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PEIJUN JIANG Priority Claim This invention claims the
benefit of USSN 60/700,600, filed July 19, 2005. Field
of the Invention This invention relates to a process
to produce poly-alpha-olefins (PAOs) in the presence
of a metallocene catalyst with a non-coordinating
anion activator and hydrogen. Description of Related
Art Efforts to improve upon the performance of natural
mineral oil-based lubricants by the synthesis of
oligomeric hydrocarbon fluids have been the subject of
important research and development in the petroleum
industry for at least fifty years. These efforts have
led to the relatively recent market introduction of a
number of synthetic lubricants. In terms of lubricant
property improvement, the thrust of the industrial
research efforts involving synthetic lubricants have
been towards fluids exhibiting useful viscosities over
a wide temperature range, i.e., improved viscosity
index (VI), while also showing lubricities, thermal
and oxidative stabilities and pour points equal to or
better than those for mineral oil. The
viscosity-temperature relationship of a lubricating
oil is one of the critical criteria which must be
considered when selecting a lubricant for a particular
application. The mineral oils commonly used as a base
for single and multigrade lubricants exhibit a
relatively large change in viscosity with a change in
temperature. Fluids exhibiting such a relatively large
change in viscosity with temperature are said to have
a low viscosity index. Viscosity index is an empirical
number which indicates the rate of change in the
viscosity of an oil within a given temperature range.
A high VI oil, for example, will thin out at elevated
temperatures more slowly than a low VI oil. Usually, a
high VI oil ismore desirable because it has higher
viscosity at higher temperature, which translates into
better lubrication and better protection of the
contacting machine elements, preferably at high
temperatures and or at temperatures over a wide range.
VI is calculated according to ASTM method D 2270. PAOs
comprise a class of hydrocarbons manufactured by the
catalytic oligomerization (polymerization to
low-molecular-weight products) of linear aolefin (LAO)
monomers. These typically range from 1-octene to
1-dodecene, with 1-decene being a preferred material,
although oligomeric copolymers of lower olefins such
as ethylene and propylene may also be used, including
copolymers of ethylene with higher olefins as
described in U.S. Patent 4,956,122 and the patents
referred to therein. PAO products have achieved
importance in the lubricating oil market. Typically
there are two classes of synthetic hydrocarbon fluids
(SHF) produced from linear alpha-olefins, the two
classes of SHF being denoted as PAO and HVI-PAO (high
viscosity index PAO's). PAO's and HVIPAO's of
different viscosity grades are typically produced
using promoted BF3 or AlCl3 catalysts. Specifically,
PAOs may be produced by the polymerization of olefin
feed in the presence of a catalyst such as AlCl3, BF3,
or BF3 complexes. Processes for the production of PAOs
are disclosed, for example, in the following patents:
U.S. Patents 3,149,178; 3,382,291; 3,742,082;
3,769,363; 3,780,128; 4,172,855 and 4,956,122, which
are fully incorporated by reference. PAOs are also
discussed in: 



Will, J .G. Lubrication Fundamentals, Marcel Dekker:
New York, 1980. Subsequent to polymerization, the PAO
lubricant range products are typically hydrogenated in
order to reduce the residual unsaturation, generally
to a level of greater than 90%. HVI-PAO's may also be
conveniently made by the polymerization of an
alpha-olefm in the presence of a polymerization
catalyst such as Friedel-Crafts catalysts. These
include, for example, aluminum trichloride, boron
trifluoride, aluminum trichloride or boron trifluoride
promoted with water, with alcohols such as ethanol,
propanol, or butanol, with carboxylic acids, or with
esters such as ethyl acetate or ethyl propionate or
ether such as diethyl ether, diisopropyl ether, etc.
(See for example, the methods disclosed by U.S.
Patents 4,149,178 or 3,382,291.) Other descriptions of
PAO synthesis arefound in the following U.S. Patents:
3,742,082 (Brennan); 3,769,363 (Brennan); 3,876,720
(Heilman); 4,239,930 (Allphin); 4,367,352 (Watts);
4,413,156 (Watts); 4,434,408 (Larkin); 4,910,355
(Shubkin); 4,956,122 (Watts); and 5,068,487 (Theriot).
