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This study evaluated the performance of a tubular microbial fuel cell (MFC) having a

core of air-chamber wrapped with an anion exchange membrane in sewage wastewater

treatment. Three MFCs were vertically assembled into one module and floated in sewage

water channels before and after treatments in the primary sedimentation tank. The

two MFC-modules exhibited nearly similar electricity production in the range of 1.3–5.7

Wh·m−3-MFC while the bottom MFCs (60–90 cm) showed a decrease in electricity

compared with the top (0–30 cm) and the middle MFCs (30–60 cm) due to the water

leakage into air-cathode. One MFC module was then evaluated for its chemical oxygen

demand (COD) removal efficiency with two external resistances of 27 and 3� in a

chemostat reactor (MFC:reactor = 1:5, v/v) using three hydraulic retention times (HRTs),

i.e., 3, 6, and 12 h. The best COD removal efficiency (COD-REMFC), 54± 14%, and BOD

removal efficiency, 37 ± 17%, were observed with a resistance of 3� and a 12 h HRT,

which resulted in 3.8 ± 2.0 A·m−3 of current recovery and 15 ± 7.5% of Coulombic

efficiency. The electricity generation efficiency (EGEMFC) was the best with a resistance

of 27� and a 12 h HRT, accounting for 0.19 ± 0.12 kWh·kg-COD−1 with a 17 ± 6.4%

COD-REMFC and 0.65 ± 0.10 Wh·m−3 electricity production. Based on calculations

using the COD-REMFC and EGEMFC, the integration of MFC treatments prior to aeration

can reduce wastewater treatment electricity consumption by 55%.

Keywords: microbial fuel cell, sewage water treatment, anion exchange membrane, organic matter reduction,

energy balance

INTRODUCTION

Electricity consumption in sewage wastewater treatment accounts for 1–3% of domestic electricity
consumption in developed countries (Maktabifard et al., 2018) while sewage potentially has much
more bio-mass energy in itself (Shizas and Bagley, 2004). Anaerobic digestion of sewage sludge has
received significant attention to neutralize this energy imbalance (Yan et al., 2017). In Japan, 1.5
× 1010 m3·yr−1 of sewage water is treated in sewage wastewater treatment plants, which includes
∼400mg·L−1 of chemical oxygen demand (COD). Based on the assumption that all organic carbon
is converted to CH4, and, by extension, that all CH4 is converted to electricity, the potential biomass
energy in sewage water (PEW) is as much as 2.1 × 1010 kWh·yr−1 (Supplementary Information).
This PEW is ∼1.8-fold higher than that of sewage sludge (PES). The PEW of sewage sludge can be
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calculated as a product of the sewage sludge produced annually
(2.2 × 109 kg-dry sludge (DS)·yr−1) and its calorific value
(4,500 kcal·kg-DS−1). Theoretically, all electricity requirements
for sewage treatment can be met via energy conversion of > 0.67
kWh·kg-COD−1 from sewage water or> 1.8 kWh·kg-DS−1 from
sewage sludge. However, biogas production cannot be directly
applied to sewage water due to its relatively lower carbon content
compared with the carbon content in the same volume of sludge.
Therefore, organic matter must be concentrated from sewage
water prior to biogas production, which includes concentrations
of the membrane bioreactor (Martinez-Sosa et al., 2011), aquatic
weeds (Kaur et al., 2018), and algae (Arcila and Buitrón, 2016).
An alternative technology that directly recovers energy from
sewage water is the microbial fuel cell (MFC) (Liu et al., 2004;
Li et al., 2014). The MFC is a promising technology that can
be introduced into existing sewage treatment plants without
large-scale construction projects.

MFC is a technology collecting the electrons emitted in the
microbial oxidation of organic matter to an electrode (Logan
et al., 2006). The representative configuration of anMFC includes
a single chamber with an anode filled with wastewater, which
is equipped with an oxygen-reducing cathode exposed to the
atmosphere (Liu et al., 2004; Du et al., 2007). Theoretically, this
type of MFC has the best cathodic potential due to the high
electrode potential of O2/H2O. Tentatively, three key materials,
i.e., an anode, separator, and cathode, determine the performance
of the MFCs. Although electrode improvement and optimization
is still ongoing (Li et al., 2017), carbon-based anodes, such
as carbon brushes and felt (Logan et al., 2007), and cathode
supporting carbon-catalysts, such as carbon black and activated
carbon (Zhang et al., 2014a,b), are becoming increasingly popular
due to their commercial availability and inexpensive cost.

