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Summary

Over the past decades, biological treatment of metal-
lurgical wastewaters has become commonplace.
Passive systems require intensive land use due to
their slow treatment rates, do not recover embedded
resources and are poorly controllable. Active sys-
tems however require the addition of chemicals,
increasing operational costs and possibly negatively
affecting safety and the environment. Electrification
of biological systems can reduce the use of chemi-
cals, operational costs, surface footprint and envi-
ronmental impact when compared to passive and
active technologies whilst increasing the recovery of
resources and the extraction of products. Electrifica-
tion of low rate applications has resulted in the
development of bioelectrochemical systems (BES),
but electrification of high rate systems has been

lagging behind due to the limited mass transfer,
electron transfer and biomass density in BES. We
postulate that for high rate applications, the electrifi-
cation of bioreactors, for example, through the use
of electrolyzers, may herald a new generation of
electrified biological systems (EBS). In this review,
we evaluate the latest trends in the field of biometal-
lurgical and microbial-electrochemical wastewater
treatment and discuss the advantages and chal-
lenges of these existing treatment technologies. We
advocate for future research to focus on the devel-
opment of electrified bioreactors, exploring the
boundaries and limitations of these systems, and
their validity upon treating industrial wastewaters.

Introduction

Over the past decades, the advent of renewables, elec-
trification and decarbonization has led to a steep
increase in the demand for metals, specifically the so-
called critical metals (United States of America, 2012;
Zepf et al., 2014; Hennebel et al., 2015; European Com-
mission, 2020). This has resulted in the intensification of
mining and metallurgical operations, such as (bio)leach-
ing, smelting, roasting, electrowinning and electrorefin-
ing, which, in turn, result in the production of toxic
wastewater containing pollutants and otherwise prospec-
table resources (Northey et al., 2014). The wastewaters
can be the byproduct of spontaneous processes such
the biological oxidation of sulfide ores, resulting in the
production of acid mine drainage, or the result of (bio)
leaching, treatment of off-gasses from smelters, roasting
installations, or bleeds from electrowinning and refining
tank houses (Johnson and Hallberg, 2005; Simate and
Ndlovu, 2014; Rambabu et al., 2020). They are charac-
terized by an acidic pH (< 4), high sulfate concentrations
(ca. 5–15 gSO4

2� l�1), the absence of organics and vari-
ous embedded metals and metalloids such as iron, cop-
per, cadmium, arsenic, selenium, tellurium, aluminium,
lead, nickel, zinc and manganese, with concentrations
varying from 1 μg l�1 to 10 g l�1 (Hallberg and Johnson,
2005; Peiravi et al., 2017; Ostermeyer et al., 2020).
Treatment is required as they constitute an
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environmental and safety hazard. Although pollutants
such as arsenic or cadmium in the wastewater need to
be removed and immobilized into stable forms, some of
the metals, such as copper, selenium and tellurium, are
valuable and should be recovered in pursuit of circular-
ity. Sulfur compounds can also be recovered and water
reused, allowing for maximal recovery of the embedded
resources and minimal production of waste.
The occurrence of acid mine drainage has been

known since antiquity, but the treatment of these waste-
waters has only gained traction since the rise of the
environmental movement in the 1970–1980s (Secundus,
79AD; Skousen et al., 2017). Technologies used for the
treatment of acid, metal and sulfate-containing waters
have been developed and adapted to treat acid mine
drainages at abandoned mines (Gazea et al., 1996;
Johnson and Hallberg, 2005; Skousen et al., 2017).
Treatment of metallurgical wastewaters based on the
use of alkali (e.g. limestone, (un)hydrated lime) was ini-
tially dominant. In this type of treatment, compounds
such as CaCO3 are used to neutralize the acidity of the
wastewater, precipitate metals as hydroxides, remove
sulfate as gypsum (CaSO4�2H2O) and arsenic as cal-
cium arsenate (Ca3(AsO4)2). This approach suffers from
limestone depletion, high use of chemical, production of
high volumes of waste and high operational costs (John-
son and Hallberg, 2005; Gopi Kiran et al., 2017). Addi-
tionally, traditional metal hydroxide precipitation is
unviable for removing metals and metalloids down to
levels that adhere to increasingly stringent environmental
standards (Lewis, 2010). Plus, the targeted metals are
not selectively removed, and many end up diluted in the
waste sludge, which is typically landfilled (Huisman
et al., 2006; Riveros et al., 2014; Simate and Ndlovu,
2014).
Biological technologies used for remediation of acid

mine drainage and metallurgical wastewaters can coun-
ter these disadvantages (Gregory and Lovley, 2005;
Johnson and Hallberg, 2005; Willquist et al., 2015). They
are chiefly based on sulfate reduction: in the presence of
an electron donor such as a biodegradable organic com-
pound or hydrogen gas, sulfate-reducing microorganisms
such as Desulfovibrio spp. and Desulfomonas spp. will
reduce sulfate through anaerobic respiration (Muyzer
and Stams, 2008). This results in the partial neutraliza-
tion of the acid and the bioprecipitation of metals as
metal sulfides (Kaksonen and Puhakka, 2007). Other
mechanisms such bioreduction, biosorption and bioaccu-
mulation may also contribute to biological metal removal
(Fig. 1) (Nancharaiah et al., 2015b).
During the reduction of sulfate, acidity is consumed as

H+ and alkalinity is generated as HCO3
� (pKa 6.35) or

HS� (pKa 7.04). Within this environment, metals and
metalloids coprecipitate as metal sulfides or can be

reduced via (indirect) bioreduction. Since the initial use
of sulfate-reducing microorganisms for remediation of
acid mine drainage in the 1970–1980s, the associated
technology has evolved from passive treatment (“Gener-
ation I”) to active treatment (“Generation II”) (Kaksonen
and Puhakka, 2007). In this review, we first relate the
history of sulfate reduction based biotechnologies from
this first generation of passive treatment to the second
generation of active treatment. Finally, based on the
challenges encountered by these past generations,
trends observed in other biotechnological fields and the
societal push towards increased electrification [e.g. bioe-
lectrochemical systems (BES)], it is postulated that a
third generation of electrified biological systems (EBS) is
ready to propel high rate biometallurgical wastewater
treatment into the age of electrification.

Generation I: Passive biological treatment

Passive treatment is the oldest application of sulfate-
reducing microorganisms for remediation of acid mine
drainage (Skousen et al., 2017). In passive treatment,
an anaerobic system is constructed using organic matter
and limestone or other alkalinity generating rock. The
wastewater flows gravimetrically through the constructed
treatment system without the use of additional energy.
The limestone neutralizes the acidity and provides alka-
linity. Sulfate-reducing microorganisms use organic mat-
ter to reduce sulfate to sulfides. The embedded metals
and metalloids subsequently precipitate as sulfides in
the treatment system. Typical examples of such passive
biological systems are permeable reactive barriers, infil-
tration beds, anoxic ponds, anoxic drains and con-
structed (aerobic or anaerobic) wetlands (Johnson and
Hallberg, 2005; Kaksonen and Puhakka, 2007; Skousen
et al., 2017).
Microorganisms utilized in these systems must be

resilient towards fluctuations in pH, flow rate and metal
concentration, as the treatment system is poorly control-
lable and subjected to variable conditions (Kaksonen
and Puhakka, 2007; Neculita et al., 2007). These param-
eters may vary depending on mining activities, ground-
water levels, level of storage ponds and precipitation in
the area. Factors such as temperature, depth, flow direc-
tion, water height and the presence of nitrate or (micro)
aerobic zones, affect the diversity, viability and succes-
sion of the microbial community and may select for aero-
tolerant sulfate reducers, denitrifiers and sulfide oxidizers
such as Thiobacillus spp., possibly hampering the neu-
tralizing capacity of the treatment (Pruden et al., 2006).
Depending on the (an)aerobic character of the environ-
ment and the elements embedded in the wastewater,
the growth of microorganisms metabolizing iron, sele-
nium, arsenic and manganese can be promoted
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(Hallberg and Johnson, 2005; Lindsay et al., 2011; Par-
issa Mirjafari and Susan, 2012; Baldwin et al., 2015).
When a complex organic source such as sewage, com-
post or molasses is used, sulfate-reducing microorgan-
isms must be supplemented with ad hoc organic matter
degrading microorganisms, such as Fibrobacter spp.,
Pseudoxanthomonas spp. and Brevundimonas spp., that
break down the complex organic matter to molecules
that can be used by the sulfate-reducing microorganisms
through anaerobic digestion/fermentative pathways (Hall-
berg et al.; Liamleam and Annachhatre, 2007; Skousen
et al., 2017). The variability in operational parameters
and the complexity of the organic matter may also select
for organisms such as Desulfobacteria spp., which are
more versatile in terms of substrate use than, for exam-
ple, Desulfovibrio spp. (Pruden et al., 2006).
These systems were quickly implemented as they are

a low-cost method for remediation of acid mine drainage
and removal of pollutants, requiring a minimum of labor,
chemicals and maintenance and no utilities. Disadvan-
tages of these systems are their poor design, controlla-
bility and predictability, the risk of clogging, formation of
preferential flow channels, the consumption of organic
matter and limestone, the unselective precipitation of
metals, the in-situ precipitation of large volumes of
waste, the low achieved rates (see a non-exhaustive
summary of reported rates in Fig. 4), the resulting high
footprints and effluents that might not meet

environmental standards and regulations (Johnson and
Hallberg, 2005; Kaksonen and Puhakka, 2007).

