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Abstract

Three different generations (Gen-I, -1l and -11l) of microbial fuel cell (MFC), distinguished by their historical development and mechanisms
of electron transfer, were compared. Gen-I utilised synthetic redox mediators combin&selitkrichia coliln contrast, the Gen-Il exemplar
utilised the natural mediating properties of sulphate/sulphide with the sulphate reducing Bestifevibrio desulfuricansGen-Ill MFCs
were based on the anodophillic spedi@sobacter sulfurreducerend required no soluble mediator. Each type of MFC was operated under
similar environmental conditions. In terms of substrate to power conversion efficiency, Gen-11 was most efficient (64.52%), followed by Gen-ll|
(47.38%) and Gen-I (28.12%). When output was expressed as power/unit of cells, Gen-lll was 28-fold higher by compariseri (83e72g
cells). For comparative purposes, these results were produced using equal rather than optimal circuit loads. Under optimal loading conditions,
Gen-lll produced on average five-fold higher power than under equal load and the conversion efficiency was 95%. To the best of the authors’
knowledge, this is the first time that these three types of MFC have been experimentally compared under similar conditions. Gen-Il and -1lI
but not Gen-I may be used advantageously in wastewater treatment and power generation from the organic matter.
© 2005 Published by Elsevier Inc.

Keywords: Microbial fuel cells; Dye mediators; Sulphide; Anodophillic bacteria; Redox potential

1. Introduction vived Potter's MFC after scientists had already demonstrated
how the enzymes in bacteria oxidise fdd&]. 39
Microbial fuel cells (MFCs) are bio-electrochemical trans- The principle of operation of MFCs lies in the extractione

ducers that convert microbial reducing power (generated by and transfer of electrons from microbial cells onto the anode
the metabolism of organic substrates), into electrical energy electrode. The anode is connected to the cathode via an ex-
[1-5]. They are an alternative to conventional methods of ternal electrical circuit through which electrons flow to formus
generating electricity, for small-scale applicati¢s9]. the current). Electrons travel from the anode (negative) to.
The link between electricity and metabolic processes in the cathode (positive) due to the redox potential difference
living organisms was first studied in the eighteenth century, that exists between their dissimilar liquid solutions. 46
when Luigi Galvani observed electricity production in the Several microbial species have been reported to release
legs of a frog and first established his theory of ‘animal elec- electrons to the anode electrode directly or with the use a&f
tricity’ [10]. In 1910, Potter demonstrated the production of their electroactive metabolitg8,4,13—-20] More recently, s
electrical energy (voltage and current) from living cultures of mixed cultures of bacteria found in sewage sludge have been
eitherEscherichia colior Saccharomycesy using platinum reported to actin a similar manner, however it has not yet been
electrodeg11]. This important discovery (the first reported reported what mechanisms are involved in such an ecosys-
MFC) was forgotten or ignored until 1931 when Cohen re- tem[3,21-25] In their majority, however, bacterial speciess:
do not readily release electrons and hence the interventionsef
* Corresponding author. Tel.: +44 117 328 3530; fax: +44 117 328 3960. Synthetic and/or natural compounds termed redox mediatags
E-mail addressloannis2.leropoulos@uwe.ac.uk (I.A. leropoulos). is required. Dye mediators such as neutral red (NR), methy-

