REFERENCES

Arribas, M.A., Corma, A., Diaz-Cabanas, M.J., and Martinaz, A. (2004)
Hydrogenation and ring opening of Tetralin over bifunctional catalysts
based on the new ITQ-21 zeolite. Applied catalysis A: General, 273, 277-
286.

Baohua Y., Renxian Z., Yuejuen W., and .Xiaoming Z. (2005) Study of the methane
combustion and TPR/TPO properties of Pd/Ce-Zr-M/Al,05 ctalaysts with M

= Mg, Ca, Sr, Ba. Journal of Molecule Catalysis A, 238, 241-249.
Berrueco, C., Esperanza, E., Mastral, F.J., Ceamanos, J., and Garcia-Bacaicoa, P.

(2005) Pyrolysis of waste tyres in an atmospheric static-bed batch reactor:
Analysis of the gases obtained. Journal of Analytical and Applied Pyrolysis,
74, 245-253.

Centi Gabriele. (2001) Supported palladium catalysts in environmental catalytic

technologies for gaseous emissions. Journal of Molecular Catalysis A, 173,
287-312.
Climino, S., Pirone, R., and Russo, G. (2001) Thermal stability of perovskite-based

monolithic reactors in the catalytic combustion of methane. Industrial
Chemical Research, 40(1), 80-58.

Datye, A K., Brauoa, J., Nelson, T.R., Atanasova, P., Lyubovskyb, M., and Pfefferle,
L. (2000) Catalyst microstructure and methane oxidation reactivity during
the Pd <> PdO transformation on alumina supports. Applied Catalysis A:
General, 198, 179-196.

Anders E., Henrik K., Richard C., Timothy G., and Sven J. (2003) Catalytic

combustion of methane over bimetallic catalysts a comparison between a

novel annular reactor and a high-pressure reactor. Catalytic Today, 83, 265-
277,

Fraga, M.A., Soares de Souza, E., Villain, F., and Appel, L.G. (2004) Addition of La
and Sn to alumina-supported Pd catalysts for methane combustion. Applied
Catalysis A: General, 259, 57-63.

Heck, R. M., Gulati, S., and Farrauto, R. J. (2001). The application of monoliths for

gasphase catalytic reaction. Chemical Engineering Journal, 82, 149-156.




58

Hicks, R. F., Qi, H., Young, M. L., and Lee, R.G. (1990) Structure sensitivity of
methane oxidation over platinum and palladium. Journal of Catalysis, 122,
295-306.

Holzwarth, A., Denton, P., Zanthoff, H., and Mirodatos, C. (2001) Combinatorial
approaches to heterogeneous catalysts strategies and perspective for
academic research. Catalysis Today, 67, 309-318.

Hoyos, L. J., Praliaud, H., and Primet, M. (1993) Catalytic combustion of methane
over palladium supported on alumina and silica in presence of hydrogen
sulfide. Applied Catalysis A: General, 98, 125-138.

Kalantar Neyestanaki, A., Lindfors, L-E., Ollonqvist, T., and Vayrynen, J. (2002)
Appliéation of metal-exchanged zeolites in removal of emissions from
combustion of biofuels. Applied Catalysis A: General, 196, 233-246.

Kraikul, N., Jitkarnka, S., and Luengnaruemitchai A. (2005) Catalytic methane
combustion on Pd-Pt-La catalysts and their surface models. Applied
Catalysis B: Environmental, 58, 165-174.

Lee, J. H. and Trimm, D. L. (1995) Catalytic combustion of methane. Fuel
Processing Technology, 42, 339-359.

McFarland, E.W. and Weinberg, W.H. (1999) = Combinatorial approaches to
materials discovery. Tibtech, 17, 107-115.

Montes de Correa, C., and Aida Luz Villa, H. (1993) Catalytic combustion of

methane over palladium ZSM-5 and mordenite catalysts._Applied Catalysis
B: Environmental, 10, 313-323.

Muller, M., Maciejewski, R. A., Koeppel, R., Tschan, A., and Baiker, A. (1996) Role
of lattice oxygen in the combustion of methane over PdO/ZrO,: combined
pulse TG/DTA and MS study with 180-labelled catalyst. Journal of
Physical Chemistry, 100, 20006-20014.

Oh, S. H., Mitchell, P. J,, and Siewert, R. M. (1991) Catalytic controll of air
polution: mobile and stationary sources. In Silver, J. E. (Eds.), 202™

National Meeting of the American Chemical Society, 25-30 August 1991,
ACS Series, Vol. 495.




59

Okamura K., Matsumoto S., Nishiaki N., and Niwa M. (2003) Support effect of
zeolite on the methane combustion activity of palladium. Applied Catalysis
B: Environmental, 40, 151-159.

Pérez-Ramirez, J., Berger, R., Mul, G., Kapteijn, F., and Moulijn, J. A. (2000) The

six-flow reactor technology: a review on fast catalyst screening and kinetic

studies. Catalysis Today, 60, 93-109. _

Persson, K., Ersson, A., Jansson, K., Iverlund, N.,. and Jaras, S. (2005) influence of
co-metals on bimetallic palladium catalysts for methane combustion Journal
of Catalysis, 231, 139-150.

Philippe, O., Thevenin, P., Menon, G., and Jaras, S. G. (2003) Catalytic total
oxidation of methane. Cattech, 7(1), 10-22.

Sadamori, H. (1999) Application concepts and evaluation of small-scale catalytic

combustors for natural gas. Catalysis Today, 47, 325-338.

Scheidtmann, J., WeiB, P. A., and Maier, W. F. (2001) Hunting for better catalysts
and materials-combinatorial chemistry and high throughput technology.
Applied catalysis A: General, 222, 79-89.

Sekizawa, K., Widjaja, H., Maeda, S., Ozawa, Y., and Erguchu, K. (2000) Low
temperature oxidation of methane supported on metal oxides. Catalysis
Today, 59, 69-74.

Senken, S. (2001) Combinatorial heterogeneous catalysis —A new path in an old
field. Angewandte Chemie International Edition, 40, 312-329.

Shi, C-K., Yang, L-F., Wang, Z-C., He, X-E., Cai, J-X., Gang, L., and Sheng, X.
(2003) Promotion effects of ZrO, on the Pd/HZSM-5 catalyst for low
temperature catalytic combustion of methane. Applied Catalysis A: General,
243, 379-388.

Thevenin, P.O., Pocoroba, E., Pettersson, L.J., Karhu, H., Vayrynen, 1.J., and Jaras,

S.G. (2002) Characterization and Activity of Supported Palladium
Combustion Catalysts. Journal of Catalysis, 207, 139-149.
Widjaja, H., Sekizawa, K., Erguchu, K., and Arai, H. (1999) Oxidation of methane

over Pd/mixed oxide for catalytic combustion. Catalysis Today, 47, 95-101.




60

Wang, C-B., Ho, C-M,, Lin, H-K., and Chiu, H-C. (2002) Low temperature complete
combustion of methane over titania-modified alumina-supported palladium.
Fuel, 81, 1883-1887.



APPENDICES
Appendix A
Table A1 Raw data obtained from the screening of catalysts by using eight tubular flow reactors
Relative ratio of elemental
loading (%)
No |Catalysts = - — —— — - -

_[FTime (min) ["% Conv." | Time (min) | 5% Conv.. | “Time (min)-| %% > (m 2 [ Time (min) [5% Conv

