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Abstract

Petroleum, coal, and natural gas reservoir were depleting continuously due to an increase in industrialization, which enforced
study to identify alternative sources. The next option is the renewable resources which are most important for energy purpose
coupled with environmental problem reduction. Microbial fuel cells (MFCs) have become a promising approach to generate
cleaner and more sustainable electrical energy. The involvement of various disciplines had been contributing to enhancing the
performance of the MFCs. This review covers the performance of MFC along with different wastewater as a substrate in terms of
treatment efficiencies as well as for energy generation. Apart from this, effect of various parameters and use of different
nanomaterials for performance of MFC were also studied. From the current study, it proves that the use of microbial fuel cell
along with the use of nanomaterials could be the waste and energy-related problem-solving approach. MFC could be better in
performances based on optimized process parameters for handling any wastewater from industrial process.
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Nomenclature PEM Proton exchange membrane

MFC Microbial fuel cell SCMFC  Single-chamber microbial fuel cell
COD Chemical oxygen demand DCMFC  Dual-chamber microbial fuel cell
BOD Biological oxygen demand OLR Organic loading rate

OCP Open circuit potential

ocv Open circuit voltage
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treatment, bioremediation of heavy metals/toxic com-
pounds, and other applications. MFCs mainly comprise
2 chambers: an anode chamber and a cathode chamber.
These chambers are usually segregated by proton ex-
change membrane (Munjal et al. 2020; Yang et al.
2020). The mechanism of this technology includes micro-
organisms that act as biocatalysts to oxidize the substrate
in an anode chamber from where electrons are directed to
the cathode as a result of electrical flow (Walter et al.
2020). At the site of a cathode, the formation of water takes
place due to reduction reaction. It can further be catalyzed
using catalysts such as platinum; however, several micro-
organisms have shown promising and cost-friendly cata-
lyst replacements (Do et al. 2020; Sonawane et al. 2020;
Yadav et al. 2020). Such microorganisms as biocatalysts
have shown exceptional characteristics such as mediating
electrons to the surface of anode and catalyzing the reduc-
tion of electron acceptors, hence called exoelectrogens
(Cao et al. 2019; Enamala et al. 2020; Ulusoy and
Dimoglo 2018). These exoelectrogens are making MFC
technology more useful and therefore applicable in variety
of applications, for example, electricity generation. The
mechanism involves generation of redox potential between
the electrodes caused by oxidation of organic matter by
exoelectrogens resulting in electron flow from anode to
cathode. Numerous designs have been utilized and pro-
posed in this regard (Chen et al. 2019b; Leiva-Aravena
et al. 2019; Li et al. 2019). To produce electricity using
MFC technology, either mixed or pure culture can be used
(Kumar et al. 2016; Shehab et al. 2017). In this respect,
various researchers have successfully enhanced the elec-
tricity output in MFC by incorporating methods such as
surface modification with nanomaterials and microbial
gene modification (Chiranjeevi and Patil 2020; Kaur
et al. 2020; Liu et al. 2020). Furthermore, this technology
can be useful in generating electricity and removing efflu-
ents from wastewater as the bacteria can degrade the or-
ganic matter (Sanjay and Udayashankara 2020). In addi-
tion, it is also possible to produce hydrogen gas by modi-
fying MFC to microbial electrolysis cells (MEC). In order
to produce hydrogen gas, a low voltage is needed by MEC
which can be supplied by MFC. Various aspects of MFC
have been investigated by researchers such as substrates
(Pant et al. 2010), MFC configurations (Mohanakrishna
et al. 2019), and removal of wastewater effluents (Chen
et al. 2019a; Naik and Jujjavarappu 2019). The main ob-
jective of the current study is to review the effect of various
parameters, which are affecting the performance of MFC
along with uses of different wastewater as a substrate.
Furthermore, in the current study, the use of advanced
nanomaterials with respect to their application for waste-
water treatment as well as for energy generation in MFC
has been discussed.
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Present energy scenario

Recently, a prosperous trend is seen in terms of energy con-
sumption all over the world (Rahimnejad et al. 2009). Being
one of the classifications of energy sources, non-renewable
sources include fossil fuels and nuclear. Fossil fuels pose a
negative impact in the environment by CO, emissions, there-
by adversely affecting human life and giving rise to global
warming/atmospheric pollution (Rahimnejad et al. 2020).

Our globe is in the twenty-first century, and by stating this,
it means that we are living in a high-standard and advanced
society. If talking about energy, the available resources which
generate energy and the methodologies in order to process
them through suitable routes to utilize them in a desirable
manner make a huge landmark in the history of science as it
serves as a blessing for humanity and this is an undeniable
truth. But everything has a dark side too because despite so
much relaxation, the world faces an energy crisis and its sus-
tainable solution puts a question mark. The major root causes
which results in such global headache includes the past,
existing, and prospective depletion of fossil fuel resources like
coal, oil, and gas (Aziz et al. 2013). Moreover, to ensure
equality, i.e., to fulfill the needs of a tsunami of the population
throughout, this planet is a very much similar matter to solve a
Rubik’s cube. This will not end up here because let say we
have an alternative resource that produces energy and could
serve us for a longer period but the point of the barrier is
whether it is environmentally bearable or not? (i.e., it has
enough potential to serve without contaminating or putting
an adverse effect in our surrounding) and if not then up to
what extent it would affect? On the opposite side, renewable
energy resources, i.e., solar, hydropower, wind, tidal, wave,
geothermal energy, etc., and even biomass come forward in
resolving this issue to a greater extent and seem to be a pos-
sible remedial measure for the long-lasting energy production.
Right now, scientists, engineers, and business corps are gath-
ered to discover resources that support three kinds of “E,” i.¢.,
it should be environmentally friendly, economically viable,
and socially equitable.