For the application of MFCs in sewage water treatment at a
large-scale, separation of air, and liquid phases while retaining
the permeability of ions or oxygen is of great concern (Leong
et al., 2013). An ion exchange membrane (IEM) (Kim et al.,
2007; Leong et al., 2013) and PTFE layer (Cheng et al., 2006)
have been used to separate the air and liquid phase, which
allow ion and oxygen mobility, respectively. In particular, large-
scale MFCs with greater depth favor IEMs, especially the cation
exchange membrane (CEM), due to their commercial availability
and physical toughness at a relatively inexpensive cost (Ge and
He, 2016; Liang et al., 2018). However, the MFC that treats the
wastewater contains higher concentrations of various cations,
such as Na+, Ca2+, K+, andNH3+, in the anolyte, which compete
with protons that attach to the negatively charged function
groups in the CEM (Rozendal et al., 2006). This can cause
reduction in electricity production after long-term operation (Ge
and He, 2016; Liang et al., 2018).

An anion exchange membrane (AEM) is an alternative IEM
and involves the movement of OH− from air (cathode) to
the sewage water in a single chambered MFC as illustrated in
Supplementary Figure 1. Previous studies have shown that the
AEM is characterized by improved electricity production in the
MFC compared with the CEM in not only a dual chambered
MFC (Kim et al., 2007; Fornero et al., 2008) but also in a single
chambered MFC (Zhang et al., 2010). However, MFCs that use

an AEMhave never been evaluated for wastewater treatment over
long-term operation, such as over 1month. These facts motivated
us to perform a preliminary evaluation of an MFC using an
AEM to remove organic matter and recover electricity from the
wastewater. Based on the assumption that OH−, generated by
oxygen reduction on the cathode, is the dominant anion in the
AEM, its limitation can likely extend the lifetime of theMFC. The
MFC used in this study was specially designed to be applicable to
the existing sewage treatment tank. TheMFC first ran in a sewage
water channel for 140–230 days to test its electricity generation
and lifetime, after which it was placed in a chemostat reactor to
evaluate its ability to reduce organic matter.

MATERIALS AND METHODS

MFC Configuration
The single MFC used in this study was tubular in shape (φ4.0 ×
33 cm) with a core of the air chamber (Supplementary Figure 1).
The air-core was tubular and made of stainless mesh surrounded
by a cathode (4π × 33 cm), separator (4π × 33 cm), and anode
(4π × 33 cm) without spacing. The cathode was comprised
of a carbon cloth (TOYOBO, Osaka, Japan) painted with

FIGURE 1 | The modularized microbial fuel cells used in this study (A) and the

MFC modules floating in the sewage water channel (B) and chemostat

reactors (C). In (C), the letters indicate the following components: (a) influent

storage tank, (b) cooling water circulating system, (c) impeller for mixing the

influent, (d) reactor with the MFC, (e) reactor without the MFC (NON), (f)

circulation pump, (g) feeding pump, and (h) effluent outlet. The effluent was

sampled from the outlet (h) to determine the COD concentration. The influent

was also partially collected from the tube that connected the storage tank (a)

to the reactors (d,e).
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a mixture of 1.7 mg·cm−2 activated carbon (Wako, Tokyo,
Japan), 1.1 mg·cm−2 of carbon black (Fuel Cell Earth, Woburn,
MA, USA), 14 µL·cm−2 of isopropanol, 5.6 µL·cm−2 of 20%
Poly (diallyldimethylammonium chloride) solution (SIGMA-
ALDRICH, St. Louis, MO, USA), and 5.6 µL·cm−2 of 60% PTFE
solution (SIGMA-ALDRICH). An AEM (ASTOM, Tokyo, Japan)
was used as the separator while a graphite felt sheet, with a
thickness of 0.5 cm, was used as the anode (Yoshida et al., 2016b).
To collect electrons, a stainless steel mesh (Clever, Toyohashi,
Japan) was used in both electrodes. The anode was immersed in a
sewage sludge suspension as described in Yoshida et al. (2016c)
prior to operation. Three units were vertically connected and
assembled to form one MFC module (Figure 1A).

