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Abstract Oxygen diffuses through the cation-specific For this reason mediated MFCs have been applied to very
membrane, reducing the coulomb yield of the fuel cell. Inlimited areas. In our laboratory, a mediatorless microbial
the present study, attempts were made to enhance currefutel cell has been developed using an electrochemically
generation from the fuel cell by lowering the oxygen diffusion, active bacterium or microbial consortium [15, 16]. In the
including the uses of ferricyanide as a cathode mediator anfliel cell, electrochemically active bacteria, some of which
of a platinum-coated graphite electrode. Ferricyanide did nohave been isolated and identified [14, 20], are believed to
act as a mediator as expected, but as an oxidant in the catholdave direct electrochemical reactions, which lead to the
compartment of the microbial fuel cell. The microbial fuel cell operation of a mediatorless MFC [13]. Since a large
with platinum-coated graphite cathode generated a maximurpart of energy carried by the organic contaminants in
current 34 times higher than the control fuel cell with wastewater is converted to electricity, MFC might produce
graphite cathode, and the critical oxygen concentration of théar less excess sludge, when used as a wastewater
former was 2.0 mg, whilst that of the latter was 6.6 mg |  treatment process, than the conventional aerobic process.
Based on these results, it was concluded that inexpensiveor this reason, MFC was proposed as a novel wastewater
electrodes are adequate for the construction of an economicalfyeatment process [15]. Another area of MFC application
feasible microbial fuel cell with better performance as a novelwould be as a BOD (biological oxygen demand) sensor,
wastewater treatment process. since the current generated is directly proportional to the
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BOD sensor compartment of a microbial fuel cell (anode reaction);
NCHO+nH,0 - nCO+4ne+4nH

_ _ _ _ The electrons are transferred to the cathode compartment
A microbial fuel cell (MFC) is a device that converts through the circuit, because of the potential difference
chemical energy to electrical energy with the aid of thedeveloped between the reducing anode and cathode
catalytic reaction of microorganisms [1, 9, 14]. A MFC gypplied with air. The protons are transferred to the
consists of anode and cathode separated by a catiopathode through the membrane. The electron and proton

specific membrane [9]. Microbes in the anode oxidize fuelgre consumed, reducing oxygen in the cathode compartment
and the resulting electrons and protons are transferre&athode reaction);

to the cathode through the circuit and the membrane,
respectively. Electrons and protons are consumed in the NO,4n€+4nH - 2nHO
cathode, reducing oxidant, usually oxygen. or
Since the microbial cells are electrochemically inactive
due to the nonconductive cell surface structure, mediators NO+2n€+2nH - nH,0,

are employed to facilitate electron transfer from the previous studies showed that the performance of a
microbial cells to the anode in MFCs [6, 18]. Most of the megiatorless MFC is determined by several factors [9].
mediators used are toxic water-soluble phenolic compounds:hey are: 1) microbial activities oxidizing fuels in the

