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(Nat. Env. & Poll. Tech. ABSTRACT

Website: www.neptjournal.com Microbial fuel cells (MFC) have gained focus due to their diversity in operating conditions & substrates for

the generation of sustainable green energy. In the present study, novel MFC has been fabricated using
the recyclable aluminum can as air-cathode and graphite rod as anode for the treatment of domestic
wastewater and simultaneous power generation. Three different substrate (COD) concentrations, high
(>800 mg.L™"), medium (250 mg.L™" - 800 mg.L™") and low (<250 mg.L™") were used. The maximum
COD removal efficiencies, voltage generation, power densities were found to be 80%, 0.71 V, and
304.46 mW.m respectively in high strength wastewater setup. In both medium and low strength
wastewater setups, after 288 hours, the COD was reduced below 50 mg.L'1 thus limiting the electricity
generation substantially. Setup with low-strength wastewater produced a maximum CE (%) of 13.80.
Overall results showed that although high-strength wastewater produced better and maximum power
densities, medium and low-strength wastewater setups were more consistent in energy generation
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throughout the experiment.

INTRODUCTION

Rapid urbanization and intense industrialization have in-
creased the consumption of energy sources substantially
in recent decades (Zou et al. 2016). The present energy
requirement is majorly dependent upon the non-renewable
sources mostly fossil fuels, which sums of around 80% of
the global energy supply (Gielen et al. 2019). Although these
sources are considered to be available in abundance, they are
depleting quickly like never before due to excessive resource
utilization. Moreover, the conversion of fossil fuels into
energy poses numerous adverse effects on the environment,
leading to the emission of carbon dioxide, SOx and NOx gas-
es which are harmful to the environment (César et al. 2015).
Taking this into account, researchers have been working on
alternative energy sources in the form of renewable energy,
e.g., solar energy, wind energy, geothermal, energy from
biomass, etc. Among these, Microbial Fuel Cell (MFC)
technology has also emerged as an environment-friendly
solution that takes on the concept of energy from biomass,
thus providing wastewater treatment and energy generation
from it simultaneously without requiring any external power
source with additional benefits of minimal to no emission
of greenhouse gases (Chen & Smith 2018). MFC’s use an-
aerobic microorganisms to decompose the organic matter
in the anodic compartment and breaking it down into CO,,

hydrogen ions, and electrons. The electrons are transported
on anode through soluble shuttle or direct transfer with the
help of exo-electrogenic bacteria and are transferred through
the external circuit to the cathode (Choudhury et al. 2017,
He et al. 2017). The hydrogen ions (protons) are transferred
from anode to cathode chamber through fluidized media and
meet with the electrons in the cathode compartment thus
completing the circuit. Depending upon the reactor design
and electrode configurations MFC’s can be of various types,
e.g., Single chamber MFC, Double chamber MFC, air cath-
ode MFC, benthic MFCs, stacked MFC and MFC integrated
with various treatment methodologies (He et al. 2017, Ezziat
etal. 2019). Double chamber MFC’s have two compartments,
one typically referred to as an anode chamber and one as a
cathode chamber which are joined by some cation mediator
(e.g., Nafion membrane, salt bridge, etc.). However, the
required redox potential for MFC can also be maintained
in single-chambered systems (Logan et al. 2006). Anoxic
anode zone and aerobic cathode zone maintained in a single
compartment can create a redox gradient facilitate the trans-
fer of electrons from anode to cathode (Seeber et al. 2015).

The substrate is considered the most important bio-
logical factor in MFC which can be pure or complex in
nature (Wu et al. 2020). Among the different substrates,
municipal wastewater is the most studied due to its
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diverse microbial community, significance, and inher-
ent energy potential. It has been found that municipal
wastewater contains approximately ten times the energy
in the form of biomass that will be required to treat it
(Maktabifard et al. 2018).

