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Abstract

Recent advances in polyolefin manufacture have focused on the production of differentiated
commodity polyolefins, specialty polyolefins, and polyolefins hybrids. What differentiates these new
polyolefin types from commodity polyolefins is that their molecular architectures are much more
complex and often contain long chain branches (LCBs), leading to unique properties that make them
competitive with specialty polymers. This is an exciting new research area in the polyolefin industry
because it promises to open new markets for polyolefins that have been thus far restricted to other

polymers.

One approach to produce these novel polyolefins is to use one or two single-site catalysts in two
CSTRs in series. The first CSTR is used to make semicrystalline polymer chains, some of which must
be vinyl-terminated (macromonomers). These macromonomers are then incorporated, via terminal
branching, onto the chains growing in the second CSTR, becoming LCBs. If the backbone and the
macromonomer have different compositions, they are called cross-products. Since it is not possible to
incorporate all macromonomers, the final polymer will consist of a complex mixture of linear chains
made by the two catalysts, homogeneous-branched chains (that is, chains where the backbone and all
LCBs are of the same type), and cross-product macromolecules. The cross-product will add rather
special properties to the polymer and, depending on its molecular architecture, the final product may
act as a thermoplastic elastomer (TPE). Developing polymer reactor models for different catalyst
combinations can help understand the details of these complex syntheses and to control the properties

and fractions of linear chains, homogeneous-branched chains, and cross-products.

Two mathematical models were developed in this thesis for the solution polymerization of olefins
with two single-site catalysts to predict the microstructure of long chain branched polyolefins. The
first model was developed for a semi-batch reactor and the second one for two CSTRS in series. The
models can predict the fractions of different polymer populations made in CSTRs and semibatch
reactors, as well as their average chain lengths and LCB densities. Simulation results show that
CSTRs are more efficient than semi-batch reactors to make polymers with high LCB densities and/or

cross product fraction.

Simulation results also show that to increase the weight percent of cross-product using a linear-
catalyst and a LCB-catalyst, the rate of macromonomer formation of the linear-catalyst should be

high. The fraction of cross-product can be increased even further when both catalysts are capable of



incorporating macromonomers to form LCB-chains because; in this case, both catalysts can form
cross-product chains. Monomer concentration has no effect on cross-product mass fraction and
polydispersity index, but increasing monomer concentration will decrease LCB density and increase
the average chain lengths. Catalyst deactivation also has a great impact on polymer properties: LCB
density, polydispersity index, cross-product fraction, and average chain lengths will all decrease by
increasing the catalyst deactivation rate of both catalysts.

Simulation results for two CSTRs in series shows that increasing residence time in the second CSTR
will lead to higher cross-product formation and LCB density. This rate of increase is more significant
if the residence time in the second CSTR is similar to that of the first CSTR. The catalyst feed policy
also has a great impact on polymer properties. We found out that feeding the linear-catalyst and the
LCB-catalyst in equal amounts to the first CSTR and just adding the LCB-catalyst to the second
CSTR is the preferred catalyst injection method for making polymer with a high mass fraction of
cross-product, high chain length averages, and lower polydispersity index (PDI).

These simulation studies indicate that detailed polymerization Kinetics for each catalyst is needed in
order to synthesize these novel polyolefins. In the experimental part of this thesis, ethylene
polymerization Kinetics studies were performed first with two individual metallocene catalysts, then

with both of them simultaneously.

First, ethylene polymerization with rac-Et(Ind),ZrCl,/MAO was carried out in a semi-batch solution
reactor. Reaction temperature, monomer, MAO, and catalyst concentrations were the factors studied
to establish a framework to predict catalyst decay, polymer yield and molecular weight averages. The
polymerization order with respect to ethylene and catalyst concentration was found to be first order.
Chain transfer to monomer was the dominating chain transfer reaction while B-hydride elimination
was negligible. An increase in MAO concentration led to a decrease in molecular weight. Catalyst
decay could be described with a first order mechanism. At low MAO concentration this catalyst could

make polymer with about one vinyl group per chain.

A similar ethylene polymerization Kkinetics study using dimethylsilyl(N-tert-butylamido)-
(tetramethylcyclopentadienyl)-titanium dichloride (CGC-Ti)/MAO system showed that the
polymerization order with respect to catalyst concentration was first order, but first order catalyst
decay failed to explain catalyst deactivation. The polymerization order with respect to ethylene
concentration was not unity for the whole range of ethylene concentration. The trigger mechanism,

along with reversible first order activation and deactivation with MAO and first order thermal decay,
\Y



could explain the effect of time, monomer and catalyst concentration on the rate of polymerization.
Decrease in MAO concentration increased the amount of polymer chains with terminal vinyl groups
and consequently led to polymers with LCBs. Decreasing monomer concentration at low MAO

concentration also led to production of polymer chain with more long chain branching.

Ethylene homopolymerization and copolymerization with 1-octene were conducted using combined
catalysts system at low and high MAO concentrations. Reactivity ratios were calculated and polymer
samples with bimodal MWDs were obtained but no increase in LCB frequency or cross product
formation was detected using carbon-13 nuclear magnetic resonance (**C NMR) and high-
temperature gel permeation chromatography (GPC) coupled with a viscosity detector.

In order to promote the formation of cross-product macromolecules, 1,9-decadiene was
copolymerized with ethylene using the Et(Ind),ZrCl,/MAO to make tailored macromonomers with
pendant 1-octenyl branches. The macromonomers ranged from having 1 to 6.5 vinyl groups per chain.
These macromonomers were then incorporated into growing ethylene/1-butene or ethylene/1-octene
copolymer chains using a titanium-based constrained geometry catalyst (CGC-Ti) to form branch
block polymer chains with amorphous main backbone having short chain branch density (SCBD) up
to 50 per 1 000 carbon atoms, and high crystalinity long chain branches with SCBD up to 3/1000 C
atoms (cross product). Increase in polymerization time or catalyst concentration in the second stage of
polymerization was observed to increase the cross-product weight fraction. We also observed that an
increase in ethylene pressure during the second stage of polymerization, while 1-butene concentration
was constant, favoured the formation of cross product. When 1-octene was used as comonomer in the
second stage of polymerization, the presence of more pendant vinyl groups in the macromonomer led

to increased long chain branching.
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Chapter 1

Introduction

1.1 Motivation

Polyolefins, which include various grades of polyethylene and polypropylene, are the most important
thermoplastics today. The global demand for polyethylene and polypropylene represents over 60% of
all commodity resins consumed worldwide on an annual basis. Polyethylene, including low-density
polyethylene (LDPE), linear low-density polyethylene (LLDPE), and high density polyethylene
(HDPE), is the largest cumulative category with 38% market share, while polypropylene is the largest
single category with 24% market share!!.

The key points to polyolefin success are low production cost and versatility in application.
Polyethylenes are used for blow-molded objects such as bottles (milk, food, and detergents),
houseware appliances, toys, grocery bags, pipes, wire, cable insulation, and many other applications.
Polypropylene (PP) is used for making pipes, bottle crates, bottle caps and closures, washing
machines drums, toys, automotive applications, including battery cases and interior trim, rubber
modified PP for impact resistant components, such as bumpers, packaging film for food and non-food
applications, syringes and vials for medical use, fibers for carpeting, and many other uses. It is
surprising that these, at a first glance, simple polymers could have such diverse applications. The key
to this versatility lies in the way monomer molecules are connected to form polymer chains with

entirely different macroscopic properties.

In the broadest sense, polyethylene resin properties are determined largely by three fundamental
distributions: molecular weight, short chain branching (or chemical composition) and long chain
branching. It is the branching degree and type that distinguishes between the three major types of
polyethylene, that is, LDPE, HDPE and LLDPE. High pressure low-density polyethylene (LDPE) has
certain properties which are difficult to obtain by low pressure technologies. One of these properties
is long chain branching, which allows easy processing at high molecular weights and makes the resin
especially useful for extrusion coating. In addition to long chain branches (LCB), high pressure
polyethylene contains a reasonably high amount of short chain branches (SCB) which decreases
crystallinity and affects the stiffness of the material in the solid state. On the other hand, the high
pressure free radical process needed to make LDPE is expensive to build and maintain, and the broad

molecular weight distribution (MWD) of LDPE is responsible for inferior mechanical properties,
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being a disadvantage as compared to polyethylene resins made with metallocene catalysts having

much narrower MWD.

Polyethylenes made with metallocene catalysts have narrow MWD with greatly improved mechanical
properties. Processing these polymers, however, is more difficult than LDPE because of poor shear
thinning. Adding a few LCBs to linear polyethylene chains can improve its rheological behavior.
Although, LCB increases the resin viscosity at low shear rates (because of chain entanglement) at
high shear rates, the branch entanglements relax and more shear thinning is observed compared to
linear polyethylene.”” Fortunately, some metallocene catalysts can make polyethylenes with LCBs.
These polymers combine good mechanical properties with easy processability. The mechanism of
LCB formation with metallocenes involves the incorporation of a dead polymer chain containing a
terminal vinyl group (macromonomer), generated in situ via -hydride elimination or transfer to

ethylene, as a LCBs into a growing polymer chain.

One typical example of metallocene catalysts with the ability of producing polymers with LCB are
the family of constrained geometry catalysts (CGCs). However, the LCB levels in CGC resins are
relatively low because macromonomers produced in situ have only one reactive double bond per
chain. One way to increase LCB levels in CGC resins is to copolymerize ethylene with linear
unconjugated dienes. The resulting copolymers have an average of more than one vinyl groups per
polymer chains, opening the possibility for developing new products with improved processability

and mechanical properties.

It is also possible to increase LCB levels a using combination of metallocene catalysts.When two
metallocene catalysts are combined in the same reactor, with at least one being able to form LCBs,
the polymer produced may contain a variety of chain architectures: linear chains, homogeneous
branched chains, and heterogeneous branched chains (cross product). A heterogeneous branched
chain is made when a macromonomer made by one of the catalysts in the reactor is incorporated as a
LCB onto the chain growing on the other catalyst present in the reactor. Even a small amount of such
cross products can significantly alter the polymer property profile. For instance, these polymers may

behave as thermoplastic elastomers if the proper catalysts and monomers are chosen.

Developing polymer reactor models for different catalyst combinations is also very helpful because
we can understand the details of these complex syntheses and to control the properties and fractions

of these cross-products .



1.2 Research plan and objectives

The main objective of this thesis is to make polyolefins with complex branched structures for
potential new applications using dual metallocene catalysts. The product components involved in the
complex branched structures are macromonomers (semicrystalline polymer chains with terminal or
pendant vinyl groups) amorphous polymer chains (ethylene\l-butene or ethylene\l-octene
copolymers with high o-olefin fraction), and cross-products (made by incorporating macromonomers

into amorphous polymer chains).
The steps followed in this thesis were:

1) Develop mathematical models to better understand the kinetics of cross-product formation in semi-
batch and continuous reactors using dual metallocene catalysts;

2) Synthesize macromonomers with rac-Et(Ind),ZrCl, and model its polymerization kinetics;
3) Produce ethylene homopolymers using CGC-Ti and model its polymerization Kinetics;
4) Produce amorphous ethylene/a-olefin copolymer using CGC-Ti;

5) Combine rac-Et(Ind),ZrCl, and CGC-Ti to make branched polyolefins with complex molecular

architectures containing cross products;

6) Since efforts to make cross products using the approach in 5) were unsuccessful, produce
polyethylene macromonomers containing 1,9-decadiene using rac-Et(Ind),ZrCl, in the first step,
followed by the terpolymerizations of ethylene/1-butene/1,9-diene macromonomer or ethylene/1-
octene/1,9-diene macromonomer with CGC-Ti to make branch-bock polymer chains having

amorphous backbones and semicrystalline LCBs.

The objectives of this thesis can be summarized as follows:

e Develop a mathematical model to describe the solution polymerization of olefins with two
single-site catalysts in a semi-batch reactor.

e Develop a mathematical model to describe the solution polymerization of olefins with two
single-site catalysts in a series of two continuous stirred tank reactors.

e Perform an ethylene polymerization kinetics study using rac-Et(Ind),ZrCl,/MAQO and

estimate reaction rate constants.



e Perform an ethylene polymerization kinetics study using dimethylsilyl(N-tert-butylamido)-
(tetramethylcyclopentadienyl)-titanium dichloride (CGC-Ti) and MAO and estimate
reaction rate constants .

e Investigate the simultaneous use of rac-Et(Ind),ZrCl, and CGC-Ti to increase LCB
frequency of ethylene/a-olefin copolymers.

e Investigate the use of macromonomers of ethylene and unconjugated dienes to produce

polymers with large fraction of branch-block chains.

1.3 Thesis outline
This thesis consists of 10 chapters and is organized as follows:
Chapter 1 presents the introduction, research objectives, and thesis outline.

Chapter 2 contains a literature review including polyethylene types, catalyst types and processes used
for making polyethylene. This is followed by a literature review on the kinetics of polymerization
with coordination catalysts. Polyolefin characterization techniques are also reviewed at the end of this

chapter.

Chapters 3 and 4 develop general mathematical models and present simulation results for the solution
polymerization of olefins in semi-batch and continuous stirred tank reactors using the method of

moments.

Chapter 5 describes the experimental procedures used in this thesis, including polymerization

methods and apparatuses, and polymer characterization techniques.

Chapter 6 discusses the in-depth homopolymerization kinetics study of ethylene with rac-
Et(Ind),ZrCI,/MAQ in a semi-batch solution reactor; Chapter 7 shows a similar result for CGC-
Ti/MAO.

An attempt to use the combined rac-Et(Ind),ZrCl, and CGC-Ti system to increase LCB frequency in
the final polymer is described in Chapter 8.

In Chapter 9, we provide results on copolymerization of ethylene and 1,9-decadiene using rac-
Et(Ind),ZrCl, catalyst to produce macromonomers with different concentration of pendant vinyl

groups. Macromonomers were then terpolymerized with ethylene and 1-butene or 1-octene using



CGC-Ti to produce branch-block polymers. The rest of the chapter deals with the effect of reaction

parameters on the microstructure of the branch-block polymers produced.

Finally, Chapter 10 summarizes the significant finding of this research and provides some
recommendations for future work.



Chapter 2

Literature Review and Background

2.1 Polyolefins

Polyolefins are the largest group of thermoplastics, often referred to as commodity thermoplastics.
They are polymers made of simple olefins such as ethylene, propylene and higher o-olefins. The two
most common polyolefins are polyethylene (PE) and polypropylene (PP); they have a wide range of
applications due to their low cost and versatility.

2.1.1 Polyethylene Types

The three major types of polyethylene are: low density polyethylene (LDPE), linear or high density
polyethylene (HDPE), and linear low-density polyethylene (LLDPE). Figure 2-1 compares the
molecular structures of these types of polyethylene resins made by coordination (HDPE and LLDPE)

and free-radical polymerization (LDPE).

LDPE LLDPE HDPE
Pﬁ /j >
. ]

Figure 2-1. Polyethylene molecular structures.

2.1.1.1 Low Density Polyethylene (LDPE)

Low-density polyethylene is produced by free radical bulk polymerization using traces of oxygen

(<300 ppm) as initiator, often in combination with an alkyl or acyl peroxide or hydroperoxide in a



high—pressure (120-300 MPa) and high-temperature (140-325 °C) process in either autoclave or

tubular reactors.”!

This oldest type of polyethylene resin differs structurally from linear polyethylenes by being highly
branched and containing both long chain branches (LCBs) and short chain branches (SCBs) of
different lengths, with butyl groups as the dominating SCB.*™ The LCBs can be of the same average
length as the polymer backbones. Branches, principally SCBs, act as defects and determine the
degree of crystallinity which in turn affects a number of polymer properties. The number of SCBs in
LDPE may be as high as 15-25 per 1000 carbon atoms."!

The degree of crystallinity in LDPE is in the range of 40-60%, the melting temperature varies from
100 to 120°C, and the density is approximately 910-930 kg/m®. The physical properties of LDPE
depend on three structural factors: degree of crystallinity (density), molecular weight average, and
molecular weight distribution (MWD). The degree of crystallinity and, therefore, density of
polyethylene, is dictated primarily by the number of SCBs on the chains. Properties such as opacity,
rigidity (stiffness), tensile strength, tear strength, chemical resistance and upper use temperature,
which depend on crystallinity, increase as density increases. On the other hand, permeability to
liquids and gases, elongation and resistance to stress cracking decreases with increasing

crystallinity.[®!

Commercial LDPE have number average molecular weights in the range of 20,000-100,000. Melt
index (MI), which designates the weight (in grams) of polymer extruded through a standard capillary
at 190 °C in 10 min and is inversely related to molecular weight, is used as a convenient measure of
average molecular weights. Typical melt index values for LDPE are in the range of 0.1 to 109. As
molecular weight increases, tensile and tear strength, softening temperature, stress cracking
resistance, and chemical resistance increase, while processability worsens.®! The polydispersity index
(PDI) also affects LDPE properties. Polyethylene with low PDI has high impact strength, reduced
shrinkage and warpage, enhanced toughness and environmental stress cracking resistance, but poor

processability. Typical values of PDI for commercial LDPE resins are in the range of 3-20.

Since LDPE possesses the desired combination of low density, flexibility, resilience, high tear
strength, and moisture and chemical resistance, which are characteristics of a good film material, thin
film packaging comprises its major use. Other uses include wire and cable insulation and extrusion

coating. Both film and extrusion coating applications require good processability, meaning balanced



melt strength and flow properties, to be able to extrude the material and form a film or coating layer

as desired.

2.1.1.2 High-Density Polyethylene (HDPE)

High-density polyethylene was discovered approximately 20 years after LDPE. It was first made by
Karl Ziegler using aluminum alkyl/transition metal halide catalyst complexes. As an example, HDPE
can be prepared by bubbling ethylene into a suspension of Al(C,Hs); and TiCly, in hexane at room
temperature.™ This type of polyethylene has few or no short chain branches, and its crystallinity falls
in the range 70-90 % with densities from 940 to 975 kg/m®. Most HDPEs have number average
molecular weights of 50,000 to 250,000 and crystalline melting temperature in the range of 133-
138°c.®

Various specialty ultra-high molecular weight polyethylenes (UHMWPE), with molecular weights in
the range of 250,000-1,500,000, are also produced for pressure piping in mining, industrial, sewer,
gas, oil, and water applications. Increased molecular weight results in increased tensile strength,
elongation, low-temperature impact resistance, and stress crack resistance, although processing is

more expensive because of increased melt viscosity.

2.1.1.3 Linear Low-Density Polyethylene (LLDPE)

Linear-low density polyethylene is a copolymer of ethylene and a-olefins (generally 1-butene, 1-
hexene, or 1-octene) with densities in the range 915-940 kg/m®. Products with even lower densities,
down to 880 kg/m®, are sometimes called very low-density polyethylene (VLDPE) but are chemically
identical to LLDPE. Copolymerization of ethylene with increasing amounts of a-olefins disrupts the
order of linear polyethylene chains by introducing SCBs. As a consequence, the density, crystallinity,
and rigidity of LLDPE are lower than those of HDPE.™ LLDPE is frequently blended with LDPE
for film and sheet production.” LLDPE was in the market development stages as early as the 1960s,
but the major driving force for the development of LLDPE processes in the late 1970s and early
1980s was the desire to reduce the capital required to construct a high-pressure plants to produce
LDPE and to reduce the costs associated with the maintenance and operation of complex mechanical

equipments at pressures in the range 15,000 40,000 psi.l*?



2.2 Catalysts for Polyethylene Polymerization

Today, polyethylenes are commercially produced using free-radical initiators, Ziegler-Natta catalysts,
chromium oxide (Phillips) catalysts and, more recently, metallocene and late transition metal

catalysts. Each type of catalyst will be discussed briefly below.

2.2.1 Ziegler- Natta Catalysts

In general, a Ziegler- Natta catalyst is a complex of a metal cation from groups I-11l in the periodic
table, such as triethylaluminum, Al(C,Hs)s, and a transition metal compound from groups IV-VIII,
such as titanium tetrachloride (TiCl,). The former component is usually known as the co-catalyst or
activator and the latter as the catalyst. For industrial use, most Ziegler- Natta catalysts are based on
titanium salts and aluminum alkyls. These types of catalysts have improved considerably since their
discovery by K. Ziegler and G. Natta in the late fifties. The first commercial Ziegler-Natta catalyst
was a TiCls/Et,AICI system with low polymer yield requiring a step for removing the catalyst residue
(de-ashing) for the commercial production of polyolefins. Modern Ziegler-Natta catalysts are TiCl,
supported on MgCl, and use Et;Al as activator. These catalysts are more active and have better
control of active sites and particle morphology, enabling them to meet the increasing demands of high
performance polyolefin materials. Nevertheless, due to their multi-sited nature, the polymer structure

can be controlled only to a limited degree.™®

2.2.2 Phillips Catalysts

A traditional Phillips catalyst is based on chromium (VI) oxide supported on silica (SiO,) or
aluminosilicates (mixed SiO,/Al,O3). The support is sometimes modified with titania (TiO,). This
catalyst is prepared by impregnating the finely divided support with an aqueous solution of CrOs. The
chromium loading is in the range 0.5-5 wt%, typically 1 wt%. Unlike Ziegler- Natta catalysts, it does
not necessarily require a cocatalyst for activation. Activation is carried out by heat treatment
(calcination) which fixes the CrOs on the support surface. This catalyst is very stable and useful in
gas-phase polymerization but unable to polymerize propene to isotactic polypropylene.™ Due to
their multi-sited nature, both Phillips and Ziegler- Natta catalysts produce ethylene homo- and

copolymers with broad MWD and broad chemical composition distribution.



2.2.3 Metallocene Catalysts

Metallocene catalysts are as old as Ziegler-Natta catalysts, but they were found to have very low
activity when alkylaluminums were used as cocatalysts.'>*® Their potential was fully realized when

7 In contrast to

methylaluminoxane (MAO) was used as a cocatalyst in the early 1980s.
heterogeneous Ziegler-Natta catalysts, most metallocenes have only one type of active site and are,
therefore, classified as single site catalysts. They offer superior control over the polymer molecular
architecture and produce chains with narrow MWD and polydispersity index close to 2.0. In addition,
their catalytic activity is higher than that of classical Ziegler-Natta systems; for instance, for a
standard zirconocene/MAO catalyst system, the activity is 10 to 100 times higher than that of a

typical Ziegler-Natta catalysts.!"

Metallocene catalysts have a sandwich structure in which a n-bonded metal atom is situated between
two aromatic rings, but this definition has been expanded to include structures having only one Cs
ring. Figure 2-2 shows the general structure of a bridged metallocene catalyst precursor. In the
Cp.MXY complex shown, M, is the transition metal and X and Y are usually Cl or CH;. The ns-
bonded “tilted sandwich” cyclopentadienyl (Cp) ligands can be substituted and/or connected by an

inter-annular bridge.

Bridge VY

N
X
Figure 2-2. General structure of a bridged metallocene catalyst precursor.

Slight structural variations of the bridging groups and ring constituents, as well as transition metal
type, can significantly affect the activity and stereoselectivity of olefin polymerization catalysts.**%
Generally, zirconium catalysts are more active than hafnium or titanium systems.'! The first

metallocene catalysts were unsubstituted or substituted bis-cyclopentadienyl ligands and they were
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activated by methylalumoxane (MAO). Today, numerous families of different single-site catalysts

have been developed for the production of polyethylenes and other polyolefins.?%!

One of the drawbacks of metallocene catalysts (as well as Ziegler-Natta and Phillips catalysts) is that
they are unable to polymerize polar molecules, such as common acrylics or vinyl chloride. This is due
to the metallocene’s oxophilicity, their propensity for binding to oxygen. Introduction of a polar
monomer into an olefin polymerization reactor will reduce the catalyst activity to almost zero. Late

transition metal catalysts, discussed in the next section, are much less sensitive to polar comonomers.

2.2.4 Late Transition Metal Catalysts

Polymerization catalysts using late transition metals — those metals from groups 8, 9 and 10 in the
periodic table of elements — have attracted a lot of attention lately. These compounds have good
polymerization activity, although slightly less than metallocenes. The lower oxophilicity, and
therefore more tolerance towards functionalized monomers, and presumed greater functional group
tolerance of late transition metals relative to early metals make them likely targets for the
development of catalysts for the copolymerization of ethane with polar monomers under mild
conditions.” The last property is very attractive for modifying the chemical composition of
polyolefins by copolymerization with vinyl alcohols, acrylates, or other vinyl polymers. A few
functional groups can significantly increase the hydrophobicity of polyolefins, adhesion, and
compatibility with hydrophilic materials.*! Commercially, these catalysts still have not had a
significant impact. The most commercially relevant late-transition metal catalysts are the Brookhart
catalysts, which are diimine complexes of palladium or nickel with an interesting polymerization

mechanism step called chain walking.®®!

2.3 Processes for Polyethylene Manufacture

Ethylene polymerization processes with coordination catalysts can be classified into solution, slurry
and gas phase. Solution and slurry processes are based on polymerizing ethylene in a liquid carrier.
Depending on whether the temperature at which the polymerization is carried out is below or above

the polyethylene melting point, the process will be a slurry or solution process, respectively.
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Following polymerization, the catalyst is killed and the polymer separated from the liquid carrier.

Solution processes are performed in autoclave, tubular, and loop reactors.!*?

In slurry processes, the polymer is separated as a powder or crumb by a combination of
centrifugation, filtration, or steam stripping, followed by drying, melting, extruding, and pelletizing to
get polymer pellets. In solution processes, the polymer is separated from the carrier as a molten mass
by a combination of distillation or flashing of the carrier, and devolatilization extrusion, followed by
pelletization to beads or granules.

In gas phase polymerization, ethylene is circulated through a fluidized bed forming polyethylene
powder that is removed continuously from the reactor via a sequence of valves to a product discharge
vessel. The advantage of the gas phase process is the elimination of the liquid carrier and the unit
operations necessary to separate, recover, and purify it.

2.4 Polymerization Kinetics with Metallocene Catalysts

The mechanism for coordination polymerization can be divided into five main classes of reactions:
catalyst activation with cocatalyst, catalysts initiation with monomer, chain propagation, chain

transfer, and poisoning and deactivation.!*! 234 Each of these steps will be described briefly below.

2.4.1 Catalyst Activation

Metallocene catalysts need to be activated by a suitable cocatalyst before they can be used for
polymerization. MAO is the most commonly used metallocene activator; it also acts as a scavenger
for catalyst poisons by reacting with impurities such as oxygen and water that may be present in the
reactor.®® MAOQ is prepared from the controlled hydrolysis of trimethylaluminum (TMA), usually in
toluene. The main suppliers of MAO (Akzo Nobel, Albemarle and Witco) add water to TMA by use
of either moist nitrogen or a marginally wet aromatic solvent.”® About 5-30% of the Al atoms in
MAO solutions are in the form of TMA. The solubility of MAO in hydrocarbon solvents is possible
through the use of an excess of TMA during synthesis and any attempt to completely remove this

excess TMA results in MAO precipitation.??!

Despite intense research efforts, the structure of MAO, the mechanism by which it activates

metallocenes, and the polymerization mechanism at the active site are still not fully understood.
12



Generally, MAO consists of basic units of AI403(CH3)6_[34] These units can combine to form cage
structures of preferentially four units. This cage is complexed with differing amounts of TMA which
could be the active form for MAO.

When zirconocene dichloride is treated with MAO, monomethylation takes place within seconds.?"!

Excess MAO leads to formation of dimethylated species. In order for the active site to form, it is at
least necessary that one alkyl group is bonded to the metallocene.! The site activation mechanism

below has been proposed by Kaminsky:™®!

Complexation

LZrCl, + MAO ——2  L,ZrCl,.MAO (2-1)
Methylation
CHs
LZrClL,MAO —— LZr(CHy)Cl  + \AI-O— (2-2)
CH3/
L,Zr(CH;)CLMAO ——— L, Zr(CHs), + MAO-CI (2-3)

The MAO complex can seize a methyl anion, a Cl anion, or an OR™ anion from the metallocene
forming an MAO anion which can distribute the electrons over the whole cage, thus stabilizing the
charged system.!*] The appearance of alkylated metallocene cations, generally regarded as the active

centres in olefin polymerization, as described in Equation (2-4), was confirmed by *C-NMR.F®!
Activation

LZr(CHs)Cl +MAO ——2  LZr(CHs;)CLMAO —— [LZrCHs]' +[MAO-CI] (2-4)
MAO is needed in large excess: [Al]/[metal] ratios of 1000 t010,000 are often used for metallocene

activation in solution.B”! The relatively high aluminoxane concentration can be partly explained by

the fact that MAO acts as an impurities scavenger.™*®!

Catalyst deactivation may be caused by a-hydrogen transfer reactions from a zirconium methyl bond
to a MAO methyl group or another zirconium complex, as shown in Equation (2-5). A high MAO
13



excess is necessary to reactivate the Zr-CH,-Al- structure formed during the inactivation reaction,®

as proposed in Equation (2-6), which may also explain the need for high MAO concentration.*®!

Deactivation

H CH; CH;
| \ |
L2—Zr+—(|2-H + /Al-o— E— L,-Zr'-CH,-Al-O — + CH, (2-5)
| H CHs |

Reactivation

CH; CHs
| AN
L-Zr*-CH,-Al-0-  + Al-O- — -O-Al-CHy-Al-O-  +  L,Zr*-CHs (2-6)
CH; CH;  CHs

Unfortunately, the TMA also appears to inhibit the catalytic activity of metallocene/alkylalumoxane

catalyst system through complexation with the metallocene.*"!

The high Al/Zr ratios required to obtain high catalyst activity and relatively stable kinetic profiles,

and the high MAO cost are among some of the disadvantages of this type of cocatalyst.

2.4.2 Catalysts Initiation with Monomer and Chain Propagation
After the catalyst is activated by reaction with the cocatalyst, monomer reacts with the active site to

form a living polymer chain of length 1,

. Ki
C'+M-oPh (2-7)

where M is the monomer, Pl* is a polymer chain containing one monomer unit attached to a catalyst

site, and k; is the rate constant for chain initiation for catalyst type i. Since in practice it is very
difficult to determine the rate constants for initiation and propagation separately, most polymerization

kinetics model use the same rate constant for initiation and propagation.?” This simplifying
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assumption seems reasonable because they both involve the addition of an ethylene molecule to the
catalyst site.
The addition of monomer species to a growing polymer chain of length r, increases its length to r+1,
as shown below,

k

P +M P, (2-8)

Propagation reactions are usually assumed to be first order on monomer concentration, but this

generalization does not hold for every coordination catalyst.

2.4.3 Chain Transfer Reactions

The most common transfer reactions in metallocene catalyzed polymerization are: (1) p-hydride
elimination, (2) B-methyl elimination, (3) transfer to monomer, (4) transfer to co-catalyst, and (5)

transfer to hydrogen.!*!

In B-hydride elimination, the hydrogen atom attached to the B-carbon in the living chain is abstracted

by the active center, forming a dead polymer chain with a terminal vinyl unsaturation (P/") , and a
metal hydride center, Cy; ,

* kﬂH *
P"—>P~+C (2-9)
In a density functional study,™"! this reaction was detailed to locate its transition state, but the reaction
profile revealed that the process was endothermic and that the energy steadily increased during the
course of the reaction until the products were formed. For this reason, it was difficult to locate a
transition state in this case (Figure 2-3). The theoretically obtained reaction enthalpy of AH = 176
kJ/mol, is in agreement with other estimates for the B-hydride elimination enthalpy obtained

experimentally from neutral scandocene complexes. 2
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Figure 2-3. Detailed mechanism for B-hydride elimination. !

For propene polymerization, B-hydride elimination will produce a dead polymer chain with a
vinyldine chain end. On the other hand, p-methyl elimination can also take place during propene
polymerization with some catalyst systems in which a methyl group from the beta carbon of the living

chain is abstracted by the active center, forming a dead polymer chain with a terminal vinyl

unsaturation (P,”) , and a metal methyl center, C;H3 aa-s6]
kﬁch3
P —> P +Cq, (2-10)

Transfer to monomer also occurs during olefin polymerization, leading to vinyl-terminated chains for

the case of polyethylene and vinylidine-terminated chain for the case of polypropylene,

K .
P"+M—>P~ +P (2-11)
In the absence of hydrogen, B-hydride elimination and chain transfer to monomer are the dominant

chain transfer reactions in olefin polymerization.*’!

Chain transfer to hydrogen produces a dead chain with a saturated chain end,

ki
P"+H,—>C;, +P (2-12)

A number of papers have been published in which hydrogen has been used as chain transfer agent;®!
however, hydrogen was seen to be far more reactive in metallocene-catalyzed polymerization than in
Ziegler-Natta polymerization** ! and significantly increases the productivity of some metallocene

catalysts,®**! so its effect very often goes beyond that of mere chain transfer agent.

The cocatalyst can also act as chain transfer agent. If the cocatalyst is trimethylaluminum, a

methylated active center can be formed along with the formation of an Al-CH,-R compound which by
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treatment with HCI/EtOH, a standard laboratory post-polymerization washing procedure, results in a

saturated end group in the polymer chain,®

ki
P +Al>Cq, +P 4 (2-13)

2.4.4 Poisoning and Deactivation

First order deactivation is a plausible deactivation mechanism for metallocene catalysts. This

behavior was observed in both solution and gas phase polymerization of ethylene,®**°!

kg

P —>C, +P (2-14)
Reactions with polar impurities, also leads to the formation of a deactivated site,

Kl

Pr+1 >Cyq +P (2-15)

where | and P, refer to impurity and dead polymer chain of length r respectively.

2.4.5 Long Chain Branch Formation

Terminal branching has been considered to be the most probable long chain branch formation
mechanism with coordination polymerization catalysts.?® % %% |n this mechanism, chains
containing terminal double bonds (also called macromonomers), which are formed through B-hydride
elimination or chain transfer to monomer are inserted into the growing polymer chains yielding
LCBs,

—
P.i +P.; P

m-+n,i+j+1

(2-16)

In Equation (2-16), the first subscript refers to chain length, while the second one shows the number

of LCBs per chain.
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2.5 Effect of Long Chain Branches on Rheological and Solution Properties of

Polethylene

The rheological and processing behavior of polyethylene depends mainly on its molecular weight
averages, MWD, and LCB density and distribution.**®®! |LCB affects melt viscosity, zero shear
viscosity, shear thinning, activation energy, die swell and many other rheological properties, whereas

SCB has little or no effect on the rheological behavior of polyethylenes.®")

Molten polyethylene is a pseudoplastic fluid, that is, its apparent viscosity decreases with increasing
shear stress (shear-thinning). The viscosity-shear rate relationship depends on the molecular structure,
especially on long chain branching. As the shear rate increases, the viscosity of the long chain-
branched polyethylene chains decreases more rapidly than that of linear chains; as a result, under
practical extrusion condition of high shear rate, polyethylene resins containing LCBs can be extruded
at a higher rate with a lower energy consumption. At very low shear rates the zero-shear viscosity of
long chain-branched polyethylenes is higher than that of linear polyethylene because long chain
branches hinder polymer chain movement when they become entangled,® %! whereas at high shear
rates, the branch entanglements relax and shear-thinning behavior is observed.

Previous works™® " on the viscoelastic behavior of linear HDPE fractions at 190 °C using a series of
nearly monodisperse polyethylenes obtained by hydrogenation of anionic polybutadienes showed that

there is an empirical relation between zero-shear viscosity and molecular weight,
7, = 3.4x107°M3° (2-17)
Where 77, is the zero-shear viscosity in Pa.s and M,, is the weight average molecular weight in g/mol.

Vega et al.l” found a similar relationship for HDPE. However, for metallocene-catalyzed

polyethylenes, the relationship was the same in form, but had a different exponent,

7, =3.2x10"°M2° Ziegler-Natta HDPE (2-18)
7, =2.3x107" M }? Metallocene HDPE (2-19)

Since 77, of long chain-branched HDPE is greater than of linear HDPE, 1,can, in principle, be used

to detect the presence of LCBs.[*" 7278l

18



Rodriguez et al."™ studied some commercial LDPE and HDPE resins with PDI varying from 2.2 to

3.3 and found out the following correlations for zero-shear viscosity,

log 77, = —4.19501 +1.9489[log(M , g*'%)] for HDPE (2-20)

log 77, = —4.443 +1.9239[log(M , 9% ?)] for LDPE (2-21)

where g is the branching parameter defined as the ratio of the mean radius of gyration for the

branched molecule over the linear molecule with the same molecular weight.

LCBs also influence the flow activation energy of polyethylene.™ ) Increasing LCB frequency
increases the flow activation energy, which was shown to be a good indicator of the presence of
LCBs.1*

Molten polyethylene also exhibits elastic properties over a wide temperature range, such as die swell
and elastic recovery when stress is removed. When molten polyethylene emerges under pressure from
the die of an extruder, the strand increases in diameter or thickness. This phenomenon is known as die

swell. At low shear rate, die swell increases as molecular weight and LCB frequency increase.!

The solution properties of polyethylene are also influenced by the presence of LCBs. For linear
chains, the intrinsic viscosity, 1, is related to molecular weight according to the Mark-Houwink

equation,
[7]=Km* (2-22)

where K and g are empirical constant that depend on solvent type and temperature for a given
polymer. For a solution of polyethylene in 1,2,4 trichlorobenzene (TCB) at 140°C, K and a are,
39x10° mL/g and 0.725, respectively.®:#

Introducing LCBs into linear polymer chains decreases their intrinsic viscosity, which can be used to

confirm the presence of LCBs.[38!

2.6 Thermoplastic Elastomers

Thermoplastic elastomers (TPEs) are materials with functional properties of conventional thermoset
rubbers and processing characteristic of thermoplastics. They do not have the chemical cross-links

present in vulcanized elastomers. Instead, elastomeric properties are the result of physical crosslinks
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caused by the cocrystallization of semi-crystalline segments of different polymer chains that create a
tri-dimensional network structure. The network domain is based on a block copolymer, one block
consists of relatively long, flexible polymer chains (soft segment), while the other block is composed
of stiff polymer molecules (hard segment). A thermoplastic elastomer is a two phase mixture with a
dispersion of the soft rubbery phase in a continuous glassy plastic matrix. Each polymer or major
polymer segment or block has its softening temperature, Ts. The useful temperature range for a
thermoplastic elastomer lies above the T of the elastomeric (soft) phase and below the T of the hard
phase. Within this temperature range, the polymer molecules in the soft phase can undergo significant
segmental motion. The reinforcing action of the hard phase disappears above its softening
temperature and the thermoplastic elastomer behaves as a viscous liquid. Upon cooling, the hard
phase resolidifies and the TPE becomes rubbery again. Similarly, cooling below T, of the soft phase
changes the material from a rubbery to a hard brittle solid. This process is also reversible. These
materials can therefore be processed by conventional molding techniques by heating them above the
softening temperature of hard phase.” The ability to recycle scrap, and overall lower production costs
are significant advantages of TPEs. More details on this subject will be given in the introductions of
Chapters 3 and 4.

Typical thermoplastic elastomers derived from propylene and olefins are: isotactic polypropylene
grafted to atactic propylene (aPP-g-iPP), or polyethylene grafted to ethylene/a-olefin copolymers
(PE0O-g-PE).®! In the former case, isotactic polypropylene chains with terminal vinyl groups are
produced using a stereoselective catalyst; then, using a aspecific catalyst with high reactivity ratios
toward macromonomer incorporation (LCB Catalyst), isotactic blocks are grafted to amorphous
backbones (Figure 2-4).

The elastic properties of these polymers are attributed to the crystallization of isotactic blocks,

forming physical crosslinks which link the chains to form a long-range network (Figure 2.5).
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Figure 2-5. Illustration of a branch-block thermoplastic elastomer made via macromonomer incorporation (—
isotactic branches, --- amorphous backbones).[*!
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2.7 Polymer Characterization

Molecular weight distribution, degree of long chain branching, and chemical composition distribution
are among the microstructural properties needed to describe the TPE samples that will be produced in
this thesis. A brief overview of the characterization techniques to measure these properties will be

given below.

2.7.1 Molecular Weight Distribution (MWD)

The essential distinguishing characteristic of polymeric materials is their molecular size which can be
measured by primary or secondary methods. Primary methods determine molecular masses directly
and secondary methods require calibration curves with stardards of known molecular masses. Gel

permeation chromatography (GPC) is the most important secondary method for MWD determination.

GPC is a form of liquid chromatography in which the polymer molecules are separated according to
their molecular sizes or, more correctly, their hydrodynamic volumes in solution. The procedure
involves injecting a dilute solution of a polydisperse polymer into a continuous flow of solvent
passing through a column containing tightly packed microporous gel particles. The gel has particle
sizes in the range 5-10 um in order to give efficient packing and typically has a range of pore sizes
from 0.5-10° nm, which corresponds to the effective size range of polymer molecules.”®” Separation
of the molecules occurs by preferential penetration of polymer molecules with different sizes into the
pores; small molecules are able to permeate more easily through the pores compared to the large sized
molecules so that their rate of passage through the column is correspondingly slower. The continuous
flow of the solvent leads to separation of the molecules according to size, with the large molecules
being eluted first and the smaller molecules, which have penetrated more deeply into the pores,
requiring longer elution times. If the pore sizes are too small to permit penetration by any of the
molecules or too large that all molecules can penetrate them with the same relative ease, there would
be little or no separation of the molecules. Consequently, selection of the column packing material is
crucial and different column packings are usually required for polymers having wide range of
molecular masses. The availability of gels of mixed pore sizes has made this a less demanding

requirement.

Clearly, if retention volume can be directly related to molecular weight by means of an appropriate

calibration curve, then in principle a chromatogram can be made to yield molecular weight averages
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and distributions. The simplest type of calibration curve is established experimentally by relating the
peak-retention volume to molecular weight for a series of known narrow molecular weight standards.
This calibration curve depends on the solvent used for the separation, the structure of the polymer,

and the temperature.

Another calibration curve, called the universal calibration curve, is obtained by relating the retention
volume to hydrodynamic volume of polymeric molecules calculated by the product of intrinsic
viscosity, [n], and molecular weight, M. In general, GPC universal calibrations curves for different
types of polymers merge into a single plot when log[n]M is plotted against retention volume.® The

details of these routine calibration techniques have been discussed elsewhere. " 8!

2.7.2 Long Chain Branching Determination

There are three major methods for estimating LCB frequencies: 1)**C-NMR spectroscopy, 2) gel
permeation chromatography coupled with online light scattering (LS), and/or viscosity (CV)

detectors, and 3) rheological measurements.!"® %4

Melt rheological measurements are the most sensitive methods for detecting very low concentration
of LCB. However, the information from melt rheological measurements is indirect because the
measured rheological properties result from the combined effects of molecular weight averages,
MWD, as well as LCB length, content, and distribution. Furthermore, they provide qualitative
information about branching and their interpretations requires a good understanding of branch type
and level. Triple detection GPC (LS, CV, plus a mass detector such as a refractometer), on the other
hand, gives information on LCB density as well as LCB density distribution across the molecular

weight distribution.®*!

2.7.2.1 Long Chain Branching Determination via 13C-NMR

Nuclear magnetic resonance spectroscopy is a powerful analytical tool that can provide a wealth of
information on polymer molecular structure. This technique exploits the fact that the atomic nuclei of
some elements interact with an external applied magnetic field. Unlike spinning macroscopic bodies,
which can be made to spin in any direction, there are quantized limits to the direction of nuclear

angular momentum. By applying a magnetic field and radiofrequency to a polymer sample, a
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resonance condition is attained which can be envisaged as causing the precessing nuclei to flip from
one orientation to the other. However, the resonance frequencies of carbon nuclei located in different
electron densities differ, making it possible to distinguish between different carbons in the sample.
This phenomenon, known as chemical shift, has been fully exploited by polymer analysts to

characterize branching in polyethylene.

Let us begin our discussion of polyethylene long chain branching by examining the *C-NMR spectra
for linear ethylene 1-octene copolymer !, The nomenclature, used to designate those polymer
backbone and side chain carbons discriminated by **C-NMR, is given in Figure 2-6.

p 8 o by o . - v
~CHy -CHy-CHy-CH, —||CH—CH3 ~CHy-CHy-CHy-CHy - CHy-CH =CH,
@ CH2

|
14 ?H2
Y CH2

3 CH2
|
2 CH2

1 CH3

Figure 2-6. Carbon nomenclature for chemical shift assignments.

The distinguishable backbone carbons are designated by Greek symbols while the side-chain branch
carbons are numbered consecutively starting with methyl group and ending with methylene carbon
bonded to the polymer backbone. The results of NMR studies show that the “6” carbon resonance for
the hexyl branch is the same as o, the “5” carbon resonance is the same as 3, and the “4” carbon
resonance is the same as y. Resonances 1, 2 and 3, likewise, are the same as the end group
resonances observed for linear polyethylene.™ ! Thus, a six carbon branch produces the same **C
spectral pattern as any subsequent branch of greater length. Therefore, *C-NMR, alone, cannot be

used to distinguish a linear six-carbon branch from a longer branch.

