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ABSTRACT

The gas-phase ethylene/l-hexene copolymerization kinetics over morphology-controlled
Ziegler-Natta catalysts were studied. In the first part of this study, spherically shaped
MgCl;,-supported TiCly catalysts were synthesized by the emulsion quenching technique
using various preparation conditions, e.g. different MgCl,: ethanol ratios and different
amounts of electron donor, and the effects of the variation of catalyst preparation
methods on catalytic activity and morphology of the nascent polyethylene were studied.
It was found that electron donor was important in determining homopolymerization
activities, nascent polymer morphologies and 1-hexene incorporation ability. Prepolymer
with low yield (<100 g PE/gcat) was synthesized under mild conditions and was used as
catalyst in the subsequent studies. Prepolymer particle growth process was examined by
scanning electron microscopy and the effects of prepolymer size on the polymerization

was studied.

In the kinetic study part, a new technique was used to achieve constant gas-phase
composition during the 2-hour copolymerization runs in a 1-L reactor operated in the
semi-batch mode of constant pressure. This technique allows the determination of the 1-
hexene consumption; this rate of 1-hexene consumption provides direct evidence of the
multi-site nature of supported Ziegler-Natta catalysts. The effects of temperature (60 to
90°C), 1-hexene, ethylene and hydrogen pressures (0 to 14 psi, 60 to 250 psi and 0 to 50
psi, respectively) and the length of runs on the activity profiles, 1-hexene consumption
rates and polymer properties (e.g. molar mass, chemical composition and crystallinity)

were determined.
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Solubility of 1-hexene and ethylene in the polymer were found important in describing
polymerization kinetics. In this study, solubilities of ethylene and 1-hexene were
measured. The non-linear behavior of 1-hexene sorption was described using Flory-
Huggins and Peng-Robinson equations. The sorption of 1-hexene in the 1-hexene/
ethylene mixture was different from its solubility under pure 1-hexene conditions. This

co-sorption of 1-hexene was indirectly estimated.

A three-site kinetic model based on kinetic understanding and polymer characterization
was finally proposed. The first site is largely responsible for 1-hexene incorporation; this
site is activated rapidly (<10 min) and deactivates in less than 1 hour. The other two sites
are essentially ethylene homopolymerization sites. Langmuir-Hinshelwood adsorption
theory was applied to describe the interaction of sorbed ethylene and 1-hexene with the
catalytic sites. Simulation results showed that the model was successful in describing the

observed rate profiles and copolymer compositions.
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ABBREVIATIONS AND NOMENCLATURE

Abbreviations

BC.NMR Carbon-13 nuclear magnetic resonance
AES Auger electron spectroscopy

AFM Atomic force microscopy

ASTM American Society for Testing and Materials
BD Bulk density

CCD Chemical composition distribution

CRYSTAF Crystallization analysis fractionation

DBP
DEAC
DSC
EB

ED
FID
FTIR
GC
GPC
HDPE
IPRAL
LDPE
LLDPE
MAO
MDPE
MI (MFI)
MM
MMD
PE
SANS
SCB

Di-n-butyl phthalate
Diethylaluminum

Differential scanning calorimetry
Ethyl benzoate

Electron donor

Flame ionization detector
Fourier Transform Infrared

Gas chromatography

Gel permeation Chromatography
High-density polyethylene
Isoprenylaluminum
Low-density polyethylene
Linear low-density polyethylene
Methyl aluminoxane
Medium-density polyethylene
Melt index

Molar mass

Molar mass distribution
Polyethylene

Small-angle neutron scattering
Short chain branch
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SCBD Short chain branch distribution

SEC Size exclusion chromatography

SEM Scanning electron microscopy

TEA Triethylaluminum

TEM Transmission electron microscope

THHAL Tri-n-hexylaluminum

TIBAL Tri-isobutylaluminum

TNOAL Tri-n-octylaluminum

TREF Temperature rising elution fractionation

UHMWPE  Ultra high-density polyethylene

VLDPE Very low-density polyethylene

XPS X-ray photoelectron spectroscopy

Nomenclature

[A) Cocatalyst concentration

[C*% Concentration of active centre

[H;] Hydrogen concentration

(M) Monomer concentration

(TEA] Triethylaluminum concentration

a Activity

Cc* Active centre
S Fugacity of solvent
f Relative response factor
f Fugacity of solvent at standard state

H Heat of fusion of polyethylene

H. Heat of fusion for 100% crystalline polyethylene

k* Henry’s constant

k’ Reaction centre formation rate constant

k'a Spontaneous deactivation rate constant for active site
k's Ethylene assisted deactivation constant for active site
K; Langmuir-type adsorption equilibrium constant for ethylene
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K; Langmuir-type adsoiption equilibrium constant for 1-hexene

K4 Adsorption equilibrium constant for cocatalyst

ks Adsorption rate constant

K, Chain transfer rate constant to cocatalyst

kg Deactivation rate constant

kp Desorption rate constant

ka; Spontaneous deactivation rate constant for potential site
ka> Ethylene assisted deactivation constant for potential site
K, Chain transfer rate constant to hydrogen

k; Initiation rate constant

ki Initiation rate constant by ethylene

k:; Initiation rate constant by 1-hexene

Ky Adsorption equilibrium constant for monomer

| 4 Chain transfer rate constant to monomer

k, Propagation rate constant

ko Ethylene propagation rate constant

ko2 1-Hexene propagation rate constant

ks Spontaneous chain transfer rate constant

ke Chain transfer rate constant

kp B-Agostic interaction rate constant

M, Number average molar mass

M, Weight average molar mass

P Pressure of solvent at reference state

[0, Polydispersity

R» Ethylene polymerization rate at long times

Rmax The maximum rate of polymerization

R, Ethylene polymerization rate

Rov Ethylene polymerization rate in the absence of hydrogen
Ro: Propagation rate constant for ethylene

Ryin Ethylene propagation rate constant for Site n

R, Propagation rate constant for 1-hexene
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Rp2.: 1-Hexene propagation rate constant for Site 1

S Potential active site

S Solubility

S* Active site

So Number of potential sites per unit mass of catalyst

S, Vacant potential site

A Vacant active site

T Reduced temperature

Vo Initial volume of polymer

Xa Average chain length

X Flory-Huggins interaction parameter for solvent
Crystallinity

¢ volume fraction of penetrant in polymer

0, Fraction of sites occupied by ethylene

0, Fraction of sites occupied by 1-hexene

Ou Fraction of sites occupied by monomer molecules

® Acentric factor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION

Polyethylene (PE) is the world largest synthetic polymer in terms of annual production
and is widely used throughout the world due to its versatile properties and low cost. The
demand for all types of PE first surpassed 50 million tons in 2000 (Robinson, 2001).
Some of the most important PE producers and their prospective market shares in 2001 are
listed in Table 1.1.

Table 1.1 Summary the Largest Polyethylene Producers (Brown, 2000).

Company Share (wt%)
Dow 12.44
ExxonMobil 10.56
Elenac (Shell-BASF) 5.03
Equistar 4.74
Phillips Chevron 3.75
Borealis 3.55
BP Amoco 2.76
DSM 2.76
Formosa PC 2.67
Ato-Fina 2.27
Nova 2.27
Solvay 2.17
Others 45.01

There are three general types of PE resins: low-density PE (LDPE), linear low-density PE
(LLDPE), and high-density PE (HDPE). Specialty grades of commercial PE also include
very low-density PE (VLDPE), medium-density PE (MDPE), and ultra high-molecular
weight PE (UHMWPE). HDPE has essentially unbranched straight chains, which pack
tightly, giving a high degree of crystallinity. With the presence of short chain branches in
LDPE and LLDPE, the crystallinity is reduced. The density ranges for the three main
types of PE resins are from 0.910 to 0.930 g/cm® for LDPE, 0.910 to 0.940 g/cm> for
LLDPE, and 0.941 to 0.97 g/cm’ for HDPE (Maraschin, 2001).
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The production of polyolefins started with the free-radical high-pressure (up to 300 MPa)
process for polyethylene, which was discovered by Imperial Chemical Industries (ICI) in
the 1930’s. The product from this high-pressure process resulted in highly branched
LDPE (0.910-0.925g/cm’). This type of polyethylene often has 0.5-5 long chain branches
per 1000 carbon atoms (Seppala, 1985) and contains a varying number of short chain
branches with 2-8 carbon atoms, most often 4 (James, 1986). The discoveries of Ziegler-
Natta catalysts and Phillip type catalysts during the 1950’s led to a new approach for
production of polyolefins at significantly reduced pressures (i.e. < 2 MPa) and lower
temperatures (i.e. <100°C). Because of the coordination polymerization mechanism, the
ethylene monomer units insert in a regular fashion at an active site on the catalyst,
leading to a linear structure, lower branch content and thus higher density products
(HDPE). The LDPE and HDPE address different markets, since they have different
physical properties. LDPE is mainly used as thin films and HDPE is mostly used in
extrusion products. The first commercialization of linear low-density polyethylene
(LLDPE) began as early as in 1960 in Canada. The product is called SCLAIR (Dyer et
al.,, 1997). The emergence of LLDPE came from the consideration of producing low
density PE films (Dyer et al., 1997) and lowering production cost of LDPE (Nowlin,
1985). To produce LLDPE using Ziegler-Natta catalysts, comonomers such as 1-butene,
1-hexene, or 1-octene are copolymerized with ethylene to give short chain branches.

LLDPE has replaced many applications of LDPE in the market.

LLDPE, as the name implies, is characterized by linear molecules without long chain
branches. Short chain branches in LDPE are generated primarily through a free-radical,
backbiting mechanism. Short chain branches in LLDPE are the result of
copolymerization of ethylene with other a-olefins. Propylene, for example, gives a short
chain branch of one carbon atom, 1-butene or 1-hexene give short chain branches of two

and four carbon atoms, respectively.

Commercial LLDPE products are available based on propylene, 1-butene, 1-hexene, 1-

octene. The selection of a comonomer for LLDPE is based on process compatibility, cost,

2
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and product properties. James (1986) summarized qualitatively the physical property
changes of Union Carbide LLDPE products with the increase in length of short chain
branches. As shown in Figure 1.1, for products of lower melt index (high molecular
weight), toughness depends strongly on the comonomer type, at least up to 1-hexene.
Above 1-hexene, the increase is less significant. For higher melt-index (lower molecular
weight) products, the dependence is much less significant. Other scientists (Kioka, et al.,
1994) reported that tear strength and impact strength both improved as short-chain branch

length increased.
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Figure 1.1 Relationship between short chain branch length and the toughness of Union
Carbide LLDPEs (James, 1986).

The LDPE/LLDPE markets typically are divided into several applications areas: film,
injection molding (i.e. cans and other containers), wire and cable, rotational molding (i.e.
large agricultural tank), blow molding (i.e. bottles) and others, among which the film
product is the largest part. LLDPE is now a big global business segment with an
estimated sales value of US$10.9 billion in 1999 (Buckalew and Schumacher, 2000). The
global consumption of LLDPE has grown at an average rate of 8% per year since 1995
(Buckalew and Schumacher, 2000). The success of LLDPE in the marketplace has been,
to a large extent, due to its improved physical properties of LLDPE over LDPE (James,

1986). For example, at the same density level, melting point, modulus and tensile
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strength of LLDPE are significant higher than those of LDPE. As a result, LLDPE can be
used at higher temperatures and allows the use of thinner parts.

The end-use properties of PE products are much dependent on the choice of catalysts.
Furthermore, good catalysts can also optimize the polymerization process and improve
economics. As a result, tremendous efforts have been made in catalyst research and
development in the past five decades. In the earliest days, most plants manufactured their
own catalysts in situ by the reduction of liquid TiCl, with organoalumium compounds to
form B-TiCl; which they followed by proper heat treatment to convert it to the more
desirable 8-TiCl; (Chien et al., 1982). Subsequently, Stauffer Chemicals manufactured
and marketed unsupported heterogeneous 3-TiCl3-0.33AICI; catalysts. In these catalysts
only a small fraction of Ti is involved in the polymerization; the catalyst residues have to
be removed from the PE product.

A large proportion of polyethylene is produced via slurry and gas phase processes. The
nature of these processes requires heterogeneous catalysts. At present, supported catalysts
are preferred. A catalyst support is important in obtaining high specific activity. Higher
activity of supported TiCly catalysts in comparison with non-supported TiCl; catalysts
mainly came from higher number of active centres (Giannini, 1981). Today’s high
activity MgCl,-supported Ziegler-Natta catalysts (Z-N catalysts) leave no more than 10
ppm titanium and 30 ppm chlorine in the polymer formed (Choi and Ray, 1985). A

review of various catalysts is presented in Chapter 2.

In spite of a half-century research on Z-N catalysts, there are still large areas of basic
knowledge where depth of understanding is lacking. The fundamental questions include
an understanding of the polymerization mechanism, structure of active centres, the
influence of catalyst composition and type on the polymerization kinetics, the effects of
reaction conditions on the properties of polymer and the effects of monomer solubility on
growing polymers. The objectives of this work are to prepare and study the latest
generation of TiCls catalysts and establish the kinetics of copolymerization in the gas
phase over these highly active catalysts.
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In the first part of this work, spherically shaped MgCl,-supported TiCly catalysts were
synthesized using various preparation conditions, e.g. different MgCl,: ethanol ratios and
different amounts of electron donor, and the effects of the variations in catalyst
preparation methods on catalytic activity and morphology of the nascent polyethylene
were studied.

In the second part, ethylene/l-hexene copolymerization rates during gas-phase
polymerization using prepolymerized MgCl,-supported TiCly catalysts were measured.
The effects of temperature, and 1-hexene, ethylene and hydrogen concentrations on the
activity profiles were determined. Obtaining activity profiles at constant gas-phase
concentration of 1-hexene is a challenging experimental task and a novel technique to
achieve such operation was developed. Various techniques were used to characterize the
nascent LLDPE products, including scanning electron microscopy (SEM) for observation
of product morphology, size exclusion chromatography (SEC) for determination of
molecular weight, carbon-13 nuclear magnetic resonance (**C-NMR) and temperature
rising elution fractionation (TREF) for measurements of chemical composition of
polymer and differential scanning calorimetry (DSC) for analysis of melting point and
crystallinity.

In the final part of this study, a kinetic model is proposed based on the experimental
results and previous work by other scientists. The simulation results are discussed and

summarized.
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CHAPTER 2. LITERATURE REVIEW

Catalytic olefin polymerization has become a huge industry in the past five decades since
the discovery of catalysts by Ziegler (Ziegler et al., 1953), Natta (Natta et al., 1955) and
Hogan and Banks (1958). It is not possible to review all the massive literature in this
area; hence, this review will be restricted to a brief introduction to industrial catalytic
olefin polymerization processes, a general overview of types of catalysts used for olefin
polymerization with a more detailed review of supported Ziegler-Natta catalysts, general
kinetic observation, selected kinetic models and copolymer characterization studies. The
emphasis of this review will be on supported Ziegler-Natta catalysts and gas-phase
ethylene polymerization.

2.1 Catalytic Olefin Polymerization Processes
Olefin polymerization processes can be classified into at least five types: high-pressure
processes, bulk-phase processes, solution processes, slurry processes and gas-phase
processes. Among these five processes, gas-phase processes have the largest production
capability (Xie et al., 1994) due to their versatility. Despite the commercial success of
gas-phase ethylene polymerization, fundamental studies of gas-phase polymerization are
fairly limited. Only a small fraction of research studies are done using gas-phase reactors.
This is because gas-phase reactors are not easy to construct and operate, and heat transfer

problems are not easy to solve (Lynch and Wanke, 1991).

The first commercial PE was produced by a high-pressure process, which was discovered
by Imperial Chemical Industries in the 1930s. High-pressure processes are carried out at
120-300 MPa and at temperature above the melting temperature of polyethylene. Tubular
reactors are often used in this process and the product is a low density polyethylene
(LDPE). This process involves a free radical chain polymerization mechanism and long
chain branching is a recognizable feature of LDPE.

In slurry-phase process, a catalyst is suspended in a hydrocarbon medium, such as
isobutane. Polymerization takes place at a temperature below the melting point of the

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



polymer, typically less than 110°C. The polymer product is solid particles which are
suspended in the hydrocarbon diluent (also called suspension process). Different reactor
configurations and diluents are used by different companies in industry (James, 1986; Al-
Sammerrai and Al-Nidawy, 1989). Typical residence times are between 0.5 and 1.5

hours.

The bulk-phase process is similar to the slurry process except that the liquefied monomer
becomes the reaction medium. This process is not used in ethylene polymerization
because ethylene cannot be liquefied at typical reaction temperature (Tccons = 9°C).
Polypropylene can be produced by this process and polymerization of propylene is
carried out at 55-75°C and at a pressure close to its vapor pressure. The polymer formed
on the suspended catalyst particles is insoluble and precipitates out from the monomer
liquid. The advantage of this process is the high monomer concentration and elimination

of inert solvent recovery (Choi and Ray, 1985).

In the solution-phase process, the produced polymer is dissolved in the liquid phase; the
catalyst may or may not be dissolved. Polymerization takes place in a hydrocarbon
solvent above the melting temperature of the polymer, generally between 140 and 300°C.
The solution process provides a wider operation temperature range than either slurry or
gas-phase processes, which may improve control of molar mass (James, 1986). Shorter
residence time allows small volume reactors and quick product transitions. However,
solvent recovery by evaporation is energy consuming and molar mass is limited because

the viscosity of the solvent-polymer mixture increases sharply with molar mass.

Patents for gas-phase ethylene polymerization were filed as early as 1957, but the first
commercial plant using a gas-phase fluidized bed process did not begin operation until
1968 (Al-Sammerrrai and Al-Nidawy, 1989). The main obstacles in the
commercialization of gas-phase polymerization processes were the difficulties
encountered in designing a heterogeneous gas-solid reaction system and controlling
polymer properties. Extraordinary expansion of gas-phase processes happened during
1980s after Union Carbide’s introduction of its fluid-bed UNIPOL process, which was

7
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the leader in gas-phase ethylene polymerization. In the UNIPOL-PE process, purified
gaseous ethylene and comonomer are fed continuously into a fluidized bed reactor;
catalyst is added continuously. The reaction temperature is below 100°C, and pressure
below 2 MPa. Circulated by a small compressor, the recycle gas stream serves multiple
functions in the reactor, e.g. it fluidizes the polymer bed, provides reactants for
polymerization, and removes the heat of reaction by circulating the gas stream passing
through a cooler before being returned to the reactor. Polyethylene, in solid granular
form, is removed directly. The granular product, with or without additives, is ready for
packaging and shipping. The size and shape of the granules make them suitable for
handling and processing by the user; pelletizing is an alternative (Karol, 1995; James,
1986; Al-Sammerrai and Al-Nidawy, 1989; Frederik et al., 1994; Xie et al., 1994).
Production of LLDPE using gas-phase processes is more difficult than production of
HDPE because the difference between the melting point and reaction temperature is
smaller for LLDPE. The catalyst types and equipment design developed for HDPE
cannot be used to produce LLDPE because of the potential agglomeration of polymer
particles. According to Karol (1995), the key to the success of the UNIPOL technology
for LLDPE production is the suitable catalyst that can operate at low temperature and low
pressure. In the UNIPOL process, it is essential that the bed always contain polymer
particles to prevent the formation of localized hot spots (Xie et al., 1994). The operating

temperature for the production of LLDPE in the gas-phase is below 90°C (Xie et al..
1994).

To eliminate the risk of hot spots forming and prevent catalyst bursting into fines at the
beginning of the reaction, BP Chemicals introduced a two-step gas-phase process (Chinh
and Dumain, 1991). Before the catalysts are brought into the fluidized-bed reactor, they
are first exposed to mild reaction conditions (low temperature and low monomer
concentration, slurry or gas phase) in a stirred tank reactor for prepolymerization.

Prepolymerization gives the advantages of polymer particle control and catalyst activity

control.
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Different production processes were compared by James (1986). In the slurry phase, the
produced polymer’s density is limited. As density decreases, resin solubility increases. At
a density of about 0.93 g/cm’, sufficient dissolution occurs to foul the reactor. Thus,
slurry processes are not very flexible for LLDPE production. Solution-based processes
provide polyethylenes over a broad range of densities, but are limited in the range of melt
index. As the melt index decreases (large molar mass), solution viscosity increases. At
some point, the increased viscosity limits reactor operability and productivity. The gas-
phase process is not subject to the solubility and viscosity problems inherent in solution
or slurry processes and provides the greatest product versatility. Gas-phase process can
produce a complete range of PE with densities from 0.91-0.97 g/cm’ and melt index from
<0.01 to >100 g/min (James, 1986). Furthermore, gas-phase process can reduce
construction costs by up to 30% and operation costs by up to 35% over liquid-phase
processes (James, 1986). The only disadvantage is the narrow range of operating

temperatures, which places special demands in the catalysts for gas-phase processes.

A new nanoscale polymerization attracted researchers recently. The background lies in
the precise control of the primary properties of polymer molecular crystalline structure.
Kageyama et al. (1999) reported the production of crystalline polyethylene fibres with a
diameter 30 to 50 nm by the polymerization of ethylene with titanocene (TiCps)
supported by a fibrous mesoporous silica in conjunction with MAO as cocatalyst. The
new type mesoprous silica has a honeycomb-like framework with a uniform, controllable
pore diameter from 15 to 100 A, which is smaller than lamellar length of PE crystals. The
growing PE chains are thus prevented from folding within the silica pores and extended-
chain crystal fibres are formed. This kind of molecule has unexpected ultrahigh molar
mass, a higher density 1.01 g/cm® due to more crystalline part. This technique is called
“extrusion polymerization”.

2.2 Olefin Polymerization Catalysts
The high-pressure process for ethylene polymerization discussed in Section 2.1 follows
free radical polymerization mechanism and no catalyst is needed (using initiator instead).
All other processes (bulk-phase, gas-phase, etc) follow the coordination polymerization
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mechanism and the catalyst is the key part in controlling polymerization behavior and
product properties.

A good olefin polymerization catalyst should have the following properties (Dall’Occo

et. al., 1988)

e Good shelf life (no significant deactivation during storage).

o Free flowing particles for easy feeding to reactor.

e Low sensitivity to poisons.

e High productivity, no reactor fouling.

e Easy control of molar mass and its distribution, chain branches, particle morphology
(i.e. particle size, particle size distribution, and bulk density).

The synthesis of a high performance polymer usually requires a good control of primary
polymer properties. Excellent polymer particle morphology control is desirable because it
also simplifies the post-processing steps, such as extrusion or spinning, and will be

discussed more in the next part.

There are three families of olefin polymerization catalysts used in industry. Chromium
oxide-based catalyst system (i.e. Phillips catalysts) and Ziegler-Natta catalyst system both
were discovered in the 1950s and have been commercialized since then. Single-site

catalysts emerged in the late 1970s.

2.2.1. Phillips Catalysts

A highly active olefin polymerization catalyst based on chromium supported on silica or
alumina was discovered by Hogan and Banks at Phillips Petroleum in the 1950s (Hogan
and Banks, 1958). It is often referred to as Phillips catalyst. They are active for olefin
polymerization in the absence of additional cocatalyst. These catalysts have been used
commercially for many years, particularly in slurry and gas phase polymerization
processes (Jenny and Maddox, 1998). This kind of chromium oxide catalysts is the most
active oxide-based catalyst systems (Beach and Kissin, 1986). The chromium compounds

are activated by calcination at 500-700°C in a dry oxidizing environment and then
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reduced with carbon monoxide or alkylaluminum compounds. Kinetics of ethylene
polymerization contains three steps. The first step is an induction period of 10-30 min.
This period can be shortened or even eliminated if the catalyst is first reduced. In the next
step, catalyst activity is rapidly increased. In the final step, the catalyst exhibits high and
stable activity followed by decay. The molar mass (MM) is best controlled by
temperature. In addition, the pore size affects the MM. Larger pore size silica led to lower
MM (Pullukat and Hoff, 1999). Compared to MgCl,-supported TiCly catalysts, silica
supported Phillips catalysts have the following advantages (Pullukat and Hoff, 1999):

e Lower chloride residue resulting in less color and lower corrosiveness toward dies

and other parts of processing machinery.
e More uniform polymerization rates without the need for prepolymerization.

e Lower catalyst manufacturing cost and less toxic waste during catalyst synthesis.

2.2.2 Ziegler-Natta Catalysts

Ziegler-Natta catalysts (sometimes also called Ziegler catalysts) are named after German
chemist Karl Ziegler and Italian chemical engineer Giulio Natta for their landmark
discoveries in the 1950s. Over the last five decades, significant developments have
occurred in this system in terms of catalyst design, process technology and mechanistic
understanding. At present, Ziegler-Natta catalysts are the world most widely used catalyst
for producing olefin polymers, although it is witnessing more and more challenges from
newly developed single-site catalysts. Ziegler-Natta catalyst contains a range of active
sites, which given polydispersity a wide range, from 2 for homogeneous catalysts, to 5-30
for heterogeneous catalysts (Beach and Kissin, 1986).

The majority of Ziegler-Natta catalysts consist of two components. One of the
components is a transition metal compound, typically a titanium, vanadium, or zirconium
compound, such as TiCly (x=2,3,4), Ti(OR)4, VCls, ZrCl;. The other component of the
catalysts is an organometallic compound, such as AI(C,H5s)3, Al(i-CyHo);, Al(C2H;5).Cl, or
Al(C:Hs)Cl,. Alone, neither of the above two components can polymerize alkenes.
According to their solubilities, Ziegler-Natta catalysts can be classified as homogeneous

catalysts, pseudo-homogeneous catalysts, and heterogeneous catalysts (Kissin, 1985). For
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homogeneous Ziegler-Natta catalysts, transition metal compound, organometallic
compound and their interaction products are all soluble in the reaction medium. Some
examples are (CsHs); TiCly/Al(C,H;),Cl, VCly/Al(C,Hs),Cl and (CsHs),ZrCly/(CH;AlIO),
(Kissin, 1985). If the starting catalyst’s components are soluble but their interaction
products are insoluble forms, they are called pseudo-homogeneous catalysts. Some
examples are TiCly/Al(C;Hs); and VCly/AI(C,Hs),Cl. The most important class is
heterogeneous Ziegler-Natta catalysts that are insoluble. Examples are TiCl;/Al(C2Hs)s,
VCl3/Al(i-C4Hy)s, and TiCly/MgCly/silica /Al(C2Hs);. Modern commercial Ziegler-Natta
catalysts are heterogeneous which also contain supports and modifiers. Detailed

description of heterogeneous catalysts will be illustrated in Part 2.3.

Ziegler-Natta catalysts used in the gas-phase process must satisfy further requirements:
high level of productivity (10° g polymer/ g transition metal), molar mass must be
controlled by temperature and chain transfer agents, and good morphology control
(Karol, 1995). Titanium based Ziegler-Natta catalysts are usually used for producing
ethylene homopolymers; chromium and vanadium catalysts have better incorporation
rates of comonomers and are often used in copolymerization production. The general

comparison of different catalysts was provided by Karol (1995) as indicated in Table 2.1.

Table 2.1 Comparison of the Features of Different Polyolefin Catalysts (Karol, 1995)

Catalyst Titanium Vanadium Chromium Zirconocene
Parameters Mg/TV/ED VCI,(THF), CrO, Cp,ZrCl
Productivity H H H H

H, Response M H L M, H

MMD Narrow Medium to Broad Very Narrow
Comonomer

Incorporation M H H L.M,H
Decay Rate M LM L L

ED: electron donor; H: high; M: moderate: L: Tow; MMD: molar mass distribution.

2.2.3 Metallocene Catalysts

Metallocene catalysts have been the subjects of extensive research and commercial

development since the discovery by Sinn and Kaminsky (1980). The breakthrough was
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the use of methyl aluminoxane (MAO) as cocatalyst to active group 4 bis
(cyclopentadienyl) metallocene complexes. The term of metallocene has been used to
describe these new catalysts because most of catalysts are based on metal compounds that
include =n-bound cyclopentadienyl (Cp) ring structures. Polymers produced via
homogeneous metallocene catalysts have very narrow molar mass distribution
(polydispersity around 2), which leads to products with higher impact resistance and
higher resistance to stress cracking. The key features of these catalysts are their single
site nature and their versatility for polymer molecular structure control. In order for
metallocene catalysts to be used in the existing and prevailing slurry and gas-phase
processes, a procedure for heterogenizing the catalysts on a support is necessary to obtain
morphology control. In recent years, a variety of supports, such as silica, zeolite, alumina,

magnesium dichloride and styrene-divinylbenzene, have been used.

Compared to Ziegler-Natta catalysts and Phillips catalysts, metallocene catalysts produce
polymers with narrow molar mass distribution (MMD). The drawback of this
characteristics is that the polymer products show bad flow ability at molten states, which
is unfavorable during blow and extrusion processes. Thus, the primary use for
metallocene based polyethylene is used as a blending resin with traditional Phillips or
Ziegler-Natta based polyethylenes (Buckalew and Schumacher, 2000). In order to take
advantage of both the metallocene and Ziegler-Natta catalysts, researchers (Cho et al.,
1998) try to prepare Ziegler-Natta/metallocene hybrid catalysts on modified MgCl,

supports.

The metallocene catalyst systems usually employ MAO as cocatalysts. The requirement
of large amount of expensive MAO with low efficiency compared to small amounts of
cocatalysts used in Ziegler-Natta systems is another shortcoming of the
metallocene/MAO systems (Bajgur and Sivaram, 2000). Therefore studies on MAO-free

system have received much attention after 1980s.

Since more and more non-metallocene-type single-site catalysts are now being explored
and used, the “single-site™ catalysts rather than metallocene catalysts should be used.
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2.2.4 Other Olefin Polymerization Catalysts

Traditional catalysts (Ziegler-Natta and Phillips catalyst systems) as well as newly
developed single-site catalyst systems are quite sensitive, easily poisoned, and require
air-free and moisture-free environments. As a result, a substantial cost in the production
of polyolefins is incurred in the purification of monomer and comonomer feeds. Younkin
et al. (2000) attempted to find a new catalyst family that could tolerate many function
groups and still produce olefin macromolecules. The nickel type complexes they
developed are a family of neutral (most Ziegler-Natta and single-site catalysts have
cationic metal centres), single component (no cocatalyst is required) catalysts, which
have activity as high as 2000 kg/(mol Ni-h-100 psi ethylene) at low temperatures and can
produce PE with M,>250,000 and with polydispersity between 1.5-3.0. These catalysts
can maintain activity of 540 kg/(mol Ni-h-100 psi ethylene) in the toluene solution

containing 10 vol% water.

Another exciting discovery is the tandem catalyst developed by Komon et al. (2000),
which can produce ethylene/1-butene and ethylene/1-hexene copolymers form a single
feedstock of ethylene. The catalyst has dual functionalities: one function of the catalyst is
provided by a special nickel-borane compound which produces linear 1-alkenes from
ethylene: and the second function is obtained by a commercial Ti-type homogeneous
catalyst which is efficient in copolymerizing 1-alkenes with ethylene. These two parts
work together on ethylene and produce a single copolymer product. The copolymer

composition can be controlled via Ti/Ni ratio and temperature.

2.3 Heterogeneous Ziegler-Natta Catalysts
A Ziegler-Natta catalyst is a complex formed by reaction of a transition metal compound
(halide, alkoxide, or alkyl) of Group 4 to 10 transition metals with a metal alkyl or alkyl
halide of Group | and 13 base metals. The former component is often called catalyst and
the latter the cocatalyst (Boor, 1979).

The first generation Ziegler-Natta catalyst were based on 3TiCl;-AlCl; and Al(C,Hs).Cl
and had low activity and yielded polymers with low stereoregularity. The introduction of

14

Reproduced Withiperrmission of the copyright owner. Further reproduction prohibited without permission.



a Lewis base into the catalyst system gave rise to the second generation catalysts, which
were more active and produced polymers with higher stereospecificity. The activity of
first and second generation catalysts, however, was not sufficiently high and washing
treatments of the polymer were required for removing of catalyst residues (Gupta, 1999).
The third generation catalyst, which is the main topic in this study, is composed of TiCly
supported on MgCl,, with trialkylaluminum as cocatalyst and a Lewis base as electron
donor (Soga and Shiono, 1997). This type of catalyst was first developed by Shell
International Research in 1968 (Gerbasi et al., 1984) and the technology using this
catalyst was first commercialized by Montedison and Mitsui Petrochemical (Terano and
Kataoka, 1988). This third generation catalyst is highly successful in industrial
production of polyethylene and polypropylene because of extremely high activity, high
selectivity, good control of molar mass distribution and chemical composition, and good

morphology of nascent polymer particles (Soga and Shiono, 1997; Gupta, 1999).

2.3.1 The MgCl; Support

A supported Ziegler-Natta catalyst includes a support material, a transition metal
compound, and an electron donor and/or base metal alkyl or alkyl halides. Many
materials, such as SiO;, MgO and Al,03, have been used as catalyst supports: but MgCl,,
unlike inert supports, plays an important role in creating catalytic sites (Bosowska and
Nowakowska. 1998), making it one of the most widely used and most effective support
materials for Ziegler-Natta catalysts (Dusseault and Hsu, 1993a).

Unlike the magnesium atoms in the bulk, which have sixfold coordination, the cations
located at the side surface of the crystal edges are coordinatively unsaturated and
therefore can form bonds with adsorbed molecules. Such unsaturated atoms can form
halogen bridge bonds with titanium halides resulting in the formation of strongly bonded
surface complexes (Galli et al., 1984; Koranyi et al., 1999). As a result, higher activity
can arise from a more efficient use of the transition metal atoms. Many researchers
(Kashiwa, 1980; Gerbasi, 1984; Barbe et al.,1987; Puhakka et al., 1995) suggested that
the similarity between MgCl, and TiCl; crystal structures led to the enhancement of
catalyst activity. Others (Galli et al., 1983; Karol et al., 1988; Soga et al., 1984) did not
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agree that the similarity of crystal structures between MgCl; and TiCl; was the main
reason. According to Giannini (1981) and Dusseault and Hsu (1993a), magnesium
chloride donates electrons to the more electronegative titanium, stabilizing the

coordination of monomer, resulting in a higher propagation rate during polymerization.

The structure of MgCl, cannot only improve the catalyst activity but also influence the
comonomer incorporation ability for ethylene/a-olefin copolymerization. Ko et al. (1997)
found that different MgCl, structures influenced the comonomer incorporation ability on

polymer chains. Only those supports with thermal treatment (dealcoholation) showed the

comonomer enhancement effect.

