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Chapter 1
Selenium in the environment

Martina Cappelletti, Valerio Funari,
Giorgio Gasparotto, Enrico Dinelli and
Davide Zannoni

1.1 INTRODUCTION

Chapter 1 is intended to provide the essential background information to assist
operators and researchers who use technologies for the treatment of selenium (Se)
in environmental (soils, waters, sediments, air) and biological (foods) samples in
addition to analysis of Se-molecular speciation in living organisms (plants,
microorganisms, animals and humans). In this regard, it is important to underline
that numerous reviews and reports have been published in the last decade on this
and related topics (Hosnedlova et al., 2018; Khurana et al., 2019; Nancharaiah &
Lens, 2015a, b; Preda et al., 2015; Tan et al., 2016; Winkel et al., 2012).
Therefore, all readers are kindly invited to refer to the recent literature on the
subject — in addition to chapters 2 to 12 of this volume — for complete
information on the role and importance of selenium in nature.

1.1.1 Historical background

Selenium (**;0Se) is a chemical element of great importance for living beings,
which was originally mistaken for tellurium (Te) until the Swedish chemist
Jacob Berzelius (Berzelius, 1818) recognized it as a distinct element in 1817
(Trofast, 2011). Since Se was closely related to Te, which was named after
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4 Environmental Technologies to Treat Selenium Pollution

the Latin word for earth, tellus (Klaproth, 1798), Berzelius chose to name this
new element selenium, in reference to selene, the Greek name for the
moon goddess.

Selenium has a long history of being misunderstood since it has repeatedly
been mistakenly considered as a strong toxicant, mainly due to inadequate
analytical data. Indeed, the crucial role of selenium in the environment and for
human beings became evident only in the 1930s, but it was exclusively
associated with toxicity — selenosis — that is the result of excessive Se
exposure. An example that illustrates the wrong reputation attributed to
selenium as a notorious environmental toxin is the case of two livestock
diseases, that is, alkali disease and blind staggers, which were initially fully
attributed to Se. There are certain types of plants in western North America —
commonly known as locoweed and/or crazyweed — which accumulate high
amounts of Se that could have been the cause of severe neurological damage to
the animals grazing on these lands. Locoweed is a general name for plants that
produce swainsonine, a phytotoxin harmful to livestock mostly present in three
plant genera of the Fabaceae’s family: Swainsona, Oxytropis and Astragalus
(see Section 1.3.3.4 of this chapter). Livestock poisoned by chronic ingestion
of large amounts of swainsonine develop a medical condition known as
locoism (also swainsonine disease) reported most often in cattle, sheep, and
horses. Some locoweed species, including a few that produce swainsonine,
accumulate selenium, and this has led to confusion between swainsonine
poisoning and selenium poisoning. Even though Se did not cause as many
poisoning episodes as were attributed to it, it is now well established that acute
or chronically high Se exposure in food or water certainly causes debilitating
symptoms and lethality. On the other hand, selenium’s bad reputation is
unfortunate because most of its roles in the environment are beneficial rather
than harmful, and there are far more areas around the world where deficiency
is a problem than regions where selenium excess is an issue (Combs, 2001; see
also Section 1.1.3). The famous dictum of Philippus Theophrastus Aureolus
Bombastus von Hohenheim, the German physician, universally known as
Paracelsus, that “...solely the dose determines what is or it is not a poison...”
seems particularly suitable for describing the role and effects of selenium on
living organisms.

1.1.2 The rising of interest in selenium research

Research on selenium has undergone a surge in recent years following new data and
discoveries on the importance of this metalloid in the fields of medical
biotechnology and human health, but not only in these fields. In fact, selenium
has a wide use in electronic applications, solar cells, the glass industry,
photocopying, the cosmetic industry and as a dietary supplement (Bodnar et al.,
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Selenium in the environment 5

2016; Naumov, 2010) thus to be considered a high commercial value element.
In agriculture, for example, selenium is applied as fertilizer in Se-deficient
soils (Lavu et al.,, 2012) and as an inhibitor of sulfate — mediated by toxic
methyl-mercury production in paddy fields where the addition of selenium (in the
form of selenite or selenate) removes free mercury in the soil generating stable
Hg-Se complexes (Wang et al., 2016b).

Estimates for world consumption of selenium are in the order of 40% in
metallurgy, 25% in glass manufacturing, 10% in agriculture, 10% in
chemicals and pigments, 10% in electronics, and 5% in other uses with its
global annual production estimated at approximately 2800 tons in 2018 with
China, Japan, Germany and Belgium being the major producers (U.S.
Geological Survey, 2019) (see details in Section 1.2.3). Electrolytic
manganese production is the main metallurgical end-use for selenium in
China, where selenium dioxide is used in the electrolytic process to increase
current efficiency and the metal deposition rate. Selenium consumption in
China has increased in recent years and 51 electrolytic manganese producers
were reported to have been operating and consuming selenium in 2017 (the
latest information available), up from 47 reported in 2016 (U.S. Geological
Survey, 2019). As a matter of fact, while recovery of selenium from anode
slime formed as a by-product of metal refining may prove insufficient to meet
the global demand of selenium in the future, there is need to reuse and
recover selenium from soil/water habitats having an excess of selenium
(Oldfield, 2002) using novel and hopefully non-invasive/environmentally
compatible approaches to replenish the selenium resources (Nancharaiah &
Lens, 2015a, b; Tan et al, 2016) (see Section 1.2.3 of this chapter along
with Chapters 6 and 7 of this book).

In addition to its use in industry and agriculture, selenium has a fundamental
role in the metabolism of animals and humans (Fairweather-Tait er al., 2010;
Huawei, 2009; Papp et al., 2007). To avoid both the lack and excessive intake
of selenium, the World Health Organization (WHO, 2011) recommended a
dietary allowance ranging from a minimum of 40 to a maximum of 400 pug of
Se per day. Indeed, selenium deficiency and toxicity depend strictly on the
location and environmental conditions. There are extreme conditions of Se
concentration, that is, lack or excess of Se in the soil, only in specific areas of
the planet (El-Ramady er al., 2014a, b), such as China, India, the Middle-East
and some European countries (e.g., Poland and western Russia), which are
known for selenium deficiency in soils which was associated with heart disease
and bone disorders (Lemly, 1999). One of the most striking examples is the so
called Keshan’s disease, a cardiomyopathy caused by a combination of dietary
deficiency of selenium and the presence of a mutated strain of the
Coxsackie-virus, named after Keshan County of Heilongjiang province in
northeast China where symptoms were first noted. These symptoms were later
found prevalent in a wide belt extending from north-east to south-west China,
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6 Environmental Technologies to Treat Selenium Pollution

all due to selenium-deficient soil (Beck et al., 2003; Ren et al., 2004). Similarly,
the disease known as Kashin-Beck, named after the two Russian military
physicians N.I. Kashin and E.V. Beck who described it for the first time in
regions of south-east Siberia bordering China, is an endemic osteo-arthropathy
which is associated with the consumption of grains with a very low selenium
content (Fordyce, 2005).

Although there are several million people in the world potentially subjected to
selenium deficiency, it is equally true that many sanitary problems due to
selenium excess have been recorded in various regions of the planet as well
(ElI- Ramady et al., 2014a). Indeed, selenium tends to bioaccumulate in the
aquatic environment and becomes toxic to fish and birds that feed on fish
containing elevated levels of this element (De La Riva et al, 2014; Miller
et al., 2013; Zhang et al., 2008). Further, its transfer to the food chain has
caused additional toxic effects in humans and animals (selenosis) such as
nausea, vomiting, dermal and neurological dysfunction or even paralysis and
cardiovascular symptoms (De La Riva et al., 2014; Duntas & Benvenga, 2014).
Issues related to selenium toxicity are covered in more detail in Chapters 5, 6
and 7 of this book.

1.1.3 Microbial processing of selenium

As also reported in the following Section 1.2, selenium is found in four inorganic
oxidation states (—2, 0, +4, +6). Elemental selenium Se(0) is highly insoluble,
relatively non-toxic to humans and it occurs as a prevalent species under
anoxic conditions (Barceloux, 1999), while selenide Se(—2) is both highly
reactive and toxic although rapidly oxidized to Se(0) through inorganic and/or
biochemical reactions (Turner er al, 1998). In this respect, selenium
bioprocessing in the environment is catalysed by Se-metabolizing bacteria
which are able to either reduce or oxidize it, but also to generate methylated
and volatile derivatives such as dimethylselenide (CH;SeCH3), dimethyl selenyl
sulfide (CH3SeSCH3) and dimethyl diselenide (CH3;SeSeCH;) (Chasteen &
Bentley, 2003). The most oxidized selenium forms, selenite (Se032_) and
selenate (SeO4>7), can be taken up by several species of microorganisms and
reduce these oxyanions to less toxic elemental selenium, Se(0). Representative
genera include Wolinella, Pseudomonas, Sulfurospirillum, Enterobacter,
Thaurea, Bacillus, Citrobacter, Azospirillum, Paenibacillus, Rhizobium,
Stenotrophomonas and Rhodococcus (Antonioli et al., 2007; Hunter et al.,
2007; Presentato et al., 2018; Sidique et al., 2006; Tugarova et al., 2014; Yao
et al., 2014; Zhang & Frankenberger, 2005). Deposition of Se(0) as particles of
variable shape and size may occur in the extracellular milieu but also in the
cytosolic and/or the periplasmic space in association with the cell wall or
membrane (Gerrard et al, 1974; Klonowska et al., 2005; Losi &
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Selenium in the environment 7

Frankenberger, 1997; Oremland et al., 2004; Presentato et al, 2018) [see
Chapters 3 and 10 for a complete discussion on this topic].

Several microorganisms have the ability to incorporate selenium derived from
selenate or selenite into organo- Se compounds as selenocysteine and
selenomethionine via the mechanism known as assimilatory Se-reduction (Lenz
& Lens, 2009; Sarret et al., 2005). Figure 1.1 shows how bacteria determine the
distribution of the main Se oxidation- reduction forms [elemental selenium Se(0),
selenite Se(+4) and selenate Se(+6)] in a contaminated habitat as a consequence
of industrial and agricultural activities.

