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Abstract

In view of the specific properties of mercury and its capability of forming compounds
that can be bioaccumulated and biomagnified at successive levels of the trophic pyramid, it
has become necessary to gather detailed information on the sources of emission of this
element into the environment and its fate there. Moreover, the increasing awareness of the
relationship between the toxicity of mercury and its chemical form has sharpened interest in
the identification of its various forms in environmental samples. Investigating the speciation
of mercury has therefore become of major importance with respect not only to determining its
biogeochemical cycle but also to assessing the scale of this analytical challenge, given the
need to design the appropriate analytical methodologies and reference materials that will

constitute the tools for obtaining reliable analytical information.
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1. Introduction

Experts from many different organizations, including the U.S. Environmental
Protection Agency (EPA), regard mercury as one of the most toxic elements [1]. The toxicity,
biochemical properties and environmental cycle of mercury depend on its concentration and
the chemical form in which it is present [2-6].

Every form of mercury can undergo transformation in the environment [7]. The

formation of organomercury compounds as a result of naturally occurring processes is
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particularly dangerous, since the organic compounds of mercury are usually more toxic than

its inorganic ones [8]. The most common organic form of mercury — methylmercury (MeHg)

— is a strong neurotoxin that can be bioaccumulated, and its stability in organisms and the

environment affects human health and growth as well as nature in general [1,9]. Table 1 lists

information on the chemical forms of mercury that most frequently occur in different

compartments of the environment.

Mercury can enter the environment naturally and as a result of human actions.

Anthropogenic emissions include:

the combustion of fossil fuels and the heating of other materials containing mercury,
gold mining,

the roasting of sulfide ores,

the production of paper, drugs and the chloralkali process,

agriculture [1,12-15].

The most important natural sources of mercury emissions are:

volcanic eruptions,
forest fires,
weathering of rocks,

tectonic movements and their associated degassing of the Earth’s crust [16-19].

In the environment mercury is subject to numerous processes and transformations,

such as:

dry and wet deposition (in this way mercury gets into water bodies and ground
waters),

sorption/desorption,

re-emission into the atmosphere of elemental mercury and/or its volatile forms,
biomethylation/demethylation,

bioaccumulation by fauna and flora,

biomagnification [20].

Figure 1 illustrates the mercury cycle in diagrammatic form.
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The processes that are of the greatest significance as far as the toxicity of mercury and
the effect of this element on human and animal health is concerned are its biomethylation and

bioaccumulation.

2. Methylation

In view of the mercury cycle in nature and the transformations of the element in the
environment, it is aquatic ecosystems (oceans, seas, lakes, rivers and bottom sediments) that
are the most susceptible to MeHg contamination [21] since practically all forms of mercury
can be converted into methylmercury as a result of natural processes [1, 10, 22, 23]. Certain
groups of organisms are responsible for this process, e.g. fungi [24], macroalgae and bacteria
participating in the ethylation of mercury (sulfate reduction), which mostly form MeHg under
anaerobic conditions in the upper layers of bottom sediments (in the top 2 cm of the
sediments, where microbiological activity is at its highest [25-34]. But because
methylmercury is:

e readily assimilated,
e only slowly eliminated from the body [35],
e and has lipophilic properties,
it makes up from ca 60 to 90% of the total content of mercury in living organisms [36].
The rate and degree of methylation of mercury (II) ions in waters and bottom
sediments depends on such factors as:
e the form of mercury,
e the methylation agent,
e the chemical composition of the sediment,
e the quantity of oxygen available in the sediment,
e the pH of the sediment [1].
The major factors capable of retarding the biological synthesis of methylmercury are:
e the difficulty of carrying out methylation reactions in water,
e the possible decomposition of organomercury compounds by solar UV light [1, 37].

Methylmercury can pass from sediment and water to the tissues of aquatic organisms
[38], where they may be bioaccumulated and biomagnified [39]. It is for this reason that
maximum permissible levels of mercury and methylmercury in food have been defined. Such

levels have been established by, inter alia, the US Food and Drug Administration (FDA),
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which has stipulated a maximum level of methylmercury in fish tissue of 1 mg/kg wet weight

[40].

3. Bioaccumulation

The bioaccumulation of methylmercury takes place up the aquatic food pyramid: sea
water — phytoplankton — zooplankton — small herbivorous fish — large predatory fish — marine
mammals [41]. Every organism from a given level in the trophic pyramid contains a higher
concentration of methylmercury than organisms from lower levels, with the result that very
much higher concentrations are reached in animals at the top of the pyramid in comparison
with the initial concentration in water, bottom sediment or soil [42-46].

The methylmercury content in soil samples is not normally very high. But there may
be from 0.5 to 1.5% methylmercury in the total soil content of mercury [19]. Mercury
accumulates mostly in the upper layers of the soil because of its very strong affinity for the
organic substances and certain minerals in the soil [47], which means that the bioavailability
of mercury in soil is low [48].

In aquatic ecosystems both inorganic and organic forms of mercury tend to accumulate
in bottom sediments. Since some sediment organisms participate in the conversion of mercury
compounds into methylmercury, levels of this toxic compound in sediments are usually higher
than in the soil [49] or in the water itself.

Dangerously high levels of organic mercury have been found in the tissues of fish, and
in fish-feeding aquatic and terrestrial birds and mammals. In fish tissue much of this organic
mercury is the toxic methylmercury. The most significant factors affecting the degree of
MeHg bioaccumulation in fish are the size of the fish and/or its fat content, the protein affinity
mechanism [50], and the dissolved oxygen content in the waters that the fish inhabit. In
favorable conditions fish can accumulate considerable amounts of methylmercury. Fish are a
significant link in the biological circulation of organic mercury compounds in nature because
they are not only a basic item in the diet of many aquatic organisms, they are also consumed
by humans [51-55].

Figure 2 provides information on levels of total mercury and the percentage of
methylmercury in samples of organisms making up a typical food pyramid in an aquatic
ecosystem.

Marine mammals have the most diversified diet as they are at the top of the food

pyramid. Mercury levels are high, particularly in the liver [56-59]. Studies to determine the
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toxic forms of mercury in tissues of marine mammals found that the liver contained far higher
levels of mercury than the kidneys [27, 60-62]. This is connected with the storage and
transformation of toxic forms of mercury in the liver [45]. The results of various studies
indicate that organic forms of mercury, and methylmercury in particular, are converted to less
toxic forms, e.g. HgSe, in the livers of marine mammals [45, 63]. The liver is the organ where
metals accumulate, where they are detoxified and where metabolic processes involving metals
take place.

Environmental contamination by organomercury compounds is not a problem solely of
aquatic ecosystems: it can also affect terrestrial ecosystems, especially animals at the upper

levels of the trophic pyramid [10, 64, 65].

4. The harmful action of organomercury compounds

In the various compartments of the environment mercury is subject to transformation,
and contact with any form of mercury has toxic effects. In the case of organomercury
compounds, poisoning results mostly from the consumption of toxic methylmercury or other
compounds together with food. Particularly dangerous are methylmercury and ethylmercury,
which are almost entirely absorbed in the digestive tract [6, 8, 15, 50, 66], readily crossing
biological barriers such as the blood-brain barrier, and also the placental barrier, accumulating
in the fetus and maternal milk [67-70]. Even though ethylmercury is less toxic than
methylmercury, both compounds elicit similar symptoms [71, 72]. Exposure to organic
compounds of mercury, methylmercury in particular, in the prenatal period or directly after
birth (these compounds are consumed with the mother’s milk) affects early childhood
development . Figure 3 illustrates the circulation of methylmercury in the mother’s body and
the fetus.

Following exposure to methylmercury, its metabolites (forming as a result of
demethylation in the liver) are excreted in the urine and the stool, but only to a slight extent,
because methylmercury is subject to hepato-intestinal recirculation [15].

Because of its strong affinity for sulfur, and hence for sulthydryl groups,
methylmercury reacts with proteins and enzymes causing dysfunction of organs, blockage of
enzyme binding sites and protein synthesis, impedes thymidine incorporation into DNA [74]
and has an extremely harmful influence on the entire central nervous system of humans and

other organisms [23, 75]. That is why methylmercury accumulates to a far greater extent in
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tissues rich in the sulfhydryl groups of amino acids than, for example, in fatty tissue [23].
Moreover, short-chain compounds like methylmercury or ethylmercury readily penetrate red
blood cells, where they bind to hemoglobin. This is the reason why methylmercury, unlike the
inorganic forms of mercury, accumulates in erythrocytes [8].

A less often encountered but more toxic form of mercury — consumption of just 15-20
microliters is lethal — is dimethylmercury (DMM). The physical properties, along with its
lipophilicity (stronger than that of MMM), which is due to the presence of the second alkyl
group, mean that DMM is rapidly absorbed through the skin, lungs and digestive tract and is
accumulated in the fatty tissue, blood serum proteins and the brain.

Once DMM gets into the body, it is first converted into the monomethyl form and is
transported to the blood and tissues.

Therefore, the toxic effects of DMM are associated with its dealkylation, and all are
exactly the same as those of MMM exposure. Methylmercury reacts with sulfur and the
sulfur-containing thiol groups of enzymes, thereby inhibiting their action.

The other organic compounds of mercury are rarely encountered and are rarely
investigated by analysts engaged in environmental studies. Table 2 provides information on
the toxic effects of some organic forms of mercury.

The toxic effects of inorganic mercury have been known since antiquity [15]. But the
first information on mortality that turned out to have been caused by mercury poisoning was
published in the 19" century. Later reports on the poising of humans by organomercury
compounds have come from many parts of the world. But most cases of disease or the adverse
effects of organomercury compounds on humans have been recorded in Asia [1]. Table 3 lists
information on the most important events associated with poisoning by organic compounds of

mercury.

5. The content of organomercury compounds in environmental samples.

The most important factor governing the level of organomercury compounds in the tissues
of an animal appears to be the diet [45, 85, 86]. Hence, the type and variety of food consumed
is intimately connected with the level of mercury in the tissues and organs of organisms.
Table 4 lists literature information on levels of organomercury compounds in samples of

water, sediments and the tissues of animals at different levels of the trophic pyramid.


http://mostwiedzy.pl

A\ MOST

6. Speciation of mercury

Human activities release into the environment large quantities of mercury, which can
take on highly toxic forms. In view of the fact that the toxicity, mobility, bioavailability and
bioaccumulation of mercury depends on its chemical form, it is necessary to determine the
individual forms of mercury and not the total concentration of the metal in environmental
samples. This type of determination is possible with the application of speciation analysis [1,
113].

Speciation as a field of research made its appearance in the 1970s at a time coinciding
with the development of numerous analytical procedures and techniques, which enabled the
quantitative determination of elements in amounts of the order of 10 % - 1077 %.

Contemporary speciation analysis focuses primarily on biologically active elements. It
is used to establish the metabolism and biological activity of different elements in living
organisms. It is also applied in food chemistry, pharmacy, biology, toxicology and
environmental studies, and even in studies of historical monuments.

Obtaining reliable measurements of the content of organomercury compounds in
environmental samples requires the application of analytical procedures consisting of the
following steps:

1. extraction of organic forms of mercury from samples (soil, sediment, living

organisms) in such a way as to prevent degradation and chemical changes that could
alter the original composition of the compounds in the sample; it should also fulfill the
basic requirements of trace analysis with respect to analyte loss and possible sample
contamination [1];

2. preconcentration of analytes, as a result of which the concentration ratio or the
quantities of the microconstituents (trace constituents) and macroconstituents (matrix)
increase in such a manner that it becomes possible to obtain values below the limit of
detection of the chosen determination technique [1, 114];

3. isolation of the various forms of mercury in such a way as not to change the
concentration of the individual compounds in the sample [1];

4. determination of each of the earlier isolated forms of mercury [1].
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7. Extraction

The extraction of the various forms of mercury is regarded as one of the most
important stages in speciation analysis. Depending on the type and form of the sample, liquid-
liquid and liquid-solid extraction are used for preparing samples for speciation.

Extraction should be efficient and effective and, above all, should not alter in any way
the forms of mercury present in the sample and should not promote the formation of new
compounds in the sample [5, 115]. It does happen, however, that the accuracy of the final
results may deteriorate as a result of the formation of methylmercury from inorganic forms of
mercury during extraction with a solution of an acid or base [5, 116, 117] or transformations
of forms of mercury among themselves [3, 118, 119]. When choosing a suitable extraction
technique or extractant, one should be guided by:

v' the chemical properties of the analyte,

v" the chemical form of the analyte,

v" the matrix composition of the sample,

v’ the technique for determining the analyte.