Another aspect of the versatility of MgCl, support is its capability to replicate the TiCly/
MgCl; catalyst particle morphologies in to the polymer particles. The goal regarding the
control of the polymer morphology was once the most ambitious and most difficult job in
the industrial area (Galli et al, 1984). Only Montedison has applied the technology of
producing nascent polymer granules to be directly used for extrusion or other applications
without palletizing. This technology requires producing spherical polymer particles with

high bulk densities. Unfortunately, this technology is still not completely successful
(Russell, 2000).

In spite of the lack of understanding of the reasons regarding to the effects of MgCl,
support on catalysts, it is well known that in order to obtain a successful catalyst, MgCl,
must first be converted to the form which can efficiently incorporate TiCl,, a process
referred to as activation. This is done by many methods, such as ball milling, spray

drying, chemical conversion and emulsion quenching.

From the late 1970s to 1980s, a main method in obtaining active MgCl, support has been
done by ball milling (Dusseault and Hsu, 1993a), at least in academia. Ball milling can be
carried out with TiCly alone or with an electron donor. During ball milling (usually
lasting tens of hours), MgCl, crystallites break up, crystallite sizes are reduced and

structural defects increase, leading to more TiCly located on the defects, which is
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regarded as the potential active site. Introduction of electron donors may stabilize the
MgCl, crystallites by coordination effect (Keszler et al., 1980; Sergeev et al., 1983).

Typically, co-milling MgCl; with TiCl, results in an average titanium content of around 4
wt% (Kashiwa, 1980).

The emulsion quenching technique (also called melt quenching) is the process used in the
current study and will be discussed in detail. This method of producing porous spherical
MgCl, particles was first reported and patented by Montedison Company in 1983
(Ferraris et al., 1983). This method consists of forming an emulsion of molten
MgCl;-nC;HsOH adduct in a hydrocarbon liquid, followed by rapid solidification. The
general procedure is that a preset amount of anhydrous MgCl,, anhydrous C;HsOH (usual
mole ratio MgCl;: C;HsOH=1:3) and Vaseline are loaded into an autoclave reactor under
an inert gas atmosphere. The reaction mass is then heated to 120°C, at which temperature
the MgCl;-3C;HsOH complex is melted. With the help of vigorous stirring rate (e.g.
3,000 ~ 10,000 rpm), an emulsion is formed. This emulsion is then passed through a
small-diameter tube and quenched in heptane at -40°C. Vaseline inside the support
particle is removed by washing with heptane. The obtained spherical MgCl.-3C,HsOH
particles typically have sizes between 10 and 350 pm (Sacchetti et al., 1993). The support
complex is further heated to temperatures from 30 to 180°C to decrease the alcohol
content (called dealcoholation) and increase support porosity. After suitable treatment
with TiCly and electron donors, the catalyst shows very high activity and can produce

spherical polyethylene product with high bulk density (e.g. Wu, et al., 1999).

Other MgCl, activation methods such as the chemical reaction method, recrystallization

method, and spray drying method, have recently been discussed in detail by Wu (1999).

2.3.2 Electron Donor

The early MgCl,-supported catalysts were very active but not stereospecitic enough to be
employed for the polymerization of propylene on an industrial scale. A lot of tesearch
work has been done to remove this limitation. A solution to this problem was finally

found by adding electron donor compounds into the catalyst. Electron donors or Lewis
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bases are often used internally (added in the process of making catalyst) or externally
(adding during the polymerization). Various types of Lewis bases are employed to
increase stereospecificity, such as amines, ethers, and esters. The most widely used ones
are benzoates or phthalates. Many papers have been published conceming the roles of
electron donors on propylene catalytic polymerization. Introduction of an internal donor
can increase the stereoregularity of poly(a-olefins), while polymerization rates may
decrease (Xu et al., 1998; Guyot et al. 1988; Chien and Hu 1987; Busico et al., 1985) or
increase (Huang and Rempel, 1995; Kang et al., 1990; Chien and Hu 1987). The effects
of electron donors on ethylene homopolymerization or ethylene/a-olefin
copolymerization have not been studied in detail because there is no need for
stereospecificity consideration in ethylene polymers. However, electron donors may also
play an important role in creating active sites for ethylene polymerization (Bosowska and
Nowakowska, 1998). Sacchetti et al. (1993) synthesized a MgCL/ED/TiCl; catalyst,
which can be used for either propylene or ethylene polymerization. They mentioned in
their patent that catalysts containing internal donors may produce LLDPE with restricted

molar mass distribution, but no detailed study and explanation were given.

The function of electron donors (ED) in the catalyst has been widely investigated. Many
researchers found that ED such as ethyl benzoate (EB) or phthalates can affect support
crystallites. Increasing ED amounts, at least at some stage, can stabilize the decreased
MgCl, crystal size (Keszler et al., 1980; Sergeev et al.,, 1983; Bosowska and
Nowakowska, 1998). In general, surface energy increases with decreases in crystal size.
The increase of the surface energy accelerates the aggregation of small particles (called
Ostwald ripening). Internal donor such as EB may lower the surface energy of disordered
MgCl; by forming a complex with MgCl,, interrupts the increase of particle size, and
thus increases the infects of MgCl, crystals, making more active sites (Kashiwa, 1980;
Park and Lee, 1992; Dusseult and Hsu, 1993a).

It is still not very clear how electron donors coordinate with MgCl,, TiCls or cocatalysts
and participate in polymerization reactions. Sergeev et al. (1983) found that a TiCl;-EB

complex showed no activity in polymerization while it was active after being supported
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in MgCl,. Thus, he suggested that TiCl, and EB were not combined, but both occupied
separate centres in MgCl,. Xiao et al. (1986) observed that when TiCls-EB complex was
milled with MgCl,, the complex decomposed and a MgCl,/EB surface complex formed.
Terano and Kataoka’s (1989) and Busico et al. (1985) also agreed that TiCly and EB are
not combined in the catalyst. In contrast, the irreversible complexation of EB with TiCl,,
and the stability of TiCls-EB complex at room temperature strongly suggest the existence
of a TiCls-EB complex in the catalyst. Guyot et al. (1988), through infrared analysis,
found that a ternary complex of TiCl-ED-MgCl, was formed as well as two binary
complexes (TiCly-MgCl; and TiCly-ED). Using x-ray spectroscopy, Jones and Oldman
(1988) suggested that the structure of active centre is Ti bound to MgCl, via a double
bridge while EB is bonded to Ti. Xu et al. (1998) studied the effect of internal electron

donor dibutyl phthalate on catalyst formation and found that the internal donor could
interact with both Mg and Ti atoms.

Soga and Shiono (1997), by summarizing other people’s work, suggested that internal
donors could block TiCls fixation to certain parts of the MgCl, crystallite which form

non-stereospecific sites and help the formation of isospecific sites.

2.3.3 Cocatalyst and Active Centre

The active sites are considered to be transition metal atoms, usually titanium atoms in
Ziegler-Natta catalysts. From the above review in Part 2.3.1, it is known that TiCls can
react with the defects of magnesium chloride structure. The Ti™* adsorbed on the support
is not an active site but it is a potential reaction centre (Zakharov et al., 1985). It can be
activated only after being treated by a cocatalyst such as triethylaluminum (TEA). The
activation of the triethylaluminum is twofold; first, it reduces Ti" o Ti" , followed by

alkylation of the Ti"* according to the below mechanism (Malatesta, 1959):

TiCL+AIEt >AIELCI +TIiCLR (1)

TiCl;R—> TiCl; +R- 2)

TiCl;+AlEt;» TiCL,R+AIEt;Cl (3)

R-+R- - R-R. 4)
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Oligomers (from reaction 4) found after alkylation reactions confirmed this mechanism
(Malatesta, 1959). Koranyi et al. (1999), by applying modem surface science technology,
such as Auger electron spectroscopy (AES), x-ray photoelectron spectroscopy (XPS),
supported the above mechanism that AlEt; reduced and alkylated the TiCl, to TiCl;Et.

Kohara et al. (1979) found that when cocatalyst Al(Et); was washed away from the
original TiCl; catalyst, it showed no activity for propylene polymerization. If it washed
away during polymerization, the reaction did not stop, but the polymerization rate was
lower. Thus, he suggested that the cocatalyst was actually part of the reaction centres and
did not leave the active sites. Sindelar et al. (1996), however, argued that the cocatalyst
could form a temary system with the support and TiCl, to influence the catalytic behavior
without directly participating in the reaction.

Catalyst preparation methods and reaction time strongly influence the titanium oxidation
states. Baulin et al. (1980) found the Ti oxidation state on their MgCl,-supported
catalysts before activation by cocatalyst was uniformly +4. Chien et al. (1982)
determined Ti oxidation states by redox titration method and found that the MgCL/EB-
AIEG/TiCly catalyst they made had Ti*?, Ti"?, Ti*! ions. Hasebe et al. (1997a) studied the
oxidation state of titanium chloride in MgCl,/TiCl4/ TEA catalyst system and found that
the reduction of titanium chloride continued with the reaction time. However, the average
oxidation value of the supported catalyst after the reaction (10 min) was larger than +3.
Thus, quite a few of the titanium cations were still at the state of +4. Chien, et al. (1989),
however, found that Ti oxidation distribution did not change significantly after a few

minutes during polymerization or aging.

The type of cocatalysts can also have a dramatic effect on the olefin polymerization
behavior. Aluminum alkyls are the most commonly used cocatalysts, and the trialkyl
aluminum compounds are usually preferred to halogen containing analogues (Lynch et
al., 1991). The influence of different aluminum alkyls on the ethylene polymerization
over SiO,/MgCl,-supported TiCls catalysts was investigated by Lynch et al. (1991).
Experimental results showed that (ri-n-hexylaluminum (TNHAL) and tri-n-
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octylaluminum (TNOAL) had the highest effectiveness in increasing catalyst activities,
triethylaluminum (TEA) had the lowesi effectiveness, and diethylaluminum chloride
(DEAC), tri-isobutylaluminum (TIBAL) and isoprenylaluminum (IPRAL) were
intermediate in their effectiveness. It was also found that the shapes of the activity-time
profiles were very dependent on the choice of cocatalysts. A decay-type profile was
observed when TEA was used, while a constant activity profile was observed when
TNOAL was the cocatalyst. Chien et al. (1989) attributed these cocatalyst effects to the

formation of different Ti oxidation state distributions in the catalysts.

Typically alkyl aluminum is used in excess of the stoichiometric ratio with respect to the
molar concentration of active centres. Some of the aluminum alkyl serves as scavenger of
impurities. The optimum AVTi ratio is reported around 10 to 30 for polypropylene
polymerization rates (Dusseult and Hsu, 1993a). Lynch and Wanke (1991) found that the
ethylene gas-phase polymerization was independent of cocatalyst amount if Al/Ti >10.
Kissin (1985) suggested that Al concentration in solution was the key to influencing the
catalyst behavior in slurry reactions. For a gas-phase reaction, Lynch and Wanke (1991)
regarded that it was not reliable to check cocatalyst concentration because the gas-phase

alkyl concentration was limited by relatively low vapor pressure of the higher molar mass

alkyls.

Excess aluminum alkyl would reduce further Ti** to Ti*2. Many researchers (Soga et al..
1982; Karol et al., 1988; Nowlin et al., 1988) studied ethylene homo and
copolymerizations and found that Ti*? only polymerize ethylene while Ti*’> would
polymerize both ethylene and higher a-olefins (e.g. propylene, butene, hexene). Kashiwa
and Yoshitake (1984) also found that Ti*? was not active for propylene polymerization

but showed activity after it was oxidized to Ti*>.

Ti spatial distribution on the support is another important feature which intluences the
catalyst performance. Hasebe et al. (1997b), using scanning Auger electron microscopy.
found that the distribution of titanium was uneven on the support surface. They also

inferred that various states of titanium clusters existed. Experimental results from Chung
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et al. (1996) showed that the produced ethylene had the maximum bulk density when Ti
was evenly distributed on the support and when the Ti/Mg ratio on the catalyst surface
was similar to that of the entire catalyst particle. Chu et al. (1999) studied the influence of
Ti*? structure on the comonomer incorporation ability in ethylene/1-hexene copolymers.
Experimental results indicated that Ti*> atoms dispersed on the surface of MgCl, surface
had two existing structures: isolated ions and multinuclear species. The first state
produced ethylene rich polymer with high molar mass. The multinuclear species

increased 1-hexene incorporation and produced polymer with lower molar mass (MM)

and broader molar mass distribution (MMD).

2.4 Kinetics of Polymerization
The observed kinetics of Ziegler-Natta catalytic polymerization is the overall reflection
of three parts: chemical reaction on the active sites, the change of catalyst activity during
polymerization, and mass and heat transfer influences. The reaction profile can be the
acceleration type, decay type and hybrid of the two, i.e. reaction rate increases to a
maximum and then decreases. Many factors can influence the reaction behaviors, e.g.
types of catalyst support, physical structures and chemical compositions of catalysts,
cocatalysts, temperature, impurities and reaction phase (e.g. slurry phase, gas phase). The

general scheme for olefin polymerization on Ziegler-Natta catalyst is (Kissin, 1985):

[nitiation : Cp (potential centres)——» C* (active centres)

Propagation : C*+C2Hs—2C* - C2Hs - polymer

Chain Transfer:

C*-C:H4s- polymer + C2H 4 5 ,C*-C2Hs+ polymer (transfer to monomer)
C* - C2H4s - polymer —C* - H+ polymer (B — hydride transfer)

C*~CaH s~ polymer + Al(C,H  );——>C* ~C, H + Al(C,H ), — polymer

(transfer to cocatalyst)

C*-C2:Ha - polymer + H2 —"l"—-)C * - H + polymer (transfer to hydrogen)
Deactivation of reaction sites:

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C* - polymer —24+5C dead + POlymer

Several mechanisms have been proposed for the propagation step. The widely accepted
one is the Cossee’s mono-metallic mechanism (Cossee, 1964). In Cossee’s theory, the
monomer is coordinated at the vacant orbital of a six-coordinate Ti centre followed by
inserting into the polymer chain. The migration of the polymer chain to its original
position is required to obtain isotactic propagation. Since the transition metal alone
cannot reach high activity, a cocatalyst is always required and cocatalyst amounts
influence significantly the catalyst activity. Other researchers proposed a bimetallic

centre mechanism: Ti coordinates with cocatalysts to form the true centre (Doi et al.,
1983).

In the section below, a detailed review will be given regarding to the influences of reactor
type, active centre, deactivation, hydrogen, and cocatalyst on polymerization kinetics.

Finally, prepolymerization and copolymerization studies will be discussed.

2.4.1 Slurry versus Gas-Phase Reactions

Gas-phase reaction processes are very successful in industry. However, slurry reactors
are most commonly used in laboratory studies for the evaluation of new catalysts and for
the polymerization studies. This is due to the relatively easy construction and operation
of slurry-phase reactors as well as the good heat transfer in slurry-phase reactions (Lynch
and Wanke, 1991). Gas-phase polymerization results are harder to reproduce than slurry
results (Jejelowo et al., 1991; Bu et al., 1995). Due to these difficulties, the results from
slurry operations are frequently used to predict the activity of catalysts for gas-phase
operations (Jejelowo et al., 1991). Jejelowo et al. (1991) compared ethylene
polymerization in gas-phase and slurry-phase operations using same catalysts and found
that the kinetic behavior for the same catalysts was very process-dependent. Although the
initial reaction rate could be similar for gas-phase and slurry-phase reactions, catalyst
decayed much faster for gas-phase reactions. It was suggested that the fast deactivation of
catalyst in gas-phase reactor was due to temperature increase from heat-transfer

limitations in gas-phase, fast rate of Ti*" reduction and higher cocatalyst concentration on
gas-p g
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the surface of catalyst particles. Increasing temperature caused decreases in the overall
rate of polymerization in gas-phase operation but led to the increases in slurry-phase
operations. It can be seen that the catalytic behavior observed in slurry reactors cannot be

directly used for the prediction under gas-phase conditions.

2.4.2 Active Centre Studies

For catalyst preparation, it is required that Ti component is not agglomerated but evenly
dispersed on the support. The formation of transition metal clusters on the surface of the
support limits the number of active sites, resulting in inefficient use of Ti (Dupuy and
Spitz, 1997). Keii et al. (1982) found that in the region of Ti contents >2 wt%, the
catalyst activity per unit weight of Ti decreased hyperbolically, which suggested that
excess Ti over 2 wt% was largely inactive for polymerization. Cunningham et al. (1988)
found that in the catalyst preparation, the proper washing with hot heptane after TiCly

refluxing was very important. The excess of TiCl, hindered the formation of highly active

sites.

Decreasing polymerization rate with increasing polymerization time is a common
phenomenon but the causes are not known. This decrease of polymerization rate is either
due to the reduction of polymerization ability of active pieces (e.g. lower propagation rate
constant, k) or due to the decreasing number of active sites. Since the specific
propagation rate constant cannot be estimated without knowing the concentration of
reaction centres, a lot of work has been done to try to measure the concentration of active
centres. This can mainly be done from kinetic data analysis or by tagging the polymer

chain with radioactive species.

The first method is carried out only for very short polymerization times when it is
assumed that no transfer reactions occur. A plot of yield/M,, versus yield is constructed

and the y-intercept approximates C* (Dusseault and Hsu, 1993a).

The second method is based on the assumption that one poisoning molecule (such as

'*CO or "*C0O,) deactivates only one site. Thus, the polymer product is analyzed to find

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C*, and subsequently &, (Dusseault and Hsu, 1993a; Mejzlik et al. 1988). Marques et al.
(1988) studied the ethylene polymerization kinetics over MgCl,-supported TiCl, catalysts
using '*CO radio-tagging technique. They found that only about 5-16% of the available
titanium atoms were active as polymerization centres. The number of active centres was
time dependent, increasing with the time of polymerization (0-2h) and the propagation
constant decreased with time. Jaber and Fink (1995), however, found that polymerization
time and temperature did not change the [C*], and [C*] in ethylene homopolymerization
and in ethylene/1-hexene copolymerization were almost the same. The maximum number
of active centres was generated when Al/Ti ratio was about 50. Chien and Kuo (1986)
found that not all active titanium reacted with ‘*CO equally. The choice of

poisoning/tagging compound appeared to influence the final results.

It should be mentioned that, the accuracy of the '*CO radioactive labeling method is
determined by the extent of chain transfer processes. If transfer reactions are significant,
the values of k, would be underestimated since the presence of transfer reaction would
inflate the C* values. Thus, short time polymerization experiments should be carried out
at times smaller than chain lifetimes or more than one method should be used to

determine active centre concentrations (Marques et al., 1998).

2.4.3 Cocatalyst

A cocatalyst is always required to obtain high activity Ziegler-Natta catalysts. Different
types of cocatalysts have different effects on kinetic behaviors (Lynch et al., 1991). The
functions of cocatalyst are (1) to reduce and alkylate the TiCls to form reaction centre,
(2) to act as impurity scavenger, and (3) to act as chain transfer agent. The reaction

between catalyst and cocatalyst is rapid and is complete in less than 5 minutes (Bshm,
1978).

Dusseault and Hsu (1993a, 1993b) studied the effect of triethylaluminum (TEA)
cocatalyst on gas-phase ethylene polymerization over MgCL/EB/TiCly catalyst system.
Increasing AU/Ti ratio from 10 to 130, increased productivity monotonically. The catalyst

deactivation rate was, however, increased at high Al/Ti ratios (Dusseault and Hsu, 1993a,
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1993b; Chien and Kuo, 1986). Dumas and Hsu (1989) found that at Al/Ti=15, there
existed an optimum for propylene polymerization. Marques et al. (1993) showed that the
maximum rate appeared at Al/Ti=100 for TEA cocatalyst and 400 for TIBAL. Jejelowo
et al. (1991) found that polymerization rates in gas-phase and slurry-phase reactions were
relatively independent of AV/Ti ratio, which was varied from 7 to 142.

The exact mechanism of cocatalyst reaction is unknown, but it may be seen as a
competitive reaction with monomer for the adsorption at active sites. The bulkier the
alkyl groups, the less likely the alkyl aluminum will undergo transfer. Keii (1972, 1982,
1986) found that at low cocatalyst concentration the polymerization rate over Ziegler-

Natta catalysts can be approximated by Langmuir-type expressions:

_ Ka[A]
Re = kel M117 KA A]
or
K4 A)
Rp = koM ——22)__

where [M] is the monomer concentration in bulk phase, [4] is the cocatalyst
concentration, K, is the adsorption equilibrium constant for the cocatalyst, and &, is the
lumped reaction rate constant. Other researchers (Choi and Ray, 1985; Marques et al.,

1993) also arrived at similar expressions of polymerization rate with respect to cocatalyst

concentration.

Cocatalyst effects as a chain transfer agent was studied by Keii (1986). The relationship
between molecular weight of polypropylene and cocatalyst TEA (triethylaluminum) was

given by the expression

1

— .
M,) —k(KAITEA]’r————K"[TEA])

2.4.4 Influence of Hydrogen
The effects of hydrogen on rate of olefin polymerization with Ziegler-Natta catalysts are

complex. It depends on the type of monomer, catalyst, cocatalyst and polymerization
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conditions. Hydrogen can increase, decrease or not affect the polymerization rates
(Soares and Hamielec, 1996a). Introducing hydrogen usually restrains the ethylene
polymerization rate and decreases the polymer molecular weight (Keii, 1988; Kioka and
Kashiwa, 1991; Salajka et al., 1993; Huang et al. 1997) but can either increase or
decrease polymerization rate if the monomer alkenes are longer than three carbons
(Kioka and Kashiwa, 1991; Chien and Kuo, 1986; Marques et al., 1993). In some special
conditions, hydrogen can also increase ethylene copolymerization rate. Jaber and Ray
(1993) found that for solution copolymerization of ethylene, reaction rate increased at

moderate hydrogen concentration but decreased at high hydrogen concentration.

The general expressions of ethylene polymerization rate with respect to hydrogen
concentration is (Keii, 1986; Kissin, 1989a):
o B
? 1+a[H,)*®
where ¢ is a data fitting constant, R, is the polymerization rate in the absence of

hydrogen. From the above equation, it can be seen that polymerization rate would be

slower at higher hydrogen concentration.

Huang et al. (1997) studied hydrogen effects on gas-phase ethylene/l-butene
copolymerization over MgCl,/SiO;-supported TiCly Catalysts. They found that the
dependence of reaction rate on hydrogen concentration could be expressed by linear
combination of Keii's Langmuir adsorption expressions (Keii, 1986) as given by:

_ aR,,

P l+02[H2]0,5

+ay(Ryo —a [H, 1°%)

where a; to a, are experimental determined parameters.

The dependence of molar mass on hydrogen concentration is usually given as (Keii,
1988; Jaber and Ray, 1993; Huang et al., 1997)
Ao Ma
1+a[H,]"
m is usually between 0.5 and 1.
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The exact mechanism of hydrogen effect is still unclear. Some researchers (Chien and
Nozaki, 1991) suggested that hydrogen could oxide Ti*2 to Ti*?, thus increased the rate
for propylene polymerization. Many others (Choi and Ray, 1985; Keii, 1988; Kissin,
1989b) found that the effect of hydrogen on reaction rate was reversible. The catalyst
activity can be fully recovered after hydrogen was removed from the polymerization
system. The reversibility of the hydrogen effect suggested that the rate decrease is caused

by some equilibrium process rather than by irreversible reactions of active centres
(Kissin, 1989b).

2.4.5 Catalyst Deactivation

As mentioned earlier, many supported Ziegler-Natta catalytic systems are subject to rapid
decay. The deactivation can be explained as (1) lowering of activity of active centres due
to structure change; (2) reduced number of active centres; (3) monomer diffusion

limitation due to encapsulation of the catalyst in the semicrystalline polymer.

Murachev et al. (1993) found that increasing AV/Ti ratio, further reduced the Ti and
resulted in lower activity. By introducing oxidants, the activity could be recovered. Ti"’
ions are believed to be inactive in a-olefin polymerization but active in ethylene
polymerization at lower reaction rate level. The aging effect of catalyst observed by Keii
(1982) strongly suggested the role of TEA in the deactivation of catalysts: reducing Ti+’
to Ti+>. Wu et al. (1996) found that the decay rate in the gas phase was always faster than

in sturry operations and the average oxidation states of Ti ions was lower in gas-phase

than in slurry process.

According to Weber et al. (1988) and Chien et al. (1989), the deactivation of the Ziegler-
Natta catalysts was not related to the change in the oxidation states of titanium. It was
found that TEA reduced the Ti oxidation state at the beginning of catalyst activation. Ti
oxidation states remained unchanged during the reaction. Aging of activated catalyst

caused no changes in the distribution of Ti'", whereas the catalyst activity decayed
y
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rapidly. They proposed that the reaction decay was due to the decrease of the number of

active centres.

Guyot et al. (1993) proposed that deactivation was due to catalyst structural change: the
occupied monomer will not insert into the growing chain, instead it eliminates one
hydrogen to the growing chain and forms a n complex with Ti to form an inactive center.

This inactive center can be reactivate by hydrogen and cocatalysts.

Czaja et al. (1999) also found the deactivation rate in slurry phase reaction was always
lower than in the gas phase. The deactivation rate was only dependent on the catalyst
concentration. Mass transfer resistance of monomer to the active sites seemed to be a

probable reason for the decay.

Analysis of kinetic data resulted in the conclusion that different order decay reactions
existed. Keii (1982) described the decay as third-order at polymerization times less than
10 minutes, while at times beyond 3 hours first-order kinetics best represented the
situation. Chien and Kuo (1986) found that first order decay was applicable at low Al/Ti
ratios (<42) and second order for high AUTi ratios for propylene polymerization. For
ethylene polymerization, second order deactivation was observed when Al/Ti>80. For
gas-phase ethylene polymerization, a gradual transition from first to second order

deactivation was observed by Dusseault and Hsu (1993a) as the Al/Ti ratio increased.

Second-order decay implies a simultaneous reaction between two active centres bound to

the surface of support. This only appears reasonable for adjacent sites as described by
Chien et al. (1989) as

Ti*-P+Ti*-P'>Ti-P-Ti+ P

where P and P’ represent two growing polymer chains.

Pino et al. (1985) reported that the decay rate was proportional to [TEA]"2. Because of
the continuance of decay in the absence of polymerization, over reduction by TEA of Ti**

to Ti"? was thought by many to be the main route for deactivation. This may explain why
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decay is faster at higher AVTi ratios and why at high temperature (>70°C) using DEAC, a
weaker reducing agent, results in a more active catalyst than when using TEA at the same
conditions (Dusseault and Hsu, 1993a).

2.4.6 Prepolymerization

Prepolymerization is a polymerization reaction under mild reaction conditions (i.e. low
ethylene concentration and low reaction temperature) to obtain polymer with a low yield
(e.g. <100 g PE/gcat). This obtained prepolymer is later used as catalyst in subsequent
polymerization reactions. Prepolymerization is generally used to control highly active
polymerization to produce nascent polymer with good morphology and to avoid
overheating at the beginning of the reaction. Prepolymerization has no effects on the
characteristics of polymer products (M., tacticities, melting points, etc). Unexpectedly,
researchers found that prepolymerization can increase the catalyst activity and influence
comonomer consumption rate (Yano et al. 1986; Xu et al. 1990; Wu et al. 1996; Soares,
and Hamielec, 1996a; Czaja and Krol, 1998; Wu, 1999; Chu et al. 2000).

Yano et al. (1986) and Czaja and Krol (1998) suggested that the higher catalyst activity
after prepolymerization came from the more active sites exposed to monomer due to
uniform fragmentation during the prepolymerization stage. Prepolymerization had no
effects on the nature of active sites (rate constants did not change after
prepolymerization). Xu et al. (1990), however, assumed that the nature of the active
centres formed by the prepolymerization differed from the original catalyst system.
Soares and Hamielec (1996a) proposed that higher rate constants, complete break up of
the original particles, and high porosity all might be the reasons for higher polymerization

rates.

Chu et al. (2000) found that prepolymerization with ethylene/1-hexene showed an
increment of the reactivity of 1-hexene during later copolymerization and a lower fraction
of ethylene-rich polymer but did not change molar mass and molar mass distribution.
They (Chu et al., 2000) summarized the possible explanations of the rate enhancement
effect of prepolymerization: (1) controlled fracturing of the catalyst during
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prepolymerization, resulting in exposing more active sites; (2) activation of dormant sites
or formation of additional sites; (3) change of the distribution of the titanium oxidation
states or alternation of the association state of titanium; and (4) reduction of mass

diffusion resistances of monomer through the prepolymer layer.

Czaja and Krol (1999) reported that prepolymerization controlled the fragmentation of
catalysts under mild conditions, and that polymer morphology and activity were
improved. Wu (1999) further found that not all prepolymerization reactions could
produce polymer with good morphology. For gas-phase prepolymerization, prepolymer
particles were totally broken into fine powders and flakes, even at low ethylene pressures
and low temperatures. Generally, slurry prepolymerization at lower temperatures are

required to produce prepolymer particles with higher bulk density.

2.4.7 Comonomer and Copolymerization

Compared to ethylene or propylene homopolymerization, not much work has been done
on the copolymerization kinetics studies, especially for gas-phase operation. This is
because the control of gas-phase composition is much more difficult (Han-Aderekun et

al,, 1997a) and concentration of the comonomer in the produced polymer must be
considered (Bukatov et al., 1988).

Two opposite kinetic phenomena have been reported for the comonomer effect on
reaction rates. Some researchers (Munoz-Escalona et al, 1987; Karol et al., 1993; Calabro
and Lo, 1988; Han-Aderekun et al., 1997b; Ko et al., 1997) found that introduction of
comonomer increased overall ethylene reaction rates, others (Kryzhanovskii et al., 1990;
Chien and Nozaki, 1993; Hingyckx et al., 1998; Bialek and Czaja, 2000) found it
decreased reaction rate. Karol et al. (1993) reported that ethylene polymerization rate
increased in the presence of a-olefin. The magnitude of this increment depended on
comonomer types. For ethylene/l-butene and ethylene/l-hexene copolymerization, a
second order dependency on ethylene pressure was found. The formation of new active
centres due to the stronger coordination of a-olefin was assumed to be the cause of this

rate enhancement. Munoz-Escalona et al. (1987) suggested that physical effects such as
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reduced diffusion resistance and increased monomer solubilities were the reasons for the
observed rate enhancement in the presence of 1-hexene. Other researchers (Calabro and
Lo, 1988; Han-Aderekun et al.,, 1997b) argued that diffusion theory alone was not
sufficient to account for the enhancement effects. Ko et al. (1997) examined the
comonomer enhancement effects for different MgCl;-supported TiCly catalysts. They
found that the comonomer enhancement was very catalyst dependent; thermal treatment
of the MgCly/THF/TiCl, catalysts enhanced catalyst activity. It was suggested that the
increasing rate effect came from a change of catalyst nature caused by heat treatment,

which formed new active sites that could be activated by comonomer.

Kryzhanovskii et al. (1990) found that introduction of 1-hexene into the reaction medium
reduced the ethylene reaction order from second-order for homopolymerization to first-
order for copolymerization. Bialek and Czaja (2000) compared two types of catalysts for
ethylene copolymerization. They found that introduction of comonomers (1-pentene, 1-
hexene, l-octene, l-decene, 1-dodecene) decreased the catalysts activities for all
catalysts. The catalyst activity did not depend on the type of comonomer used but depend
on the comonomer concentration in the feed. The incorporation of a-olefin in the
polymer chain was found to be dependent on the type and concentration of comonomer as
well as the type of catalyst. Vanadium catalyst showed higher incorporation rates for
comonomer than titanium-based Ziegler-Natta catalysts. The comonomer reactivity
decreased with the increase of the size of comonomers. Hingyckx et al. (1998) also found
a negative comonomer effect for MgCl/THF/TiCl, catalyst system. The reason was
attributed to the formation of inactive sites resulting from the irreversible complexation
of the 1-octene with active sites. Chien and Nozaki (1993) found that {-hexene decreased
polymerization rates for homogeneous Ziegler-Natta catalyst system whereas increased

reaction rate for heterogeneous system. They attributed these differences to the different

change in Ti oxidation states.

2.5 Modeling Description of Kinetic Behaviors
The composition of supported Ziegler-Natta catalysts is complicated and each component

appears to have more than one function in determining the Kkinetics. As a result,
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polymerization kinetics is not easily generalized. The situation is further complicated by
the existence of multiple active centres. Over the past decades researchers attempted to
develop a general model for Ziegler-Natta polymerization but with limited success. A
brief review of some of the kinetic modeling is presented below.

2.5.1 Variables in Modeling Polymerization Kinetics

The three main variables included in the modeling of polymerization kinetics over
Ziegler-Natta catalysts are monomer concentrations, temperature and number of active
site types. The concentration of active sites is usually not used explicitly in the models; it
is lumped with the rate constants. Isothermal operation is usually attempted for
investigation of temperature effects; however, temperature effects are included in models
which account for heat and mass transfer effects. Models with heat and mass transfer
limitations will not be discussed in this review; such models have recently been reviewed
by McKenna and Soares (2001). The monomer concentrations used in the models are
usually assumed to be equal to or directly proportional to the monomer concentrations in

the bulk phase next to the heterogeneous Ziegler-Natta catalysts.

The concentration of reactants adjacent to the active site should be used for modeling the
rate of catalytic reactions. During slurry and gas-phase olefin polymerization the polymer
grows around or over the catalyst particle. The catalyst particle fractures during the initial
stages of polymerization. In some recent work with modeling Ziegler-Natta catalysts,
Kim and Somorjai (2000) determined that the polymer deposits over the active sites and
that polymerization continues below the previously formed polymer, ie. the
concentration of monomer next to the active site is the concentration of monomer
absorbed in the previously formed polymer. For ethylene homopolymerization, the
equilibrium concentration of sorbed ethylene is well modeled by Henry’s law (Michaels
and Bixler, 1961; Hutchinson and Ray, 1990; Chen, 1993; McKenna, 1998; Moore and
Wanke, 2001); hence the usual assumption that the concentration is proportional to the
bulk-phase concentration is valid. However, the single component sorption of 1-butene
and 1-hexene cannot be described by Henry’s law at the concentrations typically used in
copolymerization (Yoon et al., 1996; Budzien et al., 1998a; McKenna, 1998; Moore and
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Wanke, 2001). Adsorbed concentrations of 1-butene and 1-hexene at partial pressures
approaching their vapor pressures are much higher than the values obtained by

extrapolation of Henry’s law using constants obtained at low partial pressure (Moore and
Wanke, 2001).

The sorption phenomena are more complicated in the presence of two monomers since
the interactions between the monomers can affect the solubility (Chen, 1993; Moore and
Wanke, 2001). Preliminary measurements of 1-hexene and ethylene co-solubility at 1-
hexene pressures close to its vapor pressure in polyethylene by Moore and Wanke (2001)
showed very complex behavior. Very little data on such co-solubilities at conditions close

to those encountered during industrial gas-phase copolymerization are available in the

open literature.

