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Abstract: The world is facing serious threats from the depletion of non-renewable energy resources,
freshwater shortages and food scarcity. As the world population grows, the demand for fresh water,
energy, and food will increase, and the need for treating and recycling wastewater will rise. In the past
decade, wastewater has been recognized as a resource as it primarily consists of water, energy-latent
organics and nutrients. Microbial fuel cells (MFC) have attracted considerable attention due to their
versatility in their applications in wastewater treatment, power generation, toxic pollutant removal,
environmental monitoring sensors, and more. This article provides a review of MFC technologies
applied to the removal and/or recovery of nutrients (such as P and N), organics (COD), and bioenergy
(as electricity) from various wastewaters. This review aims to provide the current perspective on
MECs, focusing on the recent advancements in the areas of nutrient removal and/or recovery with
simultaneous power generation.
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1. Introduction

Water, energy, and food are essential for all living forms to survive and thrive, and
they are inseparably linked. Although humans have made great strides in securing those re-
sources, the world is facing an uphill battle due largely to the increasing human population
and climate change. By the next decade, the world is expected to face 40% freshwater and
36% energy shortages [1,2], together with increasing demand for food [3,4] and treatment
of wastewater.

1.1. Wastewater

Currently, most conventional wastewater treatment plants (WWTPs) are energy-
consuming facilities that employ energy-intensive strategies such as aeration-based het-
erotrophic biological treatment [5,6]. According to the Electric Power Research Institute [7],
up to 3-4% of the total electricity consumed in the U.S. is related to the water management
cycle, including wastewater treatment [8]. Average energy consumption in conventional
WWTPs ranges from 0.2 to 0.8 kWh/m3 depending on the wastewater sources, quantity,
constituent composition, process type, pollutant nature, treatment capacity, and regional
differences (weather, electricity costs, etc.) [9-13].

In recent years, wastewater has been considered as a renewable resource of water [14],
nutrients, and energy [14-19]. Domestic wastewater is estimated to contain 13 k] /g of COD
of chemical energy, which is nine fold more than the energy required to treat it (Heidrich
etal.,, 2010; Yang et al., 2018). Therefore, if its energy were effectively recovered, no external
energy input would be required to operate WWTPs [20,21].

1.2. Electrochemical Energy Generator/Generation

The increase of atmospheric pollution partly due to the emission of sulfur and nitrogen
oxides during fuel combustions may induce irreparable damages to the earth [22,23]. To
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overcome the energy and environmental crisis caused by the utilization of fossil fuels, a
new energy revolution based on renewable resources is beginning to take shape, with
electricity as the backbone of energy.

Theoretically, electrochemical processes can be carried out with little energy losses
and, therefore, they produce minimal waste heat (heat pollution) and greenhouse gases (air
pollution) [22]. Metal/air batteries, fuel cells (FCs), and redox flow batteries (RFBs) are a
set of energy generators [24]. The advantages of these devices are that: (a) chemical energy
is directly converted to electrical energy; (b) modular construction is possible; (c) they can
be readily transported to transform electrical energy into mechanical energy (i.e., electric
vehicles) [22,25,26]. Nonetheless, the requirements for the expensive catalysts are the
main drawback for the oxygen cathode of metal/air batteries. Nickel-cobalt-manganese
lithium batteries, for example, have relatively high energy and power density; however, the
large-scale manufacture of these batteries is limited by the high price and limited sources of
cobalt [24] and by the risks associated with the flammability and explosiveness of lithium-
ion batteries. Furthermore, FCs and RFBs normally require ion-exchange membranes [24]
with working temperatures above room temperature [22,27] and relatively high purity
feed solutions [25,26], all of which increase the capital cost of the systems. Microbial
fuel cells (MECs), on the other hand, are bioelectrochemical systems capable of using
wastewater as an energy source to generate electric power while improving the quality of
the water environment.

1.3. Nutrients

The discharge of wastewater containing high levels of nutrients and organics to a
receiving water body is a potential cause of eutrophication and hypoxia in the water
environment [28,29]. Therefore, nutrients such as phosphate (PO43~) and ammonium
(NH4*) are being removed or recovered in WWTPs using methods that require large energy
input in order to meet the discharge requirements [30].

Phosphorus (P) is essential to all forms of life and crucial to crop yields [31], and there is
no substitute for it [21]. The phosphorus cycle is generally a one-way flow: all phosphorus
originates from phosphate rocks and ends up in the sea as marine sediments [32]. As
the world population is projected to grow to 9 billion by 2050, securing a phosphorus
supply will be critical to future food security [31]. Since the commercial phosphate rock
reserves are predicted to reach a critically low level within a century [33], the recovery of
P from wastewater has become an emerging topic [34]. WWTPs are unexploited sources
of phosphorus with an annual worldwide potential of 3 million tons of phosphate [35,36].
It is estimated that the total phosphorus available in sewage, if recovered fully, could
supply about 15-20% of the global phosphorus demand [37], which can be an imaginable
substitute for phosphate rock mines.

For the growing population, natural nitrogen-fixing is insufficient; thus, about half of
the food production in the world is depending on synthetic fertilizer [38]. Nitrogen (IN) used
in producing fertilizer is predominantly manufactured using the industrial Haber-Bosch
process [21] in which atmospheric nitrogen (N3) is converted to ammonia (NHj3) [39]:

N>, + 3H, — 2NHj; 1)

Because this reaction requires high temperature and pressure, the manufacturing
process is energy-intensive. Furthermore, H; is generally derived from nonrenewable fossil
sources, and greenhouse gases (e.g., CO,) are released into the atmosphere [21]. High levels
of NH4*-N concentrations are commonly present in textile, fertilizer, petrochemical, and
pharmaceutical industrial wastewater [40]. For instance, ammonium content in municipal
wastewater is ~100 mg/L [41], ~9000 mg/L in human urine [42], ~8100 mg/L after urine
hydrolysis [43], and ~2000 mg/L in landfill leachate [44]. Annually, domestic wastewater
contributes 20 million tons of ammonium, which corresponds to ~19% of the annual
ammonium production by the Haber-Bosch process [45]. By 2050, it is projected that the
ammonium in domestic wastewater will further increase to 35 million tons annually [45].
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In a conventional wastewater treatment system, ammonium is removed by methods
that require a large amount of energy (i.e., nitrification and denitrification methods), in
which the aeration for nitrification alone involves around 50% of the total energy used in
the wastewater system [46] and around 60% of its operational cost [47]. Technologies that
do not require intensive aeration and are able to recover valuable resources are attractive.

In recent years, MFCs have been studied to remove or recover nutrients from wastew-
ater together with the generation of power in a sustainable way [16,19,28,48]. Because
phosphorus (P) and nitrogen (N) are principal ingredients of fertilizer, the recovery of P
and N increases the economic feasibility of the treatment system [49].

Although past research has focused on the removal of nutrients, recovery is now
becoming recognized as a cost-effective way to treat wastewater [50]. The choice between
removal and recovery of nutrients depends on their relative concentrations in wastewater.
Removal may be more applicable to low concentration streams, while the recovery may be
a better approach for high concentration waste streams such as activated sludge, animal
waste, and landfill leachate [50]. Effluent and sludge from an anaerobic digester (i.e.,
digestate) contain high levels of organics, NH,*, PO43~, and other constituents [51]. The
recovery of nutrients, mainly N and P, from wastewater for use in agricultural practices
contribute to sustainable wastewater management [18,19,52].

This paper provides a review of MFC technologies applied to the removal and/or
recovery of P and N, organics (as COD), and bioenergy (as electricity) from various wastew-
aters. The aim of this review is to provide the current perspective on MFCs, focusing on
the recent advancements in the areas of nutrient removal/recovery and power genera-
tion. To the best of the authors” knowledge, there is no similar review related to these
specific topics.