MFC Operation in Water Channels
Two sets of MFC modules were introduced in water channels for
electricity production using the sewage water. The MFC module
introduced into the water channel before its treatment in the

FIGURE 2 | The production of electricity by the three MFCs in the IN-MFC

module (A) and EF-MFC module (B). WCb and WCa show the MFCs that

were operated in the water channel before and after treatment in the PST,

respectively. C indicates the MFCs in a chemostat reactor polarized via

resistances of 3 (C-3�) and 27� (C-27�). The green frame represents the

morning (5:30–11:30) while the purple frame represents the daytime

(8:30–17:30).

primary sedimentation tank (PST) was termed IN-MFC while
the module introduced into water after the PST-treatment was
termed EF-MFC (Figure 1B). The MFC modules were fixed on a
steel cage with a styrene foam floater on the top and a plummet
at the bottom. The three sets of electrodes in the module were
individually polarized with an external resistance of 120 (0–7
days) and 27� (after 7 days). The voltage was measured every
hour as described previously (Yoshida et al., 2016b).

Linear Sweep Voltammetry
Linear sweep voltammetry (LSV) of the three MFCs in the
IN-MFC module was performed using a potentio-galvanostat
analyzer as described as described previously (Yoshida et al.,
2016a). The cell current was measured when the anode was
connected as the working electrode with the cathode connected
to the reference and counter electrodes. When measuring the
anodic and cathodic currents, Ag/AgCl (BAS Inc., Tokyo, Japan)
was used as the reference electrode. To measure the anodic
current, an anode, and cathode were connected as the working
and counter electrodes, respectively, while the cathodic current
was measured with the cathode as the working electrode and
anode as the counter electrode. LSV was performed at a voltage
from the open circuit potential to 0V with a sweep rate of
0.5 mV·s−1.

COD Removal Evaluation by the MFCs
The IN-MFC was removed from the water channel and re-set
in a cylindrical chemostat reactor (φ7.7×130 cm) to evaluate the
removal of COD (Nurmiyanto et al., 2017). The approximate
volume ratio of MFC:reactor was set to 1:5 (v/v) (Figure 1C). For
comparison, a similar cylindrical reactor without anMFC (NON)
was also installed in parallel. The reactors were maintained
under chemostat conditions to obtain 3, 6, and 12 h hydraulic
retention times (HRTs) via a continuous supply of influent
from the bottom of the reactor. For the influent, wastewater
was taken from a water channel before treatment in the PST.
The water was stored in a storage tank with a 300 L capacity,
maintained at ∼15◦C via a cooling water circulation system (AS
ONE, Osaka Japan), and mixed continuously using an SMT-
101 stirring blade (AS ONE). The temperature of the chemostat
reactor was maintained at 30◦C with continuous mixing using a
magnetic stirrer and circulation via internal wastewater pumping.
The three sets of electrodes were individually polarized with an
external resistance of 27 and 3�. The reactors were maintained
under six operational conditions with different combinations
of HRTs and external resistances (Supplementary Table 1). The
IN-MFC was stabilized under the given operational conditions
for at least 12 h prior to the first sampling. The COD and
BOD were analyzed for the influent and effluents from the
MFC and NON reactors. The analyses were performed at the
Environmental Research Center (Nagoya, Japan) as described
previously (Goto and Yoshida, 2017). Sampling was repeated at
least three times with an interval longer than the HRT under each
operational condition.
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RESULTS

Electricity Production in the Water
Channels
The two MFC modules, i.e., the IN-MFC and EF-MFC, were
individually installed and polarized in the water channels for
the PST influent and effluent, respectively (Figure 1). In both
modules, electricity production drastically increased within 4
days and then became relatively stable (Figure 2). The top and

middleMFCs had similar electricity production while the bottom

MFC had lower electricity production than the upperMFCs. This
trend was observed for both modules.