The available studies on MFC systems indicate limiting
factors such as internal resistance and the capital cost for the
installation especially for the electrode materials (Feng et al.
2014, Ge & He 2016). Anode material directly influences
microbial growth, electron transfer, should have biocom-
patibility, low resistance, and a large surface area for the
microorganism to sustain. For fulfilling that, carbonaceous
materials like carbon cloth, graphite plate/rod, and carbon
brush are commonly used as anode material (Luo & He
2016). The cathode influences the power generation due to
lower Oxygen Reduction Potential (ORR) than the organic
anaerobic oxidation in the anode (Kannan & Kumar 2016).
To overcome this ORR barrier, the design of the cathode
mainly focuses on catalysts or artificial electron mediators
to promote higher ORR in the cathode. Some of the abiotic
cathodes commonly used are platinum (Pt), transition metal
oxides activated carbonaceous material electroconductive
polymers, and metal macrocyclic compounds (Zuo et al.
2007, Narayanan & Thakur 2010). The electrodes are one
of the major components of MFC based on performance and
economic consideration (Choudhury et al. 2017). Though
there are possibilities to reduce the cost of electrode material
without compromising the performance, there is inadequate
information regarding low cost, indigenous, reusable/recy-
clable electrode material as most of the studies on MFC
focus on optimization of design parameters and operating
conditions. Wang et al. (2011) used recycled coated tire
crumbs in the anode and air cathode and found PD and CE
of 421 mWm™ and 25.1% respectively for a single chamber
MEFC of 140 mL volume. The 2-4 layers of graphite coating
in the tire crumbs achieved the specific surface area 10
times more than same-size graphite granules whereas the
cost of the electrode is almost 1000 times less. Lefebvre et
al. (2012) fabricated a two-chamber MFC with Inconel 718,
a recycled scrap material, as cathode with carbon cloth for
synthetic wastewater as substrate and achieved maximum
acetate removal of 99.7%, PD of 36 Wm™. Using the recycled
material, they reduced the cost of the electrode from 50% to
26% without reduction of performance and leaching of metal
even after one year of operation. Low cost commercially
available carbon fiber (CF) coated with nickel (Ni), used
as cathode material (Luo & He 2016) showed Ni-CF have
better performance in respect to electricity generation and
cost-effectiveness when compared with carbon cloth CC,
which is a conventional electrode material for the cathode.
Another recent work (Thakur & Das 2020) used fabricated
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composite anode made of Luffa aegyptiaca (natural scrubber)
and graphite plate for the treatment of municipal wastewater
and RO concentrate mix and achieved maximum removal
of 95.83%, 87.61%, and 94.06% of COD, TDS, and TSS
respectively with a maximum voltage of 0.530 mV and NER
of 19.51 Whkg™'COD™. The integration of low cost highly
porous and locally available material increased the COD,
TSS, and TDS removal efficiency and achieved more NER
when compared with the MFC system without a natural
scrubber.

The aluminum beverage can represent about 80% of
total aluminum waste globally which contains 97% metal
aluminum. Around 475 billion cans are produced each year,
with differing percentages of them being recycled in different
nations (Yoo et al. 2007). According to a report by the United
States Environmental Protection Agency (US EPA 2015), the
recycling rate of aluminum used in packaging and beverage
industries is just 32.8 % while in India it stands at 25%. It is
clear that this metal has some return value but is not being
recycled up to the extent. Apart from the recycling, the waste
aluminum cans have served as a useful metal in several stud-
ies which investigated other value-added applications like
the synthesis of zeolite nanostructure (Abdelrahman 2018),
hydroxysodalite nanoparticles (Abdelrahman & Hegazey
2019), hydrogen generation through PEM (Martinez et al.
2007), synthesis of y-Al,O (Abdelkader et al. 2018), etc. Ina
previous study, aluminum was used as an electrode material,
and the more conductive nature of aluminum alloy mesh
was found to lower internal resistance (Chen et al. 2013).
The electrical performance of aluminum alloy mesh carbon
cloth electrodes is enhanced in comparison with convention-
al carbon cloth electrodes. In the present study, recyclable
aluminum cans have been used as air cathode in MFCs with
graphite rod as anode and different strengths (high, medium,
and low) of domestic wastewater as substrate. An uncon-
ventional approach was adopted in this study to fabricate
the setup by not providing any PEM and letting the ions
flow with the help of surface transfer. In most high-voltage
domestic electrical applications, short circuits would cause
circuit damage, but because energy generation in normal
MFCs is substantially lower, this preliminary investigation
was designed to see how much energy might be generated
without utilising PEM while using recyclable materials. All
the available studies with high strength wastewater corre-
spond either to industrial (tannery (Palanisamy et al. 2020),
dairy (Mansoorian et al. 2016), pharmaceutical (Velvizhi &
Venkata Mohan 2011)) or synthetic wastewater. Hence, high
strength domestic sewage wastewater has been considered
as substrate in MFCs. Further the results were compared
with other studies on MFC using domestic wastewater as
substrate.
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MATERIAL AND METHODS
Fabrication

