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Abstract

Coal is one of the abundant energy resources widely distributed on the
earth, and has contributed greatly to human civilization so far. However,
coal 1s a polluting energy source that releases a large amount of
greenhouse gases and dust in the combustion process. On the other
hand, the pollutant emission of natural gas is known to be 200 to 500%
less than the coal. Therefore, the paradigm of global energy
consumption 1s gradually shifting to clean energy sources including
natural gas. The conversion of coal to the natural gas is an essential
for securing a stable and sustainable energy source. The main
component of natural gas is methane. Coal can be converted to methane
through two routes: thermochemical conversion and biological conversion.
The thermochemical conversion is a high energy consumption process
that requires high temperature and pressure conditions. The biological
conversion of coal is an environmentally friendly process that uses
anaerobic microorganisms to converts coal to methane under mild
conditions of low temperature and pressure. Recent interest in methane

as a clean energy source has led to the research on the biological
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conversion of coal to methane. To date, the biological coal conversion
has been improved by the bioavailability improvement of coal,
biostimulation, and bioaugmentation. However, the methane yield
obtainable from 1 g of coal is still only a few tens of uL to a few mL.
The bioelectrochemical anaerobic digestion is an emerging technology
that converts organic matter to methane by direct interspecies electron
transfer (DIET) in an anaerobic reactor with the electrode pair that are
polarized by an external power source. In terms of the Kkinetics and
thermodynamics, it has been found that the Ilimitations in anaerobic
digestion could be considerably mitigated in bioelectrochemical anaerobic
digestion. However, the bioelectrochemical methane conversion of coal
has not yet been studied at all.

In this thesis, therefore, the following topics were studied to improve
the methane conversion of coal; i) an electrostatic field that enhances
DIET, ii) the yeast extract as a biostimulant, iii) oxygen that promotes
the opening of the aromatic rings, and iv) activated carbon as a
mediator for DIET.

The bioelectrochemical methane conversion of coal was greatly improved
under the electrostatic field. The methane yield of coal reached 54.5
mL/g lignite under the electrostatic field of 0.33 V/cm, which was 10.5
times higher than the value reported to the best of our knowledge, but
it took long lag phase for the substantial production of methane.
However, the lag phase can be reduced in the electrostatic field of
0.67 V/cm higher than the 0.33 V/cm. Interestingly, after the methane
production from coal, the soluble organic residue composed of the coal
degradation intermediates was still high as above 3,600 mg COD/L in
the bulk solution. In the anaerobic toxicity test, it has been revealed

that the coal degradation intermediates inhibit the conversion of coal to
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methane. However, the inhibition of the intermediates on the further
conversion to methane could be mitigated by the dilution, and the
half—maximal inhibitory concentration (IC50) was 17.5%. The additional
methane yield of 55.3 mL/g lignite was obtained from the intermediates
when it was diluted 10—fold. It has been concluded that the biological
conversion of coal to methane can be significantly improved under the
electrostatic field over than 0.33 V/cm, and the dilution of the coal
degradation intermediates further improves the methane potential of coal.
The electroactive microbial species were enriched in coal medium
amended with yeast extract by the electrostatic field of 0.67 V/cm. The
electrostatic field promoted DIET between the electroactive species to
immediately produce methane from coal. However, the methane
production  was  gradually  suppressed by  accumulating  toxic
intermediates, and the methane yield was 25.1 mL/g lignite. When yeast
extract and anaerobic sludge were supplemented, methane was produced
from the intermediates again and the total methane yield reached 109.9
mL/g lignite, which was the maximum known yield. This suggests that
the bioelectrochemical methane conversion of coal can be significantly
improved under the electrostatic field of 0.67 V/cm by amending and
then supplementing the coal medium with both yeast extract and
anaerobic sludge.

It has been proved that the oxygen that released from the water
electrolysis can be used as an electron acceptor to stimulates the ring
opening of the heterocyclic aromatic intermediates of coal degradation,
thereby promoting methane conversion. In this experiment, the pairs of
ordinary electrodes (OE) and surface—insulated electrodes (IE) were
placed in a bioelectrochemical anaerobic batch reactors, respectively, and

the electrodes were polarized by applying voltages (0.5, 1.0 and 2.0 V
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for OE, 2.0 V for IE). The cumulative methane production in the OE
with the applied voltage of 2.0 V was slowly saturated to 162.9 mlL,
which is higher than 136.0 mL in the IE reactor. This indicates that the
oxygen from the water electrolysis in OE was served as an electron
acceptor to stimulate the ring—opening reaction of the heterocyclic
aromatic compounds contained in the coal degradation products. When
methane production from OE and IE was saturated by accumulation of
toxic coal degradation intermediates, anaerobic medium amended with
yeast extract and anaerobic sludge were supplemented to the reactor.
The cumulative methane production increased abruptly in IE and was
significantly higher than in OE. The total methane yield of coal was
121.0 mL/g lignite in IE and much higher than 64.4 mL/g lignite of OE.
This suggests that coal can be effectively hydrolyzed and fermented
under the electrostatic field in IE, and the conversion of coal
degradation intermediates to methane through biological DIET can be
promoted by supplementing yeast extract and anaerobic sludge.

The influence of activated carbon on the bioelectrochemical methane
conversion of coal was investigated under the electrostatic field ranged
from 0.17 V/cm to 0.67 V/cm. Uunder the electric field of 0.67 V/cm,
the methane yield of coal with activated carbon was 35.0 mL/g lignite,
which was slightly higher than the 25.1 mL/g lignite without activated
carbon. After supplementing anaerobic medium amended with yeast
extract and anaerobic sludge, the total methane yield of coal increased
to 98.0 mL/g lignite within 19 days. This suggests that activated carbon
improves the methane conversion rate of coal by mediating the DIET
for methane production.

The final conclusions are that the electroactive species in the coal

medium amended with yeast extract as a biostimulant can be enriched
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from anaerobic sludge under the electrostatic field of 0.67 V/cm, and
the DIET between the electroactive species greatly improves methane
conversion of coal. The activated carbon further improves the methane
conversion of coal by mediating the DIET. Further studies are still
needed to replace the yeast extract as a biostimulant with an
inexpensive substance, and to design the continuous bioelectrochemical
system for coal, but the findings of this thesis would be greatly
contributed to the practical use of the biological methane conversion of

coal.
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Fig 2.1. Coal Formation
(Source: Siyavula Education)
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(Energy Korea).
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Table 2.1 Typical Parameters of Coals

Fixed Volatile Gross
Carbon Hydrogen .
Class/group (%) Carbon (%) Matter Calorific
0 0
(%) (%) (MJ/Kg)
Anthracite 95~98 92~98 2.9~3.8 2~8 >32.5
Bituminous
Low Volatile
91~92 80~85 4.2~4.6 14~22 >32.5
Medium
87~92 70~80 4.6~5.2 22~31 >32.5
Volatile
82.5~87 60~70 5.0.~5.6 >31 26.7~32.5
High Volatile
78~82.5 55~60 5.2~5.6 19.3~26.7
Low—grade
Lignite 73~78 50~55 5.2~5.6 41.76 <19.3

2.1.2 &9 o] &

Aes A e EFUEE A7]dUA] 9 oUAE o] &H7| %= st 1A

7t2s o g2 o] g tiTable 2.2).
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Table 2.2 Use of coal

48 o] & H o] &&of TA &=
SIEPN A7 e 1) A71 A, g o]&(Fly ash, A58)
e} o] ) _
A8 FE4s P 197, 3ol &(AeEA, ATE)
AR A, FEE dids
e FHilo] E | oA gl TEAstd =
— = S a4 3} el9l 2
A= R R e M
52 ST, HAF2AD)
°o]-& A ek, e AEZ / Carbon
ehs}
}_\j' black
2ts) FRlak, WEkE Al
E}
- AfF7b= =AZEE, FAAA7FE(SNG), 9=
§], 7] iﬂ 7}./\§,tﬂ—;<q
ol A €l @l (Plasma”’}2~3})
o] 7k A8 89 E
9]
M A=
5T JE(Je Ag, AZFAD
= 7—]‘%‘ Tar T - - :— o3
- Tar? bl], éﬁ]—@lﬂﬁ_’ A=
NA A= V‘% Jet1=)
A ol 5} | A A 2] &H(STC), SRC, Binder,
B4 f, WHeE=chemicals
o] g2As STG G7|ErslEE
SAAHE BT, WEFFchemicals

2.1.3 &9 miZF R Y43 4H|

A AA A #e] 30%e
fragto] 7,183 EolH,

Aed 2

et Aue] & dawe 15F Hud Fdw

MEQ] ol Y ety Zeko] 31679, A

103504 =02 EAHATHBP Statistical Review of World Energy 2018)(Table



Table 2.3 Toral proved reserves of world coal at end 2017(million tons)

Anthracite and Sub—bituminous

. .. Total R/P ratio
bituminous and lignite

North America 226306 32403 258709 335
S. & Cent America 8943 5073 14016 141
Euroupe 24220 76185 100405 159
CIS 130162 93066 223228 397
Middle East &

] 14354 66 14420 53
Africa
Asia Pacific 314325 109909 424234 79
Total World 718310 316702 1035012 134

AAC] et Aske Mg 4ne] A F31e} 3 HRH R HAaEHE A
< Holx Utk AAY Mg Agake 200730 33024 = A 20173 =
37686 TrEC 2 1035 14%9] 71

# 3.6% TAEHATHTable 2.4). 22
11%2] S7H&S 7FA 3L YA T vkl dArbzse At F7HES 25%=2H A
golu A fre vla] E2 A4k FUFHES Hola QUTh

e BA3FEES JAFAZA & 71t d4sAA AdUAE THiketr] o
ARG, DALY Sox AAAgE &8 Fo|tHHuang et al, 2013). A&

B>

o FHsE FAHRE F2 ABRo HUABRO A P, BE o
A Solm AN, SR, FEALG 44 4x Az F 5 FrE0] T 9
o9 R, B E 24, 98URY 5 v 44aE 33
3 glomE Mee ARE ASF WA, FUNE, A8 Ak, o]4Asigact
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2 o8 1A 29 EHES AFS Fol @AAIZItiZhang and Liang, 2016;
Ryu et al., 1993; Yi et al., 2017).

Table 2.4 Coal production by region (million tons)

2002 2007 2012 2017
North America 1072.2 601.3 534.9 407.9
S. & Cent
_ 53.8 55.9 65.9 66.8
America
Euroupe 216.6 199.2 164.6
1161.0
CIS 221.5 260.3 271.8
Middle East &
edie B 231.0 141.6 152.6 155.3
Africa
_ N 2314.7
Asia Pacific 2065.5 2697.0 2702.3
Total World 4832.7 3302.4 3909.8 3768.6

At A CO29 HiE#o]l H& ¥uh ofygt dd 7h=9] A4t Hlwshe
°F 450% W2 NOx, 500% W2 CO % 400% o]’de] wgar vj&s =)

(US. Energy Information Administration, 2017a, 2017b). wj&ol] A&+ n]
HUARD Aol 715H3t Bl &4 FROE AAAL St} st A
A AdlE 1980 RF o] Aol F3Ea Aok A" &uHl= 2007d
3451.8mtoe(million tonnes oil equivalent)oll 4 2017\de]= 3731.5mtoeo.Z 10\

B 8% F7kel A3 JqtHTable 2.5). =gk Hr|et §1, F Aol A&

=

< HAV=Y &RFEE Ad 1095 24%9 F7HES Holal UTKBP

Statistical Review of World Energy 2018).
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Table 2.5 Coal consumption by region (million toe)

2007 2012 2017
North America 586.2 449.9 363.8
S. & Cent America 25.8 31.6 32.7
Euroupe 372.9 347.3 296.4
CIS 167.3 182.1 157.0
Middle East &
) 101.9 107.9 101.6
Africa
Asia Pacific 2197.6 2675.5 2780.0
Total World 3451.8 3794.5 3731.5
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Energy consumption by fuel

(Reference case)
quadrillion British thermal units
45 2017

history | projections
petroleum and other
liquids

40
35
30
25
20

15
10 other renewable eng¢rgy

natural gas

coal

nuclear

U | I I I I I 1
1990 2000 2010 2020 2030 2040 2050

Fig 2.2. World energy consumption projections

(Source: US energy information administration)
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30~85days) ™

(] &Y A A A 7] 3

0.17~4.98mL/g lignite) wj&ol 73A

>~ 0.
TE!

g

&3 AtHColosimo et al., 2016; Zhang et al., 2016; Orem et al.,, 2010; Zheng

et al., 2017).



A 2 F 16

Biocatalysts

Alkaline substances : :
Coriolus versicolor

Bacillus cereus Lentinula edodes
Bacillus pumilus Lentinus tegrinus
Bacillus sp. Y7 Marimonas mediterranea
Bacillus subtilis Nematoloma frowardii
Penicillium decumbens Neurospora crassa
Pseudomaonas putida Penicillium decumbens
Streptomyces badius Phanerochaete chrysosporium
Streptomyces setonif Phlebia radiata
Streptomyces viridosporus A Polyporus versicolor
< Rhodococeus jostii
Streptomyces griseus
Chelators Trichoderma atroviride

Coriolus versicolor
Phanerochaete chrysosporium
Trichoderma viridae
Trametes versicolor

Fig 2.3. Representative microorganisms decomposing coal
(source: Na and Park, 2016).

Aete B3y AR FEIAY 887t 18 A 1HEZA HE] TFH 7]
=2 FE Yadsxp o] AFAH =Z=ZM(Colosimo et al, 2016;

Senthamaraikkannan et al., 2016; Strapoc et al., 2011) ¥¥F& 1 F7|EZ || H]
l 1A mAEo o3 WIEOZY HSho| oAl r|HL ol 1 Fx
7} 7hthEHHColosimo et al., 2016). A& A &EEH WS AA o= gt
Aero] Rajulg-ESo] #odt= RO 24 Bacteriaol o8] 7R EHAY 9
7 9 AEA =22 F3)%3(Colosimo et al., 2016; Mclnerney et al., 2008;
Schink, 2015) ®3¥ @< F4HES Archaeadl o8] @714 AH oA WEgo=
AgE = 71-d 2 "HGuo et al, 2017; Haider et al., 2013). Fig 2.40] A
Hkel o] AMukis] Al TiEZQl 1A FAAA=EA S polyaromatic
hydrocarbons, nomoaromatic carboxylic acids, ketones, long-chain fatty acids,
hydrocarbons &3 Z2 ¢ &34 EH=EZA wadAde EE5GAE dex

ATHWang et al,, 2017). o] A&Hdge] WAUSES B A5 F2E 39N
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71= <2l EZ(A: akaline substances), A= ml(B: Biocatalysts), Z # o] (C:

Chelators), AlH&AA|(D: Detergent), o 2~E] 3] &A(E: Esterase)ol] 2|3l
AAoHME HEH o T o] HKFig 2.5). A4 EHAE Fald T
AHEES Archaeaytol] 93] wegtoz AAHEHEY 1 WENAH ARE

<
e
H

T

hydrogenotrophic (Eq. 2.1), acetoclastic (Eq. 2.2), methylotrophic (Eq. 2.3)¢] Al
7FA] ®E-g-olth.

Equation 2.1: COy+ 4H, — CH4+2H:0
Equation 2.2: CH;COOH — CH4+CO,

Equation 2.3: 4CH;OH  — 3CH4+CO2+2H,0
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ARCHAEA |

Coal

Degradation

Intermediates

[polyaromatic hydrocarbons, monoaromatic
carboxylic acids, ketones, long-chain
fatty acids, hydrocarbons, etc.]

Fermentation

Methyl
compounds

COz; H>
Acetate

Hydrogenotrophic Methylotrophic

Acetoclastic

Fig 2.4. Schematic of the sequential microbial degradation of coal to
produce methane(Moore, 2012; Schink, 2005; Strapo¢ et al., 2011).
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HOOC 0 % ......... OMe
iy
NH, Ca
Fig. 2.5. Biological conversion of lignite ABCDE mechanism
(Hofrichter and Fakoussa, 2001).

WESA we gue el FHe EY, 44, AAe P, YE B

ol AAas dF 3t o mAE EFA S HZo] H
(Harris, 2008). m|AEol <3 == We 585 SIAT|7
F2 A EZ2(bioaugmentation), A o]&&
(bioavailability), 28] W& Ze) 7] sl= 1] Ay
A AF=r(biostimulation) & A7 2 Y= 4 AT
2 WMAZ AJ)5 = bioaugmentation M-S A ks MEHEs] e} wgAYA
of &4& 7IAE HAES FYsheE WH(Ghosh et al, 2014; Davis et al,
2018)°] .

T HAE Aekd Ao g bioavailabilityES Z7HA17]7] 98 AEke] AR
oty Mgt xWAS FI7HA 7] Hst dA S AA E4lske W (Colosimo
A& AHgshe
S7HA 7171 # sk

[e)
o] ¢ tHColosimo

o
g3
X
of
o2
B>
i
of4
|l
ol
rlr
o=

et al, 2016), Iatsbaga, FgbebdF, A, 7Hdat

£
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et al., 2016).
biostimulation2 7} Al A & wlebd gk Asldgo s JFaHr}
£ 53 AFolth. AaEfE XA Ao W d3s %—7}/\171%3 <&
4G F=(NH4 +, K2HPO4, trace minerals, vitamins)(Jones et al., 2010; Zhang
and Liang, 2017)3, yeast extract and/or peptones (Barnhart et al., 2017,
Zhang et al, 2016), monosaccharides (Huang et al, 2017), biomass
amendments (Barnhart et al., 2017; Davis et al., 2018)%5©°] A AFo g2 wol
AHE-E

o] o= ¥ AtAIl At AE AFSE ARS HA st wE
&S Z7HA7 AFRES dtkUones et al., 2013). 3 o2 AkskA| ¢l 2zE
AHES o83 A E &ERTVIER WBAE S STHTIE AR

3 ¥ tHHuang et al.,, 2013a, 2013b).

HI

2.2 713 A8 =
2.21 @714 48z A8

Q71 aste FAMA A @714 wAdEC 93 frIES AT
wofsted FAEERE vlole TlAE AlMEteE TleEA @18 ASARAH S
hydrolysis, acidogenesis, acetogenesis and methanogenesiss A3}8} Hk-§-© 2
TAHTHShin & Song, 1995; De la Rubia et al., 2002; Song et al., 2004).
hydrolysis@Al ol A A&, @i e<sta3 Z2 a4 284 F71=4°] 7t
|4 A, 99R F ooppgtow FaEM, o5& ARl s
acidogenesis@HAl ol Al F| R {74, GF, dEYol, 4 W o]ikslekAol 2
S friEAZ Zadc a8]ar kX9 methanogenesistA ol A1 acetoclastic
methanogens®} hydrogenotrophic methanogensell ]3] #HF o]4tstgtis} wego =
AgdH(Lyberatos & Skiadas, 1999; Gutierrez et al, 2009; Mao et al.,
2015)(Fig 2.6). ®714 &3tollA ZF DA A HEgo] #Ast= vA=S 4
gHte gobet wlEAA A wFo] A\l # o] tH(Table 2.6).
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Table 2.6 Substrates and products for the main anaerobic microbes

Anaerobic bacteria Substrate Products

Acetic acid, methanol, CO2,
Methanogens ) ] Methane

and formic acid
Hydrolysis bacteria Complex organic matter Monomer

e ) .. ) N2, NHS3,
Denitrifying bacteria Oxidized nitrogen
N20

Sulfate reducing acteria Sulfate H2S
Acetogens Short chain fatty acids Acetic acid

Homoacetogens formic acid, propionic acid compounds Acetic acid
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Particulate Organic Material

Lipids

Carbohydrates Proteins

! l Hydrolysis

Amino Acids, Sugars

Acidogenesis
Anaerobic
Osidation ermediary produc
Acetogenesis
Hydrogen Acetate ‘
Hydrogentroph Acefuroph Methanogenesis

Fig. 2.6. Anaerobic degradation pathway of polymeric biomass to methane
(Source: Henze, et al., 1983).
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O 7+4E3] @A (Hydrolysis)

3 dAE 1EA fFUIE2AAE, @id, g53E)o] AHIA mAE o]
= A9 & A(extracellular enzymes)ell ol&] A EA F7]=2Q ofv] =4t
a5, 3 AW4Hlong chain fatty acids, LCFAs) 2 Z@AES3 & {7
Al (organic monomer)= ¥ ¥ = = A o]H(Toerien and Hattingh, 1969) =A%
Ak, obu| g, TR Bl Ve R §stES dtEl oyt gAl o8 &
= AEA fr7E2 BEdlEH= #FAo|tHFig. 2.7)(Guerrero et al., 1999; Luo et

al, 2012b). F71=9 714 &35 A dACdA JHeRe e 714

7

A

D
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ol
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sl QA fF7lEel & 712 Asst
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Equation 2.4: C6H1()O5 + 2H20 — C6H1206 + 2H2

Particulate

Sorption T

/ Diffusion 000
Enzyme in the bulk (Es) / ; d. .
roducts

VFAs, H:, CH4

8¢ ;
OO © Enzyme in cell (En)

Monomers (S) Acidogens

Fig. 2.7. Schematic diagram of hydrolysis model (Source: Feng, 2017).

@ Aars A (Acidogenesis)

AhdE dAle ThEEs dAA A" BR1 R, otvlkeat, SYAE, A
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A 4HLCFAS)Y 22 #7] ©&AE Syntrophomonas  wolfei  sp.<}
Syntrobacter wolinii sp. ¢} Z& AFyAd Lol o3 olitsets, 4, GF Z
Stmol 5 {7148 AAEE BHgo|thGuerrero et al., 1999). AFYAHES-©
F71GFAE o] 83t DFAYT &F T& s A DA A

= J5te AL TAR M7= o

2 ethanol, methanol, formic acid, acetic acid,

>

oEE dAle Fe AAE
lactic acid, butyric acid, propionic & °|th. ©]&-< acetogenesis@A ol A4 ©]4ls}
B4, oMAELN, FATES A e TA oA R DA o] o) 3]
e ol AP o g AHEHT AHIAANEE S FAEY] e A, Aol
UA(AG® ) #ko] ZdamHEg iz Fggle]l 953

&

el wrgo] dojuth webA AR YYEE 1]

2] =78 L,
Tt wet Wl goFstthRuzicka, 1996). AAAHQl WESAE FFIA
122 52E ofA|ELro] AAEE HHg-o Equation 253 #Zou, wAAZ =
AzZANAE Hhd $49 AHoZ 5 pHet 4Hs-3d A7t AslE o]
AFY A -8 Equation 2.6 T+ Equation 2.73 & AAHES HAZ 2 W3lE o]
#7148 a3FAHe PSS I EFHGuerrero et al, 1999; Ostrem &

Themelis, 2004; Strauber et al., 2012; Zheng et al., 2015)
Equation 2.5: C¢H120 — 3CH;COOH
Equation 2.6: C¢H;20s + 2H, — 2CH3sCH,COOH + 2H,O

Equation 2.7: CeH120s — 2CH;CH,OH + 2CO,

&)
B

A3 2A(Acetogenesis)

22 A @A o A alcohol, butyric acid 2 propionic acid¥} #& ZF g
A EEL acetogenic bacteria®l] 2J3l oM ELF, o]4tsteta 2 A2 HIEH
2.6). 18y Fhe e Bt S d¥EHow A

AR A7 wEdd FiheEs dU4 LA T8 As

(Mata-Alvarez, 2003; Cazier et al.,, 2015). Equation 2.8-2.10 & &7]*d43%}9]
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A WA Ao A propionate, glucose ! ethanolo] ofAE|o]|EZ AHEE = A
S YEePAHOstrem & Themelis, 2004; Strauber et al., 2012; Zheng et al.,
2015).

Equation 2.8: CH3CH,COO- + 3H,O — CH3COO™ + H" + HCO3™ + 3H;
Equation 2.9: C6H1206 + 2H20 — 2CH3COOH + 2C02 + 4H2

Equation 2.10: CH3;CH,OH + 2H,O — CH3COO™ + 2H, +H"

@ gy A A (Methanogenesis)

Hedd BAs @714 43te miAY dAZ A dAlCA AR AT
AWkl 4224~ Equation 2.113 Equation 2.129} o] wWebgA A4 %
b ol 8 WA rAEY] Fa olg WEAA uAEe o3 HFTALES]
Heto 2 H3FEcH(Villano et al., 2010). WErtx FAYL Z4kyp T2 2qko
ZREH o 70%7F AAEY, FAZHE oF 30%7F A4 B oKSmith and Mah,
1966; Balch et al., 1979).

o, 30~40C ¢ T2 ¢F 55T m2=xddA Hue &4 e
(Song et al., 2004; Bolzonella et al., 2005).