A survey of C-NMR spectra for essentially linear polyethylene samples™ ! containing a small
degree of long chain branching made by solution polymerization, shows that only 9 resonances are

produced. A major resonance at 30 ppm arises from equivalent, recurring methylene carbons, which
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are four or more carbon atoms removed from an end group or a branch. Resonances at 14.1, 22.9,
32.3, and 33.9 ppm are from carbons 1, 2, 3, and the allylic carbon, respectively. These five
resonances are fundamental to the spectra of all polyethylenes. The other four resonances, observed at
34.6, 27.3, 30.4, and 38.2 ppm are due to a, P, y, and methine carbons. The y carbon chemical shifts
are often obscured by the major 30 ppm resonance from equivalent, recurring methylene carbons.
Thus, in high density polyethylene, where long chain branching is essentially the only branch type
present, “*C-NMR can be used to establish unequivocally the presence of branches six carbon long or
longer. If no comonomer has been used during polymerization, it is very likely that the presence of
such resonances are due to true long chain branching. In any event, ®*C-NMR can be used to pinpoint
the absence of long chain branching and place an upper limit upon the long chain branch

concentration whenever branches with six carbons or longer are detected.

The long chain branch density (LCBD: number of branching points per 1000 carbons), saturated
chain end density, (SCED: number of saturated chain ends per 1000 carbons), unsaturated chain end
density, (UCED: number of unsaturated chain ends per 1000 carbons), and long chain branch

frequency, (LCBF: number of LCBs per polymer chain) can be calculated using the following

equations,
IA
LCBD = — % x1000 (2-23)
3IA,,
sceD = A% 1000 (2-24)
ot
|
UCED = IAl x 1000 (2-25)
ot
LCBF = 2LCBD (2-26)

"~ SCED +UCED - LCBD

where 1A, 1A, 1A, , 1A, and IA,, are the integral areas of a, 1, 2, allylic carbon, and total intensity

of carbons, respectively.”

2.7.2.2 GPC/LS

When a polymer sample elutes from a GPC column equipped with a multi-angle laser light scattering

detector on-line, the radius of gyration and molecular weight of polymer fractions coming out of the
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column can be measured. The corresponding radius of gyration of linear chains of same molecular
weight can be calculated by the following relation, which correlates the radius of gyration of linear
polyethylene to its molecular weight,®

<I’2>1_/2 —286x102M *® (2-27)

9 /lin

1/2 . . . . o . .
where <rgz> is the radius of gyration of a linear polyethylene chain in nm. This correlation can be
lin

easily obtained by injecting a linear polyethylene sample into the GPC column and then performing a
simple linear regression to find out the pertinent constants. Since the molecular weight and radius of
gyration of the fractions coming out of the GPC column are known, the branching parameter, g, of
each fraction (the ratio of the mean square radius of gyration of a branched chain to that of a linear

chain with same molecular weight) can be calculated with the equation,

g <rg: >br (2-28)

(%5 )

The following Zimm-Stockmayer equation® is then applied to calculate LCBF of fractions exiting

from the column,

LCBF\'? 4LcBF |
g- (1+ j . (2-29)
7 97

The average LCBF and LCBD can be calculated by,

G

> LCBF, v
LCBF,, = —C (2-30)
2 M.
r,LCBD
LCBFaV = W (2'31)

The experimental results by Wang'®!

showed that LCBF estimates from LS detector were in good
agreement with the **C-NMR measurements for PEs with LCBF greater than 0.08 or LCBD greater
than 0.022. Due to sensitivity limitations of the LS technique, errors for samples having LCBF less
than 0.08 were quite significant.
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Another common measure of LCB arises when the intrinsic viscosity of the polymer is compared with

that of a linear chain of the same M,,[**°®

g' — [n]br (2_32)
[77]i,

One can express the correlation between these two quantities in terms of the exponent e,

g=9° (2-33)

The literature quotes values of ¢ ranging from 0.5 to 1.5.°"%! Using a value of £ =0.5, Mendelson et

al."* demonstrated that comparisons made at a constant effective molecular volume, yielded values
of zero shear viscosity, 77g, for polymer melts with long branches are always higher than those for

linear polymers.

2.7.3 Crystallization Analysis Fractionation (Crystaf)

Crystallization analysis fractionation (Crystaf) is a polymer characterization technique based on the
continuous crystallization of polymer chains from a dilute solution.™® The analysis is carried out by
monitoring the polymer solution concentration during crystallization by temperature reduction.
Aliquots of the solution are filtered and analyzed by a concentration detector. In fact, the whole
process is similar to a classical stepwise fractionation by precipitation, with the exception that in this
approach no attention is paid to the polymer precipitated but to the polymer that remains in solution.
The first data points, taken at temperatures above crystallization starts to take place, provide a
constant concentration equal to the initial polymer solution concentration. As the temperature goes
down, the most crystalline fractions, composed of chains without or with very few branches, will
precipitate first, resulting in a steep decrease in the solution concentration. This is followed by the
precipitation of fractions of increasing branch content as the temperature continues to decrease. The
last data point, corresponding to the lowest temperature of the crystallization cycle, represents the
fraction that has not crystallized (mainly highly branched material) and remains soluble at room

temperature.

For LLDPE, chain crystallizability is mainly controlled by the fraction of noncrystallizable

comonomer units in the chain. The chains with fewer comonomer molecules will precipitate at higher
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temperatures, whereas the chains with more comonomer content will precipitate at lower
temperatures. Consequently, the differential Crystaf profile, together with an appropriate calibration
curve, can be used to estimate the copolymer chemical composition distribution (CCD) of an

ethylene/o-olefin copolymer, %!

Other factors may affect polymer crystallizability, such as molecular weight and long chain

branching. Soares, et. al.!**"

showed that long-chain branching had only a very small effect on Crystaf
profiles, and that molecular weight effects might be significant for samples with number average
molecular weight below 5000, but this effect may be partially corrected if terminal methyl groups are

taken into account.

2.7.4 Infrared Spectroscopy

Infrared spectroscopy (IR spectroscopy) is the subset of spectroscopic techniques that deals with the
infrared region of the electromagnetic spectrum. The main goal of IR spectroscopic analysis is to
determine the chemical functional groups in the sample. When infrared radiation is absorbed by a
molecule, it causes atoms in bonds to vibrate back and forth with increased amplitude. Because each
functional group has a particular grouping of atoms, there is a characteristic infrared absorption
associated with each type of functional group. The infrared spectrum of a sample is collected by
passing a beam of infrared light through the sample. If the wavenumber of the incident beam matches
one of the characteristic absorptions of the molecule, the sample absorbs the light and hence at that
particular wavenumber the intensity of the transmitted beam would be less than that of the reference
beam. By varying the wavenumber over time, and monitoring the transmittance of the light passing
through the sample, a transmittance infrared spectrum is obtained. In a Fourier transform instrument

all frequencies are examined simultaneously.

2.7.4.1 Sample Preparation

Solid samples can be prepared in a variety of ways. One common method is to grind a quantity of the
sample with a specially purified salt (usually potassium bromide) finely (to remove scattering effects
from large crystals). This powder mixture is then pressed in a mechanical press to form a translucent
pellet through which the beam of the spectrometer can pass. The second method is the “cast film"
technique, which is used mainly for polymeric materials. The sample is first dissolved in a suitable,
non hygroscopic solvent. A drop of this solution is deposited on surface of KBr or NaCl cell. The
solution is then evaporated to dryness and the film formed on the cell is analysed directly. The third
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method is to make a film of polymer using a hot press and brass shims. The details of this method are
described in ASTM D5576.1%!
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Chapter 3
Simulation of Polymerization and Long Chain Branch Formation in a

Semi-batch Reactor Using Two Single-Site Catalysts

3.1 Summary

We developed a mathematical model for the solution polymerization of olefins in a semi-batch
reactor with two single-site catalysts. In the propylene polymerization case, our objective is to study
the production of a thermoplastic elastomer using two catalysts, one capable of forming isotactic
chains containing terminal vinyl bonds (macromonomers) and the other producing atactic chains
while also being able to copolymerize macromonomers to form long chain branches (LCB). A similar
thermoplastic elastomer can be produced by polymerizing ethylene and a-olefin comonomers when
the a-olefin reactivity ratios of the two catalysts are significantly different. The model can predict the
polydispersity index, and the number and weight average chain lengths of different polymer
populations: linear chains, homogenous-branched chains, and cross-products, which are
polymerization products formed when macromonomers formed on one catalyst are incorporated into
chains growing on the other catalyst. The model can also predict the weight and mole percent of the

different populations.

3.2 Introduction

Thermoplastic elastomers (TPES) are a class of polymers or a physical mix of polymers which
consist of materials with both thermoplastic and elastomeric properties. TPEs are generally easier to
process than conventional thermoset rubbers and easier to be recycled. However, TPEs are generally
not as effective as chemically crosslinked elastomers when considering resistance to solvents and
deformation at high temperatures and, therefore, are not used in applications such as automobile tires
where these properties are important. %!

There are at least two types of domains present in a TPE: a soft domain, in which flexible chain
segments act as springs, and a hard domain, which functions as knots preventing the stretched
polymer chains from irreversibly sliding by one another. In a thermoset rubber, the hard domain is
created by covalent bonds, for example by vulcanization using sulfur, whereas in TPEs, physical
aggregates such as the small crystallites in a semi-crystalline polymer or the glassy domains in a

multiphase triblock copolymert®“form the hard domain.
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The four major types of TPEs are polyurethanes, polyester copolymers, styrene copolymers, and
olefinics. Olefinic TPEs are classified as multicomponent or single component. Multicomponent
olefin TPEs are made through the physical blending of polypropylene and ethylene-propylene-diene
terpolymers (EPDM) or ethylene-propylene rubber (EPR), but the latter is preferred because of its
lower cost.'®! Single-component olefin TPEs can be prepared through polymerization of propylene
using homogenous or heterogeneous organometallic catalysts.

Polypropylene composed of blocks of isotactic and atactic stereosequences forms an interesting
family of thermoplastic elastomers.'®® This type of TPE is unusual because it is derived from just a
single monomer unit. The stereoregular structure of isotactic polypropylene enables it to form helices
that can pack into crystallites. Atactic polypropylene is stereoirregular and amorphous at all
temperatures. The elastic properties of elastomeric polypropylene are believed to arise from their
stereo-block (isotactic-atactic) microstructuret®***4 that allows the formation of short crystallizable

isotactic blocks in a low-tacticity polymer chain.

Long chain-branched polypropylene™® with elastomeric properties can, alternatively, be synthesized
by grafting isotactic blocks of polypropylene containing a terminal vinyl unsaturation
(macromonomer) to atactic propylene (aPP-g-iPP) using two metallocenes™ . Some other olefinic
thermoplastics such as high-density polyethylene (HDPE) grafted onto ethylene/a-olefin copolymers
(PE0O-g-PE), have also been made®. In the former case, using a stereoselective catalyst, isotactic
polypropylene chains with terminal vinyl groups are produced in a first polymerization step. In a
second polymerization step, using a non-stereoselective catalyst with high macromonomer
incorporation rate (LCB-catalyst), isotactic chains made in the first step are grafted onto the

amorphous polypropylene chain, as depicted in Figure 3-1.

Physical crosslinks resulting from crystallization of the isotactic LCBs is the reason for the elastic
properties of this polymer. simultaneous or sequential.***! methods can be used for the synthesis of

these materials.

In the simultaneous synthesis method, the catalysts capable of producing isotactic polypropylene
macromonomers, such as rac-dimethylsilanediylbis(2-methyl-4-phenylindenyl)zirconium
dichloride,™” and of producing atactic polypropylene chains and incorporating macromonomer, such
as a constrained geometry catalyst, are added to the reactor simultaneously to produce polymer that
contains a variety of chain architectures: linear chains, homogeneous-branched chains, and

heterogeneous-branched chains (also called cross-product). Cross-product chains are generated when
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a macromonomer made by one of the catalysts in the reactor is incorporated as a LCB onto the chain
growing on the other catalyst present in the reactor. These cross-products chains can be seen as
compatibilizers between the purely amorphous or purely semi-crystalline chains made by each

catalyst individually.

Stereoselective 4+ Propylene —— ———
catalyst
Isotactic
Macromonomer
I ’-—\-J'F‘F./'\.__r"
"y
=
T |"'l
- )
LcB : Propylene »
catalyst
yst + ~
.
Isotactic B R e N T
MAacromonomer \‘.
'
kN

L

Figure 3-1. Mechanism of branch blocks formation with dual metallocenes.

In the sequential synthesis approach, isotactic polypropylene macromonomers are first produced in
the polymerization reactor, then by injecting a non-stereospecific catalyst capable of forming LCBs

into the same reactor, isotactic blocks are incorporated onto atactic polypropylene chains.

Both methods can also be used to produce TPEs based on ethylene and a-olefin copolymers. For the
simultaneous synthesis method, one of the catalysts must have a low a-olefin comonomer reactivity
ratio, thus making HDPE, while the other must have a high o-olefin comonomer reactivity ratio, to

produce amorphous ethylene/a-olefin copolymer.

Developing polymer reactor models for different catalyst combinations can help understand the
details of these complex syntheses and to control the properties and fractions of linear chains,
homogeneous-branched chains and cross-products. In a recently developed mathematical model, !
only the molar fraction of linear, homogenous-branched and cross-product chains were predicted to
explain the differences between polymers made with sequential or simultaneous modes of

polymerization. The model was developed for semi-batch polymerization under constant ethylene
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pressure for the case where the TPE is formed by HDPE grafting onto amorphous ethylene/a-olefin

copolymers.

In the present chapter, we developed a mathematical model for the solution polymerization of olefins
in a semi-batch reactor using two single-site catalysts under constant monomer pressure. The model
can predict molar and weight percents of the different polymer populations including linear chains,
homogenous-branched and cross-products. The model is also able to calculate average LCB
frequencies.

This Chapter has been published in Journal of Macromolecular Reaction Engineering.*®!

3.3 Model Development

The model uses population balances and the method of moments to calculate microstructural
properties of macromonomers, living and dead chains. Each of these populations is subdivided into
linear, homogeneous-branched, and cross-product chains. In homogeneous-branched chains, all LCBs
and the backbone were made on the same catalyst. In cross-product chains, at least one of the LCBs
and/or the backbone was made on a different catalyst used to produce the other segments. Figure 3-2
illustrates this classification.

Catalyst 1 Catalyst 2
------------------------ Linear
[ S S Homogeneous-
Branched
R R R Cross-
Product

Figure 3-2. Chain classification used in the model. This classification is applied to macromonomers, living and
dead polymer chains.

The model can predict the following properties for each of the polymer populations: molar (n %) and
weight (w %) percentages, number (r,) and weight (r,) average chain lengths, and average LCB per
1000 C atoms () and per chain (B,).
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3.3.1 Polymerization Mechanism

The mechanism for coordination polymerization can be divided into five main reaction classes:
catalyst activation with cocatalyst, catalyst initiation with monomer, chain propagation, chain
transfer, and poisoning and deactivation.™" %% 332 Terminal branching has been considered to be
the most probable branching mechanism with coordination polymerization catalysts.®® ") In this
mechanism, macromonomers formed through p-hydride elimination and transfer to monomer
(polyethylene), or B-methyl elimination (polypropylene), are inserted into the growing polymer

chains yielding LCBs. All these steps are included in the model described below.
The following convention was adopted to represent the different chain populations in the model: X; ,

is linear; ;i,r is homogeneous-branched; )_(i,r is cross-product; the subscript i represents catalyst type;
the subscript r indicates chains length (number of monomer units in the chain); living polymer chains

are denoted by P, macromonomers by z, and dead polymers by D.

We have also assumed that catalyst activation with cocatalyst was instantaneous. This hypothesis can
be easily relaxed without any significant alteration in the final model equations.

A monomer-free catalyst, C;, generates a polymer chain of unit length P;; via insertion of a monomer

molecule M:

k .
Ci+M—2 5P, (3-1)

Linear, homogeneous-branched, and cross-product chains propagate according to the reactions:

K,
P,+M—2 5P

i,r+1 (3-2)

B oam_Kei B
ir+ —>Fir+ (3_3)
Pir+M — B Pira (3-4)

We have assumed, for simplicity’s sake, that initiation and propagation reactions have the same rate

constants, k.

Long chain branches are formed by incorporation of macromonomers of different types:
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_ kbi _
Pi,r +:ui,s _—> Pi,,r+s
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Pi,r +/uj,s _—> Pi,r+s
_ _ kbi _
Pi,r +:ui,s e Pi,r+s
Do Koi . 5
Pi,r +1uj,s —_— > Pi,r+s
— = kbi =
Pir +tH, ———> Pirss
Pir + ki LB,

ir ,Ui’S —)P|,r+s
= kbi =
Pi,r +/,1ij —’—)Pi,r+s
= _ kbi =
Pir Tt g—> Pirs

= _ kK ==
Pi,r +ﬂjys—£—)Pi,r+s

- - k =
Pir + U ¢)Pi,r+s

(3-5)

(3-6)

(3-7)

(3-8)

(3-9)

(3-10)

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

(3-18)

(3-19)

Chain transfer reactions can lead to the formation of either macromonomers or dead polymer chains,

according to the chemical equations:
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k,
P,+Al—AL 5D +C,
kHi
B, +H,——D,, +C

_ Ko —

Pir —=—u;  +C,

5 kﬁ'—CH3,i -

Pir ————>yu;  +C,
kMi -

Pir +M ———y; +P,

kK. —
Pir + Al—2L 5 D; +C,

k.. —
i,r+H2¢)Di,r +Ci

ol

k =
i —2 >, +C

Tl

k . =
Ml 1 C

ol

k,. =
i +M—Ms + P,

ol

= kK =~ =
Pir + Al—AL 5D, +C,

— T
Pi,r+H2¢)Dr +Ci
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(3-20)

(3-21)

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)

(3-27)

(3-28)

(3-29)

(3-30)

(3-31)

(3-32)

(3-33)

(3-34)



Finally, a simple first order catalyst deactivation mechanism was assumed to produce the deactivated

species, C, :
kd i A
P, ——D,, +C (3-35)
_ k,, —= .
Pir ———Dir +C, (3-36)
D Ko .= 2
Pir ——D:r +C, (3-37)
kd i 2
C,—%C, (3-38)
3.3.2 Moment Equations for Living Chains
The n™ moment, A", of a generic distribution f (x) is given by the equation:
M" = x"f(x) (3-39)
x=0

The following nomenclature convention was adopted for the moments: X, X/, x." are the zero™, first

. . - —1 —1 .
and second moments of linear chains; Xi,Xi,Xi are the zero™, first and second moments of

homogeneous-branched chains; Xi, Xi, Xi are the zero™, first and second moments of cross-product
chains; the subscript i indicates catalyst type; moments of living polymer chains are represented by Y,

of macromonomers by @, and of dead polymers by Q.

The population balance for linear living chains with length larger than 2, r > 2, is given by:

dP,
dl['r = kp,iM (Pi,r—l - P.r) - (kﬁ,i + kﬁ—CH3,i + kA|,iAI + kH,iHZ + kM,iM )F)II’

. B (3-40)
- kd,i Pr— kb,i Pi,rZ(:ui,s LAl SRl R ol P i 4)
s=2
This equation will be used in a more compact form as,
dPl r S
dt' = kp,i M(R,,;-PR,)— (o +k,;O)P, (3-41)
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where the following lumped parameters were defined:

o, =K +Ky; (3-42)

Kt,i =Kg+ Ktsu (3-43)

K = kﬁ'i +ky M + kﬂf(}hyi (3-44)

K =Ky jAl+ky H, (3-45)

0= Z(/ui,r +:uj,r +;i,r +;j,r +:ur) (3'46)
r=2

A slightly different equation is required for chains of unity length, r =1,

dP. ~ 2 - =
d_lfl =k,;M(C; —P,) —(0; +k,;©)P,+ > (P, +Pir +Pir)ky, ;M (3-47)
r=1

dR, A v

d_f = kp,i M (Ci - P.l) - (Ui + kb,i®)Pi,1 + kM i MY, (3-48)

where,

=P +> P+ Pu (3-49)
r=1 r=2 r=2

The dynamic equation for the zero™ moment of linear living polymer made on catalyst i is:

: dP. » dP.
v, _ d"['l +y — (3-50)

Pir
dt — dt

Substituting Equations (3-41) and (3-48) into Equation (3-50) and simplifying the resulting

expression, we obtain the equation for the zero™ moment of linear living chains:

dy, ~ >
o =KeCM (0 +k,0) Y, +ky MY, (3-51)

The equation for the first moment is:

38



-3rR, (3-52)
r=1
Differentiating Equation (3-52) yields:

| ©
d;(t = Pt Z e (3-53)
=2

Substituting Equations (3-41) and (3-48) into Equation (3-53):

dy;' ~
d_tl =k,;(C; —RB,)M — (o, +k,;©)R,,
(3-54)

+3 MK,y (s — POM = (0, + K, ©)P,, 1+ Ky, MY,
r=2

After simplification of Equation (3-54), the expression for the first moment of linear living chains

becomes:
ay' ~ ~
d_tl = kp'iM (Ci+Y; )= (o +k,;0) Y, +k, MY, (3-55)

Finally, for the second moment:

dY 1 0
3-56
T ; (3-56)

Substituting Equations (3-41) and (3-48) into Equation (3-56) we get:

dY-” - _
d_:[ = kp,i(ci —B )M —(0; +k,,®)B; +ky MY +
(3-57)

zr [kp|( ir-1— r)M _(O-i+kb,i®)Pi,r]
After some algebraic manipulation, the following equation for the second moment of linear living

polymer is obtained:

dy," ~ ~
d_lt =k, CM —(o; +k, ©)Y," +k, (Y, +2Y" )M +k, ;MY, (3-58)
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We will consider only chains with r > 2 as branched chains, since chains with r = 1 must necessarily
be linear. This is just a convention and does not affect the final calculation results for long chains, but

simplifies the next derivation steps.

The population balance for homogenous-branched living chains is:

dEi,r
dt

= kp’iM (Ei,r—l - Ei,r) — (O'i + kb,ié)ﬁi,r
(3-59)

r—

r1_ _
+ kb,iz Pi-s (4 s + 1i.5) + Ky i

s=2 5=

1 _
I:)i,r—s (/ui,s + /ui,s)
2

The equation for the zero™ moment is obtained by substituting Equation (3-59) into Equation (3-50)

and ignoring the first term of the right hand side for r = 1:

di: kp,iM( 3 Ei,r—l_iﬁi,rj_(ai + kb,ié)iﬁivr
2

dt r=2 r=2
+Kp Z Pirs (s + ;i,s) + kb,iz P s+ ;i,s)

r=2 s=2 r=2s

= =

(3-60)

-1

LN

Il
N

This expression can be simplified to obtain the final equation for the zero™ moment of homogeneous-
branched living chains:

dYi — - =T
W:kb,iYi (®| +®i)—[0i +kb,i(®j +®j +®)] Yi (3-61)
The equation for the first moment is obtained by substituting Equation (3-59) into Equation (3-53)

and summing from r = 2 to « and using the identities:

ZrEi,r—l —ZrBi,r =Y, (3-62)
r=2 r=2

o r-1

> 3P D, =Y Q' +Y'Q (3-63)
r=2s=1

Finally, the equation for the first moment of homogeneous-branched living chains is:
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dvi va VRIS l ®
r = KeMY i+ [+ Y)(O] +61) + Y (0, +61)] (3-64)

o, +k, (0, +0; + @]V,

The equation for the second moment is obtained by substituting Equation (3-59) into Equation (3-56)

and using the following expressions:

Zrzﬁi,r—l—zrzﬁi,r =Y, 4—2%I (3-65)
r=2

o r-1

>R D, =Y Q"+2Y'Q'+Y"Q (3-66)
r=2 s=1

Finally, the equation for the second moment of homogeneous-branched living chains becomes:

—Il
dv — =k, ;M(Yi +2Y1) - [0, +ky; (O, +®,+®)]Y.

dt (3-67)
Ty [V +Y,)(O! +61 ) +2(Yi +Y,)(O! +©1) +Y," (©, +©)]

For cross-product chains, we will also adopt the convention that r > 2 during all derivations.

The population balance for cross-product chains is:

dEi,r
dt

= kp,iM (Ei,r—l —Ei,r) — (O'i + kb’ié)Ei,r

= - - = (3-68)
Ut Pi,r—s(,Ui s +luj s +lui s +luj s +lus)+
+Kyi Y

5=2 (Pi,r—s+ i,r— s)(/ujs—l_:ujs—i_:us)

The equation for the zero™ moment is obtained by substituting Equation (3-68) into Equation (3-50):

di:kpyiM[iEi,rl— 3 Ei,r]—(ﬁi +kbyi’C:))Zw:Ei,r

r=2 r= r=2
(3-69)
P'r 5(ﬂ|s+/ujs+:u|s+:ujs+:u )+

o r-1

+ kb,i ZZ _
r=2s=2 (Pi,r—s +P ir— s)(uj s +:uJ s +:us)

This expression can be reduced to the more convenient form,
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dyi = = ~ =
=k, M(Yi-Yi)— (o, +k;0)Y;

dt
2 Pier(ﬂi,s TH st s Tt
+kb'i I’OZOZ s=2 } _
Z(Pi,r + Plr)z (:uj,s +:uj,s +:us)
r=2 s=2
or.
dv i

T=|<b,i(\7i +Y)(©,+0; +8) -0,

1)+

(3-70)

(3-71)

The equation for the first moment is calculated by substituting Equation (3-68) into Equation (3-53)
and simplifying the resulting equation using Equations (3-62) and (3-63):

. _ _ =
— Lok MYi—oYi +k, |+ (Yi+Y)(© +©;+0 )

- -
Yi(© +0!+6, +0,+0)

+(\7.I +Yi')(®j+@j +CT))

(3-72)

The equation for the second moment is derived by substituting Equation (3-68) into Equation (3-56)
and then applying Equations (3-62) and (3-63) to simplify the result:

%:kp,il\n(?wzvi)—aivi

+ky +(Yi +Y, )(©] +@Ijl +0 )+2(Yi

+(\7i” +Y,")(©, +0); L0 )

M= _ _ I _ _ = ]
Yi(©!+0"+0; +0; +0 )+2Yi (0! +0 +6, +0;+0 )

[ - =
+Y)(©;+0;+0 )
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3.3.3 Moment Equations for Macromonomers

The population balance for linear macromonomers is given by:

d,ui,r

at KeiPr =Ko (Y; +Yi +?i):ui,r —kp ; (Y +Y +?J’),Ui,r (3-74)

Defining \7. as the zero™ moment of the population of all living chains growing on catalyst type i,

V=Y 4Yi4Y (3-75)

leads to a more compact representation of the population balance of linear macromonomers:

—=Ki P, _(kb,iYi + kb,jVj) Hi ¢ (3-76)

Substitution of Equation (3-76) into Equation (3-50) leads to the expression for the zero™ moment of

linear macromonomers:

do,

at =KoY — (kb,iY~i +k,, Y~) O, (3-77)

1]

Similarly, substitution of Equation (3-76) into Equation (3-53) results in the expression for the first

moment:

|
dd% =KoY, —(ky,Y; +ky, Yi) o} (3-78)

Finally, combining Equations (3-76) and (3-56) leads to the expression for the second moment:

de;' _ ~ ~
T = Kt,iYi” _(kb,iY + kb,ij) ®i“ (3-79)

The population balance for homogeneous-branched macromonomers is:

d;,
dt

= Kt:,iEi'r - (kb,ii + kb,jVj )/_li,r (3-80)

Substituting Equation (3-80) into Equations (3-50), (3-53) and (3-56) leads to the expressions for the

zero™, first and second moments of homogeneous-branched macromonomers:
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de,

? = Kt:,ivi - (kb,i?; + kb j J) ®| (3-81)
—I
do; -5 ~
jg—zKuY:—wwﬁ+kmj)®. (3-82)
d6“
dt' =K Yi —(k,,Y; + K, ,Y)) e (3-83)

Similarly, the population balance for cross-product macromonomers is:

d

C =K Pir + KD P — (koY 4k V), (3-84)

Consequently, the equations for the zero™, first, and second moments are:

do i =
E = Kt,iYi + Kt,J (kb |Y| + kb i J) @ (3'85)
d@ =
oK ViKY (kY 4k, V) © (3-86)
=1l
d@ =II =1l ~ =l

Y.)© (3-87)

b,j"]j

?—K Yi +KEY 5 = (kY kY

3.3.4 Moment Equations for Dead Chains

The derivation of population balance and moment equations for dead polymers follows the same

approach used for the macromonomers. Only the final equations are shown below.

dD _(Ks +kd |)Pi,r (3_88)
dd? ~ (K, +ky )Y (59
% = (K3 +kg,)Y, (3-90)
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d .II S .
% = (Kt,i + kd,i)Yi (3-91)

dD

T = (K$; +Ky;)Pir (3-92)
aQ, .. -
%:(KLi +kdyi)Yi (3-93)
—I
do. . —I
% = (K§; +kgp) Vi (3-94)
d6”
. s — 1l
d—tI:(Kt,i +kd,i)Yi (3-99)
dD. ., - s -
r (Kei +kgi) Pir + (K +Kg ) P (3-96)
O PN N
d_?:(Kt,i+kd,i)Yi+(Kt,j+kd,j)Yj (3-97)
=
dQ s = s =
T:(Kt,i-'_kd,i)Yi +(Kt,j+kd,j)Yi (3-98)
=l
dQ . =1 . =
T:(Kt’i-i-kd'i)Yi +(Kj +Kg )Y (3-99)

3.3.5 Other Moment Equations and Molar Balances

The equation for the zero™ moment of all living chains growing on catalyst type i is given by the

expression:
dy, ~ ~ ~ ~
ot =k, ,CiM —(K; +kg,)Y; +ky ;MY =k ;.C;M —o}Y; +ky, ;MYi (3-100)

The molar balance for catalytic active sites of type i is given by,
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dcC,

= (e H KRG = (kM +ky ) € (3-101)
or,

dc, ARy,

E - (kﬂ,i +KG)(Y; +Yi +Yi)_(kp,i M +kq;) C (3-102)

The molar balance for monomer is given by the expression,

dM I:M,in N 3
E:—V _kp,iCiM —kp’jCjM _kpyiM;Pi,r_kp,jMZlP'v
i= 1=

(3-103)

where Fy; j, is the molar flow rate of monomer into the reactor and v is the reactor volume. The

equation above can be expressed more compactly:

dM ~ - -
= TKaiCi +Kp € IM =k MY, —k; jMY; —ky MY,
- (3-104)
—ky MY, + -0
14

Since the monomer concentration is kept constant in the reactor, Equation (3-104) simplifies to:

I:M ,in

M = 14 (3-105)
+ [kp'iCi + kp'jCj 1+ kp'iYi + kp'ij + kM'iYi +k,, .Y.

M.j"j

3.3.6 Chain Length Averages

Number and weight average Chain lengths, r, and r,, , are given by the ratio of two moments. For

living linear chains made on catalyst i:
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=i 3-106

Y ( )
Y~”

r, = Y'—I (3-107)

pdi = M (3-108)

n

Similar equations are used to calculate the chain length averages of other polymer populations present

in the reactor.

3.3.7 Molar and Weight Percentages

Molar percentages are calculated from the zero™ moments. For instance, the molar percentage of

linear living chains made on catalyst i is given by:

n %= Y x100 % (3-109)

Y. +Yj +Yi +\7,— +\7i +\7,— +

©,+0,+0i+0;+0i+0; +
Q+0,+0,+8,+8,+0,

Similarly, weight percentages are calculated using the first moments:

Y—I

W % = 100 % (3-110)

Y +Y] +Yi +\7|,- LYY

0} +G)'J.+€)iI +O;+0i +0; +

Q' +Q}+Q +Q;+Q, +Q,

Analogous expressions are used to calculate the molar and weight percentages of the other polymer

populations in the reactor.
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3.3.8 Long Chain Branch Averages

The number of LCBs per 1000 C atoms, A, is calculated with the expression:

t t ~ ~ ~
[ rate of long chain branch formation. dt [ (ky.Y; +k,,Y,)Odt
A=500"—— =500" (3-111)
| rate of polymerization. dt [(k,.Y,+k,,Y,)Mdt
0 0

3.3.9 Solution of the Differential Equations

The Gear method was used to solve the simultaneous system of differential equations above which
includes the zero™, first and second moment equations of the linear, homogeneous-branched and
cross-products of the living, macromonomer and dead chains to get the concentration of different

populations versus time.
3.4 Results and Discussion

Our main objective with this model is to study how different catalyst combinations and
polymerization conditions affect the microstructure of the TPEs produced with dual metallocenes. We
divided our investigation into four case studies to investigate some of the most important parameters
affecting these systems: 1) macromonomer formation rate; 2) LCB incorporation rate; 3) monomer
concentration; and 4) catalyst deactivation. Each of these case studies will be discussed in detail
below. All simulations were done for the simultaneous synthesis approach, but the model equations

could be equally applied to the sequential method.

3.4.1 Case Study 1: Effect of the Rate of Macromonomer Formation

In Case Study 1, a system of two single-site catalysts, one linear (Catalyst 2, linear-catalyst) and the
other capable of forming LCBs (Catalyst 1, LCB-catalyst), was studied while varying the
macromonomer formation rate of the linear-catalyst by changing the parameter ks ,+kw .[M]. Table 3-
1 shows the initial conditions and typical reaction rate constants used in the simulations. As shown in
Table 3-1, Catalyst 2 does not form LCBs since k;,, = 0.

In Figures 3-3 to 3-8, the parameter a is the ratio (Ks2tkw2[M])/ (Ks1tkmi[M]), that is, the ratio

between the rates of macromonomer formation of the linear catalyst and the LCB-catalyst.
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Table 3-1. Initial conditions and reaction rate constants used for Case Study 1.

Rate constant Catalyst1  Catalyst2 Process Conditions

Propag_alltu_)ln rate constant, Kk 5000 5000 Monon{]ler concentration 05

(L:mol™s™) (mol-L™)

E e?:tl')v ation rate constant, 0.005 0005  Polymerizationtime (s) 600
d

Transfer to monomer rate constant,

Kyt (L-mol s 0.4 0.4
B-hydride elimination rate 1 1
constant, k; (s

B-methyl elimination rate constant, 0 0
Kpcrz (s™)

LCB rate constant, ki

(L-mol™s™ 400 0

Figures 3-3 and 3-4 show that increasing the value of kg ,+kw 2[M] (increasing a) of the linear-catalyst
results in more cross-products and shifts the locus of the catalyst ratio corresponding to the maximum
cross-product fraction. This behavior is expected, since an increase in the concentration of
macromonomers made by the linear-catalyst will favor the incorporation of these macromonomers by
the LCB-catalyst, thus increasing the molar and mass fractions of cross-product. We also notice that
the mass fraction of cross-product is higher than its molar fraction since the cross-product is formed

by LCB-chains that have, in average, higher weights than linear and homogeneously-branched chains.
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Figure 3-3. Effect of the rate of macromonomer formation of the linear-catalyst on the cross-product weight
percent as a function of molar fraction of the LCB-catalyst. In Figures 3-3 to 3-14, the parameter a is the ratio
(Kp2+knm2[MD/ (Kp.1+Km 1 [M]).
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Figure 3-4. Effect of the rate of macromonomer formation of the linear-catalyst on the mole percent of cross-
product as a function of the molar fraction of the LCB-catalyst.
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Figure 3-5 shows that the LCB density, A, also passes through a maximum by varying the catalyst

ratio but, differently from Figures 3-3 and 3-4, this maximum always occurs at the same catalyst ratio.

0.08 1
¢ a=1

long chain branch density

T T T T T T T
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

molar fraction of LCB-catalyst

Figure 3-5. Effect of the rate of macromonomer formation of the linear catalyst on the LCB density as a
function of the molar fraction of the LCB-catalyst.

The polydispersity index increases as the value of ks,+ku2[M] for the linear-catalyst increases, as
illustrated in Figure 3-6; since the linear-catalyst makes smaller and smaller chains as kg +ku2[M]
increases, the overall chain length distribution must necessarily broaden as indicated in the simulation

results.

Similarly, as the linear catalyst makes more macromonomer, the number and weight average chain
lengths decreases, as depicted in Figures 3-7 and 3-8. A very interesting behavior and, to our
knowledge, unreported thus far, is that a linear relationship is observed for the weight average chain
length of the overall polymer as a function of the fraction of LCB-catalyst in the reactor. Curiously,
this seems to be a general property of these dual-catalyst systems, as it was observed in all

simulations described in this chapter.

51



PDI

0 0.1 0.2 0.3 04 05 0.6 0.7 08 0.9 1
molar fraction of catalyst ratio

Figure 3-6. Effect of the rate of macromonomer formation of the linear catalyst on polydispersity index as a
function of the molar fraction of the LCB-catalyst.
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Figure 3-7. Effect of the rate of macromonomer formation of the linear catalyst on the weight average chain
length as a function of the molar fraction of LCB-catalyst.

52



¢ a=1
u a=2

3500 -

3000 -

2500 -

2000 -

m

1500 -

1000 +

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
molar fraction of LCB-catalyst

Figure 3-8. Effect of the rate of macromonomer formation of the linear catalyst on the number average chain
length as a function of the molar fraction of LCB-catalyst.

The results shown in Figures 3-3 to 3-8 clearly indicate that the selection of the linear-catalyst, guided
by its ability to produce macromonomers, is a very important step when designing the microstructure
of TPEs made with dual metallocenes, since this property will have a significant effect on the fraction
of each polymer population, as well as in their chain length averages and LCB densities.

3.4.2 Case Study 2: Effect of the Rate of LCB formation of Catalyst 2 (“Linear”-
Catalyst)

In Case Study 2, the value of the LCB formation rate constant (k) for the linear-catalyst fed to the
reactor was increased from 0 to 400; therefore, the “linear”-catalyst becomes a LCB-catalyst (as
effective as Catalyst 1) and we will call it simply Catalyst 2 in Case Study 2. All other parameters
used in the simulations were the same as those for Case Study 1. We superimposed the simulation
results from Case Study 1 (solid lines), to the results from Case Study 2 (dashed lines) in Figures 3-9
to 3-14 to show the effect on the polymer microstructure when ks, is changed from 0 to 400 L-mol-s
1

Figure 3-9 shows that, as ky, increases, the weight percent of cross-product increases because
Catalyst 2 now incorporates macromonomers made by Catalyst 1 and can also make cross-product

chains. In addition, as k, increases, the locus for the maximum of cross-product fraction increases
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towards catalyst mixtures richer in Catalyst 1. A similar trend is observed for the mole percent of the
cross-product (Figure 3-10).
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Figure 3-9. Effect of the rate of LCB formation by Catalyst 2 on the weight percent of cross-product as a

function of the molar fraction of the LCB-catalyst. In Figures 3- 9 to 3-14, the dashed and solid curves are
simulation results for Case Study 2 and 1, respectively.
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Figure 3-10. Effect of the rate of LCB formation by Catalyst 2 on the mole percent of cross-product as a
function of the molar fraction of the LCB-catalyst.
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Figure 3-11 shows a behavior that departs markedly from that observed in Case Study 1, when
Catalyst 2 only produced linear chains: in the former case study, A passed through a maximum for a
given catalyst ratio, but now we observe a linear relationship between A and catalyst ratio. Both
catalysts have the same LCB-forming rate constant (k, 1=Ky ); therefore, when they produce the same
amount of macromonomer (that is, Kz; + Kn1[M] = K42 + ki 2[M]), 4 is unaffected by the catalyst ratio
(the catalysts are, from a modeling point of view, the same). However, as Catalyst 2 starts making
more macromonomer, that is Kz, + Kn2[M] > kg1 + kn1[M], it is always more advantageous to have
only Catalyst 2 in the reactor if our only objective it to maximize A. Adding Catalyst 1 will only
reduce the overall LCB density. Of course, this conclusion is not valid if the objective it to maximize
the fraction of cross-product.
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Figure 3-11. Effect of the rate of LCB formation by Catalyst 2 on the LCB density as a function of molar
fraction of LCB-catalyst.

Figure 3-12 shows how the polydispersity index reaches a maximum for a catalyst ratio of 0.5, which
is a rather usual feature in dual single-site catalyst systems if propagation rate are the same.
Polydispersity indexes will be slightly lower when both catalysts form LCB-chains, due to the

intrinsic chain-length averaging trends of LCB formation through terminal branching.

55



Finally, Figures 3-13 and 3-14 show how the average chain lengths are affected by the simulation
parameters. We notice again the surprising linear relation between the weight average chain length

and catalyst ratio, even in this case study when both catalyst are capable of forming LCBs.

#kb=0.001, a=1
mkb=0.001, a=2
Akb=.001, a=6
®kb=0.001, a=10
X kb=400, a=1
7071 @kb=400, a=2
+kb=400,a=6 AT T \
Okb=400, a=10

9.0 7

8.0 -

6.0 -

PDI

5.0 1

4.0 A

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
molar fraction of catalyst ratio

Figure 3-12. Effect of the rate of LCB formation by Catalyst 2 on the polydispersity index as a function of

molar fraction of LCB-catalyst.
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Figure 3-13. Effect of the rate of LCB formation by Catalyst 2 on the weight average chain length as a function
of the molar fraction of the LCB-catalyst.
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A few observations are worth summarizing at this point: 1) When Catalyst 2 is also a LCB-forming
catalyst, the molar and weight fractions of cross-products increase (Figures 3-9 and 3-10); 2) No
maximum is observed in the LCB density curve when both catalysts can form LCBs at the same rate
(Figure 3-11); 3) The general trends for number and weight average chain lengths are the same when
Catalyst 2 makes only linear chains or when it is also capable of making LCB-chains (Figures 3-13
and 3-14).
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Figure 3-14. Effect of the rate of LCB formation by Catalyst 2 on the number average chain length as a function
of the molar fraction of the LCB-catalyst.

3.4.3 Case Study 3: Effect of Monomer Concentration

In Case Study 3, we investigated the effect of monomer concentration on polymer properties. In this
case study, Catalyst 2 is once more a linear-catalyst (k,» = 0) and cannot incorporate
macromonomers. Initial conditions and parameters used for simulation in this case are the same as
before, except that the transfer rate constants for Catalyst 2 are six times higher than for Catalyst 1, as

given in Table 3-2. Four monomer concentrations, 0.25, 0.5, 2 and 4 mol-L™ were studied.
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Table 3-2. Transfer reactions rate constants for Case Study 3.

Catalyst 1 Catalyst 2

Transfer to monomer rate constant 0.4 2.4

B-hydride elimination rate constant 1 6

Figures 3-15 and 3-16 show that monomer concentration does not influence the fraction of cross-
product, since monomer concentration neither affects the rate of macromonomer formation, nor the
rate of macromonomer incorporation by Catalyst 1. Inspection of Figure 3-17 also shows that the
polydispersity index is not altered by monomer concentration.

On the other hand, the LCB density increases as monomer concentration decreases, as illustrated in
Figure 3-18, since LCB formation is a competitive mechanism between macromonomer and

monomer insertion.

Weight average chain length also changes with monomer concentration, as shown in Figure 3-19; we
notice again the intriguing linear relationship between weight average chain length and catalyst ratio.
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Figure 3-15. Effect of monomer concentration on the weight percent of cross-product as a function of the molar
fraction of the LCB-catalyst. In Figures 3-15 to 3-19, monomer concentration is given in mol-L-1.
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Figure 3-16. Effect of monomer concentration on the mole percent of cross-product as a function of the molar
fraction of the LCB LCB-catalyst.
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Figure 3-17. Effect of monomer concentration on the polydispersity index as a function of the molar fraction of
the LCB-catalyst.
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Figure 3-18. Effect of monomer concentration on the LCB density as a function of the molar fraction of the
LCB-catalyst.
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Figure 3-19. Effect of monomer concentration on the weight average chain length as a function of the molar
fraction of the LCB-catalyst.
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3.4.4 Case Study 4: Effect of Catalyst Deactivation

Finally, Case Study 4 analyzes the effect of catalyst deactivation by varying the deactivation rate
constant of both catalysts, kg;, Simultaneously. Higher deactivation rates will lead to lower
concentrations of macromonomer, living and dead chains in the reactor. The immediate effect is a
decrease in the production of LCB-species, either homogeneous-branched or cross-product and,
consequently, a decrease in chain length averages. Accordingly, we notice that, with increasing
catalyst deactivation rates: the weight fractions of the cross-product decrease (Figure 3-20); the LCB
density decreases (Figure 3-21); and the polydispersity and chain length averages decreases (Figures
3-22 and 3-23).
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Figure 3-20. Effect of catalyst deactivation on weight percent of cross-product as a function of the molar
fraction of the LCB-catalyst.
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Figure 3-21. Effect of catalyst deactivation on long chain branch density as a function of the molar fraction of
the LCB-catalyst.
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Figure 3-22. Effect of catalyst deactivation on polydispersity index as a function of the molar fraction of the
LCB-catalyst.
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Figure 3-23. Effect of catalyst deactivation on the weight average chain length as a function of the molar
fraction of the LCB-catalyst.

3.5 Concluding Remarks

We have developed a mathematical model that can describe the microstructure of polyolefins with
LCBs made with two metallocenes in a semi-batch reactor. In one of its applications, these dual-
metallocene systems are used to produce olefinic TPEs. The model can predict the fractions of
different polymer populations in the reactor as well as their average chain lengths and branching

densities.

Simulation results show that to increase the weight percent of cross-product using a linear-catalyst
and a LCB-catalyst, the rate of macromonomer formation of the linear-catalyst should be high. The
fraction of cross-product can be increased even further when both catalysts are capable of
incorporating macromonomers to form LCB-chains because, in this case, both catalysts can form

cross-product chains.

Monomer concentration has no effect on cross-product fraction and polydispersity index, but

increasing monomer concentration will decrease LCB density and increase the average chain lengths.

