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Abstract: The accelerated increase in energy consumption by human activity has generated an
increase in the search for new energies that do not pollute the environment, due to this, microbial fuel
cells are shown as a promising technology. The objective of this research was to observe the influence
on the generation of bioelectricity of sucrose, with different percentages (0%, 5%, 10% and 20%), in
papaya waste using microbial fuel cells (MFCs). It was possible to generate voltage and current peaks
of 0.955 V and 5.079 mA for the cell with 20% sucrose, which operated at an optimal pH of 4.98 on
day fifteen. In the same way, the internal resistance values of all the cells were influenced by the
increase in sucrose, showing that the cell without sucrose was 0.1952 ± 0.00214 KΩ and with 20% it
was 0.044306 ± 0.0014 KΩ. The maximum power density was 583.09 mW/cm2 at a current density
of 407.13 A/cm2 and with a peak voltage of 910.94 mV, while phenolic compounds are the ones with
the greatest presence in the FTIR (Fourier transform infrared spectroscopy) absorbance spectrum. We
were able to molecularly identify the species Achromobacter xylosoxidans (99.32%), Acinetobacter
bereziniae (99.93%) and Stenotrophomonas maltophilia (100%) present in the anode electrode of the
MFCs. This research gives a novel use for sucrose to increase the energy values in a microbial fuel
cell, improving the existing ones and generating a novel way of generating electricity that is friendly
to the environment.

Keywords: saccharose; microbial fuel cells; waste; papaya; bioelectricity

1. Introduction

Due to the exponential increase in society, it has generated two main problems, the
need for new sources of electricity generation and a way to reuse the waste produced by
human consumption. This last problem has generated a problem for the collection centers
of the different municipalities of large and small cities [1,2]. In 2016, waste production
exceeded 2.02 billion tons, and it was estimated that by 2050 it would be approximately
3.4 billion tons, which will make waste management increase from 1.61 million dollars in
2020 to 2.50 million by 2030 [3,4]. In this sense, part of the waste is that from agricultural
production, which in its process of sowing, harvesting, sale and consumption, generates
different types of waste that in recent years have begun to be reused in order to give them
a second use and take advantage of them in other activities of society [5]. One of the waste
products with the highest production in Latin America and consumed worldwide is papaya
derivatives (Carica papaya L.). In its different presentations, this product represents approxi-
mately 15.36% (11.22 metric tons) of tropical fruits produced each year; approximately 24
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countries produce this type of product [6]. The high consumption of this fruit is mainly due
to the high amounts of vitamins A, C and E that it presents, besides being a natural diuretic.
In the last decade, its production has increased by 85% for South American countries,
mainly in their tropical zones [7]. On the other hand, new technologies have emerged to
generate electricity in a sustainable way, for example, microbial fuel cells (MFCs). These
types of devices generate electricity through the oxidation and reduction processes that
occur inside them, converting chemical energy into electrical energy [8,9]. These systems
are generally composed of two chambers (anodic and cathodic). In the chamber where
the anodic electrode is placed, the microorganisms oxidize the organic matter, producing
electrons, which travel through an external circuit to the cathodic chamber where they are
oxidized. Due to this process, a flow of electrons occurs, producing electricity [10–12].

There is a wide variety of substrates used as fuels in MFCs, with biological factors
being a fundamental characteristic because they are used as an environment for microbial
growth and other metabolic activities, therefore, the composition and degradability of
the substrate promote the rate of activity for the generation of electrons, which translates
into a better performance of the MFCs [13–15]. Various investigations have reported the
use of a wide range of substrates, from domestic, industrial and municipal wastewater to
simpler substrates such as glucose, which serves as a carbon source in MFCs for electricity
production [16,17]. In this sense, the concentration of glucose as a substrate establishes
the maximum amount of chemical energy available to convert into electrical energy, so a
substrate with a high content of sugars can improve the generation of electrons in MFCs [18].
In this sense, in their research, Kamau et al. (2020) used waste from avocados, tomatoes,
bananas, watermelons and mangos as substrates, mainly monitoring the voltage and
current values generated in MFCs, reporting that the tomato produced the highest voltage
(0.702 V) and, in terms of current values, it increased linearly over time for all residues. On
the other hand, that study indicated that moisture content and carbohydrate level were the
main factors influencing electricity generation [19]. Likewise, Kalagbor and Akpotayire
(2020) evaluated the generation of electricity from tropical fruit residues (watermelon and
papaya) in single-chamber MFCs. The cells were monitored for a period of four weeks,
and the maximum voltage generated was 139.5 mV in the use of the watermelon substrate
and 222.9 mV produced by the papaya. In terms of the power density of the watermelon
substrate, it was 0.2452 mW/cm2. For the papaya substrate, on the other hand, the values of
dissolved oxygen (DO) and biological oxygen demand (BOD) showed that the medium was
conducive to the proliferation of microorganisms [20,21]. These results demonstrated that
single-chamber MFCs are capable of generating electricity from tropical fruit residues, so
the use of these systems was recommended as a sustainable alternative since they represent
an option to increase electricity supply in urban and rural areas [22,23]. Likewise, Utami
and Yenti (2018) studied the generation of electrical energy from papaya peel waste in
MFCs. In the anaerobic compartment of the anode, the layer of this substrate was used
as an electron donor, while in the cathode compartment, KMnO4 was used as an electron
acceptor. Regarding the results, the power density was 121 mW/m2 and a current of
179 mA with a voltage of 1.095 V [24]. In this sense, it has been proven that carbohydrates
rich in glucose and fructose are of essential importance for the generation of electricity in
MFCs. In this sense, sucrose is a natural component present in all-natural juices.

