
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 3
:4

5:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Estimation of tot
Department of Civil and Environmental Eng

(Nitech), Gokiso-Cho, Showa-Ku, Nagoya,

nitech.ac.jp

† Electronic supplementary informa
10.1039/d1ra03061b

‡ These authors contributed equally to th

Cite this: RSC Adv., 2021, 11, 20036

Received 19th April 2021
Accepted 30th May 2021

DOI: 10.1039/d1ra03061b

rsc.li/rsc-advances

20036 | RSC Adv., 2021, 11, 20036–2
al energy requirement for sewage
treatment by a microbial fuel cell with a one-meter
air-cathode assuming Michaelis–Menten COD
degradation†

Taiki Yamane,‡ Naoko Yoshida ‡* and Mari Sugioka

Calculations of chemical oxygen demand (COD) degradation in sewage by a microbial fuel cell (MFC) were

used to estimate the total energy required for treatment of the sewage. Mono-exponential regression (MER)

and the Michaelis–Menten equation (MME) were used to describe the MFC's COD removal rate (CRR). The

tubular MFC used in this study (f 5.0 � 100 cm) consisted of an air core surrounding a carbon-based

cathode, an anion exchange membrane, and graphite non-woven fabric immersed in sewage. The MFC

generated 0.26 A m�2 of the electrode area and 0.32 W m�3 of the sewage water, and 3.9 W h m�3 in

a chemostat reactor supplemented continuously with sewage containing 180 mg L�1 of COD with

a hydraulic retention time (HRT) of 12 h. The COD removal and coulombic efficiency (CE) were 46% and

19%, respectively, and the energy generation efficiency (EGE) was 0.054 kW h kg�1-COD. The CRR and

current in the MFC were strongly dependent on the COD, which could be controlled by varying the HRT.

The MER model predicted first-order rate constants of 0.054 and 0.034 for reactors with and without

MFC, respectively. The difference in these values indicated that using MFC significantly increased the

COD removal. The results of fitting the experimental data to the MME suggested that the total COD can

be separated into nondegradable CODs (Cn) and degradable CODs (Cd) via MFC. The values of CRR for

Cd and CE suggest that MFC pretreatment for 12 hours prior to aeration results in a 75% decrease in net

energy consumption while reducing sewage COD from 180 to 20 mg L�1.
1. Introduction

The recovery of current by electrodes from wastewater has
received great attention as a novel treatment used in microbial
fuel cells (MFC)1 andmicrobial electrochemical systems (MES).2

Extensive studies on MFCs have demonstrated the considerable
potential of these devices, as well as the difficulties involved in
upscaling them for practical application.3–5 Studies on the direct
recovery of electricity from sanitary wastewater6,7 and urine8

have also shown the efficient removal of organic matter, and
have proven that the recovered electricity can be used to power
lighting devices.9 Onsite installation of oating MFC vessels in
sewage wastewater treatment plants can enable current recovery
at relatively low concentrations of chemical oxygen demand
(COD), i.e., 400–20 mg L�1.10–12 These results suggest that MFCs
can be employed in municipal wastewater treatment for a wide
range of COD values.
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Large-scale MFCs are effective in removing organic
compounds from real wastewater with relatively low energy
consumption,13–15 or even net production of energy in some
cases.16,17 Studies on sewage treatment using MFCs with
capacities greater than ve liters and hydraulic retention times
(HRTs) between 12 hours and six days have observed 54–79%
COD removal efficiency (COD-RE) with 70–210 mg L�1 of
effluent COD (CODEF).12,15,17,18 In Japan, the standard for sewage
treatment plant effluent is less than 15 mg L�1 of BOD, which
corresponds to a COD range of 20–35 mg L�1.19 The difference
between the CODEF and the discharge standards demonstrates
the need for improvements in MFC design or the integration of
MFCs with post-treatment processes such as aeration,15 anaer-
obic membrane ltration,20 and occulation.21

Conventionally, the performance of an MFC is characterized
in terms of output variable values such as COD-RE, electric
power density, and coulombic efficiency (CE).1 Recently,
parameters such as current density,16 electrical energy,22

normalized energy recovery,23 and energy generation efficiency
(EGE)12,15 have been used to shi the focus towards practical
application. In most cases, these values are independently
determined by averaging measurements under different oper-
ational conditions despite reports that the operational
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Appearance of one-meter air-cathode MFC (A) and chemostat
reactor without MFC (NON-reactor) and with MFC (MFC-reactor) (B).
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View Article Online
parameters themselves affect the performance. Specically,
inuents with higher COD resulted in higher COD-RE24,25 and
power density25,26 but lower CE.15,27 Increasing the HRT caused
further reductions in the COD and current and power densi-
ties.15,17 The mutual interactions between operational and
output parameters make the evaluation of MFC performance
difficult. A judicious combination of these parameters based on
analysis of the governing equations and experimental data may
provide a more concise and comprehensive basis for evaluating
MFC performance.

