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SUMMARY

In the present study, construction and application of a novel
mediator-less microbial fuel cell using electrochemically active
bacteria were investigated. Direct electron transfer from different
Shewanella putrefaciens strains and its mutants to an electrode was

examined,

In the cyclic voltammetry, anaerobically grown cells of &
putrefaciens strains showed electrochemical activities, Microbial fuel
cells were constructed using the S putrefaciens strains, The
concentration of lactate as the electron donor in  the
anode compartment determined the current generation capacity and
potential development in the microbial fuel cell. When the high
concentration of the bacteria (0.47g dry cell weight /7 1) and an
electrode that has large surface area (apparent area: 50 cm2) were

used, relatively high Coulombic yield (over 3 C for 12 h) was obtained.

Using a three-electrode cell the strain IR-1 was able to cultivate,
In the cultivation system, the positively poised working electrode

worked as an artificial electron acceptor,

On the basis of these results, the microbial fuel cell was used to
enrich electrochemically active microbes using wastewater from a starch

processing factory as the electron donor with activated sludge or

_11_



sludge of the anaerobic digester as the bacterial source. Within 4
weeks a current of 0.2 mA was generated with a resistance of 1k in
sequential-batch operation mode, The COD of anode reaction mixture
treated with anaerobic sludge decreased from 1942 ppm to 55 ppm after a
month, Coulomb has been maintained almostly 10 Coulomb(C)., The COD
change and Coulomb production with aerobic sludge were 1100 ppm to 69
ppn and 20 Coulomb, respectively. Starch processing wastewater
treatment was tested after enrichment of electrochemical active
bacteria, The .COD and TOC removal was more than 95% and 87%,
respectively, The microbial fuel cell performed optimally at pH 7 -8,
and the optimum temperature was 37C. Current generation was influenced
by the presence of respiration inhibitors, The Uncoupler (DNP) and
ATPase inhibitor (DCCD) showed the inhibition of current production,
P-CMPS (Fe-S cluster inhibitor), HQNO(Cytochrome b site inhibitor) and
Antimycin A (electron transport chain Il inhibitor) also decreased the
current generation, However, the terminal oxidase inhibitors, cyanide

and azide did not inhibited,

Based on the previous experimental data the microbial fuel cell
format was revised to decrease the channelling effect and contact
resistance between electrode and the connection lead. Several attempts
were made to overcome those problems, and the application of electron
collector was selected for the construction of the microbial fuel cell.
A 17 ml of newly constructed cell and an artificial wastewater were
used for the further experiment., Various operational parameter such as
different feeding rate of fuel and resistance were examined and the

fuel cell system was optimized.

_12_



The anode from the enriched fuel was also examined microscopically.
Low wvacuum electron microscope showed bacterial clumps loosely
associated with the electrode and biofilm onto the electrode, Scanning
electron microscopic observation of the biofilm revealed particle of
ultramicrobacterial size as well as of normal bacterial size. The
smaller particles were found to possess bilayer membrane structure by
transmission electron microscope. Confocal scanning laser microscopic
observation of the enriched electrode showed that Gram negative and

positive bacteria formed microcolonies throughout the bulk and biofilm

at all depths.

When the bacteria concentration of the anode was analysed by the
conventional colony count method, the biomass enriched on the electrode
was 4 orders of magnitude less than that predicted by chemical analyses
of the enriched electrode. Chemical analyses of the enriched electrode
showed that one gram of the electrode generated biomass containing
131.759.8mg protein and 4.330,24mg DNA. These figures were used to
calculate the number of bacteria present as 6. 34 0.6 x 1011/g
electrode assuming that the bacterial cells contain 55% protein and
1.8% DNA, Most of the Fe(11l)-reducing isolates were electrochemically
active, Based on these findings it was hypothesized that
electrochemically active bacteria are wide spread, and that their

electrochemical activity is related to a form of anaerobic respiration,

An obligately anaerobic bacterium designated as EG3 was isolated
from a microbial fuel cell. The isolate was Gram-positive, motile and

rod (2.8-3.0/m long, 0.5-0.6imwide). The partial 16S rRNA gene

_13_



sequencing and analysis of the fatty acid profile suggested that EG3
clustered with Clostridium sub-phylum and exhibited the highest
similarity (98%) with Clostridium butyricum, The temperature and pH
optima for growth were 37C and 6.8-7.4, respectively. Clostridium
butyricum EG3 grew in phosphate buffered basal medium (PBBM) with
glucose as a sole electron donor. Other simple carbohydrates were also
used by the isolate. Growth was faster when the medium was supplemented
with FeOOH than without FeOOH at the initial phase, but the final cell
yield was similar. These results suggest that Fe(IIl) ion is utilized
as an electron sink, The major products of glucose and glucose/FeO0OH
metabolism were lactate, formate, butyrate, acetate, C02, H2, Cyclic
voltammetry showed that Clostridium butyricum EG3 cells were
electrochemically active. The fuel cell was able to generate the
current of 0,.21mA and 54 Coulomb at the glucose consumption of 10mM.
It is a novel characteristic of strict anaerobic gram-positive

bacterium,

_14_.
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Mo Me

1-1 A0de 53

ARARAE FHIprgoAM WS ARAUAE A7 AUz HF

A8A e #Aolrk.  dazkx] sH} de] AL MR B3

Lee

-

ARAAZE 1834 Groveol o3 WEH Fi/itad AAEA 19603l

olEg ol FdF A oo FHAHom AFHI AZHAH Wl 1

e & Ats] S ofefol Tt

(+]
i

Anode (hydrogen)
2H, + 40HF — 4H.0 + 4e” (B = -0.42 V)

Cathode (Oxygen)
0 + 2H20 + 48-,—" 40H (Eoo = 0.82 V)

Whole reaction
2H2+02 i 2H20

dE, = E° - B =1.24V

olgjdt AFE Edlod Al JE FolAUY AFE FU ARHRZE AHESHE
AR 2} Zvjol] umla} alkaline fuel cell (AFC), phospholipic acid fuel cell
(PAFC), solid oxide fuel cell (SOFC), solid polymer electrolyte fuel cell

(SPEFC), molten carbonate fuel cell (MCFC) o] <lt}t g} vjF-E2

AEAMX|E A Al L2o] LRSI (e.g. SOFC : 800 - 1000 C: AFC, SPEFC:

.
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B dERAxE mAE ARAx7} vk nFE dRAA=

utdel duAxE wel §714 ARE ulgBe] RejsbdA wasis WS
AA7le FHTAH gebde ARIAI AR ARSHE F4/ata S

Byt HPYEAE e EEW, AE 5& dEE AMEst FUE A £
ach . 53] Aty Az, dAFoz WAst:= ZF {7 HE Y ngEol
25y £ e 4F fIIES AEE AR ¥ £t /U4 sigols B33
Fele /7180 ©EHE, AE A Fo| XUFe glod n¥Ee] I{fH
AR/ PEE o] &3 AF A FHES ote] FAe Hoh A&
ARAAE DB AGPosH ZE BT yely {7 YRS A=Y
AREZA AN 71 orm 23 2AoA AYPAgsito] rshesith 19119
Potter7} &R ujo¥ed(Saccharomyces sp.)Z} n]dZEo] Ex|s}x] = AtA3hH
uiz] o] Hol S wASIAL o] Mt zte] UALAe] v F wEolete o]
el dFel sl HIH olF, #IES

el g2 #Ao]l glddrh  AEolAM FARAE-2 AHE uio A o] Folx|n, o]
et A2y 5 dAd 72 AFo AAsH] mjiEd Ao Axpdd
FHolA Ay ARE Ao ALY # gk ®RIIES At A=

nBEZRE BAHeR HAE FIFoz A3ty gls) gHufgdeln A

ARE o|g3t ATARAAY

Hefe] Ax} ALANE vfsfA|(electrochemical mediator, electron shuttle)Z
AHgSle BEARAAE FF5H 4 gt AEARAAE= Y drAx|g
UEo] $EMolA WANE WABS BEFOT HUsH] skl 1965-70Wef
AA Ul NAsAolA HFA o2 AFHAoL Hrjd ez 3%t AxdA|e] vt
Y AL Sl Ha ST EHFEt BolX Reg Jeidth olF
BEARAA = o AFE Bl Brl ZEAA Fel2 Wds) gtom 19934
Allen 5& Zewts A82 3t v|WE(Proteus vulgaris : 435 mg in dry

weight)<S biocatalystZE AP35 electrochemical mediator
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(2-hydroxy-1, 4-naphthoquinone) & o] £3}o] 0.4 mA2] FRE 5 ol ¢FHLE
BAEH= 20 ml2ke] MEATAXE AT AN Eo] Ak3tE

HA7E wA8stE 7132 ofefst Zth
CeHio0s + 6H,0 — 6C0p + 24 e + 24’

218 AollA 1 18] o] u|Eo] ofste] it3tEo] WS 2470 AAE
HAg o2 AW fslM= $lojA] AZ8 electrochemical mediator?] H7}7}
"ot & njAEY Axl ALEAES Bt AHH Zzge Axpl
mediator§& BYUAFIZL o] BHUH mediator7t T AFE FYUAIE AL
AbstEict, Ab3E pediators THA] DjAAEL] Az} AYASE FH23le TUFEO
918 HF & HEo|FTh  Exwo] nAdEY trzFEE Fito atdlEd
BAIStE Azl mediatorE Edte] AZof MxIE AYsA E=u mediator=
14o= 23 2@ ddo] H = glon HAJo] Ao LS
UL IRk oz nAEY HHS AHIsl= F44 EFUoERE

1

Ay oeg R
Yol 4

ARA= e +EE

bt

ol

X,

| gH3tet,

P

H271zx] RBEARARX|2] biocatalysts® FEscherichia coli, Proteus
vulgaris, Saccharomyces cerevisiae So] o|&Fgr} o5 4 Y
F71EE At 4 glon, i E ARgsfofst= ©hEol glch  EZ X|F7A]
ARAFelMe] AEZAN 1 Fo nAES &5 HYstd ndE dRAAE
23317 WiEel A F Elde] ¥ 2] W U e e o] &Y 4 A
7148 Agdo] nBE A5AXY Ao EAELE FZF )

FZ #7178 AeiAlelN ad4 oiid, #H2EE AR EAZ o] &3t

ARste Aol el HEausa ok °olg2 B =A U=

rr

AAEA|[Fe(111)] & ME to 2 RHIA] Al MR ylollA] FUAF7] 3|
M 2let (outer membrane, OM)o] cytochromeE B33 9= Ho=z BIxlar],

ol 5o Fe(lll)E HAR}EAZE o]|&3}l= Shewanella putrefaciens IR-1
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A7 Aoz BEE Urtd o] Aol Az FAAE o|&3te Falo|u,
pyruvateg ARZ AH&slo] 2Ast= ARHA|oA w7 glo] ARE UAste
Zol yaizch XZ7hA] &R Fe(ll)BU Aol o] €8 + A= Axl FAAE=
ZAY, pyruvate, OFMEAF yeast extract S} benzene, toluene T YF
WHE REE o e ek weld s FY ot /RIIES ol 8Y +
de A7 HIA ZPANEE ?H‘Q%}Oﬂl ol& o|&3t= HEJEIAE MUt
H4E UMY AR o]§¥ 4 V] dEd 4 Al &Y £ dS
ofvjel Azprt s Fo {I7IEe]l Ze oAU UFEE HJE AAII]
uf 2ol sl Azl oA W3 LY P Y + 2don, o] AN
A7l A £+ e olFe] gt uwetd £ AFE Bl dub
o dEdRA2 Y chd ufsfAe] AMEE wiAlst Hrt ZpAolw iyt

k! 12 Foi Al FEARAAE Hdste] FF s

A S QAE A A&E], F/AFR A7 LA AA"] B AHEY 5 =S

lo

o

do,
(M
N
rr
=
ku
Ao
o2
(134

1-2 A77Le WK

AF7HA ARAFoA U uAE dRAA= uANE ARSI
HAFoT AFdte AYM FEY Jled S8 FoeEA AMYH sted W
|0l Z"3s] "ok 2 dFE Folod AU A2 Jed oA

< =
AT AL AL 2o AF3 7|E BEIRAR Ay 71x] @EHE )2 ¥

1

et 7

—

o =
AL 3

o

53 7714 see udEd F2 7120l Hy s
712 = A ndE ARAAE A A #7] HeE A AR A

T 4 gtk B =A%, Adseld wAsE s 2 EAEF Shist vz
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ofg] 712l FEAL YAolrt. 2 FolA sl g U FaFHA AHele
Zojo} & HAEY st AAFI glon FHa A o o4 B3 £ ¢S
FE2 dEE 2 WA s LUt BAL FulE xEslodobu st
gl BAE Ak Fay FHEEY st /Ulsles A7 4% 3R
ozt zfe4 4o thEFHA oE oju  FFEE ‘29 sAHS
glAoltt ghe 4] w=ElE Ha Azl o ol ALY £ g Al ol=A
2o w4 Al e wHAZA AE H4E olF™ A 2glo]

lm

Adew geRus Yol ozt HE, Sl HTYH AHAAEE AAH L4
Edo] Aujyez g2 At el &FH FheN 2dEH] AAsts JleR
wstEgdct. AERH sfAHNE RH4E Fo Addes s 314
AHelzg @718 AMzlzpge] EHch ol AHlAFE AXe ¢ v+
%9 H71EZ u|dEY ourdozM AMEe FAlzp AHFe] ol&HT
Axpder ujAEL "ol nldEHste] At AHidER & Wbl

URo}, A, Ha, HEIlL:, BIed TS U

rl

A7 OAES ol 8% AEUA Aok 443TL AU FI § Ve
AYxl 4£Ehel APozw olsiHoiZon nWEL olgste 4 eI
Fol4 7H8 olUXE AAsts wHe el uob glgich  od HAEE uis
Zol nlAES A8 EFY 47122 Fhstel AR WY iRt olo)
AU HAZ o§3ted  Hahsin o7l WS o s gEle ouxE
453 FAol o83 Mtk olmf M= AHok st ol o F4H
8718 abst-Bed golch o HFL AN 2 U f71Ee] A U]
deie] n4E ESAEE AmEm oZlM Wgsts ouxzt ol gEel
ol WLt Alstet MUL Axte olFolm AR YoMl Axtel BEL 4|
W WEE AU Selvh BAIE B AL Aate TP 4L et
mfetd oledt AAAF U HAE ol§ UAAN: nABARAA &S

NEeRE BF the3t 22 AU F7 7leg i ¥ <+ it
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1. f7lHSe ANYEE S35 ZIso|n B HsiMel HAMBY 7E Y
MESE o o X

o
o] S2| thA2|Z Sof oieh o

(o]
-4
M
N
or
o
0jo
0o
N
m
g

2

Biosensor & MM EEES 22T 7|7|2] MLt

Mol A OB EHMS S 422 FFo &S g

olo
0i0
N
>
A
il

.O’.U’P.C*’.’\’

X 2@MEel MYH HH

EY W2 T2 U7 AZ2 ABHI] wEd s Fol 719
AdstellA UAZste oAUAE o83t ABAStE nAEY FE&o] YopArh
utebs drtdl seAel FHFAA FA A =Ha ode 2UY AR n¥E
ARAAE o] &3 seAelF oM IA st 4 sUrh. o] F¢ FHL 9

a drh R 71EY Sg Ay vlaste FEARAAE
AHEste FSgddAEel e ndEdd wlsl JGESEELLY EsiYo ¥
T35 Tl AT HA Y wHol U] wWEd S AddsaAd
Hysiy, AP FFo] oL ¥R ExAYeEE Jhesicin 2ol uleby

NS ARAA AAH MY RN J& Y Bade ety thew

u

1. ES HEl Al wMstE B4 2uo Za
H4 2|9 SAlo] UMBHE Mo oISt ofux HZAED
HE JfwolMd 8| RE 7|E ME

ojdE2o S8H Hojol WE AtE|el ol4 Hal & HEMNY EHME

o ~ w

Holg MEZF HME=H FA

olatzt ol 2L Fl&el FujAx nAE AIA sl&e Aue i
SIS 2T don WA wAss 2] AxF V24 Az % o

=AE Ael, SedeAe] 5 BREA, seAiAde] Rxdd 9@ Adex e



T2 Ad 5 U ZAEEAR 3§ 4 U o] dI™YLER dArAAY

P40l HEEE oy x| 71&S HUBo] $83le] bacterial metabolis

an

o]
A

1-

alyser, biosensor 5 o2 7Hx 7l& Herdolm MEHel A7} o] Fo] A +
ch.
3 A7 L] He

1. 7] 3}s}3 FA M (electrochemically active bacteria)?] A A3

dutzd {®7] migo] ¥REH EUAHJ R[S AESARAAE B9
AE3LA 7] 7] 93t 25 Y M FQl Shewanella putrifaciens IR-1S model
strain® B Al-&38le 7] 3133, Aejsty 5 ZAME AAstach
5] F5d THAZY U HIH FAEE AL AEARIA 99
A EdE ZAEstden 9 AFE FiAM S5 ARE HEIRIAE

23317] 9% 7124 22 eIt

A

28U HEARHR AARY 2

A= WA, chamelingo] WABSA] Qe ARAX F2EFH F

=23 wh S Bl A& oE Azt AFLoE AYH £ UEF Frh

53] A& d5dRY T2, oE Eol AIF-u|BENY MY F71,
A FF W AFFH AEL 4 JdHA 5 BI FERAMHUES

AAstget. =3 nBE 55, A3 zAHF W Yol

e 71 &R, BD Za¥, WY BUY 5 Al Folxl zZA

ojft
Wm'
[
AL
o
(K
o
2
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HEAZAR A/} SAHEE MEAFH ZAL computerizeddt &
7HEAE ARSI AL JHEd BEAdRAAY Ve SAEE
Bgstalct

o

A" H4E AT ZAF ey ol 844E HAUA nAE ARIAE o] &Y
A7 33 2d A 53 wig W 1E Fold, Mol uidt FAAYE,

HeAesd, AFqMY s 2l 2 % 55 AWsigirh
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H 2 & =3Ue 7l W &g

2-1 n]BE A5A= A ML &
HEASAAY ARAANA anodec] AEE ABSHE uAE 5 ABo}
3 U4¥E E0lE A BAoln FBARAAL AHgsHe Fujol et i

olglg AN BF 27

offt

-

fFI18E& J8E A§Y £ 3E ool dUrh
BES dREriE uBES AMESE Zo| drbFHo|th.  mAEdA {71EY
AR st YUY (AANS 4B A gl AAALAY Loz iAE
BUstHEA U= oJUR|E  protonmotive forceE FAIst] ATP  AdAte]
oj-g%itt ojuf HALHLA et HI Alojo] HIUFow HAGo] ¥ HE ER
271 7] wiEel AAE I s Ay dAXA £ gl o]g¥ o]F wf o
212712 dFH AEARARo #Y AFoNE AP BYPo] EBF
2Afgol Zsl A HE 4 4 A= AAALAE wf7fA|(electrochemical
mediator) 2 AFE-3tYCHRoller &, 1984).

