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Abstract Selenium is usually known as the ‘dou-
ble-edged sword element’ for its dual toxic and
beneficial character to health. Since the pioneer
works by Schwarz and Foltz on the relationships
between selenium deficiency and liver, muscle and
heart diseases, many efforts have been undertaken to
better understand the role of selenium in health. At
the same time, an increasing number of publications
have appeared during these last years on the selenium
physico—chemical interactions within the environ-
ment. Both types of research represent ongoing
efforts to correctly estimate the bioavailability of
selenium species for health and the environment.
Redox reactions, diffusion, adsorption and precipita-
tion processes or interactions with organic matter and
biota govern the speciation and mobility of selenium
in the environment. This review intends to emphasize
and collect the important advances made during these
last years in the mechanistic understanding of
processes which govern selenium cycling and bio-
availability, like adsorption at the mineral/water
interface, precipitation of elemental selenium, or
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bioavailability of nanoscaled precipitates. The advent
of powerful spectroscopic techniques, like X-ray
absorption spectroscopy, has allowed the structural
description of adsorption and substitution processes
that selenium undergoes in a variety of minerals.
These and other structural details about selenium
precipitates are reviewed here, together with their
relationships to the bioavailability of the element in
the environment.
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1 Introduction

Selenium (Se) was identified as a new substance in
1817 by Jons Jacob Berzelius when studying a
method to prepare sulfuric acid from sulfur-bearing
rocks. A precipitate with a brownish/red color and
tellurium (Tellus—Greek word meaning ‘Earth’)
smell-like led him to name it selenium (from the
Greek word ‘Selhum’, the ‘Moon’, (Berzelius 1817,
1818). The oldest histories related to selenium have
their origin in the Middle Age. Marco Polo, during
his travels in China in the 13th century, reported a
hoof disease in horses that was later identified as
selenium toxicosis (selenosis) (Oldfield 2006).
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Selenium has been identified during long time as a
dangerous substance because of its toxicity and it has
been only in the recent past that its physiological
importance as a trace element fundamental to health
has been assessed. Schwarz and Foltz (1957), linked
the existence of liver, muscle and heart diseases with
selenium deficit. The Kashin—Beck disease, an artic-
ulation disease found in children from the north of
China, north of Korea and Siberia, was shown to be
related to selenium deficit in soils. A dietary selenium
supplement helped to eradicate these health prob-
lems. Selenium is known to be a ‘double-edged
sword’ element, having one of the narrowest ranges
between dietary deficiency (<40 pg day ') and toxic
levels (>400 pg dayfl) (Levander and Burk 2006). It
is thus essential to understand the physico—chemical
and biological processes that govern its bioavailability
in the environment. Past research has demonstrated
that it is an essential nutrient provided by plants as part
of animal diets, even though it is not an essential
element for plants. The evaluation of the limits
between toxicity and deficiency is a problem with a
difficult approach, as selenium toxicity and deficiency
are influenced by bioavailability of selenium species in
the environment, a factor entangled with many
environmental variables, and by the bioaccumulation
of selenium in some organisms like plants.

Bioavailability is a biogeochemical concept which
relates the concentration of an element to its avail-
ability to organisms. It governs the uptake of
selenium in animals and plants, influencing the
biochemical functions that selenium fulfills in the
organisms. Several studies over the past 30 years
have reported detailed physico—chemical processes
affecting bioavailability of selenium in different
environments. Inorganic selenium oxyanions have
been used as dietary supplements in fertilizers, and
bioavailability of organic selenium compounds to
different plants and animals has been largely studied.
Advances in the field of drug delivery systems have
recently focused some attention in the bioavailability
of nanoparticles of elemental selenium, a chemical
species that has been classically seen as biologically
inert. Recent research on bacterial-mediated reduc-
tion of selenium oxyanions to elemental selenium has
shown that different structures and nanoparticle sizes
are bio-synthesized, enlarging the panorama of ele-
mental selenium allotropes to a still uncertain number
of new structures. In addition, the finding that
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solubility of certain elements increases when they
are scaled down to nanometer sizes poses new
questions about the mobility and bioavailability of
elemental selenium nanoparticles and on their fate in
the environment. This review intends to give a
summary about the most important biogeochemical
factors affecting selenium bioavailability in soils,
waters and sediments. Special emphasis has been
given to the structural characteristics of the sorption
processes, and to review the new findings about
elemental selenium nanoparticles of the recent years.

1.1 Structural and aqueous chemistry

Selenium is a nonmetal, of atomic number 34, atomic
mass 78.96 and electronic configuration [Ar] 3d'0 442
4p*. It is present in nature in five oxidation states:
(—=1ID), (=), (0), (+IV) and (+VI). SeO,>~ and
Se05”~ are soluble oxyanions known respectively, as
selenate and selenite.

— The fully oxidized Se(VI) form, selenate, exists as
a tetrahedral (point symmetry Ty; see Fig. 1)
oxyanion in solution as biselenate (HSeO, ) or
selenate (SeO42_) with a pK,, = 1.8 = 0.1 (Seby
et al. 2001). The doubly protonated species do not
exist under natural conditions, since pK, =
— 2.01 £ 0.06 (Seby et al. 2001). The aqueous
chemistry of selenate and sulfate are quite similar,
and researchers have observed that similar surface
complexes form with both oxyanions (Peak and
Sparks 2002; Wijnja and Schulthess 2000b).
Selenate is the predominant species at high redox
potentials, e.g. in alkaline sub-desertic soils, and it
is considered very soluble and with low adsorption
and precipitation capacities (Fordyce 2007).
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Fig. 1 Selenite and selenate structures. Selenite has a Cs,
symmetry, with pyramidal-shape, which is reduced to C; upon
deprotonation. Selenate has a Ty tetrahedral symmetry, reduced
to C3, upon single protonation, and C, upon double protonation
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— Se(IV) exists as the pyramidal oxyanion selenite
(SeO327), with point symmetry Cs, (see Fig. 1) in
its unprotonated state, and as the gas selenium
dioxide, SeO,. Selenite is a weak acid that can exist
as H,SeOs, HSeO; ™, or Se05>~, depending upon
solution pH (pK,; = 2.70 & 0.06 and pK,, = 8.54
4 0.04, (Seby et al. 2001). In the moderate redox
potential range, selenite is the major species and its
mobility is mainly governed by sorption/desorption
processes on various solid surfaces such as metal
oxyhydroxides (Balistrieri and Chao 1987; Papelis
etal. 1995; Saeki et al. 1995), clays (BarYosef and
Meek 1987) and organic matter (Gustafsson and
Johnsson 1994; Tam et al. 1995).

— Se(—II) and Se(—I) are stable under strongly
reducing conditions in a variety of metallic
selenides and in a high number of organic
compounds. Other compound, H,Se, is present
in nature as a product of microbial processes
(Oremland et al. 1994). Values for the acidic
dissociation constants are pK,; = 3.8 £ 0.1 and
pK. = 14 £ 1. Comments on these large uncer-
tainties are given in (Seby et al. 2001). Se(—II) is
present in some metastable anions as selenosul-
fate SO;Se’~ (Ball and Milne 1995), which is
largely used as a source of selenium for the
formation of metallic selenides in industrial
processes (see e.g., Riveros et al. 2003).

— Elemental selenium, Se(0), is present in nature as a
non-soluble form, forming, at least, 11 different
allotropes (Minaev et al. 2005): two amorphous
phases (red, black, see Jovari et al. 2003), three
different allotropes of crystalline monoclinic sele-
nium (deep red), crystalline trigonal (or
rhombohedral) selenium (metallic gray), ortho-
rhombic selenium and three allotropes of
crystalline cubic selenium formed under high-
pressure conditions. Detailed structural informa-
tion of some of these allotropes is given in Table 5.

A recent exhaustive compilation of published data
of inorganic selenium—metal solubility constants,
selenium acid-base equilibrium constants, standard
potentials of selenium redox couples and some
complex dissociation constants for the soluble species
of selenium can be found in Seby et al. (2001) or in
Olin et al. (2005).

Besides inorganic forms of selenium, non-volatile
organic selenides such as seleno amino-acids and

volatile methylated forms of selenides, principally
dimethylselenide and dimethyldiselenide, can occur
in surface water, groundwater and waste water
(Cutter 1982; Lenz et al. 2006). Table 1 shows the
main selenium-containing organic compounds found
in nature.

1.2 Isotopes and radioactivity

There are five stable selenium isotopes (see selenium
isotopes in Table 2). One of them, 82Se, occurs
naturally and it has a decay half life of 10?° years.
"Se is of special interest nowadays due to the current
growing interest in the nuclear waste disposal
research, as it is a fission product of **°U (Shongsheng
et al. 1997; ANDRA 2005). After long time storage,
the main selenium radioactivity will be produced from
this long-lived radionuclide, 79Se (half-life:
295 x 10° year). For this reason, the total cumulative
dose of radioactivity could be affected by an eventual
release of this radionuclide from waste repositories to
the biosphere (ANDRA 2005). This has motivated the
study of materials with high selenite retention capac-
ities (the thermodynamically most stable chemical
species in these environments), and the study of
selenite interaction with clays (Breynaert et al. 2008;
Bruggeman et al. 2007, 2005; Peak et al. 2006),
cements (Bonhoure et al. 2006; Johnson et al. 2000b;
Mace et al. 2007; Pointeau et al. 2006) or clays in the
presence of Fe(Il) (Charlet et al. 2007).

3Se is another isotope relevant in environmental
studies. It has a half-life of 120 days. It is a gamma-
emitter, which allows using it as a tracer, or a label
material in a variety of studies due to the low detection
limits achievable with radioactivity detectors (in the
order of 10™° mol selenium). 75Se—selenomethionine,
5Se—selenite and "°Se—selenate containing solutions
are used as radioactive diagnostic materials in medical
science applications (Irons et al. 2006), as tracers in
hydrological studies (Li and Zheng 1990) or in
biological investigations (Luoma et al. 1992).

2 Selenium cycling in the environment
2.1 Selenium in rocks, soils and waters

Selenium presents a complex chemical behaviour that
allows it to combine with a variety of elements in
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Table 1 Main selenium aqueous or gaseous chemical species present in the environment or biologically relevant

Species

Chemical formula

Comment

Inorganic species
Selenate [Se(VI)]

Selenite, Selenium dioxide [Se(IV)]

Elemental selenium [Se(0)]

Selenide [Se(—ID)]
Organic species
Dimethylselenide (DMSe)

Dimethyldiselenide (DMDSe)

Dimethylseleniumsulfide
Dimethylseleniumdisulfide
Selenodiglutathione

Selenocysteine (SeC)
Selenomethionine (SeM)
Trimethylselenonium
Selenocyanate

Selenoproteins

H,Se0,°, HSeO,~, Se0,>~

H,Se0:°, HSeO;~, Se032~, SeO,

Se?

H,Se
(CH3),Se
(CH;),Se,

(CH3)QSGS
(CHg)zS&Sz
GSSeSG

HSeCH,CHNH,COOH
CH;3Se(CH,),CHNH,COOH
(CH3)3Se™

SeCN™

Predominant species in soils, sediments and waters.

Selenite present in mildly oxidizing, acidic
environments (e.g., oil refinery waste waters).
Selenium dioxide, gas present in volcanic eruptions
and combustion processes.

