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Chemical speciation is a very important subject in the environmental protection, toxicology, and chemical analytics due to the fact
that toxicity, availability, and reactivity of trace elements depend on the chemical forms in which these elements occur. Research on
low analyte levels, particularly in complex matrix samples, requires more and more advanced and sophisticated analytical methods
and techniques. The latest trends in this field concern the so-called hyphenated techniques. Arsenic, antimony, chromium, and
(underestimated) thallium attract the closest attention of toxicologists and analysts. The properties of those elements depend on
the oxidation state in which they occur. The aim of the following paper is to answer the question why the speciation analytics is
so important. The paper also provides numerous examples of the hyphenated technique usage (e.g., the LC-ICP-MS application in
the speciation analysis of chromium, antimony, arsenic, or thallium in water and bottom sediment samples). An important issue
addressed is the preparation of environmental samples for speciation analysis.

1. Introduction

The beginning of the 21st century is a time of great chal-
lenges in the analytical chemistry, which also includes the
environmental analytics. Such a situation is mainly related
to the new information on the toxicological properties of
elements, their forms of occurrence, and the necessity to
detect and determine lower and lower analytes levels, which
are very often observed in the complex matrix samples.
Speciation (a term borrowed from biology) describes the
occurrence of various chemical and physical forms of a
given element. The determination of such forms is known as
speciation analytics [1]. Chemical speciation is an important
subject in the environmental protection, toxicological and
analytical research because toxicity, availability, and reactivity
of trace elements depend on the chemical forms in which
such elements occur. Two aspects can be differentiated within
the speciation analytics framework, that is, determiningman-
made substances that are emitted into the environment by
humans and analysing natural compounds formed as a result
of biochemical transformations in the environment or living

organisms. The first group is particularly interesting for
the environmental analysis, whereas the other one concerns
biochemists and ecotoxicologists. The fate and influence of
trace elements are directly related to their chemical forms.
They can occur as free ions, small organometallic formations,
or bigger biomolecules included in the biological systems [1–
5].

Due to the fact that metals and metalloids have a
strong impact on the environment, the methods of their
determination and speciation have received special attention
in recent years. What is more, they have become one of the
most important fields of application in the modern analytical
chemistry. Arsenic, antimony, and thallium are examples of
toxic elements.

Antimony is a very popular element in the environment,
and its trivalent chemical species is about ten times more
toxic as oxidized Sb(V) [6–10]. Another important and
interesting metalloid is arsenic, whose inorganic species are
much more toxic than organic ones [1, 11].

There are also elements that are very important for the
health and life of living organisms.

Hindawi Publishing Corporation
International Journal of Analytical Chemistry
Volume 2015, Article ID 171478, 13 pages
http://dx.doi.org/10.1155/2015/171478

http://dx.doi.org/10.1155/2015/171478


2 International Journal of Analytical Chemistry

Such an element is chromium, which reduced; inorganic
form has amajor role for the functioning of a living organism
[12]. Unfortunately, hexavalent, oxidized chromium form is
carcinogenic and mutagenic for humans. Similarly, thallium
and its compounds are very toxic.

The element is also toxic in the dust form as it oxi-
dizes in the contact with air. Food and respiratory thallium
poisonings are possible. One of the characteristic poisoning
symptoms is hair loss preceded by hair follicle atrophy.
Other signs include digestion disorders, pain, neuropsychi-
atric complications, and cardiovascular system damage. In
the past, thallium salts were often added to rodenticides
[13]. The described elements have complex physical and
chemical characteristics and are of great interest for both
toxicologists and analytical chemists. Among them, arsenic
and its compounds are the best known and described. Less
information on antimony is available while thallium and it
compounds are still the most mysterious and unfamiliar [14].
Unfortunately, the environmental pollution caused by human
activity is still increasing, and hence the supply of metals and
nonmetals is growing.

2. Speciation by Classical Methods or Rather
by Using Hyphenated Techniques

The information obtained from toxicological tests and
research into the influence of the specific chemical species on
living organisms requires continuous lowering of the analyte
detection limits to extremely low concentration levels. Such
knowledge needs the development of the applied analytical
methods. The progress enables the researchers to examine
elements occurring at very low concentration levels and
their chemical species, interactions, transformations, and
functions in the biological systems. Such data is extremely
important to understand the toxicology andmetabolic routes
of toxic elements, such as arsenic (As), antimony (Sb),
chromium (Cr), or thallium (Tl).

Conventional methods are usually labor-intensive, time-
consuming, and susceptible to interferences [15–20]. The
most common tools for trace chemical speciation are the
combination of separation techniques coupled with highly
sensitive detector. In the early days, the separation consisted
of a special off-line sample preparation followed by the
detection step. The evolution and development of nonchro-
matographicmethodologies based on chemical speciation are
still growing because they can offer simple and inexpensive
ways to made speciation, or, at least, for the determination of
specific or toxic forms of trace elements [5]. The following
analytical techniques are used in the thallium analytics:
atomic absorption spectrometry, coulometry, spectropho-
tometry, ICP-MS, laser inducted fluorescence spectrometry,
or differential pulse stripping voltamperometry [1].