To improve the efficacy of extraction some form of assistance is increasingly being
applied, for example, with:

v’ ultrasound (UAE) )[50, 115, 120],
v’ elevated pressure (PFE),
v' microwave radiation (MAE) [121-125]
Figure 4 illustrates a scheme for the preliminary preparation of samples prior to the

determination of the various forms of mercury [126].

8. The conversion of analytes into volatile derivatives

All types of environmental samples are highly complicated research materials because
of their complex matrix composition, the diversity of compounds in the sample and the range
of analyte concentrations. Despite the application of many different extraction techniques, the
determination of some substances in unchanged form in environmental samples is impossible.
In such cases, therefore, derivatization has to be resorted to, that is, the analyte is converted
into derivatives that have properties enabling them to be determined with a particular
analytical technique. Derivatization is very often used to isolate various forms of mercury

from a sample or to pre-concentrate an analyte, in that mercury’s ability to form vapors when

8
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reacting with a reducing agent is made use of. It is often the case that the conversion of

mercury into volatile derivatives is preceded by isolation using gas chromatography.

Mercury compounds are usually derivatized using one of three reactions:

1.

<

Reaction with a reducing agent — sodium borohydride (NaBH4). This type of reaction

preserves the mercury-carbon bond in the target molecule. The reaction with NaBHj is
easy to carry out (it takes place in an aqueous medium), but determining mercury
compounds after such a reaction may be troublesome because of the instability of the
derivatives formed and the possibility of disproportionation [140,141].

Alkylation. This requires less time and effort than derivatization with Grignard
reagents because there is no need to change the solvents. Moreover, this method is
neutral vis-a-vis most reagents, which caused problems during the formation of
hydrides, i.e. the presence of metal ions, proteins, fats or humus substances; it can
therefore be used for analyzing samples of diverse provenance, including biological
ones [G32]. A particular advantage of alkylation is that extraction and derivatization
can be performed simultaneously, which considerably shortens the sample preparation
time. But there are also drawbacks to this method, the principal one being the small
number of commercially available derivatizing reagents. The three main alkylating
reagents are:

Sodium tetraethyl borate,

Sodium tetraphenyl borate,

Tetrabutylammonium tetrabutyl borate.

NaBEts is universally used for the speciation of organometallic compounds, but it is of
no use for derivatizing inorganic compounds of mercury or ethylmercury, since both
forms produce the same compound, HgEt,. These two forms of mercury can be
distinguished if sodium phenyl borate is used — this reacts only with mercury

derivatives [142-147].

Reaction with Grignard reagents [142,148,149] (alkylmagnesium halides, e.g. methyl,

ethyl, propyl, butyl, pentyl, hexyl, or also phenylmagnesium chlorides or bromides). A
serious problem limiting the use of such reactions for derivatization is the need to
perform them in an anhydrous environment, which is time-consuming and labor-
intensive. Prior to derivatization, extracts have to be dried and/or transferred to
another solvent, and after derivatization the excess Grignard reagent has to be

removed.
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Since the conversion of an analyte into volatile derivatives may be source of numerous errors,

this step is avoided during speciation analysis if at all possible.

9. Techniques for isolating and detecting analytes

Since biological samples have a very complex composition and the organic forms of
mercury are present in them at very low levels, selective isolation techniques with sensitive
and targeted detection methods are needed. Known as conjugated, hybrid or linked systems,
such combinations offer a substantial improvement in sensitivity, and the time of analysis is
far shorter [113].

The choice of isolation technique is connected with the physicochemical properties of
the target analyte. The most commonly used isolation techniques in speciation analysis are
gas chromatography (GC), high-performance liquid chromatography (HPLC) and capillary
electrophoresis (CE). Table 5 lists basic information on the techniques used with
environmental samples for detecting and determining various speciation forms of mercury in
them. Just as the sample preparation technique depends on the type of matrix in which the
target analytes are present, so the choice of isolation technique depends on the
physicochemical properties of these analytes, i.e. volatility, charge, polarity. This is why GC
is used to isolate volatile, thermally stable and neutral compounds (or those that can be
converted into volatile and stable derivatives), whereas HPLC 1is suitable for isolating the
remaining compounds.

In view of the wide variety of environmental and biological samples, not to mention
the plethora of analytical techniques, procedures should be selected that enable the lowest
possible levels of organomercury compounds to be determined. Table 6 lists basic information

on the analytical procedures used in speciation studies of mercury in environmental samples.

10. Summary

The hazards arising out of the presence of mercury and its compounds in the
environment, especially in aquatic ecosystems, make it necessary to understand the
transformation pathways of these compounds and to monitor the contents of organomercury
compounds in the tissues of organisms at all levels of the trophic pyramid. The possibility that

organic forms of mercury can get into the human body with food is a serious threat because
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these compounds are highly toxic. Many cases — some fatal — have been reported of disease
among both adults and children following their exposure to organomercury compounds. That
is why it is so crucial to monitor levels of organomercury compounds in samples of water,
sediments and tissues from all levels of the trophic pyramid using the tool of speciation

analysis.

ACKNOWLEDGEMENT
This work was financially supported by the Foundation for Polish Science (MISTRZ

program.

REFERENCES

[1] Sanchez Uria J.E., Sanz-Medel A., Inorganic and methylmercury speciation in

environmental samples: Review, Talanta 47, 509, 1998

[2] Selin N.E., Global Biogeochemical Cycling of Mercury: A Review, Annu. Rev. Environ.
Resour. 34,43, 2009

[3] Leermakers M., Baeyens W., Quevauviller P., Horvat M., Mercury in environmental

samples: speciation, artifacts and validation, Trends Anal. Chem. 24, 383, 2005

[4] Peixoto N.C., Serafim M.A., Flores E.M.M., Bebianno M.J., Pereira M.E.,
Metallothionein, zinc, and mercury levels in tissues of young rats exposed to zinc and

subsequently to mercury, Life Sci. §1, 1264, 2007

[5] Lopez 1., Cuello S., Camara C., Madrid Y., Approach for rapid extraction and speciation
of mercury using a microtip ultrasonic probe followed by LC-ICP-MS, Talanta 82, 594, 2010

[6] Duarte F.A., Bizzi C.A., Goldschmidt Antes F., Dressler V.L., de Moraes Flores E.M.,
Organic, inorganic and total mercury determination in fish by chemical vapor generation with
collection on a gold gauze and electrothermal atomic absorption spektrometry, Spectrochim.

Acta Part B 64,513, 2009

11


http://mostwiedzy.pl

A\ MOST

[7] Houserova P., Kuban V., Kra¢mar S., Sitko J., Total mercury and mercury species in birds

and fish in an aquatic ecosystem in the Czech Republic, Environ. Pollut. 145, 185, 2007

[8] Graeme K.A., Pollack C.V., Heavy metal toxicity, part I: arsenic and mercury, J. Emerg.
Med. 16, 45, 1998

[9] Dresslera V.L., Goldschmidt Antes F., Marques Moreira C., Pozebon D., Duarte F.A., As,
Hg, I, Sb, Se and Sn speciation in body fluids and biological tissues using hyphenated-ICP-
MS techniques: A review, Int. J. Mass Spectrom. 307, 149, 2011

[10] FuJ., Wang Y., Zhou Q., Jiang G., Trophic transfer of mercury and methylmercury in an
aquatic ecosystem impacted by municipal sewage effluents in Beijing, China, J. Environ. Sci.

22,1189, 2010

[11] Vezér T., Papp A., Kurunczi A., Parducz A., Naray M., Nagymajtényi L., Behavioral
and neurotoxic effects seen during and after subchronic exposure of rats to organic mercury,

Environ. Toxicol. Pharmacol. 19, 785, 2005

[12] Magos L., Review on the toxicity of ethylmercury, including its presence as a

preservative in biological and pharmaceutical products. J. Appl. Toxicol. 21, 1, 2001

[13] Clarkson T.W., The three modern faces of mercury, Environ. Health Perspect. 110, 11,
2002

[14] Morel F.M.M., Kraepiel A.M.L., Amyot M., The chemical cycle and bioaccumulation of
mercury, Annu. Rev. Ecol. Syst. 29, 543, 1998

[15] Ceccatelli S., Daré E., Moors M., Methylmercury-induced neurotoxicity and apoptosis,
Chem. Biol. Interact. 188, 301, 2010

[16] Schroeder W.H., Munthe J., Atmospheric mercury - an overview, Atmos. Environ. 32,

809, 1997

[17] Pacyna E.G., Pacyna J.M., Steenhuisen F., Wilson S.J., Global anthropogenic mercury
emission inventory for 2000, Atmos. Environ. 40, 4048, 2006

12


http://mostwiedzy.pl

A\ MOST

[18] Swain E.B., Jakus P., Rice G., Lupi F., Maxson P.A., Pacyna J.M., Penn A., Spiegel S.J.,

Veiga M.M., Socioeconomic consequences of mercury use and pollution, Ambio 36, 46, 2007

[19] Rieder S.R., Brunner 1., Horvat M., Jacobs A., Frey B., Accumulation of mercury and
methylmercury by mushrooms and earthworms from forest soils, Environ. Pollut. 159, 2861,

2011

[20] Margetinova J., Houserova — Pelcova P., Kuban V., Speciation analysis of mercury in
sediments, zoobenthos and river water samples by high-performance liquid chromatography
hyphenated to atomic fluorescence spectrometry following preconcentration by solid phase

extraction, Anal. Chim. Acta 615, 115, 2008

[21] Fitzgerald W.F., Lamborg C.H., Hammerschmidt C.R., Marine biogeochemical cycling
of mercury, Chem. Rev. 107, 641, 2007

[22] Yang L., Mester Z., Sturgeon R.E., Determination of methylmercury in fish tissues by
isotope dilution SPME-GC-ICP-MS, J. Anal. At. Spectrom. 18,431, 2003

[23] Vereda Alonso E., Siles Cordero M.T., Garcia de Torres A., Cafiada Rudner P., Cano
Pavon J.M., Mercury speciation in sea food by flow injection cold vapor atomic absorption

spectrometry using selective solid phase extraction, Talanta 77, 53, 2008

[24] Vonk J.W., Sijpesteijn A.K., Studies on the methylation of mercuric chloride by pure

cultures of bacteria and fungi, Antonie van Leeuwenhoek 39, 505, 1973

[25] Ullrich S.M., Ilyushchenko M.A., Uskov G.A., Tanton T.W., Mercury distribution and
transport in a contaminated river system in Kazakhstan and associated impacts on aquatic

biota, Appl. Geochem. 22,2706, 2007

[26] Benoit J.M., Gilmour C.C., Mason R.P., Riedel G.S., Riedel G.F., The sources and
cycling of mercury in the Patuxent estuary, Biogeochemistry 40, 249, 1998

[27] Hajeb P., Jinap S., Ahmad I., Biomagnifications of mercury and methylmercury in tuna

and mackerel, Environ. Monit. Assess. 171, 205,2010

13


http://mostwiedzy.pl

A\ MOST

[28] Mason R.P., Lawrence A.L., Concentration, distribution, and bioavailability of mercury
and methylmercury in sediments of Baltimore Harbor and Chesapeake Bay, Maryland, USA,
Environ. Toxicol. Chem. 18, 2438, 1999

[29] Monson B.A., Brezonik P.L., Seasonal patterns of mercury species in water and plankton

from softwater lakes in Northeastern Minnesota, Biogeochemistry 40, 147, 1998

[30] Gilmour C.C., Henry E.A., Mitchell R., Sulfate stimulation of mercury methylation in
freshwater sediments, Environ. Sci. Technol. 26, 2281, 1992

