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ABSTRACT

Microbial fuel cells (MFCs) were successfully used as a biological process to remove
organic load from synthetic wastewater. Electricity was produced via oxidation of
biodegradable organic matter in the presence of active biocatalyst. The system was able to
generate clean energy at high efficiency. Wastewater contained organic compound used as
substrate in the anaerobic chamber of MFC. The chemical energy generated sufficient
electrons which were passed through a resistance to identify current density and liberate
electric power as energy source. Acetone as biodegradable substrate with concentration of
3g.I" was introduced as carbon source in the anode chamber of the MFC. The mixed
culture of living microorganisms originated from a biological treatment unit used for
anaerobic degradation of organic substrate. The inoculums were supplied by an up flow
anaerobic hybrid reactor, a pilot scale bioreactor used for treating pulp and paper
wastewater. In this course of treatment, once chemical oxygen demand was removed the
current and power was generated while data were recorded via online acquisition system.
Also polarization curve was obtained for each set of experiment. In cathode compartment
several concentration of ferocynide and potassium permanganate were added to obtain the
optimal concentration of oxidizing agents in the cathode chamber. At concentration of 300
uM potassium permanganate, the maximum power and current generated were 22 mW.m’
*and 70 mA.m>, respectively.
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INTRODUCTION

In past two decades, high performance anaerobic processes were found for the
treatment of wastewater (Virdis et al., 2008). Energy in the form of methane gas is recovered
in the course of anaerobic biodegradation of organic wastes. In contrary low process yield,
long duration with low rate of energy production and impurities of methane make the
conventional anaerobic process to be less attractive. Recent research interests are seeking for
sustainable and clean source of energy with minimal or zero use of carbohydrate (Cha et al.,
2010). Microbial fuel cells (MFC) are capable to provide clean source of energy, effective and
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simultaneous treatment of wastewater (Daniel et al., 2009). The active microorganisms in
anaerobic anode chamber of MFCs have capabilities to use inorganic or organic matters
present in the wastewater as electron donors through which electricity is generated.

In fact, MFCs are bioreactors that convert chemical energy of organic or inorganic
compounds to bioelectrical energy through biocatalytic reactions while microorganisms led to
anaerobic conditions (Rezaei et al., 2009). Generally, MFC consists of anode, cathode and
cation exchange membrane (Mohan et al., 2008). In development of MFC, various type of
materials have been used as electrode, including plain graphite, carbon cloth, graphite foam,
graphite granules, and high surface area graphite fiber brush electrodes (He and Angenent,
2006; Fan et al., 2007; Chaudhuri and Lovley, 2003). Cation exchange membranes, anion
exchange membranes and ultra filtration membranes are common separators between anode
and cathode chambers (Kim et al., 2007; Rozendal et al., 2006). Since cathode has limited
oxidation capacity, for high power production in an MFC use of oxidizing agent in cathode is
recommended (Yazdi et al.,, 2008). Various electron accepters, such as ferricyanide and
permanganate have been used as catholyte solution in two-chamber MFCs, to enhance the
reduction reaction in cathodic compartment (He and Angenent, 2006; Rabaey et al., 2004;
You et al., 2006). Oxygen is often used as an electron accepter in cathode compartment
because of its high thermodynamic redox potential, good self-sustaining operation, and
availability (He and Angenent, 2006).

Wastewater as organic substrate and inexpensive source raw influent is used in MFCs
to lead energy production. Most of the energy originated from oxidation of organic load
which is converted to electricity while the remaining energy is used for microbial growth (Du
et al., 2007; Wang et al., 2008, Aldrovandi, 2009). Currently wastewater MFCs are being
considered as a renewable and clean source of energy (Wen et al., 2009).

The purpose of present research was to evaluate the performance of a two chambered
MFC with synthetic wastewater as carbon source. The influences of mediator and oxidizing
agents on production of bioelectricity in the dual chamber MFC were extensively
investigated.

MATERIALS AND METHODS

Mix strains of microorganisms were obtained from an up-flow hybrid bioreactor
operating for the treatment of pulp and paper wastewater. The microorganisms were grown in
an anaerobic jar vessel. The medium prepared for seed culture consisted of acetone, yeast
extract, NH4Cl, NaH,PO,4, MgSO4 and MnSo4: 3, 3, 0.2, 0.6, 0.2 and 0.05 g.l'l, respectively.
The medium was sterilized, autoclaved at 121°C and 15psig for 20 min. The medium pH was
initially adjusted to 6.5 and the inoculums were introduced into the media at ambient
temperature. The inoculated cultures were incubated at 30°C. The bacteria were fully grown
for the duration of 24 hours in 100 ml flux without any agitation. Substrate consumption was
calculated base on determination of the remaining organic substrate in the culture.

