]

MERCURIO E METILMERCURIO EM AGUAS SUPERFICIAIS DE l\,\‘

REGIOES ARIDAS E UMIDAS E O PAPEL DOS ACIDOS
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RESUMO

Utilizando os métodos de extracdo seletiva, absor¢cdo atdbmica e cromatografia gas-liquido,
determinamos que as aguas fluviais e lacustres em regides aridas e / ou Umidas diferem em seus indices de
contetdo total e alquilado de mercurio. Niveis elevados de mercirio em aguas de paisagens aridas (por
exemplo, no Quirguistdo) ndo ativam o processo de metilagdo do metal. Sdo discutidas as caracteristicas da
interacdo de compostos de mercurio e hiimicos como os acidos falvico (AF) e himico (AH). Verifica-se que os
AF promovem a dispersdo de mercurio na biosfera devido a formacdo de complexos fllvicos e a metilagao
abiogénica do mercurio, resultando em compostos organomercuricos téxicos. Os AH manifestam altos niveis
de capacidade de sor¢do em relagdo aos ions de mercurio e servem como sorventes. Em uma interagao
competitiva no sistema AH-Hg-AH, Kd para o mercurio diminui bruscamente com um aumento na concentragao
de AF e no sistema pH. O metabolismo do mercurio na biosfera em termos de seu contetido no complexo solo-
planta é discutido.

Palavras-chave: dcido humico, acido fulvico, merctrio

ABSTRACT

Using the methods of selective extraction, atomic absorption, and gas-liquid chromatography, we
determined that the river and lake waters in arid and/or humid regions differ in their total and alkylated mercury
content indices. Mercury high content levels in waters of arid landscapes (e.g., in Kyrgyzstan) do not activate
metal methylation process. The features of the interaction of mercury and humic compounds like fulvic (FA) and
humic (HA) acids are discussed. The FA are found to promote mercury dispersion in the biosphere due to the
formation of fulvic complexes and abiogenic methylation of mercury resulting in the toxic organomercuric
compounds. The HA manifest high sorption capacity levels in relation to mercury ions and serve as sorbents. At
a competitive interaction in the system FA-Hg-HA, Kd for mercury drops sharply with an increase in FA
concentration and pH system. The metabolism of mercury in the biosphere in terms of its content in the soil-
plant complex is discussed.

Keywords: humic acid, fulvic acid, mercury
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AHHOTALUUA

Mcnonb3ys  mMeTodbl  CeneKkTUBHOW

KCTpaKUmu,

aTtoMHoMm  abcopbuum M ra3oXKMOKOCTHOM

xpomatorpacun, mbl onpeaenunun, YTo peyHble U O3epHble BOAbl B 3aCyLUNMBLIX W/MNN BAAXHbLIX pavioHax
pasnuyalTca no ux oblwemy W ankunupoBaHHOMY MoOKa3aTeno coAepXaHus pTyTU. BbiCOKMM ypoBeHb
coaepXaHust pTyTv B BOAax 3acylwnusbix NaHgwadTos (Hanpumep, B KblprbldacTaHe) He akTMBMpyeT npouecc
meTunuposaHua metannos. O6cyxaaoTcs 0COOEHHOCTU B3auMOAENCTBUSA PTYTU M TYMUHOBBLIX COEAUHEHWMN,
Takux kak dynbsuHoBasa (FA) n rymmnHosas (HA) kucnoTel. Beino obHapyxeHo, 4yto FA cnocobeTByeT pTyTHOM
avcrniepcun B Brnocdepe n3-3a obpasoBaHnsa yrbBOBbLIX KOMMIEKCOB U abMOreHHOro MeTUNMPOBaHUA PTYTH,
NPMBOASALLEro K TOKCUYECKUM OPraHoKypbepPHbIM coeanHeHusaM. HA nposiBnsioT BbICOKME YPOBHU COPOBLMOHHOM
€MKOCTW MO OTHOLLEHUIO K MOHAM PTYTK M crnyxaT copbeHTamu. [pu KOHKYPEHTHOM B3auMOOENCTBUN B CUCTEME
FA-Hg-HA, Ko ana pTytu pesko nagaeTt ¢ yBenuyeHuem koHueHTpauum FA u cuctembl pH. Obcyxaaetcsa
MeTabonuam pTyTu B Brocdepe ¢ TOUKMN 3peHns ee coaepxaHns B MOYBEHHO-PACTUTENBHOM KOMMIEKCE.

