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Abstract:
Background:
Microbial Fuel Cells (MFCs) are promising devices that enable the employment of discarded organic matter, typically gathered around food supply
chains, to generate electricity.

Aims:
In this work, low-cost MFCs in the absence of a proton exchange membrane were fabricated.

Methods:
They  were  built  on  polyvinyl  chloride  (PVC)  plastic  tubes  with  square  acrylic  sheets  at  the  ends  serving  as  a  framework  of  anode/cathode
chambers  and  using  zinc  (Zn)  and  copper  (Cu)  metals  as  electrodes.  Tomatoes,  onions,  and  potatoes  were  used  as  substrates  in  MFCs  and
monitored for 21 days. Variables of interest such as voltage, current, pH, and volume were measured through a 100 Ω resistor.

Results:
The voltage measurements for the onion-based cell showed an upward trend that reaches a peak of 1.01 volts on the last day. Moreover, the
greatest current generation was observed in onion cells, in which the current gradually increases from 10.2 to 24.7 mA on the last day. On the other
hand, in all substrates, pH ranged from 7.5 and 10, which indicates the slightly alkaline behavior of the solutions.

Conclusion:
A reduction in the volume of the substrate was observed during the voltage generation. Finally, during the last day, MFCs were connected in series
which allowed for the successful generation of 2.35 volts, and consequently, illumination of LED light.
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1. INTRODUCTION

Electricity  has  become vital  for  living around the  world,
being  a  necessity  for  carrying  out  day-to-day  activities.  The
demand for this energy source is constantly increasing, which
translates to a higher fossil fuel demand for its production. Due
to  the  high  levels  of  contamination  associated  with  this,  the
scientific  community  is  pursuing  new  methods  to  produce
novel environmental-friendly sources of energy. One of these
promising  sources  is  the  Microbial  Fuel  Cells  (MFCs)  that
consist  of  an  anode-cathode  chamber  separated  by  a
membrane, although the latter is not required in some cells [1].
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At the anode, the bacteria oxidize the organic matter contained
in a substrate (fuel) and produce protons and electrons. Protons
are diffused from the anode, through a membrane, and to the
cathode. There, together with the incoming electrons, they flow
through  an  external  circuit.  The  anode  oxidation  reaction  is
balanced by the oxygen reduction in the cathode, where oxygen
generally acts as an electron acceptor. In order to accelerate the
oxygen  reduction  reaction,  platinum,  graphite,  among  other
materials  are  commonly employed as  catalysts.  On the  other
hand, MFCs  involve  biochemical  pathways whose  efficiency
depends,  not  only  on  the  operational  parameters  and  design,
but also on several biological factors [2]. Indeed, the processes
occurring  in  MFCs,  constituted  by  biocatalyst  anodes  and
chemical cathodes, follow complex interactions addressed by
other fields such as electrochemistry, microbiology, materials
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science,  transport  phenomena,  and  environmental  biotech-
nology. Furthermore, it has been shown that the design of the
compartment structure can drastically affect the power output
of the fuel cell [3]. In fact, the cells in a chamber, according to
Huang  et  al.  can  efficiently  remove  the  nitrate  from
wastewater, since the interaction between exoelectrogenic and
denitrifying bacteria  may improve the denitrification activity
[4].

Recently,  Shrestha  et  al.  studied  electricity  generation
using  substandard  tomatoes  in  a  microbial  electrochemical
system [5]. Their cyclic voltammetry results indicate the active
role  of  pigments  during  electricity  production.  This  fact
suggests that its usage can be as effective as purely chemical-
based  systems,  if  not  more  so.  This  is  even  more  shocking
when  you  consider  that  a  tomato’s  nutritional  components
contribute  to  the  nourishment  of  the  bacteria  responsible  for
redox  reactions.  More  recently,  Iigatani  et  al.  studied  the
efficiency  of  MFCs  based  on  sweet  potato  residues  [6].  The
results  indicated  that  0.5  L  of  the  residues  in  the  reactor
produces a maximum power of 0.44 W/m3 after eight days of
operation and an optimal pH of 4.1. Nonetheless, the pH may
vary  depending  on  the  type  of  potato.  These  overall  results
suggest  that  potato  residues  may  be  used  as  electrolytes  in
MFCs.  Similarly,  Divya  and  Pydi  used  cashew  juice  as  a
substrate  for  MFCs.  Their  findings  suggest  that  clarified
cashew juice is  able to generate up to 0.4 V, with maximum
power  and current  density  of  31.58 mW/m2  and 350 mA/m2,
respectively [7].

