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ABSTRACT

Population growth drives the demand for energy, which is the most pressing human
need today. It puts pressure on other related sectors and increases wastewater production,
which is a big problem in some countries that is inaccessible to available wastewater
treatment facilities. Concerning the SDGs 2030 target, which mentions integrated sectors
to deal with environmental issues, energy and water as a part of the water-energy-food
nexus have a high linkage to build substantial economic and ecological benefits.
Therefore, they have become the core attention of the world at this moment.

To deal with the problem solving mentioned above, nowadays, an alternative energy
converter integrated wastewater treatment has been massively developed to achieve green
label production of products. Many countries, favoured by their scientists and
practitioners, compete to find technology that is a user-friendly, eco-friendly, back-to-
nature concept, inexpensive and can be accepted in any society stratifications. However,
there is an available standalone converter technology known as conventional technology,
which is a disintegrated system with no added value. This challenge opens an opportunity
to develop a fully integrated system with any advantages. One of the promising
technologies needed for solving the environmental problem and simultaneously
producing other benefits for human living is a part of the bioelectrochemistry system
(BES), which is microbial fuel cell (MFC). It could be easily assisted with the available
conventional wastewater treatment, and it gives more benefits not only in energy
production but also for remediating the environment through the superior biocatalyst,
named electroactive bacteria (EAB), which has the availability to reduce organic and
inorganic matter and generating electricity. However, factors affecting MFC have been a
drawback in their field application that must be concerned extensively. Therefore, this
study accommodates to investigation more in order to get an optimum condition in
operation so that the technology could be widely used properly on the full scale.

The disadvantages of the air—cathode single-chamber microbial fuel cell (AC-
SCMFC) performance can be caused by numerous factors, and retention time (RT) is one
such factor. It is difficult to conclude the ideal RT run for the specific tests under the same
conditions. To determine the optimum RT for various types of microbial fuel cell (MFC),
an AC-SCMFC batch-mode reactor was carried out by comparing different types and
concentrations of substrates based on the main parameters of organic removal and power
generation. The AC-SCMFC reactor was designed for the effective working volume of
500 mL and operated for 52 d in batch mode with factors being significantly correlated
with the performance of the MFC reactor, which were two different substrates, sucrose
and acetate, and three different chemical oxygen demand (COD) levels of 400; 1000, and
2500 mg/L (low, medium, and high, respectively) equipped with two graphene
nanoplatelets (GNPs)-based electrodes connected to 100 Q resistance and plugged onto a



data logger. The results of this study indicated a significant pattern at the medium level,
at which the optimum RT of sucrose was achieved at 24 h and that of acetate at 48 h. In
comparison, the performances pattern at low and high levels of both substrates was
insignificant to determine the optimum RT. For further application, the recommended RT
for both substrates at any concentration is 24 h due to high overall performance, and the
optimum RT established in this study could be applied to all types of MFC research,
particularly in oxidizable or biodegradable organic ranges, which ensures high
performance.

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 microbial 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 wastewater.
The applied OLRs were adjusted at low, medium, and high ranges from 0.4 kg.m>.d™! to
2.5 kg.m>.d"". 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 demand (COD), and total organic carbon (TOC) were measured, using
standard analytical instruments. In general, the power production achieved a maximum
of 866 + 44 mW/m?, with a volumetric power density of 5.15 +0.26 W/m? 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 of the integrated MFCs for wastewater treatment.

With respect to both studies, RT influences the design and configuration of MFCs,
particularly in this regard, modified anode compartment of DCMFCs adapted to the range
of oxidizable or biodegradable organics and reactor components towards control and
dependent variables provide the simultaneous performance of DCMFCs in organic
removal and power generation. In addition, DAC-DCMFC offers an opportunity to
achieve optimal conditions in concurrent MFC-assisted wastewater treatment. Therefore,
this study is one step closer to understanding the operating conditions comprehensively,
which are the dominant factors affecting performance.
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CHAPTER1
INTRODUCTION

1.1. Background

Energy demand increases with population growth, suppressing an increase in other
related sectors, such as wastewater generation, which has become a significant problem
in developing countries. An amount of energy is largely consumed by conventional
wastewater treatment plants (Capodaglio and Olsson, 2020; Ranieri, Giuliano and Ranieri,
2021). In addition, energy scarcity has become a worldwide concern because it is a big
problem that must be solved appropriately. Altintas et al. (2020) noticed that the
increasing need for energy and its related services to satisfy economic and social
development has become a critical concern of national governments worldwide. Currently,
un-renewable energy, from gasoline, diesel fuel, and coal, is still used for supporting
anthropogenic activities. Since it was exploited improperly, it has occurred, particularly
the use of nonrenewable energy sources, which contribute to almost 70% of global energy
demand, with natural gas covering nearly 45% of total demand growth (IEA, 2021). Many
countries, through their scientists, compete to find a proper alternative, particularly
following back to nature concept, to answer the demand for energy. The main idea is to
utilize renewable energy sources, which consist of sunlight, wind, biomass, etc. Currently,
their use is increasing to complement the need for total energy. In this study, biomass
plays an important role in favouring energy production through the help of energy-
generating microorganisms, even though their energy production isn’t high compared to
other renewable energy sources. Bekun (2022) argues that it is a more environmentally
friendly option for reaching environmental sustainability targets, particularly with regards
to energy investments in collaboration with private partners. Interestingly, a part of
biomass, wastewater containing sufficient carbons, nutrients, and trace elements, begins
to be famously used in every biological process to yield energy, called bioenergy, and
simultaneously remove wastewater pollutants. However, the utilization of wastewater still
lacks field practice due to low targets in energy production, even though reaching a
maximum target in wastewater pollutant removal complies with the national and
international standards of wastewater discharge. Therefore, a new challenge appears to
accomplish society's questions in energy fulfillment, and concurrently, solving the
wastewater pollutant removal to create the integrated waste management and support the
integrated SDGs 2030 program, which is number 7 about affordable and clean energy,
number 6 about clean water and sanitation, number 13 about climate action, number 3
about good health and well being, and number 11 about sustainable cities and
communities.

In order to acknowledge the challenge, this study is focused on developing microbial
fuel cells (MFCs) both in single-chamber and dual-chamber types. MFC is a part of the



bioelectrochemical system (BES), which has the ability to convert organic matter, such
as single and complex substrates, into direct electricity without any additional generators
and pure water. MFC can be integrated with the current biological wastewater treatment,
named MFC-integrated wastewater, which treats low-strength wastewater downstream.
Rahimnejad, Asghary and Fallah (2020) mentioned that MFC had become an innovative
technology for wastewater treatment and power generation. However, some drawbacks
still exist, which means some factors affect the performance of MFC, whilst this study
effort to minimize their obstacle by focusing on modifying the design and configuration
of both SCMFC and DCMFC types. Single-chamber MFC (SCMFC), reconstructed as an
air-cathode SCMFC (AC-SCMFC), is employed to determine the retention time (RT)
used to optimize the performance of any MFC studies, which is both in organic removal
and power production. Meanwhile, dual-chamber MFC (DCMFC), redesigned as dual
anode chamber DCMFC (DAC-DCMFC), is used to achieve high performance in MFC
studies by implementing the optimum RT delivered from the study of RT in SCMFC. A
substantial consideration of modifying both MFC types is easier to build and operate than
other types of MFC. Therefore, both modifications of MFCs were carried out in parallel
to obtain high performance in organic removal and power production by reducing their
resistance and simultaneously providing recommendations for further studies.

RT plays an essential role in the process and hydrodynamic factors that affect
wastewater treatment design and operation, respectively. Organic loading rate (OLR) and
flow rate (Q), which are the principle of hydrodynamic factors to obtain reactor volume,
is highly correlated to RT (Nawaz et al., 2020). Regarding the process in MFC as the
alternative to wastewater treatment, RT provides linear results with organic and inorganic
removals, even if they are inverse to the current density for power generation
(Malekmohammadi and Mirbagheri, 2021). Samudro, Imai, and Hung (2021) concerned
that RT is the most highly influenced factor in MFC due to the relationship with the
loading rate of substrates and reactor volume, which are expressed in fed-batch and
continuous processes. There are many terms for RT, which are detention time (t),
hydraulic retention time (HRT), solids retention time (SRT), and sludge age (©¢). t and
HRT can be used to enumerate the reactor volume (V) for reactor design and the organic
loading rate (OLR) for hydrodynamic operation. Whereas SRT and 6. are employed to
calculate the sludge chamber volume of the biological wastewater treatment unit and
discharge the amount of sludge after the treatment period. In this study, the primary study
is to determine RT for designing and operating reactors in optimal conditions. RT is
studied comprehensively in chapter III to obtain optimum conditions by varying the
concentration and type of substrate to support the DAC-DCMFC design, which is
discussed in chapter IV, where RT is locked as the dependent variable; while the type of
reactor and sucrose-based substrate OLRs are set as independent variables. In order to
obtain the optimum condition; therefore, the substrate factors are appointed due to highly



correlated factors in many MFC studies. Whereas the reactor types are chosen due to the
different effects in variant configurations.

DAC-DCMFC, a novel design and configuration of DCMFC variances, is performed
to implement the optimum RT and recommended organic strength level resulting from
operating AC-SCMFC. In addition, its purpose is to examine the influence of varying
OLRs and reactor configuration types on several parameters, which mostly utilize
indicators in MFC studies. According to its purpose, the recommended reactor type could
be selected based on its high performance both in organic removal and power production.
In order to achieve a more significant performance of power generation and organic
removal, multiple anode chamber studies are employed extensively (Samudro, Imai, and
Hung, 2021). There were many studies previously, such as those studied by Kim et al.
(2011), about the performance of an anaerobic dual anode-chambered MFC, and
Samsudeen et al. (2015), concerning the performance of multi-chamber MFC for the
scale-up system. DAC-DCMFC is built to minimize the internal resistance causing
several problems in the performance, particularly in power generation. The internal
resistance of the conventional DCMFC is that the whole process takes place in the anode
chamber so that several parameters, EAB species, anode material, separator, and
configuration, can interfere with electricity production. Therefore, based on the idea
mentioned by Aelterman et al. (2006), the fundamental of DCMFC is modifying an anode
chamber into multiple chambers, known as stack MFC, or alternatively, DCMFC is
employed as a downstream treatment for low strength levels of organic after treating high
strength levels of organic through available anaerobically biological treatment such as
anaerobic digestion (AD), up-flow anaerobic sludge blanket (UASB), anaerobic baffled
reactor (ABR) without maturation, etc. In order to take into account the realization of the
idea; subsequently, the anode chamber in DCMFC is separated into two chambers with
the purpose of minimizing the internal resistance caused by substrate type and
concentration, the degradation of organic substrates into solids, anode material, biofilm
covered anode, microorganism species containing substrate, separator, and the distance
between anode and cathode.

This study contributes to MFC studies in accordance with design criteria, RT of
factors affecting MFCs, and alternative design of DCMFC variance, dual anode chamber
designed DCMFC (DAC-DCMFC) in enhancing both in organic removal and power
generation. In order to achieve the performance of MFC both in organic removal and
power generation, this study was conducted to determine the optimum RT through an
AC-SCMFC batch-mode reactor by comparing different types and concentrations of
substrates based on the main parameters of organic removal and power generation, and
evaluate the regressors and their operating parameters affecting the double anode
chamber—designed dual-chamber microbial fuel cell (DAC-DCMFC) performance. The
determined optimum RT established from AC-SCMFC can be used to design an anode
chamber, either single or multiple anode chambers MFC, and concurrently evaluate the



process of MFC performance pertaining to organic removal and power generation.
Furthermore, The DAC-DCMEFC is an implementation of the optimum RT function found
in the AC-SCMFC study and is used for its design and operation. Organic removal
parameters consist of COD removal (CODr), the reaction rate of COD (kCOD), TOC
removal (TOCr), and the reaction rate of TOC (kTOC), whereas power generation
parameters consist of cell voltage, PD, CE, and internal resistance. Factors affecting AC-
SCMFC and DAC-DCMFC are assigned for the eight and five parameters mentioned
above. In addition, TOC is employed as an advantage to ensure the COD result analysis
and can be used to investigate the phenomenon of change or removal of organic matter
contained in wastewater that occurs in both reactors.

1.2.  Dissertation objectives

This study aims to simultaneously discover high-performance factors affecting MFCs
in organic removal and power generation through AC-SCMFC and DAC-DCMFC. Five
sub-objectives have been formulated to obtain the goal mentioned above:

1. To determine the optimum RT through an AC-SCMFC batch-mode reactor by
comparing different types and concentrations of substrates based on the main
parameters of organic removal and power generation.

2. To investigate the regressors and their operating parameters affecting the double
anode chamber—designed dual-chamber microbial fuel cell (DAC-DCMFC)
performance.

3. Torecommend the optimal substrate types and concentration through performing AC-
SCMEFC for optimizing the performance of MFCs.

4. To suggest the optimal OLR of sucrose-based synthetic wastewater and reactor type
through performing DAC-DCMFC.

5. To elaborate more on the policy recommendations to policymakers for the
investigated bloc of both AC-SCMFC and DAC-DCMEFC studies.

1.3.  Structure of the dissertation
This dissertation is divided into five chapters and listed as follows:

e Chapter | states the rationale and background, objectives, and structure of the
dissertation.

e Chapter II explores the extensive background of the theories, methods, and summary
of previous studies.



e Chapter III determines the optimum RT through an AC-SCMFC batch-mode reactor
by comparing different types and concentrations of substrates based on the main
parameters of organic removal and power generation.

e Chapter IV evaluates the regressors and their operating parameters affecting the
double anode chamber—designed dual-chamber microbial fuel cell (DAC-DCMFC)
performance.

e Chapter V recapitulates the study results and offers suggestions for future studies.
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CHAPTER 1T
LITERATURE REVIEWS

2.1.  Supply and Demand
2.1.1. Energy

Nowadays, the energy demand has become unbalanced compared to the energy
supply. Gan et al. (2020) reported that world energy consumption has indicated large
differences and imbalances and has a substantial correlation between the growth of socio-
economic and the consumption of electricity per capita. Energy supply mostly comes
from non-renewable energy, such as oil, coal, natural gas, etc. Khan et al. (2021) conclude
that non-renewable energy takes a large proportion in utilization in developing countries
to promote their economic growth. On the other hand, their capacity is limited due to high
requests in some countries. Around 70% of energy supply comes from non-renewable
sources, and 30% of them are from renewable sources. [EA (2021) noticed that the
primary energy demand originates from oil, coal, gas, nuclear, and renewables, in which
China has higher demand than India, the United States, the European Union, and the total
world, as depicted in Figure 2.1. The third biggest demand is oil, coal, and renewables.
Only the European Union has the biggest demand for nuclear besides renewables.
Interestingly, they report that renewable energy has been used as the main energy source,
which means it occupies the same proportion as non-renewable energy needs.

Figure 2.1 Change of primary energy demand by region and by fuel in 2021 relative to 2019.
Credited to IEA (2021).

Many countries, especially developing countries, compete for renewable energy
resources from many locations, but there are several constraints on developing them on a
practical level. As reported, the use of renewable energy climbed up to 3% in 2020 as
demand in which other energy sources declined (IEA 2021). Several renewable energy
sources are described in Figure 2.2. Biomass, one of the renewables, is an abundant
energy source provided by nature (Cuong et al. 2021; Zhao et al. 2021) and is rich in



carbon and nutrients, which can be used for direct energy generation, although they
produce lower energy than other renewable energy sources (Wu et al. 2018; Leger et al.
2021). Most countries, particularly developing countries, use less than 10% of total
biomass energy sources annually (IEA 2021). Findings show that they are more
environmentally friendly in terms of reaching environmental sustainability targets,
particularly concerning energy-development investments in collaboration with private
partners (Bekun 2022). The basic framework for balancing supply and demand in energy,
particularly in renewable energy, is depicted in Figure 2.3. Hence, the development of
renewable energy converters into several products, such as electricity, heat, etc., is
emerging in order to fulfil the energy demand worldwide.

Figure 2.2 Renewables energy. Adopted elsewhere.

Biomass (}:{ Wastewater

Figure 2.3 Basic framework for balancing supply and demand in energy. Adopted from Gan et
al. (2020).




2.1.2. Water

Like energy demand, water plays a key important role in humankind. Water is used
for any purpose for human activities or anthropogenic. Likewise, Jilito et al. (2020)
mentioned that water plays a critical role to improve food security and livelihoods of rural
communities. Therefore, water availability, both in quality and quantity, especially clean
water and drinking water, must be ready at any time. Bain, Johnston, and Slaymaker
(2020) mentioned that the sustainable development goals (SDGs) include ambitious
global targets for drinking water, sanitation, and hygiene. Currently, we found that the
two aspects are gradually declining year by year due to climate change and human
behaviour. The cause is occurred mostly happens due to human activities. Like climate
change, not only it happen naturally, but also human intervention impacts environmental
degradation.

Water pollution is mainly caused by some accidental substances entering the water
and impacting the quality. In addition, Qadri et al. (2020) noticed that water pollution is
a pressing environmental concern due to ever-increasing anthropogenic pressures. The
unexpected substances could be originated from organic, heavy metals, salt, radioactive,
and microbiology matters. Surprisingly, anthropogenic substances, such as
pharmaceuticals or antibiotics and some related ones, of substantial concern affecting
aquatic ecosystems, appear in wastewater (Moslah et al. 2018; Ikonen et al. 2021).
However, the primary cause is their concentrations exceeding the national or international
standard. Therefore, the polluted water should be recovered by using appropriate

technology.

Water

Wastewater

Electricity
Figure 2.4 Wastewater converted into renewable energy

In accordance with the waste-to-energy concept; thus, water pollution could be used
as a source of essential matter, like carbon, nutrients, and other trace elements, as
described in Figure 2.4. This study promotes the use of organic matter containing water
pollution to be utilized as one of the unexpected biomass abundantly in many countries
correlated with high population density. Duijn et al. (2019) noticed that community-based
initiatives are emerging in many domains, such as care, sustainable energy and water
management. Therefore, water pollution as wastewater is used to generate electricity as



green energy and, at the same time, minimize unexpected substances through the basic
concept of wastewater treatment.

2.2. Water-Energy-Food (WEF) Security Approach

Population plays a vital role in anthropogenic sectors, such as energy, food, water, etc.
Water-energy-food becomes a security nexus concept pertaining to one another that can
able to affect one or both of the other areas. A substantial relation among them creates
highly correlated sectors in which water, energy, and food are utilized and needed for
extraction, processing, transporting, and distributing, respectively, and employed for
treating water and growing plants for food. Nexus security principles related to the water-
energy-food security approach are depicted in Figure 2.5. In addition, water and energy
security are defined in the Millennium Development Goals (MDGs), and currently, it is
mentioned in the Sustainable Development Goals (SDGs) (de Jong and Vijge 2021);
meanwhile, food security is established by the Food and Agriculture Organization (FAQO)
(OECD/FAO 2016). As they become an important factor in their functioning and
worldwide agreement, an appropriate method approach to implementation should be
required to support their performance in many countries.

