W

= I N S

10.

11,

12.

13,

14.

15.
16.

REFERENCES

Chu, P., (Mobil Oil Corp.) US Patent 4120910, 1978.

Chester, AW. and Chu, Y. F., (Mobil Oil Corp.) US Patent 4350835, 1982.

Dave, D., Hall, A., and Harold, P., (British Petroleum Co., Ltd) Eur. Patent
Application EP 50021, 1982.

Johnson, J.A., and Hilder, G. K., NPRA Annual Meeting, Dallas, 1984.

Inui, T. and Okazumi, F., J. Catal., 90(1984a) : 366.

Mole, T., Anderson, J.R., and Creer, G., Appl. Catal., 17(1985) : 141.

Engelen, C.W.R., Woltthuizen, J. P., Van Hooff, J. H. C., and Zandergen, H. W,
Proc. 7™ Intern. Zeolite Confer. at Tokyo, Murakami, Y., Tizima, A.,
and Ward, J. W. Eds., Kodansha, Tokyo, 1986.

Inomata, M., Imura, K., and Matsuoka, S., Shukubai (Catalyst), 27(1985) : 533.

Inui, T., Matsuda, H., Yamase, O., Nagata, H., Fukada, K., Ukawa, T., and
Miyamoto, A., J. Catal., 98(1986a) : 491

Franck, H. G.and Stadelhofer, J. W., Industrial Aromatic Chemistry, Springer,
Berlin, Heiderberg, New York, 1988.

Johnson, J. A. and Hilder, G. K., paper presented at the NPRA Annual Meeting,
San Antonio, TX., 1984.

Inui, T., Makino, Y., Okazumi, F., Nagano, S., and Miyamoto, A., I&EC
Research, 26(1987) : 647.

Seddon, D., Catalysis Today, 6(1990) : 351.

Arganger, R. J. and Londolt, G. R., US Patent 3702886, 1972 .

Walsh, D. E., and Rollmann, L. D, J. Catal., 49(1977) : 309.

Bragin, O. V., Libermann, A. L., and Preobrazhenskii, A. V., Izv. Akad. Nauk
SSSR, Ser. Chim., p1670, 1974.




17.

18.

19.

20.

21

22,

23.

24.

25.

26.

27

28.

30.

29.

110

Bragin, O. V., Vasina, V., Issakov, Y. L, Issakov, Y. J, Paliskina, N. V|
Prebrazhenskii, A. V., Nefedov, B. K., and Minachev, Ch. M., Structure
and Resctivity of Modified Zeolites, (Jacobs, P. A., Jaeger, N. 1., Jiru,
P., Kazansky, V. B., and Schulz-Erloff, G., Editors), Studies in Surface
Science and Catalysis, 18, p.273, Elsevier, Amsterdam, 1984.

., Spiro, E. S., Preobrazhenskii, A. V., Isaev, S. A.,Vanisa, T. V.,
Dyusenbina, B. B., Antoshin, G. V., and Minachev, Ch. M., Appl.
Catal., 27(1989) : 219.

Chen, N. Y., Haag, W. O, and Huang, T. J., US Patent 4269839, 1981

Buckles, G., Hutchings, G. J., and Williams, C. D., Catal. Lett., 8(1991) : 115.

Inui, T., Stud. Surf. Sci. Catal., 44(1989) : 189.

., Ishihara, Y., Kamachi, K., and Matsuda, H., Stud. Surf. Sci. Catal., 44
(1989) : 279.

Steinberg, K. H., Mroczek, U., and Roessner, F., Appl. Catal., 66(1990) : 43.

Minachev, Kh., Bragin, O. V., Vanisa. T. V., Dergachev, A. A, Shpiro, E. S,
Sitnik, V. P., Bondarengo, T. N., Tkachenko, O. P., Preobrazhenskii,
AV., Dokl Akad. Nauk_SSSR, 304(1988) : 1391.

Ono, Y., Nagatani, H., Kitagawa, H., and Suzuki, E.,Stud. Surf. Sci. Catal., 44
(1989) : 279.

Chen, N. Y. and Tsoung, Y. Y., Ind. Eng. Chem. Proc. Des. Dev., 25(1986) :151.