To determine the optimal operation, it is crucial to consider
the balance between energy production and consumption for
the wastewater treatment process as a whole.15–17 In some cases,
a trade-off is required between power production and COD-RE.
Power production can be increased at higher cell voltages by
lowering the anode potential and oppositely recovering current
from anode to cathode. Reducing the anode potential theoret-
ically decreases the generation of Gibbs free energy, which
decreases COD-RE.28 This increases the energy requirement for
the post-treatment of the remaining COD. The total energy (TE),
rather than its inversely related individual components of COD-
RE and electricity production, should therefore be optimized.
During the sewage treatment process, the COD removed by the
MFC is converted to electricity while that remaining in the
effluent is assumed to be removed to meet a given discharge
standard by a standard activated sludge process at an energy
cost of 0.6 kW h kg�1-COD.29

In this study, the rate of COD degradation in an MFC was
calculated using two equations: the mono-exponential regres-
sion equation (MER) and the Michaelis–Menten equation
(MME). The Michaelis–Menten equation is originally a concept
whereby the number of complexes of a single substrate and
single catalyst determine the reaction rate. Consequently, the
use of this model in wastewater treatment is logically incorrect
because wastewater includes a variety of redox reactions, and
cannot be modeled by a dened calculation method. However,
only MME can integrate the MFC performance for different
inuents and HRTs in a single line, which has been applied to
the COD as a bundle of organic matter and complex microbial
communities.30–32 The CE was used as a constant and was
calculated by tting the experimentally observed COD degra-
dation and current. This result was then used to calculate the TE
for a combined MFC and post-aeration process that met the
discharge standard. A tubular33 and air-core MFC unit34 with
a depth of 1.0 m was evaluated for sewage wastewater treat-
ment.15 To the best of our knowledge, this unit is comparable to
the previously studied deepest air-cathode MFCs.35

2. Experimental
2.1 MFC

TheMFC used in this study was tubular and had an air-chamber
core, as previously described,15 although the size of the MFC
unit increased from f 4.0 � 33 cm to f 5.0 � 100 cm (Fig. 1A).
The air core was composed of stainless-steel mesh surrounded
by a cathode, separator, and anode without spacing. The latter
components included a carbon cloth painted with a mixture of
© 2021 The Author(s). Published by the Royal Society of Chemistry
activated carbon, carbon black,36 and anion exchange poly-
mer,15 an anion exchange membrane, and graphite non-woven
fabric. The graphite anode was inoculated with activated
sludge taken from an aeration tank in a sewage wastewater
treatment plant in Nagoya City prior to the operation.

The MFC was rst polarized using external resistances of 27,
3, and 1 U in an acclimation reactor with a continuous supply of
inuent from the effluent channel of the primary sedimentation
tank (PST). The acclimation process lasted 17 days, during which
time the inuent ow rate was such that the HRT was between 9
and 12 h. The external resistances were selected to have
maximum current at that time, although the current data were
not recorded. The polarization curve was obtained in another
MFC with the same conguration oating in the effluent channel
of the PST for 40 days, and the MFC voltage was recorded at
external resistances of 100, 88, 60, 22, 10, 8, 6, 3, and 1 U.
2.2 MFC operation in chemostat reactors

The acclimated MFC was moved into a cylindrical chemostat
reactor (f 12.5 � 150 cm) (Fig. 1B). The reactor was constructed
from polyvinylchloride (PVC) plastic pipe connected to an outlet
pipe. The MFC was polarized using external resistances of 1 U.
The voltage in the MFCs was recorded every 60 min using a data
logger (T&D Corporation, Nagano, Japan) connected in parallel
to the external resistance and current. The current was calcu-
lated based on Ohm's law. The volume ratio of the MFC and
reactor was approximately 1 : 5 (v/v). A similar cylindrical
reactor without the MFC (NON, f 10.0 � 130 cm) (Fig. 1A) was
also constructed from a PVC pipe (f 10.0 � 130 cm) and was
RSC Adv., 2021, 11, 20036–20045 | 20037
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operated in parallel as a control. The outlet was placed at
a height of 110 cm, and the inlet tube was placed on the bottom
in the both reactors.