Precipitated after microbial reduction processes and,
to a less extent, by inorganic processes.

Volatile compound formed upon microbial processes.

Volatile compound formed upon bacterial methylation
processes.

Volatile compound formed upon bacterial methylation
processes.

Product of microbial methylation processes.
Product of microbial methylation processes.

Formed during in vitro experiments mimicking
biochemical processes.

Main selenium specie in organic tissues.
Predominant specie in plants.

Urinary metabolite.

Present in wastewaters from petroleum refineries.

Various proteins and enzymes (i.e., GPX,
Selenoprotein P, TR...)

Adapted from Chabroullet (2007); Haygarth (1994); Losi and Frankenberger (1997)

Table 2 Stable and
unstable selenium isotopes

¢ holds for ‘electron
capture’, y for gamma
emission, f~ for beta decay
and f~ i~ for double beta
decay

2 82Ge is an unstable
nucleus occurring naturally.
The other unstable isotopes
in this table occur through a
synthesis process only

nature. This makes selenium compounds widespread
over all the Earth compartments: rocks, soils, waters
and air. However, selenium is considered a trace
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Isotope  Atomic Half life Decay  Decay energy Decay  Abundance
mass mode (MeV) product (%)*
(g mol_l)
2Se 71.927 8.4 days e 2As
y 0.046
"Se 73.922 Stable 0.87
Se 74.922 120 days & As
y 0.401, 0.280, 0.265,
0.136, 0.121
6Se 75.919 Stable 9.36
"Se 76.920 Stable 7.63
8Se 77.917 Stable 23.78
Se 78.918 2.9510° years S~ 0.151 Br
80ge 79.917 Stable 49.61
828e 81.917 1.08 BB 2995 82Ky 8.73
10%° years

element in the Earth crust, with average concentra-
tions ranging from 0.05 to 0.09 mg kg~' (Neal and
Sposito 1989; Taylor 1985).
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Rocks are the primary source of the element in the
terrestrial system (Fleming 1980; Neal 1995; Rosen-
feld and Beath 1964). The total amount of selenium
in rocks comprises 40% of the total in the Earth’s
crust, mainly in sandstone, quartzite and limestone
(Wang and Gao 2001). Biogeochemical processes as
weathering, rock—water interactions and biological
activity control the transport of selenium from rocks
to other compartments, distributing it over the planet
and governing the uneven distribution of the element
over the Earth. Sedimentary rocks present concentra-
tions with a mean value of 0.0881 mg kg™ ', as found
by (Tamari et al. 1990). Because these major rock
types account for most of the Earth’s surface it is
straightforward to estimate that selenium-deficient
environments are by far more widespread than
selenium-excessive ones (Haygarth 1994). Average
selenium concentrations in selected representative
environmental compartments are given in Table 3.
Contrary to sedimentary rocks, clay fractions in
sediments, shales, phosphatic rocks, coals or organic-
rich deposits contain usually high concentrations of
selenium. Phosphatic rocks contain an average of
1 mg kg~ ' (Charter et al. 1995), reflecting structural
similarities between phosphate and selenate oxya-
nions. Selenium is often found in minerals
substituting for sulfur, as in Chalcopyrite, Pyrite, or
other common metallic sulfides (Masscheleyn et al.
1991; Neal and Sposito 1989).

Soil selenium concentration is mostly influenced
by selenium concentration in the parent materials.
The average selenium content in most soils ranges
from 0.01 to 2 mg kg~' (world mean 0.4 mg kg~ ',
Fordyce 2007). However, high concentrations have
been reported in some seleniferous areas, reaching
1,200 mg kg_1 (Fleming 1980; Jacobs 1989; Neal
1995). On the other side, Dhillon and Dhillon (2003)
proposed a value of 0.1 mg kg™ for the limit in
concentration under which soils are considered
deficient in selenium. Soils containing more than
0.5 mg kg~" of selenium are considered seleniferous
soils, (Dhillon and Dhillon 2003), as the forages
produced on such soils have more selenium than the
maximum permissible level for animal consumption
(2-5 mg kg~' dry matter, regardless of the species
(Mayland 1994). Changes in topographical features
and leaching/erosion processes play an important role
in the development of seleniferous soils in the
different parts of the world. Areas of toxic, adequate

Table 3 World average selenium concentrations in selected
representative solid environmental compartments

Material Total Se (mg kg™ ")
Earth’s crust 0.05
Igneous rocks 0.35
Volcanic rocks 0.35
Limestone 0.03-0.08
Shale 0.05-0.06
Carbon shale (China) 206-280
Shale (USA) 1-675
Phosphates 1-300
Soil 0.01-2
World seleniferous soils 1-1,200
concentration range®
Selenium-deficient soils (China)b 0.004 — 0.48
Atmospheric dust 0.05-10

Freshwater (ug 1™ h 0.02

Seleniferous waters (USA) 0.05-0.3
Selenium-deficient water (China)® 0.005-0.44
Grasses (USA) 0.01-0.04
Marine algae 0.04-0.24
Marine fish 0.3-2
Freshwater fish <2
Animal tissue 0.44

Examples are given of seleniferous materials, soils or waters
(in cursive), for the sake of comparison with average world
values. Adapted from Fordyce (2005)

? Table adapted from Fordyce (2005). Original values from
Haygarth (1994), Thnat (1989), Jacobs (1989), Neal (1995),
Nriagu (1989), Oldfield (2006)

® Values reported from Thnat (1989). Lower values of selenium
concentration have caused contamination problems in San
Joaquin Valley (Presser and Piper 1998), which reflects the
entanglement of factors affecting bioavailability of selenium

¢ Seleniferous soils in Ireland (with high OM content) have
been reported to contain 1,200 ppm of selenium (Ihnat 1989)

and deficient selenium levels exist side by side. Soils
with elevated levels of selenium are found in many
countries including China (Wang and Gao 2001),
India (Dhillon and Dhillon 2003), Ireland (Seby et al.
1997) and USA (Presser 1994). Usually, higher
selenium concentrations are found in soils derived
from Precambrian organic-rich carbonates, like in
China (Thnat 1989), or from Cretaceous shales,
containing an average value of 4.5 mgkg™' with
maxima reaching up to 1,200 mg kg~ ' (Lakin 1972).
For instance, ~2 mg kg~ occurs in the Cretaceous
shale (Colorado, USA) and related shales, which are
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the parent materials for much of the seleniferous soils
in the Northern Great Plains of the USA and the
Prairie region of Canada (Ihnat 1989). Seleniferous
marine sedimentary rocks from the coastal ranges in
the San Joaquin Valley (California, USA) are the
main source of selenium in waters at the Kesterson
Reservoir, which is one of the most studied selenium-
contaminated sites (Presser and Piper 1998). Weath-
ering caused by infrequent storms and transport of
alluvial deposits are key processes in the mobilization
of selenium from parent rocks or sediments in this
region, raising the selenium availability in the waters
of the San Joaquin Valley (Presser and Swain 1990).
Seleniferous rocks (like pyritic shales) in this area
have mean values of 8.9 mg kg~ " of selenium. Soils
concentrations are lower, ranging from 0.14 to
0.68 mg kg~ '. The high presence of pyrite suggests
that selenium is incorporated in its structure by
replacing sulfur (Presser and Piper 1998). An exten-
sive review on seleniferous soils has been compiled
by Dhillon and Dhillon (2003), and a data compila-
tion concerning selenium concentrations in rocks and
seleniferous soils can be found in Rosenfeld and
Beath (1964).

The concentrations and chemical forms of sele-
nium in soils or drainage water are governed by
various physical and chemical factors, including pH,
chemical and mineralogical composition, adsorbing
surface, and oxidation-reduction status (Dhillon and
Dhillon 1999). These processes include as well
weathering of elemental selenium or metallic sele-
nides (selenium-bearing FeS,, FeSe,), and oxidation
of Se(—II) to selenite (under acidic conditions) or
selenate (under alkaline conditions) (Presser and
Piper 1998). The general trend for the occurrence of
the different species of selenium in soils is deduced
directly from their physico—chemical properties: the
oxyanions selenite and selenate exist predominantly
in the aqueous solutions of aerated alkaline soils,
while insoluble selenides and elemental forms of
selenium are mostly present in poorly aerated, acid,
organic-rich soils of strong reducing conditions
(Fordyce 2007; Neal 1995). However, this is a very
general rule that is not always fulfilled.

Because selenium escapes as high-temperature
gases during volcanic activity, selenium concentra-
tions left in volcanic rocks such as basalts and
rhyolites are usually very low (Fleming 1980; Jacobs
1989; Neal 1995; Nriagu 1989). A mean value of
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0.0086 mg kg~' has been reported for igneous rocks
in Japan (Tamari et al. 1990). On the other side,
volcanic-ashes produced simultaneously to volcanic
gases and soils and sediments developed from these
ashes are usually rich in selenium (Byers et al. 1938;
Davidson and Powers 1959; IThnat 1989; Lakin 1972).
However, volcanic soils have been usually reported
as having low soil contents of selenium (Rayman
2000). The origin in this apparent discrepancy is two
folded: on one hand, some soils in volcanic regions
present specific mineralogical characteristics which
lead to the immobilization of large quantities of
organic matter (Wang and Chen 2003); selenium
associates with organic matter being immobilized and
thus becomes unavailable to the biota (Wang and Gao
2001). Clear difference should be made then between
low bioavailability and deficiency, terms that have
been used in a confusing way by some authors
(Rayman 2000; Reilly 1997; Sirichakwal et al. 2005).
On the other hand, little is known about the specific
interactions of selenium oxyanions (predominant
species of inorganic selenium in volcanic soils) and
the mineralogical components specific to these soils
(imogolite and allophane), which could be responsi-
ble of the low selenium bioavailability. More
research is needed to better understand these inter-
actions at a mechanistic level.

Volcanic soils are usually very porous acidic soils.
Reducing conditions prevail only in some paddy fields,
where selenite can be transformed into insoluble
forms, such as elemental selenium (Yamada et al.
1999). Otherwise, in these acidic environments, sele-
nate is unstable and leaches easily (Neal et al. 1987a,
b), and selenite is the major species (Nakamaru et al.
2006). Selenium bioavailability in these soils is thus
controlled by the adsorption of selenite on mineral
surfaces and organic matter. Andosols are the soils
with higher selenium distribution coefficients (Naka-
maru et al. 2005). The particle/solution distribution
coefficient (Ky) of selenium in Japanese agricultural
andosols are as high as 600800 L kg~'. Sequential
extractions performed on andosol samples show high
correlation coefficients between occurrence of short-
range-ordered aluminosilicates such as allophane,
imogolite and active aluminum, and selenium Ky
values (Nakamaru et al. 2005). The high specific
surface areas and positive charges of these volcanic
soil components may be the responsible for this high
affinity of selenium. Other soil components with high



Rev Environ Sci Biotechnol (2009) 8:81-110

87

affinity for selenium are iron—-humus complexes (Ihnat
1989) and poorly crystalline iron oxides such as
ferrihydrite, as e.g. for New Zealand soils (John et al.
1975). In Hawaiian volcanic soils, the selenium
content varies from 1 to 20 mg kg ™', but this selenium
is unavailable for vegetation, due to its complexation
with iron and aluminum bearing minerals (Davidson
and Powers 1959). Volcanic soils are thus an example
of soils with high total selenium content but low
bioavailability. This contrast requires further struc-
tural studies to be fully understood.

