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Abstract: For many years, the world’s coastal marine ecosystems have received industrial waste
with high nitrogen concentrations, generating the eutrophication of these ecosystems. Different
physicochemical-biological technologies have been developed to remove the nitrogen present in
wastewater. However, conventional technologies have high operating costs and excessive production
of brines or sludge which compromise the sustainability of the treatment. Microbial electrochemical
technologies (METs) have begun to gain attention due to their cost-efficiency in removing nitrogen
and organic matter using the metabolic capacity of microorganisms. This article combines a critical
review of the environmental problems associated with the discharge of the excess nitrogen and the
biological processes involved in its biogeochemical cycle; with a comparative analysis of conventional
treatment technologies and METs especially designed for nitrogen removal. Finally, current METs
limitations and perspectives as a sustainable nitrogen treatment alternative and efficient microbial
enrichment techniques are included.

Keywords: nitrogen removal; microbial electrochemical technologies (METs); bioelectrochemical
reactors; nitrification; denitrification; seawater

1. Introduction
1.1. Nitrogen Cycle Disturbance: A Big Silent Problem

The most commonly discussed global problem is climate change, but there is an
even more substantial silent problem: nitrogen cycle alteration. Rockström et al. [1] pro-
posed nine processes that regulate the Earth system’s stability and resistance, including
climate change, entry of novel entities, stratospheric ozone depletion, atmospheric aerosol
loading, ocean acidification, freshwater use, land system change, biosphere integrity, and
biogeochemical flows of nutrients.

Within these processes, the most altered process that compromises sustainable devel-
opment is the biochemical flow of nutrients (i.e., nitrogen and phosphorus). It is postulated
that exceeding these limits increases the probabilities of abrupt and even irreversible
changes [1].

One significant impact that population growth has generated globally is accelerat-
ing nitrogen entry rates into the biosphere [1,2]. The maximum global annual nitrogen
entry rate (i.e., annual nitrogen deposition limit) has been calculated at 35 million tons of
nitrogen, and today, the yearly nitrogen deposition is close to 150 million tons [1,3]. In
this context, projections have been made, and the results only show that this alteration
in the nitrogen deposition rate, which is altering the nitrogen cycle, will continue to in-
crease [4,5]. Thus, alteration of the nitrogen cycle is a problem that should be addressed as
a priority worldwide.
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1.2. Sources and Effects of Nitrogen Excess on Coastal Marine Ecosystems

It has been determined that more than 40% of coastal marine ecosystems are impacted
by anthropogenic activity, especially pollution by nutrients such as nitrogen [6–8]. Nitrogen
can come from different anthropogenic sources, such as agriculture, livestock, industrial
waste, and wastewater [9]. However, it has been identified that the anthropogenic sources
with the most significant oceanic nitrogen discharge are submarine sewage outfalls and
fish farming [10–12]. Historically, in submarine sewage outfalls (SSOs), all the wastew-
ater went into the sea without nutrient and dissolved organic matter removal. An SSO
usually includes primary treatment to remove the most significant solids (i.e., screening
and sedimentation for gravity) and to inactivate bacteria (e.g., chlorination) [11,12]. Ac-
cording to Roberts et al. [13], a well-designed SSO does not require secondary or tertiary
treatment, relying on its diffuser capacity. A proper diffuser should achieve an approximate
dilution of 100:1 in deep outfalls. Due to the infrastructure costs, outfalls without these
treatments have been widely used in developing countries. It has been estimated that the
cost associated with secondary treatment is ten times the cost of primary treatment [13].
Nevertheless, contaminants of emerging concern (i.e., endocrine-disrupting chemicals and
pharmaceutically active chemicals) not removed by primary treatment processes have been
found near SSOs affecting aquatic organisms [14]. Indeed, in the Spanish Mediterranean
coast, it has been reported that SSOs, including secondary treatment units, have less impact
on local benthic communities than SSOs without this process [15].

For example, SSOs in Chile are widely used as a treatment system, in which approxi-
mately 29% of wastewater is transported directly to the sea through SSOs, corresponding
to 254 MM m3 yr−1 [16]. The significant marine dilution and the pressure applied to
the discharged water allow submarine outfalls to reduce pollutant concentrations that
were not eliminated and comply with environmental standards [17,18]. Consequently,
SSO technology does not remove dissolved carbon, nitrogen, or phosphorus, the primary
pollutants in wastewater, affecting marine sediments. Recently, Gomez et al. [19] found that
in tropical zones such as the Taganga Bay in Colombia, the additional nutrients and organic
matter inputs from SSO affect macrofauna communities in a cascading effect coupled with
natural upwelling. Higher temperatures affecting oxygen solubility could lead to anoxic
zones due to the increased microbial respiration for excess organic matter. This condition
could end in an increment of sulfide generation, a suppression of denitrification, and an
increase in ammonification. These phenomena stimulate the growth of algae leading to
eutrophication [19].

The fish farming industry has sustained growth since 1980 [20]. Marine aquaculture
production of fish, shellfish, and seaweed in Chile reached 1.4 million tons in 2019, making
it the leading mariculture producer in the western world [21]. This industry’s primary
wastes are uneaten food, fish feces, and urea, contributing significantly to nutrient pollution
in adjacent marine ecosystems [20]. These wastes are particularly rich in nitrogen (ammonia
and nitrite), which generates an excess of the system’s load capacity, leading to a deteriora-
tion in water quality and even eutrophication of the ecosystem [20,22,23]. Today, nitrogen
treatment options in the fish farming industry of developing countries, such as Chile, are
only based on controlling the intensity of fish production and removing suspended matter
using sedimentation basins and rotating drums filters [24–27]. However, in the last years
and due to technological advances in the field, recirculating aquaculture systems (RAS) for
massive marine farming are gaining more attention and interest. RAS have the potential of
reduced water and energy consumption in a stable cultivation environment.

In developed countries with an active aquaculture industry (e.g., Norway, The Nether-
lands, Denmark), the development and application of RAS have experienced a significant
advance. During the last two decades, research on RAS has ended in developing different
designs for indoor and outdoor production [28]. RAS have been indicated as a feasible
solution to avoid eutrophication derived from the fish farming industry [29]. However,
there is no single recommended design for RAS in the industry. One of the critical problems
in RAS is related to the load and accumulation of suspended solids, in particular, biogenic
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colloidal particles. Yogev and Gross [30] estimated that RAS coupled with modern treat-
ment technologies might be able to reduce about 89%, 69%, and 100% of total ammonia
nitrogen, nitrite, and nitrate, respectively [29].

Fish farming and urban wastewater discharge zones have shown concentrations from
12.48 to 40.67 mg L−1 for nitrate and from 5.29 to 54.90 mg L−1 for ammonium [11,31–34].
These measurements are 20 to 70 times and 40 to 3000 times higher than the nitrate and
ammonium averages in the non-disturbed coastal sea, respectively [35,36]. These high
nitrogen concentrations can generate the eutrophication of marine systems adjacent to fish
farming or SSO areas. The main environmental effects of eutrophication are: (i) the increase
in suspended particles due to macroalgae blooms, leading to a decrease in light penetration,
and (ii) the change in biomass of primary producers [37].

Another significant effect is hypoxia caused by the decrease in dissolved oxygen. The
production of CO2 associated with the decomposition of organic matter produced by the
increase in primary productivity and suspended algae generates an increase in anoxic
areas [8]. Eutrophication is usually followed by the proliferation of microalgae that are gen-
erally harmful and cause adverse effects on aquatic animals, such as obstruction of fish gills
and localized anoxia [38,39] (Figure 1). In Chile, harmful algae blooms like Pseudo-nitzschia
australis, Pseudo-nitzschia calliantha, Protoceratium reticulatum, and Alexandrium species have
increased in the last four decades due to the eutrophication associated with the aquaculture
industry. This algae proliferation has ended in different fish and shellfish-consuming
related disease outbreaks, such as amnesic shellfish poisoning, paralytic shellfish poisoning,
diarrhetic shellfish poisoning, and yessotoxins-related diseases [40].
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1.3. Microorganisms Responsible for the Natural Metabolization of Nitrogen

