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Abstract: Agricultural waste negatively impacts the environment and generates economic difficul-
ties for agro-industrial companies and farmers. As a result, it is necessary for an eco-friendly and
sustainable alternative to managing this type of waste. Therefore, the research aimed to investi-
gate lettuce waste as an alternative substrate to generate bioelectricity in single-chamber microbial
fuel cells (scMFCs). It was possible to report voltage and electric current peaks of 0.959 ± 0.026 V
and 5.697 ± 0.065 mA on the fourteenth day, values that were attained with an optimum pH of
7.867 ± 0.147 and with an electrical conductivity of 118.964 ± 8.888 mS/cm. Moreover, as time
passed the values began to decline slowly. The calculated value of maximum power density was
378.145 ± 5.417 mW/cm2 whose current density was 5.965 A/cm2, while the internal resistance re-
ported using Ohm’s Law was 87.594± 6.226 Ω. Finally, it was possible to identify the Stenotrophomonas
maltophilia bacterium (99.59%) on a molecular scale, as one of the microorganisms present in the
anodic biofilm. The three microbial fuel cells were connected in series and demonstrated that they
were capable of lighting an LED bulb, with a voltage of 2.18 V.

Keywords: lettuce waste; biomass; bioelectricity; microbial fuel cells; energy

1. Introduction

The consumption of food is of vital importance for human beings and ecosystems and
can occur in processed products (with added value) or raw (vegetables) [1]. However, the
world population is experiencing exponential growth, and it is estimated that by 2050 it
will reach 9.7 billion inhabitants [2]. This increase in population will lead to a great demand
for food and, in turn, will generate a large amount of food or organic waste, which requires
good management and disposal [1,3,4]; however, this large amount of waste can pollute
the environment and is susceptible to anaerobic degradation, releasing greenhouse gases
(methane and CO2), which contribute to global warming [5,6].

In 2018, Rethink Food Waste Through Economics (ReFED) reported approximately
1.3 billion tons of waste from improperly managed food at each stage of its process [7].
These stages range from the post-harvest stage by farmers or companies dedicated to food
harvests to the waste generated in homes, commercial establishments, and restaurants [8,9].
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One of the products that must have optimal conditions for their durability are vegetables
and fruits. According to the report of the Food and Agriculture Organization (FAO),
the production in 2019 was 314.5 million tons [10], approximately 13% more than in
the year 2018 (FAOSTAT-FAO statistical database, 2019); China, India, the United States,
Turkey, Russia, Vietnam, and Mexico produced more than 67% of the world’s horticultural
products [11,12].

Among the great variety of vegetables, lettuce is widely consumed in people’s salads.
In addition, it contains a large number of vitamins (A, C, E, and K), antioxidant compounds,
and polyphenols. Recent studies have demonstrated the beneficial effects of lettuce in the
prevention of cardiovascular diseases [13–15]. Similarly, being a fast-producing vegetable
(compared to other vegetables), it is economically attractive for entrepreneurs, with the
United States, Europe, and China being the countries with the highest production [16].
Owing to the high production of this vegetable, large amounts of lettuce waste are also
generated worldwide, becoming a major problem for society and businessmen [17].

This problem related to the generation of organic waste has led to the search for new
technologies that allow the reuse of organic waste. There is a promising alternative to
microbial combustion cells (MFCs). The MFCs are low-cost bioelectrochemical devices that
directly convert organic substrates (anolyte) into electrical energy because electrons are
generated in oxidation reactions by the metabolic activities of the electrogenic microorgan-
isms present in the anolyte. Additionally, MFCs have good versatility as they use a wide
range of substrates as organic waste [18–23].

Vegetable waste has been investigated as a substrate for bioelectricity production by
MFCs since it is a lignocellulolytic biomass, which represents a source of carbon and energy
for electrochemically active bacteria (electrogenic). These bacteria can transmit electrons to
the anode surfaces through different mechanisms, such as direct electron transfer through
conductive pili (nanowires) or electron transfer mediated by naturally released redox
mediators (flavins and pyocyanin) [19].