The wastewater volumes in the MFC and NON reactors were
9.7 L and 8.6 L, respectively. The reactors were maintained
under chemostat conditions by a continuous supply of inuent
from an effluent water channel of the PST. The HRTs were set at
3, 6, 12, and 18 hours using a tubing pump (TP-1973, AS ONE
Co., Osaka, Japan). The reactor's wastewater was circulated to
the reactor using the tubing pump at a circulation rate of 1.5 h
of HRT for 10 days aer the reactor's installation. From the
eleventh day onwards, a submersible water pump (LEDGLE,
Shenzhen, China) was used for circulation at a rate of 0.2 h of
HRT on and aer 11 days. The electrodes were polarized with an
external resistance of 2 U, and the voltage was recorded every
hour using a data logger (T&D Co., Nagano, Japan). The inuent
was common to both the MFC and NON reactors, and the
effluents were taken from the two reactors independently but
simultaneously, and stored at �20 �C before the analysis. At
least four samples were collected for each HRT. The CODs of the
inuent (CODIN) and effluent (CODEF) from the two reactors
were analyzed as previously described.17
2.3 Calculation of COD removal

TheMFCwas operated in chemostat mode in this study, and the
current production under these conditions became stable
between 30 and 40 days of operation. The biomass on the anode
and in the anolyte was therefore assumed to be constant in the
MFC. The CRR depends on the COD concentration and can be
calculated using eqn (1):

�dC

dt
¼ kC (1)

where k [1/h] is the reaction rate constant, and C [mg L�1] is the
concentration of COD. Assuming that the initial concentration
of COD is C0 [mg L�1], the concentration of COD at t hours
calculated using the MER is given by eqn (2):

C ¼ C0 e
�kt (2)

In this study, the CODEF [mg L�1] is the concentration C that
is obtained when using the values of CODIN [mg L�1] as C0, and
HRT [h] as t in eqn (2). The reaction rate constant k was deter-
mined by the least-squares tting of the measured and calcu-
lated values of the CODEF with different HRTs using the solver
function of Microso Excel and the curve-tting module of
MATLAB R2020a (MathWorks Inc., Natick, MA, USA).

The CRR can also be calculated using the MME for the stable
biolm on the anode assuming constant active biomass30 via
eqn (3):

�dC

dt
¼ VmaxC

Ks þ C
(3)

where Vmax [mg L�1 h�1] is the maximum CRR, C [mg L�1] is
equal to the CODEF, and Ks [mg L�1] is the half-saturation
constant. Thus, the kinetics of COD degradation were ob-
tained by using CRR at varying C given by different HRTs with
20038 | RSC Adv., 2021, 11, 20036–20045
a similar inuent COD. From the plot of the CRR as a function
of C, C can be separated into COD that is degradable by MFC
(Cd) and COD that is nondegradable by MFC(Cn).

C ¼ Cd + Cn (4)

The CRR can then be expressed as follows:

�dCd

dt
¼ VmaxCd

Ks þ Cd

¼ VmaxðC � CnÞ
Ks þ ðC � CnÞ (5)

The parameters of Vmax, Ks, and Cn were determined by the
least-squares tting of the measured and calculated values of
the CRR with different HRTs, as described above. The C at HRT
¼ t [h] is given by eqn (6):

CðtÞ ¼ Ks W

�
1

Ks

exp

��Vmaxtþ C
0

Ks

��
þ Cn (6)

where W is the Lambert W function (the inverse function of f(w)
¼ w exp(w)) and C0 is the integration constant calculated from
eqn (7) with an initial COD concentration of C0.

C
0 ¼ Ks

�
lnðC0 � CnÞ þ C0 � Cn

Ks

�
(7)

2.4 Determination of coulombic efficiency

Based on the strong dependence of current on lower COD
concentrations, the current recovery by the MFC is assumed as
an anode-limiting but not cathode-limiting reaction. In the
MFC, the electrons are emitted from the COD degradation and
then recovered as current at a specic ratio, CE. The current
density I [A m�3] can thus be calculated as follows (eqn (8)):

I ¼ CE

�
�dC

dt

�
Fb

M
(8)

where �dC
dt

[g m�3 h�1] is the CRR; F is Faraday's constant,
96 485 C mol�1; b is the number of electrons produced per
molecule of oxygen, 4; and M is the molar mass of oxygen, 32 g
mol�1.