Cylindrical aluminum cans made up of 3004-H19 alloy
with characteristics (Matweb 2020) as mentioned in Table
1 (diameter - 66 mm & height - 115 mm), generally used
as beverage cans, were used as the containment as well as
cathode while graphite rods of 10 mm diameter, 50 mm
height (48 mm effective) were used as an anode. Each of
them was cleansed with 0.5M aqueous HCL solution and
rinsed ultrasonically with double distilled water. Anode
chambers were sealed and made airtight with the help of
thermocol and edges were sealed with epoxy to maintain
an anaerobic environment, while cathode chambers were
kept open to the atmosphere for an anaerobic environment.
Copper wires were used to connect anode and cathode
via an external open circuit connected with a multimeter
(Fig. 1).

Wastewater Collection

Wastewater was collected from two different treatment
plants of VIT Vellore. Raw wastewater (R1, R2) was col-
lected from the inlet chamber of the wastewater treatment
plants; primary treated wastewater (S1, S2) was collected
from the outlet of the settling chambers; secondary treat-
ed wastewater (T1, T2) was collected from the secondary
clarifier outlets of the activated sludge system. As per the
COD concentration, they were classified as high strength,
medium strength & low strength wastewater respective-
ly. The influent COD concentrations are mentioned in
Table 2.
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Operation

A total of six systems were fabricated with an anode volume
of 165 mL each and operated at room temperature (25-30 °C).
Influent wastewater was classified with different COD range
[39] (i.e.- High wastewater strength (R1, R2 > 800 mg.L™"),
Medium strength (250 < S1, S2 < 800) & Low strength (0
< TIl, T2 < 250). COD was analyzed using COD digester
[Spectroquant TR320] (APHA 2017), voltage (open circuit)
with multimeter [MAS830L], pH with digital pH meter [Han-
na HI98107]. COD represents the degree of organic pollution
in water bodies (Li et al. 2018) which is being consumed by
microbes for the generation of energy in MFCs. pH also plays
a vital role in wastewater treatment (Yaseen & Scholz 2019)
as variation in pH can affect the functioning of microbial ac-
tivity. Electrogenic microbial culture (geobacter, shewanella,
etc.) is neutrophilic and can only sustain in a pH range of
6-8. Normalized energy recovery (NERs) is considered as
an important parameter for comparison between different
MEFCs because of its non-dependence on the size of the
reactor while considering wastewater flow rate and organic
removal efficiency for its calculation (Das et al. 2019). COD
removal, NERs, Power, PD & CE were calculated by using
Equation (1), (2), (3), (4) & (5) respectively:

i Ce

COD Removal Efficiency = x 100 ...(1)

1

Power(P) = Current(l) x Voltage(V) ...(2)

. Power 3
Power Density (PD) = Area of anode ..(3)

Voltmeter

Waste Aluminium
casing (Cathode) -
= >

Waste Aluminium

High strength
domestic sewage
wastewater
(COD > 800

Medium strength
domestic sewage
wastewater

(250 < COD <

Voltmeter Voltmeter
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—»>
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casing (Cathode) -
>
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Fig. 1: Schematic diagram of experimental systems representing; (a) — System with high strength wastewater (R1, R2), (b) — System with medium
strength wastewater (S1, S2), (c) — System with low strength wastewater (T1, T2).
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Normalized E R NERs) = ——-L ..(4)
ormalized Energy Recovery ( S) = ACOD
M [, 1dt
Coloumbic Efficiency (CE) = Fbv.ACOD -(5)

where, C; = Initial COD (mg.L™"), C, = Final COD (mg.L™"),
DCOD = C;-C.. P = Power, t = time(hours), DCOD =
Removed COD, M = Molecular weight of oxygen (32), V
= Voltage, I = Current, F = Faraday’s constant (96485), b =
4 (number of electrons exchanged per mole of oxygen), v,
= Volume of Anode.

RESULTS AND DISCUSSION
COD Removal and pH

COD removal has been calculated with the help of Equation
(1). All systems showed gradual COD removal during the
experiment in similar trends (Fig. 2). R1 and R2, which
had the highest COD loading showed cumulative removal
of 83.33% & 91.66%. A gradual reduction in COD was
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because of slowly increasing microbial activity in the an-
ode zone of systems which led to anaerobic degradation of
organic matter. COD removal efficiencies were calculated
after every 72 hours and its variation has been mentioned in
Fig. 2(d), while cumulative values have been mentioned in
Table 2. Anaerobic microbial culture degraded the organic
matter and converted it into electrons and hydrogen ions.
The trends of COD reduction in all systems were almost
similar. However, more COD removals were achieved by R1,
R2 because of the presence of more available biomass but it
did not work synergistically with energy generation which
has been discussed later. It was also found that the stability
of systems with low organic loading was better. The COD
removal efficiencies of the present study, when compared
with available literature considering domestic wastewater as
substrate, were similar at different substrate concentrations
(Tatinclaux et al. 2018, Zhang et al. 2015, Ahn et al. 2014)
as presented in Table 2.

The pH of influent wastewater was in the range of
7.0-9.0. pH decreased gradually with time in all systems.
However, the pH of systems with high-strength wastewater
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Fig. 2: The reduction in COD (mg.L™") with respect to time. (a) — High strength wastewater (R1, R2), (b) — Medium strength wastewater (S1, S2), (c) —
Low strength wastewater (T1, T2), (d) — Box plot showing the variability of COD removal efficiencies in all systems.
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Table 1: Characterization of the Aluminum casing (Matweb 2020).
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Alloy 3004- H19

Mechanical properties

Hardness, Brinell 79
Tensile Strength, Ultimate 295 MPa
Tensile Strength, Yield 285 MPa

Elongation at Break 2% @Thickness 1.60 mm

Modulus of Elasticity 69.0 GPa
Poissons Ratio 0.35

Shear Modulus 25.0 GPa
Shear Strength 180 MPa

Element properties

Aluminum, Al 95.5-98.2 %
Copper, Cu <=0.25%
Iron, Fe <=0.70 %
Magnesium, Mg 0.80-1.3 %
Manganese, Mn 1.0-15%
Other, each <=0.05 %
Other, total <=0.15%
Silicon, Si <=0.30 %
Zinc, Zn <=0.25%

was lowest. It can be linked to COD removal and voltage
generation, since abundant biomass undergoing anaerobic
reactions in R1 and R2 may have resulted in the formation
of higher amounts of acids and acetate, lowering the pH to
6.9 in R1 by the end of the experiment. However, due to the
higher initial pH of R1, R2, very little energy generation
was detected. Throughout the trial, the pH of the medium
and low strength wastewater systems was in the range
of 7to 9.

Voltage Generation

R1 and R2 produced maximum voltages of 0.67 and 0.71 V
respectively. This can be related directly to the COD removal
by the systems (Fig. 2), as maximum COD removals by R1
and R2 were between 72-144 hours when the voltage gen-
erations were also maximized. However, R1 and R2 showed
slower electrochemical activity initially because of high
organic loading and lower pH, but once the electrochemical
culture was achieved, this high organic loading helped them
to reach the highest voltage peaks in the end. Also, variation
of voltage in R1 and R2 is significant as compared to other
systems which shows the inconsistency of performance in
the case of high strength substrates. In the case of S1, S2,
T1 and T2, voltage generations were quite efficient from the
initiation of the experiment and they produced peak voltages
of 0.61, 0.66, 0.36, and 0.41 V respectively. Electrochem-
ical activities started earlier in these systems due to lower
organic loading, thus leading to higher voltage generations,
but due to less substrate available, after reaching the peak, it
started to decline by the end of the experiment (Fig. 3). The
voltage generation of similar studies considering domestic
wastewater as a substrate has been included in Table 2.
The maximum voltage generated from the present study is
comparable with previous results (Ahn & Logan 2013) in
all substrate concentrations.

