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SUMMARY

I. Project Title

Studies in the Microbal Desulfurization of Petroleum(IV)

. Objectives and Importance of the Project

Owing to the recognitron of the seriousness of the worldwide
environmental disruption, many countries limited the content of the
pollutive components in the usable fuels including petroleum. Sulfur is
one of the most deleterious pollutant found In petroleum and coals.
During the combustion of the fossil fuels, sulfur compounds are
oxidized to SO, and SO; which cause the acid rain. Acid rain
extensively devastates the aquatic and terrestrial ecosystem, so the
endeavors are made to reduce the sulfur contents of the fossil fuels.
The most extensively used method of desulfurization is the chemical
treatments of petroleum during 1its refinery process. The sulfur
compounds are reduced to hydrogen sulfide in the desulfurization
process using hydrogen and catalyst at high temperature and pressure.
This process requires much capital investment and operation cost.

Various attempts have been made to develop alternative
desulfurization process. One of them is the method |using
microorganisms which have the degradability of sulfur compounds.

In our laboratory bioelectrochemical desulfurization process using
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anaerobic sulfate reducing bacteria of whose reducing equivalents were

supplied electrochemically has been studied.

1. Previous Results

1) We isolated sulfate reducing bacteria having high degradability
of organic sulfur compounds, one of which has been identified
as a strain of Desulfovibrio desulfuricans.

2) We ascertained the biological usability of the electrochemical
energy via electron mediator.

a. Clostridium acelobutylicum produced enhanced amount of more
reduced end product when reducing power was supplied
electrochemically using methyl viologen as an electron
mediator.

b. Supplied with electrochemical reducing equivalents, D.
desulfuricans produced more H;S but less CO, compared to

the culture of 1t which was not supphed with electrochemical

reducing power.

3) Degradation of organic sulfur compounds using D.

desulfuricans.

a. Thiophenes were more easily degraded than sulfide and

disulfides.

b. About 21% of the sulfur compounds were removed {rom
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Kuwait crude o1l using D. desulfuricans in the supply of

electrochemical reducing equivalents.

2. Disadvantages
1) Methyl viologen was highly costly

2) Methyl viclogen was highly toxic to human and D.

desulfuricans, so the efficient desulfurization was impossible.

M. Contents and Scope of the project.

Based on the results described above, attempts were made to
develop more efficient microbial desulfurization process 1n which
electron mediators such as methyl viologen are not used. We are to
develop the method of desulfurization using membrane-modified sulfaté
reducing bacteria which can utilize electrons from electrode without

the mediation of electron mediator. Plans to develop this process are

as follows:

1. Screening of conducting materials which confer electroconductivity

to cell membrane when embedded 1n it.

2. Study of characteristics of membrane-modified cell which was

treated with the screened conducting substances.
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3. Study of the degradation of organic sulfur materials by

membrane-modified sulfate reducing bacteria using electrochemical

method.

IV. Results and Proposals for their applications.

Major findings in the fourth year of the project are as follows:

1. TCNQ, PMS and LITCNQ were examined for the feasibility of
our experiment. LITCNQ was the most suitable substance which has

appropriate water solubility and electroconductivity.

2. LAITCNQ inhibited growth of D. desulfuricans and C. acetobutylicum
at the lower concentration than PMS. This result can be explained

by the difference of affinity to cell membrane of each compound.

LiTCNQ 1s more hydrophobic than PMS and it Interacts and
modifies the cell membrane with ease at lower concentration, so

bacterial cells were more easily affected by LiTCNQ.

The mechanism of the toxic effect of the LITCNQ was not

definitely explained but we thought LiTCNQ inhibited the growth by

dissipating proton mortive force across the cell membrane.

3. Sulfate reducing bacteria treated with LITCNQ could reduce

benzothiophene up to about 90% in the supply of electrochemical

16



reducing equivalent. Also, without the supply of the reducing
equivalents benzothiophene was degraded up to 90% by sulfate
reducing bacteria which was not treated with LiTCNQ.

PMS-treated sulfate reducing bacteria could not remove the sulfur
compouns from petroleum.

From the results, 1t can be said that organic conducting materials
modify the cell membrane and confer enhanced electroconductivity to
cell membrane but electron transfer from electrode to cytoplasm or
periplasm through them 1s 1mpossible or requires more sophisticated

method. The problems must be solved are as follows.

1. The more improved method to integrate or embed the conducting

materials in cell membrane.

2. Screening of conducting materials which more easily transfer

electron from electrode to cell inner portion.

3. Development of electrodes which have enhanced affimity to
organic compound and organic conducting material.

4. It may be necessary to find the innoxious mediator which does

not inhibit enzyme activity and easily react wich metalloproteins.
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2U43F BAHE ERe BPEPUE 22 ALSTO

2. FJEZeERH

ME, HIAOE F& v 39 &% 340~450C, ¢¥
35kg/cd A2 HLHKE ANAsA HIFELE Bt BEF2E
AT IGF AT FEA902 Ao AAZULG o WHS
Zd] Fyo] #F3 AHA S4HE 05~2% HEY Hol A ol g

AM3E vAES ol&Fd AHwe ¥R

o] oA =& HIUH EF WEE EFFLo 100% BE
2 ou$ ZLHYRD ol FAfe BAE FAd ¥ F 3
e AFE A dd. asy o] WRye 1L, IY¢E FA
ok ST FHEP FFE ZE ALsclr ¥ BT oJF FF
2oz AgUe FF4 AR s @40 AAE Le AL
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2 g8 Jdd. o HF EAE #HAsY] Hs9 AHAA W
€°l AEHIL YedHl oF I{Yrst PAEZE ol&F¥ VERHWHoI.

dA7A vBEEZ ol HFe €©FY v e F=2
3714 ATE&E A R FHT. olF MHTEENE Pseudomonas
&8 Z&Z2og 8o Sulfolobus, Beijerinckia, Bacillus, Flavobacterium
Acinetobacter o] X FHT}. o]EL Mg A& thiophene #HE
o FARANFEELS FEAY AAYEER HBANA AAT & I
i RuEJQH®. 53]  Pseudomonass) A= dibenzothiophene& &3]
sted Bosle AL Eo] degradative plasmidelA coding®@ e A}
Aol YWHAT® FHA AxHPriad ol&3q HM{f EF BEE
Eolzle 97t JYPHIL UG-

714 ATE ol8F Mfo xS 1953 Zobello] o
Aoz AFgAced e ¥€IAH BHAAM F4AE FFIAFE
LHH] Ao es] HAAAHdEo] mercaptano]} H.SE2 HEHC=
AME S 93] EJ hydrogenase’lt FAEARE FAFAA HFIF3IE
Eo] {3 ZAFAA €Feo] dojddm THIJAH.

ol FUIGEHSY AH{EERde F& EA3]  methyl
viologeno] @R w00 o] HAsE F& Desulfovibrioddo] uhs
o,

p| Y EE ol8T EFL AHIA xHox EASIL AHH
o2 AE3dE FAHAL Qv DAEE o8% ¥¥ HAxe oF7
A 50% AxHel #HIAA ReHed ole mAEo {9 F3
A8 4A HIsA Reed FEAHL olfrt Ak = 7
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BEE ol8T B ZAHA L e Hxe 7P U3
W FolHez &3}yl "o FYsAd o2 ALY %
BEE EAHeoz Fiztede FA7 U Aoz HAAG. o
2 ZAHEELS HEr] fstd Edde] e ¥ €% ¢
g°l SdE TF AL, mixed populationg o]&F EFo] o

¢ 47 Fol AYsz gtk

Aa4Ed BE A7HEH 4§ 23

AEAZIRTold AEAY AAEZHqMe Adte olFd v
g, BEPHE 7T oA FAAHFH WHe ALE, A7)
5y BAHE A% AN EF9 o8 FT& dAFde TRt

AEUA A7I33E =4 A2 19118 Potter7} A=+E
Abg st aF HlF F S -3d AYE FHFeERN AFHA
o Q&9 biosensor, fuel cell, stereospecific chemicalse] $AE
X ¥ bioorganic synthesis, WHEE XEHT BHAF FofdA ol
Ha U™, Batopg, mjAlES AU dAL FHAA A7
Sty A3ty &2 @482 FHH v EC AT F Ue <Yy
Az AgE £ UAve d7:E ASE FYPHoAY. Hongost
Iwaharae 200~300 yA/cie] AFE AF Brewvibacterium flavum$]
L-glutamic acid &&o] FIFFo=2H Lglutamic acide] AL 10%
ol F7INZE £ UdEedH, ol AT dAld HY J|YHE
FaFgeR UA3td AEAY YA o HJAAE BY AHASe

10,



FEo2 dAZE ASHZ] #EoIU™ I,

Emde®} Schickv Propionibaclterium freundenreichii®] propionate
dFoA AUty Fd¥E HEFRY FF3lod propionated] A
& o 0% HFE FHANAGIL BAusPAY. AUy #49
g FTFI}A P YRFI XA acetate:propionates] H]&o] 27:73
oot UYL ITFE BLoe HA 3:19771A FUkHe] AT
stotd g FFo o3 AEAJUY HAAUAZE P =S
xS AEY AAFoR oFdUHI HIHHUT. £ AdYddMx
Clostridium acetobutylicume] butanol-acetone T & oA methyl viologeng
AAAANZ  AMEdte  AYEEgH JPEE vAPE FIH O£
A3, Rt SY¥ A8 butanole] AL Filg wid AsAc
7t ¥ acetoned] AAFE AL B oy AMEVY A
A AL @oste AP FHY AHAEO HAFo2HEY AAE
TEE AXW AAYAIE o|FAIA dojue Aoz, dd EA
P BFELS A7ETEH AdUHAE AEAAUARZ A@AFD F A
= AL HAF Zeolzt At

o] 2ol H7I8TE AEE Eokd o837 de I,
Pl Ee] &7, ¥YLH(DNA) AHZ9 MO, gdidg HE£3 AE
AWl sREe 4% X PEAT Fopd SE&=HI Y.

