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Effect of organic loading rate on the bioelectrochemical
anaerobic digestion of food waste

Yoon Hyung sun

Department of Civil and Environmental Enginerring
Graduate School of Korea Maritime and Ocean University

Abstract

The study on the coal tar pitch binder for the fabrication of
bioelectrochemical  electrode ~was performed =~ and then enhanced
bioelectrochemical anaerobic digestion for food waste was studied using the
electrode prepared with the binder. For the binder study, the coal tar pitch
binders containing different amounts of nickel were tried for the fabrication
of the bioelectrode consisting of multiwall carbon nanotube and exfoilated
graphite, and the bioelectrochemical properties were examined in microbial
fuel cells(MFCs). During the enrichment of electrochemically active bacteria
on the electrode in MFCs, the voltage was quickly increased after a short
lag time, indicating that the coal tar pitch binder is a biocompatible
material. The biomass attached on the electrode surface was more at higher
Ni content in the binder. The internal resistance of the MFC was lower for
the electrode with more biomass. The ideal content of Ni to coal tar pitch
in the binder for bioelectrode was 10% in weight. The maximum power
density was 731.8 mW/m? which was higher 23.7% than the electrode with
Nafion binder as control. In the study for enhanced bioelectrochemical

anaerobic digestion of food waste, the coal tar pitch binder containing Ni




was used for the fabrication of the anode and the cathode. The anode and
the cathode were equipped inside a lab scale conventional anaerobic
digester, and their potentials were maintained at -250 mV vs. Ag/AgCl and
-550 mV vs. Ag/AgCl, respectively. The performance of bioelectrochemical
anaerobic digestion for food waste was examined at different organic
loading rates ranged from 0.70 to 4.25 g VS/Ld. The bioelectrochemical
anaerobic digester was rapidly stabilized within 25days after the start-up,
and at less than 1.97 g VS/Ld of organic loading rate, the state variables
such as pH (7.0-7.8) and alkalinity (10-12 g/L as CaCOs) were very stable.
The VFAs was maintained at 400-500 mg HAc/L, and the main component
of the VFAs was acetic acid (80%). At 1.97 g VS/Ld of organic loading rate,
the performance was significantly high in terms of the specific methane
production rate (1.37 L CHs/Ld), and the methane content in the biogas
(around 74%). The removal efficiencies of VS and COD were also as high as
80.1% and 85.1%, respectively, and the overall energy efficiency was 91.2%.
However, the process stability was deteriorated at 4.25 g VS/L.d of organic
loading rate. From above results, it is concluded that the coal tar pitch
containing Ni is a good binder for the fabrication of the bioelectrochemical
electrode, and the bioelectrochemical anaerobic digester for food waste
equipped with the bioelectrodes is quite stable and well performed at less

than 1.97 g VS/Ld of organic loading rate.
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Table 2.1 Food waste generation in Korea

Year 2011 2012 2013 2014 2015
Amount of
food 13,537 17,243 18,594 19,684 ( 21,361CD
waste(ton/day) expecte
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Particulate orgnic material

Proteins Carbohydrates Lipids
39%
Hydrolysis 21% 40% 234%
5%
Amino Acids, Sugars Fatty Acids
] 66% 349 ]

20% ~0% H
Fermentation X l/ g;?g;ggg

Intermediary products
Propionate, Butyrate,...

35% 34%
J 12% 8%
11% 239%
A 4 _ b 4
Acetate < > Hydrogen
?
T0% 30%
Acetotroph Hydrogentroph
Methane

Fig. 2.1 Anaerobic degradation pathway for polymeric biomass
to methane.(%, 2014)
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D 7}4=E-3 @A (Hydrolysis)

7t G A= L&A FrI=2H N, @nd, gestE)o] A mAE o]

EHst= A9 &Ea(extracellular enzymes)oll ols] A &2 F7]=4Q0 ofv] =4F,
93R, 3 A W4klong chain fatty acids, LCFAs) % A &3 e {7t
A (organic monomer)& 2= = A o]t Toerien and Hattingh, 1969). 7]
=9 14 4&stF A SACA TheEs whe2 dU1A By B
HlFg AAste dAolH, 7teakgo] JIPE = ¢ F71=9 HAst=
dojuA] il AAAE fF7IEc] &l VIHE HdSete= DAt f7]E9
Al E Foll A= Y oAUAE AAATI= BA= ofYARE VA 43
A "2l dA ot

Particulate

Sorption . .

Enzyme in the bulk(E) ® o

Diffusion O
@)
O
@)

/ Products
(VFAs, H,, Gases)
oS0 &
O
O O Enzyme in cell(E,)

Monhomers(S) Acidogens

Fig. 2.2 Schematic diagram of hydolysis model.(3&, 2014)

Collection @ kmou



14

2) A E @7 (acidogenesis)

AR E el VRS E A A AR dER/, ot S AE, g A
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M= FF= ,
NN FAZANAE AhE F49 AROT Qs pHel AE-3d A
71 A slE o = A2 2 AN BEE Wy

=
of d714 &3ty dAAEE 3] EIFTHWOoo, 2005).

CoH,,O5 + 2H,0 ~ 2CH;COOH + 4H, = + + = =+ =+« ¢+« o o ot 2.1
CoH,, 0, + 2H,0 - 2CH,CH,COOH +2COy +2H, + + + = + + + + « « - (2.2)
CoH,,0; - CHy,CH,CH,COOH + 2COy + 2H, = = = + + « = « « + « « « = (2.3)
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3) WgAA A (methanogenesis)
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2.2.2 F714 &8 #As= nAYE

718438t 24 SARE oY WGl Foste g vEEo] A st
ARE o] T AT MR Te] ¢S olEH wrI=el Tkl
Fosts mAdES do4d B AUdrdE R o FoA Y, T v
At wlsiA pH, #7]4ke] ol st

of ofsf A=

¢ =8 u(E, 2014).