Fig. 2.1.1e1M8 o] AEARAA= I3 F5& =Fstd & A9

AXE T4Y 5 gon, Polg W g olgstel 3% Y3 Heutt
&3 ugEI} NS F4ohe AT 2o ul4Beld AAE Bol BYW

ZEfZE HOF AZo] AAE FAsta AL AEHEe HF S HECISte A=A
A wiZfdl 5o P IF2 AII AAFEA(A7IME F7] F
EIE AbA)E PAECTHAllen and Bennetto 1993).  $E3F oke] umisAs}
FEEHE UM dFE LY FelE AX 3oz el S AsiA &

ol ZAstA Bk ol FYY AJ(dAY 24 AF 5)ol &F Ul

Nel2 e oA

»
3
1o
£
R}
A
nft
R
flr
ra
R
(Ut
e
Jy
2
o
2
_(3[_:
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nAEo N BAE WolEA Ful7t k. of o] NBHW dLHo Hapy)
eFolq ¢330 327 = ok T WAL Yubdel A=l HEe o

whebr FF2} SFAtolel F3Hel: HF, RE F)E ZAolFd 2FsiA "t

Load
Oxidized
fuel I 3
m — Oxidant
@
9}
=0
fo]
Oxidised &
Modistor [ L. Reduced
Fuel “— oxidant
lon-exchange membrane
Anode compartment Cathode compartment

Fig.2.1.1 A schematic diagram of a conventional microbial fuel cell,

A=Y ufshAl(electrochemical mediator) & Asl= ME AR
T2 Z57le YL 4, dE, UE SR AL dFE I Q. e
FQ AL Table 2.1.12 Zt}

28U 227X 2o 3lE folA JdFY dAFELS EF HN,
thionine ¢ electrochemical mediatorE A}23l10 AFAFY SFofA
Hojupz] X3t Zleg wmigkdch  ofgijt %ighe] Fo3F ZAZ = electrochemical
mediator?] el Al&2 317e] g (e.g. glucose) 7} AIEEIGL ol HolH
A7 BAHo| HYH VALY VAL AW AV 29 ATl FEHe

olgict. 53 fUlMeE dEEA A3 oY TAERA
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HAEARAAI} 2LH7] 9% WRZEAQ mediatorZ A3 23} o W EI}y
g0l WS o= systen®] Aol AF7MAE BT A2E oA S
HEolm 2= AF7IRN AEFTA BEE ¢ 58 ARUA s
ZAAQ Zeg Holx= dgly] wEolth

Table 2.1.1 Research concerns on conventional microbial fuel cells

Country Concerns Reference
Allen and
UK Immobilization of microbial cells, computer control systems(Bennetto,
1993
. . Yagishita
U f phot thet.
Japan se of photosynthetic organisms et al, 1996
Zhang and
Finland Use of fishing wastes Halme,
1995
. . Cooney et
Germany Use of sulphate/sulphide as mediator L 1996
al.,

W74 ZFM ol§TE AaEEAL Y, Fe(IIDT Mn(IV)& 1A%
, B, OAETAE 5 4 Yt} (Table 2.2.1). AHAL AAELHT

olgste ¥71M BEHS YA LYSoE I A o, tiRE BHEsA



F5EE AAFLAR o] &3l F5E TY AF2 vl H ol deix|7]
Alzkstodet. AefAlollA Q& AFE [AF O & A2H([Fe(IIl)]Y o]
Hitpa 5 ulgEY tirl ArEo] o3 FAEZQA gL E unE oLl I
Fe(I111)& AxITEAZ AAste o FFY Aol Eel=HA Fe(lll)= EE
Mn(IV), chromate, selenate, arsenate 5 oja] 2R Z&¢Eol Axl¢LAR
o] &E= ZoFE uld x|z ot} (Arnold 5, 1986 : Myers and Nealson, 1990 ;

Lovley, 1993 : Nealson and Saffarini, 1994) (Table 2.2.2 %Z),

Table 2.2.1 Free energy change in the oxidation of NADH coupled to the

reduction of various electron acceptors (Kim, 1995).

’

Reduction AG® (kJ/2e”)
02 —  2H0 -219.1
2N03 — Nz -206. 1
Fe(I11) —  Fe(lI) -209.5
Mn(IV) —  Mn(II) -134.5
HSO, — HS -20.2
CO, —  CHy4 -14.6
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Conle

Fig.2.2.1 Electron tower,
Oxidation and reduction couples are arranged from the strongest
reductants (negative reduction potentials) at the top to the
strongest oxidants (postive reduction potentials) at the bottom,
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Fe(I11)/Fe(I1), Mn(IV)An(II) 5 S&¢ge A3 AdAgs Audy
H]esto{(Table 2.2.2, Fig. 2.2.1) 34t Y Aldolv} wigtdst AlgRc)
ST AAFANTRE WS AFAUAE &g 4 glon], YHPNT} AAA ]
BRgdstA 2= 7] wiFel #8714 AefAle] fUEE FI1EY 505 o]Ato]
F49 BY Aol 23l cirlEchE R oS AER 2ldAo] da] EXFo]
oJt} (Arnold %, 1990 : Lovley, 1991 ; Myers and Myers, 1993a),

Fe(111) gl ®714  AeiAleld Ma(IV), U(VI), Cr(VI), As(V),
Se(VI), Te(VII) 5 oid £8e| 24eo] x4 2 o] §Hc} (Table 2-3).
HZ TR/ FHol22 AF-BY A wel Eo oyt &3j=st A
Fe(111)8] 7% #7188 abstel IHd 53] Fe(11)9] Toly dAsts

2ol UX] 7} o] Eo] 2]8 RH(conserve)s]w=x]of 3 AMMIE= B3} Qlcl

o

T 42] sedimento]] A F2|¥F MFolA Fe(1ll)7} electron sink® Z}&3ithe=
H1(Jones &, 1983)2} QA RZAoA  FAo] EN}E=  Shewanella
putrefaciens?] ferric reductaseo] 2]&} Fe(II11)2] UL 213} QlAr3} vrLof
AA=ER] ¢=ti= A (Arnold 5, 1986)7} Q= B}H Shewanella putrefaciensol]
2%t Fe(111) deflA] protono] M yto g W&Hrhke A7 ZA2Ax cHMyers
and Nealson, 1990).

ojRt HtEe A AYel AHER Fe(111)o] FEfrl M2 tiE27] w02
stehATCE Jones $(1983)2 E-849] ferric oxy-hydroxideE A}—g—%}eﬂ;gtﬂ,
Myers and Nealson(1990)2 Jof = ferric citrateE A}E3}%t}t.  Arnold
5(1986)2 2713 RAoM= Fe(lll)7F B|UFA] AdAgt 2 Q] ferric
reductase?} {JAA A S, P71y 2ol 273 2N FHEHE=
HAHAA  ferric reductase &Joj membrane ferric reductase?}t AAHcCiz
Bastgdct.  wlalr Myers and Nealson(1990)o] &3} proton translocation
YBAA ferric reductaseo] 2|3t =84 Fe(lll)2] FYoM o] Fojx]&= Zo=
8239 Fe(Ill)8] =7t 3] ¥ 2 HelAloldEs dojur] s Ho

zrehic,

T



Table 2.2.2 Metal in reducing bacteria,

Strains

Electron donation

Electron accept

Bacillus infernus
(Boone et al., 1995)

Deferribacter thermophilus
(Greene et al., 1997)

Desul furomonas acetoxidans
(Roden and Lovley, 1993)

Enterobacter cloacae
(Komori et al., 1990)

Ferrimonas balearica

lactate (pyruvate)—acetate
acetate—C0;
peptone—C0;
acetate—C0;

acetate—C0,

lactate (pyruvate)—acetate

{Rossello-Mora, et al., 1995)

Geobacter metallireducens
(Lovley et al., 1993)

acetate—C0;
aromatic compounds—CO;

Geobacter sulfurreducens acetate—(C0;

(Caccavo et al., 1994)

Geospirillum barnesii
(Stoltz et al.,1997)

Geovibrio ferrireducens
(Caccavo et al,, 1996)

Rhodobacter capsulatus
(Dobbin et al., 1996)

Shewanel la alga
(Rossello et al., 1994)
(Truex et al., 1997)

Shewanel lafrigidimarina
(Boman et al., 1997)

Shewanel la putrefaciens
(Lovley, 1993)

Thermoterrabacterium
ferrireducens
(Slobodkin et al., 1997)

Thauera selenatis

lactate (pyruvate)—acetate

acetate—C0;
amino acid—CO0,

Anaerobic photosynthesis

lactate {pyruvate)—acetate

glucose—acetate

lactate(pyruvate)—acetat

glycerol—acetate
glucose—acetate

acetate—C0;

{DeMol1-Decker and Macy, 1993)

Wolinella succinogenes
(Tomei et al., 1995a, b)

acetate—C0O;

Fe(1I1)—Fe(1I)
Fe(111)—Fe(II)
Mn(IV)—Mn(II)

Fe(I1I)—Fe(II)

Cr(VI)—Cr(I1I)

Fe(I11)—Fe(1I)

Fe(Ill)—Fe(II)
Mn{IV)—Mn(II)
U(VI)—U(II)
Tc(VII)—>Tc(1V)

Fe(1I1l)—Fe(II)
Mn(IV)—Mn(11)

Fe(I1I)—Fe(1I)
Mn(IV)—Mn(II)
Se(VI)—Se(0)
As(V)—As(I11)

Fe(I11)—Fe(1I)

Fe(II1)—Fe(II)

Fe(1I1)—Fe(II)
Mn(IV)—-Mn(11)
U(VI)—U(1V)
Fe(I11)—Fe(1l
Fe(Il1)—Fe(ll)
Mn(IV)—Mn(I1I)

Fe(I111)—Fe(11)

Se(VI)—Se(0)

Se(VI)—Se(0)
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2-3 259 BLAMT AxpefAt

]

He TR AlFo]l A2EE AATEAR o] &3l Ao x| dlon

AxpA o] FHE= dFE= RV Aol Shewanella putrefaciens®} Geobacter

metallireducensol] ¥t T|o]  Qlrh A28 (terminal  electron
acceptor) 2 o §FE Fe(Il1)e] Zof thyt Ss4=7h 33 Wyl mEel AE
BloflA]  FEE= Aoz dx|m 9t} ol+= assimilatory Fe(IlI)

reductionof] 4] siderophore& chelating agent® #Ast=  Ho] Fe(lll)2]
HBolA de dUA|BETE F ZoE datsEr] wfEo] eElgAlo] gl A o=
IS FQl Shewanella putrefaciens= ®7|3 #7o]* cytochrome c& outer

membraneo] A 3tc}(Myers and Myers, 1992). Z& A|HolA] ferric reductase?]

it

2 = outer membraneoflA ZAHCHMyers and Myers, 1993a). Outer membraneoi]
A o] F o] UFAA A o]Fojx= AALFA L 4ilzleld FIFEHE
AALE ol §slo] AR ¥lojA] Fe(II1)E FWst= Zeg gt} (Fig. 2.3.1).

Y AAA o|Folxle HAPFiAY iz BFHFHE AAALAZRE

outer membraneo] Q1= cytochrome2 2 AR}E A Wsr] i3] Ex3t ZA2E AA

(s

x

Ao g AAFT),  Shewanella putrefaciensollA| menaquinone(Myers and Myers,
1993b) 2t YA 7F $& cytochrome ci(Tsapin =, 1996)o] V7|3 A A
2] o] A= Zoew d#AT). Cytochrome c32 BAE T cloneX o
EMdo] dA3xxgdrHPealing 5, 1992 Myers and Myers, 1997a). o] huzle
AP Age] AdFo AU Jel= LFAUAY HAALF A AHE9} outer membrane?
A& VLS dFste dES = ZeE uniHch. AAH outer
membrane?] cytochrome c®] EX4 % B I1E cl(Myers and Myers, 1997b).
Shewanella putrefaciens= B4 87143 AFL 2 AAE ARFLAE o] L%
T & ¥ ohlel I zAMdAME= AAME, obdArd, Fe(Ill), Mn(l1V),

fumarate, trimethylamine-N-oxide (TMAO), dimethyl sul foxide (DMS0),
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Direct electron
transfer

XI Cytochrome
ElectromN § :

fouter Out

membrane

Fig.2.3.1 A schematic diagram of the direct electron transport from a

metal -reducing bacteria to an water insoluble Fe particle.

thiosulfate, sulfite, elementary sulfur S C}¥3t Ax]4-RAE o|&¥ 4

+~ Escherichia coli %

glTH(Nealson and Saffarini, 1994). u]=3l A&
L AlFo] ENRS] 2H-& o= clofgt AxpLAE o Al FolX 2AAN It

we ouAE RAstsl flsl BUY 2F F8L e 2 ol Shevanella

oo
_(‘)|_:’
N

putrefaciens®™ FAFgF 24 Thid, ETRAY 2E& B3t FHAET =23 73
X 735}3 Qlth(Saffarini and Nealson, 1993: di Christina and delong, 1994).

Geobacter metallireducens®] A=} o] HU3t A3 A2 x| ¢etond,
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Thgt Fe(111)8] #{dol cytochrome a®} c7b Fojditi= Zio] &2l ZcHGorby and
Lovley, 1991).

Bt tjAle] Z9 Table 2.2.2004 R uje} Zbo] R e Z&4E Y
Md-E& lactate, acetate & ®I|Z LR AIEES AXFZAAZ  o]L3it}
EEd, A T 6dEE IAAFHHER ol&3= FEHE B ATY
w3luf o¥(enrichment culture)L BVJ7}x] AIsfd}el v (Nealson and Saffarini,
1994), Fe(1l1)E& Ax}e-EAZ ol &ste ©I]14 u¥EE FE 3 Mol
methanogen2t o] ©W& AR o]&3tA] X317 wiFo] AA  ABefA A
4 (fermentative) Ald3} FAAste ZAoE BIaEdchLlovley and Phillips,
1989). 2o #2|H LA 59 BY MFQ  Thermoterrabacterium
ferrireducens?t Z|Z7Hx] B & ol&dl= FUYT FHE B
AlgolcHSlobodkin %5, 1997). Geobacter metallireducensw= B7]3 ZZojA
benzene 5 WIE IJPEL B 4 Qonj(Lovley and Longergan, 1990),
defAlo]  Fe(lll)E FFstd  23ld &2 F37t FHSHE 29
HaE AcHLovliey 5, 1996).

oldollA AtmE bvie} ol F5He T AIFL YutHoR AT ¢
Exste 28748 F45YE electron acceptor2 A8l @r7F ZTEFES e

BAe AN gdom oy 4AL ZARE FeP P sled UA

ﬂll

M FE2jato]] Z2|5}= cytochrome (OM cytochrome)® & & <t} FH 2 71 =]
Shewanella putrefaciensS S$A12Z 0OM cytochromeo] tUj3t A7} o]FolA
Ao o2 oF B84 A £E&AY THSYE T olE ATy A
Bety YAEES Ushiti 8 4 ok meld 2 Radods olF mgE
Ao AH8H nBES IFEHEE BUATolel HshA] ¢ Hrp HAH
folel A7) 3183 A M- (electrochemically active bacteria, EAB)QZ
Ast712 st A7) 8 A MG Shewanella putrefaciens®} 70|
cyclic voltammetryol]l*] oxidation-reduction peakZE UEIIE ZHYE S5&

ol &% FIH TFE w¥Ysty ASsE= A& 1 FF 2R Ut}



2-4 A71 HEH  BY oSS o&stke  FuiziA

2|3t up glem o] E2d

Mo

g Fo FBLAMZE

n3EE A718gATY 71EF A YYA cyclic voltammetryE AHEste] ZAIRE
Az A R Ee del AV HIFoz FYo] EArie A& Hx
gosigrt  olg¥ HFE F& H LSt WEARPAE FEst AU
s DidE F SR AU B BEoez dste HE AxAE misA
Fol ol sisule] RIIEE A o7M UAste AAE 59 MFe=
olFAIA ARFE YUY 5 AU 2= B Ay spA] APl ALspgct. &
HollA] AFJE viel o] FEKE B AHFE Fol AAFEAZ o] &3t A2d
HYSE Sofl i =t vl Wk meEty olF AZdE FATEAE AE

BT FASA Y AZ Held BUAAIE ez gHxm Yok

u

L
y

HABAM T UEQ Shewanella putrefaciensE F7|H o2 wigshd o 9l
cytochrome®] 65% A £ 7} outer membraneol $]X]3te] E-RA2] HAF-LAE AX
groll A #|dste ol 23 S gdch  miebd oled FR A7 B3
B nBES ugE dRAA N FUstn AAY B2 JdRE Hubstd HEY
Axtdd ofAfA glo] mEEY AzPE R AIFE [USA HI vy EY
A7t fAIEE B oledt Axte] AdH o] o] FojAA HER HA7} Y
4 Al "o Fig. 2.4.10M & olet 22 U] 3 B ugES AMESIs
FuiziA o dE dedAY RASE FAstgch I3l EE ZAE FYH
A8E U]AEL electron transport systemo] 2]dlo] AEIE|m o 7|A UAFIE=
A7t &5-0] AFell M cytochromes F3tol A3 ALFA At} oo HEH
Aee AZAZ HTE F4 Al HAAE cathodeo] =Y, FUH AT AFAE

BUAAA &S BAESHA Hrh ol T2 P& §8&3tq & dFolMeE A
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— Load

Reduced
T Bacterium electron "
Oxidized ransport § —_ Oxidant
prote
fuel — UXidan
Fuel - Reduced
Oxidised H
ue slectron — oxidant
transport Cytochrome
protein
lon-exchange membrane
Anode compartment Cathode compartment

Fig. 2.4.1 A Schematic diagram of the mediator-less microbial fuel cell

using electrochemically active bacteria.

Shewanella putrefaciensE& o]&3%t n|AAE JdRAHAXE FTAHIIIL ol&
A2 H5& ZAMSIth.  EZ Shewanella putrefaciens®] A7) 333
s B3t ol oF AHxl £&Ale] ofEd Y 9 A AR ES
gty o] A S AR o8 7HA] FF7FY H71EE i & & e tigd
o nBES B33l AT A7) EHE sshifgy W ol $&¥ ¢
85 ARFAE Usidch. ol A AR FE % 2T HIHHE

% o3 7ix Aye gustact
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0

e & 21

M 3 & d-lg=s

%
~{n

3-1 Shewanella putrefaciens IR-1& ©o]& o] 7] A

nAE dEdx]e &4

1. ol&23 wiF

T 20d B thERt FRY HBY Aol Ao EeElgied o]
AZ2 nAES 871 BHAM /715 tAE sted oM Fa3d Jug
3t 2o g L}Elytct (Lovley and Phillips, 1986 ; Nealson and Saffarini,
1994 : Greene et al., 1997; Myers and Myers, 1992 :Caccavo et al, 1994 ;
DiChristina, 1994).

E38] Shewanella putrefaciens®} Geobacter metallireducensE o]-&38}
AF7t FAHOT o]Fo] HrHLlovley et al., 1993 : DiChristina and
DeLong, 1994). 53] o]& n|jAEo| electron acceptor® A}R3}= Fe(lll)s

3789 pHollM E&4doln] ztdoM duixog njgdE Hrt Z AuEalz
E2st7] wigeol nAdEe] o]l&Y HUES B /H ITES 3 HsiAE
g &-Fe(111)7te] Eel3 HFol HsHoltt (Lovley et al., 1989
DiChristina and DeLong, 1994).

Hao] 23tdH Frydoez  ujorst Shewanella putrefaciens®]
cytochrome2 ¢} 80 %7} outer membraneo] Zz|3l= Ao T eal=] QtH(Myers
and Myers, 1992: Myers and Myers, 1997). o]& u|A8E2] outer membrane
fractionS ZA}SIS o] 3713 Atefollx] 83 kDal] c-type cytochrome?] ¢fo]
713 AlefHct ZAStE ZHow el E3t transposon insertion
mutation®& H3F Fe(Ill) reduction activity?} Z<LSE  Shewanella

putrefacienss. = 2|%] ¢t} (Beleaev and Saffarini, 1998).
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Azt 2 Fo AUy whdol cytochromed u|FEZ u|d &
Ateta Ao Aol o] &H v 9lom ciofdt FR AT Aol
A7) iAoz M 2= Ao 7 e Kazlauskaite et al., 1994 ; Kim
et al., 1998 : Kim et al., 1999). &L} olg} 7S Ar3}I3hgl chwyg o
Tl o] redox center 8] peptide chain®E <Qldle] siEA gl
7 W7l wiEel olEY AU I BHES A fEiMe AF
HYPsto] AF-TiA Y HAFHE FEste PSS AHEstoio}r 3ot} (Rivera
et al., 1994), AMHoT AbsiTY Ty ohja mHE AT
714 HAAAD AR 9 T AR 2 FRE U] Ay FHgHo
8golth. wetd udEol oidt A7) b dF o njydE AR
T 37l fsiMde AxAY oisiAle] AR "4FHolgrt (Kim and Kinm,

1988 : Rawson and Willmer, 1989; Kim et al., 1990 ; Richardson et al.,

rlr

o

o

1991 : Kim et al., 1995, Siebel et al., 1984 : Allen et al., 1993 :
Palmore et al., 1998)

g AEAAE nAEY Fufge FIMA YAt A3 AUAE
AA A7 oJUR|E HF A= Axjo|t} (Bennetto et al., 1987).
Desulfovibrio desulfuricans, Proteous wulgaris, Escherichia coli,
Pseudomonas species 5o pBE 433U FAE o]L3F A I}
(n)AE JARPA7} /PUE STt (Tayhas et al., 1994). Qb u]dE
AZA|olM = 71Ae ulPE] 7t Aol &Jste] anodic potentialol
Agstn A Fef2 cathodeE AZAINGE of FZE uletd AR U4
T ¥ 5 givh ndE-AIT HHAA AxpAe] E2E Ao F
"ol olout O ool 3] H7| wiie] HAAAY uwiAE AMER ulBE

AT A=Y F=o] W 4 AHQ FHow oAA LrH(Palmore et al., 1998 ;

o
od o

Siebel et al., 1984). dutr o7 x1REE= vfsfAlE= thionine, methyl
viologen, 2-hydroxy-1, 4-naphtoquinone S©°| ¢lt}(Tayhas et al., 1994).

