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Abstract: Global warming and the increase in organic waste from agro-industries create a major
problem for the environment. In this sense, microbial fuel cells (MFC) have great potential for the
generation of bioelectricity by using organic waste as fuel. This research produced low-cost MFC by
using zinc and copper electrodes and taking blueberry waste as fuel. A peak current and voltage of
1.130 £ 0.018 mA and 1.127 4 0.096 V, respectively, were generated. The pH levels were acid, with
peak conductivity values of 233. 94 4 0.345 mS/cm and the degrees Brix were descending from the
first day. The maximum power density was 3.155 4 0.24 W/cm? at 374.4 mA /cm? current density,
and Cdndida boidinii was identified by means of molecular biology and bioinformatics techniques.
This research gives a new way to generate electricity with this type of waste, generating added value
for the companies in this area and helping to reduce global warming.

Keywords: microbiana fuel cells; waste; bioelectricity

1. Introduction

The world is facing serious environmental and energy problems, mainly due to the
accelerated consumption of fossil sources (oil, gasoline, gas, etc.) to meet the basic needs
of society [1]. The increased use of renewable energy will help to solve or mitigate these
problems; microbial fuel cells (MFC) emerge as the most viable solution for this purpose [2].
There are different types of MFC, which are usually composed of two chambers (anode and
cathode, with their respective electrodes) that are joined by a proton exchange membrane
and an external circuit (through which electrons flow from the anode to the cathode).
This type of cell uses different types of microorganism-rich substrates as fuel [3,4]. MFCs
use the metabolism of microorganisms to produce electrical energy from the chemical
energy contained in the substrate. The flow of electrons (electrical energy) is obtained
when electrically active microorganisms carry out processes of oxidation of organic matter.
For this, microorganisms grow within a matrix with polymeric substances forming a
biofilm, which is established on the anode electrodes where bio-electrochemical reactions
occur [5,6].

Likewise, blueberries have exponentially increased their production during the last
five years around the world; for example, in Europe and America, in 2019, 136,495 and
676,313 tons of blueberries were commercially produced, respectively [7]. The increase
in its consumption is mainly due to its valuable components (K, Ca, Mg, P, Fe, Mn and
Zn), which are essential for the human diet [8]. In this sense, the import and export
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of this product throughout the world has increased, as well as the increase in waste of
this fruit. Particularly in Peru, blueberry production in 2018 reached 89,735 tons, which
represented a greater volume of 71.6% compared to 2017. The departments of La Libertad,
with 16.8 t/ha, Lambayeque (15 t/ha), Ica (8.2 t/ha), Lima (4.5 t/ha) and Ancash (4.1 t/ha),
stand out in terms of the highest yield rates [9]. Because of this, the waste of this type of
fruit has generated the need to give an added value and produce benefits to the owners
of this material. In this sense, organic waste has been used as a fuel in MFC, which is
being intensively studied due to the use that can be given to these types of materials for
generating electric current [10]. Toding et al. (2018), in their research, used banana and
orange peel as fuel (substrate) for the generation of electricity in its single-chamber MFC
with copper and zinc electrodes (anode and cathode) coated with activated carbon and
graphite, respectively; generating approximately 0.67 V in the orange-peeled cell [11].
Manjrekar et al. (2018) manufactured low-cost, double-chamber MFC by using aluminum
electrodes and kitchen waste (orange peels, banana peels, vegetable peels, vegetable
scraps, etc.) as fuel, generating a voltage of 1.57 V by connecting the four cells produced in
series [12]. Kondaveeti et al. (2019) studied power generation in a single-chamber microbial
fuel cell from the citrus peel as substrate. Voltage results showed a generation of 262 mV, a
current density of 349 mA/ m?, with a maximum power generation of 71.1 mW/ m? with an
organic load of 3 kg/m?3 [13]. In addition, Kamau et al. (2018) studied voltage generation
in MFC from the use of food waste, where the results showed that the average voltage
obtained was higher in avocado waste at 0.357 V and lower in watermelon waste at 0.009 V.
Power and current density for all fruits were in the range from 0.060 to 22.530 pW /m?
and 0.751 to 63.110 mA /m?, respectively [14]. Finally, Din et al. (2020) used potato waste
in single-chamber MFC with copper and zinc electrodes, generating a voltage and peak
current of 1.12 V and 12.5 mA in a single cell, demonstrating high efficiency for a pH
of 7.2 and external resistors of 90 Q2 [15]. It is important to mention that a large part of
these fruits or vegetables are destined for the industry, so it generates residues that can be
used, giving them an added value and minimizing the impact of their accumulation on the
environment [16], by turning microbial fuel cells into sustainable technology to generate
bioelectricity from organic waste [17].

