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§ vith the 470 Q which is an indication that the
§ Q. This study revealed that MI'Cs constructed from agricultural topsoil are
L continuously, across different external loads, without addition of any substrate.
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ABSTRACT
Tie soil is beginning to receive attention as suitable inoculums for Microbial Fuel Cells (MFCs) designed for
emediation and for electricity generation because of its high microbial load. However, not nch has heen done in
tis aspect beyvond laboratory based experiment. This study is aimed at generating clectricity from agricultural soil,
wilizing the microorganisms already present and the soil nutrients as the sole substrates and to investigate the
performance of the soil Microbial Fuel Cell (MIFC) across varied external loads. The study used the mud watt MEC
tit inoculated with mud prepared from topsoil, collected from a garden where crops have been cultivated over the
and cathode, 7em diameter each), made of carbon felt material with conducting wires
d 4 cm apart. Voltage drop across seven external
) 24 hours, with a digital
as 731 mV, whereas the maximum power
erformance of the MFEFC was achieved
close to 470

years. The electrodes (anode
made of graphite, were housed in the same chamber and place

multi-meter, for 40 days. The maxinum open circuit voltage from this study w

density was 65.40 mW/m? at a current density of 190.1 mAm=. The optimum p
internal resistance of the soil MFC of this present study is
capable of producing electrical power

- Keywords: Microorganisms, metabolism, performance, soil, external loads

INTRODUCTION

as been persistently directed towards alternative energy sources as, perhaps, one viable

The focus of global interest h
2012). Besides promising technologies such

solution to the growing problem of fossil fuel depletion (Ieropoulos et al.,
and hydropower, Microbial Fuel Cell (MFC) technology has been receiving increased

as photovoltaic, wind-turbines
y. The possibility of generating electricity from bacteria has

attention as a potential part of this field of natural energ
heen well established for almost one hundred years. But only in the past few years this capability had become more

than a laboratory based experiment. It has been known that electricity can be generated using any biodegradable
material, even wastewater, and that there is no need to add any special chemicals if bacteria is already present in the
wastewater. While some iron-reducing bacteria, such as Shewanella putrefaciens and Geobacter metallireducens can
be used to generate electricity, there are many other bacteria already present in wastewater that can do this (Logan and

Regan, 2006).
Microbial Fuel Cell (MFC) tecl

nology is a new form of renewable energy technology that can generate electneity

sidered waste. It is a bio-clectrochemical system that harnesses the natural
metabolisms of microbes to produce electrical power. Within the MFC, microbes consume or degrade the nutients in
their surrounding environment and release a portion of the energy contained in the food in the torm of electrons (11,
2013). The electrons are then transferred to a terminal electron acceptor (TEA) which is reduced by the electrons

TEAs such as oxygen, nitrate and sulphate can diffuse into the cell and accept electrons to form new products that can
then leave the cell. However, some bacteria can transfer their electrons outside the cell (exogenously) to the awaiting
TEA. It is these bacteria that can produce power within an MFC system (Logan, 2008 Jenna, 2010)

Materials with abundance of microorganisms and high content of” orpanic matter have been utihized o M Ce
rials include, among others, industrial/domestic waste -water (Rabacy and Verst

generate electricity. These mate et
2005) marine sediment (Bond et al., 2002; Scott e al., 2008), sewage sludge (Zhang et al., 2012), garden o
(Parot et al., 2008) and animal waste (Yokoyama ¢t al., 2000). ‘

Results from several studies have demonstrated that the soil is suitable inoculums for MFCs designed &
remediation and for electricity generation because of its high microbial load (1.4, 2013; Samuel ¢f «
Deng et al., 2014). It has been estimated that soil generally has a bacterial population of appr