Hydrological systems are one of the most signif-
icant transport processes for selenium (Cutter and
Bruland 1984). Nriagu (1989, 1991) has undertaken a
detailed study of these processes estimating that
fluxes of about 14,000 tons of selenium per year are
transferred along aquatic pathways from the conti-
nents to the oceans, via either selenium-bearing
sediments, responsible of roughly 85% of this
transport (Cutter and Bruland 1984), or via soluble
species. Leaching of selenium species from soil to
groundwater is another component of selenium
hydrological transport. However, processes govern-
ing this leaching are poorly understood, due to the
heterogeneity of the water/rocks, soils and sediment
interfaces (Dhillon et al. 2008). Mean residence time
of selenium in the deep ocean is about 1,100 years,
i.e., is of the order of water residence time (Thnat
1989). This is typical of highly soluble species,
poorly adsorbed on sedimentary particles.

2.2 Selenium associations with organic matter

Organic matter (OM) plays a fundamental role among
the soil biogeochemical variables (pH, Eh, surface
charge, aggregation, cation exchange capacity...)
governing the mobility of trace elements by complex-
ation processes (Filella and Town 2003). There is a
general agreement on the fact that selenium is
associated generally with OM in aquatic and terrestrial
environments (Abrams et al. 1990; Zhang and Moore
1996). This is reflected in the distribution coefficient
for organic matter used for selenium by the interna-
tional atomic energy agency (IAEA 1994). The (Kjy) is
often used to predict the sorption behavior of an
element in soil. The (K) for organic matter associated
selenium is twice that for soil clays, with a value
K4 seom = 1,800 L kg_l. However, mechanistic pro-
cesses of the interactions governing selenium/OM

associations are still poorly understood. The organic
compounds found in soils and waters are highly
heterogeneous (Sutton and Sposito 2005), which
makes more complicated the study of OM properties,
like its ion complexation ability, or the biogenic
processes underlying their formation. Selenium is
associated with OM through two different kinds of
processes.

2.2.1 Selenium complexation to organic matter

Selenium can be immobilized through the formation
of selenium metal-humic ternary complexes, as
suggested by Gustafsson and Johnsson (1994) for
Fe(Il)-OM complexes, althought little is known
about the ions involved in this process. Associations
of selenite with natural polysaccharides of different
molecular weight has been studied by Ferri and
Sangiorgio (2001). They showed that formation
constants were independent of the charge of the
organic ligands, the strength of the complexes
stability being more dependent of their structure.
Abiotic selenium fractionation between humic and
fulvic substances has been studied by some authors
who related the effects of these associations to the
bioavailability of selenium to plants (Kang et al.
1991; Zhang and Moore 1996). Wang et al. (1996)
reported a decrease in the selenium uptake by plant
roots due to interactions between selenite and fulvic
acid. The same effects were found to affect selenium
bioavailability to animals (Wang et al. 1996). Wang
and Gao (2001), showed that selenium is immobi-
lized in soils in the northeastern regions of China,
where selenium deficiency diseases (Keshan and
Kaschin—-Beck diseases) are widespread. Selenium
content in these soils is not low (it ranges from 0.1 to
0.3 mg kg™ "), but these soils are very rich in OM,
which appears to be the responsible of the selenium
immobilization and of its low bioavailability. The
retention of negatively charged selenium oxyanions
by OM highlights the importance of ternary sele-
nium-cation—-OM complexes. These complexes seem
to be important mechanisms of selenium immobili-
zation by OM, although little is know about their
structure and stability.

Other environments where selenium immobiliza-
tion by OM is a relevant factor are the geological
environments dedicated to nuclear waste disposal
(see Sect. 1.2). Bruggeman et al. (2007, 2005) have
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recently studied the interaction between selenium
oxyanions and dissolved humic substances derived
from such environments. Thermodynamically, and
due to the presence of a reducing phase (FeS,),
selenium oxyanions are expected to be reduced to
elemental selenium or Se(—II), and to be removed
from solution by precipitation (Bruggeman et al.
2005). However, in the case of selenate, no speciation
change was observed in the experiments of Brugg-
eman et al. (2005, 2007). This implies that selenate is
kinetically inert and that it is meta-stable in ground-
waters rich in humic substances in equilibrium with
reducing solid phases, and that it may only be
reduced by micro-organisms. In the case of selenite
equilibrated in the presence of humic substances, the
selenium solution speciation changed drastically,
accompanied by a decrease of the total selenium
dissolved concentration after centrifugation. In addi-
tion, a newly-formed selenium species was detected,
but could not be identified. The authors propose that
this new species was associated with the dissolved
humic substances (Bruggeman et al. 2007). Thus an
abiotic route for the transformation of selenite to
organically-bound selenium was observed to exist,
although the exact nature of this species is not known.
OM-metal complexes are thus relevant factors that
may play an important role in the mobility and
bioavailability of selenium in anoxic environments.
There is no information in the literature about the
degree of association between reduced selenium
species (elemental selenium and selenides) with
stable humic substances. Transport of Se(0) bound
to bacterial walls has been suggested by Fevrier et al.
(2007) and similar colloidal-mediated transport could
be imagined for reduced species of selenium
adsorbed onto OM colloids.

The adsorption of adsorption of selenium oxya-
nions on aluminum oxides is affected by competitive
effects of the oxyanions with some organic acids.
While oxalic and citric acids compete with selenite
and selenate for adsorption sites, formic and acetic
acids do not modify the yield of adsorption of
selenite, and even promote the adsorption of selenate
(Dynes and Huang 1997; Wijnja and Schulthess
2000a, b). Formic and acetic acids form outer-sphere
complexes at the aluminum oxide/water interface, as
opposed to oxalic and citric acids that are adsorbed
by an inner-sphere mechanism (Dynes and Huang
1997; Wijnja and Schulthess 2000a, b).
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Fulvic acids have been shown not to have any
effect on sorption of selenite on aluminum oxides
(Zuyi et al. 2000), but to increase the total adsorption
of selenite on amorphous iron oxides (Tam et al.
1995). These effects can be explained by the high
affinity of selenium for aluminium oxides and for
some iron oxides, as will be discussed later on, or by
selenium—Fe—humic substance ternary complexes
bound to the iron oxides.

A recent study by Ogaard et al. (2006) shows the
effect of manure on retention of selenium in soil.
Addition of cattle manure in combination with
selenite and selenate reduced the adsorption of both
anions to a loam soil in batch experiments. The
results were explained by the content of low-molec-
ular-weight organic acids in the manure (as acetic,
formic and oxalic acids) which compete with sele-
nium for the sorption sites (Ogaard 1996).

There is a lack in the literature of mechanistic
descriptions of these abiotic processes. This is
probably due to the major impact of biotic processes
on the cycling of selenium (Dowdle and Oremland
1998). For this reason, correct estimations on the
degree of selenium associations with OM cannot be
made presently, which suggest that more research
should be done in the future in this direction.

2.2.2 Biotic transformations

Selenium speciation, mobility and bioavailability are
highly affected by the presence of microorganisms in
the environment. Their main influence on the bio-
availability is through the control of selenium
oxidation state, which directly relates to the solubility
of different selenium compounds (see Sect. 3.3).
Different biotic pathways have been identified now-
adays by which a selenium oxyanion can be reduced
to Se(0) or Se(—II). Bacteria can use selenate and
selenite as terminal electron acceptors in energy
metabolism (dissimilatory reduction). They can also
reduce and incorporate selenium into organic com-
pounds (assimilatory reduction). Other relevant
processes are alkylation, dealkylation and oxidation
(see Sect. 3.3). Many authors have studied the
influence of these microbial processes on the sele-
nium cycling in soils. One example is the study on the
distribution of organic selenium in selected Califor-
nia soils (Abrams et al. 1990). Extracted organic
selenium compounds were fractionated into humates
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and hydrophobic and hydrophilic fulvates. Part of the
selenium associated with the OM was identified as
selenomethionine, which suggests that micro-organ-
isms are involved in the selenium cycling in this area.
Gustafsson and Johnsson (1994) added "°Se-labelled
and unlabelled selenite to two slightly acidic forest
floors and to an organic-rich brown lake water. It was
observed that the forest floors fixed most of the added
selenite by means of microbial reductive incorpora-
tion, preferentially into low-molecular-weight
fractions of humic substances. Inorganic complexa-
tion of selenite to metal-humic complexes seems to
be an important process which can control the
kinetics of biotic selenium transformations. Zhang
and Moore (1996) added selenate to a wetland
sediment and observed that formation of organi-
cally-bound selenium (i.e., formation of both organic
selenium compounds and selenium adsorbed to OM)
was one of the most important processes removing
selenate from water, together with selenium reduction
to the elemental form. Both processes were inter-
preted as being the result of uptake or transformation
by micro-organisms. Resuming, it can be stated that
most experiments dealing with the interaction or
incorporation of different selenium forms with soil
OM rely on microbial action. Only few authors (Ferri
and Sangiorgio 2001; Gustafsson and Johnsson 1994)
have specifically focussed on the abiotic route
discussed above.

2.3 Atmospheric selenium

Volcanism contributes significantly to the different
geochemical cycles of selenium, being one of the
natural sources of selenium to the atmosphere and
hydrosphere. The high chemical similarity of sele-
nium and sulfur implies that selenium accounts for up
to 5% of the amount of sulfur emitted by volcanoes in
the form of sulfur dioxide (SO,), forming a gaseous
flux of SeO,(g) instead (Seiler 1998). This atmo-
spheric source of selenium accounts for 300-1,000
tons of selenium emitted to the atmosphere per year,
which is in the same order of magnitude of the total
selenium released by all the natural sources in Earth
(4,500 tons per year) (Nriagu 1991). Different authors
report different values for the amount of naturally
emitted gaseous selenium to the atmosphere, all of
them in the order of magnitude of the 4,500 tons per
year estimated by Nriagu (1991). A review

containing absolute values by different authors is
provided by Wen and Carignan (2007).

Haygarth et al. (1994) have reported on the
importance of atmospheric deposition processes as a
mean of soil and plant fertilization in The UK. The
author noted that wet deposition led to a 15%
increase in soil selenium concentration in the last
century, while it contributed to 33—82% of plant leaf
selenium uptake. Deposition is heavily influenced by
geographical proximity to an emission source, with
highest levels associated with industrial and coastal
zones, being considerably higher during the winter
months. Industrial processes and, in particular, coal
combustion, are important sources as well of atmo-
spheric particulate selenium. Selenium containing
dusts derived from volcanoes and wind erosion of the
Earth’s surface contribute to the transfer from land-
to-atmosphere selenium with 180 tons per year, while
suspended sea salts contribute to an additional
amount of 550 tons per year more (Nriagu 1989).