The nitrogen cycle is carried out by a wide diversity of microorganisms responsible
for maintaining the balance in nitrogen concentrations in coastal (and other) marine ecosys-
tems. Nitrogen naturally enters marine systems through the nitrogen fixation process,
transforming molecular nitrogen into ammonium (Figure 2). This process is carried out
by N2-fixing microorganisms such as Synechococcus and Trichodesmium [41,42]. Then, am-
monium oxidation to nitrite is carried out by ammonia-oxidizing bacteria (AOB), such
as Nitrosomonas and Nitrosospira. Then, nitrite-oxidizing bacteria (NOB) (e.g., Nitrobacter,
Nitrococcus, Nitrospina, and Nitrospira) oxidize nitrite to nitrate [43]. However, a few Nitro-
spira species can complete the nitrification process, transforming ammonium into nitrate.
This last metabolism is called complete ammonia oxidation (COMAMMOX) [44,45]. In the
next stage of microbial nitrogen metabolism, nitrate is reduced to molecular nitrogen by a
broad group of microorganisms, denitrifying bacteria [42]. In addition to denitrification,
another type of microbial metabolism removes nitrogen from the system by anaerobic
ammonium oxidation (anammox). Indeed, it has been estimated that anammox contributes
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about 30 to 35% of the total nitrogen turnover in marine environments [46]. These bacteria,
belonging to the Planctomycetes group, can metabolize nitrite and ammonium and trans-
form them into nitrogen gas. This metabolism, like denitrification, is carried out under
anaerobic conditions [42]. These bacterial metabolic processes are called dissimilative be-
cause microorganisms perform cellular oxidation-reduction processes to remove or provide
electrons for cellular energetics.
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On the other hand, nitrogen assimilation processes reduce nitrate to ammonium for
cellular biosynthesis [42,45]. Under undisturbed conditions, these microorganisms can
maintain the balance of nitrogen concentrations in the medium. The maximum assimilation
rate of ammonium and nitrate by bacteria in the seawater has been previously determined,
reaching a value of 1.96 × 10−3 mg L−1 day−1 [47]. Therefore, with nitrogen discharges to
the ocean at concentrations from 12.48 to 40.67 mg L−1 for nitrate and 5.29 to 54.90 mg L−1

for ammonium [11,31–34], the natural cycle of microbial nitrogen metabolization is not
sufficient to remove the excess of this compound in the medium. For this reason, it is
necessary to find a way to remove this excess nitrogen to avoid eutrophication problems in
coastal marine systems.

2. Technologies for Nitrogen Removal

Several technologies have been developed to remove the nitrogen present in wastew-
ater and RAS. Today, physicochemical, chemical, and biological technologies are used
to remove nitrogen from wastewater [48]. Table 1 shows physicochemical technologies
conventionally used for nitrogen removal, including ion exchange (IE), reverse osmosis
(RO), electrodialysis (ED), and adsorption by activated carbon [48,49]. Although these tech-
nologies have proven to be efficient in nitrogen removal, they present unsolved problems
such as high chemical use, high brine production, high energy consumption, and high
material and regeneration cost (Table 1) [49–52].
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On the other hand, bacteria carry out biological treatments, which convert ammonium
and nitrate to nitrogen gas. These methods do not present problems such as byproduct
formation or brine production, and in general, the operational cost is lower than that of
physicochemical and chemical techniques [48,49,53,54].

Bacteria of the nitrogen cycle carry out biological treatments. Under aerobic condi-
tions, the microbial oxidation of ammonium to nitrate occurs, and then, under anaerobic
conditions, the microbial reduction of nitrate to molecular nitrogen takes place [55,56]. The
first limitation of biological treatments is the differences in the oxygen level in which each
process occurs. These differences make it challenging to carry out both operations simulta-
neously. For the same reason, today, they are carried out separately. In the nitrification or
COMAMMOX process, aeration is used to maintain an optimum oxygen concentration to
ensure the sufficient presence of oxygen to oxidize ammonium to nitrite and then nitrite
to nitrate. In the denitrification process, aeration is not needed, but an electron donor
(organic or inorganic) is necessary to ensure nitrate reduction [56]. Adding an inorganic
electron source is significantly less expensive than adding an organic electron source for
denitrification. However, it is still considered a significant expense during the nitrogen
removal process [57]. Similarly, the biological treatment of nitrogen generates an excessive
production of sludge that, in the long term, ends up being a problem due to the need of its
treatment, management, and final disposal [58].

Biofilm-based technologies have emerged as an excellent alternative to tackle sludge
generation and increase biomass per bioreactor volume. A microbial biofilm can be defined
as aggregates of microorganisms that accumulate to each other and/or to a surface/carrier.
Microorganisms are enclosed in a matrix of extracellular polymeric substances that confers
adhesion, structure, protection, and water and nutrients reservoir [59]. The development
of a complex and thick (i.e., hundreds of microns) biofilm allows chemical gradient and
the formation of oxic and anoxic zones [60]. Hence, this biological treatment configuration
results in a high biomass concentration, achieving high carbon and nitrogen removal
levels. Some examples of these biofilm-based technologies are: moving bed biofilms
reactors (MBBRs) [61], rotating biological contactors (RBCs) [62], membrane biofilm reactors
(MBfRs) [63], and sequencing batch reactors (SBRs) [64]. Nevertheless, all these technologies
have disadvantages, such as high energy consumption for MBBRs, mechanical failures for
RBCs, membrane biofouling for MBfRs, and granular disintegration for SBRs [60].

Based on the disadvantages of conventional and non-conventional nitrogen treatment
technologies, other strategies, such as microbial electrochemical technologies (METs), have
begun to receive more attention. Although these technologies were initially conceived to
produce energy, taking advantage of microbial metabolism has proven to be a sustainable
option for removing pollutants such as nitrogen compounds [65]. The difference between
a MET and a traditional nutrient removal system resides in the opportunity to use the
same chemical energy present in the waste for its treatment, reducing the operating energy
expenses (e.g., aeration systems) [49].

Table 1. Comparison of different nitrogen removal techniques (modified from [48]).

Technology Advantages Disadvantages References

Physicochemical

Ion Exchange Selective resins for different pollutants,
common application, low production cost.

It requires the resin’s regeneration,
brine production, and high use of
chemicals (salt).

[50,66]

Reverse Osmosis Remove multiple contaminants, low
production cost, environmentally friendly.

Need for post-treatment to remove
accumulated contaminants in brine,
membrane fouling, high operating cost.

[51,67,68]

Electrodialysis Multiple removals of pollutants, higher
water recovery (less waste).

High energy consumption, complex
construction, and operation skipping
brine production as final waste.

[52,69]
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Table 1. Cont.

Technology Advantages Disadvantages References

Activated Carbon
Absorption

It does not generate residues of brine or
concentrates, high adsorption capacity,
elimination of multiple contaminants.

High cost of material and the high price
of regeneration. [49,70]

Chemical

Chemical
denitrification.

Does not generate residues of brine or
concentrates, nitrate reduction instead of
accumulation in residues, elimination of
multiple pollutants.

Inconsistency in nitrate reduction, pH,
and temperature dependence. Risk of
ammonia or nitrite production in the
nitrate removal process.

[71,72]

Biological

Conventional
Biological nitrification
and denitrification
technologies.

No dangerous byproducts are generated, no
additional treatment is required, removal of
multiple pollutants, lower cost of operation
than physicochemical treatments in general.

Constant oxygenation of the medium is
necessary (nitrification), and the
addition of organic or inorganic
electron donor (denitrification)
post-treatments is also required for
turbidity and sludge removal.

[53,54]

Non-conventional
biofilm-based
technologies

High complex biomass concentration per
volume of bioreactor. Chemical gradients
coupled with oxygen gradient (oxic and
anoxic zones) lead to increased carbon and
nitrogen removal in the same compartment.

Possible high mass transfer resistance.
Scaling-up problems such as biofouling,
granular disintegration, and
mechanical failures. It is highly affected
by suspended solids.

[60,61]

3. Microbial Electrochemical Technologies (METs) for Sustainable Nitrogen Removal
3.1. Principles of METs

METs are bioelectrochemical devices formed by an anode and a cathode connected
through an external circuit, which allows the flow of electrons between the electrodes.
A microbial biofilm grows on each electrode surface, catalyzes electron transfer in the
system [73]. The operation of a MET is based on three fundamental stages (Figure 3).
The first stage consists of the microbial oxidation of organic and inorganic compounds,
thus managing to transfer electrons to the electrode to fulfill the role of the anode in the
system [74]. This process is carried out by electrochemically active microorganisms (EAMs)
capable of transferring electrons to the electrode [74,75]. During the second stage, a proton
gradient occurs as a result of microbial metabolic processes. This is a critical point in the
operation of a MET. If the proton concentrations increase excessively, the system’s pH will
drop abruptly and prevent the growth and development of the microbial communities in
the system [74]. This problem can be solved using seawater as the medium since it can
counteract the increased production of protons [76]. Finally, the electrons transferred to the
anode by the bacteria are transferred to the cathode, generating an electric current. In the
cathode, biocathodic EAM catalyzes electrons’ transfer to a terminal electron acceptor such
as nitrate. This process can also be chemically catalyzed (e.g., platinum), for example, for
oxygen reduction [74].