The current when the concentration reaches Cn is assumed
to be generated from the endogenous substrate in the biolm
(IE), hence I can be expressed as follows:

I ¼ CE

�
� dCd

dt

�
Fb

M
þ IE (9)

CE can be calculated based on electricity production and
COD-RE during the given HRT, and is described by eqn (10):

CE ¼ Cp

CT

(10)

where Cp [C] is the cumulative charge carried by the current
during the given HRT, and CT [C] is the theoretical charge
calculated from eqn (11):

CT ¼ DCOD� VFb

M
(11)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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where DCOD [g L�1] is the difference of C or Cd during the given
HRT, and V [L] is the wastewater volume in the reactor. The
value of CE was determined by the least-squares tting of the
measured and calculated current taking CE as a variable in eqn
(9), in which the C value was calculated by MER and MME
equations. The values of CE and IE were determined by the
tting of the measured and calculated current taking CE and IE
as variable values in eqn (10)—in which the Cd value was
calculated by the MME equation.
Table 1 Densities of current, electric power, and electric energy at
each HRT
2.5 Calculation of total energy

The total energy (TE) for the combined MFC and post-aeration
wastewater treatment was calculated for different MFC HRTs.
The energy generated by the MFC is represented by energy
generation efficiency (EGE) [W h g�1-COD], which was calcu-
lated using eqn (12):

EGE ¼
PHRT

i¼1

Pi

DCOD� V

(12)

where Pi [W h] is the electric power recorded every hour during
the given HRT, DCOD [g L�1] is the concentration of COD
removed by the MFC, and V [L] is the volume of wastewater in
the reactor.

The energy consumption efficiency for COD removal by the
aeration was found to be 0.6 [W h g�1-COD].29 Therefore, TE
[W hm�3] for the treatment of 1 m3 of the wastewater is the sum
of the energy generated by the MFC, i.e., the product of EGE and
the COD removed by the MFC (DCODMFC) [g m�3], and the
energy consumption for aeration, i.e., the product of �0.6 and
the COD removed by aeration [g m�3].

TE ¼ EGE � DCODMFC � 0.6(CODEF � CODSTD) (13)
Fig. 2 Current production in the MFC reactor. The MFC was first
operated in the acclimation reactor for 17 days and then installed in the
chemostat reactor. The yellow frame represents the period of
measurement of the current density at each HRT. The green arrow
represents the days the circulation pump was changed. The black and
brown arrows indicate the incidents of clogging in tube or pump, and
COD sampling times, respectively. The MFC performance at HRT¼ 3 h
was first examined between 36 and 43 days of operation, but the
measurement failed because of tube-clogging. The MFC performance
for an HRT of 3 h was therefore re-measured between 72 and 87 days
of operation, and a similar current was produced.

© 2021 The Author(s). Published by the Royal Society of Chemistry
where CODSTD is the permitted discharge water quality for the
standard activated sludge process. The value specied by the
Sewers Act in Japan, 20 g m�3, was used in this study.
3. Results
3.1 Current production

The MFC increased current production within a few days and
the current stabilized between 0.3 and 0.4 A m�2 within 17 days
in an acclimation reactor (Fig. 2). The MFC had a stable current
of 0.40 A m�2 between days 28 and 43 in the chemostat reactor
with continuous inow at HRT ¼ 3 h, while the current was
occasionally unstable in the reactor that had trouble, for
example clogging of the tube or pump. The current decreased
with increasing HRT, and became 0.14 A m�2 at an HRT of 18 h
(Table 1). This decline is attributed to the decrease of COD in
the reactor.

The trend in electric power was similar: from a value of
0.76Wm�3 at HRT¼ 3 h, the electric power decreased to 0.10W
m�3 when the HRT was increased to 18 h (Table 1). The electric
energy increased with the HRT in the range of 3–12 h, but
a marked decrease was observed for 18 h of HRT (Table 1). The
electric energy increased because more time was available for
recovering energy at HRTs up to 12 h, but the value decreased at
18 h of HRT owing to low current production. In addition to the
MFC in the reactor, an MFC with the same conguration was
operated in the waster channel of the effluent from the PST, and
its polarization curve was obtained (ESI Fig. 1†). The MFC in the
HRT [h]
Current density
[A m�2]

Electric power density
[W m�3]

Electric energy
density [W h m�3]