Activities in industry and
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Figure 1.1 Schematic diagram showing the metabolic processes (respiration,
anaerobic respiration, photosynthesis) by which bacteria determine the distribution
of the main selenium oxidation-reduction forms: elemental selenium Se(0), selenite
Se(+4), and selenate Se(+6) in a contaminated habitat as a consequence of
activities in industry and agriculture. Natural processes such as weathering, soil
leaching and volcanic emissions releasing selenium into the environment, are not
shown. The scheme depicts four environmental phases: atmosphere,
soil-rhizosphere, anaerobic soil-sediments and water. Symbols and abbreviations:
Se, selenium element; R-CHj3, organic methyl groups; and the cloud, volatile
CH3-Se(Se)-CHz. The thickness of the arrows indicates the prevalent bacterial
activity; rough circles symbolize the binding of selenite, mainly Se(+4), to
soil/sediment particles of iron (Fe), manganese (Mn) or aluminium (Al) hydroxides.
(Modified from Sharma et al., 2015 and Zannoni et al., 2008; see text for further
details).
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8 Environmental Technologies to Treat Selenium Pollution

1.2 SELENIUM CHEMISTRY
1.2.1 Chemical features of selenium

Selenium belongs to Group VIA of the Periodic Table of the elements and is
located between sulfur and tellurium. Its chemical and physical properties are
intermediate between those of a metal and a non-metal. Its atomic number is 34
and its atomic mass is 78.96. Selenium has six stable isotopes, namely: '‘Se
[0.87%], °Se [9.02%], ""Se [7.58%], "*Se [23.52%], *°Se [49.82%], and *’Se
[9.19%]; the relative abundances of these isotopes are indicated in brackets
(Hoffman & King, 1997).

Selenium commonly exists in four valence states: —2, 0, +4, and +6, the —2
form being more common for organic compounds. Elemental selenium has a
melting point of 217°C and a boiling point of 685°C. Between 74 and 217°C,
exothermic modifications of crystalline forms are observed (Langner, 2000). Pure
selenium, like sulfur, is allotropic and exists in three forms, including (1) a grey
or ‘metallic’ thermodynamically stable hexagonal form displaying properties of a
semiconductor, (2) a red monoclinic form, and (3) a vitreous form.

1.2.2 Pourbaix diagram of selenium in water

The behaviour of selenium in aqueous solution is dependent on redox state and pH,
as described by the Eh-pH diagrams of Figure 1.2. Selenium is highly mobile
under oxidizing, acidic, neutral and alkaline conditions mostly as selenate and
selenite. In very oxidizing conditions the Se®" is stable, and selenate [SeO4>"]
is the dominant form in solution under a wide range of pHs, while under very
acidic conditions biselenate [HSeO, ] is the common form. Under less
oxidizing conditions, Se** is stable and can be present in solution as selenite
[Se032_] at neutral to alkaline conditions or biselenite [HSeO5; ] at pH ranging

H-O-Se (10™) Loy H-O-Se (10%) Lo H-0-Se (10%) H-O-Se (10™)

I02 4 6 8 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 6 B8 10 12 14
pH pH pH pH

Figure 1.2 Eh-pH diagrams (Pourbaix diagrams) for the system Se-O-H at different
selenium activities.
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Selenium in the environment 9

from neutral to acidic. At lower pH, selenous acid [H,SOs] is stable. Selenium
mobility decreases in reducing conditions, at neutral to acidic pH, due to the
formation of elemental Se whose stability field increases as dissolved selenium
activities increase (Figure 1.2). Under reducing conditions, Se tends to form
selenide ions that react with metals eventually present in solution, forming
stable selenide minerals from aqueous solution even at low metal activities. As
suggested by the Eh-pH diagrams, for example, involving Pb (lead) and Ag
(silver), reducing conditions lead to the formation of clausthalite [PbSe] or
naumannite [Ag,Se] (Figure 1.3) and possibly other selenides in combination
with Fe (iron), Co (cobalt), Ni (nickel) and Cu (copper). Under reducing
conditions, Se also tends to replace sulfur in more common minerals such as
pyrite, chalcopyrite, pyrrhotite and sphalerite.

The behaviour of selenium in solution is mostly as complexed oxyanion which is
strongly influenced by the presence of natural particles of aluminium and iron
oxy-hydroxides. These phases, in turn, with their high surface areas and point of
zero charge (Chan et al., 2009; Sparks, 2003) might adsorb dissolved selenium
species, although it is reported that selenite is less prone to surface adsorption
(Christophersen et al., 2013; Meher et al., 2020) due to its high tendency to
remain in the aqueous phase. It must be stressed that selenite has been found to
be more toxic than selenate and organo-selenium compounds due to its higher
solubility and bioavailability (Torres et al., 2011).

The redox chemistry of selenium is complex, given the importance of the
biotic transformations involved in its cycling (Lenz & Lens, 2009) and with a
range of reactions depending on the environmental conditions (assimilatory and
dissimilatory reduction, alkylation, dealkylation and oxidation).

H-O-Se (10™")
Ag (10™)

Se0y

Eh (voit)

Naumannite

25'C 25°C

0O 2 4 6 8 10 1214 2 4 6 8 10 12 14
pH pH

Figure 1.3 Eh-pH diagrams for the system Se-Pb-O-H and Se-Ag-O-H.
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10 Environmental Technologies to Treat Selenium Pollution

1.2.3 Global uses of selenium

The selenium content in the Earth’s crust averages 0.05-0.09 mg/kg,
approximating the typical concentration of cadmium and antimony and ranking
above silver, mercury, and uranium. Higher concentrations of selenium are
found in volcanic rocks, sandstones, uranium deposits and organic matter-rich
rocks. However, the natural occurrence of these minerals can be rarely
considered high-grade ore deposits. Although present in many minerals,
selenium is generally recovered as a mining by-product from deposits mined
for other elements, such as copper, lead, and silver (Langner, 2000). Therefore,
selenium is mainly sourced from sulfidic ores in the context of primary ore
mining, even if the mean Se/S ratio of magmatic sulfides is rather low (x0.1).
Its principal supply comes from sulfide ores in Canada, the USA, Bolivia, and
Russia.

Commercially exploited Se-ore deposits have been referred to four types of
mineralization (Stillings, 2017), namely: magmatic, volcanic, hydrothermal,
and exogenic. The latter is secondary mineral ore produced by chemical and
physical weathering. Many of the secondary mineral sources are high in Se under
peculiar conditions (e.g., volcanic soils, and marine shale) owing to erosion
transport and deposition from seleniferous parent material or atmospheric
selenium supplies. The occurrence of selenium depends upon the composition
of the ore, the stratigraphic position of ore minerals, and tectonic settings
(Figure 1.4).

Selenium enrichment has been observed in marine samples collected from
black smokers and iron-copper massive sulfides associated with the East Pacific
Rise. Here, Se-rich mineralization primarily occurs in the inner part of the deposit
in equilibrium with hydrothermal fluids. On the other hand, clear examples of
exogenic deposits are marine phosphorites that may contain around 300 mg/kg
Se. Marine and sub-aerial highly organic shales contain as much as 1500 mg/kg
Se because it may accumulate in detrital organic matter (Parnell et al., 2016).
High Se concentrations in sedimentary bedrock units likely derive from their
depositional origin in marine basins with high primary biological productivity
(Presser et al., 2004). As such, organic detritus on the seafloor may experience
the consequences of the biomediated Se cycle: with geological time, the loss of
organic matter due to diagenesis accumulates selenium and other trace
elements in the sediments that may be exhumed today (e.g., the Phosphoria
Formation). For this reason, knowledge about the distribution of selenium-rich
rocks found in sedimentary basins enriched in organic carbon (Presser et al.,
2004) is useful in identifying new selenium resources (Stillings, 2017).
Carbon-rich rocks usually show high selenium concentrations owing to the
possible selenium substitution for sulfur during diagenesis. Natural resources for
potential Se cultivation are coal, marine phosphate deposits, and shales (Presser,
1999) (Figure 1.4).
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Selenium in the environment 11

When the host mineral is selenide, the ore deposits can be grouped into four
types:

(a) telethermal selenide vein-type

(b) unconformity-related uranium deposits

(c) sandstone-hosted uranium deposits (roll-front type)
(d) gold-silver epithermal volcanic-hosted deposits

Examples of type (a) deposits are the Tilkerode-Zorge-Lerbach deposit in the
Harz Mountains (Germany), the Pacajake and El Dragon deposits in Bolivia,
Hope’s Nose deposit in the United Kingdom, and the Sierra de Umango and
Sierra de Cacheuta deposits in Argentina. In these deposits, selenides occur in
veins hosted in sedimentary rocks, associated with carbonate minerals, hematite,
and rare sulfides (e.g., those containing precious metals, gold and platinum group
elements). Type (b) ores are found in veins of the Massif Central (France),
the Bohemian Massif in the Czech Republic, and the Athabasca area of northern
Saskatchewan in Canada, associated with sulfides, arsenides, hematite,
carbonates, and uraninite minerals in Co-Cu-Ni ores. The occurrence of type (c)
deposits is from uranium and vanadium sandstone ore deposits in the USA
(Colorado Plateau, Oklahoma, Wyoming, and Texas) where Se spots locally at
elevated concentrations (from thousands of mg/kg up to 3 weight per cent) were
measured in uranium deposits of the Colorado Plateau (Coleman & Delevaux,
1957). Remarkable Se concentrations can be found in Fe-rich selenides (e.g.,
ferroselite), clausthalite (PbSe), and native selenium. Mineralization of economic
importance occurred with other redox-active minerals in dynamic equilibrium
between oxidizing and reducing environments. Hatten Howard (1977)
hypothesized that continued cycling of oxidative dissolution (of reduced minerals
in the unaltered rock) and redeposition (at the redox interface) could concentrate
selenium, iron, and the uranium-ore minerals within the Fe-S-Se system.
Selenium type (d) deposits occur at low-sulfidation epithermal gold-silver
deposits (John, 2001) like those of Japan, Nevada (USA), New Zealand, Mexico,
and Russia. In these ore deposits, significant Se concentrations are in silver
selenides and, less commonly, in bismuth, copper, antimony, and lead selenides,
all associated with sulfides, sulfosalts, gold and native elements. Primary
geogenic Se ores have shown conditions that favour the formation of sulfides
rather than selenides.

