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SUMMARY

This work dealt with plasma-assisted catalytic hydrogenation of carbon
oxides (COx) to produce methane, a main component of synthesis natural gas
(SNG). Conventionally, the conversion of chemically stable COx (CO and CO2)
into CHy is performed in the presence of catalysts (of group VI elements such
as Ni, Ru and Co) at relatively high temperatures in the range of 300~400C.
From the practical application point of view, the operating temperature of the
catalytic process should be as low as possible so that the process consumes
the least amount of energy for heating up the gas and the formation of coke
1s relieved. As an alternative process, this work proposed the combination of
nonthermal plasma with catalysis. While plasma-catalytic reforming of
hydrocarbons has been extensively studied elsewhere, the application of

plasma-catalysis to the production of methane is scarce in the literature.

A coaxial dielectric barrier discharge (DBD) reactor packed with different
catalysts was employed for the production of methane. The reactor was
energized by alternating current (AC) voltage (frequency: 1 kHz) in the range
of 0~10.3 kV. The molar ratio was fixed at 3.0 (Hy/CO) for CO methanation
and at 4.0 (H»/CO2) for CO: methanation, respectively. The characteristics of
several heterogeneous catalysts such as Ni/a-alumina, Ni/TiO»/a-alumina and
Ni/B-zeolite were comparatively examined with and without the plasma. The
relevant components in the effluent gas (COx, CHs and H2) were analyzed by
a gas chromatograph. The DBD plasma was found to help improve the
catalytic conversion of carbon oxides in to methane particularly at low
temperatures and nickel contents. On the other hand, with bare alumina or
zeolite, there was no catalytic conversion of COx at 180~300C, even with

the application of nonthermal plasma, which suggests that the plasma itself

Collection @ jeju



hardly converts COx into methane, even though it can assist the catalytic

reactions.

The CO methanation can be explained by the so-called carbide mechanism,
which states that CO is adsorbed on the catalyst surface and immediately
dissociated into C and O when the temperature is high enough to overcome
the activation barrier for this process. Subsequently, the hydrogenations of the
adsorbed C and O take place, leading to the formation of methane.
Presumably, the rate-determining step (RDS) 1is the dissociation of the
absorbed CO into C and O. The acceleration of the RDS by the plasma is
quite probable, because energetic species like electrons and excited molecules
can take part in the dissociation of the adsorbed CO, which may partly
explain why the conversion of carbon oxides increases under the plasma
discharge condition. The methanation of CO2 is known to proceed via the
same route as that of CO, once CO: is dissociated into CO and O. Overall,
the rate of CO: methanation was some what lower than that of CO
methanation, which is obviously because CO: has two C-O bonds to break,
1.e., CO2 methanation requires one more step to go. Apart from the change in
the catalytic activity due to the plasma discharge, an X-ray diffraction
analysis showed that the particle size of Ni got smaller and Ni was more
uniformly dispersed on the support when the catalyst was exposed to the
discharge. As a result, the increased effective reaction sites must have
improved the catalytic methanation rate, more or less. Other plasma actions
like local heating can also affect the catalytic activity. Further study is
needed to identify which plasma action has a dominant influence on the

catalytic methanation.
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Table 2. Types of reforming reaction and methanation.

Reforming reaction

. A Hyoq : .
Method Reaction o Reaction conditions
(kJmol ™)
. ~750C
Dry reforming CH,+ CO,«<>2CO+2H, 247 )
Ni, Ru, Co etc.
500~800C
Partial oxidation — CH,+ %OHCO‘F 2H, -36 mainly Ni-based
catalyst
697~827TC
Steam reforming CH,+ H,O0—~CO+ 3H, 206 mainly Ni—-based
catalyst
Water gas shift CO+ H,0-CO,+ H, 41
Methanation reaction
300~400C
CO methanation CO+3H,~CH,+ H,0O -206 )
Ni, Ru, Co etc.
300~400C
COs methanation CO,+4H,~CH,+2H,0 -165 )
Ni, Ru, Co etc.
— 5 —
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E349
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Table 3. Previous experimental conditions of methanation.

