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Selenium contamination of air, aquatic environments, soils and sediments 
is a serious environmental concern of increasing importance. Selenium has 
a paradoxical feature in bringing about health benefits under the prescribed 
level, but only a few fold increase in its concentration causes deleterious 
effects to flora and fauna, humans and the environment.

This book Environmental Technologies to Treat Selenium Pollution: Principles 
and Engineering:

• presents the fundamentals of the biogeochemical selenium cycle and 
which imbalances in this cycle result in pollution.

• overviews chemical and biological technologies for successful treatment 
of selenium contaminated water, air, soils and sediments.

• explores the recovery of value-added products from selenium laden waste 
streams, including biofortication and selenium-based nanoparticles and 
quantum dots.
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Cover photographs

Selenium reducing biomass in anaerobic granular sludge or attached onto surfaces of various
laboratory scale reactors fed with selenite or selenate. Top right: Red color formation
showing the presence of elemental Se(0) due to reduction of Se-oxyanions, while dark
grey colour showing the formation of PbSe due to the interaction of Pb(II) with selenide
(HSe−) after the bioreduction of Se-oxyanions. Photograph of data published in Mal et al.
(2021) Journal of Hazardous Waste (In Press). Central: Architectural image of a bacterial
biofilm exposed to 0.1 mM selenate captured using a Leica TCS-SP2 acousto-optical beam
splitter confocal laser scanning microscope stained with SYTO 9 (green) and propidium
iodide (red). Photograph of data published in Tan et al. (2018) Journal of Chemical
Technology and Biotechnology 93(8), 2380–2389. Bottom left: Cathodic selenium
recovery in selenite fed dual-chambered bioelectrochemical system. Photograph of data
published in Shanthi Sravan et al. (2020) Journal of Hazardous Materials 399, 122843.
Bottom right: Study of the selenium removal efficiency, biofilm structure and microbial
community structure in biofilms growing in selenate, sulfate and nitrate rich wastewater in
six-panel drip flow reactors, i.e. plug flow systems utilizing low-shear, laminar flow.
Photograph of data published in Tan et al. (2018) Journal of Chemical Technology and
Biotechnology 93(8), 2380–2389.
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Preface

Selenium is a naturally occurring yet scarce element with significant importance in health,
electrical and manufacturing sectors. However, owing to its toxicity at a high concentration
it is considered a double-edged sword. Selenium contamination in soil and water is a
serious environmental concern, and it is attributed to growing industrial activities, in
particular metal refining, nuclear and mining-related activities. Hence, with advancements
in strict water quality requirements and pollution monitoring, the discharge limit of
selenium in water is set as 5 μg/L. Several chemical and biological treatment strategies
have been developed to treat selenium-contaminated water, and some of these techniques
can even be applied to recover and reuse selenium for different applications.

Despite rigorous research in selenium removal/reduction being carried out at the
laboratory scale as well as in the field, often understanding of the selenium cycle or of the
mechanism of selenium reduction remains unclear for improving the treatment process
efficiency. Hence, the first part of this book opens up by giving a clear account of the
chemistry and biochemical mechanisms involved in selenium reduction. The second part
of the book deals with various remediation technologies, including chemical and biological
treatment techniques. Upcoming treatment techniques using plant systems are also
presented in this book. Because of a strong history of selenium for its impact on the health
sector, the book covers soil pollution and biofortification of agricultural crops with
selenium. Finally, the synthesis of biologically-reduced selenium in the form of
nanoparticles and quantum dots and its potential application is presented. Thus, the present
book introduces its readers to the sources of selenium emissions up to the recovery of
selenium based value-added products from wastewaters.

© 2021 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https://
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned from
any third party in this book. The chapter is from the book Environmental Technologies to Treat Selenium
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Each contributed chapter is presented on a stand-alone basis, so that the reader will find it
helpful to consider only the theme of each chapter. There are nevertheless many connections
between what may at first seem to be quite different topics. As in all the books of the
Integrated Environmental Technology series, it was one of our purposes to draw out and
emphasize these interdisciplinary linkages. For this reason, a comprehensive index is
included to facilitate cross-referencing. We hope that the work described in this book
will inspire those working in the field and will encourage those who are beginning to
investigate this field.

We wish to thank all contributors to this book for their valuable contributions by sharing
their expertise in the form of the various chapters included in the book. We also thank all past
and present co-workers as well as all collaborators who joined in unraveling parts of the
selenium cycle and its application in environmental technology as described in this book,
especially those at Wageningen University, UNESCO-IHE, Indian Institute of Technology
Guwahati and National University Ireland Galway. In addition, the national and
international granting agencies who supported this work on the selenium cycle over the
years are gratefully acknowledged, in particular the Science Foundation Ireland (SFI), who
financially supported the open access publication of this book volume through the SFI
Research Professorship Programme Innovative Energy Technologies for Biofuels,
Bioenergy and a Sustainable Irish Bioeconomy (IETSBIO3; grant number 15/RP/2763).
We are also grateful to the editorial team of IWA Publishing, in particular Niall Cunniffe
and Mark Hammond, for their help and editorial support in realizing this book.

Piet N. L. Lens
National University of Ireland Galway, Ireland

Kannan Pakshirajan
Indian Institute of Technology Guwahati, India
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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 (3479Se) 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

© 2021 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https://
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned from
any third party in this book. The chapter is from the book Environmental Technologies to Treat Selenium
Pollution: Principles and Engineering by Piet N. L. Lens and Kannan Pakshirajan (Eds.).
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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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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 et 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 μg 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 et 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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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
(El- 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 et 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 (CH3SeCH3), dimethyl selenyl
sulfide (CH3SeSCH3) and dimethyl diselenide (CH3SeSeCH3) (Chasteen &
Bentley, 2003). The most oxidized selenium forms, selenite (SeO3

2−) and
selenate (SeO4

2−), 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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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.

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-CH3, organic methyl groups; and the cloud, volatile
CH3-Se(Se)-CH3. 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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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: 74Se
[0.87%], 76Se [9.02%], 77Se [7.58%], 78Se [23.52%], 80Se [49.82%], and 82Se
[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 Se6+ is stable, and selenate [SeO4

2−]
is the dominant form in solution under a wide range of pHs, while under very
acidic conditions biselenate [HSeO4

−] is the common form. Under less
oxidizing conditions, Se4+ is stable and can be present in solution as selenite
[SeO3

2−] at neutral to alkaline conditions or biselenite [HSeO3
−] at pH ranging

Figure 1.2 Eh-pH diagrams (Pourbaix diagrams) for the system Se-O-H at different
selenium activities.
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from neutral to acidic. At lower pH, selenous acid [H2SO3] 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 [Ag2Se] (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).

Figure 1.3 Eh-pH diagrams for the system Se-Pb-O-H and Se-Ag-O-H.
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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 (≈0.1).
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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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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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, Tinnsjå, Tjøstølflaten, Sweden and Norway; 54.
Skrikerum deposit, Småland, Sweden; 55. Idrija, Slovenia; 56. Almaden, Ciudad
Real Province, Spain; 57. Providencia Mine, León Province, Spain; 58. Los Reales,
Estepona, Málaga Province, Spain; 60. Traour ar Ru, Bahulien, Lannion,
Côtes-d’Armor, Brittany Province, France – Latin America: 1. Cacheuta Mine,
Cerro and Sierra de Cacheuta, Luján de Cuyo, Mendoza Province, Argentina;
2. Sierra de Umango, La Rioja Province, Argentina; 10. Pacajake Selenium Mine,
Llallagua, Bolivia; 11. El Dragón mine, Antonio Quijarro Province, Potosí, Bolivia;
26. San Onofre mine, El Doctor, Queretaro, Mexico; 27. El Oro, Mexico; 28.
Guanajuato, Mexico; 31. Cerro Negro volcano, León 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 Côte-de-Gaspé, Gaspésie-Îles-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. III 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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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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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 (CSe2) 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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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 et 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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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 et al., 2015), where Se likely volatilizes during
combustion. In municipal incineration residues, named fly and bottom ashes, Se

Selenium in the environment 17

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



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)/SiO2, Fe(+3)/SiO2,
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), El-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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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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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.
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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 et al., 2019), classified into: native selenium (1),
oxides (1), selenides (85), selenites (without H2O, 14; with H2O; 17), selenates
(without H2O, 1; with H2O, 4) (Krivovichev et al., 2019, Supplementary
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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 Pažout 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 Ion Example

Selenium
Selenide

Se0

Se2−
Native selenium
Clausthalite (PbSe), Berzelianite (Cu2Se)

Diselenide [Se2]
2− Ferroselite (FeSe2), Dzharkenite (FeSe2)

Selenite [Se4+O3]
2− Molybdomenite (PbSeO3), Chalcomenite (CuSeO3.H2O)

Selenate [Se6+O4]
2− Olsacherite (Pb2(SeO4)(SO4)), Ramaccioniite (Cu4(SeO4)

(OH)6)
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compounds are very rare. As previously stated, seleniummineralogy 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

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= 7.384, Z= 4, V= 452.83). Drawings produced with VESTA (Momma & Izumi,
2011).
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contribution of 0.1 g of selenium for every cm2 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 Román-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;
(ii) Kabata-Pendias (2011) reports a range of 0.05–1.5 mg/kg Se and a
mean value of 0.44 mg/kg Se, while (iii) He et 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

Environmental Technologies to Treat Selenium Pollution26

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



Ta
b
le

1
.3

S
e
le
ct
e
d
d
a
ta

co
n
ce

rn
in
g
se

le
n
iu
m

a
b
u
n
d
a
n
ce

in
so

ils
.

M
e
a
n
(R

a
n
g
e
)
m
g
/////
k
g

M
e
d
ia
n

m
g
/////
k
g

N
u
m
b
e
r
o
f

O
b
s
e
rv
a
ti
o
n
s

R
e
fe
re
n
c
e

E
u
ro
p
e

G
E
M
A
S
A
g
ric

u
ltu

ra
ls

o
ils

(,
0
.0
5–

3
.8
)

0
.3
5

2
1
0
8

R
e
im

a
n
n
e
t
a
l.
(2
0
1
8
a,

b
)

G
E
M
A
S
G
ra
zi
n
g
la
n
d
so

ils
(,

0
.0
5–

6
.8
)

0
.4
0

2
0
2
4

R
e
im

a
n
n
e
t
a
l.
(2
0
1
4
)

To
p
so

il
n
o
rt
h
e
rn

E
u
ro
p
e

(0
.1
2–

9
.0
2
)

1
7
4

R
e
im

a
n
n
e
t
a
l.
(1
9
9
7
a
,
b
)

S
o
il,
C
-h
o
riz

o
n
,
B
a
re
n
ts

a
re
a

(,
0
.0
1–

1
.1
5
5
)

0
.0
4
6

6
0
5

R
e
im

a
n
n
e
t
a
l.
(1
9
9
8
)

B
a
lti
c
so

il
su

rv
e
y

R
e
im

a
n
n
e
t
a
l.
(2
0
0
3
a
)

A
g
ric

u
ltu

ra
ls

o
il

(0
.0
2
–
7
.6
)

0
.1
4

7
5
2

R
e
im

a
n
n
e
t
a
l.
(2
0
0
3
b
)

B
o
tto

m
so

il
(,

0
.0
1–

6
.7
)

0
.0
8

7
5
2

R
e
im

a
n
n
e
t
a
l.
(2
0
0
3
a
)

G
e
rm

a
n
y
(W

e
st
)

(0
.0
1
6
–
0
.6
5
)

4
9
9

H
a
rt
fie

la
n
d
B
a
h
n
er
s
(1
9
8
8
)

N
e
th
e
rla

n
d
s

(0
.0
5
–
2
.0
)

3
4
1

M
o
le

t
a
l.
(2
0
1
2
)

B
e
lg
iu
m

(0
.1
4
–
0
.7
0
)

5
3
9

D
e
Te

m
m
e
rm

a
n
n
e
t
a
l.
(2
0
1
4
)

E
IR
E

(0
.0
8
–
1
7
.4
4
)

0
.7
4

1
3
1
0

F
a
y
e
t
a
l.
(2
0
0
7
)

C
a
m
p
a
n
ia

R
e
g
io
n
(I
ta
ly
)

0
.4
3
(0
.0
6
5
–
2
.4
)

0
.4
0

2
3
3
3

P
e
tr
ik
e
t
a
l.
(2
0
1
8
)

L
o
m
b
a
rd
ia

R
e
g
io
n
(I
ta
ly
)

1
.0
8
(0
.5
–
2
.4
)

9
8

B
e
o
n
e
e
t
a
l.
(2
0
1
8
)

S
o
il
M
u
rc
ia

R
e
g
io
n
(S
p
a
in
)

0
.4
3
(0
.0
0
3
–
2
.7
)

0
.3

4
9
0

P
e
re
z-
S
irv

e
n
t
e
t
a
l.
(2
0
1
0
)

H
u
e
lv
a
m
u
n
ic
ip
a
lit
y
(S
p
a
in
)

1
.3
0
(0
.0
8–

6
8
.6
)

0
.3
5

1
5
0

G
u
ill
é
n
e
t
a
l.
(2
0
11

)

N
o
rt
h
T
rø
n
d
e
la
g
fo
re
st

so
ils

O
-h
o
riz

o
n

(,
0
.1
5–

5
.2
7
)

0
.8
9
7

7
5
2

R
e
im

a
n
n
e
t
a
l.
(2
0
1
5
a,

b
)

C
-h
o
riz

o
n

(,
0
.5
–
3
.5
4
)

,
0
.5

7
5
2

R
e
im

a
n
n
e
t
a
l.
(2
0
1
5
a,

b
)

S
o
u
th
e
rn

N
o
rw

a
y

O
-h
o
riz

o
n

(0
.4
–
6
.3
)

2
4
5

R
e
im

a
n
n
e
t
a
l.
(2
0
0
9
a
)

C
-h
o
riz

o
n

(,
0
.1
–
2
.7
)

0
.4
5

4
5

R
e
im

a
n
n
e
t
a
l.
(2
0
0
9
a
)

(C
o
nt
in
u
e
d
)

Selenium in the environment 27

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



Ta
b
le

1
.3

S
e
le
ct
e
d
d
a
ta

co
n
ce

rn
in
g
se

le
n
iu
m

a
b
u
n
d
a
n
ce

in
so

ils
(C

o
n
tin

u
e
d
).

M
e
a
n
(R

a
n
g
e
)
m
g
/////
k
g

M
e
d
ia
n

m
g
/////
k
g

N
u
m
b
e
r
o
f

O
b
s
e
rv
a
ti
o
n
s

R
e
fe
re
n
c
e

O
sl
o
a
re
a

O
-h
o
riz

o
n

(0
.3
–
3
.4
)

0
.9
5

4
0

R
e
im

a
n
n
e
t
a
l.
(2
0
0
7
)

B
-h
o
riz

o
n

(,
0
.1
–
4
)

0
.5

4
0

R
e
im

a
n
n
e
t
a
l.
(2
0
0
7
)

C
-h
o
riz

o
n

(0
.1
–
1
.7
)

0
.4

4
0

R
e
im

a
n
n
e
t
a
l.
(2
0
0
7
)

E
n
g
la
n
d
a
n
d
W
a
le
s
so

ils
0
.7
1
(0
–
1
6
)

0
.4
8

5
6
7
0

R
a
w
lin
s
e
t
a
l.
(2
0
1
2
)

C
o
rn
w
a
ll
(5
–
2
5
cm

)
1
(0
.1
–
6
.8
)

0
.9

11
5
4

S
co

tla
n
d

0
.4
4
(0
.1
1
5–

0
.8
7
7
)

0
.4
3
3

11
4

F
o
rd
yc
e
e
t
a
l.
(2
0
1
0
)

L
o
n
d
o
n
so

il
0
.6
7
(,

0
.2
–
1
9
.6
)

0
.6

6
2
8
8

S
ch

e
ib

e
t
a
l.
(2
0
11

)

B
e
lg
ia
n
a
g
ric

u
ltu

ra
ls
o
il

D
e
Te

m
m
e
rm

a
n
n
e
t
a
l.
(2
0
1
4
)

S
a
n
d
t
lo
a
m

(0
.1
4
–
0
.4
)

0
.2
5

9
3

D
e
Te

m
m
e
rm

a
n
n
e
t
a
l.
(2
0
1
4
)

S
a
n
d
y
lo
a
m

(0
.1
7
–
0
.4
5
)

0
.2
6

1
4
5

D
e
Te

m
m
e
rm

a
n
n
e
t
a
l.
(2
0
1
4
)

S
ilt
lo
a
m

(0
.1
8
–
0
.7
)

0
.3
4

2
9
7

D
e
Te

m
m
e
rm

a
n
n
e
t
a
l.
(2
0
1
4
)

C
la
y

(0
.2
9
–
0
.6
1
)

0
.4
6

4
D
e
Te

m
m
e
rm

a
n
n
e
t
a
l.
(2
0
1
4
)

A
fr
ic
a

M
a
la
w
y

0
.1
9
(0
.0
5
–
0
.6
2
)

0
.1
6

7
3

C
h
ili
m
b
a
e
t
a
l.
(2
0
11

)

E
g
yp

t
0
.7
9
(0
.1
7
–
1
.9
5
)

0
.7
3

1
5

S
a
b
ry
n
a
le

t
a
l.
(2
0
11

)

A
u
s
tr
a
lia

To
p
so

il
(,

0
.0
1–

2
.0
1
)

0
.0
6

1
3
1
4

R
e
im

a
n
n
a
n
d
d
e
C
a
rit
a
t
(2
0
1
7
)

B
o
tto

m
so

il
(,

0
.0
1–

2
.3
6
)

0
.0
6

1
3
1
4

R
e
im

a
n
n
a
n
d
d
e
C
a
rit
a
t
(2
0
1
7
)

Environmental Technologies to Treat Selenium Pollution28

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



A
s
ia

F
lo
o
d
p
la
in

se
d
im

e
n
ts
,C

h
in
a

to
p
sa

m
p
le
s
(5
–
2
5
cm

)
0
.2
1
3
(0
.0
1
2
–
1
2
8
)

0
.5

8
4
6

X
ie

a
n
d
C
h
e
n
g
(2
0
0
1
)

d
e
e
p
sa

m
p
le
s
(8
0
–
1
2
0
cm

)
0
.2
6
7
(0
.0
4
4
–
11

.2
)

0
.1
7

4
6
8

X
ie

a
n
d
C
h
e
n
g
(2
0
0
1
)

A
ve

ra
g
e
co

n
te
n
ti
n
C
h
in
e
se

0
.2
9

2
9
0
4

C
h
e
n
e
t
a
l.
(1
9
9
1
)

so
ils

S
o
ils

in
C
h
in
e
se

ci
tie

s
0
.2
3
(0
.0
3
–
1
0
.8
)

0
.2
3

3
7
9
9

C
h
e
n
g
e
t
a
l.
(2
0
1
4
)

Ja
p
a
n
a
g
ric

u
ltu

ra
ls

o
il

0
.4
2

1
8
0

Y
a
n
a
ie

t
a
l.
(2
0
1
2
)

S
o
il
U
n
it
e
d
S
ta
te
s

To
p
so

il
(0
–
5
cm

)
(,

0
.2
–
6
.9
)

0
.2

4
8
4
1

S
m
ith

e
t
a
l.
(2
0
1
9
)

A
-h
o
riz

o
n

(,
0
.2
–
8
.3
)

0
.2

4
8
4
1

S
m
ith

e
t
a
l.
(2
0
1
9
)

C
-h
o
riz

o
n

(,
0
.2
–
7
.5
)

,
0
.2

4
8
4
1

S
m
ith

e
t
a
l.
(2
0
1
9
)

S
o
u
th

A
m
e
ri
c
a

S
a
o
P
a
u
lo

so
ils

0
.1
2
(0
.0
1
–
0
.7
)

3
0

R
o
d
rig

u
e
s
N
o
g
u
e
ira

e
t
a
l.
(2
0
1
8
)

T
h
e
d
a
ta

re
p
or
te
d
in
cl
u
d
e
m
e
a
n
(r
an

g
e
)
a
n
d
m
e
d
ia
n
a
s
w
e
ll
a
s
th
e
n
u
m
b
e
r
o
f
sa

m
pl
e
s
co

n
si
d
e
re
d
in

e
a
ch

st
u
dy
.
P
re
fe
re
n
ce

h
a
s
b
e
e
n
g
iv
e
n
to

la
rg
e
-s
ca

le
g
e
o
ch

e
m
ic
al

st
u
di
e
s.

Selenium in the environment 29

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



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
Trøndelag 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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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 et 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 et 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 μg/L Se in river water and 0.09 μg/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

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

Selenium in the environment 31

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



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 μg/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 μg/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 et 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 & Román-Ross, 2002).

European bottled drinking water indicated a low average value (0.054 μg/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 μg/L Se contribution
from glass leaching and 0.012 μg/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 µg/L Se required in many countries, although the World Health
Organization (WHO) sets a higher threshold value (40 μg/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 μg/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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(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/m3 and the average value for worldwide
air from remote regions is 0.2 ng/m3 whereas the median for polluted areas is
4.0 ng/m3 (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 (CH3)2Se. 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/m3, 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 μg/m3): 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 μg/m3. The recommended
threshold limit value for Se in a workplace is 200 μg/m3, whereas in Germany,
the MAK (maximum permissible concentration) value at the workplace has been
established at 50 μg/m3, and in Russia at 100 μg/m3 (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
• 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 (SeO4

2−) 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 (SeO3

2−)
and then to selenide (Se2−), 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 & Böck, 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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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).

Table 1.6 Representative data concerning Se abundance in plants and grass (ng/g
dry weight).

Mean (Range)
ng/////g DW

Number of
Observations

Reference

Clover/M. sativa,
Sweden

18–40 Fergusson (1990)

Clover/M.sativa,
Germany

90 (50–130) Kabata-Pendias
and Pendias (2001)

Clover/M.sativa,
France

38 (36–39) Kabata-Pendias
and Pendias (2001)

Clover/M.sativa,
Canada
Grass, Canada

15 (5–31)
13 (5–23)

Kabata-Pendias
and Pendias (2001)
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,
Norway

0.2* (,0.1–0.5) 46 Reimann et al.
(2015b)

*Median values and concentrations as mg/kg.
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Table 1.7 Selected data concerning Se abundance in foods (mg/kg) fresh weight.

Mean (Range)
mg/////kg

Number of
Observations

Reference

Cereals, USA (0.06–0.66) Combs (2001)

Cereals,
Germany

(0.03–0.88) Combs (2001)

Cereals,
Venezuela

(0.123–0.51) Combs (2001)

Wheat grain, Italy 0.071 (0.007–0.245) Spadoni et al. (2007)

Breakfast
cereals, France

0.025 Leblanc et al. (2005)

Rice Grains,
Hainan Island,
China

0.08 (0.01–0.43) Xu et al. (2020)

Bread (0.03–0.09) ≤17≤27 Barclay et al. (1995)

Bread, UK 0.044 Ysart et al. (2000)

Bread, France 0.016 Leblanc et al. (2005)

Vegetables, USA (0.005–0.14) Combs (2001)

Vegetables,
England

(0.01–0.09) Combs (2001)

Brazil nuts (0.03–500) Combs (2001)
Rayman et al. (2008)

Potatoes, UK 0.003 Ysart et al. (2000)

Brazil nuts (0.03–500) Combs (2001),
Rayman et al. (2008)

Nuts, UK 0.25 Ysart et al. (2000)

Fish, cod 1.5 Fairweather-Tait
et al. (2010)

Fish, tuna 5.6 Fairweather-Tait
et al. (2010)

Fish, shark 2.0 Fairweather-Tait
et al. (2010)

Fish, France 0.17 Leblanc et al. (2005)

Chicken, USA 0.2 Fairweather-Tait
et al. (2010)

Poultry, UK 0.19 Ysart et al. (2000)

Beef, USA (0.25–0.3) Rayman et al. (2008)

Offal, kidney 4.5 British Nutrition
Foundation (2001)

(Continued )
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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 ∼25 mg 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 et 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

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

Mean (Range)
mg/////kg

Number of
Observations

Reference

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)
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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%), γ-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: γ-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 Zduôska 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 μg/L): blood, 107; serum, 80; and urine, 22 (Li, 2000). In Finland, the Se
level in serum was between 0.63 and 0.76 μmol/L, and after the Se
supplementation of fertilizers, it increased to the range of 1.2–1.4 μmol/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 et 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.

Environmental Technologies to Treat Selenium Pollution40

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



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 μm particles was found to be 2.5 and 6 times
higher compared to 1 and 10 μm 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).

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).
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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 (Hegedüs 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 (SeO2), while the IC50 (half minimal [50%] inhibitory
concentration) was determined to be 25 and 50 ng/L, respectively (Soflaei et al.,
2014).
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Chapter 2

Radioactive selenium:
origin and environmental
dispersion scenarios

Teba Gil-Díaz, Frank Heberling and
Elisabeth Eiche

2.1 INTRODUCTION
Radionuclides can be present in the environment from both natural and
anthropogenic origins, showing characteristic biogeochemical behaviours
according to the specific properties of the element. The environmental mobility
and bioavailability of selenium (Se) strongly depends on the chemical species
which, in turn, depends on aspects like redox state and microbiology. Among the
most common oxidation states, species of Se(IV) and Se(VI) are considered
relatively mobile and bioavailable. Once incorporated within an organism, Se
shows a narrow band between dietary deficiency (e.g., used as a co-factor in
functional proteins and RNA) and toxicity (e.g., selenosis, dependent on the
concentrations and the chemical species involved; Jeffery et al., 2002). The
recommended daily intake for adult humans is limited to 1 μg kg−1 of body
weight, with a maximum allowable concentration in drinking water of 10 μg L−1

(WHO [World Health Organization], 2011). In addition, Se has no essential
metabolism in plants but it is still readily taken up and accumulated due to its
structural similarity with other oxyanion forms of bio-essential elements like
sulfate and phosphate (Pilon-Smits et al., 2017).
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Potential incorporation and accumulation due to the use of Se in the
metabolism gives rise to the radiotoxicity of radioactive Se isotopes. Of all the
radioactive Se isotopes, the long-lived fission product 79Se shows the biggest
concern with respect to the long-term dispersion from disposal sites for
high-level nuclear waste and its potential radiotoxicity from beta emissions.
Environmental risk assessment of radioactive Se from anthropogenic sources is
still a topic of ongoing research aiming to better determine the specific
dispersion paths and potential environmental impacts. This chapter will present
(i) basic knowledge on radioactive Se, (ii) examples on environmental
analytical techniques, (iii) current understanding of its environmental reactivity,
dispersion and fate from deep geological repositories to different compartments
of the geosphere, and (iv) considerations on distribution and effective doses in
the biosphere.

2.2 CHARACTERISTICS OF RADIOACTIVE SELENIUM
2.2.1 Environmental persistence: half-lives and decay
modes
Selenium has six stable isotopes: 74Se (0.89%), 76Se (9.37%), 77Se (7.63%),
78Se (23.77%), 80Se (49.61%) and 82Se (8.73%). Despite the fact that 82Se
is strictly an unstable nucleus, decaying into stable, gaseous krypton (82Kr),
it is mainly seen as a stable isotope when considering environmental
processes given its extremely long half-life (t1/2 in the order of 1019 y; Audi
et al., 2003).

From over 21 radioactive Se-isotopes, only two show half-lives long enough to
render them persistent in a system (t1/2 .1 h): 75Se (t1/2= 199.78 d; Audi et al.,
2003) decaying into stable 75As by electron capture, and 79Se (t1/2= 3.27.105 y;
Jörg et al., 2010) decaying into stable 79Br by emitting beta radiation (β−,
negatively charged high-energy electrons). From these two, only 75Se releases
gamma radiation (γ, photon emissions).

The production of other Se radioisotopes from parent radionuclides produced
during nuclear fission (e.g., germanium, Ge) is considered to have a small
contribution to the global budget of Se radioisotopes. An example would be 81Se,
produced via 81Ge decay (81Ge → 81As → [81mSe →] 81Se → 81Br; Gray et al.,
2007), presenting short half-lives for both 81Se (t1/2= 18.45 min) and its
metastable form (81mSe, t1/2= 57.28 min). Similarly, radionuclides of 72Se
(t1/2= 8.40 d) and 73Se (t1/2= 7.1 h) show relatively longer half-lives but are
only produced by the radioactive decay of Br (Br → Se → As → Ge), resulting
from nuclear fusion reactions in research accelerators (e.g., bombardment of 58Ni
with 16O to produce 72Br; Mihailescu & Cata-Danil, 2010). Therefore, these Se
radioisotopes will not be discussed in this chapter.
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2.2.2 Sources and applications
2.2.2.1 Natural geogenic 82Se
The only naturally occurring radionuclide of Se (82Se) originates from both
volcanic emissions and the Earth’s crust. The average concentrations of 82Se in
the Earth’s crust are very low with 4–8 μg kg−1 (i.e., total Se content of 50–90
μg kg−1; Salminen et al., 2005). Its characteristic radioactive decay (2β−) is
extremely rare among radioactive emissions, also present in 76Ge, 96Zr, 100Mo,
116Cd and 136Xe. Nevertheless, this radioactive decay has been extensively used
in several research programmes (e.g., NEMO-3, SuperNEMO,
LUCIFER/CUPID-0; Artusa et al., 2017; Kaizer et al., 2018) with the aim of
evidencing neutrinoless double beta decay patterns, which could provide insights
into the matter-antimatter asymmetry in the universe. For example, the
SuperNEMO programme designs experiments improving the detection limits of
double beta decay emissions for several isotopes, tracking the trajectories of the
emitted electrons and determining their individual energies (Arnold et al., 2010).
Otherwise, specific uses of 82Se include isotopically-labelled experiments in both
dissolved and organic chemical forms, given its relatively low natural abundance
compared to stable 77Se and 78Se. These studies comprise a wide range of
experimental approaches, mostly in biological/ecotoxicological studies for
understanding metabolic routes of Se (e.g., Ogra et al., 2018; Shiobara et al.,
2000; Suzuki et al., 2006), detoxification mechanisms of Se-bearing proteins
concerning the uptake of mercury (Spiller, 2018; Yoneda & Suzuki, 1997) and
isotopic fractionation during uptake (Banning et al., 2013; Schilling et al., 2015,
2020; Xu et al., 2020).

2.2.2.2 Anthropogenic radiotracer 75Se
Due to its relatively short half-life (t1/2= 199.78 d), 75Se is not naturally present
nor relevant for environmental studies. In fact, it can only be produced artificially
from proton bombardment of natural arsenous oxide or neutron activation from
stable 74Se. It may be present in the cooling pond for UO2 fuel from light
water reactors (e.g., Neeb, 1997), but it is mostly known for its paramount
application related to isotopically-labelled experiments. Experimental studies
widely use 75Se as a radiotracer in all kinds of chemical forms, ranging from
labelled organic 75Se–selenomethionine to inorganic 75Se–selenite, and 75Se–
selenate species. The reason for its extensive use in different studies is related
to several points such as: (i) its ease of production and simple
commercialization, (ii) its half-life, rendering it sufficiently persistent during the
time period of usual laboratory experiments, (iii) its decay into stable 75As in a
relatively short time, facilitating the management of the radioactive waste, and
(iv) its electron capture decay producing characteristic gamma lines detectable
by radiometric techniques, allowing it to reach environmentally relevant
concentration-levels due to the achievable detection limits in the order of
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,10−15 mol Se, equivalent to ∼75 fg, and simplifying sample preparation (c.f.
Section 2.3.2).

The use of 75Se as a radiotracer serves the general interest in expanding the
knowledge on the biogeochemical behaviour of Se, from both biological and
environmental viewpoints. Original works initially focused on improving the
understanding of sample loss during pre-treatment and the production of
satisfactory figures of merit for analytical techniques quantifying Se species
(e.g., hydride generation and atomic absorption spectroscopy; Campbell, 1992;
Dočekal et al., 1997; Krivan, 1982; Reamer et al., 1981). Biological studies
include a wide range of applications. For instance, many ecotoxicology
studies aim at developing a fundamental understanding of Se distribution,
bioaccumulation and biomagnification (e.g., in marine organisms, terrestrial
plants and mammals; Araie et al., 2008; Beilstein & Whanger, 1988; Einoder
et al., 2018; Fowler et al., 1999; Reinfelder & Fisher, 1994). Other works
use this knowledge on the metabolism of Se for radioactive diagnostic
materials in medical science (Irons et al., 2006; Yang et al., 2017) and the
development of new biotechnological solutions (e.g., alternatives to fertilizers
for Se-deficient crops; Galinha et al., 2012; Riaz et al., 2018). Additionally,
environmentally-oriented research works mainly focus on the sorption of Se
to different solid phases in various liquid matrices in order to determine
solid/liquid partitioning in pure and natural sediments for purposes of
environmental risk assessment, for example, related to radionuclide mobility
or plant uptake in Se-deficient areas. Some studies include scenarios of
potential radionuclide dispersion from deep geological repositories (e.g.,
underground research laboratories such as Grimsel in Switzerland; Alexander
et al., 2009; Eikenberg et al., 1997). The fate of Se after radionuclide
accidental releases and the potential dispersion in specific environments was
also studied using 75Se labels (i.e., Gil-Díaz et al., 2020a; Hesslein, 1987;
Lee et al., 2012). Other applications focus on remediation purposes
concerning the decontamination of Se, among other trace elements, using
environmental matrices (e.g., Santschi et al., 1980; Suzuki et al., 2014;
Tuğrul et al., 2015).

2.2.2.3 Anthropogenic 79Se from nuclear fission
Many radionuclides are products of nuclear fission and may be released to the
environment during nuclear power plant (NPP) accidental events (e.g.,
Chernobyl, Ukraine 26th April 1986, and Fukushima Dai-ichi, Japan 11th March
2011), from fuel reprocessing plants or from nuclear waste repositories. Some of
these radionuclides show low fission yields (i.e., low probability of being formed
during nuclear fission) but long half-lives (high persistence), and thus accumulate
in the fuel and become of relevant concern over time. Out of all the potential
fission products of 235U and 239Pu related to Se radionuclides (from 75Se to 95Se),
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only 79Se fits within these criteria and is by far the most ubiquitous radioisotope of
Se in nuclear waste, contributing to the estimated total cumulative radioactive dose
(ANDRA, 2005; Ikonen et al., 2016). Such conditions are also the reason why 79Se
is scarcely registered nor followed after NPP accidental releases or from admissible
daily discharges of nuclear installations (i.e., compared to other known fission
products such as 137Cs, 131I, 132Te and 125Sb). In fact, 79Se is rather included in
the lists of radionuclides of relevance or of ‘potential criticality’ during
decommissioning of NPPs and from potential radioactive leaks from nuclear
waste disposal areas (i.e., from geological repositories; Tanaka et al., 2014). In
addition, 79Se is also a main activation product in vitrified waste, spent fuel, hulls
and endpieces surrounding the nuclear waste (NIROND, 2001). Upon potential
contact of the spent fuel with groundwater, 79Se is expected to be released
relatively quickly. Therefore, the interest in 79Se is related to its estimated, future
potential environmental mobility and radiation doses from nuclear waste
disposal/storage sites to the geosphere and biosphere, essential for the long-term
safety assessment of geological repositories (Asai et al., 2011; Hoving, 2018;
Ikonen, 2017).

At a minor scale, low and intermediate level wastes are also expected to contain
79Se, not only originating from the nuclear industry, but also as activation products
from nuclear applications, research laboratories, and hospitals (Aguerre &
Frechou, 2006). Concerning environmental evidence, only one study has
reported activities of 79Se in trees at the Fukushima Daiichi NPP site one year
after the accident. This study classified 79Se within the ‘highly volatile fission
products or neutron activated nuclides’ together with 90Sr, 99Tc and 129I
(Tanaka et al., 2014). They measured values between the detection limit of
,0.05 Bq g−1 and maximum activities of 0.22 Bq g−1 (equivalent to 0.10–0.43
μg kg−1). For comparison, the German radio-protection-regulations (StrlSchV,
2018) specify a maximum limit of 0.1 Bq g−1 of 79Se for the unrestricted use of
solid and liquid materials. Other studies related to risk assessment of 79Se are
based on 75Se radiotracer behaviour in hypothetical conditions with
environmentally relevant solid and liquid phases (c.f. Section 2.2.2.2) or on
studies with stable Se-isotopes.

2.3 SAMPLE COLLECTION AND QUANTIFICATION
TECHNIQUES
2.3.1 Environmental sampling
Environmental biogeochemical processes hardly distinguish between stable or
radioactive isotopes. For this reason, it is generally assumed that the
biogeochemical behaviour of radionuclides follows that of their analogue stable
isotopes (e.g., IAEA TRS [International Atomic Energy Agency Technical
Reports Series] 422). This also implies that sampling for Se radionuclides in
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natural matrices follows the same procedures and precautions as for studies on
stable environmental Se. A general remark can be made that for Se, no ashing
procedures or strong heating should be applied as some Se species may be
volatile at .70°C.

The major difference between sampling procedures for radioactive and stable
isotopes would be related to the amount of sample collected. In general, sampling
of radioactive elements requires larger volumes of water (e.g., .5 L, particularly
in seawater) and solid masses than for the analogue stable isotopes, due to the
generally low activities found in the environment. For instance, Tanaka et al.
(2014) point out that plant material should weigh more than 30 g dry weight for
radiochemical analysis of 79Se. Another reason for higher sample amounts is the
necessity for extensive sample pre-treatment and separation steps. In
environmental samples, the radionuclide of interest often has to be
pre-concentrated. Separation steps help to avoid interference with other
radionuclides, enabling an accurate quantification due to, for example, the
uncharacteristic beta emissions from 79Se decay. In contrast, 75Se can be
quantified with only minor or no pre-treatment steps due to its characteristic
signal from gamma radiation. Therefore, there are no established standard
protocols regarding the minimum mass required for optimum quantification of Se
radionuclides for specific matrices and sites. General sampling procedures and
sample storage strategies for standard radiological monitoring in specific matrices
are published in IAEA guidelines, for example, for water, foodstuffs, soil size
fractionation and vegetation (Barnekow et al., 2019; Guidebook, 1989; Joint,
2016; Martinčic ̌, 1999).

2.3.2 Analytical methods
The main analytical methods used to quantify both 75Se (gamma-emitter) and 79Se
(beta-emitter) are based on the respective radioactive decay signals, summarized
for specific cases in Table 2.1. The most commonly applied method for 75Se is
gamma spectroscopy (e.g., based on a high purity Germanium HPGe or a NaI
(Tl) crystal), related to its characteristic gamma energy lines (e.g., 264.7 and
136 keV energy lines). When applicable, 79Se may be quantified by liquid
scintillation counting (LSC) through the excitation of a mixture of reagents,
sensitive to beta-radiation. Speciation of Se can be determined by using X-ray
spectroscopic techniques, though few studies report measurements on radioactive
Se (Table 2.1).

Noteworthy, the quantification of 75Se by gamma spectroscopy is much less
affected by matrix effects compared to classical spectrometric techniques
(mass-MS, atomic absorption-AAS, or optical emission-OES), and can be directly
applied to salt brines, seawater, or digestion solutions. These characteristics
present big advantages in experimental approaches using radiotracers of 75Se over
spikes of Se stable isotopes. Until recently, analytical challenges in the
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quantification of Se stable isotopes included important matrix effects and
polyatomic/isobaric interferences of bromine hydrides (HBr), doubly-charged
rare earths (REE, e.g., such as 164Dy++) and/or from the argon gas (e.g., 82Kr or
38Ar40Ar+; 80Se is usually not measured due to the high abundance of
40Ar40Ar+). For this reason, the detection limit of all classical methods is
relatively high so that it is nearly impossible to measure natural concentrations in
many samples, especially when matrix dilution is required. Existing techniques to
measure low levels of Se in the past included HR-ICP-MS (high resolution
inductively coupled plasma mass spectrometry) or sector-field ICP-MS. But these
techniques are very expensive and thus not widely distributed. Nevertheless, the
current advent of new generation ICP-MS apparatus (e.g., Triple Quadrupole
generation, TQ-ICP-MS) allows such interferences to be successfully overcome.
This advancement provides better detection limits for quantifying trace levels of
stable Se in natural samples and allows future experimental studies to use more
environmentally relevant concentrations; though not yet reaching the levels
achieved in radiotracer studies.

Several optical and electrochemical techniques have been suggested to show
strong potential applications for on-site, field-deployable devices to monitor Se
directly in freshwater and seawater (Devi et al., 2017). Actual portable devices
may have been developed for on-site monitoring of Se species, though with
sporadic uses. An example is the portable device measuring the speciation of Se
for a month in wastewaters of thermal power plants by hydride generation
coupled to a chemiluminescence detector, showing relatively high detection
limits (DL) of ∼8 μg L−1 (Ezoe et al., 2016). Other examples include
electrochemical probes using gold nanoparticles showing DL of 0.12–0.27 μg L−1

for potential applications in seawater and agricultural food but no proven use in
environmental monitoring (Segura et al., 2015; Tan et al., 2020). The use of
portable XRF (X-ray fluorescence) analysis for on-site screening of Se in solid
samples has been reported for nail clippings, soils, soil suspensions and animal
tissues, showing DL of 0.83–1.00 mg kg−1 for direct analyses (Beaudette et al.,
2009; Fleming et al., 2015). However, as the sample-instrument geometry and
sample matrix strongly influence the XRF measurements, accuracy and
precision, the DL can strongly vary when using portable XRF instruments.
Specific pre-extraction methods applied on digested sample solutions in
combination with total reflection XRF are reported to bring down the DL to
0.05 mg kg−1 (Marguí et al., 2010). Nevertheless, such pre-treatment steps may
not be easy to implement on site on a routine basis. Thus, to the best of our
knowledge, there are no current on-site/field-based analytical techniques or
monitoring probes being used systematically to quantify radioactive or stable Se
species. Monitoring programmes until now have generally relied on classical
field sample collection of environmental matrices and laboratory analyses (e.g.,
30-year monitoring of the Kesterson case in San Francisco; Ohlendorf et al.,
2020).
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2.4 PRODUCTION AND MOBILITY OF 79Se IN NUCLEAR
WASTE REPOSITORIES
2.4.1 Estimated activities in the nuclear waste
It is important to bear in mind that there are different types of nuclear fuel and
according to its specific composition, burn-up and delay until its reprocessing or
final disposal point, it may develop and present different radionuclides in variable
amounts. Several simulations exist, estimating the potential radioactive levels of
79Se present in spent fuel for specific conditions (i.e., nuclear reactors, fuel types,
and burn-ups). For instance, a 10-y aged high-level waste from a light
water reactor (LWR) may produce 3.7× 1010 Bq y−1 of 79Se (i.e., equivalent to
∼72 g y−1), which is in the same order of magnitude as estimations for 129I and
lower than those for 135Cs, 137Cs, 126Sn, 99Tc, 90Sr and several actinides like
239Pu, 241Am and 244Cm (WHO, 1982). Spent fuel with 4.2 wt.% enrichment in
235U may contain 3.2–8.75 g 79Se t−1 after 6 years of cooling (Magill et al.,
2003); 3.2 wt.% enriched spent nuclear fuel with a burn-up of 44.9 GWd t−1

from a pressurized water reactor (PWR) will produce 5.2 (+1.5) g 79Se t−1 U
(Asai et al., 2011). The composition of a high level waste solution recovered
after reprocessing a 3.5–4.9 wt.% enriched uranium oxide (UOX) spent fuel from
a PWR after 3 y may contain even higher quantities of 77.04–136 g SeO2 t−1 U
(i.e., higher than those estimated for In2O3, SnO2, Sb2O3, PuO2, CmO2, Tb2O3,
and Dy2O3; Caurant et al., 2009). These estimations are still part of ongoing
research as they depend on the accuracy of nuclear reaction cross sections.
Nevertheless, they are fundamental for understanding the amount of Se expected
to be formed within the nuclear fuel cycle and to justify its relevance for research
in nuclear waste disposal.

2.4.2 Underground reactivity and dispersion
2.4.2.1 The multi-barrier system: from the fuel to the host rock
Radionuclides in the spent fuel accumulate within the fuel matrix, at the grain
boundaries, in the cladding structure or in the gap in between. In general, 79Se is
assumed to diffuse out of the fuel grains and migrate to the periphery of the
pellets, like other volatile elements such as I and Cs. A considerable part of 79Se
in the nuclear fuel accumulates in the gap between the UO2 pellets and the
Zircaloy cladding, or along grain boundaries in the fuel pellets (Johnson &
McGinnes, 2002). For instance, a spent fuel from Belgium with an average burn
up of 47.3 GWd tHM−1 and 4.05% 235U enrichment shows an average
distribution of 79Se in Bq per primary waste package of 6.82× 104 in the
structural metals, 6.35× 106 in the claddings and 9.82× 108 in the fuel matrix
(Yu & Weetjens, 2016).

Nuclear waste is intended to be isolated and contained within a multi-barrier
system upon disposal. This multi-barrier consists of both engineered/artificial
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retention structures (e.g., waste forms, canisters, buffers, backfills, seals and plugs)
and geological/natural materials (e.g., the host rock). Over time and depending on
the host rock type, these barriers may become saturated with groundwater and may
lose their ability to provide complete containment, thus releasing radionuclides into
the environment (Olszewska et al., 2015). In fact, upon contact with groundwater,
up to 20% of the 79Se content in the nuclear waste may be released within the
‘instant release fraction (IRF)’ after canister failure together with 36Cl and 129I
(Johnson & McGinnes, 2002; Yu & Weetjens, 2016). The fate of the remaining
79Se will be linked to the solubility of the fuel components over time. This means
that long-term 79Se releases will be determined by the dissolution rate of the
fuel/cladding matrix (not straightforward to estimate; Yu & Weetjens, 2016). It
also implies that a long lifetime of the matrix will cause a long-time spread of
79Se releases at low rates and doses. Short lifetimes of the matrix would favour
fast release rates and higher doses.

The transport processes of released radionuclides will follow radionuclide-
dependent conditions, initially related to the solubility limits of each elemental
oxidation state. Direct measurements in the matrix of spent nuclear fuel samples
suggest that Se may be bound to U atoms in selenide (Se(-II)) forms (e.g., case in
Switzerland; Curti et al., 2015). Additionally, the intrinsic method of constructing
deep geological waste repositories implies an initial entrapment of atmospheric
(oxic) conditions. Over time, the oxygen may be consumed by microbial
activities (De Cannière et al., 2010) or due to corrosion of the canister material,
which may take ∼104 y. Such effects eventually result in strongly reducing
conditions in the near-field to the nuclear waste. These conditions would favour
the presence of reduced species of Se like elemental (Se(0)) and selenide (Se
(-II)), which generally have a low solubility. As an example, a simple calculation
with 1 μM Se concentration in interstitial water (as defined by Gimmi et al.,
2014) at pH 7.28 simulating groundwater conditions in Opalinus clay at 25°C,
shows precipitation of Se(0) in reducing conditions (i.e., a decrease in the
concentration of the soluble species and in parallel the precipitation of solid
species for the case study without Fe, Figure 2.1). The presence of other elements
such as S, Fe, Mn, Ca or Sr will also influence the solubility of Se, particularly in
highly reducing conditions. Continuing with the previous example, in the
presence of 1 mM aqueous Fe, Se will show lower solubility than in the absence
of Fe for the same chemical system, favouring the precipitation of solid selenides
like ferrosilite (e.g., hashed area in the lower panel, and solid species in the upper
panel, in Figure 2.1).

Nevertheless, in the direct vicinity of nuclear waste, radiolytic effects may play a
role, that is, water molecules may be split by the emitted radiation from the fuel and
produce oxidizing radicals like OH· or peroxo-species like HOOH. These molecules
together with other oxidizing species present in the water (e.g., nitrate salts from the
nuclear waste; Bleyen et al., 2018) will favour oxidative dissolution from the host
phases, thus mobilizing radionuclides. The formation of oxidized species of Se
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could imply a higher mobility and dispersion than the reduced species, given the
high solubility limits of Se(IV) and Se(VI) (e.g., increased concentration of Se in
solution, lower panel in Figure 2.1). Nevertheless, oxidizing conditions might not
necessarily imply mobilization of Se. For instance, Se(IV) and Se(VI) may also
be incorporated into Fe-bearing mineral phases in oxic conditions (e.g., max.
15% retention of Se(VI) and complete uptake of 10−3 M of Se(IV) by both
adsorption and irreversible co-precipitation during aging of 9.0 g L−1 of
ferrihydrite into hematite at pH 7.5, or immobilization of 10−3 M Se(IV) and
Se(VI) at pH 9.2 by co-precipitation with Fe during magnetite formation via
Fe(II) hydroxide and green rust; Börsig et al., 2017, 2018).

In any case, a general, inherent gradient between the source and the surrounding
environment develops, becoming less reducing from the near-field towards the
biosphere. Cementitious systems (e.g., mostly AFm phases, i.e., a family of

Figure 2.1 Example of the solubility of different Se oxidation states at pH 7.28 for
1 μM total Se content. A comparison between results in the presence (wFe) and
without (no Fe) 1 mM aqueous iron is highlighted with a hashed area. Solid species
(top panel) and species in solution (bottom panel) are presented. Precipitation of
elemental Se is marked with an arrow (bottom panel). Calculations were done with
PhreeqC3 (Parkhurst & Appelo, 2013) using the sit.dat (thermochimie) database
(Giffaut et al., 2014). The water composition corresponds to that used by Gimmi
et al. (2014) to simulate groundwater conditions in Opalinus clay at 25°C.

Environmental Technologies to Treat Selenium Pollution72

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



hydrated calcium aluminates) as well as bentonite clays (presenting
microbially-mediated processes) used within the multi-barrier system at the
interface between the nuclear waste and the host rock may retain Se species (e.g.,
formation of solid solutions mostly for Se(IV) and Se(VI) species; Duro et al.,
2020; Ruiz-Fresneda et al., 2018). More detailed information about the
multi-barrier system and the interfacial solution chemistry of Se can be found in
Abdelouas and Grambow (2012).

2.4.2.2 Reactivity within the host rock: mobility and dispersion
of Se species
The extent of the radionuclide transport by groundwater, through advection and/or
diffusion, depends on the porosity and permeability of the host rock (i.e., rock salt,
clay rock or crystalline rock), the mineralogy of the host rock and on the on-site
physico-chemical conditions (e.g., reducing environment with heterogeneous
assemblage of minerals and organic phases in the host rock; Altmann, 2008).
Case study areas include Boom Clay at Mol (Belgium, e.g., NIROND, 2001),
Opalinus clay at Mont Terri and granitic rock at the Grimsel Fels Labor
(Switzerland, e.g., Alexander et al., 2009; Bleyen et al., 2018; Eikenberg et al.,
1997; Ikonen, 2017), the Asse salt mine (Germany, e.g., Kienzler et al., 2016;
Rabung et al., 2018), granitic rock at the Äspö laboratory (Sweden, e.g.,
TR-99-06), and the Callovo-Oxfordian clay at Bure (France, e.g., Descostes
et al., 2008). More information on the underground research infrastructures can
be found on the internet (last accessed on the 30th October 2020): https://www.
sckcen.be/en/expertises/environment/waste-and-disposal (Belgium), https://www.
mont-terri.ch/ and https://www.nagra.ch/de/felslaborgrimsel.htm (Switzerland),
https://www.bge.de/de/asse/ (Germany), https://www.skb.com/research-and-
technology/laboratories/the-aspo-hard-rock-laboratory/ (Sweden), and https://
meusehautemarne.andra.fr/landra-en-meusehaute-marne/installations/le-laboratoire-
souterrain (France).

Nevertheless, there is actually little certainty on the true composition of pore
waters of host rocks (e.g., Gaucher et al., 2009; Gimmi et al., 2014; Kienzler
et al., 2016), or, even more concerning, on the speciation of Se in the pore water
of the host rock (e.g., De Cannière et al., 2010; Hoving, 2018). Uncertainties
within developed transport models include: (i) specific solubility limits (e.g.,
from the formation of ferroselite, FeSe2 to the precipitation of Se(0) in strongly
reducing conditions; Iida et al., 2009), (ii) the assumption of shared oxidation
states due to slow transformation kinetics (e.g., reduction of Se(VI) to lower
oxidation states; Grambow, 2008), (iii) the aqueous speciation of Se (e.g.,
formation of CaSeO3 complexes in solution for Se(IV) in hyperalkaline solutions
in contact with cementitious materials or bentonite from the retention structures;
Alhajji, 2007; Mace, 2006) or Se adsorption/complexation to other phases (e.g.,
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in the presence of organic matter or mineral surfaces), and (iv) the presence or
absence of equilibrium conditions (Altmann, 2008).

For instance, existing models assume releases of Se as Se(IV) and Se(VI)
oxyanions. However, thermodynamic calculations suggest that Se should be in
lower oxidation states (-II and 0) due to interactions with the iron from the
canister materials or due to developed reducing conditions within the host rock
(e.g., diffusion through clays; Basu et al., 2007; Beauwens et al., 2005;
Descostes et al., 2008; Gautschi, 2017). In fact, solid samples containing Se(0)
and Se(IV) next to each other originating from reducing environments in Boom
Clay have been reported (e.g., Breynaert et al., 2010; Hoving, 2018). Under these
conditions, 14–92% of 4–400 mg L−1 of Se(IV), respectively, was adsorbed
suggesting variable retention mechanisms depending on the Se(IV) concentration
in the pore water. Microbially-mediated reactions influencing Se oxidation states
within the host rock are also a potential scenario (De Cannière et al., 2010;
Ruiz-Fresneda et al., 2018), the cause of which is most likely the high organic
matter content mainly present in claystone.

Mobile species migrating through the host rock will be subjected to electrostatic
interactions, potentially influencing their diffusion rates. Diffusion may be very low
due to anion exclusion in the small, few nanometres pore sizes of claystone where
the electric double layers overlap, hindering transport of Se species through the
pores (Grambow, 2008). Low anion sorption, on the other hand, is expected in
argillaceous rocks due to the electrostatic repulsion developed on the surface, and
may favour transport. Conservative approaches usually assume un-retarded
transport for all Se species, resulting in a high mobility/dispersion. Clay-Se
interactions remain a field of research under development for which electrostatic
models can greatly contribute to migration scenarios, particularly within the context
of nuclear waste barrier efficiency (e.g., Charlet et al., 2007; Ervanne et al., 2016).

In repositories composed of granite, groundwater will disperse radionuclides
relatively rapidly through rock fractures unless retained by diffusion into the rock
pores or sorption onto mineral surfaces (Ikonen, 2017; Ikonen et al., 2016). For
instance, geological units containing apatite, pyrite and iron oxides may readily
immobilize selenite (ANDRA, 2005; Börsig et al., 2017; Hoving, 2018).
Effective diffusion coefficients of 2.5 (+1.5)× 10−12 m2 s−1 and 7 (+2)×
10−13 m2 s−1 were obtained for Se in Grimsel granodiorite and Kuru grey
granite, respectively (Ikonen, 2017). Sorption interactions between dissolved
species and mineral surfaces can be approximated by a solid/liquid partition
coefficient (Kd). Examples of experimental studies aiming at obtaining
representative Kd values for nuclear waste repositories are summarized in
Table 2.2. Noteworthy, it has been suggested that many Kd values used in
transport models for underground dispersion of radionuclides may be
overestimated if originally based on batch experiments using crushed materials
(i.e., potentially not representing proper solid/liquid partitioning along rock
cracks, especially in the case of Se; Altmann, 2008; Ikonen, 2017). Enhanced
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solubility in natural solids may also be related to the presence of organic complexing
agents in the interstitial water (Grambow, 2008). Further understanding of the
processes behind sorption of Se on mineral surfaces and Kd values can be
achieved when the surface site properties and the pore water chemistry are well
known and explained by mechanistic models such as surface complexation
models (e.g., Davis & Leckie, 1980; Grambow, 2008; Nie et al., 2017). In any
case, all Kd values are relatively low, suggesting a high mobility of Se and, thus,
eventual dispersion into the geologic overburden.

Another process potentially retaining traces of Se species within the host rock is
related to its structural incorporation into minerals. For instance, some studies

Table 2.2 Examples of solid/liquid partitioning (Kd) values used for radioactive risk assessment
of radionuclide mobility in underground and surface environments.

Materials/////Conditions Kd (L kg−1) Reference

Applied in nuclear waste near-field conditions

Crushed quartz in synthetic ground/seawater ,1.0 Lee et al. (2012)

Crushed-bentonite in synthetic ground/seawater 10–22 Lee et al. (2012)

Mudrock in synthetic ground and seawater 40–80 Lee et al. (2008)

Block scale diffusion through granitic rock 0.1–1.5 Ikonen et al. (2016)

Crushed granitic rock 6.2–7.0 Ikonen et al. (2016)

Solid claystones in reducing environment ∼11 Grambow (2008)

Crushed rocks from overburden of Asse salt minea 7–137 Rabung et al. (2018)

Applied in surface environmental compartments

All soils 4.0–2100
(200, N= 172)b

IAEA TRS 422

Sandy soils 56b; 4.0–1600
(56, N= 15)b

Gil-García et al. (2009)
IAEA TRS 422

Clay soils 240b Gil-García et al. (2009)

Loam+ clay soils 12–2100
(220, N= 134)b

IAEA TRS 422

Organic soils 230–1800
(1000, N= 2)b

IAEA TRS 422

Average upper crust and ocean water ∼100 Grambow (2008)

0.3 ng 75Se L−1 added to estuarine SPMc 9.0–84.1 Gil-Díaz et al. (2020a)

100 μg 77Se L−1 added to estuarine SPMc 315–630 Gil-Díaz et al. (2020b)

SPM of 100 mg L−1 in San Francisco Estuary ∼100–31 600 Benoit et al. (2010)

19 Japanese coastal regions ∼400–7900 Takata et al. (2016)

Open ocean 1000 IAEA TRS 422

Ocean margin 3000 IAEA TRS 422
aSe(IV) in a cocktail solution of radionuclides; bGeometric means; cSPM concentrations of
10, 100 and 1000 mg L−1.
Abbreviations: SPM, suspended particulate matter.
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suggest that 79Se may become immobilized when interacting with uranyl phases
present as low concentration impurities in the nuclear fuel waste due to
substitution of Si by Se in solid structures of, for example, α-uranophane –

(Ca(UO2)2(SiO3OH)2 · 5H2O) and boltwoodite – HK(UO2)(SiO4) · 1.5(H2O)
(Chen et al., 1999). Others suggest favoured structural incorporation of Se(IV)
into calcite, particularly on the surface and potentially in deeper layers upon
precipitation at highly supersaturated conditions (Heberling et al., 2014; Polly
et al., 2017). The most effective process regarding mineral inclusion could be Se
incorporation to Fe-bearing minerals, present as container corrosion products or
constituent of host rocks and in bentonite backfills. In fact, studies in this field
have shown .98% incorporation of Se(-II) and Se(IV) from 10−3 M total Se into
pyrite (FeS2) and mackinawite (FeS) for highly supersaturated solutions under
acidic and anoxic conditions (Diener et al., 2012; Finck et al., 2012).
Additionally, aging processes such as the transformation of ferrihydrite into
hematite and/or Fe(II) hydroxides or green rust into magnetite may efficiently
incorporate Se(IV), and in lower quantities Se(VI) (Börsig et al., 2017, 2018).

2.4.2.3 Simulated environmental releases
Radionuclide dispersion scenarios are developed to foresee the long-term
consequences of storing nuclear waste underground and to protect future
generations from potential environmental releases. These scenarios are based on
long-term radioactive risk, as radionuclide releases to the environment are
expected between ten thousand and several hundred thousand years. This time
frame is related to expected durability of the waste containers and the inherent
properties of the long-lived 79Se. It is estimated from conservative approaches as
applied in worst case scenarios, that is, independent of the estimated timescales of
all the retention mechanisms mentioned in the previous sections: transport
subjected to retardation factors as determined by solid/liquid partitioning
(Eikenberg et al., 1997; Hampel et al., 2013).

Estimated concentrations in the near-field of nuclear waste repositories could be
in the order of 10−11 M of 79Se (i.e., ,1 ng L−1, with 10−9 M of total Se
corresponding to ∼80 ng L−1; Grambow, 2008). These levels are actually below
saturated conditions (c.f. Section 2.4.2.1) and will decrease in the far-field from
the source. This decrease is also reflected by estimated outgoing fluxes from
the deep geological units towards surface environments. For instance, fluxes of
∼72 g y−1 79Se from a 10-y aged high-level waste may be expected in the
near-field (c.f. Section 2.4.1). Preliminary simulations of far-field conditions
suggest a maximum flux peak of 2× 107 Bq y−1 (equivalent to ∼39 mg y−1;
NIROND, 2001) after 150 000–200 000 y into the interface between Boom Clay
and a Neogene Aquifer in Belgium. Maximum releases of ∼10−6 mol 79Se y−1

(equivalent to ∼79 μg y−1; Altmann, 2008) at around 100 000 y are expected
from a model reference claystone geological barrier in the geologic overburden.
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These releases lead to effective dose levels which are in general low, compared to
environmental activities, as will be discussed in Section 2.6. The reported
concentrations do not contribute significantly to the environmental budget of Se,
or to the local chemotoxicity of Se. These concentrations are below average Se
environmental levels (e.g., median 340 ng L−1 in European rivers; Salminen
et al., 2005) and below the limits of drinking water quality for both total Se
(1.3× 10−7 M, equivalent to ∼10 μg L−1) and 79Se (47 Bq L−1, equivalent to
∼92 ng L−1; Grambow, 2008). Likewise, reported flux estimates are also very
low compared to currently estimated annual fluxes of stable Se from
rivers/estuaries subjected to anthropogenic activities into coastal areas. For
example, 390 tons y−1 have been estimated for the Yangtze River (∼3.5 tons y−1

74Se, the least abundant stable isotope of Se; Yao et al., 2007) and ∼62000 tons y−1

for the Lingdingyang Estuary (∼550 tons y−1 74Se; Yao et al., 2006). Nevertheless,
better estimations of both far-field 79Se releases and current gross/net environmental
fluxes are required to confirm such statements.

