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Abstract

Microbial fuel cell (MFC) is a kind of biochemical system which is
converting chemical energy contained in organic mater into electrical
energy using electrochemically active microorganisms. In order to
produce electricity, the microorganisms in the anode chamber of MFC
use organic matter as a fuel, and the electron from oxidation of organic
matter is transferred into the external electrode through the electron
transport system of the microorganisms. In the thesis, following topics
were studied, 1) influence of microorganisms types inoculatedinto the
anode chamber of MFC on the hydrogen production, as well as
electricity, ii) effect of external resistance on the electricity production,
and iil) potential of a continuous membrane less MFC for wastewater
treatment.

The performance of MFC inoculated with three types of
microorganisms including activated sludge (AS), anaerobic sludge (AnS)
and heat treated anaerobic sludge (HT-AnS) were compared. The
coulombic efficiency, which is the efficiency converting from organic
matter removed from the anode chamber into electricity, for HT-AnS
was D56.7%, which was higher than 46.6% for AnS, as well as 13.1% for
AS. From the anode chambers for three MFCs, hydrogen gas were also
produced a lot, and the hydrogen yield from AnS was 4.07mol, which
was higher than those of HT-AnS and AS. The high yield of hydrogen
from organic matter was possible by the high biochemical activity of
microorganisms and their abilities to degrade organic matter completely

in the anode chamber. This shows the possibility for a novel hydrogen
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production process with high yield of hydrogen. Total energy converting
efficiencies for the MFCs inoculated with three different types of
microorganisms were AnS, HT-AnS and AS in the order.

The effect of external resistance on the performance of MFC was also
studied using batch MFC. The voltage observed from the MFC was
dependent on the size of external resistance ranged from 50 to 803%.
The currents from the MFCs with different external resistances were
gradually increased according to the operation time, and the maximum
values were observed at the operation time ranged from 50 to 80
hours. The power output obtained from the MFCs with different size of
external resistance were 412, 803, 107 and 52 in the order. The
results indicated that the external resistance was an important design
parameter to be considered to optimize MFC process.

The potential of a membrane less continuous membrane less MFC for
wastewater treatment was also studied. The voltage from the continuous
MFC was only 0.02V in the early stage of the operation, and after
2bdays of the operation, the wvoltage, as well as current was rapidly
increased. The maximum efficiency of the COD removal from the
system was around 95%, and average 78%. The results indicated that
the membrane less continuous MFC was a feasible process for the
wastewater treatment if the process was optimized to maximize both

removal of the organic and production of the electricity.
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A E A5 dA (Microbial Fuel Cel)¥ 7= AgE Ase4 dyx&
A71stetdom 45 7kxl mAES ol &sto] A7) oUAR WEANT= F
(Fig 2.1). ] E0] o] & + e A TA9AE A5= AFgsy o

22 AR O BYFE AHE ARABAZRE PR 9o AFow

Bacterium Anode Cathode

Fig.2.1 Conceptual diagram of microbial fuel cell
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E. coli, Clostridium butyricum, Clostridium pertfringens, Entobacters 2|
2 7HA AErIAE e 94 AES @A 2A0dA F4aE AT F
Ut B ZEAVF @FdEe] AR HEHE A4 #AATdH. 259 Imol
Embden-Meyerhof 74 2& &3l 2mole] pyruvate®} NADH 2mol& AJAFgt},
Pyruvatex= pyruvate-ferredoxin oxidoreductase®] 2]} AF3}% o] acetyl-CoA,
CO,, reduced ferredoxine AJA3%ttl. NADH-ferredoxin oxidoreductaset
NADHE  4FgA]7]13 ferredoxing YAzt #FHY¥  ferredoxin
hydrogenaseoll <3l t©A] Atstso] 425 AJAbgkr(
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ImolZFH 4mole] F47F A4kE = . A AAZ = ¢ 1mol =9
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Glucose + 2NAD" —————————- > 2Pyruvate + 2NADH
Pyruvate + Ferredoxinex ————— > Acetyl-coA +COq
NADH +Ferredoxine ———————— > NAD' + Ferredoxinseq
FerredoXingeq + 2H —-—--——-- > Ferredoxinex + H»

