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Improvement of methane production efficiency of
microbial electrolysis cells using transition metal
nanoparticles and granular activated carbon composites

Kim Kyeongrok

Department of Civil and Environmental Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Electromethanogenesis is a form of electrobiofuel production through
a microbial electrolysis cell (MEC) where methane (CH,) is directly
produced from an electrical current and carbondioxide (CO,) using a
cathode. With the aim of maximizing methanogenesis in an MEC, this
study utilized granular activated carbon (GAC) and a transition metal
catalyst to fabricate mnickel (Ni) nanoparticle (NP) loaded GAC
(Ni-NP/GAC) composites and incorporated these into MECs. In this
set-up, GAC acted as the main electrical conduit for direct
interspecies electron transfer (DIET) between exoelectrogens and
methanogenic electrotrophs, and the Ni NPs served as a catalyst to
further  improve  microbe-to-GAC  electron  transfer. The
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Ni-NP/GAC-composites were prepared using two different methods
(microwave irradiation and solution plasma ionization). The Ni NPs
were determined to be well doped on the GAC surface according to a
field emission scanning electron microscope (FE-SEM) and
energy-dispersive X-ray (EDX) spectroscopy analysis. Adding GAC into
MECs improved CH; production. The Ni-NP/GAC composites prepared
by solution plasma ionization showed the highest CH; production
(20.7mL), followed by the Ni-NP/GAC composite prepared by
microwave irradiation (19.6mL), bare GAC (15.6mL), and GAC-free
control (9.6mL). In the methanogenic MECs, 40.6% of CH4 was
produced from an electrode reaction (.e., reduction of CO, to CHp,
and the remaining 59.4% was generated by nonelectrode reactions.

KEY WORDS: Microbial electrolysis cell m|A=a|%1=]; Solution plasma &5
A Zg}=ul Direct interspecies electron transfer EIFAAAH AL,
Electromethanogenesis #17] 4 W&-3 4k Metal nanoparticle-activated carbon

composite =<5 W= YA-2H 36 E3hA|
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AlA& AE

u] A &4 8 A A (Microbial electolysis cell, MEC)= thakdl 7188 e
219 7HA e FFE, dE EW F4Hy) wWEHCHY, oMM EH OlE
S8 Hgsto o] & & YA sF= g Hd 7ol tkNevin, 2010; Lovely,

off o®

2013; Hasany, 2016; Logan, 2012; Chae, 2008). ¢ 3}3E5& 73832 wk
S TRkt AFuo] o3 AFET PAERNAA Y AR SHHFE X
e s FUIEEZRE F83% 2E2E de YHS oy UHoE dAFHy
U A & A £ AHg3te] stEge] A elet

= [¢] = b e = ¢ il
st &4 wE ot s ds FolA frlee Eelste] Faol2MH)} A
Zh aga Fae s o] ihakeka(CO)E WeolF 1A T

(Rabaey, 2010; Villano, 2010). €RFAQI ®WIERESA 2 (1), (2)¢} Z2ow olAH
o|EE 7|HE A8 Aot

Anode: CH;COOH + 2H,0 — 2CO, + 8H* + 8¢~ (D
Cathode: CO, + 8H" + 8¢ — CH, + 2H,O 2

= 712, 71 AEjolA] electromethanogenic ¥H8-& o] o7 0224 V
(vs. NHE)9] ALjxte} pH 7 ¢ 271& B8 = sty 24 Cheng et al.ol o}
29, A927F 05 V (vs. NHE)ET O So2 7d 735, SddFA we
o] AAE+= AL FlstAtHCheng et al. 2009).