Focusing on these objectives, microbial fuel cell technol-
ogy grabs the attention of environmentalists and researchers
for more than a decade. It is because of its specialty to deal
with both power generation and waste water treatment si-
multaneously (Liu et al. 2004). It is based on the conversion
of organic matter into electric current directly through the
anaerobic degradation instead of indirect generation of elec-
tricity (for example, production of methane from animal’s
manure along with biologically oriented hydrogen through
underground anaerobic digestion) (Min et al. 2005a).
Microbial fuel cells (MFCs) (originated from hydrogen fuel
cells) are devices which, on behalf of the microbial activi-
ties as a biological catalyst, digest organic and some inor-
ganic matter as well as in the absence of oxygen and release
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energy. The energy is in the form of electrons which results
due to bacterial action over these substrates, which first
moved towards the negative anodic terminal and then
moves all the way to a positive cathodic terminal connected
with conductive material and accompanied by a resistor, or
load under which it operates (i.e., turns on a device when
placed in between the connection) as shown in Fig. 1. They
fall into two categories via electron transport phenomenon,
i.e., a “mediator” one in which the electrons are first migrat-
ed to the anode from the bacterial respiratory enzyme. It is
usually facilitated by chemicals such as neutral
redoranthraquinone-2,6-disulfonate (AQDS) (Logan et al.
2006), and others like phenoxazine, phenothiazine,
azophenylene, indophenol, and even derivatives of
bipyridylium were also found to be very beneficial as redox
mediators in MFC having Alcaligenes eutrophus, Bacillus
subtilis, Escherichia coli, or Proteus vulgaris as the active
biological species, and glucose or succinate as the oxidiz-
able substrate (Delaney et al. 1984). In the case when elec-
trons are transferred by a direct association of bacterial
membrane to the anodic electrode or by other means, i.c.,
without any external reagent, then MFC is classified as
“mediatorless.” Until now, numerous research works on
microbial fuel cell have been conducted by the utilization
of domestic-, sewage-, and industrial-released wastewaters
as a substrate and microbes present in that water as a bio-
oriented catalyst (Dannys et al. 2016). Wastewater treat-
ment has conventionally been an energy-intensive process,
acquiring between 950 and 2850 kJ/m? of wastewater for

the treatment (Al-Bsoul et al. 2020; Dannys et al. 2016). But
on the other hand, some noteworthy studies show that
wastewater encloses 9.3 times additional energy compared
to that employed to treat an identical volume, so making the
desire to capture this energy from the applicability of MFC
(Shizas and Bagley 2004). Industrialism has completely
changed the face of the world. It is because of day by day
manufacturing of variety of products for humans’ ease and it
is atrue fact that in today’s world, we are not only dependent
upon industries but we also cannot afford to live without
benefits acquired from them. With these advantages, if we
turn the picture upside down, the same industries create a lot
of trouble in terms of pollution. If thinking about employ-
ment opportunities, economic growth, and exports, leather
industry with no doubt has a distinct identity in the global
market (Al-Othman et al. 2020; Mathuriya 2014). The var-
ious processes involved in leather tanning generate wastes
in solid form and liquid effluent containing substantial
amount of chromium and organic matters such as calcium,
sodium, and potassium salts of fatty acids along with lime
and sulfide which need to be treated. A large number of
small-scale tanneries do not have an approach to a typical
treatment plant, and hence, they end up throwing their
wastes and residues in open fields or buried in landfill sites.
The use of sludge as a kind of cheap manure in agricultural
site is also not a very common practice. With these methods
of disposal, the soil and water are contaminated, providing a
straightforward route for such severe pollutants in the food
chain (Raju and Tandon 1999).

Fig. 1 Schematic diagram showing reasons for the increase in demand for energy requirement, resulting in depletion of non-renewable energy resources

(Chaturvedi and Verma 2016)
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Different wastewater for microbial fuel cell

For any microorganism to grow and evolve, the substrate
plays an important role as it serves as a source of nutrients.
In the same way, the substrate is considered to be the major
biological factor in MFC upon which the electricity generation
highly depends (Toczylowska-Maminska et al. 2020). Some
of the most common substrates and their impact on MFC
performance are discussed in detail below:

Numerous types of wastewater have been used by re-
searchers to produce electricity using MFC such as domestic
wastewater (Ditzig et al. 2007), swine wastewater (Min et al.
2005b), starch processing wastewater (Lu et al. 2009), food
processing wastewater (Oh and Logan 2005), and chocolate
industry wastewater (Noori and Najafpour Darzi 2016). In this
regard, He et al. have explored the general features of MFC in
detail along with the treatment of various wastewater from
agricultural, municipal, and industrial resources.