There are a wide variety of designs, however, single-chamber MFCs are the most
economical and versatile for manufacturing, and they have also been shown to generate
large values of electric current with some substrates [23,24]. Javed et al. [22] fabricated
MFCs with graphite electrodes, using vegetable and kitchen waste as a substrate, and
managed to generate voltage peaks and power densities of approximately 500 mV and
104,400 mW/m2, respectively, with a resistance of 500 Ω. Likewise, Vera Natalia Ginting
et al. (2019) used vegetable mustard waste in their microbial fuel cells, using graphite as
electrodes to generate electrical current and voltage peaks of 20.1 mA and 72.13 mV [25].
Kalagbor et al. (2020) managed to generate peak voltage and electric current of 3.7 V and
3.2 A, respectively, using a mixture of tomato and banana waste (20 Kg) as a substrate in
their single-chamber microbial fuel cells [26]. In the literature review, it was observed that
metallic electrodes are currently being used to improve electrical conductivity and obtain
higher values of electrical current, and the identification of electrogenic microorganisms is
of vital importance in explaining the possible sources of electrons in the process of electric
power generation [27–29].

The main objective of this study was to determine the potential of yeast waste as
an alternative substrate for bioelectricity generation in single-chamber fuel cells using
zinc- and copper-based electrodes. The physicochemical parameters of voltage, electric
current, electrical conductivity, and pH were monitored for this. The power density
(DP), current density (DC), and internal resistance of the cells are calculated. On the
other hand, the FTIR (fundamental Fourier transform infrared spectroscopy) spectra of
the substrate were obtained. Finally, the initial and final micrographs were obtained by
Scanning Electron Microscopy (SEM) of the anodic electrode, as well as the molecularly
identified microorganisms adhered to the electrode. This research will provide great
opportunities to farmers and companies dedicated to the planting, harvesting, and sale of
this vegetable because they will be able to use their waste for the generation of electrical
energy, which will reduce energy costs and can be used in places far from cities. However,
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transferring this technology to farmers in places where illiteracy exists can be challenging.
On the other hand, it provides knowledge in the field of bioelectrogenesis.

2. Materials and Methods
2.1. Design and Construction of scMFCs

Three single-chamber microbial fuel cells (scMFCs) were built. The chambers were
made of polyvinyl chloride, to which a 10 × 20 cm rectangular cut was made on one side
where the zinc (Zn) cathodic electrode was placed, and the copper (Cu) anodic electrode
was placed on the left side, inside of the chamber. The electrodes had 145 and 200 cm2

areas for Cu and Zn, respectively. For the external circuit, a copper wire with a thickness of
6 mm and a resistance of 100 Ω was used, and Nafion 117 (Merck, Tampa, FL, USA) was
used as the proton exchange membrane (Figure 1).
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Figure 1. Schematic layout of a single-chamber microbial fuel cell (scMFC).

2.2. Samples of Lettuce Waste

Lettuce waste was collected from the Palermo Ex Mayorista market, Trujillo, Peru. A
total of 3.5 kg was collected and placed in Ziploc hermetic bags for transfer to the laboratory,
where it was washed several times to eliminate any contaminants that adhered from the
environment. The waste was liquefied for 20 min (Labtron, LDO-B10, Royal Oak, MI, USA)
to obtain approximately 720 mL.

2.3. Characterization of Microbial Fuel Cells

The current and voltage values were monitored for 30 days using a multimeter
(Prasek Premium PR-85, MI, USA). The voltage and current values are presented with the
mean ± standard deviation. The power and current densities (mean ± standard) were
measured using the method described by Rojas-Flores et al. (2023), where the external
resistances were 10 ± 0.15, 35 ± 3.5, 60 ± 4.8, 100 ± 6.2, 300 ± 6.2, 390 ± 7.2, 560 ± 10,
680 ± 14.5, 840 ± 16.5, 1000 ± 24.6 Ω [30]. The internal resistance was determined using an
energy sensor (Vernier- ± 30 V, ± 1000 mA, USA) and Ohm’s law (V = R × I). Likewise, the
pH and electrical conductivity values were monitored with a pH meter (110 Series Oakton,
MI, USA) and a conductivity meter (CD-4301, MI, USA) during 30 days of operation.

