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Cathode-enhanced wastewater treatment in bioelectrochemical

systems

Akshay Jain@®' and Zhen He'

Bioelectrochemical systems (BES) have been intensively studied as a new technology for wastewater treatment. However, the
treatment efficiency of BES anodes is limited and the anode effluent usually cannot be directly discharged or reused. To enhance
the treatment, BES cathodes may be used for additional treatment of selected contaminants. This has been investigated in a
number of approaches, which can be grouped into cathode-stimulated treatment and cathode-supported treatment. The former
involves electron transfer directly to reduce contaminants like nitrate or dye compounds, while the latter can accomplish
contaminant removal by aerobic oxidation, algal growth, production of strong oxidants for advanced oxidation, and/or membrane
treatment. This paper aims to provide a concise view and discussion on the cathode-promoted wastewater treatment in BES,
analyze challenges pertaining to the cathode treatment, and offer suggestions on the future development of BES for maximized

treatment performance.
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INTRODUCTION

Bioelectrochemical systems (BESs) are dynamic systems that utilize
the interaction between microbes and solid electron acceptors/
donors (e.g, an electrode) to accomplish the removal of
contaminants in wastewater with simultaneous electricity genera-
tion." In a typical BES such as a microbial fuel cell (MFQ),
microorganisms oxidize organics in the anode and transfer
electrons to an anode electrode, which then transports electrons
to a cathode electrode for reducing a terminal electron acceptor
like oxygen.” This electron flow generates an electrical current or
power when a load is added to the circuit. Researchers have used
the electron flow to achieve hydrogen production (via hydrogen
evolution reaction) in microbial electrolysis cells (MECs),? drive
desalination in microbial desalination cells (MDCs),* or synthesize
value-added compounds in microbial electrosynthesis cells
(MES).>® In recent years, BESs have been advanced particularly
in system scaling up, and several large-scale s7ystems have been
investigated for treating various wastewaters.>” In addition, there
is a great interest in employing BESs for recovery of valuable
resources from wastewater, including nutrient, energy, and water
(NEW).2

Along the BES development, wastewater treatment is consid-
ered a basic function and also of great importance to possible
implementation of this technology. Organic removal is a primary
goal for wastewater treatment, and in BESs the removal efficiency
is highly variable depending on several factors such as the
composition and strength of wastewater, hydraulic retention time,
reactor configurations, temperature, etc. Most removal occurs in
the BES anode for producing electrons.’ In general, BESs can
achieve good removal of organic matter from low-strength
wastewater or simple organic substrates, while the removal
efficiency would become much lower when dealing with high-
strength wastewater or complex organic compounds.'® Nutrients
such as nitrogen and phosphorus, however, can hardly be

removed in the anode of a BES, because their removal (if via
biological pathways) would need to involve aerobic conditions.
Therefore, the effluent from the BES anode is a partially treated
stream, which still contains residue compounds such as organics
and nutrients. This has been demonstrated in several previous
studies of MFCs treating actual domestic wastewater, in which the
removal of both organic and ammonium compounds were
significantly enhanced with cathodic treatment.'"'? In many
cases, such as a stream cannot be either directly discharged or
reused for non-potable purposes.

To enhance the treatment of wastewater in BESs while avoiding
the addition of more reactors, we can consider to take advantage
of the cathode of a BES for further treatment. A cathode can
provide more physical space to host biological processes for
extended treatment, and cathodic reduction reaction can be used
to accomplish the removal of several types of contaminants that
cannot be removed in the anode. Integration of membrane in the
cathode will be able to reject a wide range of contaminants
including pathogens and deliver a high-quality effluent. Although
cathodes have been investigated for wastewater treatment, there
have not been any strong attentions or focuses in the past BES
studies. This paper aims to provide a concise perspective on
cathode-promoted wastewater treatment in BESs, discuss and
analyze several major cathodes stimulated or supported treat-
ments, and encourage more efforts to explore this approach for
improving BES effluent quality.

CATHODE-STIMULATED TREATMENT

Cathode-stimulated treatment is realized by accepting electrons
from a cathode electrode; thus, it is a reduction reaction process.
In theory, any compounds that can be reduced will be able to act
as electron acceptors to a BES cathode; however, in reality such a
reduction is only feasible in the presence of an appropriate
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Fig. 1 Cathode-stimulated treatment of recalcitrant compounds,
metals, nitrogen compounds, and/or carbon dioxide

catalyst, either abiotic or biological, which can reduce the
activation energy and thus facilitate electron transfer from a
cathode electrode to a terminal electron acceptor. In addition to
commonly used electron acceptors such as oxygen (for electricity
generation) and protons (for hydrogen production), there have
been various compounds that can be removed by cathodic
reduction reactions, including recalcitrant compounds, metals,
nitrogen compounds, and carbon dioxide (Fig. 1). Because carbon
dioxide is not a contaminant (despite a greenhouse gas and
recently intensive research of microbial electrosynthesis'?), we will
not discuss its reduction in BESs here.