In the past few years, MFC technology has witnessed a
dramatic improvement in treatment efficiency and power den-
sity. MFCs have shown excellent results in contaminant re-
moval such as chemical oxygen demand (COD) with a remov-
al efficiency of greater than 90% (He et al. 2012).
Advantageous features such as thermophilic metabolism and
high-temperature cellulose biodegradability could be used in
favor of MFC to achieve higher power densities (Guan et al.
2019; Lan et al. 2020). Microbial fuel cells are well-known for
their operation regarding conversion of substrate into energy
and decreasing environmental problem related to wastewater.
Microbial fuel cells need some improvements with respect to
different operational and design parameters coupled with cur-
rent energy scenario. Current work focusses on the effect of
process parameter on the removal of COD and biological ox-
ygen demand (BOD) from distillery effluent used as substrate
in anode. Generation of current directly linked to the oxidizing
ability of substrate with respect to microorganism. Table 1
presents the current density (mA/cm?®) at maximum power
density (W/m?) achieved using various wastewater as sub-
strates in MFCs.

The microbial fuel cell configuration

A microbial cell mainly comprises 2 electrodes (anode and
cathode) and a membrane that separates these 2 compart-
ments. Electrons and protons are generated at the site of the
anode due to oxidation of microbes and hence start transfer-
ring to cathode. Electrons flow via the circuit whereas protons
through the membrane. Upon reaching the cathode, electrons
and protons give rise to water by reducing the oxygen. Being
electrochemically inactive, most of the microbial cells are fa-
cilitated by mediators (Guan et al. 2019; Zhang et al. 2019).
For evaluating the performance of MFC, different operational
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parameters have a significant impact. By viewing the current
energy scenario, it is noticeable for taking a serious step to-
wards renewable energy resources. MFC has such a potential
impact on energy and wastewater treatment perspectives.

Electron transfer mechanism in microbial fuel cell

Microbial fuel cell working principle was based on the mech-
anism of electron transfer. Microscopic observations showed
the anode of the fuel cell to be inhabited with thick biofilm on
to its surface. Similarly, the power generation is affected and
hence depends upon various factors including tendency of
microbes to transfer electrons, surface area of electrodes, elec-
trolytic resistance, and kinetic oxygen reaction. All these fac-
tors can be categorized into 3 groups, namely kinetic limita-
tion, ohmic limitation, and transport limitations (Jadhav and
Ghangrekar 2009) found limited power generation by cath-
ode, but when electron mediator was added or dissolved oxy-
gen was increased, the power output raised. Such limitations
come under the category of ohmic and transport limitations.
Other studies such as Dai et al. (2015) concluded that bacterial
cell wall and electron mediator affected the electron transfer,
hence showing the importance of identifying limiting factors
and thereby adjusting to improve overall performance.
Furthermore, the MFC can suitably be used to treat wastewa-
ter via batch or continuous feeds. However, when dealing with
the large-scale wastewater, batch feed is impractical. Aiyer
(2020) explored the effects of operational conditions of a
mediator-free microbial fuel cell. The researchers concluded
with the optimizing parameters as pH to be 7 and resistance to
be higher than 500 V. On the other hand, when the resistance
was lower than 200 V, limited proton and oxygen supply were
observed; hence for a fuel cell to be efficient, it needs to have a
high reducing activity (Fig. 2).

Effect of various parameters on the performance of
MFC

It is unfortunately true that Pakistan is among the countries
facing the energy crisis in the world today. Hence, indigenous
technologies based on renewable energy sources are required
to cope up with this crisis. MFC technology has shown a
significant potential towards resolving energy shortage as well
as being friendly to the environment. Like many other tech-
nologies, the MFC is influenced by several factors that conse-
quently decide the performance and efficiency, such as fuel
oxidation, microbial electron transfer, circuit resistance, sup-
ply of oxygen, proton transfer via the membrane, reduction at
the site of cathode, pH, and concentration (Woodward et al.
2010). Microbial fuel cell performance can be affected by
various parameters which could be enhanced and varied time
to time.
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Table 1 Various waste water for microbial fuel cell
Substrate Concentration Culture for anode Type of MFC Electrode material Current density Ref.
(mg/L) chamber (mA/ecm?)
Wastewaters 300 Anaerobic sludge Dual chamber Graphite felt as both 0.02 (Jang et al. 2004;
Attificial wastewater electrode Liang et al.
with glucose and 2018)
glutamate
Swine wastewater 3300 + 300 Manure Two chamber Carbon cloth 13 mW/m? (Ma et al. 2016)
Chocolaterie 3800 + 150 Mixed culture Upflow Carbon veil electrodes 98 mW/m? (Subha et al.
wastewater anaerobic 2019)
microbial fuel
cell
Petrochemical 45,000 Anaerobic sludge (AS) Two chambers Polyacrylonitrile-coated 1500 (Sarmin et al.
wastewater carbon felt 2019)
Dairy wastewater 4000 Shewanella algae Single-chamber ~ Carbon cloth 141 (Choudhury
(MTCC-10608) microbial fuel et al. 2020)
cell
Brewery wastewater 2240 Full-strength brewery ~ Single-chamber ~ Wet-proofed carbon cloth 0.2 (Feng et al.
wastewater air cathode containing Pt as cathode 2008)
Beer brewery 600 Anaerobic mixed Single-chamber ~ Carbon fibers 0.18 (Wen et al.
wastewater consortia air cathode 2009)
Chocolate industry 1459 Activated sludge Dual chamber Graphite rods 0.302 (Patil et al. 2009)
wastewater
Domestic wastewater 600 Anaerobic sludge Dual chamber Plain graphite electrode 0.06 (Wang et al.
2009)
Food processing 1672 Anaerobic sludge Dual chamber Carbon paper as electrodes 0.05 (Oh and Logan
wastewater 2005)
Meat processing 1420 Domestic wastewater ~ Single-chamber ~ Carbon paper electrodes 0.115 (Heilmann and
wastewater air cathode Logan 2006)
Paper recycling 2452 Diluted paper Single-chamber  Graphite fiber-brush anode 0.25 (Huang and
wastewater recycling air cathode Logan 2008)
wastewater
Protein-rich 175 Mesophilic anaerobic  Dual chamber Graphite rods as electrode  0.008 (Liu et al. 2009)
wastewater sludge
Real urban wastewater 330 Domestic wastewater ~ Dual chamber Graphite cylinder anode 0.018 (Rodrigo et al.
2007)
Starch processing 4852 Starch processing Single-chamber ~ Carbon paper 0.09 (Lu et al. 2009)
wastewater wastewater air cathode
Swine wastewater 8320 Full-strength swine Single-chamber ~ Toray carbon paper as 0.015 (Min et al.
wastewater air cathode anode and carbon cloth 2005b)
as cathode
Synthetic wastewater 12,100 Anaerobic mixed Dual chamber Graphite plate electrode 0.086 (Mohan et al.
consortia producing 2008)
hydrogen
Synthetic wastewater 510 Anaerobic culture Dual chamber Graphite rods as cathode ~ 0.008 (Jadhav and
from a preexisting Ghangrekar
MFC 2009)
Wastewater amended 1600 Domestic wastewater ~ Single-chamber  Carbon paper 0.08 (Min and
with acetate air cathode Angelidaki
2008)
Fermented primary 19,600 Previously inoculated ~ Single-chamber ~ NA Power density  (Yang et al.
sludge using wastewater air cathode 0.32+0.01 2013)
W/m?
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Fig. 2 Electron transfer mechanism in microbial fuel cell (Aiyer 2020). Adopted with permission