0141-0229/$ — see front matter © 2005 Published by Elsevier Inc.
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lene blue (MB), thionine (Th), meldola’s blue (MelB) and which the authors have attempted to classify MFCs accorig-
2-hydroxy-1,4-naphthoquinone (HNQ) have been used with ing to the species of microbe and mediator employed and
species likeProteus Enterobacter Bacillus Pseudomonas  then compare these in terms of power output and longevity
and Escherichia colito investigate their behaviour and the [4,14,43-45] However, due to the lack of vital informationuis
effect on MFC performanci,4—6,26—41] from the original authors, these reviews were inconclusivear
Mediators penetrate the bacterium cell in their oxidised  The aims of this investigation were to study exemplais:
form and interact with reducing agents within the cell (re- of the three fundamentally different MFCs systems, which
duced cytochromes, NADH or NADPH) becoming reduced we term, generation-I (Gen-I), generation-1l (Gen-Il) ando
themselves. The reduced mediator is also cell permeable andjeneration-11l (Gen-lll) using, wherever possible, similas:
is capable of diffusing out of the cells to the electrode surface physicochemical controlled conditions to objectively coms:
(anode) whereitis electrocatalytically oxidised. The oxidised pare their performance. The activity and response of the mi
mediator is then free to repeat this cycle. The cycling contin- croorganisms to the different conditions was monitored i
ually drains off a portion of metabolic reducing power (elec- terms of fuel cell power output (a measure of bacterial res
trons) to give electrical power at the electrodes. In addition, ducing power), longevity of output response and changein
cell metabolism and mediator interaction release protons in anodic pH levels following the addition of a defined dose af:
the anodic chamber, which migrate through a proton selectiveappropriate carbon energy substrate (sucrose or acetate)azs
membrane into the cathodic chamber. In one cathode config-
uration, the protons are taken up by ferricyanide; in another

they are consumed by oxygen. Both ferricyanide and oxygen 2. Materials and methods 129
in the presence of electrons donated from the cathode surface
react with protons and are reduced to form ferrocyanide or 2.1. Bacterial strains and their cultivation 130
water.

A different type of MFC has been describi@d, designed 2.1.1. Gen-Ilfuel cell 131
for the treatment of sewage and landfill effluent wastewa-  Escherichia col{UWE culture collection 17) was main- iz
ter. This was based on the sulphate reducing sp&ssil- tained on nutrient agar slopes (Oxoid, Basingstoke, UK) and

fovibrio desulfuricangnixed with four other species, namely  weekly subcultured by transfer on to nutrient agar plates (O«
Proteus vulgarisEscherichia coliPseudomonas aeruginosa oid), at pH 7.0. The agar plates were incubated atG37or 13
andPseudomonas fluorescefi$ie role of these other species 18 h aerobically, and then stored at room temperature. Cell
was to utilise a wide range of sugars and other organic sub-suspensions for experiments were produced by groling s
strates, and convert these into end products including lactatecoli in tryptone (10gt?1), yeast extract (5gtt), KoHPO, 12
D. desulfuricansvas capable of utilising lactate as its carbon (17.418gt?1) pH 7.0 with sucrose (2gH) as the carbon
energy source and used sulphate {Bfound in wastewa-  energy (C/E) source. One litre volume was sterilised by aus

ter as its end terminal electron acceptor, which it reduced to toclaving at 122C for 15 min. 141
sulphide (%) [3,18]. Sulphide was electrochemically active
at the anode and was oxidised at the electrode surface, giv2.1.2. Gen-ll fuel cell 142

ing electrons and sulphate. This fuel cell gave much higher  Desulfovibrio desulfuricanstrain Essex 6 was obtainechss
power density than previous types and required no syntheticfrom the National Collections of Industrial Food and Marines
exogenous mediators, since the sulphate/sulphide redox couBacteria Ltd. (NCIMB, Aberdeen, Scotland). Stock culturess
ple acted as such. were grown and maintained on medium 1249 slopes (Mods
In later years, Caccavo et [@2] reported the discovery ified Baar's Medium for sulphate reducers) proposed by the
of a microbial species calle@eobacter sulfurreducernhat American Type Culture Collection for Bacteria and Bacteriq=s
was capable of oxidising acetate and hydrogen. Bond andphages (ATCC, USA), pH 7.5 at 3C anaerobically. They 1o
Lovley[18] reported that this species could produce electric- were weekly subcultured by transfer on to fresh medium agar
ity by forming a monolayer directly on the anode electrode plates, and stored anaerobically at’80 151
surface and use this as their end terminal electron acceptorin  Escherichia coli(UWE cc 17),Proteus mirabilisS(lUWE s
anaerobic respiration. This is a unique ability that can exist cc 19), Pseudomonas fluoresce(IdWE cc 36) andPseu- 1ss
in species termed anodophiles suclGasulfurreducenand domonas aeruginosgJWE cc 56) were maintained on nu-iss
Rhodoferax ferrireducer{49]. trient agar slopes (Oxoid), at pH 7.0 and weekly subcultured
It is difficult, from published work, to compare the per- on fresh nutrient agar plates (Oxoid). With the exceptioR of 1se
formance of the different types of MFC since different work- fluorescensagar plates were incubated aerobically at@7 s
ers have used different conditions and, in particular, differ- and then stored at room temperatiRefluorescensvas both 1ss
ent types and surface area ratios of working volumes andincubated and maintained at room temperature. The bacte-
electrodes. Moreover, some workers have used gas diffusionrial strains used in this line of experiments were adapted to
cathodes, which use oxygen in air as the oxidant whilst oth- growing in relatively high concentrations of sulphate (5%}:
ers have used ferricyanide cathodes as a convenient standarby sub-culturing with increasing steps of 0.1% sulphate ig
catholyte. There have been comparative reviews in the past, innutrient broth and then on to nutrient agar plates with the cas
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responding sulphate concentration. For experiments, species Anode
were grown separately in the nutrient broth with added su-
crose (2gt1) as the C/E source. The medium was sterilised
by autoclaving prior to inoculation.