Equation 2.11: CH3;COOH — CH4 + COq

Equation 2.12: CO, + 4H, — CH; + 2H,0O

2.2.2 {718 43819 JFUA
D #7189 AL

714 agxdd FdHe FU1HTIES V1A mAEY 9Ll H

[
ofy
ko
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g Z1doltt. frlEEL EdEHY] A EAI EIHY] oAHE 2HE o)F
A BE 2do] gridastdA 2F EdEA &=rhChen et al, 2008, Cuzin
et al. 200D. &7t & He 2242 VA4 vAE o8] yESHH o= E3)
7b AESHA ol R w2 A EEN o HT dio]Ut~E AAkg
a8y, BAlE7] AH: EAES 714 2ddA oiREE BIEHA g3 &
stz Wl SHaiA EE Halstri= @ webs, FhHAVIES 540 w
gt AEStH o g 13 7ted fA7IEY & Ve R FUIE A xE

oo} 3cHChen et al., 2008. Karakashev et al., 2005)

flo

—_—

@ ¥4 astze) Pae
f71E2 H3F&(Organic loading rate, OLR)2 @r|AdAstze] Theiagd 19
¢ TS A=THeRE B Jhed frl=e YFolthSong et al, 2016).
r Fotgo] we Afole WEx Yol A4yt dojit npo]l vt Al
AED, BlEo] =& A9oE VFAse] AJAYAH o2 VFAs] =3

29t (Zheng et al, 2015, Strauber et al, 2012; Cazier et al,
2015). @714 4stxe] BatES WgE Yo SdHTEY HolHE F3iA4 =

A o] 7}sstcHMata-Alvarez et al.,, Guerrer2003; o et al., 1999).

Q 833 A 7 A ZHHRT)

@718 45tz HRT 3tFol Bdste f71&E9 o Ysia AAEH= AL
24 AAAQ 8% YA FFS Br]= doiluo et al, 2012b). & 7
714 &334 el A$ HRTE 20~30¥¢ = AAs=E 4971 22 Song et al,
2004), 27 1A A3 FAe A 13 UL xRE 20Y oo Fhd, 2
A dUIdAs R 10¥ o] e ® dthSong et al., 2004; Lyberatos & Skiadas,
1999; Chen et al, 2008). @718 4slxE 7tdstA] ¥ F2A &A= A
£ HRTE 60~90¥o] A3 Aoz dHA 1 YHOstrem & Themelis, 2004;
Cuzin et al., 2001).
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@ pH

P78 AaslzoA pHEeE F7I84szxe &4 9 #Agd F
o]tHSong et al., 2004; Luo et al., 2012b). ¢xtH o=

6.5¢F 8Atololtt. A XHAe] A=W PHIE wopA| =
FAES AAaAA FdEHE /FUIEVIEY 54 9 FekE, 25wt 59 24
Halo] tigsle 58S FrAaAlzIthKarakashev et al. 2005). ©
ME o] U AR ES /F74F AL ASHAR {7
Ado =z o]gst= WA A AR f7]4ke] HEe

=
S}mE 24E f7l4ke] FAHo] pHE ta% gopdth FRAEH 2L 9%
=

)
P\
rlo
o)
T
2

d71dastzoM 2Exd2 WEgd wElgote] Ao 2% FEFS VA

[ 4ot Song et al., 2004; Varel et al.,, 1980; Masse et al., 2015). 7|34

gx9 A LEEA wal AHesH(15-25C), 2L AH(38+20), &
23PH(GB5E2C)o 2 BEFHEHSong et al., 2004; Zhang et al., 2009a; Masse et
al., 2015; Connaughton et al.,, 2006). <% & f71& BEi&E=E AL -5
2230l HlEte] 1243t o] wETHSong et al., 2004; Zhang et al., 2009a;
Zhang et al, 2006). I o2, F7|E F37F Eg dols 250 did F&F
o] ZA Lo fAVE FUF & wole 12 1A €5 COD AA

&
< E<ItHAhn and Forster, 2002). 11243ty 49 43tE £A9 g%
o] ¥7] mEd <A AgH|&o] == | %
Atk 2y T4 BlE] Tes 9% FAUA FEEe] gen, &
stz 99 Aol dEhes Zo] B o= HriEHSong et al, 2004; Mao
et al.,, 2015; Varel et al., 1980; Guerrero et al., 1999; Zupancic et al., 2003;

Labatutu et al., 2014). W&tA =& d7]|A4H 23JHE VA EAHY A, =
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=)

F& 9 duyx] 7% HolA T o vlwA gy A o]tHLabatut
et al., 2014).

® 3'LAEALLHVFA)

A AYAHVFAs)O =+ @714 4319 7HE T8 A F stuelt
(Ahring et al., 1995, Komemoto et al, 2009; Kondaveeti & Min, 2015). 3|34
X]H“&-"/l TEC G714 &3txY LFYHE A4S F As M F& AR

AgAre] w5271 S & EE 2t WS T Aol A
HHLEJH 3P eo] &3tz

FEYol, i B FEES XIF 5 EHS TV LA TN TFS
nXn drkFow Ryol o] YA 43 AAA] B wEgAA
olo] ZA4S Yel= Aoz BREF1 dvkAngelidaki et al., 1993). FUH=
71 A71E9 @d 42 CN HE&2 FAHT & Utk 99 #5271 =oH
29 mAyEo] AHFESte os g4 Hol A& AdE e 53], UE
F ol 714 &3t A3k oA a3E vEhdit B3 dU)14d e
chromium, cadmium, copper, lead, zinc, nickel ¥ cobalts 2] A E W= Ao

2 BRuH3 QtHLyberatos & Skiadas, 1999; Mata-Alvarez et al., 2003). &
Aol 7iEES 2 Ahtg FIHYAHEE A= micromolecular acids,
polycyclic aromatic hydrocarbons, heterocyclic compounds ~12]3l phenols 52

3l EEES FVIA PAdEdd S o 4hdtd gl o wgA Aol A szt
£S5 3c}h(Piao et al., 2018; Nzila et al., 2018).
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Themelis, 2004; Zheng et al., 2015).

o] 2AtHSong et

g A

e

=
=

al., 2004; Luo et al., 2012b).

2 93 i) 714

s Ke)
i

ﬁo
o

a3y,

i) 71 HRT7}F ¥ 838} ii)

gHoz 209 ol4el

717 &gtz A EE= )

k=]
=i

’

1

o

=
=

o]
5

of A3 Hog FAH M vi) A E=rF w7] wWZell VS AlA

A etk

2§27t

ENC)

vi) 23hele] BOD7F &3 o7} ubr] Rjadu) ol

o] 2thSong et al., 2004;

Tetes v

oy

Chen et al., 2008; Song et al., 2016).
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2.3 A=A7138 A7 43
2.31 AERA7I3S A7AQ 439 &F A

A=718ete A= SuA8S ol &ste] frlEel e 3stely
A7\ A == 4, 8 5o FEEdE ASA7|= AR N, A=
(Anode), A =(Cathode), &= el 4bstd=3 g S A=
9n3s2el EHoR TAUL. ABHA/GG P YrsE B rstre A
=2 AXste] AT Mok drlske AExrIssr @71
(Bioelectrochemical Anaerobic Digestions, BEADS)ZA] 9] FHHdH-E& o] &3l A
A= AAE =olAY A= HAE FaAA AFEHAA WY

= 5

Askg 9 BUNLSS FAAAE otk AR B HLE
28
A

rjz
=
4
[o
e or

1r

AT ER
SRR

e
=4

s

o} A}
iRl 2
ZIth(Fig. 2.8)(Wang et al, 2009). 453 <= FH w32 22 Equation
2.10%} Equation 2.11°f ¢J3] A=t (Song et al., 2016; Cheng et al., 2009).

rE

Equation 2.10: CH;COOH+2H,0—2CO,+8H"+8¢e", E,,=-0.486V (vs. Ag/AgCl)

Equation 2.11: CO»+8H"+8e —CHs+2H:0, E,=-0.445V (vs. Ag/AgCD
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Power supply

CH,

Substrate 0o, H

Fig. 2.8. Schematics of bioelectrochemical anaerobic digestion.

2.3.2 AEA7|FE 7|8 43819 FFAA
O AZ(Electrode)

BEA71est A A &2 A Fo] ZEFojord =12 i) =2 A=
A=, i) vAEe] B4 T F e W2

v) A= FEHE A AR  Ae Axd, v) BEstd 9 stHow
FAst= WA, vi) AHEST A=

2015a). A=x718edA) o] S = T

Hole Aol AsATAA AGdE olvtstEay Faol2d RhyA

Fant
S AAske whso] JPdnt. ojnf SAAS Frje WHEEES S
0. weps EE54Q SARTRES M AR} FEA =e olitst e
Z7) vlol Qb S A= o7t 9AF WA H FA FEH
ofof 3t} &Y Fo] A& NYHEF AAE WSAHNA FFE7] 9
MAE 1AEFe] ARE ARGtk dhnh g3 AT gUdkgo] &
EHO0T MNYHEE Y& HREHAS AFsteorsty Wrdo] dojof ot
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gEEe] wasu BAES fANCR 99 948 UEAIE FUAIAR

o]t}. carbon paper, carbon plate, carbon cloth, graphite rod graphite granule,
reticulated virified carbon(RCV), carbon nano tube(CNT) 52 EZEo] 3
FAgE g AHgE ol g tHTable 2.7) (Song et al., 2015ab; Feng & Song,
2016a,b).

Table 2.7 Status of bioelectrochemical anaerobic digestion according to
few representative studies

Electrode Methane
Substrate  Volume materials Voltage Production Reference
. Reticulated S
Activated 0 1 Jitreous 0.3~0.6v 1.65 myL, ~ Gajara et
sludge carbon al.,, 2017

sos s Cathode potential: .
Artificial 49 1 Carbon—felt —0.85-1.15 V  0.27 L.d  Jiang et

wastewater (vs. Ag/AgCl) al., 2013
svathetic 31 Graphite 1.0-15 V 12 L4 5hetal
e 08 L S Y L4~V AT P
Saage o Grbon fher GBS PN 00 L Sl
N elowatey &8 L aphite felt 5 2.31 L/Ld X‘f?“%%
I e R

WEANFFAANA AFAT FAAT Aolo] AT AAAE BEH
eHE A% Baw MY FoT A Fo shtolrh AEA/FHAAY 2
[e)
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S YAdHLiang et al., 2011; Liu et al, 2012). wabA] Aad =z 94
ko] ARl Fe YR AL ZRE Vg Ao 7] E AT HEAIG
A&FHA FekS WS & 9tHRader & Logan, 2010; Nam et al., 2011).
Z7He] ALYarE dom HEA7|ESE vk dojupx] gon, ALt U
2 Aol Eo AVIEsI dold + Aok Wange] AFAFed ostH
0.5~0.9Ve] ALAE <A7betAe W Favks ARl TP Ejken,
0.3~0.4Ve] ALAAE QUrtetg e we wWerts A Fo] = doh =3, ey
ARkgo] dojutr] L%k FAHAFY o] 82U HA A= -0.21V(vs. SHE)oIH
(Wang et al., 2009).

) mE _ll.l

@ 71EHOthers)

Holl, P8 E A5 AA MFCs) B mAdE s dA (MECo)SF 22 AE
|Eat Ao pH B 2= 22 oF 34 o ¥ wifsite=
=5 A tHLarrosa-Guerrero 2], 2010; Heidrich et al., 2014). o] 7o
A7 st8t wkg7]lolA pH 7.00l4 Xt pH 58914 wHiole 7}~ A4k

T+ 30 % 579 (Hu et al, 2008). 10 ColAle] A=H7]183 7|4
stz Wg &2 10 CollA Asste tz70@U7F A 2 A5 glHEH

rN

_4

10]

B> 2

o

53 ~ 66 W) =tom, & 27 (35 VA s fzre] £87 5
AL, et al, 2016). st WEA/SS @14 A5zt A% BH 9
Fowx et e wedl e e Ptk AR/ P14
r8tze] 4% §71%, §71% Rele, HRT, pH, €5 57 22 44 54
of YL J1Ee] P4 ssEwnF a4 gov AT Hde R P A
24 we ol 9% $] o8 YFS WS 5 UrhFeng, 2017).
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A3 A Mg A vgHge] A7 S

2 &= e (Coal-bed methane: CBM)2 A3} detZolAx A= HA7129
Z83% oA Yolt}. CBMS ¢utz oz MeZd M3 FE2AHES 53l A
s SEETE AgZoA AAdE= CBMY £Xo 3] AgdET
al., 2016; Wang et al., 2017, Davis et al., 2018). CBMs& 2] &to]
F9E SI|EAERE AEE A5 AAWHT WESH AYAQH
F7HA A=Z7F JthDavis et al., 2018). CBM2] €3}sts YL w2 &
Ao Heste] FAlE2 FAHAIN, CBMe] AE3H2 A4S A
H frlEde] VA P = ot dHe EafvkEH med Nk
P e LA AAolth. Ty, A8y AESHH WaHddES oS¢
o, HadAEEE UF =i AAHolA XKsttHOrem et al., 2010; Zheng
et al., 2017). wjo] CBME AgA o2 o] &3ty YalAs Aete] Wensts
o

SHA| T

4

—

(Colosimo e

1995; Song et al., 2016). f71&2] dr7|Hd Lo &S vz 7pA
& A= fr1E EgsteAl
7F A8 FQA gady e A5
A JPHAY, TR AP ES 1ong chain fatty acids,, alkanes (C19-C36),
various aromatic hydrocarbons& X33t 7HOEE €8 JF=EE FAH
glom 2btgrl o]t Orem et al., 2010; Zheng et al., 2017; Nzila, 2018).
F= FFEELS InF oz WeFEag(aromatic ring)E A7 AY WS
o] &l(aromatic nucleus)®l —EX}*JEH«] A4S Vet ring g openingdr o E A
3714 =A38kA BalE 5 AokNzila, 2018; Sharma et al., 2016). ¥-A-4+el
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o Azt EASHA e W HAFEAZ ring openings st A4, A,

=<
Fitd S0l AHEE 4 AukNzila, 2018). 1y, o7t R ApeEAE0]
TABHA B W2 4SS A olitstgAE SAANA WEe
[e} 8 g

AG7hA] Mgk AAESAQ] WEhEdINEs FIXIAF7] 95t AR
bioavailability -7}, biostimulation, bioaugmentation 52 WHE
o Aes BHste JdAS ZaATIAY, F5E&Y FE, AUSAA
o] W2 AEe] bioavailabilityE 3417171 91 Al=E°]th.(Zhang et al,
2016; Fuertez et al., 2017, Jones et al, 2010; Ghosh et al, 2014).
Bioaugmentation®} biostimulation®] WHE vAE ALAY == d4, ¢, v
A 2 HENT 2 Fr)" JIFRe] HutFe] FFEo WMoz A
g HgS FX A7ed aRFoE AEEIIH. (Wang et al., 2017; Davis et
al., 2018; ). ey} Mgt AETHQ] WEHSNES FIIA717] A o
7HA =¥ EdE B3t olF7A] A 1 d¥olA Fr]AFu Y E o A
2 7hedt Wg e 4 molazg oA 5 mg g e Edst
(Wang et al., 2017; Zheng et al., 2017; Fuertez et al., 2017, Bao et al., 2016).
A ero] £7] 838 el = COD(chemical oxygen demand): 4] gho] €314
Tof v Aol wet gE2AN Aee] A Ae 29T 05-08 19 HAx=
w2 E=o f71E9 IR &
< 350 mL/g COD o|t}. oA A A o+ A+ A niolen

1o ol lnw Ae UrE‘r‘ﬂiD}.
A

o u

% 9

F

2

u

>,

A B oA
gk &
go] A
]
2l = o depith A

r AEAREES MAdstr] st o] &3tkSong et al,
2016; Feng et al 2018). A& 73}8t A Aslzxe 71&29 /A 423z
of B5 # AF%S AAst= Aolth MEMVISIE U AgzoA] 43
Y HAF FHo+= 7 exoelectrogenic fermentation bacteria(EFB)<}
electrotrophic methanogenic archaea(EMA)e] 7] &4 vwAlEo] AAsHA

enrich ¥ thFeng et al., 2018a; Doyle and Marsili, 2015; Zhao et al., 2016). ©]

Eate] MY 5 e o273
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E A7) &4 vy EL cytochrome CE A ZL)H7IA] SAAA AAE {2
A-AGAY FoA AARE 2 Hu= o]t Song et al, 2016; Feng et
al.,, 2018a). EMA+= EFB=ZHE ZAAE ZH wro} o]4s et A E A A7 02 A
W EFS A A= m A Eolth(Feng et al, 2018b; Doyle and Marsili, 2015). & &
EFBe} EMAES 5 A5 ZW B9 ofye} 5 A5 Abolo] Hag Ao
A% enrich st= Zeo= #axal QdtkFeng et al, 2018a; Feng et al,
2018b). 4t} & WEEo] AAAGE HAFoly HEA £ T AFHSF
o3ty EFB9} EMAS FXtollAd A HeE = Joh(Feng et al, 2018b;
Rotaru et al., 2014; Shrestha and Rotaru 2014). 7] &E3s|¥k-&2] 5552 2
dYstzl s BV @71 stz FHAHPAALDED <=
231" 4 At (Feng et al., 2018b; Song et al.,

2004). ol AEd71gerA ] AT WS Ao vMegdd UsE FIAE
[e)

d

2 AAYE T Uee AR 2 ol A FRAPAARDL o

83 ABAZ|ESAA Hute] vRATNGE A5 ATHA gttt
B ATAE 4 BT ® AAATel YEAYN B4 astxoM 2w
o WEARES AT PY ATE AL HelFYTh £ Mg vgd
duse AT SUAS FHHAL WBABRI JF SFEE g
ARE FUAREES) ANENE Frsiank

32 Az 2 WU
321 Mg 9 AF <A

AFE fstd dgHe =z o]g Jhed Jluti4t ZeAquajiny Co., Daegu,
Korea)& +HISIATH o] 8o FoEA4L VS/TSETH1LIELR FT1FE
2o H8)e 28.5%, CODE 0.52,g/g lignite, 388 18.4%°1th. &nd Z
go wapAl-S o] &3] Bty Imm A2 2y ELIHE BEJoH,
105C oA 12A12 AZAIA Hads Ao A8 28 ASE Fv8A
#7148 FEAAES Hg wiXE 27]1FE7F NaHPO.L2HO0 245 glL,

Na,HPO,.12H,0O 4.58 g/L, NH,Cl 0.31 g/ 12|31 KCl 0.13 g/L7} H =5 FHlst
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Nem, A7 vitamins and trace metals §<4-& o] o] Wl wpg} F7}slA
tHFeng et al., 2016). 3} =] 2] (Sewage Treatment Palnt of Busan, South
Korea)ol| Al =318t @71 ASIEHAE 1 mm A2 AE T 4C FAI9A 24

A EA e I P A

ARESERAT F71 A3 RAA A AR d7IE ERIAY 7] 542 pH
: =9} VSS7} z+zF 2114 mg/l. as CaCOs, 13.4 g/l o]t}

7153 A Tl A3 714 E3A el %7] pHe 7.25 o|9lon 4=

9} VSS7} Z+z+ 3702 mg/L as CaCOs;, 16.1 g/L ©]31th.

7R3 BAAH T B/ HAERANALS 95 AFHOoT

3.2.2 A@%EA

Cylindrical acrylic resin tube& ©]-83t] bioelectrochemical anaerobic batch
reactor QA E, &%y 05L, 37 85 cm, Eo| 10 cm)E AZstAtt (Fig. 3.
D. @74 Ql"ﬁ:*—l 23lxe] ARE acrylic plateZ o] Fo]x coverZ flange
jointale] sealingdro. 241 @7 AN EE vX]%} T IEF et &A=z

Fol& wHks 93 bladeE A8t E#lo]E+ steel shaftE o] &3t
HES-Z 48 A" DC motorel] 1239t Acrylic coveroll= {x] 2 7}
2~ sampling ports 123l off-gas valveE A XAtk A5 AH T 7t
+= n-butyl bubber stopper® zZ+zt WiEsluch AAAE HHT D Efol=

of Bats Ardsel setels ARFr)Y) FEUS AWss] Aske] o

o A

= 4
o 7|25 AAE sealing tubed 2+zt F-2ett). off-gas valvew 53
o2 H{2a 7F~+F7](floating type gas collector)®} AAAstAT B/ 712~
TH719 WHoles mAdE WA WAy k2o A& E 7] fste] &
7 NaCl2 2Hdste 2385 Aot dE™@6 cm X 9 cm)d AHAG.S
cn X 7 cm)9] F8]&Y(0.3 T, copper 99.9%, KDI Co., Seoul, Korea)g Z}zt
F=Hg ¥ FWHS FHEZ(alkydenamel, VOC 470 g/L, Noroo paint Co.,
Busan, Korea)< ©]-83t AHsIAT ZEE thHz 3 4£WZ F2sde vt
+Z e 3 EYols & dWede oY 44 &3 AAstdw. Wi 8l
HFE A= Abole] 1AL 33 cmoltt. =52 HeEgAH HEAZ 5 9

o

@
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2 744 (ODA Technologies, CO., Incheon, Korea)e] ©@xfo| 747 AA3}S
o AdS st Ao @714 3EA stz A5 250 mLat wiA] 250
L& el 27] F57F 5 g/L7t H =S g 25ge FAsHA

Jat
i

iR

Eis

3
ol
A

ey Biogas
Liquid sampling

sampling

1 | A

Power Supply

Biogas

Inner
electrode

Sealing
tube

[

Electrostatic
field

Outer
electrode .
Mixing
Electrode arrangement  blade
(Top view)

Coal/yeast extract
/microorganisms

Gas
collector

ARAAL ol gste] 1V 2 2 Vel A%e AF Alole] Z4z )

e 9 2
Fhetel wIsstach 1 Vel A% ke 894 a8z BEFL 2 Vel 2

3.23 7 SAHAE



BEASS B4 e Y B8 Fol Aol ARE A8 B4
Bkeks] Askel Zetel sh Bal RS i 7}T5—H ERY
Z71474 %< COD % PHE 416 gl % 8. F74)

&
e
T
ﬁ&
%
1:1
o
=
ml> foi

oH(8~32 mL), &7 8ix(8~32 mL)ES FY3sted F 80 mL
T JHAEAN =TS 02855 2.5 g/L)

& ALTt2~2 flushing 3 5 clumpES o]&3sle] 11
Fuplel &FuE oz PGt ded EAY S HBTE 2571 A
= ZetgdolZoA 120 rpme.2 A< wwkely wjokstdh =3, dF
B2EAE H7lskA & wiA Gy 40 mLet =T e F

= BEE FHEt tixTE ARRSIY. HESENA AT wEdAy
BAgst7] kel Glucoses FUsHA &2 A S dix7o s =

A AR RE dAHNAY A B4 AFL triplicates & 3

&
W

ol
o oX

L)
22
o

324 €4 9 AF Y
ANEH7188 F71A4 324 Aol P+ F<t
Ao £33 H TS, VS, TCOD, SCOD, VSS &
Ue 337l 98t Standard Methodel]l wel #4133t pHe= pHSA 71(YSI
pH1200 labortory pH meter 115-230V(T1))S o] &3t =A3ATh T3, A E
A71ster @714 &4 wsx7E A EHIS W ARE AFHSt UV A=
712} Amines HPX-87H ##]Zwo] #Aztel HPLC (high-performance liquid
chromatography, UltiMate 3000, Thermo Scientific, Sunnyvale, USA)S ©] &3}
EAsAT. AE7]38E @743 &4 whgxo A EAS nlo] erbe] 24
(Mg, F4 9 o238k 4s)S Porapak-Q ZH(6ft x 1/8 “, SO TCD(E A=
AZ&71)7F A2" GC(Gas Chromatograph Clarus 580, PerkinElmer Co., Ltd)ZE
&3t EAstAT =718t FU1A B4 wkexe Wga F49 ¢
F2 A 315 o] &st] R TtaFRT|oA #EH uvlo] ek
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23} npo] @7kl 24 0B HE AAEYTH