Be7ls 24 () 2 Heen
C0O(0.8), H2(33.5), He(67)
Co, Ni, Ru, Fe, Pt, .
Pd 200~450TC [12]
CO2(15), Ha(60), H20(0.8), CO(0.5), He(25)
CO(15), H2(40), CO2(10), N2 balance 2.6% Ni/CeOs2 350~500TC (4]
CO(0.9), C0O2(24.5), Ho(68.9), Ha(5.7) 1~7% Ru/Al>,03 200~3007TC [13]
CO(1), H2(50), He balance
Ru, Rh, Pt, Pd .
C02(15), Hz2(50), He balance 200~500C [14]
AlxO3 support
CO(1), CO2(15), Ha(50), He balance
CO(1), CO15), Ha(50), Ha0(0~30), H 0.5=5% Ru
RS R TR e ALOs, TiOs, YSZ,  200~320C  [15]
balance CeO0y, SiO2 support
5~10% Ru,
CO(1.6), CO2(12.5), Ha(37.5), No bal 10~35% Ni 250~350C [16]
.6), C0O2(12.5), Ho(37.5), N2 balance ALOs. TiO
support
CO(0.5), CO2(18), Ha(40), HoO(15) 4% Ru/y—alumina  300~340C [2]
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Table 4. Rate equation

for CO methanation[10].

CO insertion mechanism

Carbide mechanism

RDS rate equations RDS rate equations
CO-M+H-M K KeoPeo(KiPup)®® C-M+H-M KeoPeo(Ku,Pup)"®

<> CHO-M ! (1+KcoPeo+ \/KH;:PHQ,) 2 <=> CH-M+M (1+KcoPeo+ v Kﬁgpuz)g
HCO-M+H-M k' KCUK}{EPCOPHQ CH-M+HM K’ KCQKHzPCOPH2

<> HCHO-M 4 (1 + KCOPC() + A% KHZPHE) = <=> CHg—M +M 2 ( 1+ KCOPCO g \/KHQPﬂz) 2
HCHO-M+ H-M o KeoPeo(KuPr)'* CH,M+H-M o KeoPeo(KinPig)'

<=> CH-M+H.0-M 4 (1+KcoPeo+ v/ KupPry)? <=> CHM+M 2 (1+ KeoPen + /K, Pap)?
ko' =k:Ky CH3-M + H-M .
kg‘ = k3K]K2 <> CE'L-M M k4' KCOPCO(KHszz) o
k' = kJGKKs (1+ KcoPeo+ v/ Kisy Pug)
M: active site GeMI k, KeoPco

<> C-M+0-M (1+ KeoPeo+ K Pry)?

Table 5. Rate equations for COs methanation[10].

RDS : CO, adsorption
MASI; H-M

Ko Pegy

{1+ K, P,V )?
RDS : H; adsorption
MASI : Dissociatively adsorbed CO»
NCH.1 = KHz Pﬂz
(1+ Kooy 2 Pogy )2

RDS : CO-M adsorption
MASI : H-M, CO-M, O-M
Neng =

NC}H:

Kikcogks ™'k ™ "PyPooy/Prso
(1+keopks ks~ "PuoPeoy/Prso+ kekiPipo/Puia + iz Prp)?
RDS : C hydrogenation
MASI : H-M, C-M, CO-M
ku KCOzm Kﬂgm PC()zm PHZEJG

(1+ KHZIFE PH21f2+ KL_OEI.",I KH2U3 PCO'_lU:‘ PHzl_ﬂ)Q
RDS : CH hydrogenation
MASI : CH-M, H-M, CO-M

K Keop” K P, Py
( 1+ KHZUE PH.Z”z-I- KCOZI.':I Kﬂzl.lii PC{EIK] PHZL&)!
RIS : rate determining step.
MAGSI : most abundant surface intermediates,

I"”]Cl'la =

Ny, =

_12_
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Step 1. Adsorbed carbon formation
COQ, ads n COads I Oads
CO{L(ZS—> Cads + Oads (RDS)

Step 2. Carbon methanation
Cugs + Hygs—>CH 4

CH, 45 + H,q5—> CH, 4,
CH,, 45 +2H,4,—CH,, gas

COz9l wets} ¥k JFArEo] WA COo% O s = o714 dzle CO<
=

dstty. AR FHu] FRel webt FAsA o

CO, + Hy—~CO+ H,0 (RWSR)

2. Egt=otel &

Eepznbs s)Ee] 1A, A, J1A9 54 AW ol obd BA, A4, A4,
o], ehride] EAlslo] g Aol Ao Fol ols|A oYX F7
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Table 6. Plasma types for the chemical reaction.