3 0.41 � 0.04 0.76 � 0.14 2.3 � 0.41
6 0.32 � 0.03 0.48 � 0.09 2.9 � 0.46
12 0.26 � 0.02 0.32 � 0.05 3.9 � 0.54
18 0.14 � 0.06 0.10 � 0.02 1.8 � 0.32

Table 2 COD-RE at each HRT. CODIN and CODEF represent the CODs
in the influent and effluent, respectively. The average values and
standard deviations are shown for samples taken at different times (n¼
4), indicated by arrows in Fig. 2. * denotes a significant difference (p <
0.05) in the statistical test, which was conducted using an unpaired
two-tailed Welch's t-test

HRT [h] CODIN [mg L�1]

CODEF [mg L�1] COD-RE [%]

MFC NON MFC NON

3 150 � 11 110 � 10 110 � 11 28 � 3.6 29 � 5.4
6 210 � 13 150 � 6.3 160 � 13 30 � 4.2 21 � 10
12 180 � 21 99 � 21 130 � 8.9 46 � 6.4* 31 � 4.0
18 180 � 30 73 � 6.4 100 � 12 59 � 3.9* 43 � 4.0

RSC Adv., 2021, 11, 20036–20045 | 20039
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water channel displayed a maximum power density of 0.12 W
m�2 and a maximum current of 0.5 A m�2.
3.2 COD removal in the chemostat reactor

The COD-RE efficiency of the MFC increased with the HRT, and
the averages were 28, 30, 46, and 59% at 3, 6, 12, and 18 h of
HRT, respectively (Table 2). The NON reactor also had a gradual
decrease in COD with increasing HRT. The COD-RE values of
the MFC and NON reactors differed signicantly at HRTs of 12
and 18 h (p < 0.05) but were similar for shorter HRTs. Moreover,
the actual COD removal by the MFC was estimated to be 16% of
the total COD removal.
Table 3 Measured values of coulombic efficiency (CE) and energy
generation efficiency (EGE) at each HRT. The average values and
standard deviations for samples taken at different times (n ¼ 4) are
shown

HRT [h] CE [%] EGE [kW h kg�1-COD]

3 13 � 3.3 0.049 � 0.015
6 14 � 3.2 0.043 � 0.012
12 19 � 2.7 0.054 � 0.009
18 12 � 3.4 0.017 � 0.006
3.3 COD removal calculation

The COD-RE based on the MER in the MFC and NON reactors
were C ¼ 180 e�0.054t and C ¼ 180 e�0.034t, respectively (Fig. 3A).
The overall trends in COD degradation by MFC and NON indi-
cated that the MFC signicantly enhanced COD-RE.

The CRR in the MFC reactor tted the standard MME (C-
MME), (eqn (3)), with values of Vmax and Ks of 27mg L�1 h�1 and
210 mg L�1, respectively (Fig. 3B). The parameter could not be
tted to the experimental data for the NON reactor (Fig. 3C). The
COD reductions at each HRT calculated using the C-MME were
greater than those calculated using the MER (Fig. 3D). In the
MME calculation of the CRR using Cd (Cd-MME), eqn (5), the
Fig. 3 Calculation of COD removal based on the mono-exponential regr
(Cd-MME). Panel (A) compares the COD reduction of MFC and NON reac
panel (B) and the CRR in the NON reactor is shown in panel (C). Three diffe
shown in panel D.

20040 | RSC Adv., 2021, 11, 20036–20045
value of Cn was 59 mg L�1, which was close to the lowest CODEF

(65 mg L�1) observed in the MFC at HRT ¼ 18 h (Fig. 3D).
The value of Vmax for Cd was found to be 13 mg L�1 h�1 and

was approximately half the Vmax calculated using C. The Ks value
for Cd was 14 mg L�1, corresponding to 73 mg L�1 of C, which
was approximately one-third of the value determined by C-
MME. The HRT-dependent COD decline showed a similar trend
to using C-MME until HRT ¼ 12 h, but had a constant lower
limit, Cn, unlike the continuous decline in the C-MME calcu-
lation (Fig. 3D).
3.4 Coulombic efficiency and calculation of current