KnioueBble cnoBa: 2yMUHO8as Kucrioma, d)ynbeoeaﬂ Kucrnoma, pmymab

INTRODUCTION

Mercury is one of the most toxic trace
element and included in the list of priority
pollutants [4, 19]. Possessing some specific
physical and chemical features, mercury is a
good migrant in the environment, depending on
the current conditions accumulating and
redistributing in the components of water and
surface ecosystems, gas and water environments
[3, 8]. Among the wide range of various
interactions running in natural environments, the
following processes are outlined as principal for
the solution phase: a) hydrolysis of mercury (ll)
ions and their complex formation to FA [10], and
b) abiogenic and biogenic methylation of mercury
[4-7].

MATERIALS AND METHODS

The sampling areas with high levels of
mercury, situated in the South-Western part of
Osh region of the Kyrgyz Republic: mines
Khaidarken and Chauvay (Hg-As-Sb), Kadamzhay
mine (Sb-As-Hg) [8]. The background regions
were Krasnodar reservoir, Northern Dvina river
near Arkhangelsk and others (Russia). Within
these territories were selected the water samples,
different organisms (aquatic and terrestrial plants,
insects, fishes, frogs, lizards organs and tissues of
sheep), sediments, and soil.

Mercury interaction with FA was studied by
a method of solubility in microvariant. The
molecular mass distribution of mercury (Il) fulvic
complexes was studied by filtration through a
Sephadex G-25 column [20]. The experiments for
mercury sorption on HA and the interactions in a
three-component system were conducted in
cylindrical Teflon vessels with screw-on lids. The

mercury content levels in the solutions were
determined using a method of cold vapor with
atomic-fluorescent registration of the analytical
signal, and AES-ICP method [2, 5, 16]. FA
concentrations were determined using a
spectrophotometric  method  from  solution
absorbancy indices at A=420 nm. The
methylmercury concentrations were determined
using gas-liquid chromatography with an electronic
capture detector following an  extraction
concentrating with benzol (toluene) from acid
solutions in the cold [5, 10].

RESULTS

In the course of the surveillance of various
areas with different mercury levels in the
environment (the Northern Dvina, Moscow
suburbs, Kuban, and South Kyrgyzstan) some
data array has been obtained on mercury and
alkylmercury in various natural objects including
natural surface waters. Methylmercury was found
to exist in water ecosystems and water
organisms only. Neither methyl- (MMC) nor
ethylmercury chloride was found in the soils, soil
microorganisms biomass or plants with the
method sensitivity level of 0.5 to 1.0 ng/g [6, 7].

The water analyses revealed the following:

- methylmercury concentrations in surface
waters vary ranging from < 2 to 80 ng/l, making 4
to 50% of their total content at a solution (filtrate)
phase;

- at a sharp increase in total mercury
concentrations in natural waters, methylmercury
levels rise slowly while methylated mercury
percentage drops (see Fig. 1);
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- a tendency of a positive correlation
between methylmercury content levels in the
waters and the bottom deposits (i.e., soil or silt) is
noted;

- along with the higher coefficients of
mercury biological absorption by organisms in
arid regions as compared to the humid ones, a
tendency of still more intensive mercury alkylation
in a water environment is observed. However, in
the conditions of hot climate methylmercury can
migrate from reservoirs to the atmosphere and
decompose being affected by solar radiation.

Among the aspects of abiogenic
methylation, reactions with the implication of
humic substances are of substantial significance.

The humic substances (HS) are complex
mixtures of high molecular organic compounds of
natural origin formed through the plant and/or
animal organic residues decomposition. They
represent a macro component of the organic
matter of both the soil and the water ecosystems.
HS are subdivided into three constituents, namely
humin, which is an inextractable residue, humic
acids (HA) and fulvic acids (FA).

