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APPENDICES
Appendix A

Table A1 Raw data obtained from the screening of catalysts in Library lusing eight

tubular flow reactors

Relative ratio of
elemental
loading (%)

Screening results at 650°c

No Catalyst Remark
Time . .
Pd Pt La (min) %Conversion % Selectivity
BB
83 |
I i AN ) i
M it 219 )
oy 297 000 10
00 0
24 \
92 0.00 100
9 C22 W ashcoated 160 0.00 100
Monolith 228 0.00 100
296 0.00 100
364 0.00 %%
32 99.5
100 99.0 100
3 CLA 80 20 Method A~ tos 98.7 100
(Pd-based) 236 99.7 100
304 98.0 100
372 96.81 %%
4 99.9
109 100 100
4 C198 80 20 Method B < 7177 100 100
(Pd-based) 245 100 100
313 100 100
381 100 %%
49 97.7
17 97.4 100
5 Cl7A 60 20 0 Method A 97,0 100
(Pd-based) 253 96.3 100
321 95.9 100
389 95.9 %%
58 98.9
126 99.0 100
6 C17B 60 20 20 Method B 194 98.5 100
S
398 9.1 100
Note: Method A: washcoated monolith was calcined at 500°C and re-calcined at 900°C for 3 hrs after

metal loading. . .
Method B: washcoated monolith was calcined at 900°C and re-calcined at 900°C for 3 hrs after
metal loading.



Table Al continued

Relative ratio of
elemental
loading (%)

No Catalyst

Pd Pt La
7 CO2A - 80 20
8 C02B - 80 20

Remark

Method A
(Pt-based)

Method B
(Pt-based)

Time
(min)

ol

Screening results at 650°¢

% Conversion

44.2
44.9
445
43.6
433
30.2
34.9
33.7
28.2
21.3
17.9
18.6

% Selectivity

Note: Method A: washcoated monolith was calcined at 500°C and re-calcined at 900°C for 3 hrs after

metal loading.

Method B: washcoated monolith was calcined at 900°C and re-calcined at 900°C for 3 hrs after

metal loading.



Table A2 Raw data obtained from the screening of catalysts in Library I1 using eight tubular flow reactors

Pd loading Screening results at 350°C Screening results at 400°C Screening results at 4500°C
No  Catalyst (%wt) (n:r?ne) % Conversion % Selectivity Tn:r}wne) % Conversion % Selectivity (Tn:rpne) % Conversion % Selectivity
15 0.00 100 5 84.03 100 5 0.00 100
83 0.00 100 83 150 100 83 0.00 100
1 ML1 1% 151 053 100 151 17h 100
219 041 100 219 0.87 100
287 1.02 100
24 0.00 100 24 0.00 100 24 0.00 100
92 0.00 100 92 0.86 100 92 0.00 100
2 ML?2 2% 160 043 100 160 131 100
228 0.30 100 228 107 100
296 090 100
32 196 100 32 6.2 100 32 98.6 100
100 16.9 100 100 431 100 100 93.0 100
3 ML3 4% 168 156 100 168 36.3 100
236 12.0 100 236 264 100
304 211 100
41 225 100 41 8.8 100 41 99.3 100
109 159 100 109 514 100 109 95.3 100
4 ML4 5% 1 12.6 100 177 5.1 100
245 105 100 245 20.0 100
313 247 100
49 133 100 49 716 100 49 9.5 100
17 105 100 17 579 100 17 934 100
5 ML5 % 185 104 100 185 289 100
253 843 100 253 345 100

32 282 100



Table A2 continued

N Cavt POloadng creening results at 350°C . Screening results at 400°c . Screening results at 4500°c
0 Ly (%Wts MPS %6Conversion  YSelectivity (Tn% %Conversion  %Selectivity MPS %6Conversion  Y%Selectivity
2N B3R B OB OB & B
6  ML6 8% 1% 139 100 1% 46,0 100
262 110 100 202 204 100
330 239 10
66 310 100 66 932 100 66 9. 100
14 183 100 14 80.2 100 14 9.0 100
7 ML 10% 22 171 100 202 014 100
200 135 10 200 426 100
33 31.8 10
I 34 100 7 %.1 100 I 9.6 100
143 181 100 143 908 100 14 98.5 10
§ ML 12% Al 106 100 21 139 100
219 145 100 219 68.0 100
341 52 10