The hyphenated techniques, in which separation method
is coupled with multidimensional detectors, have become
useful alternatives. The main advantages of those techniques
consist in extremely low detection and quantification limits,
insignificant interference influence, and high precision and
repeatability of the determinations. Even though speciation
analytics is relatively expensive, it plays an important role

in the following fields: research into biochemical cycles of
selected chemical compounds, determination of the toxicity
and ecotoxicity of selected elements, quality control of food
products and pharmaceuticals, control of technological pro-
cesses, health risk assessment, and clinical analytics

In order to be able to continuously lower the detection
and quantification limits, various separation and detection
methods are combined. Such couplings are known as the
hyphenatedmethods. Effective separation techniques for var-
ious chemical species and appropriate detectors are necessary
to determine individual element forms. Most chromato-
graphic methods, such as liquid chromatography (LC), are
coupled with inductively coupled plasma-mass spectrometry
(ICP-MS). ICP-MS offersmany benefits, such as high element
selectivity, broad linear range, and relatively low limit of
detection (LOD). The basic separation mechanisms in the
high-performance liquid chromatography (HPLC) that are
applied in the environmental speciation analytics encompass
the exclusion process, ion exchange, and chromatography in
the reversed phase system.The use of the inductively coupled
plasma collision cell-quadrupole mass spectrometry (ICP-
CC-QMS), inductively coupled plasma dynamic reaction
cell-quadrupole mass spectrometry (ICP-DRC-QMS) [2],
or inductively coupled plasma-sector field mass spectrom-
etry (ICP-SF-MS) [21–23] decreases the signal background
(caused by molecular interferences) by separating the analyte
signal from the signal of a given molecular ion.

Nonetheless, ICP-MS itself does not allow the researchers
to obtain information on the chemical species of the exam-
ined element as full ionization of molecules in the plasma
does not retain any molecular data. Liquid chromatography
(LC), gas chromatography (GC), and capillary electrophore-
sis (CE) can be coupled with ICP-MS to determine various
chemical species. Importantly, the coupling of CE with ICP-
MS is not as the direct as the couplings with LC or GC.
Coupling LC, GC, or CE (as separation methods) with ICP-
MS opens up opportunities for the speciation analysis of
elements in various samples. LC enables relatively simple
coupling with the ICP spectrometer plasma torch without
anymajormodifications in the standard system of the sample
introduction in the ICP-MS spectrometer. LOD for liq-
uid chromatography-inductively coupled plasma-mass spec-
trometry (LC-ICP-MS) may not be sufficient. Consequently,
ultrasonic or pneumatic nebulizers [24, 25] can be used to
improve LOD. One of the main limitations of LC-ICP-MS is
the application of a suitable eluent. Only a mobile phase with
the appropriate (limited) salt concentration and pH can be
used. Importantly, it is advisable not to use organic solvents.
Chromatographic techniques with the liquid mobile phase
can be used to separate different chemical species, both in
the off-line and on-line modes. When compared to the direct
on-line separation of chemical species, the off-line separation
hasmany disadvantages.The coupling of the isotopic analysis
with the direct chromatographic separation can be performed
with the multicollector-inductively coupled plasma-mass
spectrometry (MC-ICP-MS). The advantages of the liquid
chromatography-multicollector-inductively coupled plasma-
mass spectrometry (LC-MC-ICP-MS) include sensitivity,
selectivity, high ionization efficiency, and the ICP source
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resistance, which enables the coupling of chromatography
and simultaneous monitoring of the relevant isotopes. At
the same time, it provides the high precision of isotope
correlations. Two separation methods are usually applied in
LC-MC-ICP-MS, that is, ion-exchange columns or reversed
phase [26].

3. Why Is Arsenic, Antimony, Chromium, and
Thallium Speciation so Important?

Arsenic, antimony, chromium, and the underestimated thal-
lium attract most interest of toxicologists and analysts. Their
properties depend on the oxidation state in which they occur.

Antimony is common in the natural environment and
comes both from natural processes and human activity. Over
the years, the human activity brought about the significant
increase in its concentration in the environment due to its
applications in the car industry (i.a., as an additive in the
car tyre vulcanization process).The geochemical behaviour of
antimony is similar to that of arsenic and bismuth [6, 27, 28].
Its biological role is not fully recognized, but it is toxic at
a low level (similarly to arsenic). Sb(III) is approximately
10 times more toxic than Sb(V). That is why there is such
an interest in its speciation analysis [8, 9, 28]. Antimony
and its salts mainly affect the central nervous system (CNS)
and blood in the toxic way. They also cause conjunctivitis
and skin inflammation and damage the heart muscle and
liver. The antimony compounds demonstrate mutagenic and
carcinogenic effects [27, 29].