2.5 ENVIRONMENTAL DISPERSION SCENARIOS
2.5.1 Conceptual model and assumptions
The main concern in the radioecological risk assessment of 79Se is its
transport/remobilization from deep strata and underground waters to surface
aquatic and terrestrial systems. A visual diagram is present in Figure 2.2 as an
example of a geological setting containing a nuclear waste repository and the
environmental compartments involved in the potential transport, dispersion and
fate of 79Se from the source to the biosphere and within the biosphere. The
presence of ultra-trace levels (or below) of 79Se in natural samples is expected to
be subjected to a complex mix of processes (e.g., various oxidation states,
precipitation/dissolution and sorption/desorption from various phases). These
processes are site-specific, thus, cannot be generalized or expected to be
comparable. Nevertheless, most studies agree on the general bioavailability of
79Se, which, however, still depends on the chemical species, as well as the
specific organisms and environmental compartments involved (c.f. Section 2.6).

Furthermore, differences between the geochemical behaviour of radionuclides
and their homologue stable isotopes may exist in specific occasions where recoil
effects, mass differences, and radiolytic effects play a role in the system.
However, recoil effects are of limited relevance for beta-emitters and radiolytic
effects play a role directly next to the waste, not in surface environments where
low activities are expected. Isotopic mass effects have been reported for stable
Se, as will be discussed below, however, as 79Se is between the most abundant
isotopes 78Se and 80Se, mass effects will be small, and likely within the
quantification uncertainties of, for example, Kd determinations. Therefore, as a
general rule, works aiming at understanding the risk assessment of nuclear
discharges in surface environments of the geosphere and the biosphere often
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apply the known environmental behaviour of stable Se isotopes as analogues of their
radioactive counterparts.

2.5.2 Biogeochemical behaviour in aquatic systems
Once the groundwater has been in contact with the waste repository and is
contaminated with 79Se, it may eventually transport 79Se to surface aquatic
systems such as rivers and estuaries (e.g., Figure 2.2). In these systems, Se is
considered to be relatively mobile, given reported Kd values (e.g., Table 2.2).
Nevertheless, attention should be paid when extracting conclusions and applying
field-based Kd values to dispersion and transport models for nuclear risk
assessment. In fact, it has been recently suggested that both solid fractionation
and Kd of added elements to the environment (e.g., anthropogenic releases) may
differ from those registered from inherited (geologically-derived) analogue
counterparts. The potential added/inherited duality may also be the reason why
field- and laboratory-based Kd values vary for certain elements in aquatic systems
(e.g., Ciceri et al., 1988). Field-based Kd values integrate inherited (refractory)

Containment providing
rock zone including
mul�-barrier system
and host rock

Overburden

BIOSPHERE

• Diffusive and/or
advec�ve transport

• Retarda�on by sorp�on
reac�ons

Backfill
(bentonite/clay)

Spent fuel 
container

Fuel bundles/
Vitrified waste

Aquifer Sea

• Transfer along the food
chain

• Poten�al radiotoxic
effects

Aquifer Water flow

79Se 
migra�on

LEGEND

> 104 y

• Groundwater intrusion
• Container corrosion
• Fast release: IRF
• Long-term release: 

matrix dissolu�on
• Migra�on

GEOSPHERE

Figure 2.2 Visual scheme to represent the interaction pathways in aquatic and
terrestrial systems between potential releases of 79Se from deep geological
repositories of spent nuclear fuel (c.f. Section 2.4) and accumulation in the
biosphere, including ingestion pathways for human uptake (c.f. Section 2.6).
Examples of the processes involved in each environmental compartment are
summarized in the left panel. The geosphere is considered as the geologic
underground, while the biosphere includes the pedosphere, the hydrosphere, and
(to a limited extent) the atmosphere. Similar schemes should be adapted for
site-specific scenarios. Abbreviation: instant release fraction (IRF).
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trace elements and laboratory-based Kd values address solid/liquid partitioning of
spiked elements (better simulating anthropogenic releases). Therefore, reporting
proper Kd values is of great relevance, particularly from added elements at
environmentally representative conditions. Nevertheless, the recommended Kd
values by the IAEA (IAEA TRS 422) for radionuclide transport models in
surface environments are still based indistinctly on experimental or field Kd
values (e.g., Table 2.2). This may lead to scenarios suggesting a higher particle
affinity of added Se compared to expected reactivity in underground conditions.

It is difficult to ascertain if this difference between added and inherent behaviour
also applies to Se. This is particularly the case in solid fractionation studies aiming at
determining Se solid carrier phases. Indeed, it is difficult to draw sound conclusions
from studies where the added chemicals might change the original conditions of the
Se species and/or the minerals, inducing a biased behaviour of Se independent of
the targeted, operationally-defined carrier phases (e.g., enhanced mobility due to
reagents containing organic compounds or a change in the oxidation state of Se;
Gil-Díaz et al., 2020b; Gruebel et al., 1988; Lenz et al., 2008). It is also
extremely challenging to measure Se in complicated matrices of most of the
extraction solutions. Furthermore, isotopically-labelled studies using 75Se
radiotracer and/or stable Se do not focus on determining both inherited and
added Se, nuancing a more conclusive statement on the matter. One study
suggests that, under oxic and abiotic conditions with natural water/sediment
matrices, added Se may be more easily exchangeable and mobile during early
diagenetic processes than inherited forms (Gil-Díaz et al., 2020b). A further point
of interest is to understand what happens to added elements over time. The added
Se might be more mobile initially, but over time the question remains whether it
could get immobilized more strongly. For environmental scenarios this
knowledge and especially the kinetics of such transformations are very important.

In any case, the transport of 79Se in aquatic systems is expected to be mostly in
the dissolved phase, thus, subjected to the specific, local biogeochemistry in its
soluble forms, which are considered highly to moderately bioavailable (Altmann,
2008). Speciation of Se in natural waters would be expected to involve oxyanion
species of Se(IV) and Se(VI) such as HSeO3

−, SeO3
2−, and SeO4

2− in oxidizing
conditions at pH .5 (Torres et al., 2011). Other redox states such as Se(-II) and
Se(0) may also occur in stagnant waters or in sites dominated by biological
activity under reducing conditions (e.g., Wang et al., 2001). Depending on the
environmental sites, elemental concentrations, and pH and Eh conditions,
interactions with metal ions may occur resulting in cation species such as [Cu
(HSeO3)]

+, [Ca(HSeO3)]
+ and [Mg(HSeO3)]

+ at pH .4 (Torres et al., 2011). In
any case, this transport in soluble forms would imply a rate of dispersion in
surface aquatic systems most likely linked to inherent timescales of hydrological
processes (e.g., river discharges, seasonal patterns, and tidal influence). 79Se may
also show a more or less important reactivity along the salinity and turbidity
gradients of estuarine systems (i.e., conservative vs non-conservative
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biogeochemical behaviour) according to the specific continent-ocean transition
system involved (e.g., Chang et al., 2016; Cutter, 1989; Measures & Burton,
1978; Seyler & Martin, 1991; van den Berg et al., 1991; van der Sloot et al.,
1985; Yao et al., 2006). Given the long half-life of the expected Se radioactive
releases, 79Se may eventually reach the ocean and, further, cycle several times
within the biogeochemical cycle of Se in accordance with its nutrient-like
behaviour (Cutter & Cutter, 1995). Radioactive Se may also transfer to the
atmosphere when methylation processes are favoured within estuaries or in the
ocean (e.g., Amouroux & Donard, 1997; Feinberg et al., 2020).

2.5.3 Biogeochemical behaviour in terrestrial systems
Contaminated groundwater in terrestrial systems may involve biological uptake
by humans from drinking water and/or from food intake due to the direct contact
of soils with contaminated groundwater or the use of such groundwater for
irrigation (e.g., Figure 2.2). The main factors controlling the speciation and
behaviour/mobility of 79Se in soils are redox potential (Eh) and pH soil levels
(i.e., classical Eh-pH diagrams), sorption/complexation processes onto
inorganic/organic phases (e.g., competition of Se sorption with other anions such
as phosphate, introduced by fertilizers; Nothstein et al., 2019), and active
biological fixation/transformations (Dhillon & Dhillon, 1991, 2019; Koch-
Steindl & Pröhl, 2001; Natasha et al., 2018). Site-specific conditions will be
related to the intrinsic characteristics of the soil, the affinity of plants for Se
uptake, the climate of the region and soil management, which in turn will
determine the daily intake by animals and humans.

Soils may act as long-term secondary sources of radiation when solid
adsorption/complexation of 79Se as selenite is favoured and/or in waterlogged
systems where precipitation of elemental selenium may occur. For example,
reduction reactions may be induced abiotically from heterogeneous reactions with
Fe(II)-containing minerals (Février & Martin-Garin, 2005). Soils may also
present microenvironments where, for example, reduced species can be formed in
soil aggregates even if the soils are considered as totally oxic (Eiche et al., 2015).
In oxic conditions, a certain reactivity may be inferred in specific soils (e.g., as
seen in Kd values, Table 2.2), though a general mobility is also assumed for
terrestrial environments, particularly in the presence of other anions in solution
such as phosphate (Dhillon & Dhillon, 2019; Gustafsson & Johnsson, 1994).

Nevertheless, soil systems are highly influenced by biological activities, and Kd
transport models alone may not be sufficient to represent migration in soil horizons,
particularly in the presence of microorganisms (Février & Martin-Garin, 2005;
Natasha et al., 2018). In fact, an active biotic role such as microbial reduction
may significantly enhance immobilization of Se compared to abiotic reduction
processes (e.g., .85% of environmentally-relevant spikes of 75Se were
incorporated into the low molecular weight organic fraction of forest soils in
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,64 h; Darcheville et al., 2008; Gustafsson & Johnsson, 1994). This role is in
accordance with solid fractionation studies suggesting a high association of Se
with the organic fraction. Furthermore, depending on the location of the deep
geological site, released 79Se may also be subjected to complex speciation
changes and uptake by plants, characteristic but not exclusively for seleniferous
areas (e.g., area of Punjab in India; Eiche et al., 2019). Microorganisms can also
produce nano-elemental Se from Se(IV) under relatively oxic conditions (Bajaj
et al., 2012). Potential biomethylation processes in soils due to microbial
communities would also favour a transfer of radioactive, methylated Se species to
the atmosphere (Feinberg et al., 2020), with the consequent dispersion of the
corresponding radioactivity (expected to be very low, Section 2.4.2.3).

Interestingly, when mobile Se is introduced into the soil through irrigation, it can
be easily taken up by plants, where Se may be reduced mainly to organic species
(Eiche et al., 2019; Schilling et al., 2015). Depending on the Se concentration
(toxicity) or the plant species, some Se might be volatilized. Most importantly, as
soon as the plant dies, Se remains in some parts as organic Se within the soil
producing a long-term pool. Furthermore, some selenate might be reduced within
the soil to selenite which is adsorbed or further reduced into Se(0), which would
also lead to an on-site long-term enrichment (Eiche et al., 2019). Consequently,
once Se has intruded into a soil-plant system, it can remain there for a long time,
especially if the plants are not fully removed during harvest. The behaviour of
organic-Se species also differs from that of inorganic forms. Radionuclide
dispersion scenarios should consider these implications of the soil-plant system.

In the terrestrial environments, where there is a significant role of the (micro)
biosphere, a question arises concerning the effect of potential isotopic
fractionation in radionuclide scenarios. In fact, a compromise between released
concentrations and molecular weight of 79Se could be expected to interplay with
the local, stable isotopes of Se (e.g., 79Se being lighter, though potentially less
abundant, than 80Se and 82Se). Evidence in wetland environments suggests that
microbial reduction can be subjected to slight isotopic fractionation, favouring
transformations of the lighter isotopes (e.g., maximum fractionation of −5.7‰
for 80Se/76Se in a wide range of both added and inherited Se(IV) and Se(VI)
concentrations, from 22 μg L−1 to 8 mg L−1; Ellis et al., 2003). Microbial
reduction of Se(VI) may even show greater isotope fractionation (82Se/76Se from
−9.2‰ to −11.8‰) than that of Se(IV) (max. −7.8‰), suggesting different
metabolic pathways (Schilling et al., 2020). Surprisingly, though potentially less
relevant, this process could also take place during abiotic reduction (e.g.,
favoured adsorption of the lighter isotopes of Se(IV) onto Fe and Mn oxides,
∼1‰ for 82Se/76Se; Xu et al., 2020). Plants may also selectively uptake Se
isotopes, for example, inducing high fractionation of 82Se/76Se of up to +3.5‰
of Se(VI) and +1.9‰ of Se(IV), suggesting an enrichment in heavy isotopes
within the plant (Banning et al., 2013, 2018), particularly in irrigated systems
(e.g., Schilling et al., 2015). These studies indicate that 79Se may be subject to
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isotope fractionation. However, delta values are expected to be closer to zero
compared to the extreme isotope pairs 82Se/76Se or 80Se/76Se.

Furthermore, dispersion scenarios in terrestrial systems are based on the
current knowledge of site-specific soil conditions and known physico-
chemical/biological processes. However, ideally future changes in the organic
matter content and quality of soils (happening within decades to centuries) and
changes in weathering and pedogenesis (occurring within millennia; Dhillon &
Dhillon, 2019; Koch-Steindl & Pröhl, 2001) should be included in risk
assessment scenarios as they fall within the timescales of the half-life of 79Se.
Additionally, potentially forthcoming changing conditions and their consequences
(e.g., climate change and future soil management) should also be taken into
account. Important aspects also include irrigation, introducing Se but also
potentially leading to salinization; industry bringing in anthropogenic molecules,
which might be very persistent; and heavy rain, washing out Se or leading to
water-logged intervals. A summary of contrasting examples of climatic scenarios
and potential impacts in soil processes concerning Se are described in
Koch-Steindl and Pröhl (2001) and a more recent case scenario predicting
site-specific trends of future Se in soils worldwide can be found in Jones et al.
(2017). For instance, an increase in temperature, precipitation and positive water
balance could accelerate all soil processes and favour soil leaching, low pH and
higher turnover of organic matter, all of which could lead to an increased
mobilization of Se. This would enhance the bioavailability of 79Se for the local
biosphere (both microorganisms as well as plant uptake) and/or its transport to
underground water systems. In arid environments, high temperatures may slow
down organic matter decomposition and mineral weathering, decreasing the
mobilization of radionuclides attached/sorbed to such particles. Increased erosion
by wind and water in both future arid and humid conditions may favour the
spatial distribution of radionuclides (higher dispersion, less concentrated on-site).

2.6 IMPACT OF RADIOACTIVE Se ON THE BIOSPHERE:
INSIGHTS FROM ECOLOGICAL MODELS
2.6.1 Bioaccumulation factors in aquatic and terrestrial
systems
There are several mathematical approaches used to simulate the biological uptake
and acute/chronic accumulation of trace elements in different environmental
compartments. These are essential tools for predicting worst-case scenarios
of potential intake of radionuclides into the biosphere in order to develop
management strategies to protect the environment and humans, especially
concerning potential external and internal exposure doses. This is particularly
important for radionuclide risk assessment where direct measurements are not
always available due to the lack of environmental evidence (e.g., case of 79Se).
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These models quantify the uptake of radionuclides by organisms through
concentration factors or bioaccumulation factors, and include the dynamic
transfer/retention within the organisms by taking into account the biological
half-lives of the elements (Beresford et al., 2015). Concentration factors account
for the relative concentration/activity of the radionuclide in the organism
compared to that present in the water (direct pathway) and/or the food (trophic
pathway).

Existing wildlife projects/models for risk assessment and management of
ionizing radiation as well as α/β-emitters (e.g., the ERICA/FREDERICA Tool,
the Ecopath-with-Ecosim model, the ENVIRHOM Program; Beresford et al.,
2008; Booth et al., 2020; Henner, 2008; Hosseini et al., 2008) mostly rely on
databases composed of known concentration factors from both field and
experimental conditions. Current databases show elevated concentration factors
for Se in many trophic levels of both aquatic and terrestrial organisms
(Table 2.3). Indeed, other radionuclides of radioecological relevance show lower
intakes. Such is the case for the ‘geochemical pair’ of Se, Te (e.g., ,700 L kg−1

in aquatic and ,1 L kg−1 in terrestrial systems), or the commonly followed 137Cs
and 131I (e.g., ∼102–103 L kg−1 in the aquatic and ∼10−2 L kg−1 in the terrestrial
system; Gil-Díaz, 2019). As expected, biomagnification patterns for Se can also
be discerned from these databases, particularly in marine environments
(Table 2.3). This means that, despite the expected, low environmental activities
of 79Se reaching the aquatic and terrestrial systems, organisms may accumulate
79Se and transfer it along the trophic chain. Nevertheless, these databases still
require further research regarding the assessment of 79Se as, for instance, there
are few studied groups in freshwater and brackish systems, occasionally equal
concentration factors are applied to different groups, and there are generally high
standard deviations, when specified (Table 2.3).

2.6.2 Human radiotoxicity: exposure pathways
and estimated doses
Within the aim of providing dose rates in realistic scenarios, important
advancements in radioecological studies have been achieved. Particularly after
the Fukushima Dai-ichi NPP accidental event, improvements in post-accidental
assessment were made in marine ecosystems for commonly followed
radionuclides, which have not yet been applied for 79Se (Beresford et al., 2015;
Booth et al., 2020; Vives i Batlle et al., 2018). Nevertheless, terrestrial models
including a comprehensive view of both element-dependent parameters (e.g.,
transfer factors and soil-plant distribution coefficients) and element-independent
parameters (e.g., irrigation, agricultural practices and human consumption rates)
have been developed and applied for 79Se. For instance, the BIOGEM model was
used to identify the main exposure doses for humans at five national geological
repositories (e.g., Kowe et al., 2005). Results suggested that, in general, the
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ingestion pathway is the dominating exposure route, particularly from drinking
water and food intake, related to national consumption habits.

It is difficult to precisely estimate the exposure doses from direct intake
of drinking water due to the site-specific conditions of each geological
repository and the nearby land use. For instance, estimated dose rates for a
potential contaminated well 20 km away from a given repository could start
showing detectable exposures to 79Se after ∼35000 y and reach maximum values
of 0.1 mSv y−1 after 100000 y (Magill et al., 2003). This dose rate is actually
equal to the total admissible effective dose allowed to be discharged from NPPs
in liquid and gas releases. It is also of the same order of magnitude as the world
average dose of 0.3 mSv y−1 for ingestion of natural radionuclides, and below
the admissible average doses of ∼1 mSv y−1 for exposure of the population to
background radiation. These comparisons imply a significant, but still acceptable
exposure from drinking water for this specific example, though not generalizable
and highly dependent on the specific case study. The impact of such estimations
could reach doses of concern depending on the activities released from the waste
repository and the annual intake of water. More refined predictions are still
required as the potential doses of mobile nuclides such as Se are generally largely
overestimated due to all the conservative assumptions related to lack of
knowledge (Grambow, 2008).

Concerning food consumption, examples of known transfer factors of Se for
human consumption of poultry, milk and eggs can be found in IAEA TRS 472.
Examples of simulations calculating the radiation effect of 79Se in humans from
contaminated seafood suggest non-negligible dose coefficients, particularly from
fish (1.7× 10−7 Sv m3 kg−1 Bq−1), crustaceans (1.4× 10−7 Sv m3 kg−1 Bq−1),
molluscs (1.7× 10−7 Sv m3 kg−1 Bq−1) and algae (2.8× 10−8 Sv m3 kg−1

Bq−1). These dose coefficients are comparable to estimations for 60Co, 119mSn,
121mSn, 129I, 131I, 226Ra, 227Ac, 232Th, 242Pu and 242mAm (Ganul et al., 2006).
These values are higher than the recommended values for ingestion pathways
from the International Commission on Radiation Protection (ICRP) using human
internal dose conversion factors for 79Se of 2.0× 10−9

–2.3× 10−9 Sv Bq−1

(Palattao et al., 1997). They are also higher than the effective dose allowed for
public ingestion of 79Se, ranging between 1.9× 10−8

–4.9× 10−8 Sv Bq−1

(Decree 783/2001). In these simulations, intakes of 79Se could reach levels of
significant concern in specific conditions. In specific scenarios for solubility
limited releases of radionuclides from a high-level nuclear waste repository in
Belgian Boom Clay, dose rates related to 79Se were ,10−5 Sv y−1 (e.g., from
vitrified waste and spent fuel after .150000 y; Hoving, 2018; NIROND, 2001;
Yu & Weetjens, 2016). Estimated internal doses for CANDU fuel in a conceptual
clay-based backfill and a plutonic host rock are much lower, falling in the range
of 10−11

–10−7 Sv y−1 (e.g. Johnson et al., 1996). Therefore, further research
should aim at reducing conservative assumptions in order to proceed towards
more realistic descriptions of the Se distribution in the environment.
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This knowledge should serve to locate optimal disposal sites and waste management
strategies.

Concerning external exposure routes due to proximity to radioactive releases,
simulated maximum annual doses for 79Se vary depending on the fuel type, the
host rock, and the environmental scenario considered. For granite rock
repositories in Sweden, the annual dose of 79Se to the geosphere has been shown
to be four orders of magnitude below the local annual limit of 0.15 mSv
(TR-99-06). In general, external exposure routes of 79Se are not expected to be
critical, though the chemistry of Se in these simulations still has to be refined.

2.7 CONCLUSIONS
Selenium is known to show a mobility and bioavailability in the environment which
is dependent on the chemical species. The only radioactive isotope of concern for the
environment (79Se) is expected to be released in the long-term (.104 y) from deep
geological nuclear waste repository sites in relatively low concentrations. These
radioactive releases may be subjected to more or less complex transformations,
showing a characteristic, site-specific behaviour according to the multiple
chemical forms in which Se may exist in each environmental compartment.
Dispersion scenarios for nuclear risk assessment are still developing and require
the complementary information provided by environmental studies on stable Se
and experimental studies using stable Se or benefiting from use of the radiotracer,
75Se. Existing analytical challenges such as polyatomic and isobaric interferences
encountered when quantifying stable isotopes of Se in environmental samples
may be overcome more easily nowadays with new generation ICP-MS.
Biological studies suggest a potentially relevant intake of Se by organisms,
particularly in aquatic systems. In any case, the incorporation of 79Se into the
biogeochemical cycle of Se implies that, in the far future the highest radioactive
doses to humans are expected to be linked to internal exposure pathways,
whereas the external exposure pathway will contribute with very low doses of
79Se, eventually becoming part of the environmental radioactive background.
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Chapter 3

Microbial reduction of selenium
oxyanions: energy-yielding and
detoxification reactions

Silvia Lampis and Giovanni Vallini

3.1 INTRODUCTION
Selenium (Se), a semi-metallic chemical element in the oxygen group (group 16
[VIa]) of the periodic table, can be beneficial – even essential in some instances –
for microbes and animals, including humans, when present at a suitable
concentration, whereas no essential Se requirement has been shown for higher
plants (Lenz & Lens, 2009; Winkel et al., 2015). Se is an essential trace element
required for the biosynthesis of seleno-amino acids such as selenocysteine
(Se-Cys) (Bock et al., 1991; Gromer et al., 2005) and selenomethionine (Se-Met,
the major dietary form) (Schrauzer, 2000). These are potent antioxidants as well
as a source of Se for the synthesis of Se-dependent antioxidant and repair
proteins such as glutathione peroxidases, thioredoxin reductases, and methionine
sulfoxide reductases (Flohe et al., 1973; Kim & Gladyshev, 2007; Mustacich &
Powis, 2000; Zoidis et al., 2018). Multiple selenoproteins have been identified
in eukaryotes, ranging from yeasts (Tastet et al., 2008) to humans (Papp et al.,
2018), but Se is also found in prokaryotic proteins such as formate
dehydrogenase from Methanococcus jannaschii (Jones et al., 1983)
formylmethanofuran dehydrogenase from Methanopyrus kandleri (Vorholt et al.,
1997), and thiol/disulfide oxidoreductase from Geobacter sulfurreducens
(Kryukov & Gladyshev, 2004).
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Although Se is an essential mineral element, there is a very narrow window
between necessary and toxic concentrations. The oxyanions selenite (SeO 2−

3 )
and selenate (SeO 2−

4 ) are the primary Se species found in oxic environments.
They are highly soluble and bioavailable, which makes them toxic at low
concentrations in the parts per million range (Lenz & Lens, 2009; Nancharaiah
& Lens, 2015). Selenite is the more toxic of the two species (Frankenberger &
Engberg, 1998). This makes it imperative to understand how the distribution of
Se in the environment is controlled. Such an understanding will lead to
efficient strategies for the detoxification of environmental matrices
contaminated with Se, including soil, sediment, surface water, groundwater
and wastewater.

Selenium behaves chemically in a similar manner to sulfur (S). Both Se and S
can exist in the 2−, 0, 4+ and 6+ oxidation states and can therefore form
structurally analogous compounds, although those containing Se are more toxic
because Se has a lower electronegativity than S and forms weaker bonds
(Whitham, 1995). The concentration, speciation and association of Se in a
given habitat depends on the pH and redox conditions, the solubility of Se
salts, the complexing ability of soluble and solid ligands, biological
interactions, and reaction kinetics. Redox transformations that occur in natural
systems can increase or decrease the mobility and bioavailability of Se, and
can involve both chemical and biotic mechanisms (Myneni et al., 1997; Zhang
et al., 2004b).

Prokaryotic and eukaryotic microbes play a prominent role in the
biogeochemical cycle of Se by performing both oxidation and reduction reactions
(Nancharaiah & Lens, 2015; Ojeda et al., 2020). Se metabolic transformations
have been reported in all domains of life – Bacteria (Böck, 2001), Archaea (Bini,
2010), and Eukarya (Rayman, 2012) – as well as in viruses (Shisler et al., 1998).
Microbes can transform Se oxyanions via assimilatory or dissimilatory reduction
mechanisms as well as alkylation/dealkylation and oxidation reactions (Ojeda
et al., 2020). The main bacterial mechanisms of selenate and selenite reduction
are shown in Figure 3.1.

Assimilatory reduction refers to the incorporation of Se into seleno-amino acids,
whereas dissimilatory reduction primarily involves the anaerobic respiration of
selenite or selenate for energy production. If the reduction of Se oxyanions occurs
in the absence of energy generation, it is interpreted as a detoxification
mechanism. Prokaryotes can use selenite and selenate as terminal electron
acceptors, resulting in the formation of insoluble, nanostructured elemental Se0

(Stolz & Oremland, 1999). Some bacteria and fungi can also reduce Se
oxyanions to Se0 under aerobic or microaerophilic conditions as a detoxification
reaction (Tejo Prakash et al., 2009) or, in phototrophic bacteria, as a redox
homeostasis mechanism (Kessi et al., 1999).
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3.2 SELENIUM OXYANIONS AS FINAL ELECTRON
ACCEPTORS IN BACTERIAL ENERGY METABOLISM
Bacterial strains that support their growth by using selenate and/or selenite for
respiration under anaerobic/anoxic conditions are known as selenium-respiring
bacteria (Nancharaiah & Lens, 2015). The reduction potentials, under standard
conditions, for the couples SeO 2−

4 /SeO 2−
3 and SeO 2−

3 /Se0 are +0.48 and
+0.21 V, respectively. This is lower than the potential required for nitrate
reduction (NO −

3 /N2) but much higher than that required for sulfate reduction
SO 2−

4 /SO 2−
3 . The free energies for the reduction of selenate and selenite

coupled to H2 oxidation are (Newman et al., 1998; Stolz & Oremland, 1999):

1/2 SeO 2−
4 + 1/2 H+ + 1/2 H2 � 1/2 HSeO −

3 + 1/2 H2O

DG′ − 15.53 kcal/mol e− (3.1)

Figure 3.1 The dissimilatory reduction of selenate and selenite by anaerobic
respiration (or other energy uncoupled reactions) and selenium detoxification
mechanisms in bacteria. Abbreviations: CW cell wall; (CH3)2-Se dimethylselenide;
DSeR dissimilatory selenate reductase; FDh fumarate reductase; GS-Se-SG
selenodiglutathione; GS-SeH selenoglutathione; OM outer membrane; PM plasma
membrane; REnz reductase enzyme; seRedn selenite reductase.
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1/4 HSeO −
3 + 1/4 H+ + 1/2 H2 � 1/4 Se0 + 3/4 H2O

DG′ − 8.93 kcal/mol e− (3.2)
The reduction of selenate, therefore, occurs at a slightly lower redox potential than
that required for nitrate reduction but at a higher redox potential than sulfate
reduction. Thermodynamic values show that selenate reduction is energetically
favorable for microorganisms and can thus provide a significant mechanism for
certain bacteria to conserve energy in natural environments.

The dissimilative reduction of selenate to Se0 was first reported in sediment
slurry experiments (Oremland et al., 1989). The complete reduction of millimolar
concentrations of selenate into quantitative levels of Se0 was observed under
anaerobic conditions. It was accelerated in the presence of H2 or acetate but
inhibited by autoclaving or in the presence of O2, NO

−
3 or MnO2, but not by

sulfate. The dissimilative reduction of selenate was clearly shown to occur
independently of sulfate, indicating that the Se and S biogeochemical cycles are
not related. Subsequently, enriched cultures from agricultural drainage waters in
the San Joaquin Valley (California, USA) yielded two bacterial strains that
metabolized Se in axenic cultures (Macy et al., 1989). One was a strain named
Pseudomonas sp. AX that reduced selenate to selenite by respiration, and the
other was a strictly anaerobic, Gram-positive, rod-shaped bacterium (strain E)
that reduced selenite to Se0 under anaerobic growth conditions.

Further studies have identified other prokaryotes that can use selenate and/or
selenite as final electron acceptors for dissimilative reduction, including
phylogenetically diverse groups of Gram-positive and Gram-negative bacteria as
well as archaea (Oremland & Stolz, 2000; Stolz et al., 2002). This indicates that
Se respiration is a widespread phenomenon.

3.2.1 Bacterial selenate respiration
Bacterial selenate respiration requires the sequential reduction of the Se oxyanions
selenate and selenite, resulting in the precipitation of red-colored Se0 and the
formation of Se nanostructures. The overall process for the biological reduction
of selenate to Se0 is described by two sequential reactions (Debieux et al., 2011;
Nancharaiah & Lens, 2015):

SeO 2−
4 + 2e− + 2H+ � SeO 2−

3 + H2O (3.3)
SeO 2−

3 + 4e− + 6H+ � Se0 + 3H2O (3.4)
The respiration of Se oxyanions to Se0 is followed by the formation of Se
nanostructures. Selenate respiration is driven by metalloproteins that utilize
cofactors containing iron and molybdenum, and this has been well described in a
few model bacterial strains (Butler, 2012). Analysis of the processes concerning
the formation of Se nanostructures is widely discussed elsewhere (see Chapter 10).
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Multiple bacterial strains are capable of respiring selenate under anaerobic
conditions. These have mainly been sourced from aquifers with high levels of Se
pollution and were isolated in selenate respiration enrichment cultures. They
mainly represent the phyla Proteobacteria, Firmicutes and Chrysiogenetes
(Table 3.1). Different organic substrates can serve as electron donors in the
respiratory conversion of selenate to Se0 (Narasingarao & Häggblom, 2007a;
Stolz & Oremland, 1999). Both H2 and methane can drive the reduction of
selenate under anaerobic conditions (Haroon et al., 2013; Orphan et al., 2001;
Shi et al., 2020; Stolz & Oremland, 1999). Gammaproteobacteria isolated via
enrichment cultures from sediments of Arthur Kill and the Kesterson Reservoir
(San Joaquin Valley, California, USA) were also found to be capable of selenate
respiration while using aromatic compounds such as benzoate,
3-hydroxybenzoate or 4-hydroxybenzoate as a carbon source (Knight et al., 2002).

Thauera selenatis AXT was isolated from the Se-contaminated drainage waters
of the San Joaquin Valley and was initially classified as the first member of a
new species of β-Proteobacteria: T. selenatis sp. (Macy et al., 1993). T. selenatis
AXT was found to grow under anaerobic conditions using selenate as the sole
electron acceptor. Moreover, it could simultaneously reduce both selenate and
nitrate, thus indicating that distinct reductases were acting on each substrate
(Rech & Macy, 1992). However, it was unable to use selenite as a final electron
acceptor. The T. selenatis AXT selenate reductase (Ser) was purified and
characterized. It is a soluble metalloenzyme, located in the periplasmic space, that
possesses both iron and molybdenum redox centers (Shröder et al., 1997). Ser is
a trimeric complex of the proteins SerA, SerB and SerC. A fourth component
(SerD) is a cytoplasmic chaperone probably involved in the insertion of the
molybdenum cofactor into the catalytic subunit SerA. SerB is an iron-sulfur
protein which transfers electrons from SerC to SerA, whereas SerC is a
cytochrome b. Electron paramagnetic resonance (EPR) spectroscopy revealed that
SerA and SerB contain cysteine-rich motifs (Dridge et al., 2007). The
cysteine-rich motif in SerA is proposed to bind a [4Fe–4S] iron–sulfur cluster,
whereas the multiple cysteine-rich motifs in SerB are predicted to bind one [3Fe–
4S] and three [4Fe–4S] iron–sulfur clusters. The reduction of selenate to selenite
requires the transfer of two electrons from quinole (QH2) and the presence of a
cytochrome c4 protein (Lowe et al., 2010). The mechanism of electron transfer to
periplasmic cytochrome c4 is proposed to involve both quinol cytochrome c
oxidoreductase (QCR) and quinol dehydrogenase (QDH). A periplasmic nitrite
reductase may be involved in the reduction of selenite into Se0 under anaerobic
conditions (DeMoll-Decker & Macy, 1993). However, once selenite has passed
the cytoplasmic membrane it can be reduced to Se0 via a thiol-mediated
mechanism that probably involves glutathione (GSH) (Debieux et al., 2011). The
protein SefA, isolated from the spent medium of T. selenatis AXT grown under
aerobic conditions, was shown to be involved in the stabilization of the Se0
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nanostructures by preventing aggregation and may also help in the secretion of these
structures from the cell (Butler, 2012; Debieux et al., 2011).

Enterobacter cloacae SLD1a-1 was isolated from freshwater samples from the
San Luis Drain (California, USA). It is a facultative anaerobe that can use nitrate
and selenate as terminal electron acceptors during anaerobic growth (Losi &
Frankenberger, 1997). Selenate reduction is catalyzed by a membrane-associated
reductase (Ser), and is followed by rapid expulsion of the Se0 particles.
Moreover, the strain was shown to reduce selenate and selenite under either
anaerobic or aerobic conditions with no induction or conditioning process
necessary, and the concomitant reduction of nitrate, selenate and selenite was also
confirmed. The membrane-associated Ser protein is a molybdenum-dependent
selenate reductase expressed under both aerobic and anaerobic conditions, with
the catalytic site facing the periplasmic compartment (Watts et al., 2003). The
protein is selective for selenate and cannot reduce nitrate. Unlike T. selenatis
AXT Ser, E. cloacae SLD1a-1 Ser is unable to support bacterial growth, and may
instead be used for detoxification, in accordance with the location of the active
site, enabling the bacterium to protect itself against elevated levels of both
selenate and the reduction product selenite (Watts et al., 2003). Isolation and
characterization of the enzyme revealed that it is a heterotrimeric complex (αβγ)
with an apparent molecular mass of ∼600 kDa containing molybdenum, heme,
and non-heme iron as prosthetic constituents and cytochrome b in the active
complex (Ridley et al., 2006).

Citrobacter freundii RLS1 (class ɣ-Proteobacteria, family Enterobacteriaceae)
is similarly proposed to achieve the dissimilative reduction of selenate to Se0 via the
formation of selenite. This strain, isolated from a Se-contaminated sediment from
the New River (California, USA), can grow on selenate as a final electron
acceptor under microaerophilic conditions and starts to reduce selenate once O2 is
depleted in the medium, resulting in the formation of amorphous red selenium
(Zhang et al., 2004a, b). Genome sequencing and functional annotation suggested
that selenate reduction is mediated by a membrane-bound metalloenzyme with a
molybdenum cofactor, regulated by the FNR protein (fumarate nitrate reduction)
that monitors the availability of oxygen in the cytoplasm. FNR also regulates
selenate reductase in E. cloacae SLD1a-1 (Yee et al., 2007). Genes for selenate
reductase in the C. freundii genome are organized in the ynfEGHdmsD operon,
which is induced by the FNR protein under anaerobic conditions. Once bound to
the molybdenum cofactor, the selenate reductase protein folds into the
appropriate conformation and anchors onto the inner membrane with the active
site of the YnfE subunit facing the periplasmic compartment. Electrons are
transferred from the menaquinone pool to YnfE via the iron–sulfur protein YnfG,
allowing the reduction of selenate to selenite (Theisen & Yee, 2014).

The Gram-negative, strictly anaerobic bacterial strain Sulfurospirillum barnesii
SES-3 was isolated from a freshwater marsh in the Stillwater Wildlife
Management Area of western Nevada (USA), using a selenate respiration
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enrichment culture (Oremland et al., 1994). This strain was shown to convert
selenate to selenite by dissimilative reduction under anaerobic conditions coupled
with the oxidation of lactate to acetate and CO2. No growth was observed on
selenite, but cell suspensions readily reduced selenite to Se0 with a final
conversion of ∼5% of the initial selenate. S. barnesii SES-3 can therefore achieve
the complete reduction of selenate to Se0 and can utilize selenate as final electron
acceptor to support growth (Stolz et al., 1999).

Four different species of Proteobacteria capable of dissimilatory selenate
reduction were isolated by selenate respiration enrichment cultures from a variety
of sources, including sediments from three different water bodies in Chennai
(India) and a tidal estuary in New Jersey (USA) (Narasingarao & Häggblom,
2007a). Pelobacter seleniigenes KMT is a strict anaerobe isolated from Kearny
Marsh, a New Jersey wetland system. It was classified as a novel species of the
class δ-Proteobacteria due to unique physiological and taxonomic characteristics
(Narasingarao & Häggblom, 2007b). The stoichiometric respiration of selenate to
Se0 involves the use of acetate as the electron donor and carbon source. Selenate
reduction is followed by a transient accumulation of selenite, which is eventually
reduced to Se0, resulting in the production of a bright red precipitate. The
utilization of 5.4 mM acetate was accompanied by the reduction of 7.3 mM
selenate to 4.6 mM selenite and 2.7 mM Se0. Interestingly, this strain can also
ferment short-chain organic acids, such as pyruvate, citrate and lactate.
Selenate-respiring cultures produce abundant Se0 granules which are closely
associated with the cells (Narasingarao & Häggblom, 2007b). Ferrimonas
futtsuensis FUT3661T and Ferrimonas kyonanensis Asr22-7T are facultative
anaerobic, selenate-reducing chemo-organotrophs of the class ɣ-Proteobacteria,
isolated from sediments and littleneck clams (Ruditapes philippinarum),
respectively, collected from the coast of Tokyo Bay (Japan). They can both
reduce selenate by using it as a final electron acceptor coupled with lactate
oxidation, resulting in the appearance of orange-to-red precipitates representing
insoluble Se0 (Nakagawa et al., 2006). Sedimenticola selenatireducens AK4OH1
is a strict anaerobe isolated from estuarine sediments. The reduction of selenate is
followed by the stoichiometric accumulation of selenite and the formation of red
colonies due to the precipitation of Se0. This strain has the unique ability to
oxidize aromatic acids such as benzoate, 4-hydroxybenzoate and
3-hydroxybenzoate coupled to selenate respiration (Narasingarao & Häggblom,
2006).

Bacillus selenatarsenatis SF-1 is a Gram-positive species that was isolated from
Se-rich sediment collected in an effluent drain that had received contaminated
discharge from a glass-manufacturing plant (Fujita et al., 1997). Also this strain
uses selenate as a terminal electron acceptor coupled with the oxidation of lactate
(Kuroda et al., 2011; Yamamura et al., 2007). Selenate is reduced to Se0 through
the intermediate selenite (Fujita et al., 1997; Kashiwa et al., 2000). The strain can
reduce selenate at concentrations up to 20 mM, but the reduction of selenate to
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selenite is faster than the subsequent reduction of selenite to Se0 (Kashiwa et al.,
2000). This strain can reduce nitrate to nitrite and arsenate to arsenite under
anaerobic conditions as well. In a laboratory-scale continuous bioreactor, the
strain removed selenate from synthetic wastewater (41.8 mg Se/L) in the
presence of excess lactate as the carbon and energy source. The bioreactor was
operated with a cell retention time between 2.2 and 95.2 h. At short cell retention
times selenate was removed, but accumulation of selenite was observed. At long
cell retention times soluble selenium was reduced to Se0 (Fujita et al., 2002).

The selenate reductase SrdBCA from Bacillus selanatarsenatis SF-1 has been
isolated and characterized as a membrane-bound, trimeric, molybdopterin-
containing oxidoreductase (Kuroda et al., 2011). The mechanism of selenate
reduction to selenite involves the shunting of an electron pool from the quinole
QH2 to selenate via the SrdC, SrdB and SrdA subunits. QH2 is oxidized to
quinone by SrdC, releasing two protons outside the cell membrane and
transferring two electrons to SrdB. These electrons pass through the [4Fe–4S]
clusters of SrdB and transfer to the [4Fe–4S] cluster of SrdA, and selenate then
receives the electrons via the molybdenum cofactor.

Bacillus arsenicoselenatis strain E1H is a strictly anaerobic, spore-forming
bacterium isolated from the anoxic muds of the alkaline, hypersaline, and
arsenic-rich Mono Lake in California (USA). It converts arsenate to arsenite
and selenate to selenite with the concomitant oxidation of lactate to acetate and
CO2 (Switzer-Blum et al., 1998). Similarly, Selenihalanaerobacter shriftii
DSSe-1 is an obligate anaerobic halophilic bacterium from the Dead Sea that
can grow via the respiration of selenate to selenite plus Se0 and the
concomitant oxidation of glycerol or glucose to acetate and CO2 (Blum et al.,
2001). Desulfuribacillus stibiiarsenatis MLFW-2T, isolated from anoxic
sediments collected from the drainage area of a geothermal spring near Mono
Lake, can grow anaerobically by using both selenate and selenite as final
electron acceptors and using lactate, pyruvate, formate or H2 as electron donors
(Abin & Hollibaugh, 2017).

3.2.2 Bacterial selenite respiration
Although selenite respiration plays an important role in the Se biogeochemical
cycle, it has received much less attention than selenate respiration. Three bacterial
strains have been shown to reduce selenite to Se0 under anaerobic conditions,
using selenite as the final electron acceptor for respiration (Table 3.1): Bacillus
selenitireducens MLS10 (Switzer-Blum et al., 1998), Bacillus beveridgei
MLTeJB (Baesman et al., 2009) and Desulfurispirillum indicum S5
(Rauschenbach et al., 2011). Bacillus selenitireducens MLS10 is a Gram-positive
haloalkaliphilic bacillus isolated from Mono Lake, and was the first bacterial
strain shown to grow rapidly via the respiration of selenite (Switzer-Blum et al.,
1998). A putative respiratory selenite reductase (Srr) was characterized by
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combined biochemical, genomic and proteomic analysis, identifying the protein as a
member of the complex iron–sulfur molybdoenzyme (CISM) family (Wells et al.,
2019). The 80 kDa catalytic subunit (SrrA) is a periplasmic complex with one
putative 4Fe–4S binding site and specificity for selenite as an electron acceptor,
with no activity in the presence of arsenate, selenate, or thiosulfate. The Km for
selenite was 145 (+ 53) μM, much higher than the values reported for other
selenium oxidoreductases. Genomic analysis revealed the presence of an operon
containing six genes (srrE, srrA, srrB, srrC, srrD, and srrF). In addition to the
catalytic subunit SrrA, the operon coded for a small electron transfer subunit
(SrrB, 17.7 kDa) with four putative 4Fe–4S binding sites, an anchoring subunit
(SrrC, 43 kDa), a chaperone (SrrD, 24 kDa) and two rhodanese domain-
containing proteins (SrrE, 38 kDa; and SrrF, 45.6 kDa).

Bacillus beveridgei MLTeJB is a facultative anaerobe isolated from Mono Lake
sediment by a tellurite enriched culture. This strain can use multiple electron
acceptors to grow under anaerobic conditions, including tellurite, tellurate,
selenite, selenate, nitrite, nitrate and arsenate. The strain achieves the complete
reduction of selenite to Se0 plus selenide over an incubation period of 25 days,
coupling selenite reduction with lactate oxidation to acetate and formate
(Baesman et al., 2009).

Desulfurispirillum indicum S5T is a strictly anaerobic strain isolated from the
sediment of an estuarine canal in Chennai (India), based on its ability to reduce
selenate and selenite to Se0. In addition to Se oxyanions, this strain also achieves
the dissimilatory reduction of arsenate and nitrate coupled with the oxidation of
pyruvate, lactate and acetate (Rauschenbach et al., 2011).

3.3 STRATEGIES FOR THE DETOXIFICATION OF
SELENIUM OXYANIONS IN BACTERIA
Reduction chemistry may provide a basic level of resistance to particular elements
and compounds in the environment (Avazeri et al., 1997). Indeed, the most
widespread mechanism of selenate/selenite detoxification is its reduction to
insoluble Se0 and subsequent precipitation, producing extracellular or
intracellular particles that may be deposited in the cytoplasm or on the cell wall
or membrane to form Se nanostructures (Zannoni et al., 2008). This process
occurs under both aerobic and anaerobic conditions and is generally more rapid
for selenite than selenate.

The reduction of selenate/selenite by bacteria may involve (1) specific or
non-specific enzymes, mainly periplasmic or cytosolic oxidoreductases that
function under anaerobic or aerobic growth conditions; (2) reaction with thiols
via the so-called Painter-type reaction; and (3) interactions with siderophores
such as pyridine-2,6-bisthiocarboxylic acid (PDTC).
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3.3.1 Enzymatic detoxification
Various enzymatic systems may be involved in the reduction of selenate/selenite to
Se0, including sulfate, sulfite, nitrate, nitrite and fumarate reductases. For example, a
nitrite reductase may be responsible for selenite reduction under anaerobic
conditions in T. selenatis AXT, because mutants lacking this activity are unable
to reduce either nitrite or selenite (DeMoll-Decker & Macy, 1993). Similarly,
Rhizobium sullae HCNT1 was shown to reduce millimolar concentrations of
selenite using a copper-containing nitrite reductase (Nir) (Basaglia et al., 2007).
The periplasmic nitrate reductase NapA or the cytoplasmic nitrate reductases
NarGHIJ and NarZUWV may be responsible for the reduction of selenate to
selenite in Escherichia coli (Avazeri et al., 1997).

Shewanella oneidiensis MR-1 possesses multiple respiration reductases and can
therefore reduce a wide range of electron acceptors. By exploiting its broad
respiratory ability, MR-1 can survive in different environments and shows high
resistance to different toxic compounds. S. oneidiensis MR-1 mutants lacking
different reductase activities were tested for their ability to reduce selenite. This
revealed that fumarate reductase (FccA) is involved in selenite reduction under
anaerobic conditions. The authors tested mutants lacking periplasmic terminal
reductases, namely nitrate reductase (NapA), nitrite reductase (NrfA) or fumarate
reductase (FccA), as well as mutants deficient for individual genes encoding Mtr
proteins, the periplasmic mediators of anaerobic extracellular respiration (Li
et al., 2014). The analysis of ΔnapB and ΔnrfA mutants revealed that neither
nitrate reductase nor nitrite reductase contributed to selenite reduction in S.
oneidensis MR-1, nor did the extracellular respiratory proteins. Conversely,
selenite reduction by mutant ΔfccA was severely suppressed, with a 60% decrease
in activity within the initial 12 h of selenite exposure. The cytoplasmic
membrane-anchored cytochrome CymA was shown to bridge electron transfer
from the quinone pool to several respiratory reductases during anaerobic
respiration, including the fumarate reductase FccA. The authors therefore
proposed a mechanism in which FccA catalyzes selenite reduction and CymA
shunts electrons from the quinol pool to FccA (Li et al., 2014). It seems that
anaerobic selenite reduction in S. oneidiensis MR-1 does not support growth, but
is instead a mechanism to detoxify the bacterial environment to prevent selenite
uptake (Li et al., 2014; Nancharaiah & Lens, 2015). The reduction of selenite
under anaerobic conditions not coupled to growth has also been reported for
Veilonella atypica. In this case, the formation of Se0 and selenide was observed
in bacterial cultures exposed to selenite and supplied with the extracellular
electron shuttle anthraquinone-2,6-disulphonate (AQDS), suggesting that selenite
reduction was achieved via a hydrogenase-coupled reduction, mediated by
ferredoxin (Pearce et al., 2009).

In the case of Alishewanella sp. WH16-1, a facultative anaerobe from mining
soil, a novel aerobic selenite reductase was identified, named chromate selenite
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reductase flavoenzyme (CrsF). This flavoprotein, with 37% identity to E. coli
chromate reductase (ChrR), is able to reduce selenite or chromate in vitro, as well
as sulfate and ferric anions, using NADPH as a cofactor (Xia et al., 2018). An
interesting study of selenate and selenite reduction under aerobic conditions in
the obligate aerobic bacterium Comamonas testotsteroni S44 revealed evidence
that selenate is reduced via the sulfate reduction pathway (Tan et al., 2018). The
strain was first isolated from a metal-polluted site and was shown to transform
both selenite and selenate to Se0, resulting in the formation of intracellular Se
nanostructures (Zheng et al., 2014). Transposon mutagenesis experiments
revealed that the Cys regulon transcriptional activator CysB (involved in sulfur
metabolism and responsible for regulating cysteine anabolism) is involved in the
reduction of selenate to Se0 (Tan et al., 2018). The authors also identified an
aerobic selenite reductase (SerT), a member of the molybdenum-containing
sulfite oxidase family localized in the periplasmic space. This concurred with
electron microscopy results showing the presence of Se nanoparticles in the
cytoplasm when C. testosteroni was exposed to selenate, but in the periplasm
when it was exposed to selenite (Tan et al., 2018).

Under anaerobic conditions, several bacterial strains have been shown to reduce
both selenate and selenite in the cytoplasm or periplasm without using them as final
electron acceptors for respiration, including Desulfovibrio desulfuricans DSM1924
(Tomei et al., 1995) and Wolinella succinogenes (Tomei et al., 1992). D.
desulfuricans DSM1924 can grow in the presence of 10 mM selenate or 0.1 mM
selenite by using sulfate or fumarate as an electron acceptor and formate as an
electron donor. It can reduce both selenate and selenite to Se0, resulting in the
precipitation of Se deposits in the periplasm and cytoplasm, respectively.
Wolinella succinogenes can grow in the presence of 10 mM selenate or 0.1 mM
selenite by using fumarate as an electron acceptor and formate as an electron
donor, but only after an adaptation step with sublethal doses of Se oxyanions.

3.3.2 Thiol driven reactions
3.3.2.1 Reaction mechanisms
The reduction of selenite to Se0 is mediated by reaction with thiols. Painter (1941)
studied the chemical reaction of selenite with thiol groups and was the first to
demonstrate the formation of selenium disulfides (RS-Se-SR) through the
following reaction (Equation. 3.5):

4RSH+ H2SeO3 � RS−Se−SR+ RSSR+ 3H2O (3.5)
Ganther (1971) investigated the reaction of selenite with the thiol-containing
molecule glutathione (GSH), the most abundant thiol found in eukaryotic cells,
cyanobacteria, and the bacterial phylum Proteobacteria. The reaction of selenite
with GSH was shown to form an intermediate (Se-diglutathione) that provides an
excellent substrate for glutathione reductase, with Km and Vmax values
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comparable to those of GSH itself. The reaction of Se-diglutathione with NAD(P)H
glutathione reductase leads to the formation of a highly unstable product, the
selenium persulfide anion GS-Se− (Equation 3.6). Ganther (1971) also suggested
that the persulfide anion reverted quickly to elemental Se0 as shown in
(Equation 3.7):

GS−Se−SG+ NAD(P)H � GSH+ GS−Se− + NAD(P)+ (3.6)
GS−Se− + H+ � Se0 + GSH (3.7)

Kessi and Hanselmann (2004) proposed a modification of (Equation 3.5) which
leads to the formation of a superoxide anion (Equation 3.8). This was based on
the comparison of the abiotic (chemical) reduction of selenite by glutathione and
a reaction mediated by Rhodospirillum rubrum and E. coliwhen exposed to selenite.

6GSH+ 3SeO 2−
3 + 4H+ � 3GSSeSG+ 2O −

2 + 5H2O (3.8)
Superoxide anions are removed from biological systems by superoxide

dismutase (SOD) and catalase to protect cells from oxidative stress, explaining
the induction of two types of SOD in E. coli grown in the presence of selenite
(Bébien et al., 2002). Thiol-containing biomolecules other than glutathione may
also be involved, such as the reduction of selenite and Se-diglutathione by the
thioredoxin system of E. coli (Björnstedt et al., 1992). The authors proposed that
Se-diglutathione is reduced by thioredoxin that is in turn reduced by
NADPH-dependent thioredoxin reductase to regenerate reduced thioredoxin as
shown below (Equations 3.9 and 3.10) (Björnstedt et al., 1992; Kumar et al., 1992):

Trx(SH)2 + GS−Se−SG � Trx−S2 + GSH+ GS−Se− + H+ (3.9)
Trx−S2 + NADPH+ H+ � Trx(SH)2 + NADP+ (3.10)
The selenite reaction mechanism proposed by Kessi and Hanselman (2004) may

therefore involve three steps: an abiotic step in which selenite is transformed into
Se-diglutathione with the concomitant release of reactive oxygen species (ROS)
as reported in (Equation 3.8), an enzymatic step in which NAD(P)H-dependent
reductases such as glutathione or thioredoxin reductases lead to the production of
the unstable persulfide anion via (Equation 3.6), and finally the abiotic formation
of Se0 via (Equation 3.7). The initial reducing power is thereby restored by
regenerating six molecules of GSH.

3.3.2.2 Microbial strategies for thiol based Se detoxification
3.3.2.2.1 Gram negative bacteria

Several bacterial strains have been identified and characterized for their ability to
reduce selenite into Se0 under either anaerobic or aerobic conditions using thiols.
A well-documented case is Stenotrophomonas maltophilia SeITE02, a bacterial
isolate obtained from the rhizosphere of the Se-hyperaccumulating legume
Astragalus bisulcatus grown on a seleniferous soil. This strain can survive
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exposure to 50 mM selenite and can reduce up to 2.0 mM selenite in 48 hours after a
conditioning step, with the concomitant formation of Se0 nanostructures (Di
Gregorio et al., 2005). These structures were initially localized in the cytoplasmic
fraction, but later also accumulated in the extracellular space (Di Gregorio et al.,
2005; Lampis et al., 2017).

It remains largely unclear how Se0 nanostructures reach the extracellular space.
One potential release mechanism is cell lysis, because Se0 nanostructures have been
detected by electron microscopy in the spent medium close to cell ghosts (Di
Gregorio et al., 2005; Lampis et al., 2017). This hypothesis was also proposed
for Desulfovibrio desulfuricans exposed to selenate and selenite (Tomei et al.,
1995). More recently, S. maltophilia SeITE02 cells grown in defined medium
supplied with glucose or pyruvate as carbon sources and exposed to selenite were
found to generate membrane vesicles that surrounded the extracellular Se0

nanostructures, indicating that such vesicles might play a key role in the excretion
of Se0 nanostructures into the extracellular environment (Piacenza et al., 2018)
(Figure 3.2). The export of Se0 nanostructures has already been proposed for
other bacterial strains, including R. rubrum and T. selenatis AXT (Debieux et al.,
2011; Kessi et al., 1999).

Figure 3.2 Selenite transformation reactions in Stenotrophomonas maltophilia
SeITE02. Once inside the cell, selenite is reduced in the cytoplasmic compartment
to form Se0 nanostructures such as nanoparticles (SeNPs). These are exported via
a release mechanism based on cell lysis or by an unknown active process. Se0

nanostructures are surrounded by an organic coating composed mostly of proteins
and/or extracellular polymeric substances (EPS).
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Combined biochemical, physiological and proteomic analysis revealed that S.
maltophilia SeITE02 does not use nitrite reductase for the reduction of selenite,
but there is evidence these two oxyanions may share the same transport system
(Antonioli et al., 2007). Moreover, in vitro enzymatic assays demonstrated that
selenite reduction occurs in the cytoplasmic fraction and the enzyme is NAD(P)
H-dependent. Afterwards, growth tests in the presence of the GSH synthesis
inhibitor S-n-butyl homocysteine sulfoximine suggested that GSH is involved in
the first-stage response of the cells to selenite exposure. Proteomic analysis
revealed that the main functional classes of proteins upregulated by exposure to
either selenite or nitrite are those related to damaged-protein catabolism, DNA
metabolism and cell division, as well as oxidative stress responses. Interestingly,
selenite seems to strongly induce the expression of at least two different
GSH-related enzymes (glutamate-cysteine ligase and GSH synthetase) that are
responsible for the biosynthesis of GSH in prokaryotes. Selenite reduction via
glutathione was also proposed for Ochrobactrum sp. MPV1, isolated from an
arsenopyrites dump. This strain can survive exposure to 80 mM selenite and
accumulates intracellular Se0 nanostructures mainly in the cytoplasm (Zonaro
et al., 2017).

The mechanism of selenite reduction has also been investigated in
methane-oxidizing bacteria such as Methylococcus capsulatus (Bath), which are
capable of the methane-driven conversion of selenite to Se0 nanoparticles and
methylated selenium species (Eswayah et al., 2017). Chromatographic and
spectroscopic analyses of M. capsulatus (Bath) cells exposed to selenite in the
presence of methane to allow the formation of Se0 nanoparticles, indicated that
methylselenol (CH3SeH) is the key intermediate in the reduction of selenite into
methylated Se (Equations 3.11 through 3.13) and Se-S species, as well as Se0

nanostructures (Eswayah et al., 2019):

GS−Se−SG+ GSH � GS−SeH+ GSSG (3.11)

GS−SeH+ CH +
3 + H+ � CH3−SeH+ GSH (3.12)

CH3−SeH+ CH +
3 � (CH3)2−Se (3.13)

3.3.2.2.2 Gram positive bacteria

A different mechanism of selenite reduction may occur in Gram-positive bacteria,
which are unable to synthesize glutathione but can tolerate high levels of selenite.
Bacillus subtilis was shown to reduce selenite to Se0, which precipitated as Se
granules between the cell wall and plasma membrane (Garbisu et al., 1995). The
authors confirmed that selenite reduction involves an inducible detoxification
system rather than dissimilative electron transport. The reduction of selenite in
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B. subtilis not only facilitates adaptation to high selenite concentrations but also
induces a morphological change from rod-like to rounded cells. The mechanism
of reduction appears to involve a dithiol system because thioredoxin and
NADPH-thioredoxin reductase levels increased following exposure to selenite
(Garbisu et al., 1999).

The Bacillus mycoides strain SeITE01, isolated from the rhizosphere of
Astragalus bisulcatus (Vallini et al., 2005) completely reduces 2.0 mM selenite in
the liquid culture after 24 h under aerobic conditions (Lampis et al., 2014).
Selenite reduction was associated with the formation of intracellular and
extracellular Se0 nanostructures, and because there was evidence of selenite
reduction in the membrane protein fraction and spent medium, the authors
proposed that the corresponding enzymes were not only found inside the cells but
were also secreted to the extracellular space (Lampis et al., 2014).

Selenite reduction may also have been facilitated by other thiol-rich
molecules such as bacillithiol (BSH), a major low-molecular-weight thiol that
plays a significant role in the cytosolic thiol-redox chemistry of Gram-positive
bacteria together with thioredoxin (Gaballa et al., 2010). BSH-synthesizing
bacteria may contain enzymes analogous to those found in GSH-containing
species, with bacilliredoxin (Brx) instead of glutaredoxin (Grx). In B.
mycoides SeITE01 a Brx-like protein may play a similar role to Grx in an
analogous pathway to the GSH system found in Gram-negative bacteria
(Lampis et al., 2014).

3.3.2.2.3 Reaction with sulfide

Selenite can also undergo abiotic reactions with biogenic sulfides to yield elemental
Se and S (Equation 3.14). This has been observed in sulfate-reducing bacteria such
as Desulfomicrobium norvegicum, where the reduction of sulfate is linked to the
concomitant extracellular precipitation of elemental S and Se in cell cultures
exposed to selenite (Hockin & Gadd, 2003).

