE (PTFE modified by Hoesch) and does not suffer from
the porous structure of PTFE.

FEP is an excellent material for storage containers because of its dense and non-
polar surface. Losses of polar ions via adsorption effects can mostly be neglected.
It is also used for liners of digestion bombs, but must not be heated above 200 ∘C.
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The polymer FEP is purer than conventional PTFE and is thus recommended for
procedures aiming at the determination of trace elements.

PE and PP are stable up to 135 ∘C and are successfully used for storage containers,
beakers, and flasks, but they are not as good as FEP, although they are less expensive.

Glassy carbon is used for high-temperature digestion vessels. It is also resistant
against most acids; however, it is not resistant to oxidation. For example, oxidizing
reagents such as nitric acid significantly attack the surface at elevated temperatures.
Another disadvantage is a comparatively high risk of contamination; glassy carbon is
not as clean as quartz glass or fluorinated polymers.

Especially during sampling, one has to avoid the sample to come into contact with
other materials causing severe contamination. Therefore, for example, rubber is not a
suitable material because of its relatively high contents of Sb, As, Zn, Cr, Co, and Sc.
Nylon contains Co and PVC Zn, Fe, Sb, and Cu at the higher trace level. In addition,
contamination in a trace element laboratory can come from a laboratory gloves (vinyl,
latex), contaminated samples by Zn and Fe [46], or, for example, from micropipette
tips [47].

With regard to the vessels and tools, their bulk material is not the only source
of contamination. The other contamination source is impurities at the surface. In ad-
dition to the selection of a suitable material (container, vessel, tool), an appropriate
preconditioning of the material surface is necessary to minimize adsorption or de-
sorption. To minimize or eliminate such impurities, proper cleaning procedures are
necessary. The conventional cleaning technique for laboratory glassware consists of
its rinsing and leaching with high-purity acids (HNO3, HCl) and pure water. In addi-
tion, leaching can be supported by applying ultrasonic treatment. Decontaminating
the surface of containers by extracting with chelating agents is recommended as
well. However, leaching is very expensive and time-consuming and it requires large
volumes of pure, high-purity or even ultrapure acids, which will become a waste prob-
lem because of environmental contamination. Another disadvantage is the fact that
the cleaned vessels remain in contact with the acids now enriched with impurities,
by which they are again contaminated. Therefore, in many cases these procedures are
not effective enough so as to guarantee for residual blanks down to the lower pg/mL
region.

A very effective and much less time-consuming cleaning of quartz vessels can be
achieved by steaming with acid vapor described by Knapp [48]. This method can also
be applied to vessels and tools made of borosilicate glass, PTFE, TFM, PFA, and glassy
carbon. For purification, the vessels are continuously exposed to the hot vapor of the
purifying liquid. By steaming the vessel with nitric acid or hydrochloric acid, the sur-
face is cleaned from adsorbed matter and conditioned in such a way that adsorption
phenomena are greatly reduced.

Especially during sampling and sample preparation, there is an inevitable risk of
contamination by tools for cutting, drilling, milling, sieving, crushing, grinding, and
pulverizing. Metal contaminations of biological tissues and fluids with Cr, Ni, Co, Fe,
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20 1 Sample Preparation for Inorganic Trace Element Analysis

Mn, Cu, and others due to use of scalpel blades and syringe needles are observed.
Therefore, the use of forceps, knives, spatulas, and needles made of plastic, titanium
or quartz is recommended. Tools (scalpels and knives) made of corundum single crys-
tals (Al2O3) grown artificially were found to be excellent for clean preparation of
biological samples [49]. Biological tissues in contact with the surface of a common sur-
gical instruments (scalpels and knives) become contaminated with virtually all trace
elements, particularly with Cr and Co, present in the instrument material [50].

The operator himself also represents a very serious source of contamination. The
number of particles emitted per minute by a person amounts up to millions. They are
released by the skin, hair, clothes, jewelers, cosmetics, disinfectants, talc, etc.

1.3.5 Contamination by sample handling

In spite of the fact that we have available very effective techniques for the cleaning
of the vessels and equipment, for the purification of the reagents and for maintaining
a clean laboratory and working place, further contamination, for example„ arising
from storage of the sample solution [51], from sample handling and from the ana-
lytical procedure cannot be totally excluded. At the ppb and still much more at the
ppt concentration level, even a very simple working step such as pipetting, shaking,
evaporation, filtering, etc., already can increase the blanks considerably [14].

Alarming is not the real value of the blank of one single step but the fact that
blanks occur even during very simple operations and accumulate during the whole
analytical procedure to amounts in the ng/g range. In extreme trace analysis, the
scattering of the blanks can exceed several orders of magnitude.

In principle, the various sources of systematic errors described above are present
in all steps of an analytical procedure such as sampling, transport, storage, sample
pretreatment, decomposition and dissolution, and separation and preconcentra-
tion. Accordingly, the general statement can be made that with decreasing absolute
amounts of the elements to be determined, systematic errors increase dramatically
and that they are the main problem in extreme trace analysis. Unfortunately, this fact
will often not be realized in the daily work of routine laboratories andmay then be the
reason of wrong results with dramatic consequences with respect to economy, safety,
and health.

1.3.6 Losses

Losses of elements are caused by volatilization, chemical reactions, or by reactions
with the material of vessels, containers, and tools, and, finally, by adsorption or
desorption processes.

Losses of elements by volatilization mainly occur at high temperatures. However,
for very volatile elements, these interferences can already be remarkably high at room
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1.3 Error sources during the analytical procedure 21

temperature [52]. The analytes may be lost in the elemental form, oxides, and predom-
inantly as halides or even as hydrides. The extent of the loss depends on the type of
sample, and the variable temperature and time. Especially, mercury is well known to
be extremely volatile. It can be lost during sampling, storage, and sample prepara-
tion, when aqueous solutions are stored in open vessels or in vessels made of organic
polymers. Mercury losses can occur within a few hours and, in addition, elemental Hg
quickly penetrates through sample containers made of plastic such as PE or PP. There-
fore, samples in which Hg is to be determined should not be stored or transported in
plastic containers so as to avoid Hg losses by volatilization or prevent contamination
by the Hg present in the environment (ambient atmosphere).

The number of elements and compounds that can be lost as a result of volatiliza-
tion increases with temperature. This must be considered when evaporating solutions
or when performing decomposition procedures [53]. Volatile chlorides of Hg2+, As3+,
Sb3+, Sn4+, Ge4+, Se4+, Pb4+, and Te4– may be lost during acid solution evaporation or
during organic materials combustion.

During the dissolution of metals and alloys with nonoxidizing acids, the hydrides
of elements such as S, P, As, Sb, Bi, Se, or Te may escape. Furthermore, hydrides
can also be lost from alloys during the sampling step. Also, when drilling or cutting
metal samples such as Al or Fe, the well-known smell of H2S or PH3 and other volatile
hydrides often indicates the loss of these elements.

In general, volatilization can be prevented by application of closed systems
(evaporation, closed vessel digestion, etc.). When closed systems are not suitable,
volatilization can be reduced or prevented by reducing the temperature (storage,
freeze-drying, low-temperature ashing, etc.). One also should avoid all chemical
reactions by which volatile compounds can be formed (e.g., the formation of Cr2OCl2).

Many problems in elemental analysis are associated with the level of concen-
tration to be determined; the concentration of the trace elements of very diluted
solutions may change very quickly as a result of adsorption and desorption effects,
which lead to losses or contamination. By these processes, ions or compounds of
trace element are bound onto the surface of the container and may be released
later on when the composition of the solution changes. The adsorption losses of
elements become appreciable at concentrations <10–6 mol/L and are of the order of
10–9–10–12 mol/cm2 [14].

In handling aqueous solutions containing low concentrations of ions, the re-
searcher must consider various factors to minimize or prevent container adsorption
of ions. The kind of ion and container, the period between collection and analysis,
light effects, and dissolved salts are some of the aspects that need to be evaluated.
Other factors, such as the sampling technique and contamination effects, must be
considered in the analysis. In working with low ion concentrations, only metal-free
containers may be used, and scrupulous care must be undertaken in all collection
and analytical steps to avoid contamination. For field studies, PE would be preferable
to glass because of its handling characteristics.
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1.4 Sample treatment after the sampling process

Physical sample preparation is a very important aspect of the chemical analysis pro-
cess. Methodology depends on the sample type and the reason for the trace analysis.
Depending on the type of sample, most of these operations involve predominantly
physical methods such as cleaning, drying, grinding, sieving, cooling or freezing, and
mechanical agitation and homogenization [20].

Cleaning is most recommended for some kinds of materials, particularly parts of
plants, such as roots, leaves, and fruits [53].

When the trace elements determination is carried out on aqueous matrices (e.g.,
tissues, fruit, vegetables, and soil samples), attention must be paid to changes in
sample mass during the storage period. For this reason, analytical results should al-
ways be reported in terms of dry mass (weight) to avoid false interpretations. Drying
is best conducted immediately after sampling. It is a widely used method that min-
imizes physical and chemical changes of samples; however, this process irreversibly
alters the biological matrix because water and all volatile constituents are eliminated.
Such problems are easily solved by oven drying, microwave drying, and freeze-drying
(lyophilization).

Oven drying of biological material is performed at temperatures between 60 and
65 ∘C. The stream of hot clean air was frequently used as a drying procedure in the
preparation of biological materials. It is very important to control the temperature
because the biological matrix may decompose, depending upon the nature of the
sample. Losses of elements during drying may occur owing to the formation of insol-
uble substances (e.g., aluminum oxides) and the evaporation of volatile elements or
compounds of elements. Thus, a large portion of inorganic- and organic-bound mer-
cury is lost by drying. Similar effects can be observed for arsenic, antimony, selenium,
and others. On the other hand, drying at lower temperatures will reduce volatilization
losses but also expose the sample to the ambient environment for longer periods of
time, which serves to increase the risk of the contamination. The drying operation un-
til constant weight is a common requirement for solid samples that contain varying
amounts and unknown types of water; drying may be performed at 105 ∘C.

Microwave-assisted drying, a very fast drying procedure, exhibits the same prob-
lems as laboratory oven drying. An exact control of the microwave energy is necessary
to prevent overheating of the sample and losses of some elements [54]. Proper equip-
ment and optimized programs for the microwave oven were recommended to prevent
losses of elements by overheating of the samples and contamination by the ambi-
ent atmosphere. Volatile elements should not be determined in samples dried in a
microwave oven or in a drying oven.

Freeze-drying has been shown to be the most satisfactory procedure for trace ele-
ment analysis of biological materials since it minimizes the loss of highly volatile
elements and compounds. It is also known as lyophilization or vacuumdrying. Freeze-
drying is to be preferred over oven drying as at low temperatures fewer alterations of
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the biological material occur and the formation of insoluble substances is also de-
creased. Losses due to evaporation are also reduced, but not excluded. Drying at a
temperature as low as 120 ∘C can result in the loss of up to 10% of most elements, and
losses for mercury, lead, and selenium may be considerably higher (e.g., 20–65 %)
with certainmatrices [55]. To avoid losses of volatile elements, especially Hg, As, or Se,
it is recommended that the sample be cooled during freeze-drying to <10 ∘C. Without
cooling, the temperature of the sample will increase to room (laboratory) temperature
after sublimation of themoisture and thismay again lead to losses. Contaminations by
drying arise mainly from the material of the drying apparatus employed. Thus, speci-
mens for subsequent analyses for Cr, Ni, Co, or Mn should never be dried in a stainless
steel oven; in such cases, aluminum is the preferred material.

To avoid systematic errors during the drying process, it is recommended that the
original moist sample material be analyzed whenever possible and to correct the ana-
lytical result with the factor obtained by the separate determination of the dry mass.
In this case, losses of volatile elements or contamination by dust during the drying
process are inconsequential.

The homogenization process is another important process in sample preparation
for solid sampling analysis, easily leading to contamination and/or losses of elements,
and it is easily achieved by grinding process. Homogenization of samples is, in many
cases, necessary to provide a representative sample. In solid samples, elements are
normally distributed in an inhomogeneous way. Trace element determinations are
usually restricted to relatively small samples, which requires that a fairly large sample
be comminuted and homogenized prior to removal of an aliquot for analysis. In gen-
eral, narrow particle size distributions with particles preferably below 10 ,mdiameter
may ensure the desired analytical homogeneity [56, 57]. The choice of grinding tech-
nique can vary, depending on the properties of the sample matrix, especially on its
hardness, fiber, and fat contents. To avoid possible nickel or chromium contamination
from the construction material, all parts of the grinding device coming into contact
with the biological materials are made of titanium or PTFE. The cryogenic grinding
technique (brittle fracture technique) was introduced by Iyengar and Kasperek [58],
and it relies on an increase of hardness of all tissues, the insertion of failures in
the crystal structure, and use of very smooth force for the reduction to small pieces
[59]. Before starting the grinding process, the whole grinding device (metering trough,
mortars and balls, grinding cylinder and rods, etc.) should be cooled with liquid ni-
trogen for several hours. If the temperature of the components is constant at less than
–190 ∘C, the grinding process is started without any further supply of liquid nitrogen.
Therefore, for soft tissues, grinding and milling in vibrating ball mills applying PTFE
or PFA containers and PTFE coated balls (made from stainless steel or tungsten, etc.),
eventually under cooling with water or liquid nitrogen, are the preferred means. For
hard materials, such as bone, teeth, etc., other container materials like Zr, Ti, or W
and cooling under liquid nitrogen are necessary. Since then, some cryogenic grinding
applications have been described [60–62].
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Other mechanical mills such as mortar and pestle, blenda, ball and mortar, and
diskmills have been also intensely applied to grind samples. Ballmill was successfully
used in the preparation and certification of a pig liver reference material. Fish [63] and
bovine liver samples [60] were also homogenized using ball mill. In both cases, good
results were obtained for Cd determination in fish samples (slurry-ETAAS) and Cu and
Zn determination in bovine liver samples (solid-ETAAS). In the same way, mortar and
pestle was successfully used to grind fish samples for Se determination.

Comparing many IAEA and NIST environmental and biological materials ground
using difference technique, including cryogenic and other mechanical mills, Fajgelj
and Zeissler [64] concluded that jet air milled biological reference materials presented
the lowest particle size distribution, making them suitable for small sample analysis.

However, when a representative aliquot is to be taken from the specimen, a ho-
mogenization step prior to storage is essential. The structure and composition of the
biological material will be changed by both drying and freezing. Homogenization is
mostly carried out in mixers with rotating knives. These instruments are one of the
main sources of contamination. Often, the composition of the different materials from
which the mixer is made is unknown. The most contaminating item is the knife be-
cause there will always be some abrasion. The use of mixers with stainless steel blades
or knives should be avoided in trace element analysis. Therefore, the knives and/or
blades must be made from materials that are of no analytical interest, for example,
titanium or tantalum or special ceramic materials. High-speed mixers give rise to con-
siderable cavitation bywhichwater and volatile organic substances, as well as volatile
elements (e.g., Hg), can be lost. Cooling during mixing is advised. The efficiency of
mixing with respect to homogenization and contamination must be controlled for
each new kind of specimen by analyzing samples of different size. For the homogen-
ization of biological material with a low water content, distilled water must be added.

Comminution of the sample presents a significant opportunity for contamination.
Contamination of the sample from abrasion of the comminution equipment is funda-
mentally unavoidable, so efforts must be made to select the best possible equipment
for each particular analytical task. Equipment is preferred in which the sample comes
into contact only with surfaces fabricated from such high-purity plastics as PTFE since
this permits the sample to be used without restriction for the determination of a large
number of elements. Friability can be increased by deep-freezing or drying the sample
prior to comminution.

The sieving of fresh or previously milled samples is one of the methods most
used for the evaluation and classification of the particle size distribution; by know-
ing the particle size distribution, it is possible to infer the homogeneity of the sample
or the viability of the grinding method chosen. In general, microanalytical techniques
yield better accuracy for homogeneous particle size distribution. For trace metal ana-
lysis, metal sieves can contaminate the samples. Wear-resistant plastic sieves and
sieve holders are recommended for all sieving operations of samples for trace metal
analysis.
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Some analytical techniques require the separation of suspended particles as a
primary treatment. The oldest method of water purification is filtration. This method
may be divided into adsorption filtration, such as that provided by a carbon filter, and
mechanical filtration using a screen or membrane. The carbon filter is effective for re-
moving certain organics, odors and tastes, and chlorine. Mechanical filtration does
nothing more than remove undissolved particles. In the water analysis, for example,
filtration through amembrane filter with a porosity of 0.20 or 0.45 ,m is recommended.
The fraction that passes through the filter is designated soluble. The use of a fiberglass
prefilter with porosity of 1–5 ,m is recommended in samples with high levels of sus-
pended solids. The residue remaining on the filter can be leached or decomposed, and
subsequently analyzed.

1.5 Decomposition as a sample preparation method for elemental
analysis: an analytical perspective

Many modern instrumental techniques require to convert solid (or solid containing)
samples to solutions prior to an analysis. The terms decomposition, destruction, di-
gestion, acid digestion, dissolution, ashing, wet ashing, oxidative acid digestion, and
mineralization all refer to this process. In this contribution, the general expressionwill
be decomposition, which is specified to be dry or wet ashing. Mineralization refers to
those procedures that result in inorganic chemical forms of the analyte only. A variety
of techniques are employed from ambient pressure wet digestion in a beaker on a hot
plate to specialized high-pressure microwave heating. Traditionally, decomposition
of the sample in elemental analysis requires it to be mineralized in order to remove
the organic content. Sample decomposition for total element determination therefore
appears to be the recommended procedure on every occasion.

In general, it is required from any decomposition procedure to alter the original
chemical environment of the sample into a digest, that is, a solution in which the
analyte is distributed homogeneously. More specific conditions set to a decomposition
technique are

– The decomposition must be complete. Inorganic materials have to be converted
completely into soluble compounds, and organic materials have to be totally
mineralized.

– Removal of residual matrix components that interfere in the detection; residues
should be quantitatively soluble in a small volume of high-purity acid.

– The decomposition procedure has to be as simple as possible and should not
require complicated apparatus.

– The decomposition must be adapted in an optimal manner to the whole ana-
lytical procedure; possibility of adjustment of the oxidation state of the analyte
and, consequently, compatibility with postdecomposition chemistry.
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26 1 Sample Preparation for Inorganic Trace Element Analysis

– Preference should be given to procedures where decomposition and separation
are achieved in one step.

– In order to minimize the systematic errors in the decomposition procedure (con-
tamination, loss of elements, incomplete decomposition), clean vessels made
of an inert material, and the smallest amounts of high-purity reagents should
be used, and dust should be excluded. Reaction chambers should be as small
as possible. Precautions should be taken so as to minimize losses of analytes
(elements) due to adsorption on the vessel material (reactions with the vessel
material) and volatilization.

– Execution is not hazardous or dangerous for laboratory personnel.
– The yield from the decomposition step should be checked by using radioactive

tracers.

This section gives an overview of decomposition methods and recent developments
and applications of the decomposition of different materials. Other sample prepara-
tion methods, such as chemical extraction and leaching, solubilization with bases,
enzymatic decomposition, thermal decomposition, and anodic oxidation, are beyond
the scope of this contribution and will not be discussed here.

There are numerous publications giving useful information on the decomposition
of any conceivable combination of matrix and analyte. Some comprehensive books
and review articles contain material pertinent to either organic [65–68] or inorganic
[69–74] matrices; others, to both [75–85].

Within the scope of this section, a comprehensive discussion on decomposition
techniques is not feasible. Formore comprehensive information, the following reviews
and books are available: books by Šulcek and Povondra [72], Bock [75], and Krakovská
and Kuss [81] are dedicated solely to decompositionmethods. Other books deal exclus-
ively with a single technique: microwave-assisted sample preparation [85, 86], which
has also been reviewed elsewhere [88–98]. Recommended guidelines for sample pre-
paration (methods of digestion) of different matrices are also available from the
Encyclopedia of Analytical Chemistry [99]. Although it is very difficult to refer to every
paper published in this area, the enlisted bibliography of this chapter gives a compre-
hensive coverage of advance of the topic made to date, its potential application, novel
developments, and progress in decomposition techniques.

1.5.1 Sample decomposition techniques

Table 1.1 gives an overview of the different decomposition methods for organic and
inorganic sample material. The intent is not to present the procedural details for the
various samplematrices, but rather to highlight thosemethods that are unique to each
technique and sample.
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Table 1.1: Scheme of decomposition methods.

Decomposition technique Required reagents Application

Wet chemical decomposition
In open systems

• Acid digestion (thermally convective
wet decomposition)

• Microwave-assisted wet
decomposition

• Ultraviolet decomposition
(photolysis)

• Ultrasound-assisted acid
decomposition

• HNO3, HCl, HF,
H2SO4, HClO4

• HNO3, HCl, HF,
H2SO4, HClO4, H2O2

• H2O2, K2S2O8,
HNO3, O3

• H2O2, HNO3

• Inorganic/organic

• Inorganic/organic

• Waters, slurries

• Inorganic

In closed systems
• With conventional heating

(thermally convective pressure
digestion)

• With microwave heating

• HNO3, HCl, HF, H2O2

• HNO3, HCl, HF, H2O2

• Inorganic/organic

• Inorganic/organic

In flow systems
• With conventional heating

• With microwave heating

• Ultraviolet decomposition

• HNO3, H2SO4, H2O2,
HCl

• HNO3, H2SO4, H2O2,
HCl

• H2O2, K2S2O8, HNO3

• Inorganic/organic

• Inorganic/organic

• Waters, slurries?

Vapor-phase acid digestion
• With conventional heating

• With microwave heating

• HNO3, HCl, HF, H2O2

• HNO3, HCl, HF, H2O2

• Inorganic/organic

• Inorganic/organic

Combustion
In open systems

• Dry ashing

• Low-temperature ashing
(combustion in a stream of oxygen)

• Cool plasma ashing (Wickbold
combustion)

• Inorganic/organic

• Organic

• Organic

In closed systems
• Oxygen flask combustion

(Schöniger flask)

• Oxygen bomb combustion

• Combustion in a dynamic system
(Trace-O-Mat)

• Organic

• Organic

• Organic

Fusion decomposition Fluxes • Inorganic
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Figure 1.1: Acid decomposition in open system.

One of the oldest and simplest methods, and still most frequently used techniques, is
wet decomposition in open systems (Figure 1.1). Wet decomposition can also be used
in connection with closed systems.

1.5.1.1 Wet chemical decomposition
Sample wet decomposition is a method of converting the components of a matrix into
simple chemical forms. This decomposition is produced by supplying energy, such as
heat; by using a chemical reagent, such as an acid; or by a combination of the two
methods. Where a reagent is used, its nature will depend on that of the matrix. The
amount of reagent used is dictated by the sample size, which, in turn, depends on the
sensitivity of the method of determination. However, the process of putting a mater-
ial into solution is often the most critical step of the analytical process because there
are many sources of potential errors, that is, partial decomposition of the analytes
present, or some type of contamination from the vessels of chemical products used. It
is beyond the scope of this contribution to discuss all possible systematic errors; there-
fore, further details on how to avoid systematic errors during sample decomposition
that cannot be referred to in detail here are discussed in Section 1.5.

The majority of wet decomposition methods involves the use of some combina-
tion of oxidizing acids (HNO3, hot concentrated. HClO4, hot concentrated H2SO4) and
nonoxidizing acids (HCl, HF, H3PO4, dilute H2SO4, dilute HClO4) and hydrogen perox-
ide. All of these acids are corrosive in nature, especially when hot and concentrated,
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Table 1.2: Physical properties of common mineral acids and oxidizing agents used for wet
decomposition.

Compound Formula Molecular
weight

Concentration Density
(kg/L)

Boiling
point
(∘C)

Comments

w/w
(%)

Molarity

Nitric acid (V) HNO3 63.01 68 16 1.42 122 68 % HNO3,
azeotrope

Hydrochloric acid HCl 36.46 36 12 1.19 110 20.4 % HCl,
azeotrope

Hydrofluoric acid HF 20.01 48 29 1.16 112 38.3 % HF,
azeotrope

Perchloric acid
(VII)

HClO4 100.46 70 12 1.67 203 72.4 % HClO4,
azeotrope

Sulfuric acid (VI) H2SO4 98.08 98 18 1.84 338 98.3 % H2SO4
Phosphoric acid H3PO4 98.00 85 15 1.71 213 Decomposes

to HPO3
Hydrogen
peroxide

H2O2 34.01 30 10 1.12 106

and should be handled with caution to avert injury and accidents. Concentrated acids
with the requisite high degree of purity are available commercially, but they can be
purified further by sub-boiling distillation [31].

Wet digestion has the advantage of being effective on both inorganic and organic
materials. It often destroys or removes the sample matrix, thus helping to reduce or
eliminate some types of interference. The physical properties of the common mineral
acids used in sample preparation are summarized in Table 1.2.

Most wet decomposition procedures are conducted under conditions that they, in
terms of temperature or reagents used, must be considered as extreme. Thus, the ma-
terial of which the flasks, crucibles, etc., are made must be chosen carefully according
to the particular procedure to be employed. The material from which the digestion
device is fabricated is also a frequent source of elevated blanks. Elements can be
either dissolved from the material or they can be desorbed from the surface. Very im-
portant in this respect is the nature of the material. The suitability of materials may
be estimated according to the following criteria: heat resistance and conductance,
mechanical strength, resistance to acids and alkalis, surface properties, reactivity,
and contamination, whereby the specific characteristics of the organic and inorganic
material must be also given special consideration. Table 1.3 shows the preferred ma-
terials for decomposition vessels. The container material in contact with the sample
during the decomposition also frequently causes systematic errors. Elements can be
either dissolved from the material or desorbed from or adsorbed on to the container
surfaces. This amount will depend on the material, contact time, and temperature.
Table 1.4 summarizes the inorganic impurities likely to be encountered with various
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1.5 Decomposition as a sample preparation method for elemental analysis 31

Table 1.4: Inorganic impurities in selected vessel materials (data in ng/g).

Element Borosilicate glass Quartz Polyethylene PTFE Teflona Glassy carbon

Al Main 100–50,000 100–3,000 6,000
As 500–22,000 0.1–80 50
B Main 10–100 100
Ca 106 100–3,000 200–2,000 80,000
Cd 1,000 0.4–10 10
Co 100 1 0.5 2 2
Cr 3,000 3–5 20–300 30 80
Cu 1,000 10–70 20 200
Fe 2 ⋅ 105 200–800 1,000–6,000 10–30 2,000
Hg 1 10b 1
Mg 6 ⋅ 108 10 100–2,000 100
Mn 6,000 10 100
Na Main 10–1,000 200–10,000 25,000 350
Ni 2,000 500
Pb 3,000–50,000 200 400
S Main Main 85,000
Sb 8,000 1–2 0.4 10
Ti 3,000 100–800 12,000
Zn 3,000 50–100 100 10 300

aTeflon is a registered trademark of DuPont.
bStrongly dependent on storage conditions.

vessel materials. The borosilicate glass, which contains several major, minor, and
trace elements in relatively high concentrations, is usually not suitable for element
determinations in the extreme trace range. Quartz can be considered a pure material
found in the market and is available in varying degrees of purity. For most sample
preparation steps in trace (metal) analysis, high-purity quartz is the preferred con-
tainer (and tool) material. Alternatively, high-purity synthetic polymers can be used
in many decomposition applications: PE, PP (PP), PTFE, and polymers (PFA, FEP,
TFM). The apparatus and containers that are used for the wet decomposition pro-
cedures must be scrupulously cleaned and tested for any possible contamination.
Usually, it is sufficient to boil the flasks in concentrated nitric acid, followed by rins-
ing several times with ultrapure water before use. In cases where this procedure is not
adequate, one of the most powerful cleaning procedures is steaming the vessels with
nitric or hydrochloric acid with assembly in a microwave-heated sealed Teflon vessel
[48]. This procedure is particularly recommended for quartz, borosilicate glass, and
PTFE vessels.

To generalize this section, nitric acid is an almost universal decomposition re-
agent and the most widely used primary oxidant for the decomposition of organic
matter because it does not interfere with most determinations and it is available
commercially in sufficient purity. Hydrogen peroxide and hydrochloric acid can be
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32 1 Sample Preparation for Inorganic Trace Element Analysis

usefully employed in conjunction with nitric acid as a means of improving the qual-
ity of a decomposition. Hydrochloric acid and sulfuric acid may interfere with the
determination of stable compounds. Mixtures with hydrochloric acid are generally
used for samples containing principally inorganic matrices, and combinations with
hydrofluoric acid are used to decompose silicate insoluble in the other acids. Safety
considerations are particularly important when using perchloric acid.

a) Wet decomposition in open systems
Open vessel acid digestions, one of the oldest techniques, are undoubtedly the most
common method of sample decomposition or dissolution of organic and inorganic
sample materials used in chemical laboratories. This inexpensive technique is of
inestimable value for routine analysis because it can be easily automated; all the rel-
evant parameters (time, temperature, introduction of decomposition reagents) lend
themselves to straightforward control.

The main advantage of wet decomposition over dry ashing is its speed. However,
systems of this type are limited by a lowmaximumdecomposition temperature, which
cannot exceed the ambient pressure boiling point of the corresponding acid or acid
mixture. For instance, the oxidizing power of nitric acid with respect to manymatrices
is insufficient at such low temperatures (boiling point 122 ∘C). One possible remedy is
the addition of sulfuric acid, which significantly increases the temperature of a decom-
position solution. Whether or not this expedient is practical depends on the matrix
and the determination method. High-fat and high-protein samples are generally not
subject to complete decomposition at atmospheric pressure. Other disadvantages
relate to the risk of contamination through laboratory air, the necessarily rather large
amounts of required reagents, and the danger of losses of trace elements. Losses can
be kept low by using an excess of acid combinedwith a reflux condenser and by optim-
ization of temperature and duration. Nevertheless, systems operated at atmospheric
pressure are preferred from the standpoint of workplace safety.

Thermally convective wet decomposition. The conventional approach to wet decom-
position entails a system equipped with heated conventional source (Bunsen burner,
heating plate, sand bath, etc.) operating either at a fixed temperature or in response
to a temperature program. Acid decompositions are often accomplished in any vessel,
usually in glass or PTFE (beaker, conical flask, etc.) with or without a refluxing con-
denser. However, when a sample is decomposed in open wet digestion, refluxing is
compulsory. The necessary apparatus has been described by Bethge [100]. Open block
decomposition systems have been popular in sample analysis over the past decades,
but have consistently suffered from themajor drawback of their sensitivity against cor-
rosion and subsequent risk of contamination (Figure 1.1). Therefore, block digestion
systems (hotplate techniques) have not been considered state-of-the-art technology
in trace and ultratrace sample preparation. Graphite block digestion systems are be-
coming more frequently considered. These systems overcome the deficiencies of the
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1.5 Decomposition as a sample preparation method for elemental analysis 33

traditional systems, made from stainless steel or aluminum, because the block is
manufactured from graphite and typically coated with a fluoro-polymer to prevent
the possibility of metallic contamination from the surface of the system during the
handling of the samples. Graphite block systems present an alternative to the current
mainstream technology of open- and closed-vessel digestion systems as they allow
large numbers of samples to be digested simultaneously, thus overcoming one of
the major weaknesses of closed-vessel systems. Commonly employed decomposition
agents include nitric acid, sulfuric acid, hydrofluoric acid, perchloric acid, and hy-
drogen peroxide, as well as various combinations of these. Most applications of wet
decomposition involve aqueous or organic matrices, such as surface waters, waste
water, biological and clinical samples, food samples, as well as soil, sediment and
sewage sludge, coal, high-purity materials, and various technical materials. More re-
cently, open systems have progressed; usual decomposition ramps consist of several
vessels equipped with reflux condensers to limit possible volatilization losses of some
analytes and to avoid the evaporation of the reactive mixture. Such assembling is
entirely satisfactory for ensuring concurrent digestions of a large series of samples.
Modern commercially available Hach Digesdahl Digestion Apparatus (Hach Comp.,
USA) is designed to digest organic and mineral samples for subsequent analysis.

Microwave-assisted wet decomposition. The most innovative source of energy for
wet decomposition procedures is microwaves. Because the heating takes place inside
the decompositionmixture, microwave decomposition ismore efficient thanwith con-
ventional means of heating. Using microwaves, both the speed and the efficiency of
decomposition for some types of samples considered difficult to solubilize are often
improved. Additionally, automation becomes possible with some instrumentation.

Since Abu-Samra et al. [101] reported on the application of microwave techniques
to wet decomposition of biological samples, there has been a rapid development in
microwave-assisted decomposition for elemental analysis. Recent reviews [79–87] de-
tail the application of microwave-assisted decomposition to a wide variety of sample
types, such as geological, biological, clinical, botanical, food, environmental, sludge,
coal and ash, metallic, and synthetic materials and mixed samples, and present spe-
cific experimental conditions as a function of the matrix to be digested. The earliest
attempts at microwave-assisted digestion were performed using home appliance mi-
crowave ovens. This was necessary because commercial devices were not available
at the time. The use of domestic microwave ovens in laboratory experiments should
be discouraged because of safety and performance. Microwave-assisted decomposi-
tion in open systems at atmospheric pressure is generally applicable only with simple
matrices or for strictly defined objectives, and the results are reproducible only if
the specified decomposition parameters are strictly observed. The performance of
the focused-microwave-assisted systems and a wealth of applications have been re-
viewed by White and Mermet [88, 89] and very recently by Nóbrega et al. [102].
Focused-microwave-assisted sample preparation is a suitable strategy for dealing
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with high masses of organic samples (up to 10 g). Losses may be encountered with
mercury and possibly also with organometallic compounds. Addition of sulfuric acid
is essential in order to achieve a sufficiently high decomposition temperature using
atmospheric pressure equipment, where the boiling point of the acid establishes the
maximum decomposition temperature, although it is important to remember that
the presence of sulfate interferes with many procedures for metal determination.
Although nonpressurized microwave systems are limited by a low maximum diges-
tion temperature, which cannot exceed the ambient pressure boiling point of the
acid (or the acid mixture), they provide the best option with regard to the safety of
personnel because no overpressure can occur. Moreover, nonpressurized microwave-
assisted digestion is suitable for online decompositions in continuous-flow
systems.

Very recently, Matusiewicz [103] presented an overview of the different
microwave-based systems used for solid and liquid sample pretreatment. They com-
prise relevant publications relating to current research, the unique instrumental
approach, and the various commercially available systems including their operating
parameters and accessories.

Ultraviolet decomposition. Ultraviolet (UV) decomposition is utilized mainly in
conjunction with uncontaminated or slightly contaminated natural water matrices
(aqueous solutions), such as sea, surface, fresh, river, lake, ground, estuarine, and
costal water. Liquids or slurries of solids are decomposed by UV radiation (light) in
the presence of small amounts of hydrogen peroxide, acids (mainly HNO3), or perox-
odisulfate (i.e., beverages, special industrial waste water, water of sewage treatment
plants, soil extracts) [104]. Dissolved organic matter and complexes of the analyte
elements are decomposed to yield free metal ions. The corresponding decomposition
vessel should be placed in the closest possible proximity to the UV lamp (low or high
pressure) to ensure a high photon flux. In photolysis, the decomposition mechanism
can be characterized by the formation of OH∗ and O∗2 radicals from both water and hy-
drogen peroxide that is initialized by the aid of the UV radiation [104]. These reactive
radicals are able to oxidize, to carbon dioxide and water, the organic matter present
in simple matrices containing up to about 100 mg L–1 of carbon. Complete elimina-
tion of the matrix is, of course, possible only with simple matrices or by combining
photolysis with other decomposition techniques [105]. The method does not oxidize
all organic components possibly present in water; chlorinated phenols, nitrophen-
ols, hexachlorobenzene, and similar compounds are only partly oxidized. Effective
cooling of the sample is essential because losses might otherwise be incurred with
highly volatile elements. Hydrogen peroxide addition may need to be repeated sev-
eral times to produce a clear sample solution. Modern UV decomposition systems are
commercially available (see Ref. [104], Table 1.1).

Ultrasound-assisted acid decomposition. Although analytical chemists have shown
little interest in the use of ultrasound, its potential usually surpasses that of the other
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1.5 Decomposition as a sample preparation method for elemental analysis 35

conventional auxiliary energies. Thus, ultrasound is of great help in the pretreatment
of solid samples as it facilitates and accelerates steps such as dissolution, fusion, and
decomposition, among others. An acid decomposition method that uses ultrasonic
device (bath or probe) has been developed. The propagation of ultrasonic waves char-
acterized by a minimum frequency of 16 kHz results in rapid fluid movement through
compression and rarefaction: an enormous number of microscopic cavities are formed
and free radicals are generated, chemical layers are dispersed and the contact between
the ingredients of the reaction is accelerated. Usually, ultrasonic effects are much
more intense in heterogeneous than in homogeneous chemical systems because emul-
sification is favored and mass heat transfer in two-phase systems is increased. These
effects have been exploited for sample preparation in agriculture, biological, and
environmental chemistry [106, 107].

Wet decomposition in closed systems. During the last few decades, methods of wet
sample preparation using closed vessels have become widely applied. Closed sys-
tems offer the advantage that the operation is essentially isolated from the laboratory
atmosphere, thereby minimizing contamination. Decomposition of the sample is es-
sentially ensured by a commonwet digestion procedure, which is performed under the
synergistic effects of elevated temperature and pressure; decomposition occurs at rel-
atively high temperature due to boiling point elevation. The pressure itself is, in fact,
nothing more than an undesirable – but unavoidable – side effect. These techniques
are generally much more efficient than conventional wet decomposition in open sys-
tems, the loss of volatile elements is avoided, any contribution to blank values may be
reduced, and the decomposition of more difficult samples is possible. The principal
argument in favor of this form of decomposition is the vast amount of relevant experi-
ence acquired in recent decades. Closed-system decomposition is particularly suitable
for trace and ultratrace analysis, especially when the supply of sample is limited.

Because the oxidizing power of a decomposition reagent shows a marked de-
pendence on temperature, an arbitrary distinction should be made between low-
pressure decomposition and high-pressure decomposition. Low-pressure decompos-
ition (<20 bar) is limited to a temperature of ca. 180 ∘C, whereas with high-pressure
apparatus (>70 bar) the decomposition temperature may exceed 300 ∘C.

Thermally convective wet pressure decomposition. The decomposition of inorganic
and organic substances in sealed tubes was the method first proposed for pressure
digestion at the end of 19th century, and some of these applications are still diffi-
cult to replace by other digestion methods. The use of sealed glass tubes goes back
to Mitscherlich [108] and Carius [109], often referred to as the Carius’ technique, first
described in 1980. Carius undertook digestion of organic materials with concentrated
nitric acid at 250–300 ∘C. The sample and acid were mixed in a strong (thick)-walled
quartz ampule and sealed. The ampule was transferred to a “bomb canister” and
heated in what was called a “bomb oven” for several hours, after which it was cooled,
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opened, and the contents analyzed. Carius tube decomposition involves the genera-
tion of internal pressure in excess of 100 bar at 240 ∘C. For safety, any stainless steel
sleeve jacket (along with solid CO2 pellets, to maintain equal pressure across the tube
wall when heated) that is large enough to contain the Carius tube will suffice as an
external pressure vessel [110].

With the development of the so-called Carius tube, the field of closed-vessel de-
composition was born. Decomposition in autoclaves with metal inner reaction vessels
was originally proposed in 1894 by Jannasch [111], but was not widely employed
because of a number of drawbacks (such as strong corrosion of the platinum vessel).

Extensive use of pressure decomposition in analytical procedures began in 1960
as a result of the considerable technological progress in the manufacture of organic
polymers. Convectively heated pressure vessel systems have proved to be the most
valuable systems for guaranteeing complete, or almost complete, digestion of solid
samples because they provide elevated digestion temperatures (about 200–230 ∘C)
[112]. Most sample vessels for use in thermally convective pressure digestion are con-
structed from PTFE [113–115], PFA [116], or PVDF [117], although special quartz vessels
with PTFE holders [118] or glassy carbon vessels [119] are available for trace analysis
purposes. The sample vessel is mounted in a stainless steel pressure autoclave and
then heated, usually in a laboratory drying oven, furnace or heating block, to the
desired temperature. Because of the necessity to examine numerous samples, mech-
anized multisample pressure digestion systems able to process rather large sample
numbers of the same matrix type were developed [120]. A cooling circuit can be fitted
into the metal casing (jacket) to permit rapid manipulation of the solution formed im-
mediately after removing the “digestion bomb” from the oven or heating block [121].
Dissolution can be also accelerated by mixing the reactants, preferable by using a
stirring bar (covered with PTFE) [122]. An alternative design has been proposed by
Uchida et al. [123], wherein a small screw cap vial for sample digestion is placed inside
the Teflon digestion double vessel. To improve dealing with pressure–temperature
evaluation and the carbon balance for some materials, a system with a Teflon-lined
membrane pressure meter and a thermocouple was designed [124]. Recently, a diges-
tion vessel for use with a convection oven was proposed [125], which has an unusual
design in which the vessel consists of three nested structures: an innermost PTFE con-
tainer of 30 mL capacity, an intermediate PTFE container of 100 mL capacity, and an
outer stainless steel shell.

All thermally initiated digestions have the disadvantage that a considerable
amount of time is consumed in preheating and cooling the digestion solutions and
sample vessel [126], the limited sample size, and the inability to visually check the
progress of the digestion. The contributions of Langmyhr, Bernas, Tölg, and cowork-
ers are worthmentioningwith regard to the commercialization of the digestion vessels
or “digestion bombs,” as they are often called. Today, there are a number of di-
gestion bombs covering the whole market range, including the popular Parr acid
digestion bombs (Parr Instrument Company, USA), Uniseal decomposition vessels
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(Unseal Decomposition Vessels Ltd, Israel), stainless steel pressure vessels with Te-
flon inserts (Berghof Laborprodukte GmbH, Germany), the pressure decomposition
system CAL 130FEP (Cal Laborgeräte GmbH, Germany), and the pressure digestion
system (PRAWOL, Germany).

To avoid the problem of loss of mechanical stability at high temperatures, vessels
made of quartz are now being used in a new pressure digestion system [127, 128]. The
introduction of a high-pressure ashing (HPA) technique by Knapp [127] has not only
reduced the effective digestion time but also opened the way to digestion of extremely
resistant materials, such as carbon, carbon fibers, and mineral oils. A perfected sys-
tem of wet decomposition under high temperature (320 ∘C) and pressure (130 bar)
developed by Knapp is commercially available, the HPA-S High Pressure Asher system
(Anton Paar GmbH, Austria) [128, 129].

Very recently, again in respect to complete decomposition of organic waste ma-
terials, a potent digestion technique was developed [130] based on a prototype of
an HPA device using infrared heating (IR-HP-asher). High-pressure decomposition is
conducted in six quartz vessels inside a steel autoclave, with a maximum digestion
temperature as high as 300 ∘C at a pressure of 130 bar. The novelty of this approach
lies in the design of an HPA system with IR heating.

As metal autoclaves are expensive, a pressure vessel without an outer metal cas-
ing has been designed. The vessel can be sufficiently well sealed by using a screw cap
[131]. Volatile components are not lost during heating and the laboratory atmosphere
is thus not contaminated by acid vapors. All-Teflon thick-walled PTFE vessels (bombs)
have been used in the dissolution of refractory oceanic suspended matter using HCl,
HNO3, and HF [132]. Translucent Nalgene-sealed bottles have been proposed for the
“wet pressure digestion” of biological materials (fish, bird, plant tissue) using a com-
bination of HClO4 and HNO3 [133]. A method utilizing a pressure digestion technique
for real sample matrices using linear PE bottles has been proposed [134]. Vessels of PE
are transparent, permitting observation of the whole digestion process and reduction
of the reaction time to a minimum. A complete decomposition of fatty material with
slight overpressure (<4 bar) was possible in a closed system completely made from
quartz [135]. A closed PTFE bomb (30 mL capacity, screw-cap vessel machined from
molded, stress-relieved Teflon-TFE rod) was designed for the digestion of materials
using a conventional heating (drying) oven [136].

Microwave-assisted pressurized wet decomposition. Closed-vessel microwave-
assisted decomposition technology has been acknowledged as one of the best solu-
tions for “clean” chemistry applications and has a unique advantage over other
closed-vessel technologies. The vessels used for microwave acid digestion are either
low-pressure or high-pressure bombs. The current generation of microwavable-closed
vessels consists of a two-piece design, liners and caps composed of high-purity Teflon
or PFA with casings (outer jacket) made of polyetherimide and polyetherethereketone
or other strong microwave transparent composite material. Their practical working
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temperature is 260 ∘C (softening point of Teflon), and their pressure limit is
60–100 bar. Closed-vessel decomposition is ideal for those samples that are being
dissolved in HNO3 and/or HCl.

Microwaves only heat the liquid phase, while vapors do not absorb microwave en-
ergy. The temperature of the vapor phase is therefore lower than the temperature of
the liquid phase and vapor condensation on cool vessel walls. As a result, the actual
vapor pressure is lower than the predicted vapor pressure. This sort of sustained dy-
namic, thermal nonequilibrium is a key advantage of microwave technology as very
high temperatures (and, in turn, short digestion times) can be reached at relatively
low pressures.

The inspiration for pressure digestion studies came from a US Bureau of Mines re-
port [137], which described how rapid dissolution of some mineral samples had been
achieved using a microwave oven to heat samples and an acid mixture contained
in PC bottles. Smith et al. [138] substituted Teflon PFA fluorocarbon resin vessels
for PC because of its superior chemical and mechanical properties. Buresch et al.
[139] used low-pressure-relief-type containers made of PTFE or quartz. Alvarado et
al. [140] exploited modified thick-walled Pyrex glass test tubes fitted with PP screw
caps as pressurizable vessels. Kojima et al. [141] modified a Teflon digestion bomb
by using a double Teflon vessel with a PP jacket to permit leak-free and safe de-
composition of samples. A closed-vessel microwave digestion system was described
[142]. In situ measurement of elevated temperatures and pressures in closed Teflon
PFA vessels during acid decomposition of organic samples was demonstrated; tem-
perature and pressure monitoring permitted controlled decomposition and studies of
decomposition mechanisms.

Laboratory-made all Teflon bombs, used for low- or medium-pressure work, are
also appropriate for microwave-heated digestion purposes [143], some fitted with
pressure-relief holes, valves, or membranes (rupture discs).

Low-volumemicrowave-assisted decompositionmethods have found applications
for studies involving small sample sizes where loss of sample in large digestion equip-
ment is inevitable. Small quantities of tissue (5–100 mg dry weight) are decomposed
in high-purity nitric acid by use of a modified Parr microwave acid digestion bomb
with modified Teflon liner [144]. The use of low-volume (7 mL) Teflon-PFA closed ves-
sels designed for the preparation of small-sized (<100 mg dry mass) biological tissues
has been described [145].

In order to prevent excessive pressure rises during closed microwave acid de-
composition of fairly large (1 g) samples having high organic content, an open-vessel
predecomposition technique under reflux was designed to allow the escape of oxid-
ation products, such as carbon dioxide, without incurring evaporation losses of acid
or analytes. Following predecomposition, the vessels were capped and subjected to
microwaves to complete the decomposition under pressure [146].

In an attempt to minimize the delay in opening Teflon pressure vessels follow-
ing microwave acid digestion, and thus significantly reduce sample preparation time,

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use
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digestions with the pressure vessels immersed in liquid nitrogen and the use of liquid
nitrogen as a pre- and postdigestion coolant were applied [147]. In other develop-
ments, a special type of Teflon bomb was constructed in which the vapor pressure
can be maintained at a moderate level (up to 5 bar) by means of an internal quartz or
Teflon cooling spiral. During operation, reflux of the condensed acid andwater vapors
continuously renews the liquid phase over the sample [148].

Several microwave heating configurations were presented by Pougnet et al.
[149, 150] based on 500 or 1,200 W, 2.45 GHz fundamental-mode microwave wave-
guide cavities, which heat pressure vessels currently used in laboratories for sample
decomposition and other applications.

The capsule concept was reviewed in detail by Légère and Salin [151, 152]. The
sample is handled in an encapsulated form until it is in the digestion solvent. The op-
eration of the capsule-based microwave-assisted digestion system proceeds in several
steps, during which temperature and pressure are monitored.

From the previous discussion, it is clear that microwave acid digestion can be
easily adapted for closed-vessel digestions; hence, its application has been limited to
digestions in closed Teflon-lined vessels made of nonmetallic microwave-transparent
materials operating with a maximum upper safe pressure of around 60–100 bar. In
response to these limitations, Matusiewicz [153, 154] developed a focused-microwave-
heated bomb that would exceed the operational capabilities of existing microwave di-
gestion systems and permit the construction of an integratedmicrowave source/bomb
combination, capable of being water or fluid cooled in situ. Another vessel config-
uration integrates the microwave chamber around the vessel. These consist of one
or several microwave transparent vessels (Teflon, quartz), which can be sealed, en-
closed in an acid-resistant stainless steel chamber [155]. The steel chamber acts as
both the pressure vessel and microwave chamber. Modern systems can handle acid
decompositions at temperatures up to 320 ∘C and pressures of 130–200 bar.

Very recently, a novel microwave-assisted high-temperature UV digestion for ac-
celerated decomposition of dissolved organic compounds or slurries was developed
[156, 157]. The technique is based on a closed, pressurized, microwave decomposition
device wherein UV irradiation is generated by immersed electrodeless Cd discharge
lamps (228 nm) operated by the microwave field in the oven cavity. The immersion
system enables maximum reaction temperatures up to 250–280 ∘C, resulting in a
tremendous increase of mineralization efficiency.

Today, there are a number of microwave-digestion bombs and systems avail-
able [103].

1.5.1.2 Flow systems
Discrete vessel systems, whether at elevated or atmospheric pressure, require a large
amount of handling. Processes such as assembling, closing, opening, and positioning
the vessel in the ordinary oven or microwave field are laborious and time consum-
ing. Continuous flow-through thermal digestion, UV decomposition, and microwave
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digestion systems were designed to overcome some of the limitations by replacing
the vessels with flow-through tubing (coil). Samples are digested by pumping them
through a coil containing a digestion matrix while being heated (by thermal, UV, or
microwave). The continuous flow of a carrier stream through these systemswashes the
system, removing the need for tedious vessel clean-up procedures. These systems can
handle reactions that produce sudden increases in temperature and pressure, or un-
stable samples. Many different designs of flow digestion systems have been published,
but very few meet the prerequisites for high-performance sample decomposition.

b) Thermal heating
Many of the disadvantages of sample digestion can be overcome by automating
sample preparation in an enclosed system through the use of flow technology.

A well-established digestion system was presented by Gluodenis and Tyson [158].
Here, the PTFE tubing is loosely embedded in a resistively heated oven. By using
PTFE tubing, the maximum digestion temperature is restricted to ca. 210 ∘C. The
limited mechanical strength of the material merely allows maximum working pres-
sures of up to 35 bar. Therefore, the usual working pressure is about 10–20 bar. The
potential of the system was illustrated by the decomposition of cocoa powder slur-
ries in 10 % HNO3 injected into the manifold and decomposed under stopped-flow,
medium-pressure conditions.

In a series of papers [159–161], Berndt described development of a new high-
temperature/high-pressure flow system for the continuous decomposition of biolo-
gical and environmental samples. It was shown [159] that temperature up to 260 ∘C
and pressure up to 300 bar can be reached in a flow systemwhen an electrically heated
Teflon lined HPLC tube is used as the digestion capillary. Digested biological samples
(blood, liver, leaves) were collected at the outlet of the flow system. In subsequent
papers [160, 161], an electrically heated Pt/Ir capillary served as a digestion tube at
temperatures of 320–360 ∘C and pressures of about 300 bar, and withstands concen-
trated acids. Due to the totally glass-free environment, samples having high silicate
content can be digested by the addition of hydrofluoric acid.

c) UV online decomposition
UV decomposition is a clean sample preparation method as it does not require the
use of large amounts of oxidants. Furthermore, UV decomposition is effective and can
be readily incorporated into flow injection manifolds. The sample flows, in the pres-
ence of H2O2, H2SO4 or HNO3, through a tube (PTFE, quartz) coiled around a fixed UV
lamp(s). A short review of such flow systems has appeared recently [162]. Analyzers of
this kind are produced by SKALAR Analytical, Holland, for example.

Fernandes et al. [163] developed a manifold based on a two-stage online
UV/thermal-induced digestion procedure for oxidation purposes. The UV digestion
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1.5 Decomposition as a sample preparation method for elemental analysis 41

apparatus consisted of a 4-m-long PTFE tube tightly wounded directly around the UV
source (15 W) to form a spiral reactor. The thermal digestion apparatus consisted of a
2-m-long PTFE tube coiled in a helix and submerged in a thermostatic bath at 90 ∘C.

d) Microwave-assisted pressurized flow-through
Many different designs of microwave-assisted flow digestion systems have been pub-
lished [89, 96, 162], which open up new possibilities, primarily in fully automated
sample preparation for elemental analysis.

The earliest work reported in this field was Burguera et al. [164], who applied a
flow injection system for online decomposition of samples and determined metals
(Cu, Fe, Zn) by flame AAS. The methodology involved the synchronous merging of
reagent and sample followed by decomposition of serum, blood, or plasma in a Pyrex
coil located inside the microwave oven. This approach permits essentially continuous
sample decomposition and drastically reduces sample processing time, and is suitable
for those samples that require mild decomposition conditions (especially liquids).

According to the location of the digestion unit in the system, there are two types of
manifolds described in the literature to date: before and after the injection unit. In the
former arrangement, the sample is introduced into the microwave oven in a continu-
ous flow [165] or a stopped flow mode [166]; after decomposition, the injected sample
flows to the microwave oven unit together with the reagent(s) to be decomposed, and
is then cooled and degassed prior to its delivery to the detector [167]. In both cases,
the measurements can be performed partially or totally offline or online.

Solid samples call for more sophisticated flow systems because they need to be
digested in the presence of highly concentrated acids, which rapidly destroy organic
matrices. A first attempt aimed at simplifying manipulation of the digest was repor-
ted in 1988 [168]. Lyophilized, finely ground and weighed samples of liver and kidney
were placed in test tubes together with mineral acids and the contents shaken be-
fore exposing them to microwave radiation to avoid violent reaction with abundant
foam formation. The tubes were loaded into a covered Pyrex jar inside a domestic
microwave oven operated for a specified time at a given power. Carbonell et al. [165]
initiated the determination of metallic elements in solid samples using the slurry ap-
proach coupled with microwave oven digestion in a flow injection system for F-AAS
determination of lead. Various natural samples (artichoke, chocolate, sewage sludge,
tomato leaves), real and certified, were slurried in a mixture of HNO3 and H2O2 us-
ing magnetic stirring, followed by continuous pumping around an open recirculating
system, part of which (120 cm PTFE tubing) was located in a domestic oven.

A microwave-heated, flow-through digestion container (coiled Teflon tubing) was
designed for a commercial (Prolabo A300) focused microwave system (instead of mi-
crowave oven) and applied to the online preparation of biological samples, including
milk, blood, and urine [169].

For an extensive oxidation of organic sample constituents with nitric acid, tem-
perature of more than 200 ∘C is necessary. The PTFE tubes used, however, cannot
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withstand the vapor pressure of the decomposition mixture at 200 ∘C or more.
Thus, new alternatives had to be found to overcome this limitation. One way to in-
crease the pressure resistance of the tubes is to wrap them with a plastic tape of
high mechanical strength. Results from a digestion system (CEM SpectroPrep sys-
tem) equipped with such tubes have been published [170]. A CEM SpectroPrep system
was used at moderate powers to perform online decomposition of slurried samples
of biological tissues (0.5 % m/v) and marine sediment (1 % m/v). The pressure
thresholds of this system are near 25 bar. To achieve the desired temperatures of
approximately 250 ∘C, however, it is necessary to be able to increase the pressure
in the system up to 35 bar or so. A recently developed device enables the applic-
ation of such high temperatures (250 ∘C) by means of a new pressure equilibrium
system (with a pressure of 40 bar) [171]. The pressure equilibrium system keeps
the pressure inside and outside the digestion tube (PTFE or PFA) equal, even for
extremely fast oxidation reactions. The system’s ability to handle only up to 1 %
m/v slurries and lower slurry concentrations for biological materials restricts the
type of sample that can be analyzed, unless the most sensitive elemental detec-
tion devices are used, such as ICP-MS. Therefore, Mason et al. [172] modified the
SpectroPrep oven and developed a wide bore continuous-flow microwave digestion
system for the determination of trace metals (Cd, Cr, Mn, Ni, Pb) following aqua re-
gia extraction. The described system demonstrated an ability to cope with real soil
samples ground to a larger particle size (250 ,m) and slurried without the use of
surfactants.

Perhaps, the current fascination for using microwave heating for online diges-
tion has led to the introduction of commercial instruments based on this hybrid
technique [103].

The advantages of microwave-enhanced flow systems basically include a signi-
ficant reduction in sample preparation time, the ability to accomplish reactions that
would normally be too dangerous in a closed vessel because of sudden increases in
temperature and pressure, and the capability to handle transient or readily decom-
posed samples or intermediates. However, flow-through systems are a problem area
because all samples must be homogeneous and small enough to pass through the
tube, and the majority of samples requires some form of processing before they can
be put into the tube.

1.5.1.3 Vapor-phase acid decomposition
An alternative approach to acid digestion of the sample matrix that prevents introduc-
tion of impurities exploits gas-phase reactions. In the past four decades, several novel
approaches to sample digestion procedures have been considered using inorganic
acid vapor produced in one vessel to attack and dissolve material in another. A review
by Matusiewicz [173] summarized analytical methods based on vapor-phase attack in
promoting the dissolution and decomposition of inorganic and organicmaterials prior
to determination of their trace element content. This approach is currently used (in
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1.5 Decomposition as a sample preparation method for elemental analysis 43

open, semi-closed, and closed systems) whenever applicable because digestion using
gas-phase reagents is preferred to the solution.

The combination of hydrofluoric acid and nitric acid vapor as a digestion agent
has proven effective in the preparation of samples for spectrographic determination of
trace impurities in open system. Zilbershtein et al.[174] used this approach to dissolve
silicon and to concentrate impurities on a PTFE sheet. The residue and PTFE sheet
were transferred to a graphite electrode that subsequently served as one electrode of
the dc arc for spectrographic trace analysis.

With respect to semiclosed systems, a PTFE apparatus generating HF vapor has
been specifically designed to minimize contamination during trace-element determ-
ination of ultrapure silicon, quartz, and glass [175]. The sample is placed in a PTFE
beaker mounted on a perforated PTFE plate that is kept above the level of liquid HF
in the chamber. Thomas and Smythe [176] describe a simple all-glass apparatus for
vapor-phase oxidation of up to 90 % of plant material with nitric acid. Addition of
perchloric acid ensured fast and complete oxidation, and the presence of HNO3 dur-
ing the final HClO4 oxidation step eliminated any danger of explosion. Klitenick et al.
[177] used the same technique, with a simplified pressurized PTFE digestion vessel, for
the determination of zinc in brain tissue.

Some materials may not be fully dissolved by acid digestion at atmospheric pres-
sure. A more vigorous treatment involves bomb digestion in pressure vessels designed
to incorporate the techniques of a closed pressure vessel and vapor-phase digestion in
a single unit. This has the advantage of being easier to construct than the apparatus
described in previous papers [174–177], and it requires considerably smaller volumes
of acids. Heating can be accomplished in an ordinary oven (with conductive heating)
or using a microwave field.

A predecessor of this concept of closed-vessel vapor-phase sample digestion was
introduced by Woolley [178]. He described a low-temperature (up to 110 ∘C) and high-
temperature (up to 250 ∘C) version of the apparatus. Each device consists of an airtight
PTFE vessel containing two concentric chambers: an inner chamber that holds the
sample cup and an outer chamber. Both vessels were designed for the digestion of
high-purity glass using relatively impure solvent acids: a 50:50 mixture of concen-
trated HNO3 and HF. A completely closed PTFE bomb or autoclave [179] has been
developed with a temperature gradient for digestion of more difficult compounds,
such as siliceous material. Marinescu [180] presented an interesting development in
which the conventional single-sample pressure digestion bomb was converted for
multisample vapor-phase digestion. A multiplace holder for field sampling was de-
veloped to fit directly into the digestion bomb. This technique has been used for
organic and inorganic solid, semisolid, and liquid samples. Kojima et al. [181] mod-
ified a sealed PTFE bomb in which the dissolution of highly pure silica with HNO3,
HCl, and HF acid vapor was possible using a PTFE vial placed in a PTFE outer vessel.
A laboratory-made high-pressure digestion bomb with a PTFE microsampling device
was developed by Matusiewicz [182]. This simple and inexpensive apparatus was
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found to be convenient for treating a small number of samples and can be easily made
by modifying available PTFE bombs. It should be noted that PTFE microsampling
devices can be used for both vapor-phase digestion and discrete nebulization tech-
niques in atomic spectrometry. Vapor-phase digestion in a closed system (bomb) of
high-purity materials for spectrographic determination of trace elements is a conveni-
ent and useful technique [183]. The method uses graphite electrode with an enlarged
cavity and excludes the use of a collector. A technique [184] has been developed that
employs the vapor-phase acid generated in the quartz vessel of a commercial high-
pressure, high-temperature digestion apparatus (High Pressure Asher HPA, Anton
Paar, Austria). Small biological samples (50–165 mg) were digested in a mini-quartz
sample holder (3.1 mL volume). When biological standard reference materials were di-
gested at 230 ∘C and 122 bar, the residual carbon content (RCC) in the digested samples
was less than 1.8 %.

Despite methodologies previously proposed for closed systems with conven-
tional heating being successful, very few attempts to employ microwave power
for vapor-phase digestions have been described. An early trial with a low-pressure
microwave arrangement was unsatisfactory [185], although recently an interesting
variant of the digestion vessel design has been proposed for dissolution and de-
composition of samples [186]. The method developed was an extension of the acid
vapor-phase thermal pressure decomposition of biological materials reported previ-
ously byMatusiewicz [187]. Microwave-assisted vapor-phase acid digestion employing
a special PTFE microsampling cup, suitable for 250 mg subsamples of marine bio-
logical and sediment reference materials were digested with HNO3 and HNO3-HF,
respectively, at a maximum pressure of ca. 14 bar [186]. Very recently, several papers
[188–192] discussed the further application and evaluation of this pioneering concept
of Matusiewicz [187], employing either commercial pressurized microwave digestion
systems and quartz sample containers [188], quartz inserts [189, 190], TFM inner ves-
sels [191], or focused microwave ovens operating at atmospheric pressure and PTFE
microsampling cups [192].

To summarize this section, use of acid vapor-phase digestion and attack of some
organic and inorganic matrices as a sample preparation method is a convenient and
useful technique. Closed pressure systems are the technique of choice to avoid losses
of elements by volatilizationwhile still maintaining extremely low values for the blank
(by application of isopiestic distillation of the reagents and technical grade acids).

1.5.1.4 Efficiency of wet decomposition procedures
Quality control is becoming increasingly more significant in analytical chemistry.
However, it is presently applied primarily to measurement techniques and not to
sample preparation. For quality control in sample decomposition, it is necessary to
measure and record certain parameters exactly to be able to subsequently trace the
course of the decomposition process.
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In spite of that, complete decomposition of the sample is required to achieve re-
producible and accurate elemental results by instrumental analytical methods. This
is particularly the case for all voltammetric and polarographic determinations [193–
196]. Interferences caused by incomplete decomposed organic compounds also occur,
to a certain degree, when using atomic spectrometric methods such as AAS [197, 198],
ICP-OES [199, 200], and ICP-MS [201, 202]. As noted earlier, nitric acid is the most fre-
quently utilized sample dissolution medium. Unfortunately, the carbon contained in
organic materials is only partly converted to CO2 by HNO3 at temperatures of up to
200 ∘C [14]. In these cases, extending the digestion time and increasing the quantity
of nitric acid does not improve the extent of decomposition. In principle, temperat-
ure and digestion time ultimately determine the effectiveness of a digestion, with RCC
serving as a useful measure of quantitative assessment [123, 203]; in other words, the
highest temperatures are required to achieve a decomposition as complete as possible
[204, 205]. It should be noted here that the usefulness of the decomposition technique
should be judged not from a visual point of view because it often happens that a clear,
colorless solution, indistinguishable from water still contains significant amounts of
carbon. In closed systems, the pressure depends not only on the temperature but also
on the type and quantity of the sample, the size of the vessel, and the nature and
quantity of the decomposition reagent. This pressure is not responsible for the de-
termination quality, but nevertheless it should be controlled automatically. Würfels et
al. [206–209] described the extremely strong impact from residual organic compounds
on elemental determinations bymeans of inverse voltammetry and demonstrated that
a temperature of 300–320 ∘C is necessary for pressurized sample decomposition with
pure nitric acid to obtain a solution containing less than 0.1 % carbon. Otherwise,
trace elements cannot be determined with inverse voltammetry. This was confirmed
by Wasilewska et al. [210], who showed that for complete oxidation of organic com-
pounds with nitric acid, the decomposition temperature should be raised to 300 ∘C.
The influence of the digestion equipment (either thermal or microwave) is negligible
if the digestion time employed is long enough to reach the steady-state temperat-
ure. Sample digestion with nitric acid between 220 and 250 ∘C leads to RCCs in the
low-percentage range.

The mode of heating of the digestion vessels is more and more supplanted by mi-
crowave technology; therefore, microwave-assisted wet decomposition is a frequently
used sample preparation technique for trace element determinations in organic ma-
terials. Studies of the RCC as a measure of decomposition efficiency have been
undertaken [185, 211–215]. Using gas chromatography, Stoeppler et al. [123] quantified
the ashing ability of conventional pressurized decomposition. Differences between the
carbon content in the original sample and the carbon converted to CO2 showed that the
investigated biological and environmental samples were not completely ashed with
nitric acid. Würfels and Jackwerth [216] determined the residual carbon in samples
decomposed under pressure or evaporated with HNO3. In most cases, microwave
decomposition of biological material was incomplete. Subsequently, the undigested
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compounds were identified [207]. Parallel toWürfels and Jackwerth’s studies [216], the
residual organic species in nitric acid digests of bovine liver were identified by Pratt et
al. [217]. Kingston and Jassie [218] evaluated the decomposition of several biological
and botanical samples wet decomposedwithHNO3. Free amino acid concentrations of
human urine samples were typically reduced by a factor of 105. This reflects the com-
parative efficiency of protein hydrolysis, and is not necessarily equivalent to the total
carbon oxidation efficiency. Nakashima et al. [213] investigated the digestion efficiency
of HNO3–HClO4 mixtures. The total RCC in a number of decomposedmarine biological
reference material (NRCC TORT-1) solutions was determined and used as a relative
measure of the efficiency of various decomposition schemes. Two-stage microwave-
assisted decomposition was superior to single-stage decompositions. However, even
the two-stage procedures were not complete and 24 % carbon remained. The determ-
ination of residual carbon in digests of biological material with simultaneous ICP-OES
analysis was described by Hee and Boyle [214] and Krushevska et al. [215]. The oxida-
tion efficiencies of different dry andwet ashing procedures formilk sampleswere com-
pared by Krushevska et al. [219], who noted that the residual carbon concentrations
obtained with medium-pressure microwave-assisted decompositions varied between
5 and 15 %. Oxidizing mixtures of H2O2 or H2SO4 with HNO3 applied in a medium
pressure (11 bar) microwave system did not yield a decomposition efficiency higher
than that for pure nitric acid. However, with the high-pressure/temperature-focused-
microwave-heated TFM-Teflon bomb device, organic material is totally oxidized with
nitric acid in a single-step procedure [153, 155]. Matusiewicz and Sturgeon [220] crit-
ically evaluated online and high-pressure/temperature closed-vessel techniques with
regard to efficiency of decomposition. The completeness of destruction of biological
materials (standard and certified reference materials) was characterized in terms of
their RCC in the solution following digestion. Pressurized decomposition in a TFM-
Teflon vessel was the most effective procedure (organic material was totally oxidized
with nitric acid in a single-step procedure), whereas urine and sewage plant effluent
were incompletely decomposed (between 56 and 72 %) with online microwave-heated
decomposition using nitric acid, nitric acid and hydrogen peroxide, and peroxydi-
sulfate oxidation. Very recently, the residual weight of a bottom antireflective coating
(BARC) sample was successfully used as an indicator to evaluate the decomposition
kinetics [221]. The weight degradation rate was independent of the sample weight un-
der various temperatures, but strongly dependent on the digestion acid volume and
the digestion temperature. Mathematical modeling for prediction of decomposition
efficiency for the BARC sample was achieved by employing decomposition kinetics as
the backbone.

Hydrogen peroxide is a very popular oxidizing reagent as it is converted to wa-
ter and oxygen during the oxidation of biological material [185, 222–224]. However,
an experiments with HNO3–H2O2 mixtures conducted by Matusiewicz et al. [222]
showed that all versions of pressurized microwave-assisted digestion with HNO3 and
H2O2gave an incomplete decomposition. No significant improvement in the efficiency
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was achieved with 50 % H2O2. The extension of this observation to medium-pressure
and high-temperature microwave heating provided verification of this observation
[225]. Nitric acid digestion with the addition of H2O2 did not enhance decomposition
efficiency in this study compared to the use of only HNO3. Thus, an alternative oxidiz-
ing reagent is desirable to completely and safely decompose organic carbon residues.
It was found that ozone is very effective in destroying natural organic compounds
[226–228] and has the potential to be used as an additional decomposition and/or
finishing reagent [229].

A single digestion procedure is often insufficient for the complete decomposition
of a complex matrix, leading some authors to recommend a combination of two or
more techniques. Two examples will suffice to illustrate the principle [156, 194]. First,
pressure digestion followed by UV photolysis. Thus, it has been shown that analysis of
olive leaves for heavy metals by voltammetric methods leads to distorted results after
“pressure digestion” alone. Reliable data can be obtained only by supplementing the
digestion with UV irradiation to ensure adequate decomposition of the matrix [194].
Second, a novel microwave-assisted high-temperature UV digestion procedure was
developed for the accelerated decomposition of interfering dissolved organic carbon
prior to trace element determination in liquid samples. This new technique signific-
antly improved the performance of the process of UV decomposition (oxidation) and is
especially useful for ultratrace analysis due to its extremely low risk of contamination
[156, 230].

In order to investigate the completeness of dissolution of inorganic materials, the
recovery (or incomplete recovery) and accuracy of major, minor, and trace element
determinations are usually applied. If silicates are present, which is usually the major
inorganic component of many matrices (i.e., soils, sediments, sludges, ceramics, and
other similar samples), the use of HF to achieve complete dissolution is mandatory
[231, 232].

1.5.1.5 Comparison of wet decomposition techniques
A careful comparison of several digestion techniques is the onlyway of assuring accur-
ate results, particularly when little experience is available with respect to the digestion
of a specific matrix, or existing reports are contradictory. The analyst must choose
the sample preparation technique carefully to ensure that the system is optimal for
the analyses at hand. However, there is still no universal sample preparation system.
With respect to requirements specific to contamination or losses through volatiliza-
tion or retention, convection-heated ormicrowave-assistedwet digestion, quartz-lined
high-pressure wet digestion, UV digestion, and vapor-phase acid digestion seem to
be the best choice. However, all of these techniques require considerable invest-
ment for apparatus. Digestion of samples in an open vessel presents a serious risk
of significant analyte loss despite the use of a reflux condenser. As far as economic
aspects are concerned (low procurement, short digestion time, high sample through-
put),microwave-assistedwet digestion and especiallymicrowave-assisted pressurized
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online digestion appear to rank high. According to completion of the digestion,
complete degradation of many samples is achieved only through high-pressure, high-
temperature Teflon- or quartz-lined pressure vessel digestion, or by combination of a
closed wet digestion system with UV irradiation.