2.5.2 Adsorption Theory

The interaction of monomers in the vicinity of the active sites with the active sites is
frequently described by adsorption theory which is commonly used in heterogeneous
catalyst system. The exact form of the resulting kinetic expressions differs depending on
the specific adsorption steps. Normally, the reaction occurs only after monomer is
adsorbed from the bulk phase onto the active sites and the Langmuir-Hinshelwood model

is usually used to describe the adsorption process.

Burfield (1972) assumed that polymerization was not fast enough to break up the

equilibrium of monomer adsorption onto catalyst surface. They describe the rate as
Rp=k,C*6Oy

ky is the propagation rate constant, C* is the concentration of active sites, and 6, is the

fraction of sites occupied by monomer molecules, which by the Langmuir-Hinshelwood

model is given by

KM
(+K,[M]+K [4))

M

Ky and K are the adsorption equilibrium constants for monomer and aluminum alkyl,

respectively and [4] is the cocatalyst concentration.
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Bohm (1978b) disagreed with the assumption of adsorption and desorption equilibria
between monomer and aluminum alkyl made by Burfield (1972). He argued that for the
assumption to be true, the adsorption and desorption rate constants for monomer would
be unrealistically high in comparison to the propagation rate constant. He derived an
extensive reaction model based on the Rideal mechanism, obtaining the rate expression:
R. = kok IM]C*]
Pk, +kp +k,IMDQ+b/a+c/a)

where &k, and kp are adsorption and desorption rates constants and [C*] is the
concentration of active centres. The (/+b/a+c/a) term describes the various surface
adsorption processes that may occur. The model was validated for ethylene

polymerization over Mg(OC:Hjs);-supported catalysts.

Keii (1986) decoupled the reaction profile into two parts: an initial stage during which the
reaction rate increased, and a decay stage of the reaction rate. Based on Langmuir-
Hinshelwood adsorption theory, the first stage can be expressed as
R, =k [M][C*]
d[C*] _ K[M]K ,[4]
dt 1+ K,[A]

where k' is reaction centre formation rate constant. In this stage, the rate increase is due
to the increase of reaction centres. In the second decay stage, reaction centres are
considered unchanged where the rate constant is a function of time:

R, =k,,[M][C‘]———————K"[A] ;
(+K,[4)])
When K[A4] is much larger than 1, the equation is simplified to:

o kIMIC*)

P K, l4)

Thus, the increasing cocatalyst concentration decreases the reaction rate.

Bu et al. (1995) found that the overall reaction order was a strong function of temperature

and the ethylene reaction order extended from less than 1.0 to more than 1.5. No single
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Bu et al. (1995) found that the overall reaction order was a strong function of temperature
and the ethylene reaction order extended from less than 1.0 to more than 1.5. No single
Langmuir-Hinshelwood equation could meet the experimental results. Thus, a dual site
mechanism was proposed to with Langmuir-Hinshelwood expression of each site. This

model was able to describe the observed reaction orders.

2.5.3 Multi-Site Theory

Broad molar mass distribution (MMD), broad chemical composition distribution (CCD),
and reaction rate decay are usually observed in heterogeneous Ziegler-Natta catalytic
system. These phenomena cannot be explained by transport model alone (Ray, 1988) and
multiple site nature of the catalyst has to be considered.

The postulate that catalysts contain different types of sites is usually not based on direct
kinetic observations, but on unusual broadnesses of MMD and CCD. Researchers have
deconvoluted the MMD curves and CCD curves and have attributed the various
deconvolution curves to different sites. Reaction rate profiles can then be simulated by
assigning various kinetic parameters to each site. Two types of approaches are discussed
below. One approach, represented by Soares and coworkers, developed the multi-site
model mainly from CCD spectrum based on Stockmayer’s distribution theory; the other
approach, led by Kissin, decoupled the MMD chromatograph from Flory’s distribution
equation (Flory distribution is actually a particular solution of Stockmayer’s distribution).

Soares Multi-Layer Model

For Soares approach, the prototype of the model was first put forward in 1995 (Soares
and Hamielec, 1995a); it was called multi-layer model because the growing polymer
particle was treated as a sphere with multiple layers. In each layer, the average numbers
were used to calculate balance relations in each time interval. The volume of each layer
was updated according to the amount of polymer formed in that time interval. The
reactions involved in this multi-layer model included the usual steps such as site
formation, initiation, propagation, and transfer to hydrogen, deactivation reactions were

not included. Simplifications, such as equating initiation rate for each site to propagation
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constants and neglecting hydrogen transfer resistance, were made. One key part of this
model was that each type of catalyst site produced polymer with MMD and CCD that
followed Stockmayer’s bivariate distribution.

Simulation results {Soares and Hamielec, 1995a) showed: (1) a decrease of molar mass
(MM) with increasing mass transfer resistance, but polydispersities were not influenced
significantly even for very high activity catalyst under strong mass transfer limitations;
(2) a significant decrease of monomer concentration towards the centre of the particle at
low monomer diffusivity resulted in longer chain length in the outer layers; (3) a
considerable decreases in MM with increasing initial sizes of the particles; (4) that
concentration gradients were highest at the beginning of the reaction; (5) that the muti-
grain model alone could not explain the observed broad MMD and CCD; (6) that for
copolymerization with significant transfer problems, copolymer composition would be a
function of both radial position in the particle and length of polymerization; (7) that
broad CCD and MMD can be obtained with a three-site model.

Later, Soares and coworkers (Soares et al., 1996 and Soares, 1998) used Flory’s
distribution equation to model multi-site phenomena from MMD curve and Stockmayer’s
bivariate distribution to simulate CCD curve. The MMD can be measured by size
exclusion chromatography (SEC), while the CCD can be obtained by temperature rising
elution fractionation (TREF) or crystallization analysis fractionation (CRYSTAF). A
five-site model was presented and it was suggested that 4 to 7 types are normally
necessary to obtain good fit of SEC analysis results. They also emphasized that although
more than four site types were used in mathematical model, not all of them may have

distinct chemical structures.

Kissin’s Multi-Site Model
Kissin (1993) applied Flory’s distribution theory and proposed a multi-site model by his

SEC deconvoluting technique. Simulation results for activity profiles using a five-centre
model (Kissin, 1993) showed that the five centres differed widely in their kinetics. The
first centre formed very rapidly and decayed very rapidly. This centre produced polymer
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with lowest MM. Types 4 and 5 centres were more stable and could produce high MM
polymer. Types 2 and 3 had properties between Types 1 and 4.

Later, Kissin (1995) applied his theory to result from ethylene/l-hexene
copolymerization experiments. He found that the copolymerization reaction was faster
than homopolymerization at the same slurry reaction conditions. The average 1-hexene
content in the copolymer decreased with time. The 1-hexene content in the copolymer
decreased from 4.2 mol% in a 5 min run to 0.8 mol% in a 120 min run. The change in the
copolymer composition suggested that the active centres which readily react with 1-
hexene deactivated more rapidly. Only the copolymer molecules with relative low 1-
hexene contents were formed at later stages of the polymerization reaction. Applying the
same kinetic mode! and computation procedures, the characteristics of active centres
were evaluated for copolymerization. The first reaction centre decayed rapidly but it had
the highest 1-hexene incorporation ratio; the 1-hexene content in the polymer for this site
was as high as 25 mol% and the weight average molar mass (My) was less than 10,000.
The yield from this type of sites was less than 5 wt% of the total yield in a one-hour run.
The populations of second and third active centres decayed at lower rates. 1-Hexene
incorporation form Sites 2 and 3 were 3.0 and 0.8 mol%, respectively. The combined PE
yield from Sites 2 and 3 was 45% of the total yield. Sites 4 and 5 were most stable,
producing the highest MM polymer and nearly linear polymer molecules with 1-hexene
content less than 0.2 mol%. It was assumed that each type of active site produced
polymer with a polydispersity of 2. Introducing external donor to the catalyst influenced
the distribution of different centres significantly. Sites 1 and 2 disappeared with
increasing amount of the donor. Thus, the MMD would be narrow and move to higher
MM direction.

Kissin et al. (1999a, 1999b) further investigated the multi-site nature of Ziegler-Natta
catalysts for ethylene/1-hexene copolymerization. Since Sites 1, 2 and 3 were found to
have higher comonomer incorporation rate, the rate enhancement due to 1-hexene
appearance should come mainly from these sites. Whereas Sites 4 and 5, which were

essentially homopolymerization sites, should have lower reaction rate at the presence of
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1-hexene. To confirm these assumptions, a two-step polymerization method was
designed. In the first stage, ethylene homopolymerization was carried out under mild
conditions for 3 to 4 h to deactivate the first 3 types of sites. The second stage was the
normal copolymerization. Experimental results showed reduced reaction rates and lower
1-hexene incorporation, as expected for Sites 4 and 5. Addition of hydrogen to the reactor
affected the activity of the sites differently. Activities of Sites 1, 2, and 3 in
copolymerization reactions were less affected, whereas the amount of polymer made by
Sites 4 and 5 was significantly reduced. As a result, the 1-hexene content in copolymers

increased with increasing hydrogen concentration.

Many researchers found that the overall reaction order of ethylene was higher than unity
(Wu et al., 1999; Kissin et al., 1999a and 1999b; Han-Adebkun and Ray, 1997; Bu et al.,
1995) and close to 1 in the presence of higher y-olefin. Kissin et al. (1999a and 1999b)
tried to develop a mechanism to explain this observation. They assumed that the stability
of the Ti-C,H; coordination stage could be unusually stable by p-agostic interaction
between the hydrogen atom and Ti atom (structure 2):

k

—————

kg

This hypothesis has been confirmed by quantum-mechanical calculations of other
researchers (Ciardelli et al. 1994). The equilibrium constant for the above reaction is
quite high. Only the uncoordinated Ti-C,H; group is capable of reacting with ethylene.
When H occupies the Ti vacancy, it is inert for propagation reactions. Under this
assumption, the high reaction order with respect to the ethylene concentration is the result
of a low concentration of active Ti-C,H; sites. This effect can be alternatively presented
as a very slow chain initiation reaction with ethylene. The rate depression effect of
hydrogen is also explained by p-agostic model. The chain transfer reaction with hydrogen
leads to the formation of Ti-H bond (structure 3 in the model). Reinitiation by ethylene

forms p-agostic intermediate which is very stable. Thus the number of active site
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decreases in the presence of hydrogen. When an y-olefin is present, it inserts into the Ti-
H bond with an immediate formation of Ti-polymer bond, bypassing the non-reactive g-

agostic coordination state, and thus increasing the number of active centres.

This scheme predicts that if deuterium is used instead of hydrogen as a chain transfer
agent, not only should chain ends contain deuterium atoms, but some hydrogen atoms in
ethylene molecules should be replaced with deuterium atoms and deuterated ethylene
should be present both in the remaining monomer and in polymer chains. Experiments
(Kissin et al., 1999b, 1999c) showed that deuterized ethane and ethylene exist in the
system and 3.3% of ethylene in gas phase had deuterium atom in it and 80% of ethane

contained one, two or three deuterium atoms. Deuterated ethylene is formed via the

scheme below:

-=

— CH2

Ti- CHD <—— Ti-H + C,H3;D

:----

——CHD

IR and >C-NMR spectra (Kissin et al., 1999b, 1999c) of the polymers produced in the
presence of D, showed that besides replacement of ~CH; chain end with ~CH,D chain

ends, it also displayed a number of additional features associated -CHD- and -CD,-
groups.

Other Multi-Site Models

Dumas and Hsu (1989) proposed another kind of multi-site model based on statistical
argument. They suggested that the different Ti locations on the support were the main
reason for the distribution of propagation and deactivation rates. Their simulation results

showed that the number of active site type could be from 2 to 100. No chemical

explanation was given.

Recently Shariati et al. (1999) developed a two-site model for ethylene polymerization in
slurry phase over a polymer-supported Ziegler-Natta catalysts. They proposed that each
type of site corresponded to Ti in a different oxidation state. The model includes

activation of active sites, propagation, deactivation, chain transfer by hydrogen and the
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effect of monomer diffusion through the polymer layer around the catalyst particle to the

active centres.

Wu (1999) carried out gas-phase ethylene homopolymerization over MgCl/ED/TiCl
catalysts. In order to avoid active site concentration variance with time due to catalyst
activation and deactivation, ethylene pressure was varied during one single run. The
kinetics was described by a two-site model. This model was able to describe most of the
observed trends of rate profiles, such as single maximum at low reaction temperatures
and double maximum at higher temperatures, the S-shaped initial acceleration period at
low temperature and low ethylene pressure, and the broadnesses of the two rate

maximum of rate profiles.

2.6. Characterization of LLDPE
Polymer characterization is essential for the understanding of catalyst behavior,
polymerization kinetics, as well as the determination of polymer properties. The
characterization methods reviewed in this section are divided into two parts: physical

structure characterization methods and chemical structure analysis methods.

2.6.1 Physical Structure Characterization
This part covers the determination of internal structure of nascent polymer particles,
physical properties of LLDPE (e.g. crystallinity, melting temperature and viscosity), and

finally the relationship between melt index and molar mass.

Internal Structure of Nascent Polymer Particle
Noristi et al. (1994) found that MgCl,-supported Ziegler-Natta catalyst particles consisted

of primary crystallites made of quasi-hexagonal thin platelets with an average size of 10-
40 nm. The presence of secondary structures was not clearly detected by electron
microscopy and could only be inferred by surface area and pore volume values. Scanning
electron microscope (SEM) and transmission electron microscope (TEM) observation
showed that catalyst fragments were uniformly dispersed in the polymer particle
throughout the whole growth process. TEM examination of microtomed polymer particle
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slices found that the size of catalyst fragments was much smaller than the catalyst’s
primary crystallites. The catalyst broke up at the beginning of the reaction and became
smaller and smaller as the polymerization went on. This conclusion was different from
the findings of Kakugo et al. (1989a, 1989b), who concluded that catalyst crystallites
retained their sizes in the course of polymerization and the primary polymer particles

grew as reactions proceeded.

Kakugo et al. (1989a, 1989b) also observed by TEM that the primary particle size of
polymers was around 0.2-0.35 um. This was consistent with the findings of Putanov et al.
(1989), who observed the primary particle sizes of 0.15-0.2 um, but the size of globules
on the surfaces of particles were found to be about 1 um (Kakugo et al., 1989a, 1989b).
In the core of the individual primary polymer particles there existed one or a few catalyst
fragments. These findings revealed that the polymer globules observed on the particle
surface were not primary but secondary structures.

Munoz-Escalona and Parada (1980) applied SEM and TEM to observe the morphology of
growing polymer particles during propylene polymerization. It was found that initially,
the polymer grew on the catalyst surface in form of dots. As the polymerization
continued, the dots grew and covered the catalyst surface. In the next reaction stage,
polymerization rate increased due to fracture of the catalyst particles, which was caused
by mechanical stresses from the growing polymer. Finally, the globular morphology went
to wormlike morphology as the polymerization continued. The cobweb morphology was
also observed (Graff et al., 1970; Muoz-Escalona and Parada, 1980; Wu, 1999) due to
further stretching of the growing globules. Weickert et al. (1999) found that increasing

reaction temperature resulted in more open porous polymer particle structures.

Wu (1999) studied the morphology replication phenomena of MgCl,-supported TiCly
catalyst by SEM. He found that if cracks initially existed on the catalyst surface, they
would replicate on the surface of final polymer particles. This morphology replication is
one of the characteristics of morphology-controlled Ziegler-Natta catalysts. However, the
prepolymer of this kind of catalyst did not show any cracks on the surface. Wu (1999)
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suggested mass transfer limitations might be the reason for the disappearance of cracks.
Since more polymer was produced near the surface during prepolymerization, the surface
cracks were filled up by polymer. In later polymerization, growing polymer in the interior
would generate expansion force and force particle breaking up at the weakest point which
corresponded to the initial cracks. The inside structure of PE particle was found to have
two kinds of globules—loosely connected groups and tightly bounded groups. Wu (1999)
suggested that these two different structures corresponded to two different catalytic sites,
which had different activities.

Physical Properties
Among various properties the solution viscosity and the melt viscosity are predominantly

affected by long chain branching, while the properties related to the crystallinity such as
density, crystalline melting point, rigidity, hardness, permeability, chemical resistance
and so on, are predominantly affected by the short chain branching (Shirayma et al.,
1971). Shirayama et al. (1971) studied the effects of various comonomers on the
properties of LLDPE. Polymer samples were first fractionated by TREF before being
analyzed. Experimental results showed that side chain lengths less than 16 carbons did
not affect the melting index-intrinsic viscosity ([n)) relationship. Short chain branch
(SCB) did not affect significantly the melt extensibility or melt tension. Branches smaller
than C; could be accommodated in the lattice. The branches larger than C4 would be
excluded from the lattice. Copolymers with longer branches had lower crystallinity.
Bulkier branches exerted a larger hindrance effect on crystal formation. Small branches
were nearly as effective as large branches in decreasing polymer’s melting point at the
same crystallinity level. Later, Alamo et al. (1984) arrived at similar conclusions; they
found that polymer properties such as melting temperature, density, enthalpy of fusion,
were dependent on comonomer concentration but independent of comonomer type for
Ziegler-type LLDPE. It should be stressed here that crystalline melting point of a
copolymer is very much influenced by the uniformity of composition and the branching
distribution. Chu and Park (1997) found that melting temperature and heat of fusion were
dependent on comonomer type if the concentrations of comonomer were similar for

metallocene based LLDPE. The heat of fusion and melting temperature decreased in the
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order: polyethylene > ethylene/propylene copolymer > ethylene/butene copolymer

>ethylene/hexene copolymer > ethylene/octene copolymer.

Wignall et al. (1996) applied small-angle neutron scattering (SANS) to study the phase
separation phenomenon in LLDPE. Experiments showed that LLDPE contained a
dispersed minority phase which consisted of highly branched amorphous copolymer.
These findings supported the prediction of liquid-liquid phase separation for
compositionally polydisperse LLDPE; highly branched molecules in the distribution may
phase segregate, even if the overall branch content is low. Loos et al. (1999), applying
atomic force microscopy (AFM) to study the formation of crystals during polymerization
and found that besides crystalline phase and amorphous phase an intermediate phase

might exist.

Melt Index and Molecular Weight
Melt Index (MI or MF]) is defined as the amount of polymer that flows through a die in a

give time at preset temperature and pressure. This parameter is widely used in industry
because it reflects the processibility of polymer. Usually a higher MI corresponds to low
MM (molar mass). Bremner and Rudin (1990) tried to correlate the relationship between
Ml and MM for commercial polyethylene. They found that for 1-octene LLDPE,
equation MI'' =GM,’* gave a reasonable fit to the experimental result, in which G is a
fitted parameter. For butene LLDPE, M,, could not be reasonable predicted, M, was used
and the relationship with M/ was M,=-10332x InMI + 76829. Huang et al. (1997) found
that the equation MI'’' =GM,,** provided an excellent fit for their laboratory-prepared 1-
butene LLDPE. The validity for the expressions was strongly dependent on
polydispersity and processing history.

2.6.2 Chemical Structure Analysis

Comonomer concentration and its distribution in copolymer are very important
parameters in determining product properties. Generally, '’*C-NMR, FTIR and IR are the
main tools for concentration detection; and TREF, DSC and CRYSTAF are used for

comonomer distribution studies.
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Carbon-13 Nuclear Magnetic Resonance (*C-NMR)
Carbon-13 Nuclear Magnetic Resonance or *C-NMR is generally considered an absolute

method for PE quantitative analysis (De Pooter et al., 1991). Solution C-NMR is
generally regarded as a reliable analytical technique for identifying and quantifying all of
the branching features of polyolefins. However, it suffers from several drawbacks. The
first is that the sample must be dissolved in an appropriate solvent. As a result, insoluble
polyolefins and cross-linked systems are not amenable to this approach. The second
problem is its relatively low sensitivity; long data acquisition times are commonly
required to obtain satisfactory quantitative results. With the help of modern technology,
high temperature solid-state '>*C-NMR was used recently to analyze LLDPE and
overcome the above mentioned drawbacks (Guo et al., 2000). By applying solid-state
»C-NMR, comonomer type can be rapidly determined at room temperature by
distinguishing of comonomer resonance at different frequencies. Quantitative
determination, which requires higher temperatures, such as 200°C (polymer is actually in
the melted state at this temperature), gives satisfactory results comparable to solution ’C-
NMR. Solid-state '>’C-NMR can also undertake some other tasks and provide useful
information about the bulk structures, such as branch location, crystallinity and chain
packing. Branch location study showed that for ethylene/1-hexene copolymer, the side
chains are totally excluded from the crystalline regions (Guo et al., 2000).

Fourier Transform Infrared (FTIR)
Neves et al. (1993) analyzed the comonomer concentration of the fractionated ethylene/1-

butene LLDPE by FTIR. Preparative TREF was applied to fractionate the LLDPE sample
according to different crystallizabilities. Fourier transform infrared (FTIR) was used to
determine the branching degree of each fraction. The concentration of methyl group was

determined from the absorbance band at 1378 cm™'.

The infrared spectroscopic method for short chain branching normally focuses on the
absorption band at 1378 cm™, which has some limitations since it cannot differentiate
short chain branches from end groups. Blitz and McFaddin (1994) used other IR
frequency methods to qualify and quantify comonomer concentrations in LLDPE. They
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found that ethyl branches (1-butene comonomer) could be characterized by an adsorption
at 770 cm™, butyl branches (1-hexene comonomer) at 893 cm™. To quantify comonomer
contents, a Fourier self-deconvolution method was applied. Calculation showed that
FTIR and NMR data were in quantitative agreement. The advantage of this technique is
that FTIR is less costly and faster than NMR spectroscopy.

Temperature Rising Elution Fractionation (TREF)

Temperature rising elution fractionation (TREF) is a method for separating
semicrystalline polymers according to their different solubilities and crystallizabilities.
TREF only fractionates semicrystalline polymers and is not applicable to amorphous
polymers. TREF fractionates polymer chains according to the molecular structure that
affects crystallinity. In LLDPE, the incorporation of comonomer into the linear
polyethylene chains results in irregularities that influence the crystallizability of polymer.
In the precipitation step, polymer solute settles on inert support particles such
Chromosorb P or glass beads. The layers that are closer to the surface of the support are
precipitated at higher temperature and therefore are more crystalline than external layers.
Co-crystallization should be avoided, this is accomplished by very slow cooling, e.g.
1.5°C/h (Soares and Hamielec, 1995b; Zhang et al., 2000). Solvent type does not seem to
play a significant role (Soares and Hamielec, 1995b). The elution temperature is virtually
molar mass (MM) independent for values larger than 10,000. Molecules with MM below
500 remains in the solution at room temperature and highly branched material (the degree
of branching exceeds 48 methyls per 1000 carbon atoms) will not crystallize at room
temperature, regardless of its MM (Wild et al., 1982).

Mingozzi and Nascetti (1996) compared the comonomer composition distribution for
Ziegler-Natta type LLDPE and single-site type LLDPE by applying TREF. Experimental
results showed compositional heterogeneity as a consequence of the different content and

sequence distribution of 1-butene along the chains for both types of LLDPE.

Mingozzi and Nascetti (1996) found that the MM increased at high TREF extraction
temperature, while Neves et al. (1993) suggested that this discrepancy was not significant
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in view of the uncertainties present in a high temperature SEC analysis. Zhang et al.
(2000) clearly showed the MM increased with increasing TREF elution temperature for
LLDPE made with Ziegler-Natta catalyst. For metallocene-based LLDPEs MM did not

show the same trend.

Differential Scanning Calorimetry (DSC)
Shanks and Amarasinghe (2000) studied the comonomer intramolecular distribution by

DSC. HDPE endotherms showed a single peak, which meant the crystalline lamella were
quite uniform. After fractionation of LLDPE samples by TREF, the DSC endotherms
showed multi peaks for either Ziegler-Natta LLDPE or single-site LLDPE. This meant
the copolymers exhibited a wide range of comonomer distribution, which was consistent
with the discovery by Stark (1996). Neves et al. (1993) characterized the fractionated
ethylene/1-butene LLDPE by DSC, FTIR and SEC. DSC analysis showed that the
melting temperature increased linearly with the TREF extraction temperature in the low
temperature range and maintained constant after extraction temperature was higher than
80°C. This result agreed with FTIR results that melting point was low because the
molecules contained more comonomer, reducing crystalline order of the polymer.
Crystallinity calculations revealed that when extraction temperature was less than 90°C,
crystallinity degree increased with the increase of extraction temperature because of the
lower comonomer contents. At the temperature about 90°C, crystallinity decreased with
increasing solution temperature. The author explained that this was due to different
crystal lamellae formed below 90°C and above 90°C,

Recently, a new stepwise crystallization method “successive nucleation/annealing
(SNA)” was applied to differentiate and compare methylene sequence distribution for
LLDPE in DSC analysis (Zhang et al., 2000). It was assumed that the neighbouring
sequence on the polymer chain could crystallize independently and the melting point was
a function of crystallite size. Analyses found multiple peak curves for both Ziegler-Natta
LLDPE and single-site LLDPEs. After separating polymer samples by TREF, SNA-DSC
endotherms of each fraction also found multiple peaks for both Ziegler-Natta samples and
single-site samples, which meant short chain branch (SCB) along individual macro chain
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backbone was not uniform. Further experiments (Zhang et al., 2000) showed that
intermolecular heterogeneity was found in the Ziegler-Natta sample, while single-site

sample was intermolecularly homogeneous.

Crystallization Analysis Fractionation (CRYSTAF)
Monrabal (1994) proposed a new technique similar to TREF for determining the

chemical composition information in LLDPE, which was called CRYSTAF
(crystallization analysis fractionation). The analysis of CRYSTAF was carried out by
monitoring the polymer solution concentration during crystallization by controlled
cooling. As temperature goes down, most crystalline factions, composed of molecules
with zero or very few branches will precipitate first, resulting a decrease in the solution
concentration. This is followed by precipitation of fractions of increasing branch content
as temperature continues to decrease. The last data point, corresponding to the lowest
temperature of crystallization cycle, represents the fraction that has not crystallized and
remains soluble. The derivative of the concentration curve can be associated with short
chain branching distribution (SCBD).

Comparison experiments with TREF showed that the results were similar (Monrabal,
1994). The advantage of CRYSTAF is that this approach only requires one temperature

cycle to perform SCBD analysis, simplifying the equipment and reducing analysis time
(Monrabal, 1994).
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CHAPTER 3. EXPERIMENTAL PROCEDURES AND CONDITIONS

Catalyst preparation methods, polymerization procedures, control of comonomer feeding
and polymer characterization techniques are described in this chapter. The catalyst
preparation methods include the preparation of spherical MgCl, support particles, the
thermal treatment of fresh support particles, TiCLy/ED addition, activation and Ti content
analyses. The polymerization part stresses gas-phase analysis techniques and comonomer
addition equipment. Composition control illustrates gas sampling and feed control
procedures. Polymer characterization techniques include '*C-NMR, SEM, GPC (or SEC)
and TREF methods.

3.1 Catalyst Preparation
The catalyst preparation procedure in this study is mainly based on the method developed
by Wu et al. (1999). The experimental procedures and experimental conditions which are
different from previous studies will be emphasized. The detailed information of catalyst
preparation equipment and materials has been published elsewhere (Wu, 1999; Wu et al.,
1999).

3.1.1 Preparation of Spherical MgCl, Support Particle by Melt Quenching Method
The following method was used to prepare spherical MgCl, particles which were used as
catalyst supports. About 200 g Vaseline oil (from Fluka) was loaded into a one-litre,
jacketed Pyrex mixing vessel (Biichi Laboratory AutoClave, BEP280) fitted with a
Rushton turbine stirrer. The reactor was kept under vacuum overnight. The reactor was
then heated to 80°C, keeping vacuum for 1 h to remove moisture inside the oil; 20 g of
magnesium dichloride (98% purity and 1.5 wt % of water, from Aldrich) and 38 mL
anhydrous ethyl alcohol (from Aldrich) were charged separately into the reactor under
nitrogen protection while the temperature of the Vaseline was decreased to 60°C (too
much ethanol vaporizes if added at the temperature above its boiling point). After the
ethanol was charged, it reacted with MgCl; quickly and severely, causing the suspension
temperature to increase 5 to 7°C in 30 seconds. The exothermic reaction is
MgCl; + 3C;HsOH— MgCl,-3C,HsOH
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After MgCl; and C;HsOH were charged, the mixture was heated from ~67°C to 120°C in
2 h, while increasing the stirring rate from 200 rpm to 800-900 rpm. At about 120°C, an
emulsion of MgCl,-3C;HsOH melted complex in Vaseline was formed at the high stirring
rate. A 3:1 molar ratio of ethanol to MgCl, was chosen because the resulting complex
melts at temperature between 100-130°C (Sacchetti et al., 1993). Higher ethanol: MgCl,
ratio results in particles which are easily broken, and at lower ratios, the support particles

have lower porosities and surface areas.

The exit port of the reactor was connected through a ball valve to a Teflon tubing with an
inside diameter of 1.5 mm and length of about 3 m. The other end of the tubing was
dipped into 1.5 L anhydrous heptane (from Aldrich) contained in a 3-L flask. The heptane
and flask were cooled below —30°C by a bath of an ethylene glycol-water mixture; the
bath was precooled by liquid nitrogen.

After keeping the emulsion at 120°C for more than 1 h, the reactor pressure was increased
to 4 to 5 bars by introduction of nitrogen gas. The emulsion was forced out by opening
the ball valve and flowed through the Teflon tubing, which was externally heated to
120°C, and then into the cold stirred heptane, where it solidified. The final temperature of
the heptane after introduction of the emulsion was less than 0°C. The whole procedure for
preparing and quenching the emulsion took about 6 h. The Vaseline in the emulsion was
removed with heptane wash at 40-60°C and the resulting solid product was dried under
vacuum at room temperature. The obtained support morphology was examined using an
optical microscope (Olympus PEM 3). The density, as measured by a pycnometer
(AccuPyc 1330, Micromeritics Instrument Co.), was about 1.3 g/c:m3 . The summary of
all the support preparation conditions is given in Appendix D, Table D.1.

3.1.2 Dealcoholation Treatment
The fresh spherical support was transferred into a glass tube with a fritted disk at the
bottom. The transfer was done in a glove box because exposure to moisture must be

avoided at all stages of the support and catalyst preparations. The tube was heated by
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heating tape and temperature was increased slowly from room temperature to 130°C in 3
to 6 h. A desired amount of ethanol was removed from the MgCl,-ethanol by purging
with nitrogen. The mass differences between the support sample before thermal
dealcoholation and after dealcoholation were measured to estimate the amount of ethanol
which has been removed. The exact composition of MgCl,'xC;HsOH complex after
dealcoholation was determined by the sintering method which is described below.
According to Sacchetti et al. (1993), dealcoholation increases the support porosity and the
C,;HsOH: MgCl, mole ratio after treatment should not be greater than 2. The partially
deacoholated support particles were then treated with TiCl,.

The sintering method which is used in determining the composition of MgCl,'xC,HsOH
complex was developed in this study based on the reaction scheme provided by
Magalhaes et al. (1991), i.e.

MgCl;-xC,;HsOH— MgCl, 9o(OC2Hs)o.10 + 0.10 HCI + (x-0.10)C;HsOH

The method consisted of the following steps:

1. Placed about 0.1 g of partially dealcoholated support in a 125 mm long Pyrex tube
with screw cap.

2. Heated the tube in a flame while swirling gently until the support sample was
liquefied.

3. Continued to heat until the ethanol had boiled off and the remaining solid became a
small chunk or fine powder.

4. Kept heating the solid until white smoke (HCI vapor) could be seen rising from the
solid.

5. Cooled the tube after smoking stopped and closed the cap quickly.

6. Weighted the sintered sample and calculated the initial ethanol content according to

the above reaction scheme.

3.1.3 Catalyst Preparation
The MgCl;-supported TiCl, catalysts were prepared by adding 3 g of dealcoholated
support complex and 60 mL of anhydrous heptane into a 300 mL glass flask. While
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maintaining the temperature below 0°C, about 90 mL TiCl (99.9%, from Aldrich) was
added drop-wise in flask over a 3 -5 h period while stirring slowly or swirling gently.
The TiCls addition rate was found to have important effect on final polymer bulk
densities. The slow addition of TiCl, was first regarded as a method of avoiding support
particle break up (Wu, 1999), but was later found to have no influence on the
morphology of the catalyst. Even if the support particles were added quickly into pure
TiCls at higher temperature, the obtained catalyst showed spherical shape and could
produce spherical prepolymer. However, the obtained polymers had lower bulk density
compared with the polymer which was produced by the catalyst with drop-wise TiCly
addition.

After the TiCly addition, the temperature slowly increased to 40°C and a desired amount
of electron donor, di-n-butyl phthalate (DBP, from Fluka) diluted to 10% heptane
solution, was added drop-wise into the system over a 0.5 h period. The suspension system
turned bright yellow immediately after the DBP addition was started. After the DBP was
totally added, the mixture was heated to 110°C and kept at this temperature for 1 h while
the color of the suspension became darker (light yellow brown or dark brown). After the
mixture was cooled, the liquid phase was siphoned out and neat 100 mL TiCl; was added
at room temperature over a | h period, followed by heating to 120°C and maintaining at
that temperature for 1 h. The second TiCly treatment helped remove inert Ti complexes
from the catalyst support. The activation reactions are

TiCls+ MgCl,-C2HsOH — TiCly(OC;Hs)-MgCl,+HCI

TiCl3(OC:Hs)-MgCly+TiCly—MgCl, TiCly+TiCl;(OC;Hs)
The soluble TiCly in the catalyst particles was removed by washing 10~15 times in
heptane at 60°C. Finally, the catalyst products were dried under vacuum at room
temperature. The complete schematic procedure from support quenching technique to

catalyst preparation is shown in Figure 3.1.

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



uonippy *[DLL

ampasolgd uonereda] 1sA[eie)) jo urideiq onewayos ‘[ ¢ am3ig

uone[oyod[eaq

Suyouond) yuoddng

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The shapes of support and catalyst particles were observed using an optical microscope

and a scanning electron microscope (SEM). Figure 3.2 shows an optical micrograph of
the support particles (before dealcoholation, Figure 3.2a) and a scanning electron

microgarph of the resulting catalyst particles (Figure 3.2b).

Quantitative Ti contents was determined by colorimetric analysis method (Vogel, 1961).

This method consisted of the following steps:

1.

Weighted out 100 mg sample in the glove box and placed in a 40 mL Pyrex test tube
with screw cap.

Added 4 mL of concentrated sulfuric acid (95%, from Fisher Scientific), heated up
and kept boiling for 2 min, allowed to cool to room temperature.