Hedddols HA 3F7 ol mAETo] ALdAui RuHng o2 D

+r st &= @ EF(hydrolytic fermentative

bacteria), 2) 49 %7} @2 37 A lactate, ethanol, propinate, butyrate

5o ey dol ol&e £ Qe acetates} AR EI3F=  syntrophic

acetogenic bacteria(obligate proton reducers), 3) acetate, formate, =242} ©|4k

stebd T8 WEo R BadteE WHuAAE, ) et aRge At §33 4

3 A AEY o #As= St sd Al 2" AleoltHTable
2.2)[Kim et al., 2002).
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Table 2.2 Substrates and products of anaerobic microbes(3, 2014)

Anaerobic bacteria Substrate and products
CH,4 production from acetic acid, methanol, CO,,
Methanogens ) )
and formic acid
Hydrolysis Soubilize the complex organic to monomer
Bacteria denitrifying Reduction of oxidized nitrogen to Ni, NHs, N:O

Bacteria sulfate reducing | HoS production from sulfate

Bacteria acetogens Acetic acid production from SCFAs such C3

Homoacetogens Acetic acid production from Cl1, C2 componds

2.2.3 PN AsRd gL F= QA

D #4371 ES =4

714 &astzxoA FAdHEVI=S @714 A=Y dIEEo] He T3 7
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< Edo] FU8asolA BF EEHA Feth B & He EEE @I
4 A= o AEgHom Eafi7t d&sHA ol FoA w2 AdEed o
Fo HF ntolrtAE AARRY. a8y, BilEY] oEe =EES 714
ZA0 A4 HREE Bagx i &3tz o =FA B)S weisire 3
o wEbA, FdEzIES EAC wE AEstF o g Fe JHedt fUlEY &
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2.2.5 €27 A Fr|dase] HAETH

7144 #H7=s @714 4stel o8] At WHEE 1P ETTF et A

T = A3Hlow-solid digestion)e} 315 =43 high-solid digestion) E+= N4 s}
(liquid digestion), <5214&3Hwet digestion) % A2 A 3Hdry digestionz &%
o =3 HrlEe ARl ot ﬂl‘%*—l, AL 02 wAYEY de—oﬂ—r(ﬂ]
wEt AR JEA g FEEN 259 HY
Ao s FEED 19709 oldoll+ FE AFE 3
o} Schulze(1958)¢] o8] FA=x d5<a A9} LstEseAs &3
of 40%° ¥ = F=olA F7IAH LT Thssite ATFE R o
L ofzhe] ol v AdHol tigk A7V aE
DRANCO, VALOGRA®] A2 gd7]&A o]l AAR, F4E2H 7|9 £& 3
+go] ol ASE ¢dEHA Ut

T

A3l A<

1) DRANCO &%

DRANCO(ry Anaerobic Composting)aH 2 L& =3#o] 30~35%<% =A] L
FHZIES Astr] s 1980 = #7]ofoll Al JNET AZAAEI O E A
HNxLspgAo g BEREY. 3485+ Fig 240 yepd s\t
HrlE=27H #2¥ #7148 %H 7158 Breeder reactorgtil
Zo| A 2~3F37F ABIAIA 7EAE A4 JEAE ouR|Y o g BHVE JHE
FozA AqUAE Aikete Fxolth 1Ak &slxoA BHEH AHYES
AslzoA HFE AT IF{FES 65~75%2] AP ETEF FHE ET5

71 &2 T

3 ool 7w R SEzd FEAT AA B
<z )

o ®
N

s
=
=]
==

Baere, 2010).

Collection @ kmou



22

1

VALOGRA-&

2) VALOGRA 3
NEzA =X

oy

—~
o

oy

154 7F, a1l A

)

ob

Press —— Dryer —— Refinding —— Humotex

Sludge
treatment
Discharge

A @ tHCecchi et al., 1988).

) S

o

Fig 2.3 Process of DRANCO.
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Gas engines
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Fig 2.4 Process of VALOGRA.
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2.3 A EA”]88 7] &Bioelectrochemical Technology, BETS)

)

oju

Z(Anode), 3+ @ =(Cathode), #&9 1

71789 =

A AUAE S 5

1
7}=l a2 JtHYoon et al., 2015). &

Z18H7IEe E830E AYT

[e)
T

L —
T

3

Ry

A7 ==

2]

I

A7 A& 3

of

nld

7178 a3kl

7] % (Bioelectrochemical Cells, BECs)3}, &

L —
) By

Bl

2=
T

(Bioelectrochemical Anaerobic. Digestions, BEADs)©]

=AY 2

=
=

ARAUL o oA s 9]

2SI rA

i
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st i Wyt~ E BAAIZITKWang et al., 2009).
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7143 2= 3H(CH,-producing

A= 71

23.1 AEA788 d7]14 48T HMECs)9] 718
#7144 43ke42 20053 H-E

(Hy-producing MECs)2} w EHAY

MECs)Z -

Slas

)l

oFo] & w3 uk(proton exchange membrane, PEM)C. 2 &

D a4 BEA7SE §7]4 L3 H-producing MECs)

it
—_

oy
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.
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s
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ol
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3=

R
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Fig 2.5 Schematics of two chamber H,-producing MECs.
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2) My BEH788 714 423CHy-producing BEADs)

15 W14 aste AT AAE Aolste] AT TR
_‘CE_% H

°of FAHES Eole 7IE=A, Fig. 263 o] ®vtgx Uy
=

o=
i
=
N
ot
9‘_,
ok s
N
oX
B~
ot
1o
[

T4 ® tHTartakovsky et al.,, 2011). = &A%
AT 7184 7 mAESo] FARAASIY 4%tEd e #r1EF
]_

R
bo G0l 2w} ol B TAE WML ASH T AAE
o] [©)

2

Jo
N
£
flo
A
i)
ol
o

o ol £

0%,
o

Anode: CH,COO™ + 2H, - 2C0, + 8¢ + 8H "« « « + + « « « « « . (2.8)

Cathode: HCO; +9H" +8¢™ = CH, +3H,0+ = = « + « « + « « « « - (2.9)

Bacteria

mOOI-H>Pn
{q
(2]
I
=

Substrate

Fig 2.6 Schematics of single chamber CHs-producing MECs.
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2.3.2 BER738 71 &3HMECs)e] ER