The measured CE of the MFC at each HRT is shown in Table 3.
No dependence of CE on the HRT was observed. Longer HRTs
ession (MER) and Michaelis–Menten equation using C (C-MME) and Cd

tors calculated using the MER. The CRR in the MFC reactor is shown in
rentmodel calculations of the COD in theMFC reactor at each HRT are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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appear to have more CEs, although the low COD given by
a longer HRT limited current production, and CEs did not
increase with longer HRTs. The balance of increasing HRT and
decreasing current resulted in no dependency of CE on HRTs.
The average CE in all of the MFCs with different HRTs was 15 �
4.2%, which is consistent with the actual COD-RE of the MFC.
Assuming that CE is constant and independent of HRT, CE was
determined by tting the current data and the calculated CODEF

to eqn (8) and (9). The CEs were 22, 16, and 9.8% for MER, C-
MME, and Cd-MME, respectively, and the calculated currents
were similar to those observed experimentally (Fig. 4A). In the
Cd-MME calculation, the current was taken as the sum of ICd

and
IE, and the ICd

-based calculation resulted in a lower CE and
a reverse sigmoid curve. The value of IE was calculated to be 0.16
A m�2, which was close to the average current of 0.14 A m�2

observed in the reactor at HRT ¼ 18 h. The calculated currents
reected the electric power density effectively for all calcula-
tions (Fig. 4B).
3.5 Calculation of electric energy and energy recovery
efficiency

Electric energy calculations using three different methods gave
a range of 3.4 to 4.5 W h m�3 of the maximum at HRT values
between 7 and 10 h. This reects the balance between
increasing HRT and the HRT-dependent reduction in the
current (Fig. 4C). The values were highly consistent with the
maximum electric energy observed at HRT¼ 12 h (3.9 W hm�3)
(Table 1).
Fig. 4 Calculation of current density (A), electric power density (B), electr
CRR calculated using MER, C-MME, and Cd-MME. The box plots in panel
168–404). Whiskers indicate the 95% range, boxes indicate the medians

© 2021 The Author(s). Published by the Royal Society of Chemistry
In the Cd-MME calculation, the electric energy increased
again at HRT ¼ 16 h because IE was set to a constant value.
Logically, IE should gradually decline over time because of the
reduction of the substrate in the biolm. However, we could not
conduct experiments at HRTs longer than 18 h to nd a decline
in IE. Therefore, a constant value of IE can be used for calcula-
tions for HRTs shorter than 18 h.

The energy generation efficiency (EGE) was within the range
of 0.043–0.054 W h g�1-COD for HRTs between 3 and 12 h
(Table 3). No signicant difference was observed at these HRTs,
and the drop in the EGE value at 6 h caused by unknown
reasons includes variance of inuent water quality. The value
decreased to 0.017 when the HRT was 18 h owing to the lower
COD availability and lower production of electricity. The
calculated EGE values were within the range of 0.0086–0.079
W h g�1-COD at HRT ¼ 3–18 h and were similar to the experi-
mental values (Fig. 4D). The MER and C-MME calculations
suggest gradual declines in EGE as HRT increased, while the Cd-
MME calculation predicted a reverse sigmoid trend, both
resulted in the division of electric energy density (Fig. 4C) and
accumulative removed-COD.
3.6 Total energy requirement for the MFC-integrated
wastewater treatment

The TE, i.e., the sum of the electric energy generated by the MFC
and consumed for the aeration, was calculated for the treatment
of 1 m3 sewage to reduce the COD from CODIN, 180 mg L�1, to
CODSTD, 20 mg L�1 (Fig. 5). Energy generation contributed little
ic energy density, and (C) energy generation efficiency (D) based on the
s A, B, and C show the data recorded every hour at different HRTs (n ¼
and quartiles, and the cross marks are the average values.
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Fig. 5 Total energy calculation for the treatment of 1 m3 of sewage to
reduce the COD to CODSTD by the combination of MFC and post-
aeration. Panel A shows the estimated COD-RE by the MFC and by
post aeration at given MFC HRTs. Panel B shows the TE and energy
generation and consumption of the combined process at different
MFC HRTs.
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to TE and the energy reduction was attributed to COD-RE by the
MFC determined TE. The C-MME and Cd-MME calculations
predicted similar TE until HRT ¼ 12 h, with more energy
reduction compared with the MER calculation. When MFC was
performed with HRT¼ 18 h before the aeration, C-MME and Cd-
MME showed 94% and 78% reductions in TE compared with
COD removal by the aeration alone, while MER estimated a 72%
reduction in TE. The difference among the three TE-values
becomes greater with longer HRTs. The Cd-MME estimated
�23 W h m�3 of the maximum energy, while the C-MME and
MER suggested that the energy becomes positive at >21 h and
>41 h of HRT, respectively.
3.7 Comparison of performance in MFC treating municipal
wastewater