Terrestrial biogenic sources are one of the main
atmospheric selenium sources together with marine
biota (Nriagu 1989). Most of this gaseous biogenic
selenium is thought to be in dimethylselenide form,
which is the biogenic species derived from microbial
activity. However, these compounds have short life-
times in the atmosphere, as they suffer decomposition
reactions with either ozone or the nitrate and hydroxyl
radicals (Atkinson et al. 1990). Several factors affect
the selenium cycling in the atmosphere. Soil moisture
content may influence heavily the volatilization of
selenium. As a result of dimethylselenide’s high
solubility in water, soil moisture decreases the rate of
gaseous diffusion in soil (Zhang and Frankenberger
1999). Other soil factors known to affect the rate of
dimethylselenide volatilization are temperature, pH,
and redox status (Frankenberger and Karlson 1994).
These soil factors, as well as soil moisture content,
directly control microbial activity and, hence, the
selenium biomethylation process. The addition of
organic amendments to selenium-contaminated soil
and sediment increases the selenium volatilization
rate by stimulating indigenous microorganisms to
methylate selenium (Doran and Alexander 1977a;
Karlson and Frankenberger 1989). Organic carbon is
often a limiting factor to soil microbial methylation of
selenium. Microorganisms capable of demethylating
volatile selenium compounds have also been isolated
(Doran and Alexander 1977a; Oremland and Zehr
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1986). Thus, demethylation of dimethylselenide may
be an additional significant rate-controlling factor of
selenium volatilization. Other authors noticed the
unstability of dimethylselenide in the atmosphere as a
result of its reactions with atmospheric OH, NO; and
O3 free radicals (Atkinson et al. 1990) and oxidation
catalyzed by suspended soil particles (Martens and
Suarez 1999).

Micro-organisms are capable of performing a
process called bio-methylation, which has been
referred by some authors as a selenium remediation
process for soils from seleniferous areas or soils that
were amended with selenium (Abu-Erreish et al.
1968; Banuelos and Lin 2007; Chasteen and Bentley
2003; Doran and Alexander 1977a; Francis et al.
1974; Frankenberger and Karlson 1994; Ganje and
Whitehead 1958; Zieve and Peterson 1981). This is a
complex process consisting in a series of redox
reactions driving selenium from oxidation states +IV
or +VI to —II followed by a methylation reaction by
which different gaseous or aqueous selenide species
are formed, with 1 or 2 methyl groups (Chasteen and
Bentley 2003; Eisler 1985). This mechanism is
considered to be an enzymatically driven phenome-
non (Ranjard et al. 2002), although abiotic
methylation pathways have shown to be also possible
(Guo et al. 2003). Thayer (2002) proved that abiotic
methylation of selenium may occur from inorganic
selenide—metal cation complexes in the presence of
strong carbo-cation donors such as halomethane or
sulphonium compounds, and Amouroux et al. (2000)
have shown that stable volatile species can be formed
from bio-organic selenium (seleno-methionine and
seleno-cystine) in the marine photic zone.

Microbial methylation is responsible for selenium
volatilization from the Earth to the atmosphere. This
process is affected by bioavailability of selenium,
carbon sources, oxygen availability and temperature,
as shown by Haygarth (1994), and it is supposed to be
an important pathway for land-to-atmosphere sele-
nium flux. However, little attention has been paid to
the fate of the organic selenium species produced by
methylation (Dungan et al. 2002).

An extensive review on selenium biomethylation
by microorganisms and plants has been published by
Chasteen and Bentley (2003).

Methylated selenium is also to a large extent
produced in the ocean. Biogenic volatile flux from the
ocean is considerably greater than those coming from
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the Earth’s surface (Wen and Carignan 2007).
Methylated selenides related to the algae’s biomass
have been found to be expelled to the atmosphere in
three major European estuaries, the Gironde (F), the
Rhine (NL) and the Scheldt (B/NL) estuaries (Tessier
et al. 2002). Some microalgae have been studied to be
used as possible detoxification mechanisms, as in the
case of the single-celled freshwater microalgae
Chlorella sp. (Neumann et al. 2003). This has been
identified as a high rate metabolic transformer of
selenate to volatile dimethylselenide, showing sele-
nium-volatilization rates orders of magnitude higher
than those similarly measured for wetland macroal-
gae and higher plants (Neumann et al. 2003).

An important input to atmospheric selenium is the
transport of selenium associated with wind-eroded
particules, an input estimated to be equal to up to
180 tons per year, with particles containing up to
0.5 mg selenium kg~ (Haygarth 1994). Mobilization
of sea salts from marine systems is thought to be
responsible of an input 550 tons of selenium per year
to the atmosphere. The reader is referred to an
excellent review on selenium cycling in atmosphere
written by Wen and Carignan (2007).

2.4 Anthropogenic sources

Selenium is released to the atmosphere through coal
and petroleum fuel combustion, and during the
extraction and processing of a variety of elements,
such as copper, zinc, uranium, phosphate or lead.
Coal combustion is thought to be the main selenium
releasing anthropogenic process, being responsible of
about 7,300 tons of selenium per year (Yudovich and
Ketris 2006). Selenium is one of the most volatile
trace elements in coal, and is largely released in
vapor phase to the atmosphere, mainly as the
Se0,(g), SeO(g) and solid selenium species (Yan
et al. 2001). Haygarth et al. (1994), demonstrated
from selenium herbage historical data a positive
correlation between the highest concentrations found
in 1940 and 1970 with the high coal combustion
activity observed in these years. Nowadays, Asiatic
countries, especially China, account for about half the
worldwide increase in global coal production, which
may result in a new environmental problem. These
concerns have stimulated some research on the
treatment of wastes derived from flue gas desulphu-
rization systems. These systems are used to decrease
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sulfur dioxide emissions, but result in wastewaters
containing high concentrations of arsenic, selenium
and mercury, in addition to sulfur (Sundberg-Jones
and Hassan 2007). Anthropogenic emissions of
selenium to the environment account for 50-65% of
the total emissions at the global scale (Mosher and
Duce 1987), a number that has been increasing ever
since the onset of industrialization (Wen and Cari-
gnan 2007). Around 88,000 selenium tons per year
are released globally to the environment from
anthropogenic activities (Fordyce 2005).

On the other hand, anthropogenic activities in the
mid-1970s such as irrigation, increased the release of
selenium to the environment, which had a strong
impact in the selenium cycling in the biosphere and
hence in the occurrence of selenium-rich regions. The
use of phosphate pesticides mobilizes a big amount of
selenium to the environment: Kabata-Pendias and
Pendias (1984), reported selenium concentrations in
phosphate fertilizers ranging from 0.5 to 25 mg kg™
(some phosphatic rocks contain high concentrations
of selenium, 1-178 mg selenium kg~ '; Robbins and
Carter 1970). These are high values, considering that
limestones have a selenium background concentra-
tion of only 1 mg kg~' (Ihnat 1989). An example of
selenium application to soils is the case of low-
selenium soils in Finland, described by Hartikainen
(2005). Finnish soils are not exceptionally low in
selenium, but they are young acidic and weakly
weathered, and high in adsorptive oxides. All these
soil characteristics contribute to the low bioavailabil-
ity of this element. Low levels were detected in
human tissues and correlated with coronary heart
diseases (Virtamo et al. 1985). Selenium uptake by
plants was increased by using fertilizers rich in
selenium. This raised the level of selenium uptake by
humans to acceptable values for human health.
However, while the use of fertilizers raises the total
concentration of selenium in soils, it is the bioavail-
ability of selenium what is relevant for health
(Rayman 2004). Repeated use of metal-enriched
chemicals, fertilizers, and organic amendments such
as sewage sludge as well as wastewater is thought to
be a possible cause of contamination at a large scale
(He et al. 2005). A recent paper by Haug et al. (2007)
discusses on the most effective treatments to soils and
food in order to increase the selenium intake by
humans. These treatments rely on the present knowl-
edge about the undergoing physico—chemical

processes governing the solubility and uptake behav-
ior of the selenium species, which have to be
understood for each particular soil.

3 Selenium bio-availability
3.1 Bioavailability

The bioavailability of a trace element is related to the
factors that make it available to an organism, that is, in
a form that can be transported across the organism’s
biological membrane (Reeder et al. 2006). However,
this concept is not very precise, as a substance can be
adsorbed on a colloidal particle small enough to pass
through the membrane. This has motivated the use of
the term “bioaccessibility”, representing “the fraction
of a substance that becomes soluble within the gut or
lungs and therefore available for absorption through a
membrane” (Fig. 2) (Reeder et al. 2006; Ruby et al.
1996, 1999). Bioavailability and bioaccessibility rely
then on a variety of entangled physico—chemical
factors affecting mainly solubility of the substances,
like speciation, ionic strength, pH or redox potential.
An example that emphasizes the relevance of bio-
availability against the high selenium concentrations
is provided by Amweg et al. (2003). The authors have
studied the effects of an algae-bacterial selenium-
reduction system applied to irrigation waters of the
San Joaquin Valley (California, USA). The system
helped to reduce 80% of the influent selenium in
waters, but the concentration of selenite and organic
selenium suffered an 8-fold increase. These two forms
of selenium, which are more bioavailable to biota than
the original species, made that selenium concentration
in organisms increased 2—4 times as a result of the
water treatment. Speciation is thus a key factor in the
fate of selenium species in the environment and in
their availability to organisms. Usually, Se(0) is
considered to have little toxicological significance to
most organisms (Combs et al. 1996; Schlekat et al.
2000), although biological activity has been reported
for elemental selenium nanoparticles (Zhang et al.
2005). Selenite and selenate are both water soluble
inorganic species typically found in aerobic water
sources. Selenite is both more bioavailable and
~5-10 times more toxic than selenate (Lemly
1993). Organic selenium, in the form of selenide,
Se(—II), is the most bioavailable form, and it is taken
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up by algae 1,000 times more readily than inorganic
forms (Lemly 1993; Maier et al. 1993). Another
example showing the importance of selenium speci-
ation in soils on bioavailability is the case of selenium
deficiency in the Zhangjiakou District of the Hebei
province in China (Johnson et al. 2000a). Soils from
the Zhangjiakou district present an average of
0.15 mg of selenium kg~', which can be considered
a low concentration, but not a critically low level. In
this area, the Keshan disease, a heart disease, affects
some part of the population. This disease is usually
attributed to a lack of selenium in diet. Johnson et al.
(2000a) demonstrated that the prevalence of the
disease is not correlated with a lack of selenium in
the soil as might be expected. The cause for the
selenium deficiency is rather a result of the fact that
the soil-bound selenium is not in a form available for
plants. These soils are rich in organic matter, which
can be the responsible of the selenium immobiliza-
tion, either through direct adsorption or through redox
processes: reduction of selenate to selenite would
favor the adsorption of the latter onto iron and
aluminum oxyhydroxides.

Selenium bioavailability is thus influenced by
different factors that will be reviewed herein:
adsorption properties of soils, sediments and aquifer
substrates; speciation in aqueous solution; mobility of
the different species and solubility with respect to
solid phases. A review with data on selenium acidity
constants influencing speciation in aqueous solutions
and solubility constants of different selenium-con-
taining solid phases can be found in Seby et al. (2001)
or Olin et al. (2005).

