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Abstract

Plants Microbial Fuel Cells (PMFC) is a new technology that generates electricity in a
renewable, clean and sustainable way. In spite of these advantages, it still faces limitations
in power generation and current density, reaching lower production values than other
renewable technologies. Different studies maintain that the high resistivity of the cathode is
the main limitation in the generation of energy; therefore, non-metallic materials to obtain a
better performance are replacing the metallic electrodes. The implementation of these
materials applied to PMFC requires a complex interdisciplinary work. Through three
experimental tests using metallic electrodes for the extraction of electrons, this research
study shows that the treatment of the substrate with natural materials, the volume plant
roots, and substrate temperature and humidity control have a significant influence in the

increase of the electric potential and the generated current.
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1. Introduction

The effects of climate change, the depletion of fossil fuels and the high demand for energy
have caused a search for alternatives to produce renewable, sustainable and reliable
electricity, having minimal environmental impact [1][2]. Currently, there are non-
iconventional energy sources, yet with a degree of pollution when operating, increasing the

emission of greenhouse gases [3][4].

One of these alternatives for the generation of electrical energy without emission of
contaminants has been the implementation of Microbial Fuel Cells (MFC) [5]-[9]. MFC
use microorganisms for the oxidation of organic matter and substrates of the surface by
means of a process of anaerobic respiration to generate bioelectricity. Still, power
generation and current density are low compared to other non-conventional energy sources

[10]-[12].

In order to increase generation power, a hew method named Plants-Microbial Fuel Cell
(PMFC) emerged [13]. Through the PMFC method the solar energy trapped by plants is
converted into electricity by means of bacterial actions in plants’ rhizosphere, which is the
part of the soil immediately adjacent to the living roots and under their direct influence [14].
Electron extraction is possible by placing the anode next to the roots and then transferring
them to the cathode through an external circuit where the electricity is obtained. At the
cathode, electrons are collected through oxygen reduction [15]-[21].

This method can generate continuous energy and operated at any location, however, there
are some challenges in power generation that need to be met before its real application.

One of the factors that most affects the generation capacity of this technology is the

electrode material, which must have a good electrical conductivity and low resistance [5]
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[22]. Cathode performance is considered the main limitation since it is the main source of
internal resistance [23]. Different materials have been used in the cathodes to maximize the
generation capacity. Table 1 shows a summary with non-metallic materials used to improve

cathode efficiency and obtain more power (W/m2), current (mA) and voltage (mV).

Table 1 Non-metallic materials used to improve cathode efficiency

Material Max power Max current Max voltage
density density
Activated carbon 0.315 W/m? 1.67 x 10° mA/ m? | 679 mV
fiber felt (ACFF)
[24]
Tubular (ACFF) 0.784 W/m? 3170 mA/ m? 716 mV
[24]
Graphite felt [24] 0.539 W/m? 3145 mA/ m? 742.3 mV
ACFF granules 0.667 W/m? 3340 mA/m? 658 mV
(1 cm) [25]

Other techniques have been used to increase PMFC power generation, as the one
implemented by the University of Engineering and Technology (UTEC) that captured
electricity through a group of microorganisms called Geobacter. These microorganisms,
during the normal process of plant growth, help release electrons through electrodes located

in the plant's substrate increasing the power output [26].

Likewise, other studies used different types of plants [27], variation of anode position with
respect to the distance of the roots [28], studies on the effect of sunlight [29], European

institutes work towards a maximum electrical production of 3 W/m2 [30].

To face this problem, this study was conducted to improve the efficiency of bioelectricity
production through Plants Microbial Fuel Cells (PMFC), combining different natural

materials, tropical plants, and circuit arrangements in a black sand substrate. The
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combination leading to a greater generation capacity, without causing damage to the plant,
was determined through three tests. Metal electrodes of aluminum and copper were used in

all combinations.

2. Materials and methods

2.1 Experimental setup
A metallic aluminum net, as a negative pole, and a spiral of bare copper wire, as a positive
pole, were introduced into black earth substrates to measure the electrical potential and the
current generated. Through three tests, the substrates were combined with materials such as
activated carbon, charcoal, saline, seawater, compost, and different types of plants to

determine the combination that generates the most electrical and current potential.