Another class of HVI-PAOs may be prepared by the
action of a supported, reduced chromium catalyst with
an alpha-olefin monomer. Such PAOs are described in
U.S. Patents 4,827,073 (Wu); 4,827,064 (Wu); 4,967,032
(Ho et al.); 4,926,004 (Pelrine et al.); and 4,914,254
(Pelrine). Commercially available PAOs include
SpectraSyn(tm) 2, 4, 5, 6, 8, 10, 40, 100 and
SpectraSyn Ultra(tm) 150, SpectraSyn Ultra(tm) 300,
SpectraSyn Ultra(tm) 1000, etc. (ExxonMobil Chemical
Company, Houston Texas). Synthetic PAOs have found
wide acceptability and commercial success in the
lubricant field for their superiority to mineral based
lubricants. In terms of lubricant property
improvement, industrial research efforts on synthetic
lubricants have led to PAO fluids exhibiting useful
viscosities over a wide range of temperature, i.e.,
improved viscosity index, while also showing
lubricity, thermal and oxidative stability and pour
point equal to or better than mineral oil. These
relatively new synthetic lubricants lower mechanical
friction, enhancing mechanical efficiency over the
full spectrum of mechanical loads and do so over a
wider range of operating conditions than mineral oil
lubricants. Performance requirements of lubricants are
becoming increasingly stringent. New PAOs with
improved properties, such as high viscosity index
(VT), low pour point, reduced volatility, high shear
stability, improved wear performance, increased
thermal and oxidative stability, and or wider
viscosity range, are needed to meet new performance
requirements for lubricants. New methods to provide
such new PAOs with improved properties are also
needed. Efforts have been made to prepare various PAOs
using metallocene catalyst systems. Examples include
US 6,706,828 (equivalent to US 2004/0147693), where
PAOs are produced from meso-forms of certain
metallocene catalysts under high hydrogen pressure
with methyl alumoxane as a activator. Comparative
example D of US 6,706,828, however, uses
racdimethylsilylbis( 2-methyl-indenyl)zirconium
dichloride in combination withmethylalumoxane (MAO) at
10O0C in the presence of hydrogen to produce
polydecene. Likewise, WO 02/14384 discloses, among
other things, in examples J and K the use of
rac-ethyl~bis(indenyl)zirconiurn dichloride or
racdimethylsilyl- bis(2-methyl-indenyl) zirconium
dichloride in combination with MAO at 40 0C (at 200
psi hydrogen or 1 mole of hydrogen) to produce
isotactic polydecene reportedly having a Tg of
-73.80C, a KVi00 of 702 cSt, and a VI of 296; or to
produce polydecene reportedly having a Tg of -66 0C, a
KV100 of 1624, and a VI of 341, respectively. Further
WO 99/67347 discloses in example 1 the use of
ethylidene bis(tetrahydroindenyl)zirconium dichloride
in combination with 



MAO at 5O0C to produce a polydecene having an Mn of
11,400 and 94% vinylidene double bond content. Others
have made various PAOs, such as polydecene, using
various metallocene catalysts not typically known to
produce polymers or oligomers with any specific
tacticity. Examples include WO 96/23751, EP 0 613 873,
US 5,688,887, US 6,043,401, WO 03/020856 (equivalent
to US 2003/0055184), US 5,087,788, US 6,414,090, US
6,414,091, US 4,704,491, US 6,133,209, and US
6,713,438. To date however, PAO's made with
metallocenes have not found wide applicability in the
marketplace, particularly the lubricant marketplace,
due to inefficient process, cost and property
deficits. The instant invention address such and other
needs by providing new PAO's having excellent property
combinations and an improved process to produce them.
US 6,548,724 (equivalent to US 2001/0041817 and US
6,548,723) disclose production of oligomer oils using
certain metallocene catalysts, typically in
combination with methyl alumoxane. Column, 20, line 40
to 44 of US 6,548,724 indicates that Examples, 10-1 1
indicate that di, tri or tetra substitutions on the
cyclopentadienyl rings of the metallocenes are useful
for production of high viscosity polyalphaolefins, (
viscosities it he range of 20 to 5000 cSt at 100C)
with improved yields whereas penta alkyl substituted
cyclopentadienyl rings are poor."PCT/US06/21231 filed
June 2, 2006 claiming the benefit of USSN 60/700,600,
filed July 19, 2005 describes the production of
liquids from monomers having 5 to 24 carbon atoms
using racemic metallocenes and noncoordinating anion
activators. Other references of interest include:
EP0284708, US5846896, US5679812, EP0321852, US4962262
EP0513380, US2004/0230016, and US6642169. Summary of
Invention This invention relates to a process to
produce a polyalpha-olefm comprising: 1) contacting
one or more alpha-olefin monomers having 3 to 24
carbon atoms with an unbridged substituted bis
cyclopentadienyl transition metal compound having: 1)
at least one non-isoolefm substitution on each
cyclopentadienyl ring, or 2)at least two substitutions
on at least one cyclopentadienyl ring, preferably
having at least two substitutions on each
cyclopentadienyl ring, a non-coordinating anion
activator, and optionally an alkylaluminum compound,
where the molar ratio of transition metal compound to
activator is 10:1 to 0.1:1, and if the alkyl aluminum
compound is present then the molar ratio of alkyl
aluminum compound to transition metal compound is 1:4
to 4000:1, under polymerization conditions wherein: i)
hydrogen is present at a partial pressure of 1 to 50
psi or a hydrogen concentration of 10 to 10,000 ppm,
based upon the total pressure of the reactor; ii)
wherein the alpha-olefin monomer(s) having 3 to 24
carbon atoms are present at 10 volume % or more based
upon the total volume of the
catalyst/activator/alkylaluminum compound solutions,
monomers, and any diluