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APPENDICES

Appendix A Reforming of 0C>.-Containing Natural Gas Using an AC Gliding
Arc System: Effect of Gas Components in Natural Gas

Table Al Effect of feed flow rate on cra conversion and product yields of pure
methane feed system at an applied voltage of 155 kv, a frequency of 200 Hz and an
electrode gap distance of 6 mm

Feed flow rate CHs conversion Product yield (%)
(cma/min) (%) ho 0
25 1810 9.08 1037
50 11.34 4.83 7.16
7 6.60 288 4,65
100 5.3 2.39 401
125 417 2.03 3.70
150 4.13 160 3.54

Table A2 Effect of feed flow rate on concentrations of outlet gas of pure methane
feed system at an applied voltage of 155 kv, a frequency of 200 Hz and an electrode
gap distance of e mm

Feed rovx_/ rate Concentration of outlet gas (%)
(cmelmin) che h:  CH  CH CHo  CH  CHyp
25 7395 1639 18 140 146 005 0.10
50 832 919 115 1.02 107 003 0.07
75 905 559 078 080 069 o002 0.05
100 %01 465 062 073 061 0.02 0.04
125 20 39 055 069 05 o0 0.03

150 9334 31 0.45 0.63 0.64 0.01 0.03
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Table A3 Effect of feed flow rate on product selectivities of pure methane feed
system at an applied voltage of 15.5 kV, a frequency of 200 Hz and an electrode gap
distance of 6 mm

Feed flow rate Product selectivity (%) Product molar ratio

i) G e CHECH G wser oo cmen
25 5017 5017 2234 23 111 178 350 LM 0.7
50 4259 4259 2140 2140 240 1932 28 105 0.89
5 231 23 851 251 2410 208 247 08/ 103
100 479 4479 273 873 2% 284 239 084 118
125 4249 4249 2397 2391 2978 2397 219 080 124
150 BB BH 25 254 3129 3% 181 10 1.39

Table A4 Effect of feed flow rate on CHa conversion and product yields of
methane/helium feed system at an applied voltage of 15.5 kV, a frequency of 200 Hz
and an electrode gap distance of 6 mm

Feed flow rate CH. conversion Product yield (%)
(cmVmin) (%) Hy i
50 831 323 1.07
[ 6.40 241 5.85
100 6.57 231 561
125 551 167 453

150 5.50 165 4.53
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Table A5 Effect of feed flow rate on concentrations of outlet gas of methane/helium
feed system at an applied voltage of 155 kv, a frequency of 200 Hz and an electrode
gap distance of 6 mm

Feed flow rate Concentration of outlet gas (%)
(cmelmin) che h2  CH  CH  CH CH G
50 6123 053 0.73 111 006 004 053
75 6239 039 063 093 003 003 0.39
100 6288 043 063 084 003 003 043
125 6497 032 05 069  0.02 0.02 0.32
150 0.2 031 0.56 0.69 0.02 0.02 031

Table A6 Effect of feed flow rate on product selectivities of methane/helium feed

system at an applied voltage of 155 kv, a frequency of 200 Hz and an electrode gap
distance of 6 mm

Feed flow rate Product selectivity (%) Product molar ratio
MM CH o che CHC CHS GHp  HIC2 comese coven
50 3888 1894 2630 3994 274 34 18 1R 139
6 367 183% 071 432 250 304 163 149 162
100 3520 1932 282 3780 18 266 165 1M 146
125 3024 168 2922 362 150 223 141 1A 173
150 3005 1648 2937 3649 1390 222 146 14 178
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Table A7 Effect of feed flow rate on reactant conversions and product yields of
methane/ethane/helium feed system at an applied voltage of 15.5 kv, a frequency of
200 Hz and an electrode gap distance of 6 mm

Feed flow rate Reactant conversion (%) Product yield (%)
(cmaimin) CHs CoHe ho c2
50 9.43 20.28 1307 16.85
I 146 19.62 10.08 13.76
100 512 18.02 8.67 12.73
125 508 1311 6.26 11.40
150 4.24 1.0 4.28 1.63

Table As Effect of feed flow rate on concentrations of outlet gas of
methane/ethane/helium feed system at an applied voltage of 15.5 kv, a frequency of
200 Hz and an electrode gap distance of 6 mm