3.2 Selenium mineralogy and sorption processes

3.2.1 Selenium retention at the mineral/water
interface

The study of selenium mineralogy is being restricted
in this subsection to the description of selenium
sorption processes at the mineral/water interface.
Readers interested in the mineralogy of selenium-rich
minerals are referred to the reviews by Seby et al.
(2001) and Olin et al. (2005), in which solubility
constants are given and associations with different
minerals are described, and to the inorganic crystal
structure database (ICSD) (http://icsd.ill.fr), where the
crystallographic details for each phase can be found.
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Sorption processes are responsible for the immo-
bilization of selenium species at the mineral/water
interface. Detailed studies of these processes are thus
required to make accurate estimations of the bio-
availability of selenium species in soils, sediments
and waters. In a general way, selenium adsorbed onto
mineral phases accounts only for about a 20% of the
total selenium present in soils and sediments,
although this number is strongly dependent on
mineralogical characteristics and geochemical condi-
tions (Selim and Sparks 2001). Another fraction of
the soil, organic matter, is considered to be respon-
sible 50% of the selenium retention in soils and
sediments, as reported by Abrams et al. (1990) and
Gustafsson and Johnsson (1994), in Californian Tirs
soils and forest soils, respectively. However, these
numbers are estimations mainly done from chemical
extraction procedures, which usually are precision-
limited due to the non-specifity of much of the
extractants used (Gruebel et al. 1988; Lenz et al.
2008b). In anoxic conditions, elemental selenium can
account for a 20-60% of the total selenium in soils
and sediments (Zawislanski et al. 2003; Zhang and
Moore 1996).

3.2.2 Selenium adsorption

Different processes at the mineral/water interface can
be considered responsible for the selenium associa-
tions with mineralogical soil components: adsorption,
co-precipitation and surface precipitation processes,
the two latter depending on solubility of the target
solid phases. Adsorption is defined as ‘the process
through which a chemical substance accumulates at
the common boundary of two contiguous phases’
(Sposito 2004). It highly depends on factors like ionic
strength of the medium, which can reduce the
adsorption properties of some minerals through the
reduction of the size of Stern layer of adsorption
(Sposito 2004). Competition effects are also an
important factor which may reduce selenium adsorp-
tion, e.g., when fertilizers are applied on soils, like
phosphates or nitrates. For instance, selenite sorption
in Indian soils have been studied by Dhillon and
Dhillon (2000), showing that selenite adsorption is
reduced by a 50% when phosphate anions are present
as competitors. Selenium species can be adsorbed
through two different mechanisms at the mineral/
water interface (Balistrieri and Chao 1987,
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Hansmann and Anderson 1985; Neal et al. 1987a, b):
outer-sphere and inner-sphere complexation. Forma-
tion of outer-sphere complexes is an electrostatic-
driven sorption mechanism, strongly dependent on
surface charge and thus on solution ionic strength
(Sposito 2004). Inner-sphere complexes form when
an ion is adsorbed “specifically” on a “crystallo-
graphic site”, i.e., when covalent or ionic bonds are
created with functional sites present on the mineral
faces. These bonds have a stronger degree of
covalence and are more stable than outer-sphere
complex formation (Sposito 2004). They are respon-
sible in much cases of the long-term immobilization
of ions at the mineral/water interface (Duc et al.
2003). Regarding selenium sorption kinetics, very
few studies have been published so far. Most of them
report very fast selenium adsorption processes, where
selenite and selenate sorption reaches equilibrium
typically in periods shorter than 2 h, independently of
the soil physic—chemical conditions (Dhillon and
Dhillon 1999, 2000; Goh and Lim, 2004; Neal et al.
1987a). Of special interest from a structural point of
view is the article by Zhang and Sparks (1990), in
which the two-steps mechanism originating an inner-
sphere complex is described.

Traditional studies determine the adsorption
capacities of the sorbent phase by using sorption
isotherms in which either the pH, the ionic strength or
the selenium concentration are used as a variable
while the two other magnitudes are kept constant
(Balistrieri and Chao 1987; Neal et al. 1987a). Other
studies have pointed out the importance of parame-
ters like particle aggregation (Hansmann and
Anderson 1985) or humidity (Manceau and Charlet
1994) on the adsorption behavior.

Selenium associations with iron, aluminum and
manganese oxides and hydroxides, carbonates and
organic matter have been widely reported (Selim and
Sparks 2001). Iron and aluminum oxides have
surfaces with a variable charge in relation to pH,
which implies a higher sorption process of selenite
and selenate at low pH, where the positive charge is
developed in the mineral surface (Yu 1997). Both
selenite and selenate species adsorb onto ferric oxy-
hydroxides, but the affinity of these solids for
selenate is generally smaller than for selenite (Bali-
strieri and Chao 1987; Hayes et al. 1987; Lo and
Chen 1997; Su and Suarez 2000; Zhang and Sparks
1990). This behavior may be related to differences in

the nature of respective surface complexes, and to
geometrical factors that may affect the extent of
inner-sphere complexation. In general, selenite is
sorbed by inner-sphere complexation, although the
exact coordination (mono- or bi-dentate) and species
protonated or deprotonated depends on the structure
and mineral surface charge. Ferric oxy-hydroxides
whose surface reactivity toward selenium species has
been studied include: goethite (Balistrieri and Chao
1987; Hayes et al. 1987; Hiemstra and Van Riemsdijk
1999; Lo and Chen 1997; Manceau and Charlet 1994;
Parida et al. 1997; Peak and Sparks 2002; Su and
Suarez 2000; Zhang and Sparks 1990) HFO (hydrous
ferric oxide) (Davis and Leckie 1980; Hayes et al.
1987; Lo and Chen 1997; Manceau and Charlet 1994;
Peak and Sparks 2002; Su and Suarez 2000), other
iron oxy-hydroxide polymorphs (Parida et al. 1997)
and hematite (Peak and Sparks 2002). A list of the
different complexes formed on the surfaces of these
solids is given in Table 4.

In the case of selenate oxyanions sorption on
goethite and HFO, the use of modern spectroscopic
techniques like EXAFS has provided a new view of the
adsorption process. Some authors had pointed out that
the sorption of selenate showed an ionic strength
dependence, which was traditionally linked with an
outer-sphere (electrostatic) adsorption (Hayes et al.
1987). Manceau and Charlet (1994), demonstrated that
selenate binds onto the goethite and HFO structures by
forming inner-sphere complexes. The influence of
humidity and drying processes in the sample condi-
tioning may be responsible for these different
observations. A recent paper by Fukushi and Sverjen-
sky (2007), in which an extended triple layer model
taking into account the electrostatics of water dipole
desorption during ligand exchange reactions has
predicted these differences in behavior. The lower
ionic strength and higher surface coverage used by
Hayes et al. (1988) is predicted to favor an outer-
sphere selenate species, whereas the higher ionic
strength used by Manceau and Charlet, (1994), is
predicted to favor an inner-sphere selenate species, as
suggested also by Peak and Sparks (2002). This
implies a high effect of the electrostatic potential of the
mineral surface on the surface complexation mecha-
nisms, as confirmed by Hiemstra and Van Riemsdijk
(1999). These authors were able to fit the data of Hayes
et al. (1988) assuming the formation of only a
bidentate inner-sphere complex (Hiemstra and Van
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Table 4 Surface complexes of selenium oxyanions adsorbed at the mineral/water interface of various iron, aluminum and man-
ganese oxides and clays, whose structures have been described by spectroscopic methods

o«-FeOOH (Goethite)

Hydrous Ferric

Monodentate inner-sphere
(at pH < 6) Outer-sphere
(at pH > 6)

Outer-sphere
Bidentate inner-sphere
Bidentate inner-sphere

Raman, ATR-FTIR

EXAFS
EXAFS

Species Adsorbent Surface complex Technique used Reference
Se0;2~ o-FeOOH (Goethite) Bidentate inner-sphere EXAFS Manceau and Charlet (1994)
(selenite) DRIFT Su and Suarez (2000)
o-Fe, O3 Bidentate inner-sphere X-ray Standing Waves Catalano et al. (2006)
am-Fe(OH); Bidentate inner-sphere DRIFT Su and Suarez (2000)
Hydrous Ferric Bidentate inner-sphere EXAFS Manceau and Charlet (1994)
Oxide
Hydroxy Aluminum Bidentate inner-sphere EXAFS, XANES Peak (2006)
Polymer Outer-sphere
Hydrous Manganese Bidentate inner-sphere® EXAFS Foster et al. (2003)
Oxide Monodentate inner-sphere
Hydroxy Bidentate inner-sphere EXAFS, XANES Peak (2006)
Aluminosilicate Outer-sphere
Polymer
Montmorillonite Outer-sphere EXAFS Charlet et al. (2007)
Bidentate inner-sphere EXAFS, XANES Peak (2006)
Se0,>~ am-Fe(OH)3 Bidentate inner-sphere ATR-FTIR, DRIFT Su and Suarez (2000)
(selenate) 5 A1,0, Monodentate inner-sphere EXAFS, XANES Peak (2006)
y-Al,O3 Inner-sphere EXAFS Boyle-Wight et al. (2002)

Wijnja and Schulthess (2000b)

Hayes et al. (1988)
Manceau and Charlet (1994)
Manceau and Charlet (1994)

Oxide

? The authors raise some concerns about the possibility that the observed Se(IV)-Mn(IT) complex belongs to a surface precipitate and

not to an adsorbed complex

Riemsdijk 1999). Peak and Sparks (2002) employed
EXAFS and attenuated total reflectance—fourier trans-
form infrared (ATR-FTIR) spectroscopies to
determine selenite bonding mechanisms on hematite,
goethite, and hydrous ferric oxide (HFO). They also
showed that selenate forms only inner-sphere surface
complexes on hematite, but it forms a mixture of outer-
and inner-sphere surface complexes on goethite and
HFO. This continuum of adsorption mechanisms is
strongly affected by both pH and ionic strength.
Selenite sorption on apatites and iron oxides has
been studied by Duc et al. (2003). Both types of
solids were shown to retain selenite ions from
aqueous solution with a high efficiency, iron oxides
giving higher distribution coefficient values than
apatites. These solids were suggested to be used as
additives to the engineered barriers built around
radioactive wastes and to compensate the low
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sorption ability of clay minerals for anionic species
(Duc et al. 2003). In natural (geologic) barriers,
frequently occurring minerals such as apatites and
iron oxides could play an important role in selenite
immobilization (ANDRA 2005).