Table 1.5 summarizes the advantages and disadvantages of the wet digestion
techniques discussed in Section “Wet decomposition” with respect to losses of ana-
lytes, blank levels, contamination problems, sample size, digestion time, degree of
digestion, and economic aspects.

1.5.1.6 Decomposition systems
Presently, the instrumentation market offers many devices to make wet decomposi-
tion more efficient and easier to manage by means of possible automation, but this is
achieved principally with microwave energy.

Wet decompositions in open vessels are undertaken with or without refluxing. Be-
cause it is very critical to adhere very closely to the optimized time and temperature
digestion parameters, mechanization of the digestion not only leads to higher sample
throughput with less human intervention but also to the avoidance of errors. The
simplest form of mechanization can be implemented through a time (programmable
timer) and temperature (via an autotransformer) controlled heating block. There are
many models of heating blocks on the market. A greater degree of mechanization
would also incorporate control of reagent reflux during digestion.

These procedures operate batchwise. Continuous sample handling has some
advantages over discontinuous handling; the former generally better matches ana-
lytical needs. The automated wet digestion device (VAO, Anton Paar, Austria) is
such a continuously operating digestion system, and an ideal instrument for labor-
atories requiring high throughput of similar samples with which all methods of
wet chemical decompositions can be performed [233]. With the help of a micropro-
cessor, all important digestion parameters are controlled. Automation controls the
time-temperature/pressure program for sample digestion, so that different samplema-
terials can be processed under optimum conditions. The loading or charging of the
high-pressure asherwith samplematerial is achievedmanually. A fully automated ver-
sion of this high-pressure asher is not available. Berghof pressure digestion systems
[234] serve for sample preparation of inorganic and organic matrices at high temperat-
ure (max. 200–250 ∘C) and high pressure (max. 100 and 200 bar) in pure, isostatically
pressed PTFE or quartz vessels.

As noted already, three basic types of microwave-assisted digestion systems have
evolved: atmospheric pressure, elevated pressure (closed vessel), and flow-through,
working in the two common modes: multimode cavity and focused-type (waveguide).
Reviews of commercially available microwave-assisted digestion systems and vessels
(summary of the vessels, ovens, and oven systems) are given in Refs. [103, 235] to-
gether with specifications and features for elevated pressure, atmospheric pressure,
and flow-through units. The simplicity and efficacy of microwave digestion easily
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50 1 Sample Preparation for Inorganic Trace Element Analysis

lends itself to automation and robotics. Systems have been developed that are capable
of weighing samples, adding acids, capping and uncapping vessels, accomplish-
ing microwave-assisted digestion, diluting digestates, transferring vessels, and even
cleaning and reusing the vessels. Once such a system is operational, the only thing
the analyst has to do is supply and place the representative sample(s) in locations
recognized by the system and then initiate the controlling program.

1.5.1.7 Safety of acid decomposition
The reagents, instruments, and operations employed in the digestion of materials are
potentially hazardous, evenwhen used as directed. The operatormust always be prop-
erly protected with a laboratory coat, gloves, and safety glasses or, better still, face
protection. Some concentrated fuming acids (HF, HNO3, HCl) are to be handled only
in a well-ventilated hood. Oxidizing acids (HNO3, HClO4) are more hazardous than
nonoxidizing acids (HCl, H3PO4, HF), beingmore prone to explosion, especially in the
presence of reducing agents, such as organic matter. Perchloric acid is oxidizing only
when it is concentrated and hot; it must never be brought into contact with organic
matter unless diluted with nitric acid.

Acid digestion must be conducted in a fume cupboard with efficient scrubbers
installed. The evaporation of perchloric acid is to be performed only in an appropri-
ate stainless steel, stoneware, or PP hood, with washing facilities to eliminate any
perchlorate deposit.

Great care should be taken when using “pressure digestion” methods. Pressure
digestion vessels (bombs) contain the acid fumes and are useful for rapid, one-step
digestions without losses. But, again, there are restrictions; in some reactions (espe-
cially spontaneous), potentially explosive gases are produced that exceed the safety
limits of the vessels. For instance, nitric acid and especially the spontaneous HNO3
and H2O2 decomposition of organic matter in a closed vessel may result in explosion
due to unintended pressure build-up within the vessel. These systems produce high-
pressure spikes, which can be avoided by decreasing the sample weight or by applying
a gradual temperature increase.

Microwave-assisted sample digestion has its own safety requirements. As a result
of the direct energy absorption and rapid heating, microwave techniques introduce
unique safety considerations that are not encountered in other methods. Differences
in conditions between traditional laboratory practices and microwave-implemented
methods should be examined before microwave energy is applied to heat reagents
or samples. An excellent summary of this aspects is extensively reviewed in Refs.
[82, 83, 236].

1.5.1.8 Combustion
a) Combustion in open systems
Dry ashing. The term dry ashing is intended to encompass all processes based on
gaseous or solid ashing reagents. Such a distinction relative to wet decomposition
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1.5 Decomposition as a sample preparation method for elemental analysis 51

processes is not absolutely essential, but it does offer certain practical advantages.
Strictly speaking, dry ashing refers to the oxidation (combustion) of a substance in
air at a temperature of several hundred degrees Celsius, often in a muffle furnace or
similar apparatus.

For samples that contain much organic matter, which are being analyzed for non-
volatile metals, dry ashing is a relatively simple method of removing the organic
matter that can be used for relatively large samples (2–10 g) and requires little of
the analyst’s time. Classical dry ashing relies on the pyrolysis and combustion of
the organic sample in a muffle furnace or laboratory flame, with the oxygen in air
at 400–600 ∘C to remove the organic constituents. The organic is converted into CO2
and H2O [237]. The resulting inorganic “ash” residue is generally soluble in dilute
acid. Crucibles used for ashing are usually made of silica, quartz, porcelain, platinum,
zirconium, or Pyrex glass.

Dry ashing is rarely applied anymore and has largely been replaced by wet
decomposition (ashing) because it has several disadvantages, such as losses due to vo-
latilization, very low ashing of somematerials, difficult dissolution of ashedmaterials,
and contamination.

Advantages of this method are that no reagents are used and little operator
attention is required.

Recently, analytical instruments have been developed to dry ash samples based
on thermal and microwave heating: dry mode mineralizer (TESSEK, APION A), mi-
crowave ashing furnace (MILESTONE MLS 1200 PYRO), and microwave ashing system
(CEM, MAS 7000).

Low-temperature ashing. For the determination of volatile elements, such as Se, As,
Sb, Cd, Zn, and Tl, in organic materials, a very gentle treatment is required. For this, a
low-temperature (<200 ∘C) ashing with excited oxygen at a pressure of 1–5 Torr is very
suitable [238].

The oxygen plasma can be produced either by a radio-frequency power supply or
by microwave energy (up to 300 W at 13.5 MHz); created reactive oxygen species (free
oxygen radicals and excited oxygen) reacts effectively with the organic sample surface
(up to 2 g), thus forming an organic ash residue. The ash and the elements adsorbed
onto the cooling finger are then solubilized by refluxing with acid. An advantages of
this method is that the elements are obtained in a comparatively high concentration.
This method can be used for sample preparation of all kinds of combustible solids
such as wood, paper, coal, food, or polymers.

One commercial system based on this technique is available: the Cool Plasma
Asher CPA-4 (Anton Paar)

Cool plasma ashing (Wickbold). The Wickbold combustion technique is very
suitable for processing liquid combustible samples, which are hardly decomposed by
other techniques such as petroleum products [239]. In the Wickbold combustion sys-
tem, an oxygen-hydrogen flame is used to sample decomposition at high temperatures
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52 1 Sample Preparation for Inorganic Trace Element Analysis

(2,000 ∘C). Liquid samples are directly introduced to flame while for solid samples a
preliminary pyrolysis step in a precombustion unit is necessary. After the combustion,
the resulting products are condensed in a quartz surface and absorbed in a suitable
solution.

A Wickbold combustion apparatus V5 (Heraeous) is commercially available.

b) Combustion in closed systems
Oxygen flask combustion (Schöniger). Combustion in an oxygen flask, or commonly
called Schöniger technique, offers advantages when readily volatilized elements such
as halogens, Se, S, P, B, Hg, As, and Sb, are to be determined. The combustion is per-
formed with oxygen in a sealed container and the reaction products are absorbed in a
suitable solvent before the reaction vessel is opened.

A simple apparatus for performing such oxidation has been suggested by Schöni-
ger [240]. It consists of a flask (500–1,000 mL capacity) fitted with a ground glass
stopper. Attached to the stopper is a platinumgauze basket that holds from 2 to 200mg
of sample. If the sample is a solid, it is wrapped in a piece of low ash-content filter pa-
per. Liquid samples can be weighed into gelatin capsules that are also wrapped in a
filter paper. A small volume of an absorbing solution is placed in the flask. During
the combustion, the flask is inverted to prevent the escape of the volatile oxidation
products. Subsequently, the vessel is opened and the resultant solution containing the
analytes is removed and diluted for analysis. The necessary time for the decomposi-
tion using the oxygen flask is typically less than 10 min; in addition, materials and
equipment are relatively inexpensive. However, the procedure needs a continuous at-
tention of the analyst during the combustion and is commonly applied for processing
only one sample each time.

The apparatus of Schöniger system is a commercially available, flask-type com-
bustion apparatus HERAEUS MIKRO K.

Oxygen bomb combustion. Combustion bomb is the classical technique successfully
applied for several matrices and analytes [241].

In this technique, the samples, as pellets, are introduced in an ignition cup with
two platinum wires that are connected to two electrodes. About 10 mL of absorbing
solution is added at the bottom of vessel that is made in stainless steel or covered with
platinum. After closing, the system is pressurized with oxygen at 20–30 bar. Then,
the ignition is performed by electric current and after the combustion the gaseous are
absorbed. After cooling, the system is opened and the absorbing solution is removed.
In the combustion bomb, a relatively high samplemass (>0.5 g) can be burnt with high
decomposition efficiency and the procedure takes place in less than one hour.

Commercially available apparatus such as oxygen combustion bomb PAAR and
pressure decomposition device SIEMENS BIOKLAV can be employed for sample
preparation applications.
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Combustion in a dynamic system (Trace-O-Mat). The dynamic system (also called
Trace-O-Mat) was developed by Knapp et al. [242] in the early 1980s and allows the
sample combustion with a minimum contamination, which enables not only combus-
tion in a closed system but also further treatment. The Trace-O-Mat combustion unit
VAE-II is commercially available.

The sample is burnt in a streamof pure oxygen in a systemmade entirely of quartz.
An essential feature is the cooling system above the combustion chamber having a
volume of only 75 mL, which is filled with liquid nitrogen and condenses all volat-
ile traces together with the combustion products CO2 and H2O. After combustion, the
nitrogen is evaporated and the residual ash and the condensed volatile elements are
dissolved by refluxing in 1–2 mL of high-purity HCl or HNO3 and are then collected
in the reagent vessel placed below. Solid samples are pressed into pellets. For liquid
organic samples, a special sample holder is available. Maximum sample amounts
of 0.7–0.8 g and a minimum of 1 mL of acid result in solution with high element
concentrations.

1.5.1.9 Fusion decomposition
Fusion (especially alkaline fusion) is a powerful technique especially both for organic
matrices and those with a high silica and alumina content having relatively high trace
element contents. In general, a salt fusion is performed bymixing a sample with salts,
melting the mixture with heat, cooling it, and, finally, dissolving the solidified melt.
The fusion-flux properties range from acidic to basic, according to the Lewis acid–
base definition, in which an acid can accept and a base can donate an electron pair.
The flux properties may also be termed as oxidizing or reducing.

While acid attack was a classical means of dissolving silicate samples, the use of
lithium metaborate fusion was a new departure, originating in the work of Ingamells
[243], who showed that a clear aqueous solution could be easily and quickly prepared
from silicates. Fluxes will decompose most substances at the high temperature re-
quired for their use (500–1,000 ∘C) and the high concentration of reagent brought
into contact with the sample. The sample in the form of a very fine powder is mixed
with perhaps a tenfold excess of the flux in a graphite of platinum (sometimes nickel
or zirconium) crucible. The crucible is then placed in amuffle furnace at 500–1,000 ∘C
for a fewminutes to several hours to give a “melt.” After cooling, the melt is dissolved.

Different fluxes can be used. Basic fluxes employed for the attack of acidic
materials include carbonates, hydroxides, peroxides, and borates. As acidic flux, pyro-
sulfates can be used. If an oxidizing flux is required, sodium peroxide can be used. As
an alternative, small quantities of the alkali nitrates or chlorates can bemixedwith so-
dium carbonate. Basic and acidic fluxes are respectively dissolved in an acid or basic
medium.

The addition of fluxes increases the risk of raising the blank value, owing to the
amount of flux required for a successful fusion. In addition, the final aqueous solu-
tion obtained from the fusion will have a high salt concentration, which may cause
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difficulties in the subsequent steps of the analysis. The high temperatures required for
a fusion increase the danger of volatilization losses.

These disadvantages make fusion a less-than-ideal technique for extreme trace
element determination. However, for the determination of major, minor, and even
some trace elements in such matrices as fly ash, silicates, slags, and dust good results
can be obtained.

1.6 Conclusions and future trends

Trace element research imposes a stringent discipline on its practitioners. Provided,
of course, that one has modern equipment, mistakes today in analyzing trace ele-
ments are generally not so often caused by equipment. They occur, on the contrary,
during preparation of the test material, especially when the sources of sampling,
contamination, and converting solid or liquid samples to solutions are not recognized
and done away with. The analyses must be performed under rigorously controlled
conditions to protect the samples from artifacts due to the containers, the reagents,
or the ambient air.

If wewant to improve our understanding of the role of trace elements in nature, we
will have to learn to work more precisely. Along with this, we must not put restraints
on our work in microanalysis through contamination in our own laboratories. This
requires a change in thinking and a change in the way we have worked up to now. We
should take as an example modern surgeons who operate as germ-free as the present
level of technology permits in sterile oxygen tents with helmets and breath removal
suction – and we should in our own way with the help of modern methods try to carry
out our analysis with as few impairing factors as possible.

The chief methods used for the decomposition of organic and inorganic samples
have been evaluated. A brief summary of applications of these techniques to vari-
ous sample matrices is presented in Table 1.6. The variety of approaches currently
available for the decomposition of solid and liquid samples allows the most suitable
method to be selected for each application, depending on both the matrix and type
of analyte, and the subsequent steps to be developed in order to complete the analyt-
ical process. In spite of that, it is fair to point out that sample decomposition must not
be looked at as an isolated step, but one that needs to be integrated into the entire
analytical process.

Attention has been focused on decomposition at elevated temperature and pres-
sure. High-pressure decomposition with its large decomposition temperature range
is the most universal decomposition system at present. This is the technique of
choice from the vast majority of both inorganic and organic materials. New ways to
further increase the efficiency of sample preparation should continue with the de-
velopment of hyphenated decomposition technique. A novel, microwave-assisted,
high-temperature UV digestion for accelerated decomposition of dissolved organic
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Table 1.6: Summary of applications of total wet decomposition procedures to the analysis of materials
(determination of elements).

Material/matrix/sample Required acid(s)a Decomposition technique (mode)b

Water(s) H2O2, HNO3 UV irradiation
Environmental samples
Coal HNO3, HCl, HF Open or closed system
Coal fly ash Aqua regiac + HFd Open or closed system
Dust Aqua regia + HF Open or closed system
Catalysts Aqua regia Open systems
Waste materials
Sewage sludge HNO3, HCl Open or closed or flow systems
Waste water HNO3 Flow systems
Botanical systems
Botanicals HNO3 + H2O2 + HF Open or closed system
Plants HNO3 + H2O2 + HF Open or closed system
Clinical HNO3 Open or closed system
Marine HNO3 Open or closed system
Forensic HNO3 Open or closed system
Food(s) HNO3 Open or closed system
Beverages HNO3, H2O2 Open or closed or flow systems
Silicates
Soils Aqua regia + HF Open and/or closed systems
Sediments Aqua regia + HF Open and/or closed systems
Glasses HF Open systems
Geological samples
Rocks Aqua regia + HFe Open or closed systems
Ores Aqua regia + HF Open or closed systems
Minerals HF + H2SO4, HCl Open systems
Petroleum products
Fuels HNO3+ HCl Open or closed systems
Oils HNO3+ HCl Open or closed systems
Drugs and pharmaceuticals HCl, HNO3 Open systems
Metals
Ferrous HNO3+ (HF lub HNO3 Open systems
Nonferrous lub H2SO4) Open systems
Alloys HCl lub HNO3lub HF Open systems
Steels woda królewska+ HF Open systems

HCl + HNO3, HClOf
4

Chemicals HCl, HNO3, HF, H2SO4 Open or closed systems
Polymers HCl, HNO3, HF, H2SO4 Open or closed systems
Refractory compoundsg

Ceramika HNO3, HCl, HF, H2SO4, H2O2 Open or closed systems
Kompozyty HNO3, HCl, HF, H2SO4, H2O2 Open or closed systems
Nuclear materials HNO3 or HCl, H3PO4, HClO4 Open or closed systems

aConcentrated acids are usually employed; H2O2 is 30 %; in most cases alternative decompositions
are possible depending on requirements of analyst.
bConventional or microwave.
cUnstable.
dUse only Teflon vessels, the addition of HF is required to obtain quantitative recoveries for Cr.
eAddition of H3BO3 to neutralizm of HF by forming tetrafluoro-boric acid.
fDanger of explosion.
gCertain refractory materials are not decomposed; these must be solubilized by fusion.
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compounds or slurries was developed [156]. This new technique is ideal for extreme
trace analysis due to the low blank values and low acid concentration. In addi-
tion, this digestion method can be used for the determination of nonmetals by ion
chromatography. Alternatively, within the limits of the Teflon-lined digestion vessels,
improvement in the decomposition efficiency can be achieved by adding optimum
concentrations of strong oxidizing agents, such as ozone or oxygen, which appear to
be efficient decomposition agents for the treatment of biological material. Again, this
has the advantage that the agent does not contribute to the analysis blank. It should
be mentioned that vapor-phase acid digestion offers an alternative solution to these
problems: reduced concentration of acid in the digestate and the possibility of using
a technical grade acid without any deterioration of the analytical blank. Another ex-
ample where significant improvement in decomposition and dissolution was obtained
is the use of a reactor that combines microwave and ultrasound energy [103]. It is ex-
pected that these two methods could open a new research field combined digestion
techniques.

It can be said with certainty that the majority of all digestions will be per-
formed in the future by means of microwave assistance. Progress has been made
over the past several years in reducing systematic errors and improving detection
limits with microwave digestion, as well as its automation. A noticeable trend to-
ward pressurized closed-vessel systems permitting high-temperature decomposition
compatible with trace analysis has occurred. While some researchers advocate high-
pressure (>100 bar) digestion at 250–300 ∘C to destroy interferences in refractory
compounds, manufacturers are working to device sample vessels that can withstand
these conditions.

There has been a growing trend in recent years toward the development of fully
automated online analysis techniques. Microwave-assisted high-pressure flow diges-
tion system with PTFE or PFA tubes for digestion temperatures up to 250 ∘C opens
up new possibilities for fully automated sample preparation [103]. On the other
hand, the development of new high-temperature/high-pressure flow digestion sys-
tems that incorporate resistively heated capillaries for the continuous digestion of
various samples, coupled with atomic spectrometric instruments, has arisen [159–
161]. It is predicted that flow systems will become dominant for liquid samples and
slurries and extend the analytical capabilities of instrumental methods by combin-
ing sample preparation with simultaneous analysis using only micrograms of sample
and microliters of reagents. The final goal of these studies should be the adapta-
tion of standard batch digestion methods to online systems combining flow-through
digestion directly to analyzers.

It is evident that wet decompositionmethodswill remain a fertile area for develop-
ment. New digestion techniques need to be designed that address the limitations for
the instrumentation andmaximize its potential. Development trends for conventional
and microwave instruments will focus on sample throughput, enhanced vessel per-
formance specifications, the use of new materials, further refinement of in situ vessel
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control (direct temperature and pressure, incident and reflected microwave power),
and computer-controlled sample digesters with automated capability.

Finally, the development of automated methods for wet decomposition of solid
samples without human participation can only be achieved with the use of a robotic
station [244]. Nevertheless, a number of auxiliary energies and commercially available
modules can facilitate and/or accelerate one of the most time-consuming steps of the
analytical process, that is, to obtain the analyte(s) from a solid sample in the form of
a solution.
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ed. Instrumentation in Analytical Chemistry. Ellis Horwood, New York, 1991, pp. 188–245.

[74] Chao TT, Sanzolone RF. Decomposition techniques. J Geochem Explor 1992, 44, 65–106.
[75] Bock R, A Handbook of Decomposition Methods in Analytical Chemistry. Translated and

revised by Marr I.L, International Textbook Company, Glasgow, 1979
[76] Bajo S. Dissolution of matrices. In: Alfassi ZB, Wai CM, eds. Preconcentration Techniques for

Trace Elements. CRC Press, Boca Raton, 1992, pp. 3–29.
[77] Vandecasteele C, Block CB. Modern Methods for Trace Element Determination. John Wiley &

Sons, Chichester, 1993, pp. 9–52.
[78] Stoeppler M. ed. Sampling and Sample Preparation. Springer, Berlin, 1997.
[79] Hoenig M, de Kersabiec AM. Sample preparation steps for analysis by atomic spectroscopy

methods: Present status. Spectrochim Acta Part B 1996, 51, 1297–307.
[80] Hoenig M. Preparation steps in environmental trace element analysis: Facts and traps. Talanta

2001, 54, 1021–38.
[81] Krakovská E, Kuss HM. Rozklady v Analitickej Chémii. VIENALA, Košice, Slovakia, 2001 (In

Slovak)
[82] Matusiewicz H. Wet digestion methods. In: Mester Z, Sturgeon R, eds. Sample Preparation for

Trace Element Analysis. Elsevier, Amsterdam, 2003, pp. 193–233.
[83] Arruda MAZ. ed. Trends in Sample Preparation. Nova Science Publisher, Inc, New York, 2007.
[84] de Oliveira E. Sample preparation for atomic spectroscopy: Evolution and future trends. J Braz

Chem Soc 2003, 14, 174–82.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



References 61

[85] Korn MGA. Sample preparation for the determination of metals in food samples using
spectroanalytical methods. A review. Appl Spectrosc Rev 2008, 43, 67–92.

[86] Kingston HM, Jassie LB, eds. Introduction to Microwave Sample Preparation. Theory and
Practice. ACS, Washington, DC, 1988.

[87] Kingston HM, Haswell SJ, eds. Microwave-Enhanced Chemistry. Fundamentals, Sample
Preparation, and Applications. ACS, Washington, DC, 1997.

[88] White, Jr RT. Open reflux vessels for microwave digestion: Botanical, biological, and food
samples for elemental analysis. In: Kingston HM, Jassie LB, eds. Introduction to Microwave
Sample Preparation. Theory and Practice. ACS, Washington, DC, 1988.

[89] Mermet JM. Focused-microwave-assisted reactions: Atmospheric-pressure acid digestion,
on-line pretreatment and acid digestion, volatile species production, and extraction. In:
Kingston HM, Haswell SJ, eds. Microwave-Enhanced Chemistry. Fundamentals, Sample
Preparation, and Applications. ACS, Washington, DC, 1997.

[90] Matusiewicz H, Sturgeon RE Present status of microwave sample dissolution an
decomposition for elemental analysis. Prog Analyt Spectrosc 1989, 12, 21–39.

[91] Kuss HM. Applications of microwave digestion technique for elemental analyses. Fresenius J
Anal Chem 1992, 343, 788–93.

[92] Zlotorzynski A. The application of microwave radiation to analytical and environmental
chemistry. Crit Rev Anal Chem 1995, 25, 43–76.

[93] Smith FE, Arsenault EA. Microwave-assisted sample preparation in analytical chemistry.
Talanta 1996, 43, 1207–68.

[94] Burguera M, Burguera JL. Microwave sample pretreatment in analytical systems. A review.
Quim Anal 1996, 15, 112–22.

[95] Mamble KJ, Hill SJ. Microwave digestion procedures for environmental matrices. Analyst 1998,
123, 103R–33R.

[96] Burguera M, Burguera JL. Microwave-assisted sample decomposition in flow analysis. Anal
Chim Acta 1998, 366, 63–80.

[97] Chakraborty R, Das AK, Cervera ML, de la Guardia M. Literature study of microwave-assisted
digestion using electrothermal atomic absorption spectrometry. Fresenius J Anal Chem 1996,
355, 99–111.

[98] Kingston HM, Walter PJ. The art and science of microwave sample preparations for trace and
ultratrace elemental analysis. In: Montaser A, ed. Inductively Coupled Plasma Mass
Spectrometry. Wiley-VCH, New York, 1998, pp. 33–81.

[99] Meyers RA. Encyclopedia of Analytical Chemistry. John Wiley & Sons, Chichester, 2000.
[100] Bethge PO. An apparatus for the wet ashing of organic matter. Anal Chim Acta 1954, 10,

317–20.
[101] Abu-Samra A, Morris JS, Koirtyohann SR. Wet ashing of some biological samples in a

microwave oven. Anal Chem 1975, 47, 1475–7.
[102] Nóbrega JA, Trevizan LC, Araújo GCL, Nogueira ARA. Focused-microwave-assisted strategies for

sample preparation. Spectrochim Acta Part B 2002, 57, 1855–76.
[103] Matusiewicz H. Systems for microwave-assisted wet digestion. In: de Moraes Flores ÉM, ed.

Microwave-Assisted Sample Preparation for Trace Element Determination. Elsevier,
Amsterdam, 2014, 77–98.

[104] Golimowski J, Golimowska K. UV-photooxidation as pretreatment step in inorganic analysis of
environmental samples. Anal Chim Acta 1996, 325, 111–33.

[105] Trapido M, Hirvonen A, Veressinina Y, Hentunen J, Munter R. Ozonation, ozone/UV and
UV/H2O2 degradation of chlorophenols. Ozone Sci Eng 1997, 19, 75–96.

[106] Priego-Capote F, Luque de Castro MD. Analytical uses of ultrasound I. Sample preparation.
Trends Anal Chem 2004, 23, 644–53.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



62 1 Sample Preparation for Inorganic Trace Element Analysis

[107] Seidi S, Yamini Y. Analytical sonochemistry; developments, applications, and hyphenations of
ultrasound in sample preparation and analytical techniques. Cent Eur J Chem 2012, 10,
938–76.

[108] Mitscherlich A. Beitrage zur analytischen chemie. J Prakt Chem 1860, 81, 108–17.
[109] Carius GL. Über elementar analyse. Ber Dtsch Chem Ges 1870, 3, 697–702.
[110] Long SE, Kelly WR. Determination of mercury in coal by isotope dilution cold-vapor generation

inductively coupled plasma mass spectrometry. Anal Chem 2002, 74, 1477–83.
[111] Jannasch P. Über die aufschliessung von silikaten unter druck durch konzentrierte salzsäure. Z

Anorg Allgem Chem 1894, 6, 72–3.
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Ewa Bulska and Anna Ruszczyńska
2 Analytical Techniques for Trace Element
Determination

2.1 Introduction

A lot of elements occur in different matrices at low levels of content, and a lot of these
elements were not detectable by analytical methods for a long time. The knowledge
about their presence appeared with the development of analytical technology and
caused the origin of the term “trace elements.” Trace element defined by IUPAC [1]
is any element having an average concentration of less than about 100 parts per mil-
lion atoms or less than 100mg/kg. In the second half of the 20th century, together with
rapid increase of detection capabilities of analytical techniques, a new term of ultrat-
race elements appeared. Even though the term exists and is commonly used, there is
no rigid definition. Ultratrace concerns elements at mass fraction below 1 ppm.

The knowledge of trace and ultratrace elements is very important in various fields
of science, industry, and technology. Ultralow concentrations of elements might be as
well essential as hazardous doses for organisms; some traces can dramatically change
properties of designed devices. Therefore, the need for accurate measurements at low
amount of contents is required and very important.

The common use of extremely sensitive instrumentation needs the adequate con-
trol of contamination and verification of the accuracy of determination. The gain
of analytical sensitivity multiplied contamination as well as other problems. There-
fore, correct precautions should be taken to determine trace elements in the parts
per billion concentration range and below. Errors during trace and ultratrace ele-
mental analysis can be caused by improper sampling, storage, sample preparation,
and, finally, by analysis itself. Therefore, an accuracy of an analytical determination
should be always established.

Collecting a representative sample without contaminating is a key to the mean-
ingful analysis and Thiers’ words from 1957 “unless the complete history of any given
sample is known with certainty, the analyst is well advised not to spend his time
analyzing it” [2] is always up to date.

Nowadays, there are a large number of available analytical techniques allowing
for trace and ultratrace analysis of elemental composition. For the trace elements that
are present in parts per million concentration range, the most widely used technique
is probably atomic absorption spectrometry with flame atomization. For ultratrace ele-
ments present in concentration of parts per billion and below, the number of suitable
techniques drops due to the required analytical sensitivity. The determination of trace
elements is commonly held with potentiometry, voltammetry, atomic spectrometry,
X-ray, and nuclear methods. Electrochemical methods can measure either free ions
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70 2 Analytical Techniques for Trace Element Determination

in solution (potentiometry) or free ions together with ions bound in labile complexes
(voltammetry), and they can also provide analysis of the oxidation state of some of the
elements. Atomic spectrometric techniques are very sensitive and can be used tomeas-
ure the total element content within a sample; however, accuracy of these techniques
can be affected by thematrix of the sample. X-ray and nuclear techniques provide very
low limit of detections and matrix insensitivity and are used for comparison of res-
ults due to their principles fundamentally different from those of the other analytical
techniques. Therefore, they are less likely to be prone to the same systematic biases.
Benefits and losses of each technique should concern the number of analytes possible
to measure with the use of the technique, occurrence of interferences and difficulties,
detection limits, throughput of samples, and expenses.

The determination of trace elements and contaminants in complex matrices often
requires extensive sample preparation and/or extraction prior to instrumental ana-
lysis. A large number of samples that need to have determined the concentration
of essential and toxic elements belong to food [3, 4], environmental [5, 6], clinical
and biological [7–9] samples. Routinely, the determination of trace metals has been
carried out by inductively coupled plasma atomic emission spectrometry (ICPAES),
inductively coupled plasma mass spectrometry (ICPMS), electrothermal atomic ab-
sorption spectrometry (ETAAS), and flame atomic absorption spectrometry (FAAS).
However, matrix of many samples (biological, clinical, environmental, etc.) is com-
plex and consists of high amounts of soluble solid substances and large amounts of
inorganic compounds (i.e., salts of Ca, K, Na,Mg, chlorides, phosphates, sulfates). The
direct analysis of these kinds of samples gives many difficulties in sample introduc-
tion, nonspectral and spectral interferences in measurements by atomic absorption
spectroscopic methods, inductively coupled plasma atomic emission or mass spec-
trometry. Therefore, samples have to be mineralized before analysis to destroy the
organic matter or at least diluted to decrease the content of concomitant substances.

2.2 Spectroscopic techniques

2.2.1 Atomic absorption spectrometry

FAAS is one of the most conventional techniques for the determination of trace metal
ions because of the relative simplicity and inexpensiveness of equipment. In this
technique, a sample is introduced into a flame where it is dissociated into constitu-
ent atoms. Electromagnetic radiation in the UV/Vis part of the spectrum is directed
through the flame and partially absorbed by the atoms. Methodology for most ele-
ments is well known and allows to use the FAAS technique to determine trace
elements directly in various samples’ materials [10–12]. However, in many cases the
available analytical instrumentation does not have enough sensitivity for the analysis
of natural samples and suffers from the matrix interferences. Several procedures have
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been developed for preconcentration and separation of traces of metals required prior
to instrumental determination to lower the detection limits, to improve the precision
and accuracy of analytical results, and to bring the analyte concentration into the dy-
namic range of the detector. The preconcentration methods like solvent extraction,
ion exchange, adsorption, and coprecipitation were frequently used for trace analysis
of lead, cadmium, copper, cobalt, chromium, nickel, tin, gold, palladium, iron, and
zinc in different research materials [13–20]. The coprecipitation method is useful for
the preconcentration of tracemetal ions and is one of themost useful ways for the pre-
concentration as well as separation of trace elements from the sample matrix. For the
determination of Cr(III), Cu(II), Fe(III), Pb (II), Pd(II), and Zn(II) in food samples, the
use of Ni(II)-!-benzoin oxime as a coprecipitation agent can be successfully applied
without too much prolongation of the procedure [21]. Liquid–liquid extraction trans-
ferring analyte from the aqueous sample to a water immiscible solvent is widely used
for samples’ preparation. Cloud point extraction (CPE), similar to liquid–liquid ex-
traction, transferring analyte from the aqueous sample to a water immiscible solvent,
is widely used for samples’ preparation and coupled with AAS technique. CPE is
based on the property of surfactants to form micelles, which under certain conditions
(temperature and concentration) separate into two phases: a surfactant-rich phase
of a small volume and a large aqueous phase. Hydrophobic complexes of metallic
elements present in such media are trapped in the hydrophobic micellar core and
extracted in the surfactant-rich phase, which is directed to AAS detector. The small
volume of the surfactant-rich phase obtained after the CPE methodology seems to be
ideal for coupling with electrothermal AAS, even though there are applications of CPE
coupled with FAAS [16].

Nevertheless, the above-mentioned methods are time consuming and require at
least some chemical additives and complex equipment. Miniaturization of liquid ex-
traction methods can be achieved by a drastic reduction of the extractant phase
volume by single-dropmicroextraction, hollow fiber liquid-phasemicroextration, and
dispersive liquid–liquid microextraction (DLLM) allowing for separation and precon-
centration of organic and inorganic contaminants in a single step. Due to the need
of a sample volume between 2 and 4 mL for FAAS analysis, a microsample injec-
tion system (MIS) in case of small volumes obtained after preconcentrations methods
might be applied [17, 22]. Online separation and preconcentration based on the ad-
sorption of an analyte on an appropriate material representing the solid phase (SP)
and then followed by an elution step directing the solution to the FAAS detector al-
lows the use of wide range of sorbents, chelating agents, and eluents; it is also easily
implemented and controlled. The analytes can be retained in their complexed or ionic
forms on sorbents or functionalized with specific ligands. The online separation or
preconcentration system requires stable material packed in minicolumns placed im-
mediately after the injection valve or its sampling loop. Due to the high enrichment
factor, high recovery, low cost, low consumption of organic solvents, and the abil-
ity to combine with different detection techniques, an SP extraction (SPE) has been
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commonly coupled with FAAS. The analytical parameters such as selectivity, affinity,
and capacity depend on the sorbent chosen for SPE. Different materials can be used
as sorbents for online preconcentration: modified silica gel, modified chitosan resins,
chelating resins, magnetic nanoparticles, carbon materials, cellulose, and egg shell
membrane.

Due to the high surface to volume ratio, easy derivatization procedures and
unique thermal and mechanical stability carbon nanotubes (CNTs) have attracted a
lot of attention. CNTs have diameters from fractions to tens of nanometers and lengths
not bigger than several micrometers. The surface areas range from 150 to 1,500 m2/g,
which is a basis for serving as good sorbents. To improve selectivity, CNTs can be func-
tionalized with different organic molecules. However, CNTs need to be modified with
a specific ligand to improve the performance of sorbents by increasing the sorbent ca-
pacity and selectivity [15]. The chelating resins are superior in selectivity to solvent
extraction and ion exchange due to their triple function of ion exchange, chelate
formation, and physical adsorption. The functional group atoms capable of forming
chelate rings usually include oxygen, nitrogen, and sulfur. The properties of selectiv-
ity and sorption of these resins can be affected by different factors: chemical activity
of the complexing group, the nature and kind of themetal ions, the pH of the solution,
ionic strength, or polymetric matrix [23].

Among other carbon materials, carbon dots (CDs) turned out to be a selective and
sensitive method to separate and determine Cr in various samples. Due to the unique
physical and chemical properties, CDs functionalized can facilitate the adsorption of
analytes in consequence of electrostatic interaction, anion exchange, chelate inter-
action, or physical structure and can be employed in SPE as separation and precon-
centration material in online or offline modes. Novel water-soluble CDs capped with
branched polyethyleneimine polymer with dispersed particle extraction coupled with
slurry sampling technique and followed by FAAS detection were employed on Cr(VI).
CDsmodified with cationic surfactant promoting small droplets generation during the
aspiration and nebulization processes acted as a selective sorbent for separation and
preconcentration of Cr(VI) enhancing the sensitivity of its determination [19].

An interesting solution for FAAS technique for elemental analysis is modification
of instrumentation and the use of thermospray flame-furnace (TS-FF) AAS improv-
ing the efficiency of sample introduction. In this case of TS-FF consisting of a nickel
tube, a sample solution is nebulized via a ceramic capillary to a standard burner head
of an FAAS instrument, onto which the tube is placed [24]. Comparing to a standard
FAAS systems, the TS-FF introduces a complete sample to the atomizer and provides
a much longer residence time of the sample in the flame. As a result, the sensitivity of
measurements may increase by an order of magnitude [25].

For the determination of elements forming hydrides or volatiles species (As, Bi,
Ge, Pb, Se, Sb, Sn, Te, Hg, Cd, Co, Cu, Ag, Au), a chemical vapor generation (CVG)
system is applied for various samples. The direct transfer of the volatile compounds to
any atomizer eliminates the need of other steps but atomization, thus improving the
sensitivity. In contrast to ETAAS, the FAAS technique is compatible with the online

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



2.2 Spectroscopic techniques 73

generation systems of volatile species. Analytes are easily preconcentrated before at-
omization by trapping directly on the flame atomizer. Even though there are solutions
of coupling CVG for both techniques: FAAS and ETAAS [26].

ETAAS differs from FAAS by the use of much higher atomization temperatures,
which reach up to 3,000 K. ETAAS is typically used for determining low concentra-
tions of elements (e.g., Al, Ca, Co, Cr, As, Cd, Cu, Fe, Mn, Ni, Pb, Zn) [27–32] and
can be applied without the need of earlier preconcentration of analytes. Measure-
ments commonly apply to only one or two elements [33, 34]. However, relatively
small quantities of solid and liquid samples may be analyzed. The technique, sim-
ilarly to FAAS, has various types of interferences including background absorbance,
matrix effect on atomic absorbance values, and differences of the chemical form in
elements. There are various tools used to eliminate or to reduce these interferences:
preliminary mineralization of a sample, separation of elements to be determined from
interfering components, chemical modifiers, Zeeman effect background correction,
and devices with separated zone of evaporation and atomization including graphite
“filter furnace” (FF) atomizer and a L’vov platform.

Graphite is the most commonly used material in ETAAS. Due to the porosity of
its surface, various species in the subsurface agglomerate in tubes are present. As
a consequence, several corrosion changes have been observed when tubes were ex-
posed to different compounds. Due to the surface and in-depth corrosion of tube and
platform, their total lifetime can be significantly reduced. Usually, chemical modifi-
ers are applied to the graphite furnace by adding to the solution with or after the
sample or standards. But chemical modifiers can be also applied as a metal deposit
on the graphite tube surface or on the L’vov platform acting as a permanent modi-
fier and making the pyrolysis and atomization steps possible without repeating the
treatment of the tube or platform. It was demonstrated that electrodeposited noble
metals could serve as permanent modifiers by intercalation and remaining near the
surface region of the tube for the total tube’s lifetime. This observation developed per-
manent performance of various modifiers [35]. There are several permanent modifiers
recommended – noble metals as well as their mixtures of less volatile metals: pal-
ladium, molybdenum, magnesium, molybdenum-iridium, molybdenum-ruthenium,
vanadium, iridium, ruthenium, vanadium-iridium, vanadium-ruthenium, tungsten,
tungsten-vanadium, and tungsten-magnesium [36]. In case of liquid samples, palla-
dium and tungsten were used successfully [37–39], while the direct determination
of antimony in solid samples was ineffective [40]. Problems in the determination
of arsenic and antimony result from background spectral interferences and may be
resolved by the selection of alternative analytical lines by the use of high-resolution-
continuum source (HR-CS) ETAAS or by the application of a combination of Zeeman
background correction together with the selection of an appropriate modifier.

In comparisonwith a platform, graphite FF atomizer provides increase in sensitiv-
ity. Filtration of atomized sample through the porous graphite improves performance
of the FF atomizer because during this process molecular species are eliminated
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from the atomization volume. A wider range of sample volumes, which can be intro-
duced into the graphite FF atomizer, provides additional advantage of this atomizer
compared with the platform. The use of FF with Pd-Mg chemical modifier in the de-
termination of Pb, As, and Cd during direct ET AAS analysis in various food samples
provided a nearly twofold increase in sensitivity in comparison with a conventional
heated graphite furnace with a platform. Additionally, it significantly eliminated
matrix effects including background absorbance [29].

Themain disadvantage of ETAAS and FAAS analysis of solid samples is the sample
pretreatment, which is often the most time consuming and problematic (e.g., incom-
plete dissolution, precipitation of insoluble analyte, loss of elements during heating,
contamination) step. The total concentration of analyte can be determined after acid
digestion or alkali fusion. Microwave-assisted sample dissolution has been employed
commonly for sample dissolution but barring some obvious advantages it still causes
some problems (cost, short lifetime of digestion vessels, explosions, losses and con-
tamination, long time of cooling, small sample throughput, corrosion of microwave
parts, constant supervision during the digestion), which are exaggerated during trace
elements analysis. The ideal method for the analysis of solid samples would elim-
inate the sample dissolution minimizing the sample preparation and improving the
analytical results. Solid sampling can be applied to materials of different physical
structures, whereas slurry sampling is dependent on the size and structure of the
particles to be analyzed. In both cases, the use of an appropriate modifier mixture and
optimized pyrolysis and atomization temperatures eventually avoids background ab-
sorption caused by the complex matrix. Slurry or solid sampling with ETAAS method
has been extensively used for analysis of biological materials, sediments, and soils
slurries in order to simplify sample preparation and to avoid problems associated with
sample dissolution procedures [34, 41, 42]. The ETAAS method with solid sampling
into a graphite furnace ensures the rapid and reliable determination of metals in soils
or precipitates providing strict control of the sampling efficiency, particle size, number
of particles present in the injected volume, analyte homogeneity, suspensionmedium,
slurry concentration, stirring and sample depth. Analyses of environmental samples
by solid sampling used either two-stage atomization with the use of permanent modi-
fiers or slurry sampling. ETAAS analysis of volatile elements (as arsenic or antimony),
which evaporate as oxides in the temperature of graphite furnance higher than 400∘C,
need the use of chemical modifiers (e.g., noble metals: palladium, nickel and mag-
nesiumnitrates, highmelting of tungsten or zirconium carbides ormixtures of some of
them) stabilizing analyte and facilitating the removal of the matrix by the increase of
the temperature of atomization. Even ETAAS with the injection of sample suspensions
into a graphite furnace ensures the rapid and reliable determination of metals; it is
worth mentioning that it significantly shortens the life of tubes and lowers the sample
throughput. The use of ultrasound-assisted extraction procedure can allow to avoid
these problems because the sample matrix is not introduced into the atomizer, avoid-
ing the buildup of carbonaceous residues or silicates on the graphite platform [43].
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HR-CS AAS is an innovation that improves the performance of AAS. After the in-
troduction of AAS technique in 1955 by Walsh, the use of spectral line instead of CS
was necessary due to required spectral resolution, which was not achieved with the
available monochromators at that time [44]. Together with efficient background cor-
rector (like least-square background correction), it has been applied to the analysis of
many analytes in a great variety of samples [45–47].

HR-CS AAS is a valuable tool due to the visibility of the spectral environment of
the analytical line at high resolution. With the use of line source ETAAS with Zee-
man effect background correction, a high signal indicating the presence of spectral
interference for lead in fertilizer samples is observed. Due to this interference, there
is no possibility in the determination of lead at 217.0 nm because of the presence of
phosphorus monoxide (PO) under the magnetic field and splitting of the rotational
lines of the molecular spectrum. The background absorption without and with mag-
netic field is not the same, resulting in background correction errors. HR-CS ETAAS
is a tool that allows for investigation of these interferences due to the visibility of the
spectral environment of the analytical line at high resolution. With the use of HR-CS
ETAAS, it is possible to detect the presence of spectral interferences (S and N) and
storage of the spectra of diatomic molecules with rotational fine structure that coin-
cide temporally and spectrally with the analyte absorption [46]. To eliminate the fine
structured background using least-squares background correction, it is mandatory to
identify the molecule that is responsible for the spectral interference. Then, the refer-
ence spectrum of the interfering molecule is recorded and subtracted from the sample
spectrum and a spectrum of pure analyte is obtained. The fine structured background
depends on the chemical composition of each sample. In case of arsenic, the spectral
interferences were corrected using a reference spectrum obtained from NaCl and PO,
while in the case of selenium NO and PO reference spectra were used to correct the
interferences [48]. In both cases, it was possible to obtain accurate results. Sulfur and
nitrogen-containing molecules were responsible for the fine-structured background,
which was completely corrected in case of lead determination. Using the most sensit-
ive line at 217.001 nm, some unknown spectral interferences were observed. The use of
HR-CS ETAASmade it possible to verify that the digestion of samples did not avoid the
presence of spectral interferences since digested samples presented fine-structured
background similar to the samples prepared as slurry. Comparing HR-CS ETAAS and
line source ETAAS with Zeeman effect background correction, the results can be con-
sidered similar, indicating that the latter technique was able to correct the herein
found spectral interferences to a reasonable extent [46].

2.2.2 Inductively coupled plasma atomic emission spectrometry

ICPAES, also referred to as inductively coupled plasma optical emission spectrometry
(ICPOES), provides an excellent scope for the determination of trace elements with
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high sensitivity. This is due to very high temperatures (up to 8,000 K) of plasma used
for atomization of analyte present in a sample. The ICP is created by argon gas, which
is ionized in the intense electromagnetic field and flows in a particular rotationally
symmetrical pattern toward the magnetic field of the radio-frequency coil. A stable
plasma is generated as the result of the collisions between the neutral argon atoms and
the charged particles. While the sample is introduced to the plasma, it immediately
collides with the electrons and charged ions and is broken down into charged ions.
Various molecules break up into their respective atoms, which then lose electrons and
recombine repeatedly in the plasma. Excited atoms emit electromagnetic radiation at
wavelengths characteristic of a particular element. The intensity of this emission is
indicative of the concentration of the element within the sample and detected by a
photomultiplier or a semiconductor detector.

Even ICPAES has similar limits of detection to FAAS; it can detect many ele-
ments simultaneously and has a much larger dynamic range. On the other hand, an
ICPAES suffers from a lot of interferences and is much more expensive than the AAS
techniques. Since the condition of ICP is changed by matrix elements from sample
solution, signal intensities derived from analytical elements might be influenced. In
analysis of high-viscosity solutions, injection volume of samplemight be not constant,
which may result in not reproducible analytical results or higher limit of detection.
Therefore, the investigation of the influence of matrix elements and high viscosity of
samplemust be indispensable for accurate, sensitive, and reproducible determination
by ICPAES. One of the solutions to reduce the influence of somematrix elementsmight
be vaporization of Cl– and CO2–

3 ions, decreasing of the viscosity of a sample, and
lowering the pH of samples or decomposing organic compounds present in a sample.
This could be obtained by the use of H2SO4-fume treatment [49].

Not without significance is the level of limit of detections that makes this tech-
nique not suitable for direct analysis of extremely low element levels. Therefore, prior
to detection with ICPAES, an effective preconcentration step is required, similarly like
in FAAS analysis described earlier [50, 51]. Various factors affecting the preconcentra-
tion process such as sample volume, concentration of the eluent, sample and eluent
flow rates, as well as the accuracy of the method have to be always optimized and
investigated in this case.

2.2.3 Inductively coupled plasma mass spectrometry

ICPMS is widely used in routine multielemental determination at the trace and ultrat-
race level in liquid samples with different matrix composition. The use of separation
and enrichment techniques for analytes improves its limits of detection from the level
of sub-,g/L even to sub-pg/L. Due to the excellent sensitivity, low detection limits,
possibility of isotopic determination, and small sample volume ICPMS, wide dynamic
range is widely used in clinical and biological [52–54], food [55, 56] environmental,
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geological, industrial analysis [57–59], and in a variety of different tasks [60]. Most
of the elemental analysis with the use of ICPMS described in the literature con-
cerns easy available materials [61–63], but a great number belongs also to the limited
samples [64].

In the ICPMS technique, the sample is ionized in the same type of argon plasma
as in the ICPAES technique. At the first stage of the process, the liquid sample is
nebulized with an effective nebulizer transforming it into a fine aerosol, which is then
transported with argon to ICP torch. In the plasma, nebulized water matrix and chem-
ical compounds are evaporated, molecules dissociated into atomic constituents, and
then ionized into positively single-charged ions. Ions are extracted from the argon
plasma into mass analyzers: quadrupole (QMS), double focusing sector field (SFMS),
and time of flight (TOFMS). In mass analyzer, ions are separated according to their
mass-to-charge ratio or energy-to-charge ratio in double focusing SF instruments. The
separated ion beams are detected by photomultiplier or Faraday cups.

Among a large variety of sample introduction systems developed for ICPMS, the
most common and most economical is liquid solution nebulization. Therefore, there
is a need of previous digestion of solid samples that is a very important stage for the
whole analytical procedure. There are a lot of different liquid sample introduction
systems developed [65–67]. Themost frequently used formineralized samples is pneu-
matic nebulizer (concentric, cross-flow, V-groove, sonic spray, or multi-microspray)
combined with spray chamber (double pass, single pass, and cyclonic) with a solu-
tion uptake rate of 0.5–2 mL/min and very low transport efficiency (1–20 %) [68].
Higher sample introduction efficiency is provided by high-efficiency nebulizers like
ultrasonic nebulizers [69, 70] or electrothermal vaporization, which allows for in situ
sample preparation and preconcentration [71, 72]. Due to the trace element determin-
ation in micro- or nanoliters of sample, there are also micronebulizers available with
solution uptake rate of 0.1 ,L/min, which is a great advantage because of reduction of
contamination problems (memory effects, deposition, clogging) or some interferences
caused by solvents or possibility of coupling with techniques like electrophoresis
requiring low sample consumption.

Besides the very high expenses, the ICPMS technique has a lot of advantages:
sensitivity, very low limit of detections, throughput, multielemental analysis, and iso-
topic information, even though it suffers from atomic and molecular isobaric and
multielemental interferences [73, 74]. This can be overcome simply by the choose of
noninterfered isotope in case of multi-isotopic elements, by the subtraction of blanks,
appropriate sample preparation [75], the use of mathematical correction [76], cold
plasma conditions [77], by the use of collision or reaction cell technology [78–81],
or by the use of high-resolution mass spectrometers that resolve elements and in-
terferences. In order to overcome some physical interferences, an internal standard,
standard addition method, the choice of sample introduction system, or simply dilu-
tion of the sample is frequently used [62, 82–84]. Extremely important for the achieved
detection limits (LODs) as well as precision (RSD) of measurements is the kind of mass
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analyzer used in the ICPMS system. Samples with complexed matrix are the source of
many interferences. Due to the low resolution commonly used, quadrupole analyzers
have a lot of limitations compared to the systems with high-resolution mass analyzers
[85–88].

Some of the most repeatable and accurate analytical measurements achieved
today are thanks to the conjunction of an ICPMS with an isotopic dilution quantifica-
tion methodology (Table 2.1).

2.2.3.1 Isotopic dilution inductively coupled plasma mass spectrometry
(ID-ICP MS)

The capability of measuring precise and accurate isotope ratios by ICPMS is applied
in the determination of element concentrations by the isotope-dilution (ID) tech-
nique, which is regarded as a primary method of measurements. ID ICPMS provides
the possibility of absolute quantification for elements with two or more isotopes in
any sample material. One or two enriched isotope tracers of the element of interest
in known concentrations are added to the sample. The determination is performed
after precise mixing by measuring changed isotope ratios in the sample spike mixture
compared to those in the sample and highly enriched isotope tracer. The precision
and accuracy of the trace element concentrations determined by ID ICPMS are in the
low percentage range [72, 89–91]. Other advantages of the IDMS technique are no
need of the preconcentration or dilution factor once complete isotope equilibration
between the sample and the spike has been achieved and no influence of the instru-
mental sensitivity on the final value for the element concentration [92, 93]. IDMS is
well documented for total elemental analysis.

2.2.4 Laser ablation ICPMS

Direct solid sampling is possible with an ICPMS system due to the laser ablation (LA)
application. This technique is based on surface ablation of sample material by the
use of focus laser beam. First, the sample is placed in a special ablation cell isolating
it from the ambient environment. Then, the material is ablated and the formed dry
aerosol is introduced to the plasma with the aid of a gas stream allowing for surface
analysis or depth analysis of studied materials. Different ablation cells with different
internal volumes and geometries mainly depending on the sample sizes influence the
overall transport efficiency and signal profile. Volume of ablation cell affects mainly
the dispersion of the signal [94].

LA ICPMS is not completely accepted for quantitative analyses mainly due to the
fractionation effects and the persistent lack of adequate reference materials for the
wide variety of samples [95, 96]. Laser wavelength, pulse duration, power, and spot
size influence fractionation during the LA process. The size of the aerosol determ-
inates the particle size distribution of the generated aerosol because of its chemical
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Table 2.1: Overview of analytical performance of selected techniques used for trace elements
determination.

Sample Analyte Technique LOD [,g L–1] RSD [%] Ref

Food, natural waters Cr(III), Cu(II),
Fe(III), Pb(II),
Pd(II), Zn(II)

Coprecipitation
FAAS

0.1–5.3 <5 20

Tap water,
groundwater,
industrial effluent

Cr(VI), Pb(II) DLLM MIS-FAAS 0.037–0.054 <4 22

Fruit (apple, grape,
nectarine, green
beans, cantaloupe)

Cu(II) Functionalized
CNTs FAAS

0.65 3 15

Environmental
(water samples)

Cr (VI) CD FAAS 0.21 2.8 19

Water, biological
(hair, nail), liver

Zn(II) Flow injection
FAAS

2.2 <1.2 23

Fruit juices,
seawater

Cu Chelating resign
TS-FFAAS

0.15 2.7–6 25

Wine, beer, milk,
kefir, yoghurt, juice,
lemonade

Pb, As, Cd FF-ETAAS 0.1–2.0 3–6 27

Juices, alcoholic
beers

Sn(IV) CPE FAAS 0.33 2.1–6.2 16

Vegetable oil, fat
samples

Mn, As, Pb, Cu,
Cd, Zn

FF ETAAS 4–0.8 3–8 28

Vinegar Cd ETAAS 0.004 1.07–2.33 32
Water Multielemental SPE ICPAES 0.01–0.39 1.2–2.2 50
Body fluids Cr, Ni, Al, V H2SO4 fume

ICPAES
1–2 1 49

Body fluids Al, Be, Cd, Co, Cr,
Hg, Mn, Ni, Pb, V

SF ICPMS 0.001–0.05 1–5 61

River water Pb, As, Cu, Hg Stripping
voltammetry

0.07–0.4 2–12 113

Tap water As(III) Boron-doped
diamond
stripping
voltammetry

1.5 4.56 111

Freshwater and
seawater

Ir(III) Catalytic
adsorptive
stripping
voltammetry

0.002 6 117

Atmospheric filters Multielemental TXRF 0.0003–0.009 – 123
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composition, transport efficiency and decomposition in the ICP. The thermal charac-
ter of the LA processmight lead to the formation of agglomerates andmolten spherical
particles of different sizes in dependence of the laser wavelength.

Matrix effects may be induced in the ablation process, during aerosol transport
to plasma, or in the ionization process in the plasma. Therefore, the calibration of
LA ICPMS has to provide the capabilities to compensate these differences among
samples and standards in order to obtain quantitative data. There are several cal-
ibration strategies for LA ICPMS; among them are internal standard method, ex-
ternal calibration, standard addition, isotope dilution, or matrix matched standards
[96–98]. Additionally, the use of isotope dilution mass spectrometry in combination
with LA ICPMS allows an accurate, precise, and time-effective quantitative analysis
of trace elements in powdered samples using different isotope dilution calibration
strategies.

LA ICPMS is becoming one of the most important direct analytical techniques
for the rapid and sensitive determination of stable and radioactive isotopes on solid
surfaces [99]. LA ICPMS avoids wet decomposition of a sample as well as the risk of
contamination during sample preparation. In fact, it needs little or no sample prepar-
ation and offers a very good sample throughput and reduced spectral interferences.
A significant feature of LA is the high spatial resolution between 10 and 100 ,m for
nanosecond lasers and below 1 ,m for femtosecond lasers, with very low sample up-
take of picograms. This microdestructive character of the technique is important in
case of unique samples [100–103]. LA ICPMS has been used to produce images of ele-
ment distribution in variousmaterials, mainly in clinical and biological samples [104].
The challenging task of LA ICPMS for future applications is the analysis of a single cell
or particle with interesting applications in life and material science.

2.3 Electrochemical techniques

Potentiometry using ion-selective electrodes (ISEs) and stripping voltammetry using
polarographic techniques are two principal methods for trace detection.

Potentiometric sensors are passive electrochemical devices in which changes in
the equilibrium voltage are monitored under zero current conditions. The equilibrium
potential of the device is ideally described as a Nernstian function of the activity of
the target ions to be measured.

ISEs are chemical sensors for the selective determination of ions in complex
matrixes and have been applied for many years in clinical chemistry for the meas-
urement of electrolyte concentrations in blood or plasma. Electrodes are available for
the most important clinically relevant ions, for example, Na+, K+, Cl–, Ca2+, and H+.
Most of the potentiometric devices had limits of detections in the micromolar range,
but numerous new developments of sensor arrays, new reference electrodes, polyion
sensing, new ionophores, miniaturization for liquid chromatography, and capillary
electrophoresis detectors significantly improved lower detection limits, broadening
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the range of application like trace metal analysis in environmental and biological
samples [105–109].

The LOD for ISEs is defined as the activity at which the extrapolated Nernstian
response, for the target ion, intercepts with the extrapolated potentiometric response
from an infinitely dilute solution. Possible biases existing in ISE measurements come
from the super-Nernstian or sub-Nernstian response of the ISE in the low concentra-
tion and from the presence of interfering ions in solution; the nonideal aspects of this
technique can be eliminated by special electrode design, use of new ion-selective ma-
terials, and robust calibration of the system. The elimination of the effect of interfering
ions is challenging by calibration since the composition of the calibration solutions
and filling solutions may vary from the sample. In this case, improved electrode and
materials design can provide better results.

Stripping voltammetry is a powerful analytical technique for trace metal detec-
tion. Its uniqueness comes from remarkably low detection limits, high sensitivity, and
the ability to detect tracemetal elements in different oxidation states. Another advant-
age that should be mentioned is portability of the instrumentation and the ability to
perform rapid analysis as well as low costs for basic instrumentation and operation
[110]. The problem that occurs is due to the common use of mercury film electrode
that should be avoided because of its toxic soluble salts. Mercury electrode was sub-
stituted by the use of some nonmercurial electrodes, for example, electropolymerized
polymer film, boron doped diamond, bismuth, antimony, and silver or gold electrodes
[111–113]. Gold electrodes in different forms have been used to detect heavy metals by
stripping analysis: solid disk electrodes, films on glassy carbon, graphite or platinum,
microelectrodes, modified gold electrodes, gold nanoparticles, and screen-printed
electrodes. Many voltammetric studies, including stripping methods, have focused on
the modification of the electrode surface or use of a chelating/complexing agent to
increase the detection limit. With this aim, different complexing have been used [114].

Stripping voltammetry consists of two steps. An electrolysis/deposition step
where the analyte is accumulated at the surface of the working electrode during a
certain period either by faradic process (anodic or cathodic) [110, 115] or nonfaradic
(adsorptive) [116, 117] process. This preconcentration phase can be as long as required,
depending on the concentration of analyte in solution. Low element concentrations
will require long accumulation step to buildup enough material on the electrode.
The accumulation increases with time, not with concentration of an element in the
sample, which allows achieving very low detection limits. This first step of precon-
centration is followed by a striping step removing the previously accumulated metal
back into the solution by the means of applying an anodic potential sweep. The cur-
rent generated during the stripping is directly proportional to the concentration of the
metal present in the water sample. During the electrolysis, the analyte is reduced at
the working electrode together with any other element that can be reduced at this de-
position potential. If a low deposition potential is used in acidic conditions, hydrogen
is formed at the working electrode surface by the reduction of protons and oxidants
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are produced at the auxiliary electrode. The hydrogen generation is problematic as
it blocks the electrode surface, affects the reproducibility, and increases the noise of
the voltammograms. The very few attempts that have been made to measure in such
conditions were mostly directed toward the determination of As(V), which is only
reducible in acidic conditions. To avoid hydrogen bubbles blocking the electrode, a
rotating electrode was developed with the old disk placed on the side to facilitate the
removal of hydrogen. The gold disk needs to be polished and cleaned after only 10
measurements. In this regard, the wire electrode has been more successful by using
a gold film deposited on a platinum wire electrode. Stripping voltammetry is limited
in acidic conditions to relatively high deposition potentials because of the interfer-
ing effects of the hydrogen produced at the working electrode. A simple procedure
performing reliable, sensitive, and reproducible tracemetal analysis and smooth strip-
ping signals made at gold microwire electrode was obtained after applying a simple
electrochemical conditioning procedure of using a vibrate electrode instead of stirred
or stagnate conditions, which resulted in that hydrogen did not block the electrode
in mild acidic conditions (pH <1) [118]. Vibrations at 200 Hz help in removing the
hydrogen bubbles.

Determination of more than one metal using stripping analysis is difficult due to
the possibility of overlapping peaks, which can occur in the narrow potential range
where metals are reduced or oxidized. The multielement detection of As, Cu, Pb,
and Hg was performed in the presence of oxygen by differential pulse anodic strip-
ping voltammetry with the use of gold vibrating microwire electrode, which allowed
to perform analysis without deoxygenation that simplified the use of stripping and
decreased the measurement time [113]. The combination of a vibrator with a gold
microwire electrode resulted in a very small stable and reproducible diffusion layer
thickness, which improved the sensitivity and reproducibility of the results, allow-
ing making determination with a very short deposition time. The use of HCl 0.1 M
with NaCl 0.5 M was found optimum in terms of peak resolution, shape, and sensit-
ivities, and additionally was found similar to the seawater properties, which raised
the range of research objects. Possible effects of Al, Cd, Cr, Fe, Mn, Ni, Sb, and Zn in
different concentrations from 1.0 ,g/L to 1,000 ,g/L on 1.0 ,g/L of a mixture of As,
Cu, Hg, and Pb did not cause any significant interferences. Arsenic was the element
that suffered themost from these interferences; however, concentrations of interfering
metals tested were very high compared to their expected levels in real samples.

Adsorptive processes can further lower detection limits of stripping voltammetry
to the picomolar concentration levels and are very useful for saline matrices like sea-
water and estuarial water samples as well as for speciation studies. In adsorptive
stripping voltammetry, the analyte is adsorbed on the working electrode bymeans of a
nonelectrolytic process prior to the voltammetric scan. This procedure avoids themain
difficulties of anodic stripping analysis with metals with a strong tendency to form in-
termetallic compounds, with low solubility on mercury electrode (e.g., Ni). For trace
metals, themethod is based on the formation and accumulation of ametal complex on
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the working mercury electrode and subsequent measurements of the reduction peak
of the accumulated complex. The formation of a monomolecular complex layer on
electrode increases the sensitivity of voltammetric measurement because the metal is
not dissolved in the mercury [114, 116, 117, 119].

Despite many advantages of electrochemical detection, there is a great limita-
tion in sample throughput and its size, which is at least 10 mL. Reducing sample
size would ensure the extension to limitedly available samples, concurrently redu-
cing reagent consumption and analysis time. Sample size reduction in voltammetry
has been achieved by miniaturization and the development of dedicated electrodes.
Microfluidic devices featuring solid-state microelectrodes have been developed signi-
ficantly reducing sample requirement. Detection capabilities, precision, and accuracy
are similar to typical solutions but application might be broadened to a range of
limited availability of samples. The electrochemical route allows on-chip integration
of the control instrumentation to produce self-contained truly portable microanalyt-
ical systems. The introduction of new modified electrodes, the development of novel
derivatization schemes, the integration of additional functional elements (preconcen-
tration) on a single microchip platform, and the coupling of new detection schemes
and assays enhance the power of electrochemical detectors for microscale analytical
systems [120, 121].

2.4 Other techniques used for trace analysis

2.4.1 Techniques uses X-ray

Due to its very low limit of detections and matrix insensitivity, X-ray methods have
been widely used for trace analysis in geological materials, steels, cements, archae-
ological samples, forensic samples, and environmental samples such as airborne
particulate matter [122]. A commonly used technique is X-ray fluorescence (XRF) used
to analyze for all elements. The sensitivity of XRF depends on the energy of the incid-
ent radiation, the geometry of the instrument used, and the efficiency of the detector.
The precision of XRFmeasurements is limited by the statistics of the detected photons.
The LODs depend on the sensitivity of the instrument and the background level of the
sample matrix. Typical XRF precision is better than 0.1 % and typical LODs are few
g/cm2 for particulate material for a wide range of elements.

In total reflection XRF (TXRF), the incoming radiation is incident on the sample
at less than the critical angle and is totally reflected. The low background levels res-
ult in improved LODs and even 2 pg may be detected for a variety of elements with a
counting time of 1,000 s. Using synchrotron radiation sources (SR), TXRF with poly-
chromatic beam for sample excitation allows for lowering detection limits to even
0.03 pg/m3 and the use ofmore intense photon fluxeswill lower themby several orders
of magnitude [123].
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For these techniques, samples need to be in a form of thin film and that is a reason
for low matrix effects conversely to the above-mentioned techniques. Quantification
is performed by the addition of a single element, not present in the sample itself, as
internal standard and a calibration curve valid in all matrices. The lack of robust-
ness in these calibration methods leads to large systematic errors that are significant
compared to the very low amounts being analyzed.

X-ray emissionmay be induced by heavy charged particles (particle-induced X-ray
emission). Calibration is often by means of thin-film standards or using fundamental
physical parameters in conjunction with an experimentally determined efficiency
curve. LODs of ng/cm2 have been claimed for particulatematerial on ambient air filters
for a range of elements.

2.4.2 Activation analysis

Activation analysis refers to the identification and quantitative determination by use
of radionuclides produced from a target element. It requires very little or no sample
preparation, is nondestructive in nature and largely unaffected by the sample matrix,
and allows for multielemental determination.

Neutron activation analysis (NAA) is the most common variant in which neutrons
are used to irradiate and to activate the sample. When the measurement is carried out
without prior chemical separation, the method is called instrumental NAA (INAA). As
a result of a nuclear reaction between the neutron and the isotope of the element of in-
terest, radionuclides with characteristic half-lives may be produced emitting radiation
of varying energies that may be measured by a suitable detector and are characteristic
of the element form that they were produced. In INAA, the decomposition of the ra-
dioactive sample is not necessary; the method is also nondestructive, which in case of
unique objects is a valuable feature.
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Emilia Vassileva and Petko Mandjukov
3 Trace Elements in the Environment

Abstract: The chapter gives concise summary on the trace elements in the envir-
onment. Information covering essentiality, toxicity, phytotoxicity, chemical species,
main emission sources, as well as state diagrams for aquatic media is provided for the
most frequently studied trace elements.

Basic descriptions on some general characteristics and analytical aspects for some
of the extensively investigated environmental matrices like natural waters, soils,
sediments and air are presented. Subject of the chapter is also the environmentalmon-
itoring of trace elements in different environmental media.

An overview of themethods applied for element determination and species separa-
tion, illustrated by large number of contemporary literature sources on environmental
trace and speciation analysis is also provided. As the essentiality, toxicity or phytotox-
icity usually strongly depends on the chemical form in the nature the significance of
the speciation analysis is underlined.

Throughout the chapter the requirements for obtaining reliable trace analysis data,
including both the scientific problems relating to trace analysis and all the relevant
quality assurance issues are presented.

In addition, some metrological aspects of environmental monitoring, such as un-
certainty evaluation, method validation, metrological traceability and proper use of
certified reference materials, are discussed and illustrated by cases of study.

Keywords: trace elements, environment, environmental monitoring, trace elements
analysis, environmental matrices, speciation analysis, metrological aspects, certified
reference materials, uncertainty, traceability

3.1 General aspects of environmental analysis

The term “trace element” has no precise definition in the earth sciences because the
concentration of an element in a given phase can be so low that it is considered as
trace element, whereas the same element can constitute a main part of another phase.
In geochemistry, the most frequently used definition is: trace elements are chemical
elements whose concentration in the Earth’s crust is less than 0.1% (m/m).

Only 10 elements (oxygen, silicon, iron, aluminum, calcium, potassium, sodium,
magnesium, titanium, and hydrogen) of the naturally occurring 89 account for over
99% (m/m) of the Earth’s crust. The remaining 79 elements (including the inert gases),
which form less than 0.5% (m/m), are known as trace elements. They do not play
a fundamental role in the makeup of the Earth’s crust but their significance in eco-
nomy, ecology, agriculture, medicine, toxicology, and many other areas is completely
disproportional to their low crustal abundances.

https://doi.org/10.1515/9783110366730-004
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Trace elements are of the most critical contaminants in the environment and is
present in water, soils, sediments, and air usually at trace levels. However, several hu-
man activities (e.g., mining, industry, and sludge dumping) have increased the natural
concentration of trace elements to the level of severely contaminated environments.

Soils and sediments, in particular, play an important role in the biogeochemical
cycle of trace elements, acting as a sink and a source of the elements for biota and
humans. Some of the trace elements are chemically very reactive in the environment,
which results in their mobility and bioavailability to living organisms. Due to the ef-
fects of bioaccumulation and biomagnification, the levels of trace elements, including
toxic species, might increase in plants grown up on polluted soils to high and even
dangerous levels. Thus, in the food chain, significant amounts of toxins can be in-
troduced. Their levels are permanently increasing from lower to higher hierarchical
levels. People can be exposed to high levels of toxic elements directly by inhalation,
through skin, or via ingestion of contaminated food.

Recent industrial development has caused substantial enrichment in basic en-
vironmental media such as soil, vegetation, water, and air, resulting in geochemical
neoanomalies that may contain up to 1,000 times the normal crustal trace element
content. The normal crustal trace element concentration is usually described as the
“background concentration.” The trace elements concentrated in neoanomalies are
often metals, especially heavy metals (density >6 g/cm3). Some of them are essen-
tial for life processes in trace quantities, but in higher concentrations are all toxic
to organisms. Metals and nonmetals enter the environment, and the extent of their
emission will depend on the nature and efficiency of the particular industrial process.
Considerable neoanomalies ofmany trace elements are found aroundmines, smelters,
and industrial complexes, along roads and in most urban areas.

At present, the natural geochemical cycles of some trace elements are consider-
ably disrupted by human activities. Contamination of the environment refers to the
tertiary dispersion of chemical substances from localized sources into the environ-
ment, caused by human activities. However, the natural cycles of some elements have
been significantly disturbed by the anthropogenic impacts of recent years.

Some of the chemicals entering the environment have direct and/or indirect in-
fluences on life forms and can cause serious damage. Toxic metals such as mercury,
cadmium, arsenic, and lead tend to accumulate in certain reservoirs (soil, sediments,
etc.) from which they may be released by various processes of remobilization. They
may also change form or speciation and become available to the biological food chain,
thereby affecting life, including human life, by causing chronic and acute disorders.

Their concentrations in different ecological systems and their elements are vary-
ing in wide range. Ecological importance of trace elements is determined by their
direct or indirect influence on the natural ecosystems and human.

