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Abstract

The effects of H2 and 1-butene pressures on the properties of LLDPE
produced by the copolymerization of ethylene and 1-butene in a gas phase
semi-batch reactor over a commercial bisupported Ti catalyst were
investigated. The laboratory-produced LLDPEs were characterized by
temperature rising elution fractionation (TREF) and size exclusion
chromatography (SEC) and TREF-SEC cross fractionation. The TREF profiles
were strong functions of the 1-butene pressure: bimodal and trimodal TREF
profiles were observed. Cross fractionation showed that the molar mass
distributions of the high-temperature TREF fractions were relatively narrow
while those of the low-temperature TREF fractions were broader. and at
times bimodal. It appears that three or more different types of catalvtic sites
are involved in producing LLDPE. Hyvdrogen pressures of 10 to 200 psi had a
relatively small effect on 1-butene incorporation. At higher H- pressures. the
fraction of ethylene homopolvmer was much lower than at the lower Ho
pressures, i.e. H. decreases the rate of polymerization over the sites
responsible for the homopolymerization more than the rate over the sites
responsible for copolymerization. Cross fractionation showed that H: was a
more effective chain-transfer agent for the copolymer fraction of the LLDPE

than the homopolymer fraction.
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1. Introduction

Polyolefins are widely-used materials and it is difficult to imagine life
without them. A few examples of their use are as film, for sheeting and
coating of paper, cellophane, metal foil, cloth, glass fiber, wire and cables, for
construction of toys, pipe fittings, garbage cans, bags, cups, cans and bottles.
Polyethylene (PE) is not only the most widely used polyolefin, it is also the
most widely used polymer in the world. Polyethylenes are classified according
to their densities and chain structures. PE is usually classified as high
density polyethylene (HDPE), high pressure low density polyethylene (HP-
LDPE) and linear low density polyethylene (LLDPE). The difference between
HP-LDPE and LLDPE is the chain structure. The density range and chain

structures of PEs are summarized in Table 1.1.

Table 1.1: Density and chain structure of polyethylenes

Type of PE Density Chain structure

s/emsd)

HDPE 0.940-0.965 ’JH___‘_—

LLDPE 0.910-0.940
W

HP-LDPE 0.910-0.925 W

Polyethylene has been produced commercially since 1939 just before
World War II. Since that time, its production worldwide has grown
enormously. Presently, the global demand for polyethylene of all types is
about 37 million metric tons per year (Layman, 1994). Of that amount, 15

1



million metric tons (m.t.) per year is HP-LDPE and HDPE. The remaining 7
million m.t. is LLDPE. The global demand for polvethylene is expected to
reach 46 millions m.t. by 1998, and the demand for LLDPEs in 1998 is
predicted to be about 12 millions m.t. (Coeyan, 1994). Figure 1.1 shows the
global polyethylene demand froin 1988 to the predicted values in 1998.

Canada is an important producer of polyethylene. In 1992, the total
Canadian production of polyethylene of all kind was 1.67 million m.t. which
represents 5% of the world production. Of this amount, 0.75 million m.t. (45%
of the Canadian production) was LLDPE. The Canadian capacity for LLDPE
is 13% of the world capacity (Schumacher, 1994). Canada’s 58% LLDPE
share of total LDPE consumption (LLDPE+HP-LDPE) is the highest in the
world. LLDPE consumption in Canada was estimated at 0.289 million m.t. in

1991 (Schumacher, 1991).

45
40 1
35
30 | LLDPE
25 1
201
10 25 ]

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

Year

PE demand
( in millions of m.t.)

Figure 1.1: Global polvethylene demand (Coevan, 1994)
Catalysts play a major role in the production of polyolefin. The
development of polyethylene is intimately related to the development of

catalysts. The polyolefin industry consumes about $1.15 billion per year of



catalyst. This accounts for 39% of the worldwide chemical catalyst market
(Rotman, 1994). The reason for that enormous amount of money spent for

catalysts is that polyolefins catalysts are consumed in the production process.

1.1 History of polyolefins

The starting point of polyolefins history is the discovery of polyethylene
by E. Fawcett and R. Gibson working for ICI in 1933 (Seymour, 1986). At that
time, only a few grams of polyethylene were produced and they were not able
to get reproducible results. By 1935, ICI researchers advanced polyethylene
technology and obtained reproducible results. The first commercial plant for
the producticn of HP-LDPE was built in 1939. During World War II, HP-
LDPE was used as an insulator in coaxial cable, essential for Britain's radar
system for spotting approaching enemy aircraft. It was also used for
telephone cable. To produce HP-LDPE, ICI used a reactor operating at 1500
atm and the mechanism of reaction was radical polymerization. After World

War II, ICI licensed polyethylene technology to Union Carbide and DuPont.

In 1953, Karl Ziegler discovered the “Aufbau reaction” (Seymour, 1986).
This discovery opened the way to all Ziegler types catalysts. Ziegler-Natta
catalysts polymerize ethylene at low pressure and temperature. The initial
result of these catalysts was the production of polymer under extremely mild
conditions compared to the earlier high pressure and high temperature
systems. The Ziegler-Natta catalysts paved the way to the commercial
production of polypropylene in 1954. Since 1955 a lot of research has been
done to develop new low pressure systems. In the 1960’s, DuPont Canada
operated a solution plant using the “SCLAIRTECH” process. Also during
these years Union Carbide indicated that gas phase polymerization has the

greatest potential for versatility. In 1968 Union Carbide started a fluidized-



bed gas phase process. During the 1970s, they improved tnis system and
produced LLDPE in 1975. In 1977 Union Carbide announced their new
“UNTPOL” process.

Union Carbide’s UNIPOL process is a major technological achievement.
This system involves an innovative reactor design and special catalysts. The
kev to the success of UNIPOL was the development of catalysts that can
operate at low pressure and temperature. The UNIPOL process was cited as
a good example of the contributions of engineering research to polymer
processing in the Amundson report "Frontiers in Chemical Engineering”

(1988).

1.2 Processes for polymerization of olefins

In this sub-section, the major processes for the production of
polyethvlene and other polyolefins are reviewed. There are two major groups
of processes: high pressure and low pressure polymerization. In the case of
low pressure systems, there are again different types of processes: slurry,

solution and gas phase polymerization.

1.2.1 High pressure processes

Hich pressure processes were the first developed to produce
polvethylene. They are still in use today. In 1985, they accounted for 60% of
US production of LIDPE; today it is also possible to produce LLDPE using this
system (Albright. 1985). Typical operating conditions are 1300 to 3400 atm,
and temperature between 150-340°C. At these conditions, ethylene is in a
fluid phase above its critical temperature and pressure. A typical flowsheet

for this process is displayed in Figure 1.2.
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Figure 1.2: Flowsheet for high pressure polymerization of ethylene using tubular reactors
(Bncvelopedia of Polyvmer Science and Engincering. 1964-).

In this system, the feed consists of 99.9% pure ethylene and a smali
amount of initiator. Usual initiators for commercial processes are peroxides,
azo compounds and oxygen. Compression of ethylene is a major step and cost
in the high pressure processes. For the reaction step, two types of react~rs can
be used: tubular and autoclave reactors. Tubular reactors are the most
important for production of HP-LDPE. The mechanism of reaction for this

system is free radical polymerization.



1.2.2 Low pressure processes

1.2.2.1 Liquid slurry polymerization

Liquid slurry processes are the largest group of HDPE technologies.
Many industrial producers use this type of system (Phillips, Solvay, Hoechst.
Montedison, Dow and Mistsubichi). Loop reactors and continuous stirred
tank reactors (CSTR) can be used for liquid slurry polymerization. Usually
these processes operate at 80-110°C. Pressures are in the range of 30-35 atm
and can be as low as 7.8 atm for a CSTR. A schematic of a loop reactor is

shown in Figure 1.3.
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Figure 1.3: Low pressure slurey loop reactor system
(Enevelopedia of Polvmer Seienee and Fngimeering, 19649
The main characteristic of these systems is that a solution of ethylene
and comonomer is fed to the reactor in which polymer products form a
suspension of solid particles in the reactor. The solvent must be selected

carefully to avoid swelling of the polymer. Typical solvents in these processes



are light hydrocarbons in which the polymer must be insoluble at the
operating temperatures. Catalysts used in slurry phase polymerization are
supported Cr and supported Mg Ziegler-Natta catalysts. Residence times for
these processes are between 1.5-2.7 hours (depending on the type of reactor).
Typical conversions of ethylene in the reactor are in the range of 97 to 98%.

The major attraction of this process is easy temperature control.

1.2.2.2 Solution polymerization

Solution processes were the first commercial low pressure systems and
the first to produce HDPE. Now they have been supplanted by slurry
processes because of their high operating cost. However, the arrival of the new
metallocene catalysts has increased the interest of PE producers in solution
polymenrization. These processes are currently used by Dow, Mitsui, Phillips
and Stamicarbon to produce LLDPE. Recently. Novacor Chemicals [.td.
purchased the DuPont Canada Sclair business to pursue the use of different
solvents and catalysts, including metallocenes (Coevan, 1991). A tvpical

flowsheet of a solution process in shown in figure 1.4.

This process involves polymerization in a solvent at a temperature
above the melting point of the polymer. Typical solvents for this system are
n-hexane and cyclohexane. Reactants and products are in solution. The
polymer is recovered by evaporation of the solvent. Because of the low solid

content, this system requires extensive solvent recovery.

Continuous stirred reactors are used for solution polymerization.
Operating temperatures for this type of reaction are above 130°C. High

temperatures are needed to keep the polymer in solution. Pressures vary



significantly among companies. For example, the DuPont solution process
operates at 80 atm and Stamicarbon operates at 30 atm. High pressures are
needed to dissolve ethylene in the solvent. The residence times in the reactor

are in the range of 5 to 10 min.
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Figure 1.4: Medium pressure solution process

tlenevelopedia of Polvmer Science and Enaimcerme, 19614

Catalysts involved in solution polymerization arve different among
companies. Some catalvsts used in solution are TiCly, VOCIs. AlG-bu)a,

chromic oxides and solution forms of Ti-Mg-Al compounds.

1.2.2.3 Gas phase polymerization

(ias phase polymerization is the latest technology for the production of
polyolefins. In 1992, gas phase processes accounted for 22% of the world
polyethvlene capacity (Schumacher, 1994). There are several different gas

phase processes 1 use. Union Carbide, BASEF, Amoco and BP Chimie all
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have developed their technologies. The most important process is UNIPOL
developed by Union Carbide. This process was developed initially for HDPE
and was commercialized in 1968 at the Seadrift, Texas plant. The process
was later extended to produce LLDPE. At the end of 1992, the technology had
more than 31 licensees operating in 17 countries (Burdett, 1992). Novacor
Chemicals Ltd. has one such plant operating at Joffre, Alberta. UNIPOL can
produce both HDPE and LLDPE at low pressure and temperature. These
units can also be used to produce polypropylene and there are many
possibilities for future developments for other types of polyolefins and

copolymers. Figure 1.5 displays a simple flow diagram of the UNIPOL

process.
i 4 3
! {
Cycle | i
blower | }
:
; - Purge
i Fluid-bed
Cycle - reactor
cooler éa
Catalyst
feeder P’ro-fuct
O dischaige
; system
! A
»-' :
i Np
i
Ethylene > .
] - Granular |[L‘:ol‘yelhylenc
S : to pelleting or
Comonomer > blending storage
Figure 1.5: Simplified flowsheet of Union Carbide UNIPOL process

(Staub, 1983)
The UNIPOL process is relatively simple. Ethylenc and comonomer, if
any, are fed to the bottom of the reactor and mixed with a recycled stream of

unreacted monomers. The solid catalyst is added continuously in a separate



stream to the reactor. The reactor is a fluidized bed where particles of
polymer produced by the reaction are fluidized by the flow of the reactants.
Products are retrieved at the bottom of the reactor intermittently by a
discharge system to keep a constant bed volume. Residual hydrocarbons in
the products are purged with nitrogen. Then the granular product is ready for
packaging if no additives are needed. Since a very active catalyst is used, only
a small amount is needed and it is not necessary to separate catalyst
residues from the products. The fluidized bed is usually operated at a
temperature between 85 and 100°C. The operating pressure is in the range of
20 to 30 atm. Only 2% of ethylene is converted per pass so large recycle flows
are needed. The overall combined conversion rate of ethylene and comonomer
is about 97% to 99%. The average residence time of polymer particles in the
reactor is about 2 to 3 hours. Common dimensions for the reactor are 12 m in

height and a diameter of 3.5 m in the largest section of the column.

Catalyst development was the most important part for the
achievement of this process. Catalyst used in the UNIPOL process must
fulfil many requirements. The catalyst should have a high level of
productivity (>105kg product/kg transition metal). This is necessary because
only a small amount of cataiyst can be present in the product to avoid the
need of separation of catalyst from the polymer. Catalyst types affect the
molar mass distribution. Hence. it is important to have a catalyst that
allows good control of MMD and that gives the required range of molar
masses. [t is also important that the catalyst allows a suitable comonomer
incorporation. It must have also an attractive morphology since it is the
template for the growth of polymer particles. Finally, the catalyst
preparation must be reproducible. Final specifications for a good catalyst in

UNIPOL process are based on favorable experimental results. It takes

10



several years of precommercial development before a catalyst can be used in
full-scale industrial use. Typical catalyst used for the UNIPOL process are
supported Ti, Cr and V.

Table 1.2 summarizes the low pressure polymerization processes

discussed in this section.

1.3 Advantages and disadvantages of gas phase polymerization

The UNIPOL process has many economical and environmental
advantages compared with the older high pressure process and low pressure
liquid phase process. The Union Carbide UNIPOL process is simpler, more
versatile and more economical than the other low pressure processes for the

production of LLDPE and HDPE.

High pressure systems are expensive, requiring huge compressor units.
Low pressure systems like the UNIPOL process require smaller and fewer
pieces of equipment. Typically, high pressure systems have one 11000 hp
compressor fed with several smaller compressors. In the case of the UNIPOL
process, there is only one 2000 hp recirculating compressor. Hence, UNIPOL
requires less energy. Infact the energy consumption of the gas phase process
is 75% less than the older high pressure processes. Therefore, operating costs
are much lower for a gas phase system. Because of these differences the
capital investment is 50% lower for the UNIPOL process (Staub, 1983). Gas
phase polymerization has advantages over the low pressure liquid phase
polymerization as well. No diluent is required in the UNIPOL process.

Hence, there is no need for costly diluent storage, recovery and purification.

11
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Besides the economic advantages of the UNIPOL process, there are
environmental benefits as well. The simplicity of the process and low
operating pressure minimize the risk of explosion and disaster. Because
there is no solvent involved in the process, hazards implied with handling
large quaniities of flammable liquid and the risks of major pool fires are
eliminated. Levels of hydrocarbon emissions are also considerably reduced by
the absence of solvent. In the case of the solution process, there are many

emissions caused by residual solvent in the products.

Gas phase polymerization has other advantages. Because there is no
solvent involved in the system, the process is more versatile. For slurry
processes, the hydrocarbon diluent limits the polymer density for LLDPE
because particles swell at practical operating temperatures. In addition, only
low molar mass polymer can be produced with the slurry process because high
molar mass polymer will cause a drastic increase in viscosity. In general, the

UNIPOL process can achieve superior properties for LLDPE.

Besides all the advantages of the UNIPOL precess, there are also some
disadvantages. The gas phase is a poor heat transfer agent so it is difficult to
control the reactor temperature. If the heat of reaction is not efficiently
removed, local hot spots may result. This makes gas phase processes
vulnerable to thermal runaway. The UNIPOL process has also some
limitations on the use of comonomer. The comonomer must remain in the gas
phase at the operating pressure. Consequently the choice of comonomer is

confined to volatile a-olefins; 1-hexene is the largest comonomer in use with

the UNIPOL process.
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1.4 Structure and properties of LLDPE

The physical properties of LLDPEs depend on four structural
parameters: molar mass (MM), molar mass distribution (MMD), branching
and branching distribution. These properties will determine the end use of
the resins. The molar mass is a measure of the chain length, or the number of
monomer units that added together to form the polymer. The molar mass of
LLDPE is controlled using H- as a chain transfer agent. Figure 1.6 shows the
chemical structure of linear PE. High molar mass will give higher abrasion
and impact resistance, however these polymers are more difficult to process.
In a polymer recin, the molecules are not all the same size; they have a
distribution of sizes. Polymers produced using different processes or
operating conditions will all have distinct molar mass distributions; some
will have broader distributions than others. The MMD will also affect the
physical properties of polymers. Resins with a broad or bimodal MMD are

easier to process than those with a narrow MMD.

n CHp=CH, — 3%t H2 o CHzCHy— CHa)-CHj3

n-1

Figure 1.6: Chemical structure of lincar polvethylene.

The amount of branching and the branching distribution will also affect
the physical properties of polyethylene. Branching decreases the density of
PE. There is two types of branching: long-chain branching (LCB) and short-
chain branching (SCB). The type of branching depends upon the
polymerization process. LCB occurs in high pressure LDPE (HP-LDPE) and
SCB happens in both HP-LDPE and LLDPE. Long-chain branches have a
marked effect on solution viscosity and melt rheology because of molecular

size reduction and entanglements (Usami, 1989).
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Short-chain branches have a profound effect on the morphology and
solid state properties of polyethylene because they prevent an ordered
arrangement of the chains. In HP-LDPE, SCB are produced by a free-radical,
backbiting mechanism, while in LLDPE short-chain branches are introduced
by copolymerization with «-olefin. Typical comonomers used for LLDPE are
1-butene, 1-hexene and l-octene. The amount of SCB in LLDPE is controlled
by the concentration of the comonomer in the reactor. The molecular structure
of LLDPE is characterized by a linear polymer backbone with short-chain
branches. Figure 1.7 shows the insertion of 1-butene in a polyethylene chain.
The density of LLDPE will decrease with an increase on the number of side
groups. The length of the side group will also influence the density; density
decreases as the length of side groups increases. The length of the SCB is (n-

2) carbon atoms, where n is the number of carbon atoms in the straight chain

portion of the a-olefin molecule.

~CHz—CHz)- + CH,=CH __cast oy _{CHz—CHa HCHo-CH)-
n

Chz C l 2
C h;-, CHj;
Figure 1.7: Insertion of short-chain branches by copolvmerization

of ethyiene with 1-butene.

Gas phase polymerization using Ziegler-Natta catalysts has been
investigated by many people over the last two decades. Much work has been
done up to now but there are still many things that remain unexplained.

Also, relatively little experimental work in gas phase polymerization has

15



been conducted in academic laboratories. For the production of LLDPE, the
major conccrns are the control of the molar mass, molar mass distribution
and the incorporation of the comonomer species. Both properties will greatly
affect the performance of the products. LLDPEs are more difficult to process
than HP-LLDPE. However, broad or bimodal MMD makes LLDPEs easier to
process. The amount of comonomer incorporated and branching homogeneity
will affect the impact strength, tear strength and clarity of films. The type of
process and catalyst used to produce LLDPE will influence the MMD and the
distribution of branches of LLDPE. It is typically found that polymers
produced by gas phase polymerization with a supported catalyst have a broad
MMD and a multimodal branching distribution. When a LLDPE is
fractionated using temperature rising elution fractionation (TREF), two
distinct peaks are usually observed: one peak with a low comcnomer content
and the other one with a higher comonomer level. It is believed that those
observations are the result of multiple active sites in Ziegler-Natta catalysts.
The purpose of this work was to examine these phenomena in detail by
performing TREF and cross fractionation using size exclusion chromatography
(SEC) on PE samples produced in our laboratory. The effect of H: and 1-
butene partial pressure on properties of LLDPE produced by the
copolymerization of ethyvlene and 1-butene in a gas phase reactor was

investigated in this study.
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2. Literature Survey

The discovery of Ziegler-Natta type catalysts is an important
achievement in the area of catalysis and polymer chemistry. It has given new
prospects for the polymerization of olefins. The production of materials like
HDPE and LLDPE and other polyolefins was linked to the developments in
the Ziegler-Natta catalysts area. The properties of LLDPE have been the
subject of many investigations. TREF-SEC cross fractionation is a powerful
tool to obtain information about molar mass and branching distributions of
such polymers. The subject of this chapter is a survey of Ziegler-Natta
catalyst. mechanisms of polymerization over supported Z-N catalysts and
characterization of polyethylene, specifically by TREF and SEC. This section

is mostly devoted to TREF literature.

