
REFERENCES

Bliemeister, J., Hagendorf, พ ., Harder, A., Heitmann, B., Schimmel, I., 
Schmedt E., Schnuchel, พ., Sinn H., Tikwe, L., Thienen, N. V., 
Urlass, K., Winter, H., and Zarncke, o . (1995). The role of MAO- 
activators. Ziegler Catalysts. Fink, G., Mulhaupt, R., and 
Brintzinger, H. H. ed. Springer-Verlag, Berlin Heidelberg, 57-82.

Bochmann, M. (1996). Cationic Group 4 metallocene complexes and their 
role in polymerization catalysis: the chemistry of well defined 
Ziegler catalysts. Journal of the Chemical Society-Dalton 
Transaction, (3), 255-270.

Bochmann, M., Jaggar, A. J., and Nicholls, J. c . (1990). Base-free cationic 
14-electron titanium and zirconium alkyls: In situ generation, 
solution structures, and olefin polymerization activity. Angewandte 
Chemie International Edition in English, 29(1), 780-782.

Boor, J., Jr. (1979). Ziegler-Natta Catalysts and Polymerization. New York: 
Academic Press.

Breslow, D. ร., and Newburg, N. R. (1959) Bis-(cyclopentadienyl)-titanium 
dichloride-alkylaluminum complexes as soluble catalysts for the 
polymerization of ethylene. Journal of the American Chemical 
Society, 81, 81-86.

Brintzinger, H. H., Fischer, D., Mülhaupt, R., Rieger, B., and Waymouth, R.
M. (1995). Stereospecific olefin polymerization with chiral 
metallocene catalysts. Angewandte Chemie International Edition in 
English, 34, 1143-1170.



39

Chien, J. c  พ ., Tsai, พ . M., and Rausch, M. D. (1991) Isospecific 
polyemmerization of propylene catalyzed by rac-ethylenebis 
(indenyl)methylzirconium “Cation”. Journal of the American 
Chemical Society, 113, 8570-8571.

Chien, J. c . พ ., Song, พ ., and Rausch, M.D. (1994) Polymerization of 
Propylene by Zirconocenium Catalysts with Different Counter
ions.” Journal of Polymer Science Part A: Polymer Chemistry.
32, 387-2393.

Dube, M. A., Soares, J. B. p., Penlidis, A., and Hamielec, A. E. (1997).
Mathametical modeling of multicomponent chain-growth 
polymerizations in batch, semibatch, and continuous reactors: A 
review. Industrial & Engineering Chemstry Research, 36, 966- 
1015.

Ewen, J. A., and Elder, M. J. (1991) Addition of aluminum alkyl for improve 
metallocene catalysts for polymerization of olefins. Eur. Pat. Apph 
EP 426638.

Fan, L., Elarrison, D., Deng, L., Woo, T. K., Swerhone, D., and Ziegler, T.
(1995). A density functional functional study on olefin insertion 
and hydrogen transfer in the reaction between Cl2Ti+-ethyl and 
ethylene. Possible implications for the sterochemistry and chain 
termination in olefin polymerization. Canadian Journal of 
Chemistry. 73, 989-998.

Fischer, D., and Miilhaupt, r. (1991). Reversible and irreversible deactivation
of propene polymerization. Journal of Organometallic Chemistry, 
417, C7-C11.



40

Gupta, V. K., Satish, ร., and Bhardwaj, I. ร. (1994). Metallocene complexes of 
group 4 elements in the polymerization of monoolefins. Journal of 
Macromolecular Science-Macromolecular Chemical and Physic. 
C34(3), 439-514.

Hamielec, A. E., and Soares, J. B. p. (1996). Polymerization reaction 
engineering -  Metallocene catalysts. Progress in Polymer Science. 
21, 651-706.

Hlatky, G. G. (1999) Metallocene catalysts for olefin polymerization Annual 
review for 1996. Coordination Chemistry Reviews. 181, 243-296.

