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 2 Figure 2. Patent applications for Phthalate free polypropylene catalysts by year.

Figure 3 .Figure 4 .

 34 Figure 3. Numbers of patent applications for Phthalate free catalysts by company.
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 7 Figure 5. Propylene insertion step.
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 89 Figure 8. Alkylation of the titanium species.
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 10 Figure 10. Patent applications for polypropylene processes and products by year.
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 111213141516171819 Figure 11. Total number of patents on polypropylene processes and products by status.
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 201 Figure 20. Scale up process and the critical output of each stage.
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 2345678 Figure 2. Chemical structures of: A. TEA, B. TiBA, C. TOA, D. N-donor, and E. P-donor.2.1.5. MWD Deconvolution

  Figure 11. Deconvoluted MWD with TEA for: A. 0 H2 mol%, and B. 4.8 H2 mol%. A B Figure 12. Deconvoluted MWD with TiBA for: A. 0 H2 mol%, and B. 4.8 H2 mol%. A B Figure 13. Deconvoluted MWD with TOA for: A. 0 H2 mol%, and B. 4.8 H2 mol%.

Figure 14 .

 14 Figure 14. The relationship between MSL, and A. mmmm pentads, and B. mr diads.
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  Figure 16. Bulk density results as a function of: A. initial reaction temperature exotherm difference, B. time taken for the initial exotherm to reach the maximum.

Figure 17 .

 17 Figure 17. Bulk denisty results as a function of activity.

Figure 19 .

 19 Figure 19. A. Isolated reaction cartridge, and B. the same cartridge in more detail where; I. metal mesh housing, II. 4 μm metallic mesh, and III. the valve connecting the cartridge to the reactor.
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 20211 Figure 20. A. Reaction rates with TEA in different diluents and at different Al/Ti.
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 23 Figure 2. Lab purification setup for Propylene.
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 5 Figure 5. Catalyst activity rate for the reference experiment for the poisons experiments set and the reference with the additional TiBA injection at 35 min post reaction start.
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 1213 Figure 11. A. Catalyst activity rates with time in propylene polymerization with dimethyl sulfoxide, B. catalyst productivity as a function of dimethyl sulfoxide concentration.
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 16 Figure 16. Correlation between the SF and Xc for all poisons experiments.
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 19 Figure 19. PSD for the reference and poisons at the highest concentration; A. average, and B. cumulative.

Figure 20 .

 20 Figure 20. Fines content plotted against poison concentration; A. H2O, methanol, dimethyl sulfoxide, and ethyl acetate, and B. CO2, and O2.

Figure 21 .

 21 Figure 21. Fines content plotted against activity.

  Photos of the reactor internals post experiment, A. a standard reaction, B. with H2O, and C. with Methanol. A B Figure 23. Agglomerates content in propylene polymerization experiments; A. H2O, methanol, dimethyl sulfoxide, and ethyl acetate, and B. CO2, and O2.
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 2412 Figure24. photos of some of the agglomerates recovered from the reactions with the poisons.
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 4567 Figure 4. Experimental reaction rates for: A. the reference experiments with N-Donor and no ALA, B. No N-Donor nor ALA, and C. the catalyst productivities for these experiments plotted against reaction temperature.

Figure 8 .

 8 Figure 8. MSL plotted as a function of mr diads (i.e., stereo-irregular diads).

Figure 11 .Figure 12 .

 1112 Figure 11. DRIFT spectra of the catalyst with and without DBS treatment.

  

  

  

  

  

  

  

  

  

  

Introduction α 1.1. Polypropylene Ziegler Natta Catalysts 1.1.1. PP Ziegler Natta Catalysts EvolutionTable 1 .

 1 Ziegler Natta catalysts generations for propylene polymerization .

Catalyst Generation Pre-catalyst Co- catalyst External donor Significance δ δ

  Figure 1. Polypropylene classifications depending on the methyl group configuration on the polymer backbone.

Table 1 .

 1 Description

	o	d4 o
	2.1.3.3. Powder Morphology Analyses
	2.1.4. Experiments

of the reaction setup components numbering shown in Figure 1. 2.1.3.1. Gel Permeation Chromatography (GPC) ° 2.1.3.2. Nuclear Magnetic Resonance (NMR)

Table 2 .

 2 Alkyl aluminums experiments conditions.

	SN	Tsp (°C)	Al/Ti	Si/Ti	Al/Si	H2	External
			(mol/mol)	(mol/mol)	(mol/mol)	(mol%)	donor

Table 3 .

 3 Isolated reaction cartridge experiments conditions.

	SN	Alkyl Aluminum	T (°C)	Al/Ti

Table 4 .

 4 TEA dilent and seedbed experiments conditions.

Table 5 .