Feed flow rate Concentration of outlet gas (%)
Cmamin) oy 2 CH CHe CHs CHe GHo
50 5849 660 0.99 127 3.10 0.09 0.08
7 6080 470 0.70 103 3.86 0.07 0.06
100 6276 372 0.57 091 391 0.06 0.05
125 6347 307 0.49 0.84 401 0.05 0.04

150 6366 243 0.39 0.74 3.88 0.04 0.03
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Table A9 Effect of feed flow rate on product selectivities of methane/ethane/helium
feed system at an applied voltage of 15.5 kv, a frequency of 200 Hz and an electrode
gap distance of 6 mm

Feed flow rate Product selectivity (%) Product molar ratio
(cmvmin) o omi e camo wvems  wwme  cmsens
50 4398 2479 3193 323 416 518 6.68 1.29
I 3122 2050 3031 293 350 457 6.76 148
100 3652 2059 B0 301 348 4.08 6.54 161
125 A4l 2010 HH 301 344 361 6.38 177
150 37106 2290 4321 331 38 3.28 6.19 1.89

Table AL0 Effect of feed flow rate on reactant conversions and product yields of
methane/ethane/propane/helium feed system at an applied voltage of 155 kv, a
frequency of 200 Hz and an electrode gap distance of & mm

Feed flow rate Reactant conversion (%) Product yield (%)
(cmVmin) chs CoHs CsHs Ho c2
1 9.23 21.90 4154 16.92 24.98
100 161 17.05 34.97 14.42 22.18
125 0.64 1091 30.43 1150 19.27
150 5.26 8.18 24.59 9.52 16.74

175 438 1.83 21.39 8.01 14.76
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Table All  Effect of feed flow rate on concentrations of outlet gas of
methane/ethane/propane/helium feed system at an applied voltage of 155 kV, a
frequency of 200 Hz and an electrode gap distance of 6 mm

Feed flow rate Concentration of outlet gas (%)
emimi) —opy Ry CHe CHe G CHB G
7 6281 5.80 104 161 390 321 0.24
100 6392 479 085 139 3% 38 o2
125 0440  4.03 0.75 130 3% 3.54 0.19
150 6509 333 06l 113 448 359 019
17 6658 267 047 101 466 358 0.4

Table Al12  Effect of feed flow rate on product selectivities of
methane/ethane/propane/helium feed system at an applied voltage of 155 kV, a
frequency 0f 200 Hz and an electrode gap distance of 6 mm

Feed flow rate Product selectivity (%) Product molar ratio
(cma/min) h? CoHz CH:t  CHp  voean.  wacaz  coweme
50 2329 1350 2088 6.34 3.64 5.63 15
7 2418 1414 2306 6.78 345 5.63 163
100 23.96 47 2540 144 311 535 172
125 25.04 1515 2174 9.24 2.96 543 183

150 2385 1398 2996 830 263 5.64 2.14



Table AI3 Effect of feed flow rate on reactant conversions and product yields of
methane/ethane/propane/carbon dioxide feed system at an applied voltage of 155
kv, a frequency of 300 Hz and an electrode gap distance of e mm

Feed flow rate Reactant conversion (%) Prodluct yield (%)
emdmin) e o e CO2 ho c2
[ 10.04 17.72 41.00 552 16.75 21.99
100 8.72 1291 3254 511 1328 2319
125 790 12.04 29.80 4.34 1217 20.46
150 6.79 12.10 25.16 453 1059 19.84
175 6.99 10.74 2490 3.28 9.75 18.66
200 6.21 6.21 22.30 3.04 8.22 16.30

Table Al4 Effect of feed flow rate on concentrations of outlet gas of
methane/ethane/propane/carbon dioxide feed system at an applied voltage of 155
kv, a frequency of 300 Hz and an electrode gap distance of 6 mm

Feed flow rate Concentration of outlet gas (%)

Cmemin) - op o CO 02 CHe CHE CHE >< cane
5 6134 602 047 1754 116 165 414 300 022
100 6248 511 039 1771 102 142 459 35 018

125 6466 451 034 1776 o0ss 127 462 360 015
150 653 392 030 1790 081 117 466 365 0l
175 6511 376 020 1825 08 L5 460 373 014
200 6544 340 025 1833 071 114 480 414 014



Table Al5

Feed flow rate
(cm3min)

