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APPENDIX A
CALCULATION OF CATALYST PREPARATION
A.1 Calculation for the preparation of the unpromoted 28V-Mg-O catalyst.

The vanadia aqueous solution used in catalyst preparation consists of NH,VO,
0.5 wt.% and NH,OH 1.0 wt. %. If the volume of this solution is designed to be 100
ml., hence NHVO,;, NH;OH and H;O are weighted for 0.5, 1.0, and 98.5 gram,

respectively,

The amount of MgO powder for 28 wt.% vanadia in V-Mg-O catalyst is
calculated as follows :

If the weight of catalyst is 100 gram, 28V-Mg-O would compose of vanadia
28 g. and MgO 72 g. Therefore, in this system (compose of vanadia 0.5 g.),

the amount of MgQO = 72/28* 0.5
~ 1.2857 g.
Therefore, there is vanadia on MgO support = 0.5/(0.5+1.2857) * 100
= 28 wt.%
A.2 Calculation for the preparation of alkali loaded 28V-Mg-O catalyst.

The calculation method in this section is similar to the above calculation, except
the calculation of alkali loading. For lwt. % alkali loading in 28 V-Mg-O,

the amount of alkali = (0.5+1.2857) * 1/100
~ 0.0179 g,

Hence, the amount of alkali 2wt.% and 3wt.% which is loaded in 28V-Mg-O ecqual
0.0357 g. and 0.1071 g., respectively.
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APPENDIX B

CALCULATION OF REACTANT FLOW RATE

B.1 Calculation of the flow rate of C;H,, air and argon in the ratio of 4:8:88

The sample of calculation shown below is for feed composition of 4 vol.%
propane, 8 vol.% oxygen and the balance argon,

total flow rate = 100 ml./min.
flow rate of 21% O, in air is assumed to be X ml./min.

flow rate of 20% C,Hs in N, is assumed to be Y ml./min.

if the feed contains 8 vol.% oxygen,
then there is Oy in flow of O;inair = 21X/100 = 8
also there is CyH, in flow of C;Hg in N, = 20Y/100 = 4

therefore X = 38.09 ml./min.
Y=20 mi/min
Argon is used as balance gas, hence its flow is equal to 100 - 38.09 - 20

= 41.91 ml./min.
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B.2 Calculation of checking explosive limit of propane in air.

The explosive limit of propane in air is shown below :

lower limit in air upper limit in air

propane - 237 % 9.5%

Therefore, the amount of propane in the feed must not be in the range of this
explosive limit (between 2.37-9.5 % in air).

Calculation for the condition of feed stream 4:8:88,
flow rate CyH; used in this study is fixed to 4 ml./min.
flow rate of airis  38.09 ml./min.
hence, there is propane in air = 4/38.09 * 100

= 10.50% (this value is O.K.)
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APPENDIX C

CALIBRATION CURVE
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Figure C1 The calibration curve of propane
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Figure C2 The calibration curve of propene
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APPENDIX D
DATA OF EXPERIMENTS
D1 Data of TPD experiment
Table D1 Data of figure 5.34
T(C) area of O, | area of H;O TCC) | areaof Oy arga of HO |

30 0 0 299 21 1486
32 15 0 326 20 1430
76 15 0 352 18 1414
88 14 1236 381 23 1562
115 15 1713 407 2 1361
139 13 2669 434 24 1206
166 20 3623 489 22 920
192 21 2163 517 22 861
221 19 1854 343 24 784
247 18 1674 569 24 725
273 20 1446 600 22 639