The average selenium content in magmatic and associated hydrothermal sulfides
is 0.02%. The selenium estimated content is based on copper production figures: in
porphyry copper ore with 0.5% copper, the selenium content is 2.5 mg/kg, or a
copper-to-selenium ratio of 2000:1. For many years, selenium production was
estimated based on copper production using a factor of 0.0215% or, for very
productive ores such as for example the Sudbury basin of the Ontario region,
0.064% (George & Wagner, 2009). Selenium can be present in absolute
concentrations of hundreds mg/kg in tuffaceous rocks, and several g per weight
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12 Environmental Technologies to Treat Selenium Pollution
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Selenium in the environment 13

Figure 1.4 Global map of active Se-ore deposits and predictive map of selenium
sources associated with organic-rich depositional marine basins (modified from
Presser et al., 2004) and seafloor sulfide deposits (modified from Boschen et al.,
2013). Borders and country boundaries are from www.thematicmapping.org;
Selenium deposits location are from www.mindat.org (Butterman & Brown, 2004;
Kogel, 2006; Stillings, 2017). Se-ore deposits by geographic area — as labelled by
numbers in figure — are the following: Africa: 33. Katanga deposit, Katanga
province, Kinshasa, Democratic Republic of the Congo; 34. Shinkolobswe deposit,
Democratic Republic of the Congo — Eastern world (including the Middle East):
3. Agarak deposit, Armenia; 4. Dastakert deposit, Armenia; 5. Dzhindara deposit,
Armenia; 6. Kadzharan deposit, Armenia; 7. Miskhana deposit, Armenia; 16.
Yutangba Se deposit, Hubei, Central China, China; 21. Redzhang Lebong deposit,
Sumatra, Indonesia; 22. Salida and Redzhang Lobong, Indonesia; 24. Hishikari,
Japan; 25. Jordan Areva Resources, Amman Governorate, Jordan; 59. Murgul
deposit, Turkey — Europe: 17. Bohemian Massif of the Czech Republic, Czechia;
18. Massif Central of France, France; 19. Eisenberg, Tilkerode-Zorge-Lerbach
deposit in the Harz Mountains, near Korbach, Germany; 23. Lipari Islands, Italy;
53. Glava, Grusen, Moberg, Tinnsja, Tjgstglflaten, Sweden and Norway; 54.
Skrikerum deposit, Smaland, Sweden; 55. Idrija, Slovenia; 56. Almaden, Ciudad
Real Province, Spain; 57. Providencia Mine, Le6n Province, Spain; 58. Los Reales,
Estepona, Malaga Province, Spain; 60. Traour ar Ru, Bahulien, Lannion,
Cotes-d’Armor, Brittany Province, France — Latin America: 1. Cacheuta Mine,
Cerro and Sierra de Cacheuta, Lujan de Cuyo, Mendoza Province, Argentina;
2. Sierra de Umango, La Rioja Province, Argentina; 10. Pacajake Selenium Mine,
Llallagua, Bolivia; 11. El Dragén mine, Antonio Quijarro Province, Potosi, Bolivia;
26. San Onofre mine, ElI Doctor, Queretaro, Mexico; 27. ElI Oro, Mexico; 28.
Guanajuato, Mexico; 31. Cerro Negro volcano, Ledn Department, Nicaragua; 32.
La Oroya Complex, Peru — North America: 12. Sudbury basin, Ontario, Canada;
13. Lake Athabasca area of northern Saskatchewan, Canada; 14. Gaspé Copper
mine, Murdochville, La Cote-de-Gaspé, Gaspésie-iles-de-la-Madeleine, Québec,
Canada; 15. Tombstone Mountains, Dawson mining district, Yukon, Canada; 20.
Hawaiian Islands, Hawaii, USA; 61. Comstock and Goldfield, Nevada, USA; 62.
Shoshone, Jasper, Riverton deposits, Wyoming, USA; 63. Colorado Plateau,
Colorado, USA; 64. The western Great Basin, Nevada, USA; 65. Bristol Bay,
Pebble deposit, Southern Brooks Range, Red Dog, USA and Alaska; 66. Duluth
Complex, Bab-bitt deposit, Minnesota, USA; 67. Humboldt County, National
District, Buckskin Mountain, Nevada, USA — Oceania: 8. Queen Victoria Springs
Nature Reserve, Menzies Shire, Australia; 9. Milgun Variscite Mine (Mount
Deverell), Milgun Station, Meekatharra Shire, Australia; 29. Native sulfur-selenium
outcrops, New Zealand; 30. The Great Barrier Island, New Zealand — Russia: 35.
Upper Seymchanskoye deposit, Verina River basin, Far Eastern; 36. Uchaley
deposit, Urals; 37. Kirovskoye deposit, Krasnoyarsk, Siberia; 38. Bukuka deposit,
Siberia; 39. Noril'sk, Siberia; 40. Kurile Islands, additional Kamchatka locations,
Far Eastern; 41. Mendeleev Volcano, Kunashir Island, Far Eastern; 42. Mutnovskii
Volcano, Kamchatka, Far Eastern; 43. Paramushir Island, Far Eastern; 44.
Prasolovskoye, Kunashir Island, Far Eastern; 45. Karabash group, Tatarstan,
Volga; 46. Mauk deposit, Urals; 47. Gay deposit, Urals; 48. Ill International deposit,
Urals; 49. Levikha XIV deposit, Urals; 50. Sibay deposit, Urals; 51. Zyuzel’'skoye
deposit, Far Eastern; 52. Ust’ Uyok deposit, Turan District, Tuva, Siberia.
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14 Environmental Technologies to Treat Selenium Pollution

cent (g/100 g) in sulfides that host mercury and antimony deposits. The volcanic
deposits of andesite tuffs (e.g., Jasper, Riverton, and Shoshone deposits, USA)
yield up to 120 mg/kg selenium while native sulfur deposits can display the
highest selenium concentrations (>5% weight). In magmatic sulfide deposits
like the Permian-to-Triassic-age Noril’sk group, located inside the Arctic Circle
in Russia, and the Sudbury ores in Ontario, selenium may replace sulfur in
sulfide veins. The estimated selenium content in such deposits varies between
0.002 and 0.01%, with measured concentrations as high as 200 mg/kg and as low
as 3 mg/kg. At Noril’sk, the selenium of extractive interest is in sulfide minerals
(e.g., chalcopyrite, millerite, pentlandite, pyrite and pyrrhotite), where it occurs as
an isomorphous substitution for sulfur in concentrations of 2 to 74 mg/kg, and
can reach up to about 150 mg/kg in massive vein deposits, and sometimes in
magnetites. In sulfides of porphyry copper deposits, Se is generally sourced from
hypogene fluids and subsequently remobilized during hydrothermal plumbing of
the porphyry copper system.

From a mining perspective, no clear quantitative correlation has been found
between selenium and any of the associated elements such as copper, lead,
nickel, sulfur, or tellurium and precious metals. It is empirically evident that
copper ores are a source for selenium while sulfides are prevalent ore minerals,
so the close association of selenium with sulfur has a poor significance from the
standpoint of absolute concentrations. Besides, selenium can be one of the most
mobile elements during rock weathering, and so it can be enriched in a variety of
environmental sinks. Fundamental steps in identifying new selenium sources
would be to study the relationships between selenium and sulfur and their
isotopes in other rock types, to define diagenetic processes of sulfide minerals
better, and thereby to probe the interaction of Se-bearing minerals with organic
matter and carbon. Despite efforts to standardize the estimation of selenium in
sulfide ores, the wide variety of host minerals and, consequently, the highly
variable Se concentrations found in ore minerals complicate the definition of Se
grades and cut-off values in ore mining.

Selenium is sold in four commercial or refined grades, even though the industry
has no specifications for the several classes and some producers provide customers
with their specifications. A first, refined grade is 99.5% weight minimum selenium
with Te, Fe, Pb and Cu as the main impurities. Materials containing >99.5%
selenium are commercially available as powder, granules, and lump. Pigment
grade selenium is typically used in colouration and has a purity of 99.7%
weight. The high grade ranks as the third grade regarding purity with 99.999%
weight minimum selenium. The ultra-high grade is claimed to contain from
99.999 to 99.9999% weight selenium (Hoffman & King, 1997), available as shot
or powder. To reach higher purification somewhat inert contaminants (e.g., Na,
Mg, Ca, Al, Si) and harmful impurities such as arsenic, iron, mercury, and
tellurium must be removed. Generally, the concentration of sulfur, oxygen and
halogens must be ensured to be as low as possible for high-purity selenium
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Selenium in the environment 15

powder. When estimating elemental purity and grades, any analytical uncertainty
linked to accurate selenium quantification should be carefully stated. The
suitability of determination methods depends on several factors, such as (i) a
proper conversion of selenium after distillation in the coordination compound
wanted (that is, suitable for analytical measure), (ii) effective reduction/deposition
to elemental selenium when a gravimetric determination is desired, (iii) the
presence of possible interfering substances left behind in the sample preparative,
(iv) selenium speciation and (v) type of environmental matrices (e.g., organic vs
inorganic) in the test sample. With the development of organo-selenium chemistry,
an increasing number of organo-selenium compounds have been prepared in the
laboratory (mostly as organosulfur analogues): they include the simple alkyl
selenide (CHSe) and carbon diselenide (CSe,) as well as complex heterocyclic
compounds and a variety of Se-based polymers thereof. An overview of the main
organo-selenium compounds can be found elsewhere (Hoffman & King, 1997).
Selenium compounds of strategic importance for the productive industry include
selenium dioxide, selenium disulfide, cadmium selenide and sulfoselenide, sodium
and other selenites, and some organic selenium compounds (e.g., phosphine
selenides are widely used solvents).

The world Se production according to USGS (United States Geological Survey)
was estimated around 2710 tons in 2017 (without the USA’s quote, assumed
around 150-750 tons per year), including China (930 tons per year), Japan (730
tons per year), Russia (150 tons per year), Germany and Belgium (500 tons per
year) as main actors among all producers (Stillings, 2017) (Figure 1.4).