it ately

o §
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cells/g (Whitman et al., 1998) and organic matter content of within 100 mg/g (Bot and Benites, 2005). Soils
are naturally teeming with a diverse consortium of microbes, including the electrogenic lTll.Crf)bCS n_a':d'c.d»
for MFCs, and are full of complex sugars and other nutrients that have accumulated 0‘ver mﬂl‘lons of }t’d}i
of plant and animal material decay. Soil-based MFCs (Fig. 1) adhere to the same basic })1‘111C1p1€% of MF C}
operation. In this case, soil acts as the nutrient-rich anodic media, the inoculums, and the Proton‘};.\'changtf
Membrane (PEM). The anode is placed at a certain depth within the soil, while the cathode rests on top o
the soil and is exposed to the oxygen in the air above it (Science Budies Staff, 2014). o o
Deng e al. (2014) noted that soil MFC without the carbon addition may generate power by'usmg s 0“‘:” O;Z%L‘f“i
matter as fuel. The only natural components needed for a soil-based MFC to run are nulrlen't—ll'xch‘ S(')IE E_m(‘j com 1nm:(
the soil with water to form mud. By implication, the soil MFCs can endlessly produce elcc}ncnty if it d(‘)cs n'o-t‘fu‘rj' ([)Ele
of its nutrient-rich characteristics as long as conditions remain favorable for current production by 1116.3’“"1“"“ﬂ“)ﬁ'flbw

ricrobes (Ashley and Kenny, 2010).This makes them very attractive for applications that only require low PU‘f“)‘-“ ut
where replacing batteries may be time consuming and expensive. MFCs can possibly .be used to power %”50}:*
particularly in the river and deep water environments where it is difficult to replace batteries. Powered by MFCs, the
sensors can be left alone in remote areas for many years without maintenance (Li, 2013). _ o
The influence of external resistance on the performance of MFCs has been studied by many rese»archers‘ Kr1§hna e ux_.
(2011) reported that the external resistance applied to MFCs during formation of the baCFCrlal cpmmumtxes Irgr‘n
sewage wastewater had no significant effect on power performance of the MFCs nor a sigmﬂca‘m influence on Ih&:li
anodic activity with both glucose and brewery wastewater as fuel. However, current generation, COD removal and ttm
biomass yield were all directly influenced by the external load. Large differences in external resistance have been
reported to affect both power production and microbial community structure.

CATHODE
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Fig. 1. A diagram of a Soil-based MFC. Source: (Wikimedia Commons, 2010)

Similarly, change in external resistance can change the anodic microbial community structure after the establishment
of anodic microbial community. MFCs systems are flexible permitting different microbial community structures
established under different external resistances, to result in similar power production (Lyon ¢z al., 2010). The flexibilin
of MFCs accounts for their ability to perform across a wide range of external loads. However, Maximum power point
or optimum performance can only be achieved when external load is equal to the MECs internal resistance (Logan o7
al., 2006). Output maximization is not possible if experiments with varying external loads are not performed

Major researches in MFCs have becn focused on waste water probably due to the dual advantage of wastewate
treatment as well as electricity generation. No serious attention has, hitherto, been given to the soil-based MECs 0
electricity generation, despite the large population of microbes present in the soil. Besides, the performance of the soi!
based Membrane-less Single Chamber Microbial Fuel Cell (MSCMEC) across varied external loads has, hithe
been investigated. Therefore, this study is aimed at generating electricity from agricultural soid unlh
microorganisms already present and the soil organic contents and nutrients as the sole substrates and o

EERR
performance of the soil MSCMEFC across varied external loads.



METHODOLOGY

s collected from t
L CCLCd 1rom the veget: R T . .
3'47"N 3°550”E) \; L\b“mblk garden at Appleton Junction adjacent U&] restaurant of the Uni
: A i‘ckllld- Soil sample was collected at a depth of 0-20 ¢cm. The climate of this location
Imate, with a lenethv wet ceacan - . .
) 1 lengthy wet season and relatively constant temperatures throughout the year. T/

nean total rainfall for Ibadan is 142 . :
S P o ‘:L“_‘_L\ 1420.06 mm. The mean maximum temperature is 26.46 °C, minimum 21.42 “C and
e relative humidity is 74.55 %. This |

v ¢
t

ki ocation was chosen because it is a rich farmland where crops have been
cultivated over the years.

- TP . < .

Preparation of Mud from Topsoil and MSCMFC Setup

After sampling, soil was ” "
B ‘L[ g o 1s thoroughly strained to remove any small hard particles (such as pebbles, rocks and twigs) the
1ne SOt ¢ ainedq atter straini P S . a— q . SR ;
e e € straining and mixed thoroughly until it was well prepared into mud. An MSCMFC kit designed
by Keego Technologies ats o cim e : ; .

o A gies LLC and assembled in the USA was used. It was set up according to the method described by
Science Buddies Staff (2014). T} !