Generation II: Active biological treatment

Passive systems (“Generation I”) have been designed to
treat acid mine drainage and metallurgical wastewaters
with relatively low flow rates in remote locations, where
sufficient area was available to accommodate the large
footprint of the treatment systems. These systems are
less suited to treat wastewater from metallurgical plants
such as urban smelters. These wastewaters are charac-
terized by high flow rates, concentrated acidity (pH < 4),
high concentrations of sulfate (ca. 15 gSO4

2� l�1),
metals and pollutants (e.g. 2 g As l�1), which require
high rate treatment technologies (Kaksonen and
Puhakka, 2007).
Active sulfate and sulfur-reducing bioreactors were

developed as a second generation of treatment systems
for concentrated wastewaters and high flows. Various
reactor types have been developed and used as sulfate-
reducing bioreactors, such as continuously stirred tank
reactors, fluidized bed reactors, membrane bioreactor
and gas lift reactors, and have been commercialized as
SulfateqTM and ThioteqTM by Paques, BioSulphideTM by
BQE water and the BioSURETM process (see Table 1)
(van Houten, 2006; Papirio et al., 2013; Rose, 2013; Iso-
saari and Sillanp€a€a, 2017). Treatment systems have
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Fig. 1. Syntrophic relationship and metal(loid) removal mechanisms at play in biological systems for the treatment of sulfate containing metallur-
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been operated in various configurations using a combi-
nation of gas or liquid recycles, offline bioreactors using
externally added S0 and multiple stages of bioreactors,
chemical reactors, settlers and strippers. The multitude
of configurations in which these bioreactors can be
implemented in metal processing flowsheets allows for
the flexible design of treatment systems tuned to the
specific challenges and composition of the targeted
waste stream (see Fig. 2) (Kaksonen and Puhakka,
2007). The embedded metals and metalloids can be tar-
geted for selective recovery, and the embedded sulfur
can be recovered when the treatment is combined with
(biological) oxidation of sulfides to elemental sulfur (Thio-
paqTM) or stripping and conversion of H2S to SO2, which
can be valorized as sulfuric acid (Van Lier et al., 1999).
Full-scale examples of such flowsheets can be found at
the Grootvlei Gold Mine (South Africa), the Budel plant
of Nyrstar (The Netherlands), the Kennecott mine (Utah,
USA), the former Britannia mine (Canada) and the
Pueblo Viejo goldmine (Dominican Republic) (Boonstra
et al., 1999; Hulshoff Pol et al., 2001; Kaksonen et al.,
2020). Besides bioreactors developed with the express
purpose of reducing sulfates, the BioMeteqTM and
ABMetTM technologies have been developed for the
remediation or recovery of nitrate, nitrite, selenium, chro-
mium and uranium and also for the precipitation of other
metals as metal sulfides through reduction of relatively
small quantities of sulfates (Weijma et al., 2007; GE
Power and Water, 2013; Zhuang et al., 2015). The most
recent bioreactor technology developed for the treatment
of metallurgical arsenic-bearing wastewater is the
Arsenoteq/ThioteqTM Scorodite technology, an aerobic
process wherein As(III) and Fe(II) are biologically oxi-
dized and coprecipitated in atmospheric conditions as
highly stable bioscorodite (FeAsO4�2H2O) (Gonz�alez-
Contreras et al., 2012).
Various electron donors are used in sulfate-reducing

bioreactors, whose respective advantages and disad-
vantages have been discussed in other reviews (Larry
et al., 1995; Kaksonen and Puhakka, 2007; Liamleam
and Annachhatre, 2007; Papirio et al., 2013). The
employed electron donor affects the microbial commu-
nity of the systems. When H2 is used as an electron
donor and CO2 is used as a carbon source, either an
autotrophic sulfate-reducing community or a syntrophic
culture of autotrophic acetogens and heterotrophic sul-
fate reducers develops (Van Houten et al., 2009). CO
can also be used as carbon source and electron donor
(e.g. in syngas), but care must be taken due to the
toxic nature of CO (Parshina et al., 2010). When short-
chain electron donors are used, such as acetate, the
community may be limited to heterotrophic sulfate
reducers. When more complex substrates such as
molasses are used, a syntrophic community is required.

The complex substrates first need to be broken down
by organic matter degrading microorganisms to short
carbohydrates, which can be subsequently used by sul-
fate reducers as electron donor (Fig. 1) (Liamleam and
Annachhatre, 2007). Depending on the concentration of
electron donor and carbonates present, methanogenesis
may occur, resulting in loss of electron donor and meth-
ane gas emission (Van Houten et al., 2006). Technolo-
gies designed for removal of metal(loid)s and nitrate/
nitrite utilize denitrifying and metal(loid)-reducing organ-
isms such as Bacillus arsenoselenatis, Thauera selena-
tis and Sulfurospirillum barnesii (Nancharaiah and Lens,
2015). When these treatment systems are combined
with other biological treatment technologies used for
elemental sulfur or bioscorodite precipitation, iron (Acid-
ianus sulfidivorans and Thiobacillus ferrooxidans), arse-
nic (Thermus spp., Sulfolobus acidocaldarius) and
sulfide (Thioalkalivibrio, Sulfolobulus and Alkalilimnicola
spp.) oxidizing organisms are used (Van Lier et al.,
1999; Gonzalez-Contreras et al., 2010; de Rink et al.,
2020). The pH, temperature and concentrations of
metals, organic acids and H2S influence the community
and efficacy of the system (Hulshoff Pol et al., 2001;
Kaksonen et al., 2004; Kaksonen and Puhakka, 2007;
S�anchez-Andrea et al., 2014).
In general, these treatment systems are characterized

by relatively high sulfate reduction rates (see Fig. 4),
increased resource recovery, improved process control
and relatively low footprints. The Sulfateq installation
built by Paques and Nyrstar at Budel, for example,
reaches sulfate reduction rates of 14.2–
19.2 gSO4

2� l�1 d�1. In literature, reduction rates up to
29 gSO4

2� l�1 d�1 have been reported (van Houten et
al., 1994, 2009). Whilst the reduction rate and related
reactor size determine the capital expenditure (CAPEX),
the operational cost (OPEX) is determined by the type
and amount of electron donor, and carbon source used
(Bijmans, 2008; Sleutels et al., 2012). Additionally, alkali
has to be added to the bioreactor to maintain a stable
circumneutral pH, especially when acidic wastewater
containing high sulfate levels is treated (Van Houten
et al., 2006; Bijmans et al., 2008). The purchase of these
chemicals does not only increase the OPEX of the oper-
ating systems but also implies the off-site production,
transport and storage of the chemicals. This often results
in increased costs, environmental impact and the bur-
dens related to safety and environmental regulations
associated with the transport and storage of the chemi-
cals. Finally, the use of these chemicals may result in
residual organic matter in the discharged water or may
result in increased salinity, which can be problematic
when the water is discharged into freshwater environ-
ments or is intended for onsite reuse (Liamleam and
Annachhatre, 2007).
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Generation III: Electrified biological treatment

To avoid the use of chemicals and increasing the overall
sustainability of treatments, several types of electrified
bioreactors have been developed (Nancharaiah et al.,
2015b; Dominguez-Benetton et al., 2018). In these sys-
tems, electrical energy and electrochemical cells are
generally used to replace the addition or regeneration of
an external electron donor/acceptor or the addition of an
alkali or acid for pH control (De Paepe et al., 2020;
Folens et al., 2021). Additionally, products or resources
can be extracted, purified or recovered (Verbeeck et al.,
2018; Carvajal-Arroyo et al., 2020). This new, third gen-
eration of electrified biological treatment can be broadly
categorized in two broad groups: BES and EBS. In BES,
microorganisms directly or indirectly exchange electrons
with an electrode or electroactive surface, whilst EBS
combine abiotic electrochemical cells with bioreactors
(Wang and Ren, 2014; Nancharaiah et al., 2015a; Ver-
beeck et al., 2018).

Bioelectrochemical systems (BES): childstars with
growing pains

In BES, solid-state electrodes serve as electron accep-
tors (bioanodes) or electron donors (biocathodes) to
electroactive biological entities, such as microorganisms.
When a BES yields net positive energy, it is classified
as a microbial fuel cell (MFC), whilst in the case of

microbial electrolysis cell (MEC) power is consumed to
achieve reactions that are otherwise thermodynamically
not feasible or slow. BES can be constructed via various
combinations of cathodes, anodes, biocathodes and
bioanodes. Several other reviews have discussed differ-
ent configurations of BES, and their fundamental aspects
are not the focus of the current review (Nancharaiah
et al., 2015b; Dominguez-Benetton et al., 2018). A non-
exhaustive summary of the BES configurations relevant
to metallurgical wastewater treatment is given below.
BES research initially focussed on the development of

bioanodes, where the biocatalyzed oxidation of organic
compounds is used to generate power or drive the target
reactions with relatively high redox potential on the cath-
ode. In this configuration, some researchers have
focussed on the development of bioanodes to drive the
electrochemical reduction/deposition of dissolved metals
in the abiotic catholyte. These works reported the
removal of Cu, Ni, Cd and Zn (Ter Heijne et al., 2010;
Qin et al., 2012; Colantonio and Kim, 2016; Modin et al.,
2017). Modin et al. (2012) attained the selective sequen-
tial deposition of Cu, Pb, Cd and Zn from a simulated
municipal solid waste incineration ash leachate by
working under different cathode potentials in a MEC
configuration (Modin et al., 2012). Luo et al. (2014b)
achieved the simultaneous recovery of Cu, Ni and Fe
from an artificial acid mine drainage (Luo et al., 2014b).
Ai et al. (2020) achieved the selective recovery of Cu,
Cd and Fe by working under MFC or MEC mode, and

Table 1. Overview of developed biometallurgical wastewater treatment technologies.

Technology Electron donor
Electron
acceptor Organisms

Example species
(non-limiting) Goal

BioSulphide (Isosaari and
Sillanp€a€a, 2017)

Thioteq (Huisman
et al., 2006)

Organic
(e.g. ethanol
and
molasses)

S0 Sulfate reducers
Fermenters

Desulfovibrio spp.
Desulfomonas spp.
Fibrobacter spp
Desulphuromonas
acetoxidans

Generate H2S for metal(loid)
sulfide removal/recovery

BioSURE (Rose, 2013) Sewage sludge SO4
2� Sulfate reducers

Fermenters
Desulfovibrio spp.
Desulfomonas spp.

Metal(loid) removal/
recovery

Sulfateq (van Houten
et al., 1995)

H2, CO,
Organic
(e.g. ethanol,
molasses)

SO4
2� Sulfate reducers

Fermenters
Acetogens

Desulfovibrio spp.
Desulfomonas spp.
Acetobacterium spp.
Fibrobacter spp.

Sulfate removal
Metal(loid) sulfide removal/
recovery

ABMet (GE Power
and Water, 2013)

BioMeteq (Weijma
et al., 2007)

Organic
(e.g. ethanol
and
molasses)

NO3
�

NO2
�

SO4
2�

Metal(loid)s
(e.g. Se, As,
U and Cr)

Sulfate reducers
Fermenters
Metal(loid)
reducers
Denitrifiers

Desulfovibrio spp.
Desulfomonas spp.
Fibrobacter spp.
Bacillus arsenoselenatis
Thauera selenatis
Sulfurospirillum barnesii

Denitrification
Metal(loid) removal/
recovery

Thiopaq (Ter Heijne
et al., 2018)

HS�, H2S O2 Sulfide oxidizers Thioalkalivibrio,
Sulfolobulus

Alkalilimnicola spp.