[31] Matilainen T., Involvement of bacteria in methylmercury formation in anaerobic lake

waters, Water Air Soil Pollut. 80, 757, 1995

[32] St. Louis V.L., Rudd JJW.M., Kelly C.A., Beatly K.G., Flett R.J., Roulet N.T.,
Production and loss of methylmercury and loss of total mercury from boreal forest catchments

containing different types of wetlands, Environ. Sci. Technol. 30,2719, 1996

[33] Holloway J.M., Goldhaber M.B., Scow K.M., Drenovsky R.E., Spatial and seasonal
variations in mercury methylation and microbial community structure in a historic mercury

mining area, Yolo County, California, Chemical Geology 267, 85, 2009

[34] Merritt K.A., Amirbahman A., Mercury methylation dynamics in estuarine and coastal

marine environments — A critical review, Earth Sci. Rev. 96, 54, 2009

[35] Ebdon L., Foulkers M.E., Le Roux S., Muifioz-Olivas R., Cold vapour atomic
fluorescence  spectrometry and gas chromatography-pyrolysis-atomic  fluorescence
spectrometry for routine determination of total and organometallic mercury in food samples,

Analyst 127, 1108, 2002

[36] Endo T., Haraguchi K., Sakata M., Mercury and selenium concentrations in the internal
organs of toothed whales and dolphins marketed for human consumption in Japan, Sci. Total

Environ. 300, 15,2002

14


http://mostwiedzy.pl

A\ MOST

[37] Suda I., Sudal M., Hirayama K., Degradation of methyl and ethyl mercury by singlet
oxygen generated from sea water exposed to sunlight or ultraviolet light, Arch. Toxicol. 67,

365, 1993

[38] Clarkson T.W., Magos L., The toxicology of mercury and its chemical compounds, Crit.
Rev. Toxicol. 36, 609, 2006

[39] Lawrence A.L., Mc Aloon K.M., Mason R.P., Mayer L.M., Intestinal solubilization of
particle associated organic and inorganic mercury as a measure of bioavailability to benthic

invertebrates, Environ. Sci. Technol. 33, 1871, 1999

[40] Havarinasab S., Hulman P., Organic mercury compounds and autoimmunity,

Autoimmunity Reviews 4,270, 2005

[41] Ando T., Yamamoto M., Tomiyasu T., Hashimoto J., Miura T., Nakano A., Akiba S.,
Bioaccumulation of mercury in a vestimentiferan worm living in Kagoshima Bay, Japan,

Chemosphere 49, 477, 2002

[42] Dovydaitis T., Fish Consumption During Pregnancy: An Overview of the Risks and
Benefits, Journal of Midwifery & Women’s Health 53, 325, 2008

[43] Kunito T., Nakamura S., Ikemoto T., Anan Y., Kubota R., Tanabe S., Rosas F.C.W.,
Fillmann G., Readman J.W., Concentration and subcellular distribution of trace elements in
liver of small cetaceans incidentally caught along the Brazilian coast, Mar. Pollut. Bull. 49,

574, 2004

[44] Feroci G., Badiello R., Fini A., Interactions between different selenium compounds and

zinc, cadmium and mercury, J. Trace Elem. Med. Biol. 18, 227, 2005
[45] Seixas T.G., Kehrig H.A., Costa M., Fillmann G., Di Beneditto A.P.M., Secchi E.R.,

Souza C.M.M., Malm O., Moreira 1., Total mercury, organic mercury and selenium in liver

and kidney of a South American coastal dolphin, Environ. Pollut. 154, 98, 2008

15


http://mostwiedzy.pl

A\ MOST

[46] Wang Q., Kim D., Dionysiou D.D., Sorial G.A., Timberlake D., Sources and remediation
for mercury contamination in aquatic systems - literature review, Environ. Pollut. 131, 323,

2004

[47] Ravichandran M., Interactions between mercury and dissolved matter - a review,

Chemosphere 55,319, 2004

[48] Tipping E., Lofts S., Hooper H., Frey B., Spurgeon D., Svendsen C., Critical limits for
Hg (IT) in soils, derived from chronic toxicity data, Environ. Pollut. 158, 2465, 2010

[49] Baratkiewicz D., Gramowska H., Specjacja metylorteci i rtgci nieorganicznej w wodzie 1
osadzie jeziora Swarzeckiego (in polish), In: Specjacja Chemiczna, Baratkiewicz D., Bulska

E., 60,2009

[50] Lopez 1., Cuello S., Camara C., Madrid Y., Approach for rapid extraction and speciation
of mercury using a microtip ultrasonic probe followed by LC-ICP-MS, Talanta 82, 594, 2010

[51] Wu Y., Wang W.X., Accumulation, subcellular distribution and toxicity of inorganic

mercury and methylmercury in marine phytoplankton, Environ. Pollut. 159, 3097, 2011

[52] Guallar E., Sanz-Gallardo M.I., Van’t Veer P., Bode P., Aro A., Gomez-Aracena J., Kark
J.D., Riemersma A.R., Martin-Moreno J.M., Frans J.K., Mercury, fish oil, and the risk of
myocardial infarction, N. Engl. J. Med. 347, 1747, 2002

[53] Rissanen T., Voutilainen S., Nyyssonen K., Lakka T.A., Salonen J.T., Fish oil-derived
fatty acids, docosahexaenoic acid and docosapentanoic acid, and the risk of acute coronary

events, Circulation 102, 2677, 2000

[54] Lucotte M., Mucci A., Hillaire-Marcel C., Pichet P., Grondin A., Anthropogenic mercury
enrichment in remote lakes of northern Québec (Canada), Water Air Soil Pollut. 80, 467, 1995

[55] Tremblay A., Lucotte M., Schetagne R., Total mercury and methylmercury accumulation
in zooplankton of hydroelectric reservoirs in northern Québec (Canada), Sci. Total Environ.

213,307, 1998

16


http://mostwiedzy.pl

A\ MOST

[56] Holsbeek L., Siebert U., Joiris C.R., Heavy metals in dolphins stranded on the French
Atlantic coast, Sci. Total Environ. 217,241, 1998

[57] Meador J.P., Ernest D., Hohn A.A., Tilbury K., Gorzelany J., Worthy G., Stein J.E.,
Comparison of elements in bottlenose dolphins stranded on the beaches of Texas and Florida

in the gulf of Mexico over a one-year period, Arch. Environ. Contam. Toxicol. 36, 87, 1999

[58] Zhou J.L., Salvador S.M., Liu Y.P., Sequerira M., Heavy metals in the tissue of common
dolphins (Delphinus delphis) stranded on the Portuguese coast, Sci. Total Environ. 273, 61,
2001

[59] Endo T., Haraguchi K., Cipriano F., Simmonds M.P., Hotta Y., Sakata M.,
Contamination by mercury and cadmium in the cetacean products from Japanese market,

Chemosphere 54, 1653, 2004

[60] Gerpe M.S., Rodriguez D.H., Moreno V.J., Bastida R.O., Moreno J.A.E., Accumulation
of heavy metals in the Franciscana (Pontoporia blainvillei) from Buenos Aires Province,

Argentina, Lat. Am. J. Aquat. Mamm. 1,95, 2002

[61] Lailson-Brito J., Azeredo M.A.A., Malm O., Ramos R.A., Di Beneditto A.P.,
Saldanha M.F.C., Trace metals in liver and kidney of the Franciscana (Pontoporia blainvillei)

fromthe northern coast of Rio de Janeiro State, Brazil, Lat. Am. J. Aquat. Mamm. 1, 107, 2002

[62] Seixas T.G., Kehrig H.A., Fillmann G., Di Beneditto A.P.M., Souza C.M.M., Secchi
E.R., Moreira 1., Malm O., Ecological and biological determinants of trace elements

accumulation in liver and kidney of Pontoporia blainvillei, Sci. Total Environ. 385, 208, 2007

[63] Ikemoto T., Kunito T., Watanabe 1., Yasunaga G., Baba N., Miyazaki N., Petrov E.A.,
Tanabe S., Comparison of trace element accumulationin Baikal seals (Pusa sibirica), Caspian

seals (Pusa caspica) and northern fur seals (Callorhinus ursinus), Environ. Pollut. 127, 83,

2004

17


http://mostwiedzy.pl

A\ MOST

[64] Cristol D.A., Brasso R.L., Condon A.M., Fovargue R.E., Friedman S.L., Hallinger K.K.,
Monroe A.P., White A.E., The movement of aquatic mercury through terrestrial food webs,

Science 320, 335, 2008

[65] Orihel D.M., Paterson M.J., Blanchfield P.J., Bodaly R.A., Hintelmann H., Experimental
evidence of a linear relationship between inorganic mercury loading and methylmercury

accumulation by aquatic biota, Environ. Sci. Technol. 41, 4952, 2007

[66] Evans R.D., Addison E.M., Villeneuve J.Y., MacDonald K.S., Joachim D.G.,
Distribution of Inorganic and Methylmercury among Tissues in Mink (Mustela vison) and

Otter (Lutra canadensis), Environ. Res. A 84, 133, 2000

[67] Amin-Zaki L., Elhassani S., Majeed M.A., Clarkson T.W., Doherty R.A., Greenwood
M.R., Intra-uterine methylmercury poisoning in Iraq. Pediatrics 54, 587, 1974

[68] Honda S., Hylander L., Sakamoto M., Recent advances in evaluation of health effects on
mercury with special reference to methylmercury — a minireview, Environ. Health Prev. Med.

11,171,2006

[69] Grandjean P., Jorgensen P.J., Weihe P., Human milk as a source of methylmercury

exposure in infants, Environ. Health Perspect. 102, 74, 1994

[70] Oskarsson A., Schultz A., Skerfving S., Hallen I.P., Ohlin B., Lagerkvist B.J., Total
and inorganic mercury in breast milk in relation to fish consumption and amalgam in lactating

women, Arch. Environ. Health 51, 234, 1996

[71] Eto K., Pathology of Minamata Disease, Toxicol. Pathol. 25, 614, 1997

[72] Peralta-Videa J.R., Lopez M.L., Narayan M., Saupe-Torresdey G., The biochemistry of
environmental heavy metal uptake by plants: Implications for the food chain, Int. J. Biochem.

Cell Biol. 41, 1665, 2009

[73] Cernichiari E., Myers G.J., Ballatori N., Zareba G., Vyas J., Clarkson T., The biological

monitoring of prenatal exposure to methylmercury, NeuroToxicology 28, 1015, 2007

18


http://mostwiedzy.pl

A\ MOST

[74] Syversen T., Kaur P., The toxicology of mercury and its compounds, J. Trace Elem.
Med. Biol. doi:10.1016/j.jtemb.2012.02.004, 2012

[75] Capelo J.L., Maduro C., Mota A.M., Evaluation of focused ultrasound and ozonolysis as
sample treatment for direct determination of mercury by FI-CV-AAS. Optimization of

parameters by full factorial design, Ultrason. Sonochem. 13,98, 2006

[76] Weihe P., Grandjean P., Debes F., White R., Health implications for Faroe islanders of
heavy metals and PCBs from pilot whales, Sci. Total Environ. 186, 141, 1996

[77] Grandjean P., Weihe P., White R.F., Debes F., Cognitive performance of children
prenatally exposed to ‘‘safe’’ levels of methylmercury, Environ. Res. A 77, 165,1998

[78] HaMai D., Bondy S.C., Dimethylmercury In: Encyclopedia of Toxicology. Wexler P

(ed). Second Edition, Academic Press, Bethesda, 2005

[79] Powell P.P., Minamata disease: a story of mercury’s malevolence, South. Med. J. 84,

1352, 1991

[80] Hunter D., Russell D.S., Focal cerebral and cerebellar atrophy in a human subject due to

organic mercury compounds, J. Neurol. Neurosurg. Psychiatr.17, 235, 1954

[81] O’Shea J.G., ‘“Two minutes with Venus, two years with mercury’’: mercury as an

antisyphilitic chemotherapeutic agent, J. R. Soc. Med. 83,392, 1990
[82] Bakir F., Damluji S.F., Amin-Zaki L., Murtadha M., Khalidi A., Al-Rawi N.Y., Tikriti
S., Dhahir H.I., Clarkson T.W., Smith J.C., Doherty R.A., Methylmercury poisoning

in Iraq, Science 181, 230, 1973

[83] Bakir F., Rustam H., Tikriti S., Al-Damluji S.F., Shihristani H., Clinical and
epidemiological aspects of methylmercury poisoning, Postgrad. Med. J. 56, 1, 1980