Table D2 Data of figure 5.35

TC) area of O, | area of H-O TCO) area of O, area of H;O

29 0 0 342 12 3110
64 0 0 368 18 3211
77 0 282 394 21 2799
105 0 1277 420 26 2431
130 0 3081 476 31 1555
155 0 3455 502 25 1379
182 0 3227 528 30 1157
210 0 2756 551 32 1179
235 0 2607 377 33 966
288 3 2818 600 46 910
316 5 2901
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Table D3 Data of figure 5.36
T(°C) area of O, | area of H;O TCC) - area of O, area of H,0 |
31 27 0 301 3 986
42 13 Q 327 7 1140
77 21 0 354 21 1164
%0 15 0 380 20 1175
119 13 1120 458 21 0
143 14 1502 434 24 0
169 il 1492 511 18 0
196 11 1266 536 8 0
224 10 1048 563 814 0
253 1i 833 590 14 0
278 5 . 937 600 23 0
Table D4 Data of figire 5.37
T(°C) arcaof O, | area of H,0 ICC) areaofO, | areaof HO |
32 64 0 337 27 1481
50 7 0 363 54 1592
80 47 478 405 i1 1252
109 43 93] 432 28 840
136 4 1290 458 50 697
166 42 1227 484 22 421
194. 39 1217 510 6 310
222 60 H1 536 38 0
246 38 974 560 9 0
273 23 1074 587 24 0
303 4] 1208 600 36 0
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Table DS Data of figure 5.38
TCO area of O, | area of H;,O TCQ) area of O, area of H.O
31 0 g 312 17 2684
35 -Q 0 338 22 2800
79 0 1296 364 25 273
104 1 1829 390 33 2516
129 7 2532 417 36 2255
156 9 2775 44 44 2042
181 8 2756 471 45 1640
208 11 2562 498 46 1568
233 11 2477 524 48 1265
260 13 2380 350 53 1124
286 15 2639 600 60 903
Table D6 Data of figure 5.39
TC) arez of O, | area of H:O TCC) area of O, areaof H0 |
31 0 0 321 290 5137
4l 2 0 345 31 6412
77 B6 0 370 365 7377
88 95 0 394 394 6544
117 123 1694 418 427 4545
141 139 2982 442 452 3567
167 163 2867 467 487 2927
193 187 2533 490 521 2414
220 208 2216 514 539 1988
245 231 2253 537 551 1916
273 255 2882 563 568 1398
208 270 4015 600 589 1184




Table D7 Data of figure 5.40
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TG area 0f O, area of H.O TS area of O; area of H.O
30 [\ 3] 316 7 7481
63 0 0 343 6 8946
78 2 805 369 B 8713
103 3 1827 395 4 5662
129 3 341] 422 8 3873
156 5 3379 449 6 3170
183 8 3001 475 2 2143
209 7 2736 502 4 1747
236 6 2874 528 6 1296
262 5 3547 555 7 965
290 4 4587 600 ) 609

Table D8 Data of figure 5.41

TCC area of O, | area of H;O TCO) area of O, area of H,0
30 0 0 307 i8 3640
61 2 0 333 28 3727
77 8 B33 360 27 3859
99 6 2180 386 26 3478
126 4 4395 407 24 3303
150 7 4711 438 18 2521
176 9 4349 465 18 2015
203 23 3887 4590 30 1477
228 24 3330 541 43 1305
255 19 2987 566 48 1158
281 21 3289 600 57 o988
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Table D9 Data of figure 5.42
TCC) area of Q; | ares of H,O TS area of O, areaof H,O |
44 8 0 297 14 2499
48 6 0 321 17 3064
71 4 0 345 1 3718
95 4 810 369 il 3713
128 0 2323 394 10 2866
151 0 2793 418 11 2197
175 2 2547 442 14 1847
200 1 2196 467 i1 1482
224 15 1883 491 9 1170
248 15 1854 516 10 918
273 13 2089 00 19 0
Table D10 Data of figure 5.43
TCO) area of O, | area of H,O TCC) area of O, area of H,O
37 4 9 317 19 2230
52 25 0 347 18 2644
91 36 0 373 2 2449
102 30 1638 405 16 1926
129 18 2424 430 17 1537
161 29 2897 457 11 1165
188 3t 2567 484 20 997
214 26 2016 510 20 604
239 28 1811 541 12 420
266 25 1868 568 2 0
292 18 2086 600 12 0




D2 The data of catalytic reaction test

Table D11 Data of figure 5.44
T(C) % C,Hj conversion % CyHg selectivity | %yield
300 19 08
350 17 L5
400 20 2
450 38 12 46
500 8 6.6
550 I
600 I
2 %
Table D12 D, s () \
A .,
C0) nve: | %yield
300 A \ 0
350 A el 5 0
400 = : 3 0
B L OV o
0.1
5 023
600 1 0.45
QJ
q 350 2 36 07
400 4 2 0.0
450 7 18 13
500 16 14 22
550 " 13 44
600 68 8 54
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Table D14 Data of figure 5.47
T(°C) % C;Hg conversion % C;H; selectivity Yovield
300 0
350 1 65 0.7
400 4 28 1.1
450 9 20 1.8
500 17 16 2.7
550 35 19 6.7
600 84 13 10.9
Table D15 Data of figure 5.48
TCO) % C;H; conversion % C,H; selectivity Yovield
300 B B 0.6
350 B 9 Q0.7
400 10 10 1
450 11 12 1.3
500 i8 14 2.5
350 37 16 5.9
600 48 5 24
Table D16 Data of figure 5.49
T(C) % C4H; conversion % C;H¢ selectivity Y%yield
300 1 7 0.1
350 5 6 0.3
400 k74 3 1
450 52 2 1
500 62 2 12
550 59 2 1.2
600 45 2 1