1. S4g g Aag o8 AJEYEH MH§g 9
Go A AFFT HBAYG Y AT gF ME& 3o HS
o= methyl viologen®} #7A FA7IEZE LAY PoR FFIH Fo
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o &t=H o WRE scaleup AFPAAe HAAHYL Lo
TaItEE FRIAFE He TALY A¥Adel o B XA
A BEEAHU FugHe Fgo] H/sA HUY. o EFAE A
71 i3 £ d¥doMe AFozZREHe HAE YR YUY
o2 FFIH AHi ©HHol dojuern I3

2 AFoA Agd FAY 89 MHTFLS  Desulfovibrio desul
furicans®  Malaysiag] EFdA EeFTF T FolA F4&HPES
(hydrogenase)¢] #4 3 dibenzothiophene®] E#H Lol BL FFTE
Ao

D. desulfuricanse= A ®7|A Mooz, A& VAT
A& ¥714 S &(anaerobic respiration)2® <LEdH lactateE AR
TAAE St 4ALEA dAd FAIEO0N)E HAE AR FEA=R
AbEStd EEJP. ol Fo AAYARE F HE FEEIY F
AL gadArel AquAdAL JhedH FAEARV @9t AR
o d#AH ATP Aidd Fad% 9L Tus Aoh.

23 2004 B Eo]l D. desulfuricansy QLI AYNA F B9
lactateE 5 X2}9] acetate® Ar3}ElHEA] B Bx}e] ATPo o
B2 FA42EF ANdsd, F4 Aidde 933AUYY 43847}
#odg. wd SO0, dde F O OEAY ATP/E E483
lactate”} acetate® At EHHA AAEHe ATP, F  substrate-level
phosphorylation2 2+ 50,7 @] HF AYAR FI3A X
oz Aded AFE SdAe o 9 ©eE& 7IFHY  electron-
transport phosphorylation(ETP) 9] ' o] ATPe] Ailo] HQ3ltde
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Fig. 2. Pathway of dissimilatory sulfate reduction in Desulfovibrio
species and “hydrogen cycling” hypothesis. 1, Lactate
dehydrogense, membranebound, H-acceptor not known; 2,
pyruvate-ferredoxin oxidoreductagé; 3, phosphotransacety-
lase; 4, acetate kinase, 5, ATP sulfurylase; 6, pyro-
phosphatase, 7, APS reductase; 8, sulfite reductase; 9,

cytoplasmic hydrogenase, 10, periplasmic hydrogenase.
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ETP #A3 & Ly AWYA lactate?} acetate® ALEHEe I}A
oArx FaBEL 3t WEAI ¥ A9 Fiavt dYFALGE
23 periplasm©Z o]E3lWA  A|&AEcl.  Periplasmo] A H,:=
periplasmic hydrogenase$} cytochrome c;o] Z&e] oldte] Atztsd
A ARAE cyte:E F3Y oAl 43 FA e AAMEAER HdEEH
SO, #gYsled o/ &= protone WP Aol QR EA €
t}. wald o] Aol net effects 8SHYS fPAFU oz wa
8l proton gradient?’} YWAEHA Sl ALSE o] proton gradiente
ATPaseg] 3280 eolsted ATPE A= duyxlzg 283k o
2]t ATP §4~7]#€ “hydrogen cycling” 7}4dolgt REwW o]
Ao+ periplasm? hydrogenase®} cytochrome c¢;7} F83%ge AE
¢ F Uth

D. desulfuricanse periplasmo] Y& AM3—-39Y HYE ZHL
719 d oz Asl—39Yo] H+& cytochrome ¢392t hydrogenaseE 7}HA
I Q7] "Ed $2o2RE AXd HXRE FIFH FEH cytest
hydrogen cycling 71Ze] 93] R EFEe HAAE AAUAM ol &
g F A 2 B ok H{de /7] F¥E: HS FHE
HAA714 B, 28y Ade 71 $§F  outer membraneo] 2}
e AAdgoezr EHAY Q7] o HAFo=2HEH AHAIE cytes
o] AFG HEE 4 slenz AFIH cytes Aol HAREE W
Mete Ao AA7F ey ol HAPAHE=E methyl viologen

g Agsach



ol49l D. desulfuricans& o€ HA7138H € WYPLe =
433 o] =H43¥ F Uth

Az ANE o3ty AE AVNEH €¥L FH B A
LHFERQA Kuwaitdt 988 20%717 @FAE & dlen 4
& SHFANA HEHA oH EEdd 2z fractiong BHAY F
HFEdH #7158 Fel =3 thiophene A gel K37 EHo
gol #fE FHEY €F AV M e AL HEC

28y o] systeme UAAES o|&F HIHFHR Y W
o] Jtede AAIou AAGWAMRE Q¥ BE EAHES Y
B} 5t o}

AARANZ o] 2EE methyl viologen(MV)o] Zag #UF
o] AFE A EFe HEELE o AR o FIAIA
Fow, MVe 71ZHel w9 wjE B9 ohdE HAXE FHIT
hydrophobicity’} & 3gEZ2 @8 wgA %zt N4 $9H
o] Af dAiA] NO, ¥z drld ®Kd=H] M2E dr7] 2949
o] HE=R ojd EFAFES FHIA g¢v FAFHoln AEFHI
el Jide] HR3 -

A7 el ol THES Sl HE&HA XS AHHA
2 ddAe A=A #RIZVISSEEE FAGE @Y AT A
o] ¢ outer membraneg HEAE ZAF WUIANA HFoZHFH
o] AR HF AT AAIGAR AgHo HE Edsc W
Mol tisiA  asH -

¥ od3olx membrane WY EHEe 1,1,7 7'tetracyano-

_t..L
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Fig. 3. Schematic diagram of electron mediator-mediated
biological desulfurization
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quinodimethane(TCNQ)& Al&dg v, TCNQE 1960 ol& =&
organic superconductor Ao QUojA] electron acceptor22 g3 o]&
Hol o3 JYew® Tien F&% bilayer lipid membrane(BLM)&
e W TCONQE 49 ¥WEW FAxAol gfle BLMe HxHo]
TCNQe] <ol wet F7hevx Hadd. =E=F  Tren, Higgins,
Kell & 11 ZALe tv=2xlvt TCNQZF AAe w9 toxicdlthx
LR

add TCNQe 484e HF fle 444 €3I B
olrig} BLMd] UAA ARAAZAEE F7AIe L= vlFo X
°l, TCNQ7} toxic effect& UEMe olfe AHXEY HHEHd 7o
ol #HAAXRE AAF7] WEL Aoz FSHEL.

ARAG L FF99 AAA=Z FA4HHo] protond H|EF ion
o] F3q7F dojuA] ¥xn He FHdAdAo] wol AAY o]Fo] o
ojutA] R3n=z gZ Alold Fu AHXE UYF gF  Alojde
proton gradient$t ®HHZZE FAlY EASA HW ol s A
§ @Atol £AET. I1¥d membraned] HATA EFAL A std
Aol ZFE AFFA TES FHUE  membraned Aloldl ¥
proton motive forceZ7} IFIEHI HEE © ol APYELE KA A
287 Hed TONQE €3FTGd JYWAHT HHe 7172 celld)
toxict EAHE & Zolth

Fad Y AHATL Gram 24 ATdoE Axe UFEE
EART e 9¥AY% gz AxYy uZOoZ outer membraneo]
gte AAEE TR e Yo E3AAL  QUY. o] outer

37



membrane(OM) & dR£9 EAJ} A{FFA os¥8 F Ux
proton motive forceE -FAA]7|=H obF 7l X SHA| &7l wWEo
OM& TCNQst ze A=A 7 Ed=2 Astd Az A=Ae
F7HNZY sldx AY dAYde A 94FE XA 2@ @
R opuzt g Y AT HAA HAEH  “hydrogen cycling”
(fig. 2)0ll Q9% H¥E 3l hydrogenases} cytochrome ¢:37} U
A9ty OM  Aleo]e] periplasme] gtz FHo] 7] #HEd OM3IHE
Aed EEE QHIAAR dF9 HAV OME F3dste Y
g8 A9 AR Al B2 AF 92 F U