320 32.0 196 320 337 32.0 =19 32.0 375

100 13.1 100 245 100 338 100 331

168 13.0 168 329 168 322 168 319

1 Cc1 236 119 236 234 236 315 236 31.2
304 11.2 304 20.3 304 30.7 304 30.5

440 10.8 440 19.0 440 28.3 440 321

40.5 15.2 40.5 32.0 40.5 48.9 40.5 57.9

108 12.2 108 27.7 108 46.0 108 56.7

176 11.4 176 26.8 176 456 176 544

2 c2 244 11.2 244 26.7 244 45.3 244 529
312 10.8 312 25.9 312 43.9 312 51.0

448 106 448 236 448 40.8 448 485

320 20.3 32.0 301 320 35.4 320 320

100 13.1 100 193 100 25.7 100 26.5

168 11.0 168 17.3 168 236 168 216

3 C3 236 10.0 236 16.1 236 217 236 19.7
304 9.46 304 15.3 304 20.9 304 186

440 9.00 440 13.8 440 18.3 440 16.6




Table A1 continued

4 C4 |
5 C5
6 Ccé
7 c7

-
33.9 235 52.1 235 50.7 235 714 235 658
223 91.5 27.0 515 35.7 91.5 433 91.5 56.0
156 159 233 159 31.7 159 37.4 159 48.4
143 227 214 227 28.5 227 34.6 227 45.9
7 136 295 203 295 271 - 295 329 295 439
12.3 431 18.8 431 25.0 431 30.2 431 41.8
28.7 15.0 313 15.0 39.5 15.0 0.00 15.0 318
10.5 83.0 8.95 83.0 259 83.0 315 83.0 35.6
116 151 15.7 151 21.9 151 26.2 151 35.0
8.47 219 14.4 219 19.9 219 234 219 28.8
7.77 287 136 287 18.9 287 22.0 287 26.6
: 7.15 423 122 423 16.7 423 20.1 423 247
) 6.15 15.0 0.00 15.0 13.9 15.0 14.6 15.0 323
0.00 83.0 6.93 83.0 132 83.0 18.4 83.0 251
0.00 151 5.87 151 10.8 151 15.6 151 21.9
0.00 219 5.10 219 9.62 219 13.8 219 206
0.00 287 4.74 287 9.23 287 13.0 287 19.9
0.00 423 5.35 423 8.24 423 1.7 423 21.9
5.42 745 17.7 74.5 17.6 74.5 315 74.5 395
0.00 142 146 142 19.6 142 233 142 33.2
0.249 210 13.9 210 17.4 210 206 210 30.2
0.00 278 13.2 278 16.6 278 19.6 278 30.2
0.00 346 11.9 346 14.8 346 18.4 346 25.8
0.273 482 11.5 482 14.6 482 17.5 482 252

29



Table Al con.t’i;_n‘ucd
8 cs
9 co
10 | c10
11 | c11

173 15.0 34.8 15.0 64.6 15.0 74.1 15.0 6.5
6.82 83.0 15.8 83.0 325 83.0 457 83.0 455
6.73 151 146 151 39.0 151 39.7 151 414
Y 5.60 219 133 219 245 219 36.6 219 39.9
e 5.27 287 12.8 287 21.8 287 34.8 287 383
; 4.88 423 12.7 423 205 23 315 423 35.7
12.7 49.0 144 49.0 33.8 49.0 55.1 49.0 61.8
9.55 117 10.9 117 27.4 117 430 117 56.4
8.28 185 205 185 24.7 185 39.1 185 52.9
8.01 253 19.4 253 238 253 36.6 253 50.5
105 321 18.5 321 223 321 4.8 321 49.9

R T 5 e T R R T
& 7.52 457 17.4 457 20.1 457 32.3 457 43.4
1.8 32.0 208 32,0 28.7 32.0 48.7 32.0 515
12.0 100 17.1 100 227 100 35.2 100 450
7.72 168 132 168 20.4 168 313 168 40.5
11.2 236 12.0 236 19.0 236 29.2 236 37.1
‘ 7.11 304 11.4 304 18.0 304 27.5 304 36.1
3 6.67 440 10.8 440 16.4 440 25.7 440 35.7
9.33 235 219 235 419 235 62.0 235 66.4
8.32 91.5 15.6 91.5 32.0 91.5 458 91.5 456
7.75 159 14.6 159 29.7 159 41.8 159 40.9
7.51 227 13.9 227 27.8 227 39.2 227 37.7
7.46 295 13.5 295 27.0 295 3r7 295 36.3
7.06 431 14.2 431 248 431 343 43 339

€9



12 | c12
13 | c13
14 | ci4
15 | C15

¥9



-
Table A1 continued
16| ci6 |4
17 | c17
BLe,
18 | c18 |4
19 | c19

49.0 11.0 290 209 49.0 31.9 29.0 426
17 8.32 17 16.3 17 278 117 38.4
185 7.42 185 15.5 185 263 185 355
0 253 7.70 253 14.9 253 236 253 323
At 321 7.48 321 144 321 223 321 325
: 457 6.63 457 135 457 20.2 457 30.2
66.0 7.00 66.0 13.0 66.0 23.7 86.0 337
134 666 134 1.1 134 235 134 296
202 6.03 202 103 202 233 202 272
270 574 270 10.1 270 23.1 270 258
338 572 338 9.83 338 222 338 243
474 485 474 9.57 474 21.45 474 220
66.0 119 56.0 332 66.0 236 66.0 635
134 117 134 313 134 39.8 134 60.3
202 0.00 202 118 202 30.7 202 385 202 59.7
270 0.228 270 121 270 298 270 36.2 270 57.5
338 0.914 338 124 338 294 338 356 338 57.3
T e e e e L
| a7a 0.00 474 125 474 280 474 33.8 474 54.7
57.5 0.00 575 7.15 57.5 18.4 57.5 224 57.5 29.0
125 0.00 125 6.08 125 1556 125 18.6 125 250
193 0.00 193 5.46 193 14.0 193 17.0 193 240
261 0.00 261 5.35 261 13.1 261 156 261 23.1
329 0.00 329 7.10 329 12.4 329 14.9 329 229
465 0.00 465 477 465 116 465 135 465 215