* Access
« Safety Contribute of
* Affordability this study

* Availability
* Accessibility
* Affordability
 Acceptability
* Applicability
+ Adaptability

Energy

* Availability
* Access

« Utilization
* Stability

Figure 2.5 Nexus security principles. Adopted from Fetanat et al. (2021).
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Specifically, water and energy as the focus of this study, energy and water have grown
to be the centre of the world’s attention, particularly for sustainable development. Energy
and water support human and living things’ activities to produce their demand (H.
Samudro and Mangkoedihardjo 2021; G. Samudro and Mangkoedihardjo 2020; Syvitski
et al. 2020). Hence, energy and water cannot be separated due to their synergism creating
significant economic and ecological benefits. Regarding the benefits of water utilization
in society, the integrated energy source with water is described in Figure 2.6.

|
I

Society

|

Technology

L
.

=
L}
3

Water

Figure 2.6 Integrated energy source with water utilization that benefits the community

Nowadays, the nexus approach has been applied to several methods of environmental
recovery technology. For water recovery, the optional wastewater treatment technology
can be nominated by using a comprehensive decision-making framework under an
intuitionistic fuzzy environment (Fetanat, Tayebi, and Mofid 2021). In addition, other
methods have been proposed in many references, i.e., innovation by coupling LNG cold
energy with HyDesal in order to strengthen the water-energy nexus (Babu et al. 2018),
desalinating high-salinity waters using low-grade or waste heat in membrane distillation
(MD) (Deshmukh et al. 2018), two-stage microbial degradation process in which both the
production of keratinolytic enzymes and hydrolysis of keratinous waste (Udugama et al.
2020), etc.
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Figure 2.7 The concept of MFC’s contribution to nexus implementation. Adopted from
elsewhere.

This study implements microbial fuel cells (MFCs) that support the nexus of the
water-energy security approach as described in Figure 2.7; however, some limitations
open the opportunity to be developed in the future. The main boundary of MFCs is their
sustainable application on a large scale due to a well-known new method in the integrated
wastewater for recovery and power production. Abdullah et al. (2019) criticize that MFC
technology is still largely stuck in laboratory experiments studying its performance and
potential for improvement. On the other hand, MFCs for power generation cannot be
utopian as long as they are integrated into the structure of a central wastewater treatment
plant (Tsekouras et al. 2022). However, the development of MFCs attracts many scientists
worldwide to compete in finding the appropriate method, including electrode materials
that are the most influential factor besides electroactive bacteria (EAB), for the full-scale
purpose. Hence, MFCs can be classified as the most considered technology in supporting
the implementation of the WEF nexus, particularly the water-energy security nexus.

2.3. Wastewater Treatment

Wastewater means polluted water containing high organic and inorganic substances
that exceed national and or international standards. Wastewater can be divided into two-
general types, which domestic and industrial wastewater. Domestic wastewater mainly
originates from public or private houses and small-scale trade houses, whereas industrial
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wastewater primarily comes from mid to large-scale houses and industry regions.
Regarding the wastewater characteristics, both domestic and industrial wastewater
contributes to the extended range concentration of organic substances; likewise, they
augment a part of inorganic substances even in short-range concentration that is mainly
classified as toxic matter. Organic substrate concentrations are primarily defined as low
(250-750 mgCOD/L), medium (>750-2250 mgCOD/L), and high (>2250 mg COD/L)
strength levels (COD: chemical oxygen demand) (Stoll, Dolfing, and Xu 2018). They
further explained that a COD concentration of more than 2,250 mg/I is categorized as
high-strength wastewater, including industrial waste such as brewery and food processing
wastewater. Whereas COD concentration lower than 2,250 mg/1 is classified as medium
and low-strength wastewater, including various domestic wastewater. Hence, their
concentration range was used as a benchmark for this study in order to contribute to
similar conditions. Meanwhile, the inorganic substrate concentrations are defined as an
experiment limitation since microbial utilization is highly influenced by inorganic
substances, heavy metals and salt, even in a small amount of concentrations.

Wastewater treatment aims to remove or even minimize a part of substance contents
using natural and engineered methods to deal with the national and or international
effluent standards before discharging to the environment. Furthermore, wastewater
treatment primarily reduces organic and inorganic substances producing by-products that
contribute to a multi-dimensional environment; however, some drawbacks occur when
the by-products are only moved from the initial medium to other mediums without any
other values. Hence, advanced wastewater treatment has been recently developed to meet
the requirements. For example, modifying wastewater treatments with an energy
converter in which they are not only removing organic and inorganic substances but also
producing bioenergy. They are well-known as Anaerobic Digestion (AD), Up-flow
Anaerobic Sludge Blanket (UASB) and An-aerobic Baffled Reactor (ABR), which are
able to generate biogas (Fetanat, Tayebi, and Mofid 2021), and Microbial Fuel Cell
(MFC), which is able to produce electricity directly (Fetanat, Tayebi, and Mofid 2021),
and a small amount of biogas and water. Therefore, MFC is focused on this study for the
reasons mentioned above. Even though MFC was not able to generate a large amount of
biogas, it can be overcome to generate electricity directly without additional converters
and simultaneously reduce the high-medium strength level of organic matter contained in
the wastewater.

2.4. Microbial Fuel Cells (MFCs)
2.4.1. General

MFCs are a part of bioelectrochemical systems (BESs), which can convert chemical
energy from organic matter, ranging from complex to simple biomass, into electrical
energy, hydrogen, methane, and other valuable products. Enzymatic fuel cells (EFCs)
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gathered with MFCs become a major part of BES. Likewise, MFCs are classified in other
BES applications, which are microbial electrochemical cells (MECs), microbial
desalination cells (MDCs), and microbial solar cells (MSCs) (Pant et al. 2012). Therefore,
the term MFC is appropriately used to elucidate this study in order to simplify the
comprehensive understanding, as depicted in Figure 2.8.

MFCs <:II Current study

MDCs

Figure 2.8 Bioelectrochemical systems (BESs) in the application. A figure is adopted from
(Geppert et al. 2016).

2.4.2. Basic principle of MFC

MFC, an emerging technology nowadays, has the possibility to convert organic
substances releasing chemical energy to direct electricity involving electroactive bacteria
(EAB) as biocatalysts. The MFC is emerging as a versatile renewable energy technology
because of its multidimensional applications (Kumar et al. 2018). In addition, MFCs have
the potential for organic and inorganic waste treatment concomitant with power
generation (Tan et al. 2021). Likewise, MFCs have attracted considerable attention due
to their versatility in their applications in wastewater treatment, power generation, toxic
pollutant removal, environmental monitoring sensors, and more (Paucar and Sato 2021).
Furthermore, MFCs are preferred because they are clean, safe, economically viable, and
environmentally beneficial technologies (Din et al. 2021). MFC consists of electrodes
(anode and cathode), inoculum, and substrate as anolyte in one chamber as a single
chamber microbial fuel cell (SCMFC). Whereas a double chamber microbial fuel cell
(DCMFC) consists of all components in SCMFC, assisted with separator and catholyte,
separated in two chambers.
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In Figure 2.9, MFCs carry out the organic substances, from complex or high strength
levels to single or low strength levels, converted to simple strength levels by involving
microorganisms as biocatalysts and generating electricity simultaneously. The anode
zone plays an important role in converting organic substances into carbon dioxide (CO3),
hydrogen ions (H") as protons, and electrons (¢°). The condition of the anode zone could
be either anoxic or obligate anaerobic. In addition, the main process of its zone is
oxidation which is hydrolysis. While the cathode zone is primarily a reduction process,
which changes the protons produced from the anode zone by combining oxygen into
water.

Figure 2.9 Schematics of the principle of a double-chambered MFC. Adopted from elsewhere.
A = Anode zone; C = Cathode zone.

The complete process can be represented as [1] and [2a & 2b] for sucrose, [3] and [4a
& 4b] for acetate, and [5] and [6a & 6b] for other complex or single substrates.

Sucrose

Anode half-cell reaction: C12H22011 + 13H20 --> 12CO; + 48¢e” + 48H" (1)
Cathode half-cell reaction: 120, + 48¢™ + 48H" --> 24H,0 (Acidic conditions) (2a)
Cathode half-cell reaction: 120, + 24H,0 + 48e™ --> 480H™ (Alkaline conditions) (2b)
Acetate

Anode half-cell reaction: C2H302Na + 2H,0 -->2CO, + Na* + 7e + 7H" (3)
Cathode half-cell reaction: 1.750, + 7¢” + 7TH" --> 3.5H,0 (Acidic conditions) (4a)
Cathode half-cell reaction: 1.7502 + 3.5H,0 + 7¢” --> 70H~ (Alkaline conditions)  (4b)

Other complex or single substrates

Anode half-cell reaction: CxH,O, + nH20O -->nCO; + ne” + nH" (5)
Cathode half-cell reaction: nO2 + ne” + nH" --> nH,O (Acidic conditions) (6a)
Cathode half-cell reaction: nO2 + nH>O + ne” -->nOH~ (Alkaline conditions) (6b)
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where x, y, and z are the number of atoms; n is the number of molecules. This study
utilizes sucrose and acetate in AC-SCMFC and sucrose in DAC-DCMFC. The difference
potential between anode and cathode stimulates electricity generation. Logan (2009)
described the potential of microbial fuel cells (MFCs) compared to reactors with defined
potentials in which bacteria contribute to provoking potential energy from 100 mV to 820
mV through the utilization of acetate as a substrate; furthermore, the presence of an anode
in the MFC contributes -200 mV, and at the same time, a cathode contributes 250 mV;
therefore, the potential energy (AE) is calculated as 450 mV which means the voltage
displayed on the data logger or multimeter. Compared to the electrochemical reactor, AE
is measured at 820 mV with an anode potential of 520 mV and an acetate potential of -
300 mV.

2.4.3. Microbes

The term microorganism in MFC is known as electroactive bacteria (EAB) or
exoelectrogenic bacteria (EEB) or electricigens or electrogenic bacteria (EB), or
electrotrophic microbial consortia (EMC), which can degrade organic substances,
produce electrons outside of their body structure, and subsequently transfer the electron
to an anode using their special nanowire. This study uses the EAB term to elucidate the
name of MFC bacteria. Not all EABs can transfer the electrons directly to an anode, but
some of them need a mediator, which has a function to favour bacteria transferring the
electrons chemically. Therefore, EAB can be divided into two kinds: EAB without a
mediator or mediatorless, and EAB with a mediator. General EABs, genus scale, utilized
in many MFC experiments are depicted in Figure 2.10.

Bacteroidetes,
Actinobacteria,
Spirochaetes

Figure 2.10 MFC bacteria. Reported elsewhere.
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Many EABs play a role in many types of MFC studies, which can be mainly divided
into Proteobacteria, Firmicutes, Acidobacteria, Bacilli, and Fungi, as reported elsewhere.
However, only Proteobacteria and Firmicutes are mostly available in anodic biofilm and
anolyte/substrate. The most well-known Proteobacteria genera are alfa-, beta-, gamma-,
and delta-Proteobacteria. In addition, gamma- and delta-Proteobacteria have been used
widely in such related areas, particularly Shewanella sp. and Geobacter sp., which utilize
iron as their electron acceptor. Whereas Acidobacteria, Bacilli, and Fungi rarely exist in
some MFC studies, they were still taken into account.

epsilon-
Proteobact
eria

EABs

Lactococcus laudensis, Schwartzia
succinivorans, Selenomonax lacticifex,
Clostridium polynesience, Clostridium

aurantibutyricum

Arcobacter butzleri,
Arcobacter lekhitochrous

. ()

Figure 2.11 The current study uses MFC bacteria from epsilon-Proteobacteria and Firmicutes as
a substrate-based mixed culture

This study revealed epsilon-Proteobacteria and Firmicutes, which are Arcobacter
butzleri and Arcobacter lekhitochrous, classified as epsilon-Proteobacteria, and
Lactococcus laudensis, Schwartzia succinivorans, Selenomonax lacticifex, Clostridium
polynesience, and Clostridium aurantibutyricum, identified as Firmicutes, as described in
Figure 2.11. A mixed culture with 90% of Arcobacter butzleri performed a maximal
power density of 296 mW/L (Fedorovich et al. 2009). In addition, the complete genome
of Arcobacter butzleri ED-1 and Arcobacter sp. Strain L, both were isolated and
characterized from the anode biofilm and the liquid phase of a microbial fuel cell,
respectively (Toh et al. 2011). Furthermore, the mixed culture consisting of microbial
consortia, Arcobacter, Aeromonas, Pseudomonas, Acinetobacter, Cloacibacterium, and
Shewanella sp., took performing in phenolic degradation of 41% and high current density
of 156 mA/m? (Hassan et al. 2018). Moreover, Szydlowski et al. (2020) found that
engineered Arcobacter butzleri known mutant Arcobacter butzleri, as a pure culture,
conditioned by acetate and lactate substrates, generated average current densities of 81-
82 mA/m?. Therefore, Arcobacter sp., particularly, can be exclusively classified as EAB.
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Similar to Arcobacter butzleri above mentioned that Arcobacter lekhitochrous has the
same function of electron-producing and transferring active bacteria (Fedorovich et al.
2009; Toh et al. 2011; Pereira-Medrano et al. 2013; Szydlowski et al. 2020). 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 "-proteobacteria. At the same time, Lactococcus laudensis,
Schwartzia succinivorans, and Selenomonas lacticifex are synergistic as a catalyst to
convert organic substances to electrons. Schwartzia sp. and Selemonas sp., specified as
anaerobic, Gram-negative, and non-spore-forming bacteria, are the most closely related
genera (Van Gylswyk, Hippe, and Rainey 1997). Lactococcus sp. is a Gram-positive
bacteria that utilize the soluble redox mediators taken by Gram-negative bacteria (Pham
et al. 2008; Rabaey et al. 2005). Since they are also characterized as a rare utilization in
many MFC studies; therefore, this study contributes to better insight into comprehending
the influence of epsilon-Proteobacteria and Firmicutes as a mixed culture on MFCs.

2.4.4. Microbial fuel cell designs

MEFC is principally designed in a simple way, scalable from bench scale to full scale,
easy to use, and at a lower cost. Koffi and Okabe (2020) noticed that MFCs should be
inexpensive, scalable, and watertight (withstand high water pressure) and produce good
effluent water quality (meet effluent standards so that there is no need for post-treatment)
and usable power. The basic designs of MFC consist of single, double, and stack/multiple
chambers. In detail, as depicted in Figure 2.12, Figure 2.13, Figure 2.14, Figure 2.15,
and Figure 2.16, Flimban et al. (2019) classify single, double, and stack chambers into
several types, which are single: with and without separators; double: common double
chamber, mini square-shaped compact flat plate MFC (FPMFC) called cubed chamber,
and upflow MFC (UMFC); and stack: bipolar electrode, horizontal, and vertical MFC
stacks. In addition, Rahimnejad, Asghary, and Fallah (2020) appended an H-shaped as
the MFC series complemented those mentioned above.

®
- Sge e 0d

—

5
N

Figure 2.12 DCMFC Figure 2.13 SCMFC
Credited to: Flimban et al. (2019). Credited to: Flimban et al. (2019).

18



Figure 2.14 Flat plate MFC (FPMFC) Figure 2.15 Upflow MFC (UMFC)
Credited to: Flimban et al. (2019). Credited to: Flimban et al. (2019).

Figure 2.16 H-shaped MFC Figure 2.17 Stacked MFC
Credited to: Flimban et al. (2019). Credited to: Zhang et al. (2017).

Currently, stacked MFCs, as described in Figure 2.17, perform high performance in
power generation compared to SCMFCs and DCMFCs; however, power overshoot occurs
in their application. This series is concerned with generating electricity rather than
increasing the organic removal either in large-scale MFC or in the integrated MFC-
wastewater treatment. Therefore, this research can be a bridge to resolve and contribute
to developing a multi-chamber MFC.

rom anode

Rext to right anode media bottle

concentrated

cathode air from right recirculation pump
Pt-carbon cloth

recirculation pump |1‘25 = "_ Z3Em —’
Figure 2.18 Dual anode chambered MFC Figure 2.19 Multi-chamber MFC
Credited to: Kim et al. (2011). Credited to: Samsudeen et al. (2015).
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Figure 2.12, Figure 2.17, Figure 2.18, and Figure 2.19 trigger this study,
comprehensively understanding the simultaneous performance of organic removal and
power generation.

Concerning this sub-sub chapter 2.4.4, thus observing the nearest references is
conducted in order to be a benchmark analysis in chapters Il and IV. Several papers
closely related to this research were observed carefully, starting from screening to
selecting articles related to the closest research. Considering to get easier understandable
related in this study, thus this literature review used artificial intelligence web-based
searches, which are connected papers (https://www.connectedpapers.com/) and research

rabbit (https://www.researchrabbit.ai/). The screening method is depicted in Figure 2.20,

Figure 2.21, and Table 2.1.

Figure 2.20 Network citations of dual anode chamber MFC by www.connectedpapers.com

Figure 2.20 above describes the interrelation of several articles with a similar object
in the study. In the example, this study focuses on the multi-chamber anode of MFC with
the keyword “dual anode chamber MFC”. The older article was published in 2005, and
the newest one was published in 2018. The exact article with the mentioned keyword was
studied by Kim et al., (2011), who cited the previous article with the biggest attention on
MFC investigated by Logan ef al. (2006). However, this figure is not clearly understood
due to more networking in the papers with a general study, not specific research.
Therefore, it needs other alternatives to describe the appropriate reports correlation.
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Furthermore, the other artificially intelligent web-based is performed through
research rabbit (www.researchrabbitapp.com), which generates a more crystal-clear
understood the papers related to this study. Figure 2.21 below-mentioned depicts the
focus study in dual anode chamber MFC; thus, it is used for further literature review

analysis.