The glass industry uses approximately 25% of the total production of selenium.
Selenium and its compounds with Na, Cu, Cd, and Te are required mainly to
produce flat glass, pressed or blown glass and glassware for colouration and
advanced optics in analytical devices (Langner, 2000). A significant percentage
of the selenium production (25%) is employed in inorganic pigments
(predominantly as cadmium sulfoselenide) used in plastics, paints, enamels,
inks, rubber, and ceramics. Around 10-15% of selenium globally produced
each year is used in other applications including accelerators, gaseous electric
insulation (as selenium hexafluoride), solvents and lubricants, and in rubber
production selenides are applied as vulcanizing agents. The remaining selenium
globally produced is used in stainless steel and refractory metals, in the
electrolytic production of manganese, in medical and pharmaceutical topical
preparations (e.g., treatment of dandruff), as fungicide and insecticide in
agricultural uses and, finally, it finds application as dietary supplements for
humans and livestock. Selenium in the high-purity form is used in electronics
due to its semiconductor and photoelectric characteristics, in thermoelements
and in xerographic materials. However, applications of selenium in the
chemical industry are considered largely dissipative, especially during
distillation and recovery from low- concentration sources of primary supply and
when required at a high grade.
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16 Environmental Technologies to Treat Selenium Pollution

Following the need to maintain the trade-off between supply and demand,
selenium may be used to replace strategic metals (European Commission, 2014)
in different applications with satisfactory performance: Se can enter in
substitution of Sb in industrial applications for hardening of materials and alloys, it
can be used in bimetallic catalysts to decrease rhenium’s share of the existing
catalyst market, or it can replace tellurium in many free-machining steels
and rubber compounding. Some selenides show enhanced performance as
high-temperature, high-vacuum lubricants instead of tellurides (e.g., selenides of
niobium and tantalum in electrically-conducting solid lubricants). Copper indium
diselenide is almost as efficient as cadmium telluride in photovoltaic power cells
(Fiducia et al, 2019). The substitutability of tellurium with selenium is
particularly chased to lessen the criticality of supply for the much more expensive
tellurium. However, this trend may revert soon from both a technical and
economic standpoint since selenium is gaining increasing attention due to its
critical importance in the production of solar cells (George & Wagner, 2009;
Stillings, 2017). On the other hand, silicon is the major substitute for selenium in
low- and medium-voltage rectifiers while new organic pigments substitute for
cadmium sulfoselenide pigments. Sulfur dioxide can also be used as a replacement
for selenium dioxide with limited efficiency. Bismuth and tellurium are rather
efficient in place of Se due to their similar chemical properties, whereas lead and
cerium oxide more frequently suit as substitutes, especially in the glass-making
industry, rubber production and free-machining alloys. Amorphous silicon and
cadmium telluride are considered the two principal competitors for replacing Se in
thin-film photovoltaic solar cells (George & Wagner, 2009). However, market
fluctuations control the supply trend of prime metal vs its substitute.

Refinery production of selenium is reported by 14 countries with more than
130 companies trading selenium, of which Mitsubishi Materials Corp.,
Nippon Mining and Metals Co. (Japan), Noranda Inc., Falconbridge, the
Northwest Nonferrous International Investment Co. (Canada), Jiangxi Copper,
Yunnan Copper, Jinduicheng Molybdenum Group (China), Norilsk Nickel, the
Ural Mining-Metallurgical Company (Russia), Umicore S.A., Retorte Selenium
Chemicals & Metals (Europe), Phelps Dodge Refining Corp. and Rio Tinto Zinc
are the most famous. The majority of producers are electrolytic copper refineries
and, according to USGS estimates, more than 90% of the USA selenium output
and more than 8% of the world Se production is derived from the anode mud
deposited during the electrolytic refining of copper. However, as only a fraction
of the selenium is recovered from copper anode slimes that can contain between
0.5 and 280 kg of selenium per ton of copper effluent (Stillings, 2017), these
slimes represent both a potential loss of Se and a contamination source when
discharged as wastewater (Kilic er al., 2013). Due to the close connection to
major metal deposits, the production of minor metals like Se depends heavily on
the production of the host metal (e.g., Cu), resulting in complex demand/supply
and price patterns (Hageluken & Meskers, 2010). The dramatic price volatility of
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Selenium in the environment 17

Se is apparent due to its application for strategic energy technologies (Lenz & Lens,
2009). For example, the selenium price increased by 440% in the USA between
2003 and 2004, and it reached its all-time high in 2011 (146,000 US$ per ton).
As such, innovative strategies like those coming from biotechnologies that allow
for the recovery of minor metals are required because they can help to uncouple
demand/supply and price patterns from major metals extraction. This, in turn,
will open novel recycling possibilities, which may have been overlooked for
merely technical reasons.

All commercial processes for the production of selenium involve a finely tuned
combination of fundamental methods, such as chemical treatments, physical
separation methods, thermal treatments, and electrodeposition. Electrowinning is
the preferred option at the final stage of recovery, especially from Cu-Ni ores but
also from fly dust and slag of metal foundries (Langner, 2000). Recent advances
in membrane separation technologies are adding new perspectives for Se
recovery from very fine precipitates or different types of physical and chemical
phases. Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO) can be applied, with RO and NF being the most effective for
recovery of Se fine precipitates (CH2MHILL, 2010; Santos et al., 2015).
Soda ash roasting, roasting with sulfuric acid, wet chlorination, and alkaline
autoclaving are primary recovery processes for selenium developed at the full
scale (Hoffman & King, 1997).

In Europe, recovery of minor by-products like Se have minimal own production
infrastructure, low efficiencies and represent a small contribution to revenues,
typically less than 5% (Blengini et al., 2017). Secondary selenium is processed by
a small number of primary selenium refiners. No secondary selenium sources have
in loco production. Most selenium consumed domestically is dissipated into the
environment and assumed to be not recoverable. It is also a common belief that
selenium from pigments, fertilizers, animal feeds, chemicals, and pharmaceuticals
can be dispersed in soils and other environmental sinks without any possibility of
avoiding loss of resource. The selenium from the glass and free-machining alloys
industries is not accounted for recycling either, because it probably volatilizes
during melting operations. However, mining from secondary and unconventional
sources is of utmost importance to secure a stable supply and for diversifying
sourcing. Superphosphates can contain about 20 mg/kg selenium, while soil Se
concentrations can be higher than 20 mg/kg in the vicinity of copper and lead
smelters and refineries. Coal generally contains between 0.5 and 12 mg/kg Se
while soil samples associated with coal mine environments in Wyoming showed
selenium concentrations up to 26 mg/kg (Stillings, 2017).

A high number of Se-bearing products may end up in landfills considering
1 mg/kg Se is the hazardous waste limit (Guo & Wu, 2017; USEPA [United
States Environmental Protection Agency], 1992) or in waste incinerators and
thermal treatment plants (Liu er al, 2015), where Se likely volatilizes during
combustion. In municipal incineration residues, named fly and bottom ashes, Se
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18 Environmental Technologies to Treat Selenium Pollution

is in the range 0.05-10 mg/kg (Allegrini et al., 2014). Subsequent studies have
suggested a moderate enrichment factor for selenium calculated with respect to
crustal abundance that is similar to the enrichments observed in fly ash from
coal-fired power plants and refuse incinerators (Kogel, 2006). Although
technically feasible, the recovery of selenium from coal fly ash and municipal
solid waste incineration residues does not appear economical, and dedicated
processes are thus far unidentified. As such, secondary sources for selenium
recovery include coal ash, contaminated soils, municipal fly ash and bottom
ash, wastewaters and sludge, landfill leachates and other anthropogenic residues.
A most important source is inherently Waste Electrical and Electronic
Equipment (hereafter: WEEE), such as factory scrap generated during the
manufacture of selenium rectifiers, burned-out rectifiers, spent catalysts, used
xerography-copying cylinders and heat-generators, outdated sensors, printed
circuit boards (especially advanced microdevice graphics cards), relays, resistors
(CdSe), and optical stores (George & Wagner, 2009; Schrauzer, 2004). Selenium
can also be recovered from plastics and oil waste, treatment plants for phosphorus
production, and abundant mining waste dumps experiencing significant selenium
releases in some circumstances (Kogel, 2006).

The WEEE showing high selenium contents like scraps from document copiers
and laser printers are the focus of urban mining. As an example, the selenium layer
from for example, xerographic photocopier drums is either broken up mechanically,
then cleaned and remelted; or dissolved in sodium sulfite or other solvents, then
precipitated and eventually purified, generating no more than 50 tons of
secondary selenium annually according to the USA report of mineral commodity
in 2004 (Butterman & Brown, 2004). Other residual streams for practical urban
mining are waste solutions from the production of trigonal selenium (used in
photosensitive or photoconductive components) where selenium oxide may be in
the form of sodium selenite and sodium selenate and for which a patented
process may apply (Goodman et al., 2000). Other methods currently under
investigation rely on oxidizers/adsorbents such as Al, Fe, Ti, Si oxides (e.g.,
anatase), manganese oxide, binary metal oxides [Al(+3)/SiO,, Fe(43)/SiO,,
Fe(+3) and Mn(+3) hydrous oxides], layered double hydroxides (i.e.,
nanostructured anionic clays, mostly Mg-Al, Mg-Fe, and Zn-Al based), graphene
and magnetic graphene oxide nanocomposites, and even peanut shell and rice
husk. Membrane separation technologies are typically deployed for the final
recovery stage (Figure 1.5a and b).

Industrial emitters are a compelling hot spot of selenium losses in the atmosphere
compared to volcanic emissions and natural releases from plants, soils and animals
which are minor sources. Selenium concentrations in air primarily depend on
coal-burning power plants, copper-refining plants or selenium rectifier plants,
zinc-cadmium smelters, fossil fuel combustion, lime industry, and refuse
incineration. From the atmosphere, natural and anthropogenic selenium re-
accumulates in environmental compartments (e.g., in lakes) or is taken up by
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Figure 1.5 (a) Schematic flow designs of selenium recovery processes from primary
and secondary ores. Commercial processes (a) and other methods (see Figure 1.5b).
The blocks represent critical processing stages, where diverging blocks are possible
alternate routes and letters indicate the key process acting: M = mixing, extruding,
drying; T =severe thermal treatment (e.g., smelting, roasting); L = chemical
leaching; S = physical separation methods; C = coagulation, sorption, flocculation,
froth floatation; P = pressure; eC = electro-coagulation; B = bioleaching and
biosorption; SDC = stripping, distillation, condensation (mainly) used at the final
stage of recovery; MF, NF & RO specify the membrane separation technologies
(see text for details); and R and O mean reducing and oxidizing conditions,
respectively. Block halves represent co-participated processes. The bold format
indicates high inflow/outflow, in red waste or by-products negatively impacting the
process, and underlined the selenium fate during the process. Sources: Baldwin
et al. (1985), Hoffman and King (1997), Goodman et al. (2000), Kashiwa et al.
(2000), Overman (2000), Mollah et al. (2004), EI-Shafey (2007a, b), Geoffroy and
Demopoulos (2009, 2011), CH2MHILL (2010), Soda et al. (2011), Pickett and
Sonstegard (2012), Fu et al. (2014), Santos et al. (2015), Mierzejewski et al.
(2017), Stillings (2017).
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Figure 1.5 (Continued). (b) Schematic flow designs of other methods, in addition to
those of Figure 1.5a, for selenium recovery processes from primary and secondary
ores. The block-scheme flow, symbols, abbreviations and references are the same
as those used in Figure 1.5a. See text for further details.