2.4. Isolation of Anodic Microbes

Isolation of the microorganisms involved in the bioelectrogenesis (or electrogenic) of
MFC was possible using conventional microbiology techniques. Subsequently, the copper
plates were removed from the MFC after physicochemical parameters were measured.
A swab was used to collect samples from the anode plate with evidence of microbial
growth (biofilm formation). The swab with the sample was streaked on brain-heart in-
fusion agar (BHI agar) (Merck) contained in a Petri dish and incubated at 35 ± 2 ◦C for
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24 h. After incubation, colony growth was observed. Possible colonies were sown in a
selective medium, McConkey Agar (Merck). Microscopic characteristics were observed
using Gram staining. Finally, axenic cultures were prepared on slanted nutrient agar for
subsequent identification.

2.5. Molecular Identification

For molecular identification, the axenic culture of the isolated bacteria was sent to
the EcoBiotech LAB SAC laboratory (Trujillo, Peru). The cetyltrimethylammonium bro-
mide (CTAB) buffer was used for the DNA extraction of the isolated bacterium. Once
the DNA was extracted, multiple copies of the specific segment of DNA were obtained
using the Polymerase Chain Reaction (PCR) technique. Universal bacterial primers were em-
ployed (27f/1492r; 5′-AGAGTTTGATCCTGGCTCAG-3′/5′-CTACGGCTACCTTGTTACGA-
3′). Identification was performed using the 16S rRNA gene and the Sanger sequencing method.
The sequences obtained were analyzed and aligned in Blast (https://blast.ncbi.nlm.nih.gov/
Blast.cgi, accessed on 15 April 2023) to obtain the isolated bacterium’s identity percentage.

2.6. Statistics Analysis

For the analysis of the data for the continuous variables (voltage, current), Pearson’s
linear regression was used, employing the equation of the line where the values of electrical
resistance were cleared. The data fit of the regression model was evaluated using the
coefficient of determination (R2). In addition, to compare the results of this study with those
obtained by other authors, the 95% confidence intervals were calculated using an alpha
value of 0.05, for the three variables studied (voltage, current, DP), and then comparisons
made in pairs. Likewise, from the data of the size of the group (n), standard deviation (SD),
and average provided by some authors, it was possible to calculate the size of the effect
using Cohen’s D, thus determining whether the results obtained when using lettuce waste
were superior (greater efficiency) compared to those obtained experimentally when using
other types of residues.

