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Continuous power generation and

microbial community structure of the anode biofilms in a
three—stage microbial fuel cell system
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Microbial fuel cells (MFC) have emerged as a technology that can turn energy intensive wastewater
treatment into a clean, energy yield process. The soluble organic matter of wastewater can be metabo-
lized by anodophilic bacteria which use an anode as electron acceptor. In a fuel cell setup, the electrons
are transferred to a cathode via electrical circuit, with the chemical energy of the organic substrate har-
nessed as clean electrical power. The MFC performance is largely dependent on both hardware and
microbial activity. As described above, electricity generation in an MFC is accomplished by (1) micro-
bial catabolism, (2) electron transfer from microbes to the anode (anode performance), (3) reduction
of electron acceptors at the cathode (cathode performance), and (4) proton transfer from the anode to
cathode. All four processes influence the total MFC performance, and studies have been performed to
improve each of these processes.

In this study, performance of continuous power generation was demonstrated using a mediator-less
MFC fed with glucose during a long term operation. At this time, the microbial community structure of
the anode biofilms was analyzed by using 16S rRNA approaches (cloning analysis and fluorescence in
situ hybridization (FISH)) in our three-stage two-chamber MFC. Bacteria affiliated with the Aeromonas
sp. within the Gammaproteobacteria constituted the major population. A Fe (II)-reducing bacterium
phylogenetically related to Aeromonas sp. successfully was isolated and designated as strain ISQ2-3.
The physiology and electrochemical activity of the predominant bacteria was studied. The feasibility
of bio-cathode was observed in our system without substrates and the problems (proton transportation
rate and chemical scale) of the cathode compartment were investigated with the aqueous phosphate
buffer during a long-term operation. .

Chapter 1 provides general introduction, objectives of this research, and outlines of this dissertation.
Chapter 2 provides literature reviews about differences between MFC technology and anaerobic di-
gestion processes and recent advances in MFC technologies. This chapter also presents the MFC
technologies for sustainable bioenergy in the future.

Chapter 3 describes the continuous power generation and microbial community structure of the an-
ode biofilms in a three-stage microbial fuel cell system. A mediator-less three-stage two-chamber
microbial fuel cell (MFC) system was developed and operated continuously for more than 1.5 years
to evaluate continuous power generation while treating artificial wastewater containing glucose (10
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mM) concurrently. A stable power density of 28 W/m?> was attained with an anode hydraulic retention
time (HRT) of 4.5 h and phosphate buffer as the cathode electrolyte. An overall dissolved organic
carbon (DOC) removal ratio was about 85%, and Coulombic efficiency (CE) was about 46% in this
MFC system. We also analyzed the microbial community structure of anode biofilms in each MFC.
Since the environment in each MFC was different due to passing on the products to the next MFC

in series, the microbial community structure was different accordingly. The anode biofilm in the first
MEFC consisted mainly of bacteria belonging to the Gammaproteobacteria, identified as ~ Aeromonas
sp., while the Firmicutes dominated the anode biofilms in the second and third MFCs that were mainly
fed with acetate. Cyclic voltammetric results supported the presence of a redox compound(s) associ-
ated with the anode biofilm matrix, rather than mobile (dissolved) forms, which could be responsible
for the electron transfer to the anode. Scanning electron microscopy revealed that the anode biofilms
were comprised of morphologically different cells that were firmly attached on the anode surface and
interconnected each other with anchor-like filamentous appendages, which might support the results
of cyclic voltammetry.

Chapter 4 describes characterization of electrochemical activity of a strain ISO2-3 phylogenetically
related to Aeromonas sp. isolated from a glucose-fed microbial fuel cell. The microbial communities
associated with electrodes in closed and open circuit microbial fuel cells (MFCs) fed with glucose were
analyzed by 16S rRNA approach and compared. The comparison revealed that bacteria affiliated with
the Aeromonas sp. within the Gammaproteobacteria constituted the major population in the closed
circuit MFC (harvesting electricity) and considered to play important roles in current generation. We,
therefore, attempted to isolate the dominant bacteria from the anode biofilm, successfully isolated a Fe
(I)-reducing bacterium phylogenetically related to Aeromonas sp. and designated as strain ISO2-3.
The isolated strain ISO2-3 could grow and concomitantly produce current (max. 0.24 A/m?) via oxi-
dation of glucose or hydrogen with an electrode serving as the sole electron acceptor. The strain could
ferment glucose, but generate less electrical current. Cyclic voltammetry supported the strain ISO2-
3 was electrically active and likely to transfer electrons to the electrode though membrane-associated
compounds (most likely c-type cytochrome). This mechanism requires intimate contact with the anode
surface. Scanning electron microscopy revealed that the strain ISO2-3 developed multiplayer biofilms
on the anode surface and also produced anchor-like filamentous appendages (most likely pili) that may
promote long-range electron transport across the thick biofilm.