19


http://mostwiedzy.pl

A\ MOST

[84] Harada M., Nakanishi J., Yasoda E., Pinheiro M.C., Oikawa T., de Assis Guimaraes G.,
da Silva Cardoso B., Kizaki T., Ohno H., Mercury pollution in the Tapajos River basin,
Amazon: mercury level of head hair and health effects, Environ. Int. 27, 285, 2001

[85] Bustamante P., Caurant F., Fowler S.W., Miramand P., Cephalopods as a vector for the
transfer of cadmium to top marine predators in the northeast Atlantic Ocean, Sci. Total
Environ. 220,71, 1998

[86] Monaci F., Borre A., Leonzio C., Marsili L., Calzada N., Trace elements in striped
dolphins (Stenella coeruleoalba) from the western Mediterranean, Environ. Pollut. 99, 61,

1998

[87] Molina C.I., Gibon F.M., Duprey J.L., Dominguez E., Guimardes J.R.D., Roulet M.,
Transfer of mercury and methylmercury along macroinvertebrate food chains in a floodplain

lake of the Beni River, Bolivian Amazonia, Sci. Total Environ. 408, 3382, 2010

[88] Shia J., Lianga L., Jianga G., Jin X., The speciation and bioavailability of mercury in
sediments of Haihe River, China, Environ. Int. 31, 357, 2005

[89] Roulet M., Lucotte M., Guimaraes J.R.D., Rheault 1., Methylmercury in water, seston,
and epiphyton of an Amazonian river and its floodplain, Tapajos River, Brazil, Sci. Total

Environ. 261,43, 2000

[90] Gomez-Ariza J.R., Lorenzo F., Garcia-Barrera T., Simultaneous determination of
mercury and arsenic species in natural freshwater by liquid chromatography with on-line UV
irradiation, generation of hydrides and cold vapor and tandem atomic fluorescence detection,

J. Chromatogr. A 1056, 139, 2004
[91] Kehrig H.A., Seixas T.G., Baéta A.P., Malm O., Moreira I, Inorganic and
methylmercury: Do they transfer along a tropical coastal food web?, Mar. Pollut. Bull. 60,

2350, 2010

[92] Back R.C., Gorski P.R., Cleckner L.B., Hurley J.P., Mercury content and speciation in
the plankton and benthos of Lake Superior, Sci. Total Environ. 304, 349, 2003

20


http://mostwiedzy.pl

A\ MOST

[93] Ali LB, Joiris C.R., Holsbeek L., Total and organic mercury in the starfish Ctenodiscus
crispatus and the polychaete Maldanes sarsi from the Barents Sea, Sci. Total Environ. 201,

189, 1997

[94] Yamashita Y., Omura Y., Okazaki E., Total mercury and methylmercury levels in

commercially important fishes in Japan, Fish. Sci. 71, 1029, 2005

[95] Claisse D., Cossa D., Bretaudeau — Sanjuan J., Touchard G., Bombled B.,
Methylmercury in Molluscs along the French Coast, Mar. Pollut. Bull. 42,329, 2001

[96] Raimundo J., Vale C., Canério J., Branco V., Moura I., Relations between mercury,
methyl-mercury and selenium in tissues of Octopus vulgaris from the Portuguese Coast,

Environ. Pollut. 158,2094, 2010

[97] Maggi C., Berducci M.T., Bianchi J., Giani M., Campanella L., Methylmercury
determination in marine sediment and organisms by Direct Mercury Analyser, Anal. Chim.

Acta 641, 32,2009

[98] Rahman S.A., Wood A.K., Sarmani S., Majid A.A., Determination of mercury and

organic mercury contents in Malaysian seafood, J. Radioanal. Nucl. Chem. 217, 53, 1997

[99] Mikac N., Kwokal Z., Martingi¢ D., Branica M., Uptake of mercury species by
transplanted mussels Mytilus galloprovincialis under estuarine conditions (Krka river

estuary), Sci. Total Environ. 184, 173, 1996

[100] Minganti V., Capelli R., De Pellegrini R., Orsi Relini L., Relini G., Total and organic
mercury concentrations in offshore crustaceans of the Ligurian Sea and their relations to the

trophic levels, Sci. Total Environ. 184, 149, 1996

[101] Storelli M.M., Giacominelli-Stuffler R., Marcotrigiano G.O., Total and methylmercury
residues in cartilaginous fish from Mediterranean Sea, Mar. Pollut. Bull. 44,1354, 2002

[102] Ikingura J.R., Akagi H., Total mercury and methylmercury levels in fish from

hydroelectric reservoirs in Tanzania, Sci. Total Environ. 304, 355, 2003

21


http://mostwiedzy.pl

A\ MOST

[103] Jin L., Liang L., Jiang G., Xu Y., Methylmercury, total mercury and total selenium in
four common freshwater fish species from Ya-Er Lake, China, Environ. Geochem. Health 28,

401, 2006

[104] Kampalath R., Gardner S.C., Méndez-Rodriguez L., Jay J.A., Total and methylmercury
in three species of sea turtles of Baja California Sur, Mar. Pollut. Bull. 52, 1784, 2006

[105] Ruelas-Inzunza J., Hernandez-Osuna J., Paez-Osuna F., Organic and total mercury in
muscle tissue of five aquatic birds with different feeding habits from the SE Gulf of
California, Mexico, Chemosphere 76, 415, 2009

[106] Kim E.Y., Murakami T., Saeki K., Tatsukawa R., Mercury Levels and its Chemical
Form in Tissues and Organs of Seabirds, Arch. Environ. Contam. Toxicol. 30, 259, 1996

[107] Campbell L.M., Norstrom R.J., Hobson K.A., Muir D.C.G., Backus S., Fisk A.T.,
Mercury and other trace elements in a pelagic Arctic marine food web (Northwater Polynya,

Baffin Bay), Sci. Total Environ. 351, 247, 2005

[108] Gardner W.S., Kendall D.R., Odom R.R., Windom H.L., Stephens J.A., The
distribution of methylmercury in acontaminated salt marsh ecosystem, Environ. Pollut. 15,

243, 1978

[109] Joiris C.R., Holsbeek L., Bolba D., Gascard C., Stanev T., Komakhidze A.,
Baumgirtner W., Birkun A., Total and organic mercury in the Black Sea Harbour Porpoise

Phocoena phocoena relicta, Mar. Pollut. Bull. 42,905, 2001

[110] Endo T., Kimura O., Hisamichi Y., Minoshima Y., Haraguchi K., Kakumoto C.,
Kobayashi M., Distribution of total mercury, methyl mercury and selenium in pod of killer

whales (Orcinus Orca) stranded in the northern area of Japan: Comparison of mature females

with calves, Environ. Pollut.144, 145, 2006

[111] Endo T., Haraguchi K., Hotta Y., Hisamichi Y., Lavery S., Dalebout M.L., Scott Baker
C., Total mercury, methyl mercury, and selenium levels in the red meat of small cetaceans

sold for human consumption in Japan, Environ. Sci. Technol. 39, 5703, 2005

22


http://www.sciencedirect.com/science/journal/00139327
http://mostwiedzy.pl

A\ MOST

[112] Joiris C.R., Holsbeek L., Bouquegneau J., Bossicart M., Mercury contamination of the
harbour porpoise Phocoena Phocoena and other cetaceans from the North Sea and the

kattegat, Water Air Soil Pollut. 56, 283, 1991

[113] Yan L., Shu-Juan L., Dong-Qing J., Yan J., Xiu-Ping Y., Gas Chromatography-
Inductively Coupled Plasma-Mass Spectrometry for Mercury Speciation in Seafood, Chin. J.
Anal. Chem. 36, 793, 2008

[114] IUPAC Compendium of Chemical Terminology 2nd Edition, 1997

[115] Meng W., Weiyue F., Junwen S., Fang Z., Bing W., Motao Z., Baia L., Yuliang Z.,
Zhifang C., Development of a mild mercaptoethanol extraction method for determination of

mercury species in biological samples by HPLC-ICP-MS, Talanta 71, 2034, 2007

[116] Hintelmann H., Falter R., [lgen G., Evans R.D., Determination of artifactual formation
of monomethylmercury (CH3Hg") in environmental samples using stable Hg?" isotopes with
ICP-MS detection: Calculation of contents applying species specific isotope addition,

Fresenius J. Anal. Chem. 358, 363, 1997

[117] Cabafiero Ortiz A.L., Madrid Albarran Y., Camara Rica C., Evaluation of different
sample pre-treatment and extraction procedures for mercury speciation in fish samples, J.

Anal. At. Spectrom. 17, 1595, 2002

[118] Hirner A.V., Speciation of alkylated metals and metalloids in the environment, Anal.

Bioanal. Chem. 385, 555, 2006

[119] Maldonado Santoyo M., Landero Figueroa J.A., Wrobel K., Wrobel K., Analytical
speciation of mercury in fish tissues by reversed phase liquid chromatography—inductively

coupled plasma mass spectrometry with Bi*" as internal standard, Talanta 79, 706, 2009

[120] de Souza S.S., Rodrigues J.L., de Oliveira Souza V.C., Barbosa Jr F., A fast sample
preparation procedure for mercury speciation in hair samples by high-performance liquid

chromatography coupled to ICP-MS, J. Anal. At. Spectrom. 25,79, 2010
23


http://mostwiedzy.pl

A\ MOST

[121] Reyes L.H., Mizanur Rahman G.M., Skip Kingston H.M., Robust microwave-assisted
extraction protocol for determination of total mercury and methylmercury in fish tissues,

Anal. Chim. Acta 631, 121, 2009

[122] Chang L.F., Jiang S.J., Sahayamb A.C., Speciation analysis of mercury and lead in fish
samples using liquid chromatography—inductively coupled plasma mass spectrometry, J.

Chromatogr. A 1176, 143, 2007

[123] Reyes L.H., Mizanur Rahman G.M., Fahrenholz T., Skip Kingston H.M., Comparison
of methods with respect to efficiencies, recoveries, and quantitation of mercury species

interconversions in food demonstrated using tuna fish, Anal. Bioanal. Chem. 390, 2123, 2008

[124] Cabafiero A.l, Madrid Y., Cémara C., Mercury—Selenium species ratio in
representative fish samples and their bioaccessibility by an in vitro digestion method, Biol.

Trace. Elem. Res. 119, 195, 2007

[125] Balarama Krishna M.V., Karunasagar D., Rao S.V., Arunachalam J., Preconcentration
and speciation of inorganic and methyl mercury in waters using polyaniline and gold trap-

CVAAS, Talanta 68, 329, 2005

[126] Issaroa N., Abi-Ghanem C., Bermonda A., Fractionation studies of mercury in soils
and sediments: A review of the chemical reagents used for mercury extraction, Anal. Chim.

Acta 631, 1,2009

[127] Westod G., Determination of methylmercury compounds in foodstuffs. 1.
Methylmercury compounds in fish, identification and determination, Anal. Scand. 20, 2131,

1966

[128] Desrosiers M., Planas D., Mucci A., Total mercury and methylmercury accumulation in
periphyton of Boreal Shield Lakes: Influence of watershed physiographic characteristics, Sci.
Total Environ. 355, 247, 2006

24


http://mostwiedzy.pl

A\ MOST

[129] Chung S.W., Chan B.T., A reliable method to determine methylmercury and
ethylmercury simultaneously in foods by gas chromatography with inductively coupled

plasma mass spectrometry after enzymatic and acid digestion, J. Chromatogr. A 1218, 1260,

2011

[130] Foy G.P., Pacey G.E., Supercritical fluid extraction of mercury species, Talanta 61,
849, 2003

[131] Sun Y.C., Chung Y.T., Mierzwa J., Study of matrix influence on supercritical fluid

extraction of polar mercury species from solid samples, Analyst 126, 1694, 2001

[132] Blanco R.M., Villanueva M.T., Sanchez Uria J.E., Sanz-Medel A., Field sampling,
preconcentration and determination of mercury species in river waters, Anal. Chim. Acta

419, 137,2000

[133] Beauchemin P., Siu K.W.M., Berman S.S., Determination of Organomercury in
Biological Reference Materials by Inductively Coupled Plasma Mass Spectrometry using

Flow Injection Analysis, Anal. Chem. 60, 2587, 1988

[134] Wagemann R., Trebacz E., Boila G., Lockhart W.L., Mercury species in the liver of
ringed seals, Sci. Total Environ. 261,21, 2000

[135] Mishra S., Tripathi R.M., Bhalke S., Shukla V.K., Puranik V.D., Determination of
methylmercury and mercury (II) in a marine ecosystem using solid-phase microextraction gas

chromatography-mass spectrometry, Anal. Chim. Acta 551, 192, 2005

[136] Mufioz J., Gallego M., Valcarcel M., Speciation of organometallic compounds in
environmetal samples by Gas Chromatographyafter Flow Preconcentration on Fullerenes and

Nanotubes, Anal. Chem. 77, 5389, 2005

[137] Muiioz J., Gallego M., Valcarcel M., Solid-phase extraction—gas chromatography—mass
spectrometry using a fullerene sorbent for the determination of inorganic mercury (II),
methylmercury (I) and ethylmercury (I) in surface waters at sub-ng/ml levels, J. Chromatogr.