AEel A A WAALSE §71ES AT E FA6] FAEZ ol Q
Hag 85T & b JW/ERA AW 1000d old B dered 2
A71% Aol de) Agso] gk Telu, WML E nEEe §71% A

a =
Ago] vtal, nlo] 7txo] o]ilksle A o] mow, wEAAdHe =9 A

oy
o Jpx
bl
o

e A = 10
oAd ok AT AA S AP E Ve R 3§ - Ha AP W' B A
A AER713S 7144830 AARE Y. AE7]ste dr1dasts A
o] & - HE AYFH FAC ve|etAE A = e IVFH A
A=A 7€z FH7IE Joh ZHu A AP R AEA7Es F7
Badtes w2 des Hola JAN b7 AR R ATARIE fle
FFoltt. A=r|stet @r1d 48t AH A JHE Fa% AR 9
St 7HAlE Aotk A F7HA] Table. 2.39F 2ol AEZ7|5E Pr|H4st o
Tol AHEE ASEL tRE AVIAEAC] U FAo] ZAV # A7t
ol A&3tol thgk ojE ol Al Wil Ad83E AAs ArIHEA =
A BAEAZE flew Aol e daede fdsteior It
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Table 2.3 Electrode materials used, voltage applied and the main
product of various MECs

Configuration Electrode Voltage  Product Reference
. A: graphite brush Wang et al.,
Single chamber 0.3~0.9V  hydrogen
e C: carbon cloth yaoe 2009
A: hite brush hydr
. graP e brus yrosen Rader and
Single chamber | C: stainless steel 0.9v and
Logan, 2010
mesh methane
Two chamber A: graphite 1.35V  methane Villano et al,
C: granules ' 2011
Two chamber A: graphite 0.2V methane Villano et al,
C: granules ' 2013
. hydrogen
A: Ti/Ru allo Guo et al.,
single chamber N\ 1.4~1.8V and U
C: mesh plates 2013
methane
A/C: MWCNT/Ni
. : Kim et al.,
single chamber coated graphite 0.2~0.4V methane 9015

fiber fabric
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233 WEAS 33 7129 BAAA

D AS

e

e

1
X

, i) A7)

22

)

2=
T

A =Eo] AHSong et al., 2016, Yoon et al,

A Az

=
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‘|_
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_‘l
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=AM A+s}

2015).
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oy
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2t} meba

w7k 915

1. =
T

A7

or

o
A=

3

471 vpo] ks A

e

=

}

9
pal

o] %

FARE g8 AH&E ol gktiWoo and Song, 2010a, Woo and Song, 2010b).

=

tol W7ol glofol

°

shoq of

S

3L

(¢}

Bae 4

.
st

1712 B4 71 MRS AATAANZA 712

H]
. carbon paper, carbon plate, carbon cloth, graphite rod graphite granule,

reticulated virified carbon(RCV), carbon nano tube(CNT) 59 &2

2) A=

skef

|ibsteael A

ol o
=

A gzolen AFHAH Farbs

0

0

o

Ho

A7 uf

o
=

o RAdez At
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Mg dofubA ghom, AT UR F Aol B AR Yok
o Wange] A7Azbel olshd 05-0.9Ve] AYAEZ ARG W Farbs
WA Fo] 714 woko, 03-04Ve AYAE AsSAe WE el WAl
ol ¥YTh ER, MBSl Yojuy] A BUAATY o]E2H Ha

9= -0.21 V(vs. SHE)o]tH(Wang et al., 2009).

Collection @ kmou



32

A3FZAE A5 R LH

31 43 #X

311 2 B2 mx-Ua 2gA #ez

T2

o =] o] 247

Kol
| .

F- 1/3

9|

25l

i

} A tHFig. 3.1). o] of &

S|

A

30 Q2] AFAFS HA

L —
) B

FReH, 3=

S|

g 74

3=

=
=

=< vty »HE00rpm)

Collection @ kmou




33

Cathode
If'
| &
Seri*aaratc:r
d_ [
N\, = I'
OO o my A
_|" [
<Digital multimeter> R
Anode
‘ | »)

Fig. 3.1 Schematic diagram of batch Bioelectrochemical reactor for
electrode study.
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312 AEA/H WrHLS Bz

2 dAFolA e dridLgzd AEA7ET A="lEs HE3 AEXA7]SE
Z 3 7] A3}Bioelectrochemical Anaerobic Digestion, BEAD)®] A&
71 918l BE=R718e @i 4s exE A 2 APsiaT of=24E

_/":
2 A" MR8 G718 Mg xFig 3.2% % 23 151, FER
%

oL

0LE 7bs AZPT, H22PT, 894 fUTE B3z B BxsgT
AERHE W) A X ¥ AERE QAW wi] TEFS wez
Qe FARE RAAAL wy] FEF RHE PPN 84 FYT
£ 5F 03I 4US W] A8 obAY Bo| MR B W=
shol WS QI QHE] RAS. EF Aol AW B 43 JHS
HA37] A s Fo S AEYo) sHsd WuE MAsY L,
WY g AT St | h2EAT Ad® 9Me A (Water

o AEHNE wokeh YRS WA WL B2 T AojHE
gedol Hxse] Pr1HAS Ho]l AW B AP Lx} AAHE
= Sha of 80 rpmO.E WHAA WHgE WEEY AT FEI AAHE
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Gas collector

" Feeding port

Gas sampling port

/

= i

DC Power
supply
|
\ Motor

Reference

electrode

{Ag/AgCl)

O = >
DO AT wmMmw
MQOOoOI—Aron

SEA

AN

Sludge sampling port

Fig. 3.2 Schematic diagram of a lab scale bioelectrochemical anaerobic

digester.
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313 & = ¥A-4yA d¢dA ASA=x