Electrode material

Several factors, i.e., electron transfer, electrochemical ef-
ficiency, and microbial adhesion, are highly dependent
upon the material of electrodes. Many studies have used
different material types to enhance the performance of
electrodes such as carbon paper, carbon felt, and carbon
fiber as described in Table 2. If MFC technology were to
have diverse applications, it needs to use cost-efficient
materials and enhanced power densities. Besides, the
cathode should possess catalytic properties. Even though
the criteria for each of the electrode are different, yet
both of them should at least have the common traits of
surface area and porosity. One of the reasons that results
in lesser power output is the electrode resistance. This
issue can be tackled by increasing the surface area of
the electrodes while keeping the volume constant, thus
improving the MFC efficiency and enhancing electrode
kinetics. On the other hand, higher porosity of electrodes
results in reduced electrical conductivity, thereby declin-
ing efficiency. When the electrons are generated, they
travel to the cathode by passing through the anode; how-
ever, if the electrodes have higher porosity, they offer
resistance to the moving electrons which reduces the con-
ductivity and efficiency. Furthermore, cathode needs to
have higher ionic conductivity to facilitate electron trans-
fer and triple phase boundary reaction (Pocaznoi et al.
2012; Qiao et al. 2010)
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Effect of cathode material

The power density was shown to improve from 660 to 1114
mW/m? when carbon paper was replaced with carbon cloth
electrode, bringing an overall upscale of 69%. This increase
was mainly due to the cathode material replacement whereas
the anode potential essentially stayed invariably the same. A
similar increase was observed by other researchers such as
from 17 to 45% using carbon paper cathode and from 22 to
52% by the use of carbon cloth cathode. However, using
higher current densities, the carbon cloth cathode resulted in
higher energy recovery (6.8-9%) than carbon paper cathode
(4.6-8.8%) (Gao et al. 2018; Sonawane et al. 2017).

Aeration rate

Controlled aeration rate results in higher yield of current.
When aeration rate was increased to 100 mL min_l, the max-
imum current increased as well; however, its value decreased
when the aeration rate was 200 mL min ™', probably due to the
disturbance caused by the shear force of immobilized mi-
crobes on the anode (Khan et al. 2019). As per the results,
the generation of power increased with higher air flow rate but
reached the threshold at the flow rate of 150 mL/min before
declining. This shows that air flow rate above the threshold
value resulted in reduced MFC generation capacity, probably
due to the obstruction caused by oxygen in the way of micro-
bial anaerobic activity (Jatoi et al. 2020; Jatoi et al. 2018).
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Table 2  Different waste water as substrate along with their anode and cathode materials and their efficiencies in the form of maximum power
generation capacity and treatment approaches
Wastewater Cathode materials ~ Type of Anode materials/area (cm?) COD removal ~ Pmax (mW References
MFC (%) m?)
Domestic sewage Carbon cloth Flat MFC  Carbon paper/100 79 43 (Min and Logan 2004)
Primary clarifier Carbon cloth SCMFC Carbon cloth/7 carbon 40 464 (Song et al. 2018)
effluent cloth/7
Swine wastewater Carbon paper SCMFC Carbon paper/7 92 261 (Min et al. 2005b)
Primary clarifier Carbon cloth SCMFC Graphite rod 80 26 (Asensio et al. 2017)
effluent
Food processing Carbon cloth DCMFC Carbon paper/22.5 95 81 (Yang et al. 2019)
Chemical wastewater  Plain graphite DCMFC Plain graphite electrode 35 125 (Yong et al. 2017)
electrode
Fermented wastewater ~ Carbon cloth SCMFC Activated carbon + carbon 93 2981 (Xia et al. 2019)
cloth
Starch wastewater Carbon paper SCMFC Carbon paper/25 98 239 (Lietal. 2018)
Electroplating Graphite paper DCMFC Carbon felt/10 99 1600 (Sayed et al. 2020)
wastewater
Brewery wastewater Stainless steel net SCMFC Carbon fiber/7 40 264 (Harewood et al. 2017)
Brewery wastewater Carbon cloth SCMFC 87 205 (Wang et al. 2015)
Hospital wastewater Woven graphite mat SCMFC Graphite granules + graphite - 48 (Wang et al. 2018a)
rod
Domestic wastewater ~ Porous graphite bar  Tubular Graphite cylinder/20 50 25 (Chandrasekhar et al.
MFC 2020)
Distillery wastewater ~ Graphite plates SCMFC Graphite plates/25 72 124 (Modestra et al. 2017)
Coking wastewater Carbon fiber brush  DCMFC Carbon fiber brush 100 51 (Wu et al. 2018a)
Hospital wastewater Woven graphite mat SCMFC Graphite granules + graphite - 48 (Wang et al. 2018a)
rod
Paper recycling Graphite fiber brush SCMFC Graphite fiber brush 29 672 (Radha and Kanmani
wastewater 2017)

