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Preface 

MFCs are developing and noteworthy method that convert chemical energy into 
electrical energy using bacteria that serve as catalysts. However, MFCs have not 
yet been applied at a commercial scale due to their low energy production. Due to 
their sustainability, microbial fuel cells (MFCs) have been recognized as a viable 
technology for producing energy and removing toxic pollutants from wastewater 
resources. This approach has attracted attention for its capacity to generate renewable 
energy and treat wastewater instantaneously. 

The unique properties and breakthrough performance of microbial fuel cells clas-
sified as high-profile techniques for a broad range of applications in wastewater and 
environmental fields. Accordingly, researchers have used it as a successful alterna-
tive primarily in environmental remediation and energy generation. The increasing 
number of publications and patents in recent years emphasize the significance of 
microbial fuel cells in aforementioned areas. This book covers not only the conven-
tional microbial fuel cell applications but also covers the advanced polymer-based 
electrode materials and their application in environmental and energy applications. 
Furthermore, the transportation of electrons from bacteria to the electrode surface is 
an essential step for energy generation. Hence, the poor transportation of electrons 
may greatly hinder the performance of MFCs. The major fields of applications of 
microbial fuel cells in environmental and energy fields are discussed in detail. 

This book covers the fundamentals of microbial fuel cells and electrodes along 
with their synthesis, characterization, and potential applications in environmental 
and energy areas. The book provides significant coverage of the commercial status, 
trends, and performance of MFCs. 

We are greatly thankful to all qualified researchers, scholars, and leading experts 
for contributing their valuable work. The chapters provided cutting-edge up-to-date 
research findings on the MFCs. We collected all the information given by eminent 
authors on MFCs and related research from Turkey, India, Malaysia, Saudi Arabia,
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Basic Introduction to Microbial Fuel 
Cells 

M. Azizul Moqsud 

1 What is Microbial Fuel Cell? 

The Microbial Fuel Cell (MFC) is a bio-electrochemical device which is used to 
generate electricity in other words; MFC is a kind of bio-electrochemical fuel cell 
system that generates bioelectricity by the metabolic activities of the microorganisms 
[1–5]. The generated electricity by the decomposing organic substance travels from 
anode to cathode through an external circuit [6–9]. MFC is a promising technology for 
renewable energy production in specific applications such as remediation of pollution 
or cleaning up the wastewater. There are many other applications of MFCs in the field 
of energy and environment [10–15]. In microbial fuel cell, the organic substances 
are degraded by the microorganisms and hence produce the electron. The external 
circuit connected with an anode and cathode is placed to collect this electron and 
continue the current. In the previous research, it was observed that this MFC method 
can be used to clean the wastewater, bioremediated sulfide contaminated sediment, 
and consequently bioelectricity generation. The benefit of this method is that it can 
generate bioelectricity while cleaning the environment [16–19]. Moqsud et al. [3] 
showed that MFC can also generate electricity from the organic waste in a compost 
type MFC. Since then, other researchers are trying to use this novel technology to 
generate bioelectricity by recycling the organic waste [4, 5, 20–23]. Figure 1 shows 
the schematic diagram of the microbial fuel cell which was used in the laboratory. 
The anode and cathode relate to the external circuit. The resistance was also used to 
complete the external circuit for the power output.
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2 M. A. Moqsud

2 Major Parts of a Microbial Fuel Cell 

2.1 Essential Components of MFCs 

The main three components of the MFC are anode, cathode, and if needed the 
membrane or the separator. The anode is developed with different carbon type mate-
rials. Figure 1 shows the different types of anode materials such as carbon fiber, 
carbon felt, and bamboo charcoals. The shape of the anode materials is also varied. 
For the case of cathode, it is also possible to use the same materials as anode. However, 
as it was mentioned before cathode needs some oxygen to generate the electricity. 
So, the cathode chamber should be provided with the oxygen. The separator of the 
MFC is related to the membrane of the MFC. This part is costly as most of the 
time the separator is made of high-cost membrane which ultimately decrease the 
sustainability of the total process. 

Among all shaped MFCs, the cube reactor is popular among the researchers due to 
its user-friendly anode and cathode chambers. Single chamber and double chamber 
MFCs are developed for the research purpose of the wastewater treatment. However, 
the shape of the MFC reactor is varied based on its purpose and the materials used 
inside the reactor such as rectangular shaped, circular shaped, and cylindrical shaped. 
Figure 2 shows the schematic diagram of the MFC which is generally used with the 
solid biomass. The anode and cathode are separated by the biomass and most of the 
time the specific separator does not need to explore the bioelectricity generation. As 
mentioned earlier, the separator did not need for all different types of MFCs. 

There are different types of Microbial Fuel Cells. The single chamber and the 
double chamber microbial fuel cell are the common types of microbial fuel cells 
[24–29]. Normally, the single chamber MFC has two parts such as the anode part 
and cathode part [1, 4, 30–33]. The anode part is responsible for the more production 
of electricity as the electrons are released in this part due to the biodegradation of the

Anode 

Cathode 

Biomass  from kitchen garbage 

Tester 

Resistance 

Arcylic container 

10 cm 

Fig. 1 Schematic diagram of microbial fuel cell. Adapted from Ref. [11] with penance permission
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organic matters. The cathode part is the part in where the electron receives the oxygen 
and produce the water molecule. Normally, it is designed as a manner so that it can 
receive the oxygen properly. Most of the time, the cathode is placed on the surface to 
get enough oxygen during the process of bioelectricity generation [34–36]. Secondly, 
another important part of MFC is the electrode materials and their connection with 
the copper wire. The external circuit made of the copper wire, resister, and data 
logger is another major component for electricity generation from the MFC [37–41]. 
The MFC cell is normally an enclosed cell in where the biomass and other organic 
substances can be set up. The biomass, sediment, and soil are placed inside the cell. 
Sometimes, there are covers on the surface of the cell to protect it from the external 
disturbances [42–44]. Microbial fuel cell can be made in different ways. If it is made 
for plant microbial fuel cell (PMFC) then plant will be an essential part of that MFC 
[4]. In the case of the sediment microbial fuel cell (SMFC), the sediment will be the 
essential part of it (Moqsud 201). Nevertheless, the main objective of all the MFCs 
is to generate bioelectricity with the help of the bacteria and the major components 
are the same or nearly similar to all of the different types of MFCs. Figure 2 shows

Fig. 2 Schematic diagram of the MFC showing its different parts
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the schematic diagram of the microbial fuel cell. It is seen that the essential parts of 
the MFC is not much changed from the MFC showed earlier; however, it has some 
other important parts which are widely used. The additional things added in plant 
microbial fuel cell (PMFC) are plants and the sun. Both the sun and the plants are 
important parts of the PMFC. Microbes and the electromotive bacteria are also very 
important parts of the power generation from the microbial fuel cell. The various 
geo-bacteria, Shewanella, and the other microbes play a major role to generate the 
bioelectricity generation.

2.2 Electrode Materials Used in the Microbial Fuel Cell 

Generally, the carbon materials are used for the microbial fuel cells. The reason 
of using the carbon materials is that it is a conductive material, and it can be a 
durable material. The carbon material is very good and does not react much with 
the other materials even in the different medium [45, 46]. Commonly used electrode 
materials are carbon fiber, carbon felt, graphite felt, carbon brush, and carbon cloth. 
The different types of carbon materials are used for the different types of purposes. 
To choose the best carbon material is one of the challenges for the construction of an 
efficient microbial fuel cell in different environmental conditions. Some researchers 
use bamboo charcoals as the electrode materials in the MFC [47–50]. 

3 Common Types of Microbial Fuel Cell According 
to Their Uses 

There are different types of microbial fuel cells. Some MFCs are used for wastewater 
treatment, and some MFCs are used for bioremediation of contaminated soil or 
sediments. The main thing of the MFCs is the objective of its use and the medium of 
their uses. For example, if it is used for treatment of wastewater then it is used under 
the water environment. However, if it is used for soil/sediment then it can be used as 
the soil environmental condition. The name of the microbial fuel cell is referred to 
its uses such as if it is used in the sediment then it is called sediment microbial fuel 
cell (SMFC) as shown in Fig. 3. 

3.1 Sediment Microbial Fuel Cell 

In sediment microbial fuel cell, the anode is set inside the sediment and the cathode 
is set at the surface of the sediment. The organic matters are broken down by the geo-
bacteria and the sulphate reducing bacteria (SRB) in the sediment and consequently
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Fig. 3 Schematic diagram 
of the sediment microbial 
fuel cell (SMFC) 

Sediment 

electron releases. The electron transfers from the anode to cathode and therefore 
electricity generates. The cathode is placed on the surface or near the surface of the 
sediment. The availability of oxygen needs to be confirmed at the cathode areas. 
The benefit of this type of MFC is the ability of purifying the contamination while 
generating the electricity which was found by Moqsud and Khong. Figure 3 shows 
the schematic diagram of the sediment microbial fuel cell. 

3.2 Plant Microbial Fuel Cells (PMFCs) 

Plant microbial fuel cells (PMFCs) are the kind of sediment microbial fuel cell 
in where plant is used to supply the bioelectricity [4]. The mechanism of plant 
microbial fuel cell is very interesting. The green leaves get the sunlight from the sun 
and produces the carbohydrates due to photosynthesis. The generated carbohydrates 
go to the root zone. More than 60% of the total generated carbohydrates are released 
at the rhizosphere in the nature. For this reason, the number of geo-bacteria are more 
in this area. The geo-bacteria use these carbohydrates as the food and grow their 
numbers. Electron is released while breaking this carbohydrate. The anode catches 
this electron and travels it to the cathode. This generates the bioelectricity in the plant 
microbial fuel cell. Figure 4 illustrates the schematic diagram of the plant microbial 
fuel cell. It is shown that the due to photosynthesis, carbohydrates are produced in 
the green leaves. The excess amount of carbohydrates are released to the root areas 
and the geo-bacteria break down this carbohydrate due to their regular activities at 
the rhizosphere.
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Fig. 4 Schematic diagram of the plant microbial fuel cell 

3.3 Solid Waste Microbial Fuel Cells 

The MFC in which the organic waste is used as the biomass is solid waste microbial 
fuel cell. Various types of solid organic waste can be used inside the MFCs. The 
bioelectricity generation can be possible by using almost all types of organic waste 
MFCs [50, 51]. Bioelectricity can be also generated by using bamboo waste and the 
kitchen garbage which has been confirmed in the experiments. This can be reduced 
the solid waste management problem in the world. The amount to organic waste is the 
major portion by considering the total solid waste; however, the total organic waste is 
not recycled properly both in the developing countries as well as industrialized parts 
of the world. So, if it is possible to generate bioelectricity by using organic waste 
then it will help to manage the solid waste management problem all over the world. 
Electricity from landfill leachate using microbial fuel cells has been also studied 
[30, 52, 53]. 

4 Energy and Environment 

The global energy demand is increasing, and the fossil fuels are decreasing day by 
day. We need to find the alternate source of energy for the future generation. To 
get the energy, the greenhouse gas has been released all the time which makes the 
environmental pollutions when the raw materials are the non-renewable sources. The 
consequent of this phenomenon is the global warming and the climate change. The 
trend of climate change is prominent in the recent years. The natural disasters have 
been increasing, and the loss of life and the properties are increasing in each year. To 
stop this global warming and climate change phenomenon, the use of environmentally
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friendly sources for energy generation must be implemented as soon as possible. To 
meet the ever-increasing energy demand and to cope with the problems of global 
warming is the biggest challenges for the scientists and the engineers. Due to the 
extent of the accident of the nuclear power plant, people are searching for the green 
source of energy and the safe source of energy in the world in recent time. So, we 
need both green source of energy and at the same time safe source of energy for the 
future generation. 

5 Future Energy Demand 

The mother earth is ready to embrace the 4th industrial revolution now. The earth 
stands on the brink of a digitalization and technological revolution that will funda-
mentally change the way we live, work, and relate to one another. The scale, scope, 
and complexity of this revolution will be so enormous that the mankind did not 
predict before. The amount of energy demand is increasing faster than ever. Due to 
the use of internet and the artificial intelligence and wireless sensor networks for 
the smart cities and the automated automobile the energy demand will be increased 
soon [54]. The global population is increasing, and many countries are developing 
in a greater pace. This trend of increasing of energy is alarming and is an alert for 
the mother nature. 

5.1 Renewable Energy’s Future 

The renewable energy is a good source of green energy which is good for the human 
and the environment. Solar energy, wind energy, thermal energy, and biofuels are 
some of the future substitutes of the fossil fuels. However, the current source of 
renewable energy is unable to meet the needs of the demand for the future. The addi-
tional demand may cause another trouble if the technologies will not be expanded. 
The renewable energy can solve the problem of global warming and the climate 
change related disasters in the future; however, there are many disadvantages of the 
renewable energy. The most prominent disadvantage of renewable energy is that it is 
affected by the weather conditions very much. For example, the solar power cannot 
work in the rainy days and wind power cannot work when there is no wind flow in 
the nature. So, the renewable energy will need a lot of development before it has 
been considered as the major source of green energy [55, 56].
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5.2 Biofuels as the Renewable Energy 

The first-generation biofuels are the fuels which are generally produced from the 
food grains such as soybean, corn, sugar cane, and other food products. However, 
the use of this huge amount of food is not a sustainable solution for the biofuels as 
there are millions of people who are hungry in the world. It is totally unnecessary 
to destroy the food products to fuel the car instead of feeding the millions of hungry 
children. The second-generation biofuel which is mainly by the different kinds of 
organic waste is not suitable and sustainable solutions either. This is because the 
amount of organic waste is not enough, and it cannot be possible to collect this huge 
amount of organic waste in a short period of time. The third-generation biofuels are 
also not popular yet due to the process of collecting the raw sources and the amount 
of energy collected from the unit amount of sources of algae. 

5.2.1 Future of Biofuels 

The future of MFCs is promising. The MFC is a green and safe source of energy. 
The other major benefits of MFCs are they can be used for environmental pollution 
removal, wastewater treatment, solid waste management, and desalination along with 
the bioelectricity generation. The MFC needs to be improved for the future and to 
use it as a large-scale production of the bioelectricity. Another noteworthy benefit 
of MFC is that it can be used 24 h without being affected by the weather condition 
or other external factors like other renewable energy. The various types of MFC can 
be used for the power source to the smart cities monitoring sensors to achieve the 
sustainable development goals and the 4th industrial revolutions [7, 57]. 

6 Conclusion and Future of Microbial Fuel Cells 

The main objective of MFCs is to get the new source of bioelectricity by using the 
strength of microbes. Besides generating bioelectricity, MFCs can clean the polluted 
environment. MFCs can be a source of bioremediation. It can be used for powering the 
sensors to the smart cities. It can also power the environmental monitoring sensors. 
So, MFCs could be very essential part of the future generation to reduce the carbon 
emission and to clean the polluted environment. 
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Principle and Working Mechanism 
of Microbial Fuel Cell 
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and Hau Seung Jeremy Wong 

Abstract As its name implies, a microbial fuel cell (MFC) is a device capable 
of producing electricity and electrogenesis from the oxidation of substances catal-
ysed by microorganisms. The achievable voltage range from MFC is between 0.3 and 
0.7 V. Due to the biological nature of biofilm growth, it is hard to estimate the voltage 
generation in MFC compared to a chemical fuel cell. One of the ways to estimate the 
maximum voltage producible by MFC is by determining its maximum electromotive 
force (Eemf). The value obtained theoretically can be established as a ceiling for the 
producible cell voltage. However, through empirical study, the obtainable potential 
is much lower due to potential losses attributed to various factors. Due to different 
substrates and materials used, the combination of different anodic and cathodic poten-
tials will also affect the maximum obtainable power owing to inherent conductivity 
differences. By disconnecting the resistor in MFC, open-circuit voltage (OCV) with 
a value approaching the theoretical Eemf can be obtained. The difference in value can 
be used to pinpoint the cause of potential losses, either from the anode or cathode 
side. Electrogenesis in MFC relies on the electron produced by microorganisms. As 
of present, three methods of electron migration method have been theorised: through 
mediators and electron shuttles, C-type cytochromes and nanowires. The migration 
can be either through electron hopping or electron delocalisation through nanowires, 
depending on the microorganism species.
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Keywords Electrogenesis · Thermodynamic · Electron shuttle · Cytochrome ·
Nanowire 

1 Introduction 

Microbial fuel cells (MFCs) are devices that oxidise organic and inorganic substances 
and produce electricity using microorganisms as catalysts. Electrons released by 
bacteria from various substrates are delivered to the anode (negative terminal) and 
flow to the cathode (positive terminal) through a conductive substance including 
a resistor, or the system is operated under a load (i.e., creating energy to power a 
device) (Fig. 1). Figure 1 shows the operational principle of a microbial fuel cell. A 
layer of biofilm is grown on the anode surface called bioanode catalysing substrate 
oxidation reaction. Electrons collected from the reaction are sent to the cathode as 
driven by electromotive force between anode and cathode through an external circuit. 
A positive current, by convention, travels from the positive to the negative terminal in 
the opposite direction of electron transport. The device must be capable of constantly 
or intermittently replenishing the substrate oxidised at the anode; otherwise, the 
system is termed as biobattery, which requires further regeneration. 

Fig. 1 Principle of 
microbial fuel cell based on 
proton transfer and oxygen 
reduction 
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1.1 Fundamentals of Electrogenesis in MFC 

1.1.1 Maximum Voltages Defined by Thermodynamic Correlation 

The achievable voltage from microbial fuel cells is typically in the range between 
0.3 and 0.7 V. Voltage (E) is a product of external resistance (Rext) and current (I), 
which is simply expressed as follows: 

E = I Rext (1) 

Given that the current produced in a single MFC (lab scale) is tiny, the current 
is estimated through the voltage drop across the resistor defined as I = E/R. The  
maximum achievable voltage generated by an MFC is the open-circuit voltage, or 
OCV, which can be quantified by disconnecting the circuit yielding zero current and 
infinite resistance. In this case, voltage drops as resistances are decreased. At any 
time, power is measurable using the following function: 

P = E .I 

Because of sluggish bacterial growth for biofilm formation on bioelectrode 
(bioanode), the voltage generation in MFC is more challenging to comprehend or 
anticipate than the voltage generated in a chemical fuel cell. Even voltage gener-
ated from a pure culture in MFC cannot be predicted, not to mention the voltage 
generated from a mixed culture. Relying on the thermodynamic relation between the 
substrate as electron donor and electron acceptor on the cathode, there are limits to 
the maximum achievable voltage in MFC. 

To prove that statement, [19] learned an equation used for determining the 
maximum electromotive force (Eemf) in any type of battery or fuel cell and modified 
it to accommodate MFC systems which will be explained in detail in the next section. 
The original equation is given by 

Eemf = Eo − 
RT 

nF 
ln(�) (2) 

where Eo is the standard potential calculated from Gibbs free energy data provided 
by [44], R = 8.31447 J/mol K denotes the gas constant, T represents the absolute 
temperature (298 K), n signifies the number of transported electrons, F is Faraday’s 
constant = 96,485 C/mol and p is the ratio of [product] and [reactant] to the power 
of respective mol derived from the stoichiometric equation as shown below:

� =
[
products

]p 

[reactant]r
(3)
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The benefit of Eq. 2 is that it is positive for a favourable reaction and generates 
an Eemf value directly. This estimated Eemf establishes a ceiling for the cell voltage; 
the exact potential obtained through the empirical study of MFC is lower due to a 
variety of potential losses. 

1.1.2 Theoretical Potential Based on Standard Electrode Potentials 

Reactions that take place at the anode and cathode of MFC are classified as half-cell 
reactions. Under standard potential at 298 K, 1 M for liquid and 1 bar for gasses, the 
half-cell reaction is expressed in the form of scavenging electrons [1]. In the case 
of microbial acetate oxidation at the anode, the stoichiometric equation is as given 
below: 

2HCO− 
3 + 9H+ + 8e− → CH3COO

− + 4H2O (4)  

Standard potentials determined in terms of the normal hydrogen electrode (NHE) 
under standard conditions have zero potential. Taking acetate oxidation for an 
example, considering Eo = 0.187 V, at pH 7, with reactant [HCO3

−] and product 
[CH3COO−] concentration to be 5 mM and 16.9 mM, respectively, the theoretical 
potential of EAn is as indicated in Eqs. 5 and 6: 

EAn = E0 
An − 

RT 

8F 
ln

( [
CH3COO−]

[
HCO3

−]2 
[H+]9

)

(5) 

EAn = 0.187 − 
(8.31J/molK)(298.15K ) 
(8)

(
9.65 × 104 C/mol

) ln 
[0.0169] 

[0.005]2
[
10−7 M

]9 = −0.300V (6) 

Under specific conditions, the theoretical anode potential (EAn) of different species 
with varied activities assuming equal concentration can be calculated by applying 
Eq. 2 (Table 1). 

When oxygen is employed as the electron acceptor at the cathode, the half-cell 
reaction for oxygen reduction is 

(7) 

Thus, the theoretical cathode potential for ECat is calculated by considering Eo 

(O2) = 1.229 V and adjusted to pH = 7, as shown below: 

(8) 

(9)
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Various catholyte have been utilised, generating different cell voltages. For 
instance, ferricyanide and manganese oxide have been employed as substitutes for 
oxygen. Over time, the pH of the catholyte might change, influencing the cathode 
potential. With the given standard potentials for various electron acceptors (catholyte) 
tabulated in Table 1 and plugged into Eq. 2, the theoretical cathode potential of 
different catholyte can be determined, which varied from 0.361 to 1.385 V. Thus, the 
Eemf of the MFC can be determined using the following equation: 

Eemf = ECat − EAn (10) 

Assuming that oxygen is used as an electron acceptor at the cathode and acetate as 
an electron donor at the anode, under the set condition of 298 K, 1 bar and pH = 7, the 
resulted Eemf = 0.805 V − (−0.300 V) = 1.105 V. Equation 10 shows that utilising 
similar anode compound in an MFC system with various catholyte parameters as 
given in Table 1 results in considerably varied cell voltages (Eemf), consequently, the 
power output levels. Different types of anode and cathode material would also affect 
the half-cell potential due to the magnitude of conductivity the material offers. The

Table 1 Reported standard anode and cathode potential (E0) and respective theoretical potentials 
of MFC (Eemf) under specific conditions determined using Eq. 2. Both potentials are shown against 
the normal hydrogen electrode (NHE) 

Reaction Eo (V) Conditions Eemf (V) 

Anode 

2HCO3
− + 9H+ + 8e− → 

CH3COO− + 4H2O [19] 
1.23 HCO3

− = 5 mM;  CH3COO− = 
16.9 mM; pH = 7 

−0.300 

HCO3
− = 5 mM;  CH3COO− = 

5 mM; pH = 7 
−0.296 

6CO2 + 24H+ + 24e− → 
C6H12O6 + 6H2O [35] 

−0.014 pH = 7 −0.428 

CO2 + HCO−
3 + 8H+ + 8e− → 

CH3COO− + 3H2O [35] 
0.130 pH = 7 −0.284 

Cathode 

O2
− + 4H+ + 4e− → 2H2O [19] 0.187 pO2 = 0.2; mM; pH = 7 0.805 

pO2 = 0.2; mM; pH = 10 0.627 

MnO2(s) + 4H+ + 2e− → Mn2+ + 
2H2O [19] 

1.229 [Mn2+] = 5 mM; pH = 7 0.470 

MnO4
− + 4H+ + 3e− → MnO2 + 

2H2O [50] 
1.70 MnO4

− = 10 mM; pH 3.5 1.385 

O2 + 2H+ + 2e− → H2O2 [19] 0.695 pO2 = 0.2; [H2O2] = 5 mM; pH 
= 7 

0.328 

Fe(CN)6 3− + e− → Fe(CN) 6 4− 

[19] 
0.361 Fe(CN)6 3− = Fe(CN) 6 4− 0.361
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amount of power generated by an MFC is consequently dependent on the catholyte 
selection; this should be considered when cross-comparison with the power densities 
generated from other MFCs in the literature.

1.2 Open Circuit Voltage (OCV) and Potential Losses 

As explained earlier, the highest achievable potential of MFC is in the state of open-
circuit voltage (OCV). OCV is measurable by disconnecting MFC from the circuit 
until no current flows across the circuit after a significant time. Removing the resistor 
should give MFC its OCV approaching the theoretical Eemf value of the cell. However, 
in most cases, the OCV is much lower than the Eemf value due to many possible 
reasons, indicating energy losses. In fact, Eemf is a thermodynamic parameter that 
does not take the internal resistance of cells into account. This energy loss is known 
as overpotential. 

Knowing that the theoretical value of oxygen reduction at the cathode and pH 7 is 
0.805 V, but because of the overpotential, the measured potential is typically around 
0.2–0.3 V. The energy loss or overpotential value is simply determined by subtracting 
the theoretical and exact potential value (i.e., 0.805–0.2 V). In this case, 0.605 V 
has been lost, implying poor catalytic activity on the cathode, which demands the 
cell’s catalytic improvement. One significant advantage of thermodynamic analysis 
through theoretical calculations is mainly to know how big and what type of energy 
losses are taking place in the cell. 

2 Methods of Electron Transfer 

2.1 Electron Shuttles or Mediators 

Some microorganisms perform electron transfer with the aid of exogenous 
substances. Humic substances with quinone/hydroquinone groups are abundant in 
nature and act as electron acceptors for microbial respiration and oxidation of organic 
substrates, hydrogen and metals under anaerobic conditions [21, 39, 51]. Besides, 
they also act as electron donors for microbial respiration and reduce sulfides, nitrate 
and iron oxides [5, 27, 51]. Humic substances could also act as electron acceptors 
and donors; they are bacterially reduced along with microbial reductive dehalogena-
tion of pentachlorophenol and iron oxides, which causes the humic substances to 
be re-oxidised [17]. The presence of humic substances accelerates electron transfer 
from bacteria to insoluble terminal electron acceptors [16]. They also facilitate the 
electron transfer of both in vivo and in vitro cytochrome C by promoting NADP 
generation [15, 43]. Apart from humic substances, iron-bearing minerals such as 
iron oxide and carbon-based conductive materials also promote electron transfer
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by enhancing the connection of diverse microbial species. As electrons are loosely 
bound to their surfaces and are freely moving, they are widely employed as the 
electrode in a microbial fuel cell [47–49]. 

Anaerobic respiration of microorganisms produces small molecules as endoge-
nous electron shuttles for interspecies electron transfer. Microorganisms synthesise 
primary metabolites such as H2 and intermediary metabolites such as formate from 
oxidisable organic substrates such as ethanol, leaving the microbial cells in their 
reduced state to transfer electrons to distant extracellular oxidants interspecies elec-
tron transfer to its syntrophic partner. Ethanol is oxidised to acetate, and substrate-
utilising bacteria or hydrogenotrophic bacteria liberate H2. Syntrophic methanogenic 
bacteria then utilise H2 to reduce carbon dioxide to methane [3, 9, 45]. The electron 
transfer by either H2 or/and formate differs for different co-cultures as it relies on its 
syntrophic partner, either an H2 using methanogen or a formate-utilising methanogen 
[9]. In microbial fuel cells, these metabolites can convey electrons towards iron oxides 
or electrodes [38]. 

Besides, bacteria also produce secondary metabolites such as phenazines and 
flavins as electron shuttles. Endogenous phenazine antibiotics such as pyocyanin and 
phenazine-1-carboxamide synthesised by Pseudomonas aeruginosa promote anaer-
obic survival of the bacteria through extracellular electron transfer [37]. The employ-
ment of phenazine antibiotics as electron transfer mediators enables the transfer of 
bacterial electrons towards the anode in a microbial fuel cell [12, 31, 32]. Flavins 
are another electron shuttling intermediate resulting from riboflavin’s employment 
that promotes anoxic bacterial growth and accelerates the reduction of poorly crys-
talline Fe(III) oxide with fumarate as the sole electron acceptor [4, 6]. Flavins are 
also primary cytochrome-bound cofactors. However, its practicality in the microbial 
fuel cell is inconsistent due to its reliance on bacterial preference [22, 46]. 

2.2 C-Type Cytochromes 

Cytochromes are distributed in the cytoplasm, inner membrane, periplasm and outer 
membrane, and some are secreted to the extracellular environment. Cytochromes 
with multiple iron porphyrins or hemes as prosthetic groups were found in diverse 
prokaryotes where they participated in electron transfer and biochemical cycling of 
N, S and Fe globally [2]. C-type cytochromes are the main cytochrome group with 
electron transfer importance. They can be found at the inner membrane (MacA), 
periplasmic (PpcA, PpcB, PpcC, PpcD and PpcE) and outer membrane (OmcF, 
OmcS, OmcE, OmcB and OmcZ) [24, 25, 36]. C-type cytochromes mainly accelerate 
electron transfer from microorganisms to insoluble electron acceptors by coupling 
with pili [14, 20, 41, 42]. OmcS facilitates electron transfer from pili to Fe(III) oxide, 
Mn(IV) oxide and humic substances rather than electron transfer along the pili fila-
ment [14, 20]. OmcZ promotes electron conductivity of microbial biofilm, whereas
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OmcS and OmcE involve in electron transfer to electrodes [10, 11, 26]. Extracellular 
c-type cytochromes cause the reduction of Fe(III) oxide, Re(III), U(IV) and Cr(IV) 
due to the utilisation of these metals as terminal electron acceptors for anaerobic 
respiration [13, 18, 28, 40]. 

2.3 Nanowires 

Microbial pili can act as “nanowires” to facilitate long-range respiration and conduct 
electrons between microbial cells and electron acceptors. They extend from the outer 
cell membrane of the microbial cell into the extracellular domain for long-distance 
extracellular electron transfer or conduction of electrons through biofilms [33, 34]. 
The electron acceptors can either be reducible substrates or syntrophic partners [20, 
33]. There are two electron transfer mechanisms of microbial nanowires. Pili of 
Shewanella oneidensis are electrically conductive filaments that transfer electrons 
through electron hopping between cytochromes aligned along the filament of pili with 
inter-cytochrome spacing less than 0.7 nm [30]. In electron hopping, electrons are 
physically displaced due to diffusion and electron hop from a reduced cytochrome to 
its adjacent oxidised cytochrome [23]. On the other hand, pili of Geobacter sulfurre-
ducens have metallic-like conductivity due to the overlapping of pi–pi orbitals of 
aromatic amino acids that result in electron delocalisation [8]. As a result, electrons 
are delocalised and spread across the entire filament of pili [7, 29]. Long-distance 
electron transfer via pili not only contributes to Fe(III) oxide reduction but is also 
crucial in interspecies electron exchange between syntrophic microbial partners [20]. 

3 Concluding Remarks 

In MFC technology, obtaining the theoretically calculated potential and power is 
an endeavouring journey. Due to the added biological nature of the microorganism 
used, which is yet to be understood fully as to how the interaction between the 
abiotic and biotic components affects the MFC performance, one could only hope to 
approach the calculated values obtained through understanding the various equations 
and physics laws governing electrical generation. A fact to be reminded of is that there 
are a plethora of microorganisms available in the world, identified or not, with their 
own intrinsic nature. Thus, understanding how they interact with their surrounding 
environment could shed some clues and perhaps bring us closer to obtaining the 
theoretically calculated value. Therefore, there is an absolute must to further study 
these interactions to enhance knowledge in this field.
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Design and Configuration of Microbial 
Fuel Cells 

Tooba Touqeer, Waheed Miran, Muhammad Waseem Mumtaz, 
and Hamid Mukhtar 

Abstract The use of bacterial metabolism to oxidize organic matter and transfer 
electrons to the solid surface (electrode) leads to the development of microbial fuel 
cell (MFC) technology. Although MFCs have been utilized for biosensors, metals 
ion recovery, nutrient remediations, and synthesis of organic compounds; however, 
wastewater treatment and bioelectricity generation is the most generic application of 
MFC technology. The limitation in the commercialization of MFC is the lower power 
output and lack of efficient scale-ups. The MFC performance has been improved by 
optimizing the process parameters and various MFC reactor configurations with a 
focus on optimizing ohmic resistance, mass transport, and reaction kinetics. The 
vast research carried out on MFCs globally has led to various reactor designs. The 
vital components of MFC design include a group of separators, electrode materials, 
and reactor geometry. This chapter gives a detailed overview of conventional MFC 
configurations and current development in the innovative MFC designs for enhanced 
MFC performance and novel applications. 

Keywords Microbial fuel cell · Scale-up · High-throughput system ·Wastewater 
treatment · Bioelectricity 

1 Introduction 

Organic wastes and wastewater treatment are necessary for environmental protec-
tion that requires high energy [41]. Also, rapidly depleting fossil fuel resources
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along with a recent increase in their consumption are serious global issues [49]. 
These problems have urged scientists globally to find renewable energy resources 
and economical waste treatment technologies [64]. In this regard, the use of microor-
ganisms to produce electricity with subsequent waste treatment has emerged as a 
potential technology termed microbial fuel cell (MFC) [58]. In MFC, the microor-
ganisms act as biocatalysts and help in degrading the wastes which are ultimately 
converted into biocurrent/bioelectricity. This eco-friendly electrochemical device 
provides dual benefits, i.e., waste treatment and electricity generation [40]. MFCs 
have been employed for various kinds of municipal as well as industrial wastewa-
ters for simultaneous electricity generation and wastewater treatment [16, 38]. Other 
applications include biosensors, metal ion recovery, nutrient remediations, and the 
synthesis of high-value compounds. 

Generally, the MFC comprises cathode and anode chambers which are separated 
by a proton exchange membrane (PEM) [29]. The anodic chamber contains microbes 
that act as a biocatalyst to decompose waste materials. As a result, electrons are 
produced that are transferred to the cathodic chamber via an external circuit. The 
protons diffuse to the cathode through PEM and combine with electrons and O2 to 
form water [15]. In most of the cases, current production is very small, so many 
advancements have been suggested by the scientists to get better performance by 
the MFCs and to find the most suitable feedstock [2], microbial consortia [26], 
catholyte/anolyte strength [34], and electrodes [44]. Electrochemical cell configu-
ration is another very important domain that could improve the MFC performance 
[65]. 

The commercialization of MFCs requires the scaling-up of reactors. Various 
proposals which have been suggested include modifications in the design of elec-
trodes, the design of membrane, using membrane-less reactors, and stacked systems. 
Some researchers have shown that a linear increase in power output can be achieved 
by expanding the size of MFC systems by stacking many units [69]. To get better 
power output, many researchers recommend minimizing the size of the MFCs system 
and sustaining a high feedstock supply, with optimization of the number of units for 
efficient performance. Another advantage of minimizing the MFC size is to explore 
MFC for various micro-level applications such as remote biosensors instead of bioen-
ergy generation (which aims at offsetting the power requirements for wastewater 
treatment). In recent times, high-throughput MFC systems have been also designed 
for expediting the research in the MFC field by studying many parameters simultane-
ously for optimizing the MFC systems. In this chapter, we will discuss the advance-
ments in configuration and design of MFCs which are economically feasible and 
that could be utilized to scale up the MFC reactor to get improved outputs. Future 
aspects and suggestions to further advance the MFC technology are also discussed.
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2 Design and Configuration of MFCs Reactor 

Cell design is a very important component in the successful operation of MFC. 
There is not a single standard size, configuration, or design for the MFC reactors. 
The configuration is entirely dependent on the researchers for a specific application. 
MFC performance based on reactors configuration could be controlled by various 
factors such as varying volumes, supply of oxygen, area of the membrane, and spacing 
of electrode [39]. Different reactor shapes, such as cylindrical, cubic, horseshoe, and 
H-shaped reactors have been proposed. Single and dual-chamber MFC reactors have 
been commonly studied in most MFC research projects [51]. Among the various 
shapes of MFC, H-shaped reactors are typically used in MFC due to the easy place-
ment of PEM. The cell material could be glass or some type of plastic [20]. The size 
of the reactor varies from square centimeters to square meters having a volume of 
microliters to thousand liters [8]. MFC configurations based on different designs are 
discussed below. 

2.1 Configuration Based on Number of MFC Chambers 

2.1.1 Single-Chamber MFCs 

Natural aeration of cathode for utilizing O2 as the ultimate electron acceptor leads 
to the construction of MFCs with one chamber and air cathode assembly (Fig. 1). 
In the single-chamber MFCs, the cathode is directly connected to PEM permitting 
a direct supply of oxygen to the electrode [67]. Several advantages associated with 
single-chamber MFC include simple operation, less internal resistance, small elec-
trode spacing, better proton diffusion as well as an efficient cathode for O2 reduction 
[70]. Since no aeration is provided by using a compressor/pump and also catholyte is 
not required, this configuration makes it more easily adaptable and less expensive. In 
addition, more power density of single-chamber cell as compared to dual-chamber 
MFC has been reported in earlier studies [37]. Mainly this type of configuration

Fig. 1 Schematic 
presentation of a 
single-chamber MFC
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comprises simple anodic chambers with no distinctive cathodic chamber and some-
times without any PEM. Cathode having pores on a side of the wall utilizes atmo-
spheric oxygen and permits the protons to diffuse through the pores. The single-cell 
configuration is attracting researchers because of the above-mentioned advantages as 
well as ease of scaling-up of the system as compared to the dual-chamber MFCs [6, 
37]. Carbon electrodes are used as anode in single-chamber MFC while the cathode is 
mostly PEM/carbon cloth hybrid or porous carbon electrodes [51]. However, cathode 
might be enclosed in graphite where electrolytes are added slowly which act as 
catholyte and avoided drying of the cathode and its membrane. Hence, fluid manage-
ment is a limiting factor in such constructed cells. On the other hand, leakage of fluid, 
diffusion of oxygen, and evaporation are the flaws of this configuration and need to 
be addressed for efficient MFCs’ operation. The use of different diffusion layers on 
the cathode surface has been proved to get better power density and oxygen diffusion 
[5, 71]. A comparison of a few of the studies involving single-chamber MFCs has 
been reported in Table 1.

2.1.2 Dual-Chamber MFCs 

The two or dual-chambered MFC is also commonly used for energy generation 
along with wastewater treatment. It comprises anodic and cathodic compartments 
separated via a PEM (Fig. 2). PEM functions as a medium for the transfer of protons 
from the anode compartment to the cathode compartment [27]. The PEM also helps 
to prevent diffusion/contact of oxygen and other oxidizing agents to the anode [35].

Table 1 A comparison of single-chamber MFCs 

Anode 
materials 

Substrate Power density Coulombic 
efficiency 

Microbial 
community 

References 

Graphite 
electrodes 

Domestic 
wastewater 

26 mW/m2 - Geobacter 
metallireducens 

Liu et al. [36] 

Carbon 
cloth 

Artificial 
wastewater

- 5% Activated sludge Di Lorenzo 
et al. [12] 

Toray 
carbon 
paper 

Domestic 
wastewater 

28 mW/m2 28% Bacteria from 
domestic 
wastewater 

Liu and 
Logan [35] 

Graphite 
pellets 

Artificial 
wastewater 

1.3 W/m3 68% Sludge collected 
from the 
treatment plant 

Di Lorenzo 
et al. [13] 

Carbon 
cloth 

Beer 
brewery 
wastewater 

483 mW/m2 

(12 W/m3) 
38% Bacteria from 

domestic 
wastewater 

Wang et al. 
[66] 

Graphite 
coated 
stainless 
steel mesh 

Dairy 
wastewater 

20.2 W/m3 26.87% Mixed culture 
collected from 
dairy wastewater 
treatment plant 

Mardanpour 
et al. [42]
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Fig. 2 Main components of dual-chamber MFC: 1. Anodic chamber with anaerobic conditions; 2. 
Cathodic chamber with air supply; 3. Wire for connecting electrodes; 4. Proton exchange membrane 
(PEM)/salt bridge; 5. Substrate to feed bacteria; 6. Catholyte; 7. Bacterial culture, and 8. Anode 
(with bacterial attachments) 

Some problems associated with the dual-chamber microbial fuel cell are the large 
distance between the electrodes, which causes more internal resistance, the use of 
a batch process which requires regular maintenance, and enrichment of medium by 
some additives to get high current generation [52, 72]. These conditions for optimum 
power production are the hindrance to scaling up of the dual-chamber MFCs. Many 
studies have focused on the advancement of dual-chamber MFC to overcome the 
above-mentioned problems. For example, the internal resistance has been tried to 
reduce by having fewer distances between the two electrodes and placing them closer 
to the PEM but this will eventually reduce the power density by having more diffusion 
of O2 from the cathodic chamber to the anodic side [18]. The continuous mode MFC 
has also been proposed which provides even better power density than simple bottle 
types dual-chamber MFC. In continuous mode dual-chamber MFC, configuration 
comprised a cathode hot pressed on a PEM connected with the anode and anchored 
with two polycarbonate plates where both chambers can be fed with feedstock in a 
continuous manner. Changing the electrode material in dual-chamber MFCs has also 
been shown to gain high MFC performance without the use of any external additives 
[30, 59]. Various other designs of two-chamber MFCs have also been proposed to 
resolve the issues related to the lower current output.

2.1.3 Stacked MFCs 

Since scaled-up MFCs are urgently required to commercialize the MFC technology, 
stacking arrangements of modular multiple units is an applicable solution while
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Fig. 3 Schematic presentation of stacked MFC 

utilizing advanced power management systems [25]. In real applications, the multi-
electrode assembly from the modular designs coupled with an electrical circuit for 
the storage of charge has been proposed for stacked MFCs [24]. A battery-style 
MFC can be formed by stacking the fuel cells (Fig. 3). The cell efficacy, i.e., power 
density, current, and voltage is known to be improved in stacked cells. Moreover, 
the Columbic efficacy of individual cell also remains unaffected. The cell stacking 
may be in a series or parallel manner [14]. Both methods are important and could be 
utilized as conventional power sources and the voltage and current requirements of 
electronic devices could be achieved. The design of parallel or series stacked MFC 
circuits is very crucial, and shape modulation and horizontal and vertical directions 
of the staking can considerably affect the cell efficacy [43, 57]. Efforts are in progress 
to further improve the MFC technology with better efficiency and feasibility, and for 
utilizing MFC stacks to meet the practical needs of the industry and society. 

2.1.4 Configuration Based on MFC Size 

MFC size is another design parameter intensively studied for commercializing the 
MFC technology. In this regard microliter to thousands of liter-scale MFC have been 
studied for various applications. The small-scale MFC manufacturing and deploy-
ment are relatively easy. In addition, they offer better prospects as a long-standing 
power source at distant sites for the avoidance of regular maintenance, converting 
waste into electricity and non-requirement of refined chemicals [4, 46]. Liter-sized 
MFCs have also been used for process optimizations and the development of MFC 
technology for practical purposes [3, 32]. Nevertheless, small-sized cells present 
better efficiency because of the small electrode distance which helps to avoid internal
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resistance. Another advantage is the small-sized electrode present provides a high 
surface-to-volume ratio and fast response time. Furthermore, the surface modifica-
tion of small-sized electrode is far easier and more economical, and it offers better 
performance than large size cells [19]. Generic techniques for MFC fabrication are 
etching, metal deposition photolithography, and polymer molding. These could be 
applied for the fabrication of micro as well as macro-sized cells. Although large size 
MFCs provide better electrode material and microbial performance assessment, the 
conventional large-sized MFCs have limited performance because of large resistance 
and the low surface-to-volume ratio [11, 22]. High-throughput MFC systems are 
another domain in which investigations are being carried out for the advancement of 
the MFC system. Keeping in view the importance of micro-sized and high-throughput 
MFC systems, further discussion is provided below. 

2.1.5 Micro-sized MFCs 

The milliliter-scale MFCs have a huge potential for long-term power supply at remote 
sites where a regular change of batteries is impractical. The capability of bacteria for 
producing bioelectricity using indigenous resources helps in the easy deployment of 
micro-sized MFCs as there is no requirement for an external power source and artifi-
cial mediators [55]. With a proper supply of the carbon source, microbes’ propagation 
and replenishing enable self-sustainable power generation. Other than milliliter-scale 
MFCs representation of miniatured MFCs, such MFCs are also designed for on-chip 
power production and fast screening of optimum operating conditions. The micro-
sized MFC offers very unique features, such as a large surface area-to-volume ratio, 
shorter electrode distance, faster response time, and lower Reynolds number, along 
with various choices of design in constructing MFCs. The fabrications of miniature 
MFC devices are known to have high precision and have less cost when microfab-
rication processes are utilized. Also, the materials utilized for fabricating this type 
of MFCs are usually of inert character and have suitability for microbial research. 
The miniatured MFCs having carbon-based anodes [56] or improved designs having 
cloth electrode shows high efficiency than large-scale MFCs in terms of volumetric 
current and power densities [68]. The current milliliter-scale MFCs still have an issue 
of lower volumetric power densities and coulombic efficiencies because of the higher 
internal resistance. Nevertheless, such MFC systems have huge potential in the fast 
screening of electrochemically active strains and electrode materials [23]. 

Current microfabrication techniques offer improved design of MFCs having 
submicroliter reactor volume that enables improved biofilm growth at anodic elec-
trode [53] and a quick startup [10]. Most of the miniatured MFC devices used similar 
design configurations as of the conventional dual-chamber MFC, i.e., they have 
anodic and cathodic chambers parted by a PEM. Polydimethylsiloxane (PDMS) and 
silicon are extensively utilized in such MFCs owing to the flexible designs they offer 
in microfabrication. Because of the smaller reactor volume, miniatured MFCs are 
usually provided with the electrolyte replenishing system for continuous or peri-
odic exchange, and hence allow sustained operations [9, 54]. For instance, Fig. 4a
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Fig. 4 A The design and assembly of a micro-MFC (i) the single MFC parts, (ii) a cross-sectional 
view of the MFC, and (iii) a picture of a PDMS micro-MFC. The scale bar is 2 cm. Adopted from 
[54]. B Microfluidic MFC design, showing (i) schematic of the device parts for the microfluidic 
MFC. (ii) Photograph of a ~1 × 1 × 3 inch3 array of six microfluidic MFCs. Adopted from [28] 

shows a micro-sized MFC system with a 4 µl chambers volume that has microfluidic 
flow cells for both anodes and cathodes [54]. Reproducible bioelectricity production 
and improved power densities were established. Further micro-sized improved MFC 
designs (Fig. 4b) allow the sustaining of a higher level of nutrient utilization, mini-
mized the consumption of substrates, and reduced the response time of bioelectricity 
generation because of the fast mass transport [28]. 

Yet there are shortcomings in such MFC systems and to resolve these issues such 
as lower power of miniaturized MFCs, a combination of multiple MFCs in series 
or parallel can be utilized which help in achieving larger current and power output. 
Also, there is a reversal of voltage issue in these network systems which is required 
to be resolved for the long-term operation of MFC-based sensor networks and/or 
environmental toxin monitoring systems. A comparison of different micro-sized 
MFCs is provided in Table 2.
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2.1.6 High-Throughput MFCs 

High-throughput MFCs are recently developed and used for the evaluation and micro-
bial enrichment in different process conditions. In recent times [48], a 128-channel 
potentiostat is developed that connects with the printed circuit board. The entire array 
of channels was dipped in the anolyte medium, while a common reference electrode 
was used to carry out a high-throughput investigation for checking the effects of anode 
potentials on electroactive bacterial biofilms (Fig. 5a). Earlier, Zhou et al. developed 
a well-plate high-throughput colorimetry-based assay for the monitoring of bacterial 
respiration, which can show the presence of electroactive microbes associated with 
extracellular electron transfer (EET) capability [73]. Also, paper-based electroflu-
idic arrays having 6, 8, 64, and 96 wells via the fabrication method of wax printing 
have also been developed [21, 62, 63]. These designs help in eliminating the issues 
of small MFC devices such as large internal resistance, complicated assembling, 
and lower sample accessibility. One of the high-throughput-developed MFC reac-
tors having 96-well plate showed these characteristics as well [60]. Additionally, it 
enables longer operational capability and reusability which helps in selective enrich-
ments of EET-capable microbial culture. Also, such designs have better strength; 
therefore, they can be used for fieldwork which enables high-throughput in situ 
operations. The well plate connected to the potentiostat by electrical connections 
was similar to that described earlier [47]. Since the most widely studied application 
of MFCs is wastewater treatment, the microbial culture needs to be enriched for 
the specific wastewater treatment and to improve MFC performance. In this regard, 
preconditioning of consortia can be done using high-throughput systems which can 
help in achieving an easy scale-up process [1, 31]. For instance, a new 96-well MFC 
developed array (Fig. 5b) helped in the screening, selection, and sources of enriched 
EET culture by high-throughput [61]. The high-throughput MFC systems are still in 
their infancy, and continuous efforts are in progress to make them more reliable and 
useful for screening various optimization parameters. 

3 Conclusions and Future Prospects 

Various designs and configurations have been developed for MFCs to improve their 
performance and achieve commercialization of this emerging biotechnology. The 
designs and configurations include single chamber, dual chamber, stacked, micro-
sized, large scale, and high throughput MFC systems. There is significant progress in 
the MFC research owing to various designs; however, many commercialization chal-
lenges are still being addressed and need further research. In addition to improving 
the power densities under real conditions, the capital and running costs linked with 
materials such as electrodes must be further reduced. For this, costly anodic and 
cathodic electrodes and catalyst layers on the cathode should not be used, as these 
costs add largely to the cost of MFC construction. Further scaling up is required with 
high surface area anodes and cathodes, which can help in achieving larger power
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Fig. 5 A High-throughput bioelectrochemical system (i) a potentiostat having 128 channels 
connected to the computer (top view), (ii) 128 gold WE (0.5 × 0.5 mm2) and platinum CE’s scheme, 
and (iii) a complete bioelectrochemical system having 128-electrode array which is immersed in an 
electrolyte having a single RE. Adopted from [48]. B 3-D view of a 96-well MFC system including 
(i) the complete plate, (ii) cross-sections of individual wells, and (iii) a schematic of large-scale 
MFC. Adopted from [61].
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densities. In the current scenario, because of lower bioelectricity production, expen-
sive materials, and the continuously decreasing cost of renewable energy, it is less 
likely that bioelectricity produced from MFCs will outplay existing technologies. 
Therefore, applications other than bioelectricity production should also be consid-
ered and explored. Further, research is required in exploring the device configurations 
for minimizing the internal resistances for the improvement of micro-sized MFCs. 
Similarly, the high-throughput MFC systems for studying the impact of electrode’s 
potential and external load for controlling bacterial metabolism are vital for under-
standing MFC operations. Currently, there are limited studies about high throughput 
MFC systems for EET capable microbial species and communities and it has huge 
potential for making a breakthrough in the commercialization of MFC technology. 
High throughput MFCs can be effectively utilized for various applications such as 
genetic engineering, screening of phenotypes, and mutants development studies for 
both microbial communities and single cultures [61]. With the recent discovery of 
human pathogens having EET capability [35, 45, 50], these systems can be very 
useful for evaluating the current production mechanism and the importance of EET-
capable pathogens in human health, which can open a spectrum of new research 
areas.
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Abstract Electrochemical measurements are an important analytical survey 
performed to evaluate the overall power production performance of microbial fuel 
cells (MFCs). In recent years, MFCs research has experienced a strong interest in 
improving the energy performance by modifying the anode materials and increasing 
the activities of the electrogenic bacteria. Electrochemical measurements have 
become important evaluation tools for effective research of this development. Several 
of these metrics exist; however, their combination provides a more comprehen-
sive view of MFC’s performance. This chapter provides details on some of the 
electrochemical measurements used in MFCs and how to determine some of the 
electrochemical properties. 
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1 Introduction 

The term microbial fuel cells (MFCs) have been described as a bio-electrochemical 
system comprising mainly of microbes and electrodes that are capable of trans-
forming chemical energy into energy in the form of electricity. The microorganism 
(electrochemical active bacteria) acts as a catalyst in the system that allows for 
simultaneous remediation of environmental pollutants and generation of electricity 
[1]. Bacteria are frequently used to catalyse the anodic half-reactions in different fuel 
cells and in particular, MFCs. Microbes in the anode chamber are responsible for 
oxidising the carbon source (reduced substrates), thereby, giving out electrons and 
protons in the process. The generated electrons are absorbed by the anode and then 
transmitted to the cathode via an external circuit, while the proton has migrated into 
the cathode chamber via the proton exchange membrane [2, 3]. One of the advantages 
of MFCs is their ability to use a wide range of biomass-derived anodes with long term 
durability, cost-efficient and large surface area to enhance the growth of microbes and 
surface attachment [4, 5]. Many different microorganisms have been used in MFCs, 
both as mixed and single strain cultures, such as Geobacteracea, Desulfobulbus 
or Desulfovibrio families, etc. [6, 7]. Nowadays, researchers have adopted several 
electrochemical measurement techniques to study the fundamental component and 
processes as well as the performance of the MFC [8]. The result obtained from the 
measurements will further provide an elaborate understanding of all the elements of 
the MFCs and allow for the identification of improvement in the power generation; 
to achieve this, it is vital to select the most appropriate electrochemical techniques 
for the MFC evaluation and assessment [9]. The most recent and widest applications 
of MFCs are primarily related to wastewater treatment, bioremediation, and power 
generation. The microbial aspect of the system is however a critical component in 
the process performance. These applications frequently employ complex bacterial 
communities that grow freely in the MFC anode from inoculums of various sources 
and produce higher power densities than pure cultures [10]. Similarly, modification 
of anode electrodes has shown effectiveness in enhancing the bioremediation and 
energy generation in MFC [11–13]. Yaqoob et al. [14] presented a critical analysis of 
new trends in anode modification for improving MFCs performance. All the above 
contributions by researchers can be adequately identified by subjecting the MFC 
systems to critical electrochemical measurements. Electrochemical measuring tech-
niques are very necessary for analysing the limited performance of each component 
and for optimising the MFCs operation, thereby, enabling continuous improvements. 
In this chapter, contemporary electrochemical analytical tools of MFCs are being 
discussed. The evolutionary trends and background of the electrochemical measure-
ments in MFCs have been highlighted. Furthermore, we attempted to discuss the 
areas in MFC’s electrochemical properties that have not been adequately elaborated 
in previous papers.
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2 Evolution of Electrochemical Measurements of MFCs 

Potter [15] was the first scientist in 1911 to describe the potentiality of microbes 
to acquire electrical energy from their vital activities. In the research work, he used 
primitive versions of both analogue and digital process signals. An electromag-
netic ammeter was used to measure the current output, evaluating the deflecting 
force induced by the electrical current (analogue), whereas the charge transported 
was counted (digital) using a morse condenser-mediated signal. Potter noted that a 
maximum voltage of 0.3–0.5 V was produced when glucose was used as substrate 
and platinum as an electrode with microorganism Saccharomyces cerevisiae and 
Escherichia coli as an inoculum source. The steady development of semiconduc-
tors over the twentieth century resulted in the discovery of various solid-state elec-
tronics (the transistor and integrated circuit are viable examples), which expanded 
the boundaries of electrical measurements, applications, and designs [16]. It was 
reported that Hans Wenking, in 1952, devised a three-electrode electrochemical 
system characterised by electrode potentials. The electrode potential was regulated 
using a feedback-controlled source of power, potentiostat and a reference electrode 
[17]. A potentiostat is an electroanalytical instrument that is designed to control the 
working electrode’s potential in a multiple electrode electrochemical cell. It contains 
many internal circuits that allow it to function in this capacity. Sanchez et al. [18] 
carried out a review work on microbial electrochemical technology and reported that 
Andrew Kay first invented the digital voltmeter in 1954 which led to the improvement 
of accuracy and reduction in the cost of electrochemical measurements. Digital Volt-
meter is an electrical equipment that can measure both the alternative current (AC) and 
direct current (DC) which is able to obtain values of potential difference that is flowing 
through the circuit. Following this trend, a series of researches were conducted until 
1962 when Davis et al. [19] illustrated the demonstration of a concept for the genera-
tion of electricity employing various microorganisms in a system ascribed as MFCs. 
This development has led to a more robust research exploit on microbes as a promising 
source of electrical energy and has attracted interest in the academic, economic, and 
geo-political world. However, it was only lately that MFC-related systems and tech-
nologies gained widespread attention, owing to advancements in microbe identifica-
tion and utilisation, electrode material innovations, system set up and configuration 
[20]. 

3 Electrochemical Background of MFCs 

The major underlying principle of MFCs is the utilisation of microorganisms as 
a biocatalyst to simultaneously achieve bioremediation and bioelectricity genera-
tion, with absolute safety of the environment. At the anode chamber, the biocata-
lysts oxidise the organic substrate to produce carbon dioxide, protons, and electrons 
that are passed to the anodic surface. The cathode receives the transferred electrons
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Fig. 1 Schematic show of electron flow from the anode to the cathode in MFCs 

through an external circuit as shown in (Fig. 1), while the proton moves directly to the 
cathode through the proton exchange membrane. The electrochemical background 
in MFC entails the electroactivity between a working electrode and a microorganism 
which is usually faradaic, that is, the microorganism performs an external electron 
transfer (EET) process. The electron transport chains are elongated beyond the cell 
borders to facilitate electron discharge and uptake to a conductive electrode surface 
[21, 22]. 

The electrical equivalent circuit idea was employed to elucidate the MFC system’s 
electrical output properties outside the cell boundary, microbial activities occur-
ring in the cell, and general system bio-electrochemical behaviour [23]. As illus-
trated in (Fig. 2), a common equivalent circuit model for electrical characteristics 
of MFCs is composed of impedances in series: (a) illustrates the simplest equiva-
lent circuit, which ignores dynamic characteristics, (b) illustrates a Randles circuit 
with the symbols Rct, Rs, Cdl, and Zw denoting the charge transfer resistance, ohmic 
resistance, double-layer capacitance, and Warburg diffusion element. This electrical 
impedance simulates the MFC’s behaviour, particularly in terms of output voltage

Fig. 2 Electric equivalent of a typical MFC circuit. a The simplest analogous circuit devoid of any 
dynamic property. b Equivalent Randles circuit having a Warburg diffusion element
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and current. Electrochemical techniques such as electrochemical impendence spec-
troscopy (EIS), current interruption techniques, cyclic voltammetry, and polarisation 
testing are frequently employed nowadays to detect the equivalent circuit parameters 
and analyse electron transport [24].

Modern electrochemical systems can quickly shift signals from integrated 
analogue to digital converters to less sensitive digital counterparts (ADC). The differ-
ential amp amplifiers amplify differences between input voltage levels of the signal 
by means of a technique called common mode rejections that effectively reduces 
common interference such as ground loops. [25]. However, some differential ampli-
fiers incorporate an initial unity gain amplifier as a voltage follower for every single 
input, thereby, reducing the load on the input signal and enabling the detection of 
low current signals [26]. 

4 Electrochemical Analysis 

The electrochemical analysis is a series of analytical methods that analyse the chem-
ical reactivity of an electrochemical system through electrical stimulation concepts. 
The rates of oxidation and reduction in electrochemical reactions are controlled and 
measured by a potentiostat, connected to electrodes that are submerged in an elec-
trolyte. Collections of electrochemical techniques and their effect are shown in Table 
1. Most of these techniques use three electrodes, designated as the working electrode 
(WE), the reference electrode (RE) and the counter electrode (CE). These three elec-
trodes are connected to a potentiostat which in turn controls the WE potential to 
determine the output current [27]. The WE are the critical component in an electro-
chemical analysis. For instance, in most MFC processes, the anode is the WE while 
the cathode is applied as the counter electrode. Ag/AgCl is mostly used in the system 
as the RE. 

4.1 Electrochemical Impendence Spectroscopy (EIS) 

EIS technique is a simple measurement process that requires employing a Frequency 
Response Analyzer and a potentiostat. Typically, the range of frequency used in EIS 
is 100 kHz–1 MHz, and a very low-amplitude AC signal with an amplitude of about 
5–10 mV is utilised to analyse the MFC’s current response and not interfering with its 
operation. Such a low signal will not disturb the system due to a massive overpotential 
[28]. EIS is a robust instrument for analysing the chemical and physical processes 
occurring in electrochemical solutions, whether at solid–liquid or solid–solid inter-
faces, because it enables the separation of the various voltage loss occurrences. EIS 
makes use of two types of graphs: the graph Nyquist and the so-called Bode plots. 
The disadvantage of Nyquist plots is that the frequency represented by each data 
point is not disclosed (each point represents the vector of impedance on the complex
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Table 1 Some MFC electrochemical chemical techniques and their effect 
Electrochemical 
techniques 

Remark Advantages Disadvantages 

EIS The quantity measured 
is Electrical impedance 
(Z) as a function of 
frequency. Occurs over 
a certain frequency 
range and AC signal 
amplitude 

Capable of 
distinguishing 
between different 
sources of total 
internal resistance 
(Charge transfer, mass 
transport, electrolyte 
resistance) 

Only applies to systems 
that are linear or 
quasi-linear. Basic 
fitting models make data 
analysis tough 

Cyclic 
voltammetry 

The quantity measured 
is I = f (t) 
Occurs over a certain 
potential range and a 
scan rate (mV/s) 

Most extensively used 
technique to study 
redox reaction that 
occurs on the surfaces 
of electrodes 

In conventional cyclic 
voltammetry, the key 
issues are capacitance 
current and background 
charging current 
With rising voltage, 
fraction of the highest 
faradaic current and 
charging current drops 

Current 
interruption (CI) 

The cell is run at such a 
current that the 
polarisation 
concentration becomes 
negligible, giving way 
for a high signal to be 
achieved 
The immediate voltage 
rice after the current 
interruption is directly 
related to the internal 
ohmic resistance of the 
cell 

Internal resistance of 
an electrochemical 
system is measured 
with this tool 
Magnetic and galvanic 
coupling measurement 
errors are easily 
identifiable 
The current interrupt is 
simple to use and can 
offer quantitative data 

This value indicates 
only the overall ohmic 
drop over the electrode 
and is therefore only 
applicable in systems 
where ohmic resistance 
is the dominant 
resistance 
It is impossible to 
distinguish between 
mass transport, charge 
transfer and other ohmic 
losses 

Polarisation curve It depicts the 
relationship between 
current density (i) and  
electrode potential (E) 
for an MFC system 

Details on the 
performance 
deterioration of each 
cell or stack under 
operating conditions 
are provided (Fuel 
flow rate, humidity, 
temperature, load) 

Because the various 
contributions to the 
potential decrease 
overlap, analysing the 
underlying mechanism 
is difficult

plane at a certain frequency) while Bode plots do [29, 30]. MFCs EIS measurements 
are frequently done across a wide range of frequencies between a few MHz and 
100 kHz. EIS spectra give detailed information on the mass transfer impedances, the 
charges and the ohmic internal resistance. The ohmic internal resistance is mostly 
studied by intersecting the curve at a high frequency with the actual impedance 
axis (Zre axis) [28]. Yaqoob et al. [31] applied electrochemical impedance spec-
troscopy to investigate the resistance effect of electrodes (EIS; Gamry Reference
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600; Warminster, PA, USA). On Day 80 of the MFCs’ operation, EIS measure-
ments were taken to explore their electrochemical characteristics within the range of 
frequency (100 kHz–100 MHz). The continuous AC amplitude was 1 mV to prevent 
the biofilm from detaching. With a scene range of 0.5–0.1 Hz, each spectrum took 
about 15–20 min to complete.

Recent paper publications have demonstrated the utilisation of EIS in the evalu-
ation of several electrochemical properties of the MFCs working electrodes under 
different operational conditions and the parameters that determine its power output. 
Dong et al. [32] studied a novel electrode prepared from activated carbon/PTFE 
composite for MFC performance. They applied an AC signal amplitude of 10 mV at 
a frequency range (10 MHz–100 kHz). Similarly, Hou et al. [33] evaluated the EIS 
of a modified Gr-Poly nanocomposite as a novel anode material having a surface 
area of 3.24 cm2, with an applied AC wave amplitude of 10 mV and frequency 
range of 5 MHz–100 kHz. Fadzli et al. [34] used EIS as one of the electrochemical 
measurement tools to investigate the power performance of a benthic MFC. The EIS 
investigation was conducted using Gamry Reference 600, Warminster, PA, USA. In 
the EIS study, the frequency range was 100 kHz–100 MHz. Table 2 shows the list of 
some EIS experiments in MFCs.

Table 2 Some Electrochemical Impendence Spectroscopy analysis conducted in MFCs 
Counter 
electrode 
(CE) 

Working 
electrode (WE) 

Reference 
electrode 
(RE) 

Frequency range AC Signal 
amplitude 

Refs 

Pt Glassy carbon Ag/AgCl 100 kHz–100 MHz 1 mV Yaqoob 
et al. [11] 

Graphite 
with Pt 

Graphite Ag/AgCl 100 kHz–5 MHz 10 mV Manohar 
et al. [35] 

Graphite 
felt 

Platinum 
electrodeposited 
on carbon cloth 

Ag/AgCl 100 kHz–5 MHz 10 mV He et al. 
[36] 

Carbon 
brush 

Carbon brush Standard 
calomel 
electrode 

0.01 Hz–1 × 105 Hz 5 mV Zhang et al. 
[37] 

Activated 
carbon 

Activated carbon CP sheet 20 kHz–0.1 Hz 0.3 mA and 
six points 
per decade 

Offei et al. 
[38] 

Pt Modified Carbon 
cloth 

Ag/AgCl 0.1 Hz–1 × 105 Hz 0.2 V Mishra and 
Jain [39] 

Stainless 
steel 

Polypyrrol 
stainless steel 

Ag/AgCl 100 kHz–1 MHz 10 mV Pu et al. [13] 

Sterile 
carbon 
fibre 

Carbon paper Ag/AgCl 100 kHz–0.1 Hz 0.05 V Arkatkar 
et al. [40] 

Pt/C on 
CC 

Iron modified 
carbon cloth 

Ag/AgCl 100 kHz–100 MHz 0.2 V Sayed et al. 
[41]
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The capacitance between electrode and solution interface changes when the 
surface of the electrode is attached by a biofilm. This was confirmed by Manohar 
et al. [35] using EIS techniques. The EIS studies were performed at the OCP using a 
100 kHz–5 MHz frequency range and a 10 mV ac signal amplitude. They discovered 
that in the present MR-1 species, the anode’s OCP became more negative and its 
capacity increased; both affected the MFC power output.

4.2 Cyclic Voltammetry (CV) 

Cyclic voltammetry has become one of the most popular tools for studying electro-
chemical reactions. CV is considered a flexible electroanalytical technique for the 
study of electroactive species. Its ease of measurement and flexibility has resulted in 
a wider range of use in the fields of electrochemistry. CV is a technique that entails 
cycling the voltage of an electrode in an electrochemical cell and determining the 
output current. The potential of this working electrode (WE) is regulated in rela-
tion to a reference electrode (RE) mostly a saturated calomel electrode (SCE) or an 
Ag/AgCl electrode. The controlling potential applied between these two electrodes 
can be thought of as an excitation signal [42]. 

CV has been widely used by researchers for MFCs application (Table 3). For 
example, Zhang et al. [43] tested for a novel anode material and used CV as one 
of the electrochemical analysing tools. The applied voltage range was 800–400 mV 
(around RE) with 10 mV/s as the scan rate. The WE were stainless steel mesh plated 
round with graphene; the CE was of carbon paper while the RE was Ag/AgCl. The 
authors were able to determine the electrocatalytic behaviour of the anode mate-
rial through the CV analytical techniques. Similarly, Chen et al. [44] analysed the 
anode performance of MFC using electrochemical tests. Cyclic voltammetry (CV) 
was conducted with a voltage range of −0.8 to 0.8 V at a scan rate of 10 mV/s. Tafel 
plots of bioanodes were recorded by sweeping the overpotential from 0 to 0.1 V at 
1 mV s−1. The exchange current density (j0, A/cm2) was calculated via the Tafel 
equation. In another work, CV was also used to study the oxygen reduction catalytic 
behaviour of activated biochar in the MFC system. The voltage was in the range 
of −0.9 and 0.6 V with 5 mV/s as the scan rate. The electrical two-layer biochar 
capacity was evaluated with a CV curve recording in an N2-saturated environment 
and a charge current measuring in the absence of Faradaic contributions (at −0.1 V) 
based on the possible rate of sampling of 5–50 mVs−1. A calomel electrode saturated 
(SCE, Amel 303/SCG/12) functioned as the electrode of reference, a platinum wire 
(Amel, 805/SPG/12) as an auxiliary electrode, and a glassy carbon disc (GC, 0.196 
cm2 area) as the working electrode (WE) modified with the catalyst layer [45]. Chor-
badzhiyska et al. [46] investigated the performance of bioelectrodes using CV. They 
observed a difference in the cyclic voltammograms obtained with the different elec-
trode types which show that electrode modifications influence the redox behaviour 
of the microbes and probably its biofilm formation strategies.
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Table 3 Cyclic voltammetry analysis in different type of MFCs operations 
Type of MFCs Electrodes Surface 

area of WE 
(cm2) 

Size of 
electrode 
(cm3) 

Voltage 
range (V) 

Scan rate 
(mV/s) 

Refs 

Dual-chamber WE: Graphite, 
CE: Graphite, 
RE: Ag/AgCl 

– 8.0 × 2.5 
× 0.2 

−0.12 to 
+1.23 

25 
50 

López 
Zavala 
et al. [47] 

AC-MFCs WE: Carbon 
clothe, CE: 
Carbon fibre 
bush, RE: 
Ag/AgCl 

7.07 70 mm × 
70 mm 

−0.45 to 
+0.40 

1 Ruiz et al. 
[48] 

Dual-chamber WE: 
Graphene/Ni, 
CE: Pt, RE: 
Ag/AgCl 

2.0 2.0 × 1.3 
× 0.1 

−1.5 to + 
0.7 

20 Zhu et al. 
[49] 

Single-chamber WE: Carbon 
paste, CE: 
Platinum disc, 
RE: Ag/AgCl 

0.5 – −0.4 to + 
1.2 

50 Khater 
et al. [50] 

Dual-chamber WE: Carbon 
felt, CE: Pt/C 
paper, RE: 
Ag/AgCl 

30 – −0.65 to 
+0.25 

1 Koók 
et al. [51] 

Dual-chamber WE: 
PANi/CNT, 
CE: SS mesh, 
RE: Ag/AgCl 

– 3.0 × 2.0 
× 0.1 

−1 to  +1 1 Yellappa 
et al. [52] 

Dual-chamber WE: GO, CE: 
SS mesh; RE: 
Ag/AgCl 

20 – −0.2 to + 
0.8 

50 Pareek 
et al. [53] 

Single-chamber WE: C-cloth, 
CE: Pt wire,  
RE: Ag/AgCl 

20 – −1 to  +1 10 Khan 
et al. [54] 

Single-chamber WE: Carbon 
fibre brush, 
CE: C-Fibre 
brush, RE: 
Ag/AgCl 

– 2.5 cm × 
12 cm 

−1 to  +1 10 Yu et al. 
[55] 

Double chamber WE: Glassy 
carbon, CE: Pt 
wire, RE: 
Ag/AgCl 

76 cm2 8.0 cm × 
1.3 cm 

−0.8 to + 
0.8 

30 Yaqoob 
et al. [56]
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4.3 Varying Circuit Resistance (VCR) 

The varying circuit resistance (VCR) technique has been largely useful in MFC 
systems to acquire Polarisation Data that can further obtain the power curve. Polar-
isation data obtained by the VCR technique are applied to determine the effect of 
anode capacitance on the maximum power density of the system [57]. However, the 
VCR approach makes it challenging to achieve a steady-state anode potential. The 
cell potential is typically measured using the VCR method after the MFC has been 
operated continuously at a fixed resistance for 20 min; however, this time period 
may not be adequate to eliminate the influence of anode discharge if the anode has a 
high capacitance. As a result, the quantified power obtained using these techniques is 
referred to as transient power and not a steady-state power [58]. This point has been 
further illustrated in previous work [59]. Variations in external resistance in an MFC’s 
external circuit can induce a variety of changes in performance, including changes 
in maximum current and power densities. Variation in external resistance has been 
demonstrated to impact the anode community in other investigations, most likely due 
to microbial adaptability [60]. Switching the Rext will most likely change the anode 
potential, which has been proven to modify the expression of certain cytochromes 
by specific bacteria [61]. Furthermore, for batch-mode MFCs, decreasing Rext may 
boost coulombic efficiency due to increased reactor current density and shorter cycles 
[62]. 

Feng et al. [59] proved that the discharge of high capacity bio-electrons in an anode 
significantly contributes to the recorded maximum density of power, even more so 
if the duration of the VCR approach at fixed resistance is insufficient for use. The 
VCR method was used to record the potential at various resistances (open circuit, 
2000, 1000, 500, 250, 100, 50, and 25 Ω) for a period of 5–20 min. The potentiostat 
was operated in the two-electrode mode to acquire the polarisation curve, while the 
cathode serves as the working electrode; the anode functioned simultaneously as 
the reference and counter electrode. Huang et al. [63] determined polarisation and 
power density curves in a single chambered MFC system using the VCR method. 
In their analysis, the circuit was interrupted until the open circuit voltage (OCV) 
was stable, then a variable resistance box was connected to any external resistance 
between 10,000 and 200 Ω and stabilised for 20 min, and the output voltage (U) was 
recorded. According to Ohm’s law, the power density reaches a maximum value at 
the point the external resistance of the choke is equivalent to the internal resistance 
of the choke, and the internal resistance of the choke can be determined. Zhao et al. 
[64] performed polarisation analysis on MFCs using the VCR technique. Prior to 
polarisation procedures, the MFCs were disconnected and left open circuit for a 
predetermined amount of time (defined as idle time, toc) using the VCR method. 
This method was used to determine the polarisation curves by varying Rext from 
the highest point to the lowest and in the opposite manner. Polarisation curves were 
obtained at various td (0.25, 0.5, and 2 h) and toc values (0.17, 0.5, 1, 2 and 5 h). 
Additionally, polarisation tests were conducted utilising VCRs with a longer td of
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8 h (designated as steady-state VCR, VCRs) to determine the steady-state MFCs’ 
maximum power densities. According to (Eq. 1), the curves (for power density) were 
derived from the polarisation curves. 

P = U × I (1) 

4.4 Current Interruption Method (CI) 

The Current Interruption (CI) technique is a widely used electroanalytical method 
for measuring the total ohmic resistance of electrochemical systems (e.g. MFCs). 
Current interruption is simple to perform and can provide quantitative information, 
which makes it exceptionally suitable for measurements on single cells and small 
fuel cell stacks [65]. It can be done with common, low-cost electronic equipment. 
It is evident that while the MFC appears to produce a constant output current at the 
terminal of the external resistor, the circuit is abruptly opened, resulting in a sudden 
increase in cell voltage (VR), followed by a gradual increase [58]. The resistive 
internal overpotential (Rint) of the MFC is responsible for the instantaneous rapid 
voltage rise. The following Eqs. (2) and (3) are useful for calculating the total internal 
resistance and ohmic resistance of the MFC cell respectively [8]. 

Rint = VR 

I 
(2) 

RΩ = ΔU 

I 
(3) 

where I, is the steady-state current before interrupt, ΔU represents a step rise in 
voltage after current interrupt. 

By lowering the intrinsic resistance of carbon fibre brush anodes, Xie et al. [66] 
were able to increase the performance of MFCs. The ohmic resistance of the MFC 
system was determined by the current interruption method. The current interruption 
data were measured at a time interval of 0.1 s and indicated using a data acquisition 
system (NEWARE, Shenzhen, China). The ohmic resistance was calculated (using 
Eq. 3). Similarly, CI tests were used to study the ideal resistive component (Rohmic) 
in the analysis of the electrochemical performance of an MFC system. The tests 
were performed at open circuit voltage (concentration polarisation is negligible) and 
a current pulse of 2 mA was applied for 2 s using the potentiostat [67]. The current 
interruption method was used in an MFC system that was operating in a steady-
state, i.e. there was no current in the open circuit. Voltage changes (ΔU) increased 
abruptly; a continuous gradual increase was observed to follow immediately. A data 
acquisition system (DAQ2213, ADLINK, Beijing, China) with a sampling rate of 
1000 Hz was utilised to record real-time data on ΔU between the electrodes. The
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interruption of the current can be described as instantaneous because the interruption 
process lasted only 0.001 s. The ohmic resistance was also calculated (using Eq. 3), 
and ‘I’ signifies the current at a steady-state before the interruption [68]. 

4.5 Pulse-Width Modulation (PWM) 

A pulse-width modulated system has a pulse input, a control input, and an output. 
The control input is used to change the pulse-width of the output signal. PWM’s 
main objective is to maximise energy harvesting by adjusting the resistive load and 
taking advantage of the capacitive characteristics of the MFCs. In terms of energy 
generation, it has already been found that intermittent loading and unloading of 
MFCs can be beneficial as more energy can be generated than continuous loading 
[69]. Grondin et al. [70] previously demonstrated that by intermittently connecting 
and disconnecting the electrical load (external resistance), the power output of the 
MFC may be increased. This was further demonstrated by Coronado et al. [71] by  
increasing the MFC’s power output through pulse-width modulated external resis-
tance. The paper presents a strategy for intermittently connecting the electrical load 
by studying the MFC’s frequency response between 0.1 and 1000 Hz and using 
the MFC at a sufficiently high frequency comparable to a pulse-width modulated 
connection of the external resistor. Rext was connected to the MFC for the first half of 
each cycle and detached for the remainder of the cycle for each frequency examined, 
equating to a 50% duty cycle. The frequency tests were performed with Rext values 
of 8 and 47 Ω. 

5 Electrochemical Properties 

The electrochemical properties of a material refer to its properties in an electro-
chemically corrosive environment, such as electrochemical potentials and reaction 
constants. These qualities dictate how materials react to corrosive oxidation and 
reduction processes, which increase the valence of metals (zero valence) to form 
ions (cations) or oxides (or other solid oxidation products). On the reduction side, 
processes may entail the reduction of water and oxygen to create hydroxide ions 
and/or reactive oxygen intermediates, in addition to a variety of other biologically 
derived compounds sensitive to redox reactions. The oxidation and reduction reac-
tions (often referred to as the two half-cell reactions) are electrically connected via 
the metal and complete the circuit via the solution, resulting in currents (electronic 
and ionic) flowing through both phases [72, 73]. The electrochemical properties of a 
carbon material can be demonstrated by a potential window (measuring the voltage 
range between the cathodic and anodic current densities), monitoring reactivity 
with redox probes, evaluating durability, and estimating sensitivity from the cali-
bration curve [74]. Electrochemical characterisation tools (discussed in the previous
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section) have been developed to obtain information about electrochemical proper-
ties. These tools can be used to obtain electrochemical information about materials 
[75]. This section highlights some of these electrochemical properties applicable to 
MFC systems. Table 4 shows the electrochemical properties obtained in some MFCs 
studies. 

5.1 Current Density 

Current density, also known as electric current density, is defined as the amount 
of electric current that flows through a unit cross-sectional area and is related to 
electromagnetism. Ampere per square metre is the unit SI for electric current density. 
It is denoted by the letter ‘J’. The current density can be expressed by the formula: 

J = I 
A 

(4) 

where: J = Current density; I = Electric current flowing through a given material or 
conductor; A = Cross-sectional area of a material or conductor. 

The output current of an MFC process can be deduced from the output voltage 
obtained from the digital multimeter instrument connected to the cell as described 
by Karuppiah et al. [76], while using anode surface area for calculating the current 
density (Eq. 4). Determining the current density in MFC helps researchers analyse 
the electrical performance of the cell across the anode [77]. 

