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SUMMARY

Title :
A RESEARCH ON THE DEVELOPMENT OF CHEMICA L PROCESS USING LOW
TEMPERATURE PLASMA

Objectives :

Methane is the major component of natural gas and one of the possible alternative
energy sources. Among all greenhouse gases, however, methane with CO, also
contributes the most of man-made greenhouse effect. Any successive process
development of a feasible utilization of both CH; and CO, will signify the
achievement of double objectives of slowing down a buildup greenhouse gases in the
atmosphere and better carbon resource utilization. CO, reforming of methane to
synthesis gas has recently attracted considerable interest as one method of solving this
objective. This process is very energy-extensive due to the high reaction temperature.
A desirable alternative is the plasma methane conversion. Plasma methane conversion
is very effective not only in that methyl radicals could be easily made by the high
energy of plasma, but also in that various kinds of chemical reactions could be
induced through the high energy. This method also overcomes the drawback of the
high temperature required by conventional catalytic processes. There are usually two
ways for plasma methane conversion. One is the indirect plasma methane conversion
to liquid fuels or other chemicals by way of synthesis gas such as dry reforming, and
the other is direct plasma methane conversion to more valuable hydrocarbons.

This study used a dielectric-barrier discharge to cause the reaction of methane to
form synthesis gas as an indirect methane conversion process. For barrier discharge,
one or both of the surfaces of two electrodes should be surrounded with dielectrics
such as glass or alumina, so that direct discharge may not be occurred in the gap
between the two electrodes under high voltage. The difference between dielectricities
of gas and solid gives strong electric field to gas and high energy-level plasma may
be generated. Numerous literatures can be cited to illustrate the many efforts to
develop plasma methane conversion processes. Currently, research using

nonequilibrium plasma is being done to convert methane into useful products such as



higher hydrocarbons, synthesis gas, and organic oxygenate liquid products.

tio, feed position of each feed gases and geometry of reactor were changed variously.

Results :
IV. Results

- Effect of the power supply type on the reaction mechanism control and power
efficiency

Through the comparison experiments of the several power supplies, it has been
confirmed that the pulse power supply with the small pulse width is the most
feasible economically. The maximum 50% of the energy consumption could be
reduced using the pulse power supply. Also, it was found that the reaction
mechanism could be controlled according to the type of the pulse and the voltage
waveform. Presently several power supplies have been used for DBD, and AC power
supplies have been more used than pulse power supplies. Therefore, it is expected

that the results of this work will be used widely.

- 100% conversion of methane for the production of syngas

In case of the external heating a part of the reactor, the conversion of methane was
100% at about 300°C for the reaction between methane and CO,. In that case it was
confirmed that the reaction selectivity was 100% for H> and CO. It means that the
most ideal reaction for the synthesis of the syngas is induced successfully. It appears
that the success of the reaction resulted from the electrical and thermal properties of

the dielectric materials. Further research is carrying out.

- Special condition for no CO; production for the synthesis of syngas

CO, production was a problem for the methane reforming reaction although the
yield of H» and CO was increased and the production of the hydrocarbon was
reduced in case of using water instead of CO,. In this work a special condition of the
power and feed for no CO, production was found. The yield of CO was greatly
increased and the CO, production was lowered; therefore, it can be used as a new

route for the syngas and hydrogen manufacture.

- Development of the control method of H,/CO ratio of the syngas
The H»/CO ratio is a very important factor for the manufacture of the syngas.

Various compounds can be synthesized by controling this ratio. In this work the

..10_.
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method for controling the ratio of the syngas was developed. The production of the
syngas with the wanted ratio is very important for the economy of the processing

followed.

- Identification of pure methane decomposition mechanism

The main decomposition mechanism of methane could be seen through the plasma
reaction experiments using pure methane. The products generated from the methane
decomposition reaction were recycled and the reaction routes of those compounds
were identified. By doing that, the reaction mechanism was prepared. The reaction
mechanism can predict the main products of the methane decomposition reaction, the

reverse reaction routes, and the equilibrium conversion of the reaction.

- Plasma catalytic reduction

It has been proved that as a reduction method of metal catalysts, the use of low
temperature plasma is more economic and fast. This method, specially plasma catalyst
reaction, allow much more simple reduction compared with conventional methods. In
case of reducing metal catalysts using the conventional methods, the temperature of

300 ~ 700°C was used in a hydrogen atmosphere according to the kind of metals.

- Development of the high voltage and high frequency bipolar pulse power supply
The high frequency pulse power supply equipped with the special switch
technology was developed to provide the most suitable power supply for the plasma
chemical reaction with the cooperation of Korea Electrotechnology Research Institute.
The power supply has the rising time of 200 ns, the pulse width of 2us, the
frequency of 2000pps; these capabilities are the first and the best in Republic of
Korea. Presently this power supply is continuously performing the tests in our

laboratory.

- Dielectric change as a function of the quartz temperature

The quartz used as a dielectric material of the reactor showed the special behaviour
caused by the change of the material properties in the special thermal condition. It
seems that the special behaviour is similar to pyroelectric and a new phenomenon.
Also, it appears that the dielectric of the quartz was changed with the temperature.
This is a new phenomenon in the area of the inorganic material. It is expected that a

new phenomenon of the quartz property can be found.
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electrodes
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2. Mass Flow Controller 6. Sample Cylinder
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4. Electrodes 8. GC
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Conversion and Yield [%)]

29 32 ArbAgelate seel A
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90
—e— CH, Conversion
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CH, + CH,; — C,H; e8]
CHy + e — CH; + H + e )
C.Hs + CyH; — CHy, (3)

A 2 2 gslsasdEe 380 9
W fagrgo] AAED B AFdAE ¢4 g2 gyes wo) $AS AR
Ae A4EE 540 HUEE 24y 9ls] TCDE 228 GC2 44EL 2439
of. slefo] bml/minol L Aol 17kVRE W F4o) HEEE 317%%Ach 4ERE

N AFsg Sl AHAHE ¥de CH, CH, CH, CH; CH, CiHg C
CHypz 3Astgt ek oM AFe d@3lradgdesd $£45 A3 e

F F44Ee 2AT & YR

< =
M %e

N
W
rlo

(2) wiglo] ¥l A dgEs) HAYE

a3 320049 Zol AC Hjgle] wAAdA oy Riwge FAHEES CH,
CHy, GCoHg, CiHgel CiHgol ZAS #1E 4 2o, o EdSe] HF AYHE=R
HEHAY F& w37 Wi %—3}2”}7]’ A stE FHdA EEHAY & w3l
2FFEEY A FFESo] doju gdagrt & B 3FAsIgES] AAET. welo
HES-719] Fetzul Fo A gkl FEajub3S X PEsA Fotslr] K wES-7])
CH,, C.H, C/H, C,Hs CiH,, CiHg, CHy 2 CHpg FIFEE Y31y
AAAEE BN Agd AR E Bl FAsStRES T2 95%0]4% AE AHE-E}
gon, FFHE B5L0TEY FFL EF 6ml/mino 2 DAL HLE 17kV
2 A5t ¥hg A8S FYAY. old %

o o
gog BasAY D5ashutgo] 93] ob4 Y (acetylene) 3t o Yall(ethylene) 0.2 33

)
ox
o
(i
©
X
e
)
B
=2
e,

e oAl gAslE C) ehslgaet wheslo gagr) 3
78Ql Z 2 B(propane)t ZZ @ (propylene)S AAstAY C, ehdlsA385E ¥-3-3)
of F-ehbutane)e A44dch E 3-19x 9 ZHE nigto T sviglo] WA A et 2

zZ

1 WAUZORRE # 4
of MSEEHFE THI, old ZHZRE Tawgol ol FARE AT,



=5

3-1. 7} feed 7}A| " ®¥+3-5-4]; applied voltage = 17kV; feed flowrate = 6ml/min

Conversion Product Selectivity [%]
Reactants
[%] CH, CH, CH; CH; CsH, CsH, C;H; CH,
CH, 9.30 - 1.99 217 2948 - 1.63 14.03 0.04
C.H, 9.52 1.34 - - 034 132 116 262 -
C,H, 31.44 0.39 9.42 - 1.84 - 091 13.79 -
C,Hq 27.44 1.09 491 58.56 - 1.68 1.29 367 0.02
C,H, 12.27 166 1627 137 122 - 4.81 - -
C;Hq 2531 0.93 342 368 3326 4.01 - 2.85 0.03
C,Hq 13.31 2554 343 084 1041 051 1328 - 0.20
CHy 18.84 242 2.01 2.01 219 - 2.26 5.04 -
() AFAZ Wl BE v AHET HLBY AT A
Zelzolrh BAsE Gy g HFAT WEE wee ABEH GATY A
g 328 W47t 9 & Aok wie] wevle Faizsh JelolA Wwke] AFAD
ol F7tg+5 Eh=rt ouAd osf viE oz 2o FA4sE @4 F(activated
species)?] AL F7HEH, o] BEAEL Agwrdd sl Cy Cy e Cy oj4e]
SHFARHRY 282 F7HNL & AT wPo] ReIldN ARALE Sahzolr)
Pasts BaE AZ0R sy dge)

S 3l F BLE] 24secof A 150sec7x] ®HEAH
E vg A YAHEY MA fdt &
el
=

AlZrol F7VEFE veHEAls AFoAM dAste AXe 9 22 FE V138 2AEY,
olZdL vg oA AAE FUMAZIA . A4 E dE oz o vg oy
I WkEste] GAhgTt & B ASYEES AAASA Hoh X 3-104 A3E uie} 2
o] Wkg-Eo] CH, A& w CiH,op CiHie] Melzrt e YAH4ERD ot weE
o] CHeds wf CHyof delxrt g otn CHyob CiHgel Melwrt =4 e

Wtk A FAIZEO] 2dsecf s W CoHpol MelzE 3240%%2 Hol 3hg detdich whd,
=€ AFAIZEO] 150secH & @ 15.50%2 Hof s ek old Z#AE
S ZFFNE u G "HgFivt weEY AP E5agbge]l FeHog Jojun
| oy

7} OE 44EET S A BAY 4 AUtk
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C,H, (B) 4 L CH,(C)

C,H, (E)«

G (P

g 3-3. wigolgdol e mgEs =d
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2@ 33004 AAWY ol BHelA slere) Eaurs wug 2] 93 oo

fussd [e]
< Hhg-2
S AAQE F FF(coke)d} Fh e FAT F Yt
3. 44&8e CH,, CyH, C,H,, C,Hq, C;Hgel CiHgz <tg3i=
A NS =Yste o9 339 wkerd e g e £nAog E?ﬂ_%} 4 Atk

dt = kgCF + kw (kl + kZ)CA (4_)
dC

dtB = k3CC - (kl() + kll)cB (5)
dC

dtc = ksCp — (k3 + ky)Cc (6)
dC

dtD = leA + kSCE '+' kSCF - kSCD (7)
dCg

dt - k’]C[: - kGCE (8)
e L c k,C k

i - Keba + KyCp + k,Cc — (k; + kg)Cg )

91 AelA Can Cop Ceo Cpo Cesb Cr 747t CH, CHy, CoH,,  GoHj,

C;Hg oF C3Hyel wxojth. ky — k2 28 3304 AAIg HlAUZY $E4550]
o wjelo] k87 o] &3 wighel Bajutgolx CiHyob CHyo 5288 0.02%0]319]
He golng F g

@ JETh o ge O W A4EED vaNe o B
X

sEAely FAsg

4th order Runge-kutta #'H S o] &3te] Fslgon, wkg
o ¥ 32004 @rgEuis kK
o] AL g o] FUHESE Hvke] Eafivkgo] o&) 44" CHyyp C g3t 5
B FAG wgd o CiHgol FzAHoz AMEE A& oudd. ke

gs vetHon, o] R ok ik
o8 AYAE CHsol A wgoz oAl Esise AL oudch m3 W&zt
k;(C,H,—~C,H, formation), k;(CyH—C,H, formation), k4(C;H—C,H, formation)

o
x
|
@]
E
g
3
5
3
2
N
N
o}
rl
gy
tlo
iV
o
29
rr
=

ke(C3Hg — CH, formation)o] % wWxz =
) =)

7} k,(CH,—C3H; formation), k;(C;H;—C,H; formation), kg (C;Hy—C,H; formation)
Hoh & & HES
Kozlove 5& th7|3t ZAdA] vigo] WAL o] &3t vety ojAsetrs 58sto
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GES dHse AT Yl om, St. Auneysl Zhitnev T ATEFAE <
of LEEHT St. Auney F-& Hjgo] W7o 43 o2 Ry C, g
AstgrE Y A4 dAUZE AAstded, 4388 F3 g3 22 A @Az JPdEy

CH4 e CZHG il C2H4 - CZHZ (10)

Liu 5 dlg/$a/das e 7t22 598t AFS 54 stx(dilute gas)Z2 T4

ES z5stgleh o] ATolA wEkel u
A2E A (1007 S4B A7A welof

k5 ] kg
CH4 1 C2H6 C2H4 CZI_IZ CI_{4 (1 1)
I
4 CﬂHs—JL—" CH_;

£ 32 2% 3304 AAG 2ol BEEE A4

Rate Constants [sec’]
ky ky ky Ry ks ks Ry ks ky ki Ry
0.045 0.001 036 0.98 011 024 0.049 0046 0.01 083 0.012
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%33 wrggel Avlo) BE £4E vwy AEws 2
Lehgth of CH, Selectivites and yields of products
reaction convsrswn CH, CHi GHe GH, GHe GHs CiHp| sum H,
zone(cm) (%)
5 150 sel.(%) 32 29 300 03 29 170 130 | 69.3
‘ vield(%) | 048 044 45 005 04 26 20 | 104 | 145
10 29,9 sel.(%) 2.0 19 220 01 19 128 95 | 501
) yield(%) | 0.6 0.6 64 003 06 37 28 | 146 | 231
15 28 sel.(%) 20 22 262 01 22 152 90 | 569
' yield(%) | 06 0.6 74 003 06 43 25 | 160 | 4.3
20 0.4 sel.(%) 1.8 23 271 041 23 155 95 | 586
' yield(%) | 05 05 80 003 07 46 28 | 172 | 245
E 34 9-Egd A7l @2 &5 oldbsiekae] dunke An
Lehgth of cO» Selectivites and yields
reaction conversion o O»
zone(cm) (%)
sel.(%) 48.8 28.2
> 170 yield(%) 8.3 48
sel.(%) 442 25.7
10 243 vield(%) | 108 63
sel.(%) 41 23.8
15 7 yield(%) 11.3 6.1
sel.(%) 52.4 14.1
20 220 yield(%) 11.5 3.1
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7k A¥
HE7e FAAER dFuuds H4Fus ARRSs. ol ¥kr1e Aole 250
mm, 220} g9 Zol= 150 mm, WHEAELS 2zt 5 mm, 6 mmo|th YR HFo
2 2EHdHE A 2zHE ARSI dFHFT L AFele 005 mme] FE|#
of Zol AAgstRoy P& WA @& dHELS Fol7] At KA T 2
EFL o ASSAT SEFE AAAB YR 2ZYL e 79E Aoz ¥
717 SAEEZ jE7iYg AEH 2 HFuA7E u$ 8ol Power supply(Auto
electricc, Model H1421)= I {F A YL AM&sldedl F34= 20 kHz, A 0 ~ 10

4

kV, & 0 ~ 100 mA oA ZHo] 7}53lct Input powers power meter(Metax
M3860M)E o] &3t FHAstH 1, Zt ¥ 7loAe] 2z 1A 2L oEXEof o
ZAH 842 RCL meter(Fluke, PM6304) 2 33t H . A7 £42 GC(TCD, 49l
680D, Porapak QR(1:1) + Molecular sieve 5A)E A}8-3}9 1 AAE hydrocarboniA -2
GC(FID, HP5890, Heysep D)Z A}-8-3t5

WREASFQ 2299 tAo] vgn ojibsiatae] HEEd vXe FEFS dolr7|
e d2ojuyse] AL oA 42 mme AZAL 07, 14, 27, 32, 42, 54 mme] 3
Aoz Hx 3 2 3 4, 5 mmog Ax 3
zbzbel whg 7] 97 e JFe 2] YN erl=
Nojprg ol &shgon 2 2 mAsm 2Zae AL 31 4 5,
59 mm2 WHAAZ Y HH $3¢ 2slATh A%e] wgolol thate] EYD ALG
kV)#} {230 scem £ 3

=2
2
T
gt
olo
ux
o

Ao gyrbnel mge Fash Yasigas w219 2
oo olistgas =Y A3HE BAST] s
o

= 7
ekl W 30-40 % HArhzel MY
Foge

& ¥ 359 geisack
W7ol Z7 thE Ao azdg WRATos AREn Ao 21 8L =4
sAth LROL B ASE APE 28 390, NIV ALY 29E 28 3-100]
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Selectivity (26)

CoHs C:Hy  CsHs  CsHs  CaHiw  Sum

2Hy

C

Ho

™

C

Ho cO

Ratio

1.505 71.079
1.954  69.544
1764 72017
1574 78764

5.042

27.587
17.154
14.851
14.468
12,437

24.928
27.259
29.332
32973
35.896

1

6.894
8.034

0.051 0.421

13.071
14.697
16.840
20.738

0.768
1.043
1.210

1.226
1.645
1.765
3.215

0.595
0.714

0.058
0.087

0.068

3
4
5

9.135

83.775

11491 1.951

1.057

1.923
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Conversion(%)

(o)
o

40 - ¢
* ® CH,
[ ]
30 - A A
A
CO,
20 - A
10 -
0 T T T T T
0 1 2 3 4 5
Ratio(CH4/CO2)
29 370063 o|Asteize] Sfulo] w2 PESel W
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Capcitance(pF)
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Conversion(%)
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18 3-25. The straight reactors. specifications: outer electrode, silver
coating(5cm, 10cm, 15cm, 20cm, 25cm, and 30cm; inner electrode, SUS
wire(O.D. 5mm, I.D. 4mm); dielectric material: quartz tube(O.D. 8mm,
[.D. 6mm).
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13 3-26. The schematic drawing of reactor. specifications: outer electrode, silver
coating (20cm); inner electrode, SUS tube (O.D. 6.4mm); dielectric material: quartz

tube(O.D. 10mm, [.LD. 8mm).
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18 3-27. The branched reactor. specifications: outer electrode, silver coating (20cm);

inner electrode, SUS wire(O.D. Smm, L[.D. 4mm); dielectric material, quartz tube (O.D.