¥y, ASeE2FEHY AR AxA w7 edE2 ¥R
“electron channel”g 3l OME HE33ld AHEX HEERE ALEHT
st o] HAAZL mAEL AR tlAlel o]&EHI HAIMAME AT
2] cytochrome c;& X3 HA A #HE A4 Fo] channels
TN Boexw HAE HAFH uptake@d < SQlojok T cytcsE
yEe AxA oAb #E deE &S E4EL polypeptide AHA|RE
oz AR dad  Jlwde Aol odE  AEadt Feld
prosthetic groupo] 1o} ©] groupEeo] A Ast-%d g F
o, #d o]E prosthetic group folding® polypeptide?]
o] amino acid®} ZHAEste JIAstr] Wi AFo2RE] A
Zp o]Fo] dojuxA RBIFAY uwle ¥ &Sx= AR Afo] ¢
ottt ol |HE& FHIV] HAstdq FE&AHL FE EAL A
A wjAANE  Abgsted AAEAANs 2A =ZAV7F Fol 49

active sitet} AA A} &9 prosthetic groupd] AFFA FolE
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¢ Ax AF gHEAE A HEF3r] HE HAIH ELe
active site Aloje]l HzA FEFE A dojuiAl 7] f3 Aol en.
19704 2 ol¥F AFH Fa Aole] FHAFAHA AR A
o #F L7t Wel IYPHIUedH, ¥UF metal proteino]r} flavo-
protein® &, ¥WF, graphite ASoA ZFHPFZAA AR o] <
ojFg WHROoW® Kulys 2% NMPTCNQ #71 & AZE&
o] &3ty heme-containing protein 3-& flavoproteind A= A}o]d
AR AR #Hgol <dold B ol HSE WHEHAA AW
g 223 HF Aol HA HE S:E FVHAE & UE

ol Hr] & A3 graphite ¢ HA=FE methyl viologen
S X33 o7tA  electroactive EF e KEAHE FHL I AA
425 52 Alole APAA AR TP 5L EolAE A=)

@o] FPHYoW® o]x TTF. TCNQ #7] F& AIL ge

=
& 7 ¥4 AFrHRT AxAHe]l IO Fahele] AFH HE

ol8iA] H/AE denatureA]7|A gkol AE  AHV|FE EokdA dE]

TTF. TCNQ®t #EA9 active site9}e] HA =F 717 o} F
e AYFA wFEAAN= FgAT Hillzk Alberty®’= TCNQ7} ©f
MEo] FAe active sited|A] 48t —89Y ¥dEgo] dojdri 3¢t
919 AMMEe slzz s TTF. TCNQ A=g working
electrode® A}g3tal A X9 g TCNQE ®HFAIZ] Al XA e
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Aze] ZEFL TTF. TCNQ A32vte] TCNQ2v9e] 9" TCNQ
2redox enzymeoZ EAY 4 glou, olg FAY [ Al -]
Aol 8 AEY e HEINH g 49k go] A3
N T}

4

R-SH
ETPo
oOXx R{-SH + Ha$S
ew
—= >
» ETP red R_s_n’

Hase

\

Fig. 4. Working model for the Bioelectrochemical desulfurization

using sulfate reducing bacteria which have modified

membrane by organic conducting metals.

Membrane ¥#% B2z TCNQY Z& ARHY H#71 &
2lol = polyehtylenimine(PEI)-linked porphyrin complex“®®7} l<H of
B4 4F4AE 7FAIL membrane UAZHO E©EFLG FAGF T
z9 84 HEol AAY uigoez A EEE TEE THAL
9lo] liposomedl associate¥]o] liposome &JFE-ZHE VYWR=ES A=A
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A58 AXA L7 F4(Conducting Organic Metals)

718 Ed dt¥gezr Al Ax4dE HA FAT 20Cx,
718 F5I [FAE FIAxAE AR REYE Aol
AANE olf] HFxA #F7] EFE Fede WS d7t Ay HRU
t}. @A, AEA] &7 F£e& “charge-transfer complex”2t “polyme-
ric hydrocarbon”¢] % XREE2 UE & U F=2 “charge-
transfer complex”©] W3 W7} Bo] o]Fo|FH.

7154 HYEol HFERAHAELE dode Hxe FAHe 1960dd
% Melby $o] ZAE3 AR L8420 7,7, 8,8-Tetracyanoquino-
dimethane& WAL I AHAZEELE Yoz Jlssihzge—,

o] o F-& TCNQE Az FEA=R = BS #F775s5 A=

A7 HEAFeTE olgE WHFE x=107(em)” AxY WA=

ol AEA H7] FH HAEAFL ol AR AR
As 7ot

AA, AA FEAt FoAA segregated stack FERE 1A
of do}. W mixed stack +EE VIAWE I Ede FZ AV H
o},

A4, AR FE&Ae FAAZ ALY HFoly £ o3

N ZE aromatic sextet® sk Fiot.
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iRl o 2 stackE  Alo]o]A]  partial charge transfer7} <dojuk
of %tr}d. ek charge transfer’} @A3TE o EAE oAy
.

1970 dd] o|F AEE HAR FAAY FAHo2 AHAEA H7)
29 Y3 dte 8r|FHe HALE o]FE=u], tetrathiafulvalene
(TTF) && N-methyl phenazinium(NMP)i} TCNQ<S}2] complex+
Fe-oAx 4z 0,=5003 200(Qcm)'9] conductivityE zZe AEA
TF50E Wi

A #71 F&& & FAA7] wfod FHHASA ol &FH
Ale Xdar AR, 4-HA A dEE uviel o] TCNQel TCNQE
AR FE&AE Sl charge transfer complexe A= A7|38 Fok

olA o] o]&sx T

A} 6 A Cyclic voltammetry

Voltammetry®& &  solutiono] <Sie el A= Aol
electrical potentialg& ZHolFo] 2 A} Yeguys AFY IEELE 4
Abele A7l 38y wWHg dFA+=toh. Voltammetric techniquesd: A}
L3 2= potential sweep W4 Z, pulse patternd] W I FFH7}
t}skd] cyclic voltammetryol 4+ triangular wave form2 % poten-
tial S M3AA HA W E AFY 3ZFE #BSTH. AR
A AHE = potentialzk Alo]E& YAFT scan rateE sweepdtTh
7} 3 T Ao Eg3dW scan rates YASA HAFHEA 2 W
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kgl ul¥ sweepE A LS  technique® ®  potential sweep pattern
¥ tHFEZAH<Q current responsex= 1Y 5o} Tr}e®

SAH A7 dH O R activedt EZo] EA3H ojH EFA
¢k potentialgkel| X peakE Z}A A Hed peak®] A=  reference
Z=ro]] g electroactive EZFo] A3 FL& YUE+E potential &
YEr Fe  Aeltk. 2¥d  Reference AF9 HEE A -8Y AH
e Y] YR 2= peak YXE Hol electroactive compound
o EE A%-8Y BT T & Ao

Wual ofuyg}, cyclic voltammetrye] A= 1Y 509} Zo]
peak7} HE Y3te= RAFY o2 FIe F FTHY peako] AZ
 AsH AHAe 4HE, E£2le @49 ¥gE
1 TAE Ho} electroactive compounde] AF3}—8¢4 vF3eo] 7194
= AT 4 Ut

Voltammetryol A= F7]9 AIFHE AgdFe Z¢= 37l
= AT BE gAe HA=e ALR]-3tt)k, Working electrode(W.E.)
= A3} -3y vkgo] doju}be= o]l  reference electrode(R.E.)+
W.E./solution A}o]2] potential® ZAHS™ auxiliary ZEL& counter
electrode2 v HBde AHARyE SHIY. WEL FH7o] 1mm o]4H
v & AFY A$ede WES RE. Alolg] A S 1~2mm o)y
2 wWE Tl olr Hed oA £ w2 Ao %
potential drop& HASA7]7] A% ZAeolth. e AU HAE
=A8tetd 9 63 H4.

B Add A cyclic voltammetry technique& ©o]83lod AT
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Fig. 5. Typical pattern of

cyclic

E (1) ==

(b)

potential sweep (a) and

resulting response (b) of cyclic voltammetry.

Fig. 6. Schematic diagram of three electrode electrochemical cell

sysiem
1;voltage source

3 ;reference electrode

5;counter(auxiliary) electrode
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A 7] B&4&3 AxA F7] 502 AT AT AVI3EFH
B4 Y931 Yoyt ¥HEE AHTe A AEAHAE HASIA
3l 94 o}
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A2 AE 8 By

1. A&

1) @F
AL Y TFE  Desulfovibrio desulfuricans M6(KCTC 2490)
wdew Wy ATl Clostridium acetobutylicum ATCC 4259(KCTC
1037) = AR-&3FH.

2) AN
ZE Age ANFFoz Agdgen F2 Ade Azde
oot

Resazurin(Fluka), Sodium lactate(Shinyo), Benzothiophene

(Aldrich), TCNQ(Sigma), PMS(Aldrich), Lithium iodide(Aldrich),
Acetonitrile(J.T. Baker), 3H,0, "“C-Sorbitol, "“C-Salicylic acid(NEN),

*H- Tetraphenylphosphonium (Amersham), Oilicone o1l No. 556, No. 550

(Dowcorning),

3) 71+ W 717
7]+ : Pressure tube, serum wvial (Bellco)

electrolytic cell, Saturated Calomel electrode(Fisher)
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7] 7} ; Ministat Potentiostat, Sweep generator, zero-resistance

ammeter(o|4 Thompson electrochem.)