2.1 Ziegler-Natta catalyst and ethylene polymerization

2.1.1 Ziegler-Natta catalysts

According to the broad patent definition, the Ziegler Natta catalyst is a
mixture of a metal alkyl from group I to Il and a transition metal salt from
groups IV to VIIL. Not all the possible combinations are effective, and many
of these combinations are active only for certain monomers or under certain
conditions (Boor, 1979). Aluminum alkyls have been the most extensively
used metal alkyls for scientific and economic reasons. Table 2.1 shows a list

of typical aluminum alkyl compounds used in Z-N polymerization.
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Table 2.1: T'vpical aluminum alkyls for Ziegler-Natta catalysts

{Kissin, 198%)

Name Formula Abbreviation
Triethylaluminum Al(C-H>5)» TEAL
Triisobutylaluminum Al(-CiHo): TIBAL
Tri-n-hexylaluminum Al(n-CeH )3 TNHAL
Diethylaluminum chloride Al(C.H:)-Cl DEAC
Diisobutylaluminum AlG-CH.).Cl DIBAC
chloride

Transition metal salts that are used with the metal alkvi must be
selected on the basis of the monomer polymerized as well as constraints like
vield. stereoregularitv, copolymer composition. morphology or a combination
of these. The most common transition salts are TiCl: or a derivative. Other
transition metals such as vanadium and zirconium are also frequently used.

Table 2.2: Tvpical transition metal <alts in Z-N catalysts

(Kissin, 198Y)

Ti \Y% Zr
TCly VCl, ZrCl,
TiCl: VOCI. Zr tetrabenzvl
TiCl. VCIL (C-Hu)2ZrCle

Ti(OR):  V acetyl compounds

T,
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A crystalline modification of the transition metal salt can influence the
activity and stereochemical control of a catalyst. Because in many catalysts,
the transition metal salt and metal alkyl undergo exchange of ligand, the
activity of the catalyst is sensitive to the molecular ratio of the two

components.

Since the discovery of Z-N type catalysts, many improvements have
been made to enhance the performance of catalysts. The first generation of
Ziegler-Natta catalysts were a solid solution of d-11Cl; with 33% of AlCl..
This catalyst was ball milled and heat treated. Surface areas were typically
in the range of 10 to 40 m2¥/g (Tait, 1986). The co-catalyst used was an
aluminum alkyl. The second generation of Z-N catalyst was an effort to
improve the activity and the stereospecificity (for polypropylene
polymerization) of the catalyst. This amelioration involves the addition of a
third component called an electron donor. Electron donors are usually Lewis

bases added together with the activator before ball milling.

Solvay & Cie had developed a catalyst preparation to enhance the
performance of a TiCl; catalyst (Seymour and Cheng, 1986). TiCly was
reduced by AlEt2Cl in an inert solvent to generate a solid product. This solid
was then treated with diisoamyl ether to dissolve out of the solid matrix
much of the AICl; and AlEt: that had been previously fornied. Then the solid
was isolated and reacted with TiCl;. The resulting catalyst had a higher
porosity with a surface area greater than 150 m2/g. When used in conjunction
with AIEt2Cl, this catalyst polymerized polypropylene and other o-olefins.
This type of catalyst had a five-fold increase in activity over the first
generation d-TiCl; catalysts (Tait, 1986).
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The next step in the evolution of Z-N catalysts has been the
development of highly active supported catalysts. The characteristics that
the industry was aiming for were a high level of activity and an improvement
of polymer quality. Table 2.3 shows a summary of the optimal characteristics
of a good industrial catalyst. In addition to the two main components, modern
Z-N catalysts als~ contain supports, inert carrier and electron donors. The
support is inactive by itself but it increases catalyst activity or changes the
properties of produced polymer. Typical supports are MgCle, silica and
alumina. The most widely used support is MgCl. (Kissin, 1989). For gas
phase polymerization. a typical catalyst consists of an active metal such as

Ti. V or Cr and a porous silica and magnesium chloride support.

Table 2.3: Industrial catalvst= requirements

{(Tait. 1986)

High catalyst productivity

Range of molar mass

Range of molar mass distribution

Grood comonomer incorporation
Attractive particle morphology (spheres)

Simple. reproducible catalyst preparation

The synthests of supported catalyst involves two steps. preparation of
the support and preparation of the catalyst. For MgCl. to be a suitable
support, the MgCl: must contain less than 1 mass® of water. Several
methods have been developed for the preparation of the MgCl. support: 1) the

support is pretreated thorough prolonged grinding in a pure state. in the
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presence of an electron-donor or in the presence of TiCli: 2) chemical
pretreatment of MgClz by electron-donor compounds: 3) a highly dispersed
MgClz can be synthesized via reactions of Grignard reagents with halogen-
containing compounds. In the second step of the catalyst preparation, a
tetravalent titanium derivative is put in contact with the pretreated solid to
generate the supported catalyst (Kissin, 1985). Figure 2.1 summarizes the

preparation of a MgCl:supported catalyst.

Step 1. Support preparation
1 2 3

MgClo + ROH + electron-

MgCiy + electron-donor
. donor compound + RMgCl + AIRCI2

compound aluminum alkyl
e
Ball milling Consecutive treatment Interaction in inert
(40-70°C, 50-120 h) (20-80°C, 1-2 h) solvent
. _J/

h'd

Support with Sq = 100-150 m2/g

Step lI. Catalyst preparation

(Support + TiCl43.3 (80-135°C, 2 hD

. _J
'

Active solid component. [Ti] = 1.3-2.2 wt%, Sy - 150-200 m2/g

Figure 2.1: General scheme of MgClL: supported catalyst synthesis

(Kissin, 198
The latest advances in the development of catalysts for olefin
polymerization involve supported Z-N catalysts with a better morphological

control and the family of metallocenes catalysts. Metallocenes catalysts will
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take an important place in the catalyst market in the future vyears.
Metallocenes catalysts have some interesting features: they can polymerize
different types of monomers, polymers with narrow MMD can be produced
because of their single site characteristic, polymers with unsaturated vinyl
end groups c1n be generated which means that this double bond could be use
for functionalisation and finally, metallocene catalysts can produce polymer
with very high stereoregularity (Sinclair and Wilson, 1994). It is expected
that the sales of metallocene-based polymers will reach $21.6 billion/year by
the year 2000 (Rotman, 1994).

2.1.2 Formation of active center of supported Ziegler-Natta catalyst

The mechanisms of formation of active sites. chain propagation and
chain transfer for supported Ziegler-Natta catalyst system were discussed by
Karol (1978). The formation of the active site for polymerization using a
support such as Mg(OH)Cl involves three stages. The first step is the
formation of an active surface complex of TiCl,//Mg(OH)C1 by chemisorption of
TiCl; on the support. This is accomplished by the reaction of a halogen atom
from TiCl, with the hydroxyl groups at the surface of Mg(OH)CI resulting in a
Ti-O bond.

7 e 4 c
Z-Mg + TicL & 4-Mg + HCL (2.1)
4 NoH 7 NoTiCl3



In the second step, the supported titanium compound is activated by
addition of an aluminum alkyl. This stage involves the exchange of halogen

atoms in the transition metal compounds and alkyl groups.

7 o 4
7
g—Mg + AlR3 » Mg ’,CI\ /R
/| NOTiCly 2 \o-TIi\ A @.2)
' Rc R

The initiation of the propagation is achieved by the insertion of a coordinated
monomer into the Ti-C bond. The repetition of this step constitutes the

propagation reaction. An illustration of this step is shown below.

Cl

/S
—Mg + CH2=CHz »
N\ O-TiCl> -R

/Cl
—Mg (2.3)

\O-TiCla ~(CH2-CHg)-R

SO
SOONNNNANNN

2.1.3 Multiplicity of active sites in supported Ziegler-Natta catalysts

Active center inhomogeneity is a well-known attribute of heterogeneous
catalysts. The very first experiments on polyolefin synthesis with
polypropylene using heterogeneous Z-N catalyst revealed inhomogeneity of
active sites. The products were a mixture of molecules with different molar
mass and stereoregularity. The data obtained on the chemical structure of
the polymer suggested that the polymers produced were the results of
chemically similar, but different types of catalytic centers (Kissin, 1986). It
also has generally been observed that polyolefins produced wiih this type of
catalyst have broad MMD with polydispersities ranging from 4 to 11 and even

23



higher. Two theories have been developed to explain the broad MMD of

polyolefins produced with supported catalysts: diffusion theory and multiple

active centers theory. The diffusion theory emphasizes the effect of monomer

concentration on the molar mass development; the multiple active centers

theory highlights the influences of active centers and kinetic parameters. A

brief description of the experimental results that support each of these

theories was compiled by Xie et al., 1994.

Diffusion limitations:

Polymerization rate depends on stirring speed when agitation speed is
below a critical level.

Molar mass of PE formed in the initial period of polymerization is much
higher than that of polymer formed in the later stages.

The polymerization rate of ethylene increases significantly in the presence
of small amounts of comonomers. This was explained by the reduction of
the diffusion resistances caused by a decrease of the crystallinity of
polymer. Comonomer incorporation in a polymer chain results in a

decrease of both crystallinity and density.

Multiple active centers:

Different transition metal catalysts can provide large changes in polymer
MMD

Heterogeneous catalyst can produce broad MMD, even when the polymer
1s In solution.

Homogeneous soluble catalysts provide narrow MMD, even when the
polymer is insoluble in the reaction medium.

High-activity catalyst does not necessarily provide broad MMD.

- 24



« Copolymer produced using supported catalyst generally show a bimodal
composition distribution and even trimodal distributions have been
observed. The reactivity ratios measured by BC NMR were different for

each of these peaks.

The last evidence strongly suggests that polymer chains are formed at
different active sites. However, these phenomena cannot provide conclusive
proof of multiple active sites formation mechanisms, but they suggest that
the molar mass development of PE is a function of the nature of the catalyst

and polymerization mechanisms.

2.1.4 Kinetics of supported Ziegler-Natta catalysts

Despite the tremendous amount of research that has been conducted in
the area of Ziegler-Natta catalysis, no definitive chemical reaction
mechanism has been developed to describe fully the kinetic behavior of
ethylene homo/copolymerization due to the complexity of the systems
employed (Xie et al., 1994). However, the key elementary reactions have been
established as follow:
« Formation of active centers
« Insertion of monomer into growing polymer chains
« Chain transfer reaction

+ Catalyst deactivation

The mechanism mentioned above has been developed from the Cossee
mechanism (Cossee, 1964) and adapted for the case of multiple sites. The
most important steps in polymerization reactions are chain propagation and

chain transfer. In the case of ethylene/l-butene copolymerization, the chain
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propagation and chain transfer reactions for a single site, according to

Caracotsios (1992), can be represented as follows:

Chain propagation

[E]+[C;]—=—[E] (2.4) Bl +[C,]—=—[E] (2.5)

[E]+[C;]—=—[B] (2.6) [B]+[C]]—=—[B] (2.7)
Chain transfer to hydrogen and aluminum alkyl

[E]+[H,]—=—[D] (2.8) [E]+[A]—~—[D]  (2.9)

[P]+[H,]—=—[D] (2.10) [P]+[A]—«—[D]  (2.11)

The notation for the reaction mechanism is as follows (chemical species
concentration are in kmole per unit volume): [E] represents active polymer
chains that end with an ethvlene monomer,. [B] active polvmer chains that end
with a 1-butene monomer and [D] are inactive polvmer chains detached from
the active centers. [Al]. [H:. [C,] and [C.] represent bulk phase
concentration of aluminum alkyl. hydrogen. 1-butene and ethvlene. The
polymer chain self- and cross-propagation constants are ku. ku. kuy and ke
kii and kn: are the hydrogen termination constants and k. and k.2 are the

chain transfer to aluminum constants.

In the case of multiple active sites. the development is similar when it
is assumed that each type of active site has the same reaction mechanism.
The difference 1s that each site will have its reaction rate. These elementary
reactions have been commonly adopted in modeling studies (de Carvalho et

al., 1989,1990; McAuley et al. 1990; Caracotsios, 1992).
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A standard treatment of the Equation (2.4 to 2.7) consists of the
introduction of two reactivity ratios:
ri=kn/ki: 2.12
ro=koo/ka 2.13)
The reactivity ratios can be easily obtained if the copolymerization 1s
carried out at constant monomer concentration using the following
relationship (Kissin, 1985):

rF+1
r, +F

f=F (2.14)

where F is the ratio of the monomer and comonomer concentrations in the
reactor ([M;}/[Mz]) and f is the ratio of molar concentration of the momomer
and comonomer, M, and M: respectively. in the copolymer produced. The
calculation of r; and r2 can be performed by a numerical cuxve fitting method
(Braun et al.. 1973). This method is based only on the measurements of
copolymer composition corresponding to different compositions of monomer
mixtures. The reactivity ratio gives information about monomer reactivities

and can also be used to get kinetic parameters.

2.2 Characterization of Polyolefins

Polyethylene properties are strong functions of the polymerization
conditions. It is important to have tools that will allow a complete
characterization of the polymer produced. The properties of interest can be:
elemental composition, branching distribution, molar mass distribution,
molar mass, density and rheological properties. In this section, a description
of the tools for the characterization of pelyethylene will be presented as

follows: melt index, differential scanning calorimetry (DSC), infrared
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spectroscopy, BC NMR, size exclusion chromatography (SEC) and

temperature rising elution fractionation (TREF).

2.2.1 Melt index

In the industry, polyethylene grade specifications are given in terms of
melt index (MI) and density. The melt index is the amount of polymer that
will flow trough an orifice under a stanidard weight. The results are usually
reported in g/10 min. Melt indexes are used to provide relative properties of a
polymer. It gives no information about the structure. The melt index of a
polymer is a function of the branching and molar mass distributions.
Polymers with the same molar mass but different branching distributions
may have different melt indexes. The melt index is a convenient method to
determine relative molecular sizes in an industrial environment. While the
melt indexes are correlated with molar mass, there is however, no simple
relationship between MM and MI for a broad range of molar mass.
Simplified expressions are available for limited MM ranges (Bremner and
Rudin, 1990). Usually an increase in molar mass will cause a decrease of the
melt index. MI can be used to get a rough estimation of polymer properties
and can be used to compare the effects of different operating conditions on

average MM.

2.2.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) has many applications in the
polymer area. [t can be used to estimate properties such as glass transition
temperature, heat capacity. crystallinity and heat of fusion. In a typical DSC
measurement, the sample is brought to a desired initial temperature and

then the temperature is changed to the final temperature according to a
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predetermined rate. The device records the power as a function of time
needed to reach the final temperature. When a transition such as melting or
crystallization occurs, an endothermic or exothermic reaction takes place.
These transitions can be observed as a peak on a plot of heat flow versus
temperature. The area of the peak indicates the total energy transferred to
the sample. The area under the melting peak is a direct measure of the heat
of fusion. Since DSC is an instrument that is sensitive to the crystallinity of
material, it can also be considered as a possible alternative to analytical
TREF characterization. DSC can provide a profile of relative amounts of
material with differing crystallinities, in terms of melting temperature

(Karbashewski et al. 1992).

2.2.3 Infrared Spectrometry

Infrared spectroscopy (IR) can be used to characterize polymers. The
absorption of light by the different bonds in a molecule leaves a distinctive
fingerprint for each group present in that molecule. By performing an IR scan
on a polymer sample, information can be obtained about chemical structure of
the polymer. IR spectroscopy is excellent to detect carbon chains, meth,!. OH
and NH groups. The frequencies of interest for LLDPE are the ones
corresponding to the absorption by the CH:-CH: stretch of the polymer
backbone and by the methyl groups correspondirg to the branches. Fourier
transform infrared spectroscopy (FTIR) can be used to evaluate the branching
concentration of a polymer by measuring the absorbance of polyethylene due
to methyl groups (ASTM D2238-92). IR spectrometers are frequently used as
detectors for other applications. For example, IR detectors are used to
measure the polymer concentration in TREF systems. For this application,

the wavelength of interest is corresponding to the CH2-CH: stretch (3.41 pm).
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2.2.4 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a spectrometric method based
upon the measurement of absorption of electromagneticr ' ‘tion. Incontrast
to infrared and UV absorption, nuclei of atoms are involved in the absorption
process. In the NMR technique, a compound is positioned in a strong
magnetic field and irradiated with a radio-frequency signal. This signal will
be absorbed at some discrete frequencies. The exact frequency at which the
energy is absorbed is verv sensitive to the atomic environment of the nuclei
investigated. The most common nuclei examined are 'H and C. 'H is more
sensitive than “C on an equal nuclei basis. However, 'C has an interesting
feature: it can be used directly to determine the skeleton of an organic
molecule. The chemical shift for #C NMR depends on the structure of the
molecule for up to three bonds in all directions from the site of interest. This
makes C NMR a useful tool to characterize the structures of polymers. It is
an effective tool to get branching information of a polvmer. However. analysis
of short-chain branching by this method gives only average values rather than
distributions. It is limited in the case of LLDPE because these polymers
typically exhibit multimodal chain branching distributions which cannot be
described by an average number of branches (Karbashewski et al.. 1992). "C
NMR is also used for many other applications including: compositional
analysis, determination of isotactic-atactic ratio and for solid polymers it is

possible to measure T. and T. (Rodrigez., 1989).
i3C NMR analysis is usually carried out using a solution of the polymer

to be studied. It can also be performed on a solid but the resolution is lower.

NMR can be operated at temperatures ranging from -195.8°C (liquid
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nitrogen) to 150°C. It provides the best characterization of the structure of a
compound. It may also provide a general characterization by functional
groups which cannot be obtained by other methods (Cheremisinoff, 1989).
However, 3C NMR is very difficult to use routinely and it is expensive.

2.2.5 Size exclusion chromatography

Molar masses and molar mass distributions are important properties
of polymers. They affect the rheology, processability and many other physical
properties. There are a few methods that can be used to determine average
molar masses: light scattering. osmotic pressure and a method related to the
viscosity of melts. These methods give only an average molar mass. They
provide no information about the molar mass distributicn. The most efficient
method to get molar mass distribution is size exclusion chromatography
(SEC). 1t is also frequently referred to as gel permeation chromatography
(GPC). SEC is a means of separating melecules by differences in their
effective size in solution. This separation is accomplished by injecting the
polymer solution into a continuously flowing stream of solvent which passes
through rigid gel particles closely packed together in a column
(Waters/Millipore SEC operating manual). The principle of the method is
illustrated in Figure 2.2.

The process starts with the injection of a mixture of small and large
molecules into one end of a column packed with porous beads. Initially there
is a concentration gradient causing diffusion of polymer into the beads.
However, the large molecules cannot infiltrate into the beads. As the large

molecules are carried away by the solvent, the concentration gradient is
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Figure 2.2: Process of zize exclision chromatography: | Sample mjection,

H o elutnion and TH continued elution (Rodricez, TOSOY.

reversed, allowing the small molecules to diffuse back out of the beads. This
process 1s repeated as the sample moves through the column. This process
results in the large molecules emerging first from the column. The smallest
molecules. which have been retarded by the diffusion process. will come out

last.