Due to the high cost of manufacturing MFCs, some metals
are used as substitutes for conventional carbon electrodes [8],
graphite [9], activated carbon [10], graphene [11, 12]. Zhu and
Logan managed to obtain 00.3 mA and 2 mW. m-2 of current
and power density, respectively, by using anodes of Cu-carbon
cloth and Cu-stainless steel of 7 cm2 on MFCs. However, Cu is
highly  corrosive  and  the  use  of  porous  materials  is  highly
recommended since they are suitable for bacteria growth [12].
In order to reduce costs in the MFC, Noori et al. showed that
using a Cu-Sn alloy provides the advantage of increasing the
power  and  voltage  density  up  to  457  mW.m-2  and  590  mV
using  wastewater  as  a  substrate,  demonstrating  that  higher
power density values can be generated than those described by
Zhun and Logan [13]. Whereas, Prasad and Tripathi managed
to generate 1.16 V and 3.01 mA using copper-zinc electrodes
and  sediment  substrates  with  the  absence  of  a  mediator  in  a
period  of  23  days.  Results  showed  that  the  voltage  values
increased from the first day of monitoring [14].

MFCs have  succeeded  in  manufacturing  a  single  camera
using  carbon  black  electrodes  by  varying  graphene  oxide
concentrations. They are able to generate 2.642 mW.m-2 power
density  for  variation  of  15:15,  as  well  as  approximately  0.3
volts  for  the  initial  22  hours  of  monitoring  [15].  The  use  of
stainless  steel  as  electrode  has  also  been  reported  (with
different  contact  areas  of  stainless  steel)  in  order  to  improve
power density, with 1.136 mW.m-2 being generated by stainless
steel electrode and steel mesh stainless, so it was also possible
to  generate  voltages  of  around  760  mV.  Furthermore,  it  was
found that  the  power  density  is  inversely  proportional  to  the
size  of  the  stainless-steel  electrode  [16].  On  the  other  hand,
Jung and Kim used 3 cm diameter stainless-steel  and carbon

felt as cathode and anode respectively, with the stainless steel-
carbon  felt  mesh  being  the  one  that  showed  the  lowest
electrochemical performance in the long term due to the anodic
biofilm  that  may  have  grown  in  stainless  steel,  managing  to
generate 555 mV; while the MFC with carbon felt  generated
569 mV. The current densities generated were 1.737 and 2.311
mW.m-2  for  stainless-steel  and  carbon  felt  cells,  respectively
[17]. The performance of the MFCs depends on the microbial
communities present in the anode of the cells. Jung and Regan
in their MFCs with different substrates found that betaproteo-
bacteria and gammproteobacteria were present in cells fed with
oils,  while  bacillus  predominated  in  cells  fed  with  glucose.
Also,  the  external  resistance  affects  the  exoelectrogenic
communities that are present in a cell, affecting its performance
[18].

In this work, electrical measurements of a single chamber
MFC that uses organic matter (potato, tomato, and onion) as a
substrate for electricity generation were carried out. Since the
processes  taking  place  involved  bacteria  and  degrading
microorganisms,  agricultural  residues  (decomposed  matter)
were  used  for  the  purpose  of  giving  it  a  second  utility  and,
consequently,  generating  environmentally-friendly  electric
power.

