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Abstract

Water pollution is a pressing issue due to growing levels of industrialization and
increasing amounts of domestic wastewater. The possibility of harvesting energy
from waste has captured the attention of the scientists across the globe. In this
regard, the membrane-less microbial fuel cell (ML-MFC) has come across as a
sustainable choice of technology for energy generation along with wastewater
treatment. This unit behaves like a bioreactor relying on the bacteria that act as a
biocatalyst oxidizing the organic matter to produce electricity. In this chapter, the
focus is laid on the influence of chemical and physical parameters of the
ML-MFC unit on the productivity of the process from electricity generation
and wastewater treatment aspects.
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8.1 Introduction

Since the last few decades, immense thrust on the sustainability factor has driven the
scientific community to seek ways of addressing the issues causing harm to the
ecosystem (Nastro 2014). On the other hand, concerns regarding the depletion of
crude oil and the consequential rush to find alternative energy sources have also
gained momentum. In view of this, microbial fuel cells (MFCs) have become of
global interest as a sustainable technology with immense potential to generate
electricity from organic matter in wastewaters, concurrently treating the wastewaters
and contributing to environmental remediation (Feng et al. 2008). The MFC tech-
nology holds promise to fulfill at least a part of the future energy needs (Logan
2010). Moreover, it is self-sustaining, affordable, and does not require huge capital
investments.

The MFCs function by converting the chemical energy derived from the organic
matter present in the wastewater directly into electrical energy, with the help of
electrogenic bacteria working as a biocatalyst (Min and Logan 2004). An MFC
primarily consists of three parts: an electrode system with a container, a microorgan-
ism culture (anaerobic or aerobic) in a growing medium, and a substrate solution to
nourish the microbes (Cheng et al. 2006). The MFCs are designed with different
configurations, in general, they are classified as single-chamber or dual-chamber
MFCs (Khan et al. 2018). Most single-chamber MFCs usually contain a proton-
exchange membrane (PEM) to separate the anode and the cathode compartments.
However, in most cases, the membrane offers a considerable internal resistance that
negatively influences the electrochemical performance of the MFCs. Besides, high
costs of the membrane have rendered conventional MFCs commercially unviable
(Logan 2010). Recent efforts have been directed to achieve high output without a
membrane, thus giving rise to the concept of membrane-less microbial fuel cell
(ML-MFC), as depicted in Fig. 8.1. The presence of an additional anode layer (in the
middle of the cell) in Fig. 8.1b acts as a barrier preventing the movement of organic
materials towards the cathode, which holds the key to high efficiency (Kim et al.
2016). Thus, the ML-MFCs overcome the drawback of conventional MFCs since the
membrane limits the functioning of the MFC by decelerating the transfer of protons
through it (Jang et al. 2004).

There are several major advantages offered by an ML-MFC with regard to the
energy output, process economics, environmental impact, as well as the overall
feasibility (Fig. 8.2). Firstly, ML-MFC does not require any energy input from an
external source. Secondly, it can operate at ambient temperature and pressure
conditions. Thirdly, it is eco-friendly as it does not produce any toxic by-products.
It can help to curtain the environmental pollution levels, thus prevent damage to the
planet (Yang et al. 2009). Fourthly, its operation without an ion-exchange membrane
decreases the ohmic cell resistance, along with the manufacturing cost of the reactor
(Clauwaert and Verstraete 2009). Finally, depending on the design, it can have a
long operational lifespan with durability in keeping up the efficiency (Zhang and Ye
2015).

236 C. A. Tahir et al.



Fig. 8.1 Schematic representation of an ML-MFC (a) single-chamber unit, (b) dual-chamber unit.
(Redrawn with modifications from Ref. Kim et al. (2016))

Fig. 8.2 Advantages of MFCs. (Redrawn with modifications from Ref. Li et al. (2014))
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The process of bio-electricity generation in most kinds of MFCs is similar, where
the substrate with microorganisms is contained in the anode compartment (if the
anode is partitioned from the cathode using a separator) of the MFC chamber (Lin
et al. 2013). The microorganisms play the role of a catalyst in the process of energy
generation, producing electrons and protons along with carbon dioxide (CO2) gas.
With the passage of time, they create a biofilm on the anode surface thus catalyzing
the anaerobic bacterial oxidation (Li et al. 2014; Waller and Trabold 2013). The
protons or hydrogen ions (H+) move from the anode towards the cathode, while the
electrons transfer through an external electrical circuit connected to the cathode (Lin
et al. 2013). Oxygen, which acts as the electron acceptor, is pumped from the air
through the catholyte into the cathode compartment or, it is directly received if the
cathode is in contact with the air (air-cathode) (Zhang and Ye 2015). In the cathode
compartment, hydrogen ions and oxygen react with the help of electrons to form
water or hydrogen peroxide (Luo et al. 2017). The cathode electrode is generally
coated with a catalyst such as platinum to assist in the reaction of hydrogen ions with
oxygen, or in other words, to facilitate the oxygen reduction reaction (Rahimnejad
and Najafpour 2011). The basic chemical reactions taking place at the electrodes
with the organic materials are depicted by Eqs. (8.1)–(8.3). The specific reactions
may vary in anode compartment according to the type of substrate used; however,
the products remain the same with altered stoichiometric coefficients (Khan et al.
2018). At the anode, the partition reaction in the case of glucose as substrate occurs
as indicated by Eq. (8.1).

C6H12O6 þ 6H2O ! 6CO2 þ 24Hþ þ 24e� ð8:1Þ
At the cathode, the partition reaction occurs as indicated by Eqs. (8.2) and (8.3).