1e electrodes (7 ecm diameter) were assembled by carefully inserting the anode wire
into the anod

" k‘_lt (carbon cloth), and the cathode wire into the cathode felt. Both wires were bent 90° at the points
1e wires insulators end. A layer of mud was packed into the bottom of the fuel vessel up to the Icm mark and
it was pat dO\.Vﬂ to obtain a smooth layer (Plate 1). The anode was placed in the mud by pressing it down firmly to
Sc{\Ut‘L‘.zc out air bubbles after which the vessel was filled with more mud up to the 5 cm mark making the total volume
Of soil (mud) in the vessel 192 ml. Then, the cathode was gently placed on top of the mud but not covered with it.
Finally, the lid of the MFC vessel was used to cover it, with the electrodes passed through the appropriate holes on the

lid.

where tt

Plate 2: Multi-meter connected for voltage
measurement

Data Acquisition and Calculations

The daily Open Circuit Voltage (OCV) was read with a digital multi-meter (Kelvin S0LE) after which crocodile clips
were used to clip a multi-meter’s probes and the resistor’s lead to the cell’s electrodes for voltage measurement (as
shown on Plate 2). The voltage drops of the MFC across seven external resistances (4700 €, 2200 €, 1000 €2, 470 Q.
220 Q, 100 © and 47 Q) were noted after stabilization (5 to 10 minutes intervals). This measurement was repeated
every 24hour, for the whole duration of the experiment. With the measured values of voltage, the current was
determined from Equation 1, according to Ohm’s law.

I=V/R |

V = voltage across each resistor in Volts

R = resistance of each external load (£2).

Current densities were obtained by normalizing the calculated currents to the anode surface area (0.00385 m-) In ords
to assess maximum power, polarization and power density curves were obtained by varying external resistance betwes
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i calculated and normalized to the anode surface area (Aan) using equation (2) (Logan et al., 2DV
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P=— y
Nl %

RESULTS AND DISCUSSION

Results ’
The soil MFC was successfully operated without any outside source of inoculation. Fig 2 presents the OCV's of )
MFEC over the 40-days operational period. The performances of the MFC at the seven external resistances are §~L\
in fig. 3. Polarization and power density curves obtained after 15 days of operation of the St
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Fig 3: Power versus time plot of the soil MFC across set 3 external loads
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Fig. 4: Polarization and Power Density curves of the soil MEC
Internal Resistance
The daily internal resistance was calculated by lincar regression of voltage agamst current acconding M

(2013), Figure 5 presents the MFC's internal resistance variation with days ol operation
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DISCUSSION o ' ‘
Onened cireuit voltage (OCV) of a cell is the voltage measured across the terminals of the cell at infinite ‘resman‘ce
W \ no current is ﬁm\ ing. It does not take into account internal losses (Logan er al.,20006). In MFC‘s, OCV reﬂeus'
the ability of the biofilm to accumulate charge (Jenna, 2010). The maximum OCV achieved from Ek}ls present study
was 731 mV (Fig. 2). This size of voltage can be amplified for practical application ifiF is sustained. T }w‘pre‘senﬁt \]':Iill:lz
is comparable to the value reported by Samuel ef al. (201 3) from a Membrane-less single chambe_r {\4I‘C moc.fJ d,tL,
with aericultural soil. Li (2013), however, studied the performance of a double chamber MPC, under similar
coz‘.dit;ons. with top soil as the anode inoculums and a cathode of conductive saltwater solution, and rcpur;lcd a
maximum OCV which is 85.35 % lower than the maximum value from this present study. Thc‘ pcrformance o? lhAc
MFC reported by Li (2013) also showed a negative gradient trend and could onl)-/ genera@ elccm(:l.ty for 9 days. This
is a clear demonstration that the absence of a membrane improves power densities. It 18 also an indication that the
double chamber configurations may not be suitable for soil-based MFCs.