Transferred arc

Torch plasma
Non-transferred arc

Thermal

Microwave discharge (atmosphere pressure)
plasma

Glow discharge (atmosphere pressure)

Gliding arc discharge (atmosphere pressure)

Corona discharge (atmosphere pressure)

Non-thermal Spark discharge (atmosphere pressure)

plasma Barrier discharge (atmosphere pressure)

Glow discharge (low pressure)

Microwave discharge (low pressure)
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Positive Corona Negative Corona

i K
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Fig. 3. Positive and negative coronal[18].
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Fig. 6. Schematic diagrams of plannar, coaxial and surface DBD

configuration[18].
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Fig. 7. Example of Lissajous charge-voltage plot.
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Fig. 8. Schematic diagram of different plasma-catalyst configurations, a)
plasma only system, b) single-stage arrangement, c) two-stage
arrangement with plasma pre-processing d) two—stage process
with plasma post-processing[18].
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Fig. 9. Schematic diagram of experimental apparatus[22].
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Table 7. Conversion efficiency and selectivity equation from balance of

COx methanation.

CO methanation

CO2 methanation

2457 4 F=Foot Foy,+ Fy,+ Fuy

F=Feo,+ Foy + Fy, + Fuy

Feo :Fco,o(l_X)

F =F X

Zoa CH, 0.0
Lo }7‘[_12 = 3FCO,0X

(mol min ) Fypo = 0.03F

Fco2 = Fcoz,o(l_X)
FC’H4 = Fcoz,oX

}7‘[_12 = 4FC0270X

Fy,o =2+ 0.03F

Foo,0— Feoo(1—X)

Feo,0— Feo,o(1—X)

feo= F fco2 = F
Fep0— Feoo(1—X) Fep,0— Feo,o(1—X)
7o) Jem, = F Jem, = F
=g Fy,0—3Fc0.0X Fy,0—4Fco,0X
sz = F fH2 = F
Fy o~ 0.03F Fy0—2 * 0.03F
fHZO = F fHZO = F
o Ceo o Ceo,
0.0~ 20 T ad
Kilie» X= 30'97 X= o 40'94
Ceo0™ Gg7 + 4 Ceo Ceo,0 ™ 594 « 5 Ceo,
fon fon
e Selectivity = ————— Selectivity= —————
) fon,* fco, Y Tent o
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2 (1)
208K(=25TC)ell A o efe] &= T7HA]

4 et

AH= AH298+/ ACdT
298

2] (8)
(7) A= @)l tHdste] Aefstsd o4z 2t

A A
AH= AHyp+ RIAA(T— 298)+TB(T2—2982)+TC(T3— 2983)} 2 (9)
BT A= 2x29 o

21 (10)
o714 AGE Gibbs & AFeluyA W3l AG

;= Gibbs ¥ A4 Afreld
A, Re 714178

o

w

TE dye=

F

Npy npo A2

A<= Van't Hoffe] 443 ¢F

4 o wHH
InK = %f Alng A (1D
2 Uetd 5 o, AsRldo] &9 g o
AH:AHO—R{AAﬂﬂT? Af:ﬁ’} 2 (12)
AHy= AH,y, — R{AA(298)+£(298)2 A—0(298)3} 2 (13)
2127 2 (13) ADel st Ay
Ink = ARZO AB GC +1 A (14)

1714, = A

g, 4 (59 1008 wet
A7 dE ef Gibbs lUAE AelstH Table 99 #th
Ao Ao zRE CO WESslo]l o] InK,y =57.26, H, =—189,050Jmol 'K !
I=2525% YA w89 HFAT

e A3 ol Awch
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Table 8. Constants for the heat capacity equation.