S° recovery

Arsenoteq/Thioteq
Scorodite (Gonzalez-
Contreras et al., 2010)

Fe(II)
As(III)

O2 Iron oxidizers
Arsenite oxidizers

Acidianus sulfidivorans,
Thiobacillus ferrooxidans

Thermus spp.
Sulfolobus acidocaldarius

As removal
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Leon-Fernandez et al. (2021) the sequential recovery of
Cu (in MFC mode) and Sn, Ni and Fe (in MEC mode),
also from simulated acid mine drainages (Ai et al., 2020;
Leon-Fernandez et al., 2021). Finally, other studies have
reported the coupling of bioanodes with the cathodic
metal removal by precipitation as metal hydroxides or
carbonates (Lefebvre et al., 2012; Colantonio and Kim,
2016). Likewise, electrochemical cells that can eventu-
ally be amended with microbial bioanodes have also
achieved the selective precipitation of metal (hydr)
oxides, mixed metal oxides or hydroxychlorides, using
gas diffusion electrocrystallization (GDEx) (Prato et al.,
2019, 2020; Pozo et al., 2020). GDEx can be adapted in
both MFC and MEC modes, as necessary. In this way, a
broad variety of metals can be recovered and valorized
as functional or marketable materials. Sulfides too can

be oxidized and recovered as elemental sulfur on a bioa-
node, whilst Fe(II) and As(III) can be biologically oxi-
dized to Fe(III) and As(V), respectively (Rabaey et al.,
2006; Ter Heijne et al., 2007; Nguyen et al., 2016).
The initial focus on bioanodes has pushed research

into bioanodic based technologies (Bonmat�ı et al., 2013;
Pr�evoteau et al., 2020). However, research and develop-
ment of biocathodes has been lagging behind. This is
peculiar, as metal(loid)s such as selenium, tellurium,
arsenic, antimony, uranium, technetium, neptuntium,
vanadium, silver, gold, cobalt, chromium, mercury, palla-
dium and platinum can be immobilized, reduced in toxic-
ity or transformed into valuable nanoparticles via
bioreduction (Lloyd, 2003; Hennebel et al., 2012; Abin
and Hollibaugh, 2014; Williamson et al., 2014; Maes
et al., 2016). At the same time, sulfate reduction has
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been extensively used for the treatment of metallurgical
wastewaters and removal or recovery of metal(loid)s in
generation I and II systems (Johnson and Hallberg,
2005; Kaksonen and Puhakka, 2007). Biocathodes have
been used for the reduction of toxic hexavalent chro-
mium (Cr(VI)) to trivalent chromium (Cr(III)), the reduc-
tion of U(VI) to U(IV) and the biomediated cathodic
reduction of Se(IV) and Se(VI) to zero-valent state Se
nanoparticles (Gregory and Lovley, 2005; Wang and
Ren, 2014; Zhang et al., 2018; Jugnia et al., 2020). Cad-
mium, gold, vanadium, copper and cobalt have also
been reduced using biocathodes (Mosquera et al.;
Huang et al., 2014, 2015; Hao et al., 2015).
Biocathodic reduction of sulfate has been shown by

multiple authors (see Table 2) (Su et al., 2012; Coma
et al., 2013; Luo et al., 2014a; Sharma et al., 2014,
2015; Pozo et al., 2015, 2016, 2017a,b; Bl�azquez et al.,
2016; Bl�azquez et al., 2016, 2017; Teng et al., 2016;
Agostino and Rosenbaum, 2018). Pozo et al. (2017b) was
able to treat acid mine drainage in a chemical-free way by
using a biocathode combined with electrochemical cells,
anion exchange membranes, cation exchange mem-
branes and settlers (Pozo et al., 2017b). Sulfate was
reduced to sulfides on the biocathode, sulfides were oxi-
dized to elemental sulfur on an abiotic anode, and hydro-
gen evolution at an abiotic cathode was used to increase
the pH of the acid mine drainage and precipitate metals as
hydroxides (Pozo et al., 2017b). Bl�azquez et al. (2016)
used an autotrophic biocathode for sulfate reduction whilst
consuming the oxygen produced at the anode to oxidize
the produced sulfides to elemental sulfur.

The use of BES for metallurgical wastewater treatment
has remained mostly restricted to the lab scale. Two rare
examples of the pilot- and full-scale application of BES
are the BioElectroMET and Inotec technologies (Adams
et al., 2012; Rodenas Motos et al., 2017). The BioElec-
troMET technology was developed by Rodenas Motos
et al. (2015) and is based on the use of a MEC in which
the bioanodic oxidation of acetate drives the abiotic elec-
trodeposition of copper on the cathode, with associated
production of electricity. By scaling up the aforemen-
tioned bioreactors with an electrode area of 100 cm²,
maximum current densities of 23 A m�2 were achieved
(Rodenas Motos et al., 2015). However, when the scale
was increased from an electrode surface area of
100 cm2 to 700–835 cm2, current densities dropped to
1.2 A m�², which was attributed to increased internal
resistances of the cell, lower anode coulombic efficien-
cies due to the degradation of acetate through non-
bioelectrochemical pathways and due to poor cell design
and electrochemical engineering (Rodenas Motos et al.,
2017). The Inotec technology is based on a BES for the
treatment of wastewater polluted with selenium, nitrate,
nitrite, uranium, sulfate and other metal(loid)s. A cathode
and anode are inserted into packed bed bioreactors with
activated carbon as a biocarrier, wherein external volt-
age ranging from 1 to 3 V is applied. Nitrates and nitrites
are reduced to N2 gas and metal(loid)s precipitate in the
bed through bioreduction or bioprecipitation as metal
(loid) sulfide. This technology allows reducing OPEX and
CAPEX associated costs by 25–50% and has been used
at pilot and full scale. At pilot scale, a flow rate of

Table 2. Summary of sulfate-reducing bioelectrochemical systems and a selection of other BES as a comparison.

Technology Compound Rate (g l�1 d�1) Rate (g m�2 d�1) Reference

Biocathode SO4
2� 0.02 1.8 Su et al. (2012)

Biocathode
Bioanode

SO4
2� 0.07 34 Coma et al. (2013)

Biocathode
Bioanode

SO4
2� 0.04 1.92 Luo et al. (2014a)

Biocathode SO4
2� 0.9 11 Pozo et al. (2015)

Biocathode
Zn removal

SO4
2� 0.04 0.35 Teng et al. (2016)

Biocathode
In-situ sulfide oxidation

SO4
2� 1.16 16 Bl�azquez et al. (2016)

Biocathode SO4
2� 1.5 86 Pozo et al. (2016)

Biocathode
In-situ sulfide oxidation

SO4
2� 2.1 29 Bl�azquez et al. (2017)

Biocathode SO4
2� 16.8 330 Pozo et al. (2017)

Biocathode
Abiotic electrodes

SO4
2� 2.8 567 Pozo et al. (2017)

Inotec (pilot scale) NO3
� 0.5 n.d. Opara et al. (2018)

BioElectroMET (labscale bioanode) CH3COO� n.d. 154 Rodenas Motos et al. (2015)
BioElectroMET (pilot-scale bioanode) CH3COO� 4.5 8 Rodenas Motos et al. (2017)
Fluidized bioanode CH3COO� 0.005 9 Deeke et al. (2015)
Fluidized bioanode Organic matter (O2) 1.7 723 Tejedor-Sanz et al. (2018)
Fluidized biocathode NO3

� 0.137 58 Tejedor Sanz et al. (2020)
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180 l h�1 was used, and concentrations up to
114 mg NO3

� l�1 and 2.7 mg Se l�1 have been suc-
cessfully treated (Adams et al., 2012; Opara et al.,
2018). It is however impossible to exclude the occur-
rence of non-electroactive microbial nitrate, sulfate or
metal(loid) reduction as the technology still employs
some organic carbon source. Furthermore, no provisions
have been made for the recovery of the precipitates from
the bed, which would require backwashing, flushing or
replacement of the biocarrier.
The advantages of BES-based technologies are clear:

minimization of chemicals and OPEX, the possibility of
power generation in the case of MFCs, increased avail-
ability of electron donor (i.e. H2) and reduction of
employed voltages due to the bioelectrocatalytic effect of
the electroactive microorganisms (Pozo et al., 2017a;
Cecconet et al., 2018; Dominguez-Benetton et al.,
2018). An added advantage is the possibility of achiev-
ing a selective and sequential recovery of the target
metals, and eventually an easier production of market-
able and functional materials (Logan et al., 2008; Sleu-
tels et al., 2012). However, the implementation of BES
remains challenging: In addition to the characteristics
listed in generation I, the employed microorganisms
often must be electroactive (Arends et al., 2014; Ntagia
et al., 2016; Izadi et al., 2019). Secondly, the electrodes
have to be biologically compatible, display low electrical
resistance and provide a large surface area for electron
exchange and biofilm growth (Desloover et al.; Guo et
al., 2015; Sharma et al., 2019). Most importantly, when
scaling up, it has proven to be difficult to attain suffi-
ciently high rates (see Table 2) (Sleutels et al., 2012;
Pr�evoteau et al., 2020). The reported sulfate reduction
rates vary from 0.002 to 2.8 gSO4

2� l�1 d�1 (see
Table 3 and Fig. 4) (Coma et al., 2013; Pozo et al.,
2017b). The Inotec technology has been applied on a
full scale to treat acid mine drainage, brines from

membrane treatment and power station wastewater. A
rate of 0.5 g NO3

� l�1 d�1 was reported, which would
equate to 0.4 gSO4

2� l�1 d�1 if sulfate was the relevant
electron acceptor (Opara et al., 2018). Achieved reduc-
tion rates per area of electrode are also too low to war-
rant scale up, varying from 0.35 to 567 gSO4

2� m�² d�1,
negatively affecting reactor size and CAPEX (Kaksonen
and Puhakka, 2007; Rozendal et al., 2008; Su et al.,
2012; Pozo et al., 2017a). For bioanodic MEC CAPEX is
estimated at 100 € m�² (Sleutels et al., 2012). As bio-
cathodes currently achieve current densities up to 10
times lower than bioanodes, the CAPEX of biocathodic
systems can be estimated to be 10 times higher
(Sharma et al., 2014).
One possible route for scale up of BES is maximizing

the bioelectroactive surface area. Fluidized bioanodes
and biocathodes employing capacitive biocarriers have
been successfully used, as shown by Tejedor-Sanz et
al. (2018, 2020) (Deeke et al., 2015; Tejedor-Sanz et al.,
2018; Tejedor Sanz et al., 2020). These fluidized BES
still require additional research and have not yet
achieved the rates of the active sulfate-reducing bioreac-
tors of generation II, which are required to treat high
flows of concentrated metallurgical wastewater (see
Table 3 and Fig. 4).

Electrified biological systems (EBS): uncoupling as the
fastest route to scale up

As the electron and mass transfer between the electrode
and microorganisms and the amount of microorganisms
able to grow on the electroactive surface remain the lim-
iting factor for achieving sufficiently high rates, a different
route for scaling up can be the decoupling of electrodes
and biofilms. Hydrogenotrophic active sulfate-reducing
bioreactors utilized in generation II have been able to
attain the reduction rates required to treat concentrated

Table 3. Advantages and disadvantages of passive, active and electrified biological systems for the treatment of metallurgical wastewater
(Johnson and Hallberg, 2005; Taylor et al., 2005; Kaksonen and Puhakka, 2007; Skousen et al., 2017; Verbeeck et al., 2018).