A 1055, 185, 2004
25


http://mostwiedzy.pl

A\ MOST

[138] Sanchez D.M., Martin R., Morante R., Marin J., Munuera M.L., Preconcentration
speciation method for mercury compounds in water samples using solid phase extraction

followed by reversed phase high performance liquid chromatography, Talanta 52, 671, 2000

[139] Oda C.E., Ingle Jr. J.D., Speciation of Mercury by Cold Vapor Atomic Absorption
Spectrometry with Selective Reduction, Anal. Chem. 53, 2305, 1981

[140] Rapsomanikis S., Derivatization by ethylation with sodium tetraethylborate for the

speciation of metals and organometallics in environmental samples, Analyst 119, 1429, 1994

[141] Abalos M., Bayona J.M., Compano R., Granados M., Leal C., Prat M.D., Analytical
procedures for the determination of organotin compounds in sediment and biota: a critical

review, J. Chromatogr. A 788, 1, 1997

[142] Moens L., De Smaele T., Dams R., Sensitive, Simultaneous determination of
Organomercury, -lead, and -tin compounds with Headspace Solid Phase Microextraction
Capillary Gas Chromatography combined with Inductively Coupled Plasma Mass
Spectrometry, Anal. Chem. 69, 1604, 1997

[143] Fischer R., Rapsomanikis S., Andreae M.O., Determination of Methylmercury in Fish
Samples Using GC/AA and Sodium Tetraethylborate Derivatization, Anal. Chem. 65, 763,
1993

[144] Tseng C.M., De Diego A., Martin F.M., Amouroux D., Donard O.F.X., Rapid
Determination of Inorganic Mercury and Methylmercury in Biological Reference Materials
by Hydride Generation, Cryofocusing, Atomic Absorption Spectrometry After Open Focused
Microwave-assisted Alkaline Digestion, J. Anal. At. Spectrom. 12,743, 1997

[145] Cai Y., Monsalud S., Furton K.G., Determination of Methyl- and Ethylmercury

compounds using Gas Chromatography Atomic Fluorescence Spectrometry following

aqueous derivatization with Sodium Tetraphenylborate, Chromatographia 52, 82, 2000

26


http://mostwiedzy.pl

A\ MOST

[146] Grinberg P., Campos R.C., Mester Z., Sturgeon R.E., A comparison of alkyl
derivatization methods for speciation of mercury based on solid phase microextraction gas
chromatography with furnace atomization plasma emission spectrometry detection, J. Anal.

At. Spectrom.18, 902, 2003

[147] Gibicar D., Logar M., Horvat N., Marn-Pernat A., Ponikvar R., Horvat M.,
Simultaneous determination of trace levels of ethylmercury and methylmercury in biological

samples and vaccines using sodium tetra(n-propyl)borate as derivatizing agent, Anal. Bioanal.

Chem. 388, 329, 2007

[148] Ikonomou M.G., Fernandez M.P., He T., Cullon D., Gas chromatography—high-
resolution mass spectrometry based method for the simultaneous determination of nine

organotin compounds in water, sediment and tissue, J. Chromatogr. A 975, 319, 2002

[149] Minganti V., Capelli R., De Pellegrini R., Evaluation of different derivatization
methods for the multi-element detection of Hg, Pb and Sn compounds by gas
chromatography-microwave induced plasma-atomic emission spectrometry in environmental

samples, Fresenius J. Anal. Chem. 351, 471, 1995

[150] Li Y., Yan X.P., Dong L.M., Wang S.W., Jiang Y., Jiang D.Q., Development of an
ambient temperature post-column oxidation system for high-performance liquid
chromatography on-line coupled with cold vapor atomic fluorescence spectrometry for

mercury speciation in seafood, J. Anal. At. Spectrom. 20, 467, 2005
[151] Hintelmann H., Hempel M., Wilken R.D., Observation of unusual organic Mercury
species in soils and sediments of indusbially contaminated sites, Environ. Sci. Technol. 29,

1845, 1995

[152] Cai Y., Jaffé R., Jones R., Ethylmercury in the soils and sediments of the Florida
Everglades, Environ. Sci. Technol. 31,302, 1997

27


http://mostwiedzy.pl

A\ MOST

[153] Falter R., Ilgen G., Coupling of the RP C18 preconcentration HPLC-UV-PCO-system
with atomic fluorescence detection for the determination of methylmercury in sediment and

biological tissue, Fresenius J. Anal. Chem. 358, 407, 1997

[154] Falter R., Scholer H.F., A new pyrrolidinedithiocarbamate screening method for the
determination of methylmercury and inorganic mercury relation in hair samples by HPLC-

UV-PCO-CVAAS, Fresenius J. Anal. Chem. 354,492, 1996

[155] Xia L., Hu B., Wu Y., Hollow fiber-based liquid-liquid-liquid microextraction
combined with high-performance liquid chromatography for the speciation of organomercury,

J. Chromatogr. A 1173, 44, 2007

[156] Hempel M., Hintelman H., Wilken R.D., Determination of organic mercury species in
soils by high-performance liquid chromatography with ultraviolet detection, Analyst 117, 669,
1992

[157] Palmieri H. E. L., Leonel L.V., Determination of methylmercury in fish tissue by gas
chromatography with microwave-induced plasma atomic emission spectrometry after

derivatization with sodium tetraphenylborate, Fresenius J. Anal. Chem. 366, 466, 2000

[158] Lansens P., Baeyens W., Improvement of the semiautomated headspace analysis
method for the determination of methylmercury in biological samples, Anal. Chim. Acta. 228,

93, 1990

[159] Lansens P., Meuleman C., Leermakers M., Baeyens W., Determination of
methylmercury in natural waters by headspace gas chromatography with microwave —
induced plasma detection after preconcentration on a resin containing dithiocarbamate groups,

Anal. Chim. Acta. 243,417, 1990

[160] Johansson M., Emteborg H., Glad B., Reinhoidsson F., Baxter D.C., Preliminary
appraisal of a novel sampling and storage technique for the speciation analysis of lead and

mercury in seawater, Fresenius J. Anal. Chem. 351,461, 1995

[161] Berzas Nevado J.J., Rodriguez Martin-Doimeadios R.C., Guzman Bernardo F.J.,

28


http://mostwiedzy.pl

A\ MOST

Jiménez Moreno M., Determination of monomethylmercury in low- and high-polluted

sediments by microwave extraction and gas chromatography with atomic fluorescence

detection, Anal. Chim. Acta. 608, 30, 2008

[162] Cai Y., Jaffé R., Alli A., Jones R.D., Determination of organomercury compounds in
aqueous samples by capillary gas chromatography-atomic fluorescence spectrometry

following solid-phase extraction, Anal. Chim. Acta. 334, 251, 1996

[163] Zoorob G.K. , McKiernan J.W., Caruso J.A., ICP-MS for Elemental Speciation Studies,
Mikrochim. Acta 128, 145, 1998

[164] Falter R., Scholer H.F., Determination of mercury species in natural waters at picogram
level with on-line RP C18 preconcentration and HPLC-UV-PCO-CVAAS, Fresenius J. Anal.
Chem. 353, 34, 1995

[165] Armstrong L.H.E., Corns W.T., Stockwell P.B., O' Connor G., Ebdon L., Evans E.H.,
Comparison of AFS and ICP-MS detection coupled with gas chromatography for the

determination of methylmercury in marine samples, Anal. Chim. Acta. 390, 245, 1999

[166] Yin X.B., Dual-cloud point extraction as a preconcentration and clean-up technique
for capillary electrophoresis speciation analysis of mercury, J. Chromatogr. A 1154, 437,

2007

[167] Silva da Rocha M., Soldado A.B., Blanco-Gonzélez E., Sanz-Medel A., Speciation of
mercury compounds by capillary electrophoresis coupled on-line with quadrupole and double-

focusing inductively coupled plasma mass spectrometry, J. Anal. At. Spectrom. 15,513, 2000

[168] Fan Z., Liu X., Determination of methylmercury and phenylmercury in water
samples by liquid-liquid—liquid microextraction coupled with capillary electrophoresis, J.

Chromatogr. A 1180, 187, 2008

[169] Tu Q., Qvarnstrom J., Frech W., Determination of mercury species by capillary zone
electrophoresis-inductively coupled plasma mass spectrometry: a comparison of two spray

chamber—nebulizer combinations, Analyst 125, 705, 2000

29


http://mostwiedzy.pl

A\ MOST

[170] Lee T.H., Jiang S.J., Determination of mercury compounds by capillary electrophoresis
inductively coupled plasma mass spectrometry with microconcentric nebulization, Anal.

Chim. Acta. 413, 197, 2000

[171] Yan X.P., Yin X.B., Jiang D.Q., He X.W., Speciation of Mercury by hydrostatically
modified electroosmotic Flow Capillary Electrophoresis coupled with Volatile Species

Generation Atomic Fluorescence Spectrometry, Anal. Chem. 75, 1726, 2003

[172]Li Y., Jiang Y., Yan X.P., On-line hyphenation of capillary electrophoresis
with flame-heated furnace atomic absorption spectrometry for trace mercury speciation,

Electrophoresis 26, 661, 2005

[173] Mushak P., Gas-Liquid Chromatography in the analysis of Mercury (II) compounds,
Environ. Health Perspect. 55, 1973

[174] Bramanti E., Lomonte C., Onor M., Zamboni R., D’Ulivo A., Raspi G., Mercury
speciation by liquid chromatography coupled with on-line chemical vapour generation and

atomic fluorescence spectrometric detection (LC-CVGAFS), Talanta 66, 762, 2005

[175] Liang L.N., Jiang G.B., Liu J.F, Hu J.T., Speciation analysis of mercury in seafood by
using high-performance liquid chromatography on-line coupled with cold-vapor atomic
fluorescence spectrometry via a post column microwave digestion, Anal. Chim. Acta 477,

131, 2003

[176] Vallant B., Kadnar R., Goessler W., Development of a new HPLC method for the
determination of inorganic and methylmercury in biological samples with ICP-MS detection,

J. Anal. At. Spectrom. 22, 322,2007
[177] Falter R., Ilgen G., Determination of trace amounts of methylmercury in sediment and

biological tissue by wusing water vapor distillation in combination with RP CI18

preconcentration and HPLC-HPF/HHPN-ICP-MS, Fresenius J. Anal. Chem. 358, 401, 1997

30


http://mostwiedzy.pl

Table 1: The main organic forms of mercury.

EMPIRICAL

STRUCTURAL

NAME FORMULA FORMULA APPLICATION REFERENCES
METHYL-MERCURY (CH;Hg") + - -
CATION HzC—Hg X
ETHYLMERCURY (CoHsHg") H H Used in industry, a
CATION Hioe—d_ . metabolite of
Hf Hg thimerosal.
PHENYL-MERCURY (C¢HsHg") Hg+ Used in industry. [7, 10, 11]
CATION Phenylmercury
acetate is used as a
fungicide and in
paints.
DIMETHYL- C,HgHg H. _H Used in toxicology
MERCURY H—C—Hg—CH as a reference toxin
H H and to calibrate
NMR instruments
during Hg
determination
DIETHYL-MERCURY  C.H, Hg \/Hg/\ -
MERBROMIN, CongBrzHgNazos [ 1 2]
(MERCURO- Used as a
CHROME) disinfectant because
of its antibacterial
properties and as an
analytical reagent.
THIMEROSAL CoHoHgNaO,S [13, 14, 15]

ONa
P HgJCHg

Used as a
preservative in
vaccines, some
ointments and other
forms of drugs;
sometimes as an
antifungal drug and
in dermatology.