Aluminum oxide reactions to selenite and selenate
have been studied to a lower extent than their iron
oxides counterparts. The sorption properties and
mechanisms are however, very similar. Concerning
selenite, Papelis et al. (1995), showed by EXAFS
inner-sphere complexes to be formed on gibbsite.
This was corroborated by the ionic strength indepen-
dent behavior of the adsorption, although this is not a
conclusive experiment. Same results were found by
Schulthess and Hu (2001). Peak (2006), showed that
selenite forms a mixture of outer-sphere and inner-
sphere bidentate-binuclear (corner-sharing) surface
complexes on hydrous aluminum oxides (HAO) and
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selenate forms primarily outer-sphere surface com-
plexes on HAO. An interesting result shows that
selenate forms outer-sphere surface complexes on
corundum at pH 3.5 but inner-sphere monodentate
surface complexes at pH 4.5 and above, on the same
surface (Fig. 3). This difference in behavior may be
related to proton-promoted structural changes in the
surface of corundum or to the co-existence of outer-
sphere and inner-sphere complexes at low pH, which
would be affecting the intensity of the EXAFS signal.
Changes in the protonation state of the selenate
molecule are not expected due to the low pK,, of the
selenate molecule (pK,, = 1.8) (Peak 2006).
Clay-selenium interactions are nowadays a
research field of increasing interest due to its
relevance to nuclear waste barrier efficiency. Clays
are indeed an important part of these barriers
(ANDRA 2005). However, up to date selenium
sorption on clays has not been extensively studied.
Some works by Frost and Griffin (1977), and
BarYosef and Meek (1987), showed that kaolinite
and montmorillonite do not show high selenite
adsorption capacities, the latter being a slightly better

y .,ﬂf :

Selenium available
to the organism

Selenium not available
to the organism ®

AN

Cellular membrane

Se oxyanion adsorbed
at the mineral/water interface

Free Se aqua-oxyanion

Fig. 2 Difference between bioavailability and bioaccessibil-
ity of selenium. The left part (red pathway) represent the
pathway followed by selenium oxyanions adsorbed in mineral
particules, which enter the cellular membrane (bioavailable)
but are not metabolized by the organism (not bioaccessible). At
the left, a selenium aqua-oxyanion enters the cellular mem-
brane and is bioaccessible to the organism. Adapted from
Reeder et al. (2006)

Inner-sphere

Outer-sphere

Fig. 3 Atomistic view of the two more common adsorption
mechanisms of selenite at the mineral/water interface. Only
two Fe(III) octahedra have been recreated here to represent the
mineral surface. Inner-sphere adsorption is characterized by a
ligand exchange mechanism, by which selenite shares one
(monodentate) or two (bidentate) oxygen atoms with the
mineral surface. In the outer-sphere mechanism, selenite
conserves its hydration shell, and it is only retained by
electrostatic interactions. violet selenium, red oxygen, white
hydrogen, blue iron

sorbent. According to Peak et al. (2006), selenite
forms inner-sphere bidentate binuclear complexes on
Montmorillonite edges. Charlet et al. (2007), showed
that selenite forms an outer sphere complex on the
edges of Montmorillonite (Fig. 3).

The geochemistry of selenium seems to play an
important role in the geochemical mobility of fluoride
ions. Jinadasa and Dissanayake (1992), described a
competition effect between selenium oxyanions and
fluoride for adsorption sites on kaolinite. Although
the concentrations used in their studies (>0.1 mM
selenium) are not relevant for the environment, the
formation of an inner-sphere selenite—kaolinite com-
plex is reported, which represent useful structural
information that can be extended to other kaolinitic
soils.

3.2.3 Selenium substitutions

The ability of some minerals to host selenium
oxyanions or Se(—II) in their crystalline structure
through substitution processes can be a relevant
mechanism controlling the concentration of selenium
in some environments (Reeder et al. 1994), or as an
immobilization mechanism for detoxification of con-
taminated waters. For instance, apatites are potential
candidates to control the mobility of selenate in
contaminated soils due to the similar symmetry
between selenate and phosphate anions (Duc et al.
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2003). In addition to their stability and the high
affinity that they exhibit toward numerous possible
cationic pollutants, it was shown that they could also
be the basis of anionic substitutions (Monteil-Rivera
et al. 2000). The substitution of phosphate sites was
implied by the occurrence of natural or synthetic
modified apatites containing carbonate, sulfate, van-
adate, and arsenate groups (Boechat et al. 2000; Fleet
and Liu 2008; McConnell and Foreman 1978;
Sneddon et al. 2005). Substitution of selenite oxya-
nions by phosphate in hydroxyapatites has been
reported (Duc et al. 2003; Monteil-Rivera et al.
2000). Calcite can also be the host phase controlling
the activity of selenite ions in carbonate rich-
environments, as demonstrated by (Reeder et al.
1994). Structural similarities between carbonate and
selenite oxyanions can facilitate the incorporation of
significant amounts of selenite to the bulk of calcite
crystals, as previously demonstrated for arsenic
oxyanions (Alexandratos et al. 2007; Roman-Ross
et al. 2006). Other substitution processes have not
been reported yet but may be present in nature and
should be quantified for a correct estimation of the
fate of selenium oxyanions in the environment.
Possible substitutions should be studied in view of
the molecular structure similarities between the
anions involved in the process. The chemical affinity
between sulfur and selenium has been cited already in
this article and is the responsible of the high
concentrations of Se(—II) present in minerals as
pyrite or chalcopyrite (Thnat 1989).

Materials presenting high retention properties
towards selenium in aqueous media are required in
engineered and natural barriers used to prevent the
dispersion of radioactivity from waste repositories.
The most frequently proposed materials for engi-
neered barriers are essentially made of clays or
cements, but these materials have low retention
properties towards anionic species such as selenite
and selenate. Therefore, there is a need for materials
able to sorb anionic species, and which can be used as
additives in engineered barriers. Apatites are also
frequently present in soils and geologic media and
can also contribute to the control of the migration of
radionuclides in natural media through substitutions
in their crystallographic lattice. Iron oxy-hydroxides
are present in practically every natural media in
contact with water: soils, sedimentary rocks or cracks
in igneous rocks. They constitute also corrosion
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products of steel containers, playing thus an impor-
tant role in the prediction of the sorption and
migration of radionuclides in underground water
(ANDRA 2005). Further studies in this direction will
help to the evaluation of the more appropriate mineral
phases for the retention of selenium radionuclides
emerging from these wastes.

3.3 Selenium oxido-reduction processes

The solubility of selenium is largely controlled by its
oxidation state. While oxidized form of selenium like
selenite and selenate are highly soluble under a wide
range of geochemical conditions, elemental selenium
and selenides formed with Se(—II) have very low
solubilities (Seby et al. 2001). Biotic-mediated pro-
cesses of selenium reduction have been already
presented in the Sect. 2.2, and will be explained here
in detail. The name organic selenium stands for
organic Se(—II) compounds formed mainly by biotic
processes (see Table 1). The chemical similarities
between sulfur and selenium make possible that
selenium displaces sulfur in some amino-acids (e.g.,
selenomethionine, selenocysteine) through assimila-
tory processes (Fordyce 2007). These seleno amino-
acids are usually found later in the humic fraction of
soil OM (Kang et al. 1991; Lemly 1997). Some micro-
organisms can then metabolize these seleno amino-
acids to produce H,Se, which is finally oxidized to
elemental selenium (Doran and Alexander 1977b);
(Herbel et al. 2003; Wessjohann et al. 2007). These
biological reactions are very similar to the reactions
sulfur undergoes. For this reason, Shrift (1964)
proposed a microbial selenium cycle in nature, which
is similar to the existing sulfur cycle.

In the late 1980s, other pathways for the selenium
cycling in the environment were reported. After the
discovery by Presser and Ohlendorf (1987) of low
selenium concentrations in surface waters of the
Kesterson National Wildlife Refuge salt marsh envi-
ronments in California, Zehr and Oremland (1987)
reported that certain sulfato-respiring bacteria have
the ability to reduce selenate to selenide, providing
thus a pathway for depletion of selenium in surface
waters. Later, dissimilatory sulfate-independent bac-
terial respiration was discovered (Oremland et al.
1989) (this sulfate-independent respiration has been
recently proved by Lenz et al. (2008b), who fed
bacteria with sulfate in 2,600 molar excess to selenate
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in a continuous manner, showing that selenate still
was completely reduced). Since then, many bacterial
cultures capable of selenate and selenite respiratory
growth have been observed (Basaglia et al. 2007;
Blum et al. 1998; Ghosh et al. 2008; Hunter 2007;
Hunter et al. 2007; Macy et al. 1989; Narasingarao
and Haggblom 2007; see review by Stolz et al. 2006;
Stolz and Oremland 1999). To date, about 16 diverse
species of bacteria and archaea have been described
that grow anaerobically by linking the oxidation of
organic substrates or H, to the dissimilatory reduction
of selenium oxyanions (Oremland and Stolz 2000;
Stolz and Oremland 1999). The decoupling of this
mechanism from bacterial sulfate-respiration is an
important discovery, since it explains the reduction of
selenium to elemental selenium or metallic selenides
in a variety of environments, independently of their
salinity (Herbel et al. 2003). Selenite has been found
to be an intermediate product in some of these
reductive-precipitation processes, revealing thus a
parallel pathway for the fate of selenite in sedimen-
tary environments: selenite produced by reduction of
selenate by bacteria would adsorb specifically onto
mineral surfaces. This would explain the high con-
centrations of selenite reported in oxygenated
seawater (Stolz and Oremland 1999). Other pioneer
studies in this field reported the redox potentials for
these processes to occur in different types of
sediments (Steinberg and Oremland 1990), or reac-
tion rates for the reduction of selenate in sediments
(Oremland et al. 1990).

Within these microbe-mediated processes, dissim-
ilatory reduction has been widely reported as an
active process by which selenate or selenite are
reduced to elemental selenium by utilizing the
oxyanions as terminal electron acceptors during the
respiration of organic carbon. For instance, in agri-
cultural drainage water of the San Joaquin Valley,
California, selenate was effectively reduced to ele-
mental selenium by Enterobacter taylorae (Zhang
et al. 2003) and by Thauera selenatis (Macy et al.
1993) using this pathway. Some bacteria, like Enter-
obacter cloacae SLDIa-1, have known pathways for
the detoxification of selenate which include a series
of reductive transformations of the anion and in the
presence of an electron donor (Watts et al. 2003).
Several bacteria strains have been identified to reduce
toxic selenium oxyanions using lactate as electron
donor, and producing elemental selenium

nanospheres that accumulated inside and outside the
cell wall (Oremland et al. 2004). This process has
been observed even at very low selenium concentra-
tions (UM) (Lenz et al. 2008a). Other researchers
have reported the reduction of selenite to intracellular
granules of elemental monoclinic selenium, Se(0), by
Ralstonia metallidurans CH34 (Sarret et al. 2005).
This same bacteria was shown to reduce selenate
following an assimilatory pathway with alkyl sele-
nide as a final product (Sarret et al. 2005).

Some biotic routes of selenium reduction are being
studied nowadays as a potential methodology to
remediate selenium contamination of wastewaters
(Cantafio et al. 1996; Fujita et al. 2002; Lenz et al.
2008c). Recently, some authors (Astratinei, et al.,
2006; Lenz et al. 2006) have demonstrated the ability
of some bacteria strains present in anaerobic granular
sludge biofilms to reduce selenate to amorphous
elemental selenium and to some Se(—II) bearing
crystalline phases (Lenz et al. 2008b). Both species of
selenium are non-soluble, which gives these pro-
cesses an interesting potential applicability as
removal methods for selenium in wastewaters.