2. Microbial Fuel Cell

Microbial fuel cells (MFCs) are ecofriendly biotechnologies in which electrogenic
or electroactive bacteria (EAB) convert chemical energy contained in their substrates to
electricity [9,21,53-55]. Thus, MFCs have the potential to provide sustainable wastewater
treatment with a low carbon footprint [56]. An MFC consists of an anode, cathode, mi-
croorganism, substrate (anolyte), and conductive wire (external circuit). A conventional
dual-chamber (or two-chamber) MFC consists of an anode and cathode chambers (or
compartments) that are separated by a cation exchange membrane (CEM), also known
as a proton exchange membrane (PEM) [18,57]. Various types of separators have been
used for MFCs such as canvas [58]; microporous filtration membranes [59], nylon-infused
membrane [60], carbon paper [61], Nafion™ [62], Ultrex™ [63], and ceramics [64—66].

In the anode chamber, the EAB is responsible for the generation of electrons and
protons [67-69]. The reaction is typically represented by the oxidation of acetate [68]:

CH3COO™ +4H,0 — 2HCO; ™ + 9H" + 8e™ )

The EAB act as a biocatalyst for the oxidation of substrate and transferring electrons to
the anode [70-72]. Microscopic observations have revealed that EAB proliferates over the
anode surface to form a multi-layered biofilm [73,74]. The EAB in the monolayer biofilm
that is in direct contact with the anode typically utilizes outer-membrane redox proteins
and cytochrome cascades to transfer electrons directly to the anode [75]. On the other hand,
the microbes in the outer layers develop nanowire structures to connect with the anode
surface or use other microbes via an extracellular conductive matrix to transfer electrons,
known as interspecies electron transfer [76,77]. In addition to the direct electron transfer,
the indirect transfer can also occur via soluble electron shuttles or mediators that transfer
extracellular electrons to the anode [78,79]. Based on electron transfer mediators, MFCs
can be divided into mediator and non-mediator (or mediator-less) microbial fuel cells.
There are two main types of mediators added to microbial fuel cells. The first category
is synthetic mediators, mainly dye-based substances, such as phenazine, phenothiazine,
indophenol, and thionine [80]. The second type is those synthesized by microorganisms
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and used by the same organisms or by other organisms for transferring electrons. For
instance, Pseudomonas aeruginosa strain KRP1 synthesizes mediator substances such as
pyocyanin and phenazine-1-carboxamide [81].

Electrons produced in the anode chamber flow through the external circuit to the
cathode, generating a current [53,72,82,83].

The cathode chamber contains electron acceptors (e.g., O;) to facilitate reduction
reactions, typically given as [84]:

2H,O + Oy +4e~ — 40H™ (3)

While electrons flow through the external circuit, protons pass through the PEM to
react with oxygen to form water molecules in the cathode chamber [67,69]:

2H* +2e™ + 0, — 2H,0 (4)

Given the facts that domestic, agricultural, and industrial wastewaters contain various
substrates that can serve as a renewable fuel source for MFCs [85,86] and that MFCs have
the potential ability to capture a large faction of chemical energy from wastewater [9,21],
MEFCs can be self-sustaining wastewater treatment technologies that require no external
power sources [87]. Specifically, as compared to the conventional wastewater treatment,
the MFC technology offers the following potential advantages:

(a) Energy-saving—MFCs require no or reduced aeration [88-94];

(b) Production of less sludge [89,94-98]—MFCs produce less sludge compared to the
conventional activated sludge processes [90,91] or even anaerobic digestion pro-
cesses [88,92,93]. In an MFC, a large fraction of the organic mass in wastewater is
converted to electrical energy at a high conversion efficiency [90-94,97,99] with faster
reaction kinetics [89];

(c) No generation of harmful toxic byproducts [100,101] such as trihalomethanes (THMs)
produced in the chlorination of wastewater [102];

(d) Ability to recover valuable products from wastewater; i.e., electricity [94,97,99] and
nutrients [20,28,49,103];

(e) Easy operation under the different conditions [100] such as various temperatures [90]
even at low temperatures [88,92,93], various pH values, and with diverse biomass [90];

(f) Clean and efficient technology [100,101]. MFCs can produce electricity with less
environmental burdens and a low carbon footprint [56,88,96].

On the other hand, the present MFC technology possesses some disadvantages includ-
ing, but not limited to [101,104]:

(a) Low power output;
(b) Expensive construction materials; e.g., platinum for an electrode;
(c) Difficulty to scale up to meet the capabilities for industrial needs.

Despite the inherent limitations of MFC technology, overall, it possesses several
advantages over conventional wastewater treatment methods, and thus, it is gaining
recognition as a potential sustainable wastewater treatment technology. The new advanced
electrode materials such as 2D nanomaterials are expected to promote the development of
electromicrobiology [101].

3. Energy Generation by MFCs

Energy scarcity and water pollution are two important challenges that the planet Earth
is facing today [105] The MFC technology may provide a partial solution to these challenges.

The efficacy of MFCs depends on a number of biological, physicochemical, and elec-
trochemical factors, and operational parameters. The performance (in terms of electricity
generation) of the different types of MFCs with various wastewaters and operational
conditions are summarized in Table 1.
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The typical biological factors are the types, numbers, and catalytic activity of the
microorganisms in the MFC. The energy losses at the anode can be attributed to the loss
of electrochemical activity of the microorganisms [106] and the anode overpotential trans-
port loss [107]. The physicochemical and electrochemical factors include, but are not
limited to, the types and effective surface area of the electrode, electrolytic resistance [101],
rate of the proton transport through the PEM, rate of the reduction reaction at the cath-
ode [89,108], and external resistance applied across the electrodes [109-111]. The organic
loading rates [21,48,112,113], and type and concentration of the substrate are the opera-
tional parameters. The intricate interdependence of these factors and parameters makes
the optimization of the MFC difficult. For instance, the rate of substrate conversion can
be affected by the total amount of electroactive bacterial cells, a phenomenon of mix-
ing mass transfer, bacterial growth kinetics [114-116], organic loading rate per biomass
(grams of substrate per gram of biomass per day), transmembrane efficiency for the proton
transport [117], and total potential of the MFC [114,118].

Internal resistance is one of the major electrochemical factors that affect MFC per-
formance. The internal resistance can be divided into ohmic resistance, charge transfer
resistance, and diffusion resistance [119,120]. The ohmic losses occur due to the resistances
of the electrodes, PEM, and electrolytes [121]. On the other hand, the charge transfer and
diffusion resistance take place in the interface between the electrodes and the surrounding
electrolyte [122,123]. The power generation in an MFC is affected by the surface area of
the PEM [124]. If the surface area of the PEM is smaller than that of the electrodes (anode
and cathode), the internal resistance of the MFC will increase to limit power output [121].
Internal resistance is also a function of the distance between the cathode and anode. For
the optimal design, the anode and cathode should be situated as close as possible.

To evaluate the MFC performance, cost-effectiveness must be considered. In a double-
chamber MFC, PEM plays an essential role in the MFC performance, and also affects
the operation and maintenance costs. Many of the past studies on MFCs used commer-
cial Nafion as PEM. Nafion-membrane is highly sensitive to wastewater contaminants
(e.g., ammonium). Ultrex™, a cation exchange membrane, provides more stability but has
a larger resistance and less ion selectivity than Nafion [63]. Carbon paper (as a separator)
can reduce internal resistance and the cost of the MFCs, yet presently there is no credible
data on the stability of this material for an extended period of time.

Ceramic materials have been demonstrated to be a suitable replacement for commonly
used membranes [66]. Ceramics are less expensive than the PEMs and offer high stability
and better conditions for the growth of exoelectrogenic microorganisms [64—66]. Thus,
ceramic can improve MFC power output and treatment efficiency. Despite these benefits,
the loss of an anolyte through evaporation can be one of the critical challenges. More
investigations are needed to address the challenges of the different materials to improve
the MFC performance and cost-effectiveness.