All chemicals and reagents used for the experiments were analytical grades and
supplied by Merck (Germany). The pH meter, HANA 211(Romania) model glass-electrode
was employed for measuring pH values of the aqueous phase. The initial pH of the working
solutions was adjusted by addition of diluted HNO3 or 0.1M NaOH solutions.

The fabricated cells in the laboratory scale were made of Plexiglas material. The
volume of each chamber (anode and cathode chambers) was 650 ml with working volume of
500 ml. The sample port was provided for the anode chamber, wire point input and inlet port.
The selected electrodes in MFC were Carbon paper in size of . Proton

exchange membrane (PEM; NAFION 117, Sigma—Aldrich) was used to separate the two
compartments. The ion exchange membrane, Nafion with the area of 9 cm® separated two
chambers. The Nafion as proton exchange membrane was subjected to a course of
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pretreatment to take off any impurities; the film was boiled in 3% H,O, for 1h, washed with
deionized water, 0.5 M H,SO,, and then washed with deionized water. The anode and cathode
compartments were filled by deionized water when the biological fuel cell was not in use to
maintain membrane for good conductivity. Neutral red, ferricyanide and permanganate were
supplied by Merck (Germany). These chemicals with low concentrations (100 and 200)
pumol.I" were used as oxidizing agents in cathode chamber. The schematic and photograph
diagram and auxiliary equipment of the fabricated MFC cell is shown in Figure 1.

Figurel. Image of the fabricated MFC and online data acquisition system

Cyclic Voltammeter (IVUM soft, Ivium Technology, Netherland) was used to analyze for
testing oxidation and reduction of organic matters. The potential range of -400 mV to 1000
mV was applied. The working electrode and sense electrode were joined together to measure
oxidation and reduction peaks. Carbon paper (NARA, Guro-GU, Seoul, Korea) was used as
working electrode and Platinum (Platinum, gauze, 100 mesh, 99.9% meta basis, Sigma
Aldrich) as counter electrode. Also, Ag/AgCl (Ag/AgCl, sat KCI, Sensortechnik Meinsberg,
Germany) electrode was utilized as reference electrode. Voltage rate of 50 mV.S™ was chosen
as scan rate in CV analysis.

RESULTS AND DISCUSSION

MFCs are an emerging technology that converts the energy retained in organic and inorganic
matters directly to useful electrical power. Acetone is one of the organic compounds which
are widely produced in chemical industries (Przybylska et al., 2006). Acetone is known as
toxic chemical and listed in US-EPA as environmental pollutants (Deng et al., 2004).

A mix strains of microorganisms as inoculums were supplied by an up flow anaerobic hybrid
reactor, a pilot scale bioreactor used for treating pulp and paper wastewater. Acetone with
concentration of 3g.1" was used as synthetic wastewater in the anode chamber. Production of
voltage with respect to time in dual chamber of MFC is shown in Figure 2. At the starting
point for the experimental run, the amount produced electricity was very low because of the
microorganisms should be adapted with the new environment and utilize acetone for power
generation. The logarithmic phase of electricity production started right after 20 hours of
incubation time. At 48 hours of operation, the closed circuit potential reached to a maximum
and stable value around 198 mV. The closed circuit potential was also quite stable for the
entire operation, duration of 120 hours.

629



Linnaeus ECO-TECH "10
Kalmar, Sweden, November 22-24, 2010

Effect of Neutral Red (NR) as electron mediators on power production of MFC at
steady state condition was done and the data are illustrated in Figure 2. At 60 and 80 hours of
incubation time 100 pmol.l-1 of NR was added to anode chamber. The obtained data
demonstrated that mediators had no significant effect on mixed culture of microorganisms.
These microorganisms were able to transfer the generated electrons to anode in absence of
mediators. Concentration of wastewater in anode chamber was measured by COD. The COD

removal was 69% at the end of this operation time (Figure 3).
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Figure 2: Effect of mediator (NR) on mixed culture in a MFC. Close circuit potential of MFC
(Rex= 1000 ). Mixed culture originated from wastewater treatment plant.
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Figure 3: Acetone concentration in the anaerobic anode compartment

The performance of microbial fuel cell was evaluated by polarization curve.
Polarization behavior of the fabricated cell was recorded for several external resistances for
the determination of maximum power generation. Tablel shows the generated current, power
and current in maximum power after 4 days of inoculation. Maximum power and current
density without using any oxidizer in the cathode were 2.1 mW.m™ and 14 mA.m?>,
respectively. The most common soluble oxidizing agent used for cathodic reaction in MFCs is
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ferricyanide (hexacyanoferrate) (Yazdi et al., 2008). The oxidation reactions may take place
in cathode compartment are given as follows:

[Fe(ck) ] + e~ = [Fe(onN)]* (1)
Oy + [Fa(CN) )4 + 48 * = [Fe(CN). )% + 20,0 2)

To enhance electrons transferring to electrode, S0uM ferricyanide was added as an oxidizer to
cathode compartment. Potassium ferricyanide acts as a catalyst in order to accelerate the
reduction of oxygen in water. Tablel shows, maximum power increased to 5.3 mW.m?>, and
maximum current density to 21mA.m™. Several concentration (100, 150, 200 and 250 uM) of
ferricyanide were experimented to obtained optimum concentration of ferricyanide.
Maximum current and power was obtained at 200uM concentration in cathode chamber.

Table 1: Effect of ferricyanide concentration at cathode chamber on bioelectricity production

Potassium ferricyanide Prax ITinPrax I ax
(umol.I'™) (mW.m?) (mA.m?) (mA.m?)
0 2.1 4 14

50 5.3 10 21

100 9.2 12 38

150 13 19 52

200 17 28 60

250 17 28.4 60.64

Potassium permanganate has been used as an environmental friendly oxidizing agent in
industries. In both acidic and alkaline conditions, permanganate accepts three electrons and
thus is reduced to manganese dioxide as illustrated in equations 3 and 4 (You et al., 2006):

MnO; + 4H* + 3¢~ = Mad, + 2H,0 (3)
MunOy + 2H, 0 4+ 3e™ — MnQ, + 40H™ 4)
Permanganate was used as an oxidizer in the cathode chamber of fabricated MFC. Various

concentrations of permanganate (100 to 400 pmol.I"" with an increment of 100 pmol.I"") were
experimented and the obtained results as polarization curves are presented in Table 2.

Table 2: Effect of potassium permanganate on power and current production

Potassium Permanganate P max I 1ax 10 Proax I
(umol.I') (mW.m?) (mA.m?) (mA.m?)

0 2.1 4 14

100 8.5 19 34

200 14.9 31 49

300 22 40 72

400 22 41 72.6

Maximum current and power was obtained at permanganate concentration of 300 uM. The
maximum power and current generated were 22mW.m™ and 70mA.m™, respectively. At any
concentration greater than the optimum permanganate concentration (300 uM) there was no
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significant improvement in current and power generation. The polarization curve for the MFC
at the desired concentration of the oxidizer are shown in Figure 4.
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Figure 4: Polarization curve and power density at desired concentration of potassium
permanganate

In the next stage, anode electrode with the attached microorganisms was analyzed
with CV. The system was analyzed in anaerobic anode chamber. Before formation of any
active biofilm on anode surface, no oxidation and reduction potential peak were record in CV
test (Figure 5 a). Current potential curves by scanning the potential from negative to positive
potential after formation of active biofilm are shown in Figure 5 b. Two oxidation and one
reduction peak was obtained with CV test. One peak was obtained in forward scan from -400
to 1000 mV and the other one for oxidation and reduction peak was obtained in reverse scan
rate from 1000 to -400 mV. Similar results by alcohol as electron donors in anode chamber
was reported (Kim et al., 2007). The first peak was observed in forward scan rate between
from -0.087 to 1.6 V.
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Figure 5: Effect of active biofilm on anode surface in CV analysis (a) Absence of biofilm, (b)
after formation of biofilm on anode surface
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Before and after the replacement of the growth medium in the anode chamber, CV
analysis was evaluated (Figure 6). The obtained results demonstrated that electrochemical
activity of attached biocatalyst did not decreased after replacement of medium but also shows
the activity increased. This phenomenon demonstrates that the established biofilm on anode
enhanced extracellular electron transfer of microorganisms rather than mediators in solution.
Otherwise, the electrochemical activity of microorganisms should decreased due to the
removal of soluble redox molecules within the anolyte solution.
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Figure 6: Effect of media on activity of attached microorganisms on anode surface

CONCLUSIONS

The use of microorganisms as biocatalyst is an interesting issue in MFCs. The MFC is
considered as a new source for production of energy in the course of simultaneously
wastewater treatment. The present research demonstrates the active biofilm has the ability to
generate power from wastewater. Aeration in cathode and use of optimum permanganate
concentration may enhance the MFC performances. When the initial permanganate
concentration was 300 pM, maximum current 70mA.m™ was generated. NR as a mediator did
not have significant effect on power generation. Attached biofilm of bacteria on anode surface
was electrochemically active to transfer electron to anode without any mediators.
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