To estimate the role of fulvic acids in
organomercuric compounds formation, the
influence of time period of mercury (Il) exposure
to FA solution(s) upon mercury alkylation process
has been investigated on a model system (see
Fig. 2). As follows from the figure, the methylation
process, having reached a certain level, is
replaced or hampered by a reverse process of
dealkylation.

Nevertheless, it should be noted that the
interaction of mercury (ll) with FA in natural
environments results not only in appearing some
rather toxic organomercuric compounds formed
through abiogenic methylation, but also in drastic
growth of mercury migratory capacity as seen
both in waters and soils due to formation of stable
& soluble mercury (ll) fulvic compounds [11, 21].

We chose elemental mercury, and
mercuric sulfide as the original mercury (ll)
compounds in the fulvic acid - Me model system.

Elemental mercury is a major form of
mercury existence in the atmosphere; when
reaching the earth surface together with
atmospheric precipitates, it interacts with soil
and/or water-organic substances.

Also, investigations into model systems
using mercuric sulfide as the element basic
mineral form as seen in the Earth’s crust were of

some interest for the understanding of mercury
migration mechanism in the biosphere.

The dependence of elemental mercury
and mercuric sulfide solubility on fulvic acid
concentrations was investigated at various pH
values of 5.0, 6.0 and 7.0.

Together with the growth of FA
concentrations in the systems under investigation,
mercury concentrations also increased notably
(Fig. 3), which is due to the complex formation
processes. The data for the solubility method
allows identification of the mercury fulvic
complexes composition and stability indices. The
Hg:FA correlation in the complex compounds was
graphically established as a slope ratio of the
lines. The obtained tg a values point to the
prevalence of fulvic complexes with Hg:FA
composition =1:1 in equilibrium solution for FA
associated with the average molecular weight Mw
= 2200 characteristic for pH = 5.0.

The results of the calculations for
conditional constants of the mercury (ll) fulvic
complexes stability as obtained in the course of
analyzing the HgO-FA and HgS-FA systems are
summarized in Table. 1.

We determined that highly durable &
soluble complex compounds are formed in the
fulvic systems containing elemental mercury and
mercuric sulfide. The values of conditional
stability constants for mercury (Il) fulvic
complexes linearly depend on pH, which is
conditioned by some FA specific features, namely
by their tendency to make reversible associations
and a possibility of structural rearrangements
within FA molecules due to pH rates growth.

The molecular mass distribution of the
mercury (ll) fulvic complexes was studied using a
gel filtration method. The experimental data
suggest that more than 70% of mercury is
evaluated in fractions with the output volumes
characteristic of substances with molecular
weights ranging from 600 to 5000 Da.

Thus, the model system Hg-FA the high
molecular mercury complexes with associated FA
forms drastically prevail in the solutions, which
promotes metal migration within environmental
objects.

Being somewhat higher molecular and
slightly soluble, the humic acids in natural objects
behave as complex-forming sorbents, promoting
metal concentration in soils, water suspensions,
and bottom deposits. Using the Hg-humic acid
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model system, characteristics of ash-free HA
preparations as extracted from turf, marine
sediments, and sapropel, as well as the
mechanism of their interactions with mercury ions,
were studied. The HA sorption capacity indices
with relation to mercury ions are high enough
reaching 300 to 340 mg/g for HA extracted from
turf and sapropel, and 175 mg/g for the HA found
in marine sediments (see Fig. 4).

From the sorption isotherms, the
conditional constants of mercury affinity to HA
sorption centers were calculated using a method
of quantitative physical & chemical analysis, their
logarithm values ranging within 4.1 to 4.95.

Thus, HA serves as an effective natural
geochemical barrier concentrating mercury.

The actual mercury mobility in the
biosphere is controlled by the competition of
metal-FA  versus HA complex formation
processes (Fig. 5). With the growth of FA
concentrations, mercury distribution (Kd) in the
FA-Hg(Il)-HA model system drops noticeably.

At the competitive interactions in the
systems mercury fulvate-HA and Hg(ll)-FA-HA
(see Table 1), mercury distribution coefficient
drops by one or two orders: a) with the increase
in FA concentrations (at a constant pH value), 6)
with the pH growth from 2 to 6 (at a constant FA
concentration).

