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Abstract

Biological energy ATP generated on oxidative degradation of organic
matters is converted into electrical energy in microbial fuel cell(MFC)
system. MFC is one of the methods for the production of sustainable
clean energy. But it has some obstacles to overcome for the practical
use, one of which is manufacture of cheap proton—exchange membrane.
Utilization of biomembranes that is cheap though low in proton—selective
permeability was considered in this study.

Bacterial celluloses with hydrogel structures were expected to have
high proton—selective permeability in contrast to plant celluloses with
highly ordered crystalline structure.

Gluconacetobacter species NOKZ21, a kind of acetic acid bacteria, was
reported to form pellicles on the surface of liquid medium. The pellicle
membranes were investigated for their potential uses as an alternative
to proton exchange membranes in MFC system.

The strain, G. species NOKZ1, was not different from G. hansenii with
respect to cell shape and size, and physiological characteristics. This
supports the previous report that 1,380bp nucleotide sequences of
16S—rRNA gene from the G species NOKZ21 showed above 99.7%
similarity to many strains belonging to G. hansenii.

G. species NOKZ1 synthesized pellicles in the liquid medium containing
1~3% ethanol but not in the medium containing above 4% ethanol due to
the tolerance limit of toxicity. Meanwhile glucose in the medium
promoted pellicle synthesis in the range of 1%—5% concentrations, the
maximum concentration 1.4877 g/ was obtained at 5%. Addition of

ethanol to the liquid medium containing glucose increased the



concentration of celluosic pellicles.

Solid state '>C—NMR analysis of the pellicle revealed that its main
body was a glucose polymer like a cellulose fiber and it has some
carboxylate (COO™) carbons. The bacterial pellicle through scanning
electron microscopy(SEM) was shown to have multiple layers of
net—like structures with random organization of cellulose fibers. The
pellicle membrane maintained hydrogel property with high water content.
Even though its physical strength was weaker than commercial cation
exchanger membrane Neosepta CMX, it can be improved by conditioning
bacterial cultures.

Positive data for the use of the bacterial cellulosic membranes in MFC
was that the bacterial membrane had about 3—fold higher efficiency than
plastic membrane Neosepta CMX in generation of electricity. MFC with
dual chamber system constructed for this study responded normally to
the change of anode surface area, the presence of electron mediator and
aeration. Moreover 150~200 mW/m? (per anode surface area) of
electrical power was generated stably in our MFC which had bacterial
cellulosic membranes as proton exchange membranes. The power was
considerable in comparison with those 18—3,600 mW/m? that were
obtained by other researchers under similar conditions.

This study opened for the first time the possible use of bacterial
celluloses from . species NOKZ21 as an alternative to the proton

exchange membrane in MFC.
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G2 vk BRE ol dEEy 2y VE AR % - AF dEEE 1
& o] g3 F e AR E 2k Slv6]

R ARk AFAER ‘3} A5} 2O~303H w2 7] o] eI AIRE, ke
dAYE ed Aarsro] A EA el BlsiA 10~300M °]¢ WeH(7].
MAEAEAA = o] AE V|- R ARgsto] A7 (electricity) & BAF &
woths AlaEo®, A QoA wAEo]l A5 Foll ket FEe /7] " F
7] BAE AASIAIT] L, olw A7) AESA AU AIZE AVl A Rz Hdedn
28 At AlEs f71== A o 2Agsks dAE AlEEe] 914
3t AAA DA (electron transport system, ETS)E AA AASFAA oA
(ATP)E AArstth(Fig. 1). NADHZF A", proton) 9 dAE A2l
A A|3EZF=S (periplasmic space) &2 $Hbel |31, o]o] A JAAE= AxES F
datol AE Hrow wiEYa, AAe d-e] e FApo] wivhE AlEvs w
A R AL Al o mEH oA AlEHE AAR A F
= a7 A E L, kA2l HE A (proton motive force) 7F AESA o4 A
Ql ATP AAtel] o] ¥t HA= HFHOE AbAol whgstal FAd#tet AEst
o & At "4 ol #AAe AEH QIAFEE (oxidative
phosphorylation) 2taL gt} o] e} 23 ARt e] oUX|E BAabste= el 7HY
&tof, shetelqA|Ql ATPE Aitel o] &5= A= 7F=AA A7y A Aite
olgst= AAVE mAEARIACIH[8]. Hx MAEARTAE= 191149 %
ol o&] A=A 1 F oW FF 1980974 FEREA] Lakelth 1990
d xo ARAA 2 A gE] vAEARAAY] d7E EEsiA
FE AT 2141710 EoA4 mAEAEAA Y ALs= 2@ MR d
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Electron transport system in bacterial cell membrane

