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Highlights:
What are the main findings?

• P-MFC inoculated with livestock’s urine positively influenced plant biomass.
• Cow urine significantly improved power generation in Stevia-MFC.

What is the implication of the main finding?

• The study demonstrated that Stevia-MFC is a novel and cheaper system.
• Livestock’s urine showed great potential to improve P-MFC technology.

Abstract: Plant microbial fuel cells (P-MFCs) are sustainable and eco-friendly technologies, which
use plant root exudates to directly nourish the electrochemically active bacteria (EABs) to generate
sustainable electricity. However, their use in evaluating plant growth has been insufficiently studied.
In this study, interconnection between plant growth and the production of bioelectricity was evaluated
by using P-MFCs inoculated with 642.865 mL ∼= 643 mL of livestock’s urine such as cow urine, goat
urine, and sheep urine. The greatest mean stem diameter of 0.52 ± 0.01 cm was found in P-MFC-3
inoculated with goat urine, while the P-MFC-2 treated with cow urine reached a higher average
number of roots with a value of 86 ± 2.50 (95% improvement) (p < 0.05). Besides, P-MFC-4 presented
greater height of 50.08 ± 0.67 cm. For polarization curve experiment a higher maximum power
density of 132 ± 11.6 mW m−2 (931 mA m−2) was reached with cow urine; in turn, with regard
to the long-term operation, the same reactor indicated a higher maximum average power density
of 43.68 ± 3.05 mW m−2. The study’s findings indicated that Stevia P-MFC inoculated with urine
was a good option to increase the biomass amount for the agricultural plants along with power
generation. Further, this study opens the way for more investigation of evaluating the impact of
P-MFC on plant growth.

Keywords: electrochemically active bacteria; plant microbial fuel cell; power generation; power
density; plant growth; polarization curve

1. Introduction

Plant microbial fuel cells (P-MFCs) are sustainable and green technologies that use
EABs as a biocatalyst to harvest energy and generate electricity from different types of
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organic substrates [1,2]. These technologies have attracted the attention of researchers since
their implementation in the present, due to their sustainability and low cost [3]. Generally,
a microbial fuel cell (MFC) consists of an anode and a cathodic chamber, both separated by
a proton exchange membrane (PEM). The main role of the PEM is to prevent electrolytes
from migrating from one compartment to another [4]. Recently, MFCs have been used
in different fields, such as heavy-metal remediation in wastewater [4–6] and in soil [7].
However, the use of MFC in the remediation process of heavy metals in wastewater faces
great challenges, as reviewed by Ezziat et al. [8].

On the other hand, the P-MFC technology has been implemented for the continuous
generation of bioelectricity by taking advantage of the plants-root exudates [9,10]. This
system was implemented for the first time in 2008 by Strik and co-workers [9]. Plant-
root exudates are known to be important sources of organic matter that speed up the
process [10,11]. In P-MFC, EAB also play an important role in the electron transfer process.
There is a symbiotic relationship between plant growth and EAB [12], as well as the
performance of bioelectricity. In a review article by Rusyn [13], EABs were reported to play
a crucial role in increasing the generation of bioelectricity in P-MFC. Additionally, progress
and advancements in photosynthesis-assisted MFC were extensively reviewed by Apollon
et al. [14]. Furthermore, an overview of both the configuration of bioelectrochemical
systems (BES) and the types of electrode materials, as well as the types of plants that have
been used in P-MFC, was highlighted. In addition, the requirements of the generation of
bioelectricity in a detailed manner were presented by the authors. Among the requirements
for the generation of bioelectricity, plant species were reported as one of the factors that
influence the generation of bioenergy, as reviewed by Rusyn [13]; Maddalwar et al. [15];
and Sayed et al. [16]. These above three critical reviews showed the most recent advances
in P-MFC technologies, including maximum power density achieved with different plant
species. At least 40 plant species have been utilized in P-MFC systems, as reported by
Kabutey et al. [17]. Among the plant species employed in P-MFC, we find vascular plants,
macrophytes [18], and bryophytes [19,20], as well as grasses of the Spartina anglica plant [21]
and the Glyceria maxima plant [22], Sedum spp. [23], wetland cold-resistant plants Caltha
palustris [24] and drought-resistant succulents Opuntia spp. [11–25]. A tubular P-MFC used
in rice fields exhibited power densities between 9.1 mW m−2 and 16.8 mW m−2 [26]. In
a study by Arulmani et al. [27], P-MFC embedded with Amaranthus viridis and Triticum
aestivum were evaluated for food harvesting and sustainable bioenergy production for
180 days, respectively. The maximum current density of 291.23 ± 7.50 mA m−2 was
achieved in P-MFC operated with Triticum aestivum, this being the best reactor. However,
these studies did not evaluate all of the plant’s morphological parameters, such as plant
height, stem diameter, number of roots, and root length. In addition, the evaluation of the
growth of plants in P-MFC systems, while producing energy, has been investigated to a
lesser extent. According to the literature, few works report on plant growth with BES such
as P-MFC [11–25,28].