Power Density and Normalized Energy Recovery

Power Density (PD) signifies power generated by a system
with respect to the surface area of the electrode (mW.m’z).
Maximum PDs obtained by different systems have been
mentioned in Table 2. Although maximum PDs were ob-
tained by R1 and R2, the lower average values show that
their power generation consistencies were low. Medium
strength wastewater managed to produce approximately
similar maximum PDs with much better average values
and consistency. These consistencies were also verified by
Normalized Energy Recovery (NERs) [Fig. 4]. Systems
with high-strength wastewater produced maximum NERs of
0.22 kWh/kgCOD during 216 -288 hours, medium-strength
wastewater produced 0.79 kWh/kgCOD during 144-216
hours, and low strength wastewater produced NERs of 0.65
kWh/kgCOD during 72-144 hours. In the case of low strength
wastewater systems, there is an increasing trend of NERs till
144 hours, after which it started decreasing from 0.65 kWh/
kgCOD to 0.15 kWh/kgCOD by end of the experiment. It
was observed that decrease of COD value below 50 mg.L™!
limits the generation of energy which reduces the NERs for
low strength wastewater substantially. The less NERs during
the initial phase for high-strength wastewater systems were
due to more activation time required to produce electrons
because of high pH and organic loading. Though during
144-288 hours, NERs values for these systems showed
increasing trends and superseded the decreasing trend of
systems with low strength, medium-strength wastewater
systems achieved maximum NERs values during 144-216
hours and then declined.

Coulombic Efficiency

The T1 achieved the highest CE of 22.11 %, showing that
exoelectrogens were able to use that percentage of electrons

Nature Environment and Pollution Technology @ Vol. 20, No. 4, 2021
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Table 2: Performance of single chamber MFCs considering domestic wastewater as substrate.

S.No. Type Substrate Type of Working Anode Cathode Voltage COD Max Cou- Reference
concentra- MEFC volume removal Power lombic
tion (%) Density Efficien-
cy (%)
1 Batch 155+36t0 SC-MFC; 130 mL Graphite Carbon cloth 041 = >90 120 - (Ahn et al.
232+ 84 No mem- brush 0.05V mW/m? 2014)
brane anodes

2 Continuous 410 SC-MFC; Variable Graphite Activated - 648 1.7 Power 18+5to (Kim et al.
with 2 flow rate fiber carbon with - 1.30 29+3 2015)
cathodes (30-140 brushes polyvi- to 1.36

mL/h) nylidene mW
i fluoride
410 SC-MFEC; Variable (PVDF) - 69.0+04 Power 18+2to
Single an- flow rate binder - 1.00 362
ode single (20-100 to 1.22
cathode mL/h) mW

3 Batch 303.69 SC-MFC 130 mL Graphite Carbon cloth 0.58V 62.4 to 328.11 9.2 to (Ahn &
with sep- fiber 94.1 mW/m? 31.4 Logan
arator brush 2013)

303.69 SC-MFEC 0.54V 81.5to 282.29 1.5 to
without 93.3 mW/m’> 233
separator

4 Batch 545+5 SC-MFC 140 mL Carbon Carbon cloth - 82+0 315+ 16 26+ 1 (Stager et
without fiber cathode with mW/m’ al. 2017)
cloth brush a Pt catalyst
separator without a

separator
(Pt-NS)
Batch 3305 SC-MEC Activated - 59+3 161 + 14 19«1
with cloth carbon cath- mW/m?
separator ode (AC-CS)
Continuous 1050 £ 2 SC-MFC Activated - 28+5 257 T2
without carbon mW/m?
cloth cathode
separator with a cloth
separator
(AC-CS)

5 Batch 223+6 SC-MFC; 26 mL Graphite Carbon cloth - 55 (Ap- - 21 (Zhang et
No mem- fiber with Pt. cata- prox.) al. 2015)
brane brush lyst layer

6 Batch 237.3+8.0 SC-MFC; 2000 mL Circular Carbon Cloth 05V 45.55 48.4 + - (Tatinclaux
Mn coating graphite 10.16 et al. 2018)

plate mW/m?
2933 +81.5 SC-MEFC; 045V 27.98 654 + -
Pt coating 4.6 mW/
m?