SeO 2−
3 + 2HS− + 4H+ � Se0 + 2S0 + 3H2O (3.14)

3.3.3 Siderophore driven detoxification
The reduction of selenite to Se0 as a detoxification mechanism in Pseudomonas
stutzeri KC is promoted by the siderophore PDTC, a broad-range metal chelator
(Zawadzka et al., 2006). Siderophores are iron-specific chelators excreted by
microorganisms under iron-limiting conditions as a part of an iron acquisition
system. The authors proposed that selenite could be reduced after binding to
PDTC or its hydrolysis product dipicolinic acid-pyridine-2,6-bis(carboxylic acid)
(DPA). The production and excretion of PDTC facilitates the extracellular
reduction of metalloids and thus acts as an environmental detoxification
mechanism that prevents the uptake of selenite into cells.
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3.4 BIOTRANSFORMATION OF SELENIUM OXYANIONS
BYARCHAEA
A list of archaeal species associated with the aerobic or anaerobic reduction of Se
oxyanions is provided in Table 3.2. One of the most interesting examples of
selenate-respiring Archaea species is Pyrobaculum arsenaticum PZ6, a
hyper-thermophilic, strictly anaerobic, facultative organotrophic strain isolated
from a hot spring at Pisciarelli Solfatara (Naples, Italy). This strain can grow
organotrophically in the presence of selenate, arsenate or elemental sulfur as
inorganic electron acceptors (Huber et al., 2000). Similarly, Pyrobaculum
ferrireducens 1860(T) is a hyperthermophilic, anaerobic archaeon isolated from a
terrestrial hot spring at Uzon Caldera, Kronotsky Nature Reserve (Kamchatka,
Russia) (Slobodkina et al., 2015). It can grow anaerobically using Fe(III), nitrate,
arsenate, selenate and selenite as final electron acceptors. Pyrobaculum
aerophilum is a hyperthermophilic strain belonging to the archaeon phylum
Crenarchaeota. This strain is capable of chemolitho-autotrophic growth with
selenate as the electron acceptor in the presence of H2, and can also grow by the
respiration of either selenate or selenite under organotrophic conditions in a basal
salt medium supplied with yeast extract (Huber et al., 2000; Völkl et al., 1993).
Interestingly, the reduction of selenite resulted in the formation of black colored
Se0 precipitates.

More recently, a microbial consortium capable of methane-dependent selenate
reduction was enriched in a membrane biofilm batch reactor. Metagenomic
analysis revealed that the consortium was mainly composed of methanotrophic
archaeons belonging to the genus Methanosarcina and type II methanotrophic
bacteria belonging to the genus Methylocystis, which carried out selenate
reduction along with methane oxidation (Shi et al., 2020). This agrees with recent
insights into methane-metabolizing archaeons that either produce or consume
methane (Evans et al., 2019).

3.5 FUNGAL TRANSFORMATION OF SELENIUM
OXYANIONS
3.5.1 Introduction
The aerobic reduction of selenite and selenate in the absence of respiration or
assimilation reactions is used by many bacteria as a detoxification mechanism
(Doran, 1982; Eswayah et al., 2016; Gadd, 1993; Soudi et al., 2009). This has
considerable potential as a cost-effective approach for the bioremediation of
seleniferous environments (Javed et al., 2016; Maltman & Yurkov, 2018).
Nevertheless, the ability to aerobically reduce selenite and/or selenate to
elemental selenium (Se0), or even to selenide (Se2−) in the form of volatile
methylated compounds such as dimethyl selenide (DMSe: CH3SeCH3), dimethyl
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selenyl sulfide (DMSeS: CH3SeSCH3), and dimethyl diselenide (DMDSe:
CH3SeSeCH3), is not unique to bacteria (Chasteen & Bentley, 2003; Herrero &
Wellinger, 2015) (Figure 3.3). More recently, this property has been observed in
a broad range of fungi (Morley et al., 1996; Rosenfeld et al., 2017; Sinharoy &
Lens, 2020), including yeasts (Falcone & Nickerson, 1963; Kieliszek et al., 2015;
Soudi, 2003), filamentous fungi, and higher fungi (i.e., mushrooms) within the
members of Zygomycota (Gharieb et al., 1995), Ascomycota (Ramadan et al.,
1988; Sarkar et al., 2011), and Basidiomycota (Espinosa-Ortiz et al., 2015a;
Vetchinkina et al., 2016). A summary list of fungal species capable of selenite
and/or selenate reduction is presented in Table 3.3.

Se tolerance and detoxification by fungi mainly involves the reduction of
inorganic Se to less toxic and volatile derivatives such as DMSe (Gadd, 1993), or

Figure 3.3 Pathways for the metabolic reduction of inorganic selenium (Se) and its
conversion into organic species or the elemental form (Se0) in Saccharomyces
cerevisiae and other yeasts. Reductive reactions are shown as red arrows.
Reaction 1 represents multiple reactions involving ATP sulfurylase and other
enzymes from the initial steps of the sulfate assimilation pathway. Reactions 2–5
are non-enzymatic and result in the net conversion of reduced glutathione (GSH) to
oxidized glutathione as glutathione disulfide (GSSG). Selenide can give rise to
volatile methylated forms via reaction 6. Reaction 7 is also non-enzymatic, and
results in the formation of diverse reactive oxygen species (ROS) along with Se0

nanoparticles (which are also generated by reaction 4). In reaction 8, the
Se-containing amino acids selenocysteine and selenomethionine are formed and
incorporated into selenoproteins [adapted from Herrero & Wellinger, 2015].
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the reduction of Se oxyanions to Se0 resulting in the formation of intracellular or
extracellular orange-to-red deposits (Gharieb et al., 1995; Konetzka, 1977)
(Figure 3.4).

3.5.2 Yeasts
A broad review on the tolerance of ascomycetous and basidiomycetous yeasts to
selenate was presented by Golubev and Golubev (2002). The ascomycetes
Candida maltosa, Hanseniaspora valbyensis, Kluyveromyces marxianus and
Yarrowia lipolytica show high tolerance to selenate, as do the basidiomycetes
Cryptococcus curvatus, Cr. humicola, and Trichosporon spp. A few strains are
able to grow at a selenate concentration of 0.1 M, although growth under these
conditions is poor. Eventually, these yeasts produce pink-to-red colonies
reflecting the reduction of selenate to Se0, whereas the colonies remain colorless
in the absence of selenate.

Yeasts were initially tested for their ability to reduce selenite by inoculating them
onto MYGP (Malt extract, Yeast extract, Glucose and Peptone) agar supplemented
with selenite at concentrations of 0.5–5 mM (Gharieb et al., 1995). Several Candida
spp. and Saccharomyces spp. were able to reduce selenite to Se0 at all
concentrations, resulting in the formation of pink colonies. In the baker’s yeast
Saccharomyces cerevisiae, Zhang et al. (2012) reported the biogenesis of red
elemental selenium/protein nanoparticles following the reduction of selenate to
Se0 in a microaerophilic environment. Other strains, such as Candida lypolitica
37-1 and Rhodotorula rubra NCYC 797, produced bright red colonies due to
their efficient reduction of selenite. Colonies of the polymorphic fungus
Aureobasidium pullulans were – depending on the SeO 2−

3 concentration – light
pink in the presence of 1 mM selenite but red at a higher (5 mM) concentration
(Gharieb et al., 1995). The marine yeast strain Rhodotorula mucilaginosa-13B
provides another clear example of the transformation of selenite into
elemental Se in the form of intracellular or extracellular Se0 nanoparticles
(Ruocco et al., 2014).

An illuminating contribution to the description of the interactions between yeast
cells, mostly S. cerevisiae and Candida spp., and the different chemical species of
Se, including Se oxyanions, is provided by Kieliszek et al. (2015). Inorganic Se
forms such as selenite and selenate enter the yeast cells via promiscuous
oxyanion transporters, and are reduced to avoid toxicity. They undergo a series of
reduction reactions ultimately leading to the formation of selenide (H2Se) using a
pathway that, under physiological conditions, involves GSH. In many microbial
species, selenide is a common intermediate used for the synthesis of
selenoproteins or destined for conversion into methylated forms that are then
eliminated through volatilization (Chasteen & Bentley, 2003). Actually, Cox and
Alexander (1974) observed the formation of DMSe in cultures of Candida
humicola supplemented with selenite and selenate. Another possibility is,
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however, the reverse oxidation of selenide to Se0, which accumulates inside the cell
(Equation 3.15)

H2Se+ 1/2O2 � Se0 + H2O (3.15)
It is well known that SeO2−

3 can react spontaneously with GSH to initially produce
selenodiglutathione (GS-Se-SG), (Equation 3.16). In the presence of excess GSH,
GSSeSG is further reduced to glutathioselenol (GSSeH), (Equation 3.17). GSSeH
either spontaneously dismutates into Se0 and GSH, (Equation 3.18), or is further
reduced by GSH to yield H2Se (Equation 3.19). In oxic conditions, selenide is
readily re-oxidized by O2 into Se0 (Equation 3.15) (Cupp-Sutton & Ashby, 2016).

SeO 2−
3 + 4GSH+ 2H+ � GSSeSG+ GSSG+ 3H2O (3.16)

GSSeSG+ GSH � GSSeH+ GSSG (3.17)

GSSeH � Se0 + GSH (3.18)
GSSeH+ GSH � H2Se+ GSSG (3.19)

3.5.3 Filamentous fungi
Filamentous fungi are also able to reduce selenium oxyanions, resulting in the
formation of intracellular or extracellular Se0 nanostructures. The pioneering
study of Gharieb et al. (1995), discussed above for yeast, also revealed that a few
species of filamentous fungi were able to carry out the reduction of selenite to
Se0. Increasing the selenite concentration from 1 to 10 mM generally led to more
severe growth inhibition, although other factors affecting growth included the
presence of sulfur compounds and/or ingredients that form selenite complexes in
the medium. The species that successfully reduced selenite while growing on
Czapek-Dox Agar (CDA) were Fusarium sp. and Trichoderma reesei, and – to a
lesser extent – Mucor hiemalis and Penicillium chrysogenum, leading to the
formation of red-to-orange colonies. Interestingly, electron microscopic images
clearly showed that Fusarium sp. and Aspergillus funiculosus exposed to 50 mM
selenite were able to form Se0 crystals on the surface of the hyphae. Other species
– namely Aspergillus niger, Coriolus versicolor, Mucor SK, and Rhizopus
arrhizus – were instead able to reduce selenite only on Malt Extract Agar (MEA).
These observations suggest that even different culture conditions such as nutrient
supply, temperature, pH, and incubation time affect Se metabolism and the final
characteristics of the Se nanoparticles. However, the effects of such parameters
remain unclear, requiring further investigation for each fungal strain.

Importantly, not all the fungal species tested by Gharieb et al. (1995) were able to
form Se0. Some of these were able to reduce selenite via other mechanisms, such as
methylation and/or the formation of Se2− volatiles. Accordingly, the ability to grow
on selenite does not necessarily reflect the ability to reduce selenite to Se0. For
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example, Brady et al. (1996) showed that Penicillium sp. grown aerobically for 2
weeks in the presence of 1 mM selenite releases volatile organic derivatives
(probably DMSe) during all four cultivation phases (lag, exponential growth,
stationary and decline), whereas the reduction of selenite to amorphous Se0 was
only observed during the decline phase, as evidenced by the characteristic red
color of both the fungal biomass and the culture substrate.

3.5.4 Higher fungi (mushrooms)
3.5.4.1 Ascomycetes
A deeper understanding of the role of fungi in the complex reactions characterizing
the biogeochemical cycle of selenium has been powerfully reinforced by new
insights into the ascomycetes Paraconiothyrium sporulosum and Stagonospora
sp. (Rosenfeld et al., 2020). Both species are capable of reducing selenate and
selenite to Se0 or even to Se2− volatiles under aerobic conditions alongside the
simultaneous oxidation of manganese (MnII). Rosenfeld and co-workers had
previously compared P. sporulosum and Stagonospora sp. to four other
ascomycetes (Acremonium strictum, Alternaria alternata, Plectosphaerella
cucumerina and Pyrenochaeta sp.) isolated from sites contaminated with heavy
metals (Rosenfeld et al., 2017). All species showed a high tolerance of Se
oxyanions and in most cases the ability to reduce selenite and selenate to Se0, the
exception being P. sporulosum which lacks the ability to reduce selenate. On the
other hand, the ability of the yeast-like dematiaceous fungus Aureobasidium
pullulans to reduce selenite has recently been confirmed, along with the
zygomycete Mortierella humilis and the ascomycetes Trichoderma harzianum
and Phoma glomerata (Liang et al., 2019). Furthermore, P. glomerata was
recently shown to precipitate intracellular and extracellular Se0 nanoparticles
when grown on medium supplemented with selenite (Liang et al., 2020).
Aspergillus strains are also known to reduce selenite (Kimura et al., 2014) or
selenate (Urík et al., 2016) and produce Se0 nanoparticles by the reduction of
selenite, which accumulate mainly on the surface of the mycelial cell walls (Li
et al., 2018). Recently, pellets of the fungus Aspergillus niger KP were used in
an airlift reactor to remove selenite from wastewater, demonstrating the potential
of this species for environmental remediation (Negi et al., 2020). Interestingly,
field-emission transmission electron microscopy (FE-TEM) images revealed that
Se0 nanoparticles formed within the fungal cells, suggesting the intracellular
conversion of selenite into these Se0 nanostructures.

3.5.4.2 Basidiomycetes
Red coloring, indicating the accumulation of amorphous Se0, has been reported in
cultures of the basidiomycetes Lentinula (obsolete name, Lentinus) edodes,
Pleurotus ostreatus, Ganoderma lucidum and Grifila frondosa, which form Se0

nanoparticles when grown in media containing selenite (Vetchinkina et al.,
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2016). In particular, L. edodes and G. frondosa accumulated Se0 nanoparticles
predominantly within the mycelia and – to a limited extent – on the hyphal
surface. In contrast, G. lucidum and P. ostreatus formed Se0 nanoparticles mostly
in the growth medium. L. edodes reduced 0.3 mM selenite added to the growth
medium, producing intracellular electron-dense spherical formations of Se0, but
cannot reduce 0.3 mM selenate under the same conditions (Vetchinkina et al.,
2013). Furthermore, the edible button mushroom Agaricus bisporus and the horse
mushroom Agaricus arvensis reduced selenite and formed spherical Se0 particles
with diameters of 100–250 and 150–550 nm, respectively (Vetchinkina et al.,
2019). The widely cultivated basidiomycete mushroom Flammulina velutipes can
reduce selenite to Se0 when grown on a substrate containing optimal selenite
concentrations of 0.03–0.1 mM to enrich the fungal biomass with dietary Se. In
these conditions the strain is also able to form Se0 nanoparticles, possibly as a
detoxification mechanism (Wang et al., 2016).

The ligninolytic basidiomycete Phanerochaete chrysosporium can also
reduce selenite and selenate, but only forms Se0 from selenite (Espinosa-Ortiz
et al., 2015a, b). Although the detailed mechanisms of selenate and selenite
reduction are unknown, this species is likely to use a GSH-dependent mechanism
for at least the reduction of selenite as proposed for bacteria (Debieux et al.,
2011; Xu et al., 2014). Transmission electron microscopy (TEM) revealed that
most Se nanoparticles were compartmentalized in the fungal cell but not equally
distributed throughout the hyphae (Espinosa-Ortiz et al., 2015a). P.
chrysosporium has been tested as a means to bioreduce selenite from wastewater
and recover non-toxic elemental Se in the form of Se0 nanoparticles
(Espinosa-Ortiz, 2016). There is evidence for synergy between P. chrysosporium
and the bacterium Delftia lacustris in reducing selenite to Se0 with contextual
phenol degradation, offering another promising biotechnological approach for the
bioremediation of polluted environmental matrices (Chakraborty et al., 2019).

3.5.5 Selenium reduction by cell extracts
The synthesis of Se nanorods or nanoparticles was demonstrated in fungal extracts.
In the plant pathogen Alternaria alternata, an ascomycete, Se0 nanostructures
synthesis was induced by adding 1 mM sodium selenate to the growth medium
after removing the mycelium (Sarkar et al., 2011, 2012). Extracellular and
intracellular extracts, even from cultures of different basidiomycetes, were shown
to generate Se0 nanoparticles following sodium selenite addition (Vetchinkina
et al., 2018).

To conclude, focusing on the actual involvement of fungi in the
biotransformation reactions of selenium compounds, with particular reference to
the oxyanions selenite and selenate, assumes a prominent ecological and practical
relevance where it is considered that fungal species isolated from the rhizosphere
of selenium hyperaccumulator plants represent a significant fraction of the
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microbiome that interacts with the root systems of these botanical species
(Wangeline et al., 2011).

3.6 FUTURE PERSPECTIVES
We are now beginning to understand the mechanisms underlying the potential active
transport of biogenic nanostructured Se0 particles from the intracytoplasmic
compartment to the outside environment, that not only provides new fundamental
knowledge about microbial transport pathways and adaptations to stress, but
could also be exploited for bioremediation of contaminated sites, mineral
recovery in nanostructured forms and nutrient biofortification of food crops and
feedstuff for livestock. The growing evidence for important interactions between
oxidized species of selenium and diverse members of Archaea is of great impact
in biotechnology. This topic is still in its infancy, but early results provide
evidence that Se plays a key role in the biogeochemistry of thermo-acidophilic
and halophilic extreme environments, and also suggest that methylotrophic
methanogens could be used in anaerobic bioreactors intended for the treatment of
different Se-laden waste streams to recover nanostructured elemental Se0

following the transformation of Se oxyanions.
The burgeoning exploration of the relationship between diverse fungi – yeasts,

molds or mushrooms – and Se oxyanions, not only represents an important
theoretical advance but could also lead to the exploitation of fungi for the
bioremediation of Se-contaminated environments or the biofortification of edible
fungi with dietary Se. Microbes in the rhizosphere and inner tissues of plants can
also facilitate the reduction of selenate or selenite in the soil, suggesting these
microbes could be utilized for both phytoremediation (Lampis et al., 2009; Staicu
et al., 2015) and the biofortification of crops (Acuña et al., 2013). The
endophytic bacterium Pseudomonas moraviensis ssp. stanleyae, isolated from the
roots of the hyperaccumulator Stanleya pinnata growing on seleniferous soil in
the Pine Ridge Natural Area (Colorado, USA), was shown to tolerate 150 mM
selenate and 120 mM selenite, and to reduce selenite efficiently under aerobic
and anaerobic conditions, producing extracellular Se0 nanostructures (Staicu
et al., 2015). Moreover, Bacillus mycoides SeITE01 and S. maltophilia SeITE02
were shown to enhance the phytoextraction efficiency of Brassica juncea plants
exposed to selenite or selenate in bio-augmented water-filtering artificial beds
(Lampis et al., 2009).
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Chapter 4

Microbial ecology of
selenium-respiring bacteria

Joshua P. Boltz and Bruce E. Rittmann

4.1 SELENIUM, SULFUR, AND NITROGEN IN A COMMON
AQUATIC ENVIRONMENT
Irrigated agriculture, steam-power generation, mining, and other human activities
result in water that is co-contaminated by selenium (Se), sulfur (S), and nitrogen
(N) that typically exist as selenate (SeO4

2−) and/or selenite (HSeO3
−), sulfate

(SO4
2−), and nitrate (NO3

−), respectively. Usually, their concentrations are
very different, whether in irrigated agriculture run-off or in wastewater. The
S-to-Se mass ratio (S:Se) is typically in the order of 1000:1 (g S:g Se) and
the N-to-Se mass ratio (N:Se) is typically in the order of 50:1 (g N:g Se).
The target contaminant concentrations in treated effluent also show great
disparity. For example, the United States Environmental Protection Agency
(EPA, 2020) requires existing steam-power-generation facilities to discharge
water having less than 3 g N/m3 and 0.029 g Se/m3 (average daily
concentrations over a consecutive 30-day period); this is a N:Se ratio ∼100:1
(g N:g Se).

Selenium is among the first micro-pollutants that, according to regulation (EPA,
2020), require biological wastewater treatment and have regulated surface-water
discharge standards. When the contaminated water has a pH of 6 to 8 and a
temperature of 15 to 30°C, bacteria can anaerobically reduce these oxyanions at a
rate that makes bioreactors an economically viable treatment alternative (Boltz &
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Rittmann, 2019). While much is known about denitrifying heterotrophic bacteria
(denoted XH) and sulfate-reducing bacteria (denoted XSRB) (see Grady et al.,
2011; Rittmann & McCarty, 2020), the metabolic pathways of selenium-respiring
bacteria (SeRB) are not as well understood.

Selenium-respiring bacteria are phylogenetically and physiologically diverse,
and they include the selenate-reducing bacterium Thauera selenatis (Macy et al.,
1993) and selenite-reducing bacterium Bacillus selenitireducens (Switzer Blum
et al., 1998). Much like denitrifying heterotrophic and sulfate-reducing bacteria,
SeRB carry out respiration, synthesis, endogenous, and detoxification processes.
These bacteria respire selenium, synthesize essential macro- (e.g., C and N) and
micro-nutrients (e.g., Se and S), release and/or utilize their internal components
through endogenous processes, and emit organic selenium compounds (e.g.,
selenomethionine, or SeMet) to prevent accumulating an internal selenide mass
that is toxic to the bacteria. Selenate-reducing bacteria (denoted XSeO4 )
biologically transform selenate into selenite during respiration. Similarly,
selenite-reducing bacteria (denoted XSeO3 ) biologically transform selenite into
elemental selenium (Se0) during respiration. Elemental selenium is a stable
product that predominantly accumulates in the cells’ extracellular polymeric
substances (EPS). Intra-cellular Se generally exists as selenide (Se(-II)).
Selenium-respiring bacteria can reduce selenium oxyanions directly to
intra-cellular selenide (Se(-II)) during synthesis. Figure 4.1 illustrates the modeled
processes of respiration, synthesis, and endogenous decay for selenite-reducing
bacteria. The reduction of selenium oxyanions to selenide and detoxification are
not modeled.

Energetically, SeRB preferentially utilize selenide as their source of Se for
biomass synthesis (Eswayah et al., 2016). However, Se in oxyanions also can
be used for this purpose, but with an associated energy cost in the form of
electron donor demand. Endogenous decay processes re-introduce selenide to
the bulk of the liquid, where it can be transformed into metal selenides or
re-used for biomass synthesis. In addition, selenium resulting from endogenous
processes and detoxification may volatilize (see Chapter 3). Factors influencing
bacterial selenium volatilization include macro-nutrient availability (particularly
C and N), exposure to aerobic conditions, temperature (.30 to 35°C), pH
(.8), selenium speciation, and microbial community composition (De Souza
et al., 2001).

This chapter begins by describing interactions among denitrifying heterotrophic
bacteria, SeRB, and sulfate-reducing bacteria. Figure 4.2 illustrates that all these
bacteria carry out respiration, synthesis, and endogenous decay while competing
for a common electron donor and nutrient pool. The chapter then provides an
energetic analysis and mathematical model of these processes, and the chapter
compares model results with published data. Used together, they identify the
factors controlling how SeRB occur along with denitrifying heterotrophic and
sulfate-reducing bacteria in bioreactors treating Se-laden waters.
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4.2 SUBSTRATE PARTITIONING, ENERGETICS, AND
BIOMASS YIELD
Microorganisms carry out oxidation-reduction reactions to obtain energy for
synthesis and cell maintenance (Rittmann & McCarty, 2020). The amount of
energy released per electron equivalent depends on the reaction. Consequently,
the amount of synthesis resulting from an equivalent of electron donor oxidized
also depends on the reaction. When microorganisms utilize an electron donor,
they transfer a portion of their electrons to the electron acceptor (fraction fe0) to
supply the energy required for converting the remaining electrons (fraction fs0)
into microbial cells; the fractions add to one, or fe0 + fs0 = 1. We apply a
thermodynamic electron-equivalent model (McCarty, 2007; Rittmann &
McCarty, 2020) to relate synthesis and reaction energetics. We begin with the
four electron acceptors used in respiration, consider a common electron donor,
develop the energy reactions, and then factor in biomass synthesis.

Intra-cellular 
Se as HSe-

Synthesis of Se as HSe-

Release of Se as HSe-

due to endogenous decay

EPS

Cell wall

Figure 4.1 Simulated metabolic processes for selenite-reducing bacteria (XSeO3
).

Selenite-reducing bacteria respire selenite (HSeO3
−) to produce elemental

selenium (Se0), which may accumulate inside and outside the cell wall. These
bacteria synthesize selenium as selenide (HSe−). An intra-cellular pool of nutrients,
including HSe−, exists inside a cell wall. Extracellular polymeric substances (EPS)
exist outside the cell wall.
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4.2.1 Electron-acceptor reductions
Equation (4.1) is the half reaction for nitrate reduction to di-nitrogen (N2) and its free
energy (Grady et al., 2011; Rittmann & McCarty, 2020):

1
5
NO3

− + 6
5
H+ + e− � 1

10
N2 + 3

5
H2O DG0′

EA = −72.2
kJ

e−eqEA
(4.1)

decay

SN2
XSe

SSeO4 SSeO3

SSO4

SNO3

decaysynthesis

synthesis

decay synthesis

respiration

respiration

respiration

re
sp

ira
tio

n

decay

synthesis

respiration

SHSe

SH2S

SNH4

Figure 4.2 Interactions among denitrifying heterotrophic bacteria (XH),
selenate-reducing bacteria (XSeO4 ), selenite-reducing bacteria (XSeO3 ), and
sulfate-reducing bacteria (XSRB) undergoing respiration, synthesis, and
endogenous decay. Symbols: nitrate (SNO3 ), di-nitrogen (SN2 ), ammonium (SNH4 ),
selenate (SSeO4 ), selenite (SSeO3 ), elemental selenium (XSe), selenide (SHSe),
sulfate (SSO4 ), and hydrogen sulfide (SH2S).
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Equation (4.2) is the half reaction for selenate reduction to selenite and its free
energy (Olin et al., 2020; PSI, 2007):

1
2
SeO4

2− + 3
2
H+ + e− � 1

2
HSeO3

− + 1
2
H2O DG0′

EA = −43.9
kJ

e−eqEA
(4.2)

Equation (4.3) is the half reaction for selenite reduction to elemental selenium and its
free energy (Olin et al., 2020; PSI, 2007):

1
4
HSeO3

− + 5
4
H+ + e− � 1

4
Se0 + 3

4
H2O DG0′

EA = −25.4
kJ

e−eqEA
(4.3)

Finally, Equation (4.4) is the half reaction for sulfate reduction to hydrogen sulfide
(H2S) and its free energy (Grady et al., 2011; Rittmann & McCarty, 2020):

1
8
SO4

2− + 5
4
H+ + e− � 1

8
H2S+ 1

2
H2O DG0′

EA = +20.1
kJ

e−eqEA
(4.4)

Standard free energies have been adjusted to pH= 7 (i.e., DG0′ ) for all reactions,
following Rittmann and McCarty (2020).

4.2.2 Oxidation of a common electron donor
Acetate (CH3COO

−) is the common electron donor for all electron acceptors.
Equation (4.5) is the half reaction for acetate reduction and its free energy
(Rittmann & McCarty, 2020):

1
8
CH3COO

− + 1
8
H2O � 1

8
CO2 + 1

8
HCO3

− + H+ + e−

DG0′
ED = +27.4

kJ
e−eqED

(4.5)

4.2.3 Energy reactions
Equations (4.6) through (4.9) are the energy reactions for each of the four electron
acceptors when acetate is the common electron donor. Also shown are the free
energy values for each energy reaction (DG0′ ) kJ/e−eq.

1
8
CH3COO

− + 1
5
NO3

− + 1
5
H+ � 1

8
CO2 + 1

10
N2 + 1

8
HCO3

− + 19
40

H2O

DG0′
ED = −99.6

kJ
e−eqED

(4.6)
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1
8
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− + 1
2
SeO4

2− + 1
2
H+ � 1

8
CO2 + 1

2
HSeO3

− + 1
8
HCO3

− + 3
8
H2O

DG0′
ED = −71.3

kJ
e−eqED

(4.7)

1
8
CH3COO

− + 1
4
HSeO3

− + 1
4
H+ � 1

8
CO2 + 1

4
Se0 + 1

8
HCO3

− + 5
8
H2O

DG0′
ED = −49.8

kJ
e−eqED

(4.8)

1
8
CH3COO

− + 1
8
SO4

2− + 1
4
H+ � 1

8
CO2 + 1

8
H2S+ 1

8
HCO3

− + 3
8
H2O

DG0′
ED = −7.3

kJ
e−eqED

(4.9)

Equations (4.6) through (4.9) show significant differences in DG0′ values, which
vary from −99.6 to −7.3 kJ/e−eqED. These differences stem from the free
energies for the electron acceptors (Equations (4.1) through (4.4)), which
range from −72.2 to +20.1 kJ/e−eqEA. These free-energy differences have
strong implications on the competitiveness of bacteria carrying out different
respirations. Denitrifying heterotrophic bacteria have a significant energy
advantage over the other bacteria considered here, while sulfate-
reducing bacteria have a significant energy disadvantage. Noteworthy is that
the conversion of selenate into selenite (Equation (4.2)) has a DG0′ value
that is more negative by 18.5 kJ/e−ED when compared with the conversion
of selenite into elemental selenium (Equation (4.3)). The more negative free
energy indicates a competitive advantage for selenate-reducing bacteria when
they are competing with selenite-reducing bacteria for a common electron
donor.

4.2.4 Considering biomass synthesis
Rittmann and McCarty (2020) presented a method for quantifying biomass
synthesis based on balancing energy gained in the energy reactions (i.e.,
Equations (4.6) through (4.9)) with the demand that is associated with
synthesizing biomass from available forms of the essential macro-nutrients, of
which C and N are dominating. Because all of the bacteria in our analysis
have the same sources of C (acetate) and N (ammonium), the energy
associated with synthesis is the same in all cases: 37.2 kJ/e− eqX. This value
is combined with ΔGr to compute A, which is the ratio of electron equivalents
used for the energy reaction to the electron equivalents used for biomass

Environmental Technologies to Treat Selenium Pollution150

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



synthesis (from the energy balance):

A = −37.2
1 · DGr

(4.10)

Here, ε is the energy-transfer efficiency, which we take as 0.68, a value within
the typical range of 0.55 to 0.70 (Rittmann & McCarty, 2020). The ΔGr values
are taken from Equations (4.6) through (4.9).

Then, fs0 can be calculated by:

fs
0 = 1

1+ A
(4.11)

Since one electron equivalent equals 8 g O2, the true yield for any of the bacteria
(Yk) can be calculated by:

Yk = fs0 ·Mc

8 · ne · 1.42 g CODX

g VSS
(4.12)

Here, Mc is the molecular weight of bacterial cells (113 g volatile suspended solids
(VSS)/mol VSS), ne is the number of electron equivalents in an empirical mole of
bacterial cells, i.e., 20 e−eqVSS/mol VSSwhen ammonium is the N source, and 1.42
is a conversion factor for biomass chemical oxygen demand (COD) and VSS
(Rittmann & McCarty, 2020).

The maximum specific rate of electron-donor utilization, or qk, can be calculated
by:

qk = 8
fe0

· 1
1.42

g VSS
g CODX

(4.13)

Here, qk has units
g CODED

g CODX · d
( )

. The maximum specific growth rate of any

biomass k (μmax,k) can be calculated by:

mmax,k = Yk · qk (4.14)
Table 4.1 summarizes the results of this analysis for the respirations described by

Equations (4.6) through (4.9). Striking about Table 4.1 are the significant
differences in Yk and µmax,k values. Reflecting the trends in the DG0′ values
associated with Equations (4.6) through (4.9), the Yk and µmax,k values indicate a
clear advantage for denitrifying heterotrophic bacteria when compared with the
other bacteria considered. The advantages indicated by both of these parameters
suggest a kinetic hierarchy for the specific growth rate: denitrifying heterotrophic
bacteria. selenate-reducing bacteria. selenite-reducing bacteria. sulfate-
reducing bacteria. The differences among Yk and µmax,k are substantial enough to
suggest that it is possible to favor or suppress the accumulation of different
bacterial types in a well-designed and operated bioreactor.
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4.3 MATHEMATICAL MODEL OF DENITRIFYING
HETEROTROPHIC BACTERIA, SELENIUM-RESPIRING
BACTERIA, AND SULFATE-REDUCING BACTERIA
The mathematical model presented in this chapter explicitly simulates
electron-donor oxidation, electron-acceptor respiration, biomass synthesis, macro-
and micro-nutrient assimilation for synthesis, and endogenous decay for
denitrifying heterotrophic bacteria, selenate-reducing bacteria, selenite-reducing
bacteria, and sulfate-reducing bacteria. These bacteria compete for essential
nutrients that include the electron donor acetate (denoted SVFA), macro-nutrient
ammonium (denoted SNHx), and the micro-nutrients hydrogen sulfide (denoted
SH2S) and selenide (denoted SHSe). Grady et al. (2011) and Rittmann and McCarty
(2020) present comprehensive discussions about biological process models and
their applications.

Table 4.2 presents the process, kinetic, and stoichiometric matrix for
denitrifying heterotrophic bacteria. Simulated processes include the anaerobic
biological transformation of nitrate (denoted SNO3 ) to di-nitrogen (denoted SN2 )
and anaerobic endogenous decay. Table 4.3 presents the process, kinetic, and
stoichiometric matrix for selenate-reducing bacteria. Simulated processes
include the anaerobic biological transformation of selenate (denoted SSeO4 ) to
selenite (denoted SSeO3 ) and anaerobic endogenous decay. Table 4.4 presents
the process, kinetic, and stoichiometric matrix for selenite-reducing bacteria.
Simulated processes include the anaerobic biological transformation of selenite
to elemental selenium (denoted XSe) and anaerobic endogenous decay. Finally,
Table 4.5 presents the process, kinetic, and stoichiometric matrix for
sulfate-reducing bacteria. Simulated processes include the anaerobic biological
transformation of sulfate (denoted SSO4 ) to hydrogen sulfide and anaerobic
endogenous decay.

Kinetic expressions for each of the simulated processes are listed in Table 4.6.
The rates of electron-donor oxidation, electron-acceptor reduction, biomass
synthesis, and macro- and micro-nutrient assimilation are represented as the
product of a maximum specific growth rate of biomass (μmax,k), Monod-type

hyperbolic functions for each potentially rate-limiting substrate i
Si

Si + Ki

( )
, and

the concentration of biomass k (Xk). The rate expressions may include one or
more functions that inhibit bacterial growth when other electron acceptors are

present in sufficient quantity
Ki

Si + Ki

( )
. For example, a sufficient nitrate

concentration will inhibit selenate, selenite, and sulfate reductions. Endogenous
decay kinetics are simulated as first-order expressions that multiply a biomass
decay rate (bk) and the concentration of biomass k (Xk).

Table 4.7 defines kinetic parameters, and Table 4.8 defines conversion factors
and stoichiometric parameters for each of the modeled bacteria. A parameter of
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Table 4.7 Kinetic parameters for denitrifying heterotrophic bacteria (XH),
selenate-reducing bacteria (XSeO4 ), selenite-reducing bacteria (XSeO3 ), and
sulfate-reducing bacteria (XSRB) growth and endogenous decay.

Symbol Description Value Unit

Denitrifying heterotrophic bacteria (XH):

µmax,H Maximum growth rate of XH on SVFA 10.30 1/d

bH Anaerobic endogenous decay rate, XH 0.40 1/d

KVFA,H Half-saturation concentration, SVFA 4.00 g CODS/m
3

KNO3,H Half-saturation concentration, SNO3
0.50 g N/m3

KNHx,H Half-saturation concentration, SNHx 0.05 g N/m3

KH2S,H Half-saturation concentration, SH2S 0.01 g S/m3

KHSe,H Half-saturation concentration, SHSe 0.001 g Se/m3

Selenate-reducing bacteria (XSeO4 ):
mmax,SeO4

Maximum growth rate of XSeO4 on SVFA 7.40 1/d

bSeO4 Anaerobic endogenous decay rate, XSeO4 0.29 1/d

KVFA,SeO4 Half-saturation concentration, SVFA 4.00 g CODS/m
3

KNO3,SeO4 Inhibition concentration, SNO3
0.20 g N/m3

KNHx,SeO4 Half-saturation concentration, SNHx 0.05 g N/m3

KH2S,SeO4 Half-saturation concentration, SH2S 0.01 g S/m3

KSeO4,SeO4 Half-saturation concentration, SSeO4 0.20 * g Se/m3

KHSe,SeO4 Half-saturation concentration, SHSe 0.001 g Se/m3

Selenite-reducing bacteria (XSeO3
):

mmax,SeO3
Maximum growth rate of XSeO3 on SVFA 5.50 1/d

bSeO3
Anaerobic endogenous decay rate, XSeO3

0.21 1/d

KVFA,SeO3
Half-saturation concentration, SVFA 4.00 g CODS/m

3

KNO3,SeO3 Inhibition concentration, SNO3 0.20 g N/m3

KNHx,SeO3 Half-saturation concentration, SNHx 0.05 g N/m3

KH2S,SeO3
Half-saturation concentration, SH2S 0.01 g S/m3

KSeO3,SeO3 Half-saturation concentration, SSeO3 0.20 * g Se/m3

KHSe,SeO3 Half-saturation concentration, SHSe 0.001 g Se/m3

KSeO4,SeO3
Inhibition concentration, SSeO4 0.02 g Se/m3

Sulfate-reducing bacteria (XSRB):

µmax,SRB Maximum growth rate of XSRB on SVFA 0.80 1/d

bSRB Anaerobic endogenous decay rate, XSRB 0.03 1/d

KVFA,SRB Half-saturation concentration, SVFA 4.00 g CODS/m
3

KNO3,SRB Inhibition concentration, SNO3
0.20 g N/m3

(Continued )
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particular interest is the mass of selenium consumed for biomass synthesis (iSe,BM=
0.0002 g Se/g CODX). Selenite-reducing bacteria have an intra-cellular selenium
content that depends on their activity: it approaches 0.04 g Se/g CODX when
they are respiring selenium (Tan, 2018). Mörschbächer et al. (2018) reported that
the respiration-associated content of selenium in selenite-reducing bacteria is 0.01
to 0.02 g Se/g CODX, but also demonstrated that selenite-reducing bacteria have
an intra-cellular selenium content of 0.0001 to 0.0002 g Se/g CODX prior to
respiring selenite and accumulating elemental selenium. De Souza et al. (2001)
claimed 6% Se for selenate reduction by a bacterial consortium in an aerobic,
hypersaline pond. Selenium-oxyanion reduction predominantly takes place under
anaerobic conditions; therefore, non-selenium respiring bacteria reduced selenate
to acquire selenium for cell synthesis. The researchers also reported that the
cellular selenium content resulting from assimilation was 0.0001 to 0.0003 g
Se/g CODX. The amount of selenium is less than the amount of nitrogen
required for assimilation (iN,BM= 0.07 g N/g CODX). Comparing the mass of
nitrogen and selenium consumed for biomass synthesis, bacteria require
approximately 350 times more nitrogen than selenium.

Because the mass of selenium that needs to be removed from wastewater is
typically significantly less than the mass of nitrogen (recall the first paragraph), it
is reasonable to consider whether or not significant selenium removal can be
achieved by selenium oxyanion reduction for selenium assimilation into
denitrifying heterotrophic bacteria. We consider denitrifying heterotrophic
bacteria (YH= 0.65 g CODx/g CODED) in a bioreactor treating wastewater
containing 50 g N/m3 as nitrate. Since denitrification requires 2.86 g CODED/g
N, [50 g N/m3 · 2.86 g CODED/g N · 0.65 g CODX/g CODED · 0.0002 g Se/g
CODX]= 0.019 g Se/m3 is assimilated by synthesis of denitrifying heterotrophic
bacteria when all of the influent nitrate is respired. If the influent selenium

Table 4.7 Kinetic parameters for denitrifying heterotrophic bacteria (XH),
selenate-reducing bacteria (XSeO4 ), selenite-reducing bacteria (XSeO3 ), and
sulfate-reducing bacteria (XSRB) growth and endogenous decay (Continued ).

Symbol Description Value Unit

KNHx,SRB Half-saturation concentration, SNHx 0.05 g N/m3

KSO4,SRB Half-saturation concentration, SSO4 0.20 g S/m3

KH2S,SRB Half-saturation concentration, SH2S 0.01 g S/m3

KHSe,SRB Half-saturation concentration, SHSe 0.001 g Se/m3

KSeO4,SRB Inhibition concentration, SSeO4 0.02 g Se/m3

KSeO3,SRB Inhibition concentration, SSeO3 0.02 g Se/m3

* If SSeOx. 1, then KSeOx,SeOx= 0.04 (SSeOx,INF); SSeOx=SSeO4 +SSeO3
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concentration is 1 g Se/m3, then a maximum 1.9% of the selenium removal can be
achieved by assimilation into denitrifying heterotrophic bacteria. Hence, sufficient
removal of selenium oxyanions by assimilation for synthesis of denitrifying
heterotrophs can be feasible only when the N:Se ratio is very much greater than
50 g N:1 g Se. Thus, we conclude that a substantial removal of selenium
oxyanions can occur only through their respiration.

4.4 MINIMUM SRT AND DONOR-SUBSTRATE
CONCENTRATION
A reliable diagnostic parameter is the minimum solids residence time (SRTmin

lim )
required to accumulate steady-state biomass. It can be calculated by:

SRTmin,k
lim = 1

mmax,k − bk
(4.15)

The minimum solids residence time (SRT) tells us how long the actual SRT must
be to avoid the washout of a biomass k. Reliable performance requires an actual SRT
that is greater than the minimum value calculated using Equation (4.15). A
comparison of the actual SRT to the minimum SRT applies equally to
suspended-growth and biofilm processes, although the method to compute the
actual SRT differs (Rittmann & McCarty, 2020). As SRT increases well above the
minimum SRT, the concentration of Si approaches a limiting value that represents
the minimum concentration of substrate i that is capable of supporting
steady-state biomass (Smin,i). Smin,i can be calculated by:

Smin,i = Ki
bk

mmax,k − bk
(4.16)

Here, Ki is the half-saturation concentration of substrate i (g/m3), which can be the
electron donor or acceptor, depending on which one is rate-limiting.

Applying Equations (4.15) and (4.16), along with the appropriate µmax,k, bk, and
Ki parameter values listed in Table 4.7, makes it possible to compute SRTmin,k

lim and
Smin,i for the electron acceptor and donor used by each bacterial group considered.
These values are listed in Table 4.9 and provide two very important insights into
anaerobic bioreactors exposed to wastewater containing nitrate, selenate/selenite,
and sulfate. First, all of the Smin,i values are much less than 1 g/m3, and the
values for selenate and selenite are less than 0.0001 g/m3. This means that a
biological process with a long-enough SRT can drive the concentrations of all
oxyanions, as well as acetate, to very low concentrations. Second, the SRTmin

lim
values span a large range. For example, the SRTmin

lim for sulfate-reducing bacteria
is nearly 14-fold greater than that for denitrifying heterotrophic bacteria.
Likewise, the bacteria respiring selenium oxyanions have SRTmin

lim values that are
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7 to 10-fold less than that for sulfate-reducing bacteria. These differences mean
that – at least in principle – sulfate-reduction can be suppressed or minimized
by selecting an operating SRT that supports the accumulation of denitrifying
heterotrophic bacteria and SeRB, but prevents the accumulation of sulfate-
reducing bacteria.

4.5 SIMULATION OF SeRB POPULATION DYNAMICS
We carried out simulations using a commercially available wastewater treatment
plant simulator (SUMO®, Dynamita, France). In both cases, a continuous flow
stirred tank reactor (CFSTR) was modeled which has a hydraulic retention time
(HRT) equal to the SRT.

4.5.1 Model comparison with observed selenium
oxyanion reduction
A focused evaluation of our SeRB model was carried out by simulating the
experimental system reported by Fujita et al. (2002) and then comparing
the model output with data reported by the researchers. They operated a

Table 4.9 Comparison of estimated SRTmin,k
lim,i and Smin,i values for the four types

of respiration.

Variable Symbol SRTmin,k
lim,i Smin,i

(days) (g/////m3)

1. Minimum SRT, Denitrifying heterotrophic bacteria XH 0.10

2. Concentration at a long SRT

a. Nitrate SNO3 0.02

b. Acetate SVFA 0.16

3. Minimum SRT, Selenate-reducing bacteria XSeO4 0.14

4. Concentration at a long SRT

a. Selenate SSeO4 0.00004

b. Acetate SVFA 0.16

5. Minimum SRT, Selenite-reducing bacteria XSeO4 0.19

6. Concentration at a long SRT

a. Selenite SSeO3
0.00004

b. Acetate SVFA 0.16

7. Minimum SRT, Sulfate-reducing bacteria XSRB 1.38

8. Concentration at a long SRT

a. Sulfate SSO4 0.01

b. Acetate SVFA 0.16
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laboratory-scale CFSTR (VR= 0.0005 m3) inoculated with SeRB. The CFSTR
was fed synthetic wastewater having concentrations of 42 g Se/m3 as selenate and
2200 g COD/m3 as lactate. The influent flow rate was adjusted to achieve SRT
values of 2.9, 6.0, 8.9, 12.0, 23.8, 48.0, and 95.2 hours. A biomass concentration
of 28.4 g CODX/m

3 in the CFSTR was reported by Fujita et al. (2002).
Since lactate was the electron donor instead of acetate, the energy equation

should consider lactate (CH3CHOHCOO
−) as the common electron donor for the

electron acceptors selenate and selenite. Equation (4.17) is the half reaction for
lactate reduction and its free energy (Rittmann & McCarty, 2020).

1
12

CH3CHOHCOO
− + 1

3
H2O � 1

6
CO2 + 1

12
HCO3

− + H+ + e−

DG0′
ED = +32.3

kJ
e−eqED

(4.17)

Combining Equations (4.2) and (4.17) and combining Equations (4.3) and (4.17)
result in the energy reactions for selenate and selenite reduction, respectively,
when lactate is the common electron donor (Equations (4.18) and (4.19)). Also
shown are the free energy values for each energy reaction (DG0′ ) in kJ/e−eq.

1
12

CH3CHOHCOO
− + 1

2
SeO4

2− + 1
2
H+ � 1

12
CO2 + 1

2
HSeO3

−

+ 1
12

HCO3
− + 5

24
H2O DG0′

ED = −76.2
kJ

e−eqED
(4.18)

1
12

CH3CHOHCOO
− + 1

4
HSeO3

− + 1
4
H+ � 1

12
CO2 + 1

4
Se0 + 1

12
HCO3

−

+ 5
25

H2O DG0′
ED = −57.7

kJ
e−eqED

(4.19)

Applying Equations (4.10) through (4.14), the following parameter values were
calculated for:

(1) Selenate-reducing bacteria:
○ YSeO4,lactate = 0.58 g CODX/g CODED

○ q̂SeO4,lactate = 13.5 g CODED/(g CODX · d)
○ mSeO4,lactate = 7.9 1/d

(2) Selenite-reducing bacteria:
○ YSeO3,lactate = 0.51 g CODX/g CODED

○ q̂ SeO3,lactate = 11.6 g CODED/(g CODX · d)
○ mSeO3,lactate = 6.0 1/d

Based on these parameter values, Figure 4.3 presents the selenate, selenite, and
elemental selenium concentrations observed by Fujita et al. (2002) and those
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resulting from the simulation of their experimental system using the SeRB model
described in this chapter (i.e., neglecting denitrifying heterotrophic and
sulfate-reducing bacteria). The experimental data and model results agree well in
terms of all trends and absolute concentrations, and the coefficients of
determination (R2) for selenate, selenite, and elemental selenium are 0.99, 0.97,
and 0.97, respectively. The observed rate of selenium-oxyanion (SSeO4 + SSeO3 )
reduction was 0.37 g Se/g CODx · d, which is similar to the simulated
selenium-oxyanion reduction rate of 0.35 g Se/g CODx · d.

4.5.2 Ecology of denitrifying heterotrophic bacteria,
selenium-respiring bacteria, and sulfate-reducing bacteria
To evaluate the microbial ecology of a reactor treating wastewater containing typical
concentrations of nitrate, selenate, and sulfate, we simulated a 1 m3 CFSTR. The
simulated influent concentration of nitrate was 50 g N/m3, selenate was 1 g
Se/m3, and sulfate was 1000 g S/m3. The simulated wastewater flow rate was
adjusted to give SRTs that were incrementally increased from 0 to 8.5 days. Each

Figure 4.3 Observed selenate (●), selenite (▴), and elemental selenium (◇)
concentrations in the effluent of a bench-scale continuous-flow stirred-tank reactor
(CFSTR) versus solids residence time. Data reported by Fujita et al. (2002).
Observations compared to simulated selenate (—), selenite (----), and elemental
selenium (--..--) concentrations.
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simulated wastewater flow rate equals the CFSTR volume (1 m3) multiplied by the
SRT. Initially, we used influent electron donor, macro- and micro-nutrient
concentrations that were non-rate limiting: acetate was 3000 g COD/m3,
ammonium was 100 g N/m3, hydrogen sulfide was 1 g S/m3, and hydrogen
selenide was 0.1 g Se/m3. Subsequently we lowered the influent electron donor
concentration to 500 g COD/m3, while the other essential nutrient concentrations
remained the same.

Figure 4.4 illustrates acetate (as COD), nitrate (as N), selenate (as Se), selenite (as
Se), elemental selenium (as Se), sulfate (as S), and hydrogen sulfide (as S) as a
function of SRT. The first thing to notice is that the effluent contains a significant
concentration of acetate (at least 500 g COD/m3) because the simulations were
set up with an acetate-input concentration greater than what is needed for the
stoichiometric reduction of all oxyanions. This approach emphasizes the relative
specific growth rates impacts, but not competition for the electron donor (i.e.,
acetate).

Figure 4.4 shows significant nitrate reduction to 0.20 g N/m3, after a 0.4-day
SRT, which is greater than its SRTmin,H

lim of 0.10 days. The simulated nitrate
concentration for SRTs greater than 0.4 days approaches the Smin,NO3 value 0.02 g
N/m3. Similarly, Figure 4.4 illustrates significant selenate reduction to 0.0075 g
Se/m3 after a 1.5-day SRT, which is greater than its SRTmin,SeO4

lim of 0.14 days.
When the SRT is greater than 1.5 days, the effluent selenate concentration
approaches its Smin,SeO4 value of 0.00004 g Se/m3. For selenite, Figure 4.4
illustrates its significant reduction to 0.0093 g Se/m3 after a 4.0-day SRT, which
is greater than its SRTmin,SeO3

lim of 0.19 days. For SRTs greater than 4.0 days, the
selenite concentration approaches its Smin,SeO3 value of 0.00004 g Se/m3. Finally,
Figure 4.4 illustrates that sulfate reduction begins when the SRT is around 2.0
days, which is greater than its SRTmin,SRB

lim of 1.38 days. Significant sulfate
reduction, to 0.28 g S/m3, occurs at an 8.5-day SRT. These results illustrate the
generalizable trend that the actual SRT must be roughly three-fold greater than
SRTmin,k

lim to drive the concentration of substrate i to low levels.
Reducing the influent acetate concentration to a value that is substantially less

than what is required to stoichiometrically convert all of the oxyanions to their
most reduced state has a profound impact on simulation results. Figure 4.5 shows
the effects of lessening the influent acetate concentration to 500 g COD/m3,
which provides only 17% of the stoichiometric demand to reduce all of the
oxyanions. While denitrification, selenate reduction, and selenite reduction are
hardly affected, sulfate reduction is almost entirely suppressed. Because
sulfate-reducing bacteria are the slowest growing bacteria, they can be
out-competed for acetate if its supply cannot meet the demand of all oxyanions.
In this example, sulfate has the greatest electron-donor demand, which means that
only 17% of the electron donor needed for all oxyanions was sufficient for the
reduction of nitrate, selenate, and selenite.
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Figure 4.4 Impact of SRTon acetate, nitrate, selenate, selenite, elemental selenium,
hydrogen selenide, sulfate, and hydrogen sulfide concentrations in a continuous-flow
stirred-tank reactor (CFSTR) treating wastewater containing concentrations of
acetate= 3000 g COD/m3, nitrate= 50 g N/m3, selenate= 1 g Se/m3, and
sulfate= 1000 g S/m3.

Microbial ecology of selenium-respiring bacteria 167

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



Figure 4.5 Impact of SRTon acetate, nitrate, selenate, selenite, elemental selenium,
sulfate, and hydrogen sulfide concentrations in a continuous-flow stirred-tank reactor
(CFSTR) treating wastewater containing concentrations of acetate= 500 g COD/m3,
nitrate= 50 g N/m3, selenate= 1 g Se/m3, and sulfate= 1000 g S/m3.
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4.6 KEY POINTS
• The thermodynamics of the respiration reactions, manifested with values of Yk

and µmax,k give major growth advantages in the order: denitrification.
selenate reduction. selenite reduction. sulfate reduction.

• As sulfate reduction normally is undesired, it can be suppressed by
maintaining a sufficiently short SRT, controlling the electron-donor supply,
or a combination thereof.

• In contrast, using a too long SRT with a too great input of electron donor will
allow sulfate reduction.

• Using a too low SRT also can suppress selenite reduction, even if selenate
reduction occurs.
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Chapter 5

Reactivity and selectivity of
zerovalent iron toward selenium
oxyanions under aerobic
conditions

Jinxiang Li, Yuankui Sun and Xiaohong Guan

5.1 AQUEOUS CHEMISTRY OF ZVI WITH SELENIUM
Zerovalent iron (ZVI, Fe0) is readily available, inexpensive, reactive and
environmentally friendly and thus has been widely used in sequestering various
contaminants (Guan et al., 2015; Johnson et al., 1996; Li et al., 2015a; Liang
et al., 2013, 2014a; Scherer et al., 1998). It can undergo a series of corrosion
reactions in the H2O/O2 system, including transformation of the released
Fe2+/Fe3+ (Figure 5.1), which are accompanied by the liberation of hydrogen
and/or the reduction of oxygen (Guan et al., 2015; Noubactep, 2008).
Therefore, ZVI can act as not only a generator of adsorbing agents (i.e., iron
(hydr)oxides) but also as an electron donor for the reduction of the selenium
oxyanions, i.e. selenite (Se(IV)) and selenate (Se(VI)) (Fan et al., 2019b;
Noubactep, 2015).

Considering the redox-dependent solubility of selenium, as shown in Figure 5.1,
the reduction of the soluble Se(IV) and Se(VI) to the insoluble Se(-II)/Se(0) by
ZVI is a wise choice and of high environmental significance (Liang et al., 2013;
Shao et al., 2018). Nevertheless, granular ZVI particles generally have low
reactivity and utilization ratio toward Se(IV) and Se(VI) due to the resistance of
the inherent or newly formed iron (hydr)oxides (Fan et al., 2019a, b; Guo et al.,
2016; Li et al., 2018, 2019, 2020a; Liang et al., 2013, 2014a, b, 2015a, b; Qiao
et al., 2018; Tang et al., 2014, 2016; Xu et al., 2016; Zhang et al., 2018, 2020),

© 2021 The Editors. This is an Open Access book chapter distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and redistribution for
noncommercial purposes with no derivatives, provided the original work is properly cited (https://
creativecommons.org/licenses/by-nc-nd/4.0/). This does not affect the rights licensed or assigned from
any third party in this book. The chapter is from the book Environmental Technologies to Treat Selenium
Pollution: Principles and Engineering by Piet N. L. Lens and Kannan Pakshirajan (Eds.).
doi: 10.2166/9781789061055_0173

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


which can passivate ZVI and concurrently make the iron core (i.e., Fe0)
inaccessible. When applying ZVI to reduce Se(IV)/Se(VI) in the H2O/O2

system, the coexisting oxidizing compounds including H2O, H
+, O2, as well as

other reducible species can compete with Se(IV)/Se(VI) for the electrons of
ZVI, resulting in a low electron efficiency (EE) of ZVI. The parameter EE is
defined as the proportion of electrons utilized by the reduction of the target
contaminant to all available electrons provided by ZVI (Fan et al., 2019a, b; Gu
et al., 2017; He et al., 2020; Li et al., 2017b, 2018, 2020a, b; Qiao et al., 2018;
Qin et al., 2017).

In view of the limitations of ZVI-based technology, this chapter will
systematically overview the performance of employing some promising strategies,
such as imposing a weak magnetic field (WMF, see Section 5.2), dosing ferrous
iron (see Section 5.3), and pre-treatment with sulfidation (see Section 5.4), to
improve the reactivity and selectivity of ZVI toward Se(IV)/Se(VI). All the
above-mentioned methods have gained great interest in recent years, while there
are still some limitations in real practice. Thus, the corresponding suggestions for
these three enhanced-ZVI technologies are further provided in Section 5.5.
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Figure 5.1 Eh-pH diagram for selenium in Fe0/H2O system at 298.15 K and 101.3
kPa (Qin et al., 2016).
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5.2 WMF ENHANCES THE REACTIVITY AND
SELECTIVITY OF ZVI TOWARD Se(IV) AND Se(VI)
5.2.1 Effect of WMF on the reactivity of ZVI toward
Se(IV)/////Se(VI)
The improvement of ZVI reactivity induced by a weak magnetic field (WMF) was
first reported by Liang et al. (2014a). A WMF was found to significantly accelerate
Se(IV) removal and extend the working pH range of ZVI from 4.0–6.0 (without
WMF) to 4.0–7.2 (with WMF). Since the WMF can be applied by two pieces
of permanent magnet, the WMF-assisted ZVI technology is environmentally
friendly and thus promising for real applications such as groundwater/wastewater
remediation/treatment (Guan et al., 2015; Liang et al., 2014b; Reinsch et al.,
2010; Sarathy et al., 2008; Wang et al., 2010).

The positive effect of a WMF on Se(IV)/Se(VI) removal by ZVI under various
reaction conditions has been extensively reported (Li et al., 2020a; Liang et al.,
2014b; Xu et al., 2016; Zhang et al., 2018), as shown in Figure 5.2. Besides
pristine ZVI (Pri-ZVI), the performance of aged ZVI (AZVI) with WMF has also
been explored (Guan et al., 2015; Liang et al., 2014b; Reinsch et al., 2010;
Sarathy et al., 2008; Wang et al., 2010). A WMF could significantly enhance the
reactivity of all AZVI samples prepared under different background matrices
and aging durations. Moreover, the WMF enhancing effect could enable a high
reactivity of ZVI collected from different origins toward both Se(IV) and Se(VI)
removal to various extents.
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Figure 5.2 Rate constants for sequestration of Se(IV) and Se(VI) with and without
WMF by ZVI and AZVI (Zhang et al., 2018).
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In order to better illustrate the enhancing effect of WMF on the reactivity of the
ZVI/AZVI, the wide spectrum of rate constants (min−1) of the pseudo-first-order
kinetics for sequestration of Se(IV) and Se(VI) were compared by the ratio RWMF

(formulated in Figure 5.2), where kw/ WMF and kw/o WMF are the corresponding
observed rate constants with and without WMF, respectively. Figure 5.2 shows
that the RWMF mainly falls in the range of 3.0–100.0, with only a few cases
outside of this range. As compared to the RWMF values (i.e., 2.5–4.0) for Se(VI)
removal, a WMF induced greater enhancement in Se(IV) removal by ZVI with
RWMF values ranging from 1.3 to 330.4. Furthermore, it should be noted that the
enhancing effects of a WMF on AZVI samples were more outstanding than those
of Pri-ZVI based on a wide-spectrum analysis (Li et al., 2015a, b, 2016, 2017a;
Sun et al., 2014, 2017; Zhang et al., 2018), which may be associated with the
promotion of mass transfer and the enrichment of reactants by the synergistic
effects of a WMF and iron (hydr)oxides.

5.2.2 Effect of WMF on the selectivity of ZVI toward
Se(IV)/////Se(VI)
After elucidating the improved reactivity of ZVI by the WMF, the undesired
reactions of ZVI with the non-target compounds (e.g., O2 and H2O/H

+) may be
concurrently inhibited (Gu et al., 2017; He et al., 2020; Li et al., 2017b, 2018,
2020b; Qiao et al., 2018; Zhang et al., 2020). There may be a trade-off between
the reactivity and electron selectivity of ZVI in the presence of WMF (Qiao et al.,
2018). As such, this section mainly focused on the effect of a WMF on the
electron utilization (EU) and electrical efficiency (EE) of ZVI toward Se(IV) and
Se(VI). Based on the detailed studies of selenium removal by ZVI/WMF via
diverse spectral protocols, it was revealed that WMF could not only accelerate
the corrosion of ZVI during Se decontamination, but also facilitate the
transformation of Se(IV)/Se(VI) to Se(0) (Li et al., 2020a; Liang et al., 2014a, b;
Xu et al., 2016). However, it was found that the corresponding EU values were
almost identical when the reactions between Se(IV)/Se(VI) and ZVI reach
equilibrium, as shown in Figure 5.3a.