Furthermore, Stevia rebaudiana, to our knowledge, has not previously been used in
P-MFC technologies. This is the first time, to our knowledge, that this plant species
was utilized to generate bioelectricity using P-MFC. It is worth mentioning that Stevia
rebaudiana is a very important plant worldwide due to its particular characteristics (e.g.,
sugar substitute). Therefore, inserting this plant species in a P-MFC system could be a
very good option for increasing the amount of biomass required to produce sugar. Besides,
P-MFC embedded with this category of plant is a new challenge worldwide. This will open
avenues for upcoming investigations to improve Stevia biomass.

On the basis of this point, the main objective of this work was to evaluate the perfor-
mance of P-MFC in terms of plant growth and energy production. In addition, P-MFC
inoculated with urine from different domestic animals were employed, to our knowledge,
for the first time. The impact of P-MFC on plant morphological parameters was also evalu-
ated in this study. Urine in general was previously reported in MFC as the main source for
improving BES performance [29,30]. Besides, its usage in P-MFC is also a viable option to
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evaluate plant growth parameters; this is because the urine from livestock is an important
source of phosphorus and nitrogen for plants. In fact, it can be a cheap and unlimited
resource for sustainable agriculture. In addition, the future perspective of this study is to
develop high-efficiency P-MFC systems or technologies that could be applied on a large
scale at a low cost using innovative and nature materials. Such a technology, converting
organic matter into energy stored from P-MFC inoculated with domestic-animal urine
using EAB, could be a good option to improve P-MFC efficiencies for their commercial use.

2. Materials and Methods
2.1. Configuration of P-MFC Reactors and Operation

P-MFCs were made from clay cup (Mexico), 20 cm tall with a wall thickness of 3 mm
and the inner diameter of diameter 9 cm (according to the previous experiment [29]). For
the anode electrode, 648 cm2 of graphite felt (ESGRAF, S.A de C.V., México [diameter
of 6 mm]) were utilized. Then, graphite felt was placed in contact with the clay cup’s
outer surface, while 270 cm2 of a stainless steel mesh (NYLOMAQ SL PLATE 9.5 mm
610 × 610 mm) were utilized as the air cathode electrode. Single-chamber air-breathing
cathode MFCs were previously used with human urine as a by-product of electricity [30];
here, the clay cup membrane acted as a separator among the anode and cathode electrodes.
The MFCs (ceramic cylinders) were made from terracotta and was 5 cm tall, with thickness
of 3 mm and inner diameter of 2.2 cm. Both systems had practically the same characteristics.

For the operation of P-MFC reactors, Stevia rebaudiana plants consisting of 15 cm height
were used; these were previously propagated for 6 months in a greenhouse in Atlacomulco,
Municipality of the State of Mexico, Mexico. The P-MFC were inoculated (by using a
watering can) with an amount of 642.865 mL ∼= 643 mL of livestock’s urine from cow,
goat, and sheep, as described in the previous experiment [31], where the physicochemical
analysis of urine was taken into account. The P-MFCs, namely, P-MFC-1* (control, irrigated
with 642.865 mL ∼= 643 mL of tap water), P-MFC-2 (inoculated with cow urine), P-MFC-
3 (inoculated with goat urine), P-MFC-4 (inoculated with sheep urine), and the control
MFC [(operated only with the soil substrate); uninoculated with urine; but irrigated with
642.865 mL ∼= 643 mL of tap water] were evaluated. Figure S1a represents the sketch of
the experiment, while in Figure S1b, the establishment of the experiment is depicted as
supporting information.

2.2. Physiological Stages of Plants
Monitoring Plant Morphological Parameters

Monthly plant growth was monitored as follows: (i) measuring the height (cm) from
the top of the sand bed to the tip, and (ii) counting the number of shoots, as described
elsewhere [32]. In addition, the diameter (cm) of the stem was measured with a tape
measure. Subsequently, one plant was destroyed by treatment, for which the following
parameters were determined: (a) length of roots in cm (Figure S2a), and (b) the number of
roots per plant (Figure S2b) as supporting information. This process was repeated every
60 days for a period of 6 months. Subsequently, the standard deviation (SD) was calculated
from the data obtained. The impact of P-MFC reactors on plant growth was evaluated. In
addition, the relationship between power generation and the amount of biomass produced
by the plant was correlated.

2.3. Bioelectricity Monitoring

First, the open circuit voltage (OCV) was monitored and carried out each day at 9 a.m.
for 30 days, aided by a Digital Multimeter (BSTEREN brand, Model MUL-282, China).
Subsequently, a polarization experiment was performed by manually applying 11 external
resistors (within the range of 100 Ω and 20 KΩ) every 10 min from the OCV. According
to the results of the polarization curves, anode and cathode wires were connected using a
1000-Ω resistor to close the circuit. The closed-circuit voltage (CCV) was monitored at a
time interval of 15 min/datum by employing an automatic acquisition system based on a
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microcontroller (Arduino, Model 2560 Mega) connected to a personal computer for 30 days.
Current and power were calculated using Ohm’s law, as described elsewhere [11]. Then,
current and power densities were normalized considering the area (0.0693 m2) of the anode
surface of the P-MFC reactor.