Table A3 Raw data obtained from the screening of catalysts in Library 11l using eight tubular flow reactors

No

Catalysts

Co1

€02

co3

Co4

€05

Pd

0.00

0.00

0.00

0.00

0.00

Ratio ofelements
loading (%)

Pt

1.00

0.80

0.60

0.40

0.20

0.00

0.20

0.40

0.60

0.80

T7=400°C
T|me % Conv.
(min)

15 0.00
83 0.00
151 0.00
219 0.00
287 0.00
355 0.00
423 0.00
15 0.00
83 0.00
151 0.00
219 0.00
287 0.00
355 0.00
423 0.00
24 000
92 0.00
160 0.00
228 0.00
296 0.00
364 0.00
432 0.00
24 0.00
92 0.00
160 0.00
228 0.00
296 0.00
364 0.00
432 0.00
32 0.00
100 0.00
168 0.00
236 0.00
304 0.00
312 0.00
440 0.00

T=450°C
Time % Conv.
15 0.00
83 0.00
151 0.00
219 0.00
287 0.00
355 0.00
423 0.00
15 0.00
83 0.00
151 0.00
219 0.00
287 0.00
355 0.00
423 0.00
24 0.00
92 0.00
160 0.00
228 0.00
296 0.00
364 000
432 000
24 0.00
92 0.00
160 0.00
228 0.00
296 0.00
364 0.00
432 0.00
32 0.00
100 0.00
168 0.00
236 0.00
304 0.00
372 0.00
440 0.00

Screening Data

T=500°C
T”.”e % Conv.
(min)

15 3.38
83 3.54
151 3.67
219 3.51
287 3.28
355 3.29
423 3.29
15 335
83 0.00
151 0.00
219 0.00
287 0.00
355 0.00
423 0.00
24 0.00
92 000
160 0.00
228 0.00
296 0.00
364 0.00
432 0.00
24 0.00
92 0.00
160 0.00
228 0.00
296 0.00
364 0.00
432 0.00
32 0.00
100 0.00
168 0.00
236 0.00
304 0.00
312 0.00
440 0,00

T=550C
T'".” % Conv.
(min)

15 7.54
83 8.12
151 1.74
219 746
287 7.33
355 7.32
423 643
15 5.48
83 4.88
151 4.41
219 5.26
287 4.82
355 476
423 3.60
24 6.25
92 6.32
160 6.12
228 6.15
296 578
364 5.75
432 558
24 6.83
92 5.80
160 5.74
228 6.17
296 5.59
364 5.03
432 4.13
32 4.05
100 0.00
168 0.00
236 000
304 0.00
372 0.00
440 0,00

T =600°
T'”.‘e % Conv.
(min)

15 48.9
83 55.0
151 54.9
219 56.5
287 533
355 51.7
423 49.8
15 12.4
83 117
151 11.0
219 9.92
287 103
355 10.2
423 10.4
24 6.19
92 6.94
160 6.66
228 5.42
296 4.55
364 433
432 3.81
24 12.2
92 124
160 121
228 113
296 10.7
364 10.8
432 105
32 7.45
100 6.80
168 6.69
236 6.28
304 6.61
312 6.30
440 6.26

T=800°
Time g copy,
(min)

15 100
83 100
151 100
219 100
287 100
355 100
423 100
15 89.9
83 89.9
151 100
219 100
287 100
355 100
423 100
24 100
92 100
160 100
228 100
296 100
364 100
432 100
24 99.2
92 99.4
160 100
228 100
296 100
364 100
432 100
32 97.4
100 98.2
168 95.9
236 94.8
304 930
372 90.9
440 89.4