Cathode

2.1.3. Gen-lll fuel cells

Geobacter sulfurreducerstrain PCA was obtained from
the ATCC, USA. Stock cultures were grown on ATCC
medium 1257 (ETSA medium) broths and agar slopes, pH
6.8 at 30°C anaerobically. The cultures were periodically
subcultured on to fresh medium agar plates and stored anaer-
obically at 30°C.

Carbon
L electrode

2.2. Estimation of biomass

Bacterial cultures were typically grown ind250 mL vol-
umes of appropriate broth medium and cells harvested by
centrifugation (HS18, MSE Scientific Instruments, Crawley, ;;‘é‘}?;n .
UK) (6000 rpm for 30 min) and then re-suspended in 0.1 M membrfnce
phosphate buffer (Sigma, Dorset, UK). Samples (0.25 mL) of
re-suspended cells were serially diluted (1:1000) until within
the linear range of optical density at a wavelength of 660 nm
(ODy, =660nm- The spectrophotometer used was a Shimadzu
UV-1202 and an OD of 1 was considered to be equivalent Fig. 1. Analytical form of MFC used in these comparative experiments.
to 1200u.g dry weight cells per ml[46]. The 660 nm wave-
length was chosen to allow the comparison with previous (Pico Technology Ltd., Cambridgeshire, UK). Two such sys=

work [40]. tems were configured for experiments involving more than
eight MFCs. 215
2.3. MFC design and operation Real time data was recorded using PicoPegsion 5.09.4 21

recorder software and retrieval of the data was performed us-
The MFCs comprised two (anode and cathode) 25mL ing the PicoLo§ vesion 5.09.4 player software (Pico Techzis

Perspex chambers with dimensioms=6cm, w=5cm, nology). 210
I=1.5cm, open on one side and with two holes on top, as
described by Bennetto 1996]. They were assembled using 2.5. Background current 220

5mm stainless steel studding, washers and nuts, and phys-

ically separated by a Nafi6hproton exchange membrane All the three types of MFC were set up with each containz
(Merch Ltd., Lutterworth, UK) with a 30 chsurface area.  ing the same electrode type/shape/size and concentratiogof
Each chamber contained a folded sheet of carbon fibre veilcatholyte. The anolytes were made according to each gener-
(20n?g~1) (PRF Composite Materials Poole, Dorset, UK) ation’s composition, but in the absence of microbial cells angd
as the electrode with a resistivity oftbm in the machine  CE source, and were monitored so as to establish the baseline

direction and 92 m in the cross direction. The folded elec- of the chemical redox reactions. 226
trodes were pierced with a 5cm long nickel-chrome wire

coming out of one of the two top holes to provide the con- 2.6. Calculation of power output and coulombic 227
nection points for the external circuit. The electrode confor- efficiency 228

mation was such that 180 émurface area of carbon veil was

‘folded down’ to 5c¢n?, in order to reduce the resistance of The current in Amperes (A) was calculated using Ohm’sze
the material, and hence reduce the internal resistance of thdaw, | = V/R, whereV is the measured voltage in Volts (V) anco
fuel cell. The analytical form of a MFC is shown below in  Ris the known value of the external load resistor in Ohfis ( 2a:

Fig. 1 The external load value used for the experiments was2.0 ks
Fromthisitis possible to calculate the power ouput watts 2

2.4. Data capture (W) of the MFCs by taking the product of the voltage and.
current, i.,eP=1 x V. Current density was calculated usingss

Electrode output was measured in millivolts [mV] against | =V/aR, whereq is the electrode surface area. 236

time. This was achieved by linking the MFCs to the serial Output expressed in terms of electrons per unit area
communications port of a desktop pc via an eight-channel of electrode, was calculated using 1[C]=1[AL[S], zss
RS232 interface connected to an ADC-16 A-D converter 1[C]=6.24x 10'8e~ and 1 mol=6.0% 10?3e~ and taking =
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into consideration the electron yield from each of the sub- Table 1

strates used. Output expressed in terms of electrons per dr)/\veraged power output, final pH value and calculated internal resistance for
. : Gen-I MFC for five different mediat

weight cell was also calculated using the above formulae. =" or five dierent mediators

The power output due to the microbial cells was obtained Mediator Pave (1W) PH shift Rint (k&)
by subtracting the MFC power recorded in the absence of mi- MB 31.77 —0.4 237
crobes (background current) from that recorded in the pres-HNQ 29.83 —03 451
ence of cells. Th 28.84 -0.3 409
MelB 26.12 -1.3 352
NR 12.73 ~0.6 1116
2.7. Internal resistance (Rr)
Internal resistance was calculated fraRwT = (Vo/d/IL) 3. Results 290
— R, whereVy, is the open-circuit of the MFQ,_is the cur- . . . o
rent under a load arfd_is the value of the load resistor. The 31 Synthetic mediator investigation 201

equation is derived from applying Kirchoff’s voltage law to

a circuit where a power source is connected to a known load. : _ i k
Due to the fact that both théyc andl; were necessary to per- investigate their performance in both electron extraction anel
form the calculations, two MFCs were employed, in the cases SP€€d of responsgable 1shows the average power outputs:

of Gen-I and -II, where one of them was continuously under pH values and internal resistance values for the five mediatags

load and the other was open-circuit. For Gen-Ill experiments, N Gen-IMFCs over 5 days. MB produced the highest average

Rt Was calculated by connecting the MFC to the same load POWer whilst NR produced the lowest, approximately, 40%

for a period of time (to ensure electrode colonisation) and that of MB. The final pH values were close to neutral witks
then disconnecting to open-circuit for measurements to be (€ €xception of MelB, which was more acidic at pH 6.2. Thes
calculated values foRnT showed that MB had the lowestsow

Different synthetic mediators were used in Gen-l MFCs te:

taken. ) . . .
internal resistance value whilst NR had the highest. 301
2.8. Catholyte composition _
3.2. Comparative results from the three MFC a02
The catholyte consisted ofd&e[CNJ (II1) (32.88gl1) generations 303

mixed with KoHPOy (87.09 g 1), with the pH adjusted to _ .
7.5. For the purpose of this investigation, the catholyte com-  The average power output data over the first 10 dayssis

position was the same for all experiments. shown inFig. 2 and summarised iffable 2 during which s
Gen-ll gave the highest output. The time taken for the power
2.9. Anolyte composition output of each MFC type to reach the baseline value duesto

substrate depletion was different (10, 15 and 25 days for Ge#-
For Gen-| experiments comparing mediators, the anolyte I, -1l and -1lI, respectively). Couloumbic efficiency, electrors
consisted of KHPQ, buffer (87.09gt1) plus media-