anode, 2) electron transfer from microbial cells to the
~Corresponding author anode, 3) proton transfer from the anode to cathode
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circuit used to transmit electrons from the anode to thénorganic nitrogen was less than 5 mg$PW was diluted
cathode, and 5) oxygen consumption in the cathode, whictvith phosphate buffer (pH 7.0, 50 mM) containing 100 mM
is also called cathode reaction. Among them, oxygerNacCl to designated COD concentrations of 400 rgrl
consumption is considered to be the most serious factor 800 mg 1* depending on each experimental purpose.
limit the performance of MFC, due mainly to the poor Atrtificial wastewater containing glucose and glutamate
oxygen-reducing catalytic activity of the electrode used agGGAW) [4] was also used in some experiments. The
the cathode [9]. BOD of the wastewater was 113.5 m§ Glucose and
The low catalytic activity of the cathode influences theglutamate solution was filter-sterilized before being added
performance of MFC in several ways. A coulomb yield ofto the autoclaved inorganic salt solution. The GGAW was
around 30% was obtained from a mediatorless MFC wittprepared using a carboy, and purged with oxygen-free
graphite as the cathode, using starch-processing wastewatstrogen gas before use. The carboy was connected to a
as fuel [9]. This low coulomb yield is believed to be due togas-tight bag containing oxygen-free nitrogen gas to keep
oxygen limitation in the cathode and to fuel consumptionit under anaerobic conditions.
to reduce oxygen diffused into the anode through the
membrane. Oxygen diffusion through the cation-specificMicrobial Fuel Cell System
membrane from the cathode compartment to the anodBatch mode experiments employed an NCBE-type microbial
compartment, affecting the anode reaction, has beefuel cell described earlier [1,9] and is available from
reported to occur in some biofuel cells [19, 22]. National Center for Biotechnology Education (Reading,
In order to eliminate the oxygen limitation, the dissolvedU.K., http://www.ncbe.reading.ac.uk). For continuous runs,
oxygen concentration in the cathode should be kept higha sensor-type microbial fuel cell was used [4]. Each fuel
which requires increased power consumption, and resultsell consisted of anode and cathode compartments, which
in more oxygen diffusion into the anode. A cathode withwere separated by a cation-specific membrane (Nafion
improved catalytic activity has been proposed to solve thigl50, Dupont Co., Wilmington, DE, U.S.A.). Graphite (GF
problem. series, Electrosynthesis, Amherst, NY, U.S.A.) was used as
The cathode reaction can be improved through electrodthe electrode. In some experiments, modified graphite was
modification with metals, surfactants, or organic materialsused as the cathode.
[5, 7, 23], or by using cathode mediators such as methylene The NCBE-type MFCs used in the batch experiments
blue, viologens, thionines, ferricyanides, and quinoidhad been running for over 4 years using diluted SPW. The
compounds [1, 6, 10, 11, 18]. void volumes of the anode and cathode compartments were
In this study, the use of potassium ferricyanide as &5 ml each. The cathode compartment was filled with
mediator and electrode modification with platinum were50 mM phosphate buffer (pH 7.0) containing 100 mM
investigated to enhance the cathode reaction of a mediatorleNaCl as an electrolyte. The anode content was completely
MFC. Ferricyanide is known to function as a mediator inreplaced with diluted SPW, when the current dropped to
electrode reactions reduced at the electrode surface and the background level. In some experiments, potassium
oxidized by oxidant [12, 21]. Platinum has been wellferricyanide K[Fe(CN})] (6-100 mM) was added to the
known as a very good catalyst for oxygen reduction, whictcathode electrolyte as a mediator. Nitrogen was gassed
is the cathode reaction of many fuel cell types [17]. As ahrough the anode at the rate of 10 ml mimand the
consequence, platinum-coated electrodes have popularbathode was aerated at the same rate.
been used as the cathodes in chemical fuel cells. GGAW with 113.5mg T BOD was fed to the anode
To the best of our knowledge, this is the first report oncompartment, and air-saturated tap water to the cathode
oxygen diffusion through the membrane and the use of aompartment of sensor-type MFCs using peristaltic pumps
platinum-coated electrode as the cathode in a mediatorless the rate of 1.37 ml mihfor continuous experiments.
microbial fuel cell. The void volume of the anode and cathode compartments
was 20 ml. The sensor-type MFCs had been enriched and
run for over a year using GGAW as the fuel [4].

M ATERIALS AND METHODS The MFCs were run at 3D with an external resistance
of 10Q to monitor the current. All experiments were
Wastewater conducted with at least 3 separate MFCs, and mean values

Wastewater used in this study was described earlier [9br a typical result are presented.

The wastewater (SPW) was collected from a starch

processing plant (Samyang Genex Co., Korea). Thé&reparation of Pt-Coated Graphite Electrodes

chemical oxygen demand (CQPof the wastewater was Platinum powder (2 nm diameter) was mixed with 1.5 parts
around 1,100 mg, and the wastewater contained 25+ of Vulcan XC72 carbon (E-TEK, Somerset, NJ, U.S.A.)
7.7 mg I* total nitrogen and 10.7+1.7 mgtotal phosphorus. and 1/3 parts of Nafion ionomer (Dupont Co., Wilmington,
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DE, U.S.A.) before being spray coated onto graphite at th&able 1. Oxygen diffusion rate through the cation-specific

ratio of 0.28 mg platinum per érgraphite surface. membrane in an MFC.
DO in the cathode compartment Diffusion rate