Huang, B., and Tian, J. (1996). Metallocene catalysts (group 4 elements, new 
polymeric materials). Polymeric Materials Encyclopedia volume 6, 
Salamone, J. c . ed. CRC Press, 4191-4201.

Huang, J., and Rempel, G. L. (1995). Ziegler-Natta catalyst for olefin 
polymerization: Mechanistic insights from metallocene systems. 
Progress in Polymer Science, 20, 459-526.

Kaminsky, พ . (1983). Tansition Metal Catalyzed Polymerization volume 4, 
part A, Quirk, R. p. ed. Harwood Academic Publishers: New York, 
225-230.

Kaminsky, พ . (1996). New polymers by metallocene catalysis. 
Macromolecular Chemical Physic, 197, 3907-3945.

Kaminsky, พ ., and Duch, A. (1996). New developments in olefin 
polymerization with metallocene catalysts. Studies in Surface 
Science and Catalysis volume 100, Absi-Halabi, M. et al. ed. 
Elsevier Science B. V., 91-98.

Kissin, Y. V., and Beach, D. L. (1984). Kinetics of ethylene polymerization
at high temperature with Ziegler-Natta catalysts. Journal of 
Applied Polymer Science, 29, 1171-1182.



41

Liu, ร., Yu, G., and Huang, B. (1997) Polymerization of Ethylene by 
Zirconocene-B(C6F5)3 Catalysts with Aluminum Compounds. 
Journal of Apply Polymer Science., 66, 1715-1720.

Moore, E. p., Jr. (1996) Polypropylene Handbook. New York: Hanser 
Publishers.

Natta, G., and Pino, p. A. (1957). Crystallizatbility organometallic 
complex containing titanium and aluninum. Journal of the 
American Chemical Society. 79, 2975-2978.

Parshall, G. พ ., and Ittel, ร. D. (1992). Homogeneous Catalysis. New York: 
John Wiley & Sons, Inc.

Piers, พ . E., and Chiyers, T. (1997). Pentafluorophenylboranes: from 
obscurity to applications. Chemical Society Reviews. 26, 345-354.

Reddy, ร. ร., and Sivaram, ร. (1995). Homogeneous metallocene -  
methylaluminoxane catalyst systems for ethylene polymerization. 
Progess in Polymer Science, 20, 309-367.

Sinclair, K. B., and Wilson, R. B. (1994). Metallocene catalysts: A revolution 
in olefin polymerization. Chemistry & Industry, 7 November, 857- 
862.

Stevens, J. c . (1996) Constrained geometry and other single site metallocene 
polyolefin catalysts: A revolution in olefin polymerization. Studies 
in Surface Science and Catalysis volume 101, Hightower, J. พ ., 
Delgass, พ . N., Iglesia, E., and Bell, A. T. ed. Elsevier Science B. 
V., 11-20.

Tait, P. J. T. (1996) Metallocene catalysts. Polymeric Materials Encyclopedia 
volume 6, Salamone, J. c . ed. CRC press, 4169-4177.



42

Yang, X., Stem, c . L., and Marks, T. J. (1991). “Cationic-like” homogeneous 
olefin polymerization catalysts based upon zirconocene alkyls and 
tris(pentafluorophenyl)borane. Journal of the American Chemical 
Society. 1 13, 3623-3625.



APPENDIX

Table A.l Mass flow meter calibration at temperature of 20 °c and 
pressure of 2 atm.

mass flow meter 
(ml/min)

actual flow (ml/min) average actual flow 
(ml/min)