Figure 2.21 Network citations of dual anode chamber MFC by www.researchrabbitapp.com

Table 2.1 Screening method for literature review through artificial intelligence web-based with
the main keyword of dual anode chamber MFC

Type of
Cat Ref T f MFC
ategory eference reference ype o s
Closely An analysis of the performance of an Research Multi-chamber
related anaerobic dual anode-chambered anode DCMFCs
microbial fuel cell (Kim et al., 2011)
Performance investigation of multi- Research Multi-chamber
chamber microbial fuel cell: An anode DCMFCs
alternative approach for scale-up
system (Samsudeen ef al., 2015)
Enhancement of power generation Research Multi-chamber
and organic removal in double anode DCMFCs

anode chamber designed dual-
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Type of

Ref T f MF
Category eference reference ype o Cs
chamber microbial fuel cell
(Samudro, Imai and Hung, 2021)
No closely Optimizing the electrode size and Research Membrane-less
related but arrangement in a  microbial flat-plate
referenced electrolysis cell (Gil-Carrera et al., microbial
2011) electrolysis  cell
(MEC)
Iron tetrasulfophthalocyanine Research Dual-chamber
functionalized graphene as a microbial fuel
platinum-free cathodic catalyst for cells
efficient oxygen reduction in
microbial fuel cells (Zhang et al.,
2012)
Bioelectricity production using a Research Dual-chamber
new electrode in a microbial fuel cell microbial fuel
(Ozkaya et al., 2012) cells
Microbial fuel cells-air-cathode Research Air-cathode
electrodes (Zhao et al., 2018) microbial fuel
cells
A dual-chambered microbial fuel Research Dual-chamber
cell with Ti/nano-TiO2/Pd nano- microbial fuel
structure cathode (Hosseini and cells
Ahadzadeh, 2012)
Bioelectricity generation in Research Dual-chamber
continuously-fed microbial fuel cell: microbial fuel
Effects of anode electrode material cells
and hydraulic retention time
(Akman et al., 2013)
Optimization of  bioelectricity Research Dual-chamber
generation in fed-batch microbial microbial fuel
fuel cell: effect of electrode material, cells
initial substrate concentration, and
cycle time (Cirik, 2014)
Biocathode application in microbial Research Dual-chamber

fuel cells: Organic matter removal
and denitrification (Kizilet et al.,
2015)
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Category

Reference

Type of

Effective factors on the performance
of microbial fuel cells in wastewater
treatment:a review (Aghababaie et
al.,2015)

Comprehensive evaluation of two
different inoculums in MFC with a
new tin-coated copper mesh anode
electrode for producing electricity
from a cottonseed oil industry
effluent (Taskan, Ozkaya and Hasar,
2015)

Investigating bacterial community
changes and organic substrate
degradation in microbial fuel cells
operating on real human urine
(Barbosa et al., 2017)

Performance  improvement  of
microbial fuel cells for wastewater
treatment along with value addition:
A review on past achievements and
recent perspectives (Choudhury et
al.,2017)

Bio energy production using carbon
based electrodes in double and
single chamber microbial fuel cells:
A review (Singh, 2018)

Modelling the influence of substrate
concentration, anode electrode
surface area and external resistance
in a start-up on the performance of
microbial fuel cell (Karamzadeh et
al., 2020)

An overview of microbial fuel cell
usage in wastewater treatment,
resource recovery and energy
production (Munoz-Cupa et al.,
2021)
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T f MF

reference ypeo Cs

Review paper

Research Dual-chamber
microbial fuel
cells

Research Parallel dual-
chamber

microbial fuel

cells
Review paper
Review paper
Research Single chamber

microbial fuel
cell

Review paper



Type of

Category Reference reference Type of MFCs
Microbial fuel cells for bioelectricity Review paper
production  from  waste as
sustainable prospect of future energy
sector (Hoang et al., 2022)
Influence of electrode spacing and Research Single chamber
fed-batch  operation on  the microbial fuel
maximum performance trend of a cell

soil microbial fuel cell (Simeon and
Freitag, 2022)

Microbial fuel cells, a renewable Review paper
energy technology for bio-electricity

generation: A mini-review (Obileke

etal.,2021)

From Table 2.1 above-mentioned, then, the screening method for the literature review
is focused on Kim et al., (2011) afterwards. In addition, the closely related category shows
100% of the research paper type; whereas no closely related category offers 67% of the
research paper type in which the review paper notices 33%. This study has had great
attention in the MFC research development until now and has been supported by the
review paper on MFC improvement.

Figure 2.22 Network citations of dual anode chamber MFC by www.researchrabbitapp.com
focused on Kim et al. (2011)
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Table 2.2 Screening method for literature review through artificial intelligence web-based with
the main keyword of dual anode chamber MFC following the study of Kim ef al. (2011)

Type of
Cat Ref T f MFC
ategory eference reference ype 0 s
Closely An analysis of the performance ofan Research Multi-chamber
related anaerobic dual anode-chambered anode DCMFCs
microbial fuel cell (Kim et al., 2011)
Performance investigation of multi- Research Multi-chamber
chamber microbial fuel cell: An anode DCMFCs
alternative approach for scale up
system (Samsudeen et al., 2015)
Enhancement of power generation Research Multi-chamber
and organic removal in double anode DCMFCs
anode chamber designed dual-
chamber microbial fuel cell
(Samudro, Imai and Hung, 2021)
No closely Advanced nanomaterials for the Research Unknown
related but design and construction of anode for
referenced microbial fuel cell (Bai, Zhou and
Gu, 2016)
Performance of pilot scale plug flow Research Air-cathode
microbial fuel cell for sustainable multi-electrode
wastewater treatment and energy single  chamber
recovery (Dimou, 2017) microbial fuel
cell
Comparison of spacer-less and Research Stack microbial

spacer-filled reverse electrodialysis
(Kwon et al., 2017)

Microbial ~ fuel cells: recent
developments in design and
materials (Bhargavi, Venu and
Renganathan, 2018)

PEM-less microbial fuel cells

(Tamakloe, 2018)

Performance of cobalt oxide/carbon
cloth composite electrode in energy
generation from dairy wastewater
fuel  cells

using  microbial

Review paper

Book chapter

Research

fuel cell

Dual-chamber
microbial fuel

cell
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T f
Category Reference ypeo Type of MFCs

reference

(Veeramani, Rajangam and
Nagendran, 2020)

Insights into the development of Review paper
microbial fuel cells for generating

biohydrogen, bioelectricity, and

treating wastewater (Ahmed et al.,

2022)

Scale-up of bioelectrochemical Review paper
systems: stacking strategies and the
road ahead (Parkhey, 2022)

Impact of wastewater volume on Research Multi-electrode
cathode environment of the multi- dual chamber
anode shared cathode and standard microbial  fuel
single anode/cathode microbial fuel cell

cells (Opoku et al., 2022)

Metabolic engineering and synthetic Book chapter
biology key players for improving

efficacy of microbial fuel cell

technology (Ghosh et al., 2022)

Considering the focus study of Kim et al. (2011) and Samsudeen et al. (2015), this
study is compared to know their differences for depth analysis purposes. Their
comparison is shown in Table 2.3.

In addition, the closely related category shows 100% of the research paper type;
whereas no closely related category offers 50% of the research paper type in which the
review papers and book chapters notice 33% and 17%, respectively. Similar to the first
screening, this study provides close attention to MFC improvement.

Table 2.3 Comparison between this study with the most related-found reference

) (Samsudeen et al., (Samudro, Imai and
Fact Kim et al., 2011
actors (Kim et al., 2011) 2015) Hung, 2021)
Design and Incorporating two Consisted of four Separated anode
configuration anode chambers anodes and a cathode ~ chambers into two

flanking a shared air ~ chamber separated by  parts in a dual anode
cathode chamber a PEM
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Factors

(Kim et al., 2011)

(Samsudeen et al.,

(Samudro, Imai and

2015) Hung, 2021)
chamber microbial
fuel cell

The working I5mL @ 2 units of 210 mL @ 4 units of 500 mL @ 2 units of

volume (mL)
Retention time
Mode

Components

Recommendations

Focused
performance

Achievements

anodic chamber
6.2 min
Continuous

Anode:

Graphite rod (d =
0.6 cm, h=>5 cm)

Cathode:

The Pt-impregnated
cathodes (d = 0.6
cm, h=5 cm)

* The feed flow rate
=5 ml/min

* Lactate
concentration = 10
mmol/L

Power generation,
lactate removal

Power generation:

anodic chamber

Batch

Anode:

Plain graphite flat
plates (4 x 6) cm

Cathode: (4 x 6) cm

* Flat plate
* Cylinder
* Shaped graphite

* The distillery
wastewater
concentration =
8720 mg COD/L

* Catholyte
concentration = 100
mM

Power generation

Power generation:

anodic chamber
24 h
Fed-batch

Anode:

GNPs-SSM 30 mesh
(4.9 x 4.9) cm

Cathode: (4.9 x 4.9)
cm

* GNPs:PTFE-SSM
30 mesh

* GNPs:PU-SSM 30
mesh

* Medium OLR
achieved the
maximum organic
removal ranging
from 60% to 80%

* The second anode
chamber achieved
higher performance
in power
production

* The type 3 reactor
provides a better
performance

Power generation,
COD removal

Power generation:

« PD = 866 mW/m’
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(Samsudeen et al., (Samudro, Imai and

Fact Ki ., 2011
actors (Kim et al., 2011) 2015) Hung, 2021)
- PD =24 W/m’ +PD=1354mW/m” +PD=5.15W/m’
(458 mW/m") (1.6 W/m) COD removal:
"I=le9mAft  .CD-368mAM’  CODrmax=60-
100€2) COD removal: 80% (in 1 d)
Lactate removal:
' No identified
CHO,r=55% (in jpformation

1d)

Table 2.3 shows a similar configuration using more than one anode chamber
connected to one cathode chamber; however, the position of the anode chamber to the
cathode chamber was different. The working volume, retention time, mode, and
component also indicated differences. Nevertheless, the focused performance has quite
similar between Kim ef a/. (2011) and Samudro, Imai and Hung (2021) for simultaneous
performance achievements. Power generation in surface power density of Samudro, Imai
and Hung (2021) study was noticed better compared to Kim et al. (2011) and Samsudeen
et al. (2015); but, in the volumetric power density of Kim et al. (2011) study showed
better than Samsudeen ef al. (2015) and Samudro, Imai and Hung (2021). Furthermore,
Samudro, Imai and Hung (2021) study on organic removal outperformed rather than Kim
etal. (2011) study. Samsudeen et al. (2015) study used batch mode in their operation, and
there was no information about organic removal as well. In surface power density,
Samudro, Imai and Hung (2021) study achieved 1.9 times that of Kim ez al. (2011) with
a similar operation mode. On the other hand, the volumetric power density of Kim et al.
(2011) study reached 4.7 times that of Samudro, G. et al. (2021). Due to many references
based on the surface power density for power generation; hence, surface power density is
used as the main reference of power generation.

2.4.5. Factors affecting microbial fuel cells

Several factors, which are electrode material, substrate, membrane, microbes, applied
voltage, microbial inoculation, physico-chemical characteristics of electrodes, organic
loading rate (OLR), and hydraulic retention time (HRT), influence the performance of
MEFC. Saravanan et al. (2020) classified the factors affecting of MFCs into two factors
which are operational parameters and effective factors. In detail, the operational
parameters consist of applied voltage, microbial inoculation, physico-chemical
characteristics of electrodes, OLR, and HRT; meanwhile, the effective factors consist of
electrode material, substrate, membrane, and microbes. Moreover, Samudro, Imai, and
Hung (2021) mentioned the factors affected MFC performance, such as parameters’
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control (pH, and temperature) (Igboamalu et al. 2019), anolyte (Potrykus et al. 2021),
catholyte (Lawson et al. 2020; Rossi and Logan 2020; Waheeb and Al-Alalawy 2020;
Gajda et al. 2020), inoculum (Nath and Ghangrekar 2020; Ren et al. 2021), anode (Rajesh,
Noori, and Ghangrekar 2020; Jingyu et al. 2020), cathode (Chakraborty et al. 2020; Aysla
Costa De Oliveira et al. 2020), electrode spacing (You, Greenman, and Ieropoulos 2018;
Singh and Kaushik 2021), separator (Flimban et al. 2020; Shabani et al. 2020), flowrate
(Ieropoulos, Winfield, and Greenman 2010; Krieg et al. 2018), retention time (Santos,
Barros, and Linares 2017), wiring system (Tominaga, Ototani, and Darmawan 2020),
design/construction (Miller et al. 2019), and configuration (Aelterman et al. 2006;
Clauwaert et al. 2008; Nandy and Kundu 2018). Therefore, the main effects of MFC can
be generally defined: electrode material (anode and cathode), anolyte as substrate,
inoculum, and separator, as the effective factors, and retention time as the operational
parameters.

In this study, the primary factors are considered by using substrate and retention time
as the independent variables. As reported elsewhere, substrate, either their type or their
concentration, has a significant correlation between organic removal and power
generation; meanwhile, retention time (RT) is a critical factor in designing the appropriate
volume of MFC and substantially correlating in the process, i.e., kinetics, of the substrate.
Therefore, the selection of the independent variables is mainly based on the significance
of the variables, particularly in organic removal and power generation. Whereas the
electrode material, inoculum, and separator are used as the dependent variables. Two
types of saccharides consisting of monosaccharides (acetate), which are represented as
highly oxidized, and disaccharides (sucrose), and are defined as oxidizable, are utilized
because they are extensively used in various types of MFC studies and can be represented
as part of real wastewater that can be treated properly (G. Samudro, Imai, and Reungsang
2022). On the other hand, RT plays an important role to be used in designing the MFC
afterwards. It is described and concluded in Figure 2.23 and Figure 2.24.

Figure 2.23 Organic removal performance of various MFC types. Reported elsewhere.
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Figure 2.24 Power generation performance of various MFC types. Reported elsewhere.

Figure 2.23 and Figure 2.24 above are collected by grouping three types of MFC:
SCMFC, DCMFC, and stack MFC, and various substrate types and concentrations. Based
on the literature review, RT of more than 24 h was better in organic removal; meanwhile,
it was worse in power generation. Therefore, the appropriate RT must be determined in
advance in order to obtain optimal MFC performance both in organic removal and power
generation. In this study, the optimum RT with the difference in substrate types and
concentrations is determined through performing AC-SCMFC, and subsequently, the RT
is used to design DAC-DCMFC to achieve high performance.

2.4.6. Applications of microbial fuel cells

Contribution
of this study

Figure 2.25 Several MFC applications. As reported elsewhere.
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Currently, MFC has been developed for integrating wastewater treatment and power
harvesting simultaneously and for other particular purposes in environmental monitoring
as a biosensor and biohydrogen production. Regarding MFC applications are described
in Figure 2.25. Goswami and Mishra (2017) mentioned that MFCs could be used for
biosensors, wastewater treatment, and biohydrogen production. As a biosensor MFC,
Tardy et al. (2021) noticed that MFCs could be used as automatic on-site BOD sensors
for real wastewater samples. Whereas for biohydrogen production, MFC is assisted with
a biohydrogen reactor to increase energy yield using raw cheese whey as a substrate
(Wenzel et al. 2017). Some different principles appear pertaining to their goals: producing
simultaneous organic removal and power generation and biosensors; thus, an anode
chamber should be set either in anaerobic or anoxic conditions and keep the cathode
chamber in aerobic conditions. For biohydrogen purposes, the cathode condition is
designated as an obligate anacrobic. However, some limitations exist in the context of
practical wastewater treatment due to a lack of insight into adjusting the factors that affect
MEFC.

2.4.77. Limitations

Dependent variable

Dependent
variable

<j:|| Study focus

Figure 2.26 Primary MFC’s limitations

Findings from 2017-2022 show that the limitations of MFC occur due to several
factors, such as anode and cathode materials, heavy metals, cost, scaling up for the
application, power output, parts and materials, substrate type, methods, remedial
achievement, aromatic hydrocarbon, oil and grease, sludge, biosensor, anode surface,
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catalyst, and commercial aspect. In addition, anode and cathode materials, heavy metals,
power output, scaling up for the application, and cost have been concerned as the main
limitations, as depicted in Figure 2.26. Whereas the other factor's limitations could be
developed in further research. Therefore, the emerging concerned aspect in this study was
focused on scaling up for the application. Since it has been a point of view in many studies
according to match the realization of MFC in the field, which should be efficient and
effective, particularly in terms of design and cost.

2.5. Air-Cathode Single-Chamber MFC (AC-SCMFC) for the Determination of
the Substantial Factors

120; + 24H,0 + 48e” > 480H"
1.7502 + 3.5H,0 + 7e" > 70H"

Figure 2.27 The basic design concept of the current experiment in AC-SCMFC

Electrode (anode and cathode), separator, microbial community, substrate (type and
concentration/loading) as anolyte, catholyte, and operating mode, found in many
references, are the critical point of factors affecting the MFCs' performance. Some of
them, the anode, microbial community, substrate, and operating mode, are very influential.
However, the determination of their best and optimum condition is still incomprehensible.
There are many different methods with different results, even under the same situation.
Therefore, relevant results, even closely, are highly expected by using the suited method.
AC-SCMFC has become appropriately used to identify and know the optimum condition,
even using different techniques. A new approach employed in the batch process in MFC
studies could make it easier to obtain the optimum RT (Thompson, Runge, and Dunne
2019; von Sperling, Verbyla, and Oliveira 2020). The batch process is easier to explain
the significant patterns depicted in the substrate consumption behaviour as a function of
time by microorganisms. In detail, the comprehensive explanation is shown in Chapter
111 about the determination of optimum retention time in an air—cathode single chamber
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microbial fuel cell batch-mode reactor by comparing different substrate types and
concentrations, which is published in Process Safety and Environmental Protection
journal (https://www.sciencedirect.com/science/article/pii/S0957582022003305). G.
Samudro, Imai, and Reungsang (2022) briefly figured out the conceptualization in Figure
2.27 and Figure 2.28.

sSucrose

Acetate

Figure 2.28 The concept of determination of optimum retention time represented of this study
using AC-SCMFC

2.6. Integrated MFCs for Wastewater Treatment (MFC-WWT)

H.O

C

1202 + 24H20 + 48e” > 480H"

PEM

Figure 2.29 The basic design concept of the current experiment in DAC-DCMFC

One of the interesting schemes is treating the wastewater containing a high organic
loading in Anaerobic Digester (AD); subsequently, a low organic loading output of AD
is treated by a stack MFC system or bioelectrochemical-assisted microbial reactor
(BEAMR) to produce a very low organic loading complying the water effluent standard
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and high-power production at the end of treatment (Aelterman et al. 2006; Clauwaert et
al. 2008). Hence, this study is structured more closely with the integrated MFC-WWT in
which the first anode chamber has the same function as wastewater treatment and the
second anode chamber has the function of transferring abundantly generated electrons
from the first anode chamber, although the process is similar to the first anode chamber.
In detail, the complete explanation is shown in Chapter IV about Enhancement of Power
Generation and Organic Removal in Double Anode Chamber Designed Dual-Chamber
Microbial Fuel Cell (DAC-DCMFC), which is published in WATER MDPI journal
(https:// www.mdpi.com/2073-4441/13/21/2941).