plants and converted into organic compounds such as selenomethionine, sometimes
serving as a detoxifying mechanism. Microorganisms such as Escherichia coli,
Clostridium thermoaceticum, and Clostridium sticklandii seem to crave selenium
in their metabolic reactions. Accumulator plants can incorporate from 1000 to
10,000 mg/kg selenium (dry weight): they include Astragalus L., Oonopsis
(Nutt.) Greene, Oryzopsis Michx., Xylorhiza Nutt., Mentzelia L., and Stanleya
Nutt. (details in Section 1.3.3.4) (Presser, 1999). Significantly high selenium
concentrations are also reported in some legumes, nuts, and mushrooms (see
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Section 1.3.3.5). The presence of bioaccumulators and selenium-tolerant plants
prompted the use of different microorganisms for biorecovery and
bioremediation. Through bacterial leaching and phytovolatilization substantial
amounts of selenium may be removed from Se-contaminated soil. Wetlands are a
clear example of demonstrated biological passive treatment for selenium
(CH2MHILL, 2010). Even though rapid recovery from biomass is virtually
unfeasible, several technologies based on bacterial, fungal and plant metabolism
have been tested in the laboratory. For example, species of the genus
Clostridium, Bacillus and Pseudomonas (anaerobic and aerobic bacteria),
Aspergillus spp., Ganoderma lucidum and Phanerochaete chrysosporium (fungi),
Saccharomyces cerevisiae (baker’s yeast), Eichhornia crassipes (water hyacinth),
Lemna minor (lesser duckweed) and Cladophora hutchinsiae (green marine alga)
have been tested for Se removal (Nancharaiah & Lens, 2015a, b; Santos et al.,
2015). Biological treatment relies on the enrichment and retention of
microorganisms that convert soluble selenium oxyanions into the less-toxic
elemental selenium. Furthermore, photobioreactors are emerging for the inclusion
of microalgae as part of integrated algal-bacterial selenium removal systems,
wherein selenium oxyanions are removed by biovolatalization and bioreduction.
Selenate reduction has been investigated under methanogenic, sulfate-reducing,
denitrifying, and hydrogenotrophic conditions (Nancharaiah & Lens, 2015a, b).
Different bioreactor configurations have been adopted (Figure 1.5a and b), such
as up-flow anaerobic sludge blanket reactors, fluidized bed reactors, plug flow
reactors, membrane biofilm reactors, and bioelectrochemical systems for retaining
selenium-reducing microorganisms as flocs, granular sludge, or biofilms. For the
latter purpose, soil, sand, cellulose, glass wool or glass beads can be used as a
porous matrix. A significant fraction of the bioreduced selenium can still be
present in the bioreactor effluent, necessitating a post-treatment step such as
coagulation or electrocoagulation. It should be underlined that many of the
suggested technologies are not demonstrated at full-scale for Se recovery and
present the disadvantage of the high costs related to chemicals and solid waste
disposal (Figure 1.5a and b). Biological selenium removal methods are more
attractive than traditional metallurgical routes because of low operational costs
and impacts on the environment. The performance of any technology should be
evaluated on a case-specific basis, optimized and demonstrated at the pilot scale.

1.3 SELENIUM IN THE ENVIRONMENT
1.3.1 Selenium mineralogy

Since the first observation in 1817 of selenium in sulfides, there are today more than
100 known selenium minerals (123 approved by the International Mineralogical
Association (IMA); Krivovichev er al., 2019), classified into: native selenium (1),
oxides (1), selenides (85), selenites (without H,O, 14; with H,O; 17), selenates
(without H,O, 1; with H,O, 4) (Krivovichev et al, 2019, Supplementary
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22 Environmental Technologies to Treat Selenium Pollution

Materials Table S1). This number is relatively high considering that most selenium
is dispersed in other minerals as a substitute of sulfur. When taking into account the
geochemical abundance of selenium, these minerals are rarely present as pure terms
but rather as mixtures with the far more abundant sulfur-bearing minerals (sulfides
and sulfates). The most up-to-date review on selenium minerals is the one of
Krivovichev et al. (2019) with its Supplementary Materials Table S1. Wang et al.
(2016a) adopt a slightly different classification into selenides, selenium sulfides,
and oxygen-containing selenides. The paper by Stillings (2017) contains a careful
listing of Se minerals with chemical formula, date of discovery or IMA approval
and geological setting. This paper is an invaluable source of mineralogical and
geochemical data for selenium mineralogy and occurrence. Another important
source of data is the web site: www.mindat.org.

The crystal-chemistry of selenium minerals is complicated and was examined in
depth in a paper by Krivorichev et al. (2019). Selenium, similarly to sulfur, can
assume four oxidation states: —2, 0, +4, +6. The chemical formula resembles
most common sulfides and due to the vicinity of the two elements, selenium
minerals are very rarely pure terms, as summarized in Table 1.1, while the crystal
structure of selenium minerals is variable and, in some cases, quite complex
(see Figure 1.6).

A detailed account of the origin of Se minerals is described in Grundmann and
Forster (2017) and PaZout et al. (2019). The most up-to-date study of the
structure and crystal chemistry of Se minerals is the paper by Krivovichev et al.
(2019) with the attempt to apply the concepts of mineral ecology (Hazen et al.,
2015). Many Se minerals are common in hydrothermal deposits (selenides),
associated with fumaroles (selenites) or in the oxidation zone of sulfide and
selenide deposits (secondary selenites and selenides). Selenium minerals rarely
occur in high concentration; most often they are dispersed as small grains with
other minerals. Most selenium minerals are composed of a narrow range of
metals (Fe, Cu, Ni, Zn, Pb, Co, Ag, Pd, Pt, Hg) plus semimetals (As, Sb, Te, Bi)
with scarce presence of other elements (K, Na, Al) in oxygen-containing
selenides. As most of these minerals resemble most common sulfides, pure Se

Table 1.1 Selenium minerals.

Name lon Example

Selenium  Se° Native selenium

Selenide  Se?” Clausthalite (PbSe), Berzelianite (Cu,Se)
Diselenide [Se,]*~ Ferroselite (FeSe,), Dzharkenite (FeSe,)

Selenite  [Se**O3]?~ Molybdomenite (PbSe0;), Chalcomenite (CuSe05.H,0)

Selenate  [Se®"04]>~ Olsacherite (Pb,(Se0,)(S0.)), Ramaccioniite (Cu,(SeO.)
(OH)s)
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Naumannite (Ag,Se) Ferroselite (FeSe,)

Clausthalite (PbSe)

| .
'

Figure 1.6 A few examples of crystal structures of selenium minerals. In all
examples, the Se ion is presented in green. Naumannite (orthorhombic, a =4.336,
b=7.067, c=7.753, Z=4, V=237.57), Ferroselite (orthorhombic, a=4.8001,
b=5.776, c=3.585, Z=2, V=99.40), Clausthalite (isometric, cell dimensions
a==6.147, Z=4, V =232.37), Chalcomenite (orthorhombic, a=6.671, b=9.193,
c=17.384, Z=4, V =452.83). Drawings produced with VESTA (Momma & Izumi,
2011).

compounds are very rare. As previously stated, selenium mineralogy is complicated,
and it is not possible to give a simple description of many Se minerals.

1.3.2 Selenium geochemistry

Selenium is a rare element, ranking 65th in average crustal abundance (0.09 mg/kg
Se, Rudnick & Gao, 2003). Selenium concentrations in rocks, when reported,
are generally very low (a summary of literature data is presented in Table 1.2).
The highest concentrations, among the most common rock types are found in
shales (average values however well below 1 mg/kg). In igneous rocks, the
concentrations are generally low, likely higher in mafic than acidic material, for
the occurrence of sulfides, although the impact of volcanic activity in selenium
cycling is considered very high (Fordyce, 2013) with an estimate of a
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26 Environmental Technologies to Treat Selenium Pollution

contribution of 0.1 g of selenium for every cm? of the Earth’s surface. Given its
volatility, during eruptions selenium is transferred to the atmosphere and not
concentrated in rocks, perhaps except for some pyroclastic rocks (Fordyce, 2013).
Floor and Roman-Ross (2012) reported a range in Se concentrations in volcanic
ash, ranging from <0.2 to 7 mg/kg Se, substantially higher than those in rocks,
and with the peculiarity of being easily leachable compared to other sources.
In metamorphic rocks, they could be related to the origin of the protolith. The
highest concentrations reported (in the range of dozens mg/kg as maxima) in
other geological material were observed in phosphatic rocks, eventually related to
sulfides and organic matter (Altschuler, 1980), and are generally strongly
enriched in black shales and coals, again in association with sulfides (Table 1.2).

1.3.3 Source of selenium in the environment
1.3.3.1 Selenium in soils

Soils represent a critical environmental matrix for the interaction with the biosphere,
and selenium is usually present in trace amounts in soils, namely: (i) Fordyce (2013)
reports a range of 0.01-2.0 mg/kg and an overall mean of 0.4 mg/kg Se;
(i) Kabata-Pendias (2011) reports a range of 0.05-1.5mg/kg Se and a
mean value of 0.44 mg/kg Se, while (iii)) He ef al. (2010) report a range of 0.1—
2.0 mg/kg Se and a mean value of 0.2 mg/kg for agricultural soils and a wider
variation (<<0.1-4 mg/kg) and higher mean value (0.33 mg/kg) for worldwide
surface soils. Although bedrock lithology is the primary factor influencing
selenium in soils, additional inputs of selenium to soils occur following
atmospheric deposition of selenium from natural (e.g., volcanoes and sea spray)
or anthropogenic (e.g., fossil fuel combustion) sources or direct accumulation in
soils due to sewage or fertilizer application.

The critical point for selenium occurrence in soils is that it can be transferred
to the food chain and selenium can be concentrated in plants resulting in
toxic concentrations for livestock (Fordyce, 2013), but it has also been realized
that problems for livestock occur in Se-deficient areas, leading to a series of
symptoms known as the white muscle disease (Levander, 1986). Low intake
of selenium can also have effects in humans, in particular interfering
with antioxidant systems, thyroid hormone metabolism, immune function and
reproduction (Fordyce et al., 2010).

