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Abstract: A microbial fuel cell (MFC) is a bioreactor that converts chemical energy in the  chemical  bonds  in  organic  compounds  to  electrical  energy  through  catalytic reactions of microorganisms under anaerobic conditions. In a MFC, power can be generated from the oxidation of organic matter by bacteria at the anode ,with reduction of oxygen at the cathode. Proton Exchange Membrane (PEM), to allow protons to move across to the cathode while blocking the diffusion of oxygen into the anode. Electrons produced by the bacteria from these substrates are transferred to the anode and flow to the cathode linked by a conductive material containing a resistor, or operated under a load. MFCs have been used to generate electricity from virtually any biodegradable organic matter, including domestic and industrial wastewaters, while at the same time accomplishing wastewater treatment. Using Two Chambered MFC in our laboratory produced 0,8 mW/m2 of anode surface area using pure culture (S.putrefaciens) and acetate.  Using Single  Chambered  Flat  MFC,  we  have  recently achieved  up  to  15 mW/m2 using mixed culture and acetate. A MFC-based treatment plant of the future

will likely look a lot like a system built today around a fixed-film system such as a trickling filter. The MFC technology is particularly favored for sustainable long-term power applications.

Introduction
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A microbial fuel cell (MFC) is a bioreactor that converts chemical energy in the chemical bonds in organic compounds to electrical energy through catalytic reactions of microorganisms under anaerobic conditions.In a MFC, power can be generated from the oxidation of organic matter by bacteria atthe anode, withreduction ofoxygen atthecathode.Proton ExchangeMembrane(PEM),toallow protonsto move acrossto the cathode while blocking the diffusion of oxygen into the anode (Logan et al., 2005) (Du et al., 2007). Electrons produced by the bacteriafrom these substrates aretransferred tothe anode (negativeterminal) and flowtothecathode(positiveterminal)linked by aconductive materialcontaining aresistor,oroperated undera load (Logan et al., 2006). Bacteria can be used in MFCs to generate electricity while accomplishing the biodegradation of organic matters or wastes(Oh and Logan.,2005). Figure 1 shows a schematic diagram of a typical MFC for producing electricity. It consists of anodic and cathodic chambers partitioned by a proton exchange membrane(PEM) (Giletal.,2003).

typicaltwo-chamber microbialfuelcell

Mediator-less Microbial Fuel Cell

Figue 1 Schematic diagram of a

Electronscan betransferredtotheanode by electron mediatorsorshuttles(Rabaeyand Verstraete,2005). But the toxicity and instability of synthetic mediators limit their applications in MFCs. If no exogenous mediatorsareaddedtothesystem,the MFC isclassifiedasa mediator-less MFC eventhoughthe mechanism of electron transfer may not be known (Logan, 2004). Some microbes can use naturally occurring compounds including microbial metabolites (Endogenous mediators) as mediators. A real breakthrough was made when some microbes werefoundtotransferelectrons directlytothe anode(Kim etal.,1999a,Chaudhuriand Lovley,

2003). These Shewanella putrefaciens (Kim et al.,2002),Geobacteraceae sulferreducens (Bond and Lovley,

2003), Geobacter metallireducens (Min et al., 2005) and Rhodoferax ferrireducens (Chaudhuri and Lovley,

2003) are all bioelectrochemically active and can form a biofilm on the anode surface and transfer electrons directlybyconductancethroughthe membrane. Whentheyareused,theanodeactsasthefinalelectronacceptor inthe dissimilatoryrespiratory chain ofthe microbesinthebiofilm.

MFCs was also operated using mixed culturescurrentlyachievesubstantiallygreaterpowerdensitiesthan those withpurecultures(Rabaey etal.,2004, Rabaey etal.,2005a).Sincethecostofa mediatoriseliminated, mediator-less MFCs areadvantageousin wastewatertreatmentand power generation(Ieropoulosetal.,2005).