4Hþ þ 4e� þ O2 ! 2H2O ð8:2Þ
4Hþ þ 4e� þ 2O2 ! 2H2O2 ð8:3Þ

where, ΔGo ¼ � 5792.2 kJ/mol.
The substrate, which functions as a fuel for the MFC unit, contains organic

compounds that are degraded by the microorganisms during the process of oxidation
(Pauline and Boopathi 2018; Luo et al. 2007). Agri-food industries produce a lot of
waste that is easily broken down by bacteria and can be a good substrate for MFCs.
Other common substrates may include glucose, acetate, as well as wastewaters from
the domestic household, dairy, slaughter-house, refinery, and dyeing industry
(Pallavi and Udayashankara 2016; Jothinathan et al. 2018; Savizi et al. 2012). The
functioning of MFCs is influenced by a number of chemical, physical, and biological
factors that have a significant impact on the overall efficiency of the unit. The
physical and chemical factors include the reactor design (Jang et al. 2004; Luo
et al. 2007; Liu and Logan 2004; Ye et al. 2018); pH (Gil et al. 2003; Jadhav and
Ghangrekar 2009); temperature (Feng et al. 2008; Jadhav and Ghangrekar 2009;
Ahn and Logan 2010); electrode surface area with electrode spacing (Ghangrekar
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and Shinde 2007; Cheng and Logan 2011); and the pretreatment of the influent
(Jadhav and Ghangrekar 2009; Ghangrekar and Shinde 2008; Yang et al. 2013). The
biological factors include the type of microbial culture used, and the conditioning of
the substrate for the microorganisms (Malvankar et al. 2012; Hassan et al. 2014).
Many varieties of exogenous bacteria have been studied for their capability to
produce electrons (Cheng and Logan 2007). A major issue in ML-MFCs is the
mixing of the anolyte with the catholyte. This causes a decline in the efficiency of the
cathode electrode due to biofouling. The ultimate aim is to reduce the internal
resistance of the unit, enhance the maximum conversion rate of the organic materials
inside the substrate, and increase the efficiency of the anode and cathode electrodes
(Rabaey and Verstraete 2005).

The concept of an MFC was first postulated by Michael Cressé Potter from
Escherichia coli and Saccharomyces with platinum electrodes way back in 1912,
but its low power intensity led to little interest in it at the time (Yang et al. 2011). In
the early 1990s, MFCs regained interest as a promising technology for bioenergy
and wastewater treatment after substantial advancements lead to improved output
efficiency (Rahimnejad et al. 2015). In 1999, Kim et al. reported the first mediator-
less MFC (Logan 2008). Several developments have been made since then leading to
increased power density of MFCs from less than 1 W/m3 to over 4000 W/m3. Many
microorganisms have the ability to produce electrons from the metabolism of
organic matter (Cheng et al. 2006; Liu et al. 2004). There are different methods by
which the bacteria transfer electrons to the anode: transfer of electrons through
mediator, direct transfer of electrons, and transfer of electrons through bacterial
nanowires (Khan et al. 2018). The bacterial culture needs a favorable environment to
thrive; the pH and temperature greatly affect the bacterial activity, thus influencing
the performance of the reactor. Several reviews have been published on MFCs, each
with a different flavor or emphasis in terms of the design features, substrates,
microbial metabolism, their performance and challenges (Hindatu et al. 2017; Wei
et al. 2011). In this chapter, the focus lies on the major chemical and physical factors
impacting the performance and efficiency of ML-MFCs for power generation as well
as water treatment. It brings up the recent advances in the ML-MFC technology and
is expected to contribute to the future efforts in its development.

8.2 Electricity Generation

Bacteria are the crux of the MFC technology with the ability to produce and transfer
electricity through their pili to their surroundings. Many factors play roles in the
efficient harnessing of energy and accelerating the oxygen reduction reaction (ORR)
such as the use of different substrates, pretreatment of the substrate, anode and
cathode electrode performance, and the design of the reactor.

The design of MFC is the most significant factor influencing the electricity
production and water treatment capability and overall process efficiency (Pant
et al. 2010). One of the main design factors is the membrane, which has a huge
impact on the productivity as well as the cost of MFC. Many studies have
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investigated and compared the performance of MFCs with and without membranes,
under the same experimental conditions. For example, Sung and his team worked on
improving the cathodic ORR without precious metals using a carbon cathode and
replacing platinum as a catalyst due to its high cost. They compared a single-
chamber MFC (SMFC) (air-cathode and without membrane) with a two-chamber
MFC (TMFC) (consisting of PEM); and observed that the ML-MFC gave the
highest power and ORR activity. This was due to the enormous internal resistance
offered by the ion-exchange membrane, which is obvious from the resistance values
of 45 and 80Ω for SMFC and TMFC, respectively (Song et al. 2020). Another study
found that an ML-MFC produced 140% higher power output of 520–570 μW with
more stability compared to an MFC with ceramic membranes and salt-bridge
connection (You et al. 2020). Similarly, MFC configurations having a metal anode
with carbonaceous cathode showed that the ML-MFC dominated MFC with mem-
brane giving superior performance in terms of maximum power density (MPD)
(Yamashita et al. 2016). Thus, it is evident that the use of either salt-bridge or
membrane contributes to a direct rise in the internal resistance of the reactor, which is
a detrimental factor for achieving higher output power and overall efficiency (Min
et al. 2005). It is not surprising that single-chamber ML-MFCs are preferable over
the MFCs with membranes, and recent efforts have been directed towards the
improvement of their performance to make them commercially successful (Logan
2010).

As stated, many factors influence the performance of MFCs and the final output
of the reactor is a synergistic combination of each of the influencing factors, thus
making the direct comparisons of the effect of individual factors among different
studies difficult. Most studies on MFCs have probed the effects of pH variation,
substrate type, design configuration, operating temperature, electrode materials, the
oxygen amount in the anode, diffused oxygen sneaked into the system, etc. There-
fore, the evaluations and comparison will be based on rational thoughts and research
outcomes, and available theories and facts.

8.2.1 Anode and Cathode Electrodes

MFC has come across as a sustainable concept not only for electricity generation but
also as a solution for the environmental concerns facing the globe (Palanisamy et al.
2019). The choice of electrodes is a crucial and challenging aspect in the design of
MFCs for optimum performance. Efforts for the improvement of anode are directed
towards the “optimal provision for bacterial attachment” and “better capability of
collecting of more electrons from the bacteria and the medium” (Hindatu et al.
2017). For the cathode, its performance in terms of oxygen and hydrogen reaction
(ORR) significantly affects the coulombic efficiency (CE) of the MFC and helps to
boost the flow of electricity, durability, and long-term steadiness (Santoro et al.
2013; Jiménez González et al. 2020). Also, the placement of the cathode in the
ML-MFC plays an important role. If the MFC is designed with an air-cathode, it
faces some concerns like water loss, ORR activity, oxygen intrusion, cathode
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deterioration, biofilm formation from the substrate-faced side, and anode perfor-
mance and capability for fostering bacterial cultures. Many studies have been
published in the last two decades dealing with these issues and their solutions.
Although there has been a considerable progress in the electrodes to overcome
their poor performance, some issues still remain unsolved that have made MFC
technology unviable for large-scale operations (Zhou et al. 2012).

