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Abstract

Selenium is an essential element since it is necessary for metabolism and is also toxic to the living things if it is consumed
above the desirable limit. For instance, up to 40 pg per d of dietary selenium is essential for human health; however,
consumption of a little over 400 pg per d could result in adverse physiological problems. In the environment, selenium
occurs in different species; of which selenate and selenite are its most toxic forms accounting for 95% of selenium toxicity.
Though, selenium fortification is important for normal human physiology in selenium deficient environments, it needs
to be minimized or removed from selenium rich environmental media. Thus, its quantification is significantly important
to control per limit. Currently there is advancement in the detection and quantification of selenium in environmental
including the use of a Hydride Generating Atomic Absorption Spectroscopy. Due to the excess occurrences of selenium
in different locations the removal techniques from geogenic or anthropogenic sources include microbial metabolism,
phytoremediation, sorption, membrane separation, coagulation, ion exchange and catalytic reduction. Most of all, the
microbial removal is applied in drinking water supply and in selenium recovery from wastewater sludge. Though current
selenium removal from sorption studies reported better efficiency, phytoremediation appears attractive due to its field

scale application advantage. However, the fate of selenium following phytoremediation remains unaddressed.
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1 Introduction

Both geogenic and anthropogenic activities govern sele-
nium in the environment. Environmental biogeochemi-
cal conditions control the bioavailability and the nature
of selenium species [1-5]. Geogenic pollution of ground-
water is referred to as the natural occurrence of elevated
concentration of certain elements in groundwater hav-
ing negative health effects [6]. In fact, selenium is listed
among the minor constituents in geogenic water pollu-
tion (0.1-100 pg/l). Moreover, the narrow tolerance limit
of selenium brings serious concerns through deficiency
as well as toxicity in the biological and environmental
systems. Toxicity generally results when certain ions are
taken up with the soil-water and accumulate in some
organs of plants and animals. Though geogenic selenium

contamination is a concern for toxicity from drinking
water, plants are the main source of dietary selenium [7].

By elemental category, selenium is nonmetal and some-
times it is considered as trace element. Geographically, it is
widely distributed throughout the world, but only in small
quantities. It is more commonly found together with the
sulfides as the selenides in the ores of such metals as iron,
lead, silver, and copper [8]. Selenium salts are toxic in large
amounts, but trace amounts are necessary for cellular
function in many organisms, including all animals [9, 10].

Fortified selenium is an ingredient in many multivita-
mins and other dietary supplements, including infant for-
mula in many countries. In human, low dietary selenium
intakes are associated with health disorders including
oxidative stress-related conditions, reduced fertility and
immune functions and an increased risk of cancers. For
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that purpose the daily intake in the diets differ worldwide,
for UK adult female and male 60 and 75 ugSe/d respec-
tively are expected while for the World Health Organiza-
tion (WHO), it is 10 pg/l in water [11, 12]. Contrasting the
former, a study in Burundi of Africa that reported risk in
deficiency with average intake of 17 ugSe/d from diet
[13]. In fact, intake depends on age and sex [14]. How-
ever, selenium turns out to be toxic in low margin beyond
limit causing hair and nail loss, cancer and even death as
detailed later in the toxicity section of this article.

Until recently a lot of research have been done on sele-
nium either as toxic or as nutrient. As of the middle of the
1990s approximately 100,000 research papers had been
published on the topic of selenium since it was discovered
by the Swedish chemist Jons Jakob Berzelius in 1817 [5].
However, it is only recently that its geogenic contamina-
tion and bioremediation, selenium recovery as resource,
selenium detection methods, and occurrence as well as
distribution especially in the African continent have begun
to be discovered.

Therefore, the objective of this mini review is to com-
prehensively present the nature, geochemistry, toxic-
ity, biochemistry, detection and quantification methods
reported on selenium in the past researches. Further it
systematically reports the remediation techniques applied
to selenium at various scales and shows fillable gaps for
further research.

2 Selenium property and toxicity

2.1 Physicochemical properties of selenium

The physical, atomic properties and periodic table posi-
tion of selenium is shown in figure one. Selenium appears
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Fig. 1 Appearance and properties of selenium
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as black and red allotropes (Fig. 1). It was found out long
ago that it's electrical resistance is greater in the light than
in the dark [15, 16]. Analogous to the behavior of other
chalcogens, selenium forms hydrogen selenide, H,Se. It
is a strongly odiferous, toxic, and colorless gas. It is more
acidic than H,S. In solution it ionizes into HSe™ [17].

Chemically, selenium is reactive towards many reagents
allowing their incorporation into organic compounds. Fur-
ther, symmetric or non-symmetric diselenides are often
used as starting materials for the preparation of more com-
plex chalcogen-containing derivatives [8]. Selenium also
forms complexes with heavy metals including cadmium,
sparing its biological effects as reported earlier [18].

Although the element selenium itself is not toxic, many
of its compounds are extremely toxic. For instance, H,Se
is a colorless, foul-smelling gas that is poisonous. It also
forms selenides with most metals (for example, aluminum
selenide, cadmium selenide, and sodium selenide). In
groundwater, selenium exists in the dissolved forms of Se
(+V1), Se (+1V), and Se (=Il). Selenium (+IV) is more toxic
due to its higher bioavailability.

2.2 Selenium in plants: toxic dose, symptoms
and distribution

Though debatable, it has been reported that selenium is
not an essential element to plants but it can be toxic to
them [19]. Generally, the plant toxicity of inorganic sele-
nium, namely selenate and selenite anions, is higher than
the organic forms of selenium depending on three major
factors. Absorption of the anions by the roots and the sub-
sequent translocation into other parts of the plant is the
first factor. Secondly, the metabolism of the anions into
organic forms in the cell and thirdly the interference of
cellular biochemical reaction in plants due to selenium
metabolite of which replacing the role of sulfur [20] and
protein functions are worth to mention.