In this sense, the main objective of this research is to generate bioelectricity through
single-chamber MFC by using copper (Cu) and zinc (Zn) electrodes from blueberry waste
as substrate. The values of voltage, current, conductivity, pH, degrees Brix, yeast count,
current density, power density and Molecular Identification were monitored by PCR
technique. This research will add value to blueberry waste as a form of eco-friendly
bioelectricity generation and benefiting businesses and/or farmers.

2. Materials and Methods
2.1. Construction of Single-Chamber Microbial Fuel Cells

MEFCs were constructed by using polymethylmethacrylate tubes of 5 and 20 cm
diameter and long, respectively. Copper (Cu-anode) and zinc (Zn-cathode) electrodes
were 5 cm in diameter and 0.05 cm in thickness. As shown in Figure 1, the anode was
placed inside the tube 4 cm away from the sealed end, while the cathode was placed on the
opposite end of the tube without a proton exchange membrane. Cu wires (12 mm diameter)
were welded to the electrodes and external resistor (10 (2). Finally, MFCs were encapsulated
by using two 100 cm? polymethylmethacrylate caps to avoid any external contamination.



Processes 2021, 9, 1301

30f9

Figure 1. Scheme of the MFC prototype.

2.2. Sampling and Bio-Electrochemical Analysis

The substrate (fuel) used was collected from blueberry waste from Hortifrut Peru
Company S.A., Trujillo, Peru. The collected waste was washed with distilled water twice
to remove any impurity (dust, insects or other contaminants). The fruits were dried at
22 °C £ 2°C in a Labtron oven (LDO-B10) for 24 h. All fruit waste passed through an
extractor (Magqorito, 400 rpm-Lima-Peru) to obtain 2 L of waste. Finally, the waste was
placed in properly sterilized precipitation vessels for preservation prior to their application
in MFC, which contained 300 mL of juice from the collected blueberry waste. At the same
time, the MFC is sealed with a plug to provide anaerobic conditions and worked without
adding substrates.

2.3. Isolation of Electrogenic Microorganisms from the Anode Chamber
2.3.1. Isolation in Solid Media of Electrogenic Bacteria from the Anode Chamber

A swab of the anode plate was performed and sown by stria in culture media for aer-
obes such as Agar Mac Conkey, Nutrient Agar and Sabouraud Agar. They were incubated
at temperatures of 44.5 °C for isolation of total coliforms and 30 °C for fungi and yeasts.
Microorganisms were isolated in duplicates.

2.3.2. Molecular Identification of Yeast C. boidinii

Molecular identification was carried out by the Analysis and Research Center of
the laboratory “Biodes Laboratorios”. Therefore, pure or axenic cultures of the isolated
yeast were sent. Their DNA was extracted by means of the CTAB extraction method [18].
For PCR, the first ITS1F and ITS4 were used, which identified ITS (internal transcribed
spacer) sequences specific to fungal organisms [19]. PCR products were sequenced in the
Macrogen laboratory (USA-Florida- Gainesville). Later, these sequences were analyzed in
the Bioinformatic Software MEGA X (Molecular Evolutionary Genetics Analysis), aligned
and compared with other sequences in the bioinformatic program BLAST (Basic Local
Alignment Search Tool) by which the percentage of identity for the identification of yeast
species will be obtained.
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2.4. Physico-Chemical Characterization of MFC

MEFCs were monitored for 30 days at room temperature (~21 £ 2 °C), in which voltage
and current variations were observed by using a multimeter (Prasek Premium PR-85 -
Lima- Peru). Whereas for current and power density measurements, the formulae used
by Kamau et al. [20] were used, where power density (PD) and current density (CD) were
calculated by using external resistors (Rext) of 2.1 £0.12,9.3 £1.31,20.2 £3.4,31.2 £ 41,
53 £3.7,2252 +11.3,384 £ 32.1, 486 £ 41.5, 722 4 69.32 and 1023 + 84.3 (); in the formulae
PD = V2 gda/ (Rext.A) and CD = V gg./ (Rext. A); where Vo4, is the MFC voltage and A is
the area, which was 25 cm?. Conductivity (Conductivity meter CD-430), pH (pH meter
110 series Oakton) and degrees Brix (RHB-32 Brix refractometer) were also monitored.
Data shown in Figures 2—4 represent the average values of three repetitions, and error bars
represent the standard deviation.
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Figure 2. Monitoring the generation of (a) voltage and (b) current of MFC.
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Figure 3. Monitoring of values of (a) pH (b) conductivity and (c) degrees Brix of MFC for 30 days.
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Figure 4. Values of (a) current density, power density and voltage, and (b) yeast growth in microbial
fuel cells.