ARtz o w wgAAY mAEHAAAY Ae He 2RANE £ HETF

I AYRFE HAFAN, AA @AM AHEET] AsiAs B2 Ve A
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o] Wttt AZo] HFH exoelcetrogenss W EHAY A F=Q3 HTS 1A
9k, wEA A R oobF] A AR eF2 whE|Elol Fo] EFH FAr|AEES0l
exoelectrogens®t  FAYH TR AR H A E(Direct  interspecies  electron
transfer, DIEDE T3l 4%&<S A 4 ok DIET= AA-FAv|AEo] U
2 AL AEA71A WHRotaru, 2014; Summers, 2010; Shrestha, 2013;
Zhao, 2016, 2017) &2 A=A wW/HAIE F3 AATERB=AA A2H= &
A A 2Fo) th(Liu, 2012; Kato, 2012; Lee, 2016;). & Ao 2w, A=A
o] £& ¥4 AA(e.g. Granular activated carbon GAC, Hpo]x 5)3}
magnetite So] F714 ALY £55 Z7HAA DIETYS3 @714 4334
=471 A2 YehdtHChen et al. 2014). ©] A& DIET7 AE A7)
stst A 2="lo] wWgk Ao Fadk 7]Zo]M GACS Z2& A=A Ede 5T
DIET7} 3714 CH4 AR Sx¢ MBS & AFloe As 1o o

(Yang et al. 2017).

Liu et al(2012) &=&olA GACS 7= Geobacter metallireducens
(exoelectrogen)®} Methanosarcina barkeri (exoelectrotroph)e] &% wj oA 5
T Atole] Az o Ax A ws 95t T=E=2 283l methanogenesisol]
A DIETE X3 the= 2Ae 4S5t FA8H, Lee et al.(2016) =&olA=
d714d WES-7]9 GACE HEZF3|FH exoelectrogenic BHE| 2] ol Geobacter sp.) <+
2714 o] o ek Al v (Methanospirillum and Methanolinea spp.) A+¢]¢] DIETZ
ks BRugdo, 259 Ao, CHy A4k AW =2 1 % GACe H7t

Electromethanogenesisell tht o|xe] AT+ FE biochar ¥ GACe} Z-&
7MEEA g2 AEAR 224ES AHgst & F@7] Aol o3 A wgks ¥
FA171= DIETe] I3 2-e FAH. GAC (3000 £ 327 4S /| cm)e] A=

[e)
=
Tt biochar th A AW S4£HT 2o v

“.4

ATHe 1 15 474 E4o) 7128 1EE A% F2 2 A v

=
WY Wee AT FHEA D 5 Utk 53, NiE Ptoh 28 0E A%
— 2 —
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Zuluc £ A7) Sl 5US Vepn o2 2delA s THKadier et
al. 2015).

GACE Y& THAL 71A L o] A]
Z

|
go| REFslty I3 22, GACY v AEE EAA H
WAl v RN AA ] MEALF SHE AA, U FeUAE GAC
Zste] YA 4" ETA Ni-NP/GAOE wHeo] mABe Ri44S &
= o]
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A 27 E3

r
g
-

2.1 H|E A AX
2.1.1 718489 7123

718 Aste RAR FEA7E fle AHAA FU1ES WBoE ASA
= o2, g Friast vd=d Y&l fFrlES 7HE sl (hydrolysis),
A A (acidogenesis), oFHEAF A A(acetogenesis), w EHAY A (Methanogenesis)2]
A & T3l AFTHCRE vE o]isEA, & o= HIAANA fU=
A3 A= dEe A S ofvm| it

714 &%t #osl= v =L Bacteria®t Archaea® /W, Z+zbe] 0
ARG Bt mAlE O 3A bS] m|AE(hydrolytic
fermentative  bacteria), OFM|EAAYA A E(proton-reducing  acetogenic

bacteria), 4+ v A E(acidognes), WA 7] A E(methanogens)o] 3EZ3HE T}

N

.
&4

2

o gt

714 &gt A f71E AR S A8 F7IEES 1EA fUIEET
7] @A (organic monomers) =

o
o
T, &E2E, A s Zild
J

=™, olelgt {7 GFAE ofr =4k ,

ol 4R m Al E(acetogenesis)ol of&fl A FrIAME 22 S AEAER
AgEo. 3 A= A oA ELE A4 v A E(acetogenesis)oll &3l oAl
Etolny

T, o|iste AR HMEEHA HY, HFHOE wEgA mgEed 9
3 oM EAte] wigky ojitslerAE HESA Hoh 53], ek dA M=
olN EAL o] &4 W et A A E(aceticlastic methanogens)e] oA EARS 712
2 olgsled wys AAEE dAY Fa2 o84 HEAdA uAE
(hydrogenotrophic methanogens) 45 7|4 = o] &3l wE-S A= @A
2 3A FEIY. dutzoz wekyA gAY 70%7F oM EAC ZHE g

o
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o] AN, UmA 30%7} TAEFEH vgo] AFHET
7 ZtHDemirel. et. al. 2008).