Arsenic is a toxic metalloid that is common in various
biological systems and the environment. The number of its
speciation forms in the environment is still increasing due
to the economic growth. As the industrial pollution has not
been reduced in the recent decades, the arsenic emission
from the industry, steelworks, animal waste, and the dust
from fuel fossil combustion is currently rising. As arsenic is
very mobile, it occurs in all the environment elements. The
toxicity of arsenic itself and its compounds differs. However,
its inorganic chemical species are about 100 times more
toxic than the organic ones. The contact with arsenic can
cause various health effects, such as dermatologic, inhalation,
cardiologic, genetic, genotoxic, or mutagenic lesions [11]. It
accumulates in the keratin-rich tissues, such as hair, skin, or
nails. Arsenic and its inorganic forms can provoke cancers of
the respiratory system or skin. They can also cause multiple
organ cancer lesions.The dominant arsenic effects in humans
are skin and mucous membrane lesions and nerve damage.
Drinking water is one of the most important sources of the
exposure to arsenic.

Themost frequent poisonings are those caused by arsenic
and its compounds. It has been used for approximately 1,000
years as the rodenticide because it is colourless and has
neither taste nor smell. The toxic dose of arsenic is approx-
imately 10–50mg. It is lethal in the acute poisoning when
the level is 70–200mg or 1mg/kg body weight. DMPS (2,3-
Dimercapto-1-propanesulfonic acid) is validated in Germany
as a medicine used in the acute or chronic mercury or
lead poisoning (commercial names in Germany are Dimaval,
oral capsules, and Heyl DMPS that is used for injections).

In the USA, the DMPS application is considered experimen-
tal as the medicine has no approval of its effectiveness and
safety granted by the U.S. Food and Drug Administration
(FDA). Nonetheless, the reports presented in the literature
prove its safety and effectiveness, when compared to other
chelators. There is also a report that states that the oral
application of DMPS is more effective than the injections.
DMPS has been successfully used in the peripheral neuropa-
thy caused by the arsenic poisoning [30].

Chromium is a classic example of an element whose
two chemical species differ significantly in their chemical
and toxicological properties. It is believed that the Cr(III)
compounds have a positive influence on the functioning of
living organisms. They are responsible for the appropriate
glucose metabolism in mammals. They easily undergo com-
plexation with various substances present in the environ-
mental samples. On the other hand, the Cr(VI) compounds
are extremely toxic. Their inhalation causes pneumonia and
asthma, whereas their contact with skin provokes allergies
and dermatoses [29]. The International Agency for Research
on Cancer (IARC) classified the Cr(VI) compounds in the
B-2 group, that is, substances carcinogenic and mutagenic
for humans [31]. The Cr(VI) toxic effect results from its
strong oxidising properties and also from the formation of
free radicals in the reduction of Cr(VI) to Cr(III), which
occurs in the cells. The Cr(VI) compounds are usually more
easily soluble, mobile, and bioavailable, which maximizes
their toxic effect. Even though the modern speciation ana-
lytics methods are developing fast, the standards and legal
regulations still concern the total chromium and not its
particular forms. Cr(VI) is 1,000 times more toxic than
Cr(III), which is related to the fact that it easily penetrates
the cell membrane (impermeable to the reduced chromium
form).This ability results from the fact that the CrO

4

2− ion is
similar to the orthophosphoric and sulphate ions, which are
transported in the appropriate ion channels into the interior
of the cell. When the chromium ions are inside, they can
react with the enzymes responsible for the metabolism of
phosphate and sulphate ions. They can also react with DNA
and RNA and disturb their normal functions. As a result,
such reactions cause anomalies in the cell structure. The
properties of chromium and its compounds and the methods
used for their determination are described in detail in the
study [32]. The literature examples of the Cr(III) and Cr(VI)
ion determinations with the hyphenated methods are given
in [33, 34].

Thallium was discovered by Sir William Crookes in 1861
and, independently, by Claude-Auguste Lamy in 1862. The
element was introduced relatively quickly, that is, in 1880, as
a medicine in the treatment of syphilis and mycosis. It was
also used in depilation. Nonetheless, as thallium is highly
toxic, its use was stopped at the beginning of the 20th century.
Additionally, it has been abolished in pesticides in many
countries in recent years as it was considered too toxic [35]. As
the thallium application in various types of metal alloys has
been increasing since the beginning of the digital revolution,
it seems that the element has been accumulating in various
elements of the environment. It is also used as a catalyst, in
laser devices and in the production of optical fibres and high
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refractive index glass. The element occurs in two oxidation
states, that is, +1 and +3.The Tl(I) compounds are colourless,
and Tl(OH) is a strong and soluble base.The Tl(III) ions exist
in the solution only when pH is close to 0. When it is higher,
Tl(OH)