6
100
125
150
175
200

112

Effect of feed flow rate on product selectivities of
methane/ethane/propane/carbon dioxide feed system at an applied voltage of 155
kv, a frequency of 300 Hz and an electrode gap distance of e mm

h2
24.36
24.52
2447
23.12
22.88
23.66

Product selectivity (%)

C2H2

1557
16.35
16.11
16.49
17.03
16.54

C2H 4

211
22.76
2331
23.85
23.62
26.63

CO
297
2.90
2.90
2.84
2.80
2.74

C4H10

583
590
5.59
5.9
5.73
6.47

H2/CO

12.75
1312
13.26
1290
12.96
1364

Product molar ratio
519 366
500 360
514 354
483 334
454 320
482 299

c2h,/c2n2

3.66
3.60
3.54
3.34
321
2.99
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Appendix B Reforming of COi-Containing Natural Gas Using an AC Gliding
Arc System: Effects of Operational Parameters and Oxygen Addition in Feed

Table BL Effect of applied voltage on reactant conversions and product yields of the
simulated Co2-containing natural gas reforming at a feed flow rate of 125 cmamin, a
frequency of 300 Hz and an electrode gap distance of 6 mm

Applied voltage Reactant conversion (%) Product yield (%)
() chd CH6  CHs  CO02 h? c2
125 555 1.92 10.17 23.76 10.73 18.69
135 594 419 12.73 2581 11.83 21.23
155 790 4.34 12.04 29.80 12.68 22.16
175 199 5.79 19.05 32.20 16.32 26.23
195 8.00 4.67 24.83 39.82 2401 33.46
215 16.30 9.53 34,00 45.98 21.15 3532

Table B2 Effect of applied voltage on concentrations of outlet gas of the simulated
Co2-containing natural gas reforming at a feed flow rate of 125 cmdmin, a
frequency of 300 Hz and an electrode gap distance of 6 mm

Applied voltage Concentration of outlet gas (%)
() chd h2 CO €02 CH2 CHL CHE CH8 curio
125 6606 377 037 188 076 112 42 376 014
135 6601 407 037 1827 08 116 415 370 04
155 6497 439 033 1768 085 15 41l 328 015
175 6472 560 038 1799 116 131 385 3% 015
195 6320 73 042 175 1B 153 350 294 018
25 5872 1063 049 1731 202 157 313 270 015
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Table B3 Effect of applied voltage on product selectivities and product molar ratios
of the simulated CO2-containing natural gas reforming at a feed flow rate of 125
cmdmin, a frequency of 300 Hz and an electrode gap distance of 6 mm

Applied voltage Product selectivity (%) Product molar ratio
kv) he CH2 CHE 00 OHU oco wocms wmome comuon:
125 2118 1829 268 428 683 1012 494 3% 147
135 2058 1856 2504 373 623 1087 474 352 1.3
155 2398 1556 2287 28 545 1326 514 3IM 145
175 2155 1893 2139 284 478 1483 485 429 113
195 306 293 2235 287 513 1766 515 48 1.07
215 2882 1879 1460 209 283 2172 525 6.6 0.78

Table B4 Effect of applied voltage on specific energy consumption and current of
the simulated CCh-containing natural gas reforming at a feed flow rate of 125
cmamin, a frequency of 300 Hz and an electrode gap distance of 6 mm

Applied voltage Energy consumption Energy consumption Current

(kV) (xio® (xio® (mA)
per H2molecule produced) per reactant molecule converted)

125 5.30 340 1.2308
135 5.42 322 1.3077
155 6.34 336 15385
175 5.13 3 2.0000
195 357 2.18 2.0000

215 2.34 145 1.8462
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Table B5 Effect of input frequency on reactant conversions and product yields of
the simulated CCVcontaining natural gas reforming at a feed flow rate of 125
cmdmin, an applied voltage of 17.5 kv and an electrode gap distance of 6 mm

Input frequency Reactant conversion (%) Product yield (%)
(Fe) chd  CHE CHS  CO2 h? c2
250 9.16 24096 37.35 451 5.2 33.67
300 7.99 1905 220 5.79 16.32 26.23
400 6.87 1317 2601 4.14 11.92 2091
500 5.92 1033 201 2.90 9.30 18.09
600 451 1.24 18.25 3,06 8.05 15.76
700 2.85 2.79 1308 119 5.48 11.3%