A typical system for gel permeation chromatography is shown in Figure
2.3. The apparatus consists of the following basic components: solvent
reservoir, pump, sample injection valve, packed columns, a detector and a

data processing system. The most important parts of the system are the
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columns responsible for the separation process. The detector monitors the
concentration of the molecules eluting from the SEC columns. The most
widely used detector in SEC is the differential refractometer (DRI). Other
frequently used detectors are functional group detectors such as ultraviolet
and infrared (Provder, 1987), low angle laser light scattering detectors and

viscosity detectors.
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Figure 2.3: Basic parts of SEC apparatus (Rodrigez, 1984)

The molar mass of a sample can be determined by different methods:
narrow standard method, broad standard method and universal calibration.
In the narrow standard ..ethod, narrow molar mass samples with known
values are injected and their retention times are recorded. These retention
times can be correlated according to their specific molar mass. This
correlation becomes the basis of calibration and allows the determination of
the molar mass of an unknown by comparing its retention time with the
standards retention time. In the case of the broad standard method, the goal
is to find an effective calibration curve so that the computed molar mass

values are in agreement with the known values of the polymer standards.
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Universal calibration is an empirical method used to obtain more
precise molar mass values. This method involves the use of the hydrodynamic
volume concept. The SEC separation mechanism is based upon molecular size
in solution (hydrodynamic volume). Therefore, if a parameter related to this
volume is used. a common calibration curve for various polymers can be
obtained. Polymers having different chemical structures or polymers having
the same chemical structure but different chain configuration will have a
unique calibration curve (Provder, 1987). It is primarily used with narrow
standards but can also be used with broad standards. The method involves
the use of Mark-Houwink constants to generate the calibration curve (de Kok

and Oomens, 1982).

The molar mass distribution of a sample is constructed from the
retention time and the corresponding polymer concentration obtained from
the SEC analysis. The data are processed using the calibration curve and the
results are given as molar mass distribution plots. The average molar

masses are computed from the distribution using the follewing relationships:

D L YA 2.15)
‘ Y Y (WM )

NM wM
M =Z - =Z . (2.16)

2 NM z W

where M, is the number average molar mass and M, is the weight average

molar mass. In the industrv. the properties of the polvmer are often
correlated with M.. The polvdispersity (Ps) of a polvmer is related to its
molar mass distribution. Polymers with broad MMD will have higher
polvdispersities. The polydispersity of a polvmer is defined as the ratio of Mw

to M,
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2.2.6 Temperature rising elution fractionation

The wide range of physical properties observed for polyolefins results
from the diversity of composition distributions produced by the varous
polymerization processes. Temperature rising elution fractionation (TREF) 1s
a vecent tool that has been developed to obtain the branching distribution of a
polymer. TREF is based upon crystallizability differences in polvolefins.
(rystallizability in polyethylene and a-olefin copolymers arises from strong
van der Waals’ forces between neighboring carbon chains. The absence of side
branches in a linear polvethylene will produce a highly crystalline polymer.
However, if side branches are introduced through the polymerization process,
as with high pressure low density polyethylene (HP-LDPE) or by the
copolymerization of an a-olefin. such as 1-butene, the crystallizability and the
density of the polymer will be reduced (Wild, 1993). The objective of the
TREF technique is to provide a separation based upon differences in

crysiallizability.

The TREF procedure is divided in two steps: crystallization and elution
of the sample. The crystallization is achieved by slow-cooling of a polymer
solution. The crystallization step is important because it will affect the
quality and reproducibility of the separation. In the elution step. the polymer
is stripped from the column by eluting with a sclvent at increasing
temyorature. When the crystallized species dissolve, they are carried away by
the solvent. In a typical TREF apparatus, an IR detector is used to measure
the concentration of polymer and a computer is used to collect both

temperature and IR signal from the TREF apparatus. The output from the
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TREF i5 a profile of concentration versus elution temperature, which can be
related to the composition distribution via a calibration curve. TREF can be
operated in two ways: analytical TREF (ATREF) and preparative TREF
(PTREF). Preparative TREF involves the fractionation of a polymer sample
to recover fractions that can be further analyzed by other techniques such as
BC NMR or SEC. In analytical TREF, a sample is eluted and the
concentration is recorded as the temperature of the solvent increases. The

analytical TREF method is used to obtain branching distributions.

TREF is the main technique used in this research. Hence, a detailed

literature survey of this topic is presented below.

2.3 TREF: literature survey

The origin of TREF goes back to the 1950s when Desreux and Spiegels
(1950) first described a method for the fractionation of polyethvlene sampyles.
At that time, many authors proposed that polvmers had a distribution of
chain lengths and theyv assumed the possibility of heterogeneity in branching
distribution. However, no tools were available to observe these facts. It is
with this idea in mind that Desreux and Spiegels tried to develop a tool that
would provide information about molar mass and branching distributions of a
polymer. Their method involved the deposition of a polyethylene sample from
a solution on a support followed by elution in a column at controlled
temperature using toluene as the solvent. They recognized that the
separation process was based upon differences in molar mass and
crvstallinity of polyethylene. In the years that followed their initial efforts,
vhe main objective of polymer separation was to establish molar mass

distributions.
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It is the work of Shiramaya et al. (1965) that began the development of
TREF as we know today. They were the first to introduce the term
“temperature rising elution fractionation”. They described a method fto
fractionate HP-LDPE according to the degree of short-chain branching. The
development of the current TREF technology is related to the TREF method
developed by Shiramaya et al. (1965) to investigate short-chain branching on
commercial HP-LDPE. In their system, large amounts of polymer (10 g) were
fractionated. About 1400 g of sea sand coated with polymer was introduced
into a column (70 mm in diameter and 380 mm in length). The polymer
sample was coated onto sea sand by slow-cooling of a hot xylene solution. The
temperature was raised in a stepwise fashion from 50°C to 80°C using a
temperature controlled oil bath. The temperature was kept constant at each
level for 30 minutes to assure temperature equilibrium before starting the
next extraction. Then 350 ml of preheated xylene was added dropwise over a
60 min period at each level of temperature. They were able to obtain 10
fractions for each run. The fractions were characterized by infrared to obtain

the degree of short-chain branching.

The work by Shiramaya et al. (1965) was a good demonstration of the
practical application of TREF and it encouraged further developments of the
technique for polyethylene analysis (Wild, 1990). Their work led, many vears

later, to the development of systems with more robustness and continuity.

In the 1960s, the focus was on the elaboration of a technique that could
separate a polymer according tc molar mass. Most efforts in polyolefin
characterization were put to the development of size exclusion

chromatography (SEC). In the mid 1970s SEC was au efficient method to



obtain information about molar mass distributions. However, the broad
range of properties of new resins like HDPE and LLDPE could not be
explained only by MMD. More information about the structure and
composition of the resins was necessary. The TREF technique that had heen

dormant for a decade was a potential method to obtain such information.

The TREF technique came on the scene again when Wild and Ryle
(1977) described a new type of TREF system constructed with metal and
using a temperature controlled oil bath. They also described the first
analytical TREF system. The preparative TREF system consisted of a
stainless steel column (50.8cm x 12.7cm) packed with Chromosorb-P support
onto which a polymer sample (4 g) was crystallized by slow cooling from a
programmable oil bath. The fractionation was achieved by eluting the column
with xylene with a flow rate of 20 ml/min while ‘ncreasing the temperature at
a rate of 8°C/min. The short-chain branching (SCB) distribution of the
polyethylene was obtained by collecting the fractions, weighting and analyzing
by IR spectroscopy (ASTM D2238-64T Method B).

Wild and Ryle (1977) were the first to recognize the importance of the
crystallization step. Using their PTREF system, they conducted a series of
experiments with different cooling rates to obtain optimum separation in the
elution step. Using a series of constant cooling rates ranging from 20°C/h to
0.5°C/h it was concluded that the separation improved down to a rate of 2°C/h
and no improvement was noted for lower cooling rates. "This series of
experiments was conducted using different polyethylenes samples. A single
linear relationship was observed between elution temperature and methyl
group content when the cooling rate was less than or equal to 2°C/hour. This

relationship was a potential calibration curve for TREF.
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Bergstrom and Avela (1979) developed a similar PTREF apparatus to
study HDPE and HP-LDPE. They used a 5 liter column filled with
Chromosorb and loaded with a 4 g polymer sample in a 1% xylene solution.
The column was loaded at 120°C, cooled down quickly to 90°C and then a
cooling rate of 1°C/h was used until the temperature reached 40°C. The
elution was performed using 20 ml/min of xylene with a temperature
increasing rate of 4°C/h from 50 to 90°C. The temperature was controlled
using a programmable oil bath. Four fractions were collected per hour. The
fractions were precipitated with ethanol, filtered, dried and weighed. The
methyl content of HP-LDPE was measured by IR spectroscopy according to
ASTM D 2238-64T method B from pressed plaques. Differential thermal
analyses (DTA) were also performed on the fractions to obtain melt
temperatures. Contrary to Wild and Ryle (1977), their results showed that
the methyl content of the fractions did not correlate well with the elution

temperature of TREF.

A very sophisticated TREF system has been introduced by Nakano et
al. (1981). This system performed automatic cross fractionation. This TREF
procedure involved the fractionation of samples by differences in crystallinity,
followed by a molar mass fractionation using SEC. This was the first
attempt to combine hoth TREF and SEC to produce a detailed
characterization of a polymer. With this system they studied four LDPEs and
one HDPE. For the analysis, 3.5 g of polymer were dissolved in ortho-
dichlorobenzene (0-DCB) and deposited by slow cooling of the solution in a
column (150 x 8 mm) packed with glass beads. The sample concentration was
10 mg/ml. The elution was performed using stepwise temperature increases

from 40 to 140°C with a solvent flow rate of 1 ml/min. Typical temperature
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steps used were: 40, 50, 60, 65, 70, 73, 76, 80, 84, 88, 90. 92, 95, 98, 101, 105,
110 and 140°C. The fractions were injected directly from the TREF
apparatus to a SEC. Each cross fractionation took about 10 hours to
complete. Some fractions were collected by bypassing the SEC. These
fractions were collected in sufficient amount to be analyzed by IR
spectrometry to generate a relationship between methyl group concentration
and elution temperature. Contrary to the results of Wild and Ryle (1977),
they concluded that there is no universal linear relationship between methyl
group concentration and elution temperature. A universal linear relationship
was not obtained because crystallinity depends on the type of short-chain
branching. However, the TREF-SEC cross fractionation revealed itself to be a
powerful tool to obtain quantitative, combined information about branching

and MMD.

From their conclusions with the use of PTREF, Wild and Ryle (1977)
developed an analytical TREF system. The basic idea of the ATREF was to
obtain branching information from elution temperature using a relationship
between methyl group content and elution temperature. The system that
came from this idea had many new features compared to the older PTREF
system. A high temperature differential refractometer. a temperature-
programmable recirculating oil system, easily removable column with reduced
size (38 cm x 2.4 cm) and a two pen-recorder was incorporated in the system.
The crystallization was now carried out in a separate oil bath to optimize the
time spent on the TREF. This way, up to 6 columns loaded with hot solutions
of 0.2 g polymer in 50 ml 1,2 4-trichlorobenzene (TCB) could be crystallized
simultaneously at a rate of 1.5°C/h. The samples were eluted with a heating

rate of 8°C/h using 6 ml/min TCB. The concentration of polymer in the eluent
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and the elution temperature were displayed on a two-pen recorder. A diagram
of this system is shown on Figure 2.4. ATREF was performed on commercial
HDPE and HP-LDPE using this system. krom their results, they concluded
that ATREF is an effective tool to obtain branching information. They
suggest that polyethylene and all semicrystalline polymers could be
characterized by analytical TREF using a single calibration curve.

Temperature
SeNSOT. . . . .. e e— oy

i 1 Reoll SR R
: b
-

»- Detector

| i
| |
1
|

T

R Ry
{

\

i
! !
| faa | ! Waste
) *

. »' "l Two-pan recorder

o
if

Solvent | ‘ Lo Pump i i i
recervoir l : : Ve

Degasser

: i
! i [ Fractionation
: colurnn

Récirculanng
oil bath
(programmed)

Figure 2.4: Diagram of \TREF system

(Wild and Ryle. 1977)

The first to who investigate LLDPEs using the analytical TREF
technique were Wild and Ryle (1982a). The system they used has been
improved considerably since the original unit. It is more effective and it is a
more efficient means of determining SCB distribution. They decreased the
time required to do ATREF analysis and improved the resolution. Two
fractionations could easily be done per day, which was a huge improvement
compared to the earlier two or three runs per week. The column and the
sample size were reduced considerably to 12.7 mm x 2.5 mm and 0.05 g,

respectively. The use of a smaller column reduced the channeling, dead spots



and temperature gradients in the column. In that publication, they looked at
the dependence of molar mass in the mechanisms of fractionation in TREF.
They concluded that if the molar mass of a sample is lower than 10000,
separation by molar mass can take place. However the strongest effects were
for MM lower than 1000. Wild and Ryle (1982a) also studied
cocrystallization effects and observed that they were negligible. They used
ATREF to characterize HDPE, HP-LDPE, ethylene/l-butene copolymer,
ethylene/vinyl acetate (EVA) copolymer and ethylene/ethyl acrylate
copolymer. Bimodal branching distributions were observed for ethylene/1-

butene LLDPE.

To generate the distribution of methyl group <oncentrations, a
calibration curve relating methyl group concentration and elution
temperature is needed. However, no commercial standards are available to
produce such calibration. Wild and Ryle (1982a) produced a caiibration curve
using fractions from narrow MM polyethylene samples and fractions from
ethylene/l-butene copolymer. The degree of branching for the fraction was
determined using FTIR on pressed films. An excellent linear relationship was

observed by Wild and Ryle.

In a short publication released shortly after the aforementioned paper,
Wild and Ryle (1982b) described the cross fractionation of a series of LLDPE
and a HP-LDPE. The PTREF method used has been described previously.
The fractions collected were analyzed by SEC to obtain the MMD of each
fraction. The results from the cross fractionation were used to generate 3-D
profiles describing the frequency distribution of the polymer as a function of
both molar mass and SCB. It was observed that there is a significant trend

toward the lower molar mass species to be more branched. However, this
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trend was stronger in the case of HP-LDPE than LLDPE for which the
dependency was very slight. Bimodal branching distributions were observed
for LLDPE. The MMD obtained from HP-LDPE fractions were narrower than
the ones from LLDPEs.

The heterogeneity of the branching distribution of LLDPE was a
phenomena of great interest. Usami et al. (1986) performed a complete
characterization of LLDPEs produced on Mg(l2 supported, TiCl: or TiCls
based Z-N catalysts. The LLDPEs were fractionated by an automatic TREF-
SEC apparatus. Analytical TREF profiles were obtained and fractions were
recovered by TREF-SEC cross fractionation. The fractions recovered were
further analyzed using BC NMR, DSC and FTIR. Comparison of the
analytical TREF curves indicated that LLDPEs produced using different
conditions of temperature, pressure and solvent had in common a
characteristic bimodal distribution of SCB. Using C NMR, they estimated
values of reactivity ratio ri*r2from the different TREF fractions. They came to
the conclusion that the bimodal SCB distribution was caused by two kinds of
active sites in heterogeneous Z-N catalysts: one site having an alternating
character of copolymerization and the other having a random character. The
site with an alternating character of copolymerization (ri*r:=0.5-0.6) gave a
higher SCB concentration and lower molar mass while the other site having a

random character (r;°r.=1.0) produces species with lower SCB concentration

and higher MM.

Mirabella and Ford (1987) also performed cross fractionation on
LLDPE, HDPE and HP-LDPE. The technique and system used was similar to
Wild and Ryle (1982a and 1982b) except that the differential refractometer
was replaced by an IR detector set at a detection wavelength of 3.41 pm (C-H
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stretch) to detect the species eluting from the column. The fractions recovered
from the TREF were characterized by SEC, 3C NMR and X-ray diffraction
(XRD). They did not observe long-chain branching in the LLDPEs. The SCB
distributions of the LLDPEs were extremely broad and multimodal. Bimodal
and even trimodal distributions were observed in one case and had never been
reported previously. Their observations from the cross fractionation
suggested a decrease of SCB with an increase in MM in typical commercial

LLDPEs.

While most publications were focused on the complete characterization
of LLDPE using PTREF followed by SEC or »C NMR. Kelusky et al. (1987)
explored new areas for analytical TREF. They made use of ATREF to
characterize polyethylene blends (50/50 or 10/90) of HD-LDPE/LLDPE,
LLDPE/EVA, PE/EPDM and PE/polyisobutylene. The TREF apparatus used
for that study was similar to the systems of Mirabella and Ford (1987) and
Wild and Ryle (1982a). The solvent used for the crystallization and elution

steps was a-chloronaphthalene. The concentration of eluting polymer was

measured by an IR detector set at 3.42 pm. A liquid chromatography air oven
was also incorporated in the system to control the temperature program. The
TREF system could also be operated in PTREF mode. The advantage over an
oil bath is the convenience and ease of changing the columns as well as the
decreased turn-around time (Wild, 1990). A diagram of their system is shown
in Figure 2.5. The fractions were collected by stop-flow experiments to obtain
samples over narrow temperature intervals. The fractions were precipitated
with methanol and then analyzed by DSC, IR, SEC and *C NMR. The results
showed that ATREF is an excellent way to characterize blends based on PE.
It was possible to quantitatively characterize a HP-LDPE/LLDPE blend if the
ATREF profiles of the individual components were known. A calibration curve
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relating branching frequency to elution temperature was constructed using an
ethylene/l-butene LLDPE. A linear relationship between branching frequency
and elution temperature was observed. However, it was suggested that a
calibration curve constructed from a polyethylene sample will not necessarily

apply to other polymers.
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Figure 2.5: Schematic of an LC oven-based NTREE system

(Kelusky. 1987).

Since TREF is a time consuming method and it is not readily available,
some studies focused on DSC as a possible alternative to analytical TREF.
Such attempts have been reported by Wild et al. (1990) and Karbashewski et
al. (1992). Wild et al. (1990) characterized blends of LLDPE and blends of
four components including VLDPE, HP-LDPE, HDPE and polypropylene. In
that paper, an interesting concept was introduced regarding analytical TREF,

namely off-column crystallization. This idea was mentioned for the first time



by Wild (1989) at a TREF workshop. In the off-column method, the
crystallization of the dissolved polymer occurs in a vial during the controlled
cooling; in the previously used on-column method the crystallization was done
in the TREF column. The off-column method has some significant advantages
over the on-column method such as the ability to prepare multiple samples,
improved resolution, reduced sample zone in the column and larger scale
fractionation (Chakravarty, 1993). The results from Wild et al. (1990)
showed that the resolution of DSC was not as good as the resolution of
ATREF for blends. However, the resolution by DSC can be improved by

conducting the crystallization step in solution instead of from melts.

Karbashewski et al. (1992) characterized LLDPE by ATREF and DSC.
Samples were also fractionated and analyzed by “C NMR and SEC. The
TREF apparatus used for the experiments is very similar to the one used by
Kelusky et al. (1987). The comparison of ATREF and DSC results revealed
that both are qualitatively similar but ATREF produces more quantitative
information. One advantage of ATREF is the ability to generate mass
distributions. However, the full power of TREF resides in preparative TREF
mode. From the MMD obtained using SEC on the individual PTREF
fractions, Karbashewski et al. (1992) observed an unquestionable trend for
increasing molar mass as a function of elution temperature. This is similar

to the trends observed by Mirabella and Ford (1987).

Karaglian et al. (1992) compared ATREF to DSC using an ultra low
density polyethylene (ULDPE). They reported that TREF and DSC provide
similar compositional distributions even though the shapes of the profiles

were not identical.
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PTREF is often chosen as a preliminary tool to generate fractions for
other characterization methods. Many publications report the use of
preparative TREF to perform a detailed analysis of polymers. Barbalata et
al. (1992) compared PTREF fractions with fractions obtained from lower
critical solution temperature (LCST). They analyzed both sets of fractions
using IR, DSC and SEC. They concluded that LCST fractionation is sensitive
to molar mass wheras TREF largely depends on comonomer content. Neves et
al. (1993) undertook to a complete characterization of a commercial LLDPE
where PTREF had been adopted to generate fractions to be analyzed by DSC,
FTIR and SEC. Zhou et al. (1993) used TREF-SEC cross fractionation to
characterize commercial LLDPEs with ethyl, hexyl and iso-butyl branches.
They observed a very broad SCB distribution and MMD. Usami et al. (1993}
characterized impact-resistant PP/PE copolymers using the PTREF technique
combined with SEC to generate samples to be analyzed by C NMR and
transmission electron microscopy. Mirabella (1993) also characterized impact

polypropylene copolymers using PTREF combined with *C NMR and DSC.