In the IN-MFC, the top and middle MFCs were characterized
by relatively stable electricity production from days 7–110,
with an average of 4.7 ± 0.5 and 5.1 ± 0.6 Wh·m−3-MFC,
respectively (Figure 2). The production gradually decreased
between days 110 and 130 and then became stable again at
3.4 ± 0.62 Wh·m−3-MFC until the MFC was moved to the
chemostat reactor on day 173. Meanwhile, the bottom MFC
had a stable electricity production of 2.3 ± 0.33 Wh·m−3-
MFC from days 7–66. However, this production declined due
to water leakage into the cathodic chamber and stopped by
day 76. Electricity production was then recovered on day 77
via the removal of water in the cathode chamber and fixing

the leak. Electricity in the bottom MFC, however, decreased
gradually thereafter until the end of the operation. Corrosion of
the electric wire attached to the air-core stainless mesh due to
wastewater leakage possibly caused this gradual decrease in the
bottomMFC.

In the EF-MFC module, all MFCs had a relatively stable
electricity production by day 88, which was 5.7 ± 1.2 (top),
5.1 ± 1.0 (middle), and 3.5 ± 0.68 (bottom) Wh·m−3-MFC.
The electricity production decreased due to water leakage into
the cathode chamber from day 89 and was then recovered on
day 109 by fixing the water leak. However, production again
decreased from day 131 and completely stopped on day 150 due
to corrosion caused by leaking water.

The overall trend in electricity production for the two MFC
modules was not significantly different despite a reduction of
nearly half in the organic matter content via treatments in
the PST. On the other hand, daily fluctuations in electricity
production were observed at <1.0 Wh·m−3-MFC. Production
was usually higher in the morning hours (5:00–10:00) in the
water channel before PST and during the daytime (8:00–17:00)
in the water channel after PST (Figure 2). These differences can
possibly be attributed to the differences in wastewater qualities in
COD concentration, conductivity and temperature (Hiegemann
et al., 2016).

FIGURE 3 | A comparison of the electricity production by the MFCs operated under six different conditions. (A,B) indicate electricity and current production,

respectively, normalized by the reactor volume. (C,D) indicate electricity and current production, respectively, normalized by the cathode area.
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FIGURE 4 | The removal of organic matter by the MFCs operated under six

different conditions.

FIGURE 5 | The electricity generation efficiency (A) and Coulombic efficiency

(B) for the MFCs operated under 6 different conditions.

LSV Analysis of the MFCs at Different
Depths
Supplementary Figure 2 shows the LSV profiles of the three
MFCs in the IN-MFC module. Maximum cell currents were
approximately half the values of the cathodic and anodic currents
in the top and middle MFCs. This suggests that ion mobility,
rather than anodic and cathodic reactions, determined the
electricity production in the two MFCs. In the bottom MFC,
the cathodic current was lower than that in the top and middle
MFCs and similar to the cell current. Corrosion or insufficient
air in the air chamber possibly suppressed electricity production
in the bottom MFC. Less anodic current in the top MFC as
compared with current in the two lower MFCs suggests a
competition between the anode and oxygen as an e− acceptor at
the water surface.

Electricity and Current Recovery From
MFCs in the Chemostat Reactor
The IN-MFC that retained electricity production after 170
days of pre-operation in the water channel was moved
to a chemostat reactor and sequentially maintained under

a total of six operational conditions with different HRTs
and external resistances (Supplementary Table 1). Although
electricity production was normalized by the reactor volume
hereafter, electricity production in the water channels was
normalized by the MFC volume as shown in Figure 2.