X-Y recorder(Lloyd)
Gas Chromatography(Varian GC 3300)
Centrifugal separator(Hitachi 20PR-52)

Shaking Water bath(3t= H|A)

Oxygen Bomb Calorimeter(Parr)

Spectrophotometer(Jasco, UVIDEC 610)

1) WA
D. desulfuricans M62] AA wx2Z%x PostgateC WA E AlL
e #71 #% AFgE e dwxe €S AT wegE
A2 SO2 o]&& wW PostgateC WA E ALL-31Y ).
C. acetobutylicume CAB ¥jAdAX 7w Z wWjREY A

o ofg] Tablel®} 2l
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Table 1.

Media used In the experiments.

a. Composition of Postgate C medium

Ingredients

r’

KH.PO,
Na,SO,
MgSO0,:7H;0O
Yeast Extract

Sodium citrate

ik P

Quantities

0.5 (g/ ¢)

4.5
0.06
1.0

0.3

PH=7.4, D.W.; up to lL.

Ingredients

NH,C]

CaCl;-6H:0

Sodium lactate l

FESO4 . 7H30

b. Composition of SO -free Postgate C medium

Quantities
1.0 (g/ 4)
0.06

6.0

0.004

i
| 0.2% Re_sazuri | 1m1 -

Ingredients Quantities Ingredients Quantities
CKHPO, | 05/ 1) 1 NH.CI  10/0)

Na,SO, 45 | CaCl;-6H,0 | 0.06

MgS0,+7H,0 0.06 | Sodium lactate | 6.0

Yeast Extract | 1.0 | FeSO,-7H,0 | 0.004

Sodium citrate 0.3 | 0.2% Resazurin Iml

10 -

el —

PH 7.4 D.W. up to 1 {1ter.
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c. Composition of CAB medium.

Ingredients Quantities Ingredients Quantities
Giucose q 45.0 (-g/ {) | Yea;;t Extract 4.0 (g/ 0 )
Tryptone 1.0 : K.HPO, ] 1.5
0.2% Resazurin | 1.0ml I Salt Solution I 1ml

PH 5.4 ; D.W. up to 1 /{iter

2) TTF. TCNQ %71 24 H39 A=
TTF. TCNQ #2¢ Barletts] Witz WEAC37]. 2.0g
TTF2} 2.0 TCNQE Z4Z 120mle] =AE acetonitriled] o &
48 =g © 7A BA F oE F £4¢ dUth o W A
& Adol AJlEed o AWES
8 FAd. oed AAL ATz AL ©e HA 2T
o] o] EAo]
g W 7 Mol FUT Aes AF HolH AHAEL WA 2

2470 ¥ 3 BAE Ao yiedg TR

ek

2A17 AXE  stirring SFHA 4]

acetonitrile®2 23 diethyl ether82 A Yo+

of W Arle HLE 4 AAH F < 03~05g% infrared
spectroscopy & tablet A|FE A X (Perkin Elmer)E& A}&3loq A7
13mme] discE 9wWHEQT Disce] FHL  electroconductive silver-
containing epoxy(Fujukura Kasei Co.)& A}&3ld A7 0.6mmel A

HE JZF g AAA epoxyE HWYF disce FHEY HH
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3) LITCNQ%! =A%
2.0g TCNQ<e} 4.0g Lil(Aldrich)& 200ml acetonitrileo] W iI
FAZL FL oreflux A7l g £ AL stirring FFHHEA PA Yzhst
Atk S ¢ B ZAASL Whatman filter paper(No.l1)E ZAH
A9  acetonitriled} diethyl ether2 32 ML £ A9 AF

sl B% B¢ ARAA 1 BASE AUk

4) ®71 A=A EFY AZ

E dFoA €#e working modele AXEAH {7 F&
s ZF7td A=ANE ZE OME 712 D. desulfuricans o] A
71883l WYer HFoz RHES AHAE HAAMAAY =&
o] AH AEYPE AHALEsd o HAE vAEY oA A
2 o|lgstizx dfv Aolu(Fig.2, Fig.4).

AEA EAo] A¥e membraned®} integrationdtd oA A
Hq3 QL FY3ry] A e v EC] AAFASt= aqueous phase
of AHelgEE 9w ELAAY A A Ho] cell interation
g FEo] dolxAe U4¥E B ol cell#y interation ¥ W
Aol 7sa  cell membrane #§ & AZFFo A FHIIA
interaction¥] o]0k ¥t} 18]1 membraned] ZAYFF Folx electroactivity
g A% fAstd A7l 38 wgo] dojiuol |4

a8, *§ membrane ¥M¥ EFE A4 TCNQe 294
o] A7l uw&d Tien(26)%Fo] AE% WY, F Bilayer Lipd

membrane® A% ¥ v TCNQE 4io BLME& wEo Fe 4-F
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e BLME& %= £90 E5F {7 &4 QAAFAR FAH
o] TCNQE or AXx 3o BLMo TCNQE 3AlE electron

o

channelg WE 4 UAAT SFEANME 4A ARHZ WAol
AU 489 Ao ZAste AT interactiondtrl7t YEL. =
& TCNQ’F 4A =+ acetonitrile L9 50mM oL =3|7)
7t oje$Ez AFS intactdtA  HASHHAA  TCNQE A e8]}
OSSN

gt £ AYlME TCNQedE HEAY #71 F& B
9] A Zd AlEI = PMS(Phenazine methosulfate) 2} LITCNQE A
¥o] Azstod membraneo] WHHE A AW wmgtoh.

Phenazine methosulfatex= o}l&fe] FZXE 7IA B T

£z 4 10% ARG,

CH, CH,0S0,¢®

LICNQe] &9 uWg fdlze & 1% AEER  ethanold] 0
A  BoMe F& Ao dimer FHEO SAsA Hx
ethanole]\} butanolFolAle L A9 qdAI FHgE zZted.

g a7 HPAHE 47 A%t TCNQ, PMS, LITCNQS]
S Ado)lx, cell#2] interaction X, wjgded Y A HE
A& Az FTE& ZABIAG-

o1



a. BrlEe] Holx.
PMS, LITCNQE 2Zt2 %4 & medium Col 3¢ % 53
2 butanolE A3t AA EFo] 4HoE F F AT Az W
At 3% LulFe] A3 A Fe A TPAL
¥4 EEsd F & &H3 Yol 453 butanolFE 4z
23 FF spectrumS F3ET

b. FAd &9 Az Fg.
30C medium ColA4] o]&7F wjgF 70mle] HAYE g A
T W FdE 208f FHAYN F AHARA H7] €FE HF 5S5mM=
HEE AEdd & A AX incubationA]Fl F AR A A
sA4% AXE FJHdI3E EIsUH. A54E 1000 Yo
spectrophotometer2 scanningdtd Hx4 EZe FIx H3g &

¥l O ¥do] AXs9 vl interaction AU FAHSIAT-

c. ME TH 4% A xS

PMS¢} LITCNQE ZZ 100mM, 50mM £9& @rjxoz =
9] 0.45um pore size®] membrane(Acrodisc , Gelman Science)o &
filtrationdl FH#HoR WERUT.

X2 € membrane T2E 21,09 &8 UAIFAS(LE-FH
FH)e2 ARt UAEYd did =4 &HY Ho]E M|
9lsted  C. acetobutylicum®® D. desulfuricanse] W AF A &
& zAEYEed, AAe Gram YA ATeE AL e AH
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A gz AZE 9 FAe Gram €4 ATdoE A O 3E
< 3o ARFE T

5 B wlLgd C. acetobutylicumi} D. desulfuricans® 2+Z}
45ml3a} 62mle] CAB 1wl X| 2} Postgate C mediumoll 5%4 HE3dL
PMS¢} LITCNQE 0.1~2.0mM H7Ist X clostridiax> 35C water
batho]] 34 &9 AT 30C water bathe] 7)|$HA 3F 7t
Aoz wgde A3H3o Gas ChromatographyZ AHEE 2434
a9 AFE FRAEAT

C. acetobulylicume butanole] Y& FASIFEO™H D. desulfuricanse
acetate F& EH} T 4FE =AsAT A8¥  columne
Chromosorb WAW(GP 10% SP-1200/1% H;PO, on 80/100 mesh)o.™
column &%+ 120°C, injector 210C, detector 210°C FID, carrier

gase] flow ratex= 30ml/min ¢t}

5) Cycloveltammography.

PMSe} LITCNQ, °]&EE& A2 HA44d Y ATe cyclic
voltammogram< o8] ZAA SF8YstHrch.