In this sense, the main objective of this research was to evaluate the generation of
electricity using papaya residues as a substrate by adding different concentrations of
sucrose (0%, 5%, 10%, and 20%) in a single-chamber microbial fuel cell manufactured at
low cost with Zn-Cu electrodes, monitoring their voltage, current, current density, power
density and pH for 30 days. Thus, the values of the internal resistance and absorbance
spectrum were also measured by FTIR (Fourier transform infrared spectroscopy).

2. Results and Discussion

Figure 1 shows the influence of sucrose concentrations on the generation of voltage,
current and pH, with the concentration of sucrose at 20% being the one with the highest
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value when used as a substrate, reaching a maximum value (0.955 V) on day 15. From
the first day, the measurements were remarkable, with the highest voltage values when
the sucrose concentration was 20% generating 0.19 V more than the MFCs with 10% and
0.26 V with the MFCs used as blank (Figure 1a). While in Figure 1b it is observed that the
MFCs with 20% sucrose generated a higher electric current with a peak value of 5.079 mA
on the sixteenth day, all electrical current values have their maximum peaks between
the eleventh and sixteenth day. The main reason for the increase in current parameters,
according to Fujimura et al. (2022), is because sucrose, being a disaccharide (glucose and
fructose), has been used for fermentation, releasing electrons in the process, generating
electric current [24]. On the other hand, when glucose is coupled in respiratory chains,
it is oxidized to gluconate by glucose dehydrogenase and is subsequently oxidized to
2-cetagluconate by gluconate dehydrogenase [25]. While microorganisms consume glucose
as a source of carbon electrons and protons, previous research mentions that 24 mol of
electrons and hydrogen ions are generated by the oxidation of one mole of glucose under
anaerobic conditions [26]. On the other hand, the pH values increased from the first day
of monitoring to the last, as shown in Figure 1c; the optimum operating pH of 4.45, 4.61,
4.77 and 4.98 for the MFCs with 0%, 5%, 10% and 20% sucrose on days 17, 15, 14 and 15,
respectively. Leiva et al. (2018) mention that the low pH values in microbial fuel cells
are due to the accumulation of protons in the anode electrode and hydroxide ions in the
cathode electrode [27]. The pH values influence the generation of voltage and current in
MFCs mainly because the microorganisms present in each cell need the ideal conditions for
their growth and acclimatization [28].

Molecules 2022, 27, x FOR PEER REVIEW 4 of 12 
 

 

 
Figure 1. Values of (a) voltage, (b) electric current and (c) pH obtained from the monitoring of mi-
crobial fuel cells. 

Figure 2 shows the values of the electrical resistance obtained from the microbial fuel 
cells at different percentages of sucrose, where the experimental data is adjusted to Ohm’s 
law (V = RI), where the x-axis is the current (I) and the y axis is the voltage (V), for which 
the slope of the linear fit is the internal resistance (Rint.) of the cells. The Rint. values found 
were 0.044306 ± 0.0014, 0.03572 ± 0.00716, 0.02269 ± 0.0015 and 0.1952 ± 0.00214 KΩ and 
stop the MFCs with 0, 5, 10 and 20% sucrose. As clearly observed in Figure 3, the values 
decrease with increasing sucrose concentration. According to Ueda et al. (2022), the time 
required for the decomposition of the substrates has a dependence on the resistance of the 
microbial fuel cells. It is known that when the resistance is low, the electrons flow more 
freely, generating a greater electric current, and it is probable that this affects the microbes 
in the electrode biofilm [29,30]. 
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Figure 2 shows the values of the electrical resistance obtained from the microbial fuel
cells at different percentages of sucrose, where the experimental data is adjusted to Ohm’s
law (V = RI), where the x-axis is the current (I) and the y axis is the voltage (V), for which
the slope of the linear fit is the internal resistance (Rint.) of the cells. The Rint. values found
were 0.044306 ± 0.0014, 0.03572 ± 0.00716, 0.02269 ± 0.0015 and 0.1952 ± 0.00214 KΩ and
stop the MFCs with 0%, 5%, 10% and 20% sucrose. As clearly observed in Figure 3, the
values decrease with increasing sucrose concentration. According to Ueda et al. (2022), the
time required for the decomposition of the substrates has a dependence on the resistance of
the microbial fuel cells. It is known that when the resistance is low, the electrons flow more
freely, generating a greater electric current, and it is probable that this affects the microbes
in the electrode biofilm [29,30].
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Figure 3 shows the values of power density (PD) and maximum voltage as a function
of current density (CD), being the MFCs with 20% sucrose the one that generated a higher
value of PD with 583.09 mW/cm2 at a CD of 407.13 A/cm2 and a peak voltage of 910.94 mV;
with a 36% higher than that generated by the MFCs used as target (0% sucrose) that
generated a PD of 427.14 mW/cm2 in a CD of 4.920 A/cm2 with a peak voltage of 537.72 mV.
These values are higher than those generated by Mohamed et al. (2020), where they used
kitchen wastewater and photosynthetic algae as fuel in their dual-chamber MFCs, managing
to generate maximum PD peaks of 31.6 ± 0.5 mW/cm2 in a CD of 172 mA/cm2 with a
maximum voltage of 600 mV [31]. In the same way, Kondaveeti et al. (2019) used citrus
peels as fuel in their single-chamber MFCs, managing to generate PD peaks of 63.4 mW/cm2

