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Abstract Selenium, the essential toxin, iS an
indispensable nutrient for many organisms but
quickly becomes a significant environmental con-
cern at slightly higher concentrations, particularly in
aquatic environments. Water treatment technologies
have been developed over decades for industrial Se
removal, but invariably result in Se-laden residuals.
These Se-laden residuals represent a significant envi-
ronmental liability and require careful management,
which in turn represents a real, but often overlooked,
operating cost. Conversely, Se sees commercial use
across many industries and may be considered a vul-
nerable element in that its economic importance far
outweighs its global supply chain stability. Thus,
the recovery of Se from non-conventional sources,
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including solid (electronic waste) and water-based
sources (mine tailings, leachates, flue gas desulphuri-
zation water, agricultural waste) is desirable. Indus-
trial wastewater represents a unique opportunity to
pair wastewater treatment techniques with resource
recovery towards circular economy principles. This
review highlights conventional and emerging uses
of Se, along with an overview of its current supply,
and potential sources. Next, a summary of existing
and emerging wastewater treatment technologies for
Se removal from industrial wastewater streams is
provided. Finally, this review also includes progress
and developments towards Se recovery from the
same industrial wastewater streams, with a focus on
integrating Se wastewater treatment and Se recovery
towards a circular economy.
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1 Introduction

Selenium (Se) is a non-metal trace element in the
chalcogen group found naturally in the Earth’s crust.
Known as the ‘essential toxin’, Se is an essential
nutrient required by all living organisms at proper
trace concentrations, but quickly becomes toxic when
requisite concentrations are exceeded (Lenz and Lens
2009). As a result, Se contamination represents a sig-
nificant threat to the aquatic and soil environments,
wildlife, and humans.

Se contamination may occur through natural path-
ways, such as the weathering of shales and volcanic
eruptions, as well as anthropogenic activities, includ-
ing operations in the mining, petroleum, metal refin-
ing, energy, and agriculture industries (Tan et al.
2018). Specific examples include the mining of met-
allurgical coal, copper, uranium, and other metals, as
well as the flue gas desulphurization process found in
many power plants.

Se is present in nature in various states, includ-
ing selenate (Se(VI)), selenite (Se(IV)), elemental
Se (Se(0)), selenide (Se(-1I)), and various organic Se
compounds. Among the various states, most attention
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has been placed on Se(IV) and Se(VI) due to their
solubility in aquatic environments, persistent nature,
bio-accumulation capability, and toxicity (Nan-
charaiah and Lens 2015a). While the predominance
of Se(VI) or Se(IV) depends on water characteristics
such as pH, alkalinity, and redox conditions, Se(VI)
represents the more pertinent challenge to address,
as it is generally more soluble and bioavailable than
Se(IV), which is more readily adsorbed to soil and
sediments (Etteieb et al. 2020).

1.1 Current issues

While numerous Se treatment technologies have been
developed to full scale through decades of research,
process development and industrial treatment expe-
rience (Ali and Shrivastava 2021; Golder Associ-
ates Ltd., 2020; Okonji et al. 2021; Ruj et al. 2022),
Se persists as an environmental issue across various
industries and is far from a solved problem. As an
emerging critical contaminant of concern, Se regu-
lations are becoming more stringent and have drasti-
cally increased in number in recent years, with recent
guidelines in the low single-digit parts-per-billion
(ppb) range for fresh water for aquatic life across the
majority of North America (Kumkrong et al. 2018).
Often overlooked is the importance of Se treatment
and management to the supply of essential resources
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and metals around the world. Se issues are arising
from many mining operations seeking to extract valu-
able minerals and metals, including gold, silver, cop-
per, lead, zinc, uranium, phosphate and coal (Etteieb
et al. 2020), particularly in North America (Kham-
khash et al. 2017; Lemly 2004). Existing operations
unable to comply with Se regulations have recently
been subject to large monetary fines (Public Pros-
ecution Service of Canada 2021; Weber 2021), and
newly proposed operations with insufficient Se efflu-
ent discharge mitigation measures have recently been
rejected (Dryden 2021; Wilkinson 2021). As such,
the ability to address Se challenges is of significant
global importance, due to its impact to construction,
manufacturing, and energy sectors, in addition to its
effect on the environment.

Current Se treatment methodologies often result
in Se-laden residuals, such as biogenic sludge or con-
centrated brines, which are often sent to landfills or
sequestered via deep-well injection and may pose a
potential long-term environmental liability (Okonji
et al. 2021). As Se is also a commodity element with
wide-ranging applications across various industries,
environmentally sustainable industrial waste man-
agement and opportunities to recover Se for reuse
are strategic interests towards a circular economy.
We seek to review current and emerging commercial
uses for Se, potential sources for Se recovery, such as
Se-laden treatment residuals, and provide a compre-
hensive review of existing and potential Se recovery
options.

Table 1 Current commercial uses of Se and its compounds by industry

Industry Usage  Forms of Se used Description of use
share
(%)
Metallurgy 40 Elemental Se Additive to improve machinability of copper (Davis

Selenium dioxide

Glass manufacturing 25 Selenate and selenite salts

2001; Kuyucak and Sahoo 1996), brass, steel
alloys (Cheng et al. 2019; Gol’dshtein et al. 1979;
Zaslavskii et al. 1967)
Catalyst for manganese production (Hagelstein 2009;
Rojas-Montes et al. 2017; Sun et al. 2011)
Decolorization agent to remove green tint from glass

with Fe impurities (Miiller-Simon and Griebenow
2008)

Cadmium selenide, cadmium sulfoselenide Colorization agent to impart pink to intense red

Agriculture 10

Chemicals & pigments 10

Cadmium sulfoselenide

Electronics 10 Elemental Se vapors
Hydrogen selenide
Other 5 Sodium selenate

Selenium disulfide

Sodium selenate, sodium selenite

Elemental Se, selenium dioxide, & others

colors (i.e. for traffic lights) (Hans 1940; Youel
1947)

Additive for fertilizers, animal feed, and crops for
human consumption (Izydorczyk et al. 2021; Yan
et al. 2021)

Catalyst or oxidizing agent in numerous organic
chemical processes

Accelerator and vulcanizing agent in the rubber
industry

Strong and stable pigment (coloring agent) for plas-
tics, specialty paints and coatings, and ceramics

Key material in copper indium gallium selenide
(CIGS) thin-film solar cells (Ramanujam et al.
2020; Stanbery 2002)

Dietary supplements

Cosmetics (anti-dandruff shampoo)
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2 Selenium uses and supply
2.1 Current uses

Se was discovered in 1817 has been used commer-
cially and industrially since the early 1900s as an
glass decolorizer alternative to manganese dioxide
(Butterman and Brown Jr 2004). While Se still sees
use as a decolorizing agent in glass manufacturing,
certain historical applications, such as Se’s use in
Se rectifiers (Preston and Darwin 1950) or in xero-
graphic copiers (Berger et al. 1979) are no longer
relevant due to the development of modern materials
or technologies. Modern commercial Se use spans a
multitude of industries and applications, and has been
reviewed by government and academic groups alike
(Butterman and Brown Jr 2004; Langner 2000; Nau-
mov 2010; Stillings 2017; U.S. Geological Survey

2021). The current commercial uses of Se are sum-
marized in Table 1 below.

2.2 Future uses

In addition to its current commercial uses, Se has
been considered and/or identified as a critical mate-
rial for the future, particularly for sustainability and
renewable energy by various academic groups and
governmental bodies (Bauer et al. 2011; European
Commission 2014; Goe and Gaustad 2014; Grandell
and Hook, 2015; Jin et al. 2016). This is primarily
due to Se’s use in existing and emerging photovol-
taic cells and emerging energy storage technologies,
coupled with its vulnerable supply chain. Despite Se’s
modest economic price, its economic importance and
vulnerability was deemed higher than critical min-
erals including cobalt, copper, lithium, and gallium
(Fig. 1).

10
c < Bubble size = world mining
romium
i ) production
9 A Zinc adium
u Nic
O
Manganese 9 Magnesium
7] Q
22 umi
25 2on A, Selenium |
2
o i !
g > 4 Tin,” °
£ Cobalt Gallium
=T
> > 4 °
S & 6 - Phosph cepg s Molybdenum
g5 > Lithium Geranium
g » G oron Q 0 >
g s Titanium ° High rare earth elements
e wn S towrare-eartir m
ES elements silver
Q5
-
§g 4 1 ,
Sao Gold
oc
w g
3 <
2 Q . .
Strontium Lead Uranium Rubidum
0.001 0.01 0.1 1 10 100 1000 10000 100000
Economic Price (USD/kg)
Fig. 1 Three-dimensional feasibility ranking matrix of production (represented by bubble size of elements). Adapted

resource recovery based on element economic value (USD/
kg) as a function of economic importance and world mining
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2.2.1 Photovoltaic applications

Photovoltaic (PV) cells, used to convert sunlight
into electricity, exist in a multitude of types and
materials, each with their own advantages and dis-
advantages (El Chaar et al. 2011; Nayak et al. 2019).
Currently, the PV cell market is dominated by crys-
talline silicon cells, which account for an estimated
73.3% of PV technologies (Ghosh and Yadav 2021).
Thin-film PV technologies, which account for an
estimated 10.4% of the market share, are an alterna-
tive category of PVs which offer much thinner and
thus much lighter and flexible cells than traditional
crystalline Si PV cells, minimal material usage, and
rising efficiencies (Lee and Ebong 2017; Ramanu-
jam et al. 2020).