Analysis of trace elements in various environmental samples is a challenging task.
The national and international legislations require control of the toxic elements con-
tent in different environmental media at permanently decreasing levels. Ecological
analyses are complicated at every step of the study. The objects are typically inhomo-
geneous with complex sample matrices. The correct definition of analytical problem,
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representative sampling, and sample preparation, analysis and data treatment are
not trivial tasks. Very often, especially in fluidic media, the trace element levels are
dynamic variables.

Both the properties of the analyte species and characteristics of the environmental
media, objects of the study, should be considered in planning and performing the
environmental analysis of trace elements.

3.2 Trace elements (general information, ecological importance,
common species in the nature)

Trace elements in the nature are originated both by natural and anthropogenic
sources. The concentrations of trace elements in different ecological systems and their
species are varying in wide range. Ecological importance of trace elements is determ-
ined by their direct or indirect influence on the biological systems plants, animals,
and humans.

The biological impact of the trace elements can be detected on different levels:
– Molecular and subcellular level – effects on bio-macromolecules: DNA, RNA,

key proteins, enzymes, hormones, metallothioneins, etc.
– Individual level – effects related to individual organism: growth rate, organs

functioning, behavioral responses, etc.
– Entire population level – effects related to genetics, reproduction of species,

morbidity, mortality, etc.

As a general trend, effects on lower level appear after shorter time and are more
clearly and definitely detected. Effects on individual level are disturbed by the nat-
ural variability of the living organisms and appearance of atypical symptoms. Besides
this, hypersensitivity or hyper-resistivity to insufficiency or toxic impacts might be ob-
served as well. The impacts affecting entire population are most slowly manifested
and difficult for prediction and evaluation. The consequences are heavy and often ir-
reversible. Besides the response time, increasing of organizational level leads to more
and more difficult linkage to specific chemical species. These effects are strongly de-
pendent on the bioavailability of the elements at different levels of the ecosystem.
Typical diagram of the dependence of the effect on the population of certain biological
species from the content of the element is presented in Figure 3.1.

Essentiality. Major criterion for essentiality of an element is the appearance of
different abnormalities and malfunctions in living organisms in case of its deficiency
or absence. Three groups of elements can be clearly distinguished:

– Essential elements: Ca, Co, Cr(III), Cu, Fe, Mg, Mn, Mo, Se, Zn, and so on. For
these elements, very clear insufficiency effects and relatively wide acceptable
range are typical. At higher concentration levels toxic effects are also observed.

– Elements with possible beneficial effects: As, B, Ni, Si, V, and so on. For the
elements belonging to this group the insufficiency effects exist but are not very
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Figure 3.1: Typical diagram of the dependence in the population risk from the content of trace
elements.

significant and sometimes uncertain. Dominant are the toxic effects in case of
excessive amounts. The acceptable range is usually not wide.

– Elements without any beneficial effects: Al, As, Be, Cd, Hg, Pb, Sn, Tl, and so
on. For the elements belonging to this group the acceptable range of content
(Figure 3.1) is quite narrow and starting from 0. Besides the typical highly toxic
elements, to this group belong also some elements existing in chemically inert
forms and practically without biological impact.

Practically, for all trace elements toxic effects can be observed at excessive uptake.
Generally, the essentiality and toxicity are substantially different for the various bio-
logical species and are dependent on the chemical form of the element. Some of
the biological effects, mostly toxic, of the trace elements can be explained by their
ability to initiate free radical reactions or the decomposition of peroxides and other
unstablemolecules, allowing the propagation of free radical reactions in the organism
(Figure 3.1).

Toxicity. Two are the major targets for the toxic action of the trace metals.
Enzymes: Most of the toxic metals are acting as enzyme inhibitors by one of the

following mechanisms:
– Metal ion–enzyme interactions. Usually it is due to bonding of metal ion to the

–SH from the sulfhydryl groups in the enzyme molecules
– Replacing of the essential metal ion (cofactor) in the enzyme
– Blocking the enzyme synthesis in the organism and causing in such a way

enzyme deficiency

Subcellular organelles: Some metal ions or organometallic species are able to pen-
etrate the cell membranes, to form associates with the macromolecules from the
subcellular organelles and thus causes various malfunctions. It is important to note
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that the toxicity of the metals as well as the mechanism of their action is strongly de-
pendent on their chemical forms. That makes the speciation analysis a high-priority
analytical task [1–4].

Phytotoxicity. Phytotoxicity is the capacity of a compound (such as a plant protec-
tion product) to cause temporary or long-lasting damage to plants [5]. The question of
phytotoxicity of chemical species is rather important since the plants are in the basis
of trophic pyramid. Many trace metals are acting as a phytotoxins for different plant
organisms. Studies of such phenomena are complicated by typically slow response
and differences in the reactions of various organisms. Mainly studies are orientated
to agricultural plants and species important for biomonitoring purposes. Studies are
carried out usually under controlled conditions far from the natural.

Across a range of plant species and experimental conditions, the phytotoxicity of
some of the trace metals followed the trend (from most to least toxic):

Pb ≈ Hg > Cu > Cd ≈ As > Co ≈ Ni ≈ Zn > Mn, with median toxic concentrations
(,M): 0.30 (Pb), 0.47 (Hg), 2.0 (Cu), 5.0 (Cd), 9.0 (As), 17 (Co), 19 (Ni), 25 (Zn), and 46
(Mn) [6, 7].

Atmolecular level the phytotoxic tracemetals are acting, inmost of the cases, blocking
of sulfhydryl groups in proteins or replacing essential metal ions.

Physicochemical properties of the trace element species. Besides their direct
biological impact, the ecological importance of trace metal species is determined by
the number of physicochemical properties controlling their behavior in the environ-
ment. The mobility and bioavailability of the chemical species are dependent on their
oxidation state, solubility, and electric charge of ions and complexes. The equilibrium
between particular chemical forms of elements is controlled by redox potential and
pH value in the water media.

State diagrams E/pH. The state diagrams E/pH (Pourbaix diagrams) are conveni-
ent graphical representations of the equilibriums between species of an element in
aqueous media controlled by redox potential (E) and pH. Depending on the values of
E and pH, every solution corresponds to a point of the diagram. This is an easy way to
obtain information about the dominant chemical form of an element under the spe-
cified conditions, as well as to evaluate the potential risks for change of the chemical
form during the sample preparation. On the other hand, from the diagrams can be eas-
ily revealed information about the degree of protonation of anion forms and charges of
the complexes formed. These are questions of crucial importance planning the separ-
ation and preconcentration procedures needed in speciation analysis. Each line in the
diagram corresponds to the points (in E/pH coordinates) in which the concentrations
of the neighbor chemical forms are equal. Dashed lines in the diagrams correspond to
the limits of stability of the water. The state diagrams E/pH are entirely theoretical
and might vary significantly depending on the chemical forms considered as sub-
stantial for the studied system. Minor variations due to differences in thermochemical
constants used are possible as well [8].
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3.2.1 General information on trace elements

Only most frequently examined elements are considered.

3.2.1.1 Arsenic

Application and As emission sources. Arsenic is a highly abundant element in the
nature. Industrial use of the element is mainly in semiconductor technologies as GaAs
or n-type dopant of silicon- and germanium-based semiconductors. In metallic form
it is used as a strengthening component of Cu and especially Pb alloys (in car ac-
cumulators). Due to its toxicity, As is used also in production of various pesticides,
herbicides, insecticides, and wood preservation reagents. In some cases it is released
in the nature in significant amounts during metal ore treatment (as accompanying
element) and coal combustion. Average As abundances in different environments
are as follows: lithosphere – 2,100 ,g/kg, ocean surface – 2.3 ,g/kg and in freshwa-
ters 1 ,g/kg. State diagram E/pH for the most common inorganic species of As [8] is
presented in Figure 3.2.

Easy inter-conversion between forms As(III) and As(V) should be considered.
Special attention to sample preparation for speciation analysis is needed.

Essentiality. The essentiality of As is not definitely confirmed. It is supposed to
participate in the metabolism of methionine. Deficiency of As might cause vascular
diseases and nervous system disorder. A few bacteria species are reported to be able
to use arsenic compounds as respiratory metabolites. In some cases, As compounds
are used also for medical purposes.

Toxicity. Usually the As species are assimilated by inhalation or via the
gastrointestinal route. Toxic effects can be attributed to affinity of As to S and abil-
ity to form complexes with coenzymes. As species are inhibitors for the synthesis of
adenosine triphosphate. Carcinogenic, mutagenic, and genotoxic effects are repor-
ted for some chemical forms. Generally, the inorganic As species are more toxic than
organometallics. AsB and As proteins are reported as not toxic forms [1].

Phytotoxicity. As is observed to cause decrease of chlorophyll a and b contents
and consecutively to suppress the plant growth and vegetation. Highly different phyto-
toxicity of As species can be attributed to the differences in ability of chemical forms
to penetrate the cell membranes [9–11].

Chemical species of As. As(III), As(V) – inorganic compounds,
MMA(III) – CH3As(OH)2/monomethylarsonous acid, MMA(V) – CH3AsO(OH)2/
monomethylarsonic acid, DMA(III) – (CH3)2AsOH/dimethylarsinous acid, DMA(V) –
(CH3)2AsO(OH/dimethylarsinic acid, AsB – arsenobetaine, AsC – arsenocholine,
TMAO – (CH3)3AsO/trimethylarsine oxide, Me4As+– (CH3)4As+/tetramethylarsonium
ion, AS – arsenosugars, PhAs – phenylarsonic acid, PhAsO – phenylarsine oxide,
DPhAs – diphenylarsinic acid.
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Figure 3.2: State diagram E/pH for the most common inorganic species of As.

3.2.1.2 Cadmium

Application and Cd emission sources. The most significant industrial application
of cadmium is in production of batteries, and predominantly in rechargeable nickel–
cadmium batteries. Electroplating with Cd is used for protection from corrosion of
various constructions and its elements (including aircrafts). Specific application of the
metal is in nuclear reactors as component of alloys used as barrier controlling neut-
rons. It is also used in production of paints and pigments. Average Cd abundances in
different environments are as follows: lithosphere – 150 ,g/kg and ocean surface –
0.05 ,g/kg. State diagram E/pH for the most common inorganic species of Cd [8] is
presented in Figure 3.3. Change in oxidation state during sample preparation is not
probable.

Essentiality. Essentiality of cadmium is not proved for higher organisms.
Cadmium-dependent carbonic anhydrase has been reported for somemarine diatoms.

Toxicity. The usual ways for absorption of Cd in the body are inhalation of its dusts
and volatile species or ingestion. Cadmium is a poison highly accumulated in the liver
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Figure 3.3: State diagram E/pH for the inorganic species of Cd.

and kidneys causing various malfunctions (e.g., in respiratory tract). Several cases of
human death caused by Cd intoxication are reported. The most probable explanation
of Cd toxicity is in its ability to bound sulfhydryl (–SH) groups, and thus, to inhibit the
number of enzymes [1].

Phytotoxicity. Cd contamination in plants causes seed germination inhibition.
Synergetic effects with As and Pb are reported [11].

Chemical species of Cd. Cd(II), Cd complexes with natural ligands.

3.2.1.3 Mercury

Application andHg emission sources.Mercury is used primarily for themanufacture
of industrial chemicals or for electrical and electronic applications. It is used in some
thermometers, especially ones which are used to measure high temperatures. A still
significant amount is used as gaseous mercury in fluorescent lamps. Industrial ap-
plications of Hg tend to decrease due to its very high toxicity. The most significant
Hg emission source is the coal combustion (in power plants). Average Hg abund-
ances in different environments are as follows: lithosphere – 1 ,g/kg, ocean surface –
0.05 ,g/kg, and surface freshwater 0.07 ,g/kg. State diagram E/pH for the most com-
mon inorganic species of Hg [8] is presented in Figure 3.4. As shown in Figure 3.4, Hg
can be easily reduced to elemental state.
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Figure 3.4: State diagram E/pH for the inorganic species of Hg.

Essentiality.Mercury has no positive biological role.
Toxicity. All chemical forms of Hg (elemental Hg, inorganic, and organometallic

compounds) are highly toxic. MeHg is themost toxic among the Hg species studied. Hg
penetrates the skin, and the inhalation risk is very high. Toxicity of inorganic species
depends strongly on solubility of its compounds. Mercury affects the central nervous
system (Minamata disease); causes damage to the brain, liver, kidney, lungs; and at-
tacks hemoglobin. It is being accumulated in the kidneys. Hg in all forms might cause
death. In the red blood cells the elemental Hg is easily oxidized to Hg2+ which has
affinity to the sulfhydryl (–SH) groups. It forms stable bonds with proteins and large
number of enzymes. Methylated Hg forms are more dangerous since the penetration
through the lipid membranes of the cells is easier and accumulation factor is higher
than for inorganic forms [1].

Phytotoxicity. The possible mechanisms of phytotoxic action of Hg species com-
prise the blocking of important molecules (enzymes and polynucleotides), the trans-
port of essential ions, displacement or substitution of metal ions frommolecules (e.g.,
Mg from chlorophyll). Hg causes also DNA changes [12].

Chemical species of Hg. Hg, Hg2+2 , Hg
2+, MeHg – methyl-Hg, EtHg – ethyl-Hg,

PhHg – phenyl-Hg.
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3.2.1.4 Chromium

Application and Cr emission sources. Chromium is widely used in different branches
of industry. In metallurgy it finds application as a component of various alloys and
for electroplating of metallic surfaces. Besides constructive applications, Cr and its
alloys are also used as industrial catalysts. Cr compounds are used in wood preserva-
tion, in leather treatment, and for production of different dyes and pigments. These
industrial branches are significant source of Cr emission in natural waters. Average
Cr abundances in different environments are as follows: lithosphere – 15,000 ,g/kg,
ocean surface – 0.6 ,g/kg, and surface freshwater 1 ,g/kg. State diagram E/pH for
the most common inorganic species of Cr [8] is presented in Figure 3.5. As shown in
Figure 3.5, Cr can be easily reduced to elemental state.

Essentiality. Cr(III) participates in the glucose metabolism. Potentiates the action
of the enzyme insulin

Toxicity. Cr shows affinity to O atoms in biomolecules. The toxicity of Cr(III) and
Cr(II) is relatively low. Cr(VI) is significantly more toxic due to easier penetration
through the cell membranes. It causes skin hypersensitivity reactions and lung and
kidney damages. Cr(VI) enhances the binding of polycyclic aromatic hydrocarbons to
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Figure 3.5: State diagram E/pH for the inorganic species of Cr.
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DNA. Chromium shows the carcinogenic activity as well. The probable mechanism in-
cludes intracellular reduction of Cr(VI) to Cr(III) which can bind with nucleic acid and
thus initiate carcinogenesis [1].

Phytotoxicity. Chromium is toxic to plants even at low concentrations, and the
hexavalent form is reported to be more toxic. Phytotoxicity results in inhibition of
seed germination, degradation of nutrient balance, antioxidant enzymes. Cr spe-
cies are inducing oxidative damages in plant cells affecting growth, water balance,
pigmentation, and so on [13].

Chemical species of Cr. Cr(III), Cr(VI).

3.2.1.5 Selenium

Application and Se emission sources. Selenite and selenite salts found application
in glass production. These compounds give red color to the glass and can be used
both for colored glass production and for neutralization of green and yellow colors
appearing due to impurities. In copper alloys, selenium in combination with bismuth
is recently used to replace more toxic lead. Various selenides are widely used in solar
cells technologies. Average Se abundances in different environments are as follows:
lithosphere – 450 ,g/kg, ocean surface – 0.05 ,g/kg, and 0.2 ,g/kg in the surface
freshwater. State diagram E/pH for the most common inorganic species of Se [8] is
presented in Figure 3.6.

Essentiality. At trace levels, Se is component of the amino acids selenocysteine
and selenomethionine. Selenium is a cofactor in some enzymes, for example, gluta-
thione peroxidases, iodothyronine deiodinases, and thioredoxin reductases.

Toxicity. Inorganic Se in excessive amounts shows significant toxicity. The target
organs are the respiratory tract, liver, kidneys, blood, skin, and eyes. The symptom of
Se poisoning is a garlic-like odor in the breath and sweat. The molecular mechanism
of Se toxic action is not well established. Se is supposed to be potential inhibitor of the
enzyme squalene monooxygenase participating in the cholesterol biosynthesis [1].

Phytotoxicity. Most commonly described effects are inhibition of plant growth,
chlorosis, and fruit/seed abortion. Indirectly Se affects plant species by killing the
bees and other insects participating in pollination [14, 15].

Chemical species of Se. Se(IV), Se(VI) and Se-containing amino acids.

3.2.1.6 Antimony

Application and Sb emission sources. The main industrial application of antimony
is in production of flame-proof materials, fiberglass composites, and polyester resins.
In metallurgy, Sb is used in alloys with lead, increasing its hardness and mechanical
strength. For most applications involving lead, varying amounts of antimony are used
as alloying metal (e.g., in lead acid accumulators). Sb is used also as a catalyst and
stabilizer in polymer production, in semiconductor technologies as n-type dopant, in
medicine as a component of some drugs, and so on. Average Sb abundances in differ-
ent environments are as follows: lithosphere – 200 ,g/kg, ocean surface – 0.05 ,g/kg,

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



106 3 Trace Elements in the Environment

1.2

1.0

0.8

0.6

0.4

0.2

E 
(V

)

0.0

–0.8

–0.4

–0.6

–0.2

pH
1 3 5 7 9 11 13

HSeO3
–

HSe–

Se (s)

SeO4
2–

SeO3
2–

H2SeO3

H2Se (aq)

HSeO4
–

Figure 3.6: State diagram E/pH for the inorganic species of Se.

and 2 ,g/kg in surface freshwater. State diagram E/pH for the most common inorganic
species of Sb [8] is presented in Figure 3.7.

Essentiality. Essentiality of Sb is not confirmed.
Toxicity. Sb is a relatively low toxic element (significantly less than As). The

primary intoxication routes for Sb are inhalation of dust or fumes, skin absorption,
or contaminated food. Sb causes weight loss, loss of hair, and malfunctions of heart,
liver, and kidney. Sb(III) is claimed to be ca. 10 times more toxic than the prevailing in
the nature form Sb(V).

Phytotoxicity. Very few studies on Sb phytotoxicity are published. Suppressing of
the growth of root and the activity of !-amylase are reported. Negative influence on
the plant growth was observed as well [16].
Chemical species of Sb. Sb(III), Sb(V), methylated forms (e.g., TMSbCl2), Sb com-
plexes with natural ligands.

3.2.1.7 Nickel

Application and Ni emission sources. Nickel finds wide application in metallurgy
as a component of steels and nonferrous alloys and for electroplating of metal sur-
faces. Only about 6% of the world’s production of Ni is used for nonmetallurgical
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applications. Nickel foam or nickel mesh is used in gas diffusion electrodes for al-
kaline fuel cells. Nickel is a naturallymagnetostrictivematerial, that is, in the presence
of a magnetic field the material undergoes a minor change in length. Average Ni
abundances in different environments are as follows: lithosphere – 2,000 ,g/kg,
ocean surface – 90 ,g/kg, and 0.3 ,g/kg in surface freshwater. State diagram E/pH
for the most common inorganic species of Ni [8] is presented in Figure 3.8.

Essentiality. Possibly Ni is cofactor for some enzymes (e.g., urease). It also
participates in the folate metabolism.

Toxicity. Ingestion of Ni compounds can cause hyperglycemia, depression of
the central nervous system, myocardial weakness, and kidney damage.Ni induces
oxidative stress as well.

Phytotoxicity. Ni induces a significant reduction in germination and fresh bio-
mass of seedlings [17, 18].

Chemical species. Ni(II), Ni complexes with natural ligands.

3.2.1.8 Cobalt

Application and Co emission sources. Cobalt-based superalloys consumemost of the
produced cobalt. The temperature stability of these alloys makes them suitable for use
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Figure 3.8: State diagram E/pH for the inorganic species of Ni.

in turbine blades for gas turbines and jet aircraft engines. Mixed lithium cobalt oxide
(LiCoO2) is widely used in lithium ion battery cathodes. Cobalt is used as a catalyst and
component of pigments and colored glasses. Radioactive isotopes 60Co and 57Co have
specific applications as radiation source and radiotracers. Average Co abundances
in different environments are as follows: lithosphere – 30,000 ,g/kg, ocean surface
– 0.08 ,g/kg, and 0.2 ,g/kg in surface freshwater. State diagram E/pH for the most
common inorganic species of Co [8] is presented in Figure 3.9.

Essentiality. Co is part of vitamin B12 (also known as cobalamin).
Toxicity. Excessive intake of this elementmay result in polycythemia (overproduc-

tion of erythrocytes) and heart problems.
Phytotoxicity. Limited data for relatively low phytotoxicity of Co exists in

literature [6].
Chemical species of Co. Co(II), Co complexes with natural ligands.

3.2.1.9 Lead

Application and Pb emission sources. Generally, the industrial applications of Pb
tend to decrease, where possible, due to its significant toxicity. As a high-density
material, lead is used as a ballast weights. Lead and lead glass are used as a protection
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Figure 3.9: State diagram E/pH for the inorganic species of Co.

against radiation applicable to low-intensity radiation. Major application at the mo-
ment is in Pb acid batteries, widely used as automobile electric source. Average Pb
abundances in different environments are as follows: lithosphere – 10,000 ,g/kg,
ocean surface – 0.03 ,g/kg, and 3 ,g/kg in surface freshwater. State diagram E/pH
for the most common inorganic species of Pb [8] is presented in Figure 3.10.

Essentiality. Essentiality is not confirmed for lead.
Toxicity. Usually Pb is accepted by the human’s body with food and water or

inhaled in volatile forms. The metal may affect the central and peripheral nervous
system, causes anemia, and damages the kidney. In the human body, lead inhib-
its porphobilinogen synthase and ferrochelatase, preventing both porphobilinogen
formation and the incorporation of iron into protoporphyrin IX, the final step in
heme synthesis. This causes ineffective heme synthesis and subsequent microcytic
anemia [1].

Phytotoxicity. Pb is known to affect negatively almost all processes related to
plant life cycle: seed germination rate, seedling growth, dry mass of roots and shoots,
photosynthesis, plant water status, mineral nutrition, and enzymatic activities. In a
competitive way, Pb reduces uptake and transport of the nutrients and essential metal
ions (Ca, Fe, Mg) [6, 19, 20].
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Figure 3.10: State diagram E/pH for the inorganic species of Pb.

Chemical species of Pb. Pb2+, Pb+, DML – dimethyl Pb, TML – trimethyl Pb, DEL –
diethyl Pb , TEL – triethyl Pb, TetrEL – tetraethyl Pb, MEL – methylethyl Pb.

3.2.1.10 Tin

Application and Sn emission sources. Tin is mainly used as a component of solder-
ing alloys. As a metal, Sn is used for plating of steel and Cu alloys and component
of special alloys (bronze). It is used in Li-ion batteries and in organic synthesis. Or-
ganotin compounds are used as polymer stabilizers and biocide component of paints
and protective covers (e.g., paint for ships). These are the most toxic and dangerous
forms of Sn emitted in the nature. Average Sn abundances in different environments
are as follows: lithosphere – 2,200 ,g/kg, ocean surface – 0.01 ,g/kg, and 0.06 ,g/kg
in surface freshwater.

State diagram E/pH for the most common inorganic species of Sn [8] is presented
in Figure 3.11.

Essentiality. Essentiality is not confirmed for Sn.
Toxicity. Inorganic forms of Sn are low toxic. Cases of poisoning from tinmetal, its

oxides, and its salts are “almost unknown.” On the other hand, certain organotin com-
pounds are almost as toxic as cyanide. Methylated forms are moderately toxic by all
routes of exposure. The symptoms include headache,muscleweakness, and paralysis.
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Phytotoxicity. Limited information exists. Phytotoxic effects are related to oxidative
stress. Tin is similar to Pb [20].

Chemical species of Sn. Sn(IV) – Sn4+, MBSn –monobutyltin, DBSn – dibutyltin,
TBSn – tributyltin.

3.2.1.11 Copper

Application and Cu emission sources. Copper meets extensive application in vari-
ous fields of human activity. Metallic copper is mainly used as conducting material
for cables and wires in various electric devices and circuits. It is also used for various
alloys and in architecture for covering of buildings and constructions and as a decora-
tion. Copper, its alloys, and compounds have wide antibiofouling, antimicrobial, and
generally, biostatic applications. Average Cu abundances in different environments
are as follows: lithosphere – 68,000 ,g/kg, ocean surface – 3 ,g/kg, and 6 ,g/kg in
surface freshwater. State diagram E/pH for the most common inorganic species of Cu
[8] is presented in Figure 3.12.

Essentiality. Cu is involved in the function of some enzymes, for example,
cytochrome c oxidase and superoxide dismutase
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Figure 3.12: State diagram E/pH for the inorganic species of Cu.

Toxicity. Toxicity of elemental Cu is very low. Skin contact results in dermatitis. Many
salts of Cu(II) are toxic. Typical symptoms are dry throat, muscle ache, chills, and
metal fever.

Phytotoxicity. Cu is an essential element involved in many physiological pro-
cesses in plants. It acts as a structural element in regulatory proteins and participates
in photosynthetic electron transport, mitochondrial respiration, oxidative stress re-
sponse, cell wall metabolism, and hormone signaling. Plant toxicity is reported at
excessive levels. Cu is known to cause chlorosis and shows antagonismwith Fe [21, 22].

Chemical species of Cu. Cu(II) and Cu(I), which is extremely unstable under the
natural conditions, Cu complexes with natural ligands.

3.2.1.12 Tellurium

Application and Te emission sources. The largest consumer of tellurium is me-
tallurgy, where it is used in iron, copper, and lead alloys. Recent and perman-
ently increasing application of Te is in cadmium telluride (CdTe) solar panels.
Organotellurium compounds are used as precursors for metalorganic vapor phase
epitaxy in production of semiconductors. Average Te abundances in the lithosphere
is 1 ,g/kg. State diagram E/pH for the most common inorganic species of Te [8] is
presented in Figure 3.13.
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Figure 3.13: State diagram E/pH for the inorganic species of Te.

Toxicity. Tellurium shows low toxicity in elemental state. Clinical symptoms for in-
toxication are similar for most of the Te salts, including headache, metallic taste, dry
throat, loss of appetite, nausea, tremors, and convulsions. Exposure to Te compounds
can generate garlic-like odor in breath, sweat, and urine due to the dimethyl telluride
formed in the body [1].

Phytotoxicity and essentiality. Not confirmed.
Chemical species of Te. Te(IV) and Te(VI).

3.2.1.13 Iron

Application and Fe emission sources. Iron is extensively used in metallurgy and
machinery. Average Fe abundances in different environments are as follows: litho-
sphere – 63,000,000 ,g/kg, ocean surface – 3 ,g/kg, and 670 ,g/kg in surface
freshwater. State diagram E/pH for the most common inorganic species of Fe [8] is
presented in Figure 3.14.

Essentiality. Fe is an integral part of the hemoglobin. It participates in some
enzymes as well as in electron transfer processes.

Toxicity. Fe is an essential element with very low toxicity at high concentrations.
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Figure 3.14: State diagram E/pH for the inorganic species of Fe.

Phytotoxicity. At high concentration levels, Fe inhibits root elongation and seed
germination [23].

Chemical species of Fe. Fe(II), Fe(III), Fe complexes with natural ligands.

3.2.1.14 Aluminum

Application and Al emission sources. Aluminum is extensively used for production
of nonferrous light alloys. Average Fe abundances in different environments are as
follows: lithosphere – 82,000,000 ,g/kg, ocean surface – 5 ,g/kg, and 400 ,g/kg in
surface freshwater. State diagram E/pH for the most common inorganic species of Al
[8] is presented in Figure 3.15.

Essentiality. Essentiality of Al is not confirmed.
Toxicity.Al is toxic for human and animals at very high concentration levels.It has

controversially been reported as a factor in Alzheimer’s disease.
Phytotoxicity. The phytotoxic effect of soil acidification (pH ≤ 5.5) is usually

caused by transition of Al in moveable form and subsequent excessive uptake by
the plants. Affects mainly roots, but damages also the upper parts (including stem,
leaves, and fruits). In addition, Al toxicity triggers an increase in reactive oxygen spe-
cies. The oxidative stress damages the chloroplasts and inhibits the photosynthetic
processes [24].

Chemical species of Al. Al(III), Al complexes with natural ligands.
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3.3 Environmental monitoring

Trace elements are one of the most critical contaminants in the environment [25] and
are present in water, soils, sediments, and air usually at trace levels. However, sev-
eral human activities (e.g., mining, industry, and sludge dumping) have increased
the natural concentration of trace elements and led to severely contaminated envir-
onments [26].

Despite efforts to reduce their emissions, atmospheric, terrestrial, aquatic, and
biotic compartments are very often affected. This situation is enhanced by some trace
elements being particularly reactive in the environment, sifting rapidly between the
four interconnected compartments in their biogeochemical cycle [27]. Soils and sed-
iments, in particular, play an important role in the biogeochemical cycle of several
trace elements, acting as a sink and a source of the element for biota and humans
[28, 29]. Some trace elements can bioaccumulate and biomagnify in biota or affect
humans by direct exposure or through food consumption [30, 31].

Monitoring and identification of trace element hotspots in the environment are
therefore essential to maintain the health and the proper functioning of natural eco-
systems, and to assure the integrity of the food chain and the health of humans and
animals that directly or indirectly benefit from these systems.
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The great impact trace elements have on natural resources and the quality of
the environment justifies the increased interest in their monitoring. Human activit-
ies release trace elements into the environment in chemical forms that may increase
their bioavailability. Powerful analytical methods are indispensable for evaluating the
impact of trace elements in studies of food toxicity, human health risk assessment,
and environmental pollution. Knowledge of plant bioaccumulators is also useful for
evaluating the effects of trace elements on a geographic and timescale, providing in-
formation on trace element distributions, establishing their transport directions, and
localizing the emission sites. Among the trace elements, arsenic, cadmium, copper,
mercury, and lead are those that generate the greatest concern for the general public.
The monitoring and control of trace elements in the environment require processing
large numbers of samples to accurately characterize their abundance and to reach
reliable conclusions.

Monitoring and identification of toxic elements in the environment is essential to
maintain the health and the proper functioning of natural ecosystems. However, de-
termining the total content of toxic elements is not always the most suitable approach
to estimate the hazard of trace elements in the environment, since the toxicological
effects depend on the chemical form of the metal. All data for total concentrations,
without proper information about the trace elements species existing, are at best
insufficient for adequate risk assessment, and, in many cases, misleading due to over-
estimation. In addition, the chemical form of an element determines its transport in
and among the environmental compartments. Consequently, the importance of ana-
lytical methods for speciation analysis increased in recent years, enhancing the need
for validated methods for identification and quantification of trace element fractions.

Generally defined, monitoring refers to any activity in which information about
the status of the physical, chemical, and biological characteristics of the environment
is collected over time. For the aquatic environment, monitoring usually includes doc-
umenting the chemical status of the water column and sediment and the biological
status of the aquatic animals associated with them. A long-term assessment and eval-
uation of monitoring data can help to identify historical trends in the status of a given
area. Long-term environmental monitoring involves ongoing data collection in the re-
ceiving aquatic environment. These programs are designed to evaluate continuously
trends and status in the environment, in terms of the health of important ecosystems.

Environmental monitoring is used in the preparation of environmental impact as-
sessments, as well as in many circumstances in which human activities carry a risk
of harmful effects on the natural environment. Assessment of monitoring data helps
to identify trends in environment quality and the effectiveness of management meas-
ures. For example, it helps to determine whether environment quality standards are
being met and whether these standards are adequate to protect environmental re-
sources. According to the Environmental Protection Agency’s guidance themonitoring
strategy should incorporate or reference the elements listed below [32].
1) Monitoring strategy – a long-term and detailed implementation plan, which

should not exceed 10 years.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



3.3 Environmental monitoring 117

2) Monitoring objectives – these are critical to the design of a monitoring program
that is efficient and effective in generating data that serve management decision
needs. The objectives should reflect the goals and requirements of the relevant
state law.

3) Monitoring design – an approach and rationale for the selection of a mix of mon-
itoring designs and sample sites that best serves the monitoring objectives. The
strategy should be comprehensive with a goal of assessing all waters on a periodic
basis. The design should produce scientifically valid data that meet the needs of
resource managers and decision-makers.

There are several questions to be answered in the detailed planning of an
environmental monitoring program.
– Which sample strategy to be applied?
– Which contaminants are to be measured?
– Which species are to be selected?
– Where are the samples to be collected?
– Which sample design to be selected?
– When is sampling to be done and how frequently?

A sound, science-based decision is based on accurate information. To generating
accurate information about the level of contamination in the environment, one
should consider the following:
– The appropriateness and accuracy of the sample collection and handling

method
– The effect of measurement uncertainty
– The quality and appropriateness of the laboratory analysis
– The representativeness of the data with respect to the objective of the study

4) Quality assurance – quality management plans and quality assurance pro-
gram/project plans should be established, maintained, and peer reviewed to
ensure the scientific validity ofmonitoring and laboratory activities, and to ensure
that reporting requirements are met. Quality assurance is an important compon-
ent of the major monitoring programs relied upon by environment protection
programs. It is important to ensure that the data generated by monitoring and
used to support decision-making in environment protection programs are valid
and appropriate. All monitoring programs should have written quality assurance
plans that address how the quality of data is assured.

It should be stressed, however, that the acquisition of reliable and relevant data of
suitable quality for contaminants in the environment is not solely dependent on
the production of accurate analytical measurements. The overall quality of data
is also dependent on three other factors, which are
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– a meaningful sampling program;
– a suitable storage and pretreatment procedure for samples following collection

and prior to analysis;
– a data assessment procedure.

Reliable data are the result of a chain of actions that starts with the proper definition
of the problem to be solved. This should lead to a clear definition of the parameters
concerned. It includes the target samples to be selected, proper sampling strategy,
and sampling techniques to be applied. When adequate samples have been ana-
lyzed, the reliable data should be produced by applying the basic principles of the
science of measurements, metrology in chemistry, and reported in such a manner
that decision-makers can draw conclusions and take actions with all possible as-
surance. Environmental Quality Standards (EQS) have been developed and although
there are no global values, many countries have their own standards which are
used to assess pollution levels in the environment. EQS values vary from country to
country and are often incomplete. Metal speciation directly impacts on toxicity, but
this is often ignored. Despite these omissions, EQS are nevertheless invaluable in the
interpretation of monitoring data and the protection of the environment.

3.4 Determination of trace elements in environmental samples

Monitoring and identification of trace element content in environmental samples and
trace element hotspots in the environment are essential to maintain the health and
the proper functioning of natural ecosystems, to assure the integrity of the food chain,
the health of humans and animals that directly or indirectly benefit from the natural
ecosystems. Establishing easyto-use protocols for analysis is key to successful assess-
ment of risk from the presence of toxic trace elements in the environment. Sampling is
the starting point and a major part of any monitoring program. Sampling design spe-
cifies the number, type, and location (spatial and/or temporal) of sampling units to
be selected for measurement. A well-developed sampling design plays a critical role
in ensuring that data are sufficient to draw the conclusions needed. Inadequate or in-
consistent sampling procedures produce data of questionable quality, whichmay lead
to erroneous interpretation and conclusions.

Most analytical testing constitutes three steps: sample preparation, decomposi-
tion, and determination.

Sample representivity is requisite to valuable chemical analysis. Following proper
sample collection that ensures adequate characterization of the sample entity, sample
preparation step must reduce the sample volume to a size suitable for analysis and in
parallel preserves the initial signature of the larger sample. The volume of subsample
and grain size needed for a statistically valid chemical analysis should be carefully
considered.
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Sample decomposition can be total, partial, or selective given the requirements
of the analysis. Mixtures of strong mineral acids such as hydrofluoric-perchloric-
nitric-hydrochloric acids will digest all minerals within the sample permitting total
determination of trace elements. Strong acids will dissolve some minerals while leav-
ing others intact for a partial determination of trace elements. Liberation of the trace
metals may be studied with a selective or sequential digestion scheme. A sample
can be sequentially leached with water, ion exchange reagents, oxidizing or reducing
agents, and weak or dilute acids. The bioavailability or the rate of loading of trace
metals in the environment can be quantified.

However, the matrices of environmental samples are complex and challenging
due to the presence of high amounts of soluble solid substances (i.e., salts of Ca, K,
Na, and Mg, chlorides, phosphates, and silicates). Due to high content of dissolved
solids, the direct analysis commonly gives many difficulties in sample introduction
and nonspectral (matrix effects mainly) and spectral interferences in measurements
by flame atomic absorption spectrometry (FAAS), graphite furnace atomic absorption
spectrometry (GF-AAS), inductively coupled plasma optical emission spectrometry
(ICP-OES), or inductively coupled plasma mass spectrometry (ICP-MS). As a remedy,
most of environment samples have to be mineralized before the analysis to destroy
the organic matter or diluted to decrease the content of concomitant substances. How-
ever, digestion procedures, although very effective in removing the organic matrix of
samples, commonly require use of large amounts of reagents that can be an additional
source of contamination of the samples being analyzed.

State-of-the-art multielement trace element analyses of environment samples are
instrumental determinations measuring mass, light emission/absorption, or gamma
radiation properties of atoms within the sample. ICP-OES and ICP-MS are particularly
helpful for measurements of trace and ultra-trace concentrations of elements, where
high detection power is required. INAA (Instrumental Neutron Activation Analysis)
is an example of a nonspectrochemical technique that is successfully used for the
multielemental analysis of environment samples. Several review papers giving nu-
merous examples on the determination of trace elements in different environment
sample matrices are given in Annex. More details on the nature of several environ-
ment matrices and the analytical aspects of determination of trace elements in them
are given in Section 3.5.

3.5 Environmental matrices – general characteristics
and analytical aspects

3.5.1 Natural waters

Monitoring and identification of toxic elements in the environment are essential to
maintain the health and the proper functioning of natural ecosystems. However,
determining the total content of toxic elements is not always the most suitable
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approach to estimate the hazard of trace elements in the environment, since the
toxicological effects depend on the chemical form of the metal. All data for total con-
centrations, without proper information about the trace element species existing, are
at best insufficient for adequate risk assessment, and, in many cases, misleading due
to overestimation. Distribution,mobility, bioavailability, and toxicity of trace elements
depend also on the form in which element exists. Full understanding and prediction
of chemical behavior of an element in the environment is possible only by identific-
ation of all forms in which that element can be found under different environmental
conditions.

In addition, the chemical form of an element determines its transport in and
among the environmental compartments. Consequently, the importance of analytical
methods for speciation analysis increased in recent years, enhancing the need for
validated methods for identification and quantification of trace element speciations.
More details on speciation studies for trace elements in the environmental samples
are given in Section 3.6.

The chemical composition of all natural waters consists of dissolved inorganic
salts, suspended inorganic or organic material, and dissolved gasses at different
concentration levels. Practically all natural water samples contain Ca, Mg, Na, K as
simple inorganic cations and CO3

2– (usually protonated at some extend), SO4
2–, and

Cl– anions. The trace elements exist in natural waters mainly in the form of soluble
inorganic compounds, complexes with inorganic or organic ligands, metal-organic
compounds, or as suspendedmaterial. Basic characteristics of natural waters, directly
influencing chemical forms of trace elements and analytical properties of natural wa-
ters as amatrix, are acidity (pH), redox potential, and total dissolved solids (TDS). The
ecological importance of natural waters is quite high since they are media for migra-
tion of chemical species. Besides this, most of the chemical transformations of trace
elements and their uptake in the biosphere are taking place also in aquatic media.

Acidity. In most of the cases, the acidity of natural waters is determined by dis-
solved gasses (usually acidic, like CO2 and SO2) or equilibrium involving minerals
being in contact with the waters. It is influenced also by living forms producing in
water O2 or CO2. The pH value is controlled by protolithic species among the main
components of the water. Typical pH values for natural waters are between 5 and 9.5.
The ocean water has slightly basic character (pH between 7.5 and 8.4), while fresh sur-
face waters are slightly acidic to neutral (pH between 5 and 7.5–8). Rarely, extremely
high or low values can also be observed. For example, the active volcanoes with high-
temperature magma (over 1,000∘C) are frequently releasing gases like HCl, HF, and so
on which can decrease pH of natural waters in the region to 1 and below. On the con-
trary, waters of lakes situated in regions rich of Ca and Mg carbonates are often basic
(pH ≥ 10). Acidity of natural waters is crucially important for living organisms as well
as for chemical forms of the trace elements. It is important to note that pH is tempor-
ally unstable characteristic. After sampling, it can be changed even if the sample is
not preserved by addition of acids or bases. The reason for changes is absorption or
release of gases, or change in microbiological conditions.
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Redox potential. The redox potential is controlled by equilibrium involving usu-
ally one pair of oxidant/reductant present in the system. The components are among
the main components. Trace components practically cannot change the redox poten-
tial of the system and the ratios between their oxidant and reductant forms are such to
be in equilibrium with all the rest pairs. For aerated surface waters, redox potential is
controlled by the dissolved oxygen (O2 / 2H2O) involved in the following equilibrium:

O2 + 4H
+ + 4e–  2H2O, with standard electrode potential E0 = 1.23 V.

This equation, under standard conditions, corresponds to the upper limit of stability
of water presented on the E/pH state diagram as dashed line. The redox potentials
of natural waters isolated from the atmosphere environments are determined by vari-
ous equilibria involving biota decay products (e.g., SO4

2–/HS–, CO2/CH4, etc.) with
low standard potentials. Redox potential is even less stable than pH. It should be
measured at sampling sites using Pt and reference electrodes.

Figure 3.15 presents the state diagram E/pH representing typical regions for vari-
ous types of natural waters. Variations are possible due to anthropogenic influences
or seasonal and geochemical variations.

Total dissolved solids. One of the basic characteristics of natural waters is the
TDS usually expressed in unit mg/l. Values are determined either gravimetrically, after
drying at 110–120∘C, or as a sum of main components expressed in corresponding
units. Considering the TDS value, natural waters are classified in four groups: fresh,
brackish, saline, and brine waters.

Freshwaters. (TDS<1,000 mg/l)
To this group belongs atmosphere waters (including all kinds of precipitations),

most of the surface waters, glacial, and some of the groundwaters. Freshwaters are
totally about 2.6–2.75% of the hydrosphere. Main components of the freshwaters are
cations: Ca2+ and Mg2+ and anions: CO3

2– (HCO3
–) and SO4

2–. In regions close to the
seas and oceans, dominant ions are Na+ and Cl–. The freshwaters usually contain
low concentrations of dissolved organic material. Limited amount of organics and
low-soluble inorganic material might present in suspended form. Usually freshwa-
ter samples are filtered at the sampling sites, which improves the sample stability. In
some studies, suspended material is analyzed separately from the water after proper
sample preparation. Due to the low content of dissolved matter, freshwaters are one
of the simplest from analytical point of view matrices. Conductometric determina-
tion of TDS is applicable to freshwaters. For natural waters from other groups, the
conductivity becomes too high and this method becomes inapplicable (Figure 3.16).

Saline waters (TDS 30,000–50,000 mg/l). This group contains ca. 97.5% of the
hydrosphere. Waters of all oceans and most of the seas on the planet belongs to this
group. Solubility of the most of Ca and Mg minerals is rather low and such salinity
might be reached only on the basis of highly soluble salts such as NaCl. Significant
changes in the dissolved oxygen concentration and redox potential of the water occurs
in depth. Usually it is connected with changes in redox state. Due to the mass of the
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Figure 3.16: Disposition of some types of natural waters on state diagram E/pH. Typical values for E
and pH are taken into account. Deviations are possible due to anthropogenic influences or peculiar
local geochemical conditions.

ocean and seawaters the average physicochemical parameters and chemical compos-
ition (including trace components) are extremely stable. However, the changes are
practically irreversible. Analysis of seawaters usually requires decrease of salt content.

Brines and evaporites (TDS > 50,000 mg/l). To brine waters belong surface and
underground basins in which sedimentation of solid minerals takes place. This is a
very rare type of natural waters and seldom analyzed. Strong dilution is required.

Generally, the natural waters of all kinds are highly homogeneous samples after
filtering the suspended matter. For freshwaters, preconcentration might be required
due to the low levels of trace elements, while for waters with higher TDS procedures
for decreasing of matrix content are usually needed. Possible Cl interferences should
be considered.

General analytical aspects on the determination of trace elements in the
natural waters. Freshwater is an essential natural resource for the survival of all
ecosystems. From the viewpoints of environmental management and protection from
hazardous contamination, trace elements, which cause serious pollution or toxic-
ological problems, are a worldwide concern. As a rule, metals in the environment
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preferably form adducts with organic species such as naturally occurring complexing
agents or ligands released from human activity. The majority of the organic species
that persist in natural aquatic systems are humic substances (HSs). Ubiquitous HSs
are produced by the degradation of biomass and are heterogeneous with respect to
their molecular weight and chemical structure. Because the characters of metals are
altered by the presence of such natural organic matters, elemental speciation inform-
ation in evaluating trace heavy metal status is particularly crucial today instead of
determining the total metal concentration [33]. Due to the different toxicities and
bioavailabilities of trace metal species present in natural waters, the assessment of
their distribution over distinct molecular binding chemical forms is very important
for the elucidation of their role in the environment and biological interactions with
living organisms. All element forms play a crucial role in assessing the health hazard
and toxicity of trace element metals in the ecosystem (e.g., ionic forms of a num-
ber of trace elements have been recognized to be much more toxic to biota than the
corresponding colloidal or particulate forms). What makes speciation analysis so dif-
ficult even now is the very low concentration of metals, usually found at the level of
several nanograms per liter, and the presence of a highly saline matrix, which results
in deterioration in detection power of the analytical techniques used. Furthermore,
trace elements in natural waters are present in the form of a wide range of species
varying in particle size and chemical nature, for example, free hydrated ions, dis-
solved inorganic and organic complexes of different stabilities, and metals associated
with colloidal or particle matter. A large number of individual species make it im-
possible in practice to determine speciation that is in line with the International Union
of Pure and Applied Chemistry (IUPAC) recommendations about the distribution of
an element among defined chemical species in the system under consideration [33].
For the reasons above, alternative approach has been proved namely to identify the
fractions (classes) of the metals that exist in the distinct groupings and to determine
the sum of their concentrations in each class using particular techniques, rather than
providing a detailed speciation analysis by exact definition of the molecular forms of
metals and the structure of ligands complexing the metal ion [34, 35]. To obtain the
total concentrations of dissolved metals, the development of an efficient decomposi-
tion procedure for the degradation of metal-organic complexes is driven by the need
to gain detailed information on different aqueous metal species. Generally, decom-
position procedures are carried out using batch-wise wet digestion methods such as
microwave digestion [36, 37] and ultrasound-assisted digestion [38, 39]. Although wet
digestion is currently the prevalent method, it suffers from contamination associated
with reagent addition, analyte loss resulting from the severe operating conditions,
and difficult adaptation to flow injection operation. Therefore, the approach of using
ultraviolet (UV) irradiation for the decomposition of dissolved metal–organic com-
plexes has also been developed [40, 41]. To improve the performance in terms of the
decomposition efficiency, intense investigations have been undertaken on the photo-
chemical digestion of organic substances with the aid of a photocatalyst [42]. Various
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instrumental techniques, including GF-AAS [43], ICP-OES [44], FAAS [45], and ICP-MS,
have been applied for the heavymetal determination [46]. Since trace element concen-
tration level in natural waters is very low and the complexity of matrices is a problem,
preconcentration techniques are often required. Different procedures such as liquid–
liquid extraction [47], chemical precipitation [48], ion exchange [49], and solid-phase
extraction (SPE) have been developed for the extraction and preconcentration of trace
element metals in natural matrices [50]. Among the above-mentioned methods, the
most commonly used technique for the preconcentration of heavy metal ions from en-
vironmental samples is SPE. Its common application is due to its simplicity, rapidity,
minimal cost, and low consumption of reagents. By the advent of SPE, diverse sorbents
such as carbon nanotubes [51] and magnetic nanoparticles [52, 53] have been applied.

Seawater analysis represents the combination of low elemental concentration and
a complex matrix due to the high salt concentration [50, 51].

Modern, high-resolution, magnetic sector ICP-MS instruments have become avail-
able to meet this need for a multielement, highly sensitive method with a wide
dynamic range. Seawater, however, is a complex matrix with high concentrations of
major ions that can interfere with trace metal analysis. Most analysts consider that
it is essential to extract and separate the trace metals of interest from the original
matrix. Trace metals generally exist at such low concentrations in seawater that a
concentration step prior to detection is also often necessary. The avoidance of sample
contamination and proper determination of analytical blanks are also critical steps
taken in the analysis of trace metals.

3.5.2 Soils

Soils are complex mixtures containing mineral components, organic matter, ground-
waters, and gases. The chemical composition of the soilsmight vary in verywide range
depending on the geographic region, climate, and depth of the sampling. Various
processes are involved in the soil formation and being responsible for the chemical
composition. Historically, the initial soil formation was started ca. 500 million years
ago and was related to migration of macroscopic living organisms to the surface of
continents and islands. They were the primary source of organic matter for protosoils.

Mineral components. Major source of mineral components in the soils is the
parent rocks undergoing physical and chemical transformations, translocations, ad-
sorption, and release of the components in contact with groundwaters as well as an
influence of plants. General term of all these processes is weathering of the rocks.
As average, soils contain 45–47% (v/v) inorganic mineral components with various
porosity and particle size. Considering particle size, three types of mineral com-
ponents are present in the soils: sand (2–0.05 mm), silt (0.05–0.002 mm), and clay
(<0.002 mm). As a chemical composition it consists of main components (expressed
as oxides) such as SiO2, Al2O3, Fe2O3, and minor components TiO2, MnO, P2O5, CaO,
MgO, and so on. The mineral composition varies significantly depending on the bed
rock type and the depth of sampling. The main components are always present in the
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samples, although varying in ratios, while theminor ones can be completely different.
Besides this, some trace elements can be included as isomorphic substitutes of ions
or occluded in the gaps of crystal lattice.

Organic components. As average, soils contain ca. 5% (v/v) organic components.
The source of organic matter is degradation of animal and plant residuals. Amount of
organic compounds in soil depends on the climatic conditions, landscape, and biota
development in the region. The organic matter in soils is a complex mixture of or-
ganic compounds within the range from plant and animal tissues to relatively stable
product of their physical, chemical, and biochemical degradation – humus. Humus
is also a complex mixture of carbohydrates, lignins, resins, waxes, and organic acids
(mainly humic and fulvic acids). Presence of large number of O and N donor atoms in
the molecules provides the possibility for chelate complex formation with transition
metals. In this form, trace elements are able to migrate in the stream of groundwaters.

Liquids. Soils contain normally about 25% (v/v) liquid substances. This value de-
pends strongly on local climatic conditions andweather situation. The biggest fraction
of the liquids is capillary moisture. Soil liquids contain mainly soluble minerals and
minor amount of organic substances.

The soil moisture is an integral part of the soil and generally is not subject of par-
ticular analysis. Due to the high variability of the moisture content, it is important
to determine its value in order to recalculate results for trace elements to compar-
able state. Most frequently, the moisture is determined gravimetrically after heating
at 105∘C. Use of higher temperature might produce irreproducible destruction of the
organic components. Reduction of moisture content from sample mass is needed in
order to guarantee traceability and comparability of the obtained results.

Gases. Gases in the soil are about 25% (v/v). Most of all these are components
of atmosphere filling the pores of the soil. Partly soil gases are produced by decom-
position of the biomass in the soil (CO2, CH4, etc.) and metabolism of microorganisms
living in soil (N2, N2O, CO2, etc.). Thus the CO2 concentration in soil pores might be
10–100 times higher than in the atmosphere. The case with O2 is opposite. In highly
porous (sandy) soils, the gas exchange rate is higher and deviations in composition
from the atmosphere are lower. Composition of the soil atmosphere also varies de-
pending on the depth, climate, and season. Soil gases are crucially important for plant
development, but are not an object of interests in trace analysis.

Analytical aspects on the determination of trace elements in the soils.
Nowadays, the knowledge of toxic element content in soil is considered an import-
ant aspect in environmental research, as it is one of the most important recipients
of trace elements that can be originated from anthropogenic activities [54–56]. Trace
elements in soils can be either included in the mineral particles (mainly silicates)
or exist as a mobile species in the form of simple inorganic ions, organometallic
substances, and complexes with inorganic or organic ligands. The trace elements in-
cluded in mineral’s crystal lattice are generally not absorbable for plants. Targets for
trace element determinations in soil are either total content, or only mobile forms
that can be assimilated by the plants and thus introduced in the food chain. Sample
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preparation technique is essential in both cases. Trace elements in soils may exist in
different chemical forms or ways of binding. In unpolluted soils or sediment, they
are commonly bound to silicates and primary minerals forming relatively immobile
species.

However, trace element determination in soil is still a challenging task be-
cause soils with high inorganic fraction are difficult to bring into solution and a
time-consuming and not always simple sample preparation procedure is generally
required.

The direct determination of these analytes in soil has been carried out using
laser-induced breakdown spectroscopy [57, 58], X-ray fluorescence (XRF) [59], laser
ablation (LA) or electrothermal vaporization (ETV) coupled to ICP-MS [60], and solid
sampling graphite furnace atomic absorption spectrometry (SS-GF-AAS) [61, 62]. In
spite of the relatively good performance of these techniques, problems related to cal-
ibration, necessity of certified reference materials (CRMs), as well as elemental and
isotope fractionation have been still reported [63]. Moreover, matrix effects can affect
the accuracy, and problems related to sample homogeneity are known to affect the
precision for some of these techniques. Analytical techniques such as ICP-MS [64],
ICP-OES [65], and AAS [66] are among the most common spectroscopic techniques
used for the determination of toxic elements in soil. In the case of mercury, cold vapor
generation coupled to AAS [67] or atomic fluorescence spectrometry (AFS) is currently
used [68].

In general, procedures for soil digestion for ICP-MS, ICP-OES, and AAS determin-
ation involve dry ashing [69], alkaline fusion [70], microwave-assisted wet digestion
[71], and microwave-assisted extraction in closed vessels [72]. Sample digestion by us-
ing strong acids – concentrated HNO3, aqua regia, or other mixtures – might provide
total destruction of organic part of the soil. However, trace elements included in silic-
ate fraction can be only partly leached. For determination of total content of trace
elements, an addition of HF is required to provide complete dissolution of minerals in
soil. For mobile forms determination, the use of concentrated strong acids and their
mixtures is not applicable. Solutions imitating fluids in plant roots (e.g., slightly acidic
buffers with/without addition of organic substances) are usually used.

3.5.3 Sediments

As a matrix, the sediments are rather close to soils. The significant differences in com-
position are related to the processes of formation of sediments. There are four basic
types of sediments according to their genesis.

Lithogenous (terrigenous) sediments. Lithogenous sediments consist of various
in size and composition soil and lithosphere particles. They are produced in the pro-
cess of soil and rock erosion and transported by wind, surface flows and glacial ice
movements. Lithogenous particles are dominant parts of the freshwater and seashore
sediments. Depending on their size, their content decreases when separated from the
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shore. The finest particles are carried out by the streams far from the input point. The
composition of this type of sediments is very close to the soils with a general exception
of decreased amount of humus, which is remaining mainly in the water phase.

Biogenic sediments. Biogenic sediments are mainly originated by plankton re-
mains. Contributions of macroorganisms are considerably lower and correspond to
the biomass distributions between various aquatic species. Two are the basic types of
biogenic sediments: calcareous and siliceous, consisting of CaCO3 and hydrated SiO2,
respectively, depending on the types of plankton. Deep ocean sediments are usually
rich in such biogenic material – up to 30% or more, while the content in seashore
sediments and especially in freshwater sediments is significantly lower.

Hydrogenous sediments. Hydrogenous sediments are formed by precipitation of
minerals from seawaters. Seawater contains low concentrations of metal ions and an-
ions that normally do not exceed the solubility of minerals which potentially can be
originated. However, due to steep change in the seawater properties, sedimentation
conditions might be reached. Zones where such sudden change in conditions takes
place are known as geochemical barriers. Usually deposition of minerals from natural
waters takes place around the geochemical barriers. Usual reasons for appearance
of geochemical barriers are evaporation, decrease of the temperature or increase of
the concentration of a precipitating component caused by streams, change in redox
potential or pH, and adsorption on minerals already existing on the ocean floor.

Accidental impacts. Themain natural sources of accidental impacts to sediments
are volcano eruptions and cosmogenous particles. Some anthropogenic impact has
occasional nature as well.

Volcano eruptions are accidental events introducing, in some cases, vast amount
of magma and volcanic dust particles in the atmosphere. For instance, the eruption of
Mt. Pinatubo, Philippines (1991), has ejected 1010 t (or ca. 10 km3) volcanic particles
in the atmosphere. Such events are affecting the surface of the entire planet and the
composition of soils and sediments, formed in that period, as well.

Cosmogenous sediments are extraterrestrial in nature, consisting generally of mi-
crometeorites formed by impacts of larger bodies of space material destructed in the
Earth atmosphere. Specific component of these sediment fractions is tektites – glassy
structure particles formed either by heating in the atmosphere of extraterrestrial ma-
terial or, more frequently, lithosphere debris ejected during extraterrestrial impacts.
The amount of outer space material reaching the Earth surface daily is significant.

Chemical composition of sediments, in general, is very close to those of soils. Fre-
quently, considering environmental trace analysis and speciation, soils and sediments
are objects of simultaneous study using the same or very similar sample preparation
and analytical techniques. Despite the closeness in composition, several substantial
differences should be underlined. Due to the underwater formation, the gas content
of the sediments is always considerably lower than in soils. Organic material content
is much lower as well. On the other hand, the sediments are formed as a dense layer
of material deposited in different times, under conditions ensuring far lower intensity
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of erosion, as compared to the soils and lithosphere in contact with the atmosphere.
This provides unique opportunity to study indirectly processes taking place in his-
tory. A depth profile distributions of certain elements allows detecting and dating of
substantial events, both in human’s history and geological history of the planet.

General analytical aspects on the determination of trace elements in sedi-
ments. Analytical determination of trace element concentrations and distribution in
marine environment leads to better understanding of their behavior in the aquatic
environment and is important for detecting sources of pollution. Sediments are im-
portant carriers of trace metals in the hydrological cycle and because metals are
partitioned with the surrounding waters, they reflect the quality of an aquatic system.
The primarymechanisms of deposition of trace elements found in themarine environ-
ment are the deposition from the atmosphere, industrial and agricultural discharges,
and storm water runoff. Intense sedimentation within estuarine and marine environ-
ments traps trace elements within fine-grained particles which then precipitate and
filter heavy metals out of the immediate biosphere. The intense sedimentation con-
centrates trace element metals and helps to limit their environmental impact. Thus,
geochemical characteristics of the sediments can be used to infer the sources of pollu-
tion. Because of their large adsorption capabilities, fine-grained sediments represent
a major repository for trace metal and a record of the temporal changes in contamina-
tion. Thus, they can be used for historical reconstruction. Vertical profiles of pollutant
species in sediment cores have been commonly used as “pollution records” over the
last decades. Over the last decades, the study of sediment cores has shown to be an
excellent tool for establishing the effects of anthropogenic and natural processes on
depositional environments. A number of recent pieces of work have used sediment
profiles to describe the contamination history of different environments [73, 74].

Due to their stability within the sedimentary column, most of the trace metals
can leave their fingerprint in sediments. Metals enter the environment and oceans
by two means: natural processes (including erosion of ore-bearing rocks, wind-blown
dust, volcanic activity, and forest fires) and processes derived from human activities
by means of atmospheric deposition, rivers, and direct discharges or dumping. For
some metals, natural and anthropogenic inputs are of the same order (for sample Hg
and Cd), whereas for others (e.g., Pb) inputs due to human activities dwarf natural
inputs [74, 75].

The trend of trace elements to accumulate in sediments is due to adsorption,
coprecipitation andmetal complexation in the surface layers of the sediment particles.
Four types of metal fractions can be distinguished: (1) the exchangeable fraction,
which is located in the ion-exchange sites, and it is freely available to take part in
chemical reactions; (2) the reducible fraction, consisting of complex oxides and hy-
droxides, which is soluble under reducing conditions; (3) the oxidizable fraction,
which is formed with the organic matter and sulfides, and it is available under oxidiz-
ing conditions; and (4) the residual fraction, which is introduced into the environment
in the crystalline form by geological processes and it is generally not available [76, 77].
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Sediments act as metal reservoirs and, for that reason, the analysis of metals
in sediments allows us to detect pollution in the marine environment and provides
information about the ecosystem health.

A critical point in the analysis of soil and sediment samples is the sample pre-
paration step, which can largely influence the obtained results. Results from various
studies are only comparable, when identical sample dissolution steps are applied for
investigated elements.

The two principal types of analysis include the analysis of total trace elements
and analyses associated with various matrix components (speciation analysis). The
metals incorporated in the crystal lattice of quartz particles of soil and sediments are
of no consequence to food chains, and plant growths are seldom of concern. In order
to achieve a complete removal of the pseudo-total metal content, the exchangeable
fraction mentioned earlier, acids such as HCl and HNO3 are used; they can remove
this fraction of metals avoiding its incorporation into the mineral structure of the
sediments joined to silicates, also called the residual fraction [77]. To remove this re-
sidual fraction, which would enable the determination of the total metal content, HF
must also be used. This methodology can be combined with the application of mi-
crowave energy, a process known as microwave-assisted digestion, which provides a
faster heating alternative, allowing shorter radiation times [78, 79].

A new green method for the extraction of the pseudo-total content of the heavy
metals such as Ni, Cu, Cr, Pb, and Cd from marine sediments using a mixture of
biodegradable micellar media (SDS, Triton X-100) as extractants and GF-AAS for
their determination has been proposed [80]. The use of surfactants as extractants
allows adapting the technique of microwave-assisted digestion to completely avoid
the use of toxic and corrosive acids, a method known as microwave-assisted micellar
extraction [81].

Several studies have been reported good results using slurry, with recoveries com-
parable to those obtained with other pretreatments such as acid digestions or solid
sampling when all these treatments have been applied to the same samples [81].

A harmonized protocol (ethylenediaminetetraacetic acid, diethylenetriam-
inepentaacetic acid, acetic acid as single extraction procedures, and the three-step
sequential extraction procedure) for determination of forms or phases of elements
(e.g., “bioavailable” forms of elements) in soils or sediments had been validated in
the 1980s, and reproducibility and the repeatability of the measurements evaluated.
Further investigations have led to slight modifications of the three-step sequential
extraction scheme [77] and a considerable improvement in its reproducibility.

GF-AAS [81–83] is widely used for the determination of trace and ultra-trace ele-
ment analysis of sediments; FAAS and ICP-OES are applied for the determination of
minor and major elements [84].

ICP-MS is the most sensitive, multielemental technique, but it requires sample
digestion, unless ETV or LA is used. ICP-MS allows for the simultaneous determin-
ation of both elemental concentration and isotope ratios. Polyatomic interferences
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generated from the sample itself or from themedium used for sample dissolution pose
a serious problem in ICP-MS analysis of sediment samples [85, 86].

Direct analytical techniques are obviously preferable over those that require signi-
ficant sample preparation, particularly in the case of complex samples, such asmarine
sediments. SS-GF-AAS has been shown to be a powerful technique that, after careful
optimization of the conditions, provides accurate results and often allows calibration
against aqueous standards [87]. The main advantages of this technique are high sens-
itivity, since no dilution is involved; minimum risk of contamination; high sample
throughput; and no use of reagents. The only disadvantage, which is common to all
direct sampling techniques, is the relatively high uncertainty, caused by the hetero-
geneity of natural samples and the small amount of sample, typically lower than 1mg,
which is introduced into the atomizer [88, 89].

3.5.4 Air, airborne particles

Typically trace elements form very limited number of gas-phase compounds. They
are usually not stable and in atmosphere undergo quick transformation to suspen-
ded particles. Depending on their origin, the size and composition of air particles
might vary in a wide range. Two types of sources of particulate matter are clearly
distinguished: primary and secondary sources.

Primary sources. Primary sources are those that provide direct impact of par-
ticulate matter in the atmosphere. Naturally originated particles in the atmosphere
include the following:

Mineral and soil weathering products blown by wind. Their composition is vary-
ing widely and is determined by the geochemistry of the origin area. Permanent
main components are metal oxides (dominant elements – Si, Al, Fe, etc.) and minor
amounts of organic material (humus and humic acids).

Second largest contributor is dried in the air sea aerosols. Composition of sea aer-
osols is identical with seawater. The main component is NaCl with minor amounts of
Mg2+, Ca2+, SO4

2–, and so on. They are distributed around the sea and ocean shores,
however, can be carried by winds (sometimes over 200 km) within the continents.

Forest and grassland fires are emitting in the atmospheric carbon particles and
organic materials – products of incomplete burning of the plant and tree tissues.

Biological sources (pollens and various microorganisms) are seasonal factors.
Volcanic dust is an occasional source ejecting in the atmosphere enormous

amounts of solid material. Composition corresponds to the average abundance of
elements in lithosphere – predominantly oxides of Si, Al, and Fe. Typical for volcano-
genic particles is their glassy structure.

Major anthropogenic primary sources of particles include:
Industrial and urban dust. Despite the regulations and trend to decrease such

emissions (especially in developed countries), this remains a rather significant source.
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The composition of these particulates is extremely diverse and remains one of the
major sources of toxic trace elements in the atmosphere.

Products of incomplete combustion of fossil fuels. Specific for these aerosols
is their organic nature including liquids in many cases and increased content of
platinum group metals (originated from car catalysts).

Secondary sources. Secondary sources are sources of aerosols which are emit-
ting initially gaseous substances, which later undergo oxidation (e.g., H2S oxidized to
solid sulfur particles), condensation, or reaction with other gases producing solid salt
particles (e.g., NH3, NOx, SO2, etc.).

Particle sizes. Typical sizes of airborne particulates are between 1 nm and 100 ,m
(as averaged diameter). Larger particle size leads to faster sedimentation, limited up-
take, and significantly lower health risk. Two fractions aremajor objects of study: PM10
(the fraction of particulates in air of size <10 ,m) and PM2.5 (particles of size <2.5 ,m).
The particles between 1 and 5 ,m are related to the highest health risk and the most
effective uptake of toxic components. Over 5 ,m the particles are effectively stopped
in oropharynx and not reaching lungs. Below 1 ,m is very likely to be exhaled by tidal
breathing.

Analytical aspects of trace element analysis of air and air particles. Trace ana-
lysis of air samples usually include filtering of the air to select fraction of particulates,
sample treatment (very similar to those for soils and sediments), eventually separation
of chemical species and determination.

The concentrations and size distributions of trace metals in the air are governed
by the nature of emissions into the atmosphere as well as by the rates of wet and
dry deposition, cloud processing, chemical transformations, and the exchange of air
between the boundary layer and free troposphere [90].

One of the main sources of atmospheric contamination in large cities comes from
atmospheric particulate matter and gases derived from anthropogenic activities such
as traffic and industry [91], which can impact on rural and ecological interest areas
modifying the regional background concentrations.

The size distribution, concentration, component, and toxicity of PM are important
factors that can greatly affect human health problems related to exposure to airborne
PM. According to health experts, PM10 is known to affect human thoracic health and
is thus considered a thoracic fraction, and PM4.0 is known to affect the respiratory
tract and is thus a respirable fraction [92]. However, PM10 and PM2.5 alveolar fractions
are usually selected as the monitoring parameters for evaluations of air quality. Air
pollution by PM is considered a serious environmental issue due to the presence in
the atmosphere of hazardous materials such as toxic trace metals [93]. Metals associ-
ated with respirable particles have been shown to increase lung and cardiopulmonary
injuries in humans. Trace metals are found in almost all atmospheric aerosol size frac-
tions and, in general, fine PM carries a higher burden of heavy toxic metals than does
coarse PM [94]. Natural emissions (from crustal minerals, forest fires, and oceans) and
industrial processes (fuel combustion, waste incineration, mining, and automobile
exhaust) are the principal sources of the metals in ambient air.
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The measurement of trace element concentrations in aerosols is of great interest
for the assessment of human population exposure and for a wide set of environ-
mental studies. The airborne particles are generally collected by filtration of a known
volume of air pulled for a preset time. Choice of filters is critical with respect to
particle size, collection efficiency, and likely contamination. Concentrations of some
trace elements in aerosols have been reported for a large variety of locations all
over the world [95, 96]. These studies have been favored by the recent spreading
of ICP-MS technique, allowing for the simultaneous and multielemental determina-
tion of a wide set of target analytes at trace and ultra-trace concentrations [97–99].
Another multielement methods for analysis of the filters without digestion are XRF
[100] and INAA [101]. Filters can be directly introduced into a plasma or a GF atom-
izer, but elevated background problems, calibration difficulties, weighing errors, and
sample representativity are problematic factors for obtaining reliable measurement
results [102].

There are many studies of trace elements in air filter samples based on open ves-
sel digestion procedures with different reagents such as aqua regia, HF + HNO3, and
H2SO4 + H2O2 [72], but the most satisfactory results are obtained using microwave-
assisted digestion procedures [103]. For all elements with fractions are associated with
silicates, many studies proposed reagent mixtures with HF. The use of HF in the filter
digestions requires the use of H3BO3 to redissolve fluoride precipitates [104]. The re-
moval of the silicate matrix is essential to increase the stability of a sample solution
and to avoid the precipitation of the silicate. Loss of certain elements (Si, B, As, Be, Sb)
as volatile fluorides is known limitation, whenHF is used for the sample digestion. For
this reason,many other studies use digestion procedures based onmethodology using
only HNO3 [104].

3.6 Speciation analysis in the environment samples

According to the IUPAC recommendations – 2000 [34, 105], the following basic
definitions related to the speciation of trace elements should be considered.

Chemical species. Specific form of an element defined as to isotopic composition,
electronic or oxidation state, and/or complex or molecular structure.

Speciation analysis in the analytical activities of identifying and/or measuring
the quantities of one or more individual chemical species in a sample. Speciation of
an element is the distribution of an element among defined chemical species in a
system.

The term speciation is different from fractionation which describes the process of
classification of an analyte or a group of analytes from a certain sample according to
physical or chemical properties.

In most of the cases, the speciation analysis methods are based on hyphen-
ated techniques combining separation and detection method. The term hyphen-
ated techniques refers to online combinations of chromatographic or electrophor-
etic separation technique with a sensitive and element-specific detector (atomic
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absorption, atomic emission, or mass spectrometer) [106–108]. The choice of detector
component becomes critical when the concentration of the analyte species in the
sample is very low and when the detection limits required are in the low concentra-
tion range. The separation component of the coupled system becomes of particular
importance when the target species have similar properties.

For separation purposes, various types of chromatography are used most fre-
quently. Below are presented some important definitions related to separation tech-
niques and acronyms used further.

Chromatography is a physical method of separation in which the components to
be separated are distributed between two phases, one of which is stationary phase
while the other the mobile phase.The stationary phase is one of the two phases form-
ing a chromatographic system. It may be a solid, a gel, or a liquid [109]. If it is a liquid,
it may be distributed on a solid. This solid may or may not contribute to the separa-
tion process. The liquid may also be chemically bonded to the solid (bonded phase)
or immobilized onto it (immobilized phase). A fluid percolates through or along the
stationary bed in a definite direction. It may be a liquid chromatography (LC) or a gas
chromatography or a supercritical fluid chromatography. The possibility for changes
of the stationary and mobile phases, size and construction of the columns, as well as
the experimental conditions with respect to the sample composition provides unique
flexibility and makes the chromatography the most widely used separation technique
in the speciation analysis (Figure 3.17).