Although many recalcitrant compounds require an oxidation
removal process, a few can be removed by reduction. For
example, nitrobenzene, a widely used industrial compound, can
be cathodically reduced to aniline that is less toxic and more
biodegradable, and this approach could significantly reduce
organic dosage compared to conventional anaerobic degrada-
tion."" Many dye compounds have been studied for reduction-
based removal and decolorization in BESs.'” Perchlorate, an
emerging drinking contaminant, can act as a sole electron
acceptor in the cathode of an MFC.'® Despite potential benefits
of low energy consumption, there is a key issue in BES removal of
those compounds: incomplete removal. As mentioned above,
nitrobenzene is reduced to aniline. Sulfanilic acid was found to be
a major product of dye reduction in the BES cathode.'® Thus, post
treatment such as aerobic treatment may still be needed. In
addition, some studies applied co-substrates to enhance decolor-
ization of dye compounds by adding easily degraded organic
compounds into the cathode.'”'® Such an approach is question-
able, because those added organic compounds are electron
donors and will compete with the cathode electrode for electron
donation, thereby lowering the efficiency of the cathodic electron
transfer.

Metals, especially heavy metals, are important contaminants
produced from various industries; they are toxic, not biodegrad-
able, and widely distributed, and their removal is usually involving
immobilization and/or filtration.'® Many metal compounds will
change their soluble state to an insoluble state after reduction
reactions, and such a process can be conducted by a BES
cathode.?® A classic example is chromium: hexavalent chromium
(Cr(V1)) is carcinogenic and mutagenic, and also highly soluble in
water; cathodic reaction of Cr(Vl), catalyzed by microorganisms or
abiotic catalysts, produces Cr(lll) that is much less toxic and also
less soluble, and thus can be removed via precipitation.?’ In recent
years, more efforts have been devoted to recovery of valuable
metals such as gold and silver, a step beyond removal. More
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details about BES removal and recovery of metals can be found in
several review papers.2*> What has been missing in the vast
literature on this subject is how to effectively and efficiently collect
the recovered metals. Abiotic reduction of metals by accepting
electrons from a cathode electrode is expected to deposit metals
on the surface of the cathode electrode, in a way like
electroplating. However, many BES studies employed microorgan-
isms to catalyze metal reduction, resulting in intracellular metal
deposition. By using a fluorescent probe, researchers found that
less than half of total chromium accumulated within the bacterial
cells, consisting of a composite of Cr(lll) ions and other forms of
chromium complex.?® Thus, there could be two ways to collect the
recovered metals: (1) intracellular accumulation of metals may
allow the collection by harvesting microbial cells (with further
extraction); and (2) deposition on the cathode electrode may be
extracted for metal collection. However, both methods could
affect the operation of BESs (e.g., loss of microorganisms and
periodic replacement of cathode electrodes). Furthermore, metal
precipitated on the wall and separator of a BES reactor will require
an appropriate removal method without significant influence on
BES operation.

Unlike recalcitrant and metal compounds that are mostly
presented in industrial wastewaters, nitrogen is a key inorganic
contaminant in domestic wastewaters and can be in the forms of
ammonia, nitrite, nitrate, etc. Cathodic reduction of nitrate was
firstly demonstrated in a BES containing a pure culture Geobacter
metallireducens that could reduce nitrate to nitrite with an
electrode as the sole electron donor.>* This finding was extended
to a mixed-culture BES achieving a removal rate of 0.080 kg NO3™ -
N m 3 and a conclusion that bioelectrochemical nitrate reduction
did not involve hydrogen gas as an electron donor.?> Since then,
there have been many more studies of nitrate reduction in BES, as
summarized in several review papers.>?® The characteristics of
water/wastewater can impose a strong effect on BES nitrate
reduction. In general, two types of streams have been investigated
for nitrate removal in BES cathodes. First, domestic wastewater in
which nitrogen is in the form of ammonia must go through a
nitrification process that converts ammonia to nitrate. This
requires either a separate nitrifying reactor or combined nitrifica-
tion and bioelectrochemical denitrification in a cathode.?® Precise
control of dissolved oxygen is a key to successful combination of
nitrification and denitrification. Second, nitrate is a common
contaminant in groundwater and in this scenario, bioelectro-
chemical denitrification can be directly applied. However, deploy-
ment of BESs for groundwater nitrate removal must consider the
associated energy demand, depending on how/where the
treatment system will be installed. It was estimated that a specific
energy consumption of 0.341 and 1.602 kWh kg NO;-N"" could
be obtained from in situ and ex situ MFC treatments, respectively,
with pumping energy as the main contributor.>

CATHODE-SUPPORTED TREATMENT

Cathode-supported treatment occurs in the cathode compart-
ment but does not directly accept electrons from the cathode
electrode. That is, such a treatment takes advantage of the
physical space of a cathode compartment, and may have positive
or negative effects on the cathode electrode/reactions. Several
examples of such treatments, such as loop operation, algal
bioreactor, advanced oxidation, and membrane integration, are
summarized in Table 1.