Since applying a WMF can tune the mechanism of Se(IV) removal by ZVI
from adsorption followed by reduction to direct reduction (Liang et al., 2014a,
b), it suggests that a WMF can improve the electron transport in the ZVI,
thus enhancing the EE of ZVI for selenium reduction. As plotted in
Figure 5.3b, the EE of ZVI with WMF for reduction of Se(IV)/Se(VI) was
3.7- to 14.1-fold greater than that without WMF, regardless of the ‘single’ or
‘multiple’ dosing mode (Li et al., 2020a). In addition, the EE of ZVI/WMF
toward Se(IV) was higher than that toward Se(VI), which was likely due to
the different involvement of the redox ability and affinity between Se(IV) and
Se(VI) (Li et al., 2020a).
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5.2.3 Contributions of WMF to the improved reactivity
and selectivity of ZVI toward Se(IV)/////Se(VI)
As for the genesis of enhanced reactivity and selectivity, Liang et al. (2014a) and
Sun et al. (2014) showed that a WMF could accelerate the corrosion of ZVI and
the transformation of amorphous iron (hydr)oxides to lepidocrocite, which
favored the contaminant sequestration. Besides, under aerobic conditions, Li
et al. (2016) further confirmed that the enhancing effect of WMF was mainly
ascribed to the magnetic field gradient force (FDB), which can drive the
movement of paramagnetic Fe2+ toward the site with higher induced magnetic
field. Following this study, Sun et al. (2017) further demonstrated the coupled
effect of coexisting anions and WMF on the enhanced reactivity of ZVI, which
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Figure 5.3 Se K-edge XANES spectra (a) of the Se-treated ZVI samples at
sequestration equilibrium, along with the corresponding active parameters (b) of
ZVI. The circles and the thick lines represent the linear combination fits and the
experimental data, respectively (Li et al., 2020a).
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was associated with the simultaneous movement of anions and paramagnetic Fe2+

to keep local electroneutrality in the solution. Likewise, the movement of an anionic
target should be also reflected by the transportation of paramagnetic Fe2+ in the
ZVI/WMF system. As such, the FDB induced by a WMF can selectively drive the
metalloid oxyanions, including Se(IV) and Se(VI), toward the in situ formed iron
(hydr)oxides, thereby leading to an enhanced reactivity and specific removal
capacity (SRC) of ZVI toward the metalloid oxyanions (Li et al., 2020a).

Considering that enrichment is the first step of electron transfer from the Fe0 core
to the target, the efficient incorporation of a contaminant into the iron corrosion
products in the presence of a WMF is beneficial to the EE of ZVI for the
reduction of Se(IV) and Se(VI). In general, it could be reasonably inferred
that the improved reactivity and selectivity of ZVI toward Se(IV) and Se(VI)
induced by a WMF is mainly ascribed to the FDB-derived movement of
paramagnetic Fe2+ with Se(IV)/Se(VI) for the local electroneutrality at the ZVI
reaction interface, as depicted in Figure 5.4. In summary, WMF is a promising
and environmentally friendly method to enhance the reactivity and selectivity of
ZVI toward the Se(IV) and Se(VI) under aerobic conditions.

5.3 FERROUS ION ENHANCES THE REACTIVITY AND
SELECTIVITY OF ZVI TOWARD Se(VI)
5.3.1 Influence of Fe(II) on the reactivity of ZVI
towards Se(VI)
Recently, the research on contaminant removal by ZVI has greatly increased the
dimensions of complexity in this area (Shao et al., 2018). Since Fe(II) and

Figure 5.4 Proposed schematic illustration of the reactions of ZVI with Se(IV)/Se(VI)
in the presence of a WMF (Li et al., 2020a).
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aerobic conditions are two of the most broadly relevant parameters, this section
introduces the dynamic interactions between Fe(II) and O2 on the reactivity and
selectivity of ZVI towards Se(IV). As shown in Figure 5.5, the removal capacity
and rate of Se(VI) by ZVI increased with an increase in the Fe(II) concentration
from 0 to 1.0 mM and the enhancement was greater at higher oxygen
concentration (He et al., 2020; Li et al., 2020a; Qiao et al., 2018; Qin et al.,
2017). It was found that oxygen is essential for the sequestration of Se(VI) by
ZVI. On the one hand, specifically, the SRC of ZVI towards Se(VI) increased
progressively from 17.7–24.7 to 49.2–49.9 mg/g with an increase in the initial
concentration of Fe(II) from 0 to 1.0 mM under aerobic conditions (Figure 5.5a).
On the other hand, oxygen and Fe(II) showed a synergistic effect on the removal
rate of Se(VI) by ZVI, which implies that the presence of Fe(II) had a greater
accelerating effect on Se(VI) removal by ZVI at high oxygen concentrations
(Qin et al., 2017), and vice versa.
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Figure 5.5 Influence of oxygen volume fraction in the purging gas and Fe(II)
concentration on (a) capacity and (b) pseudo-first order rate constants (kobs) of Se
(VI) removal by ZVI as well as on utilization rate (c), and electron selectivity (d) of
ZVI (Qin et al., 2017).
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5.3.2 Influence of Fe(II) on the selectivity of ZVI
towards Se(VI)
Figure 5.5c shows Fe(II) dosing enhances the utilization ratio (UR) of ZVI to a
greater extent at a lower oxygen fraction in the sparging gas (i.e., 2.5–5.0%)
than at a higher oxygen fraction (i.e., 20.0–50.0%). Correspondingly, the UR
values of ZVI for Se(VI) sequestration at oxygen fractions of 2.5, 5.0, 20,
and 50% were increased by 19.4, 12.7, 5.0, and 11.0%, respectively, when
the initial Fe(II) concentration increased from 0 to 1.0 mM. Furthermore, there
are two obvious trends in the electron selectivity or EE of ZVI toward Se(VI)
under different conditions. First, the EE of ZVI for Se(VI) reduction under
aerobic conditions increased progressively from 3.2–3.6% to 6.2–6.8% as the
initial Fe(II) concentration increased from 0 to 1.0 mM. Second, regardless of
the initial Fe(II) concentration, the EE of ZVI improved slightly by increasing
the oxygen fraction in the sparging gas from 2.5% to 5.0%. However, a
further increase in the oxygen fraction resulted in only a slight drop in the
EE of ZVI.

5.3.3 Role of Fe(II) in improving the reactivity and
selectivity of ZVI for Se(VI) reduction
The sequestration of Se(VI) by ZVI is a heterogeneous redox reaction at the
ZVI-H2O interface, thus the mass transfer of Se(VI) toward the ZVI surface is
a prerequisite of Se(VI) reduction by the electrons from the Fe0 core.
Characterization results suggested that with the increase of the initial Fe(II)
concentration, the fractions of Fe0 and γ-Fe2O3 in the Se(VI)-treated ZVI under
aerobic conditions dropped, while that of lepidocrocite (γ-FeOOH) and magnetite
(Fe3O4) increased (Qin et al., 2017), which enhanced Se(VI) adsorption and the
subsequent electron transfer between the underlying Fe0 and the surface-decorated
Se(VI). As shown in Figure 5.6, the Fe(II)-induced improvement in the rate
constants of Se(VI) sequestration by Fe0 and the electron selectivity of Fe0 towards
Se(VI) under aerobic conditions were attributed to the weak acidity arising from
the Fe(II) addition (Huang and Zhang, 2005; Liu et al., 2013) and the facilitated
Se VI) enrichment by the γ-FeOOH, along with the favored electron conductivity
by Fe3O4 generated on the surface of the ZVI particle.

5.4 SULFIDATION TREATMENT ENHANCES THE
REACTIVITY AND SELECTIVITY OF ZVI TOWARD Se(VI)
Sulfidation of ZVI has gained increased attention due to its positive role in
enhancing both the reactivity and selectivity of ZVI under anaerobic conditions
(Fan et al., 2016, 2017; He et al., 2018; Li et al., 2017b; Qin et al., 2019;
Rajajayavel and Ghoshal, 2015). Hydrogen production during reaction of ZVI
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with water is suppressed by sulfidation under anaerobic conditions, thus leading to
an increase in the selectivity of ZVI toward contaminant reduction. Considering the
potential application of sulfidated ZVI (S-ZVI) in wastewater treatment, where
dissolved oxygen is commonly present and is a much stronger electron acceptor
than water, the influence of sulfidation on the reactivity and selectivity of ZVI
under aerobic conditions needs to be understood. Hence, this section discusses
the impacts of sulfidation on the reactivity and selectivity of ZVI toward Se
(VI) reduction.

5.4.1 Influence of sulfidation on the reactivity of ZVI
toward Se(VI)
With regard to the reactivity of S-ZVI, Qiao et al. (2018) systematically compared
the Se(VI) reduction performance of unamended ZVI and sulfidated ZVI in the
presence of different coexisting ions including Cl−, SO4

2−, PO4
3−, Ca2+, and

Mg2+ under aerobic conditions. Compared with the ball-milled ZVI without
elemental S (ZVIbm), S-ZVI synthesized by ball-milling with elemental sulfur
(S-ZVIbm) enhanced the reactivity of ZVI toward Se(VI), whereas the positive
effect was not very pronounced in the presence of some specific background
electrolytes. For example, at reaction equilibrium, sulfidation increased the Se
(VI) removal capacity of ZVI from ∼15.6 to 30.4 mg/g in the presence of 1 mM
Cl−, whereas there was no noticeable influence when further increasing the Cl−

concentration to 10 and 20 mM (Qiao et al., 2018). Taking the 10 mM NaCl case
as a benchmark, it was further found that the presence of SO4

2− or PO4
3− inhibits

the Se(VI) removal capacity of S-ZVIbm (still higher than that of ZVIbm), which
became more remarkable with further increasing of the anion concentration (Qiao
et al., 2018). On the contrary, the hardness ions could increase the removal
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Figure 5.6 Proposed mechanistic model for the influence of oxygen and Fe(II) on
Se(VI) removal by ZVI (w/o O2: without O2) (Qin et al., 2017).
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capacity from 29.6 mg/g to as high as 44.8 mg/g with 2.0 mMMg2+, as depicted in
Figure 5.7.

5.4.2 Influence of sulfidation on the selectivity of ZVI
toward Se(VI)
With respect to the selectivity of S-ZVI toward Se(VI), the different coexisting ions
could either negligibly, positively or negatively impact the EE of ZVI toward Se
(VI), depending on their types and concentrations (Qiao et al., 2018). On the one
hand, NaCl did not greatly affect the EE of S-ZVIbm, whereas the presence of
SO4

2− and PO4
3− suppressed it, especially at relatively high concentrations

(Figure 5.8). On the other hand, Mg2+ improved the selectivity of ZVI and a
maximum EE value of 8.8% was obtained with the introduction of 2 mM Mg2+.
In general, this study sheds some light on evaluating the broader applicability
of sulfidation and designing optimal operating conditions for the desirable ZVI
performance (Qiao et al., 2018).

Figure 5.7 Comparison of the removal capacity of ZVIbm and S-ZVIbm toward Se(VI)
in the presence of different coexisting ions. Reaction conditions: [ZVI]0 = 0.5 g/L,
[Se(VI)]0 = 40 mg/L, pHini = 5.0, T= 25 °C, reaction time= 24 h. The horizontal
lines reflect the Se(VI) removal capacity of ZVIbm (blue) and S-ZVIbm (red) obtained
in 10 mM NaCl benchmark solutions (Qiao et al., 2018).
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5.4.3 Coupled effects of sulfidation and ferrous dosing
on Se(VI) removal by ZVI
In light of the improvements of ZVI selectivity toward Se(VI) (Li et al., 2020a;
Qin et al., 2017), it is likely that the EE of the aerobic ZVI system can be
enhanced via regulating its corrosion behavior. Sulfidation may impact the
selectivity of ZVI since it can influence the Fe0 corrosion behavior. All of Fe0 in
S-ZVIbm was exhausted within 24 h with lepidocrocite and magnetite being the
primary corrosion products (Qiao et al., 2018). This suggested that the coexisting
ions may influence the EE by affecting Se(VI) adsorption and the subsequent
electron transfer from the Fe0 core to Se(VI) at the water-particle interface. Given
these facts, Fan et al. (2019b) further confirmed that sulfidation coupled with Fe
(II) dosing could synergistically improve the reactivity and selectivity of ZVI
toward Se(VI) under aerobic conditions (Figure 5.9). The promoting effect on Se
(VI) sequestration by S-ZVI/Fe2+ is mainly associated with the following
aspects: (1) Fe2+ could maintain a relatively low pH level during Se(VI) removal
by S-ZVI; (2) S-ZVI/Fe2+ could retard the consumption of Fe0 by the non-target
O2/H

+, thus facilitating the EE of S-ZVI; and (3) Fe(II) dosing could enable the
electron transfer by forming semiconductive Fe3O4.

5.5 OUTLOOK
The superposition of WMF, Fe(II) dosing, and sulfidation pre-treatment can greatly
improve the reactivity and selectivity of ZVI toward Se(IV)/Se(VI) under aerobic
conditions, but to diverse extents. Among these three enhanced-ZVI technologies,
ZVI/Fe2+ attained the largest amount of Se(VI) sequestration, while S-ZVI
had the highest kobs for removing Se(VI) (Figure 5.10). As for the removal

Figure 5.8 Effect of coexisting ions on the EE of ZVIbm and S-ZVIbm toward Se(VI)
(Qiao et al., 2018).
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Figure 5.9 Coupled effects of sulfidation and ferrous dosing on Se(VI) removal by
ZVI (Fan et al., 2019b).

Figure 5.10 Comprehensive comparison of the performance of Se(VI) sequestration
by ZVI/WMF, ZVI/Fe2+ and S-ZVI systems (Fan et al., 2019a).
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mechanism of Se(VI), these three enhancing techniques did not change the
reaction mechanism of Se(VI) with ZVI, but only affected the rates and amounts
of Se(VI) removal by ZVI. In theory, these enhancing techniques accelerate the
corrosion of ZVI and tune the corresponding products transformation for
better mass transfer of Se(IV)/Se(VI) (Fan et al., 2019a, b; Li et al., 2020a;
Qiao et al., 2018; Qin et al., 2017), confirming that the corrosion of ZVI is a
necessity and induces the removal of contaminants by ZVI. Considering the
amount of removed Se(VI), the ZVI/Fe2+ system seems to be superior to the two
other enhanced-ZVI technologies in terms of the utilization efficiency of ZVI at
the end of reaction, and the adaptability over a wide pH range, as well as the
chemical cost (Fan et al., 2019a). Therefore, future research should focus on
illustrating the performance of the ZVI/Fe2+ system toward Se(VI) on a
pilot-scale (Fan et al., 2019a). Moreover, the feasibility of employing Fe2+ to
enhance the performance of ZVI should be examined with ZVI of different
origins, different target contaminants, and in the presence of different background
matrices (Fan et al., 2019a), as well as coupled with WMF or sulfidation (Fan
et al., 2019b).
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Chapter 6

Biological treatment technologies

Robert Simm

6.1 INTRODUCTION
Selenium contaminated waters are produced by various industrial activities such as
mining (coal, hard rock, uranium and phosphate), refineries (metal and oil), power
generation (coalfired power plants), and agriculture (irrigation waters and selenium
fortification) (Chapman et al., 2010). Selenium can also be present in municipal
wastewater, due to inflow and infiltration of groundwater into sewers emanating
from alluvium or sedimentary deposits that are high in selenium (Pontarolo et al.,
2017).

Background concentrations of Se in uncontaminated surface waters are generally
below 1 μg/L (Seiler et al., 1965), but in areas where the weathering and erosion of
seleniferous soils is augmented by anthropogenic activities, environmental Se
concentrations have been shown to be significantly elevated. Elevated intake of
selenium, particularly in oviparous animals such as predatory fish and waterfowl,
can result in teratogenic effects on entire populations in contaminated ecosystems
(Janz et al., 2010). The maximum permissible concentration of Se in the aquatic
environment is, on average, 10 times lower than that in drinking water, at values
of between 1 to 5 μg/L and 10 to 50 μg/L, respectively (Lemly, 2007). While
overall, guidelines for Se in freshwater for aquatic life are very low level, they do
vary by country.

An excellent review of global selenium regulations by Kumkrong et al. (2018)
suggests Se is only regulated under Directive 98/83/EEC on the quality of water
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intended for human consumption in the EU (European Union) which controls the
maximum level at 10 μg/L. This same reference suggests there is little English
information available relating to standards for Se in waters in Asia, though the
drinking water standard in many Asian countries is set at 10 μg/L. This is despite
documented negative impacts on fish and aquatic birds in locations around the
world (Lemly, 2004).

The US and Canada have some of the world’s most stringent aquatic water
quality guidelines limiting the concentration of Se in fresh water to protect
aquatic life at low levels of between 1 and 5 μg/L. Increasing public awareness
in specific geographies in North America and progressively more stringent
guidelines have increased demand for selenium management and treatment.
Coincidentally, most full-scale treatment facilities are located in North America.

Biological treatment has been identified by the United States Environmental
Protection Agency (US EPA) and others (CH2M Hill, 2010) as the best available
technology (BAT) for selenium reduction to achieve ultra-low effluent selenium
concentrations of less than 10 μg/L. A recent review by Golder (2020) for the
North American Metals Council – Selenium Working Group (NAMC-SWG)
suggests that approximately 30 full-scale selenium treatment systems with
capacities between 410 m3/d and 15,260 m3/d were constructed in North
America between 2007 and 2018, 70% of which rely on biological treatment. A
recent review by Simm (2018) lists the limited number of vendors with full-scale
experience, the high capital and operating and maintenance costs of installing
these systems, and required system optimization as key issues to be addressed
with biological treatment technologies.

This chapter provides an overview of currently available selenium
bioremediation technologies including their advantages and disadvantages and
summarizes current challenges with the technology based upon recently
implemented projects. The primary focus of this review will be on technologies
currently applied at full scale. Finally, a summary of fundamental and applied
research needs will be identified to improve system performance and reliability.

6.2 PRINCIPLES OF SELENIUM BIOREMEDIATION IN
BIOREACTOR SYSTEMS
A general overview of the principles of bioremediation in bioreactor systems is
provided here for completeness. The reader is referred to Chapter 3 and the
excellent review by Nancharaiah and Lens (2015a, 2015b) for a more
detailed treatise.

In industrial and municipal wastewaters, selenium is typically available in the
form of the selenium oxyanions selenate (SeO 2−

4 ) and selenite (SeO 2−
3 ). Both

are toxic to living systems, although SeO 2−
3 is potentially more toxic than

SeO 2−
4 (Nancharaiah & Lens, 2015a, 2015b).

Environmental Technologies to Treat Selenium Pollution190

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



Selenium bioremediation is based upon reactions carried out in nature as part of
the global selenium cycle first identified by Shrift (1964). Natural bacteria and
archaea readily metabolize selenium and are involved in a range of metabolic
functions including assimilation, methylation, detoxification and anaerobic
respiration. The reactions of primary importance in biological selenium removal
systems are presented in Figure 6.1. The figure does not include all known
reactions such as the aerobic conversion of Se(VI) to Se(IV) and to Se(0).

Bioremediation of selenate can occur by two processes: assimilatory and
dissimilatory reduction, the latter being more common in biological treatment. In
assimilatory reduction, SeO4

2− is taken up and chemically reduced by bacteria
and subsequently used in the synthesis of selenium-containing amino acids, such
as selenomethionine and selenocysteine, both of which are classified as
organo-selenium compounds (Nancharaiah & Lens, 2015a, 2015b).

Because of the small amounts of SeO4
2− required in the formation of

selenomethionine and selenocysteine, assimilatory reduction is not a major
process in wastewater selenium treatment. The basis of virtually all biological Se
removal techniques is the dissimilatory reduction pathway in which inorganic
soluble selenium oxyanions (SeO4

2− and SeO3
2−) are reduced to inorganic,

insoluble and less toxic biogenic elemental selenium – Se0 – with temperature,

Figure 6.1 Bioconversions of Se compounds in the natural selenium cycle (Source:
adapted from Simm, 2018).
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pH, and electron donor concentrations being among the controlling factors
(Nancharaiah & Lens, 2015a, 2015b). Elemental selenium is removed from a
biological treatment system with the treatment process residuals in an active
treatment process.

Selenate can be reduced to selenite and both selenate and selenite can be reduced
to elemental selenium or alkyl selenides. Selenate reduction is associated with
energy production in bacteria whereas selenite reduction can be associated with
either energy production or selenite detoxification. Although reduction of SeO 2−

4
to elemental selenium was shown to be an environmentally significant process,
only a few SeO 2−

3 respiring bacteria have been isolated (Nancharaiah & Lens,
2015a, 2015b). Certain SeO 2−

4 reducing bacteria have been shown to perform
dissimilatory SeO 2−

3 reduction as well.
Elemental selenium can be reduced further microbiologically to soluble selenide,

which in combination with metal ions forms insoluble metal selenides. Selenide can
also be emitted as the volatile and highly reactive H2Se gas, but this is spontaneously
and rapidly oxidized to elemental selenium in the presence of oxygen.
Organo-selenium and methylated selenium species also contain selenide.

Oxidation of elemental selenium and selenide back to selenite or selenate by
selenium oxidizing bacteria completes the selenium cycle. In general, the
oxidation rates are 3 to 4 orders of magnitude lower than those in the reductive
part of the selenium cycle.

Numerous microorganisms capable of reducing selenium oxyanions to Se0 have
been found in biological wastewater treatment processes such as activated sludge,
denitrifying sludge, as well as sulfate-reducing and methanogenic sludge (Soda
et al., 2011). Nancharaiah and Lens (2015a, 2015b) have indicated that not only

Figure 6.2 Typical ORP ranges for specific biological treatment objectives (Source:
Electrical Power Research Institute, EPRI, 2009).
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are selenate reducing bacteria phylogenetically diverse, but they are capable of
coupling growth to a wide range of electron acceptors.

Nitrates compete as an electron acceptor with selenate and selenite reduction.
Therefore, nitrates need to be essentially removed for complete reduction of
selenium. The presence and/or absence of specific electron acceptors is typically
reflected in the bulk solution oxidation-reduction potential (ORP). Figure 6.2
suggests selenate and selenite reduction take place at ORP values of between
−50 mV and −200 mV. Sulfate can also begin to compete with the selenium
oxyanions as an electron donor, but at the lower end of the optimal ORP range
for selenium reduction.

6.3 HISTORYAND CURRENT PRACTICE OF SELENIUM
BIOREMEDIATION
Selenium bioremediation technologies include active, passive, and in situ
technologies with most biological treatment processes relying on the
anaerobic-anoxic reduction processes described in Section 6.2.

The North American Metals Council – Selenium Working Group
(NAMC-SWG) has commissioned several state-of-the-art reviews of selenium
removal technology over the last 10 years (CH2M Hill, 2010, 2013; Golder,
2020). The NAMC-SWG comprises professionals from industry and consulting
engaged in sharing and commissioning technical research on issues pertaining to
ecological and human health effects, regulation, and water treatment of selenium
in the context of industrial discharges. The Golder (2020) study indicated that 30
full-scale selenium treatment systems were installed predominantly in North
America between 2007 and 2018 with design flows between 410 m3/d and
15,260 m3/d with biological systems accounting for 70% of the systems surveyed.

Several promising selenium treatment technologies have been studied but have
not been implemented extensively at full scale for selenium removal. These
include upflow anaerobic sludge blanket (UASB), the hydrogen-based hollow
fibre biofilm reactor (MBfR), anaerobic membrane bioreactor (MBR), and the
hybrid electro-biochemical reactor. These process concepts will be presented here
but will not be discussed in detail.

Implementation of suspended growth systems for selenium bioremediation at
full-scale are not widespread. The iBIO® process developed by Degremont is a
suspended growth system that has been applied on wet flue gas desulfurization
(WFGD) wastewaters and is discussed in Section 6.5. There are very few studies
on the use of activated sludge for treatment of selenium wastewaters (Mal et al.,
2017). These authors have also suggested the effect of alternating aerobic –

anoxic or anaerobic conditions on selenite bioreduction, whereas the fate of
biogenic selenium nanoparticles in the activated sludge wastewater treatment
system are unknown.
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Passive treatment options which include wetlands, biochemical reactors (BCRs),
gravel bed reactors, and submerged rock fills (SRFs) are receiving increased
attention particularly by the North American mining industry. This is primarily a
result of the high capital and operation and maintenance (O&M) costs associated
with active treatment.

Full-scale biological selenium treatment practice is currently dominated by
attached growth biofilm reactors, particularly packed beds, fluidized bed reactors
(FBRs), and a combination of expanded bed biofilm reactors (EBBRs)-packed
bed reactors. These reactor types dominate in the power and mining industries.
The reason for this is partly historical as indicated below.

There are four primary vendors in the active treatment market in North America:
Suez, Frontier, Envirogen, and Veolia (Simm, 2018). These four vendors supply the
packed bed, expanded bed-packed bed, fluidized bed, and moving bed biofilm
reactor (MBBR) processes for biological selenium removal, respectively. The key
project milestones in the development of biological selenium removal at full scale
in North America between 1999 and 2018 are presented in Figure 6.3.

The ABMet® process was developed in the late 1990s by Applied Biosciences
out of Utah (USA). ABMet® is a packed bed fixed film process for selenium
reduction. The process was employed at Kennecott Copper in 2000 and then at
the Landusky Mine in Montana in 2002. In 2006, Applied Biosciences was
acquired by Zenon (which eventually was acquired by GE). Zenon applied for a
patent for an apparatus and method of treating flue gas desulfurization (FGD)
blowdown or similar liquids in July 2006 (US Patent No. US 7,790,034 B2). GE
Water & Process Technologies, a unit of General Electric Company, completed
its acquisition of Zenon that same year. The Zenon patent included the ABMet®

process and indicated it could be operated in either an upflow or downflow
configuration. GE Water & Process Technologies was subsequently purchased by
Suez in 2017.

The first ABMet® projects for FGD blowdown commenced at Duke Energy’s
Roxboro and Mayo Power Generating Stations in 2006 and 2007, respectively.
Interestingly, the original design for the Roxboro system was based upon an
upflow configuration which was changed to a downflow configuration during the
planning process (Kennedy, personal communications). The ABMet®

installations at Roxboro and Mayo were both reinforced concrete constructions
with equal volume for the first and second stage reactors and using first stage
effluent for system backwash. These were followed by ABMet® facilities at
Bellows Creek and Allen stations (planned with downflow filters and similar
configuration to Roxboro and Mayo), American Electrical Power’s Mountaineer
Station (planned with downflow filters and similar configuration to the previous
reactors but adding ORP and pH monitoring and using second stage effluent for
backwash), and finally the most recent upgrade at Roxboro station which was
similar to Mountaineer in many respects, but used a fibreglass tank construction
(Kennedy, personal communications).
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In 2012, one of the original founders of Applied Biosciences left GE Water &
Process and started Frontier Water Systems which specializes in modular
biological selenium treatment systems. The Frontier system is based upon a
two-stage reactor process with the first stage operated in an upflow mode and the
second stage operated as a downflow packed bed. Evoqua acquired a majority
stake in Frontier Water Systems in 2019.

The key features of each of the major fixed film processes used for selenium
bioremediation are discussed in the following section.

6.4 ATTACHED BIOFILM REACTORS
Attached growth reactors rely on biochemical transformations performed by a
biofilm on a surface. Fundamentally, attached growth systems are applied to
wastewater where the parameters of primary interest are relatively dilute and
variable in concentration. The most widely used processes are packed bed,
combined expanded bed-packed bed reactors, and fluidized bed bioreactors.
Moving bed biofilm reactors (MBBRs) have been used for selenium
bioremediation at full scale, but to a lesser degree to date.

6.4.1 Packed bed reactor
Interest in packed bed reactors stems from the high biomass concentrations that can
be achieved relative to suspended growth processes for the same solids retention
time (SRT). This results in shorter hydraulic retention time (HRT) and more
compact system designs. The primary components of a packed bed reactor
include the reactor vessel, support media for biofilm growth, influent distribution
system and effluent withdrawal system. Some of the advantages and
disadvantages of the packed bed reactor system are summarized in Table 6.2.

The ABMet® packed bed reactor system provided by Suez has been used for
simultaneous nitrate and selenium removal since 2000. ABMet® stands for
advanced biological metals removal process. A simplified schematic of an
ABMet® process flowsheet is presented in Figure 6.4.

There were 12 ABMet® plants installed around the world as of September 2018.
A summary of full-scale ABMet® plants is presented in Table 6.1. Most ABMet®

applications are in the power industry treating blowdown from flue gas
desulfurization (FGD) systems.

Suez has completed more than 20 pilots of the ABMet® on FGD blowdown in
addition to the full-scale facilities presented in Table 6.1 (this is as of September
2018).

A typical ABMet® process flowsheet includes pre-treatment, nutrient addition,
two-stage ABMet® tanks with intermediate break tank between stages 1 and 2,
backwash tank, backwash pumps and effluent storage tank. The process
flowsheet can include post-treatment operations depending upon the application
and effluent requirements. The need for pre-treatment will depend upon influent
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total suspended solids (TSS) loadings. Pre-treatment, such as filtration, should be
considered for influent TSS concentrations exceeding 50 mg/L.

The ABMet® process uses granular activated carbon (GAC) media with a typical
media effective size of 0.8 to 1.0 mm. Media are designed to provide a high surface
area for biological growth and attachment and have uniformity in size, while
allowing water, suspended solids, and sloughing biological growth to pass
through the media without plugging during backwashes.

Influent wastewater is distributed across the top of the system and flows
downward through the interstitial space between media and over the biomass.
Periodically, the flow is reversed to partially remove suspended solids that
accumulate at the biofilm surface, promote washing the dead biomass away from

Figure 6.4 Simplified process flow diagram for an ABMet® process (Source: adapted
from Patterson, 2017).

Table 6.1 Full-scale ABMet® plants as of September 2018 (Simm, 2018 – produced
with permission of Suez).

Plant Region Industry Start Up
Year

Design Flow
(m3/////h)

Site 1 United States Power (FGD) 2008 318

Site 2 United States Power (FGD) 2008 146

Site 3 United States Power (FGD) 2009 59

Site 4 United States Power (FGD) 2009 100

Site 5 United States Power (FGD) 2011 136

Site 6 Europe Metal Refining 2015 230

Site 7 Canada Coal Mining 2015 86

Site 8 United States Agricultural Runoff 2015 23

Site 9 United States Power (Ash Landfill Leachate) 2016 6
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the biofilm, and/or remove gases entrained in the media. Backwashing is used to
remove accumulated solids and slough biomass from the system in a controlled
manner on a periodic basis. The backwash flow rates are typically 4 to 5 times the
design forward flow rate for 10- to 20-minute durations to remove TSS and
biomass and lift and separate the media. Backwash solids are directed to the
backwash tank for settling. Settled solids are directed to further thickening and
ultimate dewatering. The backwash supernatant is directed back to the head end of
the process. Backwashing is application dependent but is typically done every 2 to
6 weeks.

Degassing operations are typically done once per day to once perweek.Degassing
requires flow to be stopped to the treatment unit, followed by a back pulse of water
supplied by the backwash system at a flow rate in the order of 163–570 L/m2/min
and a duration of approximately 1 to 10 minutes (EPRI, 2019). Degassing
typically is required when there is reduced flow through the bed, a higher head
loss, or by a routine schedule established by operational experience.

The ABMet® system includes a provision for nutrient addition upstream of both
the first and second stage reactors. The original systems used molasses as a carbon
source. However, later systems (Site 8 in Table 6.1) use alternative carbon sources
such as acetate.

The key design criteria for packed bed reactors in addition to influent TSS are
temperature, influent nitrate-nitrogen and empty bed contact time (EBCT).
Influent temperature is a key design consideration particularly for industrial
applications (potentially too hot for power or too cold for mining applications).
Empty bed contact time (EBCT) is defined as the time required for the influent
flow to displace the equivalent volume of media in the reactor. The design EBCT
for each packed bed reactor currently deployed for FGD wastewater is between 4
and 8 hours or 8 to 16 hours total, respectively, as two reactors in series are used
(EPRI, 2019).

Table 6.2 Advantages and disadvantages of ABMet® process.

Advantages Potential Disadvantages

• Longest track record and most full-scale
selenium treatment applications (as of
September 2018).

• May not need downstream solids
removal depending on effluent
Se requirements.

• Longer HRT and lower ORP conditions
(less than −350 mV) could potentially
provide more complete Se reduction.

• Likely most cost-effective approach to
large custom-built systems.

• Low tolerance for influent TSS levels
.50 mg/L.

• Long HRTand larger bioreactors
than other technologies.

• Potential short-circuiting from solids
channelling and gas accumulation.

• Lower tolerance for higher influent
nitrate loadings than other
technologies (example FBR).
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The majority of wastewaters treated via packed bed reactors contain a mixture of
nitrates, sulfates, and selenium oxyanions. Nitrate is typically present in the parts per
million (ppm) range whereas selenium is present in the parts per billion (ppb) range.
The majority of the influent nitrate-nitrogen must be reduced in order to get good
selenium reduction. Nitrate reduction is typically responsible for the majority of
the biomass production in the system with higher influent nitrate concentrations
resulting in more biomass and more gaseous nitrogen production with the
associated increase in backwash and degassing frequencies.

Packed bed reactors do not deal with high influent nitrate concentrations as well
as other reactor configurations. EPRI (2019) has suggested influent nitrate
concentrations in the feed water are ideally less than 25 mg/L for a packed bed.
Higher influent concentrations may require pre-denitrification or an alternative
process selection. Typical applied mass loading of nitrate-nitrogen is in the order
of 0.32 to 3.2 kg/d/m3 of media, but additional volume may be required for
reaction zones for dissolved oxygen utilization and selenium reduction (EPRI,
2019).

6.4.2 Fluidized bed reactor
A fluidized bed reactor (FBR) is one in which the biofilm grows attached to small
carrier particles or media that remain suspended in the fluid. The FBRs are
configured so that water flows upward through a vessel containing the media
(typically sand or GAC) to promote media fluidization. The velocity of the water
flowing upward is typically fixed such that the media bed is expanded by 50% to
70% of the resting volume. Most FBRs are two-phase systems containing only
water and bioparticles. Three-phase systems allow for the incorporation of a gas
phase. Denitrifying systems can actually be considered as two-phase systems
provided the gas flow rate is relatively small compared to the liquid flow (Grady
et al., 1999).

The advantages and disadvantages of the FBR system for selenium removal are
summarized in Table 6.3.

Table 6.3 Advantages and disadvantages of FBR process.

Advantages Potential Disadvantages

• Ability to deal with higher influent
TSS than packed bed.

• Ability to deal with higher influent
nitrate loadings than packed bed.

• Shorter retention time than packed
bed and smaller reactor sizes.

• Cost effective for custom
built applications.

• Downstream solids removal required.
• No full-scale track record on power

applications like FGD.
• Fewer full-scale operations on selenium

removal than either packed bed or
combined expanded bed and packed
bed configuration.
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The main advantage of FBRs relative to other attached growth bioreactors is the
small size of the carrier particles which provide a very large surface area for biomass
growth. This high specific surface area allows for the maintenance of very high
biomass concentrations resulting in shorter hydraulic retention times (HRTs), of
minutes, relative to other treatment processes. Periodic deep bed cleaning of the
media ensures uniform biofilm and elimination of excess biomass growth, which
may cause mounding or poor fluidization of media within the system leading to
poor mass transfer. This is typically accomplished via daily automated air lift
sparging and periodically with a deep bed hydraulic eductor-based solids
separation system or air sparging apparatus.

FBR staging should be considered if the parameters degraded at higher ORP
conditions (e.g., oxygen, nitrate) are 15 to 20 times higher in concentration than
the other parameters (such as selenium). Staging, in this case, would provide
removal of oxygen and nitrate in the first stage, followed by treatment of
selenium in the second stage. If a large reaction zone is required, sequential
systems may offer a more energy-efficient alternative to a taller or wider system
(EPRI, 2019).

The primary design parameters for the FBR include minimum recirculation rate,
influent temperature, influent HRT, and TSS. The typical HRT in an Envirogen FBR
reactor is 30 to 60 minutes for example compared to the 4 to 8 hours required for a
packed bed reactor. Although it is less sensitive to influent TSS than a packed bed
the FBR generally cannot tolerate TSS levels greater than 100 mg/L on average. An
FBR will typically require a post-treatment solids removal process to meet a low
effluent selenium concentration.

The FBR system provided by Envirogen Technologies Inc. uses fine sand and/or
activated carbon as the carrier particles. Selenium-containing wastewater is pumped
into the FBR in an upflow direction. A recirculation line returns flow to the suction
of the influent pump. The combined influent plus recirculation flow is controlled to
maintain carrier particle fluidization. The Envirogen FBR system is typically based
upon a dual stage design using sand as the carrier particle in the first stage and a
GAC carrier in the second stage. The bulk of the denitrification and some of the
conversion of selenate to selenite occurs in the Stage 1 reactor. The remaining
selenium conversion to elemental selenium occurs in Stage 2. A simple schematic
of the Envirogen system is presented as Figure 6.5.

There were two full-scale Envirogen FBR systems installed for biological
selenium removal as of September 2018. Both systems were installed to treat
mine impacted water. The first system was installed at Patriot Coal in the United
States in 2013. The second system was installed at Teck Coal’s West Line Creek
(WLC) metallurgical coal operations in the Elk Valley of British Columbia in 2014.

McKevitt (2019) presented information on the West Line Creek (WLC) FBR
facility at the Metal Leaching/Acid Rock Drainage Workshop in Vancouver in
December 2019. The two-stage FBR system includes a ballasted sand clarifier
(BSC), moving bed biofilm reactor (MBBR), and sand filtration for post
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treatment. The BSC and sand filtration units are required primarily for effluent
solids and selenium control. This contrasts with a typical packed bed reactor
system that can be operated with minimal, if any, post treatment processing
depending on the effluent limits, given the packed bed acts as a filter.

Patterson (2017) presented the details of a two-stage ABMet® system treating
mine impacted water in North Eastern British Columbia and with similar effluent
TSS and selenium limits to WLC. The ABMet® system is able to meet these
limits without post treatment downstream of the second stage packed bed.

6.4.3 Combination of expanded bed and packed bed
reactor configuration
A hybrid system, using an expanded bed biofilm reactor (EBBR) and packed bed
can potentially offer advantages over either of the packed bed or FBR. This
system takes advantage of the high mass transfer capability of the EBBR and
solids capturing and biodegradation capacity of the packed bed. An EBBR is fed
from the bottom of the reactor similar to an FBR but without the recycle. The
velocity of the water flowing upward is typically fixed such that the media bed is
expanded by 25% to 40%. The advantages and disadvantages of the combined
EBBC-packed bed system for selenium removal are summarized in Table 6.4.

Supplemental carbon is typically added both before and after the EBBR system to
achieve reduction of nitrate and selenium. The system theory is based on having
most of the denitrification and therefore gas formation occurring in the EBBR
stage of the process, where it will not create short-circuiting through the reactor
or require degassing. The packed bed stage of the system then does not need to
be increased in size to allow for retention of this gas volume and the downtime
associated with expelling this gas. Effluent solids from the EBBR are collected at
the top of the packed bed. Cleaning of the EBBR may involve the use of periodic

Figure 6.5 Simplified process schematic for fluidized bed reactor (Source: adapted
from Simm, 2018).
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air scouring followed by a forward flush with the waste transferred along with the
packed bed backwash water to solids handling.

The SeHAWK® system supplied by Frontier Water Systems supplies a
combination of an EBBR and a packed bed system. The SeHAWK® system is
based on a modular bioreactor design to reduce the overall capital cost. A
simplified schematic of the SeHAWK® system is presented in Figure 6.6.
Frontier had nine full-scale systems installed in mining applications and four
full-scale FGD systems under construction as of September 2018 (Simm, 2018).
The SeHAWK® systems at Duke Energy’s Marshall, Crystal River, and Miller
Generating Stations were commissioned in 2019 (Kennedy & Henderson, 2020).
All of the SeHAWK® installations as of September 2018 are located in North
America.

Table 6.4 Advantages and disadvantages of combined EBBC-packed bed process.

Advantages Potential Disadvantages

• Ability to deal with higher influent TSS
than packed bed.

• Ability to deal with higher influent nitrate
loadings than packed bed.

• Shorter retention time than packed bed
and smaller reactor sizes.

• Cost effective for smaller capacities
where modular reactor configuration
can be used.

• Large number of installations relative to
other technologies.

• Cost effective capacity potentially
constrained by size of largest
modular unit.

Figure 6.6 Simplified schematic of Frontier SeHawk® system (adapted from Pickett,
2020).
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The cost effectiveness of the SeHAWK® system will likely be limited by
available module size although Frontier continues to develop larger capacity
modular units. In addition, they have employed ultrafiltration (UF) – reverse
osmosis (RO) on some projects as a concentration step to reduce the size of the
biological treatment step. A simplified process schematic of the UF-RO-
Bioremediation configuration is presented in Figure 6.7. This approach is limited
by the total dissolved solids (TDS) concentration in the RO concentrate. High
TDS concentrates could potentially precipitate on the bioreactor media, thus
negatively impacting treatment efficacy. The approach illustrated in Figure 6.7
was used for a selenium treatment system at a phosphate mine in Idaho and is
described by Witt et al. (2019).

6.4.4 Moving bed biofilm reactor (MBBR)
AnMBBR uses specifically designed plastic carrier elements for biofilm attachment
that are neutrally buoyant (specific gravity less than/or equal to water). The carrier
elements, or media, are held in suspension throughout the reactor by turbulent
energy created by mechanical mixing or liquid recirculation, thereby resulting in
improved mass transfer through a completely mixed regime. The medium takes
up between one-third and two-thirds of the reactor volume. To allow treated
water to pass through to the next treatment step while retaining the media in the
reactor, a perforated plate or screen is installed on the effluent end of the reactor.

MBBRs combine the advantages of attached growth with many of the advantages
of suspended growth systems. One advantage of the MBBR in selenium treatment
applications is the ability to handle high influent solids levels. The completely

Figure 6.7 Se bioremediation with UF-RO concentration step (from Simm, 2018).
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mixed media and continuous flow through process of an MBBR eliminates the need
for backwashing to maintain throughput and performance because there is no
potential for clogging or plugging. Solids separation will, however, be required
following the MBBR to remove solids like reduced selenium particles. MBBR
systems can suffer performance problems if precipitates form on the media
hampering media neutral buoyancy. This is a particular concern with industrial
applications with a high influent TDS.

Veolia is one of several suppliers of MBBR systems. Veolia had provided three
MBBR systems for selenium removal in mine water treatment applications with
capacities of between 757 litres/min and 3,028 litres/min, as of September 2018
(Simm, 2018). These systems have since been shut down and replaced with
passive treatment systems having a lower operation and maintenance cost.

6.5 SUSPENDED GROWTH SYSTEMS
6.5.1 Biofloc systems
Suspended growth systems are distinctly different from attached growth systems in
that biological growth is not supported by a substrate, but rather aggregated
microorganisms are suspended freely within a water matrix, where they both
naturally coagulate and flocculate into bioflocs. A method of solid-liquid
separation, such as sedimentation or membrane filtration, is required to
concentrate and remove the bioflocs from the treated effluent. Larger tanks are
typically required for suspended growth systems relative to fixed film systems
because of the higher biomass inventory carried by fixed film processes.

6.5.1.1 Continuous stirred tank system
Lau et al. (2012) reported on the design, start-up and commissioning of a full-scale
biological treatment system that was installed at a coal-fired power generating
station to remove selenium and nitrates from a flue gas desulfurization (FGD)
blowdown stream. The patented iBIO® wastewater treatment (WWT) system,
which was first pilot-tested at power generating stations, is based on a suspended
growth continuously stirred-tank anaerobic reactor. The major components of the
treatment system include physical-chemical treatment (pH adjustment and
coagulant-polymer addition) and denitrification and selenium removal steps
which consist of an anoxic reactor, anaerobic reactor, anaerobic clarifier and a
gravity sand filter. The power generating station had a target to reduce the
concentration of total selenium from 1.3 mg/L in the untreated FGD blowdown
stream down to ,0.21 mg/L in the effluent. The authors reported the majority of
the selenium treatment took place in the physical-chemical treatment stage
(removal of selenite) with only 36% removal in the anaerobic biological
treatment stage.
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6.5.1.2 Activated sludge systems
EPRI (2019) indicated that there is currently only one commercial activated sludge
system known to be operating in the United States that is treating wet flue gas
desulfurization wastewater for nitrate and selenium removal.

Mal et al. (2017) showed that a sequencing batch reactor (SBR) can remove both
selenate and ammonium via, respectively, bioreduction and partial
nitrification-denitrification, and thus offers possibilities for treating selenium and
ammonium contaminated effluents. These studies were conducted using a
bench-scale treatment system.

Interest is growing in the fate of selenium at municipal wastewater treatment
facilities, the majority of which use suspended growth systems. This is
particularly true in areas with seleniferous soils. Pontarolo et al. (2017) conducted
a two-year-long study of a biological nutrient removal (BNR) wastewater
treatment plant in Colorado with pre-anoxic, anaerobic, anoxic, and aerobic
zones. They reported a 49% and 65% reduction in influent recoverable selenium
without and with poly-aluminium addition. No attempt was made to optimize
selenium removal through the process.

6.5.1.3 Membrane bioreactors
Membrane bioreactors (MBRs) and in particular anaerobic MBRs have been piloted
for combined nitrate and selenium reduction. EPRI piloted anaerobic MBR systems
for treatment of WFGD blowdown. The results of studies conducted to date are
considered by EPRI to be insightful but inconclusive (EPRI, 2019). To this
author’s knowledge, there are currently no full-scale anaerobic MBR systems in
operation for selenium bioremediation.

6.5.2 Granular sludge systems
The upflow anaerobic sludge blanket (UASB) reactor uses self-immobilized small
(3 to 5 mm) compact biofilms without carrier support. The environmental
conditions created in the reactor result in the development of large, dense, readily
settleable particles called granules, which allow for very high biomass
concentrations. Wastewater flows from the bottom of the reactor to the top at a
high enough velocity (typically 1 m/h) to keep the granules suspended without
washout. The upper part of the bioreactor contains a gas/liquid separator to allow
produced gases to be vented. UASB reactors are typically employed for high
strength wastewaters.

The Adams Avenue Agricultural Drainage Research Centre in California
performed a UASB pilot for selenium removal in 2004. The study reported
between 58% and more than 90% selenium removal from an influent selenium
concentration of approximately 500 µg/L (CH2M Hill, 2010). A number of
operational issues were identified with the pilot including short circuiting caused
by accumulation of gas within the pilot reactor that became trapped in the sludge,

Biological treatment technologies 205

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



long acclimation period (approximately 6 months), and variability in Se removal
efficiency due to temperature sensitivity.

Tan et al. (2018a, 2018b) demonstrated that two reactor configurations
employing different biomass retention systems (biofilm in biotrickling filter
(BTF) and granules in UASB) result in a diverse removal performance when
treating synthetic mine wastewater contaminated with SeO 2−

4 , SO 2−
4 and Ni2+.

The Se removal efficiency of the BTF biofilm was improved by .70% in the
presence of SO 2−

4 , whereas the Se removal performance of the UASB reactor
was not affected. Nickel addition initially negatively impacted selenate reduction
in both processes, although both processes eventually recovered with the UASB
recovering sooner.

6.6 PASSIVE AND SEMI-PASSIVE BIOREACTOR
SYSTEMS
The cost of constructing full-scale active selenium treatment facilities like those
described in Section 6.4 can be significant. Active biological selenium removal
plant projects can cost as much as $3,963 to $7,926 (USD) per cubic metre of
capacity to construct (Simm, 2018). The high cost of active treatment has resulted
in significant interest in passive treatment technologies for selenium
bioremediation particularly in the mining industry.

A passive system can be considered one that does not require a deliberate
continuous nutrient feed and can operate with minimal or no electrical equipment
and operator attention (Golder, 2020). Passive treatment systems are often
referred to as biochemical reactors (BCRs). These systems include an organic
medium such as hay, wood chips, or sawdust. Semi-passive systems differ from
passive systems in that they include the controlled addition of an electron donor
and essential nutrients.

The advantages of passive and semi-passive treatment systems for selenium
include low capital and operating cost relative to active treatment. The
disadvantages include low hydraulic loading rates and large area requirements,
lack of control over organic media degradation, and potential for high levels of
residual nutrients. By design, passive treatment lacks precision in process control
but can provide acceptable performance in certain applications.

The need to consistently meet ultra-low effluent selenium limits has increased
interest in semi-passive treatment systems where electron donor and nutrient
addition are more precisely controlled. Gravel bed reactors (GBR™) and
submerged rock fills (SRFs) are two examples.

One key issue associated with both passive and semi-passive treatment is the
long-term fate of reduced selenium. These systems, unlike the active systems
discussed previously, do not include controlled solids wasting to remove reduced
selenium from the system. These systems remove selenium from the system for
the remainder of the system life. This raises concern with respect to what happens
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if there is an upset and/or in cases where the conditions develop such that the
selenium could/can be remobilized?

6.6.1 Constructed wetlands
Constructed wetlands are designed and constructed to use vegetation, soils, and
associated microbial activity to provide treatment. Wetlands create a layer of
biological detritus that through decomposition creates an anoxic/anaerobic
substrate rich in organic carbon. The aquatic environment supports the growth of
bacteria supporting the reduction of selenium oxyanions as an energy source.
According to Kadlec and Wallace (2009) selenium is reduced to elemental
selenium as well as organic forms such as dimethyl selenide and dimethyl
diselenide. The elemental selenium is sequestered in the wetland sediment.

Constructed wetlands include surface flow wetlands, subsurface flow wetlands,
and variations on surface flow wetlands such as vertical downflow wetlands.
Constructed wetlands are designed to allow inflow rates and water depths to be
regulated which influences hydraulic and mass loading of the system as well as
the hydraulic residence time. Typical retention times can be several days or more
(CH2M Hill, 2010). The area requirements for municipal and industrial
wastewaters can be 4 to 405 hectares and more than 4,000 hectares for large
agricultural drainage flows (CH2M Hill, 2010).

The treatment effectiveness among surface flow wetlands varies widely. Kadlec
andWallace (2009) reported selenium removal rates of between 0% and 96% for 10
full-scale surface flow wetland sites. Constructed wetlands have been attempted at
full scale at several power plants and interest appears to have waned due to
performance issues (Kennedy, Personal Communications). Some have witnessed
late Winter and early Spring selenium release for instance (Kennedy, Personal
Communications).

Constructed wetlands may also pose an ecological risk to wildlife by exposure to
accumulated constituents. Monitoring of ecological effects may be required
particularly for selenium impacts on fish and other vertebrates. Practices to
exclude wildlife, such as covering, can be appropriate.

6.6.2 Biochemical reactors
Biochemical reactors (BCRs) consist of a lined area that has been filled with organic
substrate and can be considered as an enhancement to constructed wetlands. These
systems are generally operated in a gravity downflow mode. An underdrain,
overlain by gravel, is constructed at the bottom of the reactor. Water level control
is installed to control the water level in the BCR. Organic substrates in the reactor
include hay, manure, and woodchips. The organic media degrade over time and
will ultimately need to be replaced. Anoxic/anaerobic conditions are created in
the reactor and selenium reducing bacteria convert selenium oxyanions to
elemental selenium. The effluent from a BCR will typically have elevated BOD

Biological treatment technologies 207

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



(biological oxygen demand) and will require further aerobic treatment. CH2M Hill
(2010) present several BCR case studies with a range of selenium removal
efficiencies. As indicated previously, these systems have lower capital and
operation and maintenance costs than active treatment systems. However, the
ability for these systems to consistently meet ultra-low selenium discharge limits
is uncertain.

6.6.3 Gravel bed reactors
Gravel bed reactors (GBR™) are referred to as a semi-passive treatment alternative
(Mancini et al., 2019). The GBR™ consists of an engineered bed of gravel/media
through which water containing nutrients of concern is passed and treated. Electron
donor(s) and nutrients are added to the water at the inlet of the GBR™ to promote
the activity of selenium reducing bacteria, sequentially immobilizing the reduced
selenium in the gravel bed. The top and bottom of the treatment zone are lined
using synthetic membranes to prevent water loss/influx, creating hydraulic
isolation from the surrounding environment. A schematic of a typical GBR™ is
presented in Figure 6.8.

Mancini et al. (2019) provide general performance information for two case
studies treating water in an urban stream in California and mine impacted water
at a coal mine in West Virginia. The influent selenium concentrations for the
California and West Virginia applications were approximately 40 ppb and 30
ppb, respectively. Both systems are reported to reduce selenium to less than 5
ppb. These types of systems offer lower capital, operating and maintenance cost
relative to active systems. The one concern with these types of systems is the
long-term fate of sequestered selenium given there is no active control of
solids wasting.

Figure 6.8 GBR™ main system components (figure from Mancini et al., 2019).
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6.6.4 Submerged rock fills in mining applications
Submerged Rock Fill (SRF) uses a backfilled mine pit as a bioreactor (Golder,
2020). Mine water and nutrients are injected into the backfill, then flow
horizontally through the backfill, and the treated water is pumped out of the
backfill for polishing treatment and discharge. Denitrification and selenium
reduction occur in the backfill. The long-term fate of sequestered selenium is of
concern with SRF as it is with GBRs.

One of the mining companies in British Columbia, Canada, has posted on the
company website that they plan to expand their SRF for selenium bioremediation
from 10 million to 20 million litres per day (Teck, 2020). The expanded facility
will replace a previously planned active treatment system. The rationale for
choosing the SRF over a tank based system includes: “SRFs can treat large
volumes of water with less energy and with a smaller environmental footprint
compared to tank-based facilities, SRFs are also quicker to build, less complex to
operate, and have lower capital and operating costs”.

6.7 OTHER REACTOR TYPES
6.7.1 Fungal based bioreactors
Fungi are heterotrophic, eukaryotic and achlorophyllous organisms, which have the
ability to secrete large amounts of enzymes and reductive proteins. Different fungal
strains have shown their ability to degrade a wide range of environmental pollutants,
from dyes to pharmaceutical compounds, heavy metals, trace organic contaminants
and endocrine disrupting contaminants. Some researchers have investigated the
potential of fungal based bioreactors for selenium bioremediation (Espinosa-Ortiz
et al., 2015, 2016; Negi et al., 2020).

Espinosa-Ortiz et al. (2015) investigated the performance of a novel fungal
bioreactor system containing pellets of Phanerochaete chrysosporium. The
bioreactor was initially operated under batch conditions and then switched to
continuous operation for 41 days. The reactor was fed with selenite at selenium
and glucose loading rates of 10 mg Se L/d and 0.95 g glucose L/d, respectively.
The reactor hydraulic retention time was 24 hours. The reported selenium
removal at steady state was approximately 70%. The reactor was tested under
fluctuating loads and showed significant resilience. Espinosa-Ortiz et al. (2017)
also studied the simultaneous biomineralization of Se and Te by P. chrysosporium.

6.7.2 Electro-biochemical reactor
The electro-biochemical reactor (EBR), produced by INOTEC, is a patented
high-efficiency denitrification, metals and inorganics removal technology. The
system is based on the concept of providing electrons to the microbial community
using electrodes and a low voltage potential (1–3 V) at low milli-Amp levels
(Opara et al., 2014).
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INOTEC lists several selenium removal EBR projects on its website (website
visited August 30, 2020). These include 17 projects (11 bench-scale tests, 5
pilots, and 1 full-scale facility). Selenium was not a target constituent for 2 of the
17 projects. The one full-scale facility on INOTEC’s selenium experience list is
for a gold mining project where influent selenium is reportedly reduced from 690
ppb to approximately 50 ppb. The influent nitrate at the gold mining site is
reportedly approximately 180 mg/L as nitrate-nitrogen. The bioreactor HRT is
listed as 24 hours.

6.7.3 Hydrogen based membrane biofilm reactor
The hydrogen-based membrane biofilm reactor (MBfR) is designed to reduce
oxidized pollutants using hydrogen gas as an electron donor. Hydrogen or a
mixture of hydrogen and carbon dioxide (4:1) is delivered by diffusion through
the walls of non-porous hollow fibre membranes. A hydrogen oxidizing biofilm
forms on the membrane outer walls and reduces electron acceptors in the bulk
liquid including nitrate and selenate.

Several studies (Chung et al., 2006; Lai et al., 2014; Van Ginkel et al., 2011a,
2011b) have reported high SeO 2−

4 removal rates employing the MBfR
technology. Studies with actual WFGD wastewater showed a high selenate
reduction efficiency (Van Ginkel et al., 2011a, 2011b).

The MBfR technology has been commercialized by APTwater of Sacramento
(California, USA). The APTwater website references the selenium removal
technology as ARoSel targeting selenium, naturally occurring and from flue gas
desulfurization, oil production and refining. As of August 30, 2020, the
APTwater website referenced the ARoSel system as “In Development”.

6.8 FUTURE PERSPECTIVES FOR OPTIMIZING
BIOLOGICAL SELENIUM REMOVAL TECHNOLOGIES
Implementation of more stringent aquatic water quality guidelines for selenium,
particularly in North America, has driven the development and commercialization
of a small number of active selenium bioremediation technologies. Several
private companies and members of the Electrical Power Research Institute (EPRI)
in the United States have conducted numerous pilot studies of selenium
bioremediation technologies. Golder’s (2020) recently completed report on the
state of knowledge of selenium treatment technologies concluded: “despite
numerous installations, selenium treatment technologies have not reached full
maturity and should be regarded as developmental.”

A 2018 presentation (Simm, 2018) presented at the EPRI Selenium Summit in
the Netherlands summarized some of the key issues and challenges associated
with biological Se removal and identified key research and development needs
based upon observations at full-scale facilities. One of the primary drivers for
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having this summit in Europe was to connect leading European researchers working
on the fundamental science of selenium bioremediation with North American
practitioners engaged in implementing selenium bioremediation projects to meet
current and proposed stringent effluent selenium regulations. It is this author’s
opinion that the practice of selenium bioremediation is lagging the regulatory
implementation. Some of the key issues and research requirements associated
with selenium bioremediation are presented in this section.

6.8.1 Selenium measurement and speciation
The primary driver for ultra-low selenium limits is the protection of sensitive aquatic
species and waterfowl. The concentration and speciation of selenium affects its
bioaccumulation potential. It can be difficult to measure selenium speciation in
complex environmental matrices like mine water and wet flue gas desulfurization
(WFGD) blowdown. Being able to accurately measure influent and effluent
selenium concentrations is critically important.

Based on what is known about the potential for the production of organic Se
species in biological treatment systems, monitoring for their presence could be
extremely beneficial in predicting the toxicity of the effluent. According to
LeBlanc et al. (2018), sensitive and robust analytical methods for the
measurement of Se speciation in water samples are required for such an
endeavour, as environmentally relevant concentrations of organic Se may be only
a small fraction of the total Se in a given sample.

6.8.2 Bioavailability of reduced selenium
species in treated effluents
Waterborne inorganic selenate and selenite typically bioaccumulate 100 to 4000
times in aquatic food chains, but organic selenoamino acids can produce
bioaccumulation factors in excess of 350,000 (Tan et al., 2016). There have been
limited studies on effluent selenium speciation and its direct impact upon the
aquatic environment. However, the studies that have been conducted suggest
reduced selenium species in the effluent from a selenium bioremediation facility
are of potential concern.

Amweg et al. (2003) studied an algal-bacterial selenium reduction (ABSR)
process for treating agricultural drainage water in the San Joaquin Valley of
California. These authors used laboratory-based algal bioaccumulation tests and
in situ microcosms with a variety of invertebrates to measure differences in Se
bioavailability before and after ABSR treatment. These authors reported a 2 to 4
times increase in Se concentration in aquatic biota tissue exposed to ABSR
system effluent relative to organisms exposed to untreated water. This is despite
the fact the ABSR system removed approximately 80% of the total influent Se.

LeBlanc and Wallschläger (2016) measured organo-selenium in natural and
industrial waters. These authors showed industrial biological treatment systems
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designed for remediation of selenium-contaminated waters increased both the
concentration of organic selenium species in the effluent, relative to influent
water, and the fraction of organic selenium which increased to up to 8.7% of the
total selenium in the effluent, from less than 1.1% in the influent.

Golder et al. (2020) reported on one biological system where environmental
effects monitoring indicated an approximate 50% reduction in selenium
concentration in the receiving waters. Despite this reduction, the near-stream
selenium concentrations in benthic invertebrates increased approximately 7-fold
compared to before treatment. The owner at this particular site attributed the
increase to organo-selenium species in the effluent and ultimately implemented
an effluent oxidation step to convert reduced selenium species to selenate.

The management of reduced selenium or organic selenium species in the effluent
of biological selenium treatment facilities serves as a potential challenge that needs
to be addressed. Research needs to be conducted on the reactor conditions leading to
organo-selenium production and optimization of post treatment methods for
mitigating their impact.

6.8.3 Bioprocess operations
6.8.3.1 Bioreactor sizing and design optimization
Selenium oxyanions are the dominant selenium species in selenium impacted waters
requiring treatment. Nitrate and sulfate are typically present in significant
concentrations (parts per million) relative to selenium oxyanions (parts per
billion). As indicated in Section 6.2, significant selenium oxyanion reduction
does not typically take place until the majority of nitrate has been reduced.

