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Abstract

The dumping of organic waste in the areas surrounding food supply centers and the excessive use of fossil fuels for energy
generation have generated major pollution problems worldwide. One of the novel solutions is the use of organic waste for
electricity generation through the use of microbial fuel cell technology. In this research, low-cost, laboratory-scale, double-
chamber microbial fuel cells were fabricated using zinc and copper as electrodes and avocado waste as fuel. Current and voltage
values of 3.7326 + 0.05568 mA and 0.74 £ 0.02121 V were achieved on the seventh day, with an optimum operating pH of
5.98 % 0.16 and a maximum electrical conductivity of 94.46 £ 5.12 mS/cm. The cells showed a very low operating resistance of
71.480 €2, indicating the good electrical conductivity of the electrodes. Likewise, a power density of 566.80 £ 13.48 mW/cm?
at a current density of 5.165 Alcm? was generated. This research provides an eco-friendly solution to farmers and companies
dedicated to the export and import of this fruit because it shows the benefits of using their own waste for the generation of
electricity, reducing costs.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Environmental pollution due to the excessive use of fossil fuels to generate energy has become one of the main
problems worldwide, due to the release of polluting gases (CO,, CH4, N,O, and others). On some occasions,
pollution levels can reach levels above normal causing a reduction in the quality of our environment [1]. Despite the
efforts made to reduce the impact of pollution, this problem is increasing and is not adequately addressed. Moreover,
it is an issue that is neglected in many agendas of international development and global health, as well as in the
planning strategies of many countries [2,3]. On the other hand, organic waste produced in rural and agro-industrial
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areas represents a kind of contamination that is not adequately managed. In some cases, organic waste makes
up half of all municipal solid waste, and most of the time it is disposed of in open dumps or “landfills”, where
decomposition leads to the release of some greenhouse gases [4,5]. Agro-industrial waste (pulps, stalks, seeds, peels,
etc.) is generated at different stages of agricultural and industrial operations [6].

One of the tropical fruits that has become increasingly consumed in many parts of the world is the Persea
Americana (Laureacea family) known as aguacate or palta in Latin America. Peru is the third country below
Mexico and the Dominican Republic in avocado exports (with 745.7 million dollars in 2019) and mainly supplies
Europe [7-9]. However, avocado cultivation leads to a consensus regarding its environmental impact, due to the
large amount of water required for this crop [7]. On the other hand, due to the increase in its production, a greater
amount of waste of this fruit was generated. In general, the pulp is the most consumed part and the peel, stone or
seed, and leaf are discarded, which can be accumulated. This situation is a matter of concern, not only for avocado
waste but for all the agro-industrial organic waste that is generated and accumulated around the world, hurting the
environment [10-12].

There are two methods of organic waste treatment, anaerobic digestion and composting, which have advantages
and limitations in their operational aspects [13,14]. Because of this, eco-friendly proposals that can take advantage
of the energy contained in organic waste, such as emerging technologies, are being developed. In this sense,
microbial fuel cells (MFCs) are a promising technology for the treatment of organic waste and have the potential to
counteract the impact of the energy crisis and environmental pollution [15]. These cells consist of bioelectrochemical
devices that convert the chemical energy contained in organic and inorganic matter into electric current by using
microorganisms as catalysts [16]. It is generally composed of two chambers (anodic and cathodic) almost always
separated by a proton exchange membrane, with electrodes inside them connected by an external circuit. The organic
substrates are placed inside the chambers and can be vegetable waste or any type of organic matter. For this reason,
this technology can be considered as one based on a circular economy since it uses renewable bio-waste, i.e. it is
environmentally sustainable energy [17,18].