Figure 3 shows the electricity and current production of the
three MFCs in the reactor. Electricity production was higher
at 27� than that at 3� while the current was higher at 3�.
Under the six operation conditions, the electricity production
was the highest under R27H6, which was 0.71 ± 0.026, 0.78 ±

0.040, and 0.66 ± 0.030 Wh·m−3-reactor for the top, middle,
and bottom MFCs, respectively, while the current was highest
under R3H3, with 6.7 ± 0.45, 5.0 ± 0.1, and 3.8 ± 0.30A ·m−3-
reactor, for the top, middle, and bottom MFCs, respectively.
Differences in the HRT did not affect the electricity and current
production. A significant decrease in electricity and current
production was observed in the bottomMFC under R3H12. This
was possibly caused by the gradual deterioration of the bottom
MFC, which experienced water leakage several times throughout
the operation.

COD Removal via MFCs in the Chemostat
Reactor
Figure 4 shows the results of COD removal by the IN-MFC
in the chemostat reactor. Compared with the NON reactor,
the COD significantly decreased only under R3H12 while no
significant differences between the NON and MFC reactors were
observed under the other conditions. Specifically, the average
COD removal efficiency (COD-RE) was 54 ± 14% in the reactor
with the MFC and 17 ± 10% without the MFC. Under the other
conditions, the COD-RTs were in the range of 8.0–45%. For
R3H12, the BOD also showed a significant decrease with theMFC
reactor. The BOD removal efficiency in the MFC reactor was,
on average, 37 ± 17%, which was higher than the BOD removal
efficiency in the NON (19 ± 9.5%). The COD and BOD of the
effluent from the MFC reactor under R3H12 were 210 ± 82 and
320± 98 mg·L−1, respectively.

MFC Energy Recovery Efficiency
Energy recovery was evaluated based on the electricity
production and removal of COD in the chemostat reactor
under the six operational conditions, which are indicated as the
electricity generation efficiency (EGE, kWh·kg-COD−1) and
Coulomb efficiency (CE, %) (Figure 5). The values of both the
EGE and CE increased with longer HRTs. The highest EGEMFC,
i.e., 0.19 ± 0.12 kWh·kg-COD−1, was observed during R27H12,
with a value that was 2.5- and 5.4-fold higher than the EGEMFCs
for the 6 and 3 h HRTs, respectively. The CE was also highest
during R27H12h (30 ± 18%) but the value was not significantly
different under R3H12 (15 ± 7.5%) and R3H6 (19 ± 0.7%).
Representative data obtained in the MFC are summarized
in Table 1.

Energy Balance Calculations of the
MFC-Integrated Wastewater Treatment
Based on the COD-RE and EGE, we calculated the energy
consumption for three wastewater treatment scenarios, i.e.,
aeration (Case-1), a combination of anaerobic degradation and
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aeration (Case-2), and a combination of aeration andMFC under
R27H12 (Case-3) and R3H12 (Case-4) (Tables 1, 2). In Case-2,
biomass energy was tentatively retrieved by CH4 fermentation
based on the calculations. The EGE via CH4 fermentation
(EGECH4) have never evaluated for sewage water. however, data
for swine wastewaters, are in the range of 0.79–2.6 kWh·kg-
COD−1, with an average of 1.6 kWh·kg-COD−1 (Lo et al.,
1994; Hill and Bolte, 2000; Song et al., 2010; Duda et al., 2015;
Supplementary Table 2). The EGE in the MFC (EGEMFC) was
0.19 ± 0.12 kWh·kg-COD−1 during R27H12 in Case-3 and
0.0086 ± 0.0025 kWh·kg−1-COD during R3H12 in Case-4. The
EGEMFC was <15 and 1% of the EGECH4 under R27H12 and
R3H12, respectively. However, taken together with the energy
consumption associated with the removal of COD via aeration,
i.e., −0.6 kWh·kg-COD−1 (He, 2013; Maktabifard et al., 2018),
the system integrated with an MFC operated under R3H12 is
advantageous in comparison with systems integrated with CH4-
fermentation and an MFC polarized at 27� (Table 2). Although
the MFC that operated under R27H12 consumed more energy
than the CH4-fermentation-integrated system, the MFC that
operated under R3H12 can reduce the energy consumption by
55%, which was higher than that for the CH4-fermentation-
integrated system (48%). This calculation indicates that the
removal of COD without aeration had more of an effect on the
total energy balance as compared with the electricity production.