3
precipitates [21].The inorganic Tl(I) compounds are

far more stable in a water solution with neutral pH than the
Tl(III) compounds. On the other hand, the covalent organic
thallium compounds are only stable for Tl (III). Each ionic
form has different bioavailability and toxic properties. The
Tl(III) cations aremuchmore reactive and toxic than theTl(I)
ones. However, the number of Tl(III) cations is so low that
Tl(I) is believed to be the most bioactive thallium form in the
water environment, particularly for living organisms as it can
replace the K+ ion.Thallium is highly toxic. Its average lethal
dose for humans is 4–60mg/kg.TheTl(III) toxicity is difficult
to define because it is easily reduced in the biological systems
[36]. The recent research has shown that Tl(III) can be even
50,000 times more toxic than Tl(I). Therefore, it is more
toxic than Cd(II), Cu(II), Ni(II), or even Hg(II) [37, 38]. The
Tl(I) salts are easily absorbed through skin and this is how
they normally penetrate living organisms. Food is another
source of thallium and its compounds. For this reason, food
quality monitoring is very important at present. In clinical
analyses, thallium is normally determined in urine, saliva,
tissues, and blood. Balding preceded with the hair follicle
darkening is a characteristic symptom of the thallium poi-
soning. Apart from these, digestion problems, psychological
changes, and damage in the cardiovascular system occur.
In the past, thallium salts were often used in rodenticides.
Thallium is very common in the environment even though
it usually occurs at very low concentration levels. The mean
thallium concentration in the Earth crust is 0.3–0.5mg/kg.
Its content in soils is 0.02–2.8mg/kg and depends on the
geological bedrock composition and pollution. That is why
the thallium contents vary in different countries (Austria,
0.076–0.911mg/kg; China, 0.292–1.172mg/kg; and Germany,
in the vicinity of a lead and zinc mine, 8–27.8mg/kg) [39].

4. Sample Preparation for Analyses

The analyte determination is one of the last stages of the
analytical procedure that includes sampling, sample preser-
vation, transport, storage, preparation for analyses, deter-
mination, and result processing. If the sample is collected,
stored, or prepared for analyses in an inappropriate way,
the most sophisticated analytical method and the most
experienced analyst are not able to provide reliable results.
The sample preparation stage is normally the most laborious
part of the analysis. It is usually the most important source
of errors. The sampling time should be as short as possible,
which can be easily provided for water or bottom sediment
samples. Factors that influence the analyte speciation in the
real samples ought to be taken into account when storing
the samples. For example, the storage of the samples for
antimony determinations is very difficult, because Sb(III)
easily transforms into Sb(V) in the oxidising environment
[40]. To preserve the samples, the researchers often use
chelating reagents, such as the ethylenediaminetetraacetic
acid (EDTA). Studies on the stability of arsenic compounds

in water samples chiefly concern the inorganic forms of this
element, arsenite, and arsenate. There are many pieces of
information about the redox stability of inorganic arsenic.
The authors do not agree on the stability and permanence of
arsenic forms in water, especially at different pH and in the
presence of other substances [41]. 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 oxidation by about
6 days [42].

In the case of thallium, diethylenetriaminepentaacetic
acid (DTPA) (Merck) was used for stabilization of Tl(III) and
sodium dodecyl sulfate (SDS) was used for extraction plant
samples [43]. Other authors provide that river water samples,
after sampling, were transported back to the laboratory and
separation processes were finished within 8 hours of sample
collection [39]. DTPS andHNO

3
were used as extractants for

the determination of Tl(I) and Tl(III) in the sediments of the
Kłodnica River. This extractant was later used as an eluent
during the chromatographic separation [44].

Trace elements can be present in the environmental
samples at the ppb and lower concentration levels. It is often a
great challenge for an analyst to extract the demanded analyte
forms from the samples without changing their oxidation
states. Additionally, sample storage is a very important issue
in the speciation analysis. The environmental samples are
normally frozen or stored in a refrigerator at 4∘C and
without the light access. Importantly, even such routinely
used processes as dilution, changes in pH caused by the
sample preservation, or pressure and temperature changes
can bring about irreversible changes in the primary analyte
form. There are particular difficulties when sampling takes
place under conditions that differ significantly from those
under which the sample is later analysed. The oxidation state
change can occur in both directions due to the oxidation
and reduction. For chromium, it is very unlikely (under
normal conditions) to oxidise to Cr(VI), as Cr(III) oxidation
toCr(VI) takes place under drastic conditions (high tempera-
ture and oxygen presence or strong oxidation agent presence,
such as Mn(IV) in a highly alkaline environment). It is very
important to prevent the Cr(VI) reduction to Cr(III). For
liquid samples (e.g., water samples), sampling, transport, and
storage procedures should be as short as possible. Normally,
the samples are frozen directly after sampling (transport).
Such an action reduces the redox reaction kinetics [45].