Contrary results on the inhibition or stimulation of selenium oxyanion reduction
in the presence of NO3

− and SO 2−
4 have been reported. In addition, previous studies

have shown both sulfate reducing bacteria and denitrifiers can reduce selenium
oxyanions (Simm, 2017). Tan et al. (2016) have suggested optimizing bioreactor
operational parameters for establishing and maintaining a microbial community
with coexisting denitrifying as well as sulfate and selenate reducing bacteria is
yet to be fully understood and operated at full scale.

The EPRI State of the Knowledge Document (2019) suggested: “Even though
the complex nature of selenium reduction is not fully understood, WFGD
wastewater biological treatment systems have operated for more than 10 years
and are demonstrating significant selenium reduction. Identifying and
understanding the pathways for selenium reduction may lead to new insights into
operating systems more efficiently.”

There is a need for a biochemical model and process simulator that takes into
account the interactions between nitrate, selenium oxyanions, and sulfate and that
can be used to provide operational insights for both pilot and full-scale facilities
(Simm, 2017). Such a model could ultimately reduce piloting requirements and
be used for system sizing and design optimization.
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Boltz (2019) is currently developing a mathematical model that is capable of
describing the biochemical transformation of selenate (SeO 2−

4 ), selenite (SeO 2−
3 ),

nitrate (NO −
3 ), and sulfate (SO 2−

4 ), amongst other relevant compounds, by
functional bacterial groups within the system’s operational environmental
conditions. Model features include a description of the simulated processes, state
variables, Gujer matrices, stoichiometric relationships, kinetic expressions,
conversion factors, and parameter values (see Chapter 4). Preliminary model
results suggest good agreement between model predictions and pilot plant
observations. Additional research is required to verify the model’s efficacy.

6.8.3.2 Better understanding and optimization of passive treatment
designs
Reduced selenium (S0 and selenides) is not routinely removed in passive systems
and will accumulate over time. The long-term fate of these accumulations is not
well understood. There is a need for research that identifies the selenium
sequestration capacity of various passive systems, potential for selenium
re-release and the factors controlling re-release, and best practices for
environmentally sound system closure.

6.8.3.3 Optimization of selenium reduction at municipal wastewater
treatment plants
Municipal wastewater treatment plants in areas with seleniferous soils are likely to
have elevated influent Se and stringent effluent Se discharge limits. This is certainly
the case in the western US in states like Colorado and Arizona. The work of
Pontarolo et al. (2017) is instructive and there is a need for further research
focused on optimization of Se removal in municipal activated sludge systems and
in suspended growth systems in general.

6.8.3.4 Selenium treatment residuals handling and long-term
management
Most selenium bioremediation technologies produce residuals with a high selenium
concentration. In many cases, selenium laden residuals from active treatment
systems are dewatered and landfilled. The long-term fate of these residuals is a
concern especially the potential for re-mobilization and future environmental
contamination. There is significant interest in selenium recovery technologies
(Hageman, 2015) and/or encapsulation.
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Chapter 7

In situ and ex situ bioremediation
of seleniferous soils and
sediments

Shrutika L. Wadgaonkar and Piet N. L. Lens

7.1 INTRODUCTION
The importance of environmental selenium (Se) research has been increasingly
recognized during the last decade (Nancharaiah & Lens, 2015a; Tan et al., 2016).
The concerns about Se toxicity began in the 1930s, when symptoms for alkali
disease and blind staggers were observed in livestock grazing on grass grown on
Se-enriched soil in South Dakota (Tinggi, 2003). On the other hand,
Se deficiency was brought to the forefront in the 1960s with identification of
a peculiar heart muscle disease symptom, called Keshan’s disease, in China
(Chen, 2012).

In animals and humans, selenium plays an important role in the redox regulation
of intracellular signaling, redox homeostasis and thyroid hormone metabolism
(Huawei, 2009; Papp et al., 2007). To avoid deficiency and toxicity, the United
States National Academy of Sciences Panel on Dietary Oxidants and Related
Compounds recommended a dietary allowance of 55 µg Se day−1 in humans and
set an upper tolerable limit of 400 µg Se day−1 (World Health Organization,
2011). The United Kingdom Expert Group on Vitamins and Minerals (2003)
recommended a minimum intake of 60 µg Se day−1 for women and 70 µg Se
day−1 for men.

The amount of selenium in the food chain, and thus in the human diet, depends on
the selenium concentrations in the soil. Therefore, soil is the most important part of
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the environment in selenium cycling (Hagarova et al., 2005; Wadgaonkar et al.,
2018a). This chapter overviews research on the selenium cycle in the context of
bioremediation of seleniferous soils and sediments. Figure 7.1 provides a general
overview of seleniferous soil contamination and in situ bioremediation techniques
applied. Recent studies on the natural and anthropogenic sources of selenium in
soils and the adverse effects of elevated soil-Se content on the environment are
overviewed in this chapter. Particular attention is paid to the cause and effect of
selenium toxicity on flora and fauna associated with seleniferous soils and
sediments as well as technologies for bioremediation of seleniferous soils coupled
to selenium recovery.

7.2 METABOLIC ROLE OF SELENIUM
7.2.1 Selenium essentiality
In humans, selenium plays a complex metabolic role in protection of body tissues
against oxidative stress, maintenance of the immune system and modulation of
growth and development (Figure 7.2). Most of the assimilated selenium in tissues
is available in the form of proteins called selenoproteins, in which selenium exists
as selenocysteine (SeCys). Table 7.1 lists selenoproteins identified in humans
and their functions. Selenium is an essential part of the antioxidant enzyme
glutathione peroxidase which protects cell membranes from damage caused by
lipid peroxidation. Selenoproteins like thioredoxin reductase and glutathione
peroxidase play a role in cancer prevention by preventing intracellular oxidative

Figure 7.1 General schematic of causes, effects and bioremediation options for
seleniferous soils and sediments (Wadgaonkar, 2017).
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stress (Kalender et al., 2013; Selenius et al., 2010). Selenoproteins play an important
role not only in the regulation of the intracellular redox state and anti-inflammatory
functions, but may also play a significant role in glucose metabolism, calcium
metabolism and glycoprotein folding (Rayman, 2012). Selenium forms a
structural component of specific selenoproteins incorporated in the form of
Se-methionine (Se-Met) in plants and Se-cysteine (SeCys) in animals. Active
sites of selenoproteins consisting of SeCys have redox functions, such as
scavenging free radicals (Figure 7.3), thus preventing oxidative stress and cancer
(Misra et al., 2015; Tapiero et al., 2003).

7.2.2 Selenium toxicity
Selenium is a contaminant of potential environmental concern and is hence an
important element from an environmental pollution point of view. The element
was discovered to be toxic when the livestock grazing on grass grown in

Figure 7.2 Schematic representation of selenium metabolism in mammals. Se,
selenium; SeMet, selenomethionine; SeCys, selenocysteine; H2Se, hydrogen
selenide; HSePO3

2−, selenophosphate; CH3SeH, methylselenol; (CH3)2Se,
dimethyl selenide; SeO2, selenium dioxide; (CH3)3Se

+, trimethyl selenonium ion;
NADPH, nicotinamide adenine dinucleotide phosphate; GSH, glutathione; TRs,
thioredoxin reductases; TDIs, thyroixine de-iodinases; GPXs, glutathione
peroxidases; SepP, selenoprotein P (Fairweather-tait et al., 2010; Huawei, 2009;
Tinggi, 2003).
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selenium-enriched soil developed disorders known as alkali disease and blind
staggers in 1930 in South Dakota (Tinggi, 2003). Selenium has a tendency to
bioaccumulate in the aquatic environment and becomes toxic to aquatic
organisms, such as fish, at elevated concentrations. Selenium becomes toxic to
cormorants and other birds that prey on aquatic organisms harboring elevated
levels of this element (Miller et al., 2013). In 1984, high incidences of
deformities and mortalities were recorded in waterfowl in the Kesterson wildlife
reservoir (California, USA), where agricultural drainage water and industrial
effluent containing a high selenium content was discharged.

Selenium bioaccumulation has exposed the fish and waterfowl in wetlands and
evaporation ponds to a severe threat, which has caused deformities, impaired
reproduction and eventually death of fish and birds (Zhang et al., 2006). Transfer
of selenium to the higher trophic levels and accumulation in the food chain due
to selenium bioaccumulation (De La Riva et al., 2014) caused additional
damaging effects such as nausea, vomiting and diarrhea due to selenium
poisoning (selenosis) in humans and animals along with dermal and neurological
dysfunction associated with deformation of nails and hoofs, unsteady gait or even
paralysis and cardiovascular symptoms (Duntas & Benvenga, 2014). Dietary
uptake higher than 400 µg day−1 was linked to hair and nail loss and disruption
of the nervous and digestive systems in humans and animals (Misra et al., 2015).
Lemly (2014) calculated the monetary loss due to reduced fish productivity and
studied the impact of selenium pollution in water bodies associated with high
selenium concentrations on tissues of aquatic organisms (e.g., fish), particularly
morphological abnormalities and teratogenic deformities.
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Figure 7.3 Role of selenoprotein glutathione peroxidase in scavenging free radicals
(Navarro-Alarcon & Cabrera-Vique, 2008).
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7.2.3 Selenium deficiency
The perspective of researchers towards selenium changed in 1960, with the
identification of a peculiar heart muscle disease symptom called Keshan’s
disease in selenium deficient populations in China (Chen, 2012). A selenium
concentration in staple food lower than the critical standard of 100 μg kg−1 can
lead to the development of selenium deficiency diseases (Wang et al., 2016).
Selenium deficiency causes reproductive disorders and heart failure in humans,
white muscle disease in young animals, fatal diseases such as hepatosis and
Mulberry heart disease in pigs and exudative diathesis in poultry (Mehdi et al.,
2013). High incidences of white muscle disease and heart necrosis were observed
in selenium deficient sheep and cattle in New Zealand and Western Oregon, USA
(Tinggi, 2003). These and other studies have contributed to the understanding of
physiological functions of selenium in higher animals and humans. The narrow
window of 40–400 µg day−1 between selenium deficiency and toxicity has led to
selenium being appropriately termed as an ‘essential toxin’ (Lenz & Lens, 2009)
and makes environmental selenium research (Winkel et al., 2012) critical to
maintain a balance between providing the necessary level and avoiding toxicity.

7.2.4 Selenium bioavailability
Both these Se toxicity and deficiency disorders are the ramifications of the Se
bioavailability in the respective soils. Several studies are being carried out to
resolve the issue of Se imbalance across the globe, where efforts are being made to
remove Se from the seleniferous regions using in situ and ex situ bioremediation
technologies (this Chapter; Bañuelos & Lin, 2005; Lindblom et al., 2014) or
fortify Se-deficient soils with organic and inorganic Se compounds (Chapter 9;
Bañuelos et al., 2015; Lyons, 2010).

7.3 SELENIUM GEOCHEMISTRY IN SELENIFEROUS
SOILS AND SEDIMENTS
The selenium content in soil varies greatly throughout the world. Higher amounts of
bioavailable forms of selenium in soils greatly influence the amount of selenium in
the food chain. Elevated amounts of water-soluble selenium in soil can lead to
contamination of water bodies and groundwaters due to the leaching caused by
rainfall and irrigation (Wu, 2004). Effluent discharges from mining industries and
coal fired power plants have resulted in large-scale Se deposition in marine
sediments (Ellwood et al., 2016). However, quantification of the total selenium
does not actually give information about the chemical species, thus giving no
information about its bioavailability to plants.

Various forms of selenium are soluble, exchangeable, bound to organic matter,
sulfides, carbonates and oxides. Selenium occurs mainly in four oxidation states
in soil, viz. selenate (VI), selenite (IV), elemental selenium (0) and selenide (-II).
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The chemical forms of selenium and their solubility in soil mainly depend on the
prevailing redox conditions and pH (Figure 7.4), salinity and carbonate content
of the soil (Hagarova et al., 2005). Other factors that contribute to selenium
speciation, and thus adsorption, bioavailability and toxicity, are organic matter
content and composition, iron oxide levels as well as amount and type of clay
(Table 7.2; Bajaj et al., 2011; Schilling et al., 2015).

In acidic clay soils and soils with a high organic matter content, selenium is
mainly present in the form of selenides and selenium sulfides (SeS2/SenS8−n),
which have limited solubility and bioavailability (Kabata-Pendias & Pendias,
2001). Selenium binds to proteins, fulvic acids, clay and organic matter in acidic
soils (Cuvardic, 2003; Wu, 2004). In well drained neutral soils, selenium is
predominantly available in the form of selenite (Mayland et al., 1989). In alkaline
and aerated soils, selenium occurs as selenate which is mobile and available to
plants. Selenite is oxidized to selenate, the more mobile and bioavailable form of
selenium in soil environments (Dhillon & Dhillon, 2014).

Se in seleniferous soil is often of lithogenic origin. For the soils in northwest
India, selenium was transported via Se-rich sediments by seasonal rivulets from
sub-Himalayan ranges called the Shiwalik hills in the north of Punjab, India
(Dhillon & Dhillon, 2009). Intensive irrigation on the local agricultural lands
during the last few decades has increased the Se deposition in the soil and has led
to accumulation of up to 1.4 kg Se per hectare every year (Dhillon & Dhillon,
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- SeO4
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SeO3
2-
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Figure 7.4 Effect of pH and redox potential (Eh) of soil on Se speciation (Mayland
et al., 1989).
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2003), which affects agricultural crop yields (Figure 7.5). In order to avoid further
contamination of these agricultural soils via rivulets containing Se-rich sediments,
storage and sedimentation of the irrigation water may be practiced prior to
irrigation on the agricultural fields (Dhillon & Dhillon, 2014). The Se-rich
sediments may then be extracted and treated using a suitable technique. Se is a
scarce and critical element (Nancharaiah et al., 2016a) and its recovery from soil
may not only assist in the clean-up of seleniferous soil, but the recovered Se may
complement as a raw material for its wide range of applications from healthcare
to electronic industries.

Table 7.2 Soil conditions that affect the speciation, mobility and bioavailability of
selenium (Kabata-Pendias & Pendias, 2001).

Soil factor Variables Major Se form Mobility

pH Alkaline Selenates High
Neutral Selenites Moderate
Acidic Selenides Low

Redox potential High Selenites High
Low Selenides Low

Organic matter Undecayed Adsorbed Low
Decayed Complexed High
Enhanced biomethylation Volatilized High

Clay content High Adsorbed Low
Low Soluble High

Figure 7.5 Agricultural soil with high Se content, where wheat has been grown, in
northwest India adversely affects the productivity of the crops and leads to
bioaccumulation and biotransfer of Se to higher trophic levels (Wadgaonkar, 2017).
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7.4 BIOREMEDIATION OF SELENIFEROUS SOILS
7.4.1 In situ treatment
Wadgaonkar et al. (2019a) set up microcosms to evaluate the effect of the organic
amendment and bioaugmentation on reduction of Se in a seleniferous soil from
northwest India. The organic amendment and bioaugmentation exhibited a similar
Se removal performance as those of the control set-up without any amendment or
bioaugmentation. This suggested that under ideal environmental conditions, the
soil indigenous microbial population and organic content available in the soil
were sufficient to achieve Se reduction in situ. Flury et al. (1997) also did not find
major differences between the control and tests in a field study that attempted
volatilization of Se from the Kesterson reservoir (California, USA). The drawback
of the in situ method is that it only converts the bioavailable Se into insoluble Se
forms, where the risk of its re-oxidation to soluble Se forms in soils with high
redox potential and alkaline pH cannot be ruled out.

7.4.2 Ex situ treatment by soil flushing
Wadgaonkar et al. (2018b) characterized the physico-chemical parameters, total Se
content and sequential extraction of Se in the soil collected from the seleniferous
regions of Punjab (India). These characteristics allowed the further design of
experiments for soil flushing and washing. Soil flushing was performed to assess
Se migration in a soil column by simulating artificial rainfall or irrigation. Se
migration and accumulation from the upper to the lower layers in the soil columns
was observed suggesting reduction of soluble Se to insoluble Se forms in the
deeper soil layers. Nevertheless, with time, this insoluble Se fraction may be
slowly re-oxidized to soluble Se forms in situ and further contaminate groundwater.

7.4.3 Ex situ treatment by soil washing
Wadgaonkar et al. (2018b) optimized the soil washing of seleniferous soil
using different washing solutions in order to achieve a maximum removal of
bioavailable forms of Se from the seleniferous soil. Oxidizing agents were
found to be most efficient in extracting Se from the studied seleniferous
soil (Wadgaonkar et al., 2018b). Biological treatment of the Se-rich soil leachate
was further evaluated using microbial reduction in a continuous bioreactor
(Wadgaonkar et al., 2019a) and by phytoremediation using aquatic plants
(Ohlbaum et al., 2018). Figure 7.6 shows a schematic approach of the washing of
seleniferous soil and biotreatment of the Se-rich soil leachate.

Prior to reconstitution of washed soil, suitability of the soil to be discharged in the
environment should be determined. Unlike soil flushing, continuous agitation
during soil washing disturbs the layers present in the soil column naturally, which
might affect the soil characteristics. In addition, after soil washing, the soil
characteristics and the bioavailability of Se might change in the course of time
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depending on the soil environmental conditions. Long-term experiments to
determine the physico-chemical characteristics of the washed soil, as well as
alterations in the Se fractions during sequential extraction must be performed.
Fertility of the soil may be checked using germination tests. Pot experiments to
compare plant growth and Se uptake in seleniferous soil and washed seleniferous
soil may be performed.

Phytoremediation of Se-rich leachate containing residual oxidizing agents
(K2S2O8 and KMnO4) was evaluated using aquatic plants such as Lemna minor
and Eregia densa (Ohlbaum et al., 2018). L. minor was found to be more
efficient in removing Se from soil leachate and Se accumulation than E. densa.
However, the presence of residues of the oxidizing agents in the Se-rich effluent
adversely affected not only the Se removal efficiency but also growth of both
plant species. Although application of oxidizing agents is promising for effective
removal of Se from the seleniferous soils (Wadgaonkar et al., 2018b), the use of
chemical agents must be discouraged, as it might aggravate the post-treatment
operations for both treated soil and the leachate.

7.5 BIOLOGICAL TREATMENT OF SELENIFEROUS SOIL
WASHING WATER AND SELENIUM-CONTAMINATED
GROUNDWATER
7.5.1 UASB reactors
7.5.1.1 Treatment of soil leachate
The leachate from seleniferous soils produced via ex situ treatment (soil flushing
or soil washing) can be treated in an upflow anaerobic sludge bed (UASB)

Figure 7.6 Schematic approach of the washing of seleniferous soils and
biotreatment of the Se-rich soil washing effluent (Wadgaonkar, 2017).
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reactor (see Chapter 6; Sinharoy & Lens, 2020). Se removal (up to 90%) and
retention in the form of biogenic Se(0) in the granular sludge of the UASB
was achieved during biological treatment of seleniferous soil washing water
(Wadgaonkar et al., 2019a). Along with the granular sludge, the indigenous soil
microorganisms and the organic matter, extracted into the leachate during soil
washing, play an important role to achieve efficient Se removal in a UASB
reactor. Microbial reduction of soluble selenium oxyanions (selenate and selenite)
to insoluble elemental selenium is the best available cost effective and
eco-friendly option (Nancharaiah & Lens, 2015b).

Depending on the selenium concentration, external electron donors need to be
dosed for complete selenate removal. Most of the research on bioreduction of Se
oxyanions using anaerobic granular sludge utilize expensive carbon sources such
as lactate (Dessì et al., 2016; Mal et al., 2016), methanol (Eregowda et al., 2020)
or glucose (Espinosa-Ortiz et al., 2015). Few studies have explored the
possibility of using inexpensive electron donors like methane (Lai et al., 2016) as
the sole electron donor for bioreduction of Se oxyanions. Wadgaonkar (2017)
investigated the anaerobic bioreduction of selenate to elemental Se by marine
lake sediment in the presence of methane as a sole electron donor. Complete
bioreduction of selenate was observed in serum bottles under high pressure
conditions and in a biotrickling filter (BTF) reactor. However, due to the slow
growing nature of the inoculum (Bhattarai et al., 2017), the operation time to
achieve complete selenate removal from the medium was significantly higher
than that of other studies that provide lactate as the electron donor (Dessì et al.,
2016; Mal et al., 2016).

7.5.1.2 Presence of tellurium
Anthropogenic activities such as mining and refinery industries can lead to
contaminated soil-water environments containing both Se and Te (Perkins, 2011).
Recovery of Se and Te as by-products from copper mining industries focusses on
anode slime which contains high concentrations of Se and Te (Jorgenson, 2002).
Both Se and Te are considered as critical elements because of their wide range of
applications and increasing demand in the electronic industries (Nancharaiah
et al., 2016a; Ramos-Ruiz et al., 2016).

Wadgaonkar et al. (2018c) investigated the effect of metalloid co-contaminants
(Te) on Se removal and simultaneous removal of both Se and Te from wastewater.
Simultaneous removal of both selenite and tellurite from synthetic wastewater
by anaerobic granular sludge was sustainable in a lab-scale UASB reactor.
Microbial transformations converted both oxyanions (selenite and tellurite) to
their respective elemental forms (Se(0) and Te(0)), which were entrapped in the
extracellular polymeric substances (EPS) matrix of the granular sludge, easing the
recovery of these critical elements. Interestingly, characterization using high-end
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microscopic and spectroscopic techniques revealed the formation of biogenic Se
(0)-Te(0) nanostructures, entrapped in the sludge granules, during simultaneous
reduction of Se and Te oxyanions (Wadgaonkar et al., 2018c).

7.5.1.3 Presence of other oxyanions
7.5.1.3.1 Granular versus biofilm reactor systems

The practical application of biological treatment for Se-laden wastewater may have
important limitations because of the presence of co-contaminants such as nitrate
(NO3

−) and sulfate (SO4
2−) (Tan 2017) and heavy metal ions (e.g. Ni2+) (Mal

et al., 2016). Tan et al. (2018d) demonstrated that a UASB reactor was capable
of removing selenate (SeO4

2−) in the presence of NO3
− and SO4

2− without prior
inoculum adaptation, achieving a 100% NO3

−, 30% SO4
2− and 80% Total Se

(Setot) removal efficiency after 90 days of reactor operation. Comparing the effect
of the oxyanions SO4

2− and NO3
−, individually, on Se removal in continuous

operation, a correlation with different reactor configurations, microbial growth
system, and co-oxyanions was observed. SO4

2− was shown to be a controlling
factor in biofilm systems using a drip flow reactor (DFR) (Tan et al., 2018a) and
biotrickling filter (BTF) (Tan et al., 2018c) achieving both higher Se removal and
more biofilm growth/formation when SO4

2− was present. In contrast, the UASB
reactor did not reveal any changes, either increase or decrease, in Se removal
efficiencies, when SO4

2− was removed from (Tan et al., 2018d) or included (Tan
et al., 2018c) in the feed solution. In contrast to SO4

2−, it was observed that the
removal of NO3

− from the feed solution possibly caused an increase in Setot
concentration in the UASB effluent, thus negatively impacting Se removal
efficiencies by the end of the reactor run (Tan et al., 2018d).

The influence of NO3
− and SO4

2− on SeO4
2− removal is most likely interlinked

with (i) the bioreactor type used, (ii) possible interaction among the bioreduced
products of the oxyanions, and (iii) microbial community changes that
occurred during the operation. SeO4

2− reduction can be carried out by various
microorganisms including denitrifiers and sulfate reducers. The microbial
community analysis revealed the presence of high relative abundances of
denitrifiers along with a small proportion of sulfate reducers, irrespective of the
presence of NO3

− (Tan et al., 2018a, 2018d). Enzymes such as SeO4
2−

reductase, NO3
− reductase or periplasmic NO2

− reductase have been reported to
catalyze SeO4

2− reduction to Se0 (DeMoll-Decker & Macy, 1993; Nancharaiah
& Lens, 2015a). It was hypothesized that the presence of NO3

− can promote a
higher state of metabolic activity in microorganisms (Oremland et al., 1999). This
implies that NO3

− plays a significant role in shaping the microbial community in
the bioreactor and specific metabolic pathways/activities of denitrifiers could be
linked to the increase of SeO4

2− removal in the presence of NO3
− and its

by-products (Lai et al., 2014).
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7.5.1.3.2 Adsorption coupled to biological selenium removal processes

Tan et al. (2018b) and Cálix et al. (2019) investigated the possibility of including
an ion exchange (IX) process in the treatment scheme for removing both SeO4

2−

and SO4
2− from synthetic mine wastewater. Tan et al. (2018b) validated

the applicability of Amberlite® IRA-900, a strong anionic IX resin, for the
simultaneous removal of SeO4

2− and SO4
2− achieving .70% adsorption

efficiencies. Modified Langmuir multi-component isotherms using a complete
competition model indicated that IRA-900 was not selective towards SeO4

2− and
that both oxyanions competed for the active sites. The non-selectivity of IRA-900
gives the advantage of adsorbing both oxyanions saving the need for
pre-treatment of SO4

2− to avoid inhibition of SeO4
2− adsorption. Chemical

regeneration was optimal at 20 min using 0.5 M HCl and the resin was reusable
for up to six adsorption-desorption cycles.

Despite the advantages of biological techniques, there are still issues with
reaching the regulatory discharge limit for Setot. Cálix et al. (2019) evaluated the
feasibility of combining two unit processes, an IX column and a UASB reactor,
for the overall improvement of SO4

2− and Setot removal (Figure 7.7). The IX
process was evaluated as a pre- or post-treatment process for the biological
process. IX as a post-treatment was demonstrated to be less effective due to
competition with other bioreduced products and the presence of suspended solids.
On the other hand, IX as a pre-treatment system allowed the UASB reactor to
receive lower concentrations of SO4

2− and SeO4
2− facilitating a better biological

removal process and achieving an overall higher removal efficiency of
99% SO4

2− and 97% Setot. The final treated effluent contained ,100 mg L−1

Figure 7.7 Schematic of the integrated treatment system comprising of an IX column
and a UASB reactor. The process flow configuration was evaluated as either (a) IX as
post treatment of the UASB or (b) IX as pre-treatment of the UASB influent (Cálix
et al., 2019).
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SO4
2− and ,0.3 mg L−1 Setot (Cálix et al., 2019). Though the Setot concentration

still does not reach the regulatory discharge limit, it should be noted that all
dissolved Se was removed and only colloidal Se was remaining. Therefore, the
addition of a (electro-)coagulation process (Staicu et al., 2015b) as a finishing
step could further lower the Setot concentration and achieve the regulatory limit
(Nancharaiah & Lens, 2015b). Additionally, with the lowering of the SO4

2−

concentration supplied to the biological process, less COD requirement would be
needed, decreasing the operational costs. Finally, bioregeneration of the resin by
reduction of the adsorbed SO4

2− and SeO4
2− by biogranules was shown to be

feasible and could potentially be used as an alternative to chemical regeneration.
Cálix et al. (2019) demonstrated that integration of unit processes can allow the
full removal of Se and SO4

2− from wastewaters.

7.5.1.4 Presence of heavy metals
Tan et al. (2018c) demonstrated the importance of the chemical oxygen demand
(COD)/SO4

2− ratio and the impact of Ni2+ on SeO4
2− removal in a UASB

reactor in comparison to that of a BTF reactor. Poor SO4
2− removal (,30%) was

observed at ∼1.8 COD/SO4
2−; while increasing the COD/SO4

2− ratio to 2.8
improved the SO4

2− removal to .80% with generation of high sulfide (HS−)
concentrations (up to 250 mg S L−1). Addition of Ni2+ to these sulfidogenic
conditions allowed simultaneous removal of Ni and sulfide via co-precipitation.
Formation of Ni3S2 precipitates was confirmed by X-ray diffraction (XRD).
However, Ni2+ addition negatively impacted both SeO4

2− and SO4
2− removal by

20–50%, possibly due to the sudden metal toxicity to the biofilms/biogranules.
Compared to the BTF, the UASB reactor performance recovered quickly. This
could be attributed to the robustness of anaerobic sludge granules, allowing for
better response to operational changes and stress.

7.5.2 Aerobic reactors
Selenium-containing wastewaters can be treated, aerobically, in activated sludge
systems, where the selenium oxyanions are reduced to elemental selenium by the
microorganisms present in the activated sludge flocs. Aerobic reduction of
selenium oxyanions to either volatilized selenium compounds followed by gas
trapping (Kagami et al., 2013) or selenium trapped in the biomass of aerobic
microorganisms such as Bacillus cereus (Dhanjal & Cameotra, 2010) and
Escherichia coli (Dobias et al., 2011) as well as biomass from aerobic granular
sludge (Nancharaiah et al., 2018), continuous (Jain et al., 2016) or sequencing
batch (Mal et al., 2017) reactors, activated sludge provides a one-step process for
treatment of selenite-containing wastewaters.

A continuously operated activated sludge reactor operated at neutral pH and
30°C removed 33.98 and 36.65 mg of total selenium per g of total suspended solids
(TSS) at TSS concentrations of 1300 and 3000 mg L−1, respectively (Jain et al.,
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2016). The selenium fed activated sludge showed better settleability and
hydrophilicity, but poorer dewaterability at higher TSS concentrations as
compared to the control activated sludge. The selenium fed activated sludge also
showed a less negative surface charge density as compared to the control
activated sludge (Jain et al., 2016). However, the operated activated sludge
reactors crashed upon continuous feeding of selenium after 10–20 days at the
applied loading rates and operation could not be recovered (Jain et al., 2016),
most likely due to irreversible toxicity of selenite to the aerobic bacteria. This
selenite toxicity could be overcome by sequencing batch feeding of the activated
sludge system (Mal et al., 2017), which further allowed the integration of selenite
removal with ammonium removal from the wastewater.

Some aerobic selenite reducing bacteria are capable of tolerating and reducing
high selenite concentrations, for example, endophytes present in plants growing on
seleniferous soils (Pseudomonas moraviensis subsp. stanleyae; Staicu et al.,
2015a) or as contaminant in minimal salt medium (Delftia lacustris; Wadgaonkar
et al., 2019b). D. lacustris not only reduces Se oxyanions to elemental selenium,
but also produces seleno-ester compounds (organo-Se compound) depending on
the initial concentrations of Se oxyanions in the medium (Wadgaonkar et al.,
2019b). Chakraborty et al. (2019) grew this bacterium in a co-culture with
Phanerochaete chrysosporium and immobilized the bacterium on the fungal
pellets. Thus, the co-culture was able to couple the reduction of selenite to
elemental Se(0) (byD. lacustris) to the degradation of phenol (byP. chrysosporium).

7.5.3 Membrane reactors
Membrane filtration technology using reverse osmosis (RO) and nanofiltration (NF)
has been applied for treating Se-laden wastewaters (Chapter 6; Staicu et al., 2017).
However, despite the effectiveness of these technologies, the operational cost is
high due to the required hydraulic pressure. Membrane bioreactors, on the other
hand, combine the biological process and particle separation and are a cheaper
option compared to NF or RO (Hu et al., 2017). Although membrane technology
still has the major drawback of higher operating cost than conventional processes,
this can be overcome by decreasing the downstream unit processes and overall
reduction of the reactor size (Hu & Stuckey, 2006).

Figure 7.8(b) suggests a possible reactor configuration for an anaerobic
reactor with a submerged membrane. One of the main disadvantages of using
membrane technology, particularly in an anaerobic system, is the higher potential
for biofouling. This could, however, be mitigated by using a high flow rate and
biogas recirculation as a means for membrane scouring. Additionally, it is possible
to either fabricate membranes with covalent Se attached to the membrane or utilize
the colloidal Se0 as a means to reduce biofouling. Vercellino et al. (2013a, 2013b)
reported a reduction of the biofilm formation and thickness by . 5 logs, as well as
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a flux loss decrease from55 to 15%due to the biofouling attenuationwhen organo-Se
was covalently attached to the membrane surface.

7.5.4 Bioelectrochemical processes
A bioelectrochemical system (BES) employs microorganisms and electrodes to
catalyze redox reactions and this system can be utilized in a two-chamber
microbial fuel cell using either the anode, cathode or both as bioelectrodes
(Ntagia et al., 2020; Sánchez et al., 2020). Electroactive microorganisms can
extract electrons that can be utilized to generate electricity, treat wastewater by
redox reactions and also recover nutrients (i.e., P, N), sulfur (Ntagia et al., 2020)
and metals (Nancharaiah et al., 2016a). Removal of individual selenate (Sravan
et al., 2020), selenite (Catal et al., 2009), NO3

− (Nancharaiah et al., 2016b) and
SO4

2− (Luo et al., 2017) using BESs has been reported in the literature.
However, application of a BES to complex Se-laden wastewater with different
co-contaminants present has yet to be reported.

Although lactate is an efficient electron donor and carbon source, alternative
electron donors/carbon sources are recommended since using lactate adds
operational cost considering that most industrial Se-containing wastewaters have
a low COD content. Autotrophic reduction of NO3

−, SO4
2− and SeO4

2− using
H2 as the electron donor was found to be successful in membrane biofilm
reactors (Ontiveros-Valencia et al., 2016; van Ginkel et al., 2011). It is, therefore,
feasible to carry out autotrophic reduction of NO3

−, SO4
2− and SeO4

2− at the

Figure 7.8 Innovative reactor configurations proposed for Se-laden wastewaters
with co-contaminants: (a) two-chamber bioelectrochemical system (BES) for
autotrophic reduction of oxyanion utilizing hydrogen as electron donor generated
electrochemically with an anionic/cationic exchange\membrane AEM/CEM) for ion
transfer from one chamber to another and (b) modified upflow anaerobic sludge
blanket reactor with submerged membrane module (e.g., flat sheet or hollow fiber
membrane) utilizing biogas production and high flow rate for membrane scouring
(Tan, 2017).
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biocathode side by autotrophs utilizing the generated H2. Figure 7.8(a) suggests a
possible reactor configuration that utilizes the ability of a BES to generate
hydrogen gas (H2) through an electrochemical process. An IX membrane (anionic
or cationic) separates the two chambers and allows for charge balancing by
moving H+ and OH− as well as other possible value-added chemicals produced
in each chamber. The IX membrane can be infused with organo-Se to reduce the
biofouling that can occur at the side of the bioelectrode (Vercellino et al., 2013b).

7.6 COUPLING SELENIFEROUS SOIL REMEDIATION TO
RESOURCE RECOVERY
7.6.1 Biofortification
Extraction of selenium from seleniferous soil by soil washing and its accumulation
in anaerobic granular sludge (Dessì et al., 2016; Mal et al., 2016) or aquatic plants
(Li et al., 2020a, 2020b; Ohlbaum et al., 2018) helps with easier recovery of Se
from soil. The selenium rich granular sludge or aquatic plants may be used for
biofortification of selenium in crops (see Chapter 9). In addition, Se-containing
aquatic plants can be considered for developing a dietary selenium supplement.
Similar application of Se hyperaccumulator plants has been proposed to
compensate the effects of selenium deficiency in selenium deficient regions
(Moreno et al., 2013; Yasin et al., 2014). Several studies (Curtin et al., 2006;
Lyons, 2010) have investigated the effect of the addition of inorganic-Se (selenate
and selenite) containing fertilizers for selenium biofortification in food crops in
selenium deficient countries such as the UK and New Zealand. In Finland,
selenium deficient soils have led to a low selenium status in humans and animals.
A nationwide strategy was adopted on application of multimineral fertilizers on
agricultural soils to improve selenium dietary intake (Parkman & Hultberg, 2002).

Maintaining accurate and low selenium dosage in agricultural land can be
difficult owing to diverse cropping systems and selenium losses due to leaching
and volatilization. Also, since selenium is a scarce resource with low recovery
potential when applying foliar fertilizer, amendment with organic-Se such as
Se-enriched hyperaccumulator plant material to Se-deficient soils may prove as a
better fertilizer alternative. Bañuelos et al. (2015) concluded that amending soils
with organic selenium sources such as biomass of the hyperaccumulator S.
pinnata is useful for enriching food crops, such as broccoli and carrots, with
organic-Se in selenium deficient regions of the world. Bañuelos and Mayland
(2000) suggested that Canola (Brassica napus) grown as a selected plant species
for field phytoremediation of Se-contaminated soils may be harvested and utilized
as Se-enriched forage for marginally Se-deficient lambs and cows to help meet
their normal selenium intake requirements.

In the case of biogranules, it is possible to simply dry the biomass and use it as a
fertilizer for soil augmentation and foliar application for those regions with Se
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deficiency to increase the Se bioavailability (Wang et al., 2016). In the case of
biofilms with carriers, detachment of biofilms through centrifugation/sonication
or heating can be considered. However, it should be noted that the biomass
produced while treating soil washing liquor or industrial mine wastewater also
contains various other contaminants that can be harmful to the environment.
Therefore, detailed studies on the toxic effect and health ramification of using
Se-rich biomass as fertilizer should be conducted.

7.6.2 Recovery of biologically produced nanomaterials
Resource recovery is an important aspect to consider when applying biological
treatment techniques. Recovered and purified Se0 nanoparticles, along with metal
and sulfur complexes, can be reused for various semiconductor (i.e., batteries)
and catalyst applications, as an adsorbent for toxic metals (i.e., mercury), and as
antimicrobial agents for medical devices and membranes (Chapter 10; Zonaro
et al., 2015). Biomass from the bioreactors contains various valuable materials
such as metals, sulfur or sulfur complexes, and Se components that have the
potential to be recovered (Sinharoy & Lens, 2020). The recovery process of Se
and other complexes from biomass has, however, not yet been explored. So far, a
method for recovery and purification of Se0 nanoparticles from biomass was
suggested as a series of solid-liquid steps: high-speed centrifugation, and
sonication followed by hexane separation (Jain et al., 2015). As such, an
eco-friendlier and simple recovery approach should be developed.

Other components in the soil leachate may influence the production and
composition of the biogenic Se nanostructures. Along with biogenic Se(0), the
possibility of formation of chalcogenide alloys (e.g., Se-Te and Se-S) or metal
chalcogenide nanoparticles (e.g., PbSe, CdSe and CuSe) in continuous bioreactor
systems cannot be ruled out. The determination of the structure and composition
of the biogenic selenium nanoparticles requires detailed analysis of the granular
sludge, for example, using high-end techniques such as transmission electron
microscopy coupled with energy-dispersive X-ray spectroscopy (TEM-EDS),
X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. These
analytical techniques are not routine and require specific equipment.
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Chapter 8

Selenium hyperaccumulation
in plants

Leonardo Warzea Lima and Michela Schiavon

8.1 INTRODUCTION
Selenium (Se) is a metal(loid) that functions as a structural component of
essential selenoproteins serving a variety of metabolic functions in many living
organisms, including humans and animals (Kieliszek, 2019). However, its
essentiality to vascular plants has not yet been established (Schiavon &
Pilon-Smits, 2017a). Edible plants represent a source of Se for human diet and
their capacity to accumulate Se largely varies depending on phytoavailable soil
Se, the plant species, and the existence of selective uptake mechanisms (White,
2016).

Tissue Se concentrations higher than 100 mg Se kg−1 DW typically cause
toxicity to most plants because Se amino acids formed during Se assimilation
might be incorporated in proteins in place of their sulfur (S) analogs, hence
leading to protein folding disturbance and function disruption (Van Hoewyk,
2013). Nevertheless, current literature supports a role for Se as an antioxidant in
plants at low concentrations (1–10 mg Se kg−1 DW) owing to its capacity to
foster, either directly or indirectly, the activity of radical-scavenging enzymes and
the synthesis of non-enzymatic antioxidant compounds (Chauhan et al., 2019;
Kamran et al., 2019). Doing this, Se contrasts the generation of reactive oxygen
species (ROS) in cells, which can injure a variety of biomolecules, especially
DNA and membrane components (Natasha et al., 2018). Other positive outcomes
of low Se concentrations in plants include growth stimulation, reduction of toxic
metal accumulation, retardation of leaf senescence, and protection from
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pathogens and predators (Pilon-Smits, 2019; Schiavon & Pilon-Smits, 2017a;
Valdez Barillas et al., 2011).

Beneficial effects of Se have been described in several plant species, whether
non-Se-hyperaccumulators or Se-hyperaccumulators. The latter, in particular, are
native to seleniferous soils and can be potentially used in certain phytotechnologies,
such as phytoremediation, biofortification, and agromining, by virtue of their
extremely high capacity to accumulate Se without experiencing toxicity (Reeves
et al., 2018; Schiavon & Pilon-Smits, 2017b). Recent studies have highlighted
several mechanisms that might explain why some plants developed the Se
hyperaccumulation and hypertolerance traits, such as the existence of specific tissue
Se sequestration patterns and the constitutive elevate expression of genes coding
for Se/S transporters and Se/S assimilation enzymes, antioxidant enzymes, and
proteins involved in hormone biosynthesis, signaling and interactions with
ecological partners (Lima et al., 2018; Wang et al., 2018). It is believed that Se
hyperaccumulation is the result of convergent evolution of Se transporters and
specific or alternative biochemical pathways in different angiosperm clades, which
occurred during geological periods when seleniferous soils were widely distributed
(White, 2016). In support of this hypothesis are several pieces of evidence.
Compared to non-hyperaccumulators, Se-hyperaccumulators have higher
shoot/root Se ratios, Se/S ratios (indicative of more selective mechanisms for Se
uptake and translocation over S), and higher Se translocation from sources to sinks
(El Mehdawi et al., 2018; Schiavon et al., 2015). Also, they contain more organic
Se, especially in the form of methylselenocysteine (SeMetCys), which suggests
intense Se assimilation and the existence of biochemical mechanisms aimed at
preventing misincorporation of Se-amino acids in proteins (White, 2018).
SeMetCys primarily accumulates in epidermal cells and reproductive organs of
these Se-hyperaccumulator plants (Pilon-Smits, 2019).

In this chapter, we aim to describe (i) differences in uptake, accumulation, and
metabolic fate of Se between the non-Se accumulator and Se hyperaccumulator
species, (ii) key factors responsible for the evolution of the Se hyperaccumulation
and hypertolerance traits, and (iii) potential uses of Se-hyperaccumulators in
agro- and phytotechnologies.

8.2 VARIATION IN Se ACCUMULATION BETWEEN
HYPERACCUMULATORS AND
NON-HYPERACCUMULATORS
8.2.1 Se uptake in plants
Despite Se accumulation by plants tightly relating to soil Se, angiosperm species
can differ in their capacity to take up Se when growing in the same environment.
This suggests that Se accumulation in plants also depends on the selectivity of the
transport mechanisms used to acquire Se.
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Although plants do not have an essential demand for Se, they can take up
different inorganic and organic forms of this element, whose oxidation state
in soils ranges between −2 and +6 (Hartikainen, 2005). Among inorganic Se
species, selenate (SeO4

2−) is the most available to plants in oxic soils of high
redox potential (Hartikainen, 2005). Selenate is the chemical (toxic) analog to
sulfate, and thus plants make use of sulfate transporters to allow selenate to
enter the root cells (El-Mehdawi et al., 2018). In anoxic soils characterized
by low redox potential and pH from neutral to acidic, like paddy soils,
selenate tends to be converted to selenite (SeO3

2−), which is acquired by
plants using either phosphate transporters, silicon transporters, or aquaporins,
depending on the selenite species (selenite anion (SeO3

2−), hydrogenselenite
ion (HSeO −

3 ), and selenous acid (H2SeO3)) (Shahid et al., 2018). Plants can
also take up elemental Se, but not selenide or colloidal elemental Se (Winkel
et al., 2015).

8.2.2 Se accumulators and hyperaccumulating plants
There is broad variation in the capacity of plants to accumulate Se in their organs,
which is largely affected by soil Se content and phytoavailability (White, 2016,
2018). Plants thriving in soils either naturally rich in available Se or
contaminated with Se due to anthropogenic activities or dust depositions in
coal-burning areas are inclined to accumulate more Se than plants colonizing low
Se areas (Schiavon and Pilon-Smits, 2017a, b; White, 2016). The Se content in
soils is commonly below 2 μg g−1 but can reach several hundred μg g−1 (up to
1.2 mg g−1) in soils derived from sedimentary rocks, especially Cretaceous
sediments rich in selenites and selenides associated with sulfide minerals (Winkel
et al., 2015). These soils are termed seleniferous and are located in the Great
Plains of the USA, Canada, Brazil, Australia, India, China, and Russia, and
usually support a distinctive pattern of vegetation (Oldfield, 2002; Winkel et al.,
2015). Plants growing in seleniferous areas can exclude or actively remove Se
from their tissues, or tolerate high internal Se concentrations (White, 2018).
Despite such a different behavior towards Se, all these plants have a high Se
concentration in their tissues and therefore must exhibit a minimal ability to
tolerate elevated Se concentrations.

Based on the maximum Se concentration in their shoot, higher plants can be
sorted into two major ecological groups, that is, Se non-hyperaccumulators
and Se-hyperaccumulators. Se non-hyperaccumulators include non-accumulators
and accumulator species. The majority of plants fall in the category of
non-accumulators and are unable to accumulate and tolerate more than 100 μg
Se g−1 DW. Therefore, these plants cannot colonize seleniferous soils and, in
most cases, their Se concentration is below 1 μg g−1 DW (White, 2016, 2018). In
contrast, Se-accumulators can tolerate tissue Se concentrations approaching 1 mg
Se g−1 DW and can populate both non-seleniferous and seleniferous soils.
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Furthermore, the Se concentration in their shoot tissues is often indicative of soil
phytoavailable Se (Pilon-Smits, 2019).

8.2.3 Se-hyperaccumulating plant species
Se-hyperaccumulating species are rare and include plants with an extremely high
ability to accumulate and tolerate Se (Pilon-Smits, 2019; White, 2016). They can
contain more than 1 mg Se g−1 DW in their shoots while growing in their
native environment, which is generally restricted to seleniferous soils. The
bioconcentration factor (BF) for these species is generally very high (e.g.,
over 800:1 in Astragalus bisulcatus), and it may perform better than the absolute
concentration threshold in discriminating hyperaccumulators from non-
accumulators (Statwick et al., 2016). The BF, as well as the translocation factor
(TF), often negatively correlates with the plant biomass in non-hyperaccumulators
because of Se toxicity. Conversely, in hyperaccumulators, despite the apparent costs
required to actively concentrate high Se in tissues through energy-dependent
mechanisms, Se seems to stimulate plant growth (Statwick et al., 2016).

The discovery of Se-hyperaccumulators was made by Orville and coworkers
in the 1930s in the western United States (Rosenfeld & Beath, 1964), and
Se-hyperaccumulators that populate natural seleniferous soils in these areas
accumulate up to 15 mg Se g−1 DW (Pilon-Smits, 2019). Since then, Se
hyperaccumulation has been recorded in about 45 taxa (Cappa & Pilon-Smits, 2014;
Pilon-Smits, 2019; White, 2016). Figure 8.1 depicts representative Se
hyperaccumulator plants. The genus Astragalus of the Fabaceae family comprises
25 Se hyperaccumulator species, while the Asteraceae genera Xylorhiza
and Symphyotrichum contain 3 Se hyperaccumulator species each (Table 8.1). In
other cases, there are only one or two species per genus, such as Stanleya pinnata
and Stanleya bipinnata from the genus Stanleya, Cardamine violifolia from the
genus Cardamine of the Brassicaceae family, and Neptunia amplexicaulis from the
genus Neptunia of the Fabaceae family (El Mehdawi and Pilon-Smits, 2012; Harvey
et al., 2020; Rosenfeld & Beath, 1964; White, 2016). Except for Cardamine
violifolia, which is native to seleniferous soils in the Yutangba region in China, and
Neptunia amplexicaulis, which grows in seleniferous soils in Queensland
(Australia), Se-hyperaccumulators are commonly native to seleniferous soils of the
Western USA (Both et al., 2020; Harvey et al., 2020; Pilon-Smits, 2017).

Species of the genera Astragalus and Stanleya are likely the strongest
Se-hyperaccumulators, being able to accumulate up to 10 mg Se g−1 when
growing in soils with 2–10 μg Se g−1 (Schiavon & Pilon-Smits, 2017a).
However, it must be noted that within an Se-hyperaccumulating species there are
populations that largely differ in their capacity to accumulate Se, as well as
individuals within the same population (Pilon-Smits, 2017). Such differences are
mainly due to genetic variability, local Se availability, and perhaps associated
rhizosphere and endophytic microorganisms (Pilon-Smits, 2017).
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8.2.4 Se uptake in Se-hyperaccumulators
Se-hyperaccumulators possess a high expression of specific transporters mediating
Se uptake and possibly delivering to the shoot, which might justify their extremely
high capacity to accumulate Se. Studies so far indicate that these plants can
discriminate between Se and its analog S, while non-hyperaccumulators cannot.
This assumption is based on the observation that tissue Se/S ratios displayed by
these plants are higher compared to non-hyperaccumulators (Schiavon et al.,
2015). The mechanism of this hypothesized preference for Se over S by
Se-hyperaccumulators has not been clarified yet, but the existence of a sulfate
transporter with a higher affinity for Se over S has been recently proposed in S.
pinnata. This Se-hyperaccumulator has elevated and constitutive expression of
the gene encoding in the root for high affinity sulfate transporter Sultr1;2. This
transporter in the non-hyperaccumulators usually plays a major role in sulfur
primary uptake and is regulated by both sulfate availability and the S status of the
plant, typically down-regulated by high sulfate concentration in the external

Astragalus bisulcatus Stanleya pinnata

Symphyotrichum
ericoides

Asteraceae Fabaceae Brassicaceae

Atriplex confertifolia

Amaranthaceae

Gutierrezia microcephala

Astragalus racemosus

Orobanchaceae

Rubiaceae

Coelospermum decipiens

Castilleja angustifolia

Figure 8.1 Representative Se-hyperaccumulators within different families. Photos
available at: https://naturalcommunities.net/products/symphyotrichum-ericoides-
heath-aster; http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.
htm; https://www.shutterstock.com/it/search/stanleya+pinnata; https://en.wikipe
dia.org/wiki/Atriplex_confertifolia; https://en.wikipedia.org/wiki/Gutierrezia_microc
ephala; https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prair
ie-moon-nursery.html; http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Me
dia/Html/entities/Coelospermum_decipiens.htm; https://www.fs.fed.us/wildflowers/
plant-of-the-week/Castilleja-coccinea.shtml (photo by Christopher David Benda).

Selenium hyperaccumulation in plants 249

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023

https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
https://naturalcommunities.net/products/symphyotrichum-ericoides-heath-aster
http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.htm
http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.htm
http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.htm
http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.htm
http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.htm
http://www.easterncoloradowildflowers.com/Astragalus_bisulcatus.htm
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://www.shutterstock.com/it/search/stanleya&plus;pinnata
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Atriplex_confertifolia
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://en.wikipedia.org/wiki/Gutierrezia_microcephala
https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prairie-moon-nursery.html
https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prairie-moon-nursery.html
https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prairie-moon-nursery.html
https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prairie-moon-nursery.html
https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prairie-moon-nursery.html
https://www.prairiemoon.com/astragalus-racemosus-creamy-milk-vetch-prairie-moon-nursery.html
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
http://www.canbr.gov.au/cpbr/cd-keys/RFK7/key/RFK7/Media/Html/entities/Coelospermum_decipiens.htm
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml
https://www.fs.fed.us/wildflowers/plant-of-the-week/Castilleja-coccinea.shtml


Table 8.1 Species, distribution and maximum Se shoot concentration of several Se
hyperaccumulators as retrieved by White (2016).

Species Plant Distribution Se
Concentration
(mg Se kg−1

DW)

Asteraceae (Asterales)

Dieteria canescens (Pursh) Nutt. Midwest USA 1600

Grindelia squarrosa (Pursh) Dunal Lower Brule Reservation,
SD, USA

930

Gutierrezia microcephala (DC.) A.Gray Thompson, UT, USA 1287

Oonopsis foliosa Greene Lascar, CO, USA 3630

Oonopsis wardii (A.Gray) Greene Albany County, WY, USA 9120

Symphyotrichum ascendens (Lindl.)
G.L.Nesom

Soda Springs, ID, USA 4455

Symphyotrichum ericoides (L.) G.L.
Nesom

Pine Ridge, Fort Collins, CO,
USA

1378

Symphyotrichum lateriflorum (L.) Á.
Löve & D.Löve

SD, USA 1800

Xylorhiza glabriuscula Nutt. Huerfano County, CO, USA 1750

Xylorhiza parryi Greene Albany County, WY, USA 5390

Xylorhiza venusta (M.E.Jones) A.
Heller

Midwest USA 3486

Fabaceae

Acacia cana Maiden NW Queensland, Australia 1121

Astragalus albulus Wooton & Standl. La Ventana, NM, USA 530

Astragalus beckwithii var. purpureus
M.E.Jones

Cameron, AZ, USA 3135

Astragalus bisulcatus (Hook.) A.Gray Pine Ridge, Fort Collins, CO,
USA

13,685

Astragalus bisulcatus var. haydenianus
(A. Grey) Barneby

Cuba, NM, USA 2377

Astragalus canadensis L. Las Vegas, NE, USA 1110

Astragalus crotalariae A.Gray Truckhaven, CA, USA 2175

Astragalus eastwoodiae M.E.Jones Utah, USA 1664

Astragalus flavus Torr. & A.Gray Aztec, NM, USA 1361

Astragalus flavus var. argillosus
(M.E.Jones) Barneby

Greenriver, UT, USA 631

Astragalus flavus var. candicans
A.Gray

Thompson, UT, USA 1322

Astragalus grayi S.Watson Carbon County, WY, USA 4450

Astragalus osterhoutii M.E.Jones Kremmling, CO, USA 2678

Astragalus pattersonii A.Gray Thompson, UT, USA 8512

(Continued )
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medium and in the plant (El Kassis et al., 2007). Sultr1;2 from S. pinnata
(SpSultr1;2) is not subjected to such a feedback inhibition by high sulfate
concentrations (El Mehdawi et al., 2018). Furthermore, increased expression of
Sultr1;2 is associated with high Se uptake rates in this hyperaccumulator.
Consistent with already described metal hyperaccumulation mechanisms (Craciun

Table 8.1 Species, distribution and maximum Se shoot concentration of several Se
hyperaccumulators as retrieved by White (2016) (Continued ).

Species Plant Distribution Se
Concentration
(mg Se kg−1

DW)

Astragalus pectinatus (Hook.) G.Don Teton County, MT, USA 5170

Astragalus praelongus E.Sheld. Leupp, AZ, USA 4835

Astragalus praelongus var. ellisiae
(Rydb.) B.L.Turner

Valmont, NM, USA 656

Astragalus preussii A.Gray Thompson, UT, USA 4188

Astragalus racemosus Pursh. WY, USA 14,920

Astragalus rafaelensis M.E.Jones Jensen, TX, USA 716

Astragalus sabulosus M.E.Jones Thompson, UT, USA 2210

Astragalus toanus M.E.Jones ID, USA 990

Neptunia amplexicaulis Domin Richmond, Queensland,
Australia

4334

Brassicaceae (Brassicales)

Cardamine hupingshanensis Yutangba, Enshi, China 1965

Cardamine violofolia Yutangba, China 2700

Stanleya bipinnata Greene Laramie, WY, USA 2490

Stanleya pinnata (Pursh) Britton Pine Ridge, Fort Collins, CO,
USA

.4000

Stanleya pinnata var. integrifolia
(E. James) Rollins

Vernal, UT, USA 977

Amaranthaceae (Caryophyllales)

Atriplex confertifolia (Torr. & Frém.) S.
Watson

Thompson, UT, USA 1734

Atriplex nutallii S.Watson WY, USA 930

Rubiaceae (Gentianales)

Coelospermum decipiens Baill. Cape York Peninsula,
Queensland, Australia

1141

Orobanchaceae (Lamiales)

Castilleja angustifolia var. dubia Lysite, WY, USA 3460

Se hyperaccumulators whose Se shoot concentration and distribution are unknown are
not reported.
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et al., 2012; Hanikenne et al., 2008; Lochlainn et al., 2011), the overexpression
of Sultr1;2 may be attributed in part to gene duplication events, which would
account for the enhanced Se transport capacity and likely allowed at least one
of the gene copies to evolve toward greater specificity for Se over S. Also, both
the constitutively high expression and concomitant unresponsiveness of
SpSultr1;2 to S might have been the result of either mutation in cis-regulatory
sequences of the transporter or changes in its coding sequence that may have
altered the transporter affinity and specificity for the substrate (El Mehdawi et al.,
2018).

In addition to selenate, plants can take up organic Se species very efficiently.
In a transcriptome study, the gene LHT1 was substantially more expressed in
S. pinnata than in the non-hyperaccumulator Stanleya elata (Wang et al., 2018).
LHT1 encodes a high affinity transporter for cellular amino acid uptake from the
soil into the mesophyll cells (Hirner et al., 2006). Owing to their broad
substrate specificity, LHT1 proteins may mediate the uptake of Se amino acids,
either methylated or not, which can be released to the soil once the plant
residues from Se-hyperaccumulators are decomposed by soil microorganisms.
Se-hyperaccumulators are generally rich in organic Se and their deposition may
affect soil Se speciation (Pilon-Smits, 2019). Therefore, the upregulation of LHT1
in these species might represent a strategy to get more highly available organic
Se in the surrounding environment.

Once inside roots cells, inorganic Se can be delivered to the plastids to access the
S-assimilation pathway, or loaded into the xylem and be transferred to the shoot for
assimilation into the chloroplasts of mesophyll cells (Sors et al., 2005). Organic Se
produced in the roots or accumulated after uptake can be also conveyed to the shoot
through the xylem flow. S. pinnata plants show high expression of the low-affinity
sulfate transporter Sultr2;1, which may be, at least in part, responsible for the
enhanced accumulation of Se in the shoot (El Mehdawi et al., 2018).

8.3 METABOLIC PATHWAYS SUPPORTING Se
HYPERACCUMULATION
8.3.1 Se metabolism in non-hyperaccumulating plants
Selenium (Se) is not considered a nutrient for plants, but it can be beneficial to them
in lower concentrations, and in contrast, it is toxic to most species at higher tissue
levels. This antagonistic characteristic is puzzling and fascinating at the same
time and establishes Se as a unique element when its interaction with plants is
considered. Non-Se-hyperaccumulator plants take up and translocate Se
inadvertently using sulfur transporters. The inorganic Se is then nonspecifically
assimilated and reduced via sulfur metabolism to the amino acids SeCys
(selenocysteine) and SeMet (selenomethionine), resulting in protein malfunction
and systemic stress.
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8.3.2 Organo-Se synthesis in hyperaccumulating plants
This scenario is, however, more complex for the Se-hyperaccumulator species.
These plants evolved to cope with the high concentrations of Se in their
tissues, therefore, they can accumulate thousands of mg Se kg−1 DW without
showing−any symptoms of stress. The main mechanism used by these plants to
avoid the misincorporation of Se into proteins is elegant and efficient: the
accumulation of organic forms of Se. This is accomplished by some different
processes including methylation of the amino acid SeCys, and exclusion of Se by
volatilization. The main forms of Se found in these plants are selenocystathionine
and methylselenocystheine (MeSeCys), the latter is formed by a unique isoform
of the enzyme SeCys methyltransferase (SMT) found in Se-hyperaccumulators
(Freeman et al., 2010). The methylated form of cysteine cannot be
incorporated into proteins. Thus, it can be accumulated at high levels without
inducing any stress symptoms (Figure 8.2). This enzyme is constitutively
expressed in Se-hyperaccumulators, and previous studies showed that SMT
from Se-hyperaccumulator species Astragalus bisulcatus can induce the
accumulation of the organic and less toxic MeSeCys when expressed in the
non-Se-hyperaccumulator plants Arabidopsis thaliana and Brassica juncea,
resulting in tolerance to Se, confirming its important role in Se-hyperaccumulator
species (LeDuc et al., 2004).

 Arabidopsis thaliana (Non-Se Hyperaccumulator)Stanleya pinnata (Se-Hyperaccumulator)
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Figure 8.2 Selenium assimilation in hyperaccumulators and non
Se-hyperaccumulators. Biochemical routes specific to hyperaccumulators are
highlighted in red. ATPS2= ATP sulfurylase isoform 2, SL= selenocysteine lyase,
Ala= alanine, DMSe= dimethyl selenide, DMDSe= dimethyldiselenide. Adapted
from Schiavon and Pilon-Smits (2017a).
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Another important and unique metabolic pathway found in the Se-
hyperaccumulator plants is the ability to volatilize Se from the leaves.
This process starts with the oxidation of the MeSeCys, forming
methylselenocysteineselenideoxide (MeSeCysSeO) (Chin & Lindsay, 1994).
MeSeCysSeO is then converted to methaneselenol by the enzyme cysteine
sulfoxide lyase, which is then converted to dimethyldiselenide (DMDSe), a
volatile form of selenium that can be excluded from the leaves (Valdez Barillas
et al., 2011). This process can protect the plant from the possible Se toxicity, but
it is also hypothesized to help the plant to avoid herbivores through deterrence
(Schiavon & Pilon-Smits, 2017a).

Se is stored in vacuoles of epidermal leaf cells, and it can be strategically stored
in high concentrations in cells at the edge of the leaf blade in S. pinnata, possibly for
herbivory protection (Freeman et al., 2010). There is a seasonal variation in
selenium accumulation in the S. pinnata leaves, where higher Se concentrations
can be found in early spring and lower concentrations in the fall, while sulfur
levels spike in midsummer (El Mehdawi & Pilon-Smits, 2012).

8.3.3 Enzymology of organo-Se formation
Most of the enzymes in the sulfur assimilation pathways are constitutively
overexpressed in the Se-hyperaccumulator species when compared to non-Se-
hyperaccumulators. The first enzyme in the selenate/sulfate assimilation is the
enzyme adenosine triphosphate (ATP)-sulfurylase (ATPS), responsible for
forming adenosine 5’phosphoselenate (APSe) from ATP and selenate/sulfate.
This step is important and considered to be rate-limiting in the reduction of
inorganic selenium to the less toxic organic forms (Pilon-Smits et al., 1999). The
ATPS enzyme represents a key step in the reduction process of selenate to
selenite, the overexpression of this enzyme in B. juncea resulted in enhanced
accumulation of organic Se, thus enhancing tolerance and accumulation of Se
(Pilon-Smits et al., 1999).

ATP-sulfurylase can be found in both the cytosol and the plastids in
non-Se-hyperaccumulators (Pilon-Smits et al., 1999). Four different isoforms are
known in A. thaliana: the isoforms ATPS1-3-4 are found in plastids and the
isoform ATPS2 has dual localization, cytosolic and plastidial. There are also
some qualitative differences between the Se-hyperaccumulator S. pinnata and the
non-Se-hyperaccumulators S. elata and A. thaliana. The Se-hyperaccumulator
ATP sulfurylase isoform 2 (ATPS2) enzyme transcription is higher in roots, and
it has a unique cytosolic localization (Figure 8.2), due to a stop codon in the
DNA sequence coding for the protein, resulting in an interrupted chloroplast
transit peptide in the amino acid sequence (Jiang et al., 2018). This would
indicate the selenium could be reduced in the root cells, and subsequently
transported to the shoot in its organic forms in S. pinnata.
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In the past 20 years, several different genes from the sulfur assimilation pathway
have been manipulated to study their effect on plant Se tolerance and accumulation.
The overexpression of the enzyme cystathionine synthase, responsible for the
formation of Se cystathionine from SeCys (Figure 8.2), in Brassica juncea
resulted in three-fold high Se volatilization from either selenate or selenite,
indicating expression of this enzyme as a limiting factor for Se volatilization in
plants (Van Huysen et al., 2003). As stated before (see 8.3.2), the conversion of
inorganic Se to its less toxic organic forms is the main step towards Se tolerance
in Se-hyperaccumulator plants, and the enzyme SMT plays a crucial role in this
process. LeDuc et al. (2004) demonstrated that overexpressing the SMT from the
hyperaccumulator A. bisulcatus in the non-Se-hyperaccumulators A. thaliana and
B. juncea, enhanced the Se volatilization, tolerance, and the accumulation of
MeSeCys. The effect was more pronounced when the transgenic plants were
supplied with selenite, which indicates the reduction of selenate to selenide is a
limiting step in the assimilation pathway.

Another enzyme that was extensively studied is the selenocysteine lyase (SL),
which breaks down SeCys into elemental Se and alanine (this process is widely
used by non-Se-hyperaccumulators to detoxify the excess of Se). Some studies
showed the overexpression of SL can reduce the incorporation of Se into
proteins, enhance volatilization and overall tolerance in A. thaliana, and
improve Se accumulation by two-fold in B. juncea, a promising trait for Se
phytoremediation and fortification in crop fields (Bañuelos et al., 2002, 2015).

The Se-hyperaccumulator plants also show tissue-specific patterns of Se
accumulation. The Se levels are usually high in young leaves and reproductive
tissues like the flower, silique, seeds, pollen, and ovules due to its remobilization
from aging leaves (Cappa & Pilon-Smits, 2014).

8.4 EVOLUTION OF THE Se HYPERACCUMULATION
TRAIT
8.4.1 Main driving-factors
The Se hyperaccumulation is a derived trait that possibly evolved independently in
45 different taxa, in 14 genera from 6 dicot plant families, including the
Brassicaceae, Fabaceae, and Asteraceae families (White, 2016). Because the
occurrence of Se-hyperaccumulators correlates with the Se content in the soil,
usually in seleniferous areas, it can be hypothesized that the Se bioavailability,
concentration, and distribution in the soil were possibly the most important
driving factors for the evolution of this trait. However, these might not be the
only aspects to consider when analyzing the evolution of Se hyperaccumulation,
because just a small number of plant species found in seleniferous areas can
tolerate extreme concentrations of Se. Therefore, the ecological benefits from the
high selenium concentration, the upregulation of genes related to the antioxidant
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activity and hormonal stress resistance were possibly strong components, in
combination with seleniferous soils, driving the evolution of this trait (Schiavon
& Pilon-Smits, 2017a).

8.4.2 Metabolic defense mechanisms
The Se-hyperaccumulator species S. pinnata demonstrates a higher expression of
genes involved in the biosynthesis of different hormones related to biotic and
abiotic stress resistance, including jasmonic acid, ethylene, and salicylic acid, as
well as an upregulation of different antioxidant enzymes, when compared to the
non-Se-hyperaccumulator S. elata (Wang et al., 2018). The cellular antioxidant
defense mechanisms correspond to the enzymatic and non-enzymatic responses to
directly quench the reactive oxygen species (ROS), such as the superoxide radical
(O2

−) or hydrogen peroxide (H2O2), thus neutralizing the deleterious effects of
the different reactive processes. In other words, Se-hyperaccumulator plants are
more prepared to deal with different stresses and are selected in evolution to
tolerate and accumulate Se. It was found, for example, that genes involved in the
synthesis of glutathione were upregulated in the Se-hyperaccumulator S. pinnata
(Wang et al., 2018). Glutathione is a tripeptide formed from the amino acids
glutamate, cysteine and glycine, and is a major metabolite in the defense system
against ROS and its degenerative effects during the antioxidant stress, which
could be caused by high concentrations of Se.

8.4.3 Plant ecology
The ecological aspects of hyperaccumulation also played an important role in the
evolution of the trait. It is known that the extreme Se concentrations found in the
hyperaccumulator species A. bisulcatus and S. pinnata can promote protection
against different herbivores due to deterrence (Quinn et al., 2010), and
pathogenic fungi in B. Juncea (Hanson et al., 2003). There is evidence that
hyperaccumulator plants can also benefit from the higher Se concentration when
competing with neighbor plants, by increasing the Se concentration in the soil up
to 10 times, due to litter deposition and exudation, which affects the germination
and growth of Se-sensitive plants (El Mehdawi et al., 2012).

Endophytic bacterial communities harbored by Se hyperaccumulators might also
have played a role in the evolution of the Se hyperaccumulation and hypertolerance
traits in these species and are different in composition compared to endophytic
bacterial communities harbored by non-Se-accumulators (Cochran et al., 2018).
In a recent study, endophytic bacteria highly resistant to selenate and selenite
(up to 200 mM) and able to reduce selenite to elemental Se, as well as to reduce
nitrite and produce siderophores, have been isolated and identified in S. pinnata
and A. bisulcatus plants growing in their natural environments (Sura de-Jong
et al., 2015). These isolates may increase the tolerance of plants to Se by
reducing its potential toxicity in tissues, and provide them with additional
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benefits. Indeed, some of the isolates showed plant growth-promoting properties
when inoculated in non-hyperaccumulators. In turn, organic forms of Se released
by hyperaccumulators in their habitats may alter microbial species composition,
favoring those taxa that utilize the essential nutrient Se more efficiently.

8.5 POTENTIAL USES OF Se-HYPERACCUMULATORS
IN PHYTOTECHNOLOGIES
Se-hyperaccumulators find potential practical application in different types of
phytotechnologies, such as (i) phytoextraction of Se from mining-wastes and
reclamation of Se-polluted soils, (ii) biofortification of staple crops to combat Se
deficiency in vulnerable populations living in low Se areas, and (iii) agromining
(Figure 8.3) (Schiavon & Pilon-Smits, 2017b).

8.5.1 Phytoremediation
Selenium, similar to other metalloids (e.g., arsenic) and metals (e.g., thallium,
cobalt, cadmium, and rhenium), is a by-product occurring in mining wastes that
may be at concentrations suitable for economic phytoextraction (phytomining).
Se phytoextraction could be carried out in those areas where wastes from Se-rich
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SeSe Se

Se
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Se
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• High Se shoot:
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PHYTOEXTRACTION: Use of Se-hyperaccumulators for
the removal of Se excess from soils due to their high Se
uptake and root to shoot transfer capacity

BIOFORTIFICATION: Plant material derived from Se-
hyperaccumulators naturally growing in seleniferous
areas or cultivated in soils contaminated by
anthropogenic activities might be applied as a green
manure to enrich staple crops in Se. The plant material
used as amendment is particularly abundant in health-
promoting Se-organic compounds

AGROMINING: Se-hyperaccumulators are temporarily
cultivated for the removal of Se from soil (economic
value and benefits to local populations) and improve
the quality of soil for upcoming crops

Figure 8.3 Potential application of Se-hyperaccumulators (Schiavon & Pilon-Smits,
2017b).
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coal represent a potential threat to the environment (Reeves et al., 2018). Such an
approach has been adopted in the USA, Canada, the UK, and Australia (Remigio
et al., 2020), and has also been applied to soils that are contaminated with Se due
to extensive use of Se-rich irrigation waters. Se-hyperaccumulators might be
ideally used in Se phytoextraction of Se contaminated substrates in areas where
they are naturally widespread. Thus, A. bisulcatus or S. pinnata could be used in
the USA, whereas C. violifolia and N. amplexicaulis could be used in China and
Australia, respectively.

The great capacity of Se-hyperaccumulators to concentrate Se at extremely
high concentrations in their shoot and convert it into relatively less-toxic, human
health beneficial organic forms, make them useful for phytoextraction, as
harvesting could be restricted only to the above-ground parts of the plant.
Furthermore, the Se-hyperaccumulator S. pinnata has been shown to volatilize Se
at high rates when used for the remediation of Se-rich irrigation wastewater under
high sulfate conditions (Parker et al., 2003). Because of this efficient Se
metabolism, S. pinnata has been proposed as a promising species to use for Se
phytoremediation. Similarly, the hyperaccumulator A. bisulcatus substantially
enhanced the emission rate of Se from soil (Pletsch, 2003). Freeman and
Bañuelos (2011) found that hyperaccumulation and volatilization of Se by
S. pinnata genotypes and their associated microbes could remove approximately
30% of the total soil Se in 0–30 cm Se-laden agricultural drainage sediment
containing 9.0 (+3.8) μg Se g−1 DW. However, despite these promising results
and the advantages offered by Se-hyperaccumulators, so far only a few large
field-scale studies have been conducted using these plants, mainly because of
their non-agronomic status, coupled with their low biomass yield and slow
growth (Zambrano et al., 2018). Also, significant differences in Se accumulation
might exist between different ecotypes of Se hyperaccumulators, as evidenced for
S. pinnata by Feist and Parker (2001). Rather, Se accumulators (e.g., Brassica
juncea L. Czern) producing high biomass yields and of moderate capacity to take
up and translocate Se to the above-ground tissues have been widely employed
(Bañuelos et al., 2002; Dhillon & Bañuelos, 2017).

8.5.2 Biofortification
Se-hyperaccumulators growing in natural seleniferous areas or used for the
reclamation of Se-contaminated soils can be a source of Se-laden plant material
to be employed as green manure to enhance the content of Se in agricultural soils
and food crops (Bañuelos et al., 2015, 2016; Schiavon & Pilon-Smits, 2017b;
Stonehouse et al., 2020). Bañuelos et al. (2015, 2016) showed that Se-enriched
plant material from S. pinnata plants, initially grown to remove Se by
phytoextraction from Se-laden agricultural drainage sediment, is valuable as a
soil amendment for enriching broccoli and carrots with healthful organic-Se
compounds, especially SeMet.
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The plant material derived from Se-hyperaccumulators can otherwise be recycled
as forage for livestock (Bañuelos et al., 2009). In this way, Se phytoremediation and
Se biofortification technologies can be proficiently joined. However, before being
launched into the food chain, Se-laden material from Se-hyperaccumulators must
be subjected to rigorous controls to verify the absence of potential contaminants
(e.g., heavy metals and metalloids) that might be toxic to direct consumers
(livestock), crops, and food crop consumers (humans).

Se-hyperaccumulators are particularly rich in Se organic forms (e.g., SeMet and
MetSeCys). Therefore, crops to be amended with green manure obtained from
Se-hyperaccumulators could be selected via breeding or otherwise engineered for
elevated uptake rates and accumulation of organic Se in the edible produce. Food
crops enriched with organic Se compounds might possess higher nutritional
values compared to crops that principally accumulate inorganic Se, as organic Se
compounds are more readily available for essential Se metabolism in humans and
animals (Davis, 2012). Alternatively, Se-hyperaccumulators could be used in
co-cropping or intercropping (Schiavon & Pilon-Smits, 2017b). In this case, their
residues will deposit on the soil at the end of the growing season, and their
decomposition by Se-resistant soil microorganisms will lead to the release of Se
organic compounds that might be easily acquired by the neighboring or
upcoming crops. The microbiome of Se-hyperaccumulators has been recently
found to be different from that of non-hyperaccumulators, with a higher average
relative abundance of Pedobacter and Deviosa (Cochran et al., 2018).

8.5.3 Agromining
Compared to other Se phytotechnologies, Se agromining as an alternative type
of agriculture conducted on low productive agricultural (ultramafic) lands is
poorly widespread. Agromining is a variation of phytomining, which foresees the
cultivation of hyperaccumulators and aims to harvest their biomass to retrieve
target metal/loids. The recovery of metal/loids (bio-ores) involves the
drying, ashing, and managing of the plant biomass. This is an important process
in view of the fact that ore grades are progressively declining, resulting in
increased waste products from the mining industry. Agromining is economically
viable only for certain metal/loids, including Se, nickel (Ni), and tellurium
(Te), as it depends on the element market price, annual yield per unit area, and
the existence of regions enriched in the target element. Till now, prices per
metric ton are high for Ni (US$14,000), Se (US$44,000), and Te (US$65,000)
(USGS, 2020).

The idea of growing hyperaccumulators on infertile soils raises from the
consideration that most of them are highly nutrient-efficient, and thus have low
fertilization requirements. Agromining might provide better economic incomes to
local populations and should be intended as temporary farming for metal/loids
and not as a steady replacement of food crops. Also, after hyperaccumulators are

Selenium hyperaccumulation in plants 259

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



harvested for metal/loid recovery, the soil fertility is supposed to have improved
enough by their cultivation to support the growth of upcoming crops (van der Ent
et al., 2015). Despite the benefits of using hyperaccumulators for agromining, the
adoption of Se-hyperaccumulators for economic extraction of elemental Se is still
a very limited practice.

8.6 CONCLUSION
Se-hyperaccumulators are intriguing species characterized by an extraordinary
capacity to accumulate Se in all their tissues and a higher transfer capacity of
Se from the roots to their shoot. Research performed so far has highlighted
the potential evolutionary drivers and selective pressures responsible for
the development of the hyperaccumulation trait, and the ecological benefits
associated with high Se concentrations in tissues. Pieces of evidence are
suggesting that Se-hyperaccumulators possess specific mechanisms for Se uptake
and root to shoot translocation, while the specific metabolic routes through which
they prevent Se amino acid misincorporation in proteins have been widely
described. Ongoing studies aimed to overexpress genes from hyperaccumulators
into non-hyperaccumulator model species may help to elucidate the process of
hypertolerance and hyperaccumulation in plants. These genes could be further
transferred into plant species suitable for phytoremediation, biofortification, and
agromining. Indeed, although Se-hyperaccumulators may be employed in these
technologies, their use in field application is unfortunately still limited primarily
because of their limited biomass production, which is generally smaller compared
to that produced by non-Se accumulators.
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Chapter 9

Selenium biofortification for human
and animal nutrition

Jun Li, Gijs Du Laing, Ivet Ferrer and
Piet N. L. Lens

9.1 INTRODUCTION
Selenium (Se) is an essential trace element, playing a crucial role in the
functioning of enzymes in humans and animals and protecting cells from damage
by free radicals (Hatfield et al., 2014). Selenoproteins, that is, proteins containing
selenium, are best known as antioxidants and catalysts for the production of
active thyroid hormone (Rayman, 2012). Although the essential role of Se for the
growth and survival of plants has not been confirmed yet, it is a beneficial
element for plants, which can enhance resistance to stress (see Chapter 8).

Despite the importance of this trace element, intake of Se by animals and humans
in a wide range of countries, including several countries inWestern Europe and East
and Central Africa, is still low, resulting in Se deficiency and causing negative
health effects, including increased risk of mortality, poor immune function, and
cognitive decline (Broadley et al., 2006; Rayman, 2012; Roekens et al., 1986).
An estimated one billion people around the world are affected by selenium
deficiency, because of low Se intake (Poblaciones & Rengel, 2017; Rayman,
2004). The recommended daily Se intake in an adult human diet is 0.04–0.4 mg
per person per day (Food and Agriculture Organization of the United
Nations/World Health Organization [FAO/WHO], 2001). Besides, farm animals
(Dermauw et al., 2013) and pets (van Zelst et al., 2016) can be affected by Se
deficiencies, leading to economic losses. Therefore, the Se content in the human
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and animal diet is a topic of interest to public health systems around the world (Lavu
et al., 2012).

Biofortification, that is, the dietary supply of Se through its enrichment in
food and feed crops, is being explored as a possible solution for Se deficiency
(Lavu et al., 2013; Li et al., 2010; Thavarajah et al., 2008). This chapter
gives insights into factors affecting Se toxicity and deficiency for humans and
animals, and meanwhile summarizes the different phytotechnologies used for Se
biofortification, including conventional plant breeding and genetic engineering,
and soil and foliar application of Se-based fertilizers (agronomic biofortification),
with specific attention to the use of Se-enriched organic materials and nano-sized
selenium (SeNPs), and the addition of beneficial microorganisms into soil for
enhancement of Se accumulation in the crops. The factors influencing Se
biofortification strategies are also discussed.

9.2 SELENIUM TOXICITY AND DEFICIENCY FOR
HUMANS AND ANIMALS
Selenium exists in inorganic forms as selenate (SeO 2−

4 ), selenite (SeO 2−
3 ), selenide

(Se2−), elemental Se (Se0), and in organic forms such as selenocysteine (SeCys) and
selenomethionine (SeMet). Due to this diversity in form of occurrence, Se is found
in all natural materials on Earth: soil, rocks, waters, air, plants and animals (Fordyce,
2007). For a long time, Se has been identified as a dangerous substance because
of its toxicity (Fordyce, 2007). More recently, it has also been recognized as
an essential trace element due to its crucial role in the functioning of enzymes
of humans and animals (Fordyce, 2013; Rayman, 2000). The range between
beneficial and harmful Se concentrations is relatively narrow for animals and
humans (Li et al., 2015a). Thus, both toxic and deficient incidences of Se dietary
uptake have been reported over the world (Li et al., 2015a).

9.2.1 Se toxicity
Se intoxication events for animals and humans, such as selenosis in America,
Canada, China, and Mexico, have occurred occasionally where Se has entered the
food chain in excessive amounts (Li et al., 2015a). These events were caused by
excessive Se in soil and water. For instance, the Se toxicity for humans and
animals discovered in the Enshi District, Hubei Province, and in Ziyang County,
Shanxi Province in China was related to the extremely high Se concentrations in
the local food and environment (Fordyce et al., 2000). For humans, Se toxicity
(selenosis) can result in garlic breath, hair and nail loss, nervous system disorder,
poor dental health, and paralysis (Rayman, 2012). For animals, excess Se can
cause alkali disease and blind staggers for grazing animals, and hoof loss in
hooved animals (Fordyce, 2007; Tan et al., 2002). Alkali disease is characterized
by dullness, lack of vitality, emaciation, rough coat, sloughing of the hooves,
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erosion of the joints and bones, anemia, lameness, liver cirrhosis, and reduced
reproductive performance (Fordyce, 2007). Blind staggers results in impaired
vision and blindness, anorexia, weakened legs, paralyzed tongue, labored
respiration, abdominal pain, emaciation, and death (Fordyce, 2007). Hair loss and
other abnormalities in farm animals have also been observed in areas of
Columbia, as a result of Se toxicity (Johnson et al., 2009).

9.2.2 Se deficiency
On the contrary, Se deficiency is also frequently observed worldwide and is even
more widespread than Se toxicity. It is estimated that 0.5–1 billion people are
directly affected by Se deficiency on a global scale due to low dietary Se intake
(Haug et al., 2007; Stonehouse et al., 2020). It has been demonstrated that Se
deficiency can cause Keshan disease and Kashin-Beck disease (endemic disease)
with low Se supplies in the food system, that is, weakening of the heart and also
atrophy and necrosis of cartilage tissue in the joints, which has been reported in
the middle of China (Stone, 2009), Saudi Arabia, the Czech Republic, Burundi,
New Guinea, Nepal, Croatia, and Egypt (Wu et al., 2015). Low Se status has also
been associated with a significantly increased risk of cancer incidence and
mortality, cardiovascular risk, poor immune function, male infertility and lower
reproduction (Fordyce, 2007; Haug et al., 2007). In addition, Se deficiency may
also be a factor in some other diseases. For instance, studies have found that the
prevalence of iodine deficiency diseases was greater among populations with
lower Se status than among those with higher Se status in Africa (Combs, 2001).
This is probably attributed to the fact that Se is essential for the metabolic
production of thyroid hormone.

Se deficiency adversely affects livestock health around the world, including
south and north America, Africa, Australia, UK and New Zealand (Reilly, 1996).
Selenium deficiency causes reproductive and immune response impairment of
animals, growth depression (ill-thrift), and white-muscle disease, a myopathy of
heart and skeletal muscle principally affecting cattle, sheep, poultry and horses
(Rayman, 2000).

Se deficiency in humans and animals is attributed to a low Se daily dietary intake,
varying considerably between regions. As mentioned previously, Se deficiency has
been identified in parts of the world which have a notably low content of Se in soil or
water, as Se enters the food chain from the environment through crop and plant
uptake, mainly from local water or soil (Haug et al., 2007). Therefore, the Se
concentration in foods is determined by geological and geographical factors.
Globally, the total Se concentration in soils ranges from 0.01 to 2.0 mg/kg, with
a mean of 0.4 mg/kg (He et al., 2010; Rayman, 2008). Some parts of the world
have relatively low Se contents in their soils such as Denmark, Finland, New
Zealand, eastern and central Siberia and a long belt extending from northeast
to southwest China including parts of Heilongjiang, Jilin, Liaoning, Hebei,
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Shanxi, Shaanxi, Sichuan and Zhejiang provinces and Inner Mongolia. Therefore,
these regions are characteristic for low amounts of Se in their food chains
(Combs, 2001).

9.2.3 Se in nutrition
In humans, chronic Se toxicity is observed above levels of 400 μg/day and Se
deficiency occurs when the dietary intake of Se is below 40 μg/day (Gupta &
Gupta, 2017; Winkel et al., 2012). More specifically, the tolerable upper intake
levels are 90 μg/day for children of 1–3 years, 150 μg/day for children of 4–8
years, 280 μg/day for children of 9–13 years, and 400 μg/day for children .14
years and adults (Ngigi, 2019; Sciences, 2000). For livestock, the toxic Se
concentration in animal feed is approximately 2–5 mg/kg dry forage, while the
minimal requirement of Se is defined as 0.05–0.10 mg/kg (Gupta & Gupta,
2017). The National Research Council (NRC, 2005) has published the
following maximum tolerable levels (MTL) for animals: 5 mg Se/kg feed dry
matter (DM) for cattle and sheep, 4 mg Se/kg feed DM for pigs, and 3 mg Se/kg
feed DM for poultry. The MTL for horses and fish were derived from
interspecies extrapolation and amount to 5 and 2 mg Se/kg DM feed,
respectively (NRC, 2005).

Table 9.1 summarizes the recommended daily Se intake and Table 9.2 overviews
the status of daily Se intake in some countries. The two tables show that the

Table 9.1 Recommended daily Se intake for adults (μg/d).

Countries Males Females

Australia (1990) 85 70

Belgium (2000) 70 70

France (2001) 60 50

FAO/WHO (2001) 40 40

Germany, Austria, Switzerland (2013) 30–70 30–70

Italy (1996) 55 55

Japan (1999) 55–60 45

Netherlands (2000) 50–150 50–150

Nordic countries (2014) 60 50

Ireland (1999) 55 55

Scientific Committee Food (2003) 55 55

USA and Canada (2000) 55 55

United Kingdom (1991) 75 60

Adapted from: EC Scientific Committee on Food (2003); Thomson (2004); Rayman (2004) and
European Food Safety Authority (EFSA, 2014).
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recommended daily Se intake in some countries has not yet been achieved, such as
in some European countries and parts of China. This demonstrates that the food
systems of these countries do not provide sufficient Se for consumption. It may
thus be assumed that many individuals have a potential risk of Se deficiency,

Table 9.2 Estimated selenium intake status of adults in several countries (µg/person
per d).

Countries SE Intake

Australia 57–87

Austria 48

Belgium 28*–61

Canada 98–224

China

Keshan disease area
(e.g., a wide belt from northeast China to southwest China)

7–11*

Moderate Se area
(e.g., Guangzhou)

40–120

Selenosis area
(e.g., Hubei and Shaanxi provinces)

750–4990

Czech Republic 10–25*

Denmark 38*–47

Finland

Before 1984 25*

After 1984 (Se biofortification) 67–110

France 29*–43

Germany 35*

Ireland 44–59

Italy 35*–42

Japan 104–199

Latvia 50

New Zealand 55–80

Serbia 30*

Slovakia 27*–43

Sweden 38*

Switzerland 70

UK 29*–39*

USA 60–220

Table adapted from: Combs (2001); Rayman (2004) and EFSA (2014).
* indicates that this level does not meet theWHO recommended requirement (FAO/WHO, 2001).
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which can increase their risks to various diseases, including those of the heart and
lungs, as well as cancer, and make them more vulnerable to infectious diseases
due to poor functioning of their immune system. There is a clear need to enhance
Se in food systems of these countries to remediate Se deficiency.

9.3 SELENIUM BIOFORTIFICATION STRATEGIES FOR
ADDRESSING Se DEFICIENCY
Addressing micronutrient deficiencies to reduce health-related issues can be
achieved through various types of interventions, such as through food
supplements, dietary diversification, biofortification, or increasing the
digestibility of trace elements in foods and products (Lavu et al., 2012; Li et al.,
2020). For instance, sodium selenite has been supplemented in feeds in some
areas with selenium deficiency in livestock in order to achieve optimal Se intake
(EFSA, 2016). Biofortification is one of the most promising, widespread and
accepted strategies, aimed at improving the lack of Se in a diet through
enrichment of food and feed crops, in particular the edible parts of plants using
different phytotechnologies (Snchez et al., 2017). The different strategies are
summarized in Figure 9.1.

Figure 9.1 Overview of Se biofortification strategies.
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9.3.1 Conventional plant breeding and genetic engineering
Breeding of crops aims to screen plant varieties with specific traits, such as the
ability for elevated Se uptake or accumulation, to transform Se from inorganic to
organic species or to translocate Se quickly from the roots to edible parts. This
approach has been explored as a practice for the enhancement of the Se content
in edible plants, because there is a huge interspecies and intraspecies genetic
variation in plants (Schiavon et al., 2020). Previous studies have demonstrated
genetic variation in grain Se concentration of cereal crops, such as wheat (Sharma
et al., 2016; Wang et al., 2021; White, 2016), rice (White, 2016; Zhang et al.,
2006), oat and barley (White, 2016). Moreover, significant genetic variation
effects on seed Se concentration of leguminous crops and edible parts of
vegetables have also been observed. Leguminous crops include common bean,
mung bean, field pea, lentil and chickpea, and vegetable species include onion,
broccoli, Brassicaceae spp., lettuce, tomato, pepper, Chinese cabbage, Indian
mustard, pepper, cauliflower and potato (see the review of White (2016) for
specific references).

Besides conventional breeding, genetic engineering, as an emerging cutting-edge
technology, has shown promise to improve the Se biofortification efficiency
(Schiavon et al., 2020). It is aimed at enhancing Se accumulation, preferentially
as beneficial selenoamino acids, in the edible part of plants via transgenic
methods (White, 2016). So far, genetic engineering for improvement of
biofortification has focused on genetic manipulation for (1) reduction of selenate
in plants through overexpression of sulfate transporters or adenosine triphosphate
(ATP) sulfurylase (APS1 or APS2), which can catalyze the rate-limiting steps of
Se assimilation in plants resulting in higher Se accumulation, (2) conversion of
Se-cystine (SeCys) to Se-methionine (SeMet) and dimethyl selenide (DMSe) by
Cystathionine-γ-synthase (CSeGS) enzyme, leading to more Se volatilization, and
(3) avoidance of SeCys misincorporation into proteins by mouse selenocysteine
lyase or SeCys methyltransferase (SMT) enzyme (Sarwar et al., 2020; Schiavon
et al., 2020; Zhu et al., 2009).

Transgenic lines of Indian mustard (Brassica juncea L. Czern.) overexpressing
genes encoding the enzymes APS, g-glutamyl-cysteine synthetase (ECS) and
glutathione synthetase (GS) were tested under field conditions. The APS, ECS,
and GS transgenic plants accumulated 4.3, 2.8, and 2.3 fold more Se in their
leaves than the wild type, respectively (Bañuelos et al., 2005). Furthermore, the
overexpression of the SMT gene (identified from the Se accumulator Brassica
juncea L.) in tobacco plants could substantially enhance the tolerance to selenite
stress, as shown by the significantly higher fresh weight, plant height, and
chlorophyll content than control plants (Chen et al., 2019). More importantly,
transgenic plants accumulated a high level of Se and the selenoamino acid
Se-methyl-selenocysteine (MeSeCys) (Chen et al., 2019). Genetic engineering
can thus improve Se accumulation and give a higher yield with better nutritional
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quality for biofortification purposes. However, the limitation of plant breeding and
genetic engineering is that these have to be applied combined with agronomic Se
biofortification, particularly for plants grown in Se deficient regions.

9.3.2 Agronomic biofortification
9.3.2.1 Soil inorganic Se fertilizer application
The agronomic approach of applying a fertilizer on the soil can improve the
nutritional quality of the plant without genetic modifications (Storksdieck &
Hurrell, 2009). It has been developed as a food-based method to help decrease
widespread deficiencies of Se. Selenite and selenate-based fertilizers are typically
applied (as granular/blended forms or liquid drenches) into soil to improve their
total and bioavailable Se, subsequently resulting in a higher Se concentration in
the crop. Although Se is not an essential trace element for plants, it presents
chemical similarity to S, and both elements have the same carrier membranes and
biochemical pathways for assimilation in the plant (see Chapter 8). Soil
application of Se fertilizers can therefore ensure its sufficient concentration in the
edible parts of plants (Prado et al., 2017; Sarwar et al., 2020).

Se biofortification of food crops is already successfully practiced in some
countries (Se-deficient regions) to increase the Se concentration in staple grains,
and subsequent dietary Se intake, by adding inorganic Se fertilizer to soils
(Bañuelos et al., 2016; Broadley et al., 2006). For instance, in Finland, a
three-fold increase of mean Se intake was observed after agronomic Se
biofortification in the form of selenate within 2 years, and the concomitant human
serum Se concentration was increased by 70% (Aro et al., 1995). Several plants
have been successfully biofortified with Se, such as wheat (Ali et al., 2017; Mao
et al., 2014), maize (D’Amato et al., 2019; Mao et al., 2014), rice (Gong et al.,
2018; Pandey & Gupta, 2015), soybean (Mao et al., 2014), cabbage (Seo et al.,
2008), canola (Mao et al., 2014), potato (de Oliveira et al., 2019), lettuce
(Munier-Lamy et al., 2007), pak choi (Li et al., 2015a), and tomato (Carvalho
et al., 2003). It should be noted that selenate is superior over selenite for soil
application, as selenate is highly soluble and bioavailable in soil, while selenite is
less mobile and easily absorbed on oxide surfaces, resulting in less bioavailable
Se for plants (Schiavon et al., 2020).

9.3.2.2 Foliar Se fertilizer application
Being an alternative to soil application, foliar spraying of Se fertilizers can
efficiently and economically improve Se concentrations in crops. With this
method, Se-based fertilizers are homogenously sprayed on plants. Studies showed
that the efficiency of foliar Se application is on average eight times higher than
soil application, suggesting that foliar application is preferred over soil
application (Ros et al., 2016). This is attributed to (1) liquid Se-containing
fertilizer being directly applied onto plants via spraying, which avoids the
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retention of Se by the soil (e.g., binding by soil organic matter), thus improving Se
utilization by plants and avoiding Se losses; and (2) the translocation of Se from root
to shoot or edible parts of plants not being required through the foliar application,
resulting in fast assimilation of Se in plant tissues (Schiavon et al., 2020). Foliar
application of Se-based fertilizers has successfully enhanced the Se concentration
in many plants, including cereal crops: rice (Farooq et al., 2019), wheat (Wang
et al., 2020b), maize (Ngigi, 2019) and beans (Ngigi et al., 2019) as well as
vegetable crops: tomato (Zhu et al., 2016), potato (Zhang et al., 2019), cabbage,
radish, onion and garlic (Slekovec & Goessler, 2015).

Some practical aspects should be carefully considered when implementing foliar
application, such as the applied Se dose, the timing of the foliar Se application, and
the plant type. For instance, phytotoxicity could be caused by an unsuitable Se
concentration sprayed directly on plant leaves. The plants that received Se-based
fertilizer should have sufficient leaf area for maintaining and absorbing Se during
the biofortification process, and suitable weather during application should be
considered in order to avoid Se losses on rainy and windy days. Besides, the
application timing is another item that should be addressed, as an application at
different growth stages can result in different Se accumulation by the plants.
Wang et al. (2020b) demonstrated that foliar application of selenate or selenite at
the pre-filling stage was superior in improving the Se concentration of wheat
grains than that at the pre-flowering stage. The foliar application of selenite
during the potato tuber bulking stage resulted in the greatest Se accumulation in
the tubers, compared to the application during the tuber initiation and maturation
stages (Zhang et al., 2019).

9.3.2.3 Novel Se fertilizers
9.3.2.3.1 Se-enriched organic materials as Se fertilizers

Biomaterials, such as plant residues, sludge and manures, that come from
seleniferous areas potentially contain high levels of Se. These micronutrient-
enriched materials may serve as potential micronutrient sources and can thus be
utilized for Se biofortification of agricultural crops. If Se-enriched organic
biomaterials are used to amend agricultural soils, their decomposition will
gradually lead to micronutrient release into the soil solutions, which will become
bioavailable for uptake by the crop (Bañuelos et al., 2015). Biofortification using
these Se-enriched biomaterials can thus be achieved, particularly of crops
growing on micronutrient-deficient soils (Bañuelos et al., 2016; Li et al., 2017).

Some studies have investigated the possibility of using Se-enriched biomaterials
as fertilizer to improve the Se concentration in crops for biofortification purposes.
The accumulation of Se in canola, grown on soil amended with 1.5 mg/kg
seleniferous Astragalus praelongus E. and Medicago saliva L. tissues, was
increased as the application dose of these materials increased (Ajwa et al., 1998).
Se-enriched wheat and Raya plant straw were used to biofortify sorghum, maize

Selenium biofortification for human and animal nutrition 273

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



and berseem (Dhillon et al., 2007), and results showed that the Se concentrations in
the plants were consistent with the trend of soluble Se in the soil. Similarly,
Se-enriched duckweed, Se-enriched anaerobic granular sludge (Li et al., 2021a)
and Se-enriched microalgae (Li et al., 2021b) generated in wastewater treatment
systems have been evaluated as potential Se fertilizers for improvement of the Se
concentration in green beans (Phaseolus vulgaris). These biomaterials produced
during wastewater treatment released Se, which was efficiently taken up by the
beans without negatively affecting their yield. Application of 0.45 g Se-enriched
microalgae biomass into 0.5 kg sandy soil even stimulated the beans growth,
resulting in a 43% higher yield (Li et al., 2021b). Se-enriched sludge was found
to be the preferred slow-release Se biofertilizer for Se-deficient areas, in
comparison to Se-enriched duckweed because Se contained in the Se-enriched
sludge was released slowly and was more bioavailable for plant uptake than Se
contained in the duckweed (Li et al., 2021a).

The supplementation of soils with Se-enriched organic materials as biofertilizer
does not only improve the Se concentration in the plants, but also results in
value-added plant-based products, as plants can transform the Se taken up during
growth into valuable organic Se species (e.g., SeMet, SeCys and MeSeCys),
which have important assets in the nutrition of animals and humans. Bañuelos
et al. (2015) reported that the Se concentration in the edible parts of broccoli and
carrots was directly correlated with the amount of Se-enriched Stanleya pinnata
applied into coarse-loamy soil (R2= 0.94) and that MeSeCys was the main
accumulating Se species. Likewise, the application of Se-enriched duckweed and
sludge into loamy and sandy soil as Se biofertilizer significantly improved the
proportion of health-beneficial selenoamino acids (e.g., Se-methionine, 76–89%)
in the seeds of beans (Phaseolus vulgaris) (Li et al., 2021a).

One of the main advantages of micronutrient-enriched organic materials is that
they provide a long-lasting micronutrient source, slowly releasing the
micronutrients along with the decomposition of the organic materials in the soil
(Ajwa et al., 1998). However, the disadvantage is that the application of these
materials can introduce additional organic matter into the soil, which can lead to
the immobilization of other nutrients in the soil, eventually decreasing the
bioavailability for the plant (Stavridou et al., 2011).

It should be noted that Se biofortification via the application of Se-enriched
organic materials may not be feasible in all Se-deficient areas. For instance,
the Se-deficient region in northeast China, characterized by a high content
of organic matter in soil, is not suitable for supplementation with
micronutrient-enriched organic materials, as the presence of too much organic
matter in the soil will increase the retention of the released Se, reducing the
bioavailability of Se in the soil. In contrast, some regional soils with strong
leaching potential (i.e., high precipitation (rainfall) and humid climates) and low
Se content can benefit from the addition of micronutrient-enriched organic
materials since the added organic matter can act as a micronutrient reservoir to
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avoid leaching of nutrients and their mobilization to the deeper soil layers (Wang
& Gao, 2001).

9.3.2.3.2 Nano-Se for biofortification

In recent years, the application of Se nanoparticles (SeNPs) has been proposed for
Se biofortification, as SeNPs can slowly release Se for plant uptake, thus minimizing
Se losses in comparison with the fast leaching of inorganic Se (El-Ramady et al.,
2020). SeNPs can be synthesized from oxidized Se forms (i.e., selenite and
selenate) via chemical or biological reduction using chemical reducing agents
(El-Ramady et al., 2020) or bacteria (Staicu et al., 2015), fungi (Mosallam et al.,
2018) and plants (Ikram et al., 2021; Schiavon et al., 2020). The effects of SeNPs
on plants highly rely on the particle size and synthesis method (chemosynthesized
or biosynthesized) of the SeNPs (Hu et al., 2018). Previous studies have
identified the potential of SeNPs to promote plant growth, increase Se uptake and
improve plant quality (Domokos-Szabolcsy et al., 2012; Hussein et al., 2019).
The beneficial effects of SeNPs have been shown for several plants, including
tomato (Hernandez-Hernandez et al., 2019; Morales-Espinoza et al., 2019),
pomegranate (Zahedi et al., 2019), wheat (Hu et al., 2018), rice (Wang et al.,
2020a), garlic (Li et al., 2020) and tobacco (Domokos-Szabolcsy et al., 2012).
Besides, SeNPs have lower toxicity for plants compared to selenite and selenate
(El-Ramady et al., 2020; Li et al., 2020). SeNPs taken up by plants were quickly
oxidized to selenite and transformed to organic Se species (e.g., SeCys, SeMet
and MeSeCys) in the plant root (Hu et al., 2018; Wang et al., 2020a). However,
further investigations are still required to understand the phytotoxicity of SeNPs
on various plants and the potential risks to the environment of using SeNPs.

9.3.2.4 Microbial assistance of biofortification
A novel approach in biofortification studies is to make use of plant-microbe
interactions for improvement of Se uptake by the plant. Plant growth promoting
rhizobacteria (PGPR) not only promote plant growth via different plant-driven
mechanisms, for example, the production of phytohormones, nitrogen fixation
and stress mitigation, but also affect the Se mobility, speciation and
bioavailability in soils (Sarwar et al., 2020; Yasin et al., 2015a).

Early studies have reported that the addition of beneficial microorganisms to soil
or inoculation of plants with microbes could enhance Se accumulation in crops. For
instance, Yasin et al. (2015a) demonstrated that inoculation of wheat plants with
both selenium-tolerant bacterial strains Bacillus cereus-YAP6 and Bacillus
licheniformis-YAP7 not only significantly enhanced wheat growth, but also
increased the uptake of Se and other nutrients, for example, S, Ca and Fe. Yasin
et al. (2015b) further reported that the inoculation of the bacterial consortium G1
stimulated the growth of the Se accumulator Indian mustard (Brassica juncea)
grown on seleniferous soil for Se-enriched plant material production, which
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resulted in a higher Se accumulation. Similarly, inoculation of the arbuscular
mycorrhizal fungi increased the Se content in the shallot bulb (Allium cepa
L. Aggregatum group) by 530% (Golubkina et al., 2019).

9.4 FACTORS AFFECTING Se BIOFORTIFICATION
EFFICIENCY
Since low concentrations of plant Se can decrease the dietary intake of Se, it is vital
to increase Se uptake by plants and to produce plants with higher Se concentrations
and bioavailability in their edible tissues (Bañuelos et al., 2017). This is the key
issue for effectively developing a biofortification strategy. The Se biofortification
efficiency depends on a number of factors associated with the Se concentration in
plants (also called bioavailability) during biofortification, such as plant species,
Se species and source (chemical Se fertilizer, natural source of Se or organic Se),
soil pH and redox conditions, soil organic matter, and the presence of competitive
ions (Fordyce, 2007).

Plant species: Plants have been classified as hyperaccumulators (.1000 mg/kg,
such as Stanleya), secondary accumulators (100–1000 mg/kg, such as Brassica
species, broccoli), and non-accumulators depending upon Se accumulation inside
their cells (Gupta & Gupta, 2017). Vegetables (e.g., Brassica species: pak choi
and cabbage) normally accumulate more Se than legumes (beans), followed by
cereals (wheat and rice). The Se concentration accumulated in fruits is generally
low, whereas high concentrations (ranging from 0.03–512 mg/kg) have been
reported in Brazil nuts as a result of natural biofortification (Prado et al., 2017).

Se application methods: Different application methods of Se-based fertilizer
affect Se accumulation and transformation in plants. Foliar application is
generally more efficient in enhancing the Se concentration in plants in
comparison with soil application (see Section 9.3). Studies showed that the
efficiency of foliar Se application is on average eight times higher than soil
application (Ros et al., 2016). Besides, application of Se fertilizers at different
plant growth stages can also result in a different biofortification efficiency.

Se species and source: The uptake rates and mechanisms of selenite, selenate and
organic Se are different. Some studies showed that selenite is adsorbed and taken up
in a faster passive way and readily reduced to organic compounds in plants, while
selenate is taken up in an active way and easily distributed from roots to shoots
(Arvy, 1993; Gupta & Gupta, 2017). Selenate reduction occurs via substitution
for sulfate in the ATP sulfurylase reductase system, which is an ATP-consuming
process and rate-limiting step, resulting in lower selenate accumulation in plants
compared to selenite (Van Hoewyk, 2013). However, Ros et al. (2016) showed
that biofortification using selenate-based fertilizers has a high potential to
increase Se uptake by crops and subsequent Se intake by animals and humans.
This is attributed to the fact that selenate is not easily adsorbed into the soil
matrix in comparison with selenite, resulting in higher bioavailable Se
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concentrations in the soil, while selenite is readily adsorbed in the soil environment
(Ros et al., 2016).

Soil pH and redox conditions: Soil pH and redox conditions have an important
effect on Se availability since a combination of these factors determines the Se
species present in a given soil environment. For instance, selenate is the
predominant Se species in near-neutral pH environments under aerobic
conditions, whereas selenite predominates at lower pH and redox potential.
Selenate is much more mobile, and thus plant-available in soils than selenite
which is tightly bound to positively charged binding sites in soils (Eich-Greatorex
et al., 2007). Besides, soil pH negatively correlates with the amount of Se
adsorbed by soil (Li et al., 2015b). Most studies have demonstrated that relatively
high pH values in soil solutions lead to a higher Se accumulation by plants in
comparison with low soil pH (Li et al., 2016, 2017). This is attributed to the fact
that soil with low pH contains a high amount of H+, which do not compete for
positively charged binding sites with selenite/selenate in soil, thus leading to a
relatively high bioavailable Se in the soil solution.

Soil organic matter: Organic matter influences Se availability in different ways.
On the one hand, organic matter has a significant capacity to remove Se from the soil
solution, and immobilize Se by both biotic and abiotic mechanisms, thus reducing
Se bioavailability. On the other hand, organic matter can improve the soil structure
and stimulate oxidizing conditions, thus enhancing Se bioavailability (Li et al.,
2017). The release of organic matter-immobilized Se through mineralization will
increase the bioavailable Se concentration in a soil.

Competitive ions: The Se accumulation in plants can also be influenced by the
presence of other ions, especially phosphate (PO 3−

4 ) and sulfate (SO 2−
4 ).

Interactions between Se and those ions may occur in the soil or in the plant
(Bingham, 1989). Li et al. (2008) studied the Se uptake in wheat under
phosphorus and sulfur-starved conditions and demonstrated that selenite uptake is
an active process mediated partly by phosphorus transporters. Likewise, the Se
uptake can be negatively influenced by the addition of sulfur due to the chemical
similarity between these two elements. Studies have demonstrated that selenate is
taken up by sulfate transporters, thus the competition for the same transporters
could inhibit Se uptake by plants when sulfur is applied (Li et al., 2008). For
instance, a decrease in the Se concentration in the shoots and roots of corn (Zea
mays) was observed when the sulfur concentration in solution increased (Huang
et al., 2008). Supplementation of sulfur in the calcareous alluvial and
yellow-brown soil reduces the Se contents in soybean (Glycine max L.) seeds
(Deng et al., 2021).

9.5 FUTURE PERSPECTIVES
Different biofortification strategies have been documented for improving human
and animal dietary Se intake. However, an adequate comparison of these
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approaches from economy, health, environment and social acceptance perspectives
is still needed. The most cost-effective biofortification method with enhanced Se
accumulation and crop yield as well as farmers’ inclination as a function of crop
growth conditions and the socio-economic environment should be selected.
Microbial-assisted biofortification can play an important role in optimization of
these biofortification strategies when aiming to simultaneously improve crop Se
accumulation and crop yield. However, each biofortification practice must be
carefully evaluated to prevent plant-derived food products from having toxic Se
levels that may be harmful to the organisms feeding on them.

Additionally, specific issues related to each biofortification strategy should be
further addressed. For instance, applying high quantities of Se fertilizers as soil or
foliar application may not always be the most sustainable strategy, as this
application can result in the leaching of excessive Se, thus requiring regular
applications, which can make this approach more costly. Besides, the widespread
use of Se for biofortification might cause Se contamination in the environment (e.
g., water, soil and plant), which in turn poses potential threats for human and
animal health. Selecting crops with a high ability to accumulate greater Se
concentrations is needed in the conventional breeding approach, however the
crop biodiversity and dietary diversity should also not be neglected. Genetic
engineering is the most controversial method because of the fear of disturbing
natural gene functions in food crops and potentially causing hazardous effects on
humans and animals. Further research should, on the one hand, explore the
specific genes contributing to higher Se accumulation and, on the other hand,
assess the safety issues and tackle ethical barriers.

In terms of the application of Se-enriched organic materials into the soil, risk
assessments should be carefully conducted to avoid other contaminants also
ending up in the soil and edible products. Besides, more studies are still needed
on the application of SeNPs as an emerging technology. The mechanism of
SeNPs uptake from soil, as well as their translocation and transformation in
higher plants need to be further unraveled. Understanding the effects of the
SeNPs application on the soil microbial ecology is also necessary. Any
unpredictable health effect arising from this strategy should be systematically
evaluated, also involving the chemical modification and transformation of SeNPs
during biofortification and food processing.
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Chapter 10

Se nanoparticle manufacturing
for medical applications

Alessandro Presentato, Elena Piacenza and
Raymond J. Turner

10.1 INTRODUCTION
The use of biological material or various life forms to produce nanomaterials is
routed in the idea that their use will be more eco-friendly than chemically
synthesized materials. The present chapter focuses on the current knowledge of
how biological organisms and their associated biomolecules or biomass
reduce selenium (Se) oxyanions to Se0 atoms (Figure 10.1). The Se atoms
then subsequently assemble on the nanoscale, thus producing ‘biogenic’ Se
nanoparticles (BioSeNPs).

The world of ‘very small materials’ implies the manipulation of matter at the
molecular or atomic level (Horikoshi & Serpone, 2013), a field known as
nanotechnology. Materials scaled down to the nano range (1–100 nm) are defined
as nanomaterials (NMs), and possess unique physical-chemical properties arising
from their high surface-to-volume ratio, large surface energy, and high spatial
confinement (Cao, 2004; Yuwen & Wang, 2013). NMs exist in various sizes and
shapes including nanoparticles (NPs), nanorods (NRs), quantum dots (QDs),
nanowires (NWs), and nanotubes (NTs) (Rao et al., 2004). These materials have
enhanced chemical, catalytic, mechanical, electrical and opto-magnetic properties
(Appenzeller, 1991; Yuwen & Wang, 2013). Hence, NMs can be applied in a
vast range of applications such as: biomedicine and biotechnologies, energy
production, food and chemical industries, environmental engineering, mechanics,
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sensors, optics, and material science (Ahmed et al., 2016; Cao, 2004; Horikoshi &
Serpone, 2013; Sharma et al., 2015). The research interest around this field has
grown exponentially in the past decade, reflected in the high number of scientific
reports for the fabrication of novel nanomaterials through chemical (chemogenic)
or biological (biogenic) means.

SeNPs can be produced through a variety of physical (laser ablation, UV
radiation, and hydrothermal techniques), and/or chemical (precipitation,
acid decomposition, catalytic reduction using a variety of reducing agents)
methods. However, these approaches require high temperatures and/or
harsh/hazardous chemicals and pH (Dwivedi et al., 2011; Quintana et al., 2002;
Zhang et al., 2010a). Thus, biosynthesis approaches have been explored that turn
out to be safer, less expensive and utilize more eco-friendly materials and
operational conditions.

Selenium is an essential trace element in humans and manymicroorganisms as an
important cofactor in biochemical processes (see Chapter 3). Indeed, the 21st amino
acid, selenocysteine, is an important active center of at least 25 different
selenoproteins (Rayman, 2012), and its deficiency can cause diverse diseases in
humans (Brigelius-Flochè & Maiorino, 2013; Morenoreyes et al., 1998; Zhang
et al., 2010b). Despite this, high concentrations of selenium compounds (i.e., the
highly soluble oxyanions selenate [SeO4

2−] and selenite [SeO3
2−]) in the

environment can be toxic at relatively low concentrations (Presser & Ohlendorf,
1987; Weres et al., 1989). This is due to the oxyanions’ mobility through the
trophic chain and its tendency to bioaccumulate. Yet, there are now many
organisms identified that are highly tolerant to excessive selenium loads. Bacteria
resistant to and/or able to respire selenium oxyanions started to be identified in
the late 1980s and through the 1990s (Stolz & Oremland, 1999; Stolz et al.,
2006). However, it was not recognized until the late 2000s that this process led to
potentially valuable technologies in bioremediation and nanomaterial
manufacturing (Gadd, 2010; Nancharaiah & Lens, 2015).

SeO3
2-

SeO4
2-

SeNP

Bioorganic Cap

Antimicrobials

Electronics

Anticancer

Photoluminescence

Stable
Non toxic SeNP

Bio reduction

Figure 10.1 Illustration of catalytic sources for the biological applications in SeNP
manufacturing.
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This chapter overviews biological sources as reducing agents of Se oxyanions,
either as whole organisms/cells or biomass components. This chapter does not
go into the engineering of the reaction process, which would in most cases be
batch reactors and fermenter systems scaled to match reagent availability and
production needs (see Chapter 6). Since 2015, there have been a number of
reviews published in the area of Se nanomaterial production and their
subsequent (bio)technological uses, both potential and realized. For general
information on SeNPs see: Khurana et al. (2019); Hosnedlova et al. (2018);
Menon et al. (2018); Kielczykowska et al. (2018); Guan et al. (2018);
Sharma et al. (2017); and Verma (2015). For reviews specifically on biogenic
SeNPs, see Tugarova and Kamnev (2017); Wadhwani et al. (2016); and Tan
et al. (2016).

10.2 BIOLOGICAL SYNTHESIS OF SELENIUM
NANOPARTICLES
Research on Se polluted sites has led the exploration of diverse organisms that can
tolerate high Se loads. Some plant species have been found growing in soils and
aquatic systems that were highly impacted by Se pollutants, and several Se
oxyanion resistant bacteria were isolated associated with these plants (Wu, 2004).
Utilizing the microorganisms capable of transforming Se toxicants became a
strategy to attenuate the presence of these compounds in the environment. Their
study led to the observation of an orange-red coloration, that is now known to be
the result of the formation of biogenic SeNPs. It was also found that certain
anaerobic bacteria could respire selenium oxyanions, which often resulted in the
accumulation of elemental selenium (Se0).

The spectral properties of BioSeNPs differ considerably from those of
amorphous Se0, formed by chemical oxidation of hydrogen selenide (H2Se), and
of black, vitreous Se0 formed chemically by reduction of selenite with ascorbate
(Pettine et al., 2013). The microbial synthesis of Se0 nanospheres results in a
unique, complex, and compact nano structural arrangement of Se atoms.
Furthermore, it turns out that the natural organic material supplied by the
organism that is found to ‘cap’ the SeNPs leads to a more stable SeNP than that
found through chemical/physical methods (Piacenza et al., 2018a; Wadhwani
et al., 2016). Yet, their shape and size vary considerably depending on the
biogenic system used. This probably reflects the wide diversity of enzymes
involved in the dissimilatory reduction that differ in various microorganisms. To
date, these conditions cannot be achieved by current chemical/physical synthesis
methods (Hosnedlova et al., 2018; Oremland et al., 2004). It is now recognized
that using biological systems to produce SeNPs is an eco-friendly approach to
manufacture high quality and stable SeNPs with unique properties (Ingale &
Chaudhari, 2013; Wadhwani et al., 2016).
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10.2.1 Bacteria mediated selenium nanomaterial
production
For quite some time, it was known that microorganisms had an important role in
the transformation of selenium compounds from one oxidation state to another
(Favre-Bonte et al., 2005; Herbel et al., 2003; Stolz et al., 2006). These
transformations are key to the selenium biogeochemical cycle. For example,
studies reported on the ability of various soil bacteria to reduce SeO4

2− and
SeO3

2− (Dowdle & Oremland 1998; Sarathchandra & Watkinson, 1981), while
some other microbes generate volatile organo-selenium species such as hydrogen
selenide (H2S) or methylated selenium species (e.g., HSeCH3; Se(CH3)2)
(Favre-Bonte et al., 2005; McCarty et al., 1993; Stolz et al., 2006). The biotic
process behind the reduction of selenium oxyanions elicited by bacteria either
under oxic (Antonioli et al., 2007; Bajaj et al., 2012; Hunter & Kuykendall,
2007; Hunter & Manter, 2009; Piacenza et al., 2018b, 2019; Presentato et al.,
2018a) or anoxic (DeMoll-Decker & Macy, 1993; Hunter & Kuykendall, 2006;
Kessi, 2006) conditions most often results in the formation of red-colored
selenium deposits scaled at the nano range in the form of spheres with a diameter
ranging from 50 to 500 nm (Jain et al., 2014; Oremland et al., 2004). An
example of cell and culture coloration is shown in Figure 10.2. There is now a

Figure 10.2 Rhodococcus aetherivoransBCP1 grown onto solid (A and B) and liquid
(C andD) Luria–Bertani richmedium. B andDhighlight the typical color change – from
yellow to dark red – of the bacterial culture upon addition of 2 mM sodium selenite to
the cultivation medium, due to the formation of Se0 nanomaterial.
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wide diversity of microorganisms that have been identified to respire different
species of Se (Maltman et al., 2016; Nancharaiah & Lens, 2015). However, the
biochemical mechanism(s) of reduction of the selenium oxyanions have not yet
been fully elucidated in all systems.

It is difficult to define a common mechanism for the assembly of biogenic
SeNPs in selenium tolerant microorganisms, as their accumulation has been
observed to be intracellular, membrane-bound, and extracellular. Some aspects of
Se biochemistry are common between bacteria, likely related to the metabolic
pathways laid out in Escherichia coli (Turner et al., 1998). However, differences
in genomics and physiology would add up to unique mechanisms in distant strains.
This aspect is of interest, as unrelated bacteria, from a phylogenetic perspective,
can give rise to diverse SeNMs in terms of structure and properties. Therefore,
most biogenic SeNP synthesis outcomes are not predictable, nor reproducible, by
the measure of conventional chemical procedures (Oremland et al., 2004). This
is because there is a collective knowledge gap regarding the mechanism exploited
by bacteria to synthesize SeNMs; particularly, it is not clear how a bacterial cell
factory controls the parameters of size, shape, and polydispersity of the final
nanomaterial product. By deciphering the biochemical route used for NM
synthesis, the fabrication of novel and unique nanomaterials may be honed using
either living biological catalysts or specific macromolecules derived from them.
Though, at this time, the best production conditions are still empirically
determined, leading to biotechnological challenges towards scale-up.

Thauera selenatis, formerly defined as a Pseudomonas sp. strain (Macy et al.,
1989), was the first bacterial strain cultured in axenic conditions where its ability
to respire selenate for energetic purposes was established (DeMoll-Decker &
Macy, 1993; Macy et al., 1993; Schröder et al., 1997; Rech & Macy, 1992).
Whatever the source of selenium precursor, the main phenotype was always
represented by the color of the T. selenatis culture turning red, highlighting how
the biotic reduction process led to the accumulation of selenium deposits, which
occurred as extracellular SeNPs in this strain. It was speculated that T. selenatis
could utilize an intracellular reductant to further detoxify selenite to Se0 during
selenate respiration, leading inevitably to the accumulation of Se0 atoms within
the cells. This observation raised critical questions: (i) How do elemental
selenium atoms assemble forming NPs? (ii) How is the latter secreted to the
extracellular environment? (iii) Is the process reversed where atoms are exported
and then extracellularly assembled? (iv) Do NPs form both intracellularly and
extracellularly with no Se or SeNP transport? The evidence is still ambiguous as
experimental observations do not resolve the mechanism. T. selenatis cells
entering the stationary phase during anaerobic growth in the presence of acetate
as a carbon source and selenate as a terminal electron acceptor showed both
intra- and extracellular selenium particles (Macy et al., 1993). However, there
was no evidence of cell lysis or distortion of the membrane suggesting two
independent processes.
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The use of microorganisms to produce SeNMs has other advantages over the
chemical procedures, beyond being eco-friendly. The parameters of choice of
the cell factory to perform a biogenic synthesis including growth temperature
(Wang et al., 2010), pH, type of media (Piacenza et al., 2019), bacterial cell
physiology (i.e., actively growing or resting cells (Presentato et al., 2016, 2018b;
Srivastava & Mukhopadhyay, 2013), culture incubation time (Ahmad et al.,
2015; Zhang et al., 2011), and concentration of the metal(loid) precursor supplied
(Piacenza et al., 2019) can all be optimized to drive the production of a certain
NM type(s). Above all, it is important to consider the metabolic potential of a
given bacterial strain investigated. Strains belonging to either Rhodococcus or
Ochrobactrum genera have high metabolic versatility (Martínková et al., 2009)
that allow them to survive harsh conditions. For example, Rhodococcus
aetherivorans BCP1 is capable of simultaneously producing SeNPs and SeNRs
when cultured in the presence of selenite under oxic conditions (Presentato et al.,
2018a). Examples of these nanomaterials are shown in Figure 10.3. This was also
reported for Ochrobactrum sp. MPV1 cultivated under metabolically controlled
growth conditions or in complex medium amended with very high concentrations
(10 mM) of SeO3

2−, producing high yields of SeNPs (Piacenza et al., 2018b, 2019).
The stress on bacteria from Se oxyanions can represent a trigger to produce

energetically valuable hydrophobic storage compounds to keep them thriving
when the cells are experiencing an oligotrophic environment (Alvarez et al.,
1996). Surfactant-like molecules (i.e., biosurfactants) are produced to absorb and
attenuate the stress derived from the carbon source exploited for energy
production (Kumar et al., 2014; Piacenza et al., 2018b) or the toxicity exerted by
a high metal(loid) load (Piacenza et al., 2019). The presence of amphiphilic
compounds, that act like surfactants, was identified in the biogenic SeNM extract.
This was determined through fluorescence spectroscopy. A hydrophobic

Figure 10.3 Transmission electron micrographs of extracted selenium
nanomaterials in the form of nanorod (SeNR) and particle (SeNP) produced by
Rhodococcus aetherivorans BCP1.
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fluorescent dye [DiOC18(3)] was used to label either biogenic NM extract or a
sample containing liposomes, unveiling that the fluorescence signals were very
much alike (Piacenza et al., 2018b; Presentato et al., 2018b). The presence of
these amphiphilic molecules in the biogenic NM extract can have multiple roles,
acting either as a stabilizing agent of the NM, as a driving force for the
nucleation, or for the one-dimensional growth of nanomaterials (i.e., NRs), or
even as a mediating component of the NM functional properties. This is inferred
from chemical synthetic approaches, where the addition of surfactant compounds
to the reaction mixture leads to NRs as products (Eastoe & Tabor, 2014; Evans &
Wennerstrom, 1994). Finally, the nanostructures can exist in either amorphous or
crystalline configurations, where the latter gives higher thermodynamic stability
in suspension, which is a trait typically found for NRs (Jeong et al., 2006). It are
the biosurfactants in nanorod synthesis that lead to the stable crystalline rods
(Presentato et al., 2018b).

10.2.2 Fungi mediated selenium nanomaterial production
The high sensitivity of most fungi to Se compounds (Hanson et al., 2004) has led to
their limited exploitation for SeNM production as compared to bacteria. Regardless,
fungal species have several advantages over other microorganisms, such as
their ease and cost-effectiveness in culturing, scaling up and downstream
processing (issues reviewed in – Piacenza et al., 2018a), as well as their ability to
adsorb and accumulate metals (Thakkar et al., 2010). To date, the tolerance of
fungi towards Se seems to be linked to long and/or constant exposure of these
microorganisms to Se-containing compounds in their natural habitats, such as the
rhizosphere of Se-hyperaccumulator plants (Shoeibi et al., 2017). In this respect,
fungal strains belonging to Alternaria, Curvularia, Cladosporium, Pleurotus,
Aspergillus, Chaetomium, Trichoderma, Aureobasidium, Mortierella, Phoma, and
Agaricarius feature higher tolerance towards Se (Liang et al., 2019; Sarkar et al.,
2011; Vetchinkina et al., 2019; Wangeline et al., 2011).

Sarkar and coworkers (2011)were among the first groups to report the exploitation
of fungi, using filtered fungal-free spent media of Alternaria alternata, for SeNP
biosynthesis. These biogenic SeNPs showed high polydispersity, ranging in
size between 30 and 150 nm, and an amorphous nature (Sarkar et al., 2011). They
appeared to be coated by a protein layer, which in turn made the SeNPs stable
over several months (Sarkar et al., 2011). Similarly, Aspergillus terreus displayed
a good proficiency in bioconverting SeO3

2−, producing relatively stable
extracellular SeNPs with an average diameter of 48 nm (Zare et al., 2013).
Selenite was also the precursor for the extracellular SeNP formation by the
basidiomycete Lentinula edodes. This species was also capable of biotically
transforming the organo-Se compound 1,5-diphenyl-3-selenopentanedione
(DAPS-25), forming nanosized Se products with an average size of 180 nm
(Vetchinkina et al., 2013).
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The effect of using actively growing fungal cultures or extracts for the
biosynthesis of SeNPs was investigated by Vetchinkina et al. (2019). Strains of
L. edodes and Pleurotus ostreatus produced polydisperse (50–150 nm) SeNPs
with uniform shape, while those obtained from the mycelium extracts of the same
species were less regular in shape. Similar results were obtained by exploiting
Grifola frondosa, Ganoderma lucidum, Agaricarius bisporus, and A. arvensis:
small (20–50 nm) and homogeneous SeNPs were detected using the intracellular
extracts of their mycelium (Vetchinkina et al., 2019). Aureobasidium pullulans,
Mortierella humilis, and Phoma glomerata generated extracellular, granular and
amorphous SeNPs between 40 and 60 nm. Se oxide (SeO2) NPs that were
heterogeneous in shape and size have been detected on the Trichoderma
harzianum cells’ outer surface (Liang et al., 2019).

Besides myceliating fungi, the single-celled yeasts have also been explored in
SeNM production. Yeasts accumulate high amounts of Se during their growth
(Marinescu et al., 2011). This has been observed for Saccharomyces cerevisiae,
whose bioaccumulation capacity was found to be regulated by several external
factors, such as temperature, fermentation time, pH, shaking speed, and Se
concentration (Esmaeili et al., 2012). Similarly, the aerobic bioconversion of
SeO3

2− oxyanions carried out by the same yeast strain led to the biosynthesis of
30–100 nm SeNPs, which demonstrated good antimicrobial properties against
Gram-positive and Gram-negative pathogens (Hariharan et al., 2012).

At this time, the synthetic manufacturing of SeNPs by fungi is still in its infancy.
The mechanistic information is still sparce. Studies only suggest a potential
role played by glutathione, as well as cysteine residues present in the hypha cell
walls, for the bioconversion of Se precursors to Se0 on the mycelium through
Painter-type reactions (Poluboyarinov et al., 2009).

10.2.3 Plants and selenium nanomaterials production
Besides bacteria and fungi, other biological systems that have been investigated for
SeNM production include plants (and plant material) in part due to their resistance
towards a wide range of toxic compounds. Although a broad spectrum of plants has
been explored for a breadth of metal NM generation, particularly silver (Shoeibi
et al., 2017), their use in SeNM production is currently limited. Trials with plant
leaves (Alam et al., 2019; Fardasadegh et al., 2018; Li et al., 2007; Sownadarya
et al., 2017), fruit, and their plant wastes/extracts have been explored.

Capsicum annuum leaf extract was used to biotically reduce SeO3
2−,

simultaneously forming amorphous SeNPs surrounded by a protein layer, which
controlled the nucleation and growth of the NPs (Li et al., 2007). Additionally,
the SeNP size and structure was affected by the concentration of the leaf extract
as well as the pH of the medium (Li et al., 2007). Selenious acid was used as a
Se-precursor for the generation of SeNPs by Trigonellafoeum graecum seed
extract, by exploiting ascorbic acid as an initiator of the reduction process.
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The resulting SeNPs featured high polydispersity, between 50 and 150 nm in size,
and a good crystalline structure, which seemed to be mediated by the presence of
bioactive compounds of the plant extracts containing CvC, NH2, COOH, and
CvO functional groups (Ramamurthy et al., 2013). These associated
biomolecules were considered responsible for the slight cytotoxicity observed
under a prolonged exposure of human breast cancer cells to increasing
concentrations of the biogenic SeNPs (Ramamurthy et al., 2013). On the
contrary, SeNPs recovered from Allium sativum extract were not cytotoxic
towards human kidney epithelial Vero cells, a feature that the authors ascribed to
the presence of biocompatible molecules containing NvO as stabilizing agents
(Anu et al., 2017). The size of these SeNPs ranged from 40 to 100 nm, being
homogeneous in shape and relatively monodispersed in solution (Anu et al., 2017).

Trigonal SeNPs of ca. 8 nm were synthesized by the dried fruit extract of Vitis
vinifera, whose lignin molecules appeared to be associated with the NPs in
solution. These lignin molecules conferred these SeNPs’ high thermodynamic
stability (Sharma et al., 2015). Larger SeNPs (46–78 nm) were obtained from
Clausena dentata leaf extract with proteins found as NP capping agents. These
SeNPs had good insecticidal activity towards mosquito larvae (Sownadarya et al.,
2017). Microwave irradiation was exploited by Fardasadegh et al. (2018) to
obtain 50 nm SeNPs from Pelargonium zonale leaf extract through SeO3

2−

bioreduction. This approach was considered to be mediated by tannins,
flavonoids and other metabolites containing highly reactive -OH groups, while
proteins were responsible for the stabilization of the formed SeNPs. Furthermore,
these biogenic SeNPs showed good antimicrobial properties towards both
bacterial and fungal pathogens, having a higher efficacy against the bacteria
(Fardasadegh et al., 2018). Similar results were reported for SeNPs of ca. 10–20
nm in size obtained from Psidium guajava leaf extract, where ascorbic acid
residues and phenolic compounds were responsible for the bioconversion of
SeO3

2− (Alam et al., 2019).

10.3 ROLE OF BIOMOLECULES IN THE SYNTHESIS OF
SELENIUM NANOPARTICLES
Several biochemical reactions can catalyze the reduction of selenate or selenite
generating the seed atoms of the nanomaterials, Se0. The most widely reported
reaction is the Painter-like reaction with thiols. However, one can have other
reductive biochemical reactions with a variety of metabolites (such as plant
flavonoids and lignin). Key biochemical electron mediators (cytochromes and
quinones) can also catalyze the reduction reaction as demonstrated with the
quinone analogue lawsone to produce SeNPs with E. coli (Wang et al., 2011) or
with Rhodobacter capsulatus (Borghese et al., 2014). There is also the potential
for direct enzymatic reactions with the oxyanion as the substrate. In this context,
some early studies reported evidence that the catalytic enzyme may in fact
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nucleate the crystal growth of SeNPs (DeMoll-Decker & Macy, 1993; Rech &
Macy, 1992).

10.3.1 Proteins involved in selenium nanoparticle
synthesis
Tugarova and Kamnev reviewed proteins involved in SeNP synthesis in 2017. This
review highlights that although some enzymes have been implicated in Se oxyanion
reduction and NP formation, their role is found mostly in NP size modulation and
capping, where they provide thermodynamic stability to the NP. Below follows a
brief description of enzymes involved in the reduction reactions followed by key
studies finding proteins associated with the caps of the SeNPs.

The research in this field mostly recognizes that the biomolecular reduction of
selenite occurs through Painter-like reactions (Painter, 1941) with glutathione
(GSH) molecules or similar cysteine peptides (cysteine, bacillithiol, and
mycothiol). The reactions (10.1) to (10.3) follow the process of reduction with
glutathione and subsequent reduction to Se0 mediated by a NADP(H) dependent
reductase:

3GSH+ 6SeO3
2− + 4H+ � 3GSSeSG+ 2O−

2 + 5H2O (10.1)
GSSeSG+ NADP(H) � GSSe− + GSH+ NAD(P)+ (10.2)
GSSe− + H+ � GSH+ Se0 (10.3)

The reaction with GSHs leads to a seleno diglutathione (GS-Se-SG)
intermediate. This GSSeSG intermediate can be further acted on by the enzyme
glutathione reductase to generate GSH and Se0. Alternatively, the GSSeSG can
be acted on by thioredoxin with further reductive cycling by the enzyme
thioredoxin reductase leading to glutathione seleno persulfide (GS-Se−), which
then rapidly dismutates into GSH and Se0. Both of these enzyme-catalyzed
reactions utilize NADPH as a source of electrons (Ganther, 1971; Turner et al.,
1998).

Within the group of selenate respiring bacteria, several complex iron-sulfur
molybdoenzymes (CISM) have been demonstrated to use selenium oxyanions as
substrates, leading to red selenium particles (reviewed by Nancharaiah & Lens,
2015; Zannoni et al., 2008). Early reports observed the CISM nitrate reductases
of E. coli to have this catalytic activity, using selenate as a substrate (Avazeri
et al., 1997). This NarG or NarZ nitrate reductase dependent reduction was later
confirmed in other bacteria (Sabaty et al., 2001), with shared mechanisms and
thus demonstrating cross-reactivities between microbial selenate and nitrate
enzymatic reduction (Watts et al., 2005). Another CISM enzyme encoded by the
ynfEFGH operon in Salmonella enterica was also shown to be responsible for the
respiration of selenate to selenite, and subsequently converting the latter to
SeNMs (Connelly et al., 2016). A cartoon description of a CISM enzyme process
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is shown in Figure 10.4. Unfortunately, purification of pure CISMs protein
complexes is extremely difficult, and thus, they would be difficult to use directly
as a catalyst in SeNP manufacturing. However, the knowledge of these enzyme
systems allows research to focus on the genetic regulation of these systems for
application in biotechnological processes for selenium bioremediation and
nanomaterial production.

T. selenatis is one of the most studied selenate/selenite-respiring species (Butler
et al., 2012). Beyond the CISM related SerABC enzyme for its respiration of
selenate (Schroder et al., 1997), T. selenatis anaerobic respiration of selenite finds
a single protein associated with SeNPs. Cell-free spent medium from cultures of
T. selenatis containing SeNPs was analyzed for its protein content, and a single
95 kDa protein, named selenium factor A (SefA), was found. This protein was
detected when T. selenatis cells were grown in the presence of nitrate (electron
acceptor) during anaerobic growth in complex media and in the presence of
selenate or selenite. The absence of either selenate or selenite led to undetectable
levels of SefA, highlighting that the selenium oxyanions likely induced the
expression of sefA. Bioinformatic analysis revealed that, although this protein
was somehow associated with extracellular SeNPs, it does not possess a signal
peptide responsible for its secretion. Moreover, the heterologous expression of
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ECS

[Fe-S]

(M)QH2

(M)Q

SeOn
m-

CS
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Se0 NP

Bacterial
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Figure 10.4 Description of a complex iron-sulfur molybdoenzymes (CISM)
involvement in generating SeNPs. CS= catalytic subunit; ECS= electron conduit
subunit; MAS=membrane anchor subunit, may or may not contain cytochromes;
(M)Q= (menaquinone) or quinone; [Fe-S]= iron sulfur clusters, different atom
number clusters are present from [4Fe-4S], [3Fe-4S] to [2Fe-2S]; the CS may or
may not contain an Fe-S or cytochrome as well; MGD=Bis molybdopterin guanine
dinucleotide; in some organisms, Mo may be replaced with W; NP= nanoparticles.
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the sefA gene in E. coli revealed the presence of the corresponding protein in both
the soluble fraction and in the extracellular environment. E. coli cells expressing the
sefA gene accumulated large SeNPs in the cytoplasm, while these NPs were not
observed outside the cells, suggesting that (i) SefA might be a substrate for
protein export, (ii) its secretion was not dependent on the binding with Se0 atoms,
and (iii) there may exist a specific export system for SeNPs in T. selenatis, since
E. coli cells expressing sefA did not reveal any trace of extracellular SeNPs.

SefA presents a possible tool for SeNP manufacturing. When SefA was added to
the reaction mixture containing glutathione and selenite in a 4:1 molar ratio, stable
SeNPs were generated. However, in the absence of SefA only vitreous Se deposits
were detected, underlining that SefA functions to bind and stabilize Se0. This
process occurs naturally in the cytoplasm of T. selenatis cells, and the SeNPs are
subsequently exported to the extracellular environment once the spheres reach a
particular size (ca. 150 nm in diameter). The whole mechanism by which T.
selenatis can secrete these NPs through the inner membrane, periplasm, and outer
membrane remains unknown (Dobieux et al., 2011). Although this evidence
suggests SefA has a role in the assembly of biogenic SeNPs under anaerobic
conditions, it is not easy to find equivalent genetic determinants for a similar
function in aerobic bacterial strains (Gonzalez-Gil et al., 2016; Lenz et al., 2011).
It is also speculated that protein binding to SeNPs leads to a gain in
thermodynamic stability. Hence, the SefA helps the NPs avoid aggregation. Such
stabilization was also displayed by Bovine Serum Albumin bound to SeNPs in
vitro, thus acting as a capping agent likely generating a sort of protein shell
(Bücking et al., 2010).

Dobias and colleagues (2011) tried to unravel the role of proteins in
biomineralized selenium, with the aim of gaining the advantage of avoiding the
maintenance of live cultures for NPs synthesis. E. coli derived SeNPs and
associated proteins were purified by performing a sucrose gradient fractionation,
whose fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Among the proteins associated with SeNPs, some
remained bound to NPs despite washing steps of the NM extract with increasing
concentrations of denaturing solutions or after boiling in 10% w/v SDS solution.
A similar observation was made for biochemicals associated with SeNPs from a
variety of Gram negative and positive environmental isolates (Bulgarini et al.,
2021). This highlights the strong interaction of certain proteins to SeNPs
providing the hypothesis that proteins involved in NP formation could have
covalent bonds to the metal atoms of the NP. A similar finding was reported for
SeNPs produced by Lysinibacillus sp. ZYM-1, where hexane treatments used in
extracting and purifying the NPs did not successfully remove all the biomolecules
present in the biogenic colloidal suspension, and thermogravimetric analysis
revealed the presence of proteins in the coating (Che et al., 2017). The in vitro
synthesis of biogenic and chemically synthesized SeNPs in the presence of
E. coli cell-free extract revealed that none of the proteins associated with SeNPs
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are known to be involved in selenium metabolism. Instead, the proteins found were
involved in carbohydrate or fatty acid metabolism. Only two proteins (elongation
factor Tu and 3-oxoacyl synthase) were present in all in vitro conditions tested,
which suggested a non-specific mode of binding.

Comamonas testosteroni S44 grown under aerobic conditions in the presence of
selenite had several proteins bound to SeNPs resulting from physical-chemical
interactions (Xu et al., 2018). Dobias et al. (2011) defined four proteins of
varying size and isoelectric point (isocitrate lyase [AceA], isocitrate
dehydrogenase [Idh], outer membrane protein C precursor [OmpC], and alcohol
dehydrogenase [AdhP]) were found bound to the colloidal Se. Among these
proteins, AdhP was selected for further studies aimed towards the formation of
SeNPs by in vitro synthesis or using E. coli cell-free extract. These studies
revealed that AdhP binding to SeNPs gave rise to larger NPs (122 nm average
diameter) as compared to those produced in the presence of the cell-free extract
(ranging from 10–90 nm). Yet, no effect of different proteins on the structure and
crystallinity of the SeNPs was found (Dobias et al., 2011). Other proteins like
Mop and CysB from C. testosteroni S44, as well as PhoB1 and PhoB2 from
Agrobacterium strain GW4, utilized to synthesize SeNPs in vitro, were also
found to bind to the final SeNP product.

An explanation put forward for the protein-SeNP interaction focuses on the
charged amino acids (i.e., Asp, Glu, Arg, and Lys) content of the associated
proteins. Several proteins that are of low cell abundance and have a high charged
amino acid content are found adsorbed onto the BioSeNPs surface; as reported in
the case of SeNPs synthesized by an actinobacteril (Ramya et al., 2019).
However, the zinc-dependent alcohol dehydrogenase (AdH), which contains a
low charged amino acid content, is also frequently found on the surface of SeNPs
(Dobias et al., 2011; Kessi et al., 1999; Lampis et al., 2017; Lenz et al., 2011;
Xu et al., 2018). Thus, the diversity of proteins associated with the SeNPs to date
suggests a non-specific mode of interaction of proteins with NPs, yet their
robustness of association to the particles suggest a covalent bonding style (Xu
et al., 2018).

Having proteins, particularly large bulky proteins like AdH, likely provides
stability to the SeNPs through steric hindrance inhibiting the Se cores of the NPs
from interacting with each other, thus preventing their aggregation. This supports
the observations that proteins are important in governing the size of NMs and
contributing to generate a more monodisperse size population. This provides
stability from a thermodynamic perspective, as this biogenic nanomaterial has a
low tendency to form aggregates. This is likely because of repulsive interactions
derived from charged proteins (Srivastava & Mukhopadhyay, 2013) and the steric
hindrance effect exerted by proteins (Piacenza et al., 2018a). Indeed, the
thermodynamic stability of a colloidal suspension is a feature that is as
fundamental and important as the eco-friendliness of the synthetic procedure
adopted, when it comes to a potential application of nanomaterials.
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10.3.2 Other biomolecules involved in selenium
nanoparticle synthesis
Besides proteins, it has been hypothesized that bacterially derived extracellular
polymeric substance (EPS) might act as a potential capping agent driving the
assembly of SeNPs. This is thought to occur mostly in those bacterial strains
for which the synthesis localization is either near the membrane or in the
extracellular environment. The complex macromolecular composition of EPS,
which contains proteins, polysaccharides, metabolites, lipid vesicles, humic-like
molecules, and extracellular DNA (eDNA) (More et al., 2014; Sheng et al.,
2010) offers many chemical functional groups capable of interacting with
SeNMs. Moreover, EPS has been found to influence the surface properties, size,
and shape of SeNPs (Jain et al., 2014). Since many bacterial species have
demonstrated either extracellular or periplasmic located reduction of selenite to
elemental selenium (Jiang et al., 2012; Li et al., 2014), it is reasonable to suggest
a possible involvement of EPS in the nanomaterial production extracellularly.
The in vitro reduction of selenite with glutathione in the presence or absence of
extracted EPS material, respectively, led to the generation of either stable spheres
(NPs) or wires (NWs). This indicates that EPS might act as a template and/or
capping agent and can tune the NM morphology (Zhang et al., 2010a). This is
similar to the polymers polyvinyl alcohol or polyethylene glycol used in
chemogenic synthesis protocols (Shah et al., 2010; Zheng et al., 2012).

The complexity of the EPS associated with BioSeNP extracts was investigated by
Jain and colleagues (2015) through Fourier transformed infrared spectroscopy
(FTIR), which unveiled the presence of proteins, carbohydrates, and humic-like
compounds. Since it is expected that sugar residues show more hydroxyl
moieties as compared to proteins, it is reasonable to hypothesize interactions
occur between these hydroxyl moieties and Se0. Since only very small amounts
of DNA were found in the SeNP extracts, its role as a capping agent derived
during cell lysis events as a mechanism for SeNP release, was dismissed.
Bulgarini et al. (2021) quantified the carbohydrate, protein and lipid levels of
SeNPs from five different environmental isolates including B. mycoides SeITE01
and S. maltophilia SeITE02. The amount and content ratios varied remarkably
between strains, yet the lipids were dominant for all isolates. It is presently
unknown if these biochemicals are involved in the reduction or just dictating size
and structure. Clearly the bioorganic capping layer is typically very complex, yet
it is responsible for the SeNPs surface charge, which laid within the theoretical
stability (ζ .|25 mV|) range for colloidal suspensions, as a function of the pH
and ionic strength of the dispersing medium (Jain et al., 2015).

The capability of several plants and plant extracts to bioconvert a broad
spectrum of Se-containing compounds into Se0 is considered to originate mostly
by Painter-type thiol reactions (Jablonski & Anderson, 1982). Nevertheless,
secondary metabolites of plant extracts, such as alkaloids, flavonoids, proteins,
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polysaccharides, glycosides, and saponins were reported to mediate in vitro
reduction of SeO4

2− (Li et al., 2007; Ramamurthy et al., 2013). Gallic acid (GA),
a common plant polyphenol, was described for its ability to interact with selenite
forming antioxidant GA-Se nanofibers, which could potentially be used in
anticancer treatments (Barnaby et al., 2011).

Overall, the in vitro production of BioSeNPs using various extracted
biomolecules is still in its infancy. Although the use of plant and microbial
extracts has been successful, there are still issues of reproducibility. Thus,
producing BioSeNM with live microbial cultures of selected strains with tuned
physiology presently has the most promise.

10.3.3 Approaches to monitor microbial manufactured
selenium nanoparticles
Although the chemical and biophysical characterization of SeNPs is beyond the
context of this chapter, a brief commentary on the methods used to characterize
the nanomaterial is worthwhile. Beyond the microbiology and plant biology of
BioSeNP manufacturing, to understand the biological process, information
acquired from various analytical methods needs to be employed in BioSeNM
characterization and quality control, because a serious limitation of biogenic
synthesis is the relatively poor reproducibility. Adequate characterization of the
bioNMs is an overlooked crucial step prior to evaluating the BioSeNM functional
properties. A variety of well-established physical-chemical methods routinely
used for the characterization of macromolecular structures and biomolecules are
available to the study of BioSeNPs.

Dynamic light scattering (DLS) for size and dispersion as well as Zeta
surface potential measurements are standard to the nanotechnology field for an
impression of the material stability and quality of NMs. Scanning and
transmission electron microscopy (SEM or TEM) coupled with energy dispersive
X-ray (EDX) spectroscopy provide accurate information regarding the actual size,
shape and elemental compositional of the NMs under study. X-ray diffraction
(XRD) pattern analysis is also becoming a standard in the nanomaterial field.

Evaluating the composition of the biomolecular organic material associated
with the biogenic nanomaterial is still a challenging task due to biology’s
intrinsic complexity. Nevertheless, techniques such as UV-visible absorption and
vibrational (Fourier Transmission Infrared (FTIR) or Raman) spectroscopies can
be used to identify the biomolecular classes present within the organic material.
Nuclear magnetic resonance (NMR) and routine protein chemistry approaches are
also available. Of course, the modern system biology approaches of genomics,
metabolomics, proteomics and lipidomics can also be applied to evaluate the
presence of specific nucleic acids, metabolites, proteins and lipids, respectively.
The metal composition can be determined by atomic absorption or inductively
coupled plasma (ICP) methods. The oxidation state and coordination can be
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inferred through X-ray synchrotron techniques such as X-ray absorption near edge
spectroscopy (XANES). The overall quality of the Se core can also be inferred from
its fluorescence, whereas electron diffraction or XRD patterns will reveal the
crystalline nature/configuration of the Se within the nanomaterials.

A good first step towards repeatable characterization for the BioSeNP area is to
investigate the types and ratios of various biomolecules associated with BioSeNPs.
Bulgarini et al. (2021) suggest a facile approach to establish trends from various
biogenic processes. Next, a set of key physical-chemical approaches should be
applied in order to effectively compare SeNPs produced by different biological
processes. This has been suggested for the antimicrobial activity of biogenic
silver nanoparticles giving a standard characterization protocol that includes DLS,
Zeta, XRD, absorption spectra, and TEM analysis (Duran et al., 2016). However,
such a mandate has not yet been proposed for the SeNM field.

10.4 TOXICITY OF SELENIUM-BASED NANOMATERIALS
As with any metal(loid), the toxicity of Se depends on its concentration, speciation,
and other compounds that may influence toxicity through antagonistic or synergistic
mechanisms. Thus, fundamentally, the toxicity of SeNMs will come from three
components: (i) the selenium and any composite heteroatoms; (ii) properties of the
NP itself, such as size, thermodynamic stability, and its amorphous/crystalline
nature; and (iii) the capping material, which can influence the SeNMs
bioavailability and could also have toxicity properties of its own. Differences
between chemogenic and biogenically synthesized NMs lie in subtle differences in
crystallinity and size distributions, but more so in the capping material. The
stabilizing and capping agents of chemogenic SeNMs have defined and
well-known physical-chemical properties, which could make them biologically
active, whereas the heterogeneous composition and chemical behavior of the
organic material associated with biogenic SeNMs are still not elucidated.
Nevertheless, since the organic material features biomolecules, it can play an
active role in influencing the bioavailability and toxicity of BioSeNMs.

10.4.1 Toxicity of selenium
Before considering the toxicity of SeNPs, a brief assessment of the biochemistry and
toxicity of selenium is worthwhile. Since selenium is an essential trace element for
most lifeforms, its biochemistry and physiology has similar issues as other trace
elements: that is, how does one get enough, yet not too much? For most of these
elements, carefully regulated import and export transporters as well as specific
binding proteins that act as holding reservoirs exist in cells. Under physiological
conditions, the most toxic species of Se is the highly reduced selenide (S2−, II-),
which is highly reactive, yet readily oxidized to the less bioavailable Se0.
Of the oxyanion forms, selenite (SeO3

2−, IV) is far more toxic than selenate
(SeO4

2−, VI). These oxyanions typically get into cells through either phosphate or
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sulfate uptake systems, where they are used to form either selenomethionine or
selenocysteine via specific biochemistry. Some of this chemistry is mediated
by thiol (RSH) redox homeostasis peptides and proteins (e.g., thioredoxin
and glutaredoxin) through Painter-like reactions (Turner et al., 1998). In
eukaryotes and Gram-negative bacteria, the most common peptide exploited
for this bioprocess is glutathione, while for Gram-positives this peptide is
in carbohydrate-modified version either as mycothiols (MSHs; typical of
actinobacteria) or bacillithiols (BSHs; typical of Bacillus spp.), which show a
greater redox stability as compared to GSH molecules (Presentato et al., 2016).
These peptides are found at concentrations in the order of 10 mM. The product of
the RSH-mediated reduction of selenite is oxidized thiols and reduced selenium
either as a Se-amino acid or as Se0 atoms which may assemble into SeNMs.

The mechanism(s) of how metal nanomaterials enter a cell is unclear. Yet
once inside the cell, the metal NP may decompose providing a localized high
concentration pulse of the antimicrobial metal. Any membrane disruption
mediated by the NP during passage could uncouple the electron transfer chain
which would produce reactive oxygen species (ROS) (Wang et al., 2017).
Additionally, ROS are produced if the metal is redox active. The toxicity of
selenite/selenate is founded on the basis of cellular thiol redox homeostasis in
that some biochemical reactions produce a lot of reactive oxygen species (ROS)
and there must be enough metabolic reducing potential to recover the oxidized
peptides and proteins from damage. With this in mind, the Se oxyanions react
with RSH containing biomolecules in the cell. In this way, the Se oxyanions
consume the reducing equivalents that would normally be used to buffer naturally
produced ROS. Thus, one observes increased ROS from selenite exposure
because the redox buffering has been unbalanced. The ROS measured is from the
electron transport chain and not directly catalyzed by the Se atoms. However,
some of the Se metabolism steps can lead to ROS species due to imbalanced
redox reactions (Turner et al., 1998).

A consideration of SeNPs toxicity is that they can often be synthesized with other
metals present (heteroatoms). An example of this is Se-based quantum dots (QDs)
which contain cadmium (Cd). Although they are primarily synthesized chemically,
approaches towards their biogenic production are underway (Siresj, 2014; Suresh,
2014). SeCd QDs have not been found to have toxicity per se as they are capped
for high stability. Indeed, no signs of necropsy in mice or in tissue cultures were
found if there was no QD decomposition. However, if decomposition of SeCd
QDs occurs, a cellular response with a dose-dependent pattern like that of
molecular Cd is observed (see review Farre et al., 2009). Thus, the heteroatom
toxicity can overwhelm any effect of an increased Se load. The nature of the
polymer coating on the SeCd QDs thus has a large influence on toxicity via
governing their decomposition rate in the environment (Sharma et al., 2017).

It has been well discussed how organic molecules involved in the capping of the
Se atom core lead to size, shape, and thermodynamic stability characteristics
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(Piacenza et al., 2018a). However, it is important to acknowledge the source of this
biogenic material and biomolecules from the organism that manufactured it. The
examples in this chapter provide evidence that the biogenic material has different
and enhanced activities compared to chemically synthesized nanomaterials. These
properties are in part due to the biomolecules making up the organic material.
Thus, to properly investigate the toxicity of BioSeNMs, it is imperative to consider
the content of the biogenic extracts, that is, both the organic material and the
Se0 atoms.

10.4.2 Selenium nanoparticle toxicity to Prokaryotes
We are now in a time often referred to as the Antibiotic Resistance Era, where
antimicrobial resistance (AMR) is rampant in most pathogens. In response, there
has been increased exploration towards novel antimicrobial agents and antibiotic
stewardship. One response to this call is metal and metalloid based antimicrobials
(MBAs) (Turner, 2017). The application of metal salts used alone or mixed with
other antimicrobials is used for wound treatment, in device coatings and for high
touch surfaces to limit contamination (Monych et al., 2019). In the last decade,
metal and antimicrobial conjugated nanomaterials have been explored with
significant promise to become the next generation of antimicrobial agents (see
reviews: Huh & Kwon, 2011; Rudramurthy et al., 2016; Sanchez-Lopez et al.,
2020; Vimbela et al., 2017; Want et al., 2017; Yah & Simate, 2015). At this
time, silver nanoparticles AgNP are leading with many formulations and
applications now out to market. Nevertheless, nanomaterials of gold (Au), zinc
(Zn), nickel (Ni), titanium (Ti), copper (Cu), and iron (Fe) are all promising.
Alternative technologies include antimicrobial-conjugated silica NPs (Bernardos
et al., 2019), other organic nanomaterials (reviewed in Raghunath & Perumal
2017), and even carbon nanomaterials either alone or as antibiotic carriers (Maas,
2016). The strong movement towards the exploitation of metal(loid) NMs as
antimicrobials derives from the assumption that NPs will be able to overcome the
common mechanisms of resistance towards traditional antibiotics. This is based
on observations that MBAs have broad biochemical targets mediating their
antimicrobial effects (Lemire et al., 2013). Thus, spontaneous mutations can
give rise to resistance towards an antibiotic that has a single cell target. However,
it is highly unlikely that multiple mutations will occur to protect against all
antimicrobial mechanisms of MBAs (Wang et al., 2017). A challenge is,
however, that the toxicity of a metal(loid) is correlated to its speciation.

To date, a number of general reviews have been published evaluating the
antimicrobial mechanisms of metal nanomaterials and biogenic nanoparticles,
however, few mention SeNMs. Yet, a few studies are finding that biogenically
produced SeNPs have good antimicrobial activities. Unfortunately, what is often
overlooked when evaluating efficacy of metal-based antimicrobials is that growth
media and bacterial strain differences can lead to a large range of antimicrobial
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inhibition effects, which makes it difficult to compare efficacies between studies.
Furthermore, most studies miss the difference between the chemogenic and
biogenic NM capping material, and this cap may play a significant role in the
NMs antimicrobial efficacy.

To date, the mechanisms of metal NP antimicrobial activities include: (i)
photocatalytic production of ROS or direct Fenton style reactions; (ii) cell
membrane and wall damage with or without direct release of the metal(loid) ions;
(iii) disruption of energy production (uncoupling the proton motive force or
inhibiting specific bioenergetics enzymes); and (iv) direct inhibition of specific
enzyme activity and central biology processes (Bernardos et al., 2019; Huh &
Kwon, 2011; Rudramurthy et al., 2016; Wang et al., 2017). It is likely that
SeNPs could affect prokaryotes in similar ways.

The bacterial response to selenium exposure has been reviewed previously
(Zannoni et al., 2008), and would be applicable to SeNPs if at some point the
SeNPs would decompose (naturally or via biological actions) and expose a
bacterium to a local dose of oxidized selenium. In order to make the Se toxic, the
biochemical processing from the microbe would need to change the Se(0) species
by reducing the Se to the minus II state or oxidizing it to plus IV. From here
the selenite ions could cause cell damage in two major ways within bacterial
cells. 1. Reduction: The toxicity originates from the oxidation of cellular
components or stealing electrons from the bioenergetic enzymes and electron
transfer chain. This oxidation can lead to reactive oxygen species production,
which would lead to further biomolecule damage. 2. Specific chemistry:
Methylation reactions seem to be quite common (Chasteen & Bentley, 2003),
where a variety of methylated species can be produced, including but not limited
to: CH3SeH, CH3SeCH3, CH3SeSCH3, and CH3SeSeCH3. If released these
compounds are volatile and lost, however, if they are trapped within the cell,
particularly through thiol based biochemical reactions, they can be damaging by
inhibiting enzymes. These end point reactions could be the alkyl capping of
active site functional -SH groups, such as in cysteines and cofactors such as
coenzyme-A and lipoamide. These reactions result in the irreversible inhibition of
the subsequent biochemistry and related metabolism.

The AMR issue is amplified by the capability and preference of most bacteria
to grow as a surface attached community, which is referred to as a biofilm,
showing remarkable antimicrobial tolerance. Human infections see 65–80%
caused by the formation and proliferation of pathogens as biofilms (Bryers, 2008;
NIH, 2002). BioSeNPs produced by Stenotrophomona smaltophilia SeITE02
and Ochrobactrum sp. MPV1 showed excellent efficacy against E. coli,
P. aeruginosa, and S. aureus both planktonically and as a biofilm (Zonaro et al.,
2015). Similar results were observed by Piacenza et al. (2017), who used Bacillus
mycoides SelTE01 to produce BioSeNPs with good efficacy against planktonic
growth of P. aeruginosa and S. aureus. In these studies, the BioSeNPs had
greater antimicrobial efficacy than the chemogenic SeNPs. Incorporating the
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BioSeNPs on hydroxyapatite coated surfaces led to excelled antibiofilm activity. In
these studies, it appears that some of the antimicrobial activity originates from the
biochemical organic capping of their SeNMs, as efficacy appears to be lost when
this organic cap is extracted (Cremonini et al., 2018).

10.4.3 Selenium nanoparticles toxicity towards
Eukaryotes
The cytotoxic effects of nanomaterials on various body tissues and their
interaction with various cell types is still poorly understood. The characteristics
of the NMs including size, shape, quantity, charge and surface structure along
with the target cell type and incubation conditions influence their effect on a
vast array of biological properties (Beyth et al., 2015). One sees positive effects
on cell growth and proliferation as well as vasodilation, whereas negative
effects can be genotoxicity, carcinogenesis, apoptosis, and inhibition of cell
proliferation. As noted below, some of these negative effects are exploited
therapeutically.

There does not seem to be much cytotoxicity associated with BioSeNMs
produced by bacteria towards normal eukaryotic cells. Antibacterial BioSeNMs
showed only minor effects on human dendritic cells and fibroblasts
(Cremonini et al., 2016). Their lack of cytotoxicity is an exciting aspect of
BioSeNMs as antimicrobials. Fluorescence microscopy performed on both
Gram-positive and Gram-negative pathogens revealed the ability of BioSeNMs
produced from plants to disrupt the bacterial cell structure, yet no cytotoxic effect
was detected on human cell lines, indicating their biocompatibility for future
applications (reviewed by Alam et al., 2019). Overall, chemogenic SeNMs show
more toxicity than Se oxyanions in aquatic toxicity studies (fish), whereas for
mammals the oxyanions tend to be more toxic than the chemogenic SeNMs.

Beyond the toxicity towards humans, there are eukaryotic pathogens where
BioSeNMs may be useful for their control, even though this aspect has been far
less explored. Indeed, BioSeNMs have been explored for topical treatment of
lesion infections from the protozoan Leishmania with an IC50 of 25 μg/ml
(Soflaei et al., 2014). Similarly, selenium supplementation helps control
Trypanosomal infections (da Silva et al., 2014), which provides another possible
application of BioSeNMs.

10.5 MEDICAL APPLICATIONS OF SeNP FOR
HUMAN HEALTH
10.5.1 Benefits of selenium for human health
Selenium is not only an important essential trace element, but over the past 30
years its role in protection of oxidative stress-induced DNA damage and
oncogenic-induced DNA adduct formation has been elucidated. This protection
occurs primarily through modulating glutathione peroxidases and thioredoxin
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reductase. Selenium can also induce apoptosis in transformed and cancer cells. The
mechanism for this apoptosis is considered to be through p53, mitogen-activated
protein kinases (MAPK), and other cell signaling pathways, triggering
redox-dependent apoptosis. Selenium has more recently shown promise as an
anti-diabetic and anti-inflammatory agent, mostly through its antioxidant ROS
scavenging abilities (Khurana et al., 2019). In another context, selenium
supplementation has been shown to ameliorate the toxicity of other heavy metals
such as mercury (Watanabe, 2002) and arsenics (Gailer et al., 2002). Such
observations endorse selenium as a key nutritional element for humans, primarily
for its antioxidant properties (Kielczykowska et al., 2018), but is also noted for
its antitumor, endocrine regulation, enhancing immune responses, and cognitive
abilities (Guan et al., 2018).

The efficacy of Se use for human applications for the above functions was noted
to be enhanced and far more effective in the NM form (Guan et al., 2018). There is
considerable interest in the use of BioSeNMs, which have higher bioavailability and
lower toxicity than inorganic or organoselenium nutritional supplements
(Hosnedlova et al., 2018). The inorganic ions are more quickly cleared by the
body and nonspecific, whereas SeNPs are less toxic, provide a more even release
as a nutritional supplement, and are more specific to tumors, thus leading to
significant medical application potential (Guan et al., 2018). The SeNPs for
nutritional delivery are often capped with chitosan. In the past decade, Se
delivered in the form of SeNPs has seen increased interest for medical and
therapeutic use (Soumya et al., 2018).

Although it is recognized that biogenically produced SeNPs are eco-friendly
(Ingale & Chaudhari, 2013), few defined studies have compared the therapeutic
differences between chemogenic and biogenically produced SeNMs. One can
only project that due to the nature of the biochemical capping material,
BioSeNMs would behave differently as compared to their chemogenic counter
parts. Regardless, few studies to date exist where the cytotoxicity of bacterial
produced SeNMs were evaluated (Cremonini et al., 2016). From these studies
one can only presume that the BioSeNMs can be used in the same biomedical
applications as the chemogenic SeNMs. However, significant caution must be
taken as there may be allergic and immunogenic responses to the biological
derived molecules of the NP caps. As indicated above, these biochemical caps
are composed mostly of uncharacterized biomolecules. Therefore, more research
is required into BioSeNMs cytotoxicity before they are used in nutrition
supplements in agriculture or for human health.

10.5.2 Biological synthesis of selenium nanoparticles
for medical applications
Most of the synthetic procedures to produce metal(loid) nanomaterials rely on
dangerous operational conditions and the use of toxic reagents, posing serious
concerns regarding the disposal of the generated waste (Zhang et al., 2006).
This aspect also represents a disadvantage in terms of the clinical applications
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of synthetic NMs (Jeevanandam et al., 2018). On the other hand, the important role
played by biological catalysts (e.g., bacteria and fungi) in reducing various sources
of bulk metal(loid) precursors into the less bioavailable and less toxic nanoscale
forms is now widely accepted and recognized as a valid, eco-friendly, and
cost-effective strategy to produce NMs (Bhainsa & D’Souza, 2006; Song & Kim,
2009; Suresh et al., 2004; Vetchinkina et al., 2019). This has led the
biotechnology search for improved processes, but these have problems as well.

10.5.3 Limitations of biological SeNM synthesis
As promising as the biosynthesis of SeNMs can be, there are still major drawbacks
for the implementation of these procedures, such as the need to elucidate details of
the biological processes behind NM production and the physical-chemical
characteristics of the biogenic extracts. Indeed, the parameters influencing SeNM
production, the biochemical processes governing their biogenic synthesis, their
extensive physical-chemical characterization and their potential biotechnological
applications are still the black holes of this emerging scientific field. All these
slow down the implementation of biological systems as cell factories for SeNM
synthesis. Making a parallel with the workflow behind chemical synthetic
procedures, key aspects influencing the biogenic production of SeNMs are the
choice of reducing agents, precursor-to-reducing agent ratio, reaction time,
temperature and pH of the system. Additionally, the choice of microorganisms to
exploit for SeNM production and their physiological states are among the most
important parameters to consider, directly implying the need to deeply understand
the bacterial genetic and metabolic backgrounds. For instance, the use of
microorganisms highly tolerant towards Se oxyanions assure the use of higher
concentrations of Se oxyanions which should provide higher yields. With more
tolerant organisms, a greater concentration range can be used to control the
biosynthesized nanomorphologies. Se precursor concentration and incubation
time are fundamental parameters observed in all studies that need to be taken into
account to optimize NM biosynthesis. This appears to be as complex as the
biological system itself, bringing to light the necessity to further investigate the
bacterial response to selenium species.

A major drawback of the biogenic SeNMs synthesis is represented by their
recovery from the biomass used as a catalyst. Anecdotal evidence suggests only a
small fraction of NMs are extracted out of the total amount produced, although
this is hard to ascertain as in most studies yields and mass balances are not
reported. Poor SeNM recovery from the biomass strongly discourages the
implementation of large-scale manufacturing of NMs, making it imperative to
develop defined recovery strategies. In this regard, the localization of biogenic
SeNMs plays a fundamental role in terms of the feasibility and ease of their
recovery. Extracellular production is preferred, as cell disruption by means of
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expensive or non-eco-friendly procedures (e.g., sonication or chemical lysis) can
limit the amount of product obtained. On the other hand, stable and crystalline
SeNRs are generally obtained through bacterial intracellular processes, likely due
to the high local concentrations of Se0 atoms available for their deposition and
growth as well as the availability of reductive processes (Presentato et al.,
2018a). Thus, depending on the desired final product, different cell factories
could be used for SeNM biosynthesis, leading to the necessity to optimize
multiple procedures for their recovery. Nevertheless, the identification
and purification of bacterial enzymes responsible for Se precursor bioconversion
may lead to the development of in vitro synthesis approaches that
allow manufacturers to overcome issues encountered when working with
live microorganisms.

Although biogenic SeNMs are highly valuable from a physical-chemical point of
view (Piacenza et al., 2018a), their polydispersity in size represents another
disadvantage for applications, as several properties of material confined in the
nano-range directly depend on a uniform size and shape. Thus, focusing the
research on obtaining the most monodisperse NM population possible is of
importance for many uses. This will be directly linked to increasing the
knowledge around the microbial cell factory exploited and the consequences of
varying their growth or exposure conditions to the metalloid precursors. In this
regard, it has been suggested that the use of bacterial cells under resting mode or
metabolically controlled conditions can limit the number of NS nucleation events
occurring within the cells, decreasing the chances to obtain polydisperse
populations (Piacenza et al., 2018b; Presentato et al., 2018b). Yet, using a low
bacterial cell density results in decreased oxyanion bioconversion, leading to the
necessity to adjust the precursor concentration to obtain a high amount of NMs
produced (Piacenza et al., 2019).

The complex organic material generally present within the BioSeNM extracts
also requires more investigations aimed at elucidating the composition and
concentration of the biomolecules present. Issues remain in characterizing the
associated organic material, as the limit of detection of most techniques used to
date to identify or quantify these biomolecules is too low for the amount of
material normally recovered in lab bench-scale experiments. As indicated in
Section 10.3.3, various techniques are used to identify the biomolecules
associated with the BioSeNPs, although reports systematically evaluating the
identification, concentration and ratios of these molecules are still missing in the
literature. Additionally, the inherent complexity of biological systems of
active growing cells in complex media makes it unlikely to always obtain the
same concentration of the different biomolecules in the organic capping
material. A solution could be found in using bacteria under defined growth
conditions, which may represent more controllable work systems to standardize
production procedures.
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10.6 PERSPECTIVES OF THE BIOGENIC
MANUFACTURING OF SELENIUM NANOMATERIALS
10.6.1 Medical applications
The field of BioSeNPs is progressing forward from its adolescence and it is time to
move from the general discovery that SeNMs can be made with various
microorganisms towards focused studies to control biogenic synthesis of SeNMs
with specific sizes and/or shapes. Additionally, biogenic production research
should also be tuning the BioSeNPs towards specific applications. Here we
propose directions for the field:

• A recognized problem in the field of using BioSeNPs therapeutically,
particularly in the use as an anticancer agent, is that studies have been
poorly designed (as noted in reviews by Hosnedlova et al., 2018; Khurana
et al., 2019). The issues are highlighted around missing appropriate
comparisons to other Se sources, and from our point of view, missing
thought toward the influences from the subtle differences in NP properties
(size and shape) or consideration of the role of the biochemical capping
material in their application and roles in toxicity or lack thereof.

• There is significant potential in the use of BioSeNPs to fight AMR, both as an
antiseptic in pathogen control in topical treatments or for touch surfaces in
pathogen transfer. However, their use as an oral antibiotic is yet to be
properly explored and it will take longer for such a product to pass to the
market. Additionally, when groups are evaluating their BioSeNPs for
antimicrobial efficacy, defined pathogen indicator strains from strain
depositories should be used, with universal robust antimicrobial testing
protocols in order to provide effective and useful comparisons.

• There are still gaps to be filled in the microbial nanotechnology field. There is
still a lot of fundamental research to be done. A complete understanding of the
biochemical and biological processes behind selenate/selenite conversion to
elemental selenium (Se0), as well as the route exploited by microorganisms
towards the assembly of these Se0 atoms in nanostructures (NSs) is still
lacking. Directed systematic studies are required to enhance our
understanding of these processes.

• Characterization of the BioSeNPs needs to be standardized. The full chemical
and biophysical characterization of the BioSeNP is not always carried out and
also the assessment of the cap’s biomolecule character and composition needs
to be more routine. Defined purification and quantifying yields need to be
developed and implemented to industrial scales if we are to see biogenic
NMs used routinely.

10.6.2 Non-medical applications
Given the similarities between chemogenic and biogenic SeNMs in terms of
physical-chemical features, the investigation regarding BioSeNMs potential
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applications is still in its infancy as compared to those chemically synthesized. At
this time, we see applications of BioSeNPs being almost entirely focused on
biomedical applications. However, the particular features of Se at the nanoscale
as well as the necessity to develop new ‘low-carbon technologies’ must push us
to explore new properties of BioSeNMs beyond biomedical ones. Making a
parallel with applications already evaluated for chemogenic NMs can support the
development of innovative applications for BioSeNMs. Applications to consider
are novel catalysts, nanobiosensors, environmental pollutant capture, photo and
electrical devices, and others suggested in the review by Wadhwani et al. (2016).
Here, we suggest the strength of the strategy to use microbes in selenium
pollution remediation is not only to detoxify an environment, but also for the
bioconversion of Se into useful SeNMs, allowing remediation biotechnologies to
link to bioconversions for a value added outcome.
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Chapter 11

Biological synthesis of metal
selenide nanoparticles and their
applications

Raj Mohan Balakrishnan and
Vrushali Vinayak Kadam

11.1 INTRODUCTION
Semiconductors are characterized by an electronic band structure in which the
highest-occupied energy band, called the valence band (VB), and the
lowest-occupied energy band, called the conduction band (CB), are separated by
a bandgap, that is, a region of forbidden energies (Liqiang et al., 2006). In recent
years, semiconductor nanostructures have gained interest due to their applications
in various fields including solar cells, laser technology, light-emitting diodes,
nanoscale electronic devices, components of armor, parts of automobiles,
superabsorbents, packaging films, catalysis, and biosensors. Semiconductor
nanocrystals such as silicon and germanium belong to group IV; gallium nitride
(GaN), gallium phosphide (GaP), gallium arsenide (GaAs), indium phosphide
(InP), and indium arsenide (InAs) belong to group III–V, while zinc oxide (ZnO),
zinc sulfide (ZnS), cadmium sulfide (CdS), cadmium selenide (CdSe) and
cadmium telluride (CdTe) belong to group II–VI of the periodic table
(Suresh, 2013).

Among the semiconductors, selenium (Se) is an attractive material with
intriguing physical and chemical properties. It has photoconductive features with
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a high refractive index, which are useful for application in photodetectors
and sensors. Selenite or Se amino acids enhance the reducing ability of
glutathione (GSH) in model systems, and in the presence of Se, the SH
groups in GSH peroxidase change their redox state during the catalytic process,
thus inducing the antioxidant potential in the biological systems (Rotruck et al.,
1973). Its high reactivity with other chemicals enables Se to be a versatile
template for various monodisperse (metal-selenide) colloids (Park et al.,
2015). The metal selenides encompass an important class of chalcogenide
semiconductor nanostructures. Metal selenide semiconductors have a narrower
bandgap than the corresponding metal (oxy)sulfides due to shallower valence
bands being formed by Se 4p orbitals than those formed by the O 2p and S 3p
orbitals. Besides their narrow bandgap, their other features of stability and
flexible band structure together make them extensively investigated in the solar
energy conversion field, such as photovoltaic and photoelectrochemical cells
(Chen et al., 2019).

Among the metal selenides, CdSe, zinc selenide (ZnSe), lead selenide (PbSe),
copper selenide (CuSe), mercury selenide (HgSe), and indium selenide (In2Se3)
are the most studied classes of materials having application in the field of
light-emitting diodes (LEDs), photovoltaics, biological imaging, thermoelectric
devices or single-electron transistors (Figure 11.1). Current research on
applications of metal selenide nanostructures in the material science and
biomedical fields (Saikia et al., 2013; Zhao et al., 2018) has gained enormous
importance in recent years.

II-VI, 
III-V,  
IV-VI

C
atalysis 

Biological 
Imaging 

Quantum 
dots 

Figure 11.1 Schematic diagram of metal selenide nanostructures and their
applications.
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Various chemical methods are used for the synthesis of metal selenides,
such as solvothermal (Xie et al., 2000), chemical bath deposition (Bakiyaraj &
Dhanasekaran, 2013), hydrothermal (Terra et al., 2010), sonochemical
(Esmaeili-zare et al., 2012), microwave-assisted (Luo et al., 2014) and physical
vapor deposition (Zhou et al., 2015). Physical and chemical methods lead to the
synthesis of stable, size-tunable nanostructures with defined properties. However,
the use of extensive reaction conditions such as high temperature and pressure,
high energy equipment, as well as the use of toxic chemicals and reagents
limits their practical applicability. In contrast, the biological mediated route of
nanoparticle synthesis is simple, fast, environmentally benign, and cost-effective
(Ingale & Chaudhari, 2013; Pantidos & Horsfall, 2014). To date, numerous
biological entities such as fungi, bacteria, yeasts and plant extracts have been
employed for the synthesis of metal nanoparticles (Figure 11.2).

Several reviews on the chemical and biological synthesis ofmetallic nanoparticles
have been published. On the other hand, the information about the biogenic route
for solely metal selenide nanostructure synthesis and its application is scattered.
Several reviews of the biological synthesis of chalcogenide semiconductor
nanoparticles have been published (Jacob et al., 2015; Lloyd et al., 2011; Mal
et al., 2016). The present chapter deals explicitly with the advancement in the
biological synthesis of metal selenide nanostructures and their applications.

Figure 11.2 Biological synthesis and applications of metal nanoparticles in
biomedical and environmental fields (Singh et al., 2016).
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11.2 BIOLOGICAL SYNTHESIS OF SELENIUM
NANOSTRUCTURES
11.2.1 Selenium geochemistry
Se is not only a strategic element in high-tech electronics and an essential trace
element in living organisms, it is also a potential toxin with low threshold
concentrations, as represented in Figure 11.3.

Se is present in the environment in organic and inorganic forms (Figure 11.4).
The Se distribution in the environment is mainly accounted from (i) utilization of
fossil fuels via coal mining, burning, oil refining, thermal power plant effluents
and fly ash; (ii) industrialization including metal smelting, production of glass,
pigments, varnishes, semiconductors and photocopy machines and (iii)
biogeochemical sources such as volcanic activity, weathering and precipitation of
minerals and irrigated agriculture on seleniferous soils (Kora & Rastogi, 2016a).
Environmental biotechnological applications using bacterial biomineralization
have the potential not only to remove Se from contaminated waters but also to
sequester it in a reusable form (Nancharaiah & Lens 2015a).

Selenate is the most oxidized and bioavailable form of Se. Reduction of selenate
is one way to remove Se from polluted water since selenite adsorbs more readily to
surfaces and can be reduced further to elemental Se0 or selenides, which are less
biologically available (Shamberger, 1981; Subedi et al., 2017). Moreover,
selenides can form metal precipitates. Biosynthesis of Se0 or metal selenide can
lead to metal deposit formation and is one of the biotechnological bases of
bioremediation strategies to alleviate Se pollution (Mal et al., 2016; Nancharaiah
& Lens, 2015b; Wang et al., 2018).

Figure 11.3 Effects of selenium deficiency and excess to human health.
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11.2.2 Nanoscale elemental selenium formation
11.2.2.1 Bacteria
Table 11.1 presents bacterial species as possible nanofactories using Na2SeO3 as a
precursor salt. P. aeruginosa can reduce the toxic, biologically available, soluble,
colorless selenite into non-toxic, biologically unavailable, insoluble red elemental
selenium (Kora & Rastogi, 2016b). Elemental selenium particles are stabilized by
their natural protein coating extracted from cultures of Staphylococcus carnosus,
which exhibit considerable activity against the nematode Steinernemafeltiae,
Escherichia coli and Saccaromyces cerevisiae (Estevam et al., 2017).

Srivastava and Mukhopadhyay (2015a) reported the reduction of SeO2−
3 to Se0

during 48 h incubation using the bacterium Ralstonia eutropha. The reduction of
selenium ions into elemental selenium with a size range of 20–150 nm was
observed with lactic acid bacteria within 48 h of incubation. Lactic acid bacteria,
namely Lactobacillus acidophilus, Lactobacillus plantarum and Lactobacillus
rhamnosus exhibit significant antifungal activity against pathogenic fungi
(Radhika & Gayathri 2015). Various cell factories for chalcogen-based
nanomaterial synthesis are Rhodococcus aetherivorans BCP1 (Presentato et al.,
2018), Bacillus subtilis (Chandramohan et al., 2018), Stenotrophomonas
maltophilia (Zonaro et al., 2015), Escherichia coli ATCC 35218 (Kora & Rastogi,
2016a), B. mycoides SeITE01 and S. maltophilia SeITE02 (Cremonini et al., 2016).

Nguyen et al. (2016) isolated a new strain of the Cronobacter genus from
domestic wastewater, which belongs to the γ-Proteobacteria class. The isolated
strain exhibits heterotrophic and electrotrophic selenite reduction under
microaerobic and anaerobic conditions, respectively (Nguyen et al., 2016). A
humic substance analog, anthraquinone-2,6-disulfonate, enhances selenite

Se
le

ni
um

Organic
Selenocysteine (Secys) 

Selenomethionine
(Semet)

Inorganic

Selenium element (Se)

Selenate (SeO4
2-)

Selenide (Se2-)

Selenite (SeO3
2-)

Figure 11.4 Organic and inorganic forms of Se.
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biotransformation into Se0 using the bacterium Anaeromyxobacter dehalogenans.
The abundance of humic substances in the natural environment can then be
exploited to design control strategies for Se pollution (He & Yao, 2011).
Burkholderia fungorum 95 has been enriched from inner tissues of hybrid
poplars grown in soil contaminated by polycyclic aromatic hydrocarbons and
Burkholderia fungorum DBT1 has been isolated from an oil refinery drainage.
The isolated strains showed effective biotransformation of toxic selenite into
selenium nanoparticles. Formation of elemental selenium nanoparticles by this
bacterium under aerobic conditions was attributed to cytoplasmic enzymatic
activation mediated by electron donors (Khoei et al., 2017). Alcaligenes sp.
CKCr-6A cell-free filtrate exhibits nicotinamide adenine dinucleotide hydrogen
(NADH)-dependent reduction of selenate and selenite to elemental Se0

(Mesbahi-nowrouzi & Mollania, 2018).

11.2.2.2 Fungi
Fungal species such as Aspergillus oryzae (Mosallam et al., 2018), Gliocladium
roseum (Srivastava & Mukhopadhyay, 2015b), Pichia pastoris (Elahian et al.,
2017), Mariannaea sp. HJ (Zhang et al., 2019), and Trichoderma atroviride
(Joshi et al., 2019) have been exploited for Se remediation by forming
nanoselenium. P. chrysosporium is able to biotransform selenite but not the
selenate to nano-Se. At pH 4.5, P. chrysosporium exhibited 40% and 10% of Se
removal when incubated with selenite and selenate, respectively (Espinosa-ortiz
et al., 2015). Rosenfeld et al. (2017) studied the fungal growth, aerobic selenium
(IV–VI) reduction, selenium immobilization, and volatilization using six
ascomycetes fungi, viz. Pyrenochaeta sp., Acremonium strictum, Plectosphaerella
cucumerina, Stagonospora sp., Alternaria alternate and Paraconiothyrium
sporulosum. All the fungi showed 85–93% removal of dissolved Se(IV) within 10
d in the presence of 0.01 mM Se(IV), while only about 20–30% Se(VI) was
removed when grown with 0.01 mM Se(VI). All the fungal species produced
spherical Se0 nanoparticles typically of 50 to 300 nm diameter (Rosenfeld et al.,
2017).

11.2.3 Nanoscale metal selenide nanoparticles
Researchers have exploited bacteria, fungi, yeast and algae to synthesize metal
selenide nanoparticles (Table 11.2). Fungi and bacteria possess various
biomolecules that act as reducing agents, having the ability to reduce Se
oxyanions to elemental Se0 and finally to Se2−. Further, the microbially produced
Se2− reacts with dissolved metal ions (e.g., Zn, Cd, Pb, Hg, Cu, and In) to form
metal selenide nanoparticles. Thus, surface interactions between the biologically
reducing agents and precursors exhibit enhanced selectivity and improved
stability compared with other physical and chemical methods.
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11.2.3.1 Bacterial mediated metal selenide nanoparticles
production
Bacterial mediated synthesis of nanoparticles is an advanced alternative to
conventional chemical and physical methods and emerged as a rapidly developing
research area in bionanotechnology across the world. Compared to other microbial
entities, bacteria confer additional advantages in terms of genetic manipulation for
overexpression of specific enzymes responsible for the biomineralization of metal
ions (Gahlawat & Choudhury, 2019). Bacillus cereus CC-1 was isolated from
marine sediments and quantitative real-time polymerase chain reaction (qPCR)
was carried out to identify the putative genes involved in Se oxyanion reduction.
The induction of these genes was determined by supplementing selenite in the
medium. They found that selenite reduction preferably takes place in weakly
acidic and neutral conditions. Several reduction mechanisms or a specific Se
nanoparticle efflux pump exists in strain CC-1, leading to both extracellular and
intracellular synthesis of Se nanoparticles. Additionally, the isolated strain CC-1
can produce PbSe, Ag2Se, and Bi2Se3 nanoparticles when supplemented with
these heavy metals along with selenite in the culture medium (Che et al., 2019).

Abou-assy et al. (2019) reported synthesis of cubic CdSe quantum dots (QDs) of
2 to 4 nm using Providencia vermicola BGRW under the optimized conditions of
0.1 mM SeO2:0.9 mM CdCl2, 37°C, pH 9 within 24 h (Abou-assy et al., 2019).
The effect of reaction variables such as growth period, precursor concentration,
reaction time, and exposure to the biological synthesis of CdSe nanoparticles was
investigated using fluorescence intensity, as shown in Figure 11.5.

