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Microbial fuel cell is an alternative technology for energy generation aiming to re-
cover chemical energy from biodegradable wastewater to and convert it to electricity. In
this study, a small laboratory-scale microbial fuel cell was evaluated to generate electric-
ity using cheese whey wastewater as the sole nutrient source. The open-circuit potential
and the stable voltage output with 1000 Q external resistance of the fuel cell using only
cheese whey wastewater as anolyte were 0.925 V and 0.379 V, respectively. The power
density achieved by the cell was 7.18 mW m™, with a maximum current density of
35.75 mA m™. The series connection of seven fuel cells produced the open-circuit poten-
tial of 7 V that could run a 4 V LED light strip for more than 3 hours. Cheese whey-mi-
crobial fuel cell can be considered as a cost-effective renewable energy source for the
operation of low energy demanding devices in the future.
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Introduction

Since conventional energy sources are being
used in every part of our modern day-to-day lives,
their existing capacity is expected to reach the peak
level in the next decades'. Moreover, they release a
huge amount of CO, in the air, which ultimately
pollutes the environment and increases the tempera-
ture of the Earth’. Therefore, many nations are now
seeking new energy sources that would less affect
global temperature, present no harmful impacts on
the environment, and reduce the dependence on fos-
sil fuels®. Renewable green energy releases no or
very little CO,, and has no negative effect on the
environment*, Thus, scientists are trying to develop
alternative renewable green technologies such as
solar®, biogas®, wind’, hydropower?®, etc.

Microbial fuel cell (MFC) technology is a
promising renewable green approach to generate
electricity from biodegradable compounds and
wastewaters®!?, Recently it was shown that MFC is
able to produce power with simultaneous removal
from wastewater such as domestic wastewater, agri-
cultural wastewater, dairy wastewater, and paper
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Tel.: +8801717729849

pulp wastewater''"'*. MFC can also be used to re-
duce the organic content of sediment, and improve
the quality of rivers and lakes'. A typical MFC em-
ploys microorganisms as biocatalysts in the anode
chamber and produces biofilm on the anode elec-
trode surface'®. These biofilm-forming microorgan-
isms have the ability to convert the chemical energy
of biodegradable matter to electrical power by their
bioconversion activities. Microorganisms in the an-
ode chamber use biomass for their growth in anaer-
obic conditions and generate electrons and pro-
tons'”. Electrons produced by biooxidation are
donated to the anode, and then transferred to the
cathode via an external circuit. At the same time,
protons generated in the anode chamber during the
degradation of biomass are transferred to the cath-
ode chamber through proton exchange membrane
(Nafion-117)'3. In the cathode chamber, oxidants or
chemicals used as catholytes receive electrons and
protons; and are consequently reduced to produce
water and reduced compounds'®2'.

Among different kinds of MFC, mediatorless
MFCs (ML-MFCs) are commercially more benefi-
cial for energy generation than mediator mediated
MFCs (MM-MFCs), because mediators used in the
MEFC increase the construction and operation ex-
penses, and also may be toxic to the microorgan-
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isms used as biocatalysts in the anode chamber??. In
contrast, mediators used in the MFC can increase
the voltage output and stability of the MFC perfor-
mance as well as the long-term power supply to de-
vices®?*, In this sense, MM-MFCs are more signif-
icant than ML-MFCs for large-scale energy
production. However, there have been some obsta-
cles behind the large-scale production for both ML-
MFCs and MM-MFCs. The constructional and op-
erating parameters, such as the choice of substrates
(different types of wastewaters) in the anode cham-
ber which are used as nutrients for microbial growth
and biocatalytic activities'>?*?6, characteristics of
the electrode materials (electrode types)*’2, size of
the electrodes®, type of membrane or separator’’-!,
temperature®?, pH* and conductivity®* affect the
performance and stability of the MFC. Variations in
temperature usually affect the system kinetics, mass
transfer, and distribution of microbial community in
bioanode. However, changes in pH and conductivi-
ty can affect the proton transfer rate and internal
cell resistance resulting in the alteration of MFC
performance. Moreover, the variation of oxidants
used in the cathode can also influence the voltage
output of the MFC. For example, KMnO, solution
in the cathode chamber produces higher potential
than other oxidants used as catholyte’®*. The bio-
film formed on the anode electrode surface and on
separator can hamper substrates diffusion to the cat-
alytic sites, and consequently affect the MFC per-
formance by altering the rate of electron and proton
production as well as their transfer®. Thus, in order
to obtain the highest performance of a MFC, opti-
mization is an essential task. Neural network meth-
od can help to optimize the electrochemical param-
eters such as the type of wastewater, electrode
material, pH, conductivity, etc., for good MFC per-
formance?’.