Inui, T., Kamachi, K., Ishihara, Y., Makino, Y., and Matsuda, H., Proc. 2™ Int.

Conf. on Spillover (Steinberg, K. H. edtor), p.167, Leipzig, University
of Leipzig, 1987.

Wang, D. Z., Lu, X. D, Don, X. Y., Li, W. B,, and Yang, C. H., Appl. Catal., 59
(1990) : 75.

Scirc, S., Maggiore, R., Galvagno, S., Crisafulli, C., and Toscano, G., Appl.
Catal. A: General, 103(1993) : 123.

Maggiore, R., Scire, S., Galvagno, S., Crisafulli, C., and Toscano, G., Appl.Catal.
A: General, 79(1991) : 29.



3l

32

33.
34.
35.

36

37.

38

39.

40.
41.

42.

43

44.
45.

46

47

48.

111

Wang, L., Tao, L., Xie, M, Xu., G.,Hang, J., and Xu, Y., Catal. Lett., 21(1993) :
335.

. Bayense, C. R., van der Pol, A. J. H. P., and van Hooff, J. H. C., Appl. Catal. A:
General, 72(1991) : 81.

Bayense, C. R. and van Hooff, J. H. C., Appl. Catal. A: General, 79(1991) : 127.

Buckles, G., Hutchings, G. J., and Williams, C. D., Catal. Lett., 11(1991) : 89.

Chetina, O. V., Vanina, T. V., and Lunin V. V., Catal. Lett., 14(1992) : 101.

. Carli, R., Le Van Mao, R, Bianchi, C. L., and Ragaini, V., Catal. Lett., 21(1993)
1 265.

Yao, J. and Le Van Mao, R.,Catal. Lett., 11(1991) : 191.

. Giannetto, G., Le'on, G., Papa, J., Monque, R., Caliaso, R., and Gabelica, Z.,
Catal. Lett., 22(1993) : 381.

Barre, M., Gnep, N. S., Magnoux, P., Sansare, S., Choudhary, V. R., and
Guisnet, M., Catal. Lett., 21(1993) : 275.

Buckles, G.and Hutchings, G. J., Catal. Lett., 27(1994) : 361.

Joly, J. F., Ajot, H,, Merlen, E., Riatz, F., and Alario, F., Appl. Catal. A: General,
79(1991) : 249.

Anunziata, O. A. and Pierella, L. B, Catal. Lett., 16(1992)": 437.

.Inui, T., Kim, J. B., Takeguchi, T., and Nagata, H., Appl. Catal. A: General, 106
(1993) : 83.

Kanai, J. and Kawata, N., Appl. Catal., 55(1989) : 115.
., Appl. Catal., 62(1990) : 141.

. Matsuda, H., “Selective Conversion of Methanol to Aromatics on H-Ga-silicate
Catalysts”, Ph.D. thesis, Department of Hydrocarbon Chemistry,
Faculty of Engineering, Kyoto University, 1990.

. Waritswat, A., Takeguchi, T., and Inui, T., Proceedings the Reginal Symposium

on Petrochemical and Environmental Technology’93, January 18-20,
1993, Bangkok, Thailand.
Fukase, S., Kumagai, H., and Suzuka, T., Appl. Catal. A: General, 93(1992) : 35.



49.

50.

51.

52.

53.

54.

55.
56.
57.

58.

59.

60.

112

Matsuda, H., “Mechanism of Aromatic-hydrocarbon Synthesis on Pt-loaded and
Pt-non-loaded H-Ga-silicate Catalyst”, Ph.D. thesis, Department of
Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University,
1990.

Shpiro, E. S., Shevchenko, D. P., Dmitriev, R. V., Tkachenko, O. R., and
Minachev, Kh. M., Appl. Catal. A: General, 107(1994) : 165.

Dyer, A., An Introduction to Zeolite Molecular Sieves, John Wiley and Sons,
Chichester, 1988.