Analysts often encounter problems related to the extrac-
tion of the suitable speciation analyte forms from the sample.
It is particularly difficult when the analytes must be extracted
from a complex matrix so that there are no changes in the
oxidation state of a given chemical species. Usually, weak
acids, buffers, or complexing reagents are used to extract
inorganic or organic forms of lowmolecular weight. A proper
extractant should not influence the analyte oxidation state
and should be selected in such a way as to provide the
highest extraction efficiency. The extraction efficiency test is
performed through introducing an additive into the standard
sample or extracting certified reference materials for soils or
bottom sediments. It is assumed that the extraction procedure
is correct, when the relative standard deviation (RSD) is ±5%.
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When the repeatability of results is poorer, there is no process
control [46].

The use HPLC as time-resolved introduction techniques
into the atomic spectrometer establishes some physicochemi-
cal requirements for the analytes.This usuallymakes a sample
preparation procedure that includes the pretreatment of the
sample with some type of reagent to condition the matrix or
leach the species for the extractions step in which the species
are completely isolated from the matrix necessary.

Most living organisms reduce the toxicity of arsenic
and antimony by incorporating them into organometallic
molecules through metabolic pathways [41]. Therefore, spe-
ciation methods have to be capable of extracting these com-
pounds without structural modifications. More ubiquitous
organoarsenic environmental molecules are monomethylar-
sonic acid (MMA), dimethylarsinic acid (DMA), arsenobe-
taine (AsB), and arsenocholine (AsCh) and extraction proce-
dures can be developed to isolate them from matrices. Due
to the stability of methylated arsenic species, they are leached
together with total inorganic arsenic, using warm [47] or cold
[48] concentratedHCl from sediments and biological tissues.
Arsenic chemical species could be leaching using acidic
solvents (pH = 2.3) for As(III) or basic leaching (pH = 11.9)
for As(V), MMA, and DMA. Other weak leaching reagents
such as acetate, citrate, and oxalate buffers selectively leach
As(III) and phosphoric acid efficiently extracts total arsenic
from soils [41]. Phosphate buffer (5mM Na

2
HPO
4
/50mM

NaH
2
PO
4
(pH = 6,0) and ultrasonic bath were used for

extraction of inorganic arsenic species in sediment samples
[49]. As most of the arsenic is usually associated with iron
oxides, a selective extraction method using hydroxylammo-
nium hydrochloride as extractant with special emphasis on
the different arsenic chemical species (As(III), As(V), MMA,
and DMA) in the extract has been performed [50].

5. Application of Chromium, Arsenic,
Antimony, and Thallium Speciation
Analyses in Water Samples

Generally, it is known that the contents of chromium, arsenic,
antimony, and thallium are very low in the uncontaminated
samples. It is necessary to use very sensitive methods, such
as ICP-MS, to determine such low analyte contents [51]. Over
the last two decades, there have been many studies concern-
ing the determinationmethods and occurrence of Cr(III) and
Cr(VI) in the natural environment.The chromium chemistry
is very complex. The concentration of oxidising substances
is another important factor that affects the chromium redox
behaviour. Even though there are a few substances that are
able to oxidise Cr(III), only a few of them have sufficiently
high concentrations that enable the oxidation of Cr(III) to
Cr(VI) in the environment. The situation is different when
compared to the Cr(VI) reduction to Cr(III). In this case, the
concentrations of the reducing substances are high enough
and play the main part even though the reduction is less
thermodynamically privileged. The precipitation and disso-
lution processes also influence the contents of the chromium
chemical species [12].

The research into chromium speciation with hyphenated
techniques is very popular. Bednar et al. [32] examined
various water types (surface, ground, and tap water) with the
anion-exchange AG-11 and AS-11 columns (Dionex) coupled
with the ICP-MS detection. There was also the research
into three water reservoirs (Pławniowice and Goczałkowice
Reservoirs, and Rybnickie Lake) that differed in the anthro-
poressure type. The chromium content in the Pławniowice
reservoir demonstrated variations in the chemical species
concentrations, which depended on the sampling month.
Cr(III) dominated in winter and spring months, whereas
the Cr(VI) dominance was observed in the surface water
in June (probably related to the oxygen content of 135%).
The Cr(III) concentration in the bottom water was the
lowest in July–October period. There was also a strong
correlation between the Cr(VI) concentration and pH in the
bottom water [33]. Cr(III) also dominated the chromium
content in the Goczałkowice reservoir and Rybnickie Lake.
The water research indicated the seasonal variations in the
concentrations of the chromium chemical species. The high
oxygen content and highly reducing conditions were also
responsible for the lack of Cr(VI) in the porous water of the
bottom sediments [34], which were collected from a river
near a tannery.

It is necessary for the hyphenated methods used in the
arsenic speciation analytics (at low concentration levels) to
be both appropriately selective and sensitive. There are many
studies in the literature on the instrumental methods used in
the speciation of 5 arsenic chemical species. Most of them are
based on the chromatographic separation techniques, such as
HPLC [52].