Table B6 Effect of input frequency on concentrations of outlet gas of the simulated
CCVcontaining natural gas reforming at a feed flow rate of 125 cmamin, an applied
voltage of 175 kv and an electrode gap distance of e mm

Input frequency Concentration of outlet gas (%)
(Fz) chd h2 CO CO2 CH2 CHe CH CHE CHp
250 6195 813 044 1763 161 147 345 297 016
300 6472 560 038 1799 116 131 38 33H 015
400 6518 431 038 1824 0% 115 410 368 0.4
500 6609 340 038 1846 077 107 425 38 013
600 6697 295 040 1855 065 092 441 409 0l

700 6760 203 03 1876 042 077 457 430 010
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Table B7 Effect of input frequency on product selectivities and product molar
ratios, of the simulated CC»-containing natural gas reforming at a feed flow rate of
125 cmdmin, an applied voltage of 17.5 kv and an electrode gap distance of 6 mm

Input frequency Product selectivity (%) Product molar ratio

(Hz) h? CHL CHE O CHD voco voeos woeos consems
X BB B AL 207 45 18 506 554 091
W 05 188 2030 28 478 WUB 48 420 113
M0 58 185 B3 351 54 1147 468 3B 1%
50 2368 1786 504 420 621 887 44 317 140
60 2684 1971 2795 561 685 734 4%  3A 14
0 029 19% 3202 807 98 571 48T 263 186

Table B8 Effect of input frequency on specific energy consumption and current of
the simulated OC>containing natural gas reforming at a feed flow rate of 125
cmamin, an applied voltage of 17.5 kv and an electrode gap distance of 6 mm

Input fregquency Energy consumption Energy consumption Current

(Hz) (xio® (xio® (mA)
per H2molecule produced)  per reactant molecule converted)

250 324 2.63 2.0769
300 513 311 2,0000
400 6.22 357 1.3077
500 590 3.16 1.2308
600 582 344 1.0769

700 8.95 6.10 0.9231
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Table B9 Effect of HCs/C2 feed molar ratio on reactant conversions and product
yields of the simulated CCh-containing natural gas reforming using feeds with pure
oxygen added, and feed in the absence of oxygen at a feed flow rate of 125 cmamin,
an applied voltage of 17.5 kv, frequency of 300 Hz and an electrode gap distance of

6mm

HCy/02
feed molar ratio

110

21

31

41

il

J/A |
1011
151
2011

chd
7.9
2320
2157
17.32
14.78
13.20
8.02
143
6.20

Reactant conversion (%)

CH,
19.05
35.85
29.13
2452
2917
2142
21.22
20.07
1491

C3H8
32.20
45.66
45.24
40.63
4091
39.62
3443
34.70
29.18

CO,
5.79

-2.67

512
2.34
481
5.9
2.55
349
193

0 )

36.89
31.50
31.25
3145
3391
28.63
28.54
2319

H,
16.32
4321
31.50
32.04
31.94
26.72
2281
19.30
14.86

Product yield (%)

c2
23.89
35.06
H11
29.99
3057
28.40
27113
25.25
20.96

CO
3l
5745
29.48
2459
21.25
1513
9.75
8.02
3.36

Table BIO Effect of HCs/02 feed molar ratio on reactant conversions and product
yields of the simulated Co2-containing natural gas reforming using feeds with air
added, and feed in the absence of oxygen at a feed flow rate of 125 cmamin, an
applied voltage of 17.5 kv, frequency of 300 Hz and an electrode gap distance of 6

mm

HC402
feed molar ratio

10
2
51
101
151
2011

chd
7.9
31.78
18.39
13.44
10.85
1081

Reactant conversion (%)
€02

CHo
19.05
42.48
31.03
29.25
26.71
26.74

CH8
32.20
50.79
42371
42.45
40.06
40.04

5.79
431
582
331
4,68
369

02

43.35
31.28
071
2921
29.00

h2
16.32
58.07
31.18
34.70
21.25
26.74

Product yield (%)

c2
23.89
49.75
37.86
37.63
32.50
32.55

0]
311
61.58
21371
1431
9.25
8.74
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Table BIl Effect of HCs/Cs2 feed molar ratio on product selectivities and product
molar ratio of the simulated Co2-containing natural gas reforming using feeds with
pure oxygen added, and feed in the absence of oxygen at a feed flow rate of 125
cemVmin, an applied voltage of 17.5 kv, frequency of 300 Hz and an electrode gap
distance of 6 mm