Consequently, with the growth of pH
values and watercolor indices due to the
competitive mercury-FA or —-HA complex forming,
mercury dispersion over natural landscapes
pronouncedly grows up, while at low pH levels
and weak watercolor the mercury sorption on HA
dominates, i.e., there is a process of mercury
accumulation in environmental objects.

Transformation of mercury

The anomalies with the high content of
mercury in the environment and organisms are a
striking example of azonal natural-technogenic
and technogenic  biogeochemical (BGC)
provinces, for example, Haidarken, Kadamzhay,
Chauvay, of a primary and secondary genesis [8].
BGC provinces are characterized by abnormal
high concentration of mercury, antimony, and
arsenic in BGC food chains and manifestation of
the pronounced biological reactions of organisms
(accumulation of elements, the transformation of
mercury, morphological changes in plants,
toxicoses of man and animals). The chronic
mercury toxicosis of sheep is characterized by a

decrease of a hemoglobin level, catalase and
glutathione peroxidase activities, blocking of thiol
groups, violation of synthesis of thyrotrophic
hormones, calcium-phosphoric metabolism. The
increase of the content of mercury in the
environment and bodies of animals s
accompanied by a sharp activation of synthesis
of metallothionein, decreasing during mercury
detoxication by sodium thiosulfate [8, 9].

Under the high content of mercury in soils
(about 240 mg/kg), landscape plants (about 184
mg/kg), biomass of microorganisms (about 160
mg/kg), organs and tissues of animals (about 10
mg/kg) from BGC mercury provinces of alkyl
mercury compounds practically are not revealed
in this objects. The methylmercury presents
mainly in water, ground sediments, water
organisms, some insects (for example, larvae
and pupae of mosquitoes), amphibian and
reptiles. The methylation form of mercury (from
the common concentration of metal) accounts
about 46, 28 and 18 % in fishes, frogs, and
lizards respectively. About 20 % of mercury in
methylation form migrates in natural waters,
especially during the maximal biological activity of
reservoirs. The content of alkyl mercury in water
tanks of mercury provinces is higher only in 1,5 -
2 times than the level of methylmercury in natural
waters of a European part of Russia [4].

The experimental data specifies the
prevalence of transformation of mercury into
methylmercury in a water medium. Its
dealkylation, interaction with thio- and disulfide
groups of proteins, peptides and amino acids with
the subsequent neutralization in sulfide form
takes place in overland organisms. Probably the
mercury methylation is a reflection of alkylation,
dominant in the condition of a primary
atmosphere and hydrosphere of the Earth, which
has the reductive character. As a whole, the
subsequent evolution of organisms and the
biosphere has resulted in the loss of this
mechanism, especially during the increased
mercury inhalation from bowels of the Earth. In
this condition, the bigger part of organisms
becomes capable of desalkylate methylmercury
synthesized in the biosphere by biogenic and
abiogenic ways. We determine precisely this
process in overland organisms [3, 4, 13].

The process of methylation Hg(ll) in water
medium depends on the temperature, pH, Eh, the
concentration of an element, type of water, the
content of organic matters and total
microbiological activity of medium. It seems that
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the methylation, reaching a certain level, is
changed and braked by the reverse process of
dealkylation. The methylation takes place on
suspended sediment of organic matters in water
and in the top part of deposits.

Among the aspects of abiogenic
methylation, except transformation by
methylsilanes, two types of reactions, with the
participation of methylcobalamin and substances
of humic origin, have essential importance [18].
The organisms, capable of synthesis of CH4 from
carbon dioxide and hydrogen, proved to be active
concerning the mercury methylation. The
enzymatic  and unfermentative mercury
methylation with the participation of three basic
co-enzymes-S-adenosylmethionine,  derivatives
of 5, N - methyltetrahydrofolate and derivatives of
vitamin B12 - cobalt (lll) methylcorrinoides is
possible in organisms. In the latter case, the
carb-anion (CH3-) directly reacts with Hg2+. The
speed of reaction depends from E10 (Fig. 6). If
oxidation-reduction potential of an ion of metal is
more than +805 mv, it methylates by carb-anion
(for example, selenium, mercury, tellurium, lead),
else, during the transport of radical (tin, arsenic,
chromium). However, alkyls of lead, cadmium,
and zinc are unstable in water solutions. There is
also the formation of dimethylmercury during the
process of transmethylation:

CH3-Hg+ = donor of a methyl group =
CH3-Hg-CH3.

