JREE: Vol. 4, No. 2&3, (Spring & Summer 2017) 33-38

Research
Article

Journal of Renewable
Energy and Environment

Journal Homepage: www.jree.ir

Improved Performance of Soil Microbial Fuel Cell by Adding Earthworms

Yukimoto Hiroshi*, Ebe Shohei, Ohike Tatsuya, Okanami Masahiro, Ano Takashi

Division of Biotechnological Science, Graduate School of Biology-Oriented Science and Technology, Kindai University, Wakayama, Japan.

PAPER INFO ABSTRACT

Paper history:
Received 23 March 2018
Accepted in revised form 8 July 2018

Soil microbial fuel cells (SMFCs) could generate electricity from the organic matters in the soil. We
focused on the soil ecosystems, specifically the earthworms which were known to improve the soil-
fertility. The aim of this study was to investigate the effect of earthworm on power generation of the
SMFC. The maximum power density and the internal resistance were compared to the SMFC with and
without earthworms. The power density increased 9 times and the internal resistance decreased by 8.5

ﬁfﬁ vgk?igli;:uel Cell times. The soil structure of the SMFC with and without earthworms was different and the clear soil
Earthworm aggregate structure was found in the SMFC with earthworms, which had been made with the passage

of soil through the earthworm gut. The results indicated that adding earthworms had a significant effect
on the SMFC performance, especially the power, internal resistance and soil structure. It was
considered that the soil environments were changed biologically and physicochemically by adding
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earthworms into SMFC and these changes had a positive influence on the SMFC.

1. INTRODUCTION

Currently, energy demand is increasing in the world,
and it has been reported that 80 percent of the energy
supply source was produced from fossil fuels such as
petroleum, coal and natural gas in 2016 [1]. However,
these energy supply sources have problems such as
depletion of petroleum and emission of greenhouse
gases. Under the circumstances, demand for renewable
and sustainable energy are increasing and the alternative
energy sources other than fossil fuels are expected [2].

Microbial fuel cells (MFCs) are devices that use
microorganisms as biocatalysts to directly convert
chemical energy to electricity through the oxidization of
organic and inorganic matters [3, 4]. MFCs can use
wastewater and wastes as the fuel source of electricity
generation and are expected in the recent years as an
application that can produce sustainable energy [5, 6].
There are several kinds of MFCs, and a kind of MFC
that uses soil as the fuel source is called soil MFCs
(SMFCs) [7]. There are various kinds of bacteria in the
soil and the number of bacterial species per gram of soil
are estimated to be between 2000 to 8.3 million [8].
There exist various bacterial populations, and some
bacteria in the soil such as metal or sulfate-reducing
bacteria produce electricity in the MFCs [9-11]. The
anode is embedded at a certain depth within the soil,
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while the cathode rests on the surface of the soil [12].
Basic principles of MFC and SMFC are similar, but the
SMFC doesn’t require proton exchange membrane and
it can be inexpensive and easy to be constructed [13-
15]. However, it is still a long way to go before the
SMFC is practically applied [16]. One problem is the
low power generation by SMFC operation. Several
studies are being conducted to increase the power
generation.

It has been reported that increased power generation
was observed by reducing the internal resistance
through the addition of graphite powder, silica colloid
or sodium chloride in the soil [17-19]. In other studies,
optimization of electrode distance or addition of
substrate such as rice straw was effective for SMFC to
increase the power generation [20, 21]. Most studies for
SMFC have been focused on soil composition, bacteria
in the soil or on the shape and materials of device.
Another approach for improving the power generation
was a hybrid system with other organisms, such as
plants [22, 23]. Combining SMFCs with the rice plant in
the rice paddy field allows the electricity generation
effectively in the daytime, but it is not at nighttime
because of the photosynthesis [24, 25].

We tried another hybrid system that uses earthworms,
which degrade fallen leaves or plant litter [26].
Furthermore, there have been reports that plant growth
is promoted by addition of earthworms to soil and plant
pathogens are inhibited by microorganisms derived
from earthworms, which means they are useful for
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agriculture [27, 28]. Charles Darwin, famous for his
theory of evolution, had researched earthworms for over
30 years, and published "The formation of vegetable
mould, through the action of worms, with observation
on their habits". He described the importance of
earthworms in production of fertile soil [29]. As the
existence of earthworm improves the soil-fertility, we
expected the earthworms to increase the performance of
SMFC. As far as we know, there have been only reports
on SMFC using vermicompost which is casts of
carthworms [30, 31]. There have been no reports on
SMFC which saw the effect of adding of earthworm,
and this experiment is the first report that combines
SMFC with earthworms. This is a novel approach to use
earthworms as enhanced power generation through the
SMFC. This hybrid SMFC combining the earthworm
with SMFC is named as eMFC (earthworm microbial
fuel cell).

