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SUMMARY

. Title

Development of mediator-less microbial fuel cell as a wastewater treatment

process

[I. The aim of this study

Since 1960, microbial fuel cell has been developed for the organic
material conversion to electricity. In a typical microbial fuel cell, an anodic
electrode potential is developed when the electrons from the oxidation of fuel
by microorganisms are available to electrode. However, electrons can not be
transferred from normal microbial electron transport systems to the electrode
due to the non-conductive nature of the «cell surface structures.
Electrochemical mediators were employed to render electron transfer from
the microbial cells to the electrode. These mediators are usually toxic and
expensive. Therefore, the long-term operation of mediated MFCs cannot
be achieved with limited commercial applications although MFCs can be
used for various purposes including biosensors and electricity generation
system. In this laboratory, we showed that electrochemically active
bacterium could be used for the biocatalyst in the mediator-less microbial
fuel cell. Studies have been made to develop this mediator-less microbial
fuel cell as a wastewater treatment process throughout the study. After
construction of microbial fuel cell as wastewater treatment process, 1) we
can save an energy in the wastewater treatment process, 2) we can use an
electricity from microbial fuel cell runs, 3) we can also reduce 70% sludge
production because energy contained in the organic contaminants is

converted to electricity.

II. Research objectives

Studies have been made to develop a microbial fuel cell as a wastewater
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treatment process. The limiting steps have been identified to optimize the
performance of the microbial fuel cell. The use of cation exchange membrane
is one of the important factor determining the economic feasibility of the
microbial fuel cell because it is expensive and limits proton permeability. A
novel microbial fuel cell was constructed without using membrane. In order
to eliminate limitations exerted by poor cathode reaction, cathode was
modified to increase the affinity for oxygen and the oxygen permeability
through the cation specific membrane was determined.

In addition to the electrochemical aspects of the microbial fuel cell, studies
were made to identify the microbial population responsible cultivation and

cultivation-independent methods.

IV. Results
(1) Determination of microbial activity and rate-limiting steps in MEC

To test microbial fuel cell as a wastewater treatment process, NCBE
type cells were operated using wastewater from starch processing factory.
These microbial fuel cells showed about 68 ppm/h COD consumption rate,
and 17% coulomb yield. The rate-limiting steps in an MFC are 1) substrate
consumption rate in anode, 2) electron transfer rate from the microbial cells to
the electrode, 3) external load (resistance), 4) proton transfer rate through the
membrane, 5) oxygen consumption rate in cathode, 6) oxygen diffusion to the
anode compartment and 7) channeling phenomenon in the anode

compartment.
(2) Construction and operation of wastewater treatment microbial fuel cell

- Membrane-less microbial fuel cell (ML-MFC-1) was constructed as a

prototype of wastewater treatment process.

- Second prototype ML-MFC (ML-MFC-2) was developed to minimize

channeling effect and internal resistance in the anode of ML-MFC-1.

_10_



(3) Determination of critical oxygen concentration and enhancement of

cathodic reaction

- The critical oxygen concentration ([Oa]eir) of graphite felt and Pt-treated
graphite felt were 6.6 and 2 ppm, respectively.

- The mediators such as conducting polymer, redox active proteins and
ferricyanide were effective for the cathodic reaction enhancement, however, it
was not suitable for long term operation. Although platinum treatment to
graphite was most effective one, it is expensive material for wastewater

treatment process.

(4) Microbial diversity and electrochemically active microorganism

isolation in microbial fuel cell

- The clone libraries of microbial fuel cells that had been operated using
starch  processing wastewater, acetate and artificial wastewater were
constructed to figure out the microbial diversity.

- Thirty eight strains were isolated and five of them showed
electrochemical activity.

V. Applications

The results of this project provide a guideline for MFC operation to treat

wastewater, that is the final goal of this project in second phase research.
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dom FLHATLA Tl ARG u|EEY T
T} (Kim et al., 1999a, 2002). 3I=|qt o}Rzizx] RE ZLATANFo] A7)
AEoletal T £ glon 3o R Hrel HIHIEGuA i
HAISEAL FA] o] 3t FFo] A Z7A] LjA|A] AL v]dE
At 2Lt ABAANE uiEoE FHATRLATY S
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potentiostatE AF&3}ed cyclic voltammogram (CV)S Lo A7|3isl BAH S FHHo
2 EAY £ & ¥ oo} AtE-HY A EEY 4 vk EY ARE-FY HEEY

A ¥ ¢ 4+ otk
3. A" n| &L a2} molecular microbial ecology

A AdAAN £27t JHedt o EES 1% urteln MAA wetdE I Ho}
wo wjokrbeAd & Belcky ofalA Qlth (Amann et al., 1995). & dFolxe n|dE
AEDA ] YT AT 1g T 1079 Aol BF EH biofilm Fefet A= Aol
of clumpBel® Eatso] ¢lg Zo® BEMsgou A4 EelsE £+ o2 1/10,000
o]3tZ UIElETh (Kim et al., in press). o|2& /& 2tdAoA 0.1 - 0.5%2] o]
Eol AyAolA wjgEcis ZRch "y W2 fxlojth. o olfe nAEARHAY
%
3}
=

2

& nBES £3he petri disholM zjHst=] £ty dfELE sigkich 2%
£ o EY HAL dolol T 23yt goldt, &2t Heolrt sHssith o

A nAE2 B uhg st 3t polymerase chain reaction
(PCR)H 2.2 16S rDNAE ZE3} o]8] MY E& B3} database?} H| i 3}= molecular
microbial ecology 7|HoE w3tujerst nHEL EAstdct. AUIEE S 714
nBE TFY dFo2 553 vt offEEe #2148 IF nAdES oMEA, FE
24 FHA 5 UE ATy wE AEL AXFAAHE o]t nlEFARUR| oA
clump Fefe] o|BES UF A B35 9= nBEL A7}
o] BEE wehsta olEg 7 FEeshe WS siustdch LR AT ¢ ZEY
3} yeast extractE& ARESlE ¥} njx]E o] 13

gstal, @8 BE M EeE A

ot

H
lo
¢
o,
o]
g
=2
flo

£ ARBAAT oMENT HaE WA
AR e, AAE, obAAY, Fe(lll), BAGE AS¥Th of of lujale Artde

Zof ufz](phosphate buffered basal medium, PBBM) & BHAFYEF o vfX|(carbonate
buffered basal medium, CBBM)E A}&3to] Hzpgoixet HAMFEAE 2¥sl] i &
B BH
[+

et EI AUE AxeEAE ARESHA] b= o] EL] wlYgE& 28] petri dishel
earthdt A& Z3 FI7|F o2 wjorsts s FH3int
Molecular microbial ecology 71 : wzhujaet A3 dFE st FHL ¥H
S E DNAE F3313 165 rDNAE =Y 4 Q= ¥ & primer§ AME3te] PCRE 553}
3 o]|& Escherichia colid) cloningdtod vjorslil plasmidE F&3dte] HE 7]l ¢
g|3te] @riMd EAstgct ol Al 2 dFolM AHSE AFu 4 B St o
olul AMg F AFEFH H, oMHEA 5 ME UIE dER iy AFelM &
£3% DNAE denaturing gradient gel electrophoresis (DGGE)7I® o2 EA3lo] Ql-F ¥
A

+ "lasigich o714 dF sifet ApolE Hol: bandE PRE THA FFste] @7
dg EA3tedch DGGES 1% PCRofA= 3313} r509 primerE AME-Ttch o4l A
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A F7HA ] AFellA Therst nAFo] AU EAE S VY, o&EE d&¥A 9
A7|zet A2 ]01]*1 FEGE £ AEe AL wEloL olFe] & MU FAHE et
Esxlol A% dAte o]FolxA] okttt Fe(lll) #Y MU S putrefacienset
Geobacter sul furreducens= outer membrane3} periplasmo} T}42] cytochromeS X735}
3% Ao UREHYoHW, o5 As-FHY HUF thFEE -150 avolstE w2 A
o2 B3 Fgtr}. olE M FoA ferric reductase® outer membraneo] 12w o] FA
= 0 volt K22 Ar3}-33] A E Zt:= cytochromed HF-3l= Eiwhwizo|ct S
putrefaciens T3] TEFNL] AMSL-Fed A7} 0 voltBEQ] AL o5 A8 #H7|&lst
4 ferric reductase?] 5248 AL o 4 dcrh miAAE AMEHR] e nEEA
BEAA A uBE MEe} FFEe] Mzl olFo] A whgoTh olF sty 9
st S, putrefaciens?| ferric reductase?] cytochrome -FZ2} AMAdZFE Hwsgt
primerE& designd}o] PCRE ZE3}o] A& ZA% vl S putrefaciens®] 1713t
HTh o714 @oi fHAL MdE Fold FEEAU SHHU MAdE FHol FF
2 HZ|8 probeE H|ZF3le] 3fujorst AM3S H M3 Tt} confocal scanning laser
microscope® A3t Ao =FhujorH n|AE oA ferric reductased Zt= n|Ad

=2 SEE AEY AYolrh
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N 2 & =Ulel 2EZ0fe ZHE}

= AN AAZZE FEE “FoiAAY nBEARAX"E SR A7
AFe® daf IetA Alde] FREE AlFolM W WIE JbAH ot FuFeR
“9th International symposium on Genetics of Industrial Microorganisms (GIM)”
Satellite Meeting& “Microbial Fuel Cell & Bioelectrochemistry”gl= FA|ZE 2002
7ol ZHEZE u} glew 20039 6"l "IHEn|EE ABWIII A FUT FAHE
symposiumE ZHE| Rt Wl glrh. ojet o] Fufelr = uFESARAAI v|YE FelH
B3 nAEZokA T EotR A& 31 dE AFolth. FHoEE e
Massachusetts th&} (Dr D. R. Lovley)=} Mlch1gar1 2Itf&t (Dr. J. G, Zeikus)ollA]
ol= olUA[4 (Department of Energy) SEFE dATH|E ol uFEARHA AFTE
33t5. Qlth, o] £ E3] Massachusetts tﬁf;w- o2 &

Research Laboratory, Dr L. Tender)$} &% A1 E
S 27) AH|A3I3 ©]E marine sedimento] A A8 33t gt o]
2002 ol Z}Zt Science2t Nature Biotechnology®l 3. AZH u} gl
FEC AEAEFPA M Ex3t e udEY F84E JdAst un]Ze genome
projectE <885} Q= The Institute For Genome Research (TIGR)E S35}
Geobacter sulfureducens®] whole genome sequencing 2}¢l-& I3}l e 2003 &
gdoteleh. 3 £ AFOFoIM niBER} AI7e] AxEY LS vhetsty] -r]ﬁ}@]
AHE-3t type strainQl Shewanella putrefaciens® SU3¥ BH ST u]= (ak Ridge
National Lab. Michigan F&lcj3} USCE2] ZT%5 AFE TIGReE A 20020 whole
genome sequences HAAStETE A n|=ZoA] genome projectsES B3} whole genome
sequencing®] $2H prokaryote (Archaebacteria 3E3F)o] 26 strain 18]35 ¥z I3}
%2 straino] 487§ (2003 5¥ 7|&)Ql A& 73t v]BE ARAAE Bl dF
o™ straino] oj7]e] AT ARt EE I F48 HAY # ot dx) 2
IR AT A A 1A (29) AldE Bl €2 A &2 udE dRHAE

a2 gt

Kt oy

(SO AN o [ ')

s}

Al AT
<
28

T A3 e

58] o] A7

s Azl FHOZ ol &Y £ = AFE AP I IS AAF uf gt o]
Ate AFHoRE udE ARFIRAE T3 e S UAE SHAR FESI 7
ZE A% AT 2} A olE EuE gfol2aurs AN ddit: ngE
ARMAE 7438t si¢=Azlo] &Y 4 odrie Zolth 3t E dFMoNE d&
A s FRE UEAY V1A, v wFEA J1E, A " surface water§5-& AHE31o]
ztzke] ARARAE AL u|BE JARHRA L HFol FEE e nAEL iy
& ZAISIGITE o] A ZAItE XA nBE JARHAE Y F e A HE
2 mldE7 o] ol FxEF o] AUSE Bt JRE ¥F F A= o3t AHu|HE
g n]dEo] 2 °d7%°ﬂ*1 01‘5* “ﬁa o}.?l Ae A& FEI= Zoln o] & 913t A
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o E_O%ZIE':’_ 9,111]' 0] 73:‘1 %% %E}\I Geobacte[?]- ]/L %o‘iiiz]g @7]‘1}8'1"'%}6]
o] EolA main population{d& A + ¢l
A AEARAR] L &2 HA A3}t Ado] ot Ee

© A" B ES ol &sto ozl AAHEA L FHE 48 AFolrh ol
7 nB AR M T2 T AIHAREAY uFES] AdAN 52 FER
SEF ] A& 7hedol ZU] el AR ot uEEe] ARY + = BEIH
A2l &o] FAJAE Ay "Hart ort ole AF7HA] ¥ ndEL

thatolle]  ¥7]A FE (sulfidogenesis, metal reduction, methanogenesis,
acetogenesis) TIE 3 EefQ] anaerobic respirationd Z}sAdo] it} Rtek o]xlo]

A 2 A AL vABEL] A pechanisn FHtE o

offt
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1. o3 &

| BEARAA = u|FE AU|EEHY NS osto] g Eo] AAFAAR o]&

d ¢ Qe 713l Zte Y oUAE AU AURE HBEAA Fe TS S o7
A AEE = B URHeZEE RUIEEC] AHEE 4 Ut mAdEe] fUIEE 3
st W71t v B WrH AEE WA dEel M #718 5EE
E3Y 7 dv AMEA &0l 7hesitt. AEAR AX o ozt A7 Wol HeolA
T miAAE ARESHA] ¢ EUEFTE E MUY uAEAREA Y o dFes £
Aol fadsith 18 1& uYBARAR Y FRES} 2 WS rated] Feists 74
& o33 gt
* Load
Reduced
Bacterium te:aeﬁ;?:n 7
protein & . 02
+4H+ =2H20
Fuel electron HZO
transport Cytochrome
protein
lon-exchange membrane
Anode compartment Cathode compartment

a3 1 B EARAR Y AF Udde s A7 UAS AR ¥ 4 As A

DB EARAR Y Ayl e 9hg2 o 7hA] Q1B oM ¥ werh
= dtelde seAZE AT AAEH nASARHARE A st o 2L E
Foch nAEARAAS RS FL geo2E 1) ndEY A WU &=,