Other researchers also discussed the importance of aeration
rate on the cathodic chamber or on air cathode microbial fuel
cell. Jatoi et al. (2020) discussed the effect of oxygen flow rate
on power production during the running of MFC. Which were
studied with different oxygen flow rates from 20 to 200 mL/
min yielding in power production between 220 and 995 mV
per L of the sewage treatment, respectively. These results
suggested that power production increased as the air flow rate
increased and reached a maximum of around 1 V at an oxygen
flow rate of 150 mL/min before showing a decline afterwards.
This indicates that at the higher air flow rate, the power gen-
eration capacity of MFC substantially reduced due to the
higher rate of oxygen in the air diffused down to the vicinity
of the anode, which probably disturbed the anaerobic mi-
crobes living on the surface of the anode (Aziz et al. 2013).

The performance of microbial fuel cells was measured in
the form of a different aeration rates. Running of microbial
fuel cell with different substrate concentrations coupled with
different pH and aeration rates. The effect of oxygen flow rate
on power generation during MFC operation was investigated,
and power generation was generated between 220 and 995

mV/L using different oxygen flow rates of 20 to 200 mL/
min. These results show that as the air flow rate increases,
the amount of power generation increases and reaches a max-
imum of about 0.77 V at an oxygen flow rate of 150 mL/min,
after which display is reduced. This indicates that at higher air
flow rates, MFC can interfere with the anaerobic microorgan-
isms present on the anode surface due to the higher oxygen
rate in the air diffusing near the anode, resulting in a signifi-
cant decrease in power generation capacity.

pH effect

The operational mechanism of MFC involves the generation
of protons at an anode that moves towards the cathode to give
water by reacting with oxygen. This continuous loop opera-
tion results in anode acidification, mainly due to incomplete
diffusion of protons through the membrane. On the other
hand, the cathode faces alkalization due to the reduced effi-
ciency of proton replacement. These factors ultimately limit
the performance of an MFC and hence give rise to a pH con-
centration gradient. An increase of pH in the cathode

@ Springer



5012

Environ Sci Pollut Res (2021) 28:5005-5019

compartment decreases the current generation; hence, it is
beneficial to reduce operational pH for achieving higher pow-
er output (Jatoi et al. 2018). Furthermore, bacterial growth
plays a key role in pH adjustments. Bacteria usually grow
optimally at pH close to neutral. Such pH variations to support
bacterial growth may result in changing other parameters such
as ion concentration, proton motility, the potential of the
membrane, and biofilm formation (Rozendal et al. 2006). It
has been observed that most of the prokaryotes and their en-
zymatic activity highly depend upon pH. Variations in pH
could result in changes in reaction rates (He et al. 2008)

pH is a major factor affecting prokaryotic activity. At op-
timum pH, the microorganisms perform their biological activ-
ity of growth and metabolism at a maximum rate. This high-
lights the point that an enzyme that may be secreted by a
microorganism at pH 8.5 will be the highest power yield at
which the advantageous form of the ionic group at its active
site will function properly. It is reported that a change in pH
will result in a change in the ionic form of the active site,
which will further alter enzyme activity leading to a change
in reaction rate. The results also show that at pH 6 and below,
electrochemical and cellulose activity may be lower than re-
sults obtained at higher pH. This may be due to the denatur-
ation of cellulose, proteins, or active sites under acidic condi-
tions. This finding is consistent with that reported by He et al.
(2008). They observed that the neutral pH is suitable for cel-
lulose degraders because the acidic conditions tend to inhibit
the growth of most cellulose-degrading yeasts. By comparing
the previous and current studies, the current maximum power
output is 200 mL/min, with pH of 8.5.