Dissolved Oxygen (DO) Monitoring System (mg ) (Mg cm” 1)
DO was measured using a DO meter (Orion Model 850, 6.56 5.20+0.01
Beverly, MA, U.S.A.). DO of the cathode electrolyte was 5.85 3.12+0.01
monitored not in the cathode compartment but in a gas- 3.91 2.91+0.02
tight glass vessel, because current could not be measured 1.86 2.70+0.01
with the DO electrode placed in the cathode, probably due 0.86 2.49+0.02

to high potential being used for the DO measurement. The
electrolyte was circulated at the speed of 2 ml min
through the gas-tight glass vessel (working volume ofEffects of Aeration on the Anode Compartment
20 ml), in which the DO electrode was placed. Connection®NCBE-type MFCs were operated with 400-m@@OD
were made using butyl rubber tubing [9]. SPW as fuel and the anode compartment was gassed
To determine the oxygen diffusion rate through thewith nitrogen containing different amounts of air £9%)
membrane, an empty fuel cell was used. The DO electrod® measure current (Table 2). Three MFC showed
was placed in one side of the membrane (assumed as thimilar results, and the figures in the table are their
anode compartment of the MFC), gassed using oxygermean values. As shown in the table, the maximum current
free nitrogen, and the other side (assumed as the cathodad coulomb yield decreased as more air was gassed
compartment) using air-nitrogen mixed gas of differentthrough the anode compartment. These results suggest
ratio to obtain desired DO. Increase of DO in the nitrogerthat oxygen is reduced in consuming electron in the
gassed side was monitored as the initial oxygen diffusiomnode compartment. The coulomb yield in the control

rate after the nitrogen gassing had been stopped. experiment (gassing with 100% nitrogen) was around
30%. Since SPW contains low concentration of possible
Instrumentation and Analyses electron acceptors such as nitrate and sulfate, the

The potential was measured using a multimeter (Keithleyow coulomb yield might be due to oxygen diffused into
Instruments, Inc., Cleveland, OH, U.S.A.) and recordedhe anode compartment through the sampling port and
every minute through the data acquisition system (Testpointothers.
Capital Equipment Co., Richmond, VA, U.S.A)), as described
earlier [9]. The measured potential was converted tdJse of Pure Oxygen to Gas the Cathode Compartment
current according to the relationship of potential=currentxNCBE-type MFCs were operated by using pure oxygen to
resistance. gas the cathode compartment, and the maximum current
Coulomb was calculated by integrating the current overand coulomb yield were compared with the control run. As
the time in batch experiment. Theoretical coulomb wasshown in Fig. 1, the maximum current was lower when the
calculated based on the chemical oxygen demand (CODJathode compartment was gassed with pure oxygen
consumed in the MFCs. One mg of COD is equivalent tq1 mA) than those obtained using air (1.3 mA). The
12 C. Coulomb yield was referred as the fraction ofcoulomb yield was less than one-third of the control
coulomb obtained over theoretical coulomb. run. These results were unexpected, because oxygen
COD of samples was measured by the closedsupply to the cathode compartment was the most serious
reflux titrimetric method, using chromate as the oxidantlimiting factor [9]. These results show that more oxygen
[8]. Ferricyanide in the catholyte was analyzed diffused to the anode compartment and encouraged aerobic
spectrophotometrically at the wavelength of 420 nmrespiration when pure oxygen was used, because of

(extinction coefficient=1,040 Ncm) [24]. the higher DO gradient across the membrane. Microbes
Table 2. Current and coulomb yield obtained from mediatorless

RESULTS AND Discussion NCBE-type MFCs gassed with different air-nitrogen mixtures.

Oxygen Diffusion Rate Through the Membrane Ratios of gas mixture gassed Current  Coulomb yield

An empty fuel cell was used to measure the oxygen Nt the anode (NAir) (mA) (*0)

diffusion rate through the membrane with various DO 100%:0% 1.2+0.1 35+3

gradients across the membrane. As shown in Table 1, 95%:5% 1.0£0.12 15+3

a significant amount of oxygen diffused through the 90%:10% 0.9+0.1 7£2

membrane. The higher the DO gradient, the higher the 85%:15% 0.6+0.05 60.5

diffusion rate. 80%:20% 0.5+0.03 5+1
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20 — higher than 20 ml mia (Fig. 2). At the cathode flow rate
Acration with air of 20 ml min*, DO concentration was 6.6 mg &nd this
| Aeration with pure oxygen / concentration was determined as theg [Oof the fuel cell
(Fig. 2). A [Q],, value of 6.6 mg-t is very high in
comparison with aerobic bacterial cultures, whose values
101 are less than 1.0 mg' I(http://www.np.edu.sg/~dept-bio/
biochemical_engineering/lectures/oxy/oxy16.htm). This result
051 confirms that graphite is an inert material with low
catalytic activity for the cathode reaction [9]. For an
efficient MFC, the cathode reaction should be improved by
using either a cathode with better oxygen reducing activity
or a cathode mediator.

