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Abstract

Biological processes for advanced wastewater treatment are an
integral part of managing the water environment. However, the
conventional biological processes have some technical limitations based
not only on thermodynamics but also on the physiological properties
of microorganisms. Interestingly, it has been revealed that
electroactive microorganisms that catalyze the polarized electrode can
enrich the bioelectrochemical reaction, and the redox potential of the
bioelectrochemical reaction can be shifted by the polarized potential
on the electrode surface. The shift of the redox potential can alter
the thermodynamic equilibrium of the bioelectrochemical reaction. This
indicates that the bioelectrochemical reaction has the great potential
to enable advanced wastewater treatment beyond the limits of
conventional biological treatment.
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In this thesis, an upflow bioelectrochemical reactor (UBER) for
advanced wastewater treatment was devised, and the optimal design
and operational conditions of UBER were investigated. In details, the
conductive materials and applied voltage that affect the advanced
wastewater treatment were studied in UBER using the synthetic
wastewater with the standard discharge quality for the wastewater
treatment plant. The advanced treatment performance of UBER was
examined using the effluent discharged from a sewage treatment plant
and the raw sewage to be treated in a sewage treatment plant.

In the UBER, electroactive microorganisms were enriched by the
polarized electrodes, and the organic matter, as well as nitrogen
compounds, contained in the low strength synthetic wastewater with
the standard discharge quality, were removed by the direct
interspecies electron transfer (DIET). The effluent concentrations in
COD and ammonia nitrogen were less than 3.5 mg/L and 7.46 mg/L at
the 1 hour of HRT (Hydraulic Retention Time), respectively. This
suggests that the polarized potential of the electrodes can improve
the substrate affinity of bacteria. However, when conductive
materials, including activated carbon particle and graphite fiber sheet,
were added into the UBER, the effluent concentrations in COD and
ammonia nitrogen were improved up to 1.98 mg/L and 2.65 mg/L,
respectively, by the conductive sheets. It seems that the conductive
materials between the electrodes in UBER not only increased the
biomass retention but also further improved DIET by altering the
abundance of dominant bacterial groups. This suggests that conductive
materials between the electrodes are an essential part of UBER for
the advanced wastewater treatment process.

Interestingly, the effluent quality in UBER was affected by the
physicochemical properties of conductive materials. In control without
the activated carbon, the effluent COD and T-N from UBER were
2.72+0.08 mg/L and 11.62+0.05 mg/L, respectively. However, the
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effluent COD and T-N were improved to less than 1.66+0.06 mg/L
and 4.45+0.03 mg/L, respectively, by the addition of conductive
particles, especially activated carbons pretreated with Fenton
oxidation, to UBER. Fenton oxidation improved the surface area and
electric conductivity of activated carbon. Based on the decision tree
for the effluent quality and EIS data, it has appeared that the
effluent quality (COD and T-N) in UBER is highly dependent on the
charge transfer resistance and the biomass amount.

Another parameter affecting the removals of nitrogen compounds in
UBER was the intensity of the electrostatic field created to the bulk
solution by the polarized electrodes. The effluent T-N gradually
decreased as the electrostatic field increased in the range of 0.2 to
0.83 V/cm. It seems that AOE and DNE enriched more under the
higher electrostatic field to promote the DIET between them for
nitrogen removal. However, the organic matter was easily degraded in
UBER with a low intensity of the electrostatic field, and the effluent
COD was not significantly affected by the electrostatic field.

The continuous UBER with high porous conductive particles and 0.83
V/icm of the electrostatic field was designed and the advanced
treatment performance for the effluent discharged from a sewage
treatment plant was examined. The effluent COD of the UBER was at
1.61+0.03 mg/L at the steady state, which was significantly less than
4.90+0.40 mg/L in the control without the electrostatic field. In the
case of T-N, the effluent concentration in the UBER was as low as
2.74+0.12mg/L. It suggests that when the electric field is exposed to
the bulk solution of the UBER, electroactive microorganisms, including
AOE and DNE, are enriched and the removals of organic matter and
nitrogen compounds are promoted by the DIET between them.

The treatment performance in UBER for a sewage to be treated in a
sewage treatment plant was also examined. The effluent COD was
1.89+0.04 mg/L at HRT longer than 3 hours. However, the effluent
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T-N was 6.67+2.17 mg/L at the 3 hours of HRT, which was
decreased to 4.31+0.14 mg/L at the 5 hours of HRT. In addition, it
has found that the effluent T-N can be further decreased to
3.26£0.45 mg/L by recycling of the effluent at 0.5Q.

It can be concluded that UBER can be applied not only as a tertiary
treatment process for the effluent discharged from the sewage
treatment plant but also as an advanced treatment process for raw
sewage. Furthermore, UBER is also expected to be applicable to the
advanced treatment of various wastewater, such as industrial
wastewater, agricultural wastewater, and fishery wastewater if the
design and operational conditions are obtained from the pilot test.

KEY WORDS: Low-strength wastewater treatment, Bioelectrochemical tertiary
treatment, Electroactive bacteria, Bioelectrochemical advanced treatment
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U steAZAA HRS FEVES 19649 109 FEl A Hel A Al
AEdon. Hgubgol webA pH, BOD, SS, EtiA#o FESo] A
LHAJAHHEF 5, 2013). 1 3 1983 3¢ AEwbHE TR Qlo] W&
& #7712 ¥Eoz BOD, SS7b AEHoH, 1993 COD, 19964
T-N 2@ T-P, 2001d ZFthA 5, 20118 AEiEA FEo] o=t
w3 RS FAYE G2 198392 E 201213704 BODE 30mg/Lell A
5mg/L, CODE 50mg/LellAl 20mg/L, SS= 60mg/LollAl 20mg/L, T-N-& 600 4]
20mg/L, T-PE 8914 0.2mg/L, EThAFTS 3000N.D/mLell A 1000N.D/mL=
HAA}p Z3slE| Atk Table 2.1).

Table 2.1 The changes of discharge standards for the wastewater

treatment plant in Korea(Korea’s sewage law, 1983~2012)

Division 1983.3 1993.7  1996.1 200L.10° 2009.7? 2011.1 2012.1¥
BOD(ng/L) 30 30 20 10 10 10 5
COD(mg/L) - 50 40 40 40 40 20

SS(mg/L) 70 70 20 10 10 10 10
T-N(ng/L) - - 60 20 20 20 20
T-P(mg/L) - - 8 2 2 2 0.2

Total coliform - . . 3.000 3.000 3.000 1,000
count(N.D/mL)
Ecotoxicity(TU) - - - - - 1 1

+ Remark: 1) Specific area, 2) wastewater treatment capacity more than 50m® per day, 3) Based
on Area I(over 500m® I~V classify the area )
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Table 2.2 Discharge standards for the wastewater treatment plant in

Korea(Korea’s sewage law, 2012)

Ecology
Division BOD COD SS T-N T-P toxicity
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) /) (T
Area <5 <20 <10 <20 0.2 <1,000
>500m/d  Areall <5 <20 <10 <20 0.3
Arealll <10 <40 <10 <20 <0.5
Arealv <10 <40 <10 <20 <2 <1
<3,000
<500ni/d, >50ni/d <10 <40 <10 <20 <2
<50ni/d <10 <40 <10 <40 4

* Sewage treatment plants with a capacity of less than 500ni/d was operated under old
effluent quality standards only for T-N (<60mg/L) and T-P (<8mg/L) during winter (Dec.1~ Mar.

3D and will be operated under the same standards until Dec.31.2014 after which new standards

will be followed.

Division Scope

a. Protected areas of water source according to Article7 of [Water service law ]
b. Special protected areas of water conservation according to Article7(1) of
[Basic Environmental policy law ]

c. Riparian zone according to Article4d(1) of T[Acts of Han river water quality
improvement and social support] , Article4d(1) of T[Acts of Nakdong river water
management and social support] , Article4(1) of [Acts of Geum river water
management and social support| , Article4(1) of T[Acts of Yongsan river & Seomjin
river water management and social support ]

Areal

d. Areas where rivers inflow to Saemangeum project area according to Article2(1)

of [Special laws of the Saemangeum project promotion |
Medium influenced areas according to Aticle22(2) of [Laws of water quality and

ecosystem integrity ] which also have COD and T-P values closer to or higher
than the standard according to Article24(2) of [Laws of water quality and
ecosystem integrity |

Areall

Medium influenced areas shown in Article22(2) of T[Laws of water quality and
Arealll ecosystem integrity] which are close to Han, Geum, Nakdong, Yongsan and
Seomjin river.

Arealv Except Area I, II, Il
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Table 2.3 Discharge standards for the personal wastewater treatment

plant in Korea(Korea’s sewage law, 2012)

1 da
Division rocess}', Area Water quality item Discharge
P .mg quatlty standards
capacity
BOD(mg/L) <10
Waterfront area
SS(mg/L) <10
<50m®
Specific area and BOD(mg/L) <20
other area
SS(mg/L) <20
Wasterwater (g
treatment BOD(mg/L) <10
lant
p SS(mg/L) <10
>50m3 all area T-N(mg/L) <20
T-P(mg/L) <2
Total coliform count(N.D/mL) <3000
Waterfront area BOD removal rate(%) >65
More than i
Septic tank and specific area BOD(mg/L) <100
11 people
other area BOD removal rate(%) >50
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st AEl AL =ZA 1AL 2L 33 AgE FES AT 12 A
= AHEste @t AgsAHow st AYA #FYU
© AP ES AAskE FHSE 12 JAA7E HE Ao
ok 23 A= st Ay FANA BHHEAQD Ae FAHCE 22 A=
EAT edEdS Z3A ¥e FU1EH 1¥ES AAsE AT
(Tchobanoglous et al., 1991). 22} A 2] $Fo] AAEHA Ze= LF=29
A E Hsted HAAste F7HEA S 3xA g (tertiary  treatment) 2t 3},

A S AYE AR B9t Bk 019} HALe
Mo 2 I=HE (advanced treatment)= 23} st oA AL = 9
= o) 7RI Ay FEAS FrE] A3 AgFAFes e

—_

ot F&FHol Wzt

71E9] steAgAE S B dAsA s Wi TAVESR /st 2
2k gl A8 At oy, dWtFo® siee 23 AHHAAS AX
Foll= ed=ds sl AAsSHY] oldnh wmEkA stFAgAAE L 2
A Al AgE How v, 384 nn4ks, AER o3, w
A Z2F 52 TASE 33 Ay FAHES E?}’é}ﬁE}(Butterworth et al.,
2016; Gharbia et al.,, 2016; Khan et al., 2011). Z&8] FAHL AgE &2
oty 834 f71=, 24 B QA9 AA= o] FoAA ok A
o8 F2 AAmg HHA A, AAH 2 HuAn g Fo] Bol &7
HoH(Ye et al, 2005 Kimura et al., 2005, Chang et al, 2002). 3}84 11
E4g g AL Tl sty ¢kEH] So] A7 H(Choi and Lee,,
2017). A= AT ALS A=l F2E nAE=FY Ao =do] oy
1, BOD #3}7t gof €A FAEE FestAy Fi=9 Fst
7F =09 23 @Ao] dojyr] g th(Mosqueda-Jimenez et al., 2009). ]

W oy
A £FE 8T SHL FYLAA FUA Mstel s el Agel &
e 7
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Zojof st 2o A=Y, WA, FAL A MY & AT Z