G. Samudro, Imai, and Hung (2021) briefly figured out the conceptualization in
Figure 2.29 and Figure 2.30.

Figure 2.30 The concept of wastewater treatment integrated MFCs represented of this study
using DAC-DCMFC

References

Aelterman, Peter, Korneel Rabaey, Peter Clauwert, and Willy Verstraete. 2006.
“Microbial Fuel Cells for Wastewater Treatment.” Biotechnologies and Biomimetics for
Civil Engineering 54 (8): 9-15. https://doi.org/10.1007/978-3-319-09287-4 18.

Aghababaie, M. ef al. (2015) ‘Effective factors on the performance of microbial fuel cells
in wastewater treatment—a review’, Environmental Technology Reviews, 4(1), pp. 71-89.

34



doi: 10.1080/09593330.2015.1077896.

Ahmed, S. F. et al. (2022) ‘Insights into the development of microbial fuel cells for

generating biohydrogen, bioelectricity, and treating wastewater’, Energy, 254(124163),
pp. 1-24. doi: 10.1016/j.energy.2022.124163.

Akman, D. et al. (2013) ‘Bioelectricity generation in continuously-fed microbial fuel cell:
Effects of anode electrode material and hydraulic retention time’, Bioresource
Technology. Elsevier Ltd, 149, pp. 459—464. doi: 10.1016/j.biortech.2013.09.102.

Aysla Costa De Oliveira, Maida, Alessandra D’Epifanio, Hitoshi Ohnuki, and Barbara
Mecheri. 2020. “Platinum Group Metal-Free Catalysts for Oxygen Reduction Reaction:
Applications in  Microbial ~ Fuel  Cells.”  Catalysts 10 (5): 1-21.
https://doi.org/10.3390/catal 10050475.

Babu, Ponnivalavan, Abhishek Nambiar, Tianbiao He, Iftekhar A. Karimi, Ju Dong Lee,
Peter Englezos, and Praveen Linga. 2018. “A Review of Clathrate Hydrate Based
Desalination To Strengthen Energy — Water Nexus.” ACS Sustainable Chemistry and
Engineering 6 (7): 8093—8107. https://doi.org/10.1021/acssuschemeng.8b01616.

Bai, L., Zhou, M. and Gu, C. (2016) ‘Advanced nanomaterials for the design and
construction of anode for microbial fuel cells’, in Tiwari, A., Kuralay, F., and Uzun, L.
(eds) Advanced Electrode Materials. Scrivener Publishing LLC, pp. 457-483. doi:
10.1002/9781119242659.ch12.

Bain, Robert, Rick Johnston, and Tom Slaymaker. 2020. “Drinking Water Quality and
the SDGs.” Npj Clean Water 3 (37): 7-9. https://doi.org/10.1038/s41545-020-00085-z.

Barbosa, S. G. ef al. (2017) ‘Investigating bacterial community changes and organic
substrate degradation in microbial fuel cells operating on real human urine’,

Environmental Science: Water Research and Technology. Royal Society of Chemistry,
3(5), pp. 897-904. doi: 10.1039/c7ew00087a.

Bhargavi, G., Venu, V. and Renganathan, S. (2018) ‘Microbial fuel cells: Recent
developments in design and materials’, IOP Conference Series: Materials Science and
Engineering, 330(1), pp. 1-17. doi: 10.1088/1757-899X/330/1/012034.

Bekun, Festus Victor. 2022. “Mitigating Emissions in India: Accounting for the Role of
Real Income, Renewable Energy Consumption and Investment in Energy.” International
Journal of  Energy Economics and  Policy 12 (1): 188-92.
https://doi.org/10.32479/ijeep.12652.

Chakraborty, Indrajit, Sovik Das, B. K. Dubey, and M. M. Ghangrekar. 2020. “Novel
Low Cost Proton Exchange Membrane Made from Sulphonated Biochar for Application
in Microbial Fuel Cells.” Materials Chemistry and Physics 239 (April 2019): 122025.
https://doi.org/10.1016/j.matchemphys.2019.122025.

Choudhury, P. ef al. (2017) ‘Performance improvement of microbial fuel cells for waste

35



water treatment along with value addition: A review on past achievements and recent
perspectives’, Renewable and Sustainable Energy Reviews. Elsevier Ltd, 79, pp. 372-3809.
doi: 10.1016/j.rser.2017.05.098.

Cirik, K. (2014) ‘Optimization of bioelectricity generation in fed-batch microbial fuel
cell: Effect of electrode material, initial substrate concentration, and cycle time’, Applied
Biochemistry and Biotechnology, 173(1), pp. 205-214. doi: 10.1007/s12010-014-0834-1.

Clauwaert, Peter, Peter Aelterman, The Hai Pham, Liesje De Schamphelaire, Marta
Carballa, Korneel Rabaey, and Willy Verstraete. 2008. “Minimizing Losses in Bio-
Electrochemical Systems: The Road to Applications.” Applied Microbiology and
Biotechnology 79 (6): 901—13. https://doi.org/10.1007/s00253-008-1522-2.

Cuong, Tran Thien, Hoang Anh Le, Nguyen Manh Khai, Pham Anh Hung, Le Thuy Linh,
Nguyen Viet Thanh, Ngo Dang Tri, and Nguyen Xuan Huan. 2021. “Renewable Energy
from Biomass Surplus Resource: Potential of Power Generation from Rice Straw in
Vietnam.” Scientific Reports 11 (1): 1-10. https://doi.org/10.1038/s41598-020-80678-3.

Deshmukh, Akshay, Chanhee Boo, Vasiliki Karanikola, Shihong Lin, Anthony P Straub,
Tiezheng Tong, David M Warsinger, and Menachem Elimelech. 2018. “Membrane
Distillation at the Water-Energy Nexus: Limits , Opportunities, and Challenges.” Energy
& Environmental Science 11: 1177-96. https://doi.org/10.1039/c8ee00291f.

Dimou, O. (2017) Performance of Pilot Scale Plug Flow Microbial Fuel Cell for
Sustainable Wastewater Treatment and Energy Recovery. Heriot-Watt University
Institute.

Din, Muhammad Imran, Amna Ghulam Nabi, Zaib Hussain, Rida Khalid, Mahroosh Igbal,
Muhammad Arshad, Adnan Mujahid, and Tajamal Hussain. 2021. “Microbial Fuel
Cells—A Preferred Technology to Prevail Energy Crisis.” International Journal of
Energy Research 45 (6): 8370-88. https://doi.org/10.1002/er.6403.

Duijn, Michael, Arwin van Buuren, Jurian Edelenbos, Jitske van Popering-Verkerk, and
Ingmar Van Meerkerk. 2019. “Community-Based Initiatives in the Dutch Water Domain:
The Challenge of Double Helix Alignment.” International Journal of Water Resources
Development 35 (3): 383—403. https://doi.org/10.1080/07900627.2019.1575189.

Fedorovich, Viatcheslav, Matthew C. Knighton, Eulyn Pagaling, F. Bruce Ward, Andrew
Free, and Igor Goryanin. 2009. “Novel Electrochemically Active Bacterium
Phylogenetically Related to Arcobacter Butzleri, Isolated from a Microbial Fuel Cell.”
Applied and Environmental Microbiology 75 (23): 7326-34.
https://doi.org/10.1128/AEM.01345-09.

Fetanat, Abdolvahhab, Mohsen Tayebi, and Hossein Mofid. 2021. “Water-Energy-Food
Security Nexus Based Selection of Energy Recovery from Wastewater Treatment
Technologies: An Extended Decision Making Framework under Intuitionistic Fuzzy
Environment.” Sustainable Energy Technologies and Assessments 43 (100937): 1-18.

36



https://doi.org/10.1016/j.seta.2020.100937.

Flimban, Sami G.A., Sedky H.A. Hassan, Md Mukhlesur Rahman, and Sang Eun Oh.
2020. “The Effect of Nafion Membrane Fouling on the Power Generation of a Microbial
Fuel Cell.” International Journal of Hydrogen Energy 45 (25): 13643-51.
https://doi.org/10.1016/j.ijhydene.2018.02.097.

Flimban, Sami G.A., Igbal M.I. Ismail, Taeyoung Kim, and Sang-Eun Oh. 2019.
“Overview of Recent Advancements in the Microbial Fuel Cell from Fundamentals to

Applications: Design, Major Elements, and Scalability.” Energies 12 (3390): 1-20.
https://doi.org/10.3390/en12173390.

Gajda, Iwona, Oluwatosin Obata, John Greenman, and loannis A Ieropoulos. 2020.
“Electroosmotically Generated Disinfectant from Urine as a By- Product of Electricity in
Microbial Fuel Cell for the Inactivation of Pathogenic Species.” Scientific Reports 10
(5533): 1-10. https://doi.org/10.1038/s41598-020-60626-x.

Gan, Lu, Pengyan Jiang, Benjamin Lev, and Xiaoyang Zhou. 2020. “Balancing of Supply
and Demand of Renewable Energy Power System: A Review and Bibliometric Analysis.”
Sustainable Futures 2 (100013): 1-8. https://doi.org/10.1016/j.sftr.2020.100013.

Geppert, Florian, Dandan Liu, Mieke Van Eerten-jansen, Eckhard Weidner, Cees
Buisman, and Annemiek Heijne. 2016. “Bioelectrochemical Power-to-Gas: State of the
Art and Future Perspectives.” Trends in Biotechnology 34 (11): 879-94.
https://doi.org/10.1016/j.tibtech.2016.08.010.

Gil-Carrera, L. et al. (2011) ‘Optimizing the electrode size and arrangement in a microbial
electrolysis cell’, Bioresource Technology. Elsevier Ltd, 102(20), pp. 9593-9598. doi:
10.1016/j.biortech.2011.08.026.

Ghosh, D. et al. (2022) ‘Metabolic engineering and synthetic biology key players for
improving efficacy of microbial fuel cell technology’, Scaling Up of Microbial
Electrochemical Systems: From Reality to Scalability, Chapter 13, Elsevier Inc., pp. 217-
238. doi: 10.1016/B978-0-323-90765-1.00013-7.

Goswami, Rachna, and Vijay Kumar Mishra. 2017. “A Review of Design, Operational
Conditions and Applications of Microbial Fuel Cells.” Biofuels 9 (2): 203-20.
https://doi.org/10.1080/17597269.2017.1302682.

Gylswyk, N. O. Van, H. Hippe, and F. A. Rainey. 1997. “Schwartzia Succinivorans Gen.
Nov., Sp. Nov., Another Ruminal Bacterium Utilizing Succinate as the Sole Energy
Source.” International Journal of Systematic Bacteriology 47 (1): 155-59.
https://doi.org/10.1099/00207713-47-1-155.

Hassan, Huzairy, Bo Jin, Erica Donner, Sotirios Vasileiadis, Christopher Saint, and Sheng
Dai. 2018. “Microbial Community and Bioelectrochemical Activities in MFC for
Degrading Phenol and Producing Electricity: Microbial Consortia Could Make

37



Differences.” Chemical Engineering Journal 332: 647-57.
https://doi.org/10.1016/j.cej.2017.09.114.

Hoang, A. T. et al. (2022) ‘Microbial fuel cells for bioelectricity production from waste
as sustainable prospect of future energy sector’, Chemosphere, 287(132285), pp. 1-25.
doi: 10.1016/j.chemosphere.2021.132285.

Hosseini, M. G. and Ahadzadeh, 1. (2012) ‘A dual-chambered microbial fuel cell with
Ti/nano-Ti02/Pd nano-structure cathode’, Journal of Power Sources. Elsevier B.V, 220,
pp- 292-297. doi: 10.1016/j.jpowsour.2012.07.096.

IEA. 2021. Global Energy Review 2021. Global Energy Review 2020. iea.
https://iea.blob.core.windows.net/assets/d0031107-401d-4a2f-a48b-
9eed19457335/GlobalEnergyReview2021.pdf.

Ieropoulos, Ioannis, Jonathan Winfield, and John Greenman. 2010. “Effects of Flow-Rate,
Inoculum and Time on the Internal Resistance of Microbial Fuel Cells.” Bioresource
Technology 101 (10): 3520-25. https://doi.org/10.1016/j.biortech.2009.12.108.

Igboamalu, Tony Ebuka, Niel Bezuidenhout, Mpumelelo Thomas Matsena, and Evans
Martin Nkhalambayausi Chirwa. 2019. “Microbial Fuel Cell Power Output and Growth:
Effect of PH on Anaerobic Microbe Consortium.” Chemical Engineering Transactions
76 (2018): 1381-86. https://doi.org/10.3303/CET1976231.

Ikonen, Jenni, Ilpo Nuutinen, Marjo Niittynen, Anna-Maria Hokajéarvi, Tarja Pitkénen,
Eero Antikainen, and Ilkka T. Miettinen. 2021. “Presence and Reduction of
Anthropogenic Substances with UV.” Water (Switzerland) 13 (360): 1-11.

Jilito, Mideksa Fufa, Desalegn Yadeta Wedajo, Bekele Wegi Feyisa, and Woldatsadik
Tuke. 2020. “Cogent Food & Agriculture Groundwater Utilization Practices for Irrigation
Systems in East Hararghe Zone , Ethiopia Groundwater Utilization Practices for Irrigation
Systems in East Hararghe Zone , Ethiopia.” Cogent Food & Agriculture 6 (1): 1850200.
https://doi.org/10.1080/23311932.2020.1850200.

Jingyu, Huang, Nicholas Miwornunyuie, David Ewusi-Mensah, and Desmond Ato
Koomson. 2020. “Assessing the Factors Influencing the Performance of Constructed
Wetland-Microbial Fuel Cell Integration.” Water Science and Technology 81 (4): 631—
43. https://doi.org/10.2166/wst.2020.135.

Jong, Eileen de, and Marjanneke J. Vijge. 2021. “From Millennium to Sustainable
Development Goals: Evolving Discourses and Their Reflection in Policy Coherence for
Development.” Earth System Governance 7: 100087.
https://doi.org/10.1016/j.es2.2020.100087.

Karamzadeh, M. ef al. (2020) ‘Modeling the influence of substrate concentration, anode
electrode surface area and external resistance in a start-up on the performance of
microbial fuel cell’, Bioresource Technology Reports. Elsevier, 12(June), p. 100559. doi:

38



10.1016/j.biteb.2020.100559.

Khan, Itbar, Lei Han, Hayat Khan, and Le Thi Kim Oanh. 2021. “Analyzing Renewable
and Nonrenewable Energy Sources for Environmental Quality : Dynamic Investigation in
Developing Countries.” Mathematical Problems in Engineering 2021: 1-12.
https://doi.org/10.1155/2021/3399049.

Kim, Min Hea, Ifeyinwa J. Iwuchukwu, Ying Wang, Donglee Shin, John Sanseverino,
and Paul Frymier. 2011. “An Analysis of the Performance of an Anaerobic Dual Anode-
Chambered Microbial Fuel Cell.” Journal of Power Sources 196 (4): 1909-14.
https://doi.org/10.1016/j.jpowsour.2010.09.064.

Kizilet, A. et al. (2015) ‘Biocathode application in microbial fuel cells: Organic matter
removal and denitrification’, in 2015 [EEE 15th International Conference on
Environment and Electrical Engineering, EEEIC 2015 - Conference Proceedings. IEEE,
pp. 677-682. doi: 10.1109/EEEIC.2015.7165246.

Kofti, N Dah Joel, and Satoshi Okabe. 2020. “High Voltage Generation from Wastewater
by Microbial Fuel Cells Equipped with a Newly Designed Low Voltage Booster
Multiplier ( LVBM ).” Scientific Reports, 1-9. https://doi.org/10.1038/s41598-020-
75916-7.

Krieg, Thomas, Jeffery A. Wood, Klaus Michael Mangold, and Dirk Holtmann. 2018.
“Mass Transport Limitations in Microbial Fuel Cells: Impact of Flow Configurations.”
Biochemical Engineering Journal 138: 172—78. https://doi.org/10.1016/j.bej.2018.07.017.

Kumar, Ravinder, Lakhveer Singh, A. W. Zularisam, and Faisal I. Hai. 2018. “Microbial
Fuel Cell Is Emerging as a Versatile Technology: A Review on Its Possible Applications,
Challenges and Strategies to Improve the Performances.” International Journal of Energy
Research 42 (2): 369—94. https://doi.org/10.1002/er.3780.

Kwon, K. et al. (2017) ‘Comparison of spacer-less and spacer-filled reverse
electrodialysis’, Journal of Renewable and Sustainable Energy, 9(044502), pp. 1-9. doi:
10.1063/1.4996579.

Lawson, Kathryn, Ruggero Rossi, John M Regan, and Bruce E Logan. 2020. “Impact of
Cathodic Electron Acceptor on Microbial Fuel Cell Internal Resistance.” Bioresource
Technology 316 (June): 123919. https://doi.org/10.1016/j.biortech.2020.123919.

Leger, Dorian, Silvio Matassa, Elad Noor, Alon Shepon, Ron Milo, and Arren Bar-even.
2021. “Photovoltaic-Driven Microbial Protein Production Can Use Land and Sunlight
More Efficiently than Conventional Crops.” In Proceedings of the National Academy of
Sciences  of  the United  States  of  America, 118:1-11.  PNAS.
https://doi.org/10.1073/pnas.2015025118/-/DCSupplemental.Published.

Logan, B. E. et al. (2006) ‘Microbial Fuel Cells: Methodology and Technology’,
Environmental science & technology, 40(17), pp. 5181-5192. doi: 10.2478/s11532-012-

39



0175-2.

Miller, Andrew, Lakhveer Singh, Luguang Wang, and Hong Liu. 2019. “Linking Internal
Resistance with Design and Operation Decisions in Microbial Electrolysis Cells.”
Environment International 126 (January): 611-18.
https://doi.org/10.1016/j.envint.2019.02.056.

Moslah, Bilel, Evroula Hapeshi, Amel Jrad, Despo Fatta-Kassinos, and Abderrazek
Hedhili. 2018. “Pharmaceuticals and Illicit Drugs in Wastewater Samples in North-
Eastern Tunisia.” Environmental Science and Pollution Research 25 (19): 18226-41.
https://doi.org/10.1007/s11356-017-8902-z.

Munoz-Cupa, C. ef al. (2021) ‘An overview of microbial fuel cell usage in wastewater

treatment, resource recovery and energy production’, Science of the Total Environment.
Elsevier B.V, 754, p. 142429. doi: 10.1016/].scitotenv.2020.142429.

Nandy, Arpita, and Patit Paban Kundu. 2018. “Configurations of Microbial Fuel Cells.”
In Progress and Recent Trends in Microbial Fuel Cells, 25-45. Elsevier B.V.
https://doi.org/10.1016/B978-0-444-64017-8.00003-8.

Nath, Dibyojyoty, and M. M. Ghangrekar. 2020. “Plant Secondary Metabolites Induced
Electron Flux in Microbial Fuel Cell: Investigation from Laboratory-to-Field Scale.”
Scientific Reports 10 (17185): 1-17. https://doi.org/10.1038/s41598-020-74092-y.

