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ABSTRACT

There is an urgent need to find an environment friendly and sustainable technology for alternative
energy due to rapid depletion of fossil fuel and industrialization. Microbial Fuel Cells (MFCs) have
operational and functional advantages over the current technologies for energy generation from
organic matter as it directly converts electricity from substrate at ambient temperature. However,
MFCs are still unsuitable for high energy demands due to practical limitations. The overall
performance of an MFC depends on microorganism, appropriate electrode materials, suitable MFC
designs, and optimizing process parameters which would accelerate commercialization of this
technology in near future. In this review, we put forth the recent developments on microorganism
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and electrode material that are critical for the generation of bioelectricity generation. This would
give a comprehensive insight into the characteristics, options, modifications, and evaluations of
these parameters and their effects on process development of MFCs.

Introduction

There is an urgent need to address the twin problems
of the modern world that are energy insecurity and cli-
mate change caused by fossil fuel depletion and global
warming respectively. The use of fossil fuels in recent
years has hastened which led to a global energy crisis.
Renewable energy is considered as a sustainable way
to alleviate the current global warming crisis. How-
ever, efforts have been devoted to develop alternative
mechanism for electricity generation. It is also desired
that the electricity production mechanism should
come from renewable resources without a net carbon
dioxide emission."” Microbial fuel cells (MFCs) offer
new opportunities for the sustainable production of
energy from waste water. MFCs generate sustainable
power through utilization of different carbohydrates
as well as on complex substrates present in waste-
waters. Nevertheless, the commercialization of MFC is
restricted due to low power generation along with its
high cost. There are several challenges required to
overcome in order to develop the performance and
commercialization of MFCs.

Figure 1 illustrates a schematic diagram of a MFC
for producing electricity.” The MFC consists of an
anode, a cathode, an electrolyte medium which are
connected with two electrodes, PEM and microorgan-
isms.** Microorganism and electrode are the main
components of an MFC that could significantly affect
its cost and performance. However, there is inade-
quate information available about the energy metabo-
lism pathway (shown in Fig. 2) and nature of the
microorganism which is used in anode.® Therefore, it
is essential to identify the key steps that would opti-
mize the process parameter which will enhance the
energy production through microbial fuel cell. It has
been found that microorganism can easily adopt the
different metabolic pathways for efficient power gen-
eration which depends on the operational parameters
of the MFC. Electrode design is the biggest challenge
for cost effective scalable MFCs.” Presently, research-
ers are focused on designing the electrode material
and its configuration for development of MFCs. Car-
bon materials are mostly used as electrode because
they are non-corrosive in nature having the general
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Figure 1. Generalized diagram of a microbial fuel cell.’

properties of an electrode. However Bio-electrodes are
used as a conductor as well as a carrier for bacteria,
and exhibits some special surface characteristics of
electrode materials.*” The modification of electrode
materials has proved to be an effective way to improve
the performance of MFCs. This change in the physical
and chemical properties of an electrode provides bet-
ter microbial attachment and electron transfer. The
efficiency of MFCS can be increased through improv-
ing the bacterial adhesion and also electron transfer
along with modification of the electrode surface.
Therefore, this review explores the recent progress in
microorganism manipulation along with electrode
design for MFC.

Glucose

Bacterium Anode Cathode

Figure 2. The working principle of energy metabolism pathway.®

Microorganism use in MFCs

Previously, microbial fuel cells were constructed with
pure culture organisms that required the addition of a
synthetic mediator which makes easier to facilitate
electron transfer to the anode.'” Such types of micro-
organisms are possibly extraneous for electricity pro-
duction from waste effluent.
additional synthetic mediators are not required. A
number of microorganisms having electricity generat-
ing efficiency such as Geothrix species and Shewanella,
can produce their own electron shuttles.'’ It has been
suggested that microorganism with own electron shut-
tle are advantageous as it can be positioned at a dis-
tance from the electrode and still can transfer
electrons to the electrode surface.'” Geobacter species
are advantageous due to presence of the ability to
directly transfer electrons to electrodes, when compet-
ing for space on the anode of sediment microbial fuel
cells. Similarly, Shewanella species are unable to gen-
erate electricity from waste organic matter. Since, the
substrates they utilize are unlikely to be central extra-
cellular intermediates in the anaerobic degradation of
organic matter,!! therefore, Shewanella species can

water However,

only incompletely oxidize lactate to acetate on electro-
des, leading to inefficient electricity production.'>"*

In past few years, one of the most exciting discovery
in microbial fuel cell research was to design a micro-
bial fuel cell which can produce electricity from the
organic matter in aquatic sediments.'>'® This type of
systems is now known as Benthic Unattended Genera-
tors or BUGs (http://www.nrl.navy.mil/code6900/bug/).
This type of device (BUGs) is being designed to supply
the power in remote locations. One of the remote loca-
tion would be in the deepest of the ocean where it
would be very expensive and technically not feasible
to exchange traditional batteries.">'” Thus Devices
having similar design may be developed into efficient
power electronic devices in distant terrestrial positions
and could eventually be modified to harvest electricity
from other sources such as compost piles, septic tanks
and waste lagoons.

Lovley (2006) emphasized the recent development
of a microbial fuel cell that can harvest electricity
from the organic matter stored in marine sediments
through the production of useful amounts of electric-
ity in remote environments in feasible way. From his
observation, it was found that self-sustaining micro-
bial fuel cells can effectively convert a diverse range of
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waste organic matter or renewable biomass to electric-
ity. However significant progress had recently been
made to increase the power output to convert organic
wastes to electricity. However, the substantial optimi-
zation is scale
generation.'

In MFCs, the microorganisms which have been

used include pure bacterial strains, e.g. Shewanella,'®"
13,20

required for large electricity

and Geobacter species or, mixed culture, natural

waste water source, brewery waste water, sediments of

marine and lake®?!