Loop operation was created to use the cathode compartment
as a secondary treatment unit by flowing the anode effluent into
the cathode. This helps address the issue of insufficient organic
removal by the anode. It was reported that treating the anode
effluent in the cathode could enhance the COD removal from 75
to 92%.3" A more significant benefit is the improved transfer of
protons from the anode to the cathode that compensates the
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Table 1.

Examples of cathode supported treatments and their interaction with cathode electrode

Type Treatment processes

Interactions with cathode electrode

Loop operation + Organic oxidation by aerobes

« Nitrification and/or denitrification

Algal bioreactor * Nutrients (N and P) uptake by alge
« Nitrification by aerobic bacteria

+ Organic removal by algae and bacteria

Advanced oxidation + Organic oxidation by radicals or strong
oxidants

* Removal of recalcitrant compounds

Membrane integration + High-quality effluent after membrane
* Rejection of a wide range of contaminants

+ Compete for oxygen with cathode electrode
» May decrease pH and improve aerobic biocatalysis
* Increase the biofouling on cathode electrode

* Provide dissolved oxygen to cathode reaction
* Increase the biofouling on cathode electrode

+ Cathode reduction reactions generate radicals or strong oxidants
* Incomplete oxygen reduction for H,0, production

+ Electric potential helps alleviate membrane fouling
+ Draw solutions in forward osmosis facilitate cathode reactions with high
conductivity

alkalization of a catholyte and results in smaller pH difference
between the two electrodes, thereby eliminating the pH adjust-
ment.>? One study observed that a loop operation has increased
the maximum power generation by 180% in a batch mode and
380% in a continuous mode as compared to a negative control.®'
However, introducing organic compounds in the anode effluent
into the cathode also brings in electron donors, which will
compete with the cathode electrode for terminal electron
acceptors (e.g., oxygen). This competition can inhibit the cathodic
reaction. Furthermore, fast growth of heterotrophic bacteria on
organic matter will form biofilm on the surface of the cathode
electrode and this biofouling would further decrease the cathode
efficiency. Thus, using the cathode for improving organic removal
may not be an ideal approach in BES. If organic concentration can
be reduced to a very low level that does not significantly affect the
cathodic reaction, then nitrogen compounds can be removed in
the cathode via autotrophic nitrification (though still competing
with the cathode electrode for oxygen) and bioelectrochemical
denitrification as described previously.?® Therefore, a loop
operation could be effective for organic removal in the anode
and nitrogen removal in the cathode with benefits of decreasing
catholyte pH.

Because aeration is a key energy consumer, alternative
approaches for providing dissolved oxygen have been studied,
and among them algal bioreactors are of strong interest.
Cultivation of algae in the cathode will not only provide oxygen,
but also consume nitrogen and phosphorus by algal growth,
resulting in increased nutrient removal. In addition to electric
energy production, such BESs also produce algal biomass that may
be converted into bioenergy. A preliminary analysis revealed that
algal biomass could contribute to 71-86% of total energy
production in an MFC with an algal cathode, leading to a
theoretically energy positive treatment system.>* More details
about algal-cathode BESs can be found in several review
papers.3*3 BESs with an algal cathode require special considera-
tion in reactor design, because of the need for illumination that
supports algal growth. Integrating BESs into open-pond or
photobioreactor has been explored, and interaction between
algae and bacteria in a cathode community warrants further
investigation.”