5.2 Power Density 

Power density is an important parameter in a power generating system like MFCs. 
Power density is mainly used as a crucial parameter to study the performance rate 
of MFCs [78]. The definition of power density in MFC applications is the power of 
generated energy per unit area of the working electrode (W/m2) or per unit volume of 
the working electrode (W/m3) [79]. Estrada-Arriaga et al. [80] in their MFC studies 
calculated output power P from the equation below 

P = I × V (5) 

where: P = Power (W); I = Electric current flowing through the electrode; V = 
Output Voltage of the MFC. Furthermore, the power density PD was calculated from 
(Eq. 6).
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Table 4 Electrochemical properties of some MFCs studies 
Reference Tools Conditions Electrochemical 

properties 
Values 

Borole 
et al. [87] 

Fluke multimeter model 83 
delivers the voltage output at 
50 Ω load 

● Inoculum source: 
pre-enriched 
microbial 
consortium 

● Electrode size: 2.54 
× 2.54 × 0.63 cm3 

● Surface area: 12.56 
cm2 

Max. power 
density 

580 W/m3 

Max. current 
density 

15.1 A/m2 

Coulombic 
efficiency 

90% 

Maximum 
energy 
conversion 
efficiency 

54% 

Gurav 
et al. [88] 

Digital multimeter (Fluke 
Corporation, USA) 

● Inoculum 
source:1% (v/v) 
seed culture 
S. marisflavi 

● Surface area: 2.25 
cm2 

Maximum 
power density 

52.80 
mW/cm2 

Max. current 
density 

6.85 mA/cm2 

Larrosa 
et al. [89] 

DVM891 Digital multimeter 
(HQ power, Germany) 

● Inoculum source: 
Brewery 
wastewater diluted 
in domestic 
wastewater 

● Surface area: 4 cm2 

Maximum 
power density 

1058mW/m3 

Max. current 
density 

551 mA/m3 

Coulombic 
efficiency 

25% 

Zhang 
et al. [90] 

Data acquisition system 
(2700, Keithley Instrument, 
OH) 

● Inoculum source: 
clarifier overflow 

● Surface area: 7 cm2 

Maximum 
power density 

52 ± 2 W/m3 

Maximum 
current density 

3.85 A/m2 

Coulombic 
efficiency 

81% 

Yaqoob 
et al. [91] 

Digital multimeter (UNI-T, 
Model UT120, China) 

● Inoculum: Pb2+with 
pond WW 

● Size of electrode: 
8.0 cm × 1.3 cm (h 
× r) 

● Surface area: 76 
cm2 

Maximum 
power density 

1.35 mW/m2 

Current density 143 mA/m2 

Mutuma 
et al. [92] 

Bio-Logic VMP300 
potentiostat (Knoxville TN 
37, 930, USA) 

● Inoculum: Sludge 
(Biodigester plant) 

● Electrode: 1 × 1 cm  
● Surface area: 1.13 
cm2 

Specific energy 10 Wh/kg 
Specific power 6.9 kW/kg 
Capacitance 
retention 

84.5% 

Coulombic 
efficiency 

99.84% 

Specific current 5 A/g
(continued)
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Table 4 (continued)

Reference Tools Conditions Electrochemical
properties

Values

Geetanjali 
et al. [93] 

Potentiostat 
(AUTOLAB-PGSTAT302N) 

● Inoculum: 
Anaerobic cultures 
from sewage 
treatment plant 

● Electrode: 10 × 
10 mm 

Highest 
capacitance 

47.27 F/cm2 

Max. power 
density 

1128mW/m2 

Yu et al. 
[94] 

Multi-channel voltage 
recorder (RC1106C, 
Hangzhou Liance Group 
Ltd) 

● Inoculum: 
Anaerobic sludge 
from wasterwater 
treatment Plant 

● Electrode size: 2.5 
× 2.7 cm 

● Surface 
area:307.55 m2/g 

Max. voltage 
output 

488 mV 

Max. power 
density 

2381 mW/m3 

Max. current 
density 

8 × 
10−6 A/m2 

Specific 
capacitance 

3670 F m−2 

Sawant 
et al. [95] 

Digital multimeter (Agilent 
34405A, Agilent 
Technologies, Inc., USA) 

● Inoculum source: 
Shewanellaonei-
densis 

● Electrode size:0.5 
× 0.5 × 4.0 cm 

Max. power 
density 

35.74 W/m3 

Charge storage 
capacity 

799 F/g1 

Energy density 111 Wh/kg1 

Iftimie 
et al. [96] 

16-channel voltage 
collection instrument (Pico 
data logger ADC-24) 

● Inoculum source: 
municipal 
wastewater 

● Size of electrode: 
3 mm (diameter) 

Max. power 
density 

393.8 mW/m2 

Max. voltage 
output 

864.9 mV 

Inoue 
et al. [97] 

Gamry reference 
600 Potentiostat 

● Inoculum source: 
G. sulfurreducens 

● Electrode size: 10 
× 10 mm 

Max. power 
density 

3.6 µW/cm2 

Max. current 
density 

6.8 µA 

Max. voltage 
output 

390 mV 

Ansari 
et al. [98] 

Potentiostat (VersaSTAT 3, 
Princeton Research, USA) 

● Inoculum source: 
Shewanellaoneidensis 

● Electrode size: 2.5 
× 4.5 cm 

Max. power 
density 

0.0588 W/m2 

Current density 2 A/g 
Max. 
capacitance 

525 F/g 

Gajda 
et al. [99] 

ADC-24 (Pico Laboratories, 
UK) 

● Inoculum source: 
Anaerobic sewage 
sludge 

● Surface area: 
10 cm2 

Max. power 
density 

54 W/m3

(continued)
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Table 4 (continued)

Reference Tools Conditions Electrochemical
properties

Values

Jain et al. 
[100] 

Data logger (34972A, 
Keysight Technologies, 
USA) 

● Inoculum source: 
Anaerobic sludge 

● Surface area: 
16 cm2 

Highest power 
output 

0.47 mW 

Coulombic 
efficiency 

14.26% 

Yaqoob 
et al. 
[101] 

– ● Inoculum source: 
metal supplemented 
wastewater 

● Electrode size: 10 
× 9.5 cm 

● Surface area: 76 
cm2 

Max. current 
density 

25.43 mA/m2 

Max. power 
density 

0.105 mW/m2 

Specific 
capacitance @ 
85th time 
interval (day) 

PD = P 
A 

(6) 

where: PD = Power density (W/m2 or W/m3); P = Power output (W); A = Surface 
area of the electrode (m2 or m3). 

5.3 Coulombic Efficiency 

The Coulomb efficiency (CE) of an energy storage system is the ratio between charge 
and discharge capacity under a fixed voltage window [81]. Coulombic efficiency 
(CE) is directly related to fuel cell efficiency. Therefore, a high CE means a longer 
cycle life of the fuel cell. CE refers to the efficiency with which charge electrons are 
transmitted. In an MFC system, as described by Yang et al. [82], CE is calculated at 
a given value of external resistance based on variation in concentration of chemical 
oxygen demand (COD) using the following equation. 

CE = Mo2
∫ tb 
0 I dt  

FbVANΔCOD 
× 100% (7) 

where: CE = Coulombic efficiency; Mo2 = Molar mass of oxygen; tb = Operation 
time of 1 MFC cycle; b = Number of electron exchange per mole of oxygen; F = 
Faraday’s constant; VAN = Volume of anode chamber. The ΔCOD symbolise the 
difference between the COD of inflowing anolyte and outflowing anolyte. Chemical 
oxygen demand (COD) can be determined by the rapid digestion spectrophotometry 
method [83].
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5.4 Capacitance Retention 

The specific capacitance (C) in an MFC system, describes the integration over the 
entire data set per unit area of the working electrode. Specific capacitances can 
be derived from galvanostatic tests or from cyclic voltammetry curves. The constant 
charge–discharge tests are generally carried out to determine the specific capacitance 
[84]. Specific capacitances can be computed using galvanostatic experiments and 
deduced from (Eq. 8). 

C = I Δt 

mΔV 
(8) 

where: C = Specific capacitance (F · g−1); I = Discharge current (A); Δt = 
Discharge time (s); ΔV = Potential window (V ); m = Mass of the working electrode 
(mg). Specific capacitances that are computed from cyclic voltammetry tests can be 
calculated from (Eq. 9). 

C = 1 
mv(Vb − Va) 

Vb∫

Va 

I dV (9) 

where: C = Specific capacitance (F · g−1); v = Scan rate (V · s−1); Vb and Va = High 
and low potential limit (V ); I = Discharge current (A); m = Mass of the working 
(mg). 

Lv et al. [85] studied the capacitance of a synthetic anode material using galvano-
static charge–discharge tests with a current load of 0.5 mA/cm2 over a potential range 
of −0.6 to 0.3 V. Equation 10 derived the computation for the specific capacitance 
C(F/cm2) from the CV curve. 

C = Icharge−discharge × t 
Ucharge−discharge × A (10) 

where: Icharge–discharge = charge–discharge current; t is the discharge 
time; Ucharge–discharge is the potential window, and A is the projected surface 
area of the anode. Similarly, Peng et al. [86] calculated the specific capacitance 
(F/cm2) of the anode in their MFC studies as presented in (Eq. 11). 

C = Qa + Qc 

2AΔE 
(11) 

where Qa (C) and Qc (C) = sum of anodic and cathodic voltammetric charges; A = 
surface area of anode; ΔE (V ) = range of potential drop during CV.
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6 Future Prospect and Conclusion 

Electrochemical measurements are crucial in examining the numerous processes 
that occur in MFCs. It is used to determine the quality of electron transportation 
rate and, as a result, the overall performance of MFCs in terms of energy generation 
via a single species of microbe or a coalition of microbes in the form of anodic and 
cathodic peaks. The MFC’s bioelectricity production, the existence of redox medi-
ators, and the emergence of electron transfer channels can all be monitored using 
electroanalytical methods. EIS, CV, LSV, and other electrochemical measurement 
techniques are based on the interaction of microorganisms and electrodes. These 
methods rely on microbes’ electrochemical activity at electrode–electrolyte inter-
faces and support their detection of mediators and other redox phenomena, such 
as current peaks [102]. Recently, MFCs research has made significant progress in 
generating energy [103]; nevertheless, the electrochemical analytical tools used to 
analyse these advancements require greater attention [104]. The major goal of this 
chapter is to give the reader a better grasp of what electrochemical measurements 
they should use in their MFCs research. MFCs are complicated bio-electrochemical 
systems that cannot be fully comprehended by a single technique. As a result, it is 
necessary to combine electrochemical measures in order to have a deeper knowledge 
of the bio-electrochemical system’s performance. 
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Practical Limitations with Microbial 
Fuel Cell Technology 

Nishat Tabassum, Nafisa Islam, and Shoeb Ahmed 

Abstract Microbial fuel cells (MFC) provide dual benefits of energy and resource 
recovery, while being capable of handling a variety of contaminants. This is useful 
for industries that deal with effluents containing a mixture of different wastes and 
therefore need a robust waste management system. However, before the technology 
can be made viable at the field scale, limitations pertaining to cost, scale-up, and other 
operational factors, such as hydraulic retention time, fouling and process optimiza-
tion, must be addressed. This chapter summarizes these various practical limitations 
and corresponding solutions that are convenient and cost-effective so that MFCs can 
be utilized alongside conventional technologies for effluent treatment. To put these 
ideas into perspective, operational conditions of recent pilot-scale studies have also 
been highlighted. 
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1 Introduction 

Microbial fuel cells are a versatile technology that can recover resources (energy and 
by-products) from a variety of waste substances. Degradation of organic compounds, 
heavy metal remediation and recovery, and nutrient recovery have been successfully 
demonstrated in MFCs [61, 70]. With real wastewater from distinct types of indus-
tries, MFCs achieved up to 90–95% of COD removal and over 2 W/m3 of power 
density [7, 52]. Persistent organic compounds such as polycyclic aromatic hydrocar-
bons and petroleum hydrocarbons have also been effectively destroyed using MFC 
technology [55, 76]. Despite the promise, there are several operational parameters 
that limit the technology’s applicability as field-scale treatment units. The micro-
bial processes are also impacted by the operational conditions [19], and since the 
mechanisms have not been fully elucidated yet, there is little understanding of how 
robustly MFC systems should be designed [36]. Most of the studies in this field have 
sought to improve power output, using novel electrode materials or catalysts [8, 42]. 
However, further research is needed to address costs and scale-up challenges, which 
are the major barriers in MFC implementation. Unless the technology is made more 
convenient and accessible, it is unlikely to be adopted. It is also imperative to run 
pilot-scale studies to understand which operational conditions are optimum for a 
given substrate [23]. The combination of the substrate and MFC system parameters 
has major impact not only on the treatment efficiencies but also on the power output, 
the impacts of these can be even more than the choice of microbial community [49]. 
In this chapter, these system parameters and operational barriers have been summa-
rized, with emphasis on the advancements that can reduce the costs of operation. 
Recent pilot-scale studies have also been highlighted because these studies repre-
sent the state-of-the-art in large-scale MFC technologies and can shed light on what 
further improvements need to be made. 

2 Operational Challenges Associated with MFCs 

2.1 Cost-Effective Electrodes 

Anodes need to support the biofilm while acting as the conduit for electron transfer, 
which makes them the most critical component of microbial fuel cells. Any change in 
their properties can have a dramatic impact on the performance of the fuel cell [62]. 
In fact, studies determined that the anode potential governed the specific biomass 
activity of the electrogenic microorganisms [2]. Optimization of electrode mate-
rials is therefore of interest, and a variety of techniques have been attempted—from 
experimenting with unconventional materials to modifying the surface of graphite 
electrodes with nano catalysts [4, 10, 15, 43, 93]. However, because most of these 
studies were conducted on a laboratory scale, it is difficult to assess how expen-
sive these novel electrodes would be in practical settings [19]. The choice of anodes
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for large-scale microbial fuel cells is limited, because in addition to being inex-
pensive, they must be durable. Stainless steel anodes are promising candidates and 
have demonstrated high power densities after modification with conductive poly-
mers and activated carbon [69, 79]. Another low-cost alternative is biochar, which 
can be derived from a variety of wastes such as corn stover or waste wood [32, 77]. 
Although the power density for biochar anodes was only 6% lower than that with 
granular graphite anode, the cost of the anodes was 90% less [31]. While preparing 
the biochar through pyrolysis, smaller particle sizes should be targeted, since the size 
is inversely related to the power density [75]. Size also affects the specific surface 
area of the particles, which has a direct impact on adsorption efficiency and conse-
quently, on the efficiency with which the biofilm adheres on the electrode [29]. A 
major limitation however is the negative surface charge of biochar that repels the 
negatively charged biofilm, and this requires surface modification to increase the 
cationic content on the biochar. Senthilkumar et al. used nickel ferrite nanorods to 
modify the surface charge of biochar anodes and discovered that the biofilm concen-
tration was higher on these anodes because of the positive surface charge [67]. With 
biochar granules, the most feasible configuration for continuous treatment of waste 
streams would be the packed bed setup [37]. To ensure electrical conductivity within 
these beds, current collectors constructed from graphite, stainless steel, or copper 
must be embedded into the bed [37, 56]. Cation exchange membranes can also be 
eliminated in the packed bed configuration [41]. 

Among the redox processes occurring in an MFC, the oxygen-reduction-reaction 
(ORR) at the cathode is the rate-limiting step. Catalysts are therefore necessary, and 
current research is focused on finding alternatives to expensive noble metal catalysts. 
Activated carbon, with its high specific surface area, can be a viable alternative. MFCs 
operated for over a year using stainless steel cathodes that had been coated with 
activated carbon, achieved a maximum power density of >1700 mW/m2. Although 
performance deteriorated over time, the cathodes could be regenerated by washing the 
cathodes and re-pressing the activated carbon layer at 17 MPa. This simple operation 
completely restored the activity of the cathodes [90]. Activated biochar derived from 
sewage sludge also led to power densities on par with platinum cathodes [88]. In 
fact, addition of coconut shell to the biochar raised the power output to almost 2.4 
times that of the platinum cathode [87]. Copper has also shown promise as a low-cost 
catalyst [8]. In a field-scale MFC having a 25 L anode chamber, carbon felt cathodes 
with a coating of Cu–Zn microparticles achieved an average power density that was 8 
times that of the control. Long-term operation was feasible, while energy recovery per 
unit cost was almost 8-fold higher than MFCs containing platinum-coated cathodes 
[13]. Biotic cathode can be an alternative strategy, where a biofilm mediates the 
reduction of contaminants such as heavy metals and nitrates [39, 92], and power 
densities as high as 430 W/m3 have been reported [36]. Convenient techniques have 
been adopted to create biocathodes, and electrodes can simply be inoculated as the 
anode before transferring them to the cathode chamber [63, 81].
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2.2 Low-Cost Membranes and Membraneless Systems 

Membranes constitute 60% of the total capital cost of MFCs [22], and the slow 
transfer of cations across the proton exchange membranes can create a charge imbal-
ance, which leads to voltage losses [3, 66, 96]. This problem is more pronounced 
in wastewaters that tend to have elevated levels of K+, Ca2+, and Mg2+. Membrane 
fouling (both by the biofilm and salt precipitates) also deteriorates the membrane’s 
integrity over time [82]. Membraneless designs are less complex, cost less, and have 
been successfully implemented in field-scale units for mostly remediation purposes. 
A 350 L membraneless MFC was used to remove refractory polycyclic aromatic 
hydrocarbons from polluted water and the sediment bed, which achieved 89% and 
70% reduction in total organic carbon content from the two phases [44]. However, 
power output gradually declined. This is a common concern with membraneless 
systems where salt precipitates can eventually form on the cathode [28, 37], in 
fact, salt precipitation was responsible for ~53% reduction in the power output 
[6]. Furthermore, without membranes, oxygen can infiltrate the anode chamber and 
induce aerobic oxidation of the organic compounds, thus suppressing electrogenic 
electron transfer [71]. Internal ionic short-circuiting due to anolyte-catholyte mixing 
is another performance-limiting phenomenon [95]. Membraneless designs are attrac-
tive only when replacing the membrane is challenging, for example, when the MFC 
is designed to remove pollutants from sediments or soil [44, 54]. If the configuration 
is to be adopted as a continuous treatment unit, the MFC has to be constructed so 
that either the electrodes are in separate chambers but have a channel that allows 
proton exchange, or laminar flow is maintained that prevents mixing of the elec-
trolytes [5, 18]. Such architecture is not suitable for practical settings [5]. Further-
more, the bioanode performance ultimately drops as the oxygen infiltration causes 
methanogenic bacteria to dominate the anode chamber [59]. This would remove 
the additional advantage that MFCs have over traditional treatment units, which 
is the benefit of energy recovery from the wastes. Because of these limitations, a 
better strategy would be developing inexpensive membranes instead of optimizing 
membraneless configurations. To that end, a variety of materials have been explored, 
among which ceramic has been more extensively studied [86]. Ceramic membranes 
operate on the basis of size exclusion, which eliminates the concern of pH imbalance 
associated with selective cation transport, while reducing the overall internal resis-
tance of the cell [11, 46]. Other low-cost materials have found success as well. A 90 
L MFC was operated using cloth separators and operated using real brewery wastew-
ater. The electrical output was sufficient to power the pumping system, releasing up 
to 0.034 kWh/m3 of influent [17]. Between plastic grid, J-cloth (household cleaning 
cloth), and baking paper, the grid separator maintained the pH balance and achieved 
the highest power density (6 W/m2). However, it allowed oxygen infiltration into the 
anode chamber, which led to a gradual decrease in power output as the bioanode 
performance deteriorated. In addition, biofouling was observed on the cathodes 
[59]. In a proof-of-concept study, eggshell membranes displayed a maximum power
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density of 1440 mW/m2 [51]. Compared to Nafion membranes, eggshell membranes 
had an internal resistance that was 8.6 times less, while costing a negligible amount 
since eggshells are waste materials [12]. Biochar membranes also generated 26 times 
higher power output than Nafion per unit cost of the membrane [9]. Although there 
are low-cost options, their feasibility in industrial wastewater treatment has not been 
proven yet. To combat the problem of membrane fouling, certain measures that limit 
the amount of hardness ions or excessive growth of biofilm should be adopted [35]. 

3 Scale-Up and System Configuration 

Direct volumetric scale-up diminishes the energy output of an MFC since internal 
resistance increases in proportion [34, 89]. Feng et al. developed four 250 L modules 
for the treatment of municipal wastewater, which achieved limited power densities 
(0.47 W/m3) due to the high internal resistance and a COD removal rate of 70– 
79% [18]. However, a 1000 L system consisting of 50 modules removed 70–90% of 
the COD and the power density was 7–60 W/m3 [48]. Thus, scale-up using several 
miniature MFC units is a more effective method (Fig. 1), as it maintains the diffusion 
distances near the electrodes while increasing the total electrode surface area [24]. 
The electrical connection can be either series or parallel, with the series connection 
having the lowest operating cost to maximum power ratio, which is half that of 
parallel configurations [53]. However, if the cells are all immersed in a common 
electrolyte, it can also lead to ionic short-circuiting [60]. Therefore, the modules 
must not have any hydraulic connection between them [95]. A few studies have 
determined ways to solve this problem without physically separating the chambers. 
Zhuang et al. developed a low-cost 10 L serpentine-type MFC stack, where two 
rows of MFC units were arranged in parallel but had a series electrical connection. 
A maximum power density of 4.1 W/m3 was obtained within the operating period 
of 180 days. 87.1% of the COD and 86% of the ammonium-nitrogen was removed 
from the brewery wastewater substrate [94]. In fact, stacking the modules in parallel 
arrangement not only reduces the system’s physical footprint, but it can also induce 
chemical stratification that keeps the anolyte and catholyte chemically different, 
while the vertical orientation prevents any back-mixing. This self-stratification allows 
the system to be operated without a membrane [74]. Another approach used internal 
baffles to direct the flow from one cell to another without any back-mixing; this 
technique would however require recycling the substrate fluid after each passage. 
Although power output was found to be sufficient, this method has potential in 
treatment operations [60].
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Fig. 1 Stacked modules in series electrical connection 

4 Maintenance and Optimization Issues 

Fouling of cathodes due to salt precipitates, humic acids, and biofilm can degrade 
performance of the MFCs over time [65, 84], which is especially challenging to 
remedy if there are several modules stacked together with minimal distance between 
them [64]. Fouling leads to blocking of the active sites of the catalyst layer on the 
biofilm, reducing the active surface area by as much as 12% [84]. Rossi et al. found 
that the performance of the cathode dropped by 63% in large-scale MFCs that had 
been operated for a month. After simply scraping off the biofilm that had accu-
mulated on the cathode, 89% of the cathode potential was restored [64]. However, 
simply scraping off the biofilm is a laborious process. Rossi et al. utilized magnets to 
physically dislodge the biofilm from the cathode, but its applicability in large-scale 
systems has to be assessed [65]. Cathodes can also be modified to limit fouling. Yang 
et al. used polyvinylidene (PVDF) to bond cloth separators to cathodes, discovering 
that the maximum power density had reached 190 mW/m2, which was 220% higher 
than cathodes without the separators bonded to them [83]. Salt precipitates usually
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form when the catholyte evaporates leaving the precipitates behind on the cathode 
surface. Pulse-feed regimes can not only replenish the system with fresh substrate 
and maintain the power output [74], but it can also keep the cathodes hydrated, 
preventing precipitate layers from developing [72]. The extent of salt fouling also 
depends on the composition of the wastewater, decrease in power density would not 
be high if the salt concentrations are low [28]. Air-cathodes can also be enclosed 
within a chamber that allows sufficient air transfer without drying out the cathode. 
This modification ensures that the alkaline solution that is generated in the cathode 
does not evaporate leaving salt precipitates behind. The catholyte can be collected 
and as the liquid trickles down the cathode, it carries with it any salt deposits [19]. 
It is also possible to control salt precipitation if the waste stream is pretreated to 
reduce the levels of hardness ions, which is feasible if the MFC is integrated with 
other treatment units. 

To avoid voltage losses due to a pH imbalance, buffers can be used to so that 
the pH does not change dramatically. Addition of buffer salts may not be necessary 
however, if the substrates already have a high concentration of ammonium ions 
[91]. Higher buffer capacity can also prevent the onset of salt fouling [96]. Other 
considerations depend on the type of impurities in the substrate. High levels of heavy 
metals can be toxic to the biofilm [1, 38]. Heavy metals can also inhibit the reduction 
of nitrates at the cathodes [78]. Cation exchange membranes allow superior recovery 
of nutrients (over 95%), both for ammonium-nitrogen and phosphates [85]. The 
hydraulic retention time (HRT) needs to be properly adjusted as well. For instance, 
although increasing the HRT improved treatment efficiencies [14, 73], it resulted 
in substrate depletion, which at low levels can lead to voltage reversal. Lu et al. 
determined a dramatic decrease in power output when the HRT was raised [50]. 
The dynamic changes in the load entering effluent treatment plants can lead to a 
fluctuating power output from MFCs. To manage this, use of capacitors that can 
store the electricity and discharge it when necessary have been proposed. These 
power management circuits can supply power from MFC systems in a controlled 
and stable manner and have been shown to increase voltages by over 70% [21]. A 
field-scale stacked MFC produced a maximum power of 61 mW and consisted of 12 
supercapacitors (500 F) in the external circuit, which were sufficient to power 6 LED 
bulbs for 60–90 min every night [14]. An innovative setup by Nguyen et al. employed 
multiple MFCs, where each was connected to its own capacitor and a switch that 
maintained the operating point of the MFC at its maximum power point. A step-up 
converter boosted the voltage levels, leading power conversion efficiencies over 80% 
[58]. 

5 Process Integration and Large-Scale Studies 

The most feasible way to use MFCs for waste treatment would be to integrate them 
with other treatment units. Li et al. envisioned a wastewater refinery that primarily 
relies on MFCs (Fig. 2). Pre-treatment would involve reducing solid waste and salts
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Fig. 2 Process block diagram of an MFC-centered wastewater refinery. Reproduced from reference 
with permission from the Royal Society of Chemistry [47] 

using sedimentation. If the effluent has a low organic load, it can then be treated in an 
MFC directly; higher strength wastewaters may first need to be treated in an anaer-
obic bioreactor [47]. When a single-chamber MFC was combined with a low-cost 
flocculation unit, 97% of the COS and 99.1% of the ammonia-nitrogen was removed 
from swine wastewater, at an overall cost benefit of $0.026 per m3 of wastewater [16]. 
Phosphate-rich streams should be directed to a separate MFC that is designed for 
maximizing phosphate recovery by forming struvite (MgNH4PO4 · 6H2O), which is 
a potent, slow-release fertilizer [33]. Struvite forms at the high pH zone surrounding 
the cathodes and precipitation is enhanced if cation exchange membranes are used 
[85]. Algal treatment of the MFC effluent can improve the effluent quality and further 
reduce the nutrient levels [26]. Additional benefit includes biofuel production [40]. 
It is also possible to combine MFCs and algal reactors into a synergistic system, and 
Gajda et al. inoculated the cathode chamber of an MFC using algae and operated 
the unit as an MFC. The algae produced enough oxygen in situ for the reduction 
reaction, while generating more biomass that was directed into photoreactors. The 
mature biomass was then redirected into the anode, where it was broken down by the 
electrogenic bacteria. Such an arrangement can support power generation for over 
25 days [20]. To produce clean water that meets discharge standards, the MFC outlet 
can be directed into a membrane filtration process or a membrane bioreactor. Pretreat-
ment in an MFC reduced sludge production (<350 mg/L TSS), and the effluent COD 
was below 20 mg/L [30]. An overview of the various MFC-membrane bioreactor 
configurations have been discussed elsewhere [45]. 

The wastewater refinery concept, though promising, suffers from the drawbacks 
that still hold back MFC technology in the large-scale. Each unit requires a different 
quality of influent based on its operation target (e.g., a high organic load for either 
increased power output, biomass production, or nutrient recovery). Additional main-
tenance issues will arise; membranes are prone to fouling; self-shading may limit 
algae growth; and toxic metals may be incorporated within the struvite precipitate
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[47]. These challenges necessitate robust process monitoring and control systems. A 
better understanding of the mechanism of action of the electrogenic microorganisms 
would lead to improved electrode design and optimization of process parameters that 
sustain the growth of these organisms [68]. Before process integration, use of MFCs 
in a large scale with real wastewaters must be assessed. One of the first pilot-scale 
studies using a large-scale MFC was conducted at Foster’s brewery in Queensland. A 
1000 L MFC consisting of 12 tubular modules achieved a power density of 8.5 W/m3, 
however the cathodes degraded quickly due to biofilm and salt fouling [48]. Since 
then, progress in pilot-scale studies has been steady and many of these limitations 
have been addressed. He et al. developed a 6.1 L MFC system consisting of four anode 
modules and three (two-sided) cathode modules and tested it at different configu-
rations. On alternating the modules through which the influent entered every other 
day, a maximum power density of 6.0 W/m3 was achieved when the anodes were 
connected to two cathodes. COD removal was over 52% for both series and parallel 
flow configuration [25]. Several other pilot-scale studies operated with real waste 
where the reactor volume was more than 10 L have been summarized in Table 1. 

The success of these pilot-scale units indicates that the technology is steadily 
making progress. Instead of the microbial chemistry, greater emphasis should be 
placed on the architectural and operational issues summarized in this chapter so that 
the technology can be used with other treatment units [57]. 

6 Conclusion and Future Perspectives 

The barriers that prevent the adoption of MFCs should not be a reason to overlook 
this versatile and convenient technology, where waste can not only be treated, but 
it can be valorized. Stacking several modules is the key to scalability. However, to 
reduce the footprint, focus should be on making compact-sized units, consisting of 
low-cost materials as electrodes and membranes. Clearly, materials design is a critical 
research area within the field. Other considerations include extracting the generated 
power more efficiently using energy storage systems and developing robust process 
monitoring tools because of how dynamic MFCs are. Before implementing MFCs 
as effluent treatment units, studies must first assess the operational parameters that 
are most suitable for treatment. This knowledge can help in designing MFC systems 
that have longevity. Solving these technical challenges, in addition to developing 
technologies that integrate well with MFCs, should be prioritized. Extensive pilot-
scale studies are also necessary to fully understand the performance issues.
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Abstract The use of microbial fuel cells (MFCs) has gained a lot of attention as 
a means to combat both energy shortages and water pollution. Despite their best 
efforts, MFCs are unable to produce substantial amounts of energy or effectively 
remove pollutants due to a number of difficulties, one of which being the electrode. 
One of the most significant components of an MFC is the electrode. Different types 
of electrode materials have recently been developed to boost pollutant removal rates 
and energy production efficiency. Carbon-based materials have been used as the most 
often used electrode material in MFCs. A wide range of potentials is now accessible 
for use in the manufacturing of electrode materials, which can significantly reduce 
current issues such as the demand for high-quality materials and their cost. In the 
present chapter, the conventional electrode material is briefly discussed with their 
influence and role in MFC operation and performance. A brief discussion of the 
current issues and future views of electrode materials is also included. 
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1 Introduction 

An eco-friendly and green environment is one of the necessities for human beings 
to live a healthy life, but due to discharge of industrial effluents containing irorganic 
and organic pollutants into water bodies, results in water contamination which has 
adverse effects on human beings and other aquatic life [1–3]. These crises are well 
countered by the microbial fuel cell approach due to its unique properties of achieving 
energy and wastewater treatments [4]. The microbial fuel cells (MFCs) approach is 
an innovative step in research to convert toxic chemicals into non-toxic chemicals and 
convert chemical outputs to electrical outputs in the form of energies by using various 
catalysts (e.g., bacteria) present in wastewater [5, 6]. There have been significant 
advancements in wastewater remediations and power outputs. MFCs have yet to 
be commercialized due to their low energy generation and removal efficiency. Low 
energy consumption or removal efficiency can be caused by a variety of factors, 
including the utilization of low-graded materials as working electrodes or material 
cost issues. Because it offers the essential surface area for bacterial proliferation, 
the working electrode seems to be the most critical section of MFCs. These bacteria 
produce electrons and protons and transferred it to the anode. Fabrication of anode 
materials for MFCs functioning, on the other hand, remains difficult. Recently, there 
has been a surge of interest in electrode configurations, materials, and design that 
results in steadily increased performance of MFCs [7]. Electrode grading materials 
should have a few general features to face high-performance criteria, including high 
conductivity, comparable biocompatibility, stable thermal temperature, chemical and 
electrical stability, mechanical strength, and an expanded surface region. MFCs use 
a variety of electrode graded materials, however, these graded materials have several 
limitations that are unsuitable for industrial usage [2, 8]. According to a prior study, 
electrode modification has emerged as a novel point in the field of MFCs for achieving 
an expansion of surface regions, bacterial adherence, and have the ability of electron 
transference 

In MFCs, the electrode is known as the cathode and anode in which anode plays 
a vital role to transfer bacteria toward cathode to generate electricity. The materials 
used in the fabrication of anodes have some limitations and till now, not applied at 
large scale. In literature, El Mekawy [9] et al. mention that anode is the crucial part 
of MFCs fabrication approaches. As in our knowledge that many researchers started 
their study on graphene derivatives as modifiers or enhancers to provide a good 
performance of MFCs on electrode surfaces either as anode or cathode. From one 
of the previous reports [9], the authors come to the conclusion that graphene deriva-
tives based or carbon-based materials electrodes as cathode or anode are shown as 
superior and emerging materials for electrodes in MFCs. These materials provide a 
new dimensions to the researchers working in same area due to cost-effective and 
efficient materials [10]. Nowadays, the most usable graphene derivative, graphene 
oxide, is easily fabricated through industrial and domestic waste materials. More-
over, the issue of corrosion or the influence of toxic bacteria on MFCs is resolved by
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using polymer layers or metal oxide layers with graphene derivatives. The modifica-
tions of polymers and metallic composites not only resolved the corrosion issues, but 
also increase the working performance and efficiency of the electrode in MFCs [11, 
12]. It increased the conductivity, biocompatibility, and stability between bacteria 
and electrodes either as anode or cathode. That’s why it is an up-to-date approach 
to modify electrodes with graphene or carbon-based derivatives to achieve better 
performance. In this chapter, we reviewed the different types of electrode materials 
with their unique properties of surface modifications, sizes, designs, electricity gener-
ation, and inoculation sources. To discuss the significance of biomass wastes as an 
emerging materials, many ideas and sources based on electrode fabrications have 
been summarized in this chapter. Furthermore, the effects of electrodes on wastew-
ater remediation and energy processing are discussed, together with new difficulties 
and prospects. 

2 Essential Properties of Electrode Materials 

It is foremost and essential step in MFCs to investigate the unique properties of 
electrode materials in terms of achieving steady electron mobility, electrochemical 
efficiency, and bacterial adhesions between system and electrode materials [13]. 
Some of the unique properties which helps us in this matter is mentioned in this 
chapter to understand the reproducibility of working of MFCs. 

2.1 Conductivity of Material 

It is an important aspect of electrode because the electrons due to bacterial adhesions 
travel from negative terminal to positive terminal via the channel of outer circuit. 
As in literature, the electrode material is in charge of allowing electrons to flow and 
enhance their speed [14, 15]. The more highly conductive materials are more helpful 
in resisting the bulk solutions resistance and increasing the electron transfer rate [16]. 
To improve electron transfer, lower the interfacial impedance between substrate and 
electrode as mentioned in the literature [17, 18]. Before constructing the electrodes 
for MFCs, the electrical conductivity of materials is typically investigated. 

2.2 Physiological Properties 

The surface regions of the electrode severely affects energy generation in MFCs [19– 
21]. Because resistivity of electrodes depends on ohmic losses in a MFCs, increasing



86 R. T. Hussain et al.

its surface area is the given suggestions in reports to minimize resistance power. More 
active sites are gained with an expanded surface regions for bacterial colonization 
and improves the efficiency of the electrode kinetics. Microorganisms, for example, 
Geobacter species, E. coli, Pseudomonas species, and others were immobilized effi-
ciently on the active regions of electrodes, allowing for suitable electron transfer 
[20]. Because biological responses occur on the active regions of the electrodes, the 
surface regions has a significant impact on MFC performance [22]. 

2.3 Material Biocompatibility 

The anode electrode’s biocompatibility is critical in MFC operations since it comes 
into direct contact with microscopic organisms and their respiration cycles. Many 
materials utilized as electrodes in MFCs, such as silver, gold, and copper, are not 
considered biocompatible due to their corrosive nature [23–25]. The poisonous 
nature of such compounds can prevent bacterial development during MFC operation, 
resulting in lower energy generation. 

2.4 Stability and Durability 

In case of any research-based system, the stability and durability are one of the most 
significant points for your research. Various environmental factors affect the stability 
and durability of electrode. The decomposition, corrosion, and swelling are caused 
due to interaction of electrode with environment that affects its stability and duration 
of working performance [23, 26, 27]. Thus, the use of more preferable material as 
an electrode makes your system more durable and stable for good performance. 

2.5 Cost and Access of Material 

The cost and access of material is a key factor to approach your work without stress 
and also opens the feasible ways for other researchers. And moreover, the cost of 
electrode also has chance to provide MFCs system with easy and cheap approach 
as compared to expensive and heavy approaches. In present time, carbon derived 
graphene based composites have been widely used due to easily available and low 
cost. The expensive metal composites such as gold, silver, platinum are also replaced 
with inexpensive bimetal composites such as ZnO, Fe2O3, etc. [28, 29].
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3 Electrode Materials 

Removal efficiency of pollutants and energy production have been optimized to inves-
tigate the effectiveness of electrode materials. The electrode materials, as mentioned 
above, has some of the basic properties such as high stability and conductivity, more 
compatible than other materials. For this purpose, we investigated some electrode 
materials in two categories as electrode material as anode and electrode material as 
cathode. 

3.1 Electrode Materials as Anode 

From previous studies, it becomes clear that there are various types of materials used 
to fabricate anode of MFCs in terms of large surface area to increase the extracellular 
efficiency of electron transfer via biofilm. Moreover, the anode materials have more 
significancy because it is useful for metabolic rates in oxidizing organic wastes by 
anaerobic microorganisms [30–32]. It is notable that the kinds and concentration 
of bacteria have great effect on power density of MFCs, but now, it is also proven 
that the anode materials have also significant feature for MFCs to work better. Thus, 
fabrication of the anode materials through various chemical modifications, must be 
taken an account in the future to enhance the capacity of anode. Some of the generally 
used sources are composite materials, allotropes of carbon, conducting polymers, or 
metal or metal oxides, which seem to have significant value to be worth materials 
for anode fabrication. 

3.2 Carbon-Graded Materials 

Nowadays, carbon-derived materials are gaining more attention due to their unique 
properties such as low cost, chemical and mechanical stability, high electron transfer 
kinetics, biocompatibility, and highly conductive in nature. By studying the recent 
literature, it is well known that different types of carbon-graded materials like 
graphite, carbon nanotubes, fullerenes, carbon nanorods, carbon cloth paper, carbon 
fiber, reticulated vitreous carbon, glassy carbon, and carbon quantum dots have been 
investigated. The latest carbon-based materials which are now an emerging class of 
carbon allotropes are graphene and its derivatives. 

Carbon paper, brushes, rods, felt, fabric, meshes, and other carbon-graded mate-
rials are normally utilized materials in MFCs. A carbon mesh is somewhat more 
affordable than other carbon structures, as indicated by Wang et al. [33] and it 
likewise has a higher current thickness. On the other hand, modification of carbon 
meshes with alkali or gas give good results. Therefore, no untreated material presently
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conveys a more powerful thickness. Borsje et al. [34] investigated the functioning 
of single carbon granules as capacitive bioanodes. Charge stockpiling execution and 
current creation via solitary carbon granule was utilized to decide the outcomes. The 
bioanode stored the charge in the form of two-fold sandwich. To assess the undis-
covered capability of granular bioanodes, scientists utilized granular and initiated 
graphite carbon granules. In contrast with Ag/AgCl anodes, single enacted carbon-
graded granules create 0.6 mA at 300 mV. Capacitive granules produce 1.3 times extra 
electricity as compared to graphite granules at the lower surface regions [35–37]. Li 
et al. [38] investigated granule-activated carbon, which delivered twice more energy 
than the customary carbon materials. According to the findings, granule-actuated 
carbon could be a viable alternative for anode preparation. Carbon cloth/sheets are 
flexible and allow bacteria to grow on their surface. It is, however, much more expen-
sive at larger scales [39]. Actuated carbon cloth has an expanded surface region and 
suitable adsorption capacity for the expulsion of sulphide in electrochemical oxida-
tion at the anode. Wang et al. [40] arranged carbon cloth that provides an increment 
of the current effectiveness of 2777.7 mW/m2. Doped with nitrogen gas, the carbon 
cloth produced high power production, and it could be valuable for future researches. 
Likewise, graphite is one of the regular forms utilized for an electrode in MFCs. 
Graphite is known as a crystalline allotrope of carbon with Sp2 hybridization. MFCs 
use graphite as an anode because of its good conductivity and long-term stability. 
For the production of electrodes, different forms of graphite are effectively used [41– 
43]. Ter-Heijne et al. [44] observed the raw form of carbon for the electrode in MFC 
rather than flat forms, which showed higher current density. But they have a low 
surface region and high cost which makes this material inadequate for commercial 
use in the production of energy. The graphite brush as the best model for electrodes 
with the best performance to be used as anodes in MRCs for improved energy gener-
ation and toxic pollution removal was reported by Lowy et al. [45]. Yazdi et al. 
[46] later reported that the rate of bacterial colonization on the electrode’s surface is 
proportional to the anode’s surface area. In another study, Zhang et al. [47] found a 
category of graphite brushes within the range of sizes. Little brushes can deliver more 
energy output than bigger ones. 1771 mW/m2 small value of power density is also 
reported in the Cassava mill by graphitic brushes in wastewater remediation [48, 49]. 
Bacteria feed on organic material and flourish in environments with lots of carbon 
because of its increased particular surface area [50]. Yasri et al. [51] created an effi-
cient anode material by doping graphite with calcium sulphide to promote bacterial 
interaction with the active regions of electrodes. In the modern period, graphene, a 
newly developing carbon allotrope (found in a 2D hexagonal lattice), has earned a lot 
of interest. With its emerging features of outstanding conductivity and mechanical 
and thermal strength, graphene is an ideal material for electrode construction. When 
compared to graphite materials, graphene possesses a nonlinear and better diamag-
netism. Graphene and its derivatives, on the other hand, are still being studied as 
anodes in MFCs [52]. Graphene has been synthesized using a variety of processes. 
Commercially available graphene is expensive, whereas graphene made from waste 
materials is less expensive [53–56] Due to its more energy generation relative to 
other typical carbons, graphene as an anodic material enables high scale functioning
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for MFCs. Graphene-based electrodes have better electrode efficiency as anodes than 
conventional carbon-based electrodes [57]. During MFC operations, graphene has 
non-toxic impacts on bacterial growth. As a result, by modifying or combining it 
with conductive polymers and metals, drawbacks of other materials, like copper, can 
be reduced [58, 59]. Modified carbon allotropes have the potential to revolutionize 
wastewater treatment and energy. 

3.3 Natural Biomass Source as Anode 

The properties of the electrode materials vary significantly in terms of physical, 
chemical, and biological nature. The electrodes require electrical, and specifically 
microbial, compatibility with specific bacteria strains to affect the movement of 
electrons, just as surface opposition of electrodes [60]. Nonetheless, electrode mate-
rials, fabrication, and processing have been recently becoming a popular and up-
and-coming research area. MFCs use waste materials for construction. Changing 
waste materials into worthy and valuable materials is time-consuming and somehow 
effective in contrast with commercial materials in a few features [61]. Cheng et al. 
[62] researched a waste-inferred decreased graphene (rGO) composite for anodes to 
accomplish more powerful outcomes as far as energy age and wastewater treatment 
by means of MFCs. Utilizing dried eucalyptus leaves as waste material, the rGO was 
prepared successfully. Later, rGO/gold nanoparticle nanocomposites were fabricated 
by layering for the manufacturing of biocompatible anodes. The electrode prepared 
in this study has a higher surface roughness, which facilitates bacterial colonization. 
Gold nanoparticles are considered as a highly electroactive agent which tranfer the 
electrons and produces electricity at negative terminal. Singh et al. [63] prepared 
an effective electrode for MFCs using carbon nanoparticles derived from candle 
soot. The candle sediment was disseminated on the outer layer of a hardened steel 
circle, which permitted the carbon nanoparticles to be utilized as cathodes straight-
forwardly. The consequences of the electrical, physical, and compound portrayal 
of an anode’s mechanical, chemical and electrical strength are just as progressively 
permeable qualities. The production of carbon nanoparticle electrodes from candle 
soot is reusable, budget-friendly, robust, and dependable. Bose et al. [64] have also  
used biomass to manufacture a bioenergy active carbon cathode via MFCs. This 
was one of a kind method of generating electricity and treating water that had no 
negative environmental consequences. Platinum is commonly utilized as an impetus 
for oxygen decrease at the terminal of the cathode. In terms of reliability, function-
ality, and prices, the authors examined the effectiveness of actuated carbon derived 
from sugar cane waste. At different temperatures for 60 min, this useless material 
followed the carbonization process. Electrodes derived from various biomass sources 
are considered as an alternative for the treatment of pollutants from wastewater with 
electricity generation simultaneously. As we know that in MFCs, there have been
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only a small number of publications on the source of biomass anodes. That’s why the 
concept of reusability of biomass is a viable substitute for enhancing MFC’s working 
efficiency with no high costs. Graphene and its derivatives can easily be produced by 
numerous methods like chemical vapor deposition, arc detection, epitaxial growth, 
scotch tape, electrochemical synthesis, reduction of GO/rGO, exfoliation, confined 
self-assembly, and Hummer’s method. Its favorable points over other methods made 
it the most important and promising method. This is an eco-friendly method, for 
example, without producing harmful gases during processing, with a structured 
product, and with a larger output supplied. Hung et al. recently used [65] a coffee-
based renewable waste anode in MFCs to expand the power thickness. The authors 
have transformed waste material into precious carbonized materials and have used it 
to lessen squander from the environment as an anodic material in MFC. The energy 
density achieved was 3800 mW/m2, much higher than traditional techniques. In our 
vicinity, various types of waste materials cause serious dangers. Therefore, the use of 
biomass waste materials as valuable materials is a positive approach. In Hummer’s 
process, however, various useless materials are carbonized to obtain fine carbonated 
powder materials affected by argon gas at 1050 °C. The graphic powder is treated to 
obtain graphene oxide with the oxidizing agent KMnO4/H2O2. Fabricated graphene 
oxide can also be used to manufacture the graphene oxide material in anode-shaped 
electrodes with polymer binders like nafion, polyethyleneimine, and polylactic acid 
[66]. The graphene oxide synthesized can be utilized as positive or negative terminal 
material, however, its use as the anode is preferable, as previously stated. This type 
of modification may enhance the materials efficiency and reduces the expenses. The 
use of composites synthesized for low-cost use with metal oxides such as CuO/GO, 
ZnO/GO, etc., is an optimal way to deal with various difficulties. Table 1 summarizes 
the electrodes produced in recent years using natural biomass resources. 

3.4 Metal/metal Oxide-Sourced Materials 

Different materials were utilized to fabricate metal/metal oxides based anode– 
cathode, but consumption restricts the utilization of metal-sourced terminals, espe-
cially for MFC anodes. Metals are commonly penetrable than carbon-graded mate-
rials because of their capacity to work with proficient electron stream [76]. While 
each metal has exceptional properties, not all metals are reasonable for cathode 
creation because of the noncorrosive necessities of the interaction. Also, certain 
metals repress bacterial bonds. For instance, in contrast with other carbon-graded 
materials, for example, graphite and graphene, non-destructive tempered steel mate-
rials don’t have a powerful thickness. Overall, the smooth surfaces of metals are not 
helpful for bacterial grip. Predefined non-destructive materials, like tempered steel, 
can’t accomplish higher energy thickness than materials dependent on carbon. At the
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Table 1 List of electrodes synthesized using natural waste resource for MFCs 

Electrode 
materials 

Inoculum 
sources 

Surface area 
of electrodes 
(cm2) 

Power density 
(mW/m2) 

Size of 
electrodes 
(cm2) 

References 

Loofah 
sponge/PANI 

Mix sludge 10.99 2590 0.5 × 3.0 Tang et al. [67] 

Barbed chestnut 
shell 

Mix sludge 91 759 2.7 × 2.7 Chen et al. [68] 

Coconut shell/ 
sewage sludge 

Mix sludge 10.99 1069 0.5 × 3.0 Yuan et al. [69] 

Onion peels Mix sludge 7 742 1.0 × 2.0 
× 0.5 

Li et al. [70] 

Silk cocoon Mix sludge 7 5 – Li et al. [71] 

Coffee wastes Domestic 
waste 

1 3927 – Hung et al. [65] 

Loofah sponge Anaerobic 
sludge 

10.99 701 0.5 × 3.0 Tang et al. [72] 

Compressed 
milling residue 

Anaerobic 
mix sludge 

10.99 532 0.5 × 3.0 Huggins et al. 
[73] 

Bamboo 
charcoal 

Anaerobic 
mix sludge 

59.21 1652 2.4 × 1.57 Zhang et al. 
[74] 

Kenaf Domestic 
sewage 

2.5 – 0.23 × 1.52 Chen et al. [75] 

Chestnut shells Anaerobic 
mix sludge 

125.65 850 0.3 × 66.4 Cheng et al. 
[62]

anode chamber, stainless steel had a power density of 23 mW/m2 [77]. An anode-
based stainless-steel grid increased the relative current density of a single electrode of 
graphite [78, 79]. Silver, platinum, gold, and titanium are ideal anode metals. While 
noble metal-based anode electrodes contribute to the reduction of interior obstruc-
tion in MFCs, their significant expense and poor bacterial grip block their far and 
widespread use in MFC operation [24, 80]. Platinum and titanium are commonly 
suitable as catalysts to enhance electrode performance [81]. Moreover, commercial-
ization of some of pure metal-based anodes in MFCs have some limitation due to 
their high expense. The reactivity of metallic nanoparticles and transition metals is 
comparable to precious metals, altogether decreasing obstruction and working on 
microscopic organisms’ connection to surfaces. Additionally, nanometallic particles 
offer an excellent opportunity to diminish the impact of harmfulness on bacterial 
cells [82]. These issues are mitigated by coating metal/metal oxide nanoparticles 
(Ag, ZnO, etc.) with comparable materials such as carbon-graded or polymers. 
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3.5 Polymer Composite Material 

Various conductive polymers, namely polypyyrole, polyindoles, polythiophene, 
polycarbazoles, polyaniline, polyadenines, etc., were used in terms of highly conduc-
tive materials at anode surfaces on the basis of their efficient conductive proper-
ties [83–85]. The combination of carbon-based materials and conductive polymers 
produce very efficient and good results. As shown in previous reports, the polyaniline-
modified carbon cloth produced more power production than unmodified carbon cloth 
[86]. In another report, one of the most important conductive polymers, polypyy-
role with the layer of carbon paper, showed a 452 mW/m2 power output [87]. 
To our knowledge, Polypyyrole can enter bacterial cell membranes and transport 
electrons via metabolic pathway easily [88]. Thus, polymer composites combined 
with different materials, similar to carbon-graded materials and metals, significantly 
further develop anode productivity. For example, Dumitru et al. [89] investigated 
two polymers such as polypyyrole and polyaniline with CNTs as a nanocomposite 
anode. Due to their synergistic effect, CNTs and conducting polymer nanocompos-
ites perform justifiably well enough in electrochemical applications [90]. The use 
of conductive polymers (especially polyaniline and polycarbazole) with metal oxide 
composites could significantly improve MFC performance [91–93] But despite more 
researches, there is little exertion that has been made to plan polymeric composite-
based MFC electrodes. Figure 1 depicts common electrodes such as conductive 
polymer, metal, and carbon electrodes. 

Fig. 1 List of commonly used electrodes: a carbon paper, b carbon cloth, c carbon fiber, d retic-
ulated vitrified carbon, e carbon mesh, f graphitic granular, g carbon brushes, h graphite rod, i 
polycrystalline graphite, j carbon felt, k platinum mesh, l different metal electrode strips, and m 
conductive polymer-based strips. Adapted from reference [25] with MDPI permission
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4 Electrode Materials as Cathode 

Despite the anode (negative terminal), the cathode (positive terminal) material has 
also a significant place in the functioning of MFCs. Nowadays, the most widespread 
material for the cathode is carbon-based, but their features like size, model, and 
efficiency for cathode materials are challenging as compared to anode material [94– 
97]. The mostly reported anode materials are also used as cathode material. Due 
to deprived catalyst activity, reactions to reduce substrate commonly occur in the 
cathode section, reducing MFC performance [98–101]. The cathode terminals can be 
derived as with catalyst or without catalyst. The main distinction between these setups 
is the spark. Platinum and titanium are the most commonly used catalysts. A terminal 
named air cathode is directly influenced by oxygen [102]. The setup has drawn atten-
tion for its lack of aeration, functional simplicity, and appropriate electrode design. 
An air cathode can significantly expand the energy effectiveness through MFCs 
[103, 104]. Aqueous air cathodes use conductive materials like platinum meshes 
and carbon felt, cloth, and fiber to form electrodes. The catalyst is sandwiched with 
aqueous regions in low oxygen contact [105]. As an air cathode, carbon-derived forms 
are the most ideal conductive material. Catalysts (platinum, copper, etc.) are fixed to 
electrodes using binders [106, 107]. Poly(tetrafluoroethylene) and perfluorosulfonic 
acid are popular binders (nafion). Zhang et al. [108] compared the performance of 
articulated carbon and its derivatives as cathode utilizing poly(tetrafluoroethylene) 
for binding. In the presence of Pt as a catalyst, articulated carbon outperforms carbon 
cloth (1220 mW/m2) in terms of power density. So articulated carbon seems to be 
a good cathode material substitute for the fabrication of a positive terminal. Zhao 
et al. [109] employed catalyst Pt combined carbon derived as a motivating factor. 
According to the latest findings, this catalyst has a power efficiency of 1.2 W/m3. Cu  
is a preferable catalyst to Pt at lower temperatures due to its sustainable power. Under 
normal conditions, Pt is considered better and more generally known catalyst than 
other metals [110]. As a result, the materials utilized in the fabrication of positive and 
negative terminals (cathode/anode) can be performed as oxygen reduction catalysts. 
Due to their low overpotential, gold and platinum are considered potential catalysts, 
but their expensive cost makes them unsuitable [76, 111, 112]. Transition metals 
are cosidered as a alternative materials to fabricate potential electrode due to high 
stability, affordable and avoid any disruption in the microbial fuel system. Composite 
materials, known as molybdenum and carbide, perform well, but stainless steel and 
nickel alloys outperform them all [113]. Nanocomposites, on the other hand, are less 
expensive and provide a significant chance to boost MFC efficiency (for example, 
Ni and palladium nanoparticles/nanomaterials) [114]. In comparison to conventional 
materials, nanomaterials have an expanded surface region, superior electrochemical 
functioning, and stronger thermal and mechanical durability [115]. To improve the 
oxygen reduction reaction, a recent trend involves modifying the electrode using 
additional materials. According to the literature, fresh materials must be studied in 
order to improve the feasibility of electrodes, particularly anodes. Utilization of high-
graded materials for anodes, for example, graphene and its derivatives with metal
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oxides, could usher in a major shift in the MFC area. The preferable composites are 
GO/Ag, GO/Fe2O3, GO/ZnO, GO/chitosan, and GO/TiO2, all of which have a signif-
icant influence on power outputs. In addition, Table 2 lists the many types of classic 
carbon-graded materials, composite-based, metal/metal oxides, and Carbon-based 
+ Polymer composite that can be utilized as electrodes (anodes and cathodes). 

5 Influence of Electrodes (Cathode/Anode/) in MFCs 

In the presence of a biocatalyst, the electrode (anode/cathode) is a critical compo-
nent due to its unique feature of assisting in the remediation of hazardous agents 
and generation of energy during MFC operations. During the respiration process 
of bacteria, the bacteria are cooperated with the electrode region to create protons 
and electrons. As seen in Fig. 2, the electrode provides enough surface region for 
bacteria to proliferate and oxidize. The performance of the anode as compared to the 
cathode provides MFCs with high electric production, wastewater bioremediation, 
and compactable economic features. 

6 Influence of Electrode (Anode/Cathode) on Removal 
of Pollutants 

MFCs are thought to be a particularly efficient prospective use for wastewater biore-
mediation. Many traditional wastewater treatment technologies have been described, 
but they all have significant limitations such as high prices, being difficult to run, 
the possibility of self-toxicity, and being unstable in terms of ecosystem safety 
[51]. Fossil fuel industrial wastewater, scum wastewater, aquaculture wastewater, 
cassava mill wastewater, food processing waste, dairy wastewater, crop residues, and 
surgical cotton waste, are all examples of wastewater that could benefit from the MFC 
approach [151]. Organic agents are oxidized to generate electrons and protons in the 
chamber of the anode via exoelectrogens, thereby destroying the hazardous organic 
pollutants in water [152, 153]. Protons were transmitted directly to the cathode or 
via membrane sources, while electrons were transported via the outer circuit. The 
electrodes’ functioning efficiency is crucial to this procedure. The electrodes offer 
bacteria a surface area for respiration and growth, making it easier for electrons and 
protons to be transferred to the negative chamber through bacteria and ultimately to 
the positive chamber. 

Zhang et al. [154] investigated the suppression of two elements with the imple-
mentation of electricity utilizing vanadium-sourced water with waste as an electron 
acceptor in dual terminal microbial fuel cells. V(V) and Cr (VI) are primary metals 
found in vanadium-sourced effluent, both of which are highly hazardous and abun-
dant. Qiu et al. [155] reported vanadium based biocathode and got 60% fatality rate
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Fig. 2 Functioning of the electrode in MFCs. Adapted from reference [25] with MDPI permission

through MFC in presence of Dysgonomonas and Klebsiella. The power density of 
MFCs after seven days of operation with a 200 mg/L starting concentration of anaer-
obic sludge was 529 12 mW/m2. Jiang et al. [156] looked at wastewater from the 
oil sands process to see if MFCs could create electricity while also treating oil sand 
tailings. The MFCs cleaned various heavy metals from wastewater derived from the 
oil sands process with constant energy production and with good outputs of effi-
ciencies percentages. The removal efficiency was somehow low due to the usage of 
carbon derivatives as cathode and anode. For a variety of reasons, the carbon fiber 
felt outperformed the carbon cloth, but graded anode and surface region available to 
bacteria were essential. Habibul et al. [157] utilized a graphite manufactured anode 
to research electro kinetic biosorption of heavy metals from disturbed soils, in order 
to improve the anode’s quality. However, research into the breakdown of particu-
larly harmful metals such as cadmium, lead, and mercury is scarce. Bacteria require 
high-quality anode materials to digest harmful elements from the water supply. Simi-
larly, the researchers utilized various MFC used anodic chamber agents to decolorize 
the organic dyes that were damaging the ecosystem. Fang et al. [158] investigated 
the potential of MFCs which are made of activated carbon and a cathode built of 
stainless-steel mesh to process azo dye. The decolorization rate was high due to 
articulated carbon serving as an anode. To decolorize methyl orange from anaer-
obic sludge, Kawale et al. [159] utilized a graphitic rod as an anode to decolorize 
methyl orange from anaerobic sludge. Both decolorization and energy output were 
significantly influenced by the electrode. However, several researchers used MFCs 
with various anode materials to remove organic contaminants. Kabutey et al. [160] 
utilized a macrophyte cathode silt microbial power module to research the evacuation 
of natural impurities and energy age from metropolitan waterway dregs. Carbon fiber 
was utilized as both cathode and anode terminals in this investigation, with an expul-
sion proficiency of 28.2%. Microorganisms like Euryarchaeota and Proteobacteria



100 R. T. Hussain et al.

were unable to separate phosphorus due to its acidic nature and inefficient ability of 
cathode used in this work. Marks et al. [161] investigated the functioning of MFCs in 
anoxic surroundings and found that they could remove 22% of nitrate from anaerobic 
sludge. The cathode and anode electrodes in this experiment were graphite plates. 
According to an exhaustive literature study, the authors determined that different 
types of anode materials are utilized under different situations since MFC functioning 
is influenced by a variety of parameters. One of the most significant functions of an 
anode is to give bacteria sufficient surface area for respiration while also assisting 
them in carrying electrons from colonization of bacterium to the cathode via an 
outer circuit. As a result, it has been shown that employing a high-graded anode will 
yield superior outcomes with less environmental constraints. Many difficulties that 
cause disruption during processing, such as long-term stability, might be addressed 
using this high-quality material. To reduce metal corrosion, we may fabricate anode 
more efficiently with the help of conductive material and high surface regions mate-
rials like composite materials, graphene, and its derivatives, containing metal/metal 
oxides. As a result, in order to get better outcomes for remediation purposes, the 
anode should be unique and efficient.

7 Influence of Electrode (Anode/Cathode) on Energy 
Production 

MFCs as an innovative approach opened new avenues in the domain of ecosystem 
pollution and its safe elimination. MFCs generate energy from various organic waste 
materials using microorganisms as exoelectrogens [162, 163]. In Single chamber 
MFCs, 3D terminal materials and the improved anodes are utilized for the generation 
of energy. [128]. Many materials and operating parameters were regularly modified 
at the start, making it difficult to pinpoint the aspects that helped improve the present 
generation over traditional approaches. In view of the progression of this framework, 
more consideration is currently needed to produce a more prominent electrical yield 
[164, 165]. The electrode is straightforwardly connected to the creation of power. 
The production of energy rises as the electrode’s strength and conductivity improve. 
Wang et al. [96] additionally demonstrated proficiency of carbon felt as an anode 
within sight of platinum in form of impetus, but force creation was exceptionally low. 
Zhang et al. [154] utilized the incorporated adsorption method to separate chromium 
from anaerobic assimilation ooze and had the option to accomplish a current force of 
343 mV. Utilizing engineered arrangements, Liu et al. [166] explored MFC execution 
utilizing carbon fabric as both terminals within sight of Fe/Ni/actuated carbon as an 
impetus and delivered remarkable energy yield. To improve the material, Santoro 
et al. [131] utilized graphite brushes within sight of Pt impetus SMFCs to accomplish 
a high energy yield. In the wake of utilizing local wastewater as an inoculum source, 
a force thickness of 1280 mW/m2 was reached. The performance of the electrodes 
determines the amount of energy produced. Carbon felt, for example, has a lower
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surface area and conductive efficiency than graphite-based materials. As a result, 
graphite-based materials produce multiple times the results of carbon-derived items. 
Nguyen et al. [167] reported a novel method to develop a high quality anode’s 
material. Zhang et al. [168] recently published a paper describing the outstanding 
electrochemical presentation of MFCs with an allotropic form of carbon named 
graphene oxide for electrode enhancing performance. When contrasted with other 
carbon-based materials, graphene oxide further developed electron transport and 
created more energy. Therefore, graphene is preferable and encouraging material for 
the fabrication of electrode (anode/cathode) in MFCs. 

Natural assets, on the other hand, are used in current research for anode fabrication 
since they are practical and elite materials when contrasted with manufactured mate-
rials. Yang et al. [169] found that banana strips and underwater wetland dregs, which 
were utilized as an inoculum hotspot for MFC activity, straightforwardly created 
energy. Accordingly, utilizing regular materials as terminals (anodes/cathode) is a 
viable answer for tending to introduce difficulties and orchestrating excellent anode 
materials, like GO and derivatives modified with metal oxides. The attributes of the 
anode can be improved by joining GO composites with metal oxides. Anodes made 
of ZnO/GO, Fe2O3/GO, and CuO/GO are generally utilized in MFCs to acquire high 
power execution. From the last few decades, low-cost anode and cathode materials 
have been developed for the removal of toxic pollutants with energy generation in 
MFCs system (Table 3). 

8 Challenges and Future Recommendations 

Regardless of the multitude of advancements in MFCs, mainstream researchers actu-
ally face numerous difficulties and issues as far as power age and aqueous treatment. 
It must be evidently quick advancement in designing MFCs as productive and prefer-
able. Besides, reactors of various plans have already been presented, such as one and 
two-fold chambers, film less, H-shape, and rounded MFCs [191, 192]. Basically, the 
primary objective of all improvements is to accomplish commonsense execution of 
MFCs for remediation purposes at a business level. The principal segment in MFCs 
is the anode, that additionally dependable somewhat for their financial and functional 
capability. There are a few challenges related to electrode (anode/cathode) that have 
reduced the use of MFCs on a modern level: 

1. The electrode components are crucial for the monetary province of MFCs. 
Thusly, removing costs for materials is a significant issue for executions in 
MFC applications. To resolve this matter, we ought to consider the waste mate-
rial sources and converted them into carbonized structures that can be further-
more used as terminal material in a couple of constructions, similar to posts, 
brushes, bars, and plates. Nevertheless, one more technique is the improve-
ment of composites with metals and utilizing polymers to fabricate them more 
compelling at an insignificant cost [193].
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2. During the creation of an electrode, the cover is indispensable for assembling 
material in its ideal shape. To confirm the assurance of an astoundingly essential 
factor for researchers to develop materials to make it firmer and steadier. It is 
alluring to find more sensible and spending plan agreeable folios for the terminal 
(anode/cathodes). 

3. The size and setup are imperative viewpoints in the creation of electrodes. The 
surface area of electrode play significant role in bacterial growth and electron 
transferred from negative to positive terminal in MFCs [194]. 

4. Adjustment of the electrode has made critical redesigns regards to power age and 
the bioremediation of wastewater. So that, material parts and fitting standards 
stay dim. Researchers ought to discover more authentic parts for preferable 
adjustments. 

5. One flaw is the long-term steadiness of electrodes at the bulk level. At present, for 
the genaration of energy, nobody has yet explored the strength of electrode for 
long term use [195, 196]. Steadiness is a significant issue that resists MFCs func-
tioning at a mechanical scale. Accordingly, scientists should carry on tracking 
a compelling manufacturing procedure for electrodes while remembering the 
strength factor for electrode materials. An exceptionally steady fastener like 
nafion or polysulfides can be utilized to tie the graphene derivatives to keep up 
with long-term steadiness.

9 Conclusion 

The impacts of electrode (cathode/anode) in MFCs were summarized in this chapter. 
Carbon-graded materials, conductive polymers, composite-based materials, and 
metal/metal oxide-based materials have all been proposed as electrode materials 
in MFCs. The adhesion of bacteria and the growth of biofilm are major areas of 
progress in the development of electrodes. To achieve higher biofilm densities, signif-
icant effort has been put into expanding the surface area of electrode materials. As 
indicated in this chapter, there are a variety of different materials proposed for use as 
anodes or cathodes. Notwithstanding, there is as yet a critical hole in the advance-
ment of conceivable cathode materials. A terminal (anode/cathode) in MFCs can be 
made of incredibly spongy and conductive materials like metallic composites and 
3D graphene. During long haul MFCs activity, cathode materials should be amaz-
ingly steady in wastewater. These qualities make a terminal more significant on a 
modern scale when it stays stable for quite a while. A terminal material should 
thusly have a huge pore size to forestall issues in the bioremediation of wastewater 
applications from being discouraged. The utilization of MFCs is mainly depend on 
the material expense and surface modification of electrode. Cheap and accessible 
materials and effective methods should, therefore, be introduced in the MFCs appli-
cations industry for metallic or polymer nanocomposite or carbon-based electrons. 
In future, the testing of upscaling of resource anodes should be a key effort. It is vital 
to develop an electrode/diaphragm collection for excellent membrane assembly for
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practical use. But the anode efficiency available is still not enough to be used on a 
business level. Further studies should focus on the use and optimization of waste 
material to fabricate electrodes. 
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Graphene Derived Electrode Materials 
for Microbial Fuel Cell 

K. Senthilkumar, L. Dharani, J. Jayabharathi, M. Naveenkumar, 
and N. Pooja 

1 Introduction 

Microbial Fuel Cell (MFC) is a significant technology that aides in the mitigation 
of climate change by generation of bioenergy. Fossil fuel depletion, as well as envi-
ronmental concerns for-example acid rain, greenhouse gas emissions, and global 
warming, have prompted the growth of substitute energy sources like MFC. MFC’s, 
in particular, are being investigated as an alternate option due to their remarkable 
ability to produce energy while also removing contaminants. Wastewater treatment, 
removal of toxic compounds, heavy metal remediation from soil and water, and 
biogas production are the most typical applications of MFC [1]. The beginning of 
MFC can be dated back to 1911, when Potter obtained 0.3–0.5 V when working with 
a platinum electrode put into a liquid solution of yeast and Escherichia coli using 
a glucose medium. MFC first came to prominence in the 1950s, when researchers
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were looking for a new way to convert human waste to electricity in a timely manner 
during space missions. Redox-active mediators were commonly utilized in MFC’s 
until the 1980s, and they considerably increased the power density output of MFC’s. 
The practicality of MFC’s as modest power supply increased at this point, and more 
scientists got keen on the innovation work of MFC in relation to alternate renewable 
energy systems [2]. 

A conventional MFC system has anode part and cathode part divided by membrane 
as  shown in Fig.  1. The MFC works on the basis that it is a device that converts 
substrates directly into electricity through substrate oxidation, with exoelectrogenic 
microbes acting as a biocatalyst. When bacteria oxidize organic and inorganic mate-
rials, they produce electrons and protons, which generate electricity. Electrons created 
by microorganisms on these substrates go through the conductive material to the 
anode and cathode, leading in power production. The H+ ions produced by bacteria 
in the anode flow through the semi permeable membrane to the cathode as a result 
of electrochemical gradient. Pure water is formed when electrons combine with H+ 

ions and oxygen in cathode part. Figure 1. illustrates the schematic representation of 
MFC, which is made up of anode and cathode part separated by membrane. 

The overall process involves the decomposition of the substrate into carbon 
dioxide and water, as well as the creation of energy as a byproduct. The MFC can 
produce electron from the anode with substrate oxidation by microorganisms and 
passed to the cathode part through electrical device connected in externally using the 
electrode reaction pair described above. The nature of the microbes and operational 
variables such as conductivity, surface area of electrodes, temperature, membrane, 
and pH are having significant collision on MFC performance. 

A big electrode surface area, good electrical conductivity, excellent stability, and 
cheap are all important qualities of electrode materials in MFC performance. MFC

Fig. 1 Schematic representation of double chambered MFC
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uses a wide range of anode and cathode materials. Stainless Steel (SS), titanium plate, 
SS scrubber, SS mesh, brass, silver, nickel, copper, and gold sheets are the most often 
used metal electrodes. Metal electrodes offer a high electrical conductivity; however, 
they tend to raise the MFC’s cost [3]. The use of expensive, poisonous, and dangerous 
chemical agents as electrode material is a fundamental flaw in present laboratory 
scale MFC research [4]. Researchers recently discovered that employing graphene 
modified materials used as electrodes, which are extra conductive and structurally 
steady with a greater surface area and greater electrocatalytic activity than standard 
electrode materials, improved the MFC’s performance. The MFC power density was 
also found to have noticeably improved due to increased catalyst dispersion on the 
graphene surface [5]. As a result, graphene-derived electrode materials appear to 
be a superior alternative to standard electrode materials, increasing overall MFC 
efficiency.

2 An Overview of Conventional Electrode Materials Used 
in MFC 

In MFC, several electrode materials have been used for power production shown in 
Table 1. The electrode materials have a big collision on the MFC’s performance and 
cost. The anode material in MFC’s not only serves as a conductor, as it does in typical 
fuel cells, but it also provides assist for biofilms formation. So it might be compatible 
with bacteria exist [6]. There exist not many contrasts in the terminal material choice 
of anode and cathode, in any case both electrodes have properties like surface area, 
conductivity, stability and durability, porosity, and cost and accessibility. The most 
generally utilized customary MFC electrode materials are as follows. 

Table 1 Various MFC electrode materials and their related energy output 

Anode material Cathode material Energy output Reference 

Carbon cloth Carbon felt 468 mW m−2 Hou et al. [8] 

Carbon paper Carbon paper 142 mW m−2 Zhao et al. [9] 

Platinum loaded carbon 
cloth 

Carbon paper 38 mW m−2 Min et al. [10] 

Carbon felt Activated carbon, 
carbon black and poly 
binder 

680–820 mW m−2 Kim et al. [11] 

Graphite felt Graphite felt 0.57 mA m2 Chaudhuri and Lovely 
[12] 

Titanium oxide 
composite coated on to 
carbon paper 

Carbon paper 1060 mW m−2 Zhao et al. [13]
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2.1 Carbon Cloth 

Carbon cloth is an anode material that is extensively utilized in BES due to its unique 
qualities, which include huge surface area, high porosity, strong conductivity, and the 
capacity to build 3D structures with good flexibility and high mechanical strength. 
Carbon fabric is made from the thermal decomposition of acrylic and consists of long 
individual carbon fibers with diameters ranging from 5 to 7 μm. These individual 
strands are bundled together and then woven together to create the carbon cloth [7]. 
The main drawback is the possible high cost of carbon cloth, which, when compared 
to other carbon-based electrode materials, is quite cheap. 

2.2 Carbon Brush 

Carbon brush is a fascinating material made of twisted carbon fibers around a titanium 
core. Its most commonly used surface area is relatively large, and the area to volume 
ratio is ideal. The central titanium metal ensures the excellent electrical conductivity 
while also increasing the material cost. The limitation of carbon brush includes their 
high cost, and continuous research is aimed at lowering overall cost. 

2.3 Carbon Paper 

Carbon paper is a planar carbonaceous substance that is moderately permeable 
yet also expensive and weak, with most demonstrations taking place in a lab setting 
in batches. 

2.4 Carbon Veil 

The single layer of carbon veil is very delicate, because the material is adaptable; 
it very well may be collapsed to shape a robust and porous 3-D terminal. It is a 
cost effective substance with a good porosity and relatively greater conductivity. The 
latter is critical for bacteria to be able to approach and conquer all accessible material 
sites.
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2.5 Carbon Mesh 

Carbon mesh is another material that is monetarily accessible, cheap and has a poor 
conductivity. The principle issue is less mechanical strength, which could prompt 
less sturdiness under high stream environment. Carbon mesh can likewise be folded 
to make a three-dimensional electrode, yet its porosity is poor. 

2.6 Granular Activated Carbon (GAC) 

GAC is popular anode material mainly used for its biocompatibility and low cost. 
Because of its porous form, it has a limited electrical conductivity. GAC is employed 
as a packing material rather than a freestanding anode because of this disadvantage. 
Because of the nanoscale pore size of GAC, its great surface area availability cannot 
be efficiently utilized by bacteria. 

2.7 Granular Graphite 

Granular graphite has a high electrical conductivity and is more commonly employed 
as a packing material than as a stand-alone anode. Graphite has excellent electro-
chemical properties, and its biocompatibility has been established by Scanning Elec-
tron Microscopy (SEM), as evidenced by the plenty of a biofilm adhered to surface 
area of graphite electrode. 

3 Non-carbon-Based Electrodes 

In spite of the way that carbon-based anodes are the favored electrode in MFC setups 
because of their underlying flexibility, non-carbon-based terminals have likewise 
been utilized in MFC’s. Anode and cathode electrodes made of non-carbon-based 
materials include stainless steel, platinum coated titanium metal, and uncoated tita-
nium. According to findings, stainless steel gives greater current density (674 μA 
cm−2) and nickel (384 μA cm−2) respectively. Due to the production of metal oxides, 
which act as a barrier for charge transfer between the biofilm and the metal, non-noble 
metals like cobalt and titanium produced minimal current density.
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3.1 Graphene Derived Electrode Materials Used in MFC 

Graphene, the world’s thinnest material, was discovered by Geim and Novoselov 
in 2004 [14]. Graphene’s remarkable qualities, like its good electrical conduc-
tivity, ultrahigh specific surface area, exceptional mechanical resilience and flex-
ibility, chemical inertness, and superior biocompatibility, open up new possibili-
ties for MFC’s [15]. During MFC operations, graphene has non-toxic impacts on 
bacterial growth. As a result, the toxicity of other materials, like copper, platinum, 
etc., can be greatly lowered by altering or combining it with other materials, like 
metal. The exceptional performance qualities of graphene-based electrodes outper-
form traditional carbon electrodes [16]. Because of its close physical proximity and 
advantageous electrical, mechanical, and physicochemical capabilities, graphene is 
becoming popular in the vitality domains. Its qualities are extremely encouraging 
and consistent, making it ideal for wide range of application like fuel cells, batteries, 
super capacitors, photo catalysts, and solar cells [17]. 

3.2 Graphene Structure 

Graphene is a carbon allotrope that takes the shape of a 2D, atomic-scale hexagonal 
lattice with one atom forming each vertex due to sp2 hybridization. Figure 2 shows the 
structure of single graphene sheet. The carbon atoms are organized in a honeycomb 
lattice. Each lattice has three bonds with strong connections, providing a sturdy 
hexagonal structure. Carbon atoms connect with adjacent carbon atoms in single 
layer graphene using sp2 hybridization to form a benzene ring in which each atom 
provides an unpaired electron. Because of its closely packed carbon atoms and sp2 

orbital hybridization, a mixture of orbitals s, px, and py that make up the σ bond 
of graphene is extremely stable. The π-bond is formed by the final pz electron. 
The π-band and π*-bands are formed when the π-bonds combine. The distance 
between carbon–carbon bond is 0.142 nm. The bond between carbon atoms is strong 
enough to withstand external strain from a twisting lattice plane, preventing atom 
reconfiguration [18]. 

Fig. 2 Structure of single 
graphene sheet
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3.3 Properties of Graphene 

Graphene has several excellent qualities in terms of visual clarity, mechanical 
strength, thermal conductivity, and electric conductivity. Graphene has thickness 
range of 1/200,000th the dia of a human hair while on the other hand, has a very 
stable structure. It is made up of only one atomic layer of carbon atoms, which adds to 
its super thin and lightweight properties. Graphene with several layers would produce 
different colors and contrasts based on light refraction and interference, which might 
be used to discern the layers of graphene. Graphene has a good mechanical strength 
and high thermal conductivity. The fact that graphene is a zero-overlap semi-metal 
with very good conductivity is one of its most useful characteristics. Table 2 lists the 
most important graphene properties of graphene [18]. 

3.4 Graphene-Based Electrodes Synthesize 

The fabrication of graphene-modified electrodes has received an interest due to 
graphene’s attractive characteristics and exceptional shapes shown in Fig. 3. In  
numerous investigations, GO is always used as a forerunner to create graphene 
and its compounds. Electrochemical reduction, layer-by-layer (LBL) self-assembly, 
Bio-reduction, Chemical Vapour Deposition (CVD), Direct deposition, and chem-
ical doping are all common methods for fabricating Gr-based electrodes. This section 
briefly discusses the various categories of synthesis procedures for graphene-altered 
electrodes in MFC’s. 

Table 2 Properties of 
graphene 

Properties Value 

Thickness 0.35 nm 

Planar density 0.77 mg/m2 

Area of a graphene unit structure 0.052 nm2 

Transparency 97.7% 

Conductivity 106 S/m 

Sheet resistance 31 Ω/sq 

Mobility 2 * 105cm2/Vs 

Tensile strength 125 Gpa 

Elastic modulus 1.1 Tpa 

Strength 42 N/m 

Thermal conductivity 5 × 103 W/mK 

Specific surface area 2630 m2 

Mechanical strength 1060 Gpa 

Young’s modulus TPa
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Fig. 3 Synthesize of graphene altered electrode for application in MFC 

3.4.1 Direct Deposition 

The direct deposition method of fabricating graphene-derived electrodes entails three 
steps. The first step employs hummer’s method to chemically exfoliate graphite 
and obtain Graphene Oxide (GO). The next step is to use a reducing agent, such 
as hydrazine, to convert GO to graphene (Gr). The final steps involve coating the 
arranged graphene on any fundamental electrode such as SS mesh, fiber, and so on 
using a simple immersion method [19]. 

3.4.2 Electrochemical Reduction 

Another strategy for manufacture is the electrochemical reduction of GO to Gr, which 
can be done directly from GO nano-sheets organized on the surface of electrode from 
a solution of dispersed GO nano-sheets. Accordingly, the thickness of the resulting 
layer can be controlled, replicated, and homogenous without the use of harmful 
chemicals. Carbon materials, conductive polymers, or their monomers, such as multi-
walled carbon nanotubes (CNT’s), Poly (3,4-ethylenedioxythiophene) (PEDOT), 
polyaniline (PANI), or polypyrrole (PPy), could then be placed over the Gr coated 
electrode using chronoamperometry [19]. Figure 4 depicts the electro-polymerization 
with graphene.
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Fig. 4 Electro-polymerization with graphene 

Fig. 5 Graphene oxide hybrid electrode materials using LBL self-assembly technique 

3.4.3 Self-Assembly Methods 

This is one of the technique in which essential components in a solution, such as 
molecules, nanomaterials, and big size objects, impulsively form an efficient and 
constant structure. The gelation procedure is one of the most prevalent methods 
for producing 3D graphene (3DG) from GO sheets in homogenous liquids. Many 
approaches, such as altering the pH value of the GO solution, adding cross linking 
agents, or employing chemical reduction processes, can cause the suspension of GO 
sheets to gel. There are a variety of ways to make graphene sheets from GO sheets 
suspended in electrostatic contact utilizing various self-assembly mechanisms. The 
major self-assembly strategy for synthesizing homogeneous nanostructure films is 
layer-by-layer (LBL) assembly as shown in Fig. 5. 

3.4.4 Bio-reduction 

Bacteria can self-assemble utilizing water soluble GO in the Bio-reduction method, 
which causes in-situ bio-reduction of non-conductive GO to conductive rGO,
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Fig. 6 Bio-reduction of bacterial cells on graphene derived electrode 

resulting in a three-dimensional (3D) self-assembled biofilm. When GO solution was 
given to the anode compartment of a dual chamber MFC, the anolyte turned black 
with the formation of aggregates, meaning that the water dispersible brown GO was 
converted to the water precipitated black rGO. Figure 6 shows the bio-reduction of 
bacterial cells on graphene derived electrode. 

3.4.5 Chemical Vapour Deposition (CVD) 

CVD is a commonly used process for creating semiconductor films in which a carbon 
source undergoes a chemical reaction at a high temperature with a high gas flow rate, 
and the resultant film is deposited on the surface of a heated solid substrate. Figure 7 
shows the CVD method of fabricating graphene derived electrodes. Transition metal 
compounds, such as Cu and Ni, are the most common graphene substrates. The 
graphene films that have been created can be transferred to different surfaces while

Fig. 7 Chemical vapour deposition method of fabricating graphene derived electrodes
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Fig. 8 Schematic of nitrogen doped graphene 

retaining their high conductivity and transmittance. This technique can produce large-
area, high-quality graphene, but its high cost and complexity prevents it from being 
used in big-scale applications. Substrate is one of the influenced factors to produce 
the quality of graphene.

3.4.6 Chemical Doping 

Heteroatoms can be chemically doped into graphene. This method is efficient 
adequate to optimize graphene’s physical and chemical properties. Doping Gr with 
nitrogen (N) atoms was recently investigated as a viable method for increasing its 
conductivity, resulting in novel nano-materials. The observed increase in electro-
catalytic activity of N-doped Gr in basic solution has extraordinary potential as a 
metal-free catalyst in fuel cells, in which N molecules activate charge delocalization 
on the carbon design and increase the openness of the edge plane to sustain catalytic 
activity extraordinarily [20]. Figure 8 illustrates the N doped graphene structure. 

In addition to the methods outlined above, spraying, explosion, electrostatic inter-
action, electrophoresis, the explosion method and other processes can be employed 
to produce graphene-modified electrodes. 

