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Abstract: One of the important factors in enhancing the performance of microbial fuel cells (MFCs)
is reactor design and configuration. Therefore, this study was conducted to evaluate the regressors
and their operating parameters affecting the double anode chamber–designed dual-chamber mi-
crobial fuel cell (DAC-DCMFC) performance. Its primary design consists of two anode chamber
compartments equipped with a separator and cathode chamber. The DAC-DCMFCs were parallelly
operated over 8 days (60 days after the acclimation period). They were intermittently pump-fed with
the different organic loading rates (OLRs), using chemically enriched sucrose as artificial wastew-
ater. The applied OLRs were adjusted at low, medium, and high ranges from 0.4 kg.m−3.d−1 to
2.5 kg.m−3.d−1. The reactor types were type 1 and type 2 with different cathode materials. The pH,
temperature, oxidation-reduction potential (ORP), optical density 600 (OD600), chemical oxygen de-
mand (COD), and total organic carbon (TOC) were measured, using standard analytical instruments.
In general, the power production achieved a maximum of 866 ± 44 mW/m2, with a volumetric
power density of 5.15 ± 0.26 W/m3 and coulombic efficiency of 84%. Two-stage COD and TOC
removal at medium OLR achieved a range of 60–80%. Medium OLR is the recommended level to
enhance power production and organic removal in DAC-DCMFC. The separated anode chambers
into two parts in a dual anode chamber microbial fuel cell adjusted by various organic loadings
expressed a preferable comprehension in the integrated MFCs for wastewater treatment.

Keywords: reactor design; configuration; OLR; power production; COD and TOC removal; microbial
fuel cell; anode cell

1. Introduction

Nowadays, energy and water have grown to be the center of the world’s attention,
particularly for sustainable development. Energy and water support human and living
things’ activities to produce their demand [1–3]. Hence, energy and water cannot be
separated, due to their synergism creating significant economic and ecological benefits.

A promising approach in facing future challenges is to develop technologies that
help human life, stimulate a green environment, and support the world’s protocols on
sustainable development. Presently, wastewater treatment technologies for organic re-
moval have been reported, from basic to advanced levels, such as adsorption, oxidation,
catalysis, photocatalysis, advanced oxidation process, electrochemical oxidation and filtra-
tion, membrane bioreactor, anaerobic digestion, etc. [4–6] However, the cost and technical
considerations, especially in operational and maintenance, present a drawback in their
application. In addition, more attention has been given to the technologies which pro-
vide green by-products, such as methane gas, fertilizer, electricity, water, etc. MFC is
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a breakthrough technology in electricity generation through a biochemical process that
converts organic substrates, which are non-complex, complex, and wastewater, into elec-
tricity directly without generator support [7,8]. This technology could be considered for
developing in the future in adopting back-to-nature concepts that use natural organic
substrates [9,10], such as wastewater-based biomass, enriching carbons, and nutrients
utilized by the electrogenic bacteria [11,12]. The research of MFC is still lacking in power
generation affected by high internal resistance [13,14] and affected by parameters’ control
(pH, and temperature) [15], anolyte [16], catholyte [17–20], inoculum [21,22], anode [23,24],
cathode [25,26], electrode spacing [27,28], separator [29,30], flowrate [31,32], retention
time [33], wiring system [34], design/construction [35], and configuration [36–38]. Design
and configuration modifications are studied since the highest internal resistance mostly
occurs on the anode chamber.

Most of the design of an MFC reactor is heavily influenced by the retention time, due to
the relationship with the loading rate of substrates and reactor volume devoted to fed-batch
and continuous processes. Fundamentally, the configurations of MFC consist of a single
chamber microbial fuel cell (SCMFC) and double chamber microbial fuel cell (DCMFC) [38].
The high performance of DCMFC is shown by the engineered electrode, such as multiple
electrodes [39,40], nanomaterial-assisted electrode [41,42], low-cost material substituted
electrode [43,44], separator [45,46], and multiple anode chamber called the integrated
system with the wastewater treatment plant types (anaerobic digester, constructed wet-
land, up-flow anaerobic baffled reactor (UASB), etc.) [7,11,47–49]. Multiple anode chamber
studies are shown to exhibit greater performance both in power generation and organic
removal. The closer type of multiple anode chamber MFC between the previous study
with the current study is shown by Kim et al. (2011) [47] and Samsudeen et al. (2015) [48],
in which the results show the power densities of 458 mW/m2 and 135.4 mW/m2, respec-
tively. This configuration could be a pioneer of MFC stack or bioelectrochemically-assisted
microbial reactor (BEAMR), which produces high power output up to 1.0 V when assisted
or integrated with the wastewater treatment plant.