Chemical based Electrified

Gen I:
Passive treatment

Gen II:
Active treatment Gen IIIa: BES

Gen IIIb:
Electrified bioreactors

Resource recovery Difficult Yes Possiblea Yes
Footprint (m²)b Very high Low High Low
Chemical use Low/medium High Low Low
OPEX Low High Low Low
Rate Low High Low High
CAPEX Medium Determined by reduction rate High Medium

a. Resource recovery in the bioelectrochemical systems (BES) is dependent on the implemented configuration: resource recovery from wetland-
like systems is difficult, whilst recovery from reactor-like systems is feasible.
b. Assuming a volume-surface area of 3.8 m³ m�2 for reactors, a flow rate of 40 m³ h�1 and a sulfate concentration of 15 gSO4

2� l�1: Very
high: 14 000–4 300 000 m2; High: 1300–190 000 m2; Low: 130–350 m2.
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metallurgical wastewater at high flow rates (see Fig. 4).
Commercial electrolyzers operate at 10 000–
30 000 A m�2, resulting in electrodes 200–1 000 000
times smaller than those used in BES (Proost, 2019;
Lee et al., 2020). Instead of transferring the electrons
directly to and from microorganisms, an intermediary
product such as hydrogen gas, products of CO2 reduc-
tion (e.g. as CO and formic acid), iron and oxygen gas
can be generated at the electrode (Ter Heijne et al.,
2007; Izadi et al., 2019). As abiotic electrochemical cells
can achieve higher current densities than BES, coupling
these cells to high rate bioreactors similar to those
developed for generation II may unlock the high required
rates that have proven elusive for BES, provided gas
transfer is managed adequately (Sleutels et al., 2012).
In the context of metals, electrochemistry and electro-

metallurgy are widely used for electrorefining and elec-
trowinning in concentrated electrolytes (Verbruggen
et al., 2020). Recent research has shown the potential of
electrochemical cells to reduce chemical use and extract
embedded compounds from dilute streams. Electro-
chemical cells have been used for the recovery of cop-
per, cobalt, zinc, ammonia and terephthalic acid from
various dilute metal-containing streams, for the in-situ
production of acid, the precipitation of PbSO4 from lead
citrate leachate and leaching and extraction of rare earth
elements (Maes et al., 2017; Gao et al., 2020, 2021;
Folens et al., 2021). Alternatively, GDEx has been used
for the recovery of Fe, Cu, Zn, Co, Mn, As and the plati-
num group metals (Prato et al., 2019, 2020; Pozo et al.,
2020). In the PLATIRUS project, platinum group metals
have been selectively recovered (70–100%) out of com-
plex metallurgical mixtures with > 40 different and more
concentrated metals (Nicol et al., 2021).
The coupling of such electrochemical systems to a

bioreactor used for the treatment of metallurgical waste-
water has not been studied, but other research areas
already have combined electrochemical cells and biore-
actors into electrified bioreactors. Electrified bioreactors
similar to the system employed in Verbeeck et al. (2018)
and De Paepe et al. (2020) (see Table 4) may be able
to treat metallurgical wastewater, coupling the in-situ pro-
duction of hydrogen gas, base and acid in the electro-
chemical cell with the reduction of sulfate and
metalloids, the precipitation of metal(loid)s and the gen-
eral extraction of resources (Verbeeck et al., 2018; De
Paepe et al., 2020). Not only reductive systems could be
coupled to electrochemical cells. Aerobic and oxidative
treatments can also be electrified, such as biological oxi-
dation of sulfides and precipitation as elemental sulfur or
the precipitation of bioscorodite (Gonzalez-Contreras
et al., 2010; Vaiopoulou et al., 2016; Ntagia et al., 2019).
Biological sulfide oxidation requires the supply of oxygen
and an acid or base to stabilize the pH (Ter Heijne et al.,

2018; de Rink et al., 2019). The precipitation of bioscoro-
dite involves the supply of oxygen and Fe(II), which can
be provided via the in-situ oxidation of iron at the anode
(see Fig. 3) (Gonzalez-Contreras et al., 2010).
As described previously, the chemical consumption by

sulfate-reducing bioreactors determines the OPEX of the
system and results in multiple downsides (Van Houten
et al., 2006; Bijmans et al., 2008; Bijmans, 2008). Elec-
trochemical cells can remediate these issues via the in-
situ production of acids, alkalis, electron donor, electron
acceptor and the extraction/recovery of embedded com-
pounds (Verbeeck et al., 2018; De Paepe et al., 2020).
Although the required applied cell voltage will possibly
be higher than in biocatalyzed electrochemical systems,
these electrochemical cells will be less constrained by
the low electron transfer rate, small area available for
the growth of microorganisms and mass transfer limita-
tions within the biofilm (Pr�evoteau et al., 2020). The
combination of electrochemical cells and bioreactors
such as in Fig. 3 can minimize the OPEX of the oper-
ated systems. This is dependent on the local electricity
price, the applied voltage, the amount of current required
and the coulombic efficiency of the system, all of which
require further in-depth research. Furthermore, the instal-
lation of electrolyzers and electrochemical cells will
increase the CAPEX when compared to the treatment
systems of generation II. Compared to classical BES,
however, the limited electrode area and bioreactor vol-
ume required in these electrified bioreactors may result
in lower CAPEX. Additionally, when the treatment is fully
electrified, the possibility for carbon neutral metallurgical
wastewater treatment opens up if the electricity is gener-
ated by renewable sources. Finally, these electrified bio-
reactors could provide a solution to remote mines and
metallurgical plants, where the transport of chemicals
may result in substantial additional costs and environ-
mental burdens (Kaksonen and Puhakka, 2007).

A place for everything, everything in its place

The low rates achieved by BES do not mean there is no
room for BES applications (Bejan and Bunce, 2015).
Low rate passive biological treatments such as anaero-
bic wetlands, permeable reactive barriers, anoxic ponds
and infiltration beds have been widely utilized for the
treatment of acid mine drainage. These systems can be
amended with electrodes to improve their treatment effi-
ciency, chemical use and longevity. The Inotec system
previously described consists of electrodes inserted into
an activated carbon bed. This system can be interpreted
as a passive infiltration bed amended with electrodes,
which results in a reduction of chemical use and opera-
tional costs (Opara et al.; Peoples and Adams, 2010).
This working principle has also been shown by Prado et

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

EBS: The next power-up for biometallurgy 763



al. (2020) by improving wetlands as “METlands�”, which
results in enhanced organic matter and nitrogen removal,
increased removal rates and a reduced footprint. The
use of an electroactive and conductive biocarrier allows
the minimization of the electrode surface area and the
associated CAPEX (Prado et al., 2020).
The advantages and key characteristics of passive

treatment, active treatment, BES and electrified bioreac-
tors are listed in Table 3. From this table, it is clear that
passive biological treatment is suitable for handling low
rate waste streams in remote areas such as acid mine
drainage. In these areas, sufficient space is available to
accommodate the achieved low rates. Due to the low
value and remoteness of the waste stream, the treat-
ment system must be low in maintenance and chemical
consumption (Gazea et al., 1996; Kaksonen and
Puhakka, 2007). By electrifying these passive biological
treatment systems into BES similar to those used by
Prado et al. (2020), the footprint and chemical use of the
treatment can be further reduced, decreasing the

operational costs and environmental impact (Opara
et al.; Peoples and Adams, 2010; Prado et al., 2020).
Compared to passive biological treatment, active biologi-
cal treatment provides several advantages, for example,
high treatment rates of concentrated metallurgical waste-
water, increased operational control, a reduction of the
footprint and higher resource recovery (Kaksonen and
Puhakka, 2007). The OPEX of these systems is deter-
mined by their chemical consumption (Van Houten et al.,
2006; Bijmans et al., 2008; Bijmans, 2008). Future
research should aim to combine the low OPEX of BES
with the advantages of active biological treatment, result-
ing in a new generation of high rate electrified bioreac-
tors suitable for the treatment of high flows of
concentrated metallurgical wastewater.

The road to follow: electrified high rates

Historically, two trends can be observed (Fig. 4). The
first one concerns the maximization of sulfate reduction

Table 4. Non-exhaustive overview of the characteristics, performance and application of electrochemical systems and electrified biological
systems.

System Goal (X) Membrane Electrodes
Current density
(A m�2)

Cell
potential
(V)

Rate
(gX l�1 d�1)a Reference

ES Extraction of Nd and La CEM,
AEM

A: MMO-Ir Ti
C: Stainless steel

40 9–13 – Maes et al. (2017)

Water electrolysis PEM A: Ni coated steel
C: Ni coated steel

10 000–30 000 1.5–3 – Lee et al. (2020)

Co recovery AEM A: MMO-Ir Ti
C: Stainless steel

50 7–28 – Gao et al. (2020)

Pb and citrate recovery CEM A: MMO-Ir Ti
C: Stainless steel

50–100 3 – Folens et al. (2021)

Cu and Zn extraction AEM A: MMO-Ir Ti
C: Stainless steel

93 3 – Gao et al. (2021)

Cu recovery (Cu) None A: Ti mesh
C: Copper

Up to 700 2 Up to 8 Haccuria et al.
(2017)

BES Cu recovery Bipolar membrane A: Rough
graphite plate

C: Copper

4.5 �0.5b 0.17

Ter Heijne et al. (2010)
Cu, Ni and Fe recovery Bipolar membrane A and C:

Graphite
brush

4.4 1 0.003

Luo et al. (2014a)
Cd(II) removal None A: Carbon fiber

brush
C: Stainless steel
mesh

1.9 1 – Colantonio and Kim
(2016)

EBS Acetate production and
extraction (CH3COO�)

CEM,
AEM

A: MMO-Ir Ti
C: Carbon felt

5 3.91 1.48–3.54 Verbeeck et al.
(2018)

Nitrification (NH4
+-N) CEM,

AEM
A: MMO-Ir Ti
C: Stainless steel

20 2.8–3.5 0.24 De Paepe et al.
(2020)

Cr precipitation (Cr) CEM A and C:
stainless-steel
mesh

9 2.4 0.01 Anaya-Garzon et al.