e OUTSIDE

AT A
el AL

02 H,0
INSIDE

Enzyme complex III
Enzyme complex IT

Enzyme complex 1

Fig. 1. Electron transport system in bacterial cells.
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%= (anode): CgH1205 + 6H0 — 6COs + 24H" + 24e”
o= (cathode): 60, + 24H" + 24e” — 12H.0
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ol Absteh e WSS Folo] A+ 7] JAdYA = v o] AAbE
AG = —n XFXAV

AG: H2AFoH A (Gibbs free energy, cal =+ joule, lcal = 4.184
Joule, Joule = Coulomb - Volt)

n: AAke] & 4 (mol)

F: Faraday 74<7(96,485 coulomb/mol)

AV: 212k (volt)

nAE Ag AR FZR+= IA GUHkS-Z A AEl (single chamber system)

7} o] FEHFS % Al A®l(dual chamber system) 2.2 v th(Fig. 2). ©ddr-S=x
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HAoles Murow FiAsE Rvhe Bew &x b 7ol o



£ Z(cathode)

2k Z(anode)

St Z(anode) 2S=(cathode)

(A) Single chamber system (B) Dual chamber system

Fig. 2. Types of microbial fuel cell systems.
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membrane) > B4 W A GALE Zta Qlu. FAto] xE9 3 AkATE
A= @A gk S W= @4go] Brown(1886d) el &l ¥ gl
1950 o]l ol mickene] Aol A7l= dure] FAZ Adiiets AR
©] Schramm¥} Hestrinol a4 HFo = Y5 ATH20,21,22]. AFies 2
A9 I ARl dE R Aol &Y Ao iYh I o] Feof=
HE Az e T

1= Azgea ok 2AE Ev g Y Fol A eg9ow W
o] Aol vuts At dAbol dEE o], o] Futo] A& AEH o Q]
cellulose®} FLstttar B wATH[23].

Cellulose ¥"-& FAst= whxAQ dFE5 AMLEATY dF
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ol}lv
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o

Gluconacetobacter xylinum (F}A = Acetobacter xylinum® =
=)ol Z gHA glom, o] gex A FAAAAE B Q= Rhizobium%
I Agrobacterium? AdE°] HiEHo Aot A E9 celluloses lignin¥}
hemicellulose?l heteropolysaccharide® ©]FA 1x4+%9 B —1,4—glucan
o7 olfolA Sl Hbde] wEe] ASHE cellulose 99%°1 XL
(glucose) @] =3 p—-1,4 2o =2 o]Fo]A Q& i (nanometer) 719
3k BT E 7HAL o ol E xR <lste] Al AdrLae FEA,

B, de AR, AR 5o B Yol Stk 19 tEel AgE
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AgAle] gk FHlFA=C] QuBelH, Alxus A Agate F2

A EXZ3AFQ C18:1w—7 (vaccenic acid)o]th, o §b&& AFEA A FAFS Wl
SET oyt 2ARS O ASIAA =3 oJAstRAE TR oEkE WE



3hH 3F ol FAE & Q. EFaW R ARl glycerolS Ao (24%) —7
5CeolA #7127 BE 713, 54 AZAAA Bas Folx 9 Ago] 7}
otk & e WH A AAE o] o= WHORE & AE HAWA](0.5%

r

glucose, 0.2% vyeast extract, 0.3% peptone, 4% acetic acid, 3% ethanol)
of wiekstel tiE27]1 F-o 10TelA x3,000 rpme 2 A4 et -, A
£ 3stal 20% WolFE=el YA F, AA AL WA 2 YEAA
712 BRaE 5 lvh[26].