Fofok AdTh(freT, 2013). 53] AstrE tidoR & T FHA 2
? 4 Ax

A=A AAdst 2 gdE o83 Ao A A d, &FvE,
g dges FYste gdgdom JHANA de AAs= 4ol Fo
40l o] felx, Ryl 2EE, vy daF9, ol2ud 59
Wol "4 2 9l AAE fJs AR&-" tH(Tchobanoglous et al., 1991). il
A 382 daok ]l o= 22k A dolA s AP HA g
st ol xbFske e &4 AYE AHE AT 3 R
Fee AAE A FEHAH, vlolaz2EdelY 34F & F7=
AAE fsiAe 4", =HEd, 23443 34 Tl oo siddn. 1
Hy EE IHES A=ty Agriesd 7122 @A, &, 7w T
gaddo] BE% A g 9l WEo] AHe &, 47 A F0
AstE e A5 A=A 4] Holxits J, HAFH o2 A4
of A=z el IA FHFHH, «FARJD RSl Ago] AJHa, 5
74 AT 25 Al oo 7 ez o H o] SSA| AL &&0
w43 "olAl= 59 £A48<S 7FX L At (Tchobanoglous et al, 1991)
ol HAFHE 2xUe woere A e Vled A=A =t
szt THA AAx Adolgte FA strAd VR 34 55
Adsta A= 3 sdstr] A= FAolth F, dedt A4 3 o] A
B 7HL§% g o]

/‘1 A BA Gl FBAQA HA H Q9] At of
1
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2.4 BEH FANAY 71 JAF=0RE3 )

Atz o st Aol AESH AE o tiFEE
8 Monod 2}o] AHEHAH. mAE AR B 71E &3 3
7] s e Rde ASE o AN Monod 42 ©EstH, A
A

o2 Agsitte AHS 7FAAL AtH(Tchobanoglous et al., 1991). Monod

ri

A2 AA mAE Ase B 9 =2 71 sEolAE 03 AR
FYgor ¥ 7| sRoAE 1A A FYTo R HAHES
o] tH(Arnaldos et al., 2015)(Fig 2.3a). =< 7| AFE A2 A 7?} 543

<& VAT Eet Ty iiled Hdin
23b). iz o g e 71d FxoA9 4
g

== 714 %@PE "ofrﬂ BRAEN SFE wA
(

033
1_,

Fd w77t " oh(Fig 2.3b)
BT High Substrate Availability bt Low Substrate Availability
B T e —
0.5Mmax |- (a) 0.5Mmax
KSl
Se,lim Ss

Fig 2.3 Illustration of the parameters limiting growth kinetics at
different substrate availabilities(Arnaldos et al., 2015)

e 71d w5 2doA Z1Ed Wi T 52 IFE(ES Ks)E Th
71w Eo] WU o *Zﬂo = 0E fAERY fEstte o] Iyt
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=

b w2 71dss AHA sAHY 4o W 23 F, 71”3
stxof o3 =ZA 2Adn. W x3} o] g2 AAF&AVE 24 <
A7k 9] ol 3 B A A B <A Wel A mAd=71A 9
ol gl o3t =TSR 84, TG vAE A, FHAzd, FHAEY

o] Aslsturga 2 AESHQ Q46 ot ZAA AT (Arnaldos et

Transport Thro!
Membrane: 0,+0xidase<>0,-Oxidase—> H,0+Oxidase
Diffusion M- 0,+0xyg. €50,-0xyg.->NH,0H+H,0+Oxyg.
Factors:
Oxygen Gradient R3
Temperature
Number and Kinetics of .
Oxygen Transporter Enzymes
E ic Bindi !
of Substrate

Factors:
Association/Dissociation

.WAOB Constants
Inhibitors

Transport in
Medium:

Advection Transport in Floc: Enzyme and Substrate
Diffusion Diffusion Transport in Periplasm: Concentration
Factors: Factors: Diffusion
Mixing Energy Floc Size Factors: _\/\/\/\/\_
Hydraulics of Tank Floc Density/Viscosity Temperature
Fluid Oxygen Gradient Oxygen Gradient RS
Density/Viscosity Temperature Length of Path

S S M

R1 R2 R4

Fig 2.4 Resistance-in-series model to represent the different factors

influencing half-saturation indices(Armaldos et al., 2015)
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2.3 A=E47138s A =H

A E77188 Al 2:"l(Bioelectrochemical system, BES)2 ThFgh #44
stAY Ha Aot A71AE SA FlE F de AL
e Zle® QAZMA B A77F Iy H ko BESE ThRE #okgt
o &) 7hsstr] wiol mAES, M7|se, AHTe, ST s
S EokollA LA ATEH A AAZCE FHEH . o
487 = (Anode) ¥ 3+ % = (Cathode)
gu, Tga s S dddse o =
S22 FAHM, At S Ahs whgi 5o gl W
o 49 HAAs AATE ATFom W2 MM w2
2 7+ v 7F54go] "Hth(Kelly and He, 2014). o1& &
= NAE Ee 54Tt 9ok 22 s Ee S
A1 frlede ’5‘H:5}°4 A7 A8k mAdEdR
(Microbial fuel cell, MFC)2} &]H-3]ZojA Q17Fd Yoz I3ty
o] H& FIgEHES il =& 3 g8t A &4 3 % A (Microbial
electrolysis cell, MEQ)E2 & & 4 Uth. AA7HA BESw BHYFg A+
£ &%t MFC 3 MEC v otygt wAE T3t A (Microbial
desalination cell, MDC), P]A& E Y %A (Microbial solar cell, MSC), ¥
A= 27133 (Microbial electrosynthesis, MES) 5o &2 A &35 o] T}t
Fokoll 2 4% 9 tHGhafari et al., 2008)(Fig 2.5). BESt #H 4 A& 2 o
A Asks 98t A5 Ax, vz AA 2 eAxAH o] dF
o dFs F= FaIAES AFE TRAAT A7 F2 I H
Stk Wl BESw 2835 A% 7ls, #Ast @ AAA] EAVF oA
5| A H A FUTH
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Electricity
generation

Plant Microbial Fuel

(PMFC/MSC)

)

> N
/ \‘\

s sy

e N
< Treatments >
reatme i

>

Za <
- B
Electricity\

production

~ Microbial ™.
Desalination Cell

Treatments

g

&

Hydrogen
p

Microbial Fuel cell

Systems
(BES)

/’\
/’/ ..
- Electricity
production

/ Bioelectrochemical ',
cell/Microbial Solar cell «——

|
\

Enzymatic Fuel cell
(EFC)

. " Microbial

3 Electrosynthesis

Fig 2.5 Schematic overview of various types of bioelectrochemical
systems (BESs)(Neethirajan et al., 2018)
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24 BER78E Tles o8 AZE dHTxEY A

gt a o A HEET Aol kRl EstE gtoE yERdTh ol ¥ &5

FE e A )F 2ol A ovA W] rEEA UEE & A

714, Kg ¥ £% A4 (mg/L)olH, AGY 2 AGE EF FE9 dA
A7

FEfe] AfrolviA WEsF I8a R ¥ T o]d7]*
ok 2 2104 @A el AR ol | A H S FH(AG) °]

oA ol 71d 3t =r}t FUtety] wWEel HAAES 9 7 EE oA
T AU E 52 A4S € 5 A Ao 4ks 2 gk

A olU A HE LS Nernst A3 A-follUx A4S Agstd o2 4 (2)

oF Zo] yeld = AtH(Liu, 2006).

o %

_ ((AG"-AGQ)/RT)
K, =e (2.1)
AG=—nFF (2.2)
mebs, AEd7188t7s0] 289 whgxUd AXE 25" HA59
A9l Ee A5 Aole] AVRE IT ASAE AFTOEZAN A=H Y
At AEZIE WHSAA wEEo A5 oUAE dHH o2 F
g stAl ZF4sHA EHSong and Oh, 2015). ol 59 A5 Ee A
7h nd = 71d =S FEANHLEN AR st 77 9=

2 o AAZ 5 Uee drah
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dEMJIgsr DEXMH2A dEd =29 &

A3 A BEANES} 15 AgdA AxAH EHo I

B Aol AE 06Ve] % AL AZE AR ARA/HE W
Al

2 =
olgdle] ssAelAAY WES 52 JF 7Y ARE S5 A

g =ASAY EW AEA AE 2 ASH YA 2 AEY 2ol
HER ARG wexe] 4718 L Ak AA PR JGg
gzle $H MAET Y @ melenz BaFe] nXE FFo
thstel B7hshaT

B AgoA AR A5 9474 E(GFF, Samjung C&C Co,,
Korea, Kyeong, South Korea, 5cm x 20cm) ¥(HHe| 3B FH
(MWCNT, Carbon Nano-material Technology Co., Ltd., Pohang, South
Korea)ot UASIgES 7|9 HOZ 14sto] A28} th(Feng et al,
2016). ol H7IFEel AHgdE HaE LHLE& g 1Le 1g9]
MWCNT®} 0.5g9] polyethyleneimine(Thermo Fisher Scientific Inc., NJ,
USA) F 0.25g°] nikel chloride(NiCl,, Sigma-AldrichCo.,MO,USA)E &
Gt 2gakE 3083 EAAA FHlE T AYHAS o2 GFFE A
stoH, =2 2Hdd 2 B AHgedn. AdAdS3 dd=e 3
oA AAZ F F A5 Abelol 30ve] AsHE drbste] GFE &wol
MWCNTSF Y& 302 53t FaAzlen, 150ToA dx 2 sl <
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dEMJIgsr DEXMH2A dEd =29 &

Axd E4dL Zg=z=d(poly propylene) FAEZ] FHO|
MWCNTE #3238t 154 A/ E(Gem x 20cm)S A2t ch F22 9
3 FZAZE MWCNT 1.0g® Zz]olgallo] ¥l (polyethyleneimine) 0.5g°]

Ho Wi 603t 25t A& ot et A= dA
A4 A & Ax FAHAA FHE MWCNT ®olglE Imm ©]st=

st AFsdn. AF3 A=A EHS SDS(sodium  dodecyl
o}
=
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322 BEA7IEE ez AF 2 A =3

2 AFE A% AFF AE SERe ofla¥E FAE AASAthFig
31). Ut FFF Ex s 9 AR =R s, FET
HETe AR SH AASES v AR Rvbex v v
He At FAd7E LE2EA BHEtES stleH, fwET E€RE
7] fske AeEel AR A= st ARk =y S =
Atolol] RAZE At SEAs(Separator and electrode assemblies)E
Azd F 3709 SEAsE ¥§Zel 3em®] WAL ZEE FHOZ ujA|
st AR A=d718sE vhexE AT AR A= 7]3sRt
Sz AAE SEAs Afolo] FHIHE MM AE 45 F2ox2 A3
HH-&-Z(BER-CS)9} WE-g-Z 3tk SEAs Abole] F3tol| 4g9] HEA YAE
A9 WS Z(BER-CP)E A3t ATh AE=x7]188 vh-&=o HX|g SEAs
o M5 Hew =AHoE R AF dd3E AX(DP 30-03TP

Toyotech, Japan)oll 233t

AF A= ot S9A U8 &3FES WWTP, B-metrocity,
Korea)oll Al @714 43 €2{AE AF k] Imm A2 AAF st 4
= AZE QAT 199 HIER Este] wbERE A9l

AZE AFHFE F£5E 109 CH;COONa 0.051g, KCl 0.005g, NH;Cl
0.061g, NaNO, 0.002g, KNO; 0.023gs &3AA FA3tATh A-FH 59
%7] 474& COD 40mg/L, T-N 20mg/L o™, d=uold Ak, ofd
AL, Ak Aae] vge 47 80%, 2%, 18%ATH &F 4tA H