2) ojBEe] Il HAE F= &=, 3) AAIL I FM YFFE o] Fdle £E,
1) #2028 BT HE, 5) Aae] THEel FUIe B &) 59 Fol 9
ouf Ztzte] Ago] cfat Ao BEg Uehd £ b 278 7L 4T 08 BAS
173t vl Qch flofd dAF 29 F 1)3} 2)HY 2 FIFo ALt udE
o] A& zel AFog HRE At o &St Zojrh T WY RIgH
S Az o]BEHEE AYste Zloln 2R AL HIsiEA J¥S ¥H H +
QT 4MY A UNHOT AU Ho] Qi Jol LB A& of e 7}
Zo] v w4 A ARE AHE ¥ 2 UFES 2k |7t tiAES
AU e we AASL AT Wesl Arh 59 VL WAZARANY FFP
vt2olm o] ¥k&2] overall reaction2 T3} Zr}

n0; + 4ne” + 4nH" — 2nH,0
or

n0; + 2ne” + 2nH" — nHy0,

‘=t F3] W] wEol 55
siAl ofe] ZpA| whge] A= oled eyt WHEREE FFF2 ATl mediator
E ARESIAY F2 &0t AT A} LS catalystE AF
| olth Mediatore HURIFOE nPEATAX| AN SIFM nfEEY A ZufiFo
A 71" 23 (AEholl A UAERE HLE uptakedte] 2p7] Al B|YUEFHI MR
release®™ ¥ HIF o7 HAE HAdste YL vt JIFFAME mediatorE A
B ME i FolM HAtd ol Ho{3IR] Xt HZo] ibaof thdt wigH
=& F7ME 7] diEel Aol Jhed 4 glth ol
blue, vilogen &/, thionine, ferricyanide®} quinone & 5o]t} (Allen and
Bennetto. 1993, Delaney et al., 1984, Lithgow et al., 1986). Methylene bluet: &
A AejR ARSIAV e AZo] DHIAAN ASY 4 AL FHFo] ] el
R Z7HR] ofg vlo| AR HX|o] A}gE o] 2 om (Allen and Bennetto, 1993) T}
mediator 2+ ferricyanide (hexacyanoferrate)’} ol x}-£F o] gt} (Jaffari and
Turner, 1997). AZH LAEL n[PE F ulo|dTHA|A &3 TE B
gt SFFAM AHEE = mediatorHE FAIZE A Aol FHAA] U2 TRl gl
= Ze® oA orh F%0]

&

mediator £+ methylene

T

p 1o

th ¥ HIo FHES Ay A= 7V A Z&o0] JHR| 2
ol catalytic activity2# 4t4e} Az}, $iho]2o] I ¢ B oUAE
HUEE 9EE Tl (Xue et al., 2000). 3P| metalS Aeldt AFe] EHAE Ua
A FA F AU petal oxideZ} TrEo]x|HA| catalytic activity® A3j&d £ = glcl.
Qutzl o g ARFHE 40 8= wWZ(platinum)e] Qi W2} 2 FHLS AHESIE
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ZAYE HF HEdof AEY FAE A= vl J4= regenerationo] JHs
iRt 23 =& {7)8oF dlal o] 227t ARIFA] US A Aol "old ¢
_t;_

(1984)0] A& vloledu Ao A4 AMEE A= 2
EE ascorbate oxidase, laccase & AH&3}ed3 o]#3 AAELS dioxygens 4719
Az1et v AlA EBEE HHsi=d 283l= f4Eoltl (Palmore ad Kim., 1999).
Laccase®] A}-&o] 53] wWo| dxx|o] e FHo| Fehe] laccased 2.2%-azionbis
(3-ethyl benzothiazoline-6-sulfonate diammonium salt)&} 3HA] HFof] A g|slo] ufo]
edzdA|of &% A& st st (Palmore and Kim., 1999). 3SIx|gt o] B¢ FFF-9
pH7E B2 AejollA ZapHol7] wigeol Hxf £ AFoA AMEEL Se ndEAREH
Zlolls YA UL 4 Atk W c-type cytochrome (Cyt c)& &Y AT= d=
ol o] B9 Cyt c7t hemeg& 7R Q= wh¥idolal AR b o] HAAES
oA 4+ Q7] uwlEoltt. d#E copper proteinQl cytochrome oxidase2} 3
dioxygen?] o] Hojdirtzn dalx gt} (Kats et al., 1999). ZFZo= Cyt c7}
laccase?} A=A} AYES niAste A% WUEE YT (Kats et al., 1999). &
peroxidasell catalase® H]x3t FIE &5t dFH ©} ot} (Ruzgas et al.,
1996).

lo

=

JER 2 AToNE Thedt 2S AU uHOE n4BARANY YIVE
L .
oy

A7 AYstack

- B EAREA Y cathodeE 2 o] A& graphite WF& SEMOR s}
J

1
3 AER YHY FHEBY Py 2y Bstdct

2. I HE HIOFT ATl graphited} W2 O F coatingdl graphite?] At4of tf
o

g M3 EE 47] 28l YAAIAE S (critical oxygen demand, [0:lcic) & F33toiTh

FIHuES-S BFAIA]F|7] ¢Blo] 1) WFE coatingdt graphite, 2) F7]uj7iA,
[«]

3.
3) Ta 5L AMESte] 3 AFe) coulombE w3ttt
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2. A% A2 2 Wy
7 s

daAd A (A FEE ARste FHAAN Udste s (FAEZES,
Starch processing wastewater, SPW)E& A}-&3teict. X‘I—rﬂr%’- H4=2] chemical oxygen
demand (COD)& ©F 1,100 ppmo|lom w42 F ZHAet F QI 25877, 10.71.7 ppm

olgitt. SPie= nAEARAR]o] F£¢ A] phosphate buffer‘i} NaCl mixtureo]] E3}3}od
A CoD7t F= Lo 2 H 239 2 phosphate buffer?] HEX= 50 mM, pH: 7.09]
A3 NaCle] =& 100 oMo] HEEF 3steict AHE/HZS4 tEo BOD check
solution® & AL&3t= JITHGE A R3to] AMEStitl (American Public Health
Association, 1995). ¢lZd 4 glucose?} glutamate® BOD 7|& 100 ppmo] HEEF 3}
Atk F 1L dFFY REE BAFI Ut

1 Aol 24

Component Composition
(NH4) 2S04 0.56 g
MgS0; 7H20 0.20 g
CaCl, 15 mg
FeCls 6H:0 1 mg
MnSOs He0 20 ug
NaHCO3 0.42 g
Trace mineral solution% 10 ml
phosphate buffer(1 M, pH 7.0) 50 ml
Distilled water 940 ml

Trace mineral (Balows et al, 1991)

Nitrilo triacetic Acid (NTA) 1.5 (g/1)
FeSO4 7H20 01
MrlClz 4H20 01
COClz 6H20 0 17
ZnClg 0 1
CaClz 2H20 01
CU.Clz 2H20 0.02
H3BO3 0.01
NagMoOs 0.01
NasSe0s 0.017
NiSO4 6H.0 0.026
NaCl 1.0

[+

A= glucose?} glutamateE AT HE& A xslo] d¥E& T F A=



1A AHE]7 B EE 5FT) Glucose?}t glutamate:= stock solutiong A|Z3t 3 W
ol A filterE AME3te] Hristodcoh nBAEAEHAY d ol wiAZl &
ololes 7]l BLE FXT gas bags FHTl &3 Fol= FIHY HElt HES
A=

L udE dRHA

T

| EAlog 2A4% pjRAEAFAHRE= NCBE (National Center for Biotechnology
Education)efA] 713t A& ApEstgivt 3t 45408 Y nAE A5HXxE= 2

AFAloA] 2P A28 sensor type?] cell (Chang et al., in press)S AFE3}eict
T uBE dARdA] BE gIEY 2ZH Aolo o] A S Z Nafion 450 (DuPont
Co., Wilmington, DE, USA)E A}&3}gxn HIFLFE= graphite H=Z (GF series,
Electrosynthesis, amherst, NY, USA)& Ap&sladct o2 F AZLE 7jAst= *‘5"‘oﬂkl
T AFE 7|22 R AMESIYTh NCBE cell?] 79 & AFAHAA F7IxHd
Atg ol ARE mEojM 2HR AEE ARESIAch AT 5 o]Atoldd OU’]
o © Z phosphate buffer (50 mM, pH 7.0)2} NaCl (100 mM) Z3re¥S A}R3}gict &
Fe= Azt AZ27Esae] EHAE A RSt FHrbstalcoh ofZH-oll= graphite
o] potassium ferricyanide, methylene blue®} T AEE A g]slo] AFR3IATE A g
A3 e Y A3 TAckin, aSAos LAY AE AW U3
Hog AR O Lo SIHY sictew FIF3tArt §42 1.37 nl/mine

5

C

NN S

ouf Afel WAL 48 WAL ¢ =
2=t YRsA ZAHE boxo] £ £WE selom SEL 33 4
2 _;]E_ o

glth 27 29} 32 F I udEdwdA]

mlm
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Indet for &ir =

Electrods corpartments
i

Indet for nitragen

VL CLYE |

Indets for electrical contact
and addition of substrates

™ Ion-exchange merbrane

6@&) Backing plate

" Erd plate

2% 2 Schematic diagram of the structure of an NCBE-type MFC

® (®)

Display and Communication Unit Cathods

-+

Air-water
outpu
o S t

Wastewatar

output \
Drain ) Drain
Bolts ior cell
assembly

Anode |Cathode

al?
s
5

Air-wate
input

ion-exchange
membrane

Wastewater Microbial Fuel cell Air-saturated
Reservoir tap water

Q :Pump

13 3 Schematic diagram of the operating system (A) and structure (B)

of sensor-type MFC
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Zb u]BE ARAR AN UAstE AFUE FHXS fHeiME multiseter
(Keithley Instrument Inc., Cleveland, OH, USA)E® & Al7t mjc} of3F2of S=5%
Ato]8]  potential Apo]E  ZAstodctt. =FH  potential(H¢})S  TIA] data
acquisition system (Testpoint, Capital Equipment Co., Richmond, VA, USA)& o|-£3}
o personal computer® A Ws}3 ZAH potentiald IAH ¥ AE 18dtd
Fhatstgich, Astere CODMHZEE o|E3 coulombd AAtsIgITh o] ZH-9 COD 1 mg
< 12 CoE Fatstoich

t}. Chemicals

- Mediators: Potassium ferricyanide, K3[Fe(CN)s] (Kishida Chemical CO., Ltd,
Tokyo, Japan): Methylene blue (Chroma-Gesellschaft Schimid Co,, Stuttgart,

Germany)

- Enzymes: Bovine catalase (Sigma Co.): horseradish peroxidase (Sigma Co. ),

laccase from Rhus vernficera (Sigma Co.), laccase from Coriolus versicolor (fungal

H

laccase, Fluka Chem., Co.), Cytochrome ¢ from Bovine heart (Sigma Co.)

- Platinum: Platinum vulcan XC-72 (E-TEK, Somerset, NJ, USA)

ot 3ol F4ot ArpeinlA

NAEARAR] Y] FFE HI A (0.5 cn’)E H53idrh. F4H HAIFL 0.1
M NaCle] #7FH 50 mM phosphate buffer (pH 7.0)o Wil vortex® MA &5 A&
(shaken electrode)®t EEA] ¢t A= (non shaken electrode)& FH|3tHct &Eu[H
AFLE GF Tl F2Ee] Qe EAES FHUsH] fste] AA¥uA ARZ AMESE

grh. FAAAEuZ LR ARE WE3I] e vt #2 A Az E starh

Ul

- AZ2] AdX-E PTFE membraneo] &&=l 2-3 A|7F ZAX

2% glutaraldehyde®} 2 mM MgCl,7} 33+ 100 mM HEPES buffer 2 1A]ZF A 2|
1% Osmium tetraoxide (0s04) & 2A]7F A 2]

AlFE+= 30, 50, 70, 80, 90 % ethanol® Z}z} 20&%] A 2]

A& = ThA] 70, 80, 90, 95% iso-amyl acetate® Z+Z} 302 Az

HEF AR 24X A2 F SEM A ER ARl

|

i
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SEM B4 8 A8 gold coating device (Eiko IB-3 coater, Tokyo, Japan)Z *] ]
£ 3}3 SEM instrument (S-4200 FE-SEM, Hitachi, Tokyo, Japan)Z 15 kVollx 3s}ed
Tl

nf, Platinum coated graphite electrode

Platinum powderE carbono]l #7}3F mixture(40% platinum on Vulcan XC-72,
E-TEK, NJ, USA)E Nafion ionomer®} o7 4lo]A] spray coating® 3lalct 2 F
platinun® 2] 2F-& 0.28 mg platinum/cm’ graphite surface?} ¥ ==& s}ait}

H}, Dissolved oxygen (DQ) monitoring

% (critical oxygen concentration, [Ocleric)® ZA3V] 213t
F EEE oI HE g AtARETE DO meter (Orion Model 850, Beveley,
=
=

AL Z1EE 24

COD:=  closed reflux titrimetric methodE  ©]&3}t}t  (APHA, 1995).
Ferricyanide®] #42 SHHEAE o] &3lo] 420 nmolA FHE=

extinction coefficient (1040 M'em™)EHE] ZhAsES ZAdigiry. whize] BA
Biuret method (Herbert et al., 1971)& o]&3lg oluf EF wHA=ZLE bovine
serum albuming ARE3taith DNAS] FEA1 & diphenylamine method (Gerhardt, 1993)&

1183} d T} Hydrogen peroxide?] 412 idometric titration methodE AME3tST)

£ Z33}3 molecular

5

=

He AEve o] GRS o|EHOT 66x ZaAZ 4 ok SHR|RE o]

' UAsleE AHelste £ SYsithe 2dodA Jhssith. BEAREAE
=

]
HeA A2 A6 e BA AEARAAE PYste 4 UMSHAE
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AA HEHow Az

n0; + 4nH' + 4ne” — 2nH,0 or

: n{CH:0) + nH:0 — nCO; + 4nH™ + 4ne”
n0; + 2nH" + 2ne” — nHe0,

2
ot

2HER HeAE HEARAAY HASEE golV] HsiME Ha

B

=L
=5

[« 3]
SIS

ol 23 B2 1xpd 2 (2001-2002) o) A FE] 2] 3ubA} A 5%hA o] &

a=lA Hel

¢+

12 NCBE type cell?)

3

7422

5

National Centre for Biotechnology Education (NCBE)
Starch processing wastewater (400-1500 ppm as COD)

Graphite electrode (GEE synthesis Co.)