 5 Effect of Al/Ti on molecular weight characterstics.

	SN	Al	ED	Mn (kDa) Mw (kDa)	PDI	MzR
	1.1					
	2.1					
	3.1					
	10.1					
	11.1					
	12.1					
	16.1					
	17.1					
	18.1					
	1.2					
	2.2					
	3.2					
	10.2					
	11.2					
	12.2					
	16.2					
	17.2					
	18.2					
	1.3					
	2.3					
	3.3					
	10.3					
	11.3					
	12.3					
	16.3					
	17.3					
	18.3					

Table 6 .

 6 Effect of reaction temperature on molecular weight characterstics.

	SN	Al	Mn (kDa)	Mw (kDa)	PDI	MzR
	4.1					
	5.1					
	6.1					
	4.2					
	5.2					
	6.2					
	4.3					
	5.3					
	6.3					

Table 7 .

 7 Effect of H2 mol% on molecular weight characterstics.

Table 8 .

 8 Effect of Si/Ti on molecular weight characterstics.

	SN	Al	Mn (kDa)	Mw (kDa)	PDI	MzR
	13.1					
	14.1					
	15.1					
	13.2					
	14.2					
	15.2					
	13.3					
	14.3					
	15.3					
	2.2.2.2. Stereoregularity				

Table 9 .

 9 Effect of Al/Ti on stereoregularity characterstics.

	SN	Al	ED	mmmm	mr	MSL
	1.1					
	3.1					
	10.1					
	12.1					
	16.1					
	18.1					
	1.2					
	3.2					
	10.2					
	12.2					
	16.2					
	18.2					
	1.3					
	3.3					
	10.3					
	12.3					
	16.3					
	18.3					

Table 11 .

 11 Effect of H2 mol% on stereoregularity characterstics.

	SN	Al	mmmm	mr	MSL
	7.1				
	9.1				
	7.2				
	9.2				
	7.3				
	9.3				

Table 12 .

 12 Effect of Si/Ti on stereoregularity characterstics

	SN	Al	mmmm	mr	MSL
	13.1				
	15.1				
	13.2				
	15.2				
	13.3				
	15.3				

Table 2 .

 2 Experimental reaction conditions for the purification columns set.

	SN	Purification Columns	Co-catalyst	Al/Ti (Doses)	ED	H2 (mol%)	P (barg)	T (°C)

Table 3 .

 3 Experimental reaction conditions for the poisons addition experiments.

	SN	Co-catalyst	Al/Ti (doses)	ED Si/Ti	H2 (mol%)	P (barg)	T (°C)	Poison	Poison Concentration (ppmw)

Table 4 .

 4 Propylene N25 specifications and standard commercial PP plants specification.

	Impurity	Concentration (ppm mol)	Commercial Specifications (ppm
			mol)
	H2O		
	O2		
	CO2		
	N2		
	H2		
	Total Sulfur		
	Total alkanes		
	Total Alkenes		

Table 5 .

 5 Activities of replicate experiments with one and two sets of purification columns.

	Experiments	Activity (kg-PP/gCat.h)
	One Set of Columns	Two Sets of Columns
	Replicate 1	
	Replicate 2	
	Replicate 3	
	Replicate 4	
	Replicate 5	
	3.2.1.2. Systematic Addition of Poisons	

Table 7 .

 7 Melting, crystallization temperatures, and crystallinity fraction.

		Poison	Tm (°C)	Tc (°C)	Xc (%)
	SN Poison	Concentration		
		(ppmw)		

° Figure 15. Soluble fraction plotted against activity for CO2, O2, Methanol, and water.

Table 8 .

 8 Soluble fraction results obtained from CEF with the different poisons.

	SN Poison	Poison Concentration (ppmw)	Soluble Fraction (wt%)

Table 1 .

 1 Experiments on the effects of different ALAs in gas phase propylene polymerization.

	SN	ED/Ti	ALA/Ti	T (°C)

Table 2 .

 2 Experiments with DBS with different methods of additions for Al and ALA.

	SN	Al/Ti	ALA/Ti	T (°C)	Al and ALA Addition
					Method
	4.2. Results and Discussions			
	4.2.1. Reaction Rates			

Table 6 .

 6 Molecular weight characteristics.

	4.2.2. Polymer Microstructure and Morphology
	4.2.2.1. Molecular Weight

Table 7 .

 7 isotactic pentads and MSL results.

	SN	ED	ALA	ALA/Ti	mmmm	MSL
	1					
	2					
	3					
	4					
	5					
	6					
	13.1					
	14.1					
	15.1					
	16.1					
	17.1					
	18.1					
	13.2					
	14.2					
	15.2					
	16.2					
	17.2					
	18.2					
	13.3					
	14.3					
	15.3					
	16.3					
	17.3					
	18.3					