$9



Table Al

continued

20 c20

21 c21

22 c22

235 0.00 23.5 0.00 23.5 12.5 23.5 21.4 23.5 35.7
91.5 0.00 91.5 0.00 91.5 10.8 91.5 204 91.5 29.1
159 0.00 159 0.00 159 19.3 159 16.5 159 271
227 0.00 227 0.00 227 9.99 227 18.3 227 253
295 0.00 295 0.210 295 9.91 295 17.7 295 24.0
431 0.00 431 0.00 431 9.59 431 16.3 431 22.5
66.0 0.00 66.0 0.00 66.0 8.01 66.0 16.1 66.0 23.3
134 0.00 134 0.00 134 7.61 134 15.5 134 20.6
202 0.00 202 0.00 202 7.35 202 15.2 202 20.1
270 0.00 270 0.00 270 7.46 270 14.6 270 19.9
338 0.00 338 0.00 338 7.18 338 14.3 338 19.3
474 0.00 474 0.00 474 6.05 474 13.6 474 18.3
74.5 14.1 74.5 248 74.5 39.7 74.5 48.2 74.5 49.6
142 10.8 142 21.8 142 32.7 142 41.2 142 416
210 1.1 210 20.1 210 293 210 35.8 210 39.7
278 10.4 278 18.0 278 27.9 278 344 278 36.8
346 9.74 346 17.2 346 26.3 346 31.8 346 329
482 9.08 482 14.3 482 23.9 , 482 21.7 482 31.9

99



Table A2 Raw data obtained from lead formulations selected from the activity screening results using the eight-tubular-flow reactors.

Relative ratio of elemental

No [Catalysts e
1| coz

2 | co3

3 co4 “”

loading (%)

zr | FERERTEA50:C AT R | SRR 6001 TS (| D T = 55010 5 =650°CH L -
*[Time (min)[7% Conv.. | Time (min)" | % Conva1| LTime (min): 1 % Convait | ETime (min) ] &% Conv.." | Time (min):| . % Conv.
1 405 0.00 405 1.20 405 0.00 405 0.00 40.5 0.00
108 0.00 108 2.00 108 3.60 108 14.0 108 6.40
176 2.60 176 1.00 176 3.40 176 3.30 176 6.00
244 3.10 244 3.30 244 1.20 244 0.00 244 7.40
312 1.00 312 0.00 312 0.00 312 0.00 312 4.20
32.0 3.30 32.0 8.90 32.0 11.1 32.0 14.5 32.0 22.7
| 100 4.10 100 0.00 100 7.10 100 115 100 16.2
| 168 0.00 168 2.40 168 1.30 168 6.40 168 15.8
R 236 0.00 236 6.80 236 3.50 236 3.30 236 10.1
;& 304 2.30 304 020 304 8.30 304 3.40 304 10.9
v
= 150 6.70 15.0 143 15.0 14.0 15.0 26.0 15.0 39.9
*3}? 83.0 2.40 83.0 105 83.0 10.1 83.0 16.9 83.0 47
| 151 3.50 151 10.3 151 4.20 151 176 151 50.2
o 273 1.10 273 3.90 273 7.80 273 18.8 273 51.1
287 0.40 287 3.50 287 7.30 287 239 287 51.2

L9



Table A2 continued

G 23.5 0.00 23.5 4.60 23.5 1.50 23.5 4.10 23.5 8.30

‘: 91.5 0.00 91.5 1.80 91.5 0.00 91.5 2.50 91.5 9.80

4 co9 ; 0.4 159 0.00 159 0.00 159 0.00 159 0.00 159 10.4
227 0.00 227 0.00 227 0.00 227 2.30 227 9.70

295 0.00 295 0.00 295 0.00 - 295 0..0 295 3.60

40.5 17.9 40.5 16.8 40.5 b i i 40.5 12.6 40.5 17.2

108 15.2 108 2041 108 11.2 108 12.5 108 25.5

5 c10 06 176 17.3 176 22.0 176 9.30 176 10.9 176 30.7
po 244 17.4 244 19.0 244 10.2 244 9.90 244 36.3