However very few researches have
been done so far on pre-genomic and genomic techni-
ques such asl6S rRNA based phylogeny analysis
which could be used for efficient power generation.
Furthermore, study of metagenomics along with phy-
logenetic analysis has provided important information
in the structure and genetic potential of electrode-col-
onizing microbial communities. Post-genomic techni-
ques such as meta-transcriptomics offer functional
characterizations of electrode biofilm communities by
quantifying gene expression levels. In addition, iso-
tope-assisted phylogenetic analysis can provide further
breakthrough about taxonomic information that may
be helpful to understand the microbial metabolisms.
An integrated knowledge of phylogenetic, electro-
chemical, metagenomic, and post-metagenomic tech-
niques provides newer opportunities to understand
the extracellular electron transport mechanisms which
can eventually optimize the process parameters for
power generation in microbial fuel cell.**

Identification of microorganisms

Utilization of biotechnological tools to understand the
microbial processes normally starts with the discovery,
investigation and understanding of naturally occur-
ring microbial reactions. Molecular biology tools can
help us, not only to gain better understanding of pro-
tein reactions; they also enable us to influence reaction
properties. For efficient practical applications, modern
biological techniques allow us to tailor these microbial
reactions to optimize the desired functionality.*

The ability to produce high current densities by
Geobacter sulfurreducens in microbial fuel cell has
been made very popular in research community.*
The availability of complete genome sequence of Geo-
bacter sulfurreducens,” genetic system®®”” and the
electron transfer ability to electrode has been proven
that Geobacter sulfurreducens is a potential candidate
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for electricity generation in MFCs.*****° The major
pathway of electron transfer to a MFC anode is the
direct extracellular electron transfer through cell
membrane bound redox-proteins. Therefore, Shewa-
nella oneidensis and Geobacter sulfurreducens have
been extensively studied for extracellular respiration
with an anode. These bacterial strains have ability to
respire with solid extracellular electron acceptors,
such as mineral oxides of Fe, Mn, and U, and are con-
sidered as model group of dissimilatory metal-reduc-
ing bacteria (DMRB).>"** The electron transport
chain of these organisms has a chain of redox-proteins
(mostly cytochrome c-type) to conduct electrons
across the cell envelope. However, the true pathway of
the electron transport and the importance of specific
proteins are still under investigation. Molecular biol-
ogy techniques helped to clarify the essential electron
transfer reaction steps and showed that engineered
microorganisms can utilize complex fuels though gen-
eration of electricity.

Hererologous gene expression

The genomic study reveals that total of 42 and 111
membrane-associated c-type cytochromes are associ-
ated with S. oneidensis and G. sulfurreducens respec-
tively.”>** Involvement of high number of proteins in
anaerobic respiration processes make these organisms
very complicated for functional studies. Furthermore,
the deletion mutations cannot result inoverall loss of
function in the mutant since other cytochromes take-
over and allow the reaction to happen. It is obvious
that reported results from iron or manganese oxide
reduction experiments are not necessarily similar for
electron transfer to anodes. Bretschger et al. (2007)
showed that knockout mutations of outer membrane
reductases OmcA/MtrC in S. Oneidensis, knockouts of
periplasmic proteins MtrA and MtrB only and
reduced all three types of electron acceptors.”* Obvi-
ously, some of proteins play significant role in broad
range of enzymatic pathways. However, they are very
specific for certain reactions. knockout mechanisms
also demonstrate that c-type cytochromes, are crucial
for Fe(III) reduction or electron transfer to anodes. It
is also important to express other cytochromes which
are not directly involved in the respiration reaction.
Kim et al. (2006) demonstrated that, G. Sulfur reduc-
ens c-type cytochromes, OmcG and OmcH are
hypothesized to post-translation ally genetically
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modified microorganisms for BES 105 affect OmcB.
Furthermore, knocking out OmcG and OmcH will
reduce reduction rates indirectly. Therefore, OmcB is
considered as essential for Fe(III) reduction in G.
Sulfur reducens.”

Recently, Kimand Lovley (2008) demonstrated the
possibility of similar function of expression control of
OmcB, and their indirect involvement in the reduction
reaction. He has also described for MacA, protein
which is considered as a key-player in the electron
transfer chain of G. Sulfur reducens.’® Kim (2008)
demonstrated that gene for Omc F is a mono heme
outer membrane c-type cytochrome in Geobacter sul-
phurreducens. Deletion of this gene can substantially
decrease the current production. Previously it was also
reported that inhibition of Fe(III) reduction in the
OmcF-deficient mutant could be attributed to poor
transcription of the gene for OmcB, an outer mem-
brane c-type cytochrome which is required for Fe(III)
reduction. However, a mutant in which omcB were
deleted produced electricity as well as wild type. He
also suggests that the requirement for OmcF is not
required for optimal current production since OmcF
is directly involved in extracellular electron transfer.
However, OmcF is required for the appropriate tran-
scription of other genes either directly or indirectly
involved in electricity production.’”