4 Graphene-Based Anode Materials 

The anode material, which is aligned with bacterial adhesion and electron transfer 
from microbes to the electrode via various mechanisms, has a strong influence on 
the power density of MFC. A bio-anode should be biocompatible and also have a
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Table 3 Summary of graphene derived anode electrode materials used in MFC 

Anode electrode Modified anode 
electrode 

Cathode electrode Power density (mW m−2) 

3D GF PANI Carbon cloth 768 

Graphite felt PPy/GO Carbon Felt 1326 

Graphite block Graphene Carbon paper 102 

Glassy carbon Microbially reduced 
graphene 

Carbon cloth/Pt 1905 

Carbon cloth Graphene Carbon cloth 52.5 

Nickel foams Graphene/TiO2 Carbon paper 1060 

Carbon paper Graphene/Au Carbon paper 508 

Carbon cloth PANI-rGO Carbon felts 1390 

Carbon cloth TiO2/rGO Carbon fibre brush 3169 

Carbon cloth Graphene Carbon cloth 2850

large specific surface area to support a large number of microbes. Graphene-based 
materials are gaining significance for extremely efficient MFC anodes in this regard 
[21]. Zhang and colleagues reported that a dual-chamber MFC with a graphene 
altered stainless-steel mesh (GMS) anode electrode performed better electrochemi-
cally. Thereafter, a 3D macro porous anode with graphene coating on stainless steel 
fiber felts (SSFF’s) were proven to induce a maximum power density of 2,142 mW 
m−2 in MFC, substantially outperforming the unmodified SSFF-MFC. Graphene-
modified carbon cloth (CC) electrodes have a maximum power density than bare CC, 
activated carbon, or bare graphite altered electrodes, according to certain research 
shown in Table 3. Three-dimensional (3D) anodes made from graphene sponge (GS) 
provided a huge area for microbial colonization in a 3D open space. Microorganisms 
covered the GS surface, which were connected by microbial nanowires, giving a 
likely direct conduit for extracellular electron transfer. This highly porous graphene 
sponge ensures its prospective use in MFC’s as a flexible anode material. The greatest 
power density obtained from the 3D graphene/PANI MFC (768 mW m−2) was almost 
four times greater than that obtained from the carbon cloth MFCs (158 mW m−2), 
according to a macro porous and monolithic MFC anode based on PANI hybridized 
3D-graphene. A novel 3D chitosan/vacuum-stripped graphene (VSG) scaffold with 
hierarchically porous structure offered an open space in the anode interior for bacteria 
colonization and improved the affinitive contact between multilayered bacteria and 
biocompatible VSG, resulting in a remarkable 78-fold increase in powder density. 
The BET surface area of a nanocrystal TiO2/rGO hybrid (324.7 m2 g−1) was large. It 
was discovered that a nanocrystal TiO2/rGO hybrid with numerous mesopores had a 
greater specific surface area, which was useful to achieving superior electrocatalytic 
performance. 
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5 Graphene Derived Cathode Materials 

The maximum power output of MFC influenced by the oxygen reduction reaction 
(ORR) in the cathode chamber. Because of its modest over potential, platinum (Pt) 
is forever utilized as a catalyst in the cathode process, but it is expensive and limited 
its use in industrial scale applications. The reduction pathways are strengthened 
by graphene altered materials, which give a high number of potential active sites 
[22]. Polymers, metal-based materials are embedded on the surface of graphene, 
were found to improve ORR activity by means of ever-increasing the active sites 
of the graphene nanosheets, according to studies. Except in MFC’s that use aerobic 
microorganisms as electron acceptors, no microbes adhered to the electrode surface in 
comparison to the anode electrode. As a result, improving the surface modification 
of the electrodes is the recommended way for increasing electrical conductivity. 
Furthermore, the cost of producing graphene sheets in large quantities is far cheaper 
than that of CNT’s. As a result, much work has gone into developing graphene as 
a catalyst support for fuel cell applications. The addition of nitrogen atoms (NG) to 
graphene results in a high electrocatalytic activity for ORR in an alkaline solution, 
suggesting that it could be used as a cathode catalyst in fuel cells. The greatest power 
density attained when NG was used as the cathode catalyst in MFC’s was comparable 
to that of typical Pt/C catalysts. More notably, NG-based MFC’s produced more 
stable power than Pt-based MFC’s. Figure 4 depicts the graphene modified cathode 
electrode materials used in MFC (Table 4). 

Table 4 Summary of graphene derived cathode electrode materials used in MFC 

Cathode electrode Modified cathode 
electrode 

Anode electrode Power density mW m−2 

Carbon paper NG Carbon cloth 764–788 

Glassy carbon Fe- and N-functionalized 
graphene 

Carbon felt 885 

Carbon paper MnO2-NTs/graphene Carbon cloth 4.68 Wm−3 

Carbon cloth Pt–Co/G Carbon cloth 1378 

Carbon cloth Graphene/biofilm Carbon cloth 302.2–344.2 

Carbon cloth NG Carbon felt brush 1335–1365 

Stainless steel net NG Carbon brush 1159.34 

Carbon paper Fe-NG Carbon felt 1149.8 

Carbon cloth α-MnO2/GO Carbon cloth 3359 

Stainless steel mesh Cobalt sulfides/GO Graphite fibre 1138–1744
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6 Pros and Cons of Graphene Derived Electrodes 

The huge demand for storage devices has led to increased research in exploring 
materials of unique properties which can exhibit high performance. Graphene has 
been identified as one of such materials exhibiting promising results. Graphene is 
one of largest among aromatic molecules, belonging to the category of polycyclic 
aromatic hydrocarbons. Many carbon allotropes use its basic structure for formation 
of graphite, carbon nano tubes, and charcoal. The research works on graphene indi-
cate that it is a promising conducting substance for the upcoming storage equipment. 
Graphene has several inherent properties that make it an appropriate substance for 
different real field applications in different sectors of industry. This strongest mate-
rial possesses high mechanical resistance, larger surface area, superior electrical, and 
heat conductivity, which makes it the most suitable material for fuel cells and capac-
itors. When used as electrodes, graphene can be used as a composite and support 
material. Improved electrode efficiency is generally observed when graphene is used 
as a support material because it maintains metal ions in regular order. 

When graphene is used as a composite material in electrodes, it facilitates the 
charge, and its performance is ensured by its well—ordered structure and higher 
conductivity. In general carbon materials possess low density of pores and also low 
storage density of carbon content electrode resulting in low volume energy density. 
Since, graphene is a carbon material, it also faces the similar problem, and hence 
it has been proposed to develop a controlled combination of graphene with other 
materials for electrode structure design resulting in graphene-based electrodes with 
high density. Conductive agents or binder are not contained in most of the graphene-
based electrodes further improving volume energy density. Promising results were 
obtained when analyzing graphene-based materials, and there are huge opportunities 
and challenges in synthesizing and using graphene-based electrode materials. It is 
one of potential electrode materials for electrochemical energy storage. Because of its 
appreciable conductivity stable physical structure and large surface area, graphene is 
the most appropriate material for the majority of the electrochemical energy storage 
equipment’s. 

In certain applications, the 2D layered structure is constructed into 3D structures, 
with adjustments in pore structure. Owing to its unique properties, graphene is used 
in combination with other materials in applications like lithium-ion batteries, lithium 
oxygen batteries, and lithium sulphur batteries, higher performance was observed in 
these applications. 

In lithium-ion batteries, graphene is added to electrode formulations to improve 
the performance. This organic-based electrode overcomes the limitations in surface 
area, capacitance, and conductivity of inorganic-based electrodes. Graphene is one 
of the best materials owing to its versatility, which enables it to overcome conven-
tional battery limitations when used in cathode electrode formulations. In electrodes 
constituted of graphene and metal oxide hybrids, the primary cathode material used 
is the graphite, which has the ability to store the lithium ions by the process of surface 
adsorption and also there occurs bonding due to its large surface area.
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The downsides of conventional metal oxides used in batteries such as low conduc-
tivity, energy density, and loss of contact points are eliminated when used with 
graphene. The hybrid structure improves greater interaction between the hybrid 
matrix and the interstitial ions which increases the conductivity of the structure. In 
the synthesis of graphene—MO structure, graphene with its regular repeating struc-
ture acts as a template and produces a uniformly distributed matrix. MO nanopar-
ticle aggregation is largely limited resulting in larger surface area for charge and 
discharge cycles. As a whole there is a large improvement in the cyclic performance 
and specific capacity when compared to traditional pure MO electrodes. In first 10 
cycles, these hybrid electrodes can exhibit up to 1100 mAhg−1. Apart from hybrid 
electrodes, electrodes made of graphene and carbon nanotubes or fullerenes have 
also been synthesized and used currently. Dispersing the graphene sheets with either 
fullerenes or carbon nanotubes increases the inter-graphene spacing, thus increasing 
the home for more lithium ions resulting increased specific capacity to around 40%. 
Graphene enhances the performance of Graphene Lithium Sulphur Batteries. Here 
the sulphur ions are supported by graphene, because of which major problems like 
less utilization of sulphur cathode and inorganic salt deposition on the cathode are 
eliminated. High energy sodium-sulphur batteries used at room temperature are also 
found to use graphene-sulphur composites as electrodes. Graphene-based compos-
ites are used as electrocatalyst in zinc-air batteries making it highly efficient. In 
wholesome, graphene has several other advantages when used in the synthesis of 
electrodes, which are listed below. 

● Thinnest material with pliable and transparent single layer of carbon atoms. 
● Incredibly flexible material stronger than steel. 
● Higher potential to transfer electrons at a very faster rate compare at the speed of 

1000 km /s. 
● Superior conduction of heat and electricity. 
● Provides faster technological changes for its usage in the production of high speed 

electronic devices. 
● Highly efficient sensors in detecting explosives. 
● Storing hydrogen for fuel cell powered cars. 

Despite its remarkable advantages and applications, graphene also possess various 
disadvantages. 

● It does not possess band gap; research works have been undertaken in this regard. 
● It is susceptible to oxidative environments 
● It is synthesized using toxic chemicals in high temperatures; hence, it exhibits 

toxic qualities which is one of the major limitations in certain applications. 
● The practical application of it is not completely recognized; hence, more research 

is required. 
● High quality grapheme materials are expensive, and also the process of synthesis 

is expensive. 
● It is a non-renewable resource and also harder to synthesize.
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● It has lesser actual strength than the intrinsic strength. 
● There is no control over the size of the graphene sheet produced. 
● It is not stable below the size of 20 nm. 

7 Applications of Graphene Derived Electrodes 

Graphene is extensively utilized electrode material in batteries, light-emitting diodes, 
transistors, solar cells, and other flexible devices. Some of the applications of 
graphene are discussed below. Mohammad et al. [22] examined usage of graphene 
for ultra-lightweight photovoltaics. So as to improve the electrical properties, they 
employed a roll-to-roll (R2R) transfer technique. It was done on flexible substrates 
with parylene as an interfacial layer. By the process of chemical vapor deposition a 
layer of parylene is deposited on graphene-copper foils and then laminated onto 
ethylene vinyl acetate. Later the samples are then delaminated from the copper 
using an electrochemical transfer process which resulted in flexible conductive 
substrates. The results of characterization techniques indicated that the parylene 
C and D doped graphene had higher carrier density due to the embedded chlorine 
atoms in the structure. Calculations of density functional theory indicated that the 
binding energy between graphene and parylene is stronger than the binding energy 
of EVA and graphene. It resulted in less tear in the graphene during R2R transfer. It 
is then followed by the fabrication of organic solar cells on ultrathin flexible pary-
lene/graphene substrates. The power conversion efficiency achieved was of 5.86% 
[22]. Hanrui Su and Yun Hang Hu summarized the applications of graphene-based 
materials used in fuel cells. When compared with the commercial Pt/C catalyst, 
heteroatom-doped graphene indicated high electroactivity. Many anchoring sites 
were provided by doped graphene and rGO for the active metal particles which 
made the dispersion uniform. Various electrochemical reactions such as ORR, EOR, 
MOR, and FAOR are supported by the high surface area and electrical conduc-
tivity of the graphene-supported catalysts. Long term stability was ensured by the 
strong metal-graphene interaction. In order to enhance active sites, three dimen-
sional graphene electrodes were also developed, in order to enhance and reduce 
the diffusion resistance. Graphene and graphene oxide are also found to exhibit 
high proton conductivity and less permeation of fuel. This enabled them to act as 
alternative electrolyte material. Graphene which is highly conductive and chemi-
cally stable also found to protect metallic plates from corrosion [23]. Syama and 
Mohanan inferred that graphene is ideal for photo thermal therapy due to its high 
near-IR absorbance. Hence the multifunctional graphene was found to be a reliable 
material for the diagnosis and treatment. By interacting with the cell membrane, it 
also exhibits the antibacterial property. Graphene also has potential application in 
tissue regeneration because of its nature of attachment and proliferation of the stem 
cells and neuronal cells. 3D Structure is created with the help of 3D printing is also 
possible from 2D structures, and this has prominent applications in engineering field. 
Despite the advantages of graphene in various applications, it also raises concerns
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on toxicity. Many reports provide evidence for the potential toxicity of graphene 
and also for various graphene derivatives [24]. Rajni et al. investigated the nature of 
graphene and identified that it is an appropriate material for both transparent and non-
transparent electrodes and can be suitable for double electrode designs for the super 
capacitors. It was observed from experiments that the in the applications such as flat 
panel displays, solar cells and in tough screens, graphene can be used for transparent 
electrodes [25]. In case of super capacitors, energy storage capacity is more impor-
tant than the transparency. It was found that graphene has excellent potential in the 
above said application. The review article narrated the trending knowledge graphene 
and the patent base for its manufacturing. The investigation also included thorough 
study of US Patent Base to review the existing patents on transparent electrodes made 
of graphene for super capacitors and flat panel display devices. It was inferred that 
a large number of patents were on the application and fabrication of graphene super 
capacitors and flat panel display devices. More than 40 patents were covered in the 
article from 2015 to 2017 [26]. Rowley observed that as 2D material, graphene has 
paved way for significant interest due to its higher stability, excellent conductivity, 
and larger carrier mobility. In order to improve the energy storage performance the 
integration of graphene with the heterogeneous electrodes was found to be a highly 
effective method. In the study undertaken, the graphene-based heterogeneous elec-
trodes were completely reviewed for its energy storage capacity. The study also 
illustrated the ball-milling, electro spinning, hydrothermal, and microwave-assisted 
approaches [27]. Brahim et al. investigated the innovative breakthroughs in graphene 
applications. It was observed that the fundamental research and vast industrial appli-
cations resulted in the larger and low-cost production of graphene for real world 
applications [28]. They insisted that graphene being a one-atom thick carbon crystal 
consist a set of unique physico-chemical properties. It was found to have extreme 
mechanical behavior, exceptional electrical, and also thermal conductivities. These 
attributed to the replacement of conventional materials with graphene for various 
applications. They discussed the probability of successful integration of graphene 
into a device for various applications in electrorheology, photovoltaic, shape memory, 
thermoelectricity, self-healing, and space missions [29]. Zhang et al. observed that 
graphene, an emerging carbon material, would be more of practical applications. The 
article highlighted research progress in graphene-based materials. Working principle 
of supercapacitors and research progress in synthesis and of graphene—based mate-
rials was studied. The graphene-based materials included for the study are carbon 
nanotubes, fullerenes, and graphene oxide. The study also included the applications 
of graphene-based materials for the design of advanced supercapacitors [30]. 

8 Challenges, Opportunities, and Future Perspectives 

Graphene is the sheet of carbon of one atom thick, and the thinnest of all materials 
is considered as the prominent material of the 21st century materials science. It has 
greater number of practical applications in the manufacturing of sensors, terahertz
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imaging, transistors, composites, membranes, batteries, energy storage devices, and 
thin coatings for LCD displays and solar cells. Above all graphene forms the basis 
of new breeds of computer chips, which are smaller and faster than those made of 
silicon. Researchers are now working to meet the challenges in graphene processing. 

● One important aspect is to create large enough graphene sheets to pattern with 
conventional lithography. 

● There are very few commercial suppliers of the thin layer of graphene, and it also 
requires manpower for the synthesis of the thin sheets. 

● One cheaper method of production is depositing carbon atoms from a vapor onto 
an inert support. But in the process, the carbon atoms curl up around impurities, 
rather than forming as thin sheets. 

● The chemistry part of graphene story has only just begun, and it has long way 
to move forward. However, chemists are working on to modify the structure to 
functionalize it effectively for various applications. 

● Chemically modified graphene is still under research and not reached a level of 
sophistication yet. 

Large scale application of graphene is still a challenging task. In case, flexible elec-
tronics require large graphene sheets with lesser defects. Current methods still face 
this challenge. Presently large-scale synthesis of graphene is dependent on graphene 
nano platelets produced by the modified hammers method. The process results in 
large graphene production, but the graphene produced is by non-friendly procedure 
owing to the nature of chemicals used. Standardization is associated with graphene 
production. For every run, the graphene produced finds variation in doping, quality, 
thickness, or even defects. Cost of production remains an empirical exercise and 
remains unsolved. The variation in graphene quality may occur even in the same lab. 
The variations in graphene properties may be observed with different vendors also. 
Hence there is a need for standardizing the production methods of various vendors 
and also the methods followed by different researchers. Graphene derivatives like 
graphene oxides, reduced graphene oxides, etc. have also exhibited values much 
lesser than what has been predicted for graphene material. From the above discus-
sions, it can be inferred that making graphene industry-friendly, more efforts are 
required for synthesis, storage, and reduction in cost of production [31]. 

9 Conclusion 

Graphene electrodes exhibit superior properties when used in microbial fuel cells. 
The unique properties of graphene such as transparency enhanced electrochemical 
property, high electrical, and thermal conductivity makes it the most appropriate 
material in various fields of application. Due to the superior chemical and physical 
properties of graphene, they have obtained significant attention in the design of 
microbial fuel cells for generation of electricity. The working mechanism of the MFC 
and production techniques were discussed in detail along with detailed study on its
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applications. The merits and demerits of graphene-based electrodes and application 
of the same were also discussed. Reviewing the abundant works on graphene derived 
electrode materials, the chapter concludes with a perspective on the strategies and 
critical challenges in graphene derived electrode fabrication for further enhancement 
of MFC performance. 

References 

1. Guadarrama-Perez O, Gutierrez-Macias T, Garcia-Sanchez L, Guadarrama-Perez VH, Estrada-
Arriaga EB (2019) Recent advances in constructed wetland-microbial fuel cells for simul-
taneous bioelectricity production and wastewater treatment: a review. Int J Energy Res 
43:5106–5127 

2. Fang C, Achal V (2019) The Potential of microbial fuel cells for remediation of heavy metals 
from soil and water—Review of application. Microorganisms 7(697):2–13 

3. Do MH, Ngo HH, Guo WS, Liu Y, Chang SW, Nguyen DD, Nghiem LD, Ni BJ (2018) Chal-
lenges in the application of microbial fuel cells to wastewater treatment and energy production: 
a mini review. 639:910–920 

4. Gude VG (2016) Wastewater treatment in microbial fuel cells e an overview. J Clean Prod 
122:287–307 

5. Ci S, Cai P, Wen Z, Li J (2015) Graphene-based electrode materials for microbial fuel cells. 
Sci China Mater 58(6):496–509 

6. Slate AJ, Whitehead KA, Brownson DAC, Banks CE (2019) Microbial fuel cells: an overview 
of current technology. Renew Sustain Energy Rev 101:60–81 

7. Mustakeem (2015) Electrode materials for microbial fuel cells: nanomaterial approach. Mater 
Renew Sustain Energy 4(22):2–11 

8. Hou J, Liu Z, Zhang P (2013) A new method for fabrication of graphene/polyaniline 
nanocomplex modified microbial fuel cell anodes. J Power Resour 224:139–144 

9. Zhao C, Wang Y, Shi F, Zhang J, Zhu JJ (2013) High bio current generation in Shewanella-
inoculated microbial fuel cells using ionic liquid functionalized graphenenanosheets as an 
anode. Chem Commun 49:6668–6670 

10. Min B, Cheng S, Logan BE (2005) Electricity generation using membrane and salt bridge 
microbial fuel cells. Water Res 39:1675–1686 

11. Kim KY, Yang WL, Evans PJ, Logan BE (2016) Continuous treatment of high strength 
wastewaters using air-cathode microbial fuel cells. Bioresour Technol 221:96–101 

12. Chaudhuri SK, Lovely DR (2003) Electricity generation by direct oxidation of glucose in 
mediator-less microbial fuel cells. Natl Biotechnol 21:1229–1232 

13. Zhao C, Wang WJ, Sun D, Wang X, Zhang JR, Zhu JJ (2014) Nanostructured graphene/TiO2 
hybrids as high-performance anodes for microbial fuel cells. Chem Euro J 20:7091–7097 

14. Fei Y, Wang C, Ma J (2016) Applications of graphene-modified electrodes in microbial fuel 
cells. Materials 9:2–27 

15. Yang L, Wang S, Peng S, Jiang H, Zhang Y, Deng W, Tan Y, Xie MMQ (2015) Facile fabrication 
of graphene-containing foam as a high performance anode for microbial fuel cells. Chem Euro 
J 21:10634–10638 

16. Yaqoob AA, Mohamad Ibrahim MN, Rafatullah M, Chua YS, Ahmad A, Umar K (2020) 
Recent advances in anodes for microbial fuel cells: an overview, materials. 13:3–28 

17. Youn DH, Jang J-W, Kim JY, Jang JS, Choi SH, Lee JS (2014) Fabrication of graphene-based 
electrode in less than a minute through hybrid microwave annealing. Sci Rep 4:1–8 

18. Zhen Z, Zhu H (2018) “Structure and properties of graphene”, graphene fabrication, 
characterizations, properties and applications, pp 1–12. ISBN 9780128126516



138 K. Senthilkumar et al.

19. ElMekawy A, Hegab HM, Losic D (2016) Christopher P Saint and Deepak Pant. Applications 
of graphene in microbial fuel cells: the gap between promise and reality. Renew Sustain Energy 
Rev. https://doi.org/10.1016/j.rser.2016.10.044 

20. Rahman MR, Moshiur Rashid MD, Mashrur Islam MD, Masum Akanda MD (2019) Electrical 
and chemical properties of graphene over composite materials: a technical review. Mater Sci 
Res India 16(2):142–163 

21. Yuan H, He Z (2015) Graphene-modified electrodes for enhancing the performance of microbial 
fuel cells. R Soc Chem 7:7022–7029 

22. Tavakoli MM, Azzellino G, Hempel M, Lu A-Y, Martin-Martinez FJ, Zhao J, Yeo J, Palacios 
T, Buehler MJ, Kong J (2020) Synergistic roll-to-roll transfer and doping of CVD-graphene 
using parylene for ambient-stable and ultra-lightweight photovoltaics. 30(31) 

23. Su H, Hu YH (2020) Recent advances in graphene-based materials for fuel cell applications. 
Energy Sci Eng 9(7):958–983 

24. Syama S, Mohanan PV (2018) Comprehensive application of graphene: emphasis on biomed-
ical concerns. Nano-Micro Lett 1–31. ISSN 2311-6706 

25. Garg R, Moussa M (2018) Graphene electrodes for applications in display devices, solar cells, 
and supercapacitors. Recent Patents Mater Sci 10(1):218–226 

26. Wang N, Wang H, Yang G, Sun R, Wong C-P (2018) Graphene-based heterogeneous electrodes 
for energy storage. Graphene Deriv. https://doi.org/10.5772/intechopen.80068 

27. Rowley-Neale SJ, Randviir EP, Dena AS, Banks CE (2018) An overview of recent applications 
of reduced graphene oxide as a basis of electroanalytical sensing platforms. Appl Mater Today 
10:218–226 

28. Nguyen BH, Nguyen VH (2016) Promising applications of graphene and graphene-based 
nanostructures. Adv Nat Sci: Nanosci Nanotechnol 7(2):023002 

29. Aissa B, Memon NK, Ali A, Khraisheh MK (2015) Recent progress in the growth and 
applications of graphene as a smart material: a review. Front Mater, Article 58 

30. Zhang LL, Zhou R, Zhao XS (2010) Graphene-based materials as supercapacitor electrodes. J 
Mater Chem (29) 

31. Owuor PS, Khan A, Leon CL, Ozden S, Priestley R, Arnold C, Chopra N, Tiwary CS (2021) 
Roadblocks faced by graphene in replacing graphite in large-scale applications. Oxford Open 
Mater Sci 1(1)

https://doi.org/10.1016/j.rser.2016.10.044
https://doi.org/10.5772/intechopen.80068


Role of Microbial Community 
in Microbial Fuel Cells 

Rozina Kakar, Ankita Rajendra Parab, Amirul-Al-Ashraf Abdullah, 
and Sundas Bahar Yaqoob 

Abstract The catalytic activity of oxidation of organic molecules and their conver-
sion into a biofilm is performed by microorganisms using electrical energy that is 
generated in the microbial fuel cells (MFCs). MFCs are considered to be a novel 
environmentally sustainable technology, to be used for bioremediation and energy 
production, since it generates energy from many organic substrates. MFCs tech-
nology can assist with have you metal removal and recovery. It has been reported 
that microbial strains may achieve enhanced power densities, compared to the power 
densities of the existing mixed community strains. This approach is only being 
employed on a laboratory scale due to a few constraints such as poor efficiency 
and low production rates. This chapter discusses the high-power generating bacteria 
found inside microorganism colonies, production of biofilm, the roles and mecha-
nisms of various microorganisms in energy generation, removal of heavy metal, and 
electron transport in the fuel cell. 

Keywords Microbial fuel cells · Heavy metals · Bacterial species · Biofilm 

1 Introduction 

Today, microbial fuel cells (MFCs), which are used to carry out environmentally 
sustainable processes such as bioremediation, are among the most fascinating elec-
trochemical fuel cells. As illustrated in Fig. 1, the main components are the anode 
and cathode. It is a given fact that the great majority of microorganisms are used 
as biological catalysts, and therefore, the main principle of MFCs is the generation 
of energy using organic-inorganic matter which is abundantly found on the earth 
[1–3]. From many studies, it is clear that bacteria served as biocatalysts, capable of
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Fig. 1 The fundamentals of microbial fuel cells’ setup and operation (MFCs). Adapted from 
reference [26] no permission needed

converting hydrocarbons and non-hydrocarbons to carbon dioxide. These bacteria 
can also generate electrons on the anode in an electrolyte which consists of reduced 
oxygen levels, to generate current and transmit electrons to the surface of the anode 
[4]. Electron carriers such as phenazines and flavins are fundamentally produced 
by the bacterial electron transfer on an anode. Electron carriers are also used in 
order to transmit electrons that are naturally present in the extracellular space [5]. 
Microbial nanowires may be used to create a conductive pili filament, which can 
carry electrons. In MFCs research, chemical mediators, for example, neutral red are 
used to move electrons from cell to electrode for energy generation [6]. The elec-
trons carried at the anode react with oxygen in the cathode chamber and generate 
water molecules [7]. During the production of energy, the pollutant is reduced to 
an insoluble condition. MFCs are equally significant in the treatment of wastewater. 
Heavy metal contamination has always had an impact on the environment due to 
its extreme toxicity and density impact [8]. Therefore, heavy metals are particularly 
dangerous, even in little amounts. Along with this, they are hazardous to both marine 
life and human health [9]. Heavy metals are released into the air and waterbodies 
through chemical factories, dyeing plants, electroplating plants, and metal finishing 
industries. They’re thick, non-biodegradable, and soluble in both surface and ground 
water [10]. It can be a major source of serious health risks for humans if consumed
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in excess of the permissible concentration. Water pollution can also result from a 
number of factors. All the water supplies including ground and surface water are 
at risk due to a number of human activities such as industrial operations, agricul-
ture, mining, and a variety of other activities [11]. These are considered to be the 
main culprit for the growing concentrations of heavy metals in water sources due 
to poor management and treatment of wastewater before releasing it into the water-
bodies. Serious health issues are inevitable if a considerable portion is absorbed by 
humans. A heavy amount of absorption of chromium, for example, can result in 
major kidney problems, nerve tissue syndrome, skin irritation, skin ulceration, liver 
damage, and cardiovascular system issues [12]. Renal failure, bone deformities, and 
lung disease are majorly caused by excessive cadmium contamination. Copper and 
nickel, among other contaminants, can cause anemia, liver problems, renal failure, 
stomach pain, heart illness, and intestinal inflammation [13]. The most dangerous 
elements to human health are mercury and lead, which cause ailments such as kidney 
disease, lung disease, heart disease, the Hunter-Russel syndrome, brain damage, and 
skin disease [14]. Although arsenic is not a real metal, its properties fall between non-
metals and metals, making it a semi-metal. If arsenic levels in the body are too high, 
it can cause significant health problems [15]. The most common source of harmful 
arsenic is ground natural water, which has high amounts. Drinking arsenic-polluted 
water affects 137 million people, according to a case study conducted by the scientific 
community in 2007 [16]. As a result, the treatment of heavy metals is crucial. Heavy 
metals may be removed from wastewater in a variety of methods, according to scien-
tists. There are a variety of pharmacological, biological, and physical therapy options, 
all of which are used in practice. The following techniques are now used: coagulation-
flocculation, chemical precipitation, membrane filtration, electrochemical treatment 
technologies, and adsorption [17–20]. Many academics are eager to create a unique 
heavy metal treatment technique that is both cost-effective and ecofriendly. MFCs 
are a new technique for creating energy from wastewater treatment because of their 
low cost and long life. The reduction of oxygen at the cathode can be facilitated by 
the oxidation of organic elements on the anode [21]. When the redox potential of a 
molecule is higher than oxygen, then its reduction can occur at the cathode. In MFCs, 
ferricyanide, dye molecules, permanganate, persulfate, nitrate, and heavy metals have 
all been demonstrated to be sufficient electron acceptors [22]. Thermodynamically 
favorable conditions produced by the chemicals that are reduced allow the transfer of 
electrons from one rod to the other without using external energy. MFCs are a novel 
and interesting approach to generating energy at a low cost [23, 24]. The concept of 
generating energy through bacterial respiration has been discussed for over a century 
[25]. In addition, the current study assesses the metal remediation and mechanism 
of energy generation using MFCs. MFCs are made up of many different bacterial 
species, which are addressed in detail throughout this article.
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2 Microorganism-Based Energy Production and Metal 
Remediation in MFCs 

Numerous bacterial species can transport electrons via MFCs, which have a 
wide range of uses. Microalgae, proteobacteria phyla, yeast, fungus, iron-reducing 
bacteria, and acid bacteria are among the five categories of firmicutes that have exhib-
ited energy generation in MFCs. The general species of bacteria which are capable 
of undergoing electron exchange with the respective electrodes include Aeromonas 
hydrophila, Shewanella sp., Geobacter sp., Enterococcus gallinarum, Clostridium 
butyricum, and Rhodoferax ferrireducens [27, 28]. Some of these bacterial species, 
such as Geobacter species, have electrical properties like biofilms, and conductive 
polymers can serve as supercapacitors [29]. Bacterial respiration produces electrons, 
which may be transported to electrodes and used to monitor electric current. Bacte-
rial species generate a biofilm that allows electrons to move from anode to cathode. 
Carbohydrates are a typical organic substrate for bacterial metabolism and bioelectro-
genesis in MFCs [30]. During the process of glycolysis, Acetyl coenzyme is produced 
from carbohydrate molecules which enter the tricarboxylic acid cycle (Kreb’s cycle 
or citric acid cycle). One reduced flavin adenosine dinucleotide (FADH2) and three 
molecules of reduced nicotinamide adenosine dinucleotide (NADH) are produced as 
a byproduct of Kreb’s cycle. This process generally occurs in the cytoplasm, where 
electron transporters produce NADH and FADH2, after which occurs the transmis-
sion of their electrons to the electron transport chain (ETC). These electrons travel 
through the ETCs following protein channels (NADH dehydrogenase, coenzyme Q, 
cytochromes, and ubiquinone) and eventually to the electron acceptor [31]. They are 
transported to the cathode electrode by pumping from the anode. This whole pattern 
generates roughly 34 adenosine triphosphate (ATP) molecules and H2O from the 
carrier molecules, as shown in Fig. 2. 

Fig. 2 A graphic depiction of bacterial metabolism showing the transfer of electrons from bacteria 
to the anode. Reproduced from reference [32] with Elsevier permission
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Metal reduction during the production of energy is also considered a signifi-
cant phenomenon. The absorption of electrons from electrodes, for heavy metal 
treatment through reduction, is carried out by special microorganisms under the 
group of Electrotrophs [33]. The discovery of electrotrophs has opened a new era 
of modern science. Several microbial consortia have shown electrotrophic charac-
teristics until now [34, 35]. Gregory et al. [34] investigated the flow of electrons 
in the reverse way (from electrodes to microorganisms), which was followed up by 
Thrash and Coates [36]. In bacteria, various redox-active compounds act as elec-
tron transports. By providing electrons to bacteria, they can receive electrons from 
electrodes and enhance fermentation and inorganic substrate reduction. Such an 
electron potential is exhibited by some bacteria such as Staphylococcus carnosus, 
Dechlorospirillum anomalous, Streptococcus mutans, Clostridium jungdahlii, Ente-
rococcus faecalis, Acinetobacter calcoaceticus, Shigella flexneri, Kingella denitri-
ficans, and Lactobacillus farciminis [37, 38]. Bacteria generate a lowered elec-
trode potential which facilitates the conversion of protons to hydrogen. The use 
of hydrogen gas is restricted, due to its explosive properties. To counterbalance the 
reduction of protons in hydrogen gas, it’s either required to utilize a costly metal 
catalyst or to expend energy on the electrode. As a result, using electricity to power 
microorganisms is the most important approach for circumventing this restriction 
and reaching a high electron transfer rate. Hydrogen gas or other redox chemi-
cals do not trigger the cells attached to the electrode, and only planktonic cells 
grow. While being removed from the products, the bacterial cell-electrode remains 
connected to them, enabling the cells connected with the electrode to be produced 
alongside the electrons [39]. Geobacter species were examined on electrodes as 
electron-accepting sp., after which Thrash and Coates [36] proposed the impact of 
microorganisms. Several Geobacter species function as electron acceptors, chlori-
nated solvents, reducing uranium (VI), nitrate, and fumarate. There are investigations 
that have demonstrated the ability of Geobacter sp. to promptly absorb electrons [40]. 
In Geobacter. Sulfurreducens, the sulfur reduction transport of electrons was distinct 
from the biofilm gene expression that received electrons from the electrode. The 
omcZ and pili genes are important since they generate electricity without having 
any influence on bacterial species’ activity. Along with this, the gene deletion for 
cytochrome in order to generate electricity had no effect on electron transport on the 
electrode [41]. In order to reduce fumarate, G. sulfurreducens MR-1 also receives 
electrons. Riboflavin, which was generated as an electron transport mediator, in the 
presence of lactate, helps to reduce Cr(VI) via the Mtr pathway, which is similar to 
the electron transport outside of the cells [42]. The outer membrane of Acinetobacter 
ferroxidase, which reduces oxygen, has been seen to include Cytochrome c (Cyc2). 
The release of electron shuttles inside bacteria occurs when electrons are transferred 
to pyrroloquinoline quinone (Acinetobacter calcoaceticus and Shewanella putrefa-
ciens). During Fe(II) oxidation and reduction, acidophilic Leptospirillum group II 
bacteria produce Cyt579 and Cyt572 as electron carriers [43]. In the case where the 
protons were used to reduce the number of electron acceptors in electron-receiving 
cells, the proton gradient was the only factor generated during this cross-membrane 
activity. The mechanisms of power storage in these cells are not well understood.
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Since such biofilms which store current are thinner than current biofilms used for 
consumption, therefore, it implies that storing the current is better than its consump-
tion [44]. Hence, the soluble U(VI) was converted to the insoluble U(IV) form by 
G. sulfurreducens, which got the electrons from the electrode. The electrode surface 
becomes coated with the insoluble U(IV) form once it has been adsorbed there. The 
SMFC electrodes were removed, and the immobilized U(IV) form was easily released 
[45]. Another hazardous, soluble form of Cr(VI) has been reduced by G. Sulfurre-
ducens to a less poisonous, insoluble Cr(III). For the process of delivering electrons to 
these bacteria on the anode, Cr(VI) reduction on the cathode is completely dependent 
on the acetate oxidation and Cr(VI) reduction in the anode chamber. When bacteria 
are used for such processes, the organic materials have reduced from the state of 
being electron acceptors to electron donors. Methanobacterium palustre is an elec-
tron acceptor that can receive electrons and convert dehalogenated 2-chlorophenol 
to phenol, among other bacterial species [45]. Guan et al. [36] had used a power 
density of more than 540 mW/m2 and discovered that Lactococcus, Enterobacter 
sp., and Macellibacteroides, after the pyrosequencing of 16S rRNA, can decrease 
the quantity of vanadium (V) by up to 93.6% [46]. Chlorobi, Armatimonadetes, 
Chloroflexi, Gammaproteobacteria, Spirochaetes, and Firmicutes were identified at 
quantities lying between 75 and 150 mg/L by Guan et al. [47]. These bacterial species 
can eliminate vanadium using the power output which is approximately around 420 
mW/m2 after almost 12 h of process. However, how electrons are absorbed by elec-
trodes via molecular processes is yet unclear, which might be important for future 
study. Figure 1 also shows the metal reduction procedure in a methodical manner. 

3 Electron Transfer Mechanisms Between Bacteria Cells 
and Electrodes 

When generating bioenergy with MFCs technology, it is generally important for 
transporting electrons from the exoelectrogens respiration chain to the electrode. The 
process of microbes transferring electrons does not classify as a natural phenomenon. 
This mechanism has also yet to be explored [38]. As a result, numerous routes for 
electron transport from exoelectrogens to electrodes have been described. Generally, 
there are two methods for electron transport which are identified as indirect and direct 
electron transfer. Indirect electron transfer is where electron interaction is achieved 
through electron mediators and direct is where there is a direct interaction between 
the bacterial cell surface and the electrodes (Fig. 3). 

Direct electron transport via the cell’s outer membrane is considered to be an 
essential part of microorganisms’ interaction during a fuel cell process. The electro-
gene produces biofilms at the anode surface using nanowires that conduct electricity 
(mainly, flagella, and pili) [39]. Direct contact allows the electron to pass between 
the cytochrome and nanowires. Transmembrane electron transport via proteins, as
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Fig. 3 Exoelectrogens’ electron transport mechanism to the anode. Adapted from reference [26] 
no permission needed

well as restricted diffusional electron mediators, is implemented as well. The elec-
tron acceptor electrode is not in direct contact with the cell. Exoelectrogens can 
access the membrane since the nanowires are connected to cytochromes adhering to 
it. Transport proteins are critically important since they are responsible to directly 
transfer electrons to the anode from the cytoplasm. Primarily an alternative for direct 
electron transfer is to generate an effective current in MFCs. There is one major 
disadvantage of direct electron transfer. The rate of electron transfer is very low 
because the active regions of the transport proteins are hidden inside proteins [40]. 
Electrochemically active bacteria, such as Geobacter and Shewanella, are among 
only a few species, that are known to use bacterial nanowires to transport elec-
trons away from the cell [41]. Lower soluble molecular-based mediators are used 
to carry out electron transport. The requirement of having intimate contact between 
electron acceptor and bacterial cells is diminished when indirect electron transfer 
occurs. The electron shuttles infiltrated bacterial cells and collected electrons from 
exoelectrogens metabolic activities, which were subsequently supplied to the anode 
electrode. In order for the MFCs to work, it was assumed that the presence of elec-
tron mediators was an essential component. They can be created with exoelectro-
gens or applied to an anode externally. Self-mediator syntheses including pyocyanin, 
phenazine, and others have been identified in several types of bacteria. Because of 
the potential difference, redox proteins and mediators will have a significant impact 
on electron transfer efficiency [48]. A number of chemical combinations have been 
tried to improve electron transference efficiency, including humic acid, neutral red, 
anthracenedione, riboflavin, methylene blue, and thionine [49, 50]. It is not recom-
mended to use exogenous mediators, because they frequently result in low current 
densities while also becoming expensive and damaging to microorganisms, allowing 
poor efficiency over extended periods, and making the technology difficult to market.
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Furthermore, adding exogenous mediators daily is both industrially and ecologically 
unfeasible.

4 Electrode Biofilm 

A microbial city is a term used to describe a biofilm. Lipids, Carbohydrates, proteins, 
and other substances are found in the polymeric matrix. It’s generally because of the 
bacteria that reside on its surface; it’s the best habitat for them to thrive in, therefore, 
they create a biofilm. The creation of electroactive biofilms can provide efficient 
energy. The production of biofilms may be tracked by a variety of routes, which 
are most likely dependent on the microorganisms employed in MFCs, as well as 
the operating parameters, electrode material, and MFCs substrates. According to 
several recent research, the physical and morphological characteristics of the elec-
trode might influence biofilm development [51, 52]. Recent studies have confirmed 
the inability of bacteria to form biofilms on electrodes. This can also be related to 
their inability to produce significant current densities in fuel cells, according to recent 
research. Biofilms can be formed by many bacteria and compared to such bacteria; 
the anode bacteria can produce greater current densities on thick biofilms. Thermin-
cola ferriacetica, a Gram-positive bacteria, can produce a constant current density 
of 7–8 A/m2 while building thick biofilms (38 m) [53]. Meanwhile, lower current 
densities may be observed for Thermincola potens, along with producing monolayer 
biofilms [54]. Microbe adhesion to the surface and migration toward the surface, 
growth of microcolonies, and biofilm maturation are some of the mechanisms that 
might trigger the process of formation of biofilm formation in the fuel cells on the 
electrode [49]. Biofilms are formed when bacteria synthesize nucleic acids, sugars 
(polysaccharides), proteins, adhesion molecules (adhesins), and other molecules that 
interact and coat one other [50]. Electroactive biofilms can inhale via terminal elec-
trons onto electrode surfaces during their metabolism. Redox-active molecules such 
as Flavins have the capacity to lower the externally occurring cellular electron transfer 
in Shewanella sp. during biofilm formation [55]. During the formation of biofilm in 
Pseudomonas aeruginosa, rigorous flagellar motion transfers bacteria on the surface. 
A ‘mushroom-shaped’ biofilm can be formed via a maturation process that necessi-
tates signaling pathways with pili (type IV), which gives rise to microcolonies and 
aggregation of the cells [56]. Quorum sensing (QS) is a mechanism in the bacterial 
population that allows cooperation and interaction of collective behavior in the bacte-
rial colonies. QS controls the outflow of biofilm-related characteristics to aid biofilm 
development in P. aeruginosa and other bacteria. The power density is observed to 
be higher in biofilms with a mixed culture than the pure culture. When injected into 
MFC, the mixed or varied culture had a power efficiency of about 20% greater than 
the pure culture [57]. Non-exoelectrogens’ involvement and producing power, on 
the other hand, are unknown. Direct contact is established by bacterial cells with the 
anode electrode surface, which facilitates the bypassing of c-type cytochromes and
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allows electrons to flow straight to the anode. At the cathode, the use of microorgan-
isms to catalyze oxygen reduces the interest in cathodic biofilm. In contrast to anode 
biofilms, the age impact of cathode biofilms appears to diminish as the width of the 
biofilm grows [58]. 

5 The Importance of Bacteria in MFCs 

Many microorganisms have been investigated for energy production, bioremedia-
tion, and a variety of other fundamental uses. The substrate for the MFCs is derived 
from a variety of sources, including wastewaters (chocolate industry water, brewery 
wastewater, recycling paper wastewater, paper recycling wastewater, swine wastew-
ater, and brewery wastewater), as well as a variety of nutrients (lactate, glucose, 
acetate, sucrose, starch, xylose, and ethanol) [59]. Power can be generated by only a 
small percentage of the microorganisms found in the fuel cells. Their anodic chambers 
utilize exoelectrogens from cyanobacteria, Gram-positive/negative bacteria, yeast, 
algae, and fungus [60]. Different bacteria that produce enough energy can oxidize the 
complex biological substance into its constituents (Table 1). Specific exoelectrogens, 
on the other hand, may oxidize specific substrates in order to produce energy. Further-
more, every exoelectrogens has various oxidation or reduction pathways as well as 
genes, proteins, or enzymes, which depend on the substrate type [61]. The perfor-
mance of MFCs is, thus, determined by the choice of efficient bacterial consortia 
and the desired substrate. For example, when aerobic/anaerobic slush and glucose 
is added as an inoculant, for three months in MFCs, they were able to generate and 
convert power [62]. Organic compounds, such as carbohydrates, proteins, and fats, 
are utilized in MFCs to create energy through redox anode processes because of 
their ability to donate electrons. Eventually, various organic compounds ultimately 
carry out acetyl Co-A dispensing activities and contribute to Kreb’s cycle. Reduced 
NADH, FADH2, and CO2 are liberated as by-products in one cycle [63]. Glycolysis 
and the Krebs cycle are metabolic processes found in the cytoplasm of both eukary-
otes (yeast) and prokaryotes (bacteria). FADH2 and NADH are carriers of electrons 
which then transport them to the ETC in order to produce the energy molecule, ATP. 
The respiratory complex is contained in the cell membrane and is a place where the 
respiratory processes of bacteria take place. It generally comprises of the outer and 
inner cell membrane, and the space in between them (periplasm) [64]. All of the 
proteins or enzymes necessary for electron transport are found in yeast in the mito-
chondrial membrane (MFC base). ETC generally consists of cytochromes, NADH 
dehydrogenase, ubiquinone, and coenzyme Q. It is highly likely to observe species 
differences among these intermediate proteins. In the anode, the reduced protons are 
pumped out of the cells and then delivered to the cathode by PEM, and electrons 
are transported to the last electron acceptor [61]. Before the concept of bacterial 
electron transport facilitators, chemical intermediates were utilized for the catal-
ysis process of electron transport from the bacteria to the anode. When they react 
with the constituents of ETC, they lose and transfer electrons to the anode. Bacterial
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metabolism switches from phosphorylation to fermentation, when they have a poten-
tial anode [65]. Bacteria select fermentation metabolism when electron acceptors are 
very few. When there are enough electron acceptors and the anode potential is low, 
bacteria convert to oxidative metabolism as electrons collect on them. Geobacter sp., 
which are anaerobic, oxidizes around 33.33% of electrons required for electricity 
generation in the fuel cell during the fermentation processes. Clostridium sp. and 
Enterococcus sp. are among the several bacteria which are able to produce fermenta-
tion products in addition to the production of energy after adding them to the fuel cells 
anaerobically [66]. The most potent exoelectrogens found in MFC are Geobacter sp. 
and Clostridium sp. They are considered to be the most efficient source of hydrogen 
in biofilms. In MFCs, they possess greater power densities than pure cultures of 
mixed microorganisms. This is because they are capable of performing a network 
of metabolic activities between the bacteria. Although theoretically true, this must 
be clearly defined and experimentally proven [67]. The capacity of the anode is 
crucial in determining metabolic activities in bacteria. When the anode potential is 
negative, it gives electrons to the bacteria, causing them to form additional reduced 
complexes. Consequentially, bacteria will consume lower energy, and the recovery 
of the spent energy in the fuel cell is higher, resulting in higher power generation. 
Clearly, the colonies of microorganisms consisting of bacteria, capable of reducing 
sulfates, produced higher power density at negative anode potentials of 45 mA/m2 

at 0.6 V versus 15 mA/m2 at 0.2 V [68]. MFCs efficiency has also been found to 
be improved by adjusting the cathode potential. According to the study, with a fixed 
cathode potential of −300 V, reducing the MFC for Cr(VI) raised the highest power 
density from 4.1 to 6.4 W/m3 (control, variable potential). This also managed to 
reduce the initiation duration by 7 days creating a new time period of 19 days.

6 Anodic Bacterial Species 

The Geobacteraceae bacterium family is the most researched and effective 
exoelectrogens in MFC technology. To generate energy, G. sulfurreducens, α-
proteobacterium, may reduce acetate with nearly 100% electron retention. The 
species effectively generated a current density of more than 3000 mA/m2 in an 
MFC using metal electrodes. Acetate and fumarate compounds were used as elec-
tron acceptor and donor, respectively [100]. Pure cultures of Geobacter metallo-
proteins are able to provide 40 mW/m2 power output when wastewater is used 
as an inoculum in MFCs. Shewanella sp., proteobacteria, on the other hand, may 
reduce manganese and iron levels by utilizing them as electron acceptors [101]. 
Lactate Shewanella oneidensis DSP10 and ferricyanide were utilized and employed 
as anolyte and catholyte, respectively, resulting in a power density of 3000 mW/m2 

in a small  MFCs  [102]. It employs CaCl2 as an anolyte to achieve the greatest power 
density of 4.92 W/m3 in an MFC with a single compartment [103]. Some pure culture 
MFCs are considered to be exceptionally high yielding when compared to mixed 
cultures. Bacteria such as Rhodopseudomonas palustris, a photosynthetically active,
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purple non-sulfur bacteria, utilize thiophosphate, yeast extract, and volatile acids at 
a power density of 2720 mW/m2 in such fuel cells. Acetate gives the thermophilic 
Gram-positive metal-reducing bacteria Thermincola ferriacetica the highest power 
density of 12 A/m2. Proteobacteria produce a power density of 4310 mW/m2. Glucose 
is utilized as an electron acceptor and donor when graphite electrodes are used in fuel 
cells containing Pseudomonas aeruginosa and Desulfovibrio desulfuricans [66]. A 
bacteria which is capable of reducing sulfates achieved the greatest power density of 
233 mA/m2 using graphite electrodes treated on the surface in MFC, demonstrating 
a 50% increase over untreated electrodes [104]. Escherichia Coli, a Gram-negative 
bacterium, provided 1300 mW/m2 of energy efficiency at 3390 mA/m2 using MFCs. 
In an MFC containing an exposed cathode and graphite which is also non-catalyzed, 
along with synthetic wastewater, Saccharomyces cerevisiae generates 282.83 mA/m2 

power density [105]. Several yeast Hansenula anomala obtained 2.9 W/m3 current 
density using a catholyte, ferricyanide, and Platinum as the electrode [68]. Candida 
melibiosica was used in MFCs to achieve 720 mW/m2 current output using nickel 
nanostructures, on an altered carbon supplied electrode [106]. A few microbes that 
aren’t often employed in MFCs have also demonstrated the potential to generate 
current. Along with this, a few new exoelectrogens have just been identified. The 16S 
rRNA gene sequence analysis identified a novel exoelectrogen, Geobacter anodire-
ducens, which has a similarity of more than 95% to Geobacter sulfurreducens. 
However, it is unable to decrease the electron acceptor, fumarate [107]. Another new 
strain 575, Ochrobactrum sp., was recently identified from the anode compartment of 
a xylose base MFC and produced the highest power density of 2625 mW/m3. The data 
also revealed that Ochrobactrum sp. digested xylose very uniquely, by using ‘succi-
nate oxidation respiratory chain’ instead of the usual NADH oxidation respiratory 
chain. In another MFC, Kebsiella pneumonia (Gram-negative), lactose fermenting, 
produced 199.2 mA/m2 current density and 426.2 mV maximum voltage output 
[108]. Lysinibacillus spherics (Gram-positive) produced the highest current density 
of about 270 mA/m2 and a power density of 85 mW/m2 in MFCs with graphite as 
an electrode [106]. Citrobacter sp. SX-1, on the other hand, may employ a variety of 
basic compounds in MFCs, including carbohydrates, glycerol, and acetate, although 
citrate has a maximum current density of 205 mA/m2 [109]. Other than bacteria, 
microorganisms such as algae and yeast have been utilized previously as bioactive-
anode or substrate supporting the anode in MFCs. Scenedesmus, a green algae, as a 
powder substrate and Chlorella vulgaris as a bioactive-cathode in MFCs produced a 
total power density of 1926 mW/m2 [110]. Another study employed an arthrosporic 
base as a carbon source as well as a substrate for metabolism and development. 
Palustris had the highest power density of 10.4 mW/m3 in volume in micro-MFCs 
when compared to the other substrates employed in the study [111]. Cyanobacteria or 
blue-green algae produced a maximum power density of 114 mW/m2 in the MFC at a 
current density of 0.55 mA/m2 [112]. In microalgae-assisted MFCs, exoelectrogenic 
agents like G. sulfurreducens may benefit from intermediate compounds created by 
algal degradation, such as acetate and lactate.
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7 Bacterial Cathodic Species 

Geobacter sp. is also used as biocathodes in MFCs to receive electrons from cathodic 
electrodes. G. sulfurreducens is capable of actively reducing fumarate to succinate 
in a fuel cell containing electrodes made up of stainless steel material, yielding a 
current density of 20.5 A/m2, whereas G. metallireducens may reduce nitrate to nitrite 
[113]. In hybrid air-cathode MFCs, with a maximum current density of 32.5 mA/m2, 
the Cr(VI) reduction rate is substantially improved by using Shewanella oneidensis 
MR-1, which acts as a biocatalyst, and also lactic acid acts as the electron donor. 
The study uses external membrane-bound cytochromes to report the function of 
Riboflavin in the transport of electrons. Shewanella putrefaciens and Acinetobacter 
calcoaceticus were found to be capable of rapidly reducing oxygen in water [114]. 
Acidithiobacillus ferrooxidans, an acidophile microbe found in MFCs, may feed as a 
biocathode with current densities up to 5 A/m2 and oxygen reduction at low pH. The 
electrochemical reduction of oxygen on acetate oxidation catalysis yields the highest 
current density [115]. As demonstrated by cyclic voltammetry, Micrococcus luteus 
and other Gram-positive and Gram-negative bacterial species such as Staphylococcus 
sp. and Lactobacillus farciminis and Escherichia coli, Pseudomonas fluorescens, and 
Acinetobacter sp., respectively, may help to promote the electrochemical reduction 
of oxygen on the carbon electrode. Stainless steel electrodes, dipped and coated in 
seawater, developed aerobic biofilms at varied set potentials, demonstrating effective 
catalysis of reducting the oxygen and producing current densities up to 460 mA/m2 

[116]. The highest power density of an MFC containing acetic acid, with Chlorella 
vulgaris as a biocathode, was 1926 mW/m2. During its development, C. vulgaris 
used CO2 from the anode as a carbon source. C. vulgaris did not grow in such 
MFCs when CO2 was not available on the anode, according to the study. While C. 
vulgaris were undergoing immobilization, the MFCs functioned remarkably well in 
the cathode compartment, achieving a power density of almost 2485.35 mW/m3 and 
a current density of about 7.9 A/m3. Using  the  C. vulgaris white-rot fungus, Coriolus 
versicolor secretes laccase which reduces oxygen at the cathode. Inoculating this in 
the cathode compartment to catalyze the cathode reaction, the MFC obtained a total 
power density of 320 mW/m3 [117]. 

8 Heavy Metals Removal Through MFCs 

8.1 Chromium 

It can be found in two oxidation states in the earth’s crust, namely Cr(III) and Cr(IV). 
In terms of metal industry pollutants, the Cr(VI) state is considered harmful, and it 
contributes to the carcinogenic sources in the environment. Because of its toxicity, 
removing it from the environment is a significant challenge [118, 119]. As per the 
findings, graphite paste electrodes are used to eliminate chromium for the first time.
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The investigation reveals noteworthy data, for example, a power density of 150 
mW/m2 and a lowered rate of 0.67 g/m3/h at a concentration of 200 mg Cr(VI). 
Furthermore, rather than utilizing the costly membrane, studies revealed that the 
salt bridge can reduce Cr(VI) more efficiently, with power density ranging from 
92.65 W/m2 for 5 mg/L of Cr(VI) to 75.08 W/m2, for about 80% of 10 mg/L of Cr(VI) 
[120]. Prior study has demonstrated that in MFCs, an imbalance of pH between both 
the anionic and cationic compartments makes the system unstable and reduces the 
capacity to generate bioelectricity [120]. The usage of bipolar membranes improves 
performance and increases bioelectricity generation while assessing the problem. 
It also improves the potency of the Cr removal process (VI). Due to the passage of 
electrons and PEM, the pH in the entire apparatus was reduced. It not only cuts costs, 
but also expands the range of MFC reductions. In previous research, the efficient 
carbon nanofibers (CNF) electrode, coated with other elemental nanoparticles such 
as alumina or nickel, was successfully used in MFCs without any mediators [120]. 
In a prior work, Cr(VI) was removed at a specific capacity of 93% cathodic dipole 
action. A study has addressed Fe(III) as a mediator in MFCs to enhance Cr reduction 
(VI) [120]. Fe(III) has been discovered to be a cause of improved cathodic columbic 
efficiency as well as a reduction in Cr rate (VI). The electrodes utilized for efficient 
Cr removal, which are entirely made up of carbon compounds, have been proven. 
Moreover, due to the electrochemical reduction of Cr, carbon cloth has the most 
effective operation in these three electrodes (VI). 

8.2 Vanadium 

It is formed in large quantities, with an annual output of around 38,000 tons. For 
its unique qualities, such as shock resistance and steel vibration, known as steel 
addictive, Vanadium is also thought to be useful in the treatment of a variety of 
human diseases. In the anode chamber, various kinds of microorganisms known as 
Rhodoferax ferrierducens are used to reduce Vanadium (V). The current range was 
increased to 0.06 mA by adding 300 mg/L of NaVO3 to the anode chamber [120]. The 
decrease of V was influenced by a number of variables, including pH, temperature, 
and stirring speed. Kilicarslan et al. [121] were the first to develop the advantageous 
method of using two distinct electron acceptors in the cathodic chamber. Not only is 
V reduced, but Cr(VI) is reduced as well. In this investigation, with only one electron 
acceptor, the power output demonstrates remarkable effectiveness. Interestingly, V 
and Cr(VI) had reduction efficiencies of 67.9 and 75.4%, significantly, demonstrating 
the study’s high-power output demand.
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8.3 Copper 

When it comes to supply and demand, this element is a matter of contention across the 
world. The recovery and extraction are critical for researchers since it is produced 
from industrial and radioactive wastes [122]. It is recognized to be a hazardous 
substance for both humans and the environment. Its elimination is more important 
than its recovery stage due to its toxicity. Birloaga et al. [115] MFCs with bipolar 
membranes improved copper removal efficiency to 99.8% while achieving the highest 
power output of 0.43 W/m2. Anaerobic conditions in the cathode compartments are 
used for the whole apparatus. Cu removal in MFC anodic chambers using sulfate-
reducing bacteria has also been reported in the literature. This metal promotes biolog-
ical processes by increasing MFC performance at lower concentrations of metal up 
to 20 mg/L [123]. It was accomplished by making four changes to lower internal 
resistance. The anode and cathode compartment separation was lowered to 0.5 cm. 
The next step is to reduce the internal resistance by using an anion exchange film and 
to use the copper plate as a cathode rather than graphite. The last step would be to 
use the carbon felt as the anode. This would help to increase the surface area [124]. 

8.4 Silver 

It’s one of the best valuable components found in a variety of industrial wastes. 
Having distinctive properties, such as malleability, firm strength, light reflexiveness, 
ductility, and high conductivity make it increasingly in demand in the fields of decora-
tions, photography, and electronics [125]. This element’s main disadvantage is that it 
has fewer natural resources and is less readily available. That is why, for economic and 
environmental reasons, experts have retrieved this element from industrial effluents. 
Adsorption, chemical precipitation, bio reduction, and bio absorption were described 
in the literature as techniques for removing Ag from wastewater [88].  After 8 h of  
work, the cost-effective MFC removed 99.91–98.26% of the silver, according to one 
research. It has a power density of 4.25 W/m2 at starting concentrations between 50 
and 200 ppm [126]. In cathodic chamber reduction, acetate is used as an electron 
donor, 95% of the silver was removed found in another research [127]. In the pres-
ence of ammonia, silver is removed, generating more than 3 J of energy and yielding 
approximately 1.6 g of silver in its pure form on the cathode. Anode compartments 
were decontaminated with 1 g of COD (83%) [69]. 

8.5 Cobalt 

Cobalt is an important biological element that functions as an enzyme cofactor in 
living organisms, which is why it is regarded as a helpful cofactor. It’s also hazardous
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in terms of the body’s and ecosystem’s overconsumption. In humans, it can cause 
significant illnesses including asthma, lung cancer, contact dermatitis, and pneu-
monia. Because of its high potential (1.61 V), Co(III) is an excellent terminal elec-
tron acceptor in MFCs, according to the literature [69]. Adding Cu(II) to MFCs 
also increased cobalt leaching and acid utilization efficiency by 308% and 171%, 
respectively [128]. Table 1 summarizes the metal removal by MFCs. 

9 Future Recommendations 

Unfortunately for MFC technology, the technique’s researched applications are 
currently restricted to the laboratory. To put it another way, the technology has not yet 
been commercialized. Only Shewanella sp. and Geobacter sp. have well-understood 
electron transfer pathways from exoelectrogens to electrodes; hence, other microbes’ 
electron transport methods will be studied as well. Furthermore, genetic modifica-
tions can significantly improve the efficiency of rates of exocellular electron transfer. 
The discovery of microorganisms with conductive pili is suggested; however, such 
bacteria can create high power densities. Electron transmission from electrodes to 
bacteria has yet to be discovered. Microorganisms which are capable of extracting 
electrons from electrodes will be particularly significant in the cathode compartment. 
Although in-depth research and analyses are required to understand the functions of 
microorganisms in electron transport processes, OmpB and OmpC, outer membrane 
multicopper proteins, have been found to play a critical role in Fe(III) oxide reduction. 

10 Conclusion 

However, the MFCs technology has not yet been developed for commercialization, 
and this approach is currently only available in the lab. The microorganisms employed 
in MFCs are known as the MFCs’ powerhouses. Only Shewanella sp. and Geobacter 
sp. have been discovered to accomplish the transfer of electrons through pili among 
the various bacteria from exoelectrogens to electrodes. Microorganisms with conduc-
tive pili can produce high power densities. Proteins of the c-type such as cytochrome-
c and pili are considered crucial in the development of conductive biofilms, which 
bacteria may generate. MFCs technology plays a vital role in generating energy 
by removing various types of heavy metals. Nonetheless, with the introduction of 
biocathodes, this technology became more cost-effective, and MFCs have become 
the only technique for renewable energy generation, as well as other practical uses. 
For future success in this technology, selecting and breeding pure exoelectrogens 
of the best quality, to boost performance by modifying current exoelectrogens, or 
producing fresh exoelectrogens with the highest electrochemical activity, is crucial.
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Abstract The microbial fuel cell is a versatile technology that belongs to the broad 
category of technology referred to as microbial electrochemical systems. It has the 
potential to treat wastewater and produce electricity. In some instances, it has been 
used for hydrogen gas production, nitrate removal, algae cultivation, and heavy metal 
reduction. The bioelectricity potential of the technology is promising and has been 
explored in biosensors and related devices. The diverse applications of the MFC 
technology makes it a commendable technology for sustainable development. Thus, 
it’s potential to support the achievement of some sustainable development goals has 
been discussed in this chapter. These goals are goal 2 (Sustainable agriculture), goal

A. Z. Imoro (B) 
Department of Environment, Water and Waste Engineering, University for Development Studies, 
Tamale, Ghana 
e-mail: zabubakari@uds.edu.gh 

N. A. Acheampong 
Department of Microbiology, University for Development Studies, Tamale, Ghana 
e-mail: naboagye@uds.edu.gh 

S. Oware 
Department of Biological Sciences, University for Development Studies, Tamale, Ghana 
e-mail: soware@uds.edu.gh 

H. Okrah · A. G. Ali · F. Asare-Amegavi 
School of Engineering, University for Development Studies, Tamale, Ghana 
e-mail: hokrah@uds.edu.gh 

A. G. Ali 
e-mail: aganiyu@uds.edu.gh 

F. Asare-Amegavi 
e-mail: famegavi@uds.edu.gh 

V. T. Coulibaly · D. Krah 
Spanish laboratory Complex, University for Development Studies, Tamale, Ghana 
e-mail: vincent.coulibaly@uds.edu.gh 

F. Offei 
Department of Marine Engineering, Regional Maritime University, Accra, Ghana 
e-mail: felix.offei@rmu.edu.gh 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
A. Ahmad et al. (eds.), Microbial Fuel Cells for Environmental Remediation, 
Sustainable Materials and Technology, 
https://doi.org/10.1007/978-981-19-2681-5_9 

167

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2681-5_9&domain=pdf
mailto:zabubakari@uds.edu.gh
mailto:naboagye@uds.edu.gh
mailto:soware@uds.edu.gh
mailto:hokrah@uds.edu.gh
mailto:aganiyu@uds.edu.gh
mailto:famegavi@uds.edu.gh
mailto:vincent.coulibaly@uds.edu.gh
mailto:felix.offei@rmu.edu.gh
https://doi.org/10.1007/978-981-19-2681-5_9


168 A. Z. Imoro et al.

3 (Healthy lives and wellbeing for all), goal 6 (Access to water and sanitation for all), 
goal 7 (Access to affordable, reliable, sustainable, and modern energy for all), goal 
9 (Resilient infrastructure, sustainable industrialization, and foster innovation), goal 
12 (Sustainable production and consumption), goal 13 (Combat climate change), 
goal 14 (Protect life under water), and goal 15 (Protect life on land). Given the 
outlined potential that this technology has for our sustainable development, it is 
recommended that considerable funding is provided for extensive research on how 
to improve the efficiency of the technology for commercialization. 

1 Introduction 

Sustainable development is that type of development that seeks to satisfy the needs of 
both present and future generation without compromising on environmental quality 
[62]. To achieve this ambitious agenda, goals must be set and all nations must work 
towards the achievement of the set goals. In respect of this, members of the United 
Nations have agreed upon 17 goals and various measures are being put in place 
towards the realization of these goals. These include policy revision, technolog-
ical changes/improvements, behavioral changes, and political and intergovernmental 
actions. Among promising technologies that can contribute to the achievement of 
most of the sustainable development goals (SDGs) is the microbial fuel cell (MFC). 
Out of the 17 SDGs, MFCs have the potential to contribute directly to the achieve-
ment of 9 of the goals (Fig. 1). MFC is a technology that converts chemical energy 
in wastewater into electricity [65]. It has several applications as discussed in the

Fig. 1 SDGs that MFCs have the potentials to contribute to their realisation
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sections below. Though a very versatile technology, it is yet to reach commercial use 
because of some operational challenges detailed in [20]. This chapter presents the 
potential benefits the MFC technology can offer to the world when commercialized.

2 Microbial Fuel Cell for Sustainable Agriculture (SDG 2) 

2.1 Treatment of Wastewater with MFC for Irrigation 

Water is essential for the proper growth and development of living organisms. 
Wastewater usually has low oxygen content and transports various microbial 
pathogens to crops and animals. MFCs treat wastewater [5] to acceptable levels. In 
some cases, by combining the potential of some algae to utilize carbon dioxide and 
produce oxygen [13], MFCs have been used for algae production. Chlamydomonas 
reinhardtii and Chlorella sp. have been assessed for their abilities to support elec-
tricity production and have been employed fairly in wastewater treatment [13]. The 
electrical energy, so generated from MFCs, can be used to power some farm imple-
ments (i.e., water pumps) for the improvement of agriculture output in places with 
poor electricity supply [52]. Excessive boron in irrigation water could deteriorate 
plant health [42]. An anion-exchange membrane MFC was able to remove 40–50% 
of boron during pre-treatment of water and removed 80–90% of boron during the 
post-treatment process [42]. The effluent produced met the requirement of water used 
in irrigation [42], thereby, underlining the potential of MFC technology for the treat-
ment of contaminated water for reuse [67]. The MFC technology’s potential for the 
estimation of hunger, the achievement of food security, and improving nutrition and 
sustainable agriculture should be considered and exploited to support the realization 
of the generality of human wellbeing. 

2.2 Safeguarding Food Security Using MFC 

Biofuel has been proposed as an alternative to fossil fuels [29] in terms of its ability to 
produce environmentally friendly residues [8]. The dependence on first-generation 
biofuels, which rely on crop plants as feedstock, has raised food security concerns. 
MFC technologies that rely on agricultural waste, algae-based technology, among 
others can be used to generate electricity and fertilizer for farming [9, 44]. These 
technologies will rely on second- and third-generation biofuel energy sources to 
generate energy thereby reducing the potential burden that such energy generation 
schemes (biofuels) may place on food production, availability, and access. 

Reliance on waste from food crops such as soy, rice, maize, and sugarcane, among 
others as primary substrates for microbial electrogens will reduce the need to spend 
massively on cultivating such crops for energy purposes [46]. This approach could
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help mitigate food insecurity [46]. Sustainable agriculture promises to be a back-
bone of bioenergy generation by providing raw material (organic waste) for bio-
electrochemical systems [11]. The organic matter produced as residues from MFCs 
could also be used to improve (fertilize) crop yield, thereby improving food security 
[46]. 

2.3 Management of Agricultural Waste Using MFC 

Produce from agriculture is used to feed humans and animals worldwide gener-
ating large quantities of waste in the process. Agricultural waste, food waste, and 
hazardous waste are major solid wastes obtained as unavoidable by-products of 
agricultural activities globally [56]. Agricultural waste, most of which is organic 
in nature, is projected to increase due to the increasing use of intensive farming 
methods [6]. Bioenergy technologies such as MFCs could help manage these large 
volumes of residues and also produce electricity in the process [6]. Microorganisms 
well adapted for harsh conditions often present in composts have been studied and 
their electrigenicity (ability to generate electricity) fairly assessed. These organisms 
are employed in the digestion of various kinds of organic matter realized as residues 
from the activities of agriculture. Archaebacteria, such as Haloferax volcanii and 
Natrialba magadii; Acidobacteria, such as Geothrix fermentans and Arcobacter sp.; 
Cyanobacteria, such as Synechococcus elongates and Nostoc sp.; Firmicutes, such as 
Clostridium butyricum and Thermincola sp.; Proteobacteria, such as Rhodospirillum 
rubrum and E. coli; Yeast, such as Saccharomyces cerevisiae and Arxula adeninivo-
rans; and Algae, such as Chlamydomonas reinhardtii and Chlorella sp., have been 
employed as useful electricigens in various MFCs [13] for the breakdown of organic 
matter. The breakdown of organic wastes in MFCs often results in the conversion of 
the waste materials into environmentally friendly safer forms. 

3 Health and Wellbeing Promotion (SDG 3) 

The insanitary management of wastewater creates enabling environments for the 
spread of diseases including malaria. Stagnant water in particular promotes the 
growth of Anopheles mosquitoes that are responsible for malaria. Also, when fecal 
sludge is not treated before discharge, several bacterial, fungi, protozoan, and viral 
diseases can be spread leading to an incapacitated population and by extension, 
economy. MFCs have proved to be capable of treating high-strength wastewater [5] 
thus can reduce the incidences of pollution often resulting from poor handling of 
industrial wastewater. 

Also, poor wastewater handling reduces the esthetic quality of the environment 
aside the fact that the environment is polluted and ecosystems are disturbed. A clean 
environment promotes wellbeing. Sereneness promotes emotional balance and inner
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peace [21] and these are important factors for an individual’s wellbeing. Also, the 
presence of a clean environment and clean air for breathing reduces the chances of 
one falling ill. Clean environments are known to help convalescence recover quickly 
from ill-health [55]. Moreover, MFCs can help reduce pollution resulting from the 
use of fossil fuels. The release of COX, NOX, and SOX from fossil fuel use can lead 
to disease conditions associated with cardiovascular disorders. Unfortunately, these 
gases can be transported further away from polluting sources and cause harm to all 
forms of biota. MFCs provide renewable energy with no external carbon emission 
[20]. It is therefore beneficial for use in the construction of safe and sustainable 
infrastructures (planned settlements, hospitals, recreation centers) that are necessary 
for our wellbeing. 

4 Water and Sanitation for All (SDG 6) 

Conventional water treatment facilities are high-energy consumers. In the USA, 
for example, they account for an approximated 116.07–145.08 out of the 2,901.67 
USD/MWh costs of electricity production using a 10% discount on “levelised” cost 
of electricity generation [28]. This high-energy consumption of conventional water 
treatment plants increases their carbon footprints and also, may limit their profit 
margins. Suitable alternative energy sources are thus needed to reduce the reliance 
on fossil fuel-based ones. The MFC technology is one promising choice, espe-
cially because it supports cyclic economy by converting waste into energy and other 
resources (ie, manure). MFCs may be used as a standalone source or supplementary 
energy source for conventional wastewater treatment plants. Some researchers have 
recorded high COD and BOD reductions (see subsequent sections) that make this 
technology a candidate for wastewater reuse and thus can promote environmental 
sanitation. Across the world, large volumes of domestic wastewater are generated 
and discharged, sometimes without any form of treatment. For instance, in Ghana, 
less than 8% of domestic wastewater generated are treated [64]. Meanwhile, treated 
domestic wastewater can at least be used for irrigation purposes or discharged into 
wetlands to support the biodiversity of wetlands. 

Also, groundwater resources are abundant in many parts of the world and are 
relatively safer to use compared to surface waters. They usually require no treatment 
at all, especially in less industrial and agricultural environments. However, because 
of the need for energy to pump groundwater for use, their availability in remote areas 
in the developing world is limited. MFCs have the potential to overcome the “energy-
need barrier” of electric powered boreholes. It is relatively easier to assemble and 
detach. Fully functional MFCs can serve as sustainable batteries for electric powered 
boreholes in remote areas not connected to national grids. With reduced energy cost, 
the availability of clean water for the observation of good sanitary practices (cleaning 
and maintenance) will most likely increase and thus reduce the incidences of disease 
outbreaks related to poor sanitation. MFCs can also be used to treat fecal sludge and 
therefore contribute to the safe management of human waste.
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5 Affordable, Reliable, Sustainable, Modern Energy for All 
(SDG 7) 

The energy produced from MFCs is from the chemical energy stored in the organic 
fraction of solid waste and wastewater. Thus, the energy from MFCs can compa-
rably be more affordable than fossil and thermal-based sources. The initial cost of 
constructing MFCs can be high but considering the fact that the source of energy is 
from waste, it has a long-term benefit including the improvement of environmental 
quality. Biohydrogen can also be produced from MFCs [20]. Hydrogen is a cleaner 
source of energy (no carbon emissions) that can be made more affordable with the 
use of MFCs. Since MFCs are comparably easier to assemble, they can be set up 
in remote areas for biohydrogen production to support electricity generation and 
thus reducing the need for connection to national grids. The high cost of extending 
electricity from the national grid to remote areas is one of the main reasons why a 
number of remote communities live without electricity in the developing world. When 
cheaper, simple, and more efficient electrode materials, membranes, and catholytes 
are developed, MFCs will have the additional advantage of being easy to operate and 
maintain and thus be a more sustainable source of energy. So far as humans exist, 
organic waste will be produced. This presents some assurance of the continuous avail-
ability of sources of raw materials for the running of MFCs for affordable energy. 
Also, MFCs with microalgae as terminal electron (O2) producers in the cathode 
chamber have the additional benefits of producing algal biomass, which can be used 
for biodiesel production [30]. Biodiesel can be used as an alternative to natural gas 
and diesel for the running of engines. 

6 Resilient Infrastructure, Sustainable Industrialization, 
and Innovation (SDG 9) 

MFCs have several applications including use for nutrient recovery [65], heavy metal 
reduction [59], biohygrogen production [33], and as biosensors [14]. It is a technology 
that allows for innovation in many aspects of science and technology. It occupies a 
relatively small space, thus is appropriate in this era and for the future as land space 
is continuously becoming a limited resource. Wastewater treatment plants such as 
stabilization ponds occupy large areas of land but traditionally perform one function 
(wastewater treatment). Meanwhile, MFCs per their designs will occupy relatively 
small areas of land and besides wastewater treatment, produce electricity, and several 
other products including biohydrogen and algal biomass. Currently, industrial devel-
opment is on the trajectory of efficiency and low carbon footprints. Industries that 
are interested in clean and affordable energy will find MFCs as ideal alternatives 
or supplementary energy sources to promote the eco-friendliness of their business 
through cuts in carbon emissions.
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7 Usefulness of MFCs for Achieving SDGs 12, 13, 14, 
and 15 

This section discusses three SDGs together because of the cross-cutting nature of 
the usefulness of the MFC technology to these goals. 

7.1 MFC as Biosensors to Monitor Pollution 

Generally, a sensor is a device that measures physical variables such as temperature, 
pressure, mass, light, humidity, and strain. It then converts the measured variable 
into an accessible signal, usually an electric signal, by a transducer. The electric 
signal generated is transferred to a microprocessor that translates it into a meaningful 
reading to be displayed [68]. Sensors require power for their functionality. Many 
sensors have a battery as their main power source. Power is needed for data processing 
and communication. Sensors use a communication system as they can be in a remote 
area or at a non-accessible location of the equipment. Data transmission can be 
costly in terms of energy consumption, the energy required depends on the specific 
sensor category. Gas sensors require a higher amount of energy compared to image, 
temperature, and pressure sensors [45]. 

Battery-powered sensors come with their limitations as the batteries have to be 
replaced or recharged. Self-powered sensors can help overcome this challenge as they 
can harvest the needed power for sensing, computing, storage, and communication. 
The power needed can be harvested from the signal being sensed or from other 
energy sources like solar energy and ambient vibrations. This provides a reliable and 
sustainable means of monitoring and assessment [47]. An MFC-based biosensor is a 
self-powered device that can run for a long period. The device is user-friendly, cost-
friendly, easy to install, and reusable [40]. MFC-based biosensors can be used for 
various applications like water quality monitoring (such as biological oxygen demand 
(BOD), chemical oxygen demand (COD), dissolved oxygen (DO), microbial activity, 
and heavy metals monitoring in wastewater and monitoring of air quality. These are 
all parameters that are useful in assessing how far SDGs 12, 13, 14, and 15 have 
been achieved. The operational mechanism of an MFC-based biosensor is such that 
it measures the analyte of interest and gives a corresponding response to its output 
electrical current, without the need for a transducer. The sensing step is integrated 
with the electrical signal transition step. This gives it a fast response time [53]. 
With this technology, proper environmental monitoring can be done for example 
concerning industrial water effluents. This will ensure effluents released into the 
environment are meeting the required standards and are not affecting life under water 
directly or indirectly (SDG 14). With MFC-based biosensors being self-powered, 
monitoring can be done in remote areas (e.g., Benthic regions) and for long periods. 
This can help check and ensure responsible behavioral practices from producers and 
end-users (SDG 12). Sediment microbial fuel cell (SMFC) is a proven application
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of MFC-based biosensor. Under appropriate working conditions, SMFCs generate 
electrical energy by oxidizing organic matter [34]. This technology has been used in 
the aquatic environment for the monitoring of temperature [70], dissolved oxygen 
concentrations [51], and water quality including pH, electrical conductivity, Cl−, K+, 
NO3

−, and SO4 
2− [57] in remote areas. With SMFC, monitoring of seawater/ocean 

floor can be done (SDG 14). 

7.2 MFC for Bioremediation 

The application of MFCs for the remediation of various organic and inorganic envi-
ronmental pollutants is an area of interest as it can help many manufacturing and 
processing industries manage waste generated from their processes [35] (SDG 12). 
Studies show that MFCs can be used for the effective degradation of antibiotics 
(e.g., chloramphenicol, sulphamethoxazole, acetaminophen), phenolic compounds 
(e.g., 2,4-dichlorophenol, p-nitrophenol, 4-chlorophenol), synthetic dye (e.g., azo 
dye, methyl orange, monoazo dye, congo red), nitrogen-based compounds (e.g., 
pyridine, ammonium), organic solvents (e.g., ethyl acetate, toluene), polycyclic 
aromatic hydrocarbons, pesticide, perchlorate, sulfur, emerging contaminants (e.g., 
bisphenol A, estrone, sulfamethazine, triclocarban), and trace organic compounds 
(e.g., atenolol, trimethoprim, naproxen, ibuprofen, caffeine, dilantin, norfluoxetine, 
diclofenac, cimetidine) [35]. With the wide application of this technology, respon-
sible and environmentally friendly management of waste by industries including food 
processing, textile, pharmaceutical, plastic, petrochemical, refinery, printing, leather, 
detergent manufacturing, and mining industries can be achieved. The production and 
use of fossil fuels come with a lot of environmental threats that need to be addressed. 
One of such threats that cannot be overlooked is oil spillage. MFC technology can 
be utilized for the biodegradation of hydrocarbons (Oils spills). It has been used in 
the biodegradation of hydrocarbon-contaminated sediments [39], phenanthrene, and 
benzene in aqueous systems [4] (SDG 14) and petroleum hydrocarbons in saline 
soils [32]. As such, MFCs can be explored as a technology for oil spill cleanup either 
in combination with other methods or independently. This offers effective cleanup 
while reducing the risk of secondary pollution. Also, an added benefit of using MFC 
for oil spill cleanup can be the use of power generated from MFC for powering 
power-consuming cleanup activities.
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8 MFC for the Production of Renewable Energy 

8.1 Power Generation from Wastewater Using MFC 

Currently, fossil fuels are a major source of energy [41]. With fossil fuels being non-
renewable, the world is burdened with possible exhaustion of this resource and envi-
ronmental pollution challenges that come with the use of fossil fuels. The combustion 
of fossil fuels to generate electricity contributes to about 40% of global CO2 emis-
sions, which is a major contributing factor to global warming [2]. The effects of 
global warming go beyond an increase in average temperature. Plants’ and animals’ 
extinction, rise in global sea levels and ocean acidification, and attack on food and 
water security among others are all threats facing our world. Climate change today is 
a pressing challenge and a collective effort is thus required to help reduce emissions of 
CO2 and other greenhouse gases from human activities. To ensure a responsible devel-
opment, there is a need for us to move towards sustainable ways of producing energy. 
Already, renewable energy sources such as wind energy, solar energy, geothermal 
power, and biomass energy are currently being explored and are fast-growing [19]. 
According to the International Energy Agency (IEA) [27], 29% of electricity gener-
ated globally was from renewables. Similarly, the microbial fuel cell technology 
is an alternative technology for energy production as it can convert the chemical 
energy of organic compounds into electrical energy, while reducing carbon footprint 
and environmental pollution (SDG 13). The power generation process of MFC is 
clean, reliable, and efficient as it utilizes renewable methods and does not generate 
any toxic by-products [15]. The MFC technology can be applied to a wide range 
of waste sources, including solid waste and wastewater, from domestic and various 
manufacturing and processing industries such as agriculture, food processing, oil, 
and mining. With waste sources being readily available, power can be generated all 
year-round and at a relatively low cost (SDG 12). Considering the benefits of MFC 
as a power generation alternative, there is the need to explore this technology and 
commercialize it [15]. 