An external power source has been used to impose a cell voltage, driving non-
spontaneous chemical reactions, as hydrogen gas (H2) evolution [77] by assisting the
electron flow through an external circuit, and then to promote microbial extracellular
electron transfer (EET) due to the electrode polarization [78] (Figure 3). Since 2005, mi-
crobial electrolysis cells (MECs) have been studied to produce H2 in a cathode from the
protons (H+) generated by the oxidation of organic (or inorganic) compounds in the anode
(Figure 3). The applied voltage ranges from 0.45 V to 1.0 V, depending on the substrate
and the MEC configuration [77,79]. In the last years, the same concept has been used to
reduce anionic contaminants by a biocathode. For example, Torres-Rojas et al. [78] showed
the reduction of chlorate by Dechloromonas agitata CKB in a bioelectrochemical reactor
using an applied voltage of 0.44 V. In the same way, Zhan et al. [80] showed the influence
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of a low applied voltage (from 0.2 to 0.4 V) on nitrogen removal due to the enhance of
autotrophic denitrification.
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EAMs have specific mechanisms to capture or transfer electrons from or to an electrode.
There are three known types of EET mechanisms in bacteria, outer membrane C-type cy-
tochromes, shuttles, and nanowires [81] (Figure 3). C-type cytochromes work transferring
electrons directly between the electrode and the bacteria. Therefore, this EET mechanism
is proposed for bacteria directly contacting the electrode (i.e., anode and cathode). The
shuttles are molecules secreted by bacteria to transfer electrons to the electrode. Studies
carried out with Shewanella species suggest that mainly riboflavin and flavin mononu-
cleotides can act as shuttles [82,83]. von Canstein and coworkers found a strong correlation
between flavin mononucleotides secretion by Shewanella oneidensis and its growth due
to the enhanced respiration of poorly soluble Fe(III) oxides in a culture medium [82].
Marsili et al. used electrochemical techniques to study the EET mediated by riboflavin
and flavin mononucleotides. A significant decrease in current produced (i.e., 70%) by
S. oneidensis reducing a carbon electrode was reported along with its restoration when
the medium without planktonic cells was replaced. At the same time, cyclic voltamme-
try showed similar oxidation potential for electrodes colonized with S. oneidensis and
electrodes incubated with riboflavin, suggesting that electron transfer was mediated by
flavins [83]. Flavins have also been found to mediate EET in thick cell walls microorganisms,
such as the Gram-positive bacteria Enterococcus faecalis ZER6 and Bacillus sp. WS-XY1
and yeast like Pichia stipitis [84,85]. While Zhang et al. reported an increase in current
when glucose and riboflavins were added to the medium with E. faecalis [84], Wu et al.
used differential pulse voltammetry, chronoamperometry, and high-performance liquid
chromatography to elucidate the role of secreted flavins in the EET process of P. stipitis [85].
Other redox compounds widely distributed in environments or the extracellular polymeric
substances present in biofilm (e.g., humic, manganese species, or polysulfide) could also
be used as electron shuttles [86]. Phenazines (phenazine-1-carboxylic acid and pyocyanin)
produced by Pseudomonas aeruginosa strains also mediate EET, enhancing its survival
in anaerobic environments and improving MFC performance in mixed cultures [87–90].
Therefore, the bacterium does not need to be in direct contact with the electrode to interact
with it. The third EET mechanism is through bacterial nanowires, which were found for
the first time as electrically conductive pili in Geobacter sulfurreducens [91]. Bacterial
nanowires can extend the contact with a solid electron acceptor or with other bacteria for
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about ten microns. Electrical conductivity has been demonstrated along nanowires [92],
leaving bacteria within a biofilm to capture or transfer electrons to an electrode.

Extracellular electron uptake based on C-type cytochromes has been described for
chemolithotrophic microorganisms forming biofilms on cathodes (i.e., biocathode), includ-
ing microbial respiration of different terminal electron acceptors, such as oxygen, sulfate,
chlorate, perchlorate, and nitrate [78,93–96]. To understand the metabolic pathways in-
volved in these processes, further studies of new EAMs (i.e., different from Geobacter and
Shewanella) able to remove these contaminants from water and soil are required.

3.2. MET as a Promising Nitrogen and Carbon Removal Strategy

Although MET was initially conceived to produce electrical energy taking advantage
of the metabolism of EAM (i.e., microbial fuel cells), today, this family of technologies
represents an energy-efficient and sustainable alternative for transforming different types
of compounds. In this context, it has been possible to develop METs capable of removing
carbon and nitrogen simultaneously [65]. Achieving the removal of carbon and nitrogen is
a challenge mainly due to the microbial metabolism associated with the complete metabo-
lization of nitrogen. As indicated in Section 1. 3 microbial nitrification occurs under strict
aerobic conditions, while microbial denitrification occurs under anaerobic settings. This is
why some of the first developed bioelectrochemical reactors (BERs) capable of removing
carbon and nitrogen simultaneously separated nitrification from denitrification [97,98].
Since those early experiments, it was then discovered that denitrification could occur even
with up to 5 mg L−1 oxygen concentrations in the medium [99]. This was possible due to
the microbial stratification and the oxygen gradients generated in a biofilm, which would
allow complete metabolization of nitrogen in the same biofilm [100–104]. These factors
are due to the microbial stratification generated in the biofilm developed in the cathode.
Although these reactors can simultaneously remove carbon and nitrogen, they still present
challenges when applied in a complex system such as the sea [65,105]. These reactors
have been developed using an inoculum from activated sludge from a reactor operating
for several months or from previously enriched microbial consortia [104,105]. Using such
inoculum ensures a significant abundance of nitrifying and denitrifying microorganisms
in the reactor and its efficiency. The high physicochemical and biological complexity that
characterizes the marine environment makes it impossible to ensure a high abundance
of nitrifying and denitrifying microorganisms in a small volume [106]. This represents a
considerable challenge to apply a MET capable of removing nitrogen and carbon in marine
environments [107]

3.3. MET in Marine and Coastal Environments

METs have attracted attention as a sustainable bioremediation strategy to provide
an alternative electron acceptor/donor in marine/coastal sediment. The redox gradient
formed across a few centimeters of sediment allows the development of sediment-based
METs. This approach has been named sediment microbial fuel cells (SMFC), benthic micro-
bial fuel cells (BMFC), or microbial electrochemical snorkel (MES) [108–111]. In all of these
variations, the anode electrode is buried in the sediment, providing an additional/external
electron acceptor to chemoheterotrophic and chemoautotrophic microorganisms present
in the sediment [108,109]. Following the same configuration as a conventional MFC (see
Section 3.1), the external circuit connects the anode buried in an anoxic environment with
a cathode, generally flowing in the oxygenated water column [112]. SMFCs and BMFCs
have been proposed for in situ bioremediation and as alternatives to power wireless low-
consuming sensors and biosensors [113,114]. MESs have been used for bioremediation in
environments with excess organic matter, metals, and hydrocarbons [115–117]. Biocathodes
on these types of METs can be used for different purposes, such as a catalyst for oxygen
reduction replacing metallic catalysts and electron donor for oxidized species like sulfate,
nitrite, and nitrate [108,109,118,119].
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Bioelectrochemical denitrification in a SMFC has been studied for bioremediation of
aquaculture streams using active biocathodes. Sajana et al. [120] compared COD removal
and total Kjeldahl nitrogen (TKN) removal in sediments with and without cathode aeration.
The authors tested different ambient temperatures (28–30 ◦C and 21–25 ◦C) and circuit
configurations (100 ohms and short circuits). While higher temperatures and an aerated
cathode were optimum for higher removal efficiencies, the short circuit mode reached
an average COD and TKN removal efficiency of 84.4 ± 1.3% and 49.4 ± 8.3%, respec-
tively, compared with the closed circuit (i.e., 100 ohms) condition that reached a COD and
TKN removal of 79.4 ± 1.4% and 44.0 ± 5.4%, along with an average power density of
18.8 ± 1.3 (µW/m2) [120]. In a similar study, Sanders et al. [121] used an inverted scheme
of anode/cathode configuration using electrolysis of water into oxygen in the anode as an
electron source, reaching a denitrification rate of 0.3 ± 0.01 kg N/m3 d in saltwater [121].

Photosynthetic biocathodes using algal bacteria have also been tested as a nutrient
removal strategy. The photosynthetic production of dissolved oxygen and dissolved or-
ganic matter in a cathode has shown power output improvements and enhanced nitrogen
removal efficiency [122]. Sun et al. [123] reported an autonomous operation of a photo-
bioelectrochemical system with day/night cycles. The system reached a maximum total
nitrogen removal of 83% [123]. The authors explained the system’s high performance
by the synergistic action of the produced photosynthetic oxygen used for nitrifying mi-
croorganisms, the photosynthetically produced dissolved organics used for heterotrophic
denitrification, and the use of the cathode as an additional external electron donor for
bioelectrochemical denitrification.