OECD/FAO. 2016. “International Regulatory Co-Operation and International
Organisations: The Case of the Food and Agriculture Organization of the United Nations
(FAO).” OECD and FAO.

Obileke, K. C. et al. (2021) ‘Microbial fuel cells, a renewable energy technology for bio-

electricity generation: A mini-review’, Electrochemistry Communications. Elsevier B.V.,
125, p. 107003. doi: 10.1016/j.elecom.2021.107003.

Opoku, P.A., Guang, L., Huang, J. et al. (2022) ‘Impact of wastewater volume on cathode
environment of the multi-anode shared cathode and standard single anode/cathode
microbial fuel cells’, Chem. Pap. 76, 6309-6321. https://doi.org/10.1007/s11696-022-
02316-8

Ozkaya, B. et al. (2012) ‘Bioelectricity production using a new electrode in a microbial
fuel cell’, Bioprocess and Biosystems Engineering, 35(7), pp. 1219-1227. doi:
10.1007/s00449-012-0709-1.

Pant, Deepak, Anoop Singh, Gilbert Van Bogaert, Stig Irving Olsen, Poonam Singh
Nigam, Ludo Diels, and Karolien Vanbroekhoven. 2012. “Bioelectrochemical Systems
(BES) for Sustainable Energy Production and Product Recovery from Organic Wastes
and Industrial Wastewaters.” RSC  Advances 2 (4): 1248-63.
https://doi.org/10.1039/c1ra00839k.

40



Parkhey, P. (2022) “Scale-up of bioelectrochemical systems: Stacking strategies and the
road ahead,” Elsevier eBooks, p. 173. doi:10.1016/b978-0-323-90765-1.00011-3.

Paucar, N. Evelin, and Chikashi Sato. 2021. “Microbial Fuel Cell for Energy Production,
Nutrient Removal and Recovery from Wastewater: A Review.” Processes 9 (1318): 1—
27. https://doi.org/10.3390/pr9081318.

Pereira-Medrano, Ana G., Matthew Knighton, Gregory J.S. Fowler, Zi Yen Ler, Trong
Khoa Pham, Saw Yen Ow, Andrew Free, Bruce Ward, and Phillip C. Wright. 2013.
“Quantitative Proteomic Analysis of the Exoelectrogenic Bacterium Arcobacter Butzleri
ED-1 Reveals Increased Abundance of a Flagellin Protein under Anaerobic Growth on an
Insoluble Electrode.” Journal of Proteomics 78: 197-210.
https://doi.org/10.1016/].jprot.2012.09.039.

Pham, The Hai, Nico Boon, Katrien De Maeyer, Monica Hofte, Korneel Rabaey, and
Willy Verstraete. 2008. “Use of Pseudomonas Species Producing Phenazine-Based
Metabolites in the Anodes of Microbial Fuel Cells to Improve Electricity Generation.”
Applied Microbiology and Biotechnology 80 (6): 985-93.
https://doi.org/10.1007/s00253-008-1619-7.

Potrykus, Szymon, Luis Fernando Leon-Fernadndez, Janusz Nieznanski, Dariusz
Karkosinski, and Francisco Jesus Fernandez-Morales. 2021. “The Influence of External
Load on the Performance of Microbial Fuel Cells.” Energies 14 (612): 1-11.
https://doi.org/10.3390/en14030612.

Qadri, Humaira, Rouf Ahmad Bhat, Mohammad Aneesul Mehmood, and Gowhar Hamid
Dar. 2020. Fresh Water Pollution Dynamics and Remediation. Springer Nature Singapore
Pte Ltd.

Rabaey, Korneel, Nico Boon, Monica Hoéfte, and Willy Verstraete. 2005. “Microbial
Phenazine Production Enhances Electron Transfer in Biofuel Cells.” Environmental
Science and Technology 39 (9): 3401-8. https://doi.org/10.1021/es0485630.

Rahimnejad, Mostafa, Maryam Asghary, and Marjan Fallah. 2020. “Microbial Fuel Cell
( MFC ): An Innovative Technology for Wastewater Treatment and Power Generation.”
In Bioremediation of Industrial Waste for Environmental Safety (Volume II: Biological
Agents and Methods for Industrial Waste Management), edited by R. N. Bharagava and
G. Saxena, 215-35. Springer Nature Singapore Pte Ltd. https://doi.org/10.1007/978-981-
13-3426-9 9.

Rajesh, P. P., Md. T. Noori, and M. M. Ghangrekar. 2020. “Improving Performance of
Microbial Fuel Cell by Using Polyaniline-Coated Carbon—Felt Anode.” Journal of
Hazardous, Toxic, and Radioactive Waste 24 (3): 04020024.
https://doi.org/10.1061/(asce)hz.2153-5515.0000512.

Ren, Jing, Na Li, Maohua Du, Yixin Zhang, Chunxu Hao, and Rui Hu. 2021. “Study on

41



the Effect of Synergy Effect between the Mixed Cultures on the Power Generation of
Microbial Fuel Cells.” Bioengineered 12 (1): 844-54.
https://doi.org/10.1080/21655979.2021.1883280.

Rossi, Ruggero, and Bruce E. Logan. 2020. “Unraveling the Contributions of Internal
Resistance Components in Two-Chamber Microbial Fuel Cells Using the Electrode
Potential Slope Analysis.” Electrochimica Acta 348: 136291.
https://doi.org/10.1016/].electacta.2020.136291.

Samsudeen, N., Amit Sharma, T. K. Radhakrishnan, and Manickam Matheswaran. 2015.
“Performance Investigation of Multi-Chamber Microbial Fuel Cell: An Alternative
Approach for Scale up System.” Journal of Renewable and Sustainable Energy 7
(043101): 1-9. https://doi.org/10.1063/1.4923393.

Samudro, Ganjar, Tsuyoshi Imai, and Yung-Tse Hung. 2021. “Enhancement of Power
Generation and Organic Removal in Double Anode Chamber Designed Dual-Chamber
Microbial  (DAC-DCMEFC).” Water  (Switzerland) 13 (2941): 1-17.
https://doi.org/10.3390/w13212941.

Samudro, Ganjar, Tsuyoshi Imai, and Alissara Reungsang. 2022. “Determination of
Optimum Retention Time in an Air—Cathode Single-Chamber Microbial Fuel Cell Batch-
Mode Reactor by Comparing Different Substrate Types and Concentrations.” Process
Safety and Environmental Protection. https://doi.org/10.1016/j.psep.2022.04.023.

Samudro, Ganjar, and Sarwoko Mangkoedihardjo. 2020. “Mixed Plant Operations for
Phytoremediation in Polluted Environments — a Critical Review.” Journal of Phytology.
https://doi.org/10.25081/jp.2020.v12.6454.

Samudro, Harida, and Sarwoko Mangkoedihardjo. 2021. “Indoor Phytoremediation
Using Decorative Plants: An Overview of Application Principles.” Journal of Phytology
13: 28-32. https://doi.org/10.25081/jp.2021.v13.6866.

Santos, Jodo B. Costa, Vanine V Silva De Barros, and José J. Linares. 2017. “The
Hydraulic Retention Time as a Key Parameter for the Performance of a Cyclically Fed
Glycerol-Based Microbial Fuel Cell from Biodiesel.” Journal of The Electrochemical
Society 164 (3): H3001-6. https://doi.org/10.1149/2.0011703jes.

Saravanan, A, S Karishma, P S Kumar, P R Yaashikaa, S Jeevanantham, and B Gayathri.
2020. “Microbial Electrolysis Cells and Microbial Fuel Cells for Biohydrogen
Production: Current Advances and Emerging Challenges.” Biomass Conversion and
Biorefinery. https://doi.org/10.1007/s13399-020-00973-x.

Shabani, Mehri, Habibollah Younesi, Maxime Ponti¢, Ahmad Rahimpour, Mostafa
Rahimnejad, and Ali Akbar Zinatizadeh. 2020. “A Critical Review on Recent Proton
Exchange Membranes Applied in Microbial Fuel Cells for Renewable Energy Recovery.”
Journal of Cleaner Production 264: 121446.

42



https://doi.org/10.1016/].jclepro.2020.121446.

Simeon, M. L. and Freitag, R. (2022) ‘Influence of electrode spacing and fed-batch
operation on the maximum performance trend of a soil microbial fuel cell’, International
Journal of Hydrogen Energy. Hydrogen Energy Publications LLC, 47(24), pp. 12304—
12316. doi: 10.1016/j.ijhydene.2021.11.110.

Singh, S. (2018) ‘Bio Energy Production Using Carbon Based Electrodes in Double and
Single Chamber Microbial Fuel Cells: A Review’, Progress in Petrochemical Science,
1(3), pp- 53—57. doi: 10.31031/pps.2018.01.000511.

Singh, Aradhana, and Anubha Kaushik. 2021. “Sustained Energy Production from
Wastewater in Microbial Fuel Cell: Effect of Inoculum Sources, Electrode Spacing and
Working Volume.” 3 Biotech 11 (344): 1-8. https://doi.org/10.1007/s13205-021-02886-
6.

Sperling, Marcos von, Matthew E. Verbyla, and Silvia M. A. C. Oliveira. 2020. “Loading
Rates Applied to Treatment Units.” In Assessment of Treatment Plant Performance and
Water Quality Data: A Guide for Students, Researchers and Practitioners, 499-529.
https://doi.org/10.2166/9781780409320 0499.

Stoll, Zachary A., Jan Dolfing, and Pei Xu. 2018. “Minimum Performance Requirements
for Microbial Fuel Cells to Achieve Energy-Neutral Wastewater Treatment.” Water
(Switzerland) 10 (243): 1-13. https://doi.org/10.3390/w10030243.

Syvitski, Jaia, Colin N. Waters, John Day, John D. Milliman, Colin Summerhayes, Will
Steffen, Jan Zalasiewicz, et al. 2020. “Extraordinary Human Energy Consumption and
Resultant Geological Impacts Beginning around 1950 CE Initiated the Proposed
Anthropocene Epoch.” Communications Earth & Environment 1 (32): 1-13.
https://doi.org/10.1038/s43247-020-00029-y.

Szydlowski, Lukasz, Tammy C.T. Lan, Noriko Shibata, and Igor Goryanin. 2020.
“Metabolic Engineering of a Novel Strain of Electrogenic Bacterium Arcobacter Butzleri
to Create a Platform for Single Analyte Detection Using a Microbial Fuel Cell.” Enzyme
and Microbial Technology 139 (109564): 1-7.
https://doi.org/10.1016/j.enzmictec.2020.109564.

Tamakloe, R. Y. (2018) ‘PEM-Less Microbial Fuel Cells’, in Proton Exchange
Membrane Fuel Cell. IntechOpen, pp. 155-183. doi: 10.5772/intechopen.71479.

Tan, Wei Han, Siewhui Chong, Hsu Wei Fang, Kuan Lun Pan, Mardawani Mohamad,
Jun Wei Lim, Timm Joyce Tiong, Y1 Jing Chan, Chao Ming Huang, and Thomas Chung
Kuang Yang. 2021. “Microbial Fuel Cell Technology—a Critical Review on Scale-up
Issues.” Processes 9: 1-13. https://doi.org/10.3390/pr9060985.

Tardy, Ga'bor Ma'rk, Ba'lint Lo’ra’'nt, Miklo’s Gyalai-Korpos, Vince Bakos, David
Simpson, and Igor Goryanin. 2021. “Microbial Fuel Cell Biosensor for the Determination

43



of Biochemical Oxygen Demand of Wastewater Samples Containing Readily and Slowly
Biodegradable Organics.” Biotechnology Letters 43: 445-54.
https://doi.org/10.1007/s10529-020-03050-5.

Taskan, E., Ozkaya, B. and Hasar, H. (2015) ‘Comprehensive evaluation of two different
inoculums in MFC with a new tin-coated copper mesh anode electrode for producing
electricity from a cottonseed oil industry effluent’, Environmental Progress &
Sustainable Energy, 35(1), pp. 110-116. doi: 10.1002/ep.

Thompson, Philip, Kym Runge, and Robert C. Dunne. 2019. “Chapter 7.7 Sulfide
Flotation Testing.” In SME Mineral Processing & Extractive Metallurgy Handbook,
1029—40. Society for Mining, Metallurgy & Exploration.

Toh, Hidehiro, Vineet K. Sharma, Kenshiro Oshima, Shinji Kondo, Masahira Hattori, F.
Bruce Ward, Andrew Free, and Todd D. Taylor. 2011. “Complete Genome Sequences of
Arcobacter Butzleri ED-1 and Arcobacter Sp. Strain L, Both Isolated from a Microbial
Fuel Cell.” Journal of Bacteriology 193 (22): 6411-12.
https://doi.org/10.1128/J1B.06084-11.

Tominaga, Masato, Shumpei Ototani, and Raden Darmawan. 2020. “The Effect of
Connection Type in Series and Parallel on Electric Power Generation of Mud Microbial
Fuel Cell.”  AIP Conference  Proceedings 2230 (030002): 1-7.
https://doi.org/10.1063/5.0002488.

Udugama, Isuru A., Leander A.H. Petersen, Francesco C. Falco, Helena Junicke,
Aleksandar Mitic, Xavier Flores Alsina, Seyed Soheil Mansouri, and Krist V. Gernaey.
2020. “Resource Recovery from Waste Streams in a Water-Energy-Food Nexus
Perspective: Toward More Sustainable Food Processing.” Food and Bioproducts
Processing 119: 133—47. https://doi.org/10.1016/j.fbp.2019.10.014.

Veeramani, V., Rajangam, K. and Nagendran, J. (2020) ‘Performance of cobalt
oxide/carbon cloth composite electrode in energy generation from dairy wastewater using

microbial fuel cells’, Sustainable Environment Research. Sustainable Environment
Research, 30(16), pp. 1-8. doi: 10.1186/s42834-020-00058-4.

Waheeb, Hayder A., and Ahmed Faiq Al-Alalawy. 2020. “Innovative Microbial Fuel Cell
Design for Investigation of Cathode Chamber Effect and Electricity Generation
Enhancement.”  AIP  Conference  Proceedings 2213 (020212): 1-8.
https://doi.org/10.1063/5.0000172.

Wenzel, J., L. Fuentes, A. Cabezas, and C. Etchebehere. 2017. “Microbial Fuel Cell
Coupled to Biohydrogen Reactor: A Feasible Technology to Increase Energy Yield from
Cheese  Whey.” Bioprocess and  Biosystems  Engineering 40: 807-19.
https://doi.org/10.1007/s00449-017-1746-6.

Wu, Yiping, Fubo Zhao, Shuguang Liu, Lijing Wang, Linjing Qiu, and Georgii

44



Alexandrov. 2018. “Bioenergy Production and Environmental Impacts.” Geoscience
Letters 5 (14): 1-9. https://doi.org/10.1186/s40562-018-0114-y.

You, Jiseon, John Greenman, and loannis Ieropoulos. 2018. “Novel Analytical Microbial
Fuel Cell Design for Rapid in Situ Optimisation of Dilution Rate and Substrate Supply
Rate, by Flow, Volume Control and Anode Placement.” Energies 11 (9): 1-12.
https://doi.org/10.3390/en11092377.

Zhang, Y. et al. (2012) ‘Iron tetrasulfophthalocyanine functionalized graphene as a
platinum-free cathodic catalyst for efficient oxygen reduction in microbial fuel cells’,
Journal of Power  Sources. Elsevier B.V., 197, pp. 93-96. doi:
10.1016/j.jpowsour.2011.06.105.

Zhang, Liang, Jun Li, Xun Zhu, Ding-ding Ye, Qian Fu, and Qiang Liao. 2017. “Response
of Stacked Microbial Fuel Cells with Serpentine Flow Fields to Variable Operating
Conditions.” International Journal of Hydrogen FEnergy 42 (45): 27641-48.
https://doi.org/10.1016/j.ijhydene.2017.04.205.

Zhao, Hu, Da; Lu, Jiarui Wang, Wenguang Tu, Dan Wu, See Wee Koh, Pingqi Gao, et
al. 2021. “Raw Biomass Electroreforming Coupled to Green Hydrogen Generation.”
Nature Communications 12 (2008): 1-10. https://doi.org/10.1038/s41467-021-22250-9.

Zhao, Q. et al. (2018) ‘Microbial fuel cells-air-cathode electrodes’, in Reference Module
in Chemistry, Molecular Sciences and Chemical Engineering, pp. 319-327. doi:
10.1016/B978-0-12-409547-2.13460-2.

45



CHAPTER III
DETERMINATION OF OPTIMUM RETENTION TIME IN AN AIR-CATHODE
SINGLE-CHAMBER MICROBIAL FUEL CELL BATCH-MODE REACTOR
BY COMPARING DIFFERENT SUBSTRATE TYPES AND
CONCENTRATIONS

3.1 Introduction

With a growing population, energy demand gradually increases, suppressing an
increase in other related sectors such as wastewater generation, which is a significant
problem in developing countries. Currently, conventional wastewater treatment plants
consume large amounts of energy, particularly electricity (Capodaglio and Olsson, 2020;
Ranieri, Giuliano and Ranieri, 2021). Wastewater contains various carbon and nutrients
that can be utilized as energy generation sources (Zhang et al., 2019; Mohsin et al., 2021).
Many countries compete for renewable energy resources, but there are several constraints
on developing them on a practical level. Findings show that they are more
environmentally friendly in terms of reaching environmental sustainability targets,
particularly with regards to energy-development investments in collaboration with private
partners (Bekun, 2022). However, there is a lack of knowledge and practice with regards
to their integration for enhancing wastewater engineering processes based on bioenergy
technology converters, while simultaneously revaluing the final product dealing with
national and international regulations, standards, and guidelines to promote the benefit of
renewable energy sourced wastewater.