Although there are various types of wastewa-
ters or biodegrading compounds in the environment,
cheese whey wastewater is ideal because it contains
all nutrients for the growth of microorganisms.
Cheese whey wastewater can be used as a cost-ef-
fective nutrient source for electricity generation by
MFC as it is easily available and discarded in large
amounts every day from the dairy industry into the
drainage system. Cheese whey represents about 85
— 95 % of milk volume and contains about 55 % of
milk nutrients in the amount of 4.5 — 5 % (w/v) lac-
tose, 0.6 — 0.8 % (w/v) soluble proteins, 0.4 — 0.5 %
(w/v) lipids and 8 — 10 % (w/w) mineral salts®.
Cheese whey wastewater also possesses small
amounts of lactic acid, citric acid, urea, and B-vita-
mins*,

The present work was designed to construct
small-size two-chambered (each chamber contains
10 ml solution) mediator-less cheese whey MFC
(CW-MEFC) for electricity production from cheese
whey wastewater (CWW) collected from the local
dairy industry in Rajshahi city corporation area, Ra-
jshahi, Bangladesh. The study also investigates the
influence of mediator resazurin on the performance
of MFC. For the optimization of the mediator-less
CW-MEFC, the effect of various factors such as oxi-
dants, electrode surface area, nitrogen and carbon
sources on power generation were evaluated.

Materials and methods

MFC construction

Each two-chambered MFC (Fig. 1) was con-
structed using polycarbonate and rubber blocks with
well-defined holes (each hole was 3.0 cm in diame-
ter) having a capacity of 10 mL solution in each
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Fig. 1 — Experimental setup of the CW-MFC in laboratory (a), and the schematic diagram of the CW-MFC (b)



J. Mahato et al., Electricity Production by Microbial Fuel Cell..., Chem. Biochem. Eng. Q., 35 (4) 421-430 (2021) 423

chamber. Proton exchange membrane (PEM, Na-
fion-17) was used as a separator between anode and
cathode chambers. Prior to use, Nafion-17 was
soaked sequentially in 30 % H,0O,, deionized H,O,
0.5 M H,SO,, and deionized H,O (soaking time of 1
hour for each step). Carbon felts of 2 ¢m? surface
area were used as both anode and cathode elec-
trodes. The electrodes were connected by Ti wire
with an external resistor.

MFC operation

After constructing a two-chambered MFC and
inserting electrodes in each chamber, the anode
chamber was filled with locally collected cheese
whey wastewater (CWW) from the dairy industry in
Rajshahi city corporation area, Rajshahi, Bangla-
desh. The anode chamber was then inoculated with
a preacclimatized suspension of inoculums collect-
ed from cheese whey wastewater under anaerobic
conditions. The cathode chamber of the reactor was
filled with a buffer solution or different oxidizing
agents (phosphate buffer, KMnO,, K,Fe(CN),, and
K,Cr,0,). The pH, total dissolved solids (TDS), and
conductivity of the anode solution were 6.04 + 0.04,
5.05£0.03 gL', and 13.00 + 1.00 mS ¢m™!, respec-
tively, while the pH of the cathode solution was
7.04 £ 0.05. The CW-MFC was operated under
open and closed circuits with 1000 Q at room tem-
perature using anaerobic cheese whey wastewater
as anolyte and oxidant as catholyte, unless other-
wise stated. The anode and cathode solutions were
replaced when the voltage output dropped to a low-
er level. To construct a polarization curve, the CW-
MFC was first operated in open circuit conditions,
and then connected after attaining stable open cir-
cuit potential with varying external resistance
(10000 Q — 10 Q). For each external resistance, the
voltage output was recorded once the potential had
reached a stable state. A series of experiments was
also conducted to investigate the performance of the
two-chambered CW-MFC for electricity generation
modulating various parameters.

Electrochemical measurement

The voltage (V) output is measured by a digital
multimeter (Vector VC830L), and recorded at
S-minute intervals. The pH and conductivity of the
anolyte and catholyte were measured with a pH me-
ter (Adwa, China) and conductivity meter (Adwa,
China), respectively. The voltage (V) was converted
to current (/), and power (P), according to / = V/R
and P = V?/R, respectively, where R is the external
resistance. The current and power densities were
calculated by dividing the current and power by
surface area (4) of anode.