3. Results

In Figure 2a, the MFC monitoring values for a period of 30 days are shown. As it can be
seen, the maximum voltage generated was 1.127 & 0.096 V on the eighth day, followed by
a steady decrease up to day thirty (0.67 & 0.243 V). According to Harshitha et al. (2019), the
potential output depends on the growth rate of microorganisms, which depends on factors
such as temperature and nutrients supplied [21]. The quick generation of potential could
be explained by the swift adhesion of microorganisms to the anode electrode for biofilm
formation [22] and to the oxidation of organic waste due to the bacterial community present
in the MFC [23]. On the other hand, the observed decrease in voltage after the eighth day
can be attributed to the combination of different events. Din et al. (2020) used potato waste
for voltage production in a single-chamber MFC, producing 1.12 V in a single cell on day 37.
They suggest the observed decrease in voltage values was due to a decrease in microbial
activity [24]. Yaqoob et al. (2021) reported that the observed decrease in voltage generation
was a consequence of a limited supply of organic substrate, which was only enough to
achieve a trend of voltage generation for a 25-day period. This was followed by a decrease
in the carbohydrate content for oxidation as well as bacterial activity [23]. In Figure 2b,
the values of electric current generation observed during the whole monitoring period are
shown. As it can be seen, current values increase from the first day (0.932 + 0.021 mA) to
the eighth day (1.130 &= 0.018 mA). Subsequently, a steady decrease is observed until the last
day (0.412 £ 0.062 mA). The initial increase in electric current could be due to the presence
of high quantities of dissolved oxygen and the rapid adaptability of exo-generators in the
medium [25]. The observed decrease in current can be explained by what Li et al. (2016)
have previously reported. The authors explain a dependency between the slow breakdown
of a material and the low generation of electricity, which is also dependent on the low
concentration of complex organic compounds in waste [26].

In Figure 3a, the pH values monitored for 30 days are observed. An increase in pH
from 3.12 (moderately acidic) to 4.05 &£ 0.092 (slightly acidic) from the first to the seventh
day is seen, followed by a decrease until the last day (3.30 & 0.27), showing acidic pH
throughout the monitoring. According to Leon et al. (2021), in pH with acidic levels,
energy generation increases because it contributes to a higher potential of concentration
of microorganisms for substrate oxidation [27,28]. Likewise, due to high concentrations
of fermentable carbohydrates in cells, pH can drop rapidly due to the formation of acidic
products by fermentative metabolism. On the other hand, even if low pH values cause
a reduction in energy production, this energy may be recovered if the pH is re-adjusted
for the ideal conditions of energy-generating microorganisms [29,30]. In Figure 3b, the
conductivity values monitored during the 30 days of operation are observed. These values
increased from the first day (221.72 mS/cm) until their maximum peak on the fifth day
(233. 94 £ 0.345 mS/cm), in which afterward, they descended steadily until the last day
(154.34 £ 10.68 mS/cm). In Figure 3¢, the values of degrees Brix are shown. As it can be
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seen, the values decrease from the first day (12.94 =+ 0.03) until the last day (3.62 & 0.78)
of monitoring. It is worth mentioning that blueberry is rich in water and sugars such as
sucrose, glucose, rhamnose, galactose and a relatively high number of organic acids such
as citric and ascorbic acid, different than sugar [31] so that yeasts consume these sugars to
get energy for their growth [32].

In Figure 4a, the values of power density (PD), voltage and current density (CD) are
seen, obtaining a maximum PD of 3.155 = 0.24 W/ cm? at 374.4 mA /cm? and a maximum
voltage of 1.089 = 0.034 V. Kebaili et al. (2021) studied the production of bioelectricity with
leachate of fruit waste in double-chamber MFC, generating 80 mW /cm? and 90 mA /cm?
of PD and CD, respectively, whose values are very low compared to those obtained in this
work, which could be due to the graphite electrodes and substrate used [33]. Likewise,
Kalagbor and Akpotayire (2020) investigated papaya waste in MFC by varying the weight
of waste in cells. It was observed that PD has a direct relationship with the weight of the
substrate. For example, 1 kg of waste produced 0.0108 mW /cm?, and 12 kg produced
0.242 mW /cm?, which is due to the increase in the amount of sugar in cells [34]. It was also
investigated that, when pH is lower, the generation of electricity in MFC is possibly higher
compared to cells with high pH values because the alkaline pH is not appropriate for the
proliferation of microorganisms that generate electricity [24]. Figure 4b shows the results of
total yeast count in a period of 30 days, where it was observed a logarithmic phase lasted
up to 30 days. This is explained by the growth of yeast populations throughout this time.
It is important to mention that yeast use sugars as their main carbon and, therefore, as an
energy source [35] which is essential for the development of yeasts as well as for oxygen
availability [36].