A, anode; AEM, anion exchange membrane; BES, bioelectrochemical systems; C, cathode; CEM, cation exchange membrane; EBS, electrified
biological systems; ES, electrochemical systems; MMO, mixed metal oxide.
a. “X” refers to compound listed in the second column (“Goal”).
b. Negative voltage implies spontaneous voltage input (microbial fuel cell mode).
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rate and the development of high rate active biological
systems (generation II) to treat concentrated (pH < 4,
ca. 15 gSO42� l�1) wastewaters at high flows, which
are unsuitable for passive treatment (generation I). This
has resulted in multiple mature full-scale technologies
used to treat high rate metallurgical wastewater, report-
ing sulfate reduction rates above 10 gSO4

2� l�1 d�1

(van Houten, 2006; Papirio et al., 2013; Rose, 2013;
Isosaari and Sillanp€a€a, 2017). The second trend con-
sisted of the development of BES and electrification of
low rate systems such as filtration beds and wetlands
(Adams et al., 2012; Prado et al., 2020). This resulted
in a minimization of operational costs and a decrease
in footprint.
These BES remain for the foreseeable future unsuita-

ble for the treatment of wastewater from metallurgical
plants such as smelters, which are characterized by high
flows, high concentrations and often very low pH (Kakso-
nen and Puhakka, 2007; Pr�evoteau et al., 2020). The
biological treatment of these types of wastewaters has
remained the exclusive domain of active biological treat-
ment technologies (van Houten, 2006; Papirio et al.,
2013; Rose, 2013; Isosaari and Sillanp€a€a, 2017). These
technologies still require the use of chemicals such as
electron donors, acids and alkalis. These chemicals
increase the OPEX of the treatment, increase the salinity
of the wastewater and lower the potential for reuse (Van
Houten et al., 2006; Bijmans et al., 2008; Bijmans,
2008). The off-site production, transport and storage of
these chemicals also result in additional costs,

administrative burdens, safety hazards and environmen-
tal impacts, certainly when the plant is located in a
remote location (Kaksonen and Puhakka, 2007).
Table 4 provides a comparison of some examples of

electrochemical, bioelectrochemical and EBS. High cur-
rent densities are a limiting factor on the electroactive
biofilm performance of BES. BES allow to achieve a
more favourable energetic balance compared to conven-
tional electrochemical technology thanks to biocatalysis,
abating energy requirements (Wang and Ren, 2014).
However, current densities exceeding the biological
capacity of the electroactive biofilm lead to biofilm inhibi-
tion and damage, limiting the reaction rates and deterio-
rating performance (Modin et al., 2012). Pure
electrochemical reactors can operate at current densities
some orders of magnitude higher than electrified biore-
actors. This can be seen when comparing BES for cop-
per removal (Ter Heijne et al., 2010) with pure
electrochemical technology (Ter Heijne et al., 2010; Hac-
curia et al., 2017; Haccuria et al., 2017). Electrode mate-
rials for biofilm development need to be biocompatible.
Carbonaceous porous materials are commonly used,
which allow a proper development of the electroactive
biofilm. In contrast to BES, the bioprocesses in EBS are
uncoupled from the electrochemical reaction. Current
densities and materials are therefore not restricted by
biological limitations and could have a wide range
depending on the particular case. BES and EBS need to
operate at mild pH and temperature values to maintain
the microbial community.

CO2

O2

Fe(II)

Acid
SO4

2-

Metal(loid)s
(As, Cu, 
Fe,…)

Metal sulfides
(CuS, FeS, …)
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(FeAsO4·2H2O)

H2

Base
O2
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Discharge
Reuse
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Legend

Bioreactor

Solid separation
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Fig. 3. A hypothetical example of electrified biological systems (EBS) applied to existing biometallurgical wastewater treatment technologies.
(A) Arsenoteq/Thioteq Scorodite, (B) Sulfateq and (C) Thiopaq. This conceptual flowsheets is non-limiting as multiple iterations, sequences,
combination, gas recycles and liquid recycles are possible.
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The achieved current density in some of the cited
electrochemical systems and electrified bioreactors is
however still (much) lower than in commercial electroly-
zers. In part, this can be explained by the non-optimal
circumstances in labscale setups: a large distance
between electrodes, for example, increases the cell
potential significantly. Such factors can be remediated
when knowhow of full-scale operational electrolyzers is
implemented. The low/mild conductivity of biological
media, which also functions as an electrolyte, presents a
fundamental challenge however. High conductivities are
required to minimize the cell potential and energy con-
sumption. One promising strategy to minimize the cell
potential is the use of brines in the electrolysis cells.
These brines can originate from onsite side or waste-
streams or can be produced from the treated wastewater
when the electrified bioreactor is combined with mem-
brane treatment such as reverse osmosis. Crucially, this
approach also requires the use of halotolerant and halo-
philic microorganisms: current research has shown that
sulfate reducing bioreactors can operate at conductivities
of 60–90 mS cm�1 (Vallero et al., 2004). Finally, the
employed membranes and electrodes must be able to
withstand the electrolyte pH and corrosive substances
such as sulfides.
Given the long history of electrometallurgy and electro-

chemistry in metallurgical industries, the use of abiotic
electrochemical cells for the electrification of active

biological treatment technologies is a natural next step
(Davy, 1839). This approach has the potential to com-
bine the high treatment rates and low footprints achieved
by active bioreactors with the advantages of BES. Future
research should therefore focus on providing proof of
concepts of these electrified bioreactors, focussing on
the factors that determine the OPEX and CAPEX of the
system: the chemical use, the total energy used, the
employed potential and current, the achieved coulombic
efficiency, the overall cell resistance, the water/electro-
lyte/medium conductivity and the achievable rates (Kak-
sonen and Puhakka, 2007; Pr�evoteau et al., 2020).
Researchers should also keep the potential for resource
recovery and water reuse in mind and investigate any
existing boundaries limiting real-world application. Exam-
ples of these may be the lack or presence of certain
compounds and undesirable side reactions. Arsenic, for
example, can be electrochemically reduced to arsine
gas, a highly toxic and potentially lethal gas (Brusciotti
and Duby, 2007). Other unwanted reactions such as the
precipitation of hydroxides may result in the clogging of
membranes. Metal(loid)s such as mercury, copper and
silver can be reduced and/or deposited on the cathode,
whilst elements such as chloride can be oxidized at the
anode. Compounds such as fluoride or chlorine may
deteriorate membranes, result in corrosion and damage
electrodes and electrode coating. Finally, these systems
must be tested and validated via the actual industrial

Fig. 4. Reduction rates achieved by passive treatment (generation I), active treatment (generation II) and bioelectrochemical systems (BES,
generation IIIa) reported in peer-reviewed journals and the innovations between each generation (Dvorak et al., 1992; Smul et al., 1997;
Waybrant et al., 1998, 2002; Chang et al., 2000; Cocos et al., 2002; Skousen and Ziemkiewicz, 2005; Zagury et al., 2006; Liamleam and
Annachhatre, 2007; Van Houten et al., 2009; Su et al., 2012; Coma et al., 2013; Luo et al., 2014a; S�anchez-Andrea et al., 2014; Sharma et al.,
2014; Pozo et al., 2015, 2016, 2017, 2017; Bl�azquez et al., 2016, 2017; Teng et al., 2016).
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wastewater treatment to increase the acceptance in
industry and bridge the “valley of death” often encoun-
tered by nascent technologies (Hennebel et al., 2015).

Acknowledgements

This research was supported by Flanders Innovation &
Entrepreneurship (VLAIO, HBC.217.000) and the
Research & Development Umicore Group. KR is sup-
ported by a Ghent University Bijzonder Onderzoeksfonds
GOA grant (BOF19/GOA/026). LB is supported by FWO
PROJECT 3G0I1818W. XDB and LFLF are supported
by the European Commission grant agreement ID:
958302 (PEACOC project).

Conflict of interest

The authors declare no competing financial interest.

References

Abin, C.A., and Hollibaugh, J.T. (2014) Dissimilatory antimo-
nate reduction and production of antimony trioxide micro-
crystals by a novel microorganism. Environ Sci Technol
48: 681–688.

Adams, D.J., Peoples, M. & Opara, A. (2012) A new
electro-biochemical reactor (EBR) for treatment of waste-
waters. Water in Mineral Processing, pp. 2–12.

Agostino, V., and Rosenbaum, M.A. (2018) Sulfate-reducing
electroautotrophs and their applications in bioelectro-
chemical systems. Front Energy Res 6: 55.

Ai, C., Hou, S., Yan, Z., Zheng, X., Amanze, C., Chai, L., et al.
(2020) Recovery of metals from acid mine drainage by
bioelectrochemical system inoculated with a novel exoe-
lectrogen, pseudomonas sp. E8. Microorganisms 8: 41.

Anaya-Garzon, J., Mosquera-Romero, S., Leon-Fernandez,
L.F., Garcia-Timermans, C., Van Dorpe, J. & Hoorens, A.
Chromium nano-mining with electrified bioreactors (to be
published).

Arends, J.B.A., Van Denhouwe, S., Verstraete, W., Boon,
N., and Rabaey, K. (2014) Enhanced disinfection of
wastewater by combining wetland treatment with bioelec-
trochemical H2O2production. Bioresour Technol 155:
352–358.

Baldwin, S.A., Khoshnoodi, M., Rezadehbashi, M., Taupp,
M., Hallam, S., Mattes, A., and Sanei, H. (2015) The
microbial community of a passive biochemical reactor
treating arsenic, zinc, and sulfate-rich seepage. Front
Bioeng Biotechnol 3: 1–13.

Bejan, D., and Bunce, N.J. (2015) Acid mine drainage: elec-
trochemical approaches to prevention and remediation of
acidity and toxic metals. J Appl Electrochem 45: 1239–
1254.

Bijmans, M.F.M. (2008) Sulfate reduction under acidic con-
ditions for selective metals recovery, pp. 1–156.

Bijmans, M.F.M., Dopson, M., Ennin, F., Lens, P.N.L., and
Buisman, C.J.N. (2008) Effect of sulfide removal on

sulfate reduction at pH 5 in a hydrogen fed gas-lift biore-
actor. J Microbiol Biotechnol 18: 1809–1818.

Bl�azquez, E., Gabriel, D., Baeza, J.A., and Guisasola, A.
(2016) Treatment of high-strength sulfate wastewater
using an autotrophic biocathode in view of elemental sul-
fur recovery. Water Res 105: 395–405.

Bl�azquez, E., Gabriel, D., Baeza, J.A., and Guisasola, A.
(2017) Evaluation of key parameters on simultaneous sul-
fate reduction and sulfide oxidation in an autotrophic bio-
cathode. Water Res 123: 301–310.

Bonmat�ı, A., Sotres, A., Mu, Y., Rozendal, R., and Rabaey,
K. (2013) Oxalate degradation in a bioelectrochemical
system: reactor performance and microbial community
characterization. Bioresour Technol 143: 147–153.

Boonstra, J., van Lier, R., Janssen, G., Dijkman, H., and
Buisman, C.J.N. (1999) Biological treatment of acid mine
drainage. Process Metall 9: 559–567.

Brusciotti, F., and Duby, P. (2007) Cyclic voltammetry study
of arsenic in acidic solutions. Electrochim Acta 52: 6644–
6649.

Carvajal-Arroyo, J.M., Andersen, S.J., Ganigu�e, R., Rozen-
dal, R.A., Angenent, L.T., and Rabaey, K. (2020) Produc-
tion and extraction of medium chain carboxylic acids at a
semi-pilot scale. Chem Eng J 416: 127886.

Cecconet, D., Callegari, A., and Capodaglio, A.G. (2018)
Bioelectrochemical systems for removal of selected
metals and perchlorate from groundwater: a review. Ener-
gies 11: 2643.

Chang, I.S., Shin, P.K., and Kim, B.H. (2000) Biological
treatment of acid mine drainage under sulphate-reducing
conditions with solid waste materials as substrate. Water
Res 34: 1269–1277.

Cocos, I.A., Zagury, G.J., Cl�ement, B., and Samson, R.
(2002) Multiple factor design for reactive mixture selection
for use in reactive walls in mine drainage treatment.
Water Res 36: 167–177.

Colantonio, N., and Kim, Y. (2016) Cadmium (II) removal
mechanisms in microbial electrolysis cells. J Hazard
Mater 311: 134–141.