3.1. Coulombic Efficiency (CE)

The substrate is also an important factor for electricity generation, as it serves as
a source of energy for the microorganisms, thus for the MFC [125]. To enhance MFC’s
performance, the substrate needs to be oxidized efficiently [126]. The efficiency of electron
recovery can be measured by the Coulombic efficiency (CE). The CE represents the fraction
(in %) of electrons that are recovered (as current) from the substrate [53]. In other words,
the CE is the fraction of electrons that are liberated from the substrate and transferred to
the anode electrode [127]. The CE usually depends on the type of microorganisms and
substrates, duration of the experiment, and design of the MFCs [128]. Researchers found
lower CE values (e.g., 14%) when treating real wastewater [127]. The current density and
CE values achieved by a batch or fed-batch MFC system are typically low [128-130]. The
low CE values typically indicate that the exoelectrogens (that form the biofilm) are using
more of the energy extracted from the substrate for biosynthesis rather than electricity
generation [127]. In order for the CE to increase, the influent substrate concentration
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must decrease and anode potential should increase [128]. Methanogens, which reduce the
CE, should be eliminated from the system. More research is required to understand the
interactions between biofilm growth and the electrochemical processes [131]. Optimized
external resistance generates a selective pressure inside the anode chamber, favoring the
growth of exoelectrogenic microorganisms, therefore, increasing the CE of the MFC [132].

Marzorati et al. [133] used lignocellulosic materials including giant canes (GC) and
maize stalks (MS) to construct two different natural cylindrical-shaped air-cathode MFCs.
The GC and MS acted as separators in the GC-MFC and MS-MFC dual-chamber MFCs.
The MFCs were fed swine manure with a cyclical addition of sodium acetate and were
monitored for the 20-day acclimation period and 3 feed cycles. During the feed cycles 1 and
2, the maximum power density and CE were slightly increased from 43 to 44 mWm 2
and 13% to 18%, respectively, in the GC-MFC, and from 29 to 33 mWm 2 and 12% to 15%,
respectively, in the MS-MEFC. In feed cycle 3, the power density and CE of the MS-MFC were
32 mWm 2 and 20%, respectively, and higher than those of the GC-MFC (i.e., 20 mWm 2
and 4%, respectively). The GC-MFC showed a considerable drop of the CE in feed cycle
3 compared to that in cycles 1 and 2 [133].

3.2. Effect of Organic Loading Rate (OLR)

In general, MFCs can achieve higher CEs than other electricity-generating devices,
and the CE decreases with increasing organic loading rate (OLR) [48,103,128]. Ye et al. [21]
obtained the maximum CE of about 25% and the maximum voltage of 598.9 mV at the OLR
of 435 mg COD/L d, whereas they observed the CE of 2.21% and the voltage of ~480 mV
at 870 mg COD/L d. Similarly, in a study by Di Lorenzo et al. [112], the CE decreased
from 68 £ 7.2% to 49 £ 2.7% when the OLR was increased from 16 to 161 kg COD/ m3
d. Mansoorian et al. [48] generated bioelectricity using a catalyst-less and mediator-less
membrane dual-chamber MFC, which was fed dairy wastewater. Their MFC produced
the CE of ~15%, and the maximum power density of 621.13 mW /m? of the anode surface
at the OLR of 53.22 kg COD/ m? d, and the maximum CE of 37.16% and the maximum
power density of ~200 mW /m? at 17.74 kg COD/ m3 d. The lower CE at the higher OLR
may be explained by the following: (a) the non-exoelectrogen microbes (heterotrophs,
methanogens) are more active than the electrochemically active microbes [21,134]; and
(b) substrate may be used for the microbial growth instead of using for the conversion of
the substrate to electricity [48,135,136].

In a dual-chamber MFC, the higher COD loading to the anode chamber can lead
to membrane fouling adversely affecting its performance [137]. In contrast, lower COD
loadings could facilitate higher electricity generation [113,138]. It has also been found that
at low OLRs, MFCs require more time to reach their maximum performance (i.e., maximum
current density and maximum power density) [139]. The Coulombic efficiency can be
optimized by improving the electrode surface area per reactor volume [97,104].

3.3. Effects of Hydraulic Retention Time (HRT)

The hydraulic retention time (HRT) poses direct effects on the types and abundance
of the microbial community in the MFC system [69,140]. In a study with a catalyst-less,
mediator-less dual-chamber MFC, Mansoorian et al. [48] treated dairy industry wastewater
with the HRT ranging from 2 to 8 d. They reported the maximum power density of
621.13 mW /m? of the anode surface at the HRT of 5 d. In treating synthetic municipal
wastewater using the dual-chamber MFC, Ye et al. [19] found that the maximum power
density decreased from 253.84 mW /m? to ~200 mW /m? of the anode surface as the HRT
decreased from 0.69 to 0.35d. This may be due to the fact that the high flow rate might have
caused incomplete mixing of the feed substrate solution [140]. The increase of the HRT from
3 to 5 days promoted the longer contact time between the biofilm and the organic substrate
in the MFC improving the substrate degradation, electron production, and transport, thus
increasing voltage [48]. In the dual-chamber MFC treating synthetic wastewater, with
the HRT ranging between 0.35 and 0.69 d, the changes in the COD removal and nutrient
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recovery efficiencies were insignificant, provided >92% COD removal and about 80-90%
nutrient recovery efficiency [19] In addition, in the dual-chamber MFC, the HRT affected
the generation of electricity but its effect on the nutrient recovery (from synthetic municipal
wastewater) was insignificant [49]. While the HRT affects energy generation, its effect on
nutrient recovery from synthetic wastewater appeared negligible.

Mansoorian et al. [48] studied treated dairy industry wastewater by varying the HRT
from 2 to 8 d; however, nutrient recovery was not affected by HRT. They reported the
maximum removal efficiencies of 90.46% for COD, 69.43% for NH,*-N, and 72.45% for P
in suspended solids at ~30 days, and 31.18% for dissolved P at ~6 days.

3.4. Effects of Ammonium Concentration

An excess of NH, " in the feed solution negatively affects the generation of electricity.
Ryu et al. [141] used a dual-chamber MFC to treat piggery wastewater and observed that
the cathode potential decreased from ~0.8 to ~0.5 V when an ammonium concentration
in the anode chamber increased from 30 to 100 mg/L. The most likely explanation for the
decrease in potential is that nitrifying microbes compete for the electron acceptor (i.e., O)
on the cathode electrode. In a study by Ye et al. [49], a dual-chamber MFC was operated in
a continuous mode with the influent ammonium concentrations ranging from 5 to 40 mg/L
as N (NH4*-N). They observed the maximum power density of 230.17 mW /m? of the
anode surface on average at the influent NH4"-N concentration of 5 mg/L; however, the
power density decreased by approximately 50% (to ~120 mW /m?) when the NH;*-N
concentration was increased to 40 mg/L. The CE also decreased from 25% (at maximum)
to 15% when the influent NH4*-N concentration was increased from 5 to 40 mg/L [49].
Similar results were reported by other researchers [113,142,143]. Ye et al. [49] also reported
that the COD removal efficiency was above 85% with the NH,;*-N concentrations between
5 and 40 mg/L. At the same NH;*-N concentration range, the P removal/recovery was
in a range from 11.37% to 13.33% in the anode chamber and the P recovery was 76.03 to
83.23% in the cathode chamber. On the other hand, the NH;"-N recovery fell from 85.11%
to 15.33% when the NH4*-N concentration was increased from 5 to 40 mg/L. The results
suggest that NH;* cannot be effectively recovered from ammonium-rich wastewater in
dual-chamber MFCs.

3.5. Effects of Dissolved Oxygen Concentration

The dissolved oxygen (DO) in the cathode chamber affects the generation of electricity;
thus, it is important to maintain an optimal DO to obtain the maximum performance of
MECs [144]. Past researchers have shown that an increase in DO in the cathode chamber
increased the generation of current [103,145]. In a study with a dual-chamber MFC treating
synthetic wastewater, Tao et al. [144] observed that an average CE decreased from 52.48 to
23.09% when DO decreased from 3.5 to 2 mg/L in the cathode chamber. The decrease of the
CE may be due to the increase of electrochemically inactive microorganisms in the anode
chamber and/or the increase of the internal resistance when DO decreased in the cathode
chamber. The power density also decreased from 530 mW /m? to 178 mW/m? when DO
decreased in the cathode chamber from 3.5 mg/L to 2 mg/L DO [144]. Tao et al. [144] also
found that 2.0 mg/L DO in the cathode chamber was sufficient for the P and N removal.
At this Oy level, the chemical precipitation and biological absorption provided a total P
removal of 80%. Adjusting DO to its optimal level can therefore favor the power generation,
CE, and removal of N and P.