25 ml
Graphite electrode (non Pt coated)
25 ml

Air
Nafion (DuPont Co., Nafion 450)

10 ohm (5 -2000 ohm tested)

2 NCBE type

Electrode

Volume
Electrode

Cathode (Volume
Oxidant

*

Cell type
Wastewater
Anode

._OO
_—

af-
of
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14
1.2 4
25.8 ppm 103.2 ppm 206.4 ppm
1.0 N
p
2 ‘
0.8 4
£
k=1
2 06
= e 4
© 6.45 ppm 1
0.4 - b
024 BOD= t L W
2.58 ppm L L
00 oo Y - W a \.
T T T T T T — T T —
0 20 40 60 80 100 120 140 160 180 200

=3 T\ICBE cell?] Hl$Ag&HE

CoD¥ 3} (ppm) A 7*(3“)];3 X(‘]pifm’/“h‘; Coulo(mcb) & Coulo(n;?) yield

350 5.14 £ 0.25 68.1 + 3.3 14417 17.2 £ 2.0

o
lo
il

FE 3o viehd ube} Zo] of 400 ppm (COD 7]#)e AE/EHsE T

SAT HEARHAE o 68 pou/he] FEHLEE Ushhglct of Aze sl A
U=k 19 AFAUEE 60 ppo/ho] =YL S & 4 Uth AW yieldst
o 204 mlTO R HFT by of A AW el {7159 20wwo] WIS YelE
ABY g duiych ol olfEE I 1o EAT WITANN FFRe] AL
S5 P Ubgol £F%e] WgRTE =7 VAW Fo2 wYWch ane
B dToME FFRe NS golo ATE AWsKACLh TR S YFTY USEKES
gol7] fla HUEL thest 2ot

1) AAPE|H(SBN S ol 8% T AR Bzl
2) GFFo] WYL 48 Nafion U BY A

3) FIe YANLEE 53

4) #it3tAE oxidant® ARSI FIubS

5) Ferricyanidel} methylene blue®} ZF2 uf7jdle] &
6) Biocatalystll AEA F7]d2] A&
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FIE HF) EA 2l AL AT LAY ASARAAY $3 Y
HehE 2 Wet Q7] wiEel £uHATL WA GIFF AT A¥E A3 B
E &% (29 5) ¥ F protein, carbohydrate?} DNAS =5 ZF3tact (£ 4).
(A) Not shaken
(B) Shaken
2 5 SEM images of graphite electrode in cathode
i 4 Chemical analyses of the cathode
Protein Carbohydrate DNA
Electrode sample
(mg/g electrode) (mg/g electrode) (mg/g electrode)
Shaken electrode 30 0.17 {detection limit
Not shaked 25 1.07 {detection limit
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212 A oFF Yo Z2)8}= particleEo] biomaterial (microbial cell,
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U ol gSARAAAN GFE B3] AANLEE B

A GA 2 AHESE7] miEoll

714 nABE oux BAL SN 1AE HF A
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3t oA EL] wie st £ gl olel T uwiF A A4l wEIb X "‘"7‘0L
EE Holk FHAEEE UAAASE (critical oxygen concentration, [0z]ceic) B3l
gtel YAl SREETE B Ath BEoM s nAEY AL oA HEd
A3t Fido] nFEARTHR Y FIE vlSoME FHLHTL nAEARAAANA &F
oA 58] 4t3te] 2o BE.J’ 33t At} ol 77t R A¥I ol
Sto] I HZ AE I I Fo] TIFEE AP At} WSl HFFHOZ
AFHAct oyt B‘—soﬂ}ﬂ Azpe} o ] %
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(a)

8 .
1 30 mimin" 35 mimin? 40 mimin’

25 ml min”'
20 m| min”’'
N

15 mi min™ —
n_

P
10m|mi/n"

Current (mA)
S

/
2 A /
/
/
0 |/ T T T T 1
0 20 40 60 80 100
Time (hr)
’ (b)
6 4 s [ 3 E P 2= E
—_— 5 -~
t )
5 41 )
3 Co.cr (~6.6 mg ™)
(@] 3 ’
2 -
1 4
O T T T

6 8 10
DO concentration of the cathode effluent (mg I'1)

23 6 Determination of critical oxygen concentration by monitoring current and
DO in the cathode effluent of sensor-type MFCs at different flow rates of air
saturated electrolyte into the cathode compartment. The MFCs operated in a
continuous mode, (a): Current trace in response to changes of cathode flow rate.
(b): Current vs. [DO] in the cathode effluent

?18] Zzt= graphite AZe] YAAAESTIE oF 6.6 ppno| o] &
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(The fuel cells were operated with wastewater of 400
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Aeration with pure oxygen Aeration with air

Current patterns (a) and coulomb yields (b) from NCBE-type MFCs gassed

with pure oxygen and air.

mg/1 COD)



Y dRE ugeE AT nPEIRAA| A g de] 23]y Ala=E
gassing¥t Z oA AFZE2t coulomb yield7} WA HAETE o] Azpes gFFof 2
HOoE FFEE Atto] oiM nFEJAEHNA] o] FEE o[ Z2o=E sighHTh AHASH
As AL SE ol e FF5Y 4=t A FAIEE v &&E4hao
BE7t golilol wel Yol uFuts Bl FIFHE HYEHE HE7F ol WA
AgeT wictHTh ol9} 2 sid 2 2 dAFALE B3t £3FHIA JUIE Ao
A Fol2aHuetS Filo] AAVF SZEE AUEE ZAE JFF v Qo) (ZHE 5,
2003). 2B EE JIFF AaFFS dALLEE oo E RAEEAN HoT HUE]
B ALY & AR ¢ U 2ULE Ao & o 4 vt Iy graphited
F2] YA FTET 6.6 ppmo] L o] wEIF Frlof s EIH £ AL AtaE=e 8
ppmo]l H[3to] Z ztolZt 7] wio] UYAMAEEE WE £ e IS AlLElor ¥
& o gtk oo thF A= 2 A oA graphitedFo] WFE He st FUI|

A GAdETEE SEY Az & 4+ A

t}. Cathode mediator®] A}&

Ferricyanide -§¥-& Al&-3to] BEATHAX| oA FZH oA mediatorZ AL
ksl wl olct (Jaffari and Turner, 1997). £ un|¥EAZ AR oA Hd3t &3}
1& Stolth A NCBE type cell& o|&3le] AE7Hgu+E 714
Je¥ © 2 phosphate buffer$} NaCl£&o¥-& x}-231
Ao g =3t AsjA Ao 6 mM2] potassium ferricyanideZ
AYFo 2 AREstadnh 18 82 13 9= FUHR] &HoA KA
coulombE& Ho{F3 Qlt}, tfRFof H|3] ferricyanided | e|3t
Sl ARFIkel 2.5 mazkA] FslThrl Z4AEE 2E HAY
Fo] ARFgrol o2zt FAIE 2E (1 m)& Bl Z2
et AF2E F7He ferricyanided] RAIE wheimigdct 3hH A3 Lo
2] ferricyanide®] %2 & A7) 9I3iA 420 nmoflA] SH=E monitoringd}
. F 53T A= 1 md =80 A 2A ¢ 0
th o] A= ferricyanided] T2t AAIFQA Z& oulgich A J|Eo] FEAEH
ZlollA] ferricyanided AMEY Z-foll HALE 4H[st7] 9l5te] Fe(I11)7} &3t 2l
H Fe(Il)e thr] Ataoll 2ste] Fe(1ID)E At3E7] wjEof recycleo] 7Hs3tttii 3t
Tl x|t 2 AFZAztolA Rl vll Zro] AA|Zt 2Hof ferricyanided recycled}
A AN = ¢l AR winkHh
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3.0

Ferricyanide added
2.5 4 A420 =2.516
2.0 4
- <———-A420=0.539
g 15
}‘-: Control
E 1.0 -
o 420= 0.06
0.5 -
420 =1]0.059
0.0 -
0 1‘0 zYo 3I0 4‘0 5‘0

Time (hr)

2% 8 The effects of ferricyanide added into cathode electrolyte on the current
generation by MFCs, NCBE-type MFCs were used, The numbers in the figure are the
absorbance values (at 420 nm, max of ferricyanide) of cathode electrolyte that was

added with 6 mM potassium ferricyanide.

80

Air-saturated electrolytg

Normal air-saturated electrolyte containing 8mM ferricyanide

Qaverage
60 o
\ Qpyerage™ 49.60798 C '

40 -

= 56.38825 C

Coulomb(C)

2% 9  Coulomb obtained from a mediator-less MFC containing 6 mM potassium
ferricyanide in the cathode (right) in comparison with that from the fuel cell

before using the electrolyte (left).
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223t ferricyanided] *}o:: Fo uo] ojd HoT

oA e 22 ok 1
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N
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i
Anf

ofZF oAl ferricyanide?t Z2 FAIE  Zthstzl ¢dle] TIE  mediatorE
methylene blue® ApE3toict, oFZHof Hajdo 10 mMe] methylend blueE E 713t o
NE ARZAxE A5t 28 102 10 oM methylene blue?] oF=F HZo A 2[4
MABARAA ARGl T BAE BAF I et

3.0
after tested with MB

25 before tested with MB %
2.0 \N

0.5 A

Current(mA)

0.0 4

T T T T

0 10 20 30 40 50

Time(hour)
281 10 Comparison of current patterns obtained from an MFC in two cases: before
tested with MB and after tested with MB (Air saturated electrolyte of 50 mM
phosphate buffer and 100 mM NaCl containing 10 mM methylene blue was used in the

cathode compartment),

Ferricyanide®} Zr¢Ql methylene blue® FZFoA ZAQ mediator®E ZE 4
Uee o 4 YU FHAT F A mediator BF BAIZ LAY A 24 240l ¢
#HE 4 ol 2BE ZFHola 2x249 7t gl ol A -E el gl

Al AnAA| oA SFF- FF TN BF catalyst® WFE AHERct njdE
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2329 catalyst7} nlaZol7] Wlol HEe] WaHeE Wast
>

2§ mechanismo] 7]& E’*‘Zli} %%%}71 Eﬂ—ﬁ_’—oﬂ ELiR=a
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6
Using Pt-coated electrode in the cathode (a)
5 -
before employing Pt-coated electrode
( graphite electrode was used)
4 -
<
£ 31 $
€
o
5 2 4
o
1 -
0
0 10 20 30 40
Time (hr)
120
(b}
Using Pt-coated electrode in the cathode

100 + Q =9397C

@
o
1

before employing Pt-coated electrade

A
(=]
Il

(graphite electrode)

Coulomb produced (C)
[+
o
1

,,,,,,

Q=223¢C

20 4

% 11 Current pattern (a) and coulomb yield (b) obtained with graphite or
platinum coated graphite as the cathode in an NCBE-type mediator-less MFC run with
SPW of 400 mg 1-1 COD as fuel.
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coulomb yield7} &2 o = 9lgich. & oFZHof ferricyanidel}l methylene blueg}
2 mediators YAFOT HF Yol AEoHE 2E BIFAY SVTFol dol ¥
HEls Ag wHST, HEAM R7192 A9 Qs ARPdel 2ad F HgR
G Zg sttt =Y T F2 biocatalyst® ASY A3 AR Frhe %
APGAT BLE BAT VY YUZ 23 Ao She EAE BT U4
oh O AR WAL SU WA UReD WF Ay Ruch wil E3Ec,
JHER T A4NE 04E duusl gTF AIS el ot Aol ¥

X 5 Currents and coulombs obtained from different experimental cases testing the
use in cathode

Experimental Ave, current Coulomb
Conc or treatment
cases (mA) (C)
Control 1.2 455 0
Ferricyanide
6 mM 1.1 (max 2.5) 55150
(K salt)
methylene blue 10 oM 2.2 72+8.0
Platinum (Pt) coated 4.5 9418 8
HR peroxidase 500 U 1.38 62+2.0
1000 U 1.40 58160
Bovine catalase 500 U 1.42 584.0
1000 U 1.35 62+4 0
40 U 1.25 50, 3%5, 4
80 U 1.1 47 8+4.0
Fungal laccase 40 U + 5 WM cytochrome C 0.9 5415, 8
40 U + 20 mM ferricyanide (mai'%?70) 60+6.0
600 U 1.2 48+5.0
Vegetal laccase 600 U + 5 pM cytochrome C : 1.1 53t5.0
600 U + 20 mM ferricyanide 1.2 (max 2.0) 62+3.0
TTF-TCNQ 2 mM 1.1 45.5+4 4
NMP-TCNQ 2 mM 1.5 5515, 7
Q(TCNQ)2 2 mM 1.4 53+3.2
TTF-TCNQ coated 0.9 37+4.6
NMP-TCNQ coated 2.4 8047, 8
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electrode2] X WAL 4 Q== 671 27e zYstd AAsTh GFRe
G2 Rof Hataz =

-1

=
tl. nJAEAE A= AA void volume 8.033 I
olZ &I void volumeZ 1.35 lojt}. #H4¢ FF2 peristatic pump (5058,
Watson-Marlow, Falnouth, Cornwall, UK)Z o]&3}e] r}jordt f-&o3 A oH,
feeding rate® E3}o] hydraulic retentin time (HRT)S ZAA sttt ojuf HRTE= A
void volumed 7|&F2 2 3ttt 7] H3hulef stAldAE §45E 0.28 ml/nminoE A
Zstdct sl Ao wal o8 BiDsErt HES ARt 3FY sHE-E FYUsH
I 352} glass woolZ} glass bead F2|%& EA1Z & %I H (electrode’} &
HEol e part)e] FTAHA =H4E wiEAZch  Z compartmentof FXE
electrode (R®T4&F-Z3L)2] oF2 SFF71 196 g& HolA AHsla, FFFols 53.25 g
(F7 1.27 cm, 27 10 cn x 107])¢] ®t2FAZE Z/fA FAstach 2 A2 10
Qo2 3ty st AFs reservoire] B FEE negative pressureo] 2J3f 4t
e 2E& 7] ste] AAE FX T gas-tight bagd reservoire] At} x}-E-8}
gdrt. oluf F7l= dFHF-of F3H electrode BIE ol Fstirt (¥ 13).

Air pump

Effluent

Multimetre

°

« Data
Glass bead _ Acquisition
Glass wool system

Artificial
wastewater

%! 13 Membrane-less microbial fuel cell (ML-MFC) for wastewater treatment
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Anode compartment : 30 cm, » Cathode compartment : 10 cm
Rate of supplied substrate : 0.28 mlL/min,

Resistance : 10 ohm,

HRT : 20 day, » Artificial wastewater conc. : 300 ppm

Electrode - cathode : 53.25 g, anode : 196 g
» The ancde and cathode compartments of this system were
separated by glass wool and glass bead

vV v v Vv v

AEI 4L K7]1EQ glucose?} glutamic acidE Egste] I 13 Zo] P45
D=2 100-300 ppml.Z ZASIHA AlE-3tolrh o] E22=F BOD

3 oS AL glucosed} glutamate?] 5% 2}z 50 mg/17} E A 3}
ded olF AX}FE Halste] ol &3 BODSt w2t chEzh Zth

A
r (e
ol
o
Y
(r
we]
(@]

Glucose 50 mg/1 (0.277 mM, 6.66 meq, 1.665 mM as 0;) = 53.28 ppm as BOD
Glutamate 50 mg/1 (0.340 mM, 6.12 meq, 1.53 mM as 0;) = 48.96 ppm as BOD
(Total BOD = 102.24 ppnm)

U BOD HEE MzH ATSE YRARHAY HFEyE FIE oY

o
A o
olaf H|<=¢] flow rate: pump (505S, Watson-Marlow, Falmouth, Cornwall, UK)E Z&
staith

T}. Cyclic voltammetry (CV)

ok Hojx u|AE byproduct & electrochemical activityZ Zte Edo] AAH
=18 Zolsly] ¢35} cyclic voltammetry (CV-50BAS. USA)E o]-&3tgicth o] Ayd2

electrochemical activity® Zte ERo] effluento] &2[3tcid {715 4H3stes o
BEBolM Hxl7t Aoz AW of $842 uiziy dUE ¥ 4 WU wige] ol &
#lsts] 418te] Alx|stgict o] B4 electrochemical celloA] 37§¢] electrode
(working electrode (MF 2073, BAS), platinum counter electrode, Z12]3l Ag/AgCl
reference electrode)o] 23] ZA At} olu} working volume2 ¢} 5 ml o] 21 scan

ratex= 100 nV/s ©ZF 3}gct (Kim et al., 2002).
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2t HFS3 9 coulomb AAH