Notably, the multiple anode chamber MFC has not yet been studied extensively on
the low-mid concentration of the sucrose-based substrate, graphene nanoplatelets (GNPs)
coated anode, and graphene nanoplatelets-water-based polyurethane (GNPs: PU) coated
cathode. Hence, the name of the multiple anode chamber in this study is stated as a double
anode chamber (DAC) to emphasize its essential functions. The DAC-DCMFC separat-
ing the anode chamber into two compartments represents the MFC-assisted wastewater
treatment design and configuration to improve its performance and reveals a preferable
understanding of the mechanism. Therefore, the objective of this study was to assess the
performance of a DAC-DCMFC with varied OLRs, reactor type-based cathodic differences,
and two anode chamber compartments, for electrical production and organic removal.

2. Materials and Methods
2.1. Materials

Mixed bacteria containing electroactive bacteria in sludge form was taken from the
Eastern Ube Sewage Treatment Plant (EU-STP), Ube City, Yamaguchi Prefecture, Japan,
and placed into the DAC-DCMFC at around 30% of the total reactor volume to stimulate
and acclimate to new conditions in a 500 mL anode chamber volume containing the sucrose-
based substrate, representing an artificial wastewater solution. Initial sludge treated using a
respirometric chamber with 2500 mgCOD/L during 30 days was subsequently analyzed by
polymerase chain reaction (PCR) that discovers genetic material as ribonucleic acid (RNA) by
amplifying its small amount from EAB specimens into deoxyribonucleic acid (DNA), which
is replicated until they are detectable if they exist, denaturing gradient gel electrophoresis
(DGGE) that reveals bacteria communities by amplifying 16S ribosomal RNA (rRNA) gene
fragments of the PCR product, and sequencing. Universal 16S rRNA gene primer (27 F and
1492 R)–based PCR products from DNA extraction, while universal 16S rRNA gene primers
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(GC-341 F and 518 R)–based DGGE [50], were employed to identify the specific species
type of mixed bacteria, which have potential as an electrochemically active bacteria (EAB).

Artificial wastewater solution represented by sucrose-based substrates was made of a
carbon source and trace elements. Sucrose as a carbon source performing 20,000 mgCOD/L
was prepared at 11.86 g per liter added with 8 g per liter of NaHCO3 99% p.a. and K2HPO4
99% p.a. as the nitrogenphosphate–potassium (NPP) source of trace elements, and other
supporting trace elements consisted of 4 milliliters per liter of 2.65 M (NH4)2HPO4 99% p.a.,
20 milliliters per liter of 1M KCl 99.5% p.a., 0.4 M MgCl2.6H2O 98% p.a., 1.6 M NH4Cl 99.5%
p.a., 0.2 M MgSO4 98% p.a., 0.16 M FeCl3.6H2O 99% p.a., and 0.014 M CoCl2.6H2O 99% p.a.;
and 2 milliliters per liter of 0.68 M CaCl2.2H2O 93% p.a. [51,52]. The sucrose-based substrate
was varied into three concentrations, which consisted of 400, 1000, and 2500 mgCOD/L
diluted from 20,000 mgCOD/L as a stock organic solution, using a dilution equation.

The reactor construction named DAC-DCMFC was built, using acrylic fabrication
with the dimension LWH (8.7 × 8.7 × 8.7) cm and thickness 0.3 mm. There were two
anode chamber compartments with similar functions. The first and second anode chambers
focused on substrate conversion and electron transfer to reveal the new findings regarding
the process between those chambers. The proton exchange membrane (PEM) supported
by Nafion 117 with the dimension LW (4 × 4) cm was used to separate the second anode
chamber and cathode chamber. The anolyte was the sucrose-based substrate with the three
concentrations of COD unit, whereas the catholyte was 0.006 M Na2CO3.1.5H2O2 (CAS#
15630-89-4) in a 500 mL of cathode chamber volume. Electrodes consisted of GNPs (CAS#
9002-84-0) coated 30 mesh SSM as the anode of both anode chambers, and the big difference
was cathode material that consisted of GNPs: PU 1:1 volume solution ratio-coated cathode
at the code 1A, and GNPs-PTFE (CAS# 9002-84-0) 60% coated cathode at the code 2A.
In addition, synthesized PU was water-based polyurethane [53] with a similar function to
polytetrafluoroethylene (PTFE) [44,54,55] as a waterproofing material and increasing the
oxygen reduction reaction (ORR) on the surface of the cathode material. The wiring system,
called closed-circuit voltage (CCV) [56,57], connected the anode-equipped 100 Ω of resistor
onto the data logger and cathode in a line. In general, the reactor is described in Figure 1.
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2.2. Methods
2.2.1. Practical Techniques

The fed-batch mode was run with the support of a peristaltic pump performed by
EYELA MP-1000 (Tokyo Rikakikai Co., Ltd., Tokyo, Japan) to manage the stable flow and
concentration input of sucrose-based substrate to the reactor and to ensure the anaerobic
condition of solution with purging by pure nitrogen gas (N2) with null oxygen interference.