31


http://mostwiedzy.pl

Table 2. The deleterious effects of exposure to organomercury compounds.

COMPOUND SITE OF ACTION

TOXIC ACTION

REFERENCE(S)

Methylmercury Central nervous
system

Methylmercury Fetus

Dimethylmercury The whole body

Slurred  speech, hypersalivation, shouting,
dysphagia, scotoma, neurasthenia, loss of libido,
depression, hallucinations, focal cramps, chorea,
athetosis, myoclonus, paralysis, stupor, coma, and
death.

Severe brain damage, profound mental
retardation, spasticity, seizures, cerebral palsy,
chorea, athetotic movements, ataxia, tremors,
cataracts, hearing deficiency, small size, anemia,
and renal dysfunction.

Irritation of the eyes, respiratory tract and skin
numbness and tingling of the mouth, hands and
legs, joint pains, narrowing of the field of vision,
emotional disturbances, lack of coordination,
slurred speech, deafness, death.

Also crosses biological barriers — toxic action
like that of MeHg.

(8]

8, 15, 76, 77]

[78]

Table 3. Information on important events associated with poisoning by mercury and its compounds.

PERIOD DESCRIPTION OF EVENT REFERENCE(S)
1865 The deaths of two chemists, who used dimethylmercury during [15]
investigations to define the valences of a number of metals.
1940 The inhalation of methylmercury by four workers at a factory [15,79, 80]
producing fungicides for protecting grain crops. In one of the poisoned
men cerebral atrophy with cortical loss was found; since then, this has
been known as the Hunter-Russell syndrome.
1920 - 1960 In a Japanese chemical works mercury was used as a catalyst in the [8, 15, 33, 79-81]

production of acetaldehyde and vinyl chloride. The effluents of this
process, containing methylmercury chloride, were discharged into
Minamata Bay, on the south-western coast of Kyushu - nearly 150
tons of methylmercury during forty years. Through the consumption
of fish and other frutti di mare, harmful methylmercury was ingested
by humans, causing damage to the central nervous system, and the
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1965

1959 - 1972

1997

At present

children of women who had consumed the poisoned fish were
afflicted by mental retardation, developmental disruption, hepatic
diseases, hypertension, retarded metabolism and even death (chorea,
ataxia, tremors and seizures). These symptoms were given the name
“Minamata disease” by doctors at the Kumamoto University Hospital.

At Niigata in Japan industrial effluents containing mercury were
discharged into the River Agano. As in Minamata Bay, the water was
polluted, and as a consequence, the organisms at successive levels in the
aquatic trophic pyramid, and ultimately humans.

More than 6000 persons in Iraq were hospitalized as a result of
methylmercury poisoning. MeHg got into their diet via bread produced
from grain that had been sprayed with fungicides containing MeHg. A
study of a group of Iraqi children exposed to MeHg before birth, like
those at Minamata, exhibited developmental anomalies. Prenatal
exposure to MeHg also inhibited neuronal migration.

The death of Karen Wetterhahn, a world-famous scientist specializing in
toxic metal exposure. Death ensued just a few months after a one-off
exposure to less than 1 ml of dimethylmercury, which had spilt onto her
hand, covered with a latex glove.

In Brazilian Amazonia, the inhabitants of fishing villages (consuming
fish poisoned by MeHg) situated near gold mines suffered mild
neurological symptoms characteristic of MeHg poisoning, i.e. sensory
disorders, tremors and balance disorders.

[8, 79]

[15, 50, 82, 83]

[78]

Table 4. Literature data on the content of organic mercury and methylmercury in environmental samples from
different parts of the world.
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Bottom

. Beni River, Bolivia - Amazonia GC -CV- AFS 0.4-1.2 - [87]
sediment
Loucka River, Czech Republic 0.022 18.5
Becva River, Czech Republic HPLC - CV-AFS 0.031 223 [20]
River Jihlava River, Czech Republic 0.046 32
sediment
Haihe River, Tianjin, China 1 -
) .. HPLC - CV - AFS [88]
L Dagu Drainage Canal, Tianjin,
o . 21.7 -
= China
N
'G§) Tapaj’os River, Brazil GC-CV - AFS 0.02 1.8 [89]
g
E Piedras River, SW Spain 49.5 -
8
T San Pedro River, SW Spain 50.4 -
Water HPLC-CV/HG-
Guadalete River, SW Spain mAFS—AFS 51.2 - [90]
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Whole o . E‘ g
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< ! = &b
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=) 51 = . .
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2| 5| 2
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Digestive _g 5 (Octopus vulgaris) 0.18.5.0
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antennatus)

Edible part | Mouth of the Krka River, Croatia CV - AAS é; g ] L - 5.925 32.5 [99]
§§ (Mytilus galloprovincialis)
g
S . :
Muscles USA i = King crab (Par.alzthodes i 0.01 50 [94]
2 camtschaticus)
=
hol
Whole Lake Superior, USA GC-CV - AAS . Amphipoda ; 0.032 ; [92]
organism
2
Muscles Malaysia INAA Ef Shrimps (Penaeus sp.) 0.23 - 62.6 [98]
g
2
5 < = Northern krill
§ - '§ § é (Meganyctiphanes 0.24 - 71.3
& = ) 8 =, norvegica)
= 2| £ |8 3
& < | T | = =
S < | s
= g
g 3
5 Whol £
5 O. © ? (Gennadas elegans) 0.252 - 70.9
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=) Ligurian Sea GF - AAS < [100]
= 3
= as]
il
Shrimp (Pasiphaea 0.81 R4.6
0 sivado) ’ '
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3 . .
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£ 1. 1
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©n > £
2 2] £ =
<
Muscles Mediterranean Sea GC- ECD § 8 § [101]
s 2| B
< o g
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=
@)
£
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Q
8
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Muscl . S j j
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g 12| =
= | E | B o
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= 2 g
< |2 | £
|2
<z
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E
b=
2
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Q
8
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Q
8
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Ariidae

42



http://mostwiedzy.pl

(Chionodraco

A\ MOST

g
=
E‘
Terra Nova Bay, Antarctica AAS = 0.307 81.9 [97]
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& buteo)
3]
<
Southeastern Bay of California, CV - AAS é Lesser ScauP(Aythya 106 60.8 [105]
USA S affinis)
<
Muscles
2
=
‘5 thern Royal Albatr
Southern Indian Ocean 'fé SO‘? ern Royal Albatross 1.1 -
= (Diomedea epomophora)
2
A
GC [106]
@ 1.1 -
B
= | E o | 28 Arctic T
Chaun River, Siberia, Russia g ot 2 S retie er.n (Sterna
g= £ A 5 paradisaea)
< 2 =
‘eathers 1.1 -
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Great-crested Grebe
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Intestines Czech Republic HPLC/CV-AFS
Chaun River, Siberia, Russia GC
Liver
Czech Republic HPLC/CV-AFS
Kidneys Chaun River, Siberia, Russia GC
Intestines
Czech Republic HPLC/CV-AFS
Kidney

2

=

B 1.13 75.0 [7]
% (Podiceps cristatus) ' ‘

2

o

~

o .

3 Herring Gull(Larus 1.2 - [106]
5 argentatus)

—

£

S B

E Common buzzard (Buteo 1.24 47.8 [7]
2 buteo)

3

<

3 Herri 11(L

3 erring Gull(Larus 13 - [106]
5 argentatus)

—

2

S

Q

i Great Cormorant

=

§ (Phalacrocorax carbo) t4l 784

E

E [7]
2o

g

g Common buzzard (Buteo 1.44 71.9

& buteo)

3

<
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g
S
Q .
o 9 Neotropic Cormorant
Southeastern Bay of Calift s
Muscles outheasterni U;ZO atornia, CV - AAS 5 (Phalacrocorax 1.49 46.9 [105]
g brasilianus)
%
£
~
2
g Great-crested Grebe
L] -
Intestines Czech Republic HPLC/CV-AFS 5] rear-crested 1.57 80.0 [7]
‘5 (Podiceps cristatus)
._g
~
s Long-tailed Duck
Chaun River, Siberia, Russia GC = ong-tatied ucx 1.6 - [106]
S (Clangula hyemalis)
<
Muscles Q
<
S t-crest
Czech Republic HPLC/CV-AFS 2 Great-crested Grebe 1.68 83.8 [7]
‘5 (Podiceps cristatus)
2
o
~
g
2 Northern Fulmar
Northern Pacific Ocean ks © o 1.7 -
= (Fulmarus glacialis)
Q
Kidneys GC g [106]
e _ = | E 2 Arctic Tern (St
Chaun River, Siberia, Russia E % 2 _"3 retie er.n( erna 1.9 -
g £ @ 5 paradisaea)
< |2 —
Qcé
3 Great ted Grebe
L] -
Auscles Czech Republic HPLC/CV-AFS 3 reat-crested 1.98 85.9 [7]
‘5 (Podiceps cristatus)
2
o
~
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Northern Pacific Ocean

GC

Diomedei
da

Black-footed Albatross

2.0

[106]
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Muscles
Czech Republic HPLC/CV-AFS
Liver Chaun River, Siberia, Russia GC
Czech Republic HPLC/CV-AFS
Muscles

Southeastern Bay of California,
USA

CV - AAS

(Phoebastria nigripes)
g
S
é Great Cormorant
§ (Phalacrocorax carbo) 2.11 84.3 [7]
=
S
<
=
~
g Long-tailed Duck 2
§ (Clangula hyemalis) ’
<

[106]

D) .
§ Arctic Ter.n (Sterna )3 i
= paradisaea)
-
g
3 Great ted Grebe
3 reat-creste
2 ] ] 2.44 90.3 [7]
% (Podiceps cristatus)
2
<
=%
2
-’% Brown Pel.ican (P.elecanus 585 93.9 [105)
3 occidentalis)
2
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2
S
-§ Great Cormorant
Kidney Czech Republic HPLC/CV-AFS § (Phalacrocorax carbo) 2.87 70.0 [7]
<}
<
=
~
Southeastern Ryukyu Islands, G é Brown Booby (Sula ’9 i (106]
Japan = leucogaster)
n
2
Muscles g
2 Great Cormorant
Czech Republic HPLC/CV-AFS § (Phalacrocorax carbo) 3.04 89.3 [7]
<}
3
E
E ~
Q
S
Liver Northern Pacific Ocean GC E Northern Fuln'lar. 3.1 - [106]
= (Fulmarus glacialis)
S
A~
Q
5 :
2 | B w | T t-crest
Kidney Czech Republic HPLC/CV-AFS | E |5 | 8| 2 Great-crested Grebe 3.50 74.4 [7]
= 2 & 5 (Podiceps cristatus)
E S
~
Jidneys Southern Indian Ocean GC Southern Royal Albatross 3.6 ; [106]

Diomedeidae

(Diomedea epomophora)
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3.6

Kidneys
Southeastern Ryukyu Islands, GC
Japan
Liver
Czech Republic HPLC/CV-AFS
Kidneys
Chaun River, Siberia, Russia GC
Muscles Baffin Bay, Canada GC - AED
Liver Czech Republic HPLC/CV-AFS
{idneys Southern Indian Ocean GC

(]
§ Brown Booby (Sula [106]
= leucogaster)
n
3.7 -
g
3 Great ted Grebe
s, reat-cres
2 3.71 72.7 7
= (Podiceps cristatus) 7]
2
Qo
~
Q .
§ Long-tailed Duc1'< 38 i [106]
g (Clangula hyemalis)
<
é Glaucous Gull (Larus 4.0 775 [107]
5 hyperboreus)
-
g
3 Great ted Grebe
3 reat-cres
2 4.1 62.1 7
= (Podiceps cristatus) 7]
2
Qo
~
2
= White-chinned Petrel
g (Procellaria 4.3 - [106]
§ aequinoctialis)
&
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Great-crested Grebe

Liver
Liver
Czech Republic HPLC/CV-AFS

Kidney

Liver
Muscles Georgia, USA -
Kidneys Northern Pacific Ocean GC
Muscles Georgia, USA -