tor at 0.1 mM final concentration, pH 7.5. These were 50
MB (0.0319g11), HNQ (0.0174 gt1), NR (0.0288gt1), 45
MelB (0.0379gt?), Th (0.0287 gt?'). For these experi- 40
ments sucrose was used as a substrate at 29.3mM (1%,_. 351
(w/v)) final concentration (C/E excess conditions for the =, 301
duration). g 25 1
For comparing Gen-l with other generation MFCs the 2 20
anolyte consisted of MB and #&KPOy (as above) with su- 15
crose 1.17 mM (0.04% (w/v)), which was shown to be C/E 10 4
limiting by 10 days of operation. 5-
For Gen-Il MFCs homogenised clay (250¢) and slate 0 : , [ : , , : : : :
(250 g 1), particles (2.5% (w/v) final concentration in both ¢ 1 2 3 4 S5 6 7 & 3 1
the cases) mixed with Ky#POy (68.045g11) were used in Time [days]

the anolyte. These were derived from garden clay and pul- _ _ _ o
verised qarden slate and were used to provide ‘sediment’ a Fig. 2. Power output from different types of MFC (first 10 days). Circuit load
9 ! : P . t\Nas 10 K2 for equal load comparison (closed symbols) an@dr Gen-Ill

the bOFt_Om_Of the half'ce”-_M|Xtures were setat pH 7.5 prior |oad optimisation (open symbols). Substrate for Gen-I and -1l was sucrose,

to sterilisation by autoclaving. and for Gen-Ill was acetate at the same gram weight concentration (0.04%
For Gen-lll MFCs, the anolyte composition wagfP Oy (Wiv)), biomass was OD =15 [abs], catholyte wasFé¢ [CN]s at 0.1 M

(87 09g Fl) at pH 6.8. In contrast to the other fuel cells. the concentration and the electrode surface area was 180Ehe synthetic

CE.SOUI’CG for Gen-.lll. MECs was acetate at a final co}lcen- mediator used in the Gen-1 MFC for this comparative experiment was MB.

. Key to symbols: Gen-1€), Gen-I| (@), Gen-l1l-10 k2 (a) and Gen-lll-1 K2
tration of 5mM (0.04% (w/v)). ©).
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Table 2
Average current and power output for the three MFC generations, with calc&gtedcurrent densitylg), coulombic yield C) and efficiency fc)

Gen-l (10k2) Gen-ll (10 k2) Gen-lll (10 k2) Gen-lll (1 k)
Pave (LW) 22.27 4550 4.62 21.15
lave (WA) 44.05 67.41 21.16 106.76
lg (MA/M?) 2.44 3.74 1.17 5.93
C 38.05 87.36 45.71 92.24
e (cm?) 1.32x 1018 3.02x 108 1.58x 1018 3.19x 1018
e (ug) 0.53x 10%° 1.21x 1015 33.72x 10t 68.03x 1052
Maximum yield (mmol) Sucrose Acetate
1.4035 1

nc (%) 28.12 64.52 47.38 95.61
pH shift -0.4 0 0 0
RinT (K2) 7.86 1.87 4.18 1.10

Also shown inTable 2are values for the number of electroes ) per electrode unit surface and per dry weight cells. In the case of Gen-lll, analytical data is
shown for both optimal and sub-optimal external loading conditions
a Geobacter sulfurreduceredectrode colonisation was taken to be 0.047 mg/trom Bond and Lovley18].

yield per electrode unit area and per dry weight cell were systems in the bacterial cell, and the interaction between the
calculated on the basis of complete substrate depletion (totalanode and the cathode. Although mediators may well difs
duration), and in these cases Gen-Ill gave the highest valuesfer in their abilities to penetrate the bacterial cytoplasmie:
In terms of pH values, Gen-I MFC showed a decrease of 0.4 membrane in their oxidised or reduced form (permeability ex
pH units over the 10-day period, however Gen-ll and -Ill diffusability), the most important difference is their standargs
showed no pH change after the period of substrate depletionredox potential (redox equilibrium). Within a MFC systensso
(Table 3. The lowest value djnT was given by Gen-IIMFC,  the lower the redox of the anode compared to the cathodg,
followed by Gen-lll and Gen-l, respectively. Also shown in the higher the output open-circuit voltage (all other factoss
Table 2is the current density (A/R) for each of the three  being equal). This is an indication of the force with whichss
MFCs, based on average output. electrons will flow. The synthetic mediator NR has the lowest
The effect of changing the circuit load resistance on Gen- redox (highest negative valug, = —0.325mV), and on this s