Table A3 continued

Ratio of elements Screening Data
No  Catalysts loading (%) T=400% T= 450 - T=500% T=550°C T=600° T=800%
Pd Pt La Time o copy, % conv.  ME g conv.  TME oy, TME gocopy. My cony,
(min) Time (min) (min) (mini (min)
32 0.00 32 0.00 32 0.00 32 0.00 32 9.92 32 63.1
100 0.00 100 0.00 100 0.00 100 0.00 100 7.43 100 62.3
168 0.00 168 0.00 168 0.00 168 0.00 168 732 168 60.1
6 C06 0.00 0.00 1.00 236 0.00 236 0.00 236 0.00 236 0.00 236 5.73 236 64.2
304 0.00 304 0.00 304 0.00 304 0.00 304 5.60 304 59.5
372 0.00 312 0.60 372 0.00 3N 0.00 3N 4.75 312 65.1
440 000 440 0.00 440 000 440 0.00 440 331 440 63.0
15 608 15 38.2 15 67.3 15 87.7 15 29.1 15 100
83 9.58 83 44.8 83 82.5 83 94.8 83 93.0 83 100
151 9,94 151 49.2 151 89.2 151 96.2 151 92.1 151 100
7 co7' 0.20 0.80 0.00 219 10.5 219 54.0 219 91.1 219 98.0 219 91.2 219 100
287 108 287 56.4 287 91.6 287 98.4 287 90.6 287 100
355 115 355 547 355 91.4 355 98.0 355 90.2 355 100
423 121 423 56.6 423 91.6 423 97.7 423 89.9 423 100
24 8.04 24 37.2 24 64.8 24 87.1 24 82.2 24 100
92 9.55 92 43.5 92 79,9 92 897 92 88.7 92 100
160 9.94 160 46.7 160 87.1 160 89.4 160 902 160 100
8 Co8 0.20 0.60 0,20 228 10.2 228 50.2 228 89.3 228 88.6 228 91.0 228 100
296 10.0 296 52.2 296 90.1 296 88.9 296 90.3 296 100
364 10.8 364 51.6 364 89.8 364 87.7 364 89.1 364 100
432 112 432 53.3 432 89.9 432 87.4 432 89.6 432 100
41 6.46 41 23.2 41 51.1 41 72.5 41 699 41 98.3
109 6.03 109 27.6 109 58.6 109 75.4 109 78.9 109 98.2
177 696 177 30.3 177 65.2 177 74.9 177 844 177 98.3
9 €09 0.20 0.40 0.40 245 6.71 245 30.6 245 70.0 245 74.1 245 83.8 245 98.0
313 5.94 313 317 313 72.6 313 73.1 313 89.7 313 97.1
381 6.77 381 331 381 74.2 381 72.6 381 89.3 381 96.7
449 6.87 449 35.5 449 75.2 449 72.6 449 889 449 96.2
41 125 41 48.3 41 72.4 41 89.3 41 67.6 41 95.1
109 9.09 109 51.0 109 79.4 109 88.7 109 715 109 94.4
177 8.48 177 54.1 1 84.6 177 89.0 177 73.6 177 92.0
10 Clo 0.20 0.20 0.60 245 831 245 56.6 245 79.4 245 92.5 245 74.7 245 85.7
313 7.14 313 59.3 313 77.8 313 92.5 313 757 313 899
381 7.84 381 61.9 381 79.9 381 90.8 381 76.4 381 88.6

449 11.6 449 64.5 449 86.3 449 89.9 449 76.8 449 87.5



Table A3 continued

No

12

13

14

15

Catalysts

Cll

C12

C13

C14

C15

Pd

020

0.40

0.40

0.40

0.40

Ratio ofelements
loading (%)

Pt

0.00

060

0.40

0.20

000

La

0.80

0.00

0.20

0.40

0.60

T = 400°
T”.“ % Conv.
(min)

49 17
117 131
185 12.9
253 131
321 12.9
389 114
457 10.3
49 9.44
17 987
185 9.71
253 10.2
321 9.97
389 111
457 115
32 647
100 6.71
168 6.98
236 761
304 7.49
372 7.91
440 8.10
58 148
126 149
194 14.0
262 135
330 14.4
398 13,6
466 13.9
58 15.7
126 105
194 10.7
262 13.2
330 131
398 13.8
466 11.6

T = 450°
Time % Conv.
66 9.69
134 9.15
202 9.23
210 8 96
338 14.4
406 16.0
474 22.7
58 30.2
126 385
194 42.0
262 44.5
330 50,5
398 55.2
466 58.8
32 35.6
100 39.0
168 42.1
236 45.0
304 45.7
372 431
440 44.2
58 35.0
126 378
194 39.6
262 425
330 43.6
398 45.9
466 45.0
58 50.5
126 45.6
194 45.0
262 435
330 43.0
398 42.2
466 41.7

Screening Data

T =500°
T”."e % Conv.
(min)

66 28.2
134 26.2
202 25.5
210 24.8
338 30.0
406 314
474 30.0
49 67.4
117 75.9
185 81.0
253 83.1
321 839
389 84.2
457 84.7
32 59.2
100 68.3
168 747
236 71.8
304 79.6
372 79.2
440 806
58 67.9
126 73.7
194 75.8
262 76.5
330 76.4
398 762
466 759
58 83.3
126 76.8
194 723
262 74.2
330 74.4
398 73.3
466 75.2

T =550°
Tlme % Conv.
(min)

66 47.0
134 43.9
202 42.6
210 41,4
338 40.4
406 39.9
474 39.8
49 84,9
117 87.3
185 87.3
253 87.1
321 87.0
389 86.9
457 87.0
32 75.6
100 77.9
168 78.4
236 1.7
304 7.1
372 76.5
440 76.3
58 75.2
126 75.7
194 74.1
262 72.9
330 71.6
398 71.6
466 71.4
58 967
126 95.0
194 95.0
262 92.6
330 90.9
398 90.4
466 91.9

T =600°C
T|me % Conv.
(min)

49 96.9
17 969
185 96.7
253 96 5
321 964
389 96.2
457 96.0
49 81.1
17 87.7
185 899
253 880
321 88.7
389 86.7
457 860
32 95.2
100 94.1
168 93.5
236 93.1
304 92.6
312 92.2
440 92.0
58 93.2
126 93 8
194 93.8
262 92.1
330 93.1
398 909
466 90.4
58 97.9
126 96.2
194 95.1
262 93.7
330 92.8
398 91.5
466 90.6

T =800°C
T”.“e % Conv.
(min)

49 88.4
117 90.6
185 900
253 88.1
321 88.6
389 88.0
457 87.3
49 100
117 100
185 100
253 100
321 100
389 100
457 100
32 100
100 100
168 100
236 100
304 100
372 100
440 100
58 89.3
126 90.9
194 93.1
262 87.2
330 82,8
398 79.7
466 71.2
58 96.8
126 98.5
194 98.2
262 98.5
330 95.8
398 93.2
466 91.5



Table A3 continued

No

16

i

18

19

20

Catalysts

C16

C17

C18

C19

€20

Pd

0.60

0.60

0.60

0.80

0.80

Ratio of elements
loading (%)

Pt

0.40

0.20

0.00

0.20

0.00

0.00

0.20

0.40

0.00

0.20

T=400°
Tlme % Conv.
(min)

66 5.46
134 111
202 11.0
210 12.3
338 12.3
406 13.6
474 10.5
66 23.2
134 23.0
202 21.8
270 22.0
338 23.4
406 23.6
474 23.9
4 17.4
109 155
177 21.6
245 15.4
313 14.4
381 14.5
449 153
75 26.6
143 26.0
211 24.3
219 24.8
347 25.6
415 26.6
483 26.3
49 21.8
117 25.3
185 23.4
253 232
321 22.4
389 22.5
457 20.9