Equation 3.1: Vcumz = Coramz X (Vru + Vor + Voo

AZNA, Veumes ME Ee T4 74 ALbFmbolH, Couyms ZYE P
Hiol @ 7h oA HWE s g4 FEFolt) Vige 3| &2 Aslx = X~
Hlo]2 FajolH, Vore A3tx9} 712 F3| 7] Alele] 1F FHO R, Ve
V2 FRY TpaRE Abge o) Ao whet &

A
F 259 4HGTP)A S8t gtoz A A #HoHFeng et al., 2018a; Feng
3

et al, 2016). 3)EANEgEe AHAFPel FTuAHM HagHeo| oiste] cyclic

voltammetry(CV)2 &S 33ttt CV Ao A3 x4 =+e 74zt
22 2'lg 2ZH1cm X lem)-& ©]-83tR o™, Ag/AgCl A=5E& 7|1 T2 A

L3t CV A3 JAAAX(ZIVE SP1, WonA Tech, Korea)& o]&3sto] -
1.0 VoA 1.0 V 7+A] 10mV/sec &2 2~70sl= ®WHH o Z Y3t} Smart
manager software (ZIVE BP2 Series, WonATech, Kore)& A}F&3}a] cyclic
voltammogram . 2 5] redox 3219} AFE FsIHTh

7 =4 AFoAe AP v Ao AHAIES COD, VSS, pH, &
7hel = 2 EEgshr EA4S VAR APdAMe} L THoR
A AT A vlo] A RAFLS 8 f8 FAVIE ol &3ty
St ddH o2 HE RUE
7t A g vio]l @ 7b o] wRk FFo s

oy
ek
X
o
u
td
°
Au)
_ﬁ o

Equation 3.2: Ver,e = Com,e (Ve T Vi) = VieCon, (i 1)

o714, VCH4,t & () Al- e weErAEZmL)olH, VGt & () AlF oA A3
niol @ 7}~9] F F¥o]la, CCH4,t, CCH4t-1= OAIE ZH (t-DAIFHA =Y
B3t wWeke] 3tekoltl, VR = e = A o] 2o Eyulo|th wEAY
A AE2788 714 32 Aot 2ol of STP JEl=E gt
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718 F8AFAA B FAWEEA TS o 2413.39] Modified Gompertz
Z 4o Re| nistool packageE ©]-&3ste A AAA A A7) <k 2 o) v &3
T O3 HFued s Aslet A

Equation 3.3: P = Pu X exp[—exp(um X exp(1) X (A — t)/ Pu + 1)]

A71A, P AIRE toll A o] TR FmL)ol™, Pus S edA FHmlL)o]
o xme HoWerdAE=mL/d)eld, A= AAZIdeo]

33 248 d 1F
3.31 AA7ANA e AEH7SEE wEHS

AE7188 7133 EANESZo] AXHE A5 1VE 17Fs BEF1AA
A et eke 22U 7kA] wf$- Zkoy 2494 352 mL/g coal®Z FASA =
WA e Tha A4St A4S HA o 29
190 54.5 mL/g coal 7} Z7}stAth (Fig. 3.2).
o] & 7t ofe T AF/HA Hid Hieo Aeke] niole wWgk £ gk
olth. AF7HA A&l nHio]Q wWE F£&& AR TR v@3lE A= wet
=A%t lignitee] A9 Hh7b 7.4 mL/g coal AEE w9 2k (Davis et
al., 2018; Zheng et al, 2017). A&t nlo]eugt F&o] F& AL A&
ZlEAd el #ad s o] AR =r 3 Y EFEEdEEA @7
Au| Y Eo] A7) o] £& 7]do] olyr] wjFEolti(Wang et al., 2017). wz}
A, ol Od?oﬂﬂ% HeHedss FFAI7171 skl Yeast, algae U
cyanobacteria®} 22 JSFELAS FHUstd A=Y FTVAHAUAE FIFOoEA
He F&S 1.66- 293mL/g coal 7}A Z7kA1Z2 A A HDavis et al., 2018).
w3, Mg AE5HE o]§ JteAE MAAR E71A8 AAMRHE W
&S 4.98 mL/g coal7kA] FFAIZE = A Wang et al., 2017). 28, 1.0 V
o] HstES A7FE BEFlolA AEH7|sHerQl Wael o8] e viole de
FEL olHo AFAAERT 10.9-32.88) 71EFES Zolth(Wang et al., 2017;
Davis et al., 2018). Ev|F A= BEF1o|A wgta} 4 DA BALEZQ] W

w A

(

réd
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|ughet B a0l gughato] Zhp 24
S AA3sl= Ao|tKShin et al., 1995, Wang and Liu,

2= Fa7F BREJT vio] b

3 AT 18y BEF1e WEAA S
9} TYT AsS UEIA gtkom Ao AnE wEe A4
ekth(Fig. 3.3). ©o]= BEF1o|A X &e] HE HS v
& o] dESF ASS vt} homoacetogens Ay
171848} 714 AFzoA olakdlEAS FAE AF3FAIFA exoelectrogens )
7141 24kS A4kete Ao = Hr FHtHModestra et al., 2015; Kadier et al.,
2018; Wang et al., 2018). BEFlol|A] 4Abdt& o] Here] 7tis)] 4AHES WHE
AA F42E A3 homoacetogens’t 43} o]Aks}gHAE o] 83} 2
Ak Ao Bt AEA7|8eHE Prd sstzdM = A3 == 4
g EA3FE=  exoelectrogens’7t A EAFIIES LaAT HAAES
electrotrophic methanogens@ 2] A g3l w &4
A A 11 AHSong et al., 2016;, Feng et al., 2018a; Feng et al., 2017). 3] &
2 A9F5 A BEF19 HAEHNA A CVollA= —0.014/—0.239V vs.
Ag/AgCl (Ef = —0.127 V) 2 0.913/0.025V vs. Ag/AgCl (Ef = 0.461 V)ol|A] Z}+z}
2b3H 8 T F2%o] BEE Y tHFig. 3.4). CVel 4teH/Ee mlas A7 ZA4dv A
B = AAAGufA e} 2o AP ERY EAS YepdtFeng et al,
20182). 71 &gz E EEAH A A EAH I -0.44V vs. Ag/AgCl

oZ:
m
T,
oo
flo
I
™
ob
rlr
PO
o
u

olstd w &Y 61“[ oAl AV} FUE o] WEe] AMAHET wreEli 2w
A redox ¥ IE Aere] WA BAEA] X stEAo] = EHo]

o. AEx7]3)8 7?37] Hhg-zol A redox 33 91 FAAAENDE H71&
AuAEol HAAGuANAL] T/l wet -0.23 vs. SHE ~ 0.7V vs. SHE 9]
Mo A thFstAl YERGTHLIM et al., 2017). BEF1oll A A= Atole] <17t #
A4S 10Velx A §He] A7|de o]&2 2= 0.3V/cm ©|t}. o] A BEF1
o A WA A7t WGl A #AL F A= EHRAA #1724
E49S  Yepdo.  BEF19] w#®2  exoelectrogens¥}  electrotrophic
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methanogens T+ acetoclastic methanogens A}e]2] syntrophic metabolismsel
olal oAlHo]EoA HAHH Aow HRlY.
Zt 2VE <17k BEF29l A= BEF1¥+= gl 15YFE wedaye 54
77 #EE oW, 1994 FAWeEATFS 46.7 mL/g coalZ2A HU S
Atk (Fig. 3.2). BEF2ol A2l 4 AL 15 A ovt &2 = I chFig. 3.3).
& AT wg AaEE o]o]o] A= BEF1H fARgTh ©]71-2 BEF29)
ME T4 ARt wWendgo FaAdAAs won Faolguekdo] o o
gGH%e] 7heAd B Boe 2s UEhiTH
BEF2¢e] ‘H=g&Ho| izt CVel AksH ke 3 =ad9= 0.055/—0.286 V vs.
Ag/AgCl (Ef = —0.116 V)9} 0.986/0.135 V vs. Ag/AgCl (Ef = +0.561 V)oI Al &
S AT BEF20lA A WA 379 PAH 9= BEFIAAET o] WdFo =
k7t o] 53k FrolARE MBS g AAAG VA Hs ThsAel o
o] A& BEF29|A = exoelectrogens®} electrotrophs Alo]e] Z7HAHAAAG
(DIET)e] AR o= Merteis] =29 daet wgAdtte] F83 93-S
e AS AAREH
SuEAE= BEF1 9 BEF2 oA =¥
Aoz ZaskeE Aol FEo
Methanotrophsell  ¢Ja]  wlgko]  Anj" Ao
Methanotrophs= Z714 7oA wWE-S WAlstal alkanes, aromatics 2
halogenated alkenes< 4FA71= =53 T89S 7FA JdMurell and
Radajewski, 2000; pandey et al., 2014; Wang et al., 2015).
ol AFolA BEH78tet-g-=oA Methanotrophse AHetd =& AA&
A2 A3l AElsldtr (Kalyuzhnaya et al., 2018; Liu, etal., 2017; Chang et
al., 2018). Y EH 718 8HNE-g oA wWgte] Z+A = methanotrophse] o ARZ}-E-o]l
ot wWigre] Akste] o3k o= HIY. o] &7bsd Vo] 53 MEgow
RE vlo]Q wWerS AAEE= Chemostatoll A= Methanotroph®] &Ado] o}z
o, Aol Z<4S Ar}sld Methanotrophse] Aol BS Folx|+= A o).
Jey o]& Jhed EAEEH Y AtATE EAXsHA] 8g vl Methanotrophs+
!

AFEAZA b, ofdAd 9 HAE S A8 tH(Wang et al., 2015; Gao

olN

Eis
[e)

e

=

)
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et al., 2017). ol Methanotrophs:= AW EA 731812 F7)A4 A3}z A wek
< AT E AATFEAR AstHTS AMSE 7 L o8 JHEd 7"
1725 %<S wW methanogensE &7HE 4 d=°l ¥ FHHGao et al., 2017
Liu et al., 2017). 71" o] 24 efoll A o] A7IE Qi Aere] 7l
e @ 2 E ZHYAES 7AW BEF1 BEF2e] WEX88 714 3
e I MethanotrophsE FFstAl & < A= =dolth
methanotrophsi= 4 gke] A &SH2] Webdslo] $23 AL s o2 Ho
U I3 o 2 A7 asi.

ol
il
ol

160

—©— Blank
—e— Control
—A— 2V
—A— 1V

140

Cumulative methane production(mL)

Time(days)
Fig. 3.2. Cumulative methane production in bioelectrochemical anaerobic.

FAstS A7FeHA] ¥ thEFolA WA FLS m-g Agor, FAR &%
2o} ZrtHFig. 3.2). FAlE A FoA WE2 HFE FFIH
ol ofs AE Zolth Agke] Jigis] B 4AbtE 2
etz A& e ASZ HRIt dr)d 218t Hee] 7t4E3)

= ELS long chain fatty acids, polycyclic aromatic hydrocarbons %
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heterocyclic compounds& X33+

= - u

= =40 Tags wegdTE=4

riot

Ao SHAE dEAL 3

skch(Wang et al., 2017; Orem et al., 2010). ©]

[e)

S AAstE WHgo] Aete] AESA wed
(Wang et al., 2017).
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Fig. 3.3. Daily changes in (a) methane production and (b) hydrogen production.
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Fig. 3.4. Cyclic voltammogram in the bulk solution for different applied voltages.

z
71Zb &8t Mee] shgeia] S EE A3
o] enrich H¥ F7I& o2 wgo] BT 7HsAdS Atk I8y 4=
e dAyeko o A3 4= mL/g coal ©]3t2 Fth
zTolA Faanst daddde] FadAds AYge JA7ksk BEF1 9
BEF2 =t} ot o] AL tiEFolA wEA o] wWEAA A=A
ZAbol Y frobe T3 ARG 95 o] FolF S on| gt} U
ZFNE Mg CVME 238U 5 I} 0.08/-0.24 V vs. Ag/AgCl (Ef
= —0.08 V) 2 1.03/0.15 V vs. Ag/AgCl (Ef = 0.59 V)ollA Z+Z; A=A 1
Hu, &7 WEdAde txTo AAGAVAAE] WaEdds A A
ol 7|ostA] Fethe As UERITH

_‘

F

I

B
=
=

E b 4
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Table 3.1 Summary of biogenic conversion of coal to methane in
bioelectrochemical anaerobic reactor

Contents Control BEF1 BEF2
CH4 yield (mL/g lignite) 0.75 54.5 43.7
SCOD residual (g/L) 4.66 3.62 4.09
VFAs residual (g COD/L) 0.57 0.18 0.15
Ep,ox/Ep,red —0.014/-0.2
(vp P 0.083/~0.241; 0.055/— 0.286;
VS. ,
1.031/0.154 0.986/0.135
Ag/AgCl) 0.913/0.025
Redox peaks ~ Ef —0.079; —0.127; —0.116;
in CV (V vs.
+0.593 +0.469 +0.561
Ag/AgCl)
Ip,ox/Ip,red 0.331/0.238; 0.473/0.356; 0.407/0.244;
(mA) 0.113/0.148 0.217/0.253 0.146/0.011
Alkalinity Initial 3824 3824 3824
(mg/L as Final 4026 4182 4462
CaC03) e
Initial 7.36 7.36 7.36
pH
Final 7.79 8.06 7.92
Initial 9.25 9.25 9.25
VSS (g/L) .
Final 5.05 6.10 7.95
3.32 A&y 7lE3 A EY vWeads 7HsA
A o] vlo] QW RS 213 AEAVSIE U4 FEA HEgFolA FEE
et o] AZH X ks v FEAAFYS FEAY. 1Y, TuEA=
= FEAH + 4.09g/Lo] R o1,

hx27+= 4.66 g/lLE =A =3ttt (Table
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v 74 3tel wel 7.79-8.060. 2 FA F7}sIH T (Table 3.1). 7|4 AsFzol A
pHE AbZawk-go] o3 AAHE VFAY FH ol oaf 7HAsiH, d7lele A&
o] Z7}e) ol EHolzthFeng etg al., 2016; Feng et al., 2017). 3 &2 A3lx
9] 7] &7l =+ 3,824mg/L as CaCO39 A4 <k 4,500 mg/L as CaCO3=Z F7}
st o VFAS ZHRaEe mlg SttKTable 3.1, <7 = A& wWEA
g, Arststd ) 2 Sdnkgy duidy e AAsghEe] o s A
AEE dRYold o3 A= ﬁrFeng etg al., 2016; Feng et al., 2017). BEF1
3 BEF20lA A&t wEgHdss o 324 &stxdA dEdy R
116.92-136.27TmL=ZA] WA AGHE-S-o] Ld7tg] =2 F7to] IA 7]o5HA] &=

9. —

=

y

N

o oudt}. W, VSSE 7] 9.25 g/LolA 6-8 g/l ZHAsgom, oA
SUEE R BT 5 W14 wAR0] A8k 1) el w2
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Fig. 3.5. (@ Cumulative methane production and (b) the ingibition to the methane
production depending on the amount of the coal hydrolysis product added in the
anaerobic toxicity test.



ol Aol ot AMeho] JlpERdEo M= TR LS TSl
ekt EEo)tWang et al., 2017; Davis et al., 2018; 13). o]&3F wWak=
E 252 carboxylation, hydroxylation, methylation %2 %3} ring opening 4t
< AX F We AFEEQA 24 TR HASHE ASE d4HAD Y
(Nzila, 2018). =& 7|4 3 &4 A5x4 PCODe 7]k 11.28g/Lol
3 Aeke] WEAH3I Ao 051~1.01g/LE A4St eSS 73 PCODoJ
Hojx 91~96% 7R HASS yEbAT 23y BEF1 3} BEF20A =4
3k g99] VFAsE 0.15¢ COD/L~0.19g COD/LEA w9 vtk o] AL AEko)
bl BESoll o3 AAdEE FUHAAPAED S WEATEER] 4oy
A2 HASEHE #AHo] Mo 2Ry YEH wWebds kg S&EGA o AY
olg gt T FELAEC] AHdET E WETe A4S Adtes As 9r
3FtH(Wang et al., 2017; Orem et al., 2010).

Aebe] Thdslol os) e FABA=Y FUAH SHALFANA e

3

qere] beisl B ARE FUYAE Gl w27

2 _Q. oo JN 031

l

ok
350, WM SALPNN FHAHEC fE HETY ARHBAYEEE
636 mL/doIUTE. @714 Aol 10%) FAALEL A7k AS Al

AEEE 649 mL/AEA 238 9%t F7kstdth 28y, SR ES] ol
20%, 40%% =718 u HdwedyLEsE 242 2.36 mL/d, 1.86 mL/dE T4
ot ol AW wivAAg =]l 77 62.9% 18l 70.8% A EHAFS UERA
th ol JteEs 2 AbdE FAYAFE] v s 71F As anE
A3 o HuuedLEse gigh FHYEES] AAaRs gz 3
7bst SR A EC] 5.78 A 2 o Hof WeEBAEEETT 50% JAEHASS
A AFSEHFig. 3.5b). 23y, HEWBAA TS FUHYEAES 10% FUS 35
474 mLEA thZF9 386 mL Bth 3t BB ES 20%, 40% TH5HA
S wE HF vgydgo) 524 mL 2 495 mLE 3A ZFrlstaoh 53
e gL @714 wixol HrtE heEe] 2 chdE S ES]

of oj&stH thzTe Hlgte] FUhe WAL
AtgTHE Z1s UERdTh B AFolA] dizFe] b

J
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ol I, JrrEs] R 4AbEE FUHAAEAEY &2 156.4~142.3 ml/g
CODrzA Tt =2 &aFol vkl g st th(Table 3.2). o] A2 7hris 2
e FHAAEEC] F71A4 vAE HA40] S uist Ags 7hHte
2 % iR 9 AhEE FUAAEY v &2 A=l 10%00 4
40%= Z7}9< o 106.3 mL/ig CODrCHP (55.3 mL/g lignite)ol < 85.4 mL/g
CODrCHP (44.4 mL/g lignite)o] Att. A&kl 7lrits) 2 4Ahda S =0
34 2 A v 78 A=Y Tl JET & JdS YERAT
gk kR 9 AhdE S ES] 71E Adlle FUHE
1

a3te o An.

e

Table 3.2 Summary of the anaerobic toxicity of the hydrolysis product of coal

to methane conversion

Parameter Control 10% 20% 40%
Pu(mL) 38.6 47 .4 52.4 49.5
um(mL/d) 6.36 6.49 2.36 1.86
n(d) 0 0 0 4.65

Total CH4 yield (mL/g CODr) 175.2 156.4 146.2 142.3

CH4 from CHP (mL/g CODr CHP) 0.00 106.3 100.0 85.4

(CHP: coal hydrolysis product, g COD).

3.3.3 AAHA

Aehe A FA 7HE Bol M B 3k dRelw AAA AR ALk

¢k 30 %E =AAtHZhang et al, 2016; Fuertez et al., 2017; Huang et al.,

2013). 1¥ Y Mgt dagol X, $astE, A4 AstE g o] 4hsle Ao}

2 oy 7H4] L¥9EH S WwE3HZhang et al, 2016; Ryu et al., 1993; Yi

et al., 2017). W&t HABAHA L] HAVI2e FRATCEA A A&

St wgAdge b A ol A& e oduA Ade MEs FEHSE U
&

ZQst 1= Mee] AR WBARS FAA77] 93 G B
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g3tetd @ yESHA A=7F 9dAtHZhang et al., 2016; Yi et al., 2017). 138
o= Esta, WedAdHS 4= mL/g lignite o]lom weryAg7|zEe 30 o
oA 85 do] AL FHAHZheng et al, 2017; Davis et al., 2018; Song et al.,

2016). M ere] A=A wgHgk AL AMe) Fd FrIEdY &9 3t

X E4o| A 9L wor] Aukel FHE f71BAe WAoo long

chain fatty acids, polycyclic aromatic hydrocarbons, % heterocyclic compounds
2 7 BAlEE 7bgEE gad EFE FAEY Juk(Wang et al, 2017;
Orem et al., 2010; Zheng et al., 2017). HEA7|3}82 H71A &3 FoH 1V
o] s QUbste] Aeke] wgxggo] A FFEHUT HEAAHFL 545
mL/g lignite o] =3 =t (table 3.1), 927} o= 3 71 =& F=Xx]o|t}h. 1
Hu, QI7FH<te] 2VE Frtstd, wWE 82 43.7 mL/g lignite &2 <kt 7
4SRN Agto 2 BEjo] WEA S 1399 o 2 AAAIS| #AZEG
T EAE, A 7heEs] 9 s S E9 SCOD 413 i—%%‘gf’%,
we AL & AEATSE JU1Ad Aslxo A 3620-4090mg COD/Le] %k

g SAAPNA T Bl AHES oF 5.7 Wi FAHIJS of wEk
Aol gk 50%e A EadE vetllt. 18y S ES 108 34k
S o WEHEE-LS 106.3 mL/g CODr CHPo]ltHTable 3.2). ol= M &e] AE
stz A wgHASS Thers] 2 A E SN ES 3
107.8 mL/g lignite (207.3 mL/g
x ZE=Fo|A 350mL/g
=0 2y dF0A mEd

&3tetr] HsiA=
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=

A A7) 52 @714 astxold AS9 B3k 7] HeoR AdHE Je
A AXAG AEAZEE @714 AdtzolM LIVE 23 @ A2 Heko)

el
&< 54.5ml/g lignite2 F7IAATE 2VE #5 & AF2 WgdAdd Bas Azt
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BEA7) T ABASES FHANAT R R AE S 2] SCODE wE
Askol thg 714 A EAS JEQL, FHAAR0] 57 1] AU o v
22 50% AT FHWAEL 100 348kl 1063 mLlg CODre] %7h Were
AT ol 55.3 mLfg lignite olck Agke] % wWEr TeA e AT BRIy B shs
B3 Ag=e] 34l ola] 1078 mLjg lignite= AMEAT T} wetdste] hiat

e B APEE STAYRY A F7HE 4F 9771 Basht
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A4 EE F2EFH G714 €dAE AAY 8AA
Neo AEA7|HeE Wede A ANBT.

o] Be BB AYsE AAHoR TR oA Lok

o %
g Aghe dastis POl TAHA, ol dEes, BasE, AoiaE

AT
I e oHEAS vk WE3tH(Zhang et al., 2016; Ryu et al., 1993; Yi et
al.,, 2017). Mgt &

HO

A edduAdoer EREN Ao eSS oy
A gEFo]l w1 ARSIV A 24 Th2: AFTE Ee A olyA] ol
(park and Liang, 2016; Zheng et al., 2017). welA =
Aghol A A" WE(H AV FoA Dol gk #Alo] F
3] AESHEHCBM)E Ta3 4 7t~ Ado= F3 wra glom AtolA
2 A oA HEE AdEE WEALE A7V Yot B =8 5t
o] 9thHGreen et al., 2018; Colosimo et al., 2016; Zhang et al., 2016). 2J&h2]
HetAske gty g AESGH o o|Fojd F k. aHY d3}shE <l
Aeke] WEdse e UAS BRE dtu FAER godt odEAS ¢
7 WA= FHo] Jukpark and Liang, 2016;  Breckenridge and
Polman, 1994). A &te] A&7 wghAdste 7| dn| A& &t o] FojA=
o diiFos ve 25, ¥ o 233 oA o] FojA|7] wjEdd &4 %
stdoltt. ey A=A A maxse £57F dids] =2a, wEH
3kgo] o} AAAo] AUTHOrem et al, 2010, Zheng et al., 2017; Piao et
a., 2018). AF7kA Aete] AESFAHQ vgdSngS FFAI77] st o
3t W Eo] AEHAHZhang et al., 2016; Fuertez et al, 2017; Davis et
al., 2018). 2y HI7HA 1g9] MetoA A& ¢ s o242 g &2
AeRe] TRl o EAT -S| A pLolA 4 mLol| E3eAtHZheng et
al., 2017; Fuertez et al., 2017; Bao et al., 2018; Wang et al., 2017). A& &
37 REJAAY @37 18 T 1P EZA A e (MEeE A

rl
2
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g 7bedh) frlEe FE Fadd Zo] &4 EZEo|HColosimo et al
2016; Senthamaraikkannan et al., 2016; Strapoc et al., 2011). wi&tA, et
718 mAEC od wEoES o] oy EHo|tk. wehA, Ag
bioavailabilityE &FA1717] 918t Metg Este dAS ZEA 7= TH,
TTES E=olv W, AUZPAE FAdste WHE]l dA+Ho frHZhang
et al., 2016; Fuertez et al,, 2017; Davis et al., 2018). 2&to] A& w &t
ARG = g e FajukgEo] #odstes AoE WA Ut o