How do Microbial Fuel Cells work?
To understand how an MFC produces electricity, we must understand how bacteriacapture and process energy. Bacteria grow by catalyzing chemical reactions and harnessing and storing energy in the form of

adenosinetriphosphate(ATP).Insome bacteria,reducedsubstratesareoxidized and electronsaretransferredto respiratory enzymes by NADH,thereducedform of nicotinamide adenine dinucleotide(NAD). These electrons flow down a respiratory chain—a series of enzymes that function to move protons across an internal membrane—creatingaprotongradient.The protonsflow backintothecellthroughtheenzyme ATPase,creating

1 ATP molecule from 1 adenosine diphosphatefor every 3–4 protons. The electrons are finallyreleased to a solubleterminalelectron acceptor,such asnitrate,sulfate,oroxygen(Logan and Regan,2006).
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Using acetateassubstrate,typicalelectrodereactionsareshown below: Anodicreaction:

CH3 COO -    + 2H2 O microbes 2CO2  + 7H+  + 8e-
Cathodicreaction:

O2  + 4H+  + 4e-   →2H2 O
The overallreactionisthe break down ofthe substrateto carbon dioxide and water with a concomitant production of electricity as a by-product. Based on the electrode reaction pair above,an MFC bioreactor can generateelectricityfrom theelectronflow from theanodetocathodeintheexternalcircuit(Du etal.,2007).

Types of Microbial Fuel Cell (MFC) Two-chambered MFC
A typicaltwo compartmentMFC has an anodicchamberand a cathodicchamberconnected by a Proton Exchange Membrane (PEM),to allow protonsto move acrosstothe cathode while blocking the diffusion of oxygen intothe anode (Du etal.,2007). The anode chamber containsthe bacteria,and itistightly sealed to preventoxygen diffusionintothechamber. The headspace can beflushed with nitrogen gastoexclude airfrom thechamber. The cathodeisim mersedin water,andthe waterisbubbled withair(atypicalaquarium airpump works well in the laboratory for this purpose). The anode chamber should contain nutrients (nitrogen, phosphorus and trace minerals) and biodegradable substrate (Logan, 2005). As mentioned above, sucrose, lactose,glucose,starch,pyruvate,xylose or wastewaters(domestic ww, animal ww, starch ww) (Logan, 2005) were used as substrate. Figure 2 shows two-chamber H-type system showing anode and cathode chambers equippedforgassparging(Logan and Regan,2006).
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Figure 2. Example of an H-type microbialfuel cell(a) Schematic showing the anode where bacteria form a biofilm onthesurfaceand acathode, whichisexposedtodissolved oxygen. Thetwo chambersareseparated by a proton-exchange membrane (PEM).(b) An example ofasimpletwo-chambersystem withthe PEM clamped betweentheends oftwotubes,eachjoinedtoabottle.

Single Chambered MFC (SCMFC)
A simplerand moreefficientMFC can be made by omittingthecathode chamberand placingthecathode electrode directlyontothe PEM. Thissetupavoidsthe needtoaerate waterbecausethe oxygeninaircan be directlytransferredtothecathode.Severaldesignsarepossibleforthissystem.Inthefirstdesign usedin Prof.

Logan’s Laboratoryin Penn University,usedtodemonstrateelectricitygenerationfrom wastewater,thecathode was placedinthecenterofacylinder,sothattheanode chamberformed aconcentriccylinderaroundthe cathode(large SCMFC; Liuetal.,2004)(Figure 3). Graphiterods were placedinsidetheanode chamber,and theserodsextended outside oftheanode chamberand wereconnectedtothecathode viaan externalcircuit containing aresistor. Air wasabletopassivelyflow through thecentertubesothatitcouldreactatthecathode. The Nafion membrane was hot-pressed ontothecathode, which was wrapped around aperforated plastictubeto providesupport, withthe membraneincontact withthesolutionintheanode chamber.
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(C)
Figure 3.SchematicsofacylindricalSC-MFC containing eightgraphiterodsasananodein aconcentric arrangementsurrounding asinglecathode.((A) drawn withmodificationsafter Liuetal.,2004.(B)drawnto illustrateaphotoin Liuetal.,2004.)(C) Photo oflaboratory-scaleprototype ofthe SCMFC usedtogenerate electricityfrom wastewater