8.2 Power Generation from Methane Using MFC 

Over the years, several technologies have been used to produce electricity from 
methane [22]. Fortunately, methane can be available in large quantities and there is the 
need to explore ways of capturing, storing, and safer ways of generating power from 
it. This will provide sustainable means of generating power, while mitigating the envi-
ronmental threat methane poses. Globally, methane emissions from natural sources 
and human activities are estimated to be in hundreds of million tonnes [26]. Agri-
culture is considered the main source of methane emissions followed by the energy 
sector. Other sources include stationary and mobile waste combustion. Methane is 
a more potent greenhouse gas compared to CO2 and also affects air quality making
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it a dangerous air pollutant [26]. The main difficulty with the biological conversion 
of methane to electricity has been finding suitable microbes for effective anaerobic 
CH4 oxidation. Though biological conversion of methane to power with MFC tech-
nology has its challenges, conventional technologies such as gas-turbine generators 
and conversion of methane to liquid fuel are capital intensive [31]. Previous studies 
have shown that a sustainable and considerable amount of electricity can be gener-
ated in MFCs using specific microbes and a combination of selected microbes [31]. 
The use of external electron carriers and increasing acid concentrations proved to 
increase current generation and power density. Moreover, MFC technology offers 
flexibility in operations and provides the ability to integrate with other processes. A 
two-staged system, where methane is initially converted to liquid fuel, like methanol, 
and then followed by electricity generation, using methanol as substrate in an MFC 
has proven to generate maximum power density [31]. MFC has a promising future 
concerning energy production from methane (SDG 13). Also, with methane being 
available in large quantities all year-round, it can serve as a sustainable source of 
energy that supports the MFC technology to perform better. This will help meet the 
growing global energy demands with a more responsible approach. 

8.3 MFC for Biohydrogen Production 

Biohydrogen can be produced from microbial electrolysis cells coupled with MFC 
(MEC–MFC). This technology offers a sustainable and clean way of producing 
hydrogen. Currently, the majority of global industrial hydrogen production is based 
on fossil fuels like oil, natural gas, and coal [10]. MEC–MFC accomplishes the 
production of biohydrogen by combining electrolysis and MFC technology for the 
conversion of organic materials from biodegradable wastes to high-purity hydrogen 
[54]. Electrolysis is performed in the MEC, whereas electricity for the electrolysis is 
supplied by the MFC. Conventional methods for hydrogen production that employ 
the use of electrolysis have relatively high electricity demand [54]. However, with 
improved technology in MEC–MFC-coupled systems, hydrogen can be extracted 
from substrates without extra electricity supply [54] (SDG 12). Hydrogen is exten-
sively used by many industries for a variety of applications. It is mainly used in 
petroleum refinery processes such as for desulfurization and cracking of oil [22]. 
Hydrogen is used as a raw material or for the synthesis of chemicals such as methanol, 
dimethyl ether, cyclohexane, and ammonia [10]. Other industrial uses include astro-
nautics, aeronautics, metallurgy, plastics, steel, electronics and semiconductors, food, 
and edible oil processing. As the world seeks to move towards clean and renewable 
energy resources, the use of hydrogen as an energy carrier in fuel cells for generating 
electricity and as an alternative fuel for vehicles is being heavily explored [10] (SDG  
12). Compared to fossil-based fuels, hydrogen has higher mass energy [60]. More-
over, it does not contain any traces of carbon making it environmentally friendly [1]. 
This would help solve the problem of greenhouse gase emissions from vehicles (SDG
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13). The Intergovernmental Panel on Climate Change (IPCC) [25] report on miti-
gation of climate change estimated that 23% of total energy-related CO2 emissions 
were produced from the transport sector. Studies carried out to explore the feasi-
bility of hydrogen as a potential replacement for fossil fuels showed that hydrogen 
fuel offers economic savings compared to conventional fuels [50]. Fuel cells convert 
chemical energy from fuels into electrical energy through electrochemical reactions 
[38]. Thus, a hydrogen-powered fuel cell will serve as a sustainable technology for 
powering vehicles. This will help the world’s agenda of phasing out fossil-fuel cars 
to mitigate global warming and climate change (SDG 13). 

8.4 MFC for Water Recycling 

Water is a major resource for most human activities [43]. These include the use of 
water for domestic, agricultural, commercial, and industrial purposes. The overall 
demand for water keeps increasing, contributing to an increased generation of 
wastewater. Therefore, there is a need to explore new technologies for the treatment 
and reuse of wastewater. These technologies should not just aim at treating wastew-
ater for its safe disposal into the environment but also maximizing the recovery 
of resources from the treatment process. Wastewater is a source of contaminants, 
such as nutrients, hydrocarbons, heavy metals, endocrine disruptors, microbes, and 
organic matter, which can have adverse effects on humans and the environment. It 
can also serve as a breeding ground for disease-causing pathogenic microorganisms 
such as bacteria, fungi, protozoa, and viruses [7]. Available methods for the treat-
ment of wastewater involve physical, biological, chemical, and mechanical processes 
such as filtration, precipitation, sedimentation, coagulation/flocculation, oxidation, 
biodegradation, adsorption, and ion exchange. These processes are costly as they 
consume a lot of energy and chemicals. The treatment process also generates excess 
sludge that needs to be disposed of after the treatment. Therefore, there is the need 
to move towards cheaper and more effective treatment methods [17]. 

The application of MFCs for treating wastewater offers a more sustainable treat-
ment option and utilization of wastewater as compared to traditional wastewater treat-
ment systems that focus on meeting discharge standards and stabilization of sludge. 
It has been reported that wastewater has an energy content of 3–10 times higher than 
the energy required to treat it [23]. With MFC technology, intrinsic energy locked in 
wastewater in the form of chemicals (such as organic matter and nutritional elements 
such as nitrogen and phosphorus) and thermal energy can be harvested [23]. Other 
processes involved in the treatment process that requires electricity can be powered by 
internally generated energy using this technology. This makes the treatment process 
energy self-sufficient [23]. Agriculture alone contributes to about 70% of the total 
freshwater use in the world [3]. Exploring alternative sources of water for the agri-
culture sector is important as it will reduce the demand for freshwater. Burek et al. 
[12] projected an annual demand of up to 5,500–6,000 km3, which translates into 
about a 20–30% increment above the current water demand level, by the year 2050,
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due to rising demands in the industrial and domestic sectors. With wastewater treat-
ment systems providing an alternate source for irrigation water, the stress levels on 
the demand for freshwater could be reduced. Growth in the agriculture sector would 
not only ensure food security but would also help mitigate poverty globally. As the 
production of wastewater is continuous, reclaimed water provides a reliable water 
source [16]. Using reclaimed water from wastewater treatment for irrigation can 
help alleviate water scarcity and promote food security. Besides proving an alterna-
tive water source for irrigation, reclaimed water can serve as sources of nitrogen and 
phosphorus needed by plants [16]. Also, it can be a source of plant micronutrients 
such as iron, manganese, zinc, copper, boron, nickel, and molybdenum. This will 
help reduce fertilizer needs in crop production [16]. 

8.5 Energy Production to Reduce Deforestation (SDG 15) 

About 2 billion individuals rely on forest goods like natural products, game meat, 
fibres, and fuelwood to meet basic needs [36]. Fuelwood is a major source of energy 
for most rural populations across the world. Fuelwood harvesting in developing 
nations is so significant to the point that it rivals other sources of modern energy like 
electricity but this is mainly among needy individuals in rustic regions [37]. 

The utilization of fuelwood, in general, has been identified with deforestation, 
land debasement, loss of biodiversity, and environmental change [49]. Firewood 
represents more than 54% of all worldwide gathers per annum which brings about a 
huge volumes of forest loss [63]. Wood fuels are made of firewood, charcoal, black 
liquor, and wood waste [18]. It is mostly collected from the forest, often as branches 
or twigs. The forest constitutes the world’s largest and most important terrestrial 
environment and has the biggest supply of plants and other creatures on land [37]. The 
demand for sustainable energy is urgent because of the depletion of forest resources, 
increasing energy consumption, and environmental pollution due to the burning of 
wood to produce charcoal [48]. Deforestation is the second most significant ozone 
emissions activity in the world [58]. With the emergence of the MFC technology to 
produce energy, we can move away from the use of wood fuel and charcoal, which 
destroy biodiversity. 

9 Conclusion 

In this chapter, we have discussed the potential benefits of the microbial fuel cell 
technology to sustainable development through the technology’s relevance for the 
achievement of nine (9) SDGs. The key benefits of the MFC technology identified 
were wastewater treatment and reuse, energy production, resource recovery, and 
the prevention of environmental pollution. The MFC technology however requires 
further research to bring it up to the level of commercialization.
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Bioremediation of Organic Pollutants 
Through Microbial Fuel Cells 

Thiruppathi Krithika , Thiruppathi Iswarya, and Thiruppathi Sowndarya 

Abstract The microbial fuel cell (MFC) is a bio-electrochemical technique which 
employs the inherent metabolic characteristics of microorganisms to produce elec-
tricity. In the MFC, microorganisms absorb the nutrients within their medium with 
the release of a portion in the form of electrical energy. MFCs toil as an assuring tech-
nology toward renewable power production during the corrosion of biodecomposable 
organic material in the occurrence of electrogenic bacteria. The accurate application 
of MFC is synchronous bioremediation and electricity generation. Bioremediation is 
the method used to manage polluted media, like water, mud, and subsurface matter, 
through modifying environmental circumstances to incite the growth of microor-
ganisms and diminish the pollutants. Bioremediation becomes accepted generally as 
a viable choice employing simply resided microorganisms. In these circumstances, 
MFC could be employed as a possible means to incite bioremediation for the efficient 
elimination of numerous contaminants. The unique characteristics include energy-
saving, not as much sludge, and power generation makes MFCs exceptional tech-
nology contrasted to traditional technologies. The chapter is principally directed on 
the applicability of MFCs towards the elimination of diverse ecological contami-
nants, viz. antibiotics, pesticides, synthetic dyes, phenol compounds, and polycyclic 
aromatic hydrocarbons from industrial wastewater. Although the prevailing applica-
bilities of MFC technology are yet at the lab scales, it will show great prospects for 
practical applications in the future.

T. Krithika (B) 
PG and Research Department of Microbiology, Hindusthan college of arts & science, Coimbatore 
641028, TamilNadu, India 
e-mail: krithikat2294@gmail.com; krithlka.t@hlcas.ac.ln 

T. Iswarya · T. Sowndarya 
Department of Environmetal Sciences, Bharathiar University, Coimbatore 641046, TamilNadu, 
India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
A. Ahmad et al. (eds.), Microbial Fuel Cells for Environmental Remediation, 
Sustainable Materials and Technology, 
https://doi.org/10.1007/978-981-19-2681-5_10 

183

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2681-5_10&domain=pdf
http://orcid.org/0000-0002-8385-6466
mailto:krithikat2294@gmail.com
mailto:krithlka.t@hlcas.ac.ln
https://doi.org/10.1007/978-981-19-2681-5_10


184 T. Krithika et al.

1 Introduction 

The rise in social residents has promoted environmental hazards, directing to the 
accelerating disintegration of the atmosphere, water, and ground reserves. Wastew-
ater holding numerous pollutants remains the principal cause of environmental pollu-
tion in surface and groundwater bodies. But the huge energy expenditure and the 
operational expense are significant difficulties for the present wastewater manage-
ment methods, it has been assessed that the processing expense is high almost 3% of 
the world’s electrical power being utilized, as well as sludge dumping expenses, are 
50% of wastewater processing [30]. Microbial fuel cells (MFCs) achieved tremen-
dous overall concern in recent years. MFC employs microorganisms for the degra-
dation of organic and inorganic substances beside the production of bioelectrical 
power [11]. The MFC expertise becomes accepted as it is an eco-friendly strategy 
contrasted to traditional technologies on the road to the controller of environmental 
contamination. The major benefits of MFC technology for detoxification of pollu-
tants comprise (i) decreased generation of activated sludge, (ii) gas usage not needed, 
(iii) energy involvement not necessary for exposure to air, (iv) direct transformation 
of substrate energy into electricity, and (v) be able to be performed at whichever 
temperature. In the last 5 years, huge advancements made to improve the enactment 
of MFCs for both “clean” bio-electricity production and bioremediation of pollu-
tants. Researchers over the world have studied the applicability of MFCs for the 
processing of various classes of wastewaters from public or household practices, 
food processing, protein food industrial practice, acidogenic food waste, beverages 
industry, beer brewery, winery, confectionary industry, dairy industry, yogurt produc-
tion, agro-processing industry, mustard tuber, cassava mill, palm oil mill, livestock 
industry, animal carcass, swine, mining and allied industry, recalcitrant pharmaceu-
tical industry, steroidal drug production, paper recycling industry, and petrochemical 
industries. In this chapter, the applications of MFC towards the bioremediation of 
the most commonly used organic pollutants are discussed. This chapter is an effort 
to paraphrase the most current innovative findings on the applicability of MFCs 
for the bioremediation of organic pollutants. Taken together, this chapter provides 
insights into the simultaneous wastewater processing and generation of bioelectricity 
in MFCs. 

2 Microbial Fuel Cell and Bioremediation 

The MFC is a bio-electrochemical method which employs the normal biochemical 
reactions of microorganisms particularly bacteria to produce electrical energy. In the 
MFC, microorganisms use the nutritive substances within their medium and, further-
more, discharge a part of the power reserved in the foodstuff in the state of electricity. 
MFC comprises an anode compartment and a cathode compartment. These compart-
ments are isolated by the proton exchange membranes (PEM). An MFC’s prospective
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can be created as the oxidation of organic material by means of bacterial population 
at the anode chamber along with the reduction of oxygen at the cathode chamber 
[14]. The advantages of MFC technology in the water purification process are as 
follows. It transforms pollutants into valuable electrical power during the liberation 
of CO2 and H2O. It guards the inherent ecosystems against environmental deteri-
oration; autonomy of external fuel sources, that tenders it as an energy-proficient 
technology. It could manage organic and inorganic pollutants, beside high discharge 
rates. It comprises the production of almost less quantity of sludge. It can further be 
implemented to manage contaminated soil and gaseous pollutants; hence, soil and 
air pollution could be overcome especially. It is an environmentally friendly manner 
since it utilizes ample microbes including air during its functions. Additionally 
algae, plants, and light can notably enhance the pollutant discharge effectiveness 
of MFC-based fusion reactors. Algae-based MFC systems can correspondingly be 
utilized to bring value-added yields from scraps [23]. Rising energy requirements 
in the current world have created the search for alternate options renewable energy 
aids and innovative energy generation technologies. MFC technique is recognized 
as an option that not just generates electrical power but further helps in sewage 
water management. Conventional fuel cells function based upon electrochemical 
laws employing hydrogen and oxygen as fuels besides H2O, high temperature, and 
electricity as the outputs. Based on the substrates employed in the fuel cell, they 
are categorized as alkaline fuel cells, phosphoric acid fuel cells, molten carbonate 
fuel cells, solid oxide fuel cells, and polymer electrolyte membrane fuel cells. The 
peculiar microbial fuel cells employ the usual metabolic reactions of microbes to 
decompose organic and inorganic substances existing in the sewage water with 
the simultaneous liberation of protons and electrons. The generated electrons are 
grasped and used in producing electrical power. According to the discrimination of 
anodic and cathodic compartments, MFC is categorized as single-chambered MFC 
and dual-chambered MFC. Among different kinds of wastewater utilized as raw 
materials, wastewater of food industries, beverage industries, dairy industries, paper 
recycling industries, and distilleries exhibited the excellent capability to influence 
MFCs. Animal discard is also employed as a raw substrate in MFCs as its approach 
is associated with electricity production, as well as electrical power generation. 
MFCs are standing employed in efficient organic material elimination, metallic 
elimination, and dye elimination from multifarious classes of wastewater [9]. 

Employing microbial fuel cells allows an eco-friendly as well as a promising 
way for transforming organic matter into electricity. MFCs utilize the electrode as a 
long-term electron receptor for anaerobic microorganisms that improve the decompo-
sition of organic material under anaerobic surroundings. Hence, MFC can degenerate 
a broad range of organic compounds into biorefractory organics. Recently, remark-
able studies converged on evaluating the efficacy of MFC to enhance total carbon 
removal. Though its by-products are more lethal than the mother compounds in the 
course of microbial decomposition, accordingly, toxicity subsequent MFC approach 
necessitates further investigation [26].
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3 Bioremediation of Common Organic Pollutants in MFC 

The application of microbial fuel cells for the remediation of numerous ecological 
contaminants such as antibiotics, synthetic dyes, phenolic compounds, polycyclic 
aromatic hydrocarbons, and pesticides is presented below. 

3.1 Bioremediation of Antibiotics 

Antibiotics under the most important classes of organic compounds utilized in human 
and veterinary medicine. They are commonly used worldwide in the animal industry 
as supplements to enhance animal growth. The use of antibiotics is large and ongoing 
due to universal economic growth and residents of almost 100,000–200,000 tons/year 
[35]. Because of improper absorption and lack of biochemical reactions in the 
intestines of humans and faunas, high antibiotics are released as an unaffected active 
ingredient and metabolite into feces and urine. Therefore, continued and excessive 
use of antibiotics causes significant antibiotics occurrence in the environs. Deposits 
of antibiotics in the atmosphere can be collected by food chains [28]. 

The problems associated with commonly used antibiotics are their potential side 
effects in humans. Liver failure, yellow teeth, and stomach problems are caused by 
the tetracycline antibiotics even in low concentrations. It also causes some allergies 
in hypersensitive people. In addition, their diet often causes drug intolerance. In 
particular, antibiotics used to prevent and treat disease are commonly seen in many 
marine ecosystems. Therefore, the aquatic ecosystem and its associated environ-
mental problems and public health issues continue to pose serious environmental 
problems [35]. Similarly, appropriate measures to address the problems of antibiotic 
contamination, especially in animal contaminants, are needed. Sulfonamide (SMs) is 
one of the most extensively used veterinary classes in the swine industries to prevent 
diseases that include promoting pig growth. Polluted water in pigs is an example of 
a major source of bacteria in the atmosphere, due to the large number of antibiotics 
used in medicine in addition to the feed in the pig industry. SMs are one of the ancient 
and most broadly used antimicrobial drugs in pig farms in terms of their commer-
cial efficacy and comparability to other common bacterial infections. Recently [6], 
examined the extraction of large amounts of organic material in pig-contaminated 
water into a microbial fuel cell and the removal was somehow affected by the avail-
ability of SMs. He recommended that a stable voltage be generated at the MFC by 
supplying the polluted water to the pigs. Adding SMs enhances the generation of 
electricity by the improved function of exoelectrogenic bacteria following the time 
of breeding and the improved ability to relocate electrons from the microbe cell to 
the anode chamber. The concomitant release of sulfamethoxazole, sulfadiazine, and 
sulfamethazine into microbial fuel cells was significantly stronger than removal from 
a normal anaerobic reactor.
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Zhang et al. [32] reported that the optimal destructive efficiency (>99.29%) 
of SMX was achieved in the MFC-constructed wetland coupled-biofilm electrode 
reactor (MFC-CW-BER) system. Cheng et al. [7] used different biochar volumes of 
pomelo page in the MFC anode chamber and investigated their ability to improve the 
elimination of SMs in successive MFC operations. The improved effect of adding 
additional biochar to MFC based on power generation, COD extraction, and nutrient 
extraction in pig-polluted water was also found. Wen et al. [27] showed that carbon– 
compound combinations and ratios, external resistance, and aeration length play 
an important role in regulating sulfamethoxazole and tetracycline elimination and 
bioelectricity production potential in MFC-CWs (wetlands built with microbial fuel 
cells). Li et al. [15] tested the efficacy and energy-saving properties of polluted water 
antibiotics and developed and evaluated an integrated MFC system through granular 
activated carbon (GAC) expanded by a powerful membrane cathode. Reducing 4e− 
or 2e− pathway oxidation reactions occur over an extended cathode between GAC or 
via FeOOH/TiO2/GAC, respectively. Electricity density was pointedly enhanced by 
another granular activated carbon (GAC), whereas the 2e− pathway ORR produces 
hydrogen peroxide (H2O2) that produces 90% more harmful tetracycline hydrochlo-
ride in the forage water. From energy generation awareness and energy ingestion 
analysis, this integrated MBR/MFC program has been revealed to save energy and is 
more environmentally approachable than the non-integrated MBR-MFC. The study 
recommended the use of tiny fuel cells for the effective use of antibiotics. 

3.2 Bioremediation of Synthetic Dyes 

Dye is a colorful material that is related to the material used. The dye is typically 
applied to an aqueous solution and necessitates a mordant to progress the speed of the 
dye mixture in the fiber. Fabric dyes are divided into Azo dye, Nitro dye, Indigo dye, 
Anthraquinone dye, Phthalein dye, Triphenyl methyl dye, Nitrated dye, etc., based 
on the chemical structural characteristics [10]. Synthetic dyes are broadly utilized 
in textile dyeing, paper printing, color photography, medicine, food, cosmetics, and 
leather industries. About 3,000 types of dye computers are manufactured in the 
industry and a partial of these dyes belong to the azo dye compounds group. The 
structure of azo dyes is composed of an amine compound mixed with amine-related 
or phenol and in addition holds one or more azo bonds (–N=N–). The extraction of 
these dyes from natural water leads to the reduction of the azo group into fragrant 
amines and the accumulation of fragrant bio-amines has led to harmful effects on 
aquatic life as well as carcinogenic and mutagenic effects in humans [24]. Krithika 
et al. [14] reported a possible mode of action of ligninolytic bacterial consortium in 
the production of electrical power by the deterioration of the commercially available 
dyes of azo in a two-chamber MFC. Studies have concluded that ligninolytic bacte-
rial consortium has excellent anti-inflammatory and anti-inflammatory properties. 
Yadav et al. [29] designed and developed a MFC (CW-MFC) and tested its feasi-
bility. The study confirmed the potential for natural gas production and treatment
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of textile wastewater in the CW-MFC. Li et al. [16] developed a MFC and an inte-
grated anaerobic–aerobic detoxification system for the production of simultaneous 
electrical power generation. Electricity was generated through the process of co-
metabolism of glucose and azo dye. The UV–Vis spectra and GC–MS showed that 
azo linkage was separated by azo dye decolorization under anaerobic conditions in 
the biological anode compartment and abiotic cathode compartment. Rathour et al. 
[21] studied eco-electrogenic wastewater treatment of real dyestuff and the expres-
sion of small electrode-enriched community structures enriched by Fimbristylisdi-
chotoma implanted in a closed cycle formed by a wetland-MFC (CW-MFC) system. 
Bakhshian et al. [3] demonstrated the color removal of RB221 (reactive blue 221) 
using a laccase enzyme in a two-chambered fuel cell. The isolated enzyme of laccase 
was employed in the cathode compartment without any decolorization mediator of 
RB221 to enhance the oxygen-reducing response in the cathode. Molasses has been 
used as an inexpensive and high energy source in the anode compartment. The effect 
of MFC on synchronous molasses and dye elimination was studied. 87% efficacy of 
decolorization was succeeded in the cathode compartment and 84% COD elimination 
of molasses were observed in the anode compartment. Laccase may contribute to the 
elimination of the reactive blue 221 and have a progressive result on MFC enactment 
too. High energy density improved by about 30% once enzymatic pigment removal 
was accomplished in the cathode chamber. 

3.3 Bioremediation of Pesticides 

Pesticides are persistent organic contaminants that are of attention due to their exis-
tence in several ecosystems. Pesticides hold a broad range of synthetic chemical 
compounds of complex chemical formulations. An increase in the need for agro-
products and geographical climate changes resulted in a rise in the utilization and 
application rate of pesticides [20]. The unrestricted application of pesticides has 
produced serious environmental and health issues that further affected biodiversity 
as well. Pesticides are not simply lethal to humans but also pose a warning to the sanc-
tuary of topsoil, aquatic system, and air quality. The pesticide pollution of external 
and groundwater postures a dangerous menace to the bionetworks. The organochlo-
rine and organophosphates induce tumors, irritability, and convulsions and lead to 
environmental concerns due to biomagnifications [25]. 

Generally, pesticides need to be harmful to target insects, and they should not 
be unintended, including humans. In hindsight, this is also the case with improper 
pesticide management posing a potential risk to the workplace and environmental 
hazards. In addition, pesticide residues stored on plants can soon affect public health 
through food ingestion. The World Health Organization (WHO) summarizes the fact 
that pesticide poisoning has occurred in one million cases universally and has deliv-
ered confirmation that pesticides were liable for cancers that adversely affect various 
aspects of individual health. Pesticide pollution has contributed to the origins of 
cancer communities. This term indicates an area where the death degree of cancer is
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much more than average, possibly due to pesticide-filled toxins, especially in water 
[2]. Borello et al. [4] conducted previous research on the use of MFCs to improve 
DDE (2,2-bis (p-chlorophenyl) -1,1-dichlorethylene) soil pollution. Various labora-
tory conditions were used to evaluate the performance of MFCs. He reported that 
MFCs support adequate DDE removal within 2 months. The addition of bulk compost 
has long-term microbial activity allowed to achieve a percentage of DDE removal in 
6 months more than that achieved in 2 months in Soil + DDE MFCs. MFC energy 
production decreases over time, along with a decreased microbial metabolic activity. 
P-Nitrophenol (PNP) is used as a contaminant or synthetic intermediary in the prepa-
ration of small dyes, pesticides, and drugs. It causes blood disorders and causes renal 
and hepatic system damage, methemoglobin production, and complete toxicity when 
severely exposed. Zhao and Kong [33] investigated MFC’s ability to lower PNP levels 
between glucose as the only electron supplier. Its degradation principles were devel-
oped using the Box–Behnken experimental design (BBD) combined with a local 
reaction method (RSM). The effects of PNP degradation were assessed by ultra-
performance liquid chromatography quadrupole–time of flight mass spectrometry 
(UPLC/Q-TOF MS), and a catabolic method was obtained. In addition, the catabolic 
variability of anodic biofilm in investigated compounds has been explored. The huge 
effect sequence was used to study the microbiological distribution of biofilm in the 
MFC anode. Zhao and Zhang [34] examined the release of an electro-Fenton process 
incorporated into MFCs to release weed-killing mesotrione. Following long-term 
familiarity, the MFC-Fenton system can detect the effective elimination of mesotrione 
during microbiological synchronous degeneration and the Fenton oxidation process. 
The produced bioelectricity is well suited to make H2O2 Fenton oxidation at the 
MFC cathode via 3D modeling. In the meantime, microbiological breakdown and 
Fenton oxidation have shown degradation variability in many organic compounds. 
The efficient arrest of microbiological degradation of organic substances at the anode 
for instantaneous in situ Fenton oxidation at the cathode provides the MFC-Fenton 
system as a hopeful and continuous treatment for noxious substances. 

3.4 Bioremediation of Phenolic Compounds 

Phenolic compounds consist of a fragrant compound next to one or more hydroxyl 
groups mixed with a scented ring. Problems with phenol and its products have 
attracted international attention. Domestic and industrial activities, such as the 
production of phenolic resin, the oil industry, the manufacture of pesticides, plastics, 
cooking, wood products, wood, textiles, baths, detergents, and medicines, remove 
harmful and deadly phenolic substances from water such as rivers, lakes, and oceans 
[8]. 

Phenolic compounds, like catechol, are released from the atmosphere from many 
industrial sources and present a major ecosystem problem. Too much phenolic, in fact, 
an anthropogenic source, is considered an important contaminant of water systems. 
PC toxicity levels are typically between 9 and 25 mg/L in humans and surrounding
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aquatic environments, however, harmful effects on biodiversity have been reported 
even in areas below 1 mg/L. Phenol and some of its products are the most harmful. 
In humans, they affect severe noxiousness, eye irritation, allergies, and respirational 
tract and cause skin necrosis. Implantation of skin and weakening of the hepatic 
system, renal system, and additional interior organs and tissues. They have muta-
genic, carcinogenic, neurotoxic, immunotoxic, or endocrine-damaging effects on 
long-term exposure reported with significant phenolic value. Chlorophenols are one 
of the principal and utmost abundant sources of phenol-derived substances, especially 
those found in contaminated water from the chemical, metallurgical, pharmaceutical, 
pesticide, and textile industries. Plant-causing properties have been stated in various 
chlorophenols, and substantial amounts have been identified in sipping water, vegeta-
bles, and rooster products for public intake. Alkylphenols, like octylphenol ethoxy-
lates and nonylphenol, are a large group of uncharged surfactants, most involved in 
the construction of industrial scrubbing. These substances reach wastewater purifica-
tion plants, where they combine with microbiological biotransformation producing 
various lethal and bio-accumulative metabolites, remarkable for structural simula-
tions of estrogen act as endocrine disruptors in humans and animals. It also damages 
the CNS and the immune system. International governing bodies have imposed strict 
limits on phenol extraction and emissions. Both the US Environmental Protection 
Agency (EPA) and the European Union include several phenolic compounds, espe-
cially chlorophenols, nitrophenols, and alkylphenols, in their list of major pollutants 
in the water policy field [19]. Hedbavna et al. [12] have shown the degradation of 
biotransformation of phenolic groups of compounds plus their major by-products in 
groundwater contaminants utilizing bioelectrochemical systems. The phenols were 
biotransformed anaerobically with 4-hydroxybenzoic acid and 4-hydroxy-3-methyl 
benzoic acid that were trapped by electro-migration in the anode compartment. 
Oxygen, nitrate, iron (III), sulfate, and electrode were the receptors for decomposing 
electrons. Anode-connected electrons generate electricity (~1.8 mW/m2) while using 
acetate as an electron supplier. Electricity production began simultaneously along 
with the reduction of steel; the anode material was an electron receptor as bioener-
getically positive as a metal (III). Acetate extraction was increased by 40% in front 
of the anode compartment. Nonetheless, improved emissions of phenol occur merely 
for a diminutive time. The limited BES activity of in situ bioremediation necessitates 
an indulgent of the law and kinetics of reaction involved in the biodegradation of 
real substances associated with metabolites and the strophic interfaces and carbon 
sequences in the microbiological population. 

3.5 Bioremediation of Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are solid impurities with two or more 
benzene rings. Some are mutagenic, teratogenic, or carcinogenic and can posture 
a severe hazard to the environs and human wellbeing. The production of PAH is 
often connected with the unfinished incineration of fuels. Discarded PAHs can hoard
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in soil, soil, and sewage [13]. Polycyclic aromatic hydrocarbons have also been 
found in SHD (Settled House Dust), and several of these composites are known as 
mutagenic or animal carcinogenic substances. There is a high possibility for human 
contact to PAHs due to the universal presence of their cradles both indoors plus 
outdoors which results in inadequate incineration. PAH internal sources comprise 
gastronomic, heating system, smoldering, wood sweltering, wax light burning, and 
incense burning. External sources include automotive dissipate, forestry fires, volca-
noes, and industrial practices such as melting of aluminum and coke manufacture 
[18]. The low melting of PAHs creates one of the major problems affecting their 
efficiency of biodegradation. Due to its long-lasting persistence, immutability, muta-
genic and carcinogenic properties, PAHs have received research attention [5]. MFC 
technology has been formerly studied and conveyed to have biofunctional capability 
to remediate benzene at the anode. Zhang et al. [31] disputed that benzene biore-
mediation reconstruction was done by a graphite electrode and the electron received 
from an impaired sea urchin, signifying the power of electrode-based systems for the 
destruction of fragrant hydrocarbons in the atmosphere. In the course of simultaneous 
production of 1000 mg of glucose, he stated that the MFC packing form was used 
and 600 mg of benzene was completely reduced within 24 h. It is conveyed that the 
destruction of benzene and power generation occurs simultaneously with potassium 
ferricyanide substitute as a receptor of electrons. The fragrant benzene ring was prob-
ably first analyzed and broken down by mono- and/or dioxygenase, which rises in 
aerobic or microaerobic surroundings due to the rapid reaction kinetics, benzene can 
be converted positively under air-conditioned surroundings [1]. In another study, [17] 
observed and verified the efficacy of sediment microbial fuel cells through modified 
anode chamber and nanomaterials in in situ bioremediation of polycyclic aromatic 
hydrocarbons like phenanthrene and pyrene polluted soil. A cost-effective and easy 
conversion method containing carbon nanomaterials (graphene (GR), graphene oxide 
(GO), and CNTs (carbon nanotubes)) has been used. Transmitted energy SMFCs, 
biological concentrations, PHE and PYR in the gut, and the bacterial population at 
the anode chamber have been inspected. 

Sherafatmand and Ng [22] tested sediment microbial fuel cell (SMFC) for poly-
cyclic aromatic hydrocarbons (PAHs) bioremediate in groundwater. The outcomes 
showed a static power generation of 6.02 ± 0.34 and 3.63 ± 0.37 mW/m2 under 
external resistance of 1500 O with aerobic and anaerobic SMFC, respectively. Even 
though power generation was low, they had low internal resistance (i.e., 436.6 ± 
69.4 and 522.1 ± 1.8 O for aerobic and anaerobic SMFC, respectively) compared 
with collected works. However, the main advantage of this program was its biore-
mediation capacity, achieving 41.7%, 31.4%, and 36.2% elimination of naphthalene, 
acenaphthene, and phenanthrene, respectively, in the aerobic environs and 76.9%, 
52.5% and 36.8%, respectively, in the anaerobic environment. These results demon-
strated the ability of SMFCs in microbial stimulation to replicate the bioremediation 
of complex and PAH.
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4 Conclusion 

MFC technology is widely accepted because of its environmentally friendly strategy 
contrasted to traditional technologies aimed at pollution control. In addition, a 
number of critics have come together on a variety of concerns linked to MFC tech-
nology comprising devices and MFCs configuration, electrode and electrode surface 
modification, power generation, small statistical analysis, operating conditions and 
biofilm structure, multiple challenges and opportunities, basic electron transfer mech-
anisms, biological removal forces, environmental impacts and financial responses 
regarding the automatic sale of MFCs, etc. However, a complete review of the use of 
MFCs in pollution control is still lacking. Accordingly, the current chapter aims to 
compile recent reports on the use of MFCs in emissions from the aquatic ecosystem. 
MFC technologies may likewise be under attack in future applications in space tech-
nology due to their ability to generate energy, sustainable energy production, and 
the use of biosensors. Although MFCs have been widely used in recent eras, partial 
achievement has been distinguished in applied performance due to certain bound-
aries and encounters. Consequently, MFC technology devours so far to receive the 
attention and attainment of investing in conservational programs. 
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Bioremediation of Pharmaceutical 
Pollutants Through Microbial Fuel Cells 

Lali Growther, V. Mahalakshmi, and P. Yoonus 

Abstract Industrial revolution though has a positive impact on production, has 
resulted in a wide range of pollutants, which are discharged as landfills or into 
the aquatic ecosystems without prior treatment thereby polluting the environment. 
Biomedical wastes, especially pharmaceutical wastes are of great concern. Pollutants 
like antibiotics, antipyretic elements, analgesics, antidepressants, antihypertensive, 
contraceptives, steroids, hormones, drugs, and chemical residues from pharmaceu-
tical industries are labeled as environmental hazards that may cause a grave menace 
to human life and the ecosystem at large. Antibiotics are a major source of concern 
as these antibiotics will pave the way for developing antimicrobial resistance and 
transfer resistance to other populations of microorganisms. Other organic and inor-
ganic pollutants include hazardous chemicals that need to be treated before disposal 
into the environment. There are several technologies and methodologies that are 
being used by scientists and environmentalists to reduce these toxic effects. Microor-
ganisms play a significant part in bioremediation. The most promising technology 
that is emerging and eco-friendly is the use of microbial fuel cells (MFCs). This 
system operates with microbial populations or consortia in the degradation of pollu-
tants and generating electric current simultaneously. This review highlights the toxic 
pollutants from pharmaceutical industries, sources of entry of these chemicals into 
the environment, their toxicity, health risk, and the possible ways of bioremediating 
these pollutants. It is crystal clear from the available literary writings on MFCs that 
they have shown tremendous potential in the removal of various pollutants. This 
technology uses microorganisms to degrade toxic bioactive pollutants to non-toxic 
forms with the generation of electricity. This is an eco-friendly technology for a 
sustainable future.
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1 Introduction 

Nearly 50% of the demand for vaccines globally is met by the Indian Pharmaceutical 
Industry and hence India is considered to be the largest provider of generic drugs in the 
global market. Since pharmaceutical industries, manufacture lifesaving medicines, 
they are given prime importance. Apart from this, toxic pollutants are also gener-
ated that cause a grave menace to the environment, by reducing the quality of water, 
thereby harming the health of mankind. Therefore, the pharmaceutical industry has 
become a center of great concern. With the increasing demand for water, reuse of 
treated pharmaceutical wastewater using economic, safe, and sustainable treatment 
methods is required. The contamination of the environment by heavy metals and 
synthetic xenobiotics became a huge threat after Industrialization. Several pollutants 
pollute the groundwater, to name a few are pharmaceutical compounds, petroleum 
products, chloro- and nitrophenols and their derivatives, polycyclic aromatic hydro-
carbons, organic dyes, and pesticides. Due to the developments in medical research, 
there is a tremendous increase in the production of a large number of drugs and other 
medically important items. But on the other side of the coin, these pharmaceutical 
industries have also added many compounds to the environment, thus polluting it. 
Chang et al. in the year 2008 have reported that the effluent generated from the phar-
maceutical industries, which contains the raw materials used during the production of 
antimicrobials, multifarious drugs, and toiletries, will in sequence harm humans and 
aquatic life. These compounds may induce mutation because of their carcinogenic 
and genotoxic nature [1]. 

2 Need for Pharmaceutical Industries 

The pharmaceutical industry in the pandemic era is expected to come out with 
new medicines including vaccines, antineoplastics, and chemotherapeutic agents. 
In order to combat multifarious combinations of illnesses and diseases, these indus-
tries have started investing in innovation and futuristic ideations. But this method 
of investment may involve huge risk because for every thousand of new compounds 
tested, only a negligible number of compounds may reach the next stage, i.e., animal 
testing, very few may reach human clinical trials and, finally, one compound will 
be approved for sale in the marketplace, as per the guidelines of the regulatory 
authorities [2]. Keeping this in mind, recent research should invest in developing an 
innovative medical instrument that may require limited antibiotics for treating infec-
tious diseases. This has enabled the pharmaceutical industry to move towards the
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development of novel production systems, processes, and products that are sustain-
able. The obligatory personal care requirements are the use of innovative therapies, 
biopolymers as packaging materials, and medicines/drugs with prolonged efficacy 
and/or safety in previously treatable diseases. However, pharmaceutical pollutants 
are of major concern. Traces of chemicals in different forms pollute the soil and 
water in many ways. Hence, the high point is the need of a persistent connection 
linking R&D on real-time evaluation and care of cropping up contaminants and the 
instrument involved in the processes. This kind of an integrated approach should 
analyze the shelf life of the contaminants commencing from the origin to discharge 
to their elimination via bioremediation techniques, in addition also the health risks 
of these pollutants during this transmission process. 

3 Pharmaceutical Pollutants 

Pharmaceutical wastes can be solid or liquid. The nature of the waste is varied, 
complex, and recalcitrant. This is a kind of biomedical waste. In India, about 50– 
60% of the total solid waste generated is biomedical waste. The public law entitled 
“Resource Conservation and Recovery Act” (RCRA) provides us with the design for 
the proper handling of unsafe and non-hazardous solid wastes. The RCRA, based 
on the unique characteristics of hazardous wastes has categorized them into decisive 
lists of chemicals. 

4 Solid Pharmaceutical Waste 

Solid pharmaceutical waste is of a great concern because it contains both plastic 
and metals. It comprises mostly of used pharmaceutical residues like scalpels, 
needles, catheters, saline bottles, saline nasal sprays and syringes, contaminated 
items like blood/pus stained bandages, gloves, masks, and intravenous bags and 
tubing, drugs distribution devices like autoinjectors, inhalers and nebulizers, bare 
cases of drug containers, bubble cards, liquor therapeutics, and lotion. The regula-
tions for the disposal of pharmaceutical wastes in accordance with the notification 
from the Ministry of Environment, Forest (MoEF) and Climate change, Government 
of India, published in the year 2016, (on 28 March) in the Gazette of India, New 
Delhi, under Part II, Sect. 3, Sub-section (i), stresses the usage of non-chlorinated 
plastic bags, which are yellow-colored, or containers for the discarding of antimi-
crobials, antileukemic medicines, and things polluted with antileukemic medicines 
such as hermetically sealed containers made of glass and plastics. However, run 
out antileukemic medicines have to be eliminated by incineration at temperature 
>1200 °C, either through producer or distributer fretwork. This incineration can also
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happen in a customary infectious waste treatment facility or a compost facility (at 
>1200 °C) Or encapsulation or plasma pyrolysis at >1200 °C. Similarly, other scrap 
drugs also can be disposed by incineration. 

5 Liquid Pharmaceutical Waste 

Pharmaceutical manufacturing facilities, performing process operations, usually 
release huge volumes of liquid wastes such as slurry from chemical processing and 
taint solvents after cleaning tanks. Cecconet et al., in the year 2017, reported that 
liquid pharmaceutical wastes are the result of two opposed origins, the first being 
the pharmaceutical manufacturing units and the second from the day-to-day usage 
of pharmaceuticals. In addition, the Wastewater Treatment Plants (WWTPs) that 
are not accurately planned for the discarding of pharmaceutically active compounds 
(PhACs) may also act as the main reason for liquid pharmaceutical wastes. [3]. 
According to [4–6], the effluent from pharmaceutical industry may have a high level 
of pollutants including non-biodegradable organic matter such as antibiotics, other 
prescription drugs, non-prescription drugs, animal and plant steroids, reproductive 
hormones, beta-lactamides, anti-inflammatories, analgesics, lipid regulators, anti-
depressants, cytostatic agents, personal care products, detergent metabolites, flame 
retardants, products of oil use and combustion, and other extensively used chemicals, 
i.e., spent solvents, reaction residues, used filter media, etc., and heavy metals such 
as lead, mercury, cadmium, nickel, chromium, etc. 

6 Listed Hazardous Chemicals in Pharmaceutical Waste 
and Their Health Impact 

The RCRA lists of hazardous wastes comprise various pharmaceutical wastes and, in 
addition, these lists categorize a number of these wastes as acute hazardous pharma-
ceutical waste. Even a trace of acutely hazardous waste is toxic to the environment. 
The four main characteristics of hazardous wastes as listed by the Environmental 
Protection Agency (EPA) are their explosive reactive, toxic nature, and corrosive-
ness. Different letters of alphabets are being used to distinguish these wastes based 
on their characteristics and RCRA has made use of the alphabets F, K, P, and U 
to list wastes. A commercial chemical product is designated as P by EPA and the 
U-list resolves that the chemical is either cent percent pure, scientific, or the sole 
component in formulating a chemical. Thus, the P-list and the U-list help in iden-
tifying severe and dangerous wastes from rejected chemicals used in business, and 
this list is found at 40, The Code of Federal Regulations (CFR) under section 261.33.
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Some of hazardous pharmaceuticals (at concentrations of more than 0.3%) identi-
fied by the P-list are arsenic trioxide, epinephrine, nicotine, phentermine, physostig-
mine, physostigimine salicylate, and warfarin. The sample hazardous pharmaceu-
ticals in the U-list are chemotherapy drugs like cyclophosphamide, daunomycin, 
melphalan, streptozotocin, and Diethylstilbestrol (DES), the chemical responsible 
for severe birth defects also finds a place in the U-list. However, the F-listed wastes 
mostly include solvents used in protocols followed in diagnostic laboratories. Spent 
non-halogenated solvents like xylene, acetone, ethyl acetate, N-butyl alcohol, cyclo-
hexanone, methanol, toluene, isobutanol, benzene, etc., are the best examples of 
hazardous compounds in F-list. On the other hand, the K-list pinpoints the dangerous 
wastes from manufacturing (also veterinary pharmaceuticals manufacturing) and 
industrial sectors. The slurry from wastewater treatment units of the production units 
of veterinary pharmaceuticals containing arsenic or oregano arsenic compounds finds 
a place under hazardous chemicals on the K-list. 

7 Sources of Pharmaceutical Wastes in the Environment 

Many are the entry points of these pharmaceutical wastes into the environment. It 
includes improper disposal of unused as well as expired medicines from household 
into the dustbins that gets collected through the municipal waste collection systems 
or directly into the soil and water systems. After consumption, medicines are excreted 
in urine or feces of humans or animals. Only a portion of the active component is 
metabolized, and the remaining is excreted. Pharmaceutical Industries themselves 
are another source. Hospital biomedical waste is yet another source. Veterinary, 
dairy, release from aquaculture, farming, and pest control also are major sources. 
According to [7], open water resources are the usual sites of wastewater disposal 
by industries. Powerful antibiotics have been determined in the water supplies at 
agglomerations that harm plants and algae, thus threatening the aquatic ecosystems. 
The act of directly disposing of the physician samples provided by companies to 
medical representatives for the purpose of sale promotion is prevalent in India and 
many developing countries. Often, we hear news about expired/unused drug prod-
ucts being dumped across roadside. Kadam et al., in the year 2016, reported that in 
India, as per the data published by the Central Pollution Control Board, nearly 4,057 
tonnes of waste/day are generated by registered healthcare facilities. Another data had 
estimated that every year, 100,000 tons of antimicrobials are consumed [8]. There-
fore, efforts need to be taken to lessen pharmaceutical waste production, thereby 
conserving precious resources and simultaneously safeguarding the environment. 
Also, care needs to be taken that slowly degradable and recalcitrant pollutants do not 
enter the environment for they present a serious risk for they persist, or get dissemi-
nated in the environment, resulting in biomagnification. Hence, these substances are 
labeled as Environmentally Persistent Pharmaceutical Pollutants (EPPPs). Arsenic 
trioxide is a heavy metal that causes serious health effects on exposure. It is used to 
treat cancer. It binds to sulfhydryl groups of proteins and inhibits energy production.
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However, it has been reported to cause death due to multiple organ failure. Symp-
toms include nausea, vomiting, and diarrhea. Other effects of long-time exposures 
are cerebral edema, cardiotoxicity, lung cancer, and cancers of skin, liver, bladder, 
and kidneys. 

8 Possible Ways of Bioremediating Pharmaceutical 
Pollutants 

The form and chemical reactions of pharmaceutical pollutants have been reviewed 
by [9]. The physical and chemical remediation methods, which are presently used 
include coagulation/flocculation, hydrolysis, photocatalysis, filtration, and advanced 
oxidation processes by application of ozone, hydrogen peroxide, and ultraviolet light, 
though not applicable often, may be exorbitant resulting in secondary pollution. 
The characteristics of the pollutants are to be reviewed to decide their fate and 
behavior in the environment and simultaneously modernize the option of bioreme-
diation strategy for effective monitoring and managing the pollutants. Due to the 
availability of insufficient information, it is difficult to presume that trace amounts 
of chemicals/pollutants could be minimized or removed from the environment. It is 
becoming obvious that there is a demand for cost-effective and structured remediation 
technologies such as bioremediation, because of the huge determination of pharma-
ceuticals wastes and their by-products in the surroundings. With a fixed activated 
sludge process of treating wastewater, pollution control is feasible in aquatic ecosys-
tems. But bioremediation using the traditional treatment systems, such as activated 
sludge conveyed less competency in eliminating Endocrine-Disrupting Compounds 
(EDCs) from wastewater; even multiple treatment systems using WWTP proved inef-
ficient [10]. Under this circumstance, Membrane Bioreactors (MBRs) or fluidized 
bed bioreactors are considered to attainable choice in proportion to traditional treat-
ment plants for they are effective in moving obstinate substances, which are difficult 
to be eliminated or degraded by biological means in activated sludge systems [11, 
12]. In addition, white rot fungi and their oxidative enzymes are also found to be 
potential candidates in bioremediating wastewaters containing EDCs and bisphenol 
A, the ever-present plasticizer [13, 14]. 

9 Bioremediation 

Microbial ability to degrade chemical compounds has been extensively used today. 
Many studies reported that microorganisms are able to degrade various pollutants. 
Microorganisms use industrial crude pollutants as sources of energy and carbon. 
Microbes can break down organic pollutants by their metabolic processes or by 
cometabolism. Bioremediation is the process of degradation of toxic pollutants using
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microbial consortium. This process is economically viable and eco-friendly. This 
prevents seepage of these toxic pollutants into the groundwater. Even though some 
toxic compounds are produced during degradation of certain pollutants, the process 
provides an enduring solution as it may result in the transformation of pollutants 
into non-detrimental or less toxic compounds. Biodegradation properties can be 
employed as different techniques. These techniques include coagulation, precipita-
tion or flocculation, filtration or sedimentation, adsorption, fluoridation, membrane 
bioreactor, electrochemical treatments, and immobilization. Several researches have 
been carried out on using individual microorganisms and consortiums to degrade 
harmful pollutants from the environment and different techniques to enhance the 
rate of bioremediation [15]. 

10 Microbial Fuel Cells 

The use of microorganisms to generate electrical energy is called microbial fuel 
cells (MFCs). This tool uses microorganisms to convert the chemical energy in 
organic substrates into electrical energy. This mechanism to generate electricity using 
microbes was first invented by [16]. To generate electricity, Potter used Saccha-
romyces cerevisiae in the laboratory [17]. This eco-friendly device offers a twofold 
advantage like the generation of bioelectricity and waste management. In a MFC, the 
proton exchange chamber separates the two chambers. One chamber is for anode and 
another is for cathode. Materials used for making electrodes are different in various 
MFCs. The electrodes frequently used in MFCs are carbon-containing resources. 
These materials are generally used because of their chemical stability, commend-
able electrical conductivity, low price, biocompatibility, and non-corrosiveness; on 
the other hand, they show less electrocatalytic activity for microbial growth [18]. 
When degradation of organic compounds occurs by microbes, electrons are released. 
These electrons are passed to the cathode through an electric circuit. Bacteria with 
this ability are called “Exoelectrogens” (Exo-refers to extracellular; “electrogens” 
refers to the ability of transferring electrons directly to an element). At the cathode, 
electrons reach through the external circuit, and hydrogen ions shift to the cathode 
reacting with oxygen, forming water in the internal circuit. The particular features 
together with less sludge, power-saving, and energy creation make this technology 
using microorganisms an exceptional technology when compared to the traditional 
technologies (Sanjeeb Kumar Mandal and Nilanjana Das, 2018). As microorgan-
isms are in abundance in nature, electricity production in this way is cheaper to 
a greater extent with nearly zero carbon emission as reported by Zhou et al. [19]. 
Thus, this technology of using MFCs shows a prospective approach to generate green 
“electricity.” [20]. Nevertheless, several factors like electrode spacing, internal resis-
tance, substrates, electrode material properties, catalyst, and ion concentration play 
a major role in the output of electricity through these fuel cells [21]. An important 
factor to make MFCs productive as well as competent at the industrial level is the 
material used in electrode. Bioremediation can be made feasible with the application
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of MFCs. Although the outcomes of using MFCs in bioremediation show remark-
able results, future research is warranted on the bioremediation of environmental 
pollutants [22–24]. 

11 Microbial Fuel Cells and Bioremediation Using Bacteria 

Promising results are seen in the removal of organic contaminants, recovery of 
possible energy from wastewaters, and other toxic pollutants of interest at the 
laboratory-scale studies. Generation of electricity and the efficacy of pollutant 
removal are the major properties to check the performance of an MFC. The product 
of voltage and current is measured as the power generated. Information on the effi-
cacy of pollutant removal can be measured by the difference in the chemical oxygen 
demand (COD) value between the influent and effluent [25]. The following table 
shows the bacteria used in bioremediation of pharmaceutical wastes like benzene, 
triclosan, and phenanthrene using bacteria and the yield (Table 1). 

12 Microbial Fuel Cells and Bioremediation Using 
Microalgae 

Microalgae also have a beneficial role as a MFC. Microalgae like Spirulina platensis, 
Chlamydomaonas reinhardtic, Synechococcus sp., Chlorococcum sp., Chlorella 
pyrenoidosa., Laminaria saccharina, and other algae are being studied. According to 
[28], generation of electricity both in light and dark conditions by Spirulina platensis 
was studied. This alga produced a power of 1.64 mWm−21 under dark conditions. 
The yield obtained is ten times higher when Spirulina is used in dark conditions than 
in day conditions [29]. Similar to photosynthesis, the intensity of light also is a factor 
that affects the efficacy of power density and electricity production. Many researchers 
have studied another species of algae, the Chlorella sp. [30] used different algae and 
rock phosphate as a substrate. They recorded higher algal biomass as well as energy 
yield. Apart from these factors, batch and continuous modes of cultivation also play a 
significant role. In case of Chlorella, continuous cultivation had shown higher energy 
yield. When an abiotic MFC is fed with microalgae [31], has obtained 128 µWpower  
and biomass. However, [32] produced different bio-energies using several photo-
bioreactors (PBR) collectively in tanks with the microalgae Chlorella vulgaris. The  
impact of a range of light intensities from 100 to 900 lx, was studied using Chlamydo-
maonas reinhardtic on photo microbial fuel cells (PMFC) [33]. Enhanced efficacy of 
photosynthetic microbial fuel cells was found at higher light intensity. The supreme 
benefit by means of live microalgae is that they simultaneously produce biomass 
and are a storehouse of O2. This biomass is a stock of single-cell proteins, nutrient 
supplements, and biofuel [34]. Regardless of the fact that several microorganisms
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Table 2 Microalgae used MFC and their power outputs 

Sl.No Organism used (Algae) Power density (Wm−2) References 

1. Chlorella pyrenoidosa 0.0302 Liu et al. [38] 

2. Chlamydomonas sp. 0.075 Nishio et al. [39] 

3. Scenedesmus obliqus 0.102 Khandelwal et al. [30] 

4. Chlorella vulgaris 0.187 Liu et al. [38] 

5. Laminaria saccharina 0.25 Vinayak et al. [35] 

6. Spirulina platensis 0.0065 Fu et al. [40] 

7. Dunaliella sp. 0.0053 Lakaniemi et al. [41] 

8. Synechococcus sp. 0.0956 Mohamed et al. [37] 

9. Chlorococcum sp. 0.0302 Mohamed et al. [37] 

10. Microcystis aeruginosa 0.0830 Vinayak et al. [35] 

11. Synechococcus sp. 0.0956 Lakshmidevi et al. [42] 

12. Chlorella sp. 0.0033 Elakkiya and Niju [43] 

13. Chlorella sp. 0.0197 Abazarian et al. [44] 

14. Chlorella vulgaris 0.089 Khandelwal et al. [30] 

15. Chlorella vulgaris 0.3720 Zhang et al. [45, 46] 

are present in wastewater, their ability to remediate toxic pollutants in wastewater 
by producing electricity is not always environmental-friendly and simple to use. 
For this reason, using microalgae is advantageous and a good replacement at anode, 
because, in addition to having excellent growth in wastewater, they can produce value-
added products and electricity. Recycling of wastewaters with high concentrations 
of nitrates, phosphates, and other organic carbon sources for industrial applications 
is possible with microalgae-based MFCs [35]. Microalgae-based MFCs and their 
energy outputs are tabulated (Table 2).

In an MFC, (with algae) with diverse groups of microbes like Dunaliella terti-
olecta, Chlorella vulgaris, Chlorococcum sp., Microcystis aeruginosa, and Syne-
chococcus sp., it was found that the highest Power Density (MPD) of 30.2 ± 0.8 
mWm−2 while using Chlorococcum sp. and 41.5 ± 1.2 mW−2 while using the algae 
Synechococcus sp. [36, 37]. 

Therefore, more investigations on MFCs and their coupled expertise are essen-
tial to produce electricity at the commercial scale. MFCs conservatively make use 
of bacteria to act as biobatteries. However, a lot of catalyst and coupling agents 
which utilize microbes like bacteria and/or green algae along with semiconductors 
have given a new era of photoelectric and photocatalytic fuel cells. Nevertheless, 
microalgae like diatoms in an MFC together with PMFC/Photoelectrocatalytic would 
in near future, will not only be used for Diafuel™ (Biofuel from Diatoms) production 
but also to run hybrid electric vehicles using bioelectricity [47, 48]. This technology 
can also be used for extraction of primary and secondary metabolites at the same 
time to produce value-added products from microalgae and bacteria at a cost-effective 
scale. To accomplish this, it is important to reduce the cost of production and increase
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the yield at the manufacturing level. This area necessitates more research to formu-
late it to the industrial level for meeting the demands globally. Even though a lot of 
research on various pollutants and their bioremediation has been done to a greater 
extent and much is talked about MFCs, with the huge wealth of so many microalgal 
species in the oceans, still, many of them are novel, unexplored, and untested for 
their use in MFCs [35, 49]. 

13 Antibiotics and Microbial Fuel Cells 

MFCs are gaining popularity as a viable method for bioremediation of pharma-
ceuticals, which are a huge concern to humanity. According to Hong Song et al., 
metronidazole elimination in MFCs was 85.4% within 24 h, while only 35.2% was 
accomplished in open circuits. Antibiotics like metronidazole, according to the find-
ings, might be eliminated from MFCs. The greater degradation and mineralization 
rates are 95% and 90%, respectively, mg/L/h. In the presence of 10 mg/L Fe(III) 
and an incoming photon flux of 23.3 mW/cm2, power output of 251 mW/m2 was 
achieved at a Mo/W ratio of 0.17: 1.0 with Mo/W loading of 0.18 mg/cm2 [50]. Chlo-
ramphenicol is a hazardous antibiotic with a broad spectrum of action that has been 
outlawed in developed countries but is still used in underdeveloped ones. Zhang et al. 
[51] investigated the efficiency of a MFC for chloramphenicol degradation, finding 
that the MFC degraded 84% of 50 mg/L Chloramphenicol in about 12 h. Lu [52], 
demonstrated another rapid breakdown (85% after 12 h) of the broad-range antibi-
otic sulfamethoxazole (SMX) utilizing an MFC. They found that microbes in fuel 
cells possess almost three times higher level of ATP than that of open-circuit controls, 
which could explain why SMX in MFCs degrades so quickly. Paracetamol, a common 
painkiller and sedative, is another big contaminant. The bioelectrochemical break-
down of paracetamol in an MFC–Fenton system was investigated by Baogang [53]. 
MFC reactors with two chambers were employed. For bio-electrochemical parac-
etamol degradation, Fenton reactions were used to MFCs without input of external 
power. At a starting pH of 2.0, 20 X external resistance, and a 5 mg/L concentration 
of iron, the maximum degradation efficiency of 70% was found in less than 9 h. 
Their findings show that the MFC with Fenton system can be used to remediate 
paracetamol-containing wastewater in an energy-efficient and effective manner. 

Neomycin sulfate, one of the antibiotics, was quantified in MFCs in an indirect 
manner. The elimination of neomycin sulfate tracked using LC-MS/MS with total 
carbohydrate clearance and COD. While the partial degradation of neomycin sulfate 
was observed, it appeared to have an impact on the performance of MFCs and eventu-
ally limited the MFC performance in a concentration-dependent mode. MFCs based 
on electroactive biofilm may be used with high specificity to assess the neomycin 
sulfate in wastewater [54]. 

A single-chambered MFC fed with different combinations of penicillin and 
glucose-based synthetic wastewater [55] investigated the effect of penicillin on the 
generation of power. In just 24 h, 98% of penicillin had degraded. These MFC
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performance data suggested that penicillin may have aided the transfer of electrons 
to the anode from the bacterial cell by boosting the cell membrane’s electron perme-
ability. Similar tests on a glucose–ceftriaxone sodium mixture showed that ceftri-
axone sodium breakdown efficiency was 91% in 24 h, compared to 51% in the 
control anaerobic reactor. With different antibiotics and their substrates, synergistic 
and antagonistic effects such as inhibition of power generation have been identi-
fied. These studies show that microorganisms’ mechanisms of action differ with 
ecosystems, antibiotics, and the substrates used [56]. Antibiotic elimination rose by 
10–35% with a charge output of 940–1132 C, according to [57]. To adapt to enhanced 
antibiotic clearance, functional microorganisms changed in closed and open-circuit 
treatments and microbial affinities increased by 340% and 50%, respectively. Wang 
et al. [50] investigated the SDZ elimination in MFCs in terms of operation of MFC, 
reaction mechanism, degradation products, removal of SDZ biotoxicity, and the rela-
tionship between SDZ removal with microbial community in a paper published in 
2018. SDZ would have a significant impact on reactor microbe activity and SDZ 
biodegradation in MFCs requires long-term acclimatization. After acclimation, a rate 
of 10 mg/L of SDZ could be eliminated within 48 h. After examining the microbial 
community in the reactor, the dominance of Mycobacterium, Methanocorpusculum, 
Clostridium, Enterobacter, Thiobacillus, Stenotrophomonas, and Pseudomonas was 
highly associated with the elimination of SDZ at different operation cycles throughout 
the experiment. According to [58], the most dominant genus near the bioanode was 
aromatic degrading Thauera (56.4%). 

14 MFC for a Sustainability Future 

The use of microorganisms for the remediation of toxic pharmaceutical pollutants 
plays a major role. The diversity in substrate used, organisms and physiochemical 
treatment conditions result in green electricity production. To meet the sustainable 
development goals, this technology has its own benefits. However, major studies 
on a large-scale basis are lacking. A detailed review of the substrates, conditions, 
and the yield of electricity is given by Deepak [59]. Further research is warranted 
in this area to upscale the process and to make it commercially feasible. The use of 
microbial enzymes and immobilized enzymes in MFC also needs to be studied. Using 
MFC in an efficient way will convert recalcitrant pollutants into biodegradable, non-
toxic chemicals. The use of microbial consortia in MFC can give better results than 
individual organisms. The compatibility of organisms and their synergistic effects 
also requires analysis in wastewater treatment process.
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15 Conclusion 

MCF has tremendous opportunities in future in the removal of even recalcitrant 
pharmaceutical pollutants because it degrades organic and inorganic wastes and at 
the same time results in the generation of power for the plant operation. It can be 
integrated with the waste treatment plants of pharmaceutical industries for in situ 
bioremediation; thereby entry of pharmaceutical pollutants into the environment 
can be curtailed. Little research on scaling up the process has shown promising 
results. Further innovation in building the MCF technology and its economic viability 
would help achieve real-time applications, thus yielding a sustainable waste treatment 
process. 
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Bioremediation of Petrochemicals 
and Dye Industrial Effluents through 
Microbial Fuel Cells 

R. Merlyn Sujatha, L. Monisha Mary, and J. Jayapriya 

1 Introduction 

A fuel cell that uses microorganisms as catalysts for the oxidation of substrates, 
leading to electricity generation, is termed a microbial fuel cell (MFC). They are 
deployed for sustainable energy production, treatment of wastes, and minimizing 
CO2 emissions. There is a compelling need for energy- and cost-efficient alternates 
to the conventional wastewater treatment systems due to their high energy require-
ments. Domestic and industrial effluents contain a multitude of organic compounds 
that can fuel MFCs, and the microbes in MFCs can accomplish both pollutant degra-
dation and power generation in parallel. Moreover, it minimizes solid disposal by 
50–90% [23] and hence is generally accepted as a promising sustainable biotechno-
logical solution to future energy requirements. However, it is yet to be commercially 
exploited since there are many hurdles to be overcome. This chapter mainly focuses 
on the application of MFCs toward the removal of environmental pollutants, such as 
synthetic dyes and polycyclic aromatic compounds. Recent progress in the under-
standing of system architecture, anode/cathode materials, and biocatalysts employed 
in MFCs for pollutant degradation to achieve high energy density has been reviewed.
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2 Bioremediation of Petrochemicals Through Microbial 
Fuel Cells 

The ever-growing global economy and population have ensured an increasing 
demand for petroleum products, thus aiding the growth and multiplication of rele-
vant industries worldwide [101]. The environmental impact of petroleum products is 
a correspondingly vast and extensive field. Petroleum hydrocarbons are harmful to 
many soil organisms and humans. This fossilized fuel has become a necessary source 
of energy since the late nineteenth century due to elevated consumption globally. 
The petrochemical industry involves the production of solvents, resins, lubricants, 
and plastics, generating wastewater containing toxic compounds [79]. In the down-
stream sector, wastewater from petroleum industries and refineries contains phenolic 
compounds, aromatic hydrocarbons, salts, alkanes, naphthalene, nitrobenzene, oil, 
and grease. These pollutants are toxic, not biodegradable, and carcinogenic [17]. In 
the upstream sector, the exploration and production process of conventional crude oil 
generates the largest volume of waste stream termed Produced water (PW). Typically, 
PW contains emulsified oils besides a high amount of sodium chloride, carbonates of 
magnesium, sulfates, and other inorganic dissolved and suspended solids. Benzene, 
xylenes, ethylbenzene, and toluene are hazardous chemicals, also known as BTEX 
materials. They are a threat to human health and are common PW water contami-
nants [121]. Petroleum product contamination degrades the ecological structure and 
function of the soil, affecting moisture, pH, carbon/nitrogen ratio, and porosity. As 
the pollutant concentration rises, the hydrophobicity increases, thereby inhibiting the 
seed germination [39]. The aromatic hydrocarbon groups of compound derivatives 
have molecular rings, including benzene rings. Usually, instead of a hydrogen atom in 
the benzene ring, methyl or ethyl groups are found (toluene, methyl/dimethyl benzene 
and ethylbenzene) [92]. These hydrocarbons, referred to as polycyclic aromatic 
hydrocarbons (PAHs), can cause musculoskeletal malformation and bone marrow 
suppression [93]. PAHs toxicology and physicochemical characteristics are varied 
according to their molecular weight [104]. Recent studies demonstrate that benzenes 
can easily bind to soil particles, and BTEX chemical compounds need sufficient 
oxygen to break down slowly. These compounds are volatile and hence can affect the 
human respiratory system [58]. Hence, researchers have taken great efforts to upgrade 
the different technologies used to treat wastewater from the petroleum industry, such 
as adsorption, coagulation, membrane separation process, dissolved air flotation, and 
chemical destabilization [103]. However, these unit operations are ineffective for the 
treatment of petroleum wastewater because of the complexity of PAHs. Although 
incineration and chemical oxidation can remove up to 99.0 and 92.3% of the total 
petroleum hydrocarbons from wastewater, respectively, both these restoration proce-
dures have disadvantages. Toxic substances, such as dioxins, furans, polychlorinated 
biphenyls, and volatile heavy metals, are released into the atmosphere as a result of the 
incomplete burning of crude oils [19]. Therefore, an effective remediation measures 
should be tailored considering the human health and ecosystem management.
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The biological treatment of petroleum wastewater can be accomplished by aerobic 
and anaerobic processes. However, the anaerobic process is preferred over aerobic 
due to lower energy consumption and less sludge production, though it is time-
consuming [1, 102]. Bioelectrochemical systems (BES) are versatile [89] because, 
in contrast to typical bioreactors, they can concurrently generate electricity and treat 
wastewater. Similarly, in recent years, an emerging technology based on biostimu-
lation, namely microbial fuel cells (MFCs), has been demonstrated to remove PAHs 
from soils and sediments. 

2.1 MFCs for Petroleum Product Degradation 

2.1.1 In-Situ Bioremediation of PAH-Contaminated Soil in Microbial 
Fuel Cells 

In situ bioremediation is a biological treatment method to clean up PAHs present in 
the environment. The potential advantages of in-situ bioremediation are (i) minimal 
site disruption, (ii) continuous treatment of contaminated soil and groundwater, and 
(iii) economical. The anaerobic degradation of petroleum compounds has been iden-
tified in a wide spectrum of microbial pathways, including denitrification [4, 51], 
metal reduction [52], and sulfate reduction [84]. MFC configurations with different 
electrode materials for in-situ bioremediation to remove hydrocarbons from soils 
and sediments as shown in Table 1. Yuan et al. [113] developed a tubular air-cathode 
MFC (TAC-MFC) with a cloth cathode assembly and utilized organic sediment as 
the substrate, demonstrating the highest power density of 107.1 ± 8.6 mW/m2, 
coulombic efficiency of 17.9%, and the lowest internal resistance (20 Ω). Biore-
mediation of PAHs in sediments through MFC technology is shown in Fig. 1; the  
anodic reactions include the oxidation of organic matter, sulfides, and other potential 
pollutants. The color of the sediment apparently turned from black to brown after 
MFC operation in the contaminated sites. Huang et al. [25] reported enhanced phenol 
biodegradation and simultaneous electricity production from organic pollutants in a 
soil MFC (Fig. 2). An in-situ MFC was inserted into waterlogged anoxic soil for the 
remediation of organic pollutants, and the power reached 29.45 mW/m2 with 90.1% 
removal of phenol. The phenol degradation rate in this BES was approximately 23 
times higher than biological treatment. Similarly, another bioelectrochemical treat-
ment (BET) system showed 41.08% petroleum hydrocarbon removal compared to 
20.72% obtained using conventional anaerobic treatment with petroleum sludge as 
the substrate [59]. Wang et al. [105] demonstrated a U-tube MFC for the bioreme-
diation of PAHs-contaminated soil. Due to the presence of exoelectrogenic biofilms 
on the surface of the anode, it could effectively remove n-alkanes and PAHs from 
the soil. However, the power density was low (0.85 + 0.05 mW/m2), suggesting that 
the U-tube air-cathode MFC was not as suitable for soil remediation systems. 

To increase the degradation efficiency of total petroleum hydrocarbons (TPH) 
[117], varied the arrangement of anodes from vertical to a horizontal position in a
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Fig. 1 Illustrative bioremediation mechanics of sediments in MFC. Adapted from Yuan et al. [113] 

Fig. 2 Schematic representation of Tubular air-cathode MFC (TAC–MFC) Adapted from Huang 
et al. [25]

soil MFC (Fig. 3 and found that the horizontally arranged anodes (50.6% showed 
superior performance than the vertical counterparts (8.3%. Charge output was also 
higher in the horizontal anode configuration (833 C compared with the vertical mode 
(762 C. The PAH degradation rate increased from 2 to 24% in 66 d; however, low 
power output was observed in the in-situ MFCs with vertical anodes (an average of 
37 mWm−3). In most cases, the internal resistance of the in-situ MFC was high was
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Fig. 3 Figurative representation of soil MFC (A) vertically arranged anodes and (B) horizontally 
arranged anodes. Adapted from Zhang et al. [117]

mainly due to the high ohmic resistance i.e., low soil conductivity and mass transfer 
limitations [67]. To overcome these issues, the amendment of PAH-contaminated 
soil with different additives, such as sand, carbon fibers, and biochar, was adapted 
to enhance the bioelectrochemical remediation of PAHs. Amendment with sand 
increased the soil porosity from 44.5 to 51.3%, decreased Ohmic resistance by 46%, 
and increased the charge output from 2.5 to 3.5 C g−1 [42]. The porosity of the 
soil plays a significant role in increasing both dissolved oxygen content and proton 
transport, thereby decreasing charge transfer resistance. Moreover, the internal resis-
tance of the soil MFC decreased by 58% after mixing 1% carbon fiber with the soil 
samples, leading to a 15-fold increment in electricity production and 329% higher 
removal of petroleum hydrocarbons [44, 45]. Similarly, the addition of biochar with 
high N content accelerated the selective enhancement of the bacterial community 
and exhibited the best efficiency in the removal of recalcitrant contaminants, such 
as aromatics [47]. A plant microbial fuel cell (PMFC) is a promising modified MFC 
that fosters plant-microbe relationship at the rhizosphere region of a plant, which 
consequently increases the biofilm adhesion on the anode, thereby improving elec-
tron transfer from the biofilm to the anodes in the PMFC. The synergistic action of 
plants and surfactants significantly enhances the efficiency of the MFC system in the 
removal of petroleum from the soil and encourages the applications of P-MFCs for 
the in-situ remediation of petroleum-contaminated soils. Zhao et al. [118] used plant 
MFC to degrade phenanthrene and pyrene in contaminated soils. The addition of 
surfactant β-cyclodextrin enabled the desorption of PAHs from the soil to the plant
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at a higher rate than Tween 80 and decreased the charge transfer resistance by 63.4%. 
This suggests that the amendment of contaminated soil with some additives, which 
possess the characteristics of conductivity and micronutrient, enhances the removal 
of petroleum from the soil in MFC systems.

2.1.2 Bioremediation of Petroleum Wastewater in MFCs 

Petroleum hydrocarbons are very common groundwater contaminants that usually 
deplete oxygen when they undergo biodegradation. The anaerobic degradation of 
petroleum compounds has been identified to involve a wide spectrum of microbial 
pathways, including denitrification [4, 51], metal reduction [52], and sulfate reduction 
[84]. The bioremediation of petroleum waste, including wastewater from petroleum 
refineries, petroleum sludge, and oil-contaminated soil, has been studied in MFCs 
(Table 2). The downstream petroleum refinement processes generate large volumes 
of wastewater containing hydrocarbons, such as phenols, benzene, and xylenes, as 
well as inorganic compounds, such as ammonia, nitrite, sulfides, and heavy metals. 
Wastewater from petroleum refineries can range from 0.4 to 1.6 times the volume 
produced during crude oil processing [9] The low BOD/COD ratio (<0.2) and 
high total dissolved solids (TDS) render the petroleum refinery wastewater (PRW) 
unsuitable for biological treatment. 

In 2008, Morris and Jin reported, for the first time, MFC technology for the degra-
dation of hydrocarbon contaminants in groundwater under anaerobic conditions. 
Using refinery wastewater as the sole substrate, they achieved power generation (as 
high as 120 mW/m2 at the cathode) in approximately ∼6 d with a single cell MFC. 
It is known that the larger the electrode spacing, the potential losses in the cell are 
higher. The authors reported that the cell potential decreased by ∼55% over a 9 m-
long proton bridge, with a 6.9% decrease in potential per meter of the bridge [66]. 
To enhance the treatment of PRW in a single-chamber air-cathode microbial fuel 
cell (MFC), external voltage from 100 to 500 mV was applied to the electrochemi-
cally active anodic biofilm [60–62]. The MFC operated with 500 mV supplemental 
voltage exhibited a maximum power density of 132 mW/m2, which was three times 
higher than control MFC (45 mW/m2). Similarly, the highest substrate removal effi-
ciency (48%) was obtained with the MFC supplemented by 500 mV, followed by 
those supplied with 300 mV (37%), 100 mV (32%), and the 0 V control (27%). 
Therefore, the applied potential enhanced the diesel-range organics (DROs)/straight 
chain-alkane degradation efficiency. [88] proposed the coupling of a hydraulically 
connected osmotic microbial fuel cell (OsMFC) and an up-flow microbial desali-
nation cell (UMDC) for enhanced PAH removal, along with high power output 
in the MFC and simultaneous seawater desalination in the UMDC (Fig. 4). Both 
OsMFC and UMDC were connected to 100 Ω external resistance, and the system 
achieved 93% chemical oxygen demand (COD) removal from the petroleum refinery 
wastewater besides 48% salt removal from the seawater. Sarmin et al. [87] treated 
the petroleum chemical wastewater from an acrylic acid plant using an MFC, which 
generated 850 mW/m2 maximum power density at 1500 mA/m2 current density and
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Fig. 4 Schematic representation of the dual system of hydraulically connected Osmotic MFC and 
MDC. Adapted from [88] 

45,000 mg L−1 COD. Produced water (PW) refers to the large quantity of wastew-
ater generated during oil and gas extraction. PW is usually characterized by high 
amounts of dissolved solids (TDS) and residual petroleum hydrocarbons, which are 
considerably hazardous to the environment. The level of environmental damage is 
dependent on the geographical location, age of the well, nature of geological forma-
tions at the specific location, the type of hydrocarbon products found the well and 
the stage of oil extraction. The bioelectrochemical treatment of PW was studied by 
Mohanakrishna et al. [64, 65] in two configurations viz., single- and dual-chamber 
microbial fuel cells (MFCs), of which the latter configuration displayed superior 
function with respect to power generation (1089 mW/m2) and substrate degradation 
(COD removal efficiency = 60.2%) compared with the single-chamber configura-
tion (PD 789 mW/m2; COD removal efficiency = 54.7%); However, since the nature 
of PW varies based on the location and oil extraction stage, intensive studies are 
required to develop suitable processes with reference to the operating conditions; 
further, understanding the microbiology in connection with the composition of PW 
is also essential.

2.1.3 Microorganisms for PAH Treatment in Fuel Cells 

A summary of the different microbial species employed in MFC operation for specific 
PAH substrates and their possible performance parameters are given in Table 3. 

The hydrocarbon-degrading bacterial strain Alcanivorax has been shown to simul-
taneously improve bioelectricity generation and bioremediation performance in soil 
MFCs [42]. Li et al. [44, 45] suggested that employing the Alcanivorax strain is an
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effective approach to eliminate soil contamination in barren areas/extreme environ-
ments. Hassan et al. [22] found that various exoelectrogens, including Arcobacter, 
Aeromonas, Pseudomonas, Acinetobacter, Cloacibacterium, and Shewanella sp., 
were involved in the degradation of 2, 4-DCP (dichlorophenol). This study discov-
ered that Cloacibacterium sp. can degrade phenol in MFCs. Sarmin et al. [87] utilized 
pre-acclimatized mixed culture inoculum composed of electrogenic genera, such as 
Bacillus sp., Pseudomonas sp., and Methanobacterium sp. (methanogenic archaea), 
as biocatalysts in treating petrochemical wastewater (PCW) from an acrylic acid 
plant. This suggests that MFCs could be potential alternatives to conventional aerobic 
and anerobic processes, which are high energy-intensive.

2.1.4 Influence of Co-substrates and pH in MFCs for PAHs 
Degradation 

The cultivation medium used for microbial consortia in MFC systems generally 
contains co-substrates to drive microbial growth during operation. Most studies have 
reported the use of co-substrates along with petroleum refinery wastewater in the 
anode chamber [22, 24, 44, 45, 66, 114, 116, 118]. In addition [60–62], used acetate as 
a co-substrate and it can be inferred that the substrate can stabilize microbial activity 
in an anode and continue electricity output at a steady current density level. pH is a 
crucial factor for anaerobic processes and serves as an intrinsic index of the changes in 
biological systems. Srikanth et al. explained that in batch mode operation, a change in 
pH toward the acidic range (pH < 4.0) [94] can be attributed to the competing action 
of mixed consortia in the redox reactions. Mohanakrishna et al. [60–62] reported 
that a single-chamber air-cathode MFC operated with PRW as the anolyte showed 
negligible change in the pH of the effluent. However [113], explained that the pH of 
all sediments slightly decreased, probably due to the fermentation of organics. Mohan 
and Chandrasekhar [59] Mohan & Chandrasekhar et al., demonstrated that the system 
pH was strongly controlled by the microbial metabolic rate, bioavailability, and mass 
transfer. In soil MFCs, the depletion of existing organic acids and the formation of 
bicarbonate salts leads to an increase in soil pH [26]. Li et al. [42] showed that pH 
values of the soil effectively correlated with the addition of sand as vast pH shifts 
were observed with increasing sand quantities. Li et al. [44, 45] elucidated that the 
addition of glucose substrate can neutralize soil pH and improve conductivity, and 
then the glucose is partly metabolized to organic acids (such as acetate). Soil pH and 
conductivity were the prominent factors that controlled the polyphenol oxidase and 
dehydrogenase activities, thus increasing TPH degradation and power output.
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3 MFC for Dyes Degradation 

Dyes containing one or more azo bonds are widely used in textile, leather, plastics, 
cosmetics, and food industries [74]. The color of these dyes is due to the azo bond 
and associated chromophores; so, the disposal of these dyes into the surface water 
not only affects the aesthetics, but their breakdown products have often been found to 
be carcinogenic, mutagenic, or toxic for humans [18]. These dyes can also obstruct 
the light and oxygen penetration into water, thus affecting the aquatic life. Several 
methods for the treatment of dye-containing wastewater which broadly fall into 
three categories: physical (adsorption, coagulation/flocculation, membrane filtration 
etc.), chemical (chemical oxidation, photo-catalytic oxidation, electrolysis, Fenton 
reagent etc.), and biological (biosorption, enzymatic degradation etc.) [34]. These 
physicochemical methods can be quite effective for color removal, but they have 
inherent disadvantages, including high operational costs and the generation of huge 
quantities of sludge for disposal. Recently, attempts have been made to address this 
issue through the biological route, using specific microorganisms for the cleaving of 
the azo bond. The biological treatment for the decolorization and degradation of azo 
dyes may be either aerobic, anaerobic, or a combination of both, depending on the 
type of microorganisms being employed [5, 35]. Most of the azo dyes are decolorized 
under anaerobic conditions however the anaerobic reduction is generally very slow, 
and produce methane rich gas. In most cases, the aromatic amines derived from 
azo dyes are not degraded under anaerobic conditions due to its high redox potential. 
These product amines released from azo dye decomposition are known, or suspected, 
to be more carcinogenic for humans [81] than the parent compound azo dyes. Thus, 
MFC has been employed for performing the dual duty of degrading the textile dyes 
and generating power. Moreover, such a system can reduce solids generation by 50– 
90% and reduce the load on their disposal. Based on their structure, dyes are classified 
into: acid/basic dyes, direct dyes, azo dyes, sulfur dyes, fiber reactive mordant dyes, 
etc., [38]. Dye molecule consists of two parts: (1) chromophores, which are functional 
groups of dyes, and (2) auxochromes, which enhance the color. Azo dyes account 
for more than 70% in the textile effluent. Most of the studies have focused the dye 
decolorization in the anode of MFC and few reports on dye decolorization in the 
cathode [27]. 

3.1 Azo Dye Decolorization and Degradation in the Anode 

The co metabolism reaction is probably the main mechanism of dye degradation 
at the anode in which the reducing equivalents (electrons) are formed during the 
anaerobic oxidation of co-substrate. Once the substrate was oxidized and transfer-
ring the some portion of electrons for the exoelectrogens accumulated on the anode 
that pass through an external circuit producing current. Simultaneously, the other 
part of the electrons transferred to split the −N=N− bond in the azo dyes to form



228 R. M. Sujatha et al.

aromatic amines in the anode chamber. Hence, there will be a competition for elec-
trons between dye substances and an anode in an MFC. Different dyes were tested 
as anolyte with different substrates in MFC as shown in Table 4. 

Electricity generation from glucose as co-substrate accompanied by decoloriza-
tion of azo dye active brilliant red X-3B (ABRX3)was investigated by Sun et al. 
[97] using a microfiltration membrane air-cathode single-chamber microbial fuel 
cell (MFC). Around 90% of the dye was removed within 12 h at an dye concentra-
tion of 100 mg/l. The dye degradation mechanism via MFC technology as shown in 
Fig. 5. Anaerobic-aerobic sequential MFC reactor couple system was developed for 
Congo red degradation [48]. 