3.6. Effects of Temperature

In general, the microbial activity increases as temperature increases, thus electricity
generation can be boosted by raising the temperature [146,147]. However, the long-term
exposure of microbes to high temperatures may damage the cells (e.g., nucleic acid, cell
function) resulting in a dramatic decline of voltage and current [48]. Firdous et al. [147]
treated wastewater from a vegetable oil industry using a dual-chamber MFC and found
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that the increasing temperature from 25 to 35 °C resulted in an increase of the CE from
33% to 36.5%, the current from 4.05 to 11.72 mA, and the power density from 2166 to
6119 mW/m?. The higher temperature also enhanced the COD removal (80-90%) due to
the increase in the population of mesophilic microorganisms in the anode chamber [147].
The COD removal ranged from 40% to 80% at 25 °C and from 60 to 90% at 35 °C; and the
P removal efficiencies were 56.9% and 73.6% at 25 °C and 35 °C, respectively [147]. The
optimum temperature for mesophilic microbes is in a range between 35 °C to 40 °C [148].
Warmer temperatures, in general, have positive effects on the power generation, CE, and
removal of organics (COD) and phosphorus.

3.7. Effects of Resistance

In an MFC, the external resistance regulates the flow of electrons and consequently
regulates the power generation efficiency. In other words, the lower resistance facilitates
the electron flow from the anode to the cathode, supporting the microbial electron respira-
tion on the anode, thus enhances the substrate removal efficiency [48,110]. On the other
hand, the higher resistance reduces electron flow towards the cathode maintaining a high
potential difference, thus enhances the power harvest [109,111,149]. The low voltage at a
high external resistance may be due to the slower speed of electrons used on the cathode,
compared to its transfer rate [48]. The maximum power density is achieved when the
internal and external resistances are equal [128,150]. Various factors such as the distance
between the electrodes, electrode material, ionic strength of the anolyte and catholyte,
substrate properties, operation modes, and MFC design affect the internal resistance of
MEFCs. The optimization of these factors can improve the MFC performance. In general, a
single-chamber MFC exhibits lower internal resistance than the dual-chamber MFC: such
information should be taken into consideration when designing MFC systems [119].

4. Nutrient Removal and Recovery
4.1. Nutrient Remouval

The removal of nutrients from the WWTP effluent can reduce the eutrophication
potential in the receiving water environment. In comparison with energy-intensive nutrient
removal technologies currently employed in the conventional WWTPs, MFCs have the
advantage that they generate electricity. The effectiveness of different types of MFCs for the
removal and/or recovery of nutrients from various wastewaters and operational conditions
are summarized in Table 2.
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Table 1. Energy production in MFC systems from different types of wastewater and different operational conditions.

Type of MEFC Type/Operation MEFC Operation P External Maximum . Current Coulombic
Wastewater Mode Specifications Electrodes Specifications Resistance/Wired Voltage Power Density Density Efficiency Reference
Mediator-less dual At20°C 1000 Q) initial stage
chamber MFC Anode influent pH > 8 Anode: plain carbon then 430 () at
Synthetic 2-stage feed-batch mode MEFC volume: 300 mL cloth. maximum power.
wgs?ewater (Two sets of Nafion membrane separation. Cathode: Pt catalyst Electrodes connected —550 +£ 10 mV 72 mW/m? 62 mA/m? 10% [103]
dual-chamber H-type Cathode chamber (0.5 mg/cm? 10% Pt on with a titanium wire
bottles, operated for continuously aerated using an carbon cloth electrode). (0.5 mm,
120 days). aquarium pump. purity > 99.98%).
200 L Modularized MFC Cation é?(zl:alr? Zesr;cembrane Anode: carbon brush.
Primary effluent system (96 tubular MFC (CMI—?OOO) Cathode: carbon cloth 150
of municipal modules of 2 L/each). Vol £ each Mi:C' 2L coated with nitrogen Wired with ~200 mW ~50~150 mA [16]
wastewater Continuous mode, Ca(:hlz)rlni:reecai:culate d bva doped activated carbon titanium wire.
operated for one-year. yte re y powder.
submersible pump.
At35°C
Anode influent pH: 8.5-10.3.
HRT =5 days 1kQ
Catalyst-less and : Anode and cathode
Dairy industrial mediator-less membrane MFC volume: 2 L electrodes made from Elec,t Todes conngcted 5 o/ A0 .
Proton exchange membrane . with copper wire 0.856 V 621.13 mW/m’ 3.74 mA 6% 37% [48]
wastewater dual chamber MFC fion 117 graphite plate o & d
Continuous mode (Nafion 117). (14 x 6 x 0.5 cm®) (2 mm diameter an
. Cathode chamber : . 35 cm length).
continuously aerated using an
aquarium pump (2 mg/h).
Anode: Plain fiber veil 1st stage:
At22 £ 2°C electrodes with 12 layers 14.32 W§m3
2 (s .
3-stage MFC system in a MEFC volume: 6.25 mL anode (;f24 clri ;Irr: d i:r’:dtt}? gff Wirleg(xzfith (Absolute power:
Untreated continuous mode chamber and open-to-air ’ & . . 358 W)
. 1.9 cm). Nickel-chromium [28]
human urine (System of MFCs that cathodes. ; . 3rd stage:
fits urinals) cation exchange membrane Cathode: hot-pressed wire (045 mm 11.76 W/m3
‘ (CMI-7000, 25 mm diameter) activated carbon onto thickness). (Abs;)lute power:
4 carbon fiber veil .
(4.9 cm?). 294 uW)
Anode and cathode
o electrodes made of piece
At25+1 . ¢ of carbon cloth (diameter .
MEFC volume: 1.6 L 90 mm and thickness After start up:
: o 3
Domestic Algal biofilmMFC. Piiefegectl trﬂlcfr?fdlg?l b}Otf}lllm 8 mm) interwoven with 1kQ 58? m_\g%efnd\; 0'09% ktV\}[1/ m * Batch mode: [20]
wastewater Continuous mode. € calinderical M;g ¢ titanium wire. va ugatch de:62 2;3(: W/m? 17.01%
7 ] L Anode placed in lower . mode:ba7o miv/m
Continuous irradiation mode:566 mV
(135 pmol m 3 s 1) chamber of the MFC and
H ’ cathode placed on the