An amount of sucrose-based substrate prepared in 400, 1000, and 2500 mgCOD/L
on 1000 mL of the water tank was injected, using a peristaltic pump to the first anode
chamber every 24 h. It can be stated as the organic loading rate (OLR) in 0.4 gCOD/d
representing 400 mgCOD/L as low OLR, 1 gCOD/d representing 1000 mgCOD/L as
medium OLR, and 2.5 gCOD/d representing 2500 mgCOD/L as high OLR. These level-
strength wastewaters can be found at Stoll et al. (2018) [58]. The solution of the first
anode chamber passed to the second anode chamber after injecting it to the first anode
chamber was done within 20 min. After leaving it for 24 h; then, the sample from the
first and second anode chamber was taken around 10 mL for analyzing OD600, COD,
and TOC, and prepared for preservation using the refrigerator at 4 ◦C for less than 24 h.
The physical parameters, such as pH, temperature, and ORP, were analyzed immediately
after the 24 h running process, whereas the power in the voltage unit for every reactor was
recorded every 30 min. The sampling time was determined at steady-state every 24 h over
192 h, which was previously acclimatized within two months for every reactor type, anode
compartments, and OLRs to investigate their effect. Likewise, a brief explanation of the
DAC-DCMFC setup is shown in Table 1.

Table 1. Set up of the DAC-DCMFC component based on the variables used.

Reactor
Type Anolyte

Anode
Separator Catholyte Cathode

A1 A2

1
Sucrose-
based

substrate

GNPs-SSM
30 mesh

GNPs-SSM
30 mesh

CEM
(Nafion 117)

2 g/L
Na2CO3.1.5H2O2

GNPs:PU
1:1(v/v)-SSM

30 mesh

2
Sucrose-
based

substrate

GNPs-SSM
30 mesh

GNPs-SSM
30 mesh

CEM
(Nafion 117)

2 g/L
Na2CO3.1.5H2O2

GNPs:PTFE
60%-SSM
30 mesh

Here, based on Table 1 above, all the captions in the figures afterward are defined as follow: 1A1 and 1A2:
1st anode-GNPs-SSM, 2nd anode-GNPs-SSM, and cathode-GNPs: PU-SSM; 2A1 and 2A2: 1st anode-GNPs-SSM,
2nd anode-GNPs-SSM, and cathode-GNPs: PTFE-SSM; X: low OLR; Y: medium OLR; Z: high OLR.

2.2.2. Analytical Techniques

The physical parameters consisted of pH, temperature, ORP, and OD600. The pH and
temperature in degree Celsius (◦C) were performed by pH meter D-72 ( HORIBA Advanced
Techno Co., Ltd., Kyoto, Japan). ORP in millivolt (mV) was carried out by pH/ORP
meter D-72 (LAQUA act, HORIBA, Japan). OD600 in absorbance (Abs) was operated at
wavelength 600 nm by spectrophotometer U-2900 (Hitachi High-Tech Science Corporation,
Tokyo, Japan). The chemical parameters consisted of COD and TOC, both in milligram
per liter (mg/L). COD and TOC were executed through 5220 C, closed reflux, titrimetric
method, and 5310 B, high-temperature combustion method, respectively, by Standard
Methods For The Examination Of Water And Wastewater 23rd edition [59]. Specifically,
the COD instrument analysis was supported by block heater MG-2200 (Tokyo Rikakikai Co.,
Ltd., Tokyo, Japan), and the TOC analysis was operated by TOC-V Shimadzu (Shimadzu
Corporation, Kyoto, Japan). The power parameter in the voltage unit was performed by
the data logger, midiLOGGER GL-240 (Graphtec Corporation, Yokohama, Japan), with a
sampling time every 30 min.

2.2.3. Data Calculation

The percentage of COD removal was counted with the following formula: %COD
removal = CODin−CODout

CODin
× 100%, where COD in (mg/L): the COD of the influent; COD
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out (mg/L): the COD of the effluent [60]. The TOC removal was calculated by using the
analogical COD removal formula as follows: TOC removal = TOCin−TOCout

TOCin
× 100%, where

TOCin (mg/L): the TOC of the influent; TOCout (mg/L): the TOC of the effluent.
Power and current were enumerated by following Ohm’s law: V = I.R; P = V.I; where

V (volt) is power; P (watt) is power; I (ampere) is current; and R (ohm) is resistance.
Power density (PD), volumetric PD and coulombic efficiency (CE) were computed by the
following formula: PD = (V.I)/A and PD = (V.I)/WV, where V (volt): power; I (ampere):

current; A (m2): anode surface area; WV (m3): working volume [61]. CE = M.
∫ t

0 I.dt
n.F.Vanodic.rCOD

,
where M: the oxygen molar mass (32); I: the electrical current intensity utilized by the MFC
(Ampere.second); n: the actual electrons transferred (4 mmol of electron per mmol of COD);
F: the Faraday constant (96485 C/mol electrons); Vanodic: the volume of anodic (L), rCOD:
the removal rate of COD (g/L) [61].