In terms of power generation and removal efficiencies, sediment-based METs in
marine and coastal environments could be unstable in the short and long-term operation.
This is because of their dependence on uncontrollable factors related to the environment
itself, such as ambient temperature, pH, salinity, microorganisms, and minerals present
in the sediment [109]. Using a SMFC, Kubota et al. [124] reported variations in power
density outputs and sulfides removal in a eutrophicated coastal estuary in Tokyo. The
fluctuation was due to weather conditions (i.e., cloudy vs. rainy days) and freshwater
recharges [124]. Meanwhile, at long-term operation, Viggi et al. [117] reported the presence
of non-conductive sulfide precipitates in the portion of the electrode immersed in the
sediment, decreasing the active area in which the electroactive microorganisms could
transfer electrons [117].

Controlling the development of specific microbial groups on anodes and cathodes is a
difficult task in a conventional SMFC. Indeed, it has been reported that a marine environment
permits the development of biofilms with a high diversity of microorganisms in the electrode.
The electron acceptor/donor redundancy imposed by the electrodes and the interspecies
electron transfer could drive a syntrophic coexistence of aerobic, anaerobic heterotrophic,
and autotrophic microorganisms within bioanodes and biocathodes [125–127].

3.4. Electrochemical Overpotentials as a Microbial Enrichment Technique

In nature, there are microorganisms capable of using inorganic compounds as an
electron source or final electron acceptors, such as iron-oxidizing bacteria and sulfate-
reducing bacteria, respectively [128,129]. These cellular oxidation-reduction processes
occur at specific electrochemical potentials (redox tower). Motivated by this, research
has been carried out to determine the effect of polarization on microbial colonization of
these electrodes [130–134]. Several authors have proven this strategy to modulate and
enrich the presence of selected EAMs. An example of this is the research conducted by
Torres et al. [134], where different overpotentials were applied to different electrodes. In
this work, wastewater was used as an inoculum. As a result, different biofilms can be
observed, depending on the overpotential applied to each electrode. When analyzing each
electrode’s community composition, it was also possible to observe significant differences
depending on the applied overpotential. [134]. Various authors have used this technique to
enrich or promote specific microbial metabolism in an electrode [105,130,132,133]. Then,
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the electrochemical enrichment of specific metabolisms emerges as a novel and efficient
strategy for biofilm modulation and control. This feature could be of particular interest
in bioreactors operated under open environmental conditions by accelerating the startup
process and improving their performance.

Using a microcosm approach, Rowe et al. [132] accomplished EAMs enrichment from
marine sediments applying overpotentials from −50 to −400 mV (vs. Ag/AgCl). After
incubation, the authors observed cathodic currents together with nitrate reduction, indicat-
ing denitrifying EAMs presence in marine sediments. Kondaveeti et al. [135] reported that
the bioelectrochemical removal of nitrate shows biological reduction peaks at −130 mV
and −260 mV (vs. Ag/AgCl) in a medium without and with nitrite, respectively. The
authors also observed a reduction peak at −570 mV (vs. Ag/AgCl) if the medium contains
only nitrite. Using three-electrode electrochemical cells and without the need for a culture
medium, the addition of an exogenous electron donor, or a previously enriched inoculum,
De La Fuente et al. [96] accomplished microbial enrichment of denitrifying microorganisms
from natural seawater. It was done by applying the three potentials mentioned above
associated with the dissimilatory denitrification process (i.e., −130, −260, and −570 mV
vs. Ag/AgCl) [96]. The microbial community analysis conducted on biocathodes showed
that applying −260 mV (vs. Ag/AgCl) to the working electrode made it possible to enrich
Marinobacter and remove nitrate from water. To determine if this tool could contribute
to the scalability and applicability of MET in natural environments, it is necessary to de-
velop efforts for moving research from controlled laboratory conditions to complex natural
settings, such as coastal marine environments.

As mentioned previously in this section, nitrification is usually accomplished in the
anodic chamber (see Figure 3). Ammonia and nitrite oxidizers can be found as part of
an anodic biofilm. For example, Zhan et al. [131] studied bioelectrochemical ammonium
oxidation with the acclimation of BERs using an overpotential of +0.6 V (vs. Ag/AgCl).
The authors observed a microbial community dominated by Nitrosomonas, Comamonas,
and Paracocus. Similarly, Vilajeliu-Pons et al. [136] achieved anoxic nitrification with an
imposed potential of +0.8 V vs. SHE, obtaining similar nitrogen removals compared with
conventional treatments but 35 times lesser energy consumption.

On the other hand, Zhu et al. [137] enhance the anammox process in a bioanode,
imposing an overpotential of −0.5 V (vs. Ag/AgCl) to facilitate the partial oxidation of
ammonium to nitrite, compensating its lack in the reactor as an electron acceptor in the
anammox process. However, in those systems, nitrification is usually not accomplished
by nitrifying EAMs but by a diverse microbial community. Indeed, to the best of our
knowledge, there is no experimentally proved evidence of the existence of this phenotype
and its EET mechanism used to transfer electrons from reduced forms of nitrogen to the
electrode (i.e., anode). Consequently, research on this topic is still in its infancy, and more
efforts are required to thoroughly assess the use of specific overpotentials as a strategy to
electrochemically enrich marine nitrifying microorganisms.

3.5. Future Opportunities for Applying MET in Coastal Environments

METs technology presents a series of advantages to be applied in multiple industrial
processes in the future (Figure 4). It allows the effective removal of different compound
types, and its electrochemical selection system will enable it to be adapted to the particular
conditions of each treatment method. In the case of coastal systems, especially those
associated with urban or industrial human settlements, METs have enormous potential.
Associating this type of technologies as a previous treatment in SSOs would substantially
reduce the nitrogen load of these wastewaters. However, scalability issues are primarily
associated with the cost of electrode materials and chemical catalyzers. In addition, tailored
reactor architecture is needed to reduce internal resistance, the formation of unwanted
chemical gradients, and the loss of electrons to reactions that reduce efficiencies and
generate by-products.
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Figure 4. Visualized opportunities to develop METs for carbon and nitrogen removal in coastal and
marine environments.

In the case of aquaculture systems, the industry could widely use this type of method
to treat marine sediments under salmon fattening cages. In this way, anoxic beds would
not be generated, which directly affects the quality of the environment. Furthermore, this
methodology could be implemented in off-shore and coastal facilities without the need for
large land space and high electric power requirements. Even more, the ships that transport
dead fishes to coastal facilities would use METs to treat the wastewater generated in the
process before being released into the sea.

4. Conclusions and Perspectives

Coastal systems have long been used as receptors for nitrogenous wastes, and there are
currently many eutrophic coastal areas globally. A MET capable of removing carbon and ni-
trogen from marine environments could represent an alternative to prevent eutrophication
problems in marine environments.

The potential scalability, cost-effectiveness relative to other technologies and the re-
viewed versatility and broad spectrum of configurations of these technologies led us to
visualize, at least, three different areas of application in a coastal environment: (A) SMFCs
used for in-situ remediation and monitoring of polluted benthic zones affected by fish-
eries; (B) off-grid autonomous BERs for treating high loads of carbon and nitrogen from
dead fishes and wastewater generated during transportation; and (C) energy-friendly and
low-cost wastewater modular treatment plants including carbon and nitrogen removal
(Figure 4).

Improvements and previous analyses are needed before applying this technology in
a natural marine system and achieving the desired impact. In addition, there is an open
question of the existence of nitrifying EAMs. Further research is required to understand
the microbial metabolic processes involved in EET of microorganisms associated with
the nitrogen cycle. We visualize three points that should be addressed: (i) to find the
optimal overpotential and time required to enrich microorganisms associated with the
nitrogen cycle; (ii) to determine the biofilm-electrode’s surface area required to achieve
bioelectrochemical nitrogen removal efficiency; and (iii) to isolate and study model denitri-
fying EAMs.

Author Contributions: Conceptualization, M.J.D.L.F., R.D.l.I. and I.T.V.; investigation, M.J.D.L.F.;
resources, R.D.l.I. and I.T.V.; writing—original draft preparation, M.J.D.L.F.; writing—review and
editing, R.D.l.I., C.G.B. and I.T.V.; supervision, R.D.l.I. and I.T.V.; funding acquisition, R.D.l.I. and
I.T.V. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by FONDECYT project 1201134, the CEDEUS center CONI-
CYT/FONDAP/15110020 and the Vicerrectoría de Investigación of Pontificia Universidad Católica
de Chile. This study was conducted at the Marine Energy Research & Innovation Center (MERIC)
(Project CORFO 14CEI2-28228).