BES cathodes may also play a role in removing bio-refractory
organic compounds and emerging contaminants. Incomplete
oxygen reduction via a two-electron pathway can generate
hydrogen peroxide,*® which can then react with Fe’" to produce
hydroxyl radical, one of the strongest oxidants used in advanced
oxidation processes. This has been investigated in a BES-Fenton
system, for example to achieve complete degradation of Orange Il
a dye commonly used in the textile, food and cosmetics
industry.3® Production of hydrogen peroxide in the cathode
requires precise control of reaction pathway to avoid four-electron
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reduction of oxygen to water. The use of gas diffusion layer in a
composite cathode electrode made of carbon black and graphite
has achieved a high H,0, yield of 11.9mgL™"h™"cm 2% After
Fenton oxidation, the residue hydrogen peroxide can be removed
by alternate switching between MFC and MEC operation.*' Like
conventional Fenton treatment, a BES-Fenton system also faces
the problems such as high chemical dosage and sludge
production/disposal. The generated H,O, can also be used for
in situ treatment of contaminants, as demonstrated in a study that
obtained the accelerated reduction of Cr (VI) with electrogener-
ated H202.42

Membrane is an excellent barrier to reject a wide range of
contaminant and produce a high-quality effluent. Integration of
various membranes into BESs, such as dynamic membrane, micro-
ultrafiltration membrane, and forward osmosis membrane, has
been actively studied.*® Installing membrane in the anode of a BES
has experienced serious biofouling and lack of appropriate anti-
fouling strategies without affecting the anode microbial process.
Thus, having membrane in the cathode becomes a viable option.
A study using membrane/biocathode assembly achieved the
removal of 91% of bacterial cells and a water effluent with a
turbidity of <0.1 NTU.** Because the majority of organic matter
has been removed by the anode, biofouling due to microbial
growth would be less serious in the cathode. In addition, aeration
can also act as fouling control in an aerobic cathode. The unique
feature of BESs, electricity generation, was found to be able to
reduce the deposition of sludge on membrane surface by
enhancing the electrostatic repulsive force between them,
resulting in less membrane fouling.*® This is further demonstrated
in a BES with a conductive filtration cathode, in which the
accumulated negative charges on the cathode created electro-
static repulsion to reduce foulants.*® When forward osmosis (FO)
membrane is integrated into BESs forming osmotic BESs,* a
cathode hosts draw solution that generates an osmotic pressure
and extracts water from the anode. FO-based BESs potentially
have low fouling and low energy demand; however, regeneration
of draw solute in an energy efficient way will be a key to the
successful operation.

OUTLOOK

Despite the potential advantages of using cathodes to improve
wastewater treatment, we must also understand the challenges
associated with this approach. First, there is always a tradeoff
between contaminant removal and energy recovery in BESs.
Because electrons are involved in the removal of many
contaminants, the more electrons flow, the better will be the
contaminant removal. As a result, BESs will need to be operated
under a mode for high current generation, which does not
produce much power or energy. The benefit from enhanced
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Fig.2 Two examples of cathode enhanced treatment in BESs: a enhancing nitrogen removal from domestic wastewater; and b enhancing the

removal of dye compounds from industrial wastewater

contaminant removal may compensate for low energy production.
The second challenge is how to overcome the cathode limitation
to accommodate both high current generation and contaminant
removal. Although those two tasks are correlated, the detailed
interactions between the two should be further investigated. For
example, some intermediates or end-products of contaminant
removal may limit further current generation by covering the
cathode surface (e.g., metal deposition) or poisoning the catalysts.
Third, intrusion of undesired electron acceptors/donors can
deteriorate the BES performance. Supplying an anolyte to the
cathode can introduce electron donors (e.g., organics and
ammonia) and thus create competition for terminal electron
acceptors (e.g., oxygen). To minimize such an effect, it is important
to reduce the concentration of organic matter to as low as
possible before entering the cathode, or to increase the oxygen
supply at the expense of energy consumption. Fourth, some
cathode-supported treatments may be better conducted outside
the cathode. Although an electrical field may reduce foulants,
installation of membrane will complicate the cathode structure
and operation/maintenance. In addition, fouling can hardly be
avoided and it will be difficult to apply anti-fouling/membrane
cleaning strategies inside the cathode. Likewise, algal growth may
be better conducted in a separate photobioreactor that receives
the cathode effluent, because of the special requirement for
illumination and difficulty in harvesting algal biomass within the
cathode.

Future design of BESs for utilizing cathode treatment should not
neglect the anode, and a synergistic linkage between the anode
and the cathode would lead to a functional BES with maximized
treatment performance. We present two examples of such
systems in Fig. 2. When domestic wastewater is treated in BES,
organic compounds are mostly removed in the anode via
anaerobic oxidation and electron production; then, the anode
effluent is supplied to the cathode, where ammonium nitrogen
can be removed via multiple biological pathways (Fig. 2a). Because
cathodic reduction of recalcitrant compounds like dye does not
always completely degrade the contaminant, the cathode effluent
can be transported to the anode, where further oxidation may
occur and also provide some electrons to cathodic reduction
reaction (Fig. 2b). Additional organic matter may need to be
added to the anode to ensure sufficient electron supply. Clearly,

more efforts should be invested to explore efficient ways to use
cathodes for enhancing wastewater treatment in BES.
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