3. Results
3.1. Seeding and Feeding Characteristics

Seeding, which means an EAB source from the sludge of EU-STP, was initially char-
acterized to acquire its condition and to ensure that no other nuisances were affected by
the other possible parameters. The results were as follows: pH 7.1 ± 0.04, temperature
20 ± 5.0 ◦C, biochemical oxygen demand (BOD) 198 ± 2 mg/L, COD 396 ± 2 mg/L, TOC
57 ± 1 mg/L, total phosphorous in phosphate (P-PO4) 266 ± 5 mg/L, total nitrogen in
nitrate (N-NO3) 26 ± 5 mg/L, total solids (TS) 12740 ± 140 mg/L, total suspended solids
(TSS) 11973 ± 690 mg/L, volatile suspended solids (VSS) 8415 ± 420 mg/L, and fixed
suspended solids (FSS) 3320 ± 175 mg/L. The sequence analysis results using the Basic
Local Alignment Search Tool Nucleotide (BLASTN) National Center for Biotechnology
Information (NCBI) with the similarity results up to 96% consisted of Lactococcus laudensis,
Schwartzia succinivorans, Selenomonas lacticifex, Arcobacter lekhitochrous, Arcobacter butzleri,
Clostridium polynesiense, and Clostridium aurantibutyricum.

Feeding, which means a sucrose-based substrate, was characterized in pH, tempera-
ture, ORP, OD600, COD, and TOC as the primary tested parameters during the operational
period, based on the different OLRs. The results are listed in Table 2.

Table 2. Feeding characterization in average.

Parameters Low OLR Medium OLR High OLR

pH 8.8 ± 0.09 8.3 ± 0.1 7.6 ± 0.01
Temperature (◦C) 24.7 ± 1.09 24.2 ± 0.34 24.2 ± 0.12

ORP (mV) −226 ± 3.98 −306 ± 3.98 −255 ± 7.74
OD600 (Abs) 0.025 ± 0.007 0.04 ± 0.011 0.5 ± 0.29
COD (mg/L) 407 ± 68.89 1040 ± 160 2387 ± 205
TOC (mg/L) 87 ± 2.08 230 ± 4.65 724 ± 40

3.2. Parameters Changes

This observation during the time-frame limitation can be correlated to find the differ-
ences among them, particularly the different effects among reactor type and two anode
chamber compartments with the different OLRs.

Figure 2 shows that those pHs of the low, medium, and high OLRs at the first and
second anode chambers in type 1 and type 2 reactors were in the range of 6 to 8 during an
operational period of 192 h. The initial pHs of each input of OLRs denoted differently in
which from low OLR to high OLR presented 8.8, 8.3, and 7.6, respectively. The inside pH in
both reactors pointed, on average, to 6.6 ± 0.07 of low and medium OLRs, and to 6.1 ± 0.01
of high OLR. Meanwhile, temperatures of the low, medium, and high OLRs at the first
and second anode chambers in type 1 and type 2 reactors had no substantial difference
during a running period of 192 h. The initial temperatures of each input of OLRs showed
approximately 24.4 ± 0.3 ◦C. The inside temperatures in both reactors denoted, on average,
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26.7 ± 0.2 ◦C of low and high OLRs, and 24 ± 0.1 ◦C of medium OLR. Whereas ORPs of
the low, medium, and high OLRs at the first and second anode chambers in type 1 and type
2 reactors were in the range of −299 to −356 mV during an operational period of 192 h.
The initial ORPs of each input of OLRs denoted differently in which from low OLR to high
OLR presented −226 mV; −306 mV; −255 mV, respectively. The inside ORP in both reactors
pointed on average −320 ± 11 mV, −351 ± 6 mV, and −319 ± 14 mV of the low, medium,
and high OLRs, successively. Further, OD600s, CODs, and TOCs of the low, medium,
and high OLRs at the first and second anode chambers in type 1 and type 2 reactors had
significant differences over an operational period of 192 h. The initial OD600s of each input
of OLRs were denoted differently for which low OLR to high OLR presented 0.025 Abs,
0.04 Abs, and 0.52 Abs, serially. In succession, the inside OD600 in both reactors pointed
on average to 0.226 ± 0.06 Abs, 0.296 ± 0.03 Abs, and 0.544 ± 0.02 Abs of low, medium,
and high OLRs, whereas the initial CODs of each input of OLRs were denoted differently for
which low OLR to high OLR presented 407 mg/L, 1080 mg/L, and 1118 mg/L, respectively.
The inside COD in both reactors pointed, on average, to 242 ± 24 mg/L, 360 ± 60 mg/L,
and 1118 ± 241 mg/L of the low, medium, and high OLR, serially. Meanwhile, the initial
TOCs of each input of OLRs were denoted differently for which low OLR to high OLR
presented as 87 mg/L, 230 mg/L, and 334 mg/L, successively. The inside COD in both
reactors pointed, on average, to 25 ± 5 mg/L, 58 ± 21 mg/L, and 184 ± 65 mg/L of the
low, medium, and high OLR, respectively.
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3.3. COD and TOC Removal