3.6.1 Types of chromatographic techniques used in speciation analysis

Gas Chromatography is a separation technique in which the mobile phase is a gas.
GC separation is always carried out in a column. LC is a separation technique in
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Figure 3.17: Possible distribution of an
element among defined chemical
species in a system.
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which the mobile phase is a liquid. LC can be carried out either in a column or on a
plane. At present the stationary phase for LC, in most of the cases, consists of very
small particles providing better separation of the sample components, but requir-
ing a relatively high inlet pressure. This variation is usually described by the term
high-performance liquid chromatography (HPLC). At present this is the most frequently
used variation of LC.

Further chromatographic methods used in the speciation studies can be divided
into following groups:

– Normal-phase chromatography (NPC)
IUPAC definition: An elution procedure in which the stationary phase is

more polar than the mobile phase.
Usually modifiedmicroporous silica gel and organic polymermaterials with

cyano- and amino-functional groups immobilized on the surface are used as a
stationary phase. The elution procedure is carried out using reagents less polar
than the stationary phase. The method can be used to separate analytes with
different polarity as the most polar ones have highest retention times and are
eluted last. High content of organic solvents is not tolerable for the most of com-
monly used detectionmethods, and thus, the NPC is relatively infrequently used
in trace element speciation. On the other hand, the higher retention times for po-
lar analytes (normal case for trace element forms) increase the separation time.
The term “normal phase” is used in LC to emphasize the contrast to the Reserved
Phase Chromatography (RPC).

– Reversed-phase chromatography
IUPAC definition: An elution procedure used in LC in which the mobile

phase is significantly more polar than the stationary phase, for example, a mi-
croporous silica-based material with chemically bonded alkyl chains. The term
“reverse phase” is an incorrect expression to be avoided.

An elution procedure used in LC in which the mobile phase is significantly
more polar than the stationary phase. As a stationary phase, a microporous
silica-based material with chemically bonded alkyl chains (C8 or C18) is typic-
ally used. Analyte species separation is based mainly on the differences in their
polarity. Large number of chemical species can be separated by minor variation
of the eluent composition. Since most of the detection techniques require rel-
atively low content of organic compounds in the analyzed solutions, the RPC is
recently more frequently used in elemental speciation than NPC. It should be
noted that in many publications, the more general term LC is used instead of
the more detailed RPC. The main drawback of this type of chromatography is
the limited number of suitable organic modifiers and low allowable concentra-
tions. When ICP-MS is used as a detection method, practically only methanol
and ethanol are acceptable components of the eluent.
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– Ion pair – RPC (IP-RPC)
Variation of RPC is used for better separation of ionic or easily ionizable

species. Introducing minor addition (ion-pairing reagent) to the organic modi-
fiers in the eluent for RPC provides additional versatility in separation of ionic
analyte species by changing their size andmobility. Typically ion-pairing agents
contain both polar and nonpolar fragments. The IP-RPC permits determination
of charged and uncharged chemical species within single chromatographic run.

– Affinity chromatography (AC)
IUPAC definition: An expression characterizing the particular variant

of chromatography in which the unique biological specificity of the analyte and
ligand interaction is utilized for the separation.

This method is used for the separation of chemical and biochemical mix-
tures based on a highly specific interaction. Usually this technique uses a
biologically related agent as a stationary phase for the purification or analysis
of sample components.The stationary phase in AC has specific structure and
consists of three parts:

Matrix: The matrix is an inert support to which a ligand can be directly or
indirectly coupled. The main requirement to the material for the matrix is to be
an inert material providing extremely low nonspecific adsorption. It is essential
since the AC is based on specific interactions.

Ligand: The ligand is the chemical form binding reversibly specific mo-
lecule or group of molecules, enabling separation (or purification) by AC. The
selection of the ligand for AC is influenced by two factors: the ligand must ex-
hibit specific and reversible binding affinity for the target substance(s) and it
must have chemically modifiable groups allowing to be attached to the mat-
rix without destroying binding activity. Elution in AC is based on change of
the physicochemical parameters in the mobile phase or involving different re-
agents. Linear gradient elution or stepwise changes of eluent composition are
frequently used in AC to provide efficient separation of the analyte species.

– Ion-exchange chromatography (IEC)
IUPAC definition: Chromatography in which the separation of the ions is

based mainly on differences in the ion-exchange affinities of the sample com-
ponents. Present-day IEC on small-particle high-efficiency columns and usually
utilizing conductometric or spectroscopic detectors is often referred to as ion
chromatography (IC).

Separation is based mainly on differences in the ion-exchange affinities of the sample
components. Depending on the charge of the ions being exchanged between station-
ary and mobile phases two types of IEC are used. The anion-exchange separation is
based on adsorption of anions on positively charged cites on the stationary phase
and subsequent elution during which the adsorbed ions are being replaced by anions

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



136 3 Trace Elements in the Environment

(usually OH–) from the eluent. In cation-exchange the stationary phase contains neg-
atively charged sites and adsorbed analyte species are replaced most frequently by
oxonium ions (H3O+) from the eluent. In both cases, the analyte species distribution
between stationary and mobile phases is highly dependent on the pH of the sample
and eluent solutions. The packing material for IEC columns consists of beads of cross-
linked styrene and divinylbenzene. Charged functional groups bonded on the surface
of stationary phase are usually sulfonic and carboxylic acids for cation exchange and
primary or quaternary amines for anion exchange. The method is suitable for large
number of inorganic or element-organic ion species and charged complexes. Normally
as a mobile phase, aqueous buffer solutions are used frequently with minor addition
of organic modifiers – polar substances, such as methanol or acetonitrile.

At present IEC on small-particle high-efficiency columns is often referred as ion
chromatography. IEC employing conductometric or detectors might be used as a direct
method for speciation analysis. However, the sensitivity is relatively low. The state
diagram E versus pH could be potentially a powerful tool for checking applicability
of the method for separation of certain analyte species as well as the approximate
optimal conditions.

Capillary electrophoresis (CE) is a family of electrokinetic separationmethods per-
formed in submillimeter capillaries and in micro- and nanofluidic channels carried
out in external electric field. The separation is based on differences in electrophor-
etic mobility of the analyte species controlled by their electric charges and particle
sizes. Most frequently, CE refers to capillary zone electrophoresis, but other elec-
trophoretic techniques including capillary gel electrophoresis, capillary isoelectric
focusing, capillary isotachophoresis, and the micellar electrokinetic chromatography
belong also to this class of methods. In CE methods, analytes migrate through elec-
trolyte solutions under the influence of an electric field. Capillary electrophoresis has
manywell-known advantages, including (i) low sample volume requirements; (ii) high
separation efficiency; (iii) the ability to separate positive, neutral, and negatively
charged species in a single run; (iv) relatively short analysis times (when optimized);
and (v) low matrix/solvent amount. The reduced matrix amount makes the capillary
electrophoresis especially a suitable separation technique for coupling with ICP-MS
detection device.

Speciation analysis time can be reduced considerably by the application of online
hyphenated techniques. Considerable work has been devoted to their performance
enhancement. Detection limits can be improved by the application of new sample
introduction systems such as thermospray or ultrasonic nebulization, ETV, or direct
coupling of GC to ICP-MS. However, the preference for a highly sensitive discrete at-
omization technique such as ETV, ICP-MS, or GF-AAS may be the reason for choosing
an off-line method of coupling.

Table 3.1 summarizes the selection of a hyphenated technique for speciation
analysis of environmental samples as a function of the application objective.
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3.7 Isotopic analysis

3.7.1 Use the isotope ratios as a tool for investigation of environmental pollution

The isotopic composition of different elements is widely used as a clear indicator for
the sources of origin and pollution provenance studies. Identifying pollution sources
and tracking the transport pathways of toxic elements are of fundamental interest,
in terms of the “polluter pays” principle, that is, now generally applied by environ-
mental legislation. Isotopic fingerprinting can serve as a powerful tool in addressing
these needs. Stable isotopic ratios have been used for decades for investigating biogeo-
chemical cycling of trace metals and for tracing natural and anthropogenic sources of
toxic elements in the environment.

The term isotope is referred to those atoms that differ from other only in their
number of neutrons. Generally speaking, it can be stated that isotopic composition
of an element is invariant in nature but, however, there are various reasons why this
composition can be modified:

Radiogenic nuclides are produced as a result of natural decay of long-lived radio-
nuclide. The additional production of these nuclides leads to a temporal modification
in the isotopic composition [180].

As a result of their difference in mass, isotope of the same elements participate to
physical and chemical processes with slightly different efficiencies. This phenomenon
is caused by thermodynamic and kinetic effects and is well characterized for light
elements that show big differences in mass between their isotopes [180]. For an in-
creasing number of elements there is not a linear correlation between the magnitude
of the fractionation effect and the difference inmass between the isotopes considered.
This phenomenon is attributed to a slight difference in the interactions between nuc-
leus and surrounding electrons, which results in mass-independent fractionation in
chemical reactions [180].

The natural variations typically are the result of light and heavy isotopes of an
element portioning differently in chemical reaction or phase transformation products
and reactants. As such, the stable isotopic variations of elements provide new inform-
ation, in addition to concentration and speciation measurements.

The capabilities of ICP-MS for performing precise isotope ratio measurements are
nowadays well known. Instrumental progress in this field has permitted to obtain
highly reliable isotope ratio data useful for many environmental applications.

In this particular field, one of the most investigated analytes is Pb. Pb isotopic
analysis has been proved to be a very efficient tool for tracking sources of local and
global Pb pollution. Lead is a nonessential toxic element and at high levels of human
exposure, it causes damage to almost all organs and organ system. The isotopic com-
position of lead is variable in nature as only one (204Pb) of the four stable isotopes
of this element (204Pb, 206Pb, 207Pb, and 208Pb) is not the end product of the decay of
thorium and uranium isotopes. Hence, although primordial lead had a fixed isotopic
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composition, the amounts of 206Pb, 207Pb, and 208Pb have increased over time relative
to 204Pb [180]. Taking this into account, the use of variations in stable lead isotope
ratios has become a well-established diagnostic technique to characterize sources of
lead contamination.

Lead isotopic analysis of different environmental matrices (atmospheric aerosols,
lichens, tree rings, peat deposits, lake, stream, marine sediments, soils, etc.) has been
used in environmental and climate change studies and the analysis of Pb isotopes
using mass spectrometry techniques has been successfully applied to investigate the
transport of anthropogenic pollution as well as for tracing the sources of Pb pollution
[181–184].

A substantial amount of applications reported in the literature aim at provenance
determination. The isotopic composition of elements such as Sr (soil) and Pb (mining
area) varies substantially from one location to another as some of their isotopes are
radiogenic. As a result, isotopic analysis of these elements may provide insight into
their origin [185].

In contrast to Pb, Hg isotopes are nonradiogenic and isotopic variability is caused
by fractionation during biogeochemical processes.

Mercury has seven stable isotopes (196, 198, 199, 200, 201, 202, and 204 amu),
and the isotopic composition of Hg in environmental matrices can now be determ-
ined with high precision [186–189]. Stable isotopes of mercury are becoming a useful
tool to characterize sources and identify biogeochemical transformations of Hg in
the environment. Stable isotopes of mercury have been employed to trace geogenic,
urban, industrial, and atmospheric sources of Hg in the environment [189, 190] and to
estimate the relative contribution of different Hg sources.

Analysis of a sediment core from the Niagara Basin of Lake Ontario [191] yielded
the first recorded evidence for systematic variations in the stable isotope composi-
tion of mercury (Hg) in natural environments on the Earth. The sediments comprised
younger strata enriched in Hg by recent pollution overlying older strata contain-
ing background Hg only. Several isotopic ratios of Hg varied significantly with the
Mn/Fe ratio of the extractable readily reduced oxyhydroxide fraction of the sediment
and with the concentrations of extractable Mn or Fe fractions, or both, in the sedi-
ment, and the zone of recent Hg pollution gave strikingly different results than the
zone of background Hg. The results of the study research suggest fractionation of
Hg isotopes by natural processes, including Hg methylation, with effects linked to
temporal variations in the oxidation–reduction potential of the sediments. These find-
ings show that Hg isotopes could provide valuable information about the sources and
biogeochemical cycling of natural and anthropogenic Hg.

Recent advances in stable isotopic techniques of Hg using multicollector induct-
ively coupled plasma mass spectrometry (MC-ICP-MS) offer promising methods for
delineating sources. Isotopic signatures of Hg in environmental samples obtained by
MC-ICP-MS have been reported to differ significantly [192]. The potential of Hg isotopes
to distinguish sources of contamination has therefore been investigated. However,
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3.8 Metrological aspects of environmental monitoring of trace elements 147

many biotic and abiotic processes undergone by Hg compounds in the environment
can cause significant shifts of isotopic signatures [193]. These shifts, referred to as “iso-
topic fractionation,” must be thoroughly understood during interpretation of isotopic
signatures. In summary, real-time monitoring and marine cycling research studies are
continually emerging that better define sources and fate of Hg. While it is difficult
to truly “separate” anthropogenic from natural sources in samples, cumulative evid-
ence in studies allows for source attribution and hypotheses about important sites of
transformation and bioaccumulation.

Emerging technologies for atmospheric Hg speciation and for Hg analyses through
MC-ICP-MS show great promise, but are subject to interpretation based on current lim-
its of knowledge of transformation and fractionation reactions. Clearly, studies with
proper ancillary measurements enhance the ability to differentiate between natural
and anthropogenic Hg.

Boron also shows a broad range of isotopic variation in the nature. In environ-
mental sciences, boron isotopes can be used to gain information about the source of
contaminants in groundwater and freshwater systems [194]. The reason for the high
variability of $11B in nature is the isotopic fractionation within the global geochem-
ical cycle of boron. This mass-dependent isotopic fractionation is mainly driven by
different ground energies of 10B and 11B in the two boron species B(OH)3 and B(OH)4
in aqueous solutions.

To obtain the best results, ratios should be used in conjunction with other data,
such as concentrations and other elemental compositions, and assisted with tools
such as geospatial analysis, when applied to identify the sources and transport
pathways of trace elements in the environment. Increased availability of instrument
and development of new analytical instrument requiring minimum sample prepar-
ation are expected to make this method more prevalent in trace elements pollution
investigation in the future.

Recently, also other elements became the subject of investigation in terms of
fingerprinting of environmental pollution, mainly because of the very good isotope
ratio precision that can be obtained by means of MC-ICP-MS. By applying this in-
strumentation, it was shown that also elements such as Cd [195], Zn [196], and Fe
[197] show fractionation effects, and hence, could be a useful tool for environmental
studies. Zn isotopes were mainly studied as tracers of biogeochemical and chemical
processes but recently also the potential of Zn isotopic analysis for source assessment
in environmental samples has been described [198].

3.8 Metrological aspects of environmental monitoring
of trace elements

The protection of the environment is among the highest priorities worldwide. The
identification of environmental pollution is based onmonitoring campaigns that peri-
odically assess the quality of our water, soil, and air. The reliability and comparability
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of the analytical data produced in this context are a crucial point for manage-
ment of the environment in general, for example, taking decisions and meaningful
actions in remediation policies. Good laboratory practice associated with quality as-
surance/quality control should be essential components of the analytical process for
generation of environmental data.

3.8.1 Use of reference materials

Quality control procedures are commonly based on the analysis of CRMs. CRMs are
the anchor points for comparability of measurement results, in both space and time,
ensuring their traceability to a common reference. These materials are essential tool
in laboratories to meet the requirements of the quality assurance system.

According to the International Vocabulary of Metrology-Basic and General Con-
cepts and Associated Terms [199], the definitions for reference material and CRM are
as follows:

3.8.1.1 Reference material
Definition. It is a material that is sufficiently homogeneous and stable with reference
to specified properties, which has been established to be fit for its intended use in
measurement or in examination of nominal properties.

NOTE 1 Examination of a nominal property provides a nominal property value and
associated uncertainty. This uncertainty is not a measurement uncertainty.

NOTE 2 Reference materials with or without assigned quantity values can be used
for measurement precision control whereas only reference materials with assigned
quantity values can be used for calibration or measurement trueness control.

NOTE 3 “Reference material” comprises materials embodying quantities as well
as nominal properties.

3.8.1.2 Certified reference material
Definition. Reference material accompanied by documentation is sued by an author-
itative body and providing one or more specified property values with associated
uncertainties and traceabilities using valid procedures.

NOTE 1 “Documentation” is given in the form of a “certificate”.
NOTE 2 Procedures for the production and certification of CRMs are given, for

example, in ISO Guides 34 and 35.
Reference materials can be artificially (synthetically) prepared or obtained from

materials with natural origin. When analyzing natural matrices, the matrix itself can
cause substantial bias in the analytical result.

“Matrix reference materials” realize the measurement in a specific matrix, often
produced from a natural sample.

Reference materials are used for validation of analytical methods, for the estima-
tion of measurement uncertainties, and for establishing traceability of measurement
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3.8 Metrological aspects of environmental monitoring of trace elements 149

results to internationally agreed stated references. As such they are cornerstones for
the proper implementation of relevant regulations in national and international le-
gislations, for quality control and laboratory accreditation. By using the reference
materials for calibration and method validation, laboratories can demonstrate that
their measurement results are traceable, or in other words that they are globally
comparable.

A number of metrological and international institutes provide CRMs, such as the
National Institute of Standards and Technology in the USA, the National Research
Council in Canada, the International Atomic Energy Agency, the Institute for Reference
Materials and Measurements in Belgium, the Federal Institute for Materials Research
and Testing, and National Metrology Institute of Japan, Japan.

Since the production of CRMs is a very complex and laborious process, the
increasing demand of reference materials cannot be satisfied.

The scope of this chapter is therefore to present an overview of existing matrix
CRMs, related to the environmental monitoring needs. Our survey concerns available
matrix CRMs for trace elements in water, biota sediment, and soils. They are shown in
Table 3.2.

3.8.2 Measurement uncertainty in the environment analysis: study case

According to VIM [199], measurement uncertainty is a nonnegative parameter charac-
terizing the dispersion of the quantity values being attributed to a measurand, based
on the information used.

The word uncertainty means doubt and uncertainty of a measurement result is a
parameter that characterizes the dispersion of the values that could reasonably be at-
tributed to the measurand. Uncertainty estimation is not meant to bring unnecessary
complication but, instead, it is essential to the evaluation of the quality of a meas-
urement result. It is not necessarily a difficult task, and it must remain fit for purpose
and proportionate to the objective of the measurement. What must be achieved in
priority is sufficient understanding of the measurement process to ensure the declar-
ation of accurate results within realistic uncertainty boundaries given the scientific,
economical, and legal context of the measurements.

Every analytical measurement, upon which important decision are often made,
has an associated uncertainty, resulting from errors arising in the various stages of
sampling and analysis, which characterizes the range of values within which the
“true” values asserted to lie [200]. The estimation of measurement uncertainty associ-
ated with an analytical measurement is increasingly being recognized as an essential
part of the measurement process, because it facilitates and improves comparison of
analytical results and is a requirement for the ISO accreditedmethods [201]. In order to
estimate the uncertainty associated with an analytical measurement a clear statement
of the measurand, and the quantities used to derive it, is required. The formulation of
an uncertainty budget can be used as amethod development tool, allowing the analyst
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3.8 Metrological aspects of environmental monitoring of trace elements 155

to identify which areas of themeasurement process provide themajor contributions to
the overall measurement uncertainty, making it possible to focus on these areas in or-
der to improve the quality of the analytical result. It also allows an analytical method
to be monitored in order to determine if the method is under control.

The estimation of combined uncertainty of measurement results can be obtained
by applying different approaches, modeling approach recommended by the ISO GUM
[201] or single laboratory validation approach [202].

The steps considered to evaluate the measurement uncertainty according to
ISO-GUM, applying modeling approach, are as follows:

– define the measurand;
– describe the measurement procedure by the corresponding model equations;
– identify the possible sources of uncertainty;
– estimate all the input quantities;
– evaluate the standard uncertainty of each input quantity;
– estimate the measured value;
– evaluate the combined standard uncertainty of the result;
– evaluate the uncertainty sources contribution/index;
– calculate the expanded uncertainty; and
– report the result with the associated uncertainty.

Uncertainty estimation requires that the measurement process (i.e., from sample pre-
paration to the instrumental and the data evaluation steps) is described entirely under
the form of (not necessarily complex)mathematical expressions establishing the func-
tional relationship between a measurand and the input quantities. All sources of
uncertainty associated with the analytical procedure are identified and incorporated
into the model used. The value for each parameter in the measurement equations,
obtained either by an analytical measurement or a mathematical calculation, has an
associated standard uncertainty. All knowledge of a specific measurement can be eas-
ily implemented in this model. It brings objectivity to the description of the reality
as perceived, and it provides the transparency required for the establishment of the
traceability of the measurement results.

The equations described in Table 3.3 represent the mathematical model, which
is used to calculate MeHg mass fractions in biota sample applying external calibra-
tion method and Advance Mercury Analyzer [203]. The value for each parameter in
the described equations, obtained either by an analytical measurement or a mathem-
atical calculation, was with an associated standard uncertainty. The uncertainties of
all input quantities are found and thereafter combined into the combined standard
uncertainty. Bracketing calibration strategies is used in the presented study case. This
type of calibration is in theory more advantageous in terms of uncertainty propaga-
tion as (i) the measurement cycle is fast and the instrumental drift is minimized and
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156 3 Trace Elements in the Environment

Table 3.3: Modeling approach for the calculation of combined uncertainty of MeHg mass fraction in
biota sample [206].

Preparation of calibration standards

CD_i = CM × mM(mM+md_1)1 ×
m1(m1+md_2)2 × ⋅ ⋅ ⋅ ×

m(i–1)
(m(i–1)+md_i)i

(1)

Sample bracketing calibration and other corrections

Cmeas = CD_(i+1) × (AS–Ai–corr–ABlk)+CD_i × (A(i+1)corr–AS+ABlk)
(A(i+1)corr–Ai–corr) (2)

Absorbance correction

Acorr = Astd – AI_Blk (3)

Recovery calculation

R̄ = 1
n ×

n∑
1

[CCRM]n
CCRM_cert

(4)

Final calculation with corrections for recovery and moisture content

CS = 1
p × ∑p

1
Cmeas.Vt1 .Vthio

ms.Vt2 .R.
× 1

1–W × f (5)

Parameter Index

C Mass fraction (mg/kg) D Working calibration standard
C̄ Mass fraction average (mg MeHg/kg) M Stock solution
m Mass (kg) i Dilution steps (i ≥ 2)
A Absorbance S Sample
R̄ Recovery CRM Certified reference material
V Volume (ml) Std Calibration standard
W Moisture content of biota sample (%) meas Measured
f Dilution factor cert Certified

n, p Number of repeats
Blk Procedural blank
I_Blk Instrumental background
Corr Correction for instrumental background
t1, t2 Added, collected toluene
thio Volume of sodium thiosulfate
aliquot Measured aliquot thiosulfate

(ii) the effect of instrumental nonlinearity is insignificant. Therefore, the uncertainty
coming from the calibration step of the measurement procedure is estimated accord-
ing to eq. (2) (Table 3.2), which describes the application of bracketing approach.
Besides the correction for recovery, the measured mass fractions were also corrected
for procedural blank and moisture content.
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3.8 Metrological aspects of environmental monitoring of trace elements 157

Typically, the relative expanded uncertainty on the MeHg content in biota sample is
found to be 15% (k = 2). In this way, the combined uncertainty statements that arise
go far beyond the simple repeatability calculations and reflect our understanding of
the measurement process.

The single-laboratory validation approach, contrary to the ISO GUMmodeling ap-
proach, does not go deeply into the measurement procedure and does not attempt to
quantify all uncertainty sources individually. Instead uncertainty sources are quanti-
fied in large “batches” via components that take a number of uncertainty sources into
account. Most of the data that are used come from validation of the analytical proced-
ure. This type of approach is sometimes called the “top-down” approach and is also
known as aNordtest approach [252]. The equations for the single-laboratory validation
approach for the same example are presented in Table 3.4.

Equation (1) includes the two main components of uncertainty budget: u (Rw)
which stands for the within laboratory reproducibility component of uncertainty and
u (bias) accounting the uncertainty component taking into account possible bias.
The within-laboratory reproducibility (intermediate precision) component takes into

Table 3.4: Single laboratory validation approach for the calculation of combined uncertainty of MeHg
mass fraction in biota sample [206].

Combined standard uncertainty (as relative)

uc = √u2
Rw + u2

bias (1)

Random effect (as relative)

uRw = SRw (2)

Possible bias (as relative)

ubias = √RMS2
bias + u2

ref (3)

RMSbias = √∑n
i=1(biasi)2

n (4)

biasi = Clab_i–Cref_i
Cref_i

(5)

uC_ref = √∑p
i=1(uC_ref_i)2

n (6)

Parameter Index

u Standard uncertainty lab Laboratory
S Standard deviation n Number of CRM used
RMS Root mean square Rw Within laboratory reproducibility
C Mass fraction (mg/kg) ref Certified reference material
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158 3 Trace Elements in the Environment

account all uncertainty sources that are random in the long term. The bias component
takes into account the systematic effects that cause long-term bias (but not those that
just cause bias within a given day). The long-term bias can be regarded as a sum of
procedure bias (bias inherent in the nature of the procedure) and laboratory bias (bias
caused by the way how the procedure is implemented in the laboratory).

The relative expanded uncertainty calculated with validation data was found to
be 20% (k = 2), which is consistent with the one calculated combined uncertainty by
the modeling approach.

Validation. According to the ISO-17025 guidelines, validation is “the confirmation
by examination and the provision of objective evidence that the particular require-
ments for a specific intended use are fulfilled” [200]. The factors influencing the final
results were systematically assessed as follows: different experiments have to be set
up in order to investigate the performance characteristics of themethod in terms of lin-
earity, repeatability, intermediate precision, limit of detection, limit of quantification,
trueness and stability of the extracts, procedural and instrumental blanks.

Alternative approach for the method validation indicated in the ISO 17025 [200] is
the participation in inter-laboratory comparisons and comparison of obtained results
with results from independent method.

3.8.3 Practical aspects on the traceability of trace elements
in environmental samples

The concept of metrological traceability underpins comparability of measurement res-
ults. According to VIM [199] traceability is “property of a measurement result whereby
the result can be related to a reference through a documented unbroken chain of calib-
rations, each contributing to the measurement uncertainty.” A principal requirement
exists in ISO 17025 for laboratories to produce measurements that are traceable to a
common system of measurement, International System of Units (SI) in this case, to en-
sure comparability of measurement results. A typical chemical measurement involves
a number of steps as illustrated in Table 3.2. The way to demonstrate traceability is to
use an uncertainty budget, where all the parameters influencing the final result are
systematically assessed. Key steps in the attainment of traceability were as follows:
1. The analytical method used should be properly selected and validated, both in

terms of matrix composition and analyte concentration.
2. The unbroken chain linking the trace element mass fraction to SI unit should

be described with the mathematical model. Table 3.2 presents the mathematical
model of the analytical procedure, which is completely understood. This model,
together with subcalculations or references to certified values, relates each of the
input quantity to SI units of the mol or the kilogram.

3. The use of CRM for calibration and bias (recovery) estimation is the way to link
trace element mass fraction to the common system of reference SI. CRM with
similar matrix should be used also in the validation of sample preparation step.
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Due to the extreme diversity of analytical problems related to determination of
trace elements in environmental samples, it is impossible to reveal universal rules
and approaches for their solving. Despite the significant number of publications on
this topic issued during the last decades, the environmental trace analysis remains
extremely dynamically developing branch of the analytical science. Even minor vari-
ations in thematrix composition or structuremight cause problems inmethod transfer
and application. All approaches should be adapted to the particular object of in-
vestigation with respect to the specific sample properties, analyte to be determined,
applicable methods, and personal experience of the operator. Development and ap-
plication of reliable and validated analytical methods providing traceable results
related to environmental objects remain a challenging analytical task.
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4 Food Analysis and Speciation

4.1 Topics, elements and species of interest

Food, beverages and drinking water are primary sources of minerals for humans;
therefore, determination of essential and/or potentially toxic elements is an intrinsic
component of food quality control. Analytical results obtained for Fe, Zn, Cu, Cr, I, Co,
Mo and Se allow for monitoring dietary intakes in order to satisfy specific metabolic
requirements and also to prevent/detect the unsafe states of deficiency or overload.
For such purposes, acceptable range of oral intake or dietary reference intake (DRI)
needs to be observed, as defined by the World Health Organization (WHO) [1, 2]. For
other elements, including those probably essential for humans (Si, Mn, Ni, B, V) and
those nonessential or toxic, several parameters and limits are in use, majority of them
developed from the dose–response relationships observed in toxicological studies [3].
In particular, the terms and respective values often cited in the literature include oral
reference dose (RfD), acceptable daily intake (ADI), tolerable daily intake (TDI) and
provisional tolerable daily or weekly intake (PTDI or PTWI) [4]. Despite conceptual
similarity of the above parameters, each regulating organization uses its own defini-
tion and the values reported for a given elementmay vary depending on the age/sex or
clinical conditions of the subjects. In Table 4.1, the established values for oral intakes
of few selected elements are presented; these values were taken from the websites
of US Environmental Protection Agency [5], WHO [2] and Joint Food and Agricultural
Organization/WHO Expert Committee on Food Additives [4, 6].

In another approach to the assessment of food safety in terms of mineral content,
international organizations and food agencies have introduced legislations that spe-
cifymaximumallowable concentrations of nonessential elements in various products.
Noteworthy, the European Community Commission Regulation (EC) No. 1881/2006
sets maximum levels of cadmium and lead in marine food, in different types of an-
imal meat, in vegetables, fruits, cereals and legumes. This same directive includes
also regulation for total tin in canned food, for lead in infant formula, milk and its
products and for mercury in marine food. Depending on the element and food type,
the maximum element levels are in the range 0.05–1 mg/kg of the sample wet mass
(for Sn the range is 50–200 mg/kg wet mass) [7]. In the guidance documents of Food
and Drug Administration (FDA), action levels are given for As, Cd, Cr, Pb, Ni in sea-
food (1.5–86 ,g/kg), for methylmercury (MeHg) in fish (1.0 mgHg/kg MeHg), for Pb in
candy likely to be frequently consumed by children (0.5 mgPb/kg) and for inorganic
As in apple juice (10 ,g As/kg) [8]. Not all elements and not all food items are included
in current legislation; hence, as an all-purpose rule for regulated and not-regulated

https://doi.org/10.1515/9783110366730-005
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Table 4.1: Different approaches to the regulation of oral intake of selected trace elements from food.

Element Classification DRI (,g/day) RfD
(mg/kg bw/day)

TDI/ADI
(mg/kg bw/day)

PTWI
(mg/kg bw/week)

Cu Essential 700–900 – 0.04 3.5
Mn Essential 34–45 0.14 0.14 –
Se Essential 40–55 0.005 0.005 –
Ni Possibly essential – 0.02 0.02 –
Inorg. As Nonessential – 0.0003 0.0003 0.015
Cd Toxic – 0.001 0.001 0.007
Inorg. Hg Toxic – 0.0001 0.0003 0.005

Note: DRI, daily reference intake for healthy adults (WHO) [2]; RfD, oral reference dose describes daily
exposure that is likely to be without an appreciable risk during a lifetime (The Integrated Risk Inform-
ation System, US EPA) [5]; TDI, tolerable daily intake (WHO) equivalent to ADI; ADI, acceptable daily
intake (JECFA) refers to “safe” levels of intake [4]; PTWI, provisional tolerable weekly intake, useful for
nonessential elements that are not cleared rapidly from the body (JECFA) [4, 6].

Total elements

Es
se

nt
ia

l

Cu
Fe
Zn
Se
Mn
Cr
I

Mo

Toxic
Hg, 

As, Cd,  
Pb   Sn

Element species

Se
Se(IV), Se(VI)
SeMet, SeCys

Food

Animal food

Rice and grains

Seafood

Fruits/vegetables

Processed food

Total diets

Infant food

Hg
Hg (II)
MeHg

As
iAs, As(III), As(V)

MMA, DMA, AsB

Sn
Sn(IV)

TBT

Cr Cr(III), Cr(VI)

Figure 4.1: General scheme indicating products, elements and their primary species of interest in
food analysis.

analytes/products, the levels of contaminants and natural toxicants should be kept as
low as reasonably achievable [9].

Figure 4.1 shows a general scheme of the most analyzed food products and ele-
ments of interest. For total concentration of essential elements, practically all food
types are included, whereas the determination of toxic elements is preferentially car-
ried out in foods derived from plants, in seafoods and in mushrooms. Nonessential
elements of major interest include As, Cd, Pb, Hg and Sn. At this point, the increasing
demand for controlling various infant foods should be emphasized.
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Globalization of food supply brings obvious advantages but it also entails new
safety risks due to the potential contamination and adulteration issues. Tracking
the provenance of food helps to ensure the good quality of products by controlling
their origin, their processing/production process, transport and delivery. Today, dif-
ferent categories of foods are protected by domestic or international legislations. As
an example, EC EU Protected Food Name Scheme considers three categories of tradi-
tional and speciality foods: (1) agricultural products and foodstuffs that are produced,
processed and prepared in a given geographical area using recognized know-how
(Protected Designation of Origin); (2) food products closely linked to the geographical
area with at least one of the stages of production, processing or preparation taking
place in the area (Protected Geographical Indication); and (3) products obtained by
specific traditional processing and/or production methods and not associated with a
specific geographical area (Traditional Specialities Guaranteed). In this regard, trace
element profiling combined with statistical classification/discrimination has been
widely accepted as an important tool in the assessment of food provenance [10–14].
Unlike organic markers of food origin, potentially affected by many environmental
and anthropogenic factors, the concentration profile of several trace and rare earth
elements has proved to be strictly associated with the growing conditions in the
specific geographical region [15]. This topic has received considerable attention as
reflected in the research articles and comprehensive literature reviews [14, 16].

In addition to the determination of total elements, chemical speciation has be-
come mandatory in the analysis of food products. The importance of analytical
speciation arises from variable bioavailability, bioaccessibility and different potential
health impact of this same element, depending on its actual physicochemical form.
For some elements, speciation aspects are included in food regulation documents;
the FDA guidance level of MeHg in fish and inorganic As in apple juice has already
been mentioned before [8]. In Figure 4.1, elements and species typically determ-
ined in foodstuff are included. Methodological aspects and applications of speciation
schemes in food analysis have been discussed in several comprehensive reviews and
books [17–21]. Among immense variety of elements, species and matrices analyzed,
few specific topics have received major attention; such is the case of mercury and
arsenic speciation in edible marine organisms [22–25], arsenic speciation in wheat
and rice [26], selenium in dietary supplements and in biofortified yeast, vegetables or
mushrooms [27–29].

In this chapter, the state of art inmethodology of trace element determination and
speciation in food is presented. The discussion is based on the recent advances and
applications, including studies reported in the last four years. Themain focus is on the
specific aspects of food quality control that have been depicted in this introduction.
Due to the requirement for precise quantification at low concentration levels in chem-
ically complex food matrices, the applications of atomic spectrometry are highlighted
as the preferentially selected tools. For speciation analysis, the determination of com-
mon species of mercury, arsenic, selenium, chromium and tin in different foodstuffs
is reviewed.
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4.2 Determination of total elements

Current regulations of mineral elements in foodstuff refer to the concentration levels
in wet mass, which facilitates evaluation of the intake from edible portions [7, 8]. On
the other part, quantification results are usually referred to themass of dried or freeze-
dried sample because elimination of moisture results in better stability and easier
sample handling, in enhanced analytical reliability and it also allows for traceability
to the certified reference materials (CRMs) [12]. To circumvent the apparent inconsist-
ency hindering direct comparison of analytical data with the regulated values, the
moisture content needs to be evaluated and it is usually done in a separate experiment
taking conveniently large amount of the wet sample [30–35]. Alternatively, internal
standard addition improves the precision while analyzing wet sample and such ap-
proach is especially well suited for speciation analysis [36]. Worth mentioning that for
total diet studies, FDA has established specific instructions regulating the preparation
and the amount of edible portion for each item [37].

Once the sample is defined, reliability of the analytical results rests on the se-
lection of appropriate instrumental technique, suitable sample pretreatment and
minimization of analytical errors by implementation of quality control schemes [38].
In the analysis of foodstuff, the majority of samples are solids or semi-solids and
must be subjected to the pretreatment prior to trace element determination, unless
intended to be analyzed by X-ray techniques [39]. While using optical or mass atomic
spectrometry, dry-ashing or wet acid digestion is typically carried out yet without re-
quirement for full mineralization. Themain effort is centered at efficient solubilization
of analytes and on the degradation of chemical matrix in a short time and in line with
the principles of green chemistry. In Table 4.2, a survey of recent studies is presen-
ted indicating the pretreatment procedure applied in each case. As can be observed,
microwave-assisted digestion with concentrated nitric acid has often been used for
variety of matrices, including baby foods [34, 40, 41], rice and grains [8, 42], fruits [43],
dairy products [44], mushrooms [45–47] and composite foods [48–51]. In many applic-
ations, hydrogen peroxide was added to enhance oxidation power; several examples
are presented in Table 4.2 for the above-mentioned products [32, 39, 43, 52–65] and
additionally, for vegetables [66–69], seafood [70–73], animal meat [74–77] and honey
[12, 78, 79].

Conventional heating on a hot plate or in a heating block has also been re-
ported [80–83]; however, it should be stressed that digestion carried out in open
systems compromises the determination of the so-called volatile elements that can
be lost at this stage. In the analysis of more difficult samples, especially those con-
taining high lipids content (whole milk, cocoa products), mixtures of concentrated
nitric, perchloric and/or sulfuric acids can be used [84–86]. For the digestion of sea-
food, vegetables and legumes, hydrochloric acid has sometimes been added to the
nitric acid or to nitric acid/hydrogen peroxide mixtures [87–90]. Of note, hydrofluoric
acid is practically not required for food analysis. Dry-ashing by application of high
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4.2 Determination of total elements 201

temperature (450–650 ∘C) in muffle furnace during at least 8 h has been used in the
analysis of dairy products [33, 91, 92], cereals and legumes [89, 90], fruits and veget-
ables [93], honey [11] and total diet [54]; this approach is especially convenient when
large sample series need to be processed. For comparative purposes or as a part of
validation scheme, two or more digestion procedures have been used for this same
analysis [8, 43, 89–91, 94, 95]. Practically all authors highlight that the reagents of
high purity must be used and, all vessels and laboratory material should be carefully
acid-washed in order to avoid sample contamination and high blank values. Final di-
lution of the digest is required to assure low acid load to the analytical cell (typically,
< 2% in the final solution).

Despite being the most common practice, the digestion procedures are relatively
lengthy and they involve a risk of analyte(s) loss and/or sample contamination. In
the analysis of foodstuff, direct sample introduction or simplified sample pretreat-
ment has attracted research interest and few recent studies are included in Table 4.2.
For the determination of nine trace elements, pulverized rice was directly analyzed
by electrothermal vaporization–inductively coupled plasma–optical emission spec-
trometry (ETV-ICP-OES) [53]. ETV was also applied for the introduction of vegetable
oil emulsion to ICP-mass spectrometry (MS); palladium nanoparticles were used as
modifier/stabilizer for the determination of As, Hg, Pb and Cu [96]. In another study,
vegetable oils and solid fats diluted in hexane were directly introduced to the graphite
filter furnace atomizer for the determination of As, Cd, Cu, Mn, Pb and Zn by filter fur-
nace electrothermal atomization atomic absorption spectrometry (FF-ETAAAS) [97].
The feasibility of slurry introduction to electrothermal atomic absorption spectrometry
(ETAAS) was demonstrated by analyzing chromium in the freeze-dried plant tissues
and fruits [98] and also by determining Cd, Cr, Pb in honey [99]. Hot water dilution
and acidification of honey has also been proposed [64, 100].

The determination of total mercury in foodstuff is not only highly demanded but
also challenging due to element volatility, its sorption on the parts of the introduction
system and due to the related memory effects observed in various instrumental tech-
niques. In this regard, few commercial apparatus are available for Hg determination
in solid samples without any pretreatment. In a direct mercury analyzer (DMA), solid
food sample is decomposed thermally in a small boat, Hg is then trapped by amal-
gamation with gold and upon heating, elemental Hg is released and determined by
cold vapor (CV)-AAS. As shown in Table 4.2, DMA has been applied for Hg determin-
ation in seafood [94], animal meat [74, 76], rice [8] and honey [79, 101]. Alternatively,
after sample digestion CV has often been chemically generated in a flow system for
enhanced performance of Hg determination by AAS or atomic fluorescence spectro-
metry (AFS) in seafood [59, 70, 72, 82, 87, 94], baby food [52], mushrooms [45–47, 57]
and honey [101].

Practically, all elements forming volatile covalent hydrides are of interest in food
analysis. Hydride generation (HG) is a convenient technique because it reduces sub-
stantially matrix-based interferences; it also allows for preconcentration and offers
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202 4 Food Analysis and Speciation

high introduction efficiency. Few studies found in the recent literature focused on As
determination in seafood [87], processed foods [51] and infant cereals [52] by HG-AAS;
Sn was determined by HG-ICP-OES in canned tomatoes [62].

As to the instrumental techniques, ICP-MS is certainly the most powerful tool due
to its exceptional detection power, wide dynamic range, multielemental and isotopic
capabilities; on the other part, however, spectral interferences need to be efficiently
eliminated and the overall cost of analysis is elevated. Therefore, in food analysis,
ICP-MS is primarily used for the determination of ultra-trace contaminating/toxic ele-
ments [8, 12, 34, 44, 48–50, 53, 55, 56, 60, 61, 64, 66, 67, 70, 71, 73, 76, 80, 82, 100, 102–
104]. ICP-OES is the second most popular technique in food analysis. Even though
inappropriate for quantification at ultra-trace levels and despite complex emission
spectra, ICP-OES is well suited for simultaneous determination of metals, metalloids
and some nonmetals in foodstuff, using less sophisticated and cheaper instrumenta-
tion as compared to ICP-MS [32, 34, 39, 43, 45–47, 54, 58, 65, 66, 71, 74, 75, 77, 78, 80,
91, 92, 95, 105, 106]. In addition to the direct aspiration of digested sample to ICP-OES,
extractive preconcentration procedures can be found in the recent literature and some
representative examples are shortly described in Table 4.2 [63, 83]. ETAAAS is a tech-
nique of choice for trace and ultra-trace level quantification of elements in chemically
complex matrices; in food analysis ETAAAS has been used for the determination of
As, Cd, Pb, Sn, Ni, Co, Cu, Cr, Fe, Mn [40, 42, 72, 79, 84, 85, 87, 97–99]. Traditional lim-
itation of AAS in terms of unielement capability has been overcome in high-resolution
continuum source instrument (HR-CS-AAS), which has also proved its utility in trace
element analysis of milk [107] and baby food [40]. Finally, applications of flame at-
omization AAS for the determination of essential elements in seafood [72, 88], dairy
products [33, 84] infant formula [40, 108], vegetables and cereals [86, 89, 90, 93],
cocoa products [85] and honey [79, 81], should also be mentioned.

When the goals of determination of total elements are surveyed, it is perceived
that seafood, dietary products, baby/infant food and total diets from different geo-
graphical regions and specific countries are studied principally to estimate dietary
intake of essential elements and to evaluate potential health risk related to the pres-
ence of contaminating/toxic elements (Table 4.2). Migration of metals from food
containers and changes of element content during food processing have also been
addressed. For plant-derived products and mushrooms, potential impact of envir-
onmental contamination on the concentration of elements in food is additionally
considered. Such is the case of honey, which is not a rich source of essential elements
(20 g of portion provides less than 1% of the recommended daily allowance for Cr,
Mn, Se, S, B, K, Ca or F [80]), but the determination of contaminating elements in
this food product is often reported. In this specific case, trace elements profile has
been used for classification/discrimination of honey from different botanical and/or
geographical regions with an aid of principal component analysis, cluster analysis,
linear discriminant analysis or neural network algorithms [12, 78, 81, 100]. Finally, it
should be stressed that many studies are centered at methodological development,
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4.3 Speciation schemes and analysis of selected food matrices 203

establishing novel procedures of sample pretreatment, analyte preconcentration,
sample introduction and reliable quantification.

Practically all studies considered in this section included some elements of
quality control/assurance. In the great majority of works, blank control, detec-
tion/quantification limits, precision evaluated in replicate analyses and percentage
recoveries based on the standard addition have been reported. Furthermore, ac-
curacy testing by analyzing appropriate food-related CRMs has become a common
practice. Worth to emphasize that in addition to the well-established CRMs form Na-
tional Institute of Standard and Technology, National Research Council, International
Atomic Energy Agency, Institute for Reference Materials and Measurements, there has
been an increasing variety of food-related certified materials produced by individual
countries, mainly from China, Poland and also Sweden (Table 4.2). Another often re-
ported approach for accuracy checking rests on the comparative evaluation of the
results obtained by two different analytical procedures. Finally, external validation
by participation in different proficiency testing programs has been reported in few
studies.

4.3 Speciation schemes and analysis of selected food matrices

The term “speciation analysis” is well established in chemical nomenclature and it
refers to the detection, identification and/or measurement of the quantities of one or
more individual species of a given element in a sample, being “chemical specie” a spe-
cific and unique molecular, electronic or nuclear structure of this element [109, 110].
Some elements are of key importance in speciation analysis, due to the diversity of
their forms/species and because these species may present drastically different biolo-
gical behavior. Notably, there are no general rules linking chemical form of an element
with its actual effect in a living organism. As an example, lower oxidation states of ar-
senic and of inorganic selenium are more toxic as compared to their higher oxidation
states [26, 111], whereas for chromium, its hexavalent form (Cr(VI)) is more harmful
with respect to trivalent (Cr(III)), which at low concentrations is in fact beneficial for
glucose metabolism [112]. Furthermore, depending on the element, the organic com-
pounds can be more or less harmful than inorganic forms as occurs for mercury and
arsenic, respectively [113].

The variety and the amount of chemical species in food depend on their natural
content in the raw materials and are unavoidably affected by the composition of spe-
cific environment, its contamination and application of the agrochemical products.
On the other part, the initial element status can be modified during food elaboration
and storage, due to the application of food additives and also as a result of food fortific-
ation with micronutrients. For essential elements, speciation results help to evaluate
the compatibility of their content in food with specific metabolic requirements. In this
regard, selenium is one of the most studied elements due to its species-dependent
essentiality which is observed in a relatively narrow concentration band [114–116].
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On the other part, speciation results may alert on the health risks associated with the
intake of potentially toxic element species, being inorganic arsenic (iAs) andMeHg the
most important examples already mentioned in the previous sections. For the assess-
ment of toxic species in foods, reliable analytical methodologies are required, which
are also needed for the promotion of more specific food regulations. In addition to
the determination of well-characterized element species, food analysis involves the
detection/identification of less common compounds that can be formed as a result of
degradation or biotransformation of the original species. Such is the case of arsenic
speciation in marine organisms [117–119] or in meat from chicken treated with roxar-
sone [120–123]. Studies on selenium speciation in biofortified food products should
also be mentioned here [30, 124–132].

Speciation analysis in food is challenging because it is necessary to identify and
quantify target species in a complex chemical matrix and at the concentration levels
usually far below the total element content. Additional difficulties include chemical
lability of species, their sometimes uncertain identity, the lack of suitable standards
and still insufficient number of appropriate CRMs [110, 133, 134]. In general scheme,
speciation analysis starts with the pretreatment, which is necessary to convert the
original sample to a form suitable for further processing; this step is followed by sep-
aration of element species/forms and their quantification. In principle, the first two
operations should be enabled for selective and efficient extraction and preconcentra-
tion of target element forms present in the sample, without affecting their identity
and quantity [20, 26, 113, 135]. In some applications, for example while using select-
ive extraction or chemical vapor generation, these two phases can be combined into
a single step [136–140]; otherwise, species separation is carried out in the sample ex-
tract typically by means of chromatographic [19, 26] or electrophoretic [121, 141–143]
techniques. Atomic spectrometry techniques are themost convenient detectors in spe-
ciation schemes; however, they can be used only for the analysis of known species
whose authentic standards are available [20, 135, 144]. Confirmation and identifica-
tion of new or unexpected compounds is achieved by molecular mass spectrometry or
other structure characterizing techniques, such as nuclear magnetic resonance, X-ray
absorption and fluorescence spectrometry [119, 124, 129, 145–148].

In speciation analysis, special care is needed to preserve natural composition and
distribution of species in the sample during the entire procedure and to avoid sample
contamination. Accordingly, the procedures employing soft chemical conditions and
minimized sample manipulation are preferred, and a clear trend exists toward us-
ing the so-called hyphenated techniques that combine separation and detection steps
into one operating online system [149]. The important advantages of hyphenated tech-
niques are minimized contamination risk, enhanced precision, short time of analysis
and relatively easy data handling [113, 135]. The number and variety of combinations
between separation and detection techniques have been continuously increasing in
search of simplicity and feasibility of implementation in routine analysis, yet without
sacrificing the required selectivity and detection power.
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4.3 Speciation schemes and analysis of selected food matrices 205

For nonvolatile species, liquid chromatography (LC) has been typically used be-
cause of extended range of separation mechanisms available. Nonetheless, optimum
separation conditions not always can be used, since chemical lability of element spe-
cies, their interactions with the stationary phase and/or the components of mobile
phase (buffers, organic modifiers) may cause disruption of natural speciation existing
in the original sample. In particular, ion-exchange and reverse-phase columns are the
most common choice in food analysis, specifically for inorganic and organometallic
species of As [26, 117, 122, 150], Se [30, 126–128], Hg [151–153] or Cr [154, 155]. ICP-MS
has been a prevailing element-specific detection systemdue to its easy online coupling
with different chromatographic modes and its capability to monitor effluents for their
elemental/isotopic compositionwith high sensitivity, to determine target elementwith
high selectivity over other potentially coeluting elements and to compensate for in-
complete chromatographic resolution from complex matrices. Typical flow rates for
standard-sized analytical columns (0.5–1.2 mL/min) are compatible with the con-
ventional pneumatic nebulizers (concentric Meinhard, Babington or cross-flow), so
the column outlet can be connected directly to the liquid inlet of the nebulizer, us-
ing short polymeric or stainless steel tubing. It should be mentioned however that
certain components present in column effluent may deteriorate analytical perform-
ance of ICP-MS. Such is the case of excessive concentrations of organic solvents that
cause lower plasma stability and formation of carbon deposits on the torch and the
sampling cone; high salt concentration is also undesired because of nebulizer and
cone clogging, plasma destabilization and a potential increase of polyatomic inter-
ferences [156–158]. The most convenient chromatographic conditions imply isocratic
elution with diluted aqueous mobile phases and with low percentage of organic mod-
ifier. In addition to the careful selection of separation conditions, elimination of
polyatomic interferences by collision/reaction cell (CRC) technology has often been
used in food speciation analysis [31, 122, 124, 127, 159, 160]. Other atomic spectrometry
techniques with continuous sample introduction, such as ICP-OES and flame atomic
absorption spectrometry, have not been used as LC detectors due to insufficient de-
tection power for food speciation purposes and due to troublesome interferences. For
hydride-forming elements (mainly As, Se, Sb) and for Hg, an alternative detection sys-
tem quickly gaining popularity is AFS; this technique offers relatively low detection
limits and represents lower cost of both, instrument and operation, as compared to
ICP-MS [120, 161–164]. Finally, the applications of LC-molecular mass spectrometry for
structural characterization of target compounds in speciation studies should be high-
lighted. A soft electrospray ionization (ESI) is particularly well suited for ionic species,
labile organometallic compounds and biomolecules [165]; its combinationwithHR-MS
and tandem MS/MS devices (quadrupole with time of flight, quadrupole-quadrupole
time of flight or Orbitrap) provides accurate mass, isotopic pattern and fragmentation
spectra required for ultimate species identification [123, 124, 129, 147, 166, 167]. The
instrumental setup allowing for simultaneous ICP-MS and ESI-MS detection has been
used in speciation analysis [168], including food matrices [123].
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Despite obvious advantages of gas chromatography (GC) in terms of high resolv-
ing power and, which is particularly important in speciation analysis, the use of
nonreactive carrier gas and efficient transport of the column effluent to the element-
specific detector, the application of this separation technique is limited to volatile and
thermally stable solutes [169]. In food products, only very few element species are
volatile (e.g., As-containing hydrocarbons [167]), so a precolumn derivatization step is
required [170]. During this additional procedural step, the analytes can be efficiently
separated from the sample with many-fold preconcentration, offering additional be-
nefits of enhanced detection limits and high matrix tolerance. Typical derivatization
procedures prior to GC separation include conversion of inorganic and small organo-
metallic ions into volatile covalent compounds in aqueous media (hydrides, fully
ethylated, propylated or phenylated species), conversion of larger alkylated cations
with Grignard reagents to saturated nonpolar species and, conversion of ionic species
to volatile chelates (dithizone, methyl chloroformate, among others) [153, 171–175].
The remarkable progress in sample pretreatment prior to GC analysis is reflected in
several recent reviews, specifically focused on derivatization reactions [170, 176], dif-
ferent modes of immersed or headspace solid-phase microextraction (SPME) [177, 178]
and liquid–liquid microextractions [179, 180]. Application of ICP-MS as the detection
system has often been reported, mainly due to its high detection power and cap-
ability for quantification by isotope dilution methods [132, 167, 169, 170, 181, 182].
Molecular mass spectrometry with electron ionization has also been used in food spe-
ciation analysis [132, 153, 172–174]. Depending on the instrumental design, enhanced
analytical performance for quantification of target compounds can be achieved by iso-
tope dilution [132, 153], by selective ion monitoring [132, 153, 173] or multiple reaction
monitoring (MRM) [172, 174]. For MRM, GC-MS instruments equipped with triple quad-
rupole provide fragmentation of selected ions in tandem MSn operation mode; these
features make modern GC-MS an attractive tool for structural characterization and de-
termination of low analyte concentrations immersed in chemically complex matrices
[183, 184]. Among other detection systems used for GC in food speciation analysis,
microwave-induced plasma optical emission (atomic-emission detection, depending
on the configuration) [185–187], AFS [171] and also electron capture detector (ECD)
[175] should be mentioned.

Capillary electrophoresis (CE) has proved its strength in speciation analysis,
based on its capability for separation of species presenting different physicochem-
ical characteristics, no need for stationary phase, simple composition of running
buffer, mild separation conditions and high resolution [188–190]. On the other part,
this technique requires highly sensitive detection system with somehow problematic
connection between the capillary outlet and ICP-MS introduction system; most im-
portantly, however, separation performance in CE is strongly affected by chemical
matrix of the sample. Despite several applications in food speciation analysis repor-
ted before 2010 [143], in the recent literature only few studies have used CE separation
[121, 141, 142].

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



4.3 Speciation schemes and analysis of selected food matrices 207

Element speciation in food products can also be carried out by nonchromato-
graphic procedures and this topic has been comprehensively discussed in the recent
review articles [191–193]. Nonchromatographic procedures are based on different frac-
tionation schemes and are usually devised for separation of element oxidation states,
for discrimination between organic and inorganic forms or for selective extraction of
target species with or without previous derivatization. In the recent literature, applica-
tions of miniaturized liquid- and solid-phase extraction (SPE) [130, 137, 138, 140, 194–
197], field-flow fractionation [198, 199], derivatization and chemical vapor generation
[137, 195, 196, 200–202] can be found. For element quantification in the obtained frac-
tions, AAS and AFS have been preferentially used [130, 137, 138, 140, 194–197, 201].
Since analyte preconcentration can be achieved during fractionation, application of
highly sensitive and expensive ICP-MS is generally not required. Finally, worth to note
that integration of fractionation or derivatization and detection steps into a flow sys-
tem is still an attractive approach facilitating miniaturization, possible automation,
high precision and environmentally friendly character [136, 139, 197, 203].

In Table 4.3, a survey over the recent literature on food speciation analysis is
presented with details of sample pretreatment and analytical speciation procedure
used in each study. In the following sections, a brief description is presented with an
emphasis on the most commonly analyzed elements, their species and food products.

4.3.1 Mercury

Generally, foodstuff contains trace concentrations of mercury with a low health risk
for consumers, and determination of total concentration is usually adequate for food
quality control purposes (Table 4.2). Nonetheless, food derived from aquatic organ-
isms may contain higher levels of total mercury with considerable contribution of
extremely toxic MeHg. The great majority of speciation studies have been focused
on the determination of MeHg and inorganic mercury in seafood (Table 4.3) with
several comprehensive reviews available [22, 134, 204–206]. In addition to the fresh
tissues of marine organisms, processed and canned products have also been analyzed
[35, 153, 202]. Efficient extraction of all species without perturbation of their natural
distribution is the most critical procedural step due to the chemical lability and dif-
ferent properties of organic versus inorganic mercury (volatility, polarity, electrical
charge). Different extraction procedures have been in use [24, 206] and those repor-
ted in the recent studies include alkaline (KOH, tetramethylammonium hydroxide
(TMAH)) [139, 175] or acid (HCl, HNO3) [161, 163, 202] extractions, addition of L-cysteine
[151–153], organic solvents (toluene) [138] and also enzymatic treatment with pro-
tease XIV and lipase [153]. Microwave heating or ultrasonication during extraction
has often been recommended [151, 163]. In the applications of LC, separation has
been achieved on reversed-phase columns with mobile phases containing L-cysteine
[153, 161] or ammonium pyrrolidinedithiocarbamate (APDC) [163] as a complexing
agent, pH range 2–6, and acetonitrile or methanol as organic modifier [161, 163].
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240 4 Food Analysis and Speciation

Alternatively, two strong cation-exchange guard columns connected in series allowed
for the separation of Hg(II), MeHg, EtHg and PhHg with the mobile phase containing
L-cysteine or thiourea at pH 2 [151]. For sensitive, element-specific detection, column
effluent has been introduced directly to ICP-MS [151–153], or to CV-AFS after online
oxidation of MeHg [161, 163].

GC has a long history in mercury speciation; in the original approach, multistage
extraction/purification was needed and ECD was used; this system presented sev-
eral drawbacks due to instability of chloride derivatives and relatively low sensitivity
[207]. Recently, dithizone was examined as a complexing agent for MeHg during
sample treatment/extraction and afterward, the complex was converted to chloride
for ECD detection [175]. On the other hand, alkylation of Hg species and applica-
tion of atomic and molecular mass spectrometry techniques enabled for improved
analytical performance [208, 209]. Specifically, when tetraethylborate (NaBEt4) is
used as a derivatizing agent, the reaction is carried in aqueous sample extract, and
Hg(II) and MeHg are converted to HgEt2 and MeHgEt, respectively [173]. Other al-
kylating agents include tetrapropylborate (NaBPr4) and tetraphenylborate (NaBPh4),
both of them offer an advantage of higher hydrophobicity of derivatized species as
compared to NaBEt4 and also enable to distinguish between Hg(II) and EtHg, if the
latter is present in the sample [153, 176]. Typically, the volatile derivatives are collec-
ted/preconcentrated by purge-and-trap or SPME techniques for their introduction to
GC system [153, 206].

Nonchromatographic procedures for the determination ofMeHg in foodstuff are of
interest due to their relative simplicity and preconcentration capability. In the recent
applications, selective extraction of MeHg or Hg(II) has been proposed prior to CV
generation and AAS or AFS detection [138, 139, 202].

In addition to the seafood, a concern has arisen in relation to possible contam-
ination of rice with MeHg [206, 210]. In a recent study, the extraction was initially
carried out with potassium hydroxide-methanol, followed by addition of concen-
trated HCl and dichloromethane; after solvent evaporation the extract was analyzed
by GC-AFS [211]. Unlike seafood, where MeHg is usually themainmercury species, rice
contained relatively lower percentages of organic mercury.

Finally, due to the often reported species interconversion, a special care is needed
to avoid analytical errors. Inmany studies, recoveries of individual species after stand-
ard addition to the real sample have been reported [35, 153, 175]; however, the most
reliable approach is isotope dilution analysis while usingmass spectrometry detection
[22, 153].

4.3.2 Arsenic

This element has been extensively studied in food products with more than 50 dif-
ferent compounds detected and identified; however, for the assessment of health
risk associated with food consumption, only few species are usually considered

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



4.3 Speciation schemes and analysis of selected food matrices 241

[19, 23, 26, 212]. In particular, arsenite (As(III)), arsenate (As(V)), methylarsonous acid
(MMA(V)), dimethylarsinic acid (DMA(V)), arsenobetaine (AsB) and arsenocholine
(AsC) are important in the analysis of seafood with nontoxic AsB being the main
species in the majority of fish types. In plant-derived foods, As(III) and As(V) are
prevailing, yet DMA(V) and MMA(V) have also been determined. Noteworthy, the de-
termination of iAs (iAs = As(III) + As(V)) has been adopted as indicator of a health
risk associated with food consumption, because the two oxidation states are read-
ily interconverted during gastrointestinal digestion and also in a course of analytical
procedure [26, 133, 213] Additionally, As-based feed additives and their metabolites
have been included while analyzing animal meat (specifically chicken and porcine)
[120, 122, 123, 214].

Depending on the food type and species of interest, different pretreatment pro-
cedures have been used [19, 23, 26, 160, 204, 212, 215, 216]; preanalytical operations
such as grounding, drying, freeze-drying, homogenization and storage have also been
explored as possible factors affecting native distribution of arsenic species [26, 133,
217, 218]. For fresh and processed seafood, water–methanol extraction has been used
in the recent studies [117–119, 219] and extractions with diluted nitric acid or with
hot water can be found in earlier studies [121, 220–222]. For detection/identification
of As-containing hydrocarbons in fish oils, hexane–water–methanol mixture was
used [119], whereas for animal meat, malonic acid with H2O2 at pH 9.5, methanol–
water or water extraction have lately been reported [120–122]. For chicken liver,
extraction with simulated gastric juice was applied [123, 223]. Rice and wheat are dif-
ficult chemical matrices and both incomplete extraction and species interconversion
have been observed [26, 133]. As reviewed in Table 4.3, a consensus seems to exist
that microwave-assisted extraction with diluted nitric acid (hydrogen peroxide ad-
ded for iAs determination) is an appropriate procedure for rice and wheat products
[136, 137, 150, 194–196, 201, 217, 224–226].

As presented in numerous reviews and also depicted in Table 4.3, ion-exchange
or ion-pair reversed-phase LCwith ICP-MS detection are the primary tools for As speci-
ation in food [19, 26, 227]. In particular, anion-exchange separations of As(III), As(V),
MMA(V), DMA(V) and AsB have been reported in the range of pH 4.5–9.5, according
to pKa1 values of these species (9.3, 2.3, 2.6, 6.2, 2.2, respectively) [228]. In recent stud-
ies, a clear preference can be noted for using polymeric anion-exchange PRP-X100
column andmobile phases containing carbonate, phosphate, citrate or malonate salts
at millimolar concentrations (pH 4.5–9.5) [117, 119, 122, 123, 127, 150, 219, 224, 226].
For reversed-phase columns, recently reported mobile phases were composed of 1-
butanesulfonate, malonic acid, TMAH, MeOH at pH 3 [160], formic acids and MeOH
at pH 2.55 [31] or contained quaternary amines at pH > 8 [201, 229]. In addition to
the four species mentioned earlier, reversed-phase separation of thio-organic As spe-
cies in marine organisms was reported with phosphate-based mobile phase at pH
3 [118]. Due to the considerable variety of organic As species present in marine or-
ganisms, trimethylarsine oxide (TMAO), tetramethylarsonium ion (TETRA), As-sugars,
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thio-methylated species and As-containing hydrocarbons have been included in spe-
ciation analysis [117–119, 167]. Since separation of all these species is not possible in
a single chromatographic run, a combination of anion- and cation-exchange columns
was reported in the cited studies. Typically, cation-exchange separations have been
used for AsB, TETRA, TMAO with pyridine-containing mobile phases at relatively low
pH (pH < 4) [19, 26, 117, 227]. As an alternative to LC, CE has recently been used for sep-
aration of nine As species on chicken meat, herbal tea and seafood CRMs [121]. Even
though ICP-MS detection has been used inmany studies, it should be emphasized that
monoisotopic arsenic suffers from 40Ar35Cl+ interference that needs to be eliminated.
For quadrupole instruments, CRCs have been pressurized either with He as neutral gas
or with reactive gases (O2, CH4); otherwise, chromatographic separation of chloride
was obtained [26, 117, 218, 224, 229, 230]. Furthermore, postcolumn HG has been re-
ported not only for ICP-MS but also for AFS and AAS detection [120, 223, 231]; however,
only As(III), As(V), MMA(V) and DMA(V) can be converted to volatile arsines when re-
ducedwith NaBH4 in acidicmedia whereas for other organic species such as AsB, AsC,
TMAO or TETRA, their oxidation is required before HG. As to other detection systems,
recent applications of molecular mass spectrometry for confirmation/identification of
less common As species are included in Table 4.3 [117, 123, 167].

GC has rarely been used in As speciation in foodstuff; as shown in Table 4.3 the
recent application was for the analysis of As-containing hydrocarbons in commercial
fish oils [167].

As mentioned before, a special interest exists in the determination of iAs and
several nonchromatographic procedures have been proposed for this purpose. In
particular, after oxidative extraction and preconcentration, arsenate was reduced
with KI/ascorbic acid and then analyzed by HG with AFS, AAS or ICP-MS detection
[136, 137, 194–196, 201].

Finally, applications of X-ray absorption near-edge structure (XANES) for direct
As speciation in marine periwinkle and rice is noteworthy; however, as stated by the
authors, the weak points of this technique were high spectra noise, low sensitivity and
possible overestimation of reduced As due to “in-beam” As photoreduction [119, 224].

4.3.3 Selenium

Dietary sources of selenium include seafood, animal liver and kidney, brazil nuts,
milk, eggs and grains; however, the daily recommended intake of this element (40–
55 ,g/day) is not always assured, and supplementation has been a common practice
[232, 233]. For this purpose, biofortification of yeast, vegetables or mushrooms has
been extensively studied and the obtained products are the main targets of speciation
analysis. A variety of selenium compounds have been found in food products; among
them inorganic oxoanions selenite Se(IV) and selenate Se(VI), low molecular organic
species such as selenomethionine (SeMet), selenocysteine (SeCys), selenocystine
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4.3 Speciation schemes and analysis of selected food matrices 243

(SeCys2), Se-methylselenocysteine (MeSeCys), Se-methylselenomethionine (MeSe-
Met), #-glutamyl-Se-methylselenocysteine (#-Glu-MeSeCys), and high molecular mass
compounds such as Se-containing proteins, selenoenzymes or selenosugars [28, 29,
114, 204]. According to their abundance in food and importance to a good health, in-
organic Se, SeMet, SeCys/SeCys2 and MeSeCys are the most commonly determined
compounds and the related recent studies carried out in edible oils, seafood and
enriched food are presented in Table 4.3 [30, 124–132, 140, 162, 200, 234].

Since the important part of organic Se is protein-bound, enzymatic or acid hy-
drolysis is often required, whereas for nonprotein-bound species water extraction has
usually been used. In recent studies on Se speciation in seafood, KOH/MeOH or en-
zymatic treatment with protease XIV has been reported [162, 200, 234]. For enriched
rice, yeast, wheat flour, sprouts and vegetables, pretreatment procedures consisted of
water, water/methanol, methanesulfonic acid, protease XIV treatment or simulated
gastrointestinal digestion [30, 126, 127, 130–132]. In explorative studies, centered at
Se biotransformation by lactic bacteria during elaboration of selenized yogurt [124] or
selenized edible mushrooms [129], proteins were extracted, fractionated, enzymatic-
ally digested and the obtained extracts submitted to speciation analysis. More detailed
description of sample pretreatment for Se speciation analysis in food-related products
can be found in several reviews and book chapters [23, 28, 29, 114, 116, 204, 215].

The most explored hyphenated technique in Se speciation has been LC with
ICP-MS detection. Specifically, Se(IV), Se(VI), SeMet, SeCys2, MeSeCys have been sep-
arated on anion-exchange columns with mobile phases at pH 5–7 [126, 127, 162,
200, 234]. Furthermore, different perfluorinated and alkylsulfonic acids have been
extensively used as ion-pair reagents for separation of Se compounds on reversed-
phase columns; among them, heptafluorobutyric acid, 1-butanesulfonic acid and
1-pentanesulfonic acid have been recently applied [124, 127–129, 131]. As to ICP-MS
detection, ionization efficiency of Se in Ar plasma is relatively low (about 30%), the
most abundant 80Se isotope suffers from polyatomic interference caused by argon di-
mer (40Ar40Ar+) and mobile phase composition may have deteriorating influence on
the detection sensitivity. Due to these limitations, the use of CRC pressurized with hy-
drogen is strongly recommended as well as the addition of methane gas for increased
sensitivity and careful selection of chromatographic conditions giving preference to
isocratic elution with diluted mobile phases and low concentration of organic mod-
ifier [29, 113, 116, 235]. In some applications, postcolumn HG and AFS detection has
been used; however, all Se compounds eluting from the column have to be converted
to Se(VI) and then reduced to Se(IV) to assure efficient H2Se generation [162, 164, 236].
Similarly as for other elements, confirmation/identification and also quantification
of Se species can be achieved by mass spectrometry detection coupled with different
separation schemes [124, 129, 132].

Nonchromatographic procedures should also be mentioned. Interesting fraction-
ation scheme based on SPE and APDC complexation with off-line ETAAAS was
described for the determination of Se(IV), Se(VI) and tSe in edible oils and in canned
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fish [140]. ETAAS was also used after cloud point extraction of inorganic Se from
biofortified rice [130]. Asymmetric flow field fractionation was applied for size frac-
tionation of proteins from Se-enriched yogurt; the results were compared with those
obtained by size-exclusion chromatography, both with ICP-MS detection [124].

4.3.4 Other elements

Due to excessive use of tin-containing biocides in the past, speciation analysis had
often been carried out in environmental samples and in marine or freshwater organ-
isms. Analytical procedures focusing on inorganic tin and its alkylated compounds are
described in the comprehensive reviews [170, 237, 238]. In the recent literature, butyl-
and phenyltin compounds have been determined in seafood after solvent extraction,
derivatization with Grignard reagent of NaBEt4 and followed by GC-MS [172, 174].
Another aspect of tin speciation in food is related to its leaching from packing ma-
terials. Whereas less harmful inorganic forms can be expected in canned food [239],
polymeric wraps contain organic highly toxic forms as plasticizers, and in a recent
study, diphenyl tin was detected and quantified in the leachates of two cake packing
materials [147].

Determination of Cr(VI)/Cr(III) in environmental samples and in drinking water
has received much attention due to the well-known toxicity of hexavalent form [240].
There have also been reports on chromium speciation in food products [241, 242]; how-
ever, a consensus seems to be reached now that natural content of antioxidants is
sufficient to prevent Cr(VI) formation in food [154, 155]. On the other part, in the frame
of quality control of the dietary supplements, CE-ICP-MS procedure has been proposed
enabling separation of Cr(III), Cr(VI) and CrPic in 8 min. The results obtained in the
analysis of commercial yeast supplements indicated that CrPic was the only species of
chromium in these products [142].