The distribution of selenium in plants is all over it, from
the root to its aerial parts. However, there is dissimilarity
between selenate and selenite in distribution. Further-
more, the toxicity and tolerance character vary among
plants [21]. The later mainly depends on their ability to
divert selenium away from the accumulation of seleno-
cysteine and selenomethionine that ranges from 2 mg/kg
in non-accumulators, such as rice, and 330 mg/kg in white
clover, to several thousands of mg/kg in the accumulator
Astragalus bisulcatus. For instance, in non-accumulator’s
selenium toxicity occurs under about 10-100 mg Se/kg of
dry weight (DW). Toxicity occurs mostly due to the accu-
mulation of selenium in the plant tissues. The characteris-
tic symptoms due to selenium toxicity includes stunting,
chlorosis, and fading of leaves, interfering with chlorophyl
combination and nitrate accumulation that is generally
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assumed to occur from selenium levels higher than 1 mg/
kg [22-25].

2.3 Selenium in animals: toxic dose and health
symptoms

Earlier, selenium is identified as micronutrient for bacteria,
mammals and birds earlier; however, it is now recognized
as a problem if it is consumed in excess. A case in point
is the alkali disease in livestock that was observed in the
American great plains since then concern on chronic and
acute selenosis raised [26]. Based on testes on laboratory
animals, the minimum lethal dose of selenium as acute
toxicity in rabbits, rats, and cats was between 1.5 and
3.0 mg/kg body weight as sodium selenite or selenate
and irrespective of the mode of entry of the compound
into their body. During acute toxicity, laboratory animals
showed garlicky breath odor, vomiting, dyspnea, tetanic
spasms, and death from respiratory failure accompanied
by pathological changes. Chronically, a selenium dietary
dose of 4-5 parts per million (ppm) proved to cause
growth inhibition [27].

In farm animal’s selenium acute toxicity occurs due to
the ingestion of seleniferous accumulator plants or due to
excess supplements with following signs of severe distress
that include labored breathing, abnormal movement and
posture, and prostration and diarrhea, and even death in
few hours [27, 28]. The chronic selenosis also known as
alkali disease occurs in animals consuming grains con-
taining 5-40 mg Se/kg over a period of several weeks or
months with signs and symptoms that include liver cir-
rhosis, lameness, hoof malformations, loss of hair, and
emaciation [29].

The determination of selenium level in animal tissues
and organ has been investigated along with its metab-
olism in sheep. Findings revealed that the accumula-
tion of selenium varies among the different organs, the
liver being the highest accumulator. Further the share
of selenium through enzymatic extracted in the form of
amino acid compounds was 40% [30]. In a related earlier
study in Burundi of Africa, kidney of goats and cows is
found to be the accumulator organ for selenium ranging
994-1852 ng/g wet weight for goats and 1056-1801 ng/g
wet weight for cows. This finding has relevance to note the
safety and adequacy of nutrients for people in developing
countries; however South Africa is the only African state on
the list of seleniferous areas which rather mentioned Africa
in relation to selenium deficiencies in crops and livestock
as reported in a recent study [31, 32].

Selenium toxicity in animals or plants edible to human
is a primary concern since bio-magnification of selenium
starts when animals consume plant biomass that has
impounded large amounts of selenium and get magnified

in food chains that can involve aquatic selenium pollution
[33, 34]. Besides, due to irrigation run-off concentrations
of selenium tend to be very high in aquatic organisms in
many areas. Thus, the bioaccumulation potential of sele-
nium can further cause toxicity to the natural ecosystem.
When animals absorb or accumulate extremely high con-
centrations of selenium it can cause reproductive failure
and birth defects [35-371.

2.4 Selenium in humans with epidemiological
perspective

Water, food and air in decreasing order are identified ear-
lier as source of human toxicity from selenium [38]. More-
over, drinking water sources remains to be a concern in
geogenic selenium contamination. For instance, in many
French regions, geogenic sedimentary sources of selenium
were identified as responsible for the selenium concentra-
tions exceeding the European limit in many wells desig-
nated to produce drinking water [36]. Selenium toxicity is
prevalent in 1000 ha in Hoshiarpur and Nawanshahar of
Nigerian districts where about 11 and 4% of groundwater
samples were found unfit for drinking and irrigation pur-
poses, respectively [35].

Selenium carries the narrowest range between its nutri-
tional deficiency (<40 pg/d) and toxicity (> 400 pg/d) with
respect to the daily intake [17] (Table 1). Selenate and sel-
enite have an oxidant mode of action in living organisms
and are very toxic. In humans, the toxic effects of long-
term high level environmental selenium exposure are
manifested in dermatological effects, nails, hair and liver
problems [39].

Selenium exposure can result in either acute or chronic
health problems. An acute exposure is explained by
selenium neurotoxicity while the chronic exposure is
explained by the toxic effect on endocrine function espe-
cially in the synthesis of thyroid hormones and if the dose
exposed is relatively lower [39, 40]. For instance, a report
from China indicated that clinical and biochemical signs
occur at a daily intake above 0.8 mg. Conversely, inade-
quate concentration of selenium in Chinese diet is a cause
for Keshan disease which is the degeneration of articular
cartilage between joints, thyroid disease and different
forms of cancer [26, 38].