Electrolyte

MFCs were operated using diluted wastewater with salt solu-
tions to a COD value of 100 ppm. Fifty millimolars of phos-
phate buffer maintained at pH 7 was used with 100 mM NaCl.
Phosphate buffer with NaCl resulted in higher current gener-
ation compared to buffer, NaCl, and distilled water alone,
NaCl giving the lowest value. Similarly, in other studies, pH
changes were measured using 2 set of experiments: one using
wastewater diluted with water and another using control ex-
periment 50 mM phosphate buffer with NaCl. It was observed
that the pH change in the control experiment was significantly
lower compared to the non-control experiment using waste-
water coupled with distilled water. The cathode compartment
of the fuel cell witnessed a gradual rise of pH up to 9.5 after
the fuel supply while pH decreased on the anode. These re-
sults show the slow rate of proton transfer through the mem-
brane than the production in the anode, which can be compen-
sated by the buffer. As already mentioned, for the optimum
performance of a fuel cell, neutral pH is required; hence, buff-
er is needed to maintain the optimum microbial environment
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and to compensate for the slower proton transfer rate through
the membrane (Kumar et al. 2017; Margaria et al. 2017).

Temperature effect

Temperature affects MFCs significantly as its various kinetic/
mass transfer (conductivity, mass transfer coefficient, activa-
tion energy) and thermodynamic (free Gibbs energy and elec-
trode potentials) properties/characteristics highly depend upon
it (Mohammed et al. 2019; Ren et al. 2017). Although the
temperature effects have been explored in the past years, it
lacks systematic information in MFC. It is observed that tem-
perature directly influences MFC performance to remove
COD and generate electricity. Power density rises with an
increase in temperature whereas the ohmic resistances fall
(Kakarla and Min 2019; Ren et al. 2017). It is further shown
that membrane permeability bears an insignificant relationship
with temperature rise or power output. On the other hand, a
higher value of temperature results in lesser ohmic resistance,
presenting a linear trend (Heidrich et al. 2018). This could
possibly be due to the ionic conductivity created by tempera-
ture rise. Nevertheless, MFC performance with respect to tem-
perature cannot be fully explained through the changes in
ohmic resistance since these changes are exponential
(Heidrich et al. 2018; Wang et al. 2018b). Similarly, the tem-
perature effect on microbial activity is shown to have an ex-
ponential trend as well, hence affecting the power output of
MEC. Such microbial activity could be explained in terms of
biofilm developed on to the anodic compartment, thereby af-
fecting the biocatalyst activity. Several studies have conclu-
sively shown the relationship and effect of initial temperature
on the biofilm generation, hence the MFC performance. In
order for the optimized bioelectrolytic activity, the tempera-
ture range should be between 30 and 45 °C, thereby achieving
the improved MFC performance. Differing temperatures than
the mentioned yields lower biofilm development and MFC
performance. It can also lead to irreversible denaturation pro-
cesses that ultimately can deactivate the bacterial metabolic
activity. Different species of bacteria require different temper-
atures to grow into biofilm; once this temperature is achieved,
these species can adapt their metabolic activity accordingly
(Song et al. 2017). It was surprising to see a slight drop in
power density (9%) when the temperature was reduced from
32 to 20 °C. Usually, the coefficients of the chemical reaction
rate double with each 10 °C temperature increase. The slight
decrease in power output with respect to temperature drop can
therefore be advantageous for wastewater treatment, especial-
ly under anaerobic conditions. However, further research is
needed to explore the effect of temperature fluctuations over
MFC performance (Jadhav and Ghangrekar 2009). This sug-
gests the applicability of MFC over a wide range of tempera-
tures, especially for wastewater treatment (Woodward et al.
2010). The above observations that the startup procedures
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affect the system performance are clearly illustrated in
Table 3; therefore, using higher initial temperatures could re-
sult in improved MFC performance. After the startup, the
temperatures can be lowered without compromising the
performance.

Application of nanomaterials in microbial fuel
cell

Electrode materials used in any low-cost industrial process
(such as MFC) should primarily consist of low-cost materials
that maintain chemical stability during the operating life cycle,
have a large surface area, and are easy to upgrade the scale
(Aiyer 2020). Due to the biological characteristics of micro-
bial fuel cells, ideally the electrodes that interact with the
biocatalysts should promote cell adhesion (or at least be harm-
less to bacteria in the anode) and have a limited tendency for
chemical and biological contamination, improving their long-
term functioning time. For these reasons stated, carbon elec-
trodes are generally included as electrode materials.
Considering the cost-efficiency and ease of production,
coupled with the chemical stability of many carbon-based
materials, good biocompatibility, and good electrical conduc-
tivity, their integration as large-scale electrode materials for
fuel cells is of obvious research interest. However, compared
to their metallic counterparts, carbonaceous electrodes have
relatively low electrical conductivity and higher electrochem-
ical surges. Considering the above situation, the application of
nanomaterials and research in this field therefore cover many
aspects; the most notable is the modification of the electrode
and its potential impact (1) power transfer process of anode
electrons, (2) mass transfer in the system, and (3) the process
of cathodic electron transfer. Therefore, in this chapter, we
describe how nanomaterials positively impact the key limita-
tions in terms of electrode and surface materials, catalysts in
oxygen reduction reactions, and media that increase efficiency
of bacterial electron transfer.

