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ABSTRACT

Providing clean and affordable water to satisfy human necessities is a grand challenge of the 21stcentury. Worldwide,
environmental concerns related to water cleanliness are not restricted to developed countries alone but are the most fundamental
human and environmental requirements. Currently, waste water treatment remedies are not acceptable to satisfy the water
sanitation needs. As rapid industrialization and urbanization, releases various toxic compounds into the waterbodies, polluting both
fresh and marine water resources. So, to conquer this problem bioremediation is the process which is used to neutralizing the toxic
compounds present in the natural waterbodies. Several processes have been proposed for the wastewater treatment but most of
them have some limitations like high cost effective, poor capacity etc. Bioremediation is the process which is widely used for the
wastewater treatment. Recently, great attentions have been paid to microbial fuel cells (MFCs) because of their slight operating
conditions and using various types of biodegradable substrates as fuel. Microbial fuel cells (MFCs) have been considered and
intensively studied as a favorable technology to attain sustainable wastewater treatment. This review summarizes the possibility of
MFCs as an alternative and effective tool to generate energy via various fuel sources.
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INTRODUCTION

A foremost problem at the global is related with the demand and quality of water®. This creates problem because, there is very
small amount of water is left and, on the other hand, the mishandling of wastewater leads to economic, social and environmental
issues?™. In last years the discharge of wastewater has increased from the urban population. Water has turn out to be a basic
component of present natural environmental and economic policies, so there is a need to clean the contaminated water bodies to
complete the fundamental necessities of the populace®. The controlling of urban and commercial wastewater is the simplest
resolution for the decontamination and purification of effluents. However, it is noteworthy to recognize toxic movement of
some substances that can slow down the purification process and even destroy the activity of the microorganisms engaged with the
water purification®. The treatments designed for the purification of wastewater include different types of processes such as
physical, chemical and biological steps that enable to improve the polluted water and, in few cases, return it to clean water®.

The method of purification of water is divided according to the components of wastewater biodegradability:

1) Primary treatment involves removal of large solid contaminants such as cans, rags, bottles, etc., It also involves removal of
the suspended solid particles and the carbon-based matter by physical separation by using different methods like gravity, chemical
sedimentation, or filtration;

2) Secondary treatment involves the removal of approximately 90% of the organic matter, converting it into a sedimentable
organic floc (an accumulation of organic matter, bacteria and minerals). This procedure is completed by the usage of special
biological techniques like activated sludge, aerated lagoons, trickling filters, bio-discs, stabilization ponds, etc.;

3) Tertiary treatment is the final cleaning process that improves wastewater quality before it is reused, recycled or discharged to
the environment. Tertiary treatment involves the removal of microorganisms to reduce the possibility of disease transmission when
the treated water is discharged and during this treatment nutrient like nitrogen and phosphorus are also removed to prevent the
eutrophication of receiving water bodies.

Wastewater treatment is not a single problem for the developing countries however it continues to be the basic sanitation need to
protect the surroundings and the water forms that serve as drinking water sources around the globe®.

Bioremediation is described as the process through which the biological or carbon-based wastes are degraded biologically under
measured conditions. By definition, “Bioremediation is the use of microorganisms to degrade environmental pollutants into less
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toxic forms™®. Research has shown that bioremediation can be an effective method to tackle waste water due to the ability of
microorganisms to survive, adapt, and flourish into various types of environments, including wastewater’ ™.
As energy supply, wastewaters contain the large potential in the form of biodegradable organic matters like sanitary waste

water, food processing wastewater, swine wastewater, corn stover etc****,

2. PRINCIPLE OF MICROBIAL FUEL CELLS:

“MFC was a powerful technology which was used for treating wastewater since 19117 and it was known to be a completely
different method for energy generation in the form of electricity or hydrogen gas™. Presently, the microbial fuel cell (MFC)
technology is one of the furthermost attractive technologies for production of renewable energy and simultaneous treatment of
wastewater. By the definition, microbial fuel cells are devices that utilise bacteria as the catalysts to oxidize organic and inorganic
matter to generate current. To construct these electrochemical cells either a bio-anode and/or a bio-cathode are used as electrodes
along with a membrane which separates both the anode (where oxidation takes place) and the cathode (where reduction takes
place). In the anode compartment, during the oxidation process the electrons are produced which are then directly transferred to an
electrode or to a redox mediator species. From the anode electrode these electrons are then moved towards the cathode electrode.
During the whole process the charge balance of the system is maintained by the ions movements.

2.1 Proton exchange membranes (PEM):

In Microbial Fuel Cells technology, neutrality between both the chambers of MFC is a very significant for its effective process
attained by the PEM to facilitate the proton ions across the membrane. Proton Exchange Membranes are the main component of
the MFC which separates the anode and cathode chambers as well as transfer the protons to the cathode chamber from anode
chamber to sustain the electric current.

PEM should have the following characteristics as PEM surface area plays a very important role in MFC power generation:
cost effective
proton conductivity increased
mechanical strength increased
durability against heat and chemicals
Electronically resistive.

The total surface area of PEM limits the power output. There are various types of PEM that has been used in MFC technology
include Nafion, Ultrex*’ and salt bridge®®,

One of the effective features of any PEM is its water absorbing capacity along with its conductivity. Capacity of water
absorption affects the mode of protons across the membrane which is essential for the functioning of the fuel cell, as well as it also
affects the mechanical properties of the membrane®.

Apart from PEM, salt bridge is another simplest form of PEM which can also be used in MFC. The salt bridge is made up of
ionic salt such as KCI or NaOH which is melted with agar and casted into a cylindrical substance and allowed it for solidification
for 15-20 minutes. After proper solidification the salt bridge is in between the two MFC chambers acting as a PEM to facilitate the
transfer of proton ions from anode chamber to the cathode chamber. 5% concentration of salt in the salt bridge is enough to
produces maximum power density of 84.99 mW/m?® whereas is another study conducted by™® varies the concentration of agarose in
a salt-bridge MFC and concluded that 10% of agarose concentration acts as optimal for the generation of current as well as voltage
generation®.

Anode: CsH120 + 6H,—» 6CO, + 24H" + 24¢

Cathode: 60, + 24H+ + 24e—» 12H,0
CeH1,05 + 60— 6CO, + 6H,0 + Electrical Energy

Sometimes, due to direct electron transfer from microbe to anode electrode reduces the efficiency because of which in
electrochemically inactive microbial cells some exogenous mediators (like thionine, methyl vilogen, humic acid etc.) are used.
These exogenous mediators act as shuttles for electrons, which diffuses the electrons to the anode electrode and then again
diffusing back to the bacterial cells. Sometimes these mediators are toxic to the microorganisms. The potency of the MFC in
energy generation has been widely studied. However, wastewater can be considered as probably the best sources as a substrate for
energy generation, and supplements for plants®?2. Thus, Microbial fuel cell (MFC) has the capacity to treat wastewater along with
generation of electricity and referred to be the best way to overcome the water and energy problems?.

3. MICROORGANISMS USED FOR MFC:

Mainly wastewaters are used as a power source in MFCs. Most MFCs use wastewater as a power source. Such consortia in the
anode chamber should have functions similar to the communities of methanogenic anaerobic digesters, except those
microorganisms capable of transferring electrons to the electrode replace methanogens. Such micro-biosensors are called
anodophilic (Anodophilic consortia).

Geobacter® and Shewanella species® account for the majority of the microbial population that have been utilized in MFC
technology. Photosynthetic bacteria can also be used effectively in a MFC for electric power generation. Most important feature of
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using photosynthetic bacteria in MFCs is the exclusion of carbon dioxide from the atmosphere due to photosynthesis together with
generation of bioelectricity®.

The voltage generated in the MFC is linearly decreasing in time?’. A mixture of biowaste can actually lead to more generation of
the recovered current than any one-component MFC. In MFC working on complex substrates and wastewater, biofilm is formed
on the anode, containing, in addition to well-known electro-genes (Geobacter, Shewanella), a complex association of
microorganisms. A sufficiently wide range of microorganisms can transfer electrons to the electrode, including representatives of
the families Geobacteraceae, Alteromonadaceae, Clostridiaceae. The microorganisms found in the association may not participate
in the direct transfer of electrons to the electrode, but rather be symbionts of the electro-genes in this association. The composition
of microorganisms inoculated from such a complex substrate as wastewater varies depending on many factors: the substrate used
the culture method (batch or flow); anaerobic conditions and severity of the conditions even in the cathode chamber.