T=450°
0

Time % Conv.
66 40.5
134 418
202 478
270 46.3
338 48.5
406 49.2
474 52.1
66 43.3
134 45.7
202 47.6
270 49.5
338 48.9
406 494
474 49.1
i 40.8
109 38.5
177 36.8
245 35.7
313 30.7
381 25.9
449 25.7
75 56.0
143 54.6
211 56.9
279 57.9
347 58.0
415 58.4
483 58.0
49 52.2
117 48.9
185 46.1
253 45.7
321 436
389 48.6
457 49.0

Screening Data

T=500°
Tlr_ne % Conv.
(min)

66 82.3
134 84.6
202 89.2
270 90.8
338 90.4
406 85.6
474 82.2
66 735
134 76.4
202 717
270 78.2
338 7.1
406 785
474 784
4 61.0
109 55.9
177 53.8
245 50.4
313 50.1
381 46.0
449 473
75 84.1
143 83.5
211 82.3
279 81.7
347 817
415 80.1
483 79.9
49 76.4
117 69 8
185 65.5
253 62.3
321 57.3
389 50.3
457 53.7

7 =550
T”."e % Conv.
(min)

66 95.7
134 96 1
202 96.4
210 94.6
338 94.4
406 96.0
474 96.8
66 17 4
134 78.2
202 76.9
210 74.8
338 74.4
406 741
474 741
41 88.0
109 85.0
171 84.1
245 82.8
313 81.8
381 81.1
449 80.5
75 899
143 89.7
211 89.1
279 88.4
347 87.0
415 86.6
483 86.0
49 97.0
117 95.3
185 94.3
253 925
321 91.2
389 90.3
457 89.4

7= 600°

T”T” % Conv.
(min)

66 93.9
134 94.3
202 93.9
2170 93.8
338 93.8
406 94.0
474 93.4
66 969
134 97.0
202 96.9
2170 96.0
338 96.7
406 90.7
474 90.0
41 99.6
109 98.2
177 98.2
245 97.6
313 973
381 96.8
449 96.3
75 98.2
143 97.7
211 97.3
279 97.2
347 96.7
415 96.3
483 96.3
49 97.8
117 96.2
185 94.6
253 93.7
321 92.6
389 915
457 90.8

T=2800°C
T”.”e % Conv.
(min)

66 96.8
134 89.2
202 88.1
2170 877
338 87.1
406 87.9
474 85.5
66 96.0
134 96.1
202 94.6
2170 91.7
338 89.3
406 88.3
474 86.9
41 100
109 100
17 100
245 95.4
313 96.4
381 98.7
449 100
75 90.0
143 91.8
211 90.4
279 93.4
347 90.3
415 88.0
483 87.5
49 80.5
17 80.9
185 80.6
253 77.0
321 75.8
389 77.2

457

76.6



Table A3 continued

No

21

22

23

Ratio ofelements
loading (%)

Catalysts
Pd Pt La
C21 1.00 0.00 0.00
C22 W ashcoated Monolith
C23 Only quartz wool

T=400°
T”.”e % Conv.
(min)

58 421
126 31.9
194 36.2
262 35.1
330 33.7
398 33.0
466 32.3
66 0,00
134 0.00
202 0.00
210 0.00
338 0.00
406 0.00
474 0.00
75 0.00
143 000
211 0.00
219 0.00
347 0.00
415 0.00
483 0.00

T=450°
% Conv.
me
75 38.6
143 34.1
211 32.3
279 32.2
347 49.9
415 60.5
483 607
75 0.00
143 0.00
211 0.00
279 0.00
347 0.00
415 0.00
483 0.00
75 0.00
143 0.00
211 0.00
279 0.00
347 0.00
415 0.00
483 0.00

Screening Data

T=500°
T”.”e % Conv.
(min)

75 70.0
143 63.5
211 59.6
219 56.1
347 59.0
415 58.8
483 56.8
75 0.00
143 0.00
211 0.00
219 0.00
347 0.

415 0.00
483 0.00
75 0.00
143 0.

211 0.

219 0.