Szostak, R., Molecular Sieve Principle of Synthesis and Identification, Van
Norstand Reinhold, New York, 1989.
Tanabe, K., Misona, M., Ona, Y., and Hattori, H., New Solid Acids and Bases

(Delman, B., and Yates, J. T., eds.), Studies in Surface Science and
Catalysis, 51, Elsevier, Tokyo, 1989.

Barthoment, D., “Acidic Catalysts with Zeolites”, Zeolites Science and

Technology (Rebeiro, F. R. et al.), Matinus Nijhoff Publishers, The
Hauge, 1984.

Chang, C. D., Catal. Rev.-Sci. Eng., 25(1983(1)) : 9.

Gates, B. C., Catalytic Chemistry, John Wiley & Sons, Singapore, 1991.

Ashton, A. G., Batamanian, S., Dwyer, J., “Acidity in Zeolites”, Catalysis by
* Acid and Bases (Lmelik, B. et al.), Elsevier, Amterdam, 1985.
Sano, T., Fujisawa, K., and Higiwara, H., “High Stream Stability Of HZSM-5
Type Zeolite Containing Alkaline Earth Metals”, Catalyst Deactivation

1987. (Delmin, B. and Fromant, G. F. eds.), Studies in Surface Science
and Catalysis, 34, Elsevier, Amterdam, 1987.

Derouane, E.G., “New Aspects of Molecular Shape Selectivity”, Catalysis by
Zeolites (Lmelik, B. et al.), Elsevier, Amterdam, 1980.

., “Molecular Shape Selectivity Catalysis by Zeolite”, Zeolite

Science and Technolgy (Rebeiro, F, R. et al.), Martinus Nijhoff
Publishers, The Hauge, 1984.




61.

62.

63.
64.

65.

66.

67.

68.

69.

70.
T

72,
73.

74.
73.

76.
717.

78.

113

Satterfield, C. N., Heterogeneous Catalysis in Pratice, Mc Graw-Hill, New York,
1980.

Guisnet, M., Gnep, N. S., and Alario, F., Appl. Catal. A: General, 89(1992) : 1.

Kitagawa, H., Sendoda, Y., and Ono, Y., J. Catal., 17(1985) : 12.

Inui, T., Yamase, O., Fukuda, K., Itoh, A., Tarmuto, J.,Morina, N., Hagiwara, T.,

and Takegami, Y., Proceedings 8" International Congress on Catalysis,
Berlin, 1984. vol. 3, Dechema Frankfult-am-Main, 1984.
Argauer, R. J. and Landolt, G. R., US Patent 3702886, 1972.

Miyamoto, A., Medhanavyn, D., and Inui, T., Appl. Catal., 28(1986) : 93.

Inui, T., Nagata, H., Yamase, O., Matsuda, H., Kuroda, T., Yoshikawa, M.,
Takeguchi, T., and Miyamoto, A., Appl. Catal., 24(1986) : 257.

Dejaifve, P., Aurou, A, Gravelle, P. C., Vedrine, J. C., Galica, Z., and Derouane,
E. G, J. Catal.,, 70(1981) : 123.

Anderson, J. R, Foger, K., Mole, R, Rajadhyaksha, R. A., and Sanders, J. V.,
J. Catal., 58(1979) : 114.

Topse, N. Y., Pederson, K., and Derouane, E. G., J. Catal., 70(1981) : 41.

Haag, W. O., Proc. 6th Intern. Zeolite Confer., Reno, 1983, Butterworths,
London, p.166, 1984.

Chang, C. D. and Silvestri, A. J., J. Catal., 47(1977) : 249.

Gnep, N. S., Doyemet, J. Y., Seco, A. M., Ribeiro, F. R., and Guisnet, M., Appl.
Catal , 43(1988) : 155.

Inui, T., Sekiyu Gakkaishi, 33(1990) : 198.

Ono, Y., Nakatani, H., Kitagawa, H., and Suzuki, E., Stud. Surf. Sci. Catal., 44
(1989) : 279.

Kanai, J. and Kawata, N, J. Catal., 114(1988) : 284.