8mm, [.D. 6mm).
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13 3-28. The voltage waveforms of four different power supplies.
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19 3-29. The experimental setup. A: CH; cylinder; B: CO; cylinder;
C: Mass Flow Controller; D: Mixer; E: Cold trap, F: bubble flow

meter; G: Gas Chromatograph; 1: Power supply; 2: Power meter; 3:

Oscilloscope.
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3£ 3-6. The Specifications of power supplies

Power _
Polarity Voltage Current Power Frequency
Supply
0 ~ 10 0 ~ 100 500 8.5~20
AC alternate
kV mA W kHz
AC _ 0 ~ 10 0 ~ 02 2 10~40
. bipolar
modulation kV mA kW kHz
] 5 ~ 10 250 2 0~ 1
pulse bipolar
kV A kW pps
) 0 ~ 20 250 2 0 ~ 2
pulse unipolar
kv A kW pps

){CHl _ o in ™ n’CH,.mu‘ * 100
nCHl.i,w,

XCO‘ — nC()l.m, - nC'()j,ofu,t * 100
) Neo, in

() A9 A

WHE G AREES] 28 3289 (a)9} Zo] ¥ WEFH &9 WIS dFVE F
g o] WYS Qsbsl Fcof o]of] wEs|A] bipolar pulse= @9 Al7HE o) 2@ 3-28
o] )&}t (o) 22 H2 e D& g Wy g9 WIS dF72 dto 7}zhe
Fa4urE AL Artsl Fob plxW o g unipolar pulses ©HAIZFESH 18 3.4 9
(d)e} 22 o Waoz zpzto] Fo4utE MYE AVsl £oh B A A e o4&
AMZ OE A 7FA Y Z¥o i HWE d7] A AdH AF{F FH st dolE
& AXeR AT aHA R 2L TY 7Eo i ZE FF ol I
specific input energyE Al4Fsted Hln st Tt

Discharge energy s
Flow rate of feed gas (J/mL)

Specific input energy =

Pulse power = / V(t) < I(t)dt (W)

Discharge energy = Pulse power X Pulse frequency (J/s)
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CO, Concentration in the feed (%)

-1% 3-30. The effect of CO; concentration. Conditions: AC power supply; peak

voltage 3.9kV; frequency 20kHz; total flow rate 30ml/min.
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% 3-7. The selectivity of products with CO» concentration

CO: power Selectivity (%) H,/CO
content .
(%) (W) | CO |CsHz|CoHy| CoHs | CsHa |CsHs| CsHs | CaHio | sum ratio
0 72 - 26 | 29 1409 | 07 |18 |219]| 188 | 896 -
20 85 320120 | 151205 | 01 |08 ]116| 78 76.3 2.50
30 85 478 | 14 | 10 1202 | 01 [ 06 | 112 59 | 883 1.70
40 33 506 | 10 | 08 {166 | 0.1 |04 | 85| 39 81.8 1.35
50 32 654 | 07 | 05 {151 | 01 |02 70 | 28 91.8 1.09
60 80 835|104 |03 ]1091 01 |01} 46 | 25 | 1024 0.77
70 77 11036102 (02 85 |01 |01} 28| 16 | 1172 0.63
30 86 11069 01 |02 ] 32 100(00] 05| 12 | 1121 053
100 72 | 1227 - - = - - - - 122.7 -

S o A4S JEH Zlo] ¥
3-310]1 wigky o|AbdlekAe] MsL&E Jebd ZAFet 1 dio] HAHE W Z2HE
UERA Aol 1% 3-32¢F ¥ 38|tk 1¥ 3318 AAA(E FUhgel weEl ges] Ha
Agke] Fx)9k 256kVollA 5.12kVE F7188 HojFEoh o7)x Hi ko] 2.56kVel A
512kVE Z7}gtol| uiel wigta}t ojitstgbae] Hsb&o| Z+zh 3.0%A 53.9%, 0.9%° A
309% 2 Z7ietgcth ¢izbdte] Frhetd wrS 7Y FFH = power7t 7SI 1 W
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12 3-31. The voltage waveforms with increasing input voltage.
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70
| —e@— CH, with respcet to voligae

60 —m— CO, with respcet to voligae

40 b

Conversion (%)

(3]
(93]
N
W
[}

Peak voltage (kV)

18 3-32. The effect of input voltage on the conversion of CHs; and CO; in AC.

Conditions: frequency 20kHz; feed ratio(CO./CH,4) 1.
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¥ 3-8. The selectivity of products with input voltage in AC

dor Yasiesel AEEE 51

s
Voltage | power Selectivity (%) H./CO

(kV) W) 1 co CoHy | CoHa | CaHs | C3Hy | CsHs | CsHz | C4Hip | sum ratio

2.06 31 688 51 |50 222 1.7 ] 03 2.2 11.7 | 1169 | 1.01

3.11 41 06| 20 1 1.1 | 211 04 | 02 5.2 36 99.2 | 1.06

3.92 33 5741 06 1 04 | 142] 01 | 02 | 6.3 30 | 83| 1.06

5.12 112 |567] 07 04 |116] 01 | 03| 59 36 | 794 | 1.07
¥ 3-9. The selectivity of products with frequency in AC

1vr1 Q

Freque| power Selectivity (%6) H./CO

—ney (W) CO C‘_’H'_’ C2H4 C;’Hﬁ C3H4 C3H6 CgHg C4H1o sum ratio
85kHz| 64 563 09 05 | 153 06 ] 02 6.1 44 8431 1.06

10kHz 69 546 | 08 05147101 | 03 6.4 39 81.3 ¢ 1.08

15kHz 93 5431 0.8 05 1126 01 | 03 6.0 4.1 7871 1.08

20kHz{ 112 | 549 08 04 | 11.7] 00 | 0.3 59 35 776 1.08

1y 3330 2RE FHFE FritdE H HYE 53kVE nAEHR Fago] W
o o £ Aok ¥ 33404 Fo47) 85kHzol A 20kHzZ F7hgel weh d e o
Absleb o] A3pgo] Zhzb 31.9%01A 53.6, 19.3% A4 31.1% =2 F 75ttt o] A&
Agtol g & Zo] Fa4E FUrstd vE37]o)l FF 5= discharge power”}t
3l7] W&otk Fa4rt Frted4E FHF S discharge power7F 64Weoll x4 112ZW=E
7t 1 ol7bAQre) gk o] C2, C3, 18 C49 A= 7E ZHzZE 16.7% A 12.9%

5% Zastdch Leju olel Wl Fakist F7hao
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3-367 1@ 3-379|4 R discharge power 7} #ow QA7FAHYI Fahfo A Qo]
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13 3-33. The voltage waveforms with increasing frequency.
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1% 3-34. The effect of frequency on the conversion of CHy and CO; in AC.

Conditions: peak voltage 5.3kV; feed ratio(CO,/CH,) 1.
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18 3-35. Comparison of voltage and frequency variation of the conversion of

CH; and CO: in AC. Conditions: feed ratio(CO»/CHy) 1; total flow rate 30mi/min.
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13 3-36. The effect of flow rate on the conversion of CH;y and CO; in AC

Conditions: feed ratio(CO2/CHy) 1; peak voltage 3.9kV; frequency 20kHz.
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¥ 3-10. The selectivity of products with flow rate in AC

Discharge v
flow rate 1sehare Selectivity (%) H»/CO
. power .
(ml/ min) (W) CO CzHg C-Hy CZHﬁ C3H4 CsHs C3H8 CsHw | sum ratio
10 33 630 1.0 0.7 1192101 | 03 | 86 43 1102.2] 1.15
20 36 716, 071 05 |162] 01| 03 | 74 3.6 1004 1.00
30 32 7491 06| 05 [152] 01 ] 02 | 7.2 33 11020 098
40 82 7081 04| 03 [1071 01 02 | 54 33 | 91.2 | 097
50 31 737102 01 | 68300 01 3.4 20 | 864 | 092

I 3-11. The comparison of voltage and flow rate variation

Peak voltage flow rate Specific input CH, COq
(kV) (ml/min) |energy (J/mL}| conversion |conversion
2.56 30 62.00 3.0 0.9
variation 3.11 30 82.00 138 8.1
of input
3.92 30 166.00 43.2 254
voltage
5.12 30 22400 539 309
3.89 30 99.60 28.4 152
o 3.89 40 129.00 33.2 22.1
variation
of flow 3.86 30 164.00 425 227
rate 3.88 20 246.00 56.4 359
3.90 10 486.00 70.3 513
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60 L O CO: with respect to flow rate
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1% 3-37. Comparison of voltage and flow rate on the conversion of CHy

and CO, in AC. Conditions: frequency 20kHz; feed ratio(CO»/CH4) 1.
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ool AZAZHEH E=YHE 7AY 4ol & AL vlgn olitsieiy HEES
AFAA Fag, AVEASE, 2Ela BRE7IW AR/ ARl #AIQle] FF oy ARty &
F2 Ueld £ 3tk oA & Fo st & vigolA vg o] ikstetae) Halgol
g Zdolel F AFAtele A, F ¥H§7] geometryo}el TAE FolR iz ogi
S AES FY3An

O g 2ol
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o
2
o

ol4el Azt WAl 20em] WE71E AMEStA e, WA ZC7E 'oiud W3
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A

]

A #rt oJ71A wE3-7]9] ol fdh FEFE dolE 7] A =Y VA 24T =Y

714 9] F2 Z+Z 30ml/min¥ 15ml/min®.& 1A% F % 3
10cm, 15c¢m, 20cm, 25cm, 228} 3 30cm?l ¥Hg7]E 71x] 3
HEAZ hE olekz) ojAateiss] HAeHgS Uehd Jo] E 3129
UAZ st AT el o] 1@ 3390tk 1Y 3383 1
Zge 7tz ks ol gstgiasl HSEE Uehdch =Y FA4E wH ZolE 20em

A

- = =
Sero| o ZATolm FML §#FL 30ml/mine 2 1IN AL

g 2T A +3 = il
Aol 3t A#E Yt F A 25 Z1AY 9 A FAIZRel Fobael wet
gt} ojitg g Asthgol FrbstATh ey g7 ZIA e AF AlRte] 2
< =EHE 7IAY fEn A Aol #AIglo]l wigkH ojibsiebAo] HMst&o] ot
a8l A FAIZEe] 63%NA 31.7%Z F7Hg wel discharge power 81W~86WZ
Ao dA4% v A ZolZ Scmof A 30cmzZ ZF7}Ehel wet discharge powere 43W
oA 104W=Z F7stdch o] A& w3 ¥-E7]9 geometry7} ZAHT whg7id FF
o

€ powerrt sl dRBE THLT. 2ol FE gastel AFALE 4T A3
H} %

o]
o 5% nHW 1A dolg F7hste MFALE F7HAIZ ATl 2

N

% oo
).

__?__
specific input energy® 3t 99.6 J/mLofj A 486.0 J/mL, 99.6 ]/mLoﬂ 4} 486.0 J/mL
2 Z715h ol A Al a7 3-399A BW, Z-E specific input energy?! 7% WA
Zo] Walel §-F Wl TAIQC] WET o4t e Mahgo] 2ot
olsl ZTERE TRAA A7k WY, Faa, w2l A ARAT, 2
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1% 3-38. Comparison of flow rate and reactor-capacity on the conversion of

CH4 and CO: in AC.
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18 3-39. Comparison of flow rate and discharge on the conversion of CHs and

CO, in AC.
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¥ 3-12. The comparison of flow rate and reactor-capacity variation

residence flow rate discharge CHa CO
time (s) (ml/min) length (cm) | conversion | conversion

variation of 6.3 20 20 284 15.2

flow rate 79 40 20 352 22.1

(fixed 106 30 20 425 227

dischage 15.8 20 20 56.4 359
gap) 317 10 20 703 51.3

2.7 30 5 21.8 13.0

variation of 53 30 10 31.9 166

discharge 8.0 30 15 39.6 225
length (fixed 10.7 30 20 46.6 28.3

flow rate) 13.4 30 25 50.3 36.7

16.0 30 30 54.1 38.4

@ B 2o 9%

A AN F AF Aol A=yt AT wf L Hole} #AGlo] wgk o] ikslek
dol HEEL oYX P2 Ushd & dtke 22 Ath 2 olWel: A
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I 2 A48E ¥ Ay Ae/Ae HFEAS 2z FAYTEeR Wl Fito]
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o2 ARt A&g w72 AES £ stk ¥l M xR 19 336
3 ok B AW deks ol usieas) ek rlAe AFALG st tebd 2
7t 28 3-403 ¥ 3-4lo]x
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1% 3-40. Effect of electrode gap (reactor volume) on the conversion of CH; in

AC.
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712 3-41. Effect of electrode gap (reactor volume) on the conversion of CO» in

AC.
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1% 3-42. Relation between input energy vs. CHi conversion with changing the

discharge volume.
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T8 3-43. Relation between input energy vs. CO, conversion with changing the

discharge volume,
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AFAA W7o Abelst el mH Tao S
2 : : ol P AL FEHL.
s3] 2o} 7o a3 AL Aok W g7 pulse FEj] Mt 73 o]
5 2t & mxe=#, 283 pulse FollA bipolar pulses}
unipolar pulsed oJw g Zo] dgtm} o]itslgtid] e & FHAA o ASAHIAE &
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Pulse ol & voltages} 3ol w2} bipolar pulse®} unipolar pulseZ} UATh 18 3-440 4
Aol bipolar pulse, 2 4o] unipolar pulse Z&ojt}t F, bipolar pulsee 1% 3-449}
Zol A YA o] wWEFR o WF AHEe] FUIHLEZ YEude AHolx,
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oft 1o

(7}) peak voltagee] F&F

a8 3455 Q7AYo wWE bipolar pulseo] o] AjRo] whd HAY HFHojch
bipolar pulse oA kol gt v g} o]iksterie] M3}&E el Zo] 19 3-460]
3o o) AEe] e 2#E vEbd Zlo] B 4-130]th wke-7]of bipolar pulse % SF
| 352 4% Aol 499kVel| A 10.15kVE F71384-5 digkn o]ibslebaof A3}
o] z+z} 9.8%ol A 22.8%, 7.0%NA 158% % Zr}&uch agn MAEE Yasleras
L 604%-685%% Aol UM W C2, O3, Telm Ch A Salse] Ad
= Z+z 22.7% N A 15.6%, 43%NA 3.9%, 3.3%dpt 1.9% =2 ZHAsHTh A} S7H
aheh slekst olastgias Ashgol Frshe Re WRAM ARYIFH 2ol =

ge ARt F718te] wgkal o) aksletb Ao excitation® & %o] F7}8l7] W&ol

(\}) frequency 9] <d3F

%™ 3473 9 3-48& bipolar pulsed| A FH1 AHFES oF okVz 1 AFt] Fa4 W
Sjol o} A BYE vebdch o 2YPolA FH4E 400ppsol A 2000ppsE F7}ete]
. A

H
£ H3 YL WSt 9T wA ¥ AEH £ AE Aol AT 2Fol W
gk & FA5E FUHHE A AFAM G 4B 2o AR F F71se] U
Azrl FFHE 847 R Fasol B WEd olasgad HHE ARE U
o] 1% 34901 1 el 4HBe] e ZUE Uy Aol ¥ 4140]th 1
3499 & 3-U4ZHEH 3% 2E ANES ¢ 4 AUtk bipolar pulses| Hm AL