Recent developments of MFC performance
based on nanomaterial

Designing the electrodes is one of the main challenges in
manufacturing microbial fuel cells, as it must be cost-
effective and compatible with improved power generation.
Therefore, the selection and manufacture of effective anode
materials for fuel cell, which is essential for determining the
final efficiency and power density of the fuel cell. By modi-
fying various material parameters, MFC technology has made
significant progress in the generation and transmission of elec-
trons. Innovations in the design of anode materials have led to
the formation of various materials with improved power

density and efficiency. Carbon-based materials are widely
used in the manufacture of anodes due to their high porosity,
large surface area, and good electrical conductivity. In order to
improve the performance of electrodes, various nanocompos-
ites with improved properties (e.g., high mechanical resis-
tance, electrical conductivity, thermal stability) have been pro-
posed and developed in recent years. The main purpose of
MFC research is to enhance the interaction of microorganisms
and anode materials in wastewater treatment and determine
their compatibility. However, further efforts are still needed
to increase the amount of electricity generated by wastewater.
Cost-effective materials are one of the main concerns of re-
searchers because MFC must be sustainable and environmen-
tally friendly. As mentioned above, stainless steel is very ef-
fective in improving the power density and coulombic effi-
ciency of MFC. Therefore, significant progress has been made
by incorporating stainless steel into various anode materials.
For example, steel wool/PANI/polypyrrole nanocomposites
have a higher power density of 2880 mW m? (Sonawane
et al. 2018). In addition, graphene has the advantages of large
surface area and excellent electrical conductivity, which is
why it is widely used as an anode material in MFC. The power
density of graphene-modified stainless steel mesh anode in
MFC is 2668 mW m? (Yuan and He 2015). By N-doping
TiO, nanosheets, the electronic properties of carbon paper
anodes can be improved. It has been noted that the adhesion
of bacteria to the surface of the anode leads to an increase in
energy production with minimal electron loss (produced by
bacteria in the MFC). TiO, nanofilms doped with carbon pa-
per have been calcined in NH; atmosphere at different tem-
peratures (e.g., 400, 500, 600, and 700 °C) (Yin etal. 2017). It
can be seen that at 600 ° C, the best performance of the elec-
trode reaches 196% with the increase in the maximum power
density (for example compared to bare carbon paper) (Yin
et al. 2017). A modified anode based on multi-walled carbon
nanotubes was also prepared to improve the performance of
the MFC. Compared to bare carbon fabric anodes, the efficient
growth of E. coli was obtained on the MWCNT-, MWCNT-
COOH-, and MWCNT-NH,-doped anodes. Therefore, the
maximum power density recorded with an anode modified
by MWCNT-COOH is 560.4 mW/m? (Fan et al. 2017).
Therefore, these types of anode modifications help improve
power generation and stability of the MFC. The purpose of
this review is to propose detailed performance indicators for
various wastewater as a substrate with respect to anode mod-
ifications, such as carbon-based composite materials and
nanomaterials. Nanomaterial electrode materials in MFC pro-
vide a promising tool for high hydrogen production because
MFC has the potential to generate electricity by treating
wastewater. Although the yield and purity of hydrogen is still
a difficult problem, there are still many opportunities in the
development of electrode materials for the production of hy-
drogen (Zhao and Ci 2019). It is hoped that this research can
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Table 3 Impact of temperature on the performance of MFC
Type of MFC Source of inoculum Substrate Temperature Power and COD  References
(°C) current density ~ removal
(mW m?)
01 Single-chamber Inoculated with the solution ~ Wastewater 4 425+2 NA (Cheng et al.
microbial fuel cell from an MFC operated for 30 1260 £ 10 2011)
over | year
02 Single-chamber, PST overflow and anaerobic ~ Acetic acid 23+3 549.8+9.5 25.8%  (Ahn and Logan
air-cathode MFCs sludges 301 5459+ 18.7 2010)
Propanoic acid 23+3 196.1£9.3
30+1 248.6 £21.5
Butyric acid 23+3 487.3+£9.6
30+1 480.3 +13.5
Domestic waste water 23 +3 301.8+10.0
30+ 1 3342 +£12.5
03 Dual-chambered Anaerobic sludge collected ~ Synthetic wastewater 40 34.38 84% (Behera et al.
mediator-less microbi-  from septic tank bottom 2011)
al fuel cell (MFC)
04 Single chamber Brewery wastewater diluted ~ Brewery wastewater 4 15.1 58% (Larrosa-Guerrero
in domestic wastewater diluted in domestic final et al. 2010)
wastewater COD
35 174.0 94%
final
COD
05 Microbial Primary waste water Acetate 30 520 NA (Patil et al. 2010)
bioelectrochemical 881
06 Two-chamber membrane Domestic wastewater Domestic wastewate + 30 70 (Min et al. 2008)
MEFCs acetate
22 43
Dual-chambered MFC ~ Synthetic wastewater 20-35 90 (Jadhav and
8-22 59 Ghangrekar
2009)

provide various valuable information for further improvement
of the MFC. Table 4 shows the comparison of various
nanomaterial as electrode material for the performance of
MEC.

Critical discussion

Microbial fuel cells (MFCs), as a partial solution to overre-
liance on fossil fuel-based electricity, are a potential way to
be explored. Limitations limit the progress of MFC devel-
opment, including low power generation, expensive elec-
trode materials, and the inability to expand MFC to related
industrial capabilities. However, the use of new advanced
electrode materials (i.e., 2D nanomaterials) is expected to
promote the development of electromicrobiology. New
electrode materials, coupled with a more in-depth under-
standing of the mechanism by which the bacteria-
generating bacteria participate in electron transfer, may
greatly increase the power and may reach the upper limit

@ Springer

of the theoretical limit. Continued research in electrochem-
istry and microbiology is essential to realize the industrial-
scale development of MFC.

