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Influence of electrode packing ratio and
multi-voltage application on bioelectrochemical

anaerobic digestion of sewage sludge

Kim, Dong-Hyun

Department of Civil and Environmental Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Bioelectrochemical anaerobic digestion is an advanced technology for
stabilizing organic wastes, as well as generating methane gas as a
by-product. In bioelectrochemical anaerobic digester, electron, proton
and carbon dioxide can be produced from organic matter on anode.
Cathode use electron and carbon dioxide for producing methane gas.
Currently, there are many researches trying to develop
bioelectrochemical technology. But it needs more researches to
improve the performance of bioelectrochemical anaerobic digestion. In
this research, two types of digesters were operated for electrode
packing ratio(EPR) and multi-voltage application. One of the digesters
had total 7.2m?m® of electrode packing ratio which was gradually

reduced from 7.2m*m® to Om?m?® in 3 stages. Other digester had

_ix_
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bsets of separator and electrode assembly(SEA) and was applied
multi-voltage(0.3V, 0.5V, 0.7V) to each SEA according to single, dual
and tri voltage. As a result, Reduced electrode packing ratio affected
performance of bioelectrochemical anaerobic digester directly. At
7.2m?/m?, specific methane production and methane composition were
561.9mL CH, /L.d and 69.4%. At 3.6m*m?, specific methane production
and methane composition were 408.2mL CH, /L.d and 68.1%, but
operation of control cannot be maintained by short HRT(10days). State
variables in research were stable except for control. At the end of
control operation, pH was 6.6. According to reduced EPR, performance
of bioelectrochemical was decreased. However, Energy efficiency was
65.3% at 3.6m*m® which is the highest value. In this research, we
found that performance of bioelectrochemical anaerobic digester is
related to bacteria like as deltaproteobacter, which controls direct
interspecies  electron - transfer(DIET)  for — methane reduction.
Deltaproteobacteria was 1.64% at 7.2m*m® . It was higher 15-25%

than 3.6m*m?® and control.

Multi-voltage application influence the performance rate in a
unstable manner. Bioelectrochemical anaerobic digester shows high
performance when applied to single voltage which had 654.0mL CH,
/L.d of specific methane production and 71.6% of methane
composition. Alkalinity and VFAs concentration were 3,946.6 mg/L as
CaCO, and 746.0mg COD/L. When applied to dual voltage(0.3V, 0.5V),
specific methane production and methane composition were decreased
to 367.3mL CH, /L.d, 67.8%. But when applied to tri-voltage, methane
composition was increased to 71.3%. This indicates that tri-voltage
have more methane reduction reaction than dual-voltage application

because of electric potential of 0.7V. When applied to 0.7V, electric
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potential had proper range from -0.580V to +0.120V(vs. Ag/AgCl) for
oxidization and methane reduction on electrode. Multi-voltage
application have poor performance but have a possibility for having

higher performance when maintained in a proper electric potential.

KEY WORDS: Microbial electrolysis cell m]REHAZTHA]; Bioelectrochemical
anaerobic digestion ¥ &=7%17]13}8+2 #7943} Electrode packing ratio H=%

Z1&; Multi-voltage application THA <t 174, Sewage sludge sh< 2 Al.
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Table 2.1 Status of sewage sludge generation and treatment plants in
Korea(2+7 %, 2014)

Year 2009 2010 2011 2012 2013 2014
Sle\(xj/age
sludge
eneration  3:024.336 3,080,043 3,095,441 3,193,163 3,529,965 3,687,943
ton/year)
Sewage
treatment 433 470 505 546 569 597
plant

— 5 —
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2.1.2 st Ao AUdAR

ey steEdAlE 20149 7|Fo2 AE-8(55.9%), A7H22.1%),
M H(18.8%) s WHOoZ At Jvh. 2012\ d o] F s o] 59774
2 3A F7hstden, steeAlY GRrIVE AR SAHY stee
HAle] A 8l Aol BAFTHAS] FoBAATE HAT. St 2l A
stresiAl a3AEL T 627ae X EHO len, A AEIFE
1,351,196m’o) ™, L4 438,254m° 9] stredlAE @714t ols) st
= A2 UEIR AR, 2014)

Table 2.2 Trends of sewage sludge treatment and disposal (ton/year)(3+7 ¥+

2014)
Year 2011 2012 2013 2014
. 261,262 531,119 406,574 692,274
Landfill
(8.4%) (14.7%) (11.5%) (18.8%)
. . 687,868 1,276,141 846,241 815,425
Incineration
(22.2%) (35.2%) (24.0%) (22.1%)
) 1,025,575 1,555,975 1,819,022 2,061,523
Recycling
(33.1%) (42.9%) (51.5%) (55.9%)
. 1,010,322
ocean disposal - - -
(32.6%)
otc 110,920 261,215 459,413 121,928
(3.6%) (7.2%) (13.0%) (3.3%)
Total 3,095,948 3,624,451 3,531,250 3,691,150
— 6 —
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Table 2.3 Substrates and products of anaerobic microbes(Feng, 2014)
Anaerobic
) Substrate and products
bacteria
CH, production from acetic acid, methanol, C0,, and
Methanogens ; )
formic acid
Hydrolysis - .
) Soubilize the complex organic to monomer
bacteria
Denitrifying ) C :
) Reduction of oxidized nitrogen to Nj, NHj;, N.O
bacteria

Sulfate reducing )
H,S production from sulfate

bacteria
Acetogens Acetic acid production from SCFAs such ¢
Homoacetogens Acetic acid production from ¢;, ¢, compounds
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_ w—1Tps 0,/CO,
AL et fﬂ
‘I‘ _
(0]
COs g
O _»Ho | |no
>@
.—»CH;.\ 0, <- o, Cco,
acetate%. H ‘:.ga?{::
+
Cathode i Anode
Membrane