at a CD of 280.56 mA/cm2 at a peak voltage of 0.478 V [32]. According to Yaqoob et al.
(2020) obtained high values of PD shown in the research are due to the metallic electrodes
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used due to the good electrical properties they have, so the current losses are few in the
energy generation process [33].
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Figure 3. Values of the power densities as a function of the current density of the microbial fuel cells 
at (a) 0, (b) 5, (c) 10, and (d) 20% sucrose. 

Figure 4 shows the absorbance spectrum of the compounds present in the different 
substrates (0, 5, 10 and 20% sucrose), observing the most intense peak at 3289 cm−1 belong-
ing to the N-H stretch, O-H groups, phenols, and carboxylate acids, while peaks 2904 and 
2848 cm−1 are associated with the C-H stretching of alkanes, aldehydes and ketones. In the 
same way, the peak of 1756 cm−1 belongs to alkane C-H stretching, while 1660 is associated 
with C=C stretching, N-H primary amine, C==N stretching and amide stretch. The 1545 
cm−1 peak indicates the presence of alkane C-H stretching, alkene C=C stretching, C==N 
stretching, primary and secondary amine C-N stretching and amide; and finally, the peaks 
at 1255 and 1030 cm−1 alkane C-H stretching, alkene C=C stretching, C==N stretching, pri-
mary and secondary amine C-N stretching and amide [34–36]. It has been shown that the 
high content of phenols releases large amounts of electrons which travel through the ex-
ternal circuit to the cathode electrode, thus generating a higher electrical current output 
[37,38]. 
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at (a) 0, (b) 5, (c) 10, and (d) 20% sucrose.

Figure 4 shows the absorbance spectrum of the compounds present in the different
substrates (0%, 5%, 10% and 20% sucrose), observing the most intense peak at 3289 cm−1

belonging to the N-H stretch, O-H groups, phenols, and carboxylate acids, while peaks
2904 and 2848 cm−1 are associated with the C-H stretching of alkanes, aldehydes and
ketones. In the same way, the peak of 1756 cm−1 belongs to alkane C-H stretching, while
1660 is associated with C=C stretching, N-H primary amine, C=N stretching and amide
stretch. The 1545 cm−1 peak indicates the presence of alkane C-H stretching, alkene C=C
stretching, C=N stretching, primary and secondary amine C-N stretching and amide; and
finally, the peaks at 1255 and 1030 cm−1 alkane C-H stretching, alkene C=C stretching, C=N
stretching, primary and secondary amine C-N stretching and amide [34–36]. It has been
shown that the high content of phenols releases large amounts of electrons which travel
through the external circuit to the cathode electrode, thus generating a higher electrical
current output [37,38].

Table 1 shows the regions sequenced and analyzed in the BLAST program in which
an identity percentage of 99.32% was obtained, which corresponds to the Achromobacter
xylosoxidans species, 99.93% to the Acinetobacter bereziniae species, and with 100.0% to
the species Stenotrophomonas maltophilia. Figure 5 shows the dedongram, which was
built using the MEGA program, which relates and groups sequences of species [39]. These
bacteria are ubiquitous, they are found in soil, water, air, plants and animals. They transfer
electrons to the anode via external loop carrier proteins, such as cytochrome c, or via
membrane appendages called [40,41] nanowires. An essential factor in the production of
electric current is the formation of biofilms on the anode electrode. This consists of two types
of microorganisms, fermentative and electrogenic. Where the former hydrolyzes organic
compounds and the metabolites they secrete and are used as substrates for electrogenic



Molecules 2022, 27, 5198 6 of 11

bacteria to generate electrons, protons and CO2 through oxidative processes [42]. Figure 6
shows the electricity generation process through microbial fuel cells, where MFCs with 5,
10 and 20% sucrose connected in series were used; managing to generate a voltage of 2.09 V,
enough to turn on a red LED bulb. This shows that papaya residues have great values for
the generation of bioelectricity. Recent research has shown the importance of other residues
in other changes, which leads to the sustainability of these types of products [43,44].
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Table 1. BLAST characterization of the rDNA sequence of bacteria isolated from the MFCs anode plate.