#3  W3ES  extracellular enzymatic depolymerization, hydroxylation,
carboxylation, methylation % methanogenesis &= 33X3%F3tcH(Strapoc et al.,
201D). AMge] mMadgAAHolx APEHE FHALEES HFEE A EEC]
o] &3}7] o] vt W w34 (polycyclic aromatic hydrocarbons, PAHSs),
WEE A4 SgE 9 WS SdEH 22 sgESo|thHarder et al,
2013; Furmann et al., 2013). Agte] wgtdgte] #AAstes vAAES ol 1t
°=

AAYEEZ o =40 s o] JAH] vgdgurgo] Aoz o
o & gl (Piao et a., 2018). wetA, AeEs)] Ao A== FHAAA
=59 Eile =2 HEgAAY BHS e mAEE FUcke

bioaugmentation &< WHEo] A =5 sktkDavis et al., 2018; Ghosh et al.,
2014). Holl= Mete] Ral#go| Qs AAFEAE TFF3=

s AFE . JrkWang et al, 2017). =31, g8 nAYE A Ao H
a3 " <l v FdA, vENY 22 Fr|dSEe] 298" Edo|t. me
A, A, Q) ZE GRS FAst U EY ARH E4E S3A

[e]
7]+ biostimulation W E°] H&to] HeHd3E &S FIAZE & A HZhang
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direct interspecies electron trasnfer (DIET)ol <& wgto] WAyt 7|84
w2 cytochrome CE AMEAH7ZAA FZAA AAE F=2 AHALstAY

Ho A HAE 2H W FolthPiao et a., 2018; Feng et al., 2018a). 7]
dastzoA FrlEo] JteEsiEo] AHdutE glofel] o3 ZAko|u A9t 2
< TR ES AL olEo] HAIAAPES MEo=E M= IHITA
Zto] FUED o et HAd A HEaFIAE B3l PAE T AAJoA HAA7E A
dEn [ETE &3 WaAA S mAdE F Atolo] Aejsts EA4do] xfolof w
gt 2 71A FAZE itk DIETel 9% g Ad S [ETol Hlste] w88 o=
aga g9str o g folslthFeng et al, 2018a; Song et al., 2014; Feng et

al, 2016). WER/ S 2o F4 Baes] Ees 2 dejaty A

i

Aeko]l we 4288 54.5ml/g lignite 7}A]
S7MAZ 4 A tHPiao et a., 2018). o]A2 Aeke] AESZH wWetdto] &
oA Ao ALE F Ae JheAE AT 1u, oA Ad

= 9

o) MBS Wedae B

42 A 9 I
421 H&, 88 & R HFE

.
FHSkR T o] ZAEr2 VS/TS 28.5%, 0.52 g COD/g coal ©]al g&°] 184 %
olgith. EHlE ZEe AL o gt EAST 1 mm AR Do LY
He wsdon, 105CoA 1247 AzAA wgds Ado s

(Piao et a., 2018). @714 3FEZH AdLS 93 8wiA= =V|FEVF

Kol
| .
Kol
| .
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NaH:PO4.2H,O 2.45 g/L, Na,HPO412H,O 4.58 g/L, NH,Cl 0.31 g/, 18]a KCl
0.13 g/L, NaHCO; 8.4g/L7} HE=& <FH|slH o, 479 vitamins and trace
metals &4 oAl Wol wel FrslthFeng et al., 2018a). T3+ HY ] o]
yeast extract powder (Becton Dickinson and Company; Sparks, MD21152 USA)
£ 1.0g/Lo] HE5 FYstAut}. Sewage Treatment Plant (Busan, South Korea)
oA =33 P78 €8AE 1 mm A= AL F 4C YA A 2443 &<t

5 HFdoz AR AT A 542 pHYE 7.25 ot eH,
d7tel =9F VSS7F 2+2F 3.70 g/l as CaCOs, 16.10 g/l o]tk AF<H A9 B
ol A& €8 AY %=7] pHe 7.39 olem Lz xef VSS7y Z2hzt 3.92
g/L as CaCOs, 17.00 g/L ©]it}.

422 AEAY S W4 BB A%z

Cylindrical acrylic resin tube& ©|&3}o] bioelectrochemical anaerobic batch
reactor QHME, f&¥3 05L, 274 85 cm, ¥°] 10 c)E A &&$thFig.
4.1). N4 FJEA 23 xo] ARE acrylic plateZ o] Fo{R cover: flange
jointdte] sealingdte =4 F7AAGHE FAY F JESF DHEI}AT. &3t =%
Foll= wRkS 913 blades A AT B# o] =& steel shaftE o] &3t
-8 AEe AX¥ DC motoroll AZ23IH T Acrylic coveroll= <A 2 7}
2~ sampling ports 123 off-gas valveE A XAtk A5 AH T 7t
£ n-butyl bubber stopperZ Ztz} WH-sIATH HAA R AHT F EFol=
o

Al
o] SHsts AREMNY stdels YFEFTVY FEYS Adstr] 95k
& =

T

= on
- =1
of ZA7=2 AHH sealing tubeS Z+7 HEE ) off-gas valves 153

o2 R{2 7t 7] (floating type gas collecton)e} A AT H{24 7t
FH719] Wiols mAd=e Mz dAZ 7txo] AGE =] fste] A
3} NaCl2 AAzd Z39,E APt AdEd@6emx9em)z A3

(5.5cm x 7cm)2] ElEbF Y (0.1T, Grade 2; Baoji Hong Ya Da Nonferrous Metal
Materials Co., Ltd; Baoji, China)& 2zt +#uvlgE ¥ ZHAS {3 EZ(alkyd

enamel, 470 g/L volatile organic compounds, Noroo Paint & Coatings Co.,
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Anyang, Korea)< o] &3l IH3t A& %H]‘S}Oiﬁr. IRE gugy 9@ A
e FlEde dex uEg & ]O]E 7t Z

ARG W R R Al
I HEAZ H 25 Z—]v‘ﬁ‘;ﬂ A(ODA Technolog1es CO., Incheon, Korea)-‘l] k)
of 77t AdsTh AWL gIstel Aol WA AR sshze] WY &
# A 250mL¥} yeast extractE E$H3 wiA| 250mLE HEEZ FYI FH A=
o] 7] Bx7} 5g/L7t HEE ZE 258 FUsATH
oo Biogas
Power Supply SELI'II?F;Ii:g sampling
Biogas
on [l oFF
1
e
Dielectric -l
material electrode Sealing
\ tube
Electrostatic e
Outer field ;
electrode il i
= Mixing -
Electrode arrangement  blade =
(Top view) i
Coal/yeast extract Gas
/microorganisms collector
Fig. 4.1. Schematic diagram of bioelectrochemical anaerobic batch reactor.
9% HRANL ol &ste] AIAolo] 05V B 2ve] AYL 77t elsbete] W
agHe] 0.17 Vicmet 0.67 Vieme A7 Z o =E2H =S 39tk ol 714
384 23zt Zbz A7) A A7]S vlelo g BER17, BER67E %34t}
Zulg WEA7 S P4 sszs o 2AAGSC)NAN FFAZAOH DC
REE o] &3t EFol=EE oF rpmo 2 3| WA A wutslgoh =3, A
2 ArkehA e WMeEE MER Fvs UxTE Agsidon, HEol



2 593 =4 AU
zZb 3 &4 AaslzoA O o] HiolQ Th2 hAo] #AEA S W 7] H
23 2o T A £8Xx 2 FER FEES 53 U4 uRE=

#ZSCOD) ® VSSE %33k ET3stz EA4
Standard Methodell wz} 43ttt pHE pHS
meter 115-230V(T1)E o] &3t A3

WMas mUEH3l7] 98]
A 7]1(YSI pH1200 labortory pH

271388 F71A4 3 &4 kg

o=

Zo| A A nlo] et A, 4 B o]4ksleA)> Porapak-Q Z
Hft X 1/8 “, SO TC(EA=HZE71)7F A2Hd GC(Gas Chromatograph

Clarus 580; PerkinElmer Co., Ltd., Waltham, MA, USA)E o] &3} A5}
AEA71318 714 FE2 dbS-xo] vge FARAAAAGFL 2] 418 o] &35}
B4 7t2F 7oA BS=E vlo] 72 AY B nlo] @ 7F 0] A 0 ZHE

.
2bak3ich
Equation 4.1: Vi = Copn( Vi + Var+ Vo)

A71A, Vo= WSl 73 A4kgEmbL)olH, Copus EYE ESE vlo] 2 7129
A o) ot Veps 3 E4 43 x9] dl= 2dolx FiolH, Veres 4
stxet 7t R 7] Abole] 1R FHO Ry, Ve 7h2 719 TtARE
Fyjolth, WehgAEES A 428 ARSI FEUIYY REE HATGORA &
F25E 4HETPoA e Fy2 HeH ATt

273 % (760— W)
273+ 1T) 760

Equation 4.2: Vg (mL, STP)=V yy(at T)X



A 4 3 61

714 T 35C, We =% TolA e F7]kmmHgolth. 324 &3kxolA
A3l FgAH WA gN thate] cyclic voltammetry(CV)A &S 38 oh.
CV A3olA AFATH x5S 424 22 2dd 2Z4(0cm X 1lcm< ©] &
stRom,  Ag/AgCl  HF5E& 7ZIEAF2E ARgstdd. GV A3
potentiostat(ZIVE SP1, WonA Tech, Korea)E ©]&3te] -1.0 VoA 1.0 V 7}A
10mV/sec £=2 27W3t= WHOo=R sttt Smart manager software
(ZIVE BP2 Series, WonATech, Kore)E 483t cyclic voltammogram S Z5-E
redox T 3HLe} AFE F3ATH AEH7SE Fr| LS4 HE
Aol o #AZHA &gs W JAANEE iﬂq‘ﬂz‘s}oit}. AHF AEE 045 um
GF/C(glass microfiber filter/Circles)® o33k & DOC(&E/71&4)7F 1 mg/L
2 HAF Ao g Spectrofluorphotometer(RF—6000 SHIMADZU;
Wavelength: Excitation (Ex) 220~400 nm/ Emission (Em) 250~600 nm)Z
Excitation emission matrix (EEM) spectraZ J-slo] Zrebe] Eajatgo|x YA
H FHAAAEES A5 HChen et al., 2003).

42.4 DNA = 9 "4 & &4

F7HAE o] WEAgo] © ol #ZHHA &sks W AEHVEFET P14
A%tz HIagAo2HE RFEHAE AFsIY vAETHS EA4EATH
nAEFHEA S ¢3] DNeasy Power Soil Kite] protocole] whe} H-f<&8 A

L —

AN 52 HFE metagenomic DNAE FZ39th &3 2Zto]# = metagenomic
DNAC Al 16S rRNA 2 #ke] 7H g 9(V3V4 for bacteria, full for archaea)&
ZZ A7)|=d ARSI SHHur et al., 2011). 16S rRNA+ metagenomic DNAo]
A FE35FH o™, MiSeq Personal Sequencer (Ilumina, San Diego, CA, USA)E
A&t sequencingst ATt Sequencing holWME gl o] 75 9 FFH, A= AW
g B ol AFE Wt (Chun et al, 2010). Chimera= EimTaxon H]©]
B "] o] ~(http://www.ezbiocloud.net/) oA &A= NS microbial communities
I} statistical ~ taxonomic  assignments = % microbial ~ populations<

OTU(Operational Taxonomic Units)E AkF&3te] AUt CLcommunity AZES)|
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o] (ver 3.46, Chunlab, Inc., Seoul, Korea)E A}g&3te] mAAE FF o ZR3ta}
58S L83 &9 IS EAFY.  Intermicrobial community®] &

A& ROl A] factoextra packages AH&3H =41 &4 3] 2 AT

43 A3 9 3%
431 A& AEHV|SEH wWEHSE

7V @71 mdEe] Aee X8 oingto 2 RE HES

g A7to] Aol wet A oHFig. 4.2a). YuHE e
A b 2 APRE S WgoR [Asd S o sigRsste A4
He s4A=

polycyclic aromatic hydrocarbons, heterocyclic compounds % phenols3} 2
FESAE FrlEEEA g dTel ek JAadE 7 tiPiao et a., 2018;
Nzila, 2018). o] AFANME= thzTolAx e FAMeETATFe & A3} FA
stAl Alzto]l Astel wel A rhPiao et a., 2018). WEHS AksEt=
methanotrophs= &7l FFA BEou wWagAAd S Aeke] 7hiaf
2 i E FUAAAEY FH4 Y3l dAE Aoz HAtKPiao et a., 2018).

methanotrophs®=  4h4, 4k 2 Ay e Axpga|o] ZEA) )l A

F714 oA Eo] tAelZ] o8- macromolecular acids,
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alkanes, aromatics, halogenated alkanesE E3f3t= oz LA AtHGao et
al.,, 2015; Wang et a., 2015). 23y HAF&A7F EA8HA] &= dZToNA
ko] ogA HAHE=AE AWyl HsAe o B A7 2esith
BER679| 4] electroactive EB = EMA+=  0.67 V/icme AA7|FoZ 23
enrich & Ao 2 HTh o]A& BER679 FAwetdtyeFo] =318 uwj7A
EB¢} EMAALel o] DIETE &l A&9 7his] R Aga S E=5E
HetAslo] MY S-S eEPATHPiao et al, 2018). ¥u]FAl= BER179 =
7S FS FAE LSRG St we g FS Aol Al o
g} STV AR SUFEE > %

[e3]
—1 A
of Mure] ZpRsl P APTERY ohe} sheRs] FHHYEY vIwH ol

L BER67-4 A7 &4 13%9] 24s Adfste S EC] WMEA 44
7bs/del vk 28y 017 Vieme] @& Zrr|Ro] sheds) 9 AbdE F3t
WHES dAAA DETE &350z 534 s Aoz Rt HI
Mere] A= e =753 Ltz A FEs] AHE F AR
ok o] gL WEPHe 1 ASAS BeE dtiPiao et al., 2018). %7]

BER670l A4 229 & w&Ado] ©f o] #SFHA FUAIR BER6TA FH
=9 SCOD+= 3249 mg/LE =A #A= o] BER67°] 2t7 SCODEZHF-E 1|
27107 AT 4 Jd= AAYES Besn 9SS Jeldth BER6T
= AZbo] Agte] wel Mo Jhge] 2 A E S ES IER
Hi 259 54o= 3] DET 2= we-& A4t EB9} EMA=

(

ox i 2 M Ho
w Mo B 2 oo N

2

FANES THsA ol Atk Al wEdde AT dAA &4 Ldt=x

o 30¢ F VA A &R FE=S T WA RFHAAA. g
AT SA B 5§43 S7Fsk e BER6TANA 2w R A 2 393.4

mLe] Ho ol =23t tHTable 3.1). 13y o 382 423z F2ve
Ao S7k= BER679] wls| @AAsAl AUtk o]Z2 EB2L EMAALC] 4
DIET7} 0.67 Vicme] AAZZAA 7] ZHoA ER 253 F7A4 E£8AS
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wEsle] Th BASHYCD Auke] slrRe] @ Ak
Z7}E vge] AHHE S-S UEhit

ol



A 4

65

700

600 -

500 A

400 -

300 A

200 A

Cumulative methane production(mL)

100 A

—O— Blank

—&— Control
—v— BER17
—A— BERG67

10

20 30 40

Time(days)

140 -

Methane yield(mL / g lignite)

b)

a)uby Bwe 601

10

20 30 40

Time(days)

Fig. 4.2. (@) Cumulative methane production from coal and (b) methane yield of

coal enhanced by yeast extract and an electric field(0.67V/cm).



A Haug AgogREY HSH Wg F&9 Hd F> AE=A7]|354sx
A 4L 545 mL/g lignite o] tHPiao et a., 2018). o] Aol EF FEEZ

* £
109.9 mL/g ligniteo] ¢ .M (Fig. 4.2b), o]= oA ¢
o o] AT Aete] ARSH wwASe Aol vgAdd e Hg 7}
%:

e A FEAHH.

432 Mo HERAVHAH A5EH L 2R

Hero] Jh5Es 9 AEE AMEC] AREe vekel T SAHL Ag
A¥

s N

=}
< 3AE &a3txet FARITHEE. 4.20). B F
3l ofm| = Alo] Al =

670140 FAMEAFE 2 2fole BT o)A
AAZES) Heke] Fh4Ea) 9 AnE A4Ee] FH0 24 2D
T 2 Uehdth O F BER6TS ulRAAe AA3 Zaiso] o oy B
257 stk 28U BER67S] F SCODE 3249 mg/LE ol 2=9]2,656
mg/LBt EThTable 41). FAE Astzeld AP Z7] WlehByFe 74
A F7HSHEAY F1do]l nEg met 2] WS o oY A
. olZe ZF SCOD/} kel 7h483) 8 A Eel o3 44 F3
WRge FAHC 9lee AAGT E gxTel TAWSddRe H7
L AFe R oAe B4 MBS gETA A5E o

2 FHAAREES Y HASEA] X3 methanotrophs7t b FH3 Rt A
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< owmgith. webA BER67 2 tiET9] IF SCODsv= 27t wiekA gk
Asts e 7trEs] 2 AR FHAAPES AT ER Bl WEAl
el dig S ESY AsaHdE ol AFolA Yebd AAH

3t=E 4= okPiao et a., 2018).

Table 4.1 Methane conversion of coal in bioelectrochemical reactors exposed

to an electrostatic field

Content Control BER17 BER67

Initial batch 172.2 94.2 237.2
Cumulative CH4
(mL)

Additional batch 177.1 172.2 393.4
Total CH4 yield .1 + additional - - 109.9

(mL/g lignite)

End of initial batch 2656.1 2608.7 3249.0
SCOD (mg/L)
End of additional batch 1314.8 2024.3 1001.7

Jv AR medss oS AAdstr] A olE SR ES st
+ Zo] #gaslty. EEM =" E QA= BER67Y %7 SCODZF humic acids,
fulvic acid, hydrophobic acid & Z &3t T s d&al8 EHEZ 748 AL
2 Yehgth. 28y, 290-360nm/220-230nm  (emission/excitation: (Em/Ex)) &<
oA/} &<l¥® aromatic compounds 2 400-525nm/220-280nm (Em/Ex) &< 2]
hydrophobic & fulvic acid like AEE HE 43tz Eo| vlste] FEsH

do Hr

kot (Fig. 4.32). ©o] AEEL Mete] Vis] 2 2hits S EAES
Abst o] AFtolA HuH AEolgAo] ¥l FAo] U= FHEAA sitE
AEoltt (Orem et al., 2010; Gosh et al., 2014; Wang et al., 2017). IHtH o &
Mgk ke AAEEE FToA BES FdESo] vWeow HEEHY] A
carboxylation, hydroxylation, methylation &< ¥-8-< %3 ring opening 3%

[e)
- =
e AX F ug AT 2, F& 502 AHoof e AL
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I Ao (Nzila, 2018). °o]AE HIgHT=HEE DA Ao e
2 WegHggkgo SETAdS AART WEAddSs 93 DIETS =
, Tae 2 FHAAEES AXE AEAANSIEDEY sS4 Edo g
Az d3Fs AA e Ae®E A ot (Feng et al., 2018a; Yuan et
al., 2011). BER67914 2] SCODs Al =7F tix=FHT =T oA EBQ}
EMAZ} BER67914 0.67 Vicme] B 7|7l &af enrich HA #7184
o] DIETel o3} wgto] A HASFES AARIG BE27]318E d7)|d Ashzxo|
A #== = cyclic voltammogram(CV)2] redox peakse= €WHH o2 EB, EMA
2L ARG NA S s A EHFeng et al, 2018a; Harnisch and
freguia, 2012). Z%7] 37|14 AszxdA FHWGAALZF] Z3HAS o
BER672] *Pi}/fﬂrﬂ == 0.05 V/-0.41 V vs. Ag/AgClol A 3= ¢ 1(Fig.
4.4), A8 ARr= 2442 0.83 mA/0.40 mAZ YEeRs T BER67S] I3 [/
+ BER17ETH A ggkom, &3 o532 BEF thExTHY 3t ndEo|
At = Sle 714 dojup= mAE AEo &4 v
AE Az YWiEEds Hagdes W=k ol2idk &2 cytochrome,
flavin ¥ quinone¥® %22 tFsk 4bsH3d E4H-& ¥3$H(Okamoto et al.,
2016; Coursolle et al., 2010). BER17 2 thx+2] 2339 I 3= Z+-2 0.04
V/—0.37 V 2 0.05 V/—0.30 V vs Ag/AgClol A #2E ot Aslst whgo] o
st olE A= EEY FRl wet Abshsd d9vE Basit @014 &
stzo e EEAE A A3HEY [ 7} -0.44V vs Ag/AgCl o5ty o) I
St o 2 ol4hslehAT) Sl Eo] wigo] AdE 4 UrkPiao et al, 2018). T
ZTo EAske AsHE Y 2dS Aes WEoE ASAT|=H AREHE A
ARG #AHA] S F Avh THY BAVFE ARG S FIE F
AT BAZNEES AFsta de AEA7ISE FUAE a3tz oA EB 2
EMAE= 71E9 @714 &gtollA detde AHsHgh 99t vlaste] 4kslof
gl Ae Bt 59 dYelA AAE olsAZA st
o} k9] HoA HAAE o
loj A EB 2 EMAS]
thHLim et al., 2017). BER679] 4t3H/3t 3] 3= EB} EMAS A& HlY3st=

r
&o l“l

2
kl
n
i
32
= rl][o
L £

£

2
o
o
Ho
&
W
(r
\
O
I~
w
|
O
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<
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>
7
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Aoz Bt 7rHA o2 BER67S Were F 1E7He DIETE S3f AAE
A=< YeRdY. 28y BER17Y wigbA A3 A= BER67] wlgbA Aduks
Rt} EB2} EMA Abol o] DIET7} A& o g2 7]ojslx] 3o}

400 400
E 6 - o]
a) BER67 380 b) BER17 180
5 E 60 E 360
£ £ 340 5 M0
5 g 5
3 £ 320 3 320
3 g g
= = 300 = 300
= = z
N £ 280 2 280
g = g
240 240
- == 20 o 220
300 350 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500 550 60O
Emission wavelength (nm) Emission wavelength {(nm)

Emission wavelength (nm}

4
38( d} EEM Indices
360
E 340
B 3 wvo:
= ble mi(rubiaH. — Region V
& by-product-like 3"0i0e humic scids Humic acid-like
€ 280
T 26 Trs 1 scid-like
- - TEL AEALEEETTTEY PEFERRERRE - S PP desscssssssnssenssssvanns
240 |T ;DO : - o Region 111
¢ TBegloall ¢ “Hhphobl Fulvic acid-like
220 Region I Aromatic Protein 11z Ssra @ .
Aromatic Protein [ . AP .
200
2800 300 320 340 360 380 400 420 440 460 480 S04 520 540

Fig. 4.3. (a) Excitation/Emission Matrix for hydrolyzed products
a) BER67, b) BER17, c¢) Control, and d EEM Indices.
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Control
BER17
—— BERG67

2.0 1

Current(mA)

0.5 4

T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential(V)

Fig. 4.4. Cyclic voltammogram in the initial batch experiment for the conversion

of coal to methane.

BER170| M= 252+ & 3? Au o] TAIR AtzHO Jds] Afe
o, Wehdgo) ggE o zF SCODE 2,609 mg/LEA] thzT9F Hl<=38t4
CHTable 4.1). BER179|A4 ®H= -4 EEM 23 E# oA aromatic compounds
59 TRV AUFH oz Uk U%, hydrophobic acid ¥ fulvic acid like & E

o] ¥ %= BER67ET} tha EUtHFig. 4.3b). BER17914 &R F&E &4
GA B3 713 ofu Ak wErA SISO ek As= FZ hydrophobic
acid ¥ fulvic acid like Ad&E°l &3 W= ™, hydrophobic acid % fulvic
acid like A&EE<S TAEAA WaS ABAste DIET7F BER17AA = LA EHZA
%2 A #Zth BER179|A DIET-base®] wWigtddo] &3}t =HA| 4kom A
At A7 AES FH8HA st DIET-based] wWehAAH S FEste=t)
a3 FEFUA] A Ao tixzFoA+= EEM 2=FHEgo] 250-600 nm /
400 nm (Em / Ex) Atole] #ZHa, FF SCODe FAEL fulvic acid

[\)
Do
T
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H

zTFA Fr7|AvBEES
Fulvic acid @ Humic acid like A EE3 2& Agto] 7lEs) 2 4k gof 9
A AAAE STHAAAEES o] wWeEAdAdT Add gAHAC] A AN E
Hk=1t},

7} humic acid-like substances® 2l

433 "B E T3

A Madadd T8 F AEA7SeukgzodA A &AL AHFH s 7
AEFHEANS B439t) Bacteria communitye] OTUsE 2473~2679F 0] %10
™, Good's coverage of librarye= 99.5%°]/3o]%lth. Bacteria®] Valid reads=
40355~66772= Total reads®] 56.6-72.2%°] 1t} Archaeal communitye] OTUs+=
142~315%°]0 2 ¥, Good's coverage of library= 100%°] 23t} Archaeal?]
Valid reads= & 105877~112463°]A+=H| ©|+= Total reads®] 93.7-96.5%°] !
t}. Bacteriaw 2 Archaea ol Hl3l Valid reads7} 50% HEZ A TH
OTUs& 108 o]/ =AUt} o] AL Bacteria®] thf/ido] Archaead] thAd 4 vl
et FHE(ackknife indices)®t 5 =(Shannon indices)®| FHoNA Zth A
o2 == AL YepdtiTable 4.2). Bacteria= BER17914 F9 FHEE
O AEET Az or oy #55+ B AE S 7P @Eten
BER170 A4 A& 7lis] Edo wgo] B9 Bacteria®] EFFo] ¢4 A
X]'o]-oiﬂ-l:— < ura}»uq 1#4, BER179A] ArchacaZ & o2 M HU} o
2 THES s UEY. o] BER17A = DIETO &% fin
| %”ﬁ‘rﬂ A Fdve As dEidH, Mad8dy $4e 54 =
2 At S =Y ZAl 9s BER1ITONA FEs] oAE Aer H
=g

2
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Table 4.2 Diversity indices for microbial species in bioelectrochemical

anaerobic reactors

Bacteria Archaea

Diversity indices
BER67 BER17 Control BER67 BER17 Control

Valid reads 10 355 66 772 43 229 105 877 112 463 111 322
Jackknife 2694 2889 2672 222 154 329
Shannon 5319 5185 5353  1.649 0747  2.04
Good” s coverage of gg 5 99.7 99.6 100 100 100
library (%)

OTUs 2473 2679 2503 210 142 315

BER67 A  7}&  $#3 bacterial phylum& Bacteroidetesol® t}g-&
Cloacamonas_p, Firmicutes, Proteobacteria®} Chloroflexie] <=0 2 $-33lH T
53+ genera Cloacamonas (14.3%), BBZD g (6.3%), Porphyromonadaceae_uc
(5.5%), AJ009469 g (5.5%) H  GQ396981_g (5.0%)=Z BER17 % oz}
FAFSF A THFig. 4.5a). 23U 2 A A e &<l DQ415754_f_uc (accession
DQ415745)+= BERI1791A @A stA FHF3IATh ©] genuse ol Aol A
g3lEo] TR T2 R 8 H AtHMacalady et al., 2006).
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0 20 40 60 80

Bacterial abundance at the genus level(%)

Il Cloacamonas
I BBZD g

[ Porphyromonadaceae_uc
[ AJ009469_g
Il GQ396981_g
I PAC001207_g
[ AC160630_g
[ EU878324 g
Il Sedimentibacter
I DQ415754_¢g
B GU454901_g
I DQ415754_f uc
I Aminivibrio
I Streptococcus
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I GU112205_¢g
[0 AF280863_g
1 AM490691_g
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Control .
BER17 I

80 100

o
N
=)
~
o
o
S

Archaeal abundance at the genus level(%)

Il Methanocorpusculum
I LNJC g

[ Methanosaeta

[ Methanomassiliicoccus
I AF424768 g

[ Methanoculleus

[ DHVE4b_c_uc

[ ETC(<1%)

Fig. 4.5. Microbial abundance at the genus level a) bacteria, b) archaea.

FAEEX(principal component analysis: PCA)oll A+ bacteriali* 3¢ 4
86.9% (PCD%} 10.4% (PC2)ol F71A F8 T4 840 s 48 =+ Ao
(Fig. 4.6a). biplot BER672] bacterial species w3 o] BER17 =& t)xT9=
2] PC1y & A#AFAAV S HoFu) BER679 bacterial species o3
& F 73k species?] Cloacamonas acidaminovorans (10.3%), BBZD_g uc (5.6%),
Porphyromonadaceae_uc (5.5%)° 2laiA 718 & 9FS LUt BER6G7A
C. acidaminovoransi= ©o}F]i=4ke  WEA|A wA9 AUAE 5=
syntrophsel™, AEX7|&eRbgzoA A5 FHHAT (Feng et al, 2016;
Pelletier E et al., 2008). BER67| 4 C. acidaminovorans && ©o}v]x=4+S T



N

4 73 75

st BF FEEE U3 ¢ enrich & AS=E ERIt BER17H w4
bacterial speciess= PCl13} <Fo] AAAAE H oy PC2e= 2442 43 29
FHABAE EYtHFig. 4.6a) tiZTFolA FHSE bacterial speciess= BER673}
Hl =3 A5k C. acidaminovorans (7.2%)¢] &2 BER67E T wgkt}. BER171 A
bacterial ~ species = THY Exe (. acidaminovorans  (12.9%),
Porphyromonadaceae_uc (5.3%) 2 DQ415754_f_uc (5.0%)2] &S F= gk
o} o]z C. acidaminovoranse A 714l 93] © enrich =SS YER

o, w4 C. acidaminovorans: exoelectrogenic species¥ <= Ut

o
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PC2(10.4%)

PC2(29.1%)

2
a)
+DQ415754_f_uc
11 + AF280863_g AF280863_s
. BER17 ¢ioacamonas acidaminovorans
+ Streptococcus henryi * GUA454901_g AB603812_s *
0_g CU924993_s
+ EU878324g HQ1 83802§s
0 +AC160630_g CU9! EGIS%?S 5] EngCDU%ch 7_s
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Fig. 4.6. Biplot for the microbial species communities in the bulk solution

bacteria, b) archaea.
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BER67¢] archaeal 32 BER17 =& tiz7¢ AT zkol7t ATk BER67
oA  FF3 genera> Methanocorpuscum (55.0 %), LNJC_g (16.5 %),
Methanosaeta (12.7 %), Methanomassiliicoccus (7.3 %)o] ot 12jy i ZF
A+ INJC_g (375 %7 7F& $H-3t9 o™  Methanosaeta (28.0 %)<+
Methanomassiliicoccus (15.1 %)¢] o2 $%H 3% S YMethanocorpusculum-2
AA el 1 % wwko]t} Fig. 4.5b) BER179| A+ Methanocorpusculum (86 %)©]
73k genus ©]al LNJC_g (3.8 %)2} Methanosaeta (3.5 %)= Fa o= &
T3k PCAA archaeal +H2 F 7FA F8 4 24 (PCL, 70.5 %,
PC2, 29.1 %)= Aw & 4 9t} (Fig. 4.6b). Biplote BER173 BER679)
archaeal species £°] PCl¥ A3 AV AdotE= AL HoFo}h BER679
3k species €1 Methanocorpusculum_uc (54.7 %), LNLC_g
LNJC_s (Accession LNJC01000028; 16.5 %), Methanosaeta concili (12.7 %),
Methanomasiliicoccus_uc (7.3 %)< EAES HIAT T2t BER17oA =
Methanocorpusculum_uc (86.1 %)7} 3] =3tom™ L. LNGC_s (3.8 %)<} M.
concili 3.5 %)= 2 FTH AT Ly =79 archaeal 2 PClol H]sj
PC2¢}e]l 43 #A7F =943 LLNIC.s (374 %), M. concili (23.3 %),
Methanomasiliicoccus_uc  (15.1 %) % AF424768_g (CU917078_s (Accession
CU917078, 15.1 %) 932 wokt}. Methanocorpusculum spp.& o Z 7ol A
ol Zw 29t} Methanocorpusculum spp. & CO2 &A 3= 3H7oA H2,
formate % 2-propanol = UASH=E Fao] EWEHAI A H ol ATt acetate, & &
FZE Y9 tungstated} 72 RFAE £33 JUdA7F B st} (zellner et al,
1987). 131}, o)A AT 4 Methanocorpusculum spp.= A& 738k &7)
A A3tFo| A A8jA <2l archaeal species® 313t} (Feng et al., 2018a). &
717l =<5 ¥ BER173 BER67¢] Methanocorpusculum spp.8] &%= 17}
electrotrophic methanogens & AJAFgEth. Methanocorpusculum spp.= BER17
oA Fs] FH SFARAAIRHEIG. 4.6b) AeO ZRE] WS HA st v S
3F#] Z3c} (Fig. 4.2a). Methanocorpusculum spp.”7} 0.17 V / cme] @& A A

7] AolA Mol R W AE FHAAES TS OAE S ¢

archaeal #+3<& FH
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AWt FPAHEY] =S AdE H E2° 2 £ Itk M. concilis
acetoclastic methanogen©. 2 2+ &% YA AEZH 73}t 7| A3z

4 DIET¢} ## ¥ electrotrophic methanogeno] 7] =3}t} (Patel, 1984; Patel,

1990, Rotaru et al., 2014). T=] S5 A%, M. concilii®] === BERI179A A%
5] wtom Meo] wWedgss 2kth o]= M. concilizt 0.17 V / cmé] %
S HA7] Ao Mg iR 2 AeE FHAALAES AT F oS

Ueld Tt Methanomassiliicococus spp.+= Methanomassiliicoccus luminyensis<k
Methanomassiliicoccus intestinalisg 23Fste] CO2 EA] sfollA] oA o=
oot WMEES AMESte] WEhs A4St bacteria o]tk (Dridi et al., 2012;
borrel et al.,, 2013). & oll, Methanomassiliicoccus:= YA S Ha)st= A E
A7) 838t grgrloA TAHE M7 9 e 8 Edolgke Zlo] WA
(Zhang et al., 2017).

4.3.4 AAA

H g3 AXe f§7] EEL @14 v E o) wE

Atk (Fallgren et al., 2013; Harris et al., 2008). 2 &tol 3H7
H fEEdS AESH PHoE Yuo g HEAT = AL AL /st
AR AA AR E Nt FIHEEA W migFon. ey A
g rd frlede gady 2 diEsid =2E A lew T
el A A YA olE TheAol oL FAS VI WIS 9 ANE 3§
Eo] AT (Zheng et al, 2017; Ritter et al., 2015). ©o|#d F=PHEL
718 PAES] AXHAE JAste] ARk mEH S A s)sto(Piao et al.,
2018) A& 1go] A&=std wed AL T4 mo|A2gEoA 4 LRt
& Yo Fuertez et al, 2017, Bao et al., 2018). = A ere] wek 8 HE
A71518rA S ARt dAASHA FEE Aol B AT (Piao et al,
2018). 1E Y A EA78IsHE g atel ALREE g4 mAES 54 S
AT Ageted Be AS Hog 3, weogo HIlEo A
Agstrlols YvF R B AT, = 067 Vicme AR7|Fo

riot

ﬁ
__>|:
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exoelectrogenic bacteria®} electrotrophic methanogenic archaeag 3335+
Z1gAgolgtn WojAs a8 FEEEZ FAE Ad wjAHddA HHd vAAE

speciesE FHSHAl o= AL AT FHESE bacteria  species2

>

Cloacamonas acidaminovorans, BBZD_g_uc % Porphyromonadaceae_uce] 3L,
achaeal species= Methanocorpusculum spp., LNJC_g LNJC_s % Methanosaeta
conciliio] t}. o] AW E speciesE EF FEEE FAHE Aeoa ZA wg
< AT & Aok MEoERE F7HF< Uﬂ‘%‘r*@*é% Fdstel a3 9
ol Adn. =y H"® A F3 sl A3 A=A
1. (Orem et al., 2010; Piao et., 2018) W& 48&-& 5.1 mL / g ligniteoll
A Z3EAY. 7 FHALEY AE FiEel Holle Aexr]Ee 4tz
of X FEEH FUIAH €HAE BSFoEN FHAAEE] FUHH R H
gdog Agd F JSS AT weps JSHeEAAAFS 1099 mL / g &
ol =2dth o]AL oAl &l AR HdiwW e sEFoltt (Zheng et
al., 2017; Piao et., 2018). Z12fuh, M&he] AEsHz wgda2 o =7] A
o Atk olHF MEE THS Ao AEsted a8 FE=HY 5 AH3
AAAS EES At BA7] A& HAsst AEH7188 @74 43t

37
zo A A7 n A= Aol e DIETE H% X8t FIAZ Haerk

Nﬁ

B

PR e AR FEEE FHE A /4 WA AR TS TS

X
r
O
A
N,
gt
o,
=)
oz
il
o
o

<2 Cloacamonas, BBZD_g, Porphyromonadaceae_uc,
1283l Archaeal genera Methanocorpusculum, LNJC_g, Methanosaeta %
Methanomassiliicoccus& 3Z3¥Fstt}. Exoelectrogens®} electrotrophsAlele] 2 71&
d T Abolo] AHFHAARALDE A7 sl SXEHo| AA| 7|z flo] Mgk
S 2RY Wgs AT 2y maA4e Mgl steiEs 9 AbEE F
G ES] FZo 93] JAEY. &8 FEEF U4 €HAE BFsid
Aere] JheEs) 2 4t E A EERREH WEs FUIE A4S o
A

ko] Z werg A #EHS 109.9 mL/g ligniteo. 2 987} o= 3 gkl
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A5 R Mg YEH7IHLA MEAe] U 2
A7 Ese 9%

51 A&

g2 Ast MeFode HA& F7HA 39 FHAR AUAQJ] Hed
coalbed methane (CBM)o] *3%=o] ¢lth(Davies et al., 2018b). A&t A4H
Aol o]4tstetAio] HjEo] w& B ofygt HMArt2e vud w oF 450%
o 22 di4kstE, 500% B2 dAiksiera 9 400% o749 particulate ¥WiE&
Z 2 3HU.S. Energy Information Administration, 2017a, 2017b). ®WrH o A A7}
29 FAEQ CBM2 Agrt AR x| Ado= hFHM oA 3
= Ty #EgEe e FAY g =3 A olikstgk
A9 &2 Mute] dwirtaFolth. CBM2 A MASY Fa3g #ldEFd<d 34
AqUuAHoE tFHm 1980dW FHHEEH mlmolA FPHoE FEHJUG
(Strapoc et al., 2011).

AR w7 7HA o r F4 2 F Ao A= dFehE A
stog auStoA YA ARE FRkele e Jhasloln. g 3HA|

°

= om R TAAEe] ofF Mrte] AREHA Aol e
H] q

A F71=
Ao nis] 714 vAEA o3 wegozol Mo o] gHl 7]FE ofymH
I F%7} 7herEtHColosimo et al., 2016). AgHe 371 S EHAAY} &340}
A8 F2A 1PEEA Hed drd Rrled F2 IAdH 2ol L4 =
AEo|t} (Colosimo et al., 2016; Senthamaraikkannan et al., 2016; Strapoc et

al,, 201D. A& AEEH] wWeEHdSdAAol= v Agke] EaukgEo]
Hdoste Aoz BEAR Joh. o]HF ¥HEEL  extracellular enzymatic

depolymerization, hydroxylation, carboxylation, methylation % methanogenesis
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< 233t (Strapoc et al, 2011). Agre] WEEHA AN A APZH=E 3

AAHEELS R nAyEEo] o837 oL aromatic rings, polyhromatic

hydrocarbons, (PAHs), aromatic nitrogen compounds % aliphatics 3 & &
7} F83 T A Eo|tHHaider et al. , 2013; Furmann et al., 2013). A&
o Mgt gl Tt PAES o5 S AES o3 S o BA
o] oA Fo] WEPARrSo] AYHoR dojd 4 gl (Piao et al., 2018).
B AT o el 2 4hEE FHAAAEY 23S A9
AESHY  webdd-go] &4 9A o] tiSenthamaraikkannan et al, 2016;
Papendick et al., 2011; Huang et al. 2013). 18|22, 7|4 v]PEo 23
o] Weto o] mAlE AL e =gy, WeEddEFE vuF dng H2
of, ALz gkl tigh A G BAZ B 42 #HUo=m s,
QAo L A QoA A=l o3 AAHEHE Ave WaHavsS s
] $13ked bioaugmentation, 2J&+e] bioavailability %7}, biostimulations-<]
AFEo] A=5o] grHColosimo et al., 2016; Park and Liang, 2016; Ritter et
al., 2015). bioaugmentation & &7 Agte] 7}FER e} 42t gE 33}
+ Bacteria®} WS 2 E3= Archaeas F71ste W o|tiGhosh et al,
2014; Davis et al., 2018). bioavailability =7}38l7] 93+ A ete] AAgs AekS
st JA S BEATNAY, F5EY F, EAEE STHATIL AWEA
A Fdsted 2 D AW AES AaATE 59 WHol o] HEFd &3t
(Colosimo et al., 2016; Zhang et al., 2016; Fuertez, et al., 2017; Davis et al.,
2018). Biostimulation A& Fof F&Hg A, <l, vlEFds, HEgRI Y 22 F
719 ES FYst Mgk B3 nAEEY S XA el tiPiao
et al., 2018; Barnhart et al.,, 2013; Harriset al., 2008). & o= 2&gke] E3j3}
Aol a3 HdAFEAE FuEste VA4 AAHUPHE dFEHI AT
(Wang et al.,, 2017). stx|%F 1g9] AgtoA A& FUE W& F&2 A3 =+
A uLelA 4 mLe]ltHColosimo et al., 2016; Zhang et al, 2016; Orem et
al., 2010; Zheng et al., 2017). A3}z o2 F7|HuYE] 2|3 vete] AYAJ<

= Wi =g, WeY B FE&L o7 AAdA FFEetr] & Ee

=
a N
Ao 2ltHOrem et al.,, 2010; Zheng et al., 2017). W&kS Q2 o7 o] &3}

il
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o
o
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7] fiMe g WadadLse Wy FEs FEANTIE Aol Fasih.
3

BER718e @I etz s F718 8] AR AAX fd Y

ring) S Ak3}A1 7] A ek o] Sl(aromatic nucleus)oll EAHAE Q] AFAZS F7)
to 2 A ringo] opening® o &3 @ thSharma, et al., 2016; Nzila, 2018).
NM= AEd718s @rdLstzolA =9 A7l s YA EH=
WFS SFES A7 AY e Ao F7bE o] ring openings
Ao 2 wE & P gk HAAFEAZA Y Ao IS FALSH

ATt

L

—

52 Alg 2 WU
521 A&, &5 FE& % V|8 =3A

go] HeddATE 93t AYoiit Ze(Aquajiny Co., South Korea) <
13tR o o] Z'k VS/TS 28.5%, 0.52 g COD/g coal °]al ¥<&°] 184 %
ot FRlE 29 HAAPES o] 88t E4fstal 1 mm AR AP B4y
2 YhEflen, 105CoA 12417 AxAIA dexdst Ao ALttt
(Plao et a, 2018). #7IA 34 AHIdS A ®wiA= =71F=E7)
NaH;PO4.2H,O 2.45 g/L, Na,HPO,.12H,O 4.58 g/L, NH,Cl 0.31 g/, 18]aL KCl
0.13 g/L, NaHCO; 8.4g/L7} H =& <FH|slH oM, 479 vitamins and trace
metals &4 oA Wol wel FrsldthFeng et al., 2018a). T3+ HY ] o
yeast extract powder (Becton Dickinson and Company; Sparks, MD21152 USA)
£ 1.0g/Lo] HE=5F FYstAut}. Sewage Treatment Plant (Busan, South Korea)
oA =3 A7IAH €8AE 1 mm A= AE & 4C P& A 2443 5t
AAAZ & AFdoz AT A7 EAAPAA AT AF<R Al

= on, d7tgl=<eF VSS7F Z+2b 396 g/l as

A AEE &8 A9 %7] pHE 7.36 o4

o oM 1x
3

Ru)
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o
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o dAg =} VSS7b zHzF 4.14 g/l as CaCO3, 17.5 g/L ©]ith.

522 AEA7|SE W14 B A%z

Cylindrical acrylic resin= ©]-&3}¢] bioelectrochemical anaerobic batch reactor
(effective volume 0.5L, diameter 8.5 cm, height 10 cm)Z A2t} ot (Fig. D).
382 Wkgxo] ARE acrylic plate® o] Fo]Z coverE flange jointdle]
sealingF o =4 F7AFHE FAL + J=F stk vhEx Yiels wyk
< 913 bladeE HASAT B o]=E steel shaftE o] &3] Wk-gx A4
AX" DC motorel] AZAsFATE Acrylic coverol= HA 2 7}~ sampling
ports “18]3l off-gas valveE A XAt AR 2AF ¢ 712203 = n-butyl
bubber stopper® Ztz} @&ttt AAAE AFH T B EHolE Fo] T4}
= AHEENY dtdele YFEF7Y FEUYS ATEr] At ddd A=
A4E sealing tubes A7 HAA T off-gas valvew ILFHOE H-i2

7}2~4=317](floating type gas collector)e} AA3s AT FH2 7t 719 U

Jfu

Fole vAES] HA Y BAYg 7txo ALSE =] 95t 4k NaClz
AQ8E Z3d4,E Yot hEAQ6 cm X 9 cm)@ AHABS cm X 7

=
cm@] ElebEEY(0.1T, Grade2; Baoji HongYaDa Nonferrous Metal Materials
Co., Ltd; Baoji, China)& 27 &vl1d 5§ tlx& HEelg 39 A5x4
5o AVEHE vy sl #2HEZ@lkyd enamel, 470 g/L volatile organic
compounds, Noroo Paint & Coatings Co., Anyang, Korea)S o]-&3}e] &3}
o dwd 9 293 HElgsde eE by o= & Wi 9y
of Z4Z} o= HAsy HewAA HEANN FH YR FHAODA

Technologies, CO., Incheon, South Korea)e] ©xtoll Z+zt AAste dIe e
=]

AtHFig.5.D). AFES st 27te] 7|4 3 A Hbgxze AF+ 250mLa
yeast extractES XE3HgF Hix] 250mLS FUI H Mg %7 v%7} 5g/L7}F
o

HEE de 25 T
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Biogas

Power Supply saLr'r?[':I'i:g sampling
port
2000mV DC Bi
/ iogas
oN [T oFF i motor|  / g
[H
H
N
I
| Bt
Inner
electrode Sealing
tube T
e || hvi
Electrostatic =
— field bl | | > =
electrode e . - = -
Mixing -
Electrode arrangement  blade P || EENES e
(Top view) =
<Ml —
Co.?ljyeast extract PR ||| SRS Gas
/microorganisms collector
s Biogas
Power Supply saLrlr?;l:lling sampling
port
2000mV DC Bi
iogas
on [l o \ —— 2
H
1
1
1
peasnasEaac
Dielectric e
material electrode Sealing
\ : _ tube
_______ ) o
Electrostatic =
2 | s | —
Outer hieid =
electrode el e =
Mixing F
Electrode arrangement  blade | E
(Top view) =
4> =
Co?ljyeast extract Gas
/microorganisms collector

Fig. 5.1. Schematic diagram of the bioelectrochemical anaerobic batch reactor a)
Non coated electrode and b) Coated electrode.



o5 AFAYE o138t 05V, 1.0V & 2Ve] AGE AT Apolo] z+Z+ <17}
stttk ol AVIA 3&eA w&=E ZkZt OE17, OE33 3 OE67=2 st
BE Aoz FHd whexs 2Ve Hge drietal [BE672 WHEskaiat

st AEAZIES @714 AstxoA uwiole 7i2x ALlo] AFEZA] e
o 250mLe] &ejA et WX ¥ FRFEEE PRSEXUY RO dHIag 250mLet
o Al 3+ % T

523 DNA =& % W& &4

AERAZISE F71A8 3824 Ao dmge Aol O o #AFHA &Fs
o H3 R4 165 rRNA FJAE T+ S A S8 F/ €8AE A=
3Rt DNeasy Power Soil Kit(MO BIO laboratories, Inc., CA, USA)E A}-&3}¢]

719] Protocolel]l wE} HiF & XZHE Methagenomic DNAE
Microbiome Taxonomic ProfilingE 433ttt Fusion primergE AR-8-3}
Methagenomic DNAo| 4] 16S rRNA §7=+e] 71 499 (Bacteria® 7% V3v4,
Archaea®] 7% VIV9)E ZZAZth 16S rRNAE Methagenomic DNAZH-E
Z2Z 531 MiSeq Personal Sequencer (Illumina, San Diego, CA, USA)E A}-&3}¢]
Sequencingstitt. Sequencing ol glo] 5 2 FF, A= HHS 24L&
o] dAFE uwgtth (Chun et al, 2010). Chimera: EimTaxon to]E ®o] 2~
(http://www.ezbiocloud.net/) oA &1stx vAE +HF} FA EFH IS
2 mAyE & OTU(Operational Taxonomic Units)E Ab&3le] <

Biocloud (Chunlab, Inc., Seoul, Korea)&= "lA& & &7, S 2=H 4, 1A
E 7ld 4, AF3 ZH2HE 2 T Y o Axe 2o 233
ol MAEAHREXS 43} Inter microbial community?] £ A Rol

~] factoextra packageE AF&3F FAHAE EAMOZRE dojHoh

>y
olo n(i-:lzl't olo
il

ol

£
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524 €4 R A3 4
Fod

ol

Exd7Iser @714 &4 Aol AAYEe= B dAANE AATE F
o] A22 3 F TS, VS, TCOD, SCOD, VSS S Ejsstd =
5t mUE|Yslr] $sted Standard Methodoll whe} #2&1¢thEaton et al.,
2005). pHE= pH w EI(YSI pH1200 labortory pH meter 115-230V(T1)S ©]-& 3}
A8t A=271848F @I A3 74 WS FoA EAG vho]l b2 g
3 FA%ES Porapak-Q AHEGft x 1/8 ¢, ST} TCD HAZ77F A=
GC(Gas Chromatograph Clarus 580, PerkinElmer Co., Ltd.)Z o]&3}e] 13}
ATk AEH7EE Frig 3R wkEx] WEAdFS Bf2 TAaFRT
oA #ZE nto] 7t AT vpo] @720 WEe| FHWSIEZRE Tt 4
5.1& ol &3t AlLtetsdth

o
(e

Equation 5.1: Vi = Cop( Vit Var+ Vo)

A71A, Vo= WEHe] 73 AAbgEmbL)olH, Copus EYE ESE vlo] 2 7129
A gkl gaFolth Vepe 3|84 4A5tx9] = Adolx BIjolH, Vore &

st 7b 537 Aole] ALY FHel B3 Ve hx £E7le) han

273 (760— W)

Equation 5.2: Vg(mL, STP)=Vyylat T)X @3+ 1 X5

A7A, TeE A5 3BTolH, W TColA9 457 HmmHg)o] .