Fig. 2.2 Schematics of single chamber methane-producing MEC(Stanford
university, 2011)
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Table 2.4 Electrode materials used, voltage applied and the main product of

various MECs

Configuration Electrode Voltage Product Reference
. A: Carbon felt Moreno R.,
Single-chamber C: stainless steel 0-1.4V methane 2016
Two-chamber ’é S;éphlte felt 0.5V Hydrogen Chen Y., 2016
A: graphite fiber
Single-chamber  fabric(GFF) 0.3-0.7V. methane  Feng Q., 2016
C: GFF
o hydrogen
Two-chamber A THRNERY 1.4~1.8V  and Guo, X5,
C: mesh plates 2013
methane
A: graphite brush hydrogen
Single-chamber  C: stainless steel 0.9V and Geoffrey, KR.,
2010
mesh methane
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223 AEA St go] HAE BAAR

D AS

AE718ksr @714 &stxdd AAst= st =] ZEH ok 3§t

t}& 3 zZ-ok(Song et al., 2011; Logan et al., 2006). i) & A7|HAEAS 7HA
&

™, i) A5 FdWo] AEXSEE AW LAZ o] Fojx FAuAYEY] A4S
WalskAl eFom, i) B /WA FlAEFo] B ARFT e F HE

HA o oy F2E 7HAHY, v) 38 = AESHE wheog2 HE ks
3, v) gGA =3o] 7hestH, vi) AFL Bl-&o] A3 orsfoF rHPham et
al., 2009; Watanabe, 2008).

| v

2ol dojubA] = TS 7HAoF gtk ©Aar)
o] Tt AmEol FAdHFo] Lst= 815 AWoh Carbon paper,
carbon plate, carbon cloth, graphite rod graphite granule, reticulated vitrified
carbon(RVC), Carbon nano tube(CNT) ¢ =& E°] SAXAFAEE I A+
2510 ¢ktHSong et al., 2010).
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=

Z1&e 2 4 Utk Fig. 2394 e QI7hAStdl W& ntol o7t F4uE
ERATE A7FASQFe] 0.5-0.9V & W, 4 Tl ™
o] 0.3-0.4V dui= wErtx B F] £ AS
2009). =&, WEHA §hSol B8k H4& A= 0.21V(vs. NHE)Z &4
2lthLogan et al., 2006).

100 80
* g =
ag ———-—6-__.__1!'—-—_..:5"____1_*___ 17 70
% . s £

== B0
) S L i E
= = 5[;' =T}
2w &80 o
o = o
£ 5 s0 a0 S
s g =
'.E 2 4d 30 &
- —

E a ., \\““Jh_,____h 20

= |
10 "__———-_F_.____“ 10
(4] i L | * . o

0s 0.8 0.7 08 a9
Applied voltage (V)

Fig. 2.3 Coulombic efficiency, biogas concentrations (H, and CH,) and time

needed for one full cycle as a function of different applied voltages (Wang et
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al., 2009).

3 A= wjA

o 2y, Ao WA R

Bis

1ZE AANE 2A

Ta

H}

=°17k= A

m AT, Aol

o2 4#HAJHSong et al.,

2016)

Fig. 2.4 Schematic diagram of electrode arrangement modes a) Radial type, b)

Annular type, ¢) Herical type, d) Control
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A3FZAE A5 R TH

31 438 #X

311 ABA/ES} ¥4 a8z

2 dAFoAe olmdsARE ARdE F HY AFFFHA 24cm, FEFY
2L 2 109 SdEdexE AEdVIsEg U8 &gtz
(Bioelectrochemical anaerobic digestion, BEAD)Z A}£-3}ith. BEAD WHg-Z+=
PHE2CE FAH= F2xd HA st Hste 54 255 A FASH
AT AEH7188 @UAE &astxl ARG TS WHS TlAAR
NH T, el A BFYTE AAERL FLde whk EYols Fof dAZd=
7] REHE AAsAt. A7 2E S 80rpme 2 3 M A|A BEAD w9 wwt

o] QealA ol Tl XA stk BEAD wgxel e Wrherr] S8l el 2.
g THE 5 dE FAHI '

2]
A= pH2 olstz AAPANAE EIFFE St Holrtze) FSiE WA
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ST

Fig. 3.1 Schematic diagram of a lab scale methane BEAD process
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312 A9 AZFH} AXA

B AFNA AR AR S SdAdSS A2 =(Graphite fiber
fabric, GFF, Samjung C&G Co., Korea)ol UA-S 795 HEBOV, 30min)o=2
AZAA AzstAth. ol A=A 2] ARE’E GFFE Addso= silon,
VNEAFo2E 2P aTS AT Kim et al, 2012). H7]1FE] AHE
H Asfd-e d3lyA(Sigma-Aldrich Co. USA) 0.25g2 1Lo] ZFH5o &3AA
A FREkdt. AFAIZ GFFE AxAzl § ZFHol S AExfoliated
graphite, EG, Hyundai Coma Industry, Inc., Seoul, Korea)® tZHeti} -5
H(Multiwall carbon nanotube, MWCNT, Carbon Nano-material Technology Co.,
Ltd., Korea)o} A4S 0.5:1.0:1.02 E3sle] wtE v=5S ~38 TR
o old ZEt=9X e} yAS o] &t AxF AEA EHAS AFAE AL
3tAth (Feng & Song, 2016). 9449 6HES AFL A=, EYToE A}
&3 FYPzEda FAEZ Oda FdA15S SAdE AFete dg-2d9
A A3 A=) (Separator and electrode assembly, SEA, 6cmx24cm, 144cm? 2
8cmx 20cm, 160cm?)E THEATH ojwl MEAV|ESE HA4 &dtxE U] A
SEAE= nlyto] goldtes UAFo g ujx|stity. SEAS Astd =3 &
RS =AS ol&std  RARHAA  FFEA(OPM  series, ODA
Technologies Co. Ltd, Inchoen, Korea)el WEH=Z HAZAFOZA 9 HYE
AT F AEF siATh
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32 HF<=A B steedA

Table 3.1 Characteristics of feed and seed sludge

Alkalinity
- VS TCOD
Characteristics pH (mg/L as (/L) (ma/L)
CaCoO,) s &
Y sewage
6.16+0.04 1,735£180.93 46,376+104.07 74,667+89.71
Sludge
N sewage
5.87+£0.06  1,179£139.47 22,635+1,240 39,094+1,915
sludge
Seed Sludge 7.35 5,621 12,290 18,181
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32.1 st A @714 AE= 41