At multimeter (Keithly Co. USA)E o]&3lo] ZHAstHom data
acquisition system (Testpoint , Capital Equipment Co. USA)& o]&5}o] 5&
oz HMyA ABE ZHST dataD A AT, Z-H AYLS
AR x Aol &3t A{FE At AR fI=E
SAstdeh E3 AP £&S A [} C0DY datag o]

experimental coulomb

theoretical coulomb
Theoretical Coulomb = ACODcr (ppm) X working volume X -—------—--=--

Coulomb(C) = Faraday constant(9.6487x 10'C/mol) x e mol
1 g COD or BOD2] e mol
= 1/32 mol X 4 e /mol = 0,125 mol e
1g COD or BOD2] coulomb
= 9.6487x 10% 0.125 =12 C

g
-

ool emButg AHgsH bt uAE ARWA LA A B A 3
ro 3

nAES F3 S AE Helstd, 2R TEES &4 300 ppme] BOD

off

O
SE Zte ATW4E zAslY ol dEZ AR stgon, A WrlaNz o
Us HEHULE o] &3t w3

¥ stedct,  Open circuit AFefollA]2] Z|tf potential
e o 0.8V AEden, d4t dgxoz FIaUCh o 20 Yol ATsAE ©,
o, ¢k 10 o o4 AAE Zks Ry} ot Az}

S
e AMgshAl dnE B AR AAle) £de] sisue uUrhis Zelt

[y]

= ofo] 2 %hul
(28 14). =& A2 10, 50, 70, 100, 200, 500, 1000 Qo.T wWHIIA|F|HA] AHPE

#EstTh A3s " 3 Zol 52 AH¥olA currentrt WA EAdstalon,
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Current(mA)

Mean current (mA)

whetA A

0 5 10 15 20 25 30 35
Date(day)

7l 14 ML-MFCE ©]-&3F 3jujok

2.5

®
1.0 - ®
0.5 |- @
@
0_0 | ( 1 [ i
0 200 400 600 800 1000 1200

Resistance (Q)

8] 15 ML-MFCollA] & 3}o]l u}E currentdAY

ste AR} FuiZte Hol: 10 Q22 ZAASIAUTE o o]f= o X7
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A ol Ee tiAtgEol thste] #gte] Ald AL 27| wiFEolth ARt i AY
SoflA] Ho|& polarization curveE XA Hclpd powerE 7] €8 nAEAF A =]
o] A3 9f 100-200 Qo] A zAog Yeiyth w4 FF =& 0.28 nl/min,

o}
fuel®] ®E=+= 300 ppnl.E 3}ict

AT+ HEE 00 ppo2E DAL FFLE AYHE a2 BF

58 HAIPA T GuS WESHACH Z7lo] W4 FIHEE 0.28 nl/mineE

SHY A nYE THHE % FOT o L 403.2 nl/dayS WS £ 1.35

g 7|22 & uff HRT7} 3.35 day® A g] %EJOI of- 3. ESE current® °—F 2 mA
A 3L

o
=
32,
_\L
é
=l
K
:L
)-
u&L
0
(2,
2
o
1
-{m
2,
¢
4
_(')‘_fl
rlr
rO
kl
&
N
L
O%F
ﬂl
w
[
o

2
ppm, EF £E%=1.83 ml/minZE %‘-7}*]zlrh AlAsteich, 29 594- 162 03’—:.’-31:’—
aeration rateZ 0, 20, 30, 60, 100, 150, 200 ml/min® 2 W3IIrA]z|HA] AF W3}
(2% 15)9} stadey stated] H{FIE (27 16)S Uehd ZHolcoh

250
© 200
[3+] —~
-
= 150
5 E
® E 100
2 N
50
0
<
E
T
o
5
(©)
0.0 ] | ]
0 100 200 300 400

Time(day)

81 15 Effect of aeration rate in the cathode compartment
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3.0

20

Current(mA)
&
T

1.0
0.5
0.0 | 1 ] |
0 50 100 150 200 250

Flow rate(mL/min)

12) 16 Current vs aeration rate

o] dEZA 60 ml/minol} FFE uwf current WABE AL dF3A He ZE 2
1 & 4 gt 5 20 nl/min olUE FF Y wis olE3F & 40xof BT
current?} U= = AE B3l F2RU itk ZF 571 v 2% factordd
o 4 odrt. 2L oFFHoA aeration rateo] wlzl COD Aol weled, 150
ml/min & FFY ufs 92%0] 42 Xz ALE HArh  E 62 HeAE ndEAd
FAHA] (ML-MFC-1)¢8] &25-2 E3t Aeg] #4549 coD H32} coulomb yieldE FEAIZH
Ziolth, 3 coulomb yield= oF 6% Rl o[go] WS coulombi= 2] A7}
g SIF5E AXL dFFoA ZUHoE He|d ZAog gkt

F 6 ML-MFC-10llA] &3 52 B2}t e H<=2] COD H3}e} coulomb yield

Glass bead & glass wool
Cathode compartment

Aeration compartment
Z] 2 Al 2
At | cop | acop 2! Coulomb | COD | ACOD ;101 Coulomb
1/mi
(mb/min) |\ oy [ (mgr) | = | Yield | (mg/1) |(mg/1)| = | Yield

(%) (%)
30 161.16 | 138,84 | 46.26 4.0 167.82 1132.181{ 44.06 4.2
60 40 260 86. 67 2.5 167,27 [132.73 | 44.24 4.9
100 57.75 1242.251 80.75 2.8 181.82 |118.18 ! 39.39 5.8
150 25.26 |274.74 | 91.58 2.6 184.07 |115.93 | 38.64 6.1

200 14.55 |285.45| 95.15 2.5 166.02 [133.98 | 44.66 5.3
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|

=2

)

ufo}

3}X| 9t coulomb yield7}

L,

T

912 ZAzpollA Kol

Z+o] 200 ml/minolgl& AL oF 95%2] CODAHALS EaAth

2-6%% v yA SA=E A

(200 ml/min)ofA] =

2} aeration®} F£o] £23t factord

CIA] aerationo] H|EtER] Qt=r}31

= 1.83 ml/mino] it}

.

|

o]

COD:= 300 ppme]3 o

Zstelet (£ 7).

e

ol
ﬂ__mo

55.2
52
46.7

SR

b f7180] AA

ACOD

(mg/1)

165, 45
156
140
s

Glass bead compartment

coD
(mg/1)
134.55

144

160

(%)
95.15
92.73

90.3

He|ag

ACOD
(mg/1)
285.45
278.18
270.9

Cathode compartment

a2 ol

CoD

(mg/1)
14.55

21.82
29.10

< #7180l FFFolA 23]8 Z1gudEd o

=gt

HE 7 ML-MFC-19]A] sl T =0 ulE COD removal

Feeding rate
(ml/min)
0.28
1.83
3.5

o}

| Ael==]

25

RL

R

mm

A71zergdu| &l 53 wigEs] Ro

o] o]

oA =HH

(=]

=

lo] aeration

o

]

Ea

[o]

8171

=
37148 mAdEo] B =R wjdEo] floco]i}l bioflimo]

alL L

€]

[¢)

IHEE deAE ndEAEAAZA 14 A ML-MFC7F Eedoz 2HET] 4]

BollA tigstA wHad

Eo] THA

1]
Jo

aK

224

‘5_‘_‘!-

gt

H S3FoA 2713

JJ

o

2
T

Zhol A Ll @ coulomb yieldE ZEY

gl

_59_

At S el st ¢l

ML-MFC



o] HEATHL AAHE GAEES Houe]l & HEF ste 2lo] Fasith ol
2 7ol The MY $AE H4Y FEE 100 ppoE ZaA7L FUT H
%02 ZYStAA 1 AHE BEHAT

2| Z7HA] ML-MEC] & 22 w48 =& 300 ppm, 1.83 ml/nin®® 23
oo TI3= FI7|E= 200 ml/mine 2 3tgch, 2y olmfe] UAFEE current=
v}—’r—f&falﬁ FAEZH nBEARZAR] Y 7H5d & AAIZE NCBE type MFCS} ¥l 3}13l&
ufl,NCBE cell®] Z-$ anode?] working volumeo] ¢F 25 mlo]il MIMFC:= <¢F 8 Lo|cl.
celloflA] Bolx= AFIE 52 oF 4= mao] L F MFCE working volumeo] ¢F 100uf o|A4t
2ol 7b L7l wiEoll ML-MFCS] ¥zl &AM eie HEEHUE ‘3—-1’ = ot 53] s471
ZFFolA A EA i FFEE "J% ZBF SFFFY 4 18| d = 25t
of wra] 4u|E7] wfFo ol HAIZE ot olt}, 2822 ML-MFC
E wIhista AU ndES ZHT 4
build wpshl SIHAE WA FolW BA Fel eFyold oA
A §71Bol WAl G=E 2Ag dAsor Vo 2 AelAs
SolA wAT BAEE setsi] sl wA sl HEE 100 pm°§ e
S48 FF 45 1.83 ml/nin® SAHSPHA oFHo] FF3IE aire] £EE 200,
500, 800, 1500 ml/minl 2 HIA|F|HA WAHst= AR HdAstec (23 17). 3

2l 182 Z} aeration rateoflA AFIHS BoF3 glch

E
?_.
N
of f&i
L

1600
1400
1200
1000
800
800
400
200

I'TTTTT1

Aeration rate

3.8 —

34

~ Current(mA)

3.2

[ 5 10 15 20 25
Time(hr)

2% 17 H4F 100 ppnl 8 FFA] aeration®] 3}
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Current (mA)

200

500

800 1500
Aeration rate (mi/min)
281 18 100 ppnd] 8 E ZFA] THE aeration rateofA] AF7re] #H3}
S 102 100 ppn} 300 ppne] W4 Fol thet 2t AHES ulR Zolck.

3 10 100 ppm} 300 ppmlZ ZZ3F WI-MFMFC-19] Az} ¥

Fuel |Fuel supply Effluent COD | Effluent COD
Aeration rate| Current
conc, rate of glass wool of cathode
] (ml/min) {mA)
(ppm) | (ml/min) {ppm) (ppm)
300 1.83 200 2.600, 02° 166.0 14.6
100 1.83 200 3.20+0, 02 20.0 5.0
ol A¥ ZAXE 300 ppnoE HE uwfel vl ¢ 2 AFIE wWAStATH

coD Axte dRY

ppm FEQ e ACODE ¢ 130 ppm o]crt o] A= 100 ppmeE ZAF ZAHTl O
W2 f71Ee] a3l HAR AVUEL f Yo ZAE& Yot ole nEEARAA
24 300 ppm?] Hg¢ FF 7ol FIFH whZo] AtATE FHFH  AREF {7
w3 SFFolAM Ar=EA] e oS AR &, SFFAA fIIEE

Zal Bt R i R ) —’F‘—"\OI-Q‘J ZHlof Hgle] FHm oFFF2] WSS Y = e

o] MIMFC-1olA T3S & 4= et} 3t 100 ppm?] feeding rated HISPAA ThA]
ol o COD2ﬂ7‘I & #Estct (2 19, ¥ 9). o3 AL FoAR RANA

=
TEE

300 ppmo. 2 A It

=1
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£kt cope] AA Lol dASA FAHE 2 & steady state® UFIIAL ThE BULE

u}Z2m A] THA] steady state dataZ @& ZoE AT

7 Aeration rate
e current
e low rate of fuel

450 —~9
= . =
-E 400 8 g
£ < E
P 350 é -7 \q—;
g < s
§ 300 g -6 o
& SR
£ 250 Lrs 8
U 200 & — 4

150 L3

Time (hr)
23 19 100 ppnd] S He| A F42 IF
9100 ppud] B4 BF Al F5o] Ty AR} 0D HE
Fuel supply rate| Aeration rate Current EffluentCOD
(ml/min) (ml/min) (mA) (ppm)

1.83 200 2.98+0, 01 3

2.70 200 3.2040.03 4

3.50 200 3.07+0, 04 5

3.50 400 3.47£0.05 3

o] A¥AF} current= air FFL 200 ml/min 22 dh= AefolA A5 FF
T2 1.83 ml/minolA 2.70 nl/mind & Z71AZE& uff currents 2,980 3.20 mAE
ZtE ey, g flow rated® 3.5 ml/mine 8 ZFVIAZE wie 23]8 3.07 mAE Z+

steit}, olm] orZH 2] aeration rate® 400 ml/min F7IAZE wf TiA] 3.47 mALE F

[P
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srolth 23 B2E ofZHof aeration rateE 200 mi/minE J}AAM AF feeding rate
5 2 Z/MNZAE uf 9 HFgho] HasteRd] iyt o] fE HAY HBavt
[¢)

G Fol BFsHe Atav} wgo] A
%

e

[e]

= b 1
BES AFolA &AL 4 gt nySAZ ARl
& H2 Ao A bacterial clump

ChE oA ETo] gthe ZAE o3 gtk o|AEL ofuf:  fermentationwt T2}

o
(¥,
4
L2
fd
oX,
ﬂ —det
9.
¥°,
rr
0
N
A
o
puj
o
¥
o
[

electrochemically active microbes® 2310, clump® &x|3te= A2 fermentationd-
F2, 83 electroded filmE XS U= FFE= electrochemically active
microbesd ZHog A3t Qlvt, gy dEe] AHA biofilm reactorof &= ¥
4} suspended cells®} attached cellsA}o]loll= nutrientof T3t competitiono] &zj3}
i, diffusion limitation wj&o] attached cello] suspended cell BT} ¢ W2 %9
712 oA AL I8P E biofilnd suspended cells wfF-of 'wash out’ condition
off o] &Asfo} Flria sleivt. E A3 oA suspended cellZ} attached cells®] 3=
qo] TiE7|= A o3t HL ¥ uwf, YAHLZ= suspended cell
(fermentative bacteria)Eo] F&FHE= £ EA7t alo] current7} ZHASER|TE ZRA]ZH
+RTTE AgdANY nFEefATE MEA ¢FE HHWA currentVt HoH Zo
2 Az}

o} &3 FIE Able] Aelel iy A

S3Ret GFatole] Aol Tyt GHLE &FPolM UAH electrono] 3

of ¥ PR ALY RS R A8 external A3RT} A sfop i,
s
o

A

T

o

=T

ol oFZH xlojo] glass bead®} glass wool& SIH-2] electrodeE AT 93]
A 10 cngol 2 FFSIA T2 electrodert FIH Atelof] Aelzby Fel o (&
FHE AA U2 Hl4)E 40 cnd] EolE Aok Zela oluf viFel Hele IS
oF 4 MRO. R electrono] 283 BE 4 ¢EF 3toch Ul ol9} Zo] 2IFH} &
S0 Aole] Lol A = A 4+ slglon

X2
[o

& electron?] transfers= Ao <
protong SFFoA oIFHT Aslte 2o charge transfer rateo] limitationo]
A voltage drop @ato] WAIst= Ziow zuhdich.  whebd 32 FIF 2ol E

40014 10 cnZ ©&¥ Z I} current7t A5dhe A AT 4 gt (27 20). o

¥



Current(mA)

10 \ 10cm
05 L 50cm
0.0 | L 1 ! !
0 2500 5000 7500 10000 12500 15000
Time(min)

21 20 Effect on distance between anode and cathode compartment

ol Si4 Helg v AEARAXY 54

H4xag nAEAETAXY B Hyy A2EoR AZstn SHsHE ML-MFC-19]
AndAxzHe BHe ety
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§Enven the open circuit voltage is less than
"' the theoretical no loss value.
Cell

#/ __ Rapid initial fall in voltage
voltage ;
__Region where voltage falls more slowly and
/ volts e
igraph is fairly linear

Rapid fall at higher currents

Current density (mA/cm?)