The researchers determined arsenic chemical species in
the Ohio River water samples with the ion-pairing reversed
phase chromatography with inductively coupled plasma-
mass spectrometry (IPRP-ICP-MS) with tetrabutylammo-
nium hydroxide (TBAH) and C-18 column. The obtained
LODs were at the ng/L level [53]. Bednar et al. [54] examined
surface, ground, and even acidic waters from a coalminewith
the hyphenated system of HPLC-ICP-MS. They used various
columns and eluents.

In 1990s, there were many successful studies into the
chromium [55] and arsenic [56, 57] chemical species and
subsequently into the simultaneous determination of the
chromium and arsenic speciation forms [58]. At the begin-
ning, only water samples were examined and the obtained
LODs were at the 𝜇g/L level.

HPLC coupled with a sector mass analyser and ICP-MS
was used for the arsenic speciation in the environmental
samples collected from Moira Lake and the Moira River
(Ontario, Canada) [59]. The researchers proved that the
Moira River water was highly polluted with arsenic, par-
ticularly in summer. The total arsenic content in the river
water exceeded 140mg/L. On the other hand, the arsenic
concentration in the Moira Lake water was 40–50mg/L. The
arsenic speciation proved that As(V) was dominant in the
surface water. The content of the totally dissolved As(III) in
water was approximately 2% of the total content. Such results
are typical for waters with a high oxygen content and fast
flow. Nonetheless, As(III) was dominant in the bottom water.
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The analysis suggests that three processes affect the distribu-
tion of As(III) and As(V) in the water column, that is, diffu-
sion of As(V) from the interstitial waters to the upper layers;
As(III) formation resulting from biological transformations;
and dissolution of the suspension and atmospheric dusts that
contain As(III).

As(V) was also the main arsenic chemical species in
the Kamo and Ichonakawa Rivers (Japan) [60]. The study
indicates similarities between the geochemical behaviour of
arsenic and antimony under the oxygen conditions in the
researched rivers.

The stability of the environmental and biological samples,
and particularly waters, in the speciation analysis largely
depends on the sample matrix. The published data demon-
strates that storing water samples at 5∘C delay the oxidation
of As(III) to As(V), whereas acidification can affect the
changes in the distribution of particular chemical species
in the samples. The performed research clearly shows that
approximately 10% of As(III) oxidizes to As(V) under the
samplematrix effect after 24 hours of the surfacewater sample
storage. After the 3-day storage, 10–90% of As(III) turns into
As(V), which depended on the sample. At the same time,
the research into the Cr(VI) content in the same samples
reveals that its concentration did not change even after 15 days
[61, 62].

The arsenic speciation in the surface and well waters
showed that arsenites and arsenates were the main forms
found in the samples. In the surface waters, both DMA(V)
and AsB were also observed. The presence of the methyl
derivatives is probably related to the occurrence of microor-
ganisms. No methyl derivatives of arsenic were observed in
the well and mineral waters [52].

There are also publications which discuss simultaneous
determinations of the chemical species of various elements.
For example, in the study [61], the authors researched
arsenic speciation forms and Cr(VI) using HPLC-ICP-MS
with the anion-exchange Hamilton PRP-X100 column. The
application of HPLC-ICP-MS in the arsenic speciation for
water samples was described in detail in the study [63].

In China, antimony speciation was performed with
HPLC-ICP-MS to examine water from the biggest antimony
mine in the world. The authors determined Sb(V) and
Sb(III) in the samples. It turned out that the Sb(V) form
was the dominant one. Only trace amounts of Sb(III) were
found [64]. Asaoka et al. [60] obtained similar results. They
examined arsenic and antimony chemical species in the
waters and bottom sediments of the Kamo and Ichinokawa
Rivers (Japan). They observed that Sb(V) was the dominant
speciation form in each water sample. It was probably
dissolved as Sb(OH)

6

−.
Analysts also investigated hot spring water sold as drink-

ing water to determine the contents of the arsenic and
antimony chemical species with HPLC-ICP-MS [65]. The
researchers observed that only inorganic arsenic species, such
as As(III) and As(V), were present in the analysed waters. No
antimony chemical species were found.

In another study, tap water was examined and inorganic
antimony chemical species were determined in the samples.
Sb(V) was the dominant form, while the Sb(III) content

was below LOD [66]. Similarly [67], when tap water was
researched, it was observed that the mean Sb(V) concentra-
tion was 20 ng/L, whereas the Sb(III) and TSbCl

2
contents

were below the method LOD.
Other authors used the complexation reactions to form

stable Sb(III) and Sb(V) complexes, which were afterwards
separated in the HPLC-ICP-MS system with the PRP-X100
column. The obtained low LODs were 0.05𝜇g/L for Sb(III)
and 0.07 𝜇g/L for Sb(V) [68].