2.4. Data Analysis

All statistical analyses in this study were performed with Minitab version 21.1.0
statistical software. One-way ANOVA was utilized to analyze the difference in plant
growth parameters among the control plant, P-MFC-1*, P-MFC-2, P-MFC-3, P-MFC-4, and
control MFC, applying the Tukey test (p < 0.05). GraphPad Prism version 9.0.1 (1 5 1)
software was used to plot the bioelectricity data.

3. Results and Discussion

During the experiment, the mean temperature was 18.5 ◦C (max. 25.6 ◦C, and min.
11.6 ◦C) and precipitation was 40.4 mm (according to the CONAGUA database, Mexico).
The substrate used in this study indicated the following characteristics: pH 7.56; electrical
conductivity (EC) 1.42 ± 0.11 mS cm−1; MO 5.60; NO3

− 194.828 ± 25.60 mg L−1; PO4
3−–

P 8.813 ± 1.02 mg L−1; K 70.025 ± 6.90 mg L−1, and cation exchange capacity (CEC),
14.76 ± 2.08 mEq/100 g of soil. The pH and EC of fresh urine were oscillated between
6–6.8 and 8–9.42 mS cm−1, respectively (initial values). The results showed that the
three types of livestock’s urine behaved differently with regard to pH and EC during
the operation of P-MFCs. Therefore, at the end of the experiment, pH and EC values of
the urine were increased by 24 and 76%, respectively. The highest concentration rate of
NO3

−–N (7306 ± 6.11 mg L−1) was found in goat urine, followed by cow urine and sheep
urine with concentrations of 3401 ± 19.2 mg L−1 and 504 ± 3.51 mg L−1, respectively.
In addition, sheep urine showed highest concentration rate of PO4

3− of 23.0 ± 1.09 mg
L−1 compared to other livestock’s urine (fresh urine). The highest concentrations of K of
1200 ± 6.96 mg L−1 and of 1180 ± 4.78 mg L−1 were achieved in sheep and goat urine,
respectively. After P-MFC inoculation (final stage of experiment), the substrate showed high
concentrations of NO3

−–N (4802.520 ± 28.24 mg L−1), and PO4
3−–P (1.945 ± 0.02 mg L−1),

respectively, and in P-MFC inoculated with sheep urine. Followed by P-MFC inoculated
with goat urine, P-MFC inoculated with cow urine and P-MFC uninoculated, respectively,
NO3

−–N concentration values of 1978.606 ± 2.87 mg L−1, 697.934 ± 8.45 mg L−1, and
666.004 ± 5.04 mg L−1, were achieved respectively [31].

3.1. Plant Growth Monitoring

In this study, the treatment factor (including the urine-dose factor) generated statis-
tically significant results in terms of the height of the Stevia rebaudiana plant. It can be
observed that the P-MFCs influenced plant height during this stage of the experiment
(Figure 1a). The results showed that P-MFC-3 and P-MFC-4 turned out to be the same and
achieved the highest height (with values of 49.13 ± 0.02 and 50.08 ± 0.67 cm, respectively).
Meanwhile, the P-MFC-2 turned out to be better than the P-MFC-1* (without inoculation).
However, the control plant reached the lowest height in this study. This value was achieved
in the control because the plant didn’t receive any treatment during this period. In addition,
the P-MFC inoculated with all three types of urine acted positively on the plant’s morphol-
ogy. On the other hand, there were no significant differences for the time factor, nor for
double and triple factors. This means that interactions among the above-mentioned factors
are not an option for increasing plant height performance.
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Figure 1. Effect of P-MFC on Stevia rebaudiana growth parameters: (a) plant height (cm); (b) number
of shoots; (c) stem diameter (cm). Means with the same letter for each figure is statistically equal
(Tukey, p < 0.05).

Figure 1b represents the number of shoots obtained in Stevia rebaudiana. It can be
observed that P-MFC-1* achieved a higher number of shoots (28.06) compared to the other
P-MFC, including the control, whereas P-MFC-3 (inoculated with goat urine) achieved the
largest diameter (0.52 ± 0.01 cm) with respect to the other evaluated treatments (Figure 1c).
The literature reported that the MFC system favors plant growth [33]. This statement was
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verified in this study. Therefore, the P-MFC-1* reactor did not receive any dose of urine
from domestic animals. The study by Helder et al. [33] differs from ours because those
authors used another type of treatment, e.g., the Hoagland solution developed with the
main function of accelerating plant growth, as well as the manner in which the authors
evaluated the growth parameters of the plants. In two recent studies, the morphological
behavior of four Opuntia species was evaluated in P-MFC (in a semi-desert environment), by
applying to P-MFC 1 L of water [25] and 150 mg L−1 of ammonium nitrate [11] per week for
30 days, respectively. The results revealed that plant growth increased significantly in the
presence of P-MFC. However, when ammonium nitrate was applied, there was a substantial
improvement (51.97%) in the plant height parameters. In other studies, researchers have
observed that plants grown in P-MFC (inoculated with fertilizer) had significant growth
(plant length) compared to the control (inoculated) [27,34,35]. The same phenomenon was
observed in this study. According to this, it can be argued that both P-MFC and the addition
of fertilizers are key factors for accelerating plant growth.