Fadel 27 FE& 9F 40mg/L 3 335mg/LolloH, A= &4 H
T Wi FA7IES U stEsA YA EHe R A4
of Z]Rto = @*éﬂ?iﬁ‘r(%¢$ 5, 2013). AER7ISE dhexE HAS

A ZF&(HRT, Hydraulic
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Fig 3.1 Schematic diagram of the upflow bioelectrochemical reactor
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A AR Y AEH7Is gzl M5 9 da {99 mAdE
of g H7Isists EA4ES AuE7] 9t H7]skst A](Zive SP1
WonATech)E AF&-3}o] EIS(electrochemical impedance spectroscopy)a &
3} DPV(differential pulse voltammetry)23d-& TRt d=o izt
EIS A3oA+= Ag/AgCl A& 7I& AF0E AHEstdon, dea Al
& 25mV, F3¢ H9E 100 kHzelA4 10 MHzo 2 A3ttt )
d2 §H2 5 Ao} g4k Al 750l EFE Randles 571 3|2
D3 Agstdth. Randles 57132 Edol= o3 A A} A

d &g oF AFo] xFH|UH. o= Faradaic g Y32
ole, AAMEA 4 H} Warburg Y27 A EE FA 5 %HS
CHFeng et al, 2017). ® A &<He] dik DPV Aol = 28 Azt
2 Eol& A 5 ¢ 50mVE 3H¢ith DPV 9 EIS #4123
SMART Manger &3ZEZ$|o](Zive Lap Wonatech, Korea)E A}-& 3}
Attt

|

M FlF S

324 MAE £

_

DNA % ¥ PCR %5 93 MO BIO Power Soil DNA KitE ©
stmon, M3 &do RfF SHAEZRE Metagenomic DNAS
o Kit Azt wegl ARSI T gho] Z A A (pyrosequencing) ol 9k
genomic DNA®S] FZ%2 mAES] 165 rRNA FHA+e] VielA V3
S EXZ 3le= vzZ= ZZlolv(barcode primers)E AHE3te] W3
o 5 A9 4L “Chun et al, 20107 7]&% Wil we} 454
GS FLX HEhg AlAEA4 Al2®l(Roche, Branford, CT)©.E Chunlab Inc.
(Seoul, Korea)ol] o]&dte] =k A A= 165 rRNA A E Hlo]
EE 7|&E EzTaxon-e Ul o]EH| o] (http://eztaxon-e.ezbiocloud.net/,
(Kim et al., 2012))& o]-&3t &<l st
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33 A3 2@ 3%

331 #71E49 A=SA7135E AE

F71EdS o A T A ekl A
Ay ES] 71d Astee fFE25d YFS v (Song et al, 2015). 71E
8= z n A& Aol #osiE ol F, &

W8 AR 89le JFL
of AHg WSzE FFFAOH, dY o wire YAk ol /1

gt A= 81e MAE AAFAATE AAFEAZ ALt A

A7HE &= AFo] AEA7IES vhgx9 vAdE

HAe= Yrdh(Song et al, 2015). T4 AT HY A

Aol AHgEE WEESL A4 20~60mg/L AEE =7] W&o v E]
=

3 3AANA Hel e AE FAY F §lee YEFATH(Tchobanoglous

et al.,, 2014).

AAEAA g FEAe] d¥ e
AA Fag FEE AFI
40mg/L, NH,-N 16mg/L°]™, %
NOs-N 3.6mg/L7} &-f5 i3]
g F oy, AR FEAE -

AA F
FEakA otk @714 = YEAV W
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2 electrotrophsE XTI AU wAEo] F= AASH,
exoelectrogens©ll 4 electrotrophs= HAE AH HEste Fr7j=d& &
A=A W' EE FAE AT (Chabert et al, 2015 Dubé
&Guiot, 2015; Feng et al., 2017, Rotaru et al., 2014; Zhao et al.,, 2015).
BEH7SE Wzl F9¥ CODE DO, NO;-N % NO;-N9} 22
A FE&A osf FRACRE AsH, IF CODE AHFTUHHARGD
(DIET, Direct interspecies electron transfer)% T3 TEe He OE

Al ol AA B Ao=E ddHTH

&

THEAE AEAH ANEE HA AEA7SE} ¥z f&5 COD

= 1.98£0.16mg/LE =4 YAE FUT vx9 2.41+0.31mg/Let A
EAEAES AEsHA & dizT vheE9 3.28£0.03mg/LET o3t ¥
A ZAHAAT 2 gz d3 &

[t
o[o m\m

2% WES-Z7)F 346gVS/LE 7Y =9kon, A=A A=At
Z9] 7% 234gVS/L, tHxT+ 1.62gVS/LI]th(Fig
=4 osf nlojemj~ HfFFo] FUFEAIR, S
ol et & 2dHE HAFteE A Ut
2o FAE WO EN ol Hfgo F&
Aol o I8y AEA =2 AVEARAAE Aol F A
HhS w7 & 4 th(Kato et al., 2012; Shrestha and Rotaru, 2014;
Yang et al, 2017). DIET+ "4 =9 A4F&E 9 A= FFAE AFA
Hloleml 25 F7F A7l Ao= d#AH th(Yang et al, 2017). ©]
Axd Edo] rAEY 71E FEE A7, 0.6VY QA7HSt
Zte AER71EE 29 &4 CODE Os MAAZIgE e
Ebdi Tt
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Fig 3.2 The effluent COD in the upflow bioelectrochemical reactors
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Fig 3.3 The biomass concentrations in the upflow bioelectrochemical

reactors.
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BER7188 wkgxollA FES NHS-NO e 5 23 AF

FoHo grastel 30 JARE AAHHAYTHFG 34, 1Y /F

S ONH/-Ne| BE& 746+01lmgle %7 Z4HYT. NO;N 2
NOy-N 559 Z¢ BE JBA/ISHS MexlA YR H =
THFig 35, 6). ° AFE KBS FAL FEE B
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Fig 34 Effluent NH,"-N in the bioelectrochemical reactors
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Fig 3.5 Effluent NO,-N in the bioelectrochemical reactors
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Fig 3.6 Effluent NOs-N in the bioelectrochemical reactors
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AERA715e ghgxdA ATt AAHE JAAA A2 nd=9 A
E3H2HE, 7129 Aabst g gl Astd S hRyol 4hs, ohy
(Anammox) 3! &3tz H43 ddE Aa Aot 22 A=A7s
D(Ma et al., 2016; Yang et al, 2009; Zhan et al.,, 2014). A7
TE Agste AEAVEE ExoA T3R8 o] &= F
8338 we A ot AVEA mAEY ARdTFeS I o=
T AEstd Ay #AAGoNA 2UAE mAERTS AH(Wilson and
o] Y DO+ 40mg/LE

= #71E9 ﬁﬂ% <l
TEIYG M=o ALAAE A8l o1& THed 7=
o] Ag At} o= 7IEY Hiks 2 24 AAHE F3 7,‘—:1_5\_?(1]747} T8
< 9rgg. 18y

) O o}
THE = =
z9o A=A “’@C’ﬂ 9 H FFE A

[>

Lo
&,

2o L I
s
olo
S

2NH," — Ny, + 8H "+6e”, E" = —280mV(vs NHE) (2] 3.1)
ONH," 4+ 2H,0 — 2NO,” + 8H " +4e”, E' = —890mV(vs NHE) (%] 3.2)
ONH," +3H,0 — 2NO; + 14H" + 10", E" = —880mV(vs NHE) (% 33)

T (Zhan et al.,, 2014;
ol W7y hEUol ashrl AR

7188 MR A st 2 dehath @9, Ryt Akt



2zo) Ase A9E ol ANy EE AuddA Aavtamel wg A
Juct kel golth ol WEAIISE WgzA YRR Mo
PRI} AA7tAE vtE 4 EASS vt (Zhan et al., 2012; Zhan
et al, 2014). L2juvt TFF 2] 349} 4] 35904 o] FrYofolA 4hs)
B oolEA A4S A AE AdAFTAAN davtaE SdE F 3
TH(Snoeyink and Jenkins, 1980; Su et al., 2012).

o

8H ™ +6e” +2NO, — Ny, + 4H,0, E* = —440m V(vs NHE) (21 3.4)
12H " + 10e” +2N0; — Ny, + 6H,0, E" = 1,240m V(vs NHE) (2] 35)
of} &~ 1.0mol, ¢}&4Hd A4 1.32mold FEHF

o}
0.066mol & E AASAT, o 2 3.69F 2] 0.26 %ﬂ
Ad dAE AAPIATH(Ma et al, 2016; Sabumon, 2008; Yang et al.,
2009).

NH," +1.32N0O,” +0.13HCO;” + 0.13H * (21 3.6)
— 1.02Ny(,) + 1.32N, + 0.26NO;~ + 0.066 CH, Oy 5N, 15 + 2.03H,0
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Fig 3.7 Effluent pH in the bioelectrochemical reactors

A=7188 Rz dRYols AATEAR AMEEE Satd ol
ofs) AbslEo] ofHsbd Aol F3ES AHY F ArhSabumon,
2008; Yang et al., 2009). 3}, o}dA Ais F3hso] FOo = 4HsE o
da 7t22 &d 2 5 don dRYols ofypE o9t o] ofdA

Ansh AFshe] Ak ki 48 @ & ok

y

250, %+ 4NH," — 35~ +4NO, +4H,0+ 8H " (4 37)
38~ +2NO, +8H " — Ny, + 35+ 4H,0 (4] 3.8)

2NO, + 2NH," — 2N, () + 4H,0 (41 3.9)
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A d e (sulfidogenesis) o} HHAH FEYoR AiA|A w-g-o] A vk
4L e 4 3103 Zh

S0, %+ 2NH," — S+ N,, + 4H,0 (2 3.10)
AEd7188 Whgxo FUE= AZE e oF 335mg/Le] At

wEol WY FT BE AmUol A5 YEAYIE u
oA TFEE HAAAY = OE FHAZA] 7 Zo]th(Sabumon, 2008;
Yang et al., 2009).