Table D17 Data of figure 5.50
TCC) % C1Hz conversion % C;H; selectivity %vield
300 13 6 0.8
350 11 7 0.8
400 24 3 0.7
450 50 2 1
500 77 1 0.8
550 76 1 0.8
600 58 2 1.2
Table D18 Data of figure 5.51
TCC) % C;H; conversion % C,H; selectivity Yayield
300 0
350 3 19 0.6
400 6 14 0.8
450 8 13 1
500 15 12 18
550 40 11 44
600 48 4 1.9
Table D19 Data of figure 5.52
T(°C) % C,H; conversion % C;H, selectivity Yoyield
300 0
350 4 13 0.5
400 4 13 0.5
450 7 10 0.7
560 11 7 0.8
550 14 8 1.1
600 36 22
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Table D20 Data of figure 5.53
TCC) % C;Hj, conversion % C3H; selectivity %yield
300 0
350 4 18 0.7
400 4 19 0.8
450 5 20 1
500 10 1 1.1
550 18 7 1.3
600 32 6 1.9
Table D21 Data of figure 5.54
TCC) % C;H; conversion % C;H; selectivity %yield
300 ) 51 0.5
350 1 51 0.5
400 4 25 1
450 10 13 1.3
500 43 3 13
550 99 l 1
600 99 1 l
Table D22 Data of figure 5.55
TCC) % C;H¢ conversion % CqH; selectivity Yoyield
3060 4 15 0.6
350 3 19 0.6
400 10 7 0.7
450 34 2 0.7
500 48 8 38
550 61 16 08
609 65 13 8.5
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Table D23 Data of figure 5.56
TCO) % C;H; conversion % C,H; selectivity %yield
300 0
359 2 57 1.1
400 6 29 1.7
450 14 12 1.7
500 38 6 213
550 64 38
600 94 2 1.9
Table D24 Data of figure 5.57
TCO) % C3Hg conversion % C,H; selectivity Yoyield
300 1
350 1 71 0.7
400 4 30 1.2
450 13 14 1.8
500 40 11 4.4
550 66 9 5.9
600 98 i 1
Table D25 Data of figure 5.58
TCC) % C Hg conversion. | % CaHg selectivity | %yield
300 2 32 0.6
350 5 13 0.7
400 13 5 0.7
450 31 3 0.9
500 39 18 7
550 45 23 10
600 47 i6 7.5
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Table D26 Data of figure 5.59
TCC) % C;Hj conversion % C3H; selectivity Yeyield
300 0
350 1 63 0.6
400 2 33 0.7
450 6 19 1.1
500 i4 12 17
550 29 12 3.5
600 35 15 5.3
Table D27 Data of figure 5.60
TCC) % C3H; conversion | % C3Hg selectivity Yeyield
300 0
350 2 69 14
400 3 30 0.9
450 5 19 1
500 10 18 18
550 17 17 2.9
600 23 14 32
Table D28 Data of figure 5.61
TCC) % C4Hjz conversion % C;Hj selectivity %yield
300 1 51 0.5
350 2 ) 0.7
400 8 15 12
450 13 16 2.1
500 27 14 38
550 61 5 3.1
600 08 1 1
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Table D29 Data of figure 5.62
T(°C) % C,H; conversion % CH; selectivity %%yield
300 1 71 0.7
350 2 42 0.8
400 3 26 08
450 5 20 1
500 9 <16 1.4
550 31 6 1.9
600 96 2 19
Table D30 Data of figure 5.63
T¢C) % C4Hg conversion % C.H selectvity Yoyield
300 1
350 1 73 0.7
400 2 58 1.2
450 8 23 18
500 14 9 13
550 46 3 1.4
600 o8 1 1
Table D31 Data of figure 5.64
TCC) % C;Hg conversion % C;H; selectivity %yield
300 | 3 23 0.7
350 4 22 0.9
400 7 15 1
450 17 10 1.7
500 49 7 3.4
550 97 1 1
600 99 1 1
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Table D32 Data of figure 5.65
TCC) % C3H; conversion % C;H, selectivity Yoyield
300 1 51 0.5
350 2 48 1
400 3 26 0.8
450 7 17 1.2
500 28 14 3.9
550 99 1 1
600 99 i 1
Table D33 Data of figure 5.66
TCC) % C,H; conversion % C3H, selectivity Y%yield
300 4 15 0.6
350 8 8 0.6
400 21 3 0.6
450 47 2 0.9
500 66 4 2.6
550 71 7 5
600 70 3 2.1
Table D34 Data of figure 5.67
TCC) % C-H; conversion % CiH, selectivity Y%vyield
300 4 13 0.5
350 )1 12 01
400 3 10 0.3
450 11 9 1
500 52 3 1.6
550 69 6 4.1
600 73 6 4.4