DISCUSSION

This is the first study to investigate the long-term operation of an
MFC using an AEM in sewage water. The observed performance
was compared with other MFCs that have a capacity >2.0 L
and operate in real wastewater (Table 1). The best EGEMFC

and CE in the MFC were 0.19 ± 0.12 kWh·kg-COD−1 and
30%, respectively, which are comparable to previously reported
MFCs (Feng et al., 2014; Dong et al., 2015; Hiegemann et al.,
2016). Several strategies can be considered to increase the energy
balance, i.e., an increase in the MFC filling rate (Park et al., 2018)
and HRT (Hiegemann et al., 2016) or a decrease in the energy
consumed by aeration via a combination with the anaerobic
membrane reactor (Ren et al., 2014). However, these strategies
do not have practical applications in sewage water treatment due
to the two major functions of sewage water treatment plants,
i.e., controlling the water quality, including the concentration of
dissolved oxygen, and the drainage of storm water. Increases in
the COD-RE, electricity recovery normalized by the electrode-
area and cathode specific surface area are important factors as
reported previously (Logan et al., 2015).

The MFC configuration used in this study was specially
designed for its application to sewage treatment plants
characterized by both a high influent volume and fluctuations in
water levels due to rain water. Moreover, these treatment plants
have been widely constructed in Japan. The tubular structure
is physically tough, the floating structure can be adapted to
changes in the water level, and the core-air chamber allows
a simple installation into the existing sewage treatment plant
without the construction of a reactor. However, a simple but
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TABLE 2 | Energy reduction via the installation of the MFCs.

COD (mg·L−1) Energy recovery

(kWh·kg-COD−1)

Total energy

(kWh·m−3)

Case-1 Influent 450

Aeration −0.6 −0.27

Aeration effluent 4.0

Total −0.27

Case-2 Influent 450

Anaerobic digestion 1.6 0.09

Anaerobic digestion effluent 390

Aeration −0.6 −0.23

Aeration tank effluent 4.0

Total −0.14

Energy reduction (%)a 48

Case-3 Influent 450

MFC (R27H12) 0.19 0.01

MFC effluent 370

Aeration −0.6 −0.22

Aeration tank effluent 4.0

Total −0.21

Energy reduction (%) 23

Case-4 Influent 450

MFC (R3H12) 0.0086 0.002

MFC effluent 210

Aeration −0.6 −0.12

Aeration effluent 4.0

Total −0.12

Energy reduction (%) 55

aEnergy reduction in comparison with energy consumption in case-1.

serious problem was encountered during the installation of
the MFC in the sewage water channel. This was the leakage of
sewage water into the air-chamber of the MFC at a depth of
1.0m. The main reactor tank in the sewage water treatment
plant generally has a depth of 3.0–5.0m. However, the operation
of single chamber-MFC at more than 1.0m of water depth
has never been reported, to the best of our knowledge, while
many large-scale MFCs have been constructed (Ge and He,
2016; Hiegemann et al., 2016; Lu et al., 2017; Liang et al., 2018).
Additionally, the MFC with water leakage showed a gradual
decrease in electricity production, which was possibly caused
by corrosion. On the other hand, the MFC units that did not
experience water leakage, i.e., the top and middle MFCs in the
IN-MFC module had nearly constant current production in
230 days of operation (Supplementary Figure 3), suggesting no
deterioration of electrode and membrane in this duration. In our
MFC configuration, AEM elasticity caused water leakage. These
membranes shrink upon drying and expand in water. For the
longer running MFCs using elastic separator at various depths,
further improvement is required in the MFC configuration.

In conclusion, an AEM can be used in a single chamber

MFC with a comparative level of electricity production that has

been observed for other single chamber MFCs that use a CEM.
Within 230 days of the experimental duration, deterioration

was not observed in the MFCs did not experience water

leakage. The application of the MFCs to wastewater treatment
at depths >1.0m requires technical advancements and further
research. Preliminary calculation of energy balance of the system
combined MFC and aeration, the MFC having more COD-
removal rather than electricity production is advantageous in the
total energy reduction.
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