Gilet et al. (1992) characterized mixtures of ethylene- and propylene-
based polymer using PTREF and “C NMR. The material studied was
produced using a MgCly/TiCl,-supported catalyst. The polymer was formed in
three steps: propylene homopolymerization followed by on-line
ethylene/propylene copolymerization and addition of linear polyethylene by
extrusion. The results indicated that the ethylene/propylene copolymer
contains two or three major components and that the polypropylene exhibits
high compositional heterogeneity. Defoor et al. (1933) used PTREF to study
the thermal and morphological properties of a commercial 1-octene LLDPE

produced in a solution process.
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The recent advances in analytical TREF involve the design of
automated systems, high performance systems and the development of new

methods to relate methyl group concentration to elution temperature.

An automated analytical TREF (auto-ATREF) system has been
described by Hazlitt (1990). With this system it is possible to perform eight
fractionations within a 24 hour pericd. even allowing 10 hours for the cooling
step. A process control gas chromatographic (GC) analyzer was used
extensively as the basis of the design. The system involves two large forced-
air, isothermal ovens and four smaller, programmable GC ovens. In each of
the GC ovens there is a small ATREF column packed with steel shot. Sixteen
solutions of polymer are placed into a carousel and then the operation is fully
automated for the next 48 hours. Crystallization and elution steps are
performed automatically by this system. Ethylene/a-olefin copolymers have
been investigated using the auto-ATREF. It is reported that the automaticn
of the ATREF technique has provided a reliable method for evaluation of
copolymer SCB  distributions. The svstem can perform 56
fractionations/week. However, the cost of producing and maintaining such a

system puts it beyond the reach of most researchers (Wild. 1993).

Wild and Blast (1992) described the development of a high
verformunce analytical TREF in which there was no attempt to automate the
sara; '+ preparation and loading steps. However, the time spent for ATREF
analysis was reduced considerably. Using a heating rate of 4°C/min, it was
possible to run up to six samples in an 8 hour working day. The main features
of the high-performance ATREF system are described in Table 2.4. This
TREF unit has been used to analyze HDPE/EVA and LL.LDPE/EVA blends.
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Table 2.4: Main feaiures of high perform:mee ATREE system

(Wild. 1393)

«  Multiple ervsiallizations by conducting slow-cooling of ditute solution off-line.

+  Crystallized polymer loaded onte *he column by slurrving with column packing.

« Temperature-programmed GC 6v 2 for rapid rate of temperature rise. allowing quick
turn-arpund time and sub-ambient operation.

«  Elution using a dual column svstem to allow monitoring of actual separation
temperatures.

« IR detector used along with relatively large sample to achieve baseline stability and
high deteetor response.

« Data capture on PC dise but stored and manipulated through a mainframe computer.

In a recent publication by Kuroda et al. (1992) ATREF has been used to
characterize LLDDPE prepared with a soluble vanadium-based Ziegle® N.iia
catalyst. The results from the ATREF showed a unimodal SCB distribution
which 1is very distinctive from the multimodal distributions obtained from

polymer produced with heterogeneous Ziegle-Natta catalysts.

Analytical TREF involves the use of a calibration curve tc correlate the
methyl group concentration to the elution temperature. The calibration curve
is usually obtained from PTREF combined with ¥C NMR or FTIR. Howaver,
in ATREF the temperature is raised cantinuously as opposed to the common
stepwise temperature ramp in PTREF. This difference in the methods can
introduce some errors in the ATREF procedure. The residence time of the
solvent in the column will cause a lag between the real eiution temperature
and the temperature at which the polymer will reach tiie IR detector. Pigeon
¢t al. (1993) introduced a mathematical approach to correct analytical TREF
data. This method involves the determination of the elution profile of the
TREF column. This is done using a 1% wt solution of heptane in TCB which is

lsaded in the column and then eluted with a flow rate of 1 ml/min. Once the
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elution profile of the TREF column is known, an iterative procedure is used to
correct the data. The results showed that the correction method works
equally well for various LLDPEs and HP-LDPEs and it is useful to obtain
accurate branching distributions from ATREF.

In another paper, Pigeon et al. (1994) described a fully quantitative
analytical TREF. It is suggested that for each polvmer there exists a
relationship between branching frequency and crystalline melting point. This
is due te differencis in branch length, clu-rering of branches and types ot
cernonomer, They described a technique for generating calibration curves by
measuving praiching frequencies from ATREF using dual IR detectors. A
second  on-line IR detector was introduced te detect methyvl group
concentration ai 2960 cm-!. With this system. a calibration curve can be
generated for each sample anzlyzed. This technique also eliminates the need
for preparative TREF fractionation followed by IR or ¥C NMR to generate

calibration curves.

Karbashewski and Rudin (1993) discussed the effect of comonomer
sequence distribution on TREF branching distribution. They suggested that
the crystallinity distribution measured by TREF is a measure of the effective
branch content rather than the average branch content. Hence the concept of
universal calibration for ATREY propesed by Wild et al. {1977) and Mirabella
and Ford (1987) is not likely tv b~ applicable over the broad class of

commercially available resins.

An interesting method for the calibration of ATREF has been
introduced by Bonner et al. (1993). Instead of the usual linear relationship

between methyl group concentration versus temperature, this method is

50



based on the length of crystallizable sequences between SCB points,
commonly referred to as the methylene sequence length (MSL). The
calibration curve gives elution temperature as a function of MSL by fitting
values obtained from narrow molar mass distribution standards to a derived

form of the Flory melting equation (Equation 2.18) It involves only two

parameters: 7" and ¢, where 7"’ is the equilibrium dissolution temper=t.re

> «

and c1s a constant.

1
1 InMSL
+ ¢
7;""’ MSL

T = (2.18)

&

Bonner et al. (1993) constructed the calibration curve using five

standards which were eluted in ATREF using TCB as solvent. The value of
T/ is obtaine-d from the temperature at which the last trace polymer cluted
from TREF. Using a curve fit of temperature versus MSL they obtained
T/"=382.5 K and ¢=6.36x10-". MSL distributions were generated from TREF
profiles using the calibration curve. The use of this technique will be

discussed in detail in the next chapter.

Ex:ellent reviews of TREF have been published recentl:r by Wild (1990
and 1993) and Glockner (1990). These pubucations present a good
description of the various systems and methods that have been developed,

and give a good summary of the applications of TREF.

Among the publications presented in this survey, there were varnations
in the TREF apparatus designs and procedures. Table 2.5 and Table 2.6
summarize the different ATREF and PTREF operating conditions. The
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crystallization is usually performed in the TREF column with a cooling rate of
1.5 °C/h. Xylene and TCB are the most preferred solvents for PTREF; TCB
and 0-DCB are commonly used for ATREF. The most common way to perform
PTREF is by a stepwise temperature increase. PTREF is frequently used to
generate fractions to be analyzed by SEC and “C NMR. The trend in ATREF
is toward a reduction of sample size and sampling time. Heating rates vary
from 4 to 120°C/h. An IR detector is the most common device used to monitor
the polymer concentration. PTREF and ATREF have mostly been wused to
characterize commercial LLDPEs and blends. ATREF and TREF-SEC cross
fractionation have never been used as a part of a polvmerization studyv to
monitor the effect of the operating conditions on branchirg and molar mass

distributions.
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3. Materials, Equipment and Experimental Procedure

The main objective of this project was to investigate the effects of Ho
and 1-butene concentrations on the molar mass and branching distributions
of laboratory-produced LL.DPEs. The analytical techniques chosen to
accomplish this task were temperature rising elution fractionation (TREF)
and size exclusion chromatography (SEC). When these two tools are
combined they generate a fairly detailed characterization of polymers. In this
chapter, the materials, equipment and experimental procedures involved in
this project are described in detail. A complete description of the TREF
apparatus is presented. The rmethod used to generate a calibration curve

relating elution temperature to branching concentration is also discussed.

3.1 TREF apparatus

The TREF syster: :sed in this project has the same features as other
systems described in the literature (see Chapter 2). The main components of
the apparatus are shown in figures 3.1 and 3.2. The system includes a solvent
reservolr, an HPLC pump, a temperature chamber, a column, an IR detector
and a computer for the data acquisition. This system has already been
described by Chakravarty (1993). The solvent used is 1,2,4-trichlorobenzene
(FCB) or ortho-dichlorobenzene (0-DCB). The pump (®) is a DuPont
Instruments 860 Chromatographic pump which can be operated with a flow
rate ranging from 0.2 to 10 ml/min at a pressure up to 400 bars. A pressure
transducer is located at the exit of the pump to me~sure the exit pressure.
The temperature chamber (®) is a Thermotron model S-1.2C-B

programmable temperature chamber.
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Figure 3.2: Inside of the temperature chamber
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This programmable temperature chamber can attain temperatures
from -73°C to 177°C with a precision of £1.1°C. The temperature of the
chamber is monitored by a type T thermocouple at the inlet of the TREF
column (see T Figure 3.2). The volume of the chamber is 34 L.

The TREF column is located inside the temperature chamber. The
solvent comes from the HP'.C pump and passes through a preheat coil (total
length 1.5 m) and then goes into the column. There are three thermocouples
to measure the solvent temperature. T1 measures the temperature at the
inlet of the column which is used as the set point for the temperature chamber
controller. T2 measures the air temperature in the vicinity of the column. T3
measures the temperature at the outlet of the column. T3 is the temperature
used as the elution temperature for the TREF profile. T2 is recorded in the
data file but it is not an essential parameter. It can be used as a check point
in case of problems. During an ATREF run, T2 has a slightly higher
temperature than T3 (=2°C) because of the temperature gradient between the
air and the solvent inside the tube. The difference between the temperatures
measured by T1 and T3 is usually within 1°C. Even if the temperature
chamber is maintained at constant temperature for a long time, the 1°C

difference is still observed. T2 and T3 are type J thermocouples.

After the solvent passes through the column, it goes to the IR detector
(®). The detector measures the concentration of polymer in the solvent. The
detector is a DuPont liquid . 'romatography IR detector equipped with a
temperature control unit for the IR cell. The IR detector is set to a wavelength
of 3.38 pm (2960 cm-!) which corresponds to the CH:-CH: stretch of the
polyethylene backbone. The IR cell is maintained at 130°C to keep the
polymer in solution. The IR ceii is a modified SL-2 type cell which fit in a
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home-made heating device. The IR wi?{t vs are two CaF: disks (32x3 mm)
separated by a 0.5 mm T<flon™ «.acr .. The solvent flows continuously

through the cell.

After passing through the IR detector, the solvent goes by the sample
collection point used for PTREF. The sample collection point is a flow-through
Swagelock Quick connect device that was easily opened to collect the samples.
A mini lab Lift is used to hold the 4 ml vials in which the sample is collected.
The sample collection is done manually. In the ATREF procedure no fractions

are coliected. The solvent goes directly to the waste collection vessel.

Two sizes of column were used in the TREF system. For ATREF, the
column was a 63.5x9.5 mm stainless steel 316 tube with Swagelock end
column fittings. Inside the end column fittings, there were 5 ym or 10 p1:
Slters. The frit with the larger pores was used at the outlet of the column.
The column was packed with 100 mesh zlas- beads. The pol:—er sample
formed a slug in the middle of the coluran. For PTREF, the <~ mn had a
larger diameter. In the preliminary experiments, some pressure problems
were observed with the large PTREF samples. The probiems were eliminated
by using a larger diameter column (63.5x12.7 mm). %'he filters used for the
PTREF column have 7um pores. More details about the columns are given

later in this chapter.

An OPTO22 system and a 486 PC computer were used for data
acquisition of the TREF apparatus. The system records the temperature of
the various thermocouples, the concentratior of polymer from the IR detector

and the line pressure at the exit of the pump. The data are stored in an ASCII
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data file which can easily be imported in other applications for data

processing.

3.2 Modifications of the TREF system

Several parts of the current TREF system have been modified from the
original design described by Chakravarty (1993). The IR detector was
installed on a stand to reduce the distance between the IR cell and the TREF
cclumn. The length of the inlet and outlet tubes of the IR cell were reduced in
length considerably. The inlet tube. connecting the IR cell to the TREF
column, was reduced from 60 to 25 cm. This reduced the time decay between
the IR measurements ard the temperature at which the polvmer was eluted.
The length of the outlet tube of the IR cell was reduced drasticallv. The
distance from the IR cell to the sample collection point was ab..ut 100 cm: this
was reduced to 20 cm. Therefore. the residence time of the solution in the
tubes was redurcd by a factor of about four. The overall length of tube from

the TREF column to the sample collection point is now =43 cm.

A mimature quick-connect device was installed to facilitate sample
collection. The onginal design was simply a 1/16" tube inserted in a larger
1/8" tube. The connection was open to collect the sample. This connection was
not well sealed and was not appropriate for this kind of operation. The
miniature quick-connect device provided a good seal, and it was easy to open
the line and collect samples. However, the connection could not be heated
adequately. The external surface of the quick-connect device must be clear to
be able to open it. This created problems because the complex internal design
of the quick-connect is vulnerable to polymer crystallization which at times

plugged the device. Therefore, it was important to dismantle the connection
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regulaxly to clean the internal parts and to be sure that there was no

accumulation of material.

The sample collection point was installed at a fixed position near the
outlet of the IR cell. To collect the sample, the miniature quick-connect was
opened and the collection vial was held in place on a mini lab lift. This way
all the parts were stable and the risk for spills was considerably reduced. The
use of a mini lab lift also provided a good contaci between the edge of the
collection vial and the stem of the miniature quick connect. The vaporization
of the hot solvent during PTREF procedure was reduced by using this

arrangement.

The heating tape on the tube connecting the TREF column to the IR cell
was removed. The tube was too short to nroperly install such a device. The
length of tube exposed to the air is short. The solvent did not cool down

enough to cause problems.

The type J thermocouples used to measure the temperature at the
outlet of the coluinn and outside the TREF column were replaced for new ones.
The original thermocouples were not providing accurate temperatures. The
thermocouple used by the controller of the temperature chamber was replaced
and relocated. The original thermocouple was located at the upper right
corner of the chamber and measured the air temperature. The new
thermocouple was located at the inlet of the TREF column to measure the
solvent temperature. This way, the controlled temperature was more

meaningful and it offered better performance in the PTREF mode.
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The TREF coluimns were replaced by new ones. The original columns
were not constructed properly. The junction between the tube and the frits
inside the end column fittings were not tight. Once the column was filled with
packing and assembled, the packing was free to move to the empty sections of
the column caused by the improper junction. This could create channeling of
the solvent through the packing. Consequently. the columns could behave

differently for each experiment. This is discussed subsequently in Sev.+n 3.3

The most important modification to improve the reliability of the
TREF system 1s the design of a new cell {or the IR detector. The original cell
leaked frequently and the CaF. windows often broke after a short time of use.
This cell caused months of trouble and expenses. The original cell assembly
was a commercial design. A SL-2 tvpe cell was used in the new design
instead of the SL.-3 type cell. The problems with the SIL.-3 cell resulted from
the way the front plate was fixed to the main body of the heater to hold the IR
windows. Two screws were used to hold the front plate. T have a good seal,
the front plate must push all the components of the cell very ticht and the
pressure must be even at the surface of the windows. If there was a slight
difference in the way the screws were tichtened. the windows cracked at the
operating temperatiure (1::°C). The SL-3 design is very vulnerabie to these

kinds of problems.

The SL-2 type cell is a better design. 7 hi- cell assembly uses (‘aF.
disis and Teflon spacers. The components of the cell are held together by a
single screw cap that produces a unitorm pressure at the surface of the
window. This way the cell can be sealed ver- tight without risk of breaking
the windows. Another advantage of this design is that a good seal is obtained

using a Teflon spacer and gaskets. In the SL-3 tvpe cell. a lead spacer was
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used with mercury to form an amalgam tnat produced the seal. Four days
were needed to produce a good seal. With the SL-2 cell, the whole assembling
process only takes a few minutes. The only problem with the SL-2 cell is that
no commercial heaters are available. The heater was designed and
constructed in our facilities. The heater constructed was similar to the one

nsed for the SL-3 cell. More details about the heater are given in Appendix E.

3.3 Operating conditions for vhe TREF system

An important step in the use of TREF is the determination ..
optimum operating conditions. The optimization of the following parameci.vs
was examined: IR wavelength for CH2-CH. stret~h, the hinearity of the
response of the IR detector, calibration of the ; ym: flow rate and the

residence time distribution of the TREF columns.

3.3.1 Deatermination of IR wavelength

The wavelength used to measure the concentration of the polvmer in
the solution corresponds to the CH. -CH: stretch of the polymer backbone.
Typical value: uszd in the literature are 3.41 and 3.42 pm. However, the best
way to obtain the optimum value for the system is t¢ run a scan of the solvent
and a scan of the polymer in solution. Th= best value is obtained wheve the

difference between the two scans i1s a maximum.
The solvent used for this experiment was ortho-dichlorobenzene (o-

DCB). A 5 mg sar.ple of hexacontane was used to obtain the wavelength of

the CH.-CH. stretch. The IR detector response time was set to 1 s for both
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scans. The temperature of the soivent was 80°C. The scan of the solvent was

performed as following:

The solvent was pumped through the system until a stable baseline was
achieved.

The pump v as stopped for the duration of the scan

The sce ~ *ed at a waselength of 2.5 pm. During the scan the IR signal
{2hsol.e- v and the time were recorded by the data acquisition system.

A stop-watch was used to relate the time to the IR wavelength.

The scan for the hexacontane was perfermed as following:
The sample was lcaded in the TREF ¢ 'wunn and heated at 80 °C.
The pumn was started with a flow rate ¢f 0-DCD ai a rate of 1 ml/min.
While the content of the column was eluted the IR sfemal ot 3.41 um wes
manitored.
When the signal showed that the poiymer was in the 1R ¢l the pump was
stopped.
The scan was then started at a wavelength of 2.5 pm and performed in the

same way as the previous scan.

The results from botn scans are displayed in Ficure 3.3. The scans

show that the optimum wavelength to detect the polvmer concentration is

3.38 pm.
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3.3.2 Linearity of the IR detector response

During the TRAF runs, the IR detector measured the absorbance of the
solution at a fixed wavelength. TL.. absorbance of the solution is related to
the mass c ncentration of the material in solution. For dilute solution, the
relat.or < 1p between concentration 2:d ' orbance follows Beer’s law (Skoog
and Lo, 1992), i.e. the concentration is a linear function of the absorbance.
Howe.cr, deviation from Beer's law occurs at high concentrations.
Consequently, it is important to know if Beer’s law is applicable at the TREF

operating conditions.

A simple method to verify the linearity of the IR response is to inject
samples with different concentrations and measure the absorbance. A series
of polymer solutions with concentratior: ran g from 0.01 to 2 mg/ml was
injected in the IR cell. The solutions were produced by dissolving ~arious
amounts of a polyethylene standard (SRM 1482 obtained from the National
Bureau of Standards) in 20 mi of 0-DCB at 120°C. The composition. of these

calibration solutions are listed in Table 3.1.