BLAST
Characterization

Consensus Sequence
Length (nt) % Maximum Identity Accession Number Phylogeny

Achromobacter
xylosoxidans 1451 99.32% CP053617.1

Cellular organisms;
Bacterium; Proteobacteria;
Betaproteobacteria;
burkholderials;
Alcaligenaceae;
Achromo-bacter

Acinetobacter
bereziniae 1468 99.93% CP018259.1

Cellular organisms;
Bacteria; Proteobacteria;
Gammaproteobacteria;
Pseudomonadales;
Moraxellaceae;
Acinetobacter

Stenotrophomonas
maltophilia 1477 100.00% NR_041577.1

Cellular organisms;
Bacteria; Proteobacteria;
Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;
Stenotrophomonas;
Stenotrophomonas
maltophilia group



Molecules 2022, 27, 5198 7 of 11

Molecules 2022, 27, x FOR PEER REVIEW 8 of 12 
 

 

Xanthomonadaceae; Stenotrophomonas; Steno-
trophomonas maltophilia group 

 
Figure 5. Dendrogram of bacterial clusters isolated from the MFCs anode plate. 

 
Figure 6. Electricity production in the MFCs. 

3. Materials and Methods 
3.1. Fabrication of Single-Chamber Microbial Fuel Cells 

For the chambers of the microbial fuel cells (three in total), 400 cm3 polyethylene ter-
ephthalate cubic containers were used, to which an 18 cm2 hole was made on one of the 
faces in which the electrode was placed, cathodic (Zinc, Zn), while the anodic electrode 
(Copper, Cu) was placed inside the container; both electrodes were joined by means of an 
external circuit with a resistance of 100 Ω. As a proton exchange membrane, 10 mL of the 
solution obtained from 6 g of KCl and 14 g of agar in 400 mL of H2O were used (see Figure 
7). While the preparation of sucrose was carried out at 0 (target), 5, 10, and 20%, for this a 
50% sucrose stock solution and papaya residue extract were used, with the final working 
volume being 200 mL. 

Figure 5. Dendrogram of bacterial clusters isolated from the MFCs anode plate.

Molecules 2022, 27, x FOR PEER REVIEW 8 of 12 
 

 

Xanthomonadaceae; Stenotrophomonas; Steno-
trophomonas maltophilia group 

 
Figure 5. Dendrogram of bacterial clusters isolated from the MFCs anode plate. 

 
Figure 6. Electricity production in the MFCs. 

3. Materials and Methods 
3.1. Fabrication of Single-Chamber Microbial Fuel Cells 

For the chambers of the microbial fuel cells (three in total), 400 cm3 polyethylene ter-
ephthalate cubic containers were used, to which an 18 cm2 hole was made on one of the 
faces in which the electrode was placed, cathodic (Zinc, Zn), while the anodic electrode 
(Copper, Cu) was placed inside the container; both electrodes were joined by means of an 
external circuit with a resistance of 100 Ω. As a proton exchange membrane, 10 mL of the 
solution obtained from 6 g of KCl and 14 g of agar in 400 mL of H2O were used (see Figure 
7). While the preparation of sucrose was carried out at 0 (target), 5, 10, and 20%, for this a 
50% sucrose stock solution and papaya residue extract were used, with the final working 
volume being 200 mL. 

Figure 6. Electricity production in the MFCs.

3. Materials and Methods
3.1. Fabrication of Single-Chamber Microbial Fuel Cells

For the chambers of the microbial fuel cells (three in total), 400 cm3 polyethylene
terephthalate cubic containers were used, to which an 18 cm2 hole was made on one of the
faces in which the electrode was placed, cathodic (Zinc, Zn), while the anodic electrode
(Copper, Cu) was placed inside the container; both electrodes were joined by means of
an external circuit with a resistance of 100 Ω. As a proton exchange membrane, 10 mL of
the solution obtained from 6 g of KCl and 14 g of agar in 400 mL of H2O were used (see
Figure 7). While the preparation of sucrose was carried out at 0 (target), 5, 10, and 20%,
for this a 50% sucrose stock solution and papaya residue extract were used, with the final
working volume being 200 mL.
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3.2. Collection of Papaya Waste

Three decomposing papayas (approximately 5 kg) were collected from La Hermelinda
market, Trujillo, Peru. Which were collected in hermetic bags and transferred to the
laboratory for use where they were washed three times with distilled water to remove
any type of impurities (sand, dust or insects). These wastes were ground in an extractor
(Labtron, LDO-B10-USA) until obtaining homogeneity throughout the substrate and then
stored in a 1000 mL bottle at 20 ± 2 ◦C until used in microbial fuel cells.

3.3. Characterization of Microbial Fuel Cells

The electrical parameters of current, voltage, power density and current density
were measured using a multimeter (Prasek Premium PR-85, Chicago, IL, USA) using the
method described by Rojas-Flores et al. (2021), whose external resistances were 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 Ω [45]. While the internal resistance was found using the energy sensor
(Vernier- ±30 V & ±1000 mA, USA). Likewise, the values of pH and electrical conductivity
were monitored with a pH-meter (110 Series Oakton, Chicago, IL, USA) and a conductivity
meter (CD-4301, Chicago, IL, USA) during the 30 days of operation. The initial and final
transmittance values were measured by FTIR (Thermo Scientific IS50, Chicago, IL, USA).