Till date, various materials have been explored for the development of electrode
materials for the MFCs. Carbonaceous materials (like carbon cloth, carbon felt,
graphite) and metallic materials (like copper, zinc, stainless steel) are widely used
for making anode and cathode electrodes (Fig. 8.3) (Santoro et al. 2017). Carbon is
abundantly available in nature, and possesses exceptional and unique characteristics
like interaction with the electroactive-biofilm, conductivity, and the durability in
toxic environments. For these reasons, carbonaceous materials find extensive
applications as electrodes for MFCs (Santoro et al. 2017). Several analytical
techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray diffraction (XRD) are commonly employed to

Fig. 8.3 Several types of carbonaceous and metallic materials used for anode and cathode
electrode. (Published from Ref. Santoro et al. (2017) under CC BY 4.0 license)
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characterize the structure of the electrode material. Most studies have evaluated the
electrodes for their electrochemical performance (ORR) by cyclic voltammetry and
electrochemical impedance spectroscopy, whereas some others have focused on
oxygen diffusion through the cathode, MPD, CE, and chemical oxygen demand
(COD).

Cathode Electrode
As mentioned, carbonaceous materials have unique properties such as electrical
conductivity (Saba et al. 2017), corrosion resistivity (Slate et al. 2019), mechanical
strength (Jia et al. 2018), high surface area (Yang et al. 2018), biocompatibility
(Zhao et al. 2018), chemical stability (Cai et al. 2020a), environmental safety and
low cost (Liu et al. 2020). In a study, a carbon cathode was prepared from mixed
carbon powder (Vulcan XC-72) and 30 wt% polytetrafluoroethylene (PTFE) solu-
tion, coated with different numbers of diffusion layers (DLs) from the airside. The
optimum performance was obtained with four DLs, which significantly improved the
CE from 19.1% to 32%, while the MPD increased by 42% compared to an uncoated
carbon cathode. Also, the open-circuit potential analyses revealed that the maximum
potential difference between the cathode having four DLs and the uncoated cathode
was 117 mV at 0.6 mA/cm2. Obviously, the oxygen permeability and water loss
from cathode decreased with increasing number of DLs (Cheng et al. 2006). Any
attempt for sealing the cathode further lead to higher internal resistivity like in case
of the MFC with PEM. For sealing the cathode to have lower resistivity, a spun-
bonded olefin sheet was used in a study instead of a PTFE coating. In the beginning
(on day 5), this cathode produced an MPD of 750 mW/m2, current density of 2.0 A/
m2 (32 A/m3), a CE of 55%, low resistance of about 4Ω, and total internal resistance
of 131 Ω, causing no water leakage in the cathode and a drop in resistance by 400%.
After day 42, the overall internal resistance built up to 160 Ω due to the loss of
platinum catalyst by 8.26% (w/w) and development of the bacterial biofilm on the
catalyst, thus limiting the ORR ability. Finally, after 53 days, the cathode potential
declined gradually to 280 mW/m2 and 1.4 A/m2 (Tugtas et al. 2011). In another
work, different ratios of PTFE to carbon (200%, 100%, 80%, and 60%) were tested
on the cathode by Guerrini et al. They found that a high PTFE ratio prevented the
transfer of the protons and inhibited the ORR electrocatalysis. The optimum ratio
was between 60% and 80%, which produced a current of 700 μA after 52 days. It
was observed that more carbon contact enhanced the current production. Oxygen
was not a limiting factor, instead, the biomass activity slightly influenced the cathode
(Guerrini et al. 2015).

Despite all the attempts for improving the performance of the cathode, there is an
increase in the resistance due to the coated layers and the biofilm formation over the
cathode. Furthermore, the erosion of the cathode causes development of the cracks,
which leads to wetting of the cathode with subsequent decrease in its ORR activity.
Therefore, different materials with different properties have been explored for
making cathode, producing a varying range of voltage and current. One of the
reasons that make MFC non-commercial is the use of precious metals like platinum
as a catalyst on cathode for increasing the ORR activity (Song et al. 2020). Many
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studies have been conducted on the cathode of an ML-MFC with efforts to achieve
high ORR activity at a reasonable cost. Recently, in a research conducted by Song
et al., nitrogen- and phosphorus-doped ordered mesoporous carbon (NPOMC) was
used as a catalyst replacing platinum (Song et al. 2020). As elucidated in Fig. 8.4, the
phosphate active sites on the mesoporous carbon surface are a doping center for the
ORR, where the nanoporous structure of the catalyst helps to intensify the ORR
activity and the nitrogen-doping sites cause a change in the charge distribution. The
NPOMC in the ML-MFC gave only 30% of the ORR activity of Pt/C (154.0 mW/
m2) with 30–40% lower MPD. Moreover, gradual formation of biofilm on the
surface of the catalyst (biofouling) blocked the nano-structured active sites of the
NPOMC and drastically affected its performance and stability. The electrochemical
performance showed results gave a current of 1.33 mA and an internal resistance of
286 Ω after 30 days of operation (Song et al. 2020).