Itisnotessentialtoplacethecathodein waterorinaseparatechamber when using oxygenatthecathode. The cathode can be placedin directcontact with air(Liu and Logan, 2004). Much largerpower densities have been achieved using oxygen astheelectronacceptor when aqueous-cathodesarereplacedwithair-cathodes.The secondtype of SCMFC was a singletube, withthetwo circularelectrodes placed on oppositeends ofthetube (small SCMFC; Liu and Logan, 2004). The end containing the anode is capped in order to prevent oxygen diffusionintothechamber, whiletheotherendisopensothatonesideofthecathodefacesair,whiletheotheris bonded tothe PEM and facesthe solutioninthe anode chamber. Two platinum wires extend from thetop for electricalconnections (Figure 4).
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Figure 4.(a) A schematicand (b)aphotograph ofasingle-chamber microbialfuelcell.Thecathodeisexposed toairon onesideandthesolutioncontainingthe biodegradablesubstrateisonthe otherside. The anode chambercontainingtheexoelectrogenicbacteriaissealed offfrom oxygen(Logan and Regan 2006)
Materials and Methods
Construction of Two Chambered Microbial Fuel Cell (TCMFC)
Two Chambered MFCs were constructed usingtwo glass bottlesin ourlaboratory. The fuelcells have electrodecompartmentsofapproximately200 mlcapacity.Each cellcompartmenthadthreeportsatthetop,for electrode wire,the addition and sampling of solutions, and gassing. The two compartments of each cell was separated by a Proton exchange membrane (PEM) (Nafion 117 (Dupont Co., USA)). The anode compartment was loaded with freshly prepared bacterial suspension (suspended in 50 mM Na-phosphate buffer (pH 7.0) containing 0.1 M NaCl),vitaminand mineralsolution and substrate.The cathode compartment wasloaded with

50 m M Na-phosphate buffer (pH 7.0) containing 0.1 M NaCl. Nitrogen and air were continuously purged through anode and cathode compartmentsto maintain anoxic and aerobic conditions,respectively.(flow rate: approximately 15 ml per min). The microbialfuelcell wasimmersedin a water bathto maintaintemperature (25°C)(forsummer conditions,Julabo FT 200-for winterconditions Julabo heater). Ourtwo chambered MFC system can beseen
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Figure 5. Two Chambered MFC in Fatih University(FU) Laboratory
Construction of Single Chambered Flat Microbial Fuel Cell (SCFMFC)
The MFC consisted ofananode and cathode placed on oppositesidesinaplastic(Plexiglas)cylindrical chamber1,6cm long by 3cm indiameter(empty bed volume of12 mL;anodesurfacearea pervolume of

62,5m2/m3).The anode electrodes were made of Ballartcarbon paper(without wetproofing)and did notcontain
acatalyst.The carbon electrode/PEM cathode(CE-PEM) was manufactured by bondingthe PEM directlyontoa flexiblecarbon-clothelectrode containing 0.4 mg/cm2 of Ptcatalyst(Vulcan).The PEM (Nafion 115, Dupont) was sequentiallyboiledin H2 O2  (30%),deionized water,1M H2 SO 4,and deionized water(eachtimefor1h). The PEM wasthen hot-pressed directlyontothecathode byheatingitto100 °C at100 Barfor4 min.Platinum wire was usedtoconnectthecircuit(100 ohm). The SCFMFC can beseenin Figure 6.The anode and cathode areplaced on eitherside ofatube, withtheanodesealed againstaflatplateandthecathodeexposedtoairon

one side,and wateronthe other. When a membraneisusedinthisair-cathodesystem,itservesprimarilytokeep waterfrom leakingthroughthecathode,althoughitalsoreduces oxygen diffusionintothe anode chamber.
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Figure 6.SCMFC in Fatih University Laboratory