HCs/02 Produict selectivity (%) Product molar ratio

feed MOrfato 0 ) CHE 00 como woco mpcme waems camscan
0 2755 8% 2139 284 478 U® 429 48 113
M 4604 DL LT 630 18 146 126 77 08
I BG 08 1553 000 267 206 108 T4 066
M B 08 155 000 260 22 812 65 0T
51 6t 1973 1629 B0 29 260 79 65 08
M B30 1816 178 175 337 304 658 65 0%
01 BB 1943 2318 WUB 40 388 512 61 119
51 302 1637 42 LA 58 3% 420 62 148
N1 020 W84 6B 9B 63 466 364 645 178

Table B12 Effect of HCsio2 feed molar ratio on product selectivities and product
molar ratio of the simulated CC2-containing natural gas reforming using feeds with
air added, and feed in the absence of oxygen at a feed flow rate of 125 cmamin, an
applied voltage of 17.5 kv, frequency of 300 Hz and an electrode gap distance of 6
mm

HCS/02 Product selectivity (%) Product molar ratio

A MOArIalo o0 ) coe O como waee  wwems waems CAYCHD
0 M4 798 18l 1% 4760 10 U0 59 04
N K5L BB 1589 228 A0 306 88 55 063
51 4% 500 1920 327 1617 412 119 58 077
01 BT 216 088 3% 1% 4% 567 554 0%
51 %446 220 074 3% 1076 513 55 543 098
NI M4 2798 18l 1% 460 L0 U0 5N 04
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Table B13 Effect of HCs/02 feed molar ratio on energy consumption of the
simulated CO2containing natural gas reforming using feeds with pure oxygen
added , and feed in the absence of oxygen at a feed flow rate of 125 cmdmin, an
applied voltage of 17.5 kv, frequency of 300 Hz and an electrode gap distance of 6
mm

HCS02 Energz;i ic(?gsumption Ener%)i ic:;sumption
feed molar rato per H2molecule produced) per reactant molecule converted)
10 5.13 3.1
2N 189 2.08
31t 2.49 2.28
41 2.07 2.01
511 2.23 189
71 2.9 2.17
10/1 3.84 3.30
15/1 4.44 3.26
201 6.04 4.28
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Non-Oxidative Methane Reforming in an AC Gliding Arc

Microreactor: Effects of Operational Parameters and the Presence of Catalyst

Table Cl Effect of input power on methane conversion and product yields of the
non-oxidative methane reforming at a feed flow rate of 200 cmVmin, an electrode
0ap distance of 4 mm and a reactor width of 1.25 mm

Input power _
() CH4 conversion (%)

4 24.42

6 29,61

8 30.69

10 3044

12 3198

h2
17.94
2187
22.88
2290
23.14

Product yield (%)

C2
19.25
24.82
26.40
26.18
28.92

Table C2 Effect of input power on product selectivities of the non-oxidative
methane reforming at a feed flow rate 0f 200 cmamin, an electrode gap distance of 4
mm and a reactor width of 1.25 mm

Input power
() h?
4 71348
6 13.86
8 14,56
10 15.25

12 14.26

CH?
68.42
11.36
60.83
81.26
85.74

Product selectivity (%)
CH4 CHo
1.29 3.14
4.70 178
395 1.24
3N 104
3.78 0.94

CAHb

9.11
831
6.22
4.82
4.58

carbon

12,04
185
1.76
9.17
497
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Table C3 Effect of electrode gap distance on methane conversion and product yields
of the non-oxidative methane reforming at a feed flow rate of 200 cmVmin, an input
power of 6 and a reactor width of 1.25 mm

Electrod? n%ﬁ% distance CHAcomversion (%) Product yield (%)
h2 c2
2 18.77 1407 1557
3 26.54 19.73 22.26
4 29,61 21.87 2482
5 3157 23.25 26.44

Table C4 Effect of electrode gap distance on product selectivities of the non-
oxidative methane reforming at a feed flow rate of 200 cma/min, an input power of 6
and a reactor width of 1.25 mm