3211 A3 &vl

Agy £UA s BAHL vtolork BT YRANET F71E
A

A9 B&e A A AR T4 ARA= P AYsEh A
Pl AEE 3R WeEE ofFY FAE ol §3te] WEYOH, FANIE

L. S84 Wz 4R e b2 MET seA FUT 18w
b BETE ARG WgEERE BAH ol

&
o7tz FE FHAY o] THEFE A F2EUNE AESHAT b

2Y7)E k2 $AZ BEYOH, YR TAFE A9 vlol etz &
S wokth. wEke 9 wkg-x Ujdto] 5cm Aol wwAE YW, wkgx

3.2.1.2 A

T 4ET 5 2thel 8%
EAAE 50% FAse] 2 o}oao
A 50%8% AAH &4 Sl

SREEES

BeEE FHs gaTdE 4%
= AFseA 50%9 HBA
hse] wAel W W 7R
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3.2.1.3 ¥4

sus wgzel HF ¥ wolestae Wiss AsiA Modified

Gompertz equations AH&3FHtHlay et al.,, 1997).

B

P= P *exp(— exp[m()\—t)le]) (3.D

=

o714, P& 32 W22 RE B Aot pE AT 7
A Weyd=FmL CH, /Do, R, = AW gt 4 E&mL CH, /[L.d 181
7](days) ot} $1¢] A(3.De) AAE-L Matlab (R2010b, Mathworks)2]
curve fitting tool boxE ©]&3sle] F43}ch

A= =0 7
T To

|
AT ’&i‘rﬁ%ﬂr ddASY A ARALAFTFAXOPM  series, ODA
Technologies Co. Ltd, Inchoen, Korea)oll WH=Z Adst] A9 HYE =4
& F JIEF AT
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At s AV 0.7Vl Aot Hlwekint. o] % 140L7HA] S5 &
o] Y& H7tstr] f1ste] SEA M ES 3 2F /st s on, 140Y
B 157L7M A= tE2TE ARES] St BRE HASY 3 2E S A &
stxE st SEA GAHEC] EF s Ve Ae AS5 FE
(Electrode packing ratio, EPR)-& 7.2m*/m*o]} o™, 4314 = =
71 864cm?o)Ath EFH, SEA 3xo] HMete AUE ASE AF FZ &0

36m?jmeol gl en], 4shd S % A= 27)E 4320mPol Ao,

3
E.Cl] SEACE 0.5VE 1%1111] 3H E2 SEAOﬂ 0.3VE Q7kehes 239 7P e
A sk 2AEgow, ofF ZF 24| Eef SEAC) 0.
= 3RS VPR AFT|se @8 astes %Zdz%}':ﬂ *3?34 3 H
Mrss BUHIS AT o1F B=78st d714d4stxe] HRTE 2042
Asta WA Hd=e] SEAC] AFAh dialel wFHshE 0.5 V <bsigliow,

=
astze] JEUFET 45S Bk

\]
=<
=
o
=<
o
OJ
<
=
[-'0
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34 43 AL

3.4.1 BEAD ¥I-3-= 4% H7}

AER78E 7443tz E 4dste ¢ A3MYHE #Ee L, Hes
Brlskr] 98t frEE21A9 pHe &7t pH =€ (Orion Model
370)¢} Standards Methods (2005)l w2} SA3tA . F313 =(total solids, TS),
3 13 E(volatile  solids, VS), 3h8h2]4kA 8 5 (chemical oxygen demand,
COD), &3)1ZA A "+4Htotal volatile fatty acids, VFAs)2 Standards Methods
(2005)0 we} 5= 23] AT VFAsS] A2 AEH788 d7)4d &5z
o] AEIZF A3 S wl, UV(ultraviolet) 72719} Aminex HPX-87H %+
o] A=¢ HPLC(DX-500, CA, USA)E o] &3t A8t A=x7]53t §
718 &gt zoll A TSk Hio] 7k A= H /2] TIEFRTE ol &3ty 19 13
Ao, npolertre] AL AXE==HE7]9 Porapak Q E &
(6ftx1/8 “ SS)o] =¥ GC(Series 580, GawMac Instrument Co., PA, USA)E
o] &3t 1¢ 13 &AMttt WA FS otz 2@ DS o] &3t EZF4H
(standard temperature and pressure, STP)Z A &3F3th (Woo et al., 2010).

E
bl
i -
—
mO
—
ot

273 760— W (3.9)

Veu,(at STPmL) = Vo (at T,mL) < 573+ T < 760

o714, Te HERA7|3sE d7-d4a8x SHALE(T)olH, W H2E

o o F34%7]HmmHg)o] o}
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3.4.2 BEAD ¥h-g-% oA &g HI}

AERA788 I 345tz 4T3 AT Atole] LEIRE 5=
% 29 E]v] B (Digital mutimeter, DMM, keithley 2700, Keithley
Instruments Inc., Ohio, USA)E o] &3}y #=st3 oy, AREEE ASAHAFE

A=27188 @744z FaE8H o2 Yo Albsiti (4 3.2)

o
e
rir
o

I =A(t)/m® (3.3)

AER7188 @714 48tz JdUAaee ot 2/(@.3)olA Hi= niet o)
TS Wert~rh e A ZFS AERTISIE @Az AAH
fr71Eo] & AUAZFH FaH A7l A #ZFe Fdog o A4k
t} (Feng et al., 2016).