333 Hloleuj 2o Hy|setd £

AEA7]518E wh-g-x0] HAgdH B8 YAAT #7584 24
HNEd B3 dAdol =3t DPV ARelA Z; gh-g=xe Mg 4
R 045V°ﬂ/\1 0.028mACZ ZHH o] 4sul-E2 A=dEdl s
o FFe A AUTHFig 3.8a). DPV L8| 4FEluH= exoelectrogens
&S Uephdth(Saratale et al., 2017; Su et al, 2012). A=A AEE A&
& gz Me LA -0.68VelA 0.165mASt - 0.52VelAl 0.136mA
T e g9 A7 vetwgn 28y AR AAE ARSI whexst A
A =d8E ARESHAl & WS xRl = 242 048VellA 0.17mASH - 0.34V
oIA 0.087mA= shitel #Art YERith. DPV I ZoA mao] i
+ exoelectrogens®| 4Fs} g+ WHg-o] A<l electrotrophs®] &3S YERATH
(Saratale et al., 2017). ©] A¥}= A=37188 dh&x9o AEA =2 ©
2} electrotrophs®] TIAE ko] ofzte] Holz < Zo=m AddHn
(Chen et al., 2014; Yang et al., 2017). Z12jy H3 §qo i Sduj=a
= A AR g =4 SAFHJG o= HA &AM 4t g vk

.
s
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dEMJIgsr DEXMH2A dEd =29 &

°] exoelectrogens®| 4+l &l o3 #A|ojd S eI

EIS Z#i3Z9] Nyquist EFoA E3 & gt F A2 19Q0lA
38Q MR A=d Edo o d3Fo] T4 LUth(Fig 3.8b). L&} 4H
AT gt AAHREATF L 163.7Q014 193.0Q0.2 A=A AE, A=
A AR H AEY BAS 2 @S AEATSE gz o7 EA
UEFs T (Fig 3.8b). SHdA 5o AAAEA LS 574.4Q001 4 700.6Q7FA o
FPom, ol AstHIF Rt Ay Eouth olAFE HFelA ] izt F
gkg-o] Abstd s Bk ﬂﬂﬂ%«l A A Aol osf Aojdrh=
AL vetith 228y vlelenjas ASEHET I8 A o gol
FAEFHA7] ol F71EAH D40 AAE Ea &9 utojemj &
of oJE3tATHFig 3.3). A &Aoo HrEA wAE FHe AF
FH A7 mAEY E4EY f7] EAS Zae AA ¥ F8

3 4¥e @ bsol Atk
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Fig 3.8 (a) Differential pulse voltammogram for the bulk solution, (b)

Nyquist plot for the electrodes in the bioelectrochemical reactor
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e AEA7|set whexolA ¥ 8§99
ATk 7+ #9] FHE(abundance)= WA EZ o wel
Al ¥ th(Fig 39) Class F<olA A vA=EL  Betaproteobacteria,
Bacteroidia, Deltaproteobacteria, Alphaproteobacteria, Anaerolineae Flavobacteria
D Jostridia oI}t Y AEAL ANEE AT ¥Ex 9
Betaproteobacteria 555 31.7%2 AEA AA25.7%)F AHEsAY A=
A BHE AEEA ¥ WEER(255%) BTt =T Bacteroidia (182 %)<}
Deltaproteobacteria (13.0 %)+ A=A 2S5 AHESHA] &2 ¥Hex7 A%
4 EEE AL 2R T t U Alphaproteobacteria, Anaerolineae,
Flavobacteria 3 Clostridia= =4 25 A& ¥Hgx oA A4
o2 EJY. Genus FFANA AT AEE AL ¥HgFo] 3
v A& Dathlorononas(15.0%), Desulfomicrobium(7.0%), Flavobacteriun(5.4%),
Zoogloea(4.0%), Conramonas2.7%), Methanosaeta2.3%) 2 Thauera2.2%) 9t A
TA Y4AE AHES wbSEdM = Dadlaaras (9.7%), Desulfomicrabiuntd A%),
Havobactarium{2.3%), Zooglaea2.5%), Concanmrag1.6%)7F -7 olom, 1A &
o) gl= MR AL Dedloamad97%), DesulfomicrabiundA%),
Havobacterium(2.3%), Zoogloea(2.5%), Concanonag1.6%)7F $-% o1tk o] -3
Genera®] TH =+ A=A =29 e /7Y wetA AolE HIYoH,
53] A=A ANEE AMERE HHEXE Generad FHE7F =3t mlA=E9] F
Fos AEX7|88E ghgxoA f718 9 A4 AA A2E e Fa%
ge-S sty 3 Generaz oA Dechlorononas, Thauera, Comanvnas 2
Sinplicispira= <% 9% 82752 ¢#A AtHGumaelius et al, 2001;
Horn et al,, 2005; Scholten et al, 1999; Zhu et al, 2017). ©] Genera: *
54 NEE ARERE dhgxoA & vhgxET 22% o TR ot

N % G FAFS YEAZIN WS zoA Ak, obEAY Ak D

-
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(&)

A LE AT EAR St f7]E

Ht} Generas sHAR Favobacterium® LA =S o] 8= Y

Aytolm, Xanthobacters 45 ©]83te HAAE B

=°]H(Wiegel et al., 1978; Tang et al., 2017). L&\ Flavobacteriume Bl L

iAol dulo|EE 4FsRITH(Wiegel et al., 1978). Flavobacterium

S AT ANEE AT vESE HI38HoA 54%2 Egoy AE=A

A5 A WeE 9 AR EES ARSSHA g2 Whex

= 47 23% B 49%°10th AEA ANEES AHES REgE HI 8
o

ik 3 v A EQl Desulfomicrobium® FXE7} 7.0%

i
[

i

Er

=
T3e] F=ol o3k 3 AL AEH7|EE wrgxo] AAA AN FSH
Aoz AgEn. drEYol 4k} v ERQl Nitrasomonas, FEUY ol &3 vlA)
=21 Stenotr as 2 38 o| &35 BT Thiokacillus denitrificans<}

=
2E A E] AL FHEAT e AEX7|sie whgzodA o] HA

718 gu =0l o7k olubEzet fFARE Fmolth HEA MNE, MEA A
A g AR EEAS AN e w2 HAgN M Zogloems] FH-
SE vloloma g 2 AL 41%, 25% Z 2.0%°1 AT Zoggloea=
A vro® daisE BHlst E5(flog)S FAshe mlAEC]Y] w&
Zoogloea’t A=A EHE AMEE W
71ejst Aoz Al Eh

=
olo
B
1o
e
IS
to
=2
[
f
Jo
of
o
i
o
rlr
jin)
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Fig 3.9 Relative abundance of bacterial groups at the level of (a) class

and (b) genus in the bulk solution of the bioelectrochemical reactor
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1]

dEMJI1gsr DEXHeA ded dXte Scl® S40 T

rfe

AL R AEA L wezd ArlE AR YA B
295 EA wehd ARE 3

o, dolgrlold sPor F& 4 A
Ake] Beld B4 webA wgzle] $H pgETe] 44 g nhol
[e)

Qw2 Bl mAs Gl tste] B7skdH

o

ol

N

42 43 3 U9

421 A3 A=A 4A

A= 594712 E(GFF, Samjung C&C Co. Korea, Kyeong, South
Korea, 5cm x 20cm) X TFHEAUSFEMWCNT, Carbon
Nano-material Technology Co., Ltd.,, Pohang, South Korea)ﬂ- YA s}t
= A9 uAste] AZEATH(Feng et al, 2016). ouf 7]
ol AHEE Had &de e 1Ll 1ge] MWCNTSE 0.5g9]
polyethyleneimine(Thermo Fisher Scientific Inc, NJ, USA) % 0.25g¢]
nikel chloride(NiCl,, Sigma-AldrichCo.,MO,USA)E &&3}al 2532 30
w1t BAAA ERlE AT APHASo2 GFFE AHgstlen, didS2

ZEJE 2 B ARSI AdASH idSS BHsA AT F

=
=
K
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= Abolof 30Vel AHFS ¢17}Ele] GFF o] MWCNTS YA S
30% B FERAIFHOH, 150T oA EAElE dto Hdst A
nAdE skl e dA=E AREH FAYS Aol o 5~8mmeo|
o, AEASIH (Fenton oxidation) =& = 2T (Microwave) O &
A st A= HO, &9 7500mg/LE =07 A A 12
< 3o Hzoz/Fe2+9] H] 7} 757} HEE xAste] =48
o

5
SAIA AR
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0.6V DC power

I
o Eller| T

Overflow

Separator

ol ‘L
Cathode

SEAs

(Separator and Electrode Assemblies)

Fig 4.1 Schematic diagram of the upflow bioelectrochemical reactor

AF efAe sk e8A @714 &3kxES WWIP, B-metrocity,
Korea)oll Al @714 43 €A & AFAst 1mm A2 AAF stAo. 2
T EHAE ARE JFHF 559 HEE EFstY WExE A
AZE JAFAFTE F5%E 1L CH;COONa 0.051g, KCl 0.005g, NH;Cl
0.061g, NaNO, 0.002g, KNO; 0.023g& &3|AA FA3Ah A-FH 59
%7] X74& COD 40mg/L, T-N 20mg/L o™, dmyopyd Az, oA
A EL, A Ao HEe 47 80%, 2%, 18%HUTh &F A& H
Gk 27 ¥EE 9F 40mg/L 2 335mg/Lolor, AZE FA4H

Wi FA7IER U st AR EesEs R 4

¢

rr

P
T
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o]o
[‘IF

of ZIWte 2 AAHJH(FEFT T, 2013). HEH7ISS Hb A=
°

Abolell 0.6Ve] A< A7tstA e, e sAAF ]Zl%(HRT Hydraulic
Retention Time) 60+-°] HE% FUTE Twsrd =3ATH

423 4 & Azt

ekl W FEle 15kVelA #Edte FAF AR @R (SEM,
Hitachi S$-4200, Japan)< ©]&3to] SAHEAT. AT EHo da 4
= #8l AUAEAE XA E3A(EDX assembled S-4200 Hitachi)E ©]
Sttt Sdete] § AI2 Hall 54 Al2H(BEcopia HMS-3000, USA)
= AHESt SRt AR AEdIsEt vkexE &4 Fol COD,
NH,-N, NO;-N, NO;-N % 3a4 38 EVS)S =33 744 € &
=59 Ads =EUHEP &3tk COD+= Standard Methods(2005) 9]
closed reflux o= Z4 31 o™, NH4-N2 Phenate WHOo=E #4
&l NO; N# NO;-N2 Z2F 29| £3 F=d3 naHoez A
T} VS= Standards Methods(2005)0 w2} A=A, w329 HlolL
o 2~ s FF k= AHEE T

B dElA e A=xrstet vbexle] A5 B da g9 mAlE
of W3k M71ssta E4e AWRy] 9kl 4o FH 7])skst A
(Zive SP1 WonATech)E AF83led  ElS(electrochemical impedance
spectroscopy) A 8-S T3 ATh EIS APl Ag/AgCl H=(BAS,
RE-1B, Japan)< 7I& 522 AMgslon, qidsoz2 HelgAd (A4
30cm, Z7d1mm)E AHESIATE A 9ak AE = 25mV, F3 B S= 100
kHzol A 10 MHzCo. 2 AAstnt. " &YoA o dyudx~ 72 &
A A, e Aze dyds B 5 wHe dAd2E Uk oY
7t 3 2ol ALt HAAY EdS Zgkth. SMART Manger &~ZEJ]
o] (Zive Lap WonA Tech, co., Seoul, Korea)= EIS A#& AE3s7]

]
3l AHEEAT. FrEe] FACd dFS mAs A=rEegd g

g

rl

.|_4
O (
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FFT AEH7158 whgxe] 165 rRNA PlAE & A 918
o A T8 F HIARYNAN FHH SHAE tFSE MO BIO
Power Soil DNA KitE ©]8-3}% Microbiome Taxonomic Profiling< 4
gttt DNAE F+= ¥ Kit®] Axfo] el 3383tk Fusion primer
£ A3l genomic DNACAl "AE 165 rRNA 7] 71H A S
(V3,V4)& SZAZHT 16S rRNAE Metagenomic DNAZFE F3 5 o]
MiSeq Personal Sequencer(Illumina, San Diego, CA, USA)°llA] sequencing
= sl FEHAY FF, sequencing library®] 75 H AE=FHI 4
= oA dATFolA AWz FHHAJTHChun et al, 2010). 7=k
(chimera)E 13t3l &4¥ EzTaxon databaseE AREste] &= 3o

taxonomical assignmentsE& 253} 31 Thhttp:/ / eztaxon-e.ezbiocloud.net/).