According to™ , some metal-reducing bacterial species have been reported to transfer the electrons directly to the anode. These
types of bacterial species are known as to be Axenic bacterial cultures. These types of Metal-reducing bacteria are mostly found in
sediments, where they commonly use insoluble electron acceptors such as Fe (111) and Mn (1V). Another type of bacterial species
in MFCs is known as mixed bacterial cultures. In MFCs mixed bacterial cultures have more important advantages over axenic
cultures like high resistance against process disturbances, substrate consumption rates become high, smaller substrate specificity
and increase in power output. Commonly these types of electrochemically active mixed bacterial cultures are cultivated either from
sediment (both marine and lake sediment) or from activated sludge from wastewater treatment plants™.

Table 1 Different types of Microorganisms used in MFC for the treatment of wastewater with different substrates

Micro-organisms Substrate/carb | Voltage, V Ampeage, mA | Electrodes - | Reference
used in MFC on source (current) resistance, | anode/cathode
Q

Enterobacter  sp. | Wastewater 5°C-0.4V 5°C — 5x103 mA anode - carbon brush, | (28)
(anaerobic) 10°C-0.39 V 10°C-3x103 mA cathode-carbon paper

25°C-04V 25°C—4x103 mA
Klebsiella oxytocf | Palm oil mill | 0.207 V 80 mA/m’ carbon paper (29)
(facultative effluent
anaerobic’) (POME)
Pseudomonas Glucose 0.627 V 19.68 mA/cm® graphite cloth (30)
mendocina
(obligate anaerobic
)
Saccharomyces glucose, glucose-0.183 V, glucose-0.65 mA, nickel plate (31)
cerevisiae sucrose, starch sucrose—0.170 V, sucrose—0.64 mA,
(facultative starch — 0.125 V starch — 0.24 m
anaerobic®)

4. VARIOUS SUBSTRATES USED FOR THE GENERATION OF ELECTRICAL ENERGY:

Mostly organic compounds are used as anodic substrates as they are electron sources for production of electricity in MFCs.
Substrates can greatly affect the anode potential, the bacterial community, and the quality of the treated effluent, along with the
energy recovery. A different type of substrates, such as acetate, glucose, various wastewaters, etc. have been studied in MFCs for
generation of electricity.

Organic substrates can be used for anaerobic digestion by the microorganisms in production of biocelectricity. Usage of
Domestic wastewater can also be used for constant production of bioelectricity®. Oil wastewater can also be used for bioelectricity
production®***, Waste sludge can be an operative substrate in bioelectricity generation attached with production of hydrogen®%.
The waste of fruit and vegetable were also used as a substrate for micro-organisms in a single-chambered MFC®".

Table 2 Different types of microbial fuel cells (MFCs) used for the treatment of wastewater utilising various substrates

Type of Substrate Type of MFC Reference

Glucose dual chambered air—cathode MFC with Graphite plates as (38)
electrodes

Alcohol distillery | Two chambered microbial fuel cells with Carbon fiber (39)

wastewater paper
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Domestic wastewater Single-chamber air cathode MFC (40)

Domestic wastewater plusolive

mill wastewater Single-chamber air cathode MFC (41)

air cathode microbial fuel cell with two different types of

Synthetic wastewater separators (Zirfon and Fumasep) (20)
Brilliant red X-3B | couple microbial fuel cell (MFC) with a continuous flow (42)
containing wastewater constructed wetland (CW).

Synthetic  wastewater  with
Escherichia coli as the | two-chamber mediator microbial fuel cell (43)
active bacterial component

Wastewater  having  congo

red azo dye degradation air-cathode single-chamber MFCs (44)

Dye processing wastewater. single chamber air cathode microbial fuel cell (MFC) (45)

5. TYPES OF MICROBIAL FUEL CELLS

1) Mediator microbial fuel cell:

These types of fuel cells are mostly electrochemically inactive. Mainly electron switch from microbial cells to the electrode is
assisted with the aid of using mediators along with thionine, methyl viologen, methyl blue, humic acid, and neutral red*. Most to
be had mediators are highly-priced and toxic.

2) Mediator-free microbial fuel cells:

In Mediator-free fuel cells electrochemically active microorganisms are used to facilitate the electrons to electrode. These types
of MFCs are much less properly characterized, which include the type of micro-organism used with-inside the device, form of ion-
exchange membrane and device conditions (temperature, pH, etc.) Mediator-free microbial fuel cells can run on wastewater and
derive strength at once from some plant life and O,.This configuration is known as a plant microbial fuel cell. Possible plants
include reed sweet grass, cord-grass, rice, tomatoes, lupines and algae.