(%) = Wen, %100 (3.4)
1) = 53w, -

AZNM, Wey (= ney, < A Coy )= MEBBH=ncy, mol/day)¥} &l =3}
ojrtsteta g 4tsbd wo] AfFAUAMIHAG,, =—818k]/mo) SEHEH A
ASFRAOH, Wy(=CxEpp)E 388 A7IANUAFKI/day)oltt. CE Azt
e ARS HEstd 7 F FFOIH, Epp(V)E AT AARF A
olel A7k AR Wy(=ngx AGs)E AAEY CODZHE At 7]H 9]
A gFeltt. A7IA, ng= AAE 712 E0lH, AGE EETC] &3
ojitst ek AR AkstE wf o] Aol A S RHA Gy =— 2870 kJ/mol) ] Tt
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3.4.3 BEAD ¥H-3-= R A9 #7838y 54 Hr}

2 7)18}89) 9 A 2~ 233 (Electrochemical impedance spectroscopy, EIS) A& &
Fut= 0.1~10° Hze] H 9ol A iZH:Eg 0.0001 V/S 2 A3t FP3tA Tt
EIS 43S HsiA AFdAd534 A=Y A9 AEx718st 74 48tz
€A FATE 77k SEA9] AtshA Efﬂr FAAFE A7 o] &3t om,
Ag/AgCl A=S FE&ATo7 AHE3S T EIS A¥ A3+ Nyquist 1 ZE o}

Bigler, Rande 8 $718)2R S o §3te] FHAGs ] YA 28A
FROT FHsoIIA L Blo] U= AAATAFRIES ALt

344 T ZAAAE 0| 4% HABZYS] B

A=r7188 d714da3tz7F A3 dHd

) g
obelel Aapol wel ml R P BASAL Hlaskar.

=,
1z

3441 DNA = % PCR &

AEH7|Est FridastzoA AFHST FFE2A Sl metagenomic DNAE
F=317] 913k MO BIO Power Soil DNA KitE AFg3l o A ¥ Ad=}+= Kit pr
otocolel we} aslHth =2 DNAE 0.8% TAE olrF=22 (15 ul per lan
eolA H71dsHozE EsAt. iz A=el forward primer (GAGTTTGA
TCMTGGCTCAG)S} reverse primer(WTTACCGCGGCTGCT GG)E AF&3led 16S
rRNA 8 =}¢] 500bp DNA fragmentE 5333 th DNA 532 initial denatu
ration(95C 2#)S 3+ ¥, denaturation(95C, 30%), annealing (55C, 30%), elon
gation (72°C, 30%), extension (72C, 5&)& 253 WkE3}Th ZSZ3 PCR 4AHE
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S 170¢] PCR £ B o3 ethidium bromideE 383k o}rjz~ AL o)L

slo] AlZbebste) o™, DNA gel extraction kitg o]-&3led A A5t

3442 MBETHY Ho|Z2ANEA £Y

& LA AR nyEFLH thet profiled 16S rRNA gene-based 3}o]
ZAFEASZ B33 T 16S rRNA gene2 454 GS FLX Junior Sequencing Sy
stem (Roche, Branford, CT, USA)-& A}-&3}c] metagenomic DNAZH-E FZ3}
Hom, ojdATo] whe} amplification, construction of the sequencing library,
sequencing, bioinformatic analyses& 33} tHChun et al.,, 2010; Kim et al,
2012). High quality sequendces= a1 HFZ =9l o8] ASES wiA3A T Ra
w sequence read= originellA EElst] H7F-HF 25 E+= >300bpE 7HA AL
A+ reade= AASI, Ha Dol 200bpTE AASATH AlF2e= SILVA HEH
(Pruesse et al., 2007)°l ¢ Ast] A<LE3} 3L, OTUs(operational taxonomic unit
92 TRIEE Y. Az dd 0.107H4 =23 OTUse 2ZEH o 7712 MO
THUR 1.15.0< AR&ste] Adege] slubasd, dAd H9e] FHE(Ace), 85
(Chao), Shannon thekAd, Simpson thekAl Al4= 2 Good's coverageE #43th
(Schloss et al., 2009; Wang et al., 2013). ®Hlo]Elo] 7w} A= 2 BF o
& EzTaxon database(http://eztaxon-e.ezbiocloud.net)S 3 =3t Mothur
program 2 OTUsell A 97% A3 SILAVA @E Alxtol A 80% A FFS
Hol= BATE doly 9 mAESF EFE CL community softwares %3l
AAstA] e vlolE] ME B FE2H FA4S BF3HA47]7] 98 skt
(Chunlab, Inc., Seoul, Republic of Korea) (Feng et al., 2016).

_36_

Collection @ kmou



A47ZAY 29 2 1

41 steeA 9 JA718 BEHE

411 23 23
2 ATolA 71d= AR N ST TR g ZolA AHT st AE e
)

o= @7]“"31‘%8115 e FPsAT AEAE dde 1YT

v ek e 4= Gompertz 2] 0.2 &4
Fo 2129 mL CHJ/Lo|Qlon, A
2 2 A 7= 2+ mL CHy/L.d ¥ 15.3¥ o] tHTable 4.1). =3, HF
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Wgg-2 177.3 mL CHy/g COD ol®, whgo] B¢k AP Wi &= 9] VS
FEE 7,940mgl Gom, VSAALL 49.9%F UERYTHTable 4.2). o] Ad
lo] BRs)&Er} o, YrEstbs

: &%
@ 1ol mgol Ugs Y AL ojva.

3000

,,',“—T-'“V
). 4
2500 + co, /V
O~ CH, P
2000 4 —w— Total v
/

1500 +

1000 +

500 +

Accumlated biogas production (mL CH 4IL)

o
OioooroooooooroO
S — ;

Rl ) T

5 10 15 20 25 30 35

Time(day)

Fig. 4.1 Cumulative methane production of N sewage sludge in anaerobic

biodegradabilility test
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Table 4.1 Biochemical methane potential of N sewage sludge

Methane

Ultimate methane production
(pP,) (mL CH, /L)
Maximum methane production

2,129.0+112.0

+
rate(R,) (mL CH, /L.d) 2105262
Lag phase time( ) (days) 15.3+0.6
Methane yieldimL/g COD) 177.3

Table 4.2 VS concentration and VS removal of N
sewage sludge in BMP TEST

Feed sludge Effluent sludge

VS concentration

15,860 7,940
(mg/L)
VS removal(%) - 49.9
COD concentration
25,177 13,171
(mg/L)
— 39 —
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A%

[e)
T

JA7FHSsHE 0.7VE

A3 Felurhs

409, 20€¢=

HRTE

Hl e A ) v gk ekaEe 5 ool Z

5 20

o] HRT
ok 527.8mL/L.d7}A

A fdedAe VS F5st 1.26 gL

sk, Hliv e A g2 Qe oA 297.6mL/L.dE %

QJ
=

O}%

7+ 190.15 mL/L.d, 69.8%=

(el e]
=

sff Bl m Al

o

Zag

Q]
=

ok 18y, 35

7}s

=
[€)

344

bk wol 2.7}

S|

A

o] wergtere oF 705%24 HRT 40QolA e} 2 zo]7}

Ea

QJ
=

¢k 70.8% =4 HRT 20

o wigkstare

°F 521.5 mL/L.d, v}o] 7}

Kol
| .