Construction of Single Chambered Tubular Microbial Fuel Cell (SCTMFC)
The SCTMFC consisted of a single cylindrical plexiglass chamber (10 cm long by 2,5 cm diameter; empty bed volume of appr.63 mL). The anode electrodes were made of Ballart carbon paper (without wet proofing) and did not contain a catalyst (Figure 7). The air-porous cathode consisted of a carbon/platinum catalyst/proton exchange membrane(PEM) layerfusedto a plasticsupporttube. The cathode/PEM was placed onto a 1 cm diameterplastic(Plexiglas)tube containing 2 m m diameterporesat2 mm intervals(cathodetube). Airflow throughthetube was passive oxygentransfer(noforced airflow).Platin wire was usedtoconnectthe circuit.

Figure 7.Single Chambered Tubular MFC in Fatih University Laboratory
Scanning electron micrograph (SEM) Analysis
The wide diversityofbacteriathatexistin MFC reactors,driveninpartbyavarietyofoperating conditions,demonstratesthe versatilityofbacteriathatcan eithertransferelectronstotheelectrode orcan exist

inthereactorasaresultofsymbioticrelationships withelectricity-producing bacteria.Electrochemically
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active bacteriaseem to beabundantinavarietyofsamplesusedtoinoculate MFCs,including wastewaters, sludges,riverand marinesediments. Rapidacclimation ofan MFC can beseen when using domestic wastewater. Bacteriaontheanode wereexamined using ascanning electron microscope(SEM) (Figure 8,)

Figure 8. A scanning electron micrograph(SEM) ofbacteria ofdomestic
Potential and Current Measurements of the Microbial Fuel Cell
The system was monitored (15 minutes intervals) using a multimeter(Fluke 8846A Dıgıt precision Multimeter) connected to a personal computer. The circuit was completed with external resistances. Cell voltages were measured at various externalresistances. Current(i) was calculated ataresistance (R)from the

voltage(V) byi= V/R. Power(P) wascalculatedas P=i2 V.
Cyclic voltammogram
The cyclicvoltammograms ofthecellsuspensions were obtained using apotentiostat(Voltalab,PGZ402

Potentiostat30V-1A)

Results
Cyclic Voltammograms

In Cyclic Voltammograms (CV) teststhe potentialisgraduallyincreasedinthiscasefrom (-1 V)to(1.2V) for

SCFMFC and SCTMFC,respectively.Thecurrentis monitoredtoseeifthereispeakincurrentduetooxidation orreduction ofchemicalsinsolution. The voltageisthenreversed backtothe originalpotential.CV resultscan beseenfigure 9forSCFMFC andfigure 10forSCTMFC.

Thescanrateof 50mV/s wasemployed.Figure9showsthecyclicvoltammogram (CV) of whole mixed culture cellsuspensionsofSCFMFC. The CVs show thatthebacterialcellsuspensionshavearedox potentialofaround

–0.2V, currentdensity appr.1mA/cm2. CV of SCTMFC resultscan be seen Figure 10.The redox potential of

thecellisaround-0.5V,currentdensityappr.0.05 mA/cm2.
[image: image4.png]



Figure 9. Cyclicvoltammograms foranode with biofilm and 500 mg/L acetateforSCFMFC..
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Figure 10. Cyclicvoltammogramsforanode withbiofilm and 500 mg/L acetateforSCFMFC

Power Generation from TCMFC system
A membrane MFC inoculated with S.putrefaciensand acetateproduced 0,8 mW/m2..The circuit was completed withafixedload of 5k
were usedtodeterminethepower generation asfunction ofload. Current(i) was calculated 4 A. Potential(V)=iR, Power(P) wascalculated as P=iV. P=i2.R=(4*10-6)2.(5*103)=0,08

W/cm2 =0,8 mW/m2
Power Generation from SCFMFC system
Single Chambered Flat MFC inoculated withdomestic wastewater(5000 mg/L)and2000 mg/L acetate then 500 mg/L produced 15,3m W/m2..The circuit wascompleted withafixedload of 5,1
were usedto determinethe power generation asfunction ofload. After50 hours,current(i)neasurement wascalculated