2. Z714A ol nish <=AE AAA YA,

N4 ashol e FFLFES AA WR 3o
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Particulate organic matter(lipids, carbohydrates, proteins)

Amino acids, sugars, alcohols. Fatty acids

Acetate, propionate, ethanol, lactate

H;

Acetate o,

————  Methanogenesis _———

CH,, CO,

Fig. 2.1 Anaerobic conversion of organic matter to biogas.
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212 "ABE A=A 9 7|Edg

u] A& 3 A A (microbial electrolysis cell, MEC)+= v A & 52 %] (Microbial
fuel cells, MFO)¢} d#d 7|«=, MFC7t f71Es &allste d7|E& A4

o, MAEdR A= 771EF ARALeR ZW]% oty oy Wed

A B S
AaE wole WHoE A EUS_OH/H dojuhe RS HXAY. AsA=
o] ¥ FAAAsIE HAEEL 71Ae BilalA Faol2d o4t EAE
st o] W Uy AAE AR sy, Asdsow dAYd A
A= AfiAtel o5 FAAF HOF o]FHo| gkt ALgETH ojw
DAFoA F4 9 vgo] WAL F riWang et al.,, 2009)

= iAol A wjgko] Add wje] w342 g3 Zrhlogan et al,

2008).
Anode: C,H,O, + 2H,0 — 2CO, + 8H" + 8e
E” = -0.28 V vs. SHE D
Cathode: CO, + 8H" + 8¢~ — CH4 + 2H;0,

E” = -0.24 V vs. SHE 2)
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Power

supply
e
39 e CO ;
/ + H* 7 Rt 4
§_ 5
: :
Substrate CH,
Exoelectrogens Exoelectrotrophs

Exoelectrogens
{e.q., Geobacter spp.)

Methanogenic
exoelectrotrophs

@
\ Unknown

Fig. 2.2 A conceptual diagram of single chamber methane-producing MEC.
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2.2 Direct interspecies electron transfer

2.2.1 Direct interspecies electron transfere] 7]&-<g]

=7+ AH AAAD(Direct interspecies electron transfer, DIET)S A &g n
AEo] & FHlE AXA &3 AAFEUAENA AAE dgste #
As Ltk 7Eoe AAANA wge] AT of, FIke] A A AAA
Go] ofye} FaY ZEAE 22 AAAD v/l Al (intermediates) 2 AEE =
Aoz deA g sHAT AAAY frl=o] EsiEHe] HEe] He 3A
oAl iU ZE4EFC] Aty TR e HRIE RESAT T
Wge A7ets FAANA FaUY EEAE T ARG AE AAA L F
A AAE AEds + Ates Aol HHT FAHTE UASB A 2] 77 o A

Geobacter metallireducens and Geobacter sulfurreducens®] A7 A=<
i glow, Medddd AHE o AAE waAd F o= JheAe] Al
715 tHMorita et al. 2011). 2 & Aol T ol s Thst o] 2] A7) H
A 1 5 stde dEAC de AREIDE °]&3 T AAAZDoH
(Shrestha and Rotaru. 2014). & o]E&°. 2= &Agto|y biochar, carboncloth
T ©@aA AEAE ol&d HAHE(Kouzuma et al. 2015), I3 iron

nanoparticle-& ©]-83gF dxpd o] JAHCheng and Call. 2016), (& 2.3).

Collection @ kmou



Non-biological
conductive materials

Conductive pili with C-type
cytochrome

Fig. 2.3 Mechanisms of direct interspecies electron transfer
(a) via conductive pili with C-type cytochrome, (b) via non biological
conductive materials (e.g. GAC), and (C) via iron nanoparticle.
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2.2.2 Direct interspecies electron transferdl] #osl= Y E

o] e ddS TEAIY WeE F A9d FROFIIES ©o] &
H e A FAO A9k o]AhsteAE o] &3 wgAi4ko] 7l 3hEl(Blaut et
al. 1994), direct interspecies electron transfere
B Az, 283 oA e AE o] &5ty WEks Akt mAE