A7IM  wifAle  o[BE-AIY AxpSel  AMEHrh  (Fig.2.1.1).

_52_



F5F oldd= ndE A
53 s AHeled FHeg dAFH vz Ut} (Tayhas et al., 1994).
28 olE ndE o iz\iﬂﬂ ot 7t 4-&EA] R M} 2 olfEE
oluf= i WA Lo 7|Qldls ZHLE RTrKTayhas et al.,

ATE BT uiAA Qe AE dsAAY AU vRE

o #8% 2748 45 ¥ 4 Utk

e dRdAEs A7

o
3
>

o

X
-(')‘-I'

e

1994). mepd £

AdrA=|2 2183 U &84S Y3l

rlr

2. ¥ Az P WY
Jh A 23 9 ujel

Aol A& #FF= Table 3.2.10] EA|3Ioct. w2 LB ujz|oA
AA sl v =& 30Cgch  ¥r1A vl LBHfR|E 13 L carboy
(Wheaton Sci. Co, Millville. NJ, USA)ol] &7} = 7It Ad &A] AL E
spargingdto] W23t @713 ufz|o]] over night culturedt & 100 ml
B7b F AEStA] L wjestel AAjstelch. 271 w2 1000 ml
flaskoll 200 m1e] wjx|= M7} = ATkstod (160 rpm) AlA|S}eich.

1A o T wjgH nBES A7) ¢sted 96417 wjF F continuous
centrifugation system (KSB-R, Kendro Lab., Prod., Newtown, CT, USA)S&
AHgsle] 13,000 g, 4TCoAM dALos dAd Felstd FAE Felshalrt
228 dA= 13 E AHe]l"H phosphate buffer (pH 7.0 containing
0.1 M NaCl)& AMgste] #7138 zzoA 3 3 AAstadch A3 FAE=
bufferoll & 3|3l 660 nmollX FHEE S F AxAAet FXES
Hj 313t graphE 24 F o] & ©]-§31o] buffertfo] FA&ES A3ttt
271 o WigH nldEE 24 A ElG ¥ R @71 A Qo] WA

el ¥ buffer& AHg3te] 33 MY F Aol A&stalct
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Table 3.2.1 Bacterial strains used in this st

Strain Source or o rence
S. putrefaciens IR-1 {Hyun et al., ..99)
S. putrefaciens MR-1° (Myers and Myers, 1992)
S. putrefaciens SR-21%° (Beliaev and Suffarini, 1998)

E coli NCIB 10772°

a Strains were kindly supplied by D. Saffarini (Department of Biological
Sciences, Univ. of Wisconsin, Milwaukee, WI, USA).
b The strain has been maintained in the laboratory for a number of years.

¢ A transposon mutant of S, putrefaciens MR-1.

1}, Cyclic voltammetryS o]23F A 7] 33ta EA xa}

A7) A B nAdEe] IPAHA udE-AG30Y AAAL Y

#el3t7] 913t cyclic voltammetryE AlA|3}4itT}.

filo

A8¥ potentiostats CV-50W (BAS,West Lafayette, IN, USA)aioo
ol&= IBM Z% 7]|F PColl 7]7|A|2} 3jAtoll FFE softwareE o] &, AZ
stalct, A M2 L glassy carbon electrode (MF-2012, BAS)o]oi oo
BZAZS WZAI (MF-4130, BAS)ojdom 7|EHILS Ag/AgCl (RE-5B,
BAS)& A1&3ldct.  7171E B3le H£53%) data (%.dat):= Sigma plot®E
o]-&-3}o] graph3}staict.

ok 0.36 g/L (ARZE 7]1F)e FHAE electrochemical cello] 37}
F &53& AAstE o scan rate W 2 =& 747} 0.1 V/s, 25 T St

(Fig.3.1.1).



Potentiostat

CE RE WE

N in N2 out

BACTERIAL
SUSPENSION

!

Water in (25 °C) out

Fig.3.1.1 The electrochemical cell used in the study., Working volume

of the cell was 5 ml.
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Ao AM2E nPE AFAA]E= U of London®] Dr. BennettoR-H-E

d¥e B9 we ¥ oo dmdxd g3 AN AR
ABAXE AHSATH (Fig. 3.1.2 6a,6b). HI xue TP

polyacryl o]git}h o¥2Ho] 822 20 mlojm ArH-o] wire connection,
gasZ sapling port7} €allt}. L& cation-permeable ion exchange
membrane (model 55165, BDH Lab supplies, Dorset, WK)eZ Fa|¥dg
sealingg  $¢)3}9 silicon  rubber gasket?} 2%  AEE] T}
AF-2ze] FFHL 2L plastic barE F7}3te] H¥z|3}edct.

A}8-H HZL graphite felt (50 X 50 3 mm in dimension, GF
series, Electrosynthesis, E. Amherst, NY, USA) ¢ow AHIZo] platinum
wire contacts (0.5X 7 mm)E conducting epoxy resin (EPOX-4,
Electrosynthesis)S A}&3lo] Axzbslodct AL HRHE AZz
contacto] 2tz HpED sl AN F 160CelM 5AT FHEsHS
ystgch A ¥ 5 ohm o AWrARE 2= AIL FAAS AA
F 3] gakstel Abgsiaith AFol VA3 FH B F 0.M Holo] AIL
27l ¥ 3082 boiling ¥ T Tl ER4ol 4 3 AF ¥ Aol
AH&-stedct

AEE flst vig" mAEE SFF AZY Frskdla 437+
phosphate buffer (50mM containing 0.1M NaCl)S 20 ml &E7}staict
=3 Foe H4LE, FFFoe 371E B punpE T 42 FF3lY

ENA, BNH HHE /A ¥ 4 UEF Stolct (25 ol per mins.).

ZH[H JdEAXE 25CE fAHE 2o /M 2L=EE FF3Y
Agslgeon 2328 9 I Fo] FFHE JAE AT AAAFHA LY
Zulg  Wx]sl7]  ¢18le]  xEEE  pre-saturatord&  F-EEtdct. o]

pre-saturatoro] el B& H7} £ o] B Estod gassing® A7



a) The photo of the microbial fuel cell

Inlet for

Oxygen
Inlet for ve
Nitrogen

Silicon-rubber
Gaskets

Ion-exchange
Membrane

Backing plate

b) Schematics of the microbial fuel cell

Fig. 3.1.2 The microbial fuel cell used in the study.
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ARAA URE FF Y 4 UEF stAth S lead-wire &S

#13te] il A& F91F sand paperE A}&3to] FAlE A Astch

eh. A" A9 34

WgE  ARAAe set-uwpo] UTHIUS o WY U AR
voltammeter (Model 2000, Keithley, MA, USA)ol] multichannel scanner
(Model 2000-SCAN, Keithley)& HZA3le] ZA3lgdct AF2 &FHE 9351
HE2 resistor boxE A F x| FAste] HYANE &§F F 1=
V/RY A& ol&sle ARSIt (Fig.3.1.3). ojwf 7
A1 % = 1EEE488 input/output system (Model KPC-488.2AT, Keithley)$} cable
(Model CTMGPIB-1, Keithley)& E3}o] IBM compatible PCol 7] W o|&
71718} Ao+ control software (TestPoint, Keithley)& E3le] o]Fo]
At} (Fig.3.1.4).

Aol ¢HAEYS w] 10 mM(final concentration)?] & (lactate)S
H7b F ALY F1E wESIAh oA dF Aol fAEHAES o
resistor boxE ©of-&3to] HAHY S Ml (1000 ohm)Z o] Z3slE
sty ojufl voltammeterol= o 120&Znmich 132 J|EXA =AY

stedcl,
ol JI7E 24
|78 B8 HPLCE o]&3}gtt (Kim et al., 1999). AF2¥ HPLC

+ pump unit (Model M910, Young-In Science, Korea), sulfonated divinyl

benzene-stiyrene copolymer column (300 7.8 mm, Aminex HPX-87H, BioRad,
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To Scanner
(TTT 10771
[ 6p selector | [ 6ép selector | 6p selector
na?;nn g; naignn g; nng; 1; o0

From Source cells

Fig.3.1.3 The resistor box used in the study. Each connector

contains 6 different resistor for various ohmic selections.

Re;15t°r Scanner| | Microammeter
QX

Gas-supply r
[ T AN : IEEE card
Lo ‘ L e 3]
o [
e ! 3 il
o «
- | “
pa ) o
4; I i}
@ l d PC
|
gl :
| U A
Air . . :
Microbial 3
fuel cell 9
e
=]
No— k
Fig. 3.1.4 The microbial fuel cell system configuration,
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USA) 2 detector (216 nm Young-In Science, Korea)® FAE o] 9lon

0.0IN H,S04Z mobile phase (flow rate 0.6 ml/min)E AFR-3}iT}).

3. 4% A% 2 2%

7}. Shewanella putrefaciens 2] A7|3}ata A

o718, Z713¥oez2 2zt ufokdt 0.36 g/12] cell suspension®
x}%%}oq cyclic voltammetryE AX|3IP 2 1 Az}E Fig. 3.1.59
FA8Mdch oA B AHE @Hes:  uwjgdt  Shewanella
putrefaciens oM Z}Z} cathodic, anodic peaks& Tz ¥ 4 gdc}.
vido] 37| H o2 w3t Shewanella putrefaciens cellofjr= A& peak7}
WA A] okttt EZ E colid] ALE Fr|HoT wjgsiAY 3)Fes
HJ 3t cell® EST AS peaky} THE|A]  okoir) Shewanel la
putrefaciens®] 73-% wild typeQl MR-1oA 7} 2 peaks7} Reon
Fe(11I) reduction deficient mutant?l SR-212] Z-$% MR-13} u]L3jA
At o2 GX|Qt peak7} UIElYITE o] A Fe(IIl) reductiond] FAH
F4Q ferric reductase?} deficient®EojQl7] uwlFo] Atjyos e
peakE LIE}WH 20 Z Ho|m peakd] WAL OM cytochromeo] &3+ Aoz B
< glt}. MR-18] Z$ wild typeo] 22 ferric reductase®} OM cytochrome?)
S A)ZF8o] &2 electrochemical activity® UEPH ZRe g HWlcl IR-12
B Al wild typeolZl= St} MR-13} wlafA ofzt w2 H7H}
B8E BArt ols #FY Aolell T Zog H ¥ 4 Qlrt

ole} Z+& cyclic voltammograms®] T}ET bacterial suspensions?]
redox potential> th2F Ag/AgCl A Zof v]a3siA] -0.2 Vo] UL A 5t=

Rog ‘Ueltl, ol $4 HIL] JEIHOE 0 V RZo| redox



Current (1 A)

Current (L A)

Fig.

a) Anaerobically grown cells

2 2
S. putrefaciens S. putrefaciens

11 1

Y 0 IR-1
-1 1 -1 4

SR-21

-2 R-2 2

Y IR-1 3

) MR-1 4

-5 — Y — -5 -

-800 -600 -400 -200 0

b) Aerobically grown cells

Potential vs. Ag/AgCl (mV)

200 400 600 800

800 600 -400 200 O

Potential vs. Ag/AgCl (mV)

200 400 600 800

E. coli NCIB 10772 i | E- coliNCIB 10772
2
0
2
4
6 1
} . — — — 8 . . —
-1000  -500 0 500 1000 41000 -500 0 500 1000
Potential vs. Ag/AgC! (mV) Potential vs. Ag/AgCIl (mV)
.1.5 Cyclic voltammograms of the experimental strains

aerobically and anaerobically,

dry cell weight) were prepared under anaerobic conditions.

- 6]} -

grown

The cell suspensions (0.36 g/l



potentialo] &zl ZHoTA $£4£ AZ

N

|208 AtA/52] redox
potentiale] ¢ 0.82 vetz & uf o]} T2 Ay 33} A MFow
5% nAE JdE8AXL Hol U JMs AMYL2 0.8 VE el 4 grt

o] J}1¥ L& IAHE Shewanella putrefaciens IR-1& A}-& DjAE A FARE

[

= steich

U o]4E dadxdAe dg L AR

A

g

nAE dRARY ZIHo 2ME ¥Er|FHo® ujor3t Shewanella
putrefaciens IR-1 (aprroximately 0.15 g dry weight/1)& A7}stadc].
E T2 dRdAeE A PrFHoe= uwjPst E coli NCIB 10772 (0.16
g dry weight/1)& 7Ptz UAste AYe FAstalch ARE
B 7Vst71A 2] Shewanella putrefaciens IR-1 %W E coli NCIB 107727}
23 ArAAoIM #2012 V 9 0.09 Ve Aol wWAEE oz
Llelytct. A5 A7} A (Shewanella putrefaciens IR-1: lactate, E.
coli NCIB 10772: glucose) Shewanella putrefaciens IR-1°0] A7}H
ARAACIMNE 0.6 V 7hx] Mool IASA ASFHAOU E coli NCIB
107727} 718 ARAAA = ALY F7h7t wAdstA] dskeh. E coli
NCIB 107727} A71H dzAR|o] AxtAY w7l methylene blue (25
M) ISR A o] 0.55V 7x] Akssleict (Fig. 3.1.6). Shewanella
putrefaciens MR-1 X SR-21oJAM = 8 H7IA 22 AME Jepgdct
(Fig. 3.1.7). ol%8 ZAolA R ZAAFE  E coli®t T2 gtz
nAEE AUE MsAly ARAAE 2AEE 4+ AA 3 fsAe
AxpAE ujsfA o] Frt B4 Z 0T EIR L] Shewanella strainse

miZhA] glol AEMA AMedE FFAE 4 e ALz Uesiygrh  ole

_62_



0.7
0.6 ] S. putrefaciens IR-1
0.5
0.4 -

0.3 1

Ecen (V)

0.2 -

0.1 1 E. coli NCTC 1922

A
|
B
|
M S —
0 1 2 3 .4 5
Time (hr)

0.0

T T T T

Fig.3.1.6 Open circuit potential of the fuel cell containing S. putrefaciens
IR-1 (approximately 0.15 g dry cell weight/l) and E coli NCTC
10772 (approximately 0.16 g dry cell weight/l). A: addition of
lactate (10mM): B: addition of glucose (10 mM): C: addition of

methylene blue (25 mM). Apparent electrode surface area: 50 cm’.
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Eceu(\/)

Fig. 3.1.7

0.7
MR-1
0.6 SR-21
0.5 J
0.4 -
0.3 1 l’
0.2 -

0.1

0.0 ' , , ;
0 1 2 3 4

Time (hrj

Open circuit potential of the fuel cell with S putrefaciens
strains (approximately 0.12 g dry ce@ll weight/l in each strain)
with addition of lactate (10mM). Apparent electrode surface

area: 50 cm’.
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cyclic voltammetry® EQIH 7| 33 ¥ oAFE0] Hxd niAA
glol thAlzbg oA UEE AxE Ao AH Adst] ARAAY AYS
MsARon dge] Hrite]l wlE oiAlEEY F7tE &7 HAYelA 0.6V
7212 A Aso) AEH £ Addd Aoz & 4 gl

Shewanella putrefaciens IR-1& AF2-3t QR A=|oA o] oatx]el
0.8V 7kx] At55lx] REt olfE Az o] UFA 3 o] 23t voltage dropo]
WAEt Zeg  Holm o] A A lactatel} glucose AHAlE
Az A= A Aol Aol gl A2 LEhyTH

AF AL nAE A5ARAY &FFo| S putrefaciens IR-1 (0.12
g/1 dry cell weight/1)Z} 10 M| lactateE H7} 3 F HYgo] A5stod
AdAsA EHPS wf 1000 ohme] AL dAd o
AZAA 7| HEE JFA st

Fig.3.1.801A H= ZAH Agdd 271 HARYS FH3l
ol F ot} T Astel FFo whel 0.03 mAcA 0.02 mAe] A3

RIS Uehl= Ze= Uelylch

t}l. Sequential batch operation

e ARAR Y Jd&5H FAFIHsEE AP 218t sequential
batch operation mode® -2 3slgcth uAE AFAXE b 3] W
SUSA set-up sl Hgol BHo| =WdHAUE wf 1000 ohmd] HYE
dZstn UA AL wie AFE JISsidck ARV 4 FE7A
of =Y F thA st HA (ca. 0.005 mA)o]

TEsE WE 7

S

s ¥ #

o

AL (ca.0.7 ml)
AR Z71 9 ¥E A Hrt (Fig. 3.1.9).
A

Aeld R ZAYE vdE

N
lo
bt
£ e
oX
jg
o%
Y
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Fig. 3.1.8

MR-1
IR-1
) SR-21
0 1 2 3
Time (hr)
Current generation from the microbial fuel cells using the

experimental strains (approximately 0.12 g dry cell weight/l
in each strain with 10 oM lactate). A 1000 ohm of resistor
was applied at the initial stage of the experiment.