Metallic nanoparticles constitute relatively new addition to the metal-based spe-
cies of interest in food analysis. Several types of nanomaterials are used today as food
additives, based on their antimicrobial activity, in order to improve food texture and
taste and also to increase the shelf-life (elemental forms or oxides of Ti, Si, Zn, Cu,
Ag, Au, among others) [243]. Fresh foods are often exposed to colloidal silver nano-
structured antimicrobial salts, oxides or elemental colloids (Ag) used for disinfection.
Migration from packing materials is another important source on nanomaterials con-
taining Ti, Si, Cu, Zn, Sn, Ag that are added as plasticizers or preservation agents [244].
Environmental contamination with nanodimensional materials is another source of
element forms/species in food [245]. Analytical data of potential interest for the as-
sessment of bioaccessibility/bioavailability of nanoparticles and their possible trans-
formations in food or during food digestion can be obtained by determination of total
element content derived from nanoparticles, their size distribution, morphology, solu-
bilization and possible chemical transformations. Typical analytical schemes involve
fractionation/separation by centrifugation, size-exclusion chromatography or flow
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field fractionation with ICP-MS detection. Alternatively to the conventional condi-
tions, ICP-MS can be operated in a single particle mode with the intent to simplify
or avoid separation step; direct imaging of nanoparticles in food samples by power-
ful microscopic techniques has also been reported [246]. As shown in Table 4.3,
silver nanoparticles in chicken meat were analyzed for size distribution by asym-
metric flow field fractionation with ICP-MS (either in conventional or single particle
mode) and compared with the results obtained by transmission electron microscopy
[198, 199].

Among other topics in food analysis, speciation of oxidation states of antimony is
of interest due to higher toxicity of Sb(III) versus Sb(V); as an example the recent non-
chromatographic procedure based on selective SPE of Sb(III)–diethyldithiocarbamate
(DDTC) complex is included in Table 4.3 [197]. Direct speciation of copper oxidation
states in nuts, seeds, cocoa powder, tissues of marine and sea organisms has been
undertaken by XANES using Cu(I)-acetate, Cu(II)-acetate, Cu(I)-glutathione, Cu(I)-
cysteine and Cu(II)-histidine as the model compounds and it was concluded that Cu(I)
was a predominated oxidation state of copper in the majority of products analyzed
[148]. With the aim of improving bioavailability of zinc in infant formulas, speciation
analysis has been carried out in defatted low molecular mass fraction of human milk
by high-performance liquid chromatography-ICP-MS and by off-line analysis of the
collected fractions by ESI-MS [159]. Zn-citrate complex was identified as the main spe-
cies and the authors suggested citrate addition to the infant formula for improved Zn
bioavailability.

4.4 Future perspectives in food analysis and speciation

Metals and other trace elements are naturally present in food, but there are also nu-
merous external sources that may affect original nutritional value or cause undesired
health effects related to consumption of contaminated food. Therefore, the determ-
ination of total element concentrations is the essential part of food quality control.
The state of art in analytical instrumentation and methodology enables for reliable
determination of target elements at low concentration levels in compliance with the
existing legislation. On the other hand, not all elements and foods are included in the
current regulations, which is the driving force for further development in this field.
In particular, there is a need of simple and robust procedures, operating in line with
the principles of green chemistry, capable of providing reliable results and feasible to
be implemented in the routine laboratories. Accordingly, the main effort is centered
at the sample pretreatment so the efficient solubilization/extraction of analyte(s) and
degradation of chemicalmatrix can be obtained in a short timewithminimumamount
of harmless reagents and with an aid of microwave energy or ultrasonication. For the
determination of ultra-trace concentrations, ICP-MS is today a technique of choice, but
other, less expensive techniques such as ICP-OES, AAS and AFS are also in use after
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suitable preconcentration step. In this regard, a clear trend can be observed for using
miniaturized extraction techniques such as SPE, dispersive liquid–liquid extraction,
single drop-liquid extraction or cloud point extraction (Table 4.2).

In parallel to the determination of total elements, the interest in food speciation
analysis has been steadily increasing, and today the most toxic compounds (iAs,
MeHg, tributyl tin, Cr(VI)) are included in official regulation of food and drinking
water. The emerging variety of elemental forms that are used in agricultural prac-
tice, in food processing and that are introduced as contaminants by human activity,
together with the expanding knowledge of the specific role of element species in hu-
man nutrition and toxicology, are the main factors stimulating progress in analytical
methodology. For the analysis of known species, hyphenated techniques have gained
undisputed priority with ICP-MS being the most powerful detection tool. Other atomic
spectrometry techniques are preferred in nonchromatographic speciation schemes
or, when postcolumn chemical vapor generation is integrated (AFS). Full character-
ization of element species is sometimes required in food analysis, especially in the
analysis of dietary supplements, highly processed foods and foods elaborated from
biofortified rawmaterial. For such purposes, the identification/confirmation of new or
unexpected species relies on accurate massmeasurements and structural information
furnished by molecular mass spectrometry. Similarly as for total element determina-
tion, in food speciation an incessant effort can be noted in the development of simple
and robust procedures enabling for precise and accurate quantification of element
form/species that impose a health risk or provide health benefits.

It can be anticipated that in future, an effort will continue toward reinforcement of
reliability in food analysis and speciation. Further methodological development will
be centered at establishing simple and robust procedures, appropriate for being im-
plemented in routine food control. Since standardization of the speciation methods is
necessary to promote more specific food regulations, the emphasis on quality con-
trol schemes and the production of suitable CRMs is to be expected. In particular,
today there are relatively few CRMs available for speciation analysis; these include
food-related materials with certified values for MeHg and tHg (BCR 463, DOLT-3,
DORM-2, International Atomic Energy Agency [IAEA]-350, IAEA-140, ERM-CE), those
with certificate for As species and tAs (BCR 627, IMEP-107, ERM-BC21, DORM-2, National
Metrology Institute of Japan-7503a) and for SeMet and tSe (SELM-1).

Finally, new directions in the determination/speciation of trace element are
dictated by production of functional and transgenic foods and by increasing applica-
tions of nanodimensional metal/metalloid forms in food processing, preservation and
packing.
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5 Trace Element and Speciation Analysis
of Biological Samples

5.1 Trace element analysis of biological samples

The role of elements in living organisms has been studied since centuries. Most of the
elements are essential for living organisms but only at trace levels; a part of elements
present at trace levels is toxic. Therefore, the researchers focused on the total content
of elements in various biological samples first. Most of the researches refer to human
health and processes in living organisms. The term biological sample has a very broad
range and concerns such materials as biological fluids (e.g. blood, serum, urine and
breast milk), plant and animal tissues, food (not processed and processed) as well as
other materials whose analysis can bring knowledge about their biological functions.
Diversity of studied materials in determined analytes as well as diversity in their phys-
ical and chemical form requires special and individual procedures using all possible
tools and methods of analytical chemistry. Because of the problematic matrix of bio-
logical materials and necessity of determination at trace levels of elements, biological
samples demand precise and accurate analytical methods.

The history of trace element analysis has begun along with atomic absorption
spectrometry (AAS) development. For most elements and samples, AAS with flame
atomization (FAAS) is specific, free of interferences and in its concentration range
of parts per million (ppm) a problem of sample contamination is not afflictive. AAS
with graphite furnace (GF) atomizer gave the opportunity for direct determination of
much lower concentration of elements than in flame atomizers. It is worth to men-
tion that electrothermal atomizers pose some problems with interferences, especially
in the case of biological materials with substantial matrix compared with the analyte.
Even though a great sensitivity made this method very popular, FAAS or GF AAS sys-
tem is still most frequently used in trace element analysis in biological, medical and
clinical areas [1]. Essential elements such as Fe, Zn and Cu, and toxic elements like Pb
and Cd present in ppm levels in biological samples are determined directly with the
use of FAAS. But inmany cases, elements of interest are present at concentration levels
in the parts per billion (ppb) range or below. In that situation, widely available GF AAS
or another sufficient analytical methods like mass spectrometry (MS) and neutron ac-
tivation analysis are used. Nevertheless, most of them are not free from troublesome
interferences and a problem of contamination at this range becomes significant. In
case of single element analysis, GF AAS method is effective but for fast multi-element
determination at the trace and ultra-trace concentration levels for liquid samples, ICP
MS and ICP optical emission spectrometry (OES) are themost frequently usedmethods
[1, 2]. Additionally an ICPMSmethod allows a precise and accurate isotope analysis of
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262 5 Trace Element and Speciation Analysis of Biological Samples

chemical elements and this kind of analysis – isotope dilution analysis – provides the
possibility of absolute quantification for elements with two and more isotopes in any
samplematerial to obtain accurate trace element concentration. Another advantage of
ICPMSmethod is the possibility of association with different sample introduction sys-
tems suitable for liquid samples, dry aerosols and vapours, for example, traditional
pneumatic nebulization, electrothermal vaporization, direct injection nebulization,
ultrasonic nebulization and laser ablation (LA). An introduction system can improve
the limit of detection and decrease some characteristic interferences of the ICP MS
method. LA sampling is very attractive due to the very little or no sample prepara-
tion requirements as well as reduction of spectral interferences. Depending on the
laser used for sampling, this method can offer high spatial resolution (10–100 ,m for
nanosecond laser, below 1 ,m for femtosecond laser) with low sample uptake. The at-
traction of application of LA as a sample introduction system for ICP MS in elemental
analysis of biological materials started being reported at the end of 20th century [3, 4].
A problem with fully quantitative analysis was always stressed at that time and it
still persists due to the matrix-dependent non-stoichiometric effects occurring during
sampling, aerosol fractionation during transport to the plasma and processes in the
plasma: vaporization, atomization and ionization [5]. Despite this, the LA ICP MS has
been increasingly exploited for the analysis of various matrices over the last decades
[6–8] and distribution analysis carried out with LA ICP MS for bioimaging animal and
plant tissues demonstrates the usefulness and importance in biomedical research,
bioaccumulation and bioavailability studies in humans, animals and plants [9].

Accuracy of an analytical determination should be established for example by
analysing the same samples by two independent methods or by analysing reference
materials whose matrix is identical to that of the samples. Nowadays for some labor-
atories might be much easier to find and buy suitable biological reference materials
with useful range of analyte concentrations and matrix than to have an access to
second analytical method. Table 5.1 presents some examples of methods used for trace
elemental analysis in biological samples.

5.1.1 Sampling, sample storage and sampling treatment

Despite the analytical technique suitable for determining elements in biological
samples, there are several stages prior to analysis which are important and can be
a source of analytical error in trace element analysis of biological samples: sampling,
sampling pretreatment, sample storage and preparation.

In case of collecting blood samples with disposable stainless steel needles, it is
analysed that nickel, chromium or manganese may cause contamination problems
as these elements are major components of stainless steel. The same source of con-
tamination originates from containers used to store the samples but analyte loss
by adsorption is also possible. Usually polypropylene or polyethylene materials are
considered as the best storage containers but in some cases when long time freezing
is applied permeability to frozen water vapour can be observed together with gradual
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Table 5.1: Diversity of biological samples analysed by various methods for elemental content.

Sample Analyte Technique LOD (,g/L) RSD (%) References

Hair, nails, liver Zn(II) FAAS 2.2 <1.2 [10]
Food Cr(III), Cu(II),

Fe(III), Pb(II),
Pd(II), Zn(II)

FAAS 0.1–5.3 <5 [11]

Fruit (apple, grape,
nectarine, green beans,
cantaloupe)

Cu(II) FAAS 0.65 3 [12]

Fruit juices, seawater Cu FAAS 0,15 2.7–6 [13]
Juices, alcoholic beers Sn(IV) FAAS 0.33 2.1–6.2 [14]
Vegetable oil, fat samples Mn, As, Pb,

Cu, Cd, Zn
GF AAS 4.0–0.8 3–8 [15]

Wine, beer, milk, kefir,
yoghurt, juice, lemonade

Pb, As, Cd GF AAS 0.1–2.0 3–6 [16]

Vinegar Cd GF AAS 0.004 1.07–2.33 [17]
Body fluids Cr, Ni, Al, V ICP AES 1–2 1 [18]
Body fluids Al, Be, Cd, Co,

Cr, Hg, Mn, Ni,
Pb, V

ICP MS 0.001–0.05 1–5 [19]

Animal tissue, plant
leaves

Cu, Ag, Se,
Pb, As, Cd, V,
Cr, Mn, Ni, Sn,
Sb, Te, Bi, Co

ETV ICP MS 0.0013–1.4 ,g/g – [20]

Mouse kidney Pt, Zn, Cu LA ICP MS 50 fg – [21]
Leaves Cu, K, Mg, Mn,

P, S, B
LA ICP MS – – [22]

Grounded vanilla Mn, Mg, P, Ca,
Fe, Cu, Zn, Rb,
Sr, Ba

LA ICP MS 35 ,g/kg <10 [23]

Note: FAAS, atomic absorption spectrometry with flame atomization; GF AAS, graphite furnace atomic
absorption spectrometry; ICP, inductively coupled plasma; AES, atomic emission spectroscopy; MS,
mass spectrometry; ETV, electrothermal vaporization; LA, laser ablation.

moisture loss. Sometimes freeze-drying before storage might be the best solution but
due to time and money-consuming procedure only in case of benefit of dry sample
during analytical process. Because a great part of biological samples constitute biolo-
gical fluids it is necessary to remember that they may segregate during freezing which
might be a problem if only a part of the entire sample is used for analysis.

The same problem with contamination or loss of analyte coming from sampling
equipment and storage containers happens during the sample preparation procedure
because of the use of reagents or even airborne particulates. Therefore, in some cases
clean rooms of laminar flow hoods are essential. Analyte adsorption on surfaces, in-
complete solubilization or dissolution or extraction processesmay lead to analyte loss.
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Not to be underestimated is the analyst’s work style. Plant samples acquired from nat-
ural conditions, fields, meadows, forests or gardens require removal of dust or soot
cover on their surfaces. This could be achieved by rinsing but it has to be remembered
that in case of complete elemental composition studies potassium ions will be lost
during this process.

Most of the biological samples are composed of rich matrix which may cause
suppression or enhancement of the analyte signal. In that case, analysis of analyte
recovery and standard addition method might not be successful. In case of all natural
materials there is also a risk of heterogeneity of a sample to be analysed. To obtain
a representative material homogenization is needed and this could be achieved by
milling techniques. Then in case of trace element analysis the contamination coming
from parts of mill might be significant.

Fluids are a great part of biological samples and are possible to analyse just after
water dilution. This saves a lot of time and seems to be much more economical but on
the other hand the deposition of organic components from the body may cause clog-
ging of nebulizers, torch injectors and cones during ICPMS analysis. Too high dilution
factors applied to these samples bring closer the level of analyte’s concentration to the
detection limits.

Because most of the analytical methods used for trace element determination de-
mand liquid samples and also organic residues usually cause analytical biases, it is
common tomineralize biological materials prior to analysis. Depending on the sample
type, the element as well as the number of elements to be measured, there are differ-
ent digestion methods to be used for digestion of organic matter. The most commonly
employed are wet digestion and dry ashing. The last method is especially problem-
atic in case of volatile elements such as Hg, As and Se which could be lost during
the process but also because of hygroscopic feature of ash and its adsorbing tend-
ency to the porcelain or quartz surfaces of cups. Therefore, when discussing trace
element determination it is worth to mention closed systems for dry ashing, among
them a microwave-induced combustion allowing the digestion of organic samples in
oxygen-pressurized closed vessels.

There are many wet digestion procedures described in the literature but definitely
the use of closed vessels with microwave heating minimizes the risk of analyte losses
and improves the efficiency of oxidation of the matrix [24, 25]. Especially in biological
samples there is a possibility that an analytemight be present in some unknown volat-
ile organic species and lost even in lower temperatures than expected. Some plant
samples are digested easily in typical conditions of pressure and temperature used
in microwave digestion ovens (40–80 bar and 220–250 ∘C) and with the use of con-
centrated HNO3. But in cases of plant samples containing high concentrations of not
easily dissolved elements such as Si, Al, Cr, special digestion methods are required,
for example, for rice straw an addition of HF is needed. If high concentrations of HF
are needed, a suitable caution for non-HF-resistant elements of instrumentation must
be held [26].
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5.2 Element speciation of biological samples

However, when knowledge of biological functions of trace elements and their meta-
bolism increased, there is a need not only to determine their total content but also to
identify and quantitatively determine their different chemical forms. Therefore and to-
gether with recent development of trace and ultra-trace analysis, element speciation
analysis received a global attention. The aim of speciation analysis is to identify and
determine the concentration of various forms of elements in different materials. There
were a lot of speciation definitions [27, 28]. The latest presented at the IUPAC Gold
Book says that “speciation in chemistry is distribution of an element amongst defined
chemical species in a system” [29] and speciation analysis concerns all analytical op-
erations leading to the identification and/or quantification of one or more chemical
forms of a given element in the sample [30]. Whereas the process of classification of an
analyte or a group of analytes from a certain sample according to physical or chemical
properties is called fractionation [31].

In a complex biological matrix, trace elements might be present as different spe-
cies (free anions, chelates or bound to simple metabolites) and speciation analysis
identifies and quantifies these biologically active compounds which are bound to
trace elements. All analytical measurements have to be accurate and precise and
require a systematic check for the trace element and the biocompound. Speciation
analysis in biological materials is an extremely important task allowing the research
in many branches of science and life: toxicology, environment, biology or human
health. Nevertheless, it is a very difficult task. The modern speciation analysis identi-
fies and quantifies one or more than one chemical species in a sample and determines
biological parameters.

A fundamental tool for the speciation analysis is the combination of a selective
separation technique, which ensures that the analyte compound leaves the column
unaccompanied by other species of the analyte element, with a sensitive and spe-
cific detection method permitting for a quantitative and qualitative determination of
the target element. The low concentration of the trace elements present in biological
matrices usually at the level of ppm or ppb and complicated matrix constitutes main
problems of speciation analysis. Properly chosen hyphenated technique is a solution
for best results in speciation analysis of trace elements in biological samples. Themost
popular separation techniques are chromatography, electrochromatography and gel
electrophoresis combined with specific detection, very often ICP MS or ICP atomic
emission spectroscopy. The last component of the analytical strategy in speciation
analysis is identification and characterization of discovered species. Recently, ICP MS
offering low detection limits is frequently used as the detection method. One of the
advantages of this method is the ease of its coupling with high-pressure liquid chro-
matography (HPLC). It is worth to remember though that coupled system of HPLC–ICP
MS allowing for identification of compounds has a serious limitation due to the lack
of standards for many existing in real sample species. At the same time it is difficult to
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assume that existing in real sample complexing agents can change times of retention
of an analyte. In this case, a method of detection specific not for an element but for a
whole compound should be used. Usefulness of tandem mass spectrometry (MS/MS)
with soft ionization methods (e.g. electrospray, ESI) in identification and structural
characterization of molecules at trace levels in biological matrices was demonstrated
at the end of 20th century for the first time and its popularity is still growing [32].
Metabolomic studies based on low-resolution instrumentation (triple quadrupole, ion
trap) [33, 34] at the beginning but with time had been replaced with high-resolution
systems (time-of-flight, TOF) and combined in MS/MS tandems.

5.2.1 Sampling, sample storage and sample treatment

Speciation analysis is carried out in three stages: 1 – preparation of a sample, 2 –
separation of chemical species, 3 – their identification and possibly quantification of
identified species. There is a wide range as well of matrix as chemical compounds
identified among biological samples and therefore a lot of different sample prepara-
tion methods exist for speciation analysis purposes. The analytical procedure starts of
course with sampling but except samples’ representativeness a special attention has
to be paid to keep a constant speciation of an analyte in the investigated materials
during collection procedures. Even more troublesome is storage of collected samples
and then washing, drying, fragmenting and homogenizing.

In the case of plant materials and possible dust-borne deposits on its surfaces,
which can interfere the results of speciation analysis, its decontamination is highly
recommended prior to analysis. This can be achieved with rinsing plant tissues with
deionized water with the addition of detergent. The more complicated problem is
with coated soil plant roots. Decontamination damages root cells during removal of
soil particles and therefore plants cultivated in hydroponics are more appropriate for
speciation analysis in plant roots.

The main purpose of sampling treatment in speciation analysis is extraction of
interested compounds from a sample without any changes in its speciation. Soft ex-
traction techniques meet these requirements. Low efficiency of this process is not a
problem as the clue is stable speciation. For elements bound to peptides, water (with
eventual acid addition) or organic solvents extraction might be a solution. Increase of
it causes peptide denaturation and destroys cell membrane increasing the efficiency
of elemental extraction. Other solvents used for extractions, for example, from plant
tissues might be highly complex solvents containing buffers, electrolytes, reducing
agents, antibacterial agents and enzyme inhibitors. Enzymatic extraction is commonly
used due to the many advantages: enzymes do not demand higher temperatures (usu-
ally 35–50 ∘C) and work in biological range of pH. It is time-consuming though. There
are a lot of parameters that have an impact on the efficiency of this process, for ex-
ample, time, temperature, pH, stirring, shaking, using ultrasound baths, samplemass
to extractant volume ratio. Ultrasound bath shortens the time of efficient extraction
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significantly. But very often species cannot be efficiently extracted by the use of only
one extractant. In this case, sequential and parallel extraction techniques have been
developed. Sequential extraction increases the risk of primary speciation disorders
but at the same time it gives total element content and individual species in solvent
fractions. During this process a series of different extractants in specified order (wa-
ter, dilute salt solutions, enzymes, organic solvents, acids and bases) are applied to the
same sample in order to subdivide the total element content and individual species in
solvent fractions.

5.3 Elements

Even though there are multi-elemental methods of detection available, nowadays spe-
ciation analysis is considered usually for only one element. The choice of the method
depends on the researched material and element of interest.

Selenium is an essential trace element with a very narrow range from deficient,
essential and toxic doses in living organisms. Therefore, an extensive effort has been
done in recent years to develop effective analytical techniques of accurate determina-
tion of this element as well as identification of its species. Due to low concentrations in
most biological materials, selenium speciation analysis is a challenging task. The hy-
phenation of HPLC, gas chromatography (GC) and capillary electrophoresis with ICP
MS detection enabled speciation of low concentrated selenium in real samples. But
except excellent sensitive ICP MS detection efficient extraction, improvement of chro-
matographic resolution, development of complementary molecular MS techniques for
standard-less peak identification was needed.

Selenium compounds in biological samples such as human urine and serum
are determined and identified just after centrifugation and dilution with the use of
separation techniques coupled to sensitive determination methods: ion chromato-
graphy (IC) coupled with ICP MS method [35], HPLC coupled with ICP MS [36, 37],
size exclusion chromatography (SEC) coupled with ICP MS, liquid chromatography
(LC) coupled with ESI MS/MS [38]. In most biological materials, different extraction
procedures of selenium compounds are applied using various extractants, predomin-
antly water [35, 39–44] and enzymes [45–48]. In case of volatile selenocompounds,
GC is used as a separation method, but because most of selenocompounds are not
volatile, LC is preferred and HPLC as a separation method is one of the most fre-
quently applied. In case of homogenous and representative samples, it is also possible
to use X-ray absorption spectra technique and X-ray absorption near-edge structure
(XANES) method [49]. Selenium is not considered an essential plant nutrient but more
selenium species has been identified in plants than in animals, for example, inor-
ganic selenate (Se(VI)) and selenite (Se(IV)), organic forms such as selenomethion-
ine, selenocysteine, Se-methyl-selenocysteine, #-glutamyl Se-methyl-selenocysteine,
selenoproteins. Some plants also volatilize selenium as dimethyl-selenide or
dimethyl-diselenide.
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Aluminium is the third most abundant element in the Earth’s crust and the most
abundant metal. After a sharp reduction in fish population and also the complete
disappearance of some species in the lakes of the United States and Europe, some
studies concentrated on the effects of aluminium from acidified soils on the viability
of fish and other aquatic organisms. It has been proved that aluminium forms both
organic and inorganic monomeric complexes and the polymerization produces high
molecular compounds migrating to the natural water. The most reactive and toxic
forms of aluminium in an aqueous medium are Al3+, Al (OH)2+, Al(OH)2+ and very
labile complexes of aluminium. All these forms are included in the so-called inor-
ganic monomeric aluminium. It’s been also indicated that aluminium in body fluids
can be toxic to humans according to its species; however, the mechanism is still not
clear. And because of very low levels of aluminium concentration in biological ma-
terials a sensitive method of detection such as ICP MS coupled to HPLC is frequently
used in speciation analysis of this element [50–52]. Fast protein LC with ICP OES and
electrospray MS/MS detection have been used for Al speciation in plant tissues and
for separation of positively charged monomeric aqua- and hydroxyl-aluminium spe-
cies, positively charged low molecular mass like aluminium organic complexes such
as Al-citrate and Al-malate [53].

Cadmium is relatively poorly distributed in the Earth’s crust but on the other
hand it has been wildly distributed over the environment by human activities. Ad-
ditionally, cadmium has a dangerous impact on the health of humans and animals
and is easily absorbed by plants from soils. The mechanism of cadmium uptake
by plants is proportional to its concentration in the environment. The ability to
accumulate cadmium in plants depends not only on its quantity in the soil but
also on its species. Therefore, speciation of cadmium complexes (phytochelatins)
in plant material is frequently the subject of intensive studies [54–56]. Except ex-
cellent methods used for cadmium speciation such as SEC–ICP MS, ESI–TOF MS,
HPLC–ESI–MS, a ,-XANES method was developed for cadmium speciation in plant
tissues and allowed determination of CdSO4, CdS, CdCl2, CdNO3, Cd-acetate and CdO
[57, 58]. The localization of cadmium in the roots and leaves of a plant Arabidopsis
thaliana was investigated using scanning electron microscopy coupled with energy-
dispersive X-ray analysis and synchrotron-based micro-X-ray fluorescence [59]. The
species of cadmium (Cd-cysteine, Cd-glutathione, Cd-pectine and CdS) were estab-
lished by CdIII-edge ,-XANES, and the cadmium concentrations were determined
using ICP MS method. Speciation of cadmium in bean plant extracts performed with
the use of ESI–TOF–MS showed that only a small fraction of the xylem sap Cd (less
than 10%) may bind to certain thiol compounds, while the large fraction may be free
of Cd2+ [60].

All vanadium compounds should be considered toxic. Vanadium plays a very
limited role in human biology and is much more important in marine environments
than terrestrial ones. Again an application of LC–ICP MS or HPLC–ICP MS meth-
ods allows for easy and sensitive speciation of V(III), V(IV) and V(V) in biological
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materials [61, 62]. SEC–ICP MS and ESI–MS/MS characterize the unknown vanadium
metabolites [63].

There is evidence for the essentiality of arsenic as a trace mineral in birds and in
mammals. However, the biological mechanism for its essential function is not known.
Arsenic is mostly associated with its toxicity in living organisms. The progress of ar-
senic speciation studies has linked geochemistry with plant uptake, translocation
and storage as well as metabolism and toxicity. Plants are organisms responsible
for the transfer of arsenic between terrestrial environment and animals and due to
the health risks posed to humans a lot of interest is given to the biological and
metabolic pathways of arsenic in plants. Both, inorganic and organic, forms of ar-
senic are toxic and its poisonous properties have been known since ancient times. If
there are no problems with detection of low arsenic content usually performed with
ICP MS, the separation step is much more problematic. Moreover, extraction as well
as storage can change the native speciation in biological samples. HPLC technique
is the most successful separation technique applied in arsenic speciation analysis.
IC–ICP MS method has frequently been used for As speciation in various biological
materials [64, 65]. Arsenobetaine (AsB), inorganic arsenite (AsIII), dimethylarsinic
acid (DMA), monomethylarsonic acid (MMA), inorganic arsenate (AsV), 3-nitro-4-
hydroxyphenylarsonic acid (Roxarsone) andN-acetyl-4-hydroxy-m-arsanilic acidwere
identified in breast muscle tissues [66]. HPLC–ICP MS and hydride generation atomic
fluorescence spectroscopy were used as the most highly recommended techniques
for speciation and total arsenic determination of As(III), As(V), MMA and DMA, AsB
[67, 68]. HPLC ICP MS and LC ICP MS methods are also successfully applied in lead
[54, 69], thallium [70–73], nickel [74, 75], manganese [76–78] and chromium [79–81]
speciation. Chromium speciation can also be performed using nanoparticlesmagnetic
solid-phase extraction and FAAS detection [82].

Not only speciation of elements considered as toxic is under investigation. Copper
is an element very well known for its positive and important functions in organisms
and therefore its speciation is widely studied in various biological materials [83].
XANES method allowed to determine Cu(I)-acetate, Cu (II)-acetate, Cu (I)-glutathione,
Cu (I)-cysteine and Cu(II)-histidine in food and marine samples [84, 85]. Analysis
showed that copper species in this material could be divided into groups of the Cu-S
bond species, the Cu-O or the Cu-N bond species. Application of SEC–ICP-MS allowed
for speciation analysis of copper proteins: transcuprein, ceruloplasmin and albumin
in body fluids [86, 87]. Chromatographic analysis showed that copper is mostly bound
to ceruloplasmin present in human serum, and small part of this element exists bound
to albumin and approximately 1% is ionic or bound to low-molecular-weight fractions.
Another essential element for living organisms is zinc. Sample extraction for zinc spe-
ciation was performed mainly in water [88, 89] with SEC–ICP MS but in human serum
speciation was performed without this stage with the use of anion-exchange HPLC
coupled with ICP MS [87].
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There is no question that total element analysis is demanded for clinical assess-
ment and control (deficiencies of essential elements, presence of toxic elements or
toxic overloading, pharmacological levels) but that information is not sufficient. The
role of some trace and ultra-trace elements in living organisms is rich and varied.
This role as well as metabolic behaviour, bioavailability and toxicity of an element
in biological materials is determined by its actual chemical form. Most of analytical
procedures used for analytical speciation involve a lot of stages, including extraction,
preconcentration, cleaning, derivatization, separation and detection. In case of bio-
logical materials except low concentration of elements, there is a great problem as
complex matrix. But without any excuses all analytical measurements have to be ac-
curate and precise and require a systematic check for both the trace element and the
biocompound.
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Wiktor Dmitruk and Zuzanna Brożek-Mucha
6 Forensic Analysis of Microtraces

6.1 Characterisation of forensic microtraces

People commit a crime or undergo accidents through the medium of things and
leave traces at the crime scene. Criminal investigation concerns people and objects.
Although the trace in forensic sciences is being defined as every change in the en-
vironment that happened at the site and moment of a crime, the subject of physical
and chemical analysis for forensic purposes is the physical evidence. Various materi-
als may become traces of a crime. Sometimes they occur in very small quantities, and
so they are called microtraces. They are unique for the case and their small amount
ought to be sufficient for carrying out all the necessary examinations. The analytical
results to be obtained are expected to meet forensic and legal requirements.

Themain aim of the studies on the chemical composition and properties of micro-
traces is their identification, that is establishing the class of the material or an object
they might originate from (classification problem) as well as their comparison with a
reference material, whenever accessible for investigations (discrimination problem).
Also more advanced studies are being performed, for example to determine mutual
relationships between the physical and chemical properties of microtraces and their
source as well as to obtain the knowledge on the processes of their formation and the
primary and secondary transfer from one substrate to another one.

Thematerial in the form ofmicrotraces is being characterised by its minor amount
measured in micro-, nano- and even picograms and also by the difficulty in its sep-
aration from the substrate. Moreover, a microtrace being evidence in a forensic case
should not be completely consumed or damaged in the course of chemical ana-
lysis. Thus, the analytical methods of the primary choice for forensic analysis are
“non-destructive” ones, such as optical and electron microscopy, microspectrometric
methods, for example in the UV-VIS range and the infrared, as well as the X-ray spec-
trometry and X-ray diffraction. They enable one to establish the chemical composition
of the examined material and the crystalline phase of the particular components in
solid state.

6.2 Analytical methodology

In order to identify the examinedmaterials, it is necessary to determine their chemical
composition – mostly qualitative – and to establish some of their physical and chem-
ical properties. Methods of elemental analysis have a special place. Three kinds of
measuring techniques that utilise X-rays are most often used in the analysis of traces:
X-ray fluorescence spectrometry (XRF), micro-XRF (,-XRF) and scanning electron
microscopy coupled with energy-dispersive X-ray spectrometry (SEM/EDX). X-rays are
https://doi.org/10.1515/9783110366730-007
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applied in trace examination in order to observe the morphology of the trace and de-
termine its elemental composition. They also provide information, which can help to
establish if the suspected person was involved in a crime. X-ray diffraction is another
method occasionally used by forensic experts which analyses the crystalline structure
of the material rather than its elemental content and has the ability to provide definite
identification of its components.

Among the above-mentioned techniques, SEM/EDX is particularly useful. It
provides multiple investigative possibilities in case of very small samples of chem-
ical substances as well as complex materials in solid phase; it provides the possibility
of simultaneous examination of the chemical composition as well as the morphology.
Moreover, an additional benefit of usage of the technique is no need of destruction of
the sample, neither during the preparation, nor in the course of the analysis.

SEM/EDX can be applied for the identification and comparative studies of evid-
ence materials such as fragments of glass and paints, metals, photocopy toners,
chosen inorganic poisons, skeletons of diatoms, morphology of textile fibres, endings
of filaments of car light bulbs, as well as post-blast and gunshot residues (GSRs).

The XRF method, however, is irreplaceable in investigations of gunshot holes
occurring on various bases. A fragment of fabric cut from clothing or a fragment of
skin or bones together with the gunshot wound can be placed directly in the measur-
ing dish of the X-ray spectrometer and analysed for the presence of metals originating
from the primer, the bullet and the cartridge. Their disclosure confirms the use of a
firearm and contributes to inferences about estimations of the shooting distance.

The observation of the morphology of single fibres using SEM enables identific-
ation of the kind of natural fibres. The form of the surface is very characteristic for
cotton (ribbon), wool (scale on surface), silk (with characteristic node) and jute fibres.
On the other side, the chemical fibres have very similar form. The observation of cross
section of fibres helps in discrimination of chemical fibres. All the information ob-
tained provides confirmation of a contact between two people (e.g. the victim and the
suspect) or a person and tool used in the investigated act. Moreover, examining dam-
aged fibre contributes to determination of the mechanism of its separation from the
textile (i.e. whether it was cut or torn, what kind of tool was used). The observation
of endings of fibres is useful for this purpose. It is possible to find out what was the
reason for damage of the textile (biochemical, fire and explosion).

Observation of filament of lighting bulb originated from car involved in a road
accident provides information whether during the accident the lights were on or off
(droplet of metal/fragile fracture).

When comparing soil or geological samples, the observation and identification
of traces such as minerals as well as pollen and spore provide more characteristic
information.

When analysing biological material originated from stomach or lungs of a victim,
the presence of small silica skeletons of diatoms points to the cause of death by
drowning.
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6.3 Evidence materials

6.3.1 GSR – inorganic gunshot residue

GSRs belong to the forensic traces of the greatest evidential value due to their rare
chemical and physical characteristics as well as to their low prevalence in the envir-
onment. GSRs are usually defined as gaseous, liquid and solid products of subsequent
detonation of the primer and combustion of the propellant that are formed, when a
firearm is discharged. Their examination plays an important role in establishing some
circumstances of a crime with the use of a firearm. When revealed around the gun-
shot hole and on the clothing and body of the shooter, they provide information for
concluding about the shooting distance and the kind of ammunition used and, most
importantly, they serve to link the suspect to the shooting [1–4].

Inorganic component of GSR contains metallic particles originating from the am-
munition primer revealing characteristic properties and therefore providing a high
evidential value of using a firearm [5]. Only few particles, of total mass number greater
than 100 pg, can be accepted as the evidence relating an individual involved in a
shooting incident. The fundamental criterion of the identification of metallic gun-
shot particles is their chemical composition, for example, rare set of lead, antimony
and barium related to traditional ammunition types, and their morphology reflecting
the kinetics of the explosive processes during a gunshot, embracing rapid cooling of
droplets of molten metal such as presented in Figures 6.1–6.4.

The most successful and up-to-date technique for the analysis of GSR particles is
SEM/EDX. The combination of information on the elemental composition as well as
the morphologic features of an analysed object contributes to differentiation of any
metallic trace from a GSR.

30 μm

Figure 6.1: The consistent GSR particle composed of lead, calcium, barium and silicone (PbCaBaSi).
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10 μm

Figure 6.2: The characteristic GSR particle composed of lead, barium and antimony (PbSbBa).

10 μm

Figure 6.3: The characteristic airborne GSR particle composed of lead, barium and antimony
(PbSbBa).
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1 μm

Figure 6.4: The consistent airborne GSR particle composed of sulphur, tin and antimony (SSnSb).

Usually, half-inch diameter aluminium stubs with an adhesive layer of double-sided
tape are used for sampling, that is for collecting the GSR from hands, face, hair,
clothing (Figure 6.5).

When the sample has been secured on the stub, it is searched for the presence of
spherical metallic particles of defined diameter and chemical composition –manually
or using suitable software for automatic search. Imaging with the use of backscattered
electrons enables to focus on heavy metal particles keeping light element debris such
as fibres, hair and epidermis below the limit of detection. Detection of this signal indic-
ates differences of the chemical contents of phases that can be perceived as different
shades of grey. Observation of the images of single or grouped particles reflects their
complex nature and the extreme conditions they undergo at various stages of their
formation.

Chemical composition and properties of GSR depend directly on the kinds of ma-
terials used in the production of the ammunition. J. S. Wallace classified the most
common primer mixtures into eight classes, among which only one includes all mod-
ern solutions that relay mainly on the substitution of heavy element toxic compounds
with materials of more abundant composition [2]. Thus, in the majority of cases the
evaluation of analytical findings can be based upon a formal classification scheme
for gunshot particles being worked out and applied by the experts in Western Europe
and the USA since about 1980 taking into account the experiences with traditional
ammunition, see for example [4]. Particles containing lead, antimony and barium

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



6.3 Evidence materials 281

GSR 1/A

1/AB/LH

Cas

Case 1234/15

Figure 6.5: The standard half-inch microscopic stubs used for collecting microtraces.

(Pb–Sb–Ba) are nowadays classified into characteristic class allowing to state with a
very high probability that they originated from a firearm discharge. Particles contain-
ing two- or one-component combinations of these elements (Pb–Sb, Pb–Ba, Sb–Ba,
Pb, Sb and Ba) as well as the ones containing barium, calcium and silicon (Ba–Ca–Si)
were classified into the class consistent with GSR that allow to infer on their origin from
a firearm discharge with a high probability [6, 7]. Torre et al. [8] demonstrated that a
single particle containing lead, antimony and barium of an oval shape resembling
the morphology of GSR can be formed in car brake pads. One of the authors revealed
primer residues that occurred not as a result of a firearm discharge but of a detonation
of a primer component in the area of an ammunition factory. For these very rare cases,
the three-component particles cannot be called unique; nevertheless, especially when
prolific in a sample, they provide a high evidential value of a gunshot. Establishing
the presence of GSR in the sample collected from hands or clothing of a person allows
relating the person with a high or very high probability, either with shooting, or be-
ing in the nearest vicinity of a firing gun, or getting in contact with an object highly
contaminated with GSR.

Due to a variety of chemical composition of primer mixtures applied in produc-
tion of ammunition worldwide, the formal scheme of classification of GSR and so
the system of the evaluation of the evidence sometimes might be inadequate for pre-
paring reliable expert’s reports. Romolo and Margot [9] proposed another individual
attempt to the assessment of the evidential value of metallic particles based on the
mutual consistency of particles found in the items of certain case, called case-to-
case approach, rather than comparing them with the arbitrary classification scheme.
The majority of works published earlier concerned only the identification of lead,
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antimony and barium particles, and the statement whether these particles are present
in the studied material and whether they are distinguishable from particles of similar
chemical contents but originating from different sources than a firearm discharge.

When GSR is deposited on a substrate as a direct result of shooting it is called
primary transfer. However, the particles can be removed easily from the surfaces they
are deposited, and transferred from a surface of an object or a person to another one
as a result of a secondary transfer. The number of the transferred particles depends on
the number of particles present on a contaminated surface (e.g. a person’s clothing or
hands) as well as its properties and would most likely be a small fraction of the total
number of particles deposited initially [10–15]. Depending on the environmental con-
ditions and the physical activity of the shooter, particles may be removed from his or
her hands, for example, by washing hands soon after shooting that may cause par-
tial or complete loss of particles. It has been found that even in case of not having
washed hands within the first four hours after shooting, particles are being lost from
the shooter’s hands due to their secondary transfer to the person’s hair and clothing as
well as to the environment. The chemical composition of particles does not influence
the process of their loss, contrary to their shape. It was observed that particles remain-
ing for longer at certain surfaces reveal sizes not only within the submicron–micron
range but also greater ones, however, usually of irregular shape and more developed
surface [13].

The loss of particles from one substrate and their transfer to another one, for
example, to persons and objects that were not present at the site, when shooting oc-
curred, are of great importance for forensic science examiners. This corresponds to
the contamination with GSR of certain occupational environments at a level that de-
pends on how often the firearm has been used. Forensic laboratories gather their own
knowledge and experience on the persistence and prevalence of GSR in an environ-
ment to be able to assess the risk of contamination of pollution in a given case. This is
perceived as a major issue and reflected in recent publications [14, 15] concerning the
interpretation of the presence of GSR in certain circumstances and the primary and
secondary transfer of GSR particles. However, not many of them attempted a study of
physical and chemical mechanisms ruling these processes because they are complex
and the examination of GSR is time-consuming.

A comprehensive information on the prevalence of GSR in various populations
as a result of the primary and secondary transfers as well as a measure of factors that
influence these processes and states is presented in the publications of one of the
authors [15]. The examinations were necessary for the forensic science laboratory in
dealing with the risk of contamination not only as themeasure of internal controls but
also as a background of the evaluation of the evidence within the forensic expertise
concerning shooting cases, since particular experiences of laboratories in other
countries could not have been adopted due to different social conditions they were
obtained.

The subject of these studies involved 273 specimens collected from people of vari-
ous occupations, both users and non-users of firearms. As a result, information on
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the primary and secondary transfer of GSR particles as well as their prevalence in
certain environments was obtained. Frequent users of firearms create a class of the
individuals highly contaminatedwith GSR. Occasional users of firearms such as police
officers or foresters can be a source of contamination after using a gun. For this group,
a criterion of low-risk contamination was established as 5 h since recent shooting. In
a group of 100 individuals declaring no use of firearms, a single spherical Pb–Sb–Ba
particle was found on the hands of only one person.

These studies provided a contribution to a possible assessment of contamina-
tion risks and to formulating recommendations for minimising them, while dealing
with GSR samples being transported from the crime scene to the forensic laboratory.
The study also advanced understanding of the mechanisms of transfer and persist-
ence of GSR and further improved the quality of the expert opinion in relating an
individual to the fact of using a gun. Whereas a single particle provides a limited
evidential value, then findingmore numerous groups of GSR particles makes the evid-
ence of greater confidence; however, its evidential value can be assessed in relation to
interdisciplinary examinations of the case.

In order to fulfil the rule of versatile utilisation of the information obtained from
GSR examinations to elucidate a crime, it is also recommended to strengthen the com-
munication between crime scene investigators and the experts working in the forensic
laboratories prior to collection of evidence, if possible.

From the literature review and research experiences with the application of
SEM/EDX, we have found that this analytical method is capable not only to identify
GSR but also to reveal the relationships between its chemical andmorphological prop-
erties and its source as well as the mechanisms of their formation and dissipation in
the environment. This kind of examinations became possible with a research meth-
odology focusing primarily on a precise and repeatable procedure of detection and
identification of particles in the automatic manner, and second, on the representation
of the obtained analytical data in the form of frequencies of occurrence of particles of
a certain chemical class (or a class of certain range of effective diameters) within the
whole population of particles revealed in a specimen.

On the basis of this methodology some relationships were established between
the chemical and morphological properties of populations of particles and factors,
such as the type of ammunition, the distance from the gun muzzle to the target, the
type of a substrate, on which the particles are deposited and the time that had lapsed
between shooting and collecting the specimens.

Significant differences in the chemical composition of GSR originating from vari-
ous types of ammunition depending mainly on the composition of primer mixture
were established. This gave rise to working out the method of group identification
of ammunition used in a shooting incident, when the cartridge case is not avail-
able for examinations [16–18]. Chemical and morphological examinations of particles
collected from the shooter’s hands and from the interior of physically the same
cartridge revealed either similarities or discrepancies depending on the chemical
composition of the primer but also of other parts of the cartridge. This ought to be
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taken into account in the expert opinion in order to avoid false elimination of the
possible involvement of the suspect in a shooting incident [19].

The first publications on the expansion of GSR and the possible range of distance
they may reach starting from the gun muzzle presented a visual assessment of the
vapour cloud photographed by means of a high-speed camera [1, 3]. Later publica-
tions focused solely on the numbers of metallic particles and neglected the chemical
aspect of their dispersion [16]. Only recently it has been established that the distri-
bution of particles in the surroundings of a shooting gun is not uniform [20, 21]. The
numbers of particles found in the specimen, their chemical composition andmorpho-
logical features depend on the distance from the muzzle of the shooting gun and the
type of the substrate the particles are deposited. For example, the ratio of antimony to
lead particles originating from some ammunition lots manufactured by Mesko Metal
Works, Skarżysko-Kamienna, Poland, increases with the distance from the muzzle
in the direction of shooting and decreases in the opposite direction. On average the
equivalent circle diameter of particles increases with the distance from the muzzle.

Results of this study gave rise to elaboration of the method for determination
of a shooting distance from the physical and chemical examinations of GSR pattern
around the gunshot wounds and damages – extending the possibilities of shooting
distance estimation with range of about 50–100 cm, in addition to the three categor-
ies commonly used until now: (i) contact or a nearest vicinity shot (0–about 1 cm), (ii)
close distance shot (about 1–50 cm) and (iii) a distant shot.

A consistency of the elemental composition of the residue remaining inside the
cartridge case with that of the primer was observed, whereas the elemental compos-
ition of the airborne particles (e.g. collected from the shooter’s hands) differed. Most
likely, it resulted from the interactions of products of reaction of a primer and propel-
lant with other ammunition parts (i.e. materials of cartridge case, the projectile core
and jacket) as well as the interior surface of the gun barrel. Thus, it was established
that GSR occurring in the subsequent stages of the explosives reaction of the primer
and the propellant propagates inside the cartridge case and the gun barrel only in one
direction – towards themuzzle, and they do not return ormixwith each other. The fact
of variability of the chemical composition of particles depending on the distance from
the shooting gun, both in the direction of shooting and in the opposite direction could
be utilised for establishing the positions of the part-takers in the shooting incident in
relation to the firearm, and hence, to the direction of shooting.

Each of the worked out aspects of chemical analysis of metallic particles may
significantly contribute to the reconstruction of the course of a shooting incidence. In
spite of the fact that usually the physical and chemical examinations lead to a group
identification and are complementary to other kind of information included in case
files, in specific cases they may be decisive in establishing the circumstances of the
incident.

Due to the rapid development ofmodern types of ammunition, forensic examiners
face challenges related to the identification and properties of resulting new type of
GSR. Therefore, examinations nowadays focus on the GSR originating from lead-free
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ammunition embracing inorganic and organic residue, broader range of the particle
sizes as well as their internal structure [21–23].

In a broadmeaning, GSRsmay embrace themutual transfer of a projectile to target
and the material the target is made of onto the surface of a projectile. Moreover, quite
often in casework, the recovered projectiles are damaged or disintegrated in such a
way that the comparative physical examination of marks originating from the barrel
bore is impossible to achieve that would otherwise lead to linking the projectile to the
firearm it had been fired from. Thus, chemical analysis of lead isotopic compositions
in projectiles and primers in shooting incident investigations may bring in some in-
formation relating to a firearm, fired ammunition and the gunshot entry in a particular
shooting.

Zeichner et al. [24] have demonstrated in 2006 that analysis of lead isotopic com-
position may provide valuable evidence in investigating specific scenarios of shooting
incidents. For instance, in a shoot-out, where several firearms and ammunition brands
are involved, it may be feasible to point out which ammunition and/or firearm
caused a particular gunshot entry if the ammunition brands involved (projectiles and
primers) differ considerably in their lead isotopic composition. Multiple-collector in-
ductively coupled plasma mass spectrometry (MC-ICP-MS) was used to analyse lead
isotopic compositions in projectiles, cartridge cases, firearm discharge residues in
barrels of firearms and in the gunshot entries. Plain lead .22 calibre and plated am-
munition and 9 mm Luger full metal jacket ammunition were employed in shooting
experiments using semiautomatic pistols. Cotton clothwas the targetmaterial and two
firing distances were tested: 1 cm (near contact) and 2 m distances. It was observed
that various mechanical or chemical means of cleaning do not completely remove
lead deposits from barrels of firearms. Nonetheless, it was shown that, when the am-
munition brands used in consecutive firings differed considerably, it was possible
to discriminate between targets shot by the different ammunition brands. Similarly
it was possible to relate the lead deposits in the barrel to one of the two ammuni-
tion brands. Thus, analysis of lead isotopic compositions may be valuable in specific
scenarios of shooting incident investigations.

6.3.2 Airbag deployment residues

For safety reasons, airbags that are installed in front of the driver and passenger seats
of vehicles also play an important role from the point of view of forensic examiners.
When deployed, airbags come into contact with the body and clothing of the occu-
pants of the vehicle, with a certain impact, causing amutual transfer of solid particles,
hair, fibres and imprints of the airbag on the body and the clothing of the occupants. In
this manner, it may be possible to determine who was the driver or the passenger. The
most successful methods for determination of the driver seem to be analysis of DNA
transferred into the surface of the airbag during an accident. However, forensic exper-
ience has shown that cases, where the investigator requested to compare inorganic
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microtraces collected from suspect clothes with debris from the airbag, are not so
exceptional.

In former times, talc and starch were commonly used for reducing coherence of
neoprene inner linings and these powders were responsible for an airbag cloud of
powder during the impact. Nowadays, inorganic microtraces have their source of ori-
gin in chemical components, which are used in the gas generators. Considering the
way propellants are produced, gas generators can be divided into two categories: pyro-
technic and hybrid models. Hybrid models contain high-pressure containers with a
nontoxic gas with the membrane that is opened pyrotechnically and, for instance, ni-
trogen flows out and inflates the airbag. In the pyrotechnical system, gas is produced
as the effect of consumption of solid propellant, the most popular being sodium azide
till mid-1990s [25]. The sodium azide reacts with oxidising agents such as alkaline
earth nitrates (e.g. Sr(NO3)2, Ba(NO3)2), metal oxides (e.g. CuO, Fe2O3), sulphides (e.g.
MoS2) and sulphur. The slag-forming agents such as silicon dioxide, aluminosilicates,
alkaline earthmetal or transitionmetal oxides, as well as other compounds could also
be added. The inflating gas is being cooled on filters and themajority of solid products
are retained.

The common way of dealing with investigation of airbag deployment residues is
utilisation of software dedicated for standard GSR detection. The first step involves
collection of residues from the interior side of the airbag for assessing their elemental
composition, which is the base for creation of a new class of interest for automatic
runs. Robert E. Berk [26] detected large population of “zirconium-rich” particles in
passenger-side airbag from a 1999 Honda Accord. These particles contained zircon
as a main element, but the majority of them had traces of potassium and chlor-
ide or titanium as well. In the same study, the authors performed the analysis of a
driver-side airbag from a 2005 Nissan Altima and discovered particles with strontium-,
aluminium- and iron-rich particles.

The particles containing strontium as a main component with the presence of Na,
Mg, K, Si on minor level and with traces of Cu and Fe were discovered among micro-
traces collected from the inner side of the driver’s airbag of Suzuki Swift by one of the
authors (WD). The surface morphology of these “strontium-rich” particles is similar to
GSR and is affected by pressure and high temperature during formation process (see
Figure 6.6(a) and 6.6(b)).

These specific features with connection to elemental composition allow to verify
the source of origin of particles discovered on the automatic stage of analysis.

6.3.3 Paint

Quite often forensic experts examine small particles of paint coats which are fre-
quently collected in connection with such incidents as car accidents, robberies and
burglaries. They occur in the form ofmicro-fragments of paint coat, frequently with an
area of severalmm2 or less, or visible smears of paint in the form of coloured streaks on
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Figure 6.6: The BSE image (a) and spectrum (b) of a particle discovered inside the airbag of a Suzuki
Swift car.

the clothing of persons being involved in these events or on other substrates. The aim
of paint analysis is to establish the degree of similarity between the questioned paint
trace and the sample originating from the suspect (from his or her vehicle, tools used,
etc.). The identification analysis is also carried out, which leads to the determination
of the type of paint, its application, manufacturer and the year of production.

Typically, fragments of paint reveal a multilayer structure. Each layer (about
10–50 cm thick) is made up of painting material and is a mixture of many chemical
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Figure 6.7: The example of determination of thickness and layer sequence performed by SEM/EDX.

compounds. Paint smears, on the other hand, are, as a rule, made up of one or two
layers of painting material mixed together and pressed into the substrate (e.g. among
fibres of the fabric). Every paint contains a combination of organic and inorganic
colouring pigments and also extenders and decorative (effect) pigments. When com-
paring paint samples it is necessary to identify pigments and extenders on the base
of the elemental composition of the paint sample having information about possible
pigment sets used in the paint industry.

Application of SEM/EDX method allows to obtain an image of the sample and to
determine both the elemental content and the sequence of layers (Figure 6.7).

The results of elemental analysis can be presented in the form of X-ray spectra
and in the form of mapping of the sample, which shows the distribution of detected
elements. However, elemental maps are generally not quantitative and may lack the
sensitivity to demonstrate minor differences between samples. SEM/EDX is also help-
ful in revealing the paint traces in smears on tools used by a perpetrator, clothing of
victim or on bullet that penetrates the painted surface.

6.3.4 Glass

6.3.4.1 Introduction
The environment we are living in is full of glass objects that are used as tools, con-
tainers or window panes and could be shattered during the criminal activity such as
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fights, burglaries, robberies or traffic accidents. Glass fragments are known to transfer
onto the body and clothing of a suspect and a whiteness person. The amount and size
of glass samples collected at the scene is highly dependent on many factors such as
glass thickness and its physical size, the distance from the glass object, the type of a
suspect’s garments and finally it is highly affected by time which lapsed between the
incident and the collection of evidence.

The fundamental issue is preservation of the evidence material when transported
to the laboratory for examinations. Proper packing containers or wrappings should
be chosen to reduce the risk of interference and the subsequent contamination. Glass
containers should be avoided in favour of paper packages, sticky foils, small plastic
bags or envelopes. Most often the substrate the microtraces are recovered from, such
as garment, is intact, naturally dried if required and packed separately. From the per-
spective of requirements of the chain of custody each individual, who handled the
evidence, is identified in protocols and the package should be marked and sealed in
such a way that one can easily verify its integrity in a laboratory’s reception.

6.3.4.2 Preliminary examinations
Fragments of glass may have various sizes. Fragments found at the crime scene are
rather big, whereas the ones revealed on clothing, hair and body of persons or found
on the surface of shoe sole are tiny – quite often with linear dimension less than 1 mm
(Figures 6.8 and 6.9).

Figure 6.8: The women shoe – medium of glass evidence.
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Figure 6.9: The shoe soil with a glass fragment.

There are numerous techniques applied in forensic laboratories for recovering glass
from garments. Bigger fragments can be removed from clothing by picking up with
tweezers. The smaller ones are usually found in the debris collected as a result of
shaking or brushing the clothing over the sheet of clean paper or glass-free metal
cone. Adhesive tapes are also used by some examiners as well-vacuuming techniques
particularly inside the vehicles or over big surfaces such floors, carpets and so on.

The first stage of routine examination of selected transparent materials from
shake off is confirmation that one deals with glass fragments. Glass particles are dif-
ferentiated, for instance, from grains of sand by characteristic conchoidal fracturing,
sharp edges, reaction to a hotpoint, hardness and finally by its dark shade in all
orientations under the polarised light.

Subsequently, glass fragments are characterised by physical features such as
thickness, colour, fluorescence, surface features and the refractive index (RI).

When both smooth surfaces are available, the thickness of glass fragments is
determined with the use of calliper and according to Standard Operating Procedure
(SOP) introduced in a laboratory – usually at least three independent measurements
are required.

Determination of the colour of glass fragment involves a certain degree of sub-
jectivity and is performed by the expert against the white background in natural light.
If the size of colourless fragment is big enough the shade of the colourless glass is de-
termined as well. The numerical colour scale coding is introduced in Central Forensic
Laboratory of the Police (Warsaw, Poland) (CFLP) as presented in Table 6.1.

Some glass fragments, if exposed to shortwave (254 nm) or long wave (350 nm)
UV light, produce characteristic illumination, which is caused by specific additives
such as uranium oxides or lead oxides. Glass made by the float process is also char-
acterised by luminescence caused by tin contamination introduced by pouring liquid
glass onto the molten tin bed. These observations are available only if one of the ori-
ginal surfaces is present and glass fragment has the appropriate size. The presence
of the original surface gives more opportunities for identifying the source of glass.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



6.3 Evidence materials 291

Table 6.1: The numerical scale used for describing
colour of glass evidence.

Code Colour Colourless glass shade

0 Colourless Light green
1 White Green
2 Yellow Light blue
3 Orange Blue
4 Red
5 Pink
6 Blue
7 Green
8 Grey
9 Brown

10 Black

Characteristic scratches, or presence of car paint droplets, traces of black foil may
indicate that this specific glass fragment originates from a car pane.

The last butmost common routine analytical technique used in forensic laborator-
ies in glass analysis is RImeasurement, serving for either comparative or classification
purposes. The method has been known since 19th century and relays on shifts in light
velocity in transparent medium in comparison with light velocity in void. RI can be
measured in many ways, but thermal immersion method is predominant in forensic
laboratories for low instrumentation costs and its high performance in routine work
[27, 28]. Glass fragments with sharp edges are immersed in the oil of known RI char-
acteristics and heated. The temperature dependence of oil is known, and at certain
temperature the edge of glass sample disappears under the contrast phasemicroscope
which indicates the same value of RI of the oil and glass.

Although thermal immersion method has its advantages, there are several factors
like sample size requirements, small changes in RI among the same type of glass
which make the analyst search for other analytical tools with more discriminative
power.

6.3.4.3 The elemental analysis of glass fragments
Physical dimensions of seized glass determine further analytical procedure. If the ini-
tial techniques are insufficient, then establishing the elemental composition of bulk
glass samples is required. The elemental data, especially for trace components, can be
used by a forensic scientist for comparison of samples of glass and also for ascertain-
ing the kind of object they could have originated from. The composition of the same
type of glass due to worldwide standardisation and restrictive quality controls of raw
materials becomes more uniform. The main elements such as Na, Ca, Si and Al are
present in the same glass categories at nearly the same level.
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Table 6.2: Raw materials used in
glass industry.

Oxides Raw materials and common additives

SiO2 Silica sand
Al2O3 Alumina sand, kaolinite (Al2Si2O5(OH)4)
Na2O Soda ash, sodium lye, sulphate (Na2SO4), nitratine (NaNO3), Na2CO3
CaO Limestone, chalk (CaCO3)
K2O Saltpetre (KNO3)
Li2O Synthetic Li2CO3, lepidolite (K2Li4Al2F4Si8O22), spodumene LiAl(SiO3)2, amblygonite

(LiAl(F,OH)PO4), petalite (LiAl(Si2O5)2)
MgO Dolomite (CaMg(CO3)2), Mg(OH)2, MgO
PbO Minium (Pb2+

2 Pb4+O4), litharge (PbO)
ZnO Zinc white
BaO Baryte (BaSO4)

The typical soda lime glass is known as an amorphous, non-crystalline material
manufactured mainly from melted sand, soda ash, limestone with various types of
additives such as alumina, soda and only less than 1% is reserved for the rest of in-
gredients. The typical list of raw ingredients used in glass industry is presented in
Table 6.2.

The differences concern other elements originating from additives, which are
added to improve the utilisation properties of glass, are connected with its later ap-
plication or originate from impurities in rawmaterials used in the production process.
Their concentration is significantly lower (at trace level). The typical list of oxides used
as colorants is presented in Table 6.3.

The methods that are most widely used in forensic laboratories for determination
of major and minor elements in glass are ,-XRF, SEM/EDX, laser-induced breakdown
spectroscopy (LIBS) and laser ablation (LA) ICP-MS. Most of all the choice of avail-
able analytical methods are a compromise between the cost and time of research and,
where possible, a possible destruction of evidential material plays a significant role as
well. It implies that radiochemical methods like neutron activation analysis, atomic
spectroscopy methods such as atomic absorption or atomic emission are rarely used
on everyday basis.

6.3.4.4 Scanning electron microscopy coupled with energy-dispersive X-ray
spectrometry

If physical size of glass sample recovered from suspect’s clothing might be the is-
sue, then most often SEM/EDX method is applied in the routine examination and
evaluation of glass evidence. Scanning electron microscopy combined with energy-
dispersive detectors (EDX) is a well-known technique, which is capable to work
with small fragments and provides information about major and minor elements.
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Table 6.3: Typical colourants used in
glass industry.

Colour Colourant

Blue CuO + C0O (10:1)
Blue-green FeO + C0O (10:1)
Turquoise CuO + Fe2O3 (150:12)

CuO + Cr2O3 (150:7)
CuO + C0O (150:1)

Spring green Cr2O3 + CuO (2:1)
Celery Cr2O3 ∼ 0.2%

CdS + U3O8 (3:1)
Green U3O8 + CuO (3:2)
Green olive Fe2O3+ Cr2O3 (4:1)
Pink Au ∼ 0.005%
Red-violet Mn2O3+ Se (10:1)
Purple-violet Mn2O3+ CoO (70:1)
Yellow CdS ∼1% + S

U3O8 ∼ 0.6%
AgNO3
Ce2O3 TiO2

Black FeS + Mn2O3
FeS + NiO
FeS + CoO

Colourless CdS
CdS + Se
C + S

The pre-treatment of glass samples usually involves cleaning with distilled water or
ethanol, crushing, embedding in a resin and then polishing the surface until it is
flat, if necessary.

Examinations performed by one of the authors (ZBM) for certified reference glass
samples revealed that the analytical results obtained for small fragments placed dir-
ectly on the stubs with adhesive tapes are reliable and comparable with results being
achieved for larger fragment with smoothed surfaces [29].

For qualitative and semiquantitative determination, a glass fragment is placed
on a stub and coated with carbon. As a result of examinations characteristic signals
for the major and minor elements are produced, and its qualitative and quantitative
chemical content is in many cases sufficient for distinguishing the questioned glass
sample from the reference material. Small colourless objects may mimic glass and
therefore determination of elemental composition with SEM/EDX is sufficient to prove
that they originated from the natural source. The typical spectrum and secondary
electron image of a soda lime glass fragments is presented in Figure 6.10.

The milestone work by Reeve et al. [30] was the first one, where SEM/EDX
method was used for discrimination of all but two of 81 glass samples that were
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Figure 6.10: The example of SE detector image of glass fragment originating from a car window (a)
and its X-ray spectrum (b).

indistinguishable by density and refracting index. Elemental compositions were re-
ported in a form of ratios referenced to concentration of calcium. Andrasko and
Maehly [31] in 1976 reported that they were able to distinguish all but two of 40
samples of window glass by means of measurement of RI, density and two chemical
methods: SEM/EDX and atomic emission spectroscopy. The chemical compositionwas
expressed as concentration ratios of main elements: Na, Al, Mg Ca and K.
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The example of semiquantitative analysis of reference material (BR FS1 Breit-
länder Eichproben und Labormaterial GmbH) performed by SEM/EDX is presented in
Table 6.4. A flat, carbon-coated surface of the glass was analysed in three points and
for each point three X-ray spectra were obtained. The acquisition parameters were
as follows: acceleration voltage 20 kV, magnification 500×, beam current 550 pA,
approximately 10k counts/s and acquisition time 300 live seconds. The results of
quantification were presented in the form of wt.% of oxides, and values were recalcu-
lated by the acquisition software. According to the reference, 15 of 29 componentswere
successfully detectedwith the smallest concentration of equal to 0.1 wt.%. Heavier ele-
ments such as Y2O3 with concentration even higher than Fe2O3 remained undetected
because of higher energy required for excitation of line K!1 = 14.957 eV.

The classification system of glass evidence based on elemental composition ob-
tained from SEM/EDX was introduced in the Institute of Forensic Research, Cracow.
Examinations were performed for glass fragments originating from various utility
groups (window panes, bulbs, jars, bottles, etc.) and revealed significant differences
in qualitative and quantitative chemical composition. In this manner, the suitabil-
ity of SEM/EDX method was established for the identification of the class of objects
the fragments originated from (classification problem) when no reference material is
available as well as when the comparative material is provided for the examinations
(discrimination problem) [32, 33].

In contrary to some opinions, SEM/EDX proved to be an accurate and precise
method for examinations of very small glass fragments without the need of time-
consuming sample preparation and avoiding the loss of evidential material, however,
allowing discrimination of elements in glass at concentration higher than 0.1 wt.%.
With this in mind, the method was used further for the evaluation of primary and sec-
ondary transfer of glass fragments on individuals taking part in breaking a window
pane that simulated a burglary [34].

In order to obtain detailed information on primary and secondary transfer of glass
fragments as well as on the level of contamination of glass fragments of garment
belonging to persons not taking part in breaking a glass object a number of experi-
ments simulating burglaries were performed. A breaking-in individual was to damage
double- or triple-glazed window and was accompanied by two persons playing the
role of passive witnesses. In this research on the primary transfer the following factors
were taken into account: glass type, the distance from thewindow, the kind of garment
and time intervals between the experiment and the collection of garment for examina-
tions. As a result of examinations of garments of individuals, who did not take part in
breaking glass in recent time, it was found that about 80% of garment was free from
contamination with glass fragments. After examining additional layer of clothes put
on the garment used while breaking windows, it was established that in 70% of gar-
ments of “burglar” and in 30% of garments of individuals accompanying a “burglar”
the secondary transfer of glass fragments took place.

Results of the performed study provided important information from the point
of view of forensic expert in cases concerning the reconstruction of a crime, where
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breaking of glass objects takes place as well as in determination whether suspects
were involved in the crime.

It is necessary to apply statistical methods in the characterisation of glass evid-
ence by its elemental composition, such as cluster analysis or LR [35].

6.3.4.5 Micro-X-ray fluorescence
The secondmost frequently used method for forensic glass analysis is ,-XRF, of which
operating principle relies on detection of photons emitted as an effect of interac-
tion of X-ray radiation with sample surface. ,-XRF offers lower detection capabilities,
fair – good precision, limited sample preparation time and finally it is another non-
destruction technique. The “dark side” of the technique involves the requirement of
having reasonably clean and smooth sampling area, which should be at least 1 mm2

and 0.5 mm in thickness. The surface of a glass sample can be cleaned with ultrasonic
cleaner or washed with nitric acid, rinsed with demineralised water, rinsed again in
ethanol and finally dried at 100 ∘C. According to the guidelines issued by the ENFSI
[36], recommended acquisition parameters for qualitative analysis of glass should be
as follows: X-ray tube voltage 40 kV, 2,500 counts/s, measuring time 100 live seconds
and dead time kept below 40%. SOP should contain procedure for performing calib-
ration with metal standard and glass sample of known composition, which contains
light, medium and heavy elements that should be measured regularly to maintain the
quality of results.

Similar to SEM/EDX method, the researcher compares intensities of X-ray signals
or elemental ratios. Naes et al. [37] performed the analysis of 41 different automotive
non-float glass fragments obtained from 14 different cars that make 820 pairs. The au-
thors identified six elements (K, Ca, Ti, Fe, Sr and Zr) from which they utilised six
intensity ratios: Ca/Fe, Sr/Zr, Ca/K, Fe/Zr, Fe/Sr and Fe/Ti for comparison. All but
14 pairs were indistinguishable according to three SD criteria that make 98.3% pairs
successfully discriminated. Similar discriminative power for ,-XRF was obtained by
Hicks et al. [38], who were able to discriminate 86.8% pairs of 129 pairs of glass that
were indistinguishable by means of RI measurement.

6.3.4.6 Laser ablation-inductively coupled plasma-mass spectrometry
LA-ICP-MS technique links excellent sensitivity and precision with almost no require-
ments for sample preparation. Being fast, precise and almost non-destructive, only
small ablation crater of several dozen micrometres in diameter is created. LA-ICP-MS
came to forensic scientists’ attention quite early. A huge discrimination power is the
effect of combination of a high sensitivity and isotopic information about the ques-
tioned sample. The heterogeneity of trace elements in float glass [39] and availability
of commercial certified material for glass influenced rapid increase in application of
LA-ICP-MS in differentiation among glass samples as forensic evidence materials [40].

One of the early applications in forensic analysis of glass sample was the work
performed by Watling et al. [41] in 1997. The author analysed 62 glass samples, where
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the majority constituted float and container glass types and proved that the method is
capable to distinguish samples from each other.

The increasing application of LA-ICP-MS in European forensic laboratories and
outcome of inter-laboratory tests for quantitative analysis of float glass were the
factors contributing to issuing of set of recommendations by ENFSI [42]. According to
the document, each piece of glass evidence should be broken at least into two parts;
one should be preserved for RI analysis and the other one glued onto an adhesive tape
and analysed. Other researchers recommend crushing, embedding in epoxy resin and
polishing and finally washing in 2% nitric acid and rinsing in distilled water [43] or
wiping with acetone [44].

The recommended and being most commonly used glass standards are SRM 612
and 610 manufactured by the National Institute of Standards and Technology, FGS
1 and FGS 2 manufactured by Natural Isotopes and Trace Elements in Criminalistics
and Environmental Forensics that provide measurement/information on the content
of major and minor elements present in glass such as 23Na, 25Mg, 27Al, 29Si, 39K, 42Ca,
49Ti 57Fe accompanied with trace elements 7Li, 55Mn, 85Rb, 88Sr, 90Zr, 118Sn, 137Ba,
139La, 140Ce, 146Nd, 178Hf and 208Pb. This can be useful in some applications, as in-
stead of measuring the whole isotopic array, estimation of specific isotopic ratios such
as 208Pb/206Pb and 207Pb/206Pb [43] is performed.

Helium as a carrier gas for ablation should be used with a typical repetition rate
of the laser equal to 10 Hz, but for plasma stabilisation additional flow of argon is
required. The diameter of ablation crater should correspond to the size of the glass
evidence and be chosen to guarantee the repeatability of measurements. The recom-
mended 50 s of ablation should be followed by 30 s of gas blank and each unknown
glass sample should be analysed at least four to six times. Each series, containing
no more than two unknown samples, is followed by either multiplied measurements
of calibration standard or quality control standard. For quantification purposes, 29Si
from glass is treated as internal standard under the assumption that in float glass
average weight ratio of silicon dioxide is close to 72 wt%.

Obtained quantitative results require further chemometric processing that is par-
tially done by instrument software; however, the assessment of pairwise comparison
requires common statistic tests such as t-tests, analysis of variance or Tukey’s Hon-
estly Significant Difference (HSD). In the work mentioned earlier [37], the authors
found indistinguishable only 11 pairs of glass and that value referred to all pairs
provides a discrimination power of 98.7%. The combination of results obtained from
other techniques such as RI allows to even increase this value.

6.3.5 Evidential materials – summary

The subject of interest of forensic scientists is various materials that frequently occur
in very small quantities, forming microtraces. Being unique for a crime they become
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an evidence and ought to be characterised by means of contemporary analytical
methods possibly avoiding consumption of the material.

Forensic scientists perform the analytical activity of identifying and/or measur-
ing the quantities of one or more individual chemical species in a sample, they study
the distribution of an element among defined chemical species in a system. They
search for specific forms of an element defined as to isotopic composition, electronic
or oxidation state, and/or complex or molecular structure to be able to differentiate
an evidence material from a common pollution or impurity. To demonstrate the spe-
cificity of a detected trace in relation to a crime a forensic analyst takes into account
not only its chemical state but also its physical properties and background information
on the circumstances that influenced occurrence of the trace.

Authors of publications in the field of forensic sciences very often present data on
trace element speciation, but never use the term “speciation”.
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[5] Brożek-Mucha Z. Scanning electron microscopy and X-ray microanalysis for chemical and

morphological characterisation of the inorganic component of gunshot residue: Selected
problems. Biomed Res Int 2014, Article ID 428038, 11 pages, doi:10.1155/2014/428038.