2. MATERIALS METHOD

2.1. Soil and earthworm sampling

The soil and earthworms used in this study were
collected at the campus of Kindai University in
Wakayama, Japan. The top soil was collected at a depth
of about 0-10 cm, and was sieved with 2 mm mesh to
remove the big particles such as pebbles, rocks and
twigs, and the fine earth fraction of the sample (less
than 2 mm) was used. The external form of earthworm
species were examined, and the collected earthworms
were identified from external shape and position of the
annulus. The earthworms with annulus were determined
as Megascolecidae family and others without annulus
were immature earthworms, because the immature
earthworms don’t have the annulus.

2.2. Preparation of mud from soil and MFC setup

The sieved soil described above was mixed with water
thoroughly to make a homogeneous mud. The plastic
case (9.0%X9.0X7.5 c¢cm) (clear craft case MD, Yamada
chemical Co., Ltd., Japan) was used as MFC device.
Carbon felt (GF-20-5FH, GF-20-10FH, Nippon Carbon
Co., Ltd., Japan) with the inserted wire was used as
anode and cathode electrodes and their sizes were
7.0X7.0%0.5 cm and 7.0X7.0X1.0 cm, respectively (Fig.
1). A layer of mud was packed over the bottom of the
fuel vessel up to the 1 cm mark of the vessel. The anode
electrode was placed on it, and the vessel was filled
with mud up to the 5 cm mark. Then, the cathode
electrode was gently placed on the surface of the mud,
and the MFC was covered with a lid, and the wires were
passed through the hole made upside of the bottom
vessel (Fig. 2). The circuit was completed using an
external resistor (10 kQ)(variable carbon composition
resistors RV24YN20S B104, TOCOS, Japan) [32]. Five
earthworms of about 2.5 g were added per unit reactor.

The device was operated at the room temperature about
25°C.
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Figure 1. Components of the used SMFC in this study (a:
anode electrode, b: cathode electrode and c: plastic case)
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Figure 2. Schematic diagram of SMFC setup

2.3. Data acquisition and calculations

The voltage was recorded every day, by using a 3804-50
digital multimeter (Hioki Co., Japan). To evaluate the
performance of the device, the polarization curve and
the power curve were investigated. The voltage drops of
the MFC were measured by employing a variable
resistance that ranged from 10 k to 50 Q [33]. The
current values were calculated by the measured values
of the voltage from Equation (1), according to Ohm’s
law.

I=V/R )

(Where I, V and R are current (A), voltage across each
resistor (V) and resistance of each external load (Q),
respectively.)

Current densities were obtained by normalizing the
calculated currents to the anode surface area (0.0112
m’). The internal resistance was calculated by
polarization curve. The power was calculated from
Equation 2 using the measured values of the voltage.

P=V¥R ?)

(Where P, V and R are power (W), voltage across each
resistor (V) and resistance of each external load (Q),
respectively.)

Power densities were obtained by normalizing the
calculated powers to the anode surface area (0.0112 m?).
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The maximum power density was obtained from the
power curve [34].

2.4. Measurement of microbes in soil

Sub-samples were randomly collected at 5 sites from the
superficial layer (1 cm) of the soil in the MFC reactor
and were homogenized to make a composite sample.
The soil composite sample of 0.5 gram was added in 1
mL of sterilized distilled water. After homogenization
for 5 minutes on the mixer, the mixed sample was
decimally diluted (10" to 107) and aliquots of the
resulting solutions were plated on Trypto Soy Agar
(TSA) (20.0 g/L peptone, 5.0 g/L sodium chloride, 2.5
g/L glucose, 2.5 g/L K,HPO,), 1/10-strength TSA,
1/100-strength TSA, 1/1000-strength TSA, 1/10000-
strength TSA, 1/100000-strength TSA and water agar,
respectively. After incubation at the room temperature
for up to 3 days, the colony forming units (CFU) were
counted and the number of bacteria per gram of dry soil
was obtained [35].

2.5. Analysis of soil component

The pH and electrical conductivity (EC) of soil in the
MFC were measured by the standard procedure. Soil
and water solution in the ratio of 1:2 were mixed
together for 10 minutes, followed by centrifugation at
25,000%g. The supernatant of the soil was used to
measure the pH and EC by the pH meter (Pocket-sized
pH Meter S2K712. ISFETCOM Co., Ltd.) and EC
meter (AQUAtwin EC meter., B-771 Horiba, Ltd.),
respectively.

3. RESULTS AND DISCUSSION

3.1. Effect of earthworm on microbial fuel cell
The soil MFCs used in this study were operated without
any outside source of substrate and inoculation. SMFC
with earthworms showed the higher voltage than SMFC
without them (Fig. 3).
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Figure 3. Comparison of the voltage in SMFC with and
without earthworms (The square and circle symbols show the
voltage of SMFC with and without earthworms, respectively.)