Animals

Vertebrates

Birds

g
=
g 4.34 60.3
3 (Podiceps cristatus) ’ '
2
3
~
Great Cormorant
é (Phalacrocorax carbo) 4.49 59.9
3
S
S [7]
2
g Great Cormorant
é:f (Phalacrocorax carbo) 4.56 63.3
g
3 Great ted Grebe
3 reat-creste
L . . 4.72 55.5
% (Podiceps cristatus)
2
3
~
(] .
<
2 Clapper Rall ({Qallus 50 99 [108]
= longirostris)
&
5
"% Black—foote.d A?ba'tross 62 i [106]
= (Phoebastria nigripes)
2
A
& | Snowy Egret (Leucoph
S nowy Egret (Leucophoyx
_Qé thula) 6.3 79 [108]
<
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[} .
Feathers Chaun River, Siberia, Russia GC ."3 Herring Gull(Larus 6.5 - [106]
= argentatus)
—
2
=
-§ Great Cormorant
Czech Republic HPLC/CV-AFS § (Phalacrocorax carbo) 6.46 15.3 [7]
S
E
<
<
=%
2
= White-chinned Petrel
g (Procellaria 8.0 -
Liver § aequinoctialis)
Southern Indian Ocean £
Southern Royal Albatross 0.8
GC (Diomedea epomophora) ' [106]
'% Laysan Albatross 112
% (Phoebastria immutabilis) '
Northern Pacific Ocean A
Black-footed Albatross 0.4
(Phoebastria nigripes) '
Fat 0.0049 -
%) Q
o | 2| 2| 3 Harb .
— < 1
Black Sea GLC - ECD £ | 5| E| § arbor porpolse [109]
= e £ S (Phocoena phocoena)
< o S )
> <=
Auscles - 0.216 -

A\ MOST

54



http://pl.wikipedia.org/wiki/Kormorany
http://pl.wikipedia.org/wiki/Burzykowate
http://pl.wikipedia.org/w/index.php?title=Burzyk_bia%C5%82obrody&action=edit&redlink=1
http://mostwiedzy.pl

Killer whale (Orcinus
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Kidney Japan
Brain Ontario, Canada AFS
Lungs Japan
Black Sea GLC - ECD
Liver
Ontario, Canada
“Muscles Japan AFS
Kidney Ontario, Canada

vison)

2
S
£ 24 2 11
:a orca) 0 3 [110]
(&)
A
North American river otter 0.25

g (Lontra canadensis) '
5 [66]
§ American mink (Mustela 0.26 i

vison) ’
2
:g Killer whale (Orcinus 031 i [110]
:a orca) ’
o
A
£
g= Harbor porpoise
=

322 - 1

§ (Phocoena phocoena) 03 [109]
£
%)
g
g . .
= North American rlver. otter 0.87 i [66]
‘% (Lontra canadensis)
=
2
:g Killer whale (Orcinus 0.90 74 [110]
:a orca) ’
o
A
g
= Ameri ink (Mustel
= merican mink (Mustela 0.94 i [66]
3
=
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(Steno bredanensis)

Q
]
=
Kidney Ontario, Canada AFS @ . 0.94 - [66]
z (Lontra canadensis)
=
£
g= Dall’s porpoise
Muscl -ECD 5 1.02 4 111
useies GC-EC § (Phocoenoides dalli) 0 8 (1]
£
Japan A~
g Killer whale (Orcinus
Liver AFS E orca) 1.11 1.9 [68]
5
A
g
3 . .
Liver Ontario, Canada AFS @ American mlnk (Mustela 1.21 - [66]
z vison)
5 =
s 0
.% < Short-finned pilot whale
= . :_:5 (N) (Globicephala 1.25 81
- @ ﬂé TE = macrorhynchus)
- E | 8] E 5
: NI I
o 2| = S Baird’s beaked whale 125 78
= % (Berardius bairdii) ’
8 S
=
% Muscles Japan GC-ECD Pantropical spotted [111]
D dolphin (Stenella 2.62 54
o attenuata)
< . 5 .
_"g Risso’s dolphln (Grampus 315 74
g= griseus)
_=
o
A Rough-toothed dolphin 351 7
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(]
<
Lo} . .
= Striped dolphin (Stenella
k= 74 111
Japan =, coeruleoalba) 37 63 (1]
A
£
North Sea, Denmark '§ PhH arbor p o;pmse 4.0 - [112]
Muscles 3 (Phocoena phocoena)
=
2%
GC-ECD Short-finned pilot whale
5 (S) (Globicephala 6.45 64
= macrorhynchus)
J g 111
apan =, Common bottlenose [HH]
A dolphin (Tursiops 6.83 54
truncatus)
Liver North Sea, Denmark g 6.9 -
g= Harbor porpoise
5 [112]
. S (Phocoena phocoena)
Muscles North Sea - Belgium S 7.3 -
A~
g
2 | North Ameri i tt
Fur Ontario, Canada AFS 5 B ;neman;w, ‘)’ °r 8.24 - [66]
3 2 P 7z ontra canadensis
5| E| EL2
£ 8 E| 2
. . < = = "é Harbor porpoise
Liver North Sea - Belgium 2 (Phocoena phocoena) 8.6 - [112]
S p
=
GC -ECD A
£
= False killer whale
£ .
Auscles Japan = (Pseudorca crassidens) 12 36 (1]
©
A
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American mink (Mustela

Fur Ontario, Canada AFS
South coast of Brazil
Liver
Southeast coast of Brazil CV - AAS
Kidney
Kidney South coast of Brazil

£
g vison) - 11.25 [66]
=
=
0.05- i
421
o 0.12- )
2 La Pl Iphi 230
= aPat.adoplrll . [45]
§* (Pontoporia blainvillei) 0.16-
= : -
£ 1.13
0.26-
1.82
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*** - the numerical values are given as originally stated in the cited literature
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Table 5. Basic information on the techniques used in the speciation analysis of mercury.
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ISOLATION DETECTION LIMIT OF DETECTION
TECHNIQUE e L% Al LS TECHNIQUE MeHg(D) EtHg(I) PhHg() REFERENCES
v High selectivity v" Such low LODs as with CV - AFS 27 pg 26 pg - [150]
v' A universal, integrated, GC are not obtainable 0.015-0.1 ug [151-153]
fully automated method of | v Poorer selectivity in the CV - AAS 0.1-16 ug/dm? - - [1,154]
S mercury spe.ciation analysis of complex ICP - MS 16- 400 ng/ dm* - [1]
ot v Quick and snnple ' matrices o ICP - AES 0.1ng/ cm’ - - [1]
Aoy v Does not require conversion v Pgorer sensitivity then (CV) MIP - AES 0.35 ng/ cm? - - [1]
(HPLC) of target analytes into with GC UV -PCO - 0.015 pg/kg - -
volatile derivatives v’ Large quantities of organic CVAFS [153]
v’ Isolation of mercury solvents consumed HF — LLLME 3.8 ng/ cm? - 0.3 ng/ cm? [155]
compounds possible at room i _ 3
emperature UV - Vis 7.0-95.1 pg/dm [156]
v’ High precision v’ Target analytes in the 0.01-0.06 - -
v' Far lower LODs obtainable sample have to be ug/g
than with HPLC converted into volatile MIP-AES 0.04-10 ng/ [1,157-160]
v Both organic and inorganic derivatives dm’?
gnercury compounds can be | v Speqﬁc analytical . AFS and GC-(CV) 5 pg and O.Sl- Spg -
Gas etermined ' conditions are required _AFS 6 ng/ dm’; [1,161-163]
e v Usually used to determine v" For detemlnlng MeHg 0.6-1.3 pg
(GC) MeHg in environmental cleanup is required, to (CV) - AAS 5-167 pg - - [1,143,164]
samples eliminate the interference 0.9 pg - R
v’ High degree of target of organic halides ICP - MS 0.5 pg 1.0 pg [1,163,165]
analyte isolation v Sample preparation has a 0.12-1 pg
v Can be hyphenated with significant effect on 3 pg. 0.6 ng/ R R
many different detection efficacy and accuracy ICP - AES dm? [1]
systems
v’ Highly effective isolation | v Poor sensitivity 47.5 ng/ cm? 4.1 ng/ cm?
of analytes v" Poor stability uv 680 ng/ cm’ ) - [166,167]
v" Only a small volume of DF —ICP - MS 54 ng/ cm’® - - [167,168]
; sample is needed 2.3 -
Crpllongy v" Short separation time 128 ngl/)%m3
ele"“‘g’é“’rem ICP - MS 80 ng/ cm’® [167-170]
(CE) 13.6 ng/ cm®
149 ng/ cm?
2.5pg 2.4 pg
VSG - AFS 16.5 ng/ cm® 13.3 ng/ cm® [168,171]
AAS 29 pg - - [172]
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Table 6. Anal

ical procedures used in the speciation anal

sis of mercur

Approximately 30 cm® of | Solution distilled at 110°
water was weighed in a C in the presence of N2
Teflon tube, 0.2 ml of 1% for 4-5 h. Derivatization
ammonium of MeHg with NaBEts in 20 pg/dm? (for
Water pyrrolidinedithiocarbamat, | a buffer solution at pH ) ) GC-CV-AFS MeHg) [89]
0.5 ml 4 mol/dm*KBr and | 4.5. MeEtHg was
0.5 cm® 2 mol/dm> H,SO4. | trapped on a Tenax
column.
Collection of samples in
situ by pumping them
through a minicolumn
packed with C18
modified with sodium HPLC - ICP - 5.6 ng/dm? (for
Water diethyldithiocarbamate. ) ) MS MeHg) [134]
Elution of mercury
species with 500 cm® 5
% thiourea in 0.5 % HCl
from minicolumns.
Microwave assisted The Speed C18 SPE Method of standard
extractiog 0.5-4 gof a statior}ary phase ' addition (certiﬁgd 4 3pg/dm(for
sample with the extraction | (Applied Separations, reference material MeHg)
agent containing 3 mol Allentown, PA, USA) CRM 580) &
Sediments, /dm3HCI1 + 0.2 mol/dm? was used for preparation 5
zoobenthos, citric acid + 50 % of SPE - HPL/SF_SCV ) 1.4 };5%/1:1111; (for [20]
water methanol (10 cm®). Acidity | microcolumns that also &
of the filtrated extracts was | enabled countercurrent- 0.8 pg/dm’(for
adjusted to pH 3 by NaOH. | flow elution. ' }ItiH
Addition of 2- g)
mercaptophenol.
Soils. carthworm Addition to the samples of Df:rivatization of MeHg Met.h.od of stgndard 0.05 pg/kg (for
tis;ue fungi 5 % HySO4, 18% KBrand | with 50 cm® 1 % NaBEty | addition (certified 89-103 GC-CV - AFS MeHg) [19]
i 1.0 cm® 1M CuSO4 for 15 min in a buffer reference materials:
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solution and vigorous
shaking for 15 min.
Addition of 1 cm® CH>Cl,
and the samples shaken
again for 15 min.
Centrifugation for 5 min at
3200 rpm. Separation of
the organic phase (CH»Cl»)
from the aqueous phase.
Extraction repeated with an
additional 5 cm® CH,Cl,.
Addition of 35 ¢m? of
Milli-Q water to the

solution at pH 4.6.
Ethylmethyl-Hg was
purged onto a Tenax trap
for 15 min with Hg-free
N».