Apparent electrode surface area: 50 cn’.
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Fig. 3.1.9 The changes in current, and Coulomb from the microbial fuel
cell containing S. putrefaciens IR-1 with a 1000 ohm resistor
(approximately 0.2 g dry cell weight/1). Arrows indicate
addition of lactate (10mM). Apparent electrode surface area:

50 cm’.
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flo
o

1488 sxol wldshs
Aoz  Uelyrl, ol  Azleld uWE  AnAxY AL
o] BE(XH)Y A7) 33ty BAH E (e.g. OM cytochrome)?] %o
MaElshs 2o 42 & 4 Yok olEFog WYL 4 ok MY (0.8,
33 71y Az)ol YA e olfEE HAL Atz FFo] Yo
ofFoix|x] ¢hgk7] whBol w¥ste AU 4 otk

1000 ohm®] A¥E AZASIL 12A%FL FHAHW AR  (C= ixt

o

where C= Coulombic yield, I= current, t=time(sec)) & Coulombic yield:
0.5 g/18] nAE X oA Bl =3t ZAo=z elydch o]

A2 Ao n]PEL E3te] jQgt Aog Hr} (Fig. 3.1.11).
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Fig. 3.1.10 Potential developments from the wmicrobial fuel cells

containing different concentrations of S putrefaciens IR-1.
The bacterial cell concentration in the microbial fuel cell;
A: 0.2 g dry cell weight/1. B: 0.47 g dry cell weight/1: C:
1.06 g dry cell weight/l: D: 1.72g dry cell weight/l,

Apparent electrode surface area: 50 co’.
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Fig. 3.1.11 Coulombic yields from the microbial fuel cells containing
different concentrations of S putrefaciens IR-1 for 12
hours. Coulombic yield was measured with a 1000 ohm

resistor. Apparent electrode surface area: 50 ca’.
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Fig. 3.1.12 Relationship between electrode surface area and Coulomb
in a wicrobial fuel cell using S. putrefaciens IR-1. The
bacterial cell concentfation was 0.5 g dry cell weight/
1 and the Coulomb was measured under a 1000 resistor with

10 mM lactate,
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ol¢} ZE AL A flstel AT YolE 0ol4 30 co’ 71
HEA7|H 1000 ohm?] =3} @A, Coulombic yield® ZA}5I9S o)
124 2+5-218] Coulombic y.ield'% ZAMoLEE of A Hold Fule] wlE
Coulombic yield?] Z7}2 #ql & 4 glgict (Fig. 3.1.12).  ojAle
AztoA HAFY Hol§ 7 ¥ ZA¢ 1&YY unAE ARAAY Ao
s = Qoke 2g ggith

ol’gel ARAZAM Ayl Y Y HIFE ol&{3 nE
AE2A=Y o] Jhedsiy ATmAX oA WA= HAY/ARFE ojyEL
=, trabed, ARAALY 24 Fol FASIE A2 Uiyt  arlx]
redox protein®] 7| I3 Hgo] oyt A AxLAY oirfA
gL 2 o]Fojzle o|2] Ahgo]l A %‘—’i‘-’-ﬂ“’l'?}—‘li A= o] Tt
(Hitchens, 1989). &L} A7) 533 Z4 oS ozt d7= dx9
ARG vfANE AHESHR] UL o] FolA £ glthe S 2 A3 E E3lY

Bolda  HEe]l Ty £E2 8 ¥ £ e nPE Jd5AxY
ME= 7tesitts Z& otk o] Fojsa] njdE JdsAXoM AMLH

T = A7 HIH BY ndELS AT 284 IEHES VY @
2EE 3171 $1¥ OM cytochrome®] &xf7} tiwhs] F23 J&S ot x3

OM cytochrome®} activity®} 7] Fe(11l) BQAMF B ferric reductase
activity® d 3o cth3dt AdE2] additive effectE UEeEh):= ZHog
UEtstTt (Fig.3.1.13).  olet 22 7] ety BY B 5
olsfstH ciwts] WSt FLY HE AYE L  + s ZoeE
2o,

2 APe] A3} Shewanella putrefaciens T2 TWAFS A3
FoiAAA o] E ABRAAE 2 T80l 712 Ago] ATE W] el
ojzittz B 4 gl B3] HAH lactated} 7 171 7 AL
dedxe ALY §8ES dol=d & ozt F3] iyt {7173 #0l

IrEel de dHa 5& ARE AEste njAE ARAAY igele

J
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Fig. 3.1.13 A proposed schematic diagram of the mediator-less
microbial fuel cell, A) Microbial fuel cell reaction
model B) Fe(IIl) reduction model.
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Z Aol 4 olrt whepA ol 2 EAE 2 ¥ 4 YU WHE
At thE Aol AAlstidch. EF W2 ARUES F

A2 §8 € 4 dt Wde dTsiach

-[o
ot:
2

3-2 Shewanella putrefaciens 1R-12] Z7] 3}&8+3 uj

2742 AP Aol 7] e FEALE o83 FulAA ndE
Az A=Y 2ES HUstgrh  E3E cyclic voltammetryE ©o]-&3t o]& 7]
ziehy A ujgEY AU I VE=E FAsIglen M cytochrome?
ojgto] A7) FHIA A n]ABEL] electrochemical activity@t @713 I Fol
Z2% %S st USS o+ Jdddrh

o] A¥VoML AZAX|} FAIEE BHLFT  electrochemical cell&
A ztste] I Hep AAH 2 thilo] potentiostatel] GZAH  working
electrode® AHEste] HAZ S F3 o] HAUE o|8&st HAE
nBEERE AR ADUE 5 A FAste Holrh. ou FoF
parameter 24 FAF F7tet AR (lactate)®] 4], tirEHe 448 &5
ZA}8F]  electrochemical cellollA] Shewanella putrefaciens IR-12 model
strain® 2 AHE, ol 7] et A njgEe] Az} oiab 2 JE oAl
& Fasiach

olmf 7] 3ty ¥ uwgFo] HEF positive WYLZ charge I
electrochemical celloA] chargeE ZAo]FA] 2 electrochemical cell}

Hia, FAStn ciAlE gokd olE Ayl HEF B nAgES tiAbgel
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whggt A2LE %2 electron acceptoro] AW3IHA ZFAY 4 Q= Ao
& + 7] wfEoth

2 AEE Folo nAEY APAL HFAA &Aoo izt AP
Az A 58S HAstar BT Aol ojA thrdt Fo A7 3 By

ndES T Ee SIY & + A=F stedz AP ® UE F3FHof

(4]
[
e

N
—
¢
L)
o
%

. AgEFE R A

Shewanella putrefaciens IR-1& ARESlgct. 373 ZAA9
AgulAle LBgom WrH ZAelMel wiAl: 35 wie] lactater}
T2 PBBM olgitt. oo Uyt flask sjdd ZF¢ HEE 10 g/19

FeOOHE electron acceptor® 3 7}3}t4 T},

L},  Three-electrode electrochemical cell

Shewanella putrefaciens 1IR-12] H7] 338tz wjok& €3}y
three-electrode cell& AAS}AT]. T2  working electrode
(graphite felt, surface 30X50 mm, Electrosysnthesis, USA)%} Ag/AgCl
reference electrode, platinum counter electrode (0.3 X 20 mm)E
T-4d%]o]  9l3  counter electroder= molecular cut-off range
12,000-14,0002] dialysis membrane (Sigma)Z #tod9laict (Fig. 3.2.1).

Electrochemical cell& sampling port2} R4 inlet W outleto]
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Fig. 3.2.1

=@
o

///<;;>"ﬂ

Q

:

b

Schematic diagram of the three-electrode electrochemical cell
for the growth of Shewanella putrefaciens 1R-1. (A)
Potentiostat. (B) Electrochemical cell (anode compartment).
(C) Ag/AgCl reference electrode,. (D) Working electrode
(anode). (E) Counter electrode (cathode). (F) Sampling and
inoculation port (butyl rubber gasket). (G) N, outlet. (H)
N; inlet (flow rate 20 ml min-1)., (I) Check valve (arrows
indicate direction of flow). (J) Cathode compartment
(separated from ancde by dialysis membrane). (K) Recording

system, (L) Magnetic stirrer bar,
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ztzt 500

flo

gagel glem &3 2 AIRY Y 83
ol2} 40 nlo]g o AR vx]= lactate?} KClo] Ztz} 50 mM, 100 mM
- PBBME AHEstiTh.

Potentiostat (E-series, Thompson Electrochemistry, UK)&
electrochemical cello]] H2& £ +1.0 V¥ UL ZoJF ¥ nAES
HEsle] A¥EE AFsadch jor= 0D (at 660 nm)2} working
electrode®} counter electrode A}o]le] AF WHIE BHEQ single

channel recorder& dX|3lo] A& ZAstc)

th =4 ¥y

718 A2 3-1-2-ut &3 LA A AIshch

7}.  Bacterial growth in an electrochemical cell

211 & Ql electron acceptor®] 2] A] o] electron acceptor&
thAl3t  AZo] ALEQYE u] Shewanella putrefaciens®t ZE& 7]
etA "4 o] E0] lactateE AH|SH A& & ¢ od=A] AYsact

HE F oA AJzZtolc} electrochemical cell vUj¥F-ofA] sampled-
# st EA43staich.

Fig. 3.2.2& W30l charge® ol AL wel 4A Uske

oks of
nfjoFolf o] FAH=, lactate BE, acetate B W AFHEF

lo

i
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A: With poised working electrode

60 - 0.12 14 - 3.3
| ’ 12
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30  .0.06 o o
© (o] L e © =
k1 S < 305
20 0.04 -} o
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10 0.02 2 29 +
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B: Without poised electrode
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#] 20T [:]
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Fig.3.2.2 Growth of S. putrefaciens IR-1 on lactate in the anodic
compartment of a three-electrode electrochemical cell. S.
putrefaciens IR-1 was inoculated into the anodic compartment which
contained basal medium with lactate, (A} The three-electrode
electrochemical cell was connected to a potentiostat to poise a
potential of 1.0 V against Ag/AgCl reference electrode. (B) A
control culture was made in a similar electrochemical cell where
the electrodes were not connected to the potentiostat,
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Fig. 3.2.3 Scanning electron micrograph of the electrode (anode) in

the three-electrode bacterial cultivation system.
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H A3 graphsolt}. oA BE ZHA# electrodeo] positive charges
Aoz wRstdes A9 FA =9 Fvh= durHd flask witolA
E 4 odE 3 ous] dixy Y¥goew Fisielch 3t substrate
(lactate)®] 4H] @ thal AHEQ  acetated] F7tE KA GHE
Uehdlch 70417 A=l wfete]l AR H F HF k2 Z4siged

ol m|AEL tirte] whE 7ol Lulef ¥ Aow FZHch

v, a3

3

flo

o] Ay Az dukQl flask wjgAl Hrp vjmZy  u

222e  Ueliged o Azt & dwHA ABolM  Shewanella
putrefaciens®} 22 ulAdEo] A H|YPUAZlE ferric citrate} Z2
electron acceptor t§Al FeOOH2} Z+& insoluble electron acceptor&
A48 Ae FA8o] "olale ZANE njdE WIS physiochemical

contactol] Eamol oly] wiEel HAs| WE AIex olFAIA|

B3t Ao 7lolste Ao RArh  EF Aol electrolyte® AHEH
0.1 M} KCI 3 2 AFUS FAAIIERZ A& #H3lE 7L &
2% glth.  wjge] B F AZ ARE st Mz HnjFe=
T 3 Az AZ ¥ nAEo] uHFEo UdSE HA ¥ £ AUgt
(Fig. 3.2.3)

Reference AP O TN AFEH dummy HIE o|&% AHAME
charged electrode® A}&3 AP} wlasia cicts] W2 &2 IR
Z717 gasEgdEd ol: uAdEe] Azl o] oFoix|x| ¢loly
o TFol Evisstnz wAlsts ZAzlelth  ofzte] IAY JIAS

wiz]o] A7H A8ke] yeast extractol] 2]3t m]AE2] fermentationof

—

o3l #og E £ gltl, umielx B Aoy AMEH HIZo] electron
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acceptor2 A 8] AL 435l Shewanella putrefaciens?] A
&3 Zojeta £ 4 AUtk EF 7]HQA lactated] 4H| A
tatEe] AEA acetated] F717F ZAFY F7iet A FAEHA
it o] A= AZo] electron acceptorBA] 3AE&Y £ Qltj= E
T2 ZAZANE 8 4 glon control A8} vl A] 2 F378] x}ol7}
BEs)ct  E3 lactated HEI} ZAEIS o AFY ZES
AL &S & 4 ok, weElA lactates n]EEY AAYLES
23t 71AZ o] &E 1 thrAERQ acetate® HITHTI= ZE o 4 Al
ateta o]t A I A nAES  uAdE YFdd EAsle
Ax-EAE AF  BYUIEA Aol Jlesitle oy dF7
gelEigion B dFods Ar4gAs AdAd Eajste gutgal
el 7}t obd positive® poised® electrodeZt 2 &L tjAlstzelct. .
ol4te] Aol Myl HIH WHE o83 nFE ATV}
Zbesttie Zles o 4 A =Hgen F&HE T 4R E84
FHEE AU HYHoz BY # £ U&= uBES] Shewanella
putrefaciens®qto] old 4= Qltj= A (Lovley et al.,1996) 5=}
23S o AL it A7 3 Y nPES ol T2 Wy
al

EE FARE WY, dE B0 ndE

SSHAL 53 U 4 Qe AoE AzslL AL A% AWsiyr)
S5 2% s W viaold 2AY SAXE 247 WA (AR)
FF9oz A8 JRIANE AT ASE dEINY 3ol

—

electron acceptor=A 283 4 QA Hr}l wi2lA] dRZAXE o] £,

sulel 2HE A7) EHIE B ndEL] A=A FA4E FHsia o5
7] A A3 9 ARG HI F& 2Bl FFHLE 4T

A=W ABAHE FEstich
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3-3 7] 334 mlx

1. ol&F A

L AFo

plantsof T}o]

231 Fe(111)

Exlst=

=2 =2l

RoZ deA

Bl Aol

oF
(o]

activated sludge treatment

olt}t (Nielsen, 1996 : Nielsen et

al.,1997).  oldj TRECIAU d AA FHA FAH
Aol o3t dubHQl slpAE|A]Add
mg Fe/g VSSE o] & 7|3 AefolA] u] o
31 %t} (Rasmussen and Nielsen, 1996).
el FEoM nlEEo] 2 Fed] T|ULZ FZ sludge flocd] H7IH
£371 UABSE FRE FHLE A7HACh oI vy Zo] v w2
72 R71EE& AtElsi FeE (Lovely, 1995).
mp2ta] o]2]8t Fe reductionoi
a3 S siy olel Z2 mx
it} (Mikkelsen et al.,

Fe-reducing 2 ARGl 7718 ¥
A=t wEAM A FTHH 2t ol A A2 E
ARAAANME 8| A7 23y "ol

ATl mdEE WY

dissimilatory reduction ¥tc},
E2 dHAe
1Ze YuT Fae

1996).

HAB= oy Atgol  chwts]
sludge?] WA Zt4A

olet ol T4z

mlm

Thgt o]y ol &0l

o714 B e
S3shd oBE

7E #IES

3 zrsteict,

g st

71 ARH=|
B 7o 2 E T}
AdedAL chrdt T njBES
TdFE AHgShE bl
chdgt R /718

2dsdol Fr1ych whetA

S FARRC PLE=RY QS EOPY
0|8} e Feje TujAx
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AFE wgAATh
AeY 4
AERTH HRY 4

2 47
2 HAE

=}

13

i

[n)
%

% 4ol
3 w4 Y
ABERAXZAM Y

w3lAZ 7Hssgel stk ERE

2to] H4E AL 3t

3
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[4%)
il
e
N
H
we,
ok
it

7t A

= Al A" A @18 &% sfAs
HeAd2(dd,  AF)AM A3t ArgIigen, sige  CDE

n T

1300~2000 ppmo}gic}.

U AZlsketd w4 nlaEe] sapuler

< Aol AHEHE ARFAY ZJ]= 50X50X3 mmolw, L2 25
mleJth(Fig. 3.1.2). {32 4F Z partoll= 7b2 bubblingE $I%h
FA27E k. ARARAY I Fole AHd4EE AASI S8 ALF 15
pl/min® 2 FU3t] FI7IA HelE FAIst FAom, FIFFoes 15
ml/minﬂ Z271E FU3I FAUrt. R7]o] 2 H o= phosphate bufferE
o|g3te] pH 7.00% ZHYT HAES4 20 miz 5 mle @G AR
&R E FYstadrt A2 HE= 0.1 M NaClS 33 phosphate buffer(50
oM, pH 7.0) 25 mlE =2¢IFAct. W28 epoxy resin(EPOX-4,
Electrosynthesis)S ©|£3lo] 150 ToA 20A17HESQE HEZAlAH AT
FaaZich, AR ZEE 2E3] $Iste] 33 FFAeldl 1 kY

el

o
=2
=] 8} HolFodoun, AZTHR|E= water bathE o]&3ld 30 TCTE

fifo
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. dzls HEE T FIFER olEIA Hrh Ev)

AT B, Ao Aol TYY Fols AsNAY uABY H2HE 99 1
kQ(closed circuit)®] H¥E AoiFQTh  oF WAHE AR/AUYS

&Aste] ARAA|2 AelE monitoringdtodTh.

th A 23

=35l pH 5~9% ZHH dH4E FYUUN Fof FAZ pHE uTHs}I]
s AR IS 7Sk nRBEIEIA G nxe 229
g3S AWRI) 93] 20 CoflA 45 TZHA] water bath?] 2E&
HEAZom, A3l F3fo] AT APFME AS 27 100 €, 500
1 kQ, 2 kQLe® W7 Frt uBEARAAY FIFFor FUHE
Z712] o43kof H3t AHoA = aeration rateE 5 ml/minojlA 20 ml/minlE
A FUsl] HPSIFLeH, SFF AL FASY Yol #I
AP = 5 nl/minofA] 20 ml/nin® 2 HWIAH FYPct S2TH
Yol 7.5 cn’(50X50X3 mm)ollA] 1.87 cn’@, Fo]L zHuate] wWAHL 5

cm’o A 1.25 co’® W 3}A Z )
gt ZEFAsAY 43

ARA4el uAE QRe AvEsl g TEAAAES Aisld
Fdct zZF AHsfA] stock solution T3 Zo] AZ3stgch 20 oM
p-CMPS  (p-Chloromercuriphenylsulphonate), 40 mM KCN (Potassium

cyanide), 20mM DNP (2,4-Dinitrophenol), 10mM DCCD

_84_



(Dicyclohexylcarbodiimide), 50mM NaN3 (Sodium azide), 1mM HQNO
(2-heptyl-4-hydroxyquinolone-N-oxide), 50mM Rotenone, 4mM Antimycin A

(in 95% ethanol) (Table 3.3.1).

Table 3.3.1 Respiratory inhibitors used and their reaction mechanisms.

Concentration
Inhibitors Restriction site Solvent
{(mM)
Rotenone NADH dehydrogenase 0.01-5 Acetone
HQNO' Cytochrome b 0.01-0.05 Ethanol
KCN Cytochrome oxidase 0.2 H.0
NaNj Cytochrome oxidase 0.01-2 H20
DCCD* Fo subunit of ATPase 0.001-0.1 Acetone
DNP? Uncoul per 0.001-0.5 Acetone
p-CMps? Sulphydryl center (Fe-S protein) 0.1-0.5 H20
Antimycin A |[Electron transport Chain site II 0.1 Ethanol

HQNO : 2-heptyl-4-hydroxyquinolone-N-oxide
DCCD : Dicyclohexylcarbodiimide

DNP : 2,4-Dinitrophenol

p-CMPS : p-Chloromercuriphenylsulphonate

W N e
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ol Alternative Electron Acceptor®] o3}

2 Aded AREE  HAAFeAle tis2k Zth lactate(10 mM),
pyruvate(5 mM), acetate(10 mM), glucose(10 mM), propionate(10 mM),
butyrate(5 mM), Isobutyrate(5 mM), citrate(5 mM). IE3}l alternative
electron acceptor7} Bl 3ol U P +HstATh 0.1 Mol A
3.6 mM2] sulfate} 0.1 pMollq 640 uM®] nitrite7} S3Fol

dElglen, F719 d¥S AHET] g8 F712 =& (9.14-9.34 ppm) ¥

He4E 94 352 Fdstdch. Uiz Z3Y s @713 s

z
Mo

SRt

(1) Azt 239 53

Aets EAst7] sl HZTL voltmetero] AAA|ZT)
AmA=]e] ANV, wvolt)z} AF(I, ampere)= multichannel
scanner (Model 2000-SCAN, Keithley)7} 4% voltmeter
(Model 2000, Keithley, MA, USA)E o|&3to] Zastelch ulojgs
IEEE488 input/output (Model KPC-488.2AT, Keithley)®} cable(Model
CTMGPIB-1,Keithley)& # & IBM compatible computerell 7]|&F3}iTl.

Voltmeter?} scanner:= control software (TestPoint®, Keithley)&
o]-&3ly EAB}ACTE  SoftwareE o]&3le AFHF Coulombic
yield(AF(1) X AZHt))E ALY 4 k. Zcf AY3tel o= &
o dARAA AYE dAAstA

A 1 kQE AHgstgdon, 2&uict iy S SA ST

_‘E,

AHFE [=V/RE ZHAEChH
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AnFAe  EFUe A" ARY AWLE o]-& 3}y
D Atol A WAL 2Eslo] getsiel o, Coulombic yields AR
CoDS] ¢HdF 42 RE Aol o]EFU FF3hat vlasie HAER
FEA st

(2) cop

H 2] CODEX Y colorimetric method (closed reflux method)
(APHA,1995)2 EA3tgict.  AYs] HAMH A& 3 mlS COD vial
(HACH, USA)oll Y3, o§7]of digestion solutionz} FAtgadg& 2+7t ]
ml3} 4 nl& H7Istglch  Vialg & 42 Fof 150 TolM 2A]tE<d
HACH heating reactor& ©]&3}od RFEA|HA Fth HbSA7 A&
HACH spectrophotometer(HACH DR/300 spectrophotometer, USA)&
o]-&3te] 600 nmollH FIF=E FAsolen, HEELASTE

potassium hydrogen phthalate (KHP)ZE A}&-3}4ici.