Chapter 5 describes effect of biofilms and chemical precipitates in the cathode electrode on the con-
tinuous MFC performance. The cathodic biofilms were capable of producing high power density due
to the increase of oxygen reduction rate. Hence, we demonstrated that bacteria such as Xanthomon-
adaceae bacterium among the number of Gammaproteobacteria efficiently are utilizing electrons from
the cathode electrode and reducing oxygen as terminal electron acceptor. Furthermore, the formation
of chemical precipitates and slow proton transfer lead to problems of a stable power generation during
a long-term operation with aqueous phosphate buffer.

Chapter 6 presents conclusions of this study.

In the near future, development of MFCs to generate useful power will be limited by the efficiency and
cost of materials, physical architecture and chemical limitations, such as solution conductivity and pH.
Researchers need a better understanding of bacterial electron transfer to a surface at a molecular level,
so that these surfaces can be optimized for electron transport. And cathode performance currently
limits current generation in MFCs. Therefore, higher power densities can one day be achieved when
cathodic limitations are overcome and bacteria become the limiting factor in power generation.
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IXVF— (BF) DERL T3, BT, BKIEHOBRAATEREEL I INVF—EHE LT
BN - BRIAT 208N H D, £ T, IBEMEWREER (Microbial Fuel Cell; MFC) A%
FEEHEZEDTE TV, MAEMRHER L IMEHOMBIERZFIA L, EEMOBOREIIIL
F-ERERIINF—ICEEERT ZEETHD, MFC DEEL LT, AEBTOMEYDETF
(EEMSEEDMEET, REEFROBRVHEORBRNETF5ND, MFC o &k 2 BHEER. (1) e
K BEEORHE. 2) WEMH LB/ OEFRE. 3) EETOETZAMEKDRT, 4) BEEHD
EBANOTT N VERED 4 DDT L ANERD ., FLDOTOYL A%BKE LT IMENTONTE
TW3, COKIEREROE. RAKRTR., EFHESEKL LTIV a—RXEH W MFC % E 1R
i L, ERNLENEEOTEEERN LD TSHS, £, MENH DEBHOBF RS
BHEZBNTT 2T DIC. 16SIRNA B FICE D S RHER R UL insiu NA TV AL B— g
V¥ (FISH i) BV TEBEBNA L 7 4 )V LAAOBEYBERER BRI LI DTH 3,
AL 6 BENSEAEINTED, BEOABRRILUTOX I KK 2TV,

E1BETR, AAROER. HRNELBRICOWTHRRT V3,

E2ETIE. MEYREBHORE EENAHHET S L b, BALERED. #EMOEFE
EHE. BEXEECREERIITRTAEICHT 28D 5, BFEOMEYREEHICHT 2%
RXYEEEDHTWVDS,

FEIETH, HENEENEERNOFEZENE LT, JVI—X 10mM 28O ATEEPE
BLLUTAT 4 T—Z—EHRINDOZRA THER MFC % 1.5 £ Eicb T > TBEE LTz, BET
DK A R (Hydraulic retention time, HRT) (& 4.5 B0, EMIEOEBMIKIC) »EHEE R~
W& BETICBNT, BHEE 28 Wm3 2EEN., ZEMICENT B LI Lize YT 2
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2—ERDBREFEEBREORERIIN 85%. 77— %% (Coulombic efficiency, CE) 13#] 46% T
BHolro BREINATT 4 VLAAOWAENHEREIRETRELZD, B1LUTIX—DNRCFT 1)L
I3 Gammaproteobacteria IZ /&9 % Aeromonas sp. 2, 2, 3 UT VX —DEMNALT £V 1
ICBWTIX Firmicutes NMELEETHAZ L ZALNC Lz YAV IRV EV AN —LE
ERIETHEHBOBEEREEN L., ABBAOBEFEEEL. GEEDONAZT T NVALS N v I A%
N LTITbN TV LRERAIT TW3,

EABTE., BE3ETHERELICMFCDE 1 V7 72 —& D EEEX N iz Aeromonas sp. IC/BT 3
ISO2-3 RO BRULZHEH P EEZNREZMIT L TVv 5, HEEX N7z 1S02-3 #ik. /)va—2
EIkREZETHEGR, ABEBZERETSBER L LT, BKE0.24 A/m2 DBHEER LTz,
COEKIE. TIVO—AHEELITI CENTEINENEERIEN oz YA TV IRV EZ X
U —DRERN 5, IS02-3 HIFBRILZNIERAE U TH O MBEEN OB THE (Ticv by
Ohc) BN UTEFLREZITO>TVWAI LA REE N, COETRERETIE, AEREREL
DEFITBMNREL /25, SEM OBHERRED S 1S02-3 #riZABEREICHB O TREALT/AA
FTAIWVLEBHRL., 7Y A—ROBEEZN LU TEHEBNBELTWBR T ENHLENERD, TD
WERNAATAWLI MW IRENLT. BN T 4 VL EREEBROBFmERT-
TWATAEESREE Nlc.
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W/m3) IZEF LT3,
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