g5 e AU 58 Multi-wall  Carbon  nanotube, MWCNT;  Carbon
Nano-material Technology Co., Ltd., Pohang, Korea)= W9 &S A A3}
71 Y38l sZA £H60 % vivol HAAZD F
o Agslgon, 22t FEES o435t pH 7-80] B w7lA] A3 H
105 €9 A =Z7](drying oven; UP600, Memmort, DE., Germany)ol] 12 A|7+&<F
AzsAT W ASAExfoilated Graphite, EG)2 44z #4443 <A(Hyundai
Coma Industry, Inc., Seoul, Korea)& = Zx=o3}7](KR-B151(600W)., Daewoo Co.,
Korea)oll A/l 103t A elste] 4tsld A3 A(Exfoilated Graphite Oxidation)<
FH% &, pH 7-8¢] & wWi7tx] E=2& FxEC AAHS} dxAFHoH, xH
S QA 77 Y8l Song S WHOoE Z=Hae 3tol =etR(80%, Chameleon
Analytical Reagent, Japan)< 1000:1 vl &2 &3tk Ao FUg 5 2S59=
2087 A sl A=x3FckSong et al., 2012). EFdl(Toluene) &< 50 mLol
CTP 28 ¢ @ CTP 8 g& zt7} Z9late] 3087 =S xa]= CTP AsA=
A%tA CTP702} CTP200E& st FHISIH o™, =F < (Toluene) 8<4 50 mLol
CTP 4 g3} oflek& 100 mLe] 673t |3 ZNICl, - 6H,0) 0.1 g ¥ 657343}
yA 02 g FUs 3083 2S9AHBESt Nie i3 CTP ZAFA
CTP-Ni2.9¢} CTP-Ni5.9 &H-& =]l
b3} A =& o ekS(Ethyl alcohol) 200mLell M AZA 2 g3 GFHeE LAY F
4 g 18]31 AFAI(CTP70, CTP200, CTP-Ni2.9, CTP-Ni5.9)& =33 %, 30
B 259485 ko &8 498 Axsgen, 8 cm’2 cm X 4cm)2]
B Qg ~ wH#30, STS 316L)o 23y ZHEHoZ HAA7) 1 dUREy
A2t R o AHGZAE ol &3t IS MAdsAHSong et al, 2014,
Song et al.,, 2012). =3, tix=7=A] U3]2(Nafion Polymer Dispersion, D2021.,
Dupont Co., USA) &< 8 mLE AFAZ ALgsle] T3 WHo =z 2stA =
< Ao, Sdd5(Air Cathode)2 H4te =2 A8l & MWCNT 4 g3 EG
2 goll CuPc 0.5 g, FePc 0.5 g, KMnO, 2 g& &3 ¥ 109 3]4j3k PTFE &
o 80 mL, 43t 2 H (Ammonium hydroxide, 25 %v/v.) 200 mL, ol &2 200
mLell /5 500 mLE ¥ 1A < 2994 E & Yo 8§94 8§ mL

3 HFAL SFEAAT]

ol

27 %

L)

z
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9} 400 mLe Eetar 30&E3t 259 Aygste £HAE £d9S Edlon,
32 cm¥(4 cm X 8 cm)9] zH| Q@ A~ = (#30, STS 316L)o) »~= 8 ZYUEHo=
F2A 7w Febabste] A2 tHSong et al., 2014).

314 BER73E P48 AS9 A=z AA

B AFoAE 3A2EA #(Graphite fiber fabric, GFF, Samjung C&G Co.,
Korea)?] ®wol 653 <A3YANIClL - 6H0)S 7] 51 (Electrophoretic
depostion, EPD)S.2 1 A43%}31, th5H AU {F 2 (Multi-wall Carbon nanotube,
MWCNT)e} =833 A (Exfoilated Graphite, EG)S & ©E}= 3 X](Coal tar pitch,
CTP) uilt &} &£3tste Az Seldd €4S 239 ZHURHORE BEHA

__?_

A Agastel WTAol Ba nEAMS ATACl S5 AFE ANt
. GFF: 27 5-10me| Sadf2A WFAgel Z43ta vEne] wA g
AEAel Rx, Ede] 2Folgs v Itk GEWeka R 3%
FAe we AEAL AT AW EH| Aol Wl Ytk F
42469 DEUSAYLFEE BR9) BEES AASL A4S A
A7) 918 BALE SAE0% vivel BANZ F 5B 23 Aelsgon, B

5

25 FEES o]&3to pH 7-80] 2 wWi7lx] AHS H 105 C

(drying oven; UP600, Memmort, DE., Germany)ol|] 1243t &<+ AZsA . =
2k ] | YAEAMHyundai Coma Industry, Inc., Seoul, Korea)S =

(KR-B151 (600W), Daewoo Co., Korea)olAl 10x3t A elste] 4lsts

S E¥% F, pH 7-80] & wir}A] 32 xR AlHste Az
o
=

rg
rlo

AU
)
N

re

o

o, xHE FHUA717] 93l (Song et al., 2014)8] WHOZ ZFI9 350
2} %1(80%, Chameleon Analytical Reagent, Japan)S 1000:1 ¥W&& &g &
Hol FAT H 2SR 2083 Asted Azt vielH((bindens EF
A(Toluene) &< 50 mLol] CTP 4 g2 FUste] 3087 2S94 S sl 9
EFS(Eyhyl alcohol) 200 mLell ThEHEAUYERFE 4 g3t HHEA 2 g& £
g F, 0N 25FAYE o g &Ae AxsATHYoon et al,
2015). A= AT LS WHOE FAR AAHE SAHEA

(M 2 o8 P
o3l

[0}
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w
oo

#ol AZ1GF AgE fe FHFE 1000 mLel 653 ISR
(NiCl, - 6H,0) 4.05 g& 834N A A=A o] W HolF& YAL Feiz
26 wdel ZPso] AEHS AN 8 A8 FTANBHG
59 AL FH A79% AWAAE AYAFOR FANBH G A8
onl, dAFoR FUT WA sule] w30, STS 31602 AHgatith 2

N oAl FastAl AXstal T A= Akele] 30VeY A
W= AUbet EAAEARF EWA UAS F®RAZ F 200 ColA EAE
st ASS ST AV19s AF, vl <9 2
dEHo g FAAA doRtste] A&t on AHIAHAE o]&ste] A=
#H 154 S MAAsEATHSong et al., 2014).
Az 4k =018 mHF YA =(0.18 mH)S Fig. 3.3a9t o] olmad=
Eof Atstd=3 SUdAF Alolof]  F2 Z(Polypropylene non-woven
sheet)& w9 o 2 A83te] dAH(Fig. 3322 TAFFATE A5 wix &=

Fig. 3.3a%} o] W= e H&ES wtA AU FAo 555 WalshA

m 10cm

/ =1 T
1. N

] s

\

-

f E[s|D

L ‘ I H| E
Q L

(@ (b)

Fig. 3.3 Configuration of (a) separator and electrode assembly
(SEA) and (b) SEA design.
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3.2 AF<A 2 FHE2H]

Akl on Table. 3.1 AF< Aot F4 =271 SH&4 holth

Table 3.1 Characteristics of food waste and seed sludge

Alkalinity  VFA

TS VS TCOD SCOD
Characteristics pH  (mg/L as (mg/L as

gL @L @L @L

CaCos) HAQ)
Food Waste 4~3.8 - 3550 121 131 139 71
Seed Sludge 7.5 5243 500 28 16 19 0.466
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SHAE FAIAT. HFE

A BASHARA AAFST & AHESIAT Ao ARSI HiA=

UEEF 1 g/, 98425 031 g/, 98ZF 013 g/L, A2JAEHEF 6.93
g/L, AIJNFEAYEF 5.62 g/L, #ldlZ 0.25ml/L, HIEFT] 0.5ml/L-& ©o]-&3te] A
Z3HthWang et al,, 2011). HJAEABHAE X3t % HFeHd A2
g2 g8 g v E(Digital multimeter, DMM, Keithley 2700, Keithley Instruments
Inc., Ohio, USA)< ©]&3te] mAEASAA ] BAst= HAg< 308 (HAS=
#EstRoH, Hgto] 20 mV olstE HolH e wf 7|Ho] ndH ZAoE AT
st A2 v A2 1 3ksF tHSong et al., 2014).