The maximum powers obtained from operating the MFC at the external resistances of 4700 £, 2200 Q’.
1000 Q, 470 Q. 220 Q, 100 Q and 47 Q are 93.56 uW, 123.75 uW, 231.36 uW, 251.78 pW, 185.45 uW, 85.56
uW and 60 uW respectively (Fig. 3). For most MFC treating wastewater, it has been predicted that
.:modophi]ic microorganisms’ proliferation is only possible when the MFCs are operated at external
resistances close to their internal resistances (Lyon et al., 2010). A low external resistance promotes growth
and metabolic activity of the anodophilic microorganisms since electron transport to the cathode is
fascinated. However; when the external resistance is lower than the MFC’s internal resistance, power output
is reduced (Pinto et al., 2011). The results of the soil MFC of this present study concord with this prediction.
As can be seen from Fig. 3, the soil MFC of this present study exhibited a better performance with the 4-o
Q and 1000 Q. The overall optimum performance of the MFC was achieved with the 470 Q. This is an
indication that the internal resistance of the MFC of this study lies between 470 Q and 1000 Q. This result
conforms to the results of prior (UNH) research (Microcellutions, 2007). In a similar study, Jenna (2010)
reported optimum performance at the same external load.

The maximum power density achieved from this MFC is 65.40 mW/m? at a current density of 190.1 mA m (Fig. 4)
The rapid voltage drop that is noticed from the polarization curve is a clear indication that Ohmic losses and
concentration losses were dominant and thus the main limitation of the MFC’s performance.

The power versus time plots (Fig. 3) mimic the phases that are typical in bacterial growth. The growth process beains
with a lag phase as bacteria become accustomed to the environmental conditions and little growth is observed This
phase is followed by exponential growth of the microbial population and then the stationary phase where little prowth
is seen, but living cells are maintained. Lastly, a negative growth phase occurs if no new nutrients and carbon source
are supplied to the bacteria (Jenna, 2010). These four phases are established in figure 3, These results proved tha
microorganisms present in the soil were actually responsible for the clectricity penerated.

The performance of the MFC improved with time for 360 Hours of continuous operation, as clearly indicated m 1l
power versus time plots (Fig. 3) and the OCV plot (Fig. 4). A rapid drop was experienced lwl\\wﬁ Day 1
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tance (Fig. 3). There was an mitia

pimum

3 the point at which the Mt C exhibited ¢
stant after which there was a non lincar increase. The initial
nductivity as a result of proliferation of the microorganisms
m pe.':l;r:::dr’.cc is obviously due to depletion of the soil

+ Thus. the MFC exhibited poor performance at this

s at the same working current (\Watson and Logan, 2010)

> highly electrogenic microbial community that can be used
cicle

1t 1 EC
{FCs to generate electricity. MFCs utilizing agricultural topsoil need no outside

e
hamber M

source of inoculation due to the presence of the appropriate mixed bacterial community. Findings from this study also

e
e
d from agricultural topsoil are capable of producing electric pawer continuously,
' Liched

across different external loads. for more than 960 hours without addition of any substrate. As it has been established

for other types of MFCs, optimum performance of the soil MFC is achieved at external loads close to its internal
resistance.

The major limitation of the soil MFC in this study was high internal resistance when the soil nutrient or carbon available
for microbial metabolism was exhausted. This led to a rapid drop in power output after the optimum performance.
Thus with a supply of appropriate substrate such as urine, septage or leachate from landfill, to enrich the soil; coupled
with the right power management system (such as the use of micro-chips, converters or current boosters and

capacitors), electricity may be cheaply harnessed from the soil for practical applications.

REFERENCES

Ashley, E. F. & Kelly P. N. 2010, Microbial Fuel Cells: A Current Review. Energics 3: 800-010,
Bond, D. R., Holmes, D. E., Tender, L. M., and Lovley, D. R. (2002). Electrode-reducing microorganisms that harvest
energy from marine sediments. Science 295: 483485,
Deng, H., Wu, Y. C., Zhang, F., Huang. Z. C., Chen, Z.,Xu, H.J. and Zhao, F. 2014, Factors atfecting the pertormance
of single-chamber soil microbial fuel cells for power generation. Pedosphere. 24(3): 330-338. Available
online at www.elsevier.com/locate/pedosphre. Retrieved on 13" of November, 2015,
leropoulos, 1., Greenman, J. & Melhuish, C. 2012. Urine Utilization by Microbial Fuel Cells:  Energy Fuel for the
Future. Physical Chemistry Chemical Physics 14 (1): 94-98. )
Jenna, R. J. 2010. Microbial Fuel Cells in Landfill Applications. A Final Report Prepared for the Favironmental
Research and Education Foundation Alexandria.
Krishna P. Katuri, Keith Scott, lan M. Head, Cristian Picioreanu ¢, Tom P. Curtis. Microbial tuel cells meet with
external resistance. Bioresource Technology 102 (2011) 275827006
Li, J. 2013. An Experimental Study of Microbial Fuel Cells for Electricity Generating: Performance Chatactenization
and Capacity Improvement. Journal of Sustainable Bioenergy Svstems 3:171-178,
Logan B. E., Aclterman P., Hamelers B., Rozendal R.. Schroder U., Keller et al. (2000). Mictobial fuel cells
Methodology and technology. Environmental Science Technology 40(17):5181-5192
Logan, B. E. 2008. Microbial Fuel Cells. New Jersey: John Wiley and Sons, Inc.