‘The solutions were injected into the TREF system using a syringe. The
syringe and the solution were kept at 120°C in the temperature chamber
The IR signal was recorded by the data acquisition system. The contents of

the IR cell was purged using 0-DCB between each injection.
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Table 3.1: Solutions for testing IR response linearity

Solution mass of polymer  0-DCR Concentration IR signal

(mg) (ml) (mg/ml) (m\)

1 0.21 20 0.01 0.11

2 0.45 20 0.02 0.26

3 3.15 20 0.04 0.1

4 1.25 30 0.16 1.50

5 7.61 20 0.38 2.70

6 20.1 20 1.01 7.70

7

10.4 20 2.02 16.30

Figure 3.4 shows the relationship between the IR signai and polymer
concentration. It can be seen that the IR signal is a linear function of the
concentration for all the solutions tested. In ATREF, a cuncentration of 2.02
mg/ml corresponds to all of the * mg sample eluting in a 5°C interval. This
situation did not occur e.: for polymers with very narrow branching
distributions such as HDPE:. The maximum concenirations could ormir i
PTREF runs where 20 mg of polymer .vere w..ed. The maximum <oncen: ..m
obtained in all the PTREF runs was 1.7 mg/ml when 26% of a 20 mg sample
was eluted in 3 ml. Therefore, all the TREF runz performed were within the

range of the concentrations tested and IR signal linearity.
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Figure 3.4: IR signai versus concentration

3.3.3 Pump Calibration

A c¢xhibration curve for the pump was obtained by measuring the
volumetric flow rvate .. a function of pump ser point. The solvent was
collected 1 -1 ml vigls and the time 2ruired to fill the vials was measured
using a stopwatch. The vials were weighed before and after the experiments.
The actual flow rate was obtained by dividing the total volume in the vial by
the time elapsed. The resulting calibration curve is shown in Figure 3.5. The
calibration curve shows an offset between the setpoint and the actual flow

rate.
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Figure 3.5: 'ump cahbration

3.3.4 Characterization of the TREF columns

To obtain reproducible TREF profiles, it is important that the flow
profiles of al! the TREF columns used be similar. If the columns <o not have
the same residence time distributions, the TREF profiles will not be
reproducible. It is also important to know the time needed to elute the
contents of the column. Th= accuracy of the TREF profile can depend upon
this factor. If the residence time of the solvent in the TREF column is long
compared to the heating rate, the resulting TREF profile can be due to

polymer that has eluted at a higher temperature than it should have been.
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The residence time distributions of the TREF columns were ohta.::ed
by loading the columns with 0.1% bv weight decane in 0-DCB and then eluting
the decane with a flow rate of 1 ml/mia of 0-DCB. The solution was loaded in
the column by using a syringe and then the column was seal=d with stoppers.
After being loaded, “he column was installed in the TREF system and ready
for elution. The columns must be insialled carefully to avoid air bubbles in
the system. The experiments were performed with four ATREF columns and
two larger PTREF columus. The ATREF coluwmns had a length of 45 mm, O.D.
of 10 mm and I.D. of 6 mm. They are referred as column Ito IV. The PTREF
columns are described in Table 3.2. Column A has a funnel shape on one side
going frem 10.9 mm to 3.1 mm in about 25 mm of length. Column B has a
constant [.D. across the column. The packing used for the column was 100

mesh glass beads and Celite has also been tested in column B.

Table 3.2: PTREF columns

Columu: o soth o OD. 1.D. Shape
Lm) (mm) (mm)
A 51 12.7 109 —_:>
A 3 2.9 .« -
A 3 1 12.7 10.9 —
B 51 12.7 10.9 —_—

The first set of columns tested consisted of columns [ to IV. The elution
pofiles of the columns are shown in Figure 3.6. The columns were all packed
in the samc way with glass beads. [t can be seen from this figure that the
elution profiles of the columns are not the same. After examination of the
columns, it was found that they were not properly built. The Swagelock

fittings were not installed properly.
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Figure 3.6: Renidenee time distribution of ATREF columns T to IV
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The ends of the columns were not sitting at the bottom of the reducing union
to hold the frit tight in place. Once the column was packed and assembled,
the packing could move into the empty spaces of the column. These spaces
were not the sz in wi the columns. Dur: ¢ the elution, it was possible for
vi1e packing to move and to create channel: i: the column. Consequently. the
residence time distribution was affected by the irregularity of the packing in

the column which creates dead spots and channeling conditions.

New TREF columns ware constructed to replace column I to IV. Two
new columns were constructed. The columns had a length of 45 mm and
inside and outside diameter of 7.7 and 9.5 mm. The Swagelock fittings were
installed properly. Tixe residence time profiles of the new TREF columns ave
shown 1n Figure 3.7. Each column was tested twice. The residence time
profiles of the new columns are similar and reproducible. Therefore, it can be
expected that the TREF profiles obtained with these columns are more

reproducible than those with previous columns.

The packing material --ed ‘or the TRt columns has also an effect on
the residence time distribuuion.  Two tvpes of packing wer~ used to
investigate the effect of packing material on the elution profile of the TREF
columns: Celite and 100 mesh glass beads. The proo-Jvre o obtain tke
profiles was the same as described earlier.  The results fiom these

experiments are shown in Figure 3.8.

=1
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Figure 3.7: Residence time distribution ot Jhe new A TREF columns
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Figure 3.8: Comparison of the residence time distributions
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It can be seen that the residence time distribution of the columns
packed with Celite 15 much broader. The time needed to elute the contents of
the columns is about two times larger. The longer residence time can be
caused by entrapment of material within the pores of the Celite packing. It
also seems that the volume of liquid hold-up in the TREF column is larger for
Celite. For TREF, a nacking that offers the shortest residence time is
desirable. By minimizing cbs residence time, the accumulation of dissolved
polymer in the TREF column during the elution process is minimized. With a
shorter residence time, the concentration measured by the IR detector is
closer to the real amount of material that dissolved at the cerresponding

temperature.

The residence time distributions of the PTREF columns are shown in
Figure 3.9. Different feed patterns -vere tested for column A. The results
show that the shape of the TREF column or the feed pattern does not have
significant effects on the elution profiie of the ¢ lumns. Therefore, the
simplest design (column B) was chosen as the PTREF column (see Table 3.2

- ¢ geometry of TREF colurins).
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3.4 TREF experimental procedure

Analytical TREF and preparative TREF procedures are divided in two
steps: sample preparation and elution. The crystallization of the polymer s
included in the sample preparation step. The experimental procedures used
in TREF are described in detail in this section. The experimental procedure
has been described by Chakravarty (1993). However, some minor changes in

the procedure were introduced.

3.4.1 Sample preparation

The samples analyzed were ethylene/i-butene LLDPE produced in a
bench-scale gas phase reactor. The LLDPEs were made by Huang (1995) as
part of his M.Sc. project. The LLDPEs were produced by copolymerization of
ethylene and 1-butene over a commercial bisupported Ti catalyst with various
Hs and 1-butene partial pressures. The operating conditions are described in

Chapter 4 with the corresponding results.

The LLDPEs were received as a fine powder. The samples were
weighed using a Mettler HL52 electronic balance having a precision of 105
grams. The sample sizes used were 5 mg for ATREF and 20 mg for PTREF.
The samples were put in 15 or 30 ml vials and the solvent (o-xylene or o-DCB)
was added (1 ml of solvent per mg of sample). Disposable stir bars (12x3
mm) were put in the vials for the subsequent stirring operation. The vials

were sealed with 90/10 mil Tegrabond silicon septa.

The LLDPE-solvent mixtures were then heated and stirred at 125°C
for two hours. This was achieved by placing the vials in a container filled with

diethylene glycol on a hot-plate stirrer. The reason for stirring was to ensure
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that the dissolved polymer mixes properly with the solvent to produce a
homogeneous solution. The stirring should also disentangle the long polymer
chains. The disentanglement increased the efficiency of the crystallization
that was carried out subsequently (Chakravarty, 1993). Sixteen samples
were usually prepared for crystallization. Eight samples could be dissolved
simultaneously using two hot-plate stirrers. The samples were prepared in
two batches. While the second batch was being heated and stirred, the first

batch was kept at 125°C in the TREF temperature chamber.

After the dissolution step was completed, the vials were transferred
into a liquid bath for the crystallization stage. The liquid bath was an
Endocal RTE 220 bath/circulator equipped with a M-RS-232 interface
connected to a PC computer for temperature control. The bath was filled with
diethylene glycol. The vials were placed in a tray inside the bath. The
samples were kept at 125°C for 2 hours before starting the cooling for the
crystallization. This was done to be sure that the polymer that could have
crystallized during the transfer procedure was dissolved. The crystallization
was achieved by slowly cooling at a rate of 1.5°C/k from 125°C to -8°C. The
total time for dissolution and crystallization was about 90 hours. After
crystallization, the samples were kept in a freezer at -15°C until used for

TREF elution.

The next step for the sample preparation is the transfer of the
crystallized polymer/solvent slurry to the TREF columns. This step was
performed in two ways. Initially, the suspension of crystallized polymer was
filtered using an Anodisc inorganic filter having a pore size of 0.02 ym. The
cold polymer suspension was poured in a filtering funnel and the solvent was

drawn out by vacuum generated by a water-jet. The walls of the vials were
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scrapped using a spatula to remove the pelymer coating produced during
crystallization. The vials were washed many times with cold acetone to
remove the remaining polymer crystals. Once the filtration was completed.

the contents of the {unnel was transferred to the TREF column.

The cclumn was initially filled to about half of its length with
untreated 100 mesh glass beads. Then, the content of the funnel was washed
with acetone and poured down in a funnel connected to the TREF column. A
modified sleeve stopper was used to provide a good junction between the
funnel and the TREF column. Glass beads were mixed with the polymer
suspension to produce a slug of polymer and glass beads in the middle of the
TREF column. After the polymer was transferred, the column was filled to
the top with glass beads. The ends of the column were capped with column
end fittings containing frits. The columns were then ready to be inserted in

the TREF apparatus.

In the second method used to transfer the polymer to the TREF
columns, the filtration using Anodisc filter has been eliminated. Instead. the
polymer suspension was deposited directly in the TREF column by filtration
through the column packing. The filtration using the Anodisc filter was an
unnecessary step that was time consuming. The eliminaiion of this step

reduced the chances to lose polymer during the transfer to the TREF columns.



3.4.2 TREF procedure
The TRER apparatus used in this project has already been described in
Section 3.1. The TREF procedures for ATREF and PTREF are presented

separately in the following sections.

3.4.2.1 Analytical TREF procedure

The analytical TREF method was used to obtain the branching
distribution of the polymer sample. The 5 mg samples were loaded into the
small TREF columns for ATREF. Then the column was introduced into the
temperature chamber and connected to the TREF circuit.  The initial
temperature of the chamber was -10 or 25°C depending on the type of polymer
to be analyzed. The pump was started with a flow rate of 1 ml/min of solvent
to remove the air from the column and to achieve a stable baseline. During
this operation, which took about 10 min, the temperature was kept constant

at its tnitial value.

Onee a stable baseline was achieved, the flow rate was reduced to 0.5
ml/min and the temperature kept at its initial value for about 5 min. Then
the elution was started by heating the TREF column at a rate of 1°C/min, the
solvent flow rate was maintained at 0.5 ml/min. Initially, the heating rate
used for ATREF was 2°C/min with a flow rate of 1 ml/min. However, it was
observed during the preliminary runs that a heating rate of 1°C/min with a
flow rate of 0.5 ml/min gave better resolution and the TREF profiles were

more reproducible.

During the elution process, the temperature of the various

thermocouples. the IR signal and the line pressure were recorded into a file by
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the duta acquisition system. The frequency of data acquisition was 3 s, The
elution process was stopped at about 110°C or when all the polymer sample
had been elnted. When the elution was completed, the temperature chamber
was cooled down to 25°C in about 30 min 'The total time reguired for the

ATREF procedure ranged from 130 to 165 min.

3.4.2.2 Preparative TREF procedure

The preparative TREF method was used to generate fractions for
analysis by SEC, to obtain MMD as a function of TREL elution temperature.
For PTREF, 20 mg samples were used. The sample was loaded in the large
TREF column (see column B in Section 3.3.1). A large TREK column was used
to avoid pressure excursions which occurred when 20 mg sample were loaded
into ATREF columns. The pressure excursions were caused by the blockage of
the 7 pm frit at the outlet of the column. The use of a larger diameter column
increased the surface of the frit. Therefore, the visk of blockages was reduced

considerably.

For PTREF, a stepwise temperature increase was adopted for the
elution of the polymer samples. The procedure is illustrated in Figure 3.10.
Prior to the elution, the pump was started with a flow rate of 1 ml/min of o-
DCB or TCB to remove the air from the column and to achieve a stable
baseline. During this operation, the temiperature was kept constant at - 10 or

25 °C depending on the type of polymer analyzed.
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Once a stable baseline was achieved, the temperature was increased to

the desired initial value with a solvent flow rate of 1 ml/min. Once the initial

temperature was attained. the pump was stopped and the stepwise procedure

was initiated. The temperature was increased from the lowest to the highest

temperature of the interval in 10 min.
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Once the final temperature of the interval was reached, it was kept
constant for about 10 min. Then the pump was started with a flow rate of 1
ml/min and the content of the line was purge for about 10 seconds until the IR
detector showed the presence of polvmer in solution. At this point the pump
was stopped, and a 4 ml GPC vial was inserted at the sample collection point
to collect the fraction. The pump was started again and the solution was
collected for 3 min to obtain 3 ml of the polymer solution. As shown in Figure
3.10. 3 min is enough to elute the content of the column and to return the IR
signal to the baseline value. After the 3 min was elapsed, the pump was
stopped, the vial was removed and sealed with a cap. The sample collection
line was then closed. In some cases, the IR signal increased while the pump

was stopped. This was caused by the evaporation of the solvent in the IR cell.

The procedure was repeated for all the chosen temperature intervals.
During the elution process, the temperature of the various thermocouples, the
IR signal and the line pressure were recorded into a file by the data
acquisition system. The frequency of data acquisition was 4 s. Typical
temperature intervals for PTREF were 30-50-60-70-80-85-90-95-100-105°C.
Once the elution was completed, the temperature of the chamber was brought
back to 25°C. The total time required to complete a PTREF run was typically
5 h.

83



3.4.3 TREF-SEC cross fractionation

The TREF-SEC cross fractionation consists of separating the polymer
according to its degree of branching using PTREF followed by SEC to obtain
the molar mass distribution of the individual fractions. TREF-SEC cross
fractionation yields combined information about the branching and molar

mass distributions.

A Waters/Millipore 150-C ALC/GFPC was used for determining the
molar mass distributions of the TREF fractions. The SEC apparatus 1s
equipped with a differential refractometer. The separation is achieved by four
Shodex columns AT 800P. The column and the detector were maintained at
140°C. The carrier solvent was 1,2,4-trichlorobenzene (TCB) and the flow
rate was 1.0 mi/min. The samples were heated at 160°C prior to injection
into SEC. Two 0.3 ml injections were done for each TREF fractior: and the
time between injections was one hour. The SEC apparatus was operated by

Ms. Naiyu Bu.

In SEC, the retention time of the polymer species is a function of the
molar mass. A calibradion curve in needed to relate the retention time to the
molar mass. The method used to produce this calibration was a universal
calibration produced with narrow standards (polystyrenes and polyethylenes).
The calibration curve is shown in Figure 3.11. The molar masses are
computed from this calibration curve using the software provided with the

SEC apparatus.
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Figure 3.11: SEC calibration curve

3.5 Data collection and processing for TREF

The data generated by the TREF apparatus were recorded by an
OPTO22 system and a 486 PC computer. The data collection system was
recording the signal from the IR detector, the pressure transducer and the
thermocouples. All these analog outputs were converted to digital signals by
the OPTO22 system. The data stored on an ASCII file for each TREF run are
described in Table 3.3
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Table 3.3: Outputs from TREF in ASCII file

Column Data recorded Unils
#
] Time of dita colleetion "
2 Set-point (ot used as the temperature was controlled by the

temperatare chamber itself)

3 Air temperature near the TREF column (not used) o
4 Temperature of the TR detector (not used) oC
D Temperature of the outlet line of the IR cell o
6 ‘Temperature of the solvent at the outlet of the TREF column °C
7 Air temperature near the TREE column (not used) o
S Siegnal from IR detector mV
49 Temperature of the [R cell o
10 Line pressure at the exit of the pump bar/5

For anzalytical TREF, the data of interest are columns 6 and 8. The
baseline of the IR signal is subtracted from column 8. Then, the data are
normalized so that the sum of the IR signals is unity. This yields TREF

profiles with all the same area.

_(ATHUR) IR (3.1)

IR
" Y ATIR Y IR

Fquation 3.1 shows how the IR data are normalized. IR, is the
normalized IR signal; IR representi the IR signal, AT is the temperature step
between two IR values and subscript i represents the individual data points.
Once the data are normalized. the TREF profiles can be obtained by plotting

the normalized IR signal versus the elution temperature (column 6).
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For preparative TREF. the data processing was more laborious and
involved several steps. The data of interest are in columns 1, 6 and 8. The
first step of the data processing was to subtract the baseline from the IR
signal. The next step was to isolate the data of the elution peak of each
temperature interval, calculate the area and obtain the fraction of polymer
eluted for each temperature interval. The peaks were isolated manually by
looking at the values of the IR signals as a function of time and temperature.
The weight fraction of each temperature interval was calculated by dividing

the area of each peak by the sum of the area of all the peaks.

The data needed to produce the 3-D profiles of the cross fractionation
are the temperature intervals, the weight fraction of each interval and the
molar mass distribution of the TREF fractions. The MMD were obtained
from ASCII files produced by the data acquisition system of the SEC
apparatus. The 3-D profiles were constructed using the Axum software. The
MMDs obtained from the SEC were normalized by areas. To produce the 3-
profile, the values of the MMDs were multiplied by the corresponding weight
fraction of the temperature interval. This way. the areas of the MMD were
normalized according to the weight fraction of the temperature interval. A
routine was written within Axum to perform all the transformations to

produce the 3-D profiles. More details are given in Appendix C.
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3.6 Calibration curve for TREF

The primary clution curve (IR signal versus elution temperature) is
adequate for comparing polyethylene samples and observing trends.
However, it is also interesting to transform the raw data from TREF into a
short-chain branching (SCB) distribution. From the SCB distributions, 1t 1s
possible to calculate the molar or the mass concentrations of the comonomers
in the LLDPE. To obtain quantitative information about SCB concentration

from TREF. a calibration relating SCB concentration to elution temperature

is required.

Many methods have been used to generate the TREF calibration curve
(Bergstrom and Avela 1979, Wild et al. 1982, Nakano and Goto 1981, Usami
ot al. 1986, Kelusky et al. 1987, Karbashewski et al. 1992, and Pigeon and
Rudin 1994). In all these methods, PTREF has been used to generate
fractions for which the SCB concentration were measured. The SCB
concentrations of the TREF fractions are usually obtained by FTIR or ¥C
NMR. A calibration curve is then produced by plotting the elution
temperature of the TREF fraction as a function of the SCB concentration,
usually a linear relationship is used to fit the data. Calibrations have been
produced using various type of polyethylene (HDPE, HP-LDPE,
ethylene/butene, ethylene/octene LLDPE) and various solvents (TCB, o-DCB,

o-xylene and a-chloronaphthalene).

A novel calibration for TREF has been introduced by Bonner et al.
(1993). This method is based on the length of the crystallizable sequences
between SCB, commonly referred to as the methylene sequence length (MSL).

The relationship between the MSL and dissolution temperature closely
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follows the relationship between melting temperature and chain length.
Therefore, 2 derived form of the Flory melting equation (Equation 2.18) can be
used to fit the experimental data points relating MSL to elution temperature.

The data points are obtained by cluting sample with known MSL. in TREL.

In linear polyethylene, the methyl groups at the end of the molecules
behave like short-chain branches. If the molar masses of the linear molecules
are low enough (molar mass < 10000), the crystallizable sequences between
the methyl groups are sufficiently short to use TREF to produce a separation
by molar mass. Therefore. data points for calibration can be obtained by
eluting linear samples with known molar mass. The MSL is calculated from
the molar mass using:

-2
msp - 2M 2 (3.2)
14

where MM is the molar mass of the polymer.