The three major types of thin-film photovoltaic
cells are cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and amorphous silicon
(a-Si) (Lee and Ebong 2017). CIGS cells have tra-
ditionally boasted the highest efficiencies of the thin
film PV technologies, closely followed by CdTe,
with o-Si significantly trailing (National Renewable
Energy Laboratory (NREL), 2013). CIGS cells have
several production methods, such as the co-evapora-
tion, sputtering, or electrodeposition of a thin Cu, In,
and Ga film, followed by the annealing of the result-
ant film by H,Se or elemental Se vapor. CIGS cells
may also be produced by the co-evaporation of Cu,
In, Ga, and Se.

Se has also been used in certain CdTe cells as an
additive to the front of the CdTe absorber layer, creat-
ing CdTeSe alloys which resulted in the highest CdTe
cell efficiency reported at the time (Fiducia et al.
2019).

2.2.2 Energy storage applications

Due to the rapid evolution of electronics, and the
need for portable energy storage options, lithium-
ion batteries (LIBs) have been developed to great
commercial success. However, current LIBs using
traditional materials, such as LiCoO, cathodes and
graphite anodes, have reached their capacity limits
and thus, LIBs currently face slow progress in energy
and power upgrades due to inherent technological
limits (Sun et al. 2021). Alternative battery technolo-
gies have therefore been a priority in energy storage
research, with Li-chalcogen systems emerging as a
popular option due to their high reduction potentials.

Lithium-selenium (Li-Se) and lithium-sulfur
(Li-S) batteries, two types of Li-chalcogen systems,
were proposed in the 1960s and have been revisited in
recent years as a strong and practical electrochemical
energy storage technologies (Eftekhari 2017). Li-S
batteries offer excellent theoretical specific capac-
ity and density (1675 mAh/g and 3467 mAh/cm?),
high energy density (2600 Wh/kg) and volumetric
density (2800 Wh/L), and sulfur is materially abun-
dant in nature. However, Li-S face several important
challenges, such as the very low electrical conductiv-
ity of sulfur (5x1072® S/cm), and the dissolution of
polysulfides into the electrolyte, causing poor cycling
stability and anode corrosion, known as the infamous
shuttling effect.

Li-Se batteries have lower specific capacity (675
mAh/g) than that of Li—Se batteries due to the rela-
tively higher mass of Se. While low in comparison to
Li-S batteries, the specific capacity of Li—Se is still
over double that of LIBs. As Se is significantly denser
than S, Li-Se batteries can attain a comparable
capacity density (3254 mAh/cm®) and energy den-
sity (2528 Wh/L). Additionally, Se has high electrical

Table 2 Comparison of
LIB, Li-S battery, and
Li-Se battery performance

metrics (Eftekhari 2017;
Sun et al. 2021; Xiang et al.
2021)

Characteristic Lithium-ion Lithium—sulfur  Lithium—selenium
(LiCoO, cath-
ode)

Specific capacity (mAh/g) 274 1672 675

Capacity density (mAh/cm?) 700 3467 3254

Energy density (Wh/kg) ~240-420 2600 1155

Volumetric density (Wh/L) 1190 2800 2528-2600

Cathode material conductivity (S/cm)  1x 107 5% 10730 1%x107°

Cathode melting point (°C) - 115

@ Springer



228

Rev Environ Sci Biotechnol (2024) 23:223-255

conductivity (1x107 S/cm), which is 25 orders of
magnitude higher than that of S, and a significantly
higher melting point (221 °C) than S (115 °C), allow-
ing Li-Se batteries to operate at higher temperatures
than their Li-S counterparts. Furthermore, Se-based
cathodes have been demonstrated to be compatible
with carbonate electrolytes that exhibit higher volt-
age stability and lower cost than the ether-based
electrolytes used in Li-S batteries (whose chemistry
is incompatible with carbonate electrolytes). Li—Se
batteries also face similar challenges in polyselenide
dissolution and the resultant shuttling effect, however
research has been devoted to overcoming this prob-
lem (Aboonasr Shiraz et al. 2021; Tian et al. 2020). A
comparison of LIB, Li-S, and Li—Se battery metrics
is presented in Table 2 below.

2.3 Supply of selenium
2.3.1 Copper anode slimes

Commercial Se is primarily obtained through its
refining and recovery anode slimes, a by-product of
the electrolytic refining of various metals, mainly
copper. Briefly, copper is currently produced and
refined from chalcopyrite, the major copper-bearing
mineral in the crust, following processes such as com-
minution, flotation, smelting, conversion, pyro-refin-
ing, and electrorefining (Fig. 2a). Electrorefining, the

Fig. 2 a Overall process
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principal method of mass high-purity copper produc-
tion, involves the electrochemical dissolution of cop-
per from impure cast anodes into electrolyte, followed
by the deposition of pure copper from the electrolyte
onto the cathodes, resulting in pure copper cathodes
(Fig. 2b). During the electrorefining process, impuri-
ties from the anode material are separated from the
copper; soluble impurities are removed with flowing
electrolyte, while insoluble impurities accumulate at
the bottom of the electrorefining tank, referred to as
copper anode slimes. Anode slimes are considered
a hazardous material, as well as an important sec-
ondary source for valuable metals, such as Cu, Au,
Ag, and Pb, and represent the source for 80-90% of
produced Se (Chapman et al. 2010; U.S. Geological
Survey 2021). Both hydrometallurgical and pyromet-
allurgical processes have been developed to extract
metals and metalloids from anode slimes.

2.3.1.1 Metallurgical methods to recover Se
from anode slimes As mentioned previously, copper
anode slimes represent an important source of scat-
tered and precious metals, including Se, Te, Au, Ag,
Pt, and Pd, with approximately 90% of the global Se
supply produced from copper and lead anode slimes
(Li et al. 2017). Within copper anode slimes, Se is
present in various forms, such as Ag,Se and Cu,Se,
which cannot be dissolved in non-oxidizing acids or
alkaline solutions (Chen and Dutrizac 1988; Liu et al.
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Fig. 3 Metallurgical methods for recovery of Se from copper anode slime. Figure modified from (Liu et al. 2020). Copyright ©

2020, Elsevier.

2020; Rao et al. 2022). More aggressive and com-
plex processes are therefore required to separate and
recover Se from anode slimes. Various metallurgical
methods have been developed and applied towards the
recovery of metals and metalloids at full industrial
scale. Typically, over 95% of Se in copper anode slime
can be recovered following leaching and precipitation
processes, shown in Fig. 3. Leaching of Se from anode
slime is usually carried out during precious metals
recovery, alongside Cu removal. Leaching of Se from
anode slime involves methods such as sulfation roast-
ing, alkali leaching, soda smelting, and other leach-
ing processes. The leaching step is then followed by a
precipitation step, in which Se is reduced to elemental
form and recovered (Liu et al. 2020).

2.3.1.2 Extraction (leaching) of Se Sulfation roast-
ing is one of the most common methods used for the
recovery of Se from copper anode slime (Khanlarian
et al. 2019). In order to convert Se, Te, and Cu into
their respective oxides or sulfates, oxygen in air is used
as an oxidant at temperatures ranging from 300 to 700
°C, and Se is volatilized to SeO,. The resultant SeO,

can then be directly reduced by SO, to form elemental
Se. However, this method does not work well when
treating copper anode slimes containing large amounts
of Se (Hyvirinen et al. 1989).

Oxidative leaching is an alternative method of Se
recovery which solves the issue of SO, contamina-
tion (Hyvirinen et al. 1989). The oxidation process
occurs at 700-800 °C, converting 95% of Se to SeO,.
An alkaline solution is then used to scrub the SeO, to
form a selenite solution.

In soda roasting, copper anode slimes are mixed
with specific amounts of sodium carbonate or bicar-
bonate and sintered in a rotary furnace at tempera-
tures ranging between 450 and 650 °C. The slimes
containing Na,SeO; and Na,SeO, are subjected to
alkaline leaching after roasting, leading to the disso-
lution of 90% of the Se, which separates Se from Te
due to the insolubility of Na,TeO, (Lee et al. 2021).
Selenide behaviour in soda roasting is determined by
the temperature and the addition of sodium carbonate.
Even though this approach eliminates the need for
gas scrubbers, the process produces selenate which
requires further reduction (Hait et al. 2009).
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It is also possible to leach elements from anode
slimes by using sulfuric acid at higher temperatures and
under high pressure (Cooper 1990). Due to the high
redox potential of Se compared to other metals, most of
the Se remains in the residue, while Cu, Te, and other
elements are leached out. Copper anode slimes with
high Se content can be treated with this method, though
at the cost of high oxygen consumption in addition
to high equipment and maintenance costs (Liu et al.
2020).

Wet chlorination of slimes involves the oxida-
tion and dissolution of selenium and selenides by the
sparging of chlorine gas at~100 °C into slime-water
or slime-hydrochloric acid slurries to convert Se to
selenious acid (H,SeO;) (Wang et al. 2016). The use
of excess chlorine may lead to selenic acid (H,SeO,)
generation (Liu et al. 2020). While a high Se recovery
rate is desired and achievable, most other metals in the
slimes are also oxidized and converted to their chlo-
rides, making the leachate composition complex (Hoff-
mann 1990).

Due to the similarities in physical and chemical
properties of Te and Se, the extraction methods men-
tioned, except for oxygen pressure leaching (Rao et al.
2021), extract Te and Se concurrently.