Nowadays, energy converters using biomass, which is contained in biological
wastewater, are classified into three broad types of processes: direct combustion,
thermochemical, and biochemical processes (Agrela et al., 2019). Biochemical processes
have become the primary method for semi-solid and liquid biomass conversion for
fermentation products, biogas, fertilizers, electricity, and pure water. This study used a
technique known as the bioelectrochemistry process, which directly produces electricity
and simultaneously reduces organic pollutants in wastewater. Microbial fuel cells (MFCs),
a major biochemical technology that converts organic matter to direct bioelectricity, have
been extensively studied since 1911 by Potter and resumed by Cohen in 1931 (Flimban
et al., 2019). Presently, MFCs have been developed for integration with wastewater
treatment systems to provide high efficiency in decontamination and electricity
production (Capodaglio, Bolognesi and Cecconet, 2021). The performance of MFCs is
approaching the realization of their application in the field, but limitations still exist, one
of which is the RT which affects the design and operation of the reactor. A lack of
information regarding the standard RT criteria applied in the MFCs is another major
limitation. In addition, the problem of the impracticality of applied RT in many types of
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MEFC research should be comprehensively discovered to ensure high performance of
MFC:s in both single-chamber (SCMFC) and dual-chamber (DCMFC). It is important to
carefully determine the initial substrate concentration, taking all factors into account;
thereafter, the MFC system can be operated at optimal efficiency (Gadkari, Shemfe and
Sadhukhan, 2019). A shorter RT lowers organic and inorganic removal even though it
provides a higher power output (Ye ef al., 2020; Sumisha and Haribabu, 2021); a longer
RT may result in lower current and power density (PD) even when dealing with organic
and inorganic removal (Chang ef al., 2018). Additionally, an optimum RT is always found
owing to linear results with organic and inorganic removals, but they are inverse with the
current density for power generation (Malekmohammadi and Mirbagheri, 2021). We
found that an optimal RT built on the high performance of organic removal and power
production by MFCs is still a drawback even when applied under similar conditions.
Therefore, the optimal RT must be determined to enable practical MFC research.

The RT is correlated to the organic loading rate (OLR) and flow rate (Q) (Nawaz et
al., 2020). The reactor design of MFCs for fed-batch or continuous mode, particularly on
the anode chamber, can be obtained from their volumes by multiplying Q by either RT or
the influent concentration (So) divided by OLR. In the case of the RT, it could be obtained
from the relationship between concentration (C) and detention time (t) as with the RT in
batch mode using pseudo-first-order kinetics from the following equation (InC/Co = -kt).
Therefore, the optimum RT range can be efficiently determined through the batch mode.
Another term for RT is hydraulic retention time (HRT), which correlates to OLR.
Conventionally, HRT is mainly used in fed-batch and continuous modes owing to Q, So,
and OLR correlations. A higher HRT leads to a lower OLR, which affects the operational
flow of the process (Labatut and Pronto, 2018; Jung and Pandit, 2019). HRT added to Co
and reactor volume (V) is highly correlated with power generation (Samudro et al., 2021;
Yu, 2021). Similarly, the HRT applied in many types of MFC research substantially
affects organic and inorganic removal, bacterial communities, energy recovery, dissolved
oxygen (DO), biofouling, and capital expenditure associated with bioreactor size, as
reported elsewhere. Hence, physical, chemical, and biological processes are strongly
influenced by HRT. Generally, the RT in various types of MFC research can be divided
into two types: less than or equal to 24 h and more than 24 h. Retention time less than or
equal to 24 h is mostly utilized in both SCMFC and DCMFC, whereas a retention time of
more than 24 h is mainly applied in DCMFC as opposed to SCMFC. However, various
RT determinations were undefinable. It is difficult to conclude the optimum RT range for
different experiments, even under the same conditions.

Substrates are the carbon, nutrient and energy sources, and they widely used in MFC
research are divided into two categories based on substrate type: single and complex
substrates (Fadzli, Bhawani and Rania, 2021). Substrate concentrations are mainly
defined as low (250-750 mgCOD/L), medium (>750-2250 mgCOD/L), and high (>2250
mg COD/L) strength levels (COD: chemical oxygen demand) (Stoll, Dolfing and Xu,
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2018). The single substrate, mostly sugar as a carbon source, is known to achieve high
performance; meanwhile, a complex substrate, mainly natural wastewater, is closely
related to realization. In addition, either concentration or loading of substrates often divers
in many types of MFCs operation, exceptionally high concentrations stimulate high
power output but low organic removal, and conversely. Because substrate type and
concentration have a significant influence on the current generation of MFCs (Yu, 2021),
they are the main variables that should be addressed for a better understanding of the
optimum RT.

A new approach employed in the batch process in MFC studies could make it easier
to obtain the optimum RT (Thompson, Runge and Dunne, 2019; von Sperling, Verbyla
and Oliveira, 2020). Here, the optimum RT related to oxidizable or biodegradable
substances could be assigned as design criteria for many MFC types. Therefore, the
objective of this study was to determine the optimum RT for various types of MFC, and
the AC-SCMFC batch-mode reactor was tested by comparing different types and
concentrations of substrates based on the primary parameters of organic removal and
power generation. In order to attain the main purpose of this study, sufficient and
prominent time observations were made to help understand the phenomenon caused by
the regressors and to determine the optimum RT. The comprehensive retention time
analysis was carried out in a shorter time, specifically over 6 d, which revealed a
significant pattern and has the potential to serve as design criteria. Two of the most widely
used substrates in various types of MFC studies and their three concentration levels were
employed to determine the significant pattern. Total organic carbon (TOC) was added as
an organic parameter to ensure the correct measurement of COD and to further explain
the phenomenon of change or removal of organic matter contained in wastewater.

3.2 Materials and Methods
3.2.1 AC-SCMFC configuration

A schematic configuration of the AC-SCMFC reactor is shown in Figure 3.1. The
reactor was arranged with several supporting components: a polypropylene plastic (PP)
bottle chamber (volume 650 mL), an anode, a cathode, and a resistor-equipped wiring
system connected to a 24 h data logger.

The working volume was set at 500 mL. The electrodes were prepared using graphene
nanoplatelets (GNPs) purchased from STREM Chemicals, Inc. (Newburyport, MA 01950
USA). The anode was set up by heating a stainless steel mesh (SSM) that had previously
been immersed in a GNPs solution (1 g/L) in four cycles. The cathode was prepared by
soaking the SSM in the GNPs:PU solution (1:1) and air-drying it for 24 h for a desirable
waterproofing effect. GNP-based electrodes were used to enhance electron capture on the
surface area of anode-based nanoparticles and simplify the transfer to cathode-based
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nanoparticles, thereby providing a high potential between electrodes because of their
special characteristics, particularly in terms of electrical conduction. The external resistor
applied at 100 Q was based on many references, particularly on SCMFC research. This
was connected to a data logger using midiLOGGER GL-240 (GRAPHTEC, Graphtec
Corporation, Japan) with a 30 min sampling time.

S00 ml

Figure 3.1 Schematic illustration of AC-SCMFC
3.2.2 Enrichment and operation of AC-SCMFC

The electrochemically active bacteria (EAB) enrichment in the AC-SCMFC was
performed in respirometry-batch mode. The potential EAB species was performed by
polymerase chain reaction (PCR) that discovers genetic material and denaturing gradient
gel electrophoresis (DGGE) that expresses bacteria communities. 27 F and 1492 R were
employed as universal 16S rRNA gene primer based PCR products from DNA extraction,
and GC-341 F and 518 R were utilized as universal 16S rRNA gene primer based DGGE.
Additionally, an EAB community analysis, which plays an essential role in the energy
industry, followed the hazard assessment for biomass gasification stations using a general
set-pair analysis (Yan et al., 2016) and novel extended set-pair analysis (Yan et al., 2017).
Anaerobic sludge was obtained from the Eastern-Ube sewage treatment plant (EU-STP)
located in Ube City, Yamaguchi Prefecture, Japan. The inoculation used for seeding was
injected at approximately 30% of the 500 mL working volume of the respirometry-bottle
chamber during the observation period. The synthetic wastewater for feeding, which
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served as carbon and nutrient source, consisted of 5.93 g/L of sucrose, 4 g/L. of NaHCO3,
4 g of KoHPO4, 2 mL/L of trace element A ((NH4)2HPO4 350 g/L), 10 mL/L of trace
element B (KCl 75 g/L, MgCL.6H,0 81 g/L, NH4Cl 85 g/L, MgS04.7H,0 25 g/L,
FeCl3.6H20 42 g/L, CoCl2.6H20 1.8 g/L), and 1 mL/L of trace element C (CaCl2.6H20
150 g/L) (Zhou et al., 2006, 2007). The other substrate was acetate-based synthetic
wastewater and consisted of 6.24 g/L of sodium acetate with the same nutrient and trace
element components as those in the sucrose-based substrate. All pro-analysis (p.a) high-
quality carbon, nutrient, and trace element components were obtained from Wako Pure
Chemical Industries, Ltd., Japan. In addition, two types of saccharides consisting of
monosaccharides (acetate), which are represented as highly oxidized, and disaccharides
(sucrose), and are defined as oxidizable, are utilized because they are extensively used in
various types of MFC studies and can be represented as part of real wastewater that can
be treated properly.

The basis for using COD levels was based on a literature review, preliminary
experiment using a respirometric chamber analysis, and the preliminary observation of
cell voltage patterns among five different COD levels, which were 400, 1000, 2500; 5000;
and 10,000 mg/L. Stoll et al. (2018) employed COD inputs of 250, 750; 2250 mg/L as the
assumed COD represents the actual wastewater strength levels as low, medium, and high,
respectively, to achieve energy-neutral wastewater treatment of the minimum
performance requirements in the MFC. As a result, respirometric chamber analysis
concluded that a COD level of more than 2500 mg/L indicated minimal COD removal.
Similarly, the cell voltage pattern was insignificant with a COD level of more than 2,500
mg/L. As noted, respirometric chamber analysis and cell voltage pattern results used as
preliminary observations have not been published elsewhere.

The AC-SCMFC batch mode was operated under anaerobic conditions by purging the
synthetic wastewater with pure nitrogen gas (N>), indicating null oxygen interference.
This process occurred in parallel with different carbon sources for 52 d. Before being
injected with new substrates for recording observations, the reactors were acclimated
within 42 d to ensure the stabilization of the process, including organic removal and
power generation. After the acclimation period, the reactors were activated for 10 d for
the main observation, during which the physical and chemical parameters were assessed
and recorded every 24 h.

3.2.3 Physical and chemical analysis

Physical analyses were required to ensure and control the chemical processes.
Measurements of pH and temperature and ORP were performed using a pH meter D-72
(HORIBA Advanced Techno Co., Ltd., Kyoto, Japan) and a pH/ORP meter D-72
(HORIBA Advanced Techno Co., Ltd., Kyoto, Japan), respectively. The chemical
analyses included optical density measurement at 600 nm (ODgoo), COD analysis, and
estimation of TOC. The ODgoo was analyzed using a spectrophotometer (U-2900, Hitachi
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High-Tech Science Corporation, Tokyo, Japan). COD and TOC were assessed according
to the standard methods (APHA, AWWA and WEF, 2017).

The percentage of COD and TOC removal, symbolized as [C] removal, was calculated
as Eq. (1).

[C] removal = W x 100% (D

where [Clin (mg/L) is the COD and TOC of the influent, and [Clou (mg/L) is the COD
and TOC of the effluent.

The kinetic rate of COD changes was enumerated through pseudo-first-order kinetics that
can be expressed as Eq. (2).

Ct —
— =t )

where Ct (mg/L) is the COD of the effluent, Co (mg/L) is the COD of the influent, k (/d)
is the kinetics rate or reaction rate, and t (d) is the retention time.

3.2.4 Power generation analysis

The power in the voltage unit was recorded using a data logger with a specification at
the AC-SCMFC configuration, whereas the current in amperes was calculated by
following Ohm’s law as Eq. (3).

=< 3)

where I is current (A), V is the cell voltage (V), and R is the resistance (€2).
The power density (PD) was enumerated as Eq. (4).

PD =V x: )

where PD is the power density (W/m?), V is the cell voltage (V), and A is the surface area
of the anode carbon (m?) (Hejazi, Ghoreyshi and Rahimnejad, 2019).

Coulombic efficiency (CE) was computed Eq. (5).

CE=—2_x100% (5)

Fzv.ACOD

where CE = coulombic efficiency (%), F = Faraday’s constant (96,485 C/mol), M =
molecular weight of oxygen (32 g/mol), z = 4 (the number of electrons exchanged per
mole of oxygen), ACOD = difference in the influent and effluent COD (g/L), Cs = charge
passed (A s), and v = anodic volume (L) (Logan et al., 2006).

Internal resistance was measured by varying the external resistance from 10 kQ to 1 Q
using a resistance box and calculated based on the V-I relationship of the linear portion

of the polarization curve (Watson and Logan, 2010). The internal resistance equation was
calculated Eq. (6).

AV
Rine = AL (6)
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where Rin is internal resistance (), AV is the cell voltage difference (V), and Al is the
current difference (A).

3.2.5 Data acquisition

The analysis data were collected by screening it based on the performance of the AC-
SCMFC from the beginning of the running time, which was useful for mapping the pattern
of both the main parameters in organic removal and power generation. Likewise, the
present data on seeding and feeding as initial and control data were properly recorded to
ensure precise results during time observation. Prior to selecting a significant pattern to
simplify the determination, which focused on a shorter time, the overall analysis based
on power generation, which was cell voltage, and organic removal, which was COD and
TOC removals, was revealed to provide a better understanding of the argument. The
optimum RT was investigated by comparing substantial factors including COD removal
(CODr), the reaction rate of COD (kCOD), TOC removal (TOCr), and the reaction rate
of TOC (kTOC), which represents organic removal, and cell voltage, PD, and CE, which
represent power generation. CODr and TOCr are the pinpoints for rapidly revealing
organic removal-based carbon sources. The CODr and TOCr equations can be obtained
using Eq. (1). Meanwhile, kCOD and kTOC provided additional support for COD
removal to show the precise retention time for converting organic substrates to produce
electrons, protons, and several products. The kCOD and kTOC equations can be obtained
using Eqgs. (2). Furthermore, the cell voltage is essential for calculating the PD and CE. It
is necessary to determine the actual power generation in addition to the cell voltage. The
PD and CE equations can be obtained using Eq. (4) and Eq. (5), respectively. Moreover,
additional supporting data is the internal resistance, which can be used to evaluate the
performance of ohmic resistance by anode, cathode, and substrate effects. The internal
resistance equation can be obtained using Eq. (6). Different substrate types and
concentrations that affect the optimum RT findings are worthwhile when designing any
MFC reactor type related to integrated MFC compliance for wastewater treatment,
notably for anaerobic or anoxic biological treatment. The optimum RT is defined as the
detention time (t) obtained in this study, which follows Eq. (2). Furthermore, t can be used
to enumerate the volume of the MFC reactor in fed-batch or continuous mode. For further
studies, the volume was expressed by Eq. (7).

v=_Qxt (7

where v is the anodic volume (L or m?), Q is the flow rate (L/d or m*/d), and t is detention
time (d). Moreover, the known volume can be used to compute the surface area of the
anodic chamber by first assuming the height of the chamber and vice versa. In correlation
with the OLR, t as the HRT can be obtained by Eq. (8).

QxCo _ Co

t (HRT) = QxOLR  OLR O
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where Q is the flow rate (L/d or m*/d), Co (= So) is the input/initial concentration of
organic matter (mg/L or g/L), and OLR is the organic loading rate (kg/m?.d or g/L.d).

Subsequently, the correlation of the volume with the OLR was calculated by
combining Eq. (7) and Eq. (8) as Eq. (9).

v=0Qx = 9)

OLR

where v is the anodic volume (L or m®), Q is the flow rate (L/d or m*/d), Co (= So) is the
input/initial concentration of organic matter (mg/L or g/L), and OLR is the organic
loading rate (kg/m*.d or g/L.d).

Furthermore, all data from different independent variables were analyzed and
compared to determine the optimum RT.

33 Results and Discussion
3.3.1 Seeding and feeding characteristics

Seeding was used to ensure that biological processes occurred in the system. Seeding
and feeding had the following characteristics (Table 3.1 and Table 3.2).

Table 3.1 Seeding characteristics

pH 7.12+0.04
Temperature 20.3+6.0 °C

COD 396 + 3 mg/L
BOD:s 198 + 1 mg/L
P-PO; 266 + 4 mg/L
N-NO; 26 £ 3 mg/L

Total solids (TS) 12,740 + 144 mg/L
Total suspended solids (TSS) 11,973 £ 693 mg/L
Volatile suspended solids (VSS) 8415+ 423 mg/L
Fixed suspended solids (FSS) 3320 £ 178 mg/L
EAB species Arcobacter butzleri, Arcobacter

lekhitochrous, Lactococcus laudensis,
Schwartzia succinivorans, Selenomonax
lacticifex, Clostridium polynesience,
Clostridium aurantibutyricum
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The characteristics of seeding showed appropriate initial conditions for the potential
growth of EAB and its adaptation in AC-SCMFC reactors; hence, seeding can be directly
inoculated into the system without any pretreatment or conditioning. The pH was neutral,
whereas the temperature range was small and at the ambient level. A neutral pH during
seeding can optimize the performance of MFCs (Rozendal, Hamelers and Buisman, 2006,
Puig et al., 2010). Similar studies stated that a pH between 6 and 9 in various anolyte
types improved the performance of any type of MFC (Kumar and Mungray, 2016; Bagchi
and Behera, 2021). E-proteobacteria, firmicutes, and various observed microorganisms
can live appropriately at temperatures between 0—45 °C in which 0-20 °C is best for
psychrophilic bacteria (Gounot, 1986; Sandle and Skinner, 2013), and 2045 °C for
mesophilic bacteria (Cavicchioli, 2016). EAB species can be classified as pathogenic
bacteria (Lerma et al., 2014; Sun et al., 2016); however, they have the advantage of
producing and transferring electrons simultaneously (Fedorovich et al., 2009; Kracke,
Vassilev and Kromer, 2015; Moscoviz et al., 2017). COD, P-PO4, N-NO3, TS, TSS, VSS,
and FSS are used to denote the concentration levels. COD concentrations lower than 1000
mg/L were used as benchmarks for further observation. However, the other parameters
followed linearly with COD concentration.

Table 3.2 Feeding characteristics

Sucrose Acetate
Parameters
S1 S2 S3 Al A2 A3
pH 747 + 7.82+0.06 7.89% 7.77 8.24 + 8.49 +
0.09 0.06 0.1 0.18 0.06
Temperature 203+ 19.7+0.15 19.1« 19.1+ 194+£0.1 188+
(°O) 0.25 0.12 0.12 0.1
ORP (mV) 2242 -16 £3 2642 23+ 1 21+1 40+ 1
ODgoo (Abs) 0.571 + 0.059+0.01 0.140+ 0.022 + 0.072 = 0.306 +
0.04 0.02 0.001 0.003 0.01
COD (mg/L) 480 + 35 1,160 £ 153 3,000+ 450+21 920+171 2,600+
764 153
TOC (mg/L) 77+ 12 245 + 49 590+ 8 736 171 £ 12 494 + 72

Note: S1, S2, and S3 represent low, medium, and high concentrations of sucrose,
respectively; Al, A2, and A3 represent low, medium, and high concentrations of acetate,
respectively.