3.4. Molecular Identification of Microorganisms by Sequencing the 16S rRNA Genes

Molecular identification was carried out by the Analysis and Research Center of the
“Biodes Laboratories”. From pure or axenic cultures of bacteria, which were based on
DNA extraction using the CTAB extraction method, which were analyzed molecularly by
amplification of the 16S rRNA gene [46]. The genetic sequences were evaluated with the
bioinformatic program MEGA-X to generate consensus sequences and develop phyloge-
netic trees. The identification of the microbial species was carried out using the Gen-Bank
databases and the programs Nucleotide Blast (Basic Local Alignment Search Tool) and
EzBio-Cloud [47,48]. The molecular analysis was analyzed only from the MFC with papaya
waste with 20% sucrose.

4. Conclusions

Bioelectricity was successfully generated using papaya waste with sucrose in differ-
ent percentages (0%, 5%, 10%, and 20%) as fuel through laboratory-scale microbial fuel
cells using zinc and copper as electrodes. The cell that obtained the best electrical pa-
rameters was the one that contained the highest percentage of sucrose (20%), managing
to generate an electrical voltage and current of 0.955 V and 5.079 mA, respectively, with
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an optimal operating pH of 4.98 on the fifteenth day. Likewise, the internal resistance
of the cells decreased as sucrose increased, with the maximum internal resistance being
0.044306 ± 0.0014 KΩ and the minimum being 0.1952 ± 0.00214 KΩ belonging to the cells
with 0 and 20% sucrose, respectively. Thus, it was also observed that the maximum power
density was 583.09 mW/cm2 at a current density of 407.13 A/cm2 with a peak voltage of
910.94 mV, belonging to the cell with 20% sucrose. Finally, the absorbance peaks demon-
strate the presence of phenols, which gives indications of the high values of current and
voltage. Being able to identify 99.32, 99.93 and 100% of the species Achromobacter xylosox-
idans, Acinetobacter bereziniae and Stenotrophomonas maltophilia, respectively, from the
anode electrode of the MFCs with 20% sucrose. For future work, replicas (at least three) of
each MFC should be made and, using the optimal pH values (4.98) found in this research,
standardize the pH, as well as cover the metal electrodes with some chemical compound
that is not harmful for the species of microorganisms found (Achromobacter xylosoxidans,
Acinetobacter bereziniae and Stenotrophomonas maltophilia species) on the substrates to
improve the efficiency of microbial fuel cells.

Author Contributions: Conceptualization, S.R.-F.; methodology, S.M.B. and C.-C.L.; software, S.R.-F.;
validation, A.-S.L. and F.D.; formal analysis, S.R.-F. and M.D.L.C.-N.; investigation S.R.-F.; data
curation, M.D.L.C.-N. and C.-C.L.; writing—original draft preparation, D.D.-N. and G.C.M.; writing—
review and editing, S.R.-F. and G.C.M.; project administration, S.R.-F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Kim, B.; Jang, N.; Lee, M.; Jang, J.K.; Chang, I.S. Microbial fuel cell driven mineral rich wastewater treatment process for circular

economy by creating virtuous cycles. Bioresour. Technol. 2021, 320, 124254. [CrossRef] [PubMed]
2. Rojas-Flores, S.; De La Cruz-Noriega, M.; Nazario-Naveda, R.; Benites, S.M.; Delfín-Narciso, D.; Rojas-Villacorta, W.; Romero, C.V.

Bioelectricity through microbial fuel cells using avocado waste. Energy Rep. 2022, 8, 376–382. [CrossRef]
3. Pandit, S.; Savla, N.; Sonawane, J.M.; Sani, A.M.; Gupta, P.K.; Mathuriya, A.S.; Rai, A.K.; Jadhav, D.A.; Jung, S.P.; Prasad, R.

Agricultural Waste and Wastewater as Feedstock for Bioelectricity Generation Using Microbial Fuel Cells: Recent Advances.
Fermentation 2021, 7, 169. [CrossRef]

4. Segundo, R.-F.; Magaly, D.L.C.-N.; Benites, S.M.; Daniel, D.-N.; Angelats-Silva, L.; Díaz, F.; Luis, C.-C.; Fernanda, S.-P. Increase in
Electrical Parameters Using Sucrose in Tomato Waste. Fermentation 2022, 8, 335. [CrossRef]

5. Montalván, G.; Lizeth, D. Efecto de los ácidos acético y cítrico para control de antracnosis (Colletotrichum sp.) en poscosecha de
papaya (Carica papaya L.). Bachelor’s Thesis, Universidad Central del Ecuador, Quito, Ecudaor, 2018.

6. Cornejo-Condori, G.B.; Lima-Medina, I.; Bravo-Portocarrero, R.Y.; Barzola-Tito, K.; Casa-Coila, V.H. Nematodos asociados a la
papaya andina (Carica pubescens L.), en el distrito Sandia, Puno, Perú. BIOAGRO 2021, 33, 191–203. [CrossRef]

7. Kung, C.A.L.L.; Panduro, S.K.D.; Sangama, E.D. Mermelada a base de papaya enriquecida con pulpa de camu camu. J. Agro-Ind.
Sci. 2021, 3, 55–61. [CrossRef]

8. Rojas-Flores, S.; Benites, S.; De La Cruz-Noriega, M.; Cabanillas-Chirinos, L.; Valdiviezo-Dominguez, F.; Álvarez, M.Q.; Vega-
Ybañez, V.; Angelats-Silva, L. Bioelectricity Production from Blueberry Waste. Processes 2021, 9, 1301. [CrossRef]