water surface.
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Table 1. Cont.
Type of MEFC Type/Operation MEFC Operation o External Maximum . Current Coulombic
Wastewater Mode Specifications Electrodes Specifications Resistance/Wired Voltage Power Density Density Efficiency Reference
At35°C
Anode influent
Effluent drain of pH=57 e 6119 mW /m? 11.72 mA o
vegetable D“aléﬁiﬁ'fféii MG HRT =72 h. cﬁ?ﬁgdeé-t oy é‘éﬁ; 1k 568552\3\? 3\2/5 e 2166 mW/m” at 4.05 mA at 330/3 S{t52/§ °C [147]
oil industry ’ MEC volume: 500 mL ’ 25°C 25°C
Proton exchange membrane
(CMI-7000)
Anode: plain carbon GC-MFC
cloth (7.8 x 10 cm) 100 O GC-MFC GC-MFC (mA/m?): Cycle GC-MFC: Cycle 1:
Air-cathode MEC At25+1°C Cathode: carbon cloth Wired with Cvele 1: ~500 mV Cycles 1 & 2: 1:212 13%
. GC and MS external diameter: (6.6 x 10 cm) with plastic-insulated A : 4344 mW/m? Cycle 2: 227 Cycle 2: 18%
. Giant canes (GC-MFC) . Cycle 2: ~450 mV K 5 . o
Swine manure and and 2.5 cm and 10 cm length. surface treatment copper wire. Cycle 3 ~ 5 mV Cycle 3: 20 mW/m Cycle 3: 30 Cycle 3: 4% [133]
sodium acetate Mai Initial anolyte COD: 10.3 g/L (microporus layer) by Internal resistance: yees MS-MFC MS-MFC MS-MFC: :
aize stalks (MS-MFC). d3 g/L sodi ixing carbon black 60 for GC-MFC and MS-MEC Cycles 1 & 2: A/m?): Cycle 1: 12%
Batch mode. and 3 g/L so ium acetate mixing carbon blac ~60 for GC- an Cydle 1,2, & 3: ycles : (mA/m?): ycle 1: 12%
added to anodic chamber. particles, PTFE solution, 80-95 () for N 450,m,V 29-33 mW/m? Cycle 1: 167 Cycle 2: 15%
distilled water, and a MS-MFC. Cycle 3: 32 mW/m? Cycle 2: 197 Cycle 3: 20%
non-ionic surfactant. Cycle 3: 227
Anode: graphite fiber
brush (with a core of
MET (MFC or MEC) titanium wires).
Digestate coming coupled with struvite At23+1°C Cathode: carbon cloth
crystallization MFC volume: 28 mL (30 wt.%) with platinum 14.19 + 0.15W/m® 2 o -
N rfrgim;in tor Single chamber, pH adjusted to 8.5 with catalyst (0.4 mg Pt/cm?) 1kQ 050 £001V 0.43 W/m? 156 A/m 35.04 £0.2% (1511
anaerobic digeste air-cathode MFC NaOH (1 mol/L) on the liquid-facing side
batch mode. and four PTFE diffusion
layers added on the
air-facing side.
Anode and cathode chambers A(Iz'l(_)g igig:;it%ﬁr;ﬁges
separated by a recovery two graphite rods (5 mm
chamber (eachschamber diameter, 9.5 cm length)
Electrodialysis system Cation exzﬁg;;; I)I'lembrane Cfa(l)trl':c:ylélr;egri)oolf Eig:h
Pre-hydrolyzed embedded in an MFC. (CMI-7000) between anode (20 x 5 cm) with 3A/m? [15]
human urine and recovery chamber.

Continuous mode.

Anion exchange membrane
(AMI-7000) between recovery
and cathode chamber.
Peristaltic pump for feed
(0.5L/d).

carbon-based catalyst on
the inner side, four PTFE
diffusion layers on the
outer side and titanium
mesh for
current collector.
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Table 1. Cont.

Type of MEFC Type/Operation MEC Operation e External Maximum . Current Coulombic
Wag,tl;water yll\)/[odep SpeciﬁlZations Electrodes Specifications Resistance/Wired Voltage Power Density Density Efficiency Reference
At25+3°C
MEC volume: 400 mL (each Anode and cathode
) ) chamber). electrodes made of )
Synthetic Photoautotrophic H-type Cathodic chamber carbon brushes (7.5 cm in 500 O
domestic MEC. . length, 4 cm in diameter) Wired with ~460 mV 466.9 £ 244 mW/m? ~0.6 mA 3.3-3.9% [152]
. mechanically aerated (DO of . .
wastewater Continuous mode. ~65mg/L) pretreated by acid copper wire.
Nafion 117 proton exchange Soa41;16’1ogca r})%hegtmg
membrane (8.5 cm?). ( »30 min).
At24 £2°C
pH=7:+0.15 Anode: graphite felt in
MFC VOhCI}IT; ?nl?;z(r))mL (each cylinde;g-shl;ped form 598.9 mV at OLR 253.84 mW/m? at
Synthetic Peristaltic pump f(;r anolyte (diameter 30 mm, 1kQ of OLR of 25.01% at OLR of
domestic Double-chamber MFC. feed (0.35 mL/min) thickness 60 mm). Wired with 435 mgCOD/L.d. 435 mgCOD/L.d. 435 mgCOD/L.d. [21]
Continuous mode. L ’ Cathode: carbon-fiber . ~475 mV at OLR ~170 mW/m? at 2.21% at OLR of
wastewater Cathodic chamber brush (3 length, 3 copper wire. £ OLR of 870 mgCOD/L.d
mechanically aerated (DO of rush (3 cm length, 3 cm ° ° me -
6 mg/L) diameter) coated with 870 mgCOD/L.d. 870 mgCOD/L.d.
Proton exchar%ge rr‘1embrane titanium bar.
(CMI-7000).
At224+2°C Anode: graphite felt in
MEC volume: 305 mL (each cylinder-shaped form 2 o
Synthetic Double-compartment chamber). (diameter 30 mm, 1kQ 5 1151981'\?;;1 Y_ﬁf /L 253&17&‘/\]/_ E /Et 5m ZNSI/; E},t_N /L
municipal MEC. Peristaltic pump for anolyte thickness 6 mm). Wired with ~4%.5 m\;1 atd0 ~12§Imw4/ m? at giS at440 ’ [49]
wastewater Continuous mode. feed (0.35 mL/min). Cathode: carbon-fiber copper wire. mg NH,"-N/L 40 NH,*-N/L e NH, *-N/L
Proton exchange membrane brush (30 mm length, i ’ mg-NH . R ’
(CMI-7000). 30 mm diameter).
At30°C
MFC volume: ~23 mL anode
chamber, ~19 mL middle
chamber, and ~19 mL Anode: graphite fiber
cathode chamber. brush (2.5 cm diameter,
Synthetic Three-chamber resource Cation exchange membrane 2.5 cm length) heated at 1002
urine-containing recovery MFC. (Selemion CMV) between 450 °C for 30 min. * Internal resistance: 072V 1300 mW/m? 1.30 & 0.30 mA 55% [17]
wastewater Batch mode anode chamber and Cathode: circular 208 O

middle chamber.
Anion exchange membrane
(Selemion AMV) between
middle chamber and
cathode chamber.

activated carbon
air-cathode (7 cm?).
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Table 1. Cont.
Type of MEFC Type/Operation MEC Operation e External Maximum . Current Coulombic
Wastewater Mode Specifications Electrodes Specifications Resistance/Wired Voltage Power Density Density Efficiency Reference
At224+2°C Anode: graphite felt in 2
MFC volume: 350 mL cylinder.shaped form 5989 mV at 253.84 mW/m’ at
S . . HRT =0.69d, HRT =0.69 d, o
ynthetic (each chamber). (diameter 30 mm, 1kQ - o 25.01% at
. Two-chambered MFC. . . . OLR =435 mg/L.d. OLR =435 mg/L.d. _
municipal . Proton exchange membrane thickness 6 mm). Wired with 5 HRT =0.69d, [19]
Continuous mode. . : . ~515mV at ~200 mW/m* at _
wastewater (CMI-7000). Cathode: carbon-fiber copper wire. OLR =435mg/L.d.
) HRT=0.35d, HRT =0.53d,
HRT: 0.69 d-0.35 d. brush (30 mm length, OLR =870 mg/L.d. OLR = 870 mg/L.d
OLR: 435-870 mg/L.d. 30 mm diameter). = &/ Ld: =e/ome/Ld.
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4.1.1. PO43~-P and NH;*-N Removal

In a study by [153], an algal bioreactor was connected externally to an MFC to treat
domestic wastewater. Their hybrid system improved the removal of total P from 58% to
92% and removed 81.9% of organics (as COD), as high as 95.5% of total N, and 96.4% of total
P [20]. Wang et al. [152] studied nutrient (P and N) removal and bioenergy recovery from
synthetic wastewater using an immobilized microalgal-based photoautotrophic microbial
fuel cell (PMFC) system. The PMFC system achieved the removal efficiencies of 93.2% for
soluble COD, 95.9% for NH,*-N, and 82.7% for PO43~-P in the anode compartment, and
27.7-50% for NH4*-N and 37.1-67.9% for PO,43~-P in the cathode compartment. The reduc-
tion of nutrient levels in the cathode compartment was most likely due to the assimilation
of P and N into the microalgal biomass. Although their system produced 466.9 mWm~3,
it consumed energy for pumping of anolyte and catholyte, illumination, and biodiesel
production (e.g., microalgae harvesting, lipid extraction). The power produced accounted
for 12.7-42.3% of the energy consumed, excluding the energy used for biodiesel produc-
tion. Theoretically, the biodiesel from algal biomass could achieve energy neutrality and it
could significantly enhance the economic benefits [152]. The work by Jiang et al. [153] and
Wang et al. [152] demonstrated that the MFC combined with another technology can boost
nutrient removal by exploiting microbial assimilation.