Catalyst deactivation also has a great impact on polymer properties: LCB density, polydispersity
index, cross-product fraction, and average chain lengths will all decrease by increasing the catalyst

deactivation rate of both catalysts.

Finally, an intriguing linear relationship between weight average chain length and LCB-catalyst

fraction appears in all simulations done in this investigation.
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Chapter 4
Production of Long Chain Branched Polyolefins with Two Single-Site

Catalysts: Comparing CSTR and Semi-Batch Performance

4.1 Summary

We developed a mathematical model to describe the solution polymerization of olefins with two
single-site catalysts in a series of two continuous stirred-tank reactors (CSTRs). The model was used
to simulate processes where semicrystalline macromonomers produced in the first reactor are
incorporated as long chain branches (LCBs) onto amorphous (or lower crystallinity) chains in the
second reactor (cross-products). The simulation results show that CSTRs are more efficient to make
chains with high LCB density and high weight percent of cross-products. The model can also predict
the polydispersity index, average chain lengths, and fractions of the different polymer populations,

and help the polymer reactor engineer formulate new products with complex microstructures.
4.2 Introduction

The polyolefins demand comprises two-thirds of the total demand for thermoplastics which was over
110 million metric tons in 2007™* with the low cost of raw materials as being the main reason for
their high demand. The same reason and the potential of metallocene catalysts to make polymers with
tailored microstructures have attracted industry to invest on research for production of differentiated
commodity polyolefins, specialty polyolefins, and polyolefin hybrids. What make these new
polyolefin types different from commodity polyolefins are their much more complex molecular
architectures which often contain long chain branches (LCBs). This is an exciting new research area

because it promises to open new markets for polyolefins that have been restricted to other polymers.

One approach to produce these novel polyolefins is to use one or two single-site catalysts in two
CSTRs in series. The first CSTR is used to make semicrystalline polymer chains, some of which must
be vinyl-terminated (macromonomers). These macromonomers are then incorporated, via terminal
branching, onto the chains growing in the second CSTR, becoming LCBs. If the backbone and the
macromonomer have different compositions, we call these chains cross-products. Since it is not
possible to incorporate all macromonomers, the final polymer will consist of a complex mixture of

linear chains made by the two catalysts, homogeneous-branched chains (that is, chains where the
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backbone and all LCBs are of the same type), and cross-products. The cross-product will add rather
special properties to the polymer and, depending on its molecular architecture, it may act as a
viscosity modifier, a thermoplastic elastomer (TPE), or a polymer blend compatibilizer, as illustrated

[119]

in Figure 4-1. It is important to keep in mind that the structures shown in Figure 4-1 represent only
typical cross-product structures and that, in reality, the cross-products are composed of a distribution

of chains with different molecular weights and branching frequencies.

Entanglement-inhibited (leastviscous) ATPE
10Sidechains 5Side chains
SidechainMn=3 K SidechainMn=6 K

A Compatibilizer

AL

2Side chains;
SidechainMn=10K

Figure 4-1. Shape-functionality schematic for cross-product structures

Thermoplastic elastomers constitute a commercially relevant class of polymeric materials that
combines some of the advantages of thermoplastic polymers and thermoset elastomers. Thermoplastic
polymers soften and can be made to flow when they are heated, but harden upon cooling. This heating
and cooling cycle can usually be repeated many times without significant degradation if the polymer
is properly compounded with stabilizers.” " Block polyolefin TPEs can be prepared through non-
living alkene polymerization catalysts such as Ziegler-Natta catalyst,"® asymmetric
metallocenes,"?"! oscillating metallocenes!™?? or  employing living catalysts and changing the
monomer or reaction conditions during chain formation to control block formation.JAn interesting
block polyolefin, composed of blocks of isotactic and atactic stereosequences, is derived from
propylene alone."® The elastic properties of elastomeric polypropylene are believed to arise from
their stereo-block (isotactic-atactic) microstructure that allows the formation of short crystallizable

isotactic blocks in a low-tacticity polymer chain, 0910 112 120]

An isotactic/atactic catalyst pair, acting on a propylene-only feed, would produce a reactor product
comprising isotactic and atactic linear polypropylene chains, homogeneous-branched isotactic and

atactic chains, and cross-product chains such as aPP-g-iPP and linear diblock copolymers consisting
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of an amorphous backbone with terminal isotactic polypropylene LCB (Figure 3-1). Another
interesting catalyst pair consists of one catalyst with high and the other with low comonomer
incorporation ratios acting on a mixture of ethylene and o-olefin to produce a reactor product in
which amorphous blocks (with high a-olefin fraction) and macromonomer-derived crystalline LCBs
(with low a-olefin fraction) are coupled in unigue ways to make cross-products among other reactor
components. Depending on the compositional details and the amount of such cross-product, these

materials may exhibit characteristics of a TPE, as illustrated in Figure 4-1.18> 113114

Two procedures can be used for the synthesis of these materials: simultaneous or sequential
synthesis.*! In the simultaneous synthesis method, two different catalysts are added to the reactor at
the beginning of the polymerization. One catalyst, such as rac-dimethylsilanediylbis(2-methyl-4-

phenylindenyl)zirconium dichloride,*!

produces isotactic polypropylene macromonomers, while the
other, such as a constrained geometry catalyst, produces atactic polypropylene chains and
incorporates the macromonomer. Due to macromonomer incorporating ability of this catalyst, cross-

product chains are formed in addition to linear chains and homogeneous-branched chains.

In the sequential synthesis procedure, isotactic polypropylene macromonomers are first produced in
the polymerization reactor. These macromonomers are then incorporated onto atactic polypropylene
chains by injecting a non-stereospecific catalyst capable of forming LCBs in the reactor.

Developing polymer reactor models for different catalyst combinations can help understand the
details of these complex syntheses and to control the properties and fractions of linear chains,
homogeneous-branched chains, and cross-products. Recently we developed a mathematical
model,™*® for semi-batch polymerization reactors under constant olefin pressure to explain how
different catalyst combinations and polymerization conditions affect the molecular properties and
fractions of the different populations. In the present article, we extended our model to simulate the
solution polymerization of olefins with two single-site catalysts in a series of two continuous stirred-
tank reactors (CSTR) operated at steady state. This model is essential for the scale-up of laboratory
semi-batch reactors, to industrial scale CSTRs used in the polyolefin industry.

This Chapter with some modification has been published in the Journal Macromolecular Reaction

Engineering."?!
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4.3 Model Development

Our model describes the solution polymerization of olefins in a series of two CSTRs operated at
steady state using two single-site catalysts (Figure 4-2). The following notation was used to represent
the relevant parameters in Figure 4-2: Fyin1 and Fy w1 are molar flow rates of monomer entering
and leaving CSTR 1, respectively; Fuin, and Fyouo are the respective values for CSTR 2.
Parameters Aoverait,out, 1 8N Aoveranout, 2 are the LCB density (number of branch points per 1000 carbon
atoms) for the polymer exiting CSTR 1 and CSTR 2 . The volumes of CSTR 1 and CSTR 2 are

represented by v, and v,, respectively, and were assumed to be the same with no change in the volume

of the reaction mixtures during the polymerization. Clin ,CJ are molar flow rates of catalysts 1 and 2

per unit volume of the reactor. The volumetric flow rates entering and leaving CSTR 1 are denoted by

Din,l and l.)out,l and for CSTR 2 by Din,z and bout,z .

Population balances and the method of moments were used to calculate microstructural properties of
macromonomers, living and dead chains. Each of these populations was subdivided into linear,
homogeneous-branched, and cross-product chains. In homogeneous-branched chains, all LCBs and
the backbone are made by the same catalyst. In cross-product chains, at least one of the LCBs and/or
the backbone is made on a different catalyst from that used to make the other segments. Figure 4-3

illustrates this classification.

I:M ,out,1

overall ,out, 2

A

overall ,out,1

Figure 4-2. Two CSTRs in series.
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Figure 4-3. Chain classification used in the model.

The model can predict the following properties for each of the polymer populations: molar (n%) and
weight (w%) percentages, number (r,) and weight (r,) average chain lengths, and average LCB per
1000 C atoms (A) and per chain (B,).

4.3.1 Polymerization Mechanism

The polymerization mechanism assumed to develop the rate equations for different chain populations
is exactly the same one used in Chapter 3. The convention adopted to represent the different chain

populations in the model is also the same as one used in Chapter 3. (see Section 3.3.1).

Population balances and moment equations for the polymerization mechanism described by Equations
(3-1) to (3-38) are presented in Appendix A for the first CSTR (CSTR 1). The steady-state solution of
the moment equations derived in Appendix A is discussed in Appendix B. Appendix C lists the model
equations for the second CSTR in series. Appendix D lists equations to calculate chain length
averages and LCB frequencies in the CSTR 1 and fractions of the different polymer populations in

both CSTRs. Finally, Appendix E shows the equations used to calculate LCB averages in CSTR 2.

4.4 Results and Discussion

We used our model to study how different catalyst combinations and polymerization conditions affect
the microstructure of the polymers produced with dual metallocenes. We divided our investigation

into four case studies: 1) Comparison of CSTR and semi-batch reactor operation; 2) Effect of
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residence time in CSTR 2; 3) Effect of the LCB formation rate constant (k, ;) for the catalyst fed to
CSTR 2; and 4) Catalyst feeding policy.

Each of these case studies will be discussed in detail below.

4.4.1 Case Study 1: Comparing a CSTR versus a Semi-Batch Reactor

In Case Study 1 we compared the simulation results for one CSTR and one semi-batch reactor
(simultaneous synthesis method). The methodology used to simulate semi-batch reactors was

presented in Chapter 3 and published in an article.!*®!

A system of two single-site catalysts, one linear (catalyst 2, a catalyst with very low macromonomer
incorporation rate) and one capable of forming LCBs (catalyst 1), was investigated while varying the
macromonomer formation rate of the linear-catalyst by changing the value of the parameter
Ksotkm2[M]. It should be mentioned that we kept Ksz:1+kwi[M] constant. The two catalysts fed
simultaneously to the CSTR and the semi-batch reactor. Table 4-1 lists the process conditions and
reaction rate constants used in the simulations. As shown in Table 4-1, catalyst 2 does not form

appreciable amount of LCBs since k,, = 0.001 is so small compared to ky,; = 400.

Table 4-1. Process conditions and reaction rate constants used in Case Study 1.

Rate constants Units Catalyst 1  Catalyst 2  Process Conditions

Propagation, k, L-mol™s? 5000 5000 Monomer concentration 0.5 mol-L™"
Deactivation, kq st 0.005 0.005 Polymerization time 600 s
Transfer-to-monomer, ky L-mol™*s? 0.4 0.4

B-hydride elimination, kg st 1 1

B-methyl elimination, Ks.chs st 0 0

LCB formation, k; L-molts™ 400 0.001

The catalyst molar flow rate per CSTR volume for simulations was adjusted such that the amount of
catalyst fed into the CSTR over one average reactor residence time, was equal to the initial amount of
catalyst in the semi-batch reactor. For example, if the initial concentration of one of the catalysts in
the semi-batch reactor was 2x10° mol/L and the polymerization time was 600 s, the catalyst molar

2x10°mol/L
600 s

flow rate per unit volume to the CSTR was calculated as —13.33333x10? mol/L-s. Thus,

in 600 seconds, the same amount of catalyst was fed to the CSTRs and the semi-batch reactor.

Monomer concentration was also kept the same for both reactor types.
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In Figures 4-4 to 4-10, the parameter a is defined as the ratio (Ks,+kw 2[M])/( ks1+km,1[M]). Therefore,
it quantifies the ratio of the macromonomer formation frequencies of the linear-catalyst and the LCB-
catalyst. A value of a = 2 indicates that the linear-catalyst has a macromonomer formation frequency
that is twice that of the LCB-catalyst.

Figures 4-4 and 4-5 show that the polymer made in one CSTR have both higher LCB density (LCBD)
— measured as number of LCB per 1000 C atoms —and cross-product weight fractions than polymers
made in a semi-batch reactor under equivalent conditions. Macromonomers are always present in a
CSTR operated at steady-state, whereas it takes a certain time for macromonomers to accumulate in a
semi-batch reactor before significant LCB formation occurs. It is also interesting to notice that the
LCBD and the weight fraction of cross-product increases when the value of the parameter a is raised.
This simply indicates that a higher production of macromonomers by the linear-catalyst will increase
the formation of cross-product chains by the LCB-catalyst, as expected.

X CSTR (a=10)
A CSTR (a=6)
BCSTR (a=2)
¢ CSTR (a=1)
X semibatch(a=10)
® semibatch(a=6)
+ semibatch(a=2)
O semibatch(a=1)

0.10 4

0.08 +

0.06

LCBD

0.04

0.02 4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
molar fraction of LCB-catalyst

Figure 4-4. Effect of reactor type and rate of macromonomer formation of the linear-catalyst on long chain
branch density (LCB/1000 C) as a function of the molar fraction of the LCB-catalyst. (Dashed curves are
simulation results for semi-batch reactors and solid curves for CSTR.)

Consequently, weight and number average chain lengths are also higher when CSTRs are used due to
increased LCB formation, as shown in Figures 4-6 and 4-7. We also note an intriguing linear
relationship between weight average chain length and the molar fraction on LCB-catalyst in the

reactor, firstly observed in our simulation of semi-batch reactors. o Evidently, as the parameter a
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increases, the number average chain lengths, r,, and ry, decrease due to the increased rates of transfer

to monomer and B-hydride elimination of the linear-catalyst.
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Figure 4-5. Effect of reactor type and rate of macromonomer formation of the linear-catalyst on weight percent
of cross-product as a function of the molar fraction of the LCB-catalyst. (Dashed curves are simulation results
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Figure 4-6. Effect of reactor type and rate of macromonomer formation of the linear-catalyst on

weight average molecular weight. (Dashed curves are simulation results for semi-batch reactors and

solid curves for CSTR.)
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Figure 4-7. Effect of reactor type and rate of macromonomer formation of the linear-catalyst on number average
molecular weight. (Dashed curves are simulation results for semi-batch reactor and solid curves for CSTR.)

Figure 4-8 shows that the polydispersity index (PDI) of polymer made in CSTRs is also higher, which

is, once again, related to the increased LCB formation in these reactors.

9.0 4

8.5

8.0 4

7.5

7.0 4

6.5 -

6.0

5.5+

PDI

5.0

4.5

4.0

3.5+

3.0

254

2068

15

XCSTR (a=10)
ACSTR (a=6)
BMCSTR (a=2)
®CSTR (a=1)
X semibatch(a=10)
@ semibatch(a=6)
+semibatch(a=2)
O semibatch(a=1)

---------6----@--'@---6---:5--"

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

molar fraction of LCB-catalyst

Figure 4-8. Effect of reactor type and rate of macromonomer formation of the linear-catalyst on the

polydispersity index. (Dashed curves are simulation results for semi-batch reactor and solid curves for

CSTR.)
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As discussed above, the LCBD and weight fraction of cross-product depends strongly on the type of
polymerization reactor, being always higher when CSTRs are used. If we calculate the percent
increase for these variables between CSTRs and semi-batch reactors and plot them versus the fraction
of LCB-catalyst in the reactor, some interesting trends are observed. Figure 4-9 shows how the

increase in the weight fraction of cross-product is affected by the parameter a.
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Figure 4-9. Effect of the rate of macromonomer formation of the linear-catalyst on percent increase in cross-
product weight percent from semi-batch reactor to CSTR.

The higher the macromonomer formation rate of the linear-catalyst (large a), the lower the difference
between CSTR and semi-batch reactor operation. In other words, when both catalyst have the same
macromonomer formation rate, CSTR is more efficient than semi-batch reactor in producing polymer
with more cross-product content. Contrarily, the macromonomer formation rate of the linear-catalyst
has no effect on the percent increase in LCBD, as depicted in Figure 4-10. Moreover, it shows that the
difference between a CSTR and a semi-batch reactor is more pronounced at lower molar fraction of
LCB-catalyst. This conclusion is expected because as aforementioned; macromonomers are always
present in CSTR,whereas some time is needed for macromonomers build up before significant LCB
formation occurs.
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Figure 4-10. Effect of the rate of macromonomer formation of the linear-catalyst on percent increase in LCBD
from semi-batch reactors to CSTRs.

4.4.2 Case Study 2: Effect of Residence Time in the Second CSTR on Polymer

Microstructural Properties

In Case Study 2, the effect of residence time CSTR 2 was studied by varying it from 0 to 4000
seconds. Linear-catalyst was fed to CSTR 1, and the LCB-catalyst was fed to CSTR 2. Reaction

variables, Kinetic rate constants, and all other parameters used in simulation are given in Tables 4-2
and 4-3.

Figure 4-11 shows that increasing the residence time in CSTR 2 leads to an increase in the weight
fraction of cross-product. This increase is accompanied by a decrease in the weight fraction of linear
chains, showing that linear chains are mostly converted to cross-product chains. Since most of the
linear chains formed by the linear-catalyst (catalyst 2) are made in CSTR 1, their corresponding

decrease is more pronounced at lower residence time in CSTR 2.
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Table 4-2. Reaction variables used for Case Study 2.

Reactor 1 2 Description

[C]™ (mol- L ™s™) 0 4x10°  Molar flow rate of LCB-catalyst per
CSTR volume

[Co]" (mol'L™s™) 4x107 0 Molar flow rate of linear-catalyst per
CSTR volume

[M] (mol-L™) 0.5 0.5 Monomer concentration

[H,] (mol-L™) 0.0 0.0 Hydrogen concentration

[Al] (mol-L™) 0.0 0.0 Cocatalyst concentration

t. (s) 400 0.0-4000 Residence time

Molar fraction of LCB-catalyst 0.0 1

Table 4-3. Reaction rate constants used for Case Study 2.

Reactor 1 1 2 2 Description

Catalyst 1 2 1 2

kp (L.mol™.s™) - 5000 5000 5000 Propagation rate constant

k, (L.mols?) - 0.001 400 0.001 LCB formation rate constant

kd ) - 0.005 0.005 0.005 Deactivation rate constant

K, (sh - 2.4 0.4 2.4 PB-hydride elimination rate constant
Ky, (L.mol™.s™) - 6 1 6 Transfer to monomer rate constant
K, (L.mols) - 0.0 0.0 0.0  Transfer to cocatalyst rate constant
kH (L.molts™) - 0.0 0.0 0.0  Transfer to hydrogen rate constant
K, +ky[M] (sh - 5.4 0.9 5.4  Macromonomer formation frequency

Figure 4-12 shows that the weight average chain length of the cross-product and of the overall
polymer increases with increasing residence time in CSTR 2. This result is consistent with the
decrease in weight percent of linear chains because cross-product chains result from LCB-forming
reactions. Finally, Figures 4-13 and 4-14 show how the LCBD and PDI for the different polymer
populations are affected by changes in residence time in CSTR 2. Figure 4-13 shows that increase in
the residence time of the CSTR 2 leads to increase in LCBD of the overall polymer, cross-product
and homogenous LCB product formed on catalyst 1 and since catalyst 2 has no macromonomer
incorporating ability, LCBD for LCB 2 (homogenous LCB polymer formed on catalyst 2) is nearly

Z€ro.
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Figure 4-11. Effect of average residence time in CSTR 2 on the weight fraction of different polymer
populations.
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Figure 4-12. Effect of average residence time in CSTR 2 on the weight average chain lengths of different
polymer populations. Values for cross-product and overall polymer are read from the right vertical axis.
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Figure 4-14. Effect of average residence time in CSTR 2 on the PDI of different polymer populations. Arrows
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4.4.3 Case Study 3: Effect of the LCB Formation Rate Constant (kp,1) for Catalyst 1
Fed to CSTR 2

In Case Study 3, we investigated the effect of changing the value of the LCB formation rate constant
for the LCB-catalyst (k,1) by varying its value from 1x10°to 600 s™. The average residence times in
both CSTRs were fixed at 400 seconds and, as for Case Study 2, the linear-catalyst is fed to CSTR 1
and the LCB-catalyst is fed to CSTR 2. All the other simulation parameters are the same as for Case
Study 2.

Figure 4-15 shows that, as k,, increases, the fraction of cross-product exiting CSTR 2 increases.
Macromonomers formed by both catalysts are converted into cross-products, as indicated by the
decrease in the weight fraction of linear chains in the reactor. However, since the linear-catalyst has a
six times higher macromonomer formation rate constant than the LCB-catalyst, the decrease in the
fraction of linear chains made in the LCB-catalyst is more pronounced. Therefore, the higher the LCB
formation rate constant of the catalyst fed to CSTR 2, the higher will be the weight fraction of cross-

product.

Figure 4-16 illustrates how the weight average chain length of the cross-product increases, due to
higher LCB formation in the reactor, the value of ky; increases. Figure 4-17 shows similar results for
the LCBD.
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Figure 4-15. Effect of the LCB formation rate constant for the LCB-catalyst (kb,1) on the weight percent of the
different polymer populations exiting CSTR 2.
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Figure 4-16. Effect of the LCB formation rate constant for the LCB-catalyst (ky 1) on the weight average chain
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Figure 4-17. Effect of the LCB formation rate constant for the LCB-catalyst (k, ;) on the LCBD of the different
polymer populations exiting CSTR 2. Arrow direction shows which axis should be used for reading LCB.
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4.4.4 Case Study 4: Catalyst Feed Policy

Case Study 4 compares four different methods of catalyst addition to the CSTRs:

Method A: Both catalysts are added to the CSTR 1. No catalyst is added to CSTR 2.

Method B: The linear-catalyst (catalyst 2) is added to CSTR 1; the LCB-catalyst (catalyst 1)
is added to CSTR 2.

Method C: The catalyst flow rates used in Methods A and B are halved and both catalysts are
added to both CSTRs.

Method D: Same as method C, except that only the LCB-catalyst is added to CSTR 2.

The overall catalyst flow rates were the same for all four methods, as described in Table 4-4. All the

reaction rate constants and reaction parameters used in the simulations were the same as those used in

Case Study 2, but the average reactor residence time of both CSTRs was increased to 600 seconds.

Table 4-4. Catalyst feeding policies for Case Study 4.

Method  Catalyst Catalyst Flow Rate (mol-L™s™)
CSTR 1 CSTR 2

A Linear 8x10° 0
LCB 8x107 0

B Linear 0 8x10°
LCB 8x107 0

c Linear 4x107° 4x107°
LCB 4x107° 4x107°

5 Linear 4x107° 8x107
LCB 4x107° 0

Figure 4-18 shows that the composition of the products exiting CSTR 1 are completely different when

Method A and B are employed. However, the composition of the product exiting CSTR 2 is very

similar when Methods A and B are used, as illustrated in Figure 4-19. For method A, only a little

more cross-product was produced in CSTR 2 when compared to method B (55.47 vs. 52.31 wt%).

When all the four simulations are compared, Method D is clearly the preferred approach for

maximizing the weight fraction of cross-product. The polydispersity index of the overall polymer
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made according to Method D is also the lowest of all catalyst feed policies (Figure 4-20) and the
weight average chain length is the highest (Figure 4-21).
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Figure 4-18. Weight percent of different polymer populations exiting CSTR 1. Numbers on the columns are
their corresponding wt%.
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Figure 4-19. Weight percent of different polymer populations exiting CSTR 2. Numbers on the columns are
their corresponding wt% .
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4.5 Concluding Remarks

We have developed a mathematical model that describes the microstructure of long-chain branched
polyolefins made with two metallocenes in two CSTRs in series. In one of its applications, these dual-
metallocene systems are used to produce olefinic TPEs. The model can predict the fractions of
different polymer populations made in both reactors, as well as their average chain lengths and LCB

densities.

Simulation results show that CSTRs are more efficient than semi-batch reactors when higher long
chain branch densities or more cross-product is required. To increase the weight percent of cross-
product using a linear-catalyst and a LCB-catalyst in sequential mode, the rate of macromonomer
formation of the linear-catalyst should be higher than that of the LCB-catalyst. Increasing residence
time in the second CSTR will also lead to higher cross-product formation and LCB density. This rate
of increase is more significant if the residence time in the second CSTR is similar to that of the first
CSTR.

The catalyst feed policy also has a great impact on polymer properties. We found out that feeding the
linear-catalyst and the LCB-catalyst in equal amounts to the first CSTR and just adding the LCB-
catalyst to the second CSTR (Method D) is the preferred catalyst injection method for making

polymer with a high mass fraction of cross-product, high chain length averages, and lower PDI.
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Chapter 5
Materials and Methods

5.1 Reagents and Apparatus

5.1.1 Reagents

Reagents used in each set of polymerization runs will be described in the relevant chapters.

5.1.2 Polymerization Apparatus

A 500-ml semi-batch reactor, illustrated in Figure 5-1, was used for all polymerizations. The reactor
was equipped with stirrer, heating mantle, and cooling coil for controlling the temperature of the
reaction media during polymerization. Two independent proportional-integral derivative control loops
were used to control the cold water flow in the cooling coil and the power input to the electric heater.
The monomer mass flow rate was monitored using an in-line mass flow meter installed in the
monomer feed line. The reactor pressure was adjusted by an in-line pressure regulator installed in the
ethylene feed line. The process control calculations were performed by a personal computer running a
Labview program. Excellent temperature control was achieved using this control scheme as the

reactor temperature was maintained within +0.5 °C of the set point for most typical polymerizations.

5.1.2.1 Polymerization Procedure

Details of experiments and materials that are specific for each chapter will be described separately in

those chapters.

5.2 Polymer Characterization

A general review of polymer characterization techniques was presented in Chapter 2, Section 2.8. In
the following sections, some specific polymer characterization techniques not mentioned in Chapter 2

but used in this thesis, will be presented.
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Figure 5-1. Semi-batch polymerization reactor and control system

5.2.1 13C-NMR Spectroscopy

BC-NMR was used to measure comonomer content, (1-octene, 1-butene, 1,9 decadiene) or long-
chain branching of the samples. The *C NMR spectra were obtained using a Bruker 500 MHz
system. 100 mg of polymer sample was placed in a 5-mm NMR tube followed by addition of 0.65-0.7
g deuterated ortho dichlorobenzene. The content of the sample tube was homogenized in a heating
block at 135 °C for 4-5 h and then transferred into an NMR magnet. The probe temperature was set to
120 °C. Acquisition parameters were 14 microsecond 90° pulses, 2.6 s acquisition time, 7.5 s
relaxation delay time between pulses. Inverse gated proton decoupling was applied. The biggest peak

was referenced to 30.0 ppm. Peak assignments will be explained in the relevant chapters.

5.2.2 Estimation of comonomer Content by Crystalization Analysis Fractionation
(Crystaf).
The main idea for using Crystaf as a means for comonomer determination is to make a calibration

curve relating crystallization peak temperature of the Crstaf profiles to comonomer content of the
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copolymer samples determined by *C NMR. In the following paragraphs, we explain how the

calibration curve for 1-octene determination of the copolymer samples was obtained.

Eight ethylene/1-octene copolymer samples with different 1-octene fractions were synthesized by
copolymerization of ethylene and 1-octene using CGC-Ti in the semi-batch reactor. Table 5-1

summarizes polymerization conditions for these samples.

The samples were analyzed using *C-NMR spectroscopy to determine their 1-octene content. 3000
scans were used for data averaging. A representative spectrum of an ethylene/1-octene copolymer,
sample EO-9.02 (Table 5-1), is shown in Figure 5-2 with chemical shift assignments. The comonomer
content of the samples were calculated using the procedure proposed by DePooter et al.l*®!
Calculation using this procedure takes into account branches separated by one ethylene unit and two
or three branches next to each other in addition to isolated branches. These two latter structures were
seen when comomoner content was higher than 4 mole percent. Chemical shifts at 40.98 and 40.26
ppm are related to these structures. The integration limits used to determine the molar composition of
ethylene/1-octene copolymers are listed in Table 5-2. Table 5-3 lists the total area integrated under all

the peaks in each region of interest and the calculated 1-octene mole percent of the samples.

Table 5-1. Polymerization conditions for 1-octene copolymerization

Sample  1-octene concentration in the feed (mol.L™)

EO-9.02 0.64
EO-6.43 0.48
EO-5.25 0.4
EO-4.08 0.32
EO-3.03 0.24
EO-1.87 0.16
EO-0.85 0.08
EO-0.0 0.00

Total reactor pressure=120 psig, Reaction temperature=120 °C, Catalyst concentration= 6@10" mol/L.
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Figure 5-2. *C-NMR spectrum for the sample EO-9.02 listed in Table 5-2.

Table 5-2. Integration limits for ethylene/1-octene copolymers

Area

Region (ppm)

A
B
C
D
D+E
F+G+H

41.5t040.5
40.5t039.5
39.5t0 37
Peak at 36
36.8t033.2
33.2t0-25.5
28.51026.5
251024
24 10 22
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Table 5-3. List of integrated areas under the picks given in Table 5-1.

Value of integral in region 1-octene mole%

Sample A B C D D+E F+G+H H | P

E0-9.02 1.00 275 2024 7.00 7697 61238 7124 176 42.67 9.02
EO-6.43 100 3.26 3095 922 12880 132630 121.86 1.98 62.03 6.43
EO-5.25 1.00 3.91 40.08 1051 154.20 1975.40 147.70 2.03 72.10 5.25
EO-4.08 0.00 100 14.00 268 4721 79670 46.85 0.49 21.98 4.08
EO-3.03 0.00 100 2154 278 7555 163848 73.60 1.17 34.57 3.03
EO-1.87 0.00 000 1.00 007 361 12072 350 0.00 1.53 1.87
EO-0.85 0.00 0.00 1.00 0.00 310 24012 370 000 1.58 0.85
EO-00 000 0.00 000 000 1.48 14839 0.00 0.0 10 0.0

The molar composition of the copolymer samples was calculated using the following formulas,*?*!

0, - (A+2C +2D)
2 (5-1)
0, = (L5A+2B+(D+E)-D) (5-2)
oot +%) (5-3)
2
E ={(F+G+H)-(3A+3B+H+P+1)]/2+0'} (5-4)

where O “ is average moles of 1-octene . O;, O, and E “ are moles of branch , o carbons and ethylene,

respectively.

1-octene  mol% = — O x100 (5-9)
(O +E)

The samples were also analyzed by Crystaf using a PolymerChar Crystaf model 200. Polymer

samples were dissolved in 47 ml 1,2,4 trichlorobenzene at a concentration of 0.6 mg/ml. The polymer

solution was heated to 160 °C, held for 2 hours to ensure complete dissolution, followed by

decreasing the temperature to 105 °C and stabilizing for another 55 minutes. A constant cooling rate

of 0.1°C/min was applied during all analyses until the temperature reached 30 °C. Polymer
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concentration in the solution phase was monitored using an in-line IR detector. The Crystaf profiles
for all the samples in Table 5-1 are shown in Figure 5-3. Their Crystaf profiles show that CGC-Ti
makes copolymer with unimodal SCBD, as expected for single site catalysts. Due to the high 1-octene
of sample EO-9.02, its Crystaf peak is below 30 °C, the lowest temperature used during Crystaf
analysis; therefore, it could not be included in the Crystaf calibration curve.
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Figure 5-3. Crystaf profiles for ethylene/1-octene copolymers made with CGC-Ti. The labels on the curves are
the 1-octene mole % in the copolymer.

Table 5-4 summarizes the results for 1-octene fraction in the copolymer and crystallization peak
temperature (Toeax) for all samples listed in Table 5-1. Tpea is the Crystaf profile peak temperature.
The Crystaf analyses for some of the samples were replicated to estimate the standard deviation for
Tpeak Shown in Table 5-4.

Table 5-4. Crystaf and *C-NMR measurements for ethylene/1-octene copolymers.

1-octene Tpeak ('C) Star_1da_1rd
Sample mole % deviation
(°C)
EO-9.02 9.02 <30
EO-6.43 6.43 30
EO-5.25 5.25 42.9 42.7 42.1 42.8 0.36
EO-4.08 4.08 50.9 51.5 0.4
EO-3.03 3.03 57.9 58.8 0.63
EO-1.87 1.87 67.1 66 67 0.64
EO-0.85 0.85 74.6 75.6 74.6 0.58
EO-0.0 0.0 86.9 87.5 86.8 0.38
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Since the standard deviations at different 1-octene molar fractions are nearly the same (see last
column of Table 5-4), they were pooled to get a better estimate of the standard deviation, which was
found to be 0.5 °C (For more details on pooled standard deviations, see Appendix I, at the end of this
thesis).

An estimate of the standard deviation for 1-octene mole % in the copolymer was obtained by using
three *C-NMR analysis replicates of sample EO-4.08, and was found to be 0.032 mole %. Both
variables, T and 1-octene mole %, are random variables and the complete analysis of the problem
would, in principle, require an error in variable approach. This could be verified by examining the
equation below relating 1-octene mole % to Tpeax, Obtained using linear regression.

1-octene mole %=-0.1201Tpea(in °C)+10.116 (5-6)

Table 5-5 shows the results of a sensitivity analysis for sample EO-4.08, by changing Tpea Within two
standard deviations and calculating the respective 1-octene mole % using Equation (5-6).

Table 5-5. Sensitivity in 1-octene mole % due to variability in Tpea.

Tpeak 1-octene mole % calculated
using Equation (5-6)

50.2 4.087
51.2 3.967
52.2 3.847

The difference between the maximum and minimum 1-octene mole % in Table 5-5 is 0.24, which is
nearly twice of the four standard deviations for 1-octene mole % measured by “C-NMR
(0.24~2x4x0.032). Although, variability in 1-octene mole% is higher than variability in Tpea but this
difference is not in the range of order of magnitude. Therefore, we cannot assume that one of the
variables can be approximated as a fixed variable and apply linear regression. This means that using
linear regression is not a correct approach to obtain slope and intercept of equation 5-6 and Error in
variable model should be invoked but Equation 5-6 can still be used to obtain a point estimate of the

1-octene mole % in ethylene/1-octene copolymers as we did in Chapter 8.
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The linear relationship between Crystaf peak temperature, Tpea , and the 1-octene mole % of the
samples measured by **C-NMR is illustrated in Figure 5-4. Crystaf peak temperature decreases with
increasing amount of 1-octene, indicating that polymer chains with higher content of short chain

branches crystallize at lower temperatures, as expected.
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Figure 5-4. Plot of Crystaf peak temperaute (Tpeax) Versus 1-octene mole % in ethylene/1-octene copolymer
samples.

5.2.3 Determination of Unsaturated Chain End Density by FT-IR (UCED)

Five polyethylene samples were made with different unsaturated chain end densities (UCED, (1000
C)™). To make theses samples, ethylene was copolymerized with 1,9-decadiene using CGC-Ti. The
detailed procedure for making these copolymers and analyzing them by *C-NMR to determine their
UCED is given in Chapter 9.

The samples were melt-pressed at 150 °C into 0.1 to 0.3 mm disks using a table press and their
thickness were measured with a micrometer with thimble graduations of 0.001 mm. In the FTIR
measurements, 32 scans were collected from 400 to 4000 cm™ with 2 cm™ resolution. Figure 5-5
shows the IR spectrum for these samples. The absorption band at 910 cm™, which is indicative of
terminal vinyl group, was used for construction of the calibration curve. The area under this peak was
measured by choosing a baseline between the valleys on either side of the peak. Table 5-6
summarizes the results for the areas under the 910 cm™ peak and thickness measurements for these

samples.
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Figure 5-5. FTIR spectra for polyethylene films with different UCED.

Table 5-6. FTIR analysis summary for ethylene/1,9-decadiene copolymers.

Area under the peak A,

Sample UCEDx10 Thickness (mm A/b -1
P (940.6 - 871.4 cm™) (mm) 2/b (cm/mm)

PES54A 5.95 1.714 0.306 5.60
PE558B 14.69 3.588 0.207 17.34
PE556C 22.76 5.226 0.195 26.80
PE557C 29.84 3.901 0.107 36.46
PE559C 37.92 5.569 0.125 44 .55
5.2.3.1 Calibration

Transmittance, z;, is defined as,

I (5-7)

Ti =I—
0

where g is the intensity of the incident radiation and I is the intensity of the radiation coming out of
the sample.
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Absorbance, A, is defined as,

A, =-Logy(7;) (5-8)

According to Beer's law, absorbance is related to functional group concentration (c), in our case
UCED, as follows,

A, =axbxc (5-9)

where a is a proportionality constant called extinction coefficient and b is the path length of the
radiation through the absorbing medium (sample thickness). Substituting ¢ with UCED in Equation

(5-9) and rearranging gives,

UCED = ;/? (5-10)

Therefore, a plot of UCED versus A;/b is expected to be linear and can be used as the calibration
curve for measuring UCED (Figure 5-6). As expected, a linear relationship with slope 0.08421
UCED.cm.mm was observed. In Chapter 7, Figure 5-6 will be used to estimate UCED in polymer
samples made with CGC-Ti.
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Figure 5-6. FTIR calibration curve used to measure UCED.
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5.2.4 Short chain branch determination by online FTIR spectroscopy coupled
with GPC

FTIR detection of short chain branching for PE in trichlorobenzene solutions relies on methyl and
methylene absorption bands found at 2855 and 2928 cm™.[*%'% Thjs dependence of the FTIR spectra
on the presence of -CH; and -CH,- groups can be used to measure the level of short chain branching
(SCB) in polyethylene. In this region of the spectrum, the GPC solvent, trichlorobenzene, does not
interfere with the infra-red absorption peaks.? This technique is coupled with GPC and can
significantly enhance the characterization of polyolefins by determining short chain branch

distribution across molecular weight.
5.2.5 Short Chain Branch Distribution Determination

5.2.5.1 Ethyl and Hexyl Branch Distribution

The number of ethyl and hexyl branches per 1,000 carbon atoms as a function of molecular weight
was measured with an online dual wavelength infrared detector (Polymer Char, Valencia, Spain),
using the above mentioned wavelengths. A calibration curve was constructed using three ethylene/1-
butene and nine ethylene/1-octene copolymer samples of known ethyl and hexyl branch content made
with CGC-Ti. In addition to those samples, three ethylene homopolymers made with CGC-Ti under
high Al/Ti ratio and two linear polyethylene standard samples (NBS 1475) were used as the reference
point for zero SCBD. The SCBD of the CGC-Ti copolymers was measured by *C NMR. The
procedure for calculation of 1-butene and 1-octene content was adopted from the article by Depooter
et.al.l®!

Figure 5-7 shows the IR calibration curve used in this study. The x-axis is the ratio of the area under
the methyl signal to the area under the methylene signal for all the samples. The lowest points on the
curve are for ethylene homopolymers made with CGC and the linear polyethylene standards (NBS

1475). The calibration curve for both 1-butene and 1-octene are coincident, as expected.
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Figure 5-7. IR calibration curve for number of ethyl branches per 1,000 carbon atoms. The triangular and
circular symbols refer to 1-butene/ethylene and 1-octene /ethylene copolymer samples, respectively.

The following equation was obtained by linear regression of the data relating SCBD to the ratio of the

intensities of methyl to methylene signals, CHs/CH.,,

SCBD = 451.83(ACH3] ~322.92 (5-11)
H 2
5.2.6 Long Chain Branch Estimation

It is possible to estimate the degree of long chain branching of a polymer with a viscosity detector
that measures the intrinsic viscosity across the molecular weight distribution obtained by GPC using
the Zimm-Stockmayer equation. This approach is based on the fact that polymer chains having LCBs
have smaller sizes in solution, and consequently lower intrinsic viscosities, than linear molecules of

the same molecular weight.
The intrinsic viscosity branching factor, §', is the ratio of the intrinsic viscosities of branched and

linear chains with the same molecular weight,
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[ [n]
_ [ Lnky (5-12)
| ( [7], JM

where [7], and [#], are the intrinsic viscosities of branched and linear chains, respectively. The

parameter g’ is related to the branching factor, g, which is the ratio of the mean square radius of

gyrations of branched and linear polymers of the same molecular weight,

g'=9° (5-13)
where the value of ¢ is a function of the long chain branching structure and the number of LCBs per
chain.® If an on-line multiangle light scattering detector is available, the value of g can be measured

directly during the GPC analysis and ¢ does not need to be estimated.

Theoretically estimated values for ¢ vary from 0.5 to 1.5 for several branching configurations.!*® %!
For star polymers, a value of ¢ = 0.5 has been estimated,®” ! while studies for comb polymers
indicate a value of 1.5.°°! Randomly-branched polymers have ¢ values ranging between those for
comb and star polymers. A values of ¢ = 0.75 was reported for randomly-branched polyethylene in
1,2,4-trichlobenzene. 3!

To include the SCB contraction effect on the coil dimension, the parameter (¢ introduced by

Sun® was used. This parameter is defined as,

_ [7]scs

Osce 7], (5-14)

where [77]scg and[#]; are the intrinsic viscosities of samples of the same molecular weight with and

without short chain branches, respectively.
The intrinsic viscosity of linear polymer solutions is described by the Mark-Houwink!™** equation,
[7], =kM*® (5-15)

where the constants k and a depend on the type of polymer, solvent, and temperature. Since the

constant a is not affected by SCB frequency,® Equation (5-14) can also be expressed as,

, k
Oscs = SkCB (5-16)

where kscg and k are the Mark-Houwink coefficients for the ethylene/ a-olefin copolymer (in our

case, ethylene/1-butene or ethylene/1-octene copolymers), and ethylene homopolymer, respectively.
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For the ethylene/1-butene and ethylene/1-octene copolymers reported by Sun,® an empirical relation
was found between Jg; and 1-butene or 1-octene weight fractions, W, or W,, in the copolymer. For

ethylene/1-butene copolymer the relation is given by,,

Oies =1—0.72 W,
(5-17)

Similarly, for ethylene/1-octene copolymers,

Jscg =1-0.77 W, (5.18)

The following Mark-Houwink constants were obtained at 135 °C for the standard linear polyethylene
sample NBS 1475 using our GPC on-line intrinsic viscosity measurements,

[17], = 0.000527 [M]°*7*° (5.19)

where [7] is in dL/g. These Mark-Houwink constants were obtained by averaging the results of 7
samples. The standard deviations for k and a are 0.00004 and 0.007, respectively. These estimates are
consistent with those found by Sun™! for linear polyethylene at 135 °C in TCB,

[77], = 0.0004934[M 1°7°° (5-20)
Substituting Equation (5-17) into Equation (5-16) and then using Equations (5-19) and (5-14), we
obtain the following equation for intrinsic viscosity of linear polyethylenes with ethyl branches,

[77]ses = (1—0.00288 - EBD) - 0.000527 - M 7% (5.21)

where EBD is the number of ethyl branches per 1000 carbon atoms in the chain. EBD can be

measured for each GPC slice using the in-line IR detector, as explained in Section 5.2.5.1

Combining Equations (5-21) and (5-12) leads to the following equation for the intrinsic viscosity

branching factor, when ethyl branches are also present,

' [77],
i -22
d (1-0.00288- EBD)-0.000527-M 0.7049 (5-22)

Analogously, the corresponding equation for linear ethylene/1-octene copolymers is,

r_ [n]b
" (1-0.00616- HBD) -0.000527 - M %7 (5-23)

9

where HBD is the number of hexyl branches per 1000 carbon atoms in the chain.
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The next step is to relate g or g’ to the number of long chain branches in the polymer chains. Zimm

and Stockmayer formulated several equations to quantify the number of long chain branches in a
polymer based on how it compares to a linear (non-branched) variant of the same polymer. For a
monodispersed polymer mixture with n randomly distributed trifunctional branch units per molecule,

the g factor is given by the expression,*®!

1 (5-24)
g - 1/2
J@+n/7y? +an/9x

Since the intrinsic viscosity and EBD or HBD are known for each slice of the GPC chromatogram,

we can calculate g’ using Equation (5-22) or (5-23), and estimate g with Equation (5-13), setting & =

0.75. Finally, Equation (5-23) can be used to calculate the number of LCBs per polymer chain for
each GPC slice.

The number average LCB frequency (LCBF) and LCB density (LCBD) for the whole polymer can
then be estimated with the following equations,

S c, (5-25)
LCBF = M,
>
Mi
L CBD  14000-LCBF (526)

n

98



Chapter 6
In-Depth Investigation of Ethylene Polymerization Kinetics with rac-

Et(Ind)2ZrCl; in a Solution Reactor

6.1 Summary

Ethylene polymerization with rac-Et(Ind),ZrCI,/MAO was studied in a semi-batch solution reactor
using a systematic statistical approach. The factors investigated were ethylene concentration,
polymerization temperature, MAQO and catalyst concentrations. The ethylene polymerization kinetics
with rac-Et(Ind),ZrCI,/MAOQO is first order with respect to ethylene and catalyst concentration.
Catalyst deactivation is also a first order reaction. Chain transfer to monomer is the dominant chain
transfer reaction in this system, but transfer to MAO also happens to a lesser extent. On the other

hand, B-hydride elimination is negligible for the conditions investigated in this study.

6.2 Introduction

The use of two single-site catalysts to synthesize polymers with complex microstructures is a very
promising way to create novel polyolefins. For instance, dual metallocene systems have been used to
produce polyolefins with bimodal distributions of molecular weight™™*? and chemical composition,™*
and to maximize the formation of long chain branches in polyethylene.”®! Dual single-site catalysts

([85116,124.134]

have also been used to produce branche linear olefin block copolymers through

terminal branching and the chain shuttling process, respectively.!***

The use of two (or more) metallocene catalysts simultaneously requires a detailed knowledge of the
kinetics of polymerization of both catalysts in order to make polymers with the proper balance of the
two (or more) components. For instance, a polyolefin with bimodal molecular weight distribution will
be produced only if the mass fractions and ratios of molecular weight averages of the polymers made
by the two catalysts are within a specified range."***! Since these variables are sensitive to
polymerization temperature, monomer pressure, catalyst and hydrogen concentrations, a
polymerization kinetics model is essential for property control of polymers made with dual single-site
catalysts.