3. Results and Analysis
3.1. Electrical Parameters Measurement

Figure 2a shows the voltage values shown during monitoring. The values from
the first day (0.348 ± 0.005 V) increased until day 14 (0.959 ± 0.026 V) and then fell
to day 30 (0.589 ± 0.023 V). The increase in voltage values is due to the reduction and
oxidation processes that occur in the anodic and cathodic chambers, generating a potential
differential and an increase in these types of reactions. As the reactions decrease, the
potential differential also decreases. This decrease in these types of reactions can be due
to various causes, temperature variation, pH, organic matter, etc. [31–33]. Dziegielowski
et al. (2023) reported peak voltage values of 550 mV in single-chamber microbial fuel
cells using graphite electrodes and agricultural soil waste as fuel, mentioning that the
oxygenation of the substrate allows the increase in potential up to certain limits [34].
Similarly, Abazarian et al. (2023) generated voltage peaks of 283.7 ± 2.8 mV in their fuel
cells using fishpond sediment as fuel, mentioning that substrates with high carbon and
glucose contents enhance the performance of MFCs [35]. Bhattacharya et al. (2023) used a
mixture of cucumber, banana, and carrot waste as fuel, managing to generate 480 ± 20 mV
voltage peaks in single-chamber fuel cells, mentioning that the potential drop is due to the
depletion of the substrate used, leading to a decrease in the metabolism of bacteria [36].
The values of the electric current are shown in Figure 2b, which increased from the first
day (0.495 ± 0.004 mA), with a maximum value (5.697 ± 0.065 mA) on day 14, and then
decreased until day 30 (1.556± 0.083 mA). The increases in the values of the electric current
have been reported to be due to the generation of electrons in the fermentation process of
the substrate and the good adhesion of the microorganisms for the formation of the biofilm.
A key point in the process is the metallic character of the electrodes used because it allows
a better transition of electrons from the anodic to the cathodic chamber. The decrease is due
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to the decrease of the substrate volume in the last days; as well as to the corrosion observed
in the last days of monitoring. Din et al. (2023) in their research mentioned that the bacteria
that are generated within fuel cells produce a greater amount of electrical current when they
are under natural environmental conditions because they carry out their metabolism better,
which generates better growth and good formation of biofilms [37]. Likewise, Abubakar
et al. (2023) mentioned in their research that the absence of exoelectrogenic microorganisms
and other types of bacteria with high organic loads could lead to a decrease in the efficiency
of MFCs, and the absence of these types of microorganisms is due to a poor choice of pH,
which will operate the MFCs [38].
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Figure 2. Monitoring values of (a) voltage and (b) electric current of microbial fuel cells.

The monitored pH values are shown in Figure 3a, where it can be seen that the values
vary from slightly neutral to slightly acidic, showing an optimal operating pH on day 14 of
7.867 ± 0.147. It has been reported that the pH values of substrates such as vegetables or
fruits vary due to fermentation, that each type of substrate will have a different pH, and
that environmental conditions are a determining factor for this [39,40]. For this reason,
the optimal operating pH of each substrate must be found, so that when this value is
found, it can be adjusted in future work and the efficiency of each microbial fuel cell can be
optimized [41]. Zonfa et al. (2023) used cheese whey as a substrate in their microbial fuel
cells, whose operating pH was 3.6± 0.1, managing to generate current peaks of 1.8 mA [42].
Likewise, the use of onion waste has been reported in single-chamber microbial fuel cells,
whose optimum operating pH was 6.968 ± 0.286, managing to generate voltage peaks and
electric current of 0.991 ± 0.02 V and 4.459 ± 0.0608 mA, respectively [43]. The values
of the electrical conductivity of the substrate are shown in Figure 3b), whose behavior
increased from day 1 (57,894 ± 1732 mS/cm) to day 15 (118,964 ± 8888 mS/cm), and then
decreased slowly until day 30 (55,908 ± 4509 mS/cm). Previous investigations have shown
that the increase in electrical conductivity is due to the decrease in the internal resistance of
fuel cells, and this decrease could be due in the first days to the oxidation and reduction
processes that occurred in the anodic and cathodic chambers, which generates bioelectricity.
On the other hand, the decrease in electrical conductivity values may be due to the increase
in resistance in recent days due to precipitation and sedimentation of the organic matter of
the substrate during the fermentation process [44,45].
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Figure 4a shows the graphs that obey Ohm’s Law. Based on the formula for Ohm’s
Law, it can be established that the voltage is directly proportional to the current so a linear
function can be made (y = mx + b), and from the slope (m) the resistance (Ω) of the MFC
can be calculated [46–48]. In the same way, the coefficient of determination (R2) was 0.99,
which indicates the good fit of the regression model. Calculated Internal Resistance (Rint)
was measured on the fourteenth day because this was the day in which the highest values
of current and voltage were found, giving a value of Rint of 87,594 ± 6226 Ω, which is
relatively low compared with other investigations. Al Lawati et al. (2019) mentioned
in their research that the values of the internal resistance can vary depending on the
area of the electrodes and the separation between them, as well as the microorganisms
present in the substrates used [49]. Similarly, Tremouli et al. (2019) reported that a low
internal resistance of MFCs increased anodic reaction rates, owing to the possibility of direct
electron transfer and microbial consortia operating in the same MFC configuration, directly
affecting cell performance for microbial fuel [50]. However, the increase in the internal
resistance of MFCs may originate from poor biofilm formation on the bioanode surface,
resulting in a low electron transfer rate at the bioanode electrolyte interface, which may
allow a slower biocatalytic activity of the bioanode and a lower number of electrons [51].
In this sense, Din et al. (2020) reported that their fuel cells showed a resistance of 90 Ω,
managing to generate peaks of 1.12 V and 8.8 mA using potato waste as a substrate and
working at an optimal pH of 7.28 (during the entire investigation), mentioning that the low
resistance optimized the efficiency of MFCs [52]. Likewise, an internal resistance value of
75,581 ± 5892 Ω has also been reported in single-chamber MFCs using coriander waste,
where they mentioned that this low internal resistance and high values of electric current
were due to the good formation of the electrode biofilm anodic [53]. Figure 4b shows the
power density values as a function of the current density, where a maximum power density
of 378.145 ± 5.417 mW/cm2 was observed at a current density of 5.965 A/cm2 with a peak
voltage at 917,444 ± 18,194 mV, which are higher than those reported in the literature. For
example, Wang et al. (2023) generated power density peaks of 24.75 mW/m2 at a current
density of 17.48 mA/cm2 using river sediment and carbon felt electrodes as a substrate,
where they mentioned that the power density values can be improved by embedding
metallic nanoparticles to improve conductivity in electron transfer [54]. Likewise, Hirose
et al. (2023) made electrodes from the vegetable sponge, which were used in microbial fuel
cells with a single chamber, managing to generate power density peaks of 0.3 µW/cm2,
mentioning that the porosity in the electrodes increases the possibility of adhesion of
microorganisms, leading to good biofilm formation [55]. Fadhil et al. (2023) generated