A S

H 2R o]

g5
7}

s

0.5VE =

o
=

ol %, &4 80LFH AVt

o
2

tgont il

S|

=
[€)

561.9 mL/L/d= <Fxt

Kol
| .

B ol A o] ekt Ay

714u =2 71 =7t AR

electron

interspecies

A2 G (Direct

0.7VE 7Igk B-%-E 1t} 0.5V

| —
) Sy

DENCBREE

s

transfer) &4
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sl om,

S

408.2 mL/L/d= 74

ST

(o]

.

ojuj mw LAY &

140 7kA +-2 st

sl

HH e A &2 77

2 g

Hlo] @ 7t~ 9] W estEF = oF 68.1%% <F

3

= X
L

SHA T izl

H gAY 7] o =7}

S

}

Y

il

[e)

o <

g

xl

3lch(Feng et al.,2016). o)A}

BE

2 4 AdHSong et al.,2016). L&}, Hlw

[e)

=

shef, HlzTe] £4

g7k 7ol 10.2 mL/L.d=

o]
=
o)

ber

S

=
=

F71 W=
5

S|

A
3} ol
vl g3k 2ol

x4y

of ZA o&str] wZol MW e ¢ S0
S

A4S 7H vAEel ok T3 AH AA
SEAS] HAA7I8| =

}
}

9
pal

A& vt wholerb2e] u

o

A

ol

1
=

oF 43.6% 77}A]

ko] &7} e

HRTof A

=2 Ao mEA WP T AH A

o] MALS vElAT welA, BE SEAY AF3F=E

=t
=

)

158 F-E HRT

i

[e)

F71 #1A

°

7}

HA 3 ¢tk (Song et al., 2004). wekA, A

(3?]_.
105.6mL/L/d, WghgteFS 67.2%= YEFRTH

100mL/L.de]

.

)
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ol

ol
‘I_r_

| fgezx & 4 JhSong et al, 2016;

Cheng et al.,2009; Villano et al.,2010)
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0.7v P-5V, Bsets 3sets control
I ——
_ HRT 20 HRT 10 HRT 20
T 1200 a) 1{ }
o 1
T i
O 1000 —e— CH,
4 iy } O CO,
E f i —w9— Total
& 800 v
°
3
3 600
s
8
& 400
2
0
=
g- 200
)
0 T T T T T T T e T T v
20 40 60 80 100 120 140 160 180 200 220 240
Time(day)
0.7V P.SV, 6@‘5 ‘ control
100 ‘ i —
b)| HRT 20 HRT 10 \ HRT 20

Biogas composition(%)

0 T T T T T T T

T T T T

20 40 60 80 100 120 140 160 180 200 220 240

Time(day)

Fig. 4.2 (a) Biogas production and (b) composition in the

bioelectrochemical anaerobic digester
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Table 4.3 Specific methane production and methane content in biogas

EPR(m?/m°®) 7.2 7.2 3.6 control control
Applied
bpie 0.7 05 05 - -
Voltage(V)
HRT(days) 10 10 10 10 20
MPR(mL/L.d) 521.5%+9.3 561.9+1.6 408.2+27.2 10.2 111.88+9.4
MC(%) 70.8+0.2 69.4+0.8 68.1+0.3 43.6 67.7+0.9

(MPR: methane production rate, MC: methane content)
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4.2.2 &£31x e H(pH, ¢7lEl%, VFAs)

QA7FA 0.7VelAq HRT 40¥€ =2 =73 ES A|ZeE o]& pHE ¢F 7.3390A4
FATFE o, ¢7lg =+ 6,169 mg/L as CaCOsolAth (Fig.4.3). &7 139 7
HRTE 20€ 2 ®AsIAS Wl pHe o Zaste] 7.28 Wiolo] oz {4
Ak 2y, e EE fdEdAe] & VS &0 wEt #rlEFekEol
= 36Y7tA = 7,169 mg/L as CaCOs7bA] =718t oy B4+ 6,128 mg/L
as CaCO32A HRT 40¥olA et & o]z} gtk 3 519 HRTE 10¥=2 ®A
7Ast9 S w pH 7.062 At on, &drle]l=E 3,774 mg/L as CaCOs7FA] A|

HHo2 fasith

o

Z71¢A o]F, A 81¥ AHE 114¥71A A7EAYS 05VE 2A3 Fo
pHE 7.1774A ¢k S7kslgl o, d7l8l %= #t% 4,386 mg/L as CaCOs& F7}
At d7tEl == AAaA fUIE Ead & AdE= dEYolet 34k

AREE, WEg Ao ot F7hebm, VEAse| =Z ol st zHagith
(Feng et al., 2016; Rader & Logan., 2010). A= =215 7.2 mYm’Y =), W&k
WA vlo] @7k WEHE R A o] 7|3t B ERAES Aol U

e BRIt o] AL fUIEEgEE] Bl BRAZ] T A

A ARALD wkg 4ol A TAdTes Ae BHoFes Aot &3 114

AREE= SEA 3AEQ 322 /pWste EPRS 3.6 mYm’s =d& WS
Z

). olw] pH ¥ ¢7lel=E 77z} 7.05 ¥ 3,648 mg/L as CaCOs2 ZHAstith
Webd g st vlo) o b v e Fake) Ba Ade AFFAL) BaE AUH
o2 S 7R e FHA AHAE W] =T Aasksir] o
2oz Hlskgirh e, pH R ¢7teE ol BAG Tad AL Ay
71=e € @9ste F F714rAAES] 4ol Tl Aastel]