&8l 21 Polarization curve in fuel cell

A by Activation loss
(microbes £ €] electrong electrode® HAE¥ uwll Q3 activation oL x]o]
2]3t loss)
B : by Charge transfer rate limitation
(electron Z} proton ion®] transfer rateo] 2]3t loss)
C : by Mass transfer rate limitation
(FF35te fueld] FEW o] aflE H3)

o] A 42 current generation® Yol FHO

"ol
2 gigith o2 % Azhe Az} PolxwA

o, o]o] wlE power density® WHSE &
proton?] ©]&Fo] oj# L& Zo e Zog uitkHcoh UHPH O Z electrolytes &

(H')& electrode® o|FA[F[5L 0|5 TiA YFHZE o]FAl
7le dg ok gAY SFFo] EASte electrolyted] F=I7F A= FETHA|
7t vl 4ol 2] olFo] el A E Il current generationo] F7R¥tTh it
27 UR Eolxd ionzl2]le] wbddE Sof 2ste] currentys AT uwhebd
electrolyte?] w%& ¢ 83 gL iz # 4 ok & AHFolAE= oH
control& ¢3td H7IA]F] buffer solutionz} membraneo] electrolyte® Zr-&3tciil
g 4 gtk 393 ofdf 2UL Bl Pl Aol AN BHOT T A E

oD BY B AAS FHoE ¥ AU wehy £d A%l wehd AU
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+ ot &, ddne gsde Hoy dde
Hol= charge transfer rate limitation &<
1

AAFsH= 200 QofjA] A S| ol shr, o]
1) ksl
M 10 QoA Ast= o] Ay oz A

Ict. CoD SLEY AL 9l
zZt8ic),

—3— Power density(30cm)
—@— Potential (V)(30cm)

—O— Potential (V) (10cm)
--3— Power density(10cm)

04

Potential (V)
o
w

o
N
Power density (mW/m?)

0.1

0O 2 4 6 8 10 12 14 16

Current density (mA/m?)

%) 22 Polarization curve of the ML-MFC operated with the distance between the

anode and cathode of 10 cm {open symbols) and 30 cm (closed symbols)
A}, Cyclic voltamogram
DB EZFE A7 AFLE ol 5 uwf 84 viAAIT &Il AE YotR

7] ¢35t SFHE A2 A BE cyclic voltamogram® 2 ZA3tgctt o] A= CV test
£ o]|&3}o] electrochemical activityZ7} gl of® S&o| gl=x]E Felgt Folr}, o]
Al
=2

o

AA

& $1F sample THE3} Zo] Alzstairh.

71" 2A2] serum vial (50 ml)
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ML-MFC-1¢] anode compartment®3-E syringeE o]&3to] a4
4

o] 0.2 /m filterE o] &5to] W] BES AAY F sample® ARE-SHATE

o A7|ZAuAES AT el H
5] 32} electron transfer7} dojLti QA&
& o 4 grh webd SZFoM Azt AIFoE olFY o £&4Y uiAAIL

4
. |o

6e-6
Anode compartment
4e6 -
2e-6
< Exp. Conditions:
g 0 r Init E (mV) = 300
2 High E (mV) = 700
3 *er Low E (mV) = -700
Init P/AN =N
-4e6 - V (mV/sec) = 50
Number of Segments = 3
-6e-6 - Sample Interval (mV) = 1
Quiet Time (sec) =2
8e-8 ! | L i i B l

Sensitivit =1E-5
-800 -600 400 -200 0 200 400 600 800 itivity (A/V)

Potential (mV) vs Ag/AgCl

a3 23 njBEAEAR] SFHF A 7] cyclic voltamogram

o}. Cathode reaction®] =3} ¢l=}

[

Pou L.
<>O%"T‘ o
[o)

o AN
= o
Ql3lr] giste] FIF-=

2 8AIZF 2.0 mA BEY current WAL | A=
current WAo] ZEaste AL TAsteich wekd Frlel o AREA UESF
optimum flow rate® 100 ml/min® ZA3}Z TIstalvh EIF 379 JdFd+Y
Y&l vt HIEoiE g3 Fe] TEsHE Ak BER EI HY Zojetes 2
o 4 glgdnh & atal] @37 2o FIEE AFHSFY R AEY Zo]
o, Zr|EFo]l AIEH FIFE uho] USR] YA FHI o]AE FIFA FIF
2 AYEE fio0l23t Mzt Zu[yt 4Fsl| oA Hrhe A& Fich ol £



3
e uHA =
A due wA

Current(mA)

CODcr(mg/L)

OO | | | |

0 50 100 150 200 250

Flow rate(ml/min)

24 Effect of aeration rate to the cathode compartment

on the current generation

120

100

60 —

40 -

20 -

—&— COD-out

0 ! l L ! ! 1
0 2 4 6 8 10 12

13! 25 Change of COD concentration of effluent
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3 10 Effect of aeration rate to the cathode compartment on the performance of
MFC

Cathode Effluent COD

aeration Mean (mg/1)
current
rate (m4)

(ml/min) ) Top part of anode Cathode compartment
20 1.21£0.15 171.8+7.3 175.2+8.6
30 1.99£0, 04 172.3+8.2 161.2+7. 4
60 2.37+0, 03 177. 749, 1 57.8+5.4
100 2.52+0.03 177.3+9. 8 405, 1
150 2.59%0, 05 176.8%9.5 25.345.2
200 2.60x0, 02 176.0+8, 7 14.6+4,3

2}, CathodeZ W coated graphite?] A}

Folld GFH HFo2 &M= graphited WFOF coatingdt o
6

A2 A
mg/lofA 2.0 mg/12 W& 4 ovhe AE dech TmE 2 Ay
il

SFFe AIFE WFo® AHesla 1 A3E BEstAr). oluf electrode OF
loadingd B WZF2] &2 ztz} 0.2818 Pt mg/cm’, 0.2845 Pt mg/cn’S 2 JIit). o]

Zo] coating® electrode 2AE A ol URF 1A AFIIHCH o)
current WE2 WFE AMES7] H3b wlaste] oF 50% o]4 currentyt E7bstEct (
1 26)
i=4 .

,}_]-.
off
of
o}
h
1
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3.5

3.0 -

2.0 B

1.5

Current(mA)

1.0

0.5

0.0

B c

Electrode condition

8! 26 Effect of Pt-coated electrode on the current generation
A: Graphite, surface area (465 cm?)
B: Pt-coated graphite, surface area (89 cn®)

C: Graphite, surface area (89 cm?)

Z}, NaClz} acidification?] %43F

S H ARE 1ZHS (100 ppm)S 1.83 nl/ninl E ZF3t3, FIF2 Z7|=
200 ml/min 2 Fg3 } A o= Ho 1 M NaCl £ ZFsladct o]
G atolof] HafAele] F=& &ol7] 91% Ayelrh NaCle] &
o] 150 ml FZ3 Zo} d&H ez ZJY of HIHE 2 zga}oar,} a Az o
LEPE 713} Zo] 1 M NaCl £99& batch typel 2 /'37]- & uf current:= ¢F 3.5 mAof
A 4.7 mA7tR] Ztstgon, d&ow IS wie 7.7 mA7IR] Z71stedth NaCl &
2  charged particle?] mass transferZ 52]*] ] 71 I8t FE o8I =
electrolyteolt}. uwiglr] AR AR performance’} NaClS 37t ¥ proton®] o]&=7}
Z715le Aoz AzbETH

_EF.EL

-

s

=z
=
o3}
=

_70_



10

8 = NaCl Injection (150mL) 2

Current(mA)

e,

osse

Feeding start (1.83mL/min)
1 1 r

0 50 100 1560 200 250 300
Time(hr)

28] 27. Current generation with NaCl addition to the cathode as electrolyte

okte] Aol NaCl& FFol whet currentdo] F7iste A2 S35 U
o protons] oo AVHUCHe AE & 4+ gl o] AL WFPol YA
Aolg =T B Z7A7|7 ASEIE Felsluxl 0.5 N HCIE FZFo] st
current WS monitoringdtedth. NaClL A 13te currentZ} 7.7 mAZIR] &7
< oIzt ¥ HCl €9 (0.5 N)2 Hvistgcot.  oluf 50 ml H7bstolE wis 5
= 13.5 mA7HA] F71ste RS BAY 4 gllch o]
B 2

=%

Z|, 2|3 100 mlE FrIstade
Azb= PEstA ML-MFC] oFZHE wSofA protono] AFTH Aefd& =HAE Zo|th
(¢ 28)
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20

0.5M-HCI Injection (100fL)

0.5M-HClI Injection (50mL) \L
15

1M-NaCl Feeding

10 -

Current (mA)

0 ] | ]
0 20 40 60 80

Time (h)

18! 28 Cathode acidification and current generation

e8] #71E°] °*~1—‘T’—§ AeHed #7188 24317 sty 27178 w8 Ee] Ats
AH&SHA "ok v nAH /R71EY R 7} =* ok *P*Oﬂ 27t AEES
o3 Az ZA7E glev, RI1E B 7 A3l 2 2714
Aol #71&& Abssted AdA4E ol 4251 EIEE A i‘iw%f‘g% 1 IRt

SoflA B2 AUSERE vAEAZHAE HIELE Kol a3 seHeE o
REAQARIAE eV Hste]l F2F HiE BASIATE 4 dol2aBeE AAT
22 5UstA stact o] F2A s dMoldE WA SFFof channelingdI}&E FH4
B317] 98ty HIE ofe RYLF WIste] FX3tn 13 A= densityE T
AAFE 2o st o AHAE sl el g FEAZIAY ML-MFC-1& &
AY uf WA= current’} sensor typei} H]ZLSte] surface areal Ztr] AlZSo=
73512 =2lo] o ¥ ZE uvehfgdch E31 pover densityE H|ALSlCielil 2 3k
2 ¢F 3008 =7F o Y2 electricity generation® H.gith o]l o]fE= SFFY
Aol A7 BATHE I wEuABe YA QUL sl oluf uABo] 21U AT
of WA F83] o 85PN Estn g Ao Azt o[AL 1ol chameling @
4ol &4 4T camel £ A7) £548 S sl ATA Lol L3512 o
7} A EZ FE3] Sk Rithe ZE Fych Oy 8RS AHElEA| 2R A

=
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& AL HE X

= ©2] sensor typed Aol Zro] A HIJolAo LF-ERbo

olgt AZHEti &, Sensor typeoA Zo] membr'anei’—]- Hzgt ol Rrp ub

microbes7} E2 3= A& ol A7 £H3T A

olFA FHs| Holst U= Zo] FIFFZHE transfer% abdsof o3 37

&Xﬁz} + glthe & zhoksldels tl2 %2 electroded} H]E w) HrjHog Hol
ges ol

of o8 itae FEHSIA He "ol dol ¥ 4 9tk EY channeling ¥
2 I

olt}, uwlatd AAZ RE-E7] (anode)?] 3lxtol=
glucose—— Oﬂl:}X] HOZ o]&3t= fermentation microbes’} AJA1&}3 fermentation
microbesof 2]3] MAHE= ‘rrﬂ’{l’:% 0]-85}= electrochemically active microbes7} A}
cho]l 8 &2y Zolgl &Y 4 it} ulelr o]g3t A& T d}o] current density
g 3042 4 9t WElE MoWce PEE Adstalch ARYOTE KM, UF
B2 FA FEEu Ztzbe] s ofelo] x}As] MEsiac],

e ML-MFC2} H]2s

e gasa El
St sI4e] 4 ol Aolr} glon, mat
ok
[

sto] 932 A HWHA|FIA] oA Z]
2 = electroded] &

4
i
=2
2
ok
fir

S48 2T ¢ o A2AA UFel @ portE Fotel FUHE ol opix

of T 7je) portE FUH F &IF HF oA o AY 27T B
v 1 ojtt, ARHXA] -2 ecosystemZ T3lE wf, ojg
HOT fuel& AP Z3ZA7|YW fermentation microbes®} electrochemically active
microbes®] communityo] Qlo} HA WA TE populationd o] E 4 & Zolelsl A8
zHit},

>
ol
il
i)
k1
N
=]
2.
<
o’l
Y,

2) Electrode?] shapeZ disk type, roll type, regular square (cube) typel @ W 3}a]
?—')1;}
AA .

ojuf HF7re] A3o] HA electron?] "“‘%-_}°] o] 3% U& 4 2ULEE olF
Zelstact (dry AefollA A3 disk type 1.6 ohmi roll type

type; 2.6 ohme|glom, UjFof E(tap water)E 2J¢= Q&= Aefoa s LHEAdto] oF
2 MR =g

O—L—M

1.1 ohm: cube
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3) okFH el AZo]= Pt-coated graphited AF-&3+ch,

~ Effluent Diameter: 6 cm
Cathode l
[ T D>
. Height of anode: 15 cm
fhoo—e ot Height of anode: 3 cm
Height of cathode: 5 cm

g o W

Weight of packed electrode
(Thickness of electrode)

disk type: 32.41g (6 mm)

ot voe roll type: 37.65 g (3 mm)
Influent cube type: 28.12 g (1/2 inch)

T8l 29 New ML-MFC (cylinder type)

220 Ao RS oy = sto] FHsIATE ZHZEe] shapedf whel AFe
surface FTHE 2} channeling TA}e] o F-& FHlstaal 7f4dgt Flojrt,

(2) APz ML-MFC

1.Anode: (6 X 6 X 15) cm
2.Cathode: (6 x 6 X 5) cm
3.Glass wool part: (6 X 3 X 5) cm
4 Electrode of ancde:
thickness: 6 mm
electrode ! 7 ea
5.Weight of packed electrode:
23.43 g

Influent

<m

%l 30 New ML-MFC (square type)

- 74 -



Azgele] AIe S FEol 3w 2AL T AN 79 e Heleltt
o] ARAXHEIE channeling WAL 23t AFo| mol glo] AFe] YW BF of
8% 4 olof Bt ZRHLE TS ol 8Y + US Zoleh MUY duAAEA VH
4 27} aae 148 NAES F7MITE 23 BAYRE 2 FAE AU + U
o 2% S RS sS4 S R ARAAS A4y Yot

Pump

Data acquisition
system

Fuel for microbes

L-Ag J)7ro] round typed] A= o ¥Hgh, square typeo] 257} ZFIHH AE]

A] square type®] 7% 2§ @H3] enrichment7} VWA ¢b2 FEj2 ErHT)
A EAHOF enrichments ¢ 3F ATV} 2= YW oA A AAREFYH /5
4 olth. "2l current:= 1.5 mAZ =7} wAAE T 2ot Round typed] AfE SIF
EO