4.1.2. NH4"-N Removal

Organic nitrogen present in synthetic wastewater can be removed by ammonification,
nitrification, and followed by denitrification [154]. In a single-chamber MFC, the removal
of NH;*-N is mainly due to the volatilization of ammonia [48,155]. In a dual-chamber MFC,
most of the organic nitrogen is transformed to NH4*-N in the anode chamber [156], and the
NH,4*-N removal is primarily due to the migration of NH;*-N from the anode chamber to
the cathode chamber through a PEM and volatilization in the cathode chamber [21,50,155].
Without volatilization, NH;"-N can accumulate to a level of several grams per liter in the
cathode chamber [42]. The migration of NH;*-N can be considered as a proton shuttle [157].
Previous studies suggested that NH4*-N can be removed by volatilization in single and
double chamber MFCs.

4.2. Nutrient Recovery
4.2.1. Struvite

To date, only a few studies have been undertaken to recover nutrients using
MECs [15,17,19,21,49,133,158]. The recovery of P and N by MFCs has been accomplished
mainly by the formation of struvite, NH4sMgPO,4.6H,O [151,158-162]. Struvite has been
demonstrated to be slow-release fertilizer [163] and has a commercial value [164-167].

Struvite can be formed by reacting similar molar ratios of ammonium (NHy4*), magne-
sium (Mg2+), phosphate (PO437), and six water molecules [158,161,167]:

Mg?* + NHy" + PO, + 6H,0 — NHyMgPO,.6H,0., (5)

In an MFC, the pH is higher near the cathode owing to the reaction represented
by Equation (3). Since the solubility of struvite decreases at higher pH [168], struvite
precipitation occurs near or on the surface of the cathode [158]. Since wastewater is a rich
source of PO,3~ [103], NH,*, Mg?* along with organic matters, the struvite precipitation
has been considered as an ideal way to recover P and N from wastewater [167]. In general,
the P content in the struvite is between 13% to 14% by weight [31]. To utilize struvite
directly as the slow-release fertilizer [169,170], its purity is an important factor, which is
dependent on the characteristics of the wastewater {165]. In a dual-chamber MFC, the
recovery of P as struvite involves the reaction represented by Equation (5) [103], and P can
be exclusively recovered since P is not involved in the redox reactions [50].

Ichihashi and Hirooka [158] used an air-cathode single-chamber MFC to treat swine
wastewater. In their study, only 27% of P was recovered as struvite. This low recovery rate is
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most likely due to pH buffering that inherently occurs in a single-chamber MFC, as protons
(H*) and hydroxide ions (OH ™) accumulate in the same region of the MFC [103,171]. In
a study by Hirooka and Ichihashi [160], after removing the precipitates from the cathode
electrode, the MFC performance was restored to almost its original level. It is most likely
that the struvite precipitation at the cathode obstructed the mass transfer of ions and
oxygen [160].

In a dual-chamber MFC, nutrient removal usually occurs in the anode chamber and
recovery in the cathode chamber [21,49,152]. Almatouq & Babatunde [103] investigated the
P recovery and electricity generation using a two-stage, mediator-less dual-chamber MFC
system, which was operated in a fed-batch mode. In the first cycle, synthetic wastewater
was fed to the anode chamber to remove organics (measured as COD). At the end of the
first cycle, the effluent from the anode chamber was filtered and fed to the cathode chamber
to recover P as struvite. In their study, 8 mM of NH4Cl and 8 mM of MgCl, solutions were
added to the cathode chamber at a rate of 6 mL/day. When the COD concentration was
increased from 0.7 to 1.5 g/L, the P recovery efficiency increased from 7% to as high as 38%.
The reported power density is 72 mW/m? [103]. The COD concentration and aeration rate
were shown to be the key factors that affect the P recovery and electricity generation. Since
the dual-chamber MFC creates an alkaline environment around the cathode, it provides
better nutrient recovery efficiencies [50].

4.2.2. Precipitation of P and N with Magnesium Chloride and Seawater Bitterns (SWB)

In a study by Sciarria et al. [151], a single-chamber, air-cathode MFC was coupled with
a microbial electrolysis cell (MEC) to treat digested sludge from an anaerobic digester. This
MEC system removed 44.7 + 1.6% of total COD, 35.8 & 1.2% of PO,3~, and 10.1 + 0.5%
of NH4*. Crystalized P was found at the cathode. Magnesium chloride (MgCl,.6H,0) or
seawater bitterns (SWB) were added to the effluent of the MFC to boost further precipitation
of P and N. The addition of magnesium chloride resulted in 83.1 £ 3.7% reduction of
PO,3~ and 14.7 4 0.6% reduction of NH,*. The addition of SWB resulted in slightly higher
removal of PO,3~ (87.7 + 2.85%) but there was about the same level of removal of NH4*
(14.7 £ 0.5%). On the other hand, the MEC led to the removal of approximately 21-30% of
PO43~ and approximately 27-40% of COD before precipitation. In their experiment, the
effluent of the MEC was also treated with magnesium chloride or seawater bitter to allow
further nutrient precipitation. With the addition of magnesium chloride, the removals
were in a range from ~68% to 74% for PO43~ and ~7% to 9% for NH4*. With seawater
bitters, the precipitations of PO4>~ were slightly higher, (~67-75%), while NHy* removal
was between ~14% and 8%. The result indicated that the MFC was 10% to 15% more
efficient than the MEC in terms of the P removal. Moreover, seawater bitters achieved
better removal of PO4%~ than the more expensive magnesium chloride [151]. The results
suggest that, in treating wastewater containing an insufficient amount of magnesium, the
addition of less expensive precipitant aids (SWB) can improve the recovery of P and N
from the wastewater.

4.2.3. Effect of Organic Loading Rate (OLR) on P/N Recovery

The organic loading rate (OLR) plays an important role in nutrient removal/recovery
and electricity generation. The OLR affects the microbe’s metabolic activities, growth, and
substrate utilization, and thus nutrient recovery and electricity generation. In a study by
Hamza et al. [172], high OLRs negatively affected the generation of electricity but improved
nutrient removal/recovery. Ye et al. [21] used a dual-chamber MFC to treat synthetic
domestic wastewater with varying COD loading rates from 435 to 870 mg COD/L.d. In
their work, they obtained the COD removal of 90% on average. When the COD loading
rate was increased from 435 to 870 mg COD/L d, the NH,;*-N removal efficiency increased
from 14% to 75.13% and the PO,3-P removal from12.43% to 71.5%. Note that the nutrient
recovery efficiency declined in the cathode chamber because the concentrations of NH4*-N
and PO43~-P were lower in the cathode chamber as a large fraction of the nutrients were
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already removed in the anode chamber. In terms of the nutrient recovery, the NH;*-N
recovery efficiency was 85.11% at the loading rate of 435 mg COD/L.d and decreased to
24.34% at 870 mg COD/L.d. The PO,3~-P recovery efficiency was 83.23% at the loading
rate of 435 mg COD/L.d and decreased to 24.4% at 870 mg COD/L.d [21]. Thus, the P
and N recovery efficiency were decreased with increasing OLR. The results suggest that
the removal efficiency of organic matter (COD) and Coulombic Efficiency (CE) can be
improved by feeding wastewater at low OLRs.