332 BER73E 71448 wex A

=2 E2H7] 30%S TSR, ¥z
WEES witsly AavtaE 2083 FYst AARE AASAT. 25 Al
£ BT FAHE F4do BE2E HAsdt AYTE gRAFHY F
Ade o] &3t Fig. 343 o] =AE AAste kst =e -250 mV(vs.
Ag/AgCD, BLAZL 550 mV(vs. Ag/AgCDE AAT A= 1A AJL
PPt 2718 Al fF71E H3F&(organic Loading Rate, OLR(VS g/L.d))
sk 0.98, 1.97,

T e el SAExYIE FAAATG
AE A2 BQAT) 27 AT DA AsFHRS W F npol e}
A% D Y, 4718 AASTH AR W8 52 BEsm wgzo
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DC Power Supply

0.25 VvV 0.3 V

C?@ =,

Reference
electrode
(Ag/Aageh

mOQZ»p
mOOI-A>»0N

Fig. 3.4 Arrangement of anode, cathode and reference electrode
connected to the terminals of DC Power supply.
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3.4 E43 A4

341 € B2 ¥A-YA ZAF¢A A9 A% B}

NAEATHAAE 3= 5 T=ALo] LA FAEHAS o 973
25 Jusle] 7R3 Z 1 (Open circuit voltage, OCV)S ZA3lH o, 92A
F< 1,000 Q ol A o zx

= 10 Q7HA ez M3tA7IdA kA skd ek

= WHor ES4Pe FYstd AF-Ad=de dAHSong et al,
2014). olmf HFDe AT AA(V)s AFAFeRE UFo] ALtedar, 19
=P AFDs Ad(Ve #F #e A58F 02 Uro] Adsidt. 2
FAel TR0l mE mAEdsR Xﬂ%‘*(Rl ITHEEEY 548e 4

ﬁ
Lo
S L
1

V=Voe—(a+bxInl)=IXR, .=cXlIn
7

H] ¥ 3] A 42 Matlab(R2010b, The mathworks, Inc., MA, USA)e] curve

fitting tool box 3.0= AF&3F% tHSong et al., 2014).
o714, V&= V), VOC= NI 2H-4(V), a9t be SAHELGToIH, I+
AFmA), Romice 2343 Q2), ce E5&44, L& A FmAIH. =
o

—é}, %AS] D:]—Xﬂ %L(Ract)% (CL+ b X< h'll)/IE‘T‘Ei 8]'93\9—&1 ’ T'E]TEIL;H 8O]—(Rconc)

)/ & o]-&3t A4tstAt

L
X
(¢ <1n -1
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olzf 4] (3.2)& o] &3] A E(Standards termperature pressure, STP)Z 3¢

Standard Methods(2005)° w2} pH, &Ze =5 29 13 #4
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=& APHA(1999)8] #4He olgdle] 29 18 BAslgom, VFAS] A4e
UV #AZ7]17} Azkd HPLC(DX-500, Aminex HPX-87H)E o] &3t wHgx 24
o] MAstH FEjet ECHAT HHY WHE&ES A E4sH%aL, TCOD,
SCOD, TS, VS& Standard Methods(2005)l wg} 3= 43 &3t

273 760— W
Ve, (STP L) = Vg (at T) X oo C e (39)

T: Temperature of Bioelectrochemical anaerobic digestion reactor

W: Water vapor pressure at Temperature, T'

3.4.5 FEA718% AU 848 = 34 Bl

NEA783 d7 a3z oz & -&(Energy efficiency)% ARE A7)
o A (Electrical energy)$} #|A&E CODS] el thdt wgto 2 3]5H o R
(Energy recovered as methane)e] # &&= A 2/(3.3)7} o] ALFeA
Wen,
np(%) = WX 100 (3.3)

AZNA, Wy (Engy XACy )= M3 (ngy,, mol/day) 7 wEke] &3} o
Adstgaw AbshE wo] A
Aom, Wyl=CxXE,pp)e 228 A7luAZHk/day)elth. oju] C& ARt
ted 3 F FEolM, B (V) AstdS3 A6 A
}olct. Ws(anxAGS)t— AAE CODZHE Axtg 7149
qUA FgFolth o714 nSe= AAR 71He EFoln, AGE TETO] EX
ol bstetaR 2bshE wlo] AR U A WS (AG =—2870kJ/mol) o] THKim et
al.,, 2015, Song et al., 2016).

ANAA S F(AG,, = —818kJ/mol) ©-ZHE T3}

)

ol

= == H
0E AFE AR

ofe] A7t A<

f
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A47ZAY 29 2 1

41 A% g € B2 -4 AFA Y 9%

411 BB/ Wgze] AN

warA el Asel AH CTPARA FR B2 33s plgBAdRUA
%% Aghe Fig. 413 2o A% ol F BSAge o 1Y 27 AANE
ngot, AAY] olF w3 Ade WsAFe FhRol FASHA HAdaA

Y2 A S7VstR T AYS7E S5 CTP-Nib.9¢] 71 whgr o, CTP-Nib.9,
CTP70, CTP-Ni2.9, CTP200, Nafion <=o]1tt. ojuf HhH S F7tE5 =049k
Zo] CTP-Nib.90] <¢F 0.165 V&2 7Fg =9kom, CTP703 CTP-Ni2.9= <F 0.146
VE 2 o7l 92, WEFE A8 Nafiond@Alel A% 0104 VE 743
sgkt g, 2719l ZbEe) AnA%e A fA5HA @7 e
BB ol AsATe ERelA RAM AR oY BHL AR