RANY 282 M I 8Y) thdte] cyclic voltammetry(CV) A &S 33}
At AdHd=H dAdFS 247 B2 2d% 27 (1cm X 1cm)e o] 833 o1,
Ag/AgCl M55 7IEAFo2 ARSIt CV 2482 AAAHZACZIVE SPI,
WonA Tech, Korea)E ©]&3te] 1.0 VoA 1.0 V 7}A] 10 mV/sec £ 52 =7

Sh= wWHoZ 3P Y. Smart manager software (ZIVE BP2  Series,
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WonATech, Kore)E AF&3Fe] cyclic voltammogram S ZF-E redox 3] =7 9|9}
AFRE Ttk BE=271848E F7AH LSRG 2ANA gy do] o #ZHA
gs o JAANRE AHASFASG. AHAF ASE 045 xm GF/C HEFHJISZ
A3k & DOCEER7IE2)7E 1 mg/lz HAE 4T H
Spectrofluorphotometer (RF-6000 SHIMADZU; Wavelength: Excitation (Ex)
220~400nm/ Emission (Em) 250~600 nm)E ©]-&3}o] Excitation emission matrix
(EEM) spectrag -8t Z&9] EafiAGoA AHE SHALESS 4313
t} (Chen et al., 2003).

53. 2% 5 E9
531 BAZI1ZAA Y A& HEH&

OE67 (& 7188t d71A 3| &AM xol| HAXE dubdFo 2Vel HdS
A7bste BAEHS 0.67 Vicme] A7 o] =EAX whgx)ddA AF A5
TR A RS AAAZE glo] EHA

145.6mL7H A WA = QthFig. 5.2). o] & 4L A 7R A AT =

A e =2 165.0mL7A] =2statth. [E67T(MEX 713818 @74 3 E2nt
SZo AXH AAAFo 2Ve] HAYES Vst HIagHS 0.67 Vicme A
717 =EAIZ] HEER) AT e AAAZE o] FASIA LA oY
o S RO AL 142.4mL
o 2 Q3 24%}0 148VE/H 2Ve] H<]te] A7FE OE67
= o A&7 JPHH AP oA 4Tt A
CAAE A E AATFEAEA A AESHE e A Bl
(aromatic ring)E 4FsAl 7|21 WaFE2] 3l(aromatic nucleus)ol F7}=]
rmgO] opening® th(Sharma, et al., 2016; Nzila, 2018). o] o)A 43}
4 g ABIEFE F AAASAE ol &8t AA st WHOoE AR Tt
B E AIFsle HESZH Wedd&S SFAFHHuang et al, 2013a;
Jones et al., 2013). & A9 OE67RES-ZolA AR 2tihes HAAFEANZA
WEFEsgEY] ES ASstd Mg Wy F&S FHA AR ARH

2

&3
oo

JN
E

‘W‘\?ioﬁi-ﬁ‘
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o &9 dr]Esfd e dgrET @2 0.5V 2 1.0Ve Hto] UAViH
OE17¥Fg-x= ¢ A8 were] HF Gy OE6THHE 2o 4
AdE dere] SRR A A2 31.6mL 2 71.7mLel At A, o 29
webd A 2 OE17E Y WA TE OE33R.Th &2 47.6mLo|oH FASE 43}
o FHWEEAFERT At A ¥ ] JEsl g olA TheEe) R4
g AN A" FUAPBEAESS FUIA HAdEC FA4do e
micromolecular acids, polycyclic aromatic hydrocarbons, heterocyclic compounds
18] 3 phenols 59 Y& SZEQ AoE dHA 1 T (Piao et al, 2018;
Nzila et al., 2018). thz79] 4F A5 FHWSLAZF] AR 23xHG
2 AL vgt Ao EAdo] Heke] Tt #
s A= A7) WZoltt. AFx7]el FA4% WA o 4
L 7)o ugg PRty Ee o oy Z71sx etk ey, OE670]
A FAWERA o] 24U71R] XEH o7 Z71EH L [E67o A% FA e
WAL 260947HA AP el wel Skt ol A2 OE67 3 IE67lA A
wo] JheRs) B AbRE AR webaghigo] o] 2ol HrhEAS vehdtt
OE67 H [E67AA = AF A% 0.67 Vicme 7|73l ofs] A &3l 7bs3
71d& ol &3t wWES 5435 Aiksts Ao A AR A EC] FHSHA
H A 2o =3, gA B8l b Edo] AREI d o] & FHEA H
T REZoll &fste] Aeke] 7hief 2 AhdE 4hEof v

gHg ¥hgo] o]Fo] Huke AL YERATH (Plao et al, 2018). OEl?Oﬂ

I o

_I_4

o

%4 olth. OE33el M= vhalrlx2 e

o] 7peEs) g APRE wgo] hEFo] sl o EdHOoT WYBH FA
=°] 0.33 Vicme A7|H ] &l FHRAMA A7 HFE

Abolel DIET whg-o] o] Folg o <ls) tlaTroks wehigae] Bou 4
wel SRS FAo e K40l claf Mdnel AdE we sos
Andt FUEAE Wegdel o o WEHA @gke wW OEL7, OE33,
OE67 % IE67-/] ZF71=9 SCODE &5 3000 mg/Lol dolAtt. o] A2 0.33
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52). ol @718 €dA FUHE % AESTAHY ER FEE9 FUHE 59
AA A= webASko] o] sl electrotrophic methanogense} exoelectrogens

A HA AR 7S frlES TEEHY O FREA dlon,
o]5 Ato]9] DIETE ZXIAA &9 7lads] 2 Ahda S =E o] F
AN FFA7IES WM2A st e AN AS= 1)r\‘i‘r”mr 3A " &

Els
mL/g ligniteZ 3]
cyanobacteria®} -2 Aj
Aol WagdAdS FIAE F Ao, HE FE&& 2.93 - 4.98 mL/g coal
2 33t} (Davis et al, 2018). A& g F=&2 a9 Fiol tai=

ol E BY = ZdEre] A9 Hu weg =88 74 mL/g coal °]dth (Davis
et al.,, 2018, Zheng et al., 2017). 18]3L &7} ol= 3+ A F7HA Bad ek
o 2HE HeH g F&o HA #E AEA7|SgastxdA A& 545
mL/g lignite ©]1™ (Piao et al, 2018). ¢19] A3= M &o] wWadswrge 2
7170.67V/cm) dtollAl BER FEE] o3 At wadged o

=~

3= A7)
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2 Rlth %, OE17, OE33 9 txFoA+= 7] 343 WEAgA o]F A
ol whet 2 wehd Ay o] JAF Traste AFS BAT. olHE AW
e ZHaAE Weks 4H3EtE methanotrophsel] 98 A2 HTH
Methanotrophse= 4F4, 34+, Aad 5o AAFLA 7 E2AE 7oA

t}oFsl £ 7o) alkanes, omatics, hyalogenated alkanes 5-& ¥3i3t:= <
JHAE Aoz dE A o (Wang et al, 2015, Gao et al., 2017). :LE}L} bl
AL A7E Qe ERES @A A8 x4 % Methanotrophs o] Z4
MR LA JthPaio et al., 2018). =3k OE173} OE339|M & F7H4%
Fox merdA o] thxTY FAE A3xHRT Uttt oA Addiubiel 2

o] we AARAAE WBLL 9% DETE A 28k %o =2d
9 oAE FAAR od) WMeade 918 ArgdEEe tat

—O— Blank
—@— Control
—A— |E67
—A— OE67

600 -

500 -

400 A

300 A

200 A

Cumulative methane production(mL)

100 4 &

0 10 20 30 40 50
Time(days)
Fig. 5.2. Cumulative methane production from coal in Initial batch and
Additional batch.
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Fig. 5.3. Methane yield of coal in [E67 and OE67

5.3.2 AEA S Nee) 7i5Ed 2 BE

Mere] JppEs) 9 APRE Y B ARASS HeFl e B4 Ae
MEAEg] 2 FFL vt TG N HeABNTe FAL A%
=

3l9e w =7 2 IE67, OE17, OE33, OE670A19] =2 mghubayae
+
o

ol HAUTh oA AuetoZRE|S] WEHETgo] My|Fe A|et Jii
af Bl At E AAP=Y FH o A &I TeE AS dEiiY. T8y, WeA
Aol H o) #ZHA #%S wl IE67, OEL7, OE33, OE6791A 7 SCOD =
Z+Zy 3,782 mg/L, 3,580 mg/L, 3,499 mg/L, 3,479 mg/LolR oW, o]E L U=
T9] 2,852 mg/L Rt} E=tKTable 5.1). 3AI® 4&3lxoA Ad X7 F24

shA vigko] WASAAT § ol ushdAo] BEHA = AL TR FI
2ol F48 f71=e] BPAUGE AL Yrhath olAe, tET 9 6T,
OE17, OE33, OE67<14] wg-37] 431 WAG Faw ez FAR &
shzs) vls@ AL WF SCODE TR Huel 7} )
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NAVE T weEbA, iR 9 IE67, OE17, OE33, OE7HFE %9 & SCOD=

247y v gAY AANESS Aste Aere] 7SR 2 Adtg AFE Q] A FEEER
Bl
Table 5.1 Methane conversion of coal in bioelectrochemical reactor exposed
to an electrostatic field
Content Control IE67 OE17 OE33 OE67
Cumulative Initial batch 47.6 1424 31.6 888 165.0
CHs(mL)  Agditional batch  215.4 474.8 1404 170.3 389.7
Tota_ll CH,4
yield initial+additional 121.0 64.4
(mL/g lignite)
End of initial batch 2851.7 3782.0 3579.8 3498.9 3478.7
SCOD(mg/L) End of additional
1358.2 1015.8 2233.3 2034.9 1202.5
batch
EEM Z~HEHHE= EE W% AZo] MYY (Em/Ex 400-525 nm /

220-250 nm) ¥} VI HEm/Ex 4

B AHFig. 5.4). o] d99o] EAES fulvic acid, hydrophobic acid @ humic
acids 5= E3gst= AE o840 v FAo] Je GEINA JFELZA
ol AFollA HiH Meke] yleds] 2 AtE FUHAALEEES AR =
AEo]tHOrem et al.,, 2010; Gosh et al., 2014; Wang et al., 2017). =3}, A&
7t AAEE ToAA WEFES AdEscl Wegezr ASHT] A=
carboxylation, hydroxylation, methylation 52| ¥-&& 3%+ ring opening 34 S
Az T vgte] AFEHERA 24 T4 FOE HEEof e AR dHA
I At (Nzila, 2018). o]z AMee] JheRafubge] o APEHE=
hydrophobic, fulvic & humic acid like 3%, W& FgESo] HegATEZ
2 IaEe #Ho] Auo g RE nHlo]le WEAA HHEo SE5AAYES AlAL

N

I
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sto}. [E673 OE670lA & thx74y OE33x% 2e [ Y9(Em/Ex 290-360 nm /
220-230 nm)o| M= Hthz o= 73 3437} FAHAT o] AL gy S 9
gk SCODY Als=7F xz7HY =& 0.67 Vicme] A~
humic acids, fulvic acids©] aromatic compoundsZ *&a¥
< 13 DETS =4}, 4% 2 S ES AX = WaAd8dw
o 24EdoY SR xM dFE AA ve AoE dHA L Yok
al., 2018a; Yuan et al., 2011). [E67% OE67¢] SCODS| A F=7t &=+
Tt wgg o] EdstA MsE o]+ EBS EMAZ}F 0.67 Vieme] A7)
A

ol o8l enrich a1 M71ZA 52| DIETo| 93] wgo] Y EHASE Al
ARtk @714 &Stoll A Fr7lE Y Theedel sk AA, BerdtE 9 o
2 284 7] SEA= 1A THEA AR FelEn, Aal, ofu gk
A FFE ZIT GFA =22 A4 HHE g ot s kRY oL, {74, Fa
9 o]itg e Aot 2 /U] BAE ot OE339A4 1 949(Em/Ex 290-360
nm / 220-230 nm)] ¥ I= tixTol Bl AduiFos Zg dE uEA I
Ql VHEY(EmM/EX 400-525 nm / 250-280 nm)ol| A ] 3] F= oz Hls] kgl
o o]AE 0.33Vicme] AAZGE=ANA EE&8AH 771 TFAE 7HEA dEAR
Tl EHATGE A ‘/}E]r”h?}. Yo% d7)A SeA g 2EES B=3)
% OE339 mMaxdg&S s Bys o txz7yv JAs &8zt ¢ %
gk} o] AL 0.33V/icme] AAAE7F Here] JleRie X6t FUHAAE
= Y 7 Aoy FHAPEY FAS FHe AgAnBES FHE
Al st WEEAS $13 DIETOl 71odstA] R3the As AARIE. tizT-ol
A EEM 2HE#o] 250-600 nm / 220-400 nm (Em / Ex) Abo]ol] #zH<A
3, ZF SCODe] FAE-& fulvic acid¥} humic acid-like substances® <15
Aok dxz2FAA Fr]AdvAEE2 Fulvic acid ¥ Humic acid like A#&3%4
2 At Jheds] 2 Abhd gl osiM AHE FIHYAAES ol wE

o
o
S
i
it
fu)
>
o
o
)

A A E =0
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e) EEM Indices
s e schds  pumic acid-like
H Relascd mo Humic ac :.i.!
on IV D ——
uble microbia Region V
Humic acid-like
L L
Region 111
Region 11 i 9
i 5 .L..-. i - Fulvic acid-like
Region 1 Aromatic Prowein 11 @ :
Aromaiic Proicin [ . 3 FRes My
280 M) 120 40 16400 380 4040 420 440 460 480 ) 520 540
Emisshon wavelengeh (am)

Fig. 5.4. Excitation Emission Matrix for hydrolyzed products a) Control, b) IE67, c)

OE33, d) OE67

and e) EEM Indices.
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5.3.3 AR A =& @ HI L9 Cyclic voltammogram

WER 7318 7)1 a3t zol 4] HAE %4Eﬂ3MEMA EZHE B8
SR

cyclic voltammogram (CV)¢] redox peaks= YWHAOS=Z  exoelectrogens,
electrotrophs 2 AxA DA S0l 23] WA=, formal potential (Ef)-S 2
712 Eolv A7l A o Ff/ol wet -0.43V ~ 0.5V vs Ag/AgCl 2
Mol A theFslA vebdtt (Lim et al., 2017; Feng et al, 2018). ZH| &A=
[E6729} OE67¢] CV 4tsh/ghd 3 =282 2+27F -0.057V/-0.298V vs. Ag/AgCl (E: =
-0.18V)2 L3 AR A #SHATHFIG. 5.5. OE17 2 OE33d M= E = 2
ZF -0.15V ¥ -0.19V= [E67°|v} OE679l Hlsf] & =fol7} gldth. shA|9F EFB,
EMAE =&t A7|8AVAAESY E4& wgdste 4bsh/gd A/ =7
(Ip.ox/lpredmA)) (E67: 0.51 / 0.44; OE67: 0.58 / 0.49; OE17: 0.40 / 0.23; OE33:
0.42 | 0.26)l= & =kel7F A th(Table 5.2). o]A-2 0.67V/icme] 7 7]7ol A
e SEo] =3H Ayt dXst OE173 OE33°l A= EFB2} EMAA}Lo] 9
DIET7} Athid e s wWedAdd 7|dstz EFdom 0.67Vicme AAZRE=E
0.33V/icm ©]u 0.17V/cmoll Hl&f e gho] DIETE X ss 7184 vy E
< FHsH ot maAdEs IA AT TE As AAET @ tizT9
Ahe S 3 3= -0.018V/-0.417V vs. Ag/AgCl (Ef=-0.22V)ZA] F21H 7} 4
Aoz Fo oItk oA ETo HAEHA 4Hstekd 3]0l o
st redox =2 E°] thE WHEES Aol7t ke AS UEHiTh 714 &
stz M= EFEH A 4 A L7 0.4V vs Ag/AgCl o]3tY wf &¥8
2o 2 o|4teteavt g Eo] wige] AdE 4 vk (Piao et al, 2018). &=gF
=79 redox peake] heights= Z+7F 0.14mA 2 0.10 mAS =2, OEl7¢4
OE33® <t} zkgith. mhebA, o729 redox S50l Aghe] vz ghik-g-of A
DIETe] #o3ts 7FeAd 2 %
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2.0

Control
IE67
— OE17
154 OE33
— OE67

Current(mA)

0.5 1

0.0 1

Potential(V)

Fig. 5.5. Cyclic voltammogram in the initial batch experiment for the methane

conversion of coal.

Table 5.2 Redox peaks in Cyclic voltammogram

Redox peaks in

oV Control IE67 OE17 OE33 OE67
Ep,ox/Ep,red -0.018 / —-0.057 / -0.038/ —0.058/ —0.057/
(VvsAg/AgCl) —0.417 —0.298 —0.262 —0.317 —0.298
Ef(VvsAg/AgCl) —0.218 —0.178 —0.15 —0.188 —0.178

0.144 / 0.506 / 0.404 / 0.421 / 0.576 /
Ip,ox/Ip,red(mA)
0.102 0.441 0.226 0.256 0.487

534 M ETF
Aete] Wi AY vixdte)] AYEH7| SRSz A B ENES A FH A
A ETFFEA S A3 Th Bacteria communitye] OTUs: 1597~1758F 9]0

o, Good's coverage of library= 99.6%°]’¢<] 2 tF. Bacteria®] Valid readse
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33108~39035% Total reads®] 72.5-75.7%°] At} Archaeal communitye] OTUs+=
81~124F o] 2™, Good's coverage of library:= 100%°] €3t} Valid reads=
T 85588~100047¢]=dl o]+ Total reads®] 98.3-98.8%°|Utt. wHA=2]
Valid reads& & w| Bacteriaw® -2 Archaeawd 9] 40%°] EH P AT OTUs=
15u~208 AHA==Z =kow, FH=(Jackknife indices)?} 5 %=(Shannon
indices)= 37}1g T thFAdo] dF o= H4tt (Table 5.3). Bacterias &

<9

Jel 7

%_ 1:1— /\]-q]xq oz Lr_ol-oq. _;Ugg_‘_t
]_

S Bl =2 wHo FdE v }
EAZol 3 AAsAteE AS Jebdth I8y, Archaeas 9 FH

o Tk OE674 7HE =il [E67dlA = Z4asteon, OE33904 7t
w DIET®| <]t wgkaygdut-go
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Table 5.3. Diversity indices for microbial species in bioelectrochemical

anaerobic reactor

Bacteria Archaea

Diversity indices
Control IE67 OE33 OE67 Control IE67 OE33 OE67

Total reads 45276 47009 48193 53413 101167 86869 101248 97722
Valid reads 33108 34081 36466 39035 99732 85588 100047 96058
Jackknife 1742 1783 1894 1850 112 100 92 132

Shannon 4533 4.703 4.839 4.522 2.276 1.643 0.847 2.229

Good™ s coverage of
] 99.6 99.6 99.6 99.6 100 100 100 100
library(%)

OTUs 1597 1647 1758 1707 104 89 81 124

Valid Proportion(%)73.12 72.50 75.67 73.08 98.58 98.53 98.81 98.30

Bacterial ~ phylume ®&  ®HF3-Zo|A  Bacteroidetes, Cloacamonas_p,
Proteobacteria, Firmicutess=2.2 A3t} Genus leveloll A 5% o] -3
) z72] 42 Cloacamonas, GQ396981_g, BBZD g, S°llt} (Fig.5.6a). A 7173
of =9 I[E67 ¥ OE33, OE6794 genus F&olA 43 &
Zekth. 12y}, OE679) 4+ Thiopseudomonas®] X =7} th&
o wjo)ld SISt Species A FAEEALS o 2

RoIF= loading #ME|o| A OE672 TS HE-g-=o H]|3| PClo
2 & IFS W3k}, OE332 PC2l|l o3 Fake] Aia o= 3Z]thFig.5.6b).
79t [E67S FAEEA  loading MECA  FAKES  Yehit
Cloacamonas acidaminovorans %2 =& HHgZAA 71 $H3R o gix=+

ol A 25.8%, OE67°lA 23.7%, IE67| A 22.7%, OE33°A 20.9%% =5 20%°]

it

r
o rlo
BN
2
z
ol
o

s}
N
=y
o

X
M
)
Lo

o
o e

1o
L)
oy
2 Am
»



A 5 F 99

de AR T 19 gz FFe TS vAE T2 GQ396981_g
CU921187_s(5.0%), EU878324_g HQ183802_s(4.1%), AC160630_g CU924993_s
(3.3%), DQ415754_g uc3.1%)=o. 2 FH3F . [E679 FHANAE GQ396981_g
CU921187_s (5.7 %) 2L EU878324_g HQ183802_s (4.1 %),
Porphyromonadaceae_uc(3.8%), AC160630_g CU924993_s(3.3%)7} SH3FAT} .
OE672] H oA+ Thiopseudomonas HQ183821_s(6.2%)% t}& wWlS-zxT} &
A FHe JFS mAeRE BRAXY. 299 GQ396981_g CU921187_s (60.%),
EU878324_g HQ183802_s (3.9%), Porphyromonadaceae_uc (3.7%), BBZD_g uc
(3.3%), AC160630_g CU924993_s(3.1%)¢] <oz F&gFes oty C
acidaminovorans= o}u] =4S W EAA B9t AU AE & 53)= syntrophso]
o, AEH7ZSE-SZANA A5 BAHFT (Feng et al, 2016; Pelletier E et
al.,, 2008). C. acidaminovoranse] 2z} Hb-gZo|A A3 AL 25 ofn|:4ks
g3 &x FEEY YgFoz  HAY. OE67ANA FTHIA EAsts
Thiopseudomonas HQ183821_s + =& ©& % 3354 A A= AHEHE
oA AAES AT EAR FstES AAse vAEAEY T2 dEx
AT Archaeaol A= OE67¥Hg-z9 33 tx+9 +Ho] & FAEE BEA
om [E67 % OE33¢ & & Zol& KT Phylum levelo A
Euryarchaeotat®= tZ7(95.4%), 1E67(83.7%) % OE33(99.7%), OE67(90.7%)°l A
2 Auiz el Aot Genus levelol A thzF2} OE67¢] Archaea 4
[E67, OE33x%  F53 zolg  HAJAY. dizxzd 9L OE67AA+=
Methanomassiliicoccus”} 242+ 27.3%, 30.5%=2 7k  fHsF o
Methanocorpusculum % Methanosaeta$ % EF 20.1~22.6%= AH7}A] Fo]
#5389t 19 LNJC_g(11.1%, 6.9%), Methanoculleus(7.4%, 6.0%) <o 2 9%
skt ®WHH [E67 2 OE339lA4l= Methanocorpusculum-©] Z+z}; 57.1%, 82.9%
= A A3 AT 19 Methanomassiliicoccus(14.6%, 7.2%),
Methanosaeta(8.4%, 3.8%)% ZFH =7} 3A w3kt (Fig.5.6b).

r[m

o[o

[
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Bacterial abundance at the genus level(%)
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GQ396981_¢g
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jgEnoom

I AJ009469_g
B PAC001207_
B DQ415754_f uc
=3 HQ184016_g
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OEG67

OE33

IE67

Control

0 20 40 60 80 100

Archaeal abundance at the genus level(%)

I Methanocorpusculum
I Methanomassiliicoccus
[ Methanosaeta

I LNJC g

Il Methanoculleus
B AF424770_g

[ AF424768 g

[ Methanogranum
Il Methanobacterium
I Methanobrevibacter
B AY454733 g

B ETC(<1%)

Fig. 5.6. Microbial abundance at the genus level: a) bacteria and b) archaea.