182



KoL ANNL “ONF
2O AL QU\FLRE.\‘CE AND ANNYy

T P S/ 3
AL GENERAL MEETING-"MINNA 2016” (55,

Lyon, eral. 2010. Is res;
| 2 -IS resistance fui;
Biotechnnl “Lbfdnu futile? Chang;j
Min et of a0 s o8 T8(1): 2.7 N
in e ;ui 2013, Electricity gener
nrernationgl | ! of
g i : Journal of Ele
Parot, 8., Delia, M. L. an o

chro-

resistance does not improve Microbial Fuel Cell Performance

(;:‘5”1 L)}" microbial fuel cells fuelled with Enteromorphaprolifera hvdrolvsis
d Bergel A goonical Seience 8: 2104 -2111.
noamperometry. g; . 08. Forming electrochemically active biofilm from garden compost under
K. and Vergty 2+ Bloresource Technol. 99 4809.48
: erstraete, W. 2005, Microp: 0l. 99: 4809-4816. _
Samuel gloéechm)L 23: 291293 - Microbial fuel cells: novel biotechnology for energy generation. Trends in
Sdmuel, K. B. Jebakumar, §
. ar, B | . , RO .
Soil and Dye lndusmS"Epldlh‘Pd, R.and Anis, K. M. (2013). Production of Electricity from Agricultural
o E”gf”eeFng and Technol ml;em Soil Using Microbial Fuel Cell. International Journal of Research in
Science Buddies Staff (201470 R . .
hn'.'//“"w“"-sci-Enceb c)i .Puwer’edl by Pee: Using Urine in a Microbial Fuel Cell. Available online at
Scott, K., Cotlarciue. 1 o uddies.org/science. Retrieved on May 29, 2015 . _ ‘
ifiuence O%a;’modd 5 Dt-, Lillkjlnan, J. B. and Browning, D. 2008. Power from marine sediment fuel cells: the
€ matenial. J. Appl. Electroche : 2
Wardle, D. A, A S pp kcl;oc/v.un4.38. 1313 1?.;19 ' ‘ e levels in
<ol el sessment of factors which influence microbial biomass carbon a‘nd nitrogen levels
h ../ io - Rev.' Camb.  Philos. Soc. 67, 321-358  (1992). Available  online d*
ttp://onlinelibrary wiley.com/doi/10.1111. Retrieved 30" November, 2015, Watson, V. J. & Logan. B. £
(2910). Power Production in MFCs Inoculated with Shewanella oneidensis MR-1 or Mixed Cultures.
. Biotechnology and Bioengineering 105(3).
Whitman, W. B., Coleman, D. C. and Wiebe, W. J. 1998. Pro-karyotes: the unseen majority. P. Nat. Acad. Sci. USA.
95: 6578-6583.
Wikimedia Commons, 2010. Microbial Fuel Cells. Available online at en.wiki edia‘org/wiki/Microbialfucl. Retrieved
p
on 11" of April, 2015, from

Rabaey,

Yokoyama, H., Ohmori, H., Ishida, M., Waki, M. and Tanaka, Y. 2006. Treatment of cow-waste slurry by a microbial
fuel cell and the properties of the treated slurry as a liquid manure. Animal Science Journal 77: 634-638.

Zhang, G., Zhao, Q., Jiao, Y., Wang, K., Lee, D. J. and Ren, N. 2012. Efficient electricity generation from sewage
sludge using biocathode microbial fuel cell. Water Res. 46: 43-52.

183