A 10°B 10°C
CcoO 3.376 0.557
CO 5.457 1.045
Ho 3.249 0.422
CH, 1.702 9.081 -2.164
H20 3.407 1.450
A =(CH,+ H,0)— (CO+3H,) AA=—8 AB=8.714+ 10 ° Ac= —6
—2.164 « 10

A =(CH,+2H,0)—

(CO,+4H,) AA=—9937 AB=9248 « 10°° AC=—2.164 » 10 ¢

Table 9. AG and AH

of formation at 298 K, unit: Jmol 'L

AHJ?,QQS AGJ?,QQS

CO -110,525 -137,169

CO2 -393,509 -394,359

CH4 =-74,520 -50,460

H20 -241,818 ~228,572
A = (CH,+ H,0)— (CO+ 3H,) A HYs =— 205,813 A GHs =— 141,863
A =(CH,+2H,0)—(CO, +4H,) A Hy =— 164,647 A Gy =— 113,245

—_ 29 —_

Collection @ jeju



L] 73 —_— L] _6
=t ST+ 8.7142 10°* . ( 2.1646 107 %)

(—189,050)

InK=— RT

T*+25.25 2 (15)

919 A& Bt =W 200~1,000Ke] wE FPYFE Fig. 1001 E=A154
o}
CO, " grstoll A= InKyg = 45.71, Hy, =—143,222Jmol” 'K~ ' 2.2 AAko] =

ARALSE A 16)3 2ol AsE

(—143,222)
RT

248 « 103 —2.164 » 10 ¢ 2
+(—9.937)1nT+9 82 0 T+( 66 0 )T2+43.17 !

InK=—

1= 1_ 1< Pi _n <3 =
BPRFe FE BREY ARWA (y= 5= _O)elM tEI 2ol wdd
& ok
PoyPro  Yeu¥Ymo 1 NepNH,0 pn?
K= ! —= ! B e a LI 21 (17)

PCOP}I y({)yj*-lz P2 TL(OTL?}_I P2
223l Table 1004 8 2} 7F29] &3d&S 217l thystd

22(4-22)" 1

= — 418

(1—2)3—-3z)° P? (18
\/ﬁﬁPle

=1 2 2 (19)

%ﬁPle

2 uehd 5 gl

(2) CO, viesl whgol e B8 Asng 2%

Ed BY AN 9leke] W A Fol et 2+ JRo ERES Table 113
o] Lpebd 4 Qlon] A Fabe] 73 400~1,000K Wele HE PH A
&2 Fig. 11°]t}.

o
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Fig. 10. Equilibrium constant for COx methanation.
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Table 10. Mass balance before and after reaction of CO methanation.

Mg A B4 wsw we § B4 Er
(H9)
CO 1 -X 1-x 1-x/(4-2x)
Ho 3 -3x 3-3x 3-3x/(4-2x)
CHa 0 +x +x x/(4-2x)
H>0 0 +x +x x/(4-2x%)
total no=4 -2x n=4-2x 1

Table 11. Mass balance before and after reaction of COs methanation.

we A 25 e NEREE
(39)
COq 1 -X 1-x 1-x/(5-2x)
Ho 4 -4x 4-4x 4-4x/(5-2x)
CHy 0 +X +X x/(5-2x)
H20 0 + 2x + 2x 2x/(5-2x)
total np=>o -2x n=5-2x 1
- 30 -
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Fig. 11. Equilibrium conversion efficiencies of COx methanation.
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exo] oEaha, Ztavh S 48 Angel Jue vt dYE Fo 248 A9
AEE GC &% Azol AFsy] A9 2FAY. B4 GepweRs A74 9 gad-

o

Lo
E
S
&

-

Fig. 13. Thermal conductivity detector (200 nL
volume, Varian, CP-4900 Micro-GC).