Each combination was built through four steps. First, a layer of black sand moistened with
drinking water is added to the base of the pot. Second, the aluminum mesh is placed on the
first layer of sand as a negative pole. Third, a second layer of sand is added to the mesh and
a copper spiral is inserted, which is the positive pole. Finally another layer of treated sand is

placed and the plants are sown. Figure 1 shows the circuit diagram described.
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Figure 1 Circuit design for each combination.

3. Experiments
Test 1: Voltage measurement
For the first test, 5 combinations of black sand substrate and natural materials such as
activated carbon, charcoal and saline solution were made with Chlorophytum comosum
plants. For seven days, the voltage of each combination was measured with a 24-hour
interval, to identify which combination generates the greatest electrical potential, causing
no damage to the plants. Table 2 shows the combinations made with the plant and Table 3

shows the quantities of soil, water and materials used for each combination.
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Table 2 Combinations of substrate with plants

Combinations Materials
1 Black sand + water+plants
2 Black sand + activated charcoal+ water+plants
3 Black sand + charcoal+ water+plants
4 Black sand+activated charchoal+saline solution+plants
5 Black sand+saline solution+pants

Table 3 Materials used in the combinations

COMBINATIONS

1 2 3 4 5
Pot weight 0.1 Kg 0.1 Kg 0.1 Kg 0.1 Kg 0.1 Kg
Black sand 1.1Kg 1.1Kg 1.1Kg 1.1Kg 1.1Kg
Aluminum Aluminum Aluminum Aluminum Aluminum
Negative Pole carbon steel | carbon steel net | carbon steel | carbon steel net | carbon steel
net R4 R4 net R4 R4 net R4
Cooper wire Cooper wire Cooper wire . Cooper wire
bare Cooper wire bare
. bare Centelsa bare Centelsa bare Centelsa
Positive Pole Centelsa SPT — Centelsa SPT - C
SPT-CCu C Cu 60 T 2x SPT-CCu Cu60 T 2x 16 SPT-CCu
60 T 2x 16 16 60 T 2x 16 60 T 2x 16
Drinking water 0.25L 0.25L 0.25L No No
Activated charcoal No 10 ﬁlu/g; 5 No 10 Cu — 15 ml/gr No
Charcoal No No 20 gr No No
saline solution No No No 500 gr of salt and | 500 gr of salt

1L water and 1L water

Combinations 2 and 4 used activated carbon, which is formed of a developed internal

porous structure and can reach highly crystalline absorption rates. Its structure contains


https://doi.org/10.20944/preprints201909.0202.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2019 d0i:10.20944/preprints201909.0202.v1

properties similar to those of graphite, catalyzing chemical reactions and storing electrical

charges, with a high electrical conductivity [31][32].

Charcoal was considered in these tests to measure its incidence in voltage increase, because
it is one of the fertilizers with greater use in planting and caring for plants, which increases
crops’ productivity [33][34]. It also stops the release of volatile carbon in the environment
and is antibacterial and antiparasitic for plants. It also favorably influences the development
of microorganisms that increase oxygen in the roots of plants [33][34]. Another advantage
of charcoal is that it contributes to the increase in soil permeability by retaining moisture,

preventing the elution of soil nutrients, especially in intensive agriculture fields [35][36]

Finally, saline solution was used in combinations 4 and 5 in order to increase the
conductivity and achieve an increase in electrical potential. Salts dissolved in water are
decomposed into positively and negatively charged ions. In solutions with a higher salinity,

the amount of dissolved ions is greater and thus increases their conductivity [37], [38].