Current (mA)

0.0 4

-0.5

0 2 40 60 80 100 Use of Ferricyanide as a Cathode Mediator

Time (h) NCBE-type MFCs were used to test the chemical as
Fig. 1. The performance of NCBE-type MFCs gassed with pure@ cathode mediator in batch-mode experiments. MFCs
oxygen or air to the cathode compartment. were run after the cathode compartments were filled with
The fuel cells were run with SPW of 400 mg30D as fuel. The coulomb 50 mMm phosphate buffer (pH 7.0) containing 100 mM
yields were 9.9+2.7% with pure oxygen and 30.9+3.6% with air. NaCl and 6 mM potassium ferricyanide, and the current

generated was compared with that of a control run (Fig. 3).
enriched in the anode compartment are probably facultativé/hen the chemical was added, MFCs generated a current
anaerobes. of 2.5 mA for about 2 h before the current dropped to the
control level and eventually to the background level with

Critical Oxygen Concentration of the MFC with the depletion of fuel. Absorbance of the cathode electrolyte
Graphite Cathode was monitored at 420 nm during the run, and absorbance
Sensor-type MFCs were used to measure critical oxygewas over 2.5, when the current started to decrease, and
concentration ([Q,,) through monitoring current and DO stayed lower than 0.1 throughout the run (Fig. 3). A
concentration of electrolyte from the cathode compartmenslightly higher coulomb (56.4 C) was obtained from the
by assuming that the anode reaction is dependent on thian, when ferricyanide was added, than the control (49.6
cathode reaction, and that the cathode reaction follows th€). It was shown in a separate experiment that the coulomb
Monod equation. As expected, the current increased as thield increased as the function of ferricyanide concentration
cathode flow rate increased from 5 to 20 mlfpiand the  (data not shown).
current did not increase further at the cathode flow rate These results show that ferricyanide functions as an
oxidant but not as a mediator, probably because ferrocyanide

30 mimin 35 ml min™ 40 ml min” 30
a1
25 ml min Ferricyanide added
20 m| min”*
15 ml min”* — 251 = A420=2516
6 4 - —
. 10 ml nfin”’ 201
E . l<——A420=0.539
z ., 5mimin’ /| g 1.5
] < Control
3 - - g A420=0.093
3 / DO of cathode effluent = ~6.6 mg I ([0,],,,,) 3 1 A420= 0.06
2 / 0.5
// 20 =[0.059
0.0
0 ./ , . ‘ . .
0 20 40 60 80 100 0 10 20 30 2 50
Time (h) Time (h)

Fig. 2. Determination of critical oxygen concentration J[¢) Fig. 3. The effects of ferricyanide being added to the cathode
by monitoring current and DO in the cathode effluent of sensorgjectrolyte on the current generation by MFCs.

type MFCs at different flow rates of air-saturated electrolyte intoNCBE-type MFCs were used. The numbers in the figure are the
the cathode compartment. absorbance values (at 420 nm) of the cathode electrolyte after 6 mM
The MFCs operated in a continuous mode. potassium ferricyanide had been added.
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Fig. 4. The performance of NCBE-type MFCs with graphite or DO concentration of the cathode electrolyte (mg I”)

with platinum-coated graphite as the cathode. ) L . .

The fuel cells were run with SPW of 400 mgQOD as fuel. The coulomb ~ Fi9. 5. Determination of [q, of the MFC with platinum-
yields were 27.3+3.3% with graphite cathode and 78.3+7.3% withcoated cathode, using NCBE-type MFCs.

platinum-coated graphite cathode.

oxygen diffusion to the anode compartment thus improving
is re-oxidized by oxygen in the cathode compartment athe performance of an MFC without oxygen limitation.
much lower rate than reduction in the mediatorlessSuch a cathode with a low JIQ, also helps solve the
microbial fuel cell system. Ferricyanide is also known toproblem of power consumption for cathode aeration, as
act as oxidants in some electrochemical systems [2, 3, 6fnentioned earlier. This is very important in the application
To confirm this, an empty fuel cell was used to measure thef an MFC as a BOD sensor [4] as well as a novel
oxidation rate of ferrocyanide. The empty fuel cell containingwastewater treatment process. For this reason, inexpensive
20 mM potassium ferrocyanide dissolved in normalelectrodes with the [(, value similar to or equal to that
electrolyte was aerated at the rate of 10 ml‘hiand  of aerobic bacteria are desirable.
ferrocyanide was found to be oxidized to ferricyanide
at the rate of about 0.048.02 mM h'. This is much
lower than the reduction rate observed in the aboveCoNcLUSIONS
experiments.