As shown in Table 3.2, the pH in acetate was higher than that in sucrose. A pH input
of feeding between 7-8 could escalate the performance of MFCs (Zhang et al., 2011,
Bagchi and Behera, 2021). Meanwhile, the temperature showed a slight difference
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between sucrose and acetate. The temperature was similar to the pH mentioned above;
nevertheless, it was acceptable for the system. The ORP substrates showed negative
results, meaning that the initial treatment purged by N> was accepted correctly to ensure
the next step. The ODgoo in acetate was higher than that in sucrose. ODgoo estimates the
concentration of bacterial cells through the visibility of sample density in a
spectrophotometer at a wavelength of 600 nm (Shao et al., 2016; Stevenson et al., 2016).
COD and TOC concentrations of sucrose were higher than those of acetate. The initial
concentrations of COD and TOC were correctly injected into the system. Similar to
seeding, feeding can be delivered directly to the system.

3.3.2 Overall performance

The overall performance-based cell voltage and organic removal were conducted for
RT range selection. For example, Figure 3.2 shows that the acclimation time over 42 d is
shown by positive cell voltage from 0 h to 500 h, after which it declines to negative cell
voltage from 500 h to 1000 h. Therefore, based on the acclimation time observation, the
focused observation was understood to be 240 h or 10 d. For further analysis, the
observation period was then shortened to 144 h or 6 d because of the performance
significance of cell voltage and organic removal, and it was, therefore, easier to conclude.
Moreover, it can be seen that after an RT of 144 h or 6 d, the performance was stable, and
there were no substantial changes. However, the maximum RT period was limited to 240

h or 10 d to avoid overestimation.

(b)

Figure 3.2 Overall performance of AC-SCMFC in various substrate types and concentrations;
(a) cell voltage-based performance, (b) organic removal-based performance

In addition, the overall substrate types and concentrations showed that acetate was higher
in cell voltage than sucrose, whereas sucrose was higher in organic removal than acetate.
The sucrose-based substrate was utilized faster than the acetate-based substrate because
the Gibbs free energy of sucrose was more negative (approximately -1320.10 kJ/mol)
(Joback and Reid, 1987) than the Gibbs free energy of acetate (approximately -607.2
kJ/mol) (Haynes, 2017). A lower Gibbs free energy indicates more spontaneous oxidation
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by the oxidizing agent without added energy inside the system (Papamichael ez al., 2019).
This phenomenon could be represented at the same time of 72 h, in which the COD and
TOC removal accumulation of the sucrose-based substrate was more than 90%, while the
acetate-based substrate attained less than 80%. Another related reference using different
monosaccharides revealed faster utilization of 12 different monosaccharides by the
acclimated mixed cultures of Rhodococcus sp. and Paracoccus sp. with a COD removal
of up to 80% compared to acetate resulting in a removal of 59% at the same time (Catal
et al., 2008). COD removal depends on the reactor operation conditions, microbial
communities, and a large electrode surface area (Zhang et al., 2015). Thus, the acetate-
based substrate as a carbon source has a long-period advantage in the MFC system;
nevertheless, the sucrose-based substrate has a short-period advantage and enhances
earlier power generation. This finding contributes to several types of MFC research on
single substrate utilization to achieve higher performance and faster use of substrates;
accordingly, the selection of substrate types can be considered from the Gibbs free energy,
which influences the performance of both organic removal and power generation, in
addition to considering other related-significant effect factors. As for complex substrates,
these single substrates can be classified into oxidizable/biodegradable substances or non-
oxidizable/non-biodegradable substances based on the TOC/COD or BOD/COD ratios to
uniquely identify the range of complex substrates. Interestingly, this ratio represents
greater recognition and acceptance of further wastewater treatment.

3.3.3 Control parameters

Figure 3.3 shows that pH, temperature, ORP, and ODgoo were in the acceptable range
of the MFC experiments. A pH of 6-8 is required for all types of MFC research (Liu et
al., 2010; Puig et al., 2010), as well as a mesophilic temperature of 20—45 °C (Goto and
Yoshida, 2019; Kloch and Toczylowska-Maminska, 2020), an ORP of -200 to -400 mV
(Watson and Logan, 2010; Flimban et al., 2019), and an ODgoo of 0—1 Abs (Fakhirruddin
etal.,2018; Nguyen et al., 2020). The acetate pH was higher than the sucrose pH, whereas
the pH at low strength substrate of sucrose and acetate was higher than with the medium
and high-strength substrates. The temperature of sucrose and acetate was consistently
around 20 °C over the observed time. As with the pH, the ORP acetate was higher than
the ORP sucrose, while the low strength acetate substrate was higher than the medium
and high strengths. Nevertheless, the ORP at the low strength sucrose substrate was lower
than the medium and high strengths. The ODsoo of sucrose was higher than acetate.
Interestingly, sucrose's high-strength synthetic wastewater gradually increased from 0 to
48 h and was higher than the low- and medium-strength substrates. Whereas the high-
strength acetate substrate showed a similar result to sucrose, the ORP was constantly
decreasing to reach -400 mV between 0 to 48 h. It was reported that the ORP did not vary
compared to the power output (Watson and Logan, 2010). The above-mentioned fourth
parameter pattern was not significant when determining the RT as the patterns did not
exhibit the optimum position at a specified time. Likewise, G. Samudro et al. (2021)
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observed the parameters of pH, temperature, ORP, and ODgoo in DAC-DCMFC, which
did not show a significant difference during the 192-hour running period. In brief, for this
condition, the control parameters worked in controlling the process.
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Figure 3.3 Comparison of control parameters affected by different substrate types and
concentrations; (a) pH, (b) Temperature (°C), (c) ORP (mV), (d) ODsoo (Abs); S1, S2, and S3 =
low, medium, and high concentrations of sucrose, respectively; Al, A2, and A3 = low, medium,

and high concentrations of acetate, respectively

3.3.4 Organic removal

Figure 3.4 shows the organic changes, removal, and kinetic rate of both substrates
and three concentrations with COD and TOC as the organic parameters. In detail, the
correlation between COD changes, removal, and the kinetic rate of both substrates and
the three concentrations reached an optimum level at 24 h. However, the TOC removal
and kinetic rate mainly occurred at the high-strength level of both substrates and achieved
the optimum at 48 h. This happened because a high-strength level contains a high level
of total carbon, which is used by the EAB, compared to the low- and medium-strength
levels. Interestingly, the COD and TOC performances showed peak results and were
stable at 24 h rather than 48 h onwards, described as unstable, especially at high-strength
levels of both substrates. Therefore, when considering this for practical use, the
recommended RT could be of concern at 24 h, thus affecting the design of the MFC
reactor.
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Figure 3.4 Comparison of organic removal affected by different substrate types and
concentrations; (a) COD changes, (b) TOC changes, (¢) COD removal accumulation (%), (f)
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TOC removal accumulation (%), (¢) COD removal (%), (f) TOC removal (%), (g) kCOD (/d),
(h) KTOC (/d)

At 24 h, COD and TOC removal of both substrates and the three concentrations
reached the ranges of 50—70% and 0—60%, respectively. COD removal in various studies
ranges from 36—84% (Linares ef al., 2019). Meanwhile, TOC removal in several studies
with the same concern achieved ranges from 60-95%. Therefore, both COD and TOC
removal can be stated on the typical performance of MFC research. Thus, the AC-SCMFC
batch mode is acceptable for achieving the minimum performance requirements for MFC
studies to obtain significant patterns. Regarding the optimum COD and TOC removal,
the medium-strength level of sucrose reached a higher COD removal than others, while
sucrose's low- and medium-strength levels showed a higher TOC removal than the others.
Therefore, low and medium strength levels could be established for COD and TOC
removal.

First-order kinetics is an approach to help understand the COD removal rate, which
depends on the operating conditions present (Zhang et al., 2015). The COD and TOC
kinetic rates of both substrates and the three concentrations were in the ranges 0.75-1.25/d
and 0-1.0/d, respectively. Based on the first-order kinetics approach, the RT substantially
affects COD removal with an average kinetic rate of 1/d; meanwhile, a longer RT is
needed for TOC removal with an average kinetic rate of 0.5/d. A similar configuration to
this study, based on a dynamic computational model, represents the rate of bioanode
kinetics on a glucose-based substrate of 0.84/d (Gadkari, Shemfe and Sadhukhan, 2019).
As with COD and TOC removal, the COD and TOC kinetic rates for sucrose were higher
than acetate. Regarding the optimum achievement of kinetic rate, the medium-strength
level of sucrose aimed to achieve the COD Kkinetic rate, whereas low- and medium-
strength levels were related to the TOC kinetic rate. As with COD and TOC removal, the
low- and medium-strength levels could be adjusted to the COD and TOC kinetic rates.

Because COD and TOC kinetics have the same inference as COD and TOC removal,
one of these indicator parameters can be chosen to determine the performance of each
MFC study. Interestingly, the kinetic rate provides additional quantitative information on
the process that describes the change in organic substances through biochemical processes
during a specified time in the MFC reactor. Therefore, further studies should consider the
kinetic rate used to monitor the results of COD and TOC removal at fixed or determined
RT.

3.3.5 Power generation

Figure 3.5 shows the power generation performance for different substrate types and
concentrations based on the indicators of cell voltage, surface PD, volumetric PD, and
CE. The relationship between the cell voltage, surface PD, volumetric PD, and CE with
a medium concentration of sucrose definitively achieved the optimum RT at 24 h.
Nevertheless, the fourth indicator displayed a significant pattern with a medium
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concentration of acetate and reached the optimum RT at 48 h. The low and high substrate
levels did not exhibit a significant pattern; therefore, they were not used to determine the
optimum retention time. Organic removal was significantly related to power generation
due to the similarity, especially the performance indicator at 24 h. We found that acetate
performed substantially in the power generation indicators, particularly at 48 h. Therefore,
the recommended time for both substrates and the three concentrations was set at 24 h.
This resulted in a change in the power generation indicator even though the acetate still
shifted to the peak at 48 h.
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Figure 3.5 Comparison of power generation affected by different substrate types and
concentrations; (a) Cell voltage (mV), (b) Surface power density (mW/m?), (c) Volumetric
power density (W/m?), (d) Coulombic efficiency (%)

At 24 h, power generation of both substrates and the three concentrations attained cell
voltage in the range of 50-100 mV at a medium sucrose level, 150200 mV at a medium
acetate level, and 0—50 mV at low and high levels of both substrates. Sleutels et al. (2016)
stated that a cell voltage of more than 100 mV ensures that EAB is more dominant than
methanogenic bacteria. In this study, the acetate satisfied the cell voltage performance,
especially at the medium concentration level, which means that the EAB achieves the
point when the substrate concentration is medium. Meanwhile, sucrose did not reach more
than 100 mV, which means that its performance did not increase the cell voltage. This
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was similar to the conditions of the low and high concentrations of the two substrates,
which were not suitable for obtaining cell voltages. In addition, a surface PD was achieved
in the range 50-100 mW/m? at a medium sucrose level, 150-200 mW/m? at a medium
acetate level, and 0-50 mW/m? at low and high levels of both substrates. Meanwhile,
volumetric PD reached the range 0—0.25 W/m?® at medium sucrose level, 0.5-0.75 W/m?
at medium acetate level, and 0-0.25 W/m?® at low and high levels of both substrates. As
with a previous study that focused on the applied optimum RT in AC-SMCFC, the
maximum PD was achieved at 1155 = 41 mW/m? when the cathode side was assisted by
the membrane to minimize oxygen penetration and subtract biofilm formation (Vogl,
Bischof and Wichern, 2016). In contrast, the bioanodes of air-cathode microbial fuel cells
(ACMFCs) reached a maximum PD of 73 mW/m? in recovering the mixed Sn(II), Fe(II),
and Cu(II) with the co-present organics in the simultaneous treatment of printed circuit
board (PrCB) synthetic wastewater (Song et al., 2019). In this study, RT at 24 h provided
a higher PD. Furthermore, the CE was extended to the range 25-50% at a medium sucrose
concentration, 75-100 % at a medium acetate concentration, and 0-25% at low and high
concentrations of both substrates. In comparison with other studies using acetate as a
substrate, CE achievement was up to 70% (Rozendal et al., 2007; Sleutels et al., 2011).
Vogl et al., 2016 reported that the membrane-equipped AC-SCMFC with a maximum PD
of more than 1000 mW/m? achieved 54% of CE. The CE range of acetate is appropriate
as the minimum provision of at least 80% for MFC optimization (Stoll, Dolfing and Xu,
2018). The medium acetate level performed very well based on the CE performance
needed to optimize the MFC system. In contrast, sucrose did not achieve a minimum level
of CE at any concentration. Consistent with the organic removal parameters mentioned
above, the medium-strength levels of both substrates depicted the significant optimum
correlation with power generation rather than low and high levels. These findings indicate
that a medium concentration level could be used for further studies in any MFC research
to stimulate the high performance of both organic removal and power generation.
Compared with other studies, the first attempt at a concentration of 1,000 mg COD/L of
acetate confirmed that the substrate concentration increased the PD of DCMFC (Ullah
and Zeshan, 2020). Meanwhile, a related study using SCMFCs for treating dairy
wastewater in the presence of 1,000 mg COD/L showed a maximum open-circuit voltage
(OCV) in the range of 200400 mV, an estimated PD of approximately 200 mW/m?, a
current density of approximately 500 mA/m?, and a CE of 67.53% (Choudhury et al.,
2020). The maintained COD concentration of about 1,000 mg COD/L in an anode
chamber of a mixotrophic photosynthetic microbial fuel cell (PMFC) produced the
maximum PD of 8.20 (+ 0.42) and 10.68 (+ 0.88) mW/m? throughout batch 1 and 2
(Yahampath Arachchige Don and Babel, 2021), respectively. Low- and high-
concentration levels could be applied after treating the initial conditions of the MFC
experiment with medium levels for acclimation purposes.
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Figure 3.6 shows the support power generation analysis for Figure 3.5, in which the
surface PD could be obtained from the PD curve and calculated manually following
Ohm’s law. The polarization curves of both the substrates depict the internal resistance
present in the system. According to the slope calculation of the polarization curve, the
internal resistance of sucrose ranging from a low to high concentration level was 858 Q,
83 Q, and 6,268 Q, respectively. A high concentration provided higher internal resistance
than low and medium levels. It could be inferred that the internal resistance could be
affected by differences in the substrate level. The decreasing external resistance can
influence the COD removal efficiency (Tamta, Rani and Yadav, 2020). Low and medium
levels had the same requirement of applied external resistance as the high level. In this
study, the applied external resistance of 100 Q was acceptable, even though it provided
low power generation. In addition, a lower external resistance than internal resistance
could improve the biofilm maturation and performance (Pasternak, Greenman and
Ieropoulos, 2018) and the number of transferred electrons (Cai, Qaisar and Sun, 2020).
Meanwhile, the internal resistance of acetate ranging from a low to high concentration
level was 1,231 €, 2,022 Q, and 2,212 Q, respectively. Similar to the Rin of sucrose, low
and medium levels provided lower internal resistance than high level even though Rin of
acetate showed higher than Rin of sucrose. Three substrates (glucose, fructose, and
sucrose) with different concentrations were used to evaluate the internal resistance
performance, and it has been shown that sucrose had higher internal resistance than
glucose and fructose (Jafary et al., 2013). The internal resistance can be affected by the
anodic substrate (Baniasadi and Vahabzadeh, 2021). This study contributes to Rin’s
information of any MFCs that Rin acetate has higher internal resistance than sucrose,
glucose, and fructose. Furthermore, not only low Rint can increase power generation but
also high Rint with optimal initial COD concentration and substrate type. Therefore, it can
be concluded that the internal resistance is influenced by the substrate type.

(b)
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Figure 3.6 Comparison of polarization and power density curves under closed-circuit voltage
(CCV) affected by different substrate types and concentrations; (a) Polarization and power
density curves (sucrose), (b) Polarization and power density curves (acetate); S1, S2, and S3 =
low, medium, and high concentrations of sucrose, respectively; Al, A2, and A3 = low, medium,
and high concentrations of acetate, respectively

3.3.6 Factors in comparison

To determine the retention time efficiently, a simplified factor comparison was
performed, as shown in Table 3.3. The RTs at 24 h and 48 h were chosen because they
showed a significant pattern compared to other RT values.

Table 3.3 Comparison of factors between 24 h and 48 h RT with different substrate types at a
medium substrate concentration

. . RT=24h RT =48 h
Determiner Parameters Unit S2 A2 S2 A2
CODr % 68 61 21 11
Organic removal kCOD /d 1.13 0.93 1.01 0.32
TOCr % 51 1 39 8
kTOC /d 0.70 0.009 1.58 0.08
Cell Voltage mV 88.6 164 46 233
PD mW/m? 56.69 193 15.55 390
Power generation PD W/m? 0.16 0.55 0.04 1.13
CE % 34 84 -6 124
Rint Q 83 2,022 83 2,022

Note: S2 and A2 represent medium concentrations of sucrose and acetate, respectively.

Table 3.3 shows that the CODr, kCOD, TOCr, and CE of both substrates at a medium-
strength level and RT 24 h outperformed the fourth mentioned parameters at RT 48 h.
Meanwhile, the kTOC, cell voltage, and PD of both substrates at a medium-strength level
and RT 48 h exceeded the fourth mentioned parameters at RT 24 h. These findings reveal
that RT 24 h is better for organic removal than power generation; on the contrary, RT 48
h is preferable for power generation than organic removal. Here, the organic removal was
referred to as removal per day; however, if the organic removal was calculated in total,
then RT 48 h could be better than RT 24. Therefore, the optimum RT of sucrose and
acetate could be determined at 24 h and 48 h, respectively. The maximum power
generation for sucrose occurred at 24 h, even though a lower COD removal than at 48 h
was provided as the accumulation of COD removal increased. Nevertheless, the
maximum power generation for acetate occurred at 48 h, which resulted in a higher
accumulation of COD removal. To comply with the MFC integrated wastewater treatment
for further design, a shorter RT of 24 h is appropriately chosen rather than the longer RT
of 48 h. Furthermore, since the adjusted process was mainly in anaerobic conditions, a
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shorter RT would provide benefits, particularly at the initial/start-up process, capital and
operational maintenance (OM) cost, and technical management.

3.4  Summary

The AC-SCMFC batch-mode reactor was used to determine the RT and is worthwhile
when designing any MFC reactor type related to integrated MFC compliance for
wastewater treatment. Likewise, the diversity of substrate types and concentrations used
warrants the determination of recommended substrate type and optimum concentration
most suitable for further MFC research in single and multiple MFC chambers. A
significant pattern analysis was used to determine which provided a higher pattern for
organic removal and power generation factors. In addition, a comparative analysis was
performed on eight substantial factors for different substrate types and concentrations to
show that they had the most common attention in MFCs studies.