Results and discussion

CW-MFC performance

The performance of the CW-MFC was evaluat-
ed by operating a MFC with CWW as an anolyte
without the addition of substrates or vitamin and
mineral solutions. During operation, initially, medi-
ator-less CW-MFC showed very low voltage output
from the first to the third batch of the fed-batch ex-
periment. The voltage output generated by the CW-
MFC gradually increased with increasing batch
numbers. After several batch experiments, the CW-
MEFC produced a noticeable voltage as a result of
the maturation period of anodic biofilm. The gradu-
al increment of voltage output with time was due to
the increase in the number of bacterial cells in the
biofilm and the efficient metabolic activity of elec-
trogenic bacteria®'.

The anolyte and catholyte of the CW-MFC
were changed every two days for the first four
batches (due to the reduced or slower performance
of the CW-MFC), but after the fourth batch, the op-
erating times gradually decreased, which was at-
tributed to the increasing number of bacterial cells
on the anodic biofilm. A large number of bacterial
cells can utilize the substrate faster. In addition, the
exo-electrogenic bacteria of biofilm produces a
huge number of protons that are transferred to the
cathode chamber, and facilitate the reduction of ox-
idant or electron acceptor by electrons coming from
the anode through the external circuit. During
steady state, bacterial biofilm is matured, and the
bacterial cells achieve their efficient potential to
transfer electrons to the anode, thus increasing the
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Fig. 2 — Voltage output of the CW-MFC at 1000 Q in fed
batch experiment with phosphate buffer (light black star), and
potassium permanganate (black round) as catholytes. Arrow
indicates the replacement of catholyte.
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electron transfer rate via an outer circuit to the cath-
ode, resulting in maximum power generation. After
the eighth batch, the CW-MFC exhibited high volt-
age production, and the performance remained sta-
ble during the subsequent batches. At the stable
stage, the highest voltage generated by the CW-
MFC using CWW as an anolyte and 100 mM phos-
phate buffer solution with oxygen purging as cathol-
yte was approximately 0.260 V with a fixed 1000 Q
external resistance. This result is consistent with the
previous report that obtained a voltage output of
0.23 V using diluted cheese whey wastewater in a
two-chambered MFC*. After attaining stable voltage,
the phosphate buffer was replaced with 6.3 mM po-
tassium permanganate as catholyte, and the perfor-
mance of the CW-MFC with external resistance
(1000 ) improved, and the highest voltage output
of 0.379 V was obtained (Fig. 2).

Effect of different oxidants on CW-MFC
performance

Phosphate buffer supplied with oxygen (O,)
and other chemicals were used as oxidants or elec-
tron acceptors in the cathode chamber to examine
the rate of electron transfer by oxidants for better
MFC performance. The study has shown that
KMnO, used in the cathode chamber as an electron
acceptor had better electron receiving capability
than other oxidants. The maximum open-circuit po-
tential (OCP) after one-hour operation and the
closed-circuit voltage with 1000 Q obtained by the
CW-MFC for 6.3 mM KMnO, were 0.925 V and
0.379 V, respectively. The order of oxidants in MFC
performance was KMnO, > K Cr,0, > K ,Fe(CN), >
oxygen (O,) in phosphate buffer with the output
voltages of 0.379 V, 0.323 V, 0.307 V and 0.266 V,
respectively (Fig. 3a); and with the open-circuit
voltages of 0.925 V, 0.80 V, 0.72 and 0.70 V, re-
spectively (Fig. 3b).

In a two-chambered MFC, oxidants used in the
cathode chamber receive protons and electrons
through PEM and external circuit, respectively, and
are converted into their reduced forms, hence pro-
ducing continuous current flow. From the evalua-
tion of various electron acceptors, it was observed
that the performance of the CW-MFC depended on
the efficiency of the oxidants used in the cathode
chamber. The OCPs of the CW-MFCs obtained in
this study are in agreement with the results reported
by Kong et al., 2010, in that the OCPs of 1.132 V,
0.764 V, and 0.438 V were obtained with KMnO,,
K Fe(CN),, and dissolved oxygen (O,), respective-
ly*. A similar result was also observed in a previous
study, that obtained maximum OCP of 1.04 V,
when KMnO, was used as catholyte compared to
K Fe(CN), (OCP, 0.71 V) and K Cr,O, (OCP,
0.56 V)*. Another report explained that the steady-

Voltage (V)

Maximum OCP (V)

state voltage with KMnO, as a cathode electron ac-
ceptor was 45 mV, while the steady-state voltage
for K.Fe(CN), was 22 mV*. The variation in the
amount of energy generated by MFCs with various
oxidants among different studies is due to the use of
various electrodes, anolytes and the concentration
of cathodic oxidants. However, potassium perman-
ganate as cathode electron acceptor showed higher
catalytic activity than other oxidants in all studies.