9kVE 1A% & F+F 400ppsol| A 2000ppsE F7HA1719 W&k} o] 4hshekA o
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HeEE A9 2e wH C2 C3, TeL Ch A9 Basiel HYEE 7
% 3-13. The selectivity of products with voltage in bipolar pulse
Vzizze S/IE Selectivity (%) H ypo
wvy | mE ) CO | CoHL | CoHL | Cabls | CoHL | CsH | CoHs | CiFLLg | sum | Fatio
499 1654 | 669 | 09 | 09 {20906 | 01 { 36 | 33 972 093
6.00 2386 | 685 07|07 (1205] 03] 01139 21 |98 093
6.95 3072 16710807 |197] 04101 | 41| 29 {957 093
7.9 3964 1614107 051175103 |01 | 39| 22 |87} 094
9.02 5282 | 604 | 05 | 04 167|106 | 01 | 39| 21 |86 094
10.15 7124 | 61206 | 04 |146] 03 | 01 | 35| 19 |826] 094
X 3-14. The selectivity of products with frequency in bipolar pulse
Frequenc| SIE Selectivity (%) H./CO
y tops) | (J/mL) | 0o | CoHy | Coby | Cobs | CoHL | CaFls | CoHls | Cayp | sum | Tt
400 9.59 56 01 | 1.1 117506 | 0.1 { 21 | 46 | 717 090
800 19.3 5541 08 | 0.7 | 174 05 | 0.1 | 27 | 23 798| 091
1200 2825 | 6061 07 |06 1811 04 01 | 34| 22 8.2 092
1800 46.17 | 674 | 05 | 04 [ 172107 | 0.1 | 381 24 |86 094
2000 5281 | 581 104 03 |163] 02100 | 37| 15 |85 093
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1% 3-44. The waveforms of bipolar and unipolar pulse.
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1% 3-45. Single pulse pattern of bipolar pulse power supply with increasing

peak voltage.
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1% 3-46. Effect of pulse voltage on the conversion of CHi and CO, using

bipolar pulse power supply.
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1% 3-47. Single pulse pattern of bipolar pulse power supply with increasing

frequency..
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18 3-48. The voltage waveforms with increasing frequency in bipolar pulse.
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Z1¥ 3-49. The effect of frequency on the conversion of CHy; and CO: in

unipolar pulse.
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718 3-50. Comparison of voltage and frequency on the conversion of CHs and

CO> in bipolar pulse.
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71.% 3-51. Comparison of voltage and frequency on the selectivity of products in

bipolar pulse.
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12 3-52. The voltage waveforms with increasing voltage in unipolar pulse.
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1% 3-53. The effect of peak voltage on the conversion of CHs and CO- in

unipolar pulse.
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—@— CH, with respect to frequency
—m— CO, with respect to frequency

Conversion (%)
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0 L H 2 L i n
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1% 3-54. The effect of frequency on the conversion of CHy and CO: in

unipolar pulse.
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¥ 3-15. The selectivity of products with peak voltage in unipolar pulse

k ~ . o
pea SIE Selectivity (%) H/CO
voltage

wvy | WML o | CoH | CoHL | Cubls | CoH: | CoHs | CiHs | CoHlo | sum | FatO

6.40 1647 | 605 ) 1.3 | 08 | 193] 06 | 0.1 | 38 | 22 |87 1.02

747 3059 (60908 06 178 03|01 |43 | 26 874 099

6.03 5045 | 600 ] 06 | 04 164103 | 01 | 46 | 24 | 849 | 097

11.36 8491 | 61504 103 |142| 02 | 02 | 44 | 23 835 09

1544 | 16027 | 633 | 03 } 02 {129] 02 | 01 | 46 | 1.8 | 834 | 095

i 3-16. The selectivity of products with frequency in unipolar pulse

. o
Frequency| SIE Selectivity (%) Hy/CO

(pps) (J/mL) CO {CsH2| CoHy y CoHs | CsHy | CsHs | C3Ha | CaHip | sum ratio

200 842 16861251 13 22310 ) 01 | 23 | 39 11021 093
700 3521 160610 07 184|104 1 01 | 32| 30 | 8.5 | 096
1100 5499 {6021 08| 08 [ 172106 | 01 | 351 33 | 8.6 | 096

1600 7877 1991106 05 (161 01 {01 | 40| 16 | 823 | 096

2000 100901 540{05 | 04 {1461 03 | 01 | 40 ¢ 21 | 759 | 097

(th A4 Fa5 4T vlu
% 3-559F 18 3-562+ unipolar pulse®] ¢
o g3 ojitsteia o) A S AdUAE WMFE vl
I HAYE 640kVol A 15.44kVE F71E A$ wrS7)o) £ 9 Y 2
A 320.55]/mLE F7bstdeh ol¢k o] Hx HSHE %kVE nAT F FH4E 200pps
oA 2000ppsE Z7t8 Aol =YF A7t 8.42]/mLellA 100.90]/mLE Z7}st¢ch
o] AL %A AFF A} Zol, unipolar pulsed] A Hi HT FH5E 7zt
A= AUA7E F7hsted vlgtd ol ibstgbae] Hsbgo]l Frldte A4
o add 28 3-559 7 35600 wEE|d FEEHE ARt 2

T
N
=O|__i‘
AN oo
o
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21 C4 A ©@3lrito M) 2o 0134\% unipoar pulse/] Aol nLF 9 bipolar
pulses} Zol ©jgtz o]itslerAe A &S duyAe &2 YEld £ AL el
o.

(4) bipolar pulse®} unipolar pulse2] H]nl
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F 4% old A7 1631 /mLoll A 69.17]/mLE Z7hatel| wel w ket o] akshek
o] 74z} 9.8%°l A 22.8%, 7.0%°l A 158% 2 ZF7}38tty. X3 unipolar pulse
|7} 32.96]/mLol| A 295.8]/mLE F7}ghol] wel wieks o[ ikstebAio] A3}
7t 89% AN A 40.6%, 5.7% A 284% =2 =7}ttt 2y olAre] A E F A8
T3 22 8% 285 945 & Atk F 1631]/mLol|A 69.17]/mLe| oY
ANM 2L FHFE VHAE blpolar pulse®} unipolar pulse’t HU3d AR 2
739~ unipolar pulse®.t} bipolar pulse® wj o Eh,}- o] X3l EF A9 HBlgo] O
3t HiElol WRe R ;‘4“453"“ upal 9ES-7] RO HskY SR A
o] HHA whgo| Pt FAH LA ME wAHE M, F A3 ME
T AFIYe FHLe dY FFo S48 grie W
o]l 3k WEko 2 { T EH & unipolar pulse BT} Fgoz A
o] f+E %+ bipolar pulse?] Z-¢ At wiglol Wl o #Esit 73?%1421
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CH, with respect to voltage
CO, with respect to voltage
CH, with respect to frequency

oo me

CO, with respect to frequency

Conversion (%)

"t L 1 L
0 50 100 150 200 250 300 350

Specific input energy (J/mL)

1% 3-55. Comparison of voltage and frequency on the conversion of CHs and

CO> in unipolar pulse.
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A C, with respect to voltage
v C; with respect to voltage
@ C, with respect to voltage
A C, with respect to frequency
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2% 3-56. Comparison of voltage and frequency on the selectivity of CHs and

CO; in unipolar pulse.
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1% 3-57. Comparison of bipolar and unipolar pulse on the conversion CHy and

COa..
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C, in bipolar
C, in bipolar
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C, in unipolar
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(SR AR 2R B 2
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VAN
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1 1 i 1 " 1 1 1 1 |
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13 3-58. Comparison of bipolar and unipolar pulse on the selectivity of

products.
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Aol A48 Wwe7lE Zol7k 300mmel #oEM A 8mm, W7 6mmel AL A
ST Wy Wil ZepzoiE wAAIY] 98l o) Lo 200mmE £EE
EATHY JEHZTOFE o] 4mmE = stainless steel springs Al&-3tH . Fet=of
E A7l HYOSZ high voltage AC power supply(Auto Electriciit)E AM-3} % th
ol Fu= 20kHzZ TAHFHA Jd, HAYL 0~10kV, AF= 0~100mAZ =Ao] 715

3lc}. Input powerZt2 power meter(Metax M3860M)E o] 8-3led =234 11, Discharge
powerzt ¥ ol EAS ule}dlry] $3jA] Tektronix2] High Voltage Probe(P6015)2}
Fluke2] Current Probe(80i-110s)& 7Z & Oscilloscope(Agilent M-54622A)E o] &3} o}
AH W FAEE 29 3599 UEich A9R 7 wgldNe Zugwe
RLC meter(Fluke, PM6304)2 ZA3lAct MZ & FAEAZ o|Fojz vr&7|9 §3
Aag vl BAEY) el ¥ 3-608 2ol Jtg, Al27F EF10mmE 2 5
< o] &3t FHA HNG LA F, AolMe FALTE FEAS

FE 7129 §%HS mass flow controller® ZA3gch v etm) o]AkdleliAo) & §
& 30ml/min. 2 FAA7IZ F=HE 27 50%2 nGAA APt BE v A
HEL EAES HZE7|E 23 GC(Shimadzu GC-14A)9}t B3 olL3l A&7& A&
5t GC(Younglin 600D)& on-line & «ZAsle Ao 2 BEAMaHL. BE Age 4
< 4 A EtollM FHstda RESE] RIFHEE dolE7] Hd HIgess deH 2

moles of CH, convered
moles of CH, fed

CH, conversion = % 100

moles of CO, convered

moles of CO, fed

CO, conversion =

> 100

-
>,
o
hing
Rc

(1) A2 FAL5%e B

N2 TE EF9 987l SU 17y Axde YrAZoz st 21 &
He ZAsATh 24 8% Ce §48 o7 vaABAG dool, 5 Aot D
e WAe s, gAML AE dg} 3, Sol vl dol weagch o) e
ERIEDELS
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. CH4 cylinder Power Supply

. CO2 cylinder
. Mass Flow Controller

Oscilloscope
Cold trap
. Reactor GC (TCD)
. Power meter 10. GC (FID)

U = W N =
© ®° N o

1% 3-59. Schematic diagram of reaction system
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Fluke {RLC meter)
Cu plate E:
f./ .\ 1
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Diglectric
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718 3-60. Dielectric constant measurement system
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AoM A" 3 Te BEF FYE A3 FAcln, AT dad. g 2
3-607 2ol FYE 4 ZAAAM, HHEF C= 1§ ¢ ol &34 =Hoh Ciry
27he co) 27kl 71908 Zolm, Cof e8] BAE wg7) Aol Aol F2F Shure
FEBAE 7HE 7 3

71Ee T g7 WE spring =9 27 WHIATIWA T AFE 5
3 23, spring M9 9|AFo] AZAFE FHEFl I, HEEE FUhee A
S HAT 7 AMG ole 22y 9Fo] M EFY FUHET ot MBSl F FF
< e € F AT AR FH A5 st wWE HXRF wgiet old o
2 HIAdFES FEs Byt ME & AEQ Quartz, Mullite, Alumina, Zirconiag
A 22

%, lem’ 2 F/he FHS FHIE VHY Asdd Hdg dHEo
Capacitance & £ material capacitance® A3 H 11, o] FE o] &3 Ao
A9l permittivity 2t-& A4t AlAME permittivity k-2 Table 1.9 Yelich ole &3
Ao d#lx A= 32 Quartz(phosphate) = 5.23, Alumina(99.5%) = 9.5, Zirconia > 20
& & AolE HolA HuUTth o] ZAE ENRE Zepzqt vhgrldA ZHE reactor
capacitance®] }ol= A2 C}E material®] permittivityzkoll 213 Aoz FolE o).

2 MZ & FHAE g I

H¥3-179] YeEbd 8F2-7]9] reactor capacitances ¥HE Mo RLC meter®2 &% 3+
2 Quartz reactor(20.44pF), Mullite reactor(22.03pF), Alumina(26.05pF), Zirconia(32.40pF
2 UEpgth o] e F3A 1F9 permittivity ztolol]l o gro® DBD §HE-7]o A
TR etz AslE, &, AUVF A, 2 HEHe TS Foe 2HE EAT F
A3 dE AG 2AA vkg-7] ol A7t E AY(rms value)E HFE oscilloscope £
=2 3}o] discharge powerE AAHstch AAE ¥ 3-617 1 3-629) e AT
% U3 discharge powerE <I7}s]& A%, vlgte] H3}82 Zirconia reactor7} 718 =7
Vel e, o]ikslebAe) ME &% Zirconia reactor’} 7V = A JEhwth 3, FUS
discharge powerol A Quartz reactor’} 7} *2 wighe] g8 velyta, o|4bslerih
o] A 3}-8-& Quartz reactor?} mullite reactor7} 7} WA UERST. Discharge Power”}
40W4Y o oscilloscope® #7433t peak to peak voltageE ¥Blud] R Quartz reactore]
49 5.16kV, Mullite reactor®] 7% 5kV, Alumina reactor® 72-$ 4.69kV, Zirconia
reactor?] 749 422kVE UEMWTH ol ZHE Q = OV A& olfdte Fehzut
A AEEE QFS Al B Zirconia reactor®] A$7F 7} A JEelwith ol &
a8 3-630 Yefict ol & o] 7HF ¥-& Zirconia ¥HETC A7bEE At
Mg G 73D ¥ Y] ol AREHE st ¥ A7) W& §hgol] st
= Azrke] ool FUrsted Halgo] Fbste ALE AzZtEN 19 3-649F 1F 3-659
e @47bae) 4 uims) 2 A 13 3619 Anel SUsh Aol =,
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3-17. The different material of capacitance and relative permittivity
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CH, CONYV. (%)
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18 3-61. Effect of dielectric materials on CHy conversion
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CO, CONV. (%)
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18 3-62. Effect of dielectric materials on CO, conversion
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Q (electric charged density)

220
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18 3-63. Effect of dielectric materials on electric charge density

Voltage (Peak to Peak, kV)
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H» yield (%)
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1% 3-64. Effect of dielectric materials on H» yield
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CO yield (%)
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1% 3-65. Effect of dielectric materials on CO yield
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Voltage (V)
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1% 3-66. Voltage waveforms of each reactors
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Current (A)
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18 3-67. Current waveforms of each reactors
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1% 3-68. Effect of reactor capacitance on the CHy conversion

- 147 -



CO, CONV.
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% 3-69. Effect of reactor capacitance on the CO, conversion
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1% 3-70. Effect of reactor capacitance on the H» yield
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1% 3-71. Effect of reactor capacitance on the CO yield
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Q (electric charged density)
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3-72. Effect of reactor capacitance on electric charge density
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olAe] Ao BAH FHA wglo] wE HAFHAZ Zirconia 5719 M B-#o] 7}
A 2 e Uebdly, Quartze} Mullite ¥+-8717F 22 @S YW S &0 & v
$71442 CHeF COxol A& o] ZA Yersth o= RG] FAA 9 FAA ol 7]
olgt Zro 2 ko Fojstes etz FAIE Ut FAS Mullite 8287 AHAAN =
Ag o] & Hk37] dF#F CHiol COx9 Hsh&o] ZA Yguth ol HHE&ZF 9
&g Fe d e ZAEE A3 AolH, do A9t o] g HoAdls HstEo] F
74at7] Wi Aoz AZtE. AAHeg HW aluminagE FHAZ AHEste F57t
b4 AgFolgtn ddE e 2 olfe M W HedA AFel restEMRE A
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7v Zu) e A3

EzutE o| &3 e AEWNEA Fulrt §ESol ule FIEFS GolrR ] 95y
A2 742 FefE o] &ste] WEFAE L FH At Cylinder-wire 3 w3715 o] &3l2
L HEgE HSERE 3 A distd 94 AFE STt Ao o] 83 A
FAE 2" 3739 BT Ay 7HA] 34 FolE AR 9 AES 3P e,
EE g55de AU R AxdFery WA Fudss H2EFY] 93 7%
B AES YY1 A8 ¥ 3-18~3-220) APtk FolA Bulel Zo] A
£33 F4£ 932 Mn, Mo, Co, Ni, Fe ¥t} Z‘—UH Azl #F Ao ZE Gl BF
AL FE 600z AAste HEstda, @AY Z7]e 20~48mesh o], =
400%, 500%, 600 ol A AAd 3l A Nﬁo}giﬂ, 3l 1A gt AFA] oeSge
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o] AA o g =A Jetgdon AdE Ax /1A Eoldt He NiE A3 ALdsd o
i 229 durrt Fo HA S71EgE & 5 ddh
eo2e g ZoE o8 7HA H5E HIA A Az wrEAd e gk
WEEojo] Az HyEe Wae &%, AHEE HIAHOY gAY wdr] W &
A AAE E & 852 sttt W3 FFe 1-5wihz 3}
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gt A5 AFHEZE HPtCls - 6HOE o] &3ty e =
o 200mm FoA 15~45mm Alo]o] H o2 HSAIF|HA 49 A3
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o iigEa) 49 45

WA Ao FUALEE Yolyr] gste] 2rlHAMOoR AZY 3wtk Py/ALO; Eof
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AT 2% W0ml/mine] FHET FeWA LEF F2olM 600C7HA £ 5T
£ 8 SEAIFTh 400C 8 600CE 248 5 FF9 Zujo] thste] TPR A& 43
23S 29 3740 JERUTH 400Tol A £A3F Zoje] A9 100CS} 150C X1
of 24 U=t d4o] JEgom 600THA A£A% Eujel ALE 250T Aol A
g0l dojubs AL BAT + AT

9F B JBL Yohur) sk 1,3, 5 wi%e] WITHYF LHLES uhio}7}
o Alxzstd 747k wigAH & H2ESAT AVFAY 17kV, AF 35mAdlA gt §-2
< 6ml/ming nPst JdPSF AAE 1Y 3750 HP WG FFo] Fried AP
FE Frbshe %2 Ushion 1wtk Z0)o) 4% Fusl ot A% ABEY v
& FAE Bt
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# 3-18. 5wt% Mn/ALO; £ v 43 Ay

S5wt% Mn/ AlO,

Calcination Temperature[ C] 400C 500C 600°C
Conversion[%] 547 5.42 8.04
C,H, 247 2.29 2.36
C,H, 2.88 275 2.70
C,H, 33.75 34.45 32.44
C,H, - - -
C,H, 0.70 217 1.25
C,H, 17.38 15.45 14.27
CiHy - - -