It was observed that the amines are formed in the anode chamber, and they are 
resistant to further degradation in the MFC under an anaerobic environment. To 
overcome this, a novel aerobic biocathode was designed by Sun et al. [95], since 
these intermediates are transferred to the cathodic chamber and further biodegrada-
tion takes place under aerobic conditions. Degraded intermediates transferred to the 
biocathode resulted in an almost 150% increase in open cycle potential (OCP) of the 
cathode accompanied by a 73% increase in stable voltage output from 0.33 to 0.57 V 
and a 300% increase in maximum power density from 50.74 to 213.93 mW/m2. Azo  
dyes removal in CW has been investigated by Noonpui and Thiravetyan [73] and 
they demonstrated that a maximum 97% of dye removal in the constructed wetland 
(MFCCW); however, the removal efficiency was found to be a function of structure 
and size of the dye molecule. Moreover, they emphasized that the plant, soil, and 
microorganisms might all influence the efficiency of dye removal in a CW. 

Double chambered MFCs are the most common design in MFCs studies which 
separated by a PEM. The protons transfer through PEM can be a limiting factor due 
to the suspended solids and soluble contaminants [28]. Moreover, double chambered 
MFC is difficult to scale-up. Single chambered up-flow membrane-less microbial fuel 
cell (UFML MFC) was developed by Thung et al. [100] for decolorization of Acid 
Orange 7 (AO7) and electricity generation simultaneously. Azo bond and naphthalene 
moieties were completely degraded but aromatic amines were remained in the effluent 
and however the COD and color removal by the bioreactor was up to 90%. The azo 
dyes (methyl orange (MO), Congo red (CR), reactive yellow (RY), reactive red (RR), 
along with nutrient medium were tested as anolytes in the Pseudomonas-catalyzed 
MFC at an external resistance of 220 Ω [29]. In the anode chamber maintained under 
anaerobic conditions more than 90% of MO and RB could be decolorized by P. 
aeruginosa in 5 d, but RR was decolorized only about 74%. Generally, the microor-
ganisms produce azoreductases which reductively cleave the highly electrophilic 
azo bond at the expense of a reducing agent, typically NAD(P)H [54]. It is expected 
that reduction under anaerobic environments will be nonspecific, although the rate 
of decolorization depends on the organic source and the dye structure (Engineering 
2012). It suggested that a simple structure and low-molecular weight azo dye MO 
degraded faster in MFC than CR, RR, and RY which are highly substituted and of 
high molecular weight. On the other hand, it was also observed that bacterial decol-
orization of di azo RB was more superficial when compared with either of the mono 
azo dyes (RR, RY). The presence of two electron withdrawing group (SO3

−1) at
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Fig. 5 Degradation mechanism of dye 

ortho position to azo bonds and OH group of the naphthol ring in RB were also the 
main aspect of the azo bond cleavage. The sulfo groups could withdraw electrons 
from azo bond by resonance, and the environment in the proximity of azo bond could 
become more electrophilic for decolorization [115].

Reduction of azo dye in the anode chamber might be performed either by direct 
enzymatic reaction or mediated reaction of enzyme cofactors, which are biologically 
regenerated by sulfate-reduction bacteria (SRB) to break down the azo bond [85]. 
Santos et al. [11] used single-chamber air-cathode microbial fuel cells to investi-
gate the interaction mechanisms among Congo red decolorization, sulfide oxidation, 
and bioelectricity generation. The results showed that effective removal of sulfide 
(98%) and azo dyes (88%) was achieved at an initial sulfide/dye ratio of 0.9 under 
neutral conditions, accompanied by a maximum power output of approximately 23.50 
mWm−2. 

3.2 Azo Dye Decolorization and Degradation in the Cathode 

The color of dyes is due to azo bond and associated chromophores, so disposal of 
dyes into surface water not only affects the aesthetic but cause also biotoxicity. The 
azo dye was used in the cathode with the dual objective of solving as facilitator for 
electron acceptor and the possibility of decolorization. The cathode chamber was 
continuously sparged with N2 gas to avoid O2 competition with the azo dyes for
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electrons. The reduction reactions in the cathode chamber are described by Goyal 
and Minocha [20], Menek, Zeyrekl, and Karaman n.d.; Parthasarathy and Narayanan 
[78] in which the –N=N– double bond was reduced to hydrazo (1) or amine  (2), via 
the consumption of two or four electrons. 

−N=N − +  2e + 2H+ → −NH − NH− (1) 

−N=N − +  4e + 4H+ → −NH2 − NH2− (2) 

Mu et al. [68] achieved an effective decolorization rate of dye was 2.64 ± 
0.03 mol m−3 d−1 achieved at the cathode of a bioelectrochemical system while 
acetate was used in the anode [68]. Reduction of azo dyes in the cathode of MFC 
using electrons produced from metabolic oxidation of Klebsiella pneumoniae strain 
L17 in the anode [50]. Different azo dyes congo red, methyl orange and reactive blue, 
were tested as catholyte in Pseudomonas-catalyzed MFC using a graphite block [29]. 
Compared to potassium ferricyanide (72.8 ± 17.8 μW/m2) and potassium perman-
ganate (86.28± 16.8), addition of azo dyes enhanced the power output by several fold 
(congo red-91.73 ± 21.2; Methyl orange 314.07 ± 22.6; Reactive blue 172 294.43 
± 11.9 μW/m2). Lot of research findings (Table 5), the degradation efficiency was 
high; however it was found that low power density resulting from the small specific 
capacitance of the carbon-based materials. 

3.3 Key Parameters Influencing the MFC for Dyes 
Degradation 

Developing an MFC for dye waste water treatment with a simple configuration at 
affordable costs for the ease of scale-up still remains the challenge. Many workers 
have reported that the several factors that affect the MFC performance including 
the microbes, the proton selective membrane, the material of the electrodes, the 
cathode/anode catalyst, the electrode spacing, and the system design [31]. It is known 
that electron transfer between the electron carriers in the bacteria transport chain and 
the anode/cathode is low, leading to a high internal resistance that reduces the power 
generated in MFCs. 

3.3.1 Effect of Co-substrate 

One of the most crucial aspects of MFC is the substrates used due to their effect on the 
dye degradation and power output. A report by [97], when confectionary and glucose 
wastewater were utilized as co-substrates in MFC along with a model azo dye, there
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is a competition between the anode and azo dye reduction for electrons from co-
substrate oxidation. Bioelectricity generation with a simultaneous Congo red degra-
dation can be achieved using glucose, acetate sodium, and ethanol as co-substrate in 
PEM air-cathode single-chamber MFC. More than 98% of the Congo red (300 mg/L) 
was decolorized within 36 h for all tested co-substrates during the electricity gener-
ation. Glucose produced the highest power densities when compared to Ethanol [6, 
57] studied that simultaneous electricity generation and tetra-azo dye (Direct Red 
80) decolorization was examined in a dual-chamber MFC. Glucose was identified 
as a better co-substrate than acetic, propionic, and lactic acid for dye removal and 
current production (477.8 mW/m2). It can be understood that the low-molecular co-
substrates can be easily degraded, excessive co-substrate addition can lead to high 
COD, in addition to resource (dye) waste. Anaerobic azo dyes degradation in MFC 
are strongly influenced by co-substrate type and its concentration suggested that the 
combination of dye containing waste water and high organic content waste water 
from food/biorefinery industries that is easily biodegraded simultaneously that can 
both improve cost and energy.

3.3.2 Effect of PH 

Anodic pH microenvironment is one of the important factors which can influence 
substrate metabolic activity and as well as proton transfer mechanism [80]. pH 
has a significant factor on dye degradation efficiency because of enzymatic activity 
depends on the pH. The color of the solution and solubility of the dyes is affected by 
the pH. The release of metabolic products by a biocatalyst into the anolyte will lower 
the system pH [31] acidic can bring about alterations in several MFC system param-
eters such as concentration of ions, membrane potential, proton motive force and 
adversely affect bacterial growth and adhesion during MFC operation. Raghavulu 
et al. [80] found that acidophilic pH in anodic chamber was effective performance 
with respect to power output compared to the corresponding neutral and alkaline 
operations. However, substrate degradation was observed to be higher in neutral 
condition followed by alkaline and acidophilic operations. On the other side, though 
cation exchange membranes (CEM) and anion exchange membranes (AEM) are less 
expensive separators [72], pH in the cathode chamber increases because of the trans-
port of the cationic species other than protons (particularly of alkali and alkaline 
earth metals) through the CEM. This increase in pH negatively impacts the perfor-
mance of the MFC. For every 3 unit increase in pH, a loss of potential of 0.18 V 
occurs in the cathode, according to [83]. Ideally, the only membranes that can prevent 
the pH effect on MFC performance are 100% proton selective membrane. Buffers 
have been commonly used in MFCs in order to (i) maintain a suitable pH for the 
anodic bacteria biofilm, (ii) increase solution conductivity, (iii) increase the transfer 
of protons generated at the anode to the cathode, and (iv) reduce the operational pH, 
which would be beneficial for oxygen reduction. Hence, the primary challenge in 
scaling-up an MFC application is to ensure a more stable electrolyte environment in 
the MFC by adding buffers in continuous mode.
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3.3.3 Effect of Hydraulic Retention Time (HRT) 

HRT is the average amount of time that reactants stay in a reactor and it is calculated 
by dividing the volume of a reactor by the influent flow rate. Oon et al. [75] studied 
the effect of HRT on MFC performance and reported that longer HRT allows longer 
contact time between the substrates and biofilm, which enabled more organic matter 
to be oxidized by microbes, thus, led to a higher reduction of COD. It was found that 
the COD removal efficiency at 1 day HRT was 70%, and rose about 7% when MFC 
operation was extended to 2 days HRT and it also enhanced the azo dye decolorisation 
and bioelectricity generation. 

Oon et al. [75] studied the influence of HRT on the decolorisation and bioelectricity 
generation can be improved by longer HRT (2 days) and by regulating the external 
resistance closer to the internal resistance of the MFC system. The low concentration 
of New Coccine (NC) (25 mg/L) improved 17% of the power density to 20.13 ± 
0.37 W/m3. The internal resistance decreased from 50 to 32 Ω. As dye concentra-
tion increases, the decolorisation efficiency maintained over 90% (200 mg/L NC), 
whereas, power density dropped to 10.83 ± 1.21 W/m3. Results showed that both 
decolorisation and power performances were improved with 2 days HRT. However, 
the HRT was too high, then the depletion of substrate occurs. Due to mass transfer 
losses, it increased the overpotential of the system thereby reducing the power output. 
Li et al. [48] studied the influence of HRT on the power density. The maximum 
power density reached 552.2 mW/m2, when the HRT was 14.8 h. Increasing HRT 
from 14.8 to 44.4 h decreased the substrate concentration in the anodic chamber, 
which increased the open circuit voltage of anode from −431 to −283.8 mV. Longer 
HRTs reduce the organic loading rate, thereby reducing the cell performance due 
to the rapid depletion of the substrate, whereas shorter HRTs favor the develop-
ment of non-exoelectrogenous bacteria, which reduces the CE and electrochemical 
performance with less effective COD removal, hence optimum HRT is preferred. 

3.3.4 Microorganisms in Fuel Cells for Dye Wastewater Treatment 

Many dissimilatory metal reducing bacteria possess the ability to transfer electrons 
directly attracting much attention for the application of MFC in dye degradation. 
Pure strain such as Proteus hauseri ZMd44 [8] and Pseudomonas aeruginosa [31] 
has been shown to generate electricity in mediator-less MFC systems and degrade 
the dyes simultaneously. Different azo dyes such as methyl orange (MO), Congo 
red, reactive blue 172 (RB), reactive yellow 145, and reactive red 2 were inves-
tigated in the Pseudomonas-catalyzed MFC [29], which is capable of producing 
pyocyanin and several other electron-shuttling compounds. Several isolates such as 
Geobacter sulfurreducens and Beta Proteobacteria have also been shown to produce 
energy output without the addition of mediators in MFC and dye removal [13]. 
In some cases, interestingly it has been found that the decolorized intermediates 
of azo dyes are redox-active chemical species which itself act as a mediator [8].
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An overview of different species of microorganisms employed in the MFC oper-
ation with specified dye-bearing substrate. Different species involved in the MFC 
operation and their possible decolorization efficiency with power output is given in 
Table 4. Bacteria were identified as the members of the genera Azospirillum, Methy-
lobacterium, Rhodobacter, Desulfovibrio, Trichococcus, and Bacteroides were more 
abundant in the dye degradation process. 

3.3.5 Effect of Electrode 

Among all the MFC components, the electrode materials play a crucial role in power 
generation since the cost of the electrode is a key barrier to the translation of MFCs 
from the laboratory scale to the industrial process [82]. The anodic material must 
be conductive, highly porous with enhanced active surface area, noncorrosive, and 
exhibit redox behavior compatible with microbial metabolism [30]. Different types 
of materials ranging from non-corrosive stainless steel to versatile carbons have been 
examined as anodes in different configurations [78]. Similarly, cathode materials also 
have an equally important effect on MFC operation and productivity. Ideally, cath-
odes are expected to have a high redox potential to accept electrons [71]. However, it 
is difficult to obtain high cathodic potentials unless metal-oxide-loaded catalysts are 
used. [33] employed granular activated carbon as the bioanode and biocathode for 
the treatment of industrial dye wastewater in an MFC to avoid the platinum catalyst 
and Nafion membrane, which are two tailbacks in MFC in terms of affordable costs. 
A stable voltage of 0.214 V was attained with 73% and 77% decolorization at the 
anode and cathode, respectively. Cui et al. [10] filled a cuboid titanium basket (L 
13 cm × W 10 cm  × H 7 cm) tightly with granular graphite and welded a titanium 
rod of 30 cm length on the basket for the external circuit connection. The large 
specific surface area provided by the graphite granules in this configuration was 
appreciably better for the power generation. Graphite-epoxy resin composite elec-
trodes (MS-GECE) doped with various metal salts (MS) were tested by Jayapriya 
and Ramamurthy [31, 32] in dye degradation using Pseudomonas aeruginosa as the 
biocatalyst. The best-performing MFC was the one with Mn2+ GECE electrodes, 
producing the highest power density for methyl orange (4676 mW/m2) and reactive 
black (2593 mW/m2).[96] used a biocathode MFC for Congo red decolorization 
in textile dyeing sludge. The biocathode MFC exhibited excellent performance, 
achieving Congo red decolorization rapidly in 48 h, with a power density of 9 
mW/m2. Bulk-modified graphite-polyester composite electrodes (GPECE) doped 
with metal salts (MS-GPECE) prepared by casting [69] displayed redox behavior 
suitable for bacterial metabolism, and enhanced biofilm formation was observed in a 
Pseudomonas-catalyzed microbial fuel cell (MFC). The highest power density (1575 
± 223.26 μW/m2) achieved with Ni-GPECE as the cathode material was approxi-
mately 15-fold higher than that obtained with graphite block, and its methyl-orange 
decolorization efficiency was 97 ± 1.4%. Nickel cobaltite (NiCo2O4)- and conduc-
tive polyaniline (PANI)-modified carbon cloth (CC) electrodes were synthesized by 
simple, low-cost hydrothermal and electropolymerization techniques, respectively,
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by Narayanasamy and Jayaprakash [70]. Among the different electrode combinations 
tested, the surface-modified electrode Ni/PANI/CC (NCCP) produced the maximum 
power density when applied as a cathode (12.194 ± 0.59 mW/m2), which was 15.9-
fold higher than that obtained with CC (0.769 ± 0.0023 mW/m2), besides a high 
decolorization efficiency of 80.5 ± 2.1%. The preferred electrodes for dye decol-
orization seem to be mostly carbon and graphite electrodes. Though the maximum 
color removal has been achieved with carbon-based electrodes in combination with 
a Pt-catalyst-modified cathode, the incorporation of carbon nanotubes (CNTs) in 
conductive polymers has become a promising cost-effective electrode fabrication 
strategy in the MFC arena [72, 99]. All these efforts aspire to unearth the best elec-
trode combination for effective decolorization of azo dyes while generating power 
as a by-product in MFCs. 

4 Conclusion 

If power output in these systems can be increased, MFC technology may provide a 
novel method to offset the high operating cost of traditional wastewater treatment 
plants, thereby making water recycling and waste disposal more inexpensive for 
developing and developed nations. MFCs operated with different synthetic dyes and 
polycyclic aromatic compounds at the pilot-scale demonstrate feasibility but require 
technical improvements toward high degradation efficiency and lower cost to be 
economically competitive at the industrial level. Evident inadequacies in commer-
cialization aspects, including cost and durability, have been detected with respect 
to some MFC components, such as electrode materials, oxygen-reduction reaction 
catalysts, and membranes. Nowadays, attention toward the development of alternate 
materials is mounting, and MFC technology might lay a sophisticated path for the 
direct management of industrial dye effluents and PAH-rich petroleum waste via 
bioremediation. 
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Bioremediation of Agro-Industries 
Pollutants Through Microbial Fuel Cells 

Burcu Palas, Gülin Ersöz, and Süheyda Atalay 

Abstract Valorization of the agro-industrial wastes and development of energy 
saving sustainable wastewater treatment systems has gained importance by the 
increasing demand on energy and water worldwide. Microbial fuel cell is an emerging 
technology with the ability of simultaneous wastewater treatment and electricity 
generation by harvesting the chemical energy in organic wastes and wastewaters. 
Agro-industry wastewaters mainly composed of carbohydrates, proteins, lipids, and 
various nutrients have been effectively used as a substrate for the microorganisms in 
bioenergy producing treatment systems. Agricultural wastes including the residues 
of various crops, pomace and peelings of fruits and vegetables, dairy wastes, and 
livestock wastes are the renewable feedstock for the microbial fuel cell systems. In 
addition to being used as a substrate, the agricultural wastes are used for electrode 
and proton exchange membrane fabrication in microbial fuel cell applications. In this 
chapter, a brief information and examples from the recent literature on vegetable oil 
processing, brewery and wine, dairy and livestock wastewater treatment, and utiliza-
tion of agricultural residues in microbial fuel cells are presented. The power density, 
coulombic efficiency, and chemical oxygen demand removal efficiencies reported 
for different agricultural wastes are summarized. Finally, the challenges and future 
perspectives of microbial fuel cell technology are discussed. 
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1 Introduction 

Wastewaters generated from domestic, industrial, agricultural, and municipal activ-
ities contain a wide variety of pollutants including toxic organic and inorganic 
compounds and biological components which may cause many adverse effects on 
environmental and human health [65]. Since many of the water resources are polluted 
there is a need for effective water treatment technologies [39]. In order to reach high 
pollution removal efficiencies an increasing capacity of equipment leading to an 
increase in energy consumption has been used in the wastewater treatment facilities. 
The electric energy consumed in the wastewater treatment processes accounts for 
25–40% of the total operating costs. A significant portion of the required energy is 
provided from non-renewable sources. Since the use of these energy sources resulted 
in emission of air pollutants and environmental depletion, development of energy effi-
cient wastewater treatment methods plays a highly important role in environmental 
protection [108]. Depending on the composition of the wastewater and the treatment 
method applied, approximately 0.5–2 kWh/m3 of treated water energy is required for 
wastewater treatment. Wastewater contains nearly 3–10 times the energy (in the form 
of organic substance, nutritional elements, and thermal energy) required to treat it. By 
harvesting the chemical energy hidden in wastewater, the treatment technologies can 
become energy-producing processes instead of being energy-consuming applications 
[28]. Agricultural and food industries are one of the important contributors to world-
wide environmental pollution. Effluents of agro-food industries threaten the environ-
mental health since they contain high organic matter and traces of organic pollutants. 
Therefore the treatment of agro-food industry wastewaters requires appropriate and 
comprehensive management methods [42, 79]. 

2 Working Principle 

Microbial fuel cell is an emerging technology producing clean and sustainable energy 
during the degradation of pollutants. It is a low-cost and environmentally friendly 
method for the treatment of biowastes, which reduces the biomass energy loss and 
greenhouse gas emissions. The energy in the biomass is extracted and the chemical 
energy in organic compounds is converted into electricity in microbial fuel cells [86, 
94]. A typical microbial fuel cell (shown in Fig. 1) consists of anode and cathode 
chambers separated by a proton exchange membrane. Exoelectrogens, which have the 
ability to transfer electrons extracellularly, oxidize the organic substances into elec-
trons and protons in the anode chamber into electrons, protons, and carbon dioxide. 
The diffusion of the protons through the ion exchange membrane produces a poten-
tial difference between anode and cathode. The electrons flow through the external 
circuit to the cathode chamber where the electrons and protons react with oxygen to 
form water and electrical energy is generated [84, 99].
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Fig. 1 Schematic representation of a typical microbial fuel cell 

Many types of electrochemically active microorganisms including bacteria, 
archaea, and fungi have proven to be useful in microbial fuel cells. Pure or mixed 
culture microorganisms can be used in microbial fuel cells. The mixed cultures 
are synergistic communities playing different roles in the nutrient cycle. Some of 
the microorganisms digest nutrients while some others protect the biofilm against 
hazardous factors such as heavy metals. Generally, soil, marine sediments, domestic 
wastewater, and activated sludge including mixed cultures have been used to inocu-
late the microbial fuel cells. Though the growth of the pure cultures is slow, mixed 
cultures take longer time to reach a steady current generation in microbial fuel cells 
[13, 52]. The performance of microbial fuel cells depends on various factors such 
as reactor configuration, electrode materials, external resistance, selection of proton 
exchange membrane, operating pH and temperature, bacterial community, substrate, 
and ionic strength of electrolyte [47, 57]. Microbial fuel cells provide renewable 
energy to meet the global electricity requirement. This method has many advantages 
over other wastewater treatment methods such as [4]: 

– obtaining high efficiencies due to direct conversion of organic substances into 
electricity, 

– the ability of operation at ambient conditions, 
– potential use in remote areas where the electrical infrastructure is insufficient, 

and, 
– involving an anaerobic process reducing the bacterial biomass in comparison to 

the aerobic systems.
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2.1 Configurations 

Microbial fuel cell systems have been basically designed with dual and single 
chamber configurations. The primitive design for the microbial fuel cells is dual 
chamber or H-type configuration. Though the performance of double chambered 
microbial fuel cells is higher in terms of current generation and pollutant removal 
efficiency, the single chamber air cathode configuration is developed to reduce the 
cost of the process by minimizing the complexity. In the single chamber configu-
ration there is only an anode chamber attached to the membrane cathode assembly. 
While one side of the cathode is bonded to the membrane, the other side is in contact 
with air. In addition to the basic configurations, U-tube and stack microbial fuel cell 
systems are available for different applications. For the large-scale operations stack 
microbial fuel cell configuration is used to obtain high voltage and current outputs 
[99, 100]. 

2.2 Performance Evaluation 

The performance of microbial fuel cells is assessed by several measurements and 
calculations including the current density, power density, and coulombic efficiency. 
During the microbial fuel cell operations, the voltage is measured and recorded. The 
current, I [A], is calculated from Ohm’s law: 

I = V 
R 

(1) 

where R is the external resistance [Ohm, Ω] and V is the voltage [V ]. 
The power, P [W ] is calculated by multiplying the voltage and current. The current 

and power are normalized to the projected surface area of the anode to determine the 
current and power densities [96]. 

Current Density = I 
a

[
A 

m2

]
; Power Density = P 

a

[
W 

m2

]
(2) 

where a [m2] is the surface area of the anode. 
Alternatively, power can be normalized with respect to liquid volume in the anode 

chamber to evaluate the volumetric power density. 
The coulombic efficiency is defined as the ratio of the total Coulombs calculated 

by integrating the current over time to the theoretical amount of Coulombs avail-
able based on the decrease in pollutant concentration. If the treatment efficiency is 
evaluated considering the chemical oxygen demand removal [18, 34, 95]:
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E(%) =
[ ∫

I dt  

F × b × v × ΔCOD 
MW

]
× 100 (3) 

where t is reaction time (s), F is Faraday’s constant, b is the number of moles of 
electrons exchanged per mole of O2, ΔCOD is the change in chemical oxygen 
demand (g/L), and MW is the molecular weight of the O2, and v [L] is the  volume  
of wastewater. 

3 Treatment of Agro-Industrial Wastes and Wastewaters 
in Microbial Fuel Cells 

The agro-food industries generate a huge amount of organic matter that can be used 
for energy recovery [12]. In addition to the agricultural residues in solid form, edible 
oil wastewaters, fruit and vegetable processing wastewaters, winery and brewery 
wastewaters, and the animal husbandry wastewaters including the effluents of dairy 
and livestock industries are categorized under the agro-food processing wastes. 

3.1 Pretreatment of the Agricultural Residues 

Agro-industrial wastes derived from various sources including animal husbandry, 
crop harvesting, edible oil production, and food and beverage processing have been 
found in the environment. The agricultural wastes that are used as feedstock in bioen-
ergy production processes can be categorized into four main generations depending 
on their usage areas. 

First generation feedstocks consist of easily available and edible food crops such 
as wheat, corn, rice, and sorghum. Though the food crops can be effectively used 
as fuel in energy production processes, the main challenge for their utilization is 
the food versus fuel dilemma. Second generation feedstocks include non-food crops 
like woody and grassy crops, residues of edible food crops (e.g., straw, husk, and 
bran of various crops) and bagasse, pomace, and peelings of fruits and vegetables. 
Third generation feedstocks comprise non-food marine biomass which is mainly 
algae. The fourth generation feedstocks are the engineered microorganisms which 
are genetically modified bacteria and algae. From first to fourth generation feedstocks 
are illustrated in Fig. 2 [30, 63, 74]. 

Agricultural residues are a promising feedstock for low-cost energy production in 
bioelectrochemical systems due to their renewability. However, the microorganisms 
in microbial fuel systems are usually unable to use lignocellulosic biomass directly 
for bioenergy generation. Therefore, physical, chemical, and biological pretreat-
ment methods have been applied to make complex carbohydrate structures available 
for bioconversion processes [24]. In the physical pretreatment processes chipping,



250 B. Palas et al.

Fig. 2 Feedstocks in bioenergy production processes 

milling, and grinding are applied to increase the biodegradability of agricultural 
biomass by reducing the size of the particles. Acidic or alkali chemicals are used 
in chemical pretreatment processes. Acidic pretreatment operated by using mineral 
or dicarboxylic acids facilitates enzymatic hydrolysis of lignocellulosic material 
and enhances the energy efficiency in microbial fuel cells. NaOH, KOH, hydrazine, 
ammonia, or lime are used as alkali pretreatment agents in case low lignin content 
biomass is used in microbial fuel cells. Biological pretreatment enhances the sugar 
yield via hydrolyzation and disruption of the crystal structure of lignocellulosic 
materials in the presence of bacteria and fungi [62]. 

3.2 Utilization of Agricultural Residues in Electrode 
and Proton Exchange Membrane Fabrication 

A remarkable amount of agricultural residues are produced globally and it has an 
enormous potential to utilize biowastes [87] such as crop residues (e.g. wheat straw, 
corn stem, rice husk, etc.), vegetable and fruit peelings (particularly citrus peelings), 
fruit pomace, and sugarcane bagasse. Generally, the agro-industrial wastes have been 
utilized as a substrate in microbial fuel cells. Alternatively, these wastes can be used 
in ion exchange membrane or electrode fabrication. For instance [80], deal with the 
preparation of ceramic membrane by blending rice husk ash with soil. They reported 
that ceramic membranes having 10% rice husk ash provided higher proton mass 
transfer [80]. 

Jiao et al. [41] used rice husk-derived activated carbon in cathode fabrication and 
the experimental results showed that a satisfactory power density output (293.4–317.7 
mW/m2) was gained in the presence of rice husk-based electrodes [41]. Karthikeyan
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et al. [43] investigated the potential of king mushroom, wild mushroom, and corn 
stem to be used for the fabrication of electrode materials by carbonization procedures. 
The maximum bio electrocatalytic current obtained by using carbon electrode derived 
from corn stem (3.12 mA/cm2) was 8 times higher than the plain graphite electrode 
[43]. Bose et al. [11] prepared activated carbon from sugarcane waste to fabricate 
cathode. A power density of 0.40 mA/m2 was obtained while 64% of chemical 
oxygen demand (COD) removal was achieved in the microbial fuel cell system [11]. 
Pepè Sciarria et al. [76] carbonized olive mill waste and salted pistachio nut shells 
to prepare biochar which was used as catalysts in air cathode microbial fuel cells. 
The maximum power density obtained by using olive mill waste-derived biochar was 
approximately 15 times higher than that obtained by a commercial carbon black [76]. 

3.3 Utilization of Agricultural Residues and Wastewaters 
as Substrate 

Crop residues 

Crop residues are one of the most suitable substrates for microbial fuel cells since 
they are abundantly available and can be converted into sugar monomers and protein 
easily in the presence of most of the microorganisms. In literature, the performance 
of microbial fuel cells fed by straw, stalk, and husk of various crops has been widely 
investigated in recent studies. Wheat straw, which contains up to 40% cellulose, 26% 
hemi-celluloses, and 23% lignin, is a plentifully available biomass. [72] performed 
the degradation of wheat straw in a dual chamber microbial fuel cell by using white 
rot fungi and a maximum power density of 33.19 mW was achieved [72]. Song 
et al. [91] utilized wheat straw in solid phase microbial fuel cell system for the 
removal of Pb and Zn in contaminated soil. The metal removal efficiencies of the 
solid phase microbial fuel cells increased with the straw ratio. By the addition of 
3% wheat straw, Pb removal efficiency enhanced from 15 to 37.2%, and Zn removal 
efficiency increased from 7.3 to 15.1% whereas the power density increased from 
10.5 to 25.7 mW m−2 [91]. Rice is served as the staple food for about half the 
world’s population and its production rate reaches 731 million tons/year. Therefore, 
rice straw is one of the most common lignocellulosic residues that can be used in 
biomass-derived energy production [31]. Daud et al. [20] utilized rotten rice as an 
organic source for bacterial species to produce electricity and remove the metals (Cd, 
Pb, Cr, Ni, Co, Ag, and Cu) in wastewater. The maximum power and current densities 
were calculated as 2.9 mW/m2 and 168.42 mA/m2, respectively. The metal removal 
efficiencies varied between 82.2 and 99.88% [20]. Raychaudhuri and Behera [81] 
synthesized ceramic membranes by using soil with clay and rice husk ash. A dual 
chamber microbial fuel cell unit was used to treat rice husk mill wastewater. 72.4 
± 0.9 COD removal and 4.08 ± 0.08 W/m3 of power density were obtained [81]. 
Cornstalk, as an abundant renewable biomass resource, can be used as a substrate in
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microbial fuel cells effectively. Li et al. [50] developed a corn straw hydrolyzates-
fed microbial fuel system and obtained a power density of 23.5 ± 6.0 mW/m2 [50]. 
Nwaokocha et al. [67] treated Nigerian corn starch wastewater in a dual chamber 
microbial fuel cell. The maximum current density and power density were found to 
be 7.7 mW/cm2 and 8.10 mA/cm2, respectively [67]. 

Molasses residues 

Molasses wastewater generated in sugar refineries contains high concentrations of 
organic substances including sugar, pectin, and protein. Since molasses wastewater 
contains large amounts of nutrient for the microorganisms, biochemical treatment 
methods can be applied [103]. Naina Mohamed et al. [64] treated sugar industry 
wastewater by using FeMoO4 doped graphite plate electrode in microbial fuel cell. 
The power density was found to be 106 ± 3 mW/m2. COD removal efficiency and 
coulombic efficiency were calculated as 79.8 ± 1.5% and 21.3 ± 0.5%, respectively 
[64]. Hassan et al. [32] utilized sugarcane molasses in a dual chamber microbial fuel 
cell and 188.5 mW/m2 of power density was obtained. The coulombic efficiencies 
were in the range of 59.8–28.03% whereas the COD removal efficiency reached 
to 81.7% [30]. [98] realized benzene removal and power generation in a double 
chamber benthic microbial fuel cell fed with sugarcane waste. 82.3% of benzene 
removal efficiency and 24.2 mW/m2 of power density were achieved [98]. 

Fruit wastes 

Kondaveeti et al. [46] treated citrus waste in a single chamber air cathode microbial 
fuel cell for simultaneous bioelectricity generation and organic reduction. Microbial 
fuel cell was operated at four organic loading conditions. When the organic load 
increased from 3 to 12 kg/m3, the COD removal efficiencies decreased from 45.8 
to 63.8 mW/m2, and the coulombic efficiencies decreased from 21.3 to 33.2% [46]. 
Moharir and Tembhurkar [61] investigated the influence of recirculation of anolyte 
on electricity generation using food waste substrate in a two chamber microbial fuel 
cell. The microbial fuel cell operation was carried out in fed-batch mode at various 
COD contents of 500–1250 mg/L. The recirculation improved the bioelectricity 
production in microbial fuel cells. The maximum current density, power density, and 
coulombic efficiencies were determined to be 150.30 mA/m2, 29.23 mW/m2, and 
14.22% respectively, in recirculated microbial fuel cell systems [61]. Divya Priya 
and Pydi Setty [21] treated cashew apple juice in microbial fuel cell for bioelec-
tricity production. The maximum power density was calculated as 31.57 mW/m2 at 
a current density of 350 mA/m2 [21]. He et al. [33] used an air cathode single chamber 
microbial fuel cell to treat fruit waste extracts and sludge fermentation liquid. Four 
microbial fuel systems which were fed by glucose, fruit waste extracts (FWEs), 
sludge fermentation liquid (SFL), and mixture of SFL and FWEs were operated. The 
electricity generation was improved significantly by adding fruit waste extracts. The 
soluble organic matter removal was above 90% in all of the microbial fuel cell (MFC) 
systems. The bioelectricity conversion efficiencies for SFL-MFC, FWEs-MFC, and 
the mixture-MFC were evaluated as 1.061, 0.718, and 1.391 kWh/kg COD, respec-
tively [33]. Kebaili et al. [44] utilized the fruit wastes to prepare fermented fruit
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juice inoculum. They used a two chambered microbial fuel cell consisting of plat-
inum grid cathode and graphite rod anode inoculated with fruit leachate. Sucrose 
and fructose were used as fuel and the performances of graphite carbon and graphite 
felt bio-anodes were compared. The power dentistry reached up to 20 mW/m2 in the 
presence of graphite carbon whereas graphite felt provided a power density of 25 
mW/m2 [44]. 

Solid phase applications 

In addition to the liquid phase applications, fruit wastes can be utilized in solid phase 
microbial fuel cells. Hariti et al. [29] studied on the reduction of agro-industrial waste 
pollutants and energy production in a solid phase microbial fuel cell by utilization of 
the citrus industry wastes as substrate. The marine sediments were mixed with orange 
peel waste and treated in microbial fuel cells. The effect of the orange peel amount 
and external resistance on bioelectricity generation and organic matter reduction were 
investigated. The maximum power density and total organic carbon were recorded 
as 0.28 W/m2 and 55%, respectively [29]. The recent studies on microbial fuel cell 
performances using agricultural wastes and wastewater as a substrate is reported in 
Table 1. 

Edible oil wastewaters 

Olive, palm, coconut, cottonseed, peanut, rapeseed, soybean, and sunflower seed 
are the major sources used for vegetable oil production in the world. The edible 
oil industries generate large amounts of wastewater and the organic and nutrient 
constituents of the untreated wastewaters damage the aquatic life. Recently, instead 
of applying ordinary treatment methods, conversion of the agricultural wastes into 
useful products or energy has gained attraction due to the fast growth of vegetable oil 
industries [49]. For instance, [26] investigated the performance of the mirobial fuel 
cell by using vegetable oil industry wastewaters as a substate. The power densities 
at 25 and 35 °C were found to be 2166–6119 mW/m2, respectively. The coulombic 
efficiencies and the COD removal efficiencies varied between 33.0–36.5% and 80%– 
90%, respectively [26]. Liu and Vipulanandan [53] used metallic nanoparticles of Fe, 
Ni, and Fe/Ni were used as cathode catalysts to improve power production in a dual 
chamber microbial fuel cell fed with used vegetable oil. Fe nanoparticles promoted 
bacterial growth and biosurfactant formation and showed the greatest catalytic effect 
on the microbial fuel cell performance by incresing the power density up to 66.4 
mW/m3 [53]. 

Olive oil and palm oil processing effluents discharged from the vegetable oil 
industries are the most commonly treated wastewaters in microbial fuel cells. 

Olive oil wastewaters 

Olive oil production process is one of the most significant commercial agro-food 
industries in Mediterranean countries due to the growing interest in olive oil consump-
tion [58]. In literature it reported that approximately 8 × 106 tons of olive mill 
wastewater is generated worldwide annually and nearly half of the total volume of



254 B. Palas et al.

Ta
bl
e 
1 

Pe
rf
or
m
an
ce
s 
of
 m

ic
ro
bi
al
 f
ue
l c
el
ls
 f
ed
 w
ith

 v
ar
io
us
 a
gr
ic
ul
tu
ra
l w

as
te
s 
an
d 
w
as
te
w
at
er
s 

R
ef
er
en
ce
s

Fe
ed
 s
ou
rc
e

M
FC

 ty
pe

A
no
de

C
at
ho
de

In
oc
ul
um

E
le
ct
ri
ci
ty
 

ge
ne
ra
tio

n 
R
em

ov
al
 

ef
fic

ie
nc
y 

D
au
d 
et
 a
l. 
[2
0]

R
ot
te
n 
ri
ce

Si
ng
le
 

ch
am

be
r 

G
ra
ph
ite
 r
od
s

G
ra
ph
ite
 r
od
s

Po
nd

 w
as
te
w
at
er

PD
: 2

.9
 m

W
/m

2
82
.2
–9
9.
88
%
 

m
et
al
 r
em

ov
al
 

Pa
l a
nd
 S
ha
rm

a 
R
ay
ch
au
dh
ur
i a
nd
 

B
eh
er
a 
[ 7
2]
 

W
he
at
 s
tr
aw

D
ua
l 

ch
am

be
r 

C
ar
bo
n 
fib

er
St
ai
nl
es
s 
st
ee
l

In
 c
at
ho
di
c 

ch
am

be
r:
 w
hi
te
 r
ot
 

fu
ng
i i
n 
an
od
ic
 

ch
am

be
r:
 

ex
oe
le
ct
ro
ge
ni
c 

ye
as
t 

PD
: 1

2.
9–
33
.1
9 

m
W
/m

2 

U
m
ar
 e
t a
l. 
[8
1]

R
ic
e 
m
ill
 

w
as
te
w
at
er
 

D
ua
l 

ch
am

be
r 

St
ai
nl
es
s 
st
ee
l 

m
es
h 

G
ra
ph

ite
 p
la
te

A
na
er
ob
ic
 s
lu
dg
e 

co
lle

ct
ed
 f
ro
m
 th

e 
bo
tto

m
 o
f 
a 
po
nd
 

PD
: 4

.0
8 
± 

0.
08
 W

/m
3 

72
.4
 ±

 0.
9%

 
C
O
D
 r
em

ov
al
 

[9
8]

Su
ga
rc
an
e 
w
as
te

D
ua
l 

ch
am

be
r 

be
nt
hi
c 
M
FC

 

C
yl
in
dr
ic
al
 

gr
ap
hi
te
 r
od
s 

C
yl
in
dr
ic
al
 

gr
ap
hi
te
 r
od
s 

PD
: 2

4.
2 
m
W
/m

2
82
.3
%
 b
en
ze
ne
 

bi
or
em

ed
ia
tio

n 

N
ai
na
 M

oh
am

ed
 

et
 a
l. 
[ 6
4]
 

Su
ga
r 
in
du
st
ry
 

w
as
te
w
at
er
 

D
ua
l 

ch
am

be
r 

Fe
M
oO

4 
do
pe
d 

gr
ap
hi
te
 p
la
te
 

Pl
ai
n 
gr
ap
hi
te
 

pl
at
e 

PD
: 1

06
 ±

 3 
m
W
/m

2 

C
E
: 2

1.
3 
± 

0.
5%

 

79
.8
 ±

 1.
5%

 
C
O
D
 r
em

ov
al
 

L
i e
t a
l. 
[5
0]

C
or
n 
st
ra
w
 

hy
dr
ol
yz
at
es
 

D
ua
l 

ch
am

be
r 

C
ar
bo
n 
cl
ot
h

C
ar
bo
n 
cl
ot
h

K
. p
ne
um

on
ia
e 
S.
 

on
ei
de
ns
is
 

PD
: 2

3.
5 
± 

6.
0 

m
W
/m

2 

N
w
ao
ko
ch
a 
et
 a
l. 

[ 6
7]
 

C
or
n 
st
ar
ch
 

w
as
te
w
at
er
 

D
ua
l 

ch
am

be
r 

Ir
on
 e
le
ct
ro
de

Ir
on
 e
le
ct
ro
de

W
as
te
w
at
er
 f
ro
m
 

co
rn
 p
ro
ce
ss
in
g 

pl
an
t 

PD
: 7

.7
 m

W
/c
m

2

(c
on
tin

ue
d)



Bioremediation of Agro-Industries Pollutants Through Microbial Fuel … 255

Ta
bl
e
1

(c
on
tin

ue
d)

R
ef
er
en
ce
s

Fe
ed

so
ur
ce

M
FC

ty
pe

A
no
de

C
at
ho
de

In
oc
ul
um

E
le
ct
ri
ci
ty

ge
ne
ra
tio

n
R
em

ov
al

ef
fic

ie
nc
y

H
e 
et
 a
l. 
[3
3]

Fr
ui
t w

as
te
 

ex
tr
ac
ts
 (
FW

E
s)
, 

Sl
ud
ge
 

fe
rm

en
ta
tio

n 
liq

ui
d,
 (
SF

L
) 

M
ix
tu
re
 o
f 

SF
L
&
FW

E
s 

Si
ng
le
 

ch
am

be
r 

C
ar
bo
n 
br
us
h

Pl
ai
n 
ca
rb
on
 

cl
ot
h 
an
d 

co
ve
re
d 
w
ith

 a
 

pl
at
in
um

 
ca
ta
ly
st
 

A
na
er
ob
ic
 

bi
or
ea
ct
or
 u
se
d 
fo
r 

w
as
te
w
at
er
 

tr
ea
tm

en
t 

PD
: 

0.
12
3–
0.
19
7 
W
/m

2 
90
%
 s
ol
ub
le
 

or
ga
ni
c 
m
at
te
r 

re
m
ov
al
 

K
on
da
ve
et
i 

et
 a
l.[
46
] 

C
itr
us
 p
ee
l e
xt
ra
ct
 
Si
ng
le
 

ch
am

be
r 

Pl
ai
n 
gr
ap
hi
te
 

pl
at
e 

Pl
ai
n 
gr
ap
hi
te
 

pl
at
e 

E
ffl
ue
nt
 o
f 

an
ae
ro
bi
c 
di
ge
st
iv
e 

re
ac
to
r 
op

er
at
ed
 

w
ith

 f
oo

d 
w
as
te
 

le
ac
ha
te
 

PD
: 4

8.
5–
71
.1
 

m
W
/m

2 

C
E
: 2

1.
3 
33
.2
%
 

45
.8
–6
3.
8%

 
C
O
D
 r
em

ov
al
 

M
oh
ar
ir
 a
nd
 

Te
m
bh
ur
ka
r 
[6
1]
 

Fo
od
 w
as
te
 

le
ac
ha
te
 

D
ua
l 

ch
am

be
r 

C
ar
bo
n 
ro
d

C
ar
bo
n 
ro
d

T
he
 m

ix
tu
re
 o
f 
fo
od
 

in
du
st
ry
 s
lu
dg
e 
an
d 

co
w
 d
un
g 
sl
ur
ry
 

PD
: 2

9.
23
 m

W
/m

2
, 

C
E
: 1

4.
22
–2
9.
32
%
 

58
.9
7–
72
.2
7%

 
C
O
D
 r
em

ov
al
 

H
ar
iti
 e
t a
l. 
[2
9]

O
ra
ng
e 
pe
el
 

w
as
te
s 
m
ix
ed
 w
ith

 
m
ar
in
e 
se
di
m
en
ts
 

Si
ng

le
 s
ol
id
 

ph
as
e 

m
ic
ro
bi
al
 

fu
el
 c
el
l 

G
ra
ph
ite
 r
od

G
ra
ph
ite
 r
od

D
ew

at
er
ed
 s
lu
dg
e 

fr
om

 a
na
er
ob
ic
 

di
ge
st
er
 

PD
: 2

42
.7
–2
82
.2
8 

m
W
/m

2 
22
%
-5
5%

 T
O
C
 

re
m
ov
al
 

PD
: P

ow
er
 D
en
si
ty
, C

E
: C

ou
lo
m
bi
c 
ef
fic

ie
nc
y,
 M

FC
: M

ic
ro
bi
al
 f
ue
l c
el
l



256 B. Palas et al.

the olive oil mill output is released as wastewater [7]. The olive oil wastewater gener-
ated per unit mass of olive processed values is reported as 40–55 L/100 kg of olives 
for traditional batch press and 80–120 L/100 kg of olives for continuous solid–liquid 
centrifuge systems. The chemical and biochemical oxygen demand of the olive oil 
wastewaters generally varied between 80–200 g/L and 50–100 g/L, respectively [25]. 
One m3 of olive oil mill wastewater is equivalent to 100–200 m3 of domestic sewage 
in terms of pollution influence. Olive oil mill wastewaters contain high amounts of 
sugars, proteins, phenols, lipids, and phosphorus that microorganisms can metab-
olize [1, 97]. The release of improperly treated olive oil wastewaters may result 
in contamination of soil and water resources, phytotoxic impacts on aquatic fauna, 
and ecological equilibria. The conventional wastewater treatment methods usually 
do not provide a high effectiveness for the elimination of the hazardous pollutants 
in the olive oil mill wastewaters [69]. Microbial fuel cell treatment is a promising 
solution for the removal of pollutants in olive oil wastewaters. [8] investigated the 
treatment of phenol containing synthetic wastewater and olive oil wastewater in dual 
chamber microbial fuel cells in the presence of phenol-adapted activated sludge and 
Ralstonia eutropha. In case the olive oil wastewater was fed to the microbial fuel 
cell the highest power density was found to be a value of 7.8 mW/m2 whereas the 
COD removal efficiency was 48% [8]. Pepè Sciarria et al. [78] treated the mixtures 
of olive oil wastewater and domestic wastewater in a single chamber microbial fuel 
cell. A power density of 124.6 mW/m2 was achieved. The total chemical oxygen 
demand (TCOD) and BOD5 removal efficiencies were calculated as 60% and 69%, 
respectively, yielding 29% of coulombic efficiency [78].

Palm oil wastewaters 

Palm oil is an inexpensive product which has many application areas in food, 
cosmetic, pharmaceutical, and biofuel industries [14]. Palm oil wastewaters contain 
high organic content mainly composed of oil and fatty acids, carbohydrates, proteins, 
and a remarkable amount of cellulose, which make the palm oil wastewaters suitable 
for biological treatment processes. Usually, generation of one ton of crude palm oil 
requires approximately 5–7.5 tons of water, and nearly half of the used water produces 
palm oil mill effluent [2]. High chemical and biochemical oxygen demand content 
and organic nitrogen and phosphorus concentration level of the palm oil wastewa-
ters can cause significant environmental problems if discharged without an efficient 
treatment [15]. Sarmin et al. [82] used palm oil mill effluent as a substrate in a two 
chambered microbial fuel cell. The power density was improved up to 500 mW/m2 

in the presence of yeast-bacteria inoculum whereas the chemical oxygen demand 
removal efficiency was enhanced up to 90% [82]. Islam et al. [37] investigated the 
performance of a dual chamber microbial fuel cell inoculated with Klebsiella vari-
icola for the treatment of palm oil mill effluent. 4.5 W/m3 power density and 63% 
coulombic efficiency were evaluated while the chemical oxygen demand removal 
efficiency was 58% [37]. Sedighi et al. [83] treated palm oil wastewater in a two 
chambered microbial fuel cell. The highest power density at the optimum conditions 
was 58.19 mW/m2 and the maximum COD removal was calculated as 94.8% [83]. 
Baranitharan et al. [9] operated a double chamber microbial fuel cell using diluted
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palm oil mill effluent. The maximum power density, COD removal efficiency, and 
coulombic efficiency were evaluated as 22 mW/m2, 70%, and 24%, respectively [9]. 
A list of microbial fuel cell performances using vegetable oil wastes as a substrate 
is reported in Table 2. 

3.4 Winery and Brewery Wastewaters 

Winery wastewaters 

Winery wastewater is mainly generated from the washing steps operated to clean 
tanks, floors, equipment, and barrels in the wine production processes. Additionally, 
product losses, bottling facilities, and filtration units contribute the winery wastew-
ater generation. Winery effluents contain many pollutants including ethanol, sugars, 
organic acids, and phenolic compounds. The estimated winery residues are between 
1.3 and 1.5 kg per liter of wine produced, 75% of which is winery wastewater. It 
is reported that the chemical oxygen demand concentration of winery wastewaters 
are in the range of 500–45,000 mg/L and total suspended solids varied between 12 
and 7300 mg/L whereas the biological oxygen demand concentration is approxi-
mately 0.4–0.9 of the chemical oxygen demand value [36, 85]. The excessive use of 
water, pesticide use, and presence of semi-solid organic wastes including grape marc, 
vinasses, lees, and sludge, and the seasonal changes in the wastewater parameters 
make the winery wastes difficult to be treated [10]. 

Therefore, conventional treatment methods are generally not sufficient for the 
removal of the wastes generated by wineries. Microbial fuel cell is a promising solu-
tion for the treatment of winery wastewaters. Liu et al. [54] operated an air cathode 
microbial fuel cell inoculated with anaerobic winery sludge to treat synthetic winery 
wastewater The maximum power density and the COD removal efficiency were found 
to be 54 mW/m2 and 77 ± 7%, respectively [54]. Penteado et al. [75] investigated the 
winery wastewater treatment in the presence of various carbon electrodes in a dual 
chamber microbial fuel cell. The highest power density was found at 420 mW/m2 

by using carbon felt and the maximum COD removal was around 11% [75]. Pepe 
Sciarria et al. [77] studied on the treatment of white and red wine lees in a single 
chamber air cathode microbial fuel cell. They reported that the power densities were 
calculated as 111 and 262 mW/m2 by using red and white wine lees, respectively. 
The reduction of chemical and biochemical oxygen demand was 27% and 83%, 
respectively for red wine lees while the removal efficiencies were evaluated as 90% 
and 95% for white wine lees [77]. 

Brewery wastewaters 

Brewery is one of the sectors that consumes a large amount of water and energy. 
During the beer production extracts of hops, malt, sugar, and water are mixed and 
fermented by using yeast. Beer is reported as the fifth most consumed beverage 
in the world. The discharged by-products such as spent grains, and yeast surplus
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are responsible for environmental pollution. Additionally, cleaning of tanks, bottles, 
equipment, and floors generates large amounts of wastewater. In order to produce 1 
L of beer, 3–10 L of wastewater is generated depending on the production process [6, 
89]. Brewery wastewaters are generally more concentrated in comparison to domestic 
wastewater by tenfold varying from 3000 to 5000 mg COD/L. Brewery wastewater 
can be utilized as substrate effectively in microbial fuel cells due to the low strength 
and low inhibitory compound concentration and high carbohydrate content of the 
food-based wastewater [24, 28]. Negassa et al. [66] studied on brewery industry 
wastewater treatment in a double chambered microbial fuel cell inoculated with 
locally isolated microorganisms. The chemical oxygen demand, biochemical oxygen 
demand, and total suspended solid removal efficiencies were found to be in the range 
of 79 − 83%, 55–67%, and 76–78%, respectively, while 0.8 W/m3 of power density 
was achieved [66]. Lu et al. [55] investigated the brewery wastewater treatment 
performance of a twenty-liter continuous flow microbial fuel cell. It is depicted that 
the maximum power density, coulombic efficiency, and chemical oxygen demand 
removal efficiencies were 1.61 mW/m2, 13.9%, and 94.6%, respectively [55].

Stackable configurations 

Yuvraj and Aranganathan [106] analyzed the stacked microbial fuel cell perfor-
mances. Series–parallel setup conjugation yielded a maximum power density of 1345 
mW/m2 and 81% of chemical oxygen demand removal by using brewery effluent 
[106]. Dong et al. [22] designed a ninety liter stackable microbial fuel cell system 
and used for brewery wastewater treatment. Diluted wastewater and raw wastewater 
were used at the first and second stages, respectively. The chemical oxygen demand 
and suspended solid removal efficiencies were 84.7% and 81.7% at the first stage 
and 87.6% and 86.3% at the second stage, respectively. The power densities changed 
from 138 ± 4 to 181 ± 21 mW/m2 [22]. The performances of microbial fuel cells 
fed with winery and brewery wastewaters are shown in Table 3. 

3.5 Dairy Industry Wastewaters 

The dairy industries manufacture various products including pasteurized milk, skim 
milk, cream, butter, cheese, yoghurt, ice cream, and milk dessert via transforma-
tion of raw milk. The dairy wastewaters containing carbohydrates, lipids, proteins, 
phosphorous, and nitrates are characterized by high concentrations of chemical and 
biochemical oxygen demand, oil and grease, total suspended solids, total nitrogen, 
and total phosphorus [45, 88, 102]. Dairy industry is one of the noticeable sectors, 
which generates waste thrice the volume of milk produced, and also it discharges a 
large amount of processed water varying between 3.739 and 11.217 mm3 of waste 
annually. The manufacturing steps of dairy products involve water consuming units 
such as tanks, cleaning stores, exchangers, channels, and homogenizers generating 
effluents with a high organic waste content [40]. The composition of dairy wastewater 
varies depending on the product type, milk constituents including lactose, casein, and
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inorganic salts, unit operations in the process, and the detergents and disinfectants 
used for washing. The chemical oxygen demand and biochemical oxygen demand 
changed between 80–95,000 mg L−1 and 40–48,000 mg L−1, respectively [3].

Treatment in dual chamber MFC 

Sivakumar [90] treated dairy industry wastewater in a double chambered salt bridge 
microbial fuel cell. The maximum chemical oxygen demand removal efficiency 
reached to 89.7%. The current and power densities obtained from dairy industry 
wastewater treatment were 1309.09 mA/m2 and 1067.33 mW/m2, respectively [90]. 

Cecconet et al. [12] operated two parallel microbial fuel cell reactors continuously 
for the treatment of real dairy industry wastewater. The results showed that high 
organic matter removal can be accomplished by recovering a maximum power density 
of 27 W/m3. The average COD removal efficiencies were 80 ± 10% for the first 
microbial fuel cell reactor and 83 ± 11% for the second reactor. On average, the first 
microbial fuel cell reactor exhibited a coulombic efficiency of 20 ± 16%, while the 
second reactor provided a lower efficiency of 14 ± 11% [12]. 

Treatment in single chamber MFC 

Choudhury et al. [16] treated real dairy wastewater in a single chamber microbial fuel 
cell inoculated with Shewanella algae. The maximum power and current densities 
reached to 50 mW/m2 and 141 mA/m2, respectively. The coulombic efficiency was 
calculated as 27.45% whereas 92.21% of COD removal efficiency was obtained [16]. 
Marassi et al. [59] investigated the dairy wastewater treatment and energy gener-
ation performance of an air cathode microbial fuel cell. The scaled-up approach 
revealed that a maximum power density of 0.48 W/m3 was accomplished. Total 
chemical oxygen demand and total biochemical oxygen demand removal efficiencies 
were determined as 93% and 95%, respectively [59]. Choudhury et al. [17] investi-
gated the power generation from simulated and real dairy wastewater treatment in a 
single chamber microbial fuel cell by using Escherichia coli −K-12. After the two 
consecutive synthetic dairy wastewater feedings, real dairy wastewater feedings at 
various chemical oxygen demand values were carried out. The power density and 
the current density were found to be 1.05 W/m2 and 8.01 A/m2 respectively. 67.53% 
of coulombic efficiency and 95.45% of COD removal efficiency were achieved [17]. 
Vilas Boas et al. [101] operated microbial fuel cell inoculated with Lactobacillus 
pentosus to treat dairy industry effluents. A maximum power density of 5.04 ± 0.39 
mW/m2 was accomplished whereas the COD removal efficiencies were in the range 
of 42–58% [101]. 

Treatment of cheese whey 

Antonopoulou et al. [5] studied on valorization of cheese whey in a single chamber air 
cathode microbial fuel cell. Microbial fuel cell was fed with two different substrates 
which are filter-sterilized raw cheese whey and pretreated-acidified diluted cheese 
whey to investigate the influence of the organic load. According to the experimental
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results, filter-sterilized cheese whey was a promising substrate for electricity produc-
tion. When filter-sterilized wastewater was replaced by acidified-pretreated wastew-
ater, the performance of the microbial fuel cell was not affected significantly [5]. 
Ghasemi et al. [27] applied two different biological methods for the treatment of 
cheese whey and concentrated cheese whey. In the first method, fermentation of 
cheese whey were performed in an immobilized cell reactor to produce lactic acid. 
In the second method whey and concentrated cheese whey were utilized as carbon 
sources in a microbial fuel cell. The power densities were found to be 188.8 and 
288.12 mW/m2 for whey and concentrated whey-fed microbial fuel cells while the 
COD removal efficiencies were evaluated as 95% and 86% respectively [27]. 

Treatment of mixtures 

The performance of the microbial fuel cell systems was tested for the treatment of 
dairy wastewater containing various types of mixtures. For instance [60], studied on 
biofuel and bioenergy production from the mixture of cheese whey and livestock 
waste. Biogas production and electricity generation were achieved in an anaerobic 
co-digestion reactor and a dual chambered microbial fuel cell, respectively [60]. 
Tajdid Khajeh et al. [93] realized the treatment of mixed dairy and dye wastewaters. 
Various dairy products comprising milk, cheese water, and yogurt water were mixed 
with Acid Orange 7 dye in different combinations and fed to the microbial fuel cell 
as substrate. The maximum power density, coulombic efficiency, and decolorization 
were obtained as 44.05 mW/m2, 1.76%, and 92.18% respectively, for the mixture 
of cheese water and Acid Orange 7 [93]. Colombo et al. [19] used four sets of 
membraneless single chamber microbial fuel cells fed with different agricultural 
organic substrates in the form of dried powder. Cheese whey, kitchen waste (a mixture 
of animal and vegetal food), fish waste, and citrus pulp were utilized as substrate in 
microbial fuel cells. The maximum COD removal was evaluated as 98.77% in the 
presence of obtained cheese whey substrate and the maximum coulombic efficiency 
was calculated as 9.91% in the presence of kitchen waste [19]. A list of microbial 
fuel cell performances using dairy wastewater as substrate is presented in Table 4. 

3.6 Livestock Wastewaters 

A remarkable increase in demand for animal products has been observed worldwide 
and the livestock industry has been developed fast in the last decades to produce 
the required amount of meat, eggs, and milk. More concentrated and large-scale 
livestock farms have been established to enhance the production capacity, which 
increased the livestock wastewater generation in turn. Livestock wastewaters are 
composed of manure, urine, and flushing water and contain nutrients, heavy metals, 
antibiotics, and pathogens [35, 107]. 

Livestock wastewaters are generally characterized by high chemical oxygen 
demand, biological oxygen demand, nitrogen, and phosphorus content. High concen-
trations of phosphorus and nitrogen in livestock effluents contribute to results in
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eutrophication of receiving water bodies [71]. Therefore, the application of effi-
cient treatment methods is needed for the removal of contaminants in livestock 
wastewaters.

Cow manure and urine 

Syed et al. [92] operated a single chamber microbial fuel cell that was fed with 
pretreated cow dung (PCD) and pretreated buffalo dung (PBD). The highest chemical 
and biochemical oxygen demand removal efficiencies and the power density were 
evaluated as 80%, 87%, and 12.75 mW/m2, respectively, with PBD. The coulombic 
efficiencies obtained with PBD and PCD were calculated as 0.53% and 0.48%, 
respectively [92]. Xin et al. [105] used Cu2O decorated reduced graphene oxide 
composite as cathode catalyst for the treatment of cattle wastewater. The maximum 
power density and coulombic efficiency of 3D air cathode microbial fuel system 
reached to 1362 mW/m2 and 54.9%, respectively, and the average COD removal rate 
was found to be 71.5% [105]. Xie et al. [104] treated cow manure slurry by using 
a single chamber air-cathode microbial fuel cell. The performances of microbial 
fuel cells inoculated with activated sludge or domestic sewage were compared to the 
performance obtained with raw cow manure slurry. The maximum power density and 
chemical oxygen demand removal were found to be 1.259 ± 0.015 W/m2 and 84.72 
± 0.48%, respectively, by using activated sludge and cow manure sludge [104]. 

Jadhav et al. [38] treated cow’s urine in a dual cell microbial fuel cell. The power 
density varied between 3.08 and 5.23 W/m3 and the highest chemical oxygen demand, 
nitrate, and carbohydrate removal efficiencies were 79%, 77 ± 4.1%, and 80 ± 3.9%, 
respectively [38]. 

Swine wastewater 

Li et al. [51] used an airlift-type photosynthetic microbial fuel cell for the treat-
ment of swine wastewater. Swine wastewater was used as inoculum in anodic 
chamber whereas algae was used in cathodic chamber. The maximum value of power 
density was 3.66 W/m3 and the removal efficiencies of chemical oxygen demand, 
total organic carbon, NH4 

+–N, and total phosphorous were calculated as 96.3%, 
95.1%, 99.1%, and 98.9%, respectively [51]. Lai et al. [48] treated swine wastew-
ater collected from animal husbandry. Various 3D laminated composite electrodes 
were prepared by using zinc-coated metallic wires or stainless steel wires as sheath 
and carbon fibers as core. The maximum power density, coulombic efficiency, and 
the chemical oxygen demand removal efficiencies were between 0.6–121.9 mW/m2, 
0.6–45.8% and 30.4–81.5%, respectively, depending on the electrode type [48]. Ma 
et al. [56] investigated the effect of hydraulic retention time on microbial fuel cell 
performance in treatment of pig manure and a swine wastewater mixture. The power 
densities, chemical oxygen demand, and coulomb efficiency were in the range of 
0.5–13 mW/m2, 59–83%, and 0.2–7.1%, respectively, depending on the hydraulic 
retention time varying between 13 and 20 days [56]. The recent studies on treatment 
of livestock wastes in microbial fuel cell are summarized in Table 5.
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4 Conclusion and Future Perspective 

Microbial fuel cell technology as an alternative sustainable wastewater treatment 
method has a great potential for energy generation and utilization of agro-industrial 
wastes and wastewaters. The chemical energy in the agricultural wastes is converted 
into electricity in microbial fuel cells. However, there are still some bottlenecks asso-
ciated to the application of microbial fuel cells. The main challenges are the insuffi-
cient power output and the difficulty in scale up limiting the industrial applications. 
The direct movement of electrons from the microorganism to the electrode is limited 
by the transfer resistances which are denoted as overpotentials. The overpotentials 
reduce the potential obtained from the microbial fuel cell and decline the energy effi-
ciency. The losses can be categorized as (i) the activation overpotentials occurring due 
to the activation energy that has to be overcome by the reacting species, (ii) concen-
tration polarization expressed as the inability to maintain the initial substrate concen-
tration in the bulk medium at high power densities, and (iii) ohmic losses arising from 
the electrode, membrane and electrolyte resistances [23, 70]. Considering the energy 
losses in microbial fuel cell systems, development of innovative low-cost electrodes 
providing high electrical conductivity, favoring biofilm formation, and improving 
the stability is one of the significant issues this technology should focus on in 
the future. Additionally, fabricating ecofriendly membrane materials with enhanced 
proton conductivity, less crossover of substrate and O2, and anti-fouling features is 
needed for efficient microbial fuel cell operations [68, 73]. Various approaches have 
been used in recent researches to fabricate environmentally friendly and efficient 
electrode and proton exchange membranes. Utilization of agricultural wastes partic-
ularly in the form of carbonized materials contributes not only the valorization of 
wastes but also the development of sustainable electrode and membrane materials 
with high surface areas. Using biocathodes consisting of microorganisms is an alter-
native solution to improving the power output of the microbial fuel systems. Even 
though very high pollutant removal efficiencies exceeding 90% can be achieved in 
agro-industrial wastewater treatment, reaching high coulombic efficiencies affected 
by the energy losses is a challenge for microbial fuel cell systems. Consumption of 
substrate in undesired reactions such as the direct oxidation of substrate by diffused 
oxygen and the metabolic reactions of non-exoelectrogens species are the important 
factors causing energy losses. Selection of appropriate microorganisms, electrodes, 
and membranes and operation at optimum reaction conditions minimize the energy 
losses. In addition to decreasing the energy losses, increasing the volume of treated 
wastewater is another crucial requirement of industrial applications. In this frame, 
the use of stacking the microbial fuel cells is a common solution while tubular and 
other stacked designs are being developed for practical applications. Up to date 
immense advances in microbial fuel cells have been recorded and the developments 
will continue to be able to operate at large scales with high-energy recovery. Micro-
bial fuel cell is a unique method for the conversion of organic wastes into electricity 
without giving any external energy. Microbial fuel cells are capable of being modified
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easily for performance improvement. It is anticipated that microbial fuel cell tech-
nology, which is in the field of interest of many disciplines such as materials science 
and biotechnology, will enable simultaneous wastewater treatment and sustainable 
energy production in the future. 
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Removal of Phenolic Compound 
from Wastewater Using Microbial Fuel 
Cells 

N. Hemashenpagam and S. Selvajeyanthi 

Abstract Adverse changes in the natural environment caused by any form of 
contaminants are known as pollution. Industrial effluent is one of the major sources 
for water pollution and is a matter of great concern, because of its threat to aquatic life. 
Phenolic compounds are moderately water-soluble pollutants generated in various 
Industries. They are considered as priority pollutants in water by EPA and NPRI 
in USA and Canada. Industrial effluent containing phenols and their derivatives are 
profoundly toxic to humans, animals, aquatic ecosystems, and indigenous micro-
biota. Conventional methods of physical and chemical treatment are ineffective. The 
biological approach of wastewater treatment is a promising technology of microbial 
fuel cells degrades phenolic compounds in both aerobic and anaerobic pathways, the 
harvest energy of bioelectricity achieved. Microbial fuel cell technology is environ-
mentally friendly and employs bioelectrochemical catalytic activity of microbes to 
produce biocurrent from wastewater containing phenolic compounds. It has a tremen-
dous advantage: the most convenient method of removing phenolic compounds by 
bio-treatment is highly established and successful method inexpensive safe, easy to 
operate and environment-friendly. 
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1 Introduction 

Currently witnessing a worldwide strength shift as a result of increasing energy 
demands and limited supply. Major parts of non-renewable energy sources are 
exhausting and Renewable energy sources are not being used properly. Prospec-
tive attention is needed for research into alternative energy generation and creating 
a clean environment through reduction of contaminants. The rapid urbanization and 
industrialization releases a lot of potential contaminants. Industry utilizes a variety 
of chemicals as a raw material for production of plastic, paper, food, toys, pharma-
ceuticals, dyes, pigments, and aromatic compounds that were widely employed for 
a variety of uses, including textiles, printing, and cosmetics. The known fact is that a 
lot of untreated and inefficiently treated wastewater is dumped into the environment, 
which is dangerous to the ecological system. 

1.1 Water Pollution 

Water pollution is a notable problem in the atmosphere, which expresses a risk to 
humans and the environment. Water poisoning by toxic pollutants can cause acute 
(death) and chronic toxicity (neurological issues) and also leads to carcinogenicity. 
Water pollution is the poisoning of water sources by substances that make the water 
hazardous for drinking, cooking, cleaning, swimming, and other activities. Pollutants 
involve chemicals, trash, bacteria, parasites and ultimately make their way to the 
water [1]. 

The depletion of fossil fuels, ecological contamination, and the necessity for scien-
tific innovations to provide hygienic water and renewable energy burdens the current 
society. The policymakers and scientists recently intensified concern about exposure 
to chemical compounds that the environment affects humans and wildlife, particu-
larly the aquatic environment. In measured concern about phenolic compounds this 
regards as they tend to be dumped in the environment over a period of time accumu-
lated; this leads to expel as waste deleterious toxic effects on humans and aquatic 
animals. 

The most important ecological problem created by inadequate treated industrial 
effluent invades main water supplies. Accumulation of pollutants in the atmosphere 
and toxic removal processing is of special importance. Currently various approaches 
like physical, chemical and biological methods are available, for example chem-
ical methods include precipitation, coagulation, flocculation, membrane filtration, 
adsorption and electrochemical technologies [2]. In an attempt to make sewage 
treatment or removal of toxic from water, these physical and chemical both are cost 
effective, and a lot of consideration has to be made for promote novel approach to 
cleaning and recovery of chemicals and metals[3]. Prospective attention to biological 
approach is sustainable and expensively adoptable.
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Phenolic compounds (PCs) are by-products of various industrial processes in 
manufacturing of dyes, plastics, drugs, antioxidants, papers, petroleum industries, 
fertilizers, surfactants, explosives, textiles, rubbers, plastics curing agents, and 
antioxidants. For example, polymer manufacturers use PCs for manufacturing of 
thermosetting polymers like bakelite, plywood, adhesives, polyester, polyols, and 
corrosion-resistant polyesters. Phenols, phenolic resins, and phenolic compounds 
are liberated with the effluent from different kinds of industries such as the textile 
industry, woolen mills, dye industries, paper industries, steel plants, petrochemical 
industries, paint industries, oil, drilling and gas extraction units, pharmaceuticals, 
coal washeries, and refractory industries [4–6]. PCs are employed in various appli-
cations in the pharmaceuticals industry which are used as germicides because of 
their protein denaturation ability. Food industries are also using PCs for packing to 
increase the shelf period of the things and to assist in maintaining quality, sensible 
characteristics, and food safety [7]. 

These effluents produce irritation odor and taste difficulties and are venomous 
even at low concentrations. However, under particular environmental circumstances, 
some PCs are susceptive to have major threats to public health, negative impacts on 
humans and living organisms [8]. The high solubility nature and volatility exposure 
to PCs in water can lead to further formation of hazardous by-products during chem-
ical treatment processes via nasal, oral, eye, skin/dermal contact can create chronic 
damages, even make eventual death with higher levels of exposure. PCs are signif-
icantly harmful due to mutagenic and carcinogenic toxicity effects that have been 
directly and tribute to environmental conditions and health impacts on humans and 
living organisms [8, 9]. 

Some phenolic compounds are listed as a priority pollutant due to the toxicity 
and environmental concerns by the United States Environmental Protection Agency 
(USEPA) and European Commission (EC). Phenols are general environmental pollu-
tants obtained in potable water, soil, and ambient air. For example, chlorophenol is 
known for its toxicity, carcinogenicity, and persistence in the atmosphere (CPCB 
2016). The elimination of PCs from aqueous body has become an integral compo-
nent of environmental perceptivity, and a number of technologies have been proposed 
to remove PCs from aqueous streams [8, 10]. 

2 Phenol 

In phenol, the −OH group is directly attached to an aromatic ring and is designated 
as ArOH. Phenols are widely used as an antiseptic and disinfectant. It is a useful 
precursor for the synthesis of food preservatives, pharmaceuticals, resins, polymers, 
and adhesives. Bisphenol A is a component of polycarbonate plastics.
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The Phenolics are aromatic compounds with single or multiple aromatic rings 
connected to one or more hydroxyl groups. Phenolics are naturally occurring chem-
ical substances in many biological systems and present as flavoring agents, neuro-
transmitters, and vitamins. With over 8000 identified structures of phenolics were the 
most common secondary plant metabolites. They differ from simple phenolics, such 
as phenolic acids and complex combinations, such as tannins. Plants are protected 
by the composites from ultraviolet (UV), diseases, and several predators. Because 
they are found in all plant organs, they are a crucial part of the human diet (Shah 
et al. 2018; Balasundram et al. 2006). 

2.1 Classification of Phenolic Compounds 

Phenol is a benzene derivative, consisting of phenyl (−C6H5) bonded to a hydroxyl 
(−OH) group. Phenol (C6H5OH) and its derivative are collectively named phenolic 
compounds (PCs), possessing an aromatic ring joined to one or more hydroxyl 
groups. The variety of groups of chemical substances commonly being in many 
living tissues of plants and also synthesized at lower concentrations by microor-
ganisms [11, 12]. Similarly many synthesized phenolic compounds are used for a 
variety of domestic and industrial applications. These compounds can be categorized 
according to Harborne and Simmonds into groups based on the number of carbons 
in the molecule ranging from the monomers; the simple replaced PC consisting 
of the parental phenol linked to one or two more other functional groups such as 
cyaninlignans, neolignan dimers/oligomers, lignin polymers, tannin oligomers and 
polymers, flavanols, quinones, phlobaphenes, and polymers [9]. The common struc-
ture of simple PC and nomenclature patterns are given in Fig. 1 with R, R1, and R2 
as generic substituents [11]. 

3 Effect of Phenolic Pollution on the Environment 

The overutilization of phenol and derivatives in different industrial sectors may 
disturb the ecosystem by the release of industrial effluent containing phenolic 
compounds, which can exert severe and aggressive effects on the ecosystem as well 
as humans and aquatic life. The concentration of PC in the surface water is reflected 
sensitively by the type of industrial source processes [6] (Michalowicz and Duda 
2004).



Removal of Phenolic Compound from Wastewater … 283

Fig. 1 Structure and nomenclature for phenol and substitution patterns of phenolic compounds. 
Source Mu’azu et al. [10]. @MDPI 

3.1 Natural Source 

Phenol is produced by the normal degradation of organic decays including Benzene 
which is a dominant metabolite of benzene that exists widely in the atmosphere [13]; 
hence phenol may be produced in natural degradation of benzene, when increased 
environmental level is the main cause of forest fire. 

Phenols are identified within the volatile mixtures from liquid compost. Decom-
posing vegetation of wood generates various phenols as the benzene with the hydroxyl 
group is a most important part of a woody substance called Lignin. Paper industries 
will eliminate lignin in-process paper produced from trees and degrade to form 
abundant substances including phenols (CPCB 2016). 

3.2 Anthropogenic Sources 

Phenyl is the primary feedstock in which several commercially important substances 
are made including phenolic resins, bisphenol-A, caprolactam, alkylphenol, in addi-
tion to chlorophenol such as pentachlorophenol [14]. Phenolic resins are utilized as 
a binding material in insulation material, chipboard and triplex, paints, and casting 
sand foundries; 2–3% of contents may differ from insulin relation material to >50% 
for Molds. The ejection is proportional to the concentration of free phenol which is 
present as a monomer in these materials approximately 1–5%. In addition, thermal 
breakdown of resins will release phenol, the phenol emissions develop both during 
the production of molds, kernels and during founding, which may be liberated into
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the air [15]. Production of phenols and phenol derivatives, caprolactam, cokes, insu-
lation material, Process emissions, emission to water also results from processing 
and incineration of the woods such as home fires, wood-burning may include exten-
sive quantities of phenol. The potential origin of phenol is the atmospheric decay of 
benzene under the influence of light. Phenol has been noticed in smoke foods also 
(CPCB 2016). PCs are found in effluents from coal gasification, coke-oven batteries, 
refinery and electrochemical plants, and other industries, such as synthetic chemi-
cals, herbicides, pesticides, antioxidants, paper industry, photo developing chemicals, 
etc. [16]. PCs have considerable allelopathic appliance in agriculture and forestry as 
herbicides, insecticides, and fungicides (Zhao et al. 2010; CPCB 2006). The impacts 
of phenolic compounds in wastewater on aquatic habitats have been examined. PCs 
act as inhibitory substances from the growth of aquatic lives and suppress the growth 
of microalgal [17]. 

The effects of phenolic compounds in wastewater on aquatic habitats have been 
analyzed and emerging contaminants of PCs perform as inhibitory substances for 
development of aquatic life and suppressing algal growth. PCs are intermediate and 
by-products of water chlorination and a priority pollutant of the aquatic environment; 
Chinese aquatic systems investigated the potential hazards of chlorophenol such 
as dichlorophenol, trichlorophenol, and pentachlorophenol [18]. Nitrophenols are 
water-soluble compounds. Nitrophenols are toxic to the embryo and early life stage of 
fish; embryotoxicity and teratogenicity have been observed in zebrafish (Daniorerio) 
with toxicity of 2-nitrophenol and 2,4 dinitrophenol [19]. Chlorophenol is deadly 
and related mechanism in fish is likely to spoil DNA pathways and disturb endocrine 
function leading to cell death. For example, embryotoxicity of 2,4dichlorophenol 
is highly disturbing for thyroid hormones of both embryos and adult fish on rare 
fish Gobiocyprisrarus [20, 21]. PC does not naturally degrade and it can collect in 
tissues, cells and organs again interfere via different routes or by food chain. The 
compounds can further lead to acute or chronic effects on aquatic systems; therefore, 
removal of its compounds should be attained to decrease the harmful effect on aquatic 
organisms. 

3.3 Toxicity of Phenol and Phenolic Compounds 
and Mechanism of Action 

Phenol toxicity is related to two main processes: specific toxicity and unspecified 
toxicity. Unspecified toxicity, hydrophobicity of single compound, and production of 
free radicals will alter the solubility of phenol in a cell fractions and interactions of the 
compound with specified cell and tissue. For example, the increase of hydrophobicity 
of chlorophenol is related to increasing number of chlorine atoms that enhances 
toxicity. The permissible level of phenol is restricted to 1 PPB in surface water 
[13]. The hazardous phenolic compounds in industry effluents are 2-Methylphenol
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(cresol), 4-chloro-2-methylphenol, 2,4-dinitrophenol, and phenols which act as a 
harmful pollutant even at low concentrations in water [22]. 

Toxic influence of organic compounds depends on several factors. The penetration 
of phenol in organisms is associated with the penetration of compounds across cell 
membranes and strongly affects diffusion in hydrophobicity. The raises in hydropho-
bicity affect more effectively the diffusion of cell membrane by phenol and therefore 
increase the toxicity of xenobiotics. PCs are oxidative substrates and donate free 
electrons that will react with molecules. Naturally, one electron reaction in a cell is 
frequently catalyzed by oxidative peroxidase enzymes present in liver lungs and other 
organs. Phenoxy radicals and intermediate metabolites interact with biomolecules 
and form hydrogen peroxide or superoxide radicals. The cause of these forms on 
specific cell structure depends on phenol reactivity. 

Higher activity of phenols undergoes radical reactions and leads to lipid perox-
idation of cell membrane; the lower activity leads to cell damage of endoplasmic 
reticulum mitochondria and nucleus. Toxicity of PCs is based on a kind of phenolic 
substrate reaction and also localization in cell and phase of cell production. PCs 
systemic toxicity causes severe and long-lasting effects on aquatic life and humans 
(CPCB 2006). 

The case study of a nine-year-old girl was exposed to Creolin disinfec-
tant containing phenol resulting in systemic toxicity. Phenolic toxicity includes 
hypertension, metabolic acidosis, renal failure and causes injuries in the gastroin-
testinal tract. Chronic phenol exposure may lead to kidney damage, eye and skin 
discoloration (David et al. 2015) The PCs in wastewater enter into the aquatic organ-
isms and fish bodies and effects metabolism, survival, growth, reproductive potential, 
and unpredictable changes in aquatic life and also the population of phytoplankton 
is reduced [23]. 

Phenol and its derivatives can cause deflocculation. Removal of phenol by conven-
tional physicochemical treatment is ineffective and additional use of chemicals leads 
to formation of toxic by-products and its cost effectiveness; biological treatment 
appears to be a good solution [24]. The biological effects of PCs are varied with 
type, position, and number of substitutions on the parent molecule. Phenolics affects 
the feeding rate of fish, oxygen consumption rate, and ATP formation. Aspects 
of behavior are affected, and intoxication leads to death of some of the fish and 
invertebrates in aquatic ecosystems. More than 25 mg/L of phenol level affects 
fish embryo survival. Amphibians were sensitive to 0.5 mg/L. The 1.74 mg/L of 
pentachlorophenol inhibits the fish growth; affects blood glucose, blood lactate levels, 
immunoglobulin levels, blood protein level, and tissues. The hemorrhaging, oedema, 
and blood infiltration were common effects observed in fish at 4 mg/L of phenol. 
12.5 mg/L of PCs can reduce the level of neurohormones within 10 days of exposure 
(Arthur et al. 1979). When exposed chronically to phenol of 2.85 and 4.11 mg/L, 
it causes reduction of primary productivity, phytoplankton, dissolved oxygen, and 
zooplankton of aquatic systems [23].
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4 Treatment of Phenolic Compounds From Environment 

Phenolic compounds are the main priority contaminants accumulated in aquatic 
systems, due to high toxicity even at low concentration affects the living things, 
and the treatment of such wastewater impacts the lives of aquatic systems. PCs 
are removed by physicochemical and biological treatments. The conventional 
treatments are adsorption, membrane process, reverse osmosis, nanofiltration, 
extraction, distillation, chemical oxidation, electrochemical oxidation and fenton 
like treatment; research is carried out with new technologies such as wet air 
oxidation, catalytic wet air oxidation, solvent-based extraction, photocatalytic 
membrane reactors, forward osmosis and membrane aromatic recovery system. But 
due to large quantities and high energy cost, biological treatment as mentioned is 
environmentally friendly, simple design, and energy-saving. Nowadays, growing 
interest is in biological treatment of PCs with enzymatic treatment and microbial 
fuel cells. Bioelectrochemical systems of Microbial Electrochemical Technologies 
(MET) present novel method for sewage treatment; recent research at invitro level 
explains extraordinary outcomes results in pollutants discharge. MET is classified 
based on the application as follows [25]. 

S. No Electrochemical technology Applications 

1 Microbial fuel cells (MFC) Production of electric current 

2 Microbial electrolysis cells (MEC) H2 synthesis 

3 Microbial desalination cell (MDC) Water desalination 

4 Microbial remediation cell (MRC) Cathode reduction of oxidized pollutants 

Bacteria generate electricity through the substrate oxidation process, for example, 
Escherichia coli. 