Apart from the antimony inorganic chemical species,
trimethylstiboxide (TMSbO) was examined in the surface
water [69]. TMSbO is stable in water and can be reduced
to trimethylantimony (TMSb). It can be formed either in
the bacteriological process (e.g., in the soil) or during
trimethylantimony oxidation in the biomethylation process
of the antimony compounds. Waters polluted due to the
industrial activities and mining processes were investigated.
The researchers found the contents of Sb(V) and Sb(III) at the
levels of 90% and 10%, respectively. No TMSbO was found
in the polluted water samples. Nevertheless, some chro-
matograms showed peaks of the unknown antimony species
that originated from certain stable antimony complexes.

The research into the contents of the arsenic, antimony,
and chromium chemical species is very popular. The same
situation is observed for the analyses of thallium speciation
forms in the environmental samples [70, 71]. The application
of HPLC-ICP-MS enables determining thallium species in
the samples of the sea [72] and surface [14, 44] waters.
The flow injection analysis coupled with atomic absorption
spectrometry (FIA-AAS) is another technique often applied
in the thallium speciation [73]. However, the most popular,
in the case of thallium, are speciation methods of combining
extraction procedures with very sensitive detection tech-
niques [74]. In this study, a simple and novel sequentialmixed
micelle cloud point extraction procedure for the separation
of Tl species in environmental water samples for their
determination by ICP-MS, without using any additional salts
or chelating agents was used.The anionicmixedmicelle com-
prising sodiumdodecyl sulfate (SDS) andTritonX-114 is used
for selective extraction of positive Tl(III), DTPA species into
the surfactant-rich phase. To improve the preconcentration
factor, ultrasound was used for back-extraction of Tl(III).
Other authors studied thallium speciation in river waters,
using Chelex-100 resin and atomic absorption spectroscopy
technique [39].

6. Application of Chromium, Arsenic,
Antimony, and Thallium Speciation
Analyses in Bottom Sediment Samples

The high chromium content in bottom sediments is often
caused by the close vicinity of tanneries, steelworks, or
galvanic shops. The tanning industry is a typical source of
Cr(III), including mainly sulphates [34]. Under the redox
and slightly oxidising conditions, Cr(VI) is reduced to Cr(III)
within the period that ranges between a fewminutes and a few
days. Cr(III) is the chromium chemical species that is most
often adsorbed on bottom sediments. The Cr(VI) adsorption
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is significantly lower than that of Cr(III). It depends on pH
and occurs more easily under acidic conditions.

Jabłońska et al. [33] investigated bottom sediments sam-
pled from the Pławniowice and Goczałkowice Reservoirs
and Rybnickie Lake. In the Pławniowice Reservoir [60], the
bottom sediment analysis indicated high contents of the easily
leached fractions (metals in the porous solution, carbon-
ate, and ion-exchange fractions). The chromium speciation
analysis of the Pławniowice bottom sediment revealed slight
dominance of its reduced form (Cr(III), 56%; Cr(VI), 44%).
In Rybnickie Lake, the high Cr(VI) content was observed in
the bottom sediment, which was most probably related to the
phytoplankton bloom. Phytoplankton is able to accumulate,
i.a., chromium (particularly Cr(VI)), both inside the cell
and on its surface (phytosorbent). The organic matter that
lands on the lake bottom enriches the Rybnickie Lake bottom
sediments with Cr(VI). The chromium speciation analysis in
the easily leached fractions demonstrated significant domi-
nance of the oxidised form, Cr(VI), whose percentage in the
heated water discharge zone and dam zone was 75% and 62%,
respectively.

In the study [69], the authors focused on the sample
preparation methods. They particularly concentrated on the
extraction of the solid samples (including bottom sediments)
for the analysis with HPLC-ICP-MS. The harbour water
and sediments (Baltimore, USA) had low concentrations of
Cr(VI), which was reduced to Cr(III) under the conditions
existing in the harbour. The application of the Brownlee C8
column in the HPLC-ICP-MS system helped to determine
highly saline samples [75].

Inorganic arsenic compounds are the most toxic arsenic
forms that occur naturally in the environment. The arsenate
toxic effect results from the mechanism of oxidative phos-
phorylation uncoupling. The research into the contents of
the arsenic chemical species in Lake Moira, which is one
of the biggest lakes in Canada, indicated the complexity of
the undergoing processes. The total arsenic concentration in
the bottom sediments was determined after acid digestion.
The result was many times higher than the background
value. The arsenic extraction from the bottom sediments
was performed with the mixture of the phosphoric acid
(1mol/L) and ascorbic acid (0.1mol/L). The concentration
of the arsenic species was determined in the HPLC-ICP-SF-
MS system. It was observed that the As(III) concentration
decreased with the increasing depth of the particular bottom
sediment layers. The As(III)/As-complex ratio in the extracts
also indicated the tendency to decrease with the increasing
depth. The highest As(III)/As-complex ratio was obtained in
the surface layer of the Lake Moira bottom sediments. The
authors suggest that As(III) was released from the surface
layer of the bottom sediments in the redox or decomposition
process. Subsequently, it was moved into water through
the bottom sediment/bottom water exchange. The research
points to the complexity of the forming organic species of
arsenic and the necessity to investigate fresh, not dried, and
bottom sediments [59].