To examine whether this effect on the voltage is caused
by earthworms, two SMFCs were set up and operated
for 2 weeks and after confirming the power-similarity of
the SMFCs, earthworms were added to one of them on
the day shown with a vertical arrow in Fig. 4. On the
third day after the addition of earthworms, a rise in
voltage was observed as shown in Fig. 4. The maximum
voltage was 441 mV on the 10 " day after earthworms
were added. Polarization and power curve after 17 days
of operation are shown in Fig. 5.
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Figure 4. Effect of the addition of earthworm on SMFC (The
triangles and circles symbol show the voltage of the SMFC
with and without earthworms, respectively.)

¥; Vertical arrow indicates the day of the addition of
earthworms to one of the MFC.
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Figure 5. Polarization and power curves of the SMFC with
and without earthworms (Polarization curves of the SMFC are
shown with (open circle) and without (open square)
earthworms and power curves of the SMFC are shown with
(closed circle) and without (closed square) earthworms.)

The maximum power density and the internal resistance
of the SMFC with earthworms were obtained from
power and polarization curve. The maximum power
densities were 7.2 mW/m” and 0.8 mW/m’” at the SMFC
with and without earthworms, respectively. The SMFC
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with earthworms showed a maximum power density of
9 times higher than that of control. This value was
higher than the value of Hong et al. (2.4 mW/m?®) was
investigated, but it was lower than the value of Simeon
et al. (65.4 mW/m?) [7, 13]. However, the important
thing in this study was that improved the performance
of SMFC by adding earthworms. The internal
resistances of the SMFC with and without earthworms
were 658 Q and 7745 Q, respectively (Table 1). Internal
resistance of the SMFC with earthworms showed more
than 91.5% decrease compared to the control. The
maximum power density was increased by SMFC with
earthworms.

In the previous study, it was reported that the SMFC
was increased the power by the decreasing the internal
resistance, and the decreasing internal resistance was
observed by SMFC with earthworms in Fig. 5 [36]. The
following can be considered as the cause of the
increasing the power or the decreasing the internal
resistance by adding earthworms: (1) Enhancing
microbial activity in the soil [37], (2) Changing soil
structure by eating soil and making casts [38], (3)
Influencing the decomposition of the organic matter by
microorganisms [39].

3.2. Effect of earthworm to microbes in soil

The effect of added earthworms on the number of
microorganisms in the soil was investigated by counting
the colony forming units (CFU) per gram of dry soil on
the media with the different nutritional condition. It was
suggested that increasing the power was not due to the
increasing the number of microbes, because the CFU
per gram of dry soil in the SMFCs with and without
earthworms were similar (Fig. 6).
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Figure 6. The colony forming units per gram in dry soil of the
SMFC with and without earthworms on the different
nutritional condition

Suor et al. were reported that rotating-cathode MFC by
using aquatic worms, which are also annelids like
earthworms, enhanced MFC performance because
aquatic worm predation produced easily biodegradable
organic matter for electrogenic bacteria [40]. It was

suggested that the proportion of microorganisms
involved in electricity generation was increased and the
activity of electrogenic bacteria in the soil was
enhanced, because the number of bacteria between the
MFCs with and without earthworms was similar.

3.3. Effect of earthworm to soil component and
structure

The soil structure with earthworms was very different
from that without earthworms as shown in Figs. 7a, b.
In the SMFC with earthworms, clear soil aggregate
structure was found as shown in Figs. 7a and 7c. This
structure was made with passaging soil through the
earthworm gut. Both pH and EC of the soil samples
with and without earthworms were measured. The
values of pH and EC from the soil with earthworms
were 7.9 and 0.26, respectively, and the counterparts
from the soil without earthworms were 7.2 and 0.21,
respectively (Table 1). The soil with earthworms
showed slightly alkaline pH, and higher EC than those
of control SMFC.
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Figure 7. The soil structure of the SMFC (a: with earthworm,
b: without earthworm and c: aggregate structure in SMFC
with earthworm.)

TABLE 1. The soil components of SMFC with and without
earthworms

Rin(Q) | Puax(mW/m?) | pH | EC (mS/cm)

Ctrl 7745 0.8 72 0.21

Earthworm 658 7.2 7.9 0.26

(R;,: internal resistance, P,,: maximum power density, EC:
electrical conductivity.)

The soil aggregate structure was clearly observed in the
SMFC with earthworms and it had been reported that
the soil aggregate structure of vermicompost, made by
earthworms, increased the power density of SMFC [30].
It was reported that the soil with the aggregate structure
had a high cation exchange capacity (CEC) [41]. It was
suggested that the loss of voltage was decreased by
increasing CEC and forming the aggregate structure,
which had a high cation exchange capacity and
enhanced proton transfer in the SMFC. The aggregate
structure by earthworm was called vermicompost.
Ammaraphitaka et al. were shown that vermicompost
liquid had potential for production of renewable energy
[31].
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4. CONCLUSION

It was considered that the soil environments were
changed biologically and physicochemically by adding
earthworms into SMFC. These changes had a positive
influence on SMFC. There was no report of hybrid type
SMFC combined with the earthworms. It was a very
novel approach to use earthworm as enhanced power
generation through the SMFC and we would like to call
this eMFC (earthworm MFC).
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