In addition, the treatment factor produced statistically significant results in the root
length of Stevia rebaudiana. The best treatments were P-MFC-1* and P-MFC-2, which
yielded mean root lengths of 17.43 ± 1.06 and 16.67 ± 0.95 cm, respectively (Figure 2a),
followed by P-MFC-3 that achieved a higher root length in terms of the P-MFC-4, and
by the control plant. For a number of roots, the best treatment was P-MFC-2, achieving
the highest mean of 86 ± 2.50 (Figure 2b), while the P-MFC-1* and P-MFC-4 turned out
to be the same. The control plant showed the lowest number of roots in this study. It is
noteworthy that an increase (55%) of plant root parameters was observed. Thus, plant
roots were found to be permeable in this study. Consequently, this was a good indicator
in the plant’s rhizodeposition process [10]. Therefore, root growth influenced the yield
of foliar-biomass production. In addition, applying the urine of domestic animals as an
inoculant in the P-MFC system positively affected the morphological behavior of the plant.
In previous studies, researchers have reported biomass yields of 33 kg m−2 and 1.1 kg m−2,
respectively, in Arundinella anomala [33,36], 0.48–6 kg m−2 in Spartina anglica [33,37], and
3.8–23 kg m−2 in Arendo donax [33,38]. Unfortunately, in our study, we did not take into
account the amount of biomass in kg m−2. However, only the number of shoots in each
treatment was counted as the main index of biomass production. Comparing the previous
results obtained in the literature with those found in this study, there is no doubt that
bioelectrochemical systems such as P-MFC are technologies that could be implemented
in modern agriculture, in that these systems play different roles, including (1) production
of bioelectricity, (2) acceleration of the mineralization process (due to the great bacterial
activity), and (3) an increase in the amount of biomass produced by plants, etc.

Considering all of the above, it can be argued that there is a proportional relationship
between the morphological parameters of the plant and the P-MFC reactors used in this
study. In addition, plant growth also depends on other factors, such as (a) the activity
of microbes in the mineralization process, (b) the type of substrate, (c) the percentage of
organic matter (OM) in the substrate, and (d) the availability of nutrients in the substrate.
Furthermore, the neutral pH of the substrate utilized in the study was one of the plant-
growth indicators, as reported elsewhere [10,39]. Another explanation that can be given is
that plant roots are the main site of the growth of microorganisms. These microorganisms
are present in the rhizosphere and are denominated “rhizobacteria”. Numerous living
microorganisms positively affect plant growth and nutrient uptake [40]. Many of these
microorganisms are plant growth-promoting bacteria (PGPB) [41,42]. For example, plant
species such as Artemisa annua tend to attract abundant communities of specific microor-
ganisms associated with the plant’s root, as demonstrated by Shi et al. [12] in their most
recent work. A wide diversity of PGPB has been reported in soil, including Agrobacterium,
Azotobacter, Azospirillum, Bacillus, and Pseudomonas [43–45]. In a critical review article by
Olanrewaju et al. [46], the authors reported that PGPB influences plant growth by direct
pathways through nitrogen fixation and phosphorus solubilization, as well as through the
production of auxin, gibberellin, and cytokinin.
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Furthermore, in a study by Jarma-Orozco et al. [47] evaluating the effect of low
and high levels of radiation on the main growth rates of Stevia, it was observed that
solar radiation was a factor that could influence plant (Stevia) growth. It was found that
photosynthesis can reach a point of light saturation near 1200 µmol (photosynthetically
active radiation [PAR] m−2 s−1). This was a good indicator for evaluating plant growth
parameters. Previous research had shown pH and nutrient availability as other factors that
influence the amount of Stevia rebaudiana leaf biomass under hydroponic conditions [48].
However, the authors recommended evaluating the same plant in an open-field experiment
to confirm the observed phenomenon. Later, in a study conducted by Mahajan et al. [49],
the application of KNO3 via foliar route as a modulator of biomass yield and nutrient
absorption for Stevia rebaudiana was reported to be a good option to increase plant growth.
A moderate concentration of salts influences both the growth and the yield of a dry biomass
of leaves [49].

In summary, we can argue that increasing the amount of biomass produced by Stevia
rebaudiana is crucial for industries that process this type of plant. For example, increasing
the amount of biomass is currently increasing the production of the sugar substitute to
satisfy the high demand worldwide for this product. In addition, the relation between the
amount of the number of roots and the number of shoots was observed in this study, i.e.,
the greater the number of roots, the greater the increase in the number of shoots.

3.2. Bioelectricity Generation

During the experiment, the mean temperature was 18.5 ◦C (Max. 25.6 ◦C, and Min.
11.6 ◦C) and precipitation was 40.4 mm (according to the CONAGUA database, Mexico).
According to these results, the substrate used in this study had the following characteristics:
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pH 7.56; electrical conductivity (EC) 1.42 mS cm−1; MO 5.60; NO3
− 194.828 mg L−1; PO4

3−–
P 8.813 mg L−1; K 70.025 mg L−1, and cation exchange capacity (CEC), 14.76 mEq/100 g
of soil. The pH and EC of fresh urine were oscillated between 6–6.8 and 8–9.42 mS cm−1,
respectively (initial values). At the end of the experiment, the pH and EC values of the
old urine were increased (24 and 76%, respectively); these ranged between 7–9 and 12–40,
respectively [31].

3.2.1. OCV and Polarization Curve

The results revealed that all the reactors evaluated in this study were significantly
different in terms of OCV. P-MFC-2 was found to be the most effective reactor in this
experiment, achieving the maximum average theoretical OCV of 1.2 V ± 0.07 (1200 mV),
followed by P-MFC-1* (0.82 ± 0.01 V; 820 mV), P-MFC-3 (0.78 ± 0.00 V; 780 mV), P-MFC-4
(0.95 ± 0.05 V; 950 mV), and the control MFC (0.44 ± 0.01 V; 440 mV). The OCV results
found in the P-MFC reactors were higher than that reported by Syed et al. [50]. The latter
authors reported an OCV of 0.65 V (650 mV) from using cattle manure in microbial fuel
cells for the generation of green energy. In addition, voltages of 0.2921 V (292.1 mV) and
0.3217 V (321.7 mV) were reported in a study conducted in a rice field [26] testing two
types of reactors. These results were inferior to those found in our study. Our results
indicated that the application of domestic animals’ urine, both in the P-MFC system as well
as in the substrate, had more potential to increase the efficiency of P-MFC. This marked
difference between the two studies could be due to several factors, for example, types of
electrode materials, voltage monitoring time, the operating conditions of reactors, etc. The
study by Syed et al. [50] was performed under laboratory conditions, while our study was
conducted in the open field. Additionally, some microorganisms, such as Bacillus subtilis,
Streptococcus agalactia, Pseudomonas fragi, Proteus vulgaris, Escherichia coli, and Staphylococcus
aureus have been reported in animal’s urine (e.g., cow urine) [51]. On the other hand,
previous studies have clearly shown that the application of urine could stimulate or inhibit
the soil’s microbial community [52], which is closely linked to soil chemistry. Therefore,
the application of urine increases soil moisture [53], which is a good indicator of improving
bioelectricity performance.

On the other hand, Figure 3a presents a typical graph of the polarization curves ob-
tained in this study. Higher average energy efficiency was achieved in P-MFC-2, with
a value of 931 ± 15.1 mA m−2 when it was inoculated with cow urine, compared to
the other P-MFC reactors evaluated in this experiment. Lowest average power gen-
eration was exhibited by the control (without plant), achieving a current density of
10 ± 0.08 mA m−2. Figure 3b depicts the performance of power–density curves in this
study. It can be observed that the same reactor (P-MFC-2) indicated the highest perfor-
mance of 132 ± 11.6 mW m−2. This result was higher compared to those reported in
previous studies [11,26,28,50,54]. However, in a recent study by Li et al. [55], higher max-
imum power densities of 1613.3 ± 155.5 and 1185.1 ± 29.1 mW m−2, respectively, were
reported in microbial electrochemical systems by optimizing the “anode-collector”. This
was a good strategy to increase the performance of the reactor. Hence, Li et al. found that
integrating a metal–current collector into the anode electrode was an effective strategy
for reducing the power loss of the system. Previous results were higher than those found
in our study. This difference was due to the types of systems employed in both studies.
Also, the lowest performance was achieved in the control, which yielded a power den-
sity of 0.35 mW m−2. The same phenomenon was observed previously, by evaluating the
performance of P-MFC embedded with Opuntia spp. under open-field conditions [11,25].
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Figure 3. Results of (a) polarization curves, and (b) power–density curves were performed during
the experiment.

Previously, plant species such as Amaranthus viridis- and Triticum aestivum-mediated
P-MFC were utilized [27]. The study showed higher power density of 194.45 mW m
m−2 during a single polarization experiment. The study attributed the power–output
performance to both the activity of the microorganisms present on the surface of the anode,
as well as to the application of organic-rich bioslurry in the reactors. In contrast, in the
study by Sharma and Chhabra [56], which evaluated the performance of a photosynthetic P-
MFC embedded with Chlamydomonas reinhardtii at the cathode, a maximum power density
of 371.34 mW m−2 was achieved (polarization curve). In turn, it was reported that C.
reinhardtii could support high power output from a P-MFC and that it is highly resourceful
in terms of value-added products. In addition, P-MFC embedded with the same species
(C. reinhardtii) exhibited a power density of 1465 mW m−2, which was also superior to
those found in this study [57]. The P-MFC and MFC reactors were constructed using
zinc–carbon electrodes (inoculated with cattle manure), respectively. According to the
results, the MFC with zinc–carbon electrodes had a better power density than other MFC.
Other studies demonstrated maximum power densities of 3.27, 0.99, and 5.29 mW m−2 in
three types of constructed electroactive wetland (EW), including EW-1, EW-2, and EW-3,
respectively [58]. These results were recorded in polarization curve experiments. The study
revealed a significant correlation between energy production and the internal resistance
of the reactors. As the voltage of the system increased, the internal resistance decreased
considerably. Previous studies have shown that the increase in the organic load positively
affects the performance of bioelectricity production [59].