Test 2: Voltage increase

Once the substrate combination that generates higher voltage and does not cause
deterioration in the plants was determined, two circuits were built to increase energy
production. In the first circuit, 5 pots (model 1) were placed connected in series with the
selected combination and the voltage was measured for 8 days. Figure 2 shows the
construction of the series circuit with the pots. This model was used according to the theory
of electrical circuits, where the total voltage is the sum of all in it, and circuit current

remains constant [39].
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Figure 2 Series circuit connection

For the second circuit, model 2 of the pot was used, combining 3 types of plants (1 type
Chlorophytum comosum, 1 type Tradescantia pallida, and 1 type Caladium) in order to
determine the influence of root volume on the increase in voltage. The voltage was
measured during 8 days in a 24-hour interval, controlling plant humidity every 30 hours.

Figure 3 shows the pot (model 2) with the combination of different plants.
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Figure 3 Pot with different plants
Test 3: Increase of power generation

Once the circuit that generated the highest voltage of test 2 was selected, three new
combinations were built to obtain an increase in current, without decreasing the voltage,
and therefore achieving an increase in power generation. Model 2 of the pot was used with
more Chlorophytum comosum plants, combining the substrate with elements such as

compost, warm water, and seawater. Table 4 gathers the combinations made.

Table 4 Combinations for current increase

Combinations Materials
1 Black sand + water+compost+plants
2 Black sand + warm water+ plants
3 Black sand + sea water+ plants
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The compost is used to nourish and obtain a higher concentration of organic matter
excreted by the plant and thus collects it using electrodes [40][41][42]. The warm water
(drinking water at 45<C - 50<C) was used to keep the plant in a constant temperature state
due to differences in environment and substrate temperatures [43][29]. Seawater was used
due to the large amount of minerals, conductivity properties, high levels of salinity and pH,
which generates an increase in the current [44][45]. For this test, 250 ml of water were
added daily for a period of 5 days, measuring the voltage and current generated by each

combination using a resistance of 270 Q.

3. Results and discussion

3.2 Testl

Using aluminum and copper electrodes, when combining the sand substrate and plants with
materials such as activated carbon, charcoal and solution, voltage values higher than
490mV were obtained. Figure 4 presents the results of the voltage measurements of the

combinations in Table 2.

d0i:10.20944/preprints201909.0202.v1
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Figure 4 Results test 1

The combination that obtained the highest voltage value is combination 1 (Black Sand +
potable water + plants), followed by combination 2 (Black Sand + Active Carbon + potable
water + plants). The combination that obtained the lowest voltage value was combination 4

(Black Sand + Active Carbon + saline + plants).

Regarding the state of the plant, it did not show deterioration in combinations 1, 2, 3 and 4,
however, although it obtained a higher voltage value than in combination 4, the plant
deteriorated completely in combination 5 (Black Sand + saline + plants). Therefore,
combination 1 was selected to perform the voltage and current increase tests. The saline

solution is discarded for future tests since it generates total deterioration in the plants.

For voltage measurement, electrodes must be distant from each other to obtain a measure

without variations, since there are distortions when they are placed close together.
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3.3Test 2

Figure 5 shows the results of the circuits developed to increase the voltage. The first is a
series circuit consisting of 5 pots (model 1) with Chlorophytum comosum plants. The
second circuit is a pot (model 2) with different types of plants with higher root volume per

square meter.

3.5 4

empe= ] Series circuit

oA = “A g Different plants

Voltage (v)

Figure 5 Results test 2

According to the results of test 2, the circuit that obtained the greatest increase in voltage is
formed by different types of plants and a greater number of roots per square meter. This
shows that the generation of energy does not depend clearly on the type of plant used, but
rather that the plant must have the necessary nutrients to perform the photosynthetic
process, and a certain root volume, i.e., the greater the roots, the greater the generation of

electric power. This circuit was selected to perform the current increase test.
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3.4 Test 3

According to the results obtained in test 2, the voltage is proportional to the number of
roots per square meter. Therefore, in test 3, a greater number of Chlorophytum comosum

roots were planted in model 2 pots.