HAE -] FAAR] taxonomical assignmentsi= OTUs(operational
taxonomic units)E F3 DAHTE. H|AAES F(species) TF wF
xEA AR 24, FH2H 24, MY 71d F3, AE 1Y
ol tigh mE 9l B, AS2 SH2EHE 2 T gl di 4
A%+ CLcommunity software(Chunlab, Inc., Seoul, Republic of

Korea)oll o]sl <=3 = At}

of\


http://eztaxon-e.ezbiocloud.net/
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SEM image(Fig 4.1)°1 49} o]
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H A (Choi et al., 2018).
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Fig 42 SEM images of the activated carbons surfaces prepared by the

fenton oxidation (a), microwave (b), ordinary

Table 4.1 EDX data and conductivity for Activated carbons

Weight(%) Conductivity
Types
C (0] S K Fe Ni Total (S/cm)
Activated oo o6 147y - - . - 100 1.64-2.22
carbon
Fenton
oxidation 74.32 18.00 1.70 1.25 4.73 - 100 8.33~10.0
(Fe)
Microwav
e 67.14 17.76 - 1.18 - 13.92 100 9.09~12.5

(N
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Fig 4.3 Profiles of the effluent COD in the upflow bioelectrochemical

reactor
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o] A=x713st MexAME HZEH A (Joicy et al, 2019; Song et al,
2018). tEUo} Akl HAPYEH(AOE, Ammonium oxidizing exoelectrogens)
24 HA}F+HDNE, Denitritating electrotrophs)= 233 A4 A|AE 9% A
712 AES £ A5l ofs dEYokd A Bl oA dHrshke
HjZ|oll A TR HHJoicy et al, 2018; Song et al, 2018). 714 AYEX7|8}5H]
HRgZo| gEUold dael FiHdEAE AOESF DNE Afele] DIETe o3 &
Aol AAE  dhJoicy et al, 2018; Song et al, 2018). wekA] HAA8-A| <}
AARgAA gk ZAA} #3123 AOES}F DNE Ake]] DIETe] ogh &4
AA7} deFF AEd71sket hexe] 2 7% F shukl Zle=w ddsEnh

BER-FO= 2% 5 A% 2ssiod, 2 TN 5= ¢ ol 7iAlH
A EAUTE EF TNollA NH-N# NOs-Ne| Hl&2 717} 34% 9 46%=
NO,-NXETh =94THFig 4.3). BER-FO] T-N #A|A= AOE % DNEQ] H}o| Q2
&l weta o] AgkE AoZ AHETHChoi et al, 2018). B IENNA
BER-FO2| Hlo|Quj1ke 386gVS/LE BERMWXRL}F EQITKFig 4.4). ole
SEM image°ll Al "R} 22 Fde 2he A 4d%e] BER-FO2| Hiol L
w2 BGS S7HA T-NAAE 73 A o= sk,

H

449 BERMW #Z52 T-N $5&5  6.09+0.11mg/Lo] 9o,
NH,-N% NO;-Ni 2.52+0.14mg/L % 2.47+0.28mg/Le] X th(Fig 4.3). ©|
A= BER-MWol A S T-N A 717} BER-FO$} ZFo] NH,-NZ NO;-Noj|
o8 A= A& YeEPATE BER-MWS| Hlo] e~ 3.24gVS/LO
2 BER-FORT} Hom, SEM image(Fig 4.1)o1A4¢} Z°] BER-MWe]
13 248 3 2GR A o FriskA &tk o9t
S Ade AR Aol AV|8A vAES] ulo] s B Y¢S
7IN ) 2, vlol eul s BfEFo] AEH 7SS wkgzo] T-N AlAd #
< AARgtt U EAE BER-MWE o] w2 B {32 BER-AC
Hl 259 o4 T-N9| A A& BER-MW7E B =3kTHFig 4.3). ©] 3=
o3t Aol og U ﬁlahﬂr A AEEE F7IE A% I

AFEA T (Table 4.1). AEAR =22 A=17188 qE&7]odA 7]

o 4 o & ofN m mx
ok N

b By
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A oAAEE Aol DIETE 3% &4 938 sl= oz 2 d#HA
h(18; Sydow et al, 2014). A= E4&
o] AeAd FF AAE T3 AA AL 2o dAdg A i

=4 24 o9 AF, A ii)ET FAgel o8 A ThBaek 9.,
%

1 SR A

I Eff. Ammonia
I Eff. Nitrite
[/ Eff. Nitrate

Eff. Nitrogen of steady state (mg N/L)

i .

BER-FO BER-MW BER-AC Control

Fig 4.4 Effluent nitrogen of steady state in the bioelectrochemical

reactor
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Fig 4.5 Profiles of the biomass concentrations in the upflow

bioelectrochemical reactor
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433 33 ADE A WEAANGH G A vpold

B8 ASAbele] HagddA Z4E EIS 23S I H(Fitting) 5+
Randle 57182 243} FARRE S7H8 28 =3t o] 3=2< i)&AA
FRs), i)HEE d4" "AYE AZ FdAe  AAATAH IR}
Warburg A3 H 2~ 329} WHZ AZE constant phase element(CPE)E 743
=] o] Q) th(Fig 4.5).
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Fig 4.6 Equivalent circuit for the upflow bioelectrochemical reactor
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Fig. 47 Nyquist plot for the bulk solution in (a) BER-F, (b) BER-M, (c)
BER-A, and (d) Control in the bioelectrochemical reactor
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EIS DatacllAl €& Aggo] 2 vhgx Fdo oug FFE vx=A 4
HE7] 8t AEAAUTE T EATHFig 4.7). COD 73-F Ret7} 16553
Bt} g u EE Ret7} 1655380 =01} Re7) 353H0 A& w 1.76~3.61
mg/LZ ¥ 55 BT NH-NZ NO;-N-2 Rs7} 2762 Th YA} Rs7}
2768t AAY 2on Retrb 8269HT @S wl 281~485mg/L
2.05~2.88mg/Le H& FEE HIATL ol ¥R AE%718IE vkl A
ARG G gAAFo] {715 D ArAAN A FATES ongich
A 5 HEA EZE ARESte] 77184 vlo]lemj~E FTHATIHE A7
249 PAES] DIET7F o A48t o] D Ads) SAAFS 2 &

o

7le 9 A&AA 5ol ST S-S ekt

CPEx= 59 A3 B33 mofo g sty FAHE= ol 7AMAE 2
= Yehg7] ¥3ll AME-El™ Warburg impedance= ©]F5 2.2 1% 8HikA
oz A=xd 9o WA=l E AU, Hsjd o]2o] F3 Bl
o] Hol = Aol F= WAHH ASEH mAdEe o FHE =
2 35 JEPATH(Yang and Li, 2005, Kim et al., 2011, Kim et al,
2009). 1} EIS A¥ol|lA CPE®} Warburg impedance™ Ret ¥ RsEt} 4
3] W2 ge2 SAH AFR A7 vz frls 2 ALA

=
of MAlE Y T3 A< 7HeAol =

%l
o

k
ol ot
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Hi 635
Medium585~852
Low281~485

<6455 T>=6455 <8269 — = - >=8269

High405~558
Medjum:3.11~3.85

<373 _»=373
276 ~5=276

<8269 >=8269

Fig 4.8 Decision tree for water quality in the bioelectrochemical reactor
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434 UAE FF B4

a

—_

Ae oS Fds) 2 =

= ==
L =1 =
T FARIAAINE ZF o FHREE AT B3 540 webA

_%XJ
= bl
A THFig 48). B AEX7|SE whgolA Phylum &9 3 &

Proteobacterial 2., Bacteroidetes, Chloroflexi Firmicutes, Chlorobii-2 .2 $-
ol  BER-FO(61.01%), BER-MW(54.23%) % BER-AC(50.50%)<]
Proteobacteria®) FH=7F t)Z(25.15%) B0} =34kth ol AEZ 7|88 v
+x9 @S T3l DIETO #Hst= vAE T°] Proteobacteria®ll <3+
o= AL UERAT Phylumol 43 (Waoli®] 739~ BER-AC(12.57%)%F
Control(18.99%)2] F+%=7} BER-FO(22.96%)2} BER-MW (0.75%)E.tF “3%-3]
EXT Qilaibel &3k PAdE 9 Aol DIET st &89

ASSo] JFE Whe 7H4ol Utk

Genus T<FollA BER-FOO 3 w2 Thauera(18.31%), Dechloromonas
(10.34%) 2 Zoogloea(6.46%) R 21}, BER-MW A= Dechloromonas(28.46%)7}
Thauera(1.73%) 2.0t SH-34tt. ©] A3 Thweat 2 G343 A=4=
71z BAARE o] &3 AEH7|ESE whexoA HA F5HTE AS U
Wt} BER-FO9} BER-MWOI| 73 Thauera®t Dechloromonas= DNEZ <H
A ATH(Scholten et al.,, 1999; Zhu et al.,, 2017). ©|= Thauera®} Dechloromonas
£ X33 DNEZ} BER-FOSH BER-MWOIlA f7]&3 da AA #Adtt
E AL YPET. BER-ACIIME ABIS6S32 g13.54%), Thauera(6.79%)
Chlorobaculum(6.47%)°]  FF33 2™,  Dechlorammnas(6.13%)%]  F5%
BERFO 5 BERMWED Ao Iy diz7e 3T
Chlorobaculun(16.75%), ABIS6832 g(4.07%), BBZD g (3.76%)% S ers
|3 AEdrIse wkexse vEA SAEHAN Qhoobaculume
methyl-group 28715 7 FH| 3= exoelectrogens®= &e A At

(Guo et al, 2013). wWe}A, Thawea % Dechior o] o FHTIL

fo rr wa

>~
Pl
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BER-AC ¥ tjx79] @& T-N 2 {f7]& AAd #FAYES 7Fsido]l =rh

Species &4l BER-FO®| 3 2 Thauera slenatis grou(10.04%),
Dechloromonas JF497822 §7.09%) 2 Zoogloea oryzad4.26%)©1 1t BER-MWel|
X Dechloromonas JF497822 524.47%)7} 7V @kow, 11 O30 2 Zoggloea
ryzad2.77%), GUASAIL g ABSU3S1Z (2.15%) <=0tk 4 dydow o
A3 Thauera slenatis group™t Dechloromonas JF497822 s A2~ A A<} BHH
DNE®} AOEztY & 5 Utk Zoggloea ayzae= A|E W2 OdRE &
Hgle EE(floc)s A3 PAERE dHA JthMacy et al, 1993; Xie
and Yokota, 2006). °l= &HA AA7} Thauera slenatis group™ Dechloromonas
JF497822 5] 7ol AA ¥ WAL, Zoogloea aryzae= BER-FO2 BER-MW
o] nlojemjx Hfol Z|Hdttes AS UET. Worobaculum limnaeum®
7% BER-AC(5.03%)9} thZT(15.89%)N A 714 Bk}, Thauea slenatis
group Dechlorononas JF497822 s 3 Zoogloea aryzae= BER-FO Ei= BER-MW
Ho}t A0 Zoogloea aryzae] 4782 BT M=k AR #-o] =
Aoz ddrh



dEdJI1gsr DEXHEUA Bed 2dXte Scld S40 HE &

o

= Proteobocterio
CONTROL ® Bacteroidetes
i Chioroflexi

W Firmicutes
BER:AL B Chiorobi

m Verrycomicrobio

m Acidobacteria
BER-MW W Parcubacteria_0D1
= Berkelbocteria

W Caldiserica

BER-FO
W Aminicenantes_OPS

s
' T T T T T I Sp

0 20 40 60 80 100 120
Relative abundance(%)