2) Fao M3l Ao H E37](Fourier-transform infra—red spectroscopy, FTIR)
A, HA|, 7Fme] EA G lojA GCF A FElel WE Ae]d 3371 (Bruker optik,

IFS-66/S)7F AH& 5 A th(Fig. 14). 2 ¢ A (Infrared ray, IR)©] 7}~ A Zo] WAlEH &3t

o A9 ol BAe A% Fuisl $UE W WAWY A% FRsE gou §F
S oldxe] Az ks AF Fol A% mrd wel debav. 9 Agel we 7
Aola WAle] FhE ARS maht 24 Bae A9y sdege) 49 Fxay 5
4 shgel ) ST A4 B4 E5E A HeA Pae 43R mRE W

ofr

s

rlo
iy

Abelolli= Ao abgo] lom, Hy Ny, O 3 22 @3 = 24 e 2

=3
A mulEe] Wat gla Ao el @ delth e BAEe @ A A RHe

2
=

T HHE 7HA A Ja B S 29 EHS Bt
3) FAF A=} v 7 (Field emission scanning electron microscopy, FE-SEM)
SEM(JEOL Ltd., JSM-6700F)< Zujo] A EHS #2357 Y AHE-= Aok (Fig. 15).
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Fig. 14. Fourier—transform infra-red
spectroscopy (Bruker optik, IFS-66/
).

Fig. 15. Field emission scanning electron microscopy (JEOL Ltd., JSM-6700F).

)
AN

SEM& HAe] 7p&std Wl(A=012 A)S ALgste] W T2 onAE HoF
AFARE T AL AdurA o7 B u Ao o] fH=

ol =

X

A 2ALE 10 nmEt Fh
JIA B EY wle #e A4S Zte AAE FYo R ojglung gy o] 5l =
AAE7 o] 2uAl x5 YA A #F & 5 Qe Aot 4l

99 98 FEHo] ¢ Fo Rz §9

o
rlo
o
o
[>
i
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e A7 ARERe QAE F AANEe 7 ol nRrEe o wAow A @

A 10% AEE AR P4 9a4E o]y] iy AAsEd AgHn Rt
wso] AReM wom vhes fih ou ol 44 ARE AW AEE WS,
| 472 olgelel #5712 Eal CRTO o418 f4ar 3 o5 2
F 54 XAS gEeted, of 54 XA ouA g BRse] AR ey

<
g 44 2% A% 240 AseAl wh

4) 3} A=} #v] 7 (Transmission electron microscope, TEM)
TEM =45 $13 JEM-2010 (JEOL)¢] AF&5 A th(Fig. 16). A& shollA] s 2
gl Ed 7tk A o] W&y ojxa, o] MAHle] = vkd AmE T & FF

Sl 234419 oW A E GHB olF olmAE AAMe] AnE Fi u)

2
o
N
s

Adtizsh gz met o) vhxel % B4 FHEA Hol MATEE BRI
11 Bk EE o5 AAUES ARsh W] fAil oF AHTRY BHE

Fig. 16. Transmission electron microscope (JEOL, EM-2010).

5) A~ 3147 (X-ray diffraction analyzer, XRD)

oy sde e A4 TrE S4sshs B4 Witk A4 Fe Pz
]_

Ag7a U AEe] AEHTh WA A8 923 A4 AEFE AF Aol sy
e Aol mE Pl WATT ¥ A4 54 gRlA e 4 el Fxel 9@
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Aol AV WAME WALRRE HAE 9Z drten AEe mwdA AEHe
A dad 59y FAHoA MES uAE GFE B9 FEE Wolr] FulE)
=1}
XRD #4415 98] D/MAX2200H (Rigaku Instruments C, Fig. 17)S A& 2 &
HE 5~900 Mool A 0042 min '~ $E2 Feoda] $AEgon XRDS WAL A
= 7Y SFelA AAEI 145060 A 542 whALg)

Fig. 17. X-ray diffraction analyzer (Rigaku Instruments C,, D/MAX2200H).
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Zu) AAANZ AbEshe EF U (ALO;s, Sigma-Aldrich) 2 W ELE Al &glolE
(Cosmo Fine Chemical) 22 BlxfALEo|A] 1~2 mme] 7|2 3 5 Aol
Ay At &Frvhe] BET(Brunauer-Emmett-Teller) ¥ EH A& 1957 m’g ‘o]
ot Ni/ALOs ZFvl 2 Ni/B-zeolite Fvl= 1~2 mm ¢F7|Y 5 B-zeolite 2
27 YA AANI(NO3)2-6H:0, Acros Organics) T84S 33 AlA A x5}
Nio] 2 YAAL F8fo] giol wel 2504 125 wt%7hA WHskA Z .
TiO/Al:O3 =2 Ni/TiO/AlO3 Fu A =x9 45 TiO:9 s%5 10 wt%= 3
of F&A3 dFuyg AAAE FF A FH Nio F=