A E Abolo] dojdt}. Direct interspecies electron transferol ¥of3s}
& A AAFAuAEHR AAFERAERE s F do WE Al
Ao g AAE FE= vAE F& Geobacter sp. 7} o}, 71&o upg} thok
v Eo] 11 98-S = AoFE dA Qtitable 2.1). 1 o2 7]HZE 9
S(CH:OH)S AT 7%, vet A H(e.g. Methanosaeta harundinacea)s il
=< ARA R AEE F gtk Yy dEgsEs ElE + e wEH o}
.g. Geobacter Metallireducen)©] &S5 oA H o] E(CH;COOH)2} M AF, 12
TAhol 2o g Eafste ol EANS o] &3k wWghA4E Bl o] sl Ao g
ko] dojy =2 3oifig 2.4, Rotaru et al. 2014).

fr
o
[
ot
29
>
i
w2
4

>.
o

fo

H@rﬂrﬂr%r&rl

oz

_11_
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| Geobacter

metallireducen
: Ethanol
C,HsOH Acetate CH,
CH,COOH

0
5

Methanosaeta
harundinacea

I I I IS I S S -
—

Fig. 2.4 Two ways of methane generation between Geobacter metallireducen and
Methanosaeta harundinacea.
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Table. 2.1 Substrates and methanogenic bacteria, electron donating

microorganisms, and electron conduit.

Collection @ kmou

Electron
Electron .
Substrate acceptor d electron conduit | Reference
onor
(methanogens)
. . Liu et
. Geobacter Conductive pili,
Methanosarcina . . al(2015),
Ethanol . metallireduc GAC, biochar,
barkeri Rotaru et
ens and carbon cloth
al(2014)
Methanosarcina
Geobacter, .
i Lin et
Ethanol | Pseudomona Graphene
Methanobacteri al(2017)
S
um
Methanospirillu
Geobacter Lee et
Acetate m and GAC
) Sp. al(2016)
Methanolinea
Tepidoanaer
. . obacter sp.
Propionate | Methanosarcina . Yamada et
; and Magnetite
, acetate thermophlia al(2015)
Coprothermo
bacter sp.
Methanospirillu
. m and . Jing et
Propionate Thauea sp. Magnetite
Methanosphaer al(2017)
ula
Methanosarcina
o Geobacter Tian et
Glucose Methanospirillu Graphene
Sp. al(2017)
m, and
Methanoregula
—_ 13 —_




2.2.3 Direct interspecies electron transfere] H4 A%

DIET7} ¥oji}r] %sﬂxﬂ:— Fig 2.3914] Eeo]= tiZ Conductive pili & T
E A=A 93] HAArE AeE & Jde TEIVF Basith AEAS 9 @4
o]

Ad BEA3 F%o] 1 9GS F £ Y Ao JYgHoe] AT F FA]

o

»
_E‘
fr

ZAek(granular activated carbon, GAC)7} w2 =EW =
1 AE=Ao] QoA 7P BA o R 2ole Folth A4
Aol 718 ¢ lag-phase?d] 749} Wyt~ A Zo axsE 7
4 ATHLiu et al. 2012).

Biochar®] 7-¢- GACO & tiAAE ATHIL Jot. 7|&ode TaFolu
WS IEE 5 FlEE FHAEA Bo] AHEHI AJT FAEZ

o) biocharE &3 A3 detS AZ AAFE AR 86%S veo =z 3¢
& & AAqTh MAE F EAEG =g GACIHA #EE = VAAEL {fASS
biochar¢} GACS DIET wiAYUZEL =9 FARE A= AddAcKChen et al
2014).

H(Iron)e] 725 & uj7RAe F & WAYSo] Z&3HLiu et al 2015).
d ol H2E Geobacter sp. & AL ES T F Y= Fo| AAAGEZE=R

8=t MagnetiteE v EA| AR o A& ¢ DIET 7]Hte] 3o =
lag-phase] thZ&itaiel w4t Z71HE A8 4 dUrhKato et al
2012). A Y=9Ae pilizt @l 7404 GAC 5 © Z7)7h 23 EHAA 0
B A EHo] FARE] pilivt flv FANA 1 dde s
et al 2015). A% A7}l o= HAE "ozl
g4 Aol e Aoz Addn, d

=
Auk A3 )31, continuous oA AFo

o=
rJ
o
Lo
=)
o =
m{nﬂﬂ}l
L4
2 AN
ok
= 8
c

Uirled 2ER gauFay Jd 22 garhke] yiEgdo] A
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Ha ok AVAEES WS 1 204 =3 btk ke WA ES A V)
zho] QAT BabeFEY aWe A9 PAEANAA AFonE Fe
g AHE7E ok e S Ag o - g