Recently Zheng et al. (2015) has developed a new
approach to improve the membrane permeability of
the bacteria by increasing the biosurfactant produc-
tion from through genetic modification. It is also true
that the efficiency of membrane permeability can be
improved with biosurfactant which ultimately
increases the transport across the membrane. Fur-
thermore, researchers overexpressed the rhlAgene
which is responsible for rhamnolipids(a biosurfac-
tant) production. The bio surfactant directly influ-
enced the overproduction of rhamnolipids from the
electric bacteria such as Pseudomonas aeruginosa.
The electron transport across the membrane was
largely enhanced as the membrane permeability
increased. The power output of the MFC catalyzed
by this genetically engineered bacterium was
enhanced up to about 2.5 times compared with the
MFC with the parent strain.”®*

It was also reported that a number of nonspecific
proteins are also involved in proper post translational
folding and membrane localization of the terminal
reductases. The transportation of respiratory proteins

in the inner membrane of the bacteria is the first
step. Second step involves the maturation of proteins
with the help of cytochrome ¢ maturation complexes
which helps in proper attachment of heme molecules
with the proteins within the periplasmic space.*’
Lastly, they are transported over the outer membrane
which might be facilitated by the Type II secretion
system.*' In general, involvement of large number of
c-type cytochromes and specific mechanism of trans-
portation of proteins, electron transfer reactions to
extracellular electron acceptors in S. oneidensis and
G. Sulfur reducensare very complex that ultimately
makes functional studies of individual enzymes more
difficult. With the help of genetic engineering
approach, E. coli is perfectly suitable for this task,
because the wild-type strain has no intrinsic ability to
reduce external electron acceptors and does not posse
outer membrane c-type cy’cochromes.42 However,
with the implementation of recent bio-molecular
tools, it is easier for manipulating and screening E.
coli cell lines. Those genes which are potentially
responsible for enzyme function can be transferred
into E. coli and studied for their expression, folding,
localization, and in-vitro functionality. Stepwise addi-
tion of most promising proteins into the heterologous
host, we may be able to build the minimum chain of
proteins that will permit E. coli to respire with extra
cellular terminal electron acceptors. With the help of
minimal required protein chain is established in one
E. coli cell line and the protein expression can be
tuned and optimized to maximize the current
generation.

Directed evolution

Directed evolution involves subjecting a given protein
to a specific selection pressure (hence, directing the
evolution of a desired trait). Random mutagenesis of a
given gene using error prone PCR or mutagenesis of
specific residues using primer oligonucleotides degen-
erates sequences through two methods. The above
sequences are used to create a library of variants of the
desired protein. With the help of biophysical, bio-
chemical, or even electrochemical probes, the desired
phenotype is screened for, usually via screening tools.
Selection of desired mutants is based on their proper-
ties. In most cases the process is repeated for second
and third rounds of selection. This process continues
until sequencing of the DNA, analyzing the mutations,



and studying the biochemical performance of a newly
in vitro evolved enzyme. One of the common exam-
ples of directed evolution is evolution of glucose oxi-
dase (GOx) (E. C. 1.1.3.4) enzyme from Aspergillus
niger.

Gold/silver coating

It was already reported that the use of metallic nano-
particles enhanced that
enhancement up to 8 folds as nano-particles act as

electron turnover rate

nano-electrical connectors between active site of
enzyme and an electrode.”’ The enzyme used was
FAD-reconstituted GOx, in which the FAD was modi-
fied with a gold nano-particle and then attached to an
electrode. Its orientation relative to the electrode
helped to achieve the best possible electron transfer.
Different types of strategies have been adopted to
maximize the efficiency of redox enzyme. It includes
the encapsulation in conducting polymers** through
combining the nano-tubes with redox enzymes,*>*° or
properly align of proteins with electrodes can be pre-
dicted through site directed mutagenesis.*’ Several
attempts have been made in the microbial world to
coat bacteria with metal nano-particles (Fig. 3). One
example is the biosynthesis of gold nano-particles
(GNPs) (Fig. 4) assisted by E. coli where the applica-
tion of bacterial/gold nano-particles hybrids was dem-
onstrated in the

direct electrochemistry  of

hemoglobin.*® A variety of bacteria have been used to

Figure 3. Gold nano-particles deposition on bacteria. (A) Perco-
lating monolayer of nanorods (25 nm in diameter and 400 nm
long) (B) Gold nano-spheres (45 nm diameter) on bacteria*
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induce architecture nanostructures (Fig. 3) made of

metal nano-particles.*>>°

Genetic analysis

A microarray analysis of Geobacter-based MFCs
revealed significant up regulation of the genes
involved in the production of the electrically conduc-
tive pili, known as microbial nanowires, and several
outer-membrane c-type cytochromes. Genetic studies
demonstrated that nanowires and the outer-mem-
brane cytochrome, omcZ, were absolutely required for
high-density power production. G. Sulphurreducens
strains are adapted for faster extracellular electron
transfer and also for transfer the electrons at signifi-
cantly lower potentials than wild-type cells. Genome
sequence of the adopted strains provides insight
mechanisms behind self-optimization for power pro-
duction. Furthermore, genome based in silico model-
ing can also provide important information toward
optimization of power generation of microbial fuel
cell rather than an empirical manner.” A large team
effort was dedicated to pinpoint the genes involved in
electron transfer mechanisms. A very extensive study
of forty six mutants of Shewanella oneidensis (S. onei-
densis) MR-1 was done and tested for current produc-
tion and metal oxide reduction.” Surprisingly, out of
36 deletion mutants only 5 cytochrome deletion
mutants have a limited ability to produce a current
relative to the wild type. However, several cytochrome
deletion mutants showed atleast 20% higher current
values than the WT strain. They also conclude that
different patterns of metal oxide reduction and cur-
rent production indicate a highly complex picture of
electron flow via MR-1 cytochromes.

Bacterial Pili

Bacteria having metal reducing ability can transfer
electricity through conductive pili or “nanowires”.”
Recent studies have shown electrically conductive
nanowires are not restricted to the metal reducing
bacteria such as Shewanella and Geobacter. However,
they are produced by oxygenic photosynthetic cyano-
bacteria and thermopile fermentative bacteria. It was
also concluded that electricity generation in such bac-
teria are not only through the conductive nanowires,
rather through some other cell organelles also.*” Fim-
briae is an adhesive bacterial organelles which enable

bacteria to target and to colonize specific host tissues.
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Figure 4. TEM images of gold-coated bacterium. (A) Isolated bacteria after 5 d of gold biosynthesis in water. (B) Closer view of bacteria.