Zo] rokg ulY surface area, channeling WZ| 5& EZOZ r}

ket ofe
r
%
23
J

=
= [e]

%7 stgdeu 1 xole ¥xl Bolx| ok Atk EZF effluent?] CODZF &2 A
ol reactors} Mlmsto] TR gate] ol Aste] HEE AlZto] Fotd =7
2 AEtEE 2Tt 24T Zlo] 4dFY shue Bk B GFFe FFste A
2] otaof 2]5] electroded} up flow Eo] &gt = o] F7] bubbleo] 23] H
HHo] FE3] Sodo] AAQUE Zo] ohfet F7] bubbleo] BolM F AHE dAst
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density vs current density?] TAS ijepd 2zlojr}. ojuff WAEE current disk,
roll, cube O ® Z+z} o 2.8 2.9 22|31 2.1 wA BE YT} Polarization curve 24
£ s A3k 10, 50, 100, 200, 300, 400, 500, 700, 900 @, 1 k@, 2 k®?, 3 k@, 5k
Q, 8 kQ, 10 kQ3} open circuitofa] &3t Zog Al cube typed] ML-MFC-22] 73-%-
= power density, current density @ volt7} 25 of-$ YWotcl Current density?] 7
S, @2 AolME Al typeo] THE A& ¥ 4 o=t 200 @ olstol M= disk
typeo] 7} 2 current U3} power densityio]l WAEHE H& HQ & 4 ddrh
Power density= Al &F 25 300 QoA izt uelyich Al typedolA 71 w2
& eI cube-ML-WFCS] 7Z-9-&= thE Zz}t wlaste] currentyh Hrh whg uf ¥
Zlo] fgle] ® Z Ztl E 112 Z sieXlE nAE AR CoDHASH
coulomb yieldE sl Ja|3t Zojcr}, o] ZAzjolM MMFC-17F o} 6%2] coulomb
yield§ 2l Zoj ulsto] oF 5-6 njol4t F7HH & & + AT F, MIMFC-20]A =
F71E Esfolld WASHE AP of 50% =Tt AU FH4Hohs A& ugicth

o 1]

1.0 |
........ O~ Disk type
—A—— Roll type
s —-— cube type

Volt (V)

80

Current density (mA/m2)

12l 33, Current density vs Voltage of ML-MFC-2
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g 12 - cube type
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0 20 40 60 80
Current density (mA/mZ)

718! 34, Current density vs Voltage of ML-MFC-2

X 11 Fuel’s=x¥ COD #A|AH % coulomb yield(%)

100 ppm
200 ppm wastewater 30 Oppm wastewater
wastewater
Anode | Anode
Coul -
electrode| vol. |Efflue|Capacity|Efflue |Capacity c ¢ Coulomb |Efflue|Capacity b
n om
type (1) |nt coD| (g/ton/ |nt COD|(g/tonsd| T o7 | yield |nt cOD| (g/ton/ |
(mA) yield
(ppm) | day) | (ppm) ay) (%) | (ppm) | day) (%)
Disk 3.50+ [45.18 ~
0.26 | 20 88.62 | 15.76 | 204.08 34.29 | 294.32 33
type 0.17 49.80
Roll 2.70t | 34.67 ~
Round 0.25} 22.5 | 89.28 | 13.33 | 206.77 31.44 | 309.38 | 27.9
type 0.11 37.62
type
Cube 3.16t [41.91 ~
0.28 | 22.5 | 79.71 | 19.39 | 200.06 41.63 | 265.75 | 19.3
type 0.13 | 45.50
2ol AR EE HF+E 200 ppnl T 8¢ A] effluent?] C0D %= 20 ppm ©|uf
2 90% oo AALLE RATth AT Azl 0Dk BFA4VELE SHcjHA Y
(&+7A A 22z FAR st £ARAL 93t AFH 5

A 2H H
(o R | =]
TEFEHY (HEE FHLFE Aol H(AARY)) F&5E
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COD 7|22 40 ppmo|L), BOD 7|22 10 ppm) 2ot Wakch opeta] @A effluent =&
712 olUE AHelH <% ¢l o 4 9t AT WA HaKEst ey wigol HRT

flo 2. mlm NS

Z7NZE T 3L 712 o5t FE4E 4 F Y& AE HAsfol Tl dHE
coulomb yield® ol= o7} Besich &, £ A @A V& H3LE
Zujzlslolol &= LRARE 7y oy miEeich V) 2H FA 2N
HRT:=  1.56-1.67 day® %2 ot o] e unAE ARHXE o&¥¢ Afole
coulomb yield7} 5-6% utell =] ooh=v] T2E MY F, 200 ppnd| fuel& F=¥
wfi oF 50 %7} coulomb yield7} Z7bste ZAxE Hoch oz 2vtA dFolMe
coulomb yieldE © Z7A717] $)5te] stack o|u} ¥3He AF A 5& 1Uslo

3% Zolth
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T A2]2] microbial diversity

o
o M

W oox i

A E2] thodd S oolRi= Aefd (microbiology ecology)olds HE3
ot Aol 97%

AP oA vierste] £, SFstdch A T2

AB whgel SIRA ofH wigkR 4+ ) wEol woel S 2}
& 7HAa gk webM Al B (natural community)E F/33tHe A=Y thY
457 fside 258 DME ol &3te A &3 (molecular microbiology
] S 7 2% 16S ribosomal DNA gene sequencesS 4] 3lo] m|AAE2]

ZRE UYSE A7 22 ASHEY of 2P total genonic DME template® A
FE313L o] & thA] cloningdle] u]¥EESY TIYEE ASEAL gith E

Zof] AFRE AT vHolA vectord]] Eol7te= insertd] FAIE FEIIIL
Bt 2 sized] DME Y& F = WHE o] &35ty libraryE FF3171E T oY
gk W 0 B pacterial artificial cloned ©]-23t=u] ©]H L metagenomeo]2}il It
th. 165 gene¥tE cloning® ZA$ os unFEY FF U #ANYE £ AR
metagenomed 33 ALo= EAHI functionS 3Z3¥3F gene & (functional gene)S
EF hostold WHY 45 7| ufEel Moo AejetdTold wel A8Hz lch

A 2

old¥ FZ WHS ATH uAE Arie} W BRI ojeee HAsIFR Yrk

I
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DGGE+= environmental microbiology <Eofoflx] E32}3t u]dE populationg A3
AY g oRE AwE "zshy] 23 EFoz ALEE ot o] ¥
200-700 bp B E2] 22 DNA fragmentZ} ZFR| 3L Q& G+Ce] 3teF xjolof ulE: melting
behavior?] x}o]& o]&3}= ¥H O T gsingle base?] substitutionZ}A| = detect & 4~
9lt}, DNA fragment’} 33tz o g WA geloA] loading E uwfo]] FEH S E melting
Hli HAZL single strain®® A3 2 EA Hed olufde FF A MU
primeroll GC rich region (30-50 GC)& &30 2 zipper like manner& HAJ3IA 3t
of &t} ol2|3t fragment?] physical shape’} polyacrylamide gel $]oflA] T}E motility
2A Z9HHAc}. 2z thE o] EEQ] t}E gene fragments= CT}E positionofA band®

A ¥ 4 glth o]# 3t techniqued AIEA, AlfAd, ZAAAMdo] EA ol

RFLP method:= restriction enzyme©] DNA sequence %7]*1%9;] E3 Hojof MeyH
2 Z8S sA Hi ZAZF A DAL M2 thE 3719 fragmentE UERAA EHe
& AJGFoA vlasts whdolth &, 16S gened FEI F Rol:= 4 AU)e
AE TIE o PE Feie] 16S rDNAS M2 2H3ta & cloned TIA] sequencingdls=
A Zol7] SsA FUUTL A o] YU TIM 53 VAol EEsn Qb

lo

—
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A& E9Y cloning frequency& F3E 4 glth

2 AfE E3H Bergey's manualofj A= X742 BE njAE 58 IA A 71
kingdom© 2 &H/35la gltt. o] 5& Eucarya (all eukaryotes), Archaea, and Bacteria
(Eubacteria) o]t} Bacterial systemo]A] AF&E:= 7|22 0ol taxonomic group
species©|T}, Speciest= ZLEZ 0T ute EXS R OJlL strains®] collection®d 7h
FE7] ufFoltt, olu] type strain® speciesE coverdls permanent exampleE A
species levelollA] classificationo] nj-$ 293t <& 3tch o2k 1500702] based
o] F o2l 16S ribosomal DNA gene sequence® ©]8-35}9] groupings 3}o] classification
13, o]E2] similar relatives® o]&3F phylogenetic treeZ constructiond}od

highly similar populationg& o} E <= gt}

N A EZAFTAX] = n]AEL] catalytic activityol] 2]3F chemical energy
3} energy® H;AF|&= X ZA] BOD sensor, HFH 2 52 tiokgt By
T Qlrh Tt FRe 7L o] &3le] nBEUEHRE AN
¥, substrate)} 2, HxAL Holo wmetd oy nAEAE
(electrode)ofl A T}oF3} A Eo] biofilmE T3t Q& Aoz ZH=EH)
A& glucose®} glutamate@ FAH AT H4E JdES o|8&3t= nyEWSR
acetated ARZ o] &3l Aux o HE 715 H+E HER ol &3l nAE
zl2] mlgE&eHE thrd)E A AEIE
acetated 7|HE o]&sh= n|BEARHA] Qo
(anaerobic respiration)& =3} mediator §lo] IAZE A FT|Y
o olet ulgESol Wyl Bu 2 AndY Aoz AAW
delole dRAAL Z2e AL o gHe ulA
DNAE &« 3}3 o]%& PCR (polymerase chain reaction)&
(gene sequences fragment)& ZEX|F|3 o]52] clone libraryE T&3}e] ol
= TE° dEAA EAsHEAM SIFF gl Holdhex] dopErt. =
ribosomal DNA sequence Qo] &2s}l= hypervariable region (thgF 200-700 bp
£3lo] DGGEE E3to] different microbial consortiaf® wWlm, A% 4 9t}
o] 2] phylogenetic treeZ o]&-3tlo] WAAEEAQ EF(phylogenetical taxa)E
Atstoich & A¥oldE o 2 EAEETHA JHE o835ty u[HdEdE
A BESIL A& nAEEY tidAEE HUsiz Aol AxtE A
N 2 o

=
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2. A

R

SR

7h AME dg 3 odE AR

)

2]
WaEdRAAe] BTl o n4ES ZAR slstel AN F&Y
genomic DNA®] 16S rDNAE ZE3}31 cloning?t sequencing?ld & AA|sIct X 12&=

AEE AMEE nAE AERAA Y AMY HeE 2T Mot

F 12 Microbial diversityE £A3}7] ¢jslA A[23F AEFARAR L] EHZA

o] g AEHA] type o+ 2 71" (C0D 55) g s
NCBE type A& 7HE 4 (400-1500 ppm) 5¢ ol
Sensor type olZs4 (100 ppmo]4t) 3d
Sensor type Acetate (300 ppm) 29

L}, Biodiversity and taxonomy of microbial populations in the MFC

(1) Genomic DNA extraction from microbial community

thek 1 go electrodeE MFCOlA] 7ufo] AR Ao 10-15Z F¢F A 2|3t Tl

HEE 2hxjapilof A A SHA ZolF ot $A3] ZolRA electrode feltE 15 ml tubed]]
Y 2E Eu7 1.85 mlo] EEE cellE suspension A|Z! TS, RNAse(100 mg/ml)&}
20% SDS, Lysozyme(50 mg/ml), Proteinase K(5 mg/ml)E Ee|H oz E¥ organismd]
cell wallg 3}8t8 02 lysisd}elt}. Phenol/chloroform/isoamyl alcohol (25:24:1)&
o] &3} proteind A ASIZL 3 M sodium acetate (pH 5.2)2} 100% ethanol 12]3L 70%
ethanol & ¢lo]o] washing3d}eit} 22 o2 TE buffer(10 mM, pH 8)of] &3jA|F1 F ¥
22 AlHol gom -20CoAd BRB3tech

(2) Polymerase chain reaction(PCR) of 16S rDNA

PCRE& T3t Ush= DNA fragment & Z-F3to| Ahgo| 7hs3id] B 4 kbp DNA
fragment®] ZZo| 7}53tct, PCRo| AFRE = polymerase= W@dAdo] QR 7EHEE JdA
o (Thermus aquaticus)olA| 2|3t Tag polymerase( afamily)E A&ttt PCRoj &)
o] A polymerased] Az} HAE7} PCR efficiencyo] F23 gL vl A=
(fidelity)2t E¢Ho] Z2odnle g vlepdt) Tl primer setd 165 rDNA FEL0F
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*primer set for 16s rRNA
27F :5'- AGAGTTTGATCMTGGCTCAG -3°
1492R :5'- GGTTACCTTTGTTACGACTT-3’

PCRE thermal cyclero Qle 200 ul tubeol template?} H$F &E4Q Ex Tag
polymerase(TaKaRa), buffer for Tag, primer(50nm/ml), salts, dNTPE 92 ¥, W&

full DNA fragment size(1500bp)& 0.9-1% agaroseclr HI|FE22
glgith the 2AL PCR 2ot}

[

- Step 1: 94°C 5 min

- Step 2: 94C 1 min

- Step 3: 58°C 45 sec

- Step 4: 72C 1.5 min

- Step 5 Repeat from step 2 to step 4=29 cycle
- Step 6: 72C 10 min

- Step 7: Hold 4T

Total cycle 30 cycle

(3) Cloning of 16S ribosomal DNA gene

Cloning& 3}7] $I3lA = pGEM-T vector (Promega)oll =X PCR product (16S
rDNA fragment)& ligationg manufacture’} R Fdt= why oz 433sladc). Ligation™}
AL vector(50 ng/ul)ofl PCR product(150 ng), T4 ligase, and buffer for enzymeE %
L2 F 16ToA overnight 3}ith.

(4) Transformation into competent cell, E. coli DH5a

Plasmid DNAS 308 %<9} d&o] £33 ligation product®} competent cell&
42°C heat shock® 2 15 ZoF transformation A|# & ¥|, 600 pl LB mediumE Yol 3
7C shaking incubation 3}¢IT} Ampicillin, IPTG, X-gald XE¥3l= LB agar 2o
spread 3} 37°C incubatorol A overnightEet wiekstaith. plateitol FHAIH white
colonyE Z+Z} ampiciling E3}3 ¢l LB brotholA] 16A]7t vl ¥s}o] plasmid DNAE

purification }alct.
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(5) Purification of plasmid DNA

Ampicilin (150 ppm)2 E¥3}= LB brothofA] white colony& 37°C, 8-10 A] 7t
E.9} shaking incubationdtgith. 14,000 rpmofA] 5% %¢F centrifuged}o] pelletd 2
S t}l& pelleto]] cell resuspension solutiong 250 ul E7}8to] pipetlE Z
suspension A|ZAT} cell wall2 707] ¢35t sodium dodecyl sulfate (SDS)7} E¥HH
cell lysis solution 250 ulg& A7Iste] 4~53] invert 3} cellS 7| cell
neutralization solution 250 pl& A 7}8}ed 4~5% invertd}eit}. 75% ethanolS ©]-83}
of 800 ul, 300 pl® Ztzt 23] wash 3l F37 FERAOZ 50-100 ple sterilized
distilled water® elutiondA] -20CofA BH@gtch purify ¥ plasmid DNAE H7] o
= AloA] #elo] 7i53tm  insert(1500 bp amplicon)& X33t plasmid DNAE
vector(3 kb) 2} &7 A2l 4.5kbE UlehJo]o}dtal insert?} Eoi7tRA] ¢FE& vector?] A
o= chek 3 kb 27]2] DNA fragment® EsHgic}.