ESI Table 1† compares the performance of the MFC used in this
study (air–AEM–MFC) with that of other MFCs in terms of
treating municipal wastewater, especially for upscaling to 85–
100 L of wastewater volume: biocathode-MES,13 biocathode-
IEM-MFC,37 air-cathode-MFC with non-ionic exchange sepa-
rator (air-NIE-MFC),15,18,38 and air-cathode-MFC with ion
exchange separator (air-IEM-MFC).16,17,39 One exception is
a scalable MFC unit treating 4.0 L of wastewater,40 which was
upscaled by other studies.16,41 The current density of the MFC
with 12 h of HRT and 100 mg L�1 of COD was 4.1 A m�3 of
wastewater, which was higher than all of the other MFCs, except
one with no available data for current density.37 In contrast, the
20042 | RSC Adv., 2021, 11, 20036–20045
power density, 0.32 Wm�3-wastewater, was as low as the lowest
value recorded in an air-NIE-MFC.15 This trend was observed as
the operating conditions were set to ensure recovery of current
rather than electric power. The COD-RE in the proposed MFC
was lower than in the other MFCs, although the COD-RE
depends on the COD concentration. Because of the higher
current but lower COD-RE, the proposed MFC had a higher CE
than the majority of other MFCs. The highest CE was obtained
in the biocathode-IEM-MFC, possibly owing to the ionic
strength of the synthetic catholyte in the stacked MFCs.37

However, the use of a synthetic medium poses another
problem—the requirement for addition of large quantities of
the medium in practical use.

4. Discussion

We estimated COD consumption using the MER and MME
equations. Both calculations reproduced COD-RE and current
effectively for the air-cathode-AEM-MFC treating sewage
wastewater. The calculations include uncertainty owing to the
lack of replicates running for multiple MFCs, although the
equivalent current and COD reductions were conrmed by
using MFCs with the same congurations but with a length of
30 cm.15 The consistency between the results of these inde-
pendently performed evaluations involving similar MFCs indi-
cates the reproducibility of the performance of the proposed
type of MFC. The goodness-of-t suggests a strong dependence
of CRR and current on COD in a steady-state MFC reactor, with
HRT as the only variable parameter and a relatively low COD,
and was polarized using a low external resistance. The operating
conditions were such that the MFC was less affected by external
factors such as cathode potential, inhibition of substrates in the
inuent,42 and electron mediators.43 Comparing the MER and
MME, the former provides a convenient and straightforward
rough estimate of the MFC performance. The latter requires
improvement, but is advantageous for integrating all data of
COD degradation and electricity with inuent at different CODs
as a single line, and to determine two critical factors, Vmax and
Ks, that are important for further improvement of MFC
performance.

In the MME calculation, two different COD parameters were
used: C and Cd. These resulted in different values for Vmax and
Ks. The C-MME overestimated COD consumption in the MFC,
especially at lower COD. This difference is likely caused by the
heterogeneity of organic matter in the MFC44 and the over-
estimation of Vmax as a result of using the data at COD including
abundant readily biodegradable matter. This value could not be
used in calculations for the low COD dominated by unfavorable
residues of organic matter.45 The Cd-MME calculation yielded
more realistic performance predictions for our MFC. Evalua-
tions with longer HRT are required to validate the underlying
assumption, but tube clogging prevented these experiments.
The Cd-MME calculation is contradictory; the current produc-
tion at time Cd equals zero. We believe that the current was
produced from endogenous substrates in the anode biolm46

and estimated current as the sum of the current from Cd (ICd)
and a constant current from the endogenous substrate (IE) for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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HRTs until 18 h. Strictly, the value of IE can vary depending on
the balance of CODs inside and outside the biolm. The HRT in
this case determines these CODs in the MFC. Treating amixture
of organic matter as a unit is a limitation of the approximation
that also occurs in other calculations of sewage treatment by
MFCs, for example, the Monod equation47 which is an empirical
equation of biomass growth rate.48 Notwithstanding the limi-
tation, approximations of COD-RE and current still provide
useful insights into the applicability and limitations of MFCs,
and these insights can be used to improve MFC performance.