A Euto] A&EA e AyE R THSong et al., 2014). °F 3.8Yo] A3}
3 A -] #FZHo] 20 mV olstE FAS] AP wEkA, 7)1"oe] 1z
H Qo Adsly wAE wAstRon, Agte wE e wWae wAs)

4%
B o
N
N,
rlo
L
z,
L
o

2 HAEAERAAE 23&7] &< E% Ao Mt

T 2 Zolrt . wEtA A E ARHATVE A H EEE it
Ftstdct oju vAEATAAY] HUALL CTP-Ni5.9¢] oF 0.148 V& 7}
A =9ka, CTP-Ni2.9& <F 0.133 V, CTP70-> <F 0.131 V ,18]31 CTP200-2 <F
0.127 Vollth thx7< Nafiong AkatA=e] AJAZ AL&3 nAEAZH
Aol AS #= HPALL oF 0.087 V& 71 vttt o] A3t CTPAZA =
o] g3t ARG AslAFY AEIIETF FOFeR Eoes AS vt
(Huang et al., 2015, Song et al., 2014, Liu et al., 2013).
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———  Nafion —— - —— CTP200 - TSR CTP70
— —A—.. CTP-N29 — —m —  CTP-Ni59

0.15 o

0.10 o

Voltage(V)
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0.00

Time(Day)

Fig. 4.1 Voltage changes for the MFCs with anodes containing different
CTP and Ni contents in the binder.

w3, ASLAS Ao ARE CTPAGA S Asd mAEs Ax
Agstg e, 542 H OCVgke]l IATA FAEAS ),

=9 AAE SH}, EFHFS AASHAT Fig. 4.29
REASAR 9 4std = Ao ALES AFA TR 02

Ae g = CTP-Ni5.9¢] 738.1+10 mW/m*E4] 7F& =9kom, CTP-Ni2.99}
CTP702 ¢F 640+10 mW/m’e. 24 & tol7} glath =<l NafionZgA|
= Ay AEUEE 596.7+10 mW/m?E 7+ wekthTable 4.1).
o] wj HY=ATHAY A3t F SddH=9 OCVeE 27t -0.497~-0.481 V
o 0.203 VEA & ztol7F glfla, mAEARTHAAS OCV EFF 0.694~0.7 VE
H] 23k ghollth(Table. 4.1). Fig. 4.29] AF-A¢ FAoA v EABHAR 9
AgA | w2 AY7Ast= CTP-Nib.9e]l 714 &erow, CTP702+ CTP-Ni2.9 =1
g3 CTP200 =A &2 F7IetA oy o5 Atol9] ztol& &gttt 12U, Nafion
< AsHE AdAE AR dxTY A 7 2 AgAstE Byt Fig
4390 E Fig. 420014 HoFE mAEASHAY A¢Asrt F2 Asd=
o oF AYE BelF3 ATk
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cTpnise [ 900
- 400
- 200
0
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Current(mA)
4.2 Polarization curves for the MFCs with anodes containing
different CTP and Nickel contents in the binder.
<Anode> <Cathode>
——«—— Nafion — =0 — Nafion
........ S CTRT0 — ——— — CTPYO
Evd —— % —— CTP200 —<&—— CTP200
—_ CTP_N|29 ......... ‘ ........ C TP_N|29
CTP-Ni5.9 CTP-Ni5.9
0 1 2 3 4 5 6

Current/mA

4.3 Polarization curves for the MFC with anodes containing
different CTP and Nickel contents in the binder.

Power density(lemz)




Table 4.1 Open circuit voltages and power densities for the MFCs
with anodes containing different CTP and Ni content in the binder

Anode  OCVamalV)  OCVeuroaV)  OCVeaV) o POWer
density(mW/m?)
Nafion -0.491 0.203 0.694 506.7-+10
CTP70 -0.487 0.203 0.694 649.8-:10
CTP-200  -0.491 0.203 0.690 616.2:10
CTP-NiZ9 0497 0.203 0.700 638.4£ 10
CIP-Ni59  -0.492 0.203 0.695 738110
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412 € B2 JX-4ZA AFA 5849 mYE

= kRS w2 AAAE ARlelth kst S &
At MAEES AT Azl AR AFAY TR FA@SA ol
ol o, AT oA ztolE BT
Fig. 4.4ax= Nafion AdA=Z Azgk e =20 FRAAI 024 MWCNT7Z}
SEAY giESs A9 Ao, HAdEES MWCNTH ol 5 Aleld =&
& ##EFHAY CTP70 2F¢A2 AAE A S FHod= MWONTZE ==
d 9% nAEHer Y 9ol EAH UANTHFig. 4.4b). CTP200 2
dA = AAE A= CTP 2dA1$ MWCNTZE & &3to] Holde 34
BRAAR, vAEe] AAdEs CTP70 Bof wkohFig. 4.4c0). CTP-Ni2.9 =
CTP-Ni5.9 AdA = AAE 4sld= x-S tjFiEo| nyERe s W}
A AL JAAHFig. 4.4d, Fig. 4.4e). 121}, CTP-Nib.99] 4t = EHE 7]
AE AAEE7E 4 w34t o] A= CTP A2dAY] 4 A= =7t =
= As ousty CTP AFAlo Ni gl S7tgds 713 42 71zl
ngEE0] A8y £ S4Ude vt (Liu et al, 2013).

rr o
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Fig. 4.4 SEM images of microorganisms attached on the anode surfaces
containing different CTP and Ni contents in the binder a) Nafion, b)
CTP70, c) CTP200, d) CTP-Ni2.9, and e) CTP-Ni5.9(magnification
x10,000).
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413 2 g2 N-Ud Ao YEAY