Cautiously added 20 mL H,0, cooled again to room temperature and then transferred
the colorless solution to a 100 mL Kjeldahl flask.

Carefully added 5mL concentrated H,SO4 and 50 mL H,O, allowed to cool to room

temperature.

5. Added 7 mL hydrogen peroxide (30% stabilized. from Fisher Scientific).

Added more H,O to make up to the volume mark.

7. Move about 2 mL solution into a 0.5 cm crystal cell (from Fisher Scientific) and

measured the absorbance at 410 nm using UV-VIS Recording Spectrophotometer
(from Shimadzu, model UV-160), and finally determined the Ti content from

calibration curve.

All catalysts made in this work have Ti content between 1.8 wt% and 6 wt%. The spatial
distributions of the Ti in some porous support particles were also determined by energy

dispersion x-ray analysis (see Section 3.4). The compositions and preparation conditions

of the catalysts prepared in this study are summarized in Appendix D, Table D.2.
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Figure 3.2 (b) Scanning electron micrograph of catalyst particles.
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3.2 Prepolymerization and Polymerization

3.2.1 Prepolymerization

Prepolymerization is used before gas-phase polymerization to control the polymer
morphology if the catalyst particles are fragile and/or to prevent overheating during rapid
polymerization reactions. During prepolymerization, the catalyst particles are exposed to
mild polymerization conditions, usually in a slurry, and a small amount of polymer is
produced, typically 20 to 100 g of polymer per gram of catalyst. The prepolymerization
produces stable particles which are used as catalysts in subsequent polymerization under
more severe conditions. In this research, prepolymerization was carried out in a 1-L
stirred, glass autoclave with a circulating cooling jacket. The reactor was evacuated
overnight at 80°C after leak tests. About 300 mL heptane was fed into the reactor under
N2 protection. About 0.3 mL triethylaluminum (TEA) and 100 mg catalyst, which were
drawn into separate Hamilton Gastight syringes in a glove box, were injected into the
reactor via a syringe port. The reaction temperature was controlled at 30°C, ethylene
pressure was between 55-138 kPa (8-20 psi), and hydrogen pressure was about 70 kPa
(10 psi). The reaction condition was monitored by a PC. When the amount of produced
prepolymer was about 10 g, the product was removed from the reactor under nitrogen
protection into a special vial. The prepolymer was dried under nitrogen flow in the vial

and stored in the glove box for further polymerization use.

A summary of all the prepolymerization runs is given in Appendix D, Table D.3.

3.2.2 Polymerization

A 1-L stainless semibatch reactor built and described by Lynch and Wanke (1991) was
used for polymerization experiments. The reactor system was modified for gas
chromatography (GC) analysis. A heat gun was used in order to keep the GC sampling
valve (Swagelok metering valve, SS2-A) at high temperature. The schematic diagram of
the reaction equipment is shown in Figure 3.3. The heat gun was mounted above the
reactor and the distance and angle between heat gun and sampling port could be adjusted.
The power of heat gun was controlled by a voltage transformer (0-140V). The GC
sampling tubing which connected the GC equipment, Hewlett Packard (hp) 5890 series Il
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Figure 3.3 Schematic diagram of the copolymerization equipment




and the GC sampling valve was a 1.15 m long Teflon tubing with outside diameter 1.6
mm (1/16”) and inside diameter 0.25 mm (0.01”). An hp 3390A integrator was used for
calculating sample compositions. The GC parameters and the determination of

ethylene/1-hexene response factors are described in Appendix A.

The reason for heating the GC sampling port is that the saturation pressure for 1-hexene
is very temperature dependent; it is 3.5 psi at 24°C and 18 psi at 70°C (see Appendix B
for the properties of 1-hexene). In this study, the reaction temperature was kept between
60 and 90°C (usually 70°C) in order to obtain relatively high 1-hexene concentration in
the reactor. Since the sampling port was above the oil bath, its temperature was lower
than that in the reactor which was merged in the oil bath. This reduced temperature at the
GC sampling valve would lead to condensation of 1-hexene inside the valve and thus

affect the accuracy and the reproducibility of the GC analysis.

In addition, the partial pressure of 1-hexene in the reactor should never exceed 20% of
the total pressure during the runs because the gas sample from the reactor was transferred
to GC at room temperature and near atmosphere pressures (about 13.7 psi in Edmonton).
Under these conditions, the saturation pressure of 1-hexene is 3.5 psi and accounts for
25% of the total sampling pressure (3.5 psi/13.7 psi = 25%). Higher 1-hexene

concentration in the reactor would lead to condensation of 1-hexene in the Teflon tubing.

In gas-phase polymerization, the start-up procedure for each run consisted of placing a
200 g NaCl (crystalline, from Fisher Scientific) seed bed into the clean reactor, leak
testing the reactor with N, at 400 psi and evacuating overnight at 90°C. The reactor was
cooled to the desired reaction temperature by controlling the oil bath temperature before
reaction. After the desired amount of TEA had been injected into the reactor, the heat gun
was switched on. The salt bed was stirred for 5 min before the next step. About 0.1 g
prepolymer which was previously put into the catalyst holder in the glove box was blown
into the reactor with nitrogen through a port in the flange on the top of the reactor. The
total nitrogen pressure in the reactor after adding prepolymer was kept a little above

ambient pressure (<15 psi). A preset amount of 1-hexene was pumped into the reactor
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with an ISCO 500D high-pressure syringe pump. Finally, the desired amount of hydrogen
was added into the reactor, followed by continually addition of ethylene to maintain the
total pressure. The additions of catalyst, 1-hexene, and hydrogen and the start of ethylene
flow were carried out in less than 8 min. The stirring speed of the reactor during

polymerization was about 204 rpm. The experimental runs lasted 0.5 to 8 h, usually 2 h.

The data acquisition system used for the prepolymerization was also used for
polymerization. Data recorded by the PC included ethylene flow rate, reaction pressure
and temperature at different locations in the reactor. The GC sampling valve was always
opened during copolymerization runs. The flow rate of sampling gas was also monitored
by PC and the value was subtracted from ethylene flow rate in later calculations. The
change in 1-hexene composition in the reactor with time were measured by GC. If
controlling of 1-hexene gas phase concentration in the reactor was required, 1-hexene
was added periodically into the reactor using the ISCO 500D syringe pump. After
polymerization, the reactor was disassembled and polymer product was rinsed with water
to remove salt and kept in the oven at 60°C overnight to degas any remaining comonomer

dissolved in the nascent copolymer.

A summary of gas-phase copolymerization runs is given in Appendix D, Table D.4; gas-
phase homopolymerization runs and slurry-phase runs are described in Table D.5.

3.3 Controlling 1-Hexene Concentration in the Gas Phase
For Ziegler-Natta copolymerization reactions, comonomer concentration in the reactor is
very important for the kinetic studies but it is not easily controlled, especially in laboratory
reactors. The common methods are either to carry out the reaction in slurry phase where
excessive amount of comonomer is added and the comonomer concentration is essentially
constant during reaction, or adding desired amount of comonomer once at the beginning
of the reaction in gas-phase polymerization. Not much work has been published on
controlling the comonomer composition in laboratory gas-phase copolymerization studies.
Han-Adebekun et al. (1997) reported a design and control methodology for gas-phase
copolymerization in a stirred bed reactor. A Fourier transform infrared spectrometer
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(FTIR) was used to monitor the composition ratio change of comonomer to monomer
according to their specific adsorption bands and a feed-back PI controller was used for the
control of comonomer feeding rate. There was a 20% drift from the set point in the first 10
min; after the initial period, the control error was very small. No detailed
copolymerization kinetics were reported. Gas chromatography (GC) is usually used for
gas composition detection in gas-phase commercial copolymerization processes (Han-
Adebekun et al., 1997); however, it is seldom found for composition control in laboratory
experiments. Chen (1993) applied GC analyses to measure gas-phase composition for
ethylene/propylene copolymerization and controlled the composition by a PI controller.
Experimental results showed that the control error in the first 20 min was large (30%

deviation from set point).

In this study, a GC was used to monitor 1-hexene content in the gas phase and a new
methodology was applied to control the gas composition manually. Two experiments
were required to obtain one run at constant l-hexene concentrations. In the first
experiment, an amount of 1-hexene was added into the reactor at the beginning of run
which resulted in the desired 1-hexene /ethylene mole ratio. No additional 1-hexene was
added during the run. Care has to be taken so that the amount of 1-hexene in the reactor
did not result in the presence of liquid 1-hexene. The Antoine equation (see Appendix B)
was used to estimate the saturation pressure as a function of temperature. This allowed
the determination of the maximum amount of 1-hexene which could be added to the
reactor and still ensure gas-phase operations. Changes in the 1-hexene/ethylene mole
ratio were monitored by GC during the run. An example of 1-hexene composition
changes with reaction time is shown in Figure 3.4. The rate of disappearance of 1-hexene
from the gas phase can be estimated by differentiation of the 1-hexene/ethylene ratio with
time. Such a calculated rate of 1-hexene disappearance is shown in Figure 3.5. As shown
in Figures 3.4 and 3.5, the rate of 1-hexene disappearance is at a maximum close to the
start of the experiment and rapidly decreases during the first half hour and levels off after
about 2 hours. It has to be emphasized that the rate of 1-hexene disappearance from the
gas phase is not the reaction rate of 1-hexene because the value also includes 1-hexene

loss in the sampling stream as well as 1-hexene which dissolves in the polymer produced
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in Figure 3.4.
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during the run.

A second experiment was carried out with the initial conditions similar to those in the
first run, but l-hexene was added periodically during the second run at a rate
approximately equal to the rate of disappearance obtained from the first run. Total
pressure and temperature in the second run were similar to those in the first run. The
second run was used to calculate the rate of 1-hexene reaction as a function of time. The
procedure used to calculate the 1-hexene reaction rate is described in detail in Appendix
C.

Normally one GC analysis required 2.5 min. After calculation of the comonomer content
according to GC analysis, the deviation from the set point was obtained and the
subsequent feeding rate of 1-hexene was adjusted. Generally, the actual feeding rate in
the first half hour was higher than the pre-calculated value because the predicted feeding
rate was based on lower comonomer concentration and because more 1-hexene dissolved
in polymer under higher 1-hexene pressure; in the later stage of the reaction, the feeding
rate was always lower than that calculated because the reaction rate was depressed more
by higher comonomer concentration. In Figure 3.6, typical changes of 1-hexene/ethylene
molar ratio with time as a result of 1-hexene addition during the run are shown. The
variations in 1-hexene/ethylene ratio were usually less than +5%. This figure indicates
clearly that an approximately constant comonomer concentration was maintained over the

entire duration of the reaction by the intermittent addition of 1-hexene.

3.4 Characterization Techniques

3.4.1 Nuclear Magnetic Resonance (NMR)
In this study, high-resolution '*C-NMR was used to measure comonomer content in
copolymer products. Samples were dissolved in 1,2,4-trichlorobenzene and analyzed by
Varian Unity 500 MHz NMR at 120°C. The data collection time was 1.3 s, delay time
was set for 10 s and the pulse signal angle was given at 90°. The resulting polymer
spectrum was analyzed according to ASTM D5017-96 and the procedure of De Pooter et
al. (1991). However, the liquid sample preparation procedure was different from the
ASTM method because most polymer samples would not dissolve properly if the ASTM
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Figure 3.6. (a) Control results of the second run (GasCo42) based on the predictions
shown in Figure 3.5. (b) Actual 1-hexene addition process in the second run.
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method was used; Bialek and Czaja (2000) also reported the same problem with the
ASTM method of specimen preparation. As a result, a modified method based on ASTM
D5017-96 was developed and the procedure used to prepare NMR specimen is described
below:

1. 0.05 to 0.2 g of polyethylene sample with 4-5 g 1,2,4-trichlorobenzene
(spectrophotometric grade, from Aldrich) and <0.004g antioxidant (2-fert-butyl-4
methylphenol, from Aldrich) were added into a 10-mL one-neck flask. The
amount of solute added was dependent on the molar mass of the polymer sample
(more solvent per mass of polymer for high M,,). The flask was kept in an oven
with swing equipment at temperature between 140 to 160°C for 5 tol5 h.

2. The transfer of the dissolved sample was done by one of the following two
methods.

Method 1: Attached NMR tube to a funnel by a special Teflon tubing. Put this
whole assembly in another oven at 130°C. Quickly moved the hot flask from the
first oven, toppled over the flask, letting the viscous liquid stream down slowly
into the funnel. Since the temperature went down quickly with the opened oven
door, a pair of scissors was used to cut off the cooling “gel” after 1.5 g of solution
was moved into the funnel. Closed the door for 15-30 min until the gel melted
again. Using a piece of copper wire to move air at the bottom of NMR tube and
have polymer settle to the bottom of in the tube. The final length of polymer
solution in the tube should be around 4.5 cm. A copper hook was used to remove
excess polymer from the tube. Filled the top of gel with 0.5 cm deuterized
benzene solution (Dg).

Method 2: If the polymer solution was too viscous to be transferred into the
NMR tube, it would be cooled in the flask. A hook or small scoop was used to
move the gel out of the flask on a plate. Cut 1.5 g of gel into small pieces and then

put them into NMR tube with the help of copper wire.

3. Afier the sample solution was transferred in to the NMR tube, cleaned the top 3
cm of the tube so as to have a polymer free zone for sealing. After the opening
was sealed, moved the tube into oven again, and heated to 130-140°C. When the
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gel was melted, turned upside down and let the melt set down and mixed with the
Ds. After 3-4 times, the solution was homogeneous and was ready for NMR

examination.

3.4.2 Size Exclusion Chromatography (SEC or GPC)

The molar masses and polydispersity of ethylene prepolymer, homopolymer and
copolymer were measured by Size Exclusion Chromatography (SEC). A Waters 150C
GPC equipped with a differential refractometer and a series of four Shodex GPC/UT-
800M columns was used initially. The columns and the detector were maintained at
140°C. Later, samples were analyzed by Waters Alliance GPCV 2000 and three Waters
Styrage HT6E columns plus one guard column. Millennium 2000 system was used for
processing data. The columns and the detector were maintained at 145°C. The solvent,
HPLC-grade 1,2,4-trichlorobenze, was pumped through the columns at 1.0 cm*/min. The
solvent contained approximately 0.25 g/L of antioxidant 2,6-fert-butyl-methylphenol.
The polymer concentrations in the solution were between 0.4 and 0.7 g/L. The calibration
was done using standard samples of polystyrene and polyethylene with narrow

polydispersities.

3.4.3 Scanning Electron Microscopy (SEM)

The catalyst samples for SEM observations were prepared in the glove box and sealed
with plastic bags, then transferred into the carbon evaporator (Hitachi, HUS-4) for
coating, and finally into the microscope. To obtain samples suitable for the examination
of cross-section microstructure, prepolymer or catalyst particles were first embedded in
epoxy resins (from West System Inc, resin 105:hardener 205 = 5:1) to form a suitable
support matrix for further microtoming and to avoid interactions with air and moisture.
After allowing the resin to harden for the 8 hours, the resin sample was sliced into thin
pieces (<0.3 mm). These thin pieces were quickly carbon coated to minimize exposure to

oxygen and moisture.

The SEM equipment was a Hitachi S-2700 SEM model using PGT software for image

acquisition. An accelerating voltage of 10 kV was used. Increasing electron energy and
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scanning time may result in the accumulation of electrons on the surface of specimen
which leads to charging problem. When SEM electron beam interacts with the specimen,
some of the charge injected by the beam is emitted in the form of the backscattered and
secondary electrons while other fraction of charge remains in the specimen. This charge
flows to ground if the specimen is a conductor and a suitable connection exists. Since
polymer samples are not good conductors, carbon coating (or gold coating) is needed for
making the specimen electron conductible. If some place is not appropriately coated and
the ground path is thus blocked, the specimen is quickly charged. This charged area acts
as an electron mirror and SEM looses its ability to “see” the detailed structures.

The Imix system with a PRISM IG (Intrinsic Germanium) detector was used for x-ray
microanlysis (x-ray quantitative analysis and x-ray dot mapping). Higher electron energy
is needed (accelerating voltage 20 kV) to produce x-ray signals strong enough for
chemical analysis.

Typical Ti distribution of a sample catalyst is shown in Figure 3.7. It can be seen that the
distribution is quite even on the surface and along the cross section. Figure 3.8 is a
sample of x-ray quantitative analysis spectrum and Ti content measured is 4.2 wt %

which is comparable to the value 3.5 w1% obtained via the colorimetric method.

3.4.4 Temperature Rising Elution Fractionation (TREF)
The TREF system used for characterization of LLDPE products was a custom-built
apparatus which has been detailed described by Lacombe (1995) and Zhang (1999).

The general TREF procedures for sample analysis in this study are

1. Crystallization Step: About 5-10 mg polymer samples were weighted in a glass bottle
(15-20 mL), o-xylene was added till the solute concentration of 0.001 gPE/mL was
obtained. Then, about 1.5 g of glass beads (80-100 mesh) was added into the mixture.
With the help of magnetic stirrer, the slurry was heated slowly to 125°C in a silicone
oil bath and maintained at the temperature for 2 h to ensure the complete dissolution

of polymer. Further heating of 2 h at 125°C without stirring, the solution was then
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Figure 3.7 X-ray dot mappings of surface (top images) and cross-section (bottom images)
of catalyst Cat-S. The yellow, blue and red dots represent Ti, Mg and C1 elements,
respectively.
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Figure 3.8 X-ray microanalysis spectrum of catalyst Cat-4.

slowly cooled down to —8°C at a cooling rate of 1.5°C/h. The crystallized sample was

then transferred to a TREF column for elution.

N

Elution Step: During this step, the column temperature was increased from 0°C to
125°C at a heating rate of 1°C/min while the o-dichlorobenzene solvent was pumped
through the column continuously at a constant flow rate of 1.0 mL/min. During the
heating, LLDPE molecules dissolved and were eluted by the solvent flow. Samples
with higher SCB content dissolve first and were eluted at lower temperatures. The
eluted polymer species were detected with an on-line IR detector tuned at 2859cm™.
A typical elution run would last about 2.5 h.

Figure 3.9 gives an example of TREF spectrum of one copolymer sample. This figure can
be converted to SCB distribution according to the method described by Zhang (1999).
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Figure 3.9. TREF profile for sample GasCo08.

3.4.5 Differential Scanning Calorimetry (DSC)

Crystallinity was determined with a Perkin-Elmer DSC-4 system. Sample sizes varied
from 5 to 15 mg. Polymer sample was heated from room temperature to 170°C at a rate
of 10°C/min. The heat of fusion values were determined from the peak of the DSC
endothermic spectra. The mass fraction of crystals, ¥, can be calculated from the heat of

where H. is the heat of fusion for 100% crystalline polyethylene; H. is chosen 291 J/g
according to other researcher’s work (Chien and Nozaki, 1993; Parker et al., 1996). A
typical DSC curve is shown in Figure 3.10.

fusion:
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Figure 3.10 DSC endothermic curve of copolymer GasCo46.
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CHAPTER 4. RESULTS OF MgCl,/TiCl, CATALYST SYNTHESIS

The newest generation of Ziegler-Natta catalysts is characterized by their morphology-
controlled property (Forte and Coutinho, 1996). Polymers with irregular shape and low
bulk density are not commercially desirable because they are difficult to handle. If the
polymer is to be stored or sold in granular form, significantly larger amounts of storage
and shipping space is required for handling these materials. Even if the granular form
polymer is to be pelletized prior to shipping, the processing of a given quantity of the low
bulk density material through the pelletizing equipment requires significantly longer
processing time than would the same quantity of high bulk density materials.

Very high activity MgCl,-supported Ziegler-Natta catalysts have been widely used in
industry and many patents reported their inventions of catalyst preparation method which
could produce polyolefins with good morphology. Some of them were reviewed in
Chapter 2. However, a complete study on the influences of catalyst’s composition and
preparation history on the control of polymer morphology and reaction behavior is
seldom found for ethylene polymerization. The object in this part of the current work is
the preparation of morphology-controlled MgCl,-supported TiCly catalysts, and to study
the factors that affect the polymer morphologies and homopolymerization activities.

Finally, the relationship between catalyst and copolymerization behavior was probed.

4.1 General Rules of Obtaining Spherical Catalyst Particles
Reproducible preparation of Ziegler-Natta catalysts require a lot of ‘know-how’ and
sometimes “the reproduction of some experimental finding is as important as finding
itself” (Kissin, 1985). The catalyst preparation method in this study generally followed
the procedure described by Wu (1999). However, modifications were made to improve
the reproducibility. Some general rules for catalyst preparation based on observations

made in the current study are summarized below:

1. In the support preparation step, the C,Hs;OH/MgCl, ratio is very important for
obtaining suitable supports. At high ratios (>3.5), it is difficult to control the spherical
morphology and the obtained support particles break easily. SEM images of the
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support with C;HsOH/MgCl, ratio about 3.5 are shown in Figure 4.1. It can be seen
that the all particles are irregular. At low ratios (<2.5), it is not possible to obtain the
adduct in a totally melted form before it precipitates. Usually the C;HsOH/MgCl,

ratio was kept around 2.8~3.2 in the current study.

2. Emulsion steady state was established after 0.5 h of stirring at 120°C. Spherical
droplets were not completely formed if the emulsion was quenched before steady
state was established. As shown in Figure 4.2, quite a few of the particles have

irregular shapes if the mixing time was short.

3. The support size was affected by the emulsion temperature and stirring speed. The
general stirring speed kept between 500 and 1000 rpm (lower stirring speed at higher
temperature). Higher emulsion temperature required lower stirring speed to get the
same sizes (see Figure 4.3 and Figure 4.4). For the support shown in Figure 4.3, the
emulsion temperature was 130°C and the stirring rate was 590 rpm; the support in
Figure 4.4 was made at 110°C and stirring rate was 1000 rpm. The obtained supports

had similar size.

4. Fines were usually part of the support product; however, they were often eliminated
during the TiCl; treatment. Reaction between TiCls and ethanol is rapid and highly
exothermic (Forte and Coutinho, 1996). When adding TiCly to the support suspended
in heptane, ethanol in the support reacted rapidly with theTiCl; (see Chapter 3). The
small fines were further broken due to this rapid reaction and appeared to be
eliminated in subsequent washings. The catalyst made from support shown in Figure
4.4 is shown in Figure 4.5. No fines were observed in the final catalyst. Similar
results were shown in Figure 3.2. Furthermore, to avoid breaking of the spherical
particle, it is important to keep the titanation procedure slow (i.e. adding TiCls drop-
wise to the support suspension) and to keep the system at low temperature (e.g. <
0°C).
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Figure 4.2 SEM plcture of support (Support-18) from emulsnon before steady state was
established. (120°C for 20 minutes).
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Figure 4.4 SEM image for the support (Support-16) operated at 115°C and 1000 rpm.
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Figure 4.5 Catalyst (Cat-4) made from Support-16 shown in Figure 4.4. Fines observed in
support disappeared during the introduction of Ti and subsequent washings.

4.2 Influence of Catalyst Composition on Activity and Product Morphology
The effects of C,HsOH/MgCl, ratio. Ti content and the amount of electron donor on
catalytic activity and polymer morphology are presented in this section. The methods for
ethanol and titanium content determination were described in the previous chapter.
Electron donor content was calculated for the amount of DBP added. Experimental
results were summarized in Table 4.1. Detailed catalyst preparation procedures have

given in Chapter 3.

4.2.1 Effects of C;HsOH/MgCl; on Activity and Bulk Density
Partial dealcoholation before treatment with TiCls is generally used in MgCl/EtOH
supported catalyst preparation (Sacchetti et al., 1993; Chung et al., 1996; Shin et al.,
1995; Parada et al., 1999). The effect of the degree of dealcoholation on catalyst activity
and polymer bulk density have been studied and the results are listed in Table 4.1 and
plotted in Figure 4.6.
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Table 4.1 Summary of Activities and Product Bulk Densities for Various Catalysts.

Ti

Catalyst C;HsOH DBP/ Activity, kg PE/(gcat-h-100psi ethylene) (Run No.) Bulk Density', g/cm’
Content
No. /MgCl, MgCl,
W% Homo, Slurry  Homo, Gas phase  Copolymerization Slurry Gas phase
Cat-1 0.34 2.1 0.03 5.0 (Slu-6) 1.1 (GasHo8) 1.7 (GasCo6) 0.31 0.35
Cat-2 1.1 20 0.12 -- 1.7 (GasHol 1) 3.2 (GasCo8) - 0.35
Cat-3 1.4 40 0.05 2.9 (Slu-7) 1.8 (GasHol0) 4.5 (GasCod) Broken 0.38
i 1.9 (GasHo7),
Cat-4 1.5 35 0.07 3.4 (Slu-8) 1.6 (GasHol2) 3.5 (GasCo9) Broken 04,038
Ca-s 145 31 006 2023 1.6 (GasHol2) - 0.29-0.34 0.38
' ' 6 (shet-swsy 2-0. '
Cat-6 1.8 55 - 3.3 (Slu-11) 1.2 (GasHo2) -- 0.31 0.36
Cat-7 1.8 6.5 0 15.3 (Slu-13) 0.7 (GasHol) 2.7 (GasCol0) 0.23 0.25
Cat-8 1.9 1.8 0.08 3.4 (Slu-12) 2.2 (GasHo3) - 0.31 0.37
Cat-9 2.5 1.9 008 -- 0.1 (GasHo9) -- - 0.35
Cat-10 2.8 43 0.09 0.3 (Slu-10) -- - 0.35 -

'Bulk density was measured only for the spherical product. Most of copolymer products were broken particles.



Examination of the Figure 4.6 shows that neither activity nor bulk density are well
correlated with the C;HsOH/MgCl; ratio. This result is different from the work of Parada
et al. (1999) who found that the catalyst activity was inversely proportional to the degrees
of dealcoholation. However, the two catalysts (Cat-9 and Cat-10) made from supports
with high C;HsOH/MgCl, ratio (> 2.5) afier dealcoholation both had very low activities.
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Figure 4.6 Dependence of catalyst activity and polymer bulk density on support
C,HsOH/MgCl, ratio.

Ethanol in the support has two functions: first as a solvent for spherical support
formation; and second, destroying the MgCl; lattice, i.e., increasing the crystal defects
and thus forming potential sites on which active Ti can be anchored. During the catalyst
impregnation process, the ethanol is replaced by Ti. As mentioned in the previous
chapter, the TiCl, can react with ethanol and form titanium chloride alkoxide complex:
TiCls+ MgCl,-C,HsOH — TiCl;(OC:Hs)-MgCl,+HCI

This ethoxide is inactive for olefin polymerization (Chung et al., 1996; Parada et al.,
1999) and must be removed from the support. TiCl;(OC;Hs) is soluble in hot TiCl, and
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thus can be washed out of support by fresh and excess TiCly at elevated temperature. If
the ethanol content of the support is high, it may be difficult to totally remove the
alkoxide from the inside of the catalyst, which may result in low activity. Therefore, the
removal of alcohol is very important to achieve high activities. Sacchetti et al. (1993)
suggested in a patent that the C;HsOH/MgCl,; ratio in the support before titanation should
not exceed 2; otherwise activity would be low. They attributed the lower activity to the
lower porosity and surface area of the support. Parada et al. (1999) found that
dealcoholation affected the capacity of interaction of the TiCly with the MgCl,. Higher
dealcoholation degree led to higher Ti content. This was not the case in our experiments.
No clear trend between dealcoholation degree and titanium amount is evident in the

results shown in Table 4.1.

4.2.2 Effects of Ti Distribution on Activity and Bulk Density
No correlation between average activity and Ti content was observed (see Figure 4.7).

The presence of inactive Ti as well as variation in electron donor content may be the

cause.
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Figure 4.7 Dependence of catalyst activity on titanium content.
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It is generally believed that the poor morphology comes from the uneven distribution of
Ti throughout the catalyst particle. Chung et al. (1997) found that the bulk density of
produced polyethylene was at maximum when Ti/Mg ratio on the catalyst surface is
similar to that of the entire catalyst. When the Ti/Mg ratio on the surface was higher than
that of the entire catalyst, the bulk density was low. In this study, x-ray dot mapping
technique was used to directly observe the element distribution on the surface and on the
cross section of catalyst Cat-5 (see Figure 3.7). In Figure 4.8, element distribution image
for a cross section of Cat-4 is given. A relatively even distribution of Ti throughout the
catalyst particles can be seen in both pictures. The x-ray quantitative analyses showed
that the Ti contents for both catalysts were also similar. The x-ray quantitative analysis
for Cat-5 yielded a Ti content at the surface of 4.8% and an average of 4.1% in the cross
section Analysis for Cat-4 showed that Ti content at the surface was 4.7 % and cross

section average was 4.2 %.

Figure 4.8 X-ray mapping observation of internal Cat-4 particle.

Gas-phase homopolymerization (70°C, Pc2us=200 psi, 2-h run) using these two catalysts
produced polyethylene particles with different structures (Figure 4.9 and Figure 4.10).
Figure 4.9 shows the internal structure of the polyethylene made with Cat-5 (Polymer A

9
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Figure 4.10. Internal structure of Polymer B made with Cat-4.
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with bulk density 0.33 g/cm’) and Figure 4.10 shows the internal structure of the
polyethylene made with Cat-4 (Polymer B with bulk density 0.40 g/cm’). It can be seen
clearly that Polymer B had a denser structure than Polymer A. Hence, parameters other
than Ti distribution play a dominant role in controlling nascent particle morphology.

4.2.3 Effects of Dibutyl Phthalate on Activity and Bulk Density

Electron donors, like ethyl benzoate (EB) and dibutyl phthalate (DBP), are widely used in
propylene and other a-olefin polymerization to produce stereoregular product because
they can increase catalyst activity, as well as stereoregularity (Soga and Shiono, 1997).
Electron donors have seldom found application in ethylene polymerization. The present
study found that the DBP affects polymerization behavior and polyethylene morphology.
The effect of DBP concentration on bulk density and catalytic activity are shown in
Figures 4.11 and 4.12. The C;H;OH/MgCl,; ratios for the supports used were less than 2

since higher values resulted in low activity (see Section 4.2.1).

In Figure 4.11. catalyst prepared from supports not containing any DBP produced
polymers with low bulk densities and the catalyst particle morphology was not replicated
into the product particles; products were fine powders resulting from the disintegration of
the growing polymer particles during polymerization. Forte and Coutinho (1996) also
found that catalyst prepared without an internal electron donor usually resulted in poor
morphologies and lower activities than those prepared with DBP. Small increases in bulk
density were observed with increasing DBP/MgCl, mole ratios >0.03 for both slurry and
gas-phase operation. The bulk density reached maximum of about 0.40 g/cm’ for gas-
phase operation and 0.34 g/cm® for slurry operation at DBP/MgCl, ratio between 0.06
and 0.07. The maximum DBP/MgCl, ratio in this study was 0.12, because above this
value, significant amount of undissolved DBP/TiCls complex precipitated during catalyst
preparation. The bulk density of the polyethylenes made in the gas phase were
consistently higher than those made in slurry; this is due to swelling of the polymer by
the heptane during slurry operation.
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The possible reasons for DBP influence on morphology are (1) DBP stabilizes the MgCl,
crystallites by coordination, forms a stronger matrix on which the living polymer grows
up; and/or (2) by inhibiting the formation of some sites, the DBP makes the
polymerization happen evenly everywhere inside the catalyst, and thus prevents the non-
uniform stress breaking up the particle into irregular shapes.

Contradictory findings on the electron donor influence on propylene polymerization are
reported in the literature; some researchers (Hu and Chien, 1988; Kang et al., 1990)
suggested that electron donor increase catalytic activity while others (Park and Lee, 1992;
Xu et al., 1998) argued that they reduce activity. The effect of DBP on the activity
observed in this study, shown in Figure 4.12, was unexpected, i.e. higher DBP
concentrations resulted in higher activities for gas-phase polymerization and lower
activities for slurry operation. A similar behavior was only found in Skomorokhov's
work (Skomorokhov et al. 1996); they reported that ED (electron donor) increased the
reactivity of ethylene polymerization for MgCl,-supported Ti catalysts.

The above observations imply that DBP has different affects on the types or relative
amounts of different catalytic sites present in supported Ziegler-Natta catalysts. It was
observed that DBP reacts with TiCl, to form a yellow complex; similar to the results
reported by others (e.g. Dusseault and Hsu, 1993a). It is generally believed that the TiCl,
and EB complex is inactive for polymerization if it is not fixed to the MgCl, support
(Keii et al., 1982; Sergeev et al., 1983; Keszler and Simon, 1982; Dusseault and Hsu,
1993a). The complex becomes active if deposited on MgCl, (Kashiwa, 1980; Keszler et
al.,, 1982). In slurry operation, some of the DBP/TiCl; complex may dissolve in the
liquid and become inactive, resulting in a decrease in activity. For gas-phase operation,
ED may increase the catalyst activity by increasing the propagation rate (Kang et al.,
1990; Huang and Rempel, 1995) although it blocks some the atactic centres. However, if
ED amount is above some level, the effect of reducing reaction centres can offset the

effect of increasing propagation rate and result in decreased activity.
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4.2.4 Effects of Dibutyl Phthalate on Copolymerization

The above discussion showed that DBP had significant influence on ethylene
homopolymerization,; its effect on copolymerization is the main subject in this section.
Experimental results are summarized in Table 4.2 and these results show that, unlike
homopolymerization, DBP content had little effect on copolymerization activity. It was
also found that the catalyst with highest DBP content (Cat-2) produced copolymer with
the best spherical morphology. This leads to the conclusion that DBP plays an important
role in polyethylene morphology control.

Table 4-2. Summary of Copolymerization Activities for Catalysts with Different DBP

Contents.

Catalyst DBP/MgCl, Activity' Activity”
Morphology

name  Mole ratio kg PE/(gcat-h) kg PE/(gcat-h)

Cat-7 0O Broken particles 2.3 (GasCo7) 2.7 (GasCol0)

Cat-1 0.03 Broken particles 1.7 (GasCo6) -

Cat-3 0.05 Broken particles 2.0 (GasCo5) 4.5 (GasCo4)

Cat-4 0.07 Broken particles 1.9 (GasCo3) 3.5 (GasCo9)

Cat-2 0.12 Spheres - 3.2 (GasCo8)

"Reaction conditions were Pcays=200 psi, Pyp=50 psi, Pn2=14 psi, Pceri2=14~15 psi, 200
g salt as seedbed, 70°C gas phase, 2 h run. Comonomer added once at the beginning of
reaction after hydrogen was introduced, no comonomer was added during the runs.

?Reaction conditions were kept the same as previous conditions except that hydrogen was

introduced after 1-hexene.

It is surprising to see the sequence of hydrogen addition has a significant effect on the
total polymerization rate. Adding hydrogen after rather than before 1-hexene changed the
average polymerization rate by as much as 125% (see Cat-3 results in Table 4.2).