The samples used for the calibration were linear paraffin (Cw and Cw),
three narrow MMD linear polyethylenes from the National Bureau of
Standards and TREF fractions from a laboratory-produced HDPE (run
#GC93048) having a broad molar mass distribution. The molar mass, MSL
and the elution temperature of the various samples are shown in Table 3.4
and Table 3.5. The elution temperatures shown in Table 3.4 were measured
at the half width of the elution peak. The TREF fractions of the HDPE were
produced by performing PTREF on a 100 mg sample.  The elution
temperatures of these fractions were the average temperatures of the
intervals. The molar masses from the TREF fractions of HDPE (093048

were obtained by SEC.
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Table 3.4: Standards for TRICE calibration curve

Standard Molar mass MSL Elution
temperature

(°C)
Tetracontane 562 40 29.0
Hexacontane 842 60 52.5
SRM 1182 13600 971 95.3
SRM 1183 32100 2286 97.8
SRM 1184 119600 8500 99.5

Table 3.5:

Properties of TREF fractions from HDPE GCO3048

Fraction Temperature M. Pa MSL Elution

range temperature
(°C) °C)

Il 30-60 1101 1.13 79 15

12 60-70 1794  1.14 128 65

F3 70-75 2368 1.12 169 72.5

I 75-80 3035 1.13 217 7.5

I'5 80-85 4086  1.14 292 82.5

6 85-90 6014 1.15 429 87.5

K7 90-95 11296 1.29 807 92.5

90



Figure 3.12 shows MSL as function of the elution temperature. The
line represents the calibration curve obtained by fitting Equation 2,18 (o the
data points. Values obtained for 7" and ¢ from the curve fitting ave 37347 K
and 6.91x10-3. It can be seen that the fitted curve is n excellent agreement

with the experimental data points.
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Figure 3.12: MSL versus elution temperature
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From their experiments, Bonner et al. (1993) obtained 382.5 K for Tu""’
and 6.36x10 for c. The differences in the parameters may be due to the use
of a different solvent and from the definition of the elution temperature. For
their calibration, Bonner et al. (1993) used the temperature at which the last
trace of polymer had been seen to elute as the elution temperature. The
problem with this way of evaluating the elution temperature is that it is more
sensitive to the hydrodynamics of the column and to dissolution problems.
Therefore it is more difficult to obtain reproducible measurements. The
average temperature measured at the half width of the elution peak gives a
better representation of the elution temperatures. The values of the elution

temperatures are more reproducible.

One of the limitations of the method is the lack of suitable standards.
It is difficult to find a series of linear polymers that will cover the whole range
of eluticn temperature. The only available standards are paraffin and narrow
molar mass polyethylenes from the National Bureau of Standards (SRM
1482, 1483 and 1484). These standards cover only the low and the high
elution temperatures. It is very difficult to find standards for temperature
ranging from 60 to 95°C. However, the use of TREF-SEC cross fractionation
on a HDPE with broad MMD allows the generation of samiples for these
intermediate temperatures. This new method of generating “reference

standard” is a great asset to the calibration curve developed by Bonner et al.

(1993)

Since the main interest of ATREF 1is to measure branching
concentration (or comonomer incorporation), it is more meaningful to
translate the MSL data in terms of branching concentration (CH:3/1000C).
This can be done easily by using the following relationship:
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CH,/1000C = 2000 (3.3)
MSL

The calibration curve generated using this relationship is shown
Figure 3.13 and it is also compared with data points available in the
literature. From this figure it can be seen that the calibration cwve
generated from MSL is in agreement with the data points obtained from
various authors. These data were generated from FTIR or “C NMR
measurements on TREF fractions from ethylene/butene LLDPE produced in
gas phase. The data follow the same trends but have an offset. These
differences may be due to the use of different solvents and from the definition
of the elution temperature. The size of the temperature interval in PTREF

can also influence the results.

In the case of Usami et al. (1986) and Pigeon and Rudin (1994), large
temperature intervals were used. The use of large temperature intervals
reduces the accuracy of the results. The measurements of methyl group
concentration give an average value for the temperature interval. The elution
temperature corresponding to the methyl group concentration measured is the
average value of the temperature interval. If large temperature intervals are
used, the average temperature is not necessarily the temperature
corresponding to the average methyl group concentration. For instance, if
most of the polymer species were dissolved at the highest temperature of the
interval, the elution temperature corresponding to the measured methyl group
concentration of the interval should be higher than the average temperature of

the interval.
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Figure 3.13: Comparison of calibration curve generated from the
MSl-clution temperature relationship with data obtained from
difterent authors using various solvents and analvtical techniques:
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The method used in this work to generate the TREF calibration curve
has many advantages over the conventional method. The calibration is based
on a theoretical development and it produces a curve that follows the trends of
the experimental data points over the range of the operating temperatures.
The non-linearity in the CHa:-elution temperature relationship at high elution
temperature is ignored by the linear approach of Cllx versus elution

temperature.

The MSL versus temperature relationship can explain the shapes of
the TREF profiles. In a typical TREF profile of LLDPE, the peak at the low
elution temperatures is always broad and the peak at high temperature is
always narrow. The shape of the high temperature peak is explained by the
insensitivity of TREF to MSL at high temperature. Materials with large
difference in MSL elute practically at the same temperature. However, TREF
is very sensitive to MSL at low temperature. Therefore, a branched polymer
with a narrow SCB distribution can be eluted over a wide temperature range

producing a broad peak.

Another advantage of the current calibration method is that the
equipment needed to generate the calibration curve 1s the same as the one
used for TREF-SEC cross fractionation. The calibration is achieved by
performing a cross fractionation on a linear polyethylene with broad MMD

and by eluting some standards using ATREF.

Besides all these advantages, this method for generating calibration
for TREF has also some limitations. This calibration cannot be valid for all
types of PE. As suggested by Karbashewski et al. (1993), TREF is sensitive Lo

the effective rather than the average branching concentration. Therefore, this

95



calibration would be more accurate for random copolymer. To use this

calibration curve, it must be assumed that the branches have a random

distribution.

Another shortcoming of this calibration procedure is that the
calibration curve is generated using a linear polyethylene sample. The methyl
end groups were taken as short branches. The length of the side branches can
affect the elution temperature (Wild 1990). Consequently, an error can be
introduced in measurements made on ethylene/a-olefin LLDPE or other types
of comonomer that have longer branches. However, the effect of the branch

size has not been studied in detail (Wild, 1990).

The range of reliable application of the MSL equation has been
discussed by Bonner et al. (1993). It is suggested that the MSL analysis
might become invalid for MSL above 250. For values higher than 250 it is
impossible to say whether or not the elution is controlled by short-chain
branching because of chain folding. It is noi known when chain folding occurs
in TREF conditions (Bonner et al. 1993). Nevertheless, the results in Figure
3.12 indicate that the MSL temperature relationship gives a good
representation of the experimental data. Figure 3.13 also shows that the
relation for methyl group concentration versus temperature calculated from
MSL. is in agreement with experimental data obtained using FTIR and ¥*C

NMR.
Finally, it can be suggested that this calibration curve be used as a

default when no other methods are available. This method yields a good

estimation of the methyl group concentration. The best calibration curve is
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obtained by performing *C NMR or FTIR on TREF fractions of the type of

polymer to be studied.
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4. Results and Discussion

The purpose of this project was to investigate the effect of H2 and 1-
butene concentrations on molar mass and chain branching distributions of
laboratory produced ethylene/1l-butene LLDPEs. The objective of the project
was achieved by performing ATREF and TREF-SEC cross fractionations on
the LLDPEs. The results of this study are presented in the five sections of
this chapter. The effect of 1-butene concentration on MM and SCB
distributions is presented first for the 1-butene series of experiments,
followed by the effect of H: on the properties of LLDPEs. This is followed by a
discussion of the validity of the results from the 1-butene and the Hb- series.
Finally, preliminary results of analytical TREF of ethylene/vinyl acetate
copolymers and ethylene/vinyltrimethoxysilane copolymers are presented in
the last two sections. Details regarding the reaction conditions for production
of the polymer are given in Appendix A, and conditions for the TREF

experiments are given in Appendix B.

4.1 1-Butene series

The results from the 1-butene series come from the analysis of a series
of ethylene/1-butene LLDPEs produced at various 1-butene concentrations in
a gas phase semi-batch reactor over a commercial bisupported Ti catalyst.
The cocatalyst was tri-n-hexylaluminum (TNHAL). The 1-butene
concentration in the reactor ranged from 0 to 30 ml precharged (0 to 100 ps1)
and the sum of ethylene and 1-butene partial pressure was kept constant at
200 psi. The H: partial pressure was 100 psi for all experiments in this

series. The length of the copolymerization was 2 hours and the temperature
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was maintained to 70°C. More details about the operating conditions are

given by Huang (1995).

4.1.1 ATREF of 1-butene series

Analytical TREF analyses were used to obtain branching distribution
as a function of 1-butene concentration in the reactor. The ATREF analyses
were performed using the conditions described in Chapter 3. A list of the
TREF experiments and their corresponding operating conditions is given in

Appendix A and B.

Figure 4.1 shows the ATREF profiles as a function of the amount of
liquid 1-butene precharged in the reactor. The areas of the TREF profiles
were normalized and the TREF profiles are off-set for clarity. The TREFK
profile for a polymer produced at the same conditions but without 1-butene
present is displayed separately in Figure 4.2. It can be seen from the TREF
profiles in Figure 4.1 that the amount of material that cluted at low
temperature increased with increases in 1-butene concentration. In LLDPEs,
the SCBs are produced by the incorporation of an a-olefin. An increase of 1-
butene incorporation produces an increase of branching concentration, which
explains the previous observation. The ATREF profiles clearly show that
increasing 1-butene concentration increases the incorporation of I-butene in
the polyethylene. The mass ratio of comonomer to homopolymer in the
LLDPEs changes from 1 to 13.3 while increasing the 1-butene concentration
from 5 to 30 ml precharged. Homopolymer is the fraction of polymer which

eluted at temperatures above 95°C.
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The shapes of the TREF profiles are also of interest. Bimodal
branching distributions can be observed in Figure 4.1 for the TREF profiles of
the low 1-butene concentration samples (5 and 10 ml precharged). The
himodal distribution is a common characteristic of LLDPEs. The bimodal
distribution is composed of a narrow peak at high temperature and a broad
peak at lower temperature. The high temperature peak corresponds to
homopolymer of ethylene and the low temperature peak corresponds to
ethylene/1-butene copolymer. At higher 1-butene concentrations (20 to 30 ml
precharged), the bimodal distribution became trimodal with two broad peaks
for the ethylene/1-butene copolymer and a narrow peak at high temperature
for the homopolymer of ethylene. The ATREF profile with an expanded
ordinate for the 30 ml 1-butene run is shown in Figure 4.3 to more clearly
show the multimodal character of the ATREF profiles obtained at high 1-
butene concentration. Trimodal distributions have also been observed by

Mirabella and Ford (1987) and Hosoda (1988).

The multimodality of the TREF profiles is usually explained by
multiple active sites in supported catalysts. The TREF profiles of the 1-
butene series suggest that two sites copolymerize ethylene and 1-butene with
different rates, and a third site is responsible for the homopolymerization of

ethylene.
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The TREF profiles of the 1-butene series can be used to evaluate the
reactivity ratios of the various sites of the supported catalysts. The reactivity
ratios can be caleulated from the average branching concentrations for each
site and the comonomer concentrations in the reactor for a set of experiments
(see Section 2.1.4). The average branching concentration of each site can be
obtained from the deconvolution of the branching distributions obtained by
TREEF. Husoda (1988) used Poisson distributions to deconvolute the trimodal
branching distribution of a LLDPE and obtained the average CH:/1000C for

each peak.

The deconvolution of the branching distributions of the 1-butene series
has been attempted. The attempt failed because of the lack of a suitable
function to deconvolute the profiles and the impossibility to distinguish the

two low temperature peaks in most samples.
I

The ATREF profiles can be transformed in branching concentration
plots (amount of polymer as a function of degree of branching) by using a
calibration curve such as the one shown in Figure 3.13. Figure 1.4 shows the
branching distribution of the 30 ml 1-butene sample. The shape of the
distribution is close to a reversed version of the ATREF profile shown in

[Figure 1.1

The TREF calibration curve was used to evaluate the average
hranching concentration and the amount of 1-butene incorporated in the
polymer backbone. The values for the 1-butene series are shown in Table 4.1.
The contributions of the methvl groups ending the polymer chains were
neglected.  The branching concentration increases from 2.3 to 22.4 with an

increase in 1-butene precharged from 5 to 30 ml. The weight fractions of the
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1-butene incorporated in the polymers are relatively small. The amount of 1-

butene incorporated varies from 0.9 to 9.0 mass®o.
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Figure 1.4: Branching distribution for the 30 m! L-hutene LLDEPI



Table 1.1: Uranching concentrations and 1-butene

consumptions in the I-butene sertes,

i-butene 1-hutene content 1-butene % of 1-butene
precharged of LLDPEK consumed consumed
(m! ol hq) crr/1oo0¢ (mass%) (ml of liq.)
D 24 0.9 0.9 18
10 6.0 24 2.8 28
20 15.1 5.0 6.9 35
30 221 9.0 7.4 25

The amounts of 1-butene consumed during the polymerization are
listed in Table 4.1; they were calculated from the branching concentrations
and the amount of polvmer formed during each run (see Table A.2 in Appendix
A for yield). The amount of 1-butene consumed was between 0.9 and 7.4 ml.
These results indicate that 18 to 35% of the 1-butene initially injected was

consumed during the runs.

The relation between the branching concentration and the amount of 1-
butene precharged is shown in Figure 4.5. It can be seen that the branching
concentration is a linear function of the 1-butene concentration. The

regression line has a slope of 0.82 CHy/1000C per ml of liquid 1-butene

precharged.
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4.1.2 TREF-SEC cross fractionation of the 1-butene series

TREF-SEC cross fractionations were done on the 1-butene series to
obtain the MMDs as a function of the branching concentration. During the
cross fractionation procedure, 8 or 9 TREF fractions were collected using the
PTREF procedure described in Section 3.4.2.2. SEC analyses were performed
on each fraction. The results can be presented as 3-dimensional plots
showing combined branching and molar mass distributions of the LLDPEs.
Figures 4.6 and 4.7 show such 3-D plots generated from the cross
fractionation of the 5 and 20 ml 1-butene LLDPEs from the 1-butene sernies.
The shapes of the TREF profiles can be seen in View 1 of both figures. The
shapes of the profiles are similar to the ones obtained using ATREF. A
trimodal distribution is observed for the sample made with 20 ml 1-butene

recharged.

View 2 of Figures 4.6 and 4.7 shows the molar mass (MM) as function
of elution temperature. It can be seen from both figures that an increase of 1-
butene concentration in the reactor does not have a significant effect on the
MM of the LLDPEs. The MMDs of the various TREF fractions remained at
the same relative positions. However, the MMs of the TREF fractions are
increasing as the elution temperature increases. This means that the MM
increases with a decrease in branching concentration. This observation has
been reported in many papers (Wild and Ryle 1982b, Mirabella and Ford
1987. Hosoda 1988, Karbashewski et al. 1992 and Barbatala et al. 1992).
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The MMDs of a low temperature fraction (70-80°() and a high
temperature fraction (95-100°C) for the 5 and 20 ml I-butene are displayed
in Figures 4.8 and 4.9. The distributions for the two samples have some
common features. In both cases the high temperature fraction exhibits a

narrow MMD and the low temperature fraction exhibits a bimodal MMD.

By using the Peakfit software, the MMDs obtained from the cross
fractionation were deconvoluted using Gaussian distributions. Samples of
these deconvolutions are shown in Figures 4.10 to -1.13. The results show that
two Gaussian curves were needed to fit the MMDs for the low temperature
TREF fractions and only one Gaussian curve was usually needed to fit the
MMDs of the high temperature fractions. In some cases, as in Figure 4,13,
there was a high MM tail such that the entire MMD could not be completely
described by a single Gaussian curve. These results are in agreement with
the ATREF profiles which suggest that two types of catalytic sites
copolymerize ethylene and 1-butene and one type of site produces the ethylene
homopolymer. The MMDs of the low temperature fractions are broader or
bimodal because the copolymer is produced by two types of active sites. The
MMDs of the high temperature TREF f{ractions are narrow and unimodal

because the homopolymer is produced by only one type of catalytic site.
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Figure 1.8: MMD of two TREF fractions of the 5 ml I-butene LLDPE
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4.2 Hydrogen series

The samples for the H. series came from of a series of ethylene/1-
buiene LLDPEs produced at various H: concentrations in a gas phase semi-
batch reactor over a commercial bisupported Ti catalyst. The cocatalyst was
TNHAL. For all the runs in the H: series, 10 ml of liquid 1-butene was
precharged (=35 psi) to the reactor, and the ethylene partial pressure was 165
psi for all the polymerization runs. The Ha partial pressure was varied from 0
to 300 psi in the various runs. The length of the copolymerization w 1s 2 hours
and the temperature was maintained to 70°C. For more details about the

copolymerization runs see Appendix A and Huang (1995).

4.2.1 ATREF of hydrogen series

ATREF analyses were used to obtain the branching distribution as a
function of the H: partial pressure. The ATREF analyses were performed
using the conditions described in Chapter 3. The TREF profiles for the Ho
series are shown in Figure 4.14. The profiles are off-set for clarity. It can be
seen in this figure that Ha partial pressure does not have much effect on the
branching distribution for H: pressures up to 200 psi. The copolymer-
homopolymer ratios of the LLDPEs were between 0.6 and 1.3 for the samples
with H. partial pressure less than or equal to 200 psi. The TREF profiles of
these samples are bimodal with one broad peak at low temperature and a

narrow peak at high elution temperatures.
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For the samples with a He partial pressure higher than 200 psi. the
shape of the TREF profile changed. More material appears at low elution
temperatures and at 300 psi. the profile is trimodal. There are two broad
peaks at low temperature and a narrow peak at high temperature as observed
in the 1-butene series. The TREF profiles of the 250 and 300 psi H: LLDPEs
suggest that the increase in the Ha partial pressure produced an increase of
comonomer incorporation in the LLDPE. The copolymer-homopolymer ratios

for the 250 and 300 psi samples were 1.6 and 2.0.

Figure -1.15 shows the effect of Ha on the branching concentration of the
1.LDPE. The branching concentrations were obtained from the TREF profiles.
The results indicate that H. does not have a significant effect on the
comonomer incorporation. The points are very scattered. However, it can be
seen that at high He pressures (250 and 300 psi) there is a trend toward
higher branching concentrations. The line in Figure 4.15 is a linear regression

line for the 15 data points.

The results from the copolymerization runs show that the rate of
copolymerization decreases with an increase of H: partial pressure. The
increase of comonomer incorporation observed for the high H: partial
pressures can be explained by H: decreasing the rate of polymerization over
the sites responsible for the homopolymerization more than over the sites
responsibie for the copolymerization. Therefore. the relative amounts of
ethylene/1-butene copolvmer and ethylene homopolymer changed with

changmg L. pressure.
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4.2.2 TREF-SEC cross fractionation of H: series

TREF-SKEC cross fractionations were performed on the H: series
samples to obtain the MMD as a function of the branching concentration. The
effect of H. partial pressure on the MM of the P1REF fractions is shown in
the 3.-I) profiles plotted in Figures 4.14 to 4.16. Three representative
samples, made at low, medium and high H. pressure (40, 150 and 300 psi).
were chosen to describe the effects of H: partial pressure on the MM and

MMD.

View 1 of the series of figures shows the shape of the TREF and MMD
profiles of the samples. It can be seen that the shapes of the profiles are in
agreement. with the ATREF profiles presented in Figure 4.14. The 3-D
profiles show a bimodal branching distribution for the 40 and 150 psi H:
samples and a trimodal distribution for the 300 psi Hz sample. The trimodal
distribution is less visible in the 3-D profile because of the lower resolution of

PTREF.

View 2 of the same figures highlights the effects of H: partial pressure
on the MM and MMD of the TREF fractions of the LLDPEs. H: does not
affect the MM of the LLDPEs uniformly. In Figure 4.16, the MMD of all the
TREF fractions are similar. However, as the H: partial pressuire increases
the MMDs of the low temperature fractions shift to the left of the high
temperature MMDs (Figure 4.17 and Figure 4.18).
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Figure 4.19 to Figure 4.21 show the MMD of a low temperature fraction
(70-80°C) and a high temperature fraction (95-100°C) for the runs at 10. 150
and 300 psi H. These figures clearly show that hydrogen is a much more
effective chain transfer agent for the copolymerization sites than for
homopolymerization sites. The MMD of the low temperature TREF fractions
(70-80°C) move toward lower MM as the H: partial pressure increases.
However, the MMD of the high temperature fraction remained at the same
position. The trend for low temperature fractions to have lower MM than the

high temperature fractions is again observed for the Ha series.