In this chapter, we investigate the ethylene polymerization kinetics with rac-Et(Ind),ZrCl,/MAO in a
solution reactor to determine its main reaction kinetic constants. Part of this Chapter has been

published in Journal of Macromolecular Symposia*.
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6.3 Experimental

6.3.1 Materials

Methylaluminoxane (MAO, 10 wt % in toluene, Sigma-Aldrich) was used as received. Ethylene and
nitrogen (Praxair) were purified by passing through molecular sieves (3 and 4-A) and copper(ll)oxide
packed beds. Toluene (EMD) was purified by distillation over an n-butyllithium/styrene/sodium
system and then passed through two packed columns in series filled with molecular sieves (3, 4, and
5-A) and Selexorb for further purification. All air-sensitive compounds were handled under inert
atmosphere in a glove box.

The catalyst, rac-ethenebis(indenyl) zirconium dichloride (rac-Et[Ind],ZrCl;), was purchased in
powder form from Sigma-Aldrich. It was dissolved in toluene at concentration of 1x10® mol/g before
polymerization. The toluene was distilled and passed through molecular sieves before being added to

the catalysts to assure that it contained no catalyst poisons.

6.3.2 Polymer Synthesis

All polymerizations were performed in the semi-batch reactor described in Chapter 5, Section 5.1.2.
The reaction medium was mixed using a pitched-blade impeller connected to magneto-driver stirrer,
rotating at 2000 rpm. Prior to use, the reactor was heated to 125°C, evacuated, and refilled with
nitrogen six times to reduce the oxygen level, before being charged with 250 ml of toluene and 0.5 g
of AliBus as a scavenger. The temperature was then increased to 120°C and kept constant for 20
minutes. Finally, the reactor contents were blown out under nitrogen pressure. This procedure ensures
excellent removal of impurities from the reactor walls.

In a typical polymerization run, 200 ml of toluene were charged into the reactor, followed by an
appropriate amount of MAO, introduced via a 5 ml tube and a 20 ml sampling cylinder connected in
series with an ethylene pressure differential of 20 psig. A specified volume of toluene was placed in
the sampling cylinder before injection to wash the tube wall from any MAO solution. The same
method was applied to inject the catalyst solution into the reactor. Monomer was supplied on demand
to maintain a constant reactor pressure of 120 psig and monitored with a mass flow meter. With the
exception of a 1-2°C exotherm upon catalyst injection, the temperature was kept at 120°C + 0.15°C
throughout the reaction. After 15 minutes, the polymerization was stopped by closing the monomer

valve and immediately blowing out the reactor contents into a 1-L beaker filled with 400 ml of
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ethanol. The polymer produced was then kept overnight, filtered, washed with ethanol, dried in air,

and further dried under vacuum.

6.3.3 Polymer characterization

Molecular weight distributions (MWD) were determined with a Polymer Char high-temperature gel
permeation chromatographer (GPC), at 145°C under a flow rate of trichlorobenzene of 1 ml/min. The
GPC is equipped with three detectors in series (infra-red, light scattering, and differential
viscosimeter) and was calibrated with polystyrene narrow standards using the universal calibration

curve.
6.4 Results and Discussion

To estimate the ethylene polymerization Kinetic constants during solution polymerization, the
ethylene concentration in solution as a function of ethylene partial pressure and reaction temperature
needs to be determined first. The method used for measuring ethylene concentration in toluene is

explained below.

6.4.1 Estimation of Ethylene Concentration in Toluene

A volume of 200 ml of toluene at 25°C was introduced into the reactor using a calibrated sight glass.
The reactor was heated up to the desired temperature and ethylene was fed until the desired pressure
was established, while recording its flow rate with the in-line volume flow meter. The total moles of
ethylene transferred to the reactor were obtained by integrating with time the ethylene volume flow
rate into the reactor and converting it to number of moles using the ideal gas law. Ideal gas behavior
was also assumed for calculating the total number of moles in the vapor phase. Assuming Ideal gas
behavior is appropriate because calculation of the compressibility factor using Lee/Kesler

correlation™

gives Z values 0.97-0.99 for the range of temperatures and pressures used in the
polymerizations.

Therefore, we can write for toluene,
(L—ye )P =@1—xe RS (6-1)
where yg and Xg and are the mole fractions of ethylene in the vapor and liquid phases, respectively,

and P and P are the total reactor pressure and toluene vapor pressure, respectively.

tol

Ethylene mole fractions in the vapor and liquid phases, and the number of moles of toluene

in the vapor phase were calculated with the expressions,
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NZRT

yg=w (6-2)

« - N —N¢

NI +NJ —(N2+NP) (6-3)
_PV:-V)

M= TR N (6-4)

where V7 is the total reactor volume, V, is the volume of liquid phase in the reactor, Nf;’ and NTg are

the number of moles of ethylene and toluene in the gas phase, respectively, and NE and NTT are the

total number of moles of ethylene and toluene fed into the reactor. Substituting Equations (6-2), (6-3)

and (6-4) into Equation (6-1) gives

NERT NT - N¢
vyl il i v [P (6-5)
VT _Vl NT+NT_ (\/T I)
BT RT

Solving Equation (6-5) yields the value of N2 at the specified temperature and pressure. The other

unknowns are obtained with the expressions,

Ni=NZ -N¢ (6-6)
Ny =Ny -N¢ (6-7)
PV, -V,)
Ng=—T 17N 6-8
! RT - %)

Finally, the ethylene concentration was calculated using the equation,
|

Ce" vl(NEi NY) (6-9)
where Vv is the specific volume of the liquid phase and Cg is the ethylene concentration in the liquid
phase. ASPEN PLUS was used to estimate the specific volumes of the liquid phase at different
ethylene mole fractions. The reactor volume was determined by filling it with toluene at room
temperature. The volume of toluene was calculated by measuring its mass using a precision scale,
with accuracy of £0.001 g, and knowing its accurate density, 866.96 + 0.09 Kg/m® at 95 % confidence
limit at 20°C.™* Five replicate reactor volume measurements resulted in an average reactor volume
of V; = 608.7 ml, with standard deviation of 0.7 ml.

Wagner equation**? was used to calculate vapor pressures of toluene at different temperatures,
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Ar+Br*+Cr3+Dz®

sat
In P = T (6-10)
re1-1 (6-11)
C
sat
pa P (6-12)
PC

where A, B, C, and D are empirical constants, and T¢ and Pc are the critical temperature and pressure.
For toluene, A = - 7.28607, B = 1.38091, C = - 2.83433, D = - 2.79168, Tc = 591.8 K , P, = 41.06
bar.[*4

Ethylene concentrations at five different temperatures, from 100 to 140°C, and at constant pressure of
120 psig, were measured using the method explained above. Three replicates at 120°C were
performed to estimate standard deviation for ethylene concentration, and found to be 0.0046 mol/L.
Table 6-1 summarizes the result of these calculations and Figure 6-1 depicts the ethylene
concentration in toluene versus temperature. An almost linear relationship was observed for the
studied range of temperatures. Ethylene concentrations in toluene were also measured for eleven
different ethylene pressures at 120°C (Table 6-2). A linear relation represents the dependency

reasonably well, as depicted in Figure 6-2.

Table 6-1. Ethylene concentration in toluene at 120 psig and different temperatures.

Ethylene Ethylene
Temperature (°C) Concentration Temperature (°C) Concentration
(mol/L) (mol/L)
120 0.451 120 0.451
120 0.459 110 0.489
100 0.528 130 0.412
140 0.373
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Figure 6-1. Concentration of ethylene in toluene as a function of temperature at total pressure of 120 psig.

Table 6-2. Ethylene concentration in toluene at 120°C and different total pressures.

Pressure Ethylene Ethylene
) Concentration Pressure (psig) Concentration
(psio) (mol/L) (mol/L)
35.6 0.110 162.5 0.631
58.4 0.203 184 0.717
80 0.292 205.2 0.805
99.2 0.370 227.2 0.901
120.7 0.459 240 0.950
141.6 0.541
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Figure 6-2. Concentration of ethylene in toluene as a function of total pressure at 120°C.

6.4.2 Effect of Catalyst Concentration

A complete randomized design with seven catalyst concentration levels and two replicates at each
level was used to investigate the kinetics of rac-Et(Ind),ZrCl, deactivation. All polymerizations were
performed at 120°C and 120 psig ethylene pressure with the same solvent volume (222.8 ml toluene)
and MAO mass (1.6258 g). Figure 6-3 shows the ethylene volumetric consumption rates versus

polymerization time for these set of runs.

Several elementary reactions take place during coordination polymerization: initiation, propagation,
long chain branch formation, chain transfer reactions, and catalyst deactivation. For catalyst
deactivation studies, however, just the initiation, propagation and deactivation steps need to be

considered, as described below,

Initiation C+M—Ko,pr (6-13)
. . k .
Propagation P +M —2>P (6-14)
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Figure 6-3. Ethylene consumption rates versus polymerization time for different catalyst concentrations. Labels
on the side shows moles of catalyst injected into the reactor.

Deactivation Pk ,py Ci (6-15)
c, Ko ,¢, (6-16)

where, P"represents living chains, D dead chains, C; monomer-free active sites and éi deactivated

catalyst sites. We have also assumed that the initiation and propagation constants, k ,, have the same

value and that the two catalyst deactivation steps, shown in Equations (6-15) and (6-16), also share

the same kinetic constant, kd .

The molar balances for active catalyst sites and living chains are given by,

A ream-kied (6-17)
d[dF:] K, [CM]—K,[P'] (6-18)
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Solving these simultaneous differential equations with the initial conditions (at t = 0) [C,]=[C,], and

[P"]1=0 yields
[Pl=[C][e™ —e™™M] (6-19)
[C.1=[Cloe ™ ~[P] (6-20)

The second exponential term in Equation (6-19) is negligible because it contains the large term ky[M].
Thus, Equation (6-19) simplifies to,

[P"1=[C/]l,e™ (6-21)
The molar balance for monomer is given by,

dM] _ Fuin

v k,[P"1IM] (6-22)

where Fyn is the molar flow rate of ethylene to the reactor and Vr is the volume of the reaction

medium.

Substituting Equation (6-21) into Equation (6-22) and solving the resulting equation using the
assumption that monomer concentration is constant, we conclude that, for a first order catalyst decay,

the kinetic data obeys the following relation,

In(l:\“/”] = In(k,[C.1,IMT) —k,t (6-23)

R

Consequently, a plot of In[ Fu "”J versus polymerization time should have a constant slope equal to
VR

ks and an intercept equal to In(k [C;1,[M]) for catalysts that follow first order catalyst decay Kinetics

and first order propagation rate with respect to monomer concentration. This is exactly what is
illustrated in Figure 6-4 for ethylene polymerization runs with rac- Et(Ind),ZrCl,. Table 6-3 shows
the values estimated for ky and k,[M], using this approach, as well as the experimental values for

polymer yield.
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Figure 6-4. Ethylene polymerization with rac-Et(Ind),ZrCl, with several catalysts concentrations.

Table 6-3. Reaction rate constant for rac-Et(Ind),ZrCl, (varying catalyst concentration).

Run Moles of Slope Intercept  k,[M] (s™) kq (s Polymer Activity
Catalyst Yield (g) (tonne PE/(mol

Zr.hr))?
8 5.84x10° -0.00102  -6.05543 89 462 1.02x10° 8.60 5885
4 4.38x107 -0.00104  -6.24759 98 339 1.04x10° 7.15 6524
14 1.02x10® -0.00119  -5.33151 105384  1.19x10° 16.20 6 335
3 7.30x10° -0.00116  -5.67598 104540  1.16x10° 11.74 6 429
11 2.92x10° -0.001 -6.57702 104638  1.00x10° 5.17 6970
12 8.76x10° -0.00129  -5.39051 116070  1.29x10° 14.36 6 559
6 5.84x10° -0.00114  -5.86786 108863  1.14x10° 9.78 6 754
7 4.38x107 -0.00105  -6.18042 104731  1.05x10° 7.45 6 762
1 2.92x10° -0.00116  -6.50186 113912  1.16x10° 5.32 7 247
9 1.45x10° -0.00098  -7.19717 114745 1.1x10°° 2.91 8012
11 1.02x10°® -0.00112  -5.1405 127723  1.11x10° 17.37 6 801
2 7.30x107 -0.00124  -552014 121843  1.24x107 13.10 7152
5 1.45x10° -0.00095  -7.0934 127091  0.95x10° 3.25 8925
13 8.76x10° -0.00101  -5.38016 117216 1.01x10° 15.18 6 933

a: One tonne is equivalent to 1000 Kg
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Theoretically, it is preferred to estimate the kinetic parameters via nonlinear regression on the

untransformed data; therefore, Equation (6-23) is expressed below in a form suitable for nonlinear

regression,

Fun =V K, [CTo[M]e™ (6-24)
or

Fu =ae™" (6-25)
Where,

a=n xk,[M] (6-26)
n, =V;[C,1 (6-27)

and n. is the number of moles of catalyst injected into the reactor.

Nonlinear regression on the monomer consumption rate x time data using Equation (6-25)
gives the results for ky and a listed in Table 6-4. Equation (6-26) was used to obtain k,[M]
from a. The parameters kq and k,[M] were also estimated through linear regression and are
reproduced in the last two columns of Table 6-4. Rate constant estimates using linear and nonlinear

regression are practically the same.

We can describe the values estimated for kq and k, with the single-factor ANOVA model,
Yij=u+7+&; (6-28)

where Y;j is the ixj™ measurement, 1. is the overall mean, 7, 1S a parameter associated with the i
treatment level (called the treatment effect; in the present case, catalyst concentration) and ¢, ; is a

random error component arising from all sources of variability. The null hypothesis is

H,:7,=7,=....z, =0 (where n = 7 catalyst concentration levels) and the alternative hypothesis is

H, : 7, # 0 for at least one value of i.
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Table 6-4. Summary of reaction rate constants for rac-Et(Ind),ZrCl, using nonlinear and linear regression.

Run Moles of a ke (s1)?* KIMIGD? ke(SD® k[M] (8P
Catalyst
8 5.84x10°  5.15x10"  0.99x10° 88 228 1.02x107° 89 462
4 438x10°  4.22x10*  1.00x10° 96 358 1.04x10° 98 339
14 10.2x10°  9.97x10*  1.21x10° 97540  1.19x10° 105384
3 7.30x10°  7.55x10*  1.14x10° 103400  1.16x10° 104 540

11 2.92x10°  3.08x10"  0.99x10° 105637  1.00x10° 104 638
12 8.76x10°  10.05x10*  1.27x10° 114744 1.29x10° 116 070
6 5.84x10°  6.25x10*  1.12x10° 107004  1.14x10° 108863
7 438x10°  457x10*  1.03x10° 104355  1.05x10° 104731
1 2.92x10°  3.32x10"  1.14x10° 113766  1.16x10° 113912
9 1.45x107 1.66x10*  1.01x107 114029  0.98x10° 114 745
11 10.2x10°  13.03x10*  1.11x103 127503  1.11x10° 127 723
2 7.30x10°  8.83x10*  1.22x10° 120939  1.24x10° 121 843
5 1.45x107 1.84x10"  0.94x10° 126 607  0.95x10° 127 091
13 8.76x10°  10.29x10*  1.02x10° 117484  1.01x10° 117216

4 Estimated using nonlinear regression; ® Estimated using linear regression.

The analysis of variance for the parameter ky, estimated through nonlinear regression, is summarized
in Table 6-5. The test statistic Fo, which is the ratio of treatment mean square to error mean square,
was used to test the null hypothesis. Since Fo = 1.55 is less than Fg s ¢, 7 = 3.866, we accept the null
hypothesis. This means that each ky measurement consists of the overall mean plus a realization of the

random error componente; ;. This is equivalent to saying that all 14 kq estimates are taken from a

normal distribution with mean ,, and variance o®. Consequently, catalyst concentration does not

influence the value of kg, as expected from the first order deactivation processes proposed in
Equations (6-15) and (6-16). The normal probability plot for ky, shown in Figure 6-5, confirms the

normal distribution of the k4 estimates with confidence level of 95% and a value of
kg = 1.081x10°+6x107 s,

A similar analysis of variance, repeated for k,[M] (Table 6-6) shows that the values estimated for
ko[M] (109 828+6 660s™) are also independent of catalyst concentration.
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Figure 6-6 shows plot of k,[M] and k4 versus catalyst concentration. The normal probability plot for

ko[M] is shown in Figure 6-7.

The use of analysis of variance to test for no difference in treatment means requires that the
measurement errors be normally and independently distributed with mean zero and a constant (but
unknown) variance 2.1 In Figure 6-8, the normal probability plot for the residuals of ky was
constructed, indicating that they are normally distributed. No pattern was seen either in the plot of
residuals versus run order and concentration, confirming independent distribution of the residuals.
The same test was repeated for k,[M] to test normal distribution of the residuals, as shown in Figure
6-9.

Table 6-5. Analysis of variance for ky (varying catalyst concentration).

Source of Variation Sum of Degrees of Mean Fo P-
Squares Freedom Square Value
Catalyst Concentration 8.1x10°® 6 1.35x10°® 1.55 0.29
Error 6.1x10° 7 8.73x10™
Total 1.42x107 13

Table 6-6. Analysis of variance for k,[M] (varying catalyst concentration).

Source of Variation Sum of Degrees of Mean Square Fo P-
Squares Freedom value
Catalyst Concentration 8.02x10° 6 1.337x10° 1.01  0.487
Error 9.27x10° 7 1.324x10°
Total 1.73x10° 13
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Figure 6-5. Normal probability plot for ky with 95% confidence limits (varying catalyst concentration).
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Figure 6-6. Plot of k,[M] and kq versus catalyst concentration.
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Figure 6-8. Normal probability plot for k4 residuals (varying catalyst concentration).

Figure 6-9. Normal probability plot for k,[M] residuals (varying catalyst concentration).
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Another point worth mentioning is that, although the kg or k,[M] values estimated by nonlinear
regression are not exactly the same as those estimated using the slope and intercept of semi-log graph
plot for monomer consumption rate versus time (Figure 6-4), their average values and variances are
the same (Table 6-7), which can be verified using basic statistics."** The 95 % confidence interval on

the difference between the two means, knowing that variances are equal is (see Appendix I),

-6.7%10° < Kgy — Ko < 9.5%10° s (6-29)
where kg, — kgn are the deactivation rate constant estimated by linear and nonlinear regression,
respectively. Since the confidence interval includes zero, it is unlikely that these two means are

different. A similar confidence interval estimation for the difference between the two means for k,[M]

leads to the same conclusion,
-9903 < ky[M];— k[M]y< 7480 5™ (6-30)

where k,[M], and k,[M], are the linear and nonlinear regression estimates of k,[M], respectively
(Appendix | gives more details on how confidence intervals for difference between two means were
calculated).

Table 6-7. Comparison of k4 and k,[M] estimated using linear and nonlinear regression methods.

Parameter Sample Sample
mean standard
deviation
kq 1.096x10°  1.04x10™
k.[M] 111040 10830
kg 1.081x10° 1.05x10™
kp[M]? 109828 11533

#Estimated using nonlinear regression with Equation (6-24).

Estimates for k, and ky can also be obtained by computing the mass of polymer (m,) produced as a

function of catalyst concentration
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(0 9 ). -31
m, _(ZSmOJXI[FM,mdt (6-31)
Substituting Equation (6-24) into Equation (6-31), we find,

k
m, = 28k—pnc[M](1—e’k“‘) (6-32)
d

Therefore, a plot of polymer yield (m,) versus catalyst concentration should be linear with a slope

28kaR[M](1—e’kd‘)/kd , as confirmed in Figure 6-10. If we estimate the value of k,[M] from the slope

of the line in Figure 6-10 and the previously estimated value of k4, we obtain k,[M] = 1.04x10° s™,
which is in good agreement with the value estimated using nonlinear or linear regression of monomer
consumption ratextime data given in Table 6.7.

Results of molecular weight measurements using GPC are summarized in Table 6-8. Analysis of
variance for number and weight average molecular weights (M, and M,,), as well as the polydispersity
index (PDI) are presented in Tables 6-9, 6-10 and 6-11, respectively, demonstrating that none of them
are affected by catalyst concentration. Figure 6-11 plots M,, M, and PDI versus catalyst

concentration.
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Figure 6-10. Polymer yield versus catalyst concentration.
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Table 6-8.Summary of molecular weight measurement (varying catalyst concentration)

Run Moles of M, M., PDI
Catalyst
8 5.84%107° 23 200 46 900 2.02
4 4.38%x10° 23 800 47 600 2.00
14 1.02x10° 23 700 48 200 2.03
3 7.30x10° 23 400 47 200 2.02
11 2.92x107° 22 600 45 400 2.01
12 8.76x10° 23 500 46 500 1.98
6 5.84x10° 23 500 47 000 2.00
7 4.38x10° 22 700 46 000 2.03
1 2.92x107° 22 600 47 400 2.09
9 1.45x10° 23 100 46 000 1.99
11 1.02x10° 23 3005 46 600 2.00
2 7.30%10° 23 800 47 200 1.99
5 1.45x10° 22 200 45 000 2.03
13 8.76x10° 23 000 46 000 2.00

Table 6-9. Analysis of variance for M, (varying catalyst concentration).

Source of Variation Sum of Degrees of Mean Square Fo P-
Squares Freedom value
Catalyst Concentration 1928 856 6 321 476 1.63  0.267
Error 1365 870 7 195 117
Total 3294 676 13
Table 6-10. Analysis of variance for M,, (varying catalyst concentration).
Source of Variation Sum of Degrees of Mean Square Fo P-
Squares Freedom value
Catalyst Concentration 5249 117 6 874 853 1.24  0.388
Error 4 933 852 7 704 836
Total 10 182 969 13
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Table 6-11. Analysis of variance for PDI (varying catalyst concentration).

Source of Variation Sum of Degrees of Mean Square Fo P-
Squares Freedom value
Catalyst Concentration 0.01029 6 0.00171 062 0.713
Error 0.01940 7 0.00277
Total 0.02969 13
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Figure 6-11. Molecular weight averages and PDI versus catalyst concentration.

6.4.3 Effect of Ethylene Pressure

A complete randomized design with 19 polymerization runs at 9 different, equally spaced, levels of
ethylene pressure (40 to 200 psig), comprising three replicates at 140 psig and two replicates at other
pressure levels was chosen to test the effect of monomer pressure on polymer yield, molecular
weight, and reaction rate constants. All other polymerization conditions were kept constant:
polymerization temperature = 120°C, solvent type = toluene, solvent volume = 222.8 ml, catalyst
concentration in the reactor = 1.316x10® mol/L, MAO mass = 1.6247 g.

117



Figure 6-12 shows the plot of monomer consumption versus time for several ethylene pressures.

Similarly to the treatment adopted in Figure 6-4, we plotted |n(FMvi" J versus time in Figure 6-13 and
\

R
estimated ky and k,[M] from the curves intercept and slope. We also used nonlinear regression with
Equation (6-25) to estimate ky and k,[M]. Table 6-12 summarizes the parameter estimate results and
average molecular weight measurements.
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Figure 6-12. Ethylene consumption rate (ml/min) versus polymerization time for different ethylene pressures.

(The numbers at the right-end of the curves refer to total pressures at which the polymerizations were
performed).
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Figure 6-13. Ethylene polymerization with rac-Et(Ind),ZrCl, under several ethylene pressures (see Figure 6-12).

Table 6-12. Summary of reaction rate constant estimates and average molecular weight measurements for

ethylene polymerization with rac-Et(Ind),ZrCl, (varying ethylene pressure).

Pressure Slope Intercept K [MI(s™)®  ka(sH)*  K[IMI(ST)®  ke(sTP M, M,  PDI
(psig)

120 -0.001004  -6.596 104 254 0.001004 104 361 0.000999 22300 45300 2.03
140 -0.000997  -6.453 119 867 0.000997 117 674 0.000960 23600 47200 2.00
60 -0.000975  -7.481 42 967 0.000975 42 876 0.000971 21200 44000 2.07
160 -0.000934  -6.339 134 295 0.000934 132 763 0.000908 24200 47600 1.96
200 -0.000994  -6.058 177 329 0.000994 174 545 0.000960 23600 49500 2.10
80 -0.000940  -7.167 58 502 0.000940 58 034 0.000920 23000 45500 1.98
180 -0.000996  -6.157 161 849 0.000996 159 466 0.000965 24700 48400 1.96
100 -0.000981  -6.868 78 853 0.000981 78 414 0.000970 22500 46100 2.05
180 -0.000924  -6.288 140 726 0.000924 139 567 0.000907 23800 47500 2.00
80 -0.000939  -7.172 58 019 0.000939 57774 0.000930 22000 45800 2.08
140 -0.000937  -6.607 103 009 0.000937 102 314 0.000923 24000 48100 2.01
60 -0.000945  -7.381 47 382 0.000945 47 452 0.000947 21100 44200 2.09
160 -0.000882  -6.302 138 579 0.000882 137 109 0.000859 23300 46800 2.01
100 -0.000936  -6.946 72904 0.000936 72 367 0.000922 22800 46100 2.02
120 -0.001024  -6.602 102 808 0.001024 102 143 0.001008 24300 47700 1.96
200 -0.000909  -6.087 172 872 0.000909 170 929 0.000886 24000 47600 1.99
395 -0.000909  -8.883 10 559 0.000909 10 741 0.000936 21000 42500 2.02
39 -0.001048  -8.021 24 993 0.001048 25 446 0.001041  NA NA NA
140 -0.000948  -6.593 104 232 0.000948 103 473 0.000934 22800 46600 2.04

a: Estimated using linear regression, b:Estimated using nonlinear regression with Equation (6-25).
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Table 6-13 gives the analysis of variance for ky (estimated by nonlinear regression). Since Fq=1.93 is

less than test statistic Fo s s 10 = 3.072, we can conclude that kg is not affected by monomer pressure,

as expected from the proposed deactivation mechanism. This also indicates that the monomer feed

does not introduce significant amounts of catalyst poisons in the reactor, in which case we should

detect an apparent increase in kq with increasing monomer pressure.

Table 6-13. Analysis of variance for ky (varying ethylene pressure).

Source of Variation Sum of Degrees of Mean Fo P-
Squares Freedom Square value
Monomer Concentration ~ 2.0625x107 8 2.578x10°  1.94 0.164
Error 1.328x10°® 10 1.328x10°
Total 3.391x10° 18

The normal probability plot for ky (estimated by nonlinear regression), shown in Figure 6-14,

confirms the normal distribution of the kq estimates. The average value for Kq with confidence level

of 95% is kg = 9.5x10™ + 2x10° s™. The corresponding average value for k4 estimated by linear

regression is the same kq = 9.6x10*+ 2.1x10° s™. Figure 6-15 plots kg Versus total pressure, showing

that ky does not depend on monmer concentration, again confirming that the proposed first order

decay is the correct choice for this polymerization system.
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Figure 6-14. Normal probability plot for ky with 95% confidence limit 95% (varying ethylene pressure).
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Figure 6-15. Plot of k4 versus total pressure.

When we compare the sample mean for ky estimated when the catalyst concentration was changed
(kg c=1.08x10°%+6x10" s) and the one obtained when pressure was varied (kqp=9.5x10*+2x107° s™),
we notice that they disagree slightly. To determine the difference between these two means, we need
to determine, first, whether their sample variances are equal or different. Hypothesis testing on ratio
of the sample variances™* of these two samples shows that their variances are different (see
Appendix ). Using basic statistics, the 95 % confidence interval of the difference between the means
is 8.3x10° < kyc — kgp < 1.9x10™ s™. This difference is small and may be associated to batch-to-batch
solvent purity variation, since we used two different solvent batches for the catalyst concentration and

ethylene pressure investigations.

The dependency of k,[M] on total reactor pressure and ethylene concentration in toluene are shown in
Figures 6-16 and 6-17, respectively. A clear first order dependency with respect to ethylene
concentration is noticed, and the slope of the curve in Figure 6-17 gives a point estimate of k,
=213,000 L-mol™s™. (Experimental ethylene concentrations data in Table 6-2 were used to estimate

ethylene concentrations at different pressures.)
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Figure 6-16. Plot of k,[M] versus total pressure.
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Figure 6-17. Plot of k;[M] versus monomer concentration.

Curve fitting of the k,[M], ethylene concentration data using linear regression model gives the
following 95% confidence intervals on slope, k, and intercept, assuming that the ethylene
concentration variable is error-free:
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Intercept=-7526+8400 1/s
ko= 226600+16600 L/(mol.s)

The confidence interval for intercept includes zero, meaning that this term is not significant in the
model and we expect this because at zero ethylene concentration kp[M] should be zero. Figure 6-17
is, in fact, the no-intercept fit of the k,[M] data versus ethylene concentration. Assuming that the
ethylene concentration variable is error-free, we can estimate 95% confidence interval for k,, which
is 213000+£7300 L/(mol.s). This assumption is not too much unrealistic because the variability in
ko[M] data is much higher than the variability in the regressor variable, ethylene concentration.
Calculation of pooled standard deviation based on all k,[M] data estimated using nonlinear regression
(Table 6-12) gives an estimate of 7096 s™, while standard deviation for ethylene concentration is
0.0046 mol/L. If we perturb ethylene concentration by one standard deviation, 0.0046 mol/L, the
change in k,[M] would be 213000x0.0046=980 s™, which is one order of magnitude less than 7096 s°
!, the pooled standard deviation of k,[M] data. This implies that measurement error in ethylene
concentration can be ignored and standard least squares methods applied.

The analysis of variance for My, and M, is summarized in Tables 6-14 and 6-15. Since Fo= 7.6 for M,,
and Fo = 4.72 for M, are both greater than Fg s s o = 3.23, we accept that M,, and M, are affected by
the monomer concentration, as expected. As shown in Figure 6-18, both M,, and M,, increase linearly
with pressure, but the increase in M,, is more pronounced than the increase in M, as implied by their
P and F, values[145].

Table 6-14. Analysis of variance for M,, (varying ethylene pressure).

Source of Variation Sum of Squares Degrees of Mean Fo P-value
Freedom Square
Monomer Concentration 4.459x10" 8 5.573x10° 7.6 0.003
Error 6.601x10° 9 7.335x10°
Total 5.119x10’ 17
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Table 6-15. Analysis of variance for M,, (varying ethylene pressure).

Source of Variation Sum of Squares Degree of Mean Fo P-value
freedom Square
Monomer Concentration 1.781x10’ 8 2.226x10° 4.72 0.016
Error 4.245x10° 9 4.717x10°
Total 2.205x%10’ 17
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Figure 6-18. Effect of ethylene pressure on My, M, and PDI.

Figures 6-19 shows that the polymer yield varies linearly with ethylene concentration. This linear
relationship confirms that the rate of polymerization is first order with respect to ethylene

concentration for Et(Ind),ZrCl, under this range of experimental conditions.
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Figure 6-19. Polymer yield as a function of ethylene concentration in toluene.

6.4.4 Estimation of Rate Transfer Constants

The molecular weight distribution of polyolefins made with single site catalysts follows Flory s most

probable distribution,
w(r)=rz®exp(-rz) (6-28)

where r is the chain length and w(r)dr is the weight fraction of chains with length in the interval [r, r

+ dr]. For linear chains, the parameter ris the reciprocal of the number average chain length,

;=1 (6-29)
rl’]
mw

L mw (6-30)
M

where r, is number average chain length and mw is monomer molecular weight.

The parameter zcan also be expressed as,

r= RIM + RtﬁH + RCTA (6_31)
RP
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where Re is the rate of propagation, and Ry, Ry and Rera are the rates of transfer to monomer, -
hydride elimination, and transfer to chain transfer agent (in our case, transfer to MAOQ), respectively.

Substituting the relevant rate terms in Equation (6-31) gives,

1k [MI+Kys, +k [AT]

(6-32)

M, mw k,[M]
or,

1 _ kw ke tkalAl 1 (6-33)
M, mwk, mw K, [M]
or, equivalently,
M, = M] (6-34)

Koy M+ Kigs +Kia [Al
mw kp mw kp

where [Al] denotes concentration of MAOQ. Equation (6-33) is appropriate for linear curve fitting,
while Equation (6-34) is suitable for nonlinear regression. We performed both types of regression on
the data collected in the present study.

Figure 6-20 shows the plot of the reciprocal of the number average molecular weight versus the
reciprocal of monomer concentration for the set of data related to the pressure effect. Figure 6-21
shows the nonlinear curve fitting over the untransformed data by minimizing the sum of squares of
the residuals. Assuming that the variability in monomer concentration is negligible, the approximate
confidence interval for the parameters can also be calculated. Table 6-16 summarizes the results for
the 95% confidence interval calculations for the parameters using linear regression and the
corresponding approximate ones using nonlinear regressions. The next section explains how those
confidence intervals were calculated.
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Figure 6-21. Curve fitting for M, data using Equation (6-34).
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Table 6-16. Parameter estimates with 95% confidence intervals using linear and nonlinear regression (varying
ethylene concentration).

Linear regression Nonlinear regression
Parameter Mean with 95% C.I  Standard Error Mean with 95% C.l1 Standard Error
ku/ mw k, (mol/g)  4.06x107+1.15x10° 5.44x107 4.04x10°+1.18x10°® 5.6x107
Kprtka[Al])/(mw k
Barrial 2]) M) 11x10%43.68x107 1.73x107 1.17x10°+4.21x10” 2x107
(mol“/L.g)

6.4.4.1 Approximate Confidence Interval for Nonlinear Model and Confidence Interval

for Linear Model

Despite lack of theoretical reliability, asymptotic confidence interval estimation of model parameters
using the t-test statistic is commonly used in nonlinear regression.™® Confidence intervals estimated
based on this method are approximate and may be underestimated; however, the estimation is
computationally expedient and conceptually appealing. Consider the general regression model,

g(y;) = f(x.0) +¢ (6-35)
where y; (i = 1,....,n) are response variables observed with unknown error ¢ (i =1, ....,n) and x; are

the fixed predictor variables. For a particular confidence level, the confidence region for an individual

parameter 6, is given by,

0, +t,,,, sy(X X);" (6-36)

i — tal2n-p

where n and p are the number of data points and parameters, respectively. The term t is the

al2,n-p
upper 100xa/2 percentage point of the t-distribution with n-p degrees of freedom.™ For nonlinear

models, X is the Jacobian evaluated at the optimum values of parameters,

N Ff(xwe)} (i,j)"™ element (6-37)
20,)

When dealing with linear models, X would be a matrix of the form below with dimension nxp,
X =[f;(x;)] (i,j)" element (6-38)

and f; is the function acting as the coefficient for the parameter &, .
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(x 'x) "is the i"" diagonal element of the (x 'x)‘l matrix, and s can be calculated from the equation

below,
i 50 (6-39)
n-p

where S(é) is the sum of squares of residuals calculated at the optimum value of the parameters. An

estimate of the standard deviation (estimated standard error) for parameter 6, was obtained by

calculating /(X" X J;'s?

6.4.4.2 Joint Confidence Region

Confidence intervals estimate the variability of each parameter alone, ignoring the interaction
between the parameters, whereas a joint confidence region encompasses all combinations of values
for the parameters that are simultaneously acceptable at the specified level of confidence. Therefore,
the joint confidence region of the parameters gives more information about their accuracy. The joint
confidence region of the parameters, ko /mwk, and (Ksutka[Al])/(mwk,) , having the correct shape
but approximate probability content was constructed by solving the equation below,™"!

5(0) < S(é)[1+ P Fp,npla} (6-40)
n—p

where n and p are number of data points and parameters, respectively. Fy.,, is the upper critical
value of the F, ., distribution. s(g) is the sum of the square of the residuals, which is a function of
the parameters, and S(0)is the corresponding value at the optimum values of the parameters 0 .

Equation (6-40) was solved iteratively using Excel to construct the joint confidence contour
bounding. Figure 6-22 compares the 95% joint confidence region obtained using Equation 6-40 with

the confidence intervals estimated using linear and nonlinear regression (Table 6-15).
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Figure 6-22. Plot of 95 % joint confidence region and individual confidence intervals for ky/mwk, and
(kgrtka[All)/(mwkp). The solid point in the middle of ellipse shows the average of the parameters calculated
using nonlinear regression while the star points shows the average value of the parameters calculated by linear
regression.

The joint confidence region stretches from 3.88x10™ to 4.2x 107 for ky/mwk, and from 6.0 X107 to
1.75x10°® for (Kgn+ka[Al])/(mwk,). These confidence intervals are greater than the corresponding
intervals estimated through linear and nonlinear regressions (Table 6-16), as expected. Despite lack of
theoretical support for using linear regression, which causes transformation of the residuals, the
confidence intervals for linear and nonlinear regression are nearly the same. The tilted elliptical joint

confidence region is possibly due to high variances in M, data or high nonlinearity of the function.

Using our previous estimate for k,, and knowing that the relative standard deviation of a fraction is
obtained by summing the squares of their relative standard deviations and extracting the square root

of the sum given that variables involved are independent, we can estimate confidence interval for ky,

and k,, +k,[Al]. The 95% confidence intervals estimates for ky and kg, +ky [Al] are given in

Table 6.17. Appendix F gives more detail on how these confidence intervals were calculated.
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Table 6-17. Estimates for kyand K, + Ky [Al]

Parameter Mean value and 95% confidence interval
K 240.94+10.83
Ko + ko [Al] 6.98+2.53

Later in this chapter we will show how to estimate K, independently of k s using a set of

polymerizations performed under different MAO concentrations.

6.4.5 Effect of Temperature

Ten polymerization runs were conducted randomly at five temperature levels, with two replicates at
each level, to study effect of temperature on the rate constants. The experimental conditions are given
in Table 6-18. Except for the temperature, all other variables were kept constant in all

polymerizations.

Table 6-18. Summary of experimental conditions (polymerization temperature effect).

Temperature 120 to 140°C  Catalyst Concentration 1.31x 10°° mol/L
Pressure 120 psig Polymerization time 15 min

Solvent Toluene MAO (10 wt% in toluene) 2 g

Solvent volume 222.8 ml

The polymerization procedure was the same as the one used for the previous runs. Temperature
control for one of the runs at 140 °C was poor (140+0.6 °C) and, therefore, only molecular weight
data was considered for that run. A change in temperature of +0.6 °C causes significant fluctuations in
the monomer consumption rate curve, but has a minor effect on polymer molecular weight. Figure 6-
23 shows the plot of ethylene consumption rates versus time at different temperatures, while Figure 6-
24 depicts the plot of In(Fy;./Vg) versus time, showing good agreement with the 1% order decay

model developed above.
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Figure 6-23. Ethylene uptake curves for polymerization runs at different temperatures.
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Figure 6-24. Effect of temperature on the plot of IN(Fyi/Vr) versus time.
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The values of kg and k,[M] shown in Table 6-19 were calculated using the slopes and intercepts in
Figure 6-24, and also by curve fitting of the monomer uptake data using Equation (6-24), as done

previously for the ethylene pressure study in Section 6.4.3.

Table 6-19. Summary of polymerization rate constants (polymerization temperature effect).

Temperature  k,[M] (s7)* kg (s7)° ko[M] (sT)° kq (5P M,, M, PDI Polymer
) Yield(g)
140 NA NA NA NA 18 800 40 200 2.14 1.30
140 113 200 0.00518 114 040 0.00532 17 400 38 400 2.21 1.49
110 96 894 0.00048 97 298 0.00048 22 800 49 100 2.16 6.19
130 126 425 0.00278 124 746 0.00274 20 500 42 800 2.09 3.75
100 94 974 0.00031 95278 0.00032 24900 52 500 211 6.48
120 115039 0.00107 114701 0.00106 22100 46 000 2.09 5.87
120 104 795 0.00100 103 860 0.00100 22 400 45 300 2.03 5.00
110 93815 0.00046 94 258 0.00047 23300 48 000 2.06 5.91
130 125968 0.00291 123413 0.00286 19 200 42 000 2.19 3.49
100 90 752 0.00026 90 895 0.00027 25400 51 600 2.03 6.22

% Estimated using linear regression; ° Estimated using nonlinear regression

Figure 6-25 shows the Arrhenius plot for ky. The point estimate for the activation energy for catalyst
deactivation was calculated using the slope of the line in Figure 6-25 and the Arrhenius law, to obtain
E. = 96 KJ/mol. Using a similar approach, we obtained the point estimate for the activation energy
for propagation to be E, = 20.52 KJ/mol (Figure 6-26). To calculate k, from k,[M] data, the

monomer concentration data shown in Table 6-1 were used.
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Figure 6-25. Arrhenius plot, for ky. The ky values were calculated by nonlinear regression.
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Figure 6-26. Arrhenius plot for k,. The k, values were calculated by nonlinear regression.

Figure 6-27 show how the molecular weight averages and polydispersity index depend on the
polymerization temperature. The molecular weight averages decrease with increasing temperature,

while the PDI remains practically the same.
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Figure 6-27. Effect of polymerization temperature on molecular weight averages and polydispersity. index.

6.4.6 Effect of MAO concentration

In order to investigate the effect of MAO concentration on polymerization kinetics and polymer
molecular weight, sixteen polymerization runs were performed, randomly, at eight equally spaced
levels of MAO concentrations at 120 °C with two replicates at each level.

The summary of experimental conditions is listed in Table 6-20. Except for MAO concentration, all
other variables were kept constant during the polymerizations. Figure 6-28 provides plots of the

ethylene consumption rate versus time for all these runs.

Table 6-20. Summary of experimental conditions (Study of MAO concentration).

Temperature: 120°C Catalyst Concentration: 1.31x 10 mol/L
Pressure: 120 psig Polymerization time: 15 min

Solvent: Toluene MAO (10 wt% in toluene) 0.138-2.57 g
Solvent volume: 222.8 ml

Like the treatment we adopted in the previous sections in this chapter, In(Fy./Vr) versus time was
plotted in Figure 6-29 and used to estimate ky and k,[M] from the curves intercept and slope.
However, nonlinear regression was not used to estimate the kinetic parameters this time because this

procedure leads to practically the same values, as demonstrated in the previous sections. Table 6-21
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summarizes the results of these calculations along with the results of the molecular weight

measurements using GPC and polymer yields for all runs.
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Figure 6-28. Ethylene uptake curves for polymerization runs at different MAO concentrations.
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Figure 6-29. Plots of IN(Fyi,/VR) Vversus time (effect of MAO concentration).
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Table 6-21.Summary of Kinetic parameters, molecular weight average measurements, and polymer yield results.

Run Weight Al Al/izr ko[M] (s ke (5 M, M, PDI  Polymer
of MAO Concentration Yield
solution (Mol/L) (9)
)
1-M 1.764 0.0122 1038 300 113 100 0.00115 NA NA NA 5.32
2-M 0.951 0.0066 559 700 85 400 0.00110 23700 48300 2.04 4.04
3-M 0.544 0.0038 320 200 77 600 0.00110 25500 50400 1.97 3.21
4-M 2.173 0.0150 1279 000 98 800 0.00096 22100 45800 2.07 4.85
5-M 0.341 0.0024 200 700 65 600 0.00119 23700 51800 219 2.72
6-M 1.356 0.0094 798 100 97 000 0.00102 22900 47200 2.06 4.44
7-M 0.341 0.0024 200 700 70 000 0.00123 22700 50300 222 2.75
8-M 1.764 0.0122 1038 300 119 800 0.00100 22600 45200 2.00 5.83
9-M 0.138 0.0010 81 200 12 800 0.00089 24600 53200 217 0.69
10-M 0.951 0.0066 559 700 93 800 0.00111 22400 47000 210 4.39
11-M 2.576 0.0178 1516 200 112 600 0.00096 20600 44800 2.18 5.40
12-M 0.544 0.0038 320 200 85 200 0.00121 22900 49100 214 381
13-M 0.138 0.0010 81 200 25 800 0.00106 24500 53500 2.18 1.19
14-M 1.356 0.0094 798 100 104 900 0.00105 21900 46000 2.10 5.02
15-M 2.576 0.0178 1516 200 105 400 0.00091 21000 44800 214 5.51
16-M 2.173 0.0150 1279 000 105 900 0.00093 22500 46500 2.07 5.27
17-M 5.01 0.0346 2950 600 101 500 0.00076 20400 44000 2.16 5.79

Figures 6-30 and 6-31 show how kq and k, vary with MAO concentration, respectively. The last point
(polymerization at high MAO concentration, Run 17-M) was not in the initial design of the
experiments; it was performed at the end of the polymerization set to confirm some trends observed
in the original design. The value of ky decreases with increasing MAO concentration. This implies

that MAO reduces the rate of catalyst deactivation, perhaps by stabilizing the active sites.