0 0.00 0.00 0.00 0.00
2 1.91 1.91 1.91 1.91
4 2.50 2.50 2.50 2.50
6 3.48 3.48 3.48 3.48
8 5.58 5.57 5.57 5.57
10 6.79 6.78 6.78 6.78
14 9.61 9.61 9.61 9.61
18 12.50 12.50 12.50 12.50
25 17.70 17.70 17.70 17.70
30 21.10 21.10 21.10 21.10
35 24.90 24.90 25.00 24.93
45 32.10 32.10 32.20 32.13
55 38.50 38.50 38.50 38.50
65 45.20 45.10 45.20 45.17
80 55.70 55.70 55.70 55.70
95 66.10 66.00 66.10 66.07
115 79.60 79.70 79.60 79.63
135 92.50 92.6.00 92.50 92.53
155 107.00 106.00 107.00 106.67
180 123.00 123.00 123.00 123.00
205 141.00 141.00 141.00 141.00
250 172.00 172.00 171.00 171.67
275 188.00 188.00 188.00 188.00
300 206.00 206.00 206.00 206.00
350 240.00 240.00 240.00 240.00
397 273.00 273.00 273.00 273.00
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Figure A.l Calibration curve of mass flow meter.

Actual Flow (ml/min)
= [0.6&69\Ethylene consumption rate from mass flow meter {ml/ min)] 
where 0.6869 is correction factor from calibration curve of mass flow meter.
Activity (kgPE/mol-Zr.hr.atm)

[Ethylene consumption rate (kg /  hr )]
[Amount o f catalyst (mol -  Zr)\Ethylene pressure (atm)]

Ethylene Consumption Rate (kg/hr)
[Actual flow (ml /  min ) \d  f e /Q F o ]

[1000 X 1000 ]
where d=  the ethylene pressure-density dependence from the ideal behavior 
(Kissin and Beach, 1984).

d = [(5.374 X 10~3)x p]x [exp(3A69 X 10~4 x f |
where p  = ethylene pressure (atm).
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Productivity (kgPE/mol-Zr. hr. atm)

[Polyethyle ne product (kg )]
[Amount of catalyst (mol -  Zr)\Ethylene pressure (atm)\Polymeriza tion time (hr)]

Table A.2 Ethylene consumption of different cocatalyst systems.

Time(min) Ethylene consumption (ml/min) from mass flow meter
TMA/Zr Zr/B(C6F5)3 TMA/Zr/B(C6F5)3 TMA/B(C6F5)3/Zr

0 0 0 0 0
1 0 0 2 0
2 2 1 8 1
3 2 1 8 1
4 2 1 8 1
5 2 1 7 1
6 2 1 7 1
7 1 1 6 1
8 1 1 6 2
9 1 1 5 2
10 1 1 5 2
11 1 1 5 2
12 1 1 5 2
13 1 0 4 2
14 1 0 4 2
15 1 0 4 2
16 1 0 4 2
17 1 0 4 2
18 1 0 4 2
19 1 0 3 2
20 1 0 3 2
21 1 0 3 2
22 1 0 3 2
23 1 0 3 2
24 1 0 3 2
25 1 0 3 2
26 1 0 3 2
27 1 0 3 2
28 1 1 3 2
29 1 1 3 2
30 1 1 3 3
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Table A.2 (continued) Ethylene consumption of different cocatalyst systems.

Time(min) Ethylene consumption (ml/min) from mass flow meter
TMA/Zr Zr/B(C6F5)3 TMA/Zr/B(C6F5)3 TMA/B(C6F5)3/Zr

31 1 1 3 3
32 1 1 3 3
33 1 0 3 3
34 1 0 3 3
35 1 0 3 3
36 1 0 3 3
37 1 0 3 3
38 1 0 3 3
39 1 0 2 3
40 1 0 2 3
41 1 0 2 3
42 1 0 2 3
43 0 0 2 3
44 0 0 2 3
45 0 0 2 3
46 0 0 2 3
47 0 0 2 3
48 0 0 2 3
49 0 0 2 3
50 0 0 2 3
51 0 0 2 3
52 0 0 2 3
53 0 0 2 3
54 0 0 2 3
55 0 0 2 3
56 0 0 2 3
57 0 0 2 3
58 0 0 2 3
59 0 0 2 3
60 0 0 2 3
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Table A.3 Ethylene consumption at varying [Zr].