3.2.2. Long-Term Operation of P-MFC Reactors

The results showed that all P-MFC reactors produced bioelectricity during 30 days
of operation. As can be observed, the highest maximum average power density of
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43.68 ± 3.05 mW m−2 was generated in P-MFC-2 (Figure 4a). This value was achieved
on day 2 and was nearly constant at this stage of the study. However, a decrease was
observed between days 3 and 10, and on day 11, energy generation decreased to 95.71%
(from 43.68 ± 3.05 to 1.87 ± 0.01 mW m−2). This behavior of the generation of bioelectricity
was due to a failure of the channels that sent the signal to the automatic voltage-monitoring
system during this period. This mishap was only recorded by the P-MFC-2 reactor. Another
factor that could be attributed to the low energy production was the lack of humidity in the
reactor. A similar phenomenon was also observed in a previous study using P-MFC embed-
ded with Spartina anglica [28]. It was observed that when the anode compartment was dry,
the production of bioelectricity tended to be zero. Subsequently, on day 16, an increase of
9.22% (2.06 ± 0.00 mW m−2) was obtained up to day 20. From day 21 to day 24, the reactor
demonstrated constant bioelectricity production, and subsequently it presented a different
behavior until day 30. The current output obtained in the P-MFC-2 was 25 ± 1.05 mA m−2.
Figure 5a presents the behavior of the current in P-MFC-2 during the operation time. The
maximum current peak (1.74 ± 0.05 mA) occurred on day 16, and the maximum average
voltage of 1.73 ± 0.09 V (1730 mV) was reached under closed-circuit conditions.
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(b) P-MFC-1*, (c) P-MFC-3, (d) P-MFC-4, and (e) Control.

Figure 4b shows the generation of bioelectricity in P-MFC-1* (*without inoculation). As
can be observed, the highest average power density peak was generated on day 16, reaching
a value of 6.28 ± 1.00 mW m−2, for an average current density of 9.37 ± 2.04 mA m−2.
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Prior to obtaining this performance, a value of 2.79 ± 0.01 mW m−2 had been reached
on the P-MFC-1* (on day 1 of system start-up). The increase in energy production in this
reactor was 55.57%; however, a decrease was observed from day 17 to day 28. P-MFC-1*
is the second reactor in this study that presented a higher performance in terms of power
generation. This was followed by P-MFC-3 (Figure 4c), achieving an average power density
of 6.09 ± 0.05 mW m−2 (on day 15), for an average current density of 9.73 ± 1.03 mA m−2,
while P-MFC-3 showed a decrease in energy production on days 7, 8, and 17–29. Between
P-MFC-1* and P-MFC-3, there were no statistically significant differences. Figure 5b,c
depict current monitoring in the reactors P-MFC1* and P-MFC-3, respectively. The highest
average current output peaks achieved in P-MFC-1* and P-MFC-3 were 0.66 ± 0.03 mA
(660 mV) and 0.65 ± 0.02 mA (650 mA), respectively, while P-MFC-4 (Figure 4d) reached an
average power density of 4.85 ± 0.08 mW m−2. This value was generated on operating day
16. However, from day 17 to day 29, it can be observed that energy production decreased
by 60%; then, an increase of 90% was registered between days 29 and 30. In P-MFC-4
(Figure 5d), a current of 0.58 ± 0.00 mA was obtained with the maximum voltage of 580 mV.
On the other hand, the minimum average value of power generation was presented by
the control (Figures 4e and 5e), reaching an average power density of 3.46 ± 0.03 mW m−2

(8.08 ± 1.06 mA m−2). In previous studies, lower values were also reported in MFC utilized
with control vs. P-MFC [11,25,60]. Sathish-Kumar et al. [60] employed a BES system
configured with a clay cup inoculated with a nopal (cactus pear) biogas effluent, which
operated for 30 days. The study indicated that the performance of the reactors was due
to the bacterial activity on the anode surface [60]. In the studies by Apollon et al. [11] a
clay bar-constructed P-MFC was utilized for 30 days. The P-MFC was reported to be a
good option for the generation of bioelectricity in the semi-arid region. Besides, Table 1
showed maximum power densities reported in the previous studies with P-MFC operating
in different a period of time.

On the other hand, the low generation of bioelectricity in the control could be attributed
to a factor such a low OM content, which influences the activity of the bacterial community
on the surface of the anode electrode. Low activity of microorganisms in the environment of
the bioelectrochemical system gives rise to a total decrease in the production of bioelectricity.
This comprises the explanation that we are able to offer concerning this phenomenon.
However, there is no doubt that other, unknown factors could cause the low performance
of the control.

Furthermore, the results found in this study were higher compared to those reported
by Sudirjo et al. [28] in P-MFC operated with activated carbon mixed with marine sediments
as anode material. The power density reported in this P-MFC (embedded with S. anglica)
was 1.04 mW m−2 (over 2 weeks), which was 42 times lower in relation to P-MFC-2, six
times lower than P-MFC-1*, five times lower than P-MFC-3, four times lower with respect
to P-MFC-4, and three times lower than the control. Although the control turned out
to be lower in this study, it was higher than that reported by Sudirjo et al. [28]. In a
recent study by Tongphanpharn et al. [61], P-MFC embedded with Typha orientalis (cattail)
and Oryza rufipogon (rice) for remediation of cadmium-contaminated soil were utilized.
Voltage generation yields of 137.12 mV ± 13.08 and 350.50 ± 74.89 mV were reported in T.
orientalis (cattail) P-MFC and in O. rufipogon (rice) P-MFC, respectively, under open- and
closed-circuit conditions for 150 days. However, these power generation results were lower
compared to what was reported in our study. This indicates that P-MFC operated with
Stevia rebaudiana has greater potential to generate bioelectricity than the aforementioned
plant species.