Inspection of Figure 6-31 shows that k, increases until reaching a plateau value at MAO concentration
of approximately 0.012 mol/L (Al/Zr ratio of about 1x10°), remaining essentially constant up to
MAO concentration of 0.035 mol/L, the highest MAO concentration studied (Al/Zr ratio 3x10°).
MAO is believed to alkylate the transition metal-chloride bond followed by abstraction of the second
chloride to yield a metalloceinum cation.®! The maximum k, value observed in Figure 6-31 may
correspond to the amount of MAO that completely converts the metallocene to the active

metallocenium cation species. A similar trend was seen in the plot of polymer yield versus MAO
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concentration (Figure 6-32). If we define the catalyst activation efficiency as the ratio of actual

polymer yield to the maximum polymer yield (the polymer yield at the plateau part of the polymer

yield versus Al/catalyst ratio curve), this efficiency would depend on the Al/Zr ratio, with its

maximum value at Al/Zr about 1x10° for the catalyst studied.
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Figure 6-30. Plot of kq versus MAO concentration.
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Figure 6-31. Plot of k, versus MAO concentration.
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Figure 6-33. Effect of MAO concentration on molecular weight averages and PDI.

Increase in MAO concentration decreases molecular weight averages but it does not affect PDI

(Figure 6-33). The decrease in molecular weight is likely due to chain transfer to MAO, most likely to
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trimethyl aluminum (AlMe;) contained in the MAO solution.[*®! This type of chain transfer has also

been reported in propylene polymerization using TMA.[*!

6.4.6.1 Estimation of transfer to MAO rate constant

Equation (6-34) can be rearranged to the following form,
M, = 1 (6-41)
kM kﬁH + kAI [AI]

mwk,  mwk [M] mwk [M]

A nonlinear least squares fit of Equation (6-41) over the M, data shown in Figure 6-34 gives the
estimates for the transfer to propagation constants with their corresponding approximate 95%

confidence interval limits and estimated standard errors shown in Table 6-22.

30
2.8
2.6
2.4

2.21 )

Mn

oL
1.8
16
14r
12r

1

r L L r r L r r L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
MAO Concentration (mol Al/L)

Figure 6-34. Curve fitting of M,, data using Equation (6-41).

Table 6-22. Parameter estimation with 95% confidence intervals using nonlinear regression (varying MAO
concentration).

Parameter Mean with 95% C.I  Standard Error

Kn / Mwky+ Kz ( mw ko[M]) (mol/g) 4.092x10°+1.44x10° 6.67x107
Kat (mwk,[M]) (L/g) 3.419x10“+1.57x10* 7.27x10°
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Since the value of ky/mwk, 4.04x107°+1.18x10° mol/g, is known from previous calculations
(Table 6-16), we can calculate kg./( mw k,[M]) and its approximate 95% confidence interval using
propagation of errors,

k
% 5ok107 217.0x107 MO (6-42)
mwkp[M] g

Since its confidence interval includes zero, we conclude that transfer by B-hydride elimination is
negligible with this catalyst under the polymerization conditions investigated herein.
Similarly, using the previously estimated value of k,, 213000 L.mol™.s™, the approximate 95 %

confidence interval for the kinetic parameter ky is,

ky —925+420 & (6-43)
mol.s

Appendix G shows how these confidence intervals were calculated.

Linear regression can also be used to estimate the transfer to propagation constants. Rearranging

Equation (6-41) yields the expression below which is suitable for linear regression,

1 kM + kﬁ’H + kAI [Al] (6-44)

M mwk,  mwk [M]  mwk [M]

n

The plot of 1/M, versus [Al] is shown in Figure 6-35. Intercept and slope of the line with their 95%

confidence intervals are,

k
Ku M _41x107°+1.49x10°° (6-45)
mwk,  mwk [M]
L 3.44x107* +1.47x107* (6-46)
mwk ,[M]

These means and confidence intervals are very close to individual confidence intervals estimated by

nonlinear regression.
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Figure 6-35. Plot of 1/Mn versus MAO concentration

Equation (6-40) was also used to construct the correct shape for the joint confidence region. Figure 6-
36 compares the 95% joint confidence region with the confidence intervals estimated using linear and
nonlinear regressions (The solid and dashed rectangles are confidence intervals obtained by nonlinear

and linear regressions, respectively). Note that the ellipse-shaped joint confidence region is not

parallel to horizontal axis and is elongated in that direction, this implies that _ ke is not
mwk [M]
; : k k
estimated as precisely as_"m M
mwk - mwk [M]
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Figure 6-36. Plot of 95 % joint confidence region and individual confidence intervals for ks/mwk,[M] and
(kn/mwko+ Kzl (MWK, [M])).

6.4.7 Estimation of activation energy for chain transfer to monomer

The set of experiments used to estimate the effect of temperature on the polymerization constants
were performed at 120 psig. In the experimental conditions adopted for these runs, ka[Al] << ky[M]
(12.9 s* and 90 to 127 s™, respectively). Noting that B-hydride elimination is negligible, as

demonstrated in Sections 6.4.6.1, Equation (6-32) is reduced to,

1 KkyIM] (6-47)

M,  mwk,[M]

n

Taking logarithm of both sides and substituting the relevant terms from the Arrhenius law,

_ EaM

k e RT _

In(M,)=~In| —"— |=—In Kuo |, Ean —Eop (6-48)
= mwk RT

mw k, e P
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where kvo and kpo are the frequency factors, and Eav and Eqp are the activation energies for transfer

to monomer and propagation, respectively.

Figure 6-37 shows how the In(M,) varies as a function of the inverse of absolute polymerization
temperature. The slope of the best fit line is 1247.97 J/(mol.K), which leads to an estimated transfer
to monomer activation energy of E,y = 30.9 KJ/mol. The higher activation energy for transfer to
monomer than for propagation (E.r = 20.52 KJ/mol, see Section 6.4.5) implies that the former is more
temperature sensitive than the latter. Therefore, increasing polymerization temperature causes a

decrease in polymer molecular weight averages.
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Figure 6-37. Plot of In(M,) as a function of reciprocal polymerization temperature.

6.4.8 Estimation of the macromonomer content in polymer

It is possible to estimate macromonomer content in a polymer if the reaction mechanism and the
related reaction rate constants are known. We can also estimate macromonomer content using **C-
NMR. As a final check to see if the estimated reaction rate constants are reasonable, we estimated the
macromonomer content of one of the sample ( 3-M) using both methods.The paragraphs below

explain, in detail, about these two methods.
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Chain transfer to monomer leads to the production of macromonomers, while chain transfer to MAO

produces Al-terminated dead polymer chains.

Transfer to monomer

* *

Kui o=
P+M———P  +P (6-49)

Transfer to cocatalyst

*

k. .
P+ Al—2L 5D+ C, (6-50)

where P~ denotes macromonomer concentration. If we assume that the rate of LCB formation is
negligible compared to the rate of transfer to monomer, the ratio of macromonomer formation via
chain transfer to monomer to overall rate of chain transfer gives the mole fraction of macromonomer

in the final product, as expressed by Equation (6-51).

dP/dt (6-51)

Macromonomer  mole fraction=—=
dP/dt+dD/dt

Substituting the relevant rate terms in Equation (6-51) gives

, (6-52)
Macromonomer mole  fraction= Ku [MILP] —= ku[M]
ku[M]+k,[Al]

Ky IMILPT+ K [AI][P]

Equation (6-52) shows that the mole fraction of macromonomer in the final product is a function of
monomer and MAO concentrations. At polymerization conditions used to make Sample 3-M, [Al] =
0.0038 mol/L and [M] = 0.454 mol/L. Substituting these concentrations and the rate constants (ky =
240.9, ks =925) in Equation (6-52), the mole fraction of macromonomer in the polymer is estimated
to be equal to 0.97.

To check this estimate, Sample 3-M was analyzed by *C NMR. Figure 6-38 shows the proton
decoupled *C NMR spectrum for Sample 3-M.
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Figure 6-38. *C NMR spectra of polyethylene (Sample 3-M in Table 6-17).

Four well resolved peaks were observed, with chemical shifts positioned at 14.06, 22.86, 32.18, and
33.97 ppm. To account for the peaks observed in this spectrum, the structure shown in Figure 6-39

was assumed.

v 2v 3v 4v 5y 6

5 4 3 2 1
H-C=C-C-C-C-C-C-CrrrC-C-C wevveevrar C-C-C-C-C-C-H

Figure 6-39. Carbon nomenclature for polymer chains with vinyl end group.

These chemical shifts corresponds to carbons 1, 2, 3 and 1v of the structure shown in Figure 6-39,
based on the Grant and Paul rule.*4*! Other types of carbon atoms (4, 5, 6 , 2v,...5v) have chemical
shifts located at 30 or near 30 ppm.

The number average molecular weight can be calculated using the equation below,

1 _ SCED+UCED (6-53)
M 28,000

n

where UCED is the number of unsaturated chain ends per 1 000 carbon atoms and SCED is the
number of saturated chain ends per 1 000 carbon atoms. UCED and SCED are calculated using
Equations (2-25) and (2-24).
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UCED, SCED and M, for Sample 3-M, calculated using Equations (2-25), (2-24), and (6-53), are
equal to 0. 594, 0.599, and 23, 464. The mole fraction of macromonomer in the final product can be
calculated using equation below which was found to be 0.99,

UCED (6-54)

Macromonomer mole fraction =
(SCED —UCED)

UCED +

The mole fraction of macromonomer estimated by **C-NMR s close to the one estimated through
kinetic equations confirming that the estimated Kinetic parameters are satisfactory. The assumption of
no LCB formation is reasonable because no LCB sign was seen in its *C NMR spectrum (Figure 6-
38).

6.5 Conclusions

The results of this study show that propagation and deactivation steps are first order reaction for the
solution polymerization of ethylene using rac-Et(Ind),ZrCl,/MAO. Chain transfer to monomer is the
main chain transfer reaction leading to the generation of vinyl-terminated polymers. Chain transfer
by B-hydride elimination is negligible, while transfer to cocatalyst happens to some extent depending
on the amount of MAO. However, the extent of this type of chain transfer reaction diminishes if
concentration of MAO is kept low.

Increasing MAO concentration will increase polymerization activity to a maximum value of about
7.5x10° Kg PE/(mol Zr.hr) at Al/Zr ratio of about 1x10°. MAO also decreases catalyst deactivation,

possibly by stabilizing the active sites.

The reaction rate constants for propagation, catalyst deactivation, chain transfer to monomer and
chain transfer to MAO were estimated. Their estimated values are: 213,000 L.mol™.s?, 0.001 s *, 241
L.mol™t.s® and 925 L.mol™.s™, respectively, at 120 °C. We also estimated the activation energy for
propagation, catalyst deactivation, and chain transfer to monomer. Their estimated values are 20.52,

96 and 30.9 KJ/mol, respectively.
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Chapter 7
Ethylene Homopolymerization Kinetics with a Constrained Geometry

Catalyst in a Solution Reactor

7.1 Summary

The solution polymerization of ethylene was studied in a semi-batch reactor using the constrained
geometry catalyst (CGC) dimethylsilyl(N-tert-butylamido)-(tetramethylcyclopentadienyl)-titanium
dichloride catalyst and methylaluminumoxane (MAO) as the cocatalyst. The influence of monomer
concentration, temperature, MAO and catalyst concentrations on the ethylene polymerization kinetics
were investigated systematically. The deactivation of the CGC/MAO system during ethylene
polymerization can be described with a first order thermal deactivation mechanism that includes
reversible activation and deactivation with MAO. The polymerization order with respect to ethylene
varies with ethylene concentration from first to second order. The trigger mechanism was shown to
describe very well the effect of ethylene concentration on polymer yield and polymerization Kinetics.
Low MAO concentration favors formation of polymer chains with unsaturated chain ends which in
turn leads to formation of polymers with increased long chain branch density. It was also observed
that the catalyst does not behave as a true single site catalyst at low MAO concentration. Finally, at
low MAO concentration, low ethylene concentration increases long chain branch formation.

7.2 Introduction

Constrained geometry catalysts (CGC), a type of transition metal complexes bearing linked amido
ligands, have found wide interest both in academia and industry since 1990."! This type of catalyst
retains one of the cyclopentadienyl rings of metallocenes, but replaces the other ring with a nitrogen
substituent that coordinates with the metal center, usually a group 4 metal (Zr or Ti).®! Figure 7-1
depicts the structure of an exemplary CGC-Ti catalyst. These complexes are also known as half—

sandwich complexes or Dow catalysts.
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Figure 7-1. Structure of CGC-Ti catalyst.

When activated with MAO or borates, CGC can produce polyolefins with long chain branches (LCB)
by the re-insertion of chains terminated with reactive double bonds (macromonomers). In the case of
ethylene polymerization, vinyl-terminated chains are created by chain transfer to ethylene or B-

hydride elimination

The amide donor ligand of the complex depicted in Figure 7-1 stabilizes the electrophilic metal
center electronically, while the short Me,Si< bridging group causes a more open environment at the
metal site compared to conventional metallocenes; ™" consequently, these types of catalysts allow the
facile incorporation of bulky monomers, including 1-alkenes, cycloalkenes, and styrene® into
random ethylene copolymers that are characterized by narrow molecular weight and chemical

composition distributions.

Although several experimental studies on olefin homo- and copolymerization with CGC have been
published,®¢* 1215681 gn|y 3 few investigations have dealt with polymerization kinetic studies. In one
such study, ethylene was polymerized with CGC-Ti and the authors concluded that as monomer
concentration increased, the polymer yield also increased, but that the MAO/CGC-Ti ratio had no
effect on polymer yield; unfortunately, no information was reported on catalyst decay, which has a
marked  influence on  polymer  vyield™"? In  another study,®® the CGC
TiMey/tris(pentafluorophenyl)boron/MAO system was wused in a CSTR for ethylene
homopolymerization. Ten polymerization runs were performed to investigate the effect of reactor
residence time, polymerization temperature, ethylene and hydrogen concentrations on polymerization
kinetics. Polyethylene samples with LCB frequencies from 0.07 to 0.16 were made and the CGC
appeared to behave as a single site catalyst. The authors concluded that a first order catalyst decay
model was not appropriate to explain the observed results, but they did not propose an alternative
model to describe their data. They assumed a first order propagation step with respect to ethylene

concentration and based on this assumption estimated some reaction rate constants.
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In the present investigation, we polymerized ethylene with CGC-Ti/MAO system in a semibatch
reactor in the solution state. Polymerization of ethylene was studied systematically by changing
ethylene, catalyst, and MAO concentrations. A kinetic model, based on the trigger mechanism®, was
proposed, tested, and then refined based on monomer uptake curves and polymer yield data. First
order thermal decay of the catalyst along with reversible and irreversible deactivation of the catalyst
sites by MAO seemed to be satisfactory for explaining the effect of catalyst and ethylene
concentration, as well as time, on ethylene uptake curves. Polymers produced at low MAO
concentrations were found to have higher unsaturated chain end density and long chain branch

frequencies.

7.3 Experimental

7.3.1 Materials

Methylaluminoxane (MAO, 10 wt % in toluene, Sigma-Aldrich) was used as received. Ethylene and
nitrogen (Praxair) were purified by passing through molecular sieves (3 and 4-A°) and copper(II)
oxide packed beds. Toluene (EMD) was purified by distillation over an n-
butyllithium/styrene/sodium system and then passed through two packed columns in series filled with
molecular sieves (3, 4, and 5-A°) and Selexorb for further purification. All air-sensitive compounds
were handled under inert atmosphere in a glove box.

The catalyst, dimethylsilyl(N-tert-butylamido)-(tetramethylcyclopentadienyl)-titanium dichloride
(CGC-Ti), was purchased as powder from Boulder Scientific and dissolved in toluene which was
first distilled over metallic sodium and then flown through a molecular sieve bed before

polymerization.

7.3.2 Polymer synthesis

The method used for polymerizations is explained in Chapter 6, Section 6.3.2.

7.3.3 Polymer characterization

7.3.3.1 Gel Permeation Chromatography (GPC)

Molecular weight distributions (MWD) were determined with a Polymer Char high-temperature gel
permeation chromatographer, run at 145°C under a flow rate of trichlorobenzene of 1 ml/min. Our
GPC is equipped with three detectors in series (infra-red, light scattering and differential

viscosimeter). The GPC was calibrated with polystyrene narrow standards.
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7.3.3.2 Carbon-13 Nuclear Magnetic Resonance (*C-NMR)

The *C-NMR spectrum was taken on a Bruker 500 MHz system with 5-mm tube. The probe
temperature was set at 120°C. The solutions were prepared for analysis by dissolution of
approximately 100 mg of each sample in 650 uL of o-dichlorobenzene-d4. The samples were
dissolved by heating on a hot plate at 130°C for 6 hours. Acquisition parameters were 14 micro
second 90° pulse, inverse gated proton decoupling, 10 s delay time between pulses, and 10 000 scans

for data averaging. All spectra were referenced by setting the main polyethylene chain peak to 30.00

ppm.

7.3.3.3 Fourier-Transform Infrared Spectroscopy (FT-IR)

Fourier transform—infrared spectroscopy was used to quantify the vinyl groups in the polymer chains.
The spectra were recorded from 400 to 4 000 cm™, after 32 scans, with a resolution of 2 cm™. The
absorption band at 910 cm™, representative of vinyl groups, was used to measure the amount of vinyl
groups in the polymer. The calibration curve, Figure 5-6, was used to estimate unsaturated chain end

density in polymer samples.

7.4 Results and Discussion

7.4.1 Effect of Ethylene Pressure

The effect of ethylene pressure on ethylene polymerization with CGC was investigated by varying it
from 35 to 220 psig at a constant temperature of 120°C. A complete randomized design with eleven
monomer concentration levels and at least two replicates at each level was adopted. All
polymerizations were performed at a catalyst concentration of 0.547 umol/L, 222.8 ml of solvent, and
2.0 g of MAO solution (10 wt % in toluene). Polymer yields and molecular weight measurements are

summarized in Table 7-1.
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Table 7-1. Summary of polymerization runs (effect of monomer concentration).

Run Reactor M., Mn PDI Polymer Activity (kg
pressure (psig) Yield (g) PE/(mol Ti.hr))

120A 120 188 600 91 500 2.06 5.59 40 900
60A 60 121 000 52 600 2.30 1.70 12 400
100A 100 166 600 74 100 2.25 4.39 32100
80A 80 142 800 69 900 2.04 3.01 22 000
120B 120 174 900 80 600 2.17 6.01 44 000
80B 80 150 700 68 600 2.20 2.80 20 500
60B 60 115 600 55 300 2.09 1.75 12 800
100B 100 163 100 78 100 2.09 4.10 30 000
120C 120 173700 75 800 2.29 551 40 300
100C 100 167 300 74 400 2.25 4.10 30 000
45A 45 95 600 40 800 2.34 1.01 7300
140A 140 202 600 96 500 2.10 6.70 49 000
140B 140 212 600 99 000 2.15 7.80 57 000
45B 45 110 500 48 900 2.26 0.90 6 600
140C 140 206 100 99 000 2.08 7.78 56 900
180A 180 237300 109 600 2.17 10.40 76 100
35A 35 73 800 32 200 2.29 0.50 3700
160A 160 216 600 105 000 2.06 8.60 62 900
160B 160 227 200 102 000 2.23 9.13 66 800
180B 180 240 400 106 900 2.25 10.44 76 300
220A 220 261 300 115 500 2.26 13.23 96 700
200A 200 247 900 102 000 243 12.20 89 200
220B 220 253 900 112 000 2.27 14.40 105 300
200B 200 250700 110200 2.27 11.69 85 500
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7.4.2 Polymerization Order with Respect to Ethylene Concentration

The polymer yield versus ethylene concentration in the liquid phase is shown in Figure 7-2. The
experimental results of Table 6-1 were used to calculate ethylene concentration in the liquid phase
corresponding to each total reactor pressure in Table 7-1. As expected, the curve passes through the
origin, but a curvature is seen at low ethylene concentrations which clearly point out to a non-first
order dependence of the polymerization rate on ethylene concentration. When the polymer yield is
plotted versus the square of the ethylene concentration in the reactor liquid phase for the low
concentration range (Figure 7-3), a linear relation is observed, confirming a second order dependency
at low ethylene concentrations. Contrarily, Figure 7-2 shows that polymer yield depends linearly on
ethylene concentration for values higher than approximately 0.4 mol/L. This indicates that the
propagation order with respect to ethylene concentration changes from two to one when the ethylene
pressure is increased. Ethylene polymerization orders higher than one were also reported by other
investigators.****¢%1 \We proposed the mechanism described in Equations (7-1) and (7-2) as a possible

explanation for the observed change in propagation order.

Ky
P +M P"-M (7-1)
%
kr
. k .
P".M+M—2 5P .M (7-2)

The formulation of Equations (7-1) and (7-2) is consistent with the main assumptions of the trigger
mechanism,®*4 according to which a monomer molecule first forms a complex with the active site
and insertion into the growing polymer chain can only take place if a second monomer unit
approaches the active site, triggering the insertion. In the above mechanism P* is the uncomplexed
active site with a growing polymer chain of any length, while P*-M is a growing polymer chain
complexed with a monomer molecule. When a complexed growing polymer chain of length j reacts
with a monomer unit, a complexed growing polymer chain of length j+1 is produced. Reversible

complex formation between active site with one monomer molecule is also accepted.5+*¢!

Assuming that the reaction described in Equation (7-1) is a fast equilibrium, we can write,

ki [MI[P"] (7-3)

[P M]= =

r

The total concentration of active sites, C,, in the reactor at a given time is given by the sum of

complexed and uncomplexed active sites,
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C, =[P -M]+[P] (7-4)
Substituting Equation (7-3) in Equation (7-4) and solving for [P] yields,

[Pl= oG (7o)
I(r + kf [M]

Finally, combining Equations (7-5) and (7-3) gives the concentration of complexed sites in the reactor
at a given time,

* kf[l“I]Ct 7
P . -_———-— _6
[ M] I(r kf[“l] ( )

According to Equation (7-2), the polymerization rate is given by the expression,
* 7-7
R, =k,[P"-M][M] (7-7)

which can be combined with Equation (7-6) to find the final expressions for the polymerization rate
governed by the mechanism expressed in Equations (7-1) and (7-2),

_k,Cik( [MT? (7-8)
P I(r + kf [M]
or,
2
R, = CKIMI (7-9)
1+K[M]
where,
K = t—‘ (7-10)

Consequently, at low ethylene pressures K[M] << 1, simplifying Equation (7-9) to,

R, =k,CK[M]? (7-99)
and the polymerization order with respect to ethylene concentration approaches two. Inspection of
Equations (7.8) or (7.9) will also demonstrate that the polymerization rate becomes first order with
respect to ethylene concentration as [M] increases and k[M] >> 1. Therefore, Equations (7.8) and

(7.9) can describe the change in polymerization order depicted in Figure 7-2.
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Figure 7-3. Polymer yield versus the square of ethylene concentration in the reactor liquid phase (low ethylene
concentration range).
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7.4.3 Catalyst Deactivation

The activation of coordination catalysts, such as CGC, by MAO involves very fast reduction and
alkylation reactions yielding the catalytically active sites. After achieving a maximum polymerization
activity, most coordination catalysts deactivate following a profile that depends on the catalyst type,
polymerization temperature, and impurity level in the reactor. Figure 7-4 shows the ethylene
consumption rates as a function of polymerization time for several ethylene pressures.

The first order catalyst decay model has been already described in Chapter 6 with Equation (6-21).
However, this model fails to describe the polymerization data with CGC adequately, as shown in

Figure 7-5 for a typical polymerization run.
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Figure 7-4. Ethylene reactor feed flow rate versus time at different total reactor pressures (For runs in Table 7-
1).
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Figure 7-5. Experimental ethylene uptake curve and first order catalyst deactivation model for ethylene
polymerization with CGC at total reactor pressure of 120 psig (Run 120 B in Table 7-1).

As an alternative to the first order catalyst decay model developed in Chapter 6, we propose a second
order model to describe the data presented in Figure 7-4,

=—k,C,’ (7-11)

In Equation (7-11), it is assumed that the catalyst activation is instantaneous: as soon as the catalyst is
injected in the reactor and comes in contact with MAO, all the catalyst sites are activated. Following a
derivation similar to the one applied for rac-Et(Ind),ZrCl, in Chapter 6, we finally obtain the
following expressions for monomer consumption rate, (more details on derivation are given in
Appendix H)

Foo k,KVoC,[MT* (7-12)
T @+ KM@ +k,Cot)

Rearranging gives,

Ve (+K[M]) +(1+ KIMDk,C, (7-13)

Fun  K,KCIMJ? Kk KC,[M]?
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Equation (7-13) shows that, for second order catalyst decay kinetics, the plot of the reciprocal of the
monomer of consumption rate versus time is linear. Figure 7-6 illustrates this behavior for some
typical polymerization runs performed at different ethylene partial pressures.
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Figure 7-6. Second order decay model for CGC deactivation at several ethylene partial pressures.

Equation (7-12) can be integrated to derive an expression for the total number of moles of polymer
made in the reactor after a given polymerization time,

kK¢ [M]?

(7-14)
" @ KIMDK,

In(1+ k,C,t)

where n is polymer yield in moles. Although the polymerization curves presented in Figure 7-6 seem
to be well described with a second order decay model, Equation (7-14) reveals that the polymer yield
is not a linear function of catalyst concentration. However, the additional experimental results that
will be reported below show that the polymer yield is indeed linearly related to catalyst concentration
which contradicts the dependency found in Equation (7-14). Before proposing a modification to this
deactivation mechanism in Section 7.4.5, results for the effect of catalyst concentration on the
polymerization rate will be discussed.
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7.4.4 Effect of Catalyst Concentration at High MAO Concentration.

7.4.4.1 Effect of Catalyst Concentration on Polymer Yield

Six polymerizations were performed at a constant MAO concentration (the same MAO concentration
at which the previous set of polymerization runs, given in Table 7-1, were performed), but different
catalyst concentrations and two polymerization temperatures, to investigate the effect of catalyst
concentration on polymer yield at high MAO concentration. The polymerization conditions are
summarized in Table 7-2. Runs 160A, 160B, 180A, and 180B have already been reported in Table 7-
1 and are reproduced in Table 7-2 for easy comparison. Polymer yield and molecular weight

measurements using GPC are shown in Table 7-3.

Table 7-2. Summary of polymerization conditions (effect of catalyst concentration).

Run

Temperature (°C)

Pressure (psig)

Catalyst

concentration(pmol/L)

C-3

C-2

C-1

160A

160B

160C

160D

180A

180B

180C

140

140

140

120

120

120

120

120

120

120

120

120

120

160

160

160

160

180

180

180

2.55

1.89

1.22

0.547

0.547

0.274

0.274

0.547

0.547

0.274
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Table 7-3. Polymer yield and molecular weight measurement results (effect of catalyst concentration).

Run M, My PDI Polymer
Yield (g)
C-1 35500 93 400 2.63 5.68
C-2 33900 94 400 2.79 3.95
C-3 34000 91 400 2.68 2.78
160A 105 000 216 600 2.06 8.6
160B 102 000 227 200 2.23 9.13
160C 101 700 225 400 2.22 4
160D 99 700 232200 2.33 4.35
180A 109 600 237 300 2.17 10.4
180B 106 900 240 400 2.25 10.44
180C 105 800 247 900 2.34 5.03

The first three polymerization runs in Table 7-3 (runs C-1, C-2 and C-3) have the same
polymerization conditions, except for the catalyst concentration. Figure 7-7 plots polymer yield
versus catalyst concentration for these three runs, showing a clear linear relationship. Moreover, a
linear extrapolation shows that it passes through the origin, as expected. Ethylene flow rate curves for
these three polymerizations are shown in Figure 7-8. As a further test, we plotted the corresponding
products of ethylene flow rates and catalyst ratio C/Cc_s, where Cc s is the catalyst concentration of
run C-3, selected as the base, and C is the catalyst concentration of the other run. All curves merge
into a single one, implying that ethylene flow rate is proportional to catalyst concentration in the

reactor (Figure 7-9).

Comparing the vyields of polymerization runs 160A and 160B with 160C and 160D shows that
doubling catalyst concentration doubles polymer yield. The same conclusion is reached when the
polymer vyields for the runs 180A, 180B, and 180C are compared. Therefore, we have enough
evidence to show that the polymer yield is proportional to the catalyst concentration in the reactor, at

least at high MAO/CGC ratios and when the change in catalyst concentration is within the range
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investigated in this study. These experimental findings are in disagreement with Equation (7-14),

which results from the direct application of a second order decay profile for CGC.

Polymer Yield (g)
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Figure 7-7. Plot of polymer yield versus catalyst concentration for runs C-1, C-2 and C-3.
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Figure 7-8. Ethylene reactor feed flow rate for runs C-1, C-2 and C-3.
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Figure 7-9. Plot of ethylene flow rate times catalyst concentration divided by catalyst concentration for run C-3
for runs C-1, C-2 and C-3.

7.4.4.2 Effect of Catalyst Concentration on Polymer Molecular Weight

A good estimate of variance for weight and number average molecular weight is necessary to check if
change in catalyst concentration can affect molecular weight. Since variances for M,, and M,, are
independent of ethylene concentration and they are nearly the same, combining variances using the

pooled estimator of variances can provide these estimates.

The pooled estimate of the common standard deviation for M,, and M, based on the data in Table 7-1
were found to be 5 864 and 4 200, respectively (For more details on calculation of pooled estimate of
variance, see Appendix ). This variability includes errors from molecular weight measurements and
polymerization replicates. The difference between the mean M,, of polyethylene samples made at two
levels of catalyst concentration at 160 psig (runs 160A to 160D) is 6 931, which is less than two times
of pooled estimate of the common standard deviation (2x5 864). The difference between the mean M,
of the same samples is 1150 which is again less than two times of pooled estimate of the common
standard deviation for M, (2x4 200). This means that the difference between the means of average
molecular weights at the two levels of catalyst concentrations results from random error variable. A

similar calculation was performed for the two levels of catalyst concentration at 180 psig, reaching
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the same conclusion. Therefore, there is no evidence that changing catalyst concentration affects

average molecular weights.

7.4.5 Modified Deactivation Mechanism

As shown above, a simple second order catalyst decay mechanism will not predict a linear
relationship between polyethylene yield and catalyst concentration. However, the experimental results
described in Section 7.4.4 show that such a linear relationship is indeed observed for the range of
conditions investigated in this study. Therefore, it is necessary to propose a mechanism that can
describe a non-first order catalyst decay rate and, at the same time, account for the linear relation

between polymer yield and catalyst concentration in the reactor.

Let us assume that the uncomplexed and complexed active sites decay according to a first order
model. Since we have assumed that the elementary reaction described in Equation (7-1) is a fast
equilibrium, it is required that the deactivation rate constants for both active site states be the same, as

will be explained in the short derivation below.

According to Equation (7-3), [P'] and [P"-M] are related through the following relation,

[P"-M] =K[P"][M] (7-15)
Taking the derivative of both sides assuming that [M] is constant gives,

d[P’]

dP"-M] i
5 _K[M]—dt (7-16)

Assuming that [P"] and [P"-M] deactivate according to first order kinetics,
kgo[P™ - M]=K[MIky[P7] (7-17)
and then using Equation (7-15), we conclude that K,, =Ky; .

Therefore, the rate of deactivation for all catalyst sites, assuming first order decay, would follow the

simple law,
dC
S =kaC (7-18)
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However, as we showed before, the simple first order model cannot explain the decay behavior of the
CGC catalyst. Therefore, assuming that the deactivation of uncomplexed and complexed active sites
occurs with different rate constants cannot be beneficial in explaining decay behavior of this catalyst.
In order to model the catalyst decay behavior with CGC-Ti, we assumed that there were three
elementary steps involved: thermal deactivation, and MAO-promoted deactivation and reactivation.
The thermal deactivation step is given by the reaction below,

c —Km_,c, (7-19)

where kg denotes the thermal deactivation rate constant, and Cq, are the permanently deactivated
sites. MAO-promoted (or, possibly TMA contained in MAQO) deactivation and reactivation reactions

are represented as,

c, +MAO—K ¢, (7-20)
C, + MAO—X2 ¢, (7-21)

where Cyqis a reversibly deactivated (or dormant) catalyst site that can be reactivated by reaction with
MAO. This type of reversible deactivation mechanism has been used before to model the catalyst

decay behavior of Cp,ZrCl, for the polymerization of ethylene and propylene.¢71®!

The corresponding molar balances for C, and Cq are given by,

dd% = k4 C, —k4[MAQIC, +k,[MAQ]C, (7-22)
9, _ —k,[MAOQIC, +k,[MAQIC, (7-23)

Since MAO is present in excess and its concentration is much higher than the CGC-Ti concentration,
ka[MAQ] and ky[MAQO] may be assumed to be invariant during polymerization and will be represented

by the lumped constants k', and k'q, respectively

Equations (7-22) and (7-23) can be solved with Laplace transforms with the initial conditions C,= C,
and C;=0att =0 to yield,

SC(8) = Cp = —(Kap +K4)C,(s) +K,Cy (5) (7-24)
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SC4 (s) = —k,Cq () + K4C, ()

Rearranging Equation (7-25),

koCi(s)
(s+k,)

Cqy(s)=

and then substituting Equation (7-26) into Equation (7-24) yields,

Co(s+ky)

C(s)= . , —
(s +kgn +kg)(s+ky)—Kqk,

The theory of partial fractions enables us to write Equation (7-27) as,

Co (5, +ka) ~ Colsy + Ka)

Ct (S)=
(8 =82)(8—581) (51—5,)(s—5,)

where s; and s, are constants defined as,

1 ; ; ; . ,
Sy :E|:\/(kdth +Ky +ko)? = Ak k, —(Kgp +Kg +ka)j|

1 ; ; ; . .
S :_E|:\/(kdth +Ky +K, )2 = Ak gk, + (K +Kg +ka):|

(7-25)

(7-26)

(7-27)

(7-28)

(7-29)

(7-30)

Taking the inverse Laplace transform of Equation (7-28) gives the solution for the concentration of

active sites in the time domain,

_ CO
(s, —5;)

[(s, + K )et = (s, +ko)e |

t

The molar balance for monomer in a semi-batch reactor is given by,

dM]_Fun o
d Vg P

Since monomer concentration is kept constant, we conclude that,

FM,in =R,V

p
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Combining Equations (7-9), (7-31) and (7-33) leads to the final expression for the monomer feed flow
rate to the reactor for a catalyst that follows the trigger mechanism and deactivates according to the
steps proposed in Equations (7-19)-(7-21),

_— k,KIMT*CyV,
MR L+ KIM])(S, - s,)

[(s, +K)et (s, +k,)e ] (7-34)

Finally, the polymer yield, in moles, can be obtained by the integration of Equation (7-34),

ka[M]ZCOVR (Sl+kla)(e51t _1)_M

= st _3
" A+ KM, -s,)| s S, (e™' —1) (7-35)

Differently from Equation (7-14), Equation (7-35) predicts that the polymer yield depends linearly on
catalyst concentration in the reactor, in agreement with the experimental findings presented in Section
7.4.4.

7.4.6 Estimation of Kinetic Parameters

Equation (7-34) can be rearranged into the following form,

1+ K[M])FM,in _ kpCOVR
KIMI?  (s,-5,)

[(s, +K.)es (s, +K.)e*] (7-36)

The right hand side (RHS) of Equation (7-36) is a function of polymerization time, catalyst
concentration, reactor volume, and temperature-dependent rate constants, while the left hand side
(LHS) depends on monomer concentration, reactor feed flow rate, and the equilibrium constant K.
Therefore, if we plot Equation (7-36) LHS versus time for the runs performed at varying monomer
concentrations but same catalyst concentration, reactor volume, and temperature, we expect all curves

to merge into a single one, given that we have chosen a proper value for the equilibrium constant K.
The optimum value for K can be obtained by minimizing the following objective function,

| ((1+ K[M])FM‘i,,J _[(1+ K[M])FM‘mJ it
['VI]2 max ['VI]2 min

1
@+ KIM DR s
I{ MP }’”dt

(7-37)

xX=
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where the subscripts ‘max’ and ‘min’ are the maximum and minimum values of Equation (7-36) LHS
for all runs at time t, and a, refers to its average value for all runs at time t. In fact, by minimizing this
objective function, we are minimizing the area of the error band relative to total area under the
average monomer consumption rate. Half of the value of the objective function at the optimum point
would be the maximum value of the error in predicting polymer yield with Equation (7-35). The
optimum K value estimated by minimizing the objective function defined in Equation (7-37) is 1.1.

Figure 7-10 shows the plot of Equation (7-36) LHS versus time for all the polymerization runs in
Table 7-1 using K = 1.1. All curves merge relatively well into a single ‘master” curve, especially
taking into consideration that, due to normal random error during the polymerizations, perfect
overlapping would be extremely unlikely. Since the reactor temperature and pressure fluctuate more
at the beginning of the polymerization, more variability is observed at shorter polymerization times.

A+ KIM]DFy

0 100 200 300 400 500 600 700 800 900
Time(s)

Figure 7-10. Plot [ (1+K[M])FM,in/[M]2]a\, versus time for all the runs in Table 7-1.

Equation (7-36) was used to estimate the model parametersk_, k,CoVr, S: and s, by fitting the

average value of Equation (7-36) LHS for all runs, {(1+K[M1)FMm , using the MATALB curve fit
M] w

toolbox. The parameter estimates, with their approximate 95% confidence intervals, are shown in
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Table 7-4. None of the confidence intervals include zero, indicating that all the parameters are

significant and supporting the model’s adequacy.

Figure 7-11 shows the experimental Equation (7-36) LHS for all runs {GJ’K[M]Z)FM'”}
M] "

superimposed with the RHS of equation 7-36 with the estimated model parameters in Table 7-4.

Table 7-4. Summary of estimated model parameters

Parameter Estimated value with
approximate 95% confidence
interval
K, 3.3746x10°+1.5x10™* s
koCoVr 6.149x10°+1.34x10* L™
s -1.169%x107%+3.7x10™ s?
S, -1.202%x10°%+4.5x10° s?

Values for kg and k, can be calculated using the equations below, obtained by solving Equations

(7-29) and (7-30) simultaneously,

515,

Kgn = (7-38)

a

K, = (5, +5,)— Slljz K, (7-39)

a
a

Table 7-5 tabulates the point estimates of the all kinetic parameters required for the model represented

by Equation (7-34).
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Table 7-5. Estimated values of kinetic parameters for Equation (7-34).

Parameter Estimated value
K, 3.746x10° s*
Ko 5.0455x10" L.mol™ts®
Ky 3.633x10° s*
K, 5.1436x10° s*
K 1.1

w
T
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Figure 7-11. Plot of Equation (7-36) LHS, [ (1+K[M])Fu.in/[M]*]a Versus time. The dotted curve shows the
fitted curve.

Figure 7-12 shows how the experimental ethylene feed flow rates are very well represented by
Equation (7-34) using the parameters reported in Table 7-5. The excellent agreement demonstrates

that the proposed model can describe well the dependency of time and ethylene pressure on the

monomer uptake curves.
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Figure 7-12. Comparison between experimental ethylene feed flow rates and model predictions with Equation
(7-34) and parameters in Table 7-5.Dashed curves are model predictions.

Using the estimated kinetic parameters reported in Table 7-5 and Equation (7-35), we tried to predict

the polymer yield. Figure 7-13 compares experimental and predicted polymer yields for a wide range

of ethylene concentrations. Once again, good agreement was observed between experimental data and

model predictions.
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Figure 7-13. Comparison between experimental and simulated polymer yields.
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The findings on decay behaviour of the CGC-Ti catalyst can be summarized as follows:

Assuming a first order model alone (thermal decay or deactivation by impurities) cannot
explain CGC deactivation. A second order model can explain CGC deactivation as a function
of time, but it is unable to explain the effect of catalyst concentration.

Assuming reversible activation and deactivation with MAO can explain the effect of catalyst
concentration, but it cannot explain the effect of time because the consequence of this
assumption would be the following equation for ethylene flow rate into the reactor, obtained

by solving the relevant differential equations,

_ k,KIMPPCyV,
M W+ KIMT) (K, +ky)

[k, +kgertason | (7-40)
When time approaches infinity, the liming value for monomer flow rate reaches the limiting

value’

k, KIMT*CoVgk,

. Ml (7-41)
T @+ KMk, +ky)

This limiting behavior contradicts our findings because our observations were that Kinetic

curves go to zero as time increases.

In conclusion, in addition to reversible activation and deactivation with MAO, thermal deactivation

should also be assumed to explain the effect of monomer concentration, catalyst concentration, and

time on the polymerization rate of ethylene with CGC-Ti under the conditions investigated in this

study.

7.4.7 Effect of Monomer Concentration on Molecular Weight

Figure 7-14 shows how M,, M,, and PDI of polyethylene made with CGC-Ti vary with reactor total

pressure. The PDI remains practically constant in all polymerizations, with values in a narrow range

between 2 and 2.5, as theoretically expected for a single-site catalyst. Both M, and M, initially

increase with polymerization pressure and then tend to constant values, which is consistent with a

chain growth mechanism controlled by transfer to ethylene.
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Figure 7-14. Variation of M,,, M,, and PDI with ethylene concentration.

7.4.8 Estimation of Chain Transfer Rate Constants

Transfer to monomer, to metal alkyls, to transfer agents, such as H,, and B-hydride elimination, are

among the main chain transfer mechanisms for polymerization with coordination catalyts.**%

The number average molecular weight, M,, is related to the relative rate of propagation to chain
transfer reactions through the following equation,

mw _ Ry +Ry +Ry,
M Rp

n

(7-42)

where Rp is the rate of propagation, Rv, Rgy and Ray are the rate of transfer to monomer, -hydride

elimination, and transfer to MAO, respectively, and mw is monomer molecular weight.

When a monomer approaches a complexed catalyst site, two reactions may take place: transfer to
ethylene, forming a dead polymer chain with a terminal double bound (macromonomer) and a catalyst
site attached to a single monomer unit, as described in Equation (7-43), or monomer propagation,
where the monomer molecule is inserted into the growing polymer chain, as already represented in
Equation (7-2),
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P*-M+M—M B p M (7-43)

where E denotes polymer chains with terminal double bound. Notice that we kept the trigger

mechanism formalism that assumes that one monomer molecule remains complexed to the active site.

Macromonomers can also be formed via B-hydride elimination, in which the hydrogen atom attached

to the B carbon in the chain is transferred to the metal center, as described in the following equation,

. kK = -
P"-M—2 P ycC, (7-44)

The rates of macromonomer formation by these two transfer mechanisms are given by the

expressions,
R, =ky[P -M][M] (7-45)
Ry = kﬁH[P* -M] (7-46)

Substituting [P*.M] with Equation (7-6) into Equations (7-45) and (7-46),

_ kuKIMP*C, (7-47)
Mo 14 K[M]
_kuKIMIC, (7-48)
M 14 KM
Similarly, for chain transfer to MAO,
_ ku[AIKIMIC, (7.49)
A 1+ K[M]
Finally, substituting Equations (7-9), (7-47), (7-48), and (7-49) into Equation (7-42) gives,
mw Ky K oA 1 (7-50)
M, Kk, K, [M]
or,
M, _ [M] (7-51)
mw kK, M+ K +Ky[Al]
kp kp
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which is, in fact, the same result we obtained in Equation (6-31). Figure 7-15 shows the plot of
mw/M, versus the reciprocal of ethylene concentration in the reactor. The slope and intercept of the
line provide the point estimates for ky / k, and (kg +ku[Al])/ kp, respectively, which are reported in
Table 7-6.

Figure 7-16 plots M,/mw versus monomer concentration. Nonlinear regression of Equation (7-51) was
performed by minimizing sum of squares of the residuals to obtain kv / k, and (Kg+ka[Al])/ Kp.
Assuming that the variability in ethylene concentration is negligible, the approximate confidence
interval for the parameters can also be calculated. Table 7-6 summarizes the results of 95%
confidence interval calculations for the parameters using linear regression and the corresponding

approximate ones using nonlinear regressions.

Table 7-6. Summary of chain transfer parameter estimation using linear and nonlinear regression.

Parameter Linear Estimated Nonlinear Estimated
Regression standard error Regression Standard Error
km/ Ko 1.43x10°+1.8x10” 8.68x10™ 1.5x10+1.6x10” 8x10™
(Kerrtka[All)/ K, 8.2x10°+5.6x10° 2.71x10°® 7.86x10°+8.9x10® 4.33x10°®
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Figure 7-15. Plot of 1/M, versus 1/[M].
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Figure 7-16. Curve fitting for M, data using Equation (7-51).
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7.4.9 Effect of MAO Concentration on Polymer Microstructure

Thirteen polymerization runs were performed to study effect of MAO concentration on
microstructural properties of the resulting polymer. Temperature and pressure were kept constant
during all polymerizations. Catalyst concentration was also the same for all polymerizations, except
for Run 453, where it was necessary to reduce the Al/Ti to its lowest value. The summary of
polymerizations conditions is given in Table 7-7.

Table 7-7. Summary of polymerization run conditions (effect of MAO).

Run MAO (g) Al/Ti
441 0.98 12 400
442 1.57 19 900
443 2.75 34 900
444 0.39 4900
445 2.16 27 400
446 0.98 12 400
447 1.57 19 900
448 3.93 49 500
454 0.39 4900
455 1.57 19 900
456 2.75 34 900
457 0.98 12 400
453° 0.39 1200

Catalyst concentration: 0.62 umol/L, polymerization temperature: 120°C, polymerization pressure 120 psig.

#Catalyst concentration: 2.44 umol/L

Table 7-8 summarizes molecular weight average measurements, and polymer yield.
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Table 7-8. Summary of polymer yield and GPC data.