In a mediatorless microbial fuel cell, oxygen diffuses
Platinum-Coated Graphite Electrode as the Cathode through the cation-specific membrane, and the diffusion rate
The cathode of NCBE-type MFCs was replaced withis dependent on dissolved oxygen concentration gradient.
the same size platinum-coated graphite electrode, carefull@xygen is actively consumed in the anode compartment,
so as not to disturb the microbial population in the anodeeducing coulomb yield. Microbes enriched in the anode
compartment. The microbial fuel cell with platinum-coated compartment are probably facultative anaerobes. Ferricyanide
cathode generated the over 5 mA maximum current, whilstannot be used as a cathode mediator, since the substance
that in the control case (before the electrode was used) wés reduced much faster than being oxidized by oxygen.
1.5 mA (Fig. 4). Repeated operation showed similar resultsGraphite electrode needs dissolve oxygen concentration over
In addition, the coulomb obtained from the microbial fuel 6.6 mg 1* for the maximum cathode reaction. At this
cell with platinum-coated electrode was about 3 timeddissolved oxygen concentration in the cathode compartment,
higher than the control (Fig. 4). These results showea considerable amount of oxygen is diffused into the anode
that platinum-coated cathode is better for the cathodeompartment, significantly reducing coulomb yield of the
reaction in a mediator-less microbial fuel cell than thefuel cell. Platinum-coated electrode, which gives lower
graphite one. critical oxygen concentration of 2.0 mg, Ican be used

[O,].. value was determined to be 2mg (Fig. 5), instead of bare graphite electrode as the cathode to

which is much lower than that of bare graphite electrodeimprove the performance of the fuel cell. Inexpensive
but higher than that of aerobic bacteria. Since the oxygemodified electrodes are needed for the construction of an
diffusion rate through the membrane is gradient dependergconomically feasible microbial fuel cell as a BOD sensor
(Table 1), low [Q],, value of the cathode can reduce and also as a novel wastewater treatment process.



Acknowledgements

CATHODE REACTION OF AMEDIATORLESS MICROBIAL FUEL CELL

This work was sponsored partly by “Bioproducts and

Biotechnology Research Program” and “National Research3:

Laboratory Program” of the Ministry of Science and
Technology, Korea.

14.

REFERENCES

10.

11.

. Allen, R. M. and H. P. Bennetto. 1993. Microbial fuel-cells:

Electricity production from carbohydrate&ppl. Biochem.
Biotechnol.39/40: 27- 40.

. Aseychey, A. V., A. U. Tjurin-Kuzmin, S. A. Stebeneva, and

A. I. Deyev. 2001. Evaluation of hexose monophosphate

shunt activity in isolated murine lens by monitoring the 16.

potential of the ferricyanide-ferrocyanide syst@&iachemistry
Moscow66(1): 42- 55.

. Bennetto, H. P. 1990. Electricity generation by microorganisms,
17.

pp. 163 168. In: Biotechnology Educatigrvol. 1, No. 4.
Pergamon Press plc., London, UK. Or website: http://
www.bioscience-explained.org/EN1.1/PDF/fuelcell.pdf .

. Chang, I. S., J. K. Jang, G. C. Gil, M. Kim, H. J. Kim, 18.

B. W. Cho, and B. H. Kim. 2003. Continuous determination
of biochemical oxygen demand using a microbial fuel cell
type biosensoBiosen. Bioelectrorl9: 607-613.

. Chen, P., M. A. Fryling, and R. L. McCreery. 1995. Electron 19.

transfer kinetics at modified carbon electrode surfaces: The
role of specific surface site&nal. Chem67: 3115- 3122

. Delaney, G. M., H. P. Bennetto, J. R. Mason, H. D. Roller,

J. L. Stirling, and C. F. Thurston. 1984. Electron transfer
coupling in microbial fuel cells: 2. Performance of fuel

cells containing selected microorganism-mediator-substraté0.

combinationsJ. Chem. Tech. Biotechn84B: 13- 27.

. DuVall, S. H. and R. L. McCreery. 1999. Control of catechol

and hydroquinone electron-transfer kinetics on native and
modified glassy carbon electrodésial. Chem71: 4594
4602.

Standard Method for the Examination of Water and
Wastewater pp. 5-14. 19' Ed. American Public Health
Association, Washington D.C., U.S.A.