The result of this study suggests that potassium
permanganate can be a good choice as catholyte for
the enhancement of electricity production by CW-
MFC. A large number of protons generated by the
bio-anode of the CW-MFC may help to maintain
cathodic pH around 7.0 for the stability of maxi-
mum catalytic activity of potassium permanga-
nate*.
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Fig. 3 — Voltage outputs (a), and open-circuit potentials (b)
of the CW-MFCs with different oxidants as catholytes
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Effect of mediator on CW-MFC performance

To evaluate the positive effect of redox media-
tor on the CW-MFC performance, 10 pL of 1 g L™
resazurin was introduced into the anode chamber
during operation. The electricity generation in-
creased when resazurin was used with CWW as
anolyte and potassium permanganate as catholyte.
The maximum voltage output of the resazurin-me-
diated CW-MFC was 0.414 V (Fig. 4a); and the
voltage dropout rate slowed down and consequently
increased the voltage dropout time compared to the
non-mediator CW-MFC. Moreover, the OCP in-
creased when resazurin mediator was used with
CWW in the anode chamber (a maximum OCP of
0.985 V) (Fig. 4b), which was higher than the CW-
MFC without resazurin mediator. The main impact
of the mediator is that it facilitates the electron
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Fig. 4 — Effect of resazurin on the voltage output (a), and the
open-circuit potential (b) of the CW-MFC

transfer rate of the electrogenic bacteria of biofilm
to the anode electrode. The mediator mainly helps
the non-nanowire forming bacteria and the bacteria
of the biofilm that are distant from the electrode to
donate electrons to the anode, and reduces the inter-
nal resistance of the MFC, thus increasing the per-
formance of the CW-MFC for power production®.
In a recently published report, authors found that
the performance of MFC increased when mediator
immobilized mixed culture was added to the
pre-colonized biofilm in the anode chamber®’.

Effect of external nitrogen source on CW-MFC
performance

Nitrogen sources are important for the growth
and multiplication of bacteria. Different nitrogenous
compounds were examined to assess their impact
on the CW-MFC performance. The performance of
the CW-MFC increased when 1.0 % peptone was
supplied with CWW in the anode chamber; and a
maximum voltage output of 0.390 V was observed
(Fig. 5a). This was attributed to the supplementa-
tion of essential amino acids and other nitrogen
compounds from peptone for the growth of exoelec-
trogens. It was observed that MFC having CWW
with peptone was able to produce a maximum OCP
of about 1.0 V (Fig. 5b). Additional peptone used
with CWW also increased the dropout time of the
voltage output. Sufficient addition of peptone as a
nitrogen source to CWW (anode solution) had a
positive impact on the performance of the CW-
MFC. A previous study has shown that peptone can
be used as a substrate for electricity generation in
MFC*, In case of the CW-MFC, peptone can be
used as an additional substrate for enhancing the
power output. However, yeast extract (voltage out-
put, 0.366 V), and urea (voltage output, 0.375 V)
showed no positive effect like peptone (Fig. 5a).
The probable reason for not showing a positive ef-
fect on power generation was the production of tox-
ic products by non-electrogenic bacteria, and the
alteration of osmotic pressure when yeast extract
and urea were added as nitrogen sources.

Effect of external carbon source on CW-MFC
performance

Although CWW has all sorts of nutrients (car-
bon source, nitrogen source, proteins, lipids, vita-
mins, among others) for the growth and maturation
of bacteria on an anode, a slight addition of an ex-
ternal carbon source can also increase the perfor-
mance of the CW-MFC for electricity generation.
The CWW contains mostly lactose as the carbon
energy source with traces of other carbon sources®.
It is found that the addition of 1.5 % external glu-
cose with CWW increases the overall voltage out-
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Fig. 5 — Effect of organic nitrogen sources on the voltage
output (a), and the open-circuit potential (b) of the
CW-MFC

put of the CW-MFC. In the present study, the max-
imum voltage output by the CW-MFC using CWW
plus 1.5 % glucose was 0.390 V, slightly higher
than that of the CW-MFC using CWW as sole the
energy source (Fig. 6a). In contrast, other carbon
sources, e.g., sucrose and starch caused no increase
in overall voltage output. The CW-MFC produced
maximum potentials using 1.5 % sucrose and 1.5 %
starch with CWW of 0.372 V and 0.365 V, respec-
tively (Fig. 6a). Although the OCPs were almost
similar for all carbon sources (Fig. 6b), the supple-
mentation of 1.5 % glucose had a positive impact
on power production. The aforementioned results
indicated that exoelectrogenic bacteria on the anode
can accumulate a small amount of glucose for their

180

Voltage (V)

Maximum OCP (V)

electrogenic activities, but other carbon sources
(e.g., sucrose, starch) may cause overgrowth of oth-
er bacterial species. Thus, the addition of sucrose
and starch into CWW may hamper the overall per-
formance of the CW-MFC. More detailed investiga-
tions are needed for clarifying their role in the CW-
MFC, as well as for the optimization of their
quantity for large-scale power production. A previ-
ous study found that the maximum voltage generat-
ed by MFC inoculated with Pseudomonas aerugi-
nosa was higher for glucose containing synthetic
wastewater than that for sucrose and starch'.