Table D35 Data of figure 5.68
T¢C) % C;H; conversion % C:H; selectivity Yeyield
300 3 13 04
350 1 13 0.1
400 5 1} 0.6
450 10 12 1.2
500 39 2 0.8
550 66 5 33
600 70 5 3.5
Table D36 Data of figure 5.69
TCC) % C,H; conversion % C,H; selectivity Yeyield
300 1 12 0.1
350 0 19 0
400 2 7 0.1
450 11 6 0.7
500, 29 4 1.2
550 41 5 2
600 66 3 2
Table D37 Data of figure 5.7Q
TCC) % C;Hg conversion % C,Hg selectivity Y%yield
300 3
350 7 20 1.4
400 32 3 1
450 45 2 0.9
500 56 1 0.6
550 56 2 1.1
600 41 3 12
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Table D38 Data of figure 5.71
TCC) % C;H; conversion % C;H; selectivity Yoyield
300 |
350 5 16 0.8
400 34 2 0.7
450 36 2 0.7
500 38 2 0.8
550 38 3 1.1
600 39 3 1.2
Table D39 Data of figure 5.72
TCO % C3H; conversion % C4H, selectivity Yoyield
300 0
350 4 22 0.9
400 33 3 1
450 35 3 1.1
500 36 3 1.1
550 37 3 1.1
600 39 3 1.2
Table D40 Data of figure 5.73
TCC) % C;Hg conversion Y% C;Hg selectivity Yovield
300 0
350 4 21 0.8
400 33 3 1
450 35 2 0.7
500 3 3 1
550 36 3 1.1
600 38 3 1.1
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ABSTRACT

Pretreatment of a V-Mg-O catalyst with oxidising or non-oxidising atmosphere
at an elevated temperature (eg. S00°C) affects surface structure and, thus, catalytic
property of the V-Mg-O catalyst used for the oxidative dehydrogenation of propane to
propenc. The catalysts pretreated in air and in an inert atmosphere show the same
propane conversion but different propenc selectivity. The catalyst pretreated in the
inert atmosphere exhibits higher propene selectivity than the catalyst pretreated in air in
low reaction temperature region but approaching the same value when the reaction
temperature is further increased. IR spectra reveal that the catalyst pretreated in the
inert atmosphere lost some of its V-O-V structure from its surface, thus, leading to
different propene selectivity.

Introduction

Oxidative dehydrogenation (ODH) of alkane is of widely considerable industrial
and academic interest, due to this reaction has possibility to upgrade a low value alkane
to its higher value corresponding alkene at a relatively low temperature. Furthermore,
any effects from catalyst deactivation by coking is also minimised.

The oxidation of propane to propenc is an ODH reaction being studied by
several research groups [eg. 1-11]. Any catalyst used in this reaction must active
enough to activate the quite inert propane without the activation of the more active
propene. Among several catalyst systems investigated the V-Mg-O system was found
to be a system that can balance between propane conversion and propene selectivity
[9). Despite the fact that the V-Mg-O system was investigated by several researchers,
the functional groups responsible for alkane activation and alkene selectivty have yet to
be agreed. However, many researchers believe that the structures of V-Mg-O catalyst
which involves in the ODH reaction are Mg, V,0s, o~ Mg, V;0, and B-MgV,05 phase
(3,12}

At present, it has been emerged that the catalytic properties of the V-Mg-O
catalyst depend on the ability of the catalyst to supply its lattice oxygen ions to the
adsorbed hydrocarbon se. the reducibility of the catalyst by a hydrocarbon [13]). The
reducibility of the catalyst relates to the structure of the surface lattice oxygen ion. Two
main structures can be categorise ie. M-O-M or M=0O where M is metal atom and O is
oxygen atom.

In this paper, we present the relationship between the structure of the surface
lattice oxygen and catalytic property of the V-Mg-O catalyst by performing catalyst
treatment in different atmosphere.
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Experiment

An 28V-Mg-O catalyst (28%V as V,0;) was prepared by the conventional wet
impregnation method. An appropriate amount of MgO powder is added to the solution
containing NH,VO, and NH,OH. The obtained slurry was evaporated to dryness until
white fine powder was obtained. After grinding the powder, the resulting solid was
calcined at 550 °C for 6 hours.