(b)

® Thauera

® Dechloromonas

& Zoogloca

. AB1BGE3Z g

M EFE48062_ g

W Azoarcus

WAIODS462 g

B PACOOI207 g

W ABZD_g

B GU454501 g

BGU127738 g

mGO3965931 g

W Sediminiboctenium

W GU195202_g

& Ferribactefium
JNOB7E72 g

B Azovibrio

CONTROL

BER-AC

BER-MW

u Cloacamonas

8 Chioroboculum

W Stenotrophobacter
B Chiorobium

I T T T B Terrimonas

1] 20 40 60 80 W Desulfomicrobium
Relative abundance(%)

BER-FO




3

o

DEXMEUAN cd X2 2eld S0 o

&

gt 59

CONTROL

BER-AC

BER-MW

BER-FO

-

10 15 20 25 30 35 40
Relative abundance(%)

45

CONTROL

BER-AC

BER-MW

BER-FO

-

10 15 20 25 30 35 40
Relative abundance(%)

B Thouwero selenatis group

8 Dechloromenas IFA57622 s

B Zoogloea oryzoe

" EFGAEDEZ g FIFIO0777 5

m AB186832 g FI769462 5

B PACODIZ07 g CUSITEI0 5

W GOQ35659F1 g CUS21187 5

W Sediminibactenium INE0S315 5

B GUIS6202 g GUISE202 =

B GU454901 g ABE03812 5

B Ferribocterium limneticum

M Thouera mechemichensis groug

H INDB7E72 g INOB7B72 s

W BBZD g GO455215 s

W Chiorobaculumy imnasum
Stenotrophobacter EU332808 5

® Chiorobium limicola

B Terrimanas HQ158743_5

W Chiorobaculum limnaeum

W Thouera selenatis groun

B pechloromonas IFAG75822 s

® Zoogloza oryzae

" EFGAEDEZ g FIFI0777 5

m AB186832 g FI769462 5

B PACODIZ07 g CUS17610 s

B GO3569F1 g CUS21187 5

W Sediminibactenium INE0S315 5

W GUIS6202 g GUISE202 5

B GU454901 g ABE03812 s

W Ferribocterium limneticum

B Thouera mechemichensis groug

H INDB7E72 g INOB7B72 s

W BBZD gGO458215 5

W Chiorobaculum limnasum
Stenotrophobocter EU332808 =

= Chlorobium limicola

B Terrimonas HQ158743 s

W Chiorobaculum limnaeum

Fig 4.10 Relative abundance of bacterial groups at the level of (a)

phylum, (b) genus and (c) species in the bulk solution of the

bioelectrochemical reactor.
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A 5 A AEAZSE a=H A A7t HA L]
B g IF

52 Ad = Wy

521 A=

2

=< 5cm x 20cme] WAl F2] TU(0.3T, copper 99.9%, KDI Co.,
Seoul, Korea) #Wol| #FHA 1&EA =% (alkydenamel, VOC 470g/L,
Noroo paint Co., Busan, Korea)® &3} #| 23} .
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\e}

HETe AR SH XSS s AR vbex vigde] o
BS At fFAdF7E A=2A EHEtESE sRlen, e dRE
7] fste] el R RS ES vk AzE 27098 A=
bz SHo Z 2oz wiAsig o, e M= T FHL
2 wjAste ZF S0l 3em®] Aol HER vk FEFF =715
g REgzo] A% ASS Helg =AHCE F A{F HdEg ZA
(DP 30-03TP Toyotech, Japan)oll 1723} T}

A% dAE 4 <8R Fr14 4FES WWTP, B-metrocity,
Korea)oll Al @714 43} €HAE A A 1mm AZE AAF 3 2
T A= AFH e} 559 HIER Ejste] ¥ExE Agith

AZE AFHTE F5& 1L CH;COONa 0.051g, KCI 0.005g, NH;Cl
0.061g, NaNO, 0.002g, KNO; 0.023g< &31AA FAstant. Az#H 2
z7] 47L& COD 40mg/L, T-N 20mg/L Jov, dZYolx AA, oA

AL, AR ALl vlES A 80%, 2%, 18% AT & k4 H
A 27 FEE oF 40mg/L 2 335mg/Lollon, AZE FA T
Fe BT FEZES I stHFAYRNA WEHe BRT A4
of 7luto 2 FAFHJ(FEF 5, 2013). 4719 WEAV|EE =S
Fnste] A= Abolol] 0.6V, 1.2V, 25V, 5VE A¢S 74zt Qvlste] A

-_>i"4
1

—1
(0.2V/cm, 04V/cm, 0.83V/cm, 1.7V/cm)E dAsHow, 2
ZFH(HRT, Hydraulic Retention Time) 604-°] S 55 {FYTFE

At AT

off X
zll
ol
ol

it
Ho
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06V DC power
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Anode

Overflow
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Fig 5.1 Schematic diagram of the upflow bioelectrochemical reactor
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52.3 ¥4 3 At

AR A=R718E wgxE 3 Fo COD, NH -N, NO;-N,
NO;-N % 3d 13 E(VO)ES 233 FdT ¥ F&79 434S =Y
H# 39 Y. COD+= Standard Methods (2005)9] closed reflux WHH o=
=74 392 ™, NH,-N-2 Phenate Ho 2 £33 NO; N3} NO;-N
zvzh A9l 2 =Y vARger ddn. VS=  Standards
Methods (2005)° ™z} ZSAHEH UL, W&o vlo]ujx F&FS FH3)

g A5 -

\e

fo 4

rr

=

A AEAAY AEHTISIES gEYe] M5 9 Ea &9 nAE
of thet A71sstd EAS AHET] fste] 4L A 7|stst A
(Zive SP1  WonATech)E AF&3sle]  ElS(electrochemical impedance
spectroscopy) 2 &S 43 3t EIS Ao Ag/AgCl A=(BAS, RE-1B,
Japan)= 7|l& ASo2 AMReoH, fdsoz EEEA(E7 30cm,
A1Imm)S AT H9d 25 25mV, F3 H9= 100 kHzl
A1 10 MHzo. 2 At B3 &qoA dadx SH2 &9 A,
HAE Az dads g A5 W dad2E 7k o8 571 =
of Hg3dte HAY wdS Zgktyh SMART Manger AZE o] (Zive
Lap WonA Tech, co., Seoul, Korea)= EIS A& Z3slr] $lal AH8-5
At FETY FH FFe HA= A=A7IsEE a4 s AEA

U5-(Weka program, version 3.8)ol 2js A= Aot

52.4 H|AE &4

BFF AEA7ISE 929 165 rRNA H|AE T3-S ZAlS7] 98t
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o 4% T8 F BASYAN FidE <HAE HFeEZ MO BIO
Power Soil DNA KitE ©]&3t% Microbiome Taxonomic Profilings <
P3tA . DNAE F= § Kite] Axjol| e} 33513} Fusion primer
& AH83td genomic DNAOA wAE 165 rRNA Fx=te] 7tHE S
(V3,Vh)& FSZAATE 16S rRNAE Metagenomic DNAZFE F3 5 o]
MiSeq Personal Sequencer(Illumina, San Diego, CA, USA)9A] sequencing
< 8 F=2HJY FF, sequencing librarye] 75 9 AEAH KT £4
< oA dAFolAd AHdE FHHJTH(Chun et al, 2010). 7=k
(chimera)E 13} &3¥ EzTaxon databaseE AREste] = 3o

taxonomical assignmentsE 253} Th(http: / /eztaxon-e.ezbiocloud.net/).

nAE T-{H} FAA]  taxonomical assignments OTUs(operational

taxonomic units)E F3l LAHT PIHES F(species) T T B
EEAQ AR 24, Fe2H 4, rAEY 71d F3, AE 1Y
thefAd ol gk mE ©d B4, ASH S 2EY B2 F A tie 4

% AEE CLcommunity software(Chunlab, Inc.,, Seoul, Republic of
Korea)oll oJ&f 3= At


http://eztaxon-e.ezbiocloud.net/
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53 A3 2 3%

532 #7129 WA SEE A

22F A €

71874 mAES Aol HAC A7l Wt dEve AS ougn. 3}
gt whgo] FY2 gutgog Af AgA AMSHAG)A o FAHEFT, A
Gt WHEE9 FA4T T4 BEdE. mE gy} JJEREA 9 o]
Th(Liu., 2006, Wisseroth and Braune, 1977). &8 A=< 9 == A
= Atolo) IS I A=AE AFFoEN Al2Hle dEyle JE
2395 W3lA| I th(Wisseroth and Braune, 1977). WetA]l ®Hg-2] &4}
NUuAl= g9ty oz felsiA A EH(Wisseroth and Braune, 1977;
Vincent et al.,, 1996; Pivrikas et al., 2011). o= A Aol s &
43t diAE d9std ez Hs fFHsHl A4 F Aee Ardn

(Metcalf and Eddy, 2014).
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o =

160
—@—— Influent
140 X ® BERO.2
————— BER0.4
120 - —-—A —--- BER0.83
— & — BER1.7

COD (mgl/L)

Time(day)

Fig 5.2 Profiles of the effluent COD in the upflow bioelectrochemical

reactor
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532 AER788E A AA

olA  083V/em7tA o  FUVEeE HiAA A&l FUFEIA oM,
1.7V/eme] =719 ZHAE dIgHo| =3 w&xo AxAA &8

2 233 0.83V/ecmBETE °FF vt E=d, A EH ZMA o] ZE ATt
715 AARG F 108 A= Algte] o HRstAth ol& ol AT
o A} o] AiaAA} BHH AR F71ES Al $45 4T
B}y AA3] AAste 59 ddEdS WYt =23, 9eE sEER
B #U4¥HE DO@mg/L)E CODA0mg/L)= £ Jdd9 4718 dAt
E 3 $AFoE AaHEo HIEE FUHREE FAA e P7144Y

7hFs/del =t d7IA =78 RhexddlA Yo} 4k}
(AOE, Ammonium oxidizing exoelectrogens)® &4
Denitritating electrotrophs) 23 A7|12/du| & Abo]e] DIET] 2l o=y
obd Aaet A Aot Al AA 2 4 At(Joicy et al., 2018; Song et al,
2018). WA HAREAe} HAFAA gk HAl #¥S 1TIskE AOES}
DNE Ato]e] DIETOl| o3t A4 AA7E 3R BE7|shet vhaxo] F8 7|12
T SRl ZloR AdETh AR AEA7EE vhex HA8H 9] vlolemj~
o BEROS3©| 231gVS/LE 714 =4 =4 om, BERL7, BERO4,
ER0.2 =02 A SAH AaAA &89 Aot 2Adth(Fig 54). I

7 AER7EE gz A4 AAE 91T AOESH DNES| &4
Aol HAe A=d wel 2AHM, HAHo AA Ax=rt Basitde

&
by
o
n_im
b

=
N
1_

N
H
g
&

o,

ot of

=

A}3k

rr
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BN A Ame] we AR AEIEE vz &
NH;N, NO, -N ¥ NO; -N¢| =& A#HEH NH,-N % NO; -N7} NO, -N
Bt} F= sl 2 2olE R thFig 5.3). NH-N9| 7 ZAl2] H=o ¢
ste] oF 209mg/L B AAIHI LM, NO; -NE & 1.73mg/L © AlASALE 18]
U NO, -Nt 032mg/L AT O AASAH o= 4R A=x71sks) vkex
o QI7ka AAL] S AOESH DNE Alole] DIETZA4T 43S F7HA1A
NH,“N 2 NO; -N°| AAE 7Hdg Aoz At

z

I Eff. Ammonia
5 =3 Eff. Nitrite
[/ Eff. Nitrate

Eff. Nitrogen of steady state (mg N/L)

0 T T T T
BERO0.2 BERO0.4 BERO0.83 BER1.7

Fig 5.3 Effluent nitrogen of steady state in the bioelectrochemical

reactor
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Fig 54 Profiles of the biomass concentrations in the upflow

bioelectrochemical reactor
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533 AA A=e AEA71E I4F AA ol

A =Ed HI LN ZAHE EIS ZHE I " (Fitting)3l] Randle
72 Rdd FARE 57 RE EES T o] 3= 1) &HAE(Rs),
)2 EE d4% A= Mz FRHANA S AR DA Ret) I Warburg AT
2 329 WEE AZH constant phase element(CPE)E 745 o U THFig
5).