A wider knowledge about selenium distribution in the environment has been
obtained from several geochemical mapping projects carried out at different
scales and densities around the world, as shown in Table 1.3. Given the important
biological role played by selenium, the knowledge of the spatial distribution of
this element is extremely important, not only for the identification of high
concentrations areas, but also those where the Se concentration is low, eventually
leading to Se deficiency in plants and livestock. As seen in Table 1.3, the average
values are generally higher than those reported for rocks (Table 1.2) and in a few
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30 Environmental Technologies to Treat Selenium Pollution

cases very high concentrations were observed (128 mg/kg Se in soils from China)
(Xie & Cheng, 2001). Conversely, in large-scale geochemical surveys maxima are
below 10 mg/kg Se (e.g., in Europe 6.8 mg/kg Se for grazing land and 3.8 mg/kg
Se for agricultural soil; 6.9 mg/kg Se in topsoil from the United States; 2.01 mg/kg
Se in topsoil from Australia). When different topsoil textures were considered (e.g.,
De Temmerman et al. (2014) for Belgian soils, Table 1.3) it appears that the mean
and median values increase with finer grain sizes. In the cases where different soil
layers were sampled, it is frequent to observe higher median and maxima in the
upper layers or topsoil (in Table 1.3, results from the Baltic Soil Survey and
floodplain sediments from China). Where sampled, the organic rich layers of
soils display the highest median among different soil horizons (Table 1.3, North
Trgndelag soils and Southern Norway; Oslo area, Norway), confirming a great
affinity of Se for organic matter and, in particular, an origin possibly related to
sea spray contributions. In soils developed under a warmer and more humid
climate, Se could more likely be associated with colloids or Al-compounds
(Dhillon et al., 2019; Malisa, 2001).

Results from surveys in urban areas (Table 1.3, Greater London; Chinese cities;
Huelva Municipality) reach relatively high concentrations, whose origin has been
associated with localized and historical industrial activity. Especially, coal
combustion leads to increased Se atmospheric emissions causing wide dispersion
of Se, and its deposition negatively affects wide areas in the environment and
public health around the combustion plants (Cheng et al., 2014).

The results presented in Table 1.3 are intended to provide a broad picture of
natural selenium concentrations and its spatial variability. Several seleniferous
areas are recognized in different parts of the world, and in those cases, much
higher concentrations in soils can be observed. Selenium-rich soils in the world
have been reported in the USA, Canada, Mexico, Colombia, Ireland, Australia
and China (Dhillon & Dhillon, 2003; Dhillon et al., 2019) and other places
(Oldfield, 2002). In the USA, selenium-rich soils are common in arid and
semi-arid regions where selenium-rich shales form the bedrock. Concentrations
reaching values of between 20 and 95 mg/kg Se have been reported for several
seleniferous areas in the central USA (Dhillon et al., 2019). Seleniferous areas in
India are known in Punjab (Dhillon & Dhillon, 1991, 2014) where soils reach a
maximum of 4.52 mg/kg Se, with a mean of 2.1 mg/kg Se compared to a
mean of 0.4 mg/kg Se for non-seleniferous areas (Dhillon et al, 2019). In
Ireland, England and Wales several selenium-rich areas were recognized in
central-southern Ireland, with soils reaching concentrations as high as 324 mg/kg
Se in County Limerick and 132 mg/kg Se in County Tipperary (Walsh &
Fleming, 1952), whereas in England Webb et al. (1966) reported maxima of 7
mg/kg Se for North Staffordshire and Derbyshire soils, 4 mg/kg Se for Devon
soils and 5 mg/kg Se for Caernarvon soils; further confirmed by Davies and
Houghton (1983) who reported a maximum amount of 7.5 mg/kg Se and a
median of 2.2 mg/kg Se for some other seleniferous areas in Wales, also
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Selenium in the environment 31

Table 1.4 Classification of selenium impact on human health
based on soil selenium content.

Soil Selenium Classification Selenium Content (mg/kg)

Deficient <0.125
Marginal 0.125-0.175
Moderate 0.175-0.40
High 0.40-1.00
Toxic 1.00-3.00
Excessive >3.00

associated with mining activities. In China, several areas are reported to be enriched
in selenium (Dhillon et al., 2019), for example Chang et al. (2019) reported, based
on cited references, concentrations up to 7007 mg/kg for a seleniferous area in
central China and a geometric mean of 133 mg/kg for soils developed on black
shales. Zhu et al. (2008) reported values as high as 2018 mg/kg Se for soils,
eventually affected by discarded coal spoils in Yutangba (Hubei Province,
Central China), whereas the maximum concentration reported for non-polluted
soils was 42.3 mg/kg Se, which is far above the normal values reported worldwide.

Based on studies relating soil selenium with human health (Tan ez al., 2009;
Zhang et al., 2008), a classification of soil types based on selenium concentration
has been proposed (Table 1.4), although other authors consider different
concentrations as toxic (Bailey, 2017).

Apart from total soil concentrations, the bioavailable forms of selenium
demonstrate a critical effect in soils, which is basically controlled by the
combination of pH and redox conditions that, in turn, control Se speciation (see
Section 1.2.2), and the soil texture and mineralogy. The selenate form represents
the most common form in neutral to alkaline soils: it is mobile (Figure 1.2) and
readily available for plant uptake (Neal, 1995). Actually, the most widely
accepted indicator for plant bioavailability is the water-soluble selenium
concentration (Fordyce et al., 2000; Jacobs, 1989) although speciation studies are
increasing (Natasha Shahid ez al., 2018 and references therein) to further define
selenium behaviour in soil systems.

1.3.3.2 Selenium in waters

The estimated representative selenium concentration in surface water (Lemly, 2004;
Schrautzer, 2004) is approximately 0.2 ug/L Se in river water and 0.09 pug/L Se in
seawater. Selenium is a very mobile element (Gaillardet et al., 2005) which tends to
be more concentrated in groundwater as compared to surface water, likely due to
water-rock interactions (Hem, 1985).

Table 1.5 summarizes data available on Se concentration in waters. The data
confirm that slightly higher average values are seen in groundwater as compared
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32 Environmental Technologies to Treat Selenium Pollution

to surface water although there is a large variation that tends to decrease in
small-scale studies such as for example those for surface waters in Norway
(Reimann et al., 2009a, b, 2018a, b) and Canada (Hu et al., 2009). Notably, the
values reported in US groundwaters and aquifers from France and Denmark are
particularly high, up to 969 and 247 ug/L, respectively (De Simone et al., 2014;
Shand & Edmunds, 2008). Oxidizing conditions and higher pH values are likely
to determine the high dissolved Se concentration in the Denver basin aquifer
(Bauch et al., 2014), the US area where the highest dissolved Se concentration
has been observed (De Simone et al, 2014). High levels of Se were also
observed in a shallow alluvial aquifer, whereas deeper wells, generally used for
drinking water supply, presented much lower concentrations (<<0.4 pug/L Se)
(Musgrove et al., 2014). European surface waters (Salminen et al., 2005) are
characterized by a large-scale variability, with high values observed in southern
Italy and in several areas of Spain and the Netherlands, possibly due to the
presence of sulfide mineralization and the effect of seawater intrusion in coastal
sand aquifers (Salminen ef al, 2005). Groundwaters in volcanic areas might
record high values, such as in the case of Mount Etna, Volcano Island (Table 1.5)
and other volcanic areas (Floor & Roman-Ross, 2002).

European bottled drinking water indicated a low average value (0.054 ug/L Se).
Results spread over four orders of magnitude with spikes on wells that could be
affected by sulfide oxidation, while the highest value observed was recorded in
water from the Czech Republic (Reimann & Birke, 2010). Limited effect is
related to bottle leaching since results indicate only 0.018 pug/L Se contribution
from glass leaching and 0.012 pg/L Se from soft plastic (polyethylene
terephthalate, PET) leaching (Reimann & Birke, 2010). Tap water from Europe
and Italy indicated lower median values and generally fits with the drinking water
standards of 10 ug/L Se required in many countries, although the World Health
Organization (WHO) sets a higher threshold value (40 ug/L). These are not the
highest concentrations reported for selenium in tap water, since in many
seleniferous areas around the world larger dissolved concentrations (from 1300
up to 2000 ug/L) have been observed, namely: (i) in the Coast Range alluvial
aquifer of the San Joaquin Valley in California, (ii) in springs from the
Soan-Sakesar valley in Pakistan, or (iii) in shallow wells of the upper reaches of
the Colorado River in Utah (Afzal et al., 2000; Deverel et al., 1994; Engberg,
1999; Plant et al., 2014).

1.3.3.3 Selenium in air

Concentrations of Se in the atmosphere are highly variable due to different sources
of Se emissions. These can be of natural (e.g. crustal weathering, volcanic
eruptions, sea salt and continental and marine biosphere) or of anthropogenic
(e.g. industrial processes that involve combustion of coal, oil biomass; nonferrous
metal smelting, manufacturing and utilization of agricultural products) origin
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34 Environmental Technologies to Treat Selenium Pollution

(Wen & Carignan, 2011). Among the natural sources, the marine and continental
biosphere represents the most important source of atmospheric selenium (Mosher
& Duce, 1987; Nriagu, 1989; Nriagu & Pacyna, 1988), followed by volcanic
emissions and contribution from sea spray. Among the anthropogenic sources,
coal combustion is dominant followed by nonferrous metal production (Mosher
& Duce, 1987; Nriagu, 1989; Nriagu & Pacyna, 1988). The Se concentration in
air above the South Pole is 0.06 ng/m> and the average value for worldwide
air from remote regions is 0.2 ng/m’ whereas the median for polluted areas is
4.0 ng/m> (Reimann & de Caritat, 1998). There is evidence that the ocean is a
significant source of Se to coastal areas. Significant enrichment of Se in marine
aerosols results from the formation of volatile organoselenium compounds,
mainly dimethyl selenide (CH;),Se. Increased Se levels in mosses (>1 mg/kg)
and peat (>2 mg/kg) in the marine regions clearly indicate the impact of Se
volatilization from seawater aerosols (Steinnes, 2003). Selenium is released into
the air as hydrogen selenide generated by plants, and as elemental selenium,
selenites and selenates in particulate form. The level of selenium in most urban
air ranges from 0.1 to 10 ng/m°, but higher levels may be found in certain areas
as well, such as in the vicinity of copper smelters (WHO, 2011). The USEPA has
established inhalation exposure limits as follows (in pg/m?): 12,700 for hydrogen
selenide, 400 for Se-hexafluoride, and 200 for other Se-compounds (Fordyce,
2005). According to the guidelines presented by ATSDR (2002), the Se
concentration in air may vary from 160 to 1000 ug/m’. The recommended
threshold limit value for Se in a workplace is 200 ug/m>, whereas in Germany,
the MAK (maximum permissible concentration) value at the workplace has been
established at 50 pg/m>, and in Russia at 100 pg/m’ (Schrautzer, 2004).
Selenium released during fossil fuel combustion in Europe was 420 tons in 1979
(Schrautzer, 2004), this source provides for more than 6 kt/y, either as small
particles and volatile compounds, accounting for about 40% of the total aerial Se
abundance (Kabata-Pendias & Mukherjee, 2007).