9. Ghazali, N.F.; Mahmood, N.A.N.; Abu Bakar, N.F.; Ibrahim, K.A. Temperature dependence of power generation of empty fruit
bunch (EFB) based microbial fuel cell. Malays. J. Fundam. Appl. Sci. 2019, 15, 489–491. [CrossRef]

10. Slate, A.J.; Whitehead, K.A.; Brownson, D.A.; Banks, C.E. Microbial fuel cells: An overview of current technology. Renew. Sustain.
Energy Rev. 2019, 101, 60–81. [CrossRef]

11. Ma, F.; Yin, Y.; Pang, S.; Liu, J.; Chen, W. A Data-Driven Based Framework of Model Optimization and Neural Network Modeling
for Microbial Fuel Cells. IEEE Access 2019, 7, 162036–162049. [CrossRef]

12. Flores, S.R.; Pérez-Delgado, O.; Naveda-Renny, N.; Benites, S.M.; De La Cruz–Noriega, M.; Narciso, D.A.D. Generation of
Bioelectricity Using Molasses as Fuel in Microbial Fuel Cells. Environ. Res. Eng. Manag. 2022, 78, 19–27. [CrossRef]

http://doi.org/10.1016/j.biortech.2020.124254
http://www.ncbi.nlm.nih.gov/pubmed/33120066
http://doi.org/10.1016/j.egyr.2022.06.100
http://doi.org/10.3390/fermentation7030169
http://doi.org/10.3390/fermentation8070335
http://doi.org/10.51372/bioagro333.5
http://doi.org/10.17268/JAIS.2021.007
http://doi.org/10.3390/pr9081301
http://doi.org/10.11113/mjfas.v15n4.1214
http://doi.org/10.1016/j.rser.2018.09.044
http://doi.org/10.1109/ACCESS.2019.2951943
http://doi.org/10.5755/j01.erem.78.2.30668


Molecules 2022, 27, 5198 10 of 11

13. Abbassi, R.; Yadav, A.K. Introduction to microbial fuel cells: Challenges and opportunities. Integr. Microb. Fuel Cells Wastewater
Treat. 2020, 2020, 3–27. [CrossRef]

14. Al Lawati, M.J.; Jafary, T.; Baawain, M.S.; Al-Mamun, A. A mini review on biofouling on air cathode of single chamber microbial
fuel cell; prevention and mitigation strategies. Biocatal. Agric. Biotechnol. 2019, 22, 101370. [CrossRef]

15. Uddin, M.J.; Jeong, Y.-K.; Lee, W. Microbial fuel cells for bioelectricity generation through reduction of hexavalent chromium in
wastewater: A review. Int. J. Hydrogen Energy 2021, 46, 11458–11481. [CrossRef]

16. Prathiba, S.; Kumar, P.S.; Vo, D.-V.N. Recent advancements in microbial fuel cells: A review on its electron transfer mechanisms,
microbial community, types of substrates and design for bio-electrochemical treatment. Chemosphere 2022, 286, 131856. [CrossRef]

17. Khandaker, S.; Das, S.; Hossain, T.; Islam, A.; Miah, M.R.; Awual, R. Sustainable approach for wastewater treatment using
microbial fuel cells and green energy generation—A comprehensive review. J. Mol. Liq. 2021, 344, 117795. [CrossRef]

18. Li, F.; An, X.; Wu, D.; Xu, J.; Chen, Y.; Li, W.; Cao, Y.; Guo, X.; Lin, X.; Li, C.; et al. Engineering Microbial Consortia for
High-Performance Cellulosic Hydrolyzates-Fed Microbial Fuel Cells. Front. Microbiol. 2019, 10, 409. [CrossRef]

19. Christwardana, M.; Frattini, D.; Accardo, G.; Yoon, S.P.; Kwon, Y. Optimization of glucose concentration and glucose/yeast ratio
in yeast microbial fuel cell using response surface methodology approach. J. Power Sources 2018, 402, 402–412. [CrossRef]

20. Yaqoob, A.A.; Ibrahim, M.N.M.; Yaakop, A.S.; Ahmad, A. Application of microbial fuel cells energized by oil palm trunk sap
(OPTS) to remove the toxic metal from synthetic wastewater with generation of electricity. Appl. Nanosci. 2021, 11, 1949–1961.
[CrossRef]

21. Mbugua, J.K.; Mbui, D.N.; Mwaniki, J.; Mwaura, F.; Sheriff, S. Influence of Substrate Proximate Properties on Voltage Production
in Microbial Fuel Cells. J. Sustain. Bioenergy Syst. 2020, 10, 43–51. [CrossRef]

22. Kalagbor Ihesinachi, A.; Akpotayire Stephen, I. Electricity Generation from Waste Tropical Fruits—Watermelon (Citrullus lanatus)
and Paw-paw (Carica papaya) using Single Chamber Microbial Fuel Cells. Int. J. Energy Inf. Commun. 2020, 11, 11–20. [CrossRef]

23. Pathak, P.D.; Mandavgane, S.A.; Kulkarni, B.D. Waste to Wealth: A Case Study of Papaya Peel. Waste Biomass Valorization 2018, 10,
1755–1766. [CrossRef]

24. Utami, L.; Yenti, E. View of Produksi Energi Listrik dari Limbah Kulit Pepaya (Carica papaya) Menggunakan Teknologi Microbial
Fuel Cells. Al-Kimia 2018, 6, 56–62. Available online: https://journal3.uin-alauddin.ac.id/index.php/al-kimia/article/view/46
81/pdf (accessed on 21 July 2022).