Sustainability 2023, 15, 10339 7 of 14

a maximum power density of 543.28 mW/m2 using photosynthetic algae as a substrate,
where they observed a dense layer of biofilm after 120 d of operation [56].
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The maximum electrical values obtained in scMFC using lettuce waste (0.959 ± 0.026 V;
5.697 ± 0.065 mA; 378,145 ± 5417 mW/cm2) can be contrasted with similar studies with
vegetable waste and fruit waste, as summarized in Table 1. Possibly the different values may
vary according to the type of electrode used and the MFC (dual-chamber or single-chamber
MFC) used. The copper material is known to be a good conductor of electrons despite its
antimicrobial activity.

Table 1. Comparison of electrical parameters obtained in MFC using other organic waste with the
values obtained with lettuce waste.

Organic Waste MIFC Type Electrodes Voltage (V) Current (mA) Power
Density Ref.

Vegetable
(spinach waste)

dual-chamber
MFC

graphite fiber
electrodes 0.804 2.37 211 mW/m2 [57]

Domestic organic
substrate

single-chamber
MFC carbon 0.110 0.80 0.1047 mW/m2 [58]

Vegetable waste
from a market

single-chamber
MFC

non-catalyzed
graphite plates 0.208 ------- 87.14 mW/m2 [59]

Potato single-chamber
MFC

copper anode and
zinc cathode 1.120 12.45 ------ [37]

Tangerine fruit single-chamber
MFC

copper anode and
zinc cathode 1.191± 0.035 1.439 ± 0.055 475.32 ± 24.56

mW/cm2 [60]

Kiwi fruit single-chamber
MFC

copper anode and
zinc cathode 0.993 ± 0.061 3.807 ± 0.102 212.68 ± 26.84

mW/cm2 [30]

Pitahaya fruit single-chamber
MFC

copper anode and
zinc cathode 0.460 ± 0.03 2.86 ± 0.07 304.33 ± 16.51

mW/cm2 [61]

Table 2 shows that concerning the voltage parameter obtained from lettuce waste
(0.959 ± 0.026), it was statistically different from that obtained with spinach residues;
organic substrate, market vegetables, Kiwi fruit, pitahaya (0.804, 0.110, 0.208, 0.993, 0.46 V,
respectively). This value was superior to the others because all these experiments obtained
voltages below the lower limit of the 95% CI calculated. However, they were not higher
than those obtained by potato and mandarin (1120, 1191, respectively, as these values
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were above the calculated upper range. Regarding the current parameter (mA), there
was a difference with the residues of spinach, organic substrate, Kiwi fruit, pitahaya, and
mandarin (2.37, 0.8, 3.807, 2.86, 1.43 mA, respectively), in turn, these values were below
the lower confidence interval, being only surpassed by what is obtained with potato waste
(12.45 mA).