Zuj= 3% Hof|, 110C QLBA Ax= A 550ToA 6417 Fo &4

i
ol
=
L
flok
i)
ol
=
2
ko

2
ATk wpAIo 2 AAgE Fufj= 550TC oA 6413 & FAE SEH FUAA
oF A2 AFE3E alumina ¥ zeolite, F= &) SEM ©|H] A= Fig. 189} Ni 3t
Foll w2 A&eto]ES] SEM oW A= Fig. 199 A&t

Fig. 20= & 7oA AH&d Z2k=vl jES71E yEd Aot Eeh=r-=
. S wgrlE Aol 600 mm; WA 15 mm; F7: 1.5 mm)Z} 6.4
mm Ao ZEdes FE Ade] s er A JdoH, HA A=
ds Fob At E2k=vp g7 W=

<
17 cm®e] Fvj Agloz 3 Hdrh Zeb=vle] §& W8 dol: 110 mm
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Fig. 18. SEM images of support and photocatalyst (TiO»).

a) TiO. (anatase), b) bare alumina, c¢) bare zeolite.

a)

Fig. 19. SEM images of 2.5~10 wt% Ni/zeolite.
a) Ni 2.5%, b) Ni 5.0%, ¢) Ni 7.5%.
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Copper foil

/ Catalysts

Tube furnace

Quartz tube

b)

Fig. 20. Plasma-catalytic reactor, a) plasma-catalytic reactor, b)
plasma-catalytic reactor installed in a tube furnace.
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% 55 ZEAMMKS Instruments, Inc)ES E3lAH LA FHoz FUHA
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Fig. 21. Schematic diagram of catalytic plasma reactor.
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Fig. 22. Conversion efficiencies of CO with and without

nonthermal plasma (catalyst: 10 wt% Ni/alumina,

voltage: 10.3 kV).
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—O— Catalyst with plasma(10.3 kV)
—w— Equilibrium conversion
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Fig. 23. Conversion efficiencies of COz with and without

nonthermal plasma (catalyst:

10 wt% Ni/alumina,

voltage: 10.3 kV).
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2) COx9] AE=

Fig. 24, 25= CO 3 CO; Hgstel] slo] A7 2Ql CHyie. 2o AErsE UE
Atk A X Table 79 A o2 HE ALEE 3 10 wt% Ni/aluminag AR

HES-o A 180~300TC =% WA Zegzv #-F

g3l 23, CHy 9ole COyb F2te2 AdE & itk A8 EE 220~2407
o2k RlfeA EZek=nk A9 Al 4% 7HE

glo]l 719 8% coldeldtt. AL Zekzvies HWEs 25 FIAZE F U=
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Atk COz9l HIErst whgolA COol AP # 2% WooA o FA7F~ ¥
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1154
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3) ¥4 F7F(ALO;, zeolite)7} W grs}to] w X &= g &
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Edt=utel 9% CO9 CHy #gho] 2 dojubx] eFSkx|rk Nio] 3Hr¥l FHvufol
M wgstrr JgEglon @29 Fiol wel a&o] "= yeuth 9
zvt Ags Q7] Aelle Niol Fu @A4dwtoz westrt 8w A
Ni/alumina w2 7 zeolite Z Rt} W etsl7} Ao A WA P A 7}
ZF 260°C, 300Cell A 98%7kA] &= ek F Fuje] 5o A7k Mg & 9
92 240~280TC 9 =% HANeH 260CA F8] 40%2] &8 #ol& HHA
S gA FgzviE 7S e 2 A"E vEA UEw
Ni/alumina w2t} Ni/zeolite Zvl7} ZEtzule] o3 &0 AA 453A
th. Ni/alumina®ll A Zet=rtol] €3 §8&2 220, 240, 260C Gl A 242 40,
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FAANA 90% ol Fow Zef=no] oal wWEkst Mg g&o] AA FAsAth
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Fig. 24. Selectivity toward CHy of CO with and without
nonthermal plasma (catalyst: 10 wt% Ni/alumina,
voltage: 10.3 kV)
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Fig. 25. Selectivity toward CHy of CO: with and without
nonthermal plasma (catalyst: 10 wt% Ni/alumina,
voltage: 10.3 kV).
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Conversion of CO (%)