¥ 3-19. 5wt% Mo/ALO; Zuj o] ¥le a3 Ayl

2wt Mo/ Al O

Calcination Temperaturel C] 400°C 500°C 600°C
Conversion[%] 7.30 6.51 7.05
C,H, 231 205 2.29
C,H, 2.80 256 2.82
C,H, 32.43 3118 35.33
C;H, - - -
C,H, 0.59 1.87 2.03
C,H, 12.92 12.30 13.73
CyH,y - - -

# 3-20. 5wt% Co/AbLO; Zvje] vlLAd An

SWt% CO/ Al2 03

Calcination Temperature[ C] 400°C 500C 600°C
Conversion[%] 13.88 13.05 12.17
C,H, 1.34 0.98 1.37
C,H, 167 165 2.03
C,H, 2150 2165 2361
CsH, - - -
CoH, 0.39 0.33 1.14
C,H, 8.15 776 8.60
CHy - - -
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% 3-21. 5wt% Ni/ALO; Zoje] wr3ad Azt

swto% Ni/ AlOy

Calcination Temperature[ C] 400°C 500C 600°C
Conversion[%] 14.07 7.21 5.46
C,H, 0.91 257 2.33
C,H, 1.49 329 4,07
C,H, 19.39 44.20 59.77

C,H, - - -
C,H, 0.33 0.73 3.01
C,H, 7.21 15.25 59.77

CiH ) - B -

T 322, Swt% Fe/ALOs Zmjo] wlga3 Az
5wt Fel Al,O,

Calcination Temperature[ C] 400°C 500C 600°C
Conversion[%] 15.0 14.17 14.17
C,H, 0.95 107 0.78
C,H, 1.34 1.50 1.30
C,H, 16.42 16.68 18.38

C;H, - - -
C,H, 0.32 0.34 0.29
C;H; 6.18 6.74 6.41

CiHy - B -
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H, Consumption

1.0

Calcination Temperature
—6— 400°C

N U = VU0 . U < T o U = S . W — T = W — B0 . VO . &
2. —a—th———f3—it3

Temperature [ °C ]

¥y 3-74. TPR A48 A

- 157 -

T T

300 400 500

600



Methane Conversion [ % ]

20

r —o— 1 wt% )

18l —=— 3 wt%
— 5 wt%

r —&— 3 wt% without reuction
16 L
14 |
12 b
T GM/&-——\—Q
8 -
6 i 1 H ) i 1 — L Il 1
250 300 350 400 450 500 550 600 650

Calcination Temperature [ °C ]
% 3-75. olg A& oM dex P g kol Ja
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¥ 3-24.400C 9T A% g

o

B3 24LEo B2 4B HUwe) &8

Calcination temperature (C)

Pt loading 300 400 500 600
(wt%) : . - -
select.  yield select. yield select. vield select. yield
(%) (%) (9%) (%) (% (%) (96) (%6)
CoHy 2.29 0.21 162 0.14 2.11 0.20 2.12 0.21
1wi% C:H, 2.97 0.27 2.45 0.21 297 0.28 2.93 0.28
° CoHs 42 .40 3.80 49.02 4.29 46.97 4.43 45.28 4.40
Pt/ALOs ‘
CsHs 1.00 0.90 4.32 0.38 1.21 0.11 0.73 0.07
CsHs 1351 1.21 15.10 1.32 13.04 1.23 13.29 1.29
C-Ho 0.38 0.05 1.53 0.18 1.38 0.17 0.55 0.08
3wto% C:H, 0.75 0.10 2.37 0.27 212 0.26 1.02 0.15
3w
’ CoHs 36.85 477 49.11 5.67 34.49 4.17 30.03 4.33
Pt/ALOs - - -
CsHs 0.35 0.05 0.41 0.05 064 0.08 0.37 0.05
CsHs 8.80 1.14 12.15 1.40 9.68 1.17 7.69 1.11
CoHs 1.67 0.18 0.49 0.07 0.37 0.05 0.14 0.02
St C:H,y 2.42 0.27 0.91 0.12 0.82 0.11 0.34 0.04
° C.Hs 50.30 553 33.07 453 33.84 4.68 38.97 505
Pt/AlOs

CsHs 1.02 0.11 0.36 0.05 0.58 0.08 0.13 0.02

CsHx 1444 159 8.47 1.16 3.90 1.23 9.71 1.26

# 3-25. Zojo] ¢kt 9A] Wste] WE mE MEE 9 H4E Y=

Calcination temperature (C)

without (out otl‘ilasma (in Lhe1 gplasma (in thg gplasma (injgthe
catalyst zone) zone) zone) plasma zone)
Conversion(%) 12.27 10.08 11.54 13.0 18.70
CoHo 2.64 - 153 - 0.02
CoHu 276 - 2.37 - 0.10
Selectivity CoHs 31.16 27.51 49.11 35.81 31.37
(%) CaHs 0.16 - 0.51 - 0.02
CsHs 13.34 8.81 12.15 8.599 6.40
CsHio - 317 - 2.55 1.78
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Methane Conversion [ % ]

25

3wt% Pt/AILO,
Calcination Temperature : 400 °C
20 Reduction Temperature : 400 °C
15 -
. o o ® o ° e o O
10
5 L
0 e 1 i ) i 1 i L . ] n i . 1 . 1. i 1 1 L
0 2 4 6 8 10 12 14 16 18 20

Reaction Time [ hr ]

213 376 AT Al mWE we WEgel Wl
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Weight Loss [%]

110 1.0
08 —— 1,TGA, N,
L el e e 2,DTA,N, 105
106 = e 3, TGA, OZ B (D
oot 4 e 4,DTA, 0, ] 00 o
104 1 S
i 2 405 O
102 / =
4 A (]
100 / 110 o
] S
et
% | 415 g
96 1 3
| ~-20 @
94 - : =
I ] 25
92 - 4
90 1 A L . I L ] R ) L ! ! L R v 1 —-3.0
0 100 200 300 400 500 600 700 800

Temperature [ °C ]

a9 3-77. TGA/DTA curves (7}1A] % 5ml/min)
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X-ray Intensity

5wt% PYALO,, 500°C
5wt% PY/ALO,, 300°C
3wt% PYALO,, 600°C
3wt% PYAIO,, 500°C
3wit% PY/ALQ,, 400°C
3wt% PY/ALO,, 300°C
1wi% PUALLO,, 500°C

1wt% PY/Al,O,, 300°C

Al,O,

A o oy '

10 20 30 40 50 60 70 80 90
2Theta (degree)

1y 3-78. 7} Pt v e] XRD pattern
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7h. Zof ¢ of W& vId¥
etz o] Al EAE WL EE dlo] o ZujE o] &3 vl ANS st dc) ut
e WEAFog 22y AME-S quartz §HS7|E AEslgon ZE
: 200
(o]

& AT RHFE quartz B 2]
L 3 SHTE F 7% 30ml/ming o ety o] AksEl A i
t}. ogwﬁ?;—g 3~4 kV, Foee 20 kHz2 133 H o dh-3 Ao AR Fx& o
2 3-79¢] B.g

AFR-SE FZolje Fojo] ME-g st ¢4 FE AMSHE FEE0E FAHLE HaE
AT 1wt% Pt/ ALO;, Cu-A1703, activated alumina, TiO,E o] &3} HAE 353 oH
A7bdt-E 35kVE 1 A8t FHufnh §H3iAA ”630}91‘4 &5 Fujo Ae= 300C 4
29 7] A *VP SAX F gEAZA o 25 1g9 ZF0E B3I Y o] A€
A AEskRh £ 3260 ZF ZHofjol] gk wigtT} o] itstebae] Mg 2 wHSAHAE
AEEE Jel A FollA & 4 e viek Zo] BE ZHujo doiA dighe] Fgig
g A2 B F oy oliigletae Aee dAHo2 ABEo] 38 ¢
AAt. 22y S FF TAIGlo] o]ttt ML v%=3 S eIt

E 326 %ol 25| g2 vje olasiese] Weg P MAE A
Conversion Selectivity
ESEN-S (%) (%)

CHy CO» HY/CO H: CO CoH: CHy CoHs CsHs CsHz CiHyp  sum
Pt/ALLOs | 4779 2773 | 1.14 6162 5417 053 044 1269 024 684 169 766
act-AlOs| 4975 2811 | 1.15 5878 5106 054 038 1153 022 582 142 710
Cu-AlLOs| 5113 2815 | 120 5806 4826 009 060 115 038 633 1.79 690
TiO: 48.99 2765 | 1.22 5928 4859 066 050 1213 033 664 194 708

None 46.15 18.04 | 1.35 6576 4885 0.74 047 1386 034 756 204 739

Z Zofo]l oA AZbHGe] Frbo] mE WMBE L WAHES] MU E BASACL
Cu-ALO; Zujel 795 23 3-800, TiO, Zuje] H9E 17 3810, activated
aluminag AM§3 792 2% 3-8290, 1wt% Pt/ALO:E A3 A9S 18 3-839)
zZF JEh ok RE A% oA AL =r}o) wlet H3eo)

Sou AAEQ Fay YAFErAY Melss &2 tﬂg}_j]_ A} L3 BE Ao
ol C2 BgEY Nelvr ML Z7lo wat giasts AL

S
ol of)
_(‘)L
rir
Pk
tlo
o
2 4y 2

E\J

12
38
0

rl
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18 3-80. Cu-ALO;
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b Ni/ALOs %7 ol 3 Wg2 Y

(7h o A=

B Ao AL8-H Zu]e y-ALO;s(Strems Chemicals. Inc)E& 7)1 HS o] &3] A=
sttt 7-ALOsE QEd 9 Aol 3d4mmT Zol7} 45mmE 27L& A
103K A 8X17H Fob FEF 2as THFAM 24320k /& Tyler mesh2 10/20
meshH 7} sieving® % mlg] AdE Fo AME F8&9 Ni(NOs): - 6HO(Junsei
Chemical Co. Ltd)& Nio] FAHIL] wat Qwt%, Swth, 7wth, 10wt%)eHr7 &
393Kl A overnight A|Zit}h o|& thr] 773K - 973KE 44 &2 gkl WA A
74e 5A7 FoF AAFETH &40 By & 973Ke| A 2hrEot UG

4

(1}) Catalysts characterization
Z27] FARME AZE oo E4: 24P A i) HHs

g Zul 1g el FRHANT, 4F 2de d2H Zoh Eeze
130Wol 3, Za4E 20kHzoln, =915 E CO9F CHyo &3] 30ml/mino
U dA&E v AES 5 Fuo 450 Aoty adeA] #RAT 48 ol%?‘&
e g2A 5*17&56* RHEAl W BT o]bsteb Aol Mg AhAE o

y 2 47 FZsdeactivations dojubz] &ttt Mz

FZadoh BAAJ] AF sty A

of & 973Kefl Al 448 5wt% Ni/ALOsoI S

BET ZHAL 134801, 5wt% Ni %< A A

A A4 73-?— 124& “4013:11:}(3 3-27) BET R%WH ZHd AEd" e
Quantachrome autosorb& AF8-3 31, o]ojA EA3 XRDe= RINT2000 wide angle
goniometerE o] &3te] EA P} LAFeo] Fof XRD peaks} &= LFuiy HeHd o
Ueld XRD peak7t U3 Ao g wM Ni &0 124 9xd Aoz A4zigg 1
g 3-84°] YEd XRD peak ()= Y 3 ZvlZ plasma ¥-32 F33 AAZH, 12
o] Mol oJsf AR Ni 5% Holg|7t 4| Aoz AZ4ET Ni g4 oy &<l
< 938} FESEMS EA3, 27 3850 Jehidch 28 3-850] Role 2k goig
£ 422 EDAX #4& Aldsdda, B4 Z3de 18 3867 ol Ueigth HF 5
AlZr Fot Eetzet 987 Jell A wESAIZD Swi%/ALO; Fvuje] coking FEE H45}
1 A& (TG 290 SDT) s3stAct Aae 13 3-879 UYehhdch Zujel
A 2= Z2AE7] A Haok Noo) R 38 E 282 3t TCDR Atk 429
A 973K74A] 4K/minZ A7 Z OM gdster gASAG. 1Y 3-889)
vehd TPR 232 58 Swtk% NI/A17037 440C Al FE Fdo] A RFTE A&

FAg + A9
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¥ 3-27. BET surface area of 5wt% Ni/ALO; catalyst

BET Area Ni dispersion
Supports State ) 4
(m°g) (%)
v-AlO; fresh 136.7 -
Ni/ALO;  after calcined' 124.7 -
Ni/ALO; after reduction’ 121.3
Ni/ALLO; after reaction 106.6 -

at 973K for Shr
at 973K for 2hr

- 172 -



Intensity

' cll L

(¢)

(b)

T T T T T

0 10 20 30 40 50 60 70 80

2 - theta
13 3-84. XRD peak of catalyst: (a)y-ALO; (b)Ni/ALO;

after calcination (¢)Ni/ALOs after reduction; @ y-AlLO;, | Ni
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1% 3-85. FE-SEM image of Ni/ALO; catalyst: (a)v-AlO; (b)Ni/Al:O; after
calcination at 973K (c)Ni/ALLO; after reduction at 973K
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% 3-86. EDAX analysis of Ni/ALLO; catalyst after

reduction
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Weight loss (wt%)

100 p=orm

ol

:
94 1
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90 -

84 —— Ni/Al, O, before plasma reaction

-------- Ni/AL O, after plasma reaction
82 A

80 T T T T T T T
300 400 500 600 700 800 900 1000

Temperature (K)

I3 3-87. TG profiles of Ni/Al,O3 catalyst
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Hydrogen consumption [a.u.}]

1.0

09}

08

0.7 |
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04F

03¢
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0.1}

0.0+

1 1 T i T T 1

300 400 500 600 700 800 900
Temparature (K)
1% 3-88. TPR data of 5wt% Ni/ALO; catalyst
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REFEH SHEAAEE 29 3-890 el AT ¥E7]E 50cmZolo] WA o] 6mm<l
quartz tubeE AHESIAT ®HE7] WiFo ZetzelE w7 HE) R HFoE F
A Q] quartz tube ¥H3-7] 2Ho] 20cm ZolE2 &% dFow, o] dmmHE sus
springe WHEAFOZ o] &3A ZF2utE A= ddeZ Hd 10kVo
100mA7L=] EAAAZL & Ae AC(Auto”ﬁ AIS3NE AFgFon, CHust CO=
MFC(DIGITAL FLOW DFC-4000)S A}&3}od iga}fﬁc}. E75Ee HFAE F27
(HP bubble flowmeter)Z Z43tHch ¥Eg-719] 3l 20cme 3HE DA H O
heater2 ©EAIZl F+= W2 K-type?] thermocoupleE ©]8-35te] &&= ZH-& 3HT-
olFA FAE wE AlAHE Fil E2h=viel heato] 9% ZHujol BA4WsE uE T
UATH ok Zol, AAE Swth Ni/ALOs FujE Egz=rprt A4t B3
AXAZ F7F U, =g Sebzotrt S ste 93 FYAA Sl o
5 AP
T g E 2 AAHEY #A4E A8 stxaEctEadqs F g ol&siden, ¥9d
GC 600D9] 7% ZAHPOoZ Hayesep Q(100/120 mesh)E AF& 3 1, detector= FIDE A}
£33t YR 3 = Shimadzu GC-14AZ ZH P2 Molecular Sieve 5A(80/100 mesh)
9} Porapac Q+R(1:1, 80/100 mesh)E seriesZ A4 o] 831, detector= TCDE A}8-3)
ot uf3] BEAse A8 S dAFSA vl S8l A7 6-port  sampling
valve(FID:0.5ml, TCD:1ml)& A | 8} o}

2
o

R 4>
N
18
_C:ll‘

2E A Ads g2l HAS HAstE, MdEE, £&F carbon sume] 2E o] &3
A4k ot
gk} ofsbstgtao] HEE Hole v Zoh
o, (moles of reactant); ~— (moles of reactant),
Conversion(%) = (moles of reactant) _ %100
HAEEE e deizet 82 o33 2ol Ao
Selectivity(%) = (number of carbon) x(moles of product) <100

]

2l (moles of reactant); =~ —(moles of reactant)

! oty
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. _ _(number of carbon) x{moles of producct)
Yield(%) = Z(moles of reactnat); <100

A714 HA is) jE ohgE Jehdoh
it = CHs, CO; j = CO, GHy CiHy, CHg, CiHs, CsHs, CiHio
A7IM AHEE AEEE gA A4S R EAES VFEoE AN

T

49 §A47b29 BulE ohent o] Welddh

. s\ moles of H, produced
Yield of H (%)= moles of CH  in feed + moles of CO, in feed <100

moles of H, produced

H,/CO ratio= moles of CO produced <100

Fot2ut AlER2 Ao ma} gk 4o dEA)7] fFe FFHe ALY U
A" Mg ghol F23 X7t doh ®vES-7IE T ES Zelzul Alado] Lnlste A
HE A7bdEHolgr Ao, power-meterf(METEX M-3860)F o] &3l AA| 7o g =
Fetgdth. olgte HMER AYH AFY FHFE #FI] Y e digital
oscilloscope(Agilent 54622A)E ol §-3l¥ 1, HY Eui7iel AF HANE o] &8

g9 Heg 12sqT &

ot
o3
L
R =
+
i
tlo
o,
op
of
s
)
+
ol
Xl
r[f.
olo
N
£ d

of
< AT & AT ol WA Mozt AT, wHAHL AspAFH ) v =7
7b AT ole A 71719 58S 54 AYFe 4% gou, e xo|x ¥u
2 718 Aol o 22 He dUAE b2 Add = A $RA AL g
2ol Ao wiled, & F7] St &nlHE dyAle g 2ol veld + Ut

p=-k [ OTVQ) i(t)dt

g

T =
4714 TE 5713 dehis, Pe $dE A28 Yerdnh #7()sh Foh2(
[o3]