Fellowes et al. (2013) reported the biotic and abiotic synthesis of Se and metal
selenides. For biotic Se QDs synthesis, an anaerobic culture of Veillonella
atypica was used, while borohydrate reduction was used for abiotic synthesis.
Biogenic Se(II-) was produced by the reduction of Se(IV) by Veillonella atypica

Figure 11.5 Optimized synthesis of CdSe QD in S. cerevisiae (a) basic protocol after
60 h and (b) optimized protocol after 84 h (Brooks & Lefebvre, 2017).
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and compared directly against borohydride-reduced Se(IV) for the production of
glutathione-stabilized CdSe and β-mercaptoethanol-stabilized ZnSe nanoparticles
by aqueous synthesis. Biotic QDs exhibited a decreased initial reaction rate and
resulted in the narrow size distribution of metal selenides, as biotic Se QDs
regulate the rate of nucleation and growth of metal selenides. X-ray absorption
spectroscopy (XAS) analysis was carried out to understand the stability of the Se
QDs synthesized by biotic and abiotic routes. Biogenic Se QDs retained their
reduced state by inhibiting oxidation, whereas abiotic Se QDs had undergone
the oxidation. The protein part, the alpha-subunit of methylmalonyl-CoA
decarboxylase, involved in the QDs synthesis and stabilization limits the
oxidation of the biologically produced Se QDs (Fellowes et al., 2013).

CdSe QDs were synthesized extracellularly using E. coli, exhibiting strong
fluorescence emission with the addition of 80 mg of mercaptosuccinic acid. The
bioimaging and bio-labeling potential of biosynthesized CdSe QDs was explored
by incorporating them into the yeast cells (Xu et al., 2019). HgSe QDs were
produced and located on the membrane surface of Shewanella cells by incubating
Shewanella putrefaciens 200 with Hg(II) and Se(IV) under anaerobic conditions.
Liquid mercury reacts directly with Se nanowires or stellated polyhedral
structures in water for coating the Se nanostructures, thereby forming HgSe
core-shell structures after 12 hours of incubation at ambient temperature (Ho
et al., 2015). In vivo synthesis of europium selenide (EuSe) nanoparticles was
performed using recombinant E. coli cells expressing heavy-metal binding
proteins, phytochelatin synthase and metallothionein. The synthesized EuSe
nanoparticles exhibited high fluorescence intensities as well as strong magnetic
properties (Kim et al., 2016).

Cak et al. (2019) reported the bacterial mediated synthesis of ZnSe and CuSe
nanostructures and further fabricated Au/ZnSe/p-Si/Al and Au/CuSe/p-Si/Al
diode devices as interfacial thin films on p-Si substrates. X-ray diffraction (XRD)
analysis of ZnSe/p-Si and CuSe/p-Si thin film revealed cubic and monoclinic
hexagonal crystal structures, respectively (Cak et al., 2019).

11.2.3.2 Fungi mediated metal selenide nanoparticles production
Fungi have distinct advantages over other biological entities in terms of high metal
tolerance, ease to scale-up and biomass handling (Rosenfeld et al., 2017). Moreover,
they are excellent secretors of metabolic enzymes and extracellular proteins, which
act as a reducing and capping agent in nanoparticle production (Jacob et al., 2015;
Kadam et al., 2019). Monodispersed, hydrophilic, highly stable with broad
photoluminescence, and 1% quantum yield CdSe nanoparticles were synthesized
using the plant pathogenic fungus Helminthosporium solani upon incubation with
an aqueous solution of CdCl2 and SeCl4 under ambient conditions (Suresh, 2014).

Jacob et al. (2014b) synthesized PbSe QDs using the marine fungus Aspergillus
terreus isolated from lead- and selenium-contaminated seawater near industrial
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areas in Mangalore. Figure 11.6a shows brown color, compact, columnar and
biseriate conidia of Aspergillus terreus on potato dextrose agar (PDA) plate
supplemented with 20 ppm Pb and Se. Scanning electron microscopy (SEM)
analysis confirmed the formation of PbSe nanorods (Figure 11.6b). The
biosynthesized nanoparticles aspect ratio ranged between 10 and 70 with an
average diameter of 95 nm determined by transmission electron microscopy
(TEM) analysis (Figure 11.6c) (Jacob et al., 2014a). Under optimized reaction
conditions, spherical PbSe nanoparticles with a diameter range from 10 to 30 nm
were obtained, as shown in Figure 11.6d.

Kumar et al. (2007) synthesized polydispersed, highly stable semiconductor
CdSe QDs of ∼11 nm, with a broad photoluminescence spectrum and ∼6–7 ns
fluorescence half-life using Fusarium oxysporum. The components of F.
oxysporum mycelial cells before and after treatment with the Cd2+ and Se(IV)
solution were analyzed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) to assess the optimal conditions for the synthesis

Figure 11.6 Biosynthesis of PbSe QDs (a) Aspergillus terreus culture on PDA
amended with 20 ppm Pb and Se, (b) TEM and (c) SEM micrograph (Jacob et al.,
2014b) and (d) high-resolution TEM (HRTEM) of PbSe QDs (Balakrishnan et al.,
2019).
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of CdSe QDs. TEM analysis showed that the CdSe QDs size was less than 20 nm,
and these dots were purified using a gel filtration column. Cu–Zn superoxide
dismutase in the cytoplasm decreased following Cd2+ and Se(IV)2− treatment.
Simultaneously, the level of superoxide increased in the cytoplasm, which may
be related to CdSe QDs formation in F. oxysporum (Yamaguchi et al., 2016).
Diko et al. (2020) fabricated 10–30 nm cubic-face centered PbSe nanoparticles
using Trichoderma sp. WL-Go under optimum reaction conditions of pH 8 with
0.5 g biomass and 1:1 mM of SeO2:Pb(NO3)2 and further studied their
antioxidant and photocatalytic activity.

11.2.3.3 Metal selenide nanoparticle production by yeast
Yeast strains can be cultivated on simple nutrients with easy downstream
processing and gene manipulation making them excellent scaffolds for
nanoparticle synthesis. Cao et al. (2020) reported Rhodotorula mucilaginosa
PA-1 could potentially bioremediate Cd and organic pollutants. Further, it aids in
synthesizing CdSe QDs through a Se and Cd detoxification mechanism. Shao
et al. (2018) reported gene modification of Saccharomyces cerevisiae through
gene regulation to improve the cells ability to synthesize CdSe nanoparticles. A
S. cerevisiae culture harvested at 12 h, that is, in the stationary phase, was
subjected to 1 mM Na2SeO3 with a 6 h incubation period followed by the
addition of 3 mM CdCl2 in fresh medium for 84 h of incubation. This resulted in
the synthesis of CdSe nanoparticles in the cytoplasm and displayed a
fluorescence emission at 540 nm (Brooks & Lefebvre, 2017). The fluorescence
intensity was 78% higher in the case of an optimized protocol comparable to the
basic synthesis protocol.

Tian et al. (2017) reported the synthesis of bio-QDs using C. utilis WSH02-08
and observed their fluorescence dynamics in vivo. Fluorescence intensity,
photostable lifetime, photoactivation and photobleaching decay time were
obtained and quantified as critical parameters in the synthesis of bio-QDs.
Moreover, higher Cd contents were found to favor the formation of the bio-QDs
with higher fluorescence intensity and photoactivation index in C. utilis
WSH02-08, implying the possibility of using fluorescence dynamics parameters
as a screening index (Tian et al., 2017). The time point addition of the precursors
(i.e., selenium and cadmium) and their concentration, as well as the incubation
duration determined the CdSe nanoparticle synthesis efficiency using
Saccharomyces cerevisiae as a possible nanofactory (Wu et al., 2015).

11.2.4 Mechanism of metal selenide nanoparticle
formation
Biological entities such as fungi, bacteria, and yeasts produce nanoparticles as part
of their defense mechanisms against environmental pollutants, particularly metals
(see Chapter 3). They reduce metal toxicity by coupling them to biological
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molecules by metal-dependent enzymes, transporters, metal ion regulators,
ligands or other binding proteins (Diko et al., 2020; Iravani, 2014; Shao et al.,
2018). Further, this reduction of metal ions can result in metal precipitation as a
nanomaterial in the microorganism’s intra or extracellular spaces. Taking
advantage of the microbial defense mechanism towards toxic metals resulted in
synthesis of nanomaterials via bioremediation processes. The crucial step in the
biosynthesis of NPs by microbial entities is exchanging electrons from a donor
molecule to the metal ion that results in precipitation as a nanoparticle. The
electron exchange can be done via biological molecules (Mal et al., 2016).

11.2.4.1 Mechanism governing bacterial mediated synthesis of
metal selenides
The ability of bacteria to grow and survive under metal stress conditions may be
attributed to specific mechanisms of resistance, which include efflux pumps,
metal efflux systems, inactivation and complexation of metals, impermeability to
metals and the lack of specific metal transport systems, alteration of solubility
and toxicity by changes in the redox state of the metal ions, extracellular
precipitation of metals, and volatilization of toxic metals by an enzymatic
reaction (Gahlawat & Choudhury, 2019). Moreover, microorganisms are capable
of mobilization and immobilization of metals and in some cases, the bacteria
which could reduce metal ions showed the ability to precipitate metals at a
nanometer scale (Iravani, 2014).

Kim et al. (2016) used the recombinant Escherichia coli expressing the
heavy-metal binding protein Arabidopsis thaliana phytochelatin synthase
(AtPCS) and Pseudomonas putida metallothionein (PpMT) for the synthesis of
EuSe nanoparticles. The heavy metal binding protein expression in the cells was
induced by the addition of 0.5 mM isopropyl-β-d-thiogalactopyranoside (IPTG)
in the presence of the precursors, i.e. europium and selenium. The expression of
these recombinant heavy-metal binding proteins leads to a reduction of the
selenium cations, thus leading to EuSe nanoparticle formation. It was observed
that the precursor acts as a catalyst for the recombinant protein expression and
aids in providing stability to EuSe nanoparticles through electrostatic attraction
(Kim et al., 2016).

Yan et al. (2014) proposed a reaction scheme for the synthesis of CdSe QDs as
follows:

6GSH+ 4H+ + 3SeO3
2− � 3GS−Se−SG+ 2O2− + 5H2O (11.1)

GS−Se−SG+ NADPH � GSH+ GS−Se− + NADP+ (11.2)
GS−Cd−SG+ GS−Se− � CdSe QDs (11.3)
When Na2SeO3 was added, it spontaneously reacted with GSH to form

GS-Se-SG which was further reduced to low-valence organo-selenium
compounds such as seleno-cystine (Cys-Se) by GSH-related enzymes. When
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CdCl2 was subsequently added, it was transported into the cytoplasm and
transformed into Cd(SG)2, thus leading to the formation of CdSe QDs in E. coli
cells as shown in Figure 11.7 (Yan et al., 2014).

11.2.4.2 Mechanism governing fungal mediated synthesis of
metal selenides
Under physiological stress, fungi synthesize nanomaterials either intracellularly or
extracellularly or both using complex biomolecular machinery such as enzymes
and proteins, which act as reducing and stabilizing agents for the biosynthesis of
nanoparticles (Dorcheh & Vahabi, 2016). Heavy metals bind to the fungal cell
wall via electrostatic interactions and are further reduced into nanomaterials
leading to intracellular synthesis. Fungal enzyme and metal ion interactions can
also direct the extracellular synthesis of nanomaterials, possibly due to secretion
of reductase enzymes. However, extracellular synthesis of nanoparticles is
advantageous compared to intracellular synthesis in terms of purification and
recovery (Roy et al., 2018).

A governing mechanism in the PbSe synthesis is represented in Figure 11.8. The
presence of precursor salts in the media exerts metal stress to the fungus, which
stimulates detoxification mechanisms by (a) activating surface functional groups,
(b) phytochelatin synthase (PS) converting glutathione to phytochelatins (PC),

Figure 11.7 Scheme of the biosynthesis of fluorescent CdSe quantum dots by live E.
coli cells (Yan et al., 2014).
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which bind the metal ions, (c) metallothioneins binding the metal/metalloid ions,
(d) quinone tautomerization, (e) superoxide dismutase (SOD) activity and (f)
other oxidoreductases. Thus, the involvement of metal-binding peptides, namely
metallothioneins and other antioxidant enzymes like superoxide dismutase, plays
a prominent role in the microbial metal detoxification system for the biosynthesis
of PbSe QDs (Jacob et al., 2017).

11.2.4.3 Mechanism governing yeast mediated synthesis of
metal selenides
Yeast has an intrinsic ability to absorb and accumulate high concentrations of toxic
metal ions from its surroundings. Yeast cells adapt themselves under metal toxicity
conditions using various detoxification mechanisms, viz. bio-precipitation,
chelation, and intracellular sequestration (Gahlawat & Choudhury, 2019).
Various researchers have exploited this property of yeast cells. For example,
Shao et al. (2018) used Saccharomyces cerevisiae as a possible nanofactory for
CdSe QDs synthesis using a Se precursor (Na2SeO3) and the Se metabolic flux.
The addition of CdCl2 then induced the methionine-to-cysteine pathway to
synthesize cysteine, the precursor of GSH, to detoxify Cd2+. The conversion
from selenomethionine (SeMet) to selenocysteine (SeCys) is then triggered to
biosynthesize CdSe QDs. Overexpression of MET6 gene encodes methionine

Figure 11.8 Schematic representation of the proposed mechanism for the
biosynthesis of PbSe QDs by Aspergillus terreus (Jacob et al., 2017).
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synthase and thus increased the concentration of SeMet, which enhanced CdSe QD
biosynthesis (Figure 11.9).

A yeast cell contains higher levels of GSH in the stationary phase than in the
exponential phase. Non-specific incorporation of selenium into organic species
results in selenocysteine formation, which, upon further interaction with Cd(II),
leads to CdSe biosynthesis. Selenocysteine plays a vital role in the biosynthesis
of CdSe nanoparticles in yeast cells (Brooks & Lefebvre, 2017), which supports
the hypothesis that selenol-containing biomolecules are involved in the
biosynthesis of chalcogenide metal particles.

11.3 APPLICATION OF METAL SELENIDE
NANOPARTICLES
Biosynthesized metal selenide nanoparticles have certain advantages such as
biocompatibility, stability, reduced toxicity and economic viability (Ingale &
Chaudhari 2013). The existence of biomolecules on the biogenic nanoparticles’
surface eliminates the additional step of functionalization for certain biomedical
applications. Hence, metal selenide nanoparticles find application in specific
fields, especially bioimaging and biolabeling, therapeutic agents (Mal et al.,
2016), antimicrobials (Jacob et al., 2016) and catalytic applications for removing
pollutants from the environment (Diko et al., 2020).

11.3.1 Photocatalysis
Qi et al. (2019) reported Cu2-xSe nanospheres as a photocatalyst for the degradation
of methylene blue (MB) in the presence of sunlight. Under dark conditions, Cu2-xSe

Figure 11.9 Mechanism of CdSe QDs biosynthesis in yeast (Shao et al., 2018).
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nanospheres gave a 20.3% removal efficiency after 8.5 h due to mere adsorption of
MB by the catalyst. In the presence of H2O2 and sunlight the removal efficiency
increased to 24.1% and complete removal of MB was achieved within 5 h with
the coexistence of H2O2 and Cu2-xSe nanospheres in the presence of light as
shown in Figure 11.10.

The photo-generated electron-holes by Cu2-xSe combining with the free radicals
generated from H2O2 led to the formation of superoxide radicals, and hydroxyl
radicals have subsequently reacted with MB for complete degradation as reported
by Qi et al. (2019).

Regenerated catalyst under optimized reaction conditions led to 93.4% of MB
degradation even at the end of the fourth catalytical cycle showing high catalytic
activity and stability of biosynthesized Cu2-xSe nanospheres.

Yeast mediated synthesized CdSe QDs effectively catalyzed the degradation of
malachite green (MG) dye. Under UV-light irradiation for 60 min with a rate
constant of 0.0327 min−1, 86.5% degradation of MG dye was observed
(Figure 11.11a and b) and 94.28% degradation was observed while exposing to
visible light for 60 min with a rate constant of 0.0397 min−1 (Figure 11.11c and
d). However, complete degradation of MG was achieved under UV light exposure
for 120 min. The degradation products were identified as 4-(dimethylamino)
phenol and 4-(dimethylamino) benzophenol by gas chromatography-mass
spectrometry (GC-MS) analysis (Cao et al., 2020).

Diko et al. (2020) reported Trichoderma sp. mediated synthesis of PbSe
nanoparticles, which exhibited a significant antioxidant activity of 88.60%
and photocatalytic activity of 82% in 30 min during the degradation of the
rhodamine B dye (10 mg/L, 50 mL). Further, they proposed a mechanism for the
degradation of rhodamine B. An incident photon energy ≥ intrinsic bandgap

Figure 11.10 Experimental evaluation of the photocatalytic activity of
as-biosynthesized Cu2-xSe nanospheres. (a) The performance of MB degradation
photocatalyzed by the Cu2-xSe nanospheres under different conditions and (b)
Repeated photo-degradation of MB catalyzed by the Cu2-xSe nanospheres for four
cycles (Qi et al., 2019).
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energy of the nanoparticles leads to electron movement from the valance band (VB)
to the conduction band (CB), leaving the same number of charged holes in the
valance band. These holes in the valence band react with water molecules (H2O)
and hydroxyl ions (OH−) to yield hydroxyl radicals (OH•), which act as an
oxidizing agent, further leading to the degradation of rhodamine B dye
(Figure 11.12).

11.3.2 Bioimaging and biolabeling
Bioimaging refers to probes’ development to visualize the cellular function,
characterization, and measurement of molecular processes in living organisms.

Biosynthesized CdSe QDs were incorporated into yeast cells as illustrated
by laser confocal scanning microscopic images, showing great potential in
bioimaging and biolabeling applications (Figure 11.13). The confocal images
indicate that the biosynthesized CdSe QDs have good biocompatibility for their
potential application in in vitro cell imaging, which may act as an efficient

Figure 11.11 The photocatalytic degradation of MG by synthesized CdSe QDs. The
MG degradation catalyzed by CdSe QDs under the irradiation of UV-light (a) and
Vis-light (c). The MG degradation catalyzed by CdSe QDs under the irradiation of
UV-light (b) and Vis-light (d) was quantified based on the standard curve of the MG
solution and fitted by first-order kinetics (Cao et al., 2020).
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alternative or complementary tool to conventional organic dyes. Furthermore, it is
speculated that the good biocompatibility of CdSe QDs may facilitate the uptake
of QDs into cells when the CdSe QDs are extracellularly biosynthesized by using
E. coli bacteria (Xu et al., 2019).

11.3.3 Therapeutic properties
A variety of nanoparticle systems are being explored for their potential in molecular
imaging, with many applications aimed at diagnosing or treating cancer (Pandey &
Bodas, 2020).

In vitro studies performed on HeLa, SKOV-3 and 293 T cells showed cytotoxic
effects against cancer cell lines using EuSe nanoparticles synthesized from
recombinant E. Coli. EuSe nanoparticle-treated cells look almost round and
wrinkled with shrunken nuclei (Figure 11.14). The severity of damage to cell
shape and nuclei increased with an increase in exposure time. Kim et al. (2016)
showed the anti-cancer properties of EuSe nanoparticles, as small nanoparticles
have a large surface area per unit mass, making nanoparticles very reactive
in the cellular environment. EuSe nanoparticles can thus be utilized as
promising drug-carrying agents in targeted drug delivery against cancer cells
(Kim et al., 2016).

Hydrothermally synthesized QDs exhibit noteworthy toxic effects on
MCF-7 cells, whereas biologically synthesized QDs can retain cell viability
(Figure 11.15). Nanotoxicity of the chemically synthesized QDs limits their
biomedical application, whereas the presence of biocompatible capping agents on
biogenic QDs aids their application in the biomedical field as a fluorescent dye
for broad bio-imaging and labeling (Yan et al., 2014).

Figure 11.12 Schematic photocatalytic mechanism of PbSe NPs in rhodamine B
degradation (Diko et al., 2020).

Environmental Technologies to Treat Selenium Pollution342

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023



11.3.4 Antimicrobial activity
Widespread use of antibiotics has led to the emergence of multidrug-resistant
bacterial strains. Conventional antibiotics target the cell wall synthesis,
translational machinery, and DNA replication machinery of bacteria. However, a
nanoparticle can enter into a bacterial cell by (i) binding to bacterial surface and
rupture of a cell wall, (ii) penetration through the bacterial cell wall and
interfering in the cellular biochemical pathway of bacteria and (iii) production of
reactive oxygen species that rupture their cell wall which leads to cell death
(Singh et al., 2020). Therefore, the development of novel nanoparticle-based
bactericidal agents is of great clinical importance (see Chapter 10).

Figure 11.13 Confocal images of yeast cells incorporated with CdSeQDs at 37°C for
2 days. (a) Recorded under excitation by an Ar/Kr laser giving green emission, (b)
Bright-field image and (c) Overlaid image (Xu et al., 2019).
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Jacob et al. (2016) reported a filter paper bioassay for the anti-bacterial activity of
the biogenic PbSe quantum rods dispensed on filter paper discs, based on the
formation of distinct zones of inhibition by Gram-positive and Gram-negative
bacterial pathogens. It was observed that the biogenic PbSe nanorods had an
anti-bacterial activity comparable to that of standard antibiotics against pathogens
like B. cereus and E. coli (Figure 11.16). Thus, it can be inferred that the
biogenic PbSe quantum rods can serve as a broad-spectrum antibacterial agent.

Figure 11.14 Differential interference contrast (DIC) image (a) and fluorescence
image (b) of HeLa cells incubated with 2 mM EuSe nanoparticles. Scale bars
represent 1 μm (Kim et al., 2016).

Figure 11.15 Cytotoxicity of biosynthesized QDs compared with two kinds of
hydrothermally synthesized QDs (Yan et al., 2014).
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11.4 SCALE-UP OF METAL SELENIDE QDs
BIOSYNTHESIS
Microbial entities such as bacteria, fungi and yeasts are efficient biofactories for
the synthesis of metal selenide nanoparticles. As discussed in this chapter,
microbial mediated synthesis of metal selenide nanoparticles provides an
eco-friendly, rapid, green, and efficient route for the fabrication of biocompatible
nanostructures with extraordinary physical-chemical and optoelectronic
properties. This chapter highlighted the recent developments in the biological
synthesis of metal selenide nanoparticles and identified bottlenecks hindering
their development. The potential application of biosynthesized metal selenides for
cell imaging, bioimaging, as a drug carrier, and as a photocatalyst were overviewed.

Despite this, metal selenide nanoparticles are far from large scale synthesis
and application in the field of medicine due to the lack of commercialization of
the products and the development of appropriate regulations. Further
improvements in metal selenides biosynthesis are required. Understanding the
underlying cellular mechanisms is crucial for designing a tailor-made,

Figure 11.16 Comparison of the zone of inhibition between (a) Gram-positive
Bacillus cereus and (b) Gram-negative Escherichia coli for control and biogenic
PbSe quantum rods (sample) (Jacob et al., 2016).
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well-optimized process for the synthesis of nanostructures with desired size, shape,
and properties.
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Chapter 12

Biosynthesis of selenium
nanomaterials by anaerobic
bacteria for environmental
technologies

Piet N. L. Lens

12.1 INTRODUCTION
12.1.1 Nanotechnology for sustainable development
The world is facing formidable challenges in meeting the rising demands for fuels,
potable water and consumer products. The health and welfare of people are closely
connected to the availability of adequate, safe and affordable energy, water and food
supplies (Lens, 2021). Also cost-effective recovery methods of chemicals and
resources from waste and wastewater play an increasing role in sustaining human
civilization on Earth (Helland & Kastenholz, 2008).

Nanotechnology, comprising technologies working at the scale of typically
100 nm and below, is an enabling technology for a wide variety of traditional
scientific disciplines (Fleischer & Grunwald, 2008). This has led to high
expectations that nanotechnology will help improve peoples’ standard of living,
in the short-term by significantly improving existing processes and products, and
in the long-term by providing revolutionary and life-changing advances, from
cancer treatment and lightweight materials to renewable energy production and
(waste)water purification (Lens et al., 2012; Uskokovic, 2007). However, the
novel properties that make nanotechnology so interesting have also raised many
unanswered questions and concerns related to the impacts, negative and
positive, nanotechnology may have on society and the environment (Helland
et al., 2006).
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12.1.2 Nanotechnology and water treatment
Nanotechnology encompasses the creation and utilization of materials, devices and
systems at the level of atoms and molecules, cutting across disciplines such as
chemistry, physics, biology, engineering and material science (Masciangioli &
Zhang, 2003). Nanomaterials often exhibit novel and significantly changed
physical, chemical and biological properties. These are the result of their
structure, larger surface area per unit volume and quantum effects that occur at
the nanoscale. For environmental technology, the potential impact areas comprise
three categories: treatment and remediation, sensing and detection, and
prevention (Theron et al., 2008).

Within the category of treatment and remediation, nanotechnology has the
potential to contribute to long-term availability and viability of water resources of
high quality (Bottero et al., 2006), through the use of advanced filtration
materials (nanostructured and nanoreactive membranes), bioactive nanoparticles
for water disinfection (silver or titanium dioxide (TiO2) nanoparticles) and
engineered nanoparticles and nanomaterials that remove pollutants (e.g., carbon
nanotubes sorbing heavy metals or organics; nanoparticles with enhanced
catalytic properties that degrade organic matter, including nanoscale
semiconductor photocatalysts, single-enzyme and zero-valent iron nanoparticles)
(Zhang, 2003). Figure 12.1 illustrates different application areas of selenium (and
other chalcogen) based nanomaterials for environmental technology and
resource recovery.

12.1.3 Nanobiomanufacturing of nanomaterials
As the future of materials science is closely linked to nanotechnology, there is a need
to improve the manufacturing of nanomaterials in terms of its environmental and
economic impact. Nanoproducts can be prepared by different methods, such as
colloidal aqueous and micellar solution synthesis methods, using ultrasonic
waves, microwaves or gamma-irradiation (Yong et al., 2003). In most cases,
particles prepared by these methods have some problems including poor
reproducibility, control of particle size, distribution and shape (Mandal et al.,
2005). Some reactions require high temperature, and/or high pressure for
initiating the reaction, and/or inert atmosphere protection, and/or using toxic
matters such as H2S, toxic templates and stabilizers, and metallic precursors
(Gericke & Pinches, 2006; Yong et al., 2003). In addition, nanomaterial
production has to be competitive, and the high costs associated with many
existing processes limit the development and transfer of new nanotechnologies
into the marketplace.

Thus, there is an increasing interest in the development of environmentally clean
synthetic procedures for the formation of nanoproducts. An environmentally
acceptable solvent system as well as eco-friendly reducing and capping agents
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are essential elements for a green nanoparticle synthesis. A biological approach
to materials synthesis satisfies these criteria and is of benefit to the materials
manufacturing industry. Using the capability of bacterial cells to manufacture
useful bionanominerals offers a revolutionary method of materials synthesis
that eliminates toxic organic solvents, minimizes expensive high-temperature
processing and can involve the use of industrial waste as the starting material.
Figure 12.2 illustrates the concept of the biomanufacturing of inorganic
nanoparticles from metal and metalloid contaminated wastewaters using the
anaerobic bacteria present in the granular sludge of an upflow anaerobic sludge
bed (UASB) reactor, a reactor type commonly used for wastewater treatment
(Jacob et al., 2016; Mal et al., 2017a).

12.2 THE BIOGEOCHEMICAL SELENIUM CYCLE
12.2.1 The element selenium and environmental
pollution by selenium
Selenium (Se) belongs to the periodic table group 16 (together with oxygen (O),
sulfur (S), and tellurium (Te)), which are called chalcogens. Se is called

Figure 12.1 Biosynthesis and applications of chalcogen nanoparticles. Agricultural
aspects are further detailed in Chapters 8 and 9, some nanocatalytic properties of
selenium nanoparticles are detailed in Chapter 11.
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an ‘essential toxin’, as it is required for certain cell processes and enzymes,
but becomes toxic at greater doses (Stolz et al., 2006). Se is a key trace element
found in representative species from all three domains of life: Bacteria, Archaea
and Eukaryota (Oremland et al., 2004; Sharma & Singh, 1984).

Generally, selenium occurs at trace levels in the environment. However, in a
few areas, selenate (SeO4

2−) or selenite (SeO3
2−) concentrations are appreciable

and selenium becomes toxic to bacteria or the animals drinking these waters
(Ohlendorf, 2002; van Fleet-Stalder et al., 2000). Anthropogenic activities
interfere with the global selenium cycle influencing it crucially. It has been
estimated that 35–40% of the total selenium emissions to the atmosphere are
due to anthropogenic activities (Wen & Carignan, 2007), including foremost the
combustion of coal and oil, non-ferrous metal melting and utilization of
agricultural products (Lenz & Lens, 2009). Agricultural drainage waters, oil
refining wastewaters and coal combustion residues contaminate the lotic, lentic
and marine environment. Commonly, selenium oxyanion contamination occurs
concomitantly with sulfate in different waste streams (Table 12.1). Selenium is
introduced in the terrestrial compartment mainly as fertilizer or by
mining activities.

Figure 12.2 Illustration of the production of functional nanoparticles from selenium
and/or metal contaminated wastewater using anaerobic bacteria present in the
commonly used upflow anaerobic sludge bed (UASB) wastewater treatment reactors.
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12.2.2 Microbial Se metabolism
Although bioreduction of selenium oxyanions (SeO4

2− and SeO3
2−) to Se0 or

selenide (Se2−) by anaerobic microorganisms is an important part of the
biogeochemical selenium cycle, it has thus far been rather poorly studied
compared to the carbon, nitrogen, phosphorus and sulfur cycles. The selenium
cycle is driven by prokaryotes (Chasteen & Bentley, 2003; Dungan &
Frankenberger, 1998), which readily metabolize selenium for a range of metabolic
functions including assimilation, methylation, detoxification and anaerobic
respiration (Oremland et al., 2004).

Microbes reduce Se(IV) or Se(VI) for a number of different reasons, including
detoxification and energy conservation (see Chapter 3). For example, in Bacillus
selenitireducens, the Se(IV) (e.g., SeO3

2−) reduction mechanism involves energy
conservation by oxidation of lactate coupled to growth via respiratory reduction
of Se(IV) using Se-specific dissimilatory enzymes (Blum et al., 1998). Fe(III)
reducers, for example, Shewanella oneidensis (Klonowska et al., 2005) and
Geobacter sulfurreducens (Pearce et al., 2008), can also reduce Se(IV) with
c-type cytochromes implicated in electron transfer to the metalloid. Unlike
Shewanella and Geobacter species, Veillonella atypica does not possess high
concentrations of cytochromes and produces Se0 nanospheres from Se(IV) via a
hydrogenase-coupled reduction, mediated by ferredoxin.

12.2.3 Microbial synthesis of Se nanoparticles
Over the past three decades, the finer aspects of the selenium biogeochemical cycle
have begun to emerge. The dissimilatory reduction of soluble SeO4

2− via SeO3
2− to

insoluble elemental selenium (Se0) has been shown to be a significant and rapid
environmental process (Lloyd & Lovley, 2001). A particular feature of selenium
is that Se0 can be formed in a single reduction step (Figure 12.3), in contrast to
elemental sulfur (S0) which requires a two-step process (complete reduction to
sulfide followed by partial oxidation to S0). Environmental conditions (e.g., pH,

Table 12.1 overview of sulfate and selenium concentrations in selenium
contaminated waste streams.

Waste stream SeO4
2−

[mg L−1 ]
Se
[μg L−1 ]

Reference

Acid mine drainage 1880 16 Espańa et al. (2006)

Acid mine drainage 1146 492 Simmons et al. (2002)

Acid seeps (Moreno shale, USA) 12,500 420 Presser (1994)

Flue gas desulfurization purge
waters

815 536 Cantafio et al. (2001)
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temperature and salinity) and (waste)water geochemistry (electron donors and
acceptors) influence the biochemical production and excretion of Se0, as well as
the physical and chemical properties of the Se0 nanospheres. There is still much
unknown regarding the factors that determine the bioreduction end product: Se0,
selenide or a mixture of oxidation states, and thus the possibility for metal
selenide precipitation.

12.3 CHARACTERISTICS OF SELENIUM
NANOPARTICLES
The discovery that selenium-respiring bacteria form Se0 (Oremland et al., 2004) and
metal selenide (Pearce et al., 2008) nanospheres offers an appealing technological
potential. Indeed, these nanoparticles possess optical and semiconducting
properties that are highly desired for nanotechnological applications (Figure 12.4).

12.3.1 Elemental (Se0) nanoparticles
Se0 particles can be formed intracellularly, extracellularly or on the cell surface. The
Se0 exospheres have a uniform diameter (0.2–0.3 mm). They eventually slough off
the cell surface into the medium (Gonzalez-Gil et al., 2016), from which they can be
harvested and further processed. Lenz et al. (2008) showed that the Se0 nanoparticle
diameter and zeta potential is electron donor (acetate or hydrogen) dependent.
Moreover, X-ray absorption near edge structure spectroscopy (XANES) showed
that the nanospheres not only contain native Se0, but also various selenide
compounds (Figure 12.5).

Biogenic Se0 nanospheres formed by S. barnesii, B. selenitireducens and
S. shriftii, when grown with selenium oxyanions, were found to have unusual
photo-optical and semiconducting physical properties with potential industrial
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Figure 12.3 Comparison of the biological sulfur (a) and selenium (b) cycles.
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Figure 12.4 Examples of biosynthetic chalcogen nanomaterials with technological
potential. (a) wide-angle X-ray scattering (WAXS) of Schizosacchromyces
pombe CdS nanoparticles, proposed to be used in the fabrication of diodes
(Kowshik et al., 2002a, 2002b, 2003), (b) Transmission electron microscopy (TEM,
top) and scanning electron microscopy (SEM, bottom) of Se0 produced by S.
barnesii, with potential applications in photocopiers and microelectronic circuits
(van Fleet-Stalder et al., 2000) and (c) TEM micrographs and energy-dispersive
X-ray (EDX) spectra of size-fractionated 2-mercaptoethanol-stabilized CdSe
quantum-dots, produced using biologically produced Se2− by SeO3

2− fed
V. atypica (Pearce et al., 2008). V. atypica also excreted ZnSe and CdSe
nanoparticles, but these were too large (30 nm) for quantum-dot type applications.

Figure 12.5 Microbiologically formed Se0 exospheres obtained by the reduction of
sodium selenite (1 mM) by a mixed culture of anaerobic microorganisms growing in
a wastewater treatment bioreactor: color changes in the medium coupled to
structural changes of the Se0 (a), K-edge Fourier transforms of Se0 precipitates (b),
and scanning electron micrograph with energy dispersive X-ray analysis of Se
exospheres (c) (from Lenz et al., 2008).
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applications in devices such as photocopiers and microelectronic circuits (Oremland
et al., 2004). Moreover, Dixit et al. (2021) described the magnetic properties of
biogenic selenium nanomaterials produced by anaerobic granular sludge and
elaborated on their potential application in magnetic refrigeration. Jain et al.
(2015a, 2017) further showed biogenic Se0 nanoparticles have a high sorption
capacity for divalent cations, for example, Zn and Cu, and can thus be used as
nanosorbents. Biogenic Se0 can also be used as biofertilizer, either as soil
amendment or as foliar application (Li et al., 2021; see also chapter 9).

12.3.2 Metal selenide nanoparticles
A variety of regular spherical and non-spherical nanocolloids (including wires,
tubes, disks, and more exotic structures like prisms and branched structures)
of metal chalcogenides have been synthesized (Shanbhag et al., 2007).
These nanocolloids have been prepared from materials such as CdS, CdSe,
CdTe, PbS, PbSe and ZnSe through a number of synthetic and biological routes
(Cho et al., 2005; Cozzoli et al., 2005).

Chalcogen quantum-dots (QDs) are semiconducting crystals comprised of sulfur
(S), selenium (Se) or tellurium (Te) in combination with transition metals, to form
compounds such as zinc sulfide (ZnS), zinc selenide (ZnSe), cadmium selenide
(CdSe), lead selenide (PbSe) and cadmium telluride (CdTe). QDs are prepared
from a range of organic, inorganic and organometallic materials via a number of
synthetic routes. As a result of the production process, QDs are coated with an
organic capping agent. However, inorganic passivating agents can also be used to
produce core/shell-type structures with shells formed of chalcogen compounds,
for example, CdSe/CdS, CdSe/ZnS, ZnSe/ZnS, and a range of other materials,
for example, composite spheres of silica and CdSe nanocrystals. As with the
regular spherical QDs, the morphology of these nanocrystals can be varied, with
non-spherical structures including wires, tubes, disks, and more exotic structures
like prisms and branched structures.

There is a lot of excitement in the scientific community about the chemical, optical
and electronic properties of such ‘quantum-confined’ structures, governed by their
chemical composition, size and shape. Despite this excitement, there remain many
unanswered questions about the mechanisms of formation of such complex
nanoscale systems and the possibility of achieving these through advancements in
bio-engineering to develop an industrial biotechnological process. However,
initial results have highlighted the potential for using a novel biological approach
in an environmentally friendly, aqueous-based synthesis to precipitate nanoscale,
luminescent, semiconducting CdSe and ZnSe QD (Figure 12.6).

12.3.3 Toxicity of selenium nanoparticles
The implementation of selenium based nanoparticles (e.g., CdSe, CdTe, and PbSe)
is, however, hindered by the presence of toxic elements, like Cd or Pb.
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Technological applications thus also need to address the potential toxicity of this
type of quantum-dots. This is of concern primarily because many quantum-dot
core metals, such as zinc, cadmium, lead and selenium are toxic at relatively low
concentrations (parts per million) and thus of considerable human health
and environmental concern (Hardman, 2006; Chapter 1). Little information is
available on routes of exposure to quantum-dots, their stability, aerosolization,
and how they partition into different environmental compartments (e.g., soil,
sediment, water, air or biota). Environmental exposure could result from, for
example, leakages and spillage during manufacturing and transport (Zhang et al.,
2019). The toxicological properties of selenium as well as these metals in the
form of nanoparticles may differ substantially from the bulk materials, but are
nonetheless clearly of concern.

Hardman (2006) reviewed studies on the toxicity of quantum-dots. While some
studies in cell culture systems (in vitro) have shown that quantum-dots are not toxic
to cells, others have shown they can have toxic effects. Overall, these studies
showed that toxicity depends on many factors, including the physiochemical
properties (size, electrical charge, concentration, outer coating bioactivity and
stability) of the quantum-dots and environmental conditions (Hardman, 2006).
The main reasons for the cytotoxicity of CdSe/CdTe quantum-dots are
desorption of Cd (i.e., QD core degradation), free radical formation, and
interaction with intracellular components or bioavailability (uptake) of QDs.
Biogenic nano-Se0 synthesized by anaerobic granular sludge was 10-fold less

Figure 12.6 Microbial synthesis of chalcogenide-based nanoparticles via the
reduction of sodium selenite using the metal-reducing bacterium Veillonella atypica
(from Pearce et al., 2008).
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toxic than chemically synthesized nano-Se0 (Mal et al., 2017c). This indicates that
the presence of extracellular polymeric substances (EPS) increases the
physiochemical stability of biogenic nano-Se0 and prevents their dissolution. The
presence of EPS on the surface of biogenic nano-Se0 plays a major role in
lowering the bioavailability (uptake) and toxicity of Se0 nanoparticles. Still,
detailed studies are required on the toxicity of biogenic CdSe/CdTe nanoparticles
and the role EPS plays in it. It is also important to focus on biological synthesis
of ‘Cd-free’ QDs (e.g., CuSe/CuTe) in the near future (Xu et al., 2016; Supreet
& Singh, 2020).

12.4 NANOSORBENTS
Biogenic Se0 nanospheres have adsorptive properties with considerable
technological potential. For instance, Johnson et al. (2008) reported that
unstabilized nano-selenium in dry powder as well as in impregnated cloth was
successful for the in situ, real time suppression of mercury (Hg) vapor escape
following the fracture of compact fluorescent lamps. Nano-selenium was
surprisingly much more effective in capturing Hg than sulfur (micro-sulfur and
sulfur nanotubes), metals (micro- and nano-particles of zinc, nickel, copper and
silver) and carbon (black carbon and activated carbon) nanoparticles. This
unknown feature of Se0 was attributed to the extremely high affinity of Se for
mercury and the strong Hg/Se binding (Ralston et al., 2007). Again, the
efficiency of biogenic Se0 needs to be demonstrated, but it is highly likely that
similar Hg removal efficiencies can be obtained.

12.4.1 Metal adsorption onto biogenic nano-Se0

The adsorption of Zn, as a model divalent heavy metal, onto biogenic nano-Se0

produced by anaerobic granular sludge (Jain et al., 2015a) and fungal
Phanerochaete chrysosporium pellets (Espinosa-Ortiz et al., 2016) has been
investigated. The adsorption of Zn onto biogenic nano-Se0 at acidic pH values
follow a ligand-like (type II) adsorption mechanism (Jain et al., 2015a).
The adsorption of Zn onto biogenic nano-Se0 followed a two-step process at
near-neutral pH. X-ray photoelectron spectroscopy (XPS) suggested the
precipitation of one of the Zn species which could have been ZnO, ZnSe, Zn
(OH)2, or ZnCO3. Preliminary extended X-ray absorption of fine structure
(EXAFS) data analysis suggests the absence of ZnSe, thus discarding the
occurrence of disproportionation of elemental selenium. The ζ-potential of
biogenic nano-Se0 became less negative at higher loading of Zn, resulting in
lower colloidal stability, thus leading to higher retention of biogenic nano-Se0 on
the filter when compared to biogenic nano-Se0 after filtration but without
adsorption (Jain et al., 2015a).

The selective adsorption of heavy metals onto biogenic nano-Se0 was explored
by Jain et al. (2016a, b). It was found that the metals to biogenic nano-Se0 ratio
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(v:v) and pH can be manipulated to optimize the selective adsorption of Cu. At the
metal to biogenic nano-Se0 ratio of 1:1 (v:v) and theoretical pH of 4.3, Cu was found
to adsorb 4.7 times more onto biogenic nano-Se0 than the total sum of Cd and Zn
adsorbed, when an equimolar mixture of Cu, Cd and Zn was used in the
adsorption experiments. The selective preference of Cu onto biogenic nano-Se0

depends on the intrinsic properties of Cu: smaller ionic radius, higher
electronegativity, higher ratio of ionization potential to ionic radius and higher
first stability constant of metal hydroxo species and acetate complexes (Jain
et al., 2016b). The selective preference of Cu also depends on the presence of
functional groups such as hydroxyl and carboxyl on the surface of biogenic
nano-Se0. Indeed, Fourier-transform infrared spectroscopy (FT-IR) analysis of
biogenic nano-Se0 loaded with heavy metals confirmed the interaction of
hydroxyl and carboxyl groups on the surface of biogenic nano-Se0 with heavy
metals (Jain et al., 2016b).

12.4.2 Role of EPS in the fate of selenium in the
environment and bioreactors
Figure 12.7 demonstrates the role of the extracellular polymeric substances (EPS) in
the formation and characteristics of biogenic nano-Se0. EPS is mainly composed of
polysaccharides, proteins, humic substances, lipids and nucleic acids (D’Abzac
et al., 2010; Sheng et al., 2010). Proteins and polysaccharides are the major
components of EPS. Generally, EPS is known to retard or prevent the dispersion
of nanomaterials such as silver nanoparticles (Kang et al., 2014; Tourney &
Ngwenya, 2014). In contrast, Jain et al. (2015b) showed that the EPS provides
colloidal stability to the biogenic nano-Se0 due to less negative ζ-potential values
(Buchs et al., 2013; Dhanjal & Cameotra, 2010; Jain et al., 2015a). Bare
elemental selenium has been reported to have a ζ-potential of −10 mV as
compared to −30 mV observed for biogenic nano-Se0 (Dhanjal & Cameotra,
2010; Jain et al., 2015a). This colloidal stability of the biogenic nano-Se0 is the
reason for their presence in bioreactor effluents (Lenz et al., 2008) as well as the
high mobility of biogenic nano-Se0 in the environment (Buchs et al., 2013).

The presence of EPS on the surface of biogenic nano-Se0 determines
the mechanism of interaction of the biogenic nano-Se0 with heavy metals. The
capture of mercury from the vapor phase by elemental selenium is due to the
precipitation of mercury selenide on the surface of the elemental selenium
(Fellowes et al., 2011; Johnson et al., 2008). However, the interaction of Zn with
biogenic nano-Se0 does not lead to formation of ZnSe as observed by Jain et al.
(2015a). The interaction of heavy metals with biogenic nano-Se0 is essentially an
interaction of heavy metals with the EPS layer present on the surface of the
biogenic nano-Se0. Indeed, EPS is known to interact with heavy metals (D’Abzac
et al., 2010). The presence of amine and carboxylate groups on the surface can
lead to the adsorption of heavy metals by ligand-like (Type II) adsorption, as
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observed during the adsorption of Cu on cellulose modified with poly(glycidyl
methacrylate) and polyethyleneimine (Navarro et al., 2001). The presence of
these surface groups on biogenic nano-Se0 was confirmed by XPS and FT-IR
analyses (Jain et al., 2015a, b). Thus, the presence of such a layer of EPS on
biogenic nano-Se0 is responsible for ligand-like (Type II) adsorption of Zn onto
biogenic nano-Se0 at acidic pH (Jain et al., 2015a). The presence of hydroxyl and
carboxyl groups on the surface of biogenic nano-Se0 can be attributed to the

Figure 12.7 Summary of the role of EPS in determining the properties of the biogenic
nano-Se0 (Jain, 2014).
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presence of EPS. The FT-IR data confirm that these groups interact with the heavy
metals. The presence of these groups and the higher first stability constant of metal
hydroxo and metal acetate complexes for Cu lead to a higher preference of biogenic
nano-Se0 towards Cu (Jain et al., 2015a; Sitko et al., 2013). Thus, the presence of
EPS on the surface of biogenic nano-Se0 is further affecting the affinity of the
biogenic nano-Se0 towards different heavy metals.

12.5 PHOTONIC NANOCRYSTALS AND
PHOTOCATALYSTS
12.5.1 Photonic colloidal nanocrystals – quantum-dots
In recent years, nanoscience and nanotechnology have brought a great revolution in
different areas (Grim et al., 2015). In particular, the synthesis of transition metal
nanoparticles has been of great relevance for their use in areas such as
biomedicine (see Chapter 10), antimicrobial properties or catalytic applications
for chemical synthesis (see Chapter 11). A particular class of these materials are
colloidal quantum-dots (QDs), solution-processed semiconductor nanocrystals of
2–10 nanometers (10–50 atoms) in size. QDs have unique properties because, at
this size, they behave differently to their bulk equivalents and exhibit
unprecedented tunability, enabling completely new applications in science and
technology (see Chapter 11). They are particularly suited to initiate a future
generation of photonic devices (Figure 12.4).

Most of the research interest regarding semiconducting QDs has been focused on
their electrical conductivity and unique optical (Figure 12.8) properties, which can
be greatly altered and controlled by an external stimulus (e.g., voltage or photon
flux), making them critical components of many different kinds of electrical
circuits and optical applications. The properties of quantum structures are
strongly dependent on their size and shape, and the quality of their internal
crystal structure (e.g., structural defects) can serve as trapping sites for electrons
or holes.

12.5.2 Biomanufacturing of quantum-dots using bacteria
during wastewater treatment
Strategies in QD synthesis focus on the development of methodologies that allow
the creation of these nanomaterials in a simple, efficient and sustainable way
(Sakimoto et al., 2017). For this reason, researchers have started to apply
biological entities as an elegant approach for the direct synthesis of metal
chalcogen nanoparticles. Microorganisms have the ability to induce the formation
of QDs, as outlined in Section 12.3.2, sometimes even controlling the size and
structural shape, and avoiding aggregation problems (Xu et al., 2016).
Figure 12.6 illustrated this microbial synthesis route, based on the precipitation of
the divalent metal and the microbially formed selenide (Figure 12.3(b)).
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Metal ions such as cadmium or zinc present in the selenium-rich wastewaters
influence the microbial reduction and the fate of biogenic Se(0) nanoparticles
(Mal et al., 2016a). When metal ions are available, they can either form
metal-selenide nanoparticles after reacting with selenide (HSe−) generated during
the microbial reduction of Se-oxyanions or they form metal–Se(0) complexes due
to adsorption of metals onto Se(0) nanoparticles (Jain et al., 2016b; Mal et al.,
2016b). Mal et al. (2017a) showed that microbial reduction of selenite (Se(IV)) in
the presence of Cd(II) by anaerobic granular sludge results in the formation
and deposition of cadmium selenide (CdSe) nanoparticles by the reaction of Cd
(II) with biogenic HSe−, but also Se(0) nanoparticles and Se(0)-Cd complexes
can be formed. In further research, Wadgaonkar et al. (2018) showed that mixed
microbial cultures present in anaerobic wastewater treatment reactors can also
form selenium (CdSe, ZnSe and PbSe) as well as tellurium (CdTe and ZnTe)
based nanoparticles, which are capped by a layer of extracellular polymers
(Figure 12.9).

Little is known about the mechanism of metal selenide nanoparticle formation
and their recovery from a bioreactor. The principles of nucleation, crystal growth
and agglomeration also apply to metal selenide formation and some of the
processes described for metal sulfide formation can be adopted to metal selenide
formation. For the former, the focus is more on the formation of large,
well-settling crystals of metal sulfides of base metals (e.g., ZnS, CuS, NiS, CoS,
CdS and PbS) for efficient bioseparation (Esposito et al., 2006). Metals are

Figure 12.8 Commercially available quantum-dots, prepared via chemical synthesis.
(a) 12 Wavelength CdSe Kit of quantum-dots with different emission wavelengths
between 480 and 640 nm and (b) TEM micrographs with corresponding emission
of quantum-dot aliquots, marketed by Nanomaterials & Nanofabrication
Laboratories (Image from www.nn-labs.com).

Environmental Technologies to Treat Selenium Pollution366

Downloaded from http://iwaponline.com/ebooks/book-pdf/919131/wio9781789061055.pdf
by guest
on 19 January 2023

http://www.nn-labs.com
http://www.nn-labs.com


typically separated or concentrated as sulfides using Na2S, NaHS or H2S (Veeken
et al., 2003). Biogenic sulfide produced by sulfate reducing bacteria (SRB) is an
interesting alternative sulfide source, especially when besides metals also sulfate
is present in the wastewater, for example, wastewaters from metal refineries and
acid mine drainage (White & Gadd, 1999). Metal sulfides have very low
solubility products, and nucleation thus occurs much faster than crystal growth,
so that nanoparticles and fines of many metals, for example, CdS, ZnS and PbS,
are also formed during bioprecipitation (Klaus-Joerger et al., 2001). Similarly,
Jacob et al. (2020) showed ZnS nanoparticles can be formed using sulfate
reduction by anaerobic granular sludge. The CdSe nanoparticles are present in the
loosely bound fraction of the EPS of anaerobic granules, and can thus be
removed from the granular sludge by centrifugation (Mal et al., 2020). In some
cases, however, metal sulfide formation can result in a complete encrustation of
the sulfate reducing cell (Jiang et al., 2014) and it can be preferred to produce the
nanoparticles in a separate reactor, downstream of the sulfide or selenide
producing bioreactor. Thus, König et al. (2006) developed dynamic modeling
and feedback control of the ZnS precipitation process. A dynamic mass balance
model for ZnS precipitation was developed and an adequate strategy for
controlling the sulfide (using a pS-electrode) and pH-level in a continuous flow
stirred tank reactor (CFSTR) was designed in order to create appropriate
conditions for precipitation, independent of the conditions in the sulfide
producing bioreactor. A similar approach could be developed for the production

Figure 12.9 Schematic representation of microbial synthesis of chalcogenide-based
nanoparticles using anaerobic granular sludge in an upflow anaerobic granular
sludge bed (UASB) bioreactor. Thus, nanoparticles of ZnS (Jacob et al., 2020),
elemental selenium (Se0; Lenz et al., 2008), CdSe (Mal et al., 2016b), elemental
tellurium (Mal et al., 2017b) and CdTe (Wadgaonkar et al., 2018) have been
synthesized. Mal et al. (2020) showed the nanoparticles are mainly present in the
loosely bound fraction of the EPS, and can thus be harvested by centrifugation of
the sludge. Most reactors were operated at mesophilic (30°C) temperatures, with a
few studies investigating psychrophilic (Zeng et al., 2019) and thermophilic (Dessì
et al., 2016) conditions. BOR: biomass oxidation reaction; HER: hydrogen
evolution reaction.
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of metal selenide nanoparticles, using biologically produced selenide in an
upfront bioreactor.

12.5.3 Photocatalytic processes using chalcogen
nanoparticles
In recent years, metal sulfide and selenide nanoparticles, particularly ZnS and CdS,
have been intensively studied as active photocatalysts in virtue of their unique
catalytic functions (Qin et al., 2011). ZnS is a promising photocatalyst for
degradation of organic pollutants (Jacob et al., 2020), photoreduction of CO2

(Meng et al., 2017) and H2 production (Kuehnel & Reisner, 2018) because of the
rapid generation of electron–hole pairs by photoexcitation and highly negative
reduction potentials of excited electrons (Chen et al., 2013; Qin et al., 2011).
However, the bandgap of ZnS is 3.66 eV (Yoneyama, 1997), which is too large
for visible light response. Doping with metal ions and combining with various
narrow bandgap semiconductors have been applied to make ZnS have visible
light activity. Ni, Cu and Pb-doped ZnS showed visible-light photocatalytic
activities for H2 production (Chen et al., 2013).

Althoughmany inorganic semiconductors have been used for photocatalytic CO2

conversion, the performance of most of these materials is still rather sluggish due to
the low conduction band level and/or poor activation ability of CO2 molecules (Tu
et al., 2014). A promising strategy is to couple the inorganic semiconductor with an
organic metal complex as a photosensitizer/electrocatalyst to achieve a more
efficient reaction rate (Meng et al., 2017; Sekizawa et al., 2013). The drawback
of these hybrid photocatalysts is that they generally need to be operated in an
organic medium (e.g., acetonitrile or alcohol) in the presence of organic
sacrificial agents (e.g., triethanolamine or alcohol). Therefore, a reaction system
that can achieve efficient and stable CO2 conversion is urgently needed.
Chalcogen based nanoparticles, in particular metal selenides, are good candidates
for this.

12.5.4 Nanobiohybrids
12.5.4.1 Microorganism – quantum-dot nanohybrids
Nanobiohybrids are a nanoscale combination of engineered nanomaterials with
bioactive substances (Palomo, 2019). Various kinds of components can be
utilized in preparation of nanobiohybrids. Among them, naturally obtained
materials, for both the nano and bio part, are gaining interest because of their
eco-friendliness and bio-compatibility (Chinnaiyan et al., 2019). In order to
maximize applicability of nanobiohybrids, it is important to develop various
nanomaterials with tailor-made physico-chemical properties as well as to control
the interactions between the nanomaterials and bio-component of the hybrids.

An important issue is the selection of the biological entity of the nanohybrid. One
of the main strategies described in the literature for this green synthesis approach is
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based on the use of microorganisms (Jacob et al., 2016). Prokaryotic or eukaryotic
microorganisms have been employed for the preparation of nanoparticles of
different metals (Au, Ag, Cd, Pt, Zn and Fe3O4) under moderate pressures and
temperatures. The advantage is that microorganisms secrete large quantities of
enzymes, which participate in the enzymatic reduction of metal ions (Nancharaiah
& Lens, 2015). The localization and morphology of the nanoparticles depend on
the microbial species because of the different enzymes and proteins that can be
involved in the biomineralization, generating different sizes of nanoparticles.

One of the candidates for the nano-part of bacterial nanohybrids are quantum-dots
(Sakimoto et al., 2017). Quantum-dots are semiconductor nanocrystals with
diameters less than 100 nm, and are composed of heavy metals (Cd, Zn, …)
and chalcogens (S, Se or Te) (Xu et al., 2016; see section 12.5.1). Because of
their very specific light spectra, they are particularly suited to initiate a future
generation of photonic devices. The discovery of the quantum confinement
effect, now just over 30 years ago, and the first organic ‘hot-injection’
quantum-dot synthesis developed in 1993 have led to a significant advance in the
production of high-quality size-tunable, monodisperse nanocrystals with high
photoluminescence quantum efficiency (Grim et al., 2015). This new material
class has received substantial attention ever since, with an increasing range of
applications, including photoactive compounds in nanobiohybrids.

12.5.4.2 Photosensitized nanohybrids
Quantum-dot bacteria nanobiohybrids combine the best of two worlds: the
light-harvesting capabilities of semiconductors with the catalytic power of
biology. Several quantum-dot based nanobiohybrids have been constructed, either
with enzymes or microbial cells as the biological part of the hybrid. Electron
transfer from illuminated quantum-dots to enzymes has been shown to support
enzyme activity in hybrids of CdS with nitrogenase (Brown et al., 2016a), CdSe
with NADP+ reductase (Brown et al., 2016b) and CdTe with hydrogenase
(Brown et al., 2010). Sakimoto et al. (2016) showed the self-photosensitization
of the non-photosynthetic bacterium Moorella thermoacetica by CdS
bioprecipitation, and the photosynthetic production of acetate from CO2 by this
nanobiohybrid (Figure 12.10). Ding et al. (2019) further showed that CdS/ZnS
core-shell quantum-dots penetrate Azotobacter vinelandii and Cupriavidus
necator cells, where they bind to, respectively, the histi-tagged MoFe nitrogenase
and FeS clusters of hydrogenases and quinones (Figure 12.11). Upon
illumination, these nanobiohybrids demonstrated conversion of high yields of
target products (ethylene and polyhydroxybutyrate) from CO2, comparable or
even exceeding (.150%) native production levels (glucose as substrate).

Recently, nanobiohybrids using other inorganic light harvesters have been
developed. Guo et al. (2018) evidenced that yeast (Saccharomyces cerevisiae)
cells functionalized with indium phosphide (InP) quantum-dots harvested
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Figure 12.10 Left: Schematic presentation of the photosensitization of biohybrid
systems, which combines the strengths of inorganic materials and biological
catalysts by exploiting semiconductor broadband light absorption to capture solar
energy and subsequently transform it into valuable CO2-derived chemicals using
the metabolic pathways in living organisms. Right: Overview of different nano
bio-hybrid architectures. Utilizing electrons derived from a semiconductor light
harvester (a), photosynthetic biohybrid systems channel reducing equivalents to
generate H2 (b) to feed CO2 reducing microorganisms. These electrons may also
go directly to the bacterium (c) to generate reduced CO2 products, such as acetic
acid. This acetic acid may then be fed to genetically engineered organisms (d) to
upgrade to a wide range of products (from Sakimoto et al., 2017, and references
therein).

Figure 12.11 Schematic presentation of (a) the binding of a Cd/ZnS core shell
quantum-dot to intracellular enzymes via histi-tag bonding upon incubating
Azotobacter vinelandii cells in medium containing the quantum-dots (after Ding
et al., 2019) and (b) electron transfer in biohybrids of CdSe quantum-dots and
ferredoxin NADP+ reductase for photocatalytic regeneration of NADPH (After
Brown et al., 2016a, b). ADH: alcohol dehydrogenase; NADP+: nicotinamide
adenine dinucleotide phosphate; FNR: ferredoxin NADP+-reductase.
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photogenerated electrons from the illuminated nanoparticles and used them for the
cytosolic regeneration of redox cofactors. Xu et al. (2019) reported on bioplastic
production with light energy by coupling Ralstonia eutropha with the
photocatalyst graphitic carbon nitride. Also intracellular gold nanoclusters can be
used to photosensitize bacteria for solar fuel production (Zhang et al., 2018).

12.5.4.3 Photobioreactors for photosensitized nanobiohybrids
Light based production of fuels and fine chemicals using quantum-dot bacteria
nanobiohybrids can make use of the vast experience of growing microalgae.
Alternatively, solar fuels and biocommodities can be produced by growing the
photosensitized nanobiohybrids in cell suspension bioreactors (Lens et al., 2003).
Several commonly used reactor systems for microalgae growth, including
raceway ponds (Karya et al., 2013), flat plate reactors (Rada-Ariza et al., 2019),
photo-active granules (Bing et al., 2018) and algal biofilms (Moreno Osorio
et al., 2019) can be used. Microalgal culture systems have low biomass
concentrations and problems with biomass/liquid separation, which constitute the
main drawbacks in the scale-up and industrial application of microalgal processes
(Gupta et al., 2016). Microalgal biofilm systems could provide an alternative
approach to resolve the microalgae-based biomass production challenges
(Moreno Osorio et al., 2019), and can thus also be explored for photosynthetic
biohybrid systems. Biofilm photobioreactors can be grouped into three
categories: permanently submerged, intermittently submerged and perfused
systems (Berner et al., 2015). However, photobioreactors that are used for algae
axenic biomass cultivation do not always show equal results in wastewater
treatment (Han et al., 2017). There is thus a need to determine the efficiency
and performance of photobioreactors when using quantum-dot bacteria
nanobiohybrids for H2 production and CO2 derived fuels.
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