Run M., M, PDI Polymer
Yield (g)
441 177 200 68 100 2.6 24
442 184 900 80500 23 35
443 164 200 82 000 2.2 5.92
444 153 700 39900 3.85 0.97
445 175 500 76900 2.28 5.02
446 180 800 69000 2.62 2.84
447 183 500 78400 2.34 3.84
448 191 200 88100 2.17 7.77
454 168 000 48200  3.49 1.24
455 177 800 76 700  2.32 4.12
456 188 700 83600 2.26 6.94
457 152 600 62700 243 2.62
453 147 700 37800 391 3.01

The polymer yield increases with MAO concentration in the reactor, as shown in Figure 7-17.
Interestingly, the polymer yield for Sample 453, which was made at higher catalyst concentration
than the other runs, does not lie on the curve showing the trend for the samples made at the same
(lower) catalyst concentration but different MAO concentrations. However, if we normalize its yield
by multiplying by the catalyst concentration of all other samples and then dividing by its catalyst
concentration, we see that it follows the same trend. This confirms that polymer yield is linearly
related to catalyst concentration, as shown before. Figure 7-18 illustrates how PDI, M, and M,, vary
with Al/Ti ratio. Decreasing Al/Ti ratio down to a certain level (about 20 000) does not affect
molecular weight and PDI, while a further decrease will reduce M, and M,, and increase

polydispersity.
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Figure 7-17. Polymer yield versus MAO concentration.
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Figure 7-18. Molecular weight averages and PDI as a function Al/Ti.
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7.4.10 Long Chain Branch Detection

Figure 7-19 shows the 15° light scattering signal intensity versus GPC elution volume for all the
polymerization runs listed in Table 7-7. For samples made at high MAO concentration or high Al/Ti
ratio (Al/Ti > 20 000), no significant shoulder or bimodality is observed. At low Al/Ti ratios (Al/Ti <
12 000 and lower) a shoulder appears at low elution volumes, becoming more significant as the Al/Ti
ratio decreases. To confirm that this high molecular weight shoulder comes from long chain
branching, we analyzed Sample 453, which had the lowest Al/Ti ratio of all samples shown in Table
7-7, by *C NMR. Figure 7-20 shows the proton-decoupled **C NMR spectrum for Sample 453.
Seven well resolved peaks were observed with the chemical shifts positioned at 14.2, 22.9, 32.2,
34.57, 27.28, 38.2 and 33.97 ppm. To account for the peaks observed in this spectrum, the structure
shown in Figure 7-21 was assumed. Based on the Grant and Paul rules, the foregoing chemical shifts
correspond to carbons 1, 2, 3, a, B, br and 1v, respectively. Other types of carbons have chemical
shifts located at 30 or near 30 ppm so they would be obscured by the main peak at 30 ppm. Inspection
of the spectrum in Figure 7-20 confirms the presence of LCBs in Sample 453. The plot of log [7]
versus log MW for Sample 453 depicted in Figure 7-22 further confirms the presence of LCBs in
this sample.

0.14 4 Al/Ti=49 500

012 AlTi=27 400

Al/Ti=19 900
0.14

0.08 + Al/Ti=4900

Al/Ti=1200
0.06

Signal intensity (V)

Al/Ti=12 400
0.04 4

0.02 A

15 16 17 18 19 20 21 22
Elution volume (ml)

Figure 7-19. 15° Light scattering signal intensity versus GPC elution volume for samples made under different
Al/Ti ratios.
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Figure 7-20. **C-NMR spectrum for Sample 453 (top) and 448 (bottom).
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Figure 7-21. Chemical structure for long chain branched CGC-Ti polyethylene.

The increase in PDI observed when the Al/Ti ratio was reduced can be partially attributed to the
formation of LCBs, as shown in *C-NMR spectra for Sample 453, but the observed increase is too

high to be credited only to the presence of LCBs.
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Sample 448, which was made at high Al/Ti ratio, was also analyzed using “*C-NMR spectroscopy.
Four peaks, corresponding to 1, 2, 3 and 1v carbons were observed, but no LCB peak was detected
(Figure 7-20). In addition, its log [n] versus log MW plot was linear, indicating that LCB frequency
in the sample is negligible. The summary of **C NMR analysis for the two samples is given in Table
7-9.

Table 7-9. Summary of *C-NMR analysis for the samples 453 and 448.

Sample UCED SCED LCBF
453 0.39 0.78 0.23
448 0.064 0.29 0
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Figure 7-22. Molecular weight distribution and intrinsic viscosity plot for Sample 453.The intrinsic viscosity
plot for the linear sample NBS 1475 is shown for comparison.

To better understand why molecular weight decreases when the Al/Ti ratio is reduced, the unsaturated
chain end density (UCED) — the number of vinyl groups per 1000 carbon atoms in the sample — of

seven randomly selected polymer samples (samples:456, 448, 445, 453, 454, 455, 446) made at
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different Al/Ti ratios were measured using FTIR spectroscopy. This method was explained in detail in
Chapter 5, Section 5.1.5. Figure 7-23 plots the sample UCEDs versus the Al/Ti ratio. (The multiple
points at each Al/Ti level are measured replicates, not polymerization replicates, so the variability at
each Al/Ti level reflects variability in UCED measurements). Since UCED for Sample 448, (made at
the high Al/Ti ratio of 49 500) is low and the sample has no LCBs, it seems that high Al/Ti ratios
slow down chain transfer reactions that lead to the formation of vinyl-terminated chains
(macromonomers), while the rate of transfer to MAO increases. It also appears that the decrease in
the rate of macromonomer formation reactions is more pronounced than the increase in the rate of
chain transfer to MAO as the Al/Ti ratio is increased. The overall effect of these two rate changes is
that molecular weight initially increases with increasing Al/Ti ratio until it finally levels off while, at
the same time, the concentration of macromonomer decreases. Therefore, when the Al/Ti ratio
decreases, the rate of macromonomer formation increases, the molecular weight decreases, and more

LCBs are formed.

Figure 7-24 shows how the unsaturated chain end frequency (UCEF), or the number of unsaturated
chain ends per polymer chain, varies as a function of the Al/Ti ratio. The UCEF was calculated with

the expression,

UCED x M,

7-52
14000 (7-52)

UCEF =

It is interesting to note that at low Al/Ti ratios UCEF is approximately equal to 1. This indicates that
most chains in the sample have one vinyl terminal group and, consequently, that chain transfer to
MAO is negligible when the Al/Ti ratio is relatively low. Since UCEF decreases with increasing
Al/Ti and chain transfer to MAO does not produce vinyl terminated chains, transfer to MAO is likely

to become more relevant at higher Al/Ti ratios.

Figure 7-25 compares the MWD of Sample 448 made at Al/Ti = 49 500 with those of Samples 444
and 453, produced with Al/Ti ratios of 4 900 and 1 200, respectively. The fraction of low molecular
weight chains increases when the MAO concentration decreases. It can be speculated that this lower
molecular weight chains are more likely to be vinyl terminated. It is also interesting to note that, for
these samples, MWD depends on MAO concentration, not on Al/Ti ratio, because Samples 453 and
444 were made at the same MAO concentration but at different Al/Ti ratios of 1200 and 4200,

respectively.
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Figure 7-23. Unsaturated chain end density (UCED) as a function of Al/Ti ratio.
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Figure 7-24. Unsaturated chain end frequency (UCEF) versus Al/Ti ratio.
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Figure 7-25. Molecular weight distributions of Samples 444, 453, and 448 made at different Al/Ti ratios.

7.4.11 Effect of Monomer Concentration on Long Chain Branching at low Al/Ti
Ratio (Al/Ti=916)

Long chain branch formation with metallocene catalysts is simply copolymerization with
macromonomers; thus, decreasing ethylene concentration in the reactor is expected to increase LCB
formation. The experimental results shown in the previous section show that low MAO concentration
favors the formation of macromonomers, which is a pre-requisite for LCB formation. In this section
we analyze the effect of changing ethylene concentration at low MAO concentration on LCB

formation.

The effect of ethylene concentration was investigated by varying the total reactor pressure from 40 to
210 psig at a temperature of 120°C. Nine polymer samples were made at five different pressures
(Table 7-10). MAO and catalyst concentration, polymerization time and temperature were kept the
same in all runs. Molecular weight averages, polymer yields, and LCB estimations are presented in
Table 7-11.
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Table 7-10. Summary of polymerization runs (Effect of monomer concentration at Al/Ti=916).

Run 733 734 735 736 737 738 741 742 745

Total reactor

. 120 160 80 80 120 205 120 40 40
pressure (psig)

Catalyst concentration: 4.9 umole/L, Temperature: 120°C, Al/Ti: 916.

Table 7-11. Summary of GPC results and polymer yields (Effect of monomer concentration at Al/Ti=916).

Run Pressure M., M, PDI Polymer LCBF?
(psig) Yield (g)

733 120 142200 40200 3.5 4.57 0.2
734 160 176700 46400 3.8 6.64 0

735 80 113400 31400 3.6 2.04 0.27
736 80 113600 32400 3.5 2.50 0.25
737 120 137600 38600 3.6 4.79 0.21
741 120 158900 46300 3.4 4.69 0.18
742 40 94000 23400 4.0 0.65 0.32
738 205 195300 55100 3.5 10.22 0

745 40 105200 24900 4.2 0.77 0.3

& Estimated using Zimm-Stockmeyer equation.

Figure 7-26 plots polymer yield versus monomer concentration. As observed for high Al/Ti (see

Figure 7-1), a non-first order dependence on monomer concentration is also noticed.

Plots of the 15° GPC light scattering detector signal intensity versus elution volume for all polymer
samples are shown in Figure 7-27. At an ethylene pressure of 120 psig, a shoulder is observed on the
low elution volume region (high molecular weight), which corresponds to long chain branched
polymer chains, as demonstrated in Section 7.4.8.1. Decreasing ethylene pressure accentuates this
bimodality. The area under the high molecular weight peak (low elution volume) increases as

ethylene pressure decreases, implying that LCB formation is more significant at lower pressures.
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Figure 7-26. Polymer yield as a function of ethylene concentration (Al/Ti=916).
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Figure 7-27. 15° GPC light scattering detector signal intensity versus elution volume for samples in Table 7-10.
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Figure 7-28 compares the MWDs for all samples, and log [n] versus log MW plots for the linear
polyethylene standard NBS 1475 and Sample 745 (made at 40 psig). The nonlinear log [n] versus log
MW curve for Sample 745 is a clear indication of the presence of LCBs. The high molecular weight
shoulders seen for the samples made at 120, 80, and 40 psig are also indications of LCB chains.
Zimm-Stockmayer equations, introduced in Chapter 5, were used to estimate the LCB frequency for
these samples (Table 7-11), confirming that decreasing ethylene pressure in the reactor leads to more
long chain branching in the polymer.

Figure 7-29 shows how M,, M,, and PDI vary with ethylene concentration. PDI is almost constant at
high ethylene concentrations, but starts to increase for values lower than 0.4 mol/L. This change in
PDI at lower ethylene concentrations can be attributed to an increase in the rate of LCB formation due
to the decreasing ethylene concentration. Although at high ethylene concentrations (ethylene
pressures of 160 psig and higher) no sign of LCB was observed by the GPC viscometer, PDI still
remains higher that the theoretical value of two expected for polyethylene made with single-site
catalysts at uniform conditions, which indicates that not all increase in PDI can be attributed to long

chain branching. In fact, a true single site behavior is not observed when MAO concentration is low.
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Figure 7-28. Molecular weight distribution of the polyethylene samples made at low Al/Ti ratio and Plot of log
[n] versus log MW for Sample 745 (P =40 psig) and NBS 1475.
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Finally, Figure 7-30 compares M, and M,, for the two sets of samples made at low and high Al/Ti
ratios. Weight and number averages are higher when the polymers are made at larger Al/Ti ratios, but

this difference decreases for lower ethylene pressures.
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Figure 7-30. Effect of ethylene concentration and Al/Ti ratio on molecular weight.
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7.5 Conclusions

The kinetics of ethylene solution polymerization using the CGC/MAO system was studied in a
semibatch reactor at high temperature. The propagation reaction order was found to be first order with
respect to catalyst concentration, whilst the order with respect to ethylene concentration changed from
1 to 2. Assuming reversible activation and deactivation with MAO along with thermal deactivation

can explain the effect of time, monomer and catalyst concentration on the propagation rate.

Decrease in MAO concentration leads to the production of polymer chains with terminal vinyl
groups, which may be subsequently incorporated into growing polymer chains to produce long chain
branched polymers. Polymer molecular weight is decreased by lowering MAO concentration, whilst
PDI increases. Part of the increase in PDI due to the lowering of MAO concentration can be attributed
to LCB formation, whereas the rest results from non single site behavior of the catalyst at low MAO
concentration. Decrease in monomer concentration leads to the production of polymer chains with

increased LCB frequencies while the MAO concentration is low.
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Chapter 8
Kinetic Study on Homopolymerization of Ethylene Using a

Combination of Two Single Site Catalysts in a Solution Reactor

8.1 Summary

The homopolymerization of ethylene and copolymerization of ethylene and 1-octene was studied in a
semi-batch  solution reactor using a combination of dimethylsilyl(N-tert-butylamido)-
(tetramethylcyclopentadienyl)-titanium dichloride (CGC-Ti) and rac-Et(Ind),ZrCl, catalyst and
MAO as cocatalyst. Polymerizations were performed either at high (0.013 mol Al/L) and low (0.003
mol Al/L) MAO concentrations. The results show that catalyst sites act independently of each other
and no increase in long chain branch formation was observed. Based on Crystaf profiles of the
copolymerization runs, reactivity ratios for ethylene\l-octene using rac-Et(Ind),ZrCl, and CGC-Ti

were determined.

8.2 Introduction

Increasing polymer molecular weight improves physical properties of unimodal MWD polyolefin
resins at the expense of decrease in processability. One way of overcoming this problem is to use
bimodal MWD resins. Bimodal resins have both high and low molecular weight polymer chains. Low
molecular weight polymer chains enhance processability and the high molecular weight ones enhance
physical properties. The common method for making bimodal resins is to use two reactors in series
(tandem reactor technology). Metallocene catalyst technology has made it possible to produce
bimodal resins in a single reactor by using two metallocenes that make polymer chains with
significantly different average molecular weights. Intimate mixing of high and low molecular weight
portions, less process complexity, and lower investment costs are among the advantages of using
metallocene catalysts for making bimodal MWD resins. Another way to increase processablity is to
introduce long chain branches into unimodal MWD resins. Combined metallocene catalysts can also
be used to make bimodal resins with long chain branches. In this chapter, we investigate the
combination of rac-Et(Ind),ZrCl, and CGC-Ti to make polyethylene with increased long chain
branching. Three cases were tested: homopolymerization at high and low MAO concentration, and

copolymerization at high MAO concentration.
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8.3 Experimental

8.3.1 Materials

Methylaluminoxane (MAO, 10 wt % in toluene, Sigma-Aldrich) was used as received. 1-Octene was
passed through a packed column filled with molecular sieves (3, 4, and 5-A). The purification process
for ethylene, nitrogen, and toluene was explained in Chapter 6, Section 6.3.1. The catalysts, CGC-Ti
and rac-Et(Ind),ZrCl, were purchased as powders from Boulder Scientific and dissolved in toluene
which was first distilled over metallic sodium and then flown through a molecular sieve bed before

polymerization.

8.3.2 Polymer Synthesis and Characterization

The method used for homopolymerization was explained in Chapter 6, Section 6.3.2. Catalysts were
mixed in a vial and then transferred to the catalyst injection assembly about 10 minutes before
transferring into the reactor. For copolymerization with the combined catalyst system, 1-octene was
transferred into the reactor after MAQ injection.

Methods used for polymer characterizations were explained in Chapter 7, Section 7.3.3.

8.4 Results and Discussion

8.4.1 Ethylene Homopolymerization with Et(Ind)2ZrCl;/CGC-Ti at High MAO

Concentration

The simulation results presented in Chapter 3 show that when ethylene is polymerized with two single
site catalysts, one capable of producing macromonomers and the other of incorporating
macromonomers, the long chain branching frequency can be increased. The results reported in
Chapter 6 show that rac-Et(Ind),ZrCl, is an excellent catalyst for the production of polyethylene
macromonomers. As dicussed in Chapter 7, some of the polymer samples made with CGC-Ti
contained long chain branches. To check whether the macromoners produced by rac-Et(Ind),ZrCl,
could be incorporated into the growing polymer chains produced by CGC-Ti, ethylene was
polymerized with a combination of these two catalysts at high MAO concentration. Fourteen
polymerizations were run at seven different molar catalyst ratios. Table 8-1 summarizes the
polymerization conditions for these runs. Molecular weights and polymer yields for all these runs are
listed in Table 8-2.
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Table 8-1. Polymerization conditions for combined catalyst system at high MAO concentration.

Run CGC rac-Et(Ind),ZrCl, X Polymer Yield
Concentration Concentration ©
(nmol)
(nmol)

274 0 115 0 5.15
276 608 0 1 5.87
277 304 5.8 0.5 5.44
278 203 7.6 0.34 5.37
279 506 1.9 0.83 5.47
280 104 9.6 0.17 5.39
281 400 4 0.65 5.99
282 400 4 0.65 4.94
283 304 5.8 0.5 4.93
284 0 115 0 4.59
285 608 0 1 4.81
286 104 9.6 0.17 4.9
287 506 1.9 0.83 5.1
288 304 5.8 0.5 5.12

Polymerization Temperature:120 °C, Polymerization Pressure : 120 psig. Polymerization time: 15 min, MAO
concentration: 0.013 mol Al/L.

Average polymer yield per mole of rac-Et(Ind),ZrCl, catalyst, calculated from polymer yield data for

runs 274 and 284, using Equation I-2 in Appendix |, with 95% confidence interval is :

t 0.48
(5.15 + 4.59) + (0.02514-7) X — 423500 + 69300 Kg (8-1)

(2x1000x11.5x107°) ~ (1000 x11.5x107°)+/2 mole

Similarly, the average polymer yield per mole of CGC-Ti catalyst, calculated from polymer yield data
for runs 276 and 285, with 95% confidence interval is:
(5.87 + 4.81) N 2.36x0.48 Kg

+ =8783+1320 —= (8-2)
(2x1000x 608 x107°) (1000 x 608 x10°)~/2 mole

In order to estimate 95% confidence intervals in the above calculations, we assumed that the same
phenomena were generating random error at each level of catalysts combination; therefore, the
polymer yield standard deviations at all levels were pooled to obtain a single estimate of the standard

deviation, equal to 0.48 g (for more details on pooled standard deviation, see Appendix I).
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Comparing polymer yields for rac-Et(Ind),ZrCl, and CGC-Ti shows that the polymer yield per mole
of rac-Et(Ind),ZrCl, is about 50 times of the polymer yield per mole of CGC-Ti under the same

polymerization conditions. Consequently, using catalyst mole fraction is not a convenient variable for

displaying polymer yield data for this combined system. A modified catalyst mole fraction, X,
defined by the equation below was introduced,

moles of CGC -Ti

maximum moles of CGC - Ti
moles of rac - Et(Ind), ZrCl, N moles of CGC - Ti

maximum moles of rac - Et(Ind),ZrCl,  maximum moles of CGC - Ti (8-3)

The parameters, maximum moles of CGC-Ti, and, maximum rac-Et(Ind),ZrCl,, introduced in

Equation 8-3 are 608 and 11.5 nmol, respectively, which are the moles of catalyst injected into the

reactor for the Runs 276 and 274. The fourth column of Table 8-1 gives X values for each run.

Table 8-2. Molecular weight averages and polymer yields for runs listed in Table 8-1.

Run My, M, PDI Polymer Yield w:x100 Wgpc X100
9)
274 48800 23400 2.09 5.15 0 0
276 191000 79000 241 5.87 100 100
277 149200 39600 3.77 5.44 52 63
278 116000 31600 3.68 5.37 36 43
279 171800 57200 3.00 5.47 85 87
280 87500 27700 3.16 5.39 18 21
281 162800 45400 3.58 5.99 68 73
282 155800 45700 3.41 4.94 68 71
283 142000 38200 3.72 4.93 52 57
284 46900 23600 1.99 4,59 0 0
285 186400 79200 2.35 4.81 100 100
286 78500 26100 3.01 49 18 20.4
287 162000 54000 3 5.1 85 83
288 136800 37700 3.63 5.12 52 58

Figure 8-1 plots the polymer yield versus the modified CGC-Ti mole fraction, X . The linear trend
observed indicates that activities of these two catalysts are additive and do not affect each other.
Visual inspection of the polymer yield data in Figure 8-1 also shows that the polymer yield variance

does not depend on CGC-Ti fraction, supporting the use of pooled standard deviation.
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Figure 8-1.Polymer yield versus modified catalyst mole fraction x *

The Mark-Houwink plot and **C NMR analysis were used to determine whether combining these two
catalysts increase long chain branching. Figure 8-2 shows the MWD of all samples overlaid with their
corresponding log [7] versus log M plots. The linear trends observed in their intrinsic viscosity plots
indicate lack of long chain branching. To support these observations, we analyzed samples 274 and
277, containing zero and 50 weight % CGC-Ti polymer, respectively, by *C NMR. Their spectra
showed resonances related to saturated and vinyl carbons, but any peaks indicative of the presence of

long chain branches were not detected (Figure 8-3).
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Figure 8-2. MWDs and Mark-Houwink plots for the sample listed in Table 8-1.
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Figure 8-3. **C-NMR spectra for sample 277 (top) and sample 274(bottom).

8.4.1.1 Determination of Weight Fraction of CGC-Ti Polymer Using GPC.

It is possible to calculate the weight percent of polymer made with each catalyst type using the
molecular weight distribution of polymers produced with the combined catalyst system. The
following paragraph explains how this calculation was performed.

Polymers made using individual rac-Et(Ind),ZrCl, and CGC-Ti were mixed in different proportions
and their MWDs were measured by GPC. Seven 20 mg polymer blends containing 0, 20, 40, 50, 60,
80 and 100 wt% CGC-Ti polymer were prepared using a precision scale, with accuracy of £0.0001 g.
The weight fraction of the CGC-Ti polymer in the samples (we refer to this weight fraction as wgpc
afterwards) listed in Table 8-2 was measured by interpolating between the MWD of those seven
polymer blends. Figure 8-4 compares the MWD of sample 283 with the two polymer blends prepared
by adding CGC-Ti and rac-Et(Ind),ZrCl, polymers. The wgpc for those two blends were 50 and 60
(w50 and w60 samples, respectively). As shown in Figure 8-4, the MWD for sample 283 lies between
the MWDs of w50 and w60 samples. Therefore, the wgpc for sample 283 should be between 50 and
60 %. The precise wgpc for sample 283 can be obtained by a trial and error procedure based on the

MWDs of the samples w50, w60, and 283 using the following MWD linear interpolation expression,
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dw, = Moo =Mo) (65 1 o, (8-4)
(0.6-0.5)
where dws, and dwg, are the weight fractions of the slices coming out of the GPC columns at
molecular weight M for samples w50 and w60, respectively, dw;, is the interpolated weight fraction
of the slice at the same molecular weight, M, and x is the wgpc for sample 283, which is unknown and
should be determined by trial and error. If we choose the correct value of x, we expect the MWD for
sample 283 to coincide with the interpolated MWD (Figure 8-4). The wgpe for sample 283
determined by this method was 0.565. The same method was applied to obtain the wgpc for other

samples, shown in the last column of Table 8.2.
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Figure 8-4. MWD for sample 283, w50, w60, and interpolated MWD with 56.5 wt% content of CGC-Ti
polymer and polymers made using individual CGC-Ti and rac-Et(Ind),ZrCl, catalysts.

We can also predict the weight fraction of the CGC-Ti polymer in the polymer samples using the
average polymer yield per mole of the individual catalysts, calculated in Section 8.4.1, Equations 8-1
and 8-2, and moles of individual catalysts used in the polymerization. Henceforth, we refer to this

weight fraction as w.
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Equation below was used to calculate w, .

W = Ne.coc—Ti X Bege i (8-5)

c

N coc-1i X @cae-ti T Ne,Et-ind X Qet—ing

where Neceeri and Ngering are the moles of CGC-Ti and rac-Et(Ind),ZrCl, catalysts injected into the
reactor, respectively, and acectiand ag.ing are their corresponding average polymer yield per mole

of catalyst. The sixth column of Table 8-2 tabulates the values calculated for we.

Figure 8-5 plots wgpc for the samples, versus W, for all the runs listed in Table 8-1. A positive
deviation (wgpc > Wc) is observed, which may be attributed to the effect of change in Al/Ti ratio on
polymer yield. For example, in sample 283, CGC-Ti and rac-Et(Ind),ZrCl, concentrations in the
reactor are half of those in samples 276 and 274, respectively. When CGC-Ti concentration is
reduced, the AI/Ti ratio increases; therefore, an increase in the activity of CGC-Ti is expected as
shown in Chapter 7, Figure 7-17. On the other hand, for rac-Et(Ind),ZrCl, an increase in yield is not
expected because the MAO concentration is so high that a further increase in MAO concentration

has no effect on its activity, as shown in Figure 6-32 in Chapter 6.

Weight fraction of CGC-Ti polymer (by MWD)

0 0.2 0.4 0.6 0.8 1
Weight fraction of CGC-Ti polymer (by catalyst in the feed)

Figure 8-5. Plot of wgpe versus w

Figure 8-6 plots M,, M, and PDI versus wgpc. The linear relation observed in the Mw plot seems to

support that no macromonomer produced by rac-Et(Ind)2ZrCI2 is incorporated by CGC-Ti. The
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maximum increase in PDI is achieved when the weight fraction of CGC-Ti polymer is about 0.5, as

also expected.
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Figure 8-6. Molecular weight averages and PDI versus weight fraction of CGC-Ti polymer (Wgpc).

Since, in Case study 1 in Chapter 3, we assumed that both catalysts have the same propagation and
deactivation rate constants, the immediate consequence is that the LCB catalyst mole fraction and
LCB catalyst weight fraction are equivalent. Therefore it is reasonable to compare the trends in
Figure 8-6 with those in Figures 3-6, 3-7, and 3-8. As it was shown in Figure 3-7, weight average
chain length is a linear function of LCB catalyst mole fraction which is consistent with the trend
observed in Figure 8-6 for M,,. A nonlinear increasing trend is seen for M, in Figutre 8-6 which is
again in consistent with the simulation trend observed in Figure 3-8 for the number average chain
length. Polydispersity index passes a maximum at LCB catalyst mole fraction of 0.5 which was also

observed in Figure 8-6.

8.4.2 Copolymerization of Ethylene and 1-Octene Using Et(Ind)2ZrClz/CGC-Ti at
High MAO Concentration.

A total of nine polymerizations were run, in random order, at seven different and equally

spaced 1-octene concentration levels to investigate 1-octene incorporating ability of the two
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catalysts under the same polymerization conditions. Except for 1-octene concentration, all
reaction variables were kept the same during the polymerizations. Table 8.3 indicates the

conditions used for each experiment.

Crystaf was used to analyze the 1-octene incorporation in the copolymer samples. The Crystaf
profiles for all the runs in Table 8-3 are illustrated in Figures 8-7 and 8-8. Two full replicates (runs
408 and 412) were performed to show the repeatability of the bimodal Crystaf profiles. With the
exception of samples 413 and 415, made without 1-octene, all Crystaf profiles were bimodal, showing
that the reactivity ratios for rac-Et(Ind),ZrCl, and CGC-Ti are very different: the high temperature
peaks correspond to copolymer chains made with rac-Et(Ind),ZrCl,, while the low temperature ones
are related to copolymers formed on CGC-Ti. Since no intermediate Crystaf peak was observed for
any sample, we may conclude that copolymer chains made with rac-Et(Ind),ZrCl, were not

significantly incorporated on chains made with CGC-Ti.

Table 8-3. Copolymerization conditions using combined metallocene catalysts.

Run CGC-Ti rac- 1-octene (g) Yield (g)
nanomoles Et(Ind),ZrCl,
(nanomoles)
407 106.3 2.97 8 7.92
408 106.3 2.97 4 8.76
409 106.3 2.97 12 7.52
410 106.3 2.97 6 8.67
415 106.3 0 0 3.6
412 106.3 2.97 4 6.8
411 106.3 2.97 10 7.1
414 106.3 2.97 2 7.13
413 106.3 2.97 0 6.3

MAO concentration = 0.013 mol Al/L, toluene volume = 222.8 ml, polymerization temperature =
120°C, total reactor pressure = 120 psig, polymerization time = 15 min.

Figure 8-9 shows MWD and hexyl branch distribution (HBD) for four samples covering the whole
range of 1-octene loading into the reactor. For all three copolymer samples (407,408,409), HBD is
low for the low molecular weight components, where most of the polymer chains were formed by

rac-Et(Ind),ZrCl,, while increasing to higher values for the high molecular weight components, made
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with CGC-Ti. This type of distribution is called reverse comonomer incorporation, meaning that the
comonomer content of the copolymer increases as the molecular weight of the polymer chains
increases. Polymers with reverse comonomer incorporation are useful in improving the characteristics

that govern long term creep-related properties like slow crack growth resistance.!**
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Figure 8-7. Crystaf profiles for samples 413, 408, 412, 407 and 409.
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Figure 8-8. Crystaf profiles for samples 410, 411, 414 and 415.
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Figure 8-9. MWD and HBD for samples 407 (8 g 1-octene), 408 (4 g 1-octene), 409 (12 g 1-octene) and 413
(0.0 g 1-octene). The dashed curve shows MWD for sample 413.

Table 8-4 summarizes the GPC results of the samples shown in Figure 8-9, and sample 415 which
was made using CGC-Ti catalyst alone. Although the HBD of the three copolymer samples differ

significantly, their MWDs and molecular weight averages are nearly the same.

Table 8-4. Summary of GPC results for some selected samples from Table-8-3

Run HBD My M, PDI
407 131 110 700 40 500 2.73
408 7.1 128 400 41 800 3.1
409 21.3 100 330 40 800 2.46
413 0 100 200 36 500 2.74
415 0 183 300 80 900 2.26

When the peak crystallization temperature, Tpea, for both Crystaf profile peaks shown in Figures 8-7
and 8-8 are plotted versus the mass of 1-octene added to the reactor, two linear relationships are

observed, showing that both catalyst sites compete for 1-octene incorporation (Figure 8-10).
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Figure 8-10. Crystaf peak temperature versus 1-octene mass added to the reactor for the runs listed in the Table
8-3.

8.4.2.1 Reactivity Ratio Estimation

Crystaf peak temperature data (Figure 8-10), Crystaf calibration curve (Figure 5-4), the Mayo-Lewis
equation, and a method to estimate 1-octene and ethylene concentration in the reactor liquid phase at
the polymerization conditions were used to estimate the reactivity ratios for ethylene/1-octene using
CGC-Ti and rac-Et(Ind),ZrCl,.

The Mayo-Lewis equation, relating the mole fraction of ethylene in copolymer, Fy, to ethylene mole

fraction in the reactor, fy, is given by,

rf2+ff,

_ 8-6
Lot 21 f, r,f) (8-6)

The variable f; can be calculated using ethylene, M;, and a-olefin, M,, molar concentrations in the
reactor,

fl :1— f2 :L (8'7)
M, +M,
Finally, r; and r, are the reactivity ratios given by the expressions,
= (8-6)
Ky
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r:ﬁ 8_9
Tk (8-9)

where ky; and ky; are the propagation rate constants when M; reacts with polymer chains ending with
M;, or M,, respectively, and kj, and ky, are the corresponding propagation rate constants when M,
reacts with polymer chains ending with M; and M,, respectively.

Aspen Plus was used to estimate ethylene, 1-octene, and toluene concentrations in the reactor liquid
phase. The Peng-Robison equation of state was selected to estimate the fugacity coefficients of each
component in both vapor and liquid phases. Table 8-5 lists the output results of Aspen Plus for

concentration of ethylene, 1-octene, and toluene in the liquid phase.

Table 8-5. Liquid phase composition of ethylene/1-octene/toluene mixtures at 120°C and 120 psig as
estimated by Aspen Plus using the Peng-Robison equation of state.

Liquid phase composition

1-octene in the 1-octene Ethylene Toluene f,

feed (g) (mol/L) (mol/L) (mol/L)
0 0.0000 0.4480 8.073 1.000
2 0.0678 0.4480 7.970 0.869
4 0.1339 0.4479 7.869 0.770
6 0.1983 0.4479 7.771 0.693
8 0.2611 0.4478 7.675 0.632
10 0.3225 0.4477 7.582 0.581
12 0.3823 0.4476 7.491 0.539

Toluene volume: 222.8 ml

The relationship between the mass of 1-octene added to the reactor and the resulting concentration in

the liquid phase is almost linear, as is illustrated in Figure 8-11.

Table 8-6 lists the T for Figure 8-7 and 8-8 and their corresponding 1-octene contents, calculated
using Equation (5-6), and F; values. Since there are two Crystaf peaks for copolymers made in the
combined catalysts runs, two values are reported for 1l-octene and ethylene mole fractions.The
Percent conversion of 1-octene can also be calculated based on the Crystaf profiles, polymer yields

and Crystaf calibration curves as it is explained below for sample 410.
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The percent area under the CGC-Ti peak in the Crystaf profile for sample 410 is 58.2 which was
calculated by numerical integration. The 1-octene mole% of the two peaks of Crystaf profiles for
sample 410 can be converted to 1-octene wt %, and then since polymer yield is known, mass of 1-
octen in the final polymer is calculated. 1-octene conversion is the mass of 1-octene incorporated
divided by the initial mass of 1-octene in the liquid phase which can be calculated by multiplying the
1-octene concentration in the liquid phase and volume of liquid phase estimated using the phase
equilibrium calculation through Aspen Plus (Table 8-7, third column). Calculation for sample 410 is
given below.

Mass of 1-octene in the polymer:

=8.67x0.58x10.56/100 + 8.67x%(1-0.58)%1.82/100=0.53+0.066=0.596 g (8-10)
Initial mass of 1-octene in the liquid phase = 0.267x0.1983x112.2=5.94 ¢ (8-11)
1-octene fractional conversion=0.596/5.94=0.101 (8-12)

Summary of the calculations for the other samples are given in Table 8-7. 1-Octene conversions for
all runs were low; therefore, it is reasonable to assume that the 1-octene concentration remains
practically the same throughout the polymerization.
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0.20 -
0.15 1

0.10 -
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Figure 8-11. Relationship between 1-octene concentration in the reactor liquid phase and the amount of 1-
octene added to the reaction mixture (estimated by Aspen Plus).
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Table 8-6. Copolymerization runs for samples made using a combination of CGC-Ti and rac-Et(Ind),ZrCl,.

Run CGC- rac- 1-octene mole 1-octene mole % F, F. (rac-
Ti Et(Ind),ZrCl, % in polymer (CGC-Ti) Et(Ind),
Peak peak (°C) in polymer (rac-Et(Ind),ZrCl, ZrCl,)
(°C) (CGC-Ti peak)
peak)
407 51 80.2 3.991 0.484 0.9601 0.9952
408 68.1 82.1 1.937 0.256 0.9815 0.9974
409 35.7 75.5 5.828 1.049 0.9417 0.9895
410 60.4 80.4 2.862 0.460 0.9714 0.9954
415 87.1 NA 0 NA 1 NA
412 68.1 82.3 1.937 0.232 0.9806 0.9977
411 44.6 76.9 4.76 0.880 0.9524 0.9912
414 78.7 83.4 0.664 0.1 0.9934 0.9990
413 87 87 0 0 1 1

Table 8-7. Summary of calculation results for 1-octene conversion.

Run CG wt% by Liquid phase 1-octene wt% 1-octene wt% 1-octene
Crstaf volume (L) in CGC-Ti in Conversion (%)
polymer peak rac-

Et(lnd)gerIQ
polymer peak

407 51 0.271 14.28 1.91 8.2
408 54 0.261 7.33 1.02 9.8
409 58 0.277 19.87 4.07 8.4
410 58 0.267 10.56 1.82 10.1
412 50 0.261 7.33 0.92 7.2
411 47 0.274 16.69 3.44 6.9
414 50" 0.261 2.61 0.40 5.4
413 0.00 0.257 0.00 0.00 0.0

* Due to overlapping of the Crystaf peaks, a tentative value of 50 wt% was assumed.

Crystaf peak temperature data and their corresponding 1-octene contents for a set of ten
copolymerization runs conducted at exactly the same polymerization conditions of the runs listed in
Table 8-3, except using rac-Et(Ind),ZrCl, catalyst instead of using combined catalysts, are also given

in Table 8-8. Their corresponding Crystaf profiles are shown in Figure 8-12.
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Table 8-8.Summary of copolymerization run results for samples made using rac-Et(Ind),ZrCl,

Run 1-octene in Tpeax (°C) 1-octene f, F,
feed (g) mole % in
copolymer
397 0 87 0 1.0000 1.0000
398 4 82.8 0.17 0.7699 0.9983
399 12 75 1.11 0.5393 0.9889
400 0 86.5 0 1.0000 1.0000
401 8 79.1 0. 62 0.6316 0.9938
402 12 75.6 1.04 0.5393 0.9896
403 8 78.9 0.64 0.6316 0.9936
404 4 83.1 0.14 0.7699 0.9986
405 8 78.6 0. 68 0.6316 0.9932
406 4 82.9 0.16 0.7699 0.9984
T=120 °C, P=120 psig, MAO concentration=0.015
40 ~
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Figure 8-12. Crystaf profiles for the samples made with rac-Et(Ind),ZrCl, listed in Table 8-8.

Figure 8-13 plots the 1-octene mole fraction in the polymer versus 1-octene concentration (mol/L) in
the liquid phase for the combined catalyst system. The line with the higher slope corresponds to
copolymer chains formed on CGC-Ti and the lower line is related to copolymer chains formed on
rac-Et(Ind),ZrCl,. The corresponding plot, related to samples made with to rac-Et(Ind),ZrCl, alone is

also given in Figure 8-13 and is indistinguishable from samples made with rac-Et(Ind),ZrCl, in the
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combined catalyst system, implying that presence of CGC-Ti has not affected 1-octene incorporation
by rac-Et(Ind),ZrCl,. Therefore, to calculate the reactivity ratio for rac-Et(Ind),ZrCl,, we used both
sets of data, rac-Et(Ind),ZrCl, alone and in combination with CGC-Ti. The ratio of the slopes of the
upper to the lower line in Figure 8-13 is 6.1; it is a measure of the reactivity towards 1-octene

incorporation of CGC-Ti relative to rac-Et(Ind),ZrCl,.
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Figure 8-13. 1-octene content in polymer (mole fraction) versus 1-octene concentration in the liquid phase
(mol/L) for combined catalyst system and rac-Et(Ind),ZrCl, alone (red diamond symbols).

Estimates of the reactivity ratios, r; and r,, for rac-Et(Ind),ZrClI, were obtained by fitting Equation (8-
6) to the experimental data and minimizing the sum of square of residuals using Newton’s method.
MATLAB curve fit toolbox was used for nonlinear regression. Table 8-9 summarizes the results of

the curve fitting.

Table 8-9. Reactivity ratios for ethylene/1-octene using rac-Et(Ind),ZrCl,/MAO.

Parameter  Value Lower confidence limit  Higher confidence limit

r 133.6 97.3 169.9
r, 0.79 0.2 1.38
Sum of squares of residuals=4.9x10°, R°=0.98
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Similar calculations were performed to estimate the reactivity ratios for CGC-Ti (Table 8-10).
Finally, Figure 8-14 shows the Mayo—Lewis equation fit for the copolymer composition as a function
of ethylene molar fraction in the initial monomer mixture for the rac-Et(Ind),ZrCl, and CGC-Ti

systems.

Table 8-10. Reactivity ratios for ethylene/1-octene using CGC-Ti/MAO catalyst system (combined catalyst
system) .

Parameter Value Lower confidence limit  Higher confidence limit
r 17.06 14.39 19.73
r 0.356 0.085 0.627

Sum of squares of residuals=1.03x10", R°=0.996
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Figure 8-14. Copolymer composition versus liquid phase composition for rac-Et(Ind),ZrCl, and CGC-Ti
systems.
Estimates of the reactivity ratios, r, and r,, for rac-Et(Ind),ZrCl, have wider confidence intervals than
CGC-Ti. This is due to high variability in the F; measurements compared to the total change in F;
covered which is about 0.01.To decrease the confidence intervals, a wider range of f; values should
be covered for rac-Et(Ind),ZrCl, catalyst or we should use *C-NMR instead of Crystaf calibration

curve, to reduce the variability in the F; measurements.
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8.4.3 Ethylene Homopolymerization with Combined Metallocene Catalysts at Low
MAO Concentration (0.003 mol Al/L)

Similar to the set of polymerization runs shown in Table 8-1, another set of polymerizations were
conducted at low MAO concentration (0.003 mol Al/L). Polymerization temperature and pressure,

MAO concentration, and polymerization time were kept the same. Table 8-11 summarizes the

polymerization conditions for these runs. The variable X in Table 8-11 is the modified catalyst mole
fraction, as defined by Equation (8-3).

Table 8-11. Polymerization conditions using combined metallocene catalysts ([MAO] = 0.003 molAl/L).

Run CGC-Ti rac- X Yield
(nanomoles) Et(Ind),ZrCl,
(nanomoles)

507 0 3 0.00 3.89
509 546 0 1.00 4

510 546 3 0.50 7.46
511 546 2.04 0.59 4.77
512 182 3 0.25 441
513 546 1.01 0.75 3.93
514 364 3 0.40 5.85

Total reactor pressure=120 psig, Temperature= 120 °C, Polymerization time =15 min.

Figure 8-15 shows MWDs for all samples overlaid with their corresponding log [7] versus log M
plots. Except for sample 509 (dashed curve), for which a slight departure from linearity is seen in its
viscosity plot, all the other samples follow a linear trend indicating that there is no detectable long
chain branching. Samples 507, 509 and 510 were also analyzed by **C-NMR (Figure 8-16). No peaks
related to long chain branches (a, B or br carbons ) were observed for samples 507 and 510; however,
peaks related to a and B carbons, which are indicative of LCB, were observed in the spectra for
sample 509 which was made using only CGC-Ti. The peak related to the br carbon was not observed,
likely because the intensity of this carbon peak is almost one third of the other two. The long chain

branch frequency estimated based on these two peaks was about 0.11 LCB per chain.
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Figure 8-15. Molecular weight distributions and Mark-Houwink plots for samples listed in Table 8-11.

Figure 8-16. *C-NMR spectra for samples 509 (above), 510 (middle) and 507 (below).
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Table 8-12 summarizes the molecular weight averages and polymer yields for this set of samples. The
CGC-Ti polymer content for the samples, listed in the last column, were determined using Equation
(8-13) below, which is analogous to Equation (8-4). The variables dwig and dw, are the weight
fractions of the slices coming out of the GPC columns at molecular weight M for samples 509 and
507, containing 100 and 0 % CGC-Ti polymer, respectively.

dw,, =dw,,, + (1 — x) x dw, (8-13)

Figure 8-17 illustrates MWDs of samples 507, 509, 510, and the hypothetical polymer blend
containing 50 wt% CGC-Ti polymer. The full overlap of the MWDs for sample 510 and the
hypothetical polymer blend containing 50 wt% CGC-Ti supports the hypothesis that macromonomers
produced by rac-Et(Ind),ZrCl, catalyst sites have not been incorporated into polymer chains formed
by CGC-Ti catalyst. This type of exact match for the MWDs was also seen for the other samples in

this set.

Table 8-12. Polymer yields and GPC results of samples listed in Table 8-11.

Run My M, PDI Yield w, Wt fraction of CGC-Ti polymer

in sample determined by MWD

507 55500 27600 199 3.89 0 0

509 121500 39300 3.10 4 1 1

510 104100 36700 2.83 7.46 051 0.60
511 95300 33800 282 477 0.60 0.56
512 73400 31300 235 441 0.26 0.27
513 117300 34900 3.36 3.93 0.75 0.71
514 94800 34800 272 585 041 0.5
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Figure 8-17. Molecular weight distributions of samples 507, 509, 510 and a hypothetical polymer sample with
50% CGC-Ti polymer content.

Figure 8-18 plots the weight fraction of the CGC-Ti polymer in the polymer samples, determined by
GPC, versus weight fraction of the CGC-Ti polymer in the polymer samples, w,, estimated through
catalyst mole fractions in the feed. Unlike the case of homopolymerization using the combined
catalyst system at high MAO concentration (0.013 mol Al/L), a positive deviation was not observed.
This seems reasonable because, at low MAO concentration, neither catalyst had reached their
maximum activity, so their catalyst activities were affected by change in Al/catalyst ratio. The overall
effect was such that no deviation was observed.

This data can be examined from another point of view, by plotting the actual polymer yield and the
theoretical polymer yield (yields when the effect of MAO concentration on polymer yield is

neglected, so that the polymer yields from each catalyst are additive) versus X , as shown in Figure 8-
19. The theoretical polymer yield, my,, was calculated based on the activity of the individual catalysts
using equation below.