2. MATERIALS AND METHODS

2.1. Construction of Microbial Fuel Cells

Microbial  fuel  cells  in  the  absence of  a  proton exchange
membrane  are  manufactured  (three  for  each  kind  of  organic
waste). A schematic representation of the proposal is shown in
Fig.  (1).  Note  that  the  MFC  uses  two  square  acrylics  of
approximately 144 cm2, in which four holes at the ends of each
corner are included. These acrylics serve as lids and support for
the  cell  chamber.  The  chambers  use  PVC  pipes  (5  cm  in
diameter and 10 cm long), containing circular plates where the
cathode  is  made  of  Copper  (Cu)  and  anode  is  made  of  Zinc
(Zn) having 5 cm diameter and 0.2 cm thickness at each ends
of the pipes. The plates are welded together with copper wire
(each wire being approximately 0.3 cm in diameter) that come
out from the two holes located at the ends of the tube. Between
the  acrylic  lids,  the  pipe  is  secured  with  bolts,  nuts,  and
washers. In order to prevent any leakage of the fluid, thermo-
fuse adhesive is applied to the ends of the pipe.

2.2. Collection of Organic Matter

Organic  residues  of  onions  (Allium  cepa),  tomatoes
(Solanum  lycopersicum)  and  potatoes  (Solanum  tuberosum)
were collected from a local Market (Hermelinda-Trujillo, Perú)
and used as substrates (fuel). The residues were crushed and,
subsequently, 120 mL of each substrate (organic residues) was
homogenized  with  a  magnetic  stirrer  and  placed  inside  the
cells. Note that the samples were mixed at room temperature
(21°C ± 2°C).

2.3. Characterization

Electrical  measurements  of  the  voltage  generated  during
the first seconds of MFCs functioning were recorded through a
voltage  sensor  (differential  voltage  probe  -  Venier).  On  the
other hand, the current and voltage produced over the 21 days
were measured with a multimeter (Testech, KT-5510), using an
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Fig. (1). Schematic representation of a prototype microbial fuel cell.

external  resistor  of  96.02  ±  0.01  Ω  for  the  current  measur-
ements.  In  addition,  the  current  density  (DC,  mA/cm2)  and
power  density  (DP,  mW/cm2)  were  computed  by  equations
DC=V/(Rext..A)  and  DP=V2/(Rext..A)  [19].  In  our  system,  the
cathode  area  (A)  was  19.63  ±  0.79  cm2,  while  Vcell,  the  cell
voltage and Rext,  the external resistance. Also, the pH (multi-
HQ40D) over the 21 days was recorded at room temperature.

3. RESULTS AND DISCUSSION

Fig. (2) shows the average voltage generated during the 21
days  of  operation.  For  the  tomato  substrate,  a  maximum
voltage  of  0.974  volts  on  the  sixth  day  was  observed.  This
value rapidly decreased until  eventually reaching 0.757 volts
on day 21. In contrast, the onion substrate showed the lowest
value, 0.778 volts, in the very early days, which progressively
increased up to 1.010 volts on day 21. Moreover, in the potato-
based  cells,  the  voltage  decreased  until  the  fourth  day,  from
0.900 to 0.810 volts. Then, it slightly increased yielding values
that oscillate around 0.830 volts.

The  observed  MFCs  power  behavior  (increase/decrease)
may be closely related to the proliferation of microorganisms
in the chamber,  which in turn depends on the fuel  employed
[20]. Indeed, these organic residues might present resistance to
degradation,  which  directly  affects  the  growth  of  micro-
organisms in the MFCs [21]. Therefore, the voltage variability
depends  on  the  availability  of  the  organic  wastes,  inorganic
elements  and  oligoelements  present  in  the  vegetables,  the
selection  and  development  of  microbials,  and  the  average
temperature  [22].  Furthermore,  the  microorganisms  in  vege-
tables  collect  the  necessary  energy  for  surviving  from  the
oxidation  of  organic  compounds.  Hence,  these  act  as
biocatalysts that convert the stored energy into electrical power
[22]. In the magnesium anodes used as sediment substrates, the
possibility  of  the  high  energy  generated  could  be  due  to  the
corrosion  of  these  types  of  anodes  and  the  5  bacterial
communities  present  such  as  the  Uncultured  Desulfuromusa
clone  (16.4%),  Staphylococcus  xylosus  (15.1%),  Desulfom-
icrobium  baculatum  (9.8%),  Desulfobotulus  alkaliphilus

(4.8%)  and  Escherichia  coli  (4.6%)  [23].