BAolm (129 2ok 1Y 3909 A&E MY HE HHL ey
ghze} W) Yol 9N A9 AR dLTYo] WekA) Bee FAY

- 179 -



—

1. Gas Cylinder (CHs, CO»)

S

. Mass Flow Controller
3. Gas Mixture
4. Plasma Reactor

5. AC Power Supply

6. Furnace

7. Oscilloscope

8. Heat Controller
9. Cold Trap

10. GC (TCD)
11. GC (FID)

% 3-89. A schematic diagram of experimental apparatus
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Voltage (V)

Current (A)

6000

plasma only
---------- plasma + Swt% Ni/Al,O,

4000 -

2000 A

-2000 -

-4000 -

-6000
-1e-5 0 1e-5 2e-5 3e-5 4e-5 5e-5 6e-5 7e-5

1

T T T —T ¥ T

Time (s)

0.14

plasma only

612+ plasma + 5wt% Ni/Al,0,

0.10 {
0.08 -
0.06 -
0.04 -
0.02 1
0.00 -
-0.02 -
-0.04 1

-0.06 T T T T T T —
-1e-5 0 le-5 2e-5 3e-5 4e-5 5e-5 6e-5 7e-5

Time (s)
1Y 3-90. Waveform of ac high voltage and

discharge current
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A7rH ¢ E’JIE W g Azieh A dadE 7Y, FekzrtalA 7P
LA Azsts R AR it 2% d8Ads 7RG CH, X*EZ}%T%
o A" Mol mAls IFLE =AbeH7] HAsted, 20kHze] 1A F3¢E FAT *JEHOH

[¢]

A A7bAE S OWRE 130Ws WA7A WEAZT ol AA shz £%E 30ml/min,
J8)3 CH,/COy Mg S 12 473 o}aa:} 2 APS 53 w7lY B4 BT £ 9
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Power (W)
ZLE 3-91. Influence of the input power on CO; reforming

of methane
(Without catalyst; pressure, 1lbar; flow rate, 30ml/min; CH,/CO;

in the feed, 1)
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—O— H, yield.
- CO yield
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35 A

30 A

25 +

Yield (%)

20 1

0 ‘-ﬂ'. L T T T

20 40 60 80 100 120 140
Power (W)

2% 3-92. Influence of the input power on product yield

(Without catalyst; pressure, 1bar; flow rate, 30ml/min; CHi/CO>
in the feed, 1)
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3£ 3-28. Effect of input power selectivities and H»/CO ratio; without catalyst

H,/CO Selectivity (%)
power(W) _ C sum®
ratio CO GCH, CGHy GCHs €3 4
80 1.30 5464 068 046 1230 623 3.90 78.22
yield(%) 0.10  0.07 1.83  0.62 0.29
100 1.34 50.53  0.56 039 1055 589  3.89 71.81
yield(%) 0.10  0.07 195 073 036
120 1.34 5094 053 038 936 566 336 70.23
yield(%) 0.11 0.08 1.98 080 0.35
130 1.35 49.17 049 035 886 553 299 67.39
yield(%) 0.11 0.08 1.96 0.82 0.33

® C3: GHy, CiHg, CaHs
® C4: n-CyHyp, i-CHio
¢ C sum: The sum of CHs, GHy CHs, C3, C4 and CO selectivity
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Total gas flow rate (ml/min)

1% 3-93. Influence of the flow rate on CO; reforming of

methane
(without catalyst; Pressure, lbar; flow rate, 30ml/min; CH,/CO,

in the feed, 1)
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1% 3-94. Influence of the flow rate on product yield

(without catalyst; Pressure, 1lbar; flow rate, 30ml/min; CH;/CO;
in the feed, 1)

- 187 -



¥ 3-29. Effect of flow rate on product selectivity and H»/CO ratio

; without catalyst

Flow H»/CO Selectivity (%)

C sum
rate ratio CO CH; CHy GC.He €3* ¢4
10 1.0l 73.83 022 0.13 449 298 158  83.24
yield(%) 007 004 136 061 024
20 .11 60.83 040 027 7.2 459 239 756l
yield(%) 0.10 007 181 0.78 030
30 131 4902 055 037 894 533 3.03  67.24
yield(%) 0.11 008 186 0.74 032
40 132 5126 062 046 1145 653 3.18 7351
yield(%) 0.11 008 194 074 027

* C3: GHy, GHe, C3Hs
b C4: n-C4H10, i—C4H10
¢ C sum: The sum of C;H, CoHy CiHs, C3, C4 and CO selectivity
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Conversion (%)

80

- CH, conv.
70 -

- CO, conv.
60 -
50 A
40
30 - - [ IEEEEEEEETEER TN W ...

....... -
20 4
10 1 1 T T
0 1 2 3 4 5

CH4/CO2 flow ratio

1% 3-95. Influence of the mixing ratio on CO;

reforming of methane

(without catalyst; Pressure, lbar; flow rate, 30ml/min; CHs/CO;
in the feed, 1)
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Yield (%)
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15 4
-O- H, yield.
101 .0 CO yield. A=

5 7 T T T
0 1 2 3 4 5

CH /CO, flow ratio

719 3-96. Influence of the mixing ratio on product yield

(without catalyst; Pressure, lbar; flow rate, 30ml/min; CH/CO;

in the feed, 1)
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¥ 3-30. Effect of CH/CO; ratio on product selectivities and H>/CO ratio

; without catalyst

H./CO Selectivity (%)
CH./CO» o C sum®
ratio CO GCH, CHy¢ GCHs C3* ¢4
0.5 0.86 73.85 0.23 0.17 4.84 291 1.45 83.44
yield(%) 0.05 0.03 0.99 0.40 0.15
1 1.35 49.17 049 0.35 8.86 5.53 2.99 67.39
yield(%) 0.11 0.08 1.96 0.82 0.33
2 2.36 32.21  0.81 0.63 11.56  7.69 4.33 57.24
yield(%) 0.17 0.13 2.46 1.09 0.46
3 3.41 25.47 1.27 0.95 13.79 941 5.72 56.61
yield(%) 0.25 0.18 2.68 1.22 0.56
4 4.62 19.50  1.60 1.42 1496 10.21 6.21 53.90
yield(%) 0.30 0.27 2.81 1.28 0.58

 C3: GH,, CiHg, CiHg
® C4: n-CyHyo, i-CsHio
¢ C sum: The sum of C:H, CHi, CGHs, C3, C4 and CO selectivity
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Temperature (K)
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360 4 —&— Bulk gas temperature
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Power (W)
28 3-97. Influence of the input power of bulk gas

temperature on CO; reforming of CH;

(without catalyst; Pressure, 1lbar; flow rate, 30ml/min;
CH4/CO; in the feed, 1)
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Conversion and Yield (%)
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19 3-98. Characteristics of Swt%metal/AL,O; catalyst on

CO; reforming of methane

(Pressure, 1bar; flow rate, 30ml/min; CHs/CO> in the feed, 1)
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13 3-98. Characteristics of

CO; reforming of methane

(Pressure, lbar; flow rate, 30ml/min; CHy/CO; in the feed, 1)
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Conversion (%)

80

70 mmm CH, conv.
vz CO, conv.

_€aOO,

Ni-MnO/AL,0, Ni-ZnO/AI,O, Ni-Co/Al,0; Ni-CeO/AL,0, Ni/Al,0,

Normal (without cat.)
29 3-99. Characteristics of bimetal/AL,O; catalyst on CO: reforming

of methane

(Pressure, 1bar; flow rate, 30ml/min; CHy/CO; in the feed, 1)
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Yield (%)
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e H, yield.
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Ay

Ni-MnO/ALO, Ni-ZnO/AI,0, Ni-Co/ALO; Ni-CeO/A,0, Ni/ALO, Normal(without cat.)
¥ 3-100. Characteristics of bimetal/AlO; catalyst on syngas yield

(Pressure, 1bar; flow rate, 30ml/min; CHs/CO- in the feed, 1)
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3t 3-31. Effect of Ni contents and calcination temperature

Calcination CHs conversion(%) CO, conversion(%)
Metal contents Metal contents
temp(K) 000 Swi%  Twt%  10wt% | 2wi%  Swi%  Twt% 0wt
773 45.0 49.6 40.8 33.9 33.0 353 30.7 269
873 492 553 47.6 572 35.1 38.8 338 404
973 554 55.7 55.5 55.2 32.7 33.5 326 327
Calcination H- yield(%) CO yield(%)
Metal contents Metal contents
emp(K) 500 Swi%  Twt%  10wt% | 2wt%  Swt%  Twt% 10wt%
773 20.5 22.5 17.5 14.8 16.5 17.5 133 114
873 23.3 25.8 22.0 26.1 17.6 20.1 170 204
973 28.2 28.1 28.9 28.5 26.5 270 279 2638

(with Ni/ALO; catalyst, 1g; Pressure, 1bar; flow rate, 30ml/min;
CH,/CO; in the feed, 1; plasma input power, 130W)
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Type 1 Type 2 Type 3 Type 4

1% 3-101. The schematic diagram of Ni/Al;O; catalyst

according to the different location of plasma reactor
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1% 3-102. Influence of different location of Ni/ALO;

catalyst on CO;
(Pressure, 1bar; flow rate, 30ml/min; CHy/CO; in the feed, 1)
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3-102. Influence of different location of Ni/ALO;

a9

catalyst on CQO; reforming of CH;

(Pressure, lbar; flow rate, 30ml/min; CHy/CO; in the feed, 1)
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3 3-32. Comparison of the syngas formation over Ni/Al,O; catalyst

Power conversion (%) Co H»/CO
. o C sum
(W) CH, cO, selectivity(%)  ratio
80 39.35 21.14 60.74 1.14 88.48
with 100 48.32 25.44 64.57 1.07 90.25
Ni/AlLO;
120 54.27 30.35 63.76 1.07 87.82
(type3)
130 56.39 30.27 64.02 1.07 88.15

(Pressure, 1bar; reactor wall temp, 298~338K; catalyst amount, 1g; CHy/CO; ratio in
feed, 1/1; total gas feed flow, 30ml/min)
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Conversion & yield (%)

s TYPE 1
TYPE 2
EEN TYPE 3
g TYPE 4

CH, conv. CO, conv. H, yield. CO yield.

1Y 3-104. Influence of dead volume at the same

residence time in the plasma reactor

(Pressure, 1bar; flow rate, 30ml/min; CH4/CO; in the feed, 1)
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(Pressure, lbar; flow rate, 30ml/min; CHy/CO; in the feed, 1)

- 203 -



() %) 74g ol §% CO, AW

D 7tEe 5
217 7+A) & %—
=& 340K ]
mfel] o] &%

AU
[N
)
B
=2
i
oo
flo
ox

fo
‘O,

) Fepzol FeollM g3k Ah A7k
T t}. Ni/ALO; ZW& 7|29 AL, A%t
02 AelAol} 4~guH3slE AF & 5 UYA D
gtzop7t 7HA = $A
S Folo] = e AUAE A7)
185kA S5 A olitsts He
Iees 2 A, 2 el 2
O] A IAES ZFoly
Zole Wil Ao we}
ol #AE Foliak 4

=Yt S84EE S

18 oX
o o1>L
E‘

rx
ne
tilo
-+
52
2
£
2
Jm

b tle
rr
W
X
)
2
Q'L
N
o
e
B 32
i £

et

rx Hir
£ lNr

Ipw e o
>

mﬂ‘: QL
(o3

ox, 2

mo @Y ox

o & flo
S

o
=

or Hir
£
U
el
ko
N

% 32
32
£ g
Ihy
=]

oX,
i)

o
)
-h
b
m{u

o

" o
it
oo

¥ ox

e

T :‘]N
£
o2

dhe %
e
g
oo
s
o,
o=
o
i
rir
r
)
N
N
r FN
::‘4
_\;l

Rt

Ol
rr
0.

(L o
by
2
2,
e
W oX
lo
s
2
:Iol:“..
o X

o rlo
fru 4

ol
D Nlo

re
o
2
>
o
il
>

o
)
)

oo ol oM der R £omy
| r_[‘]':_‘
olo
2
>
+

09: f
3 ol
-3
>
‘-(I i
> ng
oo =
o rir
=
=3
tlo
~
=
op
ol
o

21
N ol
ox
£
i
n o
N
i:)

£

=

[
o
N
i)
2
£
)
e o
2

1o
2
Sod
rir
o

32
o
o
=)
N
A
lo,
o mrogp 32

l A FEHAE W, 5
= ga2A Egzvt At

o
s

[«2]
2 sasigh 712 493 FUsA 1BOWE A F B
Zlol el A7l @4el WS Gepd Hok hdd U FFol B2
, 80Wol A Zetzelr} ulmd bgsiA LA AT Gebd Sepzmoh ArbAES sOW
248 gelolA Heaterd] &E8 443 LAFAA 4HHAL, °f B 473K7HA)
X o

318 W3l =ZA Jeltz gl kA, L%t 573K uf W ekn); o] AkslERA o

0]

[¢]

A Mg Wats #2 & 5 AU 27 3-106 3 1Y 3-1072 o] Aol W
359 HaE Ho Fu e, A7F Hdo] 80WoliL heater®] &%7F 573Kt =X
M, CHyol H3tEL 9745% o CO9 AHsl&e 100%2 vgoh E3F Hao ¥
TE 100%g o, COE 96.92%E H AT

ololA|, 3UE ZnjE ol &ty Z=ulE QUUEA] ¥ ZHAAM &F 2% AFol
e Zojo 4 wWiE BASYT. 1 Aes 1 3-108 2 2 3-1090) Hof 3 up
o} o] Ueiytt) o] AFo A, heatere] =7} 1073K o]/Fd uwf, CHy A&}&o] 98%7}
Usks, =3 CO, A3go] 100%7th FA 71€d F /e A4de s & o, F<
& AL 47 Yl Zg=RuE AEER G W Bo FgzR0E AT AF
500K ol& £52 @& £ Qthes Z28S Atk 1Y 3-110 € 19 31112 774 4%
=50 ¥sgle A 2 HR/ GE& osc1110sc0pe 2 &A% Zo|t} Heaterd] 35 %7
473K ol3tge o, A 2 AF H¥e 1% 31108 2%y, 573K 4 "e IH
. e 7%% *e‘?‘ﬁ 7234} %54 o] frofl th3} OP“ g # shA t'%dxl Lln=

12 & oiorr fuoR oo o



\

)

L

719 3-105. The schematic diagram of the plasma-heat system
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Conversion (%)

100 A

—— CH4 cony,
---m--- CO, conv.
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40 A .\‘
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20 1 SRR

0 T T T T T T
250 300 350 400 450 500 550 600

Temperature (K)
19 3-106. Influence of the gas temperature over

Ni/ALO; on CO; reforming of CH4 conversion

(input power, 80W; Pressure, lbar; flow rate, 30ml/min;
CH,/CO; in the feed, 1)

- 206 -



100 1
—0— H, selectivity.
90 -0+ CO selectivity.
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Selectivity (%)
o
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0 T T T T T T

300 350 400 450 500 550 600
Temperature (K)
13 3-107. Influence of the gas temperature over
Ni/AlLO; on syngas vield

(input power, 80W; Pressure, 1lbar; flow rate, 30ml/min;
CH,/CO; in the feed, 1)
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O T T T T T
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Temperature (K)
T1¥ 3-108. Influence of the gas temperature over

Ni/ALO; on CO; reforming of CH; conversion

(without plasma; Pressure, lbar; flow rate, 30ml/min; CHs/CO:
in the feed, 1)
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Selectivity (%)
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—0— H, selectivity.
-+ CO selectivity.
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1% 3-109. Influence of the gas temperature over

N/ALO; on syngas yield

(without plasma; Pressure, 1bar; flow rate, 30ml/min; CH;/CO;
in the feed, 1)
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Voltage (V)
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219 3-110. Waveform of voltage and discharge

current at 298K

(plasma input power, 80W; Pressure, lbar; flow rate,

30ml/min; CHs/CO» in the feed, 1)
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4000 A
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-1e-5 0 1e-5 2e-5 3e-5 4e-5 5e-5 6e-5

Y 3-111. Waveform of voltage and discharge

current at 573K

(plasma input power, 80W; Pressure, 1lbar; flow rate,

30ml/min; CHy/CO; in the feed, 1)
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\_) High voltage source

Thermocouple

-
oo

[ ]

Temperature
measurement

e
e

G0

Thermostat

719 3-112. The schematic view of the plasma-catalyst reactor

(flow is downstream; Pressure, lbar; flow rate, 30ml/min; CHy/CO; in the
feed, 1)
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Emm CH, (catalyst reaction)
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CH, (plasma + catalyst reaction)
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719 3-113. Plasma enhanced CO; reforming of CH,; over Ni/ALO;
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¥ 3-33. Syngas and by-product for the plasma-catalyst system

H,/CO Selectivity (%)
Temp(K) _ C sum’
ratio CO GCH, GCHy GCHs €3 ¢4
573 1.21 5199  0.00 0.74 1541 739 2.78 78.32
yield(%) 0.00 0.11 2.36 0.75 0.21
673 1.01 65.55  0.00 032 1438 7.00 3.01 90.24
yield(%) 0.00 0.05 2.37 0.77 0.25
773 0.84 77.89  0.00 0.00 1037 341 1.13 92.80
yield(%) 0.00 000 1.84 040  0.10
873 0.80 98.46  0.00 0.00 0.00 0.00 0.00 98.46
yield(%) 0.00 0.00 0.00 0.00 0.00
973 0.93 98.16 0.00 0.00 0.00 0.00 0.00 98.16
yield(%) 0.00 0.00 0.00 0.00 0.00

é C3Z C3H4, C3H6, C3Hg
® C4: n-CsHyg, i-CaHio
¢ C sum: The sum of CH; C:Hi, CHs, C3, C4 and CO selectivity
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60
mam CH, conv. M _ —

50 | 7 CO, conv.