[6] ASTM Standard E1588-10e1. Standard Guide for Gunshot Residue Analysis by Scanning Electron
Microscopy/ Energy Dispersive X-ray Spectrometry. ASTM International, West Conshohocken,
PA, 2010.

[7] ENFSI Guide for Gunshot Residue Analysis by Scanning Electron Microscopy/Energy-Dispersive
X-Ray Spectrometry. ENFSI Firearms/GSR Working Group guidelines, 2008.

[8] Torre C, Mattutino G, Vasino V, Robino C. Brake linings: A source of non-GSR particles
containing lead, barium and antimony. J Forensic Sci 2002, 47, 494–504.

[9] Romolo FS, Margot P. Identification of gunshot residue: A critical review. Forensic Sci Int 2001,
119, 195–211.

[10] Geusens S, Charles N. A study of the potential risk of gunshot residue transfer from special
units of the police to arrested suspects. Forensic Sci Int 2012, 216, 78–81.

[11] French J, Morgan R, Davy J. The secondary transfer of gunshot residue: An experimental
investigation carried out with SEM-EDX analysis. X-ray Spectrom 2014, 43, 56–61.

[12] French J, Morgan R. An experimental investigation of the indirect transfer and deposition of
gunshot residue: Further studies carried out with SEM–EDX analysis. Forensic Sci Int 2015, 247,
14–17.
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[15] Brożek-Mucha Z. On the prevalence of gunshot residue in selected populations – an empirical
study performed with SEM-EDX analysis. Forensic Sci Int 2014, 237, 46–52.
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Andrzej Wyciślik
7 Industrial Analysis and Speciation

7.1 Introduction

The development of metallurgical analytics is closely related to the currently used
technology of steel and metal alloys production and to the increasing demand for
high-quality metallurgical products. Steel remains the basic construction material
and is still regarded by many as the most durable, reproducible and innovative al-
loy. What best illustrates this statement is the increase in world steel production from
200 million tonnes in 1950 to 1.8 billion tonnes at present. Metallurgical analytics
and other application areas in analytical chemistry, especially material and environ-
mental analytics, benefit from general advances in research methodology and new
technical and instrumental solutions. Studies of new steel grades and alloys are also
an important contribution to the general development of analytical techniques and
methods, including new solutions in the construction of laboratory apparatus and
control and measuring equipment. This chapter presents a brief historical outline
of the development of metallurgical analytics, indicating application fields for the
analytical techniques in metallurgy and specifying additionally a wide range of the
analysed materials. Application requirements in the field of metallurgy and materi-
als engineering have been and are the factor that defines the direction of studies in
the field of metallurgical analytics, acting at the same time as a driving force for the
development of analytical methods and technical solutions.

Much attention has been paid to the issues of speciation and speciation analysis,
currently covered by extensive studies in various fields of science and technology as
well as medicine, toxicology and environmental protection. Speciation is the occur-
rence of various physical and chemical forms of a particular species in the material
under examination, while speciation analysis is the tool used in the identification
and quantification of these forms in the examined object. Thus, assuming, with
some simplifications, that speciation is the occurrence of various “chemical forms”
of the element in the sample, and speciation analysis helps to identify and quantify
these forms, by analogy, with respect to metallurgical samples, equivalent phase
identification and phase analysis means are used, including also chemical analysis.
The principles of chemical and electrochemical phase isolation techniques have been
described, stressing their potentials and limitations. The complexity of the electro-
chemical phase isolation process has been underlined. Chemical and electrochemical
parameters influencing the anodic phase extraction process have been indicated.
Chemical analysis carried out in the area of metallurgy and materials engineering
on the isolated and separated phases satisfies, though not always, the requirements
of quantitative speciation analysis. In this respect, particular attention deserves the
determination of the chemical composition of the isolated # intermetallic phase.

https://doi.org/10.1515/9783110366730-008
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Various methods used for the analysis of isolated phases, especially carbide phases,
have been compared, with emphasis put on the determination of their chemical com-
position. Additional opportunities to use in this research area own design solutions
and technical modifications (to mention as an example portable capillary bearing
and cover with precisely drilled holes for vertical insertion of spectrometer capillary
to the Teflon sampling manifold) were indicated, including practical application of
the flow injection technique combined with flame atomic absorption spectrometry
(FAAS) using small volumes of sample solutions. The option of using less sensitive
analytical lines has also been exposed as ameans for the determination of the content
of many elements in a wide range of concentrations with presentation of the results
of own tests. Small volumes of the available test materials used in the determination
of the chemical composition of the isolates and absence of certified reference ma-
terials are a great challenge that all specialists involved in the speciation analysis of
multicomponent alloys must face. A solution in this respect can be the method of one
base reference standard developed by the author of this chapter. The method of one
reference standard involves the use of several different weighed portions of one base
(starting) reference standard to which, after or in the course of dissolution, appro-
priate quantities of the main matrix components are introduced to bring this content
in both reference standard and test sample to a similar, with some tolerance, level,
thus compensating for its effect on the element being determined. The base reference
standard is selected so as to best match the sample to be analysed. It is also important
that the upper and lower concentration limits of the individual elements are situated
in the rectilinear part of reference graphs. Most important techniques to prepare
separated phases for analysis were disclosed together with the developed analytical
diagrams. Based on literature data, the possibilities and several technical variants
of aluminium determination by atomic absorption spectrometry (AAS) in steels were
discussed, and a division into acid-soluble aluminium and total aluminium was pro-
posed as a typical example of the speciation analysis in metallurgy. Selected results of
the research on complex Fe–Ni alloys, conducted with great skills and competence by
K. Ducki, served as a background for the identification of numerous phases occurring
in these materials. Unfortunately, in this particular case, quantitative determination
of the content of the identified phases was not possible. Thus, as regards speciation
(phase identification), the entire anticipated research cycle has been accomplished
with success, but as regards the speciation analysis (quantitative evaluation of
individual structural constituents), the goal has not been reached.

In this chapter, taking into account the harmful effect of welding dust on the
health of welders, a sampling station for the welding dust and a universal method for
the determination of total dust emission during welding process have been presented.
This can certainly serve a broader purpose than only the examination of chromium
speciation in test samples. The developed methodology enables comprehensive stud-
ies of dust generated during welding, considered in terms of its weight and chemical
composition. This reveals numerous relationships that occur during the welding dust
emission process with reference to the type of the welding process, the selected
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welding consumables and the technological conditions of the process. Quantitative
dependencies and their in-depth analysis are the basis for technologicalmodifications
introduced towelding processes in order to reduce the total dust emission, the amount
of toxic substances, especially those that are particularly harmful to the health of
welders and, last but not least, to reduce the negative impact of thewelding process on
the natural environment. The effort to achieve all those goals clearly implies the need
for studies of the environmental issues as a basis for implementation of the environ-
mental management system in enterprises. Moreover, let us not forget that welding is
one of the most dynamically developing technological processes in a wide range of
industries. As an additional contribution to the general discussion, the determination
of total chromium content and chromium (VI) content in the welding dust was presen-
ted as a nearly model example of the speciation and speciation analysis carried out on
complex metallurgical materials, including those used in the welding practice.

The importance of speciation in the development of metallurgy and materials en-
gineering, on the one hand, and in the development of material analytics, on the
other, was emphasized. The speciation analysis of complex metallurgical materials
fits perfectly this pattern.

7.2 A brief historical overview of the development of metallurgical
analytics

F. Harkort, the first historically recorded metallurgical chemist, was employed in the
steel industry in 1826. In the following years, the number of chemists working in
the steel industry (blast furnaces, steelworks and foundries) began to grow steadily.
The first chemical laboratory to study raw materials, auxiliary materials and finished
products was established in 1863 in Gussstahlfabrik in Essen. In 1879, the Bessemer
process was introduced in the steelworks, followed by the Siemens-Martin process.
Thanks to these solutions, new types of steel started being produced, and further
production plants with small metallurgical laboratories were established, developing
“wet”methods of chemical analysis for specific industrial applications. Therewas also
a marked increase in the employment of chemists in metallurgical laboratories [1–4].

It is worth pointing out that already in the last decade of the 19th century in Ger-
many, and so in a country where iron and steel industry was at the highest technical
and technological level and enjoyed the fastest development in Europe, some tend-
encies related to the standardization of methods used in metallurgical laboratories
appeared. These tasks were entrusted to the Verein Analytischer Chemiker Commis-
sion in Berlin. In 1911, Chemikerausschuss des Vereins Deutscher Eisenhüttenleute
VDEh (Chemists Committee of the VDEh) was formed. Its main tasks included, among
others, the standardization of analytical methods, the systematization and limitation
of methods introduced into laboratory work, the development of weighing methods,
the development of gas analysis methods and the assurance of reliability (correctness)
of results using reference and comparative tests. Furthermore, it was also argued that
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many of the methods used were laborious and time consuming. An improvement in
this respect was achieved by the gradual introduction of instrumental methods, espe-
cially spectrophotometry. The effect of these actions was lowering the limits of detect-
ability and determinability of the analysed elements. In the years 1920–1940, further
development in methods of the analysis of steel and metal alloys (analysis of alloying
additives) was noted, introducing into the analytical practice – polarographic, poten-
tiometric, systematically developed spectrophotometric and spectrographic methods
[1–5].

The next decade faced a further comprehensive development of metallurgical
analytics, and its dynamics clearly gained momentum after the Second World War.
Analysts have already indicated the need for gradual automation of the process of ana-
lysis. The major advances in the 1950s in the development of methods and techniques
for the chemical analysis of steel and alloys were related to the application of ana-
lytical procedures resulting from the development of optical emission spectrometry
(OES) and X-ray fluorescence (XRF). In modern analytical metallurgical laboratories,
due to the development of post-treatment methods of steel processing, computerized
systems of spectrometric analysis (OES and XRF) are already used. The determination
of the chemical composition of steel and pig iron, and also of non-ferrousmetal alloys,
usually takes 2–4 min [5].

In the 1950s, there was also progress in X-ray techniques used in chemical ana-
lysis of ores and fluxes. Previously, the methods used in this field were mainly based
on classical time- and labour-intensive weight and titration procedures, limited only
to the identification of some basic elements such as iron, carbon, sulphur and phos-
phorus, as well as oxides, like SiO2, CaO, MgO and Al2O3. Currently, full chemical
analysis of iron ore by XRF technique takes 10–20 min, depending on the sample
preparation method used [1–5].

As early as in the 1930s, the importance of determining the basicity of metallur-
gical slags, especially steelmaking slags, was widely discussed in the aspect of the
technological process of steelmaking, but it took two decades of intensive studies to
develop rapid methods for calculation of this parameter, since it was not until the
1950s that rapid “titration” techniques to determine the basicity of steel slags were de-
veloped. Currently, the analysis of steel and blast furnace slag done by XRF takes only
6 min [5].

Other techniques that have found a lasting place in the routine activity of ana-
lytical metallurgical laboratories included AAS since the 1960s, and since the late
1970s, inductively coupled plasma-atomic emission spectrometry (ICP-AES) has been
mainly used for the determination of microadditives and harmful impurities, and later
also to determine the content of the main alloying constituents. Currently, these tech-
niques, in addition to OES and XRF, are the basic tools used in the determination
of the chemical composition of raw materials, as well as semi-finished and finished
products [5]. Although in terms of the speed of execution of AAS and ICP-AES analyses,
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these two techniques cannot compete with OES and XRF, mainly because it is neces-
sary to convert the test materials to the state of solution, in the control and arbitration
analysis of melts and also in the analysis of samples characterized by “strong” tend-
encies for segregation of alloying constituents, they render invaluable services to
analysts [6]. This is due to the possibility of taking chip samples fromdifferent, usually
strictly defined or selected, sites of the material analysed, depending on the scope of
the research being carried out. Additionally, in manymetallurgical laboratories, these
techniques are used to determine the chemical composition of own reference and cor-
rection samples for OES and XRF. In smaller metallurgical laboratories with modest
equipment, these techniques are also used to control the chemical composition of al-
loy samples taken in the course of themelting process. However, a necessary condition
in this case is to develop a quick dissolution process for a given group of alloys.

Significant progress has been made, especially in the last half of the 20th cen-
tury, in the studies and production of various certified reference materials for use in
the field of metallurgy. In the last four decades of the 20th century, there was also a
dynamic development in the production of very modern analysers used for rapid de-
termination of carbon and sulphur content as well as the content of nitrogen, oxygen
and hydrogen in steels and alloys.

In the 1990s, in the specialized analytical laboratories of metallurgical plants pro-
ducing multicomponent steels and alloys for the most responsible parts of machinery
and equipment, the combined technique of ICP and mass spectrometry (MS) started
being used for the determination of microadditives and “harmful” elements forming
low melting phases.

The identification of phases and inclusions, and their analysis are important for
the quality of metallurgical products [6] and for the proper functioning of chemical
and metallurgical laboratories. Direct phase identification is possible owing to the
use of the following methods: X-ray diffraction, electron diffraction, scanning elec-
tronmicroscopy (SEM), X-raymicroanalysis, Auger electron spectroscopy and electron
backscattered pattern (EBSP) technique. Electron probe microanalysis (EPMA), elec-
tron spectroscopy for chemical analysis and chemical microanalysis (CMA) are used
for the analysis of chemical compositions. AAS and ICP techniques are mainly ap-
plicable in the chemical analysis of electrolytically isolated phases [1–6]. This field of
studies is part of the currently expanding research area, which includes speciation
and speciation analysis. Phase identification basically fulfils the criteria for speci-
ation. Much more difficult and complex in confrontation with phase analysis is the
speciation analysis. The problems here concern quantitative requirements, that is, the
determination of the mass fraction of the individual phases (precipitates) and, above
all, the precise determination of their chemical composition.

In surface studies, it is the OES with glow discharge spectroscopy (GDS) that plays
the leading role, while organic analysis in the metallurgy most commonly uses gas
chromatography coupled with MS (GC-MS) and nuclear magnetic resonance (NMR)
spectroscopy. Progress is also being made in studies of the chemical composition of

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



7.4 Range of materials 307

metallurgical waste. Particularly intensive development has been observed in recent
years in studies of dust and gas pollution during welding processes [7–9].

7.3 Fields of application of the analytical techniques in metallurgy

The application of analytical techniques to routine analysis in metallurgy covers four
basic areas:
1. Control of delivered raw materials
2. Control of production process
3. Inspection of final product
4. Analysis of waste materials, by-products and other similar products

This is illustrated in Figure 7.1, further dividing the area into testing of semi-finished
products, inoculants and master alloys. Depending on the specifics, profile and
volume of production in a given plant, this range of studies can cover both the con-
trol area of delivered raw materials and the control area of production process. This
depends on whether the materials are purchased or produced by the plant in question
within the planned production cycle. More often, however, this area is located in the
field of control of delivered raw materials.

7.4 Range of materials

A detailed list of materials analysed in the analytical metallurgical laboratories is
shown in Figure 7.2. They have been grouped into the following five areas: rawmateri-
als and semi-finished products, auxiliaries, finished products, waste and by-products.

Areas of analytical techniques application
in metuallurgy

Control of delivered raw materials
Chemical analyses of the preliminary semi-mortar

and modifying agents

Control of production process

Chemical analysis of received
metallic materials and end-products

Chemical analyses of waste materials. 
Different analysis

Figure 7.1: The areas of analytical techniques application in metallurgy.
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Raw materials and
semi-manufactured

materials

Additional
materials Products Waste by-

products

Research in the field of
occupational health and
safety, ergonomics and
occupational medicine

Blast-furnance
coke

Pig iron

Ferroalloys

Industrial water

Oils

Steels

Alloys

Cast steel

Isolates
(intermetallic and
carbide phases,

inclusions)

Dioxins

Mercury

Beryllium

Slurry

Sewage

Gases emission

Welding fume

Furnance dust

Slags

Fats

Fuels

Petrol

Dissolvents

Refractories

Auxiliary cast
materials

Toxic, hazardous
and explosive

materials

Miscellaneous
materials

Ores

Scrap metal

Figure 7.2: Application of chemical analysis in different metallurgical materials.

Additionally, areas of health and safety at work, ergonomics, occupational medicine
and occupational disease prevention, recently gaining importance, have also been
incorporated into this compendium.

7.5 Developments in metallurgical analytics

Taking into account the specific character of the steel and alloy production cycle, the
techniques of chemical analysis of metallurgical samples are strongly dominated by
the methods of OES with spark excitation and XRF. Further, the techniques such as
AAS, ICP-AES and ICP-MS are used. In phase composition studies, EPMA and CMA are
currently themost importantmethods, while AAS and ICP are also used in the analysis
of isolates. Considering the labour and time-consuming operation of electrochemical
phase isolation, and thus the high cost of preparation of test samples, direct analysis
of isolates using instrumental isolation techniques, like AAS and ICP, has recently lost
some of its importance. It is worth pointing out, however, that this procedure of test-
ing isolates still has many followers, and the results obtained are of great interest,
mainly due to the fact that they are free from disturbances caused by the presence
of matrix. The technique playing the leading role in surface studies is GDS. The or-
ganic analysis used most frequently in the steel industry is based on methods such as
GC-MS and NMR. Progress is also being made in studies of the chemical composition
of metallurgical waste. Particularly intensive in recent years has been the develop-
ment of studies of dust and gaseous pollutants formed in welding processes. Metal
welding is seen as a three-dimensional (3D) process: dirty, dusty and dangerous. The
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toxicity of these pollutants, associated with undesirable physicochemical reactions
that occur after ingestion into the human body, poses a serious risk and is the cause
of many occupational diseases in the welders [7–9]. During welding process, under
the effect of high temperature and welding arc radiation, welding fumes are gener-
ated from the base material, the secondary material, the protective coating of the base
material, the shielding gas and the surrounding air.Welding fumes (biphasic condens-
ate aerosol) are a mixture of finely dispersed particulates (welding dust) and various
gases forming the dispersion phase. The welding dust produced by plasma arc acting
on the base and secondary material consists of simple and complex oxides, silicates,
fluorosilicates, fluorides, chromates, dichromates andmetal carbonates. The diameter
of the aerodynamic particles of the welding dust is from 0.01 to 1 ,m [7]. The chemical
particles of the welding dust range from 0.01 to 1 composition of the welding dust de-
pending on the type of weldedmaterials, weldingmethods and parameters of welding
technology. Dust from the welding process using coated electrodes and metal powder
wires has more complex chemical composition and structure than the dust emitted
during arc welding with solid wires and shielding gas. Iron, manganese and silicon
dioxide are the basic constituents of dust formed during welding of non-alloy steels
with solid wires, while dust formed during welding of high-alloy steel also contains
compounds of chromium, nickel, molybdenum and niobium. Welding of steel with
coated electrodes and metal powder wires additionally results in the separation of so-
dium, potassium, calcium and magnesium. Significant achievements in this area of
research have been done by the Welding Institute in Gliwice. Modern test stations for
sampling of dust produced by metal inert gas (MIG)/metal active gas (MAG), tungsten
inert gas (TIG) andmanualmetal arcwelding (MMA) have been designed and executed
[7–9]. The methodology of dust sampling during welding of different grades of steel
was also developed, taking into account the applied welding techniques.

Market economy conditions put new challenges to the staff of chemical metallur-
gical laboratories in the form of skills development and work organization, as well as
the extended scope of tasks and the efficient management of laboratory functions [10].
Laboratory workers should systematically broaden their professional qualifications,
and technical and methodical competences. This opportunity is created by the devel-
opment and implementation of knowledge system in a research facility [11]. The use of
knowledge systemmakes the workmore organized and systematic. The rational use of
knowledge resources enables employees to intensify research and development, and
experimentation and services. Functioning of research laboratories under conditions
of market economy results in the fact that knowledge management in both the parent
company and its laboratory units has become an inherent aspect of the development
and gaining competitive edge. Increasing competition in the services sector poses a
threat to individual chemical laboratories in terms of obtaining orders for specialized
research and services. Knowledge systems in research laboratories increase the syn-
ergy of cooperation between teams and within their structure, and enable continuous
control of the results of research and services and also continuous improvement of
research procedures and methodologies. When the knowledge management system is
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started, the first step is gaining reliable information, taking into account the specific
nature of the laboratory (situational analysis subsystem), and then distributing the
knowledge among employees (human resources improvement subsystem) and using
it properly (implementation subsystem). Knowledge management in modern chem-
ical laboratories becomes the basis of staff professionalism; covers a wide range of
qualifications, skills and competences; and is derived from the development strategy
of the research unit and/or parent unit (enterprise, university, research and develop-
ment centre). However, assuming some generalizations, the followingmodules can be
distinguished:

– Management of the laboratory unit
– Staffing
– Organization of work on the measurement bench
– Research and service works
– Archiving knowledge
– Market research and marketing

The directions in development of metallurgical analytics also determine the modern-
ization aspects of technical, material and economic processes, taking into account
environmental protection requirements. Advanced methods of sample preparation
for examinations and development of modern non-destructive spectrometric methods
will make a significant contribution to the development ofmetallurgical analytics. The
process of automation, robotics and computerization throughout the analytical cycle
will be complementary to providing high quality products. The development and ap-
plication of laser spectroscopy in microstructure examinations and trace analysis is
also envisaged.

7.6 Determination of chemical composition of metal alloys
and other industrial materials

The determination of chemical composition of various grades of steel, metal alloys,
metal ores, rocks and soils, cements and slags, industrial fuels, pigments and paints,
and of different kinds of waste materials, using for this purpose AAS and OESwith ICP
has already been comprehensively described in books, monographs, and numerous
publications in scientific and technical journals. Therefore, it is very difficult to
choose from among the rich variety of complex reference materials the most valuable
publications, since the scope of the presented studies includes the determination
of major alloying elements, trace elements and harmful impurities. This applies to
both basic techniques and other accompanying solutions, to mention as an example
hydride generation techniques, small sample volume techniques and also coupled
techniques. Applications of AAS technique to study the chemical composition of
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different materials are summarized in Refs. [12–20], while the use of ICP-AES is
presented in Refs. [21–23, 89].

7.7 The concept of speciation in relation to metallurgy
and materials engineering

Thus, assuming, with some simplifications, that speciation is the presence of vari-
ous “chemical forms” of the element in the sample, and speciation analysis serves
to identify those forms and quantify them, by analogy, with respect to metallur-
gical samples, equivalent phase identification and phase analysis means are used,
including also chemical analysis. Moreover, it should be emphasized that both the
concepts and the specific phase studies in the field of steel and metal alloys had
been used much earlier, that is still before the term speciation analysis was intro-
duced in analytical chemistry in the mid-1970s. They have been and still are inherent
in the development of technology for the manufacture of various types of metal al-
loys. Moreover, owing to these studies, the scope of their industrial applications
was systematically extended. This has ultimately led to a situation where identific-
ation of phases occurring in a given material has become a very important element
of metallography, or, more accurately, of materials science. Knowing the chemical
composition of the test material as well as its “technological history”, the phase
equilibrium diagram often enables us to make phase identification even when the
microstructure deviates from the state of equilibrium. Phase identification basically
fulfils the criteria for speciation. Much more difficult and complex in confrontation
with phase analysis is the speciation analysis. The problems here concern quantit-
ative requirements, that is the determination of the mass fraction of the individual
phases (precipitates) and, above all, the precise determination of their chemical
composition.

It is also worthwhile to introduce here the relationship between concentrations
expressed in mass percentages, usually obtained by chemical analysis of isolated
phases (isolates), and concentrations expressed in atomic percentages, which de-
termine the percent content of atoms of the individual components in the total
number of atoms present in the isolate, useful for the development of quantitative
formulas of specific phases:

Ai =
Wi/Mi
∑ni=1Wi/Mi

⋅ 100% (7.1)

Wi =
Ai ⋅Mi
∑ni=1 Ai ⋅Mi

⋅ 100% (7.2)

where Ai is the atomic percentage of the ith element; Mi the atomic mass; Wi the
weight percentage of the ith element.
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This section outlines some of the issues that characterize the area of metallurgy
and materials engineering, focusing mainly on the chemical composition of electro-
lytically isolated carbide phases present in tool steels and isolates of the intermetallic
# phase determined by the technique of FAAS. Based on the literature data, as a
typical example ofmetallurgical speciation analysis, the possibility of aluminium con-
tent determination by AAS in steels with division into acid-soluble aluminium and
total aluminium was presented. The possibility of implementing own solutions and
technical modifications in the application of flow injection technique using small
volumes of sample solutions combined with flame atomic absorption method was
also indicated. The most important techniques for the preparation of isolated test
phases were presented together with the analytical schemes developed. The use of
less sensitive analytical lines was exposed as a means allowing for the determination
of the content of many elements within a very wide range of concentrations. Testing
of isolated phases is closely related with the systematically growing requirements for
high-quality metallurgical products. It is also an important element in the design of
new, complex metal alloys for the most responsible components of machinery and
equipment, and in the development of technological processes for the manufacture of
these alloys in metallurgical enterprises. Additionally, the similarities and differences
between phase analysis and speciation analysis in studies of metallurgical materials
were outlined.

7.8 Chemical and electrochemical phase extraction

Chemical and electrochemical anodic extraction of phases and inclusions is used
as a tool in the determination of their content, structure and chemical composition
[25–30].

7.8.1 Chemical phase extraction

Chemical methods of phase extraction are rarely used nowadays, and this is due to a
number of constraints and drawbacks, mainly associated with a very long duration of
the dissolution process, difficulties in selecting suitable digestionmixtures and condi-
tions for selective conversion of the sample matrix into the state of solution, ensuring
at the same time the required degree of purity in the isolate obtained. These methods
only apply to the separation of the most chemically resistant phases, like NbC, TaC,
TiC and VC carbides as well as some M (C, N) carbonitrides [31, 32]. In some cases, this
method is also useful in the identification of previously determined forms of occur-
rence of different elements in steels and/or non-ferrous metal alloys, for example in
the separation of the metallic form of alloy component from its oxide or stable carbide
counterpart. Then the analysis cycle normally consists of two steps, including the se-
lection of suitable acids dissolving the matrix and the metallic part of the element
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and melting, with the use of flux, the remaining (oxide or carbide) portion of this ele-
ment, followed by its conversion to the state of solution. At the same time, these two
steps provide the basis for carrying out two separate series of measurements of the
concentration of the individual parts of the component being analysed. It is also pos-
sible to use only the first step of sample preparation, which will allow us to determine
only the content of the acid-soluble part. In contrast, to determine the total content
of a given element, complex mixtures of acids are used, applying additionally spe-
cialized equipment, for example, teflon bombs or microwave mineralizers [12, 33–35].
Electrochemical methods of extraction are used to separate the complex carbides, ni-
trides and, above all, intermetallic phases, which play a fundamental role in complex
materials research, especially in evaluating the quality of various grades of steel and
multicomponent metal alloys [36–48].

7.8.2 Electrochemical phase extraction

Electrochemical phase extraction can be performed in two ways: galvanostatic, that is
at constant current density and, more frequently, potentiostatic, that is with constant
potential [25, 26, 28, 29]. In the latter case, electronic potentiostats, automatically sup-
porting the potential of the electrode, are used. In the anodic phase extraction process,
the following condition must be met: the dissolution potential of the primary metallic
phase (solid solution) should be more negative than the solubility potential of the ex-
tracted phase. Typically, the extracted phase is precipitating on the anode in the form
of fine dispersion powder. The test sample operates as an anode with appropriately
selected electrolyte and voltage. These parameters are essential in the phase isolation
process, which can also be regarded as a targeted and selective corrosion [6]. Schem-
atically, with some simplifications, using the data contained in Ref. [6], the principle
of electrochemical phase extraction is shown in Figures 7.3 and 7.4.

From the flat surface of the sample (Figure 7.3(a)), over time, the solid solution
and possibly also less stable phases are dissolved, and the precipitate to be examined,
separated from the reaction surface, becomes more prominent (Figure 7.3(b)). As a
result of decreasing adhesion, individual particles of this isolate start “falling off”
and may be collected (Figure 7.3(c)). The isolation process can be interrupted at any
moment, when the total amount of isolate is sufficient to carry out the planned tests
(Figure 7.3(d)). Once the isolation process has been completed, the isolate can be
separated from the sample by, for example, ultrasounds, depending on the size and
amount of particles. This method, as demonstrated by comparative studies using
electron microscopy, does not lead to any damage and/or distortion of the separated
isolate particles [25, 26]. The final stage leading to the formation of an isolate is
centrifugation of the electrolyte. Determining, and more specifically optimizing, the
conditions for the selective isolation of specific precipitates in casting metal alloys is
a very complex task, and as such requires a number of ancillary studies in the field of
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Figure 7.3: The principle of electrochemical phases extraction [26]. Explanation of a), b), c), d) is in
text (page 313).
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Figure 7.4: Schematic presentation of potential and
current density selection in isolation process [25].
1,2 – anode polarization curves of steel (alloy) and
isolated phase; E1

kor, E2
kor – corrosion potentials of

steel (alloy) and isolated phase; BE – range of
potentials of potentiostatic phase separation.

physical chemistry and electrochemistry, inorganic chemistry, chemistry of complex
compounds and chemical thermodynamics [25, 26, 28–30, 32]. All these studies
include, but are not limited to, specifying the detailed characteristics of both the test
material and the electrolyte used.With respect to the test sample, the primary concern
is its chemical composition (inhomogeneity), structure (crystal lattice defects) and
material condition. As far as electrochemical parameters are concerned, the first ones
to be mentioned here are the dissolution potential or the anode current density, while
the most important parameters of the electrolyte include its chemical composition,
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Electrochemical phase extraction

Electrochemical parameters Chemical parameters

Dissolution potential pH of electrolyte

Products of metal
dissolution process

Hydrolysis of salts

Formation of local
bonds

Complexing additives

Isolate stability

Current density

Electrolyte (chemical
composition,

temperature, oxygen
content)

Effect of parameters

Figure 7.5: Electrochemical and chemical parameters influencing on the phases of isolation
process [29].

pH and oxygen content. Process temperature is also important. Chemical and elec-
trochemical factors that exert some control over the electrochemical phase extraction
process are shown in Figure 7.5. Moreover, sample geometry, cathode material, type
of diaphragm used, electrolyte preparation and dosage also deserve some attention
[25, 26].

The electrolyte solution should consist of a solvent, which is a mildly dissoci-
ated liquid (e.g. H2O, CH3OH, C2H5OH) characterized by a sufficiently high dielectric
permeability to ensure the ionization of the introduced substances, of the proper elec-
trolyte capable under certain polarization conditions of undergoing adsorption on the
surface of the phases which form protective layers, and also of suitable complexing
additives (acids: citric, tartaric, oxalic and their salts) preventing the formation of hy-
drolysis products – WO3, MoO3, Nb2O5 and so on [25, 26, 29]. In the case of phase
analysis of multicomponent nickel alloys using electrochemical phase extraction, in
electrolytes containing halogen ions – Cl–, Br–, I–, F–– thenickel electrode activity
is protected, while passive state is due to the presence of anions such as NO–

3 , SO
2–
4 ,

PO3–
4 and ClO–

4 [25, 26, 29]. This means that in electrolytes containing ions of halogen
groups, the solid solution of nickel, matrix and chemically unstable intermetallic com-
pounds (Ni3Al, Ni3(Al,Ti), Ni3Ti, Ni3Nb, NiAl) polarize more weakly and dissolve at a
faster rate than carbides (NbC, TiC, Cr7C3, Cr23C6), borides (Cr2B, Ni2B3), nitrides (CrN,
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Cr2N) and intermetallic phases like Fe2W, Fe7W6, 3- FeCr. This allows quantitative
separation of these phases in the alloy steels and nickel-based alloys [25, 26, 36].

7.9 Techniques of testing isolates

Electrochemical isolation of precipitates, as one of the basic steps in phase analysis,
enables – through the use of modern research methods – obtaining very valuable in-
formation on the morphology of metal alloys and the kinetics of chemical reactions.
The process of obtaining isolates and methods for their subsequent investigation are
shown in Figure 7.6 [49]. The use of analytical SEM allows testing the isolate mor-
phology. X-ray analysis of the isolate can determine the structure and parameters of
the lattice, the phase composition and, possibly, the ordering processes taking place
in the precipitates. It is worth stressing that the results obtained by these methods
are free from the disturbing effects of the solid solution. The chemical analysis of
the isolate made by a “wet method”, or using other microanalytical instrumental
techniques without the need for dissolution of this isolate, allows determining the ex-
act chemical composition as well as the quantitative ratio of individual components
present in the isolate, for example, M23C6 carbide – (Cr16.3Ni3.6Mo3.1)C6or (Cr21Mo2)C6
[26, 31, 32, 35, 36].

Themethods for testing isolates shown in Figure 7.6 can be considered as baseline.
Only with the contribution of other complementary methods summarized in Table 7.1,
the investigation of isolates provides complete information on the chemical composi-
tion, phase composition and structure.

To avoid damage to the sample fixture, the electrochemical phase isolation pro-
cess must be terminated early enough. The residual may be subjected to further
studies, in particular by SEM and X-ray microanalysis to determine the type of
particles and their location in the test material [25–30]. Chemical analysis of the
electrolyte gives information on the composition of the solid solution of the test alloy.

The parameter most important in the quantitative evaluation of the phase isola-
tion process is the yieldW [28], which is determined as

W = mi
mp

= mi
mi +mr

(7.3)

wheremi is the mass of isolate,mp the mass of sample,mr the mass of matrix.
Sometimes, instead of the yieldW, the phase ratio B is determined:

B = mi
mr

(7.4)

Electrochemical methods of phase extraction also have specific limits of use. On the
one hand, they are controlled by electrochemical factors related to changes of concen-
tration in the sample matrix during isolation process and by the associated processes
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Figure 7.6: Techniques for investigating isolates.
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Table 7.1: Test methods for isolates [38].

Applied methods
or measure of the
examined
propertya

Object of studies

Carbides Matrix
(grains
included)

Matrix with
carbide phase

Solid
sample

Thin
foil

Isolate Extraction
replica

MS •b • •
MS-MI • • •
SEM • • • •
SEM-MI •
MS+SEM-MI •
TEM • • •
Electron diffraction •
MS+SEM+TEM-MI • •
HV •
MHV •
Dilatometry •
X-ray microanalysis •
X-ray diffraction • •
SEM-EDX • • •
AAS • b

aMS, light microscopy; MI, quantitative metallography; SEM, scanning electron microscopy; TEM,
transmission electron microscopy; EDX, energy-dispersive X-ray spectroscopy; AAS, atomic absorp-
tion spectrometry; HV, Vickers hardness; MHV, micro Vickers hardness.
b•, results obtained by direct method; , results obtained by indirect method.

of precipitation, side reactions and pH changes due to the formation of acidic salts
[25–30]. On the other hand, the limitations are due to uneven distribution of precipit-
ates in the test sample. Additionally, analysis errors, systematic and accidental errors
that may occur at individual stages of the isolation process, including weighing, sep-
arating, drying, and so on should also be taken into account, especially when the yield
W does not exceed 1% [25–30].

7.10 Determination of chemical composition of isolates –
speciation analysis

Determination of chemical composition of isolated phases in studies of metallurgical
materials is equivalent to speciation analysis in analytical chemistry. With chemical
or electrochemical separation of structural constituents, very small amounts of isol-
ates are obtained, ranging from several to several dozen milligrams, and sometimes
even 0.5 mg. So, it is the amount of test material that presents a lot of difficulties for
analysts dealing with the chemical analysis of isolates, regardless of the choice of
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analytical methods and techniques. In chemical analysis, in addition to spectrophoto-
metric methods, rarely gravimetric and titrimetric methods, depending on the number
of constituents determined and the amount of isolate obtained, othermethods applied
include X-ray spectrometry (XRF, energy-dispersive X-ray spectroscopy [EDX]), FAAS
and flameless (graphite furnace) AAS, OES-ICP, ICP-MS, GDS and other techniques
[6, 13, 14, 17, 20, 24, 26, 28, 29, 36, 50, 52–66].

One of themethods that has proved very useful in studies of the chemical compos-
ition of isolates is AAS [6, 12–17, 20]. That is why, in this chapter, more attention has
been devoted to this method, using in particular own research and long experience
of the author in this area. Among instrumental methods, AAS takes a special place.
This is due to its numerous advantages, such as high sensitivity, selectivity, relatively
high speed of analysis, and above all, the ability to label almost all metallic elements
of the periodic table in a very wide range of concentrations. AAS is used to determine
the content of metallic elements in numerous materials and in many fields of science,
technology, medicine and protection of the natural environment [12, 17].

7.11 AAS in metallurgy

AAS was introduced into chemical metallurgical laboratories in the 1960s, and since
the 1970s, apart from OES and XRF, it has been considered one of the leading methods
for determining the chemical composition of raw materials, and semi-finished and
finished products [1–4, 6, 13, 14, 18, 20, 53].

Quantitative determination of elements in steel and other metallurgical materials
by the AASmethod is based on plotted standard calibration curves [6, 12–18], or it uses
the technique of standard additions, or single-reference standard calibration method
developed by the Silesian University of Technology [6, 20, 54, 96].

The variety and complexity of the steel grades and alloys used in various in-
dustries, as well as the introduction of new materials with very complex chemical
compositions designed for the most responsible machine parts require the devel-
opment of numerous analytical procedures. All of them are expected to offer high
accuracy and precision of the determination of the content of both major alloying
elements, often varying in a very wide range of values, as well as the accompany-
ing elements and harmful impurities. In such cases, especially when new materials
are still in the testing stage, the AAS method is extremely useful. It should be noted,
however, that in spite of its undoubted advantages, such as the high sensitivity and
accuracy of multitask determinations, the ability to perform analyses in a fairly wide
range of analyte concentrations and, what is particularly remarkable, its selectiv-
ity allowing the determination of the content of several elements from one starting
sample, this method is by no means a universal tool. AAS also has its drawbacks
referring mainly to the development of means and conditions for the dissolution of
complex metallurgical samples and limits in the determination of some microaddit-
ives and alloy constituents, combined with the need to correct numerous interactions
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between elements. This is particularly true in the case of elements such as B, W, Nb,
Ta, La, Ce, Zr and Hf. Additionally, the AAS method does not allow for the determ-
ination of carbon and sulphur, while the determination of the content of silicon and
phosphorus can only be performed to a limited extent [6, 12–18]. The limits for the
determination of selected metallic elements by the AAS method can be grouped into
the following concentration ranges: 10–5% – Mg; 10–4% – Ag, Be, Ca, Li, Mn, Zn; 10–3

– 10–2% – Al, As, Ba, Bi, Cd, Co, Cr, Cu, In, Mo, Ni, Pb, Pd, Rh, Ru, Sb, Sr, Te, Tl, Yb;
10–2 – 10–1% – Ga, Ge, Hg, Se, Si, Sm, Sn, Ti, V, Y and Zr; above 0.10% – B, Ce, Gd,
Hf, Ir, La, Nb, Nd, Re, Ta, U, W [12–18]. Due to the fact that in metallurgical samples
the determination of the content of metallic elements covers a wide range of concen-
trations, it is difficult to assess in a consistent way the accuracy and precision of the
obtained results. With respect to the vast majority of elements determined by the AAS
method, the relative standard deviations are from 0.2% to 5%. Only in the determin-
ation of carbide-forming elements, such as niobium, tantalum, zirconium, tungsten,
titanium or vanadium, the relative standard deviations can exceed these values even
twice. Although the use of AAS technique in material analytics mostly relates to the
low and trace content of elements, it can be added that as a result of the continuous
development of atomic absorption spectrometers in both optics and electronics, it has
now become possible to determine the high content of elements in steels and metal
alloys with an accuracy close to classical methods [12–18].

The increasing number of atomic absorption spectrometers used in materials en-
gineering, metallurgy, foundry and metal processing, and also in research centres of
these industries, necessitates systematizing and even unifying a variety of analytical
procedures for chemical and phase analysis of multicomponent metallic materials
as well as further research in this extremely important field, to improve the quality
not only of materials already produced but also of new alloys that are in the design
or development phase of their manufacturing technology. Determination of chemical
composition of isolated intermetallic and carbide phases by AAS is included in the
range of speciation analysis of metallic materials. The small mass of test materials, the
wide range of concentrations of the determined elements and the lack of certified ref-
erence standards create additional difficulties in determining the content of elements
in isolates, regardless of the choice of analytical method and technique. Therefore,
using the method of AAS in this research area, several additional technical and meth-
odical modifications discussed later have been introduced in order to make the most
of the advantages offered by this technique.

7.12 Flow injection technique combined with flame atomic
absorption method

For various reasons, in some cases, in the speciation (phase) analysis of steel and
alloys, the mass of the obtained isolate is insufficient for the chemical analysis carried
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out by conventional methods. This happensmost often when studies and experiments
are conducted on alloys that are still in the process of developing technologies of
their production or optimization of the thermal and thermochemical treatment para-
meters. Then the chemical analysis of the separated phases or inclusions should be
preceded by qualitative and X-ray diffraction studies, absorbing the already insig-
nificant quantities of isolates. Sometimes the insufficient mass of isolates is associ-
ated with difficulties arising from the electrochemical phase isolation process itself
[1–3, 6, 25–30]. In such cases, a very useful solution is the use of a modified version
of the atomic absorption method, that is a flow injection technique, which involves
the construction of special teflon sampling manifolds and special technique of ana-
lysis, allowing the introduction of small quantities of samples, that is 50–100 ,l,
without loss to the flame [6, 56–61, 63–77, 127], and introduction of metered portions
of analysed solutions to the flame instead of continuous suction, as is the case in
conventional AAS technology.

This allows conducting analyses in a very “economical” way. To achieve this
purpose, however, a special sampling manifold of crater type (Figure 7.7) or funnel
type (Figure 7.8) made of teflon should be constructed, since this material enables
testing of solutions containing, among others, hydrofluoric acid and ammonium flu-
oride. Teflon sampling manifold was made of a teflon block with dimensions of
120 mm × 120 mm × 120 mm. On the top surface, there were cone-shaped recesses
with an opening angle of at least 80∘ and a diameter of 15 mm. The recesses (craters)
were located at a distance of 25 mm from each other, adopting this value as a value of
the distance between two adjacent vertices of the cones. Each recess had a capacity of
0.5ml. To carry out a series ofmeasurements, several teflonmanifolds should bemade

25

82°

15 20
20

(a)

(b)

Figure 7.7: The scheme of teflon sampling crater manifold: (a) side view and (b) view from the
top [66].
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20

Figure 7.8: The scheme of funnel manifold [66].

A
B

(a) (b)

Figure 7.9: Types of teflon sampling manifolds with the portable capillary bearing: (a) a set of several
crater teflon sampling manifolds and (b) teflon crater sampling manifold a hollow cylindrical shape
(A – two portable capillary bearings placed on craters provided on opposite sides, according to the
diameter; B – the two portable capillary bearings superimposed every second craters).

available (Figure 7.9(a)). Instead of a set of teflon manifolds shown in Figure 7.9(a)
it is also possible to use a set with a hollow cylinder of 70–100 mm diameter and
120 mm height (Figure 7.9(b)). The recesses in the manifolds were filled with solutions
introduced in the following order: blank sample, standard reference solution, then
alternately test sample, blank sample and every five measurements the standard ref-
erence solution again. From individual craters, the solutions were introduced to the
flame by immersing the capillary in such a way that the whole portion of the solu-
tion was sucked in. Instead of a crater manifold, in the flow injection technique, a
sampling funnel system can also be used (Figure 7.7). For this purpose, a cube with
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only one recess was cut off from the crater manifold, and then in the top part of thus
formed crater a hole was drilled, allowing the tip of the capillary to be inserted to a
depth of 1 mm. The inserted tip of the capillary was fastened with glue to the cut-off
crater. The length of the capillary connecting thus prepared teflon funnel manifold
with the spectrometer nebulizer should not exceed 25 mm. For mounting the funnel
manifold, a small tripod or holder is sufficient, or if the height of the funnel does not
exceed 14 mm, the factory-fitted washer can be used to attach it to a Perkin-Elmer
(model 503) spectrometer. Using both crater and funnel sampling manifolds, 100 ,l
portions of the solution were measured, having established previously that with these
portions of the solution, changes in the suction rate of the solution ranging from 4 to
7 ml/min would not cause measurable changes in the recorded absorbance signals for
elements determined in different groups of isolates. Based on current studies it has
been found that technical issues are the factors determining the accuracy, the preci-
sion and the reproducibility of the obtained results. In the case of sampling funnel
manifolds, they are associated with vertical positioning of the micropipette and with
the experimentally determined distance from the funnel preventing the introduced
solution from splashing, which results in discontinuous suction. On the other hand,
using a sampling crater manifold, which in practice is more convenient to handle,
the capillary tip must be held in vertical position – perpendicular to the recess. Too
vigorous insertion of the capillary can result in its bending, which will immediately
manifest itself as a change in the height of the measured signal recorded in the shape
of a peak. Improvements in this area have been sought in design modifications of the
structure of crater manifolds and in the use of additional capillary support and stiff-
ening systems. Of the few tested solutions, the most advantageous seems to be the
construction of a plexiglass capillary bearing (Figure 7.10) [66, 67]. The use of this
element has improved the accuracy and reproducibility of test results and greatly facil-
itated making routine analyses, especially as regards the isolates of the intermetallic
# phase [66].

An alternative solution for the portable capillary bearing is a pillar-shaped cover
(lid), made of plexiglass or polystyrene with appropriately drilled holes. Its charac-
teristic feature is that the drilled holes are located exactly above the centres of the
recesses in the teflon samplingmanifold, and the sidewalls of the cover encompassing
the teflon sampling manifold provide a fixed and stable position of the cover [6, 68].
Schematically, this is illustrated in Figure 7.11 (the shape of the cover is shown in the
horizontal projection, the cover is placed on the teflon sampling manifold). Moreover,
to ensure accurate insertion of the spectrometer capillary into the bottom of the cav-
ity to suck out the entire metered amount of solution, a small rigid ring is applied
on the outer wall of the capillary, providing an effective lock preventing the capillary
bending.

The use of flow injection technique combined with the FAAS method in determ-
ining the chemical composition of isolates has proved to be an effective and relatively
inexpensive solution.
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Figure 7.10: The scheme of portable
capillary bearing [66, 67].
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Figure 7.11: Schematic presentation of the cover (lid) with precisely drilled to a vertical input
spectrometer capillary teflon sampling manifold (manifolds) 1, Cover; 2, sidewalls; 3, drilled holes for
introducing the capillary into the craters of teflon sampling manifold [6, 68].

7.13 Application of alternative analytical lines

Quite often, when determining by AAS the chemical composition of metal alloys,
isolated carbides and intermetallic phases, galvanic baths and industrial waste, it is
necessary to determine the content of major components present in a wide range of
concentrations, sometimes exceeding several and several dozen percent by weight.
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If this is the case, then the use of AAS to measure the high content of elements
present in the test sample will require one or more of the following operations [6, 12–
18, 62, 63, 78] to be performed:

– Making appropriate dilutions of sample solutions
– Reducing (if possible) the weight of the samples tested
– Reducing the thickness of the flame-retardant layer (smaller burner head or

rotation thereof)
– Using a “differential” measurement method
– Using flame zones poorer in the determined element
– Change of flame or change of flame characteristics
– Reducing the current of the lamp
– Substoichiometry (combination of classical methods with atomic absorption)

[79]
– Use of less sensitive analytical lines

One of the possible effective solutions to this problem is in the use of less sensitive ana-
lytical lines [62]. Table 7.2 presents the limits of the straightness of standard reference
graphs for the elements most commonly observed in a wide range of samples, taking
also into account the results of own studies [6]. The use of less sensitive analytical
lines enables the individual elements to be determined in a wide range of concen-
trations, avoiding very often the time-consuming dilution of sample solutions and
reference standards. By analysing the data in Table 7.2, some practical notes and tips
can be suggested.

Highmanganese content (15–30%bymass) can also be determined using, besides
the frequently applied less sensitive 403.1 nm line, 2,450 times “weaker” 321.7 nm line,
which gives straightness of standard reference graphs up to 7,500 ,g/ml.

Applying the most sensitive cobalt analysis line, the measured concentration
range does not exceed 5 ,g/ml. Using the 352.7 nm line for cobalt determination, it is
possible to analyse this element up to 200 ,g/ml. Changing the acetylene–air flame,
commonly applied in cobalt content determination, to acetylene–nitrous oxide flame
extends the rectilinear range of the calibration graph up to 500 ,g/ml, and thus with
the sample weight of 0.5 g and 100 ml final volume of solution, it becomes possible to
determine cobalt in nickel alloys up to 10% by mass without the need for dilution of
sample solutions. Likewise, in the isolates of # phase (the sample weight of 20mg and
25 ml final volume of solution), it is possible to determine cobalt content up to 10% by
mass. The 372.0 nm line can be used to determine iron content in nickel and cobalt al-
loys, and in carbide isolates in the range of 20–60 ,g/ml. Higher iron concentrations
can be determined using the 305.9 nm line (23 times less sensitive than the main Fe
line, i.e. 248.3 nm). In this case, the straight line in the standard reference curve will
extend up to 120 ,g/ml.
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Table 7.2: Alternative analytical lines for the determination of Al, Mn,
Mo, Fe, Ni, Co, Cu, Cr and Zn [6, 62].

Element Analytical line (nm) Straightness range of standard
reference graphs (,g/ml)

Al 309.3 60
394.4 120
237.3 160

Mn 279.5 3
403.1 25
321.7 7,500

Mo 313.3 60
317.0 80
319.4 100

Fe 248.3 5
372.0 60
305.9 120

Ni 232.0 5
341.5 25
352.5 60
351.5 120

Co 240.7 5
352.7 200 (500 in C2H2–N2O)

Cu 324.8 5
327.4 25
244.2 2,700

Cr 357.9 5
359.4 15
429.0 80

Zn 213.9 1
307.6 5,200

The four analytical lines for nickel listed in Table 7.2 cover the range of its determin-
ation from 5 to 120 ,g/ml. The compared alternative lines for copper and chromium
allow the determination of the content ranging from 5 to 2,700 ,g/ml (Cu) and from 5
to 80 ,g/ml (Cr), respectively.

It is worth noting that the use of the 317.0 nm line for molybdenum determina-
tion prolongs the straight line in the standard reference graph from 60 (the main Mo
313.3 nm line) to 80 ,g/ml. For aluminium, the 394.4 nm line doubles the detection
range of this element from 60 (309.3 nm line) to 120 ,g/ml. High concentrations of
zinc, that is over 5 mg/ml, can be measured with a 307.6 nm line.

It is still to be noted here that for some elements, such as tungsten, characterized
by a relatively low sensitivity of determination, routine analysis often uses a less sens-
itive analytical line of 400.9 nm rather than the main line of 255.1 nm. This is due to
the fact that, using the 400.9 nm line, a better ratio of the absorbance signal to the
photon noise is obtained (fluctuations lowering the precision of the determinations).
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Actually, a very similar accuracy and precision of the determination of these ele-
ments using the most sensitive analytical lines and diluting the solutions and using
alternative less sensitive analytical lines was obtained.

7.14 Calibration methods used in FAAS, including methods based
on one reference standard

In the FAAS, different calibration methods [6, 12–18] are used, depending on the type
of material to be analysed, the range of measured concentrations and the nature of
interactions between elements. In preparation of standard reference solutions for the
determination of the chemical composition of metallurgical samples, it is necessary to
take into account both the interactions between elements and the interferences caused
by acids and other substances used in sample preparation. Therefore, most often, syn-
thetic reference solutions are prepared which, in addition to the variable amounts of
the element to be measured, also contain the main constituent or constituents of the
matrix. To compensate for the effect of acids used in the sample preparation process,
the reference solutions should contain the same amounts of acids as the test sample
solutions. The best results are achieved by complete evaporation of both test sample
solution and standard reference solution, introducing next equal volumes of acids
into them. Various techniques of standard additions andmodifications thereof [12–18]
are also used in studies of the chemical composition of metallurgical samples. Chem-
ical metallurgical laboratories also used for calibration of natural specific standards
or, so-called internal standards. Internal standards are samples of materials derived
from the current production of a given plant, repeatedly analysed by various meth-
ods and analytical techniques. The author of this chapter has developed a calibration
method for FAAS using one base reference standard [6, 66, 93, 94]. The method in-
volves the use of several different weighted portions of one base (starting) reference
standard to which, after or in the course of dissolution, appropriate quantities of the
main matrix component are introduced to bring this content in both reference stand-
ards and test samples to a similar (with some tolerance) level, thus compensating for
its effect exerted on the element being determined. The base reference standard is se-
lected so as to best match the type of the sample to be analysed. It is also important
that the upper and lower concentration limits of the individual elements are com-
prised in the rectilinear part of reference graphs. In order to determine the chemical
composition of metal alloys and isolated phases, the starting pressures and the gas
flow rates were used in accordance with the manufacturer’s instructions, adjusting
the flow rates in each case to obtain the maximum stable absorbance readings of the
analysed elements. The optimummeasuring height (burner height relative to the radi-
ation beam)was set using the results of own studies [6, 49, 62, 64, 88]. Figures 7.12–7.16
illustrate the effect of changes in burner height on the absorbance of carbide-forming
elements such as titanium, niobium, tantalum, chromium and molybdenum. For the
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Figure 7.12: The effect of changes in burner height on the absorbance of titanium.
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Figure 7.13: The effect of changes in burner height on the absorbance of niobium.
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Figure 7.14: The effect of changes in burner height on the absorbance of tantalum.
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Figure 7.15: The effect of changes in burner height on the absorbance of chromium.
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Figure 7.16: The effect of changes in burner height on the absorbance of molybdenum.

determination of tungsten content in metal alloys and in the isolates of carbides and
intermetallic phases, a less sensitive 400.9 nm line is often used, and this is mainly
due to its favourable signal-to-noise ratio. Therefore, for this element, the impact of
changes in burner height was shown using both 255.1 and 400.9 nm analytical lines
(Figure 7.17). Additionally, Figure 7.18 illustrates the results of studies of the import-
ance of burner head positioning in aluminium determination. In all the cases, similar
to the case of vanadium [49], a strong relationship was observed to exist between the
vertical position of the burner head relative to the radiation beam emitted by indi-
vidual hollow cathode lamps. After adjusting the optimal height of burner head, the
flowof gases (acetylene and nitrous oxide) was adjusted to obtain themaximum stable
absorbance readings of the analysed elements. Table 7.3 gives detailed measurement
parameters for the elements most commonly determined in the tested isolates.
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Figure 7.17: The effect of changes in burner height on the absorbance of tungsten.
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Figure 7.18: The effect of changes in burner height on the absorbance of aluminium.

7.15 Determination of aluminium in steel as a typical example
of speciation and speciation analysis in metallurgy

The problem of aluminium determination in steel using AAS has already been de-
scribed in detail in many papers; therefore, in this chapter only the leading aspects
of this methodology are briefly outlined, citing the most commonly used analytical
procedure [12, 33, 51, 80–85]. Aluminium in steel is determined in a fairly wide range
of concentrations, but most commonly in the range of 0.002–0.060%. Sometimes me-
tallurgical experts require the determination of aluminium even from 10–4% [55]. On
the other hand, in the analysis of high-alloy manganese–aluminium steel it is neces-
sary to determine this element even up to about 15% [86]. Taking into account the
range of concentrations so wide, aluminium is determined by both flame and flame-
less atomic absorption techniques [80–85]. Bosch et al. [82] have developed a rapid
procedure for the determination of acid-soluble aluminium in steels in the concentra-
tion range of 0.002–0.060%. According to the described procedure, the determination

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



7.15 Determination of aluminium in steel as a typical example of speciation 331

Ta
bl
e
7.
3:

Op
er

at
in

g
pa

ra
m

et
er

s.

El
em

en
t

M
ea
su
rin

g
ra
ng

e
(%

)
An

al
yt
ic
al

lin
e
(n
m
)

Sl
it
(n
m
)

Fl
am

e
Ty
pe

of
fla

m
ea

Bu
rn
er

he
ig
ht

(c
m
)

La
m
p

cu
rre

nt
(m

A)

In
te
gr
at
io
n

pe
rio

d
(s
)

Li
ne
ar

w
or
ki
ng

ra
ng

e
(,
g/
cm

3 )

Su
pp

le
m
en
ta
ry

in
fo
rm

at
io
n

Cr
5–

40
35

7.
9

0.
7

C 2
H 2

–N
2O

R
8

25
3

10
Co

0–
30

24
0.

7
0.

2
C 2

H 2
–a

irC
2H

2–
N 2

O
O

5
30

3
6

35
2.

7
50

0
Al

.
0.

5–
7

30
9.

3
0.

7
C 2

H 2
–N

2O
R

6
25

3
80

Ti
0–

5
36

5.
3

0.
2

C 2
H 2

–N
2O

R
6

36
3

15
0

Ad
d

Al
Cl

3
to

1,
00

0
,g

Al
/c

m
3

M
o

0–
12

31
3.

3
0.

7
C 2

H 2
–N

2O
R

7
30

3
60

31
7.

0
80

Nb
0.

5–
7

33
4.

4
0.

2
C 2

H 2
–N

2O
R

5
36

10
90

0
Ta

0.
5–

6
27

1.
5

0.
2

C 2
H 2

–N
2O

R
5

36
10

1,
00

0
Ad

d
0.

1M
NH

4F
W

0–
11

25
5.

1
0.

2
C 2

H 2
–N

2O
R

7
36

10
1,

40
0

40
0.

9
0.

7
50

0
V

0–
2

31
8.

4
0.

7
C 2

H 2
–N

2O
R

6
36

3
10

0
Ad

d
Al

Cl
3

to
1,

00
0
,g

Al
/c

m
3

an
d

ad
d

2%
NH

4C
l

Fe
0–

5
24

8.
3

0.
2

C 2
H 2

–a
ir

O
6

30
3

5
37

2.
0

60
Zr

0–
1

36
0.

1
0.

2
C 2

H 2
-N

2O
R

6
36

3
1,

00
0

a R,
re

du
ci

ng
;O

,o
xi

di
zi

ng
.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



332 7 Industrial Analysis and Speciation

of aluminium content in 20 samples takes the time of only 11 min. The standard
deviation is then 0.001%. Shaw and Ottaway [83] described the determination of alu-
minium in steel using flameless technique. To determine the acid-soluble aluminium
in steels, nitric (V) acid was used for the digestion of samples, and the resulting solu-
tions were directly introduced into the graphite furnace. For the determination of total
aluminium, the residue was fused with a mixture of sodium carbonate and sodium
tetraborate and dissolved in nitric (V) acid. Persson, Frech and Cedergren [84, 85]
utilized flameless technique for the determination of aluminium in various grades of
steel. For the preparation of samples, a mixture of hydrochloric acid and nitric (V)
acid was used. Ammonium sulphate (VI) was next added to remove the effect of hy-
drochloric acid. Due to the fact that iron content reduces the sensitivity of aluminium
determination by about 20%, it is recommended to add appropriate iron additives to
reference solutions to compensate for the content of this element in both test samples
and standard reference samples. The same operation should be performed with re-
spect to chromium, molybdenum and nickel when aluminium is determined in alloy
steels. In a series of samples analysed at the Faculty of Materials Science and Metal-
lurgy of the Silesian University of Technology, the total aluminium content was about
0.023–0.026% and the soluble aluminium content was 0.018–0.021%.

One of the most commonly used analytical procedures for the determination of
aluminium content in steel is the methodology developed by König, Schmitz and
Thiemann [81]. Its essence consists in preparing a 2 g weighed portion of the test
sample and dissolving it in 25 ml of acid mixture comprising three parts of hydro-
chloric acid, one part of nitric (V) acid and two parts of water, gently heating the
samples on a heating plate. After separation of silicon dioxide, acid-soluble alu-
minium is analysed. To determine total aluminium content, after separation, the
insoluble residue is fused with 1 g of the carbonate and sodium tetraborate mixture.
The resulting melt is dissolved in 5 ml of hydrochloric acid (1:1) and transferred to a
100 ml volumetric flask to make up to volume with water. The most favourable results
are obtained when natural specific reference standards are used. One can also use
synthesized standard reference solutions. For the determination of aluminium, the
analytical line usedmost often is that of 309.3 nm, with themonochromator slot width
of 0.7 nm. Very important for the accuracy and precision of test results is optimization
of the measurement conditions (Figure 7.18).

7.16 Tool alloys – speciation and speciation analysis –
determination of chemical composition of carbide phase
isolates

In the Department of Materials Science of the Silesian University of Technology, a
research has recently been carried out on the concept of tool alloys with trace dis-
tribution of carbide segregations and on the development and implementation of
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a technology for the manufacture of semi-finished products and tools from these
materials. In the investigated group of non-ledeburite tool steels, bymajor changes in-
troduced to the chemical composition with respect to conventional high-speed steels,
the reduced level of segregations and changes in the phase composition of carbides
were obtained. The essence of the solution, addressed mainly to the discussed grade
of high-speed steels, consisted in the replacement of conventional primary carbides of
M6C, M2C and MC types with MC-type carbides formed by elements characterized by
higher affinity for carbon than tungsten, molybdenum and vanadium, that is titanium
and niobium [40, 41]. The chemical composition of the investigated steel, designated
as SM5Ti3Nb2, is shown in Table 7.4. In this high-speed steel of non-ledeburite class,
in which tungsten and part of molybdenum and vanadium were replaced by titanium
and niobium, the obtained phase composition and microstructure differed from other
common steel grades included in this group. The prevailing carbides were large (over
10 ,m) MC-type carbides in the shape of polyhedrons, often octahedrons, evenly dis-
tributed in thematrix, additionally accompanied byM6C andM23C6 carbides [41]. This
was confirmed by the results of X-ray phase analysis, demonstrating the presence of
MC, M6C and M23C6 carbides (Figure 7.19) [30, 41]. Secondary carbides of M6C and
M23C6 types were present in the structure as spheroidal particles or coagulated con-
glomerates. Based on the results of EDX analysis, it was observed that carbides with
the predominance of molybdenum and tungsten formed M6C-type carbides, while
chromium-rich M23C6 particles with the predominance of Ti, Nb and V formed MC
carbides. In the images obtained by SEM (scanning electron imaging – SEI), the M6C
carbides were brighter than the M23C6 particles (MC andM23C6 carbides have a similar
greyscale level) – Figure 7.20 [41].

Table 7.4: Chemical composition of tested
SM5Ti3Nb2 tool steel [61].

Element Content in % by mass

C 1.98
Mn 0.46
Si 0.54
P 0.016
S 0.017
Cr 4.26
W 0.10
V 1.16
Mo 5.25
Nb 2.10
Ti 3.19
Al 0.30
Zr 0.18
Fe Matrix
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45° 40° 30° 20° [2Ɵ]

No. Measuring
data

Data (table ICDD)

NbC (38-1364) M23C6(35-0783) M6C(41-1351)

d [Å] d [Å] I/I1 (hkl) d [Å] I/I1 (hkl) d [Å] I/I1 (hkl)

1 3.73 3.3496 <3 (331)
2 3.18 3.3496 <3 (331)
3 2.76 2.7774 22 (400)
4 2.64 2.5487 30 (331)
5 2.55 2.5808 100 (111)
6 2.355 2.3830 23 (420)
7 2.32 2.2677 50 (422)
8 2.24 2.2677 50 (422)
9 2.21 2.2352 80 (200)

10 2.16 2.1761 24 (422) 2.1380 100 (511)
11 2.12 2.1380 100 (511)
12 2.11 2.1380 100 (511)
13 2.03 2.0519 100 (511)
14 1.955 1.9639 39 (440)
15 1.87 1.8840 20 (440)
16 1.85 1.8516 4 (442)
17 1.785 1.7766 12 (600)
18 1.76 1.7566 4 (620)
19 1.67 1.6857 2 (620)
20 1.61 1.6748 4 (662)
21 1.59 1.5804 35 (220) 1.6066 6 (622)
22 1.565 1.5556 16 (551)
23 1.50 1.4463 16 (553)
24 1.44 1.4463 16 (553)
25 1.35 1.3572 20 (733)
26 1.34 1.3476 26 (311) 1.3572 20 (733)
27 1.32 1.3326 2 (800)
28 1.30 1.3093 52 (822)
29 1.28 1.2903 9 (222) 1.2927 2 (820) 1.2828 18 (555)
30 1.24 1.2307 6 (751)
31 1.22 1.2227 15 (662)
32 1.16 1.1698 4 (911)
33 1.11 1.1175 5 (400) 1.1174 1 (931)

Figure 7.19: Results of X-ray chase analysis of carbide isolate of tested steel [41].
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Figure 7.20: Carbide particles and conglomerates present in tested steel [24]: (a) FE SEM, SEI,
×3,500; (b) EDX spectrum of carbides nos. 1 and 4 (M6C type) from (a); (c) EDX spectrum of carbide
no. 3 (MC type) from (a); (d) EDX spectrum of carbide no. 2 (M23C6 type) from (a).

Knowing the average chemical composition of the carbide phase, when several types
of carbides are present in the steel microstructure and form solid secondary solu-
tions, the determination of their stoichiometric formulas is practically impossible.
It is possible, however, to predict the precipitation and dissolution of carbides or
their transformations during heat treatment and to indirectly determine the chemical
composition of the matrix. These studies, carried out by the method of AAS using a
Perkin-Elmer Model 503 absorption meter, were based on the use of carbide isolates
obtained by electrochemical isolation (5% HCl, 20 ∘C, 20 mA/cm2) from sections of
25 mm diameter rods of the test steel previously subjected to different cycles of heat
treatment. The determination of iron and manganese content was carried out in an
oxidizing acetylene–air flame, while other metallic elements were analysed in the re-
ducing acetylene–nitrous oxide flame. Concentrations of the examined elements were
measured using the following analytical lines: Cr – 357.9 nm, Mo – 317.0 nm, Ti –
364.3 nm, Nb – 334.4 nm, V – 318.4 nm, Mn – 279.5 nm, W – 400.9 nm, Zr – 360.1 nm,
Fe – 372.0 nm. Samples were dissolved in a mixture of hydrochloric acid, nitric (V)
acid and hydrofluoric acid using a Teflon bomb. The most effective mixture of acids is
presented in Table 7.5.
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Table 7.5: Conditions for the dissolution of carbide isolates in a Teflon bomb.

Temperature Sample weight (g) Dissolving mixture Dissolution time (min)

150 ∘C 0.2 10 ml HCl + 5 ml HNO3+ 3 ml HF 50

An analytical diagram for the determination of elements in carbide isolates is presen-
ted in Figure 7.21. Taking into account numerous inter-element effects [12, 20, 55,
63, 64, 87, 88], in the analysis of carbide isolates, to determine the content of the
individual elements, several series of synthetic standard reference solutions were
prepared in which the content of the determined elements was changing in appropri-
ate proportions according to the predetermined or predicted range of their occurrence
in tested isolates. Carbon content was determined by the coulometric method using
Strohlein’s Coulomate. The results are shown in Table 7.6. Due to the presence ofmetal-
lic constituents in the examined carbide isolates, detected by the X-ray phase analysis
and using small magnets, attempts were made to remove the non-carbide part of the
isolates. For this purpose, twomethodswere used, that is application of smallmagnets
and selective dissolution of the metallic residue. At the beginning, from a practical
point of view, the use of small magnets seemed to be a very convenient and easyway to
remove metallic particles present in carbide isolates. Unfortunately, further tests have
proved that this procedure was not effective enough in separating the metallic residue
from the matrix because, due to the high degree of the isolate refinement, the magnet
– while attracting the metallic components – was also “catching” the fine particles of
the carbide phase. This was fully confirmed by chemical analysis of particles separ-
ated by the magnet, which, besides iron, contained significant amounts of niobium,
titanium, vanadium, zirconium and tungsten, and thus of the elements forming an in-
tegral part of the carbide phase. Moreover, the reproducibility of this method was next
to none, because each time different results of the chemical analysis carried out on the
magnet-separated parts of isolates were obtained. Even attempts to remove the isolate
particles from the magnet by gentle shaking have proved to be insufficient. Slightly
better reproducibility was obtained by spreading the isolates on a large surface before
separation and removal with magnet of the non-carbide part of the isolate [73].

Selective dissolution in acids leaving carbides undissolved has proved to be a
muchmore effective way to remove the metallic residue. Initially, attempts were made
to use for this purpose hydrochloric acid in different concentrations, knowing that it
does not dissolve the MC-type carbides of niobium, titanium and tungsten. However,
taking into account the fact that besides the MC-type carbides, the isolated carbide
phases might also contain carbides of M6C and M23C6 types, hydrochloric acid was
excluded from the studies as an agent partially dissolving carbides of chromium,
molybdenum and vanadium [6]. Based on the results of own experiments on the
dissolution of metallurgical samples and using guidelines given by the technical lit-
erature [41], a 2:1 diluted orthophosphoric (V) acid, often included in the steel sample
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Figure 7.21: Analytical diagram for the determination of elements in carbide phase isolates [20].
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Table 7.6: The results of AAS chemical analysis of carbide phase isolates [41].

Content of elements in % by mass

Isolatea Cb Mn Ti Cr Fe Mo V W Zr Nb

1 10.52 0.41 12.60 13.30 19.90 18.40 3.96 0.85 0.65 9.35
1c 9.54 0.41 13.70 14.00 21.50 19.70 4.30 0.86 0.62 9.40
2 8.29 0.19 16.60 4.92 25.00 12.90 3.24 0.84 0.75 12.21
2 15.62 0.09 26.20 1.85 8.76 13.30 3.97 0.90 0.72 14.70
3 8.94 0.09 15.20 8.31 10.50 14.40 3.60 0.86 0.61 9.10
3 9.19 0.08 18.80 7.21 8.10 16.80 3.72 0.90 0.55 11.30

a1, steel annealed (850 ∘C/4 h); 2, steel hardened (1,150 ∘C/7 min); 3, steel hardened (same as above)
and tempered (2 × 540∘C/1 h).
bCarbon content was determined by coulometric method.
cChemical composition of isolate treated with orthophosphoric (V) acid.

Figure 7.22: Carbide isolate of MC type with metallic matrix residue – SEM [84].

digestion mixtures, was selected for further investigations. The use of this acid has
finally yielded the reproducible results. The obtained isolates were subjected to a
short-term exposure to the effect of this agent, that is until the hydrogen evolution
was complete.

Then the isolates were centrifuged, rinsedwith distilledwater andmethyl alcohol,
dried and weighed, thus enabling their corrected weight fractions to be calculated.
Loss of isolate mass was the sign that part of the matrix (Figures 7.22 and 7.23) had
been present in the isolate still before the orthophosphoric (V) acid started acting.
Table 7.6 shows the chemical composition of isolates treated with orthophosphoric
(V) acid. The process of isolate “etching” with orthophosphoric (V) acid has proved
to be very efficient, and the weight fraction of the isolate obtained from steel in the
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Figure 7.23: Treated carbide isolate of MC type after etching with orthophosphoric (V) acid –
SEM [84].
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Figure 7.24: The comparison of carbide and carbide formers content in isolate before and after
treatment (hardened steel) [84].

hardened state was reduced by the action of orthophosphoric (V) acid from 15.8% to
8.3%. As a consequence, the average chemical composition of the carbide phase has
also changed quite significantly. For example, carbon content increased from 8.29%
to 15.62%, while chromium content decreased from 4.92% to 1.85% (Figure 7.24).

From the results of the AAS analysis of the average chemical composition of
carbide isolates extracted from the steel in annealed, hardened and tempered condi-
tion it follows that during austenitizing process the dissolution affectsmainly carbides
with the high metal-to-carbon atomic ratio, rich, moreover, in chromium, molyb-
denum and iron, identified as M6C- and M23C6-type carbides [20, 41, 73]. Carbon-rich
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MC-type carbides with high levels of titanium and niobium do not dissolve. As a result
of tempering, chromium content in the isolate increases nearly three times (compared
to the hardened state), mainly due to the appearance of the secondary M23C6-type
carbides.