To get the nutrient benefit from selenium diet fortifi-
cation became an alternative. Care should be taken as in
product labeling; otherwise, toxicity outbreak is inevita-
ble as exhibited in the identified outbreak due to the sele-
nium in a liquid dietary supplement in a certain town in
the United States. Based on epidemiological observation,
the median estimated dose of selenium consumed was 41
749 ug/d with frequently reported symptoms that include
diarrhea, fatigue, hair loss, joint pain, nail discoloration or
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Table 1 Commonly accepted drinking water quality guidelines for selenium [62, 63]

Constituent
the World Health Organization (WHO) (mg/l)

Drinking water standards recommended by Bureau of Indian Standard (BIS) and

Undesirable effect when present beyond
acceptable limit in drinking water

BIS (2012)

WHO (2011)

Acceptable limit
tive source

Permissible limit in the absence of alterna-

Guideline values

Selenium 0.01 No relaxation

0.01 Very low selenium status in humans has
been associated with juvenile, multifo-
cal myocarditis and chondrodystrophy.
Very high selenium status causes
gastrointestinal disturbance, skin dis-
coloration and tooth decay

brittleness, and nausea [41, 42]. Nevertheless, acute toxic-
ity problem is rare due to diet diversity despite the rising
concern over environmental selenium contamination in
the United States.

Elsewhere in New Zealand and Venezuela, acute seleno-
sis was observed due to the selenium rich food consump-
tion [43]. In a related fact the daily intake of Venezuelan
children with clinical signs was estimated to be about
0.7 mg. Effects on synthesis of a liver protein were also
seen in a small group of patients with rheumatoid arthri-
tis given selenium at a rate of 0.25 mg/d in addition to
selenium intake through food. No clinical or biochemical
signs of selenium toxicity were reported in a group of 142
persons with a mean daily intake of 0.24 mg (maximum
0.72 mg) from food [44].

3 Environmental fate of selenium

Selenium in the whole environment can be either
from natural or anthropogenic sources forming cycles
between them (Fig. 2). The natural bases of selenium
include the weathering of selenium-containing rocks
and soils and volcanic eruptions [45]. Anthropogenically,
selenium pollution in the environment is hugely contrib-
uted by the coal mining and the use of selenium rich fos-
sil fuels in industries that can account 40% of selenium in
air as well as the aquatic systems that resulted in waste-
water discharge limit of 5 ug Se/l [34, 371. In that regard,
selenium contamination in groundwater and surface
water in numerous river basins worldwide has become
a critical issue in recent decades [46, 47], especially due
to the geogenic contamination. In order to foresee the
mineralization, mobilization, and toxicity extent of sele-
nium to plants, animals and human in natural systems
understanding of its oxidation state is important. In geo-
logic formations, selenium transformation and specia-
tion depend on the presence of nitrate (NO;), organic
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materials and clay content, pH and carbonates/bicarbo-
nates for mobility and hence the risk associated [48-51].

Selenium concentrations in soils vary widely, from 5 to
1,200, 000 pg/kg, being higher in soils of more recent vol-
canic origins. It is normally found in concentrations rang-
ing 50-90 pg/kg of soil, but higher concentrations can be
associated with some volcanic, sedimentary and carbon-
ate rocks. Selenium occurs in environmental soils in several
forms, according to its possible oxidation states: selenides
(Se?7), amorphous or polymeric elemental selenium (Se?),
selenites (Se**) and selenates (Se®*) (IPCS, 1987; UK EGVM,
2002).

Regarding selenium speciation, acidic and reducing
conditions reduce inorganic selenites to elemental sele-
nium, whereas alkaline and oxidizing conditions favor
the formation of selenates in the environment. Since sel-
enites and selenates are both soluble in water, selenium is
leached from oxic alkaline soils that favor its oxidation. In
contrast, the elemental and selenides forms are insoluble
in water; consequently, selenium inclines to be retained
in wet and anoxic soils. Thus, selenium in alkaline soils is
accessible by plants; however, the availability of selenium
in acidic soils inclines to be restricted by the adsorption of
selenites and selenates to iron and aluminum oxide soils
(NRC 1983).

Based on the species extraction using 0.1 mol/l NaOH,
all the four selenium compounds are present as anionic
species based on their pKa values at a pH of 13. Being in
state of dissolution or precipitation and absorption or des-
orption, selenium is present in almost all soils, particularly
in irrigated agricultural aquifer systems underlain by or
adjacent to shale formations containing seleno-pyrite
where SeQ, can be released through autotrophic reduc-
tion of O, or NO; [52] (Egs. 1a, 1b).

2FeSe,S,_, + 70, + 2H,0 — 2Fe?* + 2xSe0;”

1
+ (4 - 2X)502 + 4H* (1a)
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Cloud Formation

Volatile selenium

Fig.2 Selenium cycle in the environment near the surface of the earth. (Redrawn from [1] with permission from John Wiley and Sons. ©

2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

5FeSe,S,_ + 14NO; + 4H* — 5Fe?* + 5xSe0;”
+ (10 = 5X)SO;™ + 7N, + 2H,0

Selenate is mobilized in oxidizing condition and is inter-
fered by reducing condition as well as adsorption. Irriga-
tion and agriculture are associated with Se mobility. In
addition, selenium is subject to cycling in the plant-soil
system similar to other nutrients such as nitrogen (N),
phosphorus (P), and sulfur (S).

Selenium mobility and risk of toxicity are not limited
to physico-chemical phenomena. Microbially-mediated
chemical reduction reactions reduce SeO, to SeO; [Eq. (2a)]
and SeO; to either immobile Se? [Eq. (2b)] or mobile sele-
nomethionine (SeMet) suggesting the possible mitigation
pathways for SeO,. Almost all of the selenium removal tech-
niques include reduction of Se0, to Se0;, Se0, or SeMet that
in most case it is inhibited by the presence of O, and NO;
which act as electron acceptors. However, it is suggested
that there is a concentration of NO; at which NO; reduction
and SeQ, reduction can even occur simultaneously [53].