To® Mg £ vk 22 1409HE EE SEAY I2E geta Al
A7) stz 2ol 23RS Wl WedA g2 vio] uf e gk Aol
Asp o] £ 1099 Fol pH 9 UslE=E zH7 6.66 2 3,074mg/L as
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CaCO:2 7] Zastarh oldd pH B Yrtel=e] Zas #7149 P
o] 2 FAHA WEolth ol F AW AANLE G A7
o BHL W HARo] Faw Feeld AREET LY x| 3

4 2!
Aol Aol 791g Ao=m Hridn o

oMt oo ffr o
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oo

Aol FEHA YEFS 7t
o7 wgxyl AAFHoE
sk, drte=e] FaFo] EoE3dh °l
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N
—_

DN
T o) o2 ) nCJE Ny

2

Z7)12RNA I7ERY 0.7VE d3stde #W TVFAse] X+ 900-1,060mg
COD/ILZA & zol7} ANTE (Figd.4). &, A7FddS 0.5VE 2H39S
W) 850-950mg COD/LEA zH2atith. Q17FHSt 0.5Vel A SEA 64 Eel] W<
A7}E 7% VFAE 2413} vdo s FAHOM, 24 78.7%, EY4S
214%=% %49 vl &o] wlg EJTh EoNAE AEH7IEE T 45z
A ErEEEAE AeEste W Auek, 24 Z2e sty 2 Ag |
FoARolgta ®Ruslal JtHSong et al., 2016; kim et al. 2015). EPRS 3.6
mym*e 2 wWAS 1, HYS Qriste] £ASHS wil= X4k 51.7%, 704k
48.3%2A ZAke] wlEgo] FUjHo® Zhasia Jfu|ake] wlEo] FIFSITH

2 A7z F4<S 7k v 3 A3 AR

A TaEde] dUFer FUkEY] WEoR N

4 Atk 23, 4 140¥ EE SEAY I ZE JdEte] &4 vzt 7
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Al ZhEEake] 0.29%=2 UElN T AE7ger @48 akx 714
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Fig. 4.3 Changes of (a) pH and (b) alkalinity in the bioelectrochemical

Alkalinity (mg/L as CaCO,)
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Fig. 4.4 (a) Levels of volatile fatty acids and (b) their compositions in the

bioelectrochemical anaerobic digester
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Table.4.4 pH, Alkalinity and VFAs concentration according to the electrode

packing ratio in the bioelectrochemical anaerobic digester

EPR(m?/m®) 7.2 7.2 3.6 control control
Applied
bpie 0.7 05 05 - -
Voltage(V)
HRT(days) 10 10 10 10 20
pH 7.06+0.03 7.17+0.02 7.05+0.00 6.6 7.09+0.01
Alkalinity
3,774.3+ 4,386.3+ 3,648.0+ 3759.7+
(mg/L as 3074.0
180.5 158.9 49.1 16.2
CaCOy)
VFAs 908.0+ 856.5+ 889.1+ 1607 1 1010.8+
(mg COD/L) 103.0 61.5 61.4 ' 8.1
— 49 —
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423 F71EAA R Wgse

Z7) 70 AZFHE o], {FEF9] VSet TCOD FE+&

3 F7Fstth a8y, FYEEATE 540 Wete] Rapgo] Aad o|%R
$Z&49 VS9F TCODE 7Z+43tthzt 0.7V, HRT 10¥ =% H
12,594mg VS/L, 19,445mg COD, /L= el om, o]3 AAx7] A=3tg )
TCODS| A% #=F5X &l 2 FFS A A Lkoy, &5 VS &
e AFFHEe] BAsEE W tih FURsiET 0. A

SEAS <1718t wf, VS9} TCODE 3 HRT%ESH IA| ®%elA Luthrt A4
Aejoll A 12,676mg VS/L, 22,537mg COD/LE ilebwith. 121 A ES] SEA9
AgE AGeRE W, Vo w7t FUbste AdE B, A H A
13,680mg VS/Lollth Ad@a ®E SEAS 3IEES AWslgS W VSE
14,627mg VS/L 742 Z7}8tgth. HRT 10814 0.7VE Q17ke A VS A AE
S 427% POt QIVFHYS 05VE WASIGS W 47.7%2  Z7FSHET
(Fig.4.5). 181}, 17149t 0.5VolAl SEA 3MER #3223 FAste AFZ3
&S 36mimPe g 2AsYS w) VS AALES O 34.4% 7HA A3
+ SEAS] I EE /Mysta A i sstxe] Y2 L4 tixT
N VS AAEo] 884%°) HHsAT. BEHISE F7E 43pE VS
AAEL A= FXE&F vlaEsta. 2sRkge] 749 A9 vlxud o A
FdeFs = oz FAGFHJY =3 TCOD AAE =3 VSAIA L v =%
%S JeERATH SEA 6 Ec] HgS Atk A5 &S 7.2mYmo A 9
W E8-2 308.7mL CHy/g COD,ZA] uElgTh 18y, SEA 3MES 3|22
Mste] AFEFRES 36mm*E 2 AS veEsSS 3156 mL CHyg

COD& °fzt F7tetd vt (Fig.4.6).

S
3
=

(>

=

P

ol AtsiutEIt g ghdRkEo A A=
HhERT Ar|dos SAS JH RRrdEs S0 A4 AAAE 24 ¢
g WEgAG ol =] WEo® JrE g e Aot SEA 6AES =
E =T e dxzTe A¢ WesES 135 mL CHyJ/g CODE w9 w3k
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Fig. 4.5 Concentration of (a) VS, (b) VS removal and(c) COD in the

bioelectrochemical anaerobic digester
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Fig. 4.6 Methane yield in the bioelectrochemical anaerobic digester
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Table 4.5 VS, COD and methane yield according to the electrode packing ratio

in the bioelectrochemical anaerobic digester

EPR(m?*m?) 7.2 7.2 3.6 control control
Applied
Ppie 0.7 05 05 - -
Voltage(V)
HRT(days) 10 10 10 10 20
12,594.4+ 12,676.2+ 13,680.0+ 11,780+
VS(mg/L) 14627
1317.2 149.0 507.1 373.6
VS removal(%)  42.7+10.5 47.7+1.6 34.4+5.3 8.8 284+1.2
19,444.6 + 22,536.5+ 21,450.7+ 18,215.8+
COD(mg/L) 23881.9
189.9 577.1 2083.6 303.0
Yield(mL
318.1 308.7 315.6 13.5 240.1
CH, /g COD)
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424 AAS 5 SAAS] AV|FREA HIL