(C) Cross section of gold coated bacteria.*?

Usually, there are about 500 per cell and are as long as
Imm with diameters of about 7 nm. A large, highly
diverse group of fimbriae of gram negative origin are
already known. They have ability to bind heavy metals
and heavy metal oxides.” Binding of gold/silver nano-
particle to such peptides may lead to the development
of real conducting nano wires, associated with gram
negative bacteria.

Recent engineering approach
De Novo design

De Novo design mainly concerned with the process of
introducing new elements into bacterial cells. In pro-
tein engineering de novo design relates to the assem-
bly of peptides into predicted protein structures.”
Short gene fragments were inserted into the genes of
the E. coli outer membrane proteins LamB, OmpA,
Lpp- OmpA, PhoE which direct protein incorporation
into the outer membrane of the cell. In the recent
years, number of surface display systems have been
developed, among those Lpp-ompA is the most popu-
lar system developed by G. Georgiou et al.>> As surface
display systems evolved and became more robust, the
number and variety of their uses have grown tremen-
dously to include such exciting applications as pro-
teins displays for bio sensing.’®*” Tt is believedthat
glucose oxidase (GOx) can be displayed on the surface
of bakers yeast (Saccharomyces cerevisiae).”® Primary
metabolite is used directly by the displayed enzyme
and the corresponding electron is delivered directly or
indirectly by the enzyme to the electrode. In fact, this
is a combined enzyme biofuel cell/microbial fuel cell
system, in which the bacteria serves both as a micro

factory for enzyme production and also as a stabilizing
element.

Yeast surface display (YSD) of proteins

Yeast surface display is a powerful tool for displaying
and engineering the affinity, specificity, and stability
of antibodies, as well as other proteins. YSD tool is
advantageous over other display technologies.”” Yeast
cells can be sorted by employing Fluorescence Acti-
vated Cell Sorting (FACS) which creates quantitative
discrimination between mutants. YSD allows eukary-
otic expression of the heterologous target protein.
however few application of YSD such as affinity matu-
ration, protein engineering for improved production
and stability, cell-based selections, epitope mapping,
cDNA library screening, cell adhesion molecule engi-
neering, and selections against non-biological targets.
However, the use of modified yeast as anode compart-
ment in microbial fuel cell has done recently. In addi-
tion, the application of engineered yeast has great
advantages over unmodified yeast. It was also found
that increased electromotive force (EMF) ca. 884 mV
over unmodified yeast or purified GOx ca. 700 mV
when the oxygen reducing enzyme laccase was present
at the cathode compartment. One of the major advan-
tages of GOx displaying yeast is the regeneration abil-
ity of the fuel cell.*’

Unnatural amino acids incorporation

This technique involves selective incorporation of
unnatural amino acids into proteins in E. coli,’!
yeast” and mammalian cells®® using orthogonal
tRNA-aminoacyl synthetase pairs. These orthogonal
pairs do not cross-react with endogenous components



of the translational machinery of the host cell. How-
ever, the amber nonsense codon when used in E. Coli
and yeast or TGA, the opal codon, when used in
mammalian cells cannot recognize the desired unnat-
ural amino acid and incorporate it into proteins in
response to TAG. Recently, 3-amino tyrosine was
incorporated into the 2 subunit of E. Coli ribonucleo-
tide reductase, and it was successfully demonstrated
that this 3-aminotyrosine served as a radical trap
instead of one of the tyrosine radicals 730 or 731 sepa-
rately. Therefore, it proves the putative electron trans-
fer pathway in this important enzyme.**

Electrode materials

Carbonaceous materials are used widely because of
their good biocompatibility, good chemical stability,
high conductivity, and relatively low cost for MFC
anodes. In the laboratory, graphite plates or sheets,
carbon paper, and carbon cloth are the used for plain
electrodes. In comparison with carbon sheets, carbon
cloth is preferred as it is more flexible and much more
porous which allows huge surface area for bacterial
growth.However, it is excessively expensive to use for
MFCs (ca. $1000/m?). A cheap carbon mesh material
($10—40/m2) was examined as a substantially cheap
alternative to carbon paper and carbon cloth. Some
hardly used fibrous materials, such as activated carbon
cloth, graphite foil, and carbon fiber veil are also
reported and comparatively evaluated for sulfide elec-
trochemical oxidation in the anode of MFCs. Graphite
or carbon felt is another fiber fabric that is much
thicker and might loose its texture. But the space for
bacterial growth is more than carbon cloth and graph-
ite sheets, but the growth of bacteria is more likely to
be controlled by the mass transfer of substrate and
products on its inner surface. Similarly RVC can be
used as packing material to fill the anode chamber. It
is true that the more porous materials naturally pro-
duce more power per geometric surface area related to
their smooth counterparts.