Time(min) Ethylene consumption (ml/min) from mass flow meter
Zr = 50 pmol Zr = 30 pmol Zr = 20 pmol Zr = 10 pmol

0 0 0 0 0
1 312 186 89 8
2 293 155 78 12
3 278 140 68 16
4 263 129 60 17
5 248 120 53 17
6 233 114 48 16
7 218 108 44 14
8 207 104 41 13
9 196 100 38 12
10 186 97 35 12
11 176 94 33 11
12 168 92 31 10
13 160 89 30 10
14 154 88 28 9
15 148 86 27 9
16 143 84 26 8
17 139 83 25 8
18 135 81 24 7
19 132 80 23 7
20 129 79 22 7
21 126 78 22 7
22 123 77 21 6
23 120 75 20 6
24 118 74 20 6
25 116 73 19 6
26 114 72 19 6
27 112 72 18 5
28 110 71 18 5
29 108 70 17 5
30 106 69 17 5
31 105 68 17 5
32 104 68 16 5
33 103 67 16 5
34 101 66 16 5
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Table A.3 (continued) Ethylene consumption at varying [Zr],

Time(min) Ethylene consumption (ml/min) from mass flow meter
Zr = 50 pmol Zr = 30 pmol Zr = 20 pmol Zr= 10 pmol

35 100 66 15 4
36 99 65 15 4
37 98 64 15 4
38 97 64 14 4
39 96 63 14 4
40 95 63 14 4
41 94 62 14 4
42 94 62 13 4
43 93 61 13 4
44 92 60 13 4
45 91 60 13 4
46 91 59 13 4
47 90 59 12 4
48 89 59 12 4
49 89 58 12 3
50 88 58 12 3
51 88 57 12 3
52 87 57 11 3
53 86 57 11 3
54 86 56 11 3
55 85 56 1 1 3
56 85 56 11 3
57 84 55 11 3
58 84 55 11 3
59 83 55 10 3
60 82 54 10 3
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Table A.4 Ethylene consumption at varying [Al]/[Zr] ratio.

Time(min) Ethylene consumption (ml/min) from mass flow meter
[Al]/[Zr]= 100 [AI]/[Zr] = 80 [Al]/[Zr] = 60 [Al]/[Zr] = 50

0 0 0 0 0
1 36 32 20 8
2 36 30 21 12
3 34 28 20 16
4 32 25 19 17
5 31 22 18 17
6 29 20 17 16
7 28 18 16 14
8 27 17 14 13
9 26 16 13 12
10 26 15 12 12
11 25 14 12 11
12 24 13 11 10
13 24 13 10 10
14 24 12 10 9
15 23 12 9 9
16 23 12 9 8
17 22 11 9 8
18 22 11 8 7
19 22 11 8 7
20 21 10 8 7
21 21 10 8 7
22 21 10 7 6
23 20 10 7 6
24 20 9 7 6
25 20 9 7 6
26 20 9 7 6
27 20 9 6 5
28 19 9 6 5
29 19 9 6 5
30 19 9 6 5
31 19 8 6 5
32 18 8 6 5
33 18 8 6 5
34 18 8 6 5
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Table A.4 (continued) Ethylene consumption at varying [Al]/[Zr] ratio.

Time(min) Ethylene consumption (ml/min) from mass flow meter
[Al]/[Zr] = 100 [Al]/[Zr] = 80 [Al]/[Zr] = 60 [Al]/[Zr] = 50

35 18 8 5 4
36 18 8 5 4
37 18 8 5 4
38 17 8 5 4
39 17 8 5 4
40 17 8 5 4
41 17 7 5 4
42 17 7 5 4
43 17 7 5 4
44 17 7 5 4
45 17 7 5 4
46 16 7 5 4
47 16 7 5 4
48 16 7 4 4
49 16 7 4 3
50 16 7 4 3
51 16 7 4 3
52 16 6 4 3
53 16 6 4 3
54 16 6 4 3
55 16 6 4 3
56 16 6 4 3
57 16 6 4 3
58 15 6 4 3
59 15 6 4 3
60 15 6 4 3



51

Table A.5 Ethylene consumption of prealkylated zirconocene.