S PCA EXoA] 3 loading vectorS1 a4 Ay

Archaea®] #HEAANAE & FAME S 7HAH PCIY PC29] ol 7]E&A
B T3 AHAAE BAT 8y, PC2ol thste] [E67# OE33L =9
W, dz79F OE672 4o WadFoeg M2 Fold #AE Ko PCld o
A= 2 AABAZS Yebd o Species levelol Al i z2FollA 71 FRE =
< Methanomassiliicoccus_uc (27.2%)°] 1 2™, Methanocorpusculum_uc (22.0%)
7} A3 19)e]  Methanomasiliicoccus_u LNJC_g LNJC_s (11.0%),

e 2
N
-
1o
O
o
A3
&3
oo
N
rlr
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Methanosaeta concilii(8.6%), Methanosaeta CU917101_s (6.5%), Methanoculleus
receptaculib.5%)< o2 FFS W= Aow HIHJY. 18y, OE679
Archaea F&  Methanomassiliicoccus_uc(30.4%)7F 7F& A 31H o0,
Methanocorpusculum_uc (22.6%)7} AW & F&FS 71x= A2 AT o
202+ M. consilii (11.4%), L. LNJC_s (6.9%), M. CU917101_s (5.8%)7}
39tk OE339] 4+ Methanocorpusculum_uc (82.8%)9] FH %7} =A
™, Methanomassiliicoccus_uc (7.1%)7} F&F3tA k. [E672] Archaea
Methanocorpusculum_uc (57.0%)2] THEE7T 7+ %o
Methanomassiliicoccus_uc ~ (14.6%), L. LNJC_s (7.9%)7} FH3sIG o
Methanocorpusculum spp.= 37C<& HAX2ZoA AAstH Acetate, yeast
extract and tungstateS FUHEOZ dl= FOoZA CO7F EAst= 7oA
H,, formate and 2-propanolS WEA| 7= Aol &uekoltt (Zellner et al.,
1987). 1# 4, Methanocorpusculum-& ¥ I g&Ho] M7 & =% [E67, OE33
oA A $HEeE AeE  Hol AAIIHETA HewE  HlM
Methanocorpusculum-2 ©] A Aol AEA7]|3}8t 43l xolA I 2ol
t} (Feng et al., 2018). T3k, OE3390|A] FH-=7} [E670]Y OE67R T & A
Methanocorpusculum spp.& & Uﬂ‘%‘r*@ %
ol R AhtE S =Y =4
v U718 AsxdAe 4ol guedol AN AER 7SS 2 A=
DIETe| #sl= ARG Fulgrolth (Patel GB et al., 1990; Patel GB, 1984;
Huser BA et al.,, 1982; Rotaru et al., 2014). &4, M. concili®] FHZ=7}
OE33°A & AoR Hol Ajaorg ZAEZHd izt WA o] okt &
7179 A717F & w DIET o 9 WaAddS 317 oH T + Uoh
EFEA %S Methanomassiliicoccus_uce o2 BEHAAE= AR
Methanomassiliicoccus luminyensis®} Methanomassiliicoccus intestinalis®} #-©]
CO27} EAYste oA 4ot Wetss qUALeR Wes Adste &
d 7bsAol =ohDridi B et al, 2012; Borrel G et al, 2013). L2},
Methanomassiliicoccus+= antibioticE +3ll3t+= bioelectrochemical reactor ol 4]
AR ARG g ekt ol tH(Zhang et al., 2017).
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PC2(5.4%)

PC2(7.4%)

1.5
a) Bacteria
[ ]
Thiopseudomonas HQ183821 s
1.0
OE33
054 ¢ .
Sedimentibacter FI825495_s
° [J IE67
[} DQ415754_g_uc
Cloacamonas AJ853573_s Control
Cloacamonas acidaminovorans
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Fig.5.7. Biplot for the microbial species communities in the bulk solution: a)

bacteria, b) archaea
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5.3.5. AIAHA
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thH(Zhang et al., 2016; Yi
;Zheng et al., 2017, Davis et al., 2018; Song et al., 2016). 2 &toj
g NEFSFEEA THrEeEo A8
< AR EY wadgo] AafzteS FokPiao et al., 2018).
51e Fr)dAs e IvbASHES AX St 2Ve dkEs A7ehd
|AS AR R LSS AAFEAQ] A E AAAHT F
SIFEELS AAFEAQA A7 AT o W3S el(aromatic ring)E
9] #l(aromatic nucleus)oll EAMFEHIS] AHAE FUIFIo R
A} ringe] opening® o] &% th(Sharma, et al., 2016; Nzila, 2018). A3} 2J&to]
Hebd g gFo] 165.0 mLE [E67(dA-A =0l 2V S A7PollA d8d 142.8
mLES E2 2okt shANF Bkgxo Hagde ar FEEY VA €9
AE HZAS W F7IE AALE Ao vegs,E&-2 OE6794 45.0 mL/g
QAT [E679 4= 111.0 mL/g lignite2 7= At} OE67 A2 ZF w
1282 644 mljg ligniteo] YA BF TE67014 ] % wWe<eS 121.0 mLlg
ligniteo] Atk OE67NA =& H7]2slol o7t 4baol AHE Z7|DdA ANAT
WS NAAAT. Aek] Jteial 3k AAsgAQd 4h4e 5953 9
dosts 282 4AS A7 B 2avt Aok
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A6 Meo A=A713eH vegdgd e EAHEY
I

6.1 A&

AA st A8 70%4 A e e Aas) shekas,
FatslE, ARSI ES e S9EA S uH WEStt (Dmitrienko et al,
2017; Ryu et al., 1993; Yi et al., 2017). &% AA e FQ2 oux A9 s}
A HA7txe o]& Al FAo . WAY AE HiEsA &S By ofyg)
Aekoly M F EAHET CO2E A wW&E3dtt (US. Energy Information
Administration, 2017a, 2017b). webA AA A=A AL szl A2
AT odyA Akl gl AF2HEE HAT 7ty A] ZAdQl AYrte, A
U7}t2, CBM(coalbed methane), 7}x3slol=go]ER o] =t} (Kim,

¢
s
ot
2
i
>
:‘—14
o
rﬁ

2 AT a% FABI A%HQ JUAAAL Fu5] Hﬁi ob mh
Mol dojtk. Auke] MgAe Asheta U YBIH O o Fojd + gtk
Heke] dsjetd vgdEe neagtelA o Foj7] wEe] oA Abg ol
=3 09BN TUF PAEELS 0F BYAATGE Gl Utk Park and
Liang, 2016). A1¥re] 423k vlgbdshe 714 mag] o8] o) Folx v
qrjAos e o% e 4o 28d 2AdA ol FoiA ] wEd B

d
213}z o]t} (Park and Liang, 2016; Ritter et al., 2015). Z&v}, &322 4
o] Megdse =71 tfds] =ga, wergkgo] yol Faldo] gl
st A F7kA A ke A=83<l UﬂE‘er kS FFATI7] S8k ok
W Eo] AZ=5Qith (Zhang et al., 2016a; Fuertez, et al, 2017; Davis et al.,
2018). 12t 1g9] M@oA d& F Ae HE FE&2 A5 TR &3}
A A3 4 uLlollA 4 mLel EF}SHRT (Bao et al, 2016; Zheng et
al.,, 2017; Wang et al., 2017; Fuertez, et al., 2017). A& &3}7} 4T EHAA
U 837t 18 T 2P EZA Hge Fdid (Mygez HAE 713 f7]
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=< F=E ady FHol A5 EFEolt (Colosimo et al, 2016;
Senthamaraikkannan et al., 2016; Strapoc et al., 2011). w}A, Aete 7|4
nAE o3 Mo 2] HEo] oy FHo|th. Mue] AESHH weg

S Zstslr] 91k A= bioavailability &, bioaugmentation, biostimulation
S A7ZFA ol dubAd T &gk} Agke] bicavailability S A 7171
A3t Mers Bt YA 5&S

GHAE FYdste FHECl AT o+ (Zhang et al, 2016a; Fuertez, et
al., 2017; Davis et al., 2018). Ag-o] A=tz Ql wgbdskahgol= Thefet 4

.]
%
g RamgSel ojsk= om wEAn gtk oldg WgEe

TaES =olv W, AW

e o

extracellular — enzymatic  depolymerization,  hydroxylation,  carboxylation,
methylation % methanogenesis < X33kt (Strapoc et al., 2011). A &ke] w
B AA NN AEEHE FHPPBEES dFE B =E0] o]&3t7] o8
o33k ®kgF Bksl<=4 (polycyclic aromatic hydrocarbons, PAHs), ek A4 3}

FE Z AYF sgES ZFe sEFEECIY (Orem et al, 2010; Zheng et al,

2017; Nzila, 2018). 4gkeo] gt gho] #HAst= mAE2 ol TUHEAH =S
oJgk ZAgoll el Aol AAlFol Mgy AdRkge] AR 0w dojd & J
o] &3f

o+ (Piao et al., 2018). wetA], Ag-is] Ao A E= FHYLEES
9 2 WgAA EAE JHAE vAES FYse

MEo] AN=50o] gHGhosh et al., 2014; Davis et al., 2018). H o= A&
A g AAFTEAE FHhe 7148 AAHYUTHE AFH
(Wang et al., 2017). =3}, &k =9 AA "agt da, <l v

& vy
NE T 2 Fr)gorio] ARE Aotk WA, A, A% 2L
24

bioaugmentation 2|

O b

K
32

el

off
o
P
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o2
s

i
il
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= 14 < =7 A)7]& biostimulation
BA%agsS FIAZE & AT (Zhang & Liang 2017; Zhan
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A7 JAJHdARESTH ARG et)o] SHAAZSIL o]F Abo]d
direct interspecies electron trasnfer (DIET)o| 2]&f wgko] wAYST}y H7|&A
cytochrome CE A|lZ¥W71A] FHAIA HAE AF=2Z AL AY
ANA HAAE ZH wh= Foltt (Feng et al., 2018; Piao et al., 2018). &7]
stzxol A F7lEc] HAaAES 4oy FAae 22 FHALES AP
o] FAAHES WeoZ M= [ET Hste] DIET| 23 wgkyA
sYstdor Tga gd9stdo® fEsitt (Song et al, 2004; Feng et
al., 2016; Feng et al., 2018). = Rilol] o|3tH A EH 73 shut-g- o)A u|AY
E73e DETE A7l o= Meto wg $£&& 54.5ml/g coal 714
72 4 A tHPiao et al., 2018).

< Aabs BFAI717] 913F EFB9F EMA Aol 9
DIETE 93 =3 932 3t} (Kato et al., 2012; Shen et al., 2016). o]= &
7174 &gtoll A WgAdgdo] M= Edo Ul os A M2 e

O o o oM
e b Hoorlo

flo

O
i)
il
X
m
e
k
o
g
i
O
g

B AFNAE &5 d5el 29 A=x7]58 dr8 Ltz G449 A
71

%t A= Abele] DIETe

6.2. A& 2 WY
6.21 A&, A5 & % V|8 =3A

Aeo] WeHEATE sty ANyUti4il ZeH(Aquajiny Co., South Korea) &
. o] Zgre VS/TS 28.5%, 0.52 g COD/g coal ©]al 3&°] 184 %
ojAth FHlE AR wAAbLS o] st Eaidta 1 mm AlE Ay E¢F

E9om, 105ColA 1247 ARAA vetds Ao ALg3th
(Plao et a, 2018). #7134 AHIdS A ®wiA= =71F=EV)
NaH,P0,.2H,O 2.45 g/L, Na,HPO,.12H,O 4.58 g/L, NH,Cl 0.31 g/L, 18]31 KCl
0.13 g/L, NaHCO; 8.4g/L7} HE=& <FH|slH o, 479 vitamins and trace
metals 84S o] ol we} F7st thFeng et al., 2018a). T v =] o

AN
R
ﬁ"lﬂ
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yeast extract powder (Becton Dickinson and Company; Sparks, MD21152 USA)
£ 1.0g/Lo] HE =5 FYstAut}. Sewage Treatment Plant (Busan, South Korea)
oA T AU €8AE 1 mm AR AE F 4C FAILANA 24N T
A & AFdoz Attt @743 242 A AHERE A F<E A

EA4L& pH7E 7.27 olloen, drtelx=el VSSrE 22k 3.65 g/l as
CaCO3, 16.5g/L. ©] At} —7]‘—7} 2F Al AHERE £21AY 7] pHE 731 oo
4z =9} VSS7F 247t 3.68 g/L as CaCO3, 16.2g/L ©] A th

rol

622 AEA7|S W4 84 a8z

Cylindrical acrylic resin= ©]-&3}¢] bioelectrochemical anaerobic batch reactor
(effective volume 0.5L, diameter 8.5 cm, height 10 cm)E A #sldtt (Fig.
6.1). 3] &2 "k xo] ARE= acrylic plateE o] Fo]2 coverZ flange jointd}ed
sealingF o 24 F7AFHE FAL F J=F stk vhEx Wiels wyk
< 93 bladeE AA AT E#o]=+= steel shaftE o] &3t RWE-gZ= FF-of
AX" DC motorel] AZAsFATE Acrylic coverol+= HA 2 7}~ sampling
ports I1¥]3 off-gas valves AXEATh Al AFHFLE Tt iﬂ—fﬂ?b
n-butyl bubber stopperZ Z+z} LE-sIFT WA A5 2AHT LD EFol=
o] sl FHEM stdel= oF 379 FEUS AHSEtr] 9t
of F71=5 dA&H sealing tubeE 27 F-2sFAh off-gas valves L+
2 BH2 7k243]7(floating type gas collector)e} AASFHATE 2 7}
F3719 HFole nAESY WA H BAyS b A3 E 7] flst &

I NaClE2 2Hd8 8 23942 QY gAad©@6 cm X 9 cm)3} i“&z—i(6.5
cn X 7 cm)e ElebEZEY(0.1T, Grade2; Baoji HongYaDa Nonferrous Metal
Materials Co., Ltd; Baoji China)S Z}7} Fnvlgk J A= W Ae &9 Z7]
2= 7] e &4 &2 (G2140, Printec Co., Ltd; Daegu, Korea)S ©|-&3}
IAESFAT. ez 2 4983 Hegsde 3z ey Egols =
ol oj¥ol A7z ftgow HAsta EEkaAd HEAN A FARF
(ODA Technologies, CO., Incheon, South Korea)e] ©=}oll z}z} <14 3&}h]

=

w2
o ox J{N
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= e
e of
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Fig. 6.1. Schematic diagram of the bioelectrochemical anaerobic batch reactor
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BERI|GS @14 SR APelA viwke] Aol B oy BEHA g
W 8= golM 165 rRNA Pl4E FHE 2AS s Hq cUAE A%

i

3}t DNeasy Power Soil Kit(MO BIO laboratories, Inc., CA, USA)ES A}-83}¢]
719] Protocolel] weE} HiF & XZHE Methagenomic DNAE
Microbiome Taxonomic ProfilingE 333t Fusion primerg Al-&3}
Methagenomic DNA® A 16S rRNA FZ=t2e] 7} 99 (Bacteria®] 729 V3V4,
Archaea®l 7% VIV9)S ZZAZAY. 16S rRNA= Methagenomic DNAZ F-E]
S %31 MiSeq Personal Sequencer (Ilumina, San Diego, CA, USA)E A}-£-3}]
Sequencingstitt. Sequencing helH gl o] 75 B F3F, AE HHS F42
o] dAFE uwgtt}k (Chun et al, 2010). Chimera: EimTaxon to]E ®o] 2
(http://www.ezbiocloud.net/) oA &<21&tx mAE FHH 5A E7Fsx I
2 wAE 8 OTUOperational Taxonomic Units)E ARg3sle] LAt} EZ
Biocloud (Chunlab, Inc., Seoul, Korea)&= "lA&E & &7, S 2=H &4, 1A
= 714 4, ASF FH2EH"E 2 F udEe] oFd Axe 2 227
ol MAEAHREXS 43} Inter microbial community?] &£ FA-S Rol

~] factoextra packageE AF&3F FAHAE EAMOZRE dojHth

"
oko n(i-:lzl't
il

>
o

£

6.24 ¥4 2 AF 34

AERZIEE @714 3824 Ade] dEe 5 dAXNE HATFE 535+
2ol ARE MAHF 5 TS, VS, TCOD, SCOD, VSS 5o Eajsisd &
32 RUEH37] 93t Standard Methodol wel 243tthEaton et al.,
2005). pHE pH wEJ(YSI pH1200 labortory pH meter 115-230V(T1)E ©] &3}
A8 AT A=271848F FU) A3 74 WS Fo A EAG vho]l b0 g
3 F4FS Porapak-Q AHGt x 1/8 “, S} TCD HE77F A==
GC(Gas Chromatograph Clarus 580, PerkinElmer Co., Ltd)ZE o]-&3}a] 2

O:

ol
i

S
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6.1 o]-&slt A4kstATh
Equation 6.1: Vi = Copm(Van+ Ver+ Vo)

A71A, Vewre WEe] +4 A4=Hmb)olH, Cope EYE RS vlo] . 7F29
A o) otk Vege 3 E4 4% x9] dlE 2dolx FyolH, Ve 4
slzof 7k FR 7] Abelo] 1% [FHO Hu, Voee 7F: FR7|Y 7t RE
Fyjolty, AEAr|sst 7 I& oA #= v FS O 2
528 o|&3dt FF7IdH} 255 HAFoEA STP JEE d&EAFH

273 % (760— W)
273+ 1T) 760

Equation 6.2: Vg (mL, STP)=V yy(at T)X

714, TE SHLEQ 35CoH, W TC A2 437t mmHg)ol th.
JRAAY FgFRA HIggHo| Tiste] cyclic voltammetry(CV) 233}
electrochemical impedance spectroscopy(EIS) A &S F3stAth 2FA=3} of
AFe 77 e »~dvw 2Z7(1cm X 1lem)S o] £38lH o™, Ag/AgCl AFS 7]
A2 A3 CV A43-2 AAAX(ZIVE SP1, WonA Tech, Korea)
£ o] &3] 1.0 VoA 1.0 V 7+A] 10 mV/sec &5 & 23l= HHHozE 23
3} o). Smart manager software (ZIVE BP2 Series, WonATech, Kore)S A}-&3}
o] cyclic voltammogram® 2 58] redox I 249 AFE Tt EIS 23
& A7)3}84X(ZIVE SP1, WonA-Tech, Korea)Z AR&3le] 100Hz ~ 2MHzo
FoH Lol A 100mVe] nFAS MIFHFES AT QAUiste 35t AtHFeng
et al., 2018a). EIS k2 ZMAN 2.4 software (ZIVE LAB, WonA-Tech, Korea)<
Abgste] F7ES|E Bdof| HEAFAT 4714 d9d s dEo] AEE d49
57182 2de AHESdnh dIdaAgdES D solution resistance(Rs), 2)
charge transfer resistance(R2)¢} Warburg element(W)7} WA A A= o] FAH
AI 2, 3) constant phase element (Q)¢} Activated cargon element(R1)7} ¥
dHad5o] FAD Yyd 2, 4) Inductance element(L)7} 2L QAo FAEH

.

AN
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ATt AER7|SSE P78 stk zoA WaAdde] o #Z5HA s w o
AANEE AFSATG. AT ASEE 045 xm GF/C PEHJSZ oAggt &
DOC(&EfF71et2)7F 1 mg/L= HAE 343 FH  Spectrofluorphotometer
(RF-6000 SHIMADZU; Wavelength: Excitation (Ex) 220~400nm/ Emission (Em)
250~600 nm)Z ©]-&3}e] Excitation emission matrix (EEM) spectra® 3te] Z+
o] A NN BAPE FHNEESES E43A T (Chen et al., 2003).