Inui, T., Suzuki, T., Inoue, M., Murakami, Y., and Tagakami, Y., “Structure and
Reactivity of Modified Zeolites”, Stud. Surf. Sci. Catal., 18 (Jacobs,
P.A. etal. eds.), p. 201, Elsevier, Amsterdam, 1984.
., Jin, Z.-J., Makino, Y., and Miyamoto, A., Chemistry Express, 2(8) :
515, 1987.




79.

114

., “Highly effective conversion of natural gas components to valuable

products by novel composite catalysts”, Proceedings the Reginal

Symposium on Petrochemical and Environmental Technology’ 93,

January 18-20, 1993, Bangkok, Thailand.



APPENDIX A

SAMPLE OF CALCULATIONS

A-1 Calculation of Si/Metal Atomic Ratio for Metallosilicates Preparation

The calculations is based on weight of Sodium Silicate (Na,0.Si0,.H,0) in G2

and S2 solutions.

Molecular Weight of Si = 28.0855
Molecular Weight of Si0, = 60.0843
Weight percent of SiO, in Sodium Silicate = 28.5

Using Sodium Silicate 69 g with 45 g of water as a G2 and S2 solution.

mole of Si used wt. x (%) x (M.W. of Si) x (1 mole) (A-1.1)

100 (M.W. of SiO;) (M.W. of Si)

69 x (28.5/100) x (1/60.0843)
0.3273 mole

ZSM-S Catalyst

For example, to prepare ZSM-5 at Si/Al atomic ratio of 40 by using AICl; for

aluminium source.

Molecular Weight of Al = 26.9815
Molecular Weight of AICl; = 133.3405
S/Al atomic ratio of 40 |
mole of AICl; required= 0.3273/40 = 8.1825x 10° mole
amount of AICl; - 8.1825 x 10” x 133.3405

= 1.0911 g



116

Ga-silicate and Ga.Al-silicate Catalyst

For example, to prepare Ga-silicate with Si/Ga atomic ratio of 40 by using Ga,

(SO4)3.nH,0 for aluminium source.
Molecular Weight of Ga =  69.723
Molecular Weight of Gax(SO4)s.nH;0

Si/Ga atomic ratio of 40
mole of Gay(SO4);.nH,0 required
amount of Gay(SO4);.nH,0 '

742.4042

0.3273/40 = 8.1825 x 10” mole
(8.1825 x 10™ x 742.4042)/2
= 30374 g

Zn-silicate and Zn.Al-silicate Catalyst

For example, to prepare Zn-silicate with Si/Ga atomic ratio of 40 by using

ZnS0O4.7H,0 for aluminium source.

Molecular Weight of Zn = 6539
Molecular Weight of ZnSO,.7H,0 = 28754
Si/Zn atomic ratio of 40
mole of ZnSO,.7H,0 required = 0.3273/40 = 8.1825 x 10® mole
amount of ZnSO4.7H,0 = 8.1825x 10” x 287.54
TUened#dy £

This is the amount of AICI, Ga,(S04)3.nH,0 and/or ZnSO,.7H,0 used in Gl

and S1 solutions.
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A-2 Calculation of Metal Ion-exchanged ZSM-5 and Metallosilicates

Platinum ion-exchange

Determine the amount of Pt into catalyst = 0.5 wt%
The catalyst use = X g
So that: from the equation
Pt/(X+Pt) = 0.5/100 (A-2.1)
100 x Pt = 0.5 x (X+Pt)
(100-0.5) x Pt = 0.5x X
thus Pt = (0.5 x X)/(100-0.5) g

use Pt(NH;),Cl,.H,O (Molecular Weight = 352.13, 55 % Pt)

weight of PtNH:)«CLLb H,0 = [0.5 x X/(100-0.5)] x [100/55] g

For other metal ion-exchange

Determine the amount of metal loaded into catalyst = " 0.5 wt.%
The catalyst use = X g
" So that : from the equation
Me/(X+Me) = 0.5/100
100 x Me = 0.5 x (X+Me)
(100-0.5) x Me = 05xX

thus weight of metal, Me 0.5 x X/(100-0.5) g
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Various metal salt used for ion-exchange