DORM-2, TORT-2)

combined CH,Cl.
Evaporation on a water
bath at about 90°C.
Samples purged with N
for 5 min to remove
remaining CH,Cl,.
Replicate MeHg 0.25 cm? of the extract Analysis of
extractions carried out by transferred to a glass reference material
immersing three freeze- reaction vessel, and (DORM-2)
dried filters in 10 cm® of diluted with 50 cm® of
25 % KOH in methanol mains tap water. pH was
solution in a screw-cap adjusted to 4.9 with
. bottle. The bottles were acetate buffer. 10.8 pg (for MeHg)
Periphyton mounted on a wrist shaker | Derivatization of MeHg %8 ) GC-CV-AFS [128]
overnight at room with 100 pl of 1 %
temperature. sodium tetraethylborate
solution. The volatile
alkylmercury derivatives
were trapped on a Tenax
column.
Digestion of 2-5 mg (d.w.)
Zooplankton Egﬁ;ﬁlegﬁiﬁg /12 c(:)ni)m : GC - AFS 9.9 pg (for MeHg) [55]
solution for 8 h.
Alkaline digestion of 2 to 5 | MeHg converted to Analysis of
mg d.w. of powder in 0.5 MeEtHg with sodium reference material
. . ml of KOH/MeOH (1g /4 tetraethylborate in a (TORT-2 and 88-102 90.4-
Microorganisms cm’) solution during 8 h at | buffer solution at pH DORM-2) 110 GC-CV-AFS | 2 ng/g (for meHg) [87]
6°C. 4.5. MeEtHg trapped on
a Tenax column.
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Adding known

Starfish, amounts of mercury 0.003 pg/g (in an
polychaetes - - to samples -method 87 94 GC - ECD averaged 1.5 g [93]
of standard addition sample) (for MeHg)
(DORM-])
Dissolution of the tissue in | Ethylation with sodium
an alkaline medium. tetracthylborate. Volatile
ethylated forms of
Mollusks mercury were then GC - AFS - [95]
subjected to a flow of
nitrogen and trapped on
a Tenax column.
Separation of MeHg from Ionic mercury reduction | -
the homogenized mussel by tin (II) chloride (10
samples using two % SnCl, in 20 % H>S04)
techniques: a water vapor to elemental mercury
distillation technique (1.0 g
of homogenized sample in
a mixture of
Mussels H>S04/NaC1/H,0 at 150° - - CV-AAS - [99]
C), and an ion exchange
method (Dovex 1X8, Cl-
form, 100-200 mesh),
followed by UV
decomposition of
methylmercury.
Addition of 2 cm®Milli-Q A weak sulfide solution | Method of standard
water and 3 cm® 6 mol/dm® | was used to extract addition (certified
KOH solution to 200 mg of | MeHg from the organic | reference materials:
dried sample. The mixture | phase, thenMeHg was DORM-2, TORT-2)
was shaken for 2 h, after back-extracted to DCM.
Cephalopod which 3 cm® 6 mol/dm?
tissue HCI and 4 cm?KBr/CuSO4 92-103 - GC - AFS 0.01 pg/g (for Hg) [96,173]
(3:1) solution was added.
After 10 minutes of
shaking, 5 cm?
dichloromethane (DCM)
was added, the mixture
centrifuged and the organic
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phase separated.

Drying, cryogenic grinding
and addition of potassium
bromide and hydrochloric
acid solution (1
mol/dm*KBr in 6 mol/ dm?

Extraction of
organomercury
compounds from KBr
solution using
chloroform. Back-

HCI) to the samples. extraction with 1 % m/v
Fishtissue | Comrifugation. L-cysteine. Mercury . . - | CVG-ETAAS | 5ngg (for MeHg) [6]
vapor generation from
extracts was performed
using 1 mol/dm*HCI and
2.5 % m/v NaBH,4
solutions and a batch
chemical vapor
generation system.
Acidic digestion with HCl—
H>0 (1+1) and triple
extraction with 10 cm?® of
Fish tissue benzene. Extracts were - - - - GC - ECD - [101]
diluted to 25 cm® with
benzene and mixed with 5g
NaxSOs.
Alkaline digestion with Extraction of MeHg
KOH - ethanol solution at | with 0.01 % dithizone—
Fish tissue 100° C in a water bath toluene solution, clean - - - GC -ECD - [102]
containing ethylene glycol. | up and purification of
the Dz-Tol extract.
Acidic digestion with 2 ml | Organic extract back- Analysis of
of 14.25 mol/dm® H,SO4 extracted with 1 ml reference material
(saturated with copper(II) cysteine solution (1.5% (CRM 463) 96.5
Fish tissue sulfate), 2 ml of 4 mol/dm? | w/v). Shaking and 98.6 : GC - ECD 7 ng/g (for MeHg) [27]
KBr, and 2.5cm® of toluene | centrifugation (2200
solution and shaking for 35 | rpm) for 10 min.
min.
Acidic digestion with 11.3 | Extraction of Analysis of two
cm® 37 % HCL. Incubation | supernatant with 5 ml certificate reference 18 pg (for MeHg)
at 100° C for 10 min. 0.1 % cysteine solution. | material (DORM-2 97 4 5. RPC - CVG - 1 8p £ (for E tHg)
Fish tissue Addition of 15 cm? Shaking for 10 minand | and NIES CRM 13) 98 - 6 - AFS 20 P& f PhHg [174]
toluene. Sonication for 20 | centrifugation for 25 * pg (for g)
min and centrifugation for | min
25 min.
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Oxidation of the
organomercury species
permitted the
determination of total

Mercury cold vapor
generation was
performed on-line with

Method of standard
addition (certified
reference materials:

0.2 % (m/v) sodium (DOLT-1, TORT- 10 ng/dm?
Sea food mercury. Mercury species | borohydride and 0.05 % | 1) (forMeHg) [23]

separated by the selective (m/v) sodium hydroxide 98-110 ) 94-110 FI CV-AAS
retention of inorganic as reducing solution. 3
mercury on the chelating 6 ng/dm
resin. The inorganic (forMeHg)
mercury was removed on-
line from the microcolumn
with 6 % (m/v) thiourea.
Addition of water (1.0 Centrifugation at 8000 Method of standard
cm®) and KOH (1.5 cm?, 6 | rpm for 2 min. addition (certified
mol/dm®) solution to each | Subsequently, 5 cm? of reference material:
of the samples, shaken for | Na,S;0; (0.01 mol/dm®) | DORM-2)
12 h. Addition of HCI1 (3 was added to 5 cm® of
cm?, 3mol/dm?) to each toluene and the mixture
vial for neutralization. was shaken for 3 min 0.5 pg (for McHg)
Once the effervescence and | and set aside for 10 min. = pg (Tor Vietig

Seafood tissue heat had subsided, acidic Addition of acidic - 88-106 - GC-ICP - MS 1.0 pe (for EtHg) [113]
KBr and CuSO4 mixture at | KBr/CuSO4 in 3:1 ratio v pg &
3:1 ratio (v/v, 3 cm®) were | (v/v, 0.4 cm®) to 2 cm®
added. Then, 10 cm? of of the aquatic layer.
toluene was added, and the | After the addition 0.2
mixture was shaken for 3 cm’ of toluene, the
min and set aside for 10 mixture was shaken for
min. 2 min, then set aside for

10 min.
Addition of 3 cm® 25 % Centrifugation at 2000
(m/v) KOH (in methanol) rpm for about 10 min,
to 1.0-2.0 g wet samples the CH,Cl,. Extraction
with mechanical shaking with 1 cm® sodium 0.2 ng(forMeHg)
overnight. Addition of 3 thiosulfate. Shaking for
cm?® 6 mol/dm3HCl, 4 cm® | 45 min. HPLC - CV - 0.17 ng(forEtHg)
Seafood acidic KBr/CuSO4 (3:1) ) ) ) ) AFS [175]

and 5 cm® CH,Cl, were 0.14 ng(forPhHg)
added to the tube in
sequence, shaking for 2 h
to extract organic mercury
into the CH,Cl; phase.

Seafood tissue f%ﬁ;&ejtﬁg:"th Ha804 INNA O'Oz&nfﬁg (for [98]
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Extraction with toluene.

Microwave assisted After filtration and Analysis of
Bird fissue extraction 0.2-1.0 g of dilution, the supernatant | reference material 0.2 ppb (for MeHg)
sample with 6 mol/dm? with acetate buffer (pH (DORM-2)
(pectoral muscle, | 1y 1 oldmINaCl | = ) de up to th 95-107 HPLC=CV- 1 4 06 ppb (for PhHg) 7]
intestines, liver P - movdm Na was made up 1o 3e AFS o ppoLio &
and Kidney) or 10 min in an.Ethos SEL | final volume of 50 cm’.
high-pressure microwave 0.12 ppb (for EtHg)
digestion unit.
Homogenization with an A fraction of the organic | Using marine
aqueous solution of acidic | layer was withdrawn and | mammal liver tissue
sodium bromide (5 cm? of | extracted with (3 - 4 with a relatively
30 % in 4 N H>SOy4) and cm?®) aqueous thiosulfate | high organic
copper(I) sulfate (7.5 cm® | (0.005 N) by vortexing mercury and MeHg
of 2.5 % in 4 N H2SOy). for 1 min and content to test
Extraction MeHg and other | centrifuging. Separation | recovery and
forms of organic mercury by adding an aliquot of | extraction
Ringed seal by vortexing the tissue thiosulfate (1-2 cm?®), KI | efficiencies for 10-80 ng/g Hg ww.
tissue homogenate with a 3:2 v/v | (0.5 cm’, 3 mol/dm?). MeHg. 2 2 GC - ECD pg (for MeHg) [134]
mixture of Back-extraction with
dichloromethane - hexane | toluene (1.5 - 3.0 cm?).
(5-10 cm®). Separation with toluene
by centrifuging for 2
min at 2500 rpm. The
extract was dried over
anhydrous sodium
sulfate.
Extraction of mercury Method of standard
species into 10 g/dm? addition (certified 3
Biological tissues | EDTA and 0.2 % (v/v) 2- reference materials: 93-99 HPL(;V;SICP ) 0'270'13\42 Ig{/g;n (for [122]
mercaptoethanol solution. (DORM-2 , DOLT-
3)
Acidic extraction with Decantation and the re-
hydrochloric acid. extraction.
Biological Neutralizzatiop with 10 HPLC — ICP - 0.08 pg/dm? (for
samples mol/dm’ sodium - - - MS MeHg) [176]
hydroxide. Dilution of
extracts in the mobile
phase and filtration.
Water vapor distillation Method of standard HPF/HHPN
Sediment, technique for the isolation addition (Cert1ﬁ§d ' 0.025 mg/ke (for
biological tissue of methylmercury reference materials: >95 - ICP - MS MeHg) [177]
IAEA 356, CRM
463, CRM 464,
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DORM - 1)

Hydrolyzed with HBr (47— | Back-extraction with 6 Analysis of
49 %). Shaking, addition cm®of 1 % (V/W) 1- certificate reference
of 20 cm? toluene to the cysteine aqueous materials (CRM- >80
samples. Mixed for 20 solution to strip 580. IAEA-405 (excep
min. Centrifugation at methylmercury from ’ ’ .
Biologica] tissue, 2400 pm for 20 min. toluene. DORM-2, DOLT-3, tDOL Direct Mercury
sediment Collecting the supernatant, SRM-2976 and T3 - Analyzer DMA | 0.04 ng (for MeHg) [197]
containing SRM - 2977) 7 - 80
organomercuryspecies in
falcon tubes.
66



http://mostwiedzy.pl

DRY
DEPOSITION
OF MERCURY

DEPOSITION OF
+  / MERCURYFROM "
’rn;mmmom ;

i
v
rﬁssurunsnﬂmses. ; f a
MERCURY INTO THE - H’, A

“ EVAPORATION OF #
- MERCURY FROM -~
DCEANS

: MERCURY PERCOLATES
LANDFILL INTO GROUND WATERS

SITES

Figure 1. The mercury cycle in the biosphere.
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Figure 2. Levels of total mercury in organisms/samples [pug/kg] and the percentage of methylmercury in the total
mercury content [7].
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Figure 3. The circulation of methylmercury in the maternal and fetal organisms [73].
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SOLID SAMPLES LIQUID SAMPLES

SEDIMENT

Dessication, comminution, screening .

Filtration

Dissolution of sample matrix using:

KOH — methanol [1,87,128
HCI (101, 127] : :

- Base:
Acids: . . ‘
CH;COOH NaOH - cysteine [139] nzymes:

PROTEASE XIV [129]

Supercritical fluid Re-extraction to

extraction (SFE) [20, 129- aqueous phase > Establishment of pH (buffer, HCl, CH;COOH)

131] ‘

Addition of complexing reagents

/L R
L-cysteine [5,27,97,119] \ ‘

Solid-phase extraction (SPE)

[135-138]

2 — mercaptoethanol
[5,115,119] )
Thiourea [23,119,132] Solvent extraction (by shaking, in a stream of solvent, in a Soxhlet appara
Sodium N\

. oy / )
diethyldithiocarbamate Benzene [1,101]
[119,132] Toluene [1,133]
Dithizone [119] Chloroform [1,6] Drying of extract, partial or

Dichlorobenzene total evaporation of solvent
\ / Dichloromethane [134]

Figure 4. Scheme for preliminary sample preparation in the speciation analysis of mercury.
70