The current review addressed the different types of
nanomaterials for use in microbial fuel cell and their per-
formance to investigate the effect of various parameters.
Recent investigation shows that nanomaterial has wide
range of application for wastewater treatment to promote
the application of microbial fuel cell. Apart from
nanomaterial application, microbial fuel cell is one of the
tremendous field of research in current world, due to their
nature of converting wastewater into energy and their treat-
ment efficiencies.

Future perspectives and challenges of MFC
MFC technology is shown to achieve promising results in

terms of electricity generation, especially through organic ma-
terials/waste, but it does come with drawbacks that hinder its
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Table 4 Comparison of various nanomaterial as electrode material for performance of MFC
Electrode material Anode Inoculum Reactor Methods of preparation Power  References
source configuration density
Polyaniline-based NC
PANI/graphene Carbon cloth Escherichia  Single chamber In situ 884 (Huang et al.
coli electropolymerizatio- 2016)
n
PANI/TiO, Graphene S. oneidensis Mediator-free - 1459 (Qiao et al.
dual chamber 2008)
PANI/CNT Graphene felt Shewanella ~ Mediator-free  Electropolymerization 257 (Cui et al.
putrefacie- dual chamber 2015)
ns
PANTJ/stainless steel Stainless steel Simulated Single chamber Electropolymerization 100 (Khilari et al.
plates wastewater 2015)
PANI/CaCO; Large mesoporous  Shewanella ~ Dual chamber  In situ chemical 1280 (Zou et al.
carbon (LMC) putrefacie- polymerization 2017)
ns
NiO/PANI Carbon felt Domestic Dual chamber  In situ polymerization ~ 1078.8  (Zhong et al.
sludge 2018)
(MnFe,O4)/polyaniline (PANI) Carbon cloth Shewanella Single chamber Hydrothermal - (Qiao et al.
putrefacie- 2008)
ns
PANI/polypyrrole Stainless steel wool Synthetic Dual chamber  Electrochemical 2880 (Sonawane
wastewater polymerization et al.
2018)
CNT-based NC
Fe;04/CNT Carbon paper Escherichia  Dual chamber  Solvothermal synthetic 830 (Park et al.
coli 2014)
CNT/SnO, Glassy carbon Escherichia  Dual chamber - 1421 (Mehdinia
electrode (GCE) coli et al.
2014)
Nitrogen-doped/CNT/rGO Carbon cloth Shewanella - 1137 (Hou et al.
putrefacie- 2016)
ns
Nano-molybdenum carbide (Mo,C)/CNT  Carbon felt Escherichia  Single chamber Microwave-assisted 170 (Wang et al.
coli method 2014)
Graphene-based and other NC
Graphene oxide/manganese oxide Carbon felt Sewage Two chamber  Dip coating and 2065 (Zhang et al.
sludge electrodeposition 2016)
process
Porous nickel oxide/graphene Carbon cloth Shewanella ~ Dual chamber  Hydrothermal 3632 (Wu et al.
putrefacie- (solvothermal) syn- 2018b)
ns thesis
Polypyrrole/graphene oxide/ Graphene felt Shewanella  Dual chamber  In situ 1326 (Lvetal
oneidensis electropolymerizatio- 2013)
n
TiO,/egg white protein-derived carbon as- Loofah sponge Anaerobic Single chamber Carbonization 2590 (Tang et al.
sembled core shell nanoparticles carbon (LSC sludge 2015)

wide range applicability (Chaturvedi and Verma 2016). One
of the first drawbacks is the low power density, which can be
rectified by using potent microorganisms capable of efficient-
ly transferring electrons to the anode or by genetically modi-
fying microbes through recombinant DNA technology for
their improved transfer rates. It is confirmed by various studies
that consortium of many bacteria performs electron transfer

rates faster. Similarly, many bacterial strains produce media-
tors to enhance this transfer rate; hence, new mediators can
result in achieving improved MFC performance. Another
drawback is the limited electrode surface area for the micro-
organisms to develop, thereby limiting biofilm production. To
deal with this issue, several studies have suggested using air
cathodes (Rossi et al. 2019), stacked reactors, and cloth
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electrode assemblies (Logan et al. 2019). Among these, air
cathode has proved to be effective since it helps in efficient
oxygen use from air and refrains from aerating water or using
any chemical catholytes.

Conclusion

The depletion of fossil fuel enforced the study on the renew-
able energy source. Apart from these different wastewater
generated from various industries, for treating these types of
wastewater, significant techniques are available for treating
such waste; among them, some are conventional and some
are new entry. Among them, nowadays, one of the promising
technologies puts this positive impact on bioenergy generation
simultaneously treating wastewater, which is MFC technolo-
gy. MFC energy generation has many advantages, including
cleanliness, efficiency, and recyclability without generating
harmful toxic by-products. In addition, microorganisms uti-
lized in MFC are free and available in the environment.
Despite many advances in MFC technologies, there are still
challenges ahead the effectiveness of these technologies. The
current review comprises different wastewater as a substrate in
terms of electric current, and power outputs together with key
factor affecting have been discussed. Currently, the growth of
MEFC technology is limited by the low efficiency of electrode
material properties such as charge transport, surface, catalytic
behavior, and cost. Indigenously developed electrode mate-
rials have better charge transfer properties, robustness, and
high surface area which are thus expected to make efficient
MFC electrodes.
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