Metal salt MW. % metal Weight of metal salt(g)
Gax(SO04)s.nH,0 73740 1878  [0.5 x X/(100-0.5)]x[100/18.78]
ZnS0,.7H,0 28754 2198  [0.5x X/(100-0.5)]x[100/21.98]
(NH)sM0,02.4H,0 123586 5432 [0.5 x X/(100-0.5)]x[100/54.32]
Mn(NO;),.4H,0 25101 2189  [0.5x X/(100-0.5)]x[100/21.89]
ZrCly 233.03 39.15  [0.5 x X/(100-0.5)]x[100/39.15]

| Cu(NOs),.3H,0 241.60 26.30  [0.5 x X/(100-0.5)]x[100/26.30]
Ni(NOs),.6H,0 290.81 18.47  [0.5 x X/(100-0.5)]x[100/18.47]
VCly 15730 3240  [0.5 x X/(100-0.5)]x[100/32.40]
Fe(NO;);.9H,0 40400 1382  [0.5x X/(100-0.5)]x[100/13.82]
Co(NO3),.6H,0 291.04 2024  [0.5 x X/(100-0.5)]x[100/20.24]

Cr(NO5);.9H,0 400.15 1299  [0.5 x X/(100-0.5)]x[100/12.99]
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A-3 NH; Temperature Programmed Desorption Calculation

Weight Temperature (°C)
600

b A Time ’

Figure A-3 Plot of weight loss and temperature versus time
Chart speed = 0.25 cm/min.
Range = 10 mg
w = weight of catalyst
Wy = weight of water
W4 = weight of dry catalyst = W - Wy
dw = 10 mg x (a /25 cm) (A-2.1)
dt = 60 sec x (b /0.25 cm) (A-2.2)
(dw/dt) = (10 mg x 0.25 cm x a)/(60 sec x 25 cm x b) (A-2.3)

W4 Wy

Plot (dw/dt) versus temperature.
W4
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A-4 Calculation of Reaction Flow Rate.
The catalyst used = 0.5000 g
packed catalyst into quartz reactor (inside diameter = 0.6 cm)
determine the average high of catalyst bed = H cm. So that,

Volume of catalyst = mx(0.3)’xh cc-cat.

used Gas Hourly Space Velocity (GHSV) = 2000 h'

Volumetric flow rate’
Volume of catalyst

GHSV

Volumetric flow rate' = 2000 x Volume of catalyst
2000 x T x (0.3’ x H cc/h

= (2000 x 7 x (0.3)* x H)/60 cc/min.

" at STP condition:

Volumetric flow rate = Volumetric flow rate' x (273.15 + t)/273.15

where t = room temperature, °C.
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A-5 Calculation of Conversion and Hydrocarbon Distribution of Aromatization

Reaction

The LPG (propane, butane, and their mixtures) aromatization activity was

evaluated in term of the conversion of LPG into other hydrocarbons.

LPG Conversion (%) = ([LPGJlin-[LPG]ow) x 100
[LPGlin

. For example : H-Ga. Al-silicate (S/Ga = 155, SI/Al = 40)
" Reaction condition : Reaction temperature 600 °C, GHSV = 2000 h™,

feed 20 % propane N, balanced, 1 h time on stream.

From Figure A-5.1
VZ-10 (feed)

area of feed propane = 2269572

From Figure A-5.2

VZ-10 (1 h)
area of CH,, C, = 205158
area of C, ='"65279
area of Cy = 152239

area of propane rested= 78996

area of C3~ = 69693

area of C4 = 032

area of C4 = 645

area of C,-C, = 205158+65279+152239+78996+69693+932+645

= 572943



<22/86795 B89:80:088

f 1.525

TOP

TINE AREA HK IDNO CONC NAME
0.6867 218 9.8093

1.525 57 8.0025

4.208 2269572 99.9882  Propane
TUTAL 2269848 108

Figure A-5.1 Chromatogram of feed from VZ-10 column

22706795 99:40:84

?——

# _ LS
a fa"JO
13,322
15.858
28.865
STOP
PKNO TINE AREA MK IDNO CONC NAHE
1 8.858 124 8.8216
2 8.695 205158 35,7999  Methane
3 1.522 £5273 ¥ 11.3912  Ethane
4 1.893 152239 v 26.5657  Ethylene
5 4,478 78996 13.7849  Propane
6 7.453 69693 12.1614 Cy
7 18.322 231 8.8484
8 15.858 701 6.1224 ¢
3 28.865 645 8.4126 C/J
ToTAL 572867 168