7 A.(Figure 11). Figure 12showsthat maximum power density ofSCFMFC was 15.3mW/m2
Current generation of mixed culture(5000 mg/L), of SCFMFC using 2000 mg/L acetate
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Figure 11. Currentgeneration asafunction ofanode
Pow er Density for SCFMFC(2000mg/L- 500 mg/L acetate)
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Figure 12.Power densityforSCFMFC
Discussion
MFCs typically produce power at a density oflessthan 50 m W/m2 (normalized to anode projected surface area) (Bond et al, 2003, Tender et al 2002 and Kim et al 1999). Power generation using a membrane(Nafion) MFC inoculated with G. Metallireducens was 37 to 40 m W/m2 which was similartothat found by others using Geobacter spp. and other pure cultures in two chambered MFCs. Bond et al.(2002) obtained 14m W/m2 usingatwo chamberedfuelcell, while Bond and Lovley(2003)achieved 49 m W/m2 using G. Sulfurreducensand acetate-fed membranefuelcells.Theselevelsofpowerarehigherthanthosereportedfor MFCs with S.putrefaciens IR-1 and lactate(0,6 m W/m2)(Kim et al,2002) or Rhodoferax ferrireducens and glucose(8m W/m2)(Chaudhuriand Lovley,2003). Mixed culturesinthesame membrane MFC inoculated with

wastewatergeneratedasame power density(38 m W/m2).,
Inthisstudy,powergeneration using Nafion MFC inoculated S.putrefaciens using 6M acetate was 0,8 m W/m2  for TCMFC and power generation of SCFMFC inoculated with domestic wastewaterusing 2000 mg/L acetate and 500 mg/L acetate) was 15,3 m W/m2. The observationthat power densityismuch larger using the

singlechamberedthan atwo-chambered MFC isconsistentwith previousstudies.

A criticalfactorinthe power density achievedin atwo chambered system wasthe system internalresistance, which was primarily a function ofthe proton exchange system (Min. B, 2005). We believe that more useful

mediator-less microbialfuelcellsystem willbe obtained by modifying andimprovingthe fuelcellformat,the fuelitself,concentration of bacteria,electrode surface area, electrode material, membranes, contacttime, and environmentalconditions.

Applications
Microbialfuel cells are not new – the concept of using microorganisms as catalystsin fuel cells was exploredfromthe1970sandmicrobialfuelcellstreatingdomestic wastewater werepresentedin1991. However, itis only recently that microbial fuel cells with an enhanced power output have been developed providing possibleopportunitiesforpracticalapplications(Rabaey and Verstraete,2005).

One ofthefirstapplicationscould bethe developmentofpilot-scalereactorsatindustriallocations where a high quality and reliableinfluentis available. Food processing wastewaters and digester effluents are good candidates. Moreover, decreased sludge production could substantially decreasethe payback time.Inthe long term more dilutesubstrates,such as domesticsewage,could betreated with MFCs,decreasingsociety’sneedto investsubstantialamounts ofenergyintheirtreatment. The growing pressure on our environment,andthe call forrenewableenergy sourceswillfurtherstimulate development ofthistechnology. MFCs have been proposed asa methodtotreat wastewater,andthusitisimportanttoevaluatethe overallperformanceinterms of(BOD), (COD),or(TOC)removal(Logan etal.,2006).

However, MFC power generationisstillverylow (Tenderetal.,2002; Delong and Chandler,2002),that istherateofelectronabstractionisverylow. Onefeasiblewaytosolvethis problem istostoretheelectricityin rechargeable devices and then distribute the electricity to end-users (Ieropoulos et al., 2003). TheMFC technologyisparticularlyfavoredforsustainablelong-term power applications(Du etal,2007). A MFC-based treatmentplantofthefuturewilllikelylook alotlikeasystem builttoday around afixed-film system such asa tricklingfilter. Theimportantdifferenceisthatthisfuturesystem could produce not only enough electricityto runthe plant,buttohelprunthetown-transforming yourlocal wastewatertreatmentplantintoapower plant.
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