Int. J. Environ. Res. Public Health 2022, 19, 2411 12 of 17

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We give special thanks to Francisca Rubio for her help during the manuscript edition.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F.S.; Lambin, E.; Lenton, T.M.; Scheffer, M.; Folke, C.; Joachim, H.; et al.

Planetary Boundaries: Exploring the Safe Operating Space for Humanity. Ecol. Soc. 2009, 14, 1–33. [CrossRef]
2. Sutton, M.A.; Bleeker, A.; Howard, C.M.; Erisman, J.W.; Abrol, Y.P.; Bekunda, M.; Datta, A.; Davidson, E.; de Vries, W.; Oenema,

O.; et al. Our Nutrient World: The Challenge to Produce More Food and Energy with Less Pollution. Global Overview of Nutrient
Management. Centre for Ecology and Hydrology, Edinburgh on behalf of the Global Partnership on Nutrient Management and the
International Nitrogen Initiative, 2013. Available online: http://nora.nerc.ac.uk/id/eprint/500700/ (accessed on 17 January 2022).

3. Steffen, W.; Richardson, K.; Rockström, J.; Cornell, S.E.; Fetzer, I.; Bennett, E.M.; Biggs, R.; Carpenter, S.R.; De Vries, W.; De Wit,
C.A.; et al. Planetary boundaries: Guiding human development on a changing planet. Science 2015, 347, 1259855. [CrossRef]
[PubMed]

4. Galloway, J.N.; Dentener, F.J.; Capone, D.G.; Boyer, E.W.; Howarth, R.W.; Seitzinger, S.P.; Asner, G.P.; Cleveland, C.C.; Green, P.A.;
Holland, E.A.; et al. Nitrogen cycles: Past, present and future. Biogeochemistry 2004, 70, 153–226. [CrossRef]

5. Galloway, J.N.; Trends, R.; Galloway, J.N.; Townsend, A.R.; Erisman, J.W.; Bekunda, M.; Cai, Z.; Freney, J.R.; Martinelli, L.A.;
Seitzinger, S.P.; et al. Transformation of the Nitrogen Cycle: Potential Solutions. Science 2013, 320, 889–892. [CrossRef]

6. Halpern, B.S.; Walbridge, S.; Selkoe, K.A.; Kappel, C.V.; Micheli, F.; D’Agrosa, C.; Bruno, J.F.; Casey, K.S.; Ebert, C.; Fox, H.E.; et al.
Signaling global human impact on marine ecosystems. Science 2008, 319, 948–953. [CrossRef] [PubMed]

7. Halpern, B.S.; Selkoe, K.A.; Micheli, F.; Kappel, C. V Evaluating and Ranking the Vulnerability of Global Marine Ecosystems to
Anthropogenic Threats. Conserv. Biol. 2007, 21, 1301–1315. [CrossRef]

8. Smith, V.H. Eutrophication of Freshwater and Coastal Marine Ecosystems A Global Problem. Environ. Sci. Pollut. Res. 2003, 10,
126–139. [CrossRef]

9. Khan, A.F.; Naushin, F.; Rehman, F.; Masoodi, A.; Irfan, M.; Hashmi, F.; Ansari, A.A. Eutrophication: Causes, Consequences and
Control, 2nd ed.; Springer Science & Business Media: Tabuk, Saudi Arabia, 2010.

10. Soto, D.; Norambuena, F. Evaluation of salmon farming effects on marine systems in the inner seas of southern Chile: A large-scale
mensurative experiment. J. Appl. Ichthyol. 2004, 20, 493–501. [CrossRef]

11. Abessa, D.M.S.; Hortelani, M.A.; Sarkis, J.E. Influence of a Brazilian sewage outfall on the toxicity and contamination of adjacent
sediments. Mar. Pollut. Bull. 2005, 50, 875–885. [CrossRef]

12. Powley, H.R.; Du, H.H.; Lima, A.T.; Krom, M.D.; Cappellen, P. Van Direct Discharges of Domestic Wastewater are a Major Source
of Phosphorus and Nitrogen to the Mediterranean Sea. Environ. Sci. Technol. 2016, 50, 8722–8730. [CrossRef]

13. Roberts, P.J.W.; Salas, H.J.; Reiff, F.M.; Libhaber, M.; Labbe, A.; Thomson, J.C. Marine Wastewater Outfalls and Treatment Systems;
IWA Publishing: London, UK, 2010.

14. dos Santos, D.M.; Buruaem, L.; Gonçalves, R.M.; Williams, M.; Abessa, D.M.S.; Kookana, R.; de Marchi, M.R.R. Multiresidue
determination and predicted risk assessment of contaminants of emerging concern in marine sediments from the vicinities of
submarine sewage outfalls. Mar. Pollut. Bull. 2018, 129, 299–307. [CrossRef]

15. De-La-Ossa-Carretero, J.A.; Del-Pilar-Ruso, Y.; Giménez-Casalduero, F.; Sánchez-Lizaso, J.L. Assessing reliable indicators to
sewage pollution in coastal soft-bottom communities. Environ. Monit. Assess. 2012, 184, 2133–2149. [CrossRef] [PubMed]

16. Superintendencia de Servicios Sanitarios Tratamiento de Aguas Servidas, 2016. Available online: http://www.siss.gob.cl
(accessed on 20 May 2020).

17. De-la-Ossa-Carretero, J.A.; Del-Pilar-Ruso, Y.; Gimenez-Casalduero, F.; Sánchez-Lizaso, J.L. Monitoring the effects of wastewater
treatment strategies. Environ. Monit. Assess. 2016, 188, 110. [CrossRef] [PubMed]

18. Feitosa, R.C.; Rosman, P.C.C.; Carvalho, J.L.B.; Côrtes, M.B.V.; Wasserman, J.C. Comparative study of fecal bacterial decay models
for the simulation of plumes of submarine sewage outfalls. Water Sci. Technol. 2013, 68, 622–631. [CrossRef] [PubMed]

19. Arroyave Gómez, D.M.; Gallego Suárez, D.; Bartoli, M.; Toro-Botero, M. Spatial and seasonal variability of sedimentary features
and nitrogen benthic metabolism in a tropical coastal area (Taganga Bay, Colombia Caribbean) impacted by a sewage outfall.
Biogeochemistry 2020, 150, 85–107. [CrossRef]

20. Buschmann, A.H.; Cabello, F.; Young, K.; Carvajal, J.; Varela, D.A.; Henrı, L. Ocean & Coastal Management Salmon aquaculture
and coastal ecosystem health in Chile: Analysis of regulations, environmental impacts and bioremediation systems. Ocean. Coast.
Manag. 2009, 52, 243–249. [CrossRef]

21. FAO. The State of World Fisheries and Aquaculture 2020. Sustain. Action 2020. [CrossRef]
22. Buschmann, A.H.; Riquelme, V.A.; Hernández-González, M.C.; Varela, D.; Jiménez, J.E.; Henríquez, L.A.; Vergara, P.A.; Guíñez,

R.; Filún, L. A review of the impacts of salmonid farming on marine coastal ecosystems in the southeast Pacific. ICES J. Mar. Sci.
2006, 63, 1338–1345. [CrossRef]

http://doi.org/10.5751/ES-03180-140232
http://nora.nerc.ac.uk/id/eprint/500700/
http://doi.org/10.1126/science.1259855
http://www.ncbi.nlm.nih.gov/pubmed/25592418
http://doi.org/10.1007/s10533-004-0370-0
http://doi.org/10.1126/science.1136674
http://doi.org/10.1126/science.1149345
http://www.ncbi.nlm.nih.gov/pubmed/18276889
http://doi.org/10.1111/j.1523-1739.2007.00752.x
http://doi.org/10.1065/espr2002.12.142
http://doi.org/10.1111/j.1439-0426.2004.00602.x
http://doi.org/10.1016/j.marpolbul.2005.02.034
http://doi.org/10.1021/acs.est.6b01742
http://doi.org/10.1016/j.marpolbul.2018.02.048
http://doi.org/10.1007/s10661-011-2105-8
http://www.ncbi.nlm.nih.gov/pubmed/21617967
http://www.siss.gob.cl
http://doi.org/10.1007/s10661-016-5092-y
http://www.ncbi.nlm.nih.gov/pubmed/26801153
http://doi.org/10.2166/wst.2013.286
http://www.ncbi.nlm.nih.gov/pubmed/23925191
http://doi.org/10.1007/s10533-020-00689-0
http://doi.org/10.1016/j.ocecoaman.2009.03.002
http://doi.org/10.4060/ca9229en
http://doi.org/10.1016/j.icesjms.2006.04.021