Some attention deserves the fact that when orthophosphoric (V) acid was re-
introduced to the once acid-treated isolate, total absence of any chemical reactions
was observed. This confirms the correct choice of the acid, which dissolves the
metallic residue, while leaving the carbide phases untouched.

The results of the chemical analysis of the steel samples and carbide isolates, as
well as the sample weight and the weight of the isolate were used in calculations of
the chemical composition of the steel matrix (Table 7.7). The chemical composition
of the test steel matrix in annealed condition resembled other typical grades of high-
speed steels. It showed a very low content of carbon, and similar content of chromium
and of total remaining carbide-forming elements. During hardening, the matrix was
enriched with carbon, chromium and molybdenum. The precipitation process during
tempering has impoverished the matrix mainly in chromium and molybdenum.

At the end of this section, it is worth pointing out that the application of flow
injection technique combined with the use of a specially designed cover for ver-
tical insertion of the spectrometer capillary has also yielded satisfactory results in
the chemical analysis of the examined carbide phases. Sample results are shown in
Table 7.8.

Table 7.7: The content of major carbide-forming elements in steel
matrix [61].

Content of elements in % by mass

Sample no.a C Ti Cr Mo V Nb

1 0.07 0.55 1.81 1.61 0.37 0.26
2 0.74 1.11 4.48 4.49 0.91 0.96
3 0.60 0.22 3.70 3.05 0.67 0.35

aDesignations as in Table 7.6.

Table 7.8: Comparison of the results of chemical analysis of carbide phase isolates obtained by
conventional AAS and flow injection technique using supporting cover.

Content of elements in % by mass

Element Mo Cr Ti Nb V

Conventional AAS method 13.7 1.85 26.2 14.7 3.97
Flow injection technique using supporting cover 13.6 1.82 26.0 14.5 3.95

Note: AAS, atomic absorption spectrometry.
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As mentioned earlier, quality requirements imposed on metallurgical products de-
termine the need for comprehensive studies, including, but not limited to, chemical
composition, phase composition, structure examinations and testing of mechanical
properties. This applies equally well to the steel grades already produced and to the
new high alloyed grades and metal alloys for special applications. Besides full chem-
ical analysis, very important in this field is the identification of phases that occur in
a given material along with the determination of their chemical composition. Carbide
phases [37, 40, 41, 61] play an important role in the structure and properties of mater-
ials. Therefore, various methods, such as X-ray microanalysis or chemical analysis of
electrolytically separated carbide isolates, are used to determine their chemical com-
position. Knowing how important is the accurate analysis of the chemical composition
of the isolated carbide fractions, modern instrumental methods and techniques, such
as AAS and ICP-OES, are used for this purpose. Unfortunately, all these modern meth-
ods require conversion of the isolated and separated phases to the state of solution.
The key to success in obtaining fully dissolved isolate for further analysis is proper se-
lection of the dissolving mixture. It is all the more important that in the vast majority
of cases, samples available for analysis are of a very small weight ranging from several
dozen to several hundred milligrams. So, with incorrectly selected acid mixture, the
digestion process cannot be repeated, and re-isolation must be done.

Taking into account the above-mentioned methodological problems, based on
the results of own studies and guidelines given in the technical literature, mix-
tures dissolving selected MC-type carbides, namely TiC, NbC, TaC, VC, WC and ZrC,
were compared. All of the aforementioned carbides belong to the group of the most
chemically resistant phases, and therefore proper selection of acid mixtures for their
digestion is of major importance in the process of their preparation for chemical
analysis.

Using the results of own studies [6, 20, 65, 66, 90] and long experience in the
analysis of alloy steels and complex nickel- and cobalt-based alloys and intermetal-
lic and carbide phases, and basing on the literature data [37, 91], in work [87], the
acid mixtures most effectively dissolving the carbides of titanium, niobium, tantalum,
vanadium, tungsten and zirconium are compared. Taking into account the durabil-
ity and chemical resistance of carbides of these elements, the choice of acids and/or
mixtures of acids used for their digestion is rather modest. Additionally, the selec-
tion is limited by the tendency of these elements to hydrolyse [6, 25–29]. The specific
nature of the analytical methods and techniques applied also imposes certain lim-
itations of both technical and instrumental nature. Using, for example, FAAS, it is
strongly recommended to allow formuchweaker absorbance signals of these elements
attenuated by sulphuric (VI) acid, the presence of which, combined with a relatively
low sensitivity of determination of niobium, tantalum, zirconium and tungsten, sig-
nificantly reduces the precision of the results obtained. Application of hydrofluoric
acid, in turn, requires the use of acid-proof nebulizers. The complexity of isolated
carbide phases is the reason why in some cases it may prove necessary to slightly
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modify the mixtures listed in work [87]. This is due to the fact that the isolated carbide
phases may comprise different types of carbides that are identifiable but not quan-
tifiable. In such cases, only average chemical composition of the isolated carbide
phase is given, and the choice of dissolving mixtures and conditions of the dissolu-
tion process requires further careful analysis and practical experience. For example,
it may be necessary to increase the temperature during the process of the isolate dis-
solution, using Teflon decomposition vessels (Teflon bombs). Sometimes, instead of
the expected MC-type carbide such as TiC, other types of carbides like (Ti0.8Mo0.2)C
may appear. Nitric (V) acid is the preferred agent for the dissolution of molybdenum
carbides. If chromium carbides, for example, Cr7C3 and Cr23C6, are present in the isol-
ate, then hydrochloric acid is required to dissolve them. Depending on the weight of
the analysed carbide isolate, typically 5–10 ml of individual acids or mixtures thereof
are used.

Due to the fact that carbide isolates contain various metallic components that, al-
though not included in the composition of the carbide phase, are still present there,
it becomes necessary to remove them, as otherwise they would interfere with the ob-
tained results of the chemical analysis of the isolates [64–66, 73]. For this purpose,
themost preferable method is selective dissolution of themetallic residue bymeans of
suitably selected acids which do not dissolve the examined carbides. Paper [97] lists
acids that do not dissolve certain compounds, and as such are applicable in the re-
moval (digestion) of the non-carbide part of the isolate. The most versatile of these
acids is the diluted orthophosphoric (V) acid. Hydrochloric acid is also applicable
in various concentrations, mainly because it does not dissolve MC-type carbides of
niobium, titanium and tungsten. At this point, however, it should be remembered
that hydrochloric acid partially dissolves carbides of chromium, molybdenum and
vanadium.

Acid mixtures given in paper [87] are not the only possible means and tools used
in the preparation of carbide isolates for chemical analysis. Teflon bombs are also
helpful, as they enable carrying out the digestion process at elevated temperatures
of, for example, 160 ∘C. Carbide isolates can also be prepared for analysis by fusing
the isolate with Na2O2 sample of a fourfold mass in a muffle furnace at 520 ∘C for 1 h
and then dissolving the dry residue in hydrochloric acid [31, 57, 92, 93]. Studies of the
chemical composition of isolated carbide phases are closely related to the systematic-
ally increasing requirements for the high quality of metallurgical products. Although
the latest instrumental methods and research techniques are used for the analysis of
these phases, the ongoing problem is the development of an efficient method for the
dissolution of carbide isolates. The acid mixtures listed in this chapter are an import-
ant aid for professionals in chemical metallurgical laboratories specializing in phase
analysis, especially when they use atomic absorption or OES as well as UV-VIS spec-
trophotometry. Considering the fact that some isolated carbide phases can contain
different types of carbides that are qualifiable but not quantifiable, slight modific-
ations to the acid mixtures given in paper [87] may be necessary to ensure that all
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types of the identified carbides are equally well dissolved. Then the average chemical
composition of the isolated carbide phases is given.

A significant barrier to studies of the dissolution process of carbide isolates is the
small mass of the isolated samples. Therefore it is believed that, in order to ensure full
conversion of these samples to the state of solution, the use of Teflon bombs is recom-
mended, since they allow increasing the temperature during the isolate dissolution
process instead of additional experimentation with acid selection. Some suggestions
concerning the choice of acids or mixtures thereof for the digestion of individual
carbides may also help in the selection of mixtures that digest samples of the start-
ing materials, that is steels or, more broadly, tool alloys [94, 95], characterized by high
content of the carbide-forming elements.

Acids that do not dissolve individual carbide isolates may prove useful in the re-
moval (dissolution) of non-carbide part of the isolate. This operation is necessary to
obtain correct results of the chemical analysis carried out on individual isolates.

It is also worth noting that studies have been carried out to better explore the
potentials of the microwave-assisted acid-based dissolution of carbide isolates and
even at this stage of the work, the results obtained are very encouraging as regards
further possible applications of this technique [94].

7.17 Speciation and speciation analysis in multicomponent
nickel-based alloys

Multicomponent nickel alloys (superalloys or hyperalloys) can contain up to 18 al-
loying constituents, including nickel, cobalt, chromium, molybdenum, aluminium,
titanium, niobium, tantalum, tungsten, vanadium, zirconium, boron, hafnium, sil-
icon and carbon. All these alloys have a multiphase microstructure, which consists
of four basic phases, i.e. # solid solution, # intermetallic phase, carbides, and topo-
logically closed packed intermetallic phases of the 3 and , type. Taking into account
the complexity of the chemical composition of these alloys, the suggested breakdown
into individual categories is of an illustrative nature only. Nickel is the main alloy-
ing constituent and it determines the alloy structure, phase stability, and technical
and technological properties. Cobalt reduces aluminium and titanium solubility in #
solution, and also affects the amount of # phase and the extent of its stability. The
presence of aluminium, titanium and niobium increases hardness of the nickel alloys,
mainly through precipitation of the dispersed #-Ni3 (Al, Ti) phase. Carbon, the con-
tent of which is up to 0.2% by mass, reacts with carbide-forming elements and forms
various carbide phases of the MC, M23C6, M6C andM7C3 types, characterized by differ-
ent morphologies. Interactions of carbide-forming elements make their atoms highly
interchangeable, for example (Ti, Nb)C. These carbides can also contain tungsten and
molybdenum. The presence of the latter two elements weakens the MC-type carbide
bonds first, to break them down completely next and result in the formation of M23C6
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and M6C carbides, when the temperature exceeds 815 ∘C. M23C6 carbides are mainly
formed in alloys with high chromium content. Most often, in addition to the Cr23C6
carbides, phases of the (Cr21,Mo2)C6 or (Cr21Mo,W)C6 type also appear. On the other
hand, M6C carbides are formed in alloys containing more than 6% by mass of molyb-
denum and tungsten. MC carbides containing niobium and tantalum are very stable
and do not dissolve during the heat treatment process carried out at 1,200–1,260 ∘C
[37]. The creep resistance ofmulticomponent nickel alloys ismainly determined by the
presence of # phase, due to a complex of its very specific properties [20, 37, 45]. The
choice of the chemical composition of the creep-resistant nickel-based alloys determ-
ines the amount of the # phase precipitates. In many cases, the volume fraction of the
# phase precipitates in the structure of nickel superalloys is up to 68%. Depending on
the amount of alloying constituents added to nickel alloys and their final content in
these alloys, and on the applied variant of alloy heat treatment, the chemical compos-
ition of the #- Ni3 (Al, X) phase, where X = Ti, Ta, Nb, can vary in a very wide range of
values. This is due to the fact that cobalt can replace nickel, while titanium, niobium
and tantalum can occupy the position of aluminium in the ordered # phase lattice.
Molybdenum, chromium and iron can replace both aluminium and nickel in the Ni3Al
compound [37]. Typically, in the precipitates of # phase, the content of five to ten
metal elements is determined. Chemical composition of the # phase precipitates is
determined during analysis of # phase isolates. Various reagents and extraction con-
ditions are used to isolate and extract the # phase frommulticomponent nickel alloys
[20, 27, 66]. In studies carried out at the Silesian University of Technology [54, 56], the
# phasewas isolated by anodic dissolution in a reagent containing 20ml HClO4, 50ml
HNO3, 1,000 ml CH3OH, at a current density of 0.1 A/cm2 and temperature ranging
from 0 to 5 ∘C.

The method of determining the content of metallic elements in # phase isolates
using AAS was described in detail in Refs. [6, 20, 66]. The 20 mg weighed portion
of the isolate was placed in a 100 ml Teflon beaker, adding 10 ml of the digesting
mixture (HNO3: HF: H2O = 1: 1: 1) and heating the whole gently on a heating plate until
complete dissolution of the isolate. Then 10 ml of HCl was added and the contents
of the beaker were carefully evaporated to dryness. This operation was repeated to
determine cobalt content in the # phase isolate. The beaker walls were then rinsed
with a small amount of water and 2 ml of concentrated hydrochloric acid and 1 ml
of concentrated hydrofluoric acid were added. The solution was heated to dissolve
the salt, boiled, cooled to room temperature and transferred quantitatively to a 25 ml
graduated flask. Then 0.2 g of ammonium fluoride was added, water was added to the
mark and the whole was mixed thoroughly.

Taking into account numerous inter-element effects that occur during analysis of
the # phase isolates [12, 55, 64, 87], synthetic standard reference solutions were pre-
pared in parallel with isolate samples by adding varying amounts of base standard
reference solutions of all determinants occurring in # phase to cover the expected
concentrations of these elements. The total mass of metals in each reference standard
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should be constant and equal to 20 mg. To maintain the same conditions during pre-
paration of standard reference solutions, the order of the individual operations must
be the same as when preparing the test sample solutions, that is evaporating with
hydrochloric acid, adding a certain amount of hydrofluoric acid and ammonium fluor-
ide, and supplementing with water to 25 ml. The blank samples were all reagents used
in the analysis.

Due to the effect of aluminium on the measurements of titanium and vanadium
concentration [12, 17, 55, 64, 87], aluminium content was the first one to be determined
in the # phase isolate, and then, to identify the other two elements, the additional syn-
thetic reference standard with aluminium content equal to the content of this element
in the test sample (isolate) was prepared. When more than one isolate (50–200 mg)
was available for the determination of titanium and vanadium content, separate solu-
tions of test samples and reference standards were prepared. Before adding water to
the mark in volumetric flasks, aluminium was added in the form of aluminium chlor-
ide to obtain the concentration of about 1,000 ,g Al/ml. The content of these two
elements was also checked with standard additions. The situation was similar dur-
ing determination of niobium and tantalum. Separate solutions were prepared using
larger isolate weights or performing the extraction with methyl isobutyl ketone from
the medium of hydrofluoric acid and hydrochloric acid [95]. Detailed analytical dia-
grams are presented in Figure 7.25. Given the complex chemical composition of the #
phase, it was decided to work on diagram, since in the isolates of this phase, usually
five to even ten elements are determined within a fairly wide range of concentrations.
The comprehensive analytical diagram shown in Figure 7.25 gives the concentration
ranges of the analysed elements taking into account the calculated dilution of the test
sample solutions. The obtained results of analyses of the # phase isolates are given in
Table 7.9. The precision of determinations measured with the coefficient of variation is
given in Table 7.10.

In addition to the conventional analytical procedure usingAAS, chemical compos-
ition of the # phase isolates was also calculated by the method of one base reference
standard [54]. The procedure of selecting the base reference standard for analysis of
# phase isolates is discussed in detail in Ref. [54]. In the case of # phase isolates, the
base reference standard should have the chemical composition similar to that of the
isolates tested. It is also important that the upper and lower concentration limits of
elements are situated in the linear working range of calibration curves. Therefore, in
order to obtain a large isolate volume selected as a baseline, the extraction process
must be repeated two or three times. The determination of the chemical composition
of the # phase using one base reference standard method was carried out in two addi-
tional variants, that is equal weighed portions (total content of components), or the
same nickel content in standard solution and sample solution. The concept of the
same nickel content in sample solution and standard solution should be treated with
some approximation, since it is not possible to accurately reproduce this content in
sample solutions.
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Figure 7.25: The comprehensive analytical diagram for determination of # phase chemical
composition by AAS method [66].
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Table 7.10: Precision of the determination of elements
in # phase isolates.

Element determined Coefficient of variation (%)

Co 2.6
Cr 2.3
Mo 3.8
V 7.2
Al 2.8
Ti 3.1
Nb 10.9
Ta 11.2
W 7.8

The obtained results, some of which are listed in Table 7.11, fully confirm the right
strategy adopted in the analytical procedure and usefulness of the calibrationmethod
based on one reference standard for the chemical analysis of # phase isolates. Com-
paring the results of the determination of the content of selected elements obtained
by the method of synthetic reference standards and by the method of one reference
standard performed in two variants, a very good compatibility was observed. Slightly
more accurate results were obtained using the method of one base reference stand-
ard in a variant of the same nickel content. The reason was high nickel content in
the # phase isolates reaching about 70%. At such concentration levels, compensating
for the nickel effect on the determined elements requires no special justification. In
the case of titanium content determination, the results were somewhat higher in both
cases. This is probably associated with slight changes in the aluminium concentra-
tion, which strongly affects the absorbance limit of titanium. Additionally, the results
obtained were statistically verified by comparing twomeans using Student’s t-test. All
of the results obtainedwere verified positively, whichmeans that the differences in the
determination of individual elements gave comparable results no matter which of the
two variants of the method of one reference standard was applied [54]. This calibra-
tion method is very useful in metallurgical practice, for example, to optimize melting
parameters or heat treatment variants selected for a given alloy. Then several # phase
isolates are analysed, and in the case of alloys similar in chemical composition, even
several dozens of such analyses are performed. When planning such studies, that is
the determination of the chemical composition of the # phase isolates obtained for
a specific group of nickel-based alloys, it is worthwhile to put a little more effort at
the beginning and perform double extraction of the # intermetallic phase selected
as a baseline, to later save a lot of time and labour input in the determination of the
chemical composition of the isolates without the need to prepare the whole series of
synthetic standard reference solutions.

In addition to the conventional AAS method, attention was drawn to the benefits
resulting from the use of flow injection technique with an originally designed cover
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Table 7.11: The results of chemical analysis of # phase isolate carried out by the AAS method based
on one reference standard.

Isolate/type of
reference standard

Content in % by mass

Al Ti Mo Cr Nb Ta W Co Ni

Isolate 1 7.67 1.29 2.56 4.52 4.51 – – – Rest

Base reference
standard (equal Ni
content in reference
standards)

7.65 1.30 2.55 4.51 4.49 – – – Rest

Base reference
standard (equal weight
of reference standards)

7.68 1.32 2.54 4.49 4.48 – – – Rest

Isolate 2 (synthetic) 7.73 – – 2.31 – 8.95 9.70 5.73 Rest

Base reference
standard (equal Ni
content in reference
standards)

7.72 – – 2.29 – 8.90 9.66 5.72 Rest

Base reference
standard (equal weight
of reference standards)

7.70 – – 2.27 – 8.88 9.65 5.72 Rest

Isolate 3 (synthetic) 6.85 3.02 – 2.75 1.42 – 12.53 7.53 Rest

Base reference
standard (equal Ni
content in reference
standards)

6.81 2.99 – 2.77 1.38 – 12.57 7.50 Rest

Base reference
standard (equal weight
of reference standards)

6.82 3.00 – 2.76 1.39 – 12.57 7.51 Rest

for vertical positioning of the capillary, combined with the flame atomic absorption to
suck in the metred 100 ,l portions of the solution of the analysed elements. Table 7.14
gives sample results of chemical analysis of # phase isolates obtained by the flow
injection technique and FAAS combined with the use of supporting cover. The results
obtained were comparable to the results obtained by the sole AAS method. They were
also statistically verified with Student’s t-test.

With the small volume of the available # phase isolates, in the tests described
in Tables 7.11 and 7.12, two “isolates” were prepared by synthesis from the standard
reference solutions of individual elements, using an automatic Hamilton’s Dispenser-
Diluter device for diluting and dispensing the specific portions of solutions.

It would be difficult to unambiguously indicate the weights of isolates in indi-
vidual groups that might be considered sufficient for the analysis carried out by the
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Table 7.12: Comparison of the results of chemical analysis of # phase isolates obtained by the
conventional AAS and by the flow injection technique using a supporting cover.

Method of analysis Content in % by mass
Al Ti Mo Cr Nb Ta W Co Ni

Conventional AAS
method

7.67 1.29 2.56 4.52 4.51 – – – Rest

Flow injection
technique with
supporting cover

7.64 1.27 2.53 4.49 4.45 – – – Rest

Conventional AAS
method

7.73 – – 2.31 – 8.95 9.70 5.73 Rest

Flow injection
technique with
supporting cover

7.69 – – 2.26 – 8.88 9.64 5.69 Rest

Conventional AAS
method

6.85 3.02 – 2.75 1.42 – 12.53 7.53 Rest

Flow injection
technique with
supporting cover

6.80 2.98 – 2.78 1.37 – 12.58 7.49 Rest

Note: AAS, atomic absorption spectroscopy.

conventional AAS. This depends mainly on the number of the examined elements. In
the analysis of carbide isolates and the isolates of # intermetallic phase, due to the
complex chemical composition, this limit is difficult to determine. For the analysis
of # phase isolates, 5–10 mg sample is usually required. In the case of nickel alloys
free from niobium, tantalum and tungsten, about 2–5 mg of the isolate is sufficient
for the analysis of this phase. Using flow injection technique for the determination of
the chemical composition of the isolates, the obtained precision of the determination
of each element, measured with the coefficient of variation, was as follows: Al: 3.5–
4.5%, Mn 0.7–1.8%, Cr 3.0–3.5%, Mo 3.5–4.5%, Fe 1.8–2.6% and Co 2.5–3.0%. In the
determination of tungsten content, the coefficient of variation was about 8.7–9.2%. In
the determination of niobium and tantalum it was 11.6–12.4%.

In own studies, the focus was on the determination of the chemical composition
of the isolates of the # intermetallic phase, although carbide phases were also ex-
amined. The difficulties related with the electrochemical extraction of carbide phases
have finally resulted in a more frequent use of the X-ray microanalysis as a tool for
the chemical analysis of carbide phases. For example, in alloy no. 3 with a relatively
low molybdenum content (2.5 at%), there was a tendency for the formation of MC
carbide. The results of the chemical analysis of this carbide carried out by the tech-
nique of X-ray microanalysis are shown in Table 7.13. They indicate that this is an (Nb,
Ti, Mo)C-type carbide containing the dissolved nickel and other elements.
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Table 7.13: The results of chemical
analysis of the carbide phase in
alloy no. 3.

Element Content (at.%)

C 22.2
Nb 37.5
Ti 4.15
Mo 5.80
Zr 1.44
Cr 3.80
Al 5.10
Ni 19.5
Fe 0.50

7.18 Studies of speciation in creep-resistant Fe–Ni alloys

In studies of iron–nickel alloys carried out by K. Ducki at the Silesian University of
Technology [45], a modified austenitic X5NiCrTi25–15 grade, belonging to the group
of creep-resistant Fe–Ni alloys precipitation hardened with # phase – Ni3 (Al, Ti),
was developed and implemented in the production of tools used by non-ferrous metal
processing plants. The chemical composition of the test alloy is given in Table 7.14.

Studies of phase transformations and changes in morphology of the microstruc-
tural phase constituents, with attention focused on their effect on the strength and
plastic properties of the tested Fe–Ni alloy, were conducted under conditions simu-
lating the heat treatment process. The alloy was subjected to solution heat treatment
(980 ∘C/2 h/water) and prolonged ageing at 715, 750 and 780 ∘C for 0.5 to 500 h with air
cooling (Figure 7.26).

The purpose of long-term ageing was to study the precipitation process and
provide quantitative description of the kinetics of the # phase growth; another
purpose was to predict the mechanical properties and thermal stability of alloy mi-
crostructure under conditions of long-term exposure to the effect of high temperature.
The basis for selecting the ageing temperature in the range of 715–780 ∘C and the time
of up to 500 h was the possibility of simulating the alloy operation for 100,000 h in
the range of 630–690 ∘C [45].

Table 7.14: Chemical composition of X5NiCrTi25–15 alloy used for testing.

Content of elements (mass.%)

C Si Mn P S Cr Ni Mo V W Ti Al Co B N Fe

0.05 0.56 1.25 0.026 0.016 14.3 24.5 1.35 0.42 0.10 1.88 0.16 0.08 0.007 0.0062 55.3
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Figure 7.26: Scheme of heat treatment of the Fe–Ni alloy [45].

To accomplish the scientific goals, the structure of the Fe–Ni superalloy was ex-
amined, and technological and mechanical properties were tested. This section
presents only fragmentary results of phase analysis studies performed by Ducki [45].

Isolates of precipitates present in the tested Fe–Ni alloy in both solution heat-
treated and aged conditions were obtained by electrolytic etching in a solution of
14 ml HCl, 100 ml C2H5OH. The current density of 100 A/m2 and process duration
of 24 h were applied. The isolates were dried at 60 ∘C for 8 h. After the process of
electrolytic separation, the isolate and the sample residue were weighed. The phase
composition of the isolates was determined from the X-ray diffraction patterns gener-
ated by a Philips PW 1140 X-ray diffractometer using monochromatic Co-K! radiation
in a graphite monochromator configuration on the bent beam side. Based on posi-
tions and intensities of the interference lines found in the diffractograms and their
comparison with standard data contained in the ICDD database, phase identification
was performed.

In order to trace and describe the precipitation process of intermetallic and
carbide phases, and to determine the precipitates morphology and perform relevant
identifications, the alloy substructure was examined in the solution heat-treated con-
dition and after long-term ageing at high temperatures. The Fe–Ni alloy substructure
after 980∘C/2 h/water treatment was observed to comprise the twinned austenite with
low (about 0.3 wt.%) content of non-dissolved precipitates, characterized by differ-
ent sizes, different morphology and high density of dislocations. Alloy microstructure
also contained the precipitates of titanium compounds, such as TiC carbide, Ti0.3NO7
carbonitride, TiNO3 nitride, Ti4C2S2 carbosulphide and particles of Ni2Si phase and
MoB boride (Figure 7.27).

Application after solution heat treatment of single-stage ageing at 715, 750 and
780 ∘C carried out for the time from 0.5 to 500 h has initiated the precipitation process.
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Figure 7.27: Isolate diffractogram of the Fe–Ni alloy after solution heat treatment at
980 ∘C/2 h/water [45].

After short-term (4–8 h) ageing at 715 ∘C, the first symptoms of the beginning of the
precipitation process were observed in the matrix, namely the occurrence of coherent
zones and “clusters” of the # phase – Ni3 (Al, Ti). At grain boundaries, the discon-
tinuous precipitates (“chains”) of fine, lenticular lamellae of the G phase – Ni16Ti6Si7
were formed. Increasing the ageing time (in the range of 16–150 h) has increased the
kinetics of the homogeneous process of the precipitation of the # phase particles.
The # phase particles had a spheroidal shape with different diameters. Additionally,
regular particles of the G phase – Ni16Ti6Si7 and lenticular M23C6 carbide particles
were observed to occur in the austenite near-boundary zone. The longest ageing time
(300–500 h) resulted in further growth of the spheroidal # phase particles, main-
taining strong coherence with the matrix. Moreover, compounds such as TiC carbide,
Ti(C, N) carbonitride, Ti4C2S2 carbosulphide and MoB boride were also found in the
microstructure (Figure 7.28 and Table 7.15).

Increasing the Fe–Ni alloy temperature to 750 ∘C intensified the diffusion-
controlled processes of the growth, coagulation and overageing of the particles of the
intermetallic and carbide phases. At this temperature, the short ageing time in the
range of 4–8 h caused the formation of coherent zones and ordered # phase particles
due to the spinodal decomposition of supersaturated austenite. M23C6 carbides ap-
peared at grain boundaries in the form of discontinuous precipitates – “chains”. At
the same time, at grain boundaries, G phase particles were released. The consequence
of longer ageing time (16–50 h) was precipitation in the matrix of spheroidal and
lenticular # phase particles showing strong coherence with the matrix. In the micro-
structure of alloys aged for 100–300 h, the first signs of ageing were observed, namely
the formation of colonies of the parallel lamellae of the '(Ni3Ti) phase. The # → '
phase transformation was accompanied by dissolution of the adjacent fine particles
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Table 7.15: Phase composition of Fe–Ni alloys after solution heat treatment and ageing at 715 ∘C [45].

Alloy condition Phase constituents

Solution heat treatment: 980 ∘C/2 h/water TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB

Ageing: 715 ∘C/0.5 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB;
G – Ni16Ti6Si7

Ageing: 715 ∘C/2–500 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB;
G – Ni16Ti6Si7; # – Ni3(Al,Ti)
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Figure 7.28: Isolate diffractogram of the Fe–Ni alloy after solution heat treatment (980 ∘C/2 h/water)
and ageing at 715 ∘C/150 h [45].

of the # phase. In border regions, the lamellae of ' phase were present in the cellu-
lar system. The longest ageing time (400–500 h) progressed in the austenitic matrix
the subsequent stages of the growth and coagulation of the # phase particles. At the
same time, higher density of dislocations in the matrix grains was noted. Alloy mi-
crostructure was reported to contain the following compounds: TiC carbide, TiC0.3N0.7
carbonitride, TiN0.3 nitride, Ti4C2S2 carbosulphide, and particles of Laves Ni2Si phase,
G phase – Ni16Ti6Si7, " phase – NiTi, 3 phase – Cr0.46 Mo0.40Si0.14 and also MoB boride
(Table 7.16 and Figure 7.29).

Analysis of the phase composition of isolates after solution heat treatment and
ageing at 780 ∘C confirmed the presence in themicrostructure of TiC carbide, TiC0.3N0.7
carbonitride, TiN0.3 nitride, Ti4C2S2 carbosulphide and particles of Laves Ni2Si phase,
G phase –Ni16Ti6Si7, 3 phase – Cr0.46 Mo0.40Si0.14 and also MoB boride (Figure 7.30 and
Table 7.17).
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Table 7.16: Phase composition of Fe–Ni alloy isolates after solution heat treatment and ageing at
750 ∘C [45].

Alloy condition Phase constituents

Solution HT: 980 ∘C/2 h/water TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB

Ageing: 750 ∘C/2–50 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB; G – Ni16Ti6Si7;
# – Ni3(Al,Ti)

Ageing: 750 ∘C/100–150 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB G – Ni16Ti6Si7;
# – Ni3(Al,Ti); ' – Ni3Ti

Ageing: 750 ∘C/200–300 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB G – Ni16Ti6Si7;
# – Ni3(Al,Ti); ' – Ni3Ti; " – NiTi

Ageing: 750 ∘C/400–500 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB G – Ni16Ti6Si7;
# – Ni3(Al,Ti); ' – Ni3Ti; " – NiTi; 3 – Cr0.46Mo0.40Si0.14
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Figure 7.29: Isolate diffractogram of the Fe–Ni alloy after solution heat treatment (980 ∘C/2 h/water)
and ageing at 750 ∘C/300 h [45].

The results of studies conducted by Ducki [45], presented in this chapter, fulfil all the
requirements of speciation. Carefully conducted phase analysis (speciation) revealed
all phase constituents present in the alloy with a detailed description of the transform-
ations and their metallurgical and technological conditions. The presence of so many
phases in the test material makes their quantification required by the speciation ana-
lysis impossible. Only in some cases, and this to a limited extent, it becomes possible
to roughly conclude what their quantitative fraction is.

In the comprehensive studies of creep-resistant nickel-based alloys, apart from
the presented data on phase extraction and chemical analysis of the composition of
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Table 7.17: Phase composition of Fe–Ni alloy isolates after solution heat treatment and ageing at
780 ∘C [45].

Alloy condition Phase constituents

Solution HT: 980 ∘C/2 h/water TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB

Ageing: 780 ∘C/2 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB; G – Ni16Ti6Si7;
# – Ni3(Al,Ti)

Ageing: 780 ∘C/4–500 h TiC; TiC0.3N0.7; TiN0.3; Ti4C2S2; Ni2Si; MoB; G – Ni16Ti6Si7;
# – Ni3(Al,Ti); 3 – Cr0.46Mo0.40Si0.14; ' – Ni3Ti
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Figure 7.30: Isolate diffractogram of the Fe–Ni alloy after solution heat treatment (980 ∘C/2 h/water)
and ageing at 780 ∘C/500 h [45].

the # intermetallic phase and carbide phase, some other issues also border on the
notion of speciation and partially on the notion of speciation analysis. A specific ex-
ample in this area is the use of zirconium as a microadditive or alloying element, and
also as a refining (sulphur binding) agent. Zirconium in these alloys performs pre-
cisely this role, forming ZrSx-type compounds with sulphur (Figure 7.31) [6, 91], but it
is not always possible to determine the magnitude of x; sometimes it is only possible
to state that x is less than or equal to 2. In a system like this, it would be difficult to talk
about speciation analysis in the sense of analytical chemistry, although information
about the presence of zirconium compound is very important and valuable to analyt-
ical chemists, as it is well known that zirconium compounds with sulphur dissolve
in acids, which eliminates the additional and laborious operation of melting, when
samples of this type are converted to solution.
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(c)

(a) COMPO 2000 x Rtg Zr 2000 x

Rtg S 2000 x

(b)

Figure 7.31: Surface distribution of zirconium and sulphur in selected nickel-based alloy (Zr 0.53%, S
0.007%) [6]. Backscattered electron image (BSE – atomic number Z contrast) (a), X-ray mapping of Zr
La (b) and S Ka (c).

The issue of speciation and speciation analysis in metallurgy is much broader than
the discussion presented in this chapter. It applies equally well to the identification of
phases and inclusions in steel and metal alloys, combined with their chemical ana-
lysis, as it does to other metallurgical samples of metal ores, slags and waste from
various metallurgical processes.

7.19 Introduction to speciation and speciation analysis
of chromium in welding dust

In metallurgy, the terms speciation and speciation analysis cover the complete life
cycle of metallurgical products, from the manufacture of steel and alloys, through the
shaping of products and structures, and in the disposal and recycling of waste and
spent materials ending. This chapter briefly describes one selected method, which is
meant to serve as an example of processing of steel into products. This is the welding
technology discussed in the aspect of the determination of the content of nickel, total
chromium and chromium (VI).

As a criterion for the choice of analytical methods to determine the percent con-
tent of Ni, Cr and Cr(VI), the following assumptions have been made: the predicted
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content of individual components in the tested dust ranges from 1% to 6% for nickel,
over 5% for total chromium and from 0.1% to about 2% for chromium (VI). Nickel de-
termination was performed by dissolving dust samples in a mixture of acids, followed
by nickel precipitation in the form of nickel (II) dimethyl glyoxylate and the determin-
ation of its weight. Total chromiumwas determined by visual titration. This operation
consisted in dissolving a sample of dust in acids, chromium oxidation in acid to
chromium (VI), and then reduction of chromium (VI) with standard solution of am-
monium sulphate (VI) and iron (II) sulphate sexahydrate, followed by titration of
excess of this reagent with standard solution of potassium manganate (VII). Chro-
mium (VI) was eluted from the dust sample with an alkalinemixture (NaOH +Na2CO3)
and its content was determined by measurement of atomic absorption while spray-
ing the solution in nitrous oxide–acetylene flame using 357.9 nmwavelength. Detailed
analytical methodology is currently being prepared for publication [116].

Welding processes of steel joining conducted in high temperature andwith limited
possibilities to control metallurgical processes and physical and chemical phenom-
ena belong to the category of processes that have an adverse impact on the work
environment. Welding of metals is perceived as a 3D process: dirty, dusty and dan-
gerous. While welding gaseous and dust pollutants containing numerous substances
hazardous toworkers’ health are emitted towork environment, toxicity of those pollut-
ants as a result of undesirable physical and chemical actions after penetration into a
human body causes large number of occupational diseases in welders’ circles. Weld-
ing of metals generates hazardous substances, that is substances that pose a threat
to human health and are classified to at least one of the following categories: very
toxic, toxic, noxious, irritating, allergenic, carcinogenic or mutagenic. Chemical sub-
stances occurring in air in welding processes constitute a polyphase system – an
aerosol, and their absorption into the human body depends largely on the form of
a particular substance. Welding fume arises from the parent and filler metals, protect-
ive coatings of parent metal, shielding gases and ambient air under the influence of
high temperature and radiation of welding arc [97–116]. Welding fume (diphase con-
densation aerosol) is a mixture of fine-dispersed solid particles (welding dusts) and
different gases which form a dispersion phase. Welding dusts generated through the
action of arc plasma on parent and filler metals [97–116] consist of simple and com-
plex oxides, silicates, fluosilicates, fluorides, chromates, dichromates as well as metal
carbonates [97–116]. The size of the average aerodynamic diameter of a particle of
welding dusts varies from 0.01 to 1 ,m [97–116]. The chemical composition of welding
dusts depends on the type of welded metals as well as the method and technological
parameters of welding. In case of welding with covered and tubular cored electrodes,
the composition of dusts is more complex and has a more complicated structure than
in case of dusts generated during gas-shielded welding with solid electrodes. In case
of welding of unalloyed steels by means of solid electrodes, the basic components of
dusts are iron, manganese and silicon dioxide [97–116], whereas welding of high-alloy
steels causes emission of dusts containing also chromium, nickel, molybdenum and
niobium compounds [97, 98, 101]. Welding of steel with covered and tubular cored
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Table 7.18: Chemical composition of dust during gas-shielded welding of steel [16, 17].

Welding process/filler
metal/shielding gas

Parent metal Chemical composition of dust (% m/m)

Fe Mn Si Cr Ni

MAG/solid
electrode/80% Ar +
20% CO2

Unalloyed steel
Low-alloy steel

57.2 11.6 3.57 0.03 0.03

MAG/solid wire/80%
Ar + 15% CO2+ 5% O2

Unalloyed steel
Low-alloy steel

59.7 11.8 3.4 0.03 0.03

MAG/basic cored
electrode/CO2

Unalloyed steel
Low-alloy steel

43.6 10.9 3.3 0.03 0.01

MAG/rutile cored
electrode/ CO2

Unalloyed steel
Low-alloy steel

34.7 8.3 4.0 0.02 0.01

MAG/metal cored
electrode/
82% Ar + 18% CO2

Unalloyed steel
Low-alloy steel

45.9 14.6 4.4 0.83 1.68

Self-shielded tubular
cored electrode

Unalloyed steel
Low-alloy steel

50 3.2 0.9 0.02 0.38

MIG/solid electrode/Ar High-alloy steel 38.0 12.0 5.0 20.0 5.0

MAG/solid
electrode/99% Ar + 1%
O2

High-alloy steel 39.0 11.0 5.0 19.0 5.0

Note: MIG, metal inert gas; MAG, metal active gas.

electrodes is additionally accompanied by the emission of sodium, potassium, cal-
cium and magnesium compounds [98, 102, 108]. The source of the aforementioned
elements is the coating of an electrode and flux powder composed of various mineral
resources (such as silicates, carbonates, simple and complex fluorides, metal oxides,
sodium or potassium glass) as well as organic components. The chemical composition
of dusts emitted during welding of steel is presented in Table 7.18.

The main sources of emission of gases during welding are as follows [97–116]:
– Decomposition of covering of electrodes, decomposition of fluxes
– Thermal reactions in arc-surrounding atmosphere
– Photochemical reactions in arc-surrounding atmosphere (UV radiation)
– Shielding gas used for protection of an arc

As a result of thermal decomposition of materials protective coatings such as paints,
lacquers, plastics and anticorrosive while welding organic compounds, for example,
aliphatic alcohols, formaldehyde, phenol, aliphatic ketone, are created [97–116]. Pres-
ence of phosgene (COCl2) in air surrounding welding stations is explained by the
decomposition under the influence of ultraviolet radiation of some solvents used for
cleaning of welded surfaces.
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The effect of a long-term exposure of welders to welding fumes are various dis-
eases of a respiratory system [97–116]. The airways are the main route by means of
which dusts enter a human body. Pneumoconiosis may affect welders as early as after
several years of work and is considerably more common in case of welders working
in small or badly ventilated rooms rather than in case of those who work outdoors.
Amongwelders, growing asthma and bronchitis incidence rate can be observed. Apart
from bronchus or lung complaints which to a significant extent are the cause of occu-
pational diseases of welders, other illnesses may occur simultaneously, for example,
diseases of nervous, cardiovascular or digestive systems [97–102, 106, 108].

International Agency for Research on Cancer has stated that welding fumes be-
long to the group of pollutants probably carcinogenic to human. It has been confirmed
that such components of welding fumes as nickel, chromium VI, beryllium and cad-
mium have a carcinogenic effect. Silicon dioxide, also present in welding dusts,
increases lungs’ predisposition to tuberculosis and a number of infectious diseases.
Pulmonary tissue’s fibrosis is related to the influence of chromium and nickel com-
pounds emitted duringwelding of high-alloy steels. Inhaling copper, zinc,magnesium
or nickel vapours may expose welders to a disease known as zinc-fume fever.

Figure 7.32 presents the general classification of dusts and gases produced during
welding of metals as regards their action on a human organism [97–116].

Irritation
Toxic

Allergic

Welding fume

Dust

Chromium(vi)
nickel

Beryllium
Cobalt

Carbon
Monoxide

Mild and
Fibrosing

Pneumoconiosis

Carcinogenic
Action

Irritating
Gases

Blood
Oxidation
Inhibitor

Ozone
Nitric oxides

Aluminium
Barium

Beryllium
Cadmium
Chromium

Copper
Magnesium
Manganese

Nickel
Zinc

Gases

Silica
Iron

Cobalt
Beryllium

Figure 7.32: Classification of dusts and gases contained in welding fumes with reference to impact
on human organism [97–100].
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This publication presents laboratory stands for drawing of samples of welding
dusts depending on welding methods and consumables used in those processes
taking into consideration harmful effect of welding dust on welders’ health.

7.19.1 Description and characteristic of laboratory stands

Laboratory experimental stand for drawing samples of dust emitted during MIG/MAG
welding of steel consists of experimental hermetic chamber, insidewhichwelding pro-
cess is conducted. Parent metal is located on a horizontal welding positioner, whereas
welding torch is mounted on a stationary basis [111]. Welding process inside the
chamber was conducted automatically without anybody’s participation from outside.
MAGOMIG-401C welding power source was used in the experiments (Figure 7.33).

Stand for samples drawing of dust emitted while TIG welding of steel comprises
three subassemblies:

– Experimental chamber
– Exhaust equipment
– TIG welding equipment – KEMPPI PRO 5000 (Figure 7.34)

TIG welding process was conducted manually inside the chamber.
Testing stand for drawing samples of dust emitted during MMA welding consists

of experimental hermetic chamber inside which welding process is conducted manu-
ally using covered electrodes.Welding arcwas supplied bywelding rectifier of PSP-630
type (Figure 7.35).

7.19.2 Methodology of total dust emission determination

Methodology of samples drawing in welding processes has been developed in ac-
cordance with the requirements of EN ISO 15011: “Health and safety in welding and

Figure 7.33: Laboratory stand for sampling of dust during MIG/MAG welding of steel [98].
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Figure 7.34: Experimental stand for samples drawing of dust emitted while TIG welding of steel [98].

Figure 7.35: Experimental stand for drawing samples of dust generated during MMA welding with
covered electrodes [98].

allied processes – Laboratory method for sampling fume and gases generated by arc
welding – Part 1: Determination of emission rate and sampling for analysis of partic-
ulate fume” [111]. Separate stages of the methodology for total dust estimation during
welding are shown in Figure 7.36.

Mass of emitted dust during welding was calculated from formula (7.5):

mp = m2 –m1 (7.5)

where mp is the mass of dust (mg) (accuracy of 0.1 mg); m1 the mass of a clean fil-
ter (mg); m2 the mass of a filter with retained dust ([mg); whereas calculation of
generation of dust Ec is conducted according to formula (7.6):

Ec = mp/t (mg/s) (accuracy of 0.01 mg/s) (7.6)
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Determination of total dust emission due to
MIG/MAG, TIG and MMA welding of stainless steel 

Preparation of materials for testing

–

–

–

–

–

–

–

–

–

–

Before testing a filler metal (solid electrode, tubular cored electrode, 
rod, covered electrode), tested plate and shielding gases were prepared

Type and diameter of filler metal was noted

Material of tested plate was selected in accordance with testing guidelines

Samples of diameter of 500 mm for MIG/MAG welding were taken from the plate
of 10 mm in thickness

Samples of dimension of 250 x 100 mm for TIG and MMA welding were taken
from the plate of 8 – 10 mm in thickness

Preparation of measuring filters

Whatman cellulose filters of dimension of 185 mm were prepared

A set of filters for single measurement (2 separate filters) was weighted on
analytical balance with accuracy of readings up to 0.1 mg

Marked set of filters were placed into an exsiccator

Before the testing, filters were taken out from exsiccator and 
weighted again 

Filters closed in a container were carried to testing stand

Testing measures in drawing samples of dust for emission determination

–

–
–
–
–
–
–
–
–
–

Process current parameters were selected in accordance with testing 
guidelines
Measuring filters were placed on exhaust connectors of the chamber
Welding process lasted 60 s
In case of welding with covered electrode the whole electrode was consumed
Exhaust equipment was turned on for 10 min
Exhaust equipment  was turned off
Measuring filters after testing were placed in the closed container 
Samples of dust were taken 5 times
Filters were placed into the exsiccator again
Set of filters was weighted on analytical balance with accuracy of readings
up to 0.1 mg

Figure 7.36: Determination of total dust emission while welding of stainless steel with MIG/MAG, TIG
and MMA processes [98, 115].
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wheremp represents the mass of retained dust (mg) (accuracy of 0.1 mg); t the time of
process duration (s) (accuracy of 1 s).

7.19.3 Methodology of drawing of dust samples for chemical analysis

Testing procedure for dust sampling for chemical analysis comprises the following
activities:

– Prepare weight and mark a container for dust
– Prepare Whatman cellulose filters of a diameter of 185 mm
– Place measuring filters on exhaust connectors of the experimental chamber
– Set welding parameters
– Turn on the exhaust system
– Conduct welding for 3 min
– Turn off the exhaust system
– Remove filters with dust
– Transfer dust from filters to a container with the use of small brush
– Weight a container (mass of dust for analysis should amount to at least 2 g,

depending on the number of components determined in the dust)
– If it is found that mass of dust is insufficient, then samples drawing should be

repeated

Demanded chemical constitution is determined from the mass of dust emitted during
welding of steel.

Laboratory stands presented in this chapter make possible to conduct complex
testing of dust emitted during welding both in reference to mass and its chemical con-
stitution. It allows for determination of many relations concerning dust emission, in
the aspect of applied welding processes, selection of consumables and technological
conditions of welding. Quantitative relations determined on this ground and their de-
tailed analysis are the base for modification of welding processes in the aspect of
reduction of a content of harmful substances, especially those that are particularly
hazardous to welders’ health. As a criterion for the choice of analytical methods to
determine the percent content of Ni, Cr and Cr(VI), the following assumptions have
been made: the predicted content of individual components in the tested dust ranges
from 1% to 6% for nickel, over 5% for total chromium, from 0.1% to about 2% for
chromium (VI). Nickel determination was performed by dissolving dust samples in
a mixture of acids, followed by nickel precipitation in the form of nickel (II) dimethyl
glyoxylate and the determination of its weight. Total chromium was determined by
visual titration. This operation consisted in dissolving a sample of dust in acids, chro-
mium oxidation in acid to chromium (VI) and then reduction of chromium (VI) with
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standard solution of ammonium sulphate (VI) and iron (II) sulphate sexahydrate,
followed by titration of excess of this reagent with standard solution of potassium
manganate (VII). Chromium (VI) was eluted from the dust sample with an alkaline
mixture (NaOH + Na2CO3), and its content was determined by the measurement of
atomic absorption while spraying the solution in nitrous oxide–acetylene flame using
357.9 nm wavelength. Detailed analytical methodology is currently being prepared for
publication [116].

7.20 Summary

Apart from the basic data on the chemical composition of metallurgical materials,
modern research instruments also provide additional information on the types of
phases, chemical compounds and so on. This information, in turn, when transferred
to technologists and material engineers allows them to upgrade the properties of the
already manufactured products and design new metallurgical materials for specific
applications. So, it can serve as a typical example of feedback between “(metallur-
gical)material analytics development” and “(metallurgical) technology development”
(Figure 7.37). This area also includes problems of phase analysis, speciation and
speciation analysis in metallurgy [6].

It is worth thinking for a while about the benefits of using in chemical metallur-
gical laboratories the most modern methods and tools developed by the advanced
systems of statistical process control, like Ishikawa diagram, Pareto-Lorenz prin-
ciple, control charts, detailed analysis of process flowcharts and other universal
solutions, among which the most notable is the 5S system of improvement [117–126].
The 5S system is based on Japanese philosophy and is a set of five simple rules that
streamline the organization of processes and solutions used in the workplace. The
abbreviation “5S” comes from the Japanese words seiri (sort, clean, classify), seiton
(straighten, simplify, set in order, configure), seiso (sweep, shine, scrub, clean and
check), seiketsu (standardize, stabilize) and shitsuke (sustain, maintain, practise
self-discipline). The framework for the implementation of 5S system in a chemical re-
search laboratory is presented in Ref. [125]. Another issue worth remembering is the
role of cross-posting in a properly functioning research laboratory [121]. Cross-posting
is a relatively new concept of improvement of the work organization in a research
laboratory. It allows the laboratory manager and the laboratory staff to avoid the
situation in which only one person can perform a specific task on a specific job. Parti-
cipants of cross-posting programme have the opportunity to learn about the research
process at each workplace. Introduction of cross-posting in chemical research laborat-
ories allows identification of possible errors in analytical cycles and their elimination.
In a well-functioning research laboratory, emphasis is also put on ethical issues, in-
cluding, but not limited to, the confidentiality of research, improper (overestimated
or underestimated in bidding processes and tenders) valuation of an executed order,
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Development of
materials engineering

and metallurgy

Selecting and
optimizing the heat

treatment parameters

Designing new
materials with strictly

defined structure
and properties and

development of
technologies for

their manufacture

Comprehensive studies
of the chemical and

phase composition of
various materials

Development of
material analytics

Methodological,
technical and
instrumental
modifications

New certified
reference
materials

(CRM)

New methods of
sample preparation

for chemical analysis

Improvements in the
sensitivity of performed
tests, reducing limits of

detectability and
determinability of

microadditives and
impurities, increasing the
performance stability of

analysers, increasing
the accuracy and precision

of measurements,
development of speciation
analysis (phase analysis) 

New measurement
methods

and apparatus
Coupled techniques

Upgrading functional
properties of

materials already
in use (changes in

chemical and phase
composition)

Figure 7.37: Interdependence of the development of material analytics, metallurgy and materials
engineering

offering unfair and unreliable terms of execution, for example unrealistic execution
times of orders, taking into account the duration of the analytical/measurement cycle,
as well as keeping the customer unaware that all or part of the research is subcontrac-
ted to another laboratory, using “strong” position in the market segment of relevant
researches or services (subcontracting) [123]. In chemical research laboratories or in-
dustrial laboratories that operate within companies or R&D centres and are planning
to implement a health and safety management system, it is necessary to systematize
the basic principles of safe work [126].
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2013.
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Hutnicze 2008, 75(2), 60–66.
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107 301.

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



References 371
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[73] Wyciślik A, Richter J. The role of metallic constituents removal in investigations of the chemical
composition of isolated carbide phases. Chem. Anal. 2001, 46, 207–14.

[74] Matusiewicz H. A simple PTFE microsampling device for discrete injection. Int. Lab. 1983, 13,
24–26.

[75] Matusiewicz H. Evaluation of applicability of AAS 1N atomic absorption spectrometer, FLAPHO
4 flame photometer, P 100 automatic sample changer and K 201 recorder of VEB Carl Zeiss
Jena for flame discrete nebulization. Acta Chim Hung 1985, 120, 291–301.

[76] Matusiewicz H. Direct determination of normal physiological concentrations of major, minor
and trace elements in undiluted microlitre volumes of human body fluids by discrete
nebulization and atomic emission spectrometry with a nitrous oxide/acetylene flame. Anal.
Chim Acta 1988, 2017, 349–54.

[77] Matusiewicz H. A novel sample introduction system for microwave-induced plasma optical
emission spectrometry. Spectrochim Acta, Part B 2002, 57, 485–94.

[78] Rosales AT. The determination of copper from copper flotation products using low sensitivity
resonant lines. At Absorption Newsl 1976, 15, 51–52.

[79] Moreiskaya LV, Nemodruk AA, Substoichiometry in atomic absorption spectrophotometry.
Determination of nickel in nickel and copper-nickel alloys. Zh Anal Khim 1980, 35, 1310–3.

[80] Manning DC. The determination of aluminum by atomic absorption spectroscopy. At.
Absorption Newsl 1964, 3, 84–88.

[81] König P, Schmitz KH, Thiemann E. Determination of aluminum in low and high alloy steels in
ores, and slags by atomic absorption. At Absorption Newsl 1970, 9, 103–5.

[82] Bosch H, Büschel E, Lohau KH. Schnellbestimmung des säurelöslichen Aluminiums in Stählen.
Analysentechnische Berichte 1970, 20.

[83] Shaw F, Ottaway JM. Determination of trace amounts of aluminium and other elements in iron
and steel by atomic absorption spectrometry with carbon furnace atomisation. Analyst 1975,
100, 217–20.

[84] Persson JA, Frech W, Cedergren A. Determination of aluminium in low-alloy and stainless
steels by flameless atomic absorption spectrometry. Anal Chim Acta 1977, 89, 119–122.

[85] Persson JA, Frech W, Cedergren A. Investigations of reactions involved in flameless atomic
absorption procedures. Part IV A theoretical study of factors influencing the determination of
aluminium. Anal Chim Acta 1977, 92, 85–90.
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Ewa Bulska
8 Quality of Results in Trace Element

and Speciation Analysis

8.1 Introduction

Trace element determination as well as speciation analysis requires quality control
(QC), which becomes a demanding task for analytical laboratories. In order to achieve
the expected quality of analytical results, the harmonization of chemical measure-
ments and technical specification required for validation of analytical procedures
have to be established. It is worth to stress that analytical results are used in a number
of areas, such as biology, geology, medicine, microbiology, mineralogy, ecology, phar-
macy, and toxicology. This is of special importance when considering trace elements
and speciation analysis, mainly because of the luck of fully validated procedures and
availability of certified reference materials (CRM) for the large variety of matrix. It
should be stressed that reference materials (RMs), especially CRMs, are one of the
major tools for laboratories to establish the traceability of the results to monitor the
performance of their analytical work [1].

Although it is difficult to evaluate accurately the real impact of chemical meas-
urements on all aspects of economic and social activities, it is clear that they are
playing an increasingly important role in decision-making at the official, legal, or
private level. It has therefore been recognized by those who need analytical data,
and in particular, by those interested in environmentally related investigations that
the quality of the analytical data should be guaranteed. Clearly, it is important to de-
liver accurate results and to be able to show that they are correct. The importance of
quality assurance (QA) and QC is therefore well established and accepted in analytical
chemistry [2, 3].

The need to determine particular chemical forms (species) of elements rather than
their total contents has been highlighted decades ago, which was mainly linked with
identified toxicity risks to environment and humans. As in any other measurements,
speciation analysis requires the availability of suitable RMs for the purpose of veri-
fication of accuracy and QA needs. Measurements that were considered as a primary
interest in speciation were related to the determination of methylmercury in biological
tissues and organotins in environmental matrices. In this respect, the issue of defin-
ing the target species in between the variety of the chemical compounds being present
in nature and their stability during sampling as well as sample processing caused a
special attention of analytical chemists [4].

https://doi.org/10.1515/9783110366730-009
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8.2 General aspects of QA and QC

QA is defined as all planned and systematic actions, implemented within a manage-
ment system and demonstrated as required, that are deemed necessary to engender
confidence that a product, process, or service will fulfil the given requirement for
quality. In this respect, “quality” is regarded as the totality of features and character-
istics of a product or service (in analytical chemistry this means the results delivered
by a laboratory) that bear on its ability to satisfy the stated or implied needs of cus-
tomers. In the particular case of chemical measurements, this could be expressed as
follows: QA covers all the actions undertaken for planning the proper execution of the
analytical task in order to obtain accurate and precise measurements.

As mentioned earlier, chemical measurements are essential in different fields, for
example, environmental protection, geology, medicine, and biology. Important de-
cisions are often based on these measurements, for example, whether environmental
compartments are polluted or not, food can be eaten, goods can be sold, a patient
should be treated, and also in support of legislation (related to health care and trade),
production processes, and social problems. This underscores not only the importance
of the chemical measurements themselves but also needs to guarantee their validity
to their users by assuring the quality of the results.

To achieve the required quality, the chemist should be involved from the begin-
ning of the process, when the needs of the users of results are defined, until the final
report is delivered. In practice, therefore, the analytical chemist has to be consulted
at every stage of the process sample selection, sample storage, and transportation
procedures, the parameters to be analysed, and the level of accuracy and precision
necessary for an adequate response to be given.

It is now internationally recognized that for any laboratory to produce reliable
data, appropriate scheme of QA must be implemented. As a minimum, this must
ensure that the laboratory is using methods that have been validated as fit for the
purpose before their application to a specific task. These methods should be fully
documented, staff should be trained, the laboratory infrastructure should be ap-
propriate to the measurements to be made, and the mechanisms ensuring that the
procedure is under statistical control should be present. A quality management sys-
tem in place should include: validation of methods, uncertainty evaluation, the use
of primary standards and CRM. Participation in interlaboratory comparison (ILCs)
and proficiency testing (PT), all serve to assure and demonstrate the quality of
measurements.

QA system describes the overall measures that a laboratory uses to ensure the
quality of its operation. Typical items include suitable equipment, trained and skilled
staff, documented and validated methods, calibration requirements, standards and
RMs, traceability, internal QC, PT, non-conformance management, internal audits,
and statistical analysis.
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8.3 Validation of analytical procedure

Validation of analytical procedure is regarded as one of the most important issues of
QA. Before selecting the measurement procedure (analytical method) for a particular
purpose, the laboratory should consider its experience, the technical infrastructure at
its disposal, and the expected time frame and financial outlay. Validation of the ana-
lytical procedure provides necessary information on its performance characteristics
and raises the confidence of users in the results.

According to ISO/IEC 17025, validation is confirmation by examination and provi-
sion of objective evidence that the particular requirements for a specific intended use
are fulfilled. Performance parameters can be divided into two groups. The first group
refers to the properties of the measurement procedure: detection limit and determ-
ination limit, working range, linearity, and sensitivity. The second group covers the
properties of the results obtained with this particular measurement procedure, that is,
traceability and uncertainty (including recovery, robustness, precision, and accuracy)
[5–9].

Full validation of an analytical method usually comprises an examination of its
characteristics in inter-laboratory method performance studies. However, before a
method is subjected to validation by collaborative studies, the method must be val-
idated by a single laboratory, usually by that laboratory that developed or modified
this particularmeasurement procedure. Method validation cambe described as the set
of tests used to establish and document the performance characteristics of a method
and against which it may be judged, thereby demonstrating that the method is fit for a
particular analytical purpose. There are two approaches to single laboratory method
validation: the traditional one that identifies and then evaluates the set of analytical
parameters, and a more recent one that is based on the evaluation of uncertainty.

Validation should cover the whole analytical procedure – from the preparation
of the laboratory sample to the evaluation of the result, that is, the whole range of
intended matrices, and should be performed within the expected range of concentra-
tions. The intended use of the analytical results should also be considered. Several
techniques can be used for validation, the most highly recommended ones being (i)
evaluation of uncertainty (i.e. a systematic assessment of the quantities influencing
the result); (ii) performing CRM analysis; (iii) participation in ILCs/PTs; and (iv) com-
parison of results with other analytical methods. When fully validated methods are
available, the analyst can envisage starting a statistical control system, including the
follow-up of performance with the aid of control charts.

If the laboratory develops the validation method in-house, there always needs to
be some sample to be used for this purpose; a sample that bestmimics routine samples
is themost suitable. The usual practice is that a routine sample is used for this purpose
as knowledge of the true value is not critical issue at this stage. Next, the trueness of a
method is usually determined by analysing an appropriate CRM and/or participating
in an ILC, one with an externally defined reference value [10].
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Table 8.1: Selected examples of reference materials certified for their contents of total content of
elements and their particular chemical forms of elements.

CRM identity Certified parameters and matrices Producer

SRM 2108 CR(III) and Cr(VI) in solution NIST
SRM 2109 CR(III) and Cr(VI) in solution NIST
CRM 544 CR(III) and Cr(VI) in lyophilized solution BCR
CRM 545 Cr(VI) in welding dust (loaded on 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 muscle (tuna) BCR
CRM 464 Total mercury and methylmercury in fish muscle (tuna) BCR
LUTS-1 Trace elements and methylmercury in lobster tissue NRCC
CRM 580 Trace elements and methylmercury in sediment BCR
IAEA 356 Methylmercury in sediment IAEA
IAEA 086 Total mercury and methylmercury in human hair IAEA
PACS-1 Butyltin compounds in marine sediment NRCC
CRM 462 Butyltin compound 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 Trimethyl lead in urban dust BCR

BCR: Community Bureau of Reference; NIST: National Institute of Standards and Technology; NRCC:
National Research Council Canada; IAEA: International Atomic Energy Agency; NIES: National Institute
for Environmental Studies.

It should be stressed that in between all recommended methods used for validation,
in the case of trace elements and its speciation analysis, RMs play a crucial role at
all stages of method validation (development, optimization, and QC). The solution of
pure chemical substances could be used as a standard for evaluating performance cri-
teria of the analytical method, such as sensitivity, selectivity, linearity, detection, and
quantification limits. The standard must be of the same character as the measured
quantity. Extract or matrix-matched solutions may be used for the same purpose, but
also to detect possible interferences and check yields of chemical reactions (e.g. de-
rivatization). Finally, matrix RMs will be used for checking performance criteria such
as accuracy (trueness, repeatability, and reproducibility) and the application range of
the method (Table 8.1).

8.4 Traceability of analytical results

Worldwide acceptance of analytical results requires reliable, traceable, and compar-
able measurements. A key property of reliable results is their traceability to stated
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references. Traceability basically means that a laboratory knows what is being meas-
ured and how accurately it is measured. It is also an important parameter where
comparability of results is concerned and is usually achieved by linking the individual
result of chemical measurements to a commonly accepted reference or standard. The
result can therefore be compared through its relation to that reference or standard.

Every link in the traceability chain must be based on the comparison of an un-
known value with a known value. The stated reference might be an International
System of Units (SI) or conventional reference scale such as the pH scale, the delta
scale for isotopic measurements, or the octane number scale for petroleum fuel. In or-
der to be able to state the uncertainty of themeasurement result, the uncertainty of the
value assigned to that standard must be known. Therefore a traceability chain should
be designed and then demonstrated using the value of the respective standard with its
uncertainty. In chemical measurements, traceability of results to SI units is not always
comparability of results between laboratories. During the validation of the analytical
procedure, traceability of the results can be demonstrated by comparison against the
certified value of a CRM which provides exactly this traceable assigned value with a
stated uncertainty [11, 12].

The example of CRMwith the certified values for selected trace elements (for their
total content) as well as arsenic compounds in rice flour is given in Table 8.2.

8.4.1 Reference materials

8.4.1.1 Pure substances and calibrating materials
RMs consist of pure substances or solutions for use in calibration and/or identification
of given parameters, or aimed at testing part or totality of an analytical procedure (e.g.
raw or purified extracts, spiked samples, etc.). To name a few of such calibrants for the
purpose of QC of speciation, pure organotins, methylmercury chloride and trimethyl
lead were used for the certification campaigns. They were not aimed at producing

Table 8.2: The list of analytes certified in white rice flour.

Specification Result Analyte

Dimethylarsinic acid (DMAA as As) (0.0122 ± 0.0009) mg/kg Arsenic
Inorganic arsenic; arsenate As(V) as As (arsenic
acid as As)

(0.0130 ± 0.0009) mg/kg Arsenic

Inorganic arsenic; arsenite As(III) as As (arsenic
trioxide as As)

(0.0711 ± 0.0029) mg/kg Arsenic

Total element concentration (0.098 ± 0.007) mg/kg Arsenic
Total element concentration (0.194 ± 0.007) mg/kg Cadmium
Total element concentration (1.88 ± 0.07) mg/kg Copper
Total element concentration (5.42 ± 0.21) mg/kg Iron
Total element concentration (9.2 ± 0.4) mg/kg Manganese
Total element concentration (20.7 ± 0.9) mg/kg Zinc
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pure substances for commercial purpose, but rather to ensure a firm comparability
basis for measurements performed by laboratories participating in corresponding cer-
tifications, that is, for verifying that no systematic errors due to calibration were left
undetected. Other examples are fish extracts (either raw or spiked with MeHg) and
urban dust spiked with trimethyl lead used to test the performance of separation and
detection methods prior to certification work. Pure substances have also been pre-
pared to check derivatization reactions in the framework of certification of organotin
compounds, that is, secondary organotin calibrants (e.g. ethylated, pentylated forms
of butyltin compounds) for verifying derivatization yields. Other materials, of known
composition, are used for calibrating certain types of measurement instruments.
Matrix-matched RMs are prepared gravimetrically (by specialized laboratories), and
examples are known for speciation, for example, synthesis of pure arsenobetaine and
preparation/certification of pure calibrating solution of this compound [13, 14].

8.4.1.2 Matrix RMs
Matrix-matched RMs should represent as much as possible the matrix analysed by the
laboratory. Due to requirements for homogeneity and stability of an RM, it is almost
not possible to exactly match the matrix of the origin sample. It should be however
expected that the deviation that is introduced to the matrix during the production of
RMs is not too significant. But one has always be aware that even a matrix-matched
RM in the best case only comes close to a sample of the respective matrix [15–18].

Several requirements have to be fulfilled for the preparation of matrix RMs, which
have to be representative of currently analysed samples, homogeneous and stable over
long-term storage, which is of special importance with respect to speciation analysis.
In practice, selected preparation procedures were elaborated to each type of samples
aiming to be fit for the purpose of the analytical work.

Sound conclusions on the performance of an analytical method can be delivered
whenever RMs are usedwith a composition as close as possible to those of the samples
routinely analysed by the laboratory. This means that a matrix RM should, in prin-
ciple, pose similar difficulties, that is induce the same sources of error, to those
encountered when analysing real samples. Requirements for the representativeness of
an RM imply in most cases a similarity of matrix composition, concentration range of
substances of interest, binding states of the analytes, occurrence of interfering com-
pounds, and physical status of the material. The material should be homogeneous
and stable to guarantee that the samples provided to the laboratories are similar, and
compromises often have to be made at the stage of preparation to comply with this
requirement, which is particularly acute for speciation measurements [19–24].

Several requirements have to be fulfilled for the preparation of matrix RMs, which
have to be representative of currently analysed samples, homogeneous and stable over
long-term storage (Table 8.3).

Basically, matrix RMs may represent all kinds of natural “matrices” that are cur-
rently analysed by laboratories. For speciation studies, focus nowadays is towards the

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



8.4 Traceability of analytical results 383

Table 8.3: Example reference materials with the information on their stability at various conditions.

Matrix Chemical species Collection, pre-treatment, and collected amounts

Coastal sediment DBT and TBT Stability verified for DBT and TBT from –20 ∘C to
+20 ∘C over 12 months. Unstable at +40 ∘C after 3
months and at +20 ∘C after 24 months

Freshwater sediment Phenyltins Stability verified at –20 ∘C over 12 months.
Unstable at +20 ∘C and +40 ∘C (also tested over 12
months)

Mussel tissue Organotins Stability verified for MBT, DBT and TBT at –20 ∘C
over 44 months. Unstable at +20 ∘C and +40 ∘C,
and to a lesser extent at +4 ∘C. For phenyltins,
unstable at –20 ∘C and above

Sediment Methylmercury Stability verified from –80 ∘C to +40 ∘C over 15
months

Fish tissue Methylmercury Stability verified from –20 ∘C to +40 ∘C over 12
months

Fish tissue As species Stability verified from –20 ∘C to +40 ∘C over 9
months

Aqueous solution Asbetaine Stability verified from –20 ∘C to +40 ∘C over 9
months

Urban dust Trimethyl lead Stability verified from +4 ∘C to +20 ∘C over 37
months. Instability +40 ∘C.

Artificial rainwater Trimethyl lead Stability verified from +4 ∘C to +20 ∘C over 24
months. Unstable at these temperatures after 37
months, and at +40 ∘C after 1 month

Welding dust on filter Cr(VI) Stability verified from +5 ∘C to +20 ∘C over 12
months

Lyophilized solution CR(III) and Cr(VI) Stability verified from +5 ∘C to +20 ∘C over 12
months

Aqueous solution Se(IV) and Se(VI) Stability verified at +20 ∘C over 12 months but
instability shown after 24 months

Soil and sediment Extractable trace
element contents

Stability verified from –20 ∘C to +40 ∘C. Instability
suspected at +40 ∘C. Extractability changes
suspected at –20 ∘C, stressing the need to carry
out stability studies at +4 ∘C instead of –20 ∘C

Note: DBT, dibutyltin; TBT, tributyltin.

determination of chemical forms in biological and environmental matrices. Therefore,
currently available CRMs concerns matrices such as biological tissues (mussel, fish,
lobster, etc.), sediments (freshwater, coastal, and marine) and soils of various com-
positions, which are certified for a range of chemical forms of elements (e.g. As, Hg,
Pb, and Sn) [25, 26]. Details on the available matrix CRMs are given in the following
sections.

Among the matrix RMs, a particular category concerns RMs related to operation-
ally defined parameters. In this case, the assigned or certified values are directly
linked to a specific method, following a strict analytical protocol. With respect to
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speciation of trace elements, this type of measurement is referred to as “fraction-
ation”. It does not correspond to the determination of chemical forms of elements
sensu stricto but rather to the extraction specified procedures, of which results are
used for the definition of forms such as mobile, bioavailable, carbonate bound, and
so on. Thus, the obtained results refer to the extractable contents of trace metals or
element contents determined following a sequential extraction scheme, and these
measurement results will be interpreted to correspond forms. Whatever the interpret-
ation given, the only possibility of achieving comparability of measurements based
on extraction methods is to use harmonized and adopted by laboratories or standard-
ized methods. CRMs based on harmonized extraction procedures have been produced
for soil and sediment analyses and are the only examples to date for ensuring
comparability of data in the specific “speciation” field [27–34].

For some chemical forms of elements a definitive methods are available, for ex-
ample, isotope dilution mass spectrometry (IDMS) [35–39]. The certification of matrix
RM using exclusively such a definitive method would not give the user, who does not

Table 8.4: Uncertainties of certified values for chemical forms of elements on selected CRMs.

Matrix/CRM Chemical species Certified value ± uncertainty
(95% CI)

CV (%)

Sediment/CRM 462 TBT 54 ± 15 ,g/kg as TBT 27.8
DBT 68 ± 12 ,g/kg as DBT 17.6

Sediment/BCR-646 TBT 491 ± 65 ,g/kg as TBT 13.2
DBT 770 ± 117 ,g/kg as DBT 15.2
MBT 674 ± 102 ,g/kg as MBT 15.1
TPhT 35 ± 6 ,g/kg as TPhT 17.1
DPhT 38 ± 10 ,g/kg as DPhT 26.3
MPhT 74 ± 22 ,g/kg as MPhT 29.7

Mussel tissue/CRM 477 TBT 2.20 ± 0.19 mg/kg as TBT 8.6
DBT 1.54 ± 0.12 mg/kg as DBT 7.8
MBT 1.50 ± 0.27 mg/kg as MBT 18.0

Fish tissue/CRM 463 CRM 464 Methylmercury 3.04 ± 0.16 mg/kg as MeHg 5.3
5.50 ± 0.17 mg/kg as DMeHg 3.1

Sediment/CRM 580 Methylmercury 75.5 ± 3.7 ,g/kg as MeHg 4.9
Urban dust/CRM 605 Trimethyl lead 7.9 ± 1.2 ,g/kg as TML 15.2
Welding dust/CRM 545 Cr(VI) 40.16 ± 0.56 mg/kg welding

dust (as Cr)
1.4

Lyophilized solution/CRM 544 Cr(III) 22.8 ± 1.0 ,g/L as Cr 4.4
Cr(VI) 26.8 ± 1.0 ,g/L as Cr 3.7

Fish tissue/CRM 627 Asbetaine 51.5 ± 2.1 mmol/kg as Asbet 4.1
DMA 2.04 ± 0.27 mmol/kg as DMA 13.2

Aqueous solution/CRM 628 Asbetaine 5.77±0.03 mmol/kg as Asbet 0.5

Note: CRM, certified reference materials; CI, confidence interval; CV, coefficient of variance;
TBT, tributyltin; DBT, dibutyltin; MBT, monobutyltin; TPhT, triphenyltin; MPhT, monophenyltin;
DPhT, diphenyltin; DMA, dimethylarsinic acid.
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Table 8.5: Certified contents of chemical species in various BCR CRMs.