(1b)

CH,0 +25e0;~ — CO, + 250%™ + H,0 (2a)

CH,0 + Se03™ + 2H* — CO, + Se° + 2H,0 (2b)

The risk of selenium toxicity in the environment is
affected by its mobility. In that regard experimental study
by Bassil and co-workers revealed that even though the less
fraction (10%) of selenium was mobilizable, 70% of it was Se
(IV) which is the most soluble species [54]. Environmentally,
the selenium pool exists much in the lithosphere followed

by the fossil fuel deposits and oceans (Fig. 3), thus, its geo-
chemistry and hence the associated risk is also affected by
climate variability [55].

4 Geochemistry of selenium
and bioavailability

Worldwide the occurrence of selenium is irregular. Sele-
nium is widely distributed in the environment, but its
natural geogenic concentration level is generally below
1 ug/1 in natural waters or below 1000 pg/kg in rocks and
soils provided that anthropogenic influences are only
moderate [56]. Their distribution ranges from selenium
deficit regions like the United Kingdom with a daily intake
of <55 g to selenium rich regions like Canada with a daily
intake between 100 and 200 pg. Again, the intake amount
is explained on the fact that selenium soil concentration is
determined in many countries. Countries like Ireland, parts
of the United State and India are in the toxic range while
Yugoslav and Finland are deficient (Fig. 4).

Following its spatial variation, the daily selenium intake
varies worldwide by country. For some regions of the
world, selenium occurrence is scarce and raises issue of
nutrient limitations rather than issue of toxicity. Accord-
ingly, different countries attempted to trace its occurrence
and dietary implication, whether its removal or fortifica-
tion would be needed in their water supply scheme or not.
Thus, selenium in Africa appears to be within limit, if not
nutrient fortification is essential for most countries (Fig. 5).
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Fig.3 Mass of selenium (in —~
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from Springer-Verlag Berlin 2]
Heidelberg, Hydrogeol J [5]. © 8 1E+08
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Interestingly, recent studies report the importance of sele-
nium in reducing the risk of arsenicosis due to selenium
mediation [57, 58], arsenic hit regions may even need sele-
nium supplement to tackle arsenicosis. Selenium is widely
distributed in the environment with average occurrence
of 0.09 ppm and its occurrence or distribution has been
investigated in rocks, soils, minerals, groundwater and
surface water [27].

4.1 Selenium in rocks

High selenium concentrations are associated with some
phosphatic rocks, organic-rich black shales, coals, and
sulfide mineralization, whereas most other rock types
contain very low concentrations. Selenium deficient
environments are far more widespread than selenium-
containing ones. However, it should be recalled that
health outcomes are not only dependent on the total
selenium content of rocks and soils but also on the
amount of selenium taken up into plants and animals as
bioavailable selenium from its cycle in the environment
(Fig. 2) [32].

4.2 Selenium occurrence and distribution
in minerals

Selenium naturally occurs in a number of inorganic forms,
namely selenide, selenate, and selenite, but these miner-
als are rare. Selenium rarely occurs in its elemental state
or as pure ore compounds in the earth’s crust. It is found
in metal sulfide ores, where it partially replaces the sul-
fur. Likewise, the organic compounds of selenium and

SN Applied Sciences

A SPRINGERNATURE journal

-

T 23 2 & 5 5 5 8 £ 3} 8 8
S £ ¢ 8 £ £ § § 3 &8 =2 9 8
“ 3 o £ $ »m © £ E 2 3 : 3
= = < © & o 8 B° © 3 o
o ©O 5 X o e A ©W 3 o
e £ 8§ 3 ¢ g 3
e o © £ 2 6
j = oy
~— /' § 8 g & 7 3
Fossil Fuel Terrestrial 5 2 7 8 23
ossil Fue S o 5 z ©
) . [ -/ £
Deposits Biomass 2 @ o ) [
&  Rivers
Oceans

Se deficient regions Se low regions Se rich regions
( & p
The daily S¢ The daily S¢ i l‘;i_‘l’i'ssc
1 intakeis less than — intakeis between M between100-200
55 pg/day 55-100 pg/day
e/day ne/day ug/day
T v c 3
Certain regions of chm.n' rc%mns of USA, Canada,
|| China,Nepal, Egypt witzerland, || Venezucla, Japan,
UK, France, India, New Zealand, China, Belgium,
Finland Korea, Finland Punjab (India)

Fig.4 Outline of occurrence of selenium in different regions of
the world as selenium-deficient, selenium-low and selenium-rich
regions [7]

tellurium are known since the late nineteenth century [8].
Selenium is found as a major constituent of 40 minerals
and a minor component of 37 others, chiefly sulfides [27].

Based on a reconnaissance survey conducted in South
Africa by K Sami and AL Druzynski, selenium is not related
to rock-forming silicates, and is most abundant in sulfide
minerals, such as galena (commonly 0-15 ppm), arse-
nopyrite (42-57 ppm), pyrrhotite (5-63 ppm), marcasite
(0-11 ppm), chalcopyrite (commonly between 10 and
50 ppm), pyrite (commonly between 0 and 50 ppm), and
sphalerite (commonly between 10 and 50 ppm, can be as
high as 900 ppm) [60].
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Fig.5 Dietary selenium availability and risk of inadequacy in Africa. (Source: [59])

4.3 Selenium occurrence and distribution in soils

The occurrence of selenium in different soils is mainly
a reflection of the underlying rock as well as practice
of irrigation with selenium rich groundwater. The solu-
ble selenite and selenate species in soil enter into plant
metabolism; however, leaching and formation of insolu-
ble complex by selenite accounted for losses into the
environment like other insoluble selenium species. Most
soils showed a selenium content ranging between 0.1
and 0.2 ppm while a maximum of 100 ppm is detected in
the United States. However irregular concentrations have
been measured in different regions of the world including
China. In that regard sedimentary rocks are most reported
contributor to soil selenium and to plants. In relation to
that predicting selenium mobility in soils is proposed as
researchable area in order to address either deficiency or
toxicity issues [10, 27, 51]. In fact, selenium is also present
in air though it is detected to nano scale concentration
especially in urban air [43].