6.3. 23 3% E9

6.3.1 AEA7I3S F7|Q L3z AATZNA Mo W A&

TAE 452 2D UET D BHDL F/1F 282 BFN 27] 2
o WsdgEe FA Fhtgon AWBYEEE 2 AolE Bolx
ekthFig. 6.2). ol B4 WMAC) FUP Tx FE2Ro| FfH 47 A
B 5@ obnlmite] WEARe] 9% Hoz Az 2710 AA /1T
ol ZA WEto]l AHE A EE FEEo| FHE JYLSI 3 4F v
WEol WA ASHATE AL UBITh o] F AR AftzolAe o of
A wlehale] BHE A sl o)z e mARe] tAel o] §F F U= 714
o BFHYY] WME Ao HefAT BHVL T AEH AL )

A3l A EFBeF EMA Ale]e] DIETE ZFHXlstes Aoz d# A JthKato et
al., 2012; Feng et al., 2018b; Baek et al., 2018; Park et al., 2018). 3} 2+ &4
g FUlekAl e iz Wg T FE 3U9A A v gAY o]
172.2mLo| AT E4d8S  F71g AE00 ¥ AE17°1]/"]1‘— Z+Zy 158.3mL,

= “_l
137.9mLel ek oA e BTl HEe strRAE FAstel e @ 4
WE FHA RS FHE J1dE Yot FUANEY MY JA4ES

i

g =
%%‘3}11 Fota WS TEAVA e ZPve AS AARIH AE1T A w
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o o]F 10¥Ee AAT FUkstH A HFE FAWMEEAdFES 218.1mL7tA =

F3ATh AE67ol A Aeke] A ESHA k=88 35.0mL/g liniteo] oW o]=
S F7IEHA] e ol Ao wekg 251 mL/g linite Bo} Ax =
St} o= %V‘*E&O] 0.67 Vicme] A7|&stol] vl &EAZFe] cDIETY uj7fA=
A Hegdss Fu8sty] Y% DIETE £33 oz Algdn. =3 dA71%
MZ717F 0.33Vicmel AE33NAM = 2F A% werdy g FA51A4 S71st 3
A& 177.9mL7MA] A E [T o)A A7|AA 7] 7F 0.33V/cm o] ol A&
o] 7‘47}% A=x718tsr @714tz wgAlgdES 913 EFBe EMA Ato] 9

[o

ks ﬂ]%‘%id}*ﬂ{— 719& 34 &

A718ke @UIA3 A FdA S X33 AEHEDLS vgIdS 93

cDIETS ZZ13tHLiu et al., 2012; Xu et al, 2015 o|de AFAw} e}

sttt A eo] EA|SHE AE679F AE33A A&l ols] A B 7}

71d& o] &3t Wgks FA3| Aikste HA A A7|ZGu| Y E ]

5 2t a8y, ZRIA AVZHFE Aol DIET HkS-o

of Mgte] JppRE] 2 APTE AHES WEHE wkgo] o] FoHTHE AS

ERAT} (Piao et al., 2018). AE670A] ¥ AW e A FS AE33RTH
=3kom AMute] AESZ WSS AE339] 12.2 mL/g linite: o}

th(Table 6.1). °]ZAL &5 A& zte AEA7SEE @743 43tz A

o

A 7= =A ]

or e

e

=
=]

rﬁhmoﬁl
2 5 9% off

B
X0

30
rlr
1%
o
Lo
N
N
-
s
=
ofy
!
o=
oX
i
il
Lo
M
=
)
=2
o
=
foi
&
N

o & op

o] do14 DIETe] Fa3 84%0S AART WaAdde 543 F71 ol %
Z7, AE00, AE17, AE330|4 SFAwehdA o] Hapr oz ZHasteE A4S
el tHFig. 6.2a). ]2 Methanotrophsoll ©|3f wWgko] AnlE oz H<Ql
ot d¥td o 2 Methanotrophse= 4FA, &4HE, A4 59 AAFEA7E EA)
St oA ket EF/9 alkanes, aromatics, hyalogenated alkanes %<
Eisles 58S A= AoE EHA ok Murell and Radajewski, 2000;
pandey et al., 2014; Wang et al., 2015). 23y 4A&7F gle @714 AEH7]
slst 7|4 A3 =FoA = Methanotrophs o] FHEs|Rty dex ok
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(Paio et al., 2018). =4 7]3}eHk-g-Zol| A w€e] 7HA+= methanotrophse] t
ALzEgol o] 3k weke] A3lo] 93k Ao HQlY, o]& 7l53 7]do] BE3F
Meto 2 RE AYESHH wWEks AYAsk= Chemostatol]l A= Methanotrophe] &
Aol FolAW, Ao S <QI7}stA Methanotrophse] EAlo] Bl& Folx
© A 2o 27 A% 10¥ F wgdge] FEe U #BSHA Zdth &)

A ¥k AE17, AE33, AE67¢] ZHF-71&E¢ SCOD+= E5F 3000 mg/Lol/dollom

AE002} tjz=7-¢] SCOD& Z+7}; 2856 mg/L, 2686 mg/Lol i th. o] AL 7|7 o]
Aeke] Zheds 2 AhEaE S8 SAS TR S EC] FHEHAL
o Astxd {3k SCODsv= 42 W@ w-8& Adlste A e 7t
d L AhE FHAAAHES IATEE HAY SHAHAEZRE F713<

of o] VY At AR FEEY

AR FEE o3 FFE Yk 44 YRS 5@ ohvmaoz s
Hagsol #olsts @714 WAl FRAFOM, ool Mere] /R
9 OANEE FAAER o R ARAVES WA Bstel Wge A4
AAES VBT FAE 82 Fie AR F2E 9 A74 w94
FHE AVIEZRE BAY WEBAFS DAY o|F AE6TOIA Huozy

I e)
«
3
oQ

6.3). o]A Ao+ Yeast, algae 2 cyanobacteria®} #& A= =S F

AstAY, 2714 AAE T2 WHoRE Meo Hegds FFAZ + AN

oy, WE =8 293 -4.98mL/g coalZ ekt (Davis et al.,, 2018). A &ke]
.]

Nere] TR0 mWetAE 2 AolE BAcd Zee A Ao v
&8 7.4 mL/g coal °]%t}t (Davis et al., 2018, Zheng et al., 2017). L& il
ER7|8tshi-g oA Meke] wgtAd3E-S 54.5 mL/g lignite 742 SRAIZ
B 17k AAHPiao et al., 2018). =3+ A&HY] wWebH gek-g-2 A 7]7H0.67V/cm)
st Al AR FEFo 93] Mety vgHge #AAst= WS nESY] F

e
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Fig. 6.2. Cumulative methane production from coal a)mitial batch and b)
Additional batch.
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Fig. 6.3. Methane yield of coal in AE67.

632 AEA/|SEE Mg sleRd @ Ba

BE718e @714 384 vbsxolA 27 AF 10 F dige] dAT A
1z

Aol A== &S wl AE00, AE33, AE67Astxe] #7F SCODs+= Z+7; 3,782
mg/L, 3,580 mg/L, 3,499 mg/Le|om thx+9] 2,852 mg/L Bt E}tHTable
6.1). o] ZFHF SCODsE Z+Zr WSS Adstes Mg 7teis) 2
e FRAPES] dAF =l
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Table 6.1 Methane conversion of coal in bioelectrochemical reactor exposed
to an electrostatic field

Content Control AE00 AE17 AE33 AEG6G7
Cumulative Initial batch 172.2 158.3 137.9 177.9  218.1
CH«(mL)  Additional batch 824  49.3  63.3 524  171.0
Total CH, 35.0+63.0
yield initial+additional 12.240
=98.0

(mL/g lignite)

End of initial batch 2686.3 2855.9 3017.6 3043.5 3127.8

SCOD(mg/L) End of additional

1482.5 1981.5 2163.7 2246.2 1865.4
batch

AlZo] MY9Y (Em/Ex 400-525nm/220-250nm) 3 V I H(EmM/Ex 400-525nm /
250-280nm) oAl e 332 BYHFig. 6.4). o] F¥o] EAHELS fulvic acid,
hydrophobic acid 2 humic acids 5& E33s= A Eo] &84l ¥ FAo] 3l
ol StE=HEEA ol dAFtolA Hiw AMee] Jieis] 2 Ahta
FUHNAPAELER FA EZECIHOrem et al, 2010; Gosh et al., 2014;
Wang et al., 2017). =3, Ag 7}ERa) YAHAEESE FA4 BIFE 3FEE0)
Heto 2 H3E7] A= carboxylation hydroxylation, methylation 5<] HF
<& %3 ring opening #AH L AZ wEge] AFEA 24 F4
A&Eojor sl AR IHAL ¢ D} (Nzila, 2018). o] & A&t9]

Sl 93l A4 == hydrophobic, fulvic & humic acid like 3}3HE, W33t
FESo| MadTEdE FaEHE AHo| AEoERE vlole WY vk
9 A IS AARREE AE679A = tiZFU AE00 €] 1 9 Y9(Em/Ex
290-360nm / 220-230nm)ol A= o2 73k 3 =27} SRIE o™ AE339)

rr
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7F dZ2FRO E3t o)A EB9} EMAZF AE6794] 0.67
Vicme] AR7)7% ol oaf enrich H3l H7]&AH w52 DIETO ojaf wgho]
A E DS AASEE AE339A4 = VE 9(Em/Ex 290-330nm / 250-280nm)el]
AopF oz Zgk 3371 #QlERl e o= AE339| Tyrosine-& Protein¥}

£4 T3} olm=4k7](CIH1INO3-)S] S EH o] FE3%Itt

s ek
9 9RE EUG G D W weotel o8] guUch f714 fa
e wEfn W04 ceA} ER FEES

o R NE] BT

Zhgkor, wWeEhdAo] g5H Fo zHF SCODE 2,856 mg/LE=A] tET-<} Ml
=3l tTable 6.1). AE00olA W= &He] EEM Z~FHEo|A  aromatic
compounds €°] =7} A o2 vero ™, hydrophobic acid ¥ fulvic acid
like 4EE9 5 AE67RT oA HUTHFig. 4.3b). AE00oA &EX FE2=
of e HAA 3l s opn|i4be] WebH SNk e A= F=
hydrophobic acid 2 fulvic acid like F&E°l 93l ¥&d =™, hydrophobic acid
g fulvic acid like A EES LFEAA wWES A3t DIET7F AE00N A &= &

Lo
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A=A 2> A Zvh. AE00° A DIET-base®] wIgtgAdo] &3t =X
o o] EAle AT AU A7 SAHCNA AVEA mdES
Al &tal DIET-base®] W& < fr=st=d wilA 9 s XA
Heggde] Fad FFEIAID A Y diEzFolM= EEM 2=

o

i

ol o &2
4o 32
o

O]

)
(m
uid:)
e

250-600 nm / 220-400 nm (Em / Ex) Atelol &&=, b7 SCODS| F434&
< fulvic acid®} humic acid-like substancesZ 1=t} thzFAA 714
n] A EE-& Fulvic acid ¥ Humic acid like AEE3 2L gk 7leis] 2
Abdge] osiA AHE FIHBAPAESC s WEdAdY BHEE iAol

A A& Ao
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Fig.

400
380
360
340
320
300
280
260
240
220

Excitation wavelength {(nm)

400
380
360
340
320
300
280
260
240
220

Excitation wavelength (nm)

101

40

120

WM

280

260

Exciration wavelength (nmj

240

Control AEDD
400
380
360
340
320

300
280

o -ﬂ@.

220

300 350 400 450 500 550 600 300 350 400 450 500 550 600
Emigsion wavelength (nm) Emission wavelength (nm)

Excilaﬁon wavelength (nm)

AE33 AE67
400

i)
360
340
azo

280
-
220

300 350 400 450 500 550 60O
Emission wavelength (nm)

Excitaﬁon wavelength (nm)

300 350 400 450 500 550 600
Emission wavelength (nm)

e) EEM Indices
hyd idd e acid-like
Relaed o Humic ul.!
uble miclr)hlai ® Mendel hums Region V
by-product-like ;*12717¢ humis xids scid polvmees Humic acid-like
Pr
L harr cid-like uls
Tyro Terpi Hhamie acid-like Fulvic acid-like
PP TP f..'....--....u I T T L
" b s 2
Trtosine :::'I:' - . i Palric ach Region 111
. oy 4 y handh id . & =
. 4 KN : s Fulvic acid-like
Region 1 Aromatic Protcin 1= ®
: . . SREA (this seusly
Aromatic Protein [ .
281y L] L] ] 340 Jdp JEO 4 420 44100 460 4810 S04 520 sS40
Emgssdon wavelengrh (nm)

6.4. Excitation Emission Matrix for hydrolyzed products a) Control, b)

AE00, ¢) AE33, d) AE67 and e) EEM Indices
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6.3.3 AR A =& F HI L9 Cyclic voltammogram

28}z¢] EFB
243 A7 rAdESe #83 AEE AT (Harnisch and
Freguia 2012; Uria et al., 2017). A=} n A& Tk HAE
2l sl EA  FAsty A EAT|FEHSZoA  #AZFHE=  cyclic
voltammogram (CV)¢] redox peakse YHEZA S = exoelectrogens, electrotrophs
1 Sdeky e AAAGu/NAI S o5 AAdHEth(Harnisch and Freguia,
2012; Feng et al., 2018a). 1&8]3 Formal potential (Ef)2 H7|&A 0| &0}
AAAGANA L] FF/ mel -0.43V ~ 0.5V vs Ag/AgCl o] oA Thds)
A vebdtt (Lim et al, 2017, Feng et al., 2018, Piao et al., 2018). AE17,
AE33, AE67¢14 bz} 39 mase Zzh 0.298/-0.035V vs  Ag/AgCl,
0.403/0.044V vs Ag/AgCl, 0.343/0.003V vs Ag/AgCloll A w3l s|glon Efe zhzt
0.13V, 0.17V, 0.22V=Z HAAZFZe] =Z7]o] uwel o] "oz o] F3lAT
(Table 6.2). o]l AAAES Z7]o wet WEgHdSdso] x40z FU
Aot dxst 0.67Vicme] A7|Feo] wWgkdge DIETE X8t 7|84
HAES FH8HA stH WaAddES A AP TE AE AA

A7144 P Eo] AFHAFAE Bt wWeAddol iz
Aslzr Ze AL Ipox/predzt 0.38/1.39mA=E AE33, AE67XH T v
H et ghe] Frodstes mlAEo] S = Y3 JAlH AR AR

.89 Cyclic voltammogram(CV)= A& 7]3}8t & 7]4

EMA

>
i
rlo
>
N,
et
ox

p
&
u
v
I9

it X% ol
o
oo

9. dzTolA Efe &9 -025V)02 UEgten oA WAool
A2l eel W Zo] Befsh redox BAESo] THE Wzl o7t Athe AL
EEES!

| B9&

FAH. @A AsxdAE HEFEHANA AEEAdAR7E 04V vs
Ag/AgCl ol3td of dstro g o|4tslerir) shly o] wgo] AAHE
o} (Piao et al, 2018). th=79] A9 a7t -04VETE 22 -0.45Ve] A2
Z oA+ exoelectrogens % electrotrophsAte] 2] DIET7| opd o] F3HXHH
YR o|4tstetAav) SdEo HygosE MAEE gEo] 0. meA, o
79 redox =dE°] Aete] wgHdERSo A DIETe| #A3tAES 7H5A4

s

fu)

2

rlo N
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Fig. 6.5. Cyclic voltammogram in the initial batch experiment for the methane

conversion of coal.
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Table 6.2. Redox peaks in Cyclic voltammogram

Redox peaks in

CV
Ep,ox/Ep,red

(VvsAg/AgCl)

Control AE17 AE33 AE67

0.037/—0.453 0.298/—0.035 0.343/0.003  0.403/0.044
Ef(VvsAg/AgCl) —0.25 0.13 0.17 0.22

Ip,0x/Ip,red(mA) 0.67/0.60 0.38/1.39 0.52/1.19 0.50/1.14

6.3.4 38R AuA X~

AER71848 d7148 &dtxoA ElSe XS54 ANujAlE e S o &3t
o &Ad%o] H7lE AE00, AE17, AE33, AE67|4] F3}<ro| wE bode plote]
A2 NZ3 ol A FARSHARE tlz79F & zbol7t AU THEig.
6.6a). EIS Hlo|EHE S7}3 &0 @3o] A& W3 g9 ohmic resistance (Rs)
2 AE679 4] 23520l AE00, AE17, AE33 % o z7-2.74, 2.76, 2.38, 6.83)1
o} ZgktH(Table 6.3). B8 Uo] Rse HA wjd, Ak Aakel &gk ¢
2 gl A o FiEn. A7 rgEolA cytochromes £33
A=A G e Axeutoz sl (Leang et al., 2010; Lovley, 2011), ©]
+ FagAo A Rso] =718t @7 &astxolA A7 EY &
== YehigE AL ou|gt (Lovley, 2011; Dubé and Guiot, 2015; Zhao et
al., 2015). A=A713e d7AE LA, AAALAFRDS DIET 8
3 A3 BAgy FHEEHY, ols A|EA nAES FHEIA Fdozxn 7
A% AE17, AE33 ¥ AE670lA A EA e 2H7; 88.852, 74.032, 65.84
QEM AAZES Ao wet FASA T o= 173.6929 AE00E T Agko
H 310,553.02 ¢ xRt dASHA At oA AH7|Fe] Hee] Tt
f % AbIE, 83 WEEaEE A% A2 EES FESHA FoEA
AARAGAHGo] ot Aoz Bl =3 AE00S] HAAHGA o] iz
AAAGAGHT 22 A G| AAAD iAAEZAY I9&s & +
+ 7FsA & vehdn shARE B§AQ RajdA et DaeAE 23ske Aw

o

-

rl

il



Nyquist plot(Fig. 6.6b)lA X= niel o] EISghe iFdolA EE ¥kg-Zo|

T7b Basi,

Table 6.3. Electrochemical properties in EIS for the bulk solution.

Content Control AE00 AE17 AE33 AE67
Rs (Q) 6.83 2.739 2.761 2.38 2.346
Qy 204.393u  15.802m 38.307m 889.249u 15.198m
2.153 383.251 30.906 675.648m 368.426
Equivalent Qa . 0 .906m  675.648m A426m
circuit:
Rs Ree (Q) 310.553k 173.686 88.851 74.031 65.844
_Rct|W
QIR W (Q/vs)326.593m 56.672m 22.524m 45.22m  83.58m
~Ls R (Q) 37110 108.74 36.736 34.23 39.396

L(Q) 3.139u 3.413u  3.434u 3.154u 3.404u

r? 0.9971 0.9952  0.9945 0.9941 0.9941
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Fig. 6.6. a) Bode plot and b) Nyquist plot for the electrochemical impedance
spectra in the bulk solution.
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6.3.5 FI3=TH

Aere] Medst 43 vpA o] AEH7EENE A HAEAE 2 FH 8t
A ETFFEA S A3 th Bacteria communitye] OTUs: 1485~1642% 0]
©om, Good's coverage of library= 99.5%°]/¢°]%lt}. Bacteria®] Valid reads=
42387~49041= Total reads®] 93.3~94.5%°] At} Archaeal communitye] OTUs+=
90~228F°]1 2™, Good's coverage of library= 99.9~100%°] <3t} Valid
reads= 2 18365~22536°]%=t] ©]= Total readse] 92.86~93.57%°]ATt.
OTUse Bacteria -2 Archaeaw 9] 7~108]124 FXF=(Jackknife indices)<}
%5 %=(Shannon indices)2 B713F Fo] YA E Atz oz =ttiTable 6.4).
s AR REgxoA Fo FHREE T Hlste HAid oz E3ko
H TS EE BUIRE o g tixTo Histe & Zolrt U oA
ko] A7FE WESZo|A AMgro] wekdSto] 7ot A7|FA Fo] - A
skt ERdi T}
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Table 6.4. Diversity indices for microbial species in bioelectrochemical

anaerobic reactor

Bacteria Archaea

Diversity indices
Control AE0O0 AE33 AE67 Control AEO0 AE33 AE67

Total reads 44882 52433 50204 45261 24242 19628 20865 20322
Valid reads 42387 49041 46822 42770 22536 18365 19376 18970
Jackknife 1697 1873 1741 1757 96 219 236 168
Shannon 5.001 5.138 5.015 5.024 2,189 2.796 2.932 2.562

Good™ s coverage of
] 99.5 99.5 99.6 99.5 100 99.9 100 99.9
library(%)

OTUs 1485 1642 1568 1535 90 207 228 153

Valid Proportion(%)94.44 93.53 93.26 94.50 92.96 93.57 92.86 93.35

Bacterial phylume =& RH&-Zol4 Bacteroidetes, Proteobacteria, Firmicutes,
Cloacamonas_p =22 39 th. Genus levelol A -d3sk £ GQ396981_g,
Cloacamonas, BBZD_g, DQ415754_g, Porphyromonadaceae_uc So| e 7t

stz A $HENE Z Aol7t fIATHFIE. 6.6a).
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b)

AEG7 .
e B

Control

0 20 40 60 80 100

Bacterial abundance at the genus level(%)

HEl Methanosaeta

I LNJC g

= Methanomassilicoccus
[ DHVE4b_c_uc

I AF424768 g

I Methanobacterium
[ Methanoculleus

[ Methanobrevibacter
B AF424770_g

I Methanosphaera
[ Methanomethylovorans
N ETC(<1%)

Fig. 6.7. Microbial abundance at the genus level: a) bacteria and b) archaea.
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FAEEX(principal component analysis: PCA)oll A+ bacteriali* 3¢ 4
81.9% (PCD<e} 13.5% (PC2)el F7HA 8 FA4 849 s AHad 4+ <

(Fig. 6.82). =& ®¥F&=%+= Biplotol 4] PC13 ko] A#AAAS Ve kA vk
PC29] FAd 840 tigk 3a3dA= Control, AE673 AE00, AE33+ Z+Zb &3
29 BAE YeRAYh. AE679] bacterial species TFH-2 FH3I speciesg!
GQ396981 ¢ CU921187_s(9.8%), BBZD g uc (6.5%), DQ415754 g uc(5.9%),
Porphyromonadaceae_uc(5.6%), Cloacamonas acidaminovorans(3.2%)e <J3l4 7}
2 49 gk} C. acidaminovorans: opw W= ARS W EAA A9l oY
A& E 53t syntrophsel™, AEHM 788304 A AT (Feng et
al.,, 2016; Pelletier E et al., 2008). bacterial®] species levelol| 4] thzT<9] 3
TS AE67H FAREETH SuEAIE AE003 AE3391A4 DQ415754_g uce
Controla}t AE67° 4] A3k DQ415754_g ucEo] &3 1.8% %L 0.5%°]Aq o4
£ Family?l DQ415754_f_uc7} Z+zF 51 2 7.0%°]Qth. ©] Family & o]#
ATFNA FlEo] FHI drT o2 HE 85 kMacalady et al., 2006).
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Fig. 6.8. Biplot for the microbial species communities in the bulk solution: a)

bacteria, b) archaea.
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Archaeal®] Genus levelolAd =EE A3=xdA I mYE 3L
Methanosaeta, LNJC_g, Methanomassiliicoccuse]$1th. DHVE4b_c_uce &4 €]
EAstE &g zdA= FHAE00: 22.6%; AE33: 22.1%; AE67: 13.2%)3}%5 o\
h2FoAAE 2.3%2 BASA EUth PCAoA] archaeal #3& F 714 F4
74 84 (PCl, 95.1 %, PC2, 3.6 = A4 4 <9t} (Fig. 6.8b). Biplota
AE679] archaeal species E°¢| PC1¥#} o WS F@dAA7 e As B
o Eoh. AE679] species levelol A ¢33 &2 Methanosaeta concilii(30.0 %),
LNLC_g LNJC_s (Accession LNJC01000028; 16.8 %), Methanomasiliicoccus_uc
(13.8 %), DHVE4b_c uc(13.2%)¢] <=olth. thx=TolA % Methanosaeta
concilii(33.1 %), LNLC_g LNJC_s (Accession LNJC01000028; 20.6 %),
Methanomasiliicoccus_uc (15.9 %) FF 3 A5+ DHVE4b_c_uc(2.3%) AE67H
o AASA ZJTh =3I AE003} AE330] 4% Methanosaeta concilii(33.1 %),
LNLC_g LNJC_s (Accession LNJC01000028; 20.6 %), Methanomasiliicoccus_uc
(15.9 %)L& ™A hEz7Y AE67H wlwste] A4S M. conciliis=
acetoclastic methanogen®. .2 2 & & YA AEH73818F F7|A4 A3z
A DIET¢} &3 electrotrophic methanogeno] 7] =3}t}h (Patel, 1984; Patel,
1990, Rotaru et al., 2014). Methanomassiliicococus Spp.—
Methanomassiliicoccus luminyensis®} Methanomassiliicoccus intestinalisE 3233
o CO2 A stol|A oA Yoz 49 WESES ALEsle HES AYis
+ bacteria °Jt} (Dridi et al, 2012; borrel et al, 2013). o,
Methanomassiliicoccus= FAAE &alete A= A7) 838F §Eg7]oA T
v 7] Y WEAAE Edolgte= Aol Y FohZhang et al, 2017). M.
concilii®} Methanomassiliicococus_uce] FH%=7} AE003% AE339|A Aot
AL OE°] et 7iEsl ¢ e FUAAAES dAsHA Zsta JA =

9 e

=
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U5 oktk(Zhang et al., 2016; Yi et al.
;Zheng et al., 2017; Davis et al., 2018; Song et al., 2016).. 2J&ko] &+
Ao B3 7z O3 BEFESIAEEA ThRdEo AdEHE

Au| =] webdSo] A& &8-S FiPiao et al., 2018).

AR &dH g 7leds] S d=9 F SCODs2

g4 HAAEES DETE dAste madde Azt A7
gausFHE 9 ZAHAR 2o HAeyd B FHAA F
o (Kato et al., 2012; Liu et al.,, 2012; Xu et al., 2015; Salvador
et al. 2017; Yu et al, 2018; Paek et al., 2018) wlgbAdut-So] Hosl= F3H
A AAAGNA =HHE&S IcHKato et al., 2012; Shen et al., 2016). & <
TollAE Ao EX7ESE AUA8 Lstxe] HALg BTG-S FUsHA
AL AVISHA && AE00, A71AA717F 242 0.17 V/em, 0.33 V/cm, 0.67
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