40 1 —

30 +

Conversion (%)

20 A

10 A

0 T T T

ow S0WwW 100W 130W
719 3-114. The results of different input power at the

same plasma-catalyst system

(pressure, lbar; catalyst amount, 1g; furnace temperature, 823K;

CHs/CO; ratio in feed, 1/1; Total gas feed flow rate, 30ml/min )
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Voltage (V)

6000
Power (80W)
Power (100
4000 A ( W)
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2000 -
0
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19 3-115. Waveform of ac voltage for the plasma-catalyst

system
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Current (A)

0.14 1 Power (80W)
012 - Power (100W)

' Power (130W)
0.10 A
0.08 A "“‘
0.06 - i ' i
0.04 1 B
0.02 A
0.00 vllL Ij
-0.02 A 1*“
-0.04 A

-1e-5 0 1e-5 2e-5 3e-5 4e-5 5e-5 Be-5

¥ 3-116. Waveform of discharge current for the

plasma-catalyst system
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@ Effect of different sequence
gejzu} g Fo S wgol o

o]
Ag BAel w3 71z gz A e Aol

& A £ age
oz dXsach Huue & Sehze) wso] Uojd A9 CH, 2 CO, d¥gL
mgele] eE7h FIbe] wel B2e Sx FHe au Zrbstdch 9 WEIAE
g e &4 Zu) Wee o) 9L FFHE 2ok U ZuNg F Fehzel w
S ¥ A%, Sz e F Zujwkgo] Uojd A9} e H94S BT of
Zejzo}l W37ld] EUHE W JASe] th2y] WEolg AZAch 678K o]4be]
o4 CH, @ COx0l 71ASL % g YA olg

2
@ oot 2 QL ot X orloorr o o U 41 @

A "ot o9} o] &gt Ao g st F yHEEHE VA KFS FIHSH
o ER Fohzeh GO FASEA BHT 5 e 2S5 s 2 el o
AAE Ager)t dHetA " o] 4gE T d2 HF IS £48 T €
A asteart A4EE 298 5 UUTHE 3-34). Feh=vh §h8 F Foff gh3o] ¢
U A2"3 Zof ghg & Egzu yigo] dojue A2HE HF AAdE o
Z AolE BRI AF 4= 42 HFHE AAE STl st 2F
< 2 F ARG F AF EFH 973K ol e 2EdMe Hitadn F&d oM F
# Aoz FuESEE, ot Bozm Fu Axdel e g2 BIA
(equilibrium conversion)o] EAQE 4 Jth= 7H5AdE A& FRAoh
3t 3-34. Syngas and by-product for the catalyst-plasma system
H,/CO Selectivity (%)
Temp(K) ] C sum®
raio  CO CH, CHs CHs C€3* C4°
573 1.10 5846 0.00 074 1489 659 282 83.50
yield(%) 0.00 0.12 234 0.69 022
673 1.04 67.72 0.00 046 13.50 569 234 89.71
yield(%) 0.00 0.08 219 061 0.19
773 0.93 86.80 0.00 025 841 327 122 99.94
yield(%) 000 005 187 048 0.14
873 0.98 88.77 000 005 320 111 033 93.46
yield(%) 000 0.02 106 025 0.05
973 0.98 90.54 0.00 0.04 128 045 0.09 92.40
yield(%) 000 0.02 055 0.13 0.02

* C3: GHy, GHe, GiHs
® C4: n-CyHip, i-CsHio
¢ C sum: The sum of CH,, C:Hs, CoHs, C3, C4 and CO selectivity
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L ") High voltage source
7
Furnace thermocouple
T d
n L
\ -
o e l |
\ e I v
Temperature
— | measurement
P 0000
GIN()
Thermostat ]
‘\ —

1¥ 3-117. The schematic diagram of the catalyst-plasma reactor

(flow is upstream; Pressure, lbar; flow rate, 30ml/min; CHy/CO: in the feed, 1)
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ZH S A(TPR, Temperature Programmed Reduction)
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0.31
30.87
0.14
1523
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H,
Hg
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Hydrogen consumption [a.u.]

5wt% Cofy-Al,O,, 500°C calcination

5wt% Colv-AlL,Q,, 400°C calcination

3wt% Pt/y-Al,0,, 400°C calcination

1wWt% Pt/y-Al,0,, 500°C calcination

1wt% Pt/y-AL,O,, 400°C calcination

i L l L 1

a9 3-118.
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# 336, B whE 650T oA vk Azt

1wt% Pt/ y-AlOs, 400C 2243

400CoNA 2A7F el & Fe =0 29 ¥
650°C ol 2349 650 ol M 23419

gt d3E [%) 32.48 31.40
C‘ZHZ - -

CoHy 0.89 042

AEE (%] CoHs 1.25 0.44
CsHs 0.08 0.02

CsHs 0.05 0.01

CaHio 0.91 1.16

E 336014 B wis} o], shhel o3 BAD Zuish AL FeyzelE o4t @
A8 Fole A AAE B ABES HYPoH, o2¥E Fulst AL Tzl 9
3 253 #UHULS A & AN

E 335 % E 3369 2uPY AL EHxeis olgsled BU Soje Fepzo)
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Fojo] REEAE Lotr 7 95t Ao wig Fujel 2 W dds AAshid
¥ 3372 5wt% Co/ rALOs EujE Z7|FH oz AFste] AaE 7] 3lelA 40
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X o
et rzi rlo

OCQJ» 500C e &2 4243 7, Swth%h Co/ ALO; Zufof] tisf 400C
zojo} He EgzulE olgdte] BUW Zuje o3t M
ﬁa}zu}e o8 HBHP WS +AY T vk VLY YAHE
Astolth. o] W WE
AL 33kVE Tk
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400Col A 2412 gl % WAy Z8t=vr SdF BHEEdY

400C 44 500C 473 400C &4 500C 44

et A [%] 38.78 38.69 36.69 31.52
C:He 0.88 3.19 0.58 1.53

CoHy 2.46 2.29 2.02 1.99

AA T (%] CoHs 21.31 20.01 28.30 2569
CsHs 1.07 1.35 0.84 1.31

CsHs 10.23 9.03 16.58 13.51

CsHyp 5.32 5.40 7.21 5.32

o5 #91 Zujsl A TepzolE olfad &

AL = Oé ]
49 Zujo] vhg AF/EL A FAFEHLH, 500CAHA 44T MHA g A EE ol
oF7t 7+A43t7 g oy, aeolAM 3 R ogky T2 did ddEEE O
FAE AL AT & o

33, A2 ZRulE o] &35l 2412t E ¢ ZHE FulE ATl AMEE AES
10IWEHN, YA Z S43H 634k siF3tct Wb, 7ldw oz Zoj 8 FYAI|=
ALolE e wkS JRA A ¥HS7]e 2EE 400C EE 500C7HA] 7rEsted =

AN A 7R e ste] 400TC oA Al 775k], 500T A A Bl 1042k]e) A A7} AL-E-
gt F, ZetzulE o435ty ILE FoiE U AL 400TAHA AT F 4
82%, 500°CN A 33k A9 61% 1 6]]“40]-“ YA AR

ojare] A2 RE, F&9 FF BAGl ML ZHRuE o4& Fof Y WHEHE

Slasiel B4 2B THA BAT F ASE T + Aok
Sl M A ulel Zol, AL EeactE olfd Fu BY W /9 s

o3 B9 Wy tAle] AL EzelE 0§ FuE BAPOEA, 12 2V T

Sol #7] 9% B2 ¥E AN 22 €1, BY WS AL BEAA FA Lol

- 226 -



Sol-gel Mg o83t P/ALO; E9lE AZF & 2447 2o gaoz ujeol
STl Fehzoh UAE o]8F B 54 2 vive] VWL 54 ATE 59
sk e AN SAHoIA Pro) GAFH LHLEES WE 7B ZUE Az
stel olg AW 54 sesdth Zujs DBD #87] Yola BAL AR
gol W ATE L AHE HuAel U dLS FetstAd

i
o
N
N
S
3

3

o,
=
=
o
o
IS

o

mmgl quartz tubeE ®¥F§-7|Z o] &3}la] DBD ¥Ig& #%
sttt iAol 045mmel FH 9 2 A2 wireE WEHATOZ o] g3lPon
el 200mme] Zo| IAEstd YgRHFToZ  o]&3t Pulse power
supply(ITM, 0-10kV, 10-40kHz, B2 % 2-5p5)& AYo 2 AtEstgoen =9 7)4¢ o
gk2 MFC(Bronkhorst, B-5534-FA)E o] &3t Alojstgdct whe A EL Es]19 gas
chromatograph(HP 5890 equipped with a Haysep Q packed column and FID detector,
Younglin M600D equipped with TCD)& o}&-3la] EAIsl4 o)

¢F oL} xerogel Fol AXE 3l sec-butanol, aluminium tri-sec-butoxide (ATB;
Al[O(CH3)CoHsCH]), acetone Zmethanol®} Z+-& AJ¢ko] ALttt wiZe] ALAZE
HoPtCle6H,03 AHE-8h wigo] 2 3oy xerogel Eolje thex 22 3PEoz A
Z3FH k. WA, sec-butanol 100mlol] ATB 50mlE 7}8c) Acetone 10mlo] ©X)3}1uz} sh=
sl 9] kS ARSI HoPtCl.6H,OZ =031, o] AL sec-butanol |- A 7}slck Methanol
100mloll FF 106mlE ¥, o]ZAE& A FnIgh o] M3 H7}stH Pt-alumina gelo
e A gels ovenoll B3 120T 9 2=ollA] 24471 o] AxAIZITH

EfolElo}l Zufl A 2E daiMe thE 212 FY&a Elojelo} xerogele] AZE ¢
3lod TTIP(titaium isopropxide) & AHE-3}5iTh

A 23 Fol= 20~42meshe] A 7|2 E-F3te] 400TC 2 600°C Alo]o|A] AFAES 7oA 2
AMES AsAHom, Absta ol A o] &8k AbAho] F3E 100ml/ming Tk whSol ARE-3
Zujo] 42 03g o8 Fop=Rvl 99 R AYM AFdstdct 2o sols Fe &
gres A9 B T FuY ojgs HASGed, BE AEL 4L, AddA FHHNU

=

o,
4
o

u
rlo
o

obell ALgE &of F A&,

moles of CH, consumed < 100

CH, conversion = molesof CH, introduced

7t MAHE F C2, C3 and C4 hydrocarbond] Hei %=,
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C.H,

. CH X x 100
Selectivity of “x''y =  molesof CH, consumed

Fa AUEE,
moles of H, formed
Selectivity of H2 = 0.5 molesof CH, consumed

100

7 5B SEe,
Yields of CxHy = Conversion of CxHy x Selectivity of CxHy
2 Aoystinh

L Pt/ALOs el 43 23

ZgzuteE & qUAE 7MKL eng Fulo Az ¢ UL 5 HEF F
Ae= ATge 9y F dhvjoltt. F&AMsE FujE US| I dErF o yLE o
23l F4AE WA T . E2ERl Ao B3 AR FAE 52 oY
XE FHEFEA Hi, o] 7IH7F SF5AEE S T MAE Hol YA FHoo S
FE8 = Atk oA olojyolE HL3H solgel HeZ Ax3 Pt AgE ZulE
dielectric-barrier reactor®)] ¥ 39 A1 E F3stgon, ojxA FJAFE ZuE o] 83}

of dgre AN SHL ATHAD
Sol-gel o2 A|x§ ZHule 2048 meshe] Z7|Z2 sievingS3F Fo 4007, 500T

2 600CoAA &24e AFET &4E8 sl #BF Z(tubular furnace)olfr 4HAE 100
ml/min® 2 FgFstgoen, ztz7te] LxoA 2417 B9 §X & AJATh Wy Huke
A8 AzP Foo FUE A TS AFAAM AR AL FL3A ITMOlA F4 g
power supply [0-10kV, 10-401<Hz, 2-5us]E o] &ElHT. FA9 A % 144 -rJ] H| 2

ookal zolg 9o ATk Zole 84 BAT vige vg 4y

& oscilloscope(Agilent 54641A)E o]-&3lod YT HFE
HEstd Falgeh A E AUA ge Addxdd gt 3739WE vET. 89
] B2y s $£49 4& TCD7F A2#E GC(Younglin M600D)E- o] &3t &

t}.
I 3-1190] sol-gel o2 A2d Pt Fujo] ts] Zezul AR E o] &3 PAR
ADNE Yok 3wt% Pt/ALO; FuiE 400CH A 243 3¢ 108 ol 33 &+
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2

AR peakE YEMI I, 408717 49 AR7F Ay 28u 500T 2} 600°C o

£ 108 ol Jeud 4 peakdl Z7|e FAdte BEFES UER

solutth 5wt% Pt/ALO; Zuj& 400C9 500TCA M 248 AS

strte] peak7t FEISHAl WERSEA, tiF-E9 feo] 30% ool wFEEHE

sk 4 ok 2y AA2ETF 600T Q1 H9- 400C 2} 500TCoA A &dst 7259
Be] 9 peaks UEIMOT, 40 ARHE FAS R YstE AAHA AL

. EEEu oUAE o] &3 FY B4 ZAAE mHPS W, Swit% Pt/ALO; Zu)

600 CoAA A A A243g A Fejo] AT E 7Hx Edol AAE 3

.

Rl
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o ox
ret

r\r PR
tlo B
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Jﬂ £
t ¥2 e e

o H

kv ox,
gl
pav

3 3-380 sol-gel HHoR AxE Fujo] 34 EXFH AT W @& g
Ageast YAE g selectivityE VERWATH 9H3AE Mol 03ge] ZFujE S &
F4a9 AAE 149 Hu vE Y F£5L 10 ml/ming o] 2417 B¢ S =
ol g o] 43 BYPAR)S $£3314 . 39 & Zul= 30 ml/ming] WE A2 THF
R, A7F AsE 3.0 kVE 3tE § 34T E FP53vh. wA], DBD 937 oA
Zuj7t o= M Arie HEEALE HES] Fetdtr] falAM Fuivt gle 2xedA
AR E s o] W vee] HABEL 3671%A%, FALES GHs, GH.9}

CHH o z+zh 9] selectivitye 15.42%, 9.74%9F 12.71% Foh. 3
9] selectivity7} 4745%= vwf-§ F=kt}h X XA (support)
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%j%‘i}%% J_*é l w}etr 34.10~40. 24%,1 e b}s} I, 2L F48F

T A4S YRt &FouTts AHESstAE 73 Zu S ALESHA] A%k
o 7Hg SH A 7‘4011&% obA F A (CHy)ol A E A 4skar, &7k selectivity 7} 5
A F7hstA o Liu 5&7ZSM-5% %—8— AEWE o] &3t |k HAENEg EAAF

859t Sol-gel Moz Azxd Lo}t 2

qg FRE o-r°“—x- ZSM-5%} Zo| Zj
Pt/AlLOs Zuj|E 400°C, 500T 2+ 600°C of A o
&8 3773%, 4231%%} 5317% =2 FHAsA Z7+eAoh
NS W vy A& 4092%7F Z7)sk ok 3 3wt% Pt/A1203 Zoj & 6oocoﬂ
M AT Fole ZuE AMREA] F%Es WET d' HFEo] 44.84%7) FU4EATH
Swt% Pt/ALO; ZFrie] B¢ &4 227t 371855 dg dedge gaste A4%S U
gt 359 & 1%01 Foiui 2457t SS2FE A XA (support) EH| Fvf
24& g= %é?% PAEC] M2 FAAM BHYH EHH] FolE & Ut} o]F 7
+ A d g Svjo] A Pt A2 BF 77 FAAE F Jon wHEe
AEEE A4 & Utk old off w&Ed He Mo ad oz it &
ol o BA4HY A7) F7he XRDE o] 838t HAHQ E4o] 7

b ls AEiolA vig HEvre 4FE FY Ay T AAHEL Q2 ©HEgs4ad)
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th. DBD ®Eg-7]ol A a7t gls 74 st (simplified) &
& el st