2 AL A71e 2203 Ml AT m A E0 RSN ES WE o] T A
v Aol ofygt AFoA AR o]det= Walelh. F4 A MAES A Fe
Howgos IHE ASE Yol A5 HAES nAAAZE F Ao #EgF}
$2 A9 FHAA dojur HF A=l Aol vt o] fd F Uk
JEE S48 daz AFESHAY g8 529 A8 % 753t Pyruvate9
A E-M A=z o AAE ;e pyruvate-formate lyateo] 2]3] formate®
2bstE 31 formatew Aol A o] &7 3kt

pyruvate-formate lyate
Pyruvate ~——-—-—-----—- > Formate
HCOO - > CO2 + H +2e (to anode)
HAL MAE dAsdAdAE  FAAdSs FAATE vAAE FESL U
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Table 2.1 Microbial fuel cells innoculated with H: or H:S producing

microorganism
) . Fermentation Fuel cell
Microorganism  Substrate Anode
Product voltage
Clostridium Pt-blackened
. waste water Ho 0.62V (at 1Q) )
butyricum Ni
Clostridium Pt-blackened
) molasses Ho 0.66V (at 1Q) )
butyricum Ni
Clostridium
. lactate Ho 0.60V (oc) Pt-black
butyricum
Enterobacter Pt-blackened
glucose Ho 1.04V (oc) .
aerogenes stainless steel
_y Graphite,
Desulfovibrio
) dextrose HoS 0.93V (oc) Co(OH)2
desulfuricans

impregnated

(HAdd, 4=, 2005)
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WA= A=A 4RSS E7F ¢ welop gtk (Jang et al, 2003). B2 7]
=243 77 558 E] MAAR AEE T 2 5 Thionine 7Hd ol
A5 a1 9 o viologen, indophenol, naphthoquinone, phenazine A%< 3}&
B AR &85 Jdep(HAdd, A5, 2005 Tanaka et al., 1983).

MAES RS ez Ad Ao A7 A Buk A=l A

G+ A= AAxdge] Ao w doju MA=ARHAAY S F
BAA g A FEErexY AsEHel wizfA et mAES Al A A
71e Aol 7 E&A ot AR wMAAE mAE Wi HdAE AT

WS o] WEel AAes WAAY AL F sy A6 17



Metabolism

PO GG
Hal (il
H |

F

Froducts

() Mediator
Microbial Cell
Ancde (£ o
B i
Reductants H
. ==
e HaN MHz
2
(O Oxidized mediator
. Reduced mediator
Anode Microbial Ceall

(Froteus Vaigaris)

£ncde Microbial Cell
iDesuifowibric. DEsufuricans)

Fig.2.3 Three types of mediator for microbial fuel cell(ZA &, A A5, 2005)

Fig2.3 A+ "A &=L dEA]7]3, neutral redet= "iZ/WAS Aol LA A A
sl Ao m dadde] sbedtA sdnh vihAE Fee 2R
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Table 2.2 Performance of microbial fuel cell with mediator (34 3,4

2005)

A= v A 7E el

obg Table 2.2 «= WiAAAE o] &3 A=

AJo] FAHETH Fig23 Cx mAE9
AEstes o A golth
A= HA ] hE A of o]t}

Current or
Microorganism Substrate Mediator Vollage Eirrant Bansiby Anode
Pseudomonas 1=naphiho—-2-sultonate 2BwA-cm* Pt—black
methanica wathana indo—2,6—dic hlorophenal REmRE Y o, {at 0.35 V) 126 cm?
Escherichia coil glucose methylene Blue 063 V {oc) — Pt, 380 cm®
Proteus wilgaris
Bacillus 7 0.8 ma Fefcutlog
disibiie glucose thionine 0DB4AN {oc) {at 560 2) vitreous carbon,
£ coli 800 cm?
35 mA Reticulaled
Proteus wigaris glucose thic nife 035 Vv (al 100 @) {at 100 Q) vilreous carban,
B0OO cm?
Protous wigaris | sucrose thio nine 035V (a2t 100 2) R A Carbon
a1 100 @)
: y . ‘ 0.7 mA
E. coli glucose thionine 038V (at 560 ) Gt 566 D) -
Lactobacilius il .
S.hz}a?:]z:";us Ghcone FOWHEDT S P2V fog) latgﬁoﬁ: o) B
lactis
07 mA
Erwinia dissoivens| glucose FelllDEDTA 05 V (oc) {at 560 @) -
2=hydroxy-1, Graphite felt,
Proteus wilgaris glucose P — 075 V loc) 045 maA (1 k Q) 1g (0,47 m* - g*)
Graphita,
E. coli acetate neutral red 0.25 V loc) 1.4 A - em® (sc)
100 cm?
Graphite tel,
E, coli glucose naural red 0.85 V {oc) 17.7 mA (sc) 12g (0.47 m*- g*)
2-hydroxy—1, 018 mA -cm?® | Glassy carbon
E. coll glucose A-naphifaquinone 0.53 V (at 10 k@) (sc) ©5 cmt