Table 2. Confidence intervals of lettuce waste parameters.

Parameters (Lettuce Waste) Mean SD 95% CI

Voltage (V) 0.959 0.026 0.9–1.0

Current (mA) 5.697 0.065 5.5–5.9

Power density (mW/m2) 378.145 5.417 364.7–391.6

Fruit waste generally has higher electrical values due to its greater fermentable sugar
content. However, vegetable waste shows lower electrical values in MFC due to the complex
chemical structure they present. This can be improved if cellulolytic microorganisms are
used. Finally, the values of the power density parameter obtained in the study were
compared with other values obtained from published studies, finding differences with
Kiwi fruit and pitahaya waste (212.68 and 304.33 mW/m2, respectively), all of which are
below the lower limit of the interval. However, only in the tangerine waste was superiority
found for this parameter.

In the comparison with pitahaya waste, Cohen’s D = 17.77; 42; 6 was obtained, which
could indicate superiority with the electricity values produced by MFC with lettuce waste
in all three parameters (Cohen’s D ≥ 0.80). In addition, it was compared with Kiwi fruit
waste, finding a Cohen’s D of 0.73; 22; 8.55, where there is a slight superiority of moderate
magnitude (Cohen’s D: 0.5–0.7) in the voltage obtained with this residue; while for the other
two electrical parameters (current and power density), lettuce waste was higher. Finally, in
the comparison with mandarin fruit residues, the obtained values of Cohen’s D of 7.53; 70;
5.46 would reflect a superiority of this waste concerning lettuce for obtaining voltage and
power density, but not in obtaining current.

3.2. Isolation and Identification of the Electrogenic Microorganisms

Concerning the isolation of electrogenic microorganisms in BHI agar, smooth colonies
were obtained, and in McConkey agar, the colonies were colorless and lactose-negative (lac-
tose does not ferment), whereas, with Gram staining, negative Bacillus Gram was observed.

Table 3 shows molecular identification where Blast characterization revealed that the
bacterium isolates correspond to Stenotrophomonas maltophilia with an identity percentage
of 99.59%. This bacterium belongs to the class Gammaproteobacteria. Stenotrophomonas
maltophilia is a cosmopolitan bacterium, which can be found in a wide variety of habitats,
and is usually isolated from the environment, particularly bodies of water, sewage, soils,
and salads, and in nature is associated with the roots of many plants; this may explain
its isolation from lettuce residues [62–64]. It is a non-lactose fermenting Gram-negative
bacillus, so its colonies on McConkey agar are colorless because it uses the peptone of the
medium producing ammonia increasing the pH and resulting in a yellow coloration [62].
On the other hand, it is a strict aerobe, and is oxidase negative, however, it has been shown
that it can show positive oxidase activity, which can allow it to grow under anaerobic
conditions such as in the anodic chamber of the MFC [62]. Likewise, it is known that it can
develop and grow in environments with a low concentration of oxygen; on the other hand,
in another study, it is mentioned that it retains its ability to form biofilms under anaerobic
conditions [65].
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Table 3. Blast characterization of the bacterium identified from an anode plate of an MFC with
lettuce waste.