The compositions of copolymers made with Cat-4 were further measured by BC-NMR.
Analysis results show that both polymers had similar chemical compositions; 1-hexene
content was 3.0 mol% for GasCo3 and 2.8 mol% for GasCo9.
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Hydrogen could affect the active site structure, either by changing Ti oxidation state
(Chien and Nozaki, 1991; Kissin, 1989a), by forming more active sites (Soares and
Hamielec, 1996a) or by other reversible reactions (Keii, 1988). Hydrogen could reduce
ethylene reaction rate (Keii, 1988; Kioka and Kashiwa, 1991; Salajka et al., 1993; Huang
et al., 1995) but increase a-olefin polymerization rate (Keii, 1988; Kioka and Kashiwa,
1991; Soares and Hamielec, 1996a). The hydrogen/l1-hexene addition sequence could
also affect the catalyst’s site or their distributions. If this was the cause, then the ratio of
ethylene/1-hexene rate should also be affected and the product would have different
comonomer composition. This was not the case since the l-hexene contents in the

polymers made from different hydrogen/1-hexene addition sequence were very similar.

According to the above discussion, the interaction of hydrogen with the prepolymerized
catalyst appears to result in sites which are harder to activate than sites onto which
monomers are coordinated. However, the initial presence of the hydrogen does not appear

to affect the nature of the catalytic site once it is activated.

Some of the polymers (GasCo8, 9 10) produced when hydrogen was added after the 1-
hexene were further analyzed to study DBP effects on 1-hexene incorporation ability.
The results were plotted in Figure 4.13. It can be seen that DBP shows negative effects on
1-hexene incorporation in polymer. With the increase of DBP content in catalyst, both the
1-hexene reaction rate and the 1-hexene content in copolymer decrease. (Since different
catalysts have different reaction activity, higher comonomer content in polymer does not
necessarily mean the higher comonomer reaction rate.) Contrary to the effect on average
copolymerization reaction rate, electron donor DBP showed significant influence on 1-

hexene incorporation ability.

Many scientists (Soga et al., 1982; Kashiwa and Yoshitake, 1984; Murachev et al., 1989)
believed that in Ziegler-Natta catalyst, the Ti*? reaction site only produces polyethylene
at lower rate and shows no activity for higher a-olefins while Ti** centre can react with

both ethylene and other a-olefins. As a result, the 1-hexene incorporation ability is
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determined by Ti*? centres. Furthermore, Ti** ions exist in two states: isospecific states
and nonspecific states (Chien and Hu, 1989); both of them have the ability to react with
1-hexene. As was reviewed in Chapter 2, internal donors such as DBP and EB can poison
the non-stereospecific sites selectively (Galli et al., 1984; Chien and Bres, 1986; Park and
Lee, 1992; Dusseault and Hsu, 1993a). As the amount DBP increases, more nonspecific
sites are blocked and the total 1-hexene reactive sites decreases, which results in the
lower 1-hexene reaction rate as shown in Figure 4.13. However, Ti** sites are only a
small fraction of the total sites; 80% are Ti'? after contact with TEA according to
Kashiwa and Yoshitake (1984). Hence, the ethylene rates should not be affected as much
by the ED content as the 1-hexene rates.
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Figure 4.13 Effects of DBP content on |-hexene incorporation ability.
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CHAPTER S. PREPOLYMER STUDIES

Prepolymerization is used to control polymerization with very active catalysts to produce
nascent polymer with good morphology and to avoid overheating during the initial stages
of polymerization. Heat transfer resistances are a main concern for high activity catalysts
and prepolymerization done at mild conditions reduces the severity of heat transfer
effects. It has been found that prepolymerization can increase catalyst activity (Yano et
al., 1986; Xu et al., 1990; Wu et al., 1996; Czaja and Krol, 1998); this rate enhancement
is mainly due to more active sites becoming exposed to monomer which is associated
with more even fragmentation under mild conditions. Prepolymerization has no effects on
the nature of active sites (Yano et al., 1986; Soares and Hamielec, 1996a; Czaja and Krol,
1998) and has no impact on the basic properties of the polymer product, such as molar
mass and its distribution, crystallinity, melting point, and isotacticity (Czaja and Krol,
1998). Thus, in this study, we employed prepolymerization to produce the catalyst (i.e.
the prepolymer) to study kinetics of copolymerization in the gas phase. The use of the
prepolymer as catalyst avoids the influence of transfer problem and results in product
with good morphology.

There is a lack of experimental observation regarding the early stages of particle growth.
SEM and x-ray microanalysis method were used to probe the initial stages of
polymerization under mild reaction conditions. The results are reported in Section 5.1. In
Section 5.2, the effects of prepolymer particle size on reaction rate and product

characteristics are presented.

5.1 Polymer Growth on the Catalysts
Polymer growth under mild reaction conditions was observed by SEM and EDAX on a
series of samples with different yields (from 1 g PE/gcat to 16 g PE/gcat). Slow reaction
rates make it easy to control prepolymer yields at low value. A typical prepolymerization
profile and reaction conditions are shown in Figure 5.1. Temperature was kept around
30°C, ethylene pressure was 8 psi, and hydrogen pressure was 11 psi. The reaction rate

increased continuously during the 3-hour run.
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Figure 5.1 Typical reaction profile of prepolymerization run.
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In another run, with similar reaction conditions as shown in Figure 5.1, prepolymer was
withdrawn from the reactor at different reaction time (from 3 min to 65 min), dried by
nitrogen flow and stored in the glove box. The yields of prepolymers were estimated
from the rate profile shown in Figure 5.1. The prepolymer samples with different yields
were then imbedded in epoxy and microtomed before SEM analyses.

Figure 5.2 (a) to (e) are the cross section images and x-ray dot mappings of active
elements Cl, Mg and Ti for catalyst and prepolymer particles with different
polymerization degrees. For catalyst Cat-4 (Figure 5.2 (a)), the distribution of active
element Ti is uniform throughout the whole particle. Figure 5.2 (b) is the prepolymer
(Pre-1) image after 3 min reaction (1 g PE/gcat). Two different textures can be clearly
distinguished in the growing particle (Pre-1). At the outer layer, a 10-30 um thick
polymer shell is forming. X-ray mapping pictures illustrate that the signals of catalyst
clements Ti, Mg and Cl are strong at the centre area and fade out at the edge of particle. It
can also be seen that long fissures appeared around the centre of the particle and the
catalyst begins to break up. This result suggests that catalyst particles do not fracture
immediately after polymerization begins, at least not under mild reaction conditions.
Furthermore, it can be concluded from this observation that significant external film mass
transfer resistance may be present at this stage of polymerization in the slurry. This
observation directly confirms Floyd’s simulation (Floyd et al., 1986b) and is different
from Hutchinson's assumption (Hutchinson et al., 1992) that no mass transfer limitations

existed during the prepolymerization stage.

Figure 5.2 (c) is the polymer (Pre-2) image after 30 min polymerization (4.6 g PE/gcat).
The growing particle continued to break up. Large pores are found at the centre of the
particle. The appearance of this hollow feature is the consequence of uneven particle
growth. Faster accumulation of polymer at the surface of the particle strains the
surrounding structure and results in fragmentation to relieve this stress created by uneven
growth.
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(b) 3 min prepolymerization, yield=1 g PE/gcat.

Figure 5.2 Particle growth observation. Color pictures are x-ray dot mappings of elements
Mg (blue), Cl (red) and Ti (yellow). Black/white pictures are SEM micrographs of
catalyst and prepolymers.

Rebroduced with permission of the copyright owner. Further reproduction prohibited without permission.



(c) 30 min prepolymerization, yield=4.65 g PE/gcat.

(d) 45 min prepolymerization, yield =9.3 g PE/gcat.

Figure 5.2 Particle growth observation (continued).

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(e) 65 min prepolymerization, yield=16 g PE/gcat.
Figure 5.2 Particle growing observation (continued).

Since large pores appear at this stage, monomer can access the inner part of the particle
without difficulty and polymer begins to form at the centre. The bright part shown in the
x-ray mapping picture in Figure 5.2 (c) is the catalyst-rich part that has not completely
broken up. Although the macro shape of catalyst particle is still spherical, internal
structure changed a lot, at least at this stage of polymerization.

As polymerization continues (Figure 5.2 (d), 45 min polymerization, and (e), 65 min
polymerization), the signal intensities of catalyst elements become weaker and weaker
and it is not easy to distinguish Ti signals from the background noise. This is because the
catalyst fragments are surrounded by more produced polymer. At this stage, polymer
grows faster inside and fills up the voids because of the higher concentration of catalyst
fragments in the particle centre. Finally, catalyst fragments are evenly dispersed
throughout the whole polymer matrix.
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To further determine spatial variation in composition of the prepolymer particles, x-ray
quantitative analysis was carried out on the cross section of particles. The examination
results are reported in Table 5.1. As an example of Pre-1 (3 min polymerization), the
amount of Cl, Mg and Ti at the centre of particle are 32 wt%, 7.0 wt%, and 1.6 wt%
respectively, but the composition values are much lower at the edge of the particle, they
were 6.5 wt%, 1.4 wt%, and 0.4 wt%. It should be noted that the values from x-ray
microanalysis are not very accurate. The thickness of carbon coat on the surface of
specimen, the flatness and selection of specific observation area, and the disturbance of
background noise all affect the accuracy of measurement. However, the results in Table
5.1 show the general trends of element distribution with respect to position, reaction time

or yield.

Table 5.1 X-ray Quantitative Analyses of Catalyst and Prepolymers with Different Yield.

Time yield Concentration at the Concentration at  Overall
particle centre wt%  the edge wt% Concentration wt%
min gPE/gcat CI Mg Ti Cl Mg Ti Ci Mg Ti
Cat-4 0 0 43 15 3.1 4 17 28 43 16 29
Pre-1 3 1.0 32 70 1.6 65 14 04 21 52 1.0
Pre-:2 30 4.6 10 21 038 1.7 04 01 37 08 02
Pre-3 45 9.3 33 07 0.2 10 02 ~004 26 06 0.1
Pre-4 65 16 1.7 05 0.1 05 02 ~004 10 03 0.1

The differences in Cl, Mg and Ti contents between inner and outer part of the growing
particle on the reaction yields is further plotted in Figure 5.3 using the values from Table
5.1. For the catalyst (Cat-4), the elements are almost evenly distributed through whole
particle (mole ratios of Cl, Mg and Ti concentrations at the centre to their concentrations
at the exterior of the particle are almost equal to one). At the onset of reaction, ethylene
polymerizes immediately, the reaction rate is much faster at the surface of particle than at
the centre. The differences in the concentrations of catalyst’s elements between outer
layer and centre increase and reach the maximum at polymer yield of 4.6 g PE/gcat. As

reaction continues, the uneven expansion of the particle results in an open structure in the
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Figure 5.3 Concentration differences of Cl, Mg and Ti between outer layer and inner part.

growing particle and monomer transfer rates increases. At this stage polymer grows faster
inside the particle than at the surface because of higher concentration of catalyst fragment
in the centre area. As polymer continues forming and particle grows more uniformly, the
average catalyst concentration decreases and the difference of the catalyst concentration
between outside and inner area becomes less significant. After 65 min of reaction, the

concentration ratios of all species between particle centre and edge further reduced.

Noristi et al (1994) observed the polypropylene growth over spherical MgCl,-supported
TiCl, catalyst under mild reaction conditions (60°C, P ¢3=0.2 MPa, 2-h slurry) by SEM,
TEM and EDAX microanalysis. They found that the polymer grew uniformly throughout
the catalyst particle from the onset of polymerization. The catalyst broke up very early
into fragments and these fragments were uniformly distributed in the polymer particle
throughout the whole growth process. No mass and heat transfer occurred under this mild
condition. These conclusions are different from our findings: catalyst particles did not
evenly grow at the beginning of reaction in our study. Faster growth in the outer shell
results in the open structure of the particle. With the increase of void fraction, the transfer
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coefficient increases, polymer grows faster at the inside of the particle and the voids are
gradually filled with polymer.

According to the above discussion, a general particle growth model is presented below:

A B C D
Figure 5.4 Particle growth model under mild reaction conditions.

In Figure 5.4, the dark areas represent catalyst fragments; grey areas are polymer-rich
regions; light grey areas are for catalyst-polymer transitional regions; and white areas are
voids. The model reflects the main stages during particle growth: Particle A is the
aggregate of basic catalyst particles. At the beginning of reaction, polymer first forms at
the surface of Particle B while the centre part is a catalyst-rich region with the appearance
of cracks due to non-uniform expansion across the particle. As polymerization continues,
the cracks in the central area increase in number and become larger. This open structure
facilitates monomer transfer, i.e. polymer grows faster in side the particle and fills the
voids. As the yield increases, catalyst fragments are gradually diluted and finally disperse
more uniformly throughout the whole polymer (Particle D).

The current experiments and model suggest that uneven growth in the particle during
prepolymerization does not necessarily lead to poor morphology; this conclusion is
different from previous researchers’ conclusions (Hutchinson and Ray, 1991; Hutchinson
et al., 1992; Ferrero et al., 1992; Mkrtchyan et al., 1986). In the present interpretation,
controlling initial polymerization rate is the key for obtaining good morphology.
According to Wu (1999), mass transfer limitation of monomer causes a polymer crust to
form at the surface of catalyst (e.g. outer layer of Particle B). This crust would prevent

the catalyst from breaking apart totally and thus the crust keeps the spherical morphology
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of the catalyst. If the initial reaction rate is too fast, rapid expansion will rupture the crust,
and catalyst fragmentation will result in a relatively loose agglomeration which
subsequently disintegrates into fines and irregular shaped particles.

5.2 Prepolymer Size Effects

Results on the effects of prepolymer particle size are presented in this section. Catalyst
Cat-5 was first prepolymerized under mild conditions as described in the previous
section. The prepolymer (Prel3, see Appendix D) was then separated into different sizes
by sieving. This process was done in the glove box. In the next step, a series of slurry
polymerization runs were carried out, using prepolymers with different size as catalysts,
under similar reaction conditions: Pcoys = 140 psi, Py = 40 psi, Pny = 20 psi, T = 70°C,
run length = 2.5 h. After reaction, the nascent polymer was screened to obtain the mass
fraction (w;) as a function of size. The average size of polymer particles was then

calculated as the weight average size:
d= Z wd, (5.1)

The polymerization profiles with prepolymers of different size are compared in Figure
5.5. From Figure 5.5, it can be seen that all the reaction rate profiles are similar at the
beginning: reaction rates start at the lowest points, then increase. For large prepolymer
size (particle size >0.25 mm), reaction rate increases continuously during 2.5 h reaction
period. For prepolymer with sizes between 0.21-0.25 mm, the rate essentially becomes
constant at its maximum value. For small particles (<0.21mm), the polymerization rate

decays after reaching a maximum.

At first glance, these differences in rate profiles may be attributed to mass transfer effects
(Floyd at al., 1986a, 1986b, 1987; Hutchinson et al., 1992; McKenna et al., 1996), i.e. as
mass transfer problem becomes more severe, the rate profile changes from decay type to
acceleration type. For large particle size, increased catalyst volume results in a large
increase in monomer consumption rate relative to the rate of diffusion, creating

concentration gradients. As polymer grows, pore volume increases and monomer can
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diffuse into the particle faster, resulting in an increasing type profile. However, this mass
transfer limitation will lead to a lower production rate: the acceleration or hybrid type of
reaction will never reached the maximum rate and their activities should be lower than
the decay type (less mass transfer controlled). However, this is not the case in this study
(see Figure 5.5). The smallest particles (0.16~0.21mm), which are supposed to be less
affected by transfer resistance, have the slowest reaction rate and show decay type of rate
profile (line § in Figure 5.5). Thus, the differences between rate shapes are not only due
to mass transfer resistances. This conclusion is confirmed by product characterization and
will be discussed later in this section. The decay in activity for the smallest prepolymer
particle is probably due to deactivation by impurities since the larger surface to volume
ratio of the smaller particles makes themselves more vulnerable to poisoning.

4 _—

Reaction Rate, kg PE/(gcat-h)
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Figure 5.5 Polymerization profiles of prepolymers with different particle size under same
reaction conditions.

97

Rebroduced with permission of the copyright owner. Further reproduction prohibited without permission.



W

i e <i 4
E 15 . / 1 f
E ] 4 /0*/ ]' 8
’;: : — /4L —_— z 3
2 A T . ’ %—o
£ 11 -~ =
= ]
—— & -
8 . {2 &
w @ Size g
3 L A Reaction Rate | | 5
E os 1 g
= Y20 I~
g N
] j
| i
a
0 t’__. i I . N : X N . X . 4 ] 0
0.1 0.2 03 04 0.5

Prepolymer Size (diameter), mm
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prepolymer particle size.

The effects of prepolymer size on polymer product size and polymerization activity are
plotted in Figure 5.6. Average polymer size is a linear function of prepolymer size, i.e.
the specific activity is independent of prepolymer size. These results imply that the

concentration of active sites is not a function of catalyst particle size.

Figure 5.7 and Figure 5.8 illustrate the relationship between particle size and molar mass
and polydispersity. Prepolymer molar mass varies significantly with prepolymer size (see
Figure 5.7). For prepolymer smaller than 0.3 mm, M,, decreases as size increases. This is
a typical mass transfer control case. Monomer has difficulty in transporting from solvent
into the inside of the catalyst fragments while hydrogen is generally regarded unaffected
by transfer limitations. The chain length for molecules at the centre of particle will be
shorter than that at the surface of particle.
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Equation 5.1 gives the expression of average chain length

ky[M]
X, =
"k [M]l+ kg +k [A)+ ky[H]

(5.1)

where X, is the number average chain length; &, is the propagation rate constant; kyis the
rate constant for chain transfer to monomer, ks is the rate constant for spontaneous
intramolecular transfer; &, is the rate constant for chain transfer to cocatalyst; and ky is
the rate constant for chain transfer to hydrogen. Among these chain transfer reactions,
transfer to hydrogen is dominant. According to Equation 5.1, if monomer concentration
[M] decreases due to mass transfer difficulties but hydrogen concentration [H] does not
change, the polymer molar mass decreases. This conclusion is in agreement with other
researchers’ suggestions that mass transfer limitations would reduce molar masses (Floyd
et al., 1987; Hutchinson et al., 1992; Wu, 1999).

For prepolymer particle size larger than 0.3 mm, M,, unexpectedly increases with
increasing particle size. Previous experiments (Wu, 1999) also showed similar results.
This phenomenon is contrary to the explanation for mass transfer limitation. The possible
explanation is that the inside structure of large particles is different from those of small
ones: large particles may have higher void fraction or macro cracks, which result in

reduced mass transfer limitations.

Although the molar mass of prepolymers varied with prepolymer particle size, the molar
mass of the corresponding polymer was not affected by prepolymer size (see Figure 5.7).
Prepolymers with different sizes and molar masses produce polymers with similar M.

This result suggests that transfer effects are not significant during polymerization.

The effects of prepolymer size on polydispersity Q were also studied and the results are
shown in Figure 5.8. For prepolymers, Q changes significantly as prepolymer particle
size increases. Mass transfer limitation alone do not provide a reasonable explanation.
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Polymer polydispersity is not affected by prepolymer size, which also suggests the lack

of monomer transfer resistance during polymerization.

101

Reproduc:ed with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. KINETICS OF ETHYLENE/1-HEXENE
COPOLYMERIZATION

The study of olefin copolymerization kinetics is an especially challenging problem. The
difficulties stem from the combination of two factors (Kissin, 1995): first, an intrinsic
difficulty of studying copolymerization kinetics; second, difficulties related to the fact
that different active centres in heterogeneous catalysts have different stabilities, possess
different copolymerization abilities and produce macromolecules with different sizes.
Most previous laboratory copolymerization studies were conducted in the slurry phase;
very few studies were found for gas-phase copolymerization (see Chapter 2). In the
current study, ethylene/l-hexene copolymerization rates in the gas phase over
prepolymerized Ziegler-Natta catalysts were observed to change with time under
conditions of constant temperature and constant pressure. The rate profile usually exhibits
a maximum close the beginning of polymerization reactions followed by rate decay to a
relatively steady-state level of activity. The reproducibility of gas-phase operations
presents problems (Bu et al., 1995; Wu, 1999). Hence, the reproducibility will be first
examined in Section 6.1 to establish confidence in the subsequent discussions on
polymerization kinetics. The effects of Al/Ti ratio are discussed in Section 6.2;
monomer/comonomer concentration effects are discussed in Section 6.3; the effects of
hydrogen are presented in Section 6.4; Section 6.5 deals with the effects of temperature;
in Section 6.6 reaction time effects are examined; and finally, Section 6.7 focuses on the

comparison of homopolymerization and copolymerization in slurry and gas phases.

6.1 Reproducibility of Copolymerization Experiments
The reproducibility of rate profiles is one of the most problematic areas of Ziegler-Natta

olefin polymerization because Ziegler-Natta catalysts are very sensitive to impurities and
operational procedures, e.g., the time a catalyst spending in the reactor before monomer
is charged can lead to observable differences in kinetic behavior. Detailed discussions of
irreproducibility have already been given by previous investigations (Bu et al., 1995;
McKenna et al., 1996; Han-Adebekun et al., 1997a; Wu, 1999) and will not be repeated
here. In this study, single batches of prepolymerized catalysts were used for studying the
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effects of various parameters on gas-phase copolymerization profiles. This reduces
irreproducibility associated with catalyst preparation and prepolymerized catalyst

preparation.

Comparison of the rate behavior of two runs, which were commonly done for each 1-
hexene concentration to determine the effect of concentration of monomers on rate, gave
an indication of the reproducibility. In the first run of the pair, 1-hexene was only added
at the beginning of the run and in the second run 1-hexene was added intermittently
throughout the run to maintain a constant gas-phase concentration of 1-hexene. These
pairs of runs, which were carried out within a day or two of each other, are a measure of
the reproducibility of the procedures and the resulting rates. Results for such a pair of
runs (GasCol4 and GasCol5) are summarized in Table 6.1. The difference between the
resulting average rates is within 7%; this is good reproducibility if one keeps in mind the
1-hexene concentrations were not quite the same in both runs. The variations in 1-
hexene/ethylene ratios with time for the two runs are shown in Figure 6.1. The rate
profiles for these two runs, as measured by the rate of addition of ethylene to the reactor,
are also shown in Figure 6.1. The rate profiles are fairly similar with the exception of the
fluctuation at low polymerization times. The sharp variations in the rate of ethylene
addition at low reaction times are due to the introduction relatively large amounts of 1-
hexene into the reactor at these times; such variations in the ethylene addition rate occur
in all runs in which 1-hexene was added intermittently; the magnitude of the fluctuations
depends on the total reactor pressure and the amount of 1-hexene added. These
fluctuations are not changes in polymerization rate but only changes in ethylene addition
rate. The polymerization rate is essentially the ethylene addition rate with the removal of
the sharp, short-duration decreases in the ethylene addition rate resulting from the 1-
hexene addition. In Figure 6.1 and subsequent figures for runs in which 1-hexene was
added during the run, the normalized ethylene addition rate, including the fluctuations,

will be referred to as the polymerization rate R, in kg PE/(gcat-h).

The second type of reproducibility test was to repeat a copolymerization run with the
same prepolymer as catalyst and similar operating conditions. The two runs should be
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done several weeks apart to determine whether storage has a large effect on the activity
of the prepolymer. The results for two such runs (GasCol8 and GasCo40) are also
summarized in Table 6.1 and the rate profiles, 1-hexene/ethylene ratios and total pressure
as a function of time are shown in Figure 6.2. Run GasCo40 was done about 2 month
after Run GasCol8. The average activity for GasCo40 was 13% higher than that for
GasCol8. These results indicate that storage of the prepolymer does not cause
deactivation. Inaccuracy in the amount of injected catalyst could be responsible for the
observed differences in specific activity since the instantaneous rates for GasCo40 are 10
to 17% higher for all reaction times greater than 10 minutes (see Figure 6.2). However,
experiments with different amounts of prepolymer showed that the injection was very
reproducible (see Section 6.2). The most likely cause for the difference in activity
between the two runs is the inability to obtain reproducible 1-hexene/ethylene ratio in the
early stages of polymerization; the variations in C¢/C; ratios at polymerization times <15
min were more pronounced for Runs GasCol8 and GasCo40 than for GasCol4 and
GasCol5. The C¢/C,; ratios for GasCol8 were higher than those for GasCo40 and
increases in C¢/C; ratios cause decreases in average activity especially at low ethylene

pressures (see Section 6.3).

Table 6.1 Summary of Copolymerization Results for Reproducibility Study.'

Amount  Amount Partial Pressure Gas Phase PE Average
RunNo. of Prel8 of TEA Ethylene 1-Hexene C¢/C, Yield Reaction Rate
g mL psi psi Ratio’ g kg PE/(gcat-h)
GasCol4 0.118 0.25 108 6.7 No control  14.9 5.3
GasCol5 0.120 0.25 107 5.9 0.055 14.1 49
GasCol8 0.150 0.27 62 3.7 0.058 8.2 23
GasCo40  0.152 0.27 60 34 0.056 9.7 2.6

' Other conditions: Py = 0 psi, Px2= 14 psi, T = 70°C, Length of Runs =2 h.
2 Ce¢/C, Ratio based on GC analysis.
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6.2 Effects of Prepolymerized Catalyst Amount

Reaction rates change significantly with changes in ethylene pressure. In order to control
reactor temperature, the catalyst amount was adjusted so that the total ethylene
consumption rate was usually < 30 g/h; i.e. less catalyst was charged to the reactor at high
ethylene pressures. Triethylaluminum (TEA) was used as a scavenger and as a cocatalyst.
The influence the AVTi ratio was determined by charging different amounts of catalyst
to the reactor but the same amounts of TEA with other reaction conditions kept the same.
The experimental results were summarized in Table 6.2 and rate profiles are shown in
Figure 6.3 and Figure 6.4. For all three runs, 1-hexene was added before ethylene was
charged and no 1-hexene was added afier the initial addition. It can be seen from the
results in Table 6.2 that the average rates for all three runs are very similar (< 5%
variation). The ethylene reaction profiles all had similar shapes, but the maximum
occurred at different times (see Figure 6.3). The rates of 1-hexene consumption, based on
the changes in gas-phase composition with time, were similar for the three runs (Figure
6.4).

Table 6.2 Experimental Results in Studying the Effects of Catalyst Amount on Kinetics.

Amount Amount PE

Pio2 Pz Cs Temp Average Rate
Run No. of Prel8 of TEA Yield

psi. psi  mL °C kg PE/(gcat-h)

g mL g

GasColl 0.081 0.25 0 195 6 70 213 11.0
GasCol2 0.039 0.25 0 199 6 70 10.7 11.5
GasCol3 0.130 0.25 0 198 6 70 36.6 11.8

The above results show that the average reaction rates over a 2 h period do not depend on
the amount of catalyst or the AUTi ratio. However, differences did occur in the initial
activation rates. It is not known whether this is attributed to the difference in AUTi ratio

or other unknown variations in reaction conditions, e.g. variation in injection condition or
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local hot spot due to some catalyst agglomeration. It is not possible to reliably measure
the AVTi ratio during gas-phase experiments because the amount of TEA consumed as a

scavenger can vary from run to run.

6.3 Effects of Monomer/Comonomer Concentrations on Kinetics

In this section, kinetic results on the effects of monomer/comonomer ratios are presented.
Copolymerization was carried out at 70°C, Py;=15 psi, TEA=0.25-0.27 mL, and without
hydrogen. At 70°C, the 1-hexene saturation vapor pressure is 18 psi according to Antoine
equation calculation (see Appendix B). In this study, 1-hexene pressures of 3 to 14 psi
were used. In order to study gas-phase kinetics at high 1-hexene/ ethylene ratios, low
ethylene pressures must be used; ethylene pressures of 60 psi to 250 psi were selected in
the current study. The reaction rate was low at low ethylene concentration, sometimes
<700 g PE/(gcat-h) at 60 psi ethylene pressure. No hydrogen was added in these runs
since hydrogen would have reduced the rate even further. However, in the absence of
hydrogen, the molar masses of the polymer were high, leading to difficulties in product
characterization, especially by GPC and '>’C-NMR.

The conditions for 1-hexene/ethylene copolymerization runs, for which 1-hexene was
added intermittent to maintain constant gas-phase concentration of 1-hexene, are listed in
Table 6.3. The results are divided into the following categories for analysis and
discussion:

1. Constant ethylene pressure with varying 1-hexene pressures.

2. Constant 1-hexene: ethylene ratio in gas phase.

3. Constant 1-hexene pressure with varying ethylene pressures.

6.3.1 Constant Ethylene Pressure

The rate profiles for varying concentrations of 1-hexene at a constant ethylene pressure of
60, 150 and 250 psi are shown in Figures 6.5, 6.6 and 6.7 (the sharp drops in ‘rate’ are
due to the addition of 1-hexene; see Section 6.1). The absolute rates are strong function
of ethylene pressure as well as being very sensitive to 1-hexene pressure. The activation-

deactivation phenomena have a strong dependence on 1-hexene pressure. It can be seen
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Table 6.3 Copolymerization Results at Different Ethylene and 1-Hexene Pressures.'

Amount Amount Partial Pressures PE 1-Hexene
Run No. of Prel8 of TEA Ethylene 1-hexene ;:::lcozz Yield Consumption’
g mL psi psi g g
GasCol8 0.150 0.27 62 3.7 0.058 8.2 0.49
GasCo34 0.159 0.27 60 6.3 0.105 4.5 0.57
GasCo35 0.144 0.27 60 5.1 0.085 4.5 0.42
GasCo36 0.157 0.27 62 93 0.151 2.6 0.67
GasCo37 0.157 0.27 62 84 0.136 2.4 0.60
GasCo38 0.192 0.27 65 11.5 0.180 33 1.13
GasCo39 0.156 0.27 60 7.5 0.125 23 0.55
GasCod40 0.152 0.27 60 34 0.056 9.7 044
GasColS 0.120 0.25 107 5.9 0.055 14.1 0.60
GasCoS53 0.126 0.27 105 14.0 0.134 6.5 1.38
GasCo20 0.085 0.25 151 83 0.055 15.0 0.66
GasCo42  0.097 0.25 150 12.5 0.083 14.1 1.58
GasCo44  0.069 0.25 150 6.2 0.042 15.2 0.39
GasCo45 0.070 0.25 150 3.2 0.022 16.4 0.54
GasCo46 0.076 0.25 150 14.0 0.093 84 1.22
GasCo24 0.048 0.25 200 11.5 0.057 10.7 0.27
GasCo26 0.053 0.25 250 13.8 0.055 17.4 0.80
GasCo48 0.053 0.24 250 8.1 0.032 203 1.01
GasCoS50 0.053 0.24 250 14.1 0.057 164 0.79
GasCo51  0.049 0.24 250 6.3 0.025 20.2 0.69
GasCo52 0.057 0.24 250 11.7 0.047 19.7 0.84

' Other Conditions: Pn2= 14 psi; Py2 = 0; T = 70°C; Length of Runs =2 h.

2 C¢/C; Ratio based on GC analysis.

? |-Hexene consumption based on the actual addition amount of 1-hexene during the runs
with the deduction of 1-hexene loss in sampling flow and 1-hexene composition increase

in gas phase after reactions.
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Figure 6.5 Ethylene rate profiles at Pc,=60 psi and different 1-hexene pressures.
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Figure 6.6 Ethylene rate profiles at Pc2=150 psi and different 1-hexene pressures.
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Figure 6.7, Ethylene rate profiles at Pc;=250 psi and different 1-hexene pressures.

from Figures 6.5, 6.6 and 6.7 that with the increase of l-hexene pressure, both the

activation rate and the decay rate are reduced.

The variation in average rate of PE production as function of ethylene and 1-hexene
pressure is shown in Figure 6.8. The observed decrease in average rate shows the
inhibiting effect of 1-hexene for ethylene/1-hexene copolymerization kinetics. Two
possibilities may explain this trend. The first explanation is that the introduction of 1-
hexene reduces ethylene concentration near the reactive sites, i.e. lower ethylene
solubility in polymer phase in the presence of 1-hexene. However, previous experiments
(Moore and Wanke, 2000) showed that the ethylene co-sorption amount in the
etﬁylene/ 1-hexene mixture could be much higher than the amount sorbed by the polymer
sample when exposed to pure ethylene. Thus, this solubility study rules out the first
explanation. The second explanation is that ethylene and 1-hexene compete with each
other for occupying the active sites. Since 1-hexene shows very low reactivity for

Ziegler-Natta catalytic system (Dange et al., 1986), the polymerization rate will decrease
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if the active sites are occupied by 1-hexene. According to this explanation, a Langmuir-

Hinshelwood adsorption theory may be suitable for kinetic modeling (see Chapter 8).

Figure 69 is a plot of average l-hexene consumption rate (includes 1-hexene

incorporation rate and 1-hexene sorption rate) from GC analyses as a function of 1-

hexene pressure at 60, 150 and 250 psi of ethylene. For all cases, 1-hexene consumption

rates increased with the increase of 1-hexene pressure.

Figure 6.9 also shows that at the same 1-hexene pressure, an increase in ethylene

concentration led to an increase in the amount of 1-hexene consumed. An explanation for
this observation is that the presence of ethylene results in more rapid activation of sites
which also incorporate with 1-hexene. An explanation of this role of ethylene was given
by Kissin (Kissin et al., 1999a, 1999d) and was briefly reviewed in Chapter 2.

113

Reprodu'cred with permission of the copyright owner. Further reproduction prohibited without permission.



800 | —

" |ePC2=60psi | A

- |@PC2=150psi |

L ¢ . A /
|4 PC2=250psi | .

2

400 | = ]

g
vTYTTrT U 1

\

\

1

Average Rate of 1-Hexene Cosumption,
g C¢/(gcat-h)

et d

1-Hexene Pressure, psi
Figure 6.9 Dependence of 1-hexene consumption rate on ethylene and 1-hexene

pressures.

6.3.2 Constant 1-Hexene/Ethylene Ratios

Rate profiles at constant 1-hexene/ethylene ratio of about 0.055 for various ethylene and
1-hexene pressures are shown in Figure 6.10. The summary of these experiments was
already given in Table 6.3. The results show that the ethylene reaction rates increased as
ethylene pressure increased at constant 1-hexene/ethylene ratio. From the discussion in
Section 6.3.1, it is known that at the same ethylene pressure, the average rate of PE
production decreased with the increase of 1-hexene pressure. The results shown in Figure
6.10 suggest that the reaction rates are mainly determined by ethylene pressure, not 1-
hexene concentration. It can also be seen in Figure 6.10 that the rate maxima were strong
functions of ethylene pressure; the activities at later times were weaker functions. This
dependence on ethylene is further demonstrated in Figure 6.11. (This phenomenon can
also be seen in Figures 6.5, 6.6 and 6.7, but some of the maximum rates are not easily

determined at high 1-hexene pressure or at very high ethylene pressure in those figures.)
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Figure 6.10 Ethylene rate profiles at constant Ce¢/C; ratio.