A 819 R Q7FAESE 0.5VelA EPR 7.2 m?m3e] AEH788t A A&
322 A3 AL asAZH FLAZT U ES AHLS AA S 3
1149 %€ EPR 3.6 m¥m’e] 73¢9 wlwsltt EPR 7.2 m*mie] A EA 73}
g Frid etz s AT ARG A TS 47 460 2 35Q
olAth. &k, EPR 3.6 m*m’e] 2tsld= fAdHFe] AAADAHGLE 717
25.0Q % 286Q0 =24 AA FrletATth o Ade FF AH ARG S &
e Ar)Ho 2 B34S /1R nAEES] o] W B vAE B4
FHAATY Je& or g
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Fig. 4.7 Nyquist plots of EIS results for (a) anode and (b) cathode in

bioelectrochemical ‘anaerobic digestor at 14.4 m?/m® of EPR
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Fig. 4.8 Nyquist plots of EIS results for (a) anode and (b) cathode in

bioelectrochemical anaerobic digestion at 7.2 m?/m® of EPR
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ALl A=) A9 -0486V (vs. Ag/AgCl ol/dolw, AT H§
-0.455V (vs. Ag/AgCD olst2 4a#lA Ut AaAZT HAYE XL ¥
A -0.09~-0.1Vg or, U=l A= -0.57~-0.58VEA = =2}o)7F 9

otk A 582 AERVEE FrELstzdA FEH A7)

9 fF71E2do] a3 oA o] ol ik YA wgko] i3 oA F

o] #] ETH Axbstger. AZFZA o] 7.2 mi¥m® 9 A JUYAELL 62.4%

Fou, AFFHEo] 36 mYm’ Q A$ 65.3%2 S7FsIA T tE2TF oA
BEE 58.6%2 AEM7EE VA Astzd bl oF 4-7% ZAsHATE =

To] Af A AR7F gl WA, WEPRARF] Yol ouxEagoe] A
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Fig. 4.9 Potentials of anode and cathode in the bioelectrochemical anaerobic

digester
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Table 4.6 Energy efficiency of the bioelectrochemical anaerobic digester

according to EPR ranged from control to 7.2 m%m?

ARG Wo W W, W W, W (W4 W, Wey /(W4 W)
7.2 246.22  68.40  326.50 394.90 17.321 62.35
3.6 178.87 4193 232.01 273.94 15.307 65.29
Control 49.02 0.00 83.61 83.61 0.000 58.64

426 FIBEZH BA

AZFAY 05 L 0.7VelM AFFHE 7.2 2 3.6 m*/m® 2g]3 dhx=TFE270
A RAAEHY BAEAES FASE HHEe ¥ aAdS EASATH
Geobacter?] 7% tiEZQ] H7]HEHE Ad HAE Fo=2 4#A Ja,
Deltaproteobacteria®l °F 60-70%+ Geobacter2 <& # <JtHZhao et al.,
2016). Deltaproteobacteria= RE ZZAdA ZTAFHJOY, HIFFHE 7.2
m?m® (0.7V)Q o 2.28%= Hl&o] 7bF Eon, AF%3e 7.2 mYm® (0.5V)
A w] 1.64%=2 4393, 3.6 mYm® ¥ w 1.23% 283 tlE2TolA 1.39%=
S QE}‘/‘D}. oA T AY ARG S FHEh= 23_7]}4%“4" A =]
AES vl go] AFFXE& dd HEZA” stxo] Ae3 #d
o] 9}%—% HolFE Aot

ot
£
ok
N,
ox
1%

IHF FTFOA FAZINE BN FQ] Methanobrevibacter  smithil,

Methanobacterium subterraneum 2 ZAr} o)A ELAE o] &3 W EAIA T
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2etetr A E Ay A= Methanobrevibacter acididurans®] F%2 o2 HAEFH S
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Fig. 4.10 Bacteria compositions of class in different Electrode packing ratio

from 7.2m%*m? to 0Om?/m3(control)
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Species
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Fig. 4.11 Archaea compositions of species in different Electrode packing ratio

from 7.2m%*m? to 0m?/m3(control)
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Similarity (Similarity ratic)

Fig. 4.12 Similarity of bacteria Class in different Electrode packing ratio from

7.2m*/m® to Om?/m3(control)

T S 36 0.57)
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Fig. 4.13 Similarity of archaea species in different Electrode packing ratio

from 7.2m%m?® to Om?*/m3(control)
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Fig. 4.14 (a) Bioelectrochemical biogas production and (b) biogas composition in
the bioelectrochemical anaerobic digester using multi voltage application
(0.3-0.7V)
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Table 4.7 Specific methane production and methane content during

multi-voltage application experiment

0.3&0.5V

0.5V 6sets asets 0.3&0.5&0.7V AC
ingl 2sets(tripl HRT 20
(single) (double) sets(triple)
CH, (mL /L.d) 654.0+42.5 367.3+52.2 366.3+11.8 65.4+1.3
Methan (%) 71.6+0.5 67.8+0.1 71.3+1.9 67.3+0.3
—_ 66 —_
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=
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714 a8z 4$ VFAs/E7MEl= nl7F 0.1-0.3¢ o, @713 4&stx7F kA
3l Aefela #adchSong et al., 2016; Rader & Logan. 2010). 641 E 2] SEA¢]
AE 0.5VE 7EsE A% VFAs/¢7FEl = Bl& 0191tk 22, 0.5Ve}E 0.3V
£ BAEH UFo] QUlslRe w 023012 °Ft Fr7bsth 0.3V, 05V 2
0.7VE SEA 2ME A 374S QI7IstH S W VFAs/E7I8] = Hl= 0.230] At
T3 A {FE AUVSIE S W= VFAS/E7IE = Hle= 0.282 A4 279}, 3A L7t
of wlsiA F7FstA e M ko FolT olET A= AU H
0.5Ve] L/ QI7F WMol &stxo Mo & FFS vAA &S n|g
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Fig. 4.15 (a) pH and (b) Alkalinity in the bioelectrochemical anaerobic digester
using multi voltage application (0.3-0.7V)
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Fig. 4.16 (a) Levels of volatile fatty acids and (b) their composition in the