Generally, Figure 3 shows that the COD and TOC removal maximum of medium OLR
at the first and second anode chamber in type 1 and type 2 reactor were more stable at
around 60–80% than COD and TOC removal maximum of low and high OLRs. Low OLR
presented the COD and TOC removal maximum at the first and second anode chamber in
the type 1 and type 2 reactor at around 10–80%, whereas high OLR performed COD and
TOC removal maximum at the first and second anode chamber in type 1 and type 2 reactor
at around 40–80%.
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The COD concentration of low and high OLR at the first and second anode chamber
was removed at the same level in which the only difference was the TOC concentration
utilization. The TOC concentration of low OLR noticed a decrease at the second anode
chamber but higher usage at the first anode chamber. At the same time, the TOC concentra-
tion of high OLR appeared to increase at the type 1 and 2 reactors.

3.4. Power Production

The acclimation was operated within 1483 h or 62 days to provide stable power output
during the injection afterward. The acclimation process showed that both reactors at the
first and second anode chambers had different patterns.

Figure 4 shows that the first anode chamber of both reactors started increasing from
minus power due to adaptation with new concentrations input at time zero to around
+114 mV of the type 1 reactor and at 122.5 h to about +264 mV of the type 2 reactor.
Furthermore, the powers significantly increased to around +400–500 mV at 797 h for the
type 1 reactor and 576.5 h for the type 2 reactor. It can be stated that the type 2 reactor
provided a faster adaptation to the new concentration input than the type 1 reactor, where
both were in the first anode chamber. The power of the reactor type 1 and 2 became
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well built around +400–500 mV until 1446.5 h right before injecting with the different
OLRs variable.
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Whereas the second anode chamber of both reactors started at around +200 mV and
+100 mV at the beginning of acclimation, the power reached +400 mV for the type 1 reactor
at +874 mV and the type 2 reactor at +705 h. It was similar to the first anode chamber
aforementioned that the type 2 reactor provides a faster power increase than the type 1
reactor. After the acclimation process, the power was stable at around +400–500 mV.

At a glance, the power outputs were much the same level, but the difference between
them could be identified clearly. At low and medium OLRs, the powers were around
+400–500 mV; meanwhile, at high OLR, the power was around +400–550 mV. There was a
difference of 50 mV higher at high OLR compared to low and medium OLRs.

Figure 5 shows that power production performed very stably at a maximum of
483.3 ± 15 mV among OLRs, reactor types, and anode chamber compartments. The power
density at the second anode chamber showed to be relatively less high than at the first
anode chamber among OLRs; however, the level presented was similar at a maximum
of 866 ± 44 mW/m2. Meanwhile, the volumetric power density reached a maximum of
5.15 ± 0.26 W/m3. Interestingly, CE achieved a maximum of 83% of low OLR, 84% of
medium OLR, and 53% of high OLR. The level of CE showed more than 100%, which could
occur when the system was started at the beginning of the process, starting from 0 h to less
than 120 h of observation.
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4. Discussion
4.1. Conceptualization

One of the exciting schemes is treating the wastewater containing a high organic
loading in an anaerobic digester (AD). Subsequently, a low organic loading output of AD is
treated by stack MFC system or BEAMR to produce a very low organic loading to meet the
water effluent standard and high-power production at the end of treatment [36,37]. Hence,
this study is structured more closely with the integrated microbial fuel cell-wastewater
treatment (MFC-WWT) in which the first anode chamber has the same function as wastew-
ater treatment and the second anode chamber has the function of transferring abundantly
generated electrons from the first anode chamber; even the process is similar to the first
anode chamber.