CRM Compound Certified content

Tuna fish CRM 463 MeHg 3.04 ± 0.16 mg/kg
Tuna fish CRM 464 MeHg 5.50 ± 0.17 mg/kg
Sediment CRM 580 MeHg 75.5 ± 3.7 ,g/kg
Sediment CRM 462 TBT 70 ± 14 ,g/kg as TBT

DBT 128 ± 16 ,g/kg as DBT
Mussel CRM 477 TBT 2.20 ± 0.19 mg/kg as TBT

DBT 1.54 ± 0.12 mg/kg as DBT
MBT 1.50 ± 0.28 mg/kg as MBT

Urban dust CRM 605 TML 7.9 ± 1.2 ,g/kg as TML
Tuna fish CRM 627 DMA 52 ± 3 mmol/kg as DMA

AsB 2.0 ± 0.3 mmol/kg as AsB
Solution CRM 626 AsB 5.77 ± 0.037 mmol/kg
Lyophilized solution CRM 544 CrIII 26.8 ± 1.0 ,g/kg as CrIII

CrVI 22.8 ± 1.0 ,g/kg as CrVI

Welding dust CRM 545 CrVI 40.2 ± 0.6 ,g/kg

AsB, arsenobetaine; DBT, dibutyltin; DMA, dimethylarsinic acid; MBT, monobutyltin;
MeHg, methylmercury; TBT, tributyltin; TML, trimethyl lead.

apply this technique in routine work, a good estimate of the uncertainty, as it is always
much lower than that of more common methods [40–42].

Although definitive methods such as IDMS are used to obtain results of high met-
rological values, its applicability is limited with respect to the types of matrices and
parameters that may be certified. These techniques do not yet exist for certification
of organometallic compounds (mainly because isotopically labelled organometallic
species are not yet commercially available) [43].

The uncertainty of the certified values is critical for establishing the uncertainty
budget in the laboratory as well as for the comparison of the results. This depends
not only on the type of matrix but also on the type of chemical form of an element
of interest in a given matrix. The example of the variety of the uncertainty values in
shown in Table 8.4

The variety of the chemical species of mercury, tin, lead and arsenic together with
their certified value accompanying with uncertainty are also listed in Table 8.5. It
should be noted that in some cases, more than one species were certified in a given
material [44, 45].

8.5 Monitoring of the quality of analytical results

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
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matrices, instability of analytes, complicated sample preparation schemes, and risks
of contamination. In analytical laboratories that are expected to deliver results with a
defined level of accuracy and uncertainty, QC basically involves examining at regular
intervals whether the QA system was well designed and executed in such a way as to
fulfil the requirements over time. In practice, in accordance with ISO/IEC 17025, the
laboratory undertakes QC procedures for monitoring the validity of a test. The result-
ing data are recorded in such a way that trends are detectable and, where practicable,
statistical techniques are applied to the reviewing of the results. Monitoring is planned
with respect to the frequency of performing QC measurements and reviewed in order
to assure quality over time. Monitoring of the QC process should include the regular
use of CRMs or RMs and replicate tests for internal QC, as well as participation in ILC
schemes for external quality assessment [46–48].

QC activities mean comparison of results and their uncertainties with quality
criteria and/or reference data, and typically are done by
– the use of control charts of the results obtained for RMs, CRMs, in-house control

samples, blanks, and so on;
– regular checking of the instrumental performance by calibration or adjustments;
– checking on the purity and stability of reagent and solutions used;
– examination of the repeated results obtained by the same procedure on the same

sample in order to examine the influence of any factor on the results.

It is generally recommended that only validated methods are used for speciation ana-
lysis [49]. 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 newmatrix 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 acceptable to use external calibration when the res-
ults 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. For monitoring the stability of re-
agents of calibrants or for documenting blank values and instrument state, the use of
control charts is highly recommended. Control charts plot the result of an analysis as
a function of the date or series of analyses. Those used most commonly have a cent-
ral line (equal to the mean on the analysis results, determined in a pre-period) and,
at a distance of 2 standard deviations from this central line the warning limits and
X ± 3 s, the control limits. An analytical process that is under control will mostly pro-
duce results that fall within the interval X ± 2 s. If results repeatedly fall in the range
between warning and control limits of the control chart, or if they exceed the con-
trol limits, there is a reason to believe that the process is out of control (there are a
number of exactly defined conditions when situation is considered out of control).
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In a case when an out-of-control situation has been encountered, routine analysis
should be discontinued until the cause for the deviating results has been identified
and eliminated.

Control 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. Control charts may also be used to monitor procedure blanks or recoveries of
the entire sample preparation procedure. While in most cases, either simple values
or the mean from n repetitive measurements are plotted in a mean value chart, and
control charts can also be designed to monitor the range of the standard deviation of
repetitivemeasurements. Out-of-control situations can thus not only be detectedwhen
there is a significant bias of the result but also when the standard deviation becomes
unacceptably large.

For the purpose ofmonitoring both the instrument andmethod performance, con-
trol samples are used. Suitable control samples may be CRMs, RMs, or laboratory
control materials (LCMs) [50]. In order to be suitable, the usedmaterials 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 mentioned earlier, the control material
should be available in sufficient quantity.

– Homogeneity: the homogeneity, the concentration level, and theminimum 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 de-
pends of course on the concentration level of the analyte, and 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 ob-
tained through the certification procedure of an internationally recognized body
(e.g. BCR, NIST, NIES, or NRCC),98,99 the material is a CRM. When the certifica-
tion has not been attempted or has not been concluded successfully, the material
is distributed as a (not certified) RM. 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 valuewith its associated uncertainty, but instead as an indicative value or
concentration range. LCMs may be considered the lowest level in this hierarchy of
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control materials. Themost important requirements for LCMs are that they should
be stable and sufficiently homogenous for the purpose they are used for. They do
not need 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 sta-
bility have been proven, they represent a low-cost alternative to RMs for use in
certain cases.

Control materials can be used for different purposes. First, they may serve to mon-
itor the stability of the measurement system or the method. For this purpose, 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 indica-
tion 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 concentration value for the control ma-
terial be precisely known with statement of its uncertainty. Only then it is 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 CRMs are used for the calibra-
tion of amethodwhose systematic errors are either not known, or cannot bemastered,
but the use of a matrix-matched calibrant of known concentration. Since CRMs are
usually not available with analyte concentration at different levels, a one-point cal-
ibration is performed. However, particularly in complex matrices, the assumption of
a one-point calibration line going through the origin is not always justified. First, re-
coveries may be different at different concentration levels, which leads to a curvature
of the calibration at different concentration levels which in turn to a curvature of the
calibration line, and also a one-point calibration is only possible in the absence of any
constant, systematic errors.

8.6 Conclusions

The quality of results of trace elements and speciation analysis becomes an import-
ant issue in many areas of performing the chemical measurements. The main pillar
with the process of QA and QC is validation of an analytical procedure, traceabil-
ity, as well as uncertainty of the results. In order to execute those requirements, the
use of CRMs is recognized as a most important tool in the laboratory practice. This
is however not a trivial issue, mainly because of the difficulties in respect of defin-
ing the analyte that should be measured, as well as the stability of the particular
species. Moreover, the homogeneity of the materials could hamper the usefulness of
RM. Nevertheless, the number of well-established CRMs is available for the purpose
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of trace element determination and speciation analysis, which give solid sounds for
performing accurate results of chemical measurements for speciation studies at trace
level.
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9 Sample Pretreatment for Trace
Speciation Analysis

9.1 Introduction

Speciation analysis is already a challenge, and speciation analysis at trace levels
is even more difficult [1]. The analytes might be of anthropogenic origin [2] (usu-
ally the concentrations are slightly increased) or naturally occurring (geochemical
background) [3]. Procedures applied for speciation analysis must ensure low limits
of detection as well as high selectivity, especially when the concentration of other
sample compounds, potentially interfering, is much higher than the concentration of
the analyte. Very often, there is no other choice but to use separation and/or precon-
centration techniques. Methods applied for speciation studies should ensure isolation
of the analyte from sample matrix without any changes of the original speciation and
with highest possible efficiency [4–8]. The lower is the concentration of the analyte,
the higher is the uncertainty of the results, because some additional steps have to be
included in the analytical procedure. Deep interference in sample composition results
in changes of the oxidation states and chemical compounds formed by the element
of interest [9]. In case of water, soil or tissues the risk of changes in chemical spe-
ciation is created even by the sampling, not to mention chemical modifications or
sample storage. Most published studies regarding speciation analysis were focused
mainly on methods of separation and detection of the analytes. Determination is usu-
ally done using elemental detectors (inductively coupled plasma mass spectrometry
[ICP-MS], ICP optical emission spectrometry [OES], graphite furnace atomic absorp-
tion spectroscopy [GF-AAS]) or molecular detectors (electrospray ionization [ESI] or
time of flight [TOF] coupled with mass spectrometry [MS]) directly after separation
on chromatographic column, or indirectly after separation using, for example, solid
phase extraction (SPE).

Considering how fragile are the equilibria between speciation forms, the best
solution would be to determine speciation directly in the analyzed object, using
techniques that can differentiate between oxidation states. In general, only a few
techniques allow performing nondestructive speciation analysis of solids or water
samples. For water samples, the direct voltammetry technique could be applied [10]
but the limit of quantification (LOQ) is too high for trace element speciation. Voltam-
metric methods can be proposed for (indirect) speciation analysis of As, Tl, and Se. In
water samples containing As(III) and As(V) it is possible to perform speciation ana-
lysis based on cathodic stripping voltammetry (CSV) measurements. By varying the
composition of the supporting electrolyte it is possible to differentiate between As(III)
and As(V). Addition of mannitol into the supporting electrolyte leads to detection

https://doi.org/10.1515/9783110366730-010
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of only trivalent arsenic, and then As(III) is transferred to As(V) during ultraviolet
(UV) oxidation of organic matter and the total As is determined [11]. Thallium spe-
ciation can be studied when glassy carbon working electrode is modified with an ion
exchange resin, which allows to selectively accumulate trivalent thallium as a chlor-
ide complex. This method was applied to determine Tl speciation in water samples
modified by an addition of large amounts of chlorides [12]. Another possibility ismodi-
fication of the supporting electrolyte: addition of diethylenetriaminepentaacetic acid
(DTPA) to inactivate Tl(III) (electrochemically) and addition (directly to the voltam-
metric cell) of anion exchange resin to adsorb the organic matter. In this case, only
monovalent thallium is accumulated [13, 14]. Determination of Se(IV) and seleno-
cysteine was done simultaneously in the aqueous phase using HCl as an electrolyte,
while determination of dimethyldiselenide was performed in the organic phase after
extraction with CH2Cl2. Detection was done with differential pulse CSV at a hanging
mercury drop electrode [15]. Also chromium speciation in water can be determined in-
directly after the addition of an anion exchange resin and a chelating agent to the cell.
Then, only Cr(VI) is electroactive in the supporting electrolyte [16, 17].

For solid samples, all methods of speciation analysis, which do not require
sample pretreatment, are based on the use of X-rays: Mössbauer spectroscopy, X-ray
photoelectron spectroscopy, and X-ray absorption near-edge structure (XANES) spec-
troscopy [18–21]. Unfortunately, all of themhave LOQ too high for the analysis of biotic
environmental samples, especially on trace levels. However, XANES was successfully
applied for speciation analysis of thallium in polluted soil, and allowed to determ-
ine the kind of minerals binding Tl(I) and Tl(III) on different soil layers [20]. In case
of plant material, it was found that the dominant form of thallium in leaves of hy-
peraccumulating Iberis intermedia was Tl(I) [19]. An interesting overview on the use
of X-ray absorption spectroscopy (XAS) for biological, agricultural, and environmental
investigations was published [22]. XAS has been employed for studying of the phytore-
mediation of heavymetals from polluted soils [23]. Themicroscopic XANES (,-XANES)
spectroscopy and confocal microscopic X-ray fluorescence analysis were used for the
in vivo determination of the distribution of total selenium and for the local speciation
of selenium in roots and leaves of onion [24]. The spectroscopic methods, which are
nondestructive and offer minor-level sensitivity as well as microscopic lateral resolu-
tion [23, 25, 26], can be used in speciation analysis as supporting methods. The results
are often an indirect evidence in discussion about speciation of trace elements.

However, even the results obtained with the most reliable methods and proced-
ures mean nothing if the sample does not represent the investigated object or the
speciation has changed during the sampling step. Any chemical (pH, oxygenation, UV
exposition) or physical changes (drying, fragmentation) has an influence on the speci-
ation. For this reason all steps of analytical procedures (sampling, transport, storage,
conservation), especially in case of procedures meant for trace speciation analysis,
have to be very carefully studied for potential changes they may cause in sample’s
properties (Figure 9.1).
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Figure 9.1: Simplified flowchart of environmental sample analysis.

The importance of sample pretreatment can be illustrated on the example of arsenic
and its derivatives, where over 50 were identified in biological samples. In regions
where significant amounts of organic compounds of As can be expected, groundwater
(a deep intake) [2, 27–29] greatly differs in composition from groundwater sampled
from soil level [30]. Arsenic comes in a variety of oxidation states and chemical com-
pounds, and the content of organic compounds also differs [2, 3, 31, 32]. It is hard to
imagine that there could be one method of sampling and sample conservation that
meets all the needs of such challenging analysis.

It seems impossible that the speciation does not change during these critical
stages of every trace analysis, but we have to strive for perfection and create proced-
ures that would prevent the changes as much as possible.

9.2 Sampling and sample transport

Sampling of biotic or abiotic elements of the ecosystem is similar for both speci-
ation analysis and the analysis of total content. Standard procedures of sampling
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are usually appropriate; however, in case of speciation analysis the conservation of
the sample should be omitted and the time of transportation limited to a minimum.
The unquestionable necessity of the sample to be representative is underlined by all
scientists dealing with speciation analysis of traces. For the analysis of chemical spe-
ciation, physical speciation, or fractionation studies, it is important to clearly define
the aim of the analysis, that is, fraction/phase (e.g, suspension or dissolved fraction in
water analysis) and the analyte of interest (e.g., organic or inorganic Hg compounds).
This would enable to choose appropriate techniques and methods of sampling and
transport, which would guarantee that the physical and chemical properties of the
sample are representative for the whole studied object. It is important that there is no
contamination or any losses of the analyte and that the fragile equilibrium between
various species of the analyte stays intact.

In comparison to the total content analysis, in case of speciation analysis it is
even more difficult to assure the immutability of the sample during sampling (e.g., ex-
position to sunlight of groundwater samples – limitation of photocatalyzed reactions)
and transport (e.g., self-reduction of Tl(III) or self-oxidation of Cr(III) – high kinetic
effects).

9.2.1 Selection of vessels

All vessels and tools should be made of materials that do not adsorb the studied
species. For the speciation analysis of metals recommended are vessels made of
polyethylene (PE) or polypropylene (PP). Glass should be avoided because of the
risk of adsorption [33, 34]. The United States Environmental Protection Agency (US
EPA) allows the use of plastic or glass bottles but plastic is preferred for drinking
water sampling (US EPA). In the case of total mercury content or methylmercury
compounds (MeHg) determination the collected water samples should be stored in
glass bottles [36] or in fluorocarbon polymers and fluoropolymers such as Teflon®,
Kynar®, and Tefzel® [37]. In general, mercury is widely considered to be a difficult
element to determine, mainly because of its volatility, memory effects, and extraction
problems [38, 39]. Also the stainless steel components in the liquid chromatograph
system led to adsorption of the mercury compounds, which was more pronounced
with HgCl2 than methylmercury [40]. Mercury (II) is quickly lost from all containers
except those made of aluminum, which rapidly convert mercury (II) to metallic mer-
cury, which is stable [41]. Similarly to Hg compounds, organic compounds should
not be collected nor stored in plastic containers [42], but glass bottles are required
(US EPA). In case of both total and speciation analysis, stainless steel devices can
cause contamination of the sample with traces of Fe, Ni, Cr, and Mn. Introduction of
these elements, when none of them is the analyte, may cause species transformation
of other analytes (indirect influence on equilibrium between species of the studied
element) [44, 45].
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9.2.2 Contamination of the sample with various substances

Uncontrolled introduction of inorganic ions or organic compounds may change not
only the total content of the analyte but it can also affect the speciation. Contamina-
tionwith the analyte can be easily revealed by the analysis of blank samples. However,
when the sample gets contaminated with an unexpected substance like weak redu-
cing (e.g., ascorbic acid) or oxidizing agent (e.g., H2O2), the oxidation state of many
compounds will change (disturbance of the redox equilibria between Fe(III)/Fe(II),
Mn(IV)/Mn(II), Tl(III)/Tl(I)) [46]. Not only the changes of the oxidation state of the
studied species are problematic but also the increased solubility of compounds bind-
ing the analyte, such as MnO2 and Fe(OH)3 [47, 48], or decrease of Cr solubility [49].
Also the addition of one of the species perturbs the initial speciation. Even trace
amounts of reducing agents will completely reduce the trivalent thallium species [13],
and the addition of oxidizing agents will change the speciation of Cr and As. Even
small amounts of oxidizing agents at pH 6 shift the equilibrium in favor of arsenate (V)
[49]. The presence of sulfur compounds (both elemental S and sulfides) at temperat-
ure above 22 ∘C promotes the reduction of Cr(VI) to Cr(III) [50]. Usually, the laboratory
vessels are conditioned by washing in acidic solution (pH 1). If the acid is not prop-
erly washed out, the sample will be unintentionally acidified, and the pH changes
influence directly or indirectly the equilibria between all speciation forms [32, 51].
Sometimes the influence of contaminants is unpredictable. For example, methylation
of mercury (II) occurs in the presence of trimethyl lead but the process is inhibited
by humic substances [52]. The presence of Fe(III) ions affects thallium speciation –
oxidation of Tl(I)(aq) took place when natural water samples were exposed to either
sunlight or UV light, notably at low pH [53]. Therefore, any uncontrolled substance
introduction or loss should be avoided.

9.2.3 Elimination of UV-Vis irradiation

In practice, limited exposure to sunlight (UV-Vis radiation) is preferred for each envir-
onmental sample. UV light (wavelength 100–400 nm) is involved in the degradation
of chemical bonds in large organic compounds, and it may cause reduction or oxida-
tion of the analyte [54]. The United States Geological Survey (USGS) suggests in most
of the water sampling procedures to keep the sample in dark [37]. Thallium speciation
study is a good example of how UV-Vis light affects the speciation. For thallium it was
showed that oxidation of Tl(I) in an aqueous solution can take place when the sample
is exposed to sunlight irradiation [55]. Ultraviolet irradiation of aqueous solutions con-
taining Tl(III) and being in equilibrium with the atmosphere increases the reduction
rate of Tl(III). In systems where photoreduction of Fe(III)(aq) takes place, a quantitat-
ive oxidation of Tl(I)(aq) was observed, notably at low pH. The process is reversible, as
indicated by the formation of Tl(I) when the irradiated systems were kept in the dark
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[53]. Also high instability of Tl(III) in the presence of plant matrix is observed under
UV exposition. For example, plant extract with an addition of Tl(III)DTPA standard
was exposed to UV for 1 h. It was observed that 95% of Tl(III) added as Tl(III)DTPA
was reduced to Tl(I) [14]. The data indicated that Tl(III) extracted as Tl(III)DTPA from
plant tissue is not stable under UV irradiation. Therefore, plant extracts should be
stored in dark till analysis. Similar study about the stability of Se(IV) extracted from
plant tissue showed that it is most likely that Se(IV) is reduced to Se(0) or that an insol-
uble complex is formed [5]. Most data seem to indicate that darkness is necessary for
preservation of mercury species during storage in biological matrices. Methylmercury
and inorganic mercury in fish extract solutions were stable for 5 months at 4 ∘C when
stored in the dark [56]. The stability of butyltin species in lyophilized mussel samples
was also affected by the light. Significant variations were found in the butyltin con-
tent after 3 and 6 months of storage at room temperature in daylight and in the dark,
respectively [1].

9.2.4 Oxidation and desorption of carbon dioxide

Deep-sea water samples naturally contain small quantities of oxygen. Contact with air
results in rapid dissolution of oxygen in the sample, and the effect is especially intense
when the sample is shaken (during transport). The USGS suggests in most of the water
sampling procedures to keep the sample without any contact with oxygen, to prevent
metal-oxide precipitation [37]. In general, the zone of interest must be isolated, the
sample pumped slowly to minimize turbidity, and collected in such conditions that
eliminate O2 and CO2 exchange with the atmosphere [35, 37]. The redox equilibria are
then shifted to oxidizing range, which affects the speciation of free ions within a mat-
rix of a water sample, which is a noticeable effect in samples from reservoirs with low
oxygenation of water. Consequently, oxidization of sulfides to sulfates and Fe(II) to
Fe(III) will occur, and then precipitation of iron hydroxide with traces of Co, Ni, As,
and Pb. Changing of pH and hardness (temporary hardness) of the water sample due
to absorption of CO2 from the air accelerates and increases the precipitation of cal-
cium carbonate minerals [57, 58]. Also the oxidation of Mn(II) by oxygen dissolved in
water brings some consequences for chromium speciation. MnO2 particles, formed as
a result of the process of oxidation of Mn(II) to Mn(IV) in dissolved fraction, accelerate
the oxidation of Cr(III) to Cr(VI). The product of this reaction – Cr(VI) – is adsorbed on
suspended particle matter (SPM) and therefore both physical and chemical speciation
is changed in the water sample [59]. But unlike Cr, As speciation was not changed by
oxygenating of the sample. After air exposure of wine and beer samples, arsenite, ar-
senate, monomethylarsonic acid (MMA), and dimethylarsinic acid (DMA) were stable
at 4 ∘C for months, probably due to the acidic pH of the samples [60]. In contrast, stor-
age of the samples for antimony determinations is very difficult, because Sb(III) easily
transforms into Sb(V) in the oxidizing environment [61].
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9.2.5 Solid sample for fractionation study

A special case of speciation analysis is fractionation, where the fractions are defined
according to the physical properties of the solid samples such as soils [62, 63], sed-
iments [64, 65], or solid wastes [66, 67]. Methods of sampling are the same as those
used in the analysis of the total content [37, 68–70]. In the case of soil, the top layer
(rhizosphere) is discarded, together with large objects such as stones, roots, or zoolo-
gical specimens. Then, the top layer (0–10 cm) [71–74] or the bottom layer (10–30 cm)
[71–73] is taken for the analysis. The samples are transported with natural water con-
tent in a cardboard box granting access to the air. The alluvial deposits depending
on the size of river’s backwaters are collected from various depths, usually 15–20 cm.
The oxygenated layer is analyzed separately and it is taken from 1 to 3 cm depth [75].
The samples are then dried in the laboratory. Despite the fact that the process of dry-
ing affects the mobility of various metals [76, 77], fractionation studies (distribution
evaluation) are rarely carried out on wet samples.

9.2.6 Temperature lowering just after sampling

The lowering of samples’ temperature just after sampling and during transport is
one of the most widely and longest used methods. The literature data about sample
pretreatment indicate that freezing could decrease the efficiency of extraction of the
analytes from plant tissues [4, 78–80]. In the case of Tl speciation study in leaves of hy-
peraccumulating plant, the storage at –18 ∘C for over onemonth lead to total reduction
of Tl(III) [81]. The content of arsenobetaine in blue mussels was significantly reduced
during storage of frozenmaterial. The content of tetramethylarsonium in fishes as well
as in seafood was generally lower after deep freezing and some days of storage [82].
Groundwater, which has naturally low temperature, after collection requires trans-
port in cold state, especially if it was not possible to filtrate the samples and separate
the SPM from the dissolved fraction. It is not recommended to freeze the water prior
to analysis [35]. The increase of sample temperature causes absorption of carbon di-
oxide, which affects the pH. Also for biological samples lowering of the temperature
(4 ∘C), usually in combination with storage in complete darkness, may well reduce
the activity of microorganisms and enzymes. Cooling limits the speed of these pro-
cesses, but it does not eliminate them completely [83]. Samples of seafood were stored
up to 9 months till analysis, and the arsenic organocompounds were not degraded
[84]. Sometimes freezing (–17 ∘C or –20 ∘C) is recommended, or even rapid cooling
in liquid nitrogen followed by lyophilization. However, this procedure is not sugges-
ted if the purpose of the analysis is determination of phytochelatins (PCs) in plant
tissues, because these compounds are then degraded to peptides [1]. The analysis of
PCs or their complexes is carried out using fresh material, as PCs are known to be
unstable during sample preparation [85]. If the analysis cannot be done immediately
after the extraction of PCs, derivatization has to be done (precolumn derivatization
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with monobromobimane), which prevents the process of PC degradation [86]. Only
samples containing derivatized PCs can be kept refrigerated for a long time [85]. This
limits the amount of information obtained, but the procedure is very useful as there is
not always a possibility of carrying direct analysis using MS methods [87–91]. Lower-
ing of the temperature is also suggested for physical fractionation of soil, within the
SPM and the solid phase of water, but only when the separation of SPM or the spe-
cific soil pretreatment (to reduce putrefaction) cannot be performed on the sampling
site. In the case of wastewater containing large amount of S(II) compounds, Cr(VI) was
reduced to Cr(III) if the sample was not cooled down to 20 ∘C [50].

A very particular case is transport of the samples at the boiling point of liquid ni-
trogen (–150 ∘C). After sampling the sample is inserted into a labeled container and
into thermos with liquid nitrogen. Most of the steps of sample preparation should also
be carried out at this temperature, for example, cryomilling, lyophilization, and long-
term storage. In such conditions, the samples collected by German Environmental
Bank (UPB – Umwelt Proben Bank des Bundes) for long-term storage (over 50 years)
are transported to laboratories [71, 72, 92–97].

9.3 Sampling with some pretreatment on sampling site

Both solid and liquid samples should be prepared directly after sampling, and this is
often done immediately on the sampling site. However, keep in mind that both chem-
ical and physical interventions in a sample have a smaller or greater impact on the
equilibrium that we want to study.

The reaction of the analyte with stabilizing agents should be quick [98–100].
Currently, there are proposed some interesting solutions for sample modification
(an addition of specific sorbent) which enables indirect speciation study. It can be
achieved by an addition of the substance which is permanently binding one form of
the analyte. In the case of chromium, the addition of multiwalled carbon nanotubes
with coprecipitated MnO2 selectively removed the trivalent Cr ions from water sample
at pH 5 [44]. The addition of chitosan graftedwith 2-hydroxyethyltrimethyl ammonium
chloride stabilized the speciation, and the adsorption of Cr(VI) is favorable; there-
fore, only Cr(III) can be detected [101]. To preserve the samples, the researchers often
use chelating reagents, such as ethylenediaminetetraacetic acid (EDTA) or DTPA. The
authors do not agree on the stability and permanence of arsenic forms in water, espe-
cially at different pH and in the presence of other substances [102]. Generally, in river
water As(V) is partially converted to As(III), but after 2 days this is followed by gradual
oxidation of As(III) into As(V) to reach an equilibrium. Storage at 5 ∘C delays this ox-
idation by about 6 days [103]. In the case of thallium, DTPA was used for stabilization
of Tl(III). To prevent self-reduction of trivalent forms of thallium in water samples and
in plant extracts the addition of DTPA was used [13, 104, 105]. Stabilization with DTPA
was also applied in antimony speciation analysis [61]. If the object of study is arsenic
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speciation, the addition of EDTA must be done immediately after sample filtration on
the sampling site [37].

9.3.1 Suspended matter separation – fractionation in water

SPM is an integral part of the hydrosphere. SPM is an important component of the wa-
ter, and it is responsible for the transport of elements and substances inwater currents
[106]. SPM is composed of mainly inorganic colloidal particles in the form of oxides,
hydroxides, metal carbonates, and organic components. Therefore, a significant effect
on the physicochemical properties of SPM has its origin as well as the shape and size
of the suspended particles [107]. Due to the fact that processes of coprecipitation, ad-
sorption, and desorption, as well as ion exchange take place between the dissolved
fraction (solution) and SPM fraction (suspended solid phase), it is impossible to store
water samples even for a short time without changes in the speciation. The border
between SPM and the solution phase is conventional, and it is widely accepted that
SPM phase is defined as a fraction bigger than 0.45 ,m. This idea came to Nürberg
et al. in 1988 [108]. In case of physical fractionation of water samples, that is, to de-
termine the content of SPM, the sampling of the water sample does not differ from
the sample for other purposes. Usually, a few hundred milliliters is taken but in ex-
ceptional cases even some liters (nano-level or radiation study) but no pretreatment
is performed. It is forbidden to add commonly used nitric acid, as such addition will
disturb the equilibrium between the two phases of water – suspended and dissolved
phases. Such analysis requires filtration just after sampling, on the sampling site, be-
fore the sample is oxygenated, warmed up, and/or exposed to UV-Vis radiation. The
filtration through a filter with a pore size of 0.45 ,m is performed [35, 109–114]. The
filter retains the suspended phase (SPM).

Often the mass of SPM is quantified as a gram per milliliter of the water, and then
the SPM is decomposed in order to determine the total content of the elements. Usually
a large volume of the sample is filtered (100–300 mL), and clogging of the pores could
be observed during the filtration [35], which is a phenomenon that affects the qual-
ity of the obtained results. While the sampling is done in regions with considerable
dustiness, the initial separation of “dust fraction” is suggested. The “dust fraction”
is defined physically as a fraction of particles bigger than 100–125 ,m. Next, the ap-
propriate fraction bigger than 0.45 ,m is separated in sequence. The “dust fraction”
plays an important role in the distribution of the contaminants during the dry sea-
sons, but not during the rainy seasons [115, 116]. This part, which is associated with
large particles, will quickly sediment and thus it is not responsible for the transport
of the pollutants. The SPM fraction can be transported and it spreads the pollutants
in the environment. Study of the distribution of As, Cd, Co, Cr, Cu, Mn, Ni, Pb, Tl, and
Zn indicated that the dissolved fraction contains the highest amount of trace elements
[115]. Trivalent chromium inwater remains bound to organicmatter (SPM component),
which decreases its mobility, but the toxic Cr(VI) is highly soluble [117, 118]. In the case
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of mercury speciation analysis on low level, filtration directly on the sampling field is
required to separate SPM, and it is strongly recommended by the USGS [37]. Often,
the removal of SPM is a step of preparation of a water sample for the analysis of total
content of the elements (it is assumed that the share of SPM in the total content is neg-
ligible) [110] or it is the first step of speciation analysis (e.g., determination of chemical
speciation of Tl within the dissolved phase [105] – SPM was not analyzed). However,
leaving SPM in a nonacidified water sample even for a short time results in binding
of the free ions of Cr, Mn, and Cu with the organic compounds suspended in solution,
followed by their fast precipitation [119] or to adsorption of the free ions of Pb, As,
Ni, and Co on the sediment containing Mn and Fe oxides (coprecipitation), which is
formed during storage [94].

9.3.2 Chemical modification of the sample

Acidification with nitric acid is commonly applied in the analysis of trace metals, but
in the case of speciation analysis it is not advisable to lower the pH [51]. Sometimes,
however, in specific cases such as determination of As(III), acidification is not only
permitted, but even required [120, 121].

Storage of water (chemical speciation) and soil extracts (fractionation) without
any pretreatment results in coprecipitating of ions of As, Ni, Co, Pb, and Tl with
Mn(II) and Fe(III) oxides [47, 72]. Limitation of this phenomenon can be achieved only
through a significant acidification of the solution (pH < 2) or the addition of complex-
ing ions (e.g., EDTA), but after such amodification, the sample is not suited for broadly
defined speciation analysis. Hydrochloric acid (non-oxidizing acid) is sometimes used
because of complexing properties of chlorides. Complexation of free ions (+2 and +3)
influences the chemical equilibrium, but such modification (addition of complexing
ions) is recommended when Mn(II) and Fe(III) are regarded as interferents [45]. The
addition of another complexing agent, DTPA, is indispensable to perform speciation
analysis of Cr and Tl. The compounds of Tl(III) are unstable and without DTPA they
are slowly reduced [13, 122]. For arsenic speciation study the addition of ascorbic acid
is recommended [121]. However, it is inadmissible in the case of trace speciation ana-
lysis of Cr and Tl [13, 16], because the ions with the highest oxidation state would be
totally reduced. Also, the addition of phenol, previously used to prevent microorgan-
isms’ activity, leads to slight changes in the selenium speciation [5]. Therefore, the
most suitable preservation scheme for determination of As(III), As(V), Cr(III), Cr(VI),
Se(IV), and Se(VI) in water samples was found to be refrigeration at 10 ∘C with no pre-
servative, followed by the analysis as soon as possible (preferably within 24 h) [123].
Also mercury speciation is highly dependent on the presence of ions, such as chlor-
ides, high content of SPM and pH of the solution. Therefore, any modification of water
samples leads to a change in chemical equilibrium [124, 125].
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To avoid changes of the analyte species it is important to analyze the samples as
soon as possible after their collection.

9.4 Short- and long-term storage

The analysis of samples immediately after their collection and transport to the laborat-
ory is not always possible. Usually speciation analysis requires sophisticatedmethods
of separation and detection. A possibility to prolong the time between sampling and
chemical analysis would be an important advantage of any analytical procedure. For
this reason themethodology of material storage was studied bymany authors. Storage
of biological samples is not recommended even for such short period as 2 weeks [126].
But in some cases, various species of arsenic in algae were stable up to 12 months in
dried material [127]. In the case of Tl the instability of Tl(III) was found, both freezing
and drying caused significant changes in thallium speciation [81]. Recent studies of As
speciation indicated that plant material containing As species should be kept at a low
temperature, while others claim that the freezing/defrosting processes lead to species
conversion, and therefore the samples must be kept at room temperature [128, 129].

For long-term storage deep freezing is recommended. Plant samples were stored
at –80 ∘C and the concentration of arsenic-PC complexes remained relatively con-
stant during 21 days [88]. Samples may also be stored at the boiling point of nitrogen
(–150 ∘C). In such conditions soil and sediment samples are stored, as well as other
materials collected by German Environmental Bank (UPB) [71, 72, 75, 94]. Long-term
storage without any pretreatment exposes the samples to microorganisms’ activity. It
is important to avoid bacterial growth in the sample as this may cause changes in the
speciation. In the case of Hg, for example, some species ofmercury (II) may be reduced
to volatile elemental mercury [1].

Samples for speciation analysis should not be stored for a long period, independ-
ently on the concentration of the analyte. For example, trivalent arsenic compounds
should not be stored for longer than 24 h if the sample is stored without modification
[130]. For thallium speciation, both freezing and drying cause significant changes in
the speciation, so plant samples should not be stored. The quantitative analysis can
be performed only on fresh tissues [81].

The time of storage can be slightly extended if the analyte is separated from the
sample matrix.

9.4.1 Dehydration of samples

Dehydration is sometimes necessary for solid samples. The so-called drying is in-
tended to remove the solvent from environmental samples. The main aims of this
operation are limitation of themicrobial activity and achieving a constantmass, which
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is taken for the analysis (results are usually given as the content in dry mass). The soil
should be either stored deep frozen or after dehydration. Losses of the analyte and
its mobility are much lower when the soil is kept dry (air dry) [75]. The procedure is
well known and accepted, and routinely used in the analysis of soil for total content
and speciation [131–135]. Usually, the samples of soil, sediment, or solid waste are
brought to the laboratory with natural water content, and then slowly dried at room
temperature in open-air conditions for 24 h. If necessary, the samples are oven dried
at 40–50 ∘C or 105 ∘C for 5–10 h [67, 112, 126, 134–140]. However, in fractionation study
the extractability from such prepared samples is different from the original: lower for
K, Cr, Mn, and Fe [77], and higher for Pb, Cu, Cd, Zn, and Ni [76]. Soil and sediment
samples, according to the BCR-SMT (Bureau of Reference – now the Standards, Meas-
urements and Testing Programme – SMT) scheme (the standard procedure called BCR
procedure), are dried at room temperature or in the oven at 30–80 ∘C. If higher tem-
perature is required for drying, it should be performed in an inert gas atmosphere to
limit the oxidation processes [141]. Many authors claim that low-temperature drying
in ambient air and freeze-drying are the most “neutral” methods for samples of soil
and sediments and that these methods do not considerably influence the distribution
(mobility) of metals in soil phases [142].

Storage of animal and plant tissues with natural moisture content does not limit
the microbial activity, and the microorganisms are actively involved in changing the
speciation. In the case of arsenic, the intrinsic microbial population causes demethyl-
ation of organoarsenic compounds [143]. Therefore, drying is considered also in case
of biological samples, but usually the temperature does not exceed 95–98∘C and not
longer than 16 h after sampling [122, 144, 145]. Delicate plants are dried at a tem-
perature not higher than 35 ∘C [146, 147]. Also some analytes require lowering of the
temperature of the drying process. For the analysis of Se, drying should be slow (over
48 h) and run at no more than 45 ∘C [146]. Drying and storage of plants even at room
temperature cause significant changes in the speciation of thallium. In contrast to the
extract of freshmaterial, therewas nomeasurable amount of Tl(III) in any of the stored
samples [81]. The situation is opposite in the case of As speciation analysis, where
drying of the plants is recommended because plant moisture can cause species con-
version [148]. Many authors claim that biological samples should be dehydrated using
freeze-drying systems (lyophilization – sublimation of frozen water under conditions
of low pressure and temperature). The process consists of freezing of the sample, usu-
ally in liquid nitrogen or dry ice in ethanol, and drying at a very low pressure (10 Pa)
in a round-bottom flask made of borosilicate glass [126, 149]. Certainly, the material
that was frozen after sampling should be dried by lyophilization [42, 75]. The method
of sample preparation has an influence on the extraction process. Lyophilization can
decrease the extraction efficiency even by 20% [79, 80]. But in some cases (e.g., As spe-
ciation study in Brachiaria brizantha), the extraction was more efficient from sample
aliquots that were lyophilized and ground (extractability: 87–90%) than from those
only stored under different temperatures (extractability: 53–66%) [4]. Usually, after
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drying the environmental samples are stored at room temperature in closed containers
made of PE or PP [140, 150, 151] or cooled down to 4 ∘C [152, 153].

9.5 Extraction as a method of sample pretreatment
for speciation analysis

Extraction techniques are commonly used andwidely acceptedmethods for trace ana-
lysis. The phenomena occurring during the extraction process in liquid–liquid and
solid–liquid systems are well known. This simple technique can be the basis for pro-
cedures of selective isolation of a specific chemical form of the analyte. Theoretically,
separated species of the analyte can be stored without any pretreatment for a long
time. An example of such methodology is leaching of some selenium compounds
from soil during solid (sample)–liquid (extractant) extraction. Selective separation
of Se(IV) and Se-Cys from (CH2)2Se2 was achieved by leaching of selenium species
with 0.5 mol/L HCl. Then, the solution was extracted with CH2Cl2. In the aqueous
phase Se(IV) and Se-Cys were found, while dimethyldiselenide was present in the
organic phase [15]. Extraction from plant tissues using water–methanol mixture is
proposed for arsenic species (MMA, DMA, As(III), As(V) and arsenosugars) separation
from sample matrix [74]. For metal-PC complexes (Me-PCs) determination of a “soft”
extraction procedure is required. For example 1% formic acid is applied for As-PCs
[85, 154], 3 mL cold (4 ∘C) aqueous dithiothreitol for Pb-PCs [155] and 0.5% NaBH4 in
NaOH solution for Hg-PCs [156]. In the case of Tl speciation in plant tissues the ex-
traction using DTPA in acetic buffer (pH 6.2) is the only way to prevent self-reduction
of Tl(III). The chromatograms (liquid chromatography [LC]-ICP-MS) of extracts were
recorded just after extraction, and after 4 months of storage (–18 ∘C). In most cases,
the results were consistent (revealed the presence of both Tl forms). In some cases,
however, there occurred a significant decrease or increase in the content of Tl(III).
Therefore, freezing of the extracts is an option only for semiquantitative analysis [81].
Additionally, high efficiency of the extraction is essential for trace analysis. This para-
meter can be accelerated using an extraction assistedwithmicrowaves or ultrasounds,
especially in the case of soil and sediment samples [157–159]. Acceleration of the ex-
traction is also applied in leaching of xenobiotics from plant tissues [160]. Cell wall is
a barrier for the extractant, and grinding of the plant tissues in the presence of liquid
nitrogen noticeably increases the extraction efficiency [122]. It is very difficult to reach
100% recovery of the analyte from extractant. A small addition of surfactant such as
sodium dodecyl sulfate (SDS) made to the extractant led to leaching of fractions con-
taining not only water-soluble but also water-insoluble protein complexes [104, 161].
The comparison of data obtained for extraction with and without the addition of SDS
reveals the fraction of the analyte (e.g., Pt, Tl) bound to insoluble protein complexes.
The efficiency of thallium extraction from the above-ground plant organs using SDS
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was on the same level as in the case of water extracts (50%), which shows that thal-
lium is not bound to hydrophobic proteins [104]. In the case of platinum, there were
significant differences between fractions of Pt extracted from plant material with and
without SDS. The efficiency of leaching with water was about 55% of total Pt but the
leachingwith SDS increased it up to 70% [162]. If it is important to distinguish between
inorganic and organic arsenic species, the extraction should be done using an organic
solvent, for example, methanol [163]. An extraction with hot water was used to leach
Se from onion [164], but similar extraction of methyl arsenic acid (III) from tissues
of marine animals is not recommended because this compound is not stable at high
temperature [165]. In the case of marine organisms (algae and seafood), separation
of arsenolipids was achieved by extraction with nonpolar solvents, and the extraction
efficiency was about 50% [166]. Preceding of the proper extractionwith degreasing us-
ing acetone effects in lowering of the extraction efficiency to 30% of the total content
of arsenic [167].

An interesting example of simultaneous separation and conservation of the
analyte (prevention against the self-reduction) is thallium speciation analysis in
SPM separated from wastewater. Trivalent thallium was transferred from its original
compounds into Tl(III)DTPA [116]. This complex is very stable, and its stability is
practically independent of pH and the presence of other ions. Thus, leaching based
on formation of Tl(III)DTPA complex was applied. But even in that case the self-
reduction took place, and after 1 week of storage its rate reached 25% [116], while
without storage it is usually not higher than 3% [13, 168]. Extraction with DTPA
solution is a widely accepted method of isolation of Tl(III) from plant tissues. Usu-
ally the material is ground to a fine powder using a mortar and pestle in a liquid
nitrogen bath, and extracted using DTPA solution in acetic buffer (pH 6.2) (plant
material is shaken with the extractant for 1 h at 37 ∘C). After leaching the suspen-
sions are filtered through a 0.45 ,m filter to separate solid particles [122, 168, 169],
and plant extracts are immediately analyzed by chromatographic methods coupled
with elemental detectors [104, 122] or by electrochemical methods (after some “soft”
modification).

Voltammetric methods are very sensitive and they are characterized by low limits
of detection [170]. Stripping voltammetry enables determination of As, Cr, Tl, Se, Sn,
Pt, Rh, Pd, and Pb at the level of ppb [13, 17, 171, 172] or even ppt [173]. However, they
require special preparation of the extract ormineralization of organic compounds (sig-
nificant interferent), which are present in significant quantities in water samples and
extracts of plant products. Of course, mineralization of the sample is not acceptable in
speciation analysis. Conservation of the plant extract or wastewater using DTPA, and
an addition of resin (Amberlite XAD-7) just before the step of ion preconcentration on
the working electrode allowed to indirectly define the speciation of Tl and Cr (only not
complexed forms of the analyte are electroactive) [14, 17, 172, 174]. Such modification
does not affect the speciation. The results obtained by voltammetry were confirmed
by comparison with the results of LC-ICP-MS study [14].
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Relatively new trend is application of extraction as a method of sample pretreat-
ment, especially for the analysis of organic compounds, known as QuEChERS. This
technique of separation of the analytes from complicated sample matrix was de-
veloped based on Anastassiades et al.’s work [175]. The acronym means Quick, Easy,
Cheap, Effective, Rugged, and Safe. This extraction technique is a combination of ex-
traction of organic compounds, mostly from food matrices, coupled with removing of
another organic compounds (interfering substances) and the excess of _water. It is an
alternative to traditional liquid–liquid extraction and SPE [176]. The methodology is
suggested by AOAC International for the analysis of pesticides [177].

9.5.1 SPE – water analysis

In the analysis of water the major problem is low concentration of the analyte. SPE
technique offers an interesting possibility of separation and considerable preconcen-
tration of the analytes [178]. Combination of filtration through a 0.45 ,mfilter, and next
preconcentration of pesticides on SPE column additionally allowed long-term storage
of the samples [179, 180]. The sample of seawater collected for speciation analysis of
Tl cannot be stored for a long time, as self-reduction of Tl(III) is observed even in the
presence of DTPA. But after SPE separation, trivalent thallium as Tl(III)DDTC is se-
lectively retained on the sorbent, and monovalent thallium is in the effluent. Such a
way Tl species are collected separately and they can be stored without any problems
till analysis [122]. Also Cr(III) was separated from Cr(VI) and preconcentrated using
a column containing chelating resin. This method was successfully applied for spe-
ciation analysis of chromium in tap water, lake water, spring water, and wastewater
samples [51]. Another SPE method was developed for on-site separation of inorganic
arsenic from As-rich groundwater and applied for the study of arsenic removal from
ferrihydrite in the absence of oxygen [181].

9.5.2 Extraction in fractionation study

A specific example of speciation analysis is fractionation, where the fraction is defined
operationally by applying chemical and/or physical modifications to the sample. It is
intended to indicate what fraction of the total content of the analyte is bound to partic-
ular phases of the soil (extraction under certain conditions). Fractionation is used as
a source of information about xenobiotics’ mobility and bioavailability, and for poten-
tial risk assessment. Several extraction procedures are used [182]. The most popular
are the Tessier’s procedure [183], and the BCR procedure [184] (Table 9.1). Nowadays,
commonly used are single extractions with acetic acid or EDTA solutions, and three-
step sequential extraction (in sequence: acetic acid, hydroxylamine hydrochloride,
hydrogen peroxide solutions) developed by the former European Community Bureau
of Reference (BCR), now going by the name of Standard Measurements and Testing
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Table 9.1: Comparison of two sequential extractions applied for fractionation study in solid samples –
BCR (BCR-SMT) and Tessier schemes.

Tessier scheme

1 g of solid sample

Ion exchange and carbonate fraction Ion exchange fraction

0.5 h at room temperature
Continuous mixing

16 h at 22 ± 5 ∘C 8 mL 0.1 M MgCl2 pH 7(twice)
Continuous mixing
40 mL 0.11 M CH3COOH pH 4

Carbonate fraction

5 h continuous mixing
8 mL 1 M CH3COONa pH 5

Oxide fraction Iron and manganese oxide fraction

16 h at 22 ± 5 ∘C 5 h at 96 ± 3 ∘C
Continuous mixing 20 mL 0.04 M NH2OH⋅HCl in 25%

CH3COOH pH 2
40 mL 0.1 M NH2OH⋅HCl pH 2

Organic fraction Organic fraction
Substep (1) 2 h water bath 85 ± 2 ∘C Substep (1) 2 h water bath at 85 ± 2 ∘C
10 mL 8.8 M H2O2 (twice) 3 mL 0.02 M HNO3 + 5 mL 30% H2O2 pH 2
pH 2 or pH 3
Substep (2) 16 h 22 ± 5 ∘C Substep (2) 3 h water bath at 85 ± 2 ∘C
Continuous mixing 3 mL 30% H2O2
50 mL 1 M CH3COONH4 pH 2

Substep (3) after cooling 0.5 h
Continuous mixing
5 mL 3.2 M NH4OAc in 20% HNO3

Residual fraction Residual fraction

Mineralization with mixtures of conc. acids
(HF, HNO3, HClO4)

Mineralization with mixtures of conc.
acids HCl + HNO3 (1:3)

Note: M, mol/L.

Programme of the European Committee (SMT or BCR-SMT) [185, 186]. For fractiona-
tion study, dried materials are sieved through a 1 mm [67, 112] or 2 mm [135, 139] sieve
or milled and sieved. Usually in sediment analysis the fraction smaller than 63 ,m is
taken [126, 134, 187] (after milling). Some solid samples as dust and flotation tailings
are not ground, only the fraction smaller than 125 ,m is used [188]. Dried material can
be stored in darkness at ambient temperature until analysis for some months.

German Environmental Bank (UPB) stores the samples of soil in liquid nitrogen
and then the material is cryogenically ground, sieved, and dried using lyophilization.
Only a portion of the material is analyzed for the purpose of long-term monitoring
[71, 94].
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9.6 Conclusion

There are not many reference materials available, for which sampling and pretreat-
ment of samples for speciation analysis is proposed. Only Cr(III) and Cr(VI) in water
and soil samples, as well as volatile Hg and MeHg in water, fish tissues, and soil
were studied in the context of routine analysis. In case of other objects it is be-
neficial to become familiar with guidelines for the analysis of specific groups of
analytes for their total content. Recommendations are published by institutions such
as US EPA, Joint Research Centre Institute for Reference Materials and Measurements,
andUSGS[69, 189, 190], togetherwith standard operating procedures for the collection
of representative surface water samples from streams, rivers, lakes, ponds, lagoons,
and surface impoundments [191]. There are no details regarding speciation analysis,
because it is done in routine only for chromium and mercury. In case of other ele-
ments one has to choose the procedure of sample pretreatment according to their
own best knowledge. Certified materials are not meant for validation of sampling and
sample pretreatment before the analysis. Therefore, high experience of the analyst
is of crucial importance, together with his awareness of possible mistakes. Adapt-
ing methods already published in the literature could prevent us from “reinventing
the wheel.” However, all of the procedures should be carefully checked, as sampling,
sample transport, and conservation of the speciation are really difficult tasks.

Therefore, each sample and each analytic target are always a new challenge.

References
[1] Cornelis R, Caruso J, Crews H, Heumann K. Handbook of Elemental Speciation: Techniques and

Methodology. John Wiley & Sons, Ltd, 2003.
[2] Smedley PL, Kinniburgh DG. A review of the source, behaviour and distribution of arsenic in

natural waters. Appl Geochem 2002, 17, 517–68.
[3] Morita M, Edmonds JS. Determination of arsenic species in biological and environmental

samples (Technical Report). Pure Appl Chem 1992, 64, 575–90.
[4] Amaral CDB, Nóbrega JA, Nogueira ARA. Investigation of arsenic species stability by

HPLC-ICP-MS in plants stored under different conditions for 12 months. Microchem J 2014, 117,
122–6.

[5] Cuderman P, Stibilj V. Stability of Se species in plant extracts rich in phenolic substances. Anal
Bioanal Chem 2010, 396, 1433–9.

[6] Feldmann J, Lai VW, Cullen WR, Ma M, Lu X, Le XC. Sample preparation and storage can change
arsenic speciation in human urine. Clin Chem 1999, 45, 1988–97.

[7] Nischwitz V, Michalke B, Kettrup A. Investigations on extraction procedures for Pt species from
spiked road dust samples using HPLC–ICP–MS detection. Anal Chim Acta 2004, 521, 87–98.

[8] Parker JL, Bloom NS. Preservation and storage techniques for low-level aqueous mercury
speciation. Sci Total Environ 2005, 337, 253–63.
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[158] Krasnodębska-Ostręga B, Kaczorowska M, Golimowski J. Ultrasound-assisted extraction for
the evaluation of element mobility in bottom sediment collected at mining and smelting
Pb–Zn ores area in Poland. Microchim Acta 2006, 154, 39–43.

[159] Ruiz-Chancho MJ, Sabé R, López-Sánchez JF, Rubio R, Thomas P. New approaches to the
extraction of arsenic species from soils. Microchim Acta 2005, 151, 241–8.

[160] Quaghebeur M, Rengel Z, Smirk M. Arsenic speciation in terrestrial plant material using
microwave-assisted extraction, ion chromatography and inductively coupled plasma mass
spectrometry. J Anal At Spectrom 2003, 18, 128–34.

[161] Kowalska J, Asztemborska M, Bystrzejewska-Piotrowska G. Platinum uptake by mustard
(Sinapis alba L.) and maize (Zea mays L.) plants. Nukleonika 2004, 49, 31–4.
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10 Solid-Phase Extraction in Fractionation of Trace

Elements

10.1 Background

Elements in environmental and food samples can be present in different physicochem-
ical forms (speciation forms) [1, 2]. These species of elements are distributed over a
distinct molecular size and are characterized by the different mobility, availability,
absorbability and toxicity to the biota. Unquestionably, possible speciation forms of
elements play an important role in assessing their vital functions or toxicity and haz-
ard in the ecosystem. This is because some of the speciation forms of elements are
physiologically and nutritionally important for the proper functioning of the flora,
fauna and other organisms; other forms can impose a serious hazard to these or-
ganisms and poison biological systems. For this particular reason, measurements of
specific physicochemical forms of elements appear to be critical to properly find out
interactions of elements with leaving organisms.

Unfortunately, the reliable identification and determination of distinct speciation
forms of elements is a challenging task [3]. Methodological difficulties related to this
subject are a consequence of low concentrations of certain species of elements in ana-
lyzed samples and the presence of a wide range of possible species, strongly varying
due to a particle size and a chemical nature. Apparently, elements can be present in
the form of simple ions, inorganic and organic complexes of different stability, as well
as associates with colloidal or particular inorganic and organic matter. In addition,
the speciation analysis of elements in mentioned environmental and food samples
can be hindered because targeted physicochemical forms of elements typically parti-
cipate in pH-dependent dynamic equilibrium with other species of elements. In terms
of these inconveniences, the qualitative and quantitative determination of individual
species of elements, in line with the IUPAC recommendation about the assessment of
a complete distribution of elements over separate molecular chemical and physical
forms, is very difficult and sometimes impossible [3]. The difficulty of this task is also
related to the fact that the determination of separate speciation forms of elements in
certain sample matrices requires an individual and competent treatment. The sample
collection, the storage and finally the pretreatment (i.e., the sample preparation pro-
cedure) prior to the analysis of environmental (e.g., biological tissues, water) and food
samples are critical in this case because the distribution and the integrity of species
of elements have to be strictly maintained and preserved. Any uncontrolled changes
subjected to sampled and analyzed samples can influence the original speciation of
studied elements and distort results of the speciation analysis.

https://doi.org/10.1515/9783110366730-011
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420 10 Solid-Phase Extraction in Fractionation of Trace Elements

Therefore, it is recognized that a better approach to identify and determine speci-
ation forms of elements for finding out their status in the environment and related
biological systems is to use selective extraction procedures for the separation of
classes (fractions) of species of elements that are similar according to specific phys-
ical and chemical properties [2, 3]. Such a strategy is termed as the fractionation, that
is, the classification of an analyte or a group of analytes from a certain sample accord-
ing to their given physical and/or chemical characteristics [3]. In this case, the interest
in the speciation analysis is limited to binary or ternary differentiations of species of
elements, that is, inorganic and organic species, labile and stable complexes, bound
and unbound species, particulate and dissolved fraction [4]. This approach can also
be used when other properties of species of elements are important, and hence, spe-
cies and forms of elements can be grouped into two ormore distinguishable categories
varying due to their functionality, that is, toxic and nontoxic, bound and unbound,
inert and bioavailable, inaccessible or bioaccessible, depending on the aim of the
fractionation analysis.

Very often, the primary aim of the fractionation is to assess the bioavailability
and/or the bioaccessibility of elements as markers of their impact on living organisms
[4]. In this case, possible species of elements can be partitioned due to their associ-
ations with molecules of a different size (by using the filtration and the ultrafiltration)
and/or chemical properties such as the liability, the solubility, the affinity, the charge
and the hydrophobicity (using selective extraction and separation procedures like the
solid-phase extraction [SPE]). It appears that results of the fractionation analysis have
a higher impact and the informative value. They can bring, for example, the import-
ant information about the extent of elements that are resistant to pass through cellular
membranes or soluble in given conditions, and hence, available and toxic to living or-
ganisms. In terms of this, the bioavailability and the accessibility of elements can be
readily estimated while a risk of their toxicity due to the exposure in the environment
can be conveniently assessed [1, 2].

Using the fractionation analysis by means of different fractionation/classification
strategies, the knowledge about possible fractions of elements having different prop-
erties and functionalities can be possessed [1, 2]. It should be noted that such fractions
and groupings of species of elements are operationally defined because they exhibit a
similar reaction to specific procedures or methods of the separation used for the par-
titioning of existing species of elements. Certainly, the main inconvenience of such
fractionation analyses of elements is that it is difficult to compare results obtained
by them. This is mostly because there is no harmonization neither standardization
rules regarding chemical fractionation procedures utilizing the SPE and other chro-
matographic and nonchromatographic separation procedures. The best way to verify
the reliability of results, that is, operationally defined fractions of elements, would be
the use of special certified reference materials (CRMs) with certified or indicative val-
ues of fractions of elements in given sample matrices. To date, there is no such kind
of CRMs, making it difficult to verify the dependability of results of the fractionation
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10.2 Operationally defined fractionation of elements through SPE 421

analysis carried out using the SPE and/or other chromatographic and nonchroma-
tographic separation procedures. This also encourages researchers to use different
manners to ensure the quality control (QC) and the quality assurance (QA) of outcomes
of the fractionation analysis of elements by means of SPE.

10.2 Operationally defined fractionation of elements through SPE

SPE, normally used for the preconcentration of elements prior to the determination of
total concentrations of elements by spectrometric detection techniques, is very useful
for the purpose of the fractionation and the partitioning of elements. In this case, a
great number of commercially available or synthesized selective or specific solid sorb-
ents can be used for the retention and/or the separation of certain groups (classes) of
species of elements due to their similar properties. Species of elements can be retained
through ion exchange, chelation or adsorption, depending on their chemical and/or
physical nature. It is recognized that fractionation protocols based on the SPE can
yield the comprehensive knowledge about the solubility, the reachability, the bioavail-
ability and a complexation degree of species of elements. Combining SPE with the
filtration and the ultrafiltration or the electrochemical stripping analysis, the fraction-
ation according to the molecular size (dissolved, colloidal, suspended, particulate) or
the stability (mobile, labile and electrochemical active) is possible and quite often ap-
plied [1]. In reference to the simplicity and a practical use, the fractionation analysis by
SPE does not require a sophisticated and expensive equipment, except for properly se-
lected resins and solid sorbents that are commercialized in the form of SPE cartridges
and tubes or packed into glass columns.

Chemical fractionation approaches for the partitioning of elements by the SPE can
be grouped into two main categories: (1) one-column approaches, in which sample
solutions are separately treatedwith one or two particular SPE sorbents and (2) two- or
three-column approaches, in which sample solutions are treated with two or three dif-
ferent SPE sorbents (packed into columns or filled inside syringe tubes or cartridges)
connected in a series. In addition, there are mixed protocols that combine the chem-
ical fractionation by the SPE treatment with the physical fractionation by the filtration
or the chemical fractionation by the solvent extraction or the precipitation.

10.2.1 Unary and binary fractionations using one-column SPE approaches

Examples of one-column SPE procedures with names of sorbents applied and chem-
ical fractions separated are given in Table 10.1. As can be seen, anion-exchange,
cation-exchange and chelating resins are primarily used in these fractionation pro-
tocols to retain respective forms of species of elements, correspondingly grouped
into fractions of anionic, cationic and labile species along with positively charged
complexes. Hydrophobic nonionic polymeric resins or chemically modified silica
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C18-based sorbents were used to adsorb hydrophobic species, mostly organically
bound species, that is, complexes with phenolic species and humic acids [5–7].

The easiest way to fractionate elements was to pass sample solutions through SPE
tubes, cartridges or columns and collect respective effluents, in which fractions of
species of elements not retained by given sorbents were determined [8–11]. A batch
sorption procedure was also applied [12]. Then, outcomes of such a nonelution ap-
proach were used to evaluate the contribution of fractions of species of elements that
were retained on given sorbents. This was readily assessed by differences between
total concentrations of elements in analyzed samples and their concentrations (not re-
tained or sorbed) determined in effluents achieved after contacting sample solutions
with sorbents in column [5, 8, 9, 11] or batch [12] processes. Resin beds could also be
removed from columns and wet digested to possess the information about the con-
centration elements retained by the resin [10]. Normally, species of elements retained
by certain sorbents were recovered by using appropriate solvents [13–18]. Resulting
eluates were analyzed by different spectrochemical techniques on the content of stud-
ied elements, while these results were used for assessing contributions of distinct
fractions of species of elements retained by given sorbents. In addition, a sequential
elution protocol with solutions of an increasing reactivity (water, diluted and moder-
ately concentrated HCl solutions) was also used to distinguish three separate fractions
of species of elements (the case of Al in tea infusions) [19].

When the same samples were separately treated with cation and anion ex-
changers, an additional fraction of species of elements, attributed to the presence
of residual species, was assessed by subtracting the sum of concentrations of spe-
cies of elements determined in distinguished cationic and anionic fractions from total
concentrations of these elements in samples [15, 16]. When the filtration of samples,
including water solutions of dissolved samples or water extracts, through 0.45 ,m
membrane filters was initially applied at the sample preparation stage, it was pos-
sible to separate two physical fractions, that is, the fraction of particulate species and
the fraction of dissolved species [5, 8, 12, 14, 15, 17, 18]. The filtration was also required
to remove suspend particles [7]. As a rule, the dissolved fraction was subsequently
analyzed and subjected to fractionation by the SPE.

By combining the SPE on cation and anion exchangers [13], a cation exchanger
and an adsorbing resin [5] or activated carbon [20–25] with other separation methods,
more extended fractionation procedures were proposed. Accordingly, coprecipitation
with Al(OH)3 was used to separate only the fraction of Mn(II) cations [13]. The pre-
cipitation with ethanol was used to separate the fraction of polysaccharide-bound
species of elements in the dissolved fraction in case of Mg in olives [5] or Mn in spin-
ach leaves [23]. In addition, acetone was used to precipitate proteins and isolate and
distinguish the fraction of protein-bound species of elements in case of Cd and Pb
in medicinal herb infusions [21] or Mn in spinach leaves [23]. The solvent extraction
with different solvents was used to separate a variety of fractions of species of Mg in
olives [5], As, Cd, Cu, Fe, Ni and Pb in edible oils [20], Pb in lipsticks [22], Mn [23] and
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10.2 Operationally defined fractionation of elements through SPE 427

Cu [24] in spinach leaves or Mn in hazelnuts [25], that is, lipid bound (CCl4 [5]), free
lipid bound (n-hexane [22–25]), neutral lipid bound (chloroform [23, 24]), total lipid
bound (chloroform with methanol at 2:1 [23–25]), associated with glycolipids (acetone
[23, 24]), associated with oils (diethyl ether [23–25]), chlorophyll bound (CHCl3 [5, 23]),
polar species, that is, polyphenols, phospholipids (ethanol or methanol [23–25]), wa-
ter soluble (water [5, 23–25] or HCl and HNO3 solutions [20]), stomach absorbable
and bioavailable (pepsin with HCl [5, 23–25]), intestine absorbable and bioavailable
(n-octanol [5, 23–25] or bile salts with pancreatin [23–25]), finally, gastrointestinal
available (simulated gastrointestinal juices [23–25]).

10.2.2 Binary and tertiary fractionations using two-column SPE approaches

In case of two-column SPE fractionation procedures, two sorbents, placed in cart-
ridges, tubes or columns, were connected in a series. To retain respective species of
elements by these assemblages, samples were passed through the first column (1) and
then, resulting effluents were further passed through the second column (2). Different
combinations of sorbents were reported for this chemical fractionation of elements by
the SPE. It included a combination of a strong anion-exchange resin with a chelat-
ing resin [26], a weak anion-exchange resin with a strong cation-exchange resin [27],
an adsorbing resin with a strong cation-exchange resin [27–38] or an adsorbing resin
with a chelating resin [39]. Arrangements of sorbents in reported tandem-column as-
semblages were arbitrary selected, that is, to avoid labile anionic species to be sorbed
on Chelex 100 [26], or, more commonly, organized after examining sorption properties
of sorbents toward different classes of species of elements [27–33, 39, 40]. Table 10.2
presents these results.

When the filtration of samples through 0.45 ,m filters was initially carried out,
fractions of particulate and dissolved species of elements were distinguished [29–31].
In addition, the filtration through membrane filters was applied to degas samples of
beer [33]. By applying membrane 0.45 ,m filters as well as ultrafiltration filters with
molecular weight cut-offs of 100, 50, 30, 10 and 5 kDa, the physical fractionation of
elements present in the dissolved fraction (< 0.45 ,m) was possible [34–38].

A comprehensive partitioning protocol was reported for the fractionation of Cu, Fe
and Zn in red wines [40]. At the beginning, wines were filtered through 0.20 ,mmem-
brane filters to separate particle and dissolved fractions of studied elements. Then,
the dissolved fraction (filtrates) were treated with a tandem-column system compris-
ing an adsorbing resin Amberlite XAD-8 and a strong cation-exchange resin Dowex
50W×8, a strong anion-exchange resin Dowex 1 × 8 or an adsorbing resin Amberlite
XAD-2 (but after a preliminary addition of a 1,10-phenanthroline to Amberlite XAD-8
column effluents). In addition, fractions of species of elements associated with pro-
teins and polysaccharides were precipitated from Amberlite XAD-8 column effluents
using acetone and ethanol, respectively.
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10.2.3 Characterization of sorbents

The examination of sorption and desorption properties of sorbents used for the
purpose of the chemical fractionation analysis of elements by means of the SPE
was an integral part of this kind of studies. Since fractions of species of elements
distinguished using SPE were operationally defined, the investigation of sorption
properties of sorbents toward different classes of species of elements was help-
ful in elucidating the distribution of species of elements among different separated
fractions.

Accordingly, solutions of simple ions of elements were commonly used to evaluate
sorption properties of chelating [12, 17–19, 26, 39] and cation-exchange [8, 10, 14–
16, 27–33, 37, 38, 40] resins. These solutions were also used to verify the extent
of species of elements that could eventually be retained by other resins, that is,
anion-exchange resins [19, 27] or adsorbing resins [27–33, 37, 39, 40], overestimating,
respectively, fractions of anionic and hydrophobic species of elements. In a similar
way, solutions of elements with added EDTA were used to verify the sorption be-
havior of anion-exchange resins toward low molecular weight anionic complexes of
elements [15, 16, 26]. Tartaric acid was used for the same purpose [40]. In addition,
solutions of simple ions with added EDTA were used to check sorption properties of
other resins, that is, adsorbents [27, 28], cation exchangers [27, 28] or chelating res-
ins [17, 18], retaining the group of negatively charged low molecular weight spices
of elements. For the same purpose, solutions of simple ions with added citric acid
[29, 31, 33, 37, 38] and tartaric acid [30, 32] were used. All these experiments assured
that given distinguished fractions of species of elements were not overestimated by
other species. Tannic [27–33, 39, 40] and gallic [39, 40] acids were used to bind simple
ions of elements and form their high molecular weight species. For the same pur-
pose, humic acid [7, 17, 18] or 1,10-phenanthroline [40] was used to complex elements,
that is, Al, Cu, Fe, Mn and Zn. Resulting solutions were used to evaluate sorption
properties of adsorbing resins. In addition, they were used to verify the extent of an
eventual retention of polyphenolic-bound species of elements by other resins, that
is, chelating resins [17–19, 39], cation-exchange resins [19, 27–33] or anion-exchange
resins [19].

Desorption properties of sorbents used were studied to maintain conditions of
the quantitative recovery of species of elements retained by certain sorbents. As
can be seen from Tables 10.1 and 10.2, certain species of elements were eluted
using moderately concentrated solutions of mineral acids, that is, HCl at concen-
trations of 0.02 [19], 0.08 [39], 2 [13, 16, 17, 19, 26, 29–38, 40], 3 [18] or 4 mol L–1

[14, 15, 27, 28] and HNO3 at concentrations of 2 [6, 13, 20, 27, 28, 39, 40] and 3 mol
L–1 [21] or 10% [23–25]. Methanol was used to elute species of elements from beds
of hydrophobic sorbents [7, 40]. Finally, the nonelution approach was very popular
[5, 8–12, 22, 26–38].
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10.3 QA and QC of the chemical fractionation analysis by the SPE

Due to the lack of respective CRMs suitable for the fractionation analysis of ele-
ments, the assessment of the reliability of results achieved by using the SPE and other
chromatographic and nonchromatographic separation techniques was difficult. The
quality of results was confirmed undertaking additional experiments and proposing
alternative ways of QA and QC. Accordingly, quite often samples were spiked with
simple ions of elements [8, 11, 14, 17, 18, 20–22, 27, 28], complexes of elements with
humic acid [7, 17] and other ligands, like EDTA [17], or other metallo-organic com-
pounds [20]. Such spiked samples were subjected to fractionation protocols in order to
assess recoveries of added species of elements. In this case, concentrations of added
elements were determined in separated fractions and then sum of these concentra-
tions were related to concentrations of added elements in order to verify the reliability
of the SPE-based procedure. Sometimes, other sorbents were used for the evaluation
of contributions of given fractions of species of elements and results were compared,
that is, a weak cation exchanger Diaion WT01S and a strong cation exchanger Dowex
50W×4 [8], a weak anion exchanger Reillex 402 and an adsorbing resin Amberlite
XAD-7 [27], an adsorbing resin XAD-7 with an adsorbing resin Amberlite XAD-16 [29–
31, 33] or an adsorbing resin Amberlite XAD-2 with an adsorbing resin Amberlite XAD-7
[6]. Finally, in case of dual-column SPE fractionation procedures, resulting effluents
were collected and analyzed (in case of one- or two-column fractions) on the con-
tent of unretained (residual) species of elements. Then, sums of concentrations of
elements in resulting fractions from elution and nonelution approaches were com-
pared to total concentrations of elements in analyzed samples and the information
about the reliability of results was possessed [6, 16, 26, 29, 31–38].

10.4 Conclusions

Unique fractionation patterns of studied elements obtained with SPE-based partition-
ing procedures are a consequence of their speciation in analyzed sample matrices.
Being not aimed at unambiguously distinguishing distinct chemical forms of species
of elements, operationally defined fractions of species of elements provided by, de-
scribed in this chapter, SPE-based protocols bring the very important information
about properties of groups of species of elements in reference to their functions, the
nutritional value, the mobility and the bioavailability. However, a rational and crit-
ical examination of results of the fractionation analysis is significant in this case for
their interpretation and understanding. The knowledge about sorption and desorp-
tion properties of sorbents toward different classes of species of elements, the order of
sorbents in two-column SPE fractionation schemes or the general information about
the composition of analyzed samples and possible interactions of ligands with ions of
elements can substantially help in reasonably assigning separated and distinguished

 EBSCOhost - printed on 2/12/2023 11:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



434 10 Solid-Phase Extraction in Fractionation of Trace Elements

fractions to certain groups of species of elements. Certainly, the information about the
fractionation pattern of given elements in environmental and food samples is more
appropriate to assess their functionality than the total concentration.
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