4.2.4. Nutrient Recovery from URINE

Human urine typically contains 9 g of NH4*-N/L, 0.7 g of PO43>~-P/L, and other con-
stituents, and has been used as an electrolyte in an MFC for nutrient recovery system [42,43].
In a study by You et al. [28] nutrients were recovered from human urine in a form of stru-
vite, while generating electricity, using a 3-stage single-chamber MFC/struvite extraction
system. The first and third stage MFCs generated 14.32 W/m3 and 11.76 W/m? of power,
respectively. The second stage MFC was used for nutrient recovery. The hydrolysis re-
action of urea was accelerated in the first stage. In the second stage, magnesium was
added to form struvite. In the third stage, after the completion of struvite precipitation,
the supernatant was treated for additional power generation and COD removal. In their
work, 78% of PO43~-P and 7% of NH4*-N were recovered as struvite. Overall, 82% of
PO43~-P and 20% of COD were removed from human urine. Lu et al. (2019) developed a
three-chamber MFC (called a recovery resource MFC or RRMFC) and used it to remove
organics and salts, simultaneously recovering nutrients from synthetic wastewater contain-
ing urine. The RRMFC consisted of three chambers (anode, middle-recovery, and cathode
chambers), and was operated in a batch mode for 33 cycles (~3 days per cycle). Synthetic
urine wastewater was fed to the anode chamber where organics were oxidized, and urine
was hydrolyzed. Deionized water was fed to the middle chamber where PO,3~ and NH,*
were precipitated as struvite. The effluent of the anode chamber was fed to the cathode
chamber for power generation. In their system, the removal efficiencies of COD, NH,*,
total N, and PO,3~ reached 97%, 40%, 98%, and 99%, respectively. At the same time, the
RRMFC recovered 42% of total N and 37% of PO43~ in the middle chamber. The NH,*
mass increased from 0 to 9.01 & 2.12 mg in the middle chamber, indicating that a large
amount of NH;" migrated from the anode chamber to the middle chamber through the
PEM. Similarly, PO43~ migrated from the cathode chamber to the middle chamber with
the effect of the electric field. The decrease of the PO4>~ concentration in the cathode
chamber may be due to struvite precipitation under the alkali conditions [17]. A fraction of
PO43~ may also be removed by microbial assimilation in the anode chamber [173]. The
RRMEFC produced the maximum currents of 1.30 &+ 0.30 mA and maximum power density
of 1300 mW /m? of the anode surface at an external resistance of 10 Q. The RRMFC did
not require any external energy input for its operation (Lu et al., 2019). Freguia et al. [15]
used an MFC/electrodialysis-hybrid system for nutrient recovery from human urine. The
fresh urine was left to hydrolyze before the supernatant was collected and used as a feed to
the microbial electro-concentration cells. In their study, only about 5% of the influent flow
passed through the PEM resulting in a poor nutrient recovery (i.e., the recovery of 1.2% of
N and 0.002% of P). It is noteworthy that, if they were designed as an on-site system, their
processes not only generate power and recover nutrients, but also save a large amount of
water that is necessary to flush and transport urine to a central treatment facility.

4.2.5. MFC Natural Construction Material for Nutrient Recovery

Marzorati et al. [133] constructed an MFC using natural lingo-cellulosic materials and
treated swine manure. In their MFC, an electro-osmotic flux created high pH conditions in
the vicinity of the cathode, which induced deposition of nutrients such as N, K, Mg and Ca.
The materials, especially maize stalks, underwent partial biodegradation, thus the elements
of these materials could be released into the wastewater being treated [133]. Since infor-
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mation about MFCs constructed using lingo-cellulosic materials is scarce, further research
into these materials is needed to develop more effective MFCs for wastewater treatment.

4.2.6. Field Trial for Nutrient Recovery

The present work revealed that only a few studies have been conducted in the fields
using pilot-scale or full-scale MFCs [16,88,174-178]. The past studies using pilot-scale MFCs
have demonstrated that the MFCs can be self-sustainable [16,88,176]; that is, the energy
captured by the MFCs was sufficient for powering the feed and recirculation pumps [127].
Ge & He [16] developed a 200-L modularized MFC system consisting of 96 MFC modules
and treated primary effluent of a local WWTP. This study was one of the few field trials
to treat actual wastewater for a long duration (>300 days). This system removed more
than 75% of COD and 68% of NH4*-N. On the other hand, the same MFC system did
not perform well in removing P (~20%). In their system, P and N were accumulated,
and thus, their MFC system required a further P and N disposal [16]. An accumulation
of nitrate also occurred in the system due to nitrification. Despite the fact that the past
studies have produced encouraging results, much work remains to be done in terms of
treatment efficiency, energy efficiency, and cost-effectiveness [179,180]. Improvements in
nutrient recovery must be made for the MFCs to be implemented as one of the renewable
energy technologies.
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Table 2. MFCs for nutrient removal/recovery from different types of wastewaters and operational conditions.

Initial Wastewater

Type of Wastewater System Type/Operation Mode Characteristics COD Removal/HRT NH,*-N Removal/Recovery PO43-P Removal/Recovery Reference
Mediator-less dual chamber MFC
. 2-stage feed-batch mode COD:1.5g/L 70-90% o :
Synthetic wastewater (Two sets of dual-chamber H-type pH: >8 HRT = 48 h 38% recovery [103]
bottles, operated for 120 days)
200 L Modularized MFC system TCOD: 155 4 37 mg/L
Primary effluent of (96 tubular MFC modules of SCOD: 73 23 mg/L S759%
munici ylw tewater 2 L/each) NH,*: 25.7 & 5.5 mg/L HRT = 108 h 68% removal ~20% biomass uptake [16]
unicipal wastewate Continuous mode, operated for TSS:72.9 £ 16.6 mg/L -
one-year pH: >8
COD: 3620 mg/L
NH4*: 174 mg/L
Catalyst-less and mediator-less T;t;l ?:1165;2:1?7{]“ Removal efficiencies: 31.18%
Dairy industrial wastewater membrane dual chamber MFC. TSS?i 430 mg L 90.46% 69.43% removal dissolved phosphorus, 72.45% [48]
Continuous mode. VSS: 647 mg/L phosphorus in suspended solids
BODs: 2115 mg/L
pH: 8.5-10.3
3-stage MFC system in a continuous . 20% o o
Untreated human urine mode II,\g—I 3 ‘;%i ﬁg//]i HRT = 18 min for individual 272/"::;:‘?8\?1 %0//" ;:égg:jl [28]
(System of MFCs that fits urinals). + 8 MECs for 5 days ° y ? y
o COD: 186.8 327.9 mg/L . s 2o Cos a0
Domestic wastewater Algal' biofilm MFC. Total N: 25.3-52.5 mg,/L 81.9% i TN removal: 95.5% . TP removal: 96.4% 120]
Continuous mode. ; HRT = 12 days 50% recovered by harvested algae 62% recovered by harvested algae
Total P: 2.9-8.3 mg/L
. pH: 5.7 60-90% o
Eifuentdsof egeble  Dual hambarsd M 17 g1 o8 Bt 141
Y : TSS: 252 mg/L HRT=72h :
MET (MFC or MEC) coupled with
Digestate coming from an struvite crystallization using NH,4*: 1943 £ 53 mg/L MEFC: 10.1 £ 0.5% removal MEFC: 35.8 £ 1.2% removal
ganaerobic digester seawater bitterns (SWB). PO4*~: 60 £3mg/L 447 £1.6% Further removal by precipitation: Further removal by precipitation: [151]
8 Single chamber, air-cathode MFC COD:72+1.6g/L 14.7 + 0.6% 83.1+3.7%
batch mode.
+.
Electrodialysis system embedded in P%Hf,: g .??Sg/}L
Pre-hydrolyzed human urine an MFC. LI 8 40-65 days 1.2% recovery 0.002% recovery [15]
. TCOD:9.5¢g/L
Continuous mode.
pH=88
. . . 95.9% removed in anodic chamber. 82.7% removed in anodic chamber.
. . Photoautotrophic H-type MFC. Inoculated microalgal biomass: 93.2% o . o .
Synthetic domestic wastewater Contintious mode. 0.75 /L HRT =118 h 27.7-50.0% removed /recovery in 37.1-67.9% removed /recovery in [152]

cathodic chamber by microalgae.

cathodic chamber by microalgae.
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Table 2. Cont.