In another work, canvas cloth was used for the fabrication of electrodes. The
non-conductive material was made to conduct electricity by coating it with one of
nickel or graphite along with manganese dioxide (MnO2) as catalyst. The nickel-
coated canvas produced a better result than the graphite-coated canvas with an MPD
of 86.03 mW/m2, COD reduction of 95%, and CE of 30.2% (Zhuang et al. 2009). In
yet another study, bamboo charcoal coated with platinum was used as a cathode in an
ML-MFC giving maximum power and voltage of 1.16 mW and 0.50 V, respectively
(Yang et al. 2009). Feng et al. employed stainless steel coated with polypyrrole/
anthraquinone-2-sulfonate film as a cathode. It produced an MPD of 575 mW/m2,
and the cathode showed a great ability to reduce oxygen and inhibit water leakage
(Feng et al. 2011). Iron-based catalysts such as ricobendazole and niclosamide could
be a possible alternative for platinum on the cathode electrode, as they have shown
20–25% higher efficiency than that of platinum (Santoro et al. 2016). Similarly, the
ability pristine graphene to enhance extracellular electron transfer has been exploited
for platinum-free electrodes, producing a volumetric power of 3.51 W/m3 (Call et al.
2017). Thus, it can be concluded that sealing of the air-cathode electrode, choice of

Fig. 8.4 Surface morphology of nitrogen- and phosphorus-doped ordered mesoporous carbon
(NOPMC) illustrating the mechanism of oxygen reduction reaction. (Reproduced with permission
from Ref. Song et al. (2020) # 2020 Elsevier publisher)
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electrode material and cathode coating catalyst are crucial considerations to achieve
a high ORR activity. Still, there is immense scope for improvement of the MFC with
lots of undiscovered possibilities for the cathode—the main challenges being long
lifetime, stable performance, and cost of the electrodes.

Anode Electrode
The anode material and its arrangement play a vital role in attachment of the bacteria,
enrichment of the biofilm, oxidation of the substrate, as well as transfer of electrons
between the bacteria and the electrode, which in turn affect the final output. Several
methods of modification such as surface treatment (ammonia gas treatment (Cheng
and Logan 2007), heat treatment (Feng et al. 2010), acid treatment, electrochemical
oxidation), surface modification with nanomaterials, and surface coating with con-
ductive polymers (Hindatu et al. 2017) have been used to improve the overall
performance of an ML-MFC. All main parameters used for assessing the cathode
electrode also hold true for the anode electrode; in addition, the anode should also be
bio-compatible with the bacteria (Kumar et al. 2013).

A study used an anode made of carbon cloth treated with ammonia, while the
cathode was carbon cloth with platinum catalyst. This combination led to a substan-
tial improvement in CE by 20% compared to the untreated anode, and an MPD
increment from 1640 to 1970 mW/m2. The power attained was 7.5 times higher than
that from the untreated electrode, and the start-up time was reduced by 50% (Cheng
and Logan 2007). In another study, carbon fiber brush treated with acid and heat was
used as the anode produced an MPD of 1370 mW/m2, which was greater by 34% and
7% than that achieved by using untreated electrode and only heat treated electrode,
respectively (Feng et al. 2010). Likewise, modification of the anode was done using
nitric acid (CM-N) and ammonium nitrate (CM-A). CM-N performed better than
CM-A giving an MPD of 792 mW/m2 and CE of 24%, which were greater than that
achieved using an untreated anode by 43% and 71%, respectively. Also, the
modified anodes showed deep cracks and rough surface that aided in improved
electron transferring property (Zhou et al. 2012). An MPD of 1788 mW/m3 was
achieved in a similar study by treating the anode surface with nitric acid and
ammonia (Yang et al. 2014).

Lin et al. worked with different materials (stainless steel, copper, gold, and
graphite carbon cloth) as electrodes. Copper anode showed erosion, while hindered
electron transfer was observed in case of stainless steel. On the other hand, the gold
electrode showed a very high performance. The best result in terms of open-circuit
voltage (0.49 V) was achieved with the gold anode and carbon cloth cathode (Lin
et al. 2013). Another study used an anode of graphite felt coated with iron oxide
(Fe2O3) and ferric oxyhydroxide (FeOOH) giving an MPD of 18 W/m3 (Wang et al.
2013). A voltage of 573 mV and an MPD of 884 mW/m2 were obtained when
polyaniline was used with a graphene-modified carbon cloth as an anode (Huang
et al. 2016). A flame-oxidized stainless steel anode resulted in an MPD of 1063 mW/
m2 that was 24% higher compared to the untreated anode. Furthermore, it was also
appreciably higher by 323% than the same MFC configuration with membrane
(Yamashita et al. 2016).
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Peng et al. added 5% of nickel-iron oxide (NiFe2O4) to the anode to achieve an
MPD of 806.4 mW/m2, reducing the internal resistance by 39% compared to the
untreated anode (Peng et al. 2017). Using indium tin oxide coated glass as an anode
produced the voltage and power output of 471 mV and 418.8 mW/m2, respectively.
However, its COD removal efficiency was lower than the carbon brush (Jiang et al.
2018). Another study found that the use of carbonized cotton textile modified with
molybdenum carbide nanoparticles as an anode delivered an MPD of 1.12 W/m2.
This material offered a super performance in conductivity, high biocompatibility,
strong electrochemical activity, and cost-effectiveness (Zeng et al. 2018). Graphene
coated with iron sulfide (FeS2) nanoparticles was employed as an anode on different
substrates, achieving an MPD of 3220 mW/m2 and an outstanding current density of
3.06 A/m2 with COD removal of 1319 mg/l (Wang et al. 2018). Many studies have
shown tremendous progress by improving the anode with different materials,
nanoparticles and composites to give superior electrochemical performance. It is
of prime significance to check the compatibility of the treated anode with bacteria, its
conductivity and durability to ensure optimum efficiency.

8.2.2 Effect of Operating Temperature

Literature has proven that temperature has a great impact on the performance of
ML-MFC by affecting the growth and survival of microbial communities, the
conductivity of the substrate solution, internal resistance, and start-up time (Gadkari
et al. 2020). A study on a single-chamber, air-cathode ML-MFC compared two
operating temperatures (20 and 30 �C) and found a stable power density of
187 � 8 mW/m2 and CE of 10% at 30 �C. When the reactor was adjusted to
20 �C, MPD and CE decreased to 155 mW/m2 and 8.9%, respectively. Moreover,
as the temperature decreased from 30 to 20 �C, the cathode potential showed a
massive drop by 315%; while the anode electrode potential lessened by 21% (Feng
et al. 2008). Another work examined ML-MFC under different ranges of tempera-
ture, i.e. 20–35 and 8–22 �C. The higher working temperature range resulted in
higher COD removal of 90%, lower current of 0.7 mA, and CE 1.5%. On the
contrary, at lower temperature range, the COD removal reduced to 59%, current
rose to 1.4 mA, and CE increased to 5%. Thus, the lower temperature range favored
the current and coulombic efficiency, while higher temperature worked better for
COD removal (Jadhav and Ghangrekar 2009). However, a different trend was
observed in a continuous flow ML-MFC operating at 30 �C, which showed a
power density of 422 mW/m2 (12.8 W/m3), COD removal of 26%, and CE of
1.7%. At ambient temperature (23 �C), the power density reduced to 345 mW/m2

(10.5 W/m3), COD removal reduced to 19%, while CE dropped to a mere 0.7% (Ahn
and Logan 2010). Another study analyzed the effects of varying temperature in the
range 15–35 �C, and found the best results at 35 �C showing MPD, current and CE of
74 mW/m3, 2.51 mA, and 10%, respectively (Tee et al. 2018).