In addition, since the first anode chamber has a similar function with anaerobic
treatment, therefore, the additional information related to the anaerobic treatment could
be represented by the F/M ratio to ensure that the process follows the standard of the
anaerobic process. The F/M ratio means food-to-microorganism organic loading per time
divided by the number of microorganisms represented by volatile suspended solids (VSS).
Since this study used three different OLRs, the F/M ratio can subsequently be obtained
by dividing OLR toward the existing VSS. The F/M ratio from low OLR to high OLR
is 0.1, 0.24, and 0.59 gCOD/gVSS.d, respectively. The F/M ratio should be in the range
of 0.45–0.50 to efficiently solubilize cells [62]. The best value of F/M ratio is between
0.57and 0.68 for anaerobic digestion [63]. The F/M ratio was found to be optimal at 0.5 for
biogas production in an anaerobic digester [64]. Since the MFC has a function to generate
electricity, which can be inhibited by high gas production from methanogenic bacteria,
then the optimal F/M ratio should be less than 0.5 gCOD/gVSS.d. In correlation with the
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recommended optimal OLRs in this study, the optimal F/M ratio can be determined at
0.24 gCOD/gVSS.d to generate more electricity with less gas production.

4.2. Seeding and Feeding

The seeding characteristics showed a good strength concentration level of several
identified parameters that some EABs could grow and adapt very well. According to the
mentioned sequence results, the potential EABs were determined to ensure and support the
performance of DAC-DCMFC. Arcobacter lekhitochrous and Arcobacter butzleri, a part of the
Arcobacter group, are defined explicitly as epsilon proteobacteria (ε-proteobacteria), which
is classified as one of the proteobacteria genera, having a function of electron producing
and transferring active bacteria [65–68]. Likewise, Clostridium polynesiense and Clostridium
aurantibutyricum, a part of the Clostridium group, are particularly defined as firmicutes that
are stated to be one of EABs, having a similar function with ε-proteobacteria. At the same
time, Lactococcus laudensis, Schwartzia succinivorans, and Selenomonas lacticifex are synergistic
as a catalyst to convert organic substances to the electron. Schwartzia sp. and Selemonas
sp., specified as anaerobic, Gram-negative, and non-spore-forming bacteria, are the most
closely related genera [69]. Lactococcus sp. is a Gram-positive bacteria that utilize the soluble
redox mediators taken by Gram-negative bacteria [70,71].

Regarding the feeding characteristics in Table 2, the results indicate that the pH
showed to be lower when OLR became higher, but the pH of feeding was still neutral,
which was useful for the adaptation of microorganisms to the new environment which has a
pH range of 5–8.5 [72]. Only at the low OLR would the optimal living of microorganisms be
inhibited. The temperature also showed a good environmental factor that is adaptable for
microorganism living, especially for the seeding characteristics, which can live optimally
around 15–37 ◦C [72]. The overall ORP value was appropriately performed due to the
pre-treatment using nitrogen gas injection into the solution. The ORP was reported in
a range of −200 mV to −100 mV in performing the integrated MFC-CW [73], the bio-
electrochemical oxidation of sulfide utilized by sulfate-reducing bacteria (SRB) has an
ORP range of −150 mV to −100 Mv [74], and the phosphorus (P) utilization and energy
production in the dual chamber-microbial fuel cells (DCMFCs) presented an ORP range of
−600 mV to −300 mV [75]. Therefore, ORP could be an option for process monitoring in
MFC related to environmental factors. Subsequently, OD600 shows that it could be higher
at high OLR. It could be depicted here that high OLR in the COD unit affected the OD600
value and would influence the end value of OD600.

In addition to these feeding characteristics, the effect of the presence of organic
pollutants and inorganic pollutants known as complex substrates on the performance of
MFCs has been reported in many MFC studies. Specific components derived from salt
(chloride) [76,77], and heavy metals (chromium, cadmium, mercury, lead, etc.) [78–80] are
the parameters that most inhibit MFC performance. Since this study used a pure substrate
containing components and concentrations suitable for EAB, this substrate did not affect
its performance.

4.3. Factors Affecting the Performance

The pH, temperature, and ORP used in this research were defined as the control
parameters to manage the applied variables. pH is an imperative parameter that affects
the performance of DAC-DCMFC since the EAB typically comprise adaptive microor-
ganisms at pH 6–8 [81]. The results presented that the input pH of different OLRs and
observed pHs during DAC-DCMFC operation could successfully stimulate the EABs to
produce and transfer electricity. The pH input of the different OLRs between 7 and 9
could help the system suit the environmental condition and prevent the shock loading in
which pH 8–10 was reported to improve the electrical generation in MFC [82]. Various
references reported that the observed pH between 6.8 and 7.5 is the optimal range for
methanogenic activities, meaning operation in an anaerobic condition [83]. The pH would
affect CE [84,85], CH4 production [83], the release of CO2 [86], the anode reaction kinet-
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ics [87,88], the electrochemical relationship between anode and biofilm [88], the population
density of EAB [15], suppress or inactive the methanogenic bacteria, which is currently
known to be contributing to one of the EAB [15], the electroactive moiety density and the
main effect is reducing the MFC internal resistance [87].