Q1

CPE

Rs

Warburg

RCt Impedence
W

Fig 5.5 Equivalent circuit for the upflow bioelectrochemical reactor

Nyquist plot®] ¥Hl AlZHH 2 A S Sestm, A2 25 Abelo @
< FAEY AAAEA TS Ltk dAS Ao wE BE AR A
]

=
71818} RhE-29] Nyquist plot &% AlZboll webA del'ﬁ%yxﬁ ol ZHast

el Z1HdE= UrE‘erE‘r. et
, BER0O4, BERL.7, BER0.2 =02 &
A7l 242 HAHe A

=
BERO0.832] 7‘“} A o] 71 ‘5%}
AUt o= frlE AaAA Aiet 2

A A=7F BodE ot

~_‘1
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Fig. 5.6 Nyquist plot for the bulk solution in (a) BER0.2m, (b) BER0.4,
(c) BER0.83, and (d) BER1.7 in the bioelectrochemical reactor
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EIS DatadllAl A& Aggo] Z+ ¥k Fdd ofudt e mx=A 4
{R7] flste] ARS8t thFig 5.7). & 4R AEd715)
He2 1258 CODE Ret7} 8123H0 A2 7% 1.71~259mg/Le] @& 5
TE BIth NH, N9 7 Ret7} 1432120 22 v o1, NO; -N= Ret
7} 1582450} 2+& o 1.75~3.55mg/L 2 202~228mg/L] $& FEE HSY
W3-zl A7FE HAl oA ZgdstE o] A
AAGAGgE aHHor I F don, A4 AAE 913 AOESH DNE9]
%

N
P& FeL omAth =Y, Yd8 AFo= YD A

.

|

«

T

Aness AZEe H4g FRHos AAY 4 Qe ekt

CPE= A9 A3 B33 mefo =z Ity PAH = oS AFMAE
E YeRlZ] 98 AME-=™. Warburg impedance= ©]53 2.2 Q1gh EkA 8}
o2 AFHEY o w3 EEC] € JAY, A o]e] F2 ¥ FAH
o] HFo] e A-fel F= Y M3l mAdEl os FAHE =
2 835 UepdthYang and Li, 2005, Kim et al, 2011, Kim et al,
2009). &y EIS Ao A CPE®} Warburg impedance= 1 ©|3}2] Zto=
Ret B RsE©t} A33s] 7] ool Aakq 4E7188 vhex9 718 2
ALAA E& PAe FFE A3 A2 2o AdHT

rl
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| cop NH,'-N

H\gf"1-’»15~21 35 ma/L H\gf"‘\:-51v21 35

Medium:543~7.25 mg/L Medium4.15~975

Low171~259 mg/L1 Low175~355

Ret
:
<8123 =
25915 <11236 5=11236
R
- Low(10) Ret
<11273. >=11273 . ——
Low(8) Rs

<431 . >=431

Medium{12)

High5.59~8.1
Medium:375~4.84
Low2.02~228

Ret
<10236 ' >=10236
<15824 ’ . >=15824

<520 - >=520

Fig 5.7 Decision tree for water quality in the bioelectrochemical reactor
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=
Fo] 3 & Proteobacteria 2., orobi, Bacteroidetes, Verrucomicrobia,
Acidobacteria, Chloroflexize 2.2 $-% 0]t  BER0.83%]  Proteobacteria=
5050% % JFHEZ=7F 7Fd E3kow, BER04(37.07%), BER0.2(25.15%)
BER1.7(23.21%) <22 =}t ol= wka=xo AaAr 5 AEH7]5s
A [ AR} At wEkd DIETOl #ost= FAdE ool
Protecbacteria®  &3the AS ¢ F Atk J#Y haob®] S
BER0.2(18.99%)°] S5F=7F 7V =%k O™, Bacteroidetes= BER1.7(25.66%)
o] FRE7F 71 wUTh ol vkE Aol o3 AR HA A=
w2tA 7}7] th2 Phylumw o] A3 o] 43S mx= oz AgH

Genus oAl BER0.839| H T ABI86832 g(13.54%), Thauera
(6.79%), Chlorobaculum(6.47%) 2 Dechloromonas(6.13%) 3 2™, BER0.42] $-
A e ABIS6S32 g (855%), Thauera(d.50%), Chiorobaculum (4.52%) 2
Dechloromonas(2.37%) -2 BER0.83¢} -3 & #Zou IHEE o
BER0.2 ¥ BERL7 A= (Horobaculum(16.75%, 12.03%)7} 713 F5-314 2
U, ABI86832 g(4.07%, 2.90%), Thauera(0.A7%, 0.48%), Dechloromonas(3.37%
416%)E FH=7F Wtk o] A= BER04 ¥ BER0.839= Whjo] A}
E RAY. Thauea®} Dechloromonass= DNEZ &8 A QOoW, (Warobaculum
2 methyl-group 28715 71 ZHC| A3t HAPYE - (exoelectrogens)
o2 dHAUHGuo et al, 2013, 25, 26]. WetA] Thauera®t Dechloromonase
3% DNES) %%57} tokak we] dAE FH wgzel f7]E3)
A AAC FAstA= 7HeA ol =T

3L
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Species oA BER0.839] 3 T2 Dedhloromonas us9.89%) Thauera
slenatis group(4.15%), R Thauera us(3.92%)% BER04Y} ¢4 2 #Zon4,
BER0.4®] 3 79 FHE+ Dadiloromonas us8.73%) Thauera slenatis group
(3.21%), 9 Thauera us(3.24%)= BER0O.83ET} <FiF AUt F& JYHo=
dHZ Thauera slenatis group Thauera us X Dechloromonas use A4 A| A<}
#HA¥ DNE®F AOEzRaL #Hes = UAvH27, 28]. °l= 24 AAV} Thauera
slenatis group Thauera us 3 Dechloromonas us®] /37 3A 7143& UE}
Wtk BER0.29} BER1.7%  Thauea slenatis group  Thauera us %
Dechloromonas_us®] 55+ BER083 % BERO4ETH Wgith oldi=
Thauera slenatis group Thauera us 2 Dechloromonas us’F 04~0.83V/cm *H9]
o] ZA A=xollM Aol EXHe veERIth
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B ABIS5E32 s

B Dechloromonas_uc

W JF487822 5
FI768452_s

B Thouera selenatis groug

B Thaovera_uc

B FU332806 s

B ABIR6E32 g uc

u FM207508_s

B Chlorotium limicolo

B /X040395 s
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B HQISE743 s
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CPO11215 f uc s

B CUSZ1187 s
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BERO.4

BERO.2

Relative abundance(%)

Fig 5.8 Relative abundance of bacterial groups at the level of (a)
phylum, (b) genus and (c) species in the bulk solution of the

bioelectrochemical reactor
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54 A&
0.83V/cme] A Z=r} 48 AEgF AEH7gE vexs HaE
Aol M7EA v E DIETE Y-S ZAHAIA 02V/eme] A A7 &
S S

e whsxEY Ao A2 4% FFEAS. FEF =7

&2 BAgdd dAE =E2A7IE A2 rdEe] ARG
o] FAstH o] AAMEATE FaANY. FEFF A=d7|5st ez
oA A AAE Thauea slenatis group Thauera us

FTh=ol A S WU
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A6 A SEANYANA 23 Age HEAS 3 3%
A2

6.1 A7 F5

B AFoA e steAgAE 22 AEaE ddoE AEFF AErs
g Wh-g-xo] 3zt AHE s ﬁﬂﬂ%}"d‘?‘r. old AFA =&d AAE u}
Bom =o Ao AEAEAS vz Axsgon, 0.83V/cme]
AAE BAANA f71= 2 Zﬁ\_ﬂlﬂ 38, A718stE Fo dFIAES
ZAFsE A

62 Ad 9 Wy

6.21 A= 3 A=A =4

A2 5em x 20cme] WA T8 EY(0.3T, copper 99.9%, KDI Co.,
Seoul, Korea) #Wol| #FHA 1&EA =% (alkydenamel, VOC 470g/L,
Noroo paint Co., Busan, Korea)® &3} #| 23} .

nAdE a1t 8l A=A JAZ ARG ST 27 0] °F 5~8mmo]
H, FHEAFSHH (Fenton oxidation) E& = Z2T3H (Microwave) &=
A st AEA3H S HO, €9 7500mg/LE FRIgH A A 17
S Ft H,0,/Fe?'e] HI7} 7571 HE2 2Aste AEASLY

S FHlEHAT EHlE AEAE S A A" 5g& FYste] 250rpm S
2 1MRE T AR A ST S2gaie 4 e 1L &
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& 5g3 nikel pyrite 0.5gS FAUI F AAHJAANA 1AIZF &b W
SAA SR

6.2.2 BE37133% v-g=x A% 9

g
Mo
r},']_'
P
1)

B A9E 943 AIFF AE BExE ola¥ FAZ AsHthFig
6.1). FUTE FEFF vbex o ¥ AR ES s, FET
HETe AR SH XSS s 4FF vex vigde] o
BS At fFAdF7E A=2A BHEESE sRlen, e dRE
27] fste] el R ARASES vk AzE 2718 A=
bz SHo Z 2oz wiA|sig o, e M= T FHL
2 wjAste Zk S0l 3em®] Aol HER Stk FEFF A=H715)
g HEgZe] AX% AL HEly AR R AF HAFF AA
(DP 30-03TP Toyotech, Japan)oll <123} th.