For example, Rahman et al. (2021) used mango, banana, and orange waste as substrate in their single-chamber
fuel cells, achieving peak voltages of 0.350 V for the orange substrate and adding glucose at 0.5 V [19]. Likewise,
Kondaveeti et al. (2019) used citrus peels as substrates in their single-chamber cells managing to generate 0.250 V
and 72 mW/cm? voltage and power density, respectively, mentioning that the use of a proton exchange membrane
would increase the power density values [20]. Prasidha and Majid (2020) used food waste leachates as substrate
in their double-chamber fuel cells, managing to generate 0.410 V and 0.23 mA/cm? voltage and current density,
concluding that aeration of the cathode chamber increases the energy values [21]. In this sense, the agro-industrial
residues of P. Americana have already been addressed because they represent a large amount of lignocellulosic
biomass, becoming a source of raw material with different technological applications in different economic and
environmental sectors [22]. And, these, in turn, are candidate substrates for MFCs to generate bioelectricity, since
avocado peels may contain certain amounts of polyphenolic compounds [23].

The main objective of this research is to generate bioelectricity and to produce laboratory-scale, double-chamber
microbial fuel cells using zinc and copper as electrodes, monitoring their voltage, current, pH, conductivity, power
density, and current density values for 35 days, giving to the waste of this fruit a second beneficial use for the
exporting and importing companies dedicated to this field.

2. Materials and methods

2.1. Construction of single-chamber microbial fuel cells

Two 1-L airtight polyethylene containers were used as anodic and cathodic chambers for each cell (3 MFCs
in total). In the center of each chamber, 2.5 cm diameter holes were drilled on one side of each chamber for the
passage of the proton exchange membrane (10 mL of the concentration of 6 g of KCI plus 14 g of agar and 400
mL of H,O was used), which was placed inside a 10 cm long polyvinyl chloride tube. In each chamber, a hole
was drilled in the center for the passage of the conductive wire (copper of 1.5 mm diameter) that connected the
electrodes inside the chambers with the external resistor of 100 2. The electrodes used were made of zinc and
copper, 100 cm? and 3.5 mm thick (see Fig. 1).
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Cu

Fig. 1. Microbial fuel cell prototype.

2.2. Avocado waste collection and preparation

The organic waste of avocado (Persea Americana) was collected from La Hermelinda Market, Trujillo, Peru;
which was washed four times with distilled water to eliminate any type of impurity (dust, insects, or other
impurities), left to dry in an oven (Labtron, LDO-B10)) for 24 h at 30 & 1 °C. With an extractor (Magqorito-400
rpm), 500 mL (150 mL for each MFC) of avocado extract was obtained.

2.3. Characterization of microbial fuel cells

Daily current and voltage monitoring was performed using a Prasek Premium PR-85 multimeter and an external
resistor of 100 2. On the other hand, current density (CD) and power density (PD) values were measured using
external resistors 10 £ 0.2, 40 £ 2.3, 50 £ 2.7, 100 £ 3.2, 300 £ 6.2, 390 £ 7.2, 560 £10, 680£ 12. 3, 820 & 14.5,
1000 £20.5 2; by the formula CD = I/A and PD=IV/A [24], where I is current with different external resistors, V
is the voltage of open-circuit cells, and A the area (144 £ 5.2 cm?). Conductivity (conductivity meter CD-4301) and
pH (pH meter 110 Series Oakton) changes were also measured, and the resistance values of MFCs were measured
using an energy sensor (Vernier- = 30 V & £ 1000 mA).

3. Results and analysis

Fig. 2(a) shows the values of the voltage generated during the 35 monitoring days, which increase from the
first day (0.187 £ 0.0037 V) to the seventh day (0.74 £ 0.02121 V) and then slowly decay until the last day
(0.15624 £ 0.06419 V). Fig. 2(b) shows the current values generated during the monitoring period, indicating
an increase from the first day with a value of 2.21307 £ 0.03512 mA to 3.7326 £ 0.05568 mA on the seventh
day, and then falling until the last day (1.23939 £ 0.0932 mA). The high values generated are mainly due to the
good adhesion between the anodic electrode and the microbes present on the substrate, which had a rapid adhesion
because its maximum peak was on the seventh day. After that, the substrate degradation and the metallic material
used could generate current losses [25-27]. The adverse effects of metal electrodes can be counteracted by coating
the electrode with carbon or another material non-toxic to microorganisms [28].