Coma, M., Puig, S., Pous, N., Balaguer, M.D., and Colprim,
J. (2013) Biocatalysed sulphate removal in a BES cath-
ode. Bioresour Technol 130: 218–223.

Davy, J. (1839) The Collected Works of Sir Humphrey
Davy. Davy, J. (ed.). London: Smith, Elder and Co.
Cornhill.

De Paepe, J., Clauwaert, P., Gritti, M.C., Ganigu�e, R., Sas,
B., Vlaeminck, S.E., and Rabaey, K. (2021) Electrochemi-
cal in situ pH control enables chemical-free full urine nitri-
fication with concomitant nitrate extraction. Environ Sci
Technol 55: 8287–8298. http://dx.doi.org/10.1021/acs.est.
1c00041

Deeke, A., Sleutels, T.H.J.A., Donkers, T.F.W., Hamelers,
H.V.M., Buisman, C.J.N., and Ter Heijne, A. (2015) Fluid-
ized capacitive bioanode as a novel reactor concept for
the microbial fuel cell. Environ Sci Technol 49: 1929–
1935.

Desloover, J., Arends, J.B.A., Hennebel, T., and Rabaey, K.
(2012) Operational and technical considerations for micro-
bial electrosynthesis. Biochem Soc Trans 40: 1233–1238.
http://dx.doi.org/10.1042/bst20120111

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

EBS: The next power-up for biometallurgy 767

http://dx.doi.org/10.1021/acs.est.1c00041
http://dx.doi.org/10.1021/acs.est.1c00041
http://dx.doi.org/10.1042/bst20120111


Dominguez-Benetton, X., Varia, J.C., Pozo, G., Modin, O.,
Ter Heijne, A., Fransaer, J., and Rabaey, K. (2018) Metal
recovery by microbial electro-metallurgy. Prog Mater Sci
94: 435–461.

Dvorak, D.H., Hedin, R.S., Edenborn, H.M., and McIntire,
P.E. (1992) Treatment of metal-contaminated water using
bacterial sulfate reduction: results from pilot-scale reac-
tors. Biotechnol Bioeng 40: 609–616.

European Commission. (2020) Critical raw materials
resilience: charting a path towards greater security and
sustainability. https://ec.europa.eu/growth/sectors/raw-materials/
specific-interest/critical_en

Folens, K., Williamson, A.J., Van Damme, K., Ostermeyer,
P., Timermans, C.G., Du Laing, G., Boon, N., and Henne-
bel, T. (2021) Citrate-mediated hydrometallurgical lead
extraction and integrated electrochemical recovery from
zinc leaching residue. ACS Sustain Chem Eng 9: 9282–
9288. http://dx.doi.org/10.1021/acssuschemeng.1c01723

Gao, R., Benetton, X.D., Varia, J., Mees, B., Du Laing, G.,
and Rabaey, K. (2020) Membrane electrolysis for separa-
tion of cobalt from terephthalic acid industrial wastewater.
Hydrometallurgy 191: 105216.

Gao, R., Folens, K., Mees, B., Laing, G.D., Rabaey, K., and
Bonin, L. (2021) Copper and zinc extraction from automo-
bile shredder residues via an integrated electrodeposition
and crystallization process. Resour Conserv Recycl 172:
105672.

Gazea, B., Adam, K., and Kontopoulos, A. (1996) A review
of passive systems for the treatment of acid mine drain-
age. Miner Eng 9: 23–42.

GE Power & Water (2013) ABMet for selenium removal:
simple one-step solution with guaranteed performance. 3.

Gonzalez-Contreras, P., Weijma, J., Van Der Weijden, R.,
and Buisman, C.J.N. (2010) Biogenic scorodite crystalliza-
tion by Acidianus sulfidivorans for arsenic removal. Envi-
ron Sci Technol 44: 675–680.

Gonz�alez-Contreras, P., Weijma, J., and Buisman, C.J.N.
(2012) Continuous bioscorodite crystallization in CSTRs
for arsenic removal and disposal. Water Res 46: 5883–
5892.

Gopi Kiran, M., Pakshirajan, K., and Das, G. (2017) An
overview of sulfidogenic biological reactors for the simul-
taneous treatment of sulfate and heavy metal rich waste-
water. Chem Eng Sci 158: 606–620.

Gregory, K.B., and Lovley, D.R. (2005) Remediation and
recovery of uranium from contaminated subsurface envi-
ronments with electrodes. Environ Sci Technol 39: 8943–
8947.

Guo, K., Pr�evoteau, A., Patil, S.A., and Rabaey, K. (2015)
Engineering electrodes for microbial electrocatalysis. Curr
Opin Biotechnol 33: 149–156.

Haccuria, E., Ning, P., Cao, H., Venkatesan, P., Jin, W.,
Yang, Y., and Sun, Z. (2017) Effective treatment for elec-
tronic waste—selective recovery of copper by combining
electrochemical dissolution and deposition. J Clean Prod
152: 150–156.

Hallberg, K.B., and Johnson, D.B. (2005) Biological manga-
nese removal from acid mine drainage in constructed wet-
lands and prototype bioreactors. Sci Total Environ 338:
115–124.

Hallberg, K.B., Rolfe, S., and Johnson, D.B. (2004) The
microbiology of passive remediation technologies for mine
drainage treatment. IMWA 1–11.

Hao, L., Zhang, B., Tian, C., Liu, Y., Shi, C., Cheng, M.,
and Feng, C. (2015) Enhanced microbial reduction of
vanadium (V) in groundwater with bioelectricity from
microbial fuel cells. J Power Sources 287: 43–49.

Heijne, A.T., Liu, F., Weijden, R.V.D., Weijma, J., Buisman,
C.J.N., and Hamelers, H.V.M. (2010) Copper recovery
combined with electricity production in a microbial fuel
cell. Environ Sci Technol 44: 4376–4381.

Hennebel, T., Boon, N., Maes, S., and Lenz, M. (2015) Bio-
technologies for critical raw material recovery from pri-
mary and secondary sources: R&D priorities and future
perspectives. N Biotechnol 32: 121–127.

Hennebel, T., De Corte, S., Verstraete, W., and Boon, N.
(2012) Microbial production and environmental applica-
tions of Pd nanoparticles for treatment of halogenated
compounds. Curr Opin Biotechnol 23: 555–561. http://dx.
doi.org/10.1016/j.copbio.2012.01.007

van Houten, B.H.G.W. (2006) Microbial aspects of synthesis
gas fed bioreactors treating sulfate and metal rich waste-
waters, pp. 1–112.

van Houten, R.T., Pol, L.W.H., and Lettinga, G. (1994) Bio-
logical sulphate reduction using gas-lift reactors fed with
hydrogen and carbon dioxide as energy and carbon
source. Biotechnol Bioeng 44: 586–594.

van Houten, R.T.T., van Aelst, A.C.C., and Lettinga, G.
(1995) Aggregation of sulphate-reducing bacteria and
homo-acetogenic bacteria in a lab-scale gas-lift reactor.
Water Sci Technol 32: 85–90.

Huang, L., Jiang, L., Wang, Q., Quan, X., Yang, J., and
Chen, L. (2014) Cobalt recovery with simultaneous meth-
ane and acetate production in biocathode microbial elec-
trolysis cells. Chem Eng J 253: 281–290.

Huang, L., Wang, Q., Jiang, L., Zhou, P., Quan, X., and
Logan, B.E. (2015) Adaptively evolving bacterial commu-
nities for complete and selective reduction of Cr(VI), Cu
(II), and Cd(II) in biocathode bioelectrochemical systems.
Environ Sci Technol 49: 9914–9924.

Huisman, J.L., Schouten, G., and Schultz, C. (2006) Biologi-
cally produced sulphide for purification of process
streams, effluent treatment and recovery of metals in the
metal and mining industry. Hydrometallurgy 83: 106–113.

Hulshoff Pol, L.W., Lens, P.N.L., Weijma, J., and Stams,
A.J.M. (2001) New developments in reactor and process
technology for sulfate reduction. Water Sci Technol 44:
67–76.

Isosaari, P., and Sillanp€a€a, M. (2017) Use of sulfate-
reducing and bioelectrochemical reactors for metal recov-
ery from mine water. Sep Purif Rev 46: 1–20.

Izadi, P., Fontmorin, J.-M., Fern�andez, L.F.L., Cheng, S.,
Head, I., and Yu, E.H. (2019) High performing gas diffu-
sion biocathode for microbial fuel cells using acidophilic
iron oxidizing bacteria. Front Energy Res 7: 93.

Johnson, D.B., and Hallberg, K.B. (2005) Acid mine drain-
age remediation options: a review. Sci Total Environ 338:
3–14.

Jugnia, L.B., Manno, D., Vidales, A.G., Hrapovic, S., and
Tartakovsky, B. (2020) Selenite and selenate removal in

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

768 P. Ostermeyer et al.

https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
http://dx.doi.org/10.1021/acssuschemeng.1c01723
http://dx.doi.org/10.1016/j.copbio.2012.01.007
http://dx.doi.org/10.1016/j.copbio.2012.01.007


a permeable flow-through bioelectrochemical barrier. J
Hazard Mater 124431.

Kaksonen, A.H., Deng, X., Bohu, T., Zea, L., Khaleque,
H.N., Gumulya, Y., et al. (2020) Prospective directions for
biohydrometallurgy. Hydrometallurgy 195: 105376.

Kaksonen, A.H., Franzmann, P.D., and Puhakka, J.A.
(2004) Effects of hydraulic retention time and sulfide toxic-
ity on ethanol and acetate oxidation in sulfate-reducing
metal-precipitating fluidized-bed reactor. Biotechnol
Bioeng 86: 332–343.

Kaksonen, A.H., and Puhakka, J.A. (2007) Sulfate reduc-
tion based bioprocesses for the treatment of acid mine
drainage and the recovery of metals. Eng Life Sci 7:
541–564.

Larry, L.B., Barton, L.L., Tomei, F.A., Thauer, R.K., Kunow,
J., Stackebrandt, E., et al. (1995) Sulfate Reducing Bacte-
ria, 1st ed. Barton, L.L. (ed.). New York: Springer Scien-
ce+Business Media.

Lee, J.K., Lee, C.H., Fahy, K.F., Zhao, B., LaManna, J.M.,
Baltic, E., et al. (2020) Critical current density as a perfor-
mance indicator for gas-evolving electrochemical devices.
Cell Reports Phys Sci 1: 100147.

Lefebvre, O., Neculita, C.M., Yue, X., and Ng, H.Y. (2012)
Bioelectrochemical treatment of acid mine drainage domi-
nated with iron. J Hazard Mater 241–242: 411–417.

Leon-Fernandez, L.F., Medina-D�ıaz, H.L., P�erez, O.G.,
Romero, L.R., Villase~nor, J., and Fern�andez-Morales, F.J.
(2021) Acid mine drainage treatment and sequential metal
recovery by means of bioelectrochemical technology. J
Chem Technol Biotechnol 96: 1543–1552.