Int. J. Environ. Res. Public Health 2022, 19, 2411 13 of 17

23. Naylor, R.L.; Goldburg, R.J.; Primavera, J.H.; Kautsky, N.; Beveridge, M.C.M.; Clay, J.; Folke, C.; Lubchenco, J.; Mooney, H.; Troell,
M. Effect of aquaculture on world fish supplies. Nature 2000, 405, 1017–1024. [CrossRef]

24. Stigebrandt, A.; Aure, J.; Ervik, A.; Kupka, P. Regulating the local environmental impact of intensive marine fish farming III.
A model for estimation of the holding capacity in the Modelling—Ongrowing fish farm—Monitoring system. Aquaculture 2004,
234, 239–261. [CrossRef]

25. Ervik, A.; Hansen, P.K.; Aure, J.; Stigebrandt, A.; Johannessen, P.; Jahnsen, T. Regulating the local environmental impact of
intensive marine fish farming I. The concept of the MOM system. Aquac. Eng. 1997, 158, 85–94. [CrossRef]

26. Hansen, P.K.; Ervik, A.; Schaanning, M.; Johannessen, P.; Aure, J.; Jahnsen, T.; Stigebrandt, A. Regulating the local environmental
impact of intensive, marine fish farming II. The monitoring programme of the MOM system ž Modelling—Ongrowing fish
farms—Monitoring. Aquaculture 2001, 194, 75–92. [CrossRef]

27. Kamjunke, N.; Nimptsch, J.; Harir, M.; Herzsprung, P.; Schmitt-Kopplin, P.; Neu, T.R.; Graeber, D.; Osorio, S.; Valenzuela, J.;
Carlos Reyes, J.; et al. Land-based salmon aquacultures change the quality and bacterial degradation of riverine dissolved organic
matter. Sci. Rep. 2017, 7, 43739. [CrossRef]

28. Holan, A.B.; Wold, P.A.; Leiknes, T.O. Intensive rearing of cod larvae (Gadus morhua) in recirculating aquaculture systems (RAS)
implementing a membrane bioreactor (MBR) for enhanced colloidal particle and fine suspended solids removal. Aquac. Eng.
2014, 58, 52–58. [CrossRef]

29. Ahmed, N.; Turchini, G.M. Recirculating aquaculture systems (RAS): Environmental solution and climate change adaptation. J.
Clean. Prod. 2021, 297, 126604. [CrossRef]

30. Yogev, U.; Gross, A. Reducing environmental impact of recirculating aquaculture systems by introducing a novel microaerophilic
assimilation reactor: Modeling and proof of concept. J. Clean. Prod. 2019, 226, 1042–1050. [CrossRef]

31. Guldhe, A.; Ansari, F.A.; Singh, P.; Bux, F. Heterotrophic cultivation of microalgae using aquaculture wastewater: A biorefinery
concept for biomass production and nutrient remediation. Ecol. Eng. 2017, 99, 47–53. [CrossRef]

32. Bahroun, S.; Bousnoubra, H.; Drouiche, N.; Kherici, N. Analysis of wastewater discharges to the Wadi Kebir East River by the
environmental discharge objectives (EDO) method. Desalination Water Treat. 2016, 57, 24750–24754. [CrossRef]

33. Orhon, D.; Ates, E.; Sözen, S.; Çokgör, E.U. Characterizacion and COD fractionation of domestic wastewaters. Environ. Pollut.
1997, 95, 191–204. [CrossRef]

34. Lananan, F.; Hajar, S.; Hamid, A.; Nur, W.; Din, S.; Khatoon, H.; Jusoh, A.; Endut, A. International Biodeterioration & Biodegrada-
tion Symbiotic bioremediation of aquaculture wastewater in reducing ammonia and phosphorus utilizing Effective Microorganism
(EM-1) and microalgae (Chlorella sp.). Int. Biodeterior. Biodegrad. 2014, 95, 127–134. [CrossRef]

35. Libes, S.M. Introduction to Marine Biogeochemistry; Elsevier’s Science & Technology: Conway, AR, USA, 2009.
36. Quinn, P.K.; Charlson, R.J.; Bates, T.S. Simultaneous observations of ammonia in the atmosphere and ocean. Nature 1988, 335,

336–338. [CrossRef]
37. Glibert, P.M. Eutrophication, harmful algae and biodiversity—Challenging paradigms in a world of complex nutrient changes.

Mar. Pollut. Bull. 2017, 124, 591–606. [CrossRef]
38. Granéli, E.; Turner, J.T. Ecology of Harmful Algae; Springer: Berlin/Heidelberg, Germany, 2006.
39. Anderson, D.M.; Glibert, P.M.; Burkholder, J.M. Harmful Algal Blooms and Eutrophication Nutrient Sources, Composition, and

Consequences. Estuaries 2002, 25, 704–726. [CrossRef]
40. Díaz, P.A.; Álvarez, G.; Varela, D.; Pérez-Santos, I.; Díaz, M.; Molinet, C.; Seguel, M.; Aguilera-Belmonte, A.; Guzmán, L.; Uribe,

E.; et al. Impacts of harmful algal blooms on the aquaculture industry: Chile as a case study. Perspect. Phycol. 2019, 6, 39–50.
[CrossRef]

41. Zehr, J.P. Nitrogen fixation by marine cyanobacteria. Trends Microbiol. 2011, 19, 162–173. [CrossRef]
42. Zehr, J.P.; Kudela, R.M. Nitrogen Cycle of the Open Ocean: From Genes to Ecosystems. Annu. Rev. Mar. Sci. 2011, 3, 197–225.

[CrossRef] [PubMed]
43. Bock, E.; Wagner, M. Oxidation of Inorganic Nitrogen Compounds as an Energy Source. In The Prokaryotes; Springer Sci-

ence+Business Media: New York, NY, USA, 2006; pp. 457–495.
44. Hu, H.W.; He, J.Z. Comammox—A newly discovered nitrification process in the terrestrial nitrogen cycle. J. Soils Sediments 2017,

17, 2709–2717. [CrossRef]
45. Daims, H.; Lücker, S.; Wagner, M. A New Perspective on Microbes Formerly Known as Nitrite-Oxidizing Bacteria. Trends Microbiol.

2016, 24, 699–712. [CrossRef]
46. Kuenen, J.G. Anammox bacteria: From discovery to application. Nat. Rev. Microbiol. 2008, 6, 320–326. [CrossRef]
47. Allen, A.E.; Howard-jones, M.H.; Booth, M.G.; Frischer, M.E.; Verity, P.G.; Bronk, D.A.; Sanderson, M.P. Importance of het-

erotrophic bacterial assimilation of ammonium and nitrate in the Barents Sea during summer. J. Mar. Syst. 2002, 38, 93–108.
[CrossRef]

48. Rezvani, F.; Sarrafzadeh, M.; Ebrahimi, S. Nitrate removal from drinking water with a focus on biological methods: A review.
Environ. Sci. Pollut. Res. 2019, 26, 1124–1141. [CrossRef] [PubMed]

49. Mook, W.T.; Chakrabarti, M.H.; Aroua, M.K.; Khan, G.M.A.; Ali, B.S.; Islam, M.S.; Abu Hassan, M.A. Removal of total ammonia
nitrogen (TAN), nitrate and total organic carbon (TOC) from aquaculture wastewater using electrochemical technology: A review.
Desalination 2012, 285, 1–13. [CrossRef]

http://doi.org/10.1038/35016500
http://doi.org/10.1016/j.aquaculture.2003.11.029
http://doi.org/10.1016/S0044-8486(97)00186-5
http://doi.org/10.1016/S0044-8486(00)00520-2
http://doi.org/10.1038/srep43739
http://doi.org/10.1016/j.aquaeng.2013.10.001
http://doi.org/10.1016/j.jclepro.2021.126604
http://doi.org/10.1016/j.jclepro.2019.04.003
http://doi.org/10.1016/j.ecoleng.2016.11.013
http://doi.org/10.1080/19443994.2016.1146924
http://doi.org/10.1016/S0269-7491(96)00111-X
http://doi.org/10.1016/j.ibiod.2014.06.013
http://doi.org/10.1038/335336a0
http://doi.org/10.1016/j.marpolbul.2017.04.027
http://doi.org/10.1007/BF02804901
http://doi.org/10.1127/pip/2019/0081
http://doi.org/10.1016/j.tim.2010.12.004
http://doi.org/10.1146/annurev-marine-120709-142819
http://www.ncbi.nlm.nih.gov/pubmed/21329204
http://doi.org/10.1007/s11368-017-1851-9
http://doi.org/10.1016/j.tim.2016.05.004
http://doi.org/10.1038/nrmicro1857
http://doi.org/10.1016/S0924-7963(02)00171-9
http://doi.org/10.1007/s11356-017-9185-0
http://www.ncbi.nlm.nih.gov/pubmed/28567682
http://doi.org/10.1016/j.desal.2011.09.029


Int. J. Environ. Res. Public Health 2022, 19, 2411 14 of 17

50. Kalaruban, M.; Loganathan, P.; Shim, W.G.; Kandasamy, J.; Naidu, G.; Nguyen, T.V.; Vigneswaran, S. Removing nitrate from
water using iron-modified Dowex 21K XLT ion exchange resin: Batch and fluidised-bed adsorption studies. Sep. Purif. Technol.
2016, 158, 62–70. [CrossRef]

51. Bellona, C.; Drewes, J.E.; Oelker, G.; Luna, J.; Filteau, G.; Amy, G. Comparing nanofiltration and reverse osmosis for drinking
water augmentation. J. Am. Water Work. Assoc. 2008, 100, 102–116. [CrossRef]

52. Nataraj, S.K.; Hosamani, K.M.; Aminabhavi, T.M. Electrodialytic removal of nitrates and hardness from simulated mixtures using
ion-exchange membranes. J. Appl. Polym. Sci. 2006, 99, 1788–1794. [CrossRef]

53. Soares, M.I.M. Biological denitrification of groundwater. Water Air Soil Pollut. 2000, 123, 183–193. [CrossRef]
54. Aslan, S.; Türkman, A. Biological denitrification of drinking water using various natural organic solid substrates. Water Sci.