The shapes of the MMDs of the Ho series are comparable to the 1-
butene series. The low temperature fractions have bimodal MMDs and the
high temperature fractions have narrow MMDs. As with the 1-butene series.
two (Gaussian functions are needed to fit the low temperature MMDs and only
one is needed to fit the high temperature fractions (see Figure 4.22 and Figure
4.23).  Therefore, the belief that two sites are responsible for the
copolymerization of ethylene and 1-butene and only one site polymerizes
ethylene is corroborated. The above mentioned effect of hydrogen chain
transfer termination implies that the catalytic sites responsible for
copolymerization are much more sensitive to hydrogen termination than the

sites responsible for homopolymerization.
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Figure 4.24 shows the effect of H: on M. for high and low temperature
PTREF fractions. The low temperature fraction consists of ethvlene/t-butene
copolymer and the high temperature fraction is essentially  ethylene

homopolymer. The M. were normalized with respect to the My at 10 psi H.

At low Ha. partial pressures (P2 <50 psi). the effeet of He on My was
very strong. There was a sharp decrease of M. with an increase of 1. partial
pressure for both high and low temperature PTREF fractions. At 50 psi, My
for both fractions had decreased to about 45% of their initial values at Piz of
10 psi. At Ha pressures higher than 50 psi, H. affects the MM of the TREF
fractions differently. The molar mass of the high temperature fraction does
not change significantly with increasing hydrogen pressure. It remains at
about 40% of its initial value. However, the MM of the low temperature
fraction continues to decrease linearly while increasing H: partial pressure.
The M. at 300 psi is about 15% of its initial value. These results show that
H- is a better chain transfer agent for the copolvmer than the homopolymer

fraction of the LLDPEs.

The amounts of H» consumed during the polymerization experiments
were calculated and the results are shown in Table 4.2. The H. consumptions
were calculated from the molar masses and the amounts of polymer formed
(see Table A.1 for yield). It was assumed that one H: molecule was consumed
per polymer molecule formed. The initial amount of H: in the reactor was
estimated by using the ideal-gas equation. No H: was fed to the reactor
during the polymerization. The results in Table 4.2 show that the H:
consumption is very low. The maximum percentage of H: consumed is 3.3% at
10 psi. Therefore, the sharp decrease of M« at low H: pressures is not

resulting from a lack of H.in the reactor.
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Table 4.2: Percentages of L consumed during the polymerization

H. “of 11
(Pst) | consumed
10 1.3
20 2.8
30 1.3
40 1.2
60 1.4
80 1.0
100 1.0
150 1.3
200 0.9
250 0.6
300 2.8
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4.3 Validity of the TREF-SEC results

When performing ATREF and PTREF on the LLDPEs. one concern is
the validity of the results. For samples with high branching concentration, 1t
is possible that some of the polvmer did not crystallize. Therefore. these
fractions would not be present in the TREF profiles. The total areas under
the TREK profiles can be compared to verify if the amounts of polymer eluted
remained relatively constant. The total area under the TREF profile 1s
proportional to the total amount of polymer that has eluted from the TREF

column.

The areas of all the ATREF and PTREF profiles obtained for the H»
and 1-butene series were calculated and normalized with respect to the mass
of polymer used in preparing the TREF samples. This way. all the areas can
be compared on the same basis. Figure 4.25 shows a plot of the areas as a
function of the average methyl group concentration of the samples. The values
of C'11./1000C for the PTREF runs were obtained from the ATREF profiles. It
can be seen in Figure 4.23 that 1l the runs for the 1-butene series, except the
one with CH./1000C of 22.4, have essentially the same area. The lower area
for the most highly branched sample could be due to the loss of some non-
crvstallized veiy highly branched material. This loss would have occurred

during the transfer of sample to the TREF column (see Sectior. 3.4.1).

It is also interesting to observe that the areas of the 1-butene series
are. on the average, about 10% higher than the areas of the H. series. The
differences may have been caused by a small change in the setting of the IR
detector wavelength. Between the time at which the 1-butene and H: series

were analyzed, other characterizations were performed using a different
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wavelength. A small difference in the wavelength setting might have occurred
when the setting was returned to its original value of 3.38 pym. The resetting

may not be exact because the setting is done with an analog dial.

Table 4.3 and Table 4.4 show the average values of the areas and their
standard deviation based on 3 repeated analyses for the ATREF runs. It can
be seen in these tables that the samples with low branching concentrations
have higher standard deviations. The TREF profiles of these samples were
less reproducible and there was also some dissolution problems at high
temperatures. However, it is important to point out that when the areas were
narmalized to unity, the distributions were very reproducible even if the areas

were different.

Table 4.3: \verage area and standard deviation

of the ATREEF profiles for the 1-butene series

1-butene Sample CH./1000C Average area Std dev
(ml) (mV s/mg) (mV s/mg)
0 GOO1048 0.1 990 143
) GCH3049 2.3 1018 213
10 GCO30H1 6.0 984 60
20 93000 151 1052 13
30 GOO3047 22.4 653 52

TREF-SEC cross fractionation involved the recovery of many fractions
from the LLDPEs and the measurement of their MM using SEC. With all the
steps involved in this procedure, some error can be introduced in the process.
One way to verify the results from the TREF-SEC cross fractionation is to
reconstruct the overaii MMD of the LLDPEs and compare it with the MMD

measured by SEC on the whole sample.
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Table 4.4; Average Area and standard deviation

of the ATREF profiles {or the Hy s evies

H2 Sample CH/1000C Average area Std dev
(psi) (mV s/mg) (mV s/mg)
10 93028 75 863 230
GCH3032 6.0 999 110
20 (193025 7.1 9 ]9
;193030 6.0 1026 217
GCH3036 5.H 805 122
30 (:(CH3031 3.7 303 133
40 GCO302% 7.7 813 152
60 GCH3038 6.1 838 115
80 GCI3039 6.9 935 S84
100 GCH3040 8.2 872 a8
150 G Y3045 4.0 8412 06
200 GCH3043 3.5 8749 1t
250 G CH3046 79 833 125
300 (930441 12.2 7506 20)
GCH30H7 11.5 801 257

Figures 4.26 and 4.27 show the reconstructed MMDs of the 5 ml and 30
ml 1-butene LLDPEs. The MMDs were reconstructed by using the fitted
curves from the MMDs of the individual TREF fractions. The MMDs were
normalized using their corresponding weight fractions calculated from the
cross fractionation. The distributions were normelized to have the same

areas.
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Figure 4.26: Reconstructed MMD of the 5 ml I-butene LLDPE
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For both samples. there is excellent agreement between the
reconstructed MMD and the experimental distribution obtained from SEC.
Similar results were obtained with other samples. The agreement between
measured and reconstructed MMDs is excellent considering all the steps
involved in the cross fractionation, in which some material could have been
lost in addition to errors involved in fitting the MMDs. However, it can be
seen in Figure 4.27 that for the sample with the high 1-butene content there is
some low molar mass material missing in the reconstructed distribution.
Branched materials with low molar mass were so easy to dissolve that they
remained in solution. Therefore, all this material was washed away while the
column was being filled. When we compare the total TREF areas in Table 4.3,
it is seen that the total area under the TREF curve for the sample with the

high branching concentration is about 35% smaller than all the other areas.

Separation by molar mass in TREF is a concern when performing
TREF-SEC cross fractionation. As discussed in the previous chapter, if the
molar mass of the polymer is lower than 10, 000, then separation by molar
mass occurs in TREF. Separation by MM in TREF was investigated by
performing a cross fractionation on a large sample (100 mg) of ethylene
homopolymer with a broad molar mass distribution. The MMDs of the
PTREF fractions eluted at temperatures lower than 95°C are shown in Figure
4.28. It can be seen that TREF produces a good separation by molar mass for
the low MM material. The MMDs of the TREF fractions shown in this figure
represent about 10 mass® of the whole LLDPE. The MMDs are very narrow
with polydispersities of about 1.15 for all fractions except for the 90 to 95°C
fraction which had a polydispersity of 1.29. These results were also used to

generate some of the samples for the TREF calibration curve (see section 3.6).
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Separation by molar mass in TREF can modify the shape of the MMDs
of the low temperature TREF fractions. Figure 4.8 is a good illustration of
this problem. If the MMD of the low temperature fraction of this figure is
compared with the one in Figure 4.9, it can be seen that the bimodal character
of the distribution was exaggerated in Figure 4.8. This exaggeration occurred
at a MM of about 3000, and it. was caused by MM separation in TREF. It can
be seen in Figure 4.28 that polymer with MM of about 3000 elutes in the 70-
80°C interval. The effect of separation by MM in TREF is visible in the 5 ml
1-butene sample because the polymer that has eluted in that temperature
interval represents only 7 mass% of the whole LLDPE. It was not visible for
the 20 ml 1-butene sample because the same temperature interval represents
20 mass% of the whole LLDPE. The weight fraction of low MM polymer is
usually very small compared to the weight fraction of the branched material.

Therefore, this problem only appears for polymers with low branching

concentration.
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4.4 ATREF of ethylene/vinyl acetate copolymers

Ethylene/vinyl acetate (EVA) copolymers are semicrystalline materials
that can also be characterized by TREF. Characterizations of KVA
copolymers were reported by a few authors (Wild and Ryle 1982a, Kelusky ot
al. 1987 and Wild and Blatz 1992b). These copolymers are produced by free

radical polymerization in high pressure processes.

A series of EVA copolymers obtained from AT Plastics were
characterized by TREF in this project. The names and VA content of the
sample investigated are given in Table 4.5. The VA content of the copolymers
varied from 9% to 28% by mass. The TREF profiles of these samples are

shown in Figure 4.29.

Table 4.5: Deseription of the EVA copolymers

Sample Name VA content

{(mass®o)

FVA-A 9

EVA-B 16
EVA-C 18
EVA-D 28

As expected, the TREF profiles of the EVA copolymers have shapes
similar to the HP-LDPE. The TREF profiles of the EVA copolymers have a
unimodal distribution which is a common feature of polymer produced by high
pressure processes. It can also be observed that increasing the amount of VA
in the copolymer increases the branching concentrations. Therefore, KEVA

copolymers with higher VA content elute at lower temperature.
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Figure 4.29: TREF profiles of EVA copolymers
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It 1s also interesting to observe that TREF has a lower resolution for
the high VA content. This is explained by the shape of the MSL-elution
temperature relationship (see Chapter 3). As the MSL decreases, the slope of
the MSL curve tends toward zero. Therefore, a small change in branching

concentration will be spread out over a large temperature interval.

The average branching concentrations cf the copolymers were computed
and estimations of the EVA content were obtained. The results are shown in
Table 4.6. The vinyl acetate content was estimated from the CIl; content and

the assumption that all the branches are due to acetate groups.

Table 4.6: Average hranching concentration and estimated

VA content of the KV copolymers

Sample CH./1000C “stimated VA content
(mass’s)
EVA-A 228 12.8
EVA-B 39.2 20.7
EVAC 50.7 257
EVA-D 63.8 30.9

The VA contents of the copolymers were evaluated using Equation 4.1,
where [CHas] 1s the average branching concentration of the copolymer in Cll:
groups per backbone carbon. The numerator is the molar mass of VA
multiplied by the branching concentration; the denominator represents the
mass of the copolymer chain. Equation 4.1 is only valid for linear chains.
Therefore, it is not necessarily valid for this type of copolymer produced in a

high pressure process.
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0.086 x[CH,]
VA(mass%) = x 100 (4.1
14 + 0.059 =[CH, ]

Figure 4.30 shows the relationship between the real VA content and
the values estimated using TREF and Equation 4.1. The two sets of data
follow a linear relationship. The calculated values of VA content are
consistently higher than the actual VA content. This is because the CH;
concentration is not only due to vinyl acetate groups but also due to some
regular side branching in the EVA molecules. The linear fit to the calculated
versus the actual VA content shewn in Figure 4.30 has an intercept of 5.68:
this intercept value corresponds to a CH; concentration of 9.6 CH:/1000C.

This value is the same as the typical value of 10 CH+/1000C obtained from
TREF of HP-LDPE.

The distribution of the VA monomers in the LDPEs was obtained by
performing ATREF on an EVA copolymer with the IR detector set to detect
the absorbance of the carbonyl groups of the VA comonomers. The wavelength
corresponding to the carbonyl groups is 5.71 pm. TREF profiles of EVA-B
obtained by using two IR wavelengths are shown in Figure 4.31. The areas of
the two profiles were normalized. The signal of the 5.71 ym TREF profile is
very weak and noisy because the absorbance wavelength of the carbonyl group
is on the shoulcer of one of the solvent absorbance wavelength. It can be
observed that the VA comonomers have a uniform distribution in the LDPE.
Both profil?s are similar in shape. Therefore, the VA comonomers were
incorporated uniformly in the LDPE. Additional work with TREF, using
solvents other than o-DCB, should be done to obtain mcre reliable TREF

characterization of EVA.
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4.5 ATREF of ethylene/vinyltrimethoxysilane (VI'MOS) copolymers

Ethylenevinyltrimethoxysilane (VTMOS) copolvmers are
semicrystalline materials that can also be characterized by TREF. As with
the EVA copolymers. these copolymers are produced by free radical
poiymerization in high pressure processes. The chemical formula of VIMOS
15 H.C=CIIS1i(OCHzs): and it has a MM of 148. Two cthvlene/VTMOS
copolymers were investigated: VIMOS-A and YTMOS-B. These copolymers
comsCired 2.0 and 1.7 mass% VIMOS.  ‘the TREF profiles of these

¢svolvmers are shown in Figure 4.32.

The TREF wnrofiics of the twe ethylene/NTMOS copolymers are very
sinilar since they have alwrst the same comonomer content. The shape of
‘the TREF profiles is typical of a HP-LDPE with a unimodal distribution.
Bott: prefiles show a little shoulder on the right side of the distributions. I is
also interesting to notice that the sample with the lower VIMOS content has

a slightly higher branching concentration.

The IR absorbance of sample VTMOS-A in 0-DCB was scanned to sce if
other wavelengths could be used for ATREF. Unfortunately, the scan did not.
reveal an other usable frequency. The problem is the solvent (o-DCB) has too
many absorption peaks in the area of interest. It would be interesting to {ind

another solvent which does not mask the IR absorption of VI MOS.
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5. Conclusions and Recommendations

The effects of Hs and 1-butene concentrations on the SCB and MM
distributions of laboratory produced LLDPEs were investigated in this study.
The LLDPEs produced in a gas phase semi-batch reactor over a commercial
bisupported Ti catalyst were characterized using ATREF and TREF-SEC
cross fractionation. To achieve this task, several modifications were made to
the TREF apparatus which enhanced its reliability and operability. A
method for PTREF was developed to generate fractions for analysis by SEC to
obtain the MMDs as a function of TREF elution temperature. On the basis of
the results from these experiments it is concluded that the modifications
made to the equipment and the developed procedure produces reliable data.
The reconstructed MMDs of the whoie LLDPEs show that the results

obtained from TREF-SEC cross fractionation are reliable.

The results from the ATREF analysis on the 1-butene series show that
the comonomer incorporation in the ethylene/l-butene LLDPE is a strong
function of 1-butene concentration in the reactor. The average branching
concentration increased linearly with increasing 1-butene concentration. *m
the basis of the results from the ATREF analysis and the TREF-SEC cro:-
fractionation, it is concluded that two catalytic sites copolymerize cthylene
and 1-butene and one catalytic site produces a homopolymer of ethylene. The
two sites responsible for the copolymerization explain the bimodal MMDs

observed for the low temperature TREF fractions.

The ATREF analyses on the Ha series show that Hz pressures from 10

to 200 psi have a relatively small effect on 1-butene incorporation. At higher
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I pressures, the ratio of copolymer to homopolymer was increased. It is
concluded that Il. decreases the rate of polymerization over the sites
responsible for homopolymerization more than over the sites responsible for
copolymerization. The results from the TREF-SEC cross fractionation showed
that Il is a more offective chain transfer agent for copolymer than

homopolymer fractions of the LLDPEs.

The results from both the Hs and 1-butene series suppert the postulate
of multiple types of catalytic sites. The various sites involved in the
polymerization behaved differenily to changes in H: and 1-butene
concentrations, producing multimodal SCB distributions and broad MM
distributions. The information obtained from the:: rosults can be used for
reactor modeling and for optimizing the reaction conditions to obtain products

with desired specifications.

To complement the present investigation, it would be interesting to
perform ATREF and TREF-SEC cross fractionation on a serie; of LLDPEs
produced with different lengths of pclymerization e.g. 0.1,0.5, 1.0 arnd 1.5 h of
polymerization in addition to the constant 2.0 h used to make the sample for
the current work. This would generate SCB and MM distributions as a

function of time.

Some improvements can be made to the current TREF apparatus. The
automation of the sample collection in PTREF would reduce the work load of
the operator considerably. The addition of a second IR detector would
generate additional information about the structure of the pclymers. The
branching concentsation would be obtained from the secoud IR detector. It

would also be quite useful when analyzing other types of copolymers.
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Appendix A : Descriptions of Polymers
Characterized by TREF

Tables A.1 to A.3 of Appendix A contain details about the production
conditions and properties of the polymer samples characterized by ATREF
and PTREF. The ATREF and PTREF operating conditions for each run are
given in Tables A4 to A.G.

Table A.1 contains the polymerization conditions for the samples in the
H. series. The file names which contain the raw TREF data for each sample
are also given. The samples are listed according to H2 pressure used during
the polymerizations. All the TREF file names begin with an ¥ followed by the
date of the TREF elution and a letter to identify runs performed on the same
day. For all the runs the amount of liquid 1-butene precharged was 10 ml and
the sum of the partial pressure of ethylene and 1-butene was kept constant at
200 pst ‘or all runs. The Hs partial pressure varied from 0 to 300 psi. The
length v :he copolymerization period was 2 h and the reactor temperature
was 70°C for all yruns. The copolymerizations were performed in a gas phase
semi-batch reactor using a commercial bisupported Ti catalyst. The
cocatalyst was TNHAL. More details about the operating conditions are

given by Huang (1995).
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Table A.2 contains the polymerization conditions for the samples of the
l1-butene series. The operating conditions were similar to the operating
eonditions of the Ha series previously described. The He partial pressure was
kept constant to 100 psi for all the runs. The amount of hiquid 1-butene
precharged was changed from 0 to 30 ml and the sum of ethylene and I-

butene partial pressure was kept at 200 psi.

Table .._. Description of polviners and » wilon

~ nditions for the 1-butene series.

Run 1-butene | Yield | Mn Mw Pd | ATREF PTREF
(ml) (g) Files Files
GCY304S 0 69.68 1265001 116600 | 4.40 | EOATTIAN | BOATTI6A
FOATTZRA | EO411220
0411281
G930 19 5 5512 1160001 96800 | 6.05 | ESM1I09N | E941T15B
BOATIZOA | id i 117A
GC92051 10 1630 1131001 86900 | 663 | K941 0B | Ko41121A
FOATI0A | 9411247
‘ [£94 113013
. (T 3050 20) G846 1107 0] 71000 | 663 | EOATHIGR | EO11T184A
t EOAT1300 | 9411237
GOORT ) 7955 1706001 52600 | 4.96 | EOATTI0ON | FoA1 10013 ]
FOAT1221 | 0411147
194112418
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Table

A.3 contains the

description

of the

EVA

copolymers

characterized by ATREF. The VA contents and the files corresponding to the

TREF runs are listed in thi: table.

Table A.3: Desciiption of the EVA copolymers .

BT TR\~ SO AV

Sample VA content Files
(mass‘o)

EVA-A 9 K£9411038
E941102A
1£91102418

VAB 16 94110213
15841102C
[911103A
1KO111087
E94116818

FVAC 18 Ey111me
19491031\
911101 A

EVA-D 28 E941101C

FO4103 1A
KO41101A




Table A.4 contains the description of the ethylene/NTMOS copolymers
characterized by ATREF. The VTMOS content and the files corresponding to
the TREF runs are listed in this table.