Working electrode2 v H7] & A3 TTF.TNCQ A=, ul
= A=, graphite A=EL AlL3g o auxibary(counter) electrodes
B2 A2 Y wZFH A2 AR5 ETtE. Reference electrodet
saturated calomel electrode(Fisher)E& A}839 2™ one compartment
systemol| 4]  voltammetryE 839}k Scan rate%;—:* 10mv/sec ©.1

potential vs. current responset X-Y recorder& A}83to AL
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%71 Ax4d EIAE WHE D. desulfuricans®] H7] 32834
54 247] fdAMe WA gz olg EIFIE AEF HEE
Hojor Jlt}k. o]EF E<QF 30C water batholA  wjk3 D,
desulfuricans M6 280mlE 4ml2 F&(70v})§ = PMSe LITCNQ
€ WE OtmMz AFE F ol EHY Mo A9 glojd o
7VR] 2438 EEo] FEA incubationdtHrt. I F U4 EE A
AL cell pelletE A2 PostgateC X2 $ ¥ washing § F
71 cell pellet® 233 A AZ resuspenddtd cyclovoltammetryS
TPsATt. A3 AHfFS PMSe 79$= 0.15M NaCl containing
0.15M sodium phosphate buffer, PH 7.42} medium C, 1M KC1§-¢joj
Qom, LITCNQE ol Asd 9d= 0.15M LiCIOsl Xgd A3
A 87 ARG LY A e LITCNQe] cyclovoltammetryd
e LiCIOJE # 883 ez HIAN.

CyclovoltammetryE $837] Ao W8 Chambere ¢F 20%
¢ AaxgE  AEstd AfHe  AdagE AAALY  Cyclo
voltammogram-2 AT wes AL WE: £xE A o A
A2 FHE oA Eo Yo Jedtd AdAL H[FEAHel fUES
3t

Working electrode?] AH=Zo] & 79 reference electrode #
27 u]$ Z9s8tk &, reference A= working electrode A}o]¢]
B E 1-2mm AHEZR Jl7rlo]l 8ok 83 reference electrodeg] F
rre E3d AHAAE ALY TE iong mFo] <dojuA

utEZojok 3t} Working electrodeZ tubee] EFEE& Imme ¥+
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AEg& Wo| sealingdt tubeol] WX saturated KCIZ 2 tubed] A9

working electrode® ©] £ 3} t}.

6) PMSE AHg Y Y A& o8& U/l &%
70mle] H{AE YT WigY 127§ LAEEsd 15mi=
&A1 ¥ 25mM PMSE 6ml A&lsld < 208 AX incubation
st gl YHESS cell pellettE& Lo medium CE @

W A3 F  SOS free Postgate C vlx] . €87} 35:3ml¥ &

125ml vialoll 5ml & &8 ).

¥ /Mol vial& ¥ 73 o] potentiostate] WA F 045Ve]
Aere AASNA Ho] Fo] 30C water batholA] shaking 3} A
g3 9gE WP Uo

A48 A2e £33 ¥F EF TTRTCNQ €71 & &

& H=o]2) o salt agar bridgex= 2% agar-containing 2M KClo| %l t}.

7) 7Y FH ¥F AF
gz FY FEHEKS M 2059)ol4 AAF oxygen bomb
method(38)2 HWRFe K& FZFE EHIIAH.
Alg HAldl 9fF AlEE 06~07g A= ¥€°t 5Smle] 5%
Na;CO;7} & bombe] ¥t AHAE  30~35Kg/cm?7tA]  bomboj
AYF F colorimeterd] Wi HI{AIA FAI] QLAY F FHof

T 202 AT WSS Zoi PAAD F vl7] valved: A A3
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do] ¢gg wch Bombel ®, AR HA, Fd, T4 Y

: NN BEEI N

‘m
S

Fig. 7. Electrochemical reaction system for the desulfurization

of petroleum
1 ; Potentiostat 2 . Ammeter

3, Salt agar bndge 4 ; Electrode
5 ; Shaking water bath

& FHFE Mol 600mle] HlojHAM RoI AR HAe HEE=
50 HCIgddol W1 71dA % £ 9g HAY uoAE AR
o] Mol %o wlojAH Ttk HlojAS HA &d FIrt ¢
200mle] 2w 7x 2 & 85% BaCLE&d 10ml& 7igit. o

o sk Aol FAHed, o £9& FyJt TimiFE € o 7
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A QA ZHEE F T A ol H2dx WY3to] filter paperZ
3dge 2d A PAEF 4% Folg EsMel ¥ 750~
800C¢] furnacedlAl 7Zds3ld H/H71EFL EF FHHANI F 7MY
dessicatorol] 4] WZAN X 2 TAE At

2 ¥F2 oY s4diz FE 4 Utk

i

(P—B) x13.74
W

G ==

oA71elA S, AR Fo BHE(%)
P ; 84§ (BaS00 98 ¥4 (g)
B utg AjEel oixe A wrEL FA(e)
Wi AR AHZF(g)
€ YERY.

8) LITCNQE AM#¥ BFAd &Y Ald& ©]8&& benzothiopheneo] 3]
70mle}l B4 LT Mg 6/1E LAEHIY 8mlE F
=23 F 20mM LITCNQ 2ml€& H7Isld 3 A7k AKX  incubation
St ol YARFIA  cell pellet?rE o] frech medium CE
AT F oA FHESSA  cell pellet?tE AUt cell pelletE
8ml SO/ free medium CE resuspendsld 2.5ml¥¥ FHdod 05%
benzothiophenee¢] & SOZ -free medium Col] AHZFE3s F 1g 73 2
e AzRNE d9d 70C water batho]Al 447t vl A Z T}

o] o AHYE 25VE Hol Few ALY AL =5
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Y3 X5 graphite "AFo]glt).

bge] Y T vigY  10mlax}  butanol 10ml® 4] o]
benzothiopheneg F&3 X  spectrophotometer®d G.CE& A}L39
benzothiophene?] X3 AEE XA}3YT].

T2 LTCNQE HHsA @ Fi4d 9 Az
A7ig sty gd9s& FEA €2 wWEAE AgEsd

9) Proton motive forcee] & A
vAYEE XY RE AES I AHExe LYALGLE F4lo
2 proton motive force(PMF : %4alE&)E R A% 9gov PMFe=

23 g%, AZe $¥4 F vAEY A% B5AY FHe

- PMFe d%Z% W AAMEA] HE(ZFLE AF3te
el ZAL)ol} LdAute] ATPaser} ATPE Au|sAA(EE Al
73 A A E)ZurEl:= protone] A X9 &R FZ 9] translocation}
A3 A9te] Charged, hydrophobic & W3 vHEIJAd 3] &
o A .

PMF+ membrane potential(¥} &%} ; A¢Y)3} proton gradient
(& o] Tz, ApH)Y F HEL2E FA4XEd protono] FAI}
& "z e FHAARY H dFe F4& o FEIF R

proton gradient® J}A3L glow o]l Ao FAFH ol Hth
PMF=Ap=A¢—Z-ApH
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A7l A Z=2.3RT/F& 25C oAl 59mVe] & 33}

PMFe Axo AW d4E& #ASe o ZdAad 9%8&
3t7] wEd] proton® HE£F charged materiale] olFE AHFA
3l “ionophore”& Al X AdE AXe AFLS AH}E T
g

1%4d), ionophoreZ} proton® XE#I iond T FAAHL
Agzesg F7AA PMFE Histd MEo A8E Asfsie &
#Eg YErdYE, AEee dAxAdE F/MAA AAY ZEE FU1
AZigddA v A9xle] dHarz PMF7E #igo] ZAIde AX9
&S AstA E ol

a8 egE B JdAdAes PMSY TCNQ, LITCNQEel A= o]
A E9e]  conductanceE Folv ©W Jddes A #EAsZ] Y34
ojlg EZEL AT Axe PMFE ZFHnx .

A=Y /71 EHE AHIAF Axe PMFE 37 A=
ol FTU¢ vUYT HAE B AT HiIGd 1mi¥E PriFe=
Ae® WEE pressure tubeo] W1 Ay BAS HE 2nM B
=2 Agsleq 3 Al HE incubationF F HHEST JFFE
3¢ M€ YAl 10mle] ANEZE medium CE  resuspenddt F
PMF& 2R3gen], 2 49 & Rottenberg®t Bronosky(39)e] ¥
of oz P4 TEEHLR ddgoed, dEzFE A4 EFHE A
1A %2 AEXE AMS3HEU-
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a. Internal cell volumeg] &#

i)  10mlo] SH,O(NEN)2} *MC-sorbitol(NEN)E 44 2:umCi
H et A He F O3ET AAAY. o uwigd 1ml&
silicone o1l &% Y (Dow corning, 556 : 550=3.5:6.5)0] 0.4ml o] K
v Eppendorf tubeo] Y31 LARE S silicone oile] H|Fo] AF
d B FHPI AEEYe JHH7] dEd ASAH  cell pelleto]
silicone oile] 9 o} Ro] EIBY. HFTALS 200u!l &
18l 4mle] scintillation cocktaill solution®] £ scintillation counting
viald] 7}8E pellet® W& 4593} silicone oilg pelleto] Wojx
A BREF ZALHA WY ¥ tubed] pelleto] Sle FEE AT
4m] cocktail solution®] W 2 wvial& A FTEo] AR
cocktail solution€ &35 @JEAZ v} S-counter(Tricarb 1500,
Packard)® cpm€ €Ut o] wW SHE& 0-12.0eV, “C& 12.0-
156eVe] double channel®] cpm-E& 39 ).