Sulfation roasting-acid leaching

Ag,Se + 3H,50, — Ag,SO, + SeSO; + 3H,0 + SO,

ey
Cu,Se + 6H,S0O, — 2CuSO, + SeO, + 4505 + 6H,0

2
SeO, + 2H,0 + 250, — 2H,S0, + Se 3)

Oxidation roasting-alkali leaching

Cu,Se + 20, — SeO, + 2CuO 4)
Ag,Se + 0, —» 2Ag + SeO, 5)
AuSe, + 20, — Au + 2SeO, (6)

CuSeO; + 2NaOH — Na,SeO; + H,O0+ CuO  (7)

Se0, + 2NaOH — Na,SeO; + H,0 8)

Soda roasting-acid leaching

Ag,Se + Na,CO; + O, — Na,SeO; + 2Ag + CO,
©
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Ag,Se + Na,CO; + 3/20, — Na,SeO, + 2Ag + CO,
(10)

Cu,Se + Na,CO; + 5/20, — Na,SeO; + 2CuO + CO,
an
Cu,Se + Na,CO; + 5/20, — Na,SeO, + 2CuO + CO,
(12

Oxygen pressure leaching

Cu,Se + 2H,50, + O, — Se + 2CuSO, + 2H,0
(13)

2CuAgSe + 2H,S0, + O, — Se + 2CuSO, + Ag,Se + 2H,0
(15)

Chlorination leaching

Cl, + H,0 - HCl + HCIO (16)
Cu,Se +4HCIO — H,Se0; +2CuCl, + H,O  (17)
Ag,Se + 3HCIO — H,SeO; + 2AgCl + HCI (18)

Ag,Se + 4HCIO — H,Se0, + 2AgCl + 2HCl  (19)

2.3.1.3 Precipitation/separation of Se Leachates
containing selenide and telluride are produced from
the various processes available for the leaching
stage, described previously. Separating Se or Te from
the resultant leachate solution is done primarily by
neutralization precipitation and reduction methods,
shown in Fig. 4. Many approaches have been stud-
ied to separate Se and Te from extraction leachates,
but only a few have been successfully applied at full
industrial scale. Equations (20)—(24) represent the
reactions occurring in different precipitation meth-
ods (Liu et al. 2020).

Although a variety of reducing reagents pos-
sessing low redox potentials can be used as reduc-
ing reagents for selenium, Cu powder, SO, gas,
and Na,SO; are commonly used in industry. The
optimal result for the Cu replacement method is
obtained when two times stoichiometric amounts of
Cu powder are used at 90 °C. A lower temperature
(60 °C) is required for the SO, reduction method
when the flow rate of SO, is 0.3 L/min. Sodium
sulfite is another reducing reagent that is widely
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Table 3 Selenium abundance in potential geogenic and anthropogenic sources (in mg/kg)

References

Sources Se abundance
Geogenic Volcanogenic massive sulfides (VMS) 128 mg/kg (mean),
2500 mg/kg (max)
Phosphorites 0.11-44 mg/kg
Black shales and organic-rich sediments 1.3-1500 mg/kg
Polymetallic nodules 0.5-15 mg/kg (mean)
Anthropogenic Metallurgical wastes 0.01-61,100 mg/kg

Waste electric and electronic equipment

(WEEE)
Landfill and landfill leachates
Sewage sludge

Flue gas desulphurization effluents

Mining wastes and tailings

Up to 498,000 mg/kg
0.005-1.26 mg/kg

Up to 4.3 mg/kg

1 mg/kg (mean)
Up to 12 mg/kg

Auclair et al. (1987), Ecorys (2014), Juliani
and Ellefmo (2018), Queffurus and Barnes
(2015)

Bech et al. (2010)

Armstrong et al. (2018), Baturin (2017),
Mitchell et al. (2012), Parnell et al. (2016)

Conrad et al. (2017), Gonzélez et al. (2016),
Guan et al. (2017), Hein et al. (2016, 2012),
Konstantinova et al. (2017), Muifios et al.
(2013)

Bozym (2020), Funari et al. (2021), Hasegawa
et al. (2014), Mikeld et al. (2013), Shirme-
henji et al. (2021)

Ma et al. (2020)

Lemly (2004), Roessler et al. (2017)

Mininni et al. (2019), New Jersey Department
of Environmental Protection, Division of
Water Quality (2018)

Cordoba and Staicu (2018)

Bullock et al. (2017), El Amari et al. (2014),
Santos et al. (2015), Tan et al. (2016), Ziem-
kiewicz et al. (2011)
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used in industry to separate selenium from solutions
that contain both tellurium and selenium. These
methods all allow for recovery of >99% of selenium
(Liu et al. 2020).

Cu replacement

2Cu + H,Se0, + 2H,S0, — 2CuS0, + 3H,0 + Se

(20)
4Cu + H,TeO, + 2H,SO, — Cu,Te + 2CuSO, + 2H,0
2y
5Cu + H,TeO, + 3H,SO, — Cu,Te + 3CuSO, + 4H,0
(22)

SO, reduction
H,Se0; + 250, + H,0 — Se + 2H,S0, (23)

Na,SO; reduction

H,TeO, + Na,SO; — TeO, + Na,SO, + H,0  (24)

2.3.2 Potential sources

As anode slimes are currently the sole primary source
of commercial Se, the supply of Se is currently depend-
ent upon the processing of other metals, such as Cu,
and may be potentially unstable (Hageliiken and Mesk-
ers 2009). As such, prospective, albeit unconven-
tional, geogenic and anthropogenic sources have been
reviewed and identified (Funari et al. 2021) and are
summarized in Table 3 below.

An analysis in 2010 estimated that 90 Gg of refined
Se was produced between 1940 and 2010, 60 Gg of
which was dissipated into the environment through the
various Se end-uses, such as metallurgical additives,
glass manufacturing, and chemicals and pigments,
amongst others (Kavlak and Graedel 2013).

Se in electronics, known as waste electric and elec-
tronic equipment (WEEE) are a particularly promising
source of recoverable Se. In the past, Se was exten-
sively used in photocopiers and rectifiers, and is now
increasingly used in thin-film CIS and CIGS solar cells,
as well as in certain CdTe solar cells as an additive.
The chemical analysis of CIGS chamber waste shows
a rather high concentration of 49.77 wt% Se, thus rep-
resenting an opportunity for Se recovery (Ma et al.
2020). As the global energy portfolio continues to shift
towards renewable energy, an increase in photovoltaic
cell demand and production is expected. Considering
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the service life of solar cells of approximately 25 years
(Sampaio and Gonzalez 2017; Sherwani et al. 2010),
the recovery of Se from CIGS may become an urgent
need.

3 Selenium treatment from wastewater
3.1 Biological

Biological treatment represents the majority of full-
scale Se treatment systems, with roughly 70% of full-
scale treatment plants constructed between 2007 and
2018 comprising of biological systems, either as stan-
dalone Se treatment systems, or in conjunction with
physical/chemical processes (Golder Associates Ltd.,
2020). Biological treatment systems include active and
passive options, in which selenate and/or selenite oxy-
anions are reduced to elemental Se (nano)particles by
phylogenetically diverse microorganisms under anaero-
bic, anoxic conditions (Nancharaiah and Lens 2015b;
Simm 2021; Sinharoy et al. 2019; Staicu et al. 2017;
Tan et al. 2016). Mechanistically, biological Se removal
occurs primarily via dissimilatory processes which
convert soluble Se oxyanions (Se0,>~ and Se0;>") to
insoluble and less toxic biogenic elemental Se (Sinha-
roy and Lens 2020). The process can take place either
inside or outside the cell, which are denoted as intracel-
lular or extracellular processes respectively. Dissimila-
tory Se reduction can be carried out by many species
of bacteria, fungi and archaea (Jain et al. 2017). Algae,
bacteria and fungi are also able to convert Se to sele-
noproteins and volatile selenides (Sinharoy and Lens
2020).

3.1.1 Active biological systems

Active biological treatment has been the primary
technique of choice for Se treatment and is comprised
of two main classifications of bioreactors: (1) fixed-
film reactors, also known as attached growth systems
or biofilm reactors, and (2) suspended growth sys-
tems. Of the two classifications, fixed-film reactors
are more widely used and commercialized in the con-
text of Se treatment.

Fixed-film reactors rely on biochemical trans-
formations performed by a biofilm on a surface
and include systems such as the packed bed reactor
(PBR), fluidized bed reactor (FBR), and expanded
bed—packed bed hybrid (Simm 2021).
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Packed bed reactors (PBRs) have the longest
track record and most full-scale treatment appli-
cations. In brief, a packed media with high sur-
face area is used as a substratum for biological
growth, while allowing for water, suspended solids
and sloughing biological growth to pass through
the media (Jain et al. 2017; Simm 2021; Tan et al.
2016). Periodic backwashes are performed to
remove accumulated solids from packed media. A
full-scale example of PBRs used for Se treatment
is the ABMet® system (Suez Water Technologies
& Solutions), which uses granular activated car-
bon as a substratum for bacterial attachment, and
a molasses-based solution as the electron donor
for Se reduction, and was used in 12 Se treatment
plants globally by 2018 (Tan et al. 2016). The
ABMet® systems were found to be effective at
maintaining a high Se removal efficiency (99.3%)
consistently throughout the years, however disad-
vantages include large footprint requirements due to
low hydraulic residence time (HRT), pre-treatment
requirements to remove high suspended solid (SS)
loads, biomass loss from washout, and competition
for carbon source by other ions (Jain et al. 2017;
Tan et al. 2016).

Fluidized bed reactors (FBRs) utilize biofilms
grown over small carrier particles or media that are
suspended by upward flow through the reactor ves-
sel. In FBRs, thin films are maintained despite the
large amounts of biomass generated, which allows
for higher mass transfer rates and volumetric effi-
ciencies (Tan et al. 2016) While FBRs can handle
higher TSS and nitrate concentrations, solids are not
contained within the reactor, making downstream
solids removal a requirement (Simm 2021). A full-
scale example of FBRs used for Se treatment is the
Envirogen FBR system (Envirogen Technologies,
Inc.), which was used in 2 full-scale treatment plants
for MIW by 2018 (Simm 2021). While FBRs have
smaller footprints and lower installation costs due to
the complete mixing within the reactor, they still suf-
fer from carbon source competition and biomass loss,
and do require solid-liquid separation downstream of
the reactor (Tan et al. 2016).