Effect of anode surface area on CW-MFC
performance

Electrodes with various surface areas were
used as the anodes to evaluate the effect of biofilm
or the number of bacterial cells on the power gener-
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Fig. 6 — Effect of carbon sources on the voltage output (a),

and the open-circuit potential (b) of the CW-MFC



Voltage (V)

Maximum OCP (V)

0.8

o
o

o
S

o
(35

J. Mahato et al., Electricity Production by Microbial Fuel Cell..., Chem. Biochem. Eng. Q., 35 (4) 421-430 (2021)

427

a)

0
Time (minutes)

b)

1.0 cm?
Anode surface area

2.0 cm? 0.5 cm?

Fig. 7 — Effect of anode surface area on the voltage output
(a), and the open-circuit potential (b) of the CW-MFC

ation of the CW-MFC. The results in this study
showed that power output depended on the surface
area. The voltages generated by the CW-MFCs with
anode surface areas of 2 ¢cm?, 1 c¢cm? and 0.5 cm?
were 0.379 V, 0.338 V, and 0.268 V, respectively
(Fig. 7a). The large surface area provided a large
space for the bacterial cells to adhere and for the
formation of biofilm, resulting in a huge number of
electron transfers from the biofilm to the electrode,
and consequently generating a high voltage output.
These results emphasized that bacteria in the bio-
film were responsible for electron generation and its
transfer to anode and cathode through the outer cir-
cuit for current production. The OCPs for the anode
surface areas of 2 cm? 1 c¢m? and 0.5 cm® were
0.85V, 0.68 V, and 0.57 V, respectively (Fig. 7b).

This was because a large number of bacterial cells
on the increased surface area were able to generate
more electrons by their bio-catalytic activities from
organic matter for transfer to the electrode. Since
electron generation is associated with the metabo-
lism and growth of bacteria, the biofilm on the an-
ode had a direct proportional effect on the transfer
of electrons to the anode. An electrode with a larger
surface area for biofilm formation will exhibit a
better electron transfer performance than smaller
electrodes®”. In a previous study, the parametric
modelling of MFC exhibited that the anode surface
area had an important role in the performance of
MFC; and the larger anode surface area enhanced
the current density of MFC by providing higher re-
action rates in the anode™.

Power generation and real application

To evaluate power generated by the CW-MFC,
the polarization and power density curves were con-
structed using the fixed variable external resistances
ranging from 10000 Q to 10 Q. The maximum
power density and current density achieved by the
CW-MFC were 7.18 mW m™ and 35.75 mA m?2,
respectively (Fig. 8). For the demonstration of real
application, seven CW-MFCs were operated and
connected in series with a 4 V LED strip having 6
LED lights. The OCP of each CW-MFC ranged
from 0.9 — 1.05 V after one-hour operation in open
circuit conditions (Table 1). Fluctuation in maxi-
mum OCP in each MFC was due to the defects
during manual operation, as well as the growth,
maturation, and efficiency for electron transfer rate
of the biofilm on the anode electrode. The total
OCP of seven CW-MFCs connected in series was
7.0 V witch was able to run a 4 V LED light strip
for more than 3 hours (Fig. 9).

Table 1 — Open circuit potential (OCP) of 7 CW-MFCs and
total OCP in series connection

CW-MFC No. %Sfr%)efggnl Total OCP (V)
1 0.984
2 1.050
3 0.939
4 0.914 7.0
5 0.970
6 0.940
7 1.010
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Fig. 9 —A 4V LED light strip powered by seven CW-MFCs connected in series
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Conclusions

MFC is one of the renewable technologies for
generating electricity from different domestic and
industrial wastewaters. The present study showed
that CW-MFC technique was able to produce elec-
tricity successfully from locally collected cheese
whey wastewater. The power generated by seven
serially connected CW-MFCs was capable of run-
ning a 4 V LED light strip for a few hours. It is
expected that CW-MFC can be a promising tech-
nique for electricity generation from cheese whey
wastewater only without the necessity of adding ex-
tra chemicals and energy.
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