A& 3t scintillation  cocktail £ & toluene  667m £ 3}
Triton X-100 333m ¢ 9] 2, 5-diphenyloxazol(PPO; Merck) 5.5g3 2,2’-p-
phenyl-bisL5-phenyloxazol (POPOP : Merck) 0.1g& Zo TLEUT

o) W Be ATGE A4EA FHHAL sombitole T3}
A det 7135t pellets] AA EF FFA MESY 2
38 wWzo] AE Yy F3E Fado

AX Y% 2de g9 doz ued 4 Utk

Total water volume of pellet(u ¢ )
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=3H count in pellet(cpm)/?’H counts in supernatant(cpm/u ) ---D
extracellular water volume(u ) of pellet

=14C count in pellet(cpm)/"“C count in supernatant(cpm/uf) ---(@
Intracellular water volume of pellet(u £ )

= (total water volume of the pellet) — (extracellular water volume

Of the pellet) .................................................................... @

b. Proton gradient(ApH)<®} membrane potentiale] ZAA

1I0m {9 wigd JFE2 LITCNQE Ad wjgdq (7-YC)
Salicylate(NEN) ¢} °H-tetraphenyl phosphonium(TPP | Amersham)-& 2}
Zt 24Ci Y3 F Ego € F 108L AHAIFAH-.

o] & 4mi e ABE< 200¢f 2] butanal® 308 7+ A8 8
%t Butanol®& Xg3A &2 AlEe AE YR FIE A o
ot ZE WRoE YWAlsSs FASYL™, butanolE AP AEe
silicone oilol|x] YAHEZT F cell pellet9t-g& Lo} WALFE A3}
At Butanol®2 A2l AlREe AXo HEFolFoz FAH WA}
5= AAS7] AT ALZE pellete] WAleES FHIY PMFA L
A w1t

ojdel ZAFoA APst ApHE FIe 42 ofdet o

ApH(MC —salicylate counting)

Pellet(cpm) —butanol added pellet(cpm)

= log

........................ @

supernatant(cpm/u £ ) X cell volume(u ¢ )

01



AY(H-—TPP counting)

RT 1 Pellet(cpm) —butanol added pellet(cpm)
. n S —— T EERRRRRRBRIEEEEEEEE=E==
ZF Supernatant(cpm/u ¢ ) X cell volume(z ¢ )

............ @

PMF=Ay¢—2.303RT/F- ApH.
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A3A Adg 49 3%

1. TNCQe] A=

73 8& TCNQY acetonitriles] 1] &4 spectrum(a)d ¥R
9 #F Wgde] TCNGE AANE we F4 spectrums] W
el ZQldl #F3] acetonitriled)] 3¢ 2mM TCNQE YL FHEF &
X 20umZ} EHEH A oew, FE£q A AHIAF AL
butanol2 £&3% XF F4 spectrumS AP

Acetonitriles] ¢ TCNQE 395nm 2 ZoA Ay JFI=E
el g, oA A Xe AHZi® w 395nmoAe F{FF= A
3}
oz Wuste FAG FYF WAAo] TCNQE AT  AIH(Db)

B] 28t cell TCNQS] interaction AEE 3IAJTY 4+ UL A

i

TCNQe F3F=7F dFE gojfiw dzx 422 To] gle
medium Coll gt TCNQE a3t TCNQ peakd HW3rst e A
FistF = (c,d) o "We wiAY FFddie TCNQ7Zl AL 4w
Ebvlx] n FHAAZFowr TCNQe] peake]l YEeElued, 2 F3Fx7)
acetronitriled| A ¢8] FFE BT I3 SoJEdY. I 8—ew
medium Cte] &4 spectrumo 2  200—280nme] peakE 2 A ¢
HAAYES o FH¥E "HIEolt.

o] TCNQel E4 spectruml3E Ho} TCNQe Medium C
% g9 HAde Ad XA &n FA Fdol HAY B
sttt e ¢ & v mEkA Alx wjgdge TONQE 3RS
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11}

5 B
tal
o

Absorption spectrum of TCNQ in a)acetonitrile b)supernatant

Fig. 8.

cell culture c)supernatant of TCNQ-treated

of TCNQ-treated

and

C

medium C d)precipitate of TCNQ-treated medium

e)medium C without TCNQ as control.
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W FEEIF FAGE AL TCNQ—A X949 interactione] o}y
TCNQe] &40 7103 AAEL YA wEolg AL

2. TCNQ % TCNQE A3 3¢ Y MF9 cyclovoltammetry
ol HdEg uie} o] TCNQE F49dAM =x @gu Jde=
Ho]z]7] wEo] TCNQ A cyclic voltammogramg& # 4 QIUth

280ml BAY Y AT wWiFdLE SmlE FHIY F
acetonitriled] <1 20mM TCNQE HF 5HmME AP F  cell
pellet?t-& @o] cyclovoltammetry® F3Jdtgoni(1g 9.a) Wz A
o8 acetonitrilet-& WY FHode] 20% AHZF F cell pellet
e Lol cyclic voltammetry& 3R (ZE 9.b).

TCNQe &v] AAdAe F 78] reversible 4t3—%Y
peakE VIAAT[36] o IYolve FRF A3-8Y peak’t E
A i dEz+9 TCNQE AT Alzdx FRE Aolg +
T AUt

TCNQ2] A&AF} cyclic voltammetry ZAIAE ZFFUL o
TCNQE celle] IS o TCNQL 23— wkgo] #HAHA
o= AL AHAA, TCNQZ} cell# interaction®Xx] 3*3}1 hydrophobic
interactionol] 2]& TCNQr} HAHALY A, 89 Z medium Co
e TCNQel Atst—3Yd ¥hgo] dojuprldie FHTZE =3o|A
1} MA, TCNQ7} cell#}= interactiond}@ A5+ AZ—A¥sele] Az
23 WA Aol HAsE TCNQE AEHA RHPYLE 4$+5E
Az & 7 AR
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0.3

0.23v
—(0.46v
-0.3
a

0.3
———e—— e —

—{0.3

b

Fig. 9. Cyclic voltammogram of a) TCNQ-treated sulfate

reducing bacteria and b) acetonitrile treated sulfate
reducing bactena.

Where the TCNQ 1s dissolved i1n acetonitrile.
electrolyte ; 1M KCl solution

Working elecirode ; TTF. TCNQ disc.

counter electrode ; Pt plate, reference electrode ; SCE

scan rate ; 10 mV/sec

A2 AFsUxol Tien(26)o] BLMo] TCNQE * 2|3}

BLMe] A4 AEAL F7A7E % B AYelA  intactd
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AMEe] ol TCNQE A3ty A=AELE =Hosie WHe ZEFH
22 HEdH, & 4¥& Y37 dide Ax4 EFAL  intact
cell membraned] HA|H ARHeoz ARE AGAE 4 U
“electron channel”’& wWEo] F& Aol AHZ Az AHgdd. =2
gl AT HxAE Fo3le WEE TCNQ ojfe ©& A
=4 &3& A"se Az ¥4 zEsor dd. TCNQY A $e
A8 A7|I7F Axge] FAe dld didd] Hoepmz  o]AH9]
membraneoll X} channel& ¥Ad3r] HAMe BL EAUE & $A
o] A stacking EHojofgt Fled AAE TCNQZE Mxde ox ¥
e} interactiondle A, o"H ¥HE o HI = A RE
Bt olvzt IFxel TCNQE A8 Fojofgt channeld IFAY
Hsd g ZA He dFPel Utk

AR E Ze FAd Axe AFAGE o Fe AAAFA FK
A48 F2%E 2zte  amphipathic hydrocarbon®] A}golu} A=A o,
E24E& U Alg F2Y HAxAHE ZHv FHE HZAMNA Agske
Aol g JFF HA AL JFARAHY Fo= AL

TCNQE A}83t9 membraneg WHAI|= H Uojre A
HA FEAHES TCNQél] water solubilityZtx AAZE 4 Utk weE
4 TCNQ 4, 484 71XHA  TCNQst o]  “Charge
transfer ~ complex”o]A AR  FoAHAM=2  HEs=  phenazine
methosulfate$} TCNQ<®] anion radical ¥Ej¢l LITCNQY &AL =
A}l o]Eo] cell membraned] integration Xo} AR AEALE H

A% £ Jve A AU
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3. PMS¢t LITCNQY ©miAEe] oz A% As =g

D. desulfuricans®} C. acetobutylicum -F3] PMSe} LITCNQ 1mM
oldE& HIARE W LAF3I] AIo] A} HJAew, PMS EHue
LITCNQe] <&l o RzsA 9L TR (=2d 10,11).

olg HAEAHA EZY AEF A J7]e L cell membraneito
Zt-§-o] 2|3 membrane integrity®] &4 &L PMFe #ajo 7)<l
ste 2oz FFEY. dustd olE EZE  hydrophobicitys/t =
71 "' AT wiFdol AddE MEe {YF hydrophobic F-
1] outer membraneojy} UFAGI} A HEEL ¥ Aol o]E
249 ol YH FF ool HW AEHE WPAA Axe
e 71%E AH¥ eyl dEold. o]l ARE A& A
g 4dYe EHE ox Hx ALY ¥ 4 o LITCNQe
PMSH T} water solubility7} 34 wW& B oY (1%:10%) A2F4
ol MR Fo. uwA PMSEY LITCNQY oHs) A=y o ¥z
A dFg¥E W= AL, FAxA EH9 hydrophobicity =}olZ
L3 wFddl olEE AHEYE ¢ LITCNQE membranes] X ZH o
g affinity7b ®7] &9 PMSEG wWe Fxoix Axgdg ¥
BAIA integrityE H{EAE F U7l "WECTFZ AGE ¢ Utk