On the other hand, it is important to mention that Candida species present diverse
forms of development, one of them is in biofilm [37]. This means that the existing microbial
community, either a single bacterial or fungal species or a community derived from various
species, binds to the substrate. This type of association offers the advantage of a strong bond
either to inert or living surfaces, efficient nutrient capture, among others [38]. Therefore,
the formation of biofilms plays an essential role in the life and subsistence cycle of many
microorganisms [39].

For molecular identification of yeast, specific DNA regions helping this end are
necessary. These are ITS regions, which are specific to identify fungi [40]. The regions
sequenced and analyzed with the BLAST program resulted in a match identity percentage
of 99.86% (Table 1), which corresponds to the Candida boidiinii species. This species of
methylotrophic yeast belongs to the Saccharomycetes class [41,42] and has the capacity to
use pectin as a carbon source [43], a component present in plant cell walls of fruit and
vegetables [44].

Table 1. BLAST characterization of the rDNA sequence of yeast isolated from the anode plate of MFC.

BLAST Length of Consensus 9% Range % Maximum Accession Phvlogen
Characterization Sequence (nt) ? & Identity Number ylogeny
Celular organism; Eukaryota;
Opisthokonta; Fungi; Dikarya;
Ascomy cota; Saccharomyceta; S
Candida boidinii 713 96% 99.86% KY101980.1 accharomycotina; Sacch

aromycetes; Saccharom ycetales;
Pichiaceae; Og ataea;
Ogataea/Candida clade

The dendrogram was created in MEGA X software by using the Bootstrap method
with 1000 replications. Ribosomal DNA sequences based on the ITS regions of yeast were
used to this end, showing the levels of similarity (or distance) among phylogenetically
related species (see Figure 5). This yeast can be isolated from various substrates because
it is related to human activity and natural environments. Depending on the source from
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which it is isolated, it may belong to divergent groups in terms of molecular and chemical
characteristics (composition of cellular fatty acids and fermentation of sugars) [45]. Figure 6
shows the scheme of bioelectricity production by using the three microbial fuel cells
connected in series, in which it was possible to produce 3.02 V on the 8th day, enough to
turn on a LED light (red).

[ NR 164406.1 Candida boidinii
Levadura UCV
{ MR 155224 .1 Candida oleophila
NR 149348.1 Meyerozyma caribbica
r NR 138192.1 Hanseniaspora guilliermondii
L NR 1306601 Hanseniaspora uvarum
NR 155007.1 Candida pseudointermedia

— NR 164371.1 Wickerhamiella azyma
— KP241884.1 Issatchenkia terricola
‘|: NR 138210.1 Pichia kluyveri

NR 111195.1 Pichia membranifaciens
MGT773370.1 Wickerhamomyces pijperi

l ] | ] |
T T T T 1

0.80 080 0.40 n.2n 0.00

Figure 5. Dendrogram based on the ITS regions of the rDNA regions of a C. boidinii culture isolated
from the anode plate of MFC.

-
-~
~

Blueberry waste

Generation of MEC in series Extract of
Bioelectricity Blueberry waste

Figure 6. Scheme of Bioelectricity Production by using Microbial Fuel Cells.

4. Conclusions

Bioelectricity was successfully generated through a single-chamber MFC by using
blueberry waste as fuel, with a maximum peak of voltage and current of 1.127 £ 0.096 V
and (1.130 £ 0.018 mA) on the eighth day, respectively, and being able to turn on a LED
light. pH values showed an acidic level, as well as conductivity values, increased until
the fifth day (233. 94 £+ 0.345 mS/cm) and, then, decreased slowly; while the degrees
Brix decreased from the first (12.94 & 0.03) to the last (3.62 £ 0.78) monitoring day. The
maximum PD was 3.155 + 0.24 W/cm? at 374.4 mA /cm? of CD, whose values were higher
in comparison to other similar investigations, and C. boidinii was identified by molecular
and bioinformatic techniques, with 99.86% of identity.

This research provides a potential eco-friendly solution to produce electricity for its
potential use in agro-industrial companies or farmers who grow and/or harvest blueberries.
In the future, it will also be possible to reduce the costs of electricity consumption in
companies when such prototypes can be made on a large scale because they will be able to
use their own waste to generate their own electricity.
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