The start-up temperature must be taken into consideration for maintaining longer
stability of power in batch and continuous mode ML-MFCs. Generally, the
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microbial community’s sensitivity towards temperature decides on the maximum
operating temperature, beyond which the bacterial activity degenerates. In most
studies, the observed optimum temperature range from 20 to 32 �C favored the
growth of methanogenic bacteria and demonstrated a linear rise in the power output.
The highest limit of operating temperature is usually 35 �C, above which the reactor
efficiency begins to decline.

8.2.3 Effect of pH

The bioactivity of the microbial community is considerably dependent on the pH of
the substrate (Marashi and Kariminia 2015). In a study, an increase of the pH value
above 8.5 led to the precipitation of carbonates on the cathode surface in batch mode
of ML-MFC reactors. The deposition of the carbonate layer acted as a barrier and
decreased the electrochemically-active area, similar to the PTFE effect on cathode
activity (Guerrini et al. 2015). Another work tested the effect of pH in the range
5.5–7.5, and found that the internal resistance decreased as the pH difference
between the anode and cathode solutions increased. The highest current was
generated within an optimum pH range of 6.0–7.0 indicating the lower microbial
activity at sub-optimal pH compared to the optimal pH (Jadhav and Ghangrekar
2009). Similar observations were found in yet another study that concluded the
optimal pH of an ML-MFC as 7 (Gil et al. 2003). The effect of three different pH
conditions (5.5, 7.0, and 8.5) was assessed on an ML-MFC. The highest power
density was observed at pH 8.5 that was greater by 40% and 66% than the power
densities observed at pH values of 7.0 and 5.4, respectively. This was evident as
even though acidogenic and methanogenic bacteria are inactive in alkaline
conditions, electrogenic bacteria are active in that environment (Marashi and
Kariminia 2015). When the pH of the anodic solution increased from 5.4 to 9.0
due to the hydrolysis of the urea, it caused a decrease in the anodic performance,
implying that the anode can take a limited pH working range (Santoro et al. 2013).
The acidogenic bacteria have been shown to be active at pH 5.5, where the hydrogen
production dominates overcoming the degradation of the pollutants and decreasing
COD removal, as compared to neutral or alkaline conditions (Marashi and Kariminia
2015). In contrast, alkaline environment is favorable for the electrogenic bacteria
leading to a higher power generation (Yuan et al. 2011).

8.2.4 Effect of Substrate Pretreatment

The quality of the substrate fed to the reactor is a crucial factor influencing the
performance of the ML-MFC. The organic molecules need to be decomposed and
dissolved in the substrate for the bacteria to be able to consume them. In a study, a
sludge was kept in the anode chamber for 15 days, followed by heat treatment at
100 �C and cooling to room temperature. It was then re-inoculated, while no
inoculation was done for the cathode. As a result, the COD removal efficiency
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reached 91.4% at an organic loading rate (OLR) of 2.65 kg COD/m3.d, giving a
maximum power density of 6.73 mW/m2, and a current density of 70.74 mA/m2

(Ghangrekar and Shinde 2008). In a similar way, a power density of 0.32 � 0.01 W/
m2 was obtained with a sludge fermented for 9 days at 30 �C prior to dilution with
the primary effluent, whereas the untreated primary effluent gave a power density of
0.24� 0.03 W/m2. The fermentation caused a reduction in the total suspended solids
from 26.1 to 16.5 g/l, and the pH from 5.7 to 4.5. Additionally, it increased the
conductivity from 2.4 mS/cm to 4.7 mS/cm (Yang et al. 2013).

8.2.5 Effect of Reactor Design

The design of ML-MFC reactor is the cornerstone for deciding the type of cathode
material and assembly suitable for the reactor. The cathode can be either submerged
completely in the substrate or it can be placed as an air-cathode electrode, where one
half has contact with the substrate and the other half is exposed to the air. For the
air-cathode, the ORR reaction occurs with the oxygen in the air; while for the
submerged cathode, air is supplied through a compressor. The anode electrode is
placed inside the substrate.

In a study, an ML-MFC was designed with a cylindrical shape having a diameter
of 10 cm and a height of 100 cm. Graphite felt was used as the anode (surface area of
465 cm2) and placed at the bottom of the reactor; with glass wool (4 cm depth) and
glass bead (4 cm depth) placed above the anode, as shown in Fig. 8.5. The cathode,
made of graphite felt (surface area of 89 cm2), was placed at the top of the reactor and
the compartment was aerated. The electrode spacing was varied between 10 and
30 cm. The inlet of wastewater was from the bottom and after passing through the
layers, it was discharged from the top. The set-up yielded a power density of
1.3 mW/m2 at a current density of 6–9 mA/m2 (Jang et al. 2004). A similar design
by Ghangrekar and Shinde gave the maximum voltage of 358 mV, power density of
10.9 mW/m2, COD removal of 88%, and BOD removal of 87% (Ghangrekar and
Shinde 2007). A two-chambered cylindrical ML-MFC of Plexiglas was designed
with a diameter of 75 mm and a height of 100 mm. The two chambers were separated
by a carbon paper, and the electrodes too were made of carbon paper. The cathode
electrode was coated with platinum and dipped into the cathode chamber. After
400 h long run, the maximum voltage output of 551 mV and power density of
121 mW/m2 were attained (Luo et al. 2007). In another work, the cathode and anode
compartments were placed at different levels, the cathode chamber was located
above from the anode chamber so that the outlet of anode was connected to the
inlet of cathode through a valve. The substrate was driven by gravity into the anode
from the storage container that was placed at a higher level than the cathode. The air
was pumped into cathode chamber, the influent entered from the anode and went
through the connection to the cathode. The reactor assembly resulted in a maximum
voltage of 160.7 mV, an MPD of 24.33 mW/m3, COD removal efficiency of 90.45%
(Du et al. 2011).
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The cylindrical reactors have the advantage of capturing maximum number of
protons escaping from the anode, where the influent enters in from the bottom of the
reactor and leaves from the top. The influent comes in contact with the cathode as it
emerges out of the reactor, which accelerates the movement of hydrogen from anode
to cathode. Moreover, the speed of the fluid flow affects the electricity production
and the treatment of influent. Despite many advantages of the cylindrical reactor,
there are some drawbacks associated with these types of designs. Firstly, the spacing
between the two electrodes affects the reactor output and needs to be optimized.
Secondly, there is a requirement for external air pumping into the cathode compart-
ment. Thirdly, when the cathode is completely immersed in the substrate, it leads to
the rapid formation of the biofilm resulting in biofouling, thus lowering the perfor-
mance of the cathode. Finally, the cathode area may not be enough for the reactor;
the literature shows that the optimal ratio of the cathode size to the anode size must
be 2:1 or higher (Cheng and Logan 2011).