The expanded bed—packed bed hybrid system
(EBBR) pairs an FBR with a downstream PBR in a
dual-stage process, to benefit from the high mass
transfer capability of an FBR, as well as the sol-
ids capturing and biodegradation capacity of a

PBR (Simm 2021). Such hybrid systems have been
employed at full-scale in the form of the SSHAWK®
system (Frontier Water Systems), with nine sys-
tems installed for MIW treatment, and four systems
installed for FGDW treatment, in 2018. Additional
systems were commissioned at Duke Energy’s Mar-
shal, Crystal River, and Miller stations in 2019.

Many other biological treatment configurations
exist, such as moving bed biofilm reactors (MBBR),
sequencing batch reactors (SBR), upflow anaerobic
sludge blanket (UASB) reactors, membrane biofilm
reactors (MBfR), and suspended growth systems,
including activated sludge systems and granular
sludge systems, and are used ubiquitously in water
treatment (Nancharaiah and Lens 2015a). In the con-
text of Se, plenty of research has been done on the
numerous active configurations not covered in detail
within this review, however they have not been dem-
onstrated at the full-scale (Jain et al. 2017; Simm
2021; Tan et al. 2016; Werkneh et al. 2023).

3.1.2 Natural biological treatment systems

Full-scale active treatment plants incur high capital
and operating costs, resulting in significant inter-
est in passive treatment technologies for selenium
bioremediation. Natural treatment systems use a
passive approach and can be defined as bioreactor
systems that do not require deliberate continuous
nutrient feed and can operate with minimal or no
electrical equipment and operator attention.

In general, natural treatment systems, also known
as passive or semi-passive biological systems
(Simm 2021), offer significantly lower capital and
operating costs compared to active treatment, but
have low hydraulic loading rates, large area require-
ments, lack control over organic media degradation,
and have potentially high levels of residual nutri-
ents. Natural biological treatment methods include
constructed wetlands, biochemical reactors, gravel
bed reactors, and submerged rock fill.

Constructed wetlands make use of vegetation,
soils, and their associated microbial activity to pro-
vide treatment in which Se is biologically reduced
to elemental Se, as well as potential organic sele-
nide compounds. Biochemical reactors build upon
the concept of constructed wetlands by including
a lining around the active area as containment to
reduce ecological risk.
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Gravel bed reactors are semi-passive alternatives,
which consist of an engineered bed of gravel/media
through which influent stream with added elec-
tron donor(s) and nutrients is passed and treated.
Reduced Se is immobilized within the gravel bed.
Several gravel bed reactors have been successfully
implemented at the pilot/full scale, with treatment
to below 5 ppb Se. Submerged or saturated rock fill
(SRF) is conceptually similar to gravel bed reactors,
and involves the use of a fully-contained backfilled
mine pit as a bioreactor, in which mine-impacted
water and nutrients are injected into the backfilled
mine pit where biological reduction is carried out
by native bacteria. SRF has been implemented suc-
cessfully at the full-scale since 2019 at the Elkview
SRF (Teck Resources), removing Se and nitrate
from over 10 million liters of water per day. While
the observed treatment is very successful and prom-
ising, the long-term fate of sequestered Se remains
a question of concern.

3.2 Physical Methods
3.2.1 Membranes

Membrane filtration has become a core and supremely
prevalent technology used to address challenges in
water scarcity and water sustainability, with microfil-
tration, ultrafiltration, nanofiltration (NF) and reverse
osmosis (RO) representing the most commonly used
membrane processes (Hube et al. 2020). Due to the
molecular weight of Se oxyanions, RO and NF are the
main membrane processes used in the context of Se
treatment/management (Li et al. 2022a, b; Lichtfouse
et al. 2022; Santos et al. 2015). RO and NF processes
are driven by the applied pressure which forces the
liquid to pass through semi-permeable membranes.
The membranes can separate out inorganic con-
taminants by two main principles: (1) steric hin-
drance, and/or (2) Donnan exclusion. Steric hin-
drance refers to when a contaminant is unable to
pass through the membranes due to size constraints.
In other words, the contaminants are too large to fit
through the pores of the membranes. The Donnan
exclusion principle refers to repulsive electrostatic
interactions between the membranes and anionic or
cationic species in the liquid being filtered. A mem-
brane with fixed charged groups repels ions with
the same charge, while ions with opposing charges
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are attracted and may pass through the membrane
(Epsztein et al. 2018). Regardless of which principle
is dominant in a particular case, membranes allow a
clean permeate to pass through, while a concentrated
brine is formed with the constituents unable to pass
through the membranes, known as the reject or reten-
tate stream.

It is important to note that the concentrated brines
resulting from membrane processes are significant
environmental hazards, while at the same time rep-
resenting untapped resources awaiting recovery. As
a result, sustainable brine management has been a
topic of significant interest from the perspectives of
water, energy, and mineral recovery and sustainability
(Bello et al. 2021; Mavukkandy et al. 2019; Ogunbiyi
et al. 2021).

Reverse osmosis is generally regarded as the most
effective membrane process for the removal of sele-
nium from water (Li et al. 2022a, b; Santos et al.
2015), due to RO typically offering the highest Se
rejection rates. However, literature and academic
work on RO systems for Se removal is limited. One
study showed a 100% rejection of Se (Se concentra-
tion in permeate below detection limits) after a pri-
mary RO process using a BW30XFR membrane
to treat mining site groundwater (Subramani et al.
2012). Another study compared several RO mem-
branes (BW30, TFC-S, and ESPA4) for the treat-
ment of two sources of brackish groundwater with
up to 15 pg/L of Se (Richards et al. 2011). Rejection
rates of >93.8%, 90.0%, and>92.6% were reported
for the BW30, TFC-S, and ESPA4 RO membranes
respectively. These relatively low rejection rates may
be explained by the low concentration of Se in the
influent, and the limit of detection of Se in the study.
RO systems are generally well regarded for full-scale
Se removal to less than 5 pg/L, but are balanced by
the higher capital and operational costs compared
to other membrane separation processes (Sandy and
DiSante 2010).

Nanofiltration, with target contaminant sizes in the
nanometer range (e.g. multivalent ions) has also been
demonstrated as an effective membrane filtration
option for Se removal (Li et al. 2022a, b; Santos et al.
2015). NF, while generally expected to have lower
rejection rates for Se than RO, may be advantageous
due to its significantly lower operating pressure.
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3.2.2 Adsorption

Adsorption is a ubiquitous water treatment technique
which can take several forms (i.e. mixing, fixed-bed
filtration, reactive barriers). While the high-level
operating principles of adsorption are simple, deeper
understanding of underlying mechanisms relevant to
Se treatment, such as inner-sphere and outer-sphere
complexation between Se oxyanions and adsorbent
materials, electrostatic interactions, and ion/ligand
exchange, drives the development and optimization
of adsorbents (Guo et al. 2023; Li et al. 2022a, b;
Zoroufchi Benis et al. 2022).

Adsorbents can be classified into four general cat-
egories: metal oxides, layered double hydroxides, pol-
ymers, and carbon-based composites.

Metal oxides are common adsorbents for Se as
both SeO,*~ and SeO,*~ can adsorb via surface com-
plexation (Jadhav et al. 2020; Myneni et al. 1997,
Zoroufchi Benis et al. 2022), and in many cases, cou-
lombic attraction due to the high points of zero charge
(PZC) of many common adsorbents (Shen et al. 2019;
Zhao et al. 2021). Iron-based adsorbents dominate the
category, however other metal (e.g. Al, Mg, Ca, Mn,
and Cu) oxide-based adsorbents have been explored
to promising effect and demonstrate similar char-
acteristics to their iron-based counterparts (Li et al.
2022a, b; Zoroufchi Benis et al. 2022).

Layered double hydroxides (LDHs), also known
as nanoclays or hydrotalicites, are two-dimensional
inorganic sustainable materials with different layers
and/or interlayers, which have been increasingly stud-
ied for their potential use as adsorbents (Kuroda et al.
2013; Ma et al. 2018). Se oxyanions are adsorbed to
surface hydroxide and interlayer ion adsorption sites
via anion/ligand exchange and surface complexation
mechanisms (Zhou et al. 2015). Examples which
have been studied to promising effect include Mg—Al,
Mg-Al-CO;, and Y,(OH)sCI-1.5H,0 LDHs (Chubar
2014; Constantino et al. 2017; Zhu et al. 2017).

Polymers represent a relatively recent development
in Se adsorption, and take the form of polymer micro-
spheres, beads, or resins (Findik et al. 2014; Rabiul
Awual et al. 2014). Due to polymer-based adsorbents
having large numbers of functional groups, Se oxy-
anions can adsorb onto the many adsorption sites
via anion/ligand exchange and surface complexation
(Dobrzyriska 2021; Muthu Prabhu et al. 2020).

Carbon-based composites include porous car-
bons (e.g. biochar and activated carbon) or micro-or
nano-particles (e.g. carbon microsphere and graphene
oxide). Carbon-based composite adsorbents tend to
have limited adsorption ability to selenium oxyanions
in aqueous solutions, but often have large specific
surface areas as well as surface functional groups
which enable the loading of functional materials to
form composite materials with enhanced adsorptive
ability (Li et al. 2022a, b).

3.3 Non-biological reductive techniques
3.3.1 Chemical reduction

In selenium treatment, chemical reduction is achieved
using zero valent iron (ZVI), which is a commonly-
used technology employing iron (often in nanoparti-
cle form) as a strong reductant in the treatment of a
wide variety of contaminants (ranging from organics,
to heavy metals and metalloids) from various envi-
ronmental media (i.e. groundwater or soil) (Pasinszki
and Krebsz 2020; Sinharoy and Uddandarao 2023).