Identified Species Base Pairs (bp) Percentage of Identity
(%) Access Number Lineage

Stenotrophomonas
maltophilia 1458 99.59 NR_041577.1

Cellular organisms; Bacteria;
Pseudomonadota;

Gammaproteobacteria;
Xanthomonadales; Xanthomonadaceae;

Stenotrophomonas; Stenotrophomonas
maltophilia group

3.3. Bioelectricity Generation from Lettuce Waste by scMFC

On the other hand, the great ability of Stenotrophomonas maltophilia to adhere and form
biofilms on abiotic surfaces allows it to develop on the anode plate of the MFC [62,63]. This
step is important in electricity generation as it allows the transfer of electrons (product of
metabolism) to the anode to generate electricity [66]. The biofilm formation starts with
adherence to the surface of the anodic plate (electrode), followed by irreversible attachment,
then final maturation. During this process of adherence, its motile flagella, interfere with
the fimbriae/pili, adhesins, and the outer membrane lipopolysaccharide positively charged
surface. Their mobile structures can be used as nanowires, which electrons transport from
substrates (lettuce) degradation to anodic plate such as demonstrated in other studies with
Geobacter and its role in electricity generation [67,68]. This bacterium is Gram-negative and
belongs to the phylum Proteobacteria and class Gammaproteobacteria, which supports
other studies where it is mentioned that this group of bacteria is associated with the gener-
ation of electricity in MFC [69,70]. Finally, this species has been isolated and investigated
in MFC with different organic and inorganic substrates, where its role as a remediator
and at the same time as an electrogenic bacterium has been demonstrated [71–74]. An
important aspect is that only this bacterium could be isolated, possibly due to the antimi-
crobial activity of the anode plate, which is copper [75]. However, it is a controversial
issue as copper is a good electron conductor, and its conductivity is 900-times greater
than that of polycrystalline graphite, which represents an advantage over carbon-based
electrodes. On the other hand, the bacterium Geobacter sp. is electrochemically active and
can colonize copper; this could support the fact that the three types of bacteria isolated
are electrogenic [76]. Finally, the three single-chamber microbial fuel cells were connected
in series, managing to generate 2.81 V on day fourteen, enough to light an LED (red) as
shown in Figure 5.

The results are promising as clean and eco-friendly energy (bioelectricity) can be gener-
ated. On the other hand, the results support the idea that bioenergy will come from organic
biomass in the future, which was mentioned by Destouni and Frank [77]. Likewise, other
researchers maintain that this type of bioenergy leads to sustainable development [78,79].
Finally, the generation of bioelectricity from lettuce waste along with other organic waste
contributes to achieving the seventh objective of sustainable development, affordable and
non-polluting energy, as mentioned in an article by Fagunwa and Olanbiwoninu (2020),
that MFCs and the science of microbiology contribute to achieving this goal [80]. It should
be noted that there are still certain technical challenges of MFCs, such as the low amount
of electricity that is produced and the limitations of their scaling, which requires future
interdisciplinary research covering areas such as physics, electronics, microbiology, and
biochemistry.
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4. Conclusions

This study successfully generated bioelectricity, showing the potential of leaching
waste in single-chamber microbial fuel cells on a laboratory scale using zinc and copper elec-
trodes. On day 14, electrical current (5.697± 0.065 mA) and voltage peaks (0.959 ± 0.026 V)
were generated by scMFC. These values were obtained at pH and substrate electrical
conductivity values of 7.867 ± 0.147 and 118.964 ± 8.888 mS/cm, respectively. Similarly,
the internal resistance of MFCs had a low value of 87.594 ± 6226 Ω, and it was possi-
ble to calculate a maximum power and current density of 378,145 ± 5417 mW/cm2 and
5.965 A/cm2, respectively. The electrogenic bacterium Stenotrophomonas maltophilia was
isolated and identified from the biofilm developed on the surface of the anode. Finally, the
microbial combustion cells were connected in series, enabling a 2.81 V LED lamp, which
represents an encouraging result in the advances to generate clean and sustainable energy.

The research also suggests some recommendations to optimize results concerning
bioelectricity generation; for example, using metal electrodes coated with a compound that
is not harmful to microorganisms to prevent corrosion observed in zinc (cathode) electrodes.
Another recommendation could be that the optimal pH value has to be maintained for a
longer time to optimize the electricity values produced by the MFC.
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