]

717t ez wWgAgd AAEZATE L S FQAskATHTian et al. 2017). ©
2188t L FAAFAN Y= FLaT|
SoHLin et al. 2017). Ay xFH 5Hg/L
o2 wWeAsEs F7HAFHHZhang and

=2
H
o}F ¥as|w B Eo] of g MuAAES F71A7)

anodeol| A AxlFAAu Y &Sl geobacter sp.o] 7S 21359 oY cathodeol
A& DIET #AolA HAzE wrol wgS A4Vst= Methanosarcina sp.©| 3
= 2 Wi gle o= UrE‘r‘zk . L3y Faol g et (eg.
Methanobacterium©] cathodecll A 33} 5= Ae sttt A ad ®E
S71oA Higte] HA UL olf HY FF WkE7ol WE] MAkgFo] o
nAE A A7 AHEE REE A2 WaAAES BRAE Zles B
o AdEHoRE A Fgol WMEgadER SXd= a37F AT DIETO=
T e FA ¥v Ao E YEsthlee et al. 2017).

_15_
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2.3 Ni/Np-GAC &3

2.3.1 Microwave irradiation

nfo] A Z 9ol B HA}7] o A (electromagnetic energy)s W& FarE
7HA o= ] & Fejolw, 300 ~300,000 MHzS] F3<= WS zhe=t) o]y
g AR M9 delAe 4 3 F(molecular rotation)o] ‘H\:‘rﬁ}. nfo]l g2
dolB duA= A7|"H Ar|Fez FAEH vk I=EA|RE %

o
o] 4L 714 AZE F AT AYUAE HAEANZE F Utk wolA=SolE 3

ZHphotons)9] <4 #](0.037kcal/mole)= A 23S &S & v AFH 9
11 2](80-120 kcal/mole)oll ®lsl] Aoz u]$ dof = vlo]maZgelnes B

]
71 EAY] FROE FFS PAA Eevh mlol
AZSolB 9 oA AL AHete Heole F /M8 co]&c] Bastt} st

= ATA B o] Eolil BE shh o] 24 HEoltt.

Ok
o] £Fo| JFg FAT

e

rr

2=z} 3] A(dipole rotation)& mlo] 2ol B A7|A 2] wWE Wl w}E =
4 EAEC] AEstH I st A5 A&oltt. &, £AS AT =5
HA7F dEd o= Aot

o] 24 ZHX=(onic conduction< 7tgEH+E =& &A= At o] &(free
ions) TE o] 7Fx Z(onic species)S 71X EAE9 o] 2%(onic
motion)S oF7] AlAA FAZFHQ LES Lozt

o] F WHor NI d& =4 AUAE FEsteH 3w Fel FAEH
Uzlo =gstd Hk-g-Eo] g4 @ tiGiguere, 1986; Mingos, 1997;).

_16_

Collection @ kmou



2.3.2 Solution plasma processing

&7 E g Zvlsolution plasma processing)= H7de] gul <tollA 71H
doAN Eotzuts M7= WHEolt. &uiet 8§85 HefsH
A o dow, ZAZEtzutel Hls) o Y2 2E0A
g & Aot EFAZg=te] BAHe 78 25(Kang et al, 2017)¢F o] o
Ui, 28 5= 19 2.6(Takai et al, 2014)¢} 2}

Sthzxvte A5 A5 Aol FAlddl HAletH o= SRR 7IA &
o2 FHAAUT. Ze=ut [ 7k AAHS T | HA A H ) "37]{—
o] F ZAMO=R 3] EFA EF2vies A FFoAN d=E doz &
Ast, &2 WE RS olFojitt. £FA4 Egt=vte] AP oEE VA
ghzuto] Hl&l] Axe] FAo] ztstal, A 2 tir|ek A AJe] 7t
st EetEd S © FAA ARERE AFe] JdrHKang, 2017, Saito and
Akiyama, 2015).