In brief, Fe(0) and/or Fe(Il) from ZVI reduces
Se(VI) to Se(IV), which can then be sorbed and
reduced to Se(0) or Se(-II) and encapsulated into
nanoparticles and/or co-precipitated (Das et al. 2017;
Ling et al. 2015). ZVI is advantageous in many appli-
cations due to its relatively low cost, low toxicity, and
simplicity. However, a key disadvantage is that the
iron surface passivates very readily, leading to marked
reduction in reactivity (Tang et al. 2016). As a result,
much of the recent research on ZVI for water treat-
ment applications has been focused on the mitigation
and/or inhibition of ZVI surface passivation (Wu et al.
2020). Moreover, ZVI-based technologies result in
Se-laden chemical sludge, which requires careful dis-
posal (Santos et al. 2015). Nevertheless, ZVI remains
a common and promising technique, and is especially
relevant due to its application for passive and in-situ
treatment in the form of permeable reactive barriers
(Blowes et al. 2000; Lawrinenko et al. 2023).

3.3.2 Electrochemical reduction
Electrochemical reduction in the context of Se can
refer to indirect electrochemical reduction, or Se

direct electrochemical reduction (SeDER). In indi-
rect electrochemical reduction, reactive sacrificial
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iron anodes are used in an electrochemical circuit to
produce strongly reducing ferrous ions and ferrous
hydroxide to remove selenate from solution (Baek
et al. 2013). This process produces non-extractable
precipitates of Se(0) or Se(-II) with ferrous hydroxide.

SeDER is a newer development in Se treatment
in which the cathode potential is controlled to match
the reduction potential of target contaminant, reduc-
ing Se(IV) to Se(0) or Se(-II) directly on the cath-
ode (Zou and Mauter 2021a). Advantages of SeDER
over indirect chemical reduction include the selec-
tive removal of Se ions, fewer parasitic reactions
and reduced energy consumption (Zou and Mauter
2021a). Additionally, the absence of sacrificial reac-
tions at the anode may also prolong the electrode
lifespan, reduce solids production, and enable con-
tinuous process operation. Key disadvantages include
the four-electron pathway being surface limited, caus-
ing the reaction to terminate when the cathode is fully
covered in insulative amorphouse Se(0). However, it
is reported that above 80°C, conductive crystalline
Se(0) is deposited instead, allowing the reaction to
be carried out continuously. SeDER has been inves-
tigated in the presence of common cathodic compet-
ing ions, such as nitrate and sulfate, as well as com-
mon anodic competing ions (Zou and Mauter 2021b).
Furthermore, the SeDER process can be adapted to
cost-effective and readily available cathode materials,
such as graphite (Yang et al. 2023). Graphite is par-
ticularly promising due to its low cost, high SeDER
performance, high energy efficiency, and lack of
metal ions that may leach into water. Furthermore,
Se can be inserted into graphite as C—Se composites,
enabling continuous Se reduction without requiring
higher temperatures, solving a key limitation seen in
the earlier SeDER work (Yang et al. 2023; Zou and
Mauter 2021a). SeDER-plated Se can be recovered
via mechanical techniques (i.e. scraping) (Gabe and
Walsh 1983; Zou and Mauter 2021b), or electrochem-
ical techniques, such as the anodic stripping to reoxi-
dize Se into enriched solution, or cathodic stripping
to fully reduce Se(0) to Se(-II) for subsequent recov-
ery as a metal-selenide precipitate (Holmes et al.
2020; Yang et al. 2023).

3.3.3 Photocatalysis

In photocatalysis, photons are absorbed to excite
photocatalyst materials and/or form reactive radical
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species to drive desired reactions. Photocatalysis can
be divided into homogeneous photocatalysis, where
the photocatalytic material exists in the same phase
as the reactants (i.e., photo-Fenton systems), or het-
erogeneous photocatalysis, where the photocatalysts
are in a different phase (i.e., solid semiconductors
for water treatment). Homogeneous and heterogene-
ous photocatalysis and their mechanisms have been
extensively covered in many recent comprehensive
reviews.

The use of TiO, for selenium oxyanion photo-
catalytic reduction was first published in 1999 and
saw many studies in the early-mid 2000s establish-
ing much of the fundamentals and proofs of con-
cept for selenium treatment using UV/TiO, systems
(Nguyen et al. 2005; Sanuki et al. 1999; Tan et al.
2003a, 2003b). In these studies, it was demonstrated
that Se oxyanions can be reduced to elemental Se and
H,Se gas (Sanuki et al. 1999; Tan et al. 2003b). Fur-
thermore, formic acid was determined the best per-
forming electron hole scavenger for Se reduction, in
a comparison between all common hole scavengers
(Tan et al. 2003a). In all of these studies however, Se
oxyanion reduction was demonstrated only in de-ion-
ized water solutions with Se oxyanion salts, lacking
many of the dissolved ions and co-contaminants pre-
sent in real wastewaters. This trend continues in more
recent studies as well, which focus on the develop-
ment of novel photocatalysts for selenium reduction
and the reduction of non-oxyanion Se compounds,
but only demonstrating and characterizing perfor-
mance in DI water solutions (Chalastara and Demo-
poulos 2022; Fuziki et al. 2021, 2020; Labaran and
Vohra 2017, 2014; Machabaphala et al. 2021).

Successful photocatalytic Se oxyanion reduction
was demonstrated at the lab scale on mine-impacted
water in 2022, where selenate was selectively reduced
from > 500 ug L™! to<2 ug L™! in the high presence
of co-anions such as nitrate, sulfate, chloride, and car-
bonate (Holmes et al. 2022). In this work, SeO42_ was
reduced to SeO(S) and HZSe(g), and the effects of the
major co-anions on photocatalytic Se reduction were
elucidated. Photocatalytic Se oxyanion reduction was
also demonstrated on synthetic mine-impacted brine
mimicking brine produced through membrane pro-
cesses in 2023 (B. Holmes et al. 2023). In this study,
Se0,>~ was selectively reduced from>3300 pg L~
to<2 pg L™! in a synthetic brine matrix, once again
yielding Seo(s) and H,Se ,) as photocatalytic products.
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Table 4 Summary of Se treatment methods and their resultant Se-laden treatment residuals

Treatment method Notable examples

Treatment residuals

Membrane filtration Reverse osmosis, nanofiltration

Adsorption
Active biological

Passive biological

Chemical reduction Zero-valent iron

Electrochemical reduction Reactive iron-anode Se electroreduction

Photocatalytic reduction ~ UV/TiO, photoreduction

Ferrihydrite, iron oxides, ion exchange systems

Gravel bed reactors, Saturated Rock Fill

Concentrated brine ([Se] ~ 10°~10* pg/L)

Spent sorbent (with adsorbed Se), concentrated brine
(from IX systems)

Fixed-film bioreactors, suspended growth systems Biogenic sludge (biomass + intra- or inter-cellular

Se’)
Insufficient data (TBD)
Chemical sludge
Fe—Se precipitate (cake)
TiO, with photodeposited SeO(S)

Furthermore, the photocatalytic process’ selectivity
towards Seo(s) vs H,Se,, was shown to be tunable,
yielding>99% H,Se,, or>85% Seo(s) under dif-
ferent reaction conditions (B. Holmes et al. 2023).
TiO,-based photocatalysis has also been used to treat
selenomethionine as a representative organoselenium
compound through a passive oxidation process using
buoyant photocatalysts (Martin et al. 2023). In this
study, 96 pg L™ of selenomethionine was spiked into
a synthetic mine-impacted water solution and treated
t0<0.01 pg L', demonstrating photocatalysis as a
promising passive technology to address organosele-
nium challenges.

4 Serecovery

As highlighted in Table 4, the removal of selenium
from wastewater invariably results in the production
of selenium-laden treatment residuals, such as con-
centrated brines from membrane filtration or ion-
exchange systems, or biogenic sludges consisting of
biomass/Se mixtures from active biological treatment
systems.

Current practice for treatment residual manage-
ment at industrial sites is mostly limited to seques-
tration strategies. Solid residuals, including biogenic
sludge from biological treatment, spent sorbents
from adsorption processes, and chemical sludge from
chemical reduction systems are sent to landfill. Liqg-
uid residuals, namely concentrated brine from mem-
brane filtration or ion exchange systems, may be sub-
sequently treated using other treatment options, such
as biological systems, ultimately resulting in biogenic

sludge to be sent to landfill. Alternatively, the lig-
uid residuals may be sequestered, without treatment,
through deep well injection, a technique that has seen
use in North America for nearly a century. In brief,
the concentrated brine is injected deep underground
into porous subsurface geologic formations, between
layers of impermeable rock, at depths that prevent any
mixing with the surrounding environment. Deep wells
for hazardous waste management must be designed
and constructed with the appropriate considerations,
such as the inclusion of multiple protective layers.

While the currently used sequestration strategies
for Se treatment residual management adequately
meet environmental regulations, they nevertheless
represent a significant cost, as well as a potential
long-term liability. The stability of solid Se-laden
residuals from Se treatment has not been well stud-
ied and may potentially become an issue. Landfill
leachate, as the name suggests, refers to the leaching
of chemicals from solid waste into water percolating
through landfills, such as rainwater. In the case of
solid Se treatment residuals sent to landfills, this may
result in a Se-laden leachate which poses an environ-
mental concern requiring subsequent management. In
deep well injection, the integrity of the injection well
is of primary concern, and broadly, the use of deep
well injection is a contested environmental topic.

The recovery of Se from treatment residuals may
be a way to mitigate costs and environmental liability
arising from Se residual sequestration. Furthermore,
as Se is a commodity element with various commer-
cial uses (see Sects. 2.1 and 2.2), the recovery of Se
from treatment residuals for reuse presents a strategic
interest towards a circular economy.
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Fig. 5 Publication trends in selenium treatment, and selenium
recovery research. Web of Science results for the number of
publications per year on selenium, specifically in the context of
treatment and recovery. Figure adapted with permission from
(Loeb et al. 2019). Copyright © 2018, American Chemical
Society.