4.4 Selenium occurrence and distribution
in groundwater and surface water

Based on reports, selenium content in natural water exists
in the range of 0.1-400 ug/l and sometimes reaching up to
6000 ug/l. In such water bodies the predominant species
are those biogeochemically relevant selenite and selenate
from mobility and bioavailability points of views [61].

Selenium poisoning may result from water systems
whenever new agricultural runoff flow through a nor-
mally dry, undeveloped lands. This process leaches natural
soluble selenium compounds (such as selenates) into the
water, which may then be concentrated in emerging wet-
lands. Selenium pollution of waterways also occurs when
selenium is leached from coal flue ash, mining and metal
smelting, crude oil processing, and landfill.

Recently issues of selenium water contamination are
associated with selenium biochemical risks. For instance,
from the 210 ground water samples taken in Nigeria,
selenium concentration of 7.33+£6.22-46.3+22.4 pg/L is
reported following the needed assessment vis-a-vis risk of
geogenic contamination which is almost greater than that
of WHO's limit of 10 ug/I [35] (Table 1). The distribution
of selenium was fairly uniform in the samples studied in
different locations that suggested the influence of geo-
genic factors. More than that, in some parts of the United
States dark-gray shale sampled from 51 locations in Colo-
rado, New Mexico, and Utah, many of the groundwater
samples were found saline with selenium concentration
of 1000 pg/I [2] which is 100 times beyond the limit recom-
mended by the WHO.

Locally, selenium occurrence is rarely checked including
the status in groundwater. There is a report noting that
selenium content in Ethiopia is generally low, though a
concentration of 15-7600 ug/I [64] is reported for ground
waters of the rift valley region of the country; and the
median values being lower for spring and surface water
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sources. Yet, this range of selenium concentration is over
the limit value set by WHO. However, selenium health
effect, either deficiency or toxicity, is not known or unre-
ported. Moreover, that same region is a concern for other
geogenic water contamination in which fluoride is the
most explored one [65-67].

The selenium enrichment in groundwater may be
caused by the contact with sedimentary formations. The
selenium behavior as function of pH was similar in the
ultrapure water that can determine its leaching behavior
(Fig. 6) [36, 68]. Thus, medium-range oxidation-reduc-
tion potential (ORP) and neutral pH are critical conditions
for the toxic selenium to exist or to become dominant as
species.

4.5 Reactivity and mobility conditions of selenium
species

In the environment pH and reduction conditions play role
in selenium species and mobility. Acidic and reducing con-
ditions reduce inorganic selenites to elemental selenium,
whereas alkaline and oxidizing conditions favor the forma-
tion of selenates as described earlier. Consequently, since
selenites and selenates are soluble in water, selenium is
leached from well-aerated alkaline soils that favors its oxi-
dation. Conversely, elemental selenium and selenides are
insoluble in water; therefore, selenium tends to be sorbed
to wet and poorly aerated soils. Thus, reducing conditions
of the environment favor those forms. As a result, selenium
in alkaline soils is available for uptake by plants, whereas
the availability of selenium in acidic soils tends to be lim-
ited by the adsorption of selenites and selenates to iron
and aluminum oxide soils (Figs. 7, 8) [5, 69]. Further, tem-
perature, moisture, the concentrations of water-soluble
selenium, climate condition, organic matter content and
microbial activity also determine selenium mobility.

As an anthropogenic activity, agriculture does not
only increase the selenium content in soil but it can also
increase selenium concentrations in surface water, as sele-
nium is brought along with irrigation drainage water [70].
In that regard, factors controlling selenium release into
the groundwater system, soluble Na—- and Mg-SO, salts
represent the primary mobile reservoir of selenium in the
Mancos Shale and associated alluvium, with only minor
contributions from relatively insoluble gypsum. These salts
are more prevalent in alluvium than Mancos Shale, and
thus the alluvium represents a potential large source of
readily mobilized selenium, which has been reported in
other irrigated alluvial valleys particularly in the Western
United States and China [71].

Generally, selenium species typically have greater reac-
tivity towards oxidants and attract oxidants comparably
greater than sulfur that is determined by their scavenging
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Fig.6 Phase diagram of selenium speciation. (Reprinted with per-
mission from Springer-Verlag Berlin Heidelberg, Hydrogeol J [5].
© Springer-Verlag Berlin Heidelberg 2016)

efficient on oxidants including hypochlorous acid, espe-
cially in living systems. Such reactivity of selenium brings
implications of pros and cons in living system [72, 73].
Besides, its acid forms in the activation of m-bonds in diynyl
esters giving to conjugate structures are recently reported
[74, 75].