Figure A-5.2 Chromatogram of product from VZ-10 column

4,288

¥: 688

4.478
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From Figure A-5.3
Silicon OV-1 (1h)
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determine all of hydrocarbon area into 3 parts

first part are the area of C,-C,= 248722

second part are the area of Cs’

third part are the area of aromatics

= 8§79
395623

So that : compared the area from VZ-10 to the area of OV-1

area of C,; (OV-1)

area of C;(VZ-10) x area of C;-C4(OV-1)

area of C;-C4 (VZ-10)

(205158 x 248722)/572943

= 89062
The other were calculated as same as C,
area of C; (OV-1) = 28339
area of C; (OV-1) = 66089
area of C; (OV-1) = 34293
area of C;~ (OV-1) = 30255
“areaof C4 (OV-1) = 405
area of C, (OV-1) = 280

Hence : Product distribution (C-wt.%)

[area C,;(OV-1) x 100]/[(total area of OV-1) - (area of C3(0V-1))]

= (89062 x 100)/(732213-34293)

C, =

= 12.76
Cz = 4.06
C = 9.47
C = 4.34
Ca = 0.06

€y = 0.04

%

%

%.

%
%
%
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Ce/06Y88 89:41:53

§.088

18,379

O b ok

TH. 346

[ 41.481
43.18

Figure A-5.3 Chromatogram of product from Silicon OV-1 column.



CHROMATOGRAN

PKNO TINE
1 8.153
2 2.953
3 3.845
4 3.16
3 3.227
6 3.29
7 3.345
8 3.497
9 3.607
16 3.699
11 3.762
12 3.847
13 3.935
14 3.992
15 4.141
16 4.39
17 4.549
18 6.738
19 12.5684
26 18.6851
el 18.579
ee 19.494
23 19.737
c4 21.419
25 22.359
26 2e.84
27 23.198
c8 23.556
29 23.987
36 24.433
31 24.552
3e 24.641
33 25.891
34 26.264
35 26.539
36 28.385
37 36.614
38 30.384
39 30.667
46 368.833
41 31.131
42 31.815
43 36.232
44 36.946
45 41.481
46 43.18
TOTAL

Figure A-5.3 Chromatogram of product from Silicon OV-1 column. (continued)

1 HMENORIZED

AREA MK IDNO CONC
24 8.60833
185624 25.2684 ]
59926 V 8.184
385 ¥ 8.8526
2088 8.2852
536 8.8733
763 SV 8.1041 |
14 T 08.662
13 1 8.6018
13 TV 8.66818
71 ¥ 8.8897
188 v 8.0147
29 6.8839
124 v 8.6169
399 8.8545
29 8.004
12 8.0616 |
262461 35.8438
167888 22.927
1687 8.2195
23271 3.1781
1365 8.1864
7362 V¥ 1.0054
18 8.80257]
22 8.0083
48 8.8855_|
431 0.0588 7]
66 v 0.609
129 8.0177
33 8.0045
383 V 8.0414
378 ¥ 8.6517
116 8.0159
485 ¥ 8.8553
7428 1.0144
28 08.0027
32 8.8043
54 ¥ 0.0074
590 8.0805
361 ¥ 8.8493
39 v 8.80853
6381 8.8714
1321 8.1865
489 8.0667
51 8.887
26 8.8835 _|
732237 100

NANE

C]-C4

Cs'

Benzene
Toluene

EB
m+p-Xylene
C_t,+
o0-Xylene

Cs'

Ay
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Cs' = 0.13 %
aromatics = 69.15 %
- benzene = 37.60 %
- toluene = 24.06 %
- ethylbenzene = 023 %
- xylene = 440 %
-Ay = 2.86 %
Propane conversion = [area of feed propane]-[area of propane rested]

[area of feed propane]
= [(2269572-78996) x 100]/2269572
= 9652 %
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