Fig. 3 (a) shows the pH values of microbial fuel cells during the 35 monitoring days, showing variations from
slightly acidic to slightly alkaline levels, with an optimum operating pH of 5.98 4 0.16. The pH values influence
the metabolism of the energy-generating microorganisms. Therefore, for values higher than approximately 6 for
this type of cell, the voltage values generated decrease, which would suggest stabilizing by adding some chemical
compound [29]. These results agree with Javed et al. (2021) showing that for low pH the power is higher and vice
versa [30]. Similarly, Fig. 3 (b) shows values of the electrical conductivity of the substrate, with maximum peaks of
approximately 94.46 £ 5.12 mS/cm on the ninth day and then decreasing steadily until the last day (23.24936 =+ 4.5
mS/cm). Variations in the electrical conductivity values are due to the sedimentation of the substrate over time, where
the substrate loses components in the process of electricity generation [31].
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Fig. 3. Values of (a) pH and (b) electrical conductivity of microbial fuel cells during monitoring.

Fig. 4 (a) shows the modeling of Ohm’s Law, which can be described by multiplying current (I) by resistance
(R) to obtain the voltage (V), i.e., V = IR. In this sense, current values were assigned to the x-axis, while the
potential was assigned to the y-axis. The experimental data fit the equation y = 0.07148x + 4.1221 with R2 =
0.028. The slope of the graph represents the average resistance of the microbial fuel cells (71.480 €2). This low
resistance shown is due to the good adhesion of microorganisms with the anode electrode and confirms the high
values of current shown by the cells [32]. Likewise, metallic electrodes are characterized by their low resistance to
the passage of electrons, which favored the production of energy [33]. Fig. 4 (b) shows the values of power density
(PD) and voltage according to the current density (CD), achieving a PDyax. of 566.80 & 13.48 mW/cm? at a CD
of 5.165 A/cm? and a peak voltage of 676.50 £ 18.1 V. The PD values shown in this work are very close to the
values obtained by Mosgsud et al. (2014) who used chicken waste managing to generate a PD of 60 mW/cm? and
40 mW/cm? for bamboo waste. This high value obtained is mainly due to the high content of microorganisms found
in these wastes [34]. Meanwhile, the values found by Kamau et al. (2018) are very low compared to those of our
research, because it used combined melon, banana, mango, and tomato wastes, but with carbon electrodes with a
high internal resistor (45 k<2), generating a PD of 13 mW/cm? [35].
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4. Conclusions

Bioelectricity was successfully generated through laboratory-scale, double-chamber microbial fuel cells using
avocado waste as fuel (substrate). It was possible to generate 0.74 4 0.02121 V and 3.7326 £ 0.05568 mA voltage
and current, respectively, on the seventh day, with an optimum operating pH of 5.98 £ 0.16, while the electrical
conductivity of the substrate increased from the first day to 94.46 + 5.12 mS/cm on the ninth day. Resistance
was calculated by using the Ohm’s law, whose slope of the obtained graph was 71.480 2. This value was one
of the main characteristics of the high electrical values. Likewise, the maximum power density was found to be
566.80 & 13.48 mW/cm? at a current density of 5.165 A/cm? and a peak voltage of 676.50 £ 18.1 mV. This work
gives an excellent beginning for future research on the use of this substrate and its capacity to improve the electrical
properties, using electrodes coated with chemical compounds to increase the performance or adding to the substrate
some other element to delay the degradation and stabilize the pH values. Meanwhile, in the economic-social aspect,
this work shows a promising vision for agro-industrial companies in which the use of their waste may bring benefits
by generating their own electricity and taking care of the environment.
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