5 Degradation of Phenol Through Aerobic and Anaerobic 
Pathways 

Microbial fuel cell is used for sewage treatment and power recovery. Both aerobic and 
anaerobic microbial cell use phenol as sole carbon source. Phenol, an aromatic hydro-
carbon, is degraded by different microbes. Pseudomonas putida is the main organism 
for the degradation of phenol as the carbon source [26]. Fungi are familiar for their 
diversity and significant capacity to metabolize phenol compounds; a few fungal 
species namely Trichosporoncutaneum, candida species, Rhodotorulaspecies were 
able to make use of phenol as their carbon and energy source Fusarium flocciferum 
Anselm and Novais (1984) whiterotfung i [27] Phanerochaete chrysosporium [28, 
29] shown to degrade phenols. Aspergillus chlorophenolicus use monochlorophenols 
as their carbon source in aerobic batch culture has been analyzed.
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5.1 Aerobic Biodegradation of Phenol 

In early nineteenth century, aerobic biodegradation has been studied. Aciento-
bacter calcoceticus, Pseudomonas species, and Candida tropicalis undergo phenol 
degradation by aerobic pathway and majority of the eukaryotes in general utilize 
orthopathway. There is widespread application in waste water treatment (Fig. 2). 
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2-hydroxymuconic Cis,CismuconateSemialdehyde 

Dehydroginase                                                   Lactonizingenzyme 

4-Oxalocrotonicacid         Muconolactone 

Decarboxylase CO2 Isomarase 

2-Oxopent-4-enoate 3-Oxoadipate-
enol-lactone 

2-keto-4-Pentenoate 3-
oxoadipate enol-lactonasehydratase 

4-hydroxy-2-oxovalerate 3-OxoadepateAldolase Transferase 

Acetaldehyde+Pyruvate 3-OxoadipylCoA 

Acyltransferase Thiolase 

AcetylCoA SuccenyleCoA 

Fig. 2 Flow chart of aerobic degradation pathway for phenol
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5.2 Anaerobic Biodegradation of Phenol 

Phenol degraded in absence of oxygen and is not as much of superior to the aerobic 
process which is based on the similarity with the anaerobic benzoate pathway 
proposed for Paracoccus denitrificans in 1970 [30]. The organisms which biodegrade 
phenol in the absence of oxygen were Thauera aromatic and Desulphobacterium 
phenolicum (Fig. 3). 

Fig. 3 Flowchart of 
anaerobic degradation 
pathway for phenol. Source 
Basha et al. [31]. @ Society 
of Applied Sciences 
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6 Fuel Cells 

The chemical energy is changed into electrical energy designed in the simple principle 
of hydrogen fuel cells. The concept was revealed by German scientist Christian 
Friedrich Schonbein. MFC concept was initially introduced by Potter [32]. In early 
nineteenth century (1839) Welsh scientist and barrister Sir William Robert Grove 
fabricated the first fuel cell based on this concept [33, 34]. 

In 2006, Logan and Regan observed and produced biocurrent from live culture of 
E. Coli and Saccharomyces sp. Active biocatalysts are able to generate electrons via 
anabolism of organic and inorganic matters to anode electrode. Power production 
from axenic cultures of microbes such as Geobacter sulfurreducens generates elec-
tricity by direct oxidation of glucose [35], C. butyricum were Fe(III) reducing bacteria 
[36] and sulfide reducers can liberate bioelectricity. Pseudomonas aeruginosa, 
Streptococcus lactis, Shewanellao neidensis, and R. ferrireducens [37–39]. 

Three major components: an anode electrode, cathode electrode, and electrolyte 
(membrane) are present in the fuel cells. The water contains oxygen, hydrogen, and 
electrons; Hydrogen is used as energy in the cell, and after oxidizing in an anode 
electrode, positive H+ ions and electrons are formed; then protons and electrons pass 
through the membrane and external circuit, respectively [40, 41]. Bioelectricities 
produced by microbial fuel cells in anaerobic anode chambers and carbohydrates 
are used as a substrate and liberate electrons. Some of the microbes are capable of 
generating bioelectricity from different types of substrate and reductive substances 
[42, 43]. 

New approaches to treat wastewater and generate bioelectricity have attracted a 
huge number of scientists. Habermann and Pommer [44] used MFCs to treat wastew-
ater. The novel technology used the microorganisms which were actively catabolize 
and oxidized organic and inorganic substrate present in sewage water, electrons are 
liberated along with stable biocurrent is formed; it is safe, green, and eco-friendly 
approach for organic waste management [45]. 

7 Microbial Fuel Cells 

All over the world energy need is ever increasing. In this view, fossil fuels have created 
to a major portion of the total energy requirement, in one way or another. In addition, 
the oxidization of fossil fuels generates a lot of carbon dioxide, which is a major 
greenhouse gas and has explained dangerous outcomes on the environment. It has 
consequently produced an enormous deficiency of fossil fuel sources and is causing 
an ecological imbalance. Therefore, the search for substitute sources of energy 
generation that are cheap and eco-friendly has become a superior requirement [46]. 

Microbial fuel cells (MFC) technology, which generates energy especially from 
oxidation of organics by the metabolic activity of microorganisms, seems to be 
attractive to warrant energy power generation [46, 47] (Rabaey et al. 2003). The use
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of MFC as renewable energy source for power generation is considered as a reliable, 
clean, efficient process, which utilizes renewable methods are alternative tool most 
commonly used non sustainable sources and does not cause any toxic by-product. 
Therefore, in recent years, MFCs have shown to be a potent technology for recovery 
and in situ conversion of chemical energy into electrical energy [46]. Microbial fuel 
cell (MFC) technology, which make use of microbes to change the chemical energy 
of organic compounds into electricity, is considered a promising alternative. Broad 
studies have established new penetrations into MFC, which prove that a extensive 
collection of carbon sources including wastes can be occupied using a variety of 
microbes. Therefore, microbial metabolism of wastes using novel bioremediation 
approaches such as MFC for energy production is recognized as the effective and 
environmentally benign approach. 

Microbial fuel cells (MFCs) hold great promise for sustainable wastewater treat-
ment due to their low-cost and to maintain ecological balance [48]. In their simplest 
form, the traditional two chambers—MFCs typically have an anode and a cathode 
separated by a proton exchange membrane (PEM) to avoid the exodus of electrolytes 
from one chamber to the other [49]. When organic compounds are infused to the 
anode chamber, electrochemically active and bacteria oxidize the substrates with 
producing electrons and protons. Electrons are then transferred from anode to the 
cathode via an external circuit, while the protons diffuse through the PEM [50–52]. 
By serving as terminal electron acceptors in the cathode compartment, metals can be 
electrochemically reduced and eventually be recovered from the cathode surface [53]. 

Microorganisms utilize organic matter such as wastewater or combined nutrients 
to generate electrons, protons, and carbon dioxide on the anode. The electrons then 
pass through the electric meter to the cathode. At the cathode, microorganisms can 
turn the electrons to reduce oxygen to water in the presence of air or convert nitrate 
to nitrite or N2 or convert CO2 to acetate [54]. 

The method of MFCs is a type of bioelectrochemical process carried out by 
bacteria catalyze oxidation (adding of O2 or removal of H2) or reduction (adding 
of H2 or removal of O2) by oxido-reductases to generate electric current. MFCs 
system contains cathode and anode divided by cationic exchange membrane. The 
bacteria release electrons by utilizing organic compounds by substrate oxidation 
in the negative terminal of the anode chamber and are transmitted to the cathode 
compartment (positive terminal) through a conductive substance. Organic substrates 
were utilized and released electrons through enzymatic reactions carried out in the 
aerobic and anaerobic cycle of bacteria. The metabolic potential gain for bacteria is 
straightly related to the difference between anode potential and substrate redox poten-
tial. The MFC compartment plan is yet under research to improve its performance. 
The understanding of bacteria has increased the efficiency for the reaction [55].
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7.1 The Mechanism of Electron Transfer Can Occur 
in Three Different Pathways Clark and Nanette [56] 

1. First, the electrons can be transferred to the anode through a soluble mediator 
in the solution bathing the electrode. 

2. Second, Electrons can be transferred directly to the anode through proteins 
found on the outer membrane of the bacteria. For example, microorganisms from 
Geobacteraceae family transfer electrons to electrodes using cytochromes on 
the outer membrane. Shewanella oneidensis also uses cytochrome C to transfer 
electrons but requires an anaerobic environment to convert lactate to acetate. 

3. In some cases, Pili or Nanowire transmit the electrons to the anode. In contrast 
electrode—oxidizing organisms use electrons from the cathode to reduce 
substances in the cathode chamber. For example, G. sulfurreducens reduces 
fumarate to succinate with electrons obtained from cathode. Interestingly the 
susbtrates that these organism need for the redox reaction can be readily obtained 
from waste water or contaminated water which would provide energy and clean 
up the environment. 

8 Microbial Fuel Cell in Wastewater Treatment 

A microbial fuel cell (MFC) is a bioelectrochemical method that can transform 
chemical energy to electrical energy by microbial catalyst as an electrode. Pollutants 
in the wastewater, including carbon, nitrogen, phosphorus, or heavy metals, can 
be degraded/stabilized in the compartments of MFC [57–60]. Simultaneously, the 
chemical energy trapped in these compounds is converted into electricity (Fig. 6). 

It has been revealed that MFC (Microbial fuel cell) can process wastewater imme-
diately into direct electric current and advantageous substrates such as H, H, O, 
and CH. Wastewater treatment can enhance sustainable development at which point 
refiner and energy scavenging can be attained concurrently; some of these pollu-
tants are pathogenic microorganisms, hydrocarbon, nitrogen, phosphorus, and heavy 
metals, endocrine disrupters and organic matter. This synthesis is converted into 
electricity from the trapped chemical energy. 

MFC a variant of bioelectrochemical system is an emerging technology, where 
bioenergy is produced through oxidation of organic matter by microorganisms— 
acting as biocatalyst. Several wastewater treatment techniques are chemical treat-
ment, aerobic treatment, anaerobic digestion, and membrane filtration. MFCS have 
their own distinctive characteristic such as immersive hydropower, reduced socioe-
conomic activities, operating balance of high quality and recessive economic orga-
nization (Fig. 4). In contrast to aerobic septic system, MFCs provide less sludge 
and decrease energy depletion. It’s also good for anaerobic digestion technology 
on account of its operational tolerance in drastic situations, like low temperatures
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Fig. 4 Schematic of using 
MFCs for simultaneous 
wastewater treatment and 
energy recovery. Source Guo 
et al. [61]. @The Royal 
Society of Chemistry 2020 

(20 °C) and low substrate centralization. Nevertheless, MFCs has its own flaws like 
short life span, low manufacturing rates, finite planning, unreliability, and disruption 
in the maintenance of microbe-based systems and also suffer from membrane fouling 
(Fig. 6). 

MFC exhibited in 2001 the relation between electricity production and wastewater 
treatment, from domestic wastewater, while at the same time accomplishing biolog-
ical wastewater treatment for the electricity generation. For several years, researchers 
have been developing incredible progress on structural design and electrode mate-
rial enhancement to magnify MFC action. Following this, MFCs were extensively 
used to eliminate several contaminants in wastewater. The methodical data on MFC 
biocatalysts is still missing in terms of its significance in concurrent refiner removal 
and energy production. This analysis focuses to fill up the highlight main future 
research areas to additionally progress their accomplishment. 

The first practical devices to be powered by MFC technology was reported in 
2008 [62]. Microbial fuel cells (MFCs) have been reported to treat a wide range 
of wastewater and are capable of converting the energy contained in wastewater 
directly into electricity and useful chemicals like H2, H2O2, CH4, etc. (Tang et al. 
2015) [63]. Compared to aerobic treatment, MFCs produce less sludge and reduce 
energy consumption. It is also superior to anaerobic digestion technology owing to 
its operation flexibility in relatively extreme conditions, like low temperatures. 

MFCs gain a competitive advantage over other water treatment technologies due 
to their unique features such as huge energy benefits, less environmental impact, 
good operating stability, and high economic efficiency [64] (Fig. 5). Compared to 
aerobic treatment MFCs produces less sludge and reduce energy consumption. It is 
also superior to anaerobic digestion technology owing to its operation flexibility in 
relatively extreme condition, like low temperature and low substrate concentration.
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Fig. 5 Advantages and disadvantages of MFC technology for treating wastewater. Source Guo 
et al. [61]. @The Royal Society of Chemistry 2020 

9 Biocatalyst Action Mechanisms in MFCs 

Several diverse biocatalystic degradation of pollutants and produce electric current 
in MFCs. It has various allocations and capacities in various MFCs arrangements. In 
the MFC organization, there is interspecific coordination among chemical element-
degenerating bacteria, electrogenic bacteria, and additional out-numbered bacteria. 

Initially, the pollutant-degenerating bacteria in the microbial electrode-electron 
transfer upgraded the initial modification of chemical elements. It helped along elec-
troactive bacteria and further microbes degenerate the biodegradable circle decom-
position products enabling inter-species permitting association. This could elucidate 
the magnified removal effectiveness and control engendering execution in MFCs. 
Each category plays a particular role in a culturally diverse population, to set up 
cooperation in pollutants degradation, electricity generation, and the protection of 
the community against injurious ecological conditions. 

10 Conclusion 

MFC is a state-of-the-art technology for electricity generation from metabolism of 
microorganisms. In this chapter, we have dealt with phenolic compounds exist in 
waterbodies due to discharge of polluted wastewater from industrial, agricultural, 
and domestic activities into waterbodies. Some of them such as phenols and phenolic 
compounds are very hazard to the environment and leads to cause death of microbes.
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In MFC, they are used for electric-power generation and also they are transformed 
into less toxic metabolites, which demonstrates its another potential use in waste 
management and pollution control. Presently, a large number of microbes and a 
waste variety of substrates (including phenol and phenolic compound) have been 
used to produce electricity. However, a major drawback of this method is that the 
power output is very low and scaling up leads to a decrease in power output. This is the 
main reason why this practical purpose has yet not been commercialized therefore, a 
lot more work is required so that this technology becomes efficient, applicable, and 
widely accepted. 
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from Wastewater Through Microbial 
Fuel Cells 
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Abstract Water pollution is rising through contaminated substances that are a source 
of serious hazardous alarm to living organisms. Due to increasing population density, 
factories, industries, loss of water reserves, inappropriate disposal of agro-waste and 
local daily wastes and other factors, a wide range of contaminants are entering the 
natural ecosystem. In Malaysia, around 99% of people are using surface water for 
their life survival due to the presence of different toxic pollutants in water. Few states 
of Malaysia used ground water for different purposes, i.e. only 1%. Groundwater 
body pollution is a serious issue for the whole wide at present time. Toxic metals, 
organic pollutants dyes, etc., are major causes to distribute the aquatic life. Recently, 
modern research invented a design called microbial fuel cells to remove pollutants 
from wastewater. Microbial fuel cells (MFCs) are still an emerging topic because 
MFCs can generate energy along with wastewater treatment at a low cost. In this 
chapter, removal of toxic metals through MFC and its applications was discussed 
to explore the research gap. Despite many developments in MFCs, it still needs 
more effort to make low-cost techniques by improving their parameters. The present 
chapter also describes some future perspectives regarding MFCs’ working perfor-
mance in a practical sense. Reported literature data also revealed that future research
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must be on environment hazard assessment and aquatic life which is due to the 
presence of pollutants in drinking water. 

Keywords Microbial fuel cells · Toxic metals · Dyes · Wastewater remediation ·
Organic pollutant · MFC applications 

1 Introduction 

Environmental water pollution is growing in the modern era through toxic substances 
that cause hazardous alarm to human beings. The high rate of industrialization, 
humanity, natural resources degradation, high agriculture household waste, etc., is 
causing a wide array of toxins in the natural environment [1, 2]. Malaysian approx-
imately 99% use surface water, while they use only 1% groundwater for a variety 
of residential uses. Malaysia has nearly 580 km3 of total water resources annually. 
By and large, today in Malaysia, purified surface water is commonly utilized as a 
major source of drinking water, however, in few states of the country like Perlis, 
Kelantan, Sabah, Kedah, Pahang, Terengganu, Pulau Pinang and Sarawak are major 
consumers of groundwater for drinking [3]. Among all problems, toxic heavy metals 
are major problems for aquatic life [4, 5]. These pollutants have a very bad impact 
on human health, and they are very dangerous for water resources. Water is a major 
component for all living organisms [6]. Heavy metals are primarily concerned with 
metallic elements that have a high level of toxicity and density effect even at low 
concentrations. It is generally a collective character which refers to metalloids and 
metal elements with high density, even more than water. Heavy metal in the water 
poses a significant hazard to living organisms. [7, 8]. Metal finishing, electroplating, 
chemical processing industries and dyeing all create it. It is non-biodegradable, has 
a high density and is soluble in both surface and ground water [9, 10]. If ingested in 
excess of the permitted concentration, it can become a major cause of serious health 
concerns for humans. Contamination of water is caused by a variety of reasons. 
Various human activities such as industrial operations, agriculture, mining and many 
other activities have made ground and surface water supplies vulnerable [11–13]. 
Due to poor waste disposal and wastewater management, these activities are to blame 
for increasing heavy metal concentrations in water sources. Heavy metal may also 
enter the body through food, water and the air we breathe. Arsenic (As), mercury 
(Hg), cadmium (Cd), manganese (Mn), silver (Ag), copper (Cu), lead (Pb), zinc 
(Zn), chromium (Cr), thallium (Tl), nickel (Ni) and iron (Fe), are the most often 
detected metals in Malaysian wastewater [14]. When a large quantity of toxic metal 
finds its way into the human body, it can create significant health problems. For 
example, chromium can affect irritations in the skin, nerve tissue, ulceration and 
serious damage to the kidneys, circulatory structure and liver [15]. Lung illness, 
renal failure and bone abnormalities can all be caused by excessive cadmium expo-
sure. Ni and Cu, on the other hand, can cause a variety of illnesses, including renal 
failure, liver issues, anaemia, intestinal inflammation, stomach discomfort and blood
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circulatory disease. Similarly, Pb and Hg are the most hazardous to human health; 
they can induce Huter Russel, acrodynia, syndrome and Minamata disease, and also 
harm the respiratory system, brain, skin kidneys and heart [16–18]. Although arsenic 
is not an essentially metal, its characteristics are intermediate between non-metals 
and metals, making it a semi-metal. If arsenic levels in the body are high enough, 
it can cause significant health problems. The most common source of the poison 
arsenic is ground natural water, which has high amounts of toxin. The scientific 
community investigated a case in 2007 and discovered that virtually 137 million 
humans are harmed by drinking arsenic-based wastewater [19]. To overcome the 
heavy metal and organic dyes pollutants in drinking water, there are many reported 
methods are used for waste water treatment such as ozonation, in situ and ex situ 
treatment, electrochemical degradation, washing, coagulation, electrolytic reduction, 
ion-exchange adsorption, monitoring natural recovery, thermal treatment, photocatal-
ysis, adsorbent, biochemical stabilization and chemical precipitation [20–23]. They 
all produced superior results, but there were some big downsides, such as the high 
energy required to run these systems, the high chemical consumption, the heavy 
waste products produced, and the fact that they are all expensive. To run these all 
traditional methods at a commercial level, the researcher requires a significant main-
tenance expense. So, in 1976, Suzuki et al. established a new technology known as the 
microbial fuel cells (MFCs), however, this notion was previously presented by M. C. 
Potter in 1911, who proposed that microorganisms be used to generate energy. Later, 
in 2007, a researcher group from the University of Queensland in Australia modified 
MFCs to make them fully functional in order to create energy while also treating 
water. Heavy metals and organic contaminants were degraded/removed from water 
using microorganisms [24–26]. This method received a lot more attention than other 
traditional ways. MFCs are devices in which microorganisms break down organic 
contaminants and harmful metals via redox reaction in wastewater to generate an 
electron flow known as electricity. MFCs are an innovative, environmentally bene-
ficial and low-cost way of generating energy in the water treatment process [27, 
28]. Anode and cathode chambers are the two main components of MFCs. In the 
presence of an oxidative environment, exoelectrogenic bacteria transmit electron 
to anode electrode and subsequently electron to cathode chamber through external 
circuit, whereas proton goes straight from anode to cathode [29, 30]. A systematic 
presentation was presented in Fig. 1. However, carbon substrate, concentration of 
ion, internal resistance, electrode spacing, biocatalyst, MFCs configuration and elec-
trode material characteristics are only a few of the numerous elements that influence 
MFCs performance [31]. The electrode material is a critical component in making 
MFCs more dependable and prolific on a large scale. Electrotrophic microorganisms 
in MFCs take electrons from electrodes and transform a hazardous chemical into 
something less poisonous [32]. Many exoelectrogens in MFCs can transfer electrons 
from electrodes via four mechanisms: short-range electron transfer via redox-active 
proteins, soluble electron shuttling molecules and long-range electron transport via 
conductive pili, as well as direct interspecies electron transfer. A pili-typed bacterial 
species have metal-like conductivity, long-range electron transport via conductive 
pili is the most common method [33]. Carbonaceous electrode materials (such as the
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Fig. 1 Systematic diagram 
of MFCs model. Reproduced 
from Ref. [39] with Elsevier 
permission

graphite plates, carbon black, carbon cloth, carbon fibre, carbon brush, carbon mesh, 
carbon papers and so on), metal–metal oxide electrodes (Zn, Ag, Cu, Au, Pt, ZnO, 
TiO2, etc.) and conductive polymers have all been reported to work as electrodes 
in MFCs [27, 34]. Excellent electrical conductivity, great stability to chemicals, 
strong thermal and mechanical stability, large surface area, low resistance and great 
biocompatibility are all characteristics of a good electrode material. During our liter-
ature survey, it was found that graphene oxide along with derivatives are the most 
effective and suggestive materials for electrodes [35]. Due to its enormous surface 
area, outstanding mechanical and thermal durability, strong conductivity and other 
properties, graphene oxide is becoming a more popular material. Because it has a 
theoretical surface area of 2630 m2/g, graphene oxide can decrease the cost issue in 
MFCs while also providing good results in power production and water treatment. 
The traditional material surface area ranges from 90 to 200 m2/g [29]. The conduc-
tivity of conducting polymers and other materials composites is very impressive 
[36]. However, it is recommended that the scientific community focus on developing 
conducting polymer composites with highly conductive metals in order to improve 
the effectiveness of the MFCs electrode and address a variety of other issues [37]. 
This chapter attempts to describe the importance of a new novel technique, MFCs, 
and how it works to degrade/remove heavy metal from drinking water [38]. The 
electrode is a major component of MFCs and applications of MFCs with their future 
perspectives were also assessed in this chapter. The article elaborated on different 
electrode materials’ efficiency regarding the removal of pollutants (heavy metals). 
The literature review data shows that future research on human health and environ-
ment hazard assessment, which is due to excess of heavy metal and organic pollutants
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in ground and surface water, is an emerging topic for the scientific community, espe-
cially for Malaysian researchers. There is a crucial need to understand and explore 
the risks of organic pollutants and toxic metals in drinking water.

2 Removal Mechanism of Metals Through Microbial Fuel 
Cells 

To date, a variety of physical, chemical, biological and analytical methods for 
heavy metal remediation have been proposed. MFCs are the most practical, cost-
efficient and environmentally beneficial solution for removing heavy metals while 
also producing electricity. In the remediation of heavy metals in MFCs, biological 
processes are extremely important. Electrotrophs are microorganisms with the ability 
to receive electron charges from electrodes, either the anode or cathode [40, 41]. This 
fact points to a new path for heavy metal reduction treatment. They get rid of the 
heavy metals from the microorganisms via a reduction process at the cathode elec-
trode, while carbon source substrates are oxidized at the anode and aid to donate 
electrons [42]. Many kinds of bacteria have the ability to acquire electrons straight 
from electrodes. Many recent investigations have found that Geobacter species can 
directly absorb electron charges from electrodes. Many hazardous heavy metals, 
such as Hg, Ni, Cu, Hg, Zn, Pb, V and many others, are reduced by microbes using 
similar processes, e.g. G. sulfurreducens absorbs electrons straight from electrodes 
and reduces U(VI)–U(IV) form (soluble to insoluble). The U(IV) is a non-soluble 
substance that is adsorbed on the electrodes [42]. 

Watts et al. [43] investigated G. sulfurreducens, which has the capacity to reduce 
Cr(VI)–Cr(III), converting chromium’s extremely hazardous oxidation state to a 
less toxic one. The anode electrode oxidizes the substrate (acetate) giving rise to 
electron discharges to microorganisms, while the cathode reduces the chromium. 
The reduction reaction is expressed as follows: 

Cr2O
−2 
7 + 14H+ + 6e− → 2Cr3+ + 7H2O 

Hao et al. [44] investigated vanadium removal using microbes such as Enter-
obacter, Macellibacteroides and Lactococcus. They found that the removal of vana-
dium had a 93.6% effectiveness with a large value current density of 543.4 mW/m2. 
MFCs, on the other hand, can decrease the most dangerous heavy metal mercury. The 
redox potential of Hg2+ is -320 mV, making it an electron acceptor. In the presence 
of chloride (Cl−) ions, the removal mechanism of Hg2+ in precipitate form occurs 
and the reduction by electrons happens at the cathode electrode, as illustrated below: 

2Hg2+ + 2Cl− → Hg2Cl2(s) 

Hg2Cl2(s) + 2e− → 2Hg(l) + 2Cl−
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The end product, Hg2Cl2, is deposited at the cathode’s bottom, whereas elemental 
Hg is deposited on the cathode’s surface. The greatest power density attained 
during this procedure was 433.1 mW/m2 [45]. Similarly, recently, some researchers 
described the reduction mechanism of different metals via MFCs configurations 
[46–48]. Some prominent reduction biochemical reactions are given below: 

1. Conversion of Cd2+ into Cd(s) 

Cd2+ + 2e− → Cd(s) 

2Cd2+ + 2H2O → 2CdO + 4H+ 

CdO + 2e− + 2H+ → Cd(s) + H2O 

2. Conversion of Pb2+ into Pb(s) 

Pb2+ + 2e− → Pb(s) 

2Pb2+ + 2H2O → 2PbO + 4H+ 

PbO + 2e− + 2H+ → Pb(s) + H2O 

3. Conversion of Cr3+ into Cr(s) 

Cr3+ + 3e− → Cr(s) 

2Cr3+ + 3H2O → Cr2O3 + 6H+ 

Cr2O3 + 6e− + 6H+ → 2Cr(s) + 3H2O 

4. Conversion of Ni2+ into Ni (s) 

Ni2+ + 2e− → Ni(s) 

2Ni2+ + 2H2O → 2NiO + 4H+ 

NiO + 2e− + 2H+ → Ni(s) + H2O 

5. Conversion of Co2+ into Co(s) 

Co2+ + 2e− → Co(s)
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2Co2+ + 2H2O → 2CoO + 4H+ 

CoO + 2e− + 2H+ → Co(s) + H2O 

6. Conversion of Ag1+ into Ag(s) 

Ag1+ + e− → Ag(s) 

2Ag1+ + 2H2O → Ag2O + 4H+ 

Ag2O + e− + 2H+ → Ag(s) + H2O 

7. Conversion of Cu2+ into Cu(s) 

Cu2+ + 2e− → Cu(s) 

2Cu2+ + 2H2O → Cu2O + 4H+ 

Cu2O + 2e− + 2H+ → Cu(s) + H2O 

For example, as a result, two main products may develop due to the Cu2+ reduction 
process in the MFCs: Cu2O or Cu(s), whereas the electrons are released from the 
anode compartment’s oxidation reactions of organic substrate [49]. MFCs convert 
the metal ions into the sludge form which can easily be recoverable in the form of 
oxides. During literature survey, it was found that no suitable chemical mechanism 
exists to explain how bacteria absorb electrons directly from the electrodes. This 
is a promising research focus for future studies. However, because the operation 
mechanism of MFCs is indirectly dependent on the efficiency of the anode, the 
anode has attracted substantial attention in the MFCs study. As a result, improving 
the anodic section of these systems takes precedence over all others. 

3 Literature Survey of Pollutant Removal Through 
Microbial Fuel Cells 

Water pollution is a big challenge for the modern world and there is a crucial need to 
overcome this problem. In the early era, the scientific community introduced many 
methods for water treatment, but they all carried out some major drawbacks [50]. 
The idea was to use the waste material to design MFCs and remove different types of 
pollutants from drinking water with the help of different microbes. MFCs still need
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more attention because this method is still in the developing stages. This method is 
offering countless advantages to the scientific community to serve human being. It 
helps to remove the inorganic pollutants (metals, etc.) and are very potential regarding 
the reduction of heavy metals from higher toxic state to lesser toxic state to make water 
appropriate for drinking purpose [51]. MFCs are also offering sustainable energy 
sources along with water treatment by using waste material. However, nowadays the 
scientific community is giving a lot of attention to this method because it is an eco-
friendly, low-cost method and carries the ability to use biodegradable material as fuel. 
MFCs have some components that are very useful and remarkable regarding pollutant 
removal such as electrodes, MFCs design. type of microbes [52, 53]. A suitable MFCs 
systematic design can provide enough space for electrodes to grow bacteria on the 
surface more effectively to enhance their working efficiency. The heavy metal does 
not biodegradable into toxic products. Therefore, high redox potential heavy metals 
can use electron acceptors to reduce and precipitate the metals [54]. MFCs are used 
to treat heavy metals but there were three reported processes for the generation of 
electrons, their movement and consumption, i.e. electrochemical, chemical-based 
reactions and bioelectrochemical. The biochemical reaction is the first step which 
carries out anode and helps to generate electrons during the metabolism process. 
The electrochemical phase takes over when an electron reaches the cathode by using 
an external path. It is considered the reduction of oxygen to convert into H2O or  
hydrogen peroxide form. It can consider direct reductions of heavy metals [55, 56]. 
For example, a bacterial species Geobacter sulfurreducens got electrons from the 
surface of electrodes to reduce the U(VI) into U(IV) form. The insoluble state of 
U(IV) is adsorbed on electrodes. G. sulfurreducens had the ability to reduce any 
toxic, soluble state of Cr(VI) to insoluble Cr(III). Cr(VI) reduction is due to the 
oxidation of substrates (like glucose, acetate, etc.) at anode to give electrons to G. 
sulfurreducens (bacteria) and reduction process occurred at cathode [57]. 

3.1 Removal of Metal Ions 

Heavy hazardous metals are found in wastewater from industries, hospitals and 
domestic sources. The toxic metals, on the other hand, pose several threats to human 
health and the environs due to their non-biodegradable nature, poisonous nature 
and their accumulation in the biosphere [58]. There are numerous traditional tech-
niques for removing heavy metals from wastewater, such as physical, biological 
and chemical approaches, but they use a lot of energy, are difficult to operate and 
are thus unsuccessful. Another issue with traditional approaches is that when metal 
concentrations are between 1 and 100 mg/L, all methods become ineffective since the 
method efficiency is reduced [59]. Recently, MFCs have become an emerging study 
path for environment researchers and received increasing attention from a scientific 
community. MFCs have played an important part in waste water treatment and partic-
ularly in heavy metal degradation/recovery, such as copper, mercury, chromium, 
zinc, nickel and cadmium [60]. MFCs are bio-electrochemical cell types that are
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regarded by employing various biocatalytic (metabolic) activities of the microor-
ganisms to transform organic energy into electrical form. The reduction to the less 
polluted and insoluble form of less potential electrodes in soluble, very poisonous, 
metals like Cr(VI), Pb(II), Hg(II) Cd(II), etc. Many electric-generating bacteria have 
been described that are capable of reducing hazardous metals. However, no reduc-
tion process is possible to remove all heavy metals; certain require an oxidation 
stage for the metals in wastewater to be degraded. For instance, Arsenic is difficult 
to be degraded by decrease, oxidization at a precipitate formation anode electrode 
was necessary. Early on, MFCs working efficiency was not good, it was previously 
extremely poor, but continual efforts and improvement in MFCs became the most 
emerging and excellent way for heavy metals to be treated in conjunction with the 
present generation. Currently, the design of MFCs is shown to be up to 100% elimi-
nation rate, and in certain circumstances to be up to 99% chemical oxygen demand. 
This type of performance shows that MFCs are sustainable methods of water treat-
ment [61]. The Cu2+ metal is extremely appealing when it is recovered or removed 
since it is commonly used in household, industrial and commercial wastewater. The 
large potential for decrease via MFCs may readily eliminate copper [62]. The MFCs 
provide the chance to create electricity and clean wastewater. The MFC process is 
directly related to the creation of energy and water treatment. Some difficulties occur 
during operations of MFCs, however, they include poor removal capabilities, lower 
power generation and extremely costly [63]. For example, researchers could create 
membranes less MFCs by use of highly efficient electric materials to increase energy 
generation and metal degrading efficiency. This is because the synthesis of electrons 
and the development of bacteria depend on energy and metal recovery. The insertion 
of good electrons can improve these two variables because an outstanding electrode 
material can give a wider surface for enhanced bacterial metabolism and improve 
electron production. The carbon-derived materials are used as electrodes in MFCs 
quite actively. In the early years, however, carbon was shown to have some traces of 
poorer electric conductivity and fewer microbial colonization surface [64]. A novel 
allotrope of carbon termed graphene, demonstrating a high bacterial growth surface, 
high conductivity and mechanically and thermally extremely stable compared to 
existing carbonic materials, was recently developed by scientists [65, 66]. Thus, it is 
a highly unique and excellent material to improve the efficiency of MFC’s working 
process in relation to metal degradation/removal and energy generation. These metal 
ions, which have a detrimental effect on the efficacy of MFCs, are declared extremely 
deadly to microorganisms/microbes such as nickel, copper, cadmium, mercury, lead 
and others [67]. Kim et al. [60] studied the inhibition ratio, it was recorded, i.e. 
46%, 28%, respectively, used a 1 mg/L Pb2+ and 1 mg/L Cd2+ synthetic waste water 
sample. In the original wastewater with 1 mg/L Pb2+ and 1 mg/L Cd2+ solutions, the 
inhibition ratio was also considerably higher (76%). However, MFCs demonstrated 
an assured degree of tolerance at low heavy metal concentrations. Stein et al. [68] 
revealed that the high potential and current density of various devices such as sensors 
are generated by lower toxicity levels [69]. The immediate reaction to harmful heavy 
metals therefore leads to biomonitor functioning [70]. In 2019, the Cr (VI) rehabil-
itation, which due to its toxicity and high mobility is mostly concentrated in heavy
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metal, was reported by Zhang et al. [71]. A novel MFC adsorption reactor combina-
tion was created utilizing chromium remedial Platanus acerifolia leaves. Anaerobic 
loam was employed as a material for the inoculum. At the first 50 mg/L concentra-
tion, the removal efficiency was recorded after 16 h of response, 98%. The response 
was performed at pH 2. Many efforts on chromium removal have been recorded 
because it is commonly found in wastewater. The study of Fang Li et al. [72] on  
chromium elimination from waste water was also reported. The objective was to 
convert a highly hazardous Cr(VI) to a low level of Cr(III). The catholyte buffer 
solutions impacted the process of reducing chromium. The Cr(VI) removal rate rose 
to 99.9% at pH 2 with the addition of potassium hydrogen phosphate (KH2PO4). The 
initial amount was 100 mg/L and 52.1 mW/cm2 was generated. Both study groups 
utilized carbon felt electrodes for the anode and cathode, and approximately 99.9% 
have been taken out but the biggest problem is that they did not have enough energy to 
overcome energy crises. The effectiveness of MFCs in metals with varied parameter 
effects and energy generation was demonstrated by different studies in terms of their 
removal/recovery in Table 1. Another study group has been published by Ravinder 
Kumar et al. [73] for chromium removal by utilizing various states and materials. 
They obtained excellent energy efficiency, i.e. 970 mW/m2 using electrode graphite 
material. Anaerobic sludge has been activated. After 2 h, chromium removal rate 
was detected at a high output rate of 76% at pH 7 with starting concentration of 
20 mg/L. While the rate of removal rose from about 76–94%, the output energy 
dropped to 6.4 W/m3 from the initial 970 mW/m2 with a beginning concentration 
of 10 mg/l. Substrate utilization is highly important for bacterial development since 
it is important to degrade the initial inoculum concentration by bacterial capacity. 
For improved metal removal the appropriate pH, substrates and starting inoculum 
concentration. Rayu et al. [74] have also shown chromium removal and exhibited 
a distinct rate of concentration in heavy metals removal effectiveness. The original 
inoculum concentration was 5 mg/L with clearance effectiveness of 93%, whereas 
61% was found in 25 mg/L. The electrode consisted of felt graphite (anode and 
cathode). Actinobacteria, B-proteobacteria were conscientiously shown to degrade 
at (5 mg/L) initial concentrations after 143 h; however, after 2 pm, microorganisms 
were treated at 192 h in an inoculum sample of 25 mg/L and were shown to be 
less efficient. The work on reduced graphene oxide was conducted by Yining Wu 
et al. [75]. The reduced graph oxide is a modified version of graphene oxide. This 
work demonstrated how graphene oxide was decreased to improve the recovery of 
copper and energy generation as a cathodic catalyst in MFCs having no perme-
able membrane in the system. The results showed that the decreased electrode of 
the graphene cathode offers superior transportation capacity to standard graphene 
oxide. The energy production was 67% better than other materials and the efficiency 
of copper degradation was 43% better than graphene oxide. Initial concentration, 
pH, temperature and electrodes were shown to be extremely critical parameters for 
improving energy generation. The interspecies synergy of bacteria to resourceful 
electricity and copper recovery is indicated by Pseudomonas and Geobacter. The 
toxic metal along with the power outcomes from low wastewater concentrations
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from the microbial fuel cell will be extremely important. Graphite felt as elec-
trodes for heavy metals comprising Cu, Ni and Hg is used by Ruizhe Gai et al. 
[60]. They examined the parameter of concentration to study how to link concen-
tration influences power performance. They observed a high-voltage output at low 
concentrations, while the current density was lowered when the concentration grew. 
The energy yield and inoculum concentration are inversely related. Ruishe has also 
changed response time by treating Ni for 30 days and obtaining 150–200 mW/m2, 
Cd and Hg for 7 and 15 days and attaining 60–55% elimination rates, i.e. 700–750 
and 800 mW/m2 power output. Nancharaiah et al. [76] have emphasized that metal 
wastes and their pollutions represent a major danger to the environment of man and 
second waste water contains extremely precious metals for recovery. They opted to 
utilize graphite felt material for the treatment of copper from wastewater as anode 
and cathode. The study indicated that many parameters such as temperature, length 
of reaction, first concentration, etc., were analysed. With acidic state, the removal 
rate was 99% at 144 h and with time, the initial concentration rose to 480 h at concen-
trations of 200–600 mg/L, removal efficiency also quietly perturbed and fell from 
99%. At 144 h with a lesser starting concentration, the density was considerably 
better than 480 h with high concentration. The dual Cd(II) and Cr(VI) degradation 
from the MFCs-catholyte were employed for Huang et al. [77]. The efficiency for 
removal of chromium from anaerobic purity was recorded at 73% and cadmium at 
61% by utilizing graphite felt for the cathode, while the anode is a carbon rod in 
MFCs double-chamber system. The output power density was 14.2 mW/m2 and the 
procedure was performed within 24 h and under 5.8–6 pH. Efficiency of removal 
is much better, but energy output was not excellent, thus it is strongly advised that 
different materials be used in order to compose and increase energy production as 
well as efficiency of removal. The potential for on-site electrokinetic heavy metal 
treatments was investigated by Habibula et al. [78]. Following 143 days, the results 
indicated very low power generation and low efficiency. The energy generation was 
7.7 mW/m2 and the contaminated soil sample was removed only 31% with the use of 
graphic granule as anode that could not produce active electron flows. The Shewanella 
oneidensis MR-1 as the system’s catalyst, and lactate as a substratum for strength-
ening Shewanella oneidensis MR-1 growth was shown in the performance of Cr(IV) 
Bu by Xafenias et al. [79]. The percentage of elimination obtained was 67% together 
with the output of 32.5 mA/m2. The operating duration of MFCs was 192 h at an 
initial pH of 200 mg/L. The research groups of Xafenias utilized graphical graphics 
as electrodes to give Shewanella oneidensis MR-1 sufficient growth for greater reduc-
tion. The other side Singhvi et al. [80] have found that the elimination of chromium 
is 98% utilizing activated charcoal as algal biomass electrodes. The group obtained 
high energy output of Xafenias et al. (207 mA/m2 and greater removal rates) because 
Xafenias and Singhvi et al. utilized neutral pH range while Xafenias used an acidic 
environment. In terms of removal or deterioration, the pH is highly significant. The 
less acidic environment does not enable bacteria to more efficiently breakdown the 
metal. The electrodeposition of precious metal gold by the electroactive Shewanella 
genus on Pt-graphite electrodes has been studied by Varia et al. [81]. The original 
use was 200 ppm, and the removal rates were 6% with a current density of 0.6 to −
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0.2 V. Cyanide degrading bacterium known as Klebsiella sp. MC-1 has been utilized 
by Wang et al. [82] to reduce cyanide from anaerobic sludge. The findings indicated 
an improvement of 99.1% at 412 mV with a high degradation efficiency. Coal was 
used as electrodes at a temperature of 25–50 °C, pH of 5 and an initial concentration 
of 50 mg/L. A competent technique for vanadium degradation from polluted water 
has been described by Rui Qiu et al. [83]. Here, MFCs application in the reduc-
tion of vanadium and bioenergy generation using biocathode carbon fibre felt full 
remediation of V(V) at an initial concentration of 200 mg/L within 7 days was the 
result of electrochemical and bacterial reductions. The energy density attained was 
recorded to be 529 ± 12 mW/m2. Liu et al. [84] have examined the conversion of 
platinum and distribution in MFCs and have demonstrated a viable method towards 
the degradation of platinum from polluted water and the production of Pt/C cata-
lyst to MFCs. The result showed 90% that the starting concentration of 16.88 mg/L 
produces a silent high density of 844.0 mW/m2. The outcome was 90%. MFCs’ 
extremely hazardous thallium (Tl) removal performance was reported by Zhongli 
et al. [85] since worldwide focus is paid to developing important thallium removal 
procedures more effectively. Tl(I) was spontaneously oxidized in MFCs. For 72 h 
the removal effectiveness was 67%, with a starting amount of 100 µg/L. Therefore, a 
max. power density, recorded 457.8 ± 15.2 mW/m2 was shown. The electrochemical 
method described some negative energy output effects of thallium. After oxidation, 
the product was less mobile and might reasonably fall in pH series. In particular, in 
cases of thallium, the MFCs are highly efficient for treating wastewater contaminants. 
This proposal could be beneficial for researchers using high-surface materials such 
as graphene oxide, reduced graphene oxide or nanocomposites which have shown 
outstanding removal capability [86].

4 Other Application of MFCs 

MFC is a very famous and meaningful electrochemical instrument that converts 
organic energy directly into electricity. This procedure is performed with several 
kinds of bacteria utilizing biocatalyst. It makes it prolific with the various active 
catalytic activity of microorganisms. However, two electrodes, cathode and anode, 
are present in the MFCs. The MFCs are operated in the presence of a permeable 
exchange membrane or a salt bridge, in order to transfer protons and electrons from 
the outside route, although the MFCs may be operated with no membrane and less 
MFC membrane. Protons of this sort of MFCs are sent without help directly to 
the cathode chamber. During operation, MFCs electrodes function as an electron 
receiver. MFCs may oxidize completely fuels such as industrial, wastewater swage, 
substrates (acetate, glucose, sugar, etc.) Reducing the usage of fossil fuels is a major 
problem worldwide. In addition, the European Council on Renewable Energy said 
that in 2040, over 50% of renewable green energy consumption will be produced
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by virtue of their potential and important characteristics [103]. The possible benefits 
of MFCs include wastewater treatment, energy supply, economic sustainability and 
environmental stability [104]. 

4.1 Bioenergy Production 

MFCs are mostly utilized for the present generation, and many attempts have been 
made in improving the current generation using MFCs as seen in Table 1. In anode 
compartment, the biocatalyst (microbials) oxidizes the organic substrate for electrons 
and protons [47, 105, 106]. With the use of externally supplied circuit and proton, 
the electron is transferred into the cathode chamber by means of a salty or perme-
able bridge or by transfer to the cathode chamber directly [107]. Both chambers 
have a multimeter and resistor box electrically linked. The box with many metres 
and resistors was intended to measure the current. MFCs mainly adjust exoelectro-
gens surrounding the anode and created a biofilm on the area of anode electrode 
to the primary phase of present production. Exoelectrogens thus create a leading 
biofilm that has a thickness of a few micrometres [108]. Exoelectrogens formation 
of biofilm is unique and differs from bacteria. If the electron reaches the cathode, 
the electron receiver and protons might react. Subsume that the product was water, 
with maximum current, i.e. ~0.805 V seen on a cathodic electrode if oxygen was 
an electron acceptor in the cathode chamber Normally, with any selected catalyst, 
the cathode surface is changed to improve oxygen reduction. Titanium, copper and 
platinum are the preferred catalyst. For example, at varying concentrations, plat-
inum/carbon composite electrodes are made available [109]. Scientists in area of 
bio-electrochemical research are currently highly engrossed with findings concerning 
the development of MFCs. Scholars in this field are putting greater focus to find more 
effective material to introduce in MFCs to develop greater energy output [110]. Many 
of the researchers used various parameters and developed various configuration styles 
for MFCs to study the improvement in bioenergy production as shown in Table 1. 
There was a different material used, and due to different efforts, different energy was 
achieved by researchers. The key to improving energy production is studying very 
crucial MFCs parameters to achieve them at cheap costs. The pH, exoelectrogens, 
substrate, temperature and electrode material are the major factors. MFCs design. It is 
intended to provide you better results to enhance the electrode material by composite 
with other materials and to manage the pH solution at the desired temperature [111]. 

4.2 Bioelectronics Devices 

MFCs carried some significant values in the field of bioelectronics to make more 
reliable devices for human beings. The electrical active microbes may take substan-
tial value in bioelectronics field because they have ability to sense different types of
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chemicals and environmental conditions. The sense response can be interpreted into 
electric signal form, which may lead to advance biocomputing and biological sensors. 
The most important and valuable factor is the conductivity of microbe’s biofilms and 
the action of microbe pili which are conductive in nature, may lead to new research 
direction for the development of different electronic systems also called living elec-
tronic device by using these materials. Electronic devices prepared by using the living 
components carried out some novel advantage such as charge are storable and easily 
transferable under the water, electronic devices can be constructed from low cost and 
low toxic feedstock without producing high waste material, living electronic devices 
has the ability for self-repairing and replication, useful in medical instrumentation 
due to bacterial can transfer electrons to electrode easily [33]. G. sulfurreducens has 
high conductivity that makes them more favourable and convenient as supercapac-
itors than as other lesser self-discharging artificial supercapacitors. Microorganism 
with different component conductivity can be operated by genetic engineering tech-
nology. G. sulfurreducens biofilms can be served as logic devices such as transistors 
and many others. 

4.3 Biosensor 

The MFC technology is also used as biosensor, even though there were a lot of 
reported works on generation of electricity, removal, recovery of metals from wastew-
ater, organic pollutant removal dyes removal, etc. MFC devices served as sensor for 
the detection of different pollutants in water. The biosensor which is based on MFC 
working principle shows many advantages over traditional biosensors [112]. These 
advantages are high stability, good reliability, eco-friendly, low cost, high accuracy, 
etc. MFC biosensor also don’t need any type of transducer which are mostly used 
in traditional biosensors [113]. Furthermore, MFC biosensors don’t need any high 
maintenance and they can be work for long period without any maintenance prob-
lems. MFC-based sensors can work in two different modes. The first mode is the 
flow-through electrode and the other is flow-by electrodes. In the first mode, the 
porous electrode passed out the water sample, while another mode, the water mate-
rial moves parallel to surface of electrode [114]. The MFC sensor operation through 
these two paths can enhance the diffusion and electrolytes of the ions, thus increasing 
the MFC-based sensor sensitivity for better outcomes. Furthermore, it was reported 
that anode flow in MFC sensor also helps to increase the proton diffusion by anodic 
biofilm, improving the substrates by using exoelectrogens. Obviously, the MFC toxic 
sensor sensitivity was improved roughly 40 times due to flow through anode than 
flow-by anode. The duel electrodes of MFC are employed for the improvement of 
biosensors but the reliability and stability of duel electrodes are still at the improving 
stage [115].



318 A. A. Yaqoob et al.

5 Future Perspectives 

MFCs are a scientific interest, it provides an opportunity to produce safe, eco-friendly 
and renewable energy along with water treatment simultaneously. Numerous wastew-
aters fluctuating from low to higher strength have been used for wastewater treatment 
in MFCs and are capable to generate electricity simultaneously. Despite all develop-
ment, still, the energy outputs were found low through MFCs. The world is looking 
for renewable energy to overcome the future perspective, scientific scholar should 
focus to improve an appropriate design for MFCs, use those materials which has 
ability to improve the electron transfer mechanism, prefer genetically engineered 
microbes for operation, use treated inoculum, reduce start-up duration for MFCs, 
prefer good electrode material (high conductive, high surface area, high thermally 
and mechanical stable, etc.) [27]. Further, effective wastewater treatment can be done 
by MFCs at 20 and 45 °C temperatures. Additionally, MFCs combined with anaer-
obic fermentation technology to enhance the COD removal rate. Substantial efforts 
have been devoted to scale up the design of MFC device, e.g. MFCs with 90 L volume 
gained the highest reduction of COD, i.e. ~87% with inoculum brewery wastewater 
[116]. It has revealed an excessive potential for heavy metals or toxic pollutants 
to remove or reduced from wastewater. The high redox potential heavy metals are 
gaining high interest to serve as an electron acceptor, to produce high current density 
from MFCs. Wang et al. [117] achieved 100% removal efficiency of chromium from 
domestic wastewater by using double chamber MFCs with the utilization of graphitic 
electrodes. The density of power generated was 150 mW/m2. The MFC device is also 
capable of applied as biosensor (COD or BOB) to detect the toxic and lethal pollu-
tants present in wastewater. The MFC application for biosensor is currently engulfed 
with certain challenges like poor consistency, inadequate sensitivity and poor accu-
racy. These problems might be possible to solve by operating the flow-through mode. 
The MFCs have been explored for several applications. Although there were some 
specific challenges and problems. These need to be improved or solved to make this 
technique more prolific. MFC technology is not still useable at a commercial scale 
even with more than 10 years of exhaustive study on the MFCs [118]. There is still 
a gap present to launch in world practically at commercial level. The major draw-
back of this technique is inadequate power generation and high-cost issue of material 
making it uncomfortable for commercial level. The energy output and wastewater 
treatment can be achieved able by using low-cost material like use waste material 
for electrode synthesis, use cheap binders to reduce cost issues. Another hindrance 
is the selection of electron acceptor at cathode electrode. The most efficient and 
effective choice is oxygen for electron acceptor, and it is abundantly available but 
constant oxygen sparging on cathode can damage the microbial community activities 
at anode. Pt is commonly utilized for oxygen reduction reaction, but the cost of Pt 
is very high, so it is unfit and required any other alternative. The sensor application 
is not well explored because MFC-based sensors’ response time is too longer than 
others and the other problem is produced energy is not efficient to run sensor opera-
tions constantly in an effectively way [119]. This portion should be concentrated on
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the scientific community to investigate its biosensor qualities since the detector can 
readily identify different pollutants. The procedure is straightforward and cheap. 

6 Conclusion 

This chapter has made every effort to elucidate the importance of MFCs in the removal 
of dyes, organic, inorganic and heavy metals found in wastewater by using progres-
sive and low-cost material, so it can serve as a useful read for scholars to extrapolate 
ideas about different available costless materials capable of improving the working 
performance of MFCs. MFC is a trending and novel technology to generate elec-
tricity from biowastes by using microorganisms as biocatalyst. The major focus of 
this article is to develop an adequate understanding for readers in MFCs towards 
improving their research work. This study was conducted on previously reported 
research within 10–12 years back, what improvements people already made, etc. 
In spite of all improvements, there are identified research gaps present such as the 
production efficiency of energy but produced power outcomes from MFCs is too poor 
yet, MFCs can serve as biosensor, but very little work was reported regarding MFC-
based biosensor. MFC technology is still inadequate method to use for commercial 
purpose despite rigorous research efforts over the years. There is still a need for 
more efforts to launch MFCs around the world at a practical scale. The bioreme-
diation of organic pollutant and heavy metals was quite great in few cases, and it 
was observed that there are some parameters which are affecting bioremediation 
and energy generation process, i.e. pH, temperature, concentrations, substrate type, 
activity of microbes and most especially is material for electrode. For example, it 
has been reported in literatures that heavy metal degradation in MFCs was greater at 
acidic pH, better conductive electrodes giving high degradation results coupled with 
greater power density output. Another research gap yet to be adequately explored 
is still in the fabrication of electrodes from biowaste materials. There exist several 
kinds of waste materials with high carbon content upon carbonization that can be 
converted into graphene oxide and further develop into electrodes in MFCs. As a 
result, the choice of these factors is critical for better results. Literature also indi-
cates that modifying the electrodes can improve the removal efficiency of MFCs. 
The conductive polymer is a popular material used to create composites in order 
to improve the efficiency and productivity of MFCs. However, there has been little 
reported effort in this research approach. Furthermore, there is still great scope of 
research to use low-cost materials in MFCs for better and inexpensive wastewater 
treatment. 
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Abstract The amount of waste produced each year is at an all-time high owing 
to high population expansion and urbanisation. Landfills have been and continue 
to be the most cost-effective waste disposal method. However, the environmental 
risks associated with leachate have caused surface and groundwater deterioration. 
As the leachate is hazardous, rich in organic, ammonia and metal elements, treating 
the liquid is energy-intensive and associated with costly procedures to fulfil current 
environmental laws. Microbial fuel cells (MFCs) could be the alternative method for 
leachate treatment. MFC is considered a promising and viable method because the 
device removes organic contaminants and generates bioelectricity during the oxida-
tion process. This chapter investigates the robustness and effectiveness of the tech-
nology for removing carbon, nitrogen and phosphorus from landfill leachate and high-
lights and evaluates current developments in single and hybrid MFC. Recent advance-
ments in combined MFC technology and their synergetic influence on boosting 
power densities, organic and nutrient removal and future difficulties were thoroughly 
explored. A sustainable strategy should be considered and designed for the MFC and 
its hybrid system to increase the success of the overall leachate treatment. 
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1 Introduction 

1.1 Leachate Characteristic 

Leachate production is a significant issue for municipal solid waste (MSW) land-
fills, posing a severe hazard to surface and groundwater. Leachate is a liquid that 
has extracted dissolved and suspended debris from a landfill as it travels through 
it. Leachate is produced by precipitation entering the landfill due to moisture in 
the garbage as it decomposes. Landfill leachate is multi-contaminant wastewater 
with high amounts of organic materials. The chemical oxygen demand (COD) and 
biochemical oxygen demand of certain leachates (BOD5) can go up to 60,000 and 
30,000 mg/L, respectively, with the ammoniacal nitrogen compounds estimated up 
to 2,000 mg/L, and hazardous metals in various concentrations [1]. The pollutant 
strength of leachate is 100 times that of municipal wastewater [2]. Organic and inor-
ganic debris, high amounts of ammonia nitrogen, phosphate, phenols, toxic metals, 
sulphide, dissolved salts, xenobiotic organic compounds and microbes are all found 
in landfill leachate, which has a black appearance [3–5]. The contents of leachates 
are complexes and dynamically change in relations to the spatial and temporal vari-
ations. Various factors can contribute to the composition changes including local 
climate, landfill age, waste types, waste site conditions, surface water distribution 
and movement, landfill architectures and operation arrangement [4, 6–9]. In order to 
classify and generalise the landfill leachate, age of the landfill site is the key element 
to determine its physical, chemical and biological features. It has been used as a refer-
ence point for leachate categorisation which can be further divided into three types 
depending on its age. Table 1 indicates the characteristic of the juvenile, intermediate 
and mature leachates [4, 10, 11]. 

Table 1 Classification of the landfill leachate according to its characteristic 

Parameter Young (<5 year) Intermediate (5–10 years) Mature (>10 years) 

COD >10,000 4,000–10,000 >4,000 

BOD5/COD >0.3 0.1–0.3 <0.1 

pH 6.5 6.5–7.5 >7.5 

Organic content 80% VFA 5–30% VFA + humic and 
fulvic acids 

Humic and fulvic acids 

Heavy metals Low-medium Low Low 

Biodegradability High Medium Low
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1.2 Leachate Treatment Process 

Several leachate management systems and treatment technologies have arisen and 
have been used for leachate treatment in recent decades. As illustrated in Fig. 1, 
comprehensive treatment of various kinds of landfill leachates (i.e. from young to 
mature) has been achieved by combining diverse treatment procedures, including 
physical, chemical and biological processes [4, 12, 13]. 

Leachate was blended with residential wastewater before cotreatment in the 
wastewater treatment plant to improve biodegradability and BOD/COD ratios [14, 
15]. Landfill leachate (20% v/v) was introduced to a wastewater treatment plant that 
employed a sequential batch reactor. The amount of ammonia, nitrite, COD and 
turbidity were 93, 83, 70 and 83% eliminated, respectively, after a 6-day hydraulic 
retention time [15]. Mojiri et al. [14] pointed out that comparing landfill leachate 
treatments to methods used for household wastewater is problematic due to high COD 
and BOD. To treat leachate, a combination system should be used. Li et al. (2017) 
used denitrification/nitrification or partial nitrification (anammox) to remove nitrogen 
from intermediate landfill leachate. The maximum total nitrogen (TN) removal rate 
and TN elimination efficacy were 0.45 m3/d and 96.7%, respectively. The denitrifi-
cation/nitrification process allows an increase in BOD in wastewater, which allows 
for nitrate removal, and an increase in autotrophic bacteria growth. 

According to [16], adsorption has been widely used to treat landfill leachate. There 
are a few advantages such as easier to use, simpler design, robustness and ability to 
remove various contaminants are advantages of this technology [17]. However, the 
process increases the cost of the treatment as the active materials required replace-
ment and regeneration from time to time. Pollutants can cling to the surface of the 
adsorbent in a variety of ways during adsorption (Fig. 2). The adsorbent’s surface 
has special properties that allow the adsorbate to stick to it. Adsorption occurs under 
particular conditions, and desorption, a reversible event, is applicable. Adsorbates can

Cotreatment in available 
WWTP 

Physical 
•Adsorption 
•Membrane 
•Filtration 

Chemical 
•Coagulation/Flocculation 
•Precipitation 
•Oxidation 

Biological 
•Activated sludge 
•Anaerobic reactor 
•Phyto/bio-remediation 

Mix mode 
•Physicochemical 
•Combined biological 
•(Bio)electrochemical 

Fig. 1 Conventional leachate treatment methods



330 I. Ibrahim et al.

(a) (b) 

(d)(c) 

Fig. 2 Unconventional MFC for improved leachate treatment: a multistage series column, b up-
flow open-air membraneless reactor, c algae-assisted MFC and d evapotranspiration plant MFC

be liberated from the adsorbent’s surface and returned to the liquid during desorp-
tion (Bello & Raman). The utilisation of various membrane technologies to treat 
wastewater has gotten a lot of attention [18]. Membrane selects and filters influent 
via different-sized holes [19]. The primary membrane technologies used in land-
fill leachate treatment are microfiltration, dynamic membranes, nanofiltration, ultra-
filtration and reverse osmosis [18]. Membranes provide a number of advantages 
including low energy consumption, simpler and effective [20]. Coagulation, in its 
most basic form, allows small particles (colloids) in wastewater to destabilise and 
form a floc that may be easily settled [21]. The efficacy of coagulation/flocculation is 
determined by the coagulants/flocculants used. Aluminium sulphate, polyaluminium 
chloride and ferric chloride are common trivalent-metal inorganic salts used as coag-
ulants [22]. According to [23], the main advantage of this treatment is its excellent 
efficacy in eliminating organic debris, suspended particles and humic acids. The 
cost of chemicals and the handling of created sludge are, however, disadvantages. 
Fenton, ultraviolet, ozonation and electrochemical oxidation reaction use a mix of 
oxidants and catalysts to create hydroxyl radicals (·OH) in solutions that is able to 
degrade hazardous compounds in wastewater [24]. The most significant disadvan-
tage of advanced oxidation processes is their high capital and operating costs. The 
microorganism’s metabolic activities result in the biological breakdown of pollutants. 
Biological approaches are often employed to remove nutrients or organic compounds 
such as ammonia and fatty acids due to their cost-effectiveness; nevertheless, such
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techniques may not be effective on heavy metal removal due to the characteris-
tics of the nonbiodegradable organics [25]. Dabaghian et al. [18] classify biological 
technologies into aerobic and anaerobic biological procedures. In phytoremediation 
procedures, to break down and inactivate potentially hazardous components [26]. 
Phytoremediation has a number of advantages, including 1 minimal installation and 
energy costs. Meanwhile, bioremediation uses algae including microalgae, various 
fungi and bacteria for local landfill leachate treatment. It is considered a cost-effective 
and environmentally friendly solution. Several physicochemical treatment technolo-
gies have been combined to improve removal efficiency and reduce energy usage in 
leachate treatment. Fedorov et al. [27] suggested that hybrid procedures, particularly 
in advanced oxidation processes, with other treatments could save energy. There have 
been four integrated systems identified for combined physicochemical approaches, 
with (i) membranes, (ii) coagulation (iii) adsorption and (iv) membrane separation 
and filtration combined with coagulation or adsorption. Landfill leachate is routinely 
treated using biological methods. However [28], found that a biological method alone 
is insufficient to remove most of the refractory pollutants from landfill leachate. As a 
result, researchers [14] have proposed using a combination of biological and physico-
chemical strategies to improve biodegradability ratios and biological performance in 
landfill leachate treatment. Five frequent combination treatment strategies have been 
found. The integration of the biological treatment with (i) adsorption, (ii) oxidation, 
(iii) membrane, (iv) coagulation and (v) constructed wetlands. Bioelectrochemical 
systems (BES) have been developed in recent decades. The purpose of the system 
is aimed for waste treatment and energy recovery. They are characterised as a mix 
of biological and electrochemical technologies for generating power and removing 
contaminants from various substrates [29–32]. BES is often based on the microbial 
interaction at the electrode surface, which exchanges electrons with solid electrodes 
to remove contaminants [33–36]. Microbial fuel cells (MFCs), microbial electrolysis 
cells (MECs) and microbial desalination cells (MDCs) are the most common system 
among the technologies used in BES [37], with MFCs being the most commonly 
used for landfill leachate treatment in recent years. MFC consists of an anode and 
cathode compartments separated by an ion-selective membrane [38–42]. Organic 
substrates are oxidised at the anode compartment anaerobically by an electrochem-
ically active microbe in MFC. This process generates electrons and protons, which 
are transferred to the cathode directly (electroactive bacteria) or indirectly (media-
tors) [43–45]. These electrons and protons are then used at the cathode by reducing 
oxygen to water, producing bioelectricity via external circuit. The difference in redox 
potential between the cathode and anode provides the driving force behind the entire 
process [43, 44]. Compared to aerobic activated sludge, MFC produces 2.4–26.5 
times less sludge as mentioned by Chen et al. [6].
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2 Leachates as Promising Substrate for MFCs 

Landfill leachates are regarded as valuable substrates for MFCs due to their organic 
rich contents. MFC leachate treatment is considered one of the cutting-edge and envi-
ronmentally friendly treatment techniques in the modern world. Additional benefits 
from the treatment include bioelectricity generation and excellent discharge quality 
[45–48]. Several MFC configurations used in landfill leachate have been explored 
consisting of single-, double-chamber, upflow and stacked designs. The main purpose 
is to increase electricity production and organic removal. As leachates are organic 
and inorganic rich substances, treating them could be an energy and cost-intensive 
process. In this chapter, we will first look into the performance of various stan-
dalone MFC designs and understand the concept of specific medication that benefit 
the leachate treatment. Further investigation involves the combination of MFC with 
other processes that focus on carbon and nitrogen removal, phosphorus recovery and 
simultaneous power production. The composition of landfill leachate, as well as other 
characteristic parameters such as pH, electrode material, temperature and configu-
ration, have a considerable impact on MFC treatment [44, 49–52]. One of the main 
issues is the electricity production from leachate is often minimal in MFC because the 
leachate substrate is less biodegradable (complex ammonia and nitrogen compounds) 
and consists of inorganic matters (hazardous metals) [48, 53, 54]. Nonetheless, the 
electricity generated may not be able to offset some of the energy used during the 
treatment. 

3 Recent Advances on MFCs Treating Leachates 

3.1 Conventional Single- and Dual-Chamber MFCs 

A single-chamber MFC (SCMFC) consists of a single chamber where the anode 
and cathode electrodes are located in the same compartment. With various types 
of air cathode, the cathode is normally an open-air electrode [55–59]. Despite 
single-chamber MFCs’ cheaper cost and simplicity, most landfill leachate treatment 
studies focused on power production and organics removal, with a small number of 
researchers monitoring ammonia and nitrogen removals. The design and operating 
requirements of SCMFCs for landfill leachate treatment, such as electrode mate-
rial and surface area, inoculation procedure, and separator, all affect power densi-
ties. When using a Zirfon membrane with real leachate and an up-flow air cathode 
membrane-MFC to remove COD, the removal effectiveness varied from 7 to 89% 
[60, 61]. Furthermore, the energy generated by SCMFC was between 70 and 20,0 0 
mW/m3 as volumetric power density and the Coulombic efficiency was between 1 
and 80% [49, 57, 61, 62]. The most investigated electrode materials in SCMFCs were 
found to be carbon-based compounds. Despite this, there was a significant disparity 
in power density and organic removal efficiency, which might be attributed to variable
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operating conditions in each experiment. According to Hernandez-Flores et al. [49], 
the power produced by an air cathode SCMFC fed with young leachate and fitted 
with a proton exchange (agar-based) membrane (20,000 mW m−3) was three times 
greater than that of a Nafion 117 membrane (6,800 mW m−3). The accumulation of 
dry salts on the exterior side of the cathode electrode and the higher pH of the influent 
stimulated the movement of cations rather than protons with Nafion membranes. 
However, as compared to Nafion membranes, the MFC with the low-cost membrane 
obtained better organic removals of 39.32%. Apart from the designs and configu-
rations, the influent leachate type is an essential element in MFC, since it affects 
the treatment and bioelectricity production. Regarding bioelectricity production and 
organic removal performance, Hernández-Flores et al. [59] assessed the air cathode 
SCMFC fed with municipal wastewater and a combination of municipal wastew-
ater and landfill leachate. The Coulombic efficiency was recorded at 47.5% and the 
COD removal efficiency was 80% for municipal wastewater. Slight increases in COD 
removal (86%) for the combined municipal wastewater and landfill leachate. MFC 
fed with leachate substrate had a maximum power density of 489 mW m−3, which 
was greater than those fed with municipal wastewater (315 mW m−3) or combined 
municipal wastewater and landfill leachate (82 mW m−3). This might be attributed to 
the landfill leachate substrate’s increased electrical conductivity and organic content. 
In the latter study, Hernandez-Flores et al. (2017b) compared the power density and 
organic removals of SCMFCs fed with three different substrate mixing ratios of land-
fill leachate/sulphate reducing inocula (Mixture 1: 30% LFL/70% SR–I, Mixture 2: 
70% LFL/30% SR–I, and Mixture 3: 50% LFL/50%t SR-I). Mixture 2 (8050 mW 
m−3) and Mixture 3 (4260 mW m−3) were found to have greater power density 
(10,380 mW m−3) than SCMFC with Zirfon membrane with 50% LFL/50% SR-
I. COD removals were greater in SCMFCs equipped with Nafion membrane in 
Mixture 1 than in Mixture 2 and Mixture 3. The average COD removals of Mixture 1, 
Mixture 2 and Mixture 3 were 68.42%, 64% and 48.11%, respectively. The findings 
demonstrated the critical importance of choosing the optimal membrane type and 
influencing substrate compositions for obtaining maximum power generation. 

3.2 Unconventional Type MFCs 

MFC has been reinvented from the single and dual chamber to specific configu-
rations to improve landfill leachate treatment and electricity generation. The new 
configurations include the multistage column, up-flow air cathode, algae-assisted, 
and evapotranspiration-MFC which are discussed in this section. 

One of the common designs is the multiple-stage column MFC to increase leachate 
treatability [63]. The MFCs were connected in series, with a single feed line into the 
first and then the second column and outflow from the third final column. It also inves-
tigated how the increases of electrode surface area affected columns’ performance. 
The electrode surface area increased from 360 to 1080 cm2 actually improving the 
power output by 2–3 folds in the MFCs. The hydraulic retention time (HRT) was
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further increased by recycling the third column’s outflow into the first column’s feed 
line. In the recycle mode, the COD and BOD removals were increased up to 79 and 
82% after 4 days of operation. 

Unlike the multistage column MFC, up-flow air cathode membrane-free MFC 
has a simpler design with an inlet from the bottom of the reactor [60]. The Pt-
coated cathode was bonded into the outside wall of the anode tube to reduce charge 
resistance and increase air surface coverage. The MFC could constantly produce 
0.6 mW power from leachate during the 50 h operation duration. The maximum 
achievable volumetric power and current were 12.8 W m−3 and 41 A m−3. The total 
Coulombic efficiency (CE) decreased from 14.4 to 1.2% when the organic loading 
rate was increased from 0.65 to 5.2 kg COD m−3 day−1. The poor CE may be due 
to the open-to-air cathode’s severe oxygen diffusion. 

Another unconventional type of MFC is the algae-cathode MFC. Landfill leachate 
was first treated in anode to remove organic carbons. Algae was used to assist the 
cathode reaction and further treat the leachate effluent from the anode to remove 
the remaining ammonium and phosphorus [64]. Diluted landfill leachate (15% v/v) 
was treated in the anode chamber with varying hydraulic retention durations (HRTs). 
The HRT significantly impacted the cell voltage and dissolved oxygen (DO) in the 
cathode. The greatest cell voltage was 303 mV after 20 h of HRT, while the highest 
DO concentration was 5.3 mg/L at 60 h of HRT. The greatest removal efficiency for 
ammonium and phosphorus was 76.4% and 86.3%, respectively, with 60 h of HRT. 
At 60 h of HRT, the maximum COD elimination of 26% was recorded. Zaman and 
Wisnu Wardhana [65] use evapotranspiration-MFC for the first time to treat leachate. 
Evapotranspiration uses natural evaporation process and bacterial activity on plant 
roots and plant medium to remove organic matters in wastewater. Two native flora, 
Alocasia macrorrhiza and Eleusine Indica were cultivated separately in a horizontal 
MFC, with the cathodes and anodes in separate chambers (i.e. in the leachate reactor 
and reactor with plant media). The electric power produced by Alocasia macrorrhiza 
plant MFC was 70 watts, while the Eleusine Indica grass was 60 watts during the 
30 days of reactor operation. The author demonstrated that the evapotranspiration-
MFC could be one of the promising systems for leachate treatment and electricity 
generation. However, further detailed investigation was required to prove the concept. 

3.3 Hybrid System 

With the growing age of mature leachate, the proportions of resistant and complex 
nitrogen compounds will predominate, making a single-step MFC treatment imprac-
tical [66]. Tables 2 and 3 indicate how a varying percentage of landfill leachate (from 
young to mature) has been utilised as fuel in standalone MFCs. Poor current densi-
ties and removal efficiency, especially nutrient removal using solo MFCs, motivated 
researchers to look for new ways to solve these problems. As a result, combining 
MFCs with other technologies was workable, feasible and led to improved efficiency
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Fig. 3 Combined MFC with other treatment processes 

and robustness [67–69]. Coupled systems’ final effluents may comply with envi-
ronmental standard regulation with socio-economic advantages over solo systems. 
As illustrated in Fig. 3, these combinations were categorised based on two basic 
processes: biological and chemical. Due to its potential to improve nutrient removal 
and ease of installation with current biological technologies, biological combinations 
are more frequent with MFC than chemical and physical processes. A plethora of 
biological combinations have been developed for landfill leachate treatment using 
MFC and biological processes, including up-flow anaerobic sludge blanket, anaer-
obic ammonium oxidation (Anammox), aerobic ammonium oxidation, biological 
anoxic/oxic and photosynthetic with algae bacteria. Because of its high nutrient 
removal and simplicity of installation with current biological technologies, MFC in 
conjunction with other biological processes, such as anoxic/oxic processes, is most 
widely used [70–73].

MFC with anoxic/oxic process. Nitrification and denitrification occurred by the 
metabolisms of aerobic autotrophic and anoxic heterotrophic bacteria, respectively. 
Ammonia is converted to nitrate (nitrification) and subsequently reduced to nitrogen
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gas (denitrification) in the anoxic/oxic processes. Design and operational character-
istics such as solid or hydraulic retention time (SRT or HRT), temperature, recircu-
lation rate, pH and loading rate affect the biological processes. Additional work to 
determine the best-operating conditions for high-treatment quality and bioelectricity 
production is required to integrate the MFC with the anoxic/oxic process. Zhang 
et al. [71–73] in their previous studies investigated this system for effective land-
fill leachate treatment. The anoxic/oxic process can be combined with MFC in the 
cathodic chamber to achieve larger nitrogen reductions and at a lower energy cost via 
sequential intermittent aeration mode. Zhang et al. (2015b) manipulated the organic 
loading rate, organic and ammonia removal in a recirculation membrane-less MFC. 
At an OLR of 3 kg COD m3 day−1, the greatest power densities of 2.71 w/m3 were 
found, which thereafter decreased to the lowest (0.36 w/m3) as the OLR increased 
to  4.2 kg COD  m3 day−1. While the highest COD (95.1%) and ammonia (99.9%) 
reductions were achieved with the lowest loading rate of 1.2 kg COD m3 day−1. 
The acquired power density (2.85 w/m3) was greater than the earlier results at the 
same OLR of 3 kg COD m3 day−1 when the system was operated with intermittent 
aeration, 24 h as HRT and 3 kg COD as OLR. In addition, the effluent dissolved 
organic matter was detected in combination with the COD and ammonia reduc-
tions in the same cathodic chamber. The organic matters were decomposed faster 
in the anoxic/oxic MFC cathodic chamber than the traditional anoxic/oxic reactor 
resulting in more COD and ammonia removal. In the MFC chamber, 86.3% of COD 
and 96.7% of NH4 

+–N were removed, which was much greater than the traditional 
reactors, which only removed 11% and 47% of COD and NH4 

+–N, respectively 
[73]. Khan et al. [70] demonstrated wastewater treatment including biorecalcitrant 
phenol and 2,4,6-trichlorophenol in dual-chamber MFC under anoxic and oxic condi-
tions, similar to landfill leachate. In the cathode chamber, coated anodic electrodes 
with polyaniline (PANI)/SnO2 and oxic treatment conditions provided outstanding 
power output. The addition of PANI/SnO2 to a plain carbon cloth electrode increased 
the surface area and electrical conductivity, resulting in better system performance 
and power density. The highest power density in the oxic state was 522.77 mW/m2, 
which was significantly higher than the 454.81 mW/m2 in the anoxic condition. COD 
removals were also enhanced in the presence of modified anode electrode in oxic 
circumstances, with 85.58 and 82.67% removals, respectively, for oxic and anoxic 
conditions. 

MFC with photosynthetic algae. Algae can grow quickly in a variety of envi-
ronments, capture CO2 to decrease greenhouse gas emissions and recover biomass 
resources. A cathode made of algae may absorb light and convert it into bioen-
ergy that can be used to make sustainable and environmentally friendly value-added 
biofuels. MFC combination with algae is accompanied by in situ oxygen produc-
tion in the cathode chamber rather than relying on an input air supply to improve 
power densities and nutrient removal [79–81]. In the past few years, the integration 
of MFC with algae has been widely explored in wastewater treatment [82–85], while 
a few studies on landfill leachate have been published in literature. Researchers have 
shown that algae may be used as a cathode in MFCs, providing an energy transfer 
background in combination with accumulated value products in algal biomass. It also
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energetically increases energy recovery and removes pollutants from the algal MFC 
cathode. Many efforts have been made to mitigate the impact of greater quantities 
of organic matter and ammonia nitrogen in landfill leachate, while at the same time 
recover the latent energy. Different concentrations (5, 10, 15, 25 and 40%) of land-
fill leachate were combined with household sewage containing algae and utilised as 
catholyte in MFC-Algae as studied by Nguyen et al. [68]. The fractional concentra-
tions were tested in order to determine the best mixing ratio for ammonia and COD 
removal as well as energy recovery. At 5% leachate, the largest nutrient removal effi-
ciency (97.3% as NH4+) and highest cell voltage (300 mV) were recorded, compared 
to other concentrations (10, 20, 25 and 40%). Lower ammonia removals might be 
due to high ammonia concentrations at high leachate fraction ratios. The maximum 
COD removal effectiveness (52%) was recorded at 10% leachate fractions in the 
algae-based MFCs. 

MFC with aerobic/anaerobic ammonium oxidation. The Anammox process 
is a type of anaerobic ammonium oxidation performed by autotrophic anaerobic 
ammonium oxidation bacteria. During the anammox process, ammonium is partially 
oxidised to nitrite in anaerobic or anoxic conditions without the need for a carbon 
source. The accumulated nitrite serves as an electron acceptor and is reduced to 
nitrogen gas [86–91]. The carbon and nitrogen fractions in leachate will be utilised 
in different metabolic reactions; to generate electricity in MFC and served as an 
electron acceptor for anaerobic ammonium oxidizing bacteria, respectively. The 
unique targeting mechanisms make the MFC a perfect pretreatment unit for organic 
carbon and nitrogen removal with a surplus electricity generated from the process. 
Anammox is an anaerobic process that may be halted by high levels of dissolved 
oxygen in leachates. The key operational factors that may impact the process effi-
ciency are hydraulic retention time (HRT), temperature and pH. The synergetic 
collaboration between the MFC and the anammox process has shown excellent 
results in terms of nitrogen removal, power density and cost reduction without 
the addition of carbon source for ammonia and nitrogen removal. Lee et al. [69] 
compared the energy production and ammonia removals in two different MFC hybrid 
systems, namely ammonium oxidation/MFC and MFC/Anammox. MFC/Anammox 
produced nearly 50% more energy than Ammonium oxidation/MFC. During the 
ammonia oxidation/MFC process, ammonia was aerobically transformed to nitrate 
in a separate reactor and then nitrate was converted to nitrogen gas in the MFC 
reactor’s subsequent cathode chamber (nitrate pathway). Organic compounds in land-
fill leachate were used in the anode chamber, while ammonia was removed in the 
cathode chamber by oxidising to nitrite and subsequently reduced to nitrogen gas 
via Anammox nitrite pathway. The output power density and ammonia removals in 
the MFC/Anammox process were higher than those in ammonium oxidation/MFC 
process, with averages of 12 mW/m2 and 94% TN in MFC/Anammox and 8 mW/m2 

and 92% TN in MFC/Anammox and ammonium oxidation/MFC, respectively, due 
to the contribution of organic matter decomposition in MFC. 

MFC with anaerobic digestion. Because of its stability combined with energy 
production and resource recovery, anaerobic digestion process has been widely 
applied for various types of liquid and solid-state pollutants during the previous
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century. Anaerobic digestion was also used for treating substrates with a high organic 
strength and resistant chemicals such as industrial waste, food processing wastewater, 
landfill leachate and biorefinery wastewater [4, 92]. One of the greatest examples is 
the up-flow anaerobic sludge blanket (UASB) process developed for anaerobic treat-
ments that are able to achieve high effluent quality at low HRT and high OLR. 
Nevertheless, the performance is heavily dependent on temperature changes and 
presenCw of toxic substances, thus further treatment is required to ensure the final 
effluent quality [4, 92]. As a result, following UASB, an electrochemical process 
like MFC may be utilised as a polishing treatment method and complies with strict 
environmental laws. Tugtas et al. [93] assessed the power generation, organic and 
ammonia removal efficiency of a DCMFC fed with anaerobically prepared landfill 
leachate (effluent of a UASB) in batch and continuous operating modes, with HRT 
ranging from 15 days. The maximum power density was obtained in continuous oper-
ation mode with increasing HRT from 1 to 5 days, with an average of 158 mW/m2 

(2482 mW/m3), while in batch mode only 109 mW/m2 (1712 mW/3) was obtained, 
which could be due to partial nitrification occurring when the HRT was increased. 

MFC with coagulation. Coagulation and electrocoagulation-based chemical 
treatment processes were widely used in previous research [94] and attracted great 
attention for landfill leachate treatment including biorefractory organic materials. The 
integration of biological therapy and the coagulation process was investigated and the 
treatment of leachate was enhanced [95, 96]. Kumar et al. [97] looked at the impact 
of solo coagulants and MFC-coagulation processes on landfill leachate treatment 
and electricity generation. Only 78.6% of COD was eliminated by a pH 8 coag-
ulation procedure, but MFC combined with anodic coagulation together removed 
more than 98.7% of total COD after 3 days. In addition, the integration of MFC with 
in situ production of anodic coagulants yielded a volumetric power density of 6644.6 
mW/m3 and demonstrated a lucrative and feasible treatment procedure for a variety 
of landfill leachate treatment applications. 