5 The selenium biochemistry

In the environment whereby inorganic selenium is trans-
formed into volatile forms including (CH;),Se by the micro-
bial action of fungi and plants, organic selenium is found
in biotic systems [61]. Selenium metabolism is found in all
domains of life, such as in bacteria, archaea, and eukarya
and viruses. The chalcogen, selenium, plays an important
role in animals, plants and microbes and their enzymes
[76] especially after the major finding that uracil guanine
and adenosine (UGA) termination codon is used to direct
the covalent insertion of selenocysteine. Selenocysteine
is viewed as the 21st amino acid by many scientists in
terms of ribosome-mediated protein synthesis-into cer-
tain selenium-dependent enzymes [77, 78]. Selenium
is incorporated into amino acids, such as cysteine, and
then into selenium-containing proteins. Three types
of redox enzymes that contain selenium in the form of



SN Applied Sciences (2019) 1:55 | https://doi.org/10.1007/542452-018-0032-9

Review Paper

Fig.7 Selenium species and (a) DMSe
transformation pathways (b)
between the species in a soil- Reduction T Ground surface
groundwater-shale system; —> g
dissolution, organic incorpora- Sg 04 Se0, se?~(Org) |
tion, volatilization, precipita- £ ——> 0, —>H,0
tion, and b the succession of Precipitation&] sorption Water table ¢ z
Fermin.al e-accepting processes €O, < —t‘:» NO, —> N,
in a soil-groundwater system,
showing the chemical reduc- Organic r
tion of SeO, to SeOj; only after Oxidation carbon 0
n
[C’)Si and NOj; have been reduced \ reservoir > Se0, Se0s
T
Se(0) i+ Fe a
l ‘ £ 1 , Fe(lll) —> Fe(Il)
S
Reduced Fe, Se in bed rock residual f
c
T
Fig.8 Selenium cycle in nature
and role of organisms
Assimilatory/Dissimilatory reduction
Organic — Se
Se0;~
Chemolithotrophic oxidation H,Se
+6 Oxidation states — -2

selenocysteine have been isolated so far and they are
characterized from bacterial sources, whereas only one,
glutathione peroxidase, is known in mammals [79].

In nature the selenium cycle (Fig. 8) is partially main-
tained by selenium reducing bacteria (SeRB). The role
of selenium cycling is played partly by the microorgan-
isms that use selenate and selenite as terminal electron
acceptors whose selenium biomineralization mecha-
nisms gave ways to selenium environmental biotechno-
logical applications [80].

In bacteria and archaea, selenium is readily metabo-
lized and involved in a range of metabolic functions that
include assimilation, methylation, detoxification, and
anaerobic respiration. In that regard, anaerobic digesters
treating organic waste and operating at high ammonia
concentrations are operated stably with selenium sup-
plement at 0.16 mg selenium per kg of fresh organic
matter feed [81-83].

In a related fact, after ingestion, selenium is absorbed
by the human body mainly in the duodenum and cae-
cum via active transport through a sodium pump. The
mechanisms of intestinal absorption of selenium differ
depending on the chemical form of the element. When it
is in excess, it is excreted through the urine and feces. Its

homeostasis is based on reserves of selenomethionine
in the kidney and liver [76, 84-87]. Humans can get sele-
nium from food items such as Brazil nuts, kidney, liver
wheat (grown in selenium rich countries) and drinking
water [88].

Regarding the biochemistry of selenium, whether it is
essential for higher plants metabolism or not, is debat-
able though most argue it is not [19, 21]. However, there
is a possible incorporation of trace amount of the element
into specific selenoproteins for which the “S-assimilation”
pathway is proposed where selenium is metabolized by
the enzymes of sulphate assimilation both in accumula-
tors and non-accumulators. Further, the accumulation
selenium varies within the plant where shoot and root
are most accumulators [21]. Whether selenium benefits
higher plants metabolism or not, a more concern as well as
an opportunity is the issue of phytotoxicity and its impli-
cation to human. On one hand, hyper-accumulators do
benefit through phytoremediation of selenium contami-
nated sites, on the other hand consumption of selenium
pounded plants could result in human selenium toxicity
while the less-accumulators would open the potential to
human nutrient supplement [89].

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:55 | https://doi.org/10.1007/542452-018-0032-9

6 Selenium quantification
in an environmental sample

Several instrumental and analytical methods including
microwave digestion and fluorescence detection are
applied to determine selenium in environmental sam-
ples in the recent past [61, 88]. Due to the narrow margin
between the essential selenium and selenium toxicity,
the detection sensor material, electrode surface modifi-
ers and chelators that overcome various challenges and
achieve better detection limit, range, reproducibility, sta-
bility, selectivity, sensitivity, and so forth got advanced
as reported by Devi et al., and Paikaray. Further the type
of sample matters on the choice of a particular or group
of detection methods as well as whether quantification
or speciation is sought. In that regard a recipe depicting
various environmental samples versus quantification and
speciation is given in Fig. 91, 17,61].

Generally, selenium detection techniques can apply
either the destructive method that includes the induc-
tively coupled plasma mass spectroscopy (ICP-MS), a
hydride generation atomic fluorescence spectrometer
(HG-AFS) or the hydride generation atomic absorption
spectroscopy (HGAAS). The non-destructive methods such

Quantification

ICAP-AES, INNA,

Voltammetry

ICP-MS, HG/FAAAS
INNA,

ICP-MS, HG/GFAAS

ICP-MS/AES/OES
HG/GFAAS

ICP-MS, HG/ GFAAS

as the Instrumental Neutron Activation Analysis (INAA) are
also gaining attention. If the desire is routine detection
but a simultaneous detection of multielement per sample,
then the use of ICP-MS is advised [1, 90]. The INNA can,
especially be applied to low detection (10781079 g) multi-
elemental analysis in an air sample though better detec-
tion limits and selenium speciation in an environmental
sample can be achieved using HGAAS (0.1 ug) [1, 91-941.
In spite of the advances in detection of selenium in an air
sample, obtaining composite air sample is complicated
and field-deployable air sampling method has been chal-
lenging until a simultaneous preconcentrating analysis
method is forwarded [95].