Then, to obtain an increase in the generation power, the black sand substrate was combined
with materials such as compost, warm water, and seawater. Figure 6 compares voltage, and

Figure 7, current values.
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Figure 6 Voltage values test 3
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Figure 7 Current values test 3

It can be seen in Figure 6 that the circuit that obtained the highest level of voltage is the one
where room-temperature water was replaced by warm water. Although the circuit with
compost obtained a constant value of voltage, these were lower. The circuit with seawater
obtained the lowest voltage values during days 1, 2 and 3, but, during days 4 and 5, it

obtained better results than the circuit with compost.

Regarding current (figure 7), the circuit that generated the highest levels was that of
seawater. However, the plant showed deterioration in its leaves. The compost circuit only

recorded current on days 4 and 5, but obtained the lowest values.

Figure 8 shows the results for output power obtained in this test expressed in W/m2.
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Figure 8 Power output test 3

The circuit with compost did not generate current during days 1, 2 and 3, and power values
were recorded only on days 4 and 5 ranging between 0.065 W/m2 - 0.071 W/m2. Although
the combination with seawater generated higher current values, the voltage decreased and

caused plant deterioration.

Therefore, the combination that obtained the highest performance in generation capacity
without damaging the plant is the combination of black sand substrate in model 2 pots, with
more roots, and hydrated with warm water. The power generation range obtained was 0.065
W/m2 - 0.524 W/m2. This is due to the fact that most biological processes are accelerated
at high temperatures, that is, rapid growth or fruit production can be achieved [46][47][48].
Some effects manifest themselves in the short term while others will do so in the long term.
The balance of plant assimilation, for instance, is quickly influenced by temperature; yet,

floral induction will require more time. Hydrating the plants with warm water is beneficial;
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still, the temperature should be controlled since using it too hot can lead to deterioration or

death. Temperatures between 43<C - 55<C will help accelerate growth [48][49][50]

Table 5 presents a summary of the maximum voltage values obtained in each test. Likewise,

the current value and maximum power obtained in test 3 that did not cause deterioration to

the plant.
Table 5 Maximum voltage values
Testl Test 2 Test 3
Black sand+more
Black sand+plantas+water Different plants plants+warm water
Max. Voltage (V) 1.09 2.89 3.57
Max. Current (mA) N/A N/A 220
Max. Power (W/m2) N/A N/A 0.524

The development of these experiments shows that, in order to increase the power of
bioelectricity generation through PMFC, the efficiency of the cathode is determining, as
well as variables such as number of roots per square meter, water temperature, and

humidity of the substrate, which influence the increase of the generation power in PMFC.
CONCLUSIONS

1. The generation of bioelectricity through the Plants Microbial Fuel Cells (PMFC)
method is an alternative of a sustainable nature with zero emissions to the
environment. Through a natural interaction of the plants with the soil, electrical
energy can be obtained. However, the power output values are still low compared to
other types of green energy generation. Therefore, this technology continues to be

of great investigative interest in the quest to increase and maintain the fundamental
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electrical parameters of an electrical system constant (voltage, current, power), in
order to make it reliable for large-scale use.

2. This investigation led to different tests to determine which natural materials have
influence on the increase of power output. Likewise, the influence of the number of
roots per square meter in the increase of these values was checked. Results show
that the process of generating electricity through PMFC is directly related to the
number of roots that a plant has because it is the place where there is the highest
concentration of microbial activity. The plant through the process of excretion of
nutrients provides the bacteria with organic material to break it down, resulting in
the release of electrons. Therefore, the more roots the plant possesses, the more
nutrients it will provide to the bacteria, increasing the generation of electricity.

3. Some of the natural materials used to treat the substrate in this research are activated
carbon, charcoal, compost, seawater, and warm water. According to the results, the
factor of greatest influence for the generation of bioelectricity is the degree of
humidity to which the plant is exposed. It is recommended to maintain constant
humidity not only to avoid the deterioration of the plant, but the water allows an
adequate generation of food and produces greater microbial activity.

4. In addition to maintaining the plant with constant humidity, it was found that
keeping temperatures just above natural environment achieved an increase in
electrical conductivity without damaging the plant. Seawater and saline solutions
achieved higher current levels, however, their use is ruled out since they cause plant

death or deterioration.
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