PMS¢} LiTCNQSl 4443 2 Ax9 o]z HA oE
42 #HE FHA7F AZAHEHL RAolgte F52 44 € 4 U2
1+ o] EBAHEC] AR integration® o] oW #HE{ r|Foz A
¥2] ASE AsteA XL TienFol A¥% WE  membraned
AeAdE 9 Axge PMFE AAd} Y ASE A#Hde A
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ACETATE , mM LITCNQ mM
60

60
O
0.2
| 1.0
2.0
1 2 3 DAY

Fig. 10. Growth inhibitory effect of LITCNQ and PMS on D

desulfuricans.
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BUTANOL , mM LITCNQ,mM

120 (L O

0.2

1.0

60 |

120

60

————-b:b‘:t_m__z' O
1 2 3 DAY

Fig. 11. Growth inhibitory effect of LITCNQ and PMS on C

acetobutylicum.
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e W&HESE FAE AAGA= Z{rh

Qkek, o]E EZo| membraned] UAFHo] HA AxAHLE F
AR ZHR T AESE FE AAY HAde]l A dojy
membrane potential€ AAEY Aol 1 ZFAI PMF:E i E A
oltt. WA AXAH F7 EZH HEF K AN FEH} I
28 HEIE ¥dle F whjer PMFE Y &A= AL A

4% 4 g Aolth

4. LITCNQE& A&gjg it & Aldel PMF &3%.

LITCNQE A2stA oS JFUE Y AT dzFda4=
internal cell volumed®} A¢Y, ApHE F8 4 Asior}, LITCNQO A
© internal cell volumeg& &AE <+ [UUT. AEX JF FI9
54 dEe &2 Ax%HE AHFEA FHEL sorbitolS FEHA
ZEE HO0w AX i widdd nz2A FESHAT  sorbitol
S cell pelletBole= wjgdd] FxVl s Z o]l&dto cell
pellet® w]<F AZdor]el 3H,09 M"C-sorbitole] EXHE Aidles
ZAolty. 7d LITCNQE A& A= celldt AFde °“H.O9
] &1t} MCsorbitole] H]€el o =A JEeENEr] wEd internal
cell volume¥ ZEAFE 4 U LTCNQE AHZHZE ZAF9
internal cell volume& Tt %32l internal cell volumed 2Po] FiL

PMFE 2R3 table2s 2ok
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Table 2. Proton motive force of Desulfovibrio desulfuricans intact cell
and LiTCNQ-treated cell.

B B T o

Internal cell pH AV PMF

| volume(ul) (mV) | (mV)

1 0.228 | 0.877 —107 ~-160
2 (a) 0.996 —127 I — 186

1:control, D. desulfuricans intact cell
2:LiITCNQ-treated D, desulfuricans

(a) :internal cell volume

of control was taken
PMF = 4¥ —2.303RT/F 4pH

LITCNQE A& AHMxe JYE R3§ 0228ul=2 IFevd
PMF7} © &7l3t22 LITCNQel o8 Axe HA HxAol F
ZbetA] et & 4 Ad. Y, fdlA dE3HRe], LITCNQ
g A MEA= internal cell volumed AT F+ Y& AE
2, Axde Aol LAHI WHIHUSE ¢ 4 Utk Sorbitolo] cell
pellet H2lo RBeo] Y= Ae=Z  RHo} cell membranesg)
permeability7} @3t AW, cell surface FHo] HWaFtiatn Qg
T E UL AoH, T AMEoe IXHe] 344 chaindd o
g F%Ud TCNQ¥A7+ membranes] 7o} Zojzdoa <13t
membrane TE£7} Y =<8 FHYIL EF ¢ Ut IZYEE olF
gtrzyl #slE A X9 internal volumei} intact membraneg Z&

celle] internal volume& o] By AL uga|Holt).
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ARE, ° HA=2Z Ho} HAEA £ LITCNQE Hzge
2 Ut AEde] oW FHHIZE HIHHJILSLE ¢ F& Ao,
Aol F7HHAYdE FAe AANE 4 gtk olAL LITCNQE
A8E Ay MEG AxAHL F71EA LITCNQ®]  resistivity2
Astd LRoJA o] AHxe] potentral& JIEA A& A A=A
9] olFo] wW$ xgA dojurl wWEd PMFale & Holst u
BLtA] gttda F3¥E 4 g AHelt. wEly AxA §7] B
A2 ALY} MEe membraned HAEAHELE B 93 g
resistivity® A 4she WUE usiolor ¥ oz Rk

o. LITCNQel 42 R Bdd &Y Azde ¥z F&
LITCNQe ZF§{ 49X ¢ ethanole] A& we] F4  spectrumol]
Ztol7F A edH, dBYoEER B & He IF FE ML
e ethanoldlde <LAFY WA €2 FH4L Helglen,
scanning® AN} x(fig. 12) F FHo el peakEe] Fdo] T E2H
el 2 olfE Bdx LITCNQZF dimer BejE ®ol 43}
7] wiFe|ln EolA il:]-% ethanolo] A1 LITCNQZ7} ©l <HA &% T
LiITCNQ<] hydrophobicityE #<¢137] 3t butanol2 g%t
o] &u Holzmg A 2 A F3dA= LTCNQe FFH
2l peakEo] A3 YEIA @3 butanolFZ ARt UEMsTH(fig. 13)
wetA] LITCNQe £ W@ 3t Hoe hydrophobicity”}
t] Ze PAE wjgde] ol AHIA¥Y BF WMYId Rue AAER
o]20]Z cell membranes# interaction ¥ #&o] ¢ AY: ¥ F U
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Fig. 12. Absorption spectrum ¢ LiTCNQ in a)water and b)ethanol.
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2349 ¥d AT 108] FHFHe] LITCNQE 1mM AT
Fo WM FFEHE butandl2 FEdd FF  spectrumE FA}EHY
£ Ay(fig. 14) AF5YoAe LITCNQ7/ A S2A3tx] &tt).

o] d¥eE2 LTCNQe X wgddr AMAIF interactiong
st=d 1 interaction H-fle Hv¥WlRe HolzE Hol MES A2
4 3999 LY¥AYHo|yt outer membraned HOE AR, ulg
A LITCNQe] A& A 8o A FAx 4YIG dARe=
AlEE .

6. LITCNQ % LITCNQE Aeld J44d Y A T4 cyclovoltammetry.

LiITCNQe Phosphate buffer, medium C, KCl £ od
A=E AMEsioEtz  LITCNQe] 4k3—34d wgg& JAE 4+ 4l
xo. a2y 0.2M LiICIOE A#HA=Z AL% ZFee —037TV %
oA cathodic reactione] <Uojxtow —0.15Ve} +0.07V F-ZoA
anodic reactiono] <Uojug HoE HITh

LITCNQE 3449 Y AT AH2dd cyclovoltammetry &
s o= LITCNQe EHAHQA peakEe] YEelUzl A%
anodic reaction®] peak&o] EBEYW 3gFi cathodic reaction®] peak
height= YA et

oldolA ¥ w, LITCNQS F&Hdojxe A3l—-gg kg
£ LiCIOsr 3 A 2on, AXd AHEE Aoz S5H3
A A -Y g JFASe AoE HRAY. Iy o A
22 LITCNQ7F HAX%d JAEo AHE FEREY HAE
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Fig. 15. Cyclovoltammogram of LiTCNQ
a. ImM LITCNQ in 0.15M phosphate buffer, pH 7.4
W.E. ; TTF.TCNQ
b. ImM LiTCNQ in 0.15M phosphate buffer, pH 7.4
W.E. ; graphite.
c. ImM LITCNQ in 0.2M LiCIO,, W.E. ; graphite.
d. LITCNQ-treated cell in 0.15M LiClO,containing medium C,

W.E. ; graphite.
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g Ag@ca AE AL = gth. Jusd LITCNQ MAXE
o} 9¥o] FHo|T bindingdtz Yojx AZde] HZo] o A
3-89 wgo] Yojur] ugo|th

7. LITCNQE Az HAdE 49 Mg |83 benzothiopheres]
71818 {3

0.5%  benzothiopheneo] & SO -free postgate C A
LITCNQE A=g Rdd /Y AdE& FFstd A7y Fx&E
g 3 49 ¥ shaking water bathAtolA] wE-Al#A  benzothiophene
o] &L =AEFAC-

19 1654 o] benzothiopheneo] ©H# glojey, dx+s
anode compartmento|A] X Dbenzothiophenee] ¥ #HEH= HozZ Ho}
BTe] #3 A& xol LITCNQE AId HMEI AZez RH
o] HAE FHFH Lol ol§ ol&¥Hy FE YIEHrle FF3H-

Benzothiophene thiophene®] % J}YE F E7t 71F
Z He 2FAU, ¥olFe #gd 84 Add Fel ¥I(70ml
¥E-3-Zd] °f 300mle] # Wi¥AE FS3 WolF) BTo] JIS
S¥de thiophene #3o] Fodste FHAe Ffo o3 44A £
= 7] W&o anode compartmentolAM = ¥WrEE7F LAHI] LS H
FHE doiztz] Ad BTe 37l ¢Z2E A=z F5dE 0.

tgole BTY4 #3&¢ BTrRtt w& Dibenzothiopheneg
Edste AZE Hol AH7HTH JdyAe o|frtEdE ATE
Al & o) 4.
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b. Spectrum of 0.01%
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c. Spectrum of BT before reaction
d. Spectrum of BT after reaction
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Table 3. Degradation of benzothiophene using LiITCNQ-treated D.

desulfuricans MS6.