To study the catalytic property of the obtained catalyst, 0.1 gram of the
obtained catalyst was packed in a quartz microreactor. Two treatment conditions were
performed before the ODH reaction. The first condition was heating the catalyst at 500
°C in air atmosphm for 1 hour before cooling down to 300°C. This condition is to
kept the catalyst surface in fully oxidised state. (This catalyst will be called 28V-Mg-
O/Air.) The second condition was similar to the first condition but Ar was used in
stead of air. This condition was intended to partially reduced the catalyst surface to an
extent. (This catalyst will be called 28V-Mg-O/Ar.)

The catalyst surface after each treatment was also characterised by FT-IR using
Nicolet model Impact 400. Each sample was prepared by mixing an appropriate
amount of the catalyst with KBr to form a thin wafer for IR characterisation. The
crystal structure was characterised by XRD using SIEMENS D5000 diffractrometer
with CuKo radiation. The reactant used in the reaction contained 4 vol% C,H;, 8 vol%
O, and balance Ar. Further details of the experimental system was already described
clsewhere [13].

Results and Discussion ’

1. X-ray diffraction

X-ray diffraction patterns of the catalyst pretreated in Air and Ar are presented
in figures 1 and 2 respectively. Only diffraction lines of MgO can be observed. The
results can be interpreted that the structure of vanadium on magnesium does not form a
large enough crystal to be detected by this technique. In reality it is accepted that
vanadium does not form vanadium oxide on MgO surface but form a new compound
containing V-Mg-O. The structure of the new oxide compound depends on vanadium
loading and preparation technique. However, some research group had report reported
that for a V-Mg-O catalyst with vanadium content over 35 wt%V (calculate as V,0y)
the catalyst can exhibit the diffraction lines of Mg, V,04.
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Figure 1 X-ray diffraction pattern of 28V-Mg-O/Air catalyst
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Figure 2 X-ray diffraction pattern of 28V-Mg-O/Ar catalyst
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2. Infrared spectrosco

The IR spectra of 28V-Mg-O/Air and 28V-Mg-O/Ar are exhibited in figures 3
and 4 respectively. The peak at around 860 ¢m” can be assigned to VO, unit and the
shoulder around 660 cm® can be assigned to V-O-V structure (14]. The main
difference between both spectra is at the intensity of the shoulder at 660 cm”. The IR
spectrum of the 28V-Mg-O/Air catalyst shows clearer ghoulder than the spectrum of
the 28V-Mg-O/Ar catalyst which means that the catalyst can lost some oxygen from the
V-O-V structure during the pretreatment in Ar. It has been shown before that the 28V-
Mg-O catalyst can lost some of its lattice oxygen by heating in a non-oxidising
atmosphere.

Absorbance
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Figure 3 IR spectrum of 28V-Mg-O/Air catalyst.
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Figure 4 IR spectrum of 28V-Mg-O/Ar catalyst.

3. Orxidative dehvdrogenation of propane to propene

The catalytic property of the 28V-Mg-O/Air catalyst is illustrated in figure 5.
The figure shows that the activity of the catalyst increases rapidly when the reaction
temperature is higher than 400°C, while the selectivity to propene gradually decreases
to nearly zero at $50°C. Propane conversion of the 28V-Mg-O/Ar catalyst, figure 6,
also shows the same trend as the catalyst pretreated in air. Propene selectivity of the 28
V-Mg-O/Ar, however, is about twice times higher in the reaction temperature region
below 500°C but approaching zero when the reaction temperature is further increased.

From the reaction study which shows that both catalysts exhibit the same
propane conversions but different propene selectivity, and from the IR results (figures 3
and 4) which show that only some V-O-V species disappears from the catalyst surface
we may postulate that the V-O-V structure and VO, species play different role in the
ODH of propane. The VO, structure acts as propan¢ activation and the V-O-V species
involves in the propene selectivity. In the temperature region below 500°C the gas
phase oxygen may not be effective in the reoxidation of the catalyst surface. But in the
temperature region higher than 500°C the gascous oxygen can oxidise the reduced
surface of the 28V-Mg-O/Ar catalyst back to its oxidised form, the same form as of the
28V-Mg-O/Air catalyst. Therefore, both catalysts have the same surface structure and
the same catalytic properties.




% Conversion/Selectivity

Figure 5 Propane conversion and propene selectivity of 28V-Mg-O/Air catalyst.
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Figure 6 Propane conversion and propene selectivity of 28V-Mg-O/Ar catalyst,
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