The results suggest that vegetable residues hold potential to
be  used  as  anode  substrates  in  MFCs  for  power  generation
[24], given that the sap drawn from plant tissues contains high
concentrations  of  biodegradable  compounds  such  as  sugars
(mainly sucrose) (0.2-1 M) and amino acids (0.03-0.6M) that
act as biocatalysts in anodic reactions [25 - 27]. Moreover, it
has  been  shown  that  the  ascorbic  acid  present  in  the
composition  of  vegetables  serves  as  an  electron  donor  [28],
while  the  minerals,  such  as  Potassium  (K)  and  Magnesium
(Mg),  as  well  as  the  oligoelements,  that  include  Manganese
(Mn),  Iron  (Fe),  Copper  (Cu),  Zinc  (Zn)  and  Molybdenum
(Mo),  are  necessary  for  the  growth  and  functioning  of
microorganisms.  Many  of  these  act  as  catalysts  in  some
metabolic reactions related to the bacterial physiology through
redox reactions [29].

Fig. (3) shows the average current generated by different
MFCs.  Clearly,  the  tomato  substrate  presents  the  greatest
current  (32.7  mA)  during  the  first  two  days  which  drops
drastically until the fourth day (8.7 mA), and from this point, it
decreases  gradually.  In  contrast,  in  onion-based  cells,  the
current increases steadily from 10.2 mA on the first day to 24.7
mA on the last day. Concerning the potato-based cells, one can
notice a slight decrease from the first day. This behavior might
be  related  to  the  lower  concentration  of  organic  substances,
which are responsible for electron conduction [30]. It should be
noted that the current generation in MFCs is due to the tran-
sfer  of  electrons  produced  by  the  metabolism  of  present
fermentative  microorganisms  [31].  The  generation  of  elec-
tricity  is  due  to  the  fact  that  zinc  ions  (anodic  chamber)
produce Zinc ions (Zn2+) that together with the released electr-
ons  travel  through  the  copper  wire  to  the  copper  electrode
(cathode  chamber)  reacting  with  the  H+  ions  of  the  waste
generating bio-H2 gas at the same time. The supply of electrons
produces  electric  current  due  to  the  potential  difference
between the two electrodes. The oxidation of organic material
is coupled to reduction, according to the following equations
[32 - 34].



Agricultural Wastes for Electricity Generation The Open Biotechnology Journal, 2020, Volume 14   55

Fig. (2). Average voltage of the MFCs in 21 days of operation.

Fig. (3). Average current of the MFCs over 21 days.

Zn → Zn2+ + 2e- (anodic reaction)

2H+ + 2 e- → H2 (cathodic reaction)

Zn +2H+ → Zn2+ + H2 (Overall reaction)

To  be  thorough,  the  maximum  and  minimum  values  of
current  density  (DC)  and  power  density  (DP)  for  the  three
substrates, are shown in Table 1. The maximum values for DP
and  DC  are  129.9  µW/cm  and  128.6  µA/cm2  respectively,
associated with the onion substrate, while the minimum corres-
ponds  to  the  tomato  substrate  with  69.7  µW/cm  and  94.2
µA/cm2,  respectively.  This  behavior  is  due  to  the  electro-
chemical inactivity of some microbe species in the substrate.
The  competition  between  them  and  active  microorganisms
limits the electrochemical activity until converting into a domi-
nant species [35].

In  Fig.  (4a),  we  present  the  average  pH  for  different
substrates over a period of 21 days. Clearly,  cells containing

onion show a slightly acidic pH during the first 8 days, which
slightly increases until reaching a neutral character. The pH in
cells  containing  tomato  and  potato  remains  almost  constant
from  the  second  day  until  the  seventh  and  eighth  day,
respectively, with values that fluctuate around 8 and 9.1. After
this  period,  a slight  increase,  with a subsequent saturation in
pH  of  9  and  10,  for  potato  and  tomato,  respectively,  is
observed  until  the  21st  day.