At this point, the significant effect of pH on the other observed variables was OD600,
COD, TOC, and power production. OD600 presenting the density of bacteria population
would increase significantly in which the pHs were in the optimal range value, whereas
COD and TOC representing the organic substances containing carbon and nutrients, would
be removed substantially as well [89,90]. The power production could be stable during the
process and directly improve the entire MFC performance [91]. Owing to the fact that pH,
temperature, and ORP were not the independent variables, subsequently, the effect was
not too considerable. Those variables were only observed during the process to ensure that
the condition was in the appropriate range.

Based on the observation of both the type 1 and 2 reactors, as seen in Figure 2, pHs at
the first anode chamber were no significant different than at the second anode chamber
since the first anode chamber contained a high concentration of COD and TOC that affected
the decreasing of pH, due to the high hydrogen ion generation [92,93]. There were no such
different values between the type 1 and 2 reactors of each OLR.

Linares et al. (2019) [94] reported that COD removal in several studies achieved ranges
from 36% to 84%. It could be said that the results of this study are still on the normal
performance of MFC research, even though the maximum COD removal could achieve up
to 78%. In comparison with the similar condition of this study, COD removal is around
58% during 48 h with a power maximum at 498 mV and current maximum at 7.9 mA in
CCV mode [50].

Particularly, it could be stated for a type 1 reactor that higher OLR does not mean
higher COD removal. However, it could be appointed on the type 2 reactor that the higher
the OLR, the higher COD removal is linearly achieved. Santos et al. (2017) [92] reported that
higher-applied COD concentration influencing the OLR could decrease the COD removal.
The other study reported similar results in which treating swine wastewater at a high
concentration of COD decreased the COD removal [95]. When undiluted wood industry
wastewater applied on SMFC, the COD removal only achieved a maximum of 40% [60].
This result is appropriate with the applied OLR recommendation between 0.05 kg.m−3.d−1

and 2 kg.m−3.d−1 for optimizing any kind of MFC system by many types of research [96].
Likewise, it could be stated that the COD removal at the first and second anode

chamber on both reactors is relatively similar, as seen in Figure 3. In comparison, medium
and high OLR appeared to be the same or slightly different on COD removal, even though
high OLR still provided high COD removal. It could be concluded that the microbial
activities are adaptable in high COD concentrations.

Meanwhile, the TOC removal maximum contributes similarly to the COD removal
maximum, as seen in Figure 3. Medium and high OLR provides up to 100% TOC removal
meaning that the carbon source as the organic carbon is properly utilized by the EAB.
It could be concluded to be same as the COD removal. This study of organic carbon
utilization in MFCs has not been yet comprehensively studied to investigate the correlation
between COD and TOC in which TOC is a component part of COD used by EAB as their
primary carbon source.

Based on the calculation of the final COD concentration in daily averages of the three
OLRs levels, the treated effluent from the low and medium OLRs of the DAC-DCMFC
meets the 2015 Japanese National Effluent Standard (J-NES), where the COD level is set to
a maximum of 120 mg/L for a daily average, whereas the high OLR does not meet J-NES
2015. This study opens up further opportunities and challenges, especially for dealing with
high OLR, that a multi-anode chamber known as anode baffle chamber for multi-stage
treatment can be developed to gradually enhance the organic removal and ensure an
increase in power generation.
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In addition, COD and TOC removal were revealed at different OLRs and each anode
chamber compartment. From this information, we can calculate the further design and
construction of the DCMFC. Because the design criteria for the multi-anode compartment
are not concise, this study contributes to its use as a benchmarking design.

4.4. Power Production Performance

Figure 5 shows that low OLR performed lower than medium and high OLRs in
power production. Likewise, the type 1 and 2 reactors demonstrated similarly in power
production at the overall OLRs level. Furthermore, the second anode chamber presented
higher power production at overall OLRs than the first anode chamber. In fact, the second
anode chamber enhanced the power production to be 3–6% higher than the first anode
chamber both in type 1 and 2 reactors. Moreover, the second anode chamber was two-fold
in HRT or 24 h longer than the first anode chamber; hence, an abundant electron that
passed from the first anode chamber could be transferred to the second anode chamber.
Another reason is the cathode material used that contributes to increasing the ORR rate on
the surface of the cathode [97–100].