Another variation in the reactor design could be wherein the cathode is placed
outside the reactor. In a study, a cylinder-shaped reactor made of Plexiglas was
designed having 3 cm diameter, 13 cm height, and evenly drilled holes on the wall,
as shown in Fig. 8.6. The cathode was a cylinder wrapped with a flexible carbon
cloth coated with C/Pt, as an air-cathode. Carbon granules, with a surface area of
31 cm2, were used as the anode. The inlet was from the bottom, while the effluent
exited from the top. The reactor displayed a voltage of 0.384 V with a maximum
volumetric power of 50.2 W/m3 at a current density of 216 A/m3 (with an internal

Fig. 8.5 Cylindrical ML-MFC with anode and cathode placed inside the reactor. (Redrawn with
modifications from Ref. Jang et al. (2004))
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resistance of 27 Ω) (You et al. 2007). Furthermore, this design helped to have a
longer lifespan and higher performance of the cathode, simultaneously decreasing
the overall internal resistance by minimizing the distance between the cathode and
the anode.

A modified ML-MFC configuration was developed to solve the issue of distance
between cathode and anode. The design consisted of a twin cylindrical compartment
with a volume of 1.85 l, an air-cathode made of carbon cloth coated with platinum
from the air-facing side, and a brush-type anode made of carbon cloth connected
with titanium wires. The anode and cathode were placed on each end of the
compartment, with the cathode being at a distance of 1 cm from the anode. The
design resulted in an MPD of 39–53 mW/m2 from the cattle manure solid waste (Lee
and Nirmalakhandan 2011). Liu and Logan used a Plexiglas cylindrical container
open from both the sides with 4 cm length and 3 cm diameter, as shown in Fig. 8.7.
The anode and cathode electrodes were placed on opposite sides of the cylinder. The
anode was made of carbon paper and the cathode was made of carbon cloth coated
with platinum on the air-facing side. The inner side of the cathode was examined
with and without PEM. The MFC in the absence of PEM could achieve an MPD of
146 mW/m2 with 20% CE using domestic wastewater as the substrate; while in the
presence of PEM, it produced an MPD of 28 mW/m2 at 28% CE (Liu and Logan
2004). A similar reactor was built with a glass tube placed on top of the reactor (4 cm
long and 1.4 cm inner diameter) with a perforated cap to help the aerobic bacteria
access air. The anode was made of carbon fiber brush, and the cathode was made of
carbon cloth coated with platinum. The results showed an MPD of 268.5 mW/m2,

Personal computer

V

R

Anode

Effluent

Recirculation

Cathode
Influent

Fig. 8.6 Cylindrical ML-MFC with anode inside and cathode placed outside the reactor.
(Reproduced with permission from Ref. You et al. (2007) # 2007 Elsevier publisher)
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COD removal of 67%, phosphorus removal of 97%, and ammonia removal of 99%
(Jiang 2017). It implies that the productivity of small-sized reactors is generally
higher than that of big-sized reactors due to the lower internal resistance of the
former. However, a disadvantage of these designs is that the mixing of cathodic and
anodic compartments is inevitable, thus creating biofouling on the inner side of
cathode.

In a different work, a micro-sized ML-MFC was designed with dimensions of
15 � 5 mm, thickness of 0.37 mm with a volume of 83 μl, with the anode and
cathode made of carbon cloth (Fig. 8.8). Glass fiber was placed between the
electrodes to alleviate the mixing of the fluids from the two compartments and for
assisting in hydrogen transfer. The electrons were transferred through the titanium
foils connected to each electrode. The electrodes were held with the help of acrylic
cover plates. The cell was sealed with a silicone pad stacked vertically, resulting in
an MPD of 3.2 mW/cm3 (Ye et al. 2018).

Many efforts have been made for using biochar as electrode to develop economi-
cal and environmentally-friendly MFCs without compromising on their perfor-
mance. A study fabricated a cathode using a bamboo tube, by carbonizing it at
900 �C in nitrogen atmosphere followed by heat treatment at 350 �C to increase
porosity (Fig. 8.9). The cathode was also brushed with polytetrafluoroethylene
solution on the external side to make it water proof. A carbon fiber brush was used
as the anode. The cell produced an MPD of 40.4 W/m3 and CE of 55% (Yang et al.
2017). The biomass materials can be a great replacement for expensive electrode
materials for ML-MFCs due to their renewability, wide availability, and low cost.
One of the approaches to better design with low cost is preventing mixing of anolyte
with catholyte, minimizing oxygen intrusion, avoiding biofilm formation, and
alleviating cathode deterioration. This can be achieved by putting a separator or an
additional anode in the container to create a two-chamber ML-MFC (Kim et al.
2016). Recently, Nawaz and his team assembled a conical dual-chambered
ML-MFC fabricated from graphite-based materials, as shown in Fig. 8.10. The
cathode chamber was concentrically placed inside the anode chamber with 4 mm
space in between them. The anode was sealed from the top with an acrylic lid, and air
was pumped into the cathode. This design accomplished a treatment efficiency of
84.4% and MPD of 15.03 W/m3 (Nawaz et al. 2020).