Reduction of selenate oxyanions to elemental
selenium in the absence of external metabolic elec-
tron donors has been found to occur on the cellular
walls of Shewanella putrefaciens 200R. Kenward
et al. (2006) showed using XANES spectroscopy that
selenate forms outer-sphere complexes on the cell
walls, and that elemental selenium was formed. The
authors claim that given the number of potential
electron donors found within the cell wall, it is
possible that the cell wall is sufficient to reduce
selenium, even in the absence of active metabolism.
This process would imply that bacterial cellular walls
could be an important sink of selenium in natural
subsurface environments, where bacteria experience
nutrient poor conditions and are often found as non-
metabolizing cells and cell fragments. Therefore, the
impact of bacteria on the toxicity, mobility, and
cycling of selenium may extend beyond that exerted
by selenium-reducing bacteria that employ selenium
as terminal electron acceptors. Other biotic mecha-
nism involving a pathway for selenium reduction in
the environment is the reduction of selenium oxya-
nions by sulfides produced by dissimilatory
mechanisms in sulfate-reducing bacteria (Hockin
and Gadd 2003). Some strains of bacteria may
further reduce elemental selenium to selenide or
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oxidize selenide to form elemental selenium (Doran
and Alexander 1977b; Herbel et al. 2003).

On the other hand, some microorganisms have the
ability of oxidize elemental selenium or some sele-
nides to selenite or selenate (Dowdle and Oremland
1998; Sarathchandra and Watkinson 1981; Zhang
et al. 2004). However, oxidation of selenium is
usually considered as a slow phenomenon, with
kinetics in the order of 10* times slower than those of
bio-reduction processes (Dowdle and Oremland
1998).

Abiotic reduction of selenium oxyanions by Fe(II)-
containing mineral surfaces has been found to occur
under reducing environments, which may be signif-
icant for natural environments as sediments,
groundwater or nuclear waste disposal geological
media (Scheinost et al. 2008). Selenite is the stable
valence state under mildly reducing or anoxic con-
ditions (0.26 V<Eh <055V at pH 7 and
1 pmol 17! total concentration; (White et al. 1991).
The slow homogeneous kinetic reactions between the
different redox states (Gruebel et al. 1995) make that
selenite is found in some oxic environments, as an
intermediate product of biotic processes (Oremland
and Stolz 2000). Selenite and selenate are reduced
abiotically by Fe(II)-bearing minerals like green rust
(Myneni et al. 1997; Scheidegger et al. 2003),
magnetite, mackinawite and siderite (Scheinost and
Charlet 2008), pyrite (Bruggeman et al. 2005), troilite
(Breynaert et al. 2008), and by Fe(0) (Loyo et al.
2008). In the case of selenium reduction by Fe(II)-
bearing minerals, elemental selenium seems to be the
product in most of the laboratory experiments
performed (precipitation of Fe selenides has been
only shown by Scheinost and Charlet 2008 and by
Breynaert et al. 2008). This is in clear contrast with
the prevalent existence of Fe—selenides in soils,
sediments and ore-deposits. Scheinost et al. (2008)
have shown that fast reduction kinetics favor the
precipitation of Fe(Il)-selenides, while elemental is
being precipitated in slow redox processes. The
concentration of HSe- and the low solubility of
Fe(Il)-selenides seem to be the controlling factors of
these redox reactions.

The Fe(I) hexaqua ion, which is ubiquitous in
anoxic soils and aquifers, does not seem to reduce
significant amounts of selenite. However, Charlet
et al. (2007) have shown that Fe(Il) adsorbed
specifically on clay edges reduces selenite in a slow
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reaction, which continues for several weeks. The
reduction is kinetically decoupled from the rapid
oxidation of Fe(Il) to Fe(Ill), most likely by forma-
tion and storage of an hydrogen intermediate at the
clay mineral surface (Géhin et al. 2007). Regarding
reduction kinetics, Bruggeman et al. (2005) reported
an increase in the kinetics of selenite reduction by
pyrite (FeS,) probably due to the effect of Fe(Il)
associated with humic substances.

3.4 Elemental selenium

Selenium is among the various geogenic contami-
nants which can be reductively precipitated, with
biotic processes governing most of the redox reac-
tions. The low solubility of Se(0) and of the metal
selenides (Seby et al. 2001; Olin et al. 2005) and the
long-held concept that Se(0) is biologically inert,
makes possible that some of these redox processes are
considered as effective bioremediation techniques to
remove selenium from agricultural drainage water
(Ehrlich 1997). However, recent advances in the
understanding of microbiological processes leading
to the formation of elemental selenium nano-precip-
itates have raised some questions about the structure
of these precipitates (Oremland et al. 2004). It is
known than some thermodynamic properties are
different for particles in the nano-scale than for their
bulk counterparts (Hochella et al. 2008). The reac-
tivity of these Se(0) nanoparticles is thus an
unexplored field of study with strong importance in
studies on nuclear waste disposal (Charlet et al.
2007), where these nanoparticles have been reported
to exist, or in the medical community (Sieber 2003),
where they are starting to be used as dietary
supplements.

In addition, the structure and dynamics of the non-
crystalline phases of bulk selenium (glassy, super-
cooled liquid, normal liquid and amorphous films) are
still not perfectly understood, which makes more
difficult to understand the properties of the nanomet-
ric phases. Amorphous selenium precipitates (nano or
bulk) are thought to be formed by the same atomic
units present in the crystalline phases of selenium:
linear chains, Seg rings or Seg rings. The published
structures of crystalline ‘bulk’ elemental selenium
(ICSD 2008) are composed by selenium atoms with
the following atomic arrangements (see Table 5):
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Table 5 Structural properties and atomic arrangements of the most common crystalline elemental selenium structures found in

nature

e T—
P e
]

o, 3, y monoclinic

Crystal system

Trigonal (rhombohedral)

Trigonal (rhombohedral)

Space group o P121/N1 P3121

f P121/A1

y P121/C1
Color Deep red Metallic grey
Structural units Seg polymer rings Se,, helical chains
ICSD code o 2,718, 30,606 40,016

p 24,670, 24,635

y 36,333
Comments

R3-H

Metallic grey
Seg polymer rings
86,496

Most stable phase under ambient conditions

Amorphous elemental selenium has been excluded due to the absence of crystallinity and to the discrepancies in the literature about

the character of its building molecular units

— The three allotropes of monoclinic elemental
selenium (deep red) have Seg rings with Dyg
symmetry as structural units within their unit cell.

— The trigonal allotropes of elemental selenium
(metallic grey) are composed by polymeric heli-
cal chains of selenium atoms.

— Amorphous selenium (red or black) is thought to
contain two kinds of molecules: polymeric chains
(Se,) and monomeric rings (Seg or Seg) (Popov
1976). However, different experimental studies
over the last century have reported contradictory
conclusive statements on the nature of these
elemental chains or sub-structures (Jovari et al.
2003), a puzzling question still under debate today.

— The cubic phases of selenium have been synthe-
sized at high pressure, and up to date, there is no
report or evidence of their occurrence in the
environment.

A vast number of experimental and theoretical
investigations about the amorphous selenium structure
have been published using a variety of techniques. In
brief, structural, dynamical, and photo-induced prop-
erties have been studied by inelastic neutron scattering,
Raman and infrarred spectroscopy, X-ray absorption

fine structure, viscosimetric techniques, X-ray and
neutron diffraction, inelastic X-ray scattering, elec-
tron spin resonance, small-angle neutron scattering,
ultraviolet photoemission spectroscopy, nuclear
magnetic resonance, reverse Monte Carlo, and
numerous classical molecular dynamics and ab initio
molecular dynamics simulations (Yannopoulos and
Andrikopoulos 2004, and references therein).
Studies reporting bacterial redox-mediated forma-
tion of nanoscaled elemental selenium precipitates
usually describe the final precipitate of red color,
which can be ascribed to the formation of an
amorphous phase or to one of the monoclinic
allotropes in which Se(0) crystallizes (Sarret et al.
2005). Only very recently, some authors have tried to
characterize the structure of these nanoscaled precip-
itates by Raman and UV-vis studies. Oremland et al.
(2004), revealed differences in the local structure of
the end products formed by three different bacteria.
Although the same crystallographic system was
found for the three precipitates (monoclinic sele-
nium), the optical properties differed, which was
attributed to different atomic arrangements: two of
the precipitates were described to have Seq structural
units, while the third one was assigned Seg units with
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D4q point symmetry. However, the use of Raman
spectroscopy in the study of these nanometric
precipitates is not straightforward, due to the diffi-
culties associated to the assignment of the mode
geometry to the different wavenumbers. Different
assignments can be found in the literature, leading to
different predictions regarding the structural units of
elemental selenium. A recent study by Pearce et al.
(2008), has used in situ EXAFS spectroscopy to
follow the formation of elemental selenium nanopar-
ticles and metal selenides by Vellonella atypica,
bacteria capable of reducing selenite. The experiment
has shown that the bacteria reduce selenite to
Se(—II), with Se(0) as an intermediate stage. When
a divalent metal as Zn(II) or Cd(II) is added after the
reduction of Se(0) to Se(—II), a nano-precipitate of
ZnSe or CdSe is formed. This is the only article in the
literature where a structural description of the redox
process from selenite to Se(—II) is presented. How-
ever, the authors do not describe the structure of the
intermediate Se(0) precipitate. A recent paper by
Lenz et al. (2008b) describe by XANES spectroscopy
a Se(0) precipitate with neither monoclinic nor
trigonal structure. More insight is needed in this field
to extract values of the solubility of elemental
selenium nanoparticles.

Regarding the fate of these biotic elemental
selenium precipitates in the environment, (Zhang
et al. 2004), have shown that Se(0) is removed from
water columns following two pathways: (1) floccu-
lation and sedimentation and (2) oxidation to selenite
or selenate. However, other pathways have been
reported. Some researchers have investigated the
uptake of elemental selenium by some bivalves as
Macoma Balthica or Potamocorbula amurensis (Lu-
oma et al. 1992; Schlekat et al. 2000). M. Balthica
ingests sediments with >1.5 pg selenium g~ ', a
concentration that could achieve steady-state tissue
burdens approaching the level toxic to fish. Luoma
et al. (1992) thus suggest that this pathway should be
taken into account in remediation efforts that attempt
to reduce hazardous exposures to selenium at highly
contaminated sites by stimulation of microbial dis-
similatory reduction of selenium oxyanions. New
lines of research are opening in the study of colloidal
transport of elemental selenium. Fontes et al. (1991),
showed how bacteria can be transported through
porous media. Se(0) nanoparticles adsorbed onto
bacteria cell walls could then be mobilized by means
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of colloidal transport (Losi and Frankenberger 1997),
with the whole cell acting as a carrier.

Several applications of Se(0) ‘subnanoparticles’
(with 0.4 nm-1 nm diameter sizes) have been
reported in medical applications as manifold as
anti-tumor effects (Miyagi et al. 2003), anti-leuke-
mia/lymphoma agents (Sieber 2003; Sieber et al.
2007) or as anti-oxidants, which delete free radicals
in vitro and improve the activity of the seleno-
enzyme, glutathione peroxidase, preventing free
radicals from damaging cells and tissues in vivo
(Gao et al. 2002). The use of modifiers to stabilize
these nanoparticles in the aqueous phase has been
studied as well (Bai et al. 2006; Gao et al. 2002).
These stabilizers are essential to increase the solu-
bility of the nanoparticles. In their absence, the
nanoparticles aggregate, forming bigger precipitates
which crystallize into black or grey-colored phases
(Zhang et al. 2005), which decreases their biological
activity. In fact, the biological activity of these
nanoparticles seems to be directly related to their
surface area. Huang et al. (2003) recently demon-
strated that selenium sub-nanoparticles in different
sizes had marked differences in directly scavenging a
battery of free radicals in vitro, i.e. the smaller the
particles, the higher the efficacy. Zhang et al. (2001)
found that red elemental selenium nanoparticles of
20-60 nm had equal bioavailability compared to
selenite in terms of induction of seleno-enzymes in
both cultured cells and selenium-deficient rats. In
addition they showed that elemental selenium nano-
particles had notably low acute toxicity (1/7 of
selenite). However, little information is given about
the structure of these nanoparticles. Most of the
authors use the color of the precipitates to assign the
amorphous or monoclinic structures, or measure X-
ray diffraction patterns which give broad peaks,
characteristic of poorly crystalline or nanocrystalline
materials.