_4

e

=

o i

EEAZ == 71E4 A8 1A (Fuel cell, FC) EololA ZujF4£E U
AALZ Fuj Aol FHAZA w) &83H 7]zo|th 7|AF=nt 7]sof Hl&)
AR Fdo] zkdstarl, STP AelelA Ade] 7hs3st, Ful2 AlSE 35S

Udaz2 #dstAl tidsdd S2AZ 5 3lo] 7| 22" microwave

irradiation o]t} electrophoretic deposition el HI8) Zuwj 5459 AL HFS

A F s AR #AGHET AR o] V&S IWE mAEANAA

ZujA el &8sty oy, §uE F8HE Fr]E&HHA, EFA F)

AEFAol ol g &8 5 gtk 1HA FRTE &R &85
3

iy

2

Ll

_17_
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Reactor (glass vessel)

Voltage (kV)

. Silicon
Bipolar DC pulsed  plug
power supply
Ceramic Metal
tube electrode
t1 t2 t3
a2 T Pulse width P
% 1 1 1 I
1 1 1 ! 1 1 \_,./
1 1 1 1 —p
1 1 I 1
1 1
1 1
1 1
4 > 00
! : Time(us) —
] i
1
-1 T '
vy Solution i

Fig. 2.5 Schematic draw of solution plasma process (Kang et al, 2017).
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Liquid

Plasma

Gasf’qumd Interface
Plasma/Gas Interface

Fig. 2.6 A model of solution plasma (Takai et al, 2014).
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Fig. 3.1 Configuation diagram of a lab scale MEC and external device.
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Y3 microwave ovenoll ¥l 700We] EHo® 3A7F F<oF WESAIZAT ofuj
Nickel chloride= GAC 3Rel| NI ¥4A= Fa35t7] $1gk Ni sourceZA, o gh-&-<
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_GAC

Ni electrode .

vV .
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NiCl,-6H,0 as Ni e ozt
source + ethanol as / '

a reducing agent ) i nanoparticie
. Solution plasma
Microwave

Bipolar
power
supply

@
Ni electrode '~

GAC

GAC
[Schematic illustration] [Actual reaction]

(a) ()

Fig. 3.2 Schematic illustrations of the synthesis of the Ni-NPs/GAC compasite: (a)

microwave irradiation and (b) solution plasma.
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Z7] ELHA | 2]F<E2 A 2} nutrient mineral base 48 Z+Z} 40%, 60% T

Aot on, 1o Al BT R YAo] FAH AN EJAE Zo] T2
S7] 9] Headspaceol] AA7F2~E 2083 FUsk 4H

E AASIH. APA W 25C F2218 FAAHOH, o727
sto] AFstA =3 A S Aol ALAE 0.5VE FAAFAT. 27847
b e 1AE FYsk MLSSeF AL 5 #EE o <717
HASIEN S W AdS ATA T #AFEAT. AP T A vo] et
AeF P wekgaF, MLSS9F d/e ® L
H7t Ao

ANZ2EHA = F4F S S22 A @A =2 d7|AH L8 XA | FH S
Imm A2 AAEF Fol Gtk AFEAL pH, LZelx, TVFA,
TCOD, SCOD, TS, VS 59| 71448 Standard Methods(1995)e]l whe} -3}
AT} Table 3.1& AZ2&eA 9] BARAS BozT)

2FE &R dUIF[F BE5 L pHFAE 98] nutrient mineral base &<

= BEE F4st (Table 3.2)

mlo
N

Table 3.1 Characteristics of feed and seed sludge

Alkalinity VFA

.. TS VS TCOD SCOD
Characteristics pH (mg/L as (mg/L as WL (L) (/L) (/L)
CaCO3) HAC) g g g g
Seed Sludge 6.44 572 108 14.7 10.31 17.883 2.665
- 24 -
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Table 3.2 Composition of nutrient mineral base solution

Compound Concentration(mg/L)
CoCly-6H20 2.5
NaMoQO42H20 0.05
FeCly-4H>0 20
NiCly-6H20 0.25
MnClz-4H20 0.5
NaSeO, 0.25
H3BO3 0.25
ZnCly 0.25
CuCly 0.15
NaV0s3:4Hs0 0.05
CaClg 150
MgCly-6H;0 200
NH4ClI 530
NaH2PO, ca. 6000
— o5 -
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3.3 #43 Az
331 MBEANAN et P

nAEAN AR Hes vlwstr] el 2 ¥37] 3= 19 13] o) 7t~
g AFste A== HAE7]7F A&E GC(Clarus 580, Elite-PLOT Q column,
Perkin elmer, USE o]&ste 7k~ 24 9 & E4siAT. 7tx~ge STPE
aste] ofzf @Dl B AMEATH 18l 3Ll 1M PHRIEE o] &3
o ¥g719] pHE A3t F4Y 5 2 AN EEFAHA