(3) TOC

AlZ¥ syringe filter(Whatman Co., pore size 0.45 m)&
o] &3lo] oJYr|Zl F 3]A3}o] TOC analyzer(Sievers model 800,

Sievers Inc. Voulder, CO, USA)E &A3leict.

f714k&  HPLC(MI10,  Young-In Co., Korea)E& o]-&3}o]
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A4 3todct (Kim et al., 1999): Aminex HPX-87H coulomn(300X7.8 mm,
Aminex HPX-87H,BioRad, USA), photometric detector at 215nm,

O] FAHLZEE 0.01 N 41L& 0.6 ml/ninlE E3=Ar}).
(5) =ol&

AlZUe]  Bol&2 o]l IA=TuntEzly| (Waters T6270A12,
Hitachi, Japan)E FA3}atl. Al& 1 ml& eppendorf tubeo] Y3l
10,000 X goflA] 58 Z¢t H4l Belsle, A5HL syringe filter(4
mm, 0.454m, PVDF, Whatman, USA)E o]&3} ojztA|zich &&= 10
ppm ©|3tE A3l xE3lgom, 0.2 mlE FYdl FArh
Elution buffer+= NaH;CO3(1 mM)2} NaHCO3(1 mM)E, Z¥ L2 ICPAK-anion

HR 4.6X95 mmE A}-&3}4ict.

(6) Energy Conversion

£E¥™ C0DE] o]ibairtadl EE] Hdabste] o3 AAHH
A71FE ALY 4= ok COD 1golld AHg 7Hedt Axbes 4x(1/32)
mol = 0,125 molo|j, AF+= mol electronz} Faraday At I3t
Zrolth 0.125 X96,500 = 12,062 Coulomb(C). ©o]&3 el Coulomb2

42 mg COD(12 C/mg COD)E A4td 4= glch

(7) Microscopy

SEM2] AL electrodeE® HAJ| section 3} 2 %
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glutaraldehyde (in 100 mM HEPES containing 2 mM MgCly,)E 1 A]7t
3% F 0s04 (1%)E 22|12k 9-& AjZch  wkg F 30,50,70,90,95%
ethanol soultiong AR, 208 7tZF o3 ¥4 3 S i 22
=59 jso-amyl alcohol & 30&7t AHe|stgct. AHz2¥H sampled
sputtering device (Eiko IB-3 ion coater)® coating ¥ SEM (S-4200
FE-SEM, Hitachi, Jap)2.& 5 kveolla asleich

Low vacuum electron microscopy (LVEM)2] -9 electrodeoiA]

A A3t sampled 2|8t F LVEM (JSM 5410, Jeol Co., Jap.)S A&
3

3. 48 Az o 2

7k A7) 3R B A 3hig ndE dRAA Y A

Ao

ndE AR F2RE AESl {71 dHg (2 AN A
7433 He)E 7IAR, e TN WA ZUE &HAE FHLE
21zt ARgste] "o mEEES AR UFolN  m3ujdstsdch
Fig. 3.3.1¢] 2 A7t A YUrth.

2

*+A Z7]E open circuito]Ad HITE FIfE AL 48A]7H
SAstgT,  ojmf] WAFAULL 0.6-0.8V FECE 2 F FHBE dAF}o
1000 ohm®] A3}ES dAsIT S3FH &Y 5 nlE AMELF WAE XFT3E S
o At thi] Asstdch. o] AzpM %719 AFIL (E& Coulomb)
tieks] wotont  10d olFREl= HA FUiste] 1874 oAt 0.2 mAY
H5FE sequential batch modeofA ZFA|ZE o] ¢AFoZ W AZr)

(result not shown), 3352 CODE 3087t A5G E uff 149204 55
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Fig.3.3.1 The performance of current output, COD removal and Coulomb of
microbial fuel cell using aerobic sludge as a bacterial source,
The current was generated addition of wastewater to anode and the
production of Coulomb was analyzed integration of the areas under
current versus time curves, COD change was measured in samples

from the anode compartment at baseline of current.
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Fig. 3.3.2 Start-up of a mediator-less microbial fuel c¢ell through
enrichment of electrochemically active microbes using wastewater
from a starch-processing plant as the fuel and sludge collected

from an anaerobic digestor as the inoculum,
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ppn 2 ZFASFA 3L oF 10 Coulomb®] A3}7 A= Act.

e zdeld B4 ¢dAE FToE FET Auside o,
Hoh whE coDel @At WEEHTh o ZP 17dwe] e co0E
£ HAOE Urhith  wheby olgt o] WHH SAXNE FEejol
Mg A% wusidch  sshle 2] CD ol ¥ 23, F FE
AAFoIAIE & wol= AR WAl YBAT AAY The YolAE ol i
BY 718 FlM UNE /83t ngBol WA ARSI HHpulol
AYHEA Al §718S ol8st: 4Bl ARslel i By
ABelAE P4 Fol BE §7182 BAU 4 ok ul4E o] ¥AHE

Aoz wichect

rl

rl

L}, ol w3t wigd ndEe] Feidty vy

1272t A3k

B
ok
]
('
i
r
X
o
o
4
ofx
e,
e

Azg| ¢lo] LVEMe B #agt

b3
i)

b

4 Qldrt (Fig. 3.3.3). 22 F3FE& SEMO 2 st Az gutde nyE
el dxt W ZE particle Pefo] FAES AT oA TH ¥ +
glalct (Fig. 3.3.4). o] Z& particle?] A7|= tfzk 200-300 nn oo
o] sample® Z3}A vortexing ¥t F filter (pore size: 0.2 um)E
et

o] sampled THX SEMOZ WHI A3} Fig. 3.3.400r TAY
22 e 2712 e Fen (Fig.3.3.5) | particle TEMOE I3} H-&
of n4Ee] Soldd P2 & 4 gk olFY 727} snlelx BTt
(Fig. 3.3.6). mepd o] 2 particle2 548 BHol} GG
Adefol ] UAE = ultramicrobacteriad ZHsAde]l &rl (Kaprelyants et

al., 1993).
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Fig. 3.3.3 Low vacuum electron micrographs (LVEM) of the anode electrode.
A) control before enrichment B) Samples after enrichment for

year. Showing biofilm developed on the electrode C),
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1S.@kY X3e, ok

Fig.3.3.4  Scanning electron micrographs (SEM) of electrode
A) Electrode sample before enrichment B) Surface of the enriched

electrode with normal and small size bacteria,
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15.0kV %x18.0KkK '3.8@um

Fig. 3.3.5 Electromicrographs of particles with the size of 0.2-0.3m. A)
Scanning electron micrograph of the suspension prepared with
filter from the anode electrode. B) Transmission electron

micrograph of small size bacteria on the surface of electrode,
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(b)

Fig. 3.3.6 Confocal scanning laser micrographs (CSLM) of electrode (A)
Sample of electrode which operated on the fuel cell over a year
was observed by light microscopy B) The image was showed using
by the fluorescent staining to distinguish the Gram staining of

the bacteria (Red : Gram positive, Green : Gram negative)., Bar

size : 3m
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Fig. 3.3.7

(c)

The CSLM of a bacterial clump developed on the electrode in the
microbial fuel cell. Visualized by A)The photograph shows that
the bacterial bulk and biofilm on the anode electrode are
consisted of bacterial cluster(bulk and film), Gram positive and
negative bacteria, Bar size : 5m B) Gram positive bacteria

image C) Gram negative bacteria image
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o|& Hrl HA3| Hsty] iste] CSIMCE FAYUE uwf W2 Gram (+)%
A &

2tel biofilm 22]3 bulk structure &}

Gram (-) bacteria?} A=< HEH o clumpsol] 223t UYL

fllo

4 olglct (Fig. 3.3.7). HJFof ¥
filn 5& tlA] CSIMOZ Fel & 4= glgir)

CSIMe 2 bulk®] optical thin section& RAI8F A} bulk
structure® TE ¥ 4 9l o] cell cluster (microcolonies)®} 7§7R2]
normal cello] bulk structureol] TLEA EETojglalct (Fig. 3.3.8). o]
optical sectionoA{+<= Gram(+) W Gram (-) bacteria’} BF Eeolx ac}
ofebq A3 Edo] $aFe] U AL particle W A %9 bulk
structure S WAEY Zhsdol thRs wom olEel gl olsidd
o BEARAA 7L AxpAd uiziA]l glo]l AH H7IE dakstes ez E
ottt

Hefdty ol olstH HAIHEHE particle o]} 8] bulk structurer}
Holm o] particle} bulk structure?] A= UZF9 symbiosys¥d $5
rct. thr]  wstE sy oy {I1EE particle-like
microorganismo] REF EIY £ & JisAo] qdeony ol bulk
structure®] m|FEo] WHStS WHAMEC] WS olE WHAEES Tth
particle-like microorganisms?} Z7|E ®WH3r]Zicles 7pdo|c) Zxho
olst  chwts] W2k mgEol HIFo] FASl Exfstes FeE
FlFgleon ¥ F Ao 7}
g @ st d HdME olgE e A3 FAsA] Rt
particle-like microorganisms?] 7] 333 A o HFEE X AI519ct o|&
HAst7l flste] 3ol A¥elMe tiyd FUME, & HEY udE
AL AsiA], AxpFoiA @ Azl £ & HIF F uAE ARHAY
A7l 29 WHIE HA3AR olE A= HEER, ndE dEIFY

Az HHE Folod A HIH njdEol FEIYH njAE

re

ol uAEZ ecologyol] tidt

fr



Mo
2

7135 B ndEo] sEhYE dEAA|Y

=3 vjoordH dEAAE 18 /Y 5¢ semi-continuous modeoi] A
AU S o dEAA AN FAHEE AF, 23, pHel copY WY &
o] si¥& Fig. 3.3.80] =AItlch.  3F Bt B3I Fof 5 mle
MEL AESFE FYst FH, 20-30 AZHEt oF 0.18 mAY
AFE YA, COD 2 394*4 ppmoll A 73+7 ppmo 2 ZhAS}A T

ddEed 25 mle UAEAEIAE olEstq AZISsE
Azl stedg uwf A2l AFe dole: Table 3.3.201 Helstgled,
ol WA T EAM nPFEARAAE Filsled ol &Y 4 glrh

55-60 A7t F<Qt COD} TOC A A& 2tz 95%2t 87% o] 4fo| Atk
sl e] NH-NS| =& ol wgton, 2dshs B9 ¥l st
Nitrate®} nitrite?] B2t of$ yoron, RE A3 A AFACH
Jgu} PO,-PR] 5 1770 ppnl 2 Eton, AHALL 28.8 %o|Hrl.
d40] 22 HEE 64110 ppnlE HFUolA Ao £ & E
Letdlon, HAEL 8.8 s2A Aelsts Tt WatA| 4t

(2) copel ¥z}

AR4mo} ARALTL VA oprs] 9l nAEARI
2382 FUHE W4 ENE Qs ddsigon (Fig
3.3.9), uolE: coulombic yield® Axts}r] 9lsf ARgstaich
dat iz APHd 2HS 2QY B4 $ust S g
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Fig. 3.3.8
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The performance of the microbial fuel cell fed with starch

process wastewater. The current(-) was recovered with the
replacement of anode content by wastewater(1-5 ml and 2-25 ml)
and the production of Coulomb was calculated by integration of
the areas under current versus time curves, COD change was
measured in samples from the anode compartment at baseline of

current Details of the analyses are given in methods,
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Table 3.3.2 Wastewater treatment parameter and efficiency.

mg/L (ppm) except’pH

* unit
. Mean Removal Rate
Parameters Before treatment After treatment (%) :
%
pH 6.98x0.2 6.95+0.2
CoD 1410X64 65+8 95
TOC 565t16 72+5 87
NH4-N 0.5 0.5 -
NO3-N 2.2 - 100
NO2-N 3.4 - 100
PO4-P 177034 1260+ 38 28.8
S04~ 64+10 4414 31.2
Ccl” 675+23 615+17 8.8
=751t} (Table 3.3.3). 15 ml8 w47} FUHLE o 713 &2

10 m1&] s

(COD = 658 ppm)Z}

3.
coulombic yield& €& + oo,
AR RS w7tA

HAE Uehgdct (Fig. 3.3.10).

=F7E FY=EE s8] pHE HIRAZES
ZA4stgict,

HMEAZE o Y= AR} cope WMEHE

7.02%

pH 7.0z}  8.004 7}&
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Fig. 3.3.9 Current generation from the microbial fuel cell fed with varying

volume of wastewater as fuel,
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Table 3.3.3 Relationship between fuel consumption and electric generation.

Feeding volume ) Theoretical Experimental
ACOD" (ppm) )

(ml) Coulomb® (C) Coulomb (C)
1 62 - 18.6 0.68
2 147 441 0.92
3 189 56.7 1.55
4 256 76.8 2.40
5 276 82.8 2.72
10 658 197. 4 8.09
15 981 294.3 9.24
20 1242 372.0 9.23

different COD between initial and final COD depend on

volume of wastewater

2. Theoretical Coulomb: A COD (ppm) x

#* 1 mg COD = 12 Coulomb

- 103 -

Working volume (25/1000 ml) = mg COD

feeding
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Fig. 3.3.10 The relationship between Coulomb and fuel consumption (COD)

- 104 -



¥gow, pH 5.0, 6.0, 9.004 = W& AFIAS UEhych

Fig. 3.3.11% ZAAE B8l Tl pHod BEEHE EF33US
A 4 9lom o] Table 3.3.40] Helstgich pH 7.0004 B4R
E% 3l 71 w3ed, pH 5.09 pH 9.08 BRoe F7lE £B2E&2
o]zt 105 o]t = Esta pH 7.08] R®E o|3}e] FEJFo
BgEldet. ole3t Azte otulz A7 HFAEE I ndEY
ol 344 pHAlA 713 7] wiEel, mAEARIAY o]
Z49] pHolld 713 #HFHe Aoz Uehd Zolth o] aHuto]
protong FAFl= 54 wiZe] 372 HF pHe FHLE vifA
"ok 3 A, S35 435 pH xlole 30&9 B AT
ot 3Eg) o (data not shown), COD AA= 4 pHY ZH$%

Aot Ak dze]d pHolME coulombic yieldZt &2 Zh&

—1

Uehf=dl, ol: Axpzoialz AIubgHci= unx|e AxBE

o) ustEolx AL B YAIFQA 27 pH7t BB BHE AW

nAgEERE AAE 4S9 nAUThs A ki

o

A& 1 k@M AFRAEEE FA37] ¢l nESARAAY
S33ol =4 5 nlE XFAIA FArk HPL 20 CTollA] 45 TN
S35t on] A= Fig. 3.3.120] =Astdch. AL 43
2xA ALY uvx3t AFIE AEACE 37 TollA o w2 AFIL
ABAE A= gt (Fig. 3.3.13), 25 Cold 713 &L coulombic yieldE
Ltehiict (Table 3.3.5). COD AAELE 2= AY 743t 3L&
Uehdth 45 ToldE W % el AR 3" Ae=

ogstdedt, 232 AY Hlx¥ UAE  uEhidoh  (Fig
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Fig. 3.3.11 The Performance of current and COD changes depend on pH of

anode,
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Fig, 3.3.12 The performance of current and COD change at different

temperature of microbial fuel cell,
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Fig. 3.3.13 The relationship between temperature and mean current

generation,
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Fig. 3.3.14 The coulombic yield of the microbial fuel cell at different

temperature (C).
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Table 3.3.4 The relationship between pH of the anode part and current

generation .

ACOD' | Theoretical |[Experimental| Coulombic
pH of anode Final pH

(ppm) | Coulomb (C) | Coulomb (C) | Yield (%)

5 365 109.5 11.42 10.4 . 7.23

6 343 102.9 21.15 20.5 6.98

7 371 111.3 27.01 24.2 7.49

8 363 108.9 26.95 24.7 8.25

9 365 110.1 14. 34 13.0 8.23

1. The different COD between initial and final COD

2. Yield(%) = Theoretical Coulomb / Experimental Coulomb x 100

3.3.14). 20, 25, 30, 37, 45 CoN  ZZ <o 38.5 Al 39.2
A2k 21,8 A7 231X Bt ARV gEAC old¥ AnE

Sl 37 CollA nFEARdAY WNELH=T} 7H 23S o 5 th

o dEHAFHR]]  A3lo] nmlxE=  A3kg  AHSI] s
semi-continuous modedlA 5 ml& H4£E Al Fgon, A:

Fig. 3.3.150] EAlsigith,  ARel TEAYBE 2Ze] Ao
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Fig. 3.3.15 The performance of the microbial fuel cell with different

resistance.
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Fig. 3.3.16 The maximum current and potential of the microbial fuel cell at

various resistance.
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Fig. 3.5.11 The relationship between resistance and coulombic yield
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Adstdrh. V=IRY Ao] wet AR Q), AF(I, A), AV, V)9
WAL ¢ + gom, AYel s 45 AR wol 4w
A&d 4 ek CD MALES Ao usjel we} o ciEA

Uelytch (Fig. 3.3.16).

wH4=(713) ] At3to] wlE coulombic yieldS *{3te] d3kg wit=
(Fig. o] A+e)
IA oA coulombic yield: HA3e] AR}t HASIA ytopzch.

oy ANE T3 AUL uvjABA FIFoge] Axtdde IS

Aoz L Elytt 3.3.17; Table 3.3.6). 1000

Table 3.3.5 The current generation depend on temperature of microbial
fuel cell.

Temperature ACOD! Theoretical Experimental Coulombic

(C) (ppm) Coulomb (C) Coulomb (C) Yield (%)
20 365 109.5 26.7 24.3
25 343 102.9 27.5 26.7
30 371 111.3 27.2 24.2
37 363 108.9 24.0 24.7
45 364 108.6 24.0 21.9

1 : The differences in COD between initial and final COD
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Table 3,3.6 Relationship between the electric

microbial fuel cell.

load and coulomb from the

Resistance ACOD Theoretical Experimental
(Q) {ppm) Coulomb (C) Coulomb (C)
100 328 98.4 36.7
500 313 93.9 25.9
1000 392 87.6 20. 4
2000 339 101.7 21.1

1 : The differences in COD between initial and final COD

Faro] [ AFE F+¥3lgclh  Fig
APE = HuARIS HAe gassing

£ AhZE o
3.3.18004 & % glxel,

AR
ratet= AL F@sich

8L} coulombic yieldols 4%E& ux|&d 0.4 vwnold 713 &2

& JEehdch (Fig. 3.3.19).
2EE=

Zo] opet ¥

o]

He
r
Al

AES £ET,

LA 7=

X

rr

e BE ¥EEE= Xt
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ottt} (Table 3.3.7). Y& gassing rateol]A] Ax}= 2]

olgigt ZAE Tl Hxl= AFH
1ol o3 4R
COD A AEL A2 gassing rated] WHile] ule}l xjo]E Ho|x]

-

He 2de @ 4
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=8 gassing rateoA=
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Fig. 3.3.18 The current generation and COD change at different nitrogen gas

rate to anode part.