My, = N¢ cocmi X Acae-ni T Ne kt-ing X Qet—ing (8-14)
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For all catalyst combinations, the actual polymer yield (dashed curve) is lower than the theoretical
yield (solid curve) implying that catalyst activities have decreased. By increasing catalyst
concentration, while MAO concentration is constant, the ratio of Al to catalyst sites decreases causing

decrease in catalyst activities which in turn decreases polymer yield.
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Figure 8-18. Weight fraction of CGC-Ti in polymer estimated using MWD versus the corresponding weight
fraction using the concentration of the catalysts injected in the reactor ([MAQO] = 0.003 mol Al/L).
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Figure 8-19. Actual polymer yield (dashed curve) and theoretical polymer yield (solid curve) versus modified
catalyst mole fraction x *
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8.5 Conclusions

Ethylene homopolymerization and copolymerization with 1-octene were conducted using a combined
catalysts system (CGC-Ti and rac-Et(Ind),ZrCl,) at low and high MAO concentrations (0.003 and
0.013 mol Al/L, respectively). Polymer samples with bimodal MWDs were obtained at high MAO
concentration but no LCB was detected in the samples using *C NMR and a in-line GPC viscosity
detector. The CGC-Ti polymer content of the samples were higher than expected based on the moles
of the catalysts injected. This could be due to effect of MAO/catalyst ratio on polymer yield.

We also copolymerized ethylene and 1-octene using the combined catalysts system. Using the Crystaf
calibration curve and Crystaf profiles of the copolymer samples, the reactivity ratios for ethylene/1-
octene were estimated. For CGC-Ti catalyst, estimates of r; and r, with approximate 95% confidence
intervals are 17.1 + 2.7 and 0.356 = 0.271, respectively, whereas for rac-Et(Ind),ZrCl, their
corresponding values are 133.6 + 36.3 and 0.79 + 0.59.
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Chapter 9
Production of Ethylene/a-Olefin/1,9-Decadiene Copolymers with

Complex Microstructures Using a Two-Stage Polymerization Process

9.1 Summary

Ethylene was copolymerized with 1,9-octadiene using methylaluminoxane-activated rac-Et-Ind,ZrCl,
at 120°C to produce macromonomers with pendant and terminal vinyl groups, with frequencies up to
6.5 vinyls per polymer chain. The macromonomer pendant vinyl group content is linearly related to
the diene concentration added to the reactor. The macromonomers were then terpolymerized with
ethylene and 1-butene or 1l-octene using a constrained geometry catalyst (dimethylsilyl(N-tert-
butylamido)-(tetramethylcyclopentadienyl)-titanium dichloride) at 120°C in toluene. The resulting
branched polymers showed three distinct populations during crystallization analysis fractionation,
indicating the formation of a new fraction produced by the incorporation of macromonomer chains

into ethylene/1-butene or ethylene/1-octene copolymer chains.

9.2 Introduction

Metallocene catalysts enable the production of polyolefins with narrow molecular weight distribution
and uniform comonomer distribution. Certain metallocenes, such as constrained geometry catalysts,
can also form polymers with long chain branches (LCB) and good processability, while keeping the
molecular weight distribution (MWD) quite narrow. The use of mixed metallocene catalysts results in
more degrees of freedom to make polyethylene resins with designed microstructural properties. Dual
metallocene systems have been used to produce polyolefins with bimodal distributions of molecular

n, 1182138 187138, 170-1711] 4 maximize the LCB formation in

weight and chemical compositio
polyethylene,?® * 174 and to produce branched and linear olefin block copolymers.® 162351 Similar
products can also be made with a single metallocene in two reactors operated in series under different
polymerization conditions.

It has been shown that by the proper selection of catalysts pairs, comonomer types, and
polymerization conditions, it is possible to make copolymers displaying characteristics of

thermoplastic elastomers.™*> ¥ Olefin copolymerization with dienes opens up the possibility of
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creating chains with pendant double bonds that act as macromonomers with increased likelihood of
being incorporated into a growing polymer chain formed on another catalyst site.

Several articles have been published on the copolymerization of ethylene and 1,5-hexadiene with
homogeneous metallocenes, showing that 1,5-hexadiene is preferentially incorporated into the
polymer backbone as five-membered rings instead of generating pendant vinyl groups.t™*"
Selectivity toward cyclization was reported to decrease when diene concentration increased over 50
mol%.*™!

Ethylene copolymerization with 1,7-octadiene using constrained geometry catalysts (CGC) has also
been reported, with the conclusion that diene insertion was in the form of cyclic structures like 1,3-
cycloheptane and 1,5-cyclononane in the main polyethylene chain, with 1,5-cyclononane being the
dominant ring structure.”**8 Several bridged and non-bridged zirconocene catalysts were also
investigated for copolymerization of ethylene and 1,7-octadiene at 40°C to conclude that zironocene
catalysts with indenly ligands produced copolymers having 1,3-disubstituted cycloheptane units,
while zirconocene catalysts with cyclopentadienyl or pentamethylcclopentadienyl ligands gave 1-
hexenyl pendant branches along the main polymer chain or 1,3-disubstituted cycloheptane units.™*®!
Finally, the copolymerization of ethylene and 1,9-decadiene was shown to generate 1-octenyl
branches or loosely crosslinked polyethylene, depending on the type of metallocene used during the
polymerization.[*®!

In this chapter, we copolymerized ethylene and 1,9-decadiene to make macromonomers with different
number of pendant vinyl groups in a separate reactor using rac-Et(Ind),ZrCl,, and then
terpolymerized these macromonomers with ethylene and o-olefins (1-butene and 1-octene) on a
second polymerization step, using CGC-Ti, to create complex polymers with branched structures
composed of three main components: a high-crystallinity fraction (macromonomers), a low-
crystallinity (or amorphous) fraction (a-olefin copolymer), and a third component resulting from the
crosslinking of the two previous components (cross-product). Figure 9-1 illustrates this classification.
The whole product made after the second stage of polymerization will be referred to as Branch-block

copolymer.
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Figure 9-1. Microstructure classification.

9.3 Experimental

9.3.1 Materials

Methylaluminoxane (MAO, 10 wt % in toluene, Sigma-Aldrich) was used as received. Ethylene and
nitrogen (Praxair) were purified by passing through molecular sieves (3 and 4-A°) and
copper(loxide packed beds. Toluene (EMD) was purified by distillation over a n-
butyllithium/styrene/sodium system and then passed through two packed columns in series filled with
molecular sieves (3, 4, and 5-A°) and Selexorb for further purification. All air-sensitive compounds
were handled under inert atmosphere in a glove box.

The catalysts, rac-ethenebis(indenyl) zirconium dichloride (rac-Et[Ind],ZrCl,) and dimethylsilyl(N-
tert-butylamido)-(tetramethylcyclopentadienyl)-titanium dichloride (CGC-Ti), were purchased as
powders from Sigma-Aldrich and Boulder Scientific, respectively, and were dissolved in toluene
which was first distilled over metallic sodium and then flown through a molecular sieve bed before

polymerization.

9.3.2 Polymer Synthesis

All polymerizations were performed in a 500 ml Parr autoclave reactor operated in semi-batch mode.
The polymerization temperature was controlled using an electrical band heater and internal cooling

coils. The reaction medium was mixed using a pitched-blade impeller connected to a magneto-driver
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stirrer, rotating at 2000 rpm. Prior to use, the reactor was heated to 125°C, evacuated, and refilled
with nitrogen six times to reduce the oxygen concentration in the reactor, then 250 ml of toluene
along with 0.5 g of triisobutyl aluminum was charged into the reactor. The temperature was then
increased to 120°C and kept constant for 20 minutes for stabilization. Finally, the reactor contents
were blown out under nitrogen pressure. This procedure ensures excellent removal of impurities from
the reactor walls.

To make macromonomer, first 200 ml of toluene was charged into the reactor, followed by 0.58 g of
MAO (10 wt%), introduced via a 5 ml tube and a 20 ml sampling cylinder connected in series with an
ethylene pressure differential of 50 psig. A specified volume of toluene was placed in the sampling
cylinder before injection to wash the tube wall from any MAO solution. Then the band heater was
powered on to commence heating of the reactor up to 120°C. Ethylene was introduced to the reactor
until the solvent was saturated with ethylene and the total pressure in the reactor reached 120 psig.
After approximately 10 minutes, when the reactor temperature set point was reached and kept at a
stable value, catalyst solution was injected using the same method for MAO injection, but with a
lower pressure differential to ensure a minimum pressure increase in the reactor at the start of the
polymerization, but still enough to transfer the catalyst solution completely to the reactor. Ethylene
was supplied on demand to maintain a constant reactor pressure of 120 psig and monitored with a
mass flow meter. With the exception of a 1-2°C exotherm upon catalyst injection, the temperature
was kept at 120°C + 0.15°C throughout all polymerizations. After 15 minutes, the polymerization was
stopped by closing the ethylene valve and immediately blowing out the reactor contents into a 2-L
beaker filled with 400 ml of ethanol. The polymer produced was then kept overnight, filtered, washed

five times cross-currently with ethanol, dried in air, and further dried under vacuum.

9.3.3 Synthesis of Branch-Block Copolymers

The branch-block copolymers were made separately from the macromonomers (sequential
processt™®*)). After charging the reactor with a specified amount of macromonomer and removing air
from the reactor by alternating vacuum and nitrogen purging cycles, solvent was added and the
reactor was heated to 120°C with high stirring to dissolve the macromonomer followed by the
addition of cocatalyst. An appropriate amount of comonomer (1-butene or 1-octene) was then added
to the reactor. Finally, the reactor was pressurized with ethylene up to the desired polymerization

pressure. The reactor was equilibrated at 120°C for 10 minutes. Catalyst was injected using a 5 ml
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catalyst injection tube connected to a 20 ml sampling cylinder filled with a specified volume of
toluene to wash the tube walls from any catalyst solution and guarantee that catalyst transfer was
complete. After 10 tol5 minutes of polymerization time, the reactor contents were forced out of the
reactor (using nitrogen pressure) into a beaker containing ethanol to stop reaction immediately.

Washing and drying of the polymer were performed the same way as for macromonomers.

9.3.4 Polymer Characterization

The polymer molecular weight averages and molecular weight distribution (MWD) were measured at
135°C with a Polymer Char high-temperature gel permeation chromatographer (GPC), under a flow
rate of trichlorobenzene of 1 ml/min. A column bank of three PLgel Olexis 13 pm mixed pore type
300x7.5 mm columns were used for GPC separations. The GPC was equipped with three detectors in
series (infra-red, light scattering 15° angle and differential viscometer). The GPC was calibrated with
polystyrene narrow standards.

The *C NMR spectrum was taken on a Bruker 500 MHz system. The probe temperature was set at
120°C. Acquisition parameters were optimized for quantitative NMR, including a 14 microsecond 90°
pulse, inverse gated proton decoupling and 10 s delay time between pulses. 10000 scans was used for
data averaging of homopolymers and 5000 for copolymers. The biggest peak was referenced to 30.0
ppm. Deuterated ortho dichlorobenzene was used to obtain the field-frequency lock.

Crystallization analysis fractionation (Crystaf) was performed using a Polymer Char Crystaf model
200. Polymer sample was dissolved in 47 ml of 1,2,4 trichlorobenzene at a concentration of 0.6
mg/ml. The polymer solution was heated to 160°C, held for 2 hours to ensure complete dissolution,
followed by decreasing the temperature to 105°C and stabilizing for another 55 minutes. A constant
cooling rate of 0.1°C/min was applied during all analyses until the temperature reached 30°C.

Polymer concentration in the solution phase was monitored using an in-line infrared detector.
Ethyl and hexyl branch distribution were determined using infrared detectors of the GPC. The details
of this method are given in Chapter 5, Section 5.1.6. The Zimm-Stockmeyer approach was used to

determine the degree of long chain branching, as detailed in Chapter 5, Section 5.2.6.
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9.4 Results and Discussion

9.4.1 Macromonomer Synthesis

Ethylene was copolymerized with different amounts of 1,9-decadiene using rac-Et[Ind],ZrCl,/MAQO
in toluene at 120°C and a total reactor pressure of 120 psig to make macromonomers with different
fractions of pendant vinyl groups. Twelve polymerization runs were performed at five different
decadiene concentrations and polymerization time of 15 minutes. The run order was randomized to
avoid possible biases in the experimental results. Table 9-1 summarizes molecular weight
measurements and polymer yields for these runs. It is hard to deduce any conclusive effect by just
glancing at the weight average molecular weights in Table 9-1, or even by plotting their molecular
weight distributions, as shown in Figure 9-1. However, inferential statistics can be used to conclude
that macromonomers made with higher decadiene concentrations also had higher weight average

molecular weights, as will be explained in the following paragraphs.

Table 9-1. Molecular weight measurements for ethylene/1,9-decadiene copolymers.

1,9 decadiene in Polymer

Run feed (mmol/L) M My PDI Yield (g)
1 0.114 52 300 25500 2.05 48
2 0.077 51900 26 100 1.99 5.6
3 0 50 500 25 000 2.02 7.7
4 0.039 50 900 25 400 2.00 6.45
5 0.114 52 700 24 800 2.13 5.26
6 0.077 50 800 25 300 2.00 5.85
7 0 51000 25 500 2.00 7.47
8 0.152 54 100 25500 213 48
9 0.039 50 500 25 200 2.00 6.16
10 0.114 52 900 25900 2.04 5.65
11 0 51 400 25 800 1.99 75
12 0.077 51500 25100 2.05 6.27
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Figure 9-2. Molecular weight distribution of the ethylene/1,9-decadiene copolymers .

Molecular weight measurements can be described with the single-factor ANOVA model,**4

Yi’j =SUFT +E (9'1)

where Y;; is the i><jth measurement, ., is the overall mean, 7, is a parameter associated with the i

treatment level (called the treatment effect — in the present case, weight average molecular weight)

and &, ; is a random error component arising from all sources of variability. The null hypothesis is
H,:7,=7,=....z, =0 (where n = 5, conc. of decadiene in the reactor) and the alternative hypothesis

is H,:z, # 0 for at least one value of i.

Since the number of replicates are not the same in all treatments levels (see Table 9-1), an unbalanced
design™** approach was used to perform the analysis of variance, as summarized in Table 9-2. The
test statistic Fo, which is the ratio of the treatment mean square to error mean square, was used to test
the null hypothesis. Because Fo = 16.058 is greater than Fqs 4 7 = 4.12, we reject the null hypothesis
and conclude it is unlikely that the treatment means are equal. In other words, the 1,9-decadiene

concentration affects the molecular weight averages of the ethylene/1,9-decadiene copolymers.
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Table 9-2. Analysis of variance for weight average molecular weight.

. Sum of Degrees Mean Fo P-
Source of Variation of
Squares Square Value
Freedom
Diene concentration 12 153518 4 3038 379 16.058 0.0012
Error 1324 493 7 189 213
Total 13478 011 11

The analysis of variance assumes that the measurements are normally and independently distributed
with the same variance for each factor level. The normality assumption can be checked by
constructing a normal probability plot of the residuals. The normal probability plot of the residuals for
weight average molecular weight measurements is shown in Figure 9-3. The impression from
examining this display is that the error distribution is normal, despite the fact that it is likely with
small samples to see moderate departures from normality. The plots of the residuals versus run order
and diene amount in the reactor also do not show any pattern, with the approximately uniform spread
of residuals supporting the assumption of equal variances (these figures were not shown herein for the

sake of brevity).

In Figure 9-4, weight and number average molecular weights were plotted versus decadiene mass
added to the reactor. A slight, but statistically significant increase in M, is observed. The reason for
increasing M,, with the increase in the diene content in the reactor can be attributed to the higher
probability of macromonomer incorporation (LCB formation reactions) onto the growing polymer
chains because of the increase in pendant vinyl group concentration in the macromonomer chains.
This increase is also confirmed by the log [77] versus log M plot shown in Figure 9-5, since samples
with higher diene content have a more marked deviation from linearity in the high molecular weight
region. However, the LCB frequency was not high because the MWD shown in Figure 9-2 are not
significantly affected.
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Figure 9-3. Normal probability plot of residuals for weight average molecular weight measurements.
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Figure 9-4. Number and weight average molecular weight measurements versus concentration of 1,9-decadiene
in the reactor.

The Crystaf profiles for these macromonomers are shown in Figure 9-6. It is clear that, as the
diene content increases in the macromonomer chains, their Crystaf peak temperatures
decrease as expected, since the incorporation of the diene molecules generates short chain

branches (SCB) that decrease the crystallizabilities of the macromonomer chains.
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Figure 9-5. Intrinsic viscosity plot for ethylene/1,9-decadiene copolymers.
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Figure 9-6. Crystaf profiles for ethylene/1,9-decadiene copolymers.
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9.4.1.1 Macromonomer structure investigation by 13C NMR

Five samples with different diene molar fractions were selected randomly from the resins made for
further study using nuclear magnetic resonance spectroscopy.

Figure 9-7 illustrates the **C NMR spectrum of an ethylene/1,9-decadiene copolymer (Run 4, Table
9-1). Based on the peaks observed in its spectrum, the structure shown in Scheme 9-1 was proposed
for the ethylene/1,9-decadiene copolymers. Using the Grant and Paul rules,™****% we obtained the

assignments listed in Table 9-3.

30.497
30.294
30.001

27.309
27.225

br T T T
27.5 ppm
3
2 1
T T T T T T T T T
45 40 35 30 25 20 15 10 ppm

1v 2v 3v 4v 5v

C=C-CoCCoCoCnCrro Co OO

Scheme 9-1. Carbon nomenclature for chemical shift assignments.
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Table 9-3.*C NMR chemical shifts for poly(ethylene-co-1,9-decadiene) made with rac-Et-(Ind),ZrCl,.

Resonance peak Chemical shift calculated (5) Chemical shift observed (d)
(ppm) (ppm)
1 14.07 14.05
2 22.68 22.85
3 32.46 32.17
4 29.58 29.57
br 38 38.18
a 34.89 34.55
B 27.56 27.31
v 30.44 30.5
5 30.07 30
€ 30.01 30
Sb 27.13 27.22
4b 30.41 30.29
3b 30.42 30.5
2b 29.58 29.57
1b 34.07 33.92
1v 34.07 33.93
2v 29.58 29.57
3v 30.3 30.3

The following equations were developed to calculate the pendant unsaturated chain end density
(PUCED, number of pendant vinyl groups per 1000 carbon atoms), assuming that all pendant groups

are the source of branch points in the polymer chains,

1A +1A, +1
PUCED=1000( 1A+ 1As) (9-2)
6x 1A,
or
1A +1A, +1 +1
PUCED=1000( o 1A+ 1A +1A) (9-3)
7x 1Ay,
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wherelA,, 1A,, 1A, and IA, are the areas of the peaks for o, B, 5b and tertiary carbon atoms,

respectively. The 5b carbon atom has a lower chemical shift than the B carbon (27.22 versus 27.31),
which explains the double peak at approximately 27 ppm shown in Figure 9-7. The deconvolution of
this peak using Lorentzian functions gives an average area ratio of 1.9 for all four samples, which
shows that the chemical shift assignment is correct (allowing for small deconvolution and integration
errors). Therefore, to calculate 1A, + 1A, we just integrate the bimodal peak from 27 to 27.5 ppm.

The number average molecular weight is calculated with a modified version of Equation (6-59) to
account for pendant vinyl groups,

1  SCED +UCED - PUCED
M 28,0000

n

(9-4)

The unsaturated chain end density, UCED, calculated using Equation (2-25), gives the total number
of pendant and terminal vinyl groups per 1,000 carbons; the difference between UCED and PUCED
is the number of terminal vinyl bonds at the end of the polymer chains per 1,000 carbon atoms. Table
9-4 summarizes the result of these calculations for selected polymer samples. The last column in
Table 9-4 also lists the number average molecular weights determined using GPC, demonstrating that

they are in good agreement with those determined using *C NMR.

Table 9-4. 3C NMR results for poly(ethylene-co-1,9-decadiene) copolymers

1,9 decadiene

Run . UCEDx10 SCBDx10 PUCED®x10 PUCEDx10 M, M,
in feed (mmol/L)
3 0 5.95 5.99 0.00 0.00 23464 25020
4 0.039 14.69 5.34 8.18 7.56 23625 25400
6 0.077 22.76 4.73 15.75 15.37 23834 25346
5 0.114 29.84 6.12 24.40 24.11 24224 24759
8 0.152 37.92 5.94 32.24 31.37 24089 25460

¥ PUCED calculated using Equation 9-2, ® PUCED calculated using Equation 9-3, ¢ Determined
using *C NMR, “ Determined using GPC.

Figure 9-8 shows the proton decoupled **C NMR spectrum for Run 3 (Table 9-1, no diene). To

account for the peaks observed in this spectrum, the structure for ethylene homopolymer shown in

Scheme 9-2 was assumed.
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Figure 9-8. *C NMR spectra of linear polyethylene (Run 3 in Table 1).
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H C=C-C-C-C-C-C-CerC-C-C errevreenn C-C-C-C-C-C-H
Scheme 9-2. Carbon nomenclature for ethylene homopolymer (Sample 3)

Four well resolved peaks are expected for carbons 1, 2, 3 and 1v if this structure is present. Based on
the Grant and Paul rules,™**** we can estimate the chemical shift positions of those four carbons
(Table 9-5). The calculation of the chemical shift positions for the other carbons using the same rule
shows that they are very close to 30 ppm and, since they are obscured by the main spectrum peak,
related to methylene carbon, centered at 30 ppm, we cannot get useful information from those
carbons. Of course, this does not produce any difficulty because the resonances of the unambiguous

carbons can be used to extract useful microstructural information.

Table 9-5. Chemical shift assignments for polyethylene made with rac-Et-(Ind),ZrCl,.

Chemical shift calculated ()  Chemical shift observed
Resonance peak

(ppm) () (ppm)
1 14.07 14.05
2 22.68 22.85
3 32.46 32.17
1v 34.07 33.92
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The unsaturated chain-end density (UCED, number of unsaturated chain ends per 1000 carbon
atoms), the saturated chain end density (SCED, number of saturated chain ends per 1000 carbon
atoms), and number average molecular weight, M,, were calculated using the Equations (2-25), (2-
24) and (6-53) for this sample (Table 9-4, Run 3). In the derivation of Equation (6-53), we have
assumed that all chains have a terminal vinyl unsaturation. This assumption is acceptable for the
homopolymer made in Run 3 (Table 9-1) because its UCED and SCED are practically the same.

Figure 9-9 shows how UCED and SCED vary with the concentration of 1,9-decadiene in the reactor.
Higher diene concentrations increase the polymer vinyl group density linearly, while the SCED
remains unaffected, implying that one end of the polymer chains is saturated and the other end has a
terminal vinyl group. On the other hand, as the concentration of decadiene in the reactor is increased,
the number of these unsaturated pendant groups in the polymer also increases.
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Figure 9-9. Dependency of UCED and SCED with 1,9-decadiene concentration in the reactor.

Figure 9-10 shows that PUCED increases linearly with 1,9-decadiene concentration in the reactor.
These macromonomer chains, functionalized with pendant vinyl groups, have increased the
possibility of being incorporated onto a growing chain made on another catalyst site (or in another

reactor), leading to the formation of chains with long chain branches, as will be demonstrated below.
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Figure 9-10. PUCED versus 1,9-decadiene concentration in feed.

Three other important macromonomer microstructural characteristics are the average ethylene

sequence length between diene units, N, average pendant vinyl groups per polymer chain, 4, and

average unsaturated chain ends per polymer chain, y . Equations for calculating these properties are

given below,

M, x PUCED x111

M, -
_ 14,000 (9-5)
M, x PUCED +1]x28
14,000
_ PUCEDxM, (9-6)
14,000
_ UCED xM, (9-7)
14,000

Table 9-6 summarizes these calculations for the five selected samples.
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Table 9-6. Summary of calculations for microstructural properties of ethylene-1,9-decadiene copolymers.

1,9 decadiene in

Run feed (mmol/L) : A 4
3 0 838 0 0.997
4 0.039 352 1.38 2.479
6 0.077 228 2.68 3.876
5 0.114 162 4.22 5.103
8 0.152 128 5.55 6.525

Increasing the diene concentration in the reactor causes a linear increase in the pendant unsaturated
chain end frequency (4 ) and the unsaturated chain end frequency () as shown in Figure 9-11.

Figure 9-12 illustrates how the average ethylene sequence length between diene units decreases with
increasing diene concentration in the reactor.

(no/polymer chain)
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Figure 9-11. Pendant (A ) and unsaturated ( 7 ) chain end frequency variation with 1,9-decadiene
concentration in the reactor.
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Figure 9-12. Average ethylene sequence length between diene units in the copolymer versus concentration of
1,9-decadiene in the reactor.

Figure 9-13 shows the Crystaf peak temperature versus pendant unsaturated chain end frequency of
the copolymer. A linear trend was observed, indicating that the 1,9-decadiene molecules incorporated
in the polyethylene chain decreased its crystallizability, as would also be observed for a-olefin

incorporation.
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Figure 9-13. Crystaf peak temperature versus pendant unsaturated chain end frequency in the copolymer.
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9.4.2 Synthesis of Branch-Block Copolymers

Two procedures may be used for the production of branch-block copolymers: simultaneous or
sequential synthesis. In the simultaneous synthesis, two catalysts are added to the reactor at the same
time to produce branch-block copolymers, while in the sequential synthesis approach,
macromonomers are produced separately and then introduced in another reactor to be terpolymerized
with ethylene and a-olefins with a catalyst capable of incorporating macromonomers into the
growing copolymer chains. In this investigation, we adopted the sequential approach because it leads
to higher macromonomer incorporation, as shown in our previous simulation studies.™™® 4 The
procedure for making the macromonomers containing terminal and pendant vinyl groups was

explained in the previous section.

The comonomers used were 1-butene and 1-octene. Reaction variables tested included polymerization
time, ethylene pressure, and catalyst concentration. The catalyst used for macromonomer

incorporation was CGC-Ti.
9.4.2.1 Brach-Block Copolymers Made with 1-Butene

9.4.2.1.1 Effect of Degree of Unsaturation in Macromonomer

In the first set of runs, three polymerization were performed, each starting with macromonomers of
different vinyl group densities to produce branch-block copolymers. Table 9-7 summarizes the

polymerization conditions for these runs.

Table 9-7. Ethylene/1-butene polymerization conditions.

Sample Macromonomer Macromonomer Number of Total Weight  Polymerization
concentration UCEDx10 vinyl groups polymer of time
(g/L) per weight  polymer (min)
macromonomer (9)? Formed
chain (9)

A 13.47 5.95 1 10.9 7.9 15

B 13.47 22.76 3.88 15.07 12.07 15

C 13.47 37.92 6.53 9.36 6.36 15

Polymerization conditions: Temperature= 120 °C, pressure= 120 psig, Toluene=222.8 ml, 1-butene=0.62 mol/L

a:Total polymer weight = macromonomer weight + weight of polymer formed
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Molecular weights and short chain branch frequencies for the polymers made with macromonomers

A, B, and C are summarized in Table 9-8.

Figure 9-14 shows the Crystaf profile for samples A, B and C. Samples B and C, made with
macromonomers having higher vinyl group density, are trimodal, while sample A is bimodal. The
high crystallization temperature peak corresponds to unreacted macromonomer, while the low
crystallinity (or soluble) peak is formed by ethylene/1-butene low crystallinity (or amorphous)
copolymer. The intermediate peak observed in samples B and C results from the incorporation of
macromonomers into growing copolymer chains (cross-product). For sample C, the intermediate
Crystaf peak and the macromonomer peak superimpose because the macromonomer has lower

crystallizability due to its higher 1,9-decadiene incorporation, as already illustrated in Figure 9-6.
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Figure 9-14. Crystaf profiles for samples A, B and C.

Figure 9-15 presents the log [7] versus log M plot overlaid on the MWDs for samples A, B and C.
Due to polymer coil contraction resulting from 1-butene SCBs, the intrinsic viscosity of sample A is
lower than that for the NBS 1475 standard with no SCBs, but it follows the linear trend characteristic

of polymers without LCBs. This measurement confirms our observation in Figure 9-14 that no cross-
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product was formed in sample A, which is simply a blend of two linear polymers. The log 7 versus
log MW plots for samples B and C, on the other hand, show a clear departure from linearity at higher
molecular weight values, indicating that those samples contain LCBs. This supports our conclusion
that the intermediate Crystaf peak is formed by macromonomer chains grafted onto ethylene/1-butene

copolymer chains.

dwW/dLog(M)
Log (n)

Log (M)

Figure 9-15. MWD and intrinsic viscosity plot for sample A. Dashed curves are related to sample C.

The LCBF and LCBD for samples A, B and C were also calculated using the method developed in
Chapter 5, Section 5.2.6 (Table 9-8). A ¢ value of 0.75 was used in Equation (5-13) to relate g to
g% Although the exact value for ¢ is not known for our branch-block copolymers, assuming & =
0.75 enables us to estimate their approximate LCB frequencies and it is a useful measure for
comparing variation among polymer samples.

Table 9-8. Molecular weight measurements using GPC and long chain branch calculation using Zimm-
Stockmayer equation.

Sample M., M, PDI EBD LCBF for the LCBD for the
whole polymer®  whole polymer®
A 50 400 21 000 2.4 29 0 0
B 108 400 27 300 3.9 36.8 0.2 0.103
C 115 800 27 800 4.2 35.7 0.74 0.37

8LCBF: number of long chain branches per polymer chain (short chain branch correction was applied).
PLCBD: number of long chain branches per 1,000 carbon atoms.
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The result of LCBF calculations shows that an increase in pendant vinyl group frequency of the
macromonomer leads to production of polymers with higher long chain branch frequencies (Table 9-
8).

Finally, if we compare the MWDs of the three samples, we observe that polymers made with
macromonomers with higher diene density have broader MWDs caused by LCB formation reactions
resulting in the production of cross-product chains of higher molecular weight.

9.4.2.1.2 Effect of Polymerization Time and Catalyst Concentration

Four polymerization runs were performed to investigate effect of polymerization time and catalyst
concentration on cross-product formation. The polymerization conditions are summarized in Table 9-
9.

The polymerization procedure was the same as used in the previous runs. The UCED of the
macromonomer used in the terpolymerization was 2.28 per 1000 carbons. Run F in Table 9-9 is just
an ethylene/1-butene copolymerization under the same conditions to locate the Crystaf peak for the

ethylene/1-butene copolymer alone.

Runs D and G were performed to investigate the effect of polymerization time on cross-product
formation. Their polymerization conditions were the same, except for polymerization time, which was
7 minutes for run D and 15 minutes for run G. Similarly, runs E and G were performed under the
same polymerization conditions, except that in run E the amount of CGC injected in the
polymerization reactor was lower than in run G. Table 9-10 summarizes molecular weight results for

these polymers.

Table 9-9. Polymerization conditions and summary results for runs D through G.

Sample Polymerization Macromonomer Total Polymer Weight%o of CGC
time (min) concentration polymer  formed macromonomer Catalyst
(g/L) weight (9) (mmole/L)
9)
D 7 13.47 13.3 10.3 22.6 8.98
E 15 13.47 6.84 3.86 48.4 6.7
F 15 0 6.5 6.5 0 1.8
G 15 13.47 18.6 15.6 16.1 8.98

Polymerization conditions: Temperature = 120°C, pressure = 120 psig, toluene volume = 222.8 ml, 1-butene

Conc. = 0.4 mol/L. The UCED of the macromonomers used in these polymerizations was 2.28.
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Table 9-10. GPC-IR results for samples D-G and macromonomer.

Sample M., M, PDI Ethyl branch/1000C LCBF
of the whole polymer of the whole
polymera
D 187 300 41 300 4.54 25 0.62
E 73 300 25300 2.9 19 0.16
F 96 000 38 200 2.5 29 0
G 273 300 42 100 6.5 26.3 1.03
Macromonomer 54 100 26 000 2.08 0 0.083

a: Calculated using Zimm-Stockmeyer equation

Figure 9-16 overlays the Crystaf profiles of polymers D, F, G, and macromonomer, while Figure 9-17
shows their corresponding MWDs. As discussed above, if no cross-product is formed during
polymerization, two Crystaf peaks are expected: one high-temperature peak for the macromonomer,
and another low-temperature peak for the ethylene/1-butene copolymer (equivalent to that of polymer
F). Interestingly, an intermediate third peak was observed for the samples D and G, which indicates

the formation of cross-product chains.

The MWD plots in Figure 9-17 also strongly support the presence of branched cross-products because
of the observed broadening of the MWD. Increase in time of polymerization increases molecular
weight and long chain branch frequency of the whole polymer, as shown in Table 9-10. The ethylene
branch density of the whole polymer also increases because the mass fraction of the cross-product
increases (Table 9-10).

Figure 9-18 shows the log [7] versus log MW plots for polymers D, F, G, macromonomer and linear
NBS standard 1475. Sample F exhibits simple power law behavior described by the Mark-Houwink
equation, which is indicative of linear polymers, while the curvature of the corresponding curves for
samples D and G imply the presence of LCBs. The actual structure of these LCBs is likely to be of
two polymer chains connected through a bridge six carbons long, resulting from the polymerization of
the pendant double bond of 1,9-decadiene units. The “main” branch is an amorphous ethylene/1-
butene chain with high 1-butene content (about 40 ethyl branches per 1000 carbon atoms), while the

macromonomer branch is more crystalline, with about three SCBs per polymer chain.

Long chain branch frequencies (LCBF) for the polymer samples were also calculated and are shown

in Table 9-10. Although these numbers are not absolute, they are useful to compare the extent of LCB
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formation in the samples. The results in Table 9-10 show that increasing polymerization time leads to

higher LCBF values for the whole polymer, which is the expected result for this type of

polymerization.
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Figure 9-16. Crystaf profiles for samples D, F and G. The dashed line is for sample F (ethylene/1-butene

copolymer).
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Figure 9-17. Molecular weight distributions for samples D, F, G and macromonomer.
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Figure 9-18 . Intrinsic viscosity versus molecular weight for samples D, F, G, macromonomer, and NBS 1475.

Samples E and G were made at different CGC concentrations. Figure 9-19 shows the effect of
changing CGC concentration on the MWD of the resulting terpolymer. Increasing CGC concentration
leads to more macromonomer incorporation (for the same polymerization time), which in turn
broadens the MWD with the formation of higher molecular weight polymer. In Run E, despite the
lower CGC concentration, LCBs are still formed (as shown by the deviation from linearity in the log
[77] versus log MW plot in Figure 9-20), but not enough to produce a noticeable Crystaf peak, only a
slight shoulder (Figure 9-21).
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Figure 9-21. Crystaf profiles for samples E, F, G, and macromonomer.

9.4.2.1.3 Ethylene Pressure Effect

The effect of ethylene pressure on the microstructural properties of the resulting terpolymers was
investigated at three different ethylene partial pressures during polymerization. The UCED of the
macromonomer used was approximately 2.3 (2.68 pendant vinyl groups per chain). CGC and
cocatalyst loadings were the same for all three runs. Polymerization temperature and time were also
the same, except for the highest ethylene pressure run, for which the polymerization time had to be
decreased to approximately three minutes to reduce the polymer mass to an acceptable range and
avoid mass and heat transfer limitations (polymer yield is directly proportional to ethylene pressure).

The polymerization conditions are summarized in Table 9-11. Average molecular weights and SCB
frequencies are shown in Table 9-12 .
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Table 9-11. Polymerization conditions for samples H, I, and J.

Sample Total pressure Macromonomer CGC Total polymer  Polymer Time
during UCEDx10 Catalyst weight (g) Formed (min)
olymerization (psi
poly (psig) (umole/L) (0)
H 46 22.76 12.25 4.6 1.6 15
| 120 22.76 12.25 11.76 8.76 15
J 200 22.76 12.25 14.04 11.04 2.8

Polymerization conditions: Temperature = 120 °C, , Toluene=222.8 ml, 1-butene=0.63 mol/L.

Table 9-12. Average molecular masses, SCBD and long chain branch frequency for samples H, | and J

Run My, M, PDI Average Average LCBF LCBD of
Ethyl the X-
Ethyl corrected
branch/1000c  Pranch/io00C ) ‘cog”  product
for the
for the whole
olymer polymer
P formed by
adding CGC
H 58900 14300 4.1 40.5 117 0.054 0.0003
| 84400 22600 3.7 35.5 48 0.17 0.126
J 119100 37100 3.2 185 235 0.16 0. 65
Macromonomer 54100 26000 2.08 0.0 - 0.081 n/a

The overlay of the Crystaf profiles for samples H, I and J is shown in Figure 9-22. Sample H, made at
the lowest ethylene pressure, does not show an intermediate peak. For sample I, the left side shoulder
of the macromonomer peak is attributed to macromonomer incorporation into the copolymer chains
by the CGC catalyst. The intermediate peak for the sample J is formed by a similar mechanism. It
may seem counterintuitive that increasing ethylene pressure would favor macromonomer
incorporation, but this behavior seems to be related to the 1-butene fraction in the chains made by the
CGC catalyst. As the ethylene pressure increases in the reactor for the same 1-butene concentration,
the fraction of 1-butene in the copolymer decreases, as clearly seen in the Crystaf profiles depicted in
Figure 9-22 (the copolymer peak move to higher crystallization temperature). Due to steric effects, it

is more likely that a macromonomer chain will be inserted into the growing chain terminated in an

242



ethylene, rather than a butene, unit. Therefore, increasing the ethylene pressure at the same 1-butene
concentration will indirectly favor macromonomer insertion, as illustrated in Figure 9-22.

Figure 9-23 shows the SCB distribution across the MWD for sample H, which was made at the
lowest ethylene pressure. A bimodal MWD peak is observed and since the high molecular weight
peak for that sample coincides with the macromonomer peak (dashed curve in Figure 9-23), it seems
that the high molecular weight peak results from the unreacted macromonomer. This conclusion is
also supported by SCBD versus molecular weight plot shown in Figure 9-23 because the SCBD for
high molecular weight polymer is very low, practically in the experimental range of SCBD measured
for the macromonomer alone.

Figure 9-23 also depicts the log [7] versus log MW plot across the MWD for sample H and
macromonomer. The log [77] versus log MW plot deviates from linearity at both low and high
molecular weight regions. The deviation at the low molecular weight may be attributed to the
presence of higher SCB frequency chains. Since the difference between the log [7] versus log MW
plots for macromonomer and sample H is small, the LCB in sample H is not high, as already noticed
by inspection of its Crystaf profile. Therefore, the small deviation at the high molecular weight region
may be attributed to the presence of LCBs in the unreacted macromonomer itself. As proposed above,
the high short chain branch frequency (117 SCB/1000 for lower molecular weight region) of the
polymer backbone growing on CGC in sample H might cause steric hindrances which decrease the

rate of macromonomer incorporation.
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Figure 9-22. Crystaf profile for samples H, 1, J, and macromonomer.
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Figure 9-23. MWD, SCB distribution and intrinsic viscosity plot for the sample H and macromonomer. Dashed
lines and solid lines are related to macromonomer and sample H, respectively.

Figure 9-24 show analytical results for sample I, made at total pressure of 120 psig. This figure
clearly shows the presence of LCBs in sample I, since log [#] versus log MW plots deviates from
linearity significantly. Comparing the SCB distribution of this sample (Figure 9-24) with the one
made at the lowest pressure (Figure 9-23) shows a gradual, not sudden, decrease in SCB. This
happens because the molecular weight of the copolymer made at higher ethylene pressure increases,
making the MWD unimodal and “merging” the MWD distributions for each component in the

polymer.

Figure 9-25 shows the log [7] versus log MW plot for sample J. The LCB frequency of sample J is
similar to that of sample | (Table 9-12). We can speculate that a low ethylene pressure favors the
formation of LCBs but, at the same time, the higher SCB frequency in ethylene/1-butene copolymers
made at lower ethylene pressures makes it harder for macromonomers to be incorporated into these
chains; these two factors, acting in opposing directions, cause the LCBF of the samples | and J,

polymerized at 120 and 200 psig, to be approximately the same.

The SCB distribution as a function of molecular weight for sample J, as shown in Figure 9-25, is very

interesting because it initially increases with molecular weight, reaches a maximum, and then
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decreases. This apparently abnormal behavior is easy to explain: the copolymer made at higher
ethylene pressure has higher molecular weight averages than those of the macromonomer,
consequently, the low MW region is mostly composed of macromonomer with low SCB content; the
intermediate MW region is mostly formed by ethylene/1-butene copolymer with high SCB frequency;
finally, the high MW region contains most of the cross-product, which is formed by copolymer (high

SCB) and macromonomer (low SCB) chains linked by covalent bonds.
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Figure 9-24. MWD, intrinsic viscosity plot and SCB distribution for sample I.
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9.4.2.2 Branch-Block Copolymers Made with 1-Octene

Similar experiments were conducted with 1-octene instead of 1-butene to synthesize branch-block
copolymers. The polymerization procedure was analogous to the one used for ethylene/1-butene
copolymerizations. Two factors were investigated: 1-octene concentration and degree of unsaturation
in macromonomer. Table 9-13 summarizes the conditions for these polymerization runs and Table 9-
14 lists some polymer properties and yields.

Table 9-13. Polymerization conditions for samples L, M, L-n and M-n.

Sample Initial Macromonomer 1-octene Polymerization CGC
macromonomer Y concentration time (min) Catalyst
concentration in the reactor concentration
in the reactor (mol/L) In the reactor
(9/L) (umole/L)
L 13.47 5.1 0.36 15 2.44
M 13.47 5.1 0.48 15 2.44
L-n 13.47 1 0.36 15 2.44
M-n 13.47 1 0.48 15 2.44

T=120 °C, P=120 psig

Table 9-14. Summary of GPC results and LCBs calculations for samples L, M, M-O, L-O, M-n and L-n

Sample Total Polymer My Mn PDI HBD HBD LCBF
Polymer  formed by whole  polymer
weight () adding polymer  formed
CGC (9) by CGC
Macromonomer 53 000 24 800 2.1 0 0.09
L 13.15 10.15 275 200 56521 49 11.1 14.4 0.89
M 13.1 10.1 217 334 53425 4.1 14.6 18.9 0.31
M-O 121 200 55000 2.2 24 24 0
L-O 128 000 59000 22 17.3 18.9 0
M-n 13.15 10.6 45 800 112800 2.5 12.4 17.4 0
L-n 11.46 8.46 50 900 137000 27 9.8 133 0
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Effect of 1-Octene Concentration

Polymerization runs L and M were both done at the same macromonomer concentration, having
identical average unsaturated chain ends per polymer chain, but with different concentrations of 1-
octene in the reactor. All other reaction conditions were the same. Two ethylene-1-octene copolymers
were also made under the same 1-octene concentrations used for making samples L and M to
indentify the Crystaf peaks when no macromonomer was added to the reactor (samples L-O and M-
0).

Figure 9-26 illustrates the Crystaf profiles of samples L, M, L-O, M-O, and macromonomer.
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Sample L-O \ﬂ . 30

- 25

dC/dT
dC/dT

- 15

- 10

N

25 35 45 55 65 75 85 95
Temperature (°C)

Figure 9-26. Crystaf profiles for samples M, L, M-O, L-O, and macromonomer.

Both L and M samples have intermediate Crystaf peaks due to the incorporation of macromonomer
into the growing ethylene/1-octene copolymer chains. A few interesting observations can be made
regarding these Crystaf profiles. First, polymers made under lower 1-octene concentration seem to
produce more cross-product, as indicated by the higher area under the intermediate Crystaf peaks for
samples L and M. This is in agreement with the previous observation that decreasing ethylene
pressure, and thus increasing the 1-butene fraction in the copolymer, led to the production of less

cross-product in the ethylene/1-butene copolymerization experiments. Second, it appears that there is
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a competition for insertion between 1-octene and macromonomer; the presence of macromonomer
seems to decrease the relative rate of 1-octene insertion. This is clear when comparing the positions
for the L-O and M-O peaks with the lower crystallinity peaks for samples L and M, respectively. We
suggest that 1-octene is less likely to be polymerized after a macromonomer insertion due to steric
effects (that is, the reactivity ratio for 1-octene/macromonomer is small), effectively lowering 1-
octene incorporation in the copolymer.
Figure 9-27 shows the MWD and log [#] versus log M plot for samples L and M. The log [#] versus
log M curves for both samples deviate from linearity at high molecular weight, confirming the
presence of long chain branching in these polymers.

If we assume that there is no interaction between macromonomer and the CGC-produced copolymer
chains, we can predict the MWD of the resulting polymer by superposition of the MWDs of the
macromonomer and of the ethylene/1-octene copolymer. Figure 9-27 compares these hypothetical
MWDs with the ones actually measured for samples L and M, clearly showing that significant
chemical bonding between macromonomer and ethylene/l1-octene chains took place during the
polymerization.
Since the initial mass of macromonomer and the final mass of polymer are known, the mass of
ethylene/1-octene copolymer made in the second stage of polymerization can be calculated.
Therefore, we can calculate the hexyl branch density of the ethylene/1-octene copolymer made in the
second stage of polymerization (second last column of the table 9-14). The following shows typical
calculation for sample M.

3%0.0+HBDx10.1=13.1x14.6 (9-8)
Therefore, the hexyl branch density (HBD) of the ethylene/1-octene copolymer made in the second
stage of polymerization would be 18.9.
The hexyl branch density calculated for the ethylene/1-octene copolymer made in the second stage of
polymerization of sample M is lower than the corresponding hexyl branch density of sample M-O.
This means that the ability of CGC to incorporate 1l-octene is affected by the presence of
macromonomer. The same conclusion can be drawn when HBD of the ethylene/1-octene copolymer
made in the second stage of polymerization for samples L and L-O are compared. Comparing the
Crystaf profiles of samples M and M-O, which were made at identical 1-octene concentration, shows
that their far left peaks do not overlap which support the aforementioned conclusion.
The long chain branch frequency for sample L, calculated using the Zimm-Stocymayer approach
(Table 9-14), is higher than the long chain branch frequency for sample M. Since the hexyl branch
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density in the copolymer chains of sample M is 18.9 which is higher than hexyl branch density in
sample L, 14.4, it can be concluded that steric hindrances of the hexyl branches might be the reason

for reduced amount of LCB in sample M.
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Figure 9-27. MWD and intrinsic viscosity plot for samples L and M. The viscosity plots for samples L and M
are the SCB corrected ones.