Gluconacetobacters At FoAAME 53| G hanseni= G. xylinum*¥H 3
A A A o] Hold Row dHA UTH(27]. G hansenii A3
o e} H&Eel EXNE tE Gluconacetobacterds A4ty ow EEwto]9]
o= # o] &3tz ©AYOE = glycerol, D—mannitol 72|31 sorbitol®] T}
A Foll Rt o g ofebgwt ST Aol AXE F2o] Ebssith i
o] #FE EEW o 7RE 2-keto—gluconic acidE A EH, A ethanol,
n—propanol, n—butanol, D—mannose, D—glucose %°] Atz}l¥o] A=}

[26].
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O 7A e gy vjFAAE o] &ste] ARAus diF AR & Qe
F-ol ot G hansenii® F %= Gluconacetobacter species NOK21 (G

d
1=

species NOK21) 5 o]&3st 7|9 dAF[28] o]oA, HfHA
(cellulose membrane) #|ZE ¢t AWAZAS Folstux 3FAth &3 o
A a4 s rASA5dAE Folxudutor d8stux &2, 38t
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S

de we Azer] ddad AFdstm  AFAYEs vl

G. species NOK21 #F[28]5 AMEstRod, #79 ufel= 7]E%

M

2] &
o

i

2

SH(Schramm—Hestrin) Bi#] (20 g/L dextrose, 5 g/l yeast extract, 5 g/L
bactopeptone, 2.7 g/L. Na,HPO,, 1.15 g/L citric acid) [20] & A}F&3}3 a7, Hj
FLEE 28.5CHT)

2.1.2. #52 A ssty 54
g 7o AEsierd 5AAS &5t $15ked API(Analytical Profile
Index) 50CHB/E kit (Biomerieux Co., France) & A}&3tgth. Al 2=AFe] A%

el whEl #AE HEsaL, 28.5TCA 24413k 4841wk ol A4
o WMaks 7153

%
T
=
B
PN
o,

o,
it
o

ol G species NOK21 59 Jordow zQ3t=

T3S 47 1%, 2%, 3%, 4%, 5% =2 ZEste] vHEal 300 mA 4hzb
Zetaze] gl Abdel EnlsliFAd A7 e Aol G ospecies NOK21 wj
FAS 42 1 mH Aol wiA el HFsT AFE viAE 8d w3k 29T=

Al AR Fell AR AaLs st SRR 33 AlFsgl o,
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1~8% HE% wETh e §F SHEIAE 2 100 mA AHzHEetadel
2, Ao Al 5T Y G ospecies NOK21 vjekols 7+ 1 mA HEEA
o AFE MAE 10Y s 29TCTE At A7 & AAE AFLavs 35
o] TR 33 AFsIR o 50T dxz7]eA 12413 AER=AA F
ettt
2.3. Solid—state ""C—NMR= o] &3 3% F4

Zabdtaago A A g (pellicle)o] oW F{Fe  AEIEA
(biomembrane) 914 &<lst11z} 3}l G species NOK21S SHuj Ao A%
ik Sle Wl el BAE =84 vuks 3ol 90TelA 1AF E<t
0.5 M NaOH &9 @7t F-2d HxE F3A17] &, AZ5 A pH7F 7.090
=

33| o] AlHstaL, o]

8
o2 3dt § AR SRgel FA F AWM Ak AlHst] =&
A dEE 7HA RS A F FEAxT A 12413 B2 ARAIAA
T ERY JUNEE 91, 7479 A g5 14 BC-NMR spectroscopy
2wty vlaskdth[29]. PC-NMR 4o Abg¥ 717]%=  400MHz
S7)2AALATL MeAtAE)olH, P°C CP/MAS
(cross—polarization/magic—angle spinning) W oz ®BA3P, SL8FH1L
=¥ Zth spinning rate, 8 kHz; delay time(dl), 3 sec; contact
time(pl5), 2 ms; radio frequcncy, 100.623 MHz; calibration,

TMS (tetramethylsilane) (O ppm).