(6) Restriction fragment length polymorphism (RFLP) analysis

Transformation Fof vj2¥ R E colonyS purifydt T2l plasmid DNAy o
g n[AEEL] DNAE Z7 23stn o] wEdd ol kY F5%H= DME Fest7]
23t restriction enzyme 2 E digestion 3}¢IT} B O T RFLP testoflA] wo] A&
He T 279 enzyme?l Hae 111 (TaKaRa), XYho I (TaKaRa)& ©]&3}o] Z+Zte] buffer
£ J31 32759k digestion ¥F %], 3% Nusieve GIG agarose (BioRad Co.)ollA EQls}
gt} RFLP analysis Fof= 100 bpold}2] ZF-& DNA fragmentollA] 4= kbZIX| = 3d}L}e]
gel Alolla] &elal 4= ¢l Nusieve GIG agarose 3xoflA 1A]ZF AJ|dSE (120 V)5t &
st

(7) Sequencing of plasmid DNA

Insert®] sequencing ulIZA(F)of] 2J2]s}o] full length®] gene GI7IMEL
245tgct. EA®™ full length 1500 bp?2] ribosomal DNAES vectorf+2] &7]2}
primer ¥-£2] ®7|E AL cloned] Fr|FERHE T

(8) Construction of phylogenetic tree

o] BE AFZAXA cloningS u}d EE clones?] sequencesE genbank (NCBI.

BLASTN)ofl A f-Apgt n|AEE #ldle] clones?] libraryE 233ttt ol &9
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homologyoll <+H& & MegAlign program (DNASTAR, Inc. Madison, WI, USA)S AR&35}o]

AZ UL Bo]FE= phylogenetic treed $HA 3} T

C}. Denaturing gradient gel electrophoresis (DGGE)

DGGES $=335}7] 9304 Al&-3F primers 341F-GC clamp (5'-CGC CCG CCG CGC CCC
GCG CCC GGC CCG CCG CCC CCG CCC CCC TAC GGG AGG CGA CAG-37)%&} 534R (5~ ATT ACC
GCG GCT GCT G-3')& AFE&3leith, PCRY tubeo] template®} F= HAQ La Tag
polymerase (TaKaRa Co. ), GC buffer I for Tag, primers (50 ng/ml), salts, dNTPE 4
2 ¥, otefe] A Zo] ¥bg AlF|w #3l= F97F GC clamped primerE A Z o]
. SEZH o2 200 bp Z7)2] DNA fragmentZ 1.2% agaroseo]r] A7|dxo% Az}
=¥ 4= 9l

# Touch down PCR Program
- Step 1: 957, 10 min

- Step 2: 95C, 1 min

- Step 3: 657, 45 sec

- Step 4: 727, 1.5 min

- Step 5: Repeat from step 2 to step 4: 19 cycles but after each
cycle, the annealing temperature is decreased by 0.5TC

- Step 6: 95T, 1 min |

- Step 7: 55T, 45 sec

- Step 8: 72T, 45 sec

- Step 9¢ Repeat from the step 6 to step 8 : 20 cycle,

- Step 10: 72°C, 10 min
- Step 11: Hold at 4TC

DGGE+= Dcode Universal Mutation Detection System (Bio-Rad, Hurcules, CA,
USA) & A}&319 3 10% polyacrylamide gel?] WA %o ¥l 30-60%F gradientZ}
B =& 3stadct (Muyzer et al. 1993). o}efe] X Hdl: 5 (30% 60%)2] WA gel &
£4]3}7] $1% F4dolm, 10% polyacrylamide gel sandwich® wHE 3 7 12 1X TAE
buffer& 60TCE preheating 3} T} Manufacture?] procedured] mhala] gel sandwich
& 43t &, gt 10-15 ul GC clamps?t 37 Z=F ampliconsE tfzk 547 St
200 Voll4 loading A|Zit}. DNA staining solution?! 10,000 X SYBR Green(BioRad) 25 u
1€ 250 pl 1X TAE bufferof 2 E|A3F %] staining 3}o]& T}& U illuminatorofA
band& #As}ITt
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3 13 Polyacrylamide{10%)2] denaturing gradient{30%, 60%)ci =}E Z}shx wHAAA A

7V
Denaturing Solution 30% 60%
40% Acrylamide/Bis 25 ml 25 ml
50X TAE buffer 2 ml 2 ml
Formamide 12 ml 24 ml
Urea 12.6 g 25.2 g
Total volume 100 ml 100 ml

M 14 Reagents for casting parallel gradient gel

Low denaturing concentration

High denaturing

Reagents concentration
(30%)
(60%)
Denaturing solution 16 ml 16 ml
10% APS 20 ul 20 ul
Dcode Dye Solution 0 250 pl
TEMED 20 pl 20 ul
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33 36olM Ee whel o] F=H oF 1,500 b2l DNAZE Hdg
oladct, £E% 165 rDNAE TRA] lygation?} transformation®Fed E colidf
cloning3}it}. ConningZtP & wlxl X insertE 7}X|I Ut FFEL plate AojA &
g]sto] wfrsts tlr] plasmidE -u:Elﬂ Z ME I cloneE& #F3st7] $ste] RFPL
2ae AEstdnh, o9 37 AR RFLP BAL #iste] A=Y A719S Bolth
RFLP analysis oA = &el & 4= 91-}_: H}e} Zto] T}E clones= T}E based 7}x| 7] uf
Foll enzyme?] reaction site’} TI23 ZAZA o g t}E 37]9 DNA fragmentZ ZE}X]
A "Gk A7 d5HY AAE B 472 clone 53 2 band patterng HolA H
t}, HZoA extracted DNAZE BT cloning3t %, ZEI L= n|yE2] DNAZE A A3}
2|34 RFLP test& A}23}el3, TlE patternd] clones—‘é:‘-% ZHIE d7AME AL 3
odtt. & 330782 transformation clones 7}&d] 81788 M E thE RFLP pattern® &
gho] @ride EAstgch 2FolM 29712 sequencing2 X EEith FAle
clones?] identifyE $|3}od NCBI&] database (BLASTN)-E o]-£€3}od homologyE: ZFAISHA
C}.

M M

18] 37 DNA A 8¢ F. A (Healll and Xhol)E ©]-83} RFLP pattern

M: marker

T}, DGGE (Denaturing gradient gel electrophoresis)

Ztzhe] ARmAXIQEY] HFolA total DNAE F&3I5L 16S RNA F-3A} Fo| AE&
primerE. PCRE} T} DGGEH O Z °] 28t A3} acetate njPEAT AR o] H3jujord nj
AE2 e 714E& AHEste] 3ttt ZAte o2 Z2oE UElydch 23 3804 &
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4 9E ZAY, oW bandES BE 9ol Th EASAY T HEAA bande o
2 Afol7h QIThe g BH ¥ 4 9Tk Acetate® T SIMRY nAEAR
Aol AIeld FEH DAZ o

al |83 B85t 71 w3t uAAE vk (simplest
microbial diversity)& Bt} o]l&E2 IFHULoZ A3 activated sludge (lane 1)
= 4] diith ols ARAXAUY FEujtE BolEch oF XL dAsx] o

ARH= Y chzFoA gk DNAZ A #Hol o]&%t Z2} (lane 6)& HEFE Tt
AZIE o]ZEA|F] acetate MFC2] DNA band pattern (lane 2)2} Atws] t}E=A ulebyic).
olg|dt AxEE Fdte] dRARAUY nBEEC] HxIE HIS
Tttt o 4 2ot HAHSE ofe Thdst nBEE0]
7] BEE& A Exste o5 7[A ] Xo] ¥ ofyzl, M=z} A} #:HH coulomb
yieldQJ ztolof] wtE AT Mz £5 ozt & acetate YEAX]2] coulomb yield

£ AT 70% olAto]il 80-90% BE2] - £Fq whdo] dF mH4 JdRHRE 30%
n]“\lolﬁt}.

(lo

¢

J

¢
¢

181 38. Comaprison of DGGE patterns of microbial communities of various

microbial fuel cells. {denaturing gradient 30% to 60%)
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lane 1' sludge (used to initiate enrichement)

lane 2: acetate enriched electrode

lane 3: copiotrophic electrode

lane 4: copiotrophic electrode using corn processing wastewater
lane 5: corm processing wastewater

lane 6: acetate control

lane 7: oligotrophic electrode
lane 8, 9: single strain from acetate electrode

lane 10: Escherichia coli

b m4EARHAY o 4E Thpyel £

na

AcetateE 7| R FFufut nYEAR A ALINIHSTE VAE S3hufdA
M AEARAABEIN YT A population® ol THES AR Thersict
Z& DGGEE F-3lo] sttt RFLP analysisZ2 E3)A sequencing® 817] clone
FolA &2 H[&9 similarityE Rol: Z2 Genusoll %3t: tiEHQ cloneE g X
152} 160 YEhfSTh.  EZF 165 rDNA gene @71A Y& 7} 4 DNASTAR* programs
o]-83}o alignmentd}il phylogenetic tree® =ZFA3}oITE Acetate WRAA|oJA B =
DNA  clone library?] 3307F clone & 7}&d 207708 cloneo] Geobacteria
metallireducense?} 3E3tEl= pDeltaprotecbacteria subclassof XZ¥tEjgion 217]2]
Alphaproteobacteria, 57§2] Betaproteobacteria, 52702] Gammaproteobacteria, 1&|3L
137§2] Bacteroides®} Flavobacteria®. o]Zo]&r},

N Y

a9 ¢ "4 (copiotrophic artificial wastewater)® =3} ujok3t dgA
k2] DNA clone library ZAZt= acetated] TH 3= Atuks] o2 AAE Roj=9r}.
copiotrophic AXZAX|ofAE= & 100718 cloneso| A7 2ZoJA 18712
sequencingo] @Jo]z]z] ¢kalr}. sequencing A IS BLAST search 3F ¥, AMZ t}E 317
2] phylotyped st olES F 17d UERAYCh olEe FAHL 2709
Alphaproteobacteria, 57W2] Betaproteobacteria, 277§%] Gammaproteobacteria, 107]2]
Deltaproteobacteria, 207]2| Firmicutes, 870%| Bacteroides, 770%| Spirochaaetes, 2
70&] Actinobacteridae, 170&] Cyanobacteria o|t}. E3] highly similar straino] whek
At 280l EUH subclassEE AL thFEo| proteobacteria®li W clonesEo]
Firmicutes (Clostridia)ell E¥E| I Q= Zo| QRH 4 (copiotrophic, FAUYAM )T
it AU 2 Sqolebn ALY 4 QAck
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3 15 Bacterial community representing clones from acetate enriched microbial fuel

cell

Clone No, Similar relative I?j? Phylum (subclass)
842 Uncul tured Geobacter (205) 99 6 proteobacteria
4242 Clostridium amniobutyricum (1) 96 Firmicute
5042 Acidovorax sp. (1) 98 B proteobacteria
79#2 Azovibrio restrictus (4) 98 B proteobacteria
95#2 Acinetobacter sp. (2) 98 Y protecbacteria
20#4 Stenotrophomonas acidaminiphila (48) 99 Y proteobacteria
68#4 Dusulfovibrio intestinalis (1) 98 & proteobacteria
45#2 Dysgonomonas gadei (4) 97 Bactercides
31#2 Porphyromonas gulae (1) 92 Bacteroides
AC11 Brevibacillus formosus {2) 97 Firmicutes
AC37 Ochrobactrum anthropi (20) 97 a proteobacteria
AC55 Psedomonas sp. (1) 99 Y proteobacteria
AC58 Ochrobacterum tritici (1) 96 a proteobacteria
AC93 Flavobacteriales bacterium (3) 90 Bacteroides
AC77 Sphingobacterium facium (1) 86 Bacteroides
AC181 Bacteroides acdofaciens (1) 92 Bacterocides
AC13 Trichlobacter thiogenes (1) 93 d proteobacteria
AC155 Aeromonas hydrophila {1) 98 Y protechacteria

L, AC122 Environmental sample (3) 98 Environmental sample
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3 16 Bacterial community representing clones from

enriched microbial fuel cell

starch processing wastewater

Clone No, Similar relative I?:?‘ Phylum (subclass)
BK4 Uncultured bacterium VC2.1 Bac22(13) 95% |Unclassified bacteria
BK5 Azoarcus sp. (12) 97% B
BK6 Cytophaga hutchinsonii (4) 85% Cytophagaceae
BK18 Riemerella columbina (6) 91% B
BK25 Thauera mechernichii (5) 98% B
BK50 Uncul teured eubacterium (8) 88% unclassified
BK53 Uncul tured bacterium (7) 88% Green non-sulfur
BK57 Unidentified eubacterium (9) 98% CFB/E;??ZF?:Iqu
BK61 Capnocytophaga gingivalis (7) 88% Flavobacteriaceae
BK81 Thauera sp. (10) 97% B
BK82 Uncultured cytophagales clone (15) 909 Flavobacteria
BF5 Planctomycete sp (4) 96% Planctomycetacea
BF9 Methylocystis parvus (7) 88% a
BF20 Metal -contaminated soil clone (14) 94% a
BF26 Azozrus sp. (5) 95% B
BF27 Uncultured bacterium (4) 99% Unclassified bacteria
BF32 Thauera sp. (4) 97% B
BF33 Azospirillum brasilense (5) 94% a
BF36 Uncultured bacterium (9) 91% Unclassified bacteria
BF53 Uncultured eubacterium (12) 88% Greegaggg;?glfur
BF67 Unidentified bacterium (9) 97% |Unclassified bacteria
BF71 A, lipoferum (3) 92% a
BF76 Thauera mechernichii (4) 98% B
BF98 Pedobacter sp (8) 90% a
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X 17 Diverse clone similarity from copiotroph (glucose + glutamate) enriched