3) Double-Chamber microbial fuel cells:

This type of MFC has the simplest design amongst all Microbial Fuel Cells . In this, one compartment is used as anode
whiles the other compartment as cathode which is parted by PEM. Basically in two-chamber Fuel Cell, definite medium or
substrate in the anode compartment and defined solution in cathode compartment are used for energy generation. Double-Chamber
microbial fuel cells are mostly operated in a batch mode. Such types of MFCs can be used to generate energy in the remote sensing
areas.

4) Single-Chamber microbial fuel cells (SCMFC):

Single-chamber MFCs are made up of single chamber only which contains both the compartments i.e. anode and cathode. The
design of the single chamber microbial fuel cells is very much similar to Hydrogen Fuel cells. As in hydrogen fuel cells cathode
compartment and PEM are directly connected. Similarly, in Single-chamber MFCs the anode compartment is either placed very far
or close to cathode compartment which is separated by PEM. During the process the cathode takes oxygen directly from the
atmosphere. In this the wastewater that needs to be treated is placed into the anode chamber with catalysts if required, and the
cathode chamber is directly exposed to air for oxygen®°.

6. APPLICATIONS OF MICROBIAL FUEL CELL TECHNOLOGY

Although MFCs have been studied as an alternative energy source, their application is presently limited to certain areas. With
further improvements in design, cost effectiveness and performance efficiency based on these near-term applications, it would be
possible to scale-up and use MFCs as a renewable energy resource.

6.1 Wastewater Treatment

The MFCs have shown the potential to treat different industrial, urban or domestic wastewaters®. The process of wastewater
treatment involves safe disposal or recycling of water that is highly polluted or contains toxic substances. In later years, different
types of wastewaters were used in MFCs for their treatment and bioenergy production®®. On one side of the picture, MFC
technology can be used to treat the wastewater, while on the other side, the wastewater can be used to provide the substrate as the
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carbon source for bacterial growth and hence for the end products of the oxidation process, that is, electrons and protons for
sustainable bioelectricity generation®.

6.2 Microbial fuel cells for Electricity Generation

It is quite known by maximum of the research that the MFCs are executed for the generation of electricity®. In MFC there are
two chambers out of which one chamber acts as anode where as another chamber acts as cathode and both the chambers are
separated by a membrane known as PEM. In anode chamber the organisms the waste substrates into the protons, electrons and
carbon dioxide is produced that move toward the cathode chamber by PEM and electrical connection® 7. Both the chambers of
MFCs are connected electrically with a multimeter and a resistance for voltage and power measurements. Higher the waste is
oxidised more the electrons are produced results into the higher columbic efficiency and higher power output.

6.3 Microbial fuel cells as biosensors

The application of MFC technology besides electricity generation and wastewater treatment is its use as a biosensor for pollutant
detection in water®. The operational monitoring system of water is necessary to continue the usage of waste-waters from industries
or community to save the marine atmosphere along with the health of public. It has been proved that a MFC can be used as
successful biosensor which can detect the organic compounds as well as pollutants in the wastewaters” "2 Normally, biosensors
need a transducer but MFC itself behaves as a transducer. In the “MFC-based biosensor”, the exo-electrogens in the anode
chamber serve as a signal generator or biological recognition element whereas electrodes and PEM (if used) acts as the transducer.
The main advantage of the MFC biosensor is its long-term stability. This is because the exo-electrogenic biofilms extend the
lifespan of sensing element and curtail the replacement of sensing elements.

7.CONCLUSION
Mainly, this review summarizes the current reports on application of MFCs for the remediation of several pollutants as well as for
current generation. MFC technology can also be focused towards future application in sustainable energy generation and biosensor
application. In the early years, simple substrates like acetate and glucose were usually used, however in recent years’ researchers
are using more alternative substrates with an aim of consuming waste biomass or treating wastewater on one hand and enhancing
MFC output on the other. Although MFCs were carried out intensively over the past years, limited achievement has been reported
in practical application because of some limitations and challenges. Therefore, MFC technology has yet to find the viable success
in environmental applications.
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