Benzothiophene (% )

before reacrion 0.5

control 0.057

cathode : 0.062

anode 0.078 _

*control . reaction was carried out by D. desulfuricans M6
which was not modified with LiTCNQ without the supply of
electrochemical reducing power.

8. PMSe A3 9 JiE Y Adge] H3 AL
Phenazine methosulfate(PMS) NMP.TCNQ 7] &% A&

ut= 4] electron donor® o]&IFe= EAZ B HF L=}
°F 10% AX2 hydrophilicity?} oA ¥7] "WEd Eo XA &
e TCNQe dix EZd=z HAAFso HEH JUASo HEALLE
4 F ULA d¥so B

PMS¥ &3} butanolojA] &3] 395nme} 260nmE-ZojA HT
F4x8 xgovw butanol A3t butanolze] Aol & HU3
E ZA3 butanold BrThe $£3o © WL FEo] Heol HUG
(fig. 17). §449 &9 Mo PMSE A28t incubationA] F
wj kA S ure  do] PMSst M9l interactiond] 9lF dwh
ZAEAY 23T d(fig. 18) A X7 e WM FddMHETG PMS
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Fig. 17. Butanol extraction of PMS

a. Aqueous layer
b. Butanol layer
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o FIx7l o 1/22 ZojEUT

o] A¥gel ZIH}E PMSe $virges Ed A Ao
o arle sAR 2F4H4E @4 JFAL o] butanol2e] Holx
dojupe  EF  AHE wiFde AHHE AoxE Axgs
interactiono] Yojuped, AFHoA glolW PMSe FE& FIUG
JdA RES M ¥dolu}l outer membraned] stacking FHIUL HLE
Bolny A Fe& PMS9 F =& EoW AHEYHY PMS

channelg FAAY 4+ g Roz AR™Th

9. PMS %W PMSE ANelg 349 B Ade cyclovoltammetry
Working electrode® TTF. TCNQ A= ALR-3led  PMSe]

cyclovoltammogram-g S8§% Zi} 0.15M phosphate buffere} post-
gate C WA oA EF +0.05 ~007V oAl anodic reactiono]
dojytorm —0.05V H A cathodic reactiono] <YLojuy PMSE
7F A A -gd wgE 2YdE € F AdAT(fig. 19-a, b).

PMSE A FAddE Y AIFdrx= PMSe H%xd 93
oA A -2 WSS HolsdHl L peak heighte PMSTHe] 43}
— ol 9§ peakBrTF HFA A JElNd. AXd ZAFE PMS
= PMS Eze] Fxd Azt oflst AMxEe] Fxd o3 @
ol AAHE Aomz gdd AR E F Qo

LITCNQE AH2d A Xore a37tA=E, PMSE A § cell
o5 PMSe| {3 As-—Y ¥kgo] FAEG dHx R0 F
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Fig. 19. Cyclovoltammogram of PMS
a. medium C without PMS
b. 0.5mM PMS in 0.15M phosphate buffer, ph 7.4
c. 0.5mM PMS in medium C
d. PMS-treated cell
W.E. ; TTF. TCNQ
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ge] HA AeE HEHIGTL E e gt $s ua A4

o U HFE€ 371 YA+ membraned] resistivityl} conduc-

tanceq 3 H 3HY 4 v M HFAI SsFEGY.

10. PMS® ANej® FuQ 8Y ATE 8T Yl @R

Table 4614 HXo] PMS§ Na¥ Hay 8y Az ole
¢ Wrsed Mg gege Y dojuA gsted, 49 AP
el BAFE Do AgEe § 4+ A

Table 4. Desulfurization of crude o1l using PMS-treated D. desul-

furicans
FEF(%) ] g&%a(%)
i 1.78
1 1.74 | 25
i 2 1 0
3 ' 1.78 0

1 : PMS-treated cell, without electrochemical e-
2 . PMS-treated cell, cathode compartment
3 . PMS-treated cell, anode compartment

A#, TTF. TCNQ A=Z HWY 1m 7lFe €& FYo] ¥
dEo] e AL #FEHUeH, AT EHol M{E AAdHE 4
< XAl SVl WEd HIo=HFH HJA4YE FHE  AFVA
Azt AesHe Aol zadEHo] #¥ AEE FUANZE 4 gd-
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A, PMS/t A44€& 7FA3 Qo] outer membraneo]ut ¢
¥ 299 interactiong FI9 THF R AU IuFx o
¥ MEE PMSe ¥x7F 0 FE&9¢ oAl AsA W
PMSe] A4A4ol A24AEY o =7 uiEd FLAoz diffuse
out® AHo|t}. I PMSE= © o]A electron channele] 7]%&
3t X3t F=ERE Y AAe MAETYR=E HAEE 4 4.

A, PMS7} £&2902 cell membraned] WAz HAZo=z
e HAAE Lol feYgdEd FoBx= PMS9  redox potentialo]
cytcs®] heme groupo]l} hydrogenase®] FeS clusterBth g S
t PMSE2%H o]& cell component74d] AAL Aol dojg F
7l "dEd % A& 4 APy £ o

old2 4A¥ ZAAEL HFoE HrE ¢, LITCNQY
PMS & A=A /71 &4 93] AHME® Fxo H¥MIL dojut
A AFo=2HE ol EZE F2 olE HFEAH EIZ2HH cell
component® 71X 2] ARAYGo] FALEHOFE ddojuyx RH3Ir7] HE
of % AHEY &do dojyA dgedix & F U HEA
S dxoe AXgdd A&  “electron channel’& TEOF =
AHE FookF & oz AZdH vFe EAEE HEsH7] A
g APE Ao ¥ A2 4.

A A, membraned modificationdls A=EF AxAH EFZ A
agflor 3k, TCNQY LITCNQ, PMS ¥& =77 AL EAE
membranedl] channelS ¥AI37] A A8 EA7}  stackingH
oJof 3tx, ©]E9 F+Z7} membraned AAI} g FEE 7HA
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i U7 "HEe dvh} E&HOSE membraned] WAFHO AE=AE
F7IE8 4 A&Ae g Urh

Memebrane H¥ EZE& Ao 3lold olF SIEYT
Aol d34iet FAE FRE e polymeric hydrocarbong& A}
£3td g F /e E£AZ membraneg @AW JIEAZE  electron
channel& TWEJFER, TCNQWH PMS JF& AHAXZAHE AT
amphipathic hydrocarbon chaine @ WHIEA|AR AAY E3+ie FA
¥ F2E ZAL F Fo] membraned] HEAHEL Folvd AL}
e Hol FH "gHY Aoz HIAG.

4, 39 #Y AFL AME wpgd outer membraned
7HAW  2E8g9 4A¥ BEEE o 9w9& WHAA periplasme] 3l
v AAAg fidd HAAE AGFnA e Aol a”d
g 200] A9} o] AFe outer membraned I ulAE  FH

polysaccharide® ©o]&%o{&l lipopolysaccharide’} =233 o AEA

core oligosaccharnide
" hipid A

phosphalipid
e ——— prOLeHn
penplasmatic spave

Fig. 20. Structure of outer membrane of Gram negative bacteria
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7] #4e°] outer membranes] A Eo] Ut sEFE  lipopoly-
saccharided] ]3] H=Z-outer membraned] AEA BRI Ao
AAgEo] HA Ade] EisE Rolg. admz o yyEas
amphipathic long chaing WEEA, o2 AxAH EFLE WA=
Zlo] B Hastgan Pt

A A, intact cell®] membranesd} 474 A&Z3A cell— A2 39
Az de H&ol ¥S FFE MEse RAZ AgPgolor .
#He % EA= membrane Y EHo] AZF3 F HaHzE o
A7l ZAolgti YW o FEAe A3l FEH  polymeric
methyl viologenolu 7] ZLEAZ WHIYA|A WHIYEP o] BAHd 93
AF—A X Aol HEZ &L ¥ HAAFE H&FPez Ags
A Aoz 2 WY B9 /Mextgd ¢ Fad EAY A 2.

gy olFdA JAFT EAES Z3I AEY Hopo dAF
e o2 RF FHEE + sle EAJF olyzml :EA,
7138 #eokol HEZFEHN I Fokd AH9 HFHA A Yo
mglok 3Jr=Z o]lEHe coworke] &I} 3T

Membraneg W¥AI71A %X mediatorg AbSstel @Fe &
&g Eolv WH:E A Asgsojor k. FAY fY AT
o] &3 AHAYHFH ©He] A GAE HAFY HAE AT AA
¢ £43¢ 84 cyten} hydrogenased] H@sE RHolmz,
o] % metalloprotein®}¢] g2 F doJU}HA  toxicitylt enzyme
inhibitory &37} ¢l mediator® 7M@dte] 8o ol&de WY
£ dTFHojoF FT.
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