347 0.00
415 0.00
483 0.00

T =550°%
T”!‘e % Conv.
(min)

75 95.7
143 94.3
211 92.4
219 91.7
347 900
415 889
483 88.7
75 0.00
143 0.00
211 0.00
219 0.00
347 0.00
415 0.00
483 0.00
75 0.00
143 0.00
211 000
279 0.00
347 0.00
415 0.00
483 0.00

7=600°C
T”T‘e % Conv.
(min)
58 100
126 99.4
194 98 7
262 98.3
330 97.8
398 97.6
466 97.0
66 0.00
134 0.00
202 000
210 0.00
338 0.00
406 0.00
474 0.00
75 0.00
143 0.00
211 0.00
219 0.00
347 0.00
415 0.00
483 0.00

T=800c
Tlme % Conv.
(min)

58 100
126 100
194 100
262 99.1
330 99.0
398 100
466 100
66 97.9
134 98.1
202 98.7
210 99.2
338 98.9
406 98.5
474 98.9
75 22.6
143 28.9
211 211
219 19.0
347 18.1
415 20.4
483 12.3



System schematic:

© @
M |X6d2 Gas Reactor —| Water Trapper
N2 CHs;+20, —= CO,+2H;0 +
chd CH4+3/20, —= CO +2H0 H,0

Streams details:

y Stream #0:

{ Stream #1:

{ Stream #2:

Appendix B

Volumetric flow rate:

Compositions:

Volumetric flow rate:

Compositions:

Volumetric flow rate:

Compositions:

——=0GC

- Methane fraction:
- Oxygen fraction:

- Nitrogen fraction:

- Methane fraction:
- Oxygen fraction:
- Nitrogen fraction:
- Carbon dioxide:

- Carbon monoxide:
- Water:

- Methane fraction:
- Oxygen fraction:
- Nitrogen fraction:
- Carbon dioxide:

- Carbon monoxide:

Fo cm3/min
yMe,0
y020
yN2,0

F, cm3/min
yMe,|
Y02,
yN2,i
yc02,i
yco.l
yH20,|

£2 cm3min
y Me2
Y022
yN2,2
yco022
yco2
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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:

Conversion = Initial methane fed - Residual methane X100%

Initial methane fed

P, o, BF
RT P RT, N\
y \ -X100%
PoFo :
R -l-; B/ Me,0

ASSUME: Pressure remains constant along the combustion reaction, thus

- J Me, np Me,l

Conversion = == meroeeeeeoeeeeee X100%

Carbon balanced around the reactor

Mo
RTO Y Meo = (yMe,I + Yco21 + Ycol)

ASSUME: Pressure remains constant along the com bustion reaction, so

T—O'YMC,C ) f (yMe,I +yco02,i+ yco.i)



a1

Therefore, the conversion can be written in the new form of evaluated data as
helow,

y (ywel +yC021 +ycor)_y ®Wuer
Conversion = X100%

TT(ywmei +y C02i +vyco,i)

But, the evaluated compositions from GC are the compositions of 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

No(ymes +YC022 + yco.2) =Y (ymer+ yO02| + Yco.l)

Methane Balanced around Water Trapper:

/i\Z YMe,2 t, Y Me,l

Thus,

. Ar(yMe,2 +yc02,2 + Yco.2)—y W Me2
Conversion = 12 X100%

Y (yme2+ ycozz + Yco.2)

yC022+yC02--- x 1009

YMe2 + Yco22 + Yco2



92

Selectivity:

Mole of C 02 generated

Selectivity g, Mole of CHa4 consumed

PF,
R’I’ yco2.1
PoFo PF
RTo YMe,0 K11 YMel

and

PF,

i Yyco,l
Selectivity ., K

Mo. M .
RTn yMe‘O_ RT, yMe.l
Thus,

Selectivity to C 02

oz e -X100%
Selectivity to CO + Selectivity to CO2 1o

% Selectivity ., ,,.,

y®2i - _xi00%

yco,i+ y CO02,i

From CO and CO2 balanced around the water trapper, we can rewrite the
above equation as,

yc02,:
y @+ 2.2

Selectivity -X100%
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