As seen in Figures 4 and 5, the power production showed approximately on average
at 460 mV, when the highest was achieved at 483 mV. The difference in power was only
less than ±5%. Consequently, the power production among OLRs level could be defined
similarly. It is comprehensible in which the measurement was conducted in a stable position
after the acclimation period.

Additionally, a comparison study was conducted to support the explained information
above regarding the associated references in power production. This study used the
components mentioned in Table 1, and the results provided power at a maximum of
483.3 ± 15 mV with power density at a maximum of 866 ± 44 mW/m2 (5.15 ± 0.26 W/m3),
and CE reached a maximum of 84%. Meanwhile, other studies that used lactate as the
anolyte, air as the catholyte, solid graphite rods as the anode and cathode, and PEM Nafion
Alfa Aesar presented a power density at a maximum of 458 mW/m2 (23.6 W/m3) [47].
The other studies using a different anolyte from real distillery wastewater, a catholyte from
potassium ferricyanide, and an electrode from graphite provided a power density at a
maximum of 135.4 mW/m2 (368 mA/m2) [48]. Coupled with related references performed
by DA-MFC, which used real brewery wastewater as an anolyte, air as a catholyte, graphite
felt as an anode, graphite felt loaded Pt/C as a cathode, and was membraneless presented,
at a maximum, a power of 0.46 mW [101]. All related studies showed high performance on
a couple of sides, such as high volumetric power density, which means a high predictor of
in-field application. This study is located on the high level of power density, indicating
that this configuration has increased the power density at a maximum of 1.9-fold rather
than the previous studies.

Meanwhile, CE achieved a maximum of 84% measured after 144 h since the previous
CE showed up to 100%. These CE ranges are acceptable as the minimum requirement of at
least 80% to optimize the MFC system [58]. In comparison with the other studies using
acetate as their substrate, CE achievement was up to 70% [102,103].

However, the volumetric power density was still lower than the other studies associ-
ated with general DCMFCs. It could happen since the design volume of the anode chamber
did not adopt the stack MFC. The other studies performed analytical MFC design using
disposable polypropylene as their findings to adjust anode distance to the membrane or
anodic volume without redesigning the MFC construction many times [27]. Neverthe-
less, we could understand and reveal that volumetric power density can be enhanced by
modifying the anode chamber. Here, we can contribute to the knowledge regarding the
optimum design of future multiple anode chamber MFC and strengthen the cognition in
developing multiple anode chambers into stack MFC integrated with WWTPs.
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4.5. Cost Consideration

This study used two types of reactors with different cathodic materials. In order to
face further practical use, a cost analysis was calculated to compare the appropriate design
and configuration applied in the field. The specific cost analysis is the cost-benefit ratio
(C/B). The cost component consists of capital and O&M costs, while the benefit component
consists of returning or recovering the use of the reactor. Disbenefit is the effect of using
the reactor. For the purpose of calculating the C/B ratio, the inflation assumption is set at
6% per year with a viable economic period of 10 years.

Based on the analysis, the C/B ratio of the type 1 reactor is 0.7 less than the recom-
mended one of 1 so that it provides advantages in its application. Compared to the C/B
ratio of the type 2 reactor, which is 1.3 over 1, it presents a small advantage. It is the case
where the type 2 reactor used an expensive catalyst to obtain the ORR of the cathodic mate-
rial. While the type 1 reactor used an alternative catalyst that was used as waterproofing as
well, the costs incurred are only 2% of the catalyst used in the type 2 reactor, providing
stable and the same organic removal as the type 2 reactor.

5. Conclusions

DAC-DCMFC is a promising design and configuration of MFC technology in power
production and organic pollutant removal. It contributes to increasing power density
1.9 times, compared to the closer design and configuration of other multiple anode cham-
bers MFC reported in the literature. Power production was achieved at a maximum of
866 ± 44 mW/m2 (5.15 ± 0.26 W/m3), and coulombic efficiency (CE) reached a maximum
of 84%. COD and TOC removals represented by medium OLR achieved the maximum
organic removal ranging from 60% to 80%.

There were no significant differences among low, medium, and high OLRs in power
production; however, the different levels of OLRs highly influenced the COD and TOC
removal in which low OLR presented as being lower than medium and high OLRs. Mean-
while, the second anode chamber achieved higher performance in power production at
overall OLRs than the first anode chamber. In addition, there were no substantial differ-
ences in COD and TOC removal between the two compartments.

Overall tested OLRs could be used for further study in the development of DAC-
DCMFC. For recommendation, medium OLR is more preferred for the start-up process,
due to fast EAB adaptation and stable power output in long-term performance. The modi-
fied anode chamber by separating the anode space into two parts in a dual anode chamber
microbial fuel cell applied by different organic loadings reveals a better understanding of
the actual application of a wastewater treatment integrated microbial fuel cell.
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