L

485 AL B oA gl
E2 GHe, GHs9} CHiodt 22 ¢7b(alkane)o] AT 3wt%
Pt/ALO; £ul & 600TCoNA £A4% A GHee F&(yvield)= 16.14% 2 7M1 =& #E
UEHT o e A0S ASeA 29e duch 28587 2748 Aolth U 27
N GHse &2 620%Ae™ Zujzl gle WETH 4587k S7tetqich o] Aol A
incipient wetness methodE ©]-&3}o] 20~40 meshe] &-Fuju} &ao] 3wt%h PtE X
o] 500C=E 248 5 e Z_ g ¥ wdstd. o 4 d.
Ag=olden, CzHH T&-2 1319% A Sol-gel o2 Az \} ol s T =A
AN APAE W GHeo 58 °] 402% =2 27t F7tslA T
5wt% Pt/v-ALO; Zujel AL z+zhe] i*é Tol A LZEe selectivityw F7F3FH A
Z

U, Pt o} S DBD 8H3-7] o] ¥ vig M3uks 2
A E R kortor, = AA

gk dgre] MEgo] Folsdth WX FAHEY 8 st HEE Hdae
HAME dFE AT, Suf BHAH Y ié(smtermg)i A3 EHA e i Ao
2 AdEt 53] 600TAM 248 & Bfole PtE 3wth H7IgE ZA¢Eo g &
o] RIPER Hold A& AT + Uk

23 3-1202 sol-gel o & A|x3 ZojE AHE-3tca] DBD vhg-7]o)X d@S #3st
AL A F AAHEA GHeot GHsol F&(yield) S 2A2% WHlo o} Yeld Ao
of. @A o] Jwthd BF FEL Ftetes AFe UERHAT Swithd Fde mia
A Zaste AEE YRR SwthollA 84 Hhe Sl B o g Ed A
o2 #edEg

2% 31218 B AT ALEE Zujo] o)
& A48 v-ALOE TYste] XRDE 2AE zloln, #2-#4E sol-gel Moz Az
v-ALO; & 400°C, 420C 2 440°Co| A A2AA)17l ZAolth Sol-gel o Axd LFur}
oF 48 ZFujubs MEYe o ok ohE XRD HHE Yebdch 3wi%el Swt%h Pt/v
-ALO; ZTE ZhZ 400°C, 500TSF 600°CoHA AQPS uf ZHES #5-#100] ekt
PtE 22 F 400C9 500C2 A% ZFuje PtE @A 34 B v-ALO:s} Bl
A2 Jebdoh 28U 3wt% 9 5wt% E0)E 600CoA 24 A AL G2}l
A XRD el UeElWE ®ok ofye}l Pt 549 Peak® FHHUTE Pto] G A Zo]
Swi% e A% Pt Peak © ZA Uehdth old wrEATE HUT W Swik Pt/y
ALO: Zols] A% 01T Hehgel BAATH XRD $H Aol A B vk 2ol 2
WEHNM B I¥L s Pt YASo] 1o AAFH(calcination)o A A7
(sintering)o] doji} B4 THA o] A7 Y AL &AL 5 AUtk

XRD 24 Z#= el RAolth 1o
1

AA
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# 3-38. Effect of Pt loading and calcination temperatures on methane conversion and

selectivity. (methane flowrate : 30 ml/min)

CH, Selectivity(%)

conv.

(%) CHs GHy GH, GHs GHs CHw Ho

witout catalyst 36.71 1542 9.74 12.71 3.74 1.90 200 4745

v-AlOs 400C calcined 3419 1919 592 - 7.97 0.15 700 938

420C calcined 3610 1602 7.06 - 5.97 1.24 400 1031

4407 calcined 4024 1402 954 - 4.75 0.62 331 1119

Sol-Gel 3wt% Pt/ALOs; 400C calcined 3773 2883 191 - 7.77 0.34 261 1297
method 500C calcined 4231 3313 220 - 1346 056 6.05 9.03
600TC calcined 53.17 3035 1.22 - 11.67 017 6.28 11.06

Swt% Pt/ ALO; 400C calcined 33.01 3737 025 - 1150 0.20 7.45 1048

500C calcined 2897 3957  0.35 - 1172 0.63 502 10.06

600TC calcined 2818 39.01 037 - 1318 161 885 933

Incipient
wetness 3wt% Pt/AlLOs 500TC calcined 36.65 3721 1.04 038 1766 1.07 1255 3581
method’

*Catalysis Today 89 (2004) 193-200.
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- 3wt% PY/ALO,, 400 °C
- 3wt% PYALO,, 500 °C
: 3wt% PYALLO,, 600 °C
- 5Wt% PYAIO,, 400 °C
- 5wt% PYALO,, 500 °C

5wt% PYALO,, 600 °C

O G bW N -

Hydrogen consumption [a.u.]
g '

0 20 40 60 80 100 120 140

Time [min]

1™ 3-119. PAR profile of prepared catalysts (Pt/v-ALOs); hydrogen and nitrogen
flowrate = 10ml/min (20vol.% Hz in Na).
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25
—&— 1 C,H, yield; 3wt% Pt/y-AlL,O,
—m— 2: C,H, yield: 3wt% Pt/y-Al,0,
20 _e— 3:C,H,yield; 5wt% Pty-Al0,
— 44— 4:C,H,yield; Swt% Pt/y-Al,O,
1
= 15}
X
K
0] 3
S 10}
2
5 -
4
0 L | n 1 i L i i L 1 L
350 400 450 500 550 600 650

Temperature [ °C ]

2% 3-120. Effect of the Pt loading and calcinations temperature on the yield of

ethane and propane; methane flowrate = 30 ml/min; after PAR.
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v-Al,O, Y Pt
B vV PtO

Intensity

2 Theta

(1) v-Al203, (2) v-Al203, 400C calcination, (3) v-Al203, 420TC calcinations, (4) v
-AI203, 440C calcinations, (5) 3wt% Pt/v-Al203, 400C calcination, (6) 3wt% Pt/v
-A1203, 500C calcination, (7) 3wt% Pt/v-Al203, 600T calcination, (8) 5wt% Pt/v
-AI203, 400C calcination, (9) 5wt% Pt/v-Al203, 500C calcination, (10) 5wt% Pt/v
-Al203, 600C calcination

29 3-121. XRD patterns for the catalysts of Pt/AlOs.
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ok Pt/TiO, &= o] A3 ZHi}

oo g 2oy dAl Elo]ello} xerogele Azt oS G2 o] g5t Zuj
g Az & 21L& FYsA FASL A FAH T wA Aol

1%y 3-1229] sol-gel o2 A ZF Pt/TiO; Fujo] ths] Zat=znt A& o] &3
PAR Z#E Jehdch 3wt% Pt/TlOa Z)E 400ToAA 243 A 108 oo =g
4 AE peakE YEMA I, 607X 49 AE7F M 2y 500CTAA &
QA7 Fole %7] paeko] o}xl 3 SJAAS 608 xR FANHA JEy
t}. 5wt% Pt/TiO, Zu]E 400C 2 500CoNA 243 A% A g A4 o3l 3k
ol dojds B # o 100&S HFsie o] dojds
7b 600C 3%+ 2
gdo] vt E S

# 3-399] sol-gel o AMzH PYTIO, Zvjo] Z

te of

& 9ABY £HLE W5
g2 e Weed 4AE o s slsctvity 2 etk 9 4E Aol 03ge] e
FAS F 549 ALE 149 $9 92 ERS §42 10 m/minE 3t 247
ot EepzulE o8¢ BUPARS FHAT. BY F 2ok 30 ml/ming] o shx
2 2eFUL, Avb AL 30 kVE B T 9e49e $98u0 WA, DBD W
7 Qe Zuish Jeme SN ArlE eS4e wsts] setar] dsiA Zosb gl

stk o ¢ vigte] AL 3671%AT, FHANEL
CoHs, CoHat GH:R 0™ Zh7he] selectivity = 15.42%, 9.74%9F 1271% A0 £§ A4 E
Foll M F49 selectivity7} 47.45% 2 wj-$- =gtch A AA 5)

Lo} sol-geltggi A5t 400~600TC Alolel 52 AAEe wleAYLS L8 sgc)

e dgge a4dezd maA 37.73~5051% 9 w2 e JEhdl1, A4LeE7 Ft
S5 A %7}3?: AeE YERWTE EolElYolthe ARIIHE A 2o E AR
32l e Wt Mg SAAHA AolHe HMgo] 493 mre Ha Jdedo Ae
T ddEeE F0e ol 600TS] X ol BAUAIZ] titania xerogel2 AFE-3H
RN WA ABAH P AsE A A2 G 2k 4+ dla

o
2] A2z BAGlol Mkl AAHI
%"& 54 glo] 124 BXHAY PYTIO, Fuje EAogE o
H%EE 7P7<l“ dedolut 2o Aol Ao glote Holth 4y 2
ole] 7S WMFL EAATA L £4 Eolellolr}l o £ £n) AL BT}
a7 31232 2 Ao AFEE EZufe tis) XRD 4 23S Jed Ao
A #1e 3wt%, #2—‘— Swt% 9] ZojlE Uehl Pte AAZoE w24 BEXE =
FolE & gllon TiO,9] 79+ rutile phase®} anatase phase7} 124 X E o] g
o1 anatase®| peak’t A3 IAA HYEL FAY F Yo, o Wl ua #2

<)
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% 3-39. Effect of the calcinations temperature for Pt on titania(TiO;) catalyst on

methane conversion and selectivity. (methane flowrate : 30 ml/min)

CH, Selectivities (%)
conv.
(%) CaHg GH, GH, GHs GHe CiHp H,
Without catalyst 36.71 14.42 9.74 12.71 3.74 1.90 2.00 47.45
TiOz 400C calcined 37.73 17.97 3.20 - 912 1.15 6.61 9.88
500°C calcined 32.89 18.60 4.39 - 8.47 1.29 555 9.77
600C calcined 50.51 11.42 14.42 - 3.23 1.58 3.01 15.38
3wt% Pt/TiOs . .
400C calcined 38.06 24.82 0.56 - 11.82 0.24 9.25 10.00
5007C calcined 37.56 25.07 0.59 - 11.89 0.26 12.31 9.97
600C calcined 39.55 22.74 0.75 - 10.91 0.83 8.88 10.62
Swt% Pt/TiO:  4007C calcined 38.84 27.99 0.09 - 8.78 0.07 7.63 11.10
500°C calcined 38.15 33.21 0.37 - 6.13 - 4.80 10.74
600C calcined 39.87 23.60 0.27 - 10.97 0.32 6.84 9.77

TAMe= AEHEH 2 Hul§ ARSI A5 HAEE Fdstn Jon da) Ax
sfof AQetn 2le Zulel BAL thgel g 3124 ~ 1 31260] YEhAich

Al RuE A3 Zol24 O3 3-124% Ru/ALO; 09 #2%o uZ PAR
profiled Uehd Zolxm 1¥ 3-125& ©| ZujE2] XRD patterng EQl Aolt}, XS 1
g 3-126-2 Ru/TiO: Zu}e] XRD patterng Ueld Aolth Ru/TiO, &wle] ¢, Pt
2T} PAR oA 2710 & 4 AMES B 7 Ao dAFHeE vld
Holw Ut} 3 FYerrt EolxH elolelyole] anatase 4Ato] rutile Ao E %

-~

% o

HolH 1 Jee B 4 A
o] o]9)o|E solgel e %, BAE WA ZulE Az HFE A&FHD Yo
o %% o] d7E OB A¥W HAste N&Hew FUY AYoloh
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| 1:3wt% Pt/TiOz, 500 °C
2 3wt% F’t/TiOz. 600 °C
I~ 3: 5wit% F’tﬂ'iOz, 400 °C
4 : 5wt% Pt/TiOz, 500 °C
5 : 5wt% Pt/TiOZ, 600 °C
5
o, r 5
C
9
a |
£ 4
po }
) L
C
o /V
O A
c 3
() L
(@)
(@]
| S
O
>
T | 2
_/\/ 1
0 20 40 60 80 100 120 140

Time [min]

@ 3-122. PAR profile of prepared catalysts (Pt/TiO2); hydrogen and nitrogen
flowrate=10ml/ min(20vol.% H» in N»).
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Intensity

TiO, : Anatase

1 i | L | L 1 i L

1: 3wt% Pt/Titania 500 °C
2 5wt% PtTitania 500 °C

TiO, : Rutile

1 : i i 1 L L

10 20 30 40 50

60 70 80 90

2 Theta

1% 3-123. XRD patterns for the catalysts of Pt/TiOx.
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—— 1: 3wt% Ru/alumina, 400°C
— 2 3wt% Ru/alumina, 500°C
—— 3: 3wt% Ru/alumina, 600°C
4 : 5wt% Ru/alumina, 400°C
—— 5 5wt% Ru/alumina, 500°C
6 : 5wt% Ru/alumina, 600°C

Hydrogen consumption [a.u.]
D

60 80 100 120 140

o
N
o
D
o

Time [min]

713 3-124. PAR profile of prepared catalysts (Pu/ALOs); hydrogen and nitrogen
flowrate=10ml/min(20vol.% H: in N»).

- 239 -



Intensity

O 00 N O A WN =

: alumina, 400°C
- alumina, 500°C
: alumina, 600°C
: 3wt% Ru/alumina, 400°C
: 3wt% Ru/alumina, 500°C
: 3wt% Ru/alumina, 600°C
: 5wt% Ru/alumina, 400°C
: 5wt% Ru/alumina, 500°C
: 5wt% Ru/alumina, 600°C

i ) 1 L | " It . | s i

|

10 20 30 40 50 60
2 Theta

70 80

20

100

18 3-125. XRD patterns for the catalysts of Pu/AlLQO;.
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Intensity

TiO, : Anatas

TiO, : Rutile

SR ¢

e
e

-

B WON -

. 3wt% Rultitania 400 °C
: 5wt% Ruftitania 400 °C
: 5wt% Ruftitania 500 °C
: 5wt% Ruftitania 600 °C

10

20 30 40 50
2 Theta

60

70 80 90

% 3-126. XRD patterns for the catalysts of Pu/TiOx.
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HH$-719] scale-upS #8te] 500W &-ake] wk§-71E MAStH 7124FEL Pt w7
71 WA 2 IR AEE Hsted FreAjAEe] ofd Al

& & 2Yg o[ &8t A Zs)
Fow FHAZE Imm FA Y dFvjvds o|&sdth HREHFS dmm 2EUH A
#og 3tal I 9o WHo] dAsE EFuy BL 7Y ol HWFHFoZ AEEHA
ok o] WEAF YRde WA5E E8 52 AN EAVIEHE TEEAE 25
stk AFASL ZEJdds F Rl o] dAstE FA 1.2mme) ZH A&
2x8gs §H 1HE AL AFE AT VA7 E2e WHAEe] 742 of 2mm

HEolth A¥el AHET WEE
slg]o] HAS ol & e AR 1H 3-12814— o]l FA 3

CHy, COy Oy HO, Ar, He 522 F459 dom w3748 #FFL Mass Flow

Controller(MFC) & o| &3t XAt Ze2rlE HAA7]& Y =

Al A A ZH3E Pulsed AC Power SupplyE A3 ov AlekS &

Zezel A AEEHE A7PEY 2 R AH € SHUE

.-4001] VR R
Ay 2d2s

N oW o

J,,(AGILENTA})E o] &3tuTt Zalxul MBS AHz g

A
shimadzuA}. FID O E o] &5l 2Ekelo g =HsHT. Fek=vt gy WH 14
mm, Z°] 250mm4 ],_ g2 29 Froln AAH 05me 2HAd L 29 2xgg gt
S71 Wee &35t gFAFo2 Agedn, WRAFeg2s 27 4me ZHJH
28 FEE FHAL &Fouy FRA Adste] AbgSATHIZ Y 3-127). WRHSS F
BE olggozy whg7| YR WzsE £8AZ F o] WA HAHE 1L
g2 sted ®Eg7[ef Aol A E4E wE F Ue FAHol At 22X
HHE AAGE FAA Eo] Jod GCo HYE st st7] W&ol GCHol &°] 59
e A By Y5 e F UE 7HE 5CE #A5HE cold trape SHaA wh
SAXNE FASAT 2gn gAY FEFE FHE7] HiA] cold trap o] F-ol| Flow
meterE A X|ste] Wk AT FHFS FAHSAT

H¥ 3-40. Characteristic of AC power supply.