Initial Wastewater

Type of Wastewater System Type/Operation Mode Characteristics COD Removal/HRT NH,*-N Removal/Recovery PO43-P Removal/Recovery Reference
Removed in anode chamber: 14%
at OLR of 435 mg COD/L.d and Removed in anode chamber:
90% (from a wide range of 75.13% at OLR of 12.43% at OLR of 435 mg COD/L.d
Synthetic domestic wastewater Double-chamber MFC. COD: 300-600 mg/L organic loading rate (435 to 870 mg COD/L.d. and 71.5% at OLR of [21]
ynihetic comestic wastewate Continuous mode. OLR: 435-870 mg COD/L.d 870 mg COD/L.d). Recovered in cathode chamber: 870 mg COD/L.d.
HRT =0.69d 85.11% at OLR of 435 mg COD/L.d Recovered in cathode chamber:
and 24.34% at OLR of 870 mg 24.4% average recovery.
COD/L.d.
Removal: ~14% at 5 mg. Removal: ~12.45% at 5 mg.
COD: 300 + 15 /L >85% for wide range of NH;*-N/L and ~14.10% at NH4*-N/L and 13.33% at
Synthetic Double-compartment MFC. o mg NH4*-N concentrations 40 mg.NH,;*-N/L. 40 mg.NH,;*-N/L. )
S ; NH,*-N: 5-40 mg/L ) o . 0 [49]
municipal wastewater Continuous mode. OLR: 435 mg COD/L.d (5to 40 mg/L). Recovery: 85.11% at Recovery: 83.23% at
. & ’ HRT =0.69d 5mg. NH4*-N/L and 15.33% at 5mg. NH;*-N/L and 80.5% at
40 mg. NH,*-N/L. 40 mg NH,*-N/L.
COD: 24.60 mg o .
s S . Three-chamber resource NH,*: 0.10 mg o 40 /% of NH,* removed. o
ynthetic urine-containing ; 97% 98% of TN removed. 99% removed.
recovery MFC. TN:20.20 mg - o : o . . [17]
wastewater i HRT = ~3 days 42% of TN recovered in 37% recovered in middle chamber.
Batch mode. PO4*7: 090 mg .
pH: 69 middle chamber
Removed in anode chamber: Removed in anode chamber:
13%-15% at different OLR 12-14% at different OLR
COD: 300 + 15 mg/L >90% (from a wide range of (435-870) mg COD/L.d) and (435-870 mg COD/L.d) and
Synthetic Two-chambered MFC. pI.{‘ 700 40 05; organic loading rate (435 to 870 different HRT (0.69 d-0.35 d). different HRT (0.69 d-0.35 d). [19]

municipal wastewater

Continuous mode.

OLR: 435-870 mg COD/L.d

mg COD/L.d) and
HRT = 0.69-0.35 days.

Recovered in cathode chamber:
~85% at different OLR (435-870 mg
COD/L.d) and different HRT
(0.69 d-0.35 d).

Recovered in cathode chamber:
~83% at different OLR
(435-870 mg COD/L.d) and
different HRT (0.69 d-0.35 d).
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5. Challenges and Directions for Optimization

MEC technologies can harvest clean energy from waste organic sources employing
exoelectrogenic microorganisms [116,181,182]. Recently, MFC technologies have made
considerable progress; however, these technologies are still facing great challenges con-
cerning power generation, nutrient removal and/or recovery, and real-world applications.
To become competitive with the present wastewater treatment technologies, future MFC
research should focus on reducing electrochemical energy loss, increasing nutrient removal
and/or recovery efficiencies, and improving effluent water quality.

Compared with conventional batteries, the power output of MFCs is low, which is
the main barrier that is restricting commercialization and large-scale implementations of
the MFC technologies [183-185]. To create more efficient MFCs, the Coulombic efficiency
and voltage must be increased [128,186]. The performance of MFCs can be enhanced
by developing or finding highly efficient, low resistance electrodes and separation mem-
branes [119,187], and optimizing and controlling pH in the chambers [119,186].

The use of a suitable material for the anodes may improve biofilm formation and
electron coupling. The anodes that have a large surface area and functional organic groups
(e.g., carbon-based materials) can improve cell vitality. The conductive elements such
as manganese and iron can be incorporated into the carbon-based electrodes to increase
power output. To maximize the benefits of MFC technologies, further investigation should
be conducted to understand the electron pathway mechanisms to minimize the electron
transfer loss.

The problem with the electrode distancing can be resolved by changing the MFC
design. For instance, Rossi & Logan [188] developed an H-cell MFC design in which
they demonstrated that electrode distance was not important due to the difference in
the cross-sectional area of the MFC and the projected areas of the electrodes. Another
potential solution to electrode distancing may be the use of the simultaneous series-parallel
connection of the electrodes. This design strategy can increase the voltage and current.

Developing or finding efficient, low resistance separation membranes is another
hurdle to clear. The disadvantage of using PEM in the MFC design lies in the development
of pH gradients between anode and cathode chambers, which causes energy loss [189].
Other hindrances associated with PEM are O, diffusion, H; loss, fluxes of carboxylates,
and concentration overpotential across the membrane [190]. The fabrication of nano-
structured anodes with a high surface area might offer an effective solution to reduce
membrane resistance [191,192]. The membrane-less microfluidic systems can eliminate
membrane resistance due to the laminar flow that keeps the anolyte and catholyte well
separated [193-196].

Electrolyte pH is crucial to the MFC power output and nutrient removal and/or
recovery. Although the traditional dual-chamber MFCs can maintain two different pH
conditions to optimize the anodic and cathodic reactions, such conditions are unattainable
in the single-chamber MFCs [121]. In this respect, the multiple-chamber MFCs offer
advantages over the single-chamber MFCs by enhancing the removal and/or recovery of
P and N [19,21,49,147]. On the other hand, single-chamber MFCs assembled in series can
produce higher power output than dual-chamber MFCs [197].

The MFC technologies have immense application potential especially in the regions
where electrical infrastructure and water sanitation are lacking [121,198]. More studies
should focus on field demonstrations using real wastewaters aiming at practical applications.

6. Conclusions

Microbial fuel cells (MFCs) are bioelectrochemical devices that use microorganisms to
degrade organic pollutants while simultaneously generating electricity. This review paper
presented and discussed published studies on the different types of MFCs that have been
used for resource recovery from various wastewaters. This review especially focused on
the removal and recovery of phosphorus (P), nitrogen (N), and organics (COD).
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MEFCs could serve as a feasible technology to remove and/or recover nutrients from a
wide range of wastewaters, in addition, to remove organic pollutants and simultaneously
generating electricity. Removal of P and N in an MFC can be accomplished by assimilation,
and N can also be removed by volatilization. The recovery of P and N can be accomplished
in the form of struvite, which can be utilized as a slow-release fertilizer. The multiple-
chamber MFC offers the advantage over the single-chamber MFCs in terms of enhancing
the removal and/or recovery of P and N. Because the precipitation of struvite on the
cathode surface reduces the MFC efficiency, the MFCs may be designed to have removable
cathode electrodes that can be cleaned instead of replacing them when their efficiency
falls [50].

Continuous operation of the MFC system requires an energy input such as energy for
pumping a feed solution to the MFC. Some of the previous works have shown that the
WWTP operation cost can be offset by recovering nutrient and bioenergy from domestic
and industrial wastewater. Although researchers have demonstrated that nutrients could
be removed or recovered and concurrently generating electricity, most studies have been
conducted on a laboratory scale, and very few studies have used a full-scale wastewater
treatment facility. Furthermore, the power generation remains low. Therefore, inno-
vation is required for developing more efficient MFC technology that is applicable to
large-scale facilities.
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