The relationships of the maximum rates and rates after two hours as a function of
ethylene pressure at constant C¢/C; ratio are plotted in Figure 6.11. Fitting these rates
with a power-law rate function shows that the maximum rate varies with Pc; to the 1.54
power, while the order respect to ethylene was essentially unity after 2 h. This time
dependence of the reaction order is probable due to the interaction between the rates of

site activation and deactivation properties (Wu et al., 1999).

The average I-hexene consumption as a function of 1-hexene pressure at constant C¢/C;
ratio is shown in Figure 6.12. The order with respect to 1-hexene pressure appeared to be
greater than unity. This can be due to the same reason as given for the larger than unity
order for ethylene. However, the increase in 1-hexene solubility in PE with higher
comonomer concentration could also contribute to the greater than unity apparent

reaction order.
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6.3.3 Constant 1-Hexene Pressure

In this section, the relationship between ethylene pressure and average rate of PE
production at same 1-hexene partial pressures is explored. The results are shown in
Figure 6.13. (Experimental conditions are given in Table 6.3). At similar 1-hexene
pressures, average reaction rates increased as ethylene pressure increased. However, the
power-law orders with respect to ethylene pressure were quite different at different 1-
hexene pressures. At low 1-hexene pressure (6.4 psi), the reaction rate was proportional
to ethylene pressure (first order). With the increase of 1-hexene concentration, the power-

law order n increased to 1.2 at Pcs = 8.1 psi and to 2.0 at Pcg = 14 psi.
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Figure 6.13 The power order relations between ethylene pressure and average reaction

activity at constant 1-hexene pressures.

Some researchers (Karol et al., 1993) found that both ethylene homopolymerization and
cthylene/1-hexene copolymerization over Ti based Ziegler-Natta catalysts showed
second-order dependency of activity on the ethylene partial pressure either in gas-phase
or in slurry-phase reactions. Our experimental results show that the overall (apparent)
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order based on ethylene bulk concentration is not constant. Solubility studies (see
Chapter 7) showed that the solubility of 1-hexene in PE is not linearly related to its
pressure; the amount of sorption was much higher at high 1-hexene pressure. The

changes in solubilities may be part of the reason for the behavior.

The dependence of 1-hexene consumption rates on ethylene pressure at constant 1-
hexene pressures is shown in Figure 6.14. At low 1-hexene pressure (Pcs = 6.4, 8.3 psi),
higher ethylene pressure led to higher 1-hexene consumption rates. However, at high 1-
hexene pressure (Pce= 11.5 and 14 psi), no clear trend was evident between |-hexene

consumption rate and ethylene concentrations.

6.4 Effects of Hydrogen

Hydrogen effects on olefin polymerization are complex; hydrogen can either decrease
ethylene polymerization rate, increase propylene polymerization rate or have no effect on
olefin polymerization rate. The current experimental results of copolymerization in the
presence of hydrogen are summarized in Table 6.4. All reaction runs were carried out at
Pc2=150 psi and 1-hexene/ethylene mole ratio of about 0.08. Figure 6.15 is the plot of
ethylene polymerization rate profiles at different hydrogen pressures (0-30 psi). It can be
seen from this figure that hydrogen reduced the polymerization rate. Unlike the reduction
feature of 1-hexene, where 1-hexene decreased the reaction rate more significantly at the
beginning of runs (see Figures 6.5, 6.6 and 6.10), hydrogen reduced the rate throughout
the runs. Kissin et al. (1999a) studied the effects of hydrogen on kinetics of ethylene/1-
hexene slurry copolymerization over MgCl,-supported TiCl, catalysts. They found that
hydrogen did not reduce the maximum reaction rate at the beginning but accelerated the
catalyst decay. The difference between Kissin's findings and current experimental results
may be attributed to the different hydrogen effects on prepolymerized catalysts and
catalysts, or to the difference between slurry and gas-phase operations.
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Table 6-4 Summary of Polymerization Runs at Different Hydrogen Pressures."

Amount Amount Partial Pressures CJC PE C. Cs Content
RunNo. ofPrel8 of TEA H, C, Cs Ratic: Yield Consumption’ in Polymer’
g mL psi psi psi g g mol %
GasCo42 0.097 0.25 0 150 125 0083 14.1 1.6 1.1
GasCo6! 0.104 0.25 6 150 120 0080 70 1.6 43
GasCo60 0.106 0.25 12 150 120 0080 45 1.4 33
GasCo59 0.116 0.25 30 150 119 0079 39 13 36

' Other conditions: Px; = 14 psi; T=70°C; Length of Runs = 2 h; hydrogen was added
after 1-hexene.

2 Cs consumption based on the actual addition amount of 1-hexene during the runs.

3 C¢ Content in Polymer based on '*C-NMR measurement.
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Figure 6.15 Rate profiles of copolymerization at different hydrogen concentrations.

The average reaction rates of ethylene and 1-hexene can be estimated if the mass of
polymer produced and the comonomer content in copolymer are known. Figure 6.16
shows the effects of hydrogen on ethylene and 1-hexene incorporation rates based on the
data shown in Table 6.4. It can be seen from the figure that average ethylene reaction rate
was very sensitive to hydrogen; introduction of small quantity hydrogen reduced the
reaction rate sharply. Further increase in hydrogen amount did not has a significant
effect. This phenomenon suggests that hydrogen has significant influence on ethylene
polymerization and interacts strongly with the reaction sites at low hydrogen pressure
(i.e. high coverage at low pressure). The hydrogen effect on comonomer incorporation is
complex. If the data point at 6 psi hydrogen is neglected, then it seems that hydrogen
caused a slight decrease in 1-hexene incorporation. But the decrease is less than the
decrease in the ethylene polymerization rates. However, the 1-hexene rate at 6 psi is
probably correct since the ratio of 1-hexene to ethylene rates (shown in Figure 6.17) at 6

psi is the same as the ratios at 12 and 30 psi of hydrogen. The Rcs/Rcs ratio at all these
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pressures is about 3 to 4 times higher in the presence of hydrogen than in the absence of
hydrogen (see >’C-NMR results in Table 6.4).
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Figure 6.16 Hydrogen effects on ethylene and 1-hexene reaction rates.
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Figure 6. 17 Hydrogen effect on reaction rate ratio of 1-hexene/ethylene
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This increased in relative 1-hexene incorporation rates can be explained by Kissin’s
theory (Kissin et al., 1999a to 1999d) that in the presence of hydrogen, the number of
non-reactive sites with f-agostic coordination state (see Chapter 2) increases, leading to
the reduction of ethylene polymerization rate. When an a-olefin is present, it inserts into
the Ti-H bond with an immediate formation of Ti-polymer bond, bypassing the non-
reactive B-agostic coordination state. As a result, 1-hexene reaction rate is affected less

by hydrogen than the ethylene rate.

Using a Langmuir-Hinshelwood expression to fit the average ethylene reaction rate as a
function of hydrogen pressure yields
R

= (6.1)
? 1+0447P,,°

where Ry is the ethylene polymerization rate in the absence of hydrogen. The fit is
shown in Figure 6.16. This result is in agreement with other researchers (Huang et al.,
1997; Keii, 1980), who observed that Langmuir-Hinshelwood expression with orders of
0.5 to 1 with respect to hydrogen described the effect of hydrogen on ethylene

polymerization rates.

6.5 Effects of Temperature
Results on the effects of temperature effects on copolymerization kinetics are
summarized in Table 6.5. Since the 1-hexene vapor pressure is very low at room
temperature, copolymerization was carried out at relative high temperatures (60 to 90°C)
so that a relatively high 1-hexene pressure could be used. Hydrogen was kept between 12
and 14 psi and 1-hexene/ethylene ratio in gas phase was controlled about 0.08. The
ethylene reaction rate profiles at different temperatures are shown in Figure 6.18. As

temperature increased, both the activation rate and the deactivation rate decreased.
The reaction rates of 1-hexene can be calculated from the >’C-NMR measurements shown

in Table 6.5. The dependence of average l-hexene and ethylene reaction rates on

temperature are shown Figure 6.19. The decrease in reaction rates with increasing
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temperature shows that the deactivation processes are more temperature sensitive than the

activation processes.
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Figure 6.18 Rate profiles of copolymerization at different reaction temperatures.

Table 6.5 Experimental Results of Copolymerization under Different Temperatures.'

Amount Partial Pressures PE Cs Cs Content

Temp CsC. Ly 3

Run No. of Prel8 H, C. Cs ~ Yield Consumption® in Polymer

°C Ratio
g psi psi psi g g mol%

GasCo62 0.129 60 15 150 118 0078 11.2 28 44
GasCo60 0.106 70 12 150 120 0.080 45 14 38
GasCo64 0.110 80 12 150 124 0083 30 1.1 4.0
GasCo65 0.119 90 13 150 124 0083 15 093 32

' Other conditions: Px2 = 14 psi; TEA = 0.25 mL; Length of Runs = 2 h, hydrogen was
added after 1-hexene.
2 Cs Consumption based on the actual addition amount of 1-hexene during the runs.

3 C¢ Content in Polymer based on *C-NMR measurement.
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Figure 6.19 Dependence of average reaction rates of 1-hexene and ethylene on reaction

temperature.

The effect of temperature on the relative 1-hexene/ethylene reaction rate ratio is shown in
Figure 6.20. Increase in temperature resulted in a slight decrease in the Rce/Rc; ratio.
This implies that the deactivation of 1-hexene reactive site is more sensitive to

temperature than 1-hexene less reactive site.

An Arrhenius plot of average rate of PE production is shown in Figure 6.21. R, is the
average rate of PE production, [M] is the ethylene gas-phase concentration calculated by
ideal gas law. The apparent activation energy from Figure 6.21 is negative, ie. the
average rate decreases with increasing temperature. The decrease in average rate with
increasing temperature is due to the sensitivity of the deactivation to temperature, i.e. the
activation energy for the deactivation processes is higher than the activation energy for

the activation processes.
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6.6 Effects of Length of Runs

Runs of different duration were done to determine the effect of polymerization time on 1-
hexene consumption. Figure 6.22 shows the rate profiles for the reactions with run
lengths from 0.5 to 4 h. All other conditions were constant (Pc2 = 150 psi, Pcs = 14 psi,
Pw2 = 0, T =70°C). It can be seen from Figure 6.22 that the rate profiles were very
reproducible. The changes of copolymer yield and 1-hexene consumption per mass of
polymer produced with time are shown in Figure 6.23. The overall 1-hexene consumption
per gram of polymer (i.e. sorbed and reacted amount) increased during the first hour of
reaction; but after one hour, the average amount of 1-hexene in polymer decreased. This
result implies that the active sites responsible for 1-hexene incorporation are active at the
early stages of reactions and deactivate more rapidly than the sites for ethylene
polymerization.

10 ——————————————r —

-— 1. GasCo54, 0.5 h run
2. GasCoS7, 1 hrun

8 3. GasCo46, 2 hrun

4. GasCo58,4 hrun

U G S Y 't

4

R,, kg PE/(gcat-h)

‘e et vy -\-m\‘ T
' <

0 50 100 150 200 250

Reaction Time, min

Figure 6.22 Ethylene rate profiles with different lengths of runs. (Pc2=150 psi, Pcs=14
psi, T = 70°C)
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Figure 6.23 Dependence of polymer yield and average 1-hexene amount dissolved and

incorporated in polymer on length of runs.

The deactivation part of the profiles shown in Figure 6.22 are described well by a first—

order decay expression, i.e.
R, = Ry + (Ryax — Ry)- €754 1mat)] (6.2)

where tmax is the time at maximum rate R, and R is the reaction rate at long times.

The fit for the 4-h copolymerization run is shown in Figure 6.24. It can be seen from the
figure that the decay in polymerization rate with time is well represented by the fitted

function.

6.7 Comparison of Homopolymerization and Copolymerization in Gas Phase and
Slurry Phase
It was observed that the kinetics of homopolymerization and copolymerization in gas
phase and slurry are very different. These differences are illustrated in this section. The
experimental conditions and results are listed in Table 6.6 and the rate profiles are shown
in Figure 6.25.
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Table 6.6 Experimental Conditions and Results for Homo- and Copolymerization Runs in

Slurry phase and Gas Phase.'

Amount Amount Partial Pressure  Cs Length PE
RunNo. Phase ofPrel8 of TEA H; C; Amount’ of Runs Yield

g mL psi psi mL h g/h

Slu-8 slurry 0.111 0.30 40 140 0 2 6.7
Slu-9 slurry 0.118 0.30 40 140 50 2 83
GasHo7 gas 0.113 0.25 53 199 0 1.8 49
GasCo9 gas 0.110 0.25 49 206 6.0 2 4.6

! Other conditions: Py =14 psi; 70°C.
? 1-Hexene was added once at the beginning.
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In Figure 6.25 (a), ethylene homo-and co-polymerization rate profiles in the gas phase are
compared. For homopolymerization run, the acceleration period was much shorter than
could be detected, i.e. only a decay was observed. For copolymerization, the rate of
activation was reduced by the presence of 1-hexene and the maximum rate appeared at
about 7 min after the run began. The kinetics of these two runs after 20 min of run were
very similar. This implies, in agreement with the observation in the previous section, that

ethylene hompolymerization dominates in the later stages of polymerization.

Homo- and co-polymerization activity profiles in slurry phase are shown in Figure 6.25
(b). The rate profiles are quite different from the gas-phase polymerization profiles
shown in Figure 6.25 (a); the acceleration period is longer and the decay rate is slower. In
slurry phase, the copolymerization showed consistently higher rates than the
homopolymerization. This comonomer enhancement effect has often reported by
researchers (Munoz-Escalona et al, 1987; Karol et al., 1993; Calabro and Lo, 1988; Han-
Aderekun et al., 1997b; Ko et al., 1997). Proposed causes of this enhancement effect
(Calabro and Lo, 1988, Chien and Nozaki, 1993, Floyd, et al., 1986, Ko, et al., 1997)
include: (1) generation of more active sites by complete fragmentation; (2) increases in
propagation rate; (3) changes in the oxidation state of Ti; and (4) higher diffusion

coefficients.

In the current study, prepolymerized material was used as the catalyst. The fragmentation
should be complete after the prepolymerization; thus increases in the generation of more
sites by completely fragmentation is probably not the cause of the enhancement observed
in the current study. If changes in Ti oxidation state or increases in propagation rate
happen in slurry polymerization, then it is not easy to understand the rate decrease in gas-

phase operations.
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Figure 6.25 Comparison of ethylene homo-and copolymerization rate profiles in gas-

phase (a) and slurry-phase (b) operations.
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Mass transfer limitations inside growing particle may be a problem for slurry
polymerizations but can be neglected in gas-phase reactions (Floyd et al., 1986a, 1986b
and 1987). The presence of 1-hexene may change the structure of the polymer and
thereby increase mass transfer rate or olefin solubility. Another possible reason for the
enhancement by 1-hexene in the slurry is that 1-hexene may increase the solubility of
ethylene in liquid. This would lead to higher ethylene concentrations in the liquid and
thus increase the polymerization rate. Additional studies are required to elucidate the
difference of the 1-hexene effect between gas-phase and slurry operations.
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CHAPTER 7. NASCENT COPOLYMER PROPERTIES AND
SOLUBILITIES

The effects of polymerization conditions on nascent polymer properties are discussed in
this chapter. Several analytical techniques were employed in this study. GPC was used to
measure molar mass and polydispersity. Comonomer content and distribution in
copolymer were determined by C-NMR and TREF methods. Melting point and
crystallinity were analyzed by DSC. Solubilities of ethylene and 1-hexene in nascent

copolymer were measured and co-solubility of 1-hexene was estimated.

7.1 Molar Mass and Its Distributions
Molar mass distribution (MMD) has a major affect on PE properties. Resins with narrow
MMD have good low-temperature impact strength; resins with broad MMD have greater
stress cracking resistance and ease of processing (Maraschin, 2001). In this part, molar
masses and polydispersities for homopolymerization and copolymerization are examined
and the effects of 1-hexene content, hydrogen amount and temperature on molar masses

are discussed.

7.1.1. Comparison of Homo- and Copolymerization

Molar masses for homopolymerization and copolymerization (with hydrogen added
before and after the 1-hexene addition) are listed in Table 7.1. Comparison shows that
under similar reaction conditions, the M, and M,, of copolymers are lower than that of
homopolymer, i.e. 1-hexene acts as a chain transfer agent. The polydispersity (Q) is also
larger for copolymers. This is because different chain transfer effects of 1-hexene on
different sites broaden the molar mass distributions. The sequence of hydrogen addition
(see Chapter 4) affected the rate, but it did not significantly affect M, and M...

7.1.2 Comonomer Effects on Molar Masses

The effect of 1-hexene on molar masses for polymer product at low ethylene pressure (60
psi) is shown in Figure 7.1. It is found that molar masses decreased with increasing 1-
hexene pressure because of chain transfer effect. Polydispersities (Q) increased with

increasing of 1-hexene pressures. This effect on Q is due to the formations of more low
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Table 7.1 Molar Mass and Polydispersity of Homopolymer and Copolymer under Similar

Reaction Conditions.'
Average Rate
Run No. kg PE/(gcat-h) M, x10* M, x10™ Q
GasHoé6 3.7 3.27 12.8 3.9
GasCo3’ 1.9 1.28 8.32 6.5
GasCo9’ 3.5 1.52 8.16 5.4

! Conditions: Pc; = 200 psi, Puz = 50 psi, Pny = 14 psi, T = 70°C, C¢ = 6 mL for
copolymerization, Length of Runs =2 h.

2 GasCo3: Hydrogen added before 1-hexene.

? GasCo9: Hydrogen added after 1-hexene.

T r A g Lasiin el e — T T | S S S T

; w 130
r . . ®Mn j
25 F . 1 2 Mw * 25
T ¥ T R e A __Ag_, i
2 20 E N I !20
T~ A a ;
Z 15 | /‘/A/' e 15 ©
=] L —
£ q i
=10 ¢ ' 10
[ :
5+ -5
b e :
0 - _—’“.::.T: e /& e 0
2.0 4.0 6.0 8.0 10.0 12.0 14.0

PC69 pSi

Figure 7.1 Relationship between 1-hexene pressure and molar mass and polydispersity
(Pc2=60 psi).

molar mass PE containing 1-hexene, i.e. an increase in the copolymer/homopolymer

ratio.
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7.1.3 Effects of Hydrogen

Figure 7.2 shows the effects of hydrogen on M,, M, and Q. Experimental conditions and
results for the copolymerization runs are listed in Table 6.4. The introduction of 6 psi
hydrogen, caused a sharp decrease in M, and M,, but further increase in the amount of
hydrogen only resulted in a small decrease in M,. The dependences of M, and M, on
[H:] have been correlated by

1
M.(OI‘MV)—W (7-1)

The results shown in Figure 7.2, both M, and M,, are well correlated by Equation 7.1
(see lines and equations in Figure 7.1). This dependence on hydrogen process is in
agreement with the results of other scientists (e.g. Keii, 1988; Salajka et al., 1993; Huang
et al., 1997) who found values of n between 0.5 and 1.0. The polydispersity was
independent of hydrogen pressure of a value of about 10.

7.1.4 Effects of Temperature

Molar masses as a function of temperature are shown Figure 7.3. Run conditions were
summarized in Table 6.5. It can be seen in Figure 7.3 that both M, and M, decreased
with increasing temperature while polydispersity Q was a constant at about 10 . This
result suggests that for each site, temperature accelerates chain transfer reactions and the
ratios of activation energies for chain transfer to propagation have similar values for

different sites.

7.1.5 Effects of Length of Runs

The effects of run length on kinetics were discussed in Chapter 6; the influences of run
length on molar masses are shown in Figure 7.4. It can be seen that both M, and M,
increased significantly during the first hour of reaction. After one hour, M, and M,
continued to increase but slowly. Polydispersity Q decreased with the increase of run
length in the first hour of run. After one hour, Q was independent of reaction time. The
dependence of M,, M. and Q on reaction time strongly supported the postulate that
different types of active sites predominate at different times during the life of a
TiClyMgCl, catalyst.
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7.2 Chemical Composition of LLDPE
Chemical composition, e.g. comonomer content and its distribution, is very important
feature for LLDPE. The l-hexene was measured by'’C-NMR and TREF was used to

examine the comonomer distribution in copolymer.

7.2.1 Results from *C-NMR Measurement

The average 1-hexene content in polymer as a function of 1-hexene pressure during
polymerization is plotted in Figure 7.5. The results in Figure 7.5 show that at high
ethylene pressures (e.g. 150 psi), the 1-hexene incorporation rate is proportional to the 1-
hexene pressure. However, at low ethylene pressure (e.g. 60 psi). the 1-hexene
incorporation rate is a more complex function of 1-hexene pressure. A power law

function with an order of 1.48 provides a reasonable fit for the behavior at 60 psi ethylene

(see Figure 7.5).
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Figure 7.5 1-Hexene content of the product as a function of 1-hexene pressure in the

reactor.

The effect of hydrogen on 1-hexene content in the polymer is shown in Figure 7.6.
Introduction of hydrogen led to a sharp increase of l-hexene incorporation into the
copolymer. However, increases in the concentration of hydrogen did not affect the
content of 1-hexene in the copolymer. The reason why the presence of hydrogen increase
the 1-hexene incorporation rate relative to the ethylene polymerization rate is given in
Chapter 6.

The relationship between 1-hexene content and temperature is shown in Figure 7.7.
Increases in temperature resulted in decreases in the 1-hexene content in the polymer.
This implies that the activation energy for l-hexene propagation is less than the

activation energy for ethylene propagation (see Figure 6.20).
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7.2.2 1-Hexene Distribution in Polymer from TREF Analyses

TREF was used to measure comonomer composition distribution of some copolymers
produced at 60 psi of ethylene pressure. The results are shown in Figure 7.8. In Figure
7.8, all profiles are characterized by a very distinctive sharp peak at homopolymer range
together with a very weak, high branching tail toward lower elution temperature.
Compared with TREF results of Ziegler-Natta LLDPEs by other researchers (Zhang et
al., 2000; Usami et al., 1986; Glockner, 1990), the lack of the copolymer peak in the

current TREF profiles indicates the low incorporation of 1-hexene into the copolymer.
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Figure 7.8 Short chain branch distribution (SCBD) of copolymers produced under

ethylene pressure of 60 psi and different 1-hexene pressures

The samples analyzed by TREF were also measured by *C-NMR and the results are
compared in Figure 7.9. The calculation of average SCB content followed the method
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described by Zhang (1999). It can be seen from this figure that at low 1-hexene content
(i.e. low SCB content), the results for TREF and NMR were comparable. At high SCB
content, the values from ')C-NMR measurement were much larger than those from
TREF. The probable reason for the difference in '*C-NMR and TREF results is that a
large amount of the 1-hexene is present in a small fraction of the PE and this results in a
high branch concentration for this fraction. If the 1-hexene content is very high, larger
than 50 methyls per 1000 carbon atoms (Wild, et al., 1982) or as high as 20 mole percent
(70 CH3/1000C, Woo et al., 2000), then molecules will not be crystallized and thus are
not detected by TREF. It was found that about one-third of PE sample made at 70°C, 9.3
psi of 1-hexene at 62 psi ethylene (GasCo36) was soluble in 1,2,4-trichlorobenzene at
room temperature. The soluble fraction contained 30 mol% 1-hexene. More detailed
analysis of this sample are described in Section 8.1. The comonomer content of PE can
also be underestimated by TREF if the intramolecular branch distribution is very
heterogeneous since TREF separates polymer molecules according to their longest

unbranched sequences and not according to the average branch content.
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Figure 7.9 Comparison of average SCB contents measured by ’C-NMR and TREF.
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7.3 Crystallinity
Crystallinity is an important LLDPE property. The modulus of ethylene/a-olefin
copolymers has been found not to be determined by the branch distribution and branch
type but by the crystallinity (Sehanobish et al., 1994). For most studies of crystallinity,
the samples have been prepared using careful conditions, such as slow crystallization
from solutions or annealing of melt-crystallized specimens. Study of nascent
polyethylene have attracted little attention (Parker et al., 1996). In the current study, the
crystallinity of nascent polymer was examined by DSC in order to study the effect of
various reaction conditions on the crystallinity of nascent polymer. The analysis

procedure and calculation of crystallinity are described in Section 3.4.5.

7.3.1 General Features of DSC Curve

The reaction conditions used to produce nascent LLDPE samples used for DSC studies
were summarized in Table 7.2. The melting points of the samples shown in Table 7.2
(128-136°C) are generally higher than those (120-125°C) reported by other researchers
for LLDPE (Shanks and Amarasinghe, 2000).

Figure 7.10 shows typical DSC endotherms for the nascent polymers obtained in this
study. All curves show a very broad peak from 50°C to 145°C. These broad peaks
suggest broad distributions of 1-hexene in the polymers. It is interesting to see that all
curves have a single-peak at high temperature. Some investigations have reported
bimodal or multi-modal DSC patterns from Ziegler-Natta LLDPEs (Wild et al., 1990;
Zhang, 1999; Shanks and Amarasinghe, 2000), which suggested the crystal size or
lamella thickness consist of two or more overlapping distributions. The single peak
feature is probably due to the low sensitivity of DSC measurement for the sample without
thermal treatment before analysis (Zhang, 1999) or the fact that very high 1-hexene
content molecules exist only in amorphous phase, as discussed in Section 7.1, which
dealt with TREF analyses.

It can be seen in Figure 7.10 that the copolymer with higher 1-hexene content (GasCo38)
had a lower melting point than the sample with a lower 1-hexene content (GasCo40).
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This is because at higher 1-hexene content, the lamella dimension becomes smaller or
crystalline regularity is destroyed due to high branch content. GasCo40 and GasCo42 had
similar 1-hexene contents and molar masses while GasCo42 was produced at higher
ethylene pressure (150 psi) and GasCo40 was under low ethylene pressure (60 psi).
However, the melting point of GasCo42 is higher than GasCo40 but showed lower
crystallinity. This result suggests that other unknown factors may also influence the
melting point and crystallinity. Introduction of hydrogen (GasCo59) largely reduce the
melting point and crystallinity (compared to GasCo42). These reductions are mainly due

to higher comonomer content.

Table 7.2 Summary of Reaction Conditions and DSC Analysis Results.*

Partial pressures Reaction CsContent  melting
Crystallinity

Run No. P Po Pes Temperature  in Polymer Point wi%

psi psi psi °C Mol% °C
GasCo35 0 60 5.1 70 2.2 132 43.6
GasCo36 0 62 93 70 6.8 131 28.6
GasCo37 0 62 84 70 6.7 131 35.8
GasCo38 0 65 115 70 7.7 131 304
GasCo40 0 60 35 70 0.9 135 58.0
GasCo42 0 150 125 70 1.1 136 534
GasCo44 0 150 6.2 70 0.6 139 58.9
GasCo59 30 150 12.0 70 4.0 129 432
GasCo60 12 150 12.0 70 38 130 433
GasCo61 6 150 12.0 70 43 130 43.6
GasCo62 15 150 11.8 60 44 129 41.7
GasCo64 12 150 124 80 4.0 128 43.2
GasCo65 13 150 124 90 32 129 40.0

* Other conditions: TEA = 0.25-0.27 mL, Length of runs =2 h.
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Figure 7.10 DSC endotherms of nascent LLDPE samples.

7.3.2 Effects of Comonomer Concentration

The relationship between comonomer concentration in copolymer and crystallinity . is
discussed in this section. The results are shown in Figure 7.11. All samples examined
were polymerized under ethylene pressure of 60 psi but at different 1-hexene pressures. It

can be seen in Figure 7.11 that crystallinity was lower at high 1-hexene contents.
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Figure 7.11 Dependence of crystallinity on 1-hexene content in polymer.

7.3.3 Effects of Hydrogen

Hydrogen has been found to have significant effects on molar mass and comonomer
content in polymer. Its influence on copolymer crystallinity is shown in Figure 7.12.
Copolymer crystallinity decreased with the introduction of hydrogen, but the crystallinity
is not a function of hydrogen concentration. This is because the introduction of hydrogen
increased comonomer incorporation in copolymer, reduces crystallinity of copolymer.
Since the 1-hexene content in copolymer was not a function of hydrogen concentration as
discussed in previous section, the crystallinity is also independent of hydrogen

concentration.

7.3.4 Effects of Temperature

It is known from Figure 7.7 that the 1-hexene content in copolymer decreased with the
increase of reaction temperature. DSC analyses however, showed that the polymer
crystallinity was independent of reaction temperature (see Figure 7.13). This result
suggests that besides the content of comonomer in the polymer, reaction condition is also

an important factor in affecting nascent polymer crystallinity.
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7.4 Solubility
Reactants (ethylene and 1-hexene) have to dissolve in the polymer phase before they
interact with catalytic sites and participate reactions. As a result, the concentrations of
monomer/comonomer in polymer phase are very important in the describing
copolymerization kinetics. In the current study, solubilities of ethylene and 1-hexene
were measured, the non-linear behavior of 1-hexene sorption was modeled, and co-

sorption of ethylene/1-hexene mixtures were estimated.

7.4.1 Solubilities of Ethylene and 1-Hexene in Nascent Polymer

The solubilities of pure hexene and ethylene were measured in nascent polymer from run
GasCo38. The solubility of ethylene in GasCo38 as a function of temperature and
pressure is shown in Figure 7.14. It is seen that the solubility of ethylene has linear
relationship with ethylene pressure (Henry's law) and the solubility at higher temperature

is consistently lower than the solubility at lower temperature.
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Figure 7.14 Solubility of ethylene in GasCo38 as a function of ethylene pressure at
different temperatures.
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Figure 7.15 shows the solubility of 1-hexene in the GasCo38 polymer; the behavior of 1-
hexene was quite different than that of ethylene. The solubility of 1-hexene increased
sharply at high 1-hexene pressure; this observation is consistent with previous results
(Moore and Wanke, 2001). This phenomenon is probably due to the non-ideal behavior

of 1-hexene in PE as the 1-hexene pressure approaches its vapor pressure.
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Figure 7.15 Solubility of 1-hexene in GasCo38 as a function of 1-hexene pressure at
different temperatures.

It is usually assumed that the solubility of monomers only occurred in the amorphous part
of polymer (Micheals and Bixer, 1961; Hutchinson and Ray, 1990). Previous work done
by Moore (Moore, 2000; Moore and Wanke, 2001) clearly showed that the solubilities of
ethylene and 1-hexene do not only depend on the amorphous content of polymers, but
also are dependent on other factors such as polymer type (e.g. HDPE, LDPE and
LLDPE). Hence, the unit of solubility used in the current study is the total 1-hexene
amount adsorbed per unity mass of polymer. The solubilities of 1-hexene in GasCo38 and
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other commercial polyethylenes at 69°C are compared in Figure 7.16. The solubility for
GasCo38 was similar to 1-butene LLDPE made with Ziegler-Natta catalysts and much
lower than that of 1-hexene LLDPE made with metallocene catalysts.
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Figure 7.16 Comparison of the l-hexene solubilities of commercial polyethylenes and
GasCo38 at 69°C. The data of commercial polyethylene are obtained from Moore (2000).

7.4.2 Modeling of Ethylene and 1-Hexene Concentration in Polymer

The validity of Henry’s law to the sorption of ethylene in polyethylenes has been
confirmed by many researchers (Michaels and Bixler, 1961; Beret and Hager, 1979;
Huchinson and Ray, 1990; Moore and Wanke, 2001). The reason for measuring the
ethylene solubility in this study was to determine Henry’s constant for a nascent polymer
since the constant determined by other researchers may not be suitable for the polymer
synthesized in this work.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As shown by the result in Figure 7.16, Henry’s law is not applicable for heavier
hydrocarbons at high pressures. In this case, Flory-Huggins theory can be applied. In this
study, solubility is regarded independent of molar mass because, according to Michaels

and Bixer (1961), solubility is independent of molar mass if M,>6000.

The Consistency of Henry’s Law and Flory-Huggins Theory for Ethylene Solubility
Study
The Henry’s law can be written as

S=k*P (7.2)
where S (g Ci/g PE) is the solubility of ethylene, ¥* is Henry’s constant and P is the
ethylene partial pressure. Fitting the data at 69°C in Figure 7.14, yields k*=3.3/x/0” g
C(g PE-psi).

Henry’s law can be treated as a simplified form from Flory-Huggins theory. The general
Flory-Huggins equation has the form (Flory, 1953)

lna=In(}f—o-)=ln¢+(l—¢)+z(l—¢)z (7.3)

where a is the activity of the penetrant, f° is the fugacity at standard state, ¢ is the volume
fraction of the penetrant in the polymer and y is the Flory-Huggins interaction parameter
for solvent. Ethylene, at the conditions of the current studies, behaves as an ideal gas (i.e.
a = P/P®) and the amount of ethylene sorbed is small (¢ << 1). Under these conditions,

Equation 7.3 becomes
P —
IHF_ Ing+1+y (7.4)

which is equal to

P

¢=m=k'[) (75)

P° is the pressure at standard state and usually is chosen as 1 bar. Equation 7.5 is Henry’s

law since P°¢"*Z is a constant if ¥ is constant.
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Modeling of 1-Hexene Solubility by Flory-Huggins Theory and Peng-Robinson Equation

of State
The Florry-Huggins equation and the Peng-Robinson Equation of State were used to
model sorption results of 1-hexene shown in Figure 7.15. The Equation of State is used to
calculated thermodynamic properties in the gas phase (e.g. fugacity) but cannot be used
in the polymer phase because 1-hexene dissolved in LLDPE is not a liquid mixture. The
fugacity f of 1-hexene in the gas phase according to the Peng-Robinson Equation (Peng
and Robinson, 1976) is given by:

S A 1 Z+2414B

In—-—=2Z-1-In(Z-B)- 7.6
P “=9-358" 704148 (7.6)
aP
=%
g=2?
RT
z=F
RT
RT; 2 os
@ =0.45724 =< [1+(0.37464 +1.542260 - 026990 ) -(1 - T**)|
C
b = 0.0778 %L

Where 7. = 508.5K and P. = 3160 kPa are the critical properties of 1-hexene. The
acentric factor @ for 1-hexene given by Yaws (1992) is 0.285. The molar volume v is
estimated by another expression of P-R equation, i.e.

p= RT a
v=b v(v+b)+b(v->b)

.7

The volume fraction occupied by sorbed 1-hexene in polymer containing sorbed 1-
hexene, ¢, is defined as

v, V.
o - (7.8)
Vee+Ve,  Viwa
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where Vs and Vpg are the volumes of sorbed 1-hexene and the volume of the polymer.
Moore (2000) measured the volume changes for the sorption of 1-hexene in various
polyethylenes. The results from Moore for a polyethylene made with Ziegler-Natta
catalyst, which had similar sorption behavior to as the GasCo38 sample from the current
work (see Figure 7.16), showed that the relationship between amount of 1-hexene sorbed
and total volume is well described by
Viwa =V, (1+8) =V, (1+S) 7.9

where S is the solubility of 1-hexene in the polymer in (g of 1-hexene)/(g of polymer) and
V, is the initial volume of the polymer, i.e. Vpr. Replacing Vcs by (Vrow - Vee) and
substituting for Vpg from Equation 7.9 yields

p=—_ (7.10)

1+S

i.e. the specific volumes per unit mass of 1-hexene and polyethylene are essentially equal.