Lewis, A.E. (2010) Review of metal sulphide precipitation.
Hydrometallurgy 104: 222–234.

Liamleam, W., and Annachhatre, A.P. (2007) Electron
donors for biological sulfate reduction. Biotechnol Adv 25:
452–463.

Lindsay, M.B.J., Wakeman, K.D., Rowe, O.F., Grail, B.M.,
Ptacek, C.J., Blowes, D.W., and Johnson, D.B. (2011)
Microbiology and geochemistry of mine tailings amended
with organic carbon for passive treatment of pore water.
Geomicrobiol J 28: 229–241.

Lloyd, J.R. (2003) Microbial reduction of metals and radio-
nuclides. FEMS Microbiol Rev 27: 411–425.

Logan, B.E., Call, D., Cheng, S., Hamelers, H.V.M., Sleu-
tels, T.H.J.A., Jeremiasse, A.W., and Rozendal, R.A.
(2008) Critical review microbial electrolysis cells for high
yield hydrogen gas production from organic matter. Envi-
ron Sci Technol 42: 8630–8640.

Luo, H., Fu, S., Liu, G., Zhang, R., Bai, Y., and Luo, X.
(2014a) Autotrophic biocathode for high efficient sulfate
reduction in microbial electrolysis cells. Bioresour Technol
167: 462–468.

Luo, H., Liu, G., Zhang, R., Bai, Y., Fu, S., and Hou, Y.
(2014b) Heavy metal recovery combined with H2 produc-
tion from artificial acid mine drainage using the microbial
electrolysis cell. J Hazard Mater 270: 153–159.

Maes, S., Props, R., Fitts, J.P., Smet, R.D., Vilchez-Vargas,
R., Vital, M., et al. (2016) Platinum recovery from syn-
thetic extreme environments by halophilic bacteria. Envi-
ron Sci Technol 50: 2619–2626.

Maes, S., Zhuang, W.Q., Rabaey, K., Alvarez-Cohen, L.,
and Hennebel, T. (2017) Concomitant leaching and

electrochemical extraction of rare earth elements from
monazite. Environ Sci Technol 51: 1654–1661.

Modin, O., Fuad, N., and Rauch, S. (2017) Microbial electro-
chemical recovery of zinc. Electrochim Acta 248: 58–63.

Modin, O., Wang, X., Wu, X., Rauch, S., and Fedje, K.K.
(2012) Bioelectrochemical recovery of Cu, Pb, Cd, and Zn
from dilute solutions. Publ J Hazard Mater 235–236: 291–
297.

Mosquera, S.S., Anaya-Garzon, J., Garcia-Timermans, C.,
Van Dorpe, J., Hoorens, A., and Commenges-Bernole, N.
Combined gold recovery and nanoparticle synthesis in
microbial and bioelectrochemical systems (to be pub-
lished), pp. 1–35.

Muyzer, G., and Stams, A.J.M. (2008) The ecology and bio-
technology of sulphate-reducing bacteria. Nat Rev Micro-
biol 6: 441–454.

Nancharaiah, Y.V., and Lens, P.N.L. (2015) Ecology and
biotechnology of selenium-respiring bacteria. Microbiol
Mol Biol Rev 79: 61–80.

Nancharaiah, Y.V., Mohan, S.V., Lens, P.N.L.L., Venkata
Mohan, S., and Lens, P.N.L.L. (2015a) Metals removal
and recovery in bioelectrochemical systems: a review.
Bioresour Technol 195: 102–114.

Nancharaiah, Y.V., Venkata Mohan, S., and Lens, P.N.L.
(2015b) Metals removal and recovery in bioelectrochem-
ical systems: a review. Bioresour Technol 195: 102–114.

Neculita, C.-M., Zagury, G.J., and Bussi�ere, B. (2007) Pas-
sive treatment of acid mine drainage in bioreactors using
sulfate-reducing bacteria. J Environ Qual 36: 1–16.

Nguyen, V.K., Park, Y., Yu, J., and Lee, T. (2016) Simulta-
neous arsenite oxidation and nitrate reduction at the elec-
trodes of bioelectrochemical systems. Environ Sci Pollut
Res 23: 19978–19988.

Nicol, G., Goosey, E., Yıldız, D.S� ., Loving, E., Nguyen, V.T.,
Ria~no, S., et al. (2021) Platinum group metals recovery
using secondary raw materials (platirus): project overview
with a focus on processing spent autocatalyst. Johnson
Matthey Technol Rev 65: 127–147.

Northey, S., Mohr, S., Mudd, G.M., Weng, Z., and Giurco,
D. (2014) Modelling future copper ore grade decline
based on a detailed assessment of copper resources and
mining. Resour Conserv Recycl 83: 190–201.

Ntagia, E., Fiset, E., Truong, L., Hong, C., Vaiopoulou, E.,
and Rabaey, K. (2019) Electrochemical treatment of
industrial sulfidic spent caustic streams for sulfide removal
and caustic recovery. J Hazard Mater 388: 121770

Ntagia, E., Rodenas, P., Ter Heijne, A., Buisman, C.J.N.,
and Sleutels, T.H.J.A. (2016) Hydrogen as electron donor
for copper removal in bioelectrochemical systems. Int J
Hydrogen Energy 41: 5758–5764.

Opara, A.O., Adams, J., Fudyma, J., and Bowden, J. (2018)
Selenium, uranium, and nitrate: treatment of troublesome
contaminants in mining wastewaters—EBR case studies.
J Am Soc Min Reclam 7: 19–34.

Opara, A., Peoples, M.J., Adams, D.J. & Martin, A.J.
Elector-biochemical reactor (EBR) technology for sele-
nium removal from coal mining wastewaters, Salt Lake
City, pp. 1–6. https://www.inotec.us/ebr.html

Ostermeyer, P., Bonin, L., Folens, K., Verbruggen, F.,
Garc�ıa-Timermans, C., Verbeken, K., Rabaey, K., and
Hennebel, T. (2021) Effect of speciation and composition

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

EBS: The next power-up for biometallurgy 769

https://www.inotec.us/ebr.html


on the kinetics and precipitation of arsenic sulfide from
industrial metallurgical wastewater. J Hazard Mater 409:
124418. http://dx.doi.org/10.1016/j.jhazmat.2020.124418

Papirio, S., Villa-Gomez, D.K., Esposito, G., Pirozzi, F., and
Lens, P.N.L. (2013) Acid mine drainage treatment in
fluidized-bed bioreactors by sulfate-reducing bacteria: a
critical review. Crit Rev Environ Sci Technol 43: 2545–
2580.

Parissa Mirjafari, M.R., and Susan, A.B. (2012) Microbial
communities associated with passive treatment of sul-
phate and selenium containing water. In 9th Int Conf Acid
Rock Drain, pp. 221–231.

Parshina, S.N., Sipma, J., Henstra, A.M., and Stams, A.J.M.
(2010) Carbon monoxide as an electron donor for the bio-
logical reduction of sulphate. Int J Microbiol 2010: 1–9.

Peiravi, M., Mote, S.R., Mohanty, M.K., and Liu, J. (2017)
Bioelectrochemical treatment of acid mine drainage
(AMD) from an abandoned coal mine under aerobic con-
dition. J Hazard Mater 333: 329–338.

Peoples, M. & Adams, D.J. (2010) Electro-biochemical reac-
tor for removal of metals and nitrates. Society for Mining,
Metallurgy and Exploration, pp. 1–5.

Pozo, G., Jourdin, L., Lu, Y., Ledezma, P., Keller, J., and
Freguia, S. (2015) Methanobacterium enables high rate
electricity-driven autotrophic sulfate reduction. RSC Adv
5: 89368–89374. http://dx.doi.org/10.1039/c5ra18444d

Pozo, G., Jourdin, L., Lu, Y., Keller, J., Ledezma, P., and
Freguia, S. (2016) Cathodic biofilm activates electrode
surface and achieves efficient autotrophic sulfate reduc-
tion. Electrochim Acta 213: 66–74.

Pozo, G., Lu, Y., Pongy, S., Keller, J., Ledezma, P., and
Freguia, S. (2017a) Selective cathodic microbial biofilm
retention allows a high current-to-sulfide efficiency in
sulfate-reducing microbial electrolysis cells. Bioelectro-
chemistry 118: 62–69.

Pozo, G., Pongy, S., Keller, J., Ledezma, P., and Freguia,
S. (2017b) A novel bioelectrochemical system for
chemical-free permanent treatment of acid mine drainage.
Water Res 126: 411–420.

Pozo, G., Van Houtven, D., Fransaer, J., and Dominguez-
Benetton, X. (2020) Arsenic immobilization as crystalline
scorodite by gas-diffusion electrocrystallization. React
Chem Eng 5: 1118–1128.

Prado, A., Ram�ırez-Vargas, C.A., Arias, C.A., and Esteve-
N�u~nez, A. (2020) Novel bioelectrochemical strategies for
domesticating the electron flow in constructed wetlands.
Sci Total Environ 735: 139522.

Prato M., R.A., Van Vught, V., Chayambuka, K., Pozo, G.,
Eggermont, S., Fransaer, J., and Dominguez-Benetton, X.
(2020) Synthesis of material libraries using gas diffusion
electrodes. J Mater Chem A 8: 11674–11686.

Prato, R.A., Van Vught, V., Eggermont, S., Pozo, G., Marin,
P., Fransaer, J., and Dominguez-Benetton, X. (2019) Gas
diffusion electrodes on the electrosynthesis of controllable
iron oxide nanoparticles. Sci Rep 9: 1–11.

Pr�evoteau, A., Carvajal-Arroyo, J.M., Ganigu�e, R., and
Rabaey, K. (2020) Microbial electrosynthesis from CO2:
forever a promise? Curr Opin Biotechnol 2: 48–57.

Proost, J. (2019) State-of-the art CAPEX data for water
electrolysers, and their impact on renewable hydrogen
price settings. Int J Hydrogen Energy 44: 4406–4413.

Pruden, A., Pereyra, L.P., Hiibel, S.R., Inman, L.Y.,
Kashani, N., Reardon, K.F., and Reisman, D. (2006)
Microbiology of sulfate-reducing passive treatment sys-
tems. In 7th Int Conf Acid Rock Drain 2006, ICARD –
Also Serves as 23rd Annu Meet Am Soc Min Reclam 2,
pp. 1620–1631.

Qin, B., Luo, H., Liu, G., Zhang, R., Chen, S., Hou, Y., and
Luo, Y. (2012) Nickel ion removal from wastewater using
the microbial electrolysis cell. Bioresour Technol 121:
458–461.

Rabaey, K., Van de Sompel, K., Maignien, L., Boon, N., Ael-
terman, P., Clauwaert, P., et al. (2006) Microbial fuel cells
for sulfide removal. Environ Sci Technol 40: 5218–5224.