Technol. 2003, 48, 58140. [CrossRef]
55. Davis, M.L. Secondary treatment by suspended growth biological processes. In Water and Wastewater Engineering: Design Principles

and Practice; The McGraw-Hill Companies: New York, NY, USA, 2010; pp. 1–115.
56. Van Hulle, S.W.H.; Vandeweyer, H.J.P.; Meesschaert, B.D.; Vanrolleghem, P.A.; Dejans, P.; Dumoulin, A. Engineering aspects and

practical application of autotrophic nitrogen removal from nitrogen rich streams. Chem. Eng. J. 2010, 162, 1–20. [CrossRef]
57. Park, J.Y.; Yoo, Y.J. Biological nitrate removal in industrial wastewater treatment: Which electron donor we can choose. Appl.

Microbiol. Biotechnol. 2009, 82, 415–429. [CrossRef] [PubMed]
58. Pérez-Elvira, S.I.; Diez, P.N.; Fdz-Polanco, F. Sludge minimisation technologies. Rev. Environ. Sci. Bio/Tecnol. 2006, 5, 375–398.

[CrossRef]
59. Flemming, H.; Wingender, J. The biofilm matrix. Nat. Publ. Group 2010, 8, 623–633. [CrossRef] [PubMed]
60. Abdelfattah, A.; Hossain, M.I.; Cheng, L. High-strength wastewater treatment using microbial biofilm reactor: A critical review.

World J. Microbiol. Biotechnol. 2020, 36, 1–10. [CrossRef] [PubMed]
61. di Biase, A.; Kowalski, M.S.; Devlin, T.R.; Oleszkiewicz, J.A. Moving bed biofilm reactor technology in municipal wastewater

treatment: A review. J. Environ. Manag. 2019, 247, 849–866. [CrossRef] [PubMed]
62. Hassard, F.; Biddle, J.; Cartmell, E.; Jefferson, B.; Tyrrel, S.; Stephenson, T. Rotating biological contactors for wastewater

treatment—A review. Process Saf. Environ. Prot. 2015, 94, 285–306. [CrossRef]
63. Rittman, B.E. The membrane biofilm reactor: The natural partnership of membranes and biofilm. Water Sci. Technol. 2006, 53,

219–225. [CrossRef]
64. Tsuneda, S.; Ohno, T.; Soejima, K.; Hirata, A. Simultaneous nitrogen and phosphorus removal using denitrifying phosphate-

accumulating organisms in a sequencing batch reactor. Biochem. Eng. J. 2006, 27, 191–196. [CrossRef]
65. Sun, H.; Xu, S.; Zhuang, G.; Zhuang, X. Performance and recent improvement in microbial fuel cells for simultaneous carbon and

nitrogen removal: A review. J. Environ. Sci. 2016, 39, 242–248. [CrossRef] [PubMed]
66. Samatya, S.; Kabay, N.; Yu, M. Removal of nitrate from aqueous solution by nitrate selective ion exchange resins. React. Funct.

Polym. 2006, 66, 1206–1214. [CrossRef]
67. Darbi, A.; Viraraghavan, T.; Butler, R.; Corkal, D. Pilot-Scale Evaluation of Select Nitrate Removal Technologies. J. Environ. Sci.

Health 2006, 4529. [CrossRef] [PubMed]
68. Schoeman, J.J.; Steyn, A. Nitrate removal with reverse osmosis in a rural area in South Africa. Desalination 2003, 5, 15–26.

[CrossRef]
69. Hell, F.; Lahnsteiner, J.; Frischherz, H.; Baumgartner, G. Experience with full-scale electrodialysis for nitrate and hardness removal.

Desalination 1998, 7, 173–180. [CrossRef]
70. Monsalvo, V.M.; Mohedano, A.F.; Rodriguez, J.J. Activated carbons from sewage sludge Application to aqueous-phase adsorption

of 4-chlorophenol. Desalination 2011, 277, 377–382. [CrossRef]
71. Chaplin, B.P.; Reinhard, M.; Schneider, W.F.; Schu, C.; Shapley, J.R.; Strathmann, T.J.; Werth, C.J. Critical Review of Pd-Based

Catalytic Treatment of Priority Contaminants in Water. Environ. Sci. Technol. 2012, 46, 3655–3670. [CrossRef] [PubMed]
72. Huang, Y.H.; Zhang, T.C. Effects of low pH on nitrate reduction by iron powder. Water Res. 2004, 38, 2631–2642. [CrossRef]
73. Wang, H.; Ren, Z.J. A comprehensive review of microbial electrochemical systems as a platform technology. Biotechnol. Adv. 2013,

31, 1796–1807. [CrossRef]
74. Lovley, D.R. Powering microbes with electricity: Direct electron transfer from electrodes to microbes. Environ. Microbiol. Rep.

2011, 3, 27–35. [CrossRef]
75. Franks, A.E.; Nevin, K.P. Microbial Fuel Cells, A Current Review. Energies 2010, 3, 899–919. [CrossRef]
76. Whitfield, M. The ion-association model and the buffer capacity of the carbon dioxide system in seawater at 25 ◦C and 1 atmo-

sphere total pressure. Limnol. Oceanogr. 1974, 19, 235–248. [CrossRef]
77. Logan, B.E.; Call, D.; Cheng, S.; Hamelers, H.V.M.; Sleutels, T.H.J.A.; Jeremiasse, A.W.; Rozendal, R.A. Microbial electrolysis cells

for high yield hydrogen gas production from organic matter. Environ. Sci. Technol. 2008, 42, 8630–8640. [CrossRef] [PubMed]
78. Torres-Rojas, F.; Muñoz, D.; Tapia, N.; Canales, C.; Vargas, I.T. Bioelectrochemical chlorate reduction by Dechloromonas agitata

CKB. Bioresour. Technol. 2020, 315, 123818. [CrossRef]
79. Jeremiasse, A.W.; Hamelers, H.V.M.; Buisman, C.J.N. Microbial electrolysis cell with a microbial biocathode. Bioelectrochemistry

2010, 78, 39–43. [CrossRef] [PubMed]
80. Zhan, G.; Zhang, L.; Li, D.; Su, W.; Tao, Y.; Qian, J. Autotrophic nitrogen removal from ammonium at low applied voltage in a

single-compartment microbial electrolysis cell. Bioresour. Technol. 2012, 116, 271–277. [CrossRef] [PubMed]

http://doi.org/10.1016/j.seppur.2015.12.022
http://doi.org/10.1002/j.1551-8833.2008.tb09724.x
http://doi.org/10.1002/app.22710
http://doi.org/10.1023/A:1005242600186
http://doi.org/10.2166/wst.2004.0898
http://doi.org/10.1016/j.cej.2010.05.037
http://doi.org/10.1007/s00253-008-1799-1
http://www.ncbi.nlm.nih.gov/pubmed/19148639
http://doi.org/10.1007/s11157-005-5728-9
http://doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
http://doi.org/10.1007/s11274-020-02853-y
http://www.ncbi.nlm.nih.gov/pubmed/32390104
http://doi.org/10.1016/j.jenvman.2019.06.053
http://www.ncbi.nlm.nih.gov/pubmed/31349180
http://doi.org/10.1016/j.psep.2014.07.003
http://doi.org/10.2166/wst.2006.096
http://doi.org/10.1016/j.bej.2005.07.004
http://doi.org/10.1016/j.jes.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26899662
http://doi.org/10.1016/j.reactfunctpolym.2006.03.009
http://doi.org/10.1081/ESE-120022873
http://www.ncbi.nlm.nih.gov/pubmed/12940476
http://doi.org/10.1016/S0011-9164(03)00235-2
http://doi.org/10.1016/S0011-9164(98)00088-5
http://doi.org/10.1016/j.desal.2011.04.059
http://doi.org/10.1021/es204087q
http://www.ncbi.nlm.nih.gov/pubmed/22369144
http://doi.org/10.1016/j.watres.2004.03.015
http://doi.org/10.1016/j.biotechadv.2013.10.001
http://doi.org/10.1111/j.1758-2229.2010.00211.x
http://doi.org/10.3390/en3050899
http://doi.org/10.4319/lo.1974.19.2.0235
http://doi.org/10.1021/es801553z
http://www.ncbi.nlm.nih.gov/pubmed/19192774
http://doi.org/10.1016/j.biortech.2020.123818
http://doi.org/10.1016/j.bioelechem.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19523879
http://doi.org/10.1016/j.biortech.2012.02.131
http://www.ncbi.nlm.nih.gov/pubmed/22572551