AstA S AgAel AHgE CTPeF Ni g3Fo] vAEASHAA S WEAST T
AAEE vAE FFE Hrtslr] st AR-AY FAES A A
7o 550 gl MIAZZEY BESATS s =k AF7E 718
of me} AFHoE TasiA, HHAHERA Asds At AREH
CTP} Nickele] o] w2 &g} CTP200(167.812) > Nafion(164.19
Q) > CTP-Ni2.9(142.132) > CTP-Ni5.9(133.722) > CTP70 (126.492)%=2 2 A
CTPY] 3t&Fo] w1, Nickel o] &4 SAsA o] Aastes AL &
& 4 UthFig. 4.52). L&A 3-e Fig. 4.5bolA B nlel o] AFo
M3l glo] YAF Fe HPoy MEA 1EAS Nafione AFA= A
A9 5323 Qo= 74 =okth HlA=A E2 CTP 4 gol Ni 0.2 g&
sto] A%A CTP-Ni5.9Z A&3 4 e exdfo] 1247 Qog 714 v
(Table 4.2). A3t = AZfel ALgE A&Ao WE F WEAIGL HA %
"o A9l o] CTP-Ni5.9o) 1462 Qo.&A 7};@} wokom, CTP-Ni2.9%}
CTP70& 165-167 Qo024 & Aolzk itk 2}, CTP200% =72 A
23 Nafione] 7<% 7tz 210 @ 2 219 Qo2A T2 AFANES AL 74
Hoh 4t B AT A dAdFE 27 Nafiong ZFA= AHE3H
S 32mAE sb& Fgtm, CTP70e 474 mA, CTP200S 4.31 mAo| .
CTP-Ni2.9¢} CTP-Ni5.9¢ @A X F7t 5 mA ool AAHE oz g
Ak kA, A @ CTPAFA O Nig £ EdagdA= & 43t

T

>~I

1:]—
o}
e

F

2 i& rM oo H o
rok

o
X3
7d

A3} el MR E PUESF U5 Eob ASAT mHel AW YR
of FFHE 714 Fol BhE AFRT ATl Qy] WE FARF Z7hl
2 GPL nHe Aoz waE
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Fig. 4.5 Behaviors of international resistance components with current
for MFCs with different cathodes: a) activation resistance, b) ohmic
resistance, ¢) concentration resistance, and d) total internal resistance.

Table 4.2 Internal resistance distribution at maximum power
densities for the MFCs with containing different CTP and Nickel

contents in the binder

Anode
Nafion
CTP70
CTP200
CTP-Ni2.9
CTP-Ni5.9

Racl(2)
164.19
126.49
167.81
142.13
133.72

Rohm( 2) Rconc( Q)
53.23 1.378
36.75 1.939
40.85 1.539
23.32 1.145
12.47 0.002

Rin(2)
218.79
165.18
209.83
166.61
146.19
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4.2 BEA71838 714 wrex9 AF

4.2.1 BEA71835 Fr1dL8 = FHH(pH, &2 =, VFAs)

0.70 g VS/L.del| A

o
=

_‘l

A

3

/1\_]__

3.46~3. 77122

L —
) Y

719 pH
1.97 g VS/L.d 742 AWEH 73}

ol A v -

=
=

S7HA T

]

o7

s}
of

e

oNF 1% B

sl pH
4

%

A

7]

H
=

pH 7.1~7.89

L —
)

N

stz d7lEl== 4.0 g/l as

QF 11.5 g/l as CaCOs7}A] wil=A

A
A THFig. 4.6b). °o]% §71& B3}& 1.97 g VS/ILd 74A &Zel== ¢F 11~12

3

71

=

(Fig. 4.6a).

7Vt

=
[€)

Ho

14 4.25 g VS/L.dol A

S|

7l&e F

o
T

A= AT Z1H Y,

o
T

g/l as CaCOs; ¥l A

oju

ko

ol

L —
) By

BTk pHY ASE 4718 B8 425 g VS/L.dolA WEZo] 7%

Bl

g VS/L.dellA o] d7tej=e] WEFo] AA L

e
i

=0

H

LA

Bis

|

AZ1H o2 EAS 7] mAEY] &4 T8a o2 ]

)

o
B

2 ol

*H(Volatile fatty acids, VFAs)e] =

HO]-/\

o oM =™, HEAGA

# 2 3 ¢JtHSong et al., 2004).
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Fig. 4.6 Trends of (a) pH and (b) Alkalinity at different organic loading rates.
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Fig. 4.7 Trends of (a) VFA concentration and (b) VFAs/Alk ratio at different
organic loading rates.
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VFAsS] 5= 27184 23 RE oF 3200 mg HAC/LE E¢ov &4 30
W7kA Az o2 7FA4sttHFig. 4.7a). B AFA Z7eAd AZ L=
7t 74 A FAOl AL o2 VFAse] & 44t #5" A g
Hgo] Fa3 7t E AAATEoIlSS BT+ Aot Gt o
3k VFAse] M= d7|A 43tz S YEHYE A X shitolm, A3
A FeHNA HFHT Jde A astR9 VFAS/%Z‘—_}EIEH*‘E 0.1-0.3°]t}
(Song et al., 2016, Zhao and Kugel, 1996). ¥ G oA VFAs/&ZE=Hl+= =
717 Aol 0824 oy &3 1569 o] %= VFAse] Zast ¢4vlel=
Z7kel 98 0.3 o]st= A3t tHFig. 4.7b). o] % VFAs/&ZEZ=nlE #7]
F38h& 1.97 g VS/ILA 7HA1= 0.3 olstoll A kA% ks FASRT 1EY,
71 Hsh& 4.25 g VS/L.d oA= VFAs/&ZeE|=xl&= 0.487FA] A=t S7tsho
A3tz JEi7E BQHE S AEE Wit

r

_

t

(i

S E S
I} 4.25 g VS/L.d¥ w9 TOT%—’F«] VFA % 2 A74& Table 4.3¢] YERAA
o. f7l=5ske 1.97 g VS/L.dolA VFAE 300~350 mg HAcC/LZ A FAH
Aok a2y, fUIERSISS 425 g VSILAE EAAS W VFAE oF
2,000-5,500 mg HAcC/L7}A] ZA F7tetith. ety o= 7fn|4, 24 Z =21
=4k, FEEA 59 Ag At vt Aol i1 FU|H L xe A
H7F A4d wf SHHA & A FAEY. 284, VFASE st 4AHAY
AHES WEgAdnkgo] #3o] EA7E A7|H VFAs %71 Axl Z7)sHA
Ha, A= VFAs 571 AR o]4de] HA gy wo] FA o] 7EA M=
dhol VFAse] 343 3 dA o] wAstA AtkSong et al, 2016, Kim et al,
2015, Song et al., 2004). E3oA= AGAQA HHANA HdHT Jd= F714
28z {714 w5 Hel= 300~2,000 mg HAc/Lolgkal &# A2l ) tHSong
et al., 2016). F7l=53t& 4.25 g VS/L.dAlA #=H VFAse] 3 @42 A
=x718ker @r1d4astxe AHZE EGASHA Hol AR &
e HeS UedE Adolth &8tz AEVE Adeldta ddd
75358 1.97 g VS/L.doAM+= VFAse] =8 AELS 480w oo, 7in]
2H9.24%), Z 23] L4H6.73%) 18]3 HEIE24H4.03%) T %
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25 g VSIL.dJI A=
sro] MEgo] 528%E ZHA