bioelectrochemical digester using multi-voltage application (0.3-0.7V)
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Table 4.8 pH, Alkalinity and VFAs concentration during multi-voltage

application experiment

Content 0.5V 0.3 and 0.5V 0.3, 0.5 and 0.7V AC
(Single voltage) (dual voltage) (Tri-voltage) HRT 20days
pH 7.05+0.01 7.09+0.01 7.04+0.02 7.03+0.00
Alkalinity
3,943.6+ 3,571.3+ 2,807.2+
(mg/L as 3093.2+6.8
22.2 53.0 40.4
CaCo, )
VFAs
746.0+33.3 817.8+34.1 634.4+60.5 852.2+12.5
(mg COD/L)
— 7 1 —
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433 F71EAA R Wgse

AA 7 FUEAY VS 2 TCODE A By fEs
2129] VS 8 TCOD s%& Blud AU tHFig.d.17). old3= A&7}
g 714 Astzrl fYdseAe E4WEE 458 F de FHol Ats
AL oudth a8y, f71ERFY MEgsge gz HY & 4Fge
okt WA 0.5V @Y HskE I7FskE W VS AAEH] WgsES 747t
44.8% 2 387.9 mL CH,/g COD.oIlth. 1#t}, 0.5V @ 0.3Ve] 27%-S <lrtat

AL o VS AAEH we5EES 353% 2 301.3 mL CHy/g COD, 2 ZHA3dth
(Fig.4.18). 12iu}, 274} A7HA] HEo] @7b2=o] mehghako] 7HAgE A

A AARND S GIete W7oz 48 JHd sl Eel o WeERAwE g
FAAT FHAA webEA o] vFo] AT WEoE M. wEbA,
0.5V 2 0.3V 2xtES A7k A9 wggEgo] AT A

Awdd. 0.7V, 05V 2 0.3V 384 SEA 24| ER ) <27}
g3 eSS 434% 2 206.8 mL CH/g CODE vhebytTh
JAZIG H=02 Qlete 7tgialgol SrlstdAY, i F714v8ES] &
J

e AAAZY] MEOE B F gtk olAATIME 03VE A7

HUATE AL AR A TN A AARDE
= J2dsbeka SHurgol
et al, 2016). HRT 20¥elA 0.5V wHS Qrtar
= Zastgth o)zl olddFeA 21 HRT 22N /718 AARS F
Ao d#A & AdE b2 AFo|thSong et al, 2016). W e-F& 2]
182.3 mL CHy/g COD;Z <A =

226.6 mL CHyJ/g COD; Rt ZF&stsith. o= 0.5Ve] nfFs <17bshsl
, 20 AR AAAG S didste Ar|dos S-S JHR u|A o 9%

EAREE-o) FAdo] AA AT WMoz siadn.

=2 o L oox Ok
T g ;\q> o

Collection @ kmou



16000

14000

12000

10000

8000

6000

VS concentration(mg/L)

4000

2000

a)

Single

Double

Triple

Condition

AC HRT20

60

50

40

30

VS removal(%)

20 ~

b)

S

Single

Collection @ kmou

Dual

Condition

_73_

Tri

AC HRT20

100

80

60

40

20

Biodegradable VS removal(%)



25000

c)

20000 -

15000 +

10000 +

COD concentration(mg/L)

5000

Single Double Triple AC HRT20

Condition

Fig. 4.17 Concentration of (a) VS, (b) VS removal(%) and (c) COD in the

bioelectrochemical anaerobic digester during multi-voltage application
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Fig. 4.18 Methane yield in the bioelectrochemical anaerobic digester during
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multi-voltage application experiment

Table 4.9 Concentration and removal efficiency of VS, COD and methane

yield during multi-voltage application experiment

Content Single voltage Dual voltage Tri-voltage AC
0.5V) 0.3, 0.5V) (0.3, 0.5 and 0.7V) HRT 20
11,737.3+ 13,333.3+41 11,163.3+
VS(mg/L) 11000+351.4
241.8 1.0 617.0
VS removal(%) 44.8+3.2 34.2+2.8 43.4+4.8 31.4+2.2
18,963.8+ 19,685.1 % 15,995.8+
COD(mg/L) 17970+419.1
1,858.3 3,069.8 800.0
Yield(mL 387.9 2475 206.8 182.3
CH, /g COD) ) i ] ]
— 75 —
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0.5V @3S SEA 6AEC A718tRE o Atstd T3 SdAd=9] dxd
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Fig. 4.19 Nyquist plot of EIS results for (a) anode and (b) cathode applied

with 0.5V during single voltage application experiment
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Fig. 4.20 Nyquist plot of EIS results for anodes and cathodes applied with
0.3V (a, b) and 0.5V (c, d) during dual voltage application experiment
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Fig. 4.21 Nyquist plots of EIS results for anodes and cathodes applied with
0.3V (a, b), 0.5V (c, d), and 0.7V (e, ) during tri-voltage application

experiment
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Fig. 4.22 Nyquist plots of EIS results for (a) anodes and (b) cathodes applied
AC
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Fig. 4.23 Electrode potentials of anode and cathode in the bioelectrochemical

anaerobic digester during multi-voltage application experiment

Table 4.10 Energy efficiency of the bioelectrochemical anaerobic

digestion during multi voltage application experiment

oltage  Wem,  We W Wee W W, (WA W, Wey /(W + W)

Single
v(%ltSa\g/g)e 238.81 147.00 252.02 399.02 36.840 59.85

Dual
volage 13412 139.70 22183 36153 38.641 37.10
0.3V)

Tri-volta
ge
0.3, 0.5
and 0.7V

133.76  140.48  264.77 405.25 34.665 33.01
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Fig. 4.24 Bacteria compositions of class in different voltage application
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