It is necessary to pay attention to the
scheme of BGC transformation of mercury in the
biosphere (Fig. 6).

The water and land ecosystems are
precisely separated on it. The elementary and ion
forms of mercury (Il) are methylating to
methylmercury—ion and dimethylmercury under
the influence of anaerobic and aerobic
microorganisms and organic matters - donors of
a carbonic ion or radical [14, 15]. The latter, not
keeping in a water medium, acts to the
atmosphere, being decomposed to elementary
mercury [23].

The HgO, which once again acts to
hydrosphere with sediments again. The salts of
methylmercury are accumulated by water
organisms, in particular by water and bottom
inhabitants. The methylmercury in the form of
metal is liberated from detritus of dead organisms
by bacteria [12, 17]. The formation of
dimethylmercury arises with the redundancy of a
carbonic ion, inorganic nitrogen and high volume

of pH, and oxidation of elementary mercury to the
ion (ll) - in the presence of oxygen and organic
matter. Partially elementary mercury is eliminated
to the atmosphere by water plants [1, 22]. For
want of it, the function of humic acids can consist
not only in the delivery of methyl-groups but also
in the reservation of the inorganic forms Hg (II).

The processes of dealkylation of
methylmercury and its combination  with
metallothionines prevail in the land animals.
Apparently, the bacterial regulation of mercury
conversion plays a vital part. It is regulated by the
appropriate  genes and depends on the
concentration of mercury in the medium of
organisms.  Moreover, the exhalation of
elementary mercury by organisms is also bound
up with resistance genes (plasmid DNA), which
are being formed in bacteria only in extremal
conditions [12]. However, these processes are
investigated insufficiently.

CONCLUSIONS:

There are the peculiarities of the
interaction of mercury with humus substances —
fulvo- (FA) and humic acids (HA). It was shown
that FA promotes to mercury dispersion in the
biosphere in the result of the formation of fulvic
complex and abiogenic methylation of mercury
with producing toxic Hg-organic compounds. HA,
in contrast, has higher sorption volume as to
mercury ions and implements the role of sorbents.
Kd of mercury in system FA-Hg-HA is falling
significantly at competition interaction with
increasing concentration of FA and pH of the
system. Thus, the humic acid is a regulator of
mercury migration in the biosphere. Nevertheless,
there is a need to evaluate the competitive
interaction of different metals with the active
points of humic acid in the presence of mercury
and to determine the effect of temperature and
solar irradiation on the state of the methylmercury
in the laboratory and natural conditions.
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Fig. 3. Dependence of elemental mercury and cinnabar solubility indices on FA
concentrations (pH=5.0). (a) system Hg°® — FA, (b) system HgS — FA.
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Fig. 4. Mercury sorption isotherms for HA extracted from sapropel (curve 1), turf (curve 2) and

marine sediments (curve 3).
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Fig. 5. Dependence of mercury Kq values on time at various FA concentrations in solutions.
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Fig. 6. Transformation of mercury and methyl-mercury in the biosphere. MT — etallothioneines,

GSH — reduction glutathione and its derivatives (phytochelatines).
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Table 1. Conditional stability constants for mercury fulvic complexes of the composition Hg:FA=1:1.

System pH Mean B4 Ig B11
5,0 3.60x107 7.56
Ho®~FA 6,0 1.03x1010 10.01
7,0 2.32x10"" 11,37
Hg® - FA 5,0 7.52x107 7.88
7,0 2.99x102 12.48

Table 2. The experimental Kqvalues for mercury at pH= 5.0 and 3.0.

Kd

Model system
y oH=5.0 oH = 3.0

Fulvates mercury - HA 2x10! 1.5x108
FA — Hg(ll) - HA 1.5x102 4x103
Humat Hg- FA 4x10* 1x104
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