Electrode gap distance Product selectivity (%)
() e €M) CHME CH6  CH6  carbon
2 74,95 16,51 455 1.90 592 11.12
3 432 11.179 4.47 1.62 140 8.71
4 713.86 11.36 4.70 1.78 831 1.85
5 13.67 16.86 5.06 184 8.55 7.69
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Table C5 Effect of reactor width on methane conversion and product yields of the
non-oxidative methane reforming at a feed flow rate of 200 cmamin, an input power
ofe and aelectrode gap distance of 4 mm

Reactor width

(mm)

0.65
125
2.25
3.2
4.25

CHéconversion (%)

2584
2961
313
39.94
42,69

Product yield (%)

h2
19.06
2187
24.55
29.62
31.68

C2
21.36
24.82
27.58
3247
34.16

Table C6 Effect of reactor width on product selectivities of the non-oxidative
methane reforming at a feed flow rate of 200 cmamin, an input power of 6

electrode gap distance of 4 mm

Reactor width

(mm)

0.65
125
2.2
325
4.25

h2
13.11
13.86
14.09
14.16
14.20

CH2
14.62
11.36
76.94
14.20
12.66

Product selectivity (%)
CH4 C2H6
563 2.40
4.70 178
4.73 158
5.2 187
541 194

CAH6

1.90
831
8.34
8.72
9.25

and an

carbon

9.45
185
841
9.98
10.74
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Table C7 Effect of the presence of catalyst on methane conversion of the combined
catalytic-plasma non-oxidative methane reforming at an electrode gap distance of 4
mm and an input power of 6

Catalyst Feed flow  Residence chd -

distance Systemn rate fime  conversion  Productyield (%)
(mm) (cm3Jmin) () (%) h) i
0.2 plasma alone 6 0.0836 40.54 3081 34.59

100 0.0627 34,07 600 2813

200 0.0314 25.78 1905 2183

plasma-+unloaded cat. 5 0.0836 49.96 3833 4098
100 0.0627 45.39 a47 3764

200 0.0314 3197 2351 2649

plasma+Ni-loaded cat. 5 0.0836 5341 090 4392
100 0.0627 48.75 317 3981

200 0.0314 32.92 2416 1 2731

05 plasma alone 5 0.1100 44,57 A3 . 3624
100 0.0825 41,02 3B - RS

200 0.0413 2950 2178 2474

plasmar+unloaded cat. 6 0.1100 50.29 3833 4257
100 0.0825 44,38 384 3649

200 0.0413 30.66 272 2543

plasma+Ni-loaced cat. & 0.1100 53.54 a1 401
100 0.0825 46.83 %13 31.03

200 0.0413 31.89 2356 2649
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Table Cs Effect of the presence of catalyst on product selectivities of the combined
catalytic-plasma non-oxidative methane reforming at an electrode gap distance of 4
mm and an input power of 6

Catalyst
distance

(mm)

0.2

0.5

System

plasma alone

plasmatunloaded cat.

plasma+Ni-loaded cat.

plasma alone

plasmatunloaced cat.

plasma+Ni-loaded cat.

Residence

time

()

0.0836
0.0627
0.0314
0.0836
0.0627
0.0314
0.0836
0.0627
0.0314
0.1100
0.0825
0.0413
0.1100
0.0825
0.0413
0.1100
0.0825
0.0413

h2
76.01
76.35
1387
16.73
1593
13.55
76.98
76.24
13.38
17.07
16.43
13.84
76.22
16.25
1411
76.89
71.06
73.88

Product selectivity (%)

CH2
80.53
17.64
18.24
16.92
17.62
15,97
2
16.16
15.52
16.96
76.95
1142
19.64
1.2
76.55
71.34
73.99
16.67

CH4 CHo

381
3.78
4.67
3.99
4,06
5.20
3.99
418
532
3.9

3.79

4.72
4,02
383
4.66
391
383
4.65

0.98
114
vl
112
124
210
104
132
212
0.87
109
175
1.00
11
174
0.9
116
175

CH6 carbon

3.24
3.98
.13
323
453
9.03
3.58
431
9.28
331
431
8.3
2.9
451
8.32
2.94
443
8.82

1143
1345
1.8
14.74
12.95
8.10
1418
13.96
175"
1527
13.86
1.76
1239
1325
8.73
14.86
16.59
8.10
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