Microbial fuel cell

Clone Similar relative(RFLP types) I(;Zr)l' Phylum {subclass)
COPI 1 Burkholderia multivorans (2) 96 [ proteobacteria
COP1 3 Eubacterium pyruvivorans (1) 90 Firmicutes
COPI 4 Pseudomonas aeruginosa (16) 98 v proteobacteria
COPI 6 Halothiobacillus sp. #JI18 (1) 96 Y proteobacteria
CoPI 9 Acinetobacter sp. 16S rRNA gene (4) 98 v proteobacteria
COPI 12 | Selenomonas-like sp. oral strain GAAl4 (6) 92 Firmicutes
COPI 13 Geobacter metallireducens (4) 94 § proteobacteria
COPI 16 Desul furella acetivorans (4) 95 & proteobacteria
COPI 17 Chryseobacterium joostei (1) 97 Bacteroides
COPI 18 Agromyces mediolanus (1) 91 Actinobacteridae
COPI 20 Pseudanabaena PCC7408 gene (1) 86 Cyanobacteria
COPI 25 | Bacteroides thetaiotaomicron VPI-5482 (2) 93 Bacteroides
COPI 29 Acidaminococcus fermentans (1) 92 Firmicutes
COPI 31 Raoultella ornithinolytica (1) 98 Y proteobacteria
COPI 35 Desul fovibrio alcoholovorans (1) 98 & proteobacteria
COPI 36 Dysgonomonas gadei (2) 93 Bacteroides
COPI 39 Acidocella sp, WJB-3 (2) 97 a proteobacteria
COPI 43 Dechloromonas sp. LT-1 (1) 96 [ proteobacteris
COPI 44 Citrobacter amalonaticus (2) 97 v proteobacteria
COPI 45 Uncul tured Spirochaete gene (7) 98 Spirochaetes
COPI 47 Xanthomonas axonopodis pv. 411ii (1) g7 v protecbacteria
COPI 51 Salmonella enterica subsp. (1) 92 Y proteobacteria
COPI 52 Acidaminococcus fermentans (2) 92 Firmicutes
COPI 53 Desul furella kamchatkensis (1) 96 § proteobacteria
COPI 60 Ideonella sp. B513 (1) 98 B proteobacteris
COPI 62 Bacteroides acidifaciens (3) 91 Bacteroides
COPI 72 Brachymonas denitrificans (I) 99 [ proteobacteris
COPI 74 Actinomyces canis (1) 91 Actinobacteridae
COPI 76 Centipeda periodontii (1) 89 Firmicutes
COPI 80 Uncul tured Gammaproteobacterium (1) 99 Y proteobacteria
COPT 83 Acetobacterium paludosum (9) 90 Firmicutes

u}, Construction of phylogengetic tree of MFCs

Acetate, HE7}Zo|42t TodokA <lF |4 (copiotroph artificial wastewater)
MFC ¢} phylogenetic trees: Z}z} 1%l 39, 40, 41of LJERJQlc} Cloning?} sequencing
243 t}L RFLP testZ £33l ZHI L cloned &9 th2o genebank databased] A
homologous relative straing ZFQIt},  Acetate WRZAR]Q} Y dFZAHXH|
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(copiotroph artificial wastewater)®] proteobacteriad] 43t= tjHE clonesEo] ujf

5 Tigsitke e B #@ 4 2ot

* Acidovorax avenae su% 6‘7)%”7615841: 137505)

Acidovorax temperans(. )
; jc;’cclz’ovorax deévii YOJ% 67‘ é 6) BETA
—silf ovorax facilisAF078763)  pROTEOBACTERIA
' ~— Azovibrio restrictus(4AF011346 ) ]

_ ercorlnsosnas hydrophila(AF: 468055/
Aeromonas enteropelogenes(X71121 )

Aeromonas jandaei(A 09902?

.Sétgggtrophomonas rhizophila(4J293463 ) GAMMA

AC33
Acinetobacter lwoffi(U10S75 ) PROTEOBACTERIA
-Acinetobacter radioresistens(X81666 )
———L -Acinetobacter baumannii(X81667 )
AC16
L3142

3
2 (éezobaczer grbiciae(AF335183)
Geobacter metallireducens(L07834 3)
Geobacter hydrooenolphzlus( 1/28173)
Geobacter chapelleii(U41561 )
== Geobacter pelophilus(U96918 DELTA

Geobacter bremensis(U96917 )

~ AC68 PROTEOBACTERIA
ACS81
AC99
Geobacter sulfurreducens(U13928 )
"AC62

6844
Desulfovibrio intestinalis(Y12254 )
Desulfovibrio piger(4J494750)

AC37

Ochrobactrum anthropi(4J276036 )
$Ochrobactrum tritici(. J24258—/44{ ALPHA
— Ochrobactrum intermedium.

aroba. J413370) pROTEOBACTERIA
—“‘g__%gcgéz;obactrum grignonense(AJ242381 )
_i—_A_C168 , i
Brevibacillus centrosporus(D78458) |
———Eﬁrce;/ibacillus invocatus(AF378232 ) _
42#2
e r—{ ;“Clostridium aminobutyricum(X76161 ) CLOSTRIDIA
e Clostridivm butyricum(AJ458418 ) -
@ncglgwed Bacteroidetes bacterium(AJ318110)

AC —]
d— A%S/V? BACTEROIDES

gonomonas gadei(Y18530
sgmﬁmonas capnocytophagoides(U41355)

F L—"T ” 1lsl Jorsythensis(AB053943 RIA
" annerella forsythensis 5
Flavobacte_riale&y bacterium CF -EA ; 1453390 ) FLAVOBACTE j
{ - Kz&z:%l%acterzum psychrophilum(AB078060)

T A C77

- Sphig%obacterium spiritivorum(AJ439411) SPHINGOBACT ERLB
s Flexibacter ruber(AB078065)

¥ T
35 30 28 20 15 10 5 ¢

2% 39 acetateE 7| Z s3lujokdt oI FHx]2] microbial population?] phylogenetic

lineages
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—10% |

100{ Azoarcus buckelil
98" Azoarcus anaerobius
6d Azoarcus evansi
Azoarcus indigens
24 Thauera linaloolentis
% 8 l{ Thauera mechernichensis
Thauera aromatica

00 |BK 81
BE 76
BK 5
BK 4
- = JLIEK oL BK 6
100
BK 82

70 67 ™ Azospirillum brasilense
84 L .
64 Azospirillum lipoferum
Azospirillum doebereinerae
Azospirillum halopraeferens
A BF 33 .
’H; Azospirillum irakense a-Proteobacteria
Azospirillum amazonense
93 Blastochloris viridis
62 Blastochloris sulfoviridis
BF 20

100 "2 — Clostridium baratii

Clostridium paraputrificum
Clostridium beijerinckii
Clostridium saccharoperbutylacetonicum Firmicutes

Clostridium acetobutylicum

Clostridium sp. EGS

100 Clostridium butyn'cwq_? .

————E Planctomyces limnophilus

| Planctomyces brasiliensis Planctomyces
Geothrix fermentans

81

a3 40 ARIIEHSEE JAE w3tufordt AF AR microbial population?]

phylogenetic lineages
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COP136
—[_{Dysgonomonas gadei(Y18330)

COP125
COPL17 BACTEROIDES

COPI 20 —

____I __‘ COPI 83
Acetobacterium woodi(X96954)

COPI 12

COPI 76 FIRMICUTES
COPI29
1 Acidaminococcus fermentans(X 78017)

COPI 74
-—{ EBrachymonas denitrificans(D14320) ]
COPI 45

— —  COPI18
COorI13
Geobacter metallireducens(L07834)
COPI 35
COPI 16
Dsulfurella acetivorans(X72768)
Ccor13 ]

& Proteobacteria

COPI 4
Pseudomonas aeruginosa(AJ249451)
COP19
Acinetobacter calcoaceticus(AF159045)
COPI6 y Proteobacteria
Halothiobacillus neapolitanus(4J249451 )

COPI 31
—lanultella planticola(X93215 )
COPI 44

—— COPI 51
COPI 1
Burkholderia cepacia(AF175314) .
COPLT2 B Proteobacteria
Ideonella dechloratans(X72724)

T COPI 43
Dechloromonas agitata(AF047462 )

COPI 39 )
Ll EAcidocella facilis(D30774) a Proteobacteria
COPI 47 _

COPI 60

p—

0.1

Ol 41 m9dokAd olZ w4=(copiotrophic artificial wastewater)& o]&3to] HFjuje}

[o}
3t A g A =2]2] microbial population?] phylogenetic lineages

Acetate?l Q1 g (artificial wastewater)E %3 njokst dAZHx] ztzheo]
clone?] tTio¥A-& 8l 429} HE 189 LIehQICT) acetate communityoll A= 68.8%S
Deltaproteobacteria?}  A}A|st3  9lonm AItJA SR copiotroph  community=
GammaproteobacteriaZ}t 32.9%% 7} && H|&& Uehji cl Z7] € dAgHdx]
#Ro o] AehA abundanceE FESIA #EY 4 glrh. o]2]gt Aol acetater} H]
UEY HAxpFelAl REH glucose?} glutamaters WHA AARFAAA o] oA 7l
3t Zlog AztHrt
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X 18, 2W 49} acetate® wEhufordt v FEFARMR] 2] microbial community®] 168

rRNA gene sequenceo] W= subdivision B} 3L

Clone No. of Clone No. of
Subdivision
Copiotrophs MFC Acetate MFC
a proteobacteria 2(2.4%) 21(7.0%)
B proteobacteria 5(6.1%) 5(1.7%)
§ proteobacteria 10(12. 2%) 207(68. 8%)
v proteobacteria 27(32.9%) 52(17. 3%)
Firmicutes 20(24.4%) 3(1.0%)
Bacteroides 8(9.7%) 10(3. 4%)
Spirochaetes 7(8.5%) ~
Actinobacteridae 2(2.4%) -
Cyanobacteria 1(1.2%) -
Flavobacteria - 1(0. 4%)
Total clones 82(99.9%) 301(100%)

The relative abundance of phylotypes in two
differently enriched microbial fuel cell

25 A

AWW MFC
mmam Acetate MFC

Number of clones in phylotypes library

32 42 The relative abundance of phylotypes in two 16S rDNA clone libraries from

microbial fuel cell enriched with acetate and copiotrophic(glucose + glutamate)
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Ztzk chE dRHx|2] bacterial communityolAd] E-2l® clonesE2] 16S rDNA
sequences genebank (BLAST)ol|A w]a1sf] & ZAz}E BA3leic} Bergey's manualol ¢
st 97% o] 48] homology& UEhE Z-¢ SUZ2R 73y, 2okl AL e
FTO % wichgitt, & 190 Hi= ule} Zo] 97% o|5}el cloneo] 55 - 605 n|EEZAF
Halof e QE ujdEdEe A7t LHAA] 42 AFo] 50% oJA4UL o F o
Tk EZ 97% o]/%e] homologyE EQl clone Fol% o}z wjakel=] ¢k AFo] thg =
HEo] 7] wiEel o] Hl&o] 60% ol4E & 4= grh 53] Z AZoA homology 7}

%  cloneo] Ztz} 37 4 EA = dch o|2gt A= 59 cloned] B2 A
F& AT A& vehdch

3 19 AZH 2} acetated 7[R AR HEAT AR 16S rDNA sequenceo] 2|3t

closest match homology

homology with closet match
bz S Total
. wlone 90% o]} 990;; Ocj;j} 97% 1%
e 55 1 30 24
Acetate 44 1 27 16
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Al 4 A A7 ndEY S, 8 %
Lo ATUE % A

7b ujEL] F2f W

3} o chdgt m|PEEC] EXE US4 4 Addrh iRt |
sletgAd S w3 glon EI LFFUXE FHUE 4 gt 2 EE FEARIA Y
n B ES Festl 5L A=stdch nBE Fels ©A e E= sodium acetated
Z1A 2 AJ}SII ferric citrateE AA}LLAR A A R3 a4 wir]E A Rshadcl
BEHeE 23He AIFE st olF T/I™U AHE ARFT AiAUFZ wiA

Zelstydrt. colony&
kit (API 20E, API NE systems)Z& o]|£3}o] %3
Aaufz] oA BiFE St B2 FA|ZFE] genmic
cloning3} sequencing 2+¢1& A& BLAST searchE& AlA|3leict. &+
A Aefet oA AdefoA 2elgt & UERd Zlojtt

E 20 Acctate® JIAE AIEY 4E (27144)2] B3t A

R

'

BAA A Feltt Bl

Isolates mo(r:gllxlolo Stgﬁgﬁlg Identification Hgll(l)lsoel?r%i:(‘l:}lth :}% ?] f}
gy - using 16SrDNA | ' = °©
APIKit 16SrDNAanalyses
EFAl cocci - Pseudomonas putida Serratia marcescens 99% -
EFA2 thin rod - Alcalogenes xylosoxidans Pseudomonas aeruginosa 96% _
EFA3 thin rod L - Chryseobacterium indologenes Chryseobacterium joosteii 97% _
EFA4 thin rod - Pseudomonas putida Pseudomonas citronellolis 99% -
ENAIL thin rod variable |Chryseobacterium indologenes Pseudomonas nitroreducens 9%6% _
ENA2 thin rod | - Pseudomonas fluorescens Pseudomonas citronellolis 99% _
ENA3 thin rod ~ Burkholderia cepacia Pseudomonas huttiensis 98% _
ENA4 |cocco-bacilli - Pseudomonas putida Flavobacterium indologenes 96% _
EOQAIL thin rod - Chryseobacterium indologenes Chryseobacterium joosteii 93% ~
EOQOA2 |cocco-bacilli - Pseudomonas fluorescens Pseudomonas alcaligenes 91% _
EOA3 thick rod - Chryseobacterium indologenes Flavobacterium gleum 9% _
PAl cocci - Enterobacter cloacae Enterobacter aerogenes 88% _
PA2 cocci - Enterobacter cloacae Enterobacter aerogenes 93% _
PA3 cocco-bacilli - Aeromonashydrophila Aeromonashydrophila 99% +
PA4 thin rod - Pseudomonas aeruginosa Enterobacter agglomerans 93% _
PAS cocco-bacilli - Pasteurella pneumotropica Serratia marcescens 97% _
PA6 thion rod - Stenotrophomonas maltophilia Pandoraea pnomenusa 93% _
PA7 thin rod - Ochrobactrum anthropi Pseudomonas nitroreducens 96% _
PA9 thick rod + Bordetella Pantoea agglomerans 91% -
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£ 21 Acetate$t AEIIIZHFE 71AR AHST HBARHA N Belg EelF (Y]
B B3 Asseray

Cell Identification 5
Gram ks
Isolates morgp;lolo stainning Homology  5pg5.
APIKit 16SrDNAanalyses
Desulfotomaculum guttoideum 99%
AnAQO2 Rod - Burkholderia cepacia Clostridium sphenoides 97% +
ClL celerecresens
Desulfotomaculum guttoideum 999%%
AnFAl Rod - Chryseomonas luteola Cl. celerecresens +
Cl. sphenoides
. . 9%
AnFA2 Rod - Burkholderia cepacia g;;‘;gzgrencéflzszc?;gé?etes bacterium 91% +
L g . . . 98%
EG3 Rod + Clostridium butyricum Clostridium butyricum +
- = u — -
ol A= A3/l gl e :r_r—;f—" 2% API kitZ2 F% ?ﬂ ZAztet 165

-
rDNAE 7]EL2 ST A7t dAs:s A
© PA3E A &St APL kitZ FAT Aot tl
2ol e #FIt ok ERAEA] 42 FU& -"/]U] \_C}. —E—E]%E’J ki g
< cyclic voltametry (CV)ofl 2Jsf AlA|steict o+
LB/ferric citrate® 7] wjR|E @73l AlefolA] oF 43t vk st FAHE
sto] CVE &3ttt o] Az PA3: Z71H QA AelolA Feld @ olARt #7
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