Similar to the biological filter, the anode chamber of
the MFC can be completed with granular, irregularly
shaped packing, small cubes of graphite or carbon felt
that can also be used as a packing material of an MFC
bed. In order to make the complete bed conductive,
the granules must be tightly packed next to each other.
The graphite brush anode is an ideal electrode that
attains high porosities, high surface area and efficient

BIOENGINEERED 477

current collection. Metal materials are much more
conductive than carbon materials but it ruled out
because of the non-corrosive condition for anode
materials. So far, only stainless steel and titanium are
used for anode material. Through studies it is found
that the amount of electrical energy produced can
increase 1,000 fold by using Mn**-graphite electrode,
made by mixing manganese sulfate with fine graphite
powder. The anode made by mixing a sulfide-oxidiz-
ing Sb (V) complex and graphite paste which is
1.9 times higher than that of graphite paste anode
where Sb (V) complex functioned as a mediator in
anode chamber. Thus it can efficiently mediate elec-
tron transfer from bacteria to anode.®”

Case studies for performance improvement
of MFC

Effect of biofilm

Biofilm is a complex aggregated mass of microbial
communities formed by self-immobilized attached
growth on a solid substrate by the excretion of adhe-
sive and protective matrix. It is also called extracellular
polymeric substances (EPS). Biofilm plays a major role
in the electrochemical process of bio-corrosion involv-
ing anodic reaction (ionization/oxidation) of the sur-
face metal. In biofilms cell-to-cell contact is possible if
high cell density can be created which helps to stimu-
late the electron transfer mechanism. Therefore the
anode can play the role of the solid electron acceptor
along with transformation of genetic information.
Through research and studies, it is found that effec-
tiveness of anodic biofilm formation enhanced the
extracellular electron transfer in absence of mediators.
Plain graphite plate (5 cm x 5 cm; 10 mm thick;
soaked in de- ionized water for 24 h; pH 7) is used as
anode for the development of biofilm.

Mohan and his coworkers(2008) fabricated three
single chamber mediators less MFC of plain graphite
electrodes with Nafion membrane and air cathode is
fabricated in laboratory using ‘perplex’ material with
proper leak proof sealing to maintain anaerobic
microenvironment in the anode compartment. Ano-
des with variable biofilm coverage i.e. partially devel-
oped biofilm [Anode surface coverage (ASC) < 44%;
90 days] and fully developed biofilm [ASC < 96%;
180 days] placed separately in three MFCs and under
the same operating conditions the performance was
evaluated. The experiment was performed in presence
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of designed synthetic wastewater (DSW) and chemical
wastewater (CW) as substrates and anaerobic mixed
consortia was used as biocatalyst. Prior to feeding,
wastewater pH was adjusted to pH 6. Current (I) was
recorded by using digital multi-meter by connecting
100 £2 as external resistance in the open circuit and
was monitored by connecting external resistances
(100-30000 £2) using a variable resistance box for
polarization. Self-immobilized biofilm formed on the
anode surface of the fuel cell influence both bioelec-
tricity production and substrate degradation efficiency
(Fig. 5).

It is evident from the Figure 5 that power genera-
tion potential depends on the extent of biofilm
growth/coverage on the anode surface of the fuel cell.
The performance of the fuel cell also depends on the
nature of wastewater which was used as substrate in
MEC. It has been found that significantly high power
outputs were noticed for CW over DSWas substrate.
The open circuit voltage (OCV) and current were
found to be of 0.258V and 0.47mA, respectively at 100
£2of external resistance in presence of DSW as feed
(1.67 kg COD/m>-day). However, higher OCV of
0.274V and current of 0.52mA at 100 §2 were recorded
in presence of CW as feed (1.81 kg COD/m’-day). The
extended periods of time was 59 h and 71 h for DSW;
CW respectively. The partially immobilized biofilm
(PDB) showed comparatively higher performance
with respect to power output over the control-MFC
operation. The highest performance with respect to
power output was noticed for fully immobilized

0.5 -
—<— Control
—é&— PDB
044 —=—FDB

Power (mW)
o
w
|

biofilm (FDB) over the corresponding PDB and con-
trol operations. A maximum recorded OCV and cur-
rent were 0.293V and 0.95mA at 100 £2 was recorded
in presence of DSW as feed. However, relatively
higher power outputs were observed with CW over
DSW as feed. It is interesting to note that a marked
drop in potential difference was observed after reach-
ing maximum voltage which may be due to the meta-
bolic hibernation.*®

Effect of pretreatment and surface modification

Usually carbon cloth or carbon paper is expensive for
MECs so alternative inexpensive carbon mesh mate-
rial was examined which is less expensive alternative
to these materials for the anode material in an MFC.
Pretreatment of the carbon mesh is needed to ensure
suitable MFC performance. In first step, heating of
the carbon mesh is needed in a muffle furnace
(450°C for 30 min) which result in a maximum
power density of 922 mW/m? (46 W/m?) with this
heat-treated anode, which produce 3% more power
than that of mesh anode cleaned with acetone
(893 mW/m? 45 W/m®). This power density obtain
with heating is just only 7% less than the carbon
cloth treated at high temperature with ammonia gas
process (988 mW/m?*49 W/m’). When the carbon
mesh was treated with the ammonia gas process,
power increased tol015mW/m* (51 W/m’).There-
fore, cleaned or heated surfaces process showed the
decrease of atomic O/C ratio, which indicated

0.2 -
0.1 4
0.0 T v T " T T X T y T o T ¥ 1
0 50 100 150 200 250 300 350
Time (h)

Figure 5. Power generation during the operation of MFC with the function of time (control, biofilm surface coverage, 0%; PDF, partially
developed biofilm covered over ~44% of anode surface; FDB, fully developed biofilm covered over ~96% of anode surface; CW, chemi-
cal wastewater; DSW, design synthetic wastewater; operating of MFC, pH 6 at 28°C) [r%, 0.9918].%°



removal of contaminants that obstructed with charge
transfer. Along with this the ammonia gas treatment
also increased the atomic N/C ratio which was due to
nitrogen related functional groups that facilitated
electron transfer. These results show that the anode
in an MFC can be obtain from heat-treated carbon
mesh materials and thus the costing is also reduced.