25. Rojas-Flores, S.; Noriega, M.D.L.C.; Benites, S.M.; Gonzales, G.A.; Salinas, A.S.; Palacios, F.S. Generation of bioelectricity from
fruit waste. Energy Rep. 2020, 6, 37–42. [CrossRef]

26. Rojas Flores, S.; Naveda, R.N.; Paredes, E.A.; Orbegoso, J.A.; Céspedes, T.C.; Salvatierra, A.R.; Rodríguez, M.S. Agricultural
wastes for electricity generation using microbial fuel cells. Open Biotechnol. J. 2020, 14, 52–58. [CrossRef]

27. Kumar, P.; Nagarajan, A.; Uchil, P. Analysis of Cell Viability by the Lactate Dehydrogenase Assay. Cold Spring Harb. Protoc. 2018,
18. [CrossRef]

28. Yoon, K.-J.; Ringeling, F.R.; Vissers, C.; Jacob, F.; Pokrass, M.; Jimenez-Cyrus, D.; Su, Y.; Kim, N.-S.; Zhu, Y.; Zheng, L.; et al.
Temporal Control of Mammalian Cortical Neurogenesis by m6A Methylation. Cell 2017, 171, 877–889.e17. [CrossRef]

29. Fujimura, S.; Kamitori, K.; Kamei, I.; Nagamine, M.; Miyoshi, K.; Inoue, K. Performance of stacked microbial fuel cells with
barley–shochu waste. J. Biosci. Bioeng. 2022, 133, 467–473. [CrossRef]

30. Buñay, A.; Miguel, L. Modelado y Simulación del Proceso de Generación de Bio-Electricidad en una Celda Microbiana (MFC) con
los Sustratos: Glucosa y Lixiviados. Bachelor’s Thesis, Escuela Superior Politécnica de Chimborazo, Riobamba, Ecudaor, 2019.

31. Santiago, B.; Rojas-Flores, S.; De La Cruz Noriega, M.; Cabanillas-Chirinos, L.; Otiniano, N.M.; Silva-Palacios, F.; Luis, A.S.
Bioelectricity from Saccharomyces cerevisiae yeast through low-cost microbial fuel cells. In Proceedings of the 18th LACCEI
International Multi-Conference for Engineering, Education, and Technology: Engineering, Integration, and Alliances for a
Sustainable Development, Virtual, 27–31 July 2020; pp. 27–31.

32. Leiva, E.; Leiva-Aravena, E.; Rodríguez, C.; Serrano, J.; Vargas, I. Arsenic removal mediated by acidic pH neutralization and iron
precipitation in microbial fuel cells. Sci. Total Environ. 2018, 645, 471–481. [CrossRef]

33. Pietrelli, A.; Bavasso, I.; Lovecchio, N.; Ferrara, V.; Allard, B. MFCs as biosensor, bioreactor and bioremediator. In Proceedings of
the IEEE 8th International Workshop on Advances in Sensors and Interfaces (IWASI), Otranto, Italy, 13–14 June 2019; pp. 302–306.

34. Ueda, M.; Tojo, S.; Chosa, T.; Uchigasaki, M. Decomposition characteristics of propionate when changing the electrode material,
external resistance and reactor temperature of microbial fuel cells. Int. J. Hydrogen Energy 2022, 47, 2783–2793. [CrossRef]

35. Yang, X.-L.; Wang, Q.; Li, T.; Xu, H.; Song, H.-L. Antibiotic removal and antibiotic resistance genes fate by regulating bioelectro-
chemical characteristics in microbial fuel cells. Bioresour. Technol. 2022, 348, 126752. [CrossRef] [PubMed]

36. Mohamed, S.N.; Hiraman, P.A.; Muthukumar, K.; Jayabalan, T. Bioelectricity production from kitchen wastewater using microbial
fuel cell with photosynthetic algal cathode. Bioresour. Technol. 2020, 295, 122226. [CrossRef] [PubMed]

37. Kondaveeti, S.; Mohanakrishna, G.; Kumar, A.; Lai, C.; Lee, J.-K.; Kalia, V.C. Exploitation of Citrus Peel Extract as a Feedstock for
Power Generation in Microbial Fuel Cell (MFC). Indian J. Microbiol. 2019, 59, 476–481. [CrossRef] [PubMed]

38. Yaqoob, A.A.; Ibrahim, M.N.M.; Rodríguez-Couto, S. Development and modification of materials to build cost-effective anodes
for microbial fuel cells (MFCs): An overview. Biochem. Eng. J. 2020, 164, 107779. [CrossRef]