According to the latter, it can be argued that the performance of P-MFC depends on
several factors, such as (i) the rate of bacterial growth at the anode [62], (ii) the formation of
biofilms on the surface of the anode as a result of the activity of microbes [63] and (iii) the
decomposition (oxidation) of organic matter by microbes present on the surface of the
anode [64]. According to previous studies, Bacteroidetes, Firmicutes and Proteobacteria are the
predominant phyla present in the anode comportment [65,66]. The great effectiveness of
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microorganisms depends on factors such as pH, temperature, and the types of treatments
or the nutrients applied in the reactors [62]. Other factors that influence the generation
of bioelectricity with P-MFC include solar radiation [67], plant type (e.g., the types of
the metabolic pathways C3, C4, and CAM), monitoring time, condition of operation (e.g.,
controlled or uncontrolled environment), types of electrode material used, and the size
of the reactor employed [28]. Finally, in the study by Kuleshova et al. [68], P-MFC were
connected in parallel and series to evaluate their electrogenic properties and potential. The
study indicated that both connection types possessed significant power potential, which
exhibited increases by a factor of 1.5. However, the P-MFC used in this study were found
to be superior with regard to the efficiency produced.

Table 1. Performance of P-MFCs reported in the previous literature.

Type of BES Plant Species Type of
Membrane Anode Material Cathode

Material
Time of

Operation
(Days)

Max. Power
Generation Reference

P-MFC
Opuntia joconostle +

150 mg L−1 of
NH4NO3/week

Ceramic stick Graphite felt Zinc sheet 30 6.07 ± 2.41 mW m−2 [11]

P-MFC
Opuntia robusta + 150
mg L−1 of NH4NO3

Ceramic stick Graphite felt Zinc sheet 30 2.76 ± 0.21 mW m−2 [11]

P-MFC Opuntia albicarpa + 1
L of H2O/week Ceramic stick Graphite felt Zinc sheet 30 4.32 mW m−2 [25]

P-MFC Opuntia ficus-indica 1
L of H2O/week Ceramic stick Graphite felt Zinc sheet 30 0.44 mW m−2 [25]

P-MFC Opuntia robusta 1 L of
H2O/week Ceramic stick Graphite felt Zinc sheet 30 0.31 mW m−2 [25]

P-MFC Opuntia joconostle 1 L
of H2O/week Ceramic stick Graphite felt Zinc sheet 30 0.02 mW m−2 [25]

PMFC (I) Oryza sativa Terracotta
cylinders Graphite felt Graphite felt 70 (10 weeks) 9.1 mW m−2 [26]

PMFC (II) Oryza sativa Terracotta
cylinders Graphite felt Graphite felt 70 (10 weeks) 16.8 mW m−2 [26]

P-MFC1 Amaranthus viridis NA Carbons bristle
brushes

Stainless steel
alligator 180 185.23 ± 15.10 mA m−2 [27]

P-MFC2 Triticum aestivum NA Carbons bristle
brushes

Stainless steel
alligator 180 291.23 ± 7.50 mA m−2 [27]

P-MFC Spartina anglica CEM Graphite rods Graphite Felt 190 1.04 mW m−2 [28]

P-MFC EAB (Chlamydomonas
reinhardtii) PEM Graphite felt Graphite felt 7–8 15.21 W m−3 [56]

MFC Substrate -Cattle dug) Nafion (117) Gold-graphite Gold-graphite 30 1465 mW m−2 [57]
MFC Nopal Clay cup Graphite felt Graphite felt 30 1841.99 mW m−3 [60]

P-MFC Typha orientalis NA Carbon felt Carbon felt 150 137.12 ± 13.08 mV [61]
P-MFC Oryza rufipogon NA Carbon felt Carbon felt 150 350.50 ± 74.89 mV [61]
P-MFC Oryza sativa NA Carbon fiber Carbon fiber 109 700 mV [67]

P-MFC-1* Stevia Clay cup Graphite felt Stainless steel
mesh 30 6.28 ± 1.00 mW m−2 This study

P-MFC-2 Stevia Clay cup Graphite felt Stainless steel
mesh 30 43.68 ± 3.05 mW m−2 This study

P-MFC-3 Stevia Clay cup Graphite felt Stainless steel
mesh 30 6.09 ± 0.05 mW m−2 This study

P-MFC-4 Stevia Clay cup Graphite felt Stainless steel
mesh 30 3.46 ± 0.03 mW m−2 This study

AC—Activated carbon; PTFE—Polytetrafluoroethylene; MFC—Microbial fuel cell; PEM—Proton xxchange
membrane; CEM—Cation xxchange membrane; EAB—Electrochemically active bateria; P-MFC—Plant microbial
fuel cell; P-MFC-1*—Control.