In another study, 0.3M phosphoric acid was used as the
extractant of the arsenic chemical species from the bottom

sediment samples that were determined with the HPLC-ICP-
MS system [76].

The research into the bottom sediments of the Godavari
River Estuary (the third biggest river in India) shows that the
increase in the salinity of the water column above the bottom
sediments also affects the arsenic distribution and speciation
in the sediments.The researchers determined the As(III) and
As(V) with the spectrophotometric methods. They also used
sequential extraction procedure proposed by the Community
Bureau of Reference (BCR) [77].

The concentrations of arsenic and antimony in bottom
sediments are often correlated. The research demonstrates
that the Sb(V) content is 60–84% of the total antimony
content. The authors point to the important adsorption
influence on the arsenic and antimony concentrations in
the bottom sediments. They also reveal that the distribution
and migration of arsenic and antimony in the water bottom
sediment system were similar under the oxygen conditions
observed in the river. When taking into consideration the
redox conditions in the river, it is not surprising that As(V)
and Sb(V) forms dominated. The coefficients for arsenic
and antimony in water and bottom sediments were similar
(approximately 4.7 at Eh > 200mV) [59].

The literature does not provide many reports on the
thallium speciation in bottom sediments with HPLC-ICP-
MS [44]. Most investigations concern bottom sediment frac-
tionation [78] and extraction of particular chemical species
[79, 80]. Table 1 presents the application of LC-ICP-MS
techniques in chromium, arsenic, antimony, and thallium
speciation in water and sediment samples.

7. Conclusions

Even though speciation analytics has been rapidly developing
over the last 30 years, it is still a relatively new field of
the analytical chemistry. Its further progress depends on
many factors, such as the new sample preparation methods,
separation and detection techniques, and the availability of
the new certified reference materials. The element speciation
has more and more applications in various scientific areas.
Both the elaboration of the measurement methods and
usage of the research results should be interdisciplinary. The
speciation investigations call for the mutual cooperation of
chemical analysts with biologists and toxicologists [46].

Hyphenatedmethods provide new research opportunities
[102, 103]. Their main advantages are extremely low detec-
tion and quantification limits, insignificant influence of the
interferences in determinations, and very high determina-
tion precision and repeatability. Obviously, they also have
limitations, such as the high price and complexity of the
apparatus. Consequently, they are not normally available
and used in the laboratories. Using hyphenated techniques
requires full understanding of the analytical methodologies
and apparatus operations. The systems are expensive and
are used for scientific studies rather than routine analyses.
Nonetheless, the development of these methods is becoming
more and more important, which is corroborated by the
growing number of applications and studies [104].
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w analizie specjacyjnej,” in Specjacja Chemiczna, Problemy i
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and J.-P. Barthélemy, “Speciation of five arsenic species (arsen-
ite, arsenate, MMAA𝑉, DMAA𝑉 and AsBet) in different kind of
water by HPLC-ICP-MS,” Chemosphere, vol. 66, no. 4, pp. 738–
745, 2007.

[53] S. Afton, K. Kubachka, B. Catron, and J. A. Caruso, “Simul-
taneous characterization of selenium and arsenic analytes via
ion-pairing reversed phase chromatography with inductively
coupled plasma and electrospray ionization ion trap mass
spectrometry for detection: applications to river water, plant
extract and urine matrices,” Journal of Chromatography A, vol.
1208, no. 1-2, pp. 156–163, 2008.

[54] A. J. Bednar, J. R. Garbarino, M. R. Burkhardt, J. F. Ranville, and
T. R. Wildeman, “Field and laboratory arsenic speciation
methods and their application to natural-water analysis,”Water
Research, vol. 38, no. 2, pp. 355–364, 2004.

[55] M. Pantsar-Kallio and P. K. G. Manninen, “Speciation of
chromium in waste waters by coupled column ion chromatog-
raphy-inductively coupled plasma mass spectrometry,” Journal
of Chromatography A, vol. 750, no. 1-2, pp. 89–95, 1996.

[56] P. Teräsahde,M. Pantsar-Kallio, and P. K. G.Manninen, “Simul-
taneous determination of arsenic species by ion chromatog-
raphy-inductively coupled plasma mass spectrometry,” Journal
of Chromatography A, vol. 750, no. 1-2, pp. 83–88, 1996.

[57] M. Moldovan, M. M. Gómez, M. A. Palacios, and C. Cámara,
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