49%)3 FEl 24H15.72%)9] 7ol FTIFst dubzo s

A7 stz M FaEde] wobdFE vt B i
H-go] Folxtty LA JuHKim et al., 2015). L, B AFE f
71 ER3-& 4.25 g VSILAOIA Amlake] Egol AA F718kA 4T oA

Fr7lE58kE 4.25 g VS/L.dl A fr7]4ke] A 234 E7F Skl A
< ZAbol g WgA o] Aol FaT A %ol U=

= Aot

Table 4.3 VFA levels and compositions at different organic loading rates

OLR 1.97 4.25
(g VS/L.d)
VFAs Composition Level Composition Level
% (mg HAc/L) %) (mg HAc/L)
Fomic acid 9.24 28.97 8.26 310.99
Acetate acid 80.00 250.84 52.88 1,990.96
Propionic acid 6.73 21.10 23.14 871.23
Butryic acid 4.03 12.63 15.72 591.86
Total 100 313.54 100 3,765.04
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4.22 WL FS 771 ETF

Fig. 482 #7]258}80] wtg vo]ertxe] vgsts ¥sls nefFm g

o
=
. Apol etz WEgF2 fFrlEFekE 0.70 g VSL.AY "= of 80%=A

= 3
e =gtk WA o® Fr AL EBHA WAEE wlolerta zAL
49 G712 tHzAHo] o8 gL Wi Ao LA JYTHKim et
al, 2015). SAE2H7S HAests @I 28z A BHoN RuEw
= WEdEe oF 60-68% A Eo|thZamanzadeh et al., 2016). A&7 7)3}st
H7) st oA o] @b 0] me WEgEe U AFolA o] FojA L o
AEhekao] BUubSo] ofs) Wikl WAEY] wEo|tkSong et al, 2016).
71 E53ES 093 2 1.97 g VS/LAZ STV AS wl 427 75% L T4%=2 A
g, o grEe gukFel 537]*4i§‘ri2401]/‘1 A= who] @ 7b0] wE
SHFRO= A3 =3tk 18y 785588 4.25 g VS/L.A=E ——7}/\] <
Wol &= uho] ©7b 1o wekgtako] 59%71A] ZHastglnh Fig. 48bolHE f712
Rabgo] we YEAs g BN asz] HHERg g MIE ReF
o} B e s f7|=5skS 0.70 g VS/L.delA 0.39+0.02 L CH4/L.de]
o}, frlBRs gl Z/hste] wel E715le §71 RS 1.97 g VS/L.dol

A+ 1.37£0.02 L CHJ/L.A=A FHil &S BEtHTable 4.49. 184, F71&E5F
st 4.25 g VS/L.dollA o) wlwehddl&S 0.59+0.02 L CHy/L.d7HA] 248t
o @18 &gtz TheRe] 9 AHARES I vR A AdRkgo]l Fo] o]

ofd o #rlEe] BAAJ] VI ERES ] st dukaor U4

&3} F0l A H}OLCU} of wggtga wimehdA o] dasts AL AN
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23} #udTe] BH 4AsE 470 B 7
7% ok oA, MEe ASE TR/ ANNES 2ol WHA A
F} Faolg WBAHEOE FRAM, A7HOR BHS M HAAT 1)
BEL GRE olfBiE YRAVHFHOE FUNIE F2olE HEF
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Fig. 4.8 (a) Biogas composition and (b) specific biogas production rate at
different organic loading rates.
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Table 4.4 Specific methane production rate and methane content in
biogas at different organic loading rates

OLR Specific methane production Methane content
(g VS/L.d) rate(L/L.d) (%)
0.70 0.39£0.02 80.05
0.93 0.50£0.02 75.34
1.97 1.37+£0.02 74.81
4.25 0.59£0.02 66.19
A E2 79 IHkHQl gr]dasteld COD 2 VS A AELS 55%, 53.2%

2 48R3 JrkVentura et al., 2014). B AFA FI|EH3FE0] 1.97 g
VSIL.d olst2 X% AEA73e 744828 CODS} VS AAELS 77
81~85%  80~85% A1 YWFZQl 7| 4stE Aol Hlste] dids] =tThFg.
4.9). a8y, &3P EQXAEEE 71 ERSHE 4.25 g VS/L.dolA4 COD<}
VS zﬂﬂg% Z47F 74.6% B T75%% AT A, W12 VS =
T @2 o VS AAEE =4 B7HHAR RRAH UVl E vEE
dojdez v fxEtE AL gudth f7]1EHsHE 4.25 g VS/L.del A

2k

ol-g HEAGT HRAG FAo] v AL v FRAVIAvAdE
o A 7 Il

7Fed  des Yugt. A=7188 FrdLAsEE By 52 fUIER
shEolA 3] HelAeE AT WHE b AEXVSERESo 9% H
SGAARSS ST HHE 8t F9 AR AT
AEFZIEsE FrIdastze WEgrFES f7IEFSIEC] 715 weEk A
2 Z718ke] §71EREe 197 g VSILd € o 522 mL CHi/g VSiemover2AM 3
e ﬁ_oslﬂr(Flg 410). T}, §7]1E5E e 4.25 g VSL.AOA wesse
219 CH4/g VSiemoves® F&3IATE S E2H7] T 7448349 1

o
& FAE2Y7Y 24 wel MskA T 480 mL CHu/g VSremovea =<
HAo® BuE 1 ¢ rHZamanzadeh et al, 2016). W EH 738t & 74 435tx9
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Fig. 4.9 Removal of (a) COD and (b) VS at different organic loading rates.
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Fig. 4.11 Cyclic voltammetry for anaerobic seed sludge and
bioelectrochemical anaerobic sludge.

Table 4.5 Energy efficiency for the bioelectrochemical anaerobic
digestion at different organic loading rates

OLR Wers We Ws WetWs Wen,
@VSLD G G o i

0.70 162.08 72.393 112.23 184.63 87.79

0.93 183.55 78.649 153.66 232.31 79.01

1.97 509.75 89.040 469.86 558.90 91.21

4.25 200.99 94.228 640.59 734.82 27.35
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