MFC with Fenton process. Many resistant compounds, notably poor biodegrad-
ability wastewater and mature landfill leachate, have been successfully degraded 
using Fenton-based electrochemical advanced oxidation techniques. Toxic chemicals 
in landfill leachate may be oxidised by Fenton’s reaction (H2O2/Fe2+) to hydroxyl 
radicals [98–101]. The primary disadvantage of the chemical Fenton process is its 
higher operating costs owing to external H2O2 addition. However, MFCs can only 
decompose organic contaminants with poor removal effectiveness towards refrac-
tory organics. As a result of the in situ creation of H2O2 from MFC reactions, 
the power demands for Fenton reactions might be met via MFC reactions, while 
greater pollutant removals can be accomplished [102]. The integrated MFC-electro-
Fenton process has recently been widely researched in wastewater treatment [98, 
99, 101, 103, 104]. With anammox pretreated landfill leachate, Hassan et al. [99] 
investigated DCMFC-based bio-electro-Fenton process organic removal efficiency 
and output current density. With iron (Fe2+) sulphate and iron (Fe3+) chloride addi-
tions at 150, 300, and 500 mg/L as Fenton catalyst, the effluent of Anammox process 
was studied. Anodic chambers with synthetic anolyte (glucose) had greater COD 
removals (71–76%) than those with 100% landfill leachate (lower COD removal).
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The maximum COD removal efficiency of 34.6, 1.7, 40.7 and 3.1% were obtained 
with real LFL and at 300 mg/L iron (Fe2+) sulphate, and the removals decreased to 
(31.4, 12.2, 35.2, 13.8) by using the same dosage of iron (Fe3+) chloride. However, 
the output current density in synthetic or actual landfill leachate was between 600 
and 700 mA/m2. Hassan et al. [98] employed Anammox pretreated landfill leachate 
as MFC electro-Fenton substrate. Various electrode materials and operating modes 
(batch and continuous) have been reported to achieve COD reductions of 35–65% 
and CE removals of 22–29%. The pH stress on anodic electrogens caused by recir-
culating acidic catholyte to anode chamber was shown to reduce anode performance. 
The effectiveness of COD removals and CE was not great in earlier publications, espe-
cially in cathodic chambers, therefore additional study is required. Recent research 
by Wang and coworkers [105] investigated the refractory organics degradation of real 
landfill leachate in an integrated bio-electro-Fenton process using single-chamber air 
cathode MFC and DCMFC with three different cathode materials: nano-zerovalent 
iron and modified activated carbon (nZVI@MAC), nano-zerovalent iron and acti-
vated carbon (nZVI@AC) and Activated Carbon (AC) (AC). SCMFC at nZVI@MAC 
was able to produce highest power density (935 mW/m2) and average COD removal 
efficiency (79%) over nZVI@AC and AC. The superior 2e ORR in MAC than AC 
and nZVI@AC cathode is attributed to the greater performance of nZVI@MAC. 

MFC with MEC. The presence of carbon source molecules and ammonical 
nitrogen ions in leachates might stymie the traditional nitrification and denitrifica-
tion processes [106]. In high-strength wastewater and landfill leachate, the anaerobic 
treatment procedure has proved to be successful. However, low temperatures and 
inappropriate feed source compositions (low C/N) might restrict methane genera-
tion in anaerobic digestion [107, 108]. H2 gas has recently gained popularity as a 
renewable energy source as it is an excellent energy carrier that is both clean and 
environmentally beneficial. Biohydrogen recovery through micro-bial electrolysis 
cells (MECs) is a viable method for landfill leachate remediation in terms of sustain-
ability and economics by generating side by-product for commercilisation [109, 110]. 
Furthermore, enhanced leachate conductivity and buffering capacity might improve 
process stability and biohydrogen generation [67]. Anodic electrogenic bacteria are 
utilised in MECs to decompose organic materials, resulting in protons and electrons 
that may be transmitted to the cathode chamber through the electrolyte circuit and 
reduced to H2 gas in the absence of O2. The redox potential processes are constantly 
directed by the external potential (0.5–1.0 V) in MEC [48]. By connecting MFC with 
MECs in sequence, several efforts have been made to eliminate the energy necessary 
for H2 synthesis [111]. In terms of COD, the coupled MFC–MEC process outper-
formed the single MFC by roughly 268%. Zhang et al. [102] recently published 
promising research in which a series of MFCs were combined with an ammonia 
electrolysis cell (AEC) with nano-Mo2 C modified glassy carbon (GC) cathode elec-
trodes. When fed with a glucose and ammonium mixure, the power density and 
H2 production rate were 536 mW/m2 and 59 L/g Mo2 C/N-rGO h−1, respectively. 
When the diluted landfill leachate (1:4) was used as a substrate, the output power 
density and H2 productivity were 143 mW/m2 and 42 L/g Mo2 C/N-rGO h−1, respec-
tively. Surprisingly, the linked system was able to remove 70.7% more ammonia,
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with the stacked MFC contributing 23.2% and the AEC 47.5%. Zhou et al. [112] 
employed Mo2 C/NGA modified glassy carbon (GC) cathode electrodes to increase 
the hydrogen evolution reaction activity in linked MFC–AEC. When diluted landfill 
leachates were employed, the H2 productivity rate was enhanced to 79.2 L/g Mo2 
C/NGA. 

4 Conclusion and Future Perspectives 

MFC has developed as a potential eco-friendly treatment technique for a wide range 
of substrates in the past two decades. The potential of the MFC have been drawing 
researcher attention to use the technique in landfill leachate treatment. In this chapter, 
the MFC-based treatment methods and their configuration combined with other tech-
niques found in literatures have been briefly summarised. MFCs have shown their 
viability in organic and ammonia removal, however, their scalability is limited due to 
lower power densities and expensive construction costs. To increase MFC efficiency 
and maximise electricity production, a number of different measurements can be 
used. This includes the selection of low-cost materials and optimisation of opera-
tional conditions. Apart from that, a combined system (MFC and other treatment 
processes) could significantly reduce the operational cost and increase treatment 
efficiency compared to the single MFC process. More work is still required to inves-
tigate and improve methodologies in MFCs, especially on site leachate treatment as 
it might vary according to the weather and local condition. Designing and developing 
a process involve the reuse and recycle of the wastes like landfill leachate become the 
key components of the modern world targets, especially under the United Nations for 
Sustainable Development Goals (UN-SDGs). It also results in increasing people’s 
attention to circular economy rather than merely recovering the energy or materials 
in order to preserve their practical worth. High-contaminated wastewater leaches 
from the degradation of solid wastes at the landfill sites could cause damage to local 
environment and create a formidable threat to ecosystem. MFC provides alternative 
solutions to leachate treatment, metal and energy recovery in the same device. It has 
been proven in the studies mentioned above that bioelectrochemical technologies can 
be effectively treated leachate while generating electricity and/or producing valuable 
products such as metals and compost to offset the operation cost. Figure 4 shows the 
leachate sustainability in conjunction with treatment process. Up to date, there is still 
less information regarding on site implementation of the MFC-based system and the 
function of reducing the leachate contamination before it disperses to nearby envi-
ronment and further contaminates groundwater. Future planning would be focused 
on the implementation of the MFC-based system at the landfill site by considering 
the treatment sustainability that can tackle the leachate, return the treated water to 
environment, recovered metals and composting for reuse and recycle purposes.
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Application of Microbial Fuel Cells 
as Biosensors 
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M. A. Motalib Hossain, Mohammad Al Mamun, and Mohd Rafie Johan 

Abstract The Microbial Fuel Cell (MFC) is a contemporary technology that 
employs electrogenic microorganisms as a catalyst to convert chemical energy 
contained in the bonds of organic matter found in waste materials directly into elec-
tricity, without polluting the environment. An MFC is a bioelectrochemical system 
with unique characteristics that may be utilised for a number of purposes, including 
power generation, waste treatment and biosensors. Besides powering a wide range 
of electrical equipment, its advancements in chemical, electrochemical and microbi-
ological characteristics have extended its applications in chemical generation, acid 
and alkali production, bioremediation, water desalination and other fields. Except for 
powering tiny sensor devices, MFCs encounter significant challenges in real-world 
use as power producers. In recent years, there has been a lot of research done to 
broaden the use of MFCs as biosensors. Unlike electrical applications, MFC biosen-
sors have a good chance of becoming practical tools in a variety of analytical applica-
tions. MFCs-based biosensors are gaining popularity in various fields due to their ease 
of application and long-term viability in quality monitoring of the environment. This

A. Hashem (B) · A. R. Marlinda · M. A. M. Hossain · M. Al Mamun · M. R. Johan 
Nanotechnology and Catalysis Research Centre, Institute for Advanced Studies, University of 
Malaya, 50603 Kuala Lumpur, Malaysia 
e-mail: hashemnib04@yahoo.com 

A. R. Marlinda 
e-mail: marlinda@um.edu.my 

M. R. Johan 
e-mail: mrafiej@um.edu.my 

A. Hashem 
Microbial Biotechnology Division, National Institute of Biotechnology, 1349 Ganakbari, Ashulia, 
Savar, Dhaka, Bangladesh 

K. Simarani 
Department of Microbiology, Institute of Biological Sciences, Faculty of Sciences, University of 
Malaya, 50603 Kuala Lumpur, Malaysia 
e-mail: hanom_ss@um.edu.my 

M. Al Mamun 
Department of Chemistry, Jagannath University, Dhaka 1100, Bangladesh 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
A. Ahmad et al. (eds.), Microbial Fuel Cells for Environmental Remediation, 
Sustainable Materials and Technology, 
https://doi.org/10.1007/978-981-19-2681-5_17 

349

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2681-5_17&domain=pdf
mailto:hashemnib04@yahoo.com
mailto:marlinda@um.edu.my
mailto:mrafiej@um.edu.my
mailto:hanom_ss@um.edu.my
https://doi.org/10.1007/978-981-19-2681-5_17


350 A. Hashem et al.

chapter examines the most recent advancements in MFC-based biosensors in terms 
of their concepts, principles, design, operating mechanisms, power sources, power 
generation process, along with their scope and benefits. We also highlight biosensing 
applications in a variety of disciplines, with a focus on the detection of biochemical 
oxygen demand (BOD), toxicity, microbial activity, biocorrosion-causing microbial 
biofilms, volatile fatty acids, etc. A brief discussion of the problems and opportunities 
of MFC-based biosensors is also included. 

Keywords Biosensor · BOD · Detection · MFC · Environmental monitoring ·
Toxicity 

1 Introduction 

The rise of the industrial revolution, urbanisation and a scarcity of crude oil have 
prompted scientists to search for other energy sources. The development of ecolog-
ically friendly, sustainable and renewable energy supplies is required as a result 
of the current energy crisis and global warming. Solar, wind, biomass and nuclear 
energy are all examples of non-conventional, carbon-neutral energy sources that are 
being researched and used to a large extent. Microbial fuel cells (MFCs) have arisen 
as the next viable and environmentally benign energy source [116]. Exoelectrogenic 
bacteria that function as substrate oxidation half-reaction catalysers in MFCs directly 
transform the chemical energy available in an organic bioconvertible substrate into 
electric energy [27]. It immediately transforms chemical energy contained in the 
bonds of organic materials in wastes into electricity without polluting the environ-
ment [113, 116, 133]. MFCs may decrease environmental pollutants such as waste, 
reduce atmospheric carbon dioxide, and offer a renewable source of electricity all at 
the same time [41]. 

Electrode-reducing organisms are those that transport electrons from the cathode 
to the anode. They can transmit electrons directly through their outer membrane 
proteins, a mediator molecule in the solution or nanowires/pili overlaying the 
bacterium’s outer surface. Electrode-oxidising organisms use electrons from the 
cathode to convert CO2 to acetate, for example [41]. 

In MFCs, microorganisms release electrons via substrate oxidation in the anode 
chamber, which are then transported to the cathode compartment via a conductive 
substance. The electrons interact with O2 at the cathode, and the protons are diffused 
across a proton exchange membrane. MFCs require a constant flow of electrons in 
the anode and a constant flow of electrons in the cathode. The difference between 
the anode voltage and the substrate redox potential determines how much metabolic 
energy bacteria can acquire [19]. The generated biofilm in the anodic chamber serves 
as the bioreceptor in an MFC-based biosensor, while the anode serves as the trans-
ducer. The electron flow rate is affected by the anodic biofilm’s reaction to the 
disturbance, which is translated into a quantifiable signal [43].
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Due to the vast range of applications, such as disease detection, health care, drug 
delivery, food quality and water quality monitoring and environmental monitoring, 
biosensor design and development has taken centre stage for researchers in recent 
decades [112]. The MFC biosensors, which are based on the activity of microor-
ganisms in MFCs, have received much interest as a consequence of the fast devel-
opment of microbiology and have become an alternate tool for rapid, sensitive and 
selective recognition of numerous analytes [44, 174]. It has evolved into one of the 
most significant ecological monitoring techniques [47]. Because of its capacity to 
self-regenerate and self-replicate, the whole-cell biosensor has a lot of potential for 
making cost-effective and long-term environmental monitoring. It has the exclusive 
capacity to provide bioavailability information, which is impossible to get using 
any other analytical approach [47, 143, 174]. Fluorescent proteins, fluorescence 
molecules and enzyme activity are commonly used as indicators in conventional 
whole-cell biosensors. These marker molecules should be assessed utilising elec-
trically driven apparatus such as microscopes, spectrometers and other instruments 
to get a quantitative signal [47, 174]. The biosensor’s response will then be repre-
sented by the equipment’s measured electrical output. Traditional biosensors require 
an external power supply and expensive equipment, which severely limits their use in 
distant and long-standing environmental monitoring when a sufficient power supply 
and necessary analytical instruments are frequently unavailable. 

MFC technology is a unique way of utilising bacteria to generate bioelectricity 
from organic waste and renewable biomass [97], which may be used directly in 
biosensing. MFC-based biosensors have piqued interest currently owing to bene-
fits such as high stability, sensitivity and distant place applicability with no elec-
trical supply, regardless of their role in wastewater treatment or energy produc-
tion [10]. Because of its simplicity and long-term viability, MFC-based biosensors 
have received much interest in recent decades, with applications ranging from water 
quality monitoring (e.g. poisonous substance) to air quality monitoring (e.g. CO2) 
[43]. These MFC biosensors can detect characteristics and events in their environ-
ment and transform that information into signals. One of the most potential usages of 
MFC-allied technologies is the MFC-based biosensor, which has been investigated to 
quantity a range of parameters such as biochemical oxygen demand (BOD), dissolved 
oxygen (DO), chemical oxygen demand (COD), toxicants, microbial activity and 
volatile fatty acids (VFAs), among others [43]. 

In this chapter, we summarise the fundamentals, design, power sources, mecha-
nism of electron transfer and operation of MFCs-based biosensors along with their 
application in various fields focusing on BOD, COD, VFAs, DO, toxicants, microbial 
activity, etc. Lastly, the further challenges and prospects of MFC-based biosensors 
in real time and onsite monitoring are also discussed.
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2 Fundamentals, Configuration and Operation 
of Biosensors 

2.1 Basic Principle of MFCs as Biosensors 

A biosensor comprises three functional elements. A biorecognition element, a trans-
ducer and an electrical device with an amplifier, CPU and display are among the 
components [61]. The first part of the biosensor is the biological component, which 
is responsible for sensing the analyte and producing a signal. The biological compo-
nent’s response is then transmuted into a measurable signal by the second unit, the 
transducer, that is, the utmost important element in any sensing device. The detector, 
which magnifies and analyses the signals prior to presenting them on an electronic 
display device, is the biosensor’s third component [122]. The different phases of 
a biosensor’s signal processing, from sensing to transduction to display, as well as 
various types of bioreceptors and transducers, are depicted graphically in Fig. 1. 

A biosensor is a system that joins a receptor and a transducer to transform 
a biochemical response into an electrical signal. MFCs are devices that employ 
metabolic activities of microorganisms to directly transform chemical energy in 
organic materials into electricity. An MFC consists of two electrodes, an anode and 
a cathode, that are connected by an electrolyte. An ion/proton exchange membrane 
(PEM) separates the electrodes, which are linked via an exterior circuit that contains 
an external load (Fig. 2). Anodophiles (electroactive bacteria) live as a biofilm on the 
device’s anode, which functions as a bioreceptor. The anodophiles generate electrons,

Fig. 1 A schematic illustration of a typical biosensor, which includes a bioreceptor, transducer, 
electrical system (amplifier followed by processor) and display (PC or printer), as well as numerous 
types of bioreceptors and transducers. Reprinted from Ref. [112] with permission under Creative 
Commons Attribution (CC BY) license
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Fig. 2 A two-compartment MFC’s operating principles. The anode’s electroactive biofilm degrades 
an organic substrate, producing electrons, protons and CO2. The electrons are reduced by the cathode 
after passing through an external circuit. Reprinted from Ref. [40] under the Creative Commons 
Attribution License 

protons and CO2 by oxidising the biodegradable organic molecules in the feed solu-
tion. Electrons are extracellularly transported to the anode and travel via the exterior 
circuit in the direction of the cathode in the absence of oxygen, generating electricity. 
Water is formed when protons move via the PEM towards the cathode and combine 
with electrons and an electron acceptor (typically oxygen). The current produced by 
an MFC is directly proportional to the metabolic action of the electroactive biofilm 
on the anode shell. Any disruptions in their metabolic routes result in a change in 
the amount of power produced. This current variation may be linked to the precise 
disturbance applied if operational factors like temperature, pH and conductivity of the 
feeding fluid are maintained steady. The usage of MFCs as electrochemical microbial 
biosensors is based on this principle [40].

MFCs are electrochemical systems that employ the redox metabolic processes of 
microbes to produce electricity. If the microorganisms in the anodic compartment 
are biologically active and there is a useable carbon supply, they produce a voltage 
discrepancy between the anode and the cathode, ensuring an electron flow driving 
force. This is the property that makes MFCs suitable for biosensor functions [32, 
70, 82]. The anode compartment microorganisms function as biocatalysts, while the 
electrodes and PEM serve as transducers. Two essential ideas underpin the prac-
tical uses of MFC-based biosensors. The objective in the first circumstance is to 
find contaminated microbes. As a result, a sample’s sterility may be continuously 
monitored and reported. A positive signal (electron production) is generated when a
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contaminating microbe appears, but no signal is observed in a sterile sample. In the 
second example, biosensing may be used to monitor the presence or appearance of 
a target chemical when a specific bacteria strain is employed as an essential element 
of a system that is sensitive to that chemical [40] by measuring the strength of the 
electrical signal generated during microorganism metabolism. 

2.2 Design and Configuration 

Electrodes, their connections, cells and a salt bridge are the fundamental components 
of MFCs. An ion exchange membrane replaces the salt bridge in a PEM in MFC. 
The system’s efficiency and mobility have been improved by improving its handling, 
cost and power generation. A two-chamber MFC typically comprises an anode and a 
cathode compartment divided by a PEM, as illustrated in Fig. 3, but exposure of the 
cathode element directly to the open air removes the requirement for the cathodic 
portion in a single chamber. A two-chamber MFC, on the other hand, works in the 
water-cathode mode, while a single-chamber MFC works in the air-cathode mode. 
The main benefit of the two-chamber MFC over the one chamber is that the cathode’s 
functioning may be increased by regulating purging pure O2, improving the flow 
rate, changing pH and supplying electron mediators to the cathode, resulting in total 
MFC performance improvement. Almost all current configurations are based on three 
primary configurations, which will be offered greater attention since they are critical 
to the MFC-based biosensor’s history [55]. Customising the reactor configurations

Fig. 3 Design architecture and basic components of the double-chamber MFCs-based biosensor. 
Reprinted from Ref. [46] with permission. Copyright (2020) Elsevier
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can enhance the performance of MFCs. The success of microbial fuel cell (MFC)-
based biosensors is determined on the assemble and configuration of the fuel cell.

MFCs are systems that transform biochemical energy directly into electricity 
employing microorganisms as catalysts. The single-chamber MFCs [94] which have 
developed from the original double-chamber layout in an effort to abolish a membrane 
are primarily made up of anodic chambers [26]. The single-chamber devices may 
also yield the best results. A basic MFC model can be single or double chambered 
depending on how the anode and cathode chambers are assembled. Aside from these 
two fundamental concepts, numerous design and structural changes have been done 
to improve the MFC prototype [119]. They are categorised into two forms based on 
their configuration: single-chamber MFCs and double-chamber MFCs. 

Double-Chambered MFCs: In principle, a PEM separates the anodic and 
cathodic chambers of a double-chambered MFC, allowing proton movement from 
the anode towards the cathode while inhibiting O2 passage into the anode. As a 
result, this arrangement is widely utilised to treat waste and create electricity at the 
same time, which is useful in biosensing. Both the anode and the cathode are distinct 
compartments that are linked by a PEM which serves primarily as a proton transmis-
sion channel to complete the circuit between the two compartments [13, 176] (Fig. 3). 
This completes the reaction and inhibits the diffusion of O2 or any other oxidants 
from the cathode chamber. Double-chambered MFCs provide energy power output 
in a batch manner with a chemically specified medium such as an organic substrate 
solution [55] and can be used in biosensing. 

Single-Chambered MFCs: The idea behind the construction of a single-
chambered MFC, in which the anodic compartment is connected to a porous air 
exposed cathode, and they are separated from one another a PEM or by a gas diffu-
sion layer, allowing passive O2 transport to the cathode. To complete the circuit, 
electrons are delivered to the porous cathode across an electrically conducting wire. 
Because the use of O2 as a last electron acceptor eliminates the requirement to aerate 
the cathode, single-chamber MFCs with an air-cathode assemblage have been devel-
oped. Researchers are interested in this sort of MFC arrangement (Fig. 4) because 
of numerous advantages, including lower internal resistance, simplicity of opera-
tion, increased O2 reduction amount on the cathode, improved proton circulation 
and decreased electrode spacing. This arrangement is more flexible since it requires 
less frequent regular change of oxidative medium and aeration [55]. 

Electroactive microorganisms are introduced into the anodic chamber, where they 
oxidise organic molecules to make electrons and protons. The anode captures elec-
trons, which are subsequently sent through an exterior circuit to the cathode. To 
maintain charge balance, protons and other positive ion like K+, Na+ transfer to the 
cathode via the PEM [73]. Finally, oxygen serves as an electron acceptor, allowing 
electrons and protons to merge to produce water [15, 183]. 

Although lot of variations are available, there are mainly three groups of micro-
bial biosensors categorised based on signal transducers: electrochemical, optical 
and MFCs [166]. The alter in electric potential, current and conductivity induced by 
microbial-analyte interaction is exploited by electrochemical transducers. Biosensors
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Fig. 4 Design the architecture and basic components of an MFCs-based single-chambered 
biosensor. Reprinted from Ref. [84] with permission. Copyright (2018) Elsevier 

can be classified as potentiometric, amperometric or conductometric. The potentio-
metric transducer was developed by Mulchandani [111]. Ion selective electrodes are 
used in these transducers to convert the biochemical signal into an electrical signal. 
These are less sensitive, make greater relative errors and have a poor linear connec-
tion between the exported signal and the detected analyte concentration [166]. On the 
other hand, Amperometric microbial biosensors function at a set voltage in relation 
to a reference electrode, and the equivalent current is produced as a result of the 
oxidation or reduction of electroactive compounds on the electrode’s surface [166]. 
This arrangement has been depicted by Yong et al. [173], Anu Prathap et al. [12] and 
Wang et al. [158], conductometric biosensors, as the name implies, measure changes 
in medium conductivity induced by the target analyte. Despite the fact that conduc-
tance quantification is highly sensitive, solution conductance detection is deemed 
nonspecific [166]. 

Sensor devices that employ optical principles such as bioluminescence, 
colorimetry and fluorescence to convert a biochemical interface into an appropriate 
output signal are known as optical biosensors [166]. The expression of biolumines-
cence and fluorescence in the target organism is possible thanks to genetic engi-
neering. In biosensing, scientists explore the use of luciferase [29, 114, 142] and 
green fluorescent protein (GFP) applications [75, 159].
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2.3 Operation/Working Mechanism 

In 1910, Potter reported, ‘the disintegration of organic compounds by microorgan-
isms is accompanied by the liberation of electrical energy’ [126]. Microbes perform 
metabolic processes (catabolism and anabolism) either in the accessibility of O2 

(aerobic) or in the inaccessibility of O2 (anaerobic). Microbes use the accessible 
substrate (fermentation) by producing reducing equivalents [electrons (e−)/protons 
(H+] in the form of redox carriers, regardless of their metabolism. During respiration, 
these redox carriers assist in the generation of energy. 

The chemical energy of decomposable organic compounds can be directly trans-
formed into electrical energy in MFCs thanks to the metabolism of exoelectro-
genic bacteria. The power produced can be quantified and/or used to build MFC-
based biosensors for detecting decomposable organic compounds and/or hazardous 
compounds in water or wastewater [150]. The MFC works by oxidising organic 
materials using microorganisms as a biocatalyst [106]. In principle, bioelectro-
chemical systems may be used in self-contained effluent treatment amenities to 
convert wastewater, including organic materials, into electricity. Actually, bioelectro-
chemical systems can reduce the energy consumption of activated sludge treatment 
processes [50, 51] while simultaneously detecting them using MFC-based biosen-
sors. The scientific idea is very appealing, and many research studies have been 
carried out in this area. 

Unlike traditional sensors, bacteria in an MFC-based biosensor can sense the 
analyte and then respond to its output electric current, where the detection and elec-
trical signal conversion steps are combined and can be accomplished in single phase 
without the use of a signal transducer or an outside energy source. The MFC-based 
biosensor’s most intriguing feature is that it does not require a transducer to transform 
the output to an electric signal since the assessed signal is available as an electrical 
current. These distinct properties help to create disposable and portable biosensors 
that precisely suit the needs of long-term and distant sensing [148]. 

Microorganisms oxidise the substrate in the anode compartment of a conventional 
MFC, generating electrons that are then carried by the anode electrode across the 
exterior cable. The protons flow across the PEM while the electrons flow to the 
cathode. In the cathode, protons and electrons interact with O2 to produce water 
[113]. Considering acetate as an organic substrate, the subsequent reaction occurs in 
MFC. 

Anode half-cell reaction (in the presence of microbes): 

CH3COO
− + 4H2O → 2CO2 + 9H+ + 8e− (1) 

After that, the generated electrons reduce electron acceptors such as O2 at the 
cathode. 

Cathode half-cell reaction: 

2O2 + 8H+ + 8e− → 4H2O (2)
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There are several essential considerations for using an MFC as a biosensor that 
may differ from those for using it to generate energy. When the goal is to produce 
electricity, the attention is on improving fuel efficacy and current production, but 
when the goal is to employ the MFC as a biosensor, the aim will be on more sensitive 
recognition of the target chemicals [95]. The variation in electric signal per unit of 
change in analyte content concentration is defined as sensitivity, which is generally 
controlled by the anode’s surface area (Eq. 3) [45]. 

Sensitivity = ΔI 

Δc × A 
(3) 

Here, the difference in the current output is ΔI (μA), while the unit difference in 
the analyte content is Δc (mmol/l) and the surface area of the electrode is A (cm2). 
As a result, better sensitivities are linked to differences in current per unit change in 
target concentration. The biosensor should also generate a consistent and continuous 
current output, referred to as the baseline [147]. As a result, it is critical to keep a 
monitor on the anode’s overpotential and the feed pH in the MFC. Anode voltages 
between −0.4 and −0.35 V versus the Ag/AgCl reference electrode give the best 
steady output current density, according to prior research. In the long-term proce-
dure, the MFC biosensor stability must be confirmed. The outputs of MFC biosen-
sors should be reproducible regardless of operating factors including temperature, 
pH and conductivity of liquid samples [2]. Furthermore, in order to attain 95% of the 
steady-state current, the response time must be very fast. Following the fermenta-
tion/toxic response, the needed recovery period from the employed disturbance must 
be minimal, and the starting baseline current need to be entirely restored. 

To comprehend the outputs of an MFC biosensor, the use of artificial neural 
networks (ANNs) was recommended. ANNs are a type of mathematical prototype 
utilised to assess complex nonlinear connections between input and output records. 
In a batch mode MFC, ANN was able to properly identify butyrate, acetate, glucose 
and corn starch [54]. This model provides an effective method for determining target 
analytes from MFC signal responses. The advantages of MFCs over other sorts of 
biosensors are due to their mechanical and electrical simplicity of operation and 
construction. Because the pollutant, which runs in the feeding stream, is immedi-
ately recognised by a defined current variation through the system, no extra trans-
ducers are necessary to transform the biochemical/organic reaction into a signal. 
MFC biosensors have been in continuous operation onsite, providing real-time moni-
toring. Furthermore, the MFCs’ electrical power output makes them excellent for use 
as sustaining devices. They may be suitable for use in locations where there are no 
available energy sources [103].
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3 Microbial Fuel Cells as Biosensors 

The biosensors we have observed so far necessitate the use of a transducer that can 
convert bacterial analyte contact into a measurable signal. This necessitates expensive 
electrical equipment and external power supply, limiting the use of these biosensors 
in distant regions where external power is scarce. As a result, MFC-based biosensors 
have piqued the scientific community’s interest as a viable alternative to conventional 
biosensors. MFCs were first conceived as a method of obtaining energy from the 
metabolic processes of anaerobic bacteria that oxidise organic molecules. However, 
because the MFCs’ power output is so low, significant research has been done in 
recent years to identify alternate applications for the MFCs. Biosensing in environ-
mental monitoring is one such potential application that has been thoroughly investi-
gated. MFC-based biosensors might be utilised as self-powered portable biosensors 
with a lot of applications in long-standing and remote environmental monitoring 
[148]. 

The chemical energy of biodegradable compounds may be directly transformed 
into electricity in MFCs thanks to the metabolism of exoelectrogenic microbes. The 
produced electricity may be employed directly to build MFC-based biosensors for the 
identification and monitoring of biodegradable organic components available in the 
target samples [150]. The alternative perspective is that any toxicant in the feedstock 
solution would impact microbial metabolic activity, and thus substrate intake rate, 
which is directly linked to an MFC’s current output. As a result, any variation in 
the availability and content of toxicants in flowing water can be easily identified by 
observing perturbations in the electric current produced by MFCs [141, 146], saving 
time and money over traditional methods [63]. MFCs that produce an electrical signal 
in reaction to any input analyte can be utilised as a biosensing application in this case. 

The biologically energetic anaerobic bacterial species in the anodic compartment 
functions as a biocatalyst in MFCs, acting as the biosensor’s biological detection 
element. In the presence of a metabolizable organic nutrient source, these anaerobic 
microbes produce a detectable voltage difference between the electrodes, resulting 
in an electron flow [108, 109]. There is a difference in current production based on 
the interaction with the analyte. MFCs that will be utilised as biosensors are based 
on this fluctuation in output current. The current generated in MFCs can function 
as a transducer element [154], which is measurable and depends on the electron 
transmission kinetics of the microbes, in addition to the analyte concentration [105]. 
This property of MFC-based biosensors, where the assessment and signal detection 
stages are combined, reduces the need for a transducer for signal conversion [148], 
thus enhancing the benefits of using MFC as a biosensorics. Aside from the fact 
that an MFC biosensor does not require a separate sensing element and transducer, 
these systems have the extra benefit of allowing for online monitoring in both the 
laboratory and field settings because they can be used in flow-through and assay 
formats [136]. Furthermore, their improved stability and sensitivity, as well as their 
capacity to detect a wide range of chemicals, make them excellent biosensors [169].
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4 Selection of Microorganisms for MFCs-Based Biosensors 

Most microbes are incapable to deliver enough electrons outside of cells to 
generate efficient current because their exterior layers consist of nonconducting lipid 
membranes, lipopolysaccharides and peptidoglycans that impede electron transmis-
sion to the anode [101]. A critical stage in the development of a microorganism-based 
biosensor is the assortment of an appropriate microbe for detecting contaminants and 
their effects in the environment, as well as its inclusion into a suitable transducer. 
The most often utilised microorganisms for biosensors are bacteria and yeast [166]. 
To provide cost-effective detection, the selected microorganism ought to be vigorous 
and capable of precise pollutant detection at low concentrations. Whole-cell biosen-
sors [12, 29, 89] and MFCs [45, 89, 140] biosensors have recently received a lot of 
interest. 

The recent discovery of a MFC that is capable of generating electricity from 
organic materials trapped in sediments has shown that generating reasonable amounts 
of electricity for biosensing in distant locations is possible. Microorganisms that 
totally oxidise organic substances to CO2 with direct electron transmit to electrodes 
have been discovered. This means that biosensing might benefit from self-sustaining 
MFCs that can efficiently transform a huge variety of waste organic substances or 
recyclable biomass to electricity [98]. 

Some bacterial species such as Shewanella spp. [155] and Clostridium 
butyricumcan [121] have been demonstrated to be capable of self-mediating extra-
cellular electron transfer utilising their own metabolites. In the meantime, direct elec-
tron transfer involving electroactive redox enzymes (cytochromes) has been found in 
several bacterial species, including Shewanella oneidensis [96], Shewanella putre-
faciens [7], Rhodoferax ferrireducens [33], Geobacter sulfurreducens [21] and the 
oxygenic phototrophic cyanobacterium Synechocystis sp. PCC 6803 [58]. Exoelec-
trogens are bacteria that have developed electrically conducting molecular pili to 
enable direct electron transmission. S. oneidensis and G. sulfurreducens are two 
examples. S. oneidensis may also perform mediated electron transfer utilising a self-
produced mediator, in addition to direct electron transfer. Exoelectrogens in MFCs are 
considered to actively utilise electrodes to preserve electrochemical energy needed 
for their development, ensuring elevated levels of fuel oxidation and electron transfer 
for electrical energy production [101]. 

In MFCs, a wide variety of microorganisms have been used as electron donors 
and acceptors. They include Phormidium sp., Chlorella vulgaris, Saccharomyces 
cerevisiae, Leptothrix discophora, Scenedesmus armatus, Rhodispirullum rubrum, 
Thiobacillus ferrooxidance, Desulfovibrio desulfuricans, Pseudomonas fluroscens, 
Geobacter metallireducens and some anaerobic bacteria [10, 71]. Genetic engi-
neering has also grown in importance. We can modify microorganisms to enhance 
analyte detection systems or express them in different ones [111]. DNA segments 
coding for detecting mechanisms may be isolated and introduced into prototype 
organisms such as S. cerevisiae and Escherichia coli, which have optimal growth 
conditions. To get the highest expected signal detection, the organism and detecting
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configuration should be correctly integrated. Some of the species listed above have 
been genetically modified to generate considerably more current and long-term 
biomass production than their wild-type strains. 

5 Power Sources of MFCs-Based Biosensors 

Electrochemical batteries (e.g. lithium batteries) power the majority of commercial 
sensor and biosensor devices, which have a reduced and comparatively short life 
cycle and must be recharged or replaced on a regular basis [6]. To find out effective 
and self-renewable power supplies to generate adequate power for distant devices 
when battery substitution is neither possible nor accessible is a hot topic these days 
[48]. In this perspective, self-renewable MFCs seem to be a viable long-term energy 
source for remote monitoring biosensors and sensors. In distant sensors, supplanting 
traditional batteries with MFC power sources reduces operational costs and reduces 
environmental concerns significantly [63]. 

The MFC is a device in which microbes use organic substances as a nutrition 
supply, produce electrons/energy from the assimilation of organic compounds by 
microorganisms’ metabolic activity and discharge those electrons to an electrode, 
which generates electricity [17, 62, 132]. An MFC is an electrochemical bioreactor 
that uses the unique characteristics of the colony of bacteria located within the MFC 
chamber to produce electrical energy. An MFC is made up of a pair of conductive 
electrodes with a bacterial habitat between them. The electrogenic bacteria employed 
determine the cell’s specific voltage potential and maximum output power [28, 94]. 
The bacteria that inhabit the MFC release electrons as a result of their metabolism of 
organic substances available in the environment, and the amount of power provided 
is dependent on the colony’s health and organic nutrient sources. It is essential to 
consider the MFC’s influencing elements in order to get desired results. Microor-
ganisms and their metabolism; substrates and their concentration; electrode element 
and electrode shape, membrane type;; mechanism of electron transfer in an anodic 
compartment; functioning parameters such as pH, temperature and salt concentra-
tion; cathodic compartment’s electron acceptor and geometric layout of the MFC are 
the most vital parameters among the numerous factors affecting MFC performance 
in biosensing [5]. For the power supply of low-power embedded systems, MFC is a 
viable option to other fuel cells [22, 99] or accumulator technologies [125]. 

The hydrolysis of complex substrate such as proteins, carbohydrates and lipids 
in the anaerobic digestion chamber begins with the conversion of these molecules 
to hydrolysates which consists of amino acids, sugar and long-chain fatty acids. 
Hydrolytic microorganisms are the ones liable for this process. Hydrolysate conver-
sion to simple organic acids, CO2 and H2 is the next step in anaerobic digestion, 
which is carried out by acidogens or fermentative bacteria. In the third phase of anaer-
obic digestion, acetogenic bacteria convert simple organic acids to acetate, carbon 
dioxide and hydrogen. The last phase in the anaerobic digestion method is the conver-
sion of acetate to H2O, CO2 and electrons, which is carried out by electrogens, but
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Fig. 5 The sequential biodegradation processes of a complex substrate by different microorganisms 
are for power generation in MFC-based biosensors. Reprinted from Ref. [14] with permission. 
Copyright (2021) Elsevier 

acetoclastic methanogens can also convert acetate to methane and carbon dioxide. 
Furthermore, a kind of methanogen known as hydrogenotrophic methanogens may 
use electrogens to convert protons and carbon dioxide into methane [14, 18]. Figure 5. 
depicts the successive power-generating procedures. The electrons produced by this 
process are used in both the power production and biosensing processes. 

For the bacteria to operate and release the charges/electrons that the cathode 
needs to complete the electricity generation, the anode must be placed in an oxygen-
poor layer. The cathode, on the other hand, is positioned on top of the media or 
aeration chamber because it must exchange oxygen with the environment while 
combining positive charges and receiving electrons from an external circuit. This 
process produces water as a by-product. As far as bacteria absorb nutrients from the 
medium, this process works [23]. 

6 Mechanism of Electron Transfer in MFCs 

Electrons must be transferred from interior microbial cell membrane to the outer 
surface for MFC to operate, as electrodes cannot penetrate cell membranes because 
they are solid things. This can be accomplished by (a) utilising electrons that leave 
the cell membrane via membrane-attached redox enzymes or (b) transferring reduced 
substances physically. The process of electron transport to the electrode, however, 
leads it towards redox-active units capable of creating electric connections between
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Fig. 6 Different mechanisms of electron transfer include short-range electron transfer via 
cytochrome b of the membrane (direct), electron shuttle mediated through intermediate molecules 
(indirect) and long-range electron transfers via the pili (direct) of a bacterium. Reprinted from Ref. 
[10] under Creative Commons Attribution License (CC BY) 

the bacterial cell and the electrode [113]. Microorganisms can transport electrons to 
the electrodes via two major processes (Fig. 6). 

6.1 Direct Electron Transfer 

In the first kind of MFC, the bacterium directly transmits electrons from its membrane 
to the electrode, bypassing any intermediary fermentation product [88]. This is 
known as a direct transfer. Because these microorganisms are the catalysts in electron 
transfer, these MFCs need the use of a highly active microbial consortia, which can 
be mixed cultures. The transfer is facilitated by cytochrome proteins adsorbed on the 
bacterial cell wall. This kind of bacterium includes Rhodoferax ferrireducens [92] 
and Geobacter sulfurreducens [21]. 

The direct electron transfer method is based on the capability of several microbes, 
sometimes recognised as exoelectrogens, to carry electrons generated by organic 
matter oxidation directly to the anode. Bacterial membrane-bound-redox-active 
proteins (for example, c-type cytochromes and multi-heme proteins) and pili are 
both involved in this process [118]. The direct transfer of electrons produced during 
consumption from electroactive bacteria to the anode is the most significant process 
(Fig. 1). It was initially hypothesised that microorganisms might transport electrons 
to an electrode surface when cultures of Shewanella putrefaciens generated elec-
trical energy while metabolising lactate [117]. Shewanella putrefaciens MR-1, a 
metal-reducing bacterium, was shown to pose cytochromes in its external surface.
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These transport proteins (cytochromes) were able to produce anodic current in the 
absence of terminal electron acceptors in anaerobic settings. In Shewanella, it was  
also revealed that external membrane cytochromes play a role in electron shuttle 
reduction [157]. 

A variety of exoelectrogens have been described to use direct electron transfer 
pathways to transport electrons to the anode, although Geobacter sulfurreducens 
has been the most thoroughly investigated in this respect, owing to its genome being 
sequenced. Around 110 genes in the G. sulfurreducens genome are thought to encode 
for type-c cytochromes, which are supposed to perform a key function in extracellular 
electron transport mechanism [4]. A research found that a mediatorless MFC injected 
with Desulfovibrio desulfuricans and supplied with electrochemically cured graphite 
felt electrodes had the maximum current density of 233 mA/m2. D. desulfuricans 
cytochrome-c was implicated in the effective transport of electrons to the electrode 
surface [68]. 

In single-layer biofilms, most of the cells are in tight proximity to electrodes 
and are therefore engaged in current generation directly. Because just a few cells 
may directly reach electrode surfaces in multiple layer biofilms, long-array electron 
transport techniques such as nanowire/pili are utilised. The thick pili network has 
metal-like conduction, which is responsible for conductive biofilms’ high current 
production. Various bacteria, including G. sulfurreducens, generate conductive pili. 
The pili such as type-IV are nanowires engaged in the transfer of electrons between 
chambers in the biofilm and to the electrode’s surface. Charge transmission from cell 
to cell through pili was recently demonstrated by electrostatic force microscopy to 
be comparable to that of carbon nanotubes [4]. 

In the case of heterogeneous cultures, exoelectrogens employ direct inter-
species electron transfer for intermediate electron transmission. Direct interspecies 
electron transmission is facilitated by pilus and pilus-linked c-type cytochrome 
OmcS. Earlier transcriptomic and genetic investigations showed that G. sulfurre-
ducens and G. metallireducens developed conductive aggregates when metabolising 
ethanol, and that the aggregates exchanged electrons during syntrophic interaction 
[34]. Tetrathiobacter, Clostridium, Aeromonas and Desulfovibrio anolyte commu-
nities were investigated for bioelectricity production. Proteobacteria and Firmi-
cutes have a syntrophic relationship, according to community analysis. Fermen-
tation and ferredoxin-facilitated electron transport to the electrode were both aided 
by Clostridium. Sulphate-reducing–sulphur-oxidising bacteria such as Aeromonas, 
Desulfovibrio and Tetrathiobacter transport electrons directly to the electrode [81]. 

6.2 Indirect Electron Transfer 

Soluble molecules are used to mediate electron transport in indirect electron transfer. 
Artificial exogenous redox mediators and soluble electron shuttles produced by 
microbes are the two most common types of mediated electron transfer [25].
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6.2.1 Using Artificial Exogenous Redox Mediators 

A fermentative microbe generates alcohols, carbon dioxide, hydrogen or ammonia as 
by-products in an indirect MFC or mediator-based MFC. Electrons produced during 
substrate catabolism are utilised in anaerobic circumstances to reduce transitional 
products like protons or acid to make hydrogen or alcohol, correspondingly. As a 
result, the fermentative bacteria are unable to give electrons to the anode directly. An 
external mediator that can shuttle within the cell membrane and the anode is necessary 
to use this bacterium on the anode. Some typical exogenous electron mediators shut-
tling within the anode and the cell membrane of fermentative bacteria are thionine, 
benzylviologen, 2-hydroxy-1,4-naphthoquinone and 2,6-dichlorophenolindophenol 
[87] (Fig. 6). 

Because of the numerous drawbacks involved with this strategy, it has been widely 
abandoned. Cohen suggested the use of inorganic or organic compounds such as 
benzoquinone or potassium ferricyanide to assist electron transport from cells to 
electrodes to solve the low current production problem in 1930 [42]. Benetto and 
his co-workers revived this technique in the 1980s, and it gained a lot of popu-
larity. Because of their potential as mediators, a wide variety of molecules based on 
phenoxazine, quinones, phenazines and phenothiazine were chosen [113, 120]. 

Artificial mediators have a number of drawbacks, including low current densi-
ties (10–100 μA/cm2) and the requirement for frequent supplements, which is both 
ecologically and technologically impractical. As a result of these drawbacks, this 
technique has mostly been abandoned. Artificial mediators are no longer required 
for mediated electron transfer using natural electron shuttles and direct electron 
transfer processes, according to most experts [25]. 

Soluble electron shuttles secreted by microorganisms 

Bacteria without pili can generate electricity by secreting secondary metabolites 
such as pyocyanins, flavins and quinones, which function as endogenous soluble 
electron shuttles. These electron shuttles communicate with cytochromes to trans-
port electrons to the electrode. G. sulfurreducens secretes riboflavin, which forms a 
connection with OM c-Cysts and therefore performs an essential part in the extracel-
lular electron transfer mechanism [100]. Pseoudomonas aeruginosa strain KRPI was 
previously reported to generate phenazine-1-carboxamide and pyocyanin to transport 
electrons through the cell membrane. A glycolipid surfactant named Sophorolipid 
was recently introduced to the system, which improved the penetrability of the cell 
membrane and boosted pyocyanin synthesis. As a result, compared to the control, 
power output rose fourfold [138]. 

Microorganisms such as Lactobacillus, Enterococcus and Pseudomonas aerugi-
nosa have been found to produce electron shuttles (i.e. phenazines by Pseudomonas 
aeruginosa) that aid in electron transport to the anode. Shewanella oneidensis has 
been found to use an electron shuttle-like mechanism to reduce extracellular Fe3+ 

[130]. The production of natural mediators such as riboflavin and pyocyanin is an 
energy-requiring process that bacteria do when they are stressed (Fig. 6).
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MFC has also employed thicker cell walls including microorganisms such as 
gram-positive bacteria like Bacillus sp. and yeast like Pichia stipitis. To discover 
key mediators in extracellular electron transport, researchers studied exoelectro-
genic Bacillus sp. WS-XY1 and P. stipitis. Both bacteria employ flavins to mediate 
extracellular electron transport, according to the findings [34, 113]. 

The processes by which electrically active bacteria get electrons from the cathode 
are far less well understood than the processes by which similar bacteria get electrons 
from the anode. Nonetheless, it has been proven that bacteria get electrons from the 
cathode via a different process than electron transport to the anode. The S. oneidensis 
MR-1 employed riboflavin as an endogenous electron shuttle to transmit electrons 
to Cr(VI) inside the cathode (in the existence of lactate in aerobic states) [163]. Two 
methods have been documented for accepting electrons from the cathode: direct 
and indirect electron transfer. Electroactive microbes are in direct bodily interaction 
with the surface of the cathode in direct electron transfer, and electrons are accepted 
utilising OM c-Cysts. Indirect electron transfer, on the other hand, happens through 
soluble electron shuttle mediators, in which an oxidised mediator molecule is reduced 
to the cathode surface. Furthermore, electrons are transported to the bacteria via 
reduced mediator molecules [80]. A gene involved in electron transport from the 
cathode has been identified. A research found that the GSU2374 gene was expressed 
in cathodic biofilm. This gene is thought to code for a monohaem-c-type cytochrome 
(PccH). Moreover, mutation analysis has shown that biofilms that lack this gene 
are unable to absorb electrons from the cathode. Despite this, biofilms continue 
to contribute electrons when employed on the anode, indicating the gene’s critical 
function in electron transfer mechanism from the cathode to the microorganisms 
[131]. 

7 Merits and Scopes of MFCs Biosensors 

Enzymes are the most often utilised biological sensing component in biosensor 
manufacturing. Due to the time-consuming, labour-intensive and expensive process 
of enzyme purification, purified enzymes are not a good alternative for biosensor 
development. In a traditional biosensor, several enzymes are required to produce 
the detectable product of the cofactor/coenzyme, whereas microorganisms (MFCs) 
provide an excellent alternative. Because the cell has a high number of enzymes and 
co-factors, it can digest and detect huge amounts of substances, but this might impair 
selectivity. MFCs may be readily controlled and altered to consume/degrade novel 
substrates under culture conditions. Furthermore, advances in recombinant DNA 
technology have opened up more options for modifying microorganisms to increase 
enzyme performance, making microbes an effective biosensing element [85]. 

MFC has the potential to be used for sustainable effluent treatment, as well as 
concurrent power generation from renewable biomass and biosensing. MFC can cope 
with a wide range of waste streams, including industrial, agricultural and municipal 
wastewaters [30, 78]. The current generation now includes stackable MFCs. Erable
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et al. [52] conducted research throughout the world to enhance the energy density 
of MFCs and get them more cost-effective to deploy on a broad scale. MFC may be 
utilised for a range of applications besides to wastewater treatment, such as BOD 
biosensors and bacterial account. As a BOD and toxicity detection biosensor, MFC 
enhanced with electrochemically active microbes have been employed. Toxic chem-
icals including arsenic, cadmium, lead, chromium (VI), mercury, surfactant, cyanide 
and organophosphorus compounds induce changes in the electric current signals of 
MFCs, making toxicity in the water simpler to detect. Current generation was shown 
to be relational to the concentration of hazardous and biodegradable waste at low 
concentrations. To examine the condition of wastewater, hazardous chemicals in the 
aqueous system might be combined with BOD measurements [110]. Sediment-based 
MFCs have recently showed potential in the management of artificial wetlands. The 
current generated by the sediment MFC may be stored in capacitors and then utilised 
to power remote sensors via a power management system. The underwater monitoring 
devices were designed to be powered by a solid-phase MFC. Low-power biomed-
ical devices implanted in people have also been found to benefit from MFCs for 
supplying long-term, steady power [16]. The Saccharomyces cerevisiae-biocatalysed 
micro-MFCs may generate energy from glucose in the bloodstream. This MFC can 
be used to track food spoiling. As a result, the current generation has been revealed 
to be rising at a faster rate with an escalating extent of contamination. This type of 
technology might potentially be useful for quickly detecting and counting bacteria 
in contaminated food [30]. 

Finally, the most significant benefit of an MFC is that it is able to produce burning 
and pollution-free electricity directly from biomass organic substance, which may be 
used in the sensing process. Microorganisms use enzymatic processes to transform 
the energy held in chemical bonds in organic compounds into bioelectrical energy 
in an MFC. As a result, MFC energy production is linked to bacteria’s regular life 
activities [101]. 

8 Analytical Applications of MFC-Based Biosensors 

Various variables, such as organic chemical modes, pH, temperature, toxicants, 
inhibitors and concentration, have an impact on MFC voltage and power output. 
This implies that, in addition to acting as a backup power supply for remote sensors, 
MFCs may also be employed as biosensors to find a variety of factors [169] described 
below. The capacity of MFCs to produce electrical current, as well as their ability to 
facilitate on the spot and real-time checking of different analytes, might allow them 
to function as efficient biosensors. We recapped the most recent advancements in 
numerous biosensor applications utilising MFCs including analysing BOD, detection 
of toxicants and DO, monitoring microbial activity, detection of microbial biofilms 
and VFA, which are very significant factors for usable water.
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8.1 BOD Detection 

The quantity of DO required by aerobic bio-organisms to break down organic 
substances accessible in a given water sample at a particular temperature during 
a certain period is referred to as BOD. Because it serves as an indicator for evalu-
ating the effect of discharged waste on the ecosystem, BOD is an important water 
quality metric [79]. The greater the BOD number, the more organic matter or food 
available for oxygen-consuming bacteria. Unfavourable circumstances arise when 
the amount of DO intake by bacteria surpasses the amount of DO supply by aquatic 
organisms or diffused from the air. Reduction of DO puts aquatic creatures under 
stress, putting the habitat unfit for existence. Furthermore, severe depletion might 
result in hypoxia or anoxia. BOD is also widely utilised in wastewater treatment, 
where the breakdown of organic waste by microbes is a typical treatment method. 
In general, for direct environmental wastewater discharge, the maximum permitted 
concentration is approximately 10 mg/L BOD, whereas for sewer system discharge, 
the maximum allowable concentration is around 300 mg/L BOD [129]. 

The amount of biodegradable material in water, or BOD, is a common element in 
managing and evaluating the operation of a wastewater treatment facility. The conven-
tional method of determining BOD takes 5–7 days and should only be done by profes-
sionals. Because this approach is labour-intensive and time-consuming, an alternate 
method for monitoring BOD onsite that is quick and easy is required. For the first time 
[69], suggested the usage of MFCs as a BOD sensor. The bacterium, Clostridium 
butyricum, was immobilised on the electrode surface in the anodic compartment, 
and a linear correlation was detected within current output from the MFC and BOD 
concentration, indicating that MFC-based BOD biosensors are feasible. 

Following then, some kinds of MFC-based BOD sensors were described, as well as 
numerous microorganisms were employed [149, 172]. MFCs with electron mediators 
were also investigated as BOD biosensors [152], with the mediators assisting electron 
transfer from the microbial cells towards the electrode, however these biosensors 
were unstable over time due to the toxicity of the mediators to microbes. Chang et al. 
[31] demonstrated that a mediatorless MFC may be utilised to constantly assess the 
BOD of effluent for real-time examining using a mediatorless MFC. Furthermore, 
an MFC-based biosensor was described to have functioned in a stable manner for 
over 5 years [72], which was far longer than formerly stated BOD biosensors (7– 
140 days) [91]. This proved the benefits of MFC-based biosensors in the long run. 
Unlike traditional sensors, MFC-based biosensors directly employ the quantified 
voltage or current as output signals, making them easier to process and display. They 
may also be developed and used in distant places due to their capacity to generate 
electricity on their own [43]. 

Microbial decomposition of organic substances and their transformation into an 
electrical current were used to develop MFC-based BOD sensors [107]. One of 
these BOD biosensors was made as a low-cost, single-compartment MFC utilising 
anodic organic substrate and activated slurry, and its viability as an actual BOD
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monitoring device was confirmed [168]. When combined with synthetic wastew-
ater, this system showed a constant voltage after 132 min, causing in a BOD rate of 
200 mg/L. The response signal was observed to be enhanced and related to the trend 
of the increase in BOD content from 5 to 200 mg/L. After the BOD concentration 
exceeded 120 mg/L, the response signal remained constant. To address several of the 
constraints of the MFC-based BOD biosensor, a novel arrangement with enhanced 
features was designed, which used an exterior voltage to surmount internal resistance 
and permit microorganisms to amplify electricity generation [107]. This configu-
ration was membrane-free to avoid pH fluctuations that would limit the sensor’s 
applicability to low alkaline effluents. During a 20 h reaction period, BOD levels 
ranging from 32 to 1280 mg/L showed a linear relationship with charge. The sensing 
ability was lowered to a level of BOD of up to 320 mg/L when the response period 
was cut to 5 h. The need of exterior voltage equipment for MFC biosensors limits 
their use to remote monitoring in far-flung locales. Auto-generated power floating 
biosensors for actual water condition checking were developed as a result, removing 
the requirement for external power and allowing maintenance to be incorporated into 
other settings [123]. 

BOD sensors, on the other hand, are employed in the early detection of feed water 
condition. This technique is valuable for detecting the beginning of biofouling in 
reverse osmosis (RO) membranes used in saltwater purification [128]. 

Biofouling is one of the most severe troubles in desalination techniques, since it 
causes serious problems such as flux loss, short membrane lifetime and increased 
energy usage. Before starting the RO process, recent biofouling detection methods 
measure the silt total direct cell quantification [64], density index [9] and the biofilm 
growth rate [77]. 

As a result, detecting assimilable organic carbon (AOC) in the feed flow of RO 
plants is a useful method for estimating possible biofouling. AOC monitoring marine 
MFC biosensors was built, injected with a marine sediment bacterial strain, and exam-
ined for 36 days. In the range of 0–150 μmol/L (0–3600 μg/L) of AOC, the results 
indicated a linear connection between electrochemical signals and acetate concen-
tration. Nonetheless, at high acetate concentrations ranging from 150 to 450 μmol/L 
(3600–10,800 μg/L) of AOC, this biosensor revealed a deviating linear relationship 
[49]. 

8.2 Toxicity Detection 

The industrial revolution advances civilization, but it also introduces a plethora of 
new-to-nature compounds into the environment including water [124]. Many of them 
are hazardous to both people and other living things. The detection of toxicity in 
water is a key criterion in identifying the measures that must be taken to provide 
safe, high-quality water for human, animal and agricultural use. Off-site chemical 
analysis utilising physicochemical techniques such as high-performance liquid chro-
matography, gas chromatography-mass spectrometry and mass spectrometry is a
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traditional strategy [38, 61]. These techniques are often slow and ineffective for 
real-time detection. MFC-based biosensors are an excellent option since they are 
directly based on the toxicants’ biotoxicity impacts. The composition of wastewater 
can be quite complicated, and a wide range of poisonous substance may be avail-
able. Compounds that can change the pH of wastewater, such as acid mine drainage, 
where the pH can be down to 2.4, inorganic and organic compounds with extremely 
severe toxic properties, phenolic compounds, heavy metals and so on, are all poten-
tial toxicants [141]. Toxic contaminants can block the action of electrogens, causing 
the current produced by MFCs to be interrupted [74]. The current diminishes the 
more poisonous the chemical is to the bacteria. As a result, multiple toxicity sensors 
may be developed based on the connection between hazardous chemicals and current 
decrease amplitude [169]. Toxicity sensors are primarily utilised to evaluate if the 
concentration of hazardous chemicals in an effluent surpasses the regulatory highest 
concentration limit. As a result, the emphasis of MFC biosensor for toxicity testing 
is based on the detection limit of the contaminants rather than the linear range as in 
BOD. The detection threshold of MFC-based toxicity biosensors is yet far away from 
the World Health Organization’s water quality standard (tens to hundreds of times 
higher) [67]. Heavy metals sensors, antibiotics detection sensors, organic toxicants 
sensors and acidic toxicity sensors are the four main types of MFC-based toxicity 
biosensors depending on the target pollutants. 

Heavy metals detection 

Pollution containing heavy metals has the potential to harm human health as well as 
the environment. Heavy metals, such as mercury and arsenic, for example, produce 
significant toxicity in the neurons and endocrine system, as well as heart problems, 
skin damage and cancer [61]. Heavy metallic elements have a lengthy half-life (ten to 
hundreds of years) and are difficult for microbes to eliminate or decrease. They will 
also accumulate in the human body as they go up the food chain, and once certain 
concentrations are reached, they may cause health issues, despite the fact that some 
of them are necessary for human health [151]. 

Heavy metal ions can limit microorganisms’ respiration activities [57], which is 
the basis for affecting the current generation of MFCs. Six heavy metals such as 
Hg2+, Cu2+, Zn2+, Cd2+, Cr3+ and Pb2+ions (2 mg/L) were evaluated in a double 
compartment MFC arrangement, and their resistant rates on current output were 
12.56%, 13.99%, 8.81%, 9.29%, 5.59% and 1.95%, respectively [175]. Zhiheng 
[167] proposed a flat membrane-based MFC biosensor and verified it with two 
different ions (Ni2+ and Cr6+) to increase the sensitivity and stability of MFC-based 
biosensors. After adding 10 mg/L Cr6+ for 40 min, the voltage dropped to 40 mV 
from 180 mV, and after adding 20 mg/L Cr6+, the voltage dropped to 50 mV in 6 min. 
Injecting Ni2+ (20 mg/L) into the anolyte, on the other hand, only caused in a modest 
voltage decrease from 180 to 150 mV after 180 min. With a higher concentration 
(50 mg/L Ni2+), the voltage decrease occurred faster (45 min), but the change was 
in the same range. 

Heavy metallic ions can compete for electrons with the anode in the anodic 
compartment, resulting in a small number of electrons being transported to the
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cathode in some MFCs designed for specific target compounds. Cr6+ is a terminal 
electron acceptor that may be reduced by Cr6+-reducing anaerobes in anaerobic 
circumstances [37]. When an MFC is made utilising Cr6+-reducing anaerobes, the 
cell voltage is anticipated to drop as the Cr6+ concentration rises. The Cr6+-reducing 
bacterium Ochrobactrum anthropi YC152 was injected into an MFC for the determi-
nation of Cr6+ as proof of concept (Guey-Horng [156]). The outcomes showed that the 
proposed biosensor can detect Cr6+ in the scale of 0.0125–5 mg/L quantitatively. Wu 
et al. established a comparable method utilising Exiguobacterium aestuarii YC211, 
a Cr6+-reducing bacteria with a linear range of 2.5–60 mg/L [160]. 

In contrast to the negative effects, there was also a positive connection between 
ions and MFC outputs. Iron-oxidising bacteria were a good example. Iron-oxidising 
bacterial consortia can employ iron (II) as the only electron source in the Anolyte. To 
build an MFC-based biosensor [153], injected this particular bacterial community 
onto the anode. Within the concentration range of 3–20 mM, a linear relationship 
between current output and Fe2+ was found. 

Rather than detecting heavy metallic ions through their biological effects on elec-
trogens, the biosensor may be constructed by using them as MFC cathode electron 
acceptors. In MFC sensors, the abiotic cathode-sensing element has recently been 
explored to detect heavy metallic ions (e.g. Cu2+, Cr6+). Shuai Zhao et al. [182] 
applied a sediment MFC (SMFC) to watch Cr6+ in industrial effluent and found that 
Cr6+ was decreased at the cathode. The linear response scale was 0.2–0.7 mg/L, which 
was significant for Cr6+ detection limit. The Cu2+, which acts as an electron acceptor 
and is finally accumulated on the surface of cathode as Cu (0), was also measured 
using the SMFC [161]. The voltage increases and the Cu2+ intensity (5–160 mg/L) 
was found to have a linear relationship (R2 = 0.87). 

Heavy metallic ions in tap water are now monitored using MFC-based biosensors. 
In order to detect toxic shocks in tap water, an MFC biosensor based on O2-reducing 
bacterial cathodes was developed [127]. The detection limits for three heavy metallic 
ions (Cr6+, Hg2+ and Pb2+) were found to be in the range of 1–10 mg/L. 

Antibiotics detection 

Antibiotics are utilised in animal production, as a preventative measure in animal 
feed, and as therapeutic medicines. Only a tiny percentage of antibiotics consumed 
by fauna are metabolised, allowing a large part to accumulate in tissues or be excreted 
and released into the environment. Antibiotics in the environment may lead to antibi-
otic resistance, with the risk of transmission to humans via the food chain [61]. Antibi-
otics have saved millions of lives, but their inappropriate management and release 
into the environment has disrupted the normal evolution process, posing several 
safety concerns for microbial ecosystems and, as a result, humans [59]. Tracing and 
controlling antibiotic discharge and distribution has become a critical issue for future 
generations. MFC is one of the real-time techniques for detecting antibiotics in the 
field, among all the antibiotic sensors. 

To detect tobramycin, Wenguo [162] built a single-chamber MFC with hydrophilic 
carbon fabric as the anode. There were no discernible effects at concentrations of 
0.10, 0.24 and 0.47 g/L. However, as the concentration reached 0.93 g/L or above, the
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current production dropped significantly. After the addition of tobramycin, less than 
half of the initial current production could be preserved. Interestingly, depending 
on the tobramycin concentration, the current might be restored after hundreds of 
hours. Owing to the ‘self-healing’ nature of the electroactive biofilms in MFCs, this 
occurrence indicates the stability of MFC-based sensors for tobramycin (and perhaps 
other antibiotics) detection over long-term operation. 

Schneider et al. [135] used tiny MFCs in a panel system to develop a rapid 
method to β-lactam antibiotics analysis. Two model bacteria, E. coli strain ATCC 
25,922 and S. aureus strain ATCC 29,213, were employed to test hypothesis proof, 
and 10 separate β-lactam antibiotics (cefoxitin, ampicillin, cefazolin, cefoperazone, 
cefepime, cefuroxime, imipenem, ticarcillin and penicillin) were tested at concen-
trations varying from 1 to 75 μg/mL. 2–4 h after introducing the cell mix solution 
into the MFCs, the antibiologic effects of these drugs could be evaluated in terms 
of changes in cell voltage output, whereas the standard Kirby–Bauer disc diffusion 
technique for antibiotic testing needs 24–48 h. 

A single-chamber MFC was utilised to test another frequently used antibiotic, 
levofloxacin [177]. The MFC biosensor can identify levofloxacin at up to 1000 μg/L 
using sodium acetate as the energy source in the anode. In the range of 0.1– 
100 μg/L, a linear association (R2 = 0.924) was found between current yield and 
levofloxacin antibiotic concentration. Furthermore, this MFC has been operational 
for over 14 months and continues to generate a consistent electrical production, illus-
trating the benefits of MFC-based biosensors for antibiotic detection in enduring 
usage. 

Organic Toxicants detection 

Organic toxicants in water, such as polycyclic aromatic hydrocarbons, organic 
phosphate compounds, organic nitrogen compounds and polychlorinated biphenyls 
(PCBs), can induce eutrophication and have negative consequences for public safety 
[83, 137, 170]. Kim et al. [74] used a double-chamber MFC to investigate the toxicity 
of diazinon and PCBs, finding inhibition of 61% and 38%, respectively, for diazinon 
and PCBs (1 mg/L). Weiyang Yang et al. [171] established a special micro-sized 
MFC for formaldehyde detection in water. A solid-state thin film Ag/AgCl reference 
electrode and a microscale air bubble trap were used in this micro-sized system to 
maintain an optimum anodic potential and counteract microscale air bubbles from 
accessing the MFC biosensor. The current dropped proportionately to the concentra-
tion of formaldehyde in the medium, which ranged from 0.001 to 0.10%, whereas the 
anode voltage was held constant at 0.20 V versus the reference electrode. A single-
element paper MFC has recently been developed and tested for chemical detection in 
the water phase [39]. During the procedure, the recyclable carbon-based electrodes 
were imprinted on a single sheet of paper, with the anode merging into the liquid state 
and the cathode remaining in the gas phase. Because of the capillary force generated 
by the paper material, the paper basement served as both a divider between elec-
trodes and a bridge for mass transfer. The addition of 0.1% (v/v) formaldehyde to the 
existing output resulted in an abrupt decrease in the current production. Furthermore, 
two MFCs may be printed on a single sheet of paper and linked in parallel by folding
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them back to back. The current output of the stacked MFCs was entirely dropped in 
115 min, contrasted to 175 min for the single paper MFC, indicating that they were 
more sensitive to formaldehyde shock. 

In contrast to the inhibitory impacts, Zhengjun [36] developed a double-chamber 
MFC utilising p-nitrophenol (PNP) as the only substrate that exhibits stimulatory 
effects. The anodic chamber was kept in an aerobic state by inoculating the reactor 
with an aerobic bacterium, Pseudomonas monteilii LZU-3. The cell voltage improved 
at higher PNP concentrations when the optimum operating parameters were used 
(pH of 7.8, external resistance of 1000 W and temperature of 30 °C). The PNP 
concentrations in the range of 16–44 mg/L were found to have the highest linear 
voltage relationship (R2 = 0.98). Even when PNP was combined with other aromatic 
molecules (5 mg/L of toluene, nitrobenzene and 2-nitrophenol), a linear relationship 
between PNP concentrations (9–36 mg/L) and cell voltage could be seen. 

Acidic Toxicity detection 

Acidic toxicity is of particular importance to be checked online, since numerous 
forms of hazardous chemicals in wastewater, such as mine drainage, induce a rapid 
shift in pH [148]. A low pH value inhibits microbial growth and activity and inhibits 
the growth of other aquatic plants and animals, reducing the water body’s capacity 
to self-purify and deteriorating the water quality. A single-compartment air-cathode 
MFC was constructed and functioned in a continuous batch method by Yu et al. 
[141]. HCl was used to change the pH of the influent (i.e. the electrolyte in the 
working compartment). When the pH was kept within 3–4, the output voltage dropped 
quickly and then retrieved after the addition of HCl was stopped. Altering the pH 
of the influent to a value of 2, on the other hand, resulted in a voltage output crisis, 
which was most likely triggered by the total destruction of electrochemically active 
biofilm in high acidic circumstances. To detect acidic toxicity, [66] built a cathode 
shared MFC sensor arrangement. Because the cathode performance fluctuation was 
minimised, the detection credibility of this sensor assembly operating in non-stop 
mode might be guaranteed. After the MFC array attained a steady state, acidified 
anolyte was used to provide an acidic toxicity shock. The voltage dropped from 200 
to 0 mV very quickly when the pH was lowered from 6 to 4. The threshold value of 
pH may vary depending on the biofilm composition, nonetheless, this phenomenon 
allows for a possible method of obtaining the pH in water, based on the disruption 
of MFC cell voltage. 

Acid rain impact was also reported to be observed, likewise, to checking acidic 
toxicity in water. Rhizosphere microorganisms in plant MFCs (PMFCs) may produce 
electrical current by decomposing the organic defaecates of the rhizodeposits, thus 
any variations in the bioavailable substrate concentration could impact the electrical 
current [134]. Tian [86] used a mixture of concentrated HNO3 and H2SO4 solution to 
imitate acid rain and built PMFCs to assess acid rain damage. Artificial acid rain might 
harm rice plant leaves, lowering photosynthetic activity, which is linked to rhizo-
spheric electrochemical activity. After pretended acid rain was sprayed on the leaves 
of plant, immediate and reproducible current decrease was recorded within 2 min, 
which was in good agreement with variations in rhizospheric organic concentration.
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8.3 DO Detection 

In natural waterways, oxygen is required for a variety of chemical, biological and 
metabolic processes. DO is without a doubt one of the most important and broadly 
used indicators of water quality [180]. The levels of DO in aquatic settings provide 
an essential quality indicator for biochemical and biological activities. To detect 
DO in water, various physical, chemical and electrochemical techniques have been 
developed [35]. Though electrochemical techniques are widely utilised due to their 
ease of application and high sensitivity, the biological applications of these tech-
nologies have been studied in a few research. The development of a submergible 
MFC biosensor for online and in situ quantification of DO in aquatic environments 
was one of the first efforts to employ a bioelectrochemical sensor for DO [180]. The 
sensor was powered using domestic effluent as a substrate. The functioning of the 
sensor was evaluated using tap water as a control at various DO concentrations. When 
employing an external resistance of 1000, the sensor produced a current intensity in 
the range of 5·60–462·20 mA/m2; as a result, it linearly rose with the increase of DO 
intensity up to 8.80 mg/L, with a reaction time of below 4 min for each measurement 
[49]. 

The quantity of dissolved oxygen (DO) in water is an important indication and 
a frequent criterion in water management [102]. Its fluctuations, for example, have 
been found to correlate the amount of organic contaminants flowing into a freshwater 
lake [11]. It also offers crucial information on biological and metabolic processes in 
the water ecosystem, and the DO level acts as a natural selecting pressure for various 
microbe lifestyles. Because Clark-type oxygen sensors are substantially influenced 
by ambient factors such as pressure, reliable DO measurement in the field is difficult 
[102]. MFCs are an alternate method for measuring DO. MFC-based biosensors are 
more robust against external conditions than Clark-type oxygen electrodes and can 
enable actual checking in the field. The cathode behaviour is the core concept of 
MFC-based DO measurement. The cathode efficiency is a performance limitation 
for MFCs [181] but oxygen, as the ultimate electron acceptor, has a substantial 
impact on the cathodic reduction rate and therefore the current output. Oh et al. 
[115] discovered a Monod-like kinetic connection between DO levels and current 
density, with a 1.74 mg/L half saturated DO value. 

The ability to measure DO online can be useful for understanding the aquatic 
ecology. Periodic oxygen stratification has been discovered in several shallow fresh-
water nutrient enriched lakes in recent years, which ultimately leads to the creation 
of a lake’s ‘dead zone’ [139, 179]. Monitoring DO levels in a lake can act as a 
primary warning system for the possibility of a ‘dead zone’. Song et al. developed 
a sediment-based multiple cathode MFC system for this purpose, which incorpo-
rates several cathodes positioned at various depths of water for in situ, non-stop and 
online monitoring of DO intensities and lake deepness [144, 145]. In the range of 
0.0–9.0 mg/L, there was a direct connection (R2 = 0.9576) between voltage and DO 
[144, 145].
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8.4 Microbial Activity Detection 

Because the presence of Escherichia coli indicates faecal contamination, a precise 
quantification of E. coli can be regarded critical for detecting faecal contamina-
tion and safeguarding community health. An MFC was employed as an E. coli 
sensor, with specified E. coli enzymes, for instance, β-d-glucuronidase (GUS) and 
β-d-galactosidase (GAL) serving as biological monitoring components [76]. The 
GUS was measured using 4-nitrophenyl-β-d glucuronide and 8-hydroxyquinoline 
glucuronide as substrates, whereas GAL was measured using 4-aminophenyl β-d-
galactopyranoside as a substrate. The detection process of these compounds is based 
on GUS or GAL hydrolysis, followed by electrochemical activation and an oxidation 
phase in the MFC’s anode compartment. As the E. coli concentration approached 
the threshold level, the power produced by the MFC reactor increased dramatically 
[49]. 

Microorganism screening and phenotyping using traditional microbiological 
methods are quantitative but labour-intensive and time-consuming. MFC was recom-
mended in this context as a quick and simple way to get first-hand information about 
the microbe and its overall lifestyle [3]. The process is based on microbial metabolic 
activity (and hence electron output to anode) that is uniquely influenced by the 
surrounding environmental conditions. Miller and Oremland [104] reported a study 
that used arsenate’s ability to function as an anode for electrons to predict the exis-
tence of arsenate-respiring microbes in soda lakes. Abrevaya et al. [1] presented 
another hypothetical application: using MFC to identify live (micro) organisms on 
distant planets, provided they might likewise export electrons throughout their life 
process. An MFC has been demonstrated to be a suitable technique for bioprocess 
monitoring in more practical terms. Zhidan Liu et al. [93] used a flow-cell MFC to 
track anaerobic digestor functioning and discovered that current production varia-
tions were connected to fluctuations in working indicators such as pH, gas flow rate 
and COD. Furthermore, MFC current density was linear for acetate intensity up to 
20 mM, according to Zhidan Liu et al. [93], with very little interference from other 
volatile fatty acids available in the anaerobic digestor. These findings suggested that 
an MFC-based biosensor might be used to monitor the anaerobic digestor’s metabolic 
turnover rates of organic molecules. 

8.5 Monitoring of the Corrosive Biofilms 

In several industries, such as the gas and oil industry and water utilities, microbio-
logically induced corrosion (MIC) is a key concern [165]. According to [8], MIC 
is responsible for 20% of all corrosion damage. Microbial biofilms, particularly 
anaerobic bacteria, are the major source of MIC owing to their metabolic activity or 
metabolites. Most anaerobic MIC attacks fall into one of two categories: respiration 
or fermentation. Microorganisms that undertake anaerobic respiration are included
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in Type-I MIC. Sulphate is the terminal electron acceptor in respiration of Sulphate-
Reducing Bactria (SRB). As electron donors, organic compounds such as volatile 
fatty acids are frequently employed. Type-II MIC is characterised by the secretion 
of caustic metabolic products such as organic acids. Because biocorrosion is usually 
accompanied by a low pH, it is easy to detect. Because oxygen is cut off to prevent 
extreme corrosion of carbon steel, gas and oil pipelines are always maintained anaer-
obic. The cathodic biofilm is fed by electrons from a solid-state anode. If a corrosive 
biofilm is formed to the cathode, such as SRB biofilm, the electrogenic biofilm will 
transport the biofilm to the cytol of sessile cells, reducing sulphate levels [164]. 

The ability to recognise corrosive biofilms is critical when deciding whether 
to employ biocides or mechanical pigs to combat them. Available biofilm sensors 
measure electrical resistance variations across a biofilm by applying an external elec-
trical field. This, however, disrupts the biofilm metabolism. In addition, because these 
sensors cannot tell the difference between a mineral layer and a biofilm, a passive 
sensor that does not require an exterior voltage is preferred to avoid misleading 
findings [169]. 

Electrogenicity was presented by Gu [60] as a sign of the existence of a corrosive 
biofilm and their potential to attack metal. The cathodic biofilm is fed by electrons 
from a solid-state anode. If a corrosive biofilm attaches to the cathode, like an SRB 
biofilm, the electrogenic biofilm will transport the biofilm to the cytol of sessile cells, 
reducing sulphate [164]. After calibration, the open-circuit voltage can be utilised 
to determine if nitrate reduction, sulphate reduction or other chemical reactions are 
happening at the cathode. The capacity of the cathodic biofilm to transfer extracellular 
electrons, which is a deadlock for an electrogenic biofilm to biocorrode, is measured 
by closed-circuit current flow [178]. 

8.6 Volatile Fatty Acids (VFA) Detection 

VFAs must be monitored closely in anaerobic digesters since their aggregation can 
cause pH decrease and reactor failure. VFAs are often tested offline using high-
pressure liquid chromatography or gas chromatography, for example, pH titration 
[53] and headspace gas chromatography [20] are two online methods that can identify 
specific VFAs but need costly equipment. 

VFA sensors have also been studied using microbial electrochemical systems. 
Acetate is a frequent substrate in MFC research, and biological anodes have already 
been demonstrated to convert other VFAs into electrical current [56, 90]. MFCs 
were enhanced with butyrate propionate and acetate, by Kaur et al. [70]. They used 
cyclic voltammetry to examine the response and discovered correlation between peak 
current and VFA concentration. Surprisingly, MFCs enhanced in acetate and propi-
onate only responded electrochemically when fed with their respective substrates, 
but MFCs enriched in butyrate responded to all substrates. This implies that acetate 
or propionate-specific microbial electrochemical biosensors could be possible to
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develop. This is especially important since the ratio of propionate to acetate concen-
tration is a critical process parameter whose rapid shift can serve as an early warning 
sign of anaerobic digester problems. It should be emphasised that in an anaerobic 
digester, maintaining electroactive microbial populations specialised to acetate or 
propionate is likely to be challenging. Using membranes that prevent pre-enriched 
biofilms from invasion by other species while allowing substrate transfer might be a 
strategy to preserve the biosensor’s substrate specificity. 

9 Challenges and Perspectives 

The MFC-based biosensor has gained increasing attention as an analytical technique 
due to the use of whole cells and self-powering capability. Significant advances 
have been achieved in the field, particularly in the detection of toxicity and BOD. 
However, several issues must be resolved before it can be considered a mature sensing 
technology that is recognised by scientific communities and stakeholders. 

First, additional research into the stability of MFC-based biosensors is urgently 
needed, as it is frequently ignored. MFC employs a self-renewable catalyst in the 
form of microorganisms. During long-term operation, bacteria can grow quickly in 
response to ecological alterations. As a result, the biosensors’ sensitivity, selectivity 
and repeatability may be compromised. 

The limit of detection of MFC-based biosensors, particularly for toxicity measure-
ment, is generally much lower than the World Health Organization’s water quality 
standard. A promising method for improving MFC-based biosensors could be to 
screen bacteria with a high extracellular electron transfer rate. Creating geneti-
cally modified microbes might potentially be an option for improving biosensor 
performance. The discovery of electrogenic genes linked to electron transport and 
metabolism broadens the possibilities of MFC-based biosensors, allowing them to 
be used for different types of applications. 

Furthermore, because water quality has a significant impact on the electric signal 
yield of MFC-based biosensors, intervention of signal may emerge, particularly in 
intricate aquatic settings. A change in BOD, for example, can mute the signal for toxic 
substances. Jiang et al. [65] investigated the impact of background organic material 
content on the functioning of MFC-based toxicity biosensors in a systematic way. 
They evaluated the signal output of two MFC biosensors with low and high organic 
material contents to a pre-made response chart to produce qualitative distinctions in 
order to prevent signal intervention in the collective shock of toxicity and BOD. To 
prevent the mutual shock of toxicity and BOD, Jiang et al. [66] used biocathode for 
toxicity examining. Majority of MFC-based toxicity biosensors can only measure 
overall toxicity, and just a few research looked at the toxicity of a specific agent. Pseu-
domonas monteilii LZU-3, used to detect PNP, is an example of a pure cultivated 
or genetically modified bacterium that may be utilised in MFC-based biosensors for
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specialised monitoring [36]. A multi-chamber MFC biosensor with distinct electro-
genic microorganisms inoculated in each chamber was also constructed to detect 
distinct target toxic materials in the same flow [24]. 

Many recent research has focused on MFC system assimilation, such as the 
combination of multiple anode or cathode or multiple cell MFCs, combined with 
other chemical or physical processes, and extending MFCs with other biological 
methods to increase the operating performance of MFC. When compared to a single 
anode/cathode, these configurations can achieve better power density [46]. However, 
improving the selectivity of MFC-based biosensors remains a major issue. As a result, 
additional research using molecular biology or other contemporary approaches is 
needed to improve specificity and sensitivity. 

10 Conclusions 

Microbial fuel cells (MFCs) have appeared as the next viable and environmentally 
benign energy source and, over the last two decades, MFC-based biosensors have 
advanced at a breakneck pace as an analytical tool. MFCs-based biosensors are 
gaining popularity in various fields due to their ease of application and long-term 
viability in quality monitoring of the environment. These biosensors are often low 
cost, self-powered and capable of real-time remote monitoring. It also offers distinct 
advantages in many applications, including ease of fabrication, ease of operation, 
economical and in situ monitoring. MFC-based biosensors may become recognised 
as standard techniques. These biosensors are built on the activity of microbes in 
MFCs. They can transmit electrons directly through their outer membrane proteins 
or pili overlaying the bacterium’s outer surface. MFC technology is a unique way of 
utilising bacteria to generate bioelectricity from organic waste and renewable biomass 
using the redox metabolic processes of microorganisms. They can detect character-
istics and events in their environment and transform that information into signals. 
MFC-based biosensors have a lot of possibility for monitoring BOD, hazardous 
chemicals, DO, corrosive biofilm presence and corrosivity, microbial activity anal-
ysis, VFA and anaerobic digester performance or as an energy source for other 
sensors. 