Treated carbon mesh anodes has improved electro-
chemical activities by K,Fe(CN)s oxidation, and pro-
duced power densities which is less expensive than
carbon cloth. The different anode treatment was
observed which also decreased in the O/C ratio for
heating, cleaning and ammonia gas treatments. It is
also important that change in the electro chemically
active surface area increased to 20 cm” with cleaning.
For further heat treatments or ammonia treated the
active area is increased further to 54-58 cm?, with no
difference in power density that could be credited to
differences in effective area. The low cost and good
performance of the carbon mesh is also encouraging
as it allows close placement of the anodes with the
cathodes. Closely placed carbon cloth electrode spac-
ing, coupled with the use of a cloth separator, gives
very high volumetric power densities. While the car-
bon mesh could substitute the carbon cloth as the
anode, but it might not be possible to use it as a
cathode.®’

A phosphate buffer can increase the conductivity of
the solution, and thus the ammonia gas treatment of a
carbon cloth anode substantially increased the surface
charge of the electrode, and thus the performance of
MFC is improved. The carbon cloth cathode (0.5 mg/
cm?®) contained a 2Pt catalyst and four diffusion layers
were used. Both electrodes had a projected surface
area of 7 cm”. A thermo- gravimetric analyzer (TGA)
was used to treat ammonia gas on carbon cloth. Single
chamber air-cathode MFCs were constructed with the
electrode spacing of 2 cm. The MFCs were inoculated
with domestic wastewater and a phosphate buffer
nutrient solution. The feed solution was replaced
when the voltage dropped below 20 mV. Cell voltage
across an external resistor was recorded using a multi
meter with a data acquisition system. It has been
found that maximum power production was reached
after 150 h of operation in presence of untreated car-
bon cloth anode. However, comparatively less time
(60 h) is required in presence of ammonia- treated
carbon cloth anode (shown in Fig. 6). Using an
ammonia treated anode, the maximum power density
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Figure 6. Enrichment with a mixed solution of phosphate buff-
ered nutrient medium (50 mM) containing 1 g/L sodium acetate
with domestic wastewater (50/50 v/v) for MFCs with different
anodes. Each spike in power generation was followed by re-fuel-
ing of the reactor with new substrate, resulting in the next cycle
of power generation.®®

and volumetric power recorded

as1970 mWm > and 115 w/m’ respectively. The

density were

columbic efficiency ranged from 30 to 60% (ammonia
treated) depending on the current density with values
20% higher than those obtained from untreated anode
and phosphate buffer. Along with that it also increased
the surface charge from 0.38 to 3.99 meq m™> at pH 7.
This cause due to the presence of nitrogen-containing
surface functional groups on the carbon cloth surface
during the ammonium treatment.*®

The ammonia treatment will be costlier if it is
applied for large scale. There are three different treat-
ment methods generally employed for enhanced
power generation. They are carbon fiber brushes acid
soaking (CF - A), heating (CF-H) and combination of
both (CF-AH). A single chamber MFC was con-
structed where cathode (CF-C) used was carbon cloth
(30% wet proof) containing 0.35mg.m > Pt catalyst
and 20% domestic waste water was inoculated with
MEFC. Using Data acquisition system and online date
monitoring the external resistance voltage was col-
lected and recorded with a30min interval and polari-
zation curve were measured. The surface of carbon
fiber was analyzed by X-ray photoelectron spectra.

The lag time found for the MFC with acid-treated
anodes (CF-A) and the heat-treated anodes (CF-H)
was 140 and 240 h respectively. However, 200 h of lag
phase is required for both the MFC control (CF-C)
and the acid- and heat-treated MFCs (CF-AH)
(Fig. 7). It is also revealed that pure acetone (CF - A)
acid treatment, heat treatment (CF-H) and combined
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Figure 7. Performance of MFCs with anodes acid (CF-A), heat (CF-
H), and acid- andheat-treated (CF-AH) anodes, compared with the
control (CF-C): (A) voltage production, (B) power density, and (C)
Coulombic efficiencies.®®

treatment (CF-AH)increased the output by 8%,25%
and 34% respectively in comparison with control.
However, highest columbic efficiency of 19.5% was
obtained by using (CF-AH) treatment.Based on BET
adsorption isotherms, before treatment (control) the
measured surface area of the fibers on the anode was
7.11 m’g~". Heat treatment increased the actual sur-
face area by 6.94 times to 49.3 m”> g~ ' compared with
untreated fibers. Acid treatment alone increased the
surface area by only 32.5%, while the area of the acid-
and heat-treated anode had a surface area of
43.9 m°g . The increase of surface area during the
heat treatment process was due to generation of cracks
(Fig. 8). Treatment of carbon fiber materials by a sim-
ple acid and heat treatment process increased power
production by 34% from 1020 to 1370 mW m™ > In
addition, the average CE values increased from 14.6%
to 19.5% due to increase in the current densities that
resulted from reduced ohmic resistances. Heat treat-
ment alone, however, increased power by 15% com-
pared with the carbon mesh control. Considering
costs and complexity of treatment, high-temperature
ammonia gas treatment methods are absolutely not
warranted for future practical applications.®’

To scale up the MFC high power density is impor-
tant factors which can be obtained by high surface
areas and a porous structure which is examined
through research. Brush anodes were made of carbon
fibers cut to a set length and wound using an indus-
trial brush. The brushes are twisted core consisting of
two titanium wires with an estimated a surface area of
0.22 m? or 18200 m?*/m?, its volume for the small
brush (95%porosity), and 1.06 m> or 7170 m*/m3
brush volume for the larger brush (98% porosity)
brush anodes were treated using ammonia gas and in
some tests plain. Today carbon paper anodes were
used for comparisons to brush anodes. The cathodes

w712-032 5.0kV 11.6mm x10.0k SE(M)

Figure 8. Electron microscope photograph of carbon fiber before (A) and after heat treatment (B).®



were made by applying platinum (0.5 mg/cm” Pt) and
four diffusion layers on a 30 wt % wet-proofed carbon
cloth and in some experiments cathodes contained
40% cobalt tetra methyl phenyl porphyrin (CoTMPP,
1.2 mg/cm®) as the catalyst instead of Pt.