Fig. 8.7 Design of a lab-scale single-chamber ML-MFC. (Reproduced with permission from Ref.
Liu and Logan (2004) # 2004 ACS publisher)
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Fig. 8.8 Design of a millimeter scale ML-MFC. (Published from Ref. Ye et al. (2018) under CC
BY-NC 3.0 license)

Fig. 8.9 (a) Fabrication process of cathode from bamboo tube; (b) MFC with cathode made from
bamboo tube. (Published from Ref. Yang et al. (2017) under CC BY 3.0 license)
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8.2.6 Effect of Electrode Surface Area and Electrode Spacing

The surface area of electrodes and the spacing between them are crucial factors to be
taken into account for optimum performance of the ML-MFCs. A study investigated
the effects of varying the electrode spacing (20, 24, and 28 cm) and anode area. It
was found that more MPD could be achieved when the electrodes were placed close
to each other. The maximum voltage of 358 mV was obtained at a distance of 20 cm.
The power densities of 4.66, 6.45, and 10.13 mW/m2 were achieved at anode surface
area of 210.64, 140.43, and 70.21 cm2 respectively. It shows that the power density
decreases with increasing surface area of the anode (Ghangrekar and Shinde 2007).
The trials for scale-up of ML-MFC showed that doubling the cathode surface area
increased the power output by 62% and doubling the anode surface area increased
the power output by 12% (Cheng and Logan 2011). In an experiment with a three-
column MFC connected in series, an enhancement in the anode surface area from
360 to 1080 cm2 in each column increased the maximum power output by 264% for
column 1, 118% for column 2, and 151% for column 3. Also, the COD and BOD
removal efficiencies were increased by 137% for column 1, 279% for column
2, 182% for column 3, and 63% for column 1, 161% for column 2 and 159% for
column 3, respectively (Gálvez et al. 2009).

8.2.7 Effect of Substrate Conductivity

The conductivity of the substrate is another factor having a profound influence on the
output performance of the ML-MFCs. One of the ways of enhancing the conductiv-
ity is by adding metal ions to the substrate. However, the addition of metal ions
creates a toxic environment for the microorganisms. So MFCs are limited by
the requirement to compromise between the toxicity issue and conductivity of the

Fig. 8.10 Schematic representation of an ML-MFC with two containers concentrically placed
inside one another. (Reproduced with permission from Ref. Nawaz et al. (2020) # 2020 Elsevier
publisher)
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substrate (Dong et al. 2015). It has been found that when the ions are added, the
MPD initially increased linearly with rising electrolyte conductivity, the MPD
escalated from 0.11 W/m2 at a conductivity of 1e�4 Sm�1 to 1.02 W/m2 at a
conductivity of 1e�2 Sm�1. Further increase in conductivity beyond 2e�1 Sm�1

showed no more improvement in MPD (Gadkari et al. 2020).
In a trial, phosphate buffer was added to the substrate solution to increase its

conductivity, which increased the power density from 1330 to 1640 mW/m2 (Cheng
and Logan 2007). In a similar test, increasing the concentration of phosphate buffer
from 50 to 200 mM caused the MPD to rise from 438 to 528 mW/m2 (Feng et al.
2008). In another study, addition of sodium acetate solution to the substrate was
found to enhance the overall power density to 400 mW/m2 (Jiang and Li 2009).
Likewise, putting as little as 0.5% of NaCl and Na2SO4 (1:1 ratio) changed the
power density from 34 to 43 mW/m2 and augmented the phenol removal rate by 4%.
Increasing the amount of salt to 1% raised the MFC power density to 45 mW/m2,
whereas 2% salt resulted in an inhibitory effect on power generation (Du et al. 2015;
Mousavi et al. 2016). Thus, inorganic salts can greatly improve the conductivity and
decrease the resistance in the solution, thus boosting the efficiency of ML-MFCs.

Most studies are in agreement with each other, where the output power increases
with increasing ionic strength of the substrate. Higher conductivity implies better
ionic conduction and ohmic loss reduction, which results in the improvement of
power output from the ML-MFCs. Having said that, there is a limit to the degree of
salinity that the substrate solution can take. It is important to ensure that the bacterial
cultures do not get negatively impacted by the high salinity of the solution, since
high content of salt may be intolerable for bacteria (Mousavi et al. 2016; Aaron et al.
2010). Thus, the bacterial response to external stimuli as regards the substances
added to improve the ionic strength of the substrate should be carefully evaluated.

8.3 Water Treatment (Substrate)

The substrate is of paramount importance in any biological process, serving as the
nutrient and energy source, and has a tremendous impact on the energy production in
ML-MFCs (Yang et al. 2009). A countless variety of substrates comprised of organic
matter in pure forms or diverse mixtures from wastewaters or lignocellulosic bio-
mass are widely used in MFCs (Pant et al. 2010). Several ways are available for
treating the wastewaters, the most common method being the aerobic activated
sludge process, which requires pumping large amounts of air or oxygen into the
reserve tanks (Capodaglio and Olsson 2020). The oxygen supplying expenses are
estimated to be between 50% and 70% of the entire energy demand of a conventional
facility (Capodaglio and Olsson 2020). Here, we focus on the ability of ML-MFC in
wastewater treatment in respect of its organic, inorganic, and heavy metal content.
Different researchers have connoted the ML-MFC performance with different mea-
surable parameters such as current (or current density in mA/cm2 or mA/m3), voltage
(open circuit or close circuit), COD/BOD reduction, MPD, CE, inorganic or heavy
metal reduction to evaluate the efficiency of various substrate.
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Many studies have attempted to maximize the efficiency of ML-MFCs for
treating wastewater substrates containing organic materials as well as producing
power. According to a study, glucose and wastewater produced an MPD of 494 and
146 mW/m2 with CE of 9–12% and 20%, respectively. The glucose-fed unit could
achieve glucose removal efficiency of 98%. Using a PEM, the same study gave an
MPD of 262 and 28 mW/m2 with CE of 40–55% and 28%, respectively (Liu and
Logan 2004). It indicated that in the absence of PEM, the MPD increased and CE
decreased due to considerable oxygen diffusion into the anode. Moreover, the
concentration of glucose also affected the power output, the MPD improved with
increasing glucose concentration. Similar observations were made in another
research using acetate and butyrate as substrates, resulting in an MPD of 506 and
305 mW/m2, respectively (Liu et al. 2005). The power density was found to be 54%
higher for acetate, and 57% higher for butyrate compared to that obtained using a
PEM (Liu et al. 2005). Feng et al. reported MPD values for beer brewery wastewater,
glucose (0.6 g/l), and domestic wastewater as 205, 494, and 146 mW/m2, respec-
tively (Feng et al. 2008). The COD removal efficiency increased from 54% to 98%
when the strength of brewery wastewater rose from 84 to 1600 mg/l.