Int. J. Environ. Res. Public Health 2022, 19, 2411 15 of 17

81. Yang, Y.; Xu, M.; Guo, J.; Sun, G. Bacterial extracellular electron transfer in bioelectrochemical systems. Process Biochem. 2012, 47,
1707–1714. [CrossRef]

82. von Canstein, H.; Ogawa, J.; Shimizu, S.; Lloyd, J.R. Secretion of Flavins by Shewanella Species and Their Role in Extracellular
Electron Transfer. Appl. Environ. Microbiol. 2008, 74, 615–623. [CrossRef] [PubMed]

83. Marsili, E.; Baron, D.B.; Shikhare, I.D.; Coursolle, D.; Gralnick, J.A.; Bond, D.R. Shewanella secretes flavins that mediate
extracellular electron transfer. Proc. Natl. Acad. Sci. USA 2008, 105, 6–11. [CrossRef] [PubMed]

84. Zhang, E.; Cai, Y.; Luo, Y.; Piao, Z. Riboflavin-shuttled extracellular electron transfer from Enterococcus faecalis to electrodes in
microbial fuel cells. Can. J. Microbiol. 2014, 60, 753–759. [CrossRef] [PubMed]

85. Wu, S.; Xiao, Y.; Wang, L.; Zheng, Y.; Chang, K.; Zheng, Z.; Yang, Z.; Varcoe, J.R.; Zhao, F. Extracellular electron transfer mediated
by flavins in Gram-positive Bacillus sp. WS-XY1 and yeast Pichia stipitis. Electrochim. Acta 2014, 146, 564–567. [CrossRef]

86. Torres, C.I.; Marcus, A.K.; Lee, H.; Parameswaran, P.; Krajmalnik-Brown, R.; Rittmann, B.E. A kinetic perspective on extracellular
electron transfer by anode-respiring bacteria. FEMS Microbiol. Rev. 2010, 34, 3–17. [CrossRef]

87. Rabaey, K.; Boon, N.; Höfte, M.; Verstraete, W. Microbial phenazine production enhances electron transfer in biofuel cells. Environ.
Sci. Technol. 2005, 39, 3401–3408. [CrossRef]

88. Pham, T.H.; Boon, N.; De Maeyer, K.; Höfte, M.; Rabaey, K.; Verstraete, W. Use of Pseudomonas species producing phenazine-
based metabolites in the anodes of microbial fuel cells to improve electricity generation. Appl. Microbiol. Biotechnol. 2008, 80,
985–993. [CrossRef]

89. Glasser, N.R.; Kern, S.E.; Newman, D.K. Phenazine redox cycling enhances anaerobic survival in Pseudomonas aeruginosa by
facilitating generation of ATP and a proton-motive force. Mol. Microbiol. 2014, 92, 399–412. [CrossRef] [PubMed]

90. Chukwubuikem, A.; Berger, C.; Mady, A.; Rosenbaum, M.A. Role of phenazine-enzyme physiology for current generation in a
bioelectrochemical system. Microb. Biotechnol. 2021, 14, 1613–1626. [CrossRef]

91. Reguera, G.; Mccarthy, K.D.; Mehta, T.; Nicoll, J.S.; Tuominen, M.T.; Lovley, D.R. Extracellular electron transfer via microbial
nanowires. Nature 2005, 435, 1098–1101. [CrossRef] [PubMed]

92. El-Naggar, M.Y.; Wanger, G.; Man, K.; Yuzvinsky, T.D.; Southam, G.; Yang, J. Electrical transport along bacterial nanowires from.
Proc. Natl. Acad. Sci. USA 2010, 107, 18127–18131. [CrossRef] [PubMed]

93. Anguita, J.M.; Rojas, C.; Pastén, P.A.; Vargas, I.T. A new aerobic chemolithoautotrophic arsenic oxidizing microorganism isolated
from a high Andean watershed. Biodegradation 2018, 29, 59–69. [CrossRef] [PubMed]

94. Thrash, J.C.; Van Trump, J.I.; Weber, K.A.; Miller, E.; Achenbach, L.A.; Coates, J.D. Electrochemical stimulation of microbial
perchlorate reduction. Environ. Sci. Technol. 2007, 41, 1740–1746. [CrossRef] [PubMed]

95. Luo, H.; Fu, S.; Liu, G.; Zhang, R.; Bai, Y.; Luo, X. Autotrophic biocathode for high efficient sulfate reduction in microbial
electrolysis cells. Bioresour. Technol. 2014, 167, 462–468. [CrossRef]

96. De La Fuente, M.J.; De la Iglesia, R.; Farias, L.; Daims, H.; Lukumbuzya, M.; Vargas, I.T. Electrochemical Enrichment of Marine
Denitrifying Bacteria to Enhance Nitrate Metabolization in Seawater. J. Environ. Chem. Eng. 2021, 21, 125452. [CrossRef]

97. Virdis, B.; Rabaey, K.; Yuan, Z. Microbial fuel cells for simultaneous carbon and nitrogen removal. Water Res. 2008, 42, 3013–3024.
[CrossRef]

98. Xie, S.; Liang, P.; Chen, Y.; Xia, X.; Huang, X. Simultaneous carbon and nitrogen removal using an oxic / anoxic-biocathode
microbial fuel cells coupled system. Bioresour. Technol. 2011, 102, 348–354. [CrossRef]

99. Virdis, B.; Read, S.T.; Rabaey, K.; Rozendal, R.A.; Yuan, Z.; Keller, J. Biofilm stratification during simultaneous nitrification and
denitrification (SND) at a biocathode. Bioresour. Technol. 2011, 102, 334–341. [CrossRef] [PubMed]

100. Zhang, G.; Zhang, H.; Ma, Y.; Yuan, G. Membrane filtration biocathode microbial fuel cell for nitrogen removal and electricity
generation. Enzym. Microb. Technol. 2014, 60, 56–63. [CrossRef] [PubMed]

101. Zhang, G.; Zhang, H.; Zhang, C.; Zhang, G.; Yang, F.; Yuan, G.; Gao, F. Simultaneous nitrogen and carbon removal in a single
chamber microbial fuel cell with a rotating biocathode. Process Biochem. 2013, 48, 893–900. [CrossRef]

102. Virdis, B.; Rabaey, K.; Rozendal, R.A.; Yuan, Z.; Keller, J. Simultaneous nitrification, denitrification and carbon removal in
microbial fuel cells. Water Res. 2010, 44, 2970–2980. [CrossRef] [PubMed]

103. Ryu, J.H.; Lee, H.L.; Lee, Y.P.; Kim, T.S.; Kim, M.K.; Anh, D.T.N.; Tran, H.T.; Ahn, D.H. Simultaneous carbon and nitrogen removal
from piggery wastewater using loop configuration microbial fuel cell. Process Biochem. 2013, 48, 1080–1085. [CrossRef]

104. Zhu, G.; Huang, S.; Lu, Y.; Gu, X. Simultaneous nitrification and denitrification in the bio-cathode of a multi-anode microbial fuel
cell. Environ. Technol. 2019, 42, 1260–1270. [CrossRef]

105. Pous, N.; Korth, B.; Alvarez, M.O.; Dolors, M.; Harnisch, F. Electrifying biotrickling filters for the treatment of aquaponics
wastewater. Bioresour. Technol. 2020, 319, 124221. [CrossRef]

106. Sunagawa, S.; Coelho, L.P.; Chaffron, S.; Kultima, J.R.; Labadie, K.; Salazar, G.; Djahanschiri, B.; Zeller, G.; Mende, D.R.; Alberti,
A.; et al. Structure and function of the global ocean microbiome. Science 2015, 348, 1261359. [CrossRef]
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