This section aims to review existing and poten-
tial Se recovery options, as well as the challenges
and economic viability of Se recovery. A schematic
depiction of various recovery options from solid and
aqueous sources of Se, and water treatment processes,
is presented in Fig. 4 below.

4.1 Challenges

As is the case in selenium treatment in wastewa-
ter, the recovery of selenium from treatment residu-
als presents a series of significant challenges. Most
apparent is the limited amount of literature avail-
able on the topic. This may be due to most research
being focused on Se treatment, with over 6300 pub-
lications since 2010, versus a significantly smaller
fraction dedicated to some form of Se recovery, with
just over 1000 publications since 2010 (Fig. 5). Addi-
tionally, many publications define Se recovery very
loosely, often referring to the removal of Se from
water as a form of recovery. For example, one recent
review paper suggests the use of magnetic separation
techniques in combination with abiotic Se treatment
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techniques as promising Se recovery methods (Wang
et al. 2022). However, using the proposed meth-
ods, the Se has only been separated from the initial
matrix, and is left entrapped or incorporated within
magnetic materials, and requires additional separa-
tion stages (i.e., extracting Se from the magnetic
materials) before it can be of use. Herein, for Se to
be deemed as ‘recovered’, we require it to be trans-
formed and/or separated such that it is of a form that
is usable either directly, or as a feedstock, for com-
mercial use. Thus, the number of publications that
truly represent literature on Se recovery, using a more
rigorous definition, is significantly lower than what is
reported in Fig. 5. As a result, Se recovery is for the
most part in development, with very little prior art or
established options to build on. We urge current and
future researchers to use a consistent and proper defi-
nition of recovery to enable fruitful and unambiguous
discussion.

Se recovery also faces technical challenges similar
to those in Se water treatment. In water treatment, the
relatively low concentration of Se, coupled with the
large variety and concentrations of co-contaminants
in the complex wastewater represents the main chal-
lenge. Likewise, in Se recovery from treatment resid-
uals, Se is only present as a small fraction of the total
residuals content, and requires one, or multiple sepa-
ration steps to be recovered in a manner suitable for
re-use in commercial applications.

Examples of challenging residuals include concen-
trated brine, where selenate must be, in no particu-
lar order, separated from several co-contaminants or
co-anions such as sulfate or nitrate, which are often
present in concentrations several orders of magnitude
higher, and converted to a desirable form, such as ele-
mental Se, or SeO,. In biological treatment residuals,
Se is already present in a desired form, elemental Se,
but is trapped within biogenic sludge and potentially
within microbial cells, thus representing a unique
separations challenge.

4.2 State of the art and research gaps

4.2.1 Metallurgical processes for Se recovery
Although metallurgical methods for Se recovery have
been extensively studied for many decades in the

mining and metal refining industries (Dutton et al.
1971; Ludvigsson and Larsson 2003), little attention
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has been given to Se recovery from solid wastes or
wastewater using metallurgical processes.

4.2.1.1 Metallurgical recovery of Se from electronic
waste Considering their hazardous contents, signifi-
cant attention has been brought to waste electric and
electronic equipment (WEEE) (Funari et al. 2021).
To date, the strategies for handling electronic waste
include reuse, remanufacturing, recycling, and incin-
eration & landfilling (Cui and Zhang 2008). Elec-
tronic waste recycling refers to the disassembly and/
or destruction of the end-of-life equipment in order
to recover materials towards the recovery of valuable
materials. The use of recycled materials instead of vir-
gin materials leads to significant energy savings and
reduced pollution (Cui and Forssberg 2003). In prac-
tice, selenium recovery from WEEE is accomplished
with the recovery of base metals and other precious
as a minor product through smelting or leaching and
electrowinning (Cui and Zhang 2008). However, with
the emerging use of selenium in photovoltaic and bat-
tery applications, specific processes are desirable for
Se recovery from the materials. A recent study on cop-
per indium gallium diselenide (CIGS) chamber waste
treatment was able to regenerate more than 99% of
selenium. The process involves volatilization of sele-
nium into selenium dioxide as a gas through sulfation
roasting which was condensed and form high purity
selenium dioxide solids (Ma et al. 2020). Gustafsson
et al. also achieved efficient selenium recovery from
CIGS solar cell waste materials by oxidation at 800 °C
for 1 h (Gustafsson et al. 2014). Furthermore, they
reduced selenium dioxide formed during the selenium
separation step and generated elemental selenium.
Glacial acetic acid and sulfur dioxide gas were both
effective as reducing agents, with a yield of 90.7 and
96.6 wt%, respectively. Asensio et al. recovered sele-
nium in a similar way through thermal oxidation and
subsequent reduction, but from a different component
of solar panels, the kesterite adsorber (Asensio et al.
2020).

4.2.1.2 Metallurgical recovery of Se from industrial
wastewater In addition to their use in metals recov-
ery from solid phase materials, metallurgical pro-
cesses may offer unique solutions to Se recovery from
industrial wastewater. In wastewater treatment, it is
common for studies to focus on a single contaminant
of interest. However, industrial wastewater is typically

complex, containing a multitude of co-contaminants.
Hydrometallurgical processes may provide viable and
economic means of recovering metals, non-metals,
and metalloids of interest from complex wastewaters
through integrated processes.

4.2.2 Recovery from physical Se treatment systems
and brine

Membrane filtration systems, namely reverse osmosis
and nanofiltration, have proven effective at remov-
ing Se from industrially-impacted waters at pilot- and
full-scale to below 5 pg/L (Golder Associates Ltd.,
2020; Sandy and DiSante 2010). However, both pro-
cesses result in a concentrated brine stream with high
concentrations of Se and other co-anions and co-con-
taminants that requires subsequent treatment and/or
disposal (Li et al. 2022a, b). Other physical treatment
systems, such as evaporation and crystallization sys-
tems, may result in concentrated brines or solid-phase
salt-cakes (Lu et al. 2017). Finally, in ion-exchange
systems, the regeneration of spent ion-exchange resin
also results in a concentrated brine stream, requir-
ing treatment. As such, the ability to recover Se from
concentrated brines is applicable to a variety of differ-
ent Se treatment systems and eliminates a significant
environmental liability in brine management. One
potential way of Se recovery in the context of brine is
the reduction of Se oxyanions to solid elemental Se.

4.2.2.1 SO, reduction The reduction of Se com-
pounds by sulfur dioxide is a critical step in the
removal and recovery of Se from copper anode slimes,
where SO, reduction is used to obtain elemental Se
from leachate streams containing Se(IV) in the form
of selenious acid (Wang et al. 2016). The leachate
streams containing Se(IV) are produced by an initial
oxidative extraction process, such as sulfation roast-
ing, soda roasting, or oxidation roasting, which is used
to separate Se from the other constituents of anode
slimes. By sparging selenious acid with SO,, Se(IV) is
reduced to elemental Se. While SO, reduction is typi-
cally used to reduce Se(IV), the calculation of Gibbs
free energy indicates that SO, may also be used to
reduce Se(VI) to elemental Se.

The half reaction equations of Se(VI) reduction
and the oxidation of dissolved SO, in acidic solutions
are given in Egs. (25) and (26) respectively, while the
overall reaction is represented by Eq. (27). With a
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Gibbs free energy of —417 kJ/mol, SO, is capable of
reducing Se(VI) to elemental Se.

SeO;” +8H" + 6~ — Se +3H,0 E”=0.9V vs SHE
(25)

SO}™ +4H" + (n — 2)H,0 + 2¢~ > SO, - nH,0  E°

research has been focused on recovering Se nanopar-
ticles from biological reduction processes. This has

=0.2 V vs SHE (26)

SeO;” + 2H,0 + 35S0, — 3S0;” +4H* + Se  E°=0.7 V vs SHE @7

A group in Changsha, China, studied the reduction
of selenate by sulfur dioxide using hydrogen perox-
ide as the catalyst to make the process more economi-
cally viable and applicable at lower temperatures. In
their study, more than 99% of selenate (2.5 g/L) from
several industrial wastewater sources was reduced to
elemental selenium in acidic conditions ([H*] = 1-6
M) at various temperatures (20-90 °C) (Guo et al.
2017).

According to the authors, the reduction process is
described by the following two reactions at tempera-
tures below 60 °C:

H,O
Se0?™ + S0, + H,0 — Se0?™ + SO~ +2H" (28)

Se0;™ +2S0, + H,0 — Se g + 2505~ + 2H* (29)

In Eq. (28), H,0, acts as a catalyst to reduce the
activation energy and facilitate the reduction reaction
at room temperature. The selenite ion generated in
Eq. (28) is then directly reduced to amorphous ele-
mental Se by SO, (Guo et al. 2017). While the pro-
posed reaction mechanism is economically promising
due to the simple nature of the process and its rea-
gents, only one group has investigated and reported
this process, and thus the mechanism requires addi-
tional validation.

4.2.3 Recovery from biological systems

The recovery of Se from biological treatment efflu-
ent is a unique challenge, as conventional biological
systems for Se treatment produces elemental Se nano-
particles invariably entrapped within biomass (Staicu
et al. 2015b, a). Given the popularity of biological
systems in Se treatment, the majority of Se recovery
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been explored through various strategies, including
the development of additional downstream physical
or chemical processes for existing biological systems,
as well as the development of new systems to produce
extracellular Se nanoparticles (SeNPs) to facilitate Se
separation from biomass.

4.2.3.1 Se recovery from existing biological sys-
tems As many biological treatment systems for the
removal of Se from wastewater have already been
developed and deployed at the full scale, the ability to
recover Se from such systems is desirable. Biological
reactors used for selenate removal reportedly contain
bacteria that either only produce intracellular SeNPs,
or simultaneously produce intracellular and extracel-
lular SeNPs (Nancharaiah and Lens 2015b; Zhang
et al. 2018b). Thus, the recovery of SeNPs from exist-
ing biological systems depends on the ability to extract
SeNPs from microbial cells.