Table A.4: Description of the VTMOS copolymers.

Rample VTMOS content Files
(mass )
VEMOS-A 2.0 FKOH0TITA

EOROEHITH
KOMOHTTC
KOB0118A
D BUE BT L
1L0h0118C

VIMOS-B 1.

~1




Appendix B : Description of ATREF and PTREF Analyses

Appendix B contains all the details of the ATREF and PTREF analyses

performed in this project.

Table B.1 is a list of all the ATREF runs and their operating
conditions. The experimenta® runs are listed chronologically and the letter E
stands for elution. Off-column crystallization was used for all the samples
and the cooling rate was 1.5°C/h during crystallization. Unless mentioned
otherwise, {1 . TREF columns were packed with 100 mesh glass beads and 5
me of polymer was used for the analysis. The IR detector was set to 3.38 pm

for all the runs unless nmientioned otherwise in the comments.
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Table B.2 is a list of the PTREF runs and their operating conditions.
The runs are listed chrenologically and the letter E stands for elution. Off-
column crystallization was used for all the samples and the cooling rate was
1 5%/h. Unless mentioned otherwise, the TREF columns were packed with
100 mesh glass beads and 20 mg of polymer was used for the analysis. The
(R detector was set 1o 3.38 um. A stepwise procedure was used for all the
runs (see Chapter 3).  The proportional band of the controller of the
temperature chamber was set to 5.0 and the integrator was set to 300 for

optimum temperature control.



{1 poon €LA 801 | aus|Ax-0 £v0£609 | 9808063
uni pooy 866 a0L aud|Ax-0 £r0e609 | v8020¥63
uni poos ¢00! 801 aualAx-0 SvY0E60D | 920L0¥63
und pooy ¢s0ti a0L audAx-0 Sy0£609D | 850.0¥63
uni pooy 999 a0.L aud|Ax-0 Ov0E6D9 | V8290v63
uni poon gv8 8oL sudihx-o0 0v0£60D | V2290v063
uni pooy 99/ | g80a4-0 audjAx-0 8€£0€609D | VI390v63
\ unl pooy 0L6 g904-% audjAx-0 8E0E60D | Y0290v63
paxes| |80 dl | g0a-o oud|Ax-0 £206609D | ¥9090¥63
~3G AQ SISA[EUEB 10§ #MO| 00 UCHEHUSIUOD g80Q-o BUBJAX-0 £20€609 | ViESOY63
paXes| pue PaX3JIesd |83 di g0a-o aus|Ax-0 £20€609 | ¥Ses0v63
'pabbnid uwnjod ‘wejgoid 8inssald g03-0 auaihx-0 £20€6099 | vOLSOV63
‘pabbnid Lwn0d ‘walgosd 8inssald a90a-o0 ausjAx-0 £20€609 | D€0S0v63
(Bwys Aw) juan|os 1UaA|0S
SjUBWWOYD Baly uonni|g uonezijeishig|sajdues so|id

ST L] oU? Jo suonrpuod Sunered( :g3'd d1qeL

176




uni pooy 0€Es8 801 aud|Ax-0 yy0€609D | YPL60V63
uni pooy .88 801 susjAx-C G20£609 | 86060v63
uni pooy y9.L 801 audlAx-0 G20E60D | V8060V63
unl pooy ce8 a01 auajAx-0 6E0E60D | VL060¥63
uns pooy 0¢6 g0L aua|Ax-0 6€0€609D | VI060v63
uni pooyH 7G6 801 auajAx-o LE0E60D | V'1E80Y63
un pooy 9¢6 80L aua|Ax-0 L€0€60D | V0EBOY63
uni pooy GL6 801 aud|Ax-0 2E0€609D | v6280v63
Uni pooy) 026 801 auajhAx-o0 ¢E0e609D | v9280v63
unt pooyH L8 a0t 9udjAx-0 120€60D | vec80v63
unJ pooy €16 801 aua|Ax-0 £20€609D | v6180¥63
uni pooy 692 80Q-0 audjhx-o 0€0€60D | V.I80v63
uni pooy res 801 aualAx-0 LG0E609D | 89180¥63
unt pooy 008 g01 au9|Ax-0 LG0€609D | VI180¥63
uni poon AR 801 9udjAx-0 9v0€609D | 90180v6 3
uni pooy 1001 g041 aualhx-0 9v0€609D | V6080¢¥63
(Bwys Aw) juaaijos JUBA|OS
SjUaWWoY ealy uoiIn|3 uoplezijjeyship|sajdwes sa(ld

(pIucd) T'd YR

t~
[



uni poog 065 g80a-0 g04-0 LG0E6DD | VrelLive3

un: pooy €/0t g0a-© g80Q-0 050£609 | VECL1Iv63

uni pooy v601t g0a-90 g804-0 8roC609D | veetivo3

uni pooy g0a-0 g80a-0 LG0E60D | VIZHIVE3

unJ pooy tvy 80Q-0 g2Qa-0 050€609D | V8ILLY63

unJ poos AR g2a-o0 80a-0 6P0E60D | VLLILYED

uni pooyH c86 80a-90 a0a-0 8706609 VIt 11Lv63

unJ pooy 901t 490Q-0 g90Q-o0 60609 | 8GLILY63

uni pooy 09¢ g04a-o0 a80a-o0 /P0EBOD | VV1ILiIvE3

unt poog 969 804Q-0 a0a-o /¥0£609 | g60LLv63

uns poon geol 801 auaiAx-0 9€0€609D | V9¢60v63

uni pooy 6.6 g0.L aua)Ax-0 9e0e609 | Yie60v63

J9)j01U00 Jaquieyd anjesadwal

syl ylim 9|ancJl :palioge uoneuolILld 801 ausjAx-0 820€609 | v0260¥63
un pooy SvO: g0L aus|Ax-0 820€609 | V6160¥63

unJ pooo ve L goL aus|Ax-0 ry0€609D | VGI60¥63

(Bwys Aw) JU3A|OS JudA|0S
sjuawwod eaiy uoiin|g uonjezijjeiship|ssjdwes s9ld

(‘pruod) g'd A1qeL



Buiiey :ainmesadwst ybiy 1e poxes| [18s Yl §0Q-0 aualAx-0 £20€609 | vS2iLLlvy63
(Bwy/s Aw) JU3A|OS juaajos
sjuaWWo)d BaJVY uolin|g uoijezijjeishiog|sajdwes sajld

(piuod) z'd dqelL

~



SEM UOTIORI YOBS [PIYs 1940 soSuel ainjeradure) uonngd o} pue sunt JHYLJ oY} [[e Jo ST ¢ ST €'d 3qEL

001L-S6 €6-06 06-S8 Gg8-08 08-02 | 02-00|09-06 |05-0€ |84040v63
00L-S56 €6-06 06-<8 G8-08 08-0/ | 02-09109-05 [06-0¢ 86040V 3
No1-S6 G6-06 06-S8 G8-08 08-02 | 02-09|09-06 |0S-0€ | V8290V63
001-S6 G6-06 06-S8 §8-08 08-0Z | 02-08109-0G |0S-0€ |{Vveeo0ve3
20i-L6 L6-26 26-.8 /8-¢8 28-8. | 84-89|89-8S 8G-8¢€ | VL290v63
10L-96 96-16 16-98 08-18 | 18-42 ] +2-09 {09-0¥ | V0290v63

v9090v63

viesoved

vGesove3a

v0iS0v63

0€£0s0v63

0Ld 64 8 d L3 94 Sd vd £d ¢4 L4
(0,) suonoes; 43HL Bu} Jo sjealsiul ainjesadwal sa|ld
sund L[ H.Ld woty suondeay JHHL oWl Jo speaxgjut amieraduwe ], :¢d 219eL

B ABEN (Y

180



GOL-00L | 0OO0L-S6 §6-06 06-98 G§g-08 0e-0Z | 0.-09]09-05 |0G-0€ | V¥L60V63
GOL-00L | 001L-G6 ¢6-06 06-G8 G8-08 08-02 '!0.-09/09-06§ |0G-0€ | 96060v6<
G0L-00L | 001-596 §6-06 06-G8 68-08 08-0/ | 04-09]09-05)05-0¢ .ﬁwomoﬁww4
GO0L-004 | 001-G6 G6-06 06-98 G8-08 08-02 | 02-09]09-06 |06-0€ | V.L060¥63
S0L-00+ | 001L-G6 S56-06 06-S8 G8-08 08-0Z | 04-09|09-06 {0G-0€ [ V1I060¥63
GOL-00L} 001-G6 G6-06 06-G8 G8-08 08-02 | 02-09|09-06 |0S6-0€ |ViEBOVE
S0L-00t | 00L-96 56-06 06-S8 G8-08 08-02 | 02-09109-06 |0G-0€ | YOEBOV63
S0L-00+ | 001-56 56-06 06-58 G8-08 08-02 | 02-09]09-0S |0S-0€ | v6280¥63
G0i-00L | 001L-G6 €6-06 06-58 G8-08 08-0Z | 04-09]09-06 |05-0€ | v9e¢8OV63
G0L-00L | 0O01-G6 S6-06 06-S8 G58-08 08-02 | 0£-09|09-05 |0G6-0€ | véecBOV63
G0L-00L | O0L-S6 S§6-06 06-68 58-08 08-0Z {04-0909-06 |05-0€ | v6i80¥63
GoL-00L | 00L-G6 §6-06 06-G8 §8-08 08-0Z | 04-09(09-06 |06-0€ [Vv/ZIB0¥63
GOL-00L | 001L-G6 G§6-06 06-S8 G8-08 08-0/. |0.-09{09-05 {0S-0€ | 89I80v63

001-S6 §6-06 06-G8 G8-08 08-0Z {0.-09|09-0S |06-0€ | VIIBO¥63

cOlL-66 G6-06 06-G8 68-08 08-02 |0.-09|09-05 |0G6-0€ [80L80¥63

001-S6 S56-06 06-68 S§8-08 08-071 06-0¢ | v8040v63

otd 64 84 L4 94 Sd vd Ld

(0,) suondesy 43yl aUl jo S[eAlsU!

ainjesadwia g

sa|ld

(‘pruod) g'd 2IqeL

181



OLL-C0L |S0L-00L] 001L-S5B 55-06 06-¢8 cg-08 | 08-02|02-09 [09-0€ | VSCctiv63
cOL-00L| C0L-5S6 G8-06 06-G8 cg-08 [08-02|GC£-09 |09-0€ |Vvclived
GO0L-00L| 00L-S6 G6-06 06-08 08-02 | 02-09|09-0G | 06-0 |VECLIVE3
0LL-S0L |SOL-001 |004L-56|S56-06|06-08 08-0€ |Vveetiive3
GOL-00L| 001L-S6 G6-06 06-G8 Gg8-08 | 08-02(04-09 |09-0€ jVvieclivea
G01-00t | 001L-S6 66-06 06-08 08-04 04-09 09-06 | 0S-0v [{Ov-0€ | 0E-0 [V8ILI¥63
G0L-00L| 001L-G6 S56-06 06-S8 5g-08 [ 08-02|0.-09 [09-0€ jVZIIIV63
GLL-0LL|0OLL-GOL |GOL-00L {001L-S6  S6-06 06-08 |08-0€ | V9LLIvE3
S01L-00L | 001-56 G6-06 06-G8 ¢g8-08 08-02 | 02-09]09-05 |05-0€ |{8GI}1v63
001-56 S6-06 06-08 08-04 04-09 09-06 05-0v |Ov-0€|0€-02 | 02-0 |VvILiv63
001-G6 G6-06 06-G8 Gg8-08 08-0Z | 04-09|09-05 |0G-0€ |860L1v63
G0L-004L | 001-G6 G6-06 06-G8 G8-08 08-0Z | 02.-09109-0G {0S-0€ | ¥9260¥63
GoL-00L | 001L-SH G6-06 06-S8 §8-08 08-0Z | 02-09{09-0G |06-0€ |V!lc60v63
v0e60v63
G0L-00+} 001-G6 S6-06 06-G8 Gg8-08 08-02 | 0.-09]09-0S |0G-0€ | v6160¥63
G0L-00L | 001-G6 G6-06 06-G8 G8-08 08-0Z [ 0,-09]09-05 [0G-0€ | vS5i60¥63

oLd 6 d 84 ld 94 Sd v d €d ¢d 1 d
AOov suonoesy 4341 9yl 4o S|eAldjul ainjesadway salid

('p3u0d) ¢'d AqeL

182



Appendix C : Data processing for ATREF and PTREF

ATREF
The sequence of actions listed below was performed to process the data
from ATREF to generate the TREF profile, to obtain the average branching

concentration and to produce a distribution of branching concentration.

< Columns 6 and 8 from the TREF files were imported.

. The baseline of the IR signal was subtracted from the IR values; the value
of the baseline was obtained by examining the values of the IR signal at

low and high temperature.

«  The values of the IR signal were normalized so that their sum was unity by

using Equation 3.1

_(AT)UR) _ IR (3.1)
yATIK L IR “

IRI

« The branching concentrations were evaluated for each temperature by
using Equation C.1. This relationship between elution temperature and
CH./1000C was obtained by fitting a polynomial function to the data

points generated from the MSL versus elution temperature relatienship.
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CH./1000C=-2.65672x10 T+ 7.97200x10-* T
-1.30741x10°' T3 +1.66526x102 T2 -1.87420 T +92.17 (Y

The average branching concentration of each sample was evaluated by

using Equation C.2.

[("I{S ln-g = Z IRH[ I(“II\ ]l (( ‘ 2)

where [CHz]ny is the average branching concentration; 1R, is the weight

fraction of material that has a branching concentration of |CH]

To generate the plot of the branching distribution of a sample, the values
of the IR signal were transformed to conserve the same relative areas by

using equation C.3 (see Appendix of Bonner et al 1993).

”j

T
IR = IR, ar ((.3)
AC

) . . . . ) AT .
where IR. is the IR value used in the branching distribution plot; —A—C- is the

slope of the calibration curve of elation temperature versus branching

concentration.
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Ok

he sequence of actions listed below was performed to process the data

‘REF to obtain the weight fraction of each temperature interval.

mns 1, 6 and 8 of the data file were needed for the data precessing.

haseline of the IR signal was subtracted from the IR values; the value

¢ baseline was obtained by examining the values of the IR signal.

PTREF elution peaks were isolated by scanning the data. The data
wsponding to the increase of temperature and the constant
yerature step were discarded. Only 38 data points were kept for each
on peak. The 38 data points correspond to 3 min. of elution (the real

~val of time between ecach reading was 4.72 s instead of 4 s).

weight fraction of each temperature interval was obtained by
ming the IR signals of each peak and by dividing each of them by the

| of all the peaks.

‘he software Axum was used to generate the 3-D profiles. A routine
itten to generate the file used to produced the 3-D profiles. This
imported the MMD from the SEC files, normalized them with the
fraction of the corresponding temperature interval. Then, the MMDs
ir elution temperatures were placed sequentially in a new file in three
s: Log MM, distribution function and elution temperature. The 3-D

; were generated by using that file.
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The Axum routine used to perform this task is called GPCdatahst.
This routine is included in the next two pages. To use this routine, a data
sheet containing the names of the MMDs files, the weight fraction of each
interval and the elution temperature was needed. These data must be placed
in 3 columns. The columns must have the following names: “Names™ for the
MMDs files, “F” for the weight fractions and T for the elution temperatures.
The elution temperatures were the averages of each temperature interval.
The data sheet generated by this routine s named Profile. 1t was saved under

another name after the data processing was completed.
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GPCDATAHST

load and transform data from GPC
<Irmyg soureeDS currentdsname().
2 fndd how many files 1o load

1LONG Number of files length(Names),
{loop trough all e names

FOINGH

for 1 121+ Number of Nles144)
teurrent DS *SourceDS:

Moad cach file in the Names column
SIRING file namoe - Namesjij " prn™.
string datia sheet Names[i]

Mloat temp - Thi:

Flowt Fae F:
#H problem while importing the data. trya hicher value for Start Row

Import FileName - *file_name, FileType ASCH. DataSheet - *data sheet. StartCol - 3.
EndCol - 6. NameRow = 0. StartRow = 35, kndRow = END. Delimiters = § Ny
DedeteCol 12 44

Convert L1 using log:

clearcol 134
3 CUNSURNNL):
2N ZANCSYFac:

DeleteCol N3
FIINumCol {38 using addseq with args = {-1. temp. 0.0

SaveDS *data sheet datasheet=*data_sheet

This ereates a datasheet used for the 3D profiles

After execution of the program, save this datasheet under a dilferent name
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create3S {profile):

CurrentDS *data _sheet:

CopyBlock from Datasheet - *data sheet. Columns  (E 31 Rows end! (o Datasheet
profile. StartColumn = 1. StartRow = end:

current DS *SourceDS:
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Appendix D : List of Material Needed for TREF

FFor the sample preparation, the following materials are needed:

Pierce Hypo Vial, clear

Volume (ml)  Chromatographic Specialties

catalog number

15 P12911
30 P12944

Tegrabon Silicon Septa
90/10 mil (silicon/Teflon), 20 mm diameter

Chromatographic Specialties catalog number: C669120

Aluminium seal
20 mm, gold

Chromatographic Specialties catalog number: P13183

Disposable stirrers
Teflon , 3x12 mm, 100 pkg.

Fisher catalog number: 14-511-60A
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To perform TREF analyses the following materials are needed:
Glass beads untreated
80/100 mesh

Chromatographic Specialties catalog number: C23076

Frits

Diameter Pore size (nm) Swagelock

catalog number

1/27 7 +-696-631
3/8” D ¥-696-112
3/8” 10 ¥-696-120

The frits can be ordered from Edmonton Valve & Fitting. About one month i

required for delivery.

190



Appendix E : Description of the IR cell

The details of the IR cell heater designed for the TREF apparatus are
Shown in Fizures .1 and E.2. The catalog number of the various components

and replacement parts are also given.

Front View Side View
-l_( . . ‘—
L R S
| A l’ ? i
B I I
) b8 I
= RS |
- EHEE u
' ! t t "
. b ] L
- - U DU B |
6.35 cmi I
IR cell
Top View ;
F
- : 0.80 cm
NI N |O| ............... R O 5
(_OO|64|£m

Figure E.1: Diagram of the IR cell heater
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T'ﬁ]{: Swaqgelock

4/'// 116" union

/ To waste
' collection
SL-2 cell back plate \vossel

0.95x0.95 O cm FIREROD cartndge
spacer

Figure E.2: Diagram of the IR cell and heater arrangement.

The main body of the cell heater was constructed from an alanminium
plare. The other parts needed were the FIREROD cartridge and a SL-2 cell
demountable ceil kit, and two 1/16” Swagelock union. The part numbers are

given below.
SL-2 demountable cell kit

Catalog number: 0006-4153

International Crystal Laboratories

192



FIRISROD cartridge
1473 x 27, 120V 125W
TRU-TIMP Electrie Litd.

Figure 1.3 show a diagram of the S1.-2 cell with all its components.
"The cell must be assembled as shown in this figure. The replacement parts
and their catalog number are also listed in the next page. All these items

were ordered from International Crystal Laboratories. Delivery of parts tock

about one month.

8ACK PLATE

TEFLON GASKOY
wiINDOW

sracCte
. WlNDOw
1!uov- Casell

.
//) NELDLE FLATE
/iwiir s10reees:
TEFLON T~
/C(b? ./_\/ e e
TEHLON

A
I

COMPENSATING ®ING

(FOR (R16AN.2 ONLY!

KNUELED END Caf

Figure £.3: Demountable SL-2 cell with all its components
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CaF: discs
392x3 mm CaF:disc. polished and drilled
Catalog number: 0021D-336

32x3 mm CaF:disc, polished

Catalog number: 002D)-259

O-ring
32 mm Teflon O-ring
Catalog number: 0001-4293

Spacer
32 x 0.5 mm Teflon spacer

Catalog number: 0001-2111

Gasket

32 mm Teflon gacket

Catalog number: 0001-1466
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