Il performance was studied by replacing the I®kbad by basis would be expected to produce the highest voltage and

a 1k resistor on an otherwise identical MFC with respect current. However, the data shows this not to be the case. This
of other parameters. Analytical data from this experiment suggests the possibility that NR is not the most efficient medis
are also shown ifiable 2 The average power output over the ator when competing for electron transfer within the cell. The
same 10-day durationis shownin Fig. 4. Asitcan be seen, thisredox difference between the principle redox couples withign
MFC produced on average a power output five times higher the cell (cytochromes, NADH, NADPH, glutathione) and the:
than that produced using the sub-optimal (%) koad. highly negative NR may be too small to allow the efficient:
electron transfer. In contrast, MB which has a less negative
redox (E; = —10mV) may be expected to produce a lowess

4. Discussion electrode open-circuit voltage than NR, yet s clearly superias
in giving the MFC greater power output. This suggests that
Three fundamentally different types of MFC, which are MB is more efficient at the cell interaction stage. To work:

categorised by the way electron transfer to the anode isefficiently, anodic mediators must possess a standard redex
achieved, have been compared. These systems are classifigePtential €o) that is positive enough compared to the bioss

as generations, according to their historical development andl0gical electron carrier (e.g. reduced cytochromes or NADH)
initial descriptions in the scientific literature. to extract electrons from, but negative enough compared:to

Gen-1 MFCs are characterised by their use of a syn- the anode electrode, to be oxidised at its surface. In this way,
thetic mediator to couple cellular electron exchange (reduc- the €lectron exchange between biological reductants andsar-
ing power) to electron abstraction at the anode. UEingpli tificial oxidants that would not naturally occur is indirectlysz
as the standard exemplar of heterotrophic species commonlyachieved. . . 375
employed in Gen-I MFCs, we compared the effects of five  1heinternal resistanc&yr) in MFCs can be affected by s
different mediators in otherwise identical systems and found the anolyte and catholyte composition and pH, electrode ma-
power to improve in the order of NR, MelB, Th, HNQ and terial and structure, electrode polarisation and the microbes,
MB. which are by nature resistive. An MFC willhave ahRgRt if =7

In an MFC using a standardised cathodic system, therethe electron flowl() is low compared to the force with which s
exist two distinct redox processes to be considered: interac-électrons can flow through the systexfy). In the case of s
tion between the redox mediator and the biological reducing NR theéVorc is high (Vvrc ~0.8 V) when placed against thes

EMT 6832 1-8



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

402

403

404

405

406

407

408

409

410

412

413

414

415

416

417

418

419

420

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

DTD 5

6 I.A. leropoulos et al. / Enzyme and Microbial Technology xxx (2005) xXx—xxx
ferricyanide cathodeHK; = —0.436 mV) but thel| is low potential can be changed in two different ways: (a) by uss
due to the reasons mentioned earlier, hence the higker ing a potentiostat and (b) by varying the external load. Uss