However, conventionally, gas chromatography (GC),
high-performance liquid chromatography (HPLC), ICP-
MS, neutron activation analysis (NAA), atomic fluorescence
spectrophotometry (AFS), AAS, electrothermal AAS, and
graphite furnace AAS (GF-AAS) are widely applied. Moreo-
ver, for improved detection and speciation, hyphenated
separation methods including lon chromatography (IC)
and capillary electrophoresis (CE) are used in conjugation
with various atomic spectrophotometry detection systems
such as Electrothermal AAS and plasmic optical emission
spectroscopy (POES) [5].

Speciation

XANES,
HGAAS

Se LC-ICP-MS, GC-

Plant T > |CP-MS, HG AFS

ICP-MS, HGAAS
XANES/EXAFS

ICP-MS
HGAAS

ICP-MS, HGAAS
XANES/EXAFS

Fig.9 Selenium detection from an environmental sample for speciation and quantification. (Redrawn from [1] with permission from John
Wiley and Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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For trace analysis of toxic elements, it is not only nec-
essary to determine the total content of the element in
question at lower and lower levels, but it is also necessary
to elucidate the binding state in order to evaluate the eco-
toxicity and to follow the pathways of these elements in
the environment and their metabolism in biological sys-
tems. Speciation of toxic as well as the essential elements
are therefore important through the detection of forms
of selenium.

Therefore, as applied to unravel selenium sorption
mechanisms that rely on an interaction of some source of
X-ray excitation and a sample, diverse advanced detection
techniques are emerging which include energy-dispersive
X-ray spectroscopy (EDXRS), Fourier-transform infrared
spectroscopy (FT-IR), powered X-ray diffraction (PXRD),
extended X-Ray absorption fine structure (EXAFS) and
X-ray absorption spectroscopy (XAS) [96].

7 Management of the excess selenium
in water and soil media

Diverse technologies are being applied to remove sele-
nium from water, soil, sediment and sludge [97]. These
technologies are applied at laboratory, pilot and full-scale
levels [46, 98]. By their working principle, these tech-
nologies encompass physico-chemical and biological
methods. For instance, the full-scale application systems
in selenium removal include fixed bed biological filters,
constructed wetlands and reverse osmosis. Table 2 below
gives a glimpse of the classes of selenium remediation
technologies with the corresponding examples that are
partly detailed in Table 3 including the advantage and dis-
advantage as well as process description.

7.1 Conventional selenium management
techniques

Numerous physicochemical methods have been used to
reduce the level of selenium from drinking water as well
as to meet discharge limits by the process industries. For
instance, the order of 1-5 pg/l is sought in the United
States and other selenium rich nations. Conventionally

the following techniques are applied to meet standards
in drinking water supply.

Biological reduction following pretreatment.
lon exchange,

Activated alumina (AA),

Reverse osmosis (RO), and

Distillation.

AN =

lon (anion) exchange can reduce selenium by up to
95%, in which the selenate ion is strongly preferred.
Although Se (IV) is more difficult to oxidize compared to As
(Il which is oxidized to As (V), this can readily be accom-
plished with the application of excess chlorine. The opti-
mum amount of oxidation is obtained between pH 6.5 and
8.0 where Se (IV) can be converted to Se (VI) within five
minutes at a free chlorine concentration of 2 mg/I. At pH
9.0, only 15% of the Se (IV) has been found to be converted
with 2 mg/| of free chlorine. Other techniques used for
selenium removal include distillation (>98% reduction),
reverse osmosis (RO) (>90% reduction) and activated alu-
mina (85-95% reduction) [87, 99, 100] (Table 3).

Removal of the excess selenium from drinking water
entered to a conventional scale especially in selenium
rich countries through the application of the biological
reduction technique. In such regard, fixed-film fluidized
bed reactor (FF-FBR), commercially called “ABMet”, has
got wider application. Recently, developments on the
application of this biotechnology to mineralize selenium
as extracellular and intracellular precipitation of selenium
biominerals have been reported using selenate respiring
bacterium [101].

Comparatively, despite its pretreatment and manage-
ment cost, pressure driven separations including RO are
also applied to full scale. Some removal techniques are at
pilot scale and few are still on a rigorous study especially
the electrocoagulation method as explained in Table 3.

7.2 Recent developments on selenium
management research

Since selenium contamination in groundwater and surface
water in numerous river basins worldwide has become a

Examples

Table 2 Brief summary of No Classes of technology
classes of selenium removal
technologies with examples 1 Chemical
2 Adsorption
3 Phytoremediation
4 Coagulation precipitation
5 Bioremediation (excluding

phytoremediation)
6 Pressure driven separations

lon exchange with adsorption, catalyzed reduction

Activated carbon, peanut shell, activated alumina, ferrihydrite
Wet land, algal volatilization

Electrocoagulation

Enzymatic selenium reduction, enhanced in situ microbial
reduction, algal-bacterial removal

Nano-filtration and reverse osmosis
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critical issue in recent decades [46], researches in selenium
environmental management are gaining wider attention.
Among the various endeavors attempted, phytoreme-
diation, sorption and use of characteristically identified
microbes are worth to mention.

Basically, phytoremediation is a biological approach
to pollution control or management activities that apply
selenium selective plants species as portrayed on Fig. 10
[102, 103]. The mechanism by which plants take up, trans-
port and transform selenium is nearly similar as illustrated
in Fig. 11. Accordingly, a selenium concentration of 1 g/
kg DW of plants is reported from phytoremediation of
contaminated site using hyper accumulator plant species
(Fig. 10). In that regard, the hyper accumulators including
giant reed to clean selenium-contaminated sites are also
conveyed in recent publications [7, 55, 76]. In a related
study water hyacinth (Eichhornia crassipes) were tested
for their pollutant metal sequestering potential [104] that
can also potentially be considered for selenium removal
[105]. However, the later management of the biomass will
be a challenge for future research.