Early work focused on methods to release SeNPs
from microbial cells, either through wet heat sterili-
zation or a liquid nitrogen cell disruption method. In
brief, the recovery of SeNPs from cell biomass was
achieved by using a laboratory autoclave at conven-
tional conditions (121 °C, 17 psi, 20 min) to disrupt
cells containing SeNPs (Fesharaki et al. 2010). A
similar result was achieved by freezing the biomass-
SeNP mixture with liquid nitrogen, and crushing
the frozen product using mortar and pestle (Shak-
ibaie et al. 2010). Once cell disruption was achieved,
SeNPs could be recovered from cell debris using lig-
uid-liquid phase partitioning methods. These meth-
ods are of limited practical use due to the costly
nature of the processes at large-scale.

More recently, Se-biomass separation was report-
edly achieved using a novel bacterium-SeNP sepa-
rator, placed immediately downstream from a
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laboratory-scale biological reactor (Zhang et al.
2018a). The bacterium-SeNP separator consisted of
a polyethylene sheet angled downwards, which selec-
tively adhered SeNPs onto its surface by Lifshitz-van
der Waals attraction, while bacterial aggregates were
unable to adhere. While the separation of SeNPs only
occured in the case of extracellular Se, a longer bio-
mass retention time was proposed to promote bio-
mass decay and intracellular Se release.

Oxidation roasting, a common hydrometallurgi-
cal process, has also been reported as a means of Se
recovery from biomass following biological reduc-
tion. A mixture of organic matter and 11-14% Se
(weight %) was roasted at 700 °C, producing solid
SeO, (97% yield, 99% purity), which was subse-
quently chemically reduced to elemental Se (Otsuka
et al. 2015).

4.2.3.2 New processes to facilitate Se recov-
ery While the recovery of SeNPs from existing bio-
logical treatment systems is possible, the challenges of
separating Se from biomass are considerable, and may
be mitigated or circumvented by using new biological
processes developed with Se recovery in mind.

An early example of this strategy is the biologi-
cal volatilization of Se to produce gaseous Se spe-
cies, which can then be recovered using a simple
nitric acid gas trap. A specific bacterial strain, Pseu-
domonas stutzeri NT-I, was used to aerobically
reduce selenate, selenite and biogenic elemental Se to
volatile organic Se compounds, namely dimethylsele-
nide (DMSe) and dimethyldiselenide (DMDSe). The
volatile Se compounds were then recovered in nitric
acid as dimethylselenoxide (DMSeO), and methyl-
seleninic acid (MSA), the trapped products of DMSe
and DMDSe respectively. In this study, 82% of vola-
tilized Se was recovered with few impurities. While
the biological volatilization of Se does facilitate Se
recovery, it results in a couple of new challenges.
Firstly, organo-Se compounds are potentially more
harmful than their inorganic counterparts and thus
require careful management. Secondly, DMSeO and
MSA are not commercially useful forms of Se and
additional processes would be required to transform
them into commercially useful compounds.

Recent studies have focused on the production of
crystalline Se, in contrast to the amorphous Se pro-
duced in conventional biological systems (Hageman
et al. 2017; Song et al. 2021). Crystalline Se, which

forms large acicular particles, is easier to separate
from biomass than amorphous Se, which is typically
in nanosphere form. This enhanced separation from
biomass is attributed to the larger size of crystalline
particles, their higher density, and their lower affin-
ity to biomass (Hageman et al. 2017). The produc-
tion of crystalline Se instead of amorphous Se occurs
as a function of temperature and pH, with higher
temperatures and pH favoring crystalline particle
growth. This concept was validated recently by Song
et al. using a sequencing batch reactor at 30 °C and
pH 7.5+0.1, in which hexagonal Se’ crystals were
produced, and the highest selenate conversion rate
reported in literature was achieved (Song et al. 2021).
A recent follow-up study from the same group found
that the formation of hexagonal Se’ is promoted by
the presence of sulfate or biogenic sulfur (Song et al.
2022). While the production of hexagonal crystal-
line Se is intended to facilitate Se recovery, it is not
a standalone Se recovery method, and would rely on
a downstream separation process to recover Se. Fur-
thermore, the production of hexagonal Se” using the
methods reported have not yet been tested on real Se-
laden wastewater, and thus still requires validation in
a real industrial matrix.

Another strategy to facilitate the recovery of
Se from biological systems is the use of microbes
that produce solely extracellular Se, circumvent-
ing the challenge of intracellular Se extraction. The
production of extracellular versus intracellular Se
is dependent upon the bacteria species, with spe-
cies producing either solely intracellular Se, solely
extracellular Se, or both simultaneously. Bacteria
reported to produce either solely extracellular Se
or both extracellular and intracellular Se are pre-
sented in Table 5. This strategy was demonstrated
using a bioelectrochemical reactor and extracellular
selenium-producing bacteria (Zhang et al. 2018b).
As was the case in the production of crystalline
Se, the production of extracellular Se is not a stan-
dalone Se recovery method but serves to facilitate a
downstream separation process to recover Se from
biological systems. Furthermore, care must be taken
to ensure that colloidal Se does not escape into the
treated water stream. Recent work has explored the
effect of different size groups of aerobic granules in
an aerobic granular sludge sequencing batch reactor
on selenite reduction and containment, and found
that large-sized granules more efficiently reduce
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Table 5 Summary of selenium-reducing bacteria that produce extracellular Se

Bacteria name Se compound Se production References
Se (IV) Se (VI) Intracellular Extracellular

Alcaligenes faecalis Se03 v v Jiang et al. (2012)

Alishewanella sp. WH16-1 v v Xiaet al. (2018)

Azospirillum brasilense Sp7 v v Kamnev et al. (2017)

Azospirillum thiophilum v v Tugarova et al. (2018)

Bacillus cereus v v v Dhanjal and Cameotra (2010)

Bacillus oryziterrae v v Bao et al. (2016)

Bacillus safensis JG-BST v v Fischer et al. (2020)

Burkholderia fungorum v v Khoei et al. (2017)

Chrysiogenetes sp. Deferribacteres sp. v v Narasingarao and Higgblom (2007)

Citrobacter sp. NVK-2 v 4 Nguyen et al. (2019)

Clostridium sp. v v v Bao et al. (2013)

Enterobacter cloacae v v v Losi and Frankenberger (1997), Yee et al.
(2007)

Geobacter sulfurreducens v v Pearce et al. (2009)

Idiomarina sp. PR58-8 v v Srivastava and Kowshik (2016)

Lysinibacillus xylanilyticus Lysinibacil- v/ v v Zhang et al. (2019)

lus macrolides

Pseudomonasaeruginosa ATCC 27853 v v Kora and Rastogi (2016)

Rhodobacter capsulatus v v Borghese et al. (2014)

Rhodopseudomonas palustris v v Li et al. (2014)

Rhodospirillum rubrum v v v Kessi (2006), Kessi et al. (1999)

Selenihalanaerobacter shrifti v v v v Oremland et al. (2004), Switzer Blum et al.
(2001)

Shewanella oneidensis v v Pearce et al. (2009), Steinberg et al. (1992)

Shewanella putrefaciens 200 v v Jiang et al. (2012)

Stenotrophomonas maltophilia SeITE02 v/ v Lampis et al. (2017)

Thauera selenatis v v v Macy et al. (1993), Stolz and Oremland
(1999)

Bacillus selenitireducens v v v Oremland et al. (1999), Switzer Blum et al.
(1998)

Bacillus selenatarsenatis v v v v Kashiwa et al. (2000), Kuroda et al. (2011)

Bacillus subtilis v v v Garbisu et al. (1996), Wang et al. (2010)

Sulfurospirillum barnesii v v v v Oremland et al. (1994), Stolz et al. (1997)

Alteromonas sp. v v Reddy et al. (2023)

Se(IV) and entrap biogenic Se’ (Sudharsan et al.
2023).

The list of reported selenium-reducing bacteria
is still growing. For example, Alteromonas sp. was
very recently reported for the first time for use in
the bioreduction of Se(IV) (and Te(IV)) oxyanions
(Kiran Kumar Reddy et al. 2023).

4.2.3.3 Single-stage systems for biological Se
reduction and recovery In all the aforementioned
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methods and strategies to recover Se from biologi-
cal Se treatment systems, a solid-separation stage is
required downstream of the biological reactor, which
is economically disadvantageous. A biological reac-
tor capable of selenium oxyanion bioreduction and
SeNP recovery in a single stage is ideal. Several
such bioreactor designs do exist and have been iden-
tified in a recent review (Sinharoy and Lens 2020).
The advanced bioreactor systems capable of single-
stage Se removal and recovery are, namely, inverse
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ized bed bioreactor. b Hybrid bioreactor. ¢ Moving bed biofilm
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fluidized bed reactors (IFBR), hybrid bioreactors,
moving bed biofilm reactors (MBBR), rotating bio-
logical contactors (RBC), and rotating horizontal
packed bed bioreactors RHPBR), summarized in
Fig. 6 below. It is important to note that not all of the
proposed novel bioreactor designs have been vali-

Se(0) nanoparticles

packed bed bioreactor. Reproduced with permission from (Sin-
haroy and Lens 2020). Copyright © 2020, Springer Nature
Switzerland AG.

dated for Se recovery but are promising options that
require further exploration.

An inverse fluidized bed reactor (IFBR) (Fig. 6a)
utilizes buoyant biosupport materials which float
at the top of the reactor and carry the biofilm. As
wastewater is introduced at the top of the IFBR,
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downward fluidization and agitation of the biofilm-
biosupport bed ensures a well-mixed reactor and
dislodges SeNPs from the biofilm. SeNPs then
accumulate at the bottom of the reactor where they
can be recovered.