39. Sharma, N.; Khajuria, Y.; Singh, V.K.; Kumar, S.; Lee, Y.; Rai, P.K.; Singh, V.K. Study of Molecular and Elemental Changes in
Nematode-infested Roots in Papaya Plant Using FTIR, LIBS and WDXRF Spectroscopy. At. Spectrosc. 2020, 41, 110–118. [CrossRef]

http://doi.org/10.1016/b978-0-12-817493-7.00001-1
http://doi.org/10.1016/j.bcab.2019.101370
http://doi.org/10.1016/j.ijhydene.2020.06.134
http://doi.org/10.1016/j.chemosphere.2021.131856
http://doi.org/10.1016/j.molliq.2021.117795
http://doi.org/10.3389/fmicb.2019.00409
http://doi.org/10.1016/j.jpowsour.2018.09.068
http://doi.org/10.1007/s13204-021-01885-6
http://doi.org/10.4236/jsbs.2020.102004
http://doi.org/10.21742/ijeic.2020.11.2.02
http://doi.org/10.1007/s12649-017-0181-x
https://journal3.uin-alauddin.ac.id/index.php/al-kimia/article/view/4681/pdf
https://journal3.uin-alauddin.ac.id/index.php/al-kimia/article/view/4681/pdf
http://doi.org/10.1016/j.egyr.2020.10.025
http://doi.org/10.2174/1874070702014010052
http://doi.org/10.1101/pdb.prot095497
http://doi.org/10.1016/j.cell.2017.09.003
http://doi.org/10.1016/j.jbiosc.2022.02.004
http://doi.org/10.1016/j.scitotenv.2018.06.378
http://doi.org/10.1016/j.ijhydene.2021.10.200
http://doi.org/10.1016/j.biortech.2022.126752
http://www.ncbi.nlm.nih.gov/pubmed/35077813
http://doi.org/10.1016/j.biortech.2019.122226
http://www.ncbi.nlm.nih.gov/pubmed/31629284
http://doi.org/10.1007/s12088-019-00829-7
http://www.ncbi.nlm.nih.gov/pubmed/31762511
http://doi.org/10.1016/j.bej.2020.107779
http://doi.org/10.46770/AS.2020.03.003


Molecules 2022, 27, 5198 11 of 11

40. Ahlawat, J.; Kumar, V.; Gopinath, P. Carica papaya loaded poly (vinyl alcohol)-gelatin nanofibrous scaffold for potential application
in wound dressing. Mater. Sci. Eng. C 2019, 103, 109834. [CrossRef]

41. Kale, R.; Barwar, S.; Kane, P.; More, S. Green synthesis of silver nanoparticles using papaya seed and its characterization. Int. J.
Res. Appl. Sci. Eng. Technol. 2018, 6, 168–174. [CrossRef]

42. Hedbavna, P.; Rolfe, S.A.; Huang, W.E.; Thornton, S.F. Biodegradation of phenolic compounds and their metabolites in contami-
nated groundwater using microbial fuel cells. Bioresour. Technol. 2016, 200, 426–434. [CrossRef]

43. Shen, J.; Du, Z.; Li, J.; Cheng, F. Co-metabolism for enhanced phenol degradation and bioelectricity generation in microbial fuel
cell. Bioelectrochemistry 2020, 134, 107527. [CrossRef]

44. Hall, B.G. Building Phylogenetic Trees from Molecular Data with MEGA. Mol. Biol. Evol. 2013, 30, 1229–1235. [CrossRef]
45. Tangarife García, N.S. Control Biológico, la Nueva era de la Agricultura; Universidad de Ciencias Aplicadas y Ambientales: Bogota,

Colombia, 2021.
46. Romo, D.M.R.; Gutiérrez, N.H.H.; Pazos, J.O.R.; Figueroa, L.V.P.; Ordóñez, L.A.O. Bacterial diversity in the Cr (VI) reducing

biocathode of a Microbial Fuel Cell with salt bridge. Rev. Argent. Microbiol. 2019, 51, 110–118.
47. Umar, M.F.; Abbas, S.Z.; Ibrahim, M.N.M.; Ismail, N.; Rafatullah, M. Insights into Advancements and Electrons Transfer

Mechanisms of Electrogens in Benthic Microbial Fuel Cells. Membranes 2020, 10, 205. [CrossRef]
48. Wang, X.; Li, C.; Lam, C.H.; Subramanian, K.; Qin, Z.-H.; Mou, J.-H.; Jin, M.; Chopra, S.S.; Singh, V.; Ok, Y.S.; et al. Emerging

waste valorisation techniques to moderate the hazardous impacts, and their path towards sustainability. J. Hazard. Mater. 2022,
423, 127023. [CrossRef]

http://doi.org/10.1016/j.msec.2019.109834
http://doi.org/10.22214/ijraset.2018.2026
http://doi.org/10.1016/j.biortech.2015.09.092
http://doi.org/10.1016/j.bioelechem.2020.107527
http://doi.org/10.1093/molbev/mst012
http://doi.org/10.3390/membranes10090205
http://doi.org/10.1016/j.jhazmat.2021.127023

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Fabrication of Single-Chamber Microbial Fuel Cells 
	Collection of Papaya Waste 
	Characterization of Microbial Fuel Cells 
	Molecular Identification of Microorganisms by Sequencing the 16S rRNA Genes 

	Conclusions 
	References