- 116 -



[\
N
1

Hm Coulomb (C)
Yield (%)

n
o
— 1

—_
(o]
1

Coulomb (C), Yield (%)
A ® ® O N B >

N
1

o

0.2 04 0.6 0.8
Nitrogen gassing rate (vvm)

Fig. 3.3.19 The Coulomb and yield (%) depend on nitrogen feeding rate (vvm)

to anode part of microbial fuel cell.
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Table 3.3.7 The relationship between nitrogen gassing rate and coulomb from

the microbial fuel cell,

Gassing rate ACOD! Theoretical Experimental
{vvm) (ppm) Coulomb (C) Coulomb (C)
0.2 220 66.0 9.13
0.4 195 58.5 10.4
0.6 212 63.6 10.6
0.8 225 67.5 9.73

1 : The different COD between initial and final COD depend on

nitrogen feeding rate to anode part

(7) 4R FYHE 37 9T

o BEARHAA] 2] GFFoll aeration ratert mlAE P3o HIL
A¥ES #ystget. A Fig. 3.3.20004 8 £ %o, i
AFIE aeration rate} F|SIA LIEYR] Tt coulombic yield: 0.2
vm (12,2 %)ollA W2 k& UElWict (Table 3.3.8). <Agdx]o

ZE3= D= 0.2 vwnd o 0.4 vvm olANARET 2 US

By, oy 2 aeration rate (0.2 vvm)d uf FFFofA
proton?] 4t3}7} BE2HE3ly] wfjFolt} (Fig. 3.3.21). olgdt ARES

23] 0.4 vvn o]AtollA A2 air feeding rated B QS o 4 i},
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Fig. 3.3.20 The current generation and COD change in the microbial fuel cell

at different cathode aeration.
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Fig. 3.3.21 Generated Coulomb and coulombic yield at different cathode

aeration rate,
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Table 3.3.8 The relationship between cathode aeration rate and coulombic

yield from the microbial fuel cell,

Aeration rate| ACOD* Theoretical Experimental
(vvm) (ppm) Coulomb (C) Coulomb (C)
0.2 402 120.6 14.7
0.4 390 117.0 22.3
0.6 330 99.0 19.9
0.8 317 95.1 18.7

1. wvvm : The ratio of air feeding volume to working volume a minute

2. The different COD between initial and final COD depend on aeration rate

to cathode part

Aol 71

Lo
P

HE Holen,

HAZe] wWAo] 3.75 cn’loE

F7tdel mhet F7Bte B®E UEhdh (Fig. 3.3.22). A3
uf COD AAELS wHo] T AR st UE

coulombic yield= Y& ZI& B Jc} (Table 3.3.9,

EEREE
vrehigA

Fig. 3.3.23).

o] S 7 - =] of[ A

dFEE Ao

Ax7t £ARHTHE

= &t

olg ¥t

=B R
28 Atste
g w AZe
4 qek

- 121 -

S I =" AU

siLbe) eeloza zhgsid,

RES ol 2fe] g 2fsiA



0.35

0.30 A

0.25 A

0.20 -

0.15 A

—— Current (mA)

0.10

0.05 1

0.00 -

Fig. 3.3.22 The current and COD changes with different anode size.
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Fig. 3.3.23 The Coulomb and Coulombic yield (%) depend on anode electrode

area,
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Table 3.3.9 The

current generation depend on

electrode area of anode,

Area of anode ACOD! Theoretical Experimental
electrode (cm®) {ppm) Coulomb (C) Coulomb (C)
1.25 248 74. 4 2.16
2.5 299 89.7 3.83
3.75 285 85.5 6.17
5 280 84.0 9.41

1. The different COD between initial and final COD depend on electrode

area of anode

ndEARHR 2 el Fol2 a¥ute] AVIZL uXEe dS

UolR 7] 23] silicone-rubber gasket?] Z7|E E3] uwlo] blocking

gt ¥R 2Estd WA Wit

Wolol met 289

Fig. 3.3.24). Fig. 3.4.25& X coulombic yield?} ] AF
2te] HFof wiedE & 4 9lem, 0D AALE 1.25 on’e] LS
HEY of & H3 2wt} gt} (Téble 3.3.10).
Table 3.3.10 The current generation depend on membrane area.
Area of membrane ACOD! Theoretical Experimental
(cn®) (ppm) Coulomb (C) Coulomb (C)
1.26 166 49.8 9.05
2.5 284 85.2 27.4
3.75 250 75.0 29.24
5 270 81.0 29.01

1. The different COD between initial and final COD depend on membrane area
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Fig. 3.3.24 The effects of different cation exchange membrane area on

current output and COD removal,
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Fig. 3.3.25 The yield and maximum current depend on membrane area.
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) MshAe]

o dE 4 AMMAZE ARARY ARAEE HAe XS
dopi 7] glste] iRt ASAE ol &sto] HYsigich S4 5 nlS
nBEARAR N HIlshE 20 AEe AFIE A AcH

Mo

AE2 A8 FF F 10 A dell 43sigich.  Fig. 3.3.26%
Fig. 3.3.279x & 4 Ql%o], terminal oxidase A3|HZE ezl
cyanide®} azide= HAFE o AH3f2EE 1A Uddrh.  p-CMPSE=
0.28 sM& H7138tAF ARAAgo] Wy ok HWNOE HI7EsHEE dole 4
pMol ol A& doziom AF{e HFx zAstdon, 164 pMI}
Agol A= BTt HEEQ antimycin

FEgel HohE AE dovlA] ester],
0.34 mMo] HE7lEzl FH¥ AsjzEEo] Uiyt Rotenone 2]

B, 0.5 mMolld 1.5 aMe] Helold FF AFAYS Azt

o
ZrasiA gt & F&EE et o]zt AL uncoupler A}A|HClE=
acetone®] TIto] 7]AF Zlojth. F ¢ w2 = 0.24 M2} DNPE
HPstAE A8l AsHE UEllch  ATPase #|3j|¢l DCCDS ={3)

== 0.6 mMo] g},

(11) A=pZoiAe] g

© AYel 3" nAdSdRAx= AZF HsE ol &3l
s3stdlen, AEvee HFE Z=FH o]9 oligomerE T4 EHo|

gk 2 AYdAMes AREEES sl V1 B4 AR ¥4H
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Fig.3.3.26 The current generation from the microbial fuel cell fed by

starch processing wastewater with respiratory inhibitor
challenge. Inhibitors were added to the anode increasing the
final concentration progressively at the points marked by arrows

KCN  (1-0.16, 2-0.48, 3-0.96, 4-1.54, 5-2.32mM), Rotenone
(1-0.5, 2-1.0, 3-3.5, 4-7.5mM), HONO (1-4, 2-12, 3-24, 4-44, 5-

84, 6-164M), Azide (1-0.2, 2-0.6, 3-1.2, 4-1.8, 5-2.8, 6-4.8,
7-8.8mM)
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Fig. 3.3.27 The current generation from the microbial fuel cell fed by

starch processing wastewater with respiratory inhibitor
challenge. Inhibitors were added to the anode increasing the
final concentration progressively at the points marked by
arrows: Antimycin A (1-8, 2-24, 3-56, 4-120, 5-340 M), DNP
(1-80, 2-240M), DCCD(1-40, 2-120, 3-280, 4-600 M),
p-CMPS(1-40, 2-120, 3-280 M),

- 129 -



0.30

Acetate Pyruvate Lactate Glucose
025 10mM 5mM 10mM 10mM
0.20 \l/ \[/ \l/
< 015+
5
E 0.10
3
0.05 -
0.00 -
‘005 T b T T T T T T ]
0 50 100 150 200 250 300 350 400
Time (hr)

Fig. 3.3.28 The current generation by the microbial fuel cell fed

by different substrates,
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Fig. 3.3.29 The current generation by the microbial fuel cell fed by

different substrates,
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Table

JIAZRE OJEHA FARE & AFE doliy] 93t s3sloirt.
A% 1kQolA tiedgt J1AL AHulsl APES slgon APAAE
Fig. 3.3.283 Fig, 3.3.290] =A|3tgith.  cthekdt 718 (R]hal)ol
AR H7tExupzt AFIE Aatsldeh. Ak sodium salts
stock solutiong HZ3lo Alg3tdon, ARELE FHst7] 21519
nBEAEARY 3 Fol 0.25 ol Hrpstdct (Table 3.3.11).

HoldF2  acetateod 7M. e Ueldeon,
propionate, glucose, lactate, pyruvate, citrate, iso-butyrate,
butyrate®] &=A2 UeElktct, 284 coulombic yield: pyruvateo] A
7t &9Eom™, propionate, butyrate, acetated] @28 U}E}YICY
ol AAE T B TR diE A HA wEF 3
Al Hm, UdBAEe] JIIEIEH BAEE MR n]dEo] 3
A2 HBEEE o 4 2tk

3.3.11 The current generation from the microbial fuel cell fed by

different substrates.

Substrates (mM) Theoretical Experimental Yield (%)
Coulomb (C) Coulomb (C)

Lactate (10) 288 50.9 17.6
Pyruvate (5) 120 34.7 28.9
Acetate (10) 192 37.5 19.5
Glucose (10) 576 81.8 14.2

Propionate (10) 336 61.9 28.4
Citrate (5) 264 8.6 3.3

Iso-butyrate (5) 240 58.5 24.3
Butyrate (5) 240 51.1 21.3
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(12) AxtegAe I3

g dFARES T HHE FFE AHAA nidE

ARFAH e TEEL AWt AL ¥ 4 Jgh B
7L AEATUSE dRE AMRSl: dRAAE WY o

Z719t Aol wlE 2AS F7I7F 04 100%7t H=F
spol FYsle] ARAR|] FFstArh Fig. 3.3.30%} Table
3.3.1200M B 4 ARe], EIH FIY Yol JFVUFE

4319t 7R ERH  $EAoA
EE4LT oF 7-9 ppnBE Holly] wEe(o] ¥ ARTA| e
B 4 vlas) & of wie F2 golth), FFAel FAH
ol A/HE At Ho] o3tk Zlojety] Hroke £3E ol

e Ata7E AHeAZ 2Esig] wiedd ZAeE AlRHTh

(L}) Nitrate

Al AZHFE ol&slo nitratert bjxe= G B
APE w33t Ad8HR A AAEEEe EFL nitrated]
=7 F71%del uwiel A4St om(Fig. 3.3.31) nitrates
AL A=RrxE<2t} (Data not shown). o] 2H 07 nitrate?d]
S AtEel] Ha3t coDY o2 oF 25.6 ppmojti. & A ¥olA

B4 CODY] QFE of 60 ppnolglom o] 2 FEL of 18 C
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Fig. 3.3.30 Current generation and COD change in the microbial fuel cell fed
by various air saturated wastewater (1-100%, 2-80%, 3-60%,

4-40%, 5-20%, 6-0%).
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Fig. 3.3.31 The performance of the microbial fuel cell in the presence of

nitrate,

- 135 -



ot gLl mBEARAA N AFAL A
Cold o™, coulombic yielde 27 % o]t}

nitrate?] Sx7} F7}3to] uwlet ZAstgc)

(t}) Nitrite

J8H SB8YS 5

Nitrite7} mlXE Q@ol T wlEY AP SAstach

.

Fig. 3.3.3204 & % 9l&o], nitrited} H3jA|7|&= &=

nitrate® Tt} 3IA Yelydct A AHilsEE 20 upMolm, of

640 pMollA AFAGo] FHSIA Z4AE AT Nitrite:= st

A2 dogn ngEdA HAIez AAE A=

Nz AWHeE dFdRel k. pa¥ HR

HotetA] ¢ded &FA] 3 EHC] (data not shown).

fr

nitrited

Table 3.3.12 COD change and Coulombic yield of the microbial fuel cell fed

by air saturated wastewater.

Air saturation ACOD! Theoretical Experimental
Yield (%)

(%) {ppm) Coulomb (C) Coulomb (C)
100 610 183 3.31 1.80
80 624 187 4.35 2,32
60 654 196 5.26 2.68
40 674 202 5.38 2.66
20 687 206 5.59 2.71
0 728 218 5.92 2.72

1. The different COD between initial and final COD depend on saturation wastewater

volume
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Fig. 3.3.32 The performance of the microbial fuel cell in the presence of

nitrite,
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Fig. 3.3.33 The performance of the microbial fuel cell in the presence of

sul fate,
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E T2 Az}4LH9 PUE sulfateE SIHo] F¢3lo

BEEE AFE FH3HAch FAEL sulfate HEof 23|

l

od3rg ubx] okgtom (Fig. 3.3.34) A}Edt= sulfate:= IR

sulfate?] H=%of ulz} Z7}51ct (data not shown).

3-4 m|AE AR 74 HHEFH

nAE ARdAE O3 S A7l I B ojdEe] &
Ayt Pel2 S Holof sin FFol HEH + e HeAH W
S3oll HAESIA A& 4 glojo 37| wiRe F=xo Jd2 Fad
CEAolth. dxizkx] Aol AHEH mAE ARHAE Bennetto type
(Bennetto,1984)& F2 Algsiglem AHE A i3 2 EAFHol
U= glT

1. electrode-lead?Zt?] =& A &3t wby 3 4 9it}

2. BAIZ}Y FZE QI dead spaced] WA ¥ 4 Ak

3. 37t ASAE AHEE AHESE7] wiFol 2-8u]7t vt

1. %497} open Hol gJoBE 9% 7] (22, %A £
7Fs’del glth

5. Aol F7H HIFE AEY F g7 wiEdl mAE ARWAY

scale-upo] o] gt}
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6. electrode-membrane®] ZtZHo] 7| uwfEo ST FoA A3l
F4ol 2o g F3t Hdo] Lo|stx] Yol mAPE dsAx]9

28| a4 ¥ 5 Qlth

et

mreta olet 2 FAFEE siAsy fste] chdd el njAE

Atstedet. 3P 7Y
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oX,
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graphite felt electrode®] AFZ-& =R|%3l3 spot weldingS2.E A
electrode-leadZte] HAE A4 ¥ 4 X porous nickel plate T
collectorE& A}&3t packed-bed electrodeE A3t njAE AT AXE

A2 ste] Z5E& ZARHAc

2. AY Az 9 9y

7}, dmAx2] el 2 electrode-lead connection

A7l WS ¥ dAR-AM7] HEBELE  (fuel-electricity

conversion rate, FECY)7} #& ARAHR] RAHSE JA3}7] 93}y

thdst Hefe] A8HA formatE FAAs}eitt (Fig.3.4.1). =3
electrode-leadzt?] AXA 3L Hol7] st AHA2HE 2 Mk-1

SefollA]  graphite U platinum collectorE AM&-3F Mk-2,3,4ej 2
HAAZHCE  olof] Mk-2 typed graphite load (1 X 8 cm)E
collector® A}E3}oI31 2bg] LaF2 750 mlojdt}. AZE graphite
granule (mean diameter 0.7 cm)& SFHof 223t AlL3tdct.

Mk-3 typed] 7P Mk-28F Mk-4Atole] ZHE7]3 P2 HRE
WFdE& collector2 A}g3jolonm zeidt F AP AYE ¥ HIE

k-4 type2®  mAISHATE M4k Az Heel 712
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Mk 1 Mk 2

Mk3 Mk4

Fig, 3.4.1 The various microbial fuel cells used in this study,
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Fig. 3.4.2 The microbial fuel cell system configuration for the operation

of the packed-bed electrode using the fuel cell typed Mk 2.
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Ald 3 T anode compartmentol] Foidlgici. Anode HE&
membrane®. 2 W31 Fo] cathode FEE A2l on oJufe] void
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A =}2] collectiong& 235t A}g-31 collector:
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AP35 AFRH system configuration2 Fig.3.4.2¢] FEA|S}YTH

—

AFo AAH RAAE ZTF5tod anaerobic condition® WHESYCE.

AL pumpE AFESl  HE fuel cell®]  anode
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BEol =R AelolAM A3 A olo wEE A HIE

AFE #arstodch. AREH #3¥2 10000, 2000, 1000, 500, 100

- 143 -



ohmo]gct 1M module@ S40F 2z resistance applying
stepoll Al s8] input2} output®] sampled 2|3} o]&] CODcr&
Sstadct.  oldf A8H m¢E pHE 7.028 AN AR sl
e (A9 AL, QA 2z) gon 400 ml/dayd) £ %3 feeding

staich

AR Y 3
7}.  Packed-bed electrodeE A}&3F HgAx|e] £A

Mk 2 Hefle] dRAX|E o] L%¥ packed-bed electrodes]
collectorZt A3} I3t A} 1-2 ohm BEE UEIWYTH X7 &4
Al (open circuit Aef) Zrcof AL oF 0.52 VE Ao F7lglol
Fig. 3.4.300A4 REE=ZAMd dFAA ALtE uvehigdch. Ay
g AMESt) AFE YHAN Az Aty Hsit @A AR
Agstelen| 100 ohme] AHEE AMESte] WPHSIES wf WAdg Hcof
ARAS oF 1.5 mA drh. 2t o] d¥olM FYH AE (W)Y
copet W&E+= CODY Aol AHFY daAlo] wldsix] dzn A
A} Aoz Yetyrh  o7lA U4E AFE ez A8
graphite granule?] residual ©currente] 2J3t How RHolr},

371 W&

£ 5 Qr. EE copg] HEIL o] FoAR]  USE  anode

AF7HA] A 4% AEAA Hlste] A3 Ry}

compartmentlLf®] n|BE =7t I3 Y| wEd SH$£E B3R
B3t 2L oujsict, =3t dEAx]e 2 £ dF9 feedingd]
2ol A} channellinge] WA¥st= FTEE| QT o]= granuled ThEAo]

oyl At Uxjo]H celld] HAl A w2 aeration U feeding spotsE

_144_



0.6 1000

L 900
0.5 1 - 800
5 8 - 700
> 0.4 - L 600 &
= T - 500 §
© 03 L 400 O
Ll L 300
0.2 - L 200
- 100
0.1 . : S . 0
0 1 2 3 4 5

Operation time / day

Fig. 3.4.3 The voltage and COD profiles of the microbial fuel cell

(Mk-2) using the packed-bed electrode.
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Wastewater out < Ton exchange membrane
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Fig. 3.5.1 Microbial fuel cell unit.
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Fig. 3.5.2 Microbial fuel cell operation system,
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Table

3.5.1

Composition of artificial wastewater.

Components Concentration (g/L)
KHzPO4 15 as P
(NH4)2S04 30 as N
MgS04 - 7H,0 50
CaCl, 3.75
FeClj; - 6H:0 0.25
MnSG0, - H:0 5.0
NaHCO3 105

trace mineral solution Aﬁj__ 10 ml/L

Components Concentration (g/L)
NTA 1.5
FeS04 - 7H20 0.1
MnCl1; - 4H:0 0.1
CoCl; - 6H:0 0.17
CaCl; - 2H:0 0.1
ZnCl, 0.1
CuCly - 2H,0 0.02
H3BO3 0.01
Na - molybdate 0.01
NazSe03 0.017
NiS04 - 6H20 0.026
NaCl 1

Na2W04 . 2H20

COD 2x mg/L = Basal solution + glucose x mg/L + glutamic acid mg/L
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Fig. 3.5.3 Effects of concentration of artificial wastewater fed to the

anode on the current generation from the micrcbial fuel cell.
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Fig. 3.5.4 The relationship between coulomb and fuel consumption (COD)
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Fig. 3.5.5 Effect of feeding rate of artificial wastewater to the anode on
current generation of microbial fuel cell (2 rpm-0.89 ml/min, 3
rpm-1.34 ml/min, 4 rpm-1.79 ml/min, 5 rpm-2.24 ml/min, 10

rpm-4. 47 ml/min).
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Table 3.5.2 The relationship between COD of the artificial wastewater fed to

the anode part and current generation,

Theoretical Experimental Coulombic
COD (ppm) .l
Coulomb (C) Coulomb (C) Yield (%)
0 0 0.10 -
10 2.04 1.27 62.3
50 10.2 3.67 36.0
230 46.92 12,58 26.8
470 95. 88 23.09 24.1

1. Yield(%) = Theoretical Coulomb / Experimental Coulomb x 100

Table 3.5.3 The relationship between feeding rate of artificial wastewater

to the anode part and current generation.