To improve power generation in microbial fuel cell
(MFC) the surface modifications of anode materials
are one of the most important factors. As the material
used for anode is usually a limiting factor in power
production in an MFC. Ideal anodic materials should
be biocompatible, conductivity and chemically stable.
Due to its conductivity and chemically stability, car-
bon-based anode materials are being used in a large
scale including graphite, activated carbon, carbon
paper, activated carbon fiber, carbon cloth, carbon
nanotube, carbon brush, and carbon mesh. Many
challenges have been made in change their surface
that resulted in more efficient anode materials for
power generation. In this study here to increase power
density of membrane nitric acid soaking and EDA
treatment were used to modify ACF (Activated carbon
fiber felt) in a free single-chamber air-cathode micro-
bial fuel cells. Cathode was made of carbon paper with
Pt catalyst (0.5 mg/cm2) on the water-facing side and
a poly-tetrafluoro ethylene (PTFE) diffusion layer on
the air-facing side.

To examine a pond sediment was collected from a
pond near University Mega Center campus of South
China University of Technology and inoculated in the
anode chamber which was a membrane free single-
chamber air-cathode MFCs. When the voltage
decreased to less than 0.05 V, the anode chamber solu-
tion was replaced. The surface morphologies of the
ACF-A, ACF-N, and ACF-AT was examined by a
scanning electron microscope electrodes before and
after incubation. The XPS measurements were per-
formed on an Axis Ultra DLD spectrometer and elec-
trode potentials and Cell voltage was recorded using a
multimeter with a data acquisition system.

The starter time for obtaining 0.42V was 216h for
the MFC-N with the EDA-treated anode and 240h for
the MFC-A with acid-treated anode. The control
MFC required 440 h to achieve maximum repeatable
voltages.The time to achieve maximum repeatable vol-
tages of the MFC-A and MFC-N was shortened by
45% and 51% and maximum power densities of both
was larger than that of the control MFC (1304 mW/
m?). The acid treatment produced the power density
of 2066 mW/m? which was 58% larger than the
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control and EDA treatment increased power density
by 25% reaching 1641 mW/m”. Thus it can be con-
cluded that the membrane free single-chamber air-
cathode microbial fuel cell can improve the maximum
power densities by 25% and 58%, and thus shortened
the start-up time by 51% and 45%, respectively using
surface modified and unmodified anodes.”

Various electrodes

Logan et al. (2007) reported the two types of single-
chambered MFCs to examine power production using
brush electrodes cube-shaped MFCs (C-MFCs) and
bottle-type MFCs containing a single side port (B-
MFC). The voltage (V) across an external resistor
(1000 £2 except as noted) in the MFC circuit was mon-
itored at 30 min intervals using a multimeter and Cur-
rent (I), power (P) and columbic efficiency was
calculated. The maximum power produced by C-
MFCs with brush anodes was 2400 mW/m? at a cur-
rent density of 0.82 mA/cm®. However, B-MFCs pro-
duced up to 1430 mW/m* (2.3 W/m®). It has been
reported that the power obtained from C-MFCs shows
higher power density to the projected surface area of
an electrode (cathode). However, 1970 mW/m* was
obtained using a smaller cube-type reactor (14 mL
volume) which had a smaller electrode spacing (2 cm)
than that used here (4 cm). From the above observa-
tion it can be concluded that brush anodes that have
high surface areas and a porous structure which can
produce high power densities.”"

A unique nano-structured polyaniline (PANI)/
meso porous TiO, composite was synthesized and
explored as an anode in E. coli microbial fuel cells
(MECs). Polyaniline (PANI) is a popular conducting
polymer due to its simple synthesis process, good
electrical conductivity, and environmental stability. It
was also reported that a favorable nanostructure of a
carbon nanotube/PANI composite anode improves
the MFC performance, especially the power density.
The nature of the catalytic mechanism of a MFC
anode involves not only a bio-but also an electro cat-
alytic process. An optimal nanostructure with high
specific surface area favorable for both catalytic pro-
cesses could play a critical role in improving the
MFC power density. A new mesoporous TiO, elec-
trode material with uniform nano-pore distribution
and high specific surface area was synthesized. In this
work, we use this material to fabricate a unique
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nano-structured PANI/TiO, composite for the MFC
anode. The optimal composite is employed in an
Escherichia coli MFC.”?

The packing density of anodes in microbial fuel
cells (MFCs) is an important parameter for maximum
power output. In this regard, four different graphite
fiber brush anode was studied in terms of carbon fiber
length (brush diameter), the wire current collector
gage and the number of brushes connected in parallel.
The exo-electrogenic biofilm large anode to cathode
surface area ratio is important for maximizing the
power production. However the main goal was to
minimize the anode sizes so that material costs are
reduced. A better accepting of brush configuration
(numbers and diameters) and number of current col-
lectors will drive better design of larger reactors which
allow more optimal use of materials. In addition, it
also reduces the cost of the reactor.

Logan (2010) constructed a single-chamber, air-
cathode MFCs where anode was treated at 450°C for
30 min before placing horizontally in the cylindrical
chamber.”” The electrode spacing was set at 5 mm,
measured from the front end of the brush anode to
the inner face of the cathode. And four different reac-
tor configurations; namely (C1-thick, C1, C3, and C6)
were used for comparison of overall performance and
power densities with different anode conditions. The
C1 consisting of a single anode brush 25 mm in diam-
eter made using two thick titanium wires (length =
60 mm, diameter = 1.5 mm, 15 gage, #2 grade; carbon
fiber). The other three anodes all used a thinner tita-
nium wire with a diameter of 0.8 mm (20 gage). Multi-
ple anode configurations were also tested using three
brush anodes, each with diameter of 12 mm (C3,), or
six brushes each with diameter of 8 mm (C6,). The C3
and C6 anodes were connected externally by a single
copper wire. Air-cathodes (projected surface area of
7 cm?, cathode-specific surface area of 25 m?*/m?)
which was wet-proofed (30%) carbon cloth (Type B-
1B, E-TEK). The above cathode was coated with car-
bon black and platinum (0.5 mg Pt/cm®) using a
nafion binder which was used on the electrolyte-facing
side.