Rambabu, K., Banat, F., Pham, Q.M., Ho, S.-H., Ren, N.-Q.,
and Show, P.L. (2020) Biological remediation of acid mine
drainage: review of past trends and current outlook. Envi-
ron Sci Ecotechnology 2: 100024.

de Rink, R., Klok, J.B.M., van Heeringen, G.J., Sorokin,
D.Y., Ter Heijne, A., Zeijlmaker, R., et al. (2019) Increas-
ing the selectivity for sulfur formation in biological gas
desulfurization. Environ Sci & Technol 53: 4519–4527.

de Rink, R., Klok, J.B.M., van Heeringen, G.J., Keesman,
K.J., Janssen, A.J.H., ter Ter Heijne, A., and Buisman,
C.J.N. (2020) Biologically enhanced hydrogen sulfide
absorption from sour gas under haloalkaline conditions. J
Hazard Mater 383: 121104.

Riveros, P.A., Dutrizac, J.E., and Spencer, P. (2014) Arse-
nic disposal practices in the metallurgical industry. Can
Metall Q 40: 395–420.

Rodenas Motos, P., Ter Heijne, A., van der Weijden, R.,
Saakes, M., Buisman, C.J.N., and Sleutels, T.H.J.A.
(2015) High rate copper and energy recovery in microbial
fuel cells. Front Microbiol 6: 527.

Rodenas Motos, P., Molina, G., ter Heijne, A., Sleutels, T.,
Saakes, M., and Buisman, C. (2017) Prototype of a
scaled-up microbial fuel cell for copper recovery. J Chem
Technol Biotechnol 92: 2817–2824.

Rose, P. (2013) Long-term sustainability in the management
of acid mine drainage wastewaters—development of the
Rhodes BioSURE Process. Water SA 39: 583–592.

Rozendal, R.A., Hamelers, H.V.M., Rabaey, K., Keller, J.,
and Buisman, C.J.N. (2008) Towards practical implemen-
tation of bioelectrochemical wastewater treatment. Trends
Biotechnol 26: 450–459.

S�anchez-Andrea, I., Sanz, J.L., Bijmans, M.F.M.M., and
Stams, A.J.M.M. (2014) Sulfate reduction at low pH to
remediate acid mine drainage. J Hazard Mater 269: 98–
109.

Secundus, P.G. (79AD) Naturalis historiae libri XXXVII,
Rome.

Sharma, M., Alvarez-Gallego, Y., Achouak, W., Pant, D.,
Sarma, P.M., and Dominguez-Benetton, X. (2019) Elec-
trode material properties for designing effective microbial
electrosynthesis systems. J Mater Chem A 7: 24420–
24436.

Sharma, M., Bajracharya, S., Gildemyn, S., Patil, S.A.,
Alvarez-Gallego, Y., Pant, D., et al. (2014) A critical revisit
of the key parameters used to describe microbial electro-
chemical systems. Electrochim Acta 140: 191–208.

Sharma, M., Sarma, P.M., Pant, D., and Dominguez-
Benetton, X. (2015) Optimization of electrochemical

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

770 P. Ostermeyer et al.

http://dx.doi.org/10.1016/j.jhazmat.2020.124418
http://dx.doi.org/10.1039/c5ra18444d


parameters for sulfate-reducing bacteria (SRB) based bio-
cathode. RSC Adv 5: 39601–39611.

Sharma, M., Varanasi, J.L., Jain, P., Dureja, P., Lal, B.,
Dominguez-Benetton, X., et al. (2014) Influence of head-
space composition on product diversity by sulphate
reducing bacteria biocathode. Bioresour Technol 165:
365–371.

Simate, G.S., and Ndlovu, S. (2014) Acid mine drainage:
challenges and opportunities. J Environ Chem Eng 2:
1785–1803.

Skousen, J., and Ziemkiewicz, P. (2005) Performance of
116 passive treatment systems for acid mine drainagft.
22nd Am Soc Min Reclam Annu Natl Conf 2005, vol. 2,
pp. 1100–1133.

Skousen, J., Zipper, C.E., Rose, A., Ziemkiewicz, P.F.,
Nairn, R., McDonald, L.M., and Kleinmann, R.L. (2017)
Review of passive systems for acid mine drainage treat-
ment. Mine Water Environ 36: 133–153.

Sleutels, T.H.J.A., Ter Heijne, A., Buisman, C.J.N., and
Hamelers, H.V.M. (2012) Bioelectrochemical systems: an
outlook for practical applications. Chemsuschem 5: 1012–
1019.

Smul, A.D., Dries, J., Goethals, L., Grootaerd, H., and Ver-
straete, W. (1997) High rates of microbial sulphate reduc-
tion in a mesophilic ethanol-fed expanded-granular-
sludge-blanket reactor. Appl Microbiol Biotechnol 48:
297–303.

Su, W., Zhang, L., Tao, Y., Zhan, G., Li, D., and Li, D.
(2012) Sulfate reduction with electrons directly derived
from electrodes in bioelectrochemical systems. Electro-
chem Commun 22: 37–40.

Taylor, J., Pape, S., and Murphy, N. (2005) A Summary of
Passive and Active Treatment Technologies for Acid and
Metalliferous Drainage (AMD), 29–31.

Tejedor Sanz, S., Fern�andez Labrador, P., Manch�on, C.,
and Esteve N�u~nez, A. (2020) Fluidized bed cathodes as
suitable electron donors for bacteria to remove nitrogen
and produce biohydrogen. Electrochem Commun 116:
106759.

Tejedor-Sanz, S., Fern�andez-Labrador, P., Hart, S., Torres,
C.I., and Esteve-N�u~nez, A. (2018) Geobacter dominates
the inner layers of a stratified biofilm on a fluidized anode
during brewery wastewater treatment. Front Microbiol 9:
378.

Teng, W., Liu, G., Luo, H., Zhang, R., and Xiang, Y. (2016)
Simultaneous sulfate and zinc removal from acid waste-
water using an acidophilic and autotrophic biocathode. J
Hazard Mater 304: 159–165.

Ter Heijne, A., De Rink, R., Liu, D., Klok, J.B.M., and Buis-
man, C.J.N. (2018) Bacteria as an electron shuttle for sul-
fide oxidation. Environ Sci Technol Lett 5: 495–499.

Ter Heijne, A., Hamelers, H.V.M., and Buisman, C.J.N.
(2007) Microbial fuel cell operation with continuous biolog-
ical ferrous iron oxidation of the catholyte. Environ Sci
Technol 41: 4130–4134.

United States of America (2012) Executive Order 13817 of
December 20, 2017: A federal strategy to ensure secure
and reliable supplies of critical minerals. Fed Regist –
Pres Doc 82: 60835–60837.

Vaiopoulou, E., Provijn, T., Pr�evoteau, A., Pikaar, I., and
Rabaey, K. (2016) Electrochemical sulfide removal and

caustic recovery from spent caustic streams. Water Res
92: 38–43.

Vallero, M.V.G., Sipma, J., Lettinga, G., and Lens, P.N.L.
(2004) High-rate sulfate reduction at high salinity (up to
90 mS.cm?1) in mesophilic UASB reactors. Biotechnol
Bioeng 86: 226–235.

Van Houten, B.H.G.W., Roest, K., Tzeneva, V.A., Dijkman,
H., Smidt, H., and Stams, A.J.M. (2006) Occurrence of
methanogenesis during start-up of a full-scale synthesis
gas-fed reactor treating sulfate and metal-rich wastewater.
Water Res 40: 553–560.

Van Houten, B.H.G.W., Van Doesburg, W., Dijkman, H.,
Copini, C., Smidt, H., and Stams, A.J.M. (2009) Long-
term performance and microbial community analysis of a
full-scale synthesis gas fed reactor treating sulfate- and
zinc-rich wastewater. Appl Microbiol Biotechnol 84: 555–
563.

Van Lier, R.J.M., Buisman, C.J.N., and Piret, N.L. (1999)
THIOPAQ� technology: versatile high-rate biotechnology
for the mining and metallurgical industries. In Proceedings
of the TMS Fall Extraction and Processing Conference,
pp. 2319–2328.

Verbeeck, K., Gildemyn, S., and Rabaey, K. (2018) Mem-
brane electrolysis assisted gas fermentation for enhanced
acetic acid production. Front Energy Res 6: 88.

Verbruggen, F., Fiset, E., Bonin, L., Pr�evoteau, A., Moats,
M.S., Hennebel, T., and Rabaey, K. (2020) Stainless steel
substrate pretreatment effects on copper nucleation and
stripping during copper electrowinning. J Appl Electro-
chem 51: 219–233.

Wang, H., and Ren, Z.J. (2014) Bioelectrochemical metal
recovery from wastewater: a review. Water Res 66: 219–
232.

Waybrant, K.R., Blowes, D.W., and Ptacek, C.J. (1998)
Selection of reactive mixtures for use in permeable reac-
tive walls for treatment of mine drainage. Environ Sci
Technol 32: 1972–1979.

Waybrant, K.R., Ptacek, C.J., and Blowes, D.W. (2002)
Treatment of mine drainage using permeable reactive bar-
riers: column experiments. Environ Sci Technol 36: 1349–
1356.

Weijma, J., Wolthoorn, A., and Huisman, J. (2007) Solutions
in practice for removal of selenium and molybdenum. In
Proceedings - European Metallurgical Conference, EMC
2007, pp. 519–527.

Williamson, A.J., Morris, K., Law, G.T.W., Rizoulis, A., Char-
nock, J.M., and Lloyd, J.R. (2014) Microbial reduction of
U(VI) under alkaline conditions: implications for radioac-
tive waste geodisposal. Environ Sci Technol 48: 13549–
13556.

Willquist, K., Bj€orkmalm, J., Sj€ostrand, K., Erixon, R.,
Johansson, B., and Willquist, K. et al. (2015) Biological
treatment toolbox for Swedish mine drainage biological
treatment toolbox for Swedish mine drainage, pp. 1–75.

Zagury, G.J., Kulnieks, V.I., and Neculita, C.M. (2006) Char-
acterization and reactivity assessment of organic sub-
strates for sulphate-reducing bacteria in acid mine
drainage treatment. Chemosphere 64: 944–954.

Zepf, V., Reller, A., Rennie, C., Ashfield, M., and Simmons,
J. (2014) Materials Critical to the Energy Industry: An
Introduction. Rennie, Cameron (ed.), 2nd ed. London,

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

EBS: The next power-up for biometallurgy 771



United Kingdom: BP p.l.c., www.bp.com/energysustain
abilitychallenge

Zhang, Z., Chen, G., and Tang, Y. (2018) Towards selenium
recovery: biocathode induced selenate reduction to extra-
cellular elemental selenium nanoparticles. Chem Eng J
351: 1095–1103.

Zhuang, W.-Q., Fitts, J.P., Ajo-Franklin, C.M., Maes, S.,
Alvarez-Cohen, L., and Hennebel, T. (2015) Recovery of
critical metals using biometallurgy. Curr Opin Biotechnol
33: 327–335.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 755–772

772 P. Ostermeyer et al.

https://www.bp.com/energysustainabilitychallenge
https://www.bp.com/energysustainabilitychallenge