Company IT™M
voltage ~10 kV
current ~200 mA

frequency iR 10~40 kHz
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2 ARME GEHA 24722l olusteast HEe oo 4B MAE
GHH ABEL Bokny] A oW 2 HBL AT ALY FHS) i W
of vlAe GFol thshel Lobns] AsiH Foash ALE 10 - 30kHz(EkV)7HA) F74A]

eX

A9 HEgo el YolH Sk
o £, HAFo] vy ojitsletie] HEE FFE dolry] A3 BAEE
2 - Susec® xASH APt dwgy olitseie HAY wE 27 M F
F& 200ml/ mino 2 FAAFIL vl FEE 10, 30, 50, 70, 90% = WA 7|0 A
st F f%F9 Wit wgEe AHEggo nXe GEFS doliEr] Yo wgn o
sletio] 2B E 118 S50 %2 100 - 500ml/mine 2 W3l AJZoh & Hhe7)
Fol7] 93l §HE7]9 e dd i (Kaowool, FAISmm)E ojg] 2oz

rx oo do oo

2 A¥dAMe detH 2o wkgo] AAE X e TS JolHgit) BrEweZ
T % %€ 200ml/min, HFL 6kVez AdAHEA FAEFoH, Weo ST
120ml/min oA 180ml/min7}2 20ml/min® Z7}A7)® wetg AAo] Sekujo] &
s 9 AYEF] wAstel dis] ol g wgd abao HE 32, HGe

)
6kVE AA35tA FASAH F FHFE 50ml/min oA 250mi/minE 50ml/min®¥ Z7}
MEe el AHdET e vzt da] AFstAnh ArtAgde] WE JEE Loln
7] YA debs kAo §3S ZHZE 120ml/min, 80ml/min%® % &< 200ml/mino.
2 dAsA FAstY, A7PEYS 4kV ol A 8kV7ZEA] 1kVA F7HAIZ T W ekah A o
Hhgo RErpHog Ardt Heg wheo] o] &3tgch & §3e 200ml/min, Arg He
10ml/min, 2 6kVoz dAYsA FAsFem, 449 HF S 20ml/mind] A
180ml/min7} 2] F7FA1A Foh 221 8]|EA 72~ (Ar and He)E H718I9S W 5%
of mE g d&EEo] FFE dotRr] A F FHFS 200ml/min, HEH Ao
& 322 dAG3A fFAsHen, Ade 6kVolglth Armt Hee) H%& 5% oA 70%
E S7HAY & A8 AR JEFe EF 20kHz2 A A 39

2 AFdAMe o=
CO,y, Gy G, G0 AAH W3l
at7] failA Fdedde 170C
BZE o] &3t WhHsEE vee 55, ot

_Y:l‘
i
1o
z
olo
=2
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o
o
)
e

3 r)
fot
pul

E
1o
o
oX,
o
2
=2
.E]_:
S
= > £ o2

Mo Hm o%k
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E9o vlo wet AHESY HIE dotr7] A F FFS 500ml/min, A7FHGE
6kV, AF4+E 20kHz2 YA FAAHY 28] 16@ EEE 20, 40, 60, 80% =

Wk Al 28a Ay IE5o Wl wel AAAEY X ¢ ool i s
dolr 7] YsiA olgre] fE# o F#S z+zt 90ml/min, 180ml/minZ YA A &
Atk Mo 4kVollA 7kV7iz] ®#st Ajzen zb Ageitk EFE 10kHzol A

40kHzZ H3IA|A Htkoh

2. 49

™
e
e

3 9
hooldsteraE o8¢ HHABNS

S 7I2E AZ3E7) sl power supplyd F3=E 10 - 30kHzZ 5kHzH ZF7}A]7)
v eta} olatslel Aol M3 S YolRITHIY 3-129). wlety} olabsieliol zZH &
50mi/mino] 1o ™, ke 6kV, H2 E2 bSusec o|AT HEH o|itslEAE FI
F7HNEFE Adlgo]l Frtstdon, Fa57t 20kHz o[ Ao MFEEH Agee] F7t
gElE AE ¥ 5 AU 2 7 At mE APl F fF82 100ml/mino]

[

o ot rlo &

&
P
T
&

A viekzt o] Atsleba ol FFHE Lilo|Uch AL 3 - 88kV7HX] HIAZH T Fuk4
o} HAZ 2 747} 20kHz, Susec o|Uct. 1@ 3-1307 Zo| MAgo| F7/EFE wuy o
AbslEr A 0] AEES A& ZUstguh o] 4kVER|E W et m o] abslEbA o] uWES-o]

Aol dojupA] FRom SkVold AUS UZtetHAM HMszhso] Frkstdth a2ln U7
%ol 61<V°l*¥°ﬂHTE1 Ak F7bgol Bt B o dig FEFE 4] 9
8} & #% 200ml/min, wek} o]itstebAo) f# HlE L1E FAA W, AT F2
22 7b7} 7KV, 20kHz2 A AZA T 238 31317 Zo] PA Z2 2 - SusecrtA] W EHA|
A HMshgel Wste A9 itk AW, AL provez A A} Wt RMSO]
156, 1.96, 2.29, 255kVE BZ Z& Z7lA7|W HYgo] 284 &
FA7t22 A2 5 Ade 22 F aEE FAHE7 AT HHe e 2L F4
o} datstebie] HIZF 2190 A g i
50, 70, 90% 2 WSAZIHA 2RI F FFL 200ml/mine 2 FA8} )
¥ Fupge 27 7kV, 20kHzZ LA AT 29 3-132004] B wighe] Astge ow
o] &7t 7.% g2 F243) Fristded, oistgthe EE FRHAAAA AHshg o
W7 A9 %i o} Zt A E9 2L ¥ 3417 o] Jehgth 1¢ 3-133dEs &
S YER AT wg3 ojibsierAo o
5 M E o g
l

9

+~

TR
&2
2
0

xo;
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bmmejglon, ddx 2 EHe &25 ZAsy] A DEA BHo 2=AE 2
sto] dEFol e 9 ATE Potusith vIEEUOZ, wen ojiderad §F
€ 7t7b 100ml/minZ #R5QoH, Mt Fase 2bzh 7kVel 20kHzZ THAIA A
detdch = WREYDEe] 2EuEs Foluy] A5 FUREY ETRREY 2xE
thermal couple~ o] &3t} ZAsA;. I¥ 3-1340A EW DEAE FH UYL wr
o F oW A HoEsE gy Mahgo] FrhstAch oldo TddAe 2 BRen

= 45T, 2T, 9T =2 AN, HF W74 2EaE 47T, 45TC, 48T £33 H
Atk olH g Zie R de o) d E4do] FolE] ¥ YR &7t F7)3)

geo e mATT AZE.

# 3-41. Product distributions according to CH,/CO, ratio.

CH1! conv.(%) selectivity (%) Hy/CO
conc. ] H-
(%) CH, CO;| CO C-H; C-H4 CoHg CsHg CaHs CsHip ratio
9 380 291 00 33 37 232 23 131 66 816
70 445 286 384 23 29 184 18 109 5.3 19 702
50 567 297 546 13 17 120 12 75 37 1.2 638

30 701 328 662 03 04 60 32 31 18 08 527
10 999 244 1068 00 00 00 00 00 00 03 315
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Conversion(%)

30 - o —e— CH,
e —@— CO

20

10 T ¥ T T T
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Frequency(kHz)

17 3-129. Effect of frequency with CO>(CH4:50ml/min, CO2:50ml/min)
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100

80 -

60 -

40 -

Conversion(%)
[3,]
o

20 A

Voltage(kV)

13 3-130. Effect of voltage with CO2(CH,4:50ml/min, CO2:50ml/min)
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i

80 |

70 +

50 -

Conversion(%)

30 1 W —

10 { —®— CO,

Pulse width(usec)

2% 3-131. Effect of pulse width with CO>(CH4:100ml/min, CO2:100ml/min)
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Conversion(%)

CH, concentration(%)

3 3-132. Effect of methane concentration with CO..
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—— CH4
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40

Conversion(%)
(3,
[=]

30 +

20 -

0 1 T 1 I T
0 100 200 300 400 500 600

Total flow rate(mi/min)

29 3-133. Effect of total flow rate with CO»(CH4:50-250ml/ min, CO2:50-250ml/min)
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100

90 - —e— CH,

80 - —a- CO,

o /

50 A

Conversion(%)

30 1

20 -

10 1

Adiabatic Layer

1% 3-134. Effect of adiabatic layer(CH4100ml/min, CO»100ml/min)
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U} AAE o83 dBHBS

2% 31358 g FEo e VLS Toluth ojgre] FFL 120ml/mino] A
180ml/min® 2 Z7HAAS W = FFS WA A M Ao fe
80ml/minol A 20ml/min®. 2 74 AT AUy AsF= 202 6kV, 20kHz ol
MrE HSAAS o Fol 17413101 AEHgo] 100%0]Q A, vleke] gL £

A=

»}ww nﬂeu 4 °

= 2 <
U AJJoh a2l ¥HE ¥ cold trapoll A A4 %é’% mgkel
O B2 o] A4HAR AE & F AU AAE AY 229 & %
A 29 acetic acid, formic acid, methanol o] BAE Sk & f2ke H3
2 HAE tai}sﬂr A& &7] AHAsiA 2™ 3-1363 Zo] 4P L At we
T 32 RI7FHYS 6kV, AEFE 20kHzE AA A & o, 3
50ml/ minof] A 250m1/mm77}7< 50ml/min% Z7FA|FH k. wekte] M3g
2 F43 gastgoen, Aae AFES F FFHFo] 250ml/mino| A g Hojx[7] Al
Zetgct ol g ZIge jE37 1 141—‘?—011*1 A FAIZ o] FolAHA §EZ-71A| 7} *E}ZU}
ete] HEF 7137 27 WEelth HAH CHy/OHlol| B FTFES Loty &
| Z2 200ml/min, AFFE OkHzi YA SR sFeh e Weg Hge 4kV°ﬂ
M 7kV7ER] F7EA A oY, wegkg ks Hle SAE L Hol X FEE 15904 9
7hA] oherstAl wE AT 18 3-137904 EW 4kVel M e kg dlo] wslolxs B
st vlgke] HEEL A9 0%olUth oldd Axe wled A whg A 4kVolM &
Ea‘rzuw} AR A k7] diFolth 2 5kVoelatel Ao e CHy/ 00 BIZ} 2
22 oete] AL AZT 19 31382 7kVollA CHy/O:9] ulo] wE AHAEe
2% Yehddoh CO9tH, &8 CHy/Ox9 HI7b Fotd+E Frtatdct. stARE
C2, C3, C4¢} &2 E@#iﬂ%%# F&& CHy/O:Y M7t ARSFE Zolste A8
BT o]t ZAAge iAol ofo]l FUistH FHetzmto] o) A4 davr o B2
sl go] e A izl = Aol Yitsterad] &8 FU7HAEG. v
o) g 2] %ko} 57}*} =X

o rx 8 omo fu o ot ox

—\> ml

=
= =
@%z;t 20kHz, CH:0.-3:2 2 g3t

ksl T % o] A 70%77}1}
z23% F7HES 8859 v2E FHAS de vEe %i%z%ol

39% A A 61% =
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A3 st shAR, dEEE ghgol o]&IAS e TEE FUF AAHSIE
Tota g AEEe] Wy dEe HaEo 4 Ao 2gn F Ay BT 449
AEEL 100%A . & 3432 A4 ES AT Zodolth iR 4482 Boldd
o, Formic acid® AAF U= 448 oj222 HAAS @ O F& 2B
el ek
F# 3-42. Product distributions according to methane flowrate.
flow rate ratio
(ml/min) | €O CeHz CzH4 CoHs CO.; CsHe CsHs CaHlo
120 51.3 0.0 0.0 19 422 00 04 0.1 1.8  90.1

140 365 03 0.2 31 362 01 0.6 0.2 19 701

160 234 03 0.2 39 306 01 0.1 0.3 22 519

180 23 01 0.2 47 142 01 15 0.6 159 374

i 3-43. Analysis of liquid products.(wt%) CH, : 120ml/min, O

gas : 10ml/min, Voltage :

okv, Frequency : 20kHz.

Additive|Methanol Ethanol Acetic Formic Propionic Butanoic
gas acid acid acid acid
Ar 0.399 0229 0376 0343 0.135 0.029
He 0.193 0.110 0195 0590 0.044 0.008
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13 3-135. Effect of methane concentration.
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1% 3-136. Effect of total flow rate.
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CH, Conversion(%)
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1% 3-137. Effect of input voltage and CHy/Os.
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Yield(%)
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13 3-138. Effect of the CHy/O; at 7kV.
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Yield(%)
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1% 3-138. Effect of the CHy/O, at 7kV.
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Transmittance(%)
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23 3-139. Analysis of solid deposit.
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Conversion(%)
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% 3-140. Effect of additive gases.
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=2
aw)
i)
o
o
M
AL
P,L
K
-

%;l‘.
L E R -8— 500ml/min, <+
0% ol A] BO%E 20% R Z7}A) E‘}}E}. o] g
20%°) A 80% 2 Z/IAAL u =
736% X 158%2 o de&z%iﬂ} 0% 2As dase A8 2 - Ut
3142 AT AFFe e 2 dgy HEES JERY
£ 9

=
&
1
, %
270ml/min, W3 £ #2312 zHZF 90ml/min, 180ml/min o]l e, HYL 4kVoll A
7KV 1V ZIHAA o, B8, AF5E  10kHzol A 40kHz7h) 10kHzH 27147
o dEe AEES AESS A Frel e SRR, WEFEGe AL
& 3] o # AL ¢ 5 AT 2¥ 3-1439 AF 57t 20kHzY W o] g4 SE
o £&5 YU 2 A4S F GH9F GH,5& 5kV(20kHz)o]dte] HetolA th2
MEES & Boes B2Fo] 4AHULH, HAdE SRS "W &0 Fasts
AL & F UJdoh AAHE T ALY GHs, GHs, CHpps2 o] A Z71g4
£ Fgo] ZUIstAth ol AARZEE fE AT EN HdeHoz HHES
& & Udth 29 3-1ME 749 #E&E UsdUth A4 JAFFE STHNNEFE
Fae F8e FUstgon, A 4kVolA TkVE F7HAH S Wi}t 2F54E 10kHz
AA 40kHzZ F7HAAE o F£&9 F71Eo] o 2= A& & & AU
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13 3-141. Effect of methane concentration.
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CH, conversion(%)
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1% 3-142. Effects of voltage and frequency.
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1%¥ 3-143. Distribution of products with voltage.
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H, Yield(%)
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1% 3-144. Yield of H, with power increment.
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A 5 A Gliding arc plasma

Ho &

o

=

S 9

Fetzul A7)

Egzvie gy 2 40 uet s HhHe g AL 4 o FeERete A7)
A WHAE o83y Wi Fetzuls LT HaiMe FHFoE GFHo=R
HE 4 = power supply2] A z}o] 7P‘J FTostt & dATdMe tHHer Fg
g otz WS LAY Y8t F FFY power supplyE A&, Fufdte] Aol
3tk & A7 A AHE-E power supply/l T 1 AMYE A7 B 3449 345
VR STt

3 3-44. Specification of AC power supply.

Model A1831, Auto A 7]
Power 0 ~ L0 kW
Frequency 10 ~ 20 kHz
Input voltage 0 ~ 10 kV
Current 0 ~ 100 mA

. 3-45. Specification of DC power supply.
Model YSE-20D, g4lgd =
Output Voltage 0~ -10 kv
Max Output Current 02 A
Voltage Stability 2V
Efficiency 80% or more

2. H--& 7]

:'I:
ol ohaE W Helsh A4, 2elw o

HHo 2AL 7] Yol Z
719 f-oll ol A eyl Wty uwfEo

T,
HE

o]y olzg Moz WA AsM A% B 4PF BeYlE 25 Foln)
31459 Vheh itk
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(@) Type I

19 3-145. Gliding arc discharge reactor.
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b4 A 2

gl AFF w7} HUAGAE o] &5t s B3 AES FHstAT 432
4% 28 6] GehRch HEAE 18 35H)l dehd $87E ASaHe
o, 217 50mm, Zo] 300mme A dFolH, Bgol= Fejo el 2€8F F AHE F
gtzol MFo g ALg Ty Eetzet =9 Zolw 100mmeolw, F HFAtolel 1A
2 Immo]H feed gas(M e’} EUHE £Z9 FH2 03mm ot AVts e F3F Y &
AL getatn wrerloAM ARFE AHELE =AH37] $5Fe] Tektronix? high voltage

probe(P6015)9} Fluke®] current probe(80i-110s)& A A3} oscilloscope(54641A, Agilent)E
olg3ted stale] 54 7IE5AT. AC power supplyE AH&3tEor, AA o w4
2ol A" HHES ZAH37] Hste powermeter (M3860-M, Metex)E power
supply®] Al AZsAot wErAe EF=vt 429 ¥ R FEEHS
Mass spectrometer(QMS 420, Pfeiffer Vacuum)e} G.C.(680D, %1)E o] &3t 1o
2 45 Ath GCoA AHE3 FXIEHE Bentoniteo]x A Zo|7} 6ftoln, HE
7|25 FIDE o] &394}t Feed2 & 9995%«] 4 HES o]&3HUT FFLE MFC
(Tylan, EC-280s)2 o] &3t} Alolatity. 4% 1, 15, 2NL/mins WA 7 wg A
T o] f-3;2 wet test meter(Ritter, 5L capac1ty)% o] &35t =AY

pewge Bz oA £8e wassl Ad Ases dUEE o A%

moles of converted methane

Conversion of methane = moles of initial methane * 100
2
Selectivity of CHs = X moles of acetylene produced 100
moles of converted methane
Selectivity of H, = moles of hydrogen produced 100

2 X moles of converted methane

o g F3 A8 oM e AAHEE FotEW Hdo] AZAEYE viE w¥EE7
Welo] 2o k9] carbonaceous depositiono] A EHE B 5 Utk A|7to] AE4E A
A8 B g Fol §-37] Welo] 3] HA W3 R glowst A9 UgRole A=
7hA] o2 Bt ol ZAMY pHE MR EAM AP Z@o] d¥rEQ carbon blacke]
A ZA3} v=sl2 g o] AMAE TS carbon blacke. 2 FFHUE Al o] AAEY
w0l Y1 Uk
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1% 3-146. Schematic diagram of (a) experimental setup and (b) plasma reactor
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1% 3-148. Generation of gliding arc discharge in gliding arc reactors.
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% 3-149. Waveform of voltage and current in Type I reactor.
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19 3-152. Power profile in the mixture of air and CHCL.
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