when compared to that of other mediators. This means thating the former method, Chaudhury and Lov[@®] showed 40
the NR MFC has a higher tendency to oppose the flow of that a better conversion rate of acetate to electrons was
electrons produced within the system. It was also observedachieved when the electrode was poised using a potentie-
thatRnt was affected by operation time; the longer the ex- stat at +0.2 V. In our experiments, the effect of changing the
periments were run, the higher it would become. The changesexternal load (second method) was studied. TheS10dc 4
with time prevent the use of the polarisation curve method sistor value was initially chosen after optimising the powers
[20,47] to compare power outputs across a range of resis-output from Gen-l MFCs (data not shown) and hence the
tors, a method, which requires steady-state conditions. Thesame value resistor was used for all the three generatiens
changes over time probably reflect a combination of mediator throughout this line of experiments for comparative pufzs
degradation, microbial exhaustion, and acid waste build-up poses. A significant improvement was observed usingsa
or substrate depletion. For Gen-ll MF®gy T is less affected 1 k2 external load instead of a 1@(Table 9. Data from s
through operation, giving a more consistent performance overChaudhury and Lovley19] taken together with our resultss:
time. with the two different resistor values suggest that there is
From the initial experiments comparing five different me- an inverse relationship between the power output and the
diators in the Gen-lI MFCs, it was decided to use MB as the value of the external load resistor between the values ©f
mediator in the experiments comparing the three different 0.5-10 k2. 455
MFC types. As it can be seen froRig. 2, under the same The abstraction of electrons from substrates in a Gensd
external circuit load conditions, the highest average power type MFC using artificial mediators is an accidental contins
and current output was given by the Gen-II, followed by the gent property of the microorganisms and their interactios
Gen-l1 MFC, both fed with sucrose. The lowest power out- with the mediator. In contradd,. desulfuricansisedin Gen-Il - 4s
put was produced by the Gen-lIl MFC fed with acetate. The MFCs is capable of reducing the sulphate to sulphide, as part
coulombic yield was calculated based on the average currentofits natural metabolism. Furthermore, sulphate/sulphide can
and complete substrate depletion, which is the time period be found naturally in wastewater. Clearly this type of fuet.
taken for the output to reach the baseline. In this case thecell could be operated in continuous mode, providing suks
Gen-ll MFC gave the highest yield with the Gen-lll MFC phate or sulphide was present in the input stream. Although
being the second best due to the long time taken for its outputsulphate/sulphide would be present in the output stream, this
to reach the baseline. The coulombic efficiency was calcu- would be more acceptable than dye mediators since it is oth-
lated on the basis of maximum substrate yield, with Gen-ll erwise present as a natural consequence of waste prodsic-
being the most efficient followed by the Gen-Ill and -1, re- tion. Due to the fact that the mediator is natural rather thasa
spectively. The same order was observed when output wassynthetic, such MFCs are referred to as second generatien

expressed as the number of electrons per electrode surfacéGen-Il) MFCs. 470
area. To be of practical use giving power output over long peris:
For Gen-lll MFCs, it has been showi9] that theG. ods of time (months/years) MFCs will have to be converted

sulfurreducensinodophile forms a monolayer on to the elec- to continuous flow and employ cathodic half-cells that cam
trode surface, suggesting that the number of microorganismsnegate the need for replenishment. The latter can be achieved
engaged in the electron transfer is only a small proportion of by exploiting oxygen from free instead of ferricyanide that re-s
the total inoculated into the anodic compartment. This was quires periodic replenishment. In such systems, substrate and
validated in our studies by periodic removal of the anolyte other nutrients will be continuously supplied to the bacteria
and replacement with only acetate and buffer. In these casesind furthermore, there will be no waste product accumulaties
the power output remained unaffected apart from an initial as these will be constantly driven out of the system. Desigr-
small fluctuation due to fluid agitation. Under the conditions ing MFCs to operate in a continuous mode is a challenge that
of replaced anolyte, the output expressed in terms of electronswill have to be addressed according to the type of MFC under
per dry weight of cells was very much higher for the Gen-Ill consideration. 482
system Table J. This suggests that the properties of sucha  Due to the difficulty in producing, maintaining and dis=s:
system are far different to those of the others and will have carding artificial mediators, Gen-1 MFCs are unlikely to haves
to be addressed in a different way when considering things an impact in future developments of this kind. On the othes
like scaling-up (or down), electrode surface area to volume hand, Gen-Il and -lll MFCs may be used advantageously ia
ratio, optimum circuit load and dilution rate in the case of a wastewater treatment and power generation. 487
continuous flow system.
In the experiments using equal external load (R),khe
power output from Gen-lll MFCs was not as high as previ- References 88
ously reported19]. One reason for this could be the sub-
optimal poise potential of the anode electrode. The poise [1] Bennetto HP. Microbial fuel cells. In: Life chemistry reports. Lon-sse
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