7 Batch 1920 SC-MFC; 165 mL Graphite Aluminium 0.67V 83.33 267.19 0.01 to This study
No mem- rod sheet mW/m? 0.25
brane

1920 SC-MFC; 0.71V 91.66 304.46 0.04 to
No mem- mW/m? 4.55
brane

288 SC-MFC; 0.61 V 66.66 22421 2.58 to
No mem- mW/m? 9.33
brane

360 SC-MFC; 0.66 V 82.22 259.24 1.27to
No mem- mW/m? 9.86
brane

96 SC-MFC; 036V 83.33 78.27 4.80to
No mem- mW/m®>  22.11
brane

128 SC-MFC; 041V 75 98.27 4.05to
No mem- mW/m?  9.97
brane
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Fig. 3: Voltage generation with respect to time; (a) — High strength wastewater (R1, R2), (b) — Medium strength wastewater (S1, S2), (c) — Low strength
wastewater (T1, T2), (d) — Box plot showing the variability of voltage generation in all systems.

generated from the substrate for energy generation. R1 and
R2 utilized only a small fraction of electrons generated in
form of current (Max CE in R1, R2 =0.25%, 4.55%), which
indicates less electron settlement on the anode. This might
be due to higher internal resistance due to the settleable
non-conductive particles which are available in raw waste-
water. As wastewater was collected from different treatment
plants, the difference in CE of R1 and R2 might be due to
the varying concentrations of other constituents like nitrates,
phosphates, and chlorides. The possibilities of electron loss
due to alternate electron acceptors like dissolved oxygen or
short-circuiting also cannot be ruled out (Kim et al. 2015).
Short-circuiting in systems can be avoided by coating the
internal surface of the cathode zone with proton exchange
membranes but the cost of fabrication will increase substan-
tially. For further comparison of performance, the average CE
of similar substrate concentrations was considered. Systems
with high-strength wastewater produced an average CE of
2.40%, medium-strength wastewater produced 9.59%, and

low-strength wastewater produced 13.80% which has been
shown in Fig. 4. In the case of low strength wastewater sys-
tems, there is an increasing trend of CE till 144 and 216 hours
respectively, after which it decreased from 13.80 to 5.66 %.
This implies a depleted substrate in these systems, as they
gradually decreased after reaching a maximum value. Initial
CE was low in systems with high wastewater strength, but it
steadily grew over time, indicating the development of elec-
trogenic microbial growth over the course of 216-288 hours.

CONCLUSION

The overall performances were satisfactory, as COD reduc-
tion and energy generation were comparable with similar
MEC designs. Systems with high organic loading removed
more COD than other systems and produced more maximum
voltages. However, in terms of electrochemical activities,
they struggled to deliver initially and systems with lower
organic loading performed better, thus providing more energy
recovery and coulombic efficiency. Higher COD loading

Nature Environment and Pollution Technology @ Vol. 20, No. 4, 2021
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required more time in starting electrochemical activities of
MFCs and have more energy losses. On the other hand, lower
organic loading can utilize produced electrons efficiently but
might need new substrate feed after some operation time.
They even have more stability and give equivalent perfor-
mance as systems with high organic loading. The short circuit
did not seem to affect the performance but still, a detailed
study for obtaining the mechanism of electron transfer and
relation of performance with other constituents like nitrates,
sulfates, and chlorides are required. Also, after observing
the overall performance of fabricated MFC’s in comparison
to other studies, the use of recyclable/reusable materials is
recommended after proper pretreatment.
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ABBREVIATIONS
MEFC Microbial Fuel Cell
R1,R2 Experimental systems with high strength wastewater
S1,S2 Experimental systems with medium strength wastewater
T1, T2 Experimental systems with low strength wastewater
COD Chemical Oxygen Demand

NER Normalized Energy Recovery

PD Power density

CE Coulombic Efficiency
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