The capacity of MFCs to produce electrical current, as well as their ability to 
facilitate on the spot and real-time testing of different analytes, might allow them to 
function as efficient sensors. But till there are limitations and lots of scope available 
for further development to make them viable and perfect for analytical applications. 
A better understanding of biofilm characteristics and organism genetic manipulation 
might lead to novel ways to enhance the performance of MFC-based biosensors. 
Some of them may see actual deployment in the near future. Majority of biosensors 
function well in the lab but need to be tweaked for use in the field.
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Microbial Fuel Cells—A Sustainable 
Approach to Clean Energy 
and Wastewater Remediation 
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Abstract The chapter deals with the brief introduction to water and energy crisis. 
Further, it presents a detailed introduction of microbial fuel cell (MFC) technology 
discussing its various components, types and different substrates treatable in MFC 
with various terminal electron acceptors utilised in it along with critical literature 
survey of last 5 years. As the fossil fuels stand on the edge of extinction, studies for 
new and potential renewable resources have become a focus of scientific research. 
The need to look for alternatives brought the scientific community to the domain of 
waste harvesting to generate potential renewable resources that can take the reign of 
energy generation from fossil fuels to lead the human civilisation to new highs in near 
future. MFC technology has recently garnered considerable attention due to its unique 
nature to create a symbiotic relationship between the wastewater and electric output. 
It works on the principle of redox reaction where the wastewater present in the anodic 
compartment generates electrons to flow through the circuit and produce current. An 
MFC system can treat a wide variety of waste streams ranging from simple substrate 
like glucose/acetate to more complex substrates like domestic/industrial wastewater. 
Several novel designs of MFC have been suggested over the years with the same basic 
idea of anaerobic anode and aerobic cathode. MFC presents a promising approach 
for waste treatment contrary to the conventional technologies with zero energy input, 
low sludge production, compact designing with no movable parts for easy handling 
and efficient performance. 
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1 The Major Concerns 

Water and energy are the two critical and extensively expanding demands of the 
twenty-first century’s sustainable society. Scarcity or lack of freshwater, according to 
World Health Organisation (WHO), affects more than 40% of the world’s population 
[192]. Water finds application in every aspect of life ranging from agriculture to 
domestic and industrial processes. These water utilising sources release effluents with 
undesirable pH, colour, odour, temperature and chemicals, termed as wastewater. 
This wastewater when mixed with fresh water and utilised for different purposes 
causes various health hazards. Clean and freshwater is a basic need of all living 
organisms. However, the toxicants such as dyes, pesticides, drugs and metal ions 
when present in the potable water induce severe environmental and health issues. 
They have high bioaccumulation potential, which is another serious and important 
concern. Figure 1 presents some facts about water—its distribution and pollution 
(WHO and UN-Water sites) [148, 159]. Recently, wastewater released from various 
sources like domestic and factory effluent has gained attention as a potential resource 
of renewable energy to harvest electric energy and offset the wastewater treatment 
cost, which is otherwise high for conventional treatment technologies. 

Further, the energy demand is continuously increasing around the world and most 
of this demand is fulfilled through fossil fuels. The development of all the economies 
around the world has been supported by these fuels for centuries by expanded industri-
alisation. However, with the limited availability, threatened depletion and the drastic 
consequence of fossil fuels on the environment (greenhouse gases (GHGs) emission), 
focus has shifted to sustainable and renewable sources of energy, a much-needed 
alternative to fulfil the energy demand efficiently and cleanly. Nonetheless, data 
released by International Energy Agency (IEA) in 2017 [62] reflected that the renew-
able resources only account for around 23% of the total energy produced (Fig. 2). 
Biofuels, in the recent years, have drawn worldwide attention in this context. In near 
future, bioelectricity can serve as a potential source of fuel to serve the purpose of 
energy requirement on a larger scale. It is a renewable source of energy with potential 
to become a replacement of fossil fuels for power production in future [96]. Thus, it 
can serve as GHG neutral alternative to the conventional energy sources (e.g., fossil 
fuels), which release heavy amounts of GHGs into the atmosphere thus intensifying 
global warming [100, 157]. Industrial and agricultural wastewater has high organic 
content that can be utilised to derive energy. Data released by IEA in 2017 reflected, 
however, that these resources (biomass and waste) only account for around 2% of the 
total energy produced globally (Fig. 2). Also, country-wise energy generation data 
suggest that Asian countries like China and India have high energy demand, which 
is expected to grow in the near future as per IEA energy outlook 2019 [63] (Fig. 3). 

India is among the top 10 countries in the world facing the worst water crisis as 
nearly 54% population of India lives under water stress. With heavy consumption, 
21 cities (including Delhi, Chennai) are estimated to run out of groundwater in very 
near future. By 2030, early 40% of Indian population may be affected with nearly 
no access to fresh drinking water as water demand will rise from 650 in 2008 to



Microbial Fuel Cells—A Sustainable Approach to Clean Energy … 391

Fig. 1 Facts about water—its distributions and pollution

1498 billion cubic meters by 2030. On the other hand, with increasing development 
in both urban and rural sectors of the country, the energy demand is continuously 
increasing with the overall energy consumption of 1561 TWh in 2018 as compared to 
1317 TWh in 2015. By 2040, the Indian share of global energy demand is estimated 
to increase by 2 times and with coal being the major source, the CO2 emission will 
simultaneously be roughly doubled worsening its effect of environment. India is in 
urgent need to counter these growing concerns in an environmentally friendly way 
to pave way for a better future. 
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Fig. 2 Different sources of electricity production 

Fig. 3 Country-wise electricity generation in TWh. Source BP Statistics 

2 Renewable Sources of Energy 

The world has seen different eras of energy from charcoal to coal to oil era of twentieth 
century (Fig. 4). Owing to their threatened depletion and environmental effects, these 
non-renewable resources are being replaced with more renewable ones.
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Fig. 4 Different eras of energy 

Resources that can be repeatedly replenished in nature and do not run out with 
time are known as renewable resources, and energy produced from these resources is 
known as renewable energy or clean energy. Solar, wind, tidal, hydro and geothermal 
energies have been successfully employed to harvest renewable energy around the 
world. Figure 5 presents the flowchart of the various techniques available for gener-
ating renewable energy. Recently, bioenergy has garnered significant attention as a 
potential renewable energy source marking twenty-first century as the beginning of 
era of bioenergy. Bioenergy is the energy derived from biomass, which ranges from 
food waste and plants to wastewater [125]. 

In the recent years, as the direct derivation of renewable energy from the waste 
has become a potential option, bioelectrochemical systems have played a significant 
role in extraction of usable energy from waste. 

Different bioelectrochemical systems have been developed over the years with 
microbial fuel cell (MFC) being the most explored technology. Figure 6 presents 
the number of papers published on different bioenergy techniques (MFC, MDC, 
MEC, and BES) while Fig. 7 shows the papers published on MFC between 2015 and 
January 2020 according to Web of Science data search.
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Fig. 5 Flow diagram showing different sources of renewable energy with special reference to 
bioenergy
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Fig. 6 Quantitative analysis of number of papers published for various types of systems over last 
5 years. Source Web of Science 

Fig. 7 Number of papers published over the last 5 years on microbial fuel cell. Source Web of 
Science, January 2020 

3 Microbial Fuel Cell Technology 

The need and interest in finding the sustainable alternatives to the non-renewable 
sources of energy that are cost-effective and performance efficient have brought the 
focus of the scientists across the world to MFC technology (Fig. 8). MFC is a tech-
nology capable of harvesting energy from organic and inorganic chemical wastes in 
the form of electricity. The technology has garnered significant attention because of 
its capability of harvesting energy from waste with almost zero energy input [79]. 
MFC can be defined as the technology that utilises active microbial population to 
catalyse the oxidation of organic and inorganic waste to harvest energy in the form
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Fig. 8 Significance of microbial fuel cell

of bioelectricity. It acts as a connecting link between microbial metabolism and elec-
trochemistry of the system [79]. The first idea of harvesting electric energy with the 
aid of microorganisms’ dates back to the early twentieth century when Potter and co-
workers in 1911 suggested that living cultures like E. coli and Sacchromyces can assist 
in the production of electricity. However, the work did not gain much attention until 
the 1931 work by Cohen, who connected MFCs in series producing voltage larger 
than 35 V [157]. Further, NASA in 1960s researched the applications of MFCs in 
space missions. Later, in 1980s, Allen and Bennetto discovered that the performance 
of MFC can be greatly improved by using mediators to support electron conduction 
from microbes to the electrodes. However, the instability and toxicity of the mediators 
offered obstructions in their practical application. A major breakthrough came when 
Kim et al. in 1999 [63] showed that the electricity conduction does not require media-
tors and some microbial communities can transfer electrons to the electrodes directly 
using microbial metabolites. Bruce Logan and team are considered to be the first to 
develop a laboratory-scale MFC [48, 124]. The basic principle of MFC is based on 
the redox reaction taking place within the system where the oxidation taking place at 
the anode generates electrons and protons lowering the redox potential at the anode. 
The electrons produced travel through the external circuit while the protons migrate 
across the membrane to the cathode where they are accepted by the terminal electron 
acceptor (TEA) at higher redox potential. The flow of electron across the circuit as 
a result of developed potential gradient generates electrical energy [56]. The oxida-
tion product formed in the anodic chamber during the process is carbon dioxide 
and as most of the carbon dioxide in the renewable biomass is originally coming 
from the fixation of atmospheric carbon dioxide through photosynthesis, no net 
carbon emission is made into the environment by MFC [39]. However, the electricity 
generation can be dramatically inhibited if oxygen contaminates the anodic chamber
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Fig. 9 Components of MFC 

affecting the performance of anaerobic microbes adversely, which can be avoided 
by maintaining completely anaerobic conditions in the anodic chamber [39, 120].

MFC is a systematic arrangement of various components that collectively work 
to run the system. The five main building blocks of MFC are presented in Fig. 9. 

Anode 

Anodic chamber is one of the core elements of MFC as all the pre-requisites for 
degrading the biomass is provided in this chamber like the substrate to be degraded, 
microorganisms, mediators, and electron accepting anode. Bio-anode is sometimes 
described as the defining part of the MFC and can often act as the limiting factor for the 
MFC performance [124]. The choice of anode material also affects the performance 
as the shape, structure and material of the anode can affect the factors like bacterial 
adhesion, electron transfer and substrate metabolism. Some crucial properties to be 
considered while choosing a potential anode are its conductivity, biocompatibility, 
chemical stability in the electrolyte and specific surface area. Carbonaceous materials 
like graphite rods and plates, carbon paper, carbon cloth, carbon mesh, carbon felt, 
carbon fibre brush, reticulated vitreous carbon are the most widely used electrode 
material because of their high stability, conductive and biocompatible nature with 
simultaneous high surface area [96].



398 N. Khan et al.

Considering that anode has significant impact on the overall performance of MFC, 
several strategies have been employed over the years to modify the anode in a bid to 
improve the MFC power output. Strategies have been adopted to increase the biocom-
patibility and surface area of the anode through acid, ammonia and heat treatment. 
In 2007, Cheng and Logan improved the output power density (PD) of the carbon 
cloth utilising MFC by treatment with ammonia and enhancing the surface charge 
on the electrode [25]. Cai et al. [14] compared the performance of MFC utilising a 
plain, nitric acid-treated and heat-treated carbon cloth electrodes and observed that 
the heat-treated electrode outperformed the other two and the improvement in the 
power output was mainly attributed to the improved biocompatibility of the electrode 
[14]. Furthermore, other researchers employed the techniques of nanoengineering 
to modify anodes where, conducting polymers like polyaniline (PANI) and polypyr-
role (PPy) and carbon-based nanomaterials are the prime area of focus. Lai et al. 
[81] performed the electropolymerisation of PANI on carbon cloth and observed 
enhanced electrochemical activity, increased roughness for better biofilm formation 
with a relatively sustainable and reproducible MFC power output [81]. Qiao et al. 
[117] successfully reported carbon nanotube (CNT)/PANI as a feasible electrode 
material [117]. Zou et al. [196] harvested electric energy from E. coli catalysed MFC 
utilising a CNT/PPy coated carbon paper electrode [196]. Zhang et al. [190] studied 
the performance of graphene-modified stainless steel mesh anode and observed 18 
folds improvement in the performance as compared to plain stainless-steel mesh as 
a result of enhanced electron transfer efficiency owing to improved surface area and 
better bacterial adhesion [190]. More recently, Tang et al. [142] used anthraquinone-
2 sulfonate immobilised conductive polypyrrole hydrogel to significantly enhance 
the power output and reduce the charge transfer resistance of electrodes [142]. 

Another relevant factor that must be kept in mind while selecting anode is its poten-
tial. It defines the MFC power generation by monitoring the bacterial community 
and substrate interaction. Electrochemical analysis suggests that to achieve highest 
electric output the anode should have a low while cathode should have high elec-
trode potential. However, the bioelectrochemical studies suggest a better bacterial 
colonisation at more positive anodic potential. Thus, to maximise the MFC current 
and power output performance, a careful tuning of anode potential is crucial [124]. 
Pinto et al. [115] investigated the effect of anodic potential on biofilm formation and 
electroactivity of Shewanella oneidensis and observed that the negative potential of 
−0.3 V favoured the mediated electron transfer while the positive anodic potential 
of +0.3 V favours faster colonisation of the microbial population on the electrode 
[115]. 

Cathode 

Cathode is responsible for transferring the electrons travelling from anodic to the 
cathodic chamber and subsequently to TEA. Oxygen is generally the most frequently 
used electron acceptor owing to its ease of accessibility, free cost, high oxidation 
potential with no possibility of production of poisonous chemical waste as the end 
product of oxygen reduction is water [147]. However, the sluggish reduction kinetics 
of oxygen makes it a restricting agent in MFCs owing to the large potential loss and
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thus acts as a major bottleneck in the electrical applications of MFC. Potassium 
ferricyanide is another popular electron acceptor that shows significant improve-
ment in the power output, which could be due to the improved mass transfer rate and 
reduced activation energy required for the cathodic reaction [114]. However, ferri-
cyanide shows a major drawback of regeneration and needs refilling frequently [120]. 
Several other TEAs have been explored over the years. Dai et al. [31] explored the 
potential of sodium bromate as an electron acceptor and observed the catholyte pH 
to decrease with the increasing concentration of sodium bromate thereby improving 
the performance of MFC [31]. Kumar et al. [80] compared the performance of four 
different electron acceptors namely buffered ferric chloride, potassium hexacyano-
ferrate, potassium dichromate and phosphate buffer solution (PBS) and observed 
the highest bioelectric performance in case of ferric chloride with the output PD of 
308.7 mW/m2. It was also reported that the internal resistance of MFC with different 
catholytes decreased in the order of potassium dichromate > hexacyanoferrate > 
ferric chloride > PBS [80]. Oon et al. [111] compared the performance of different 
monoazo (New Coccine and Acid Orange 7) and diazo dyes (Reactive Red 120 and 
Reactive green 19) as potential electron acceptors and reported that the decolorisa-
tion rate was nearly 50% higher for monoazo dyes as compared to the diazo dyes and 
the decolorisation and power output followed the trend; New Coccine > Acid Orange 
7 > Reactive Red 120 > Reactive green 19 suggesting that the structure of the dye 
affected the decolorisation rate and power output [111]. Among the variety of TEAs 
explored so far, the free and easy access to oxygen still makes it the most opted elec-
tron acceptor. In a bid to enhance the oxygen reduction reaction rate (ORR) and lower 
the activation energy, the use of appropriate catalyst becomes important. Platinum 
(Pt) is the most widely known and explored catalyst showing a higher ORR calat-
alytic activity [12, 43, 116]. However, the use of Pt catalyst tremendously increases 
the operating cost of MFC and presents a major drawback of substrate poisoning in 
certain solutions [59]. Recently a variety of materials have been explored as ORR 
catalysts. For MFC, an ideal ORR catalyst should be cost-effective (keeping MFCs 
economically feasible), durable, synthesisable on large scale, and showing elevated 
catalytic activities. The catalysts used in cathode can be broadly divided into two 
categories, namely, (i) abiotic catalysts and (ii) biotic or biocatalysts [180]. The 
abiotic catalysts can be further subdivided into carbon-based catalysts like carbon 
black (CB), activated carbon (AC), carbon nanofibres (mainly CNTs) and graphene; 
metal-based catalysts; metal-carbon hybrids; and metal-nitrogen-carbon hybrid. 

CB has been widely used in MFC as a metal catalyst supporting material. CNTs 
have garnered significant attention because of its high surface area and electric 
conductivity. The CNT-based catalysts can be easily tuned by doping with other 
components to achieve desired properties [173]. Also, CNT-based catalysts have 
been reported to have better durability than Pt-based catalysts [180]. Graphene has 
also recently received a lot of attention because of its higher stability and conduc-
tivity [136]. Graphene is comparable to CNTs in terms of cost-effectiveness but still 
lags behind the AC [180]. Macheri et al. [102] studied the performance of zirconium 
oxide (ZrO2)/CB cathode with different concentrations of ZrO2 (0, 25, 50, 75 and 
100%) and observed that the ORR catalytic activity of ZrO2/CB cathode with 25 wt%
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of ZrO2 was better compared to the other cathodes with the maximum PD of 600 
mW/m2 in a single chambered MFC. Also, the study reported that the assembling 
cost of ZrO2/CB catalyst was 15 times less than Pt/CB cathode thereby decreasing 
the operating cost of the MFC [102]. Das et al. [34] synthesised a metal-based ORR 
catalyst using surface modified ferrite with Co and Zn in 1:1 ratio and observed 
the results to be comparable to 10% Pt/C-based catalyst with the maximum PD of 
176.42 mW/m2, a high Coulombic efficiency (CE) of 43.3% and maximum COD 
removal efficiency of 87% [34]. A novel Fe/N doped graphene/CNT composite was 
synthesised by Wang et al. [150]. The study revealed the synthesised nanocomposite 
to possess improved electrogenic and high electrocatalytic activity in the neutral PBS 
medium for ORR. They also reported that the synthesised composite displays higher 
MFC power output of 1210 mW/m2 as compared to the Pt/C catalyst (1080 mW/m2). 
The results of the work performed by Wang et al. concluded that the Fe-N/G with 
CNT possesses enhanced ORR capacity compared to Pt/C, which could be due to the 
high pyridine doped CNT or increased ORR active sites [150]. In another recently 
published study, a low-cost AC supported F-N-C catalyst was synthesised and used 
as cathode, which improved the PD of MFC by around 33% as compared to the 
plain AC. The synthesised composite also displayed good stability with no surface 
morphology change during the experiment [171]. Further, in the research carried out 
by Majidi et al. [98], an α-MnO2 nanowire supported carbon vulcan was employed 
as ORR cathode catalyst. The study reported that the α-MnO2/carbon vulcan can 
serve as an effective and economically feasible Pt free MFC catalyst on large scale 
because of its increased redox activity owing to its surface structure and increased 
surface area [98]. 

Microorganisms can also play the role of active ORR catalyst by acting as electron 
shuttle between cathode and TEA. Studies have revealed that the microbial commu-
nity can transfer the electrons through one or multiple pathways [180]. Several studies 
have demonstrated that a variety of substrates can be treated using pure and mixed 
culture bio-cathodic MFCs [60, 65, 163, 185, 186]. The performance of the bio-
cathode can be influenced by the initial catholyte concentration of dissolved oxygen 
(DO). In one of the recent studies, the PD for nitrogen wastewater treating MFC was 
highest for anoxic bio-cathode [52]. The uniqueness of the bio-cathodes lies in the 
variety of microbial communities interacting with the system to achieve the desired 
goals. Cao et al. [15] developed a photobio-cathode by illuminating the developed 
bio-cathode to directly fix dissolved CO2 or bicarbonate as electron acceptor. The 
MFC utilising the bio-cathode produced 15 folds higher PD than MFC working with 
the plain carbon cathode with the maximum achieved PD of 750 mW/m2 [15]. In 
another study Wang et al. [156], used an air diffusion bio-cathode to accelerate the 
ORR in MFCs. The study confirmed the improved ORR in MFC with bio-cathode 
than abiotic MFC with enhanced current and power densities. The study, however, 
also revealed that the use of bio-cathode decreased the biodiversity within the system 
[156]. In a very recent study performed by Izadi et al. [64], a gas diffusion bio-cathode 
was developed for MFC enriched with iron oxidising bacteria. The study reported 
an enhanced PD of 1.02 W/m2 compared to that of 0.59 W/m2 PD produced using 
Pt catalyst in continuously operated MFC. The study further revealed that the gas
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diffusion electrode (GDE) improved the mass transfer and the MFC performance and 
provided a reproducible and fast startup for bio-cathodic MFC [64]. Like bio-anodes, 
the activity of the bio-cathodes can be enhanced by modifying the bio-cathode to 
improve its surface area, biocompatibility and conductivity using appropriate mate-
rial. Chen et al. [23] developed a microbially in situ synthesised reduced graphene 
oxide bio-cathode that significantly improved the ORR [23]. Table 1 presents recent 
advances and modification in electrodes used in MFC and also shown in Fig. 10. 

Membrane 

Membranes or separators are significantly intrinsic part of MFC physically barring 
the oxidation and reduction reactions taking place in the anodic and cathodic cham-
bers. In MFC, these separators allow the selective permeation of protons from anodic 
chamber (where they are produced) to cathodic chamber (where they are consumed). 
The separators also help in controlling the oxygen diffusion to the anaerobic anodic 
chamber which could be detrimentally affected by the oxygen penetration [120]. 
However, the incorporation of the membranes in the MFC system also presents 
some hurdles like pH splitting caused by the increasing cathodic pH and decreasing 
anodic pH due to the slow movement of protons from one to the other chamber 
[87]. Also, the membranes add to the cost of the MFC setup making upto 38% of 
the capital cost and also increase the internal resistance of the system [49, 58]. A 
wide variety of materials have been used as separators in MFC like glass wool, 
ceramics, nanoporous filter, salt bridge and ion exchange membranes (IEMs) [26, 
74, 87, 132, 166, 179, 187] beside others. However, the IEMs remain the most 
widely used separators because of their high conductivity and selective permeability. 
In MFCs, the most commonly used membranes are the cation exchange membrane 
(CEMs) or more precisely the proton exchange membranes (PEMs). The positive ions 
are attracted and permitted to allow through these membranes as they are composed 
of the backbone of negatively charged groups [120]. Nafion, a fluoropolymer based 
on sulfonated tetrafluoroethylene group has been widely used in various studies 
[131]. It has a SO3

− (sulfonate) group attached to it imparting high proton conduc-
tivity. Nafion, however, has the drawbacks of high cost, easily susceptible to biolog-
ical and chemical biofouling as well as pH splitting [21, 87]. Ghasemi et al. [48] 
compared the performance of treated, untreated and biofouled Nafion membranes 
and observed the performance to be following the trend of treated > untreated > 
biofouled membrane with the CE of the treated membrane being 2.32 and 4.15 times 
better than untreated and biofouled membranes, respectively [49]. Ultrex is another 
commonly used PEM. Ultrex CMI-7000 is a strong acid membrane composed of gel 
polystyrene and divinylbenzene cross-linked polymer with sulphonic acid (SO3H−) 
as the active functional group. Although the membrane is compatible with Nafion 
in terms of mechanical strength, conductivity and affordability, the higher resistance 
posed by the membrane lowers its performance [139]. Zirfon, composed of 85:15 
wt% of hydrophilic zirconium oxide (ZrO2) and polysulfone, is an anion exchange 
membrane (AEM), which outperforms the specific resistance of Nafion membrane 
and is cheaper. However, it presents a major drawback of high oxygen penetration to 
the anodic chamber thereby affecting the performance of the MFC system [120, 139].
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Fig. 10 Commonly used electrodes in MFC

In a very recent study performed by Wang et al. [152], four different IEMs, bipolar 
exchange membrane (BEM), CEM, PEM and AEM were investigated for chromium 
removal and electricity generation in MFC. It was observed to follow the trend BPM > 
AEM > CEM > PEM with PEM displaying pH splitting [152]. San-Martin et al. [128] 
compared the performances of different commercially available IEMs, Nafion-117, 
Ultrex CMI-7000, Zirfon Perl UTP and Fumasep FKE and FKB. The study reported 
Nafion and Ultrex to possess high thermal stability while the other tested membranes 
displayed better resistance to biofouling. The study further concluded that the elec-
trochemical performance in BES was maintained by all the membranes tested [128]. 
Verily, an ideal MFC membrane should showcase following characteristics of abso-
lute substrate crossover and oxygen diffusion control, cost-effective with low internal 
resistance and resistant to biofouling [5]. Recently, novel membrane materials have 
been synthesised and tested that can possibly be cheaper and perform compatibly 
with the commercially available membranes. A novel sulphonated polyether ether
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ketone membrane (SPEEK) was synthesised and compared for its performance with 
the Nafion-117 by Ayyaru and Dharmalingam [8]. The study reported the synthesised 
membrane to display high PD and CE with retarded substrate losses emphasising 
the potential of electrode in enhancing the performance of MFC system greatly [8]. 
A polybenzimidazole-based novel PEM has been recently synthesised and tested as 
a potential separator in MFC and its performance was compared with Nafion-117. 
The membrane reportedly performed better in terms of power output, durability and 
treatment efficiency as compared to Nafion. The membrane also showed inhibition 
to surface bacterial adhesion thus preserving the MFC from biofouling, which is a 
major drawback with Nafion [5].

4 Biofilm Formation and Microbial Communities Involved 
in MFC 

In order to generate electricity in MFC, the electrons originated by the reduction 
of organic substrates need to be transferred to the anode, which acts as an electron 
acceptor. To fulfil this, the electrons are required to be transferred extracellularly. 
The shuttling of electron between microbes and electrodes is known as extracel-
lular electron transfer (EET) [77]. Potter and Cohen were the first to observe the 
microbial property of EET in early 1900s. A wide variety of microbial communities 
have been studied over the years to possess the ability to transfer electrons extra-
cellularly. The microbes performing this process of electron transfer are commonly 
known as Exoelectrogens. Geobacter and Shewanella have been the most exten-
sively studied EET performing microbial species. These are gram negative metal-
reducing microbes, performing EET via multihaem c-type cytochrome to transfer 
the electrons to the metals via direct contact [27]. In MFC, these microbes perform 
the EET to transfer the electrons to anode instead of metal as electron acceptor 
in the similar fashion. Some widely known examples of exoelectrogens are Rhod-
oferax ferrireducen, Shewanella putrefacien, Geobacter sulfurreducen, Geobacter 
metallireducen [67]. Wrighton et al. [160] first gave the exoelectrogenic evidence 
of gram-positive bacteria using Thermincola potens strain. Recently, a novel pure 
culture of gram-positive P. freudenreichii was confirmed to behave as exoelectrogen 
in an H-shaped mediatorless MFC [122]. In a study conducted by Wang et al. [149], 
E. coli was successfully employed to harvest current in MFC with excellent power 
output of 547 mW/m2 [149] while [167] isolated Citrobacter sp. from MFC as poten-
tial exoelectrogen [167]. Studies have suggested mixed culture to be favourable in 
utilising complex substrates [112]. The electron transport between microbes and 
electrodes can take place via different routes and has been reported to be broadly 
categorised in three sections: short-range direct transfer, long-range direct transfer 
and indirect electron transfer employing special redox-active molecules commonly 
called mediators to shuttle the electrons between microbes and electron acceptor or
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electrode [175]. In MFC start-up, electron transport process to the anode is consid-
ered as the rate-limiting step as the biofilm developed on anode plays a crucial 
role in EET [189]. Four main types of proteins have been identified so far to be 
involved in EET: Porin-cytochrome complex, a complex of porin and redox protein; 
surface-bound cytochromes; nanowires; and miscellaneous redox proteins [30, 126]. 
In case of short-range direct transfer, the physical contact of the developed biofilm 
with the electrode is a pre-requisite to conduct electron. The microbial community 
in the biofilm adheres to the electrode and transfer the electrons via the involve-
ment of outer membrane redox multiheme molecules called cytochrome c proteins 
[69]. In such electron transfer processes, as the physical contact is an important 
criterion for electron conduction, the microbial community only in the closed prox-
imity/physically adhering to the electron (monolayer) is able to perform electron 
transport thereby limiting the MFC performance. A study evinced that the outer 
membrane c-cytochrome, OmcA and MtrC are determining factor for Shewanella 
species to generate electricity [160]. In case of G. Sulfurreducens, outer membrane 
cytochromes OmcE, OmcB, OmcZ and OmcS have been reported to have role in 
electron transport [27, 126]. In the high current producing bioflms, OmcZ has been 
observed to play a major role. The homogenously carried electron transport through 
biofilm involves OmcZ while OmcB moderates the electron transport heteroge-
neously between biofilm and electrode [78]. OmcF has also been reported to play indi-
rect role in current production without directly influencing electron transfer by regu-
lating the synthesis of appropriate proteins like OmcB, OmcE and OmcS by moni-
toring the relevant gene transcription [33]. Moreover, it has been reported that the 
microbial communities in developed biofilm have higher dominance of cytochrome 
as compared to the lag phase [79]. 

The long-range direct transfer, on the other hand, is able to conduct electrons 
from microbes to the electrodes more efficiently and rapidly by the development of 
an electroactive layer. Unlike short-range transfer, in this case, the electron transport 
is performed via special pili-like electron carrying structures produced by exoelec-
trogens like Geobacter and Shewanella species. These produced filaments allow the 
electrons to be conducted through a more complex multilayered biofilm without the 
restriction of physical monolayer contact [78]. The nanowires produced by Geobacter 
sp. are comprised of pili protein that have been reported to have metal-like conduc-
tivity because of their structural backbone of aromatic amino acids maintaining pi-pi 
orbital overlapping for electron delocalisation [30]. On the other, nanowires produced 
by Shewanella sp., unlike Geobacter are comprised not of pili but are extension of 
outer membrane and follow an alternative mechanism of conduction called elec-
tron hopping. In this model, the electrons hop along the chain of cytochromes that 
accounts for the current conduction [77]. It has been reported that the nanowire 
production by Geobacter sp. increases when electrode is used as electron acceptor 
in MFC. Also the effect of temperature and pH change has been observed to be 
consistent with metal-like materials [99]. Species like Shewanella and Geobacter 
can perform electron conduction via three different modes of mediation through 
outer membrane cytochrome, nanowires or via self-synthesised electron shuttles or 
mediators [77]. The electron transfer achieved via mediators is known as indirect
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electron transfer or mediated electron transfer [69]. Mediators play a crucial role of 
electron shuttling between the microbes and the electrodes. Mediator can be divided 
into two main categories of endogenous and exogenous. An endogenous mediator 
is a microbial synthesised substance while an exogenous mediator is an externally 
added redox substance that plays the role of electron shuttle. Endogenous soluble 
electron mediators are excreted by microbes like G. fermentas, P. aeruginosa, S. 
oneidensis and L. lactis. G. fermentas produces riboflavin, P. aeruginosa secretes 
pyocyanin and phanazine-1-carboxamide while S. oneidensis synthesise riboflavin 
and flavin mononucleotide as extracellar mediators [78]. Exogenous electron medi-
ators are utilised by microbial communities like D. desulfuricans, E. coli, P. fluo-
roscens, P. vulgaris, P. micorbilis beside others. Several studies have reported the 
use of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), redox dyes 
and ferricyanide as exogenous electron shuttles [69, 191]. 

Electron flow in MFC can take place bidirectionally: from microbes to electrode 
(anode) and electrode (cathode) to microbes. Microbial species like Geobacter and 
Shewanella can potentially transfer electrons bidirectionally. Moreover, biocommu-
nities like C. pasteurianum, A. colcoacenticus, A. ferrooxidans apart from Geobacter 
and Shewanella can perform electron transfer from cathode to microbes [27, 77, 78]. 
The electron transfer mechanism of Geobacter in case of cathode to microbe has 
been reported to be completely different from microbe to anode electron transfer. 
Periplasm located cytochrome PccH is a potential candidate in cathode to microbe 
electron transport by Geobacter. On the other hand, Shewanella has been reported 
to follow the same electron transfer mechanism involving flavin and riboflavin with 
c-cytochrome in reverse direction [32, 140]. Methods like chemical, high temper-
ature or surface binding pre-treatment of electrodes and anode modification affect 
the development of biofilm and thus performance of MFC [77]. CNT/PPy-modified 
electrode has been reported to enhance the power output from MFC metabolising 
glucose substrate as a result of better electrode-bacteria interaction on modified elec-
trode [196]. Lui et al. [95] reported PEDOT (poly (3,4-ethylenedioxythiophene) to 
increase the active sites for bacterial catalytic reactions and improve MFC perfor-
mance [95]. Further, the addition of biosurfactants like rhamnolipid to anolyte has 
been recently reported to increase the development of biofilm and electron transfer 
resulting in an improved MFC performance [189]. Heavy metal ions like Cu2+ and 
Cd2+ added to the anodic chamber can potentially enhance the riboflavin electron 
shuttle synthesis and effectively improved the EET and MFC performance [168]. 
Figure 11 presents the pictorial representation of various modes of electron transfer. 

5 Types of MFC 

Various different MFC configurations have been developed over the years in a bid 
to achieve high and sustainable performance in longer run and at larger scale. The 
MFC configurations are mainly categorised into two groups: air-cathode MFCs and
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Fig. 11 Pictorial 
representation of direct and 
indirect modes of electron 
transfer 

liquid-feed MFCs. The most common MFC configurations are single and dual cham-
bered MFCs. The following section discusses some common MFC configurations 
developed over the years (Fig. 12). 

Single Chambered MFCs (SCMFCs) 

This is the most basic configuration of MFC and falls under the category of air-
cathode MFC. SCMFC is comprised of a single anodic anaerobic chamber with 
anode separated through a membrane to an air cathode (placed at outer surface of the 
reactor). The electrodes are connected using external circuits. The anodic microbial 
community feeds on the added substrate and release electrons, which flow through 
the circuit generating electric current. The transported electrons are accepted by 
oxygen as TEA [39, 69]. SCMFCs have the benefit over dual chambered MFCs of 
reduced cost of catholyte and aeration as air-cathode MFCs take atmospheric oxygen 
as TEA [109]. Membrane-less SCMFCs have also been constructed to further lower 
the operational cost in various studies; however, membrane-less MFCs pose the 
problem of lower performance because of anodic oxygen diffusion [134, 195]. 

Dual Chambered MFCs (DCMFCs) 

DCMFCs, like SCMFCs are also basic and widely used configuration that mainly 
falls under the category of liquid feed cathode. DCMFC consists of two separate 
anaerobic anodic and aerobic cathodic chambers separated by the membrane (mainly 
PEM) to avoid liquid and oxygen diffusion and allow protons to pass through it to the 
cathodic chamber. DCMFCs can simultaneously treat two different waste streams in 
anodic and cathodic chambers respectively (e.g. degradation of organic-rich substrate 
in anode and metal recovery via reduction in cathode) [69]. Different designs of 
DCMFC have been developed like H-shaped and rectangular DCMFC [20, 82, 184].
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    (a) (b) 

(c) (d) 

(e) (f)

 (g) 

(h) 

Fig. 12 Various designs of MFC. a SCMFC. b H-shaped DCMFC. c Cubical-DCMFC. d Tubular 
MFC. e SMFC. f CW-MFC. g Stacked MFC. h Upflow MFC
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Tubular Chambered MFCs 

The reactor is mainly a cylindrical single chambered system comprised of a folded 
membrane surrounded by the cathode/anode. The anodic chamber is inoculated with 
anaerobic sludge and organic substrate is added. Rabaey et al. [118] constructed 
a continuous tubular MFC with graphite granules and graphite mat as anode and 
cathode, respectively. The cathode was dripped over with ferricyanide solution as 
electron acceptor [118]. Cheng et al. [22] constructed mini air-cathode tubular MFCs 
to treat benzene contaminated groundwater. The three mini-tubular MFCs were 
comprised of folded anode surrounded membrane with internal air-cathodes. The 
systems were dipped in the benzene contaminated water. The results revealed the 
considerable performance in terms of treatment and power generation [22]. Liao 
et al. [88] reported a novel method to improve the performance of tubular MFC by 
employing a rotating carbon brush anode resulting in a dramatic power output of 
210 W/m3 [88]. Tubular MFC has the potential advantage over others of enhanced 
scalability in continuously operated systems with increased sludge retention and 
diminished hydraulic retention time thereby reducing the overall operating cost 
[69, 124]. 

Up-flow MFCs (UMFC) 

He et al. [57] combined the benefits of upflow anaerobic sludge bed reactor (UASB) 
of long biomass retention and high treatment efficiency to MFC. A UMFC consists 
of two cylindrical compartments separated by membrane with cathodic compartment 
located on top of anodic compartment. The anodic feed is allowed to recirculate in the 
system at defined rate. He et al. treated a common carbohydrate, sucrose to harvest 
electrical output [57]. Xylose wastewater was treated in an UMFC with AEM and 
flat graphite electrodes and revealed that decreasing HRT improved the power output 
at optimum recirculation rate [83]. Recently, single chambered UMFCs have gained 
attention across globe as a potential approach to reduce the operating cost and high 
maintenance and difficulty in upscaling and [143] successfully treated Acid orange 
7 azo dye in one such single chambered UMFC [143]. Another study demonstrated 
that the KCl concentration plays an important role in enhancing the anode to cathode 
electron transfer while chemical oxygen demand (COD) increase has derogatory 
effect on the voltage recovery as excessive biofilm formation increases the internal 
resistance [144]. 

Staked MFCs 

The systematic arrangement of individual MFCs in series and parallel pattern is 
collectively known as stacked MFCs. In this type of configuration, individual fuel 
cells arrange to form a battery fuel cell. The arrangement does not affect the individual 
CE of MFC but improves the overall performance of the newly arranged system [69]. 
Both stacked connections show potential applications in MFC performance with 
series connection directly affecting the output voltage of the system compared to 
the individual units. On the other hand, in parallel arrangement voltage stabilisation 
with enhanced current output is observed [7]. Winfield et al. [158] studied the effect
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of electronic configuration on the hydraulically connected MFCs and observed both 
configurations to improve the output performance compared to the individual cells 
however, in parallel connection the power and current output were 2 and 10 folds 
higher than series stack, which was proposed to be result of shunt losses in series 
stack because of fluidic and electrical connections. One of the biggest drawbacks of 
stacking is voltage reversal in the connected MFCs as it can severely damage the bio-
anode and limit the performance. Voltage reversal has been suggested to be caused by 
kinetics imbalance at electrodes. To overcome another issue of proton accumulation 
in the anodic chamber of MFC, hybrid stack of hydraulically connected SC and 
DC MFCs were constructed. Compared to the individual stacks of SC and DC, the 
hybrid SC/DC stack was reported to generate higher electric output. The proton 
accumulation was proposed to be monitored due to the oxygen diffusion through 
SCMFC cathode to acetate metabolising biofilm [170]. 

Sediment MFCs (SMFC) 

SMFC harvest energy by connecting marine sediments with seawater. They generate 
energy from anaerobic sediments and aerobic water electropotential difference. To 
construct a SMFC, anaerobic anode is buried into the sediments and connected to the 
overlying aerobic cathode. The organic matter in sediments is metabolised by anaer-
obes and the electrons produced are collected at anode and transported to cathode 
thereby generating current [69, 194]. The first SMFC was constructed by Reimer and 
co-workers [123]. Rate of organic loading influence the performance of SMFC. Zhao 
et al. [193] studied the effect of different organic loading rates on MFC performance 
and observed that the excess loading can lead to biogas accumulation causing system 
to break down while the low loading limits the power output [193]. Another study 
suggested that high polarity organic contaminants are preferably treated in SMFCs 
[165]. The removal of toxic waste (mercury, silver and zinc) present in the sediments 
was studied using SMFC and reported to achieve more than 80% removal of all 
contaminants with successful energy generation [1]. 

Constructed wetland MFCs (CW-MFCs) 

Constructed wetland (CW) is a widely employed wastewater treatment technology 
allowing the treatment by taking advantages of natural processes like filtration. CW-
MFC is an emerging technology capable of harvesting energy while performing waste 
treatment. The wetlands (CW-MFCs) are constructed by burying anode in the depth 
and allowing the cathode to be exposed freely to the available oxygen. Anaerobic 
and aerobic conditions in wetland prevail throughout the depth with anaerobic condi-
tions maintained in the deeper depths and aerobic conditions present at the surface 
of wetlands from atmospheric oxygen penetration [37]. Plants in wetlands perform 
filtration and adsorption of wastewater while degradation is performed by anaerobic 
and aerobic microbes [194]. Araneda et al. [6] performed the treatment of greywater 
(wastewater generated in households and office buildings) in CW-MFCs with Phrag-
mites australis as wetland plant and matrix of gravel achieving the maximum PD of 
719.57 mW/m2 and COD removal efficiency of 91.7% [6].
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6 Substrates in MFC 

Several kinds of wastewaters have been investigated in MFC to study their treat-
ment and effect on different factors like PD, COD removal and CE. A wide range 
of wastewaters treated in the MFC can be broadly divided into Defined or Simple 
Substrate and Undefined or Complex Substrate. MFCs can treat waste both anaero-
bically in anodic chamber and aerobically in cathodic chamber. In anodic chamber, 
the substrate added is fed upon by anaerobes and oxidised to yield electrons and 
protons. Alternatively in the cathodic chamber, the aerobic microbial community 
transfers the electrons to the externally added TEAs, which are thereby reduced to 
simpler less harmful products. 

Defined or Simple Substrate 

Various pure simple organic contaminants have been utilised over the years to harvest 
electrical output. Carbohydrates, amino acids and volatile fatty acids are the simplest 
metabolic fuels that make up the more complex waste among which carbohydrates 
are the most commonly utilised MFC metabolite. These simple metabolites or pure 
substrates commonly referred to as synthetic wastewater have been tested in MFCs as 
electron donor to generate electric output. Acetate is the simplest and most commonly 
used carbon source reported in various MFC studies. Acetate and butyrate have been 
compared for electric output in a SCMFC and acetate was observed to generate 
66% higher power output than butyrate fed MFC [92]. In another study, mecha-
nism of glucose metabolisation in MFC was studied and reported to involve the 
syntrophic relation of fermenters and electrogens. The fermenters act on glucose 
to produce hydrogen and acetate which are acted upon by electrogens to produce 
carbon dioxide, protons and electrons [46]. Catal et al. [17] studied energy gener-
ation from 12 monosaccharides including 1 aldonic acid (gluconic acid), 2 uronic 
acids (glucouronic acid and galacturonic acid), 3 pentoses (arabinose, xylose and 
ribose) and 6 hexoses (fructose, glucose, galactose, rhamnose, fucose and mannose) 
using mixed microbial community. The results presented more than 80% COD 
removal of all monosaccharides. Mannose and glucouronic acid were observed to 
produce lowest and highest power output, respectively [17]. The results demon-
strated a wide range of monosaccharides as potential fuel in MFC for electricity 
generation. Glucose (fermentable) and acetate (non-fermentable) remain the most 
evaluated MFC substrate however the lower performance from fermentable substrate 
compared to non-fermentable substrate has been suggested to be the consequence of 
denser biofilm metabolising fermentable substrate [112]. 

Proteins also form an important constituent of wastewater like domestic wastew-
ater. MFC has been studied to harvest electricity from nitrogen-containing wastew-
ater. Cystein, a proteinogenic amino acid has been employed as electron donor in 
DCMFC [97]. Yang et al. [169] tested eight amino acids namely L-Asparagine, 
DL-Alanine, L-Aspartic acid, L-Arginine, L-Glutamic acid, L-Histidine, L-lysine 
and L-Serine as substrate in SCMFC and observed L-Serine and DL-Alanine to 
generate highest and lowest PD, respectively [169]. In a recent study [82], treated
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P-nitroaniline in DCMFC in the presence and absence of co-substrate. The result 
revealed that both PD and COD removal efficiency decreased as the concentration 
of P-nitroaniline in anodic chamber increased; however, the addition of co-substrate 
improved the power output by two folds [82]. In another study, urea as a form of 
total ammonia nitrogen was successfully treated in SCMFC upto the concentration of 
3490 mg/L with more than 80% achievable nitrogen removal. The PD was reported to 
increased upto 69% on increasing the total ammonia nitrogen concentration from 80 
to 3490 mg/L. However, further increase has detrimental effect on MFC performance 
[153]. 

Undefined or Complex Substrate 

Real wastewater discarded from domestic, municipal, agricultural and industrial 
sources are not pure but rather complex consisting of variety of treatable compo-
nents. MFC owing to its ability of treating wastewater with simultaneously harvesting 
energy has been employed to test a wide range of waste streams. A few of the complex 
substrates have been discussed in this section. Agro-food waste like brewery, manure, 
swine and dairy are generally very rich in organic content and show high biodegrad-
ability. Dairy wastewater is rich in biodegradable content with sugar making upto 
97% of the total COD [112]. It was treated in long run in DCMFC for 2.5 months 
with successful remediation of high COD substrate achieving a maximum PD of 
27 W/m3 [19]. Swine wastewater has been treated in CW-MFCs while maintaining 
upflow-downflow scheme. The observed results showed 70 and 75% increase in 
PD and ammonia removal efficiency compared to the continuous upflow system 
[38]. Winery wastewater, an important agro-industrial waste is rich in biodegradable 
organics. Using this wastewater, Pentaedo et al. [114] harvested power output of upto 
465 mW/m2 in a DCMFC  [113]. 

Food waste is referred to the food losses occurring in the food chain. Food waste is 
mainly rich in carbohydrates. Nearly 1/3rd of the food globally produced per year is 
lost as waste [84]. Thus, food waste garners a lot of attention for high biodegradability, 
potential for energy and inexhaustibility. Food waste is disposed from both domestic 
and commercial sectors and pose serious environmental concerns like odour, toxic gas 
emission and contamination of groundwater. Goud et al. [51] treated canteen-based 
food waste in SCMFC and successfully harnessed electrical energy via anaerobic bio-
treatment. The study revealed that optimum organic loading rate affects the MFC 
output performance [51]. A similar study performed by Li et al. [84] revealed that the 
aromatic and hydrophilic fractions of canteen-based food waste were more readily 
and preferentially degraded than non-aromatic compounds and neutral fractions [84]. 
In another study, MFC treated orange peel waste to generate PD of 358 mW/m2 while 
simultaneously achieving a COD removal efficiency above 80% [105]. Domestic and 
municipal wastewater have been of major interest among research working in the 
field of energy recovery. Domestic wastewater can be treated in MFC successfully 
with upto 80% COD removal and power recovery within a hydraulic retention range 
of 3–33 h at an influent strength of 50–220 mg/L [93]. Septic wastewater is rich in 
COD content, which is potentially convertible to useful energy. Yazdi et al. [174] 
studied the treatment of septic wastewater in stack MFC and obtained the PD of 142
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mW/m2 from three parallel connected units [174]. Urine in another study was used 
as MFC substrate to generate electric output and simultaneously recover struvite, a 
phosphate fertiliser present in urine [176]. 

Further, the decomposition of organic waste and rainwater percolation at land-
fills sites generates organic constituent rich waste called Landfill Leachate. Landfill 
Leachate is heavily polluted wastewater that contains organic/inorganic and heavy 
metal waste capable of heavily contaminating groundwater through percolation. 
MFC can potentially treat this waste to generate power output. In one of such study, 
leachate was treated in a SCMFC to obtain a maximum open circuit potential and 
specific PD of 1.29 V and 1513 mW/m2. The results also revealed that the volu-
metric PD increase with increase in surface area while area-specific PD decrease 
with increase in electrode surface area [135]. Moharir and Tembhurkar [108] studied 
the effect of recirculating food waste leachate anolyte to generate the highest PD 
of 29.23 mW/m2 and achieving COD removal efficiency of 65.76% suggesting an 
increase in PD and COD removal on anolyte recirculation [108]. 

Textile industry is one of the largest and most complex industries generating tonns 
of recalcitrant toxic waste every year that is rich in organic content and a potential 
resource of energy. Azo dyes are the most commonly used dye (making upto 60%) in 
textile industry that is extremely toxic, carcinogenic and mutagenic in nature. These 
factors make textile wastewater a priority candidate among wastewater treatment 
researchers. MFC has been widely employed in dye treatment. Khan et al. [70] 
successfully treated two azo dyes viz. Reactive Orange 16 and Acid Navy Blue R 
in MFC with simultaneous energy recovery [70]. Congo Red has been treated in the 
presence of 3 different co-substrate (glucose, acetate and ethanol) and observed the 
highest PD of 103 mW/m2 with glucose followed by acetate and ethanol respectively 
[16]. In a recently conducted study, textile effluent and Scarlett RR dye were treated 
in phytobed MFC with Chrysopogon zizanioides and Typha angustifolia plants to 
enhance the COD, TDS and colour reduction [66]. 

Industrial wastewater is a huge source of contamination to water bodies affecting 
the biotic communities present in the ecosystem. A collective wastewater sample 
consisting of waste from chemical, metal, vegetable oil, glass and marble and other 
industries was treated to produce the maximum voltage output of 890 mV [2]. Other 
industrial wastewaters treated are rice mill water [10], soak liquor [121], neomycin 
sulphate antibiotic [18] and surgical cotton industry [141]. A comparative analysis 
of some common MFC substrates has been presented in Table 2. 

7 Terminal Electron Acceptors 

In MFCs, electron flow occurs from lower redox potential (anode) to higher redox 
potential (cathode). The availability of appropriate TEA that overcomes potential 
losses makes the cell thermodynamically favourable for electron flow. A good TEA 
reflects the properties of low cost, ease of availability, sustainability in biotic/abiotic 
environments for prolonged duration, fast kinetics and high redox potential [56]. The
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most commonly used TEA in MFC by far is oxygen owing to its easy availability, 
high redox potential and sustainable nature. However, a wide range of alternate TEAs 
have been studied in MFCs like dyes, metal ions and others. The TEA employed in 
MFCs can be broadly divided into inorganic and organic compounds. Oxygen is the 
most widely used inorganic electron acceptor and has played the role of TEA in 
various studies [11, 41, 45, 94, 119]. It can be supplied to the electrode by either 
directly exposing electrode to the air or by aerating the cathodic compartment [147]. 
Poor oxygen-electrode interaction/contact and slow reduction rate of oxygen on plain 
carbon-based electrode limit the performance of MFC. The reduction reaction can be 
improved by modifying carbon electrodes with the help of ORR enhancing catalysts. 
The redox potential of nitrate is comparable to oxygen making it a potential TEA. 
Biologically catalysed denitrification was first performed by Clauwaert et al. [29] 
yielding the power output of 8 W/m3 and removing upto 0.146 kgNO3—Nm−3d−1 

[29]. Wang et al. [151] studied nitrate treatment and suggested that the feed-drain 
frequency enhances the nitrification-denitrification efficiency [151]. The nitrite accu-
mulation at cathode has been observed as a major issue in denitrification due to its 
health concern and should be achieved to minimise denitrification. The environmental 
conditions like pH, DO and insufficient electron donors do not significantly affect 
the nitrite accumulation. [138] modelled denitrification yielding parameter to design 
bio-cathode performing higher denitrification [138]. Wu et al. [164] design a novel 
MFC with aerated electroconductive membrane bio-cathode to improve nitrification-
denitrification [164]. Ferricyanide is another popular TEA used in various studies 
owing to its high redox potential [35, 103]. However, ferricyanide has a disadvantage 
of frequent chemical regeneration limiting its use as electron acceptor [104]. Several 
other metal ions have been reduced in MFC like Cr(VI) [54, 76], bromate (BrO3

−) 
[31], Fe(III) [80], heavy metal ions like Cu2+, Hg2+, Zn2+, Cd2+, Pb2+ and Cr2+, 
SO4 

2−, percarbonate (HCO3
−) and Mn7+ [40, 44, 54, 133, 155, 161]. Simultaneous 

nitrate and perchlorate removal has also been achieved in MFC [65]. Chlorella-based 
bio-cathode has been employed in MFC for Cd2+ removal [188]. Buffered catholytes 
especially PBS has been used in MFCs to maintain pH balance. Saline water has also 
been studied as potential catholyte [3]. Various organic contaminants have also been 
employed as TEA in cathode compartment of MFC. A variety of textile dyes have 
been used as potential electron acceptors and reduced at MFC cathode. Oon et al. 
[111] successfully employed various mono and diazo dyes as TEA and observed 
50% higher decolorisation for mono than diazo dyes [111]. Nitrobenzene, nitro-
phenol, ethanoamine have also been tested as cathodic electron acceptor generating 
significant voltage output [191, 192]. Phenol and chlorophenols (CPs) are colourless 
organic compounds that are potential carcinogens. Khan et al. have explored the 
bioremediation of these contaminants at cathode in MFCs [71, 72, 74, 75].
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8 Challenges 

MFC on many fronts has emerged as a technology, which is suitable and sustainable 
in harvesting energy from waste in an eco-friendly way. Development of commer-
cial prototypes like Cambarian innovation and initiatives of companies like Pilus 
Energy and Emefcy has brought the technology a step closer to commercialisation. 
However, issues concerning low power output, electron transfer efficiency or CE, 
understanding of suitable wastefeed and microbial processes taking place within the 
system still present challenges in scaling up of the technology. Factors like wastewater 
concentration, composition, unwanted biomass, side processes like methanogenesis, 
optimum pH, diffusion across separators, incomplete biodegradation limits the waste 
treatment in MFC [5]. 

The efficiency of electrical recovery (CE) is another major concern regarding 
MFC scaleup. Six major reasons for low CE as suggested by Pandey et al. [88, 112] 
are: 

(a) Electron diversion to non-exoelectrogens. 
(b) Substrate consumption by competitive pathways like methanogenesis. 
(c) Metabolic inhibition of biomass because of toxicant and proton buildup. 
(d) Substrate lockup of electrons. 
(e) Low transfer efficiency to/from electrodes. 
(f) Inappropriate separators causing electrolyte/oxygen diffusion to the other 

chamber. 

As the interaction of biomass and electrode plays a crucial role in MFC, designing 
appropriate electrode with high biocompatibility is a major challenge. This chapter 
has made attempts to discuss the various electrode modification advances made 
recently to design suitable electrodes that can effectively tackle fouling, corrosion 
and enhance activity. Further the cost of MFC components is still too high for practical 
implication and suitable, economically feasible alternatives are much needed to make 
the technology commercially feasible [9]. 

9 Conclusion 

Water and energy are undoubtedly the most essential contributing factors of the 
society. As per a Slovakian proverb “Water is the first and foremost medicine” and 
clean water is the basic right of all living souls inhibiting the earth. Energy on the other 
hand is a mean to derive the society forward. The continuously growing society with 
rapid industrialisation has led to one major issue of water contamination making it 
unfit for daily activities. MFC technology has earned the focus of the world research as 
a potential technique linking the basic needs of the mankind. It treats wastewater and 
harvest energy in the form of electric power from the organic/inorganic contaminants. 
MFC technology promises to be a carbon-neutral clean source of renewable energy.
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The article reviews the role of different configurational aspect of MFC on its perfor-
mance. From the article, it can be concluded that MFC can achieve high performance 
by optimising the factors such as electrode used, membrane and microbes involved, 
and selection and concentration of substrates being treated. However, for the prac-
tical implementation of this technology, further research in the field of longevity, 
system fouling, role of internal resistance and microbial kinetics needs to be deeply 
explored. 
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Modern Challenges and Future 
Perspective of Microbial Fuel Cells 

Rahul Sarma and Biraj Kumar Kakati 

Abstract Climate change, global warming, and depletion of fossil fuels have 
become the most imminent crisis which is leading humanity to focus on renewable 
sources of energy production. The excessive dependence on conventional fuel-based 
power generation must be tackled by non-depletable green resources. In recent times, 
Microbial Fuel Cell (MFC) technology has received considerable attention for power 
generation due to its mild operating conditions and use of a wide range of biodegrad-
able raw materials as substrates. It provides the ability to generate electrical energy 
from the chemical energy stored in the organic substrate without any intermediate 
stages, hence avoiding the entropic losses. The direct conversion by the catalytic 
reaction of naturally occurring microbes makes MFC more feasible and desirable 
to bring it into practical use. Despite its ease of conversion, the technology is still 
in the lab-based developing stage. Various bottlenecks including the internal and 
external losses, high cost of materials, low power output, etc. are the major cause 
of its hindrance in commercialization. This chapter provides an attempt to compre-
hensively bring forward the various challenges and future perspectives in the field 
of MFC. It entails the investigations of numerous factors that influence the bioelec-
tricity generation of MFC such as microorganisms and substrate used, electrode 
material, membrane, and various operating conditions. The losses associated with 
the MFC have also been thoroughly examined. Furthermore, this chapter highlights 
the advancement of MFC by reviewing its advantages and potential applications in the 
coming years. It also incorporates several prospective for MFC commercialization 
and scaled-up industrial usage options in the future.
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1 Introduction 

The global energy consumption has skyrocketed exponentially in the last few decades 
with approximately 4.6% increase in 2021 alone. Most of the energy demand is 
fulfilled by the conventional fossil fuels. The new report from International Energy 
Agency states the rise in global electricity demand by 5% in the year 2021 [1, 2]. 
Nobel Laureate (Physics 2021) Giorgio Parisi mentioned climate change as a ‘huge 
threat’ to humanity and is very important for the world to take action as quickly 
as possible. New and alternative methods of energy/electricity production with an 
approach to net-zero carbon emission have been the need of the hour. With human 
interventions, innovation, and research the problem of high energy demand, as well 
as climate change, can be tackled in coming years. Solar, wind, and hydro are some 
of the high-cost renewable sources which are primarily being used to tackle the 
issue of the depletion of fossil fuel for power generation [3]. The conversion of 
chemical energy into electrical energy using a conventional fuel cell has been an up-
trending technology [4]. The major advantages fuel cell technology possess are high 
efficiency, devoid of rotational equipment, non-emission of toxic inorganic oxides 
like CO2, NOx, SOx, etc. [5]. 

However, the technology based on biomass can be further explored and scaled 
up for commercial use with proper implications. The concept of the generation of 
electricity by the use of organic matter and with the help of microbial activity has 
been known for ages [6]. Microbial Fuel Cell (MFC) is one of the potential renew-
able source alternatives. The operating process of MFC is quite similar to that of the 
conventional fuel cell. MFC is a bio-electrochemical device that converts the chem-
ical energy present in the biomass into electrical energy through the catalytic reaction 
with the help of microorganisms. The decomposition of organic matter by the bacteria 
results in the generation of electrons which can be collected through the external 
circuit [7]. The breakthrough in microbial fuel cells was brought by MC Potter 
between 1910 and 1911 [8]. The author experienced electron generation using bacte-
rial species like Escherichia coli and Saccharomyces with the platinum electrode. The 
most fascinating roles of bacterias (Geobacteraceae, Shewanella putrefaciens, Rhod-
oferax ferrireducens) to release electrons outside their cell can be witnessed in MFC. 
Such bacteria are called exoelectrogens and are the most essential components [9]. 

MFC holds various advantages. It allows direct conversion from chemical to elec-
trical energy which results in high conversion efficiency. A wide range of substrates 
can be used in this system. Moreover, its operation can be carried out at ambient and 
room temperature without artificial external conditions [10]. Substantial research has 
been conducted in this field but there remain various challenges that act as a hindrance 
in its performance, commercialization, and scaling up process. The strengths, weak-
nesses, threats, and associated opportunities of MFC are summarized in Fig. 1. This  
chapter provides a comprehensive overview of the various modern constraints in 
microbial fuel cells and the future perspective of it.
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Fig. 1 Strength, weakness, threat, and opportunities of a conventional MFC 

2 Working Principle 

A typical dual-chambered MFC consists of two chambers (Anodic and cathodic) 
which consist of two electrodes (anode and cathode) separated by a cation exchange 
membrane (CEM). In an anodic chamber, the decomposition of the carbon-rich 
organic substrate takes place. The microbes utilize the raw material in an anaer-
obic condition, resulting in the release of high energy electrons (e−) and protons 
(H+). Figure 2 depicts the working of an MFC. The electrons are collected through 
an external circuit and in contrast to that the protons are allowed to pass through 
the CEM. The reduction reaction takes place at the cathodic chamber leading to the 
recombination of the protons and electrons to form water, in presence of the atmo-
spheric oxygen [11]. The working formula with sucrose-based lignocellulosic raw 
material helps to understand the fundamental working of MFC. 

At Anode: 

C12H22O11 + 13H2O 
In presence of bacteria −−−−−−−−−−−→ 12CO2 + 48H+ + 48e− (1)
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Fig. 2 Working principle of a MFC with CH3OOH as the main component in the influent waste 

At Cathode: 

48H+ + 48e− + 12O2 → 24H2O (2)  

The electrons from the cell of the bacteria are transferred to the electrode through 
three different mechanisms. Firstly, direct contact of the bacterial cell over the surface 
of the anode. This does not include any mediators and thus can have a columbic 
efficiency as high as 80% [12]. Secondly through the use of the external mediators 
which carry the electrons from the microbial cell and assist it to reach the electrode. 
The need for these mediators is mainly to improve the performance of the MFC and 
to overcome the problem of non-conductive lipid membrane formation in some of the 
bacteria [13]. Lastly, electrons are transferred through small thread-like conductive 
appendages called pilis or nanowires. Bacteria like Geobacter, Shewanella sp., etc. 
are supported through these special features over their cells [14]. The major focus 
of the researchers on MFC has been to improve electrical performance and limit its 
various challenges.
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3 Factors Affecting the Performance of MFC 

The performance of an MFC is mainly focused on effective degradation of the organic 
matter by the microorganisms as well as the electricity generation [15]. Numerous 
internal steps are involved, starting from substate input to electron collection in an 
MFC, where the possibilities of various flaws can be observed. This may include the 
microorganisms and substrate used, ionic concentration of the medium, electrodes 
and membrane material used as well as various operating conditions like temperature, 
pH of the medium, etc. [16]. 

3.1 Microorganisms Used 

Microorganisms, particularly exoelectrogens, are of fundamental importance in the 
biodegradation and energy generation processes in MFCs. Their catabolism is the 
major rate-limiting step [17]. Typically, two kinds of bacterias are popular in MFC: 
the ones that need external mediators like Escherichia coli, Actinobacillus succino-
genes, Saccharomyces cerevisiae, etc. and the other which itself can shuttle the elec-
trons without any means of mediators like Shewanella putrefaciens, Rhodoferax 
ferrireducens, Geobacter, etc. [15]. 

Up to previous decades, only a few microbe species like Shewanella putrefaciens 
were known to be useful in the field of MFC. Researchers now are more interested 
in the use of mixed cultures as the inoculum. In a study, it is found that the use of 
mixed cultures is more advantageous than the pure culture because of their nutritional 
flexibility and stress resilience thus results in higher electricity generation [18]. At 
the same time, the mixed cultured bacterial species are easily available in wastewater, 
soil, sludges, dung, etc. The other advantage found in the same research by using 
the mixed culture is that once the initialization of the metabolism of degrading the 
substrate occurs by fermentative or methanogenic bacterias (suppose), only one kind 
of exoelectrogens is sufficient to transfer the electrons generated to the electrode. 
Some of the challenges in using the mixed culture are non-conductive microbes 
get adhered on the surface of the electrodes which increases the overall resistance, 
the start-up time for the current generation is higher and the electroactive biofilm 
formation on the surface of the anode takes more time [19]. Tables 1 and 2 show the 
performance of the various mixed and pure bacterial cultures. 

3.2 Substrate Used 

The substrate or organic material utilized in the anodic chamber is the most important 
characteristic to consider when evaluating the performance of a microbial fuel cell. A 
wide range of substrates has been used in MFC which may vary from basic molecules
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Table 1 Pure cultured bacteria as inoculum for MFC 

Sl. No Type of 
bacterial species 

Substrate Reactor design Power density References 

1. Geobacter 
sulfurreducens 

Acetate Single chambered, 
air-cathode 

461 mW/m2 Ishii et al.  [20] 

2. Shewanella 
putrefaciens 

Lactate Single chambered 4.92 W/m3 Pandit et al.  
[21] 

3. Escherichia coli Lactic acid Dual chambered 547 mW/m2 Wang et al. 
[22] 

4. Saccharomyces 
cerevisiae 

Glucose Dual chambered 4.48 mW/m2 Permana et al. 
[23] 

Table 2 Mixed cultured bacteria as inoculum for MFC 

Sl. No Type of bacterial 
species 

Substrate Reactor 
design 

Power density References 

1. Activated sludge Glucose Dual 
chambered 

560 mW/m2 Martin et al. [24] 

2. Pretreated sludge Glucose Dual 
chambered 

115.6 W/m2 Gurung et al. [25] 

3. Domestic 
wastewater 

Sucrose Dual 
chambered 

44.52 mW/m3 Wei et al. [26] 

4. Granular 
anaerobic sludge 

Acetate Single 
chambered 

408 ± 26 mW/m2 Cheng et al. [27] 

to complex combinations of organic matters. Till the last few decades, the main 
utilization of the MFC was carried out for wastewater treatment, where waste streams 
and activated sludge were used as the substrate. Today, the concept of waste to wealth 
and waste management including reuse and recycle has gained more emphasis due 
to which a large number of substrates were introduced in MFC [28]. Researchers 
focused on distinct basic characteristics of MFCs operating primarily with pure 
cultures such as glucose, acetate, lactate, and glycerol. In most of the literature, 
acetate has been the best choice of the pure culture substrate due to its simpler 
nature and high carbon source for the degradation by the microorganisms. Research 
demonstrated by [29] where the authors compared the performance of the MFC 
with various substrates including acetate, butyrate, propionate, and glucose. It was 
observed that the acetate-based substrate resulted in 72.3% of columbic efficiency 
which was highest among all the peers. 

At the same time, complex carbon-rich organic matters such as municipal 
wastewater, dairy wastewater, and cassava mill wastewater are also being intro-
duced. The use of solid waste as raw materials has been gaining popularity in recent 
years. Table 3 shows the performance of the MFC with various complex substrates. 

The use of the liquid substrate is more prominent than the solid. This might be 
due to the simplicity with which wastewater can be handled, stored, and accessed at



Modern Challenges and Future Perspective of Microbial Fuel Cells 435

Table 3 MFC performance with various complex substrates 

Sl. No Substrate Reactor design Volume Power density 
(mW/m2) 

References 

Liquid-based substrate 

1. Domestic 
wastewater 

Single chambered 28 mL 420 Choi et al. [30] 

2. Cassava mill 
wastewater 

Dual chambered 30 L 1771 Kaewkannetra 
et al. [31] 

3. Palm oil mill 
wastewater 

Dual chambered 450 mL 22 Baranitharan 
et al. [32] 

4. Human urine Dual chambered 172 mL 23 Cid et al. [33] 

5. Chocolate 
industry 
wastewater 

Dual chambered 800 mL 1600 Patil et al. [34] 

6. Swine 
wastewater 

Single chambered 70 mL 2300 Ichihashi and 
Hirooka [35] 

Solid-based substrate 

7. Cowdung Dual chambered 500 11.4 Sharma et al. 
[36] 

8. Rice bran Single chambered 800 16.5 Yoshimura et al. 
[37] 

9. Human 
excreta 

Single chambered 3000 142 Yazdi et al.  [38] 

10. Kitchen 
waste 

Single chambered 28 924 Adebule et al. 
[39] 

the commercial and industrial levels [11]. The major challenge faced while using the 
solid substrate in MFC, in spite of higher energy density, is its low digestibility [37]. 
The presence of the higher complex bio-polymers like lignin makes the substrate 
necessary to be predated before the use in MFC [40]. 

The substrate concentration or COD too significantly affects the performance of 
MFC. The substrate concentration, which may be quantified in terms of COD, is 
directly related to the power generation in MFC. However, indeed, further increase 
after the optimum level results in inhibition of its own microorganisms and the output 
gets reduced drastically [41]. 

3.3 Electrode Material 

Electrode material plays an indispensable role in the overall electrical performance 
as well as the cost of the MFC. It is certain that different electrode materials have 
different physical and chemical properties. A good anode/cathode material should 
possess the properties like higher electrical conductivity, surface area, stability, good



436 R. Sarma and B. K. Kakati

compatibility with the biocatalyst, high porosity, and most significantly non-corrosive 
nature [42]. Microbial adhesion, electron transport, electrode resistance, and kinetics 
of electrode surface responses are all affected by these properties [43]. Materials like 
Copper (Cu) although have higher conductivity as compared to others but it turned 
out to be unsuitable due to the high toxicity for the microorganisms and high corrosive 
properties [44]. 

In practice, the most commonly used electrode material includes carbon-based 
materials, metal and metal oxides, polymers, and composite materials. In the cate-
gory of carbon-based materials carbon rods, forms, felts, cloth, brushes. graphite, 
graphite oxides, etc. are actively used. The research conducted by the authors [45] 
demonstrated that the utilization of carbon mesh electrodes and its pretreatment with 
ammonia gas led to excellent power generation (with a maximum power density of 
922 mW/m2) and reported carbon mesh as the most cost-effective material for the 
electrodes. Pretreatment of electrodes has become a major practice in order to obtain 
a proper surface and removal of contamination and to increase atomic N/C ratio. 

The metals and metal oxides are too felicitated as the electrode material, but 
there remain some challenges [44]. Materials like stainless steel are extremely non-
corrosive, but they fail to achieve high power due to smooth surface which does not 
allow the adhesion of bacteria over the electrodes. Also, metals like gold, silver, and 
platinum show excellent performance but the cost becomes a significant barrier [46]. 

The recent advancement in electrode material includes the use of graphene derived 
from natural biomass and waste material. [47] investigated the use of waste material 
to manufacture green reduced graphene (rGO) composite for anodes in MFCs to get 
more successful outcomes in regards to power generation and wastewater treatment. 
This resulted in the overall power density of 33.7 W/m3 at a current density of 69.4 
A/m3 with a 75% shorter start-up time period. A very few literature can be found 
with waste material derived graphene-based material for electrodes, and thus need 
further attention. The reusability of waste biomass materials is a viable approach for 
increasing MFC efficiency without incurring large cost. 

3.4 Membrane 

A dual-chambered MFC constitutes a cation/proton exchange membrane (CEM) 
which separates the anodic and cathodic chambers. The main objective of a membrane 
is to pass the protons and does not allow the movement of the substrate from anodic to 
cathodic chamber or the diffusion of oxygen from the cathodic to the anodic chamber 
[9]. In practice, two kinds of membranes are commonly used: non-porous/dense 
membranes and porous membranes [48] and can be identified by their morphological 
characteristics as shown in Fig. 3. 

Nafion-based membranes are the most commonly used membranes in the field 
of MFC due to high ionic conductivity and proton permeability [50]. The diffusion 
coefficient of the cations in the Nafion membrane is much higher than the others 
and thus have gained more popularity [49]. The cost of Nafion is comparatively
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Fig. 3 SEM image of porous and non-porous membranes [49] 

higher thus, low-cost agar and NaCl-based salt bridges are also being used in MFC 
applications [51]. A threefold increase in the power density was observed by the 
use of Nafion 117 as compared to the NaCl-based salt bridge of the same size with 
Enterobacter cloacae bacterial strain [52]. Moreover, the pretreatment of the Nafion 
membrane produced two times more power than the untreated membrane. In the 
same investigation, biofouling has been found to be a negative effect on membrane 
performance [53]. An economic analysis between Nafion 117 and sulfonated poly 
ether ether ketone (SPEEK) carried out by the researchers found MFC with SPEEK as 
PEM has a higher power per cost than that of the MFC with Nafion 117. This leads to 
the conclusion that the SPEEK system is more (almost two times) more cost-effective 
than Nafion [48]. Thus, it is very much essential to wisely choose membrane material 
looking into its cost as well as other performance affecting parameters. 

3.5 Operating Condition 

Researchers carried out various investigations on MFC in different operating condi-
tions. This includes pH, temperature, mode of operation (batch/ continuous), ionic 
strength, etc. [54]. Higher wastewater acidity or alkalinity has an impact on both 
the effectiveness of wastewater treatment and the environment inside the reactor. 
To conserve microorganisms and support biological treatment processes, the pH of 
wastewater should be kept around neutral. But in the case of most of the wastewater, 
the pH is found to be lower which affects the overall performance. It was obtained 
that a better performance (Power density of 12.5 mW/m2 & COD removal efficiency 
of 96.5%) was obtained at pH of 8.0 while using rice mill wastewater inside an 
earthen pot reactor [55]. 

Moreover, the neutral pH condition leads to a low concentration of proton transfer 
and high internal resistance in MFC. The solution conductivity can be improved by 
raising the ionic strength to lower the internal resistance without affecting the solution 
pH level. The addition of high saline substances helps to increase the kinetics of
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the proton transfer from the anodic chamber to the cathodic chamber. The results 
suggested that the system’s overall performance was improved by adding up to 20 g 
L-1 of NaCl, which reduced internal resistance by 33% and increased maximum 
power generation by 30% [56]. 

Temperature too has a very high impact on the MFC performance. It plays an 
important role in the rate of oxidation reaction, bacterial growth and sustainability, 
the kinetics of proton transfer through the medium, etc. [57]. As it is well known 
that the anodic chamber of MFC is seal-tight and at the anaerobic condition for the 
degradation of the substrate by the bacteria. Hence, the optimum temperature for 
the anaerobic digestion has to be considered in the case of MFC. The most probable 
temperature is at the room temperature or slightly higher (20–35 °C) [15]. The major 
challenges experienced during the low-temperature operation are the longer start-up 
time and lower current generation. In fact, it is quite difficult to generate electricity 
at a temperature below 15 °C even after months of operation. It was investigated that 
with an increase in temperature by 7 °C results in a 24% increase in power density 
[58]. At the same time with further increase till 55°C no steady power was obtained. 
Thus, MFC has to be operated at a particular optimum temperature in order to get 
maximum output. 

3.6 Losses in MFC 

Every system exhibits certain losses during the conversion process from one form to 
the other. The performance of MFC is too restricted by certain unavoidable losses 
which result in lower voltage and current outputs. The maximum theoretical voltage 
that may be achieved in a single fuel cell is 1.1 V, however, in practice, this voltage 
is substantially lower. Although these losses cannot be completely eradicated, but 
certainly their effect can be minimized using certain techniques and optimizations 
(Fig. 4). 

The losses involved with a typical MFC system are indicated by the voltage 
equation given below. 

Fig. 4 Polarization curve of 
a typical MFC showing 
different losses
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Ecell = Eemf −
(
|
∑

ηa| + |
∑

ηc|
)

+ I R (3) 

where 

Ecell total output EMF 
Eemf EMF generated by the MFC 
IR sum of all Ohmic resistance 
| ∑ηa| anodic over-potential 
| ∑ηc| cathodic over-potential. 

The major limiting factors that are most significant in MFC technology have been 
identified as ohmic losses, activation losses, concentration or mass transfer losses. 
The V-I curve or the polarization curve acts as a tool to study the performance and 
various losses occurring in the MFC. 

3.7 Ohmic Losses 

The main attributes of this type of losses are due to the resistance offered by the 
various interconnections to the movement of the electrons through the outer circuit 
as well as the flow of the proton through separating membrane [7]. The internal 
resistance offered by the MFC can degrade the performance to an excessive extent 
if not restricted. This comprises anode, cathode, and connecting wire resistance, 
electrolyte resistance, and membrane resistance (if any) [59]. The ohmic losses, in 
terms of voltage, can be combined as electronic as well as ionic loss as shown in 
Eq. (4) 

Vohmic = i Rohmic = i (Relec + Rionic) (4) 

These losses can be minimized by loading of high conductive materials (platinum 
or gold) as electrodes, minimizing the space between the cathode and anode, using 
a low-resistive membrane, increasing the surface area of the electrodes and CEM, 
increasing the ionic strength of the electrolyte to a maximum tolerable level by the 
microorganisms.
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4 Activation Losses 

For carrying out any oxidation, or reduction reaction, activation energy is needed. In 
MFC the oxidation of substrates or reduction at bacterial surface demands a certain 
amount of activation energy that might result in a loss of energy and is referred to 
as activation losses [60]. As a result of which activation losses are always associated 
with any chemical conversion system. This loss is observed during the transfer of the 
electrons to the electrode surface in MFC. Tafel equation (Eq. 5) helps to compute 
the activation losses [61]. The equation establishes a relation between overvoltage 
at the electrode surface and the natural logarithm of the current density. 

ΔVact = −Aln(i) (5) 

where 

ΔV act Activation Loss (Voltage) 
A Slope of Tafel Line 
i Current Density. 

The activation loss decreases with the increase in the current density and vice 
versa. Increases in electrode surface, operating temperature, electrode catalysis, and 
the formation of an enhanced biofilm on the electrode can all help to alleviate this 
problem [62]. 

4.1 Concentration Losses 

Concentration losses occur when the substrate in the anodic chamber is oxidized 
faster than the produced electron is transferred to the electrode (anode) surface. Due 
to the restricted mass transfer of chemical species to the electrode through diffusion, 
it happens most commonly at high current densities [63]. This raises the ratio of 
oxidized to reduced species at the electrode surface and may lead to a rise in the 
anodic potential. This might be attributed to the anode’s enhanced oxidative strength 
in MFC which hinders the maximum attainable MFC voltage. 

Mass transfer losses can be reduced by distributing oxidants such as atmospheric 
air over the cathode compartment. Furthermore, optimizing MFC operating param-
eters, electrode material, and cathode compartment design may lead to lesser losses 
and better performance [64].
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5 Future Perspectives of MFC 

The MFC holds various challenging aspects in its further development and commer-
cialization and it is high time to discuss the matter (Fig. 5). There is a wide range 
of scope of improvement in its performance for the deployment of it in various 
industrial as well as automobile applications [65]. The losses which are caused by 
the unwanted chemical reactions including the metabolic reactions of the microor-
ganisms and oxidation of the raw material by oxygen diffusion should definitely be 
addressed [66]. The major application of MFC which is coming up for large-scale 
projects is wastewater treatment. The fundamental goal of the MFC scale-up is to 
increase the energy production per unit volume of wastewater. This is achievable 
only with the increase in the overall wastewater handling capacity, higher organic 
concentration of the wastewater or by stacking the MFCs in hybrid series-parallel 
connections [67]. But it is found that with high organic concentrations of the wastew-
ater, (which results in higher electrical performance) the Chemical Oxygen Demand 
(COD) removal is typically decreased. As a result of which a series of the hydraulic 
stack of MFC has to be used in order to meet the demands of complete wastewater 
treatment plants [68]. The COD removal investigated by [69] was found to be around 
200 mg/L/day which is very lower as compared to other waste-to-energy technolo-
gies like anaerobic digestion (25,000 mg/L/day). At the same time, a higher power 
density attainable system has to be designed since the MFC lacks to generate notable 
electrical output. There could be various reasons including the high internal resis-
tance and other forms of losses which needs to be tacked down. Thus, it is necessary 
to incorporate significant changes in the overall MFC system. 

Today a major emphasis is given on optimizations of reactor components and oper-
ating conditions. The materials used mainly in the electrodes and membranes should 
have a longer lifetime and lower cost, for the MFC technology to be competitive 
with other alternative renewable waste-to-energy systems. The use of the various
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successful application of 
MFC 

Future scopes of 
MFC 

Mathematical 
modeling and 
simulations 

Cost effective 
nanomaterials 

Hybridisation with 
other alternative RE 

sources 

Application in 
different research 

fields like bio-
medical 

Scaling up of 
MFC design



442 R. Sarma and B. K. Kakati

nano-composite materials has a lot of potential for electrode modifications which 
helps in higher mass transfer to and from the electrodes. Various transition metal 
oxides (Tungsten oxide, Nickel oxide, Cerium oxide, etc.) are now being in major 
focus as an alternative of the platinum for use in reduction reactions [70]. Moreover, 
improved electron transport methods between the electrode and the biocatalyst are 
still being worked on. Research suggested the use of smaller granular carbon anode 
acts as an excellent material for the current production. The rough surface structure 
and porosity of the electrode enable microorganisms to trap the oxygen that helps in 
respiration [71].

MFC’s cost is one of the major challenges which is yet to be overcome. Although 
low-cost laboratory-scaled designs are already being reported by various researchers, 
but in the case of large-scale application it has become a major cause of concern. 
A research conducted in Virginia Polytechnic Institute and State University, Blacks-
burg, USA, by designing a 200 L MFC system for wastewater treatment with 60% of 
its total project cost only utilized in the membrane material. The overall capital cost 
for that system was calculated to be $58 per gallon per day of the treatment capacity 
[72]. Low-cost membrane material with the characteristics like high proton conduc-
tivity, environment-friendly, easy availability, high stability, longer operational life, 
antifouling properties, etc. is the need of the hour for better performance [73]. The 
recent trends in the use of bionics and nanotechnology can be observed in membrane 
synthesis. In fact, membrane-less MFC alternatives can also be utilized in order 
to avoid the problem of the fouling of the membrane which improves the electrical 
output [74]. Mathematical modeling is another important aspect that has to be looked 
upon for the further development of the MFC. This helps in critically combining 
our understanding of the MFC, its processes involved, identifying the controlling 
elements in power production, and providing guidance for scale-up methods [75]. 
The up-gradation of the MFC could only be possible by simulating and validating the 
laboratory-based results. In order to control the simulation results, specific modeling 
tools and a working environment with a deeper grasp of multidisciplinary systems 
with boundary conditions must be designed and developed [76]. The MFC is now 
not only being focused on wastewater treatment and electricity generation from the 
bio-waste. The technology has gained interest in a wider scope of science and engi-
neering. Researchers have tried to find its implacability in the field of biomedical 
science [77], marine science [78] space technology [13] electronic and communica-
tion engineering [79], etc. Various in-situ biosensors can be further developed with 
this technology to monitor the various contaminants like heavy metals, radionuclides, 
chlorinated solvents, etc. from the wastewater [80]. 

Although it is challenging for this technology to compete with the other existing 
alternative sources in terms of energy generation. At the same time, there remains 
a way of hybridizing it with the systems like anaerobic digester which utilizes the 
same substrate as MFC. Research carried out by [81] using landfill leachate as the 
raw material, mentioned that hybridization led to enhance cost-effectiveness, high 
biogas yield, and better performance in terms of electricity generation without the 
use of external mediators and expensive catalysts.
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6 Conclusion 

The concept of generating electricity in biological fuel cells exists in theory, but it 
is a relatively recent way of energy generation in practice. MFC technology refers 
to an innovative method of employing microorganisms to generate bioelectricity by 
oxidizing organic raw materials ranging from synthetic pure substrates like acetate or 
glucose to a complex combination of organic substrates such as domestic wastewater, 
industrial carbon-rich waste material, cow dung, and kitchen waste. Although MFC 
is a revolutionary method of producing bioelectricity from renewable resources, it 
faces certain challenges which hinder its large-scale implementation and commer-
cialization. The judicious use of the materials for various MFCs components is very 
much important in order to increase the performance as well as to bring down the 
cost. Recent advances in material science, along with nanotechnology, may give one-
of-a-kind tools for producing, transporting, and using electrical energy captured from 
MFCs. In spite of all the challenges, MFC holds a greater potential to compete with 
the existing renewable energy sources. Progression in the evolution of MFC tech-
nology may be accomplished thorough research of these elements and their optimal 
ranges that increases its performance. 
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