3.2.3. Relationship between Power Generation and Plant Growth

The results of power and plant growth are presented in Figure 6. It can be observed
that P-MFC-3 and P-MFC-4 showed highest power, respectively, at this stage of study.
The power output found in those reactors were 0.42 and 3.02 mW, respectively. For the
evaluation of the impact of power generation on plant’s height, it can be observed that this
influenced plant growth during the operation of P-MFCs. Being P-MFC-4 the reactor with
the highest power and plant height. However, the control plant turned to be the reactor
with the lowest height value in this experiment. In contrast, previous studies demonstrated
that the control plant turned out to be shorter in terms of height [11,25]. In addition, power
generation had a significant effect on the number of roots, as well as on the length of the
roots. According to Arulmani et al. [27] plant roots grow deeper in the anode compartment;
this has been confirmed in this study. Furthermore, all of the plants grew on the P-MFC.
The same phenomenon was observed by Sudirjo et al. [28]. It can be argued that the anode
had a significant effect on the plant development process, because the presence of the
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anode in the plant’s rhizosphere attracts the microorganisms that participate in the plant’s
nitrogen fixation process. Also, EC is a key factor in the absorption of nutrients by plants.
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P-MFC Typha orientalis NA Carbon felt Carbon felt 150 137.12 ± 13.08 mV [61] 

P-MFC Oryza rufipogon NA Carbon felt Carbon felt 150 350.50 ± 74.89 mV [61] 

P-MFC Oryza sativa NA Carbon fiber Carbon fiber 109 700 mV [67] 

P-MFC-1* Stevia  Clay cup Graphite felt 
Stainless steel 

mesh 
30 6.28 ± 1.00 mW m−2 

This 

study 

P-MFC-2 Stevia  Clay cup Graphite felt 
Stainless steel 

mesh 
30 

43.68 ± 3.05 mW 

m−2 

This 

study 

P-MFC-3 Stevia  Clay cup Graphite felt 
Stainless steel 

mesh 
30 6.09 ± 0.05 mW m−2 

This 

study 

P-MFC-4 Stevia  Clay cup Graphite felt 
Stainless steel 

mesh 
30 3.46 ± 0.03 mW m−2 

This 

study 

AC—Activated carbon; PTFE—Polytetrafluoroethylene; MFC—Microbial fuel cell; PEM—Proton 

xxchange membrane; CEM—Cation xxchange membrane; EAB—Electrochemically active bateria; 

P-MFC—Plant microbial fuel cell; P-MFC-1*—Control. 

3.2.3. Relationship between Power Generation and Plant Growth 

The results of power and plant growth are presented in Figure 6. It can be observed 

that P-MFC-3 and P-MFC-4 showed highest power, respectively, at this stage of study. 

The power output found in those reactors were 0.42 and 3.02 mW, respectively. For the 

evaluation of the impact of power generation on plant’s height, it can be observed that 

this influenced plant growth during the operation of P-MFCs. Being P-MFC-4 the reactor 

with the highest power and plant height. However, the control plant turned to be the re-

actor with the lowest height value in this experiment. In contrast, previous studies demon-

strated that the control plant turned out to be shorter in terms of height [11,25]. In addi-

tion, power generation had a significant effect on the number of roots, as well as on the 

length of the roots. According to Arulmani et al. [27] plant roots grow deeper in the anode 

compartment; this has been confirmed in this study. Furthermore, all of the plants grew 

on the P-MFC. The same phenomenon was observed by Sudirjo et al. [28]. It can be argued 

that the anode had a significant effect on the plant development process, because the pres-

ence of the anode in the plant’s rhizosphere attracts the microorganisms that participate 

in the plant’s nitrogen fixation process. Also, EC is a key factor in the absorption of nutri-

ents by plants. 

 

Figure 6. Plant height vs. power generation in the evaluated P-MFC. 
Figure 6. Plant height vs. power generation in the evaluated P-MFC.

4. Conclusions

As can be noted, in this study P-MFCs embedded with Stevia rebaudiana were used to
evaluate plant growth and bioelectricity production simultaneously. The results indicated
that there were significant differences (p < 0.05) among the evaluated P-MFCs. P-MFC-
2 inoculated with cow urine was revealed as the most effective reactor with regard to
bioelectricity production. In turn, with respect to plant growth, the study indicated that
the P-MFC system had a positive effect on plant morphology parameters; it influenced
plant height, the number of shoots, length and number of roots. P-MFC-4 inoculated with
sheep urine presented the greater average height of 50.08 ± 0.67 cm. Followed by P-MFC-3
(inoculated with goat urine) achieving the greatest mean stem diameter of 0.52 ± 0.01 cm,
the higher average number of roots with a value of 86 ± 2.50 was reached in P-MFC-2
with cow urine. Higher average power density of 43.68 ± 3.05 mW m−2 was found in
P-MFC-2 with cow urine. Overall, this study demonstrated that P-MFC inoculated with
the livestock’s urine is a good option both to increase the amount of plant biomass and
power generation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15196985/s1, Figure S1a,b: (a) Sketch of the experiment with a
total area of 19.6 m2, and (b) photograph of the established experiment. T0—absolute control (single
plant); T1—P-MFC-1*; T2—P-MFC-2; T3—P-MFC-3, and T4—P-MFC-4; Figure S2a,b: Measurement
of (a) root length and (b) the counting of the number of roots per plant.
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