2% E€9A= st €9A @718 &3S WWTP, B-metrocity,
Korea)oll Al @714 431 €dAE A3t Imm A= AAF AT 4
T €8A& steAgR 22 A (Y WWTP, B-metrocity, Korea)$} 5:5
o Hlg® TFs WexE AT skAYF 22k Ay 2AS
COD 4.25~6.11mg/L, NH;*-N 1.52~2.11mg/L, NO;-N 3.22~4.51mg/L,
T-N 4.74~6.399 ®9AeH, NO,-N& HEHA FUth H=471%3}
W22 FH|sle] A= Abolo] 25VE A} 747t Q171ske] 0.83V/cm

o] HAE ao*é’é}&’iiuﬂ Ate olylehA] Lo HIL R RTE AL
sttt el &3 Al 7 A1 XH(HRT, Hydraulic Retention Time) 60+°] =
=5 fdE %’*%3}04 S o A
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Fig 6.1 Schematic diagram of the upflow bioelectrochemical reactor
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6.2.3 ¥4 & A4t

FEFRF AEAZIFES wexE &3 Fol COD, NH,-N, NO,-N,
NO;-N ¥ 34 1P E(VS)s X8 AT 2 &9 84S =Y
El® 3T COD+ Standard Methods (2005)2] closed reflux WO =
=74 39om, NH4+-N2 Phenate WHOZ EA3Y3 NO,-NH
NO;-N2 747z ZAojd #3%3 F=34 vy ez  AJdn. Vse
Standards Methods (2005)° @t Z85 AL, wh-g=x9] ulolemjx g
< FAst= AREEH AT

A AEAAY AEHTISIES gEYe] M5 9 Ea &9 nAE
of thet A71sstd EAS AHET] fste] 4L A 7|stst A
(Zive SP1  WonATech)E AF&3sle]  ElS(electrochemical impedance
spectroscopy) 2 &S 43 3t EIS Ao Ag/AgCl A=(BAS, RE-1B,
Japan)= 7|l& ASo2 AMReoH, fdsoz EEEA(E7 30cm,
Z1731mm)& A& AL AFE 25mV, F3<E M= 100 kHzol
A1 10 MHzo. 2 A3kt Ha &dolA Y dad 2~ §H2 &4 A3,
HAE Az dads g A5 W dad2E 7k o8 571 =
of Hg3dte HAY wdS Zgktyh SMART Manger AZE o] (Zive
Lap WonA Tech, co., Seoul, Korea)= EIS A& Z3slr] $lal AH8-5
At

t

6.24 "AE £

AEFRE Y EA 7318 BH-2%9 165 rRNA P E - E %A 96
3]

25 & wagdes Rg®E ZedAE do® MO BIO
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0>~

4= &II8ts 3%t Xel 84

Power Soil DNA KitE ©]&3t% Microbiome Taxonomic Profiling= <
gttt DNAE =& ¥ Kit® Axfo] whel 3383tk Fusion primer
£ AH83le] genomic DNAOA mAE 165 rRNA #2AHe] 7HH IS
(V3,V4)& SZAF . 165 rRNAE Metagenomic DNAEZFE F35 o]
MiSeq Personal Sequencer(Illumina, San Diego, CA, USA)°llA] sequencing
A8l FEHJW. SF, sequencing library®] 75 2 AE=HHSH #4
ojde] AT AEiE FHHJAF(Chun et al, 2010). 7|ve}
(chimera)E &<Rlstx FAE EzTaxon databaseE AMg3std #= ghe
taxonomical assignmentsE 253} 31 Th(http:/ / eztaxon-e.ezbiocloud.net/).

KR
=

o
T

nAyE THH FTAZAQJ]  taxonomical assignments= OTUs(operational
taxonomic units)E F3 VARG VW= F(species) TF T} 22
xEA AR 24, FH2H 24, nAEY 71d F3, AE 1Y

ThFgol e me g 24, AS4 S2HE 3 T adddl i 4

of\

A

=<

+ CLcommunity software(Chunlab, Inc., Seoul, Republic of

Korea)oll 2Jsl] <234 =] AT},


http://eztaxon-e.ezbiocloud.net/
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63 A3 2 31F

63.1 SHFAEG 23 S #7189 ARA/H4A A

083V/ecme ZE2 AAE FEMN F&FF H=27]18hst w29 #
4 COD+= + o
(Fig 6.2). 13
o] MR <%
zo FAHE 22 A5 COD7}F 4.94+046mg/Lel Z& st A

A A7bskAl @2 Aewtexe 7= A7t A9 olHAA &t
_]

P
o

oL
o
il

o XL F7IES 083V/ecme| A7E HAE AV FEFEF A=A
3}3t W3 xE o] g3l EHFOE 3a AHYSE T F JYee 9rFnt
518} WhS-o BEF 2 IutF oz A oA WH3HAG)ol o3 FAH =,

(

AGE WHEE FA47 A5 ZHE. nE deve JdERT ] P
o] th(Liu., 2006, Wisseroth and Braune, 1977). A= Alo]le 7142 4
T AFAE AFFoEHA A" ddyel <

(Wisseroth and Braune, 1977). wehA] RES-9] &3} YA &=
o5 fFyetA FHAaETH(Wisseroth and Braune, 1977, Vincent et al.,
1996; Pivrikas et al., 2011). o]+ A=x7]13}8} vhgxo A AA=Z
st A3 JdUAE 49ty oz oS FElskA daAA 71dx1s

S8 PPAASES olv|drh



St=XelAlE 2X Xl SIS 3% Xl

86

120
J{ —&— Influence
100 —<v— Control
bl
1
I 87
o) ]
E &}
o !
o
O 40 i

Time(day)

Fig 6.2 Profiles of the effluent COD in the upflow reactor



St=XelAlE 2X Xl SIS 3% Xl 87

632 WEF7383 A4 AA

Z o
4=

FEFF A=73

A

gt gz FE4 TN $5& 24 § A
2 A8t oF 2009Y ¥ 2.74+0.12mg/LE AAHFEHO & &S B
Ao, AAE FAEA &e txT H$ 5.67+0.18mg/LE E&0] W
UTH(Fig 6.3). ol B I A=PE4S AH&stal 0.83V/ieme] A

=
AT WAAZ ABAAHS} exE 8D AA SFAUG 23 A
2 e

)

Ammonium oxidizing exoelectrogens) ¥ €& dXP—g"F‘EF(DNE Denitritating
electrotrophs) & X3+ A71ZARA=E Ate]€] DIETOl| ofsf d=ujobyd At
A Aat SAlOl AA 2 5 AeS SR Joicy et al, 2018; Song et al,
2018). “AElS AR AEIsE wkexe =Y NHS-N s&=
040+0.06 mg/LeIle™, NO; NeExE 215+0.03 mg/LoIlth d3kF A&7
s}e} whgzol FAEE 23k A2 NH-NE 7 9 AAEANoH, NO-N=
215+0.08 mg/Lolst2 AAEA] eadth 718kt w30 Fa AAAA 7

1= AOE®} DNE Atol9] DIETe] Jgh Aa Al Aotk maba] HA=gAe}k 2k
oAl e HAF F¥e sk f71E 9 NHS-NSF 22 dAe8471 5

o] NO; NAAZF 1§ o) o]fAA] 2 Zlo= Actent,

AR AEA7ISSE Whex A g vlo| o1k 381gVS/LE 2 H, o)
£ 389¢VS/LZE HI=3lAth(Fig 6.4). olv =& a4 A=A 4
2 st w3z mAlE BiES ASAASS ordth 1y

BN

AT AEAVSIEE vksxo] Aa AlAE tRTROD =3t o= A A
E7)3}st vz M8 AOE 2 DNEZ} AAl 98 DIET7F 433} =<2]

[e)

dlo
1l
Lo

mie},
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Fig 6.3 Effluent nitrogen of steady state in the reactor
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Fig 6.4 Profiles of the biomass concentrations in the upflow reactor
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6.3.3 A7|3}etr A

FEFEF eSS ghgxe Hagdes ZAHHE EIS Z3E JH
(Fitting)5t°] Randle 57182 243} FARE 571828 =& o] 3
22 )8Y9AERe), i)AEE A2E PAE Ax FHAAY HASA
(Ret) @+ Warburg Q32 3|29} WEE A% constant phase element(CPE)
2 77451t (Fig 6.5).

Ao

CPE

Rs

Warburg

RCt Impedence
W

Fig 6.5 Equivalent circuit for the upflow bioelectrochemical reactor

Nyquist plot®] ¥ A2 A Ag-S Zeshm, AR 23 Abole] gk
& AR AAHGAGS ity IR AEZSE vk

plot2 &4 Al wEpx] WA o] F4stdthFig 6.6). ©] AFe &
AAZro] 7ol wheta A" M5 Atolo] AAZE BAgee] A&
AE A 71985S JeRdth T2y Hakd
o} ol skrA el 24k A A=
o2 PoErch

S
ruf
N
oot
®
)
>,
N
9
I
5
50
Ne)

f
N
W
g
riu
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Fig. 6.6 Nyquist plot for the bulk solution in the bioelectrochemical

reactor
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EIS A3 J"ste] st Adke] 3 th= Table 6.13% 2t CPEx= A
=9 AR BT B g Qs FAHE olFT ZHAEEE YERRY]
Al AHE-EW. Warburg impedances ©|F3 o= QI iAo R Ha%
A 9ol wEsAAEEC]l Qo AU, Al ool F2 % HEo] Hol 9]
Aol F2 TAEH M3l nEd os) FAHE 9=

EPdATHYang and Li, 2005, Kim et al, 2011, Kim et al, 2009). CPE®

2242 Qa ¥ Qy¢t Warburg impedance®] 4 &3 o] Aol
om, 71 gto] vl At ol= CPE ¥ Warburg impedance”} 7%
A718ket waxe] frle R AaAA G&dd mAe 9EF s A

AL ot

i
rlo
fol
k%)
Ll
o Lo

O ox ¥ 4

o o

2

Table 6.1 Various resistance values according to the operation time

of the bioelectrochemical reactor.

Order Rs Qa Qy Rt w
1st 478 0.536 0.00001 377000 0.766
2nd 472 0.466 0.00012 215311 0.894
3rd 412 0.792 0.00079 185211 0.698
4th 413 0.689 0.00031 185092 0.812
5th 411 0.321 0.00008 178521 0.922
6th 402 0.452 0.00047 168328 0.918
Tth 398 0.621 0.00028 162537 0.752

8th 399 0.718 0.00015 161085 1.012
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6.3.4 UAE FF B4

AAE 22N FFF ABAZ|GL WS R} DETE AT YEA
X0 93§99 3 F& FAFRAL A 2o FrEE YR
P

(Fig 6.8). A=x718}st wk-gx9t thxzTol|A Phylum <
Proteobacteria(44.64 %, 44.23%)H o, Bacteroidetes(20.48%, 19.43%),
Verrucomicrobia(4.82%, 5.69%), ~Chlorobi(4.69%, 4.90%), Firmicute(3.00%,
237% )0 B Aot S 7|ske) vhexet B9 Phylum &

TH T THET & AolE HolA FTt

_EL

Genus FEAA &7 A=7I8ket b= 3 T2 ABIS6S32 g
(11.03%), Dechloromonas(5.74%), GU454901_g(5.01%), L Thauera(4.73%)%2-
v, AAE FAsHA ¥ tixzTe 3 & ABI186832 g9.19%),
Dechloromonas(5.65%), ~ GU454901_g(4.66%), 2 Thauera (3.72%)°] ATk
Thauera®} Dechloromonas= DNEZ & A QTH25, 26]. wetA A3/ A=
W78}t wh-S-%9] Thauera 2 Dechloronmonas’7t W& Rt} T8 22
SZUel F4E HdA 234 DNEQ DIETE 843} AA {7153 di
AA #AEHE 7Hedol w=ot

A

|

Species oA FEFR A=A715e vbgxo A T ABIS6S32 g
AB186832 59.89%) Thauera slenatis group(4.15%),  GUI127739 g ud3.92%),
Dechloromonas ud2.85%) 2 Thauera ud2.75%) Rt 5 Y2 dHxl
Thauera slenatis group Thauera us 3 Dechloromonas use A4 A AL} #HH
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Fig 7.2 Profiles of the effluent COD in the upflow reactor
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Fig 7.3 Effluent nitrogen of steady state with (a) HRT 1, (b) HRT 3,

(¢c) HRT 5, (d) 0.5Q in the reactors
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