1.3.3.4 Selenium in plants

The Se content of plants depends on the amounts of element available in soils
(Combs, 2001) also taking into account the fact that there is little evidence that
selenium is required for plant growth (Fordyce, 2013; Terry et al., 2000). Indeed,
there seems to be a direct relation between the amount of soluble selenium in the
soil environment and the one in plants (Kabata-Pendias & Pendias, 2001), with
the Se amount in the plant affected by soil pH (Winkel et al., 2015), temperature
and rainfall. In plants, similarly to other living organisms, selenium mimics
sulfur biochemical properties and it can replace sulfur in amino acids and other
biological processes.

Assuming that grasses and other forage plants are the main routes for grazing
animals, the concentrations of selenium are in the ng/g dry weight range
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(Table 1.6). In moderately low Se-soils, Medicago sativa grass accumulates more Se
than many other forage plants, probably because of the different rooting depth and
different selenium translocation to new buds (Mayland, 1994). Interestingly, a few
plants are able to accumulate or hyper-accumulate Se in their tissues and are mostly
found on seleniferous soils (White, 2016). They can be classified on the basis of the
amount of selenium they contain (Plant et al., 2014; Rosenfeld & Beath, 1964),
namely:

* Selenium accumulator plants having more than 1000 mg/kg Se
* Secondary selenium absorbers with 50-100 mg/kg Se
e Plants with a concentration <50 mg/kg Se

Among the hyper-accumulators, some plants are operationally defined as
‘obligate’ because they require selenium for their growth. These include species
from the genera Astragalus, Conopsis, Xylorhiza, and Stanleya (Ellis & Salt,
2003). In this respect, the species Astragalus bisulcatus (Hook) A. Gray is able to
accumulate selenium up to 15,000 mg/kg Se dry weight with a seasonal
distribution (Galeas et al., 2007). This plant species is common on seleniferous
soils and in the arid climate of the Western USA (see Section 1.1.1). There are
also plants that are known as ‘facultative’ accumulators since they do not require
selenium for growth but are able to bind selenium in organic form and
concentrate it in their tissues. This category includes plants belonging to the
genera Acacia, Artemisia, Aster, Atriplex, Castilleja, Penstemon, and Grindelia
(Plant et al., 2014).

As stated in section 1.3.3.1, and further detailed in Chapter 8, the uptake of
selenium in plants occurs in the prevailing form of selenate (SeO427) via sulfate
transporters; then, it is first reduced and subsequently incorporated into
selenoamino acids by the sulfur (S) assimilation pathway (Sors et al., 2005; Terry
et al., 2000; Valdez Barillas et al., 2012). Selenate is reduced to selenite (Se0327)
and then to selenide (Se’”), which is incorporated into selenocysteine (SeCys).
The non-specific incorporation of SeCys into proteins is presumed to be toxic
(Stadtman, 1990). Notably, selenium hyper-accumulators avoid Se toxicity by
methylating SeCys to methylselenocysteine (MeSeCys) through the use of a
unique enzyme, SeCys methyltransferase, effectively circumventing the
misincorporation of SeCys into protein (Neuhierl & Bock, 1996).

1.3.3.5 Selenium in food and feed

Since selenium is necessary for a balanced metabolism, animals and humans acquire
Se from their daily diet. In animal tissues selenium is mostly found bound in
proteins, as is the case in plants (see Section 1.3.3.4). Due to this, the most
important food sources of selenium are cereals (0.1-10 mg/kg) as well as meat
and seafood (0.3-0.5 mg/kg), because of their high protein contents. In contrast,
foods with relatively low protein levels, such as vegetables and fruits, have low
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Table 1.6 Representative data concerning Se abundance in plants and grass (ng/g
dry weight).

Mean (Range) Number of Reference
ng/g DW Observations

Clover/M. sativa, 18-40 Fergusson (1990)

Sweden

Clover/M.sativa, 90 (50-130) Kabata-Pendias

Germany and Pendias (2001)

Clover/M.sativa, 38 (36-39) Kabata-Pendias

France and Pendias (2001)

Clover/M.sativa, 15 (5-31) Kabata-Pendias

Canada 13 (5-23) and Pendias (2001)

Grass, Canada Kabata-Pendias
and Pendias (2001)
Fergusson (1990)

Grass, France 47 (19-134) Fergusson (1990)

Grass, USA 32 (10-40) Fergusson (1990)

Grass, Sweden 30 (11-64) Kabata-Pendias
and Pendias (2001)

Grass, Germany 110 (30-210) Kabata-Pendias
and Pendias (2001)

Grass, Finland 11 (1-54) Kabata-Pendias
and Pendias (2001)

Birch leaves, Norway 0.1* (<0.1-0.3) 45 Reimann et al.
(2015a)

Willow leaves, Norway 0.1* (<0.1-0.4) 45 Reimann et al.
(2015b)

Juniper leaves, Norway <0.1* (<0.1-0.2) 46 Reimann et al.
(2015a)

Heather leaves, 0.2* (<0.1-0.5) 46 Reimann et al.

Norway (2015b)

*Median values and concentrations as mg/kg.

selenium contents (<0.01 mg/kg) while still applying the general principle that the
selenium content of a food reflects the available Se-content of the soils used to
produce it (and the feedstuffs used to produce livestock) (Fairweather-Tait et al.,
2010; Chapter 9).

The main food groups providing selenium in the diet of a western country such
as the UK are: bread and cereals (26%), meat (26%), milk/dairy products (21%),
fish (10%), vegetables and fruits (7%) and eggs (4%). As shown in Table 1.7,
the selenium content can vary widely from~0.03 up to 30 mg/kg in bread
and cereals, respectively (Barclay et al, 1995; Rayman et al., 2008).
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Table 1.7 Selected data concerning Se abundance in foods (mg/kg) fresh weight.

Mean (Range)

Number of

Reference

mg/kg Observations
Cereals, USA (0.06-0.66) Combs (2001)
Cereals, (0.03-0.88) Combs (2001)
Germany
Cereals, (0.123-0.51) Combs (2001)
Venezuela
Wheat grain, Italy 0.071 (0.007-0.245) Spadoni et al. (2007)
Breakfast 0.025 Leblanc et al. (2005)
cereals, France
Rice Grains, 0.08 (0.01-0.43) Xu et al. (2020)

Hainan Island,
China

Bread

Bread, UK
Bread, France
Vegetables, USA

Vegetables,
England

Brazil nuts

Potatoes, UK
Brazil nuts

Nuts, UK
Fish, cod

Fish, tuna
Fish, shark

Fish, France
Chicken, USA

Poultry, UK
Beef, USA
Offal, kidney

(0.03-0.09)
0.044

0.016
(0.005-0.14)
(0.01-0.09)

(0.03-500)

0.003
(0.03-500)

0.25
1.5

5.6
2.0

0.17
0.2

0.19
(0.25-0.3)
45

<17<27

Barclay et al. (1995)
Ysart et al. (2000)
Leblanc et al. (2005)
Combs (2001)
Combs (2001)

Combs (2001)
Rayman et al. (2008)

Ysart et al. (2000)

Combs (2001),
Rayman et al. (2008)

Ysart et al. (2000)

Fairweather-Tait
et al. (2010)

Fairweather-Tait
et al. (2010)

Fairweather-Tait
et al. (2010)

Leblanc et al. (2005)

Fairweather-Tait
et al. (2010)

Ysart et al. (2000)
Rayman et al. (2008)

British Nutrition
Foundation (2001)
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Table 1.7 Selected data concerning Se abundance in foods (mg/kg) fresh weight
(Continued).

Mean (Range) Number of Reference
mg/kg Observations
Offal, liver 0.93 British Nutrition
Foundation (2001)
Offal, heart 0.55 British Nutrition
Foundation (2001)
Offal, muscle 0.2 British Nutrition
Foundation (2001)
Hen’s egg (0.34-0.58) Lipiec et al. (2010)
Eggs, UK 0.19 Ysart et al. (2000)

The predominant species of selenium in wheat and bread are selenomethionine
(usually ~55-85%), selenocysteine (~4—12%), and selenate/selenite (~12—-19%)
(Whanger, 2002).

The selenium content of meat depends on many factors, for example offal
contains relatively high levels of selenium, in particular liver and kidneys
(Table 1.7). In the US, the average selenium content of chicken meat is ~0.2
mg/kg and beef ~0.25-0.3 mg/kg (Fairweather-Tait et al., 2011). Meat
represents a large fraction of the selenium intake in the USA and UK providing
one-quarter of the total estimated Se intake. The predominant species of selenium
in meat may be selenomethionine (~50-60% of total extractable selenium
species) and selenocysteine (20-31 and ~50% of the total extractable selenium
species in chicken and lamb, respectively).

The selenium content in fish is relatively high, being between 0.1 and ~5.0
mg/kg (Fairweather-Tait et al., 2010; Reyes et al., 2009). The main selenium
species in fish are selenomethionine (29-70%) and selenite/selenate (12—45%)
with the species profile differing between fish species and the total selenium
content. Hens’ eggs contain from ~3 to ~25mg selenium per whole egg
(Lipiec et al., 2010). Selenium supplementation of the hen’s diet may increase
the selenium content of eggs to 0.34-0.58 mg/kg as Se-enriched eggs are
widely produced around the world (Fisinin et al., 2009). The main selenium
species in eggs are selenocysteine, selenomethionine, and possibly selenite.
Selenomethionine and selenocysteine are the predominant species (>50%) in egg
white and egg yolk, respectively (Lipiec ef al., 2010). The selenium content of
milk and dairy products varies widely; in the UK, milk and dairy products contain
~0.01-0.03 mg/kg selenium. The predominant selenium species in cows’ milk are
selenocysteine and selenite. Supplementation of dairy cows with Se-enriched yeast
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alters the species profile in the milk and the major species after supplementation are
selenocysteine, selenomethionine, and selenite (Muniz-Naveiro et al., 2007).

Fruit and vegetables typically contain relatively small amounts of selenium in
the form of selenate in onions or selenomethionine (53%), y-glutamyl-Se-
methylselenocysteine (31%), Se-methylselenocysteine (12%), and selenate (4%)
in garlic with a natural selenium content of <0.5 mg/kg. However, vegetables
such as onions, garlic, and broccoli when grown on Se-rich soil can accumulate
selenium, resulting in selenium enrichment from <0.5 mg/kg up to 140-300
mg/kg. The main selenium species in Se-enriched vegetables are: y-glutamyl-
Se-methyl-selenocysteine (accounting for ~45-73% of the species), selenate
(~4-20%) and selenomethionine (5-13%) plus other species at lower levels
(Finley et al., 2001; Hurst et al., 2010). Notably, these forms of selenium in
vegetables have received attention due to purported protection against cancer in
animal models when compared with other forms of selenium (Fairweather-Tait
et al., 2011). Therefore, it can be concluded that the amount of selenium in the
diet largely depends on where crops are grown and cultivated, the soil/fodder to
which animals are exposed, and the actual foods consumed.