2.4 Afra #2424

G. species NOK21E SHujA] o] vjofsteo] A E HHF-4 HHS A5t 3}
Fo| THFE AL, 70% ollehgel 1A17F A $ A Fch dute] Holgl=
ARt AAG ] A FRTE W] AHE F 0.5 M NaOH & 1
AIZF FQF AA s Al AEE AASITE AH A pHIF 7.00] =2E w7t
A FHFE FAE ESA AHS F B4 244 AEE AT



W AES R AR WA S AR
2.4.2. 2o A8 BE 573

glek ol FHl®E Afra VU 124 F9E 70TAA AxAAAM AA
ZEE 2487 Y8 ARz AHEsdor, & AT AHEEE ool wEute

R
El
=
o
o
il
>

F&3l3t}.  Rheometer (compac—1001I, Sun scientific,
Japan) & ©]&3}9] probel Yol £22HE IS Ao, £8x12 o

<3 Zt}: table speed, 60 mm/min; load cell(max), 10 Kg(20 Kg);

adaptor, penetration 5 mm.

Aaame] duE &yl ffstel FARAER A (Scanning  Electron
Microscopy, SEM) 45 AR G species NOK21E SHu|A o H| <k
gto] 2 AFAaTS dEsE EFART. gl AR CREe FREE
50%, 70%, 90%, 95%, 100%%, 2 skolA Alzste Ao w £ &5
Lo of&ES ARSI oM, Z47be] o

T A5 Foll Holdle ol® & isoamyl acetate® A $AA A7 3FA

—

g2 g 102% GFARA &

]

#AL isoamyl acetate?} ethanol® H|ES FE=EH=EZ 30%, 50%, 70%,

abi

Ni

ol

100%% ato] zb &hel 1084 F7F &Ad o At A as AxA7]
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(A) External resistance

(B)

Fig. 3. Microbial fuel cell constructed in this study.
A, Schematic diagram of microbial fuel cell; B, A photograph of microbial

fuel cell.
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3. 4% 9 1%

3.1. #5225

G. species NOK21 w55 AAujAlo] FAajerst A3, 3719} A3 A5
= A mHel FukE FAdit(Fig. 4A). wiF AIke] A el wheh 9wk
FAZE S7VeAA wjFe] Wow sigpgkow, w
AR, olele B gAY xugo] dE ARE wrix] wEEE A

o7 gAY (Fig. 4B).

(A)

Fig.4. Morphology of an Gluconacetobacter species NOKZ21 in static
liquid cultures.

A, a pellicle on surface of SH broth; B, pellicles submerged in SH broth.

G. species NOK21 9] 7ZtF &4 ¢ o8 o5& API 50CHB/E kit=® #
AR Y. 1 A3, D—glucose, N—acetylglucosamine, potassium gluconate,
2—keto— gluconate, 5—keto—gluconate°lA <FAdHEg-o] YEFRTH(Table 1).
o] #F7F £ ©l9)ef| gluconateE # o|&st= WL G hanseni® 5793
2 [27]. o]+ G. species NOK21 ¥#59 16S—rRNA 3z dF 47144
(1,380bp) & AAsta, Bla A8, G. hanseniES3 99.7% o4 U3
vt Hask vp QIvh(28]. ZE wrade] thsh whEE& dfAlsk=dl oA, 4
of AHg&-¥ API 50CHB/E kit7} Bacillus®% Alat E74-& 22 Azte Al xbA et
+ A5 neafof o

ok
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Table 1. Utilization of wvarious carbon sources by Gluconacetobacter