Coal-tar refinery wastewater as substrate was reported to produce an MPD of
4.5 mW/m2 at a voltage of 543 mV, along with a COD reduction of 88%, 57% of
sulfate elimination, and 41% of sulfur removal. Furthermore, the ML-MFC could
remove over 90% of phenol and 2-methyl phenol (Park et al. 2012). Passage of
human urine through an ML-MFC achieved a current of 0.18–0.23 mA (Santoro
et al. 2013). The initial COD of 10.9 g/l was reduced to 3.6 g/l after 4-day retention
in the batch mode MFC unit. A study analyzed the effect of varying substrate
concentration using phenol in the range of 25–200 mg/l. As the concentration of
phenol increased from 25 to 100 mg/l, an increase in the removal of phenol from
80% to 97% was observed. It could attain an MPD of 49.8 mW/m2 and a current
density of 292.8 mA/m2 (Buitrón and Moreno-Andrade 2014). An ML-MFC unit
used rice straw pretreated with acid (to degrade cellulose) to generate an MPD of
137.6 mW/m2, and COD removal efficiency of 79% at an initial COD of 400 mg/l
(Wang et al. 2014). Similarly, purified terephthalic acid wastewater produced an
MPD of 65.6 mW/m2 at COD of 8000 mg/l (Marashi and Kariminia 2015).

In another study, dairy, leather, and sewage wastewaters generated maximum
power levels of 1.98, 1.95, and 1.28 mW, along with COD reduction levels of
85.4%, 80%, and 65%, respectively (Aswin et al. 2017). Similarly, other lignocellu-
lose materials used as substrate have resulted in an MPD of 29 mW/m3 (Adekunle
et al. 2016). Dye processing wastewater tested at several organic loadings resulted in
an MPD of 515 mW/m2, CE of 56%, and COD reduction of 85% at an organic
loading of 1.0 g/l COD (Karuppiah et al. 2018). In a different work, petroleum
refinery wastewater demonstrated treatment ratio and power density of 45.06% and
28.27 W/m3, while the corresponding values for whey wastewater were found to be
72.76% and 23.23 W/m3, respectively (Mohanakrishna et al. 2018). Wood, being
rich in organic materials, also has potential as fuel for MFCs; for example, an MPD
of 8555 mW/m2 was reported using poplar wood (Erensoy and Çek 2018). Yet
another investigation used tomato waste as the substrate producing an MPD of

254 C. A. Tahir et al.



60.041 mW/m2, current density of 99.174 mA/m2, and voltage of 0.701 V (Kamau
et al. 2018).

Lately, many studies have attempted the heavy metal (sulfur, copper, mercury)
removal using ML-MFCs due to their extreme toxicity and carcinogenicity. Various
heavy metals are released in the effluents from tanning, cement, electroplating, and
dye industries. In a study, a hydrolyzed heavy metal-containing wheat grain
(HMWG) used as a substrate produced an MPD of 381 mW/m2, a CE of 15.7%,
and COD reduction of 83.4% (Yuan et al. 2018). Increasing the concentration of the
HMWG hydrolysate slowed down the electricity production in the reactor. In
another work, Cu (II) was used as an electron acceptor to explore the mechanism
of metal treatment in an ML-MFC. A low ratio of Cu (II) resulted in heavy metal
reduction efficiency of 87.56%, whereas the heavy metal reduction efficiency
dropped to 36.98% with increasing ratio of Cu (II) in the substrate. Furthermore, it
also caused the voltage to drop from 71 to 11.1 mV (Chan et al. 2020).

In a similar way, the treatment of inorganics has been achieved in ML-MFCs. In a
study on domestic wastewater treatment, the results showed maximum power
generation of 200 mW, COD reduction of 75%, 68% removal of ammonical
nitrogen, and 90% reduction in suspended solids (Ge and He 2016). Likewise,
yogurt wastewater tested as substrate produced an MPD of 1043 mW/m2, with
COD and NH4-N reduction efficiencies of 87% and 74%, respectively (Luo et al.
2017). A supercapacitor-MFC showed high pollutant removal rates; 59.4% of COD,
78.2% of NH4-N, 77.8% of nitrogen, and achieved an MPD of 298 mW/m2 (Cai
et al. 2020b).

8.4 Conclusion

The MFC technology has a huge potential for clean, safe, and sustainable production
of bioenergy using industrial or domestic wastewater. The ML-MFCs have
outperformed the conventional MFCs with a membrane with far better efficiencies
for electricity generation as well as water treatment. The presence of a membrane
restricts the speed of hydrogen ion movement, thus negatively influencing the power
output. Despite the several advantages of ML-MFCs and progress achieved, many
challenges still need to be addressed. One of the challenges is the decline in
electricity generation over time due to the biofouling of the cathode, which adds to
the operational cost for replacing the cathode once it loses efficiency. Also, the
oxygen intrusion from the cathode to the anode compartment leads to a decline in the
performance of the anode. Furthermore, cathode catalyst degradation is still a major
issue affecting the efficiency of the cathode and the CE of the MFC.

The design of ML-MFC is a crucial aspect as it can help save energy losses by
decreasing the internal resistance and enhance cathode efficiency. Having a well-
sealed air-cathode in a single-chamber ML-MFC could provide high output, and
stable performance in the long run with easy maintenance. As for the substrate, the
concentration of the metals and organics have a significant impact on the power
generation and pollutant reduction. High toxicity of the substrate may result in
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decline of the bacteria activity. Also, excessive salinity of the substrate may prove
detrimental for the bacteria, thus it is important to achieve a balanced solution
conductivity for optimal bacterial activity.
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