312 16.5 312 16.5 312 6.40 312 7.60 312 39.5

57.5 0.00 57.5 0.80 57.5 3.10 57.5 1.80 57.5 1.60

125 0.00 125 0.00 125 0.20 125 0.30 125 8.00

6 Cl4 193 0.00 193 1.60 193 0.00 193 0.30 193 10.0
261 0.00 261 0.00 261 0.00 261 0.00 261 13.1

329 0.00 329 0.00 329 0.00 329 0.00 329 9.90

57.5 0.00 57.5 3.40 575 6.90 57.5 9.90 57.5 28.9

125 0.00 125 3.50 125 6.60 125 9.60 125 39.8

- ci5 193 0.00 193 4.00 193 3.90 193 10.0 1983 443
261 0.00 261 2.80 261 3.50 261 7.90 261 51.5

329 0.00 329 0.00 329 1.70 329 5.60 329 56.1

40.5 9.60 40.5 10.9 40.5 13.1 " 40.5 20.3 40.5 84.5

108 7.00 108 10.2 108 14.1 108 22.5 108 90.9

8 c18 176 9.00 176 9.70 176 13.7 176 23.9 176 91.4
244 10.3 244 9.00 244 16.5 244 249 244 89.3

312 10.8 312 7.50 312 14.3 312 23.9 312 91.5

89
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Appendix B
Calculations:
© ® @

Mixed Gas Reactor || Water Trapper — GC

0,

N, CH; +2 0, — CO, +2 H,0 *

CH, CHs+3/20, —= CO +2H,0 H0
Streams Details:

¢ Stream #0: Volumetric flow rate: Fo cm’/min
Compositions: - Methane fraction:  ypeo

- Oxygen fraction:  yoa,

- Nitrogen fraction:  yna

¢ Stream #1: Volumetric flow rate: F, cm’>/min
Compositions: - Methane fraction:  yme
- Oxygen fraction:  yo,
- Nitrogen fraction:  yy;
- Carbon dioxide: yco2,1

- Carbon monoxide: Yco,1

- Water: YH20.1
¢ Stream #2: Volumetric flow rate: F, cm’/min
Compositions: - Methane fraction:  yye»

- Oxygen fraction:  yo;,
- Nitrogen fraction:  ynz,
- Carbon dioxide: yco2.2

- Carbon monoxide: yco»
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Assumptions:

- no NOx formation during the combustion since the combustion is occurred
below 1500°C

- the analyzed compositions received from GC are the compositions of the

stream #2

Conversion:

Shnvession = Initial methane fed — Residual methane «100%

Initial methane fed

PoFo y P, 1F| y
I Me0 T o I Meld
RT, RT, o
Pan A
RT, Y Me,0

Assume: Pressure remains constant along the combustion reaction, thus

FO Fl
T_ E yMc.ﬂ - ? . yMc,l
Conversion = -2 F ] x100%
=0,
T, Y Me,0

Carbon balanced around the reactor

P.F P.F
I';T: "YMeo = R_I.T:_(}’Me.l +Yco21 + Ycou)

Assume: Pressure remains constant along the combustion reaction, so

F F,
ﬁ‘}’m_u = ?:(YMc,I *Ycou t yCO.l)
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Therefore, the conversion can be written in the new form of evaluated data as
below,

K F
T (YMe,l +Yco21 +Yeoa)— = Y e,
Conversion = —! 1 x100%

K
?(ym.l +Yco21 +Yeoy)
1

Rut, the evaluated compositions from GC are the compositions for stream #2.
Therefore, carbon and methane balances are needed in order to convert these

compositions to the flue composition from the reactor.

Carbon balanced around the water trapper

F F,
T_Z(YMc.z +Yeor2tYco2) = ?I(Ym.l *+Yco21 + Ycou)
2 1

Methane Balanced around Water Trapper:

F F

ﬁ”')’m.z T T, ¥ Me,1

Thus

E
T—i (Yme,2 + Yeo22 tYco2)— T—: *YMe2

Conversion

x100%

F,

T_()'Me,z +Yco22+Yco.2)
2

_ Yco22 t ¥Ycoa «100%

Yme2 tYco22tYco2




Selectivity:

Selectivity ., =

Selectivity,, =

Thus,

Yo Selectivity o ;00

Mole of CO, generated
Mole of CH, consumed

PF,

‘f{f ‘Yco2.1 o
P,E, BE ’

RT, *YMeo— RT, ¥ Me,i

PF

RT, Yco,

PoEy

_PF

RT, YMe0 RT, Y Me,l

Selectivity to CO,

» Selectivity to CO +Selectivity to CO,

Yoz,

= ——=0 _2100%
Yco, 1 Yco2

x100%

72

From CO and CO, balanced around the water trapper, we can rewrite the

above equation as,

Selectivity

¥Yco2,2

= ——== _x100%

Ycoz2 tYco22
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