A carbon black base layer and four PTFE diffusion
layers were placed on the air-facing side with an elec-
trolyte of phosphate buffer nutrient solution. Polari-
zation and power density curves was obtained by
changing the external resistance (from 10 to 1000 £2)
and allowing three fed-batch cycles at each resistance

of the biofilm to ensure reproducible power output.”*
Two types of experiments were conducted following
the initial polarization tests mentioned as brush
anode disconnection, and brush anode removal. Cur-
rent (I, mA) was calculated according to Ohm’s Law
and Chemical oxygen demand (COD, mg/L) was
measured using standard methods. COD removals
over an individual cycle were over 90% for all config-
urations and resistances. When brushes were discon-
nected, the decrease in power seemed to have
occurred with the limited capacity of fewer anodes to
sustain the maximum current which was compared
with all brushes which was connected and COD
removal, averaged 94 + 2% for all setups. COD
removal is typically >90% for MFCs with brushes
anodes while using acetate. Multiple carbon brush
anodes produced (1250 mW/m?) almost similar
power densities to those obtained with single-brush
systems (1150 & 40 mW/m?), in spite of large differ-
ences in total brush anode surface areas. The use of
more wires (current collectors) with the larger num-
ber of anodes thus decreases in power production.
The thinner Ti enhance the MFC performance and
thus saving material costs of Ti by more than 70%
(in weight).Overall, anode coverage of the cathode
was the most critical problem with respect to power
production as removing anodes in the multiple anode
systems which resulted in decreasing power.”

Conductive polymers are recently used for perfor-
mance improvement of MFC. It contains a conju-
gated  system  of  double bonds.  Poly
(3,4ethylenedioxythiophene) (PEDOT) is the most
common conducting polymers as it is most conduc-
tive and stable polymer. Bayatsarmadi and his col-
leagues (2016) constructed a electrode where graphite
papers (Fuel Cell Earth) were coated with PEDOT
using Vacuum Vapor Phase Polymerization (VPP).
The above coating process was performed at 45 mbar
for 1 h. However, the blue deposited film of PEDOT
was visible to the naked eyes. The morphological
analysis of electrode was performed by scanning elec-
tron microscopy (Fig. 9). In the Fig. 9, it was revealed
that a continuous thin layer of PEDOT over the
porous graphite substrate was clearly visible. It was
investigated that higher voltage, maximum power
density and stability were found by using PEDOT
coated on graphite electrodes.”®

Thesuparungsikul et al. (2012) developed carbon
nanotubes (CNT) based electrodes to improve MFC



Figure 9. SEM image of a graphite paper coated with PEDOT
using vacuum vapor phase polymerization.”®

performance in terms of electricity generation. In this
experiment, multi-walled carbon nanotubes (MWCNTs)
with carboxyl groups were used to fabricate electrodes
for single-chamber air-cathode MFCs. The morphology,
electrical conductivity and specific surface area were
used as key parameters for evaluation of quality of elec-
trodes. The above parameters were measured by field
emission scanning electron microscope, four-probe
method and Brunauer-Emmerr-Teller method, respec-
tively. The performance of MFCs equipped with
MWCNT-based electrodes were identified as ideal can-
didates for replacing traditional carbon material used for
MEC electrodes.”” Kong et al. (2016) developed a cost-
effective and efficient electrochemical catalyst for the fuel
cells electrode. A novel electrode Lag oCag ;Feg oNby 1055
(LCEND) having good potentiality was synthesized for
the symmetrical solid oxide fuel cells (SSOFC). It is
observed that the Scy,Zrog0, 5(SSZ) electrolyte sup-
ported symmetrical cells with impregnated LCFNb and
LCENb/SDC (CejgSmg,0,.5) electrodes showed rela-
tively high power outputs with maximum power densi-
ties (MPDs). The maximum power output and MPDs
were found to be 392 and 528.6 mW cm > at 850°C in
dry H,, respectively which indicates the excellent elec-
tro-catalytic activity of LCENb toward both hydrogen
oxidation and oxygen reduction. It is interesting to note
that the MPDs of LCFNb/SDC composite electrodes in
presence of CO and syngas (CO: H, /4 1:1) were almost
identical in presence of H,. It is thus implied that LCFNb
material showed similar catalytic activities to carbon
monoxide compared with hydrogen.”®
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Conclusion

The electricity generation through MFCs is a promis-
ing technology which has received much attention
globally among the researchers. However, many tech-
nological improvements are required to achieve stable
power output. The microorganism and electrode are
the main factors which are mainly affect the cost and
performance of MFC. Proper optimization of the
above factors can increase the application of MFC for
commercialization. Therefore, intensive research on
optimized microorganism and noble electrode are
required to reduce the complexity of rate-limiting
steps which are responsible for enhanced higher cur-
rent output. Most of the literatures are recently
focused to improve the performance of MFCs mainly
on the reactor configurations and optimization of
operational conditions. However limited research is
concentrated on optimized microorganism and elec-
trode of MFC. It can be concluded that commercial
application of MFC can be increased through optimi-
zation of microorganism and invention of novel elec-
trode which will provide a promising option for cost
effective bioelectricity generation through MFCs.
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