Feeding rate Experimental Coulombic

(ml/min) Coulomb (C) Yield" (%)
0.89 18.9 92.7
1.34 17.5 . 85.7
1.79 19.3 94 .4
2.24 9.6 46.9
4,47 10.3 50.7

1. Yield(%) = Theoretical Coulomb / Experimental Coulomb x 100

¥ Theoretical coulomb = 100 mg - COD/L X 17/1000 L X 12 C/mg - COD

20,4 C
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FUEETE oF 1.79 ml/min o]3toA{ = ok 18-20 Co] AT YoM

%2] coulombic yieldE& YERNLOL},

[4

W3E= Fig. 3.5.50] XA8lch  EFE ZF 2L ToA

s

et 90

o]kl 2.24 ml/min} 4.47

ml/ming] ZHfole & 10 Ceg AMIL ZFEZol TAsigon,

coulombic yield® <¢f 50 % o|3}8] 212 R4ttt I AFIto] Zrlst=
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o o]
(Te)
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~
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lo
fat
Mo
)
%

ALl 1.34 =)

Table 3.5.4 Coulomb and coulombic yield operating at rate of 0.89 ml/min

depend on feeding rate,

After operation After operation
at 2.24 ml/min at 1.34 and 1.79 ml/min

Mean current (mA) 0.40 0.48
Experimental coulomb (C) 14.3 20.4
Coulombic yield' (%) 69.9 99.8

1. Yield(%) = Theoretical Coulomb / Experimental Coulomb x 100

% Theoretical coulomb

= 100 mg - COD/L X 17/1000 L X 12 C/mg - COD =20. 4C
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1.79 ml/min2 2 A Fof 0.89 ml/mino 2 2H3HL of A

B2 284 5 vlay Eojlth MY A, Z2 0.8 o

=
=
$AE ALE 2.24 ml/ninCE SAF Fo= ke Lrg 24

Bl 2s] Bete w) 227t} coulombic yield7} ztzh 20 CollA] 14 COE,

99.8 %ollA 69.9 %= ZrAF gt}

th AH¥e 3o wE sexels W AR it 1w

COD 50 ppm?] <UAFS+E o]&3t] AHIFS 500 Q, 100 L,

Qeg WIHAA Fo& of AEHe ARV W3le Fis

sAsigen, 2 AYPAT AHHE BF AFYA 2EY 5 Table

3.5.501 Aestdct.  A¥EAI Aol A uwet FF A
Zastgon, o] uf BEEE 53U coulombic yielde EF 2

AL RByrc} (Fig. 3.5.7).

flo

fr

Table 3.5.5 Relationship between the electric load and coulomb from the

microbial fuel cell,

Resistance Mean current Experimental Coulombic
(R) (mA) Coulomb (C) Yield' (%)
10 0.181 5.18 50.8
100 0.075 5.17 50.7
500 0.066 4,40 43.1

1. Yield{%) = Theoretical Coulomb / Experimental Coulomb x 100
% Theoretical coulomb = 50 mg - COD/L X 17/1000 L X 12 C/mg - COD

=10.2 C
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The performance of the microbial fuel cell at different

resistance,
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The relationship between resistance and coulombic yield

- 161 -



3.6 ARAA] FFolM w3 Al B4 nAEY

Fe(IID: #%F A% $8AZA chdt ulgBel s gy @
B UE EL BYAH tialel A} sink@A AFgHo| Atk ol
MRS 704, UVE Hbs 42 52 AATEN SA

Fe(II1)E BUNULEHN 4ol W2y oUAE SABTL ol ]

BEE= Proteobacteria®l § 3}¢1%<Ql Geobacteraceae Foll <43}=u],
olg]&t A Eof|= Geobacter $& (Lovely et al., 1993: Caccavo et al.,

1996) 2 T4 ¥7IA o]BEQl Shewanella #& (Lovely et al., 1989: Hyun
et al., 1999) e|3 A2t YN FQ Desul fotomacum reducens (Tebo
and Ovraztsova, 1998)o] Qlt}. IEZF ®I[HQ RZAStA] Fe(II1)E =
YA7l= LEAFe] EaFEI glow, 9olo] EEYrjrl 7 zhEel
A=} sink® A 2ZH&3Jtc} (Dobbin et al., 1999)., T} I3 AFQ
Rhodobacter capsulatus= O|3AH 0 Z Fe(lll)E HUHUAA £ oo,
F718d FE3EY A RA3PIA AHEY Nigo]l dojus I
el og ZQ3lA Fe(lll)7} Bz A3AE 2Hg3icia Hztsgo] X3
9lt} (Dobbin et al., 1996).

Cyclic voltammetry: cytochromeS  3EI3T A3l chazxle
Ed3stEde]  AHEEolA gt} (Kazlauskaite et al., 1996).
S.putrefaciens®] e MEE P7iHA vl 7oA Asjsjetroz
#4E 72 ot (Kim et al., 1999). gutHox njdE HXx:
AEEo] ARz} HEej= Fejtzt 2 ujAXFHA EFE FHFE gl
ool A7 ez w|@gdolrt. Iy misAle nBE AXEe
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AZrtolof A AXIE ALY & 5 Tt (Kim and Kim, 1988: Kim et al.,
1990). uAE AXEe AUHHA FEE F7HAIIZ s FREY
Az FyAof 23] HEFH 4 it} (Park et al., 1997). Fe(lll) ¥
M3l Shewanella putrefaciens= &J1to] cytochromeo] <Qltii a=
olt} (Myers and Myers, 1992). &]2}2] cytochromeS Eof x| U=
e(111)8] HHA7=dl HFoj¥Tia Bojx|aL gk

Clostridium butyricum®}t o]} HEH 7|0 23t L=t} sugard]

d7y dme 2

e

A& ned, ol W2 &Y & JtAE &SI
ufj-Zoltt,  Clostridium butyricumol &%t Tt 42 Ql W] U3t
tolelE& AlHH A, acetate, butyrate, C0,, H;ECTl= TS WRANEO|
Vel SL Qit} (Crabbendam, 1985). Zeju} XEe] wFo] A3 Y
ZA 3= lactate, formate, ethanol®] MAFE X IT3}3 Qlt} (Heyndrckx et
al., 1990). olg|3t AMNEL E3| Clostridium butyricum 3 H7}
WHZANEE AHREE 9 Z™ &3tk 2o Fsich

o] d3eo FAL uFEAsAAdAN Felgt Fe(lll) THHY
A=}313t3 AL 7Ix|&= Clostridium butyricum EG32] EAJol ctisfA
A3t Zlolth. Az} thrtol E8749 Fe(Ill) 7} nixle J3ol AT

A7 =3 Y3tk

CAEAE 9 Y

7t EFF

2 7ol A8Y FIE HE /12 HM4E IR s FIAR

oiiA AEARAX ] &FF

cn’E 10 ml®] PFE V1Y Adso] Ya & Mo Tk ERES

2
X
2l
L)
]
el
N
o,
g
flo
Jy
o
e
d
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A% HAsle] Aal Bola SEANTA 247} 5 Mo EEW2 20 mve]
ferric citrateE 333t PBBM (phosphate buffered basal medium)oi

Ztstgde} (Schink and Bomar, 1991). Estufix|o] U (halos)o] ¢l

(r

colony7b A= Ad=dl, of FFEL Fe(lll) UYL 7xz 9t}
(Coates et al., 1996). EG3= olgdt Fu8 1A colony £2]

Eiaadl= s

U wjaie} wjorz

= a7 Aol ZA F71HA 71&0] o] &=t (Hungate, 1969).
+FE st F=|A|7]=0] PBBM (phosphate buffered basal medium)
Bz} & o]-&3}ar} (Table 3.6.1). BlA|= butyl rubber stopper (Bello
Glass Inc. )& %2 serum vial (160 ml, Wheaton, Milliville, NJ,
USA)olLt pressure tubeolA 7|3 oz AHR3tgcrh Agar (2%, Difco,
Detroit, Michigan, USA)x= HIhjx]old ttd colony?] Eg|oj
A1&=]gitt,  Glucose, acetate?} lactate= 2z}zt 5-10 mM, 30 mM, 20
Mo HF =2 Az} FoAE AbgFr) 3% ferric
oxyhydroxide (FeOOH, 0.1 g/10 ml)¥= McLaughlin®] ¥}H(McLaughlin,
1981)0] wa} Eulstelon, Mzt £8ASA wHo] HBAH A} Ferric
citrate (5 g/L, FeCgHsO;, Sigma Co. )= agar plateofr] HIAMNFS
gshe TU F84 Fe(lll) Ho2AM ARE T HAste St
A 2xF uthslr] ¢jal, EeldS Fe(l11)E Y PBBM dixje} @z
UL ufAE A3l serum vialel F¥Esta 25 30, 37, 55 T
FzoA wgstgict. 3 Feld 4ol s A pHE 3] 93l
vjx] 2] pHE acetate buffer (10 mM, for pH 5.5), phosphate buffer (10
oM, for pH 6.8)L} glycine-NaOH buffer (10 mM, for pH 8.0)% X A3}

Foch Disodium phosphate solution (IM) 1 ml& acetatel}
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Table 3.6.1 The composition of phosphate-buffered basal medium (PBBM)

PBBM (1L, pH 7.2)

. Basal Medium (1000ml)

Yeast extract lg
Ammonium chloride lg
Macro-mineral solution 100 ml
Trace mineral . 10 ml
Vitamin solution 10 ml
Resazurin sol(0,02%, w/v) , 1 ml
Phosphate buffer(1M, pH 7.2) 10 ml
Distilled water 869 ml

. Macro-mineral solution(II)

KH2P04 0 3 g
NaCl 0.6 g
MgS04 7H;0 0.12 g
CaCl; 2H20 0.08 g

. Trace mineral solution(II)

Nitrilotriacetic acid(NTA) 1.5g
F e S 0 4 . 7 H 2 00.1 g
MnCl; - 4H,0 0.1g
CoCl; - 6H20 0.17 g
CaCl; - 2H:0 0.1 g
ZnCl, 0.1g
CuCl, - H0 0.02 g
H 3 B 0 30.01 g
Sodium Molybdate 0.01 g
NaCl 1.0 g
NazSe03 0.017 g
NiSOy4 - 6H;0 0.026 g
Vitamin selution

Biotin 2 mg
Folic acid 2 ng
B6(pyridoxine) HCl 10 mg
Bi(thiamine) HCI 5 mg
B2 (riboflavin) 5 mg
Nicotinic acid (niacin) 5 ng
Pantothenic acid 5 mg
Bl12(cyanocobalamin) crystalline 1 mg

P A B A5 mg
Liponic acid 5 ng

. Phosphate buffer (1M, pH 7.0, 1L)

KH2PO,4 136. Ogg
KoHPO4 358.14g
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glycine-NaOH buffered mediaofl phosphorous& Z33}7] ¢l5] A rstaict
glycine-NaOH buffered mediaol phosphorous& ZZ3t7] ¢s] Hr}stadct
(Change et al., 1997). -<Z2|¥ EG39 thrAl5A4o] 3 APL 2849

FeOOHE EF/EU3IA] o= glucose(5 mM)S 83+ PBBM (100 ml)

B x]ofl A 37 CollA 4333}eic}.

th Hejatatel 54

Betgu|7  (Jenalumar, Carl Zeiss, Germany) & ©o]€3}o] gram
it S Al HQITt (Harold, 1994). a3 vk2-2 crystal violetZ}
iodine& o|&3le] AyPsldom MEHe Fxo ulzl T2 wkeS
HQlt}t (Hanson, 1994). PBBMo|u} LB wi=]oflA 12-244]7F SQF 233l

ﬂ-’

& crystal violet?} iodineo® ZIMAIZl X oel2E Hlo]=ar}.
IHAEE A 84T AolE& HAs] Kyl 93] safranin 02
thz A3t gGMN" FL2 #3¥n|E (Jenalumar, Carl Zeiss Jena

GmbH, Jena, Germany)& o]&3slo] @At on, o] uf vjrzFoz 2

(o4

d8dL Bacillus sp.&, 1% SAHFOTL E  colis A}23}aict.
Nonstaining % (Buck, 1982) 3t gk ¥rge Amary 93
JHew susigrt  ZANA £540 B

)=
B
43519t} (Harold, 1994). FAl AAHAD) A (scanning electron

%

Aye gEYyos

microscopy) 22 HA3}7] 93, T2 nucleopore filter (pore size
0.2m, Whatman Co., Maidstone, England)® <33}l AR E 2mM
MgCl, & X33} 100mM HEPES buffer (pH 6.8)ollA 1A17H5Qt 1% 0s0400 4
2A1Zt B¢ 2% glutaraldehyde® A AIZtt. 2AY ZA|: ethanolz}
iso-amyl acetate® ®AlZith. ZHAE F28 I¥ (Eiko IB-3 ion

coater, Tokyo, Japan)3} Fof S-4200 FE-SEM (Hitachi, Tokyo, Japan)<&
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o] &3t} FapdAldn B A& Tt (Chang et al., 1997). £
TEM A12E &7 ¢l whdE Fustact. &2 A20A 2t
glutaraldehyde® A A|7|3 QA1 E 2] F HEPES bufferZ 2¥H Hlo]F3
ThA] {4 E2(10,000 x g for 3 minutes)3t F, TiA] Aol
2A| 7HEQF 1% (w/v) 0s0y o ZAA|ZT}.  HEPES buffer® F ¥ ¢
B ol F51 ethanol 2 A Fol, FAY pelletE UdEFE @2 FE
slideo] Fcl. Embed cubeE 35A]Ztmqt 60 T  wiok7lolA
polymerization® $|3] Epon-araldite ZfAZ o] FAcrl chd
(Ultramicrotome, Sorvall MT-II, Wilmington, Delaware, U.S.A)& Ze}
uranyl acetate®} lead citrate® ZtZ} 158, 108 F<F A3l

TEMAFx] (JEM 100cx-11, Tokyo, Japan)+ 80 keVollA &A= it}

gl AzistAed 54
(1) AEZ} esculin 7l-23)

115 CollA 20% F<¢t F#str] ol AE 0.1 %(wv)E THI PY
x| (per 1 L of distilled water: yeast extract, 10 g: Proteose
peptone No.3, 5 g Trypticase peptone 5 g: Trace mineral, 40
nl)E &£u]stgitt.  PBBM uixjollAq Z}jE F& 5 %(v/v)el HESIL
37 Colld 7d F<t ujdstadct. 484 4de] Lugol's iodine (I
10g/L, K1 20g/L) 2-33%&& wjor HFHo]| Aslsigdct

115 TollA 208 Z¢F WF3}7] Ao 0.25 #%(w/v) esculin
T3 PY i E Enlstdch. iR 5 w(vv)e] HFY F 3
CTolA 7d HoF uvjersladct. 1 %(w/v) ferric ammonium citrate

84 T W2 wjado] HrstArh
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(2) ==t el 7h-E3)

o] o] 4Aste B¢ n|YE FHY clear areal} lipolysis

FH9e] EME HUstrl s tributyrin  agar  plateo ]

Bfe¥st ot
(3) il A4t
B34l Aaks Hsty] 918 wiA] (SIM medium, 72 g/900

ml; yeast extract, 8 g trace mineral solution 100 ml)&
EHI3t 115 TollA 208 F<¢ H#sigch  PBBM uj=]o]x =}gh
Z& AEslel 79 U wiYstel WA BHE Bal Braal
3

g
o

zrersolc.

|

(4) Indole AZAF

Ha ol Indole-Nitrate dehydrated medium (25 g/L, BBL,
Becton Dickinson Microbiology Systems, Cockeyville, MD, U.S.A.)
AE Eulstsich  PBBM wix|olM =gt F& FHo] HEsln 37
CTolA 74 S¢t ulordtgct XyleneZ} Kovac’s reagent
(~dimethylaminobenzaldehyde: 5 g, iso-amyl alcohol: 75 ml, HCI:
25 ml) 77t 7 WES FE HiBIL Aol Fcl  XyleneF 2|
=EZANE B3 indole?d] A mlttsieitt, Indole-Nitrate medium
(BBL)ol| A vjo}El nvfjofol solution A (sulfanillic acidi 8 g, 5 N

acetic acid; 1000 ml) 1 ml 3} solution B
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(dimethyl--naphthylamine: 12 ml, 5 N acetic aicd: 1000 ml) 0.5

nlg Bsteith B Mg B3l nitrated] HiHe BErsioch

(5) Lecithinase &4
Staing egg yolk agar plateo] steaking 3}eicl. gAduigS

colony FH28] wjR|Alo]o A EFHT thE F/JstA Hrh

(6) Oxidase and Catalase Test

ColonyS #|3}o] Dryslide Oxidase kit (Becton Dickinson,

o

USA)oll Sttt  Colony7} FE8Mez 2ME|H oxidase UAY
L}elUiCE.  Catalase test& $]3H Spot kit(Difco)7} AMEE|QlomH,

PP el gel osf & 4 ek

(7) Methyl Red and Voges-Proskauer (MR-VP)Tests

VP testE 93] TFAL- FeOOHE =33t MR-VP mediumoil A
vjokelgl o fo Barrit's reagent A solution (Alpha-naphtol b5g,
absolute ethylalcohol 100ml) 0.6 ml& F7lstgdct 1 2o] Ayt

*.o] B solution(KOH 40g/100ml d.w) 0.2 nl-& A 7}s] Fic}.
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(8) Carbohydrates Utilization

714 ol &=E Aty ¢35 PBBMO] AMREIGloH, o7)of 5
%(w/v)e] 7] (Amygdalin, Cellobiose, Fructose, Galactose,
Gluconate, Lactose, Maltose, Mannitol, Mannose, Melibiose,
Raffinose, Ramnose, Ribose, Sorbitol, Starch, Sucrose,
Trehalose)& 7Is| Foch 37 TollA dFUFL ujeF3t Foj
pHet ODE &gstalct. Hael 3] A EBai=Es] ool
arabinose, xylose, rhamnose, ribose, mannose, fructose,

maltose®] wjoFo= filter-sterilised carbohydrate solution&

A7kl Fgich.

o}, Whole Cell & X|3tit £

ozt HHE Metcalfeo] ulg} fatty acids®] methyl esters (FAME)E
Z0]319TE (Metcalfe et al, 1966). 7l4Eajel dstE Ax o
A 9Ab2 MIDI u]A8E ZA A]A® (MIDI, Inc., Newark, Del, USA)&
o] 83l fatty acid methyl esters® £A St} FAMEs: FIDZ} #AHabsl
HP 5898 II gas chromatograph (split mode injetions with a 30m silica
capilary column (BV-225, J&W Sc., 1Inc., folsom,CA, USA))E
TAstct  Carrier gas (H2)8 #4232 50 ml/minE 3] Fgo
ZHge] 2% = X7] 140 TolA 5 C/min & Z7}ste] 225 CT7lr] L2
2 27210 % 3s}gct  Injector?} detectord] &%= z}z} 225 €, 250
T 2 3tych AlstElE 2| WxH(Sigma Chemical Co., St Louis, MO,

USA)®] AFAIZIZ wlmste]l Ale] xuate ERstelct
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v}, 165 rDNA gene sequencing®} &4

2 dFoM 2AY Ee|FolM 323 genomic DNAZ 16S rDNAY
PCR mediated amplificationE 3] AFZIcl (Yoon et al., 1996).
Azt PR AAHES BAElgdh. 165 rDNA insertE AFZHIL
sequence® 212 (Rainey et al., 1996), HE23Z<Q sequence ¥Hg
E3EL model 373A automatic DNA sequencer (Perkin Elmar, USA)&

.

o]-&3}o] electrophoresis 3}iT}.

A} Cyclic Vol tammogram

Phosphate buffer (50mM, pH 7.0) with 0.1M NaClZ ®lo]F3 n]BE
MEE suspendA]Zit} (Kim et al., 1999). HeH"H ME cyclic
vol tammogram= personal computer®} Q1A H (software : supplied by the
manufacture) potentiostat (CV-50W, BAS, West Lafayette, IN, U.S.A)&
AMgste] EAsidct. APAFTLTE A7 2 mne] glassy carbon W
(MF-2012, BAS)S, twizxzdzoez w3z (MW-4130, BAS)S IIgi
NERFOEE Ag/AgCl  (MF-2052, BAS)E AH&3idien  A7|siets
MZ2] working volumeL 5 ml2® 3}gt}. Scan rate:= 100 mVs'E

stolct.

ol. mAEAR

(-
XN
o
Mo
2

ATAAL SR} $IBZ LJyolx Qo (Kim et al., 1999),

o

A7) 50X50X7 mE H¥E 25 nlolth, uMEARHRe] £33 @3

- 171 -



BFo] graphite felt (50x50x3mm in dimension, GF series,
Electrosynthsis, Amherst, NY, USA)E YolFi F I oko] 23y}
(Neosepta CM-1, Tokuyama soda co., LTD, Japan)2 @ Eza|AZT}
ZHlE ndE dRAAE A3 Mo FFsigct &3
"BINH/2oH A2 [N s, zz A FAE
ml/min®] 2% Bo] Yo Foirt A 7prof] ZHH 7t Atak
350 ColA ¢ Fe2 FHH furnaced AME3lo] AAAH Fch
50mM phosphate buffer (pH 6.8)¢] suspension® u]¥E A (0.32g/L)=
718t &350l 10 oM glucoseE YolFo] 2 F MEE T} 660 nmol A
0D7} 0.047} H =& 3sto] Fart, A2l xlol= multichannel scanner
(Model 2000-SCAN, Keithley)’} A digital voltmeter (Model 2000.
Keithley, Cleveland, USA)& o]83}o 7]&3s}gdct. ARLE 1 kQoA]
EZ3H cell?] Htozg ZEAx|glon), datal= I1EEE488 input/output
system (Model KPC-488.2AT, Keithley)e] R2El31  cable (Modei
CTMGPIB-1, Keithley)® ¢ Z¥ IBM compatible personal computerd]]

22 nfcth 71 5= glct

Fe(I1I) & HCl-extractable Fe(II)®] ferrozineA|¥o &
EZY=AZ RelUsigct (Lovliey, 1986). B&E Fe(1l)EA=EN
ferrous ethylenediammonium sulfate tetrahydrate (Fluka Chemie AG,
Switzerland)& A}&3}eic}. childle HFEAFZA bovine serum
albuming A}&3}o] Biuret method (Herbert et al., 1971)% & A3}dc},
X =2 PGO-enzymatic glucose kit (Young-dong Pharm. Co., Korea)2. &

A3tedct. F7]4H2 Aminex HPX-87H column (Bio-Rad)7} Arxt® HPLC

34

e
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(Young-Lin co., Korea)E& o]&3}o] 215 nmofl A £4I3}gc} (Chat et al.,
1996). ©o]AtE}ElAS} 4t HA S detector (TCD)7F A2H GC (Varian

3400) & 2A3lgdct (Chang et al., 1997).