Fig. 26.
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Temperature (C)
Comparison of CO conversion over Ni/a—alumina
and Ni/B-zeolite with and without nonthermal
plasma (content of Ni: 10 wt% , voltage: 9.4
kV).
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Fig. 27. Comparison of COs conversion over Ni/a
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Fig. 28. Conversion efficiencies of CO with and

without nonthermal plasma (catalyst: 0~10
wt% Ni/B-zeolite, voltage: 9.4 kV).
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Fig. 29. Conversion efficiencies of CO2 with and without
nonthermal plasma (catalyst: 0~10 wt% Ni/B-zeo
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Fig. 30. Conversion efficiencies of CO with and
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Fig. 31. Conversion efficiencies of CO. with and

without nonthermal plasma (catalyst: 2.5~5
wt% Ni/Al,Os, discharge: 10.3 kV).
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Fig. 32. Conversion efficiencies of CO over different
catalysts (Ni and TiO: content: 10 wt% ,
discharge: 10.3 kV).
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Fig. 33. Conversion efficiencies of COs over different
catalysts (Ni and TiOs content: 10 wt% |,
discharge: 10.3 kV).

Collection @ jeju



Ae Zehznbdl ofs] WA UV A7} vetst weo] 43 FA g A
o7 HAT Al Hu® Ao wEw TiOE HAAZ A3 Pt/TiO.,
Rh/TiO,, Ir/TiO:9} 22 A=% FHul= 9 AdUAE FE3h= CO9 3lEE 4
g ukSoll FapA o, B P FaE Ni/TiO/ALOs2l 91+ Aot <t
o B AAE Tl TiO9 FFvia 42 4 559 A BV d=
o2 my ¥t g Ni/ALOsETh & A3 28 veld Ni/TiOy/AlLO; v
1385 m’g '¢ 1164 m’g ' =

Y

rlr

2,
=
)

o
fu
w3)
&)
—
)
=5
4

i)
o
£
32
|o
a
uh)
uh)

Abegith 2= W o fE B oHee ag=

o
A S7HA AT Fig. 2804 ¢ o] W AHL 2% E= 7t 2HARUE F

2 Zdstel AujE At 0 kVellAl CO Hg-e Zeh=ube] A glo] vt AL
& g-olth 200~240TC F7FelA T8l CO A& Ao S7tel wet &
Ak F7HE HATH ¥R 260C 2=olA e Eeh=vk A f-o] w2k [
&°] Wste 27 goked B XA Fuf ZAo FAo] &7] wioltt ¢
°of A EHE Fujrt T A4S UHEhdA Rete A2 999 Agole A
& Fgpzvirt Wgs wkgo] 9lo] HEE Fdo] Al e B

i
rE
oo
o
ol
lo
o2
oSk
ftlo

Fig. 35% 6.4, 85, 10.3 kV o] #tel Al W Aol wu}
—_ 62 —_

Collection @ jeju



Conversion of CO (%)

—&— 240°C
—O— 260°C
0 - T T T T T

0 2 4 6 8 10 12
Applied voltage (kV)
Fig. 34. Effect of the applied voltage on the conversion
of CO (catalyst: 5 wt% Ni/Al;O3).
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0.2 ym { - | 0.2 ym ; F W

Fig. 36. TEM images of 10 wt% Ni/B-zeolites before and after
plasma-catalytic reaction, a) before reaction (scale: 50 nm), b)
after reaction(scale: 20 nm), c¢) before reaction (scale: 0.2 pm),

d) after reaction(scale: 0.2 um).
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After reaction

Ni (111)
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20
Fig. 37. X-ray diffraction patterns of 10 wt% Ni/B-zeolites

before and after plasma-catalytic reaction.

Table 12. Estimated particle sizes of 10 wt% Ni/B-zeolite before and

after plasma-—catalytic methanation.

Ni (111) o]z} A7) (nm) BAE (%)
Ele il 25.8 3.9
Llesl 18.7 5.3
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