. Gil, G. C,, I. S. Chang, B. H. Kim, M. Kim, J. K. Jang,

H. S. Park, and H. J. Kim. 2003. Operational parameters
affecting the performance of a mediator-less microbial fuel
cell. Biosen. Bioelectrorl8: 327- 334.

Hernandez, M. E. and D. K. Newman. 2001. Review:
Extracellular electron transfe@ell. Mol. Life Sci58: 1562
1571.

Jaffari, S. A. and A. P. F. Turner.
hexacyanoferrate (lll) modified graphite disc electrodes and
their application in enzyme electrodes - PartBiosen.
Bioelectron12: 1-9.

12.

15.

21.

. Eaton, A. D., L. S. Clesceri, and A. E. Greenberg. 1995.

22.

23.

1997. Novel 24.

329

Jeroschewski, P., C. Steuckart, and M. Kuhl. 1996. An
amperometric microsensor for the determination ¢8 kh
aquatic environment#nal. Chem68: 4351 4357.

Kim, B. H., H. J. Kim, M. S. Hyun, and D. H. Park. 1999.
Direct electrode reaction of Fe(lll)-reducing bacterium,
Shewanella putrifaciens). Microbiol. Biotechnol9: 127-

131.

Kim, B. H., T. lkeda, H. S. Park, H. J. Kim, M. S. Hyun,
K. Kano, K. Takagi, and H. Tatsumi. 1999. Electrochemical
activity of an Fe(lll)-reducing bacteriumShewanella
putrefaciensIR-1, in the presence of alternative electron
acceptorsBiotechnol. Techl3: 475- 478.

Kim, B. H., H. S. Park, H. J. Kim, G. T. Kim, I. S. Chan, J.
Lee, and N. T. Phung. 2004. Enrichment of electrochemically
active anaerobic bacteria using a fuel cell type electrochemical
cell. Appl. Microbiol.Biotechnol63; 672- 681.

Kim, H. J., H. S. Park, M. S. Hyun, I. S. Chang, M. Kim, and
B. H. Kim. 2002. A mediator-less microbial fuel cell using a
metal reducing bacteriunghewanella putrefacienEnzyme
Microb. Tech30: 145-152.

Larminie, J. and A. Dicks. 2000ruel Cell Systems
Explained pp. 6% 107. John Wiley & Sons, Ltd., Baffins
Lane, Chichester, West Sussex, U.K.

Lithgow, A. M., L. Romero, I. C. Sanchez, F. A. Souto, and
C. A. Vega. 1986. Interception of electron-transport chain in
bacteria with hydrophilic redox mediatord. Chem. Res
(S): 178-179.

Palmore, G. T. R., H. Bertschy, S. H. Bergens, and
G. M. Whitesides. 1998. A methanol/dioxygen biofuel cell
that uses NADdependent dehydrogenases as catalysts:
Application of an electro-enzymatic method to regenerate
nicotinamide adenine dinucleotide at low overpotentihls.
Electroanal. Chen¥43: 155- 161.

Park, H. S., B. H. Kim, H. S. Kim, H. J. Kim, G. T. Kim, M.
Kim, I. S. Chang, Y. K. Park, and H. I. Chang. 2001. A novel
electrochemically active and Fe(lll) reducing bacterium
phylogenetically related t€lostridium butyricumisolated
from a bacterial fuel celAnaerober: 297- 306.

Shimojo, N., K. Naka, H. Uenoyama, K. Hamamoto,
K. Yoshioka, and K. Okuda. 1993. Electrochemical assay
system with single-use electrode strip for measuring lactate
in whole bloodClin. Chem39: 2312 2314.

Vega, C. A. and I. Fernandez. 1987. Mediating effect of
ferric chelate compounds in microbial fuel cells with
Lactobacillus plantarum, Streptococcus lacésdErwinia
dissolvens. Bioelectrochem. Bioenel@: 217- 222

Xue, J., Y. Xian, X. Ying, J. Chen, L. Wang, and L. Jin.
2000. Fabrication of an ultramicrosensor for measurement of
extracellular myocardial superoxid&nal. Chim. Acta405:
77-85.

Zak, J. K., J. E. Butler, and G. M. Swain. 2001. Diamond
optically transparent electrodes: Demonstration of concept
with ferrifferrocyanide and methyl viologe#nal. Chem.
73:908-914.



	Improvement of Cathode Reaction of a Mediatorless Microbial Fuel Cell