In the context of Se recovery, a hybrid bioreactor
system (Fig. 6b) consisting of an upflow anaerobic
sludge blanket (UASB) combined with a filter bed
near the top of the reactor. This type of hybrid bio-
reactor functions similarly to an IFBR, except in an
upflow orientation, and relying on a filter to recover
the SeNPs.

A moving bed biofilm reactor consisting of bio-
films grown on buoyant biosupport materials, which
are fluidized by a gas (typically air) (Fig. 6¢) may also
be used for Se recovery. Due to the agitation by fluidi-
zation, SeNPs are not allowed to accumulate within
the biofilm. During an idle phase, the buoyant biosup-
port substrates float to the top of the reactor, while the
SeNPs can settle to the bottom of the reactor, for easy
recovery.

Rotating biological contactors (RBC) and rotat-
ing horizontal packed bed bioreactors (RHPBR)
(Fig. 6d and e) are similar reactors in which biofilm
is mounted on a rotating horizontal shaft. In RBCs,
the biofilm grows on disks mounted on the shaft,
while in RHPBRs, biofilm is grown on a packed
bed of biosupport materials. The rotation causes
shear stress on the biofilms, promoting continuous
biofilm disassembly and preventing excess biofilm
growth. Additionally, the constant rotation would
prevent the accumulation of SeNPs within the bio-
film, which would accumulate at the bottom of the
reactor, allowing for easy recovery.

Of the five novel bioreactor designs presented,
only the IFBR design has been studied for Se recov-
ery, where it was used to treat selenite-containing
wastewater and was able to recover up to 58% of the
influent selenium (Sinharoy et al. 2019). In follow-
up work, a similar system was used to evaluate the
simultaneous removal and recovery of selenite and
three commonly found heavy metals, copper, zinc and
cadmium from wastewater (Sinharoy et al. 2022). In
brief, Se recovery values in the range of 45.1-73.9%
were obtained under different experimental condi-
tions, and recovered Se was in the form of Se® NPs
as well as small sized (<10 nm) metal selenide
nanoparticles.
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Other recent work has proposed two-stage bio-
logical fluidized bed systems stating the simultane-
ous removal of selenate, nitrate, and sulfate, as well
the recovery of Se’ from wastewater, is challenging
in a single system and may lead to carcinogenic sele-
nium monosulfide formation (Yan et al. 2023, 2022).
Feedback control of the oxidation—reduction poten-
tial through ethanol-dosing was found to enable the
sequential removal of selenate, nitrate and sulfate, as
well as the recovery of Se” instead of SeS. Se recov-
ery was reported to be 37.5%, while the Se purity was
reported to be 71%.

4.2.3.4 Biological systems enabling Se reuse Se
that has been uptaken by biological systems may find
promising use as animal feed supplements or crop bio-
fortification, as shown in several recent studies. Two
studies demonstrated the use of microalgae, such as
Chlorella vulgaris and Scenedesmus sp., were used to
treat urban wastewaters from Spain that were spiked
with various concentrations of Se (de Morais et al.
2022; Li et al. 2021a). The first study reported Se
removal efficiencies in the range of 43-46%, with 91%
of the uptaken inorganic Se being transformed to sele-
noamino acids, yielding an Se bioavailability range of
49-63% (Li et al. 2021a). The second study reported
similar findings with 43 and 52% Se removal with
Chlorella vulgaris and Scenedesmus sp., respectively
(de Morais et al. 2022). In a similar manner, studies
have investigated the Se enrichment of biosludge and
duckweed used for wastewater treatment, and their
subsequent use as biofertilizers (Li et al. 2022a, b; Li
et al. 2021b). These studies conclude that wastewater
biosludge enriched with Se show significant promise
as slow-release biofertilizers, demonstrated on green
beans, but generally applicable to Se-deficient soils
and regions. It is important to note, however, that the
Se used in these studies were not sourced from waste-
water, but rather spiked externally to be uptaken into
the biomaterials.

4.2.4 Se recovery from adsorption systems

In general, the mechanisms for selenium adsorption
are based on physical interactions. Physical adsorp-
tion is a reversible process. As the concentration of
the selenite decreases, it is desorbed in the same pro-
portion it was originally adsorption. Although adsorp-
tion processes have received considerable attention in
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the removal of selenium from industrial wastewater,
few studies have focused on the recovery of selenium
from spent adsorbents. The reason for this might be
that recovery of the adsorbents is considered to be
uneconomical due to their relative low costs. On the
other hand, the value of selenium attached to the
adsorbents and the environmental liabilities associ-
ated with their disposal are overlooked.

Although physical adsorption works well for sel-
enite removal, their efficiency for selenate adsorption
is greatly diminished in the presence of other compet-
ing anions, e.g., sulfate. This is a major disadvantage
of adsorption methods since sulfate ions are common
in industrial and mining wastewater. The requirement
for further treatment or precipitation of the selenate
solution after desorption is another challenge.

Shen et al. used a novel functionalized cellulose,
L-cysteine modified surface of cellulose (L-CysC),
to effectively adsorb and desorb selenite (Shen et al.
2016). A maximum removal capacity of 105.1 mg/g
selenite by L-CysC was reached at pH=4.5 and
45 °C. It was found that using the elutent of 3 M HCI
and 2% KCIO;, Se(VI) could be entirely desorbed
and L-CysC was regenerated. In another study, Fe-
OOH modified bentonite was used to remove both
selenite and selenate from wastewater (Yang et al.
2021). It was found that the Se(VI) adsorption ratio
decreased drastically when the concentration of sul-
fate or phosphate is higher than 0.001 mol/L. Both
0.1 mol/L Na,SO, (pH=9) and 0.1 mol/L Na;PO,
(pH=9) were found to be effective in desorbing
selenate and selenite from the adsorbent (Shen et al.
2016). In another study, 0.5 mol/L HCl was used
to regenerate acrylic amine fiber after Se adsorp-
tion experiments (Wei et al. 2021). A recent study
reported that hematite-modified magnetic nanoparti-
cles, a low-cost adsorbent, successfully reduced 90%
of selenite from a solution containing 100 g of Se
per liter in 10 min. The magnetic adsorbent was then
regenerated using a solution of 10 mM NaOH (Ruj
et al. 2022). The iron and manganese-based bimetal-
lic microcomposite adsorbents also showed high Se
removal rates (95.6%) (Qureshi et al. 2022). Even
though these studies asserted that selenium was fully
or close to fully recovered, neither study addressed
the question of how selenium could be recovered into
a valuable form. In fact, selenate or selenite requires
further precipitation from the resulting solution of the
desorption process. Zelmano and Semiat were able

to precipitate selenate as BaSeO, particles, which is
used to treat diseases and disorders caused by sele-
nium deficiencies in sheep and cattle (Zelmanov and
Semiat 2013). In adsorption phase, iron (Fe**) oxide/
hydroxide-based nanoparticles sol (NanoFe) was
used to achieve less than 0.01 ppm residual selenium
concentration. At least 95-98% recovery rate was
achieved when stripping the Se loaded NanoFe using
high pH solution (pH=11-12). The high pH wash
solution could contain as high as 15 mg/L selenium,
which was treated with BaCl, to precipitate selenate
as BaSeO,, a compound of much higher value com-
pared to BaCl,.

4.2.5 Recovery from other treatment systems

While several other types of treatment systems for the
removal of Se from wastewater exist, either at full-
scale or still in development, no efforts to recover Se
from their respective residuals have been published
to date. This includes chemical reduction systems,
which result in residual sludge from zero-valent iron,
electroreduction or electrocoagulation systems, which
result in an iron-selenium precipitate or cake, and
photocatalytic reduction systems, which result in ele-
mental Se photodeposited over TiO,.

Before Se recovery methods can be developed for
the treatment residuals from chemical reduction, elec-
troreduction and photocatalytic reduction systems,
their respective residuals must be better defined. Spe-
cifically, the composition of the residuals following
the treatment of real industrial water must be estab-
lished in order for appropriate methods for Se recov-
ery to be proposed and validated for these systems.

5 Summary and future perspectives

Significant research and development have gone into
selenium removal technologies for industrial (waste)
water due to increased awareness of its environmen-
tal implications, as well as the review and tightening
of Se-related regulations and water quality guide-
lines. However, selenium is also a commodity used
in many industries ranging from metallurgy to glass
manufacturing, to electronics, with several emerg-
ing applications in photovoltaics and energy storage.
Given that the global supply of selenium is limited
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and potentially unstable, the ability to recover sele-
nium from waste streams that are Se-rich is desirable.
This paper provides an overview of the selenium sup-
ply and usage situation, as well as potential sources
of selenium which could be processed to supple-
ment the current global supply. We identify indus-
trial (waste)water as a readily available source of
recoverable Se, and provide an overview of the con-
ventional and emerging water treatment technologies
used to remove Se. Finally, we provide a comprehen-
sive review of the research done to-date on recover-
ing Se from waste(water) and the Se-laden residuals
which may arise from the various water treatment
technologies.

The economic viability of Se recovery remains
a significant consideration that should be further
explored. Key factors such as the cost of current Se
residuals management strategies (i.e., landfill, deep-
well injection) and the environmental liability of Se
residuals storage need to be defined in order to accu-
rately access the viability of Se recovery processes.
Furthermore, future studies on Se recovery should
strive to help define process economics of their
respective recovery methodologies for the benefit of
the entire community. However, it is clear that tech-
nologies that can achieve Se treatment and recovery
in a single process without added unit operations are
economically advantageous, achieving both goals at
once. Further research is required to be able to con-
vert selenium from an environmental contaminant to
a commercial commodity in an economically feasi-
ble manner, and in accordance with circular economy
principles.
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