AN g
7h w3t 2

GlucoseZ ¥R x| & o]-&3te] 3xtel] transferdt Fol n|YES
glucose/iron(I11) pyrophosphate PBBM agar plateo] &AFcl.
Fe(Il1)E 3PUAFIE colonySL H4& W iron(IlI) pyrophosphate
#ix]oll A colony FHoZ W3t g FAFtAM A8ty wlEol dA
dolE 4 9lalc} (Coates et al., 1996). Iron{I11) pyrophosphate
wizjoll A A3 colonys HEFAH LT 7ol 5 mm o]t Colony=
L2tdo|m wkE3olil Fe(ll) mineral® coating Ho] e ZAAH
B om, (eobacter species®] -2t FA}5lAct (Coates et al.,
1996). Fe(1ll) ¥ conolyE A=t} MalFoiA et +EAZA 242
glucose?}t E-24°] FeOOHE %H8-3t PBBMO] transferA|# Fcth =
7Hel FF7F Fe(lll) Y Y A¥E J3 o=ed, o=

22FE 59 Q) B8 o] cths) 2A AFsgch.

L FElEE - g 54

E3ZES 4H

nonstaining method® &3] RalFdL 123 SAHMFLE Udylch
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Fig 3.6.1

1S.8kV X19.8K 3.8008sm

. % e — 0 o
P R i a J08 M S U
(B) (C)

Electron micrographs showing the cell morphology of isolate
strain Clostridium butyricum EG3. A) SEM image. The Cells were
embed on nucleophore membrane (pore size 0,2m, Whatman Co.).
Observatign was showed straight rod-shaped, 2.8-3.0im long,
0.5-0.6umwide. B,C) Thin section of EG3 showing the cell wall

structure of Gram positive bacteria,
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Table 3.6.2 Physiological characteristics of the isolate EG3

Physiological characteristics Isolate EG3 C. butyricum®

Growth type : Strict anaerobe Strict anaerobe
Oxidase test - -
Catalase test - -

Growth with NaCl :

3% NaCl + NT
4%  NaCl - NT
6.5% NaCl - NT
Metyl red test + NT
Voges-Proskauer test - NT

HzS production - -

Rezasrin reduction + +

Indole produced - -
Lecithinase produced - -

Lipase produced - -

Starch hydrolyzed + +
Gelatin hydrolyzed - -
Esculin hydreclyzed + +

a ; Bergey’s manual of systematic bacteriology,

Symbols : -, negative reaction,: +, positive reaction,: NT, not test
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Table 3.6.3 Utilization of carbohydrates and related carbon compounds by the

isolate EG3 and Clostridium butyricum

Carbon source Isolate EG3 C. butyricum®
Amygdalin + +-
Cellobiose + +
Fructose + +
Galactose + +
Lactose + +
Maltose + +
Mannitol - -+
Mannose - +
Melibiose - +
Raffinose + +
Ramnose - -
Ribose + +
Sorbitol - -
Starch + +
Sucrose + +
Trehalose + +
Glycerol + NT
Gluconate - NT

*The symbols of Clostridium butyricum were cited Bergey's manual of
systematic bacteriology, Vol 2. Symbols:-, negative reaction,: +, positive

reaction, : NT, not test
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Zol7} 2.5-3.0 oW, FAIZF 0.5-0.8 md HejPe Foltt (Fig
3.6.1). HRE WASA  Adodrh URE2= 234 A
ALt Esculindt AEL ZieERafigAnt, Aejdl2 JheFsiEA|
otgrom, indole, lecithinase, lipase:= A% =] ¢kt Izlx &
Ag|sta el EAL Table 3.6.20] Ag|stgdct. £ EG3+= amygdalin,
cellobiose, fructose, galactose, glycin, lactose, maltose, raffinose,
ribose, starch, sucrose, trehaloseE 53t PBBM ujx|ojlA
A 2319 2 gk mannitol, mannse, melibious, sorbitol 2 o] &3}A|

otaokrt (Table 3.6.3).

1= e

A Sl ¥71F 2ol aFEel Atk  pHE 5.50A4 7.4%
zAsY Foe w B 93 X HY pHE 6.8-7.4F LIENICH
HqY 2 15-42 T o, HFH HHY¥ v 37 T} (Fig
3.6.2). C butyricum EG3olA] Fe(I11) Hgle] A& B3] 317 ¢I3H,
Fe(111) ¢z} nBE2] MRS 5 mMe] glucoseE X33t= PBRM ujjx]of
FeOOHEZ 3t Aol TR U2 39 A& 12485
u]z3lelct (Fig. 3.6.3). FeOOHE X33l njakst 72 n|BEY
childo] Fe(lll)o] ¢l Z-%ol vlsl ¥WF3] #A Uieixch #7113
B2 ujoFollA glucose ARE= 104]7ko] Xt Foff dolglE 0.5 mMETE
HA Uepyich o Eo] 4AsHe T Fe(1ll)d] VY2 F7istalch
Fe(111) #U&Y F3T F7hs wd 72412l Ueixten, o7
child 3hdola Frto] g F71E HolX= drh (data not

shown), pHe Fe(lIl)®] Hriele FHSHA widste ¢ ¢ 5.02=%
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Fig. 3.6.2 Effect of temperature (A) and pH (B) on the growth of strain EG3
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Fig. 3.6.3 Growth characteristics of isolate EG3 (A) Culture on 5mM
Glucose. Symbols pH : @, Glucose : A, Protein : W . (B)
Culture on Glucose/FeO0OH, Symbols - pH : @, Glucose @ A,
Protein: ER, Fe(ll): €. These results are averages of three

cultures,
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Table 3.6.4 The cellular acid compositions of isolate EG3

Component Fatty acids(area %) in profile
11:0 FAME 1.26
12:0 FAME 0.43
14:0 FAME 6.49
14:0 DMA 2.84
15:0 IS0 DMA 1.16
16:1 CIS 7 FAME 4.87
16:1 CIS 9 FAME 3.26
16:0 FAME 31.13
16:1 CIS 9 DMA 1.87
16.0 DMA 1.44
18:1 CIS 9 FAME 4.32
18:0 FAME 6.89
18:1 CIS 9 DMA 2.38
18:1 CIS 11 DMA 2.40
19 CYC 11,12/:1FAME 3.12
19:0 CYC 9,10 DMA 0.78
19:0 CYC11,12 DMA 1.24
20:1 CIS 11 FAME 1.46
15:0 ISO ALDE UN 13.570 1.80
UN 14,762 15:2 FA 15:1 CIS 7 1.49
15:0 ANTEI 30H FAME 16:1 CIS 7DMA 3.51

17:2 FAME 16.760 17:1 Cl1S 8 FAME 1.41
17:1 CIS 9 FAME 17:2 FAME 16.801 4.26
18:1c 11/t9/t6 FAME UN 17.834 10.20

® a?alysis-with Microbial identification System (Microbial ID, Inc., Newark,
Del

# In fatty acid designations, the first number indicated the number of
carbon atoms, and the second the number of double bonds., The prefix x-OH
indicate the position of the hydroxylation: cis indicate the position of the
double bond.

@® FAME, fatty acid methyl ester: DMA, dimethyl acetamide: UN, unknown
compound: ALDE, aldehyde
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o ME AYat A 24

Mo zZhehah x|ubibe] EAMS  straight-chain, E3}, THE3}
Agake] sieg uepdch. A APPAS 14, 16, 18 ®RELUAE
o]FolA olt}. E3] hexadecanoic acide UM FoIM wWo| HEEFo0]
olch,  We 7|4 nAEELS plasmalogenolel &E2|9= T AWE
7 A3 glth. o] REL glycerol ®iiol zYitel oid=2 ZY tiid
olel2 AL 714 phospholipid AA7IHE 7ML . fr=EAE
Ay oYy AAHE {SE=A7 ollel dimethylacetalo]gith.  C

butyricum= palmitic acid?] Bv]&o| &A LIElWIC} (Table 3.6.4).

o},  Phylogentic analysis

EMBLZ} S-A=}238e] dlolelo]l 2ls] LolX reference F7|A[¢]

sequenceZH-E| sequence?d] FAMIE FFHIM £ A, L EGBE
ey Fel  Bacillus - Clostridium $¢8 3shugo]l w3 Ach

Maximum-likelihood analyses distance matriceofl 7]&3¥} phylogentic
tree7t GAF3tedtt.  16S rRNA sequenced 43 £ ZA2}, similarity
matrice EG37} Clostridium butyricum 2} 98% -FA}3te] 713 717be

2o 2 eyt (Fig. 3.6.4).

v}, Metabolic analysis

Glucose®} glucose/FeOOH 7} &-/-¥ ujz|oA] A A3l Zot Bl
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Shewanella putrefaciens

Shewanella algd.

Geobacter ferrireductans

Desulfuromonas acetoxidans

Desulfuromonas palmitatis

Geobacter metallirediucens

- Geobacter sulfurreducens

Bacillus megaterium

Clostridium botulinum

Clostridium barati

Clostridium absonum

Clostridium sardiniensis

Clostridium paraputrificum

— Clostridium vincentii

Clostridium puniceum

_[Clostridium acetobuiﬂicum
Clostridium beijerinckit

B Clostridium saccharoperbutylacetonicum

Clostridium butyricum EG3.

Clostridium butyricum

0.1 “Clostridium kainantoi

Fig. 3.6.4 Dendrogram showing the phylogenetic position of isolate EG3. The

scale bar represents the expected number of changers per

sequence position
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Table 3.6.5 The metabolic products on glucose and glucose/Fe0OH in isolate
EG3
Substrate & End product(mmol/100 mmol glucose used)
C.
accepter Lactate | Formate | Acetate |Butyrate CO;
recovery (%)

Glucose 28.3 41.7 59.5 67.6 5.0 102.9

Glucose/Fe0O0H 31.5 42.3 60.3 59.0 2.9 93.2

#Numbers correspond to mean values of three determinations. The carbon

recovery does not take into account the cell carbon,

EG32] =1 MXAMEL lactate, formate, butyrate, acetate, COz;, H; ©|C}.

Glucose®} glucose/FeOOH 7} 3+A-¥ wuljz]ollA] carbon recoverye= Z+7}
102. 9%} 93.2%0] it} (Table 3.6.5).
Glucose W&ol 23] AAFH butyrate?] %42 A& acetate?] oz}

Zkct,

AarElA] et

Lactate?} formate:= UWLAEQl Clostridium butyricum ofA

fr

flo

Acetate?} butyrate?] A4rz} A 2Z HAALU @
oko] 7}A7} wt&E gttt  Glucose/FeO0OH THAF(2.9 mmol)ol A 2.t} glucose
(5.0 mmol/100 mmol glucose)o] 2JsliA #HA ¢ w2

At olet.

k2] CO7t
Glucose®} glucose/FeQCH thajolA 2jc) vt ST &= 747}

oleit} (Fig. 3.6.3). Glucose?] 4H|7}

HExds o A =x= 10AZF ufg T Fcoite] =dIISiTh
Fe(lll) 3L glucose AR A Z73ld e ufjor 3 F «cj

activity= 3.1 mM o]t} (data not shown),
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AL ATIER =AY

w2|d Clostridium butyricum EG3 2] A7|3}3t AL cyclic
voltametry® ol-3to] Austdth.  As-mY vAL AZH 70
mV/SCE®} -300 mV/SCE®] redox potential® L}ERWETY. a8t
Clostridium butyricum ATCC 1905 A 7|33td HAME Ho|x] olgir}
(Fig 3.6.5 A and B). Clostridium butyricum KCTC 1785,1903, 19052} C
acetobutyricum KCTC 17902 cyclic voltammetryollA] A 7|3}3}3

¥4 & Ho|x] ¢alt] (data not shown),

ol AZRAAAM AF git

GlucoseE A RstHA AF7 Partx] et (Fig. 3.6.6).
GlucoseZ} 3o H7EdL of, A 7tstey 8 Azt

Fofl  Fthgtel ol=Zr). MEL=E= ¢ 0.4 (0.D. 660

of¥

m)olglen, glucose: 60 AjZto] HFA3] ARFICEH AR AR
coulomb Zt2 ARF-A7F ZAofjN WIS HEFozH AHarEgdcl
Ag A2 ] AEZIL 0.21 mAo]gon, 200 AJ7t £t 54 coulombS

Agarstgich mEbA ol FelF2 ndE ARAAE AT AE +
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Current (A)

Fig. 3.6.5

4e-6

2e-6 r'
0 B
/
-2e-6 -
-4e-6 A
-6e-6 T . T . - ; —
-800 -600 -400 -200 0 200 400 600 800

Potential (mV vs. Ag/AgCil)

Cyclic voltammograms of cell suspensions of 3 day-old cultures
of Clostridium butyricum ATCC 1905 (A) and isolate EG3 (B) A

phosphate buffer (50 mM, pH 7.0) with 0.1IM NaCl was used as the

electrolyte. Scan rate was 100 mVs-1
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Fig. 3.6.6 The current generation of isclate EG3 using microbial fuel cell.
Fuel cell was fed with 10 mM glucose and connected to an
external resistance (1kQ) to flow of current. Glucose was
metabolized by the isolates and- generated current. The maximum

current output was 0,21 mA
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o4 B ATNY SME 2 e JofE
1 ATAUREY Y=

L 2 e a7y BE

2 A9 HEFFRE A7 B} Bl e nEES ol &5l
714 H+E JEE FEY £ e ASARIAE 58 R/7NHSE
Adgshe 33 Adrelden ol AAFAM AE" miAAHE AHEShe
o dE  dRAxete el Fxpad oA A& glol &3 e
F714 HeunesA AH7E Qasia H4E AYEHY £ U=F st ol

thgt #E oighFe] oiyt 2Ab F AR Feld ¥R AHA s

¥ A8 proposalidol] AYH dxE A3NE H5F 2L FIF AAH2
table 4.1.10] FEA]3}ict,

TableoA] B E=ZAE 54 Y AFY 7E 543 ud&E
e o 7&3u] Uek Sof ozt e 2 AFERE Agtoen
258 BTl gt =
L 23 ARAR] el Aol FL dF AT EZ o]F HIFLE
ARA] 23 HHHE Folo AIFHT U HesE e HAE

ARAAE Mgsts A olglnt
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Table 4.1.1 & Z}AY AFAUEFE, /MUyL U #Hrle] Xord
T+ w| dFALYE=R AF AL L 9 F e Haad o
o o9 A=
- F45E BE Ao 259 BY AT 25YE HBUNF
thgt BBz} e stety A3 Az A=]ef cfgt
12 U= LA
(1997) |- 7I& 548X 25 |- As|sspy B4z}
- dgAA Azt
- 22 AEE M - A AEEE - HE JdEAERY  z2E
54 ] 4
22} Y&
(1998) |- & & & Q|- BEA=ZARY A3
4 E d 83X
A A" &
- S8 Hrj - A It Hd 2F |- BE dEAAY
33 U= 84
(1999) |- BEAzAR - ¥ dnAx] Yy
F&2T) 23
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3. AL B WEE

2 A4S Boto] 4FHOT 4+4Y Fo4IE theel Udshart,

1. ojdE AZRXX 9 ;LH_Q| e s A
2. Cyclic voltammetryE ol &%t M7| stety MM Aol LA

3. RO olME dEMXe & H 2W

5. Shewanella putrefaciens \1R-121 T 7| =t&tH ujf ot

6. TII3EA o|MEe sstujgy U olE o/8T o|ldE ARTX 9
=2

7 ctefrst Hj+& ol 38 o|d 2 ARTX[2 W

8 HTE ALEsts AZMX e 2 #Hzt

9 2t oy 8o 22|, 88™ ¥ 0|5 0|88 o|dE WERMX S AHF

10. chebst efjol ARTXINL

olgolM R ZAE MFH AT EXRo|FY AAE A +I3S
B3l o]Folzitt. 53] ndE ARIAE ol &Y AU I FPAHIY
3wl ¢ olF o8 mAE JdaAA Y HE2 TWUdEES AHESio
P d8E AFste FuisiAl mAE dRAz|Y A o
slAst] iyt sHE HEe A glo] IuE ARMAY HF d=
A 4 A stgoen EY o] UL FIltol sl ZF A

o

t

sigich.  ER 659 Beiad (2% £8), 6% ol4e 2%, 15% o4
SN URE ool jeHoT AFHAT WESIAL
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njdE  dARAXE= AHAE AU (bioelectrochemistry)d] 3}
SEEFRA FAYOITE 1960dT) olF MWIlM A7t Alztselch
Jeu 3 F o] ol2rlzkx Atdshy A2 oS FolE 4 gt
3 olfE MENE dFY ¥ YT HAF AY njAAe Abgo] sEe
U4E ARAAANE WY olgly] mRolth o= R Momy
BAHA HWold AmHAY AFo] T BT 2A8Y Wt oz
NEHog2r JZe Jlg ARA AEHI mRe B AN s
HEZL Brbsd et mleld £ RS B3 EojAal e
d=dx Az » AJA® A, multi-channel voltameter® o]£3t =&
Zx] "W computerE& ©]|83} data aquisition, manipulation, 22|32 T}or3t
42 EBUF  FeE  olfsl=  Amdx, Ay gy w3

MUy Y 5L AR ARAA AlAYe] DAL BAY AHY 4P

e

Arlecleta & 4+ don AAFA FEE U3 gl A dE4q 2

Ho

T %3 (American Society for Microbiology, 98W X press release
=

sl

http://www. asmusa. org/pcsrc/gm980012 htm) LU A2 FES nigtom
ol2l A FJuUi dEuiA, TV & AE 53 LA=ACE  Hxzix] o=
MBI % =%, Cold Spring Harbour Laboratory 53} ZEItof tjdt A Xo)

UKo o British Petroleum-Amocof}= FFdFZo|tt, o|ate] Azl
=

AAREE 8 £ V] wiEel & AFE Bl U Foida mgE

WRARE o83 itdd {714 s+ Adsirt shss] oo s
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BoDZAoll B w4l Hel, A7) HuY B wje L Arlel RzAL
A2E Aol Fhssld aelolth B A7mAle ¥ FEan 4% Ae
Mwel WABS W T AAVY whAe WA A ARAAES
471 Zol ofUzt WAEe] AU + Ak A RE 8714 sist o
4 ol Zaste W AES o8, miAA o]l JBAXE LHsE Sz

et W+ glow 3 F o] o]&¥ LAY AFS AP Y oFolch
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AHE3he seA P EAAEE 2B &A] wd P o]y NS
OdE ARIAE ol &Y mfAHE A2¥eME= HA HF ¥ £ ok
AR APA ol Eelxl Z4age gubga v d v A
70 % olge] HaF el ot

olgolld  FF F¥stojolyt st Ty SLELE FHusidon
F7HQ AFE Flo] B ARAAE o] 83 Mg U vt =iz
S ThgRl Eoboll E&Y AFolrt
flollM Zled W8& Bt TAF o thy Jigstd oheat 2,

2 M2 T A2 THD of

1

- Scale-up HUHE FH ATE E3t M2 ofldX MAE mfx

systeme| 7Kgt

- dEde MM U Ms HAE ZHEXUS AR F E2&943pE ES0
HHET 27((1 ton LHLl) o HFXe|/LM systeme| 7§t
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