Effect of degree of unsaturation in macromonomer

It has been demonstrated above that polyethylene macromonomers having vinyl pendant double
bonds resulting from ethylene/1,9-decadiene copolymerization were very effective in forming cross-
product chains. To investigate whether it was possible to make similar polymers using
macromonomers that contained only terminal unsaturations (no diene incorporation), we synthesized
two more samples (L-n and M-n) using macromonomers produced in the absence of 1,9-decadiene.
Tables 9-13 and 9-14 show the polymerization conditions and polymer properties for these resins.
Sample L-n was made under polymerization conditions similar to those used to make sample L, with
the exception that the macromonomer had only terminal vinyl groups. A similar approach applies to
sample M-n as compared to sample M. Figure 9-28 illustrates the Crystaf profiles of samples L, M, L-

n and M-n.
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Figure 9-28. CRSTAF profile for samples L, M, M-n, L-n and macromonomers

The low crystallinity Crystaf peaks of samples L and M overlap with the corresponding low
crystallinity peaks of samples L-n and M-n, respectively, since they correspond to ethylene/1-octene

copolymer chains that have not reacted with the macromonomer chains.

Figure 9-29 shows the MWD overlaid with hexyl branch distribution for sample L-n. No LCB
formation is apparent in this sample, as its log [#] versus log M plot is linear and overlaps the
corresponding plot for the linear polyethylene NBS 1475 standard after short chain branch correction.
The lack of intermediate Crystaf peak in Figure 9-28 for this sample also confirms that long chain

branching is negligible.

The HBD for low molecular chains is zero, increasing gradually until reaching a maximum value of
13.5 SCB/1000C, and remaining constant for higher molecular weights. This observation indicates
that macromonomer chains (with no hexyl branches) are located in the low molecular region of the
MWD.
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Figure 9-29. Molecular weight distribution, hexyl branch distribution, and viscosity plot for sample L-n.

The log [7] versus log M plot for the sample M-n also indicate that the polymer is linear (see Figure
9-30) and no cross-product peak was observed in its Crystaf profile in Figure 9-28. Both observations
imply that long chain branching in these polymers is below the detection range of the online GPC
viscometer detector and Crystaf.
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Figure 9-30. MWD, hexyl branch distribution, and viscosity plot for sample M-n.
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9.5 Conclusions

Branch-block copolymers can be made in two polymerization stages. Stage 1 is used to produce linear
macromonomers with pendant vinyl groups. Stage 2 is employed to make -ethylene/a-
olefin/macromonomer terpolymers. The proportions of the different components in the polymer (high
crystallinity, low crystallinity, and cross-product) can be regulated by varying reactor residence time,

catalyst concentration, diene fraction, and ethylene/a-olefin ratio.

The copolymerization of ethylene with 1,9-decadiene using MAO-activated rac-Et-IndZrCl, catalyst
was used to produce macromonomers containing pendant 1-octenyl branches. Increasing the diene
concentration in the reactor at a constant ethylene pressure causes a linear increase in the frequency of
pendant 1-octenyl branches in the macromonomer, while the molecular weight average of the

polymer increases only slightly.

Under the experimental conditions covered in this investigation, we were not able to make branch-
block copolymers with macromonomers having only terminal unsaturations (no diene), although the
homopolymer made using rac-Et-IndZrCl, had about one terminal vinyl group per chain. Introducing
a certain amount of pendant vinyl group into the copolymer made by rac-Et-(Ind),ZrCl,, however,
facilitated the production of branch-block copolymer with CGC and produced a material with

considerable fractions of cross-product.

When macromonomers containing pendant double groups were present in the second stage of
polymerization, longer polymerization times and higher CGC concentrations increased the weight
fraction of cross-product. Increasing the ethylene pressure during the second polymerization stage at a
constant 1-butene concentration produced copolymer chains with higher crystallinity and favored the
formation of cross-product, likely due to steric effects associated with the sequential insertion or 1-

butene and macromonomer.

When 1-octene was used as the comonomer, it was observed that increase in 1-octene concentration
decreased long chain branching, whereas Increase in pendant vinyl group frequency of the

macromonomer led to increased long chain branching.
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Chapter 10

Conclusions and Recommendations

10.1 Conclusions

Significant contributions to polymer science and polymer reaction engineering have been made in this

research:

1)

2)

3)

4)

5)

6)

For the first time, a mathematical model was developed for a system of two continuous stirred
tank reactors in series using a combination of two single site catalysts that produced LCB
polymers. Population balances and the method of the moments were used to develop the model.
The model can predict average weight fractions, molecular weights, average chain lengths,
polydispersity and long chain branch density for different polymer populations. This model can
be used to guide polymer reactor engineers formulate new products with complex
microstructures.

A similar model was developed for semibatch reactors to predict change in microstructural
properties with time. Simulation results show that CSTRs are more efficient than semibatch
reactors in producing branch-block polymers.

A systematic methodology for olefin polymerization Kinetics determination with metallocenes
was introduced for semibatch reactors that can be used to obtain kinetic parameters and
statistically test polymerization mechanism.

An in-depth study on ethylene homopolymerization kinetics with rac-Et(Ind),ZrCl,/MAO system
was performed for the first time, revealing that the catalyst decays according to a first order
model, chain transfer to monomer is the dominant transfer reaction, followed by chain transfer to
MAO, and that macromonomers can be prepared at low MAO concentrations.

For the first time, a polymerization kinetics model was developed for the homopolymerization of
ethylene with CGC-Ti/MAO system at high MAO concentration. Unlike rac-
Et(Ind),ZrCI,/MAQO, increase in MAO concentration leads to an increase in molecular weights.
Decrease in monomer pressure and MAQO concentration favors formation of polymer with long
chain branches.

Polymer microstructures with defined pendant 1-octenyl branches frequency were made using
rac-Et(Ind),ZrCI,/MAQ catalyst, which can be wused as macromonomer for further

copolymerization reactions.
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7) Polymer chains with complex microstructures were made by incorporating macromonomers with
two to five pendant vinyl groups into ethylene/1-butene or ethylene/1-octene copolymers. These
long chain branched materials were called cross-product. The cross-product compatibilizes the
low crystallinity or amorphous copolymer chains with the high crystallinity macromonomer

molecules, forming a long-range network bound by physical crosslinks.

10.2 Recommendations for Future Work

We did a systematic investigation study on making branch block copolymer made using 1,9
decadiene, ethylene and 1-butene or 1-octene. An interesting research topic could arise from making
isotactic blocks of propylene with sterospecific metallocene catalysts having pendant 1-octenyl
branches and then incorporating them to copolymer chains of ethylene and 1-octene or 1-butene to
make thermoplastic elastomers with enhanced properties.

Mathematical modeling of the polymerization for a semibatch reactor with initial presence of
macromonomer having pendant vinyl groups could help to understand and expedite the experimental
part.

Experimental study to increase the amount of cross products for TPEs made using isotactic propylene
and a-olefin copolymers. Surface response methodology would be a fast and most convenient method
to achieve this goal.

Another subject that needs to be investigated is to do kinetic study on homopolymerization using
CGC and borate as cocatalyst and comparing the results with present study to figure out which

cocatalyst is more efficient in producing polymers with more LCBs.
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APPENDICES

Appendix A

Population Balances and Moment Equations ( CSTR 1)

The n™ moment, A", of a generic distribution f (x) is given by the equation:
M" =>"x"f(x) (A-1)
x=0

The following convention was adopted for the moments: x., x., x" are the zero™, first and second

) o= == )
moments of linear chains; Xi, Xi, Xi are the zero™, first and second moments of homogeneous-

branched chains; Xi, Xi, Xi are the zero™, first and second moments of cross-product chains; the
subscript i indicates catalyst type; moments of living polymer chains are represented by Y, of

macromonomers by @, and of dead polymers by Q.

Living Chains

The population balance for linear living chains with length larger than 2, r > 2, is given by

i,r

dP
d_l,gr = kp,iM (Pi,r—l - P.r) _(kﬁ,i + kﬁ—CHs,i + kAI,iAI + kH,in + kM,iM )Plr - kd,iP'

. _ (A-2)
- kb,iF)i,rz (/ui,s + zuj,s + His + /uj,s + zus) - SI:)i,r
s=2
where s is the reciprocal of the average residence time in the CSTR .
This equation will be used in a more compact form as
dpi,r I
dt :kp,iM(Pi,r—l_Pi,r)_(Ui +ky;O)R, (A-3)

where the following lumped parameters were defined
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o, =K +Kky; +5 (A-4)

Kii =Kg + K (A-5)

K= kﬁ’i +ky M + kﬂchsyi (A-6)

Kei =Ku i Al+Ky i H, (A-T)

é:Z:(,ui,r_'-/uj,r-’_;li,r_'_;lj,r_|_/l_lr) (A-S)
r=2

A slightly different equation is required for chains of unity length, r =1

dP ~ i - =
d_ltl = kp,iM (C,—BR,) (o, +k,;®)R, +Z(Pi,r +Pir +Pir)ky M (A-9)
r=1
dPil S v
dtv =k, iM(C; —R,) — (07 +ky,;©) R, +ky ;MY, (A-10)
where
Y: = Pi,r + Ei,r + z Ei,r (A-11)
r-1 r—2 r—2

The dynamic equation for the zero™ moment of linear living polymer made on catalyst i is

dy, - -
L= —= 4 = A-12
dt  dt Z;' dt (A-12)

Substituting Equations (A-3) and (A-10) into Equation (A-12) and simplifying the resulting

expression, we obtain the equation for the zero™ moment of linear living chains

v, ~ >
o =KeiCM =(0 4Kk, 8) Vi +ky MY, (A-13)

The equation for the first moment is
Y =>m, (A1)
=1
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Differentiating Equation (4A-14) yields

dY' dR, &
= A-15
dt dt Z ( )
Substituting Equations (A-3) and (A-10) into Equation (A-15)
| ~
di = kp,i(Ci - Pi,l)M —(o; + kb,i®)Pi,1
dt (A-16)
+Zr[kp.( 1~ POM = (0 +ky O)R 1+ Ky MY,
Simplifying Equation (A-16), leads to the first moment equation for the linear living chains
¥y k, ©)Y,' +k, MY,
T =k,;M G +Y, )= (0, +k,®) Y +ky MY, (A-17)
Finally, for the second moment
1 ©
avi Z (A-18)
dt =
Substituting Equations (A-3) and (A-10) into Equation (A-18) we get
dY~” - _
d_:[ = kp,i(Ci - Pi,l)M — (o, + kb,i®)Pi,l + kM,iMY +
(A-19)

S LK, (P, 4 — P, )M — (0, +k, ©)R, ]

After some algebraic manipulation, the following equation for the second moment of linear living

polymer is obtained

dy." ~ -
d_:[ =k, .CM — (o, +k, ©)Y," +k_ (Y, +2Y )M +k,, MY, (A-20)

We will consider only chains with r > 2 as branched chains, since chains with r = 1 must necessarily
be linear. This is just a convention and does not affect the final calculation results for long chains, but

it simplifies the next derivation steps.

The population balance for homogenous-branched living chains is
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dEi,r
dt

= kp,iM (Ei,l‘—l - Ei,l’) - (O-i + kb,i(:j)Ei'r
(A-21)

r-1 r—

_ _ 1 _
+ kb,iz Pi,f—S(ﬂi,s + :ui,s) + kb,i Pi,r—s (,Ui,s + :ui,s)
5=2

s=2

The equation for the zero™ moment is obtained by substituting Equation (A-21) into Equation (A-12)

and ignoring the first term on the right-hand side forr =1

Y__ o o o
d_':kpyiM( Pi,r—l—ZPi,rj—(Gi +kb’i®)z Pi.r
2 r=2

dt P
+Kp Z Pirs (s + ;i,s) + kb,iz

r=2 s=2 r=2 s=

(A-22)

= =

-1 r—:

1 —
I:)i,r—s (ui,s + :ui,s)
2

This expression can be simplified to obtain the final equation for the zero™ moment of homogeneous-
branched living chains

dYi - = T
—}EE-' = kb,ﬁ{i((:)i + ()i) — [CTi + kb,i((:)j + ()j + (:))] \{i (/\-:23)
The equation for the first moment is obtained by substituting Equation (A-21) into Equation (A-15),

summing from r = 2 to oo, and using the identities

ZI’Ei,r—l —Zl’ﬁi,r :?i (A-24)
r=2 r=2

o r-1

> >R D, =Y Q' +Y'Q (A-25)
r=2 s=1

Finally, the equation for the first moment of homogeneous-branched living chains is

I MYL K, [0, +V0)(©! +81) Y, (6, )]

dt (A-26)

6,4k, (0, +0; + @)V

The equation for the second moment is obtained by substituting Equation (A-21) into Equation (A-

18) and using the following expressions
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ZrZBi,r—l—erEi,r :?i +2ViI (A-27)
=2 -

|_\

r—

r’P_D, =Y Q"+2Y'Q'+Y"Q (A-28)

M
'L

S

Finally, the equation for the second moment of homogeneous-branched living chains becomes
dv
— =k, ;M(Yi +2Y; - [0, +k,;(©; +O; +®)]Y.
dt (A-29)

[+, )(O] 461 ) +2(Yi +Y,')(©] +01) +Y," (€, +61)]
For cross-product chains, we will also adopt the convention that r > 2 during all derivations.

The population balance for cross-product chains is

dEi,r

- =K, ;M (Pir1— i) — (0 + Ky @)Pir

= - - = (A-30)
U Pirr*S(/ui s +:uj s +/ui s +/uj s +:us)+
+Ky Y

s=2 (Pi,r—s+ ir— s)(;ujs—l_:ujs—l_:us)

The equation for the zero™ moment is obtained by substituting Equation (A-30) into Equation (A-12)

di=kpyiM[ZEi,rl— Ei,r]—((fi +kb,ié)ZEivr
r=2 =2

dt r=2
(A-31)
2 = P|rs(ﬂ|s+ﬂ s+:u|s+:u 5+,Ll)+
+Ky ZZ : :
r=2s=2 (P'r5+ ir— s)(/’ljs+/'ljs+/'ls)
This expression can be reduced to the more convenient form
%:kp,iM(\?i ~Yi) = (0 + Kk, O)Y;
ZE”Z(/”LS +/uj,s +;i,s +;j,s +;s) + (A-SZ)
+kb1i I'O:OZ s=2 } _
Z(Pi,r + Plr)z (luj,s +/uj,s +lus)
s=2

|
N

r
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or

dyi = - = =
T: kb,i(Yi +Y|)(®J +®j +®)—O'iYi (A-33)

The equation for the first moment is calculated by substituting Equation (A-30) into Equation (A-15)

and simplifying the resulting equation using Equations (A-24) and (A-25)

[= —1 = =]

Yi(0; +0;+0i +0;+0 )
. — — =l

— Lok MYi—oYi +k, |+ (Yi+Y)(© +0;+0 ) (A-34)

+(\7.I +Yi')(®j+@j +6)

The equation for the second moment is derived by substituting Equation (A-30) into Equation (A-18)
and then applying Equations (A-24) and (A-25) to simplify the result

) = =l =lII
dL=|(pi|\/|(Yi +2Yi)—o,Yi
dt ‘
_=, I wo gt o = v Al . |
Yi(@] +O; +0i +0; +0 )+2Yi(0; +0;+0i +0;+0 ) (A-35)
— — =II _ _ =l
+ky | +(Yi +Y; )(O] +(E)I,-I +0 )+2(Yi| +Y,')(©] +®I,- +0)
+(\7i” +Yi”)(®j+CT),- +O )
Macromonomers
The population balance for linear macromonomers is given by
s _y-p i VitV Kk Y4V, A-36
dat O ir b,i(Yi+ i+ ')/ui,r_ b,J'(Yj+ it ‘)'ui,f_s'ui’f (A-36)

Defining \(~I as the zero™ moment of the population of all living chains growing on catalyst type i

Y=Y 4+Yi+Y (A-37)

leads to a more compact representation of the population balance of linear macromonomers
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d:ui,r _

dt t| | r (kb |Y| + kb I + S) :ui,r (A'38)

Substitution of Equation (A-38) into Equation (A-12) leads to the expression for the zero™ moment of
linear macromonomers

do; _

dt t| i (kb|Y|+k

e +s) O, (A-39)
Similarly, substitution of Equation (A-38) into Equation (A-15) results in the expression for the first
moment

|
9O kvt - (k, ¥ +k, ¥

et Y +5) @ (A-40)

b,j"j

Finally, combining Equations (A-38) and (A-18) leads to the expression for the second moment

1
9O, _ kot~ (k, 7 +k

Y +5 Q' A-41
dt t| i ) ( )

bJ i
The population balance for homogeneous-branched macromonomers is

d::li,r
dt

= Kt:,iE' r (kb |Y| + kb jli + S)/l_li,r (A'42)

Substituting Equation (A-42) into Equations (A-12), (A-15) and (A-18) leads to the expressions for

the zero™, first and second moments of homogeneous-branched macromonomers

de:

" KoYi = (K.Y, +k, Y, +5) (A-43)
—1
d(% =K Vi = (kY +K, Y, +5) O (A-44)
d@” =1 — 1
dtl =K Y0 = (kY +k, Y, +5) O (A-45)

Similarly, the population balance for cross-product macromonomers is
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dg:r = K Pir + KT P = (6, +k, Y, +5)p, (A-46)

Consequently, the equations for the zero™, first, and second moments are

1 iKY = (kY kY, +5) © (A-47)

=] =] ~ ~ =1
9O T K Y~ (kY k¥, 45)© (A-48)

d6 _ =l =l ~ ~ =l
e KaYi +KGY 5 = (kY +k, Y +5)© (A-49)

Dead Chains

The derivation of population balance and moment equations for dead polymers follows the same
approach used for the macromonomers. Only the final equations will be shown below.

dD

F”:(Kji +kq )P, —SD;, (A-50)
% = (K¢ +Kkg;)Y; —sQ, (A-51)
% = (K¢ +kg )Y, —sQ/ (A-52)
dditi” = (K +kg )Y —sQ" (A-53)
dDir

= (K¢ + kg ;)Pir —SDir (A-54)

& = (K¢ + kd,i)Vi —36-

- , (A-55)
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d_.I s = —l
% = (K +Kq;) Yi =sQ;

dai” B s 7oAl
= (K k) Vi =50,

dDr s S s S =
= (K +Kg0) Pir + (K¢ +Ky ;) Pir —SDir

d s v s v ~
d_?:(Kt,i +kd,i)Yi +(Kt,j "‘kd,i)Yj -sQ

dQ . i VAR~
T:(Kt,i +kd,i)Yi +(Kt,i +kd,i)Yj -sQ

dQ . =1l S =l =l
T:(Kt,i k) Yi (K +ky )Y —sQ
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(A-57)

(A-58)

(A-59)

(A-60)
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Appendix B
Steady-State Solution of the Moment Equations (CSTR 1)

The steady-state solution for the moment equations is obtained, as usual, by setting the time
derivatives in the right-hand side of the moment equations derived in Appendix A to zero and solving

for the unknown moments.

Zero™ Moments

The equation for the zero™ moment of all living chains growing on catalyst type i is given by the

expression

dY, 2 y 2 Yi B-1

i KpiGiM = (K +Kq,)Y; +ky ;MY =k ;.C;M —o}Y; +ky ;MYi (B-1)

At steady state

K,iCiM —aY; +k, MY, =0 (B-2)

~ kpiCiM

Y, =—""— (B-3)
o; —ky;M

The molar balance for catalytic active sites of type i is given by

€, KW — (k. M +k C,+C"

E—(p,i"' t.i)i_( p,i + d,i+s) i T4 (B'4)

or

9C, (k4 K, + Y5 +70) = (k. M +k C,+CP

E—(ﬁ,i"' )i +Yi+Yi)—( pivl + i +8)C +C (B-5)

where C™ is molar flow rate of catalyst per unit volume to the reactor. Using Equation (B-3) to

eliminate Y~. from Equation (B-4) and solving for C;

C ~ Ciin
-k, + KD (0 — Ky IMDIK M K+

(B-6)
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where the parameter ¢ is defined as

a =—= (B-7)

The concentration of all macromonomer chains ((5 ) can be calculated with the equation
éz@i+@j+(_9i+5,-+(_9 (B-8)

Taking derivatives of both sides of Equation (B-8) substituting Equations (A-39), (A-44), and (A-47),
leads to the following equation for the steady-state zero™ moment of all macromonomers in the

reactor

46 o o L os L o5 =

= KK, -k, Y0 -k, Y,0-50 =0 (B-9)

= KGY KLY,

O=—2u L (B-10)
Ky, Yi +Ky ;Y +5

Assuming that the concentrations of monomer (M), hydrogen (H,), and cocatalyst (Al), are known, \7,
, C,,and @ can be calculated with Equations (B-3), (B-6) and (B-10), respectively. The values for

Y, and ©,are also easily found from the steady-state solutions of Equations (A-13) and (A-37),

respectively

_ ki CM Ky MY,

i = (B-11)
K,;® + 0,
KZY.
=t (B-12)
Ko,iY; +K, ;Y +5

The steady-state equations for the zero™ moments of branched living chains and macromonomers

have to be solved simultaneously. We used a simple Gauss-Seidel iteration approach with first

estimate éi =@=0 to C&'CU'&tG?i andYi . These values were used to re-estimate @i and @, and

the iterations were repeated until convergence was achieved using the following equations
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k,.Y,(©, +61)

Yi= L (B-13)
ky; (©; + 0O +0) + 0
— k.Y, +Y)O +O;+0
Yi — b,l( i )( j J ) (B_14)
Oj
— K;?i
= W (B-15)
kyp;Yi +K, Y+
—  KGYi+KLY
O=—= i (B-16)
KyiY; +Ky Y+
Finally, the zero™ moment equations for the dead polymer chains can be solved sequentially
Qi _ (Kt,i + kd,i) Yi (B'l?)
S
g, = Kutke) ¥i (B-18)
S
Sz(Kf’iJrkdyi)Yi+(ij+kd'j)Y,- (B-19)

S

First Moments

The steady state equations for the first moments can be solved sequentially after the solution for the

zero™ moments. After some algebraic manipulation, the following solutions are derived

ki M(C +Y,)+ky MY
- o, +kb'i@)

Y-I

(B-21)

g1 - EaMY ik [0 +Y 6! +Y/ (O, + O}k, Y, +Ky,Y; +5)
[o) + Ky (@) + O +O)](K,;Y; +K, ;Y +5)—Ky; (¥ +Yi)K

(B-22)
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- -
Yi(@! +6; +O +0,+0)
= = J— J— =l
vi-L KpiMYi+ky | +(Yi+Y,)(O] +0;+6 )
o .
+(Yi| +Y;' )0, +O0;+0)
| — -n}(t:,iYiI
b kY +k, Y+
—I K;\?.'
O = — =
Ky Yi +Ky Y, +5

- Yi(®! +0! +0 +0))+ (Y, +Y,)(0)] +0))
a1k, iMYi+ky; i o +
+(Yi+Y,')(©,+0;+0)

_ Yi(0 +0! +6i +0;)+(Y;+Y,)(© +6)
aj kp'jl\/|Yj+kb’j _ o
+(Yi+Y/)(©; +0i +0O)

©)

1—aikb’i\7i —-ak Y

b,j ]

K +k, )Y
QI :( ti +Sd,|) i

i (KS k) Y
Q) =Tt

- =1
b (K +Kkgi) Yi +(K:j +Ky i)Y

Q =

S
where
a -
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Second Moments

The steady state equations for the second moments can be solved sequentially after the solution for

the zero™ and first moments with the following expressions

Y-”

=1
Yi

K, M (Y, +2Y, +C, )+ Ky MY,

o, +kb,®

oMY +2Y1) k[0 +Y,)0" +2Y, +Yi)(©O! +61)

+Y”(@ +@ )]}X(kaYI +kb] J+S)

[0' +kb,(@ +@, +@)](kb.Y. +k

K:Y”

tii

kb,Y +k

bJJ

Kt:i Y

kb,YI +k, Y+

bJJ

Kpi o= =1 Kk
= SPM(Y L+ 2Y ) 4 bt
(o} O

+5) —kKy; (i +Y, K

bJJ

Y @ +o + O +0; +60 )
+2Yi(@<l +0; + 6 +@,—+@ )+
=II

Yi+Y, )(@”+@, +0 )

+2(Yi +Y,')(O; + 0] ‘0 )+

Yi +Y,")(©,+0;+6 )
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= =
ak,iM(Yi +2Yi)+ak,;

?i(@i” +®'j' +(T)iII +6Ijl)

= — —_ =
+2Yi (O] +0] 410 +0,+0 )+
(Yi +Y,)©@" +0})

+

= =]
+ajkp,jM(Y,- +2Y,-)+ajkb,j

@l
Il

_(Vi” +Y,")(©, +0,; +0 )

2(\7.I +Y,")(©! ey +6|)+

?;(@:' +0 +0; +@I,~I)

= — — =
+2Y (@ +0' +0; +0;+0 )+
(Y +Y, )(@i“ +(T)i")

— — =
+2(Y; +Yj')(®; +@i +0 )+

(Y5 +Y))©, +0 +© )

1—aikbyi\7i —a;k

(Kts,i + kd i )Yi !
S

Qi“ —

— Ko + Ky Vi”
g - (i)

Y.

b,j"j

6” (K +Kg) Yi +(K§j +Ky )Y |

S
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Appendix C
Model Equations for CSTR 2

The moment equations for CSTR 1 are derived with a simple modification of the equations for CSTR
1 to allow for the flow of species from CSTR 1 to CSTR 2. The procedure will be illustrated for the
equation of the zero™ moment of linear living polymer and, for the sake of brevity, just final results

for all other moments, along with the methodology for solving them, will be presented.

For CSTR 2, we must modify Equation (A-13) to allow for the flow of zero™ moment (polymer molar
concentration) from CSTR1 to CSTR 2

= Dout,1

%i =k,;C;M —(0; +k,;©) Y, +Y,

+Kyy MY (C-1)

1

The volumes of CSTR 1 and CSTR 2 are represented by v; and v,, respectively, and were assumed to
be the same with no change in the volume of the reaction mixtures during the polymerization. c',

C."are molar flow rates of catalysts 1 and 2 per unit volume of the reactor. The volumetric flow rates

entering and leaving CSTR 1 are denoted by Din,l and bout,l and for CSTR 2 by ll)in,2 and bout,z :

where Y," is the zero™ moment of living linear polymer leaving CSTR 1.

Since the average residence time in the reactor is given by the ratlo\;—”t’l , Equation (C-1) becomes
1

% =k, ,C;M — (0, +k,;0) Y, +:++ij MY; (C-2)

r

where t: is the average residence time in CSTR 1.

The steady-state solution of Equation (C-2) is

k. CM +Y,'s" +k,, ;MY
Y- __piTi i _ R
' o +k,©

(C-3)
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where s” is the reciprocal of the average residence time in CSTR 1.

Similar equations for all the other moments can be developed in an analogous way. Their final

expressions are listed below.

Zero™ Moments

The following equations can be solved sequentially

Cl"+C's"+ (K, + K)o, =Ky IMD)Y,

O T (K, K2 (0, ke IMDF,M 1Ky, 5

~ k,,.CM +Y,'s"
Y. = :
o —ky,[M]
G- KGYi + KLY, + ®'s
Ky Y + Ky Y+

g _KniCM + kMJ[M]\?i +Y/'s"
' k,®+0,

KCY, +0s"

it

izkb,ifﬁk Y +s

b,j"j

The following equations need be solved simultaneously

kY@ 61 +YiS
k, (0, +0;+0)+0,

Yi

7 _ k(M +Y)(©;+0; +O) +Yis’

O

CT) Kt:,i Vi + (T)TS*

I_kb‘iY:-f-k Y. +s

b,j'j
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= i +
Q= _ (C-12)
biVi +k Y +5s
Finally, the moment equations for the dead polymers can be solved sequentially
Q - (Kei +kgi) Y, +Q;s (C-13)
S
— KS +k, )Y +_fS*
Qi :( t,i d,|) QI (C_14)
S
= (K +k Yi+ Ke, +k \7-+=*s*
Q:( dl) ( dj) J Q (C-15)
S
First Moments
All first moment equations can be solved sequentially.
MI(C, +Y,)+Y,"s" +k,, . MYi
Yi| [ ]( ) M.i (C-16)
o, +kb,®
£, MY 4k [, +Y1)0! +Y,' (0, +0:)]+Yi 57}
fa— _I* *
v (K, Y, +ka ; +8)+Ky; (Yi_+Yi)®i s (C-17)
[0, + K, (®, +0; +O)](k,,Y; +k, Y, +5)
— ke (Y; +Y K
= A b oot = =
Yi(@; +0;+0i +0; +0 )
= _ . =
S [k MYk < (VY@ 1010 )
Yi =— . o (C-18)
i +(Yi +Y)(©,+0;+0 )
=I* ) i
+Yis
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o - Ku¥i +O;'s’

tii

A1 il (C-19)
KoY +Ky Y +S
o~ KtziViI +(T)iI*S*
O =—= = (C-20)
Ky Y; +K, Y, +s
Yi(®! +0! +0i +0))
= _ _ =I*
a1k, MY i +k | +(Yi+Y)(©' +0)) +Yi s bt
+(\7iI +Y,')(©, +0); +0 )
\?,-(@i' +0! L0 +(T)',-)
= _ _ =I*
adk, MY +k, | +(Y;+Y,)(© +6) FYis e
+(Yi+Y)©, +6i +© )
=I*
0 s
= Kk Y+k Y +s
® = b,i’i b,j"j _ _ (C-21)
1-ak, Y, —ak, Y,
S | I*.*
Q' = (K +Kkg)Yi +Q;'s (C-22)
S
Vi
— K +k,)Yi +Q. s
Qil :( t,i d,l) QI (C'23)
S
=] = =I*
SI :(Kt’i-i-kd‘i)Yi +(Kt1j+kd'j)Yj+Q S (C-24)
S
Second Moments
All second moment equations are solved sequentially.
k IMI(Y, +2Y,' +C.)+k, MY +Y,"'s"
Yi|| — p,l[ ]( i i |) M,i i (C-25)

o, + kb’i(:j
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MY +2Y1)+k, [(Vi +Y, )@

20V +Y1)(©! +©i)+Y," (O, +©)]+Y: s}

il Yo+ ¥, +8)ky (V1 4, )6 s

[o; +k,:(®; +0, +6)](kb,i?i- + kb,ij +5)
_kb,i(?i +Y)KG

n_ Kt:,iYi” "'@i”*S*

b’J.YJ.+s

k, Y +k

—1l — >

6'” 3 K:iYi +0i S

kb’ifi +k Y +s

b,j"j
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Qi” _

= =]
aikp’iM(Yi +2Yi)

\7i(®i” +®'j' +@i” +@Ijl)

= —I1I
+ajkpi| (Y; +Y; )@} +0])

—1 —1 =l
+2(Yi +Yi|)(®|j +0j+0

Vi +Y")©;+8;+6 )

= =]
+ajkp’jM(Yj +2Yj)

+ajkb1j (Vj +Yj )(®i” +6illj

_(\7','I +Y{")©; +6; +0)
—11*

® s

*

+ = =
kb,iYi + kb,ij + S

)+

7j(®i” +®'j' +C7)i” +@Ijl)

= -1 =1 =l
+2Yi(G)iI +®Ij+®i +0j+0 )+

=l -1 =1 =l
+2Yj(®i'+®'j+®i +0j+0 )+

— —1 =l
+2(Y j +YjI )[@i' +0i +0 ]+

=11*

+3a;Yi S

=11*

*
+ajYj s

1- aikb,iYi - ajkb'jYJ—

(Kts,i + kd,i)YiII +Qi”*s*

S

6“ _ (K¢ +kd’i)ViII +6:I*S*

S

—1
(KSi+kg i) Yi +(KSj+Kg j)Yj

=I1*

+Q

S

*
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=l Kpi
YI —ﬂ
Oj

M(\?i +2\7i|)

(\7- +Y; )(G)'-I +@“ +(§”)
i i J J

—1 —1 =l
+2(Yi +YH)©}+0]+0

Vi +v©,+0,+0 )

= —I =l
Yi(© +0 +0i +0j +6 )

=I — =1 =l
+2Yi (O] +®'j+®i +0j+0 )+
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Appendix D
Additional Reactor and Polymer Property Equations for CSTR 1

The molar balance for monomer is given by

dM v g Y
dt =—1KpiC K iCj +8IM =k, MY, —k, ;MY —ky, MY, (D-1)

—kyy MY, +M"

in .
where M " is the molar flow rate of monomer to the reactor per reactor volume

The steady-state solution of Equation (C-1) is

Tt MK, C vk, € s (K, 4k, )T 4 (K, +K, ] ©9
Gk, T (K

1

Chain length averages are given by the ratio of two moments. For living linear chains made on

catalyst i
\A
r=— D-4
Ty (D-4)
Y-”
r, = I—I (D-9)
Yi
pdi = T (D-6)
r

n

Similar equations are used to calculate the chain length averages of other polymer populations present

in the reactor.

Molar percentages are calculated from the zero™ moments. For instance, the molar percentage of

linear living chains made on catalyst i is given by
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Y.
n% = ' x100

Y, +Y; +Yi+Y +\7i +\7,~ +

0,+0,+6i +0; +0i+0; +
Q +Q; +6i +6j +6i +6,—

Similarly, weight percentages are calculated using the first moments

\A

w% = =x100

— — =1 =l
Y +Y/ LY +Y|,- +Yi+Yj+

O, +06; + 6 +é;+@i +0;+

Q' +Q)+Q +Q;+Q, +Q

(D-7)

(D-8)

Analogous expressions are used to calculate the molar and weight percentages of the other polymer

populations in the reactor.

Two types of LCB averages will be calculated: the number of LCBs per 1000 carbon atoms (A or

LCBD) and the number of LCBs per chain (B,). The general expressions for these averages are

rate of LCB formation
rate of polymerization

A =500

The number of LCBs per chain is calculated with the equation

_Axr
" 500

Therefore, for homogeneous-branched chains

k,. (O + 6
ﬂ1=500 b,l(|+ )

pii

for cross-product chains
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Koo [(Y, +Y1)(O, + ©2 + ©) +Y10]
00" Koo [(Y, +Y2)(®, + O + 0)+Y:0]

A, =5 2 — (D-12)
(kp,Y1+k,,Y2)M
and, finally, for the overall polymer:
KoY, +k,,Y,)0
lo —~500 ( b171 b,2 ~2) (D-13)
(k,,Y; +k,,Y,)M
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Appendix E
Long Chain Branch Averages for CSTR 2

Additional equations are needed to calculate LCB averages for CSTR 2. Since their derivations are
lengthy, just final equations are shown here.

Parameters [M]; and x; are monomer concentration and conversion in CSTR 1 (i=1) or CSTR 2 (i =
2).

The monomer conversion in CSTR 1 can be calculated with the equation

— FM inl FM,out,l ' (E-l)
F

M ,in,1
which, after some substitutions, becomes
Fuin ALY ls

Vl Vl
F

X, =
M,in,1 (E_Z)
Vl

ML, C 4K, €y 487 4Ky ki )Y+ (Kyy +Kig )Y T-[M]s”

P

MLk, ,C +k, ,Cy 48 +(Ky, +ky Vs + (K, +ky V]

p,i i

Monomer conversion for CSTR 2 is given by

* l:M in,2
M8+ 02 - [M]s,
X, = 2 (E-3)

F,.
M S* + M ,in,2
[M], v,

Where s; is the reciprocal of the residence time in the CSTR 2

MG, C: -+ C; 85+ (K )Y + (K iy )V 1-[M s, -
2 [MLIK,C +k, C; 5, + Ky +kyy )Y+ (K s +kyy Y]

p,i i

The LCB density for the polymer exiting CSTR 2 (Aoveran,out 2) Was calculated using the equation
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F n X * F in
/’Lovel’all,outi M\’/ = ﬂ’overall,inst,Z ([M ]15 + '\\A/ 2 sz
ﬂ’overall out,2 — 1 + 2 (E_5)
.out, F,. .X . F . F X =
_Miint71 [M];s™ + M.in,2 X, Mini% [M],s™ + M.in,2 X,
Vi Vv, V, v,

where Ageraninst2 IS the instantaneous LCB density of the overall polymer within CSTR 2 if there was
no flow from CSTR 1, calculated with Equation (D-13) with the corresponding monomer and
population concentrations in CSTR 2. The parameter Ageranouw1 1S the LCB density of the polymer

exiting CSTR 1, which is again calculated with Equation (D-13) using monomer and populations
concentrations in CSTR 1.

The equation for calculating the LCB density of the cross-product exiting CSTR 2 is

I:M,in,lxl n r

cross,out,1" n,cross,out,1

r

/1 n,overall ,out,1

cross,out,2 = F X F n r
M, in,1M + [M ]1S*+ M, in,2 X2 cross,out,2 " n,cross,out,2
\'A Vv, r

n,overall ,out,2

A

cross,out,1 V
1

(E-6)

* F -
ﬂcross,inst,z([M ]15 + |\\/|/,ln,2 ]Xz

2

F, . X . F,
M,in,1 l+ [M]]_S + M ,in,2 X2
Vl V2

Where Neossoutr @Nd Nerossout2 denote the mole fraction of the cross-product exiting CSTR 1 and

+

CSTR 2, respectively. Their corresponding number average chain lengths are r crossout1 @Nd o cross out 2.

In the same way, Iy overailout.1 @Nd ' overanout 2 F€Present the number average chain lengths of the overall
polymer exiting CSTR 1 and CSTR 2.

Finally, the LCB density of homogeneous-branched chains is:
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ﬂ, I:M ,in,lxl r-]homo,out,1rn,hom0,out,1

homo,out,1
y) _ Vl r-n,overall,out,l
homo,out,2 — = X = n r
M,in, 1M + ([M ]1 S* + M in,2 sz homo,out,2 " n,homo,out,2
Vl V2 rn ,overall out,2
* M, in,2
ﬂ’homo,inst,z([M ]1S + JXZ
V2

+

Fyio X . Fy.
M,in, 1 + [M]ls + M ,in,2 X2
Vl V2
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Appendix F

Relative standard deviation (RSD) is defined as the standard deviation, s, divided by the mean value.
When experimental data involved are related through products and quotients like product below.
y=axbxc (F-1)
The relative standard deviation of the result y, s,/y, is obtained by summing the squares of the relative
standard deviations of a, b and ¢ and extracting the square root of the sum given that variables

involved are independent.

R ORORC

We can estimate confidence interval for ky and k ,, +k, [Al] using equation F-2 and the estimated

standard errors from nonlinear regression (last column of Table 6-16) . For ky we can write

k
K :(mwrkakame (F-3)

Since mw is a constant , RSD(mw) would be zero. Therefore, we can write equation below

S Ky 2
skM ’ _ (mkap) n skp (F-4)
Ky Ky K,

or

RSD(k,, ) = \/(RSD(nm())Z + (RSD(K,))? (F-5)

Similarly, for k ,, +k, [Al]

RSD(K 5, + ko [Al]) = \/(RSD(W
mwk

=]

))* +(RSD(k;))* (F-6)

Substituting the relevant parameters into the equations F-5 and F-6 gives
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5.6x10~ 2 o (3450

- )? =2.13x10"?
4.04x10° 213000

RSD(kM>=\/(

-7
2x10 Ly 3450 12 0172
1.17 x10 213000

RSD(k 4, + Kk [Al]) = \/(

The 95% confidence intervals estimates for ky and K, +k, [Al] are

L

Koy = 240,942t , x2.13x10 7 x240.94=240.94 1083
' mol.s

Ko +Ku[Al]=6.978+ 1,0, , x0.172x6.978= 6.98+ 2.53 1/s
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Appendix G

The standard deviation of the sum of two random variables can be related to their individual standard

deviations and the covariance between them.

SD(X +Y)=/var(X) +var(Y) + 2cov(X,Y) (G-1)

If the random variables are independent, then their covariance is zero, so

SD(X +Y)=,/var(X) +var(Y) (G-2)

Similar to equation G-1, we can write

SDJky, /mwk , + K sy /(mwk,[MT)]= |/[SD(ky, /mwk ;) + [SD(K 5, /(mwk, [MT) ] (G-3)

Substituting the relevant terms for ky / mwk,, and ky / mwky+ Kgzx/( mw k,[M]) from Tables 6-16 and
6-22 into equation G-3 gives,

k mol
SD(—2 )= /(6.67x107)? +(5.6x107)? =8.71x107 —— (G-4)
(mMP[M]) J(6.67x107)2 + (5.6 x107) x ;

and its approximate 95% confidence interval is,
mol

k
M 52x107 +1.96x8.71x107 =52x1077 +17.1x107 — (G-5)
mwk ,[M] g

The relative standard deviation for k, was calculated using Equation G-6 and the previously
estimated values of kp,(Section 6.4.3), monomer concentration (Section 6.4.1) and Ka/(mwk,[M])
(Table 6-22) .

RSD(kA,):\/(RSD(kp))Z + (RSD([M1))? + (RSD(k 5, / mwk ,[M]))? (G-6)
2 2 5 \2
RSD(kA,)z\/( 3446 j +(0'0046j +( 72710 _J _ /0.00026 + 0.0001+ 0.045 = 0.21—= (G-7)
213000 0.4537 3.419x10 mol.s

The approximate 95 % confidence interval for the kinetic parameter ky is,

Ky =925+ t, 0, s , x0.21x925 = 925 + 420 #I (G-8)
- mol.s
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Appendix H

The concentration of complexed active sites is given by equation 7-6 rewritten below

. ki [MIC,
[P -M]=
I(r +kf[M]
or
oy KIMIC,
1+ K[M]

The propagation rate is:

R, =k,[P"M][M]

Substituting equation (H-2) in (H-3) gives equation below

_k,CK[MT*

P 1+ K[M]

If we assume that catalyst sites decay according to the second order model given below

Integration of the equation (H-5) yields

1.1 + kgt
C G
Rearranging lead to

C
C = -
1+k,C,t

If we now substitute equation (H-7) in (H-4), we get the expression below

_ K,GKIMP?
P @+ K[M])@+k,C,t)
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The molar balance for monomer in a semi-batch reactor is given by,

dM]_ Fuw
d v, P (H-9)

Since monomer concentration is kept constant, we conclude that,
Fuin = RVe (H-10)
Substituting equation (H-8) in (H-10) leads to equation below

K, KVCo[M]?

Fuin = (H-11)
’ @+ KMD@A+k,C,t)
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Appendix I

Pooled standard deviation

In statistics, a problem often arises when there are several series of measurements performed under
similar conditions and it is desired to achieve an improved estimate of the variability of the process. If
we assume that the same phenomena are generating random error at every level of independent
variable, although their means may differ, so standard deviations can be pooled to express a single
estimate of the standard deviation called pooled standard deviation. The reason for using pooled
standard deviation is to avoid numerous repeated tests required at each value of x, which sometimes
causes the expense of testing to become prohibitive. The pooled standard deviations s, from k series

of measurements can be calculated as
> (n; =1)s?
Z (ni _1)

2
SP

(I-1)

The suffices 1, 2, ... i refer to the different series of measurements. In this case it is assumed that there
exists a single underlying standard deviation s of which the pooled standard deviation s, is a better
estimate than the individual calculated standard deviations s;, S5, ... S;.

The 95% confidence interval for the mean of the ith factor level is calculated by:
s
Mean, +t,,,\ X —— (1-2)

In

N is the total number of observations
r is the number of factor levels

n; is the number of observations for the ith factor level
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Difference in means of two normal distribution

Test for equality of variances
Suppose that two independent normal populations are of interest, where the population means
and variances, say, s, ,o; , u,anda? , are unknown. If s;’and s,” are the sample variances and

samples sizes are n; and n,, respectively, then the following test procedure can be applied to test for
equality of variances!*".

Null hypothesis: o2 = o2 (1-3)

Alternative hypothesis: o] # o7 (1-4)
2

Test statistic: ~ f, =L (1-5)
S2

The null hypothesis will be rejected If ~ f, >, (I-6)

where f is the upper /2 percentage point of the F distribution with n;-1 numerator and n,

al2,n-1n,-1

-1 denominator degrees of freedom.

Confidence interval for difference in means when variances are unequal

The confidence interval for the difference in means can be calculated from the equation below.

2 2 2 2

o s; S; o s; S
X, =Xy = | =Sty =y SX =X+ | —+—= (1-7)
nl n2 nl n2
Where
2 2
(L4 22y
_nom (1-8)
v s? s?
2 2
) >
nl n2
n-1 n,-1

Confidence interval for difference in means when variances are equal

The confidence interval for the difference in means of two normal distributions, when their variances

are equal, can be calculated from the equation below.

o 1 1 _
SH T S XX +ta/2,n1+n2—zsp n*"'n* (1-9)
2 1 2
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>

1
nl



Where
;, - J(nl—l)sf +(n, -D)s; (1-10)

n+n,—-2
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