The Cd-MME calculation predicted 13 mg L�1 h�1 of Vmax

and 14 mg L�1 of Ks for Cd, corresponding to 73 mg L�1 as C.
According to the predicted values, our MFC maintains CRR at
more than 80% Vmax until HRT ¼ 6 h, but the CRR decreases to
half at HRT ¼ 11 h, and approximates zero at HRT ¼ 18 h. The
CRR is the overall consumption, including fermentation in the
liquid phase and current recovery at the anode. Minor contri-
bution of current recovery in COD-RE and low CE in MFC was
noticeably observed in the MFC when treating municipal
wastewater, whereas the MFC with the same conguration
showed high COD-RE and CE for synthetic wastewater.49 The
other electron scavengers in the MFC treating municipal
wastewater have been reported as sulfate in wastewater and
oxygen derived from IEM,40 although the sulfate-reduction
products, H2S and HS�, can also act as electron donors in
MFCs.50

As the COD-RE in the liquid are virtually uncontrollable,
current recovery must be increased for further COD-RE. The
observed COD-RE was lower than the values reported in
studies on other MFCs (ESI Table 1†). The comparison with
other MFCs suggests two possible methods to improve the
performance—increasing the specic surface area of the
separator (SSSA) and anode (ASSA). The former is ideal but not
practical when scaling up because the percentage of IEM in the
initial cost of an air-IEM-MFC is the highest among all parts of
the MFC.16 The use of a cost-effective separator such as
a ceramic separator6–8 is a promising approach to increase
SSSA; however, wastewater treatment performance at a range
similar to COD was not reported in previous studies. The latter
is more effective for the proposed MFC by eliminating the rate-
determination on anodes due to the lowest ASSA, 16 m2 m�3,
compared to the other large MFCs. To employ an anode with
a high ASSA, carbon brush51 or other three-dimensional
anodes52,53 would be effective. In addition to increasing
ASSA, designing uid to enhance the COD supplement to
anodes is also effective to eliminate the rate-determination on
anodes at low COD.54

In this present study, the COD-RE and current parameters
were combined as the energy requirement per volume of
wastewater to achieve a specied effluent COD. For the calcu-
lation, a value of 0.6 W h g�1-COD was taken as the energy cost
to remove COD by aeration.29 In this study, the COD-RE and
current parameters were combined as the energy requirement
per volume of wastewater to achieve a specied effluent COD.
For the calculation, a value of 0.6 W h g�1-COD was taken as the
energy cost to remove the COD via aeration.29 The value is an
indicator to determine whether the MFC's operational mode
© 2021 The Author(s). Published by the Royal Society of Chemistry
should be focused on power generation or COD removal, but it
varies depending on the installation process and post-COD-
removal treatments such as intermittent aeration55 and usage
of anaerobic membrane bioreactors.20 Specically, if the energy
requirement is less than the EGE of the MFC, the MFC can be
optimized for power generation. Although the value is greater
than the EGE of the MFC, the operation focusing on COD
removal is preferable considering overall energy requirement.

A voltage booster has been used to boost the MFC power,
although the EGE value has rarely been calculated and an MFC
treating sewage wastewater was calculated to have 0.146 of
EGE56 in an MFC. Surpassing the value by system control is
extremely challenging, the organic loading rate and a long HRT
would likely become key parameters, as well as biogas produc-
tion.57 The use of MFC as power for some electric devices has
been demonstrated. MFCs have been fed with human urine to
power a mobile phone58 and a microcomputer.59 MFCs treating
municipal wastewater have also been used to power an inter-
mittent pump16 and an aerator.60

For the practical application of MFC in treating wastewater,
thorough feasibility studies are still required to match the
advantage of MFC and the social demand. However, in all
matters, further improvement of the MFC unit is most impor-
tant. Carbon brush is an excellent anode51 but is expensive to
process from ber to anode; carbonization, forming brush, and
surface oxidization for the hydrophilizing.61 Reducing the steps
is required for mass production to decrease the processing cost.
The AEM rather than CEM has become a good ion-selective
separator for MFC.12,62–64 However, all membrane needing to
separate liquid and gas have the problem to be scaled-up to
several meters in depth and the ceramic separator is promising
in terms of strength.6–8 The air-cathode also needs improvement
to maintain a high potential for the removal of nitrogenous
compounds from wastewater.65 We believe that solving these
individual problems will enable the realization of practical use
of MFC in wastewater treatment.
5. Conclusion

Both the mono-exponential regression and the Michaelis–
Menten calculations of COD removal indicated a strong
dependence on COD in an MFC fed with sewage wastewater.
The data suggest that increasing the anode-specic surface area
will yield improvements inMFC performance. The experimental
data and calculations both demonstrate that coulombic effi-
ciency is almost constant. When this MFC was combined with
post-aeration for COD reduction to meet discharge standards,
a 75% reduction of total energy could be anticipated by feeding
the MFC at an HRT of 12 h.
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