species NOKZ21

Carbohydrate source Result
Glycerol D—Sorbitol
Erythritol Amygdalin
D—Arabinose Arbutin
L—Arabinose D—Celiobiose
D—Ribose D—Maltose
D—Xylose D—melibiose
L—Xylose D—Trehalose
D—Adonitol Inulin
Methyll — 8 —D—xylopyranoside = D—Melezitose
D—Galactose D—Raffinose
D—Fructose Amidon (starch) Negative
D—Mannose Glycogen (—)
L—Sorbose Xylitol
L—Rhamnose Gentiobiose
Dulcitol D—Turanose
Inositol D—Lyxose
D—Mannitol D—Tagatose
Methyl— ¢ —D—mannopyranoside D—Fucose
Methyl— @ —D—glucopyranoside L—Fucose
Esculin ferric citrate D—Arabitol
D—Lactose (bovine origin) L —Arabitol
D—Saccharose (sucrose)
D—Glucose N—Acetylglucosamine Positive

Potassium gluconate
2—Keto—gluconate

5—Keto—gluconate

(+)
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3.2. }HO/\ Ulv/] ﬁl}\-]oﬂ u]j]t 15%9/] ol &k

G. species NOK21 w5l oJgh Afamte] e vA+ TxY vE8 X
AFelgith(Table 2). 84 &4k wWidkslsle o, xd % 1%A Arauhs
0.7547 g/LZ 71 AA A

AAEAT. Ao wiA Fo] X sV FobdaS Aaave] YAF

_‘rﬂ
jil
3
]
off
kr
=2
>
rlr
p_a
o~
oo
ﬂ
ﬂ
i)
~
—
e
N
X
o,
52
52
o

W, L= % ST7PF AFLY A S 2dE vAE Al
g 2xY, Ad, wold T #ades 2% vEE 39
Gluconacetobacter medellensiss 28 CeolA 84zt wjkst A3 A 0.1~3.0
g/Le] AfrAE fve Bk dH30]. dAia due A G
medellensisE ©1¥ 72 ©ado]l FHSh wiA el wiYadey, xEe Al
Eolde W 3 g/LE 7P Wol ABAHNoH, v ApdufA|el = 2 g/L7t
A= A e, Y EE 7 0.4 S| o]

Ao w AgsiA| sttt 53 e F79 vadds "ol *
dozm vk oyt 1xo FxE 7hxl A

_ﬁ_
124 o] §H 3 om At wiFelA - ARH

(G
i

3.3. Afra 2He] A nAE oEE R

G. species NOK212 o&&S AH3A|A ZAS
AFoltt. o] AlwtZ olgbgol theh s WEbdH, oesS AsAlA oy A
5 g5ets Aol k28], adiA wix] T oletE Ut Alwa v &

el MAlE d&Fe S (Table 3).

Qe M= 2.0~
4% o1}l M = Airavro]l A EA AUt oehE v 4% o] el o't
29 540w sto] #o AFo] AdE Aow Atk e e %
6% NA %= wAe] 5ol o7 (R A5), ool et Al W
e ekt gel wet ta gebd 4 9o, 5% UelE FYHt
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Table 2. Effects of dextrose concentration on the production of cellulosic membranes by Gluconacetobacter species

NOKZ21

Dextrose
concentration
(%)

Cellulose
membrane

(g/L)

0.7547 * 0.062V

1.0393 = 0.04®

0.9663 = 0.02%

1.2547 = 0.19°

1.4877 £ 0.09°

UDifferent letters in the same column mean significant differences at the p<0.05 by Duncan's multiple range test.

Table 3. Effects of ethanol concentration on the production of cellulosic membranes by Gluconacetobacter species

NOK21

Ethanol
concentration
(%)

Cellulose
membrane
(g/L)

2.043 + 0.032V

1.956 = 0.02?

2.410 £ 0.04%

_2 —

UDifferent letters in the same column mean significant differences at the p<0.05 by Duncan's multiple range test.