Organo-selenium, selenite and selenate in the soil are
taken up through the plants’ physiological system involv-
ing the root transport system and are either incorporated
in selenium-protein, accumulated in their leaf or dissi-
pated into the air after methylation (Fig. 11) [95].

Sorption of selenium is another attractive removal tech-
nology which is proved efficient in removing selenium
from an environmental media and yet it is an older tech-
nique. For instance, sorption of selenium using minerals

Fig. 10 Classification of plants
depending upon selenium
accumulation as hyperaccumu-
lators, secondary accumulators
and non-accumulators. (Source:

)]

Hyper-accumulators
>1000mg-Se/kg DW
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Secondary-accumulators
100-1000mg-Se/kg DW

like hydrated lime and calcium-based particles proved
to be efficient based on an XRD evaluation [107, 108].
Adsorption of selenium is a phenomenon that co-occurs
during a metabolic process [10].

Volatilization of
DMDSe, DMDSe

Methylation of Se-
amino acids

Synthesis of Se- Air

amino acids

a5
Salna,

Accumulation of organic Se
& inorganic Se

Soil

Fig. 11 Selenium uptake by plants. (Adapted from [50])
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Non-accumulators
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In a related current study, sorption of selenium is tested
using rare earth hydroxide since the contents of selenium
in industrial wastewater, agricultural runoff, and drinking
water have to be constrained to a value of 50 pg/, as the
maximum concentration limit [109]. This recent experi-
mental research reported that selenium can be seques-
tered efficiently from its aqueous solution using a struc-
turally well-defined cationic layered rare earth hydroxide,
Y,(OH);Cl-1.5H,0 (Fig. 12) with maximum sorption
capacities of selenite and selenate reported are 207 and
124 mg/qg, respectively, both representing the new records
among the inorganic sorbents. In the low concentration
region, Y,(OH)sCl-1.5H,0 is able to almost completely
remove selenium from aqueous solution even in the pres-
ence of competitive anions such as NO;~, CI7, CO32‘, SO,
2= and HPO, 2". The resulting concentration 10 A pg/l is
achieved. The sorption kinetics is well fitted in the Lang-
muir model in two different pH levels, 7 and 8.5; however,
the selenium sorption decreased at the higher pH (Fig. 13).

Observing the surface phenomena closely, the sorp-
tion mechanism was unraveled by the combination of
advanced techniques like EDS, FT-IR, PXRD, and EXAFS.
Selenate ions were exchanged with chloride ions in the
interlayer space, forming outer-sphere complexes. In com-
parison, besides anion exchange mechanism, the selenite
ions were directly bind to the Y3* center in the positively
charged layer of [Y,(OH);(H,0)] * through strong bidentate
binuclear inner-sphere complexation, consistent with the
observation of the higher uptake of selenite over selenate
[109].

Waste sludge of domestic or industrial origin is becom-
ing another selenium mine sites. Like other recovery
operations, selenium is being obtained through sludge
mining: Pseudomonas stutzeri NT- | to reduce the soluble
selenium compounds to elemental selenium, Se(0) [110]
in another study. Michihiko lke and colleagues at Osaka
University, have developed a process to mineralize sele-
nium through microbial recovery though the technique is
obscured. This element is also present in industrial waste-
water streams, for instance, from copper production [111].

Fig. 12 Selenium adsorption in
rare earth hydroxide. (Adapted
with permission from [109].

© 2017 American Chemical
Society)

4 4 }ﬂ/ ‘ oy > S ,"’)
cationic layered rare-earth
hydroxides (LRHs)

However, much of the recovery efforts are on a laboratory
scale which is mainly due to gaps in the method applied
and the associated cost implications.

8 Conclusion

Selenium occurrence, geochemistry, nutrient and toxicity
effect remained concerns worldwide. Advances in analyti-
cal methods and instrumentation, selenium detection and
speciation helped in understanding selenium'’s environ-
mental process in more detail. Selenium’s natural distribu-
tion is globally uneven; for some it is scarce but for others,
it needs removal from an environmental medium. In addi-
tion, the selenium intake by animals involves both food
and water and hence the toxicity risk has to consider both
factors. Furthermore, the selenium mobility associated risk
is largely the selenium species specific, environmental pH
and redox potential dependent.

Regarding selenium management, reduction is the
most feasible chemical technology to remove selenium.
The biological methods are most established, especially in
using phytoremediation and microbial reduction, the lat-
ter being largely applied in drinking water supply systems.
Similarly, the application of surface phenomena to remove
selenium is advancing with time. Thus, selenium sorption
and isotherm are elucidated in recent works.

Yet, selenium remains to be a concern in geogenic and
anthropogenic contamination as well as in nutrient sup-
plement effect. The recovery of selenium from anthropo-
genic sources of release is also equally important. How-
ever, there is a huge geographical imbalance in selenium
studies and publications, the least studies being in the
African continent.

Research and development towards implementation
and provision of an adequate institutional framework and
marketing chains to increase the use of recovered sele-
nium materials require feasibility studies. Furthermore,
technologies for efficient recovery and reuse of recov-
ered selenium with consideration of speciation, purity and

TR

selenite

anion exchange

+
-sphere complexation

anion exchange
+
bidentate binuclear
inner-sphere complexation
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Fig. 13 Sorption kinetics of Se (IV) and Se (VI) on Y,(OH);Cl-1.5H,0
at a pH 7 and b 8.5. Sorption isotherms of Se (IV) and Se (VI) on
Y,(OH);CI-1.5H,0 at ¢ pH 7 and d 8.5. (Phase ratio=2 g/I, contact

value are highly sought. In such regard, integrating sele-
nium sequestered plants as source of selenium requires
those advanced separation techniques. However, the
extraction of the plant sequestered selenium is a future
challenge that needs to be addressed.
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