Substituting Equation 7.10 into Equation 7.3 yields

f S | ( 1 )’
Ina=In=—=1 + 7.11
=i = s s 1D

Equation 7.11 is a relationship between fugacity of the 1-hexene in the gas phase, which
can be estimated from Equation 7.6, the solubility of 1-hexene in the polymer and the
interaction coefficient of sorbed 1-hexene and the polymer, x . The reference pressure,
P?, is taken as the saturation pressure of 1-hexene at the temperature at which the

solubility was measured.

The solubility results shown in Figure 7.15, where used to calculate the interaction
parameter, ¥, as a function of adsorption conditions (l-hexene pressure and
temperatures). The results are plotted in Figure 7.17. These results show that y is
essentially independent of temperature, but decreases linearly with increasing 1-hexene

pressure.
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Figure 7.17 Flory-Huggins interaction parameter as a function of 1-hexene pressure.

The solubility of 1-hexene as a function of 1-hexene pressure can now be calculated
using Equation 7.11, the Peng-Robinson equation and the fitted dependence of y on 1-
hexene pressure. The results of this fit by the combination of the Flory-Huggins and

Peng-Robinson equations are shown in Figure 7.18; the fit is excellent.

7.4.3 Co-solubility Estimation

Previous study (Moore and Wanke, 2001) showed that the co-sorption behavior of
ethylene /1-hexene mixture in the polymer sample was significant and quite different
from the solubilities measured under pure ethylene or 1-hexene conditions. However, the
quantitative measurement of co-solubility was not done by Moore and Wanke. In this
study, the co-solubility was indirectly estimated from the data gathered during the kinetic
experiments and the ’C-NMR analyses of the products.
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Figure 7.18 Experimental results and Florry-Huggins/Peng-Robinson simulations for 1-

hexene solubility at different pressures and temperatures for GasCo38.

The amount of 1-hexene sorbed in the polymer in the reactor can be estimated from the
measured amount of 1-hexene added during an experiment. the measured 1-hexene
content of the product (as obtained by *C-NMR), the change in the amount of 1-hexene
in the gas phase between the beginning and the end of the run, and the amount of 1-
hexene removed from the reactor in the GC sample stream. The procedure for these
calculations is illustrated in Appendix C. The calculated amounts of 1-hexene sorbed in
the products made at different 1-hexene and ethylene pressures are plotted in Figure 7.19;
the measured solubilities for pure 1-hexene vapor by the product from run GasCo38 is
included for comparison. The higher solubilities of 1-hexene in the products made at 60
psi ethylene compared to those for products made at 150 psi ethylene pressure is
understandable since the crystalline of the products made 150 psi is higher than those
made at 60 psi ethylene. However, the reason for the higher solubility of 1-hexene in the
presence of 60 psi ethylene compared to the solubility without the presence of ethylene is

not known. Separate experiments, using nascent polymer in the absence of reaction,
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Figure 7.19 Comparison of calculated co-solubility of 1-hexene in polymers and the

measurement solubility of 1-hexene in GasCo38.

should be done to verify or refute that indirect estimates of the high 1-hexene solubility in

the presence of ethylene.

The solubilities in Figure 7.19 are plotted as a function of Pce/Pc: ratio in Figure 7.20
rather than as a function of 1-hexene pressure. It is interesting to find that the results for
the two ethylene pressures fell on the same line. This implies that the solubility of 1-
hexene in the copolymer during the runs depends on the 1-hexene/ethylene ratio in gas
phase and not on 1-hexene pressure. This observation is used in the modeling presented

in Chapter 8.

The solubility of 1-hexene in the presence of hydrogen and ethylene is shown in Figure
7.21. The 1-hexene solubility increased with the presence of hydrogen because the
increase in 1-hexene content reduces crystallinity of polymer (see Figures 7.6 and 7.12).
The 1-hexene solubility increased with increasing of hydrogen concentration in the

reactor. The reason for this is not clear since the 1-hexene content and crystallinity of the
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polymer did not increase with increases in hydrogen pressure from 6 to 30 psi (see

Figures 7.6, 7.12).
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Figure 7.20 Co-solubility of 1-hexene in the product based on 1-hexene/ethylene ratio.
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Figure 7.21 Co-solubility of 1-hexene in the presence of hydrogen.
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Increases in temperature resulted in increases in the calculated co-solubility of 1-hexene
(see Figure 7.22). The co-solubility increased with the increase of temperature even
though the polymers produced at high temperature had lower 1-hexene incorporation in
polymer (see Figure 7.7). This trend is also contrary to the measured 1-hexene solubilities
in the absence of ethylene (see Figure 7.15). These observations again emphasize the
need for “measured” rather than “inferred” solubilities of olefins from gas mixtures.
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Figure 7.22 Co-solubility of 1-hexene at different reaction temperatures.
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CHAPTER 8. KINETIC INTERPRETATION OF ETHYLENE/

1-HEXENE COPOLYMERIZATION
Kinetic modeling is useful in understanding reaction behaviors and optimizing industrial
operation conditions. Numerous kinetic models have been proposed for Ziegler-Natta
polymerizations (see Chapter 2); the emphasis in these models has been on the kinetic
behaviors for slurry copolymerization. The multi-site model, common used for supported
Ziegler-Natta catalysts, will also be used in the current study.

In Section 8.1, a discussion about multi-site nature of catalysts is given. Reaction
schemes and mathematical model are presented in Section 8.2. In Section 8.3 the model
fitting process, the obtained kinetic parameters and the simulation results are presented.

In the final section, some comments on the model are given.

8.1 Multiple Site Nature
The multiple-site nature of Ziegler-Natta catalysts has usually not been based on kinetic
measurements but has been based on broad molar mass distribution and bimodal
characteristics in TREF profiles. In this study, the multiple-site nature of catalysts is
based on the measured ethylene and 1-hexene polymerization rates. The usual broad and

multi-peak molar mass distributions were also observed in the product.

Figure 8.1 shows an 8-hour homopolymerization rate profile, the reaction rate reached a
maximum almost immediately after ethylene was introduced at the beginning of the
reaction; this was followed by a decrease in activity for about 2.5 hours, and then the rate
increased again. A second maxima in rate appeared after 6 hours of polymerization. This
phenomenon suggests at least two sites exist in the catalyst; one is activated rapidly and
one is activated very slowly. This experimental finding is consistent with the observation

of previous work in our group (Wu et al., 1999).
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Figure 8.1 Long homopolymerization run (GasHol3).

Carbon13-NMR characterization of the product also showed the mulitiple-site nature of
the catalyst sites. One copolymer product (GasCo36) was placed into 1,2,4-
trichlorobenzene (TCB) at room temperature for 2.5 hours. The liquid phase was
analyzed by '>*C-NMR, which yielded a 1-hexene content for the dissolved polymer of
30.3 mol%. A polymer with such high 1-hexene content does not crystallize from
solution. This is the possible reason that the analysis results by *C-NMR yielded much
higher 1-hexene content than TREF analyses (see Chapter 7).

The dissolved polymer, non-dissolved polymer and whole sample were further analyzed
by GPC. The results are shown in Figure 8.2. Line 1 in Figure 8.2 represents the polymer
dissolved in TCB at room temperature. This polymer had the lowest molar mass
(M,=2,450, My=19,000) and a long tail at low molar masses. Line 2 is the GPC curve for
the undissolved part of the sample. It had the highest molar mass (M;=20,000,
M.=303,000) and a shoulder on the high molar mass side. Line 3 is the analysis of the
whole sample (M,=10,600, M,,=287,000). It can be clearly seen that Line 3 has two
shoulders, one on each side of its main peak; the left shoulder results from the copolymer
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which had highest 1-hexene content and dissolved in the TCB at room temperature.
Hence GPC results show that the copolymer sample contained three different structures.

The amount of the dissolved polymer fraction were obtained from the GPC analysis. The
GPC analysis showed that 29.6% of the sample was soluble in the TCB at room
temperature. Mass balance calculation showed that more than 90% of the 1-hexene in the
whole polymer was contained in the dissolved fraction.

The observed homopolymerization rate profile (Figure 8.1) and the >C-NMR and GPC
results clearly show that the TiClLy/MgCl, catalysts in the current work contained at least
3 different types of catalytic sites. The solubility experiment suggests that two of the sites

are homopolymerization sites.
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Figure 8.2 Multiple-site nature of catalyst observed from molar mass distribution curve.
(1: dissolved polymer; 2: non-dissolved part; 3 whole sample.)

The GPC curve for the whole sample of GasCo36 was further deconvoluted by Peakfit
software, a three-Flory peak generally described the three peak trend (see Figure 8.3). At
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least one additional peak is needed in order to obtain better simulation result at the large
molar mass end.
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Figure 8.3 Deconvolution result of GPC curve of sample GasCo036 (Pc2=60 psi, Pcs=9.3
psi) by three Flory peaks. The numbers in the Figure are the area percentages for each
peak.

8.2 Modeling of Copolymerization

A three-site model was assumed on the basis of the material presented in Section 8.1.
Kissin and co-workers (Kissin, 1993, 1995, Kissin et al., 1999a, 1999b, 1999¢, 1999d)
used a five-site model to describe the copolymerization of 1-hexene and ethylene in the
slurry phase. They based their model on GPC analysis of PE from runs of different
duration. In their model, two of the sites deactivated very rapidly. In the current study,
prepolymerized catalysts were used and these rapidly deactivating sites may already be
partially deactivated during the prepolymerization. Hence, the proposed three-site model
in the current study is probably very similar to that proposed by Kissin and co-workers.
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The details of the model should be such that it reflects the following general experimental

observations:

1. The ethylene polymerization rate increases rapidly in the first few minutes and then
decays to a relatively constant activity over the next 60 to 90 minutes (see activity
profiles in Section 6.3).

2. The 1-hexene addition required to maintain constant concentrations in the gas phase
were high at reaction times less than 20 min and usually decreased to about zero in the
following 40 min of polymerization.

3. Increasing 1-hexene concentrations at constant ethylene pressure resuited in decreases
in ethylene polymerization rates; the decrease in ethylene polymerization rates was
more pronounced at the beginning than at the end of the runs (see Figures. 6.5 to 6.7
and 6.10).

4. Increases in ethylene pressure at constant 1-hexene concentration or constant 1-
hexene/ethylene ratios increased polymerization rates (see Figures. 6.8, 6.9 and 6.10).

5. The apparent reaction order with respect to ethylene pressure is significantly above
unity at the beginning of the polymerizations and decreases to about unity after 2 h of
polymerization (see Figure 6.11).

6. Increasing 1-hexene concentrations did not necessarily increase the rate of 1-hexene
incorporation, but the 1-hexene content of the polymer always increased with
increasing l-hexene concentration because this increase of 1-hexene concentration

resulted in a decrease in ethylene polymerization rate (see Observation 3 above).

The above observations as well as GPC results in Section 8.1, and observations by other

investigators with similar catalyst systems led to following model assumptions and model

properties:

1. Catalyst has three types of catalytic sites.

2. The three types of catalytic sites have the following properties: Site 1 incorporates 1-
hexene and is activated rapidly and deactivates rapidly (Observation 2); Sites 2 and 3
are homopolymerization sites; Site 3 activates and deactivates slowly and the

activation — deactivation rates for Site 2 are intermediate to the rates of Sites 1 and 3.
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3. All three types of sites are activated and deactivated independent of each other and
one type of site is not converted to another type of site.

4. Ethylene concentration in the polymer is related to the ethylene pressure by Henry’s
law (see Figure 7.14). (It is assumed that the concentration of dissolved ethylene is
only a function of ethylene pressure and temperature and not a function of type of
polymer and 1-hexene concentration).

5. The dissolved 1-hexene concentration in the polymer is calculated from the co-
solubility results described in Chapter 7 (see Figure 7.20)

6. The interaction of the dissolved olefins with the active sites described by Langmuir-
Hinshelwood adsorption functions.

7. A lumped polymerization propagation rate constant is used for each site and each
monomer.

8. Two types of deactivation processes are assumed to occur, one is simuitaneous
deactivation without the participation of either monomer or comonomer (Keii, 1982;
Han-Adebekun and Ray, 1997), and the other one involves participation of ethylene
since it was observed that deactivation rates increased with increasing ethylene
pressures (Figure 6.10).

9. Effects of co-catalyst are not included in the model since it was found that the rates
were affected by the catalyst to co-catalyst ratio (See Section 6.2).

10. Heat and mass transfer effects are assumed to be negligible (see Wu, 1999; Wu et al.
1999).

According to the above statements, the following reaction steps, in the absence of

hydrogen, are proposed for each type of site except that the propagation rate for 1-hexene
is zero for Sites 2 and 3:

Site Initiation:

k

S +C6H|2-—I-‘i—2—-)S‘
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Propagation Reactions:
S* +C,H, ', g5+

ko2

S‘ +C6H|2—‘_’S.

Chain Transfer:

S‘—k"—) S + polymer

Site Deactivation

S, * —ékd'—>dead site

S*+C2H, ——k-‘iz—> dead site
k,, .

S, —*— dead site

S +C,H, —kﬂ—b dead site
where S is a potential active site; S* is the active site; S, and S,* are sites without
associated with monomer; subscripts 1 and 2 denote reactions with ethylene and 1-
hexene; k;; and k,; are rate constants for initiation reactions; k,, and k,. are propagation
reaction constants; ks and k4 ' are the spontaneous deactivation rate constants for
potential and active sites, and k;; and k4, are ethylene-assisted deactivation constants for
potential and active sites; X, is the spontaneous chain transfer reaction constant. Other
chain transfer reactions (e.g. chain transfer to monomer or to comonomer) are not

included because they do not change the concentration of S*.

Based on the above proposed reaction schemes, the time dependence of the active site

and the potential site concentrations are given by the Equations 8.1 and 8.2.

d[S*]
“dar (k16 + k20,)[S] - (k, + k(1 -6, —6,) + k;,6,)[S*] @®.1)
d[S] ' '

dr (k0 + k20, +kyy(1-6, —6,) + kyp)[S]+ &, [S*] (8.2)

where [S] is the concentration of potentially active sites and [S*] is the concentration of

active sites for each site; 8, and & represent the fraction of sites occupied by ethylene

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and 1-hexene respectively, and (1-8,&) is the fraction of sites on which neither ethylene
or 1-hexene is adsorbed. It is assumed that 8; and 6, have the same value for S and S*.
The coverage 6, and 6, can be described by Langmuir-Hinshelwood equations, i.e.

_ K,[M,] (8.3)
"1+ K M+ Ky[M,)]
KZ[M2] (8.4)

6, =
1+ Ki[M,]+ K,[M,]
where K; and X are the Langmuir-type adsorption equilibrium constants for ethylene and
1-hexene, [M;] and [M;] are the ethylene and 1-hexene concentrations (mol/g PE)
dissolved in the polymer. For a given experiment at constant ethylene and 1-hexene

concentrations, the values of 8; and 6, are assumed to be constant.

To reduce the number of adjustable parameters, it is assumed that ks, =ky; ' and ks2=ks: .
The initial conditions are [S]=S, and [S*]=0, Constant Sy is the number of potential sites
per unit mass of catalyst before polymerization. Equations 8.1 and 8.2 can be solved
analytically and the resulting expression for the concentrations of active sites as a
function of time is

[S.]= SO '(kilal + k:202) e‘Elt(l —e” EZ') (8.5)
k.6, + k0, +k,

E. =kd|(l _al _02)+kd20|
EZ =k,|0| +k1202 +klr

The propagation rates for ethylene and 1-hexene R,; and R, are given as
Rp1 = kp1[ S*]61 (8.6)
Rp2 = kp2[S*]02 3.7)
where [S*]6, is the fraction of active sites occupied by ethylene and /S*/6; is the fraction

occupied by 1-hexene.
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Substituting Equation 8.5 into 8.6 and 8.7 yields

_ﬁ)}_. (k"ol +ki202)'0l . —El' .[ _ —EZ‘]
Rpl_k” So ko kao: ¢ I-e @8)
—+ +1
klr k!r
_k2 o (kn6h+k202)-0, _Et [ —Eyt
Rp2= o So Ty Ty e l-e 8.9)
—+ +1
ker ke

Limiting forms of Equations 8.8 an 8.9 result in the observed dependence of ethylene and

1-hexene rate (Observations 3 to 6), for example,

if l>>|:£:—0'—+ki0l] and k; >> k,

r kﬂ’
then the rate of ethylene polymerization is directly proportional to 8;°, and the order of
the ethylene pressure dependence of 6, is between 0 and 1, i.e. the order with respect to
ethylene concentration from 0 to 2. (see Eq. 8.3 and recall that according to Henry’s law,
[M] is directly proportional to the ethylene pressure). When k;;8,>>k;,6:, then Equations
8.9 predicts that the rate of 1-hexene incorporation varies as k;;6,6/[1+k,;6], i.e.
increases in ethylene pressure, which result in increases in 6, result in increase in 1-
hexene incorporation rate at constant values of 6. This behavior is in agreement with the

experimental observations.

The overall ethylene polymerization rate, R,,, is the summation of polymerization rates

for Sites 1, 2 and 3, i.e.

3
RP' = Z Rpl.n (8.10)

n=1

where n refers to the different type of catalytic sites.

The rate of 1-hexene polymerization is

RpZ = RpZ.l

Since ky; = ky2 5= 0.
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It has to be stressed that the above reaction model is a phenomenological model which
attempts to capture the experimental general observations. Various rate models were
examined; the above simple model provided a reasonable description of the observed
kinetic behavior.

8.3 Model Fitting Procedure and Results
For estimation of parameters, Equations 8.8 and 8.9 were simplified to Equations 8.11
and 8.12 since for a single isothermal run, 6;, 6; and other kinetic parameters (i.e. k,, ki,
k4) are constants. There are only four unknown parameters in Equations 8.11 and 8.12
(4,, 4>, E; and E>).

R = e~ B .= E) @8.11)

R =d,-¢ B .- B

) (8.12)

This estimation of parameters requires rates of 1-hexene and ethylene polymerization as a
function of time. Ethylene polymerization rates are measured directly by the ethylene
flow to the reactor. Rate of 1-hexene polymerization profiles were obtained from the
measured rate of 1-hexene addition and the known total 1-hexene content of the product
as determined by '’C-NMR. Detailed description of the calculational procedure and a set
of sample calculations of how the 1-hexene addition rates were converted to 1-hexene
activity profiles is given in Appendix C. A sample of a 1-hexene activity profile based on
this procedure is shown in Figure 8.4 for run GasCo40. Similar profiles will be shown for
other runs at the end of the section where model results are compared with experimental

measurements.
Values of 4;, E; and E; for Site-1 were estimated by fitting 1-hexene rates, of the type
shown in Figure 8.4, with Equation 8.12. If values of &, and 6 are known as a function of

ethylene and 1-hexene pressures, then parameters for Site-1 can be estimated from the
values of 45, E; and E>.
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Figure 8.4 1-Hexene average reaction rate for run GasCo40 (Pcy= 60 psi, Pcs = 3.4 psi).

The values of K, and K>, which are needed to calculate 6, and 6, were estimated from
the *C-NMR analysis of the polymer from GasCo36 (see Section 8.1). Most of the 1-
hexene content in the polymer was contained in the fraction solved in TCB at room
temperature. The fraction constituted 29.6% of the total polymer and had a 1-hexene
content of 30.3 mol%. The relative rates of ethylene and 1-hexene polymerization can be
obtained by combining Equations 8 3, 8.4, 88 and 8.9, i.e.

Ry kKM, ]

Ry kyaiKy[M,)

(8.13)

The values of [M;] and [M:] can be calculated according to solubility and co-solubility
studies (see Chapter 7). If the ratio of propagation rate was chosen arbitrarily as 70; a
range of 45 to 140 was obtained by Kissin et al. (19992 and 1999b) for propagation rate

ratios. With the above values, a K,/K ratio of 1/3.2 is obtained.

A value of 1000 g PE- mol™ was chosen for K,, since K[M,] should be much less than

unity to obtain first order polymerization kinetics with respect to ethylene (Keii, 1982;
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Burfield et al., 1972). The value of K is 3,200 g PE-mol" using the assumed value from
K.

With the above values of K; and K, and the estimation of 4, E;, and E; based on the 1-
hexene rate of disappearance, all the other kinetic parameters except kp;S; can be
estimated for Site 1.Values of the parameters for Sites 2 and 3, which are assumed only

involve ethylene polymerization were estimated by trial and error.

Sigma Plot and Excel Solver software were used in the trial and error estimation of the
parameters. The set of parameters which provided a reasonable fit for copolymerization
results are listed in Table 8.1. In the choice of parameters, emphasis was given to
reproduce the general shapes of profiles and the location of rate maxima even if the fit of
the absolute rate suffered. The kinetic parameters listed in Table 8.1 are the values which
provide a reasonable description of the rate behavior at reaction conditions of 70°C in the
absence of hydrogen for different ethylene and 1-hexene pressures. Total ethylene
polymerization rates obtained form the model are compared with experimentally
measured in Figures 8.5 to Figure 8.10. This simple model reproduces all the major
experimentally-observed trends in the ethylene rate profiles. The general trends in
ethylene activity profiles are mimicked by the model over a wide range of ethylene
pressures (60 to 250 psi) and large range of ethylene to 1-hexene ratios of 6 to 40 (see
results in Figures 8.5 to 8.9). These variations in operating conditions resulted in a 30
fold variation in average rates (cf. Runs GasCo39 and GasCo51, Table 6.3) and a 90-fold
variation in the maximum rates of ethylene polymerization for these runs [see Figures
8.5(f) and 8.9 (a)].

The ability of the model to reproduce the experimental rates of 1-hexene incorporation
are shown in Figure 8.10. Only 6 runs are shown in Figures 8.10(a) to 8.10(e) because the
C.NMR analyses were only available for these runs. Nevertheless, the model
reproduces the trends observed in the 1-hexene rate behavior, such as increases in 1-
hexene pressure at constant ethylene pressure resulting in lower maximum 1-hexene rates

[cf. Figures 8.10 (c) and (d)], and observed increases in 1-hexene rates with increasing
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ethylene pressure at constant 1-hexene pressure [cf. Figures 8.10 (a) and (e)]. Some of the
disagreement between the model and the experimental 1-hexene rates are probably due to
the incorrectness of the assumption that the 1-hexene solubility per unit mass of produced
PE is constant. The polymer produced during the initial stages of polymerization has a
higher 1-hexene content than polymer produced in the later stages (see Section 6.7).
Hence, the solubility of the 1-hexene should be higher for the polymer formed initially.
Neglecting this effect results in the calculated 1-hexene rates which frequently had
negative values during the later stages of polymerization (see Figure 8.10). Considerably
more detailed understanding of the solubility of 1-hexene and ethylene as a function of
LLDPE composition is required to refine this aspect of the data analysis and parameter

estimations in the model.
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Table 8.1 Complete Parameters Used for Multi-Site Model Simulations

Site-1 Site-2  Site-3 Unit Explanation
Equilibrium adsorption constant for
K, 1000 1000 1000 g PE-mol! ethylene in copolymer (arbitrarily
chosen)
uilibrium adsorption constant for
K, 3200 3200 3200 g PE- mol! E4 P
1-hexene in copolymer
ki 100 80 15 h' Initiation rate constant by ethylene
k> 0.1 0.5 0 h! Initiation rate constant by 1-hexene
k, 40 3 0.001 h' Chain transfer rate constant
Growing site spontaneous
kas 17 2 0.03 h' & po
deactivation constant
kis 7 12 0.03 b Growing site ethylene-assisted
deactivation constant
, Potential active site spontaneous
kas 17 2 0.03 h' po
deactivation constant
Potential active site ethylene-
ks' 7 12 0.03 h! ' y
assisted deactivation constant
Lumped propagation rate constant
kpiSo 2400 180 52 kg PE- (g cat)"-h'l pec propag

k,So 28 0

0

kg PE- (g cat)'-h’!

for ethylene
Lumped propagation rate constant

for 1-hexene
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Figure 8.5 (a) Comparison of ethylene reaction profile and model prediction for run
GasCo40 (Pcs=3.5 psi, Pc2=60 pst).
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Figure 8.5 (b) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo18 (Pcs=3.7 psi, Pc2=60 psi).
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Figure 8.5 (c) Comparison of ethylene reaction profile and model prediction for run
GasCo35 (Pcs=S.1 psi, Pc2=60 psi).
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Figure 8.5 (d) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo34 (Pcs=6.4 psi, Pc2=60 psi).
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Figure 8.5 (e) Comparison of experimental ethylene reaction profile and model prediction
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for run GasCo36 (Pcs=9.3 psi, Pc2=60 psi).
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Figure 8.5 (g) Comparison of ethylene reaction profile and model prediction for run

GasCo38 (Pcs=11.5 psi, Pc2=60 psi).
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Figure 8.6 (a) Comparison of experimental ethylene reaction profile and model prediction

for run GasCo15 (Pcs=5.9 psi, Pc;=107 psi).
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Figure 8.6 (b) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo53 (Pcs=14 psi, Pc2=105 psi).
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Figure 8.7 Comparison of experimental ethylene reaction profile and model prediction for
run GasCo24 (Pcs=11.5 psi, Pc2=200 psi).
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Figure 8.8 (a) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo45 (Pcs=3.2 psi, Pc2=150 psi).

40 T T M T T —TTr T r ™
Reaction Profile
—--=— Site |
3obp Qo Sitre 2
_ ———-Site 3
L . .
= e G imulation Curve
S
S 20
o
Y
3
1 4

10

.
r .
.
’
.
0
.
L
.
.
’
L]
.
0
S D SR GO VU SUM G S SR S Y

Time, hour

Figure 8.8 (b) Comparison of ethylene reaction profile and model prediction for run
GasCo44 (Pcs=6.4 psi, Pc2=150 psi).
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Figure 8.8 (c) Comparison of ethylene reaction profile and model prediction for run
GasCo20 (Pcs=8.3 psi, Pc2=150 psi).
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Figure 8.8 (d) Comparison of experimental ethylene reaction profile and model
prediction for run GasCo42 (Pcs=12.5 psi, Pc2=150 psi).
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Figure 8.8 (e) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo46 (PC6=14 psi, PC2=150 psi).
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Figure 8.8 (a) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo51 (Pcs=6.3 psi, Pc2=250 psi).
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Figure 8.9 (b) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo48 (Pcs=8.1 psi, Pc;=250 psi).

70

Reaction Profile | ;
) ~- = Site | ]
------ Site 2 ]
2 . — — —Site 3 J
- Simulation Curve| -
é 40 q
g b
2 30 j
of 20 1
10 4
e T I ._.—.—..—.._.:.T:._j 3

0 I

. os | 15 2

Time, hour

Figure 8.9 (c) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo52 (Pcs=11.7 psi, Pcz=250 psi).
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Figure 8.9 (d) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo26 (Pcs=13.8 psi, Pc2=250 psi).
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Figure 8.9 (e) Comparison of experimental ethylene reaction profile and model prediction
for run GasCo50 (Pcs=14. 1psi, Pc2=250 psi).
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Figure 8.10 (a) 1-Hexene reaction rate and the simulation curve for run GasCo34 (Pc2=60
psi, Pc6=6.4 psi).
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Figure 8.10 (b) 1-Hexene reaction rate and the simulation curve for run GasCo35 (Pc2=60
psi, Pce=5.1 psi).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1000

800 —&— Experimental Point 4
1 —— Simulation Curve

Ree, & C/(geat-h)
o
&

200 ]

0 Lo\..\._‘_. 1
-200 - .
0 | 2

Time, hour

Figure 8.10 (c) 1-Hexene reaction rate and the simulation curve for run GasCo36 (Pc2=60

psi, Pcs=9.3 psi).
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Figure 8.10 (d) 1-Hexene reaction rate and the simulation curve for run GasCo40 (Pc2=60
psi, Pcs=3.4 psi).
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Figure 8.10 (e) 1-Hexene reaction rate and the simulation curve for run GasCo42
(Pc2=150 psi, Pcs=12.5 psi).
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Figure 8.10 (e¢) 1-Hexene reaction rate and the simulation curve for run GasCo44
(Pc2=150 psi, Pcs=6.2 psi).
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8.4 Comments on Model

8.4.1 Model Improvements

The 3-site model presented in the previous sections provide a fairly good description of

the observed 1-hexene/ethylene copolymerization. However, various changes in the

model should improve the model-data agreement. Possible improvements are:

1. Fine-tuning of parameters. A considerable amount of trial and error was done to
estimate some of the parameter values, but other parameters, such as K, and K, were
estimated from limited data and not varied during the fitting process and others, such
as k4 and k4, ', were set equal to each other. Expanding the trial and error search to all
parameters will result in improvements.

2. Adding 1-hexene incorporation ability in Site 2. This will increase the number of
parameters but this increase will greatly improve the model capability to fit 1-hexene
rate profiles.

3. Using better 1-hexene solubility models. More detailed knowledge about the
relationship between 1-hexene sorption and polymer structure could result in
significant model improvements.

4. Including temperature effects in the model. In the current study, care was taken to
exclude macroscopic temperature gradient, but it is possible that temperature
gradients are present inside the growing particles during the initial high activity stages
of polymerization. Higher temperatures could significantly increase the deactivation

rates.

There is little to be gained in understanding the processes occurring during
copolymerization by fine-tuning the parameters or adding parameters to including 1-
hexene incorporation for Site 2. Improved understanding of solubility properties during
copolymerization and quantification of temperature effects would be worthwhile
additions to the understanding as well as improvements to modeling of copolymerization.
Improved experimental procedures, which would provide improved reliability of
experimental rate profiles, would allow the model to be refined and more precise

parameters to be estimated. The most significant improvement in experimental
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procedures would be to devise better protocols for the intermittent 1-hexene addition

which better reflects the 1-hexene consumption.

8.4.2 Additional Comparison of Model and Experimental Resuits

Two more comparisons of the model with experiments are presented in this section. The
relationship between 1-hexene content of the product and 1-hexene partial pressure was
shown in Figure 7.5. These experimentally determined values of 1-hexene content are
compared with the model predictions in Figure 8.11. It can be seen that experimental
results are very well reflected in the model predictions. This provides evidence that the

general structure of the model incorporates the significant process of the

copolymerization.
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Figure 8.11 Comparison of 1-hexene content measured from '*C-NMR and model

predictions.
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The ability of the model to predict the homopolymerization activity profile for the 8-h run
shown in Figure 8.1 (run GasHo13) was a final test of the model. The comparison of the
model prediction and experimental results are shown in Figure 8.12. The initial rates
predicted by the model are much higher than those observed, but the results after two
hours agree very well with the observed rates, however, the second rate maximum at
about 6 h is not predicted by the model. The initial lower than predicted rates are
probably due to high temperatures internal particle temperature caused by high initial
rates; recall that a 30°C temperature change caused an over 10-fold decrease in average
polymerization rate (see Figure 6.19). An additional type of catalytic site is probably
required to model the second maxima. The important part of the model prediction is that
it predicts that the maximum in the rate occurs at very short times for
homopolymerization. This is in agreement with experimental observations. It should be

pointed out that no homopolymerization results were used in obtaining the model
parameters.

T T T T T

-———— Reaction Profile
~ = — Site-1
- -+ = Site-2 .

e Simulation Curve

R, kg PE/(gcat-h)

Time, hour
Figure 8.11. Comparison of experimental profile and simulation results of
homopolymerization GasHo13 (Pc2=200 psi, Pcs=0 psi) by applying kinetic parameters
listed in Table 8.1.
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In summary, the model appears to include the key processes and phenomena which occur
during the copolymerization of 1-hexene and ethylene over TiClLy/MgCl; catalysts. Little
can be gained by refining the parameters in the model. It is believed that better
understanding and modeling of the olefin solubility in polymers and the interaction of the
dissolved polymers with active sites are the key to improved models for

copolymerization.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions and Observations

The conclusions and observations for the current work in the areas of catalyst
preparation, prepolymerization, monomer solubility, copolymerization behavior and
modeling of 1-hexene/ethylene copolymerization over TiClyMgCl, catalysts are

summarized below.

The results of studies with various support and catalyst preparation methods led to the
following conclusions:
1. The sphericity of support particles is strongly influenced by the following factors:

a) The C;HsOH : MgCl,; ratio in the initial emulsion (it should be about 3 for good
supports.

b) The stirring time (it should be >20 minutes to establish steady state for the
emulsion).

¢) The particle size could be controlled by the stirring speed and temperature of the
emulsion (increases in stirring speed and increases in temperature resulted in
smaller particles).

2. The performance of the catalysts was affected significantly by the following:

a) The support should be dealcoholated to a C;HsOH : MgCl; ratio of about 1.5 to 2
in order to obtain catalyst with high activity.

b) The rate of TiCls addition should be slow and started at low temperature; drop-
wise addition starting at 0°C retained spherical particle shapes in the final polymer
products.

c¢) Treatment with excess TiCly; and multiple washings with hot heptane removed
fines and small particles.

d) Addition of dibutylphthalate increased rates of ethylene homopolymerization in
the gas phase, decreased 1-hexene incorporation rates, increased bulk densities
and improved product morphology;

e) The activity of the catalysts was not correlated with the Ti content for catalyst

containing 2 to 6.5 mass% Ti.
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The observation of the structure of the prepolymer at various stages in the

prepolymerization led to the following conclusions:

I.

The catalyst particles did not fragment evenly; cracks and voids appeared early in the
prepolymerization.

A crust on the external surface of the prepolymer resulted in the retention of the
spherical shapes in spite of internal cracks and voids.

In later stages of prepolymerization, the inside structure of the prepolymer particles
became more homogeneous.

The Ti was evenly distributed in the catalyst particles, but during the initial stages of
prepolymerization, Ti concentration gradients developed in the prepolymer particles;
the Ti concentration was lower in the outer layers of the particles than in the interior.
The specific activity of prepolymer particles was independent of prepolymer particle

size, i.e. the concentration of active sites was not a function of prepolymer size.