2)Not detected.
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(A)

Cellulose

i
glucose glucose
(B) §-Absorbem Cotton of LHY, 13C CP/MAS NMR at 8kHz
=1
1 -
['a] 03 Mee e
o @ m = 1N
- e oo M~ e
a P41
!
0]
-]
]
{= T R Sy o S S ey e B g, S L Ry O e
T T T T T T
200 150 100 50 0 [ppm]

Fig. 5. Structure of cellulose polymers and their '*C NMR spectra.
A, cellulose polymer structure; B, solid state '*C NMR spectra of

cellulose.
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(A) 5 {sampie Aoromy, 15T CRMAS NMR at Brriz
1 5 B gT AR
] 5 = 85 % 8
] |41 3]
5
N
@]
o]
cue]
Qw/\v\——J
I ‘ 2(I)0 ‘ I ‘ I 1%0 ‘ I ‘ ‘ l(IJO ‘ I ‘ I Sb I ‘ I ‘ (I) ‘ I ‘ [Ippm]
(B)  Esample Cor OH, 13C CR/MAS NMR at BkHz
s
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] 5 S 88 %W 382
1 I L1
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o]
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' 200 ' " 1% ' 100 ' "5 ' 0 ' [Ippm]

Fig. 6. '3C NMR spectra of cellulosic biopolymers obtained from
Gluconacetobacter species NOKZ21 culture.

A, biopolymers pretreated in 0.5 M NaOH solution and hot air—dried at
90C; B, biopolymers cleaned off cellular debris in water and

freeze—dried.
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gL &
(Table 4). AFsh& Aramte] BA&3 diyst #ddo] Qlvh s 2
TrEe 98%old e =4 vEhy A4 o] =2 A (hydro—geD) Y& %3t
e Sl < i
A &S ol &t ol =T, ol W=
A9} Agrsle] hydronium ion(Hs;0%) o] ¥ Tl ©]o]A] hydronium ion® 25
Ned FAA7L GolA o AME BE B AR olEse g, o

23t kA2 AE 7]H1S Grotthuss mechanisme]gta 3Hch[32]. whepaA] AH-
o

A 71 Fo A

>

il
A
b
(i
rd
S
_O|L
&
3/
aly
it
4L
Y
1o

T4 okol 2 (proton)©] & H

2 o= thEko] B Byl EAIFo R Sk ko]0 olFET L old A
2= dgdrch

s AZRAT] Fo tA & BAE SFAAS W, A FEEH] 67% 4
T ASTE s Aoz e ol ARawe Ax #gd we =84 W
37 dojwta, HA8S Fo|7] e SAAx 5 AA3N AU AT

Table 4. Water content and rehydration rate of cellulosic membranes by

Gluconacetobacter species NOKZ21

Wat tent aft
Water content ater con er.l arner Rehydration rate
(%) rehydration (%)
’ (%) ’
98.58—98.42 66.05—65.84 67.00—66.90
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Table 5. Basis weight of plastic membrane Neosepta CMX and cellulosic

membrane of Gluconacetobacter species NOK21

Basis weight

Weight (g) Area (cr)
(g/ci)
Neosepta
0.9270 178.8 0.0051
CMX
Cellulosic
0.4448 182.0 0.0025
membrane
3000
2500
2000
o
3 1500 h
o
[ ¢
1000 b
500
D 1 T T T '
0 100 200 300 400 500 600
Time (sec)
—+—Neosepta CMX -~ Cellulosic membrane

Fig. 7. Physical strength of cellulosic membranes by Gluconacetobacter

species NOKZ21.
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Fig. 8. Scanning electron microscopic images of cellulosic membranes

synthesized by Gluconacetobacter species NOKZ21.
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Fig. 9. Changes of electric currents in the microbial fuel cells using
cation exchanger resins or cellulosic membranes as a proton exchange

membrane.
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Fig. 10. Changes of electric voltages in the microbial fuel cell using
cellulosic membranes as a proton exchange membrane depending upon

surface area of anode and aeration of cathode chamber.
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Fig. 11. Effects of neutral red on electric power generation in the

microbial fuel cell using cellulosic membranes as a proton exchange

membrane.
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