From the results of this study, we recommend acetate substrate for optimum power
generation; however, sucrose is preferable for organic removal over a shorter time.
Simultaneously, the optimum substrate concentration was a medium level, which showed
a significant pattern compared to that of low and high concentrations. In brief, the
optimum RT for sucrose was determined to be 24 h and that for acetate was 48 h to fulfill
the performance of AC-SCMFC in organic removal and power generation. Considering
MFC design and its high overall performance, the optimum RT is 24 h, which applies to
both the substrate types and at all levels of organic concentration. We also strongly
recommend that the optimum RT obtained from this study could be applied to any type
of MFC research, especially in the oxidizable or biodegradable organic range, to ensure
high performance. Furthermore, this study was not adjusted for the non-oxidizable or non-
biodegradable organic range, which is one of the limitations of MFC studies. Moreover,
the different microbial species and diversity applied could affect the performance of MFC.
Therefore, we encourage further studies to address the limitations mentioned above to
contribute to the results.

Notably, in policy recommendations, we provide the recommended optimum RT with
a medium level of substrate concentration and acceptable organic type that can contribute
to the design criteria of any MFCs’ anodic chamber applied in a large-scale
intermittent/continuous mode and ensure that their effluent complies with national and
international regulations, standards, and guidelines.
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CHAPTER IV
ENHANCEMENT OF POWER GENERATION AND ORGANIC REMOVAL IN
DOUBLE ANODE CHAMBER DESIGNED DUAL-CHAMBER MICROBIAL
FUEL CELL (DAC-DCMFC)

4.1 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 (Samudro and Mangkoedihardjo, 2020, 2021;
Syvitski et al., 2020). 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
removal have been reported, from basic to advanced levels, such as adsorption, oxidation,
catalysis, photocatalysis, advanced oxidation process, electrochemical oxidation and
filtration, membrane bioreactor, anaerobic digestion, etc. (Dominguez et al., 2018; Ahsan,
Imam, et al., 2020; Ahsan, Santiago, et al., 2020) 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 provide
green by-products, such as methane gas, fertilizer, electricity, water, etc. MFC is a
breakthrough technology in electricity generation through a biochemical process that
converts organic substrates, which are non-complex, complex, and wastewater, into
electricity directly without generator support (Gajda, Greenman and Ieropoulos, 2018;
Fadzli, Bhawani and Rania, 2021). This technology could be considered for developing
in the future in adopting back-to-nature concepts that use natural organic substrates (Chen
et al., 2020; Ahmed et al., 2021), such as wastewater-based biomass, enriching carbons,
and nutrients utilized by the electrogenic bacteria (Capodaglio, Bolognesi and Cecconet,
2021; Verma et al., 2021). The research of MFC is still lacking in power generation
affected by high internal resistance (Flimban et al., 2019; Paucar and Sato, 2021) and
affected by parameters’ control (pH, and temperature) (Igboamalu et al., 2019), anolyte
(Potrykus et al., 2021), catholyte (Gajda et al., 2020; Lawson et al., 2020; Rossi and
Logan, 2020; Waheeb and Al-Alalawy, 2020), inoculum (Nath and Ghangrekar, 2020;
Ren et al., 2021), anode (Jingyu et al., 2020; Rajesh, Noori and Ghangrekar, 2020),
cathode (Aysla Costa De Oliveira et al., 2020; Chakraborty et al., 2020), electrode
spacing (You, Greenman and Ieropoulos, 2018; Singh and Kaushik, 2021), separator
(Flimban et al., 2020; Shabani et al, 2020), flowrate (Ieropoulos, Winfield and
Greenman, 2010; Krieg et al., 2018), retention time (Santos, de Barros and Linares, 2017),
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wiring system (Tominaga, Ototani and Darmawan, 2020), design/construction (Miller et
al.,2019), and configuration (Aelterman et al., 2006; Clauwaert ef al., 2008; Nandy and
Kundu, 2018). 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) (Nandy and Kundu, 2018). The high performance of DCMFC is shown by the
engineered electrode, such as multiple electrodes (Hamed, Majdi and Hasan, 2020;
Minutillo et al., 2020), nanomaterial-assisted electrode (Y. Liu et al., 2020, Frattini et al.,
2021), low-cost material substituted electrode (Yaqoob et al., 2020; Fatima et al., 2021),
separator (Kook et al., 2020; Obileke et al., 2021), and multiple anode chamber called the
integrated system with the wastewater treatment plant types (anaerobic digester,
constructed wetland, up-flow anaerobic baffled reactor (UASB), etc.) (Kim et al., 2011,
Samsudeen et al., 2015; Gajda, Greenman and Ieropoulos, 2018; Abbassi et al., 2020;
Capodaglio, Bolognesi and Cecconet, 2021). 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) (Kim ef al., 2011) and Samsudeen et al. (2015) (Samsudeen
et al., 2015), in which the results show the power densities of 458 mW/m? and 135.4
mW/m?, respectively. 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 separating
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.

4.2 Materials and Methods

4.2.1 Materials
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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-DCMEFC 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 (GC-341 F and 518 R)—
based DGGE (Hemalatha, Shanthi Sravan and Venkata Mohan, 2020), 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/I was prepared at 11.86 g per liter added with 8 g per liter of NaHCO3 99% p.a.
and KxHPOs 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 (NHy):HPOs 99% p.a., 20 milliliters per liter of 1M KCI 99.5% p.a., 0.4 M
MgCl.6H>0 98% p.a., 1.6 M NH,CIl 99.5% p.a., 0.2 M MgSO4 98% p.a., 0.16 M
FeCl3.6H>0 99% p.a., and 0.014 M CoCl2.6H>0 99% p.a.; and 2 milliliters per liter of
0.68 M CaCl2.2H>0 93% p.a. (Zhou et al., 2006, 2007). The sucrose-based substrate was
varied into three concentrations, which consisted of 400, 1000, and 2500 mgCOD/L
diluted from 20,000 mgCODY/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 x 8.7 x 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
Na>CO3.1.5H>0; (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-
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based polyurethane (Ahmad et al, 2020) with a similar function to
polytetrafluoroethylene (PTFE) (Ortiz-Martinez et al., 2016; Touach et al., 2016; Fatima
et al., 2021) 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) (Marassi et al., 2020; S. H. Liu et al., 2020), connected the anode-
equipped 100 Q of resistor onto the data logger and cathode in a line. In general, the
reactor is described in Figure 4.1.

Figure 4.1 Reactor design and configuration.

4.2.2 Methods
4.2.2.1 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-
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strength wastewaters can be found at Stoll et al. (2018) (Stoll, Dolfing and Xu, 2018).
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 ODgoo, 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 4.1.

Table 4.1 Set up of the DAC-DCMFC component based on the variables used.

Anode
R
eactor Anolyte Separator Catholyte Cathode
Type Al A2
Sucrose- GNPs-  GNPs- GNPs:PU
CEM (Nafi 2 ¢/l
1 based  SSM30 SSM 30 157)3 lonNa o gl o, 1107)-SSM
substrate mesh mesh S 30 mesh
Sucrose- GNPs-  GNPs- GNPs:PTFE
EM fi 2 g/l
2 based  SSM30 ssm 3o CoM (Nafion £ 60%-SSM 30
117) Na,COs.1.5H,0,
substrate mesh mesh mesh

Here, based on Table 4.1 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.

4.2.2.2 Analytical techniques

The physical parameters consisted of pH, temperature, ORP, and ODgoo. 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 (APHA, AWWA and WEF, 2017). 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).
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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.

4.2.2.3 Data calculation

The percentage of COD removal was counted with the following formula: %COD

COD?O_ DC ,O_Dout X 100%, where COD in (mg/L): the COD of the influent; COD

out (mg/L): the COD of the effluent (Kloch and Toczylowska-Maminska, 2020). The
TOC removal was calculated by using the analogical COD removal formula as follows:

TOC removal = W X 100%, where TOCin (mg/L): the TOC of the influent;

TOCout (mg/L): the TOC of the effluent.

removal =

Power and current were enumerated by following Ohm’s law: V = LR; 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 (m?): anode surface area; WV (m*): working volume (Logan, 2008). CE =
Mf51.dt

N.F.VanodicTcoD
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) (Logan, 2008).

, where M: the oxygen molar mass (32); I: the electrical current intensity

4.3 Results
4.3.1 Seeding and Feeding Characteristics

Seeding, which means an EAB source from the sludge of EU-STP, was initially
characterized 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,
temperature, 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 4.2.
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Table 4.2 Feeding characterization in average

Parameters Low OLR Medium OLR High OLR
pH 8.8+ 0.09 83+0.1 7.6 +£0.01
Temperature (°C) 24.7 +£1.09 242 +£0.34 242 +0.12
ORP (mV) —226 +£3.98 —306 +3.98 —255+7.74
ODsoo (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

4.3.2 Parameters Changes

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

Figure 4.2 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, 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,
ODeoos, 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 ODgoo 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
TOC:s 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
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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.

Figure 4.2 Parameters level changes comparison among OLRs; X: Low OLR; Y: Medium
OLR; Z: High OLR; 1A1: type 1 reactor and first anode chamber; 1A2: type 1 reactor and
second anode chamber; 2A1: type 2 reactor and first anode chamber; 2A2: type 2 reactor and
second anode chamber.

4.3.3 COD and TOC Removal

Generally, Figure 4.3 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%.

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
concentration of high OLR appeared to increase at the type 1 and 2 reactors.
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Figure 4.3 COD and TOC removal among OLRs; X: low OLR; Y: medium OLR; Z: high OLR;
1A1: type 1 reactor and first anode chamber; 1A2: type 1 reactor and second anode chamber;
2A1: type 2 reactor and first anode chamber; 2A2: type 2 reactor and second anode chamber.

4.3.4 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 4.4 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 well
built around +400-500 mV until 1446.5 h right before injecting with the different OLRs
variable.
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Figure 4.4 The overall power production; 1A1: type 1 reactor and first anode chamber; 1A2:
type 1 reactor and second an-ode chamber; 2A1: type 2 reactor and first anode chamber; 2A2:
type 2 reactor and second anode chamber.

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 4.5 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/m?. Meanwhile, the volumetric power density reached a
maximum of 5.15 + 0.26 W/m?®. 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
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100%, which could occur when the system was started at the beginning of the process,
starting from O h to less than 120 h of observation.

Low QLR Medium QLR High OLR
e i .

Figure 4.5 Power density (PD) and coulombic efficiency (CE); X: low OLR; Y: medium OLR;
Z: high OLR; 1A1: type 1 reactor and first anode chamber; 1A2: type 1 reactor and second an-
ode chamber; 2A1: type 2 reactor and first anode chamber; 2A2: type 2 reactor and second
anode chamber.

4.4 Discussion
4.4.1 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 (Aelterman
et al., 2006; Clauwaert et al., 2008). 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 wastewater 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.
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In addition, since the first anode chamber has a similar function with anaerobic
treatment, thercfore, 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 (Tanaka et al., 1997). The best value of F/M ratio
is between 0.57and 0.68 for anaerobic digestion (Prashanth, Kumar and Mehrotra, 2006).
The F/M ratio was found to be optimal at 0.5 for biogas production in an anaerobic
digester (Gozde Tugba Koksoy, 2009). 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
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.

4.4.2 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 (e-
proteobacteria), which is classified as one of the proteobacteria genera, having a function
of electron producing and transferring active bacteria (Fedorovich et al., 2009; Toh et al.,
2011; Pereira-Medrano et al., 2013; Szydlowski et al., 2020). 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 g-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 (Van
Gylswyk, Hippe and Rainey, 1997). Lactococcus sp. is a Gram-positive bacteria that
utilize the soluble redox mediators taken by Gram-negative bacteria (Rabaey and
Verstraete, 2005; Pham ef al., 2008).

Regarding the feeding characteristics in Table 4.2, 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 (Hilton et al., 2001). 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
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characteristics, which can live optimally around 15-37 °C (Hilton et al., 2001). 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(Yan et al., 2018), the bio-electrochemical
oxidation of sulfide utilized by sulfate-reducing bacteria (SRB) has an ORP range of —150
mV to —100 Mv (Ryckelynck, Stecher III and Reimers, 2005), 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 (Almatouq and Babatunde, 2016).
Therefore, ORP could be an option for process monitoring in MFC related to
environmental factors. Subsequently, ODsoo shows that it could be higher at high OLR. It
could be depicted here that high OLR in the COD unit affected the ODsoo value and would
influence the end value of ODsgo.

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) (Miyahara, Kouzuma and Watanabe, 2015; Grattieri and Minteer, 2018), and
heavy metals (chromium, cadmium, mercury, lead, etc.) (Adekunle, Raghavan and
Tartakovsky, 2019; Gustave et al., 2021; Sharma et al., 2021) 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.

4.4.3 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
microorganisms at pH 68 (Puig et al., 2010). 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
(Liu et al., 2010). 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 (Li, Chen and Wu, 2019). The pH would affect CE (Kaur et al., 2014; Rajesh,
Jadhav and Ghangrekar, 2015), CH4 production (Li, Chen and Wu, 2019), the release of
CO2 (Geng et al., 2020), the anode reaction kinetics (Yuan et al., 2011; Liao et al., 2014),
the electrochemical relationship between anode and biofilm (Liao et al., 2014), the
population density of EAB (Igboamalu et al, 2019), suppress or inactive the
methanogenic bacteria, which is currently known to be contributing to one of the EAB
(Igboamalu et al., 2019), the electroactive moiety density and the main effect is reducing
the MFC internal resistance (Yuan et al., 2011).
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At this point, the significant effect of pH on the other observed variables was ODsoo,
COD, TOC, and power production. ODsoo 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 (Gonzalez del Campo et al., 2013; Mateo et al.,
2016). The power production could be stable during the process and directly improve the
entire MFC performance (Mahmood et al., 2017). 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 4.2, 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 (Lopez Velarde
Santos et al., 2017; Algar et al., 2020). There were no such different values between the
type 1 and 2 reactors of each OLR.

Linares et al. (2019) (Linares et al., 2019) 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 (Hemalatha, Shanthi Sravan and Venkata Mohan,
2020).

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) (Ldpez
Velarde Santos ef al., 2017) 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 (Goto and Yoshida, 2019). When undiluted wood industry wastewater applied
on SMFC, the COD removal only achieved a maximum of 40% (Kloch and Toczylowska-
Maminska, 2020). This result is appropriate with the applied OLR recommendation
between 0.05 kg.m>.d™! and 2 kg.m>.d"! for optimizing any kind of MFC system by
many types of research (Scott e al., 2012).

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 4.3. 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.
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Meanwhile, the TOC removal maximum contributes similarly to the COD removal
maximum, as seen in Figure 4.3. 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.

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.

4.4.4 Power Production Performance

Figure 4.5 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 (Cheng, Liu and Logan, 2006; Zhang et al., 2016;
Midyurova and Nenov, 2017; Walter, Greenman and Ieropoulos, 2018).

As seen in Figure 4.4 and Figure 4.5, 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
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components mentioned in Table 4.1, and the results provided power at a maximum of
483.3 + 15 mV with power density at a maximum of 866 + 44 mW/m? (5.15 + 0.26 W/m?),
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/m? (23.6 W/m?)
(Kim et al., 2011). 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/m? (368 mA/m?) (Samsudeen et
al., 2015). 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 (Kim et al., 2016). 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 (Stoll, Dolfing and Xu, 2018). In comparison
with the other studies using acetate as their substrate, CE achievement was up to 70%
(Rozendal et al., 2007; Sleutels et al., 2011).

However, the volumetric power density was still lower than the other studies
associated with general DCMFC:s. 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 (You, Greenman
and leropoulos, 2018). Nevertheless, 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.

4.4.5 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.
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Based on the analysis, the C/B ratio of the type 1 reactor is 0.7 less than the
recommended 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
material. 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.

4.5  Summary

DAC-DCMEFC 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 chambers
MEFC reported in the literature. Power production was achieved at a maximum of 866 +
44 mW/m? (5.15 £ 0.26 W/m?®), 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.
Meanwhile, the second anode chamber achieved higher performance in power production
at overall OLRs than the first anode chamber. In addition, there were no substantial
differences in COD and TOC removal between the two compartments.

Overall tested OLRs could be used for further study in the development of DAC-
DCMEFC. 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
modified 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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5.1

CHAPTER V
CONCLUSIONS AND FUTURE WORKS

Conclusions
Below are the conclusions obtained from this study:

The optimum RT, performed by the AC-SCMFC batch-mode reactor, is determined
at 24 h, which applies to both the substrate types and at all levels of organic
concentration by considering MFC design and its high overall performance. In
addition, the optimum RT obtained from this study could be applied to any type of
MFC research, especially in the oxidizable or biodegradable organic range, to ensure
high performance.

Power production, indicated contributing to increasing power density 1.9 times,
compared to the closer design and configuration of other multiple anode chambers
MEFC reported in the literature, was achieved at a maximum of 866 + 44 mW/m? (5.15
+ 0.26 W/m?®), and coulombic efficiency (CE) reached a maximum of 84%.
Meanwhile, COD and TOC removals represented by medium OLR achieved the
maximum organic removal ranging from 60% to 80%. Furthermore, the second anode
chamber achieved higher performance in power production at overall OLRs than the
first anode chamber. Moreover, there were no substantial differences in COD and
TOC removal between the two compartments.

This study recommends acetate substrate for optimum power generation; however,
sucrose is preferable for organic removal over a shorter time. Simultaneously, the
optimum substrate concentration was a medium level, which showed a significant
pattern compared to that of low and high concentrations.

This study suggests that medium OLR is more preferred for the start-up process, due
to fast EAB adaptation and stable power output in long-term performance.
Furthermore, based on the cost consideration, the C/B ratio of the type 1 reactor is 0.7
less than 1, providing advantages in its application.

Remarkably, the recommended optimum RT, resulted from AC-SCMFC, with a
medium level of substrate concentration and acceptable organic type that can
contribute to the design criteria of any MFCs’ anodic chamber applied in a large-scale
intermittent/continuous mode and ensure that their effluent complies with national
and international regulations, standards, and guidelines. Likewise, based on the
performance of DAC-DCMFC, the modified 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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5.2 Future Works

Suggestions for future research topics concerning the simultaneously enhanced
organic removal and power generation in the next MFC studies based on multi-chamber
MFC:s are listed below:

e The condition of the reactor indicated anoxic-like anaerobic; this study suggests
strictly setting the reactor at obligate anaerobic to identify the different performances
under the same conditions and contribute to comparing their results afterwards.

e Based on the finding of optimum RT, further innovations can be obtained by
designing multi-compartment-based anodic chambers assisted with single or multi-
compartment-based cathodic chambers to improve the performance of multi-
chamber-based MFCs.

e The concentration and OLR of medium strength levels could benchmark all MFC
studies to quickly start up the reactor's operation and ensure high performance both in
organic removal and power generation that complies with the national and
international standards of discharge and MFC guidelines.

e This study encourages further research to address the limitations of the range of non-
oxidizable or non-biodegradable organics and the different microbial species and
diversity that may contribute to the results.
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