DS open—crouil measuremants
s¢° shom—orcuil measuremerts
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R MAES dAAde] =2 Ax 9 x5 7FA dow, g Al
Fo APl AAAdEGo] o] FoXrh, wekd wAAE e dArd
292 FE FESIZE oldu MAEY AAHAGARTYH A58 HAAE
Agst7] HeiAde wAAE ZFdoz AFEd $oh(Kim et al, 2005;
Tanaka et al., 1983). Atst¥ wiZfAl = v AE AAAGE A]=®lo] HLdlo
5 s FE wAauet 459 FHolA vA] AbstEe] Ao A

A5 dedu. 28y i AAdE wighAls dEsid o2 239 9 9

Ak WS A= WAAE AFEEE mAEdA 54l H F o,
o miAAlE 7tel7] wjzel mAdEe dHSAH F 55T 54 o=
ol 4= $lt}(Pachett et al., 1997; Kim et al, 2005). &84
o A2E BFES AAFEAR ol&dto] VA AHAAN A= B2 F
Fo mAESo B wa dtH(Bowman, 1997; Caccavo et al, 1994;1996;
Green et al.,, 1997; Liu et al, 1997; Logan et al., 1996; Lovely, 1993; Nealson
and Saffarini, 1994; Slobodkin et al., 1997). 34t 319 mAEELS AAF-&
AE AZWHE olFA7I= il HAARE AX grer ddstr] 9T
cytochrome= 7FA] a1 1 th(Myers and Myers, 1992; Seeliger et al., 1997).
A v AT AF  Shewanella putrefaciens, (reobacteraceae 5o H7)
A xdelA vk A A7IEkEA el A4S el mAEA B A oA
lactateE AF3HAZ7IEA wiZH A 7F glo]l A F A7E BAATI= Aol FQAHA
. FYE 71de Fro] vEst] AFE TAAIE AR yEwy. o %
£ Ad=H Aol 7k FuiAAl v
AEdsdA el 7Ee] 7t5e Aoz YEPYH(Kim et al, 1999; Kim et al.,
2005). 5549 Y vAEL o]8&T 4 9= 71Z ] lactate, pyruvate T o=

Aol g7 wiel vFd AgAdS 1 FuiiA mAEdgdAE A
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F=RbS oA wiZfAE AR S B WA= AEFAAN ALl =
of abAl FAIRE HA=9] Abao] diF wEEEE T A F Y wiA T
methylene blue= 89 =z AxsAY A= nAHAAA AHED & 3
th(Allen and Benetto, 1993). ©+& w7l Al &+ ferricyanide (hexacyanoferrate)
7} @o] A8 o] gkt}(Jaffari and Turner, 1997). %02 A=S ZEE 7
w&o] ZHA e Ful GAS ol &t Aot MR, oo whgT

243}t diAE Y e 247 A Xue et al, 2000). L2y 55| 2

4 227 FAHEA S A5 Ao Eold +x 3tk Lanne = (1984)°]

o
=
ox
i
re
kil

A Aol ascorbate oxidase, laccase 59 TAE A&3AU =4

pot
B>
ully

< dioxygens 4719 Ao} wSAA =2 YAt (Palmore and
Kim, 1999; Kim et al., 2003). &% o] &9 lactaseE 2.2%-azionbis (3-ethyl

benzothiazoline-6-sulfonate diammonium salt)$} 74 A= ZE st n A&

Az HAA o] A3 tH(Palmore and Kim., 1999). 33 c-type cytochrome(Cyt

c)°o] heme2 7}Ax 9= wuwldo|w

£

sake wulAe) AdAge wAY

T 7] Wil Cyt cE "AE dmdxol AEA Atdl= Jdth(Kats et al,

d

1999, Kim et al., 2003).
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= A= G eHA, 714 L5 A, EXYT sHAE T ros
Abget k. ol FAEH A= BFFA S stETeAdANA AR,
@714 23Ed A= N steF el AAsAdn. A e894= @
7174 €A dES 100TolA 2435 et dxleglste] EHlstdn. &4 &9
Aok A1 s A =8 5tst4 54 0] Table 3101 Yey vk AH S A7