Fig. (4b) shows the average substrate volume of each MFC
monitored over the 21day period. The minimum loss of volume
is observed in the onion-based cells, which might be related to
having the highest voltage generation. By inspecting the potato
loss of volume, the greatest among the three organic samples,
and its produced power (the lowest of all the samples, Fig. (2)),
it  is  concluded  that  the  greater  the  loss  of  volume,  the  less
voltage will be generated over time.

By following the procedure shown in Fig. (5), it is possible



56   The Open Biotechnology Journal, 2020, Volume 14 Rojas Flores et al.

to  generate  bioelectricity  from  organic  waste  due  to
exoelectrogenic  microorganisms  from  almost  all  sources  of
inorganic or biodegradable organic matter that does not require
oxygen for its degradation process [36].  Fig.  (5)  also depicts
the  vegetables  obtained  from  organic  waste  (potato,  tomato,
and onion) and how they look after being crushed and placed in
the microbial fuel cells. Finally, cells (for each substrate) with
the  highest  generated  power  on  day  21  were  selected,  and  a
device  connected  in  series  was  designed.  The  resulting
arrangement managed to reach 2.354 volts, which was enough
to illuminate an LED light (yellow).

Other studies already show that electricity can be generated
from agricultural  waste;  for  example,  the  banana and orange
peel  were  used  in  an  MFC obtaining  a  maximum voltage  of
0.67 volts [37]. In the work done by Kondaveeti et al., Citrus
Peel  Extract  was  used  to  obtain  a  maximum  voltage  of
approximately  0.270  V  [38].  However,  data  in  this  work
showed that the minimum voltage in the MFC was 0.740 V for
the potato and a maximum of 1.01 V, representing an increase
of  10  and  50%  respectively  in  this  system  compared  to  the
work done by Toding et al. [37].

Table 1. Current and power density and microbial fuel cell.

Substrate Vmin. (V) Vmax. (V) DPmin. (µW/cm2) DPmax. (µW/cm2) DCmin. (µA/cm2) DCmax. (µA/cm2)
Tomato 0.74 ± 0.02 0.98 ± 0.05 290 ± 27 509 ± 72 393 ± 26 520 ± 47
Onion 0.78 ± 0.01 1.01 ± 0.02 323 ± 21 541 ± 43 414 ± 22 536 ± 32
Potato 0.80 ± 0.02 0.89 ± 0.02 339 ± 31 420 ± 36 424 ± 28 472 ± 30

Fig. (4). Time evolution of (a) pH and (b) volumes in microbial fuel cells.
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Fig. (5). Outline of bioelectricity production using organic waste.

CONCLUSION

The potential of tomato, potato, and onion waste as sources
of power generation was evaluated, using microbial fuel cells
without  proton  exchange  membranes.  Onion-based  MFCs
showed  the  lowest  initial  voltage  which  increased  with  the
passing  days,  reaching  1.01  volts  on  the  21st  day,  whereas
tomato substrate cells presented the highest initial voltage that
fell to 0.757 volts on day 21. Moreover, the current generated
by tomato substrate during the first  day was 32.7 mA, and it
decreased to 4.3 mA on day 21. On the other hand, the current
of  onion-substrate  cells  increased  from 10.2  on  the  first  day
until  eventually  reaching  24.7  mA  on  the  last  day.  The  pH
measured  in  MFCs  ranged  from  7.5  to  10,  suggesting  the
solutions as being slightly alkaline. Finally, the volumes of the
substrates decreased over time. Onion-based cells showed the
minimum loss of volume, a factor that may be closely related
to its higher voltage generation during the monitoring period.
This  research  provides  companies  conducting  fruit  and
vegetable businesses an alternative to reuse their products that
are  unfit  for  human  consumption  for  the  benefit  of  the
company, generating their own electricity and thereby reducing
the costs.
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