The measured ethylene and 1-hexene solubilities in nascent polymer particles and the

inferred solubilities for material balance calculations led to the following conclusions:

1.

Ethylene solubility in nascent 1-hexene/ethylene copolymers produced in this study is
well described by Henry’s law.

1-Hexene solubility in nascent 1-hexene/ethylene copolymers produced in this study
is well described by the Flory-Huggins equation with activities estimated from the
Peng-Robinson equation; the interaction parameter was found to be a linear function
of 1-hexene pressure.

The solubility of 1-hexene in the presence of ethylene, based on material balance
calculations of kinetics runs, was found to be dependent only on the I-

hexene/ethylene ratio at 70°C and ethylene pressures of 60 and 150 psi.
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The following effects of operating conditions on activity and activity profiles were

observed:

1.

The activity profiles for 1-hexene/ethylene copolymerization had a short period of
increasing activity, followed by a deactivation to a relatively constant level of activity
after 1to2 h.

Increasing of 1-hexene pressure at constant ethylene pressure resulted in a decrease in
total polymerization rate but in an increase in the 1-hexene content of the product.

At constant l-hexene pressure, the 1-hexene consumption rate increased with
increasing ethylene pressure.

The dependence of rate on ethylene pressure at constant 1-hexene/ethylene ratio was
time dependent; at 70°C, the apparent order with respect to ethylene pressure was
1.54 at the maximum rate and 1.0 after two hours.

The presence of hydrogen resulted in a large decrease in overall polymerization
activity, but in a significant increase in the 1-hexene content of the product. This
increase of I-hexene content in the polymer was not a function of hydrogen
concentration.

Increasing reaction temperature from 60 to 90°C, the average reaction rates for
ethylene and 1-hexene both decreased.

The 1-hexene consumption rate was very time dependent and most of the 1-hexene

was incorporated into the polymer in the first 20 minutes of polymerization.

The heterogeneity of the polymer product was observed from TREF and DSC analyses,
which showed homopolymer signals, and ?*C-NMR measurement, which showed very

high 1-hexene content in some fractions of the nascent polymer samples.

A three-site kinetic model based on experimental observations was proposed; this model
and the parameters estimated from the kinetics and solubility calculations described the
observed trend well (hydrogen was not included in the model). The ability of the model
to mimic the general experimental trends over wide ranges of conditions suggests that the

basic steps in the model are correct.
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9.2 Recommendations

This study explored a broad range of variables in the gas-phase copolymerization of 1-
hexene and ethylene over TiClyMgCl; catalysts. More detailed studies are required to
confirm some of the observations and conclusions of the current work. The result that at
isothermal conditions the 1-hexene solubility is only a function of 1-hexene/ethylene
ratio must be confirmed by independent solubility measurements on nascent polymers in
the absence of reaction. It is also important that the ethylene solubility be determined in
the presence of 1-hexene. The effect of hydrogen on olefin solubility should also be
measured. | believe that an accurate quantitative description of the solubility of olefins at
reaction conditions is required before significant improvements in kinetic models of
copolymerization are possible. Hence, it is recommended that detailed studies of olefin

sorption by well-characterized nascent polymers be measured.

Other factors which require additional investigation include:

1. The effect of initial exposure of catalysts to 1-hexene should be studied in more
detail. Experiments should be done in which the prepolymerized catalysts are
initially exposed to premixed 1-hexene/ethylene mixtures of different compositions,
i.e. without being exposed to pure 1-hexene.

2. The effects of hydrogen on polymerization rate and 1-hexene incorporation should be
studied in more detail. The marked effect of hydrogen on 1-hexene polymer content,
but the lack of this dependence on hydrogen pressure should be verified.

3. More detailed studies of the effects of temperature are suggested since most of the
experiments in the current work were done at a reaction temperature of 70°C.

4. More detailed distribution measurements of Ti in the catalysts, prepolymer and
nascent polymer particles should be done with techniques more sensitive than EDAX,
e.g. scanning Auger spectroscopy.

5. Additional *C-NMR analyses should be done on polymers made in this study; the
results of these measurements can be used to test to proposed model.
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In addition to the above studies, improvements in the procedure and equipment for the
kinetic measurements should be made; these include:

1. Development of a better, more reproducible method for the addition of 1-hexene
during the experiments. A continuous addition method would be optimum if a
rapid analysis method for the 1-hexene/ethylene ratio, such as mass spectroscopy,
is added to the system. An automatic control system could then be used to
maintain a constant gas phase composition.

2. An improved gas sampling system, which ensures that no condensation occurs in
the sampling line, should be installed. Such a sampling system should sample the
gas in the reactor directly without any appreciable hold-up, e.g. a zero-volume
valve.

3. A reactor with improved temperature control would improve the reproducibility
since large amounts of catalyst could be used. It is recommended that a larger
reactor, e.g. 2 litres, with improved heat transfer be constructed. Such a reactor
should also make it easier to control the 1-hexene/ethylene ratio due to the larger

amounts of reactants in the reactor.
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APPENDIX A: ANALYSIS OF GAS-PHASE COMPOSITION IN REACTOR BY
GAS CHROMATOGRAPHY

A.1 Gas Chromatography System
Gas chromatography (GC) (Hewlett Packard (hp) 5890 series II) was used to analyze gas-
phase composition in the reactor. The GC column used was a stainless steel column

packed with Alltech Porapak Q (80/100) with a length of 85 cm and ID of 0.08 inches.

Teflon tubing was used to connect the reactor to the GC in order to avoid sorption of 1-
hexene on the walls of the connecting tubing. Previous observation showed that 1-hexene
adsorbed on 316 stainless steel tubing resulting in unreliable analysis. Small diameter
Teflon tubing (1/16” O.D. and 0.01” 1.D.) was used to minimized the hold-up in the

sampling line. The total length of the sampling line connecting the reactor to the GC was
about 115 cm.

The GC operation conditions were:

1. Oven temperature Toven=175°C. At higher temperature, the ethylene signal appeared
too early and the integration of its area was not complete. At lower temperature, the
retention time of 1-hexene peak was long; more time was needed for one analysis
cycle.

2. The temperature of FID (flame ionization detector) was 225°C.

3. Pressures for column flow gas and FID gas were Py=70 psi, Py=20 psi, P,;;=30 psi

(cylinder regulator pressures).

The integrator used in this study is Ap 33904 integrator; the parameter settings were:

1. Peak width at half heights (PK WD) was 0.01 at the beginning of each run and
increased to 0.16 at time 1.30 min.

Peak height was attenuated by factor of 4.

Chart speed (CHT SP) was equal to 1.0 cm/min.

Threshold was set to be 3.

Ll

Stopped plotting at time 2.4 min.
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At these conditions, the general retention times for ethylene and 1-hexene were about

0.13 and 1.61 min respectively. The PK WD for ethylene and 1-hexene were about 0.012
and 0.193.

A.2 Determination of Response Factors
In GC quantitative analysis, using a FID, the peak area (or strength of signal) is
proportional to mole number of the compound. If the sampling volume is constant, then
the area is proportional to the concentration of the detected species

C=f-4 (A.D)
where C is the concentration of detected species, A4 is the integrated area of its GC signal

peak and fis the multiplying factor (called response factor in quantitative analysis).

The quantitative analysis of a mixture requires the relative response factor to be known:

Co _ S -4 =f'ﬁ
C, fi 4 4,

Where subscripts 2 and 6 denote ethylene and 1-hexene; f” is the relative response factor.

(A.2)

The experimental results for determining response factors are summarized in Table A.1.
The runs were carried out at the same 1-hexene pressure but different ethylene
concentrations at 24°C. In these experiments, 1-hexene and ethylene both were added into
the reactor once at the beginning. From Table A.1, it can be seen that the response factors

are almost constants at different compositions of mixtures.

Table A.l1 also suggests that the relative response factors in the experimental range
change with the 1-hexene/ethylene mole ratios; f’s varies from 0.31 at low mole ratio of
Ce/C1 t0 0.37 at high C¢/C; ratio.
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Table A.1 Experimental Results of Response Factor Determination.

Pc; psi Pcg psi [CeV/[Ca] £:x10° fex10” f=fe/f>
Method A: ethylene pressure increasing
203 3.0 0.148 3.86 1.36 0.35
38.2 3.0 0.079 3.8 1.32 0.35
65.4 3.0 0.046 3.77 1.26 0.33
93.5 3.0 0.032 3.75 1.23 0.33
137.4 3.0 0.022 3.73 1.16 0.31

Method B: ethylene pressure decreasing

135.7 3.0 0.022 1.84 0.57 0.31
100.8 3.0 0.030 1.84 0.6 0.33
77.1 3.0 0.039 1.84 0.62 0.34
43.7 3.0 0.069 1.85 0.65 0.35
23.7 3.0 0.127 1.88 0.69 0.37
225 3.0 0.133 1.87 0.67 0.36

The effect of flow rate of sampling gas on the response factor was also examined in this
study. The batch experiment was carried out at 70°C, Pc>=100 psi, Pce=12.1 psi. The GC
sampling valve was adjusted during the experiment in order to obtain different flow rate.
The dependence of response factor value on flow rate of sampling gas is given in Figure

A.l. It can be seen that the response factor is relatively insensitive to the flow rate of

sampling gas.

A.3 Control of 1-Hexene Compasition

Two polymerization runs were done to obtain one experiment at constant gas-phasc
composition. During the first experiment, 1-hexene was added once into the reactor at the
beginning of reaction and the 1-hexene content in gas phase was measured by GC during
the run. Then a relationship between the change of 1-hexene content and reaction time
was calculated and plotted, as shown in Figure 3.4. A non-linear function was used to fit

the 1-hexene concentration as a function of time and the rate of 1-hexene disappearance
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from the gas phase was obtained by differentiation of this function (see Figure 3.5). In the
second experiment, under similar reaction conditions as the first run, 1-hexene was added
into the reactor periodically according to the rate of 1-hexene disappearance obtained
from the first run. A single 1-hexene addition process lasted 8 to 15 second. Experimental
results showed that the initial rates of 1-hexene disappearance from in the second runs
were always larger than those in the first runs. In the later stages, the 1-hexene addition
rates required to maintain constant 1-hexene concentration in the gas phase were

somewhat lower than those predictions from the first runs.

04
¢
035 |
;
oS Py Y ,
. 03 ¢ M
025 .
02 . . e
0 10 20 30 40 50

Flow rate, sccm/min

Figure A.1 Dependence of response factor on flow rate of GC sampling gas.
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APPENDIX B: 1-HEXENE PHYSICAL AND THERMODYNAMIC PROPERTIES

B.1 Vapor Pressure of 1-Hexene
The vapor pressure of 1-hexene was calculated by Antoine equation. The Antoine
coefficients for 1-hexene were obtained from Yaws (1992). The expression is:
logP=A-B/NT +C)
A=6.8688, B=1154.646, C =226.046 (forl - hexene)

where P is the vapor pressure in mm of Hg and T is the temperature in °C.

(B.1)

B.2 Density of 1-Hexene Liquid
The Rackett equation (Yaws, 1992) was used for liquid density calculations. The Rackett
equation is

d=4.B " (B.2)
A=0.2416, B=0.27, T- =508.5K (forl— hexene)

where d is the liquid density in g/cm®; T is the reduced temperature and Tr=T/Tc. At
25°C, the density of 1-hexene is about 0.668 g/cm”.

B.3 PVT Properties of 1-Hexene
Three equations of state were used to compare the predicted P-V-T behavior of 1-hexene,

the ideal-gas law, the Redlich-Kwong-Soave equation and the Peng-Robinson equation.

For ideal-gas law
PV =nRT (B.3)
where V' is the volume of reactor, P is the 1-hexene pressure, T is the temperature in

reactor and 7 is the number of moles of 1-hexene.

Redlich-Kwong-Soave equation of state (RKS) is

_ RT  a(T)
v—-b v(v+b)

(B.4)

al)=a(T.) -a
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0.4278R*T?®
P

c

a={1+s0-T,)f

5$=0.48508 + 1.55171w - 0.15613w?

_ 0.0867RT,
P

c

aT.)=

b

where v is the molar volume of 1-hexene in m’/mol; P-=31.6 bar and 7.=508.5K for 1-

hexene; acentric factor @ is 0.285 for 1-hexene (Yaws, 1992).

Peng-Robinson equation (PR) is similar as RKS equation:

p_ RT _ a(T)
“v=b w(v+b)+b(v-b)

(B.5)

aly=a(T,) a

RT?

a(T.) =0.45724

[

RT,

b=0.0778

<

a=[l+s(l—‘/—7_',—)]2

$=0.37464 +1.54226 - 0.2699w*

Among the above three equations of state, PR and RKS are more suitable for
hydrocarbons. The relationships between 1-hexene volume and 1-hexene pressure at
70°C using these three equations are illustrated in Figure B.1. It can be seen that at low
pressure, the predictions by the RKS and PR equations are essentially the same and the
deviation from ideal-gas law is less than 5%. In this study, the gas-phase composition
was calculated by ideal-gas law for both ethylene and 1-hexene during kinetic
experiments. Thus, the pressure ratio of ethylene to 1-hexene is equal to the mole ratio of

ethylene to 1-hexene.
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Figure B.1 Comparison of different equations of state (ideal-gas law, PR, RKS) at
T=70°C.
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APPENDIX C: CALCULATION OF 1-HEXENE REACTION RATE

As described in Appendix A, two experiments were carried out to obtain one experiment
with controlled gas-phase composition. In the first run, 1-hexene disappearance rate was
obtained. In the second the run, 1-hexene was added periodically into the reactor to
maintain a constant 1-hexene/ethylene ratio in the gas phase. The amount of 1-hexene
added into the reactor is not equal to the 1-hexene incorporation amount into the growing
polymer. 1-hexene disappears from the gas phase due to 1-hexene reacted, |-hexene
sorption by the produced polymer and 1-hexene loss in the GC sampling gas. However,
the 1-hexene incorporation rate as a function of polymerization time can be estimated
from the amount of 1-hexene added at the various times, the measured gas phase 1-
hexene/ethylene ratio as a function of time, the polymerization rate as a function of time,
the sampling gas flow rate, the 1-hexene content of the final polymer, and the assumption
that the solubility of 1-hexene in the growing polymer particle is constant. The 1-hexene
content of the final polymer product was obtained by >C-NMR; all other needed values
for the calculation of 1-hexene incorporation rates as a function of polymerization times
were measured during each of the copolymerization runs at constant gas-phase
composition. The following steps were used in the estimation of 1-hexene incorporation

rates as a function of polymerization time for each run:

1. The total amount of 1-hexene in the produced polymer was calculated from mass of
polymer made and |-hexene concentration in the polymer obtained from "*C-NMR
measurement (total amount of 1-hexene incorporated = minc jot).

2. The total amount of I-hexene added to the reactor was calculated by summing the
various amounts of 1-hexene added during the run (total amount of 1-hexene added =
Magd. 10t)-

3. The small change of 1-hexene in the gas phase from beginning to end of run was
calculated from the measured 1-hexene/ethylene ratios and the reactor void volume
(change in total amount of 1-hexene in gas phase = Amgys 101).-

4. The total amount of 1-hexene removed from the reactor by the sample stream to the
GC was calculated from the gas-phase composition and the sample stream flow rate

(total amount of 1-hexene to GC = AMgamp, 1)
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5. The total amount of 1-hexene sorbed by the polymer was calculated from the above
quantities, i.e. total amount of 1-hexene sorbed = Mgy 101 = Magd, 1ot —Minc. tor = AMigas. 101 -
AMgamp, 101

6. The amount of 1-hexene sorbed per gram of polymer was assumed to be constant
throughout the experiment and equal t0 Mg, 1t / MpE, 11, Where mpg, 1 is the total
amount of polyethylene produced in the run. (This is an approximation since the
composition of the polymer varies with time — the amount of 1-hexene sorbed per

gram is probably higher at the beginning of the polymerization than at the end since
the average 1-hexene content decreases with polymerization time.)

7. The amount of polymer produced as a function of time was obtained by numerical
integration of the rate of ethylene addition to the reactor.

8. The amount of 1-hexene incorporated in the time interval between GC analyses, i.e.
between additions i-1 and i, was as calculated according to the following equation:

Minc, i = Madd, i-| “AMsorp, i = AMgas, i - AMsamp, i
Where myqq. i1 = amount of 1-hexene added in addition i-1
Amg,pp, i = amount of 1-hexene sorbed by PE between addition i-1 and i

Amg,, ; = change in amount of 1-hexene in gas phase between addition i-1

and i

AMgmp, i = amount of 1-hexene removed in gas samples stream between
addition i-1 and i

9. The average rate of 1-hexene incorporation in the time interval between additions i-1

and i1 was calculated as
Ic6. avg. i = Minc.i / (i=ti1)

A sample result of the calculations described above, using the data from Run GasCo040, is
shown in Table C.1. The following results for Run GasCo40 were used in the

calculations:
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The total amount of 1-hexene incorporated into the 9.7 g of PE formed, based on '*C-
NMR measurement, was 0.26 g; the decrease in 1-hexene content in the gas phase
between the beginning and end of the run was 0.0174 g; and the rate of !-hexene loss in
the gas sampling stream was 0.000825 g/min. The total amount of 1-hexene added during
the run was 0.6013 g (see last row in Table C.1). The total amount of 1-hexene sorbed by
the PE, according to Step 5 above, is (0.6013-0.26+0.0174-0.000825x120 =) 0.26g. This
corresponds to a 1-hexene solubility of 0.027 g C¢/g PE, i.e. 0.26/9.7.
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Table C.1 Calculation of 1-Hexene Incorporation Rate of Run GasCo40

Time

Amount of C,

GC measured

Increase of

Mass PE

Interval length of Cs absorbed |cym C, Amount C;  |Avg. C¢ React. Rate
Number| min |interval added C/C, Cs in gas produced by PE Reacted Reacted
i t-t,.;, min Mysqis 8 mole ratio ZAm,,, . 8 g TAmgpin 8 | Zmig i 8 Minc. i» 8 gCyh | gCe/gcat-h
0 0 0 0 0.0570 0 0.000 0 0 0 0 0.0
l l 1 0.1817 0.0560 -0.0109 0.136 0.0036 0.0064 0.0064 0.3853 2135
2 6 5 0.1313 0.0520 -0.0546 0.805 0.0215 0.2098 0.2034 24410 1352.6
3 1 5 0.0606 0.0564 -0.0065 1.484 0.0397 0.2707 0.0609 0.7308 404.9
4 16 5 0.0384 0.0574 0.0043 2.132 0.0570 0.2990 0.0283 0.3391 187.9
5 2] 5 0.0242 0.0582 0.0130 2.713 0.0725 0.3090 0.0100 0.1200 66.5
6 26 5 0.0171 0.0582 0.0130 3.254 0.0870 03146 0.0056 0.0675 374
7 31 5 0.0207 0.0580 0.0109 3.780 0.1010 03157 0.0011 0.0126 70
8 41 10 0.0179 0.0570 0.0000 4.711 0.1259 0.3140 -0.0016 | -0.0098 -54
9 51 10 0.0111 0.0564 -0.0065 5.552 0.1484 0.3077 -0.0064 -0.0381 2211
10 61 10 0.0207 0.0550 -0.0218 6.334 0.1693 0.3049 -0.0028 -0.0169 94
1 1 10 0.0207 0.0551 -0.0207 7.029 0.1879 0.2976 -0.0073 -0.0436 -24.2
12 81 10 0.0207 0.0553 -0.0185 7.665 0.2049 0.2909 -0.0067 -0.0405 -224
13 95 14 0.0182 0.0551 -0.0207 8.476 0.2266 0.2805 -0.0104 -0.0445 -24.7
14 | 104 9 0.0182 0.0554 -0.0174 8.954 0.2393 0.2751 -0.0053 -0.0355 -19.7
15 {120 16 0 0.0554 -0.0174 9.702 0.2593 0.2601 -0.0151 -0.0565 -31.3
Total 0.6013 -0.0174 9.7 0.2593 0.2601




APPENDIX D: SUMMARY OF SUPPORT AND CATALYST PREPARATIONS
AND HOMO- AND CO-POLYMERIZATION RUNS
The preparation conditions and morphology of support particles are summarized in Table
D.1. The composition and morphology of the 12 catalysts prepared in this study are given
in Table D.2. The summary prepolymerization runs using the 12 catalysts is given in
Table D.3. The conditions and results of copolymerization in gas phase are summarized

in Table D.4. Table D.5 lists the results of homopolymerization runs and one slurry

copolymerization run.
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Table D.1 Summary of Support Preparation Conditions

No.[ Support | MgCl,/ | Reaction |Stirr time] Stirring Total Heptane washings Mophology
name EtOH | temp°C | min rate rpm | pressure, bar °C, times Shape and Size (microns)

1 | Suppon-1 3.0 | 126-131 40 900 45 40-60, 15 spheres, irregular and fines, 10-75

2 | Support-2 | 29 133 40 1000 45 43-48, 18 spheres and fines, 5-70

3 | Suppornt-3 3.0 133 N/A 600-850 4.5 50-57,14 spherical and broken particles and fines, 20-90

4 | Support-4 3.0 133 45 700-890 4.2 45-60, 15 spheres and fines, 20-90

S | Support-S | 3.0 133 60 800-1100 4.5 60-75, 5 spheres and fines, 10-80

6 | Support-6 | 29 | 125-127 50 900 45 50-58, 11 spheres and fines, for NOVA

7 | Support-7 3.0 122 70 700 5 50-64; 9 spheres and fines, 10-80

8 | Support-8 X X X X X X Reactior feeding valve blocked

9 | Support-9 3.0 119 160 700 5 55-66, 10 spheres and fines, 10-110

10 | Support-10] N/A | 111-116 45 700 5 50-66, 16 spheres and fines, 60-130

11 ] Suppon-11| 3.0 115 120 700 5 46-60, 16 fines, broken and spherical particles, 10-160
12 | Suppont-12{ 3.2 1S 160 700 5 50-64, 18 irregular,spherical and broken particles, 40-120
13 | Suppont-13 X X X 3 X X Reactior feeding valve blocked
14 | Suppont-14| 3.3 120 120 700 6 51-55, 11 spherical and irregular particles and fines,15-110
15 | Support-15| 3.1 129-130 | 165 590 6 50,12 spheres and fines, 15-80
16 | Suppont-16| 3.2 115 230 1000 59 54, 12 SEM: spheres and fines, 20-150
17 | Support-17| 3.5 120 60 900 5 55-60, 12 irregular shape
18 ) Support-18] 2.9 120 20 850 45 40-54, 11 most irregular, some spheres
19 | Support-19{ 2.8 131 N/A 820 45 40-55, 10 most irregular,some spheres.
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Table D.2 Summary of Catalyst Composition and Morphology

Catalyst| EtOH/Mg Ti Addition Procedure | DBP/MgCl, | Ti content Morphology observation
name | Mole Ratio °c time, h Mole ratio wt%*
Cat-1 1:0.34 -15~-2 43 0.03 2.1 SEM: spheres and irregular shape and
110 mi Ti fines. Ti not even distributes
Cat-2 1.1 -20~-5 45 0.12 2 Opt: spherical
Cat-3 1:14 -22~0 45 0.05 4.0  |SEM: spheres and irregular shape
Cat-4 1:1.5 -20~0 35 0.07 3.5 |SEM: spherical; porous inside
Cat-5 1:1.45 -25~-5 5 0.06 3.1  [SEM: spheres, some irregular
inside solid and porous; 20-100 microns
Cat-6 1:1.8 -15~0 4.5 N/A 5.5  |SEM: spheres and fines
crack and not smooth, 20-70 microns
Cat-7 1:1.8 -0.3~4.3 1 0 6.5  |Opt: spheres,smooth, 25-60 microns
Cat-8 1:1.9 -18~7 2.5 0.08 1.8  [SEM: spheres, simooth and cracks outside,
some particle broken, 10-80 microns
Cat-9 1:2.5 -4~4 2.5 0.08 1.9  |Opt: spheres, broken and fines, 15-50 microns
Cat-10 1.2.8 -15~5 5 0.09 4.3  |partially spherical
Cat-11 1:1.8 -15~3 6.2 N/A 4.3  |Opt: borken, fine and spherical, 20~60 microns
light yellow greenish color, B.D.=0.46 glcm3
Cat-12 1:1.9 -16~2.5 22 N/A 1.3 |Opt: spheres, smooth, 15-50 microns

* Reproducibility of Ti content is within 0.2 wt% Ti.
Note: Opt: optical microscope observation; SEM: SEM observation
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Table D.3 Summary of Prepolymerization Runs

Run Run Catalyst Px2 Py Pcae  |Temperaturel Catalyst TEA Time Yield
No. | number name psi psi psi °C amount, g| mL h g/gcat
1 prel Cat-6 16 15 20.5 33 0.082 04 2.1 140

2 pre2 Cat-7 16 15 20 30 0.093 no activity
3 pre3 Cat-7 15 15 20 31 0.090 0.415 2.7 83
4 pre4 Cat-7 5 15 10-28 32 0.09 0.4 1.3 166
5 pres Cat-7 16 15 6-10-8 29 0.09 0.35 3.0 95
6 pre6 Cat-9 15 16 7 29 0.085 0.38 6.0 32
7 pre7 Cat-6 15 16 5-20 30 0.09 0.35 5 80
8 pre8 Cat-8 15 15 15 31 0.105 0.30 1.4 105
9 pre9 Cat-8 13 14 9 30 0.11 0.21 4.0 90
10 prel0 Cat-8 13 14 9 31 0.11 0.25 33 60
1 prel!l Cat-8 15 13 5 30 0.11 0.33 4 83
12 prel2 Cat-5 11 15 15 32 0.126 0.4 3.5 86
13 prel3 Cat-5 11 15 15 31 0.101 0.5 39 100
14 preld Cat-1 10.8 16 9-7 31 0.1215 0.2 1.8 82
15 prelS Cat-1| 10 16 4-7 31 0.119 0.16 35 85
16 prel6 Cat-3 10 15 7-18 30 0.096 0.25 4 74
17 prel? Cat-4 1 15 8.3 30.5 0.109 0.25 3.5 17
18 prel8 Cat-4 16 15 5-9 30.5 0.1103 0.25 38 84
19 prel9 Cat-2 15 16 6 30.3 0.1098 0.25 23 72
20 pre20 Cat-2 15 15 6-12 30.3 0.104 0.12 3.0 78
21 pre2! Cat-10 17 28 24 30 0.113 0.50 23 73
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Table D.4 Summary of Copolymerization Experiments in Gas Phase

No. Run ?npolyme{ prepolym| Py | Peane | Initial Co | temp | TEA | time yicld, gPE Morphology, Reaction Condition SEC Measurement
number name | Weightg| psi psi mL(psi) °C mL h ] PFJLgcal-h)) or Gas Phase Composition (Controlled) Mn, Mw

1 GasCol prel9 0.155 47 195 6 70 0.27 2 10.1 (2400) Spherical, B.D.=0.32 27700, 108000
2 GasCo2 prel9 0.149 45 198 6 70 0.27 2 7.1(1750) sphersical, B.D.=0.32, control gas com 18700, 92400
3 GasCo3 prel8 0.109 50 198 6 70 0.25 2 5.0(1900)  |broken, H, addition before C, 12800, 83200
4 GasCo4 prelé 0.150 48 | 203 6 70 0.28 2 18.1 (4500)  |broken, H, addition after C¢ 15400, 101000
5 GasCo$ prelé 0.110 49 198 6 70 0.25 2 6 (2000) broken, H; addition before C, 10700, 90000
6 GasCob preld 0.115 49 198 6 70 0.25 2 4.7 (1700) braken, H, addition before C, 15000, 88000
7 GasCo? pred 0.113 46 | 200 6 70 0.25 2 3.1(2270) broken, H; addition before C 16100, 92200
8 GasCo8 prel9 0.120 49 | 203 6 70 0.25 2 10.5(3200)  |spheres, H, addition after C, 21100, 87500
9 GasCo9 prel8 0.110 49 206 [ 70 0.2 2 9.1 (3500) broken, H; addition after C 15200, 81600
10 | GasCol0 pred 0.106 45 200 6 70 0.25 2 3.5(2700) broken, H; addition after C 17300, 106000
11 GasColl prel8 0.08)4 0 195 6 70 0.2§ 2 21.3(11000) |broken,no H, test AUTi

12 | GasCol2 prel8 0.0392 0 199 6 70 0.25 2 10.7 (11460) |broken, no H, test AVTi

13 | GasCol3 prel8 0.1300 0 198 6 70 0.2§ 2 36.6 (11820) Ibroken, no H, test AUTi

14 | GasCold4 prel8 0.118 0 108 2.3(6.7) 70 0.25 2 14.9 (5300)

15 | GasCol$ prel8 0.120 0 107 23 70 025 2 14.1(4930)  |[Co/C;)eu=0.055, Pce=5.9 psi

16 | GasCol6 prel8 0.1502 0 6l (3.5) 70 0.27 2 9.5 (2660)

17 | GasCol? prel8 0.1509 0 6l N/A 70 0.27 2 9.4 (2600) [Co/C,}gu=0.057-0.10; bad control

18 | GasCol8 prel8 0.1500 0 62 1.2§ 70 0.27 2 8.2(2300) [Co/C;)5=0.058; Pcg=3.7 psi 39900, 287000

19 | GasCol9 prei8 0.0840 0 150 38.7) 70 0.25 2 16.6 (8300)

20 | GasCo20 prel8 0.085 0 151 3 70 0.25 2 15.0(7400)  [[C/Cylgn=0.055; Pcg=8.3 psi 105500, 664000

2] | GasCo2l prel8 0.053 0 200 6 70 025 2 9.5,7500 catalyst may be poisoned

22 | GasCo22 prei8 0.050 0 200 4.5(12) 70 025 2 12.1 (10160)

23 1 GasCo23 prel8 0.053 0 200 | 4.1(114) 70 0.25 1 9.2 (14500)

24 | GasCo24 prel8 0.048 0 200 43 70 0.25 2 10.7(9360)  J[Co/C;)y0=0.057; Pcg=11.5 psi

25 | GasCo25 prel8 0.0535 0 250 | 54142)1 70 0.25 2 16.3 (12800)

26 | GasCo26 prel8 0.0532 0 250 54 70 0.25 2 174(13700)  |[Co/Cy)gu=0.055, Pcs=13.8 psi

27 | GasCo27 prel8 01542 0 60 2.2(6 %) 70 027 2 6.1 (1664)

28 | GasCo28 prel8 0.1532 0 60 | 3339.0)| 70 027 2 32(878)

29 | GasCo29 prel8 0.1525 0 60 1.85(5) 70 027 2 6.6 (1823) Activity low,no vacuum ovemight

30 | GasCo30 prel8 0.1515 0 6! 1.5(5.1) 70 0.27 2 8.2 (2265)

31 GasColl prel8 01510 0 6] 4.05(10.7) 70 027 2 2.5(651)

32 GasCo32 prel8 0.140 0 6! 3.15(7.6) 70 027 2 32 (960)
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Table D.5 Summary of Homopolymerization Runs

No.| Run Prepolymer Mass of pre] Puz | Pn2 | Peaa | temp | TEA | time yield Polymer morphology MM,
number name g psi | psi | psi °C mL h gPE, g/gcath | shape, bulk density (g/cm’) and size (mm)
1 | GasHol pres 0.15 31 | 30 }s50-200] 79 045 | 22 33,980 spherical and broken, 0.2§
2 | GasHo2 pre? 0.19 29 | 32 ]|50-200] 69 025 | 42 7.5, 1800  most spherical, 0.36
3 | GasHo3 pre9 0.136 46 | 20 | 250 65 025 | 31 24.7,5400 |spherical and some irvegular,0.37
4 | GasHod prel2 0.153 33 ] 341 196 85 011 ] 30 36,670 spherical, 0.34
§ | GasHo5 prel2 0.15 30| 44] 250 70 025 | 55 31.5,3280 [broken, 0.33
6 | GasHob prel? 0.1 St ] 15] 195 70 0.26 2 10.4,3700 }spherical and broken particles, 0.34 32700, 128000
7 | GasHo? prel8 0.113 53116( 199 70 025 | 18 89,3700  |spherical, 0.40 27500, 119000
8 | GasHo8 preld 0.129 55 { 15| 200 70 02 | 18 63,2200  [spherical, 0.33 34100, 137000
9 | GasHo9 pre6 0.107 52 | 14 226 70 025 | 1S 0.8, 240 spherical, 0.35
10 | GasHol0 prelé 0112 521 14| 206 70 025 | 15 8.3,3500 }spherical, 0.38 29900, 113000
11 | GasHoll prel9 0.122 3] 14| 200 70 026 | 15 8.1,3400  [spherical, 0.35 36300, 130000
12 | GasHol2 prel2 0.116 21 14] 198 70 026 | 1.5 6.3,3100 [spherical, 0.38 30900, 127000
13 | GasHol3 prel8 0.094 0 14 | 198 70 0.2) 8 88,9800  [spherical and broken particles
14| Sh-l pre13(0.425-0.5) 0.144 40 | 20 | 140 70 030 | 25 10.7, 3000  |spherical, 0.29, 1.73 mm 49000, 196000
15] Slu-2 prel3(0.3-0.35) 0.163 40 | 20} 140 70 034 | 25 13.2,3200 |spherical, 0.32,1.35mm 17300, 149000
16| Sl-3 prel3(0.25-0.3) 0.149 4 1 21| 141 70 031 | 25 13.1,3300 |spherical, 0.33, 1.22 mm 43000, 185000
17 Slu-4 pre13(0.21-0.25) 0.150 40 { 20 141 70 031 25 13.3,3500 |spherical, 0.34,1.06 mm 37700, 179000
18 Slu-5 prel3(0.165-0.21) 0.138 39 | 20 141 70 0.29 25 104, 2900 |spherical,0.33, 0.89 mm 44100,167000
191 Slu-6 preld 0.122 40 | 22 | 17 69 024 | 19 19.7,7000  |spherical and irregular shape, 0.31
20| Sh-7? prelé 0113 91 21 ] 139 70 03 2 12.7, 4000 |broken
21| Slu-8 prei8 oln 40 | 20 | 140 70 03 2 13.4,5100 |broken
221 Sh9 prel8 0118 40 | 20 | 140 70 03 2 16 5, 5900 |spherical, (C,=5mL, copolymerization)
2| Slu-10 pre20 0.100 50 | 25 { 225 59 046 | 65 5.6, 650 broken, 0.35
23| Shu-lt pre7 0.186 30 | 22 |50-150] 69 035 | 37 20, 3300 irregular and spherical, 0.31
241 Sh-12 pre8 0156 30 ] 3 99 66 016 | 20 10 1, 3400 lirregular and spherical, 0.31
25| Slu-13 pre4 0.106 30 2 150 62 03 16 235,23000 (spherical, 023