Time(min) Ethylene consumption (ml/min) from mass flow meter
TMA/Zr/
B(C6F5)3

TMA/B(C6F5)3/
(Zr+100TMA)

TMA/ B(C6F5)3/ 
(Zr+200TMA)

TMA/ B(C6F5)3/ 
(ZH-300TMA)

0 0 0 0 0
1 8 1 0 0
2 12 2 0 1
3 16 4 0 1
4 17 4 1 1
5 17 5 1 1
6 16 5 1 1
7 14 5 1 1
8 13 5 1 1
9 12 5 1 1
10 12 5 1 1
1 1 11 5 1 1
12 10 5 1 1
13 10 5 1 1
14 9 5 1 1
15 9 5 1 1
16 8 5 2 1
17 8 5 2 1
18 7 5 2 1
19 7 5 2 1
20 7 5 2 1
21 7 4 2 1
22 6 4 2 1
23 6 4 2 1
24 6 4 2 1
25 6 4 2 1
26 6 4 2 1
27 5 4 2 1
28 5 4 2 1
29 5 4 2 1
30 5 4 2 1
31 5 4 2 1
32 5 4 2 1
33 5 4 2 1
34 5 4 2 1
35 4 4 2 1
36 4 4 2 1
37 4 4 2 1
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Table A .5 (continued) Ethylene consumption of prealkylated zirconocene.

Time(min) Ethylene consumption (ml/min) from mass flow meter
TMA/Zr/
B(C6F5)3

TMA/B(C6F5)3/
(Zr+100TMA)

TMA/ B(C6F5)3/ 
(ZH-200TMA)

TMA/ B(C6F5)3/ 
(Zr+300TMA)

38 4 4 2 1
39 4 4 2 1
40 4 4 2 2
41 4 4 2 2
42 4 4 2 2
43 4 3 2 2
44 4 3 2 2
45 4 3 2 2
46 4 3 2 2
47 4 3 2 2
48 4 3 2 2
49 3 3 2 2
50 3 3 2 2
51 3 3 2 2
52 3 3 2 2
53 3 3 2 2
54 3 3 2 2
55 3 3 2 2
56 3 3 2 2
57 3 3 2 2
58 3 3 2 2
59 3 3 2 2
60 3 3 2 2
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Table A.6 Ethylene consumption of prealkylated and preactivated
zirconocene.

Time(min) Ethylene consumption (ml/min) from mass flow meter
500TMA+B(C6F5)3+( 100TM A+Zr) 500TMA+(B(C6F5)3+100TMA+Zr)

0 0 0
1 0 1
2 1 5
3 1 8
4 1 7
5 1 6
6 1 5
7 1 5
8 1 4
9 1 4
10 1 3
11 1 3
12 1 3
13 1 3
14 1 2
15 1 2
16 1 2
17 1 2
18 1 2
19 1 2
20 1 2
21 1 1
22 1 1
23 1 1
24 1 1
25 1 1
26 1 1
27 1 1
28 1 1
29 1 1
30 1 1
31 1 1
32 1 1
33 1 1
34 1 1
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Table A .6 (continued) Ethylene consumption of prealkylated and preactivated 
zirconocene.

Time(min) Ethylene consumption (ทา!/ทา๒) from mass flow meter
500TM A+B(C6F5)3+( 100TM A+Zr) 500TMA+(B(C6F5)3+100TM A+Zr)

35 1 1
36 1 1
37 1 1
38 1 1
39 1 1
40 1 1
41 1 1
42 1 1
43 1 1
44 1 1
45 1 1
46 1 1
47 1 1
48 2 1
49 2 1
50 2 1
51 2 1
52 2 1
53 2 1
54 2 1
55 2 1
56 2 1
57 2 1
58 2 1
59 2 1
60 2 1
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