2o A= AT WA} Fusxo dads v A

Z etk =882 wj A= 1Ll 0.09 ¢ NH.CI, 0.15g CaCl.2H-0, 0.33

71 A SFue

=

0o

KCl, 0.3 g NaCl, 3.15 g MgCL.6H-0, 0.027 g K:HPO, Z1¥]i1 05 g

i

Al

pot

ki
ol AN
o

Bg 9ol Azdgn. agw $5were MRS AW /14 =

>~
>
oo
ofr
ol
2
ul
2
i)
Ak
=
ofo
2
flo

NaHCO3E °]&3F9] 500mg/L (as CaCO3) 9 &
=2 AH7EeAY. = A de 100mMe] hexacyanoferrate, 50mMe] <l

Z=8 A 500mg/Le NaCl &948 T3t A %35

[

Table 3.1 Characteristics of activated sludge and anaerobic sludge used for

the study
Type of . Cond. SCODcr TCODcr TS VS VSS
inoculum  © mS)  (mg/L) (mg/L) (gL)  (gL)  (g/L)
Activated

6.92 4.11 170.21 1762 7.60 5.62 5.30
sludge
Anaerobic

7.28 7.12 775.41 - 40.53 29.87 22.13
sludge
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Table 3.2 Solutions for the anode compartment of the MFC
. . Heat treated
Acitivated sludge  Anaerobic sludge ]
anaerobic sludge

Condition (AS) (AnS)
8 (HT - AnS)
Seed sludge (mL) 500 130 130
Medium (mL) 50 50 50
Alkalinity solution
50 50 50
(mL)
Glucose (g) 0.42 0.42 0.42
Deionized water
280 750 750
(ml)

CANE Fa bed BIE BEGHE

Lot 719e ®BAse] AAtstdT A E
W) A F(Current, A)9} A A (Voltage, V)

< Voc(open circuit potential)oll 4 Isc (short circuit current)E

2 ol gatel AT Wgx

RERER
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£ Azt diske] A Esko] ALdstloen F%F

_[Er
& & (coulomb efficiency) & TFg 212 o]&3}o] AALSH T}
CE = Q/Qri

Qri (7129 o] &4 M) = 4F x S x V/32

- F (Fraday <) = 96,485C/mole of electron

S : CODAIA s = (g/L)

ITeFS o5 5o 2525 AteH Qn = 96,485 (C/mole of electron) x

COD (g/L) x 4 (mole of electron/mole of O2) x 0.9 (L) / 32 (g O2 /mole of
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Table 3.3 Characteristics of anaerobic seed sludge

H SCODcr TCODcr  Alkalinity VSS
b
(mg/L) (mg/L) as CaCOs (g/L)
Anaerobic
7.61 1,315.61 11871.39 4849 17.8
sludge

Table 3.4 Composition of anodic medium and cathodic solution

Anode

Cathode

- Anaerobic Sludge

- Medium (solution I 50ml + solution
O10ml + solution I 50ml +
solution IV 20ml per 1L)

@ solution 1 (nutrient)

KeHPO4 - 12H20 0.96g, NaCl 2.43g,
NH4Cl 3.3g, MgCl - 6H20 5.1g, CaCly
1.2g per 500ml

@ solution II (trace element)
MnCl, 0.03g, NiCly 6H,O 0.02g,
ZnSOy 7H20O 0.1g, CuClg 2H50
0.01g, CoCly 6H,0 0.2g, H3BOs3

- Cathodic solution

NaCl O.5g, KgHPO4 1.26g, KH2PO4
0.42g, K3[Fe(CN)s] 32.925g per 1L
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0.3g

NaMoO, 0.03g per 1L

@ solution I (buffer)

NaHCO3; 10.656g per per 500ml

@ solution IV (substrate)

glucose 0.42¢g/L get 3.78g

gucose/200ml water

= 9%ko]l& w3t (Nafion 117, Dupont Co. USA)S A A3kt ZF wr3-% 9]
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Table.3.5 Initial conditions for 5 MFC system

MFC5

MFC1 MFC2 MFC3 MFC4
(control)