1.3.3.6 Selenium in animals and humans

Selenium is an essential trace element for humans and animals, although even low
concentrations of selenium, in the order of a few mg/kg, can provoke health
disturbances (Vinceti et al., 2001). Also in humans and animals, Se-Cys is
incorporated into a very specific location in the amino acid sequence of
selenoproteins, and the uncontrolled S substitution of Se may cause toxic effects
in humans and animals. At least 11 selenoproteins have been characterized in
animal systems. The first characterized was the glutathione peroxidases; more
precisely, four selenium-containing glutathione peroxidases (GPx) have been
identified: cellular or classical GPx, plasma or extracellular GPx, phospholipid
hydroperoxide GPx, and gastrointestinal GPx (Holben & Smith, 1999).
These enzymes reduce damaging reactive oxygen species (ROS) oxidizing
glutathione. A well-characterized example of this enzyme family is phospholipid
hydroperoxide GPx, an antioxidant enzyme protecting cells from oxidative
damages. Se-Cys is present also in the active site of the thioredoxin reductase
that, in conjunction with the compound thioredoxin, is involved in the
regeneration of several antioxidant systems in animal cells, possibly including
vitamin C (Mustacich & Powis, 2000). Moreover, maintenance of thioredoxin in
a reduced form by thioredoxin reductase is important for regulating cell growth
and viability (Di Gregorio, 2008).

Selenium occurs in mammalian tissues in the range from 0.7 in heart tissue to
2.5 mg/kg in muscles. The average Se content in human soft tissues is estimated
as 0.11 mg/kg (Li, 2000). Concentrations of Se in kidneys of European people
were reported by Zdudska et al. (1994) as follows (in mg/kg of fresh weight):
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Bulgaria, 2.5; Germany 0.7; and Italy, 1.9. In human fluids, mean Se concentrations
are (in pg/L): blood, 107; serum, 80; and urine, 22 (Li, 2000). In Finland, the Se
level in serum was between 0.63 and 0.76 pmol/L, and after the Se
supplementation of fertilizers, it increased to the range of 1.2-1.4 pmol/L
(Hartikainen, 2005).

Deficiency symptoms of improper Se supply to humans can be summarized as
follows: muscle weakness and pain, inflammation of muscles, fragile red blood
cells, degeneration of pancreas, abnormal skin colouration, heart muscle
dysfunction, prolonged illness condition, susceptibility to cancer, Keshan disease
(KD) and Kashin-Beck disease (KBD). Conversely, the toxicity symptoms are:
liver and kidney damage, blood clotting, necrosis of heart and liver, skin lesions,
hair and nail loss, nausea and vomiting (Kabata-Pendias & Mukherjee, 2007). On
the other hand, selenium seems to be required to stimulate the immune response
in humans (Roy ef al., 1994), playing a role in regulating the expression of cell
signalling molecules called cytokines, which orchestrate the immune response
(Baum et al., 2000). Many studies suggest that selenium supplementation at high
levels reduces the incidence of cancer in animals and that the methylated forms of
selenium are the active species against tumours (Combs & Gray, 1998). In this
respect, several mechanisms have been proposed for the cancer prevention
effects of selenium: (1) maximizing the activity of antioxidant selenoenzymes
and improving antioxidant status, (2) improving immune system function, (3)
affecting the metabolism of carcinogens, and (4) increasing the levels of selenium
metabolites that inhibit tumour cell growth (Di Gregorio, 2008). Some aspects
related to the therapeutic effects of selenium are reported in Section 1.4.

1.4 EFFECTS AND BIOAVAILABILITY OF
NANO-SELENIUM (SeNPs)

Various methods have been reported for the synthesis of selenium nanoparticles
(hereafter: SeNPs), namely: biological and/or chemical methods (see Chapters
10, 11 and 12). Nanoparticles (NPs) are, in fact, a promising alternative in drug
delivery (Ensign et al., 2012) as well as nutritional supplements (Zhang et al.,
2011). Numerous studies have dealt with the effects of bioactive compound
supplements in nano-particulate preparations (Anal & Singh, 2007; Hadrup et al.,
2016; Hu et al., 2012; Zhai et al., 2017; Zhang et al., 2004) and some
applications of NPs in nutrition and medicine have also been approved for
clinical use (Wacker, 2014). Inclusion of nanotechniques in human nutrition is
justified by the possibility of increasing the drug solubility, its protection
against oxidation and enzymatic degradation, prolongation of residence time, and
effective passage through the gastrointestinal tract enhancing the bioavailability
of supplemented substances (Zhang et al., 2004). Figure 1.7 shows some
advantages of using NPs. SeNPs have quite promising and interesting results as a
unique approach to either prevent or cure a variety of human diseases.
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Manipulation of SeNPs

Lower toxicity physiochemical features,
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harsh pHs uptake
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Increased retention SeNP
time of SeNPs on
mucosal surfaces

Figure 1.7 Diagram depicting the main advantages of using Se-nanoparticles
(SeNPs) in nanomedicine applications (see text and references for details).
Modified from Hosnedlova et al. (2018) and Khurana et al. (2019).

Therapeutic applications of SeNPs were recently reviewed by Khurana et al. (2019)
and Hosnedlova et al. (2018). Besides, many studies have shown the antimicrobial
effect (Piacenza et al., 2017) and antifungal activity of nano-Se (Kheradmand et al.,
2014). In addition, its protective effects against metal intoxication have been well
documented (Hassanin et al., 2013; Prasad & Selvaraj, 2014).

The nano-form of selenium attracts even more attention, thanks to its higher
bioavailability and lower toxicity than inorganic (selenite and selenate) and
organic (selenomethionine, selenocysteine, and methylselenocysteine) forms (Fajt
et al., 2009; Zhang et al., 2008). The advantage of nano-selenium (nano-Se) is
the possibility of using selenium in zero oxidation state [Se(0)], which has
low toxicity and excellent bioavailability as compared to other oxidation states
[Se(+4) and Se(+6)] (Torres et al., 2012; Wang et al., 2007). On the other
hand, Se(0) is very unstable and easily transformed into an inactive form
although, its stabilization can be achieved by encapsulation into suitable
nano-vehicles, for example, chitosan (CS) (Zhai et al., 2017). As expected from
the chemical-physical features of the nanoparticles, the biological properties of
SeNPs depend on their size: smaller particles have a greater activity (Torres
et al., 2012). Indeed, the particle size affects the cellular intake of NPs; for
example, in vitro absorption of 0.1 um particles was found to be 2.5 and 6 times
higher compared to 1 and 10 um particles, respectively (Desai et al., 1997). For
this reason, in the preparation of dietary supplements, appropriate particle size,
morphology, and encapsulation material should be chosen (De Jong & Borm, 2008).
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Nanoscale selenium has strong effects on the reduction of oxidative stress and it
has also been shown that spherical SeNPs have a lower risk of selenium toxicity
(Gao et al., 2002). Besides its use as an antioxidant, the immunostimulatory
effect of nanoscale selenium has been confirmed (Kojouri et al., 2012; Yazdi
et al., 2013) along with its beneficial effects on a number of physiological
functions (Hegediis et al., 2012; Yin et al., 2017). Even more interesting is the
fact that SeNPs can be helpful in cancer chemo-prevention as a potential
anticancer drug (Chen et al., 2008; Sonkusre et al., 2014) as well as an anticancer
drug delivery carrier (Estevez et al., 2014; Liu et al, 2012). SeNPs have
interesting anti-proliferation activity and inhibit HeLa cells during the S phase
(Luo et al., 2012; Ramya et al, 2015). In the case of A375 melanoma cell
lines, SeNPs were decorated with Spirulina and/or Undaria pinnatifida
polysaccharides to improve the NPs biocompatibility and stability (Chen et al.,
2008; Yang et al., 2012). Notably, similar results were obtained by capping
SeNPs with water soluble polysaccharides-protein complexes from various
species of fungi (Wu et al., 2012, 2013).

In addition to biocompatibility and stability, SeNPs need to be selective in their
capacity to enter the cells. In this respect, Yu et al. (2012) reported that SeNPs
decorated with folate-chitosan were found to selectively endocytose inside cancer
cells. This latter result is important because it shows the possibility to construct
SeNPs for active targeting. Indeed, Zhang et al. (2013) synthesized adenosine
triphosphate (ATP) surface-functionalized SeNPs which were able to specifically
bind to purino-receptors in tumour tissues, thus causing a significant cancer cell
apostosis. A further approach, such as the conjugation of SeNPs with other drugs,
has also been used to elicit NPs cellular internalization and overcome multi-drug
resistance. For example, the combination of adriamycin and SeNPs exhibited
synergistic anticancer activity at low concentration compared to the drug used
alone in Bel7402 hepatic cancer cell lines (Tan et al., 2009), while bimetallic
Se-AgNPs showed antitumour activity against Dalton’s lymphoma cells (Kumar
et al., 2015). Another aspect related to multidrug resistance is that it may occur
due to the mutation in the drug efflux pumps as seen in the case of the
overexpression of ATP binding cassettes including P-glycoproteins (reviewed in
Khurana et al., 2019). In this respect, SeNPs are interesting carriers for drugs
such as doxorubicin and curcumin to be used against in vitro lung-cancer cells
(Zhao et al., 2017) and Ehrlich’s ascites carcinoma mouse model, respectively
(Kumari et al., 2017). Similarly, since small interfering RNAs (siRNA) have
been used in treating many types of cancer, Xia et al. (2017) reported successful
targeted delivery of siRNA using functionalized SeNPs against liver carcinoma.

Based on in vitro and in vivo studies, biogenic SeNPs can be considered as a
novel therapeutic agent for the treatment of localized lesions typical of cutaneous
leishmaniasis caused by Leishmania major (Beheshti et al, 2013). The
anti-leishmanial activities of SeNPs against Leishmania infantum were also
described. SeNPs have more growth-inhibitory effect on promastigotes than
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selenium dioxide (SeO,), while the ICsy (half minimal [50%] inhibitory
concentration) was determined to be 25 and 50 ng/L, respectively (Soflaei et al.,
2014).
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