Rl Wt MLVSSE S48t

i

N

i

1o

i

— w
i

273 760 — W
273+ T 760 @D

Ven, (STPL) = VCH4(at T) X

T: Temperature of MEC reactor ()
W: Water vapor pressure at Temperature, T (mmHg)

Veua: Volume of methane gas (L at STP)
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GAC 9ol Ni-NPs ¢ &= 5l Jel& &<lstr] s AAL=S
A& 0] 4 (FE-SEM, TESCAN-MIRA 3 LMU, Czech)S o] &3}
a1, Energy Dispersive x-ray spectrometer (EDS)E o] -&3}o] ¢
Kok g3 SFRE YA s AlLtetr] s ws A5
£ =239, Inductively Coupled Plasma (ICP)E o] &3l wk&-
A IFesEs SAste A YR SAsAH wke A

Ae] Folol A wgo] W HFF UAY Fe Astd T UAe] ¥
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A47Z A 29 2 1

4.1 Ni-NPS/IGACE & o) 5437}
411 BgA) EAEH @ UA 23w AL

Ni-NPs/GAC E-%A¢] FE-SEM ARzl 2 Energy dispersive spectroscopy (EDS)
A AxE 9 410 FEASHATE FE-SEM ARz 109k} e wj&= &3}
S I8 4194 E& uvke} o] Microwave irradiation®} Solution plasma
processing®. 2 A ek YAJYAE & 4= %o, Microwave irradiation2
o] &3k A9 offol FEAT EAE V|E AFHHIE 10% 71Fe] YA AEH
137, Solution plasma processingE ©]& Al ¢F 30%2] YAo] HEZHJUHTH
41). 19 4194 E < A%, Solution plasma processing® ]+ 73-$-
Microwave irradiation A glel] Hl&] YA Yx=dAE o ®el, 18l ¢ +¢
sHAl F-2AE o AT

Microwave irradiation =2l A] &A&e] TWH S < EH=d o

LS
T capping agent®] FAE YAE] A7]Aolo Aoy o]t

:\E
ik

| —
) By

Solution plasma processingd & o2 F2AZl YA oS dolrr] 93 ICP
£ o] &3t ZARGE BESE ko] UA [R{FH AP AF AR YA o]
olo] FAE & AXAHANA AR A5 22 A (F 4D

AAAs} Bae YA Fake oF (0.3618g ©]al, 2g &gk F2HH loading
ratex= 18.09% o]t}

_28_

Collection @ kmou



Table 4.1 Calculated deposition of Ni-NP/GAC composite (Solution plasma).

- - Solution in
Ni wire 1 Ni wire 2
reactor
Weight before
i 3.18866g 3.88341g 0
reaction
Weight after
3.1659¢g 3.54428¢g 0.03084mg
reactopm
Loaded Ni 0.3618g
Loading rate 18.09%
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SEM EDX

Bare GAC

PNU CRF

Microwave
irradiation

Solution
plasma
processing

Fig. 41 SEM images of bare GAC, Ni-NP/GAC composite prepared by the

microwave imadiation method, and Ni-NP/GAC composite prepared by the

solution plasma process. EDX spectra of bare GAC, Ni-NP/GAC composite
prepared by microwave imadiation, and Ni-NP/GAC composite prepared by the

solution plasma process.
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Fig. 4.2 Comparison of CH; gas production between GACs.
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Gas composition percentage Gas composition percentage

1%

B CH4

mCoz2

Granular Activated Carbon Ni nanoparticle loaded GAC

Fig. 4.3 Comparison of gas composition percentage of biogas between

MEC supplemented with GAC and Ni-NP/GAC composite.
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A=A A oA o] v e E sk o] AbstE AR COvE A=
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Fig. 4.4 Comparison of CH, production from electrode reactions and non-electrode
reactions in the MEC supplemented with Ni-NP/GAC composite.
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4.5 Comparison of CHy production from electrode reactions and non-electrode
reactions in the MEC supplemented with GAC and Ni-NP/GAC composite.
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