A C A C A C A C A C

pH 780 691 779 697 779 698 780 6.96 809 6.96

Cond.
(mS)
Sal.
(%)
External
resistan 5 107 412 803 107
ce(Q)
SCOD

(mg/L)
TCOD

(mg/L)
VSS

(g/L)
Alkalini

ty 750 750 750 750 800
(mg/L)

4.94 33.60 4.93 33.50 4.95 3350 4.94 33.50 3.50 33.60

2.60 20.70 2.26 20.70 2.60 20.70 2.60 20.70 1.80 20.70

996.68 996.68 996.68 996.68 332.23

3205.28 3205.28 3205.28 3205.28 2572.14

3.8 3.8 3.8 3.8 3.5

_27_



T

A

o}

of WhAlE Aty X g RAFS Yo AR o, dH (Power,
A5 (Current, A)9} A (Voltage, V)= #3to] AAbstAch. w3z W

< Voc(open circuit potential)oll 4] Isc (short circuit current)E -]

A AArE . CODYE  Standard method? FASAIZFWHORE BEAF
£

SSF VSS= s A TN FEdf AAHS o

_28_



33 54 MA=ARHAAE o] & AFAY 28 2 A7 AL

B3 A N st 2A e gl AT 714 L3EHAE AFskdv. A

AT seA= 94 #Bo #HY WS A Hel A 29 e 27

Hge BASAT $Fngxd T

l&#H <+ COD 1000mg/L, &z

2l %= 500mg/L (as CaCO3)& FAAAFTAC. QAdFd+ 9 nFdas o

Table 3.6 #o] Axstslon whsx

A4 10mE EReAAT 4EE 9714

37 3 2o

(o,

Tzl Aol deHs 1LT v F

HA e 7] AEi= okl el Table

Table.3.6 Composition of artificial wastewater for continuous MFC

Artificial Wastewater (g/18L) Trace Mineral (g/L)
Nitrilo triacetic

Glucose 16.88 ACId(NTA) 1.5
NaHCOs3 15 FeSO4 0.1
(NH4)2S04 0.6 MnClz 0.1
MgSOy - 7TH20 0.194 CoClz 0.17
FeCls - 6H20 0.018 ZnCly 0.1
MnSOy4 0.03 CaCly 0.1
CaCly 0.048 CuCly 0.02
KHzPO4 0.399 H3BO3 0.01
NaCl 0.351 NazMoOs3 0.01
CuS04 0.048 NazSeOs 0.017
CoCly 0.012 NaCl 1.0
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Table 3.7 Initial condition of anaerobic sludge for continuous MFC

VSS Volume

SS
(g/L)  (g/L)

salinity conductivity TCODcr SCODcr

(%)

(L)

(mg/L)
1,680

(mg/L)
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(mS)
8.88

Anaerobic
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Fig.3.2 Photograph of continuous MFC system
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7 (Current, A)9} ¢ (Voltage, V)= w3t AA4bstS . COD+  Standard
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Fig.4.1 Voltages for three MFC systems seeded with different sludge (AS:

activated sludge, AnS: anaerobic sludge, and HT-AnS: heat treated

anaerobic sludge)
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Table 4.1 w4
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P WEE EHS BolFu vk hRTE AP HE A2
dolx  FFEEEY pHe 646724 9AAHES HISW  SCODE
115-317mg/L vt Eg {F VFAE 130-162mg/L as HAc Atk 28 A

4 F2 F NAZARAA Ax9 AFB 540 U@ gPAGY dge

Table 4.1 Characteristics of the liquid in the anode compartment after

complete the experiment

Control
5Q 1072 4129 803Q
Content (107Q)
A C A a A C A C A C
pH 6.48 6.75 6.43 6.73 6.44 6.84 6.65 6.76 7.14 6.91

Conductivity
4.83 31.20 4.78 30.80 4.66 31.20 5.32 30.80 4.08 31.30

(mS)
Salinity
%) 2.60 19.50 2.50 19.20 2.50 19.40 2.90 19.20 2.20 19.60
00
SCOD*
185.81 317.42 116.13 185.81 129.03
(mg/L)
TCOD*
2219.35 2322.58 2232.26 2380.65 2032.26
(mg/L)
Alkalinity*
594 490 618 754 1126
(mg/L)
VFA*(mg/L)
132.63 123.56 162.60 131.94 112.51
as HAc

* Indicates the value in the anode compartment
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