3.5 Plant uptake

Even though selenium uptake by organisms as plants
is determined by its bioavailability selenium concen-
tration in plants generally reflects the levels of
selenium in the environment where they have grown
(with the exception of selenium hyperaccumulators).
Usually, low selenium soils have developed on
selenium-defficient parent materials with a very low
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flux of selenium between soil and plants (Wang and
Gao 2001). Selenium has never been shown to be
essential for higher plants, but is taken up and
assimilated readily because of its chemical similarity
to sulfur (Lauchli 1993). In general, it can be stated
that selenate is taken up at higher rates than selenite,
and it has been suggested that selenate may be taken
up actively by plants, whereas selenite may be
absorbed passively and in lesser concentrations (Sors
et al. 2005).

Plants vary considerably in their physiological
response to selenium. Most plant species contain
<5 pg selenium g~' dry weight and cannot tolerate
high levels of selenium in the environment (White
et al. 2004). Other plant species of the genera
Astragalus, Neptunia and Stanleya, among others,
are able to hyperaccumulate selenium at concentra-
tions up to 10-15 mg selenium g~' dry weight in
their shoots while growing on naturally-occurring
soils containing only 2-10 pg selenium g~' dry
weight (Virupaksha and Shrift 1965). The reviews by
Terry et al. (2000) and Ellis and Salt (2003)
summarize the knowledge about the physiology and
biochemistry of both types of plants.

Molecular approaches are providing new insights
into the role of sulfate transporters and sulfur
assimilation enzymes in selenate uptake and metab-
olism, as well as the question of selenium essentiality
in plants (Terry et al. 2000). In fact, the non-specific
integration of the seleno amino acids seleno cysteine
and seleno methionine into proteins is believed to be
the major contributor of selenium toxicity in plants
(Brown and Shrift 1981). The ability of selenium
hyper-accumulator plants to accumulate and tolerate
high concentrations of selenium is thought to be
associated with a distinct metabolic capacity that
enables them to divert selenium away from incorpo-
ration into proteins (Brown and Shrift 1981).

Banuelos et al. (2005), described the formation of
the enzyme adenosine triphosphate sulfurylase by the
Indian mustard plants. This enzyme is a key element
in the plant’s ability to convert selenate into a non-
toxic form of selenium, allowing the plant to
accumulate more selenate without incurring harm.
Aquatic plants were shown to remove selenium from
agricultural or industrial wastewater through sele-
nium accumulation and volatilization, i.e., through
the conversion of selenate or selenite to volatile
forms of selenium as selenium-alkyls (Pilon-Smits

et al. 1999). This ability (phytovolatilization) has led
to their use in phytoremediation processes, a tech-
nology for the cleanup of selenium and other toxic
trace elements (Banuelos et al. 2005). However, these
techniques are currently limited by the slow rate of
the biological processes involved.

3.6 Selenium and health

Selenium is an essential element for nutrition of a
capital importance in the human biology. This
relevance to health was highlighted in the 1950s.
Nutrition scientists proclaim the year 1957 as the date
when selenium started to be considered as an
essential nutrient (Schwarz and Foltz 1957). After
its discovery by Berzelius, several episodes have
underlined the importance of selenium in the human
body. In 1935, 57 people from Keshan county
(Heilongjiang province, China) died after a degener-
ative cardiac illness, related to the ‘white muscle
disease’ suffered by animals (Gu and Cheng 1987).
These illnesses were known to be related to a
selenium deficit. Another sickness, the Kashin—-Beck
disease, responsible for a disorder of the bones and
joints of the hands and fingers, elbows, knees, and
ankles of children and adolescents mainly from the
regions of North China, North Korea and Siberia, has
been related to a deficit in selenium (Moreno-Reyes
et al. 1998). Soil selenium content analyses have
shown an important deficit in these regions, which
implies a daily dietary consumption <10 pg day '
(Kohrle et al. 2000; Moreno-Reyes et al. 1998).

Selenium, when incorporated in some mammalian
enzymes, acts as a redox active center: for instance, it
reduces nucleotides during DNA synthesis in thiore-
doxin reductase, controlling as well the intracellular
redox state. The best known example of this redox
function is the reduction of H,O, or of lipidic or
phospholipidic hydro-peroxides into non-dangerous
substances as water or alcohol by the family of
glutathione-peroxidases (Kohrle et al. 2000). This
function allows to keep the integrity of the mem-
branes, decrease the production of prostacyclines and
to decrease the danger associated with oxidative
stresses to some bio-molecules as lipids, lipoproteins
or DNA. This stresses are associated with the
atherosclerosis and carcinogenesis.

The number of identified seleno proteins is
increasing every day, although the role of some of
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them has not being identified yet. In the last years, the
development of new methods of analysis in proteo-
mics, like 2D gel electophoresis or MALDI TOF MS
has allowed the detection of new seleno-proteins
(Encinar et al. 2003; Tastet et al. 2008). Selenocys-
teine is considered the 21st amino acid (Johansson
et al. 2005).

In our alimentation, more than 80% of total
selenium is present in the form of organic selenium,
associated to proteins: the L(4)-selenomethionine
(from vegetal and animal sources) and the seleno-
cysteine (from animal sources) (Cesarini 2004).
Other organic forms as S-methylselenocysteine or
selenocystathionine are present in some vegetables
grown on selenium-rich soils. Sodium selenate is an
inorganic form than is also found in alimentation, but
in lower proportions. Regarding selenium metabo-
lism, the human intestine absorbs better
selenomethionine and selenate than selenite or sele-
nocysteine (Schrauzer 2000). The reasons are not
clearly known, but they could be related to the
formation of ion-pairs or complexes with other
elements, like mercury (Mykkanen and Metsaniitty
1987), zinc, cadmium (Feroci et al. 2005) or lead
(Mykkanen and Humaloja 1984). For instance, My-
kkanen and Metsaniitty (1987) have proposed the
formation of a soluble Se-Hg complex not capable of
permeating through the intestinal wall. This complex
have been identified by other workers in the blood
and other tissues of animals injected with mercury
chloride and sodium selenite (Burk et al. 1974).

It is worth to note that, although black and grey
elemental selenium has been reported to not to be
absorbed through the intestine walls (Spallholz
1994), new studies have highlighted the biological
activity of red elemental selenium nanoparticles of
reduced size down to the nanometer (Jia et al. 2005).
However, nothing is known about the precise struc-
ture of these red nanoparticles or about their surface
chemistry. Another non-solved issue is which chem-
ical form of bioavailable selenium has to be used as
dietary supplement in cases of deficiency. Inorganic
forms (selenite and selenate) have been largely used
in the past. Today, the use of organic forms (as
present in plants) as selenomethionine is preferred,
being selenium-enriched yeast the more popular
supplement (Schrauzer 2000). On the other hand,
methionine and selenomethionine are competitive
molecules for their incorporation in proteins. Due to
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the non-specific substitution of methionine by sele-
nomethionine, the latter compound is less
bioavailable than its sulfur analogue. New studies
on the biological interactions of selenium chemical
forms within the organism will lead the decision-
taking procedure for the design of selenium dietary
supplements. Some effort has been devoted in the
recent years to the design of drug delivery systems
with reduced toxicity. A study by Sarin et al. (2007),
reports the potential use of carbon nanoparticles as a
vehicle for cell delivery of Se(0) nanoparticles.
(Montes-Hernandez 2008), have studied the use of a
portlandite carbonation technique at supercritical
conditions in the presence of selenocysthine to
synthesize Se(0) nanoparticles sorbed onto calcite
nanocrystals.

Haug et al. (2007) have reviewed the current use
of selenium resources, and concluded that supple-
mentation should be made directly in the food
production chain, by enriching seeds and adding
resulting sprouts to food products, and not through
the use of fertilizers. In this way, the impact of
selenium environmental cycling in food would be
reduced and problems like, e.g., the low selenium
levels found in some areas where phosphate fertiliz-
ers have been applied (Dhillon and Dhillon 2000),
would be no longer an issue. However, from a
physic—chemical point of view, the interactions
within the selenium—soil-water—plant system have
to be deeply understood in order to correctly assess
the problems of selenium deficiency and/or toxicity
in organisms (Schrauzer 2000).

4 Conclusions and perspectives

Selenium is a toxic element when high concentrations
of bioaccesible forms are uptaken by the organism,
but it is an essential element as demonstrated by the
dramatic effects affecting health of people with
selenium deficit. Its variety of chemical forms and
its associations with organic and inorganic natural
phases gives it a very complex behavior, with
different species being present at the same time in
one environment. It is thus a complicated issue to
determine, which forms are to be supplemented
(referring to soils amendments or health care prod-
ucts) in cases of deficiency, and what are the best
remediation procedures for contaminated sites. The
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advent of nanotechnology has promoted the devel-
opment of new tools to study the molecular processes
underlying these phenomena. For instance, spectro-
scopic tools have allowed studying selenium
adsorption processes at the nanoscale, increasing
our knowledge about the selenium retention mecha-
nisms at the mineral/water interface. A better
understanding of the environmental cycling of sele-
nium is required, and many efforts have to be devoted
to the comprehension of the basic processes govern-
ing it. Interactions with mineral phases and organic
matter are far from being well understood, mostly due
to the complex geochemistry of selenium. Other
complex mechanisms, as the formation of OM-
metal-selenium complexes, have been reported
recently, but little is known about their stability
constants and their structure. The same holds for the
interactions between selenium and other elements
which have been reported to have an effect on the
absorption of selenium through the intestine walls.
Special environments have attracted the attention of
selenium researchers last years: (1) nuclear waste
disposal engineering involves the study of radionu-
clide transport, like in the case of 79Se. The anoxic
environment formed by compacted clays surrounding
the nuclear waste canister opens a challenge to
researchers studying the complex reactions taking
place in it; (2) naturally occurring contaminated sites,
as the Kesterson reservoir (USA) still wait for the
development of new remediation techniques; (3)
environments such as volcanic soils, where low
bioavailability of selenium has been reported, require
further investigations about the processes respons-
ibles of their retention mechanisms; (4) recent
research on elemental selenium nanoscaled precipi-
tates and on the design of selenium cell delivery
systems is being benefited from spectroscopic tech-
niques developed over the last 15 years, with
techniques focusing on the structure of selenium
nanoparticles; (5) biotic reactions in selenium con-
taminated environments and remediation systems
produce selenium nano-precipitates whose reactivity
and surface chemistry are not known. Research in this
direction will enlarge our knowledge about the
reactivity of selenium nanoparticles. All these differ-
ent subjects are attracting renovated interest by
researchers from different areas nowadays, which
makes the study of selenium bioavailability an
exciting field of research.
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