Mater. Res. Express 7 J. Mol. Catal. A Chem. 243 et al. Polym. Int. 54 J. Appl. Polym. Sci. 93 Isospecific Polymerization of Olefins MMI Press Symposium Series (Michigan Molecular Institute) Principles of Polymer Chemistry Polymer (Guildf). 36 Makromol. Chemie. Macromol. Symp. 66 J. Appl. Polym. Sci. 80 Macromol. Rapid Commun. 30 Die Makromol. Chemie 190 Macromol. Chem. Phys. 198 J. Polym. Sci. Part A Polym. Chem. 37 J. Appl. Polym. Sci. 65 Ind. Eng. Chem. Prod. Res. Dev. 21 J. Appl. Polym. Sci. 89 Stud. Surf. Sci. Catal. 56 J. Polym. Sci. Part A Polym. Chem. 35 Macromolecules 32 J. Mol. Catal. 82 Makromol. Chem., Rapid Commun. 13 et al. Eur. Polym. J. 30 J. Appl. Polym. Sci. 83 Polypropylene handbook polymerization, characterization, properties, processing, applications et al. Macromolecules 25 Die Makromol. Chemie 183 Chinese J. Polym. Sci. (English Ed. 37 Die Makromol. Chemie 187 J. Polym. Sci. Part A Polym. Chem. 32 J. Appl. Polym. Sci. 52 Appl. Catal. A Gen. 153 J Polym Sci Polym Chem Ed 17 J. Polym. Sci. A1. 23 Eur. Polym. J. 32 J. Appl. Polym. Sci. 138 Prog. Polym. Sci. 26 J Polym Sci Polym Phys Ed 14 J. Macromol. Sci. Part C Polym. Rev. 29 Polymer (Guildf). 34 Macromol. React. Eng. 8 et al. Macromol. Chem. Phys. 197 Macromol. Chem. Phys. 196 Angew. Chemie -Int. Ed. 55 Die Makromol. Chemie 69 J. Polym. Sci. Polym. Chem. Ed. 15 Isospecific Polymerization of Olefins React. Kinet. Catal. Lett. 9 Die Makromol. Chemie 178 Die Makromol. Chemie 183 Catal. Radic. Polym. Appl. Surf. Sci. 379 Transition Metals and Organometallics as Catalysts for Olefin Polymerization J. Polym. Sci. A1. 22 Polym. Sci. U.S.S.R. 33 et al. Macromolecules 25 J. Polym. Sci. Part A-1 Polym. Chem. 10 J. Polym. Sci. Part A-1 Polym. Chem. 10 J. Appl. Polym. Sci. 88 Soft Mater. 14 et al. Polym. Bull. 71 Ind. Eng. Chem. Res. 55 Chem. Eng. Sci. 61 Powder Technol. 387 Solvents and Solvent Effects in Organic Chemistry 4.3. Conclusions ° ° °

Digital Journal Polypropylene handbook polymerization, characterization, properties, processing, applications Polyolefins: 50 years after Ziegler and Natta II Adv Polym Sci Polyolefin Reaction Engineering Polyolefin Reaction Engineering Multimodal polymers with supported catalysts: Design and production Multimodal Polymers with Supported Catalysts: Design and Production J. Polym. Res. 28 Kirk-Othmer Encycl. Chem. Technol. Particuology 8 J. Catal. 3 J. Catal. 98 J. Catal. 3 J. Phys. Chem. C 113 Prog. Polym. Sci. 16 Die Makromol. Chemie 192 J. Polym. Sci. Part A Polym. Chem. 37 et al. ChemCatChem 10 Polym. Bull. 478 Die Makromol. Chemie 187 Polymer (Guildf). 40 J. Polym. Sci. Part C Polym. Symp. 4 Die … 775 Ziegler-Natta catalysts and polymerizations Academic Press Isospecific Polymerization of Olefins et al. Surf. Sci. 635 et al. J. Phys. Chem. C 112 et al. Macromol. Chem. Phys. 202 J. Mol. Catal. A Chem. 180 J. Mol. Catal. A Chem. 140 Macromolecules 40 Prog. Polym. Sci. 26 J. Organomet. Chem. 694 ACS Catal. 7 Macromol. Symp. 285 J. Phys. Chem. C 118 Die Makromol. Chemie 190 et al. Macromolecules 25 Macromol. Rapid Commun. 25 US Patent 7.491,670 B2 Kirk-Othmer Encyclopedia of Chemical Technology Kirk-Othmer Encyclopedia of Chemical Technology Ⅱ J. Macromol. Sci. Part C 25 J. Appl. Polym. Sci. 138 J. Appl. Polym. Sci. 30 Polym. Eng. Sci. 28 J. Appl. Polym. Sci. 82 Ref. Rev. 32 Polypropylene Handbook Ind. Eng. Chem. Res. 55 Chem. Eng. Sci. 54 J. Polym. Sci. Part A Polym. Chem. 42

Chapter 5: General Conclusions and Perspectives 5.1. The Influence of Conventional Co-catalysts ° ° 5.2. The Influence of Feed Poisons 5.3. The Influence of Activity Limiting Agents ° ° ° ° 5.4. Perspectives 5.4.1. The co-catalyst in Gas and Liquid Phase Polymerization Processes 5.4.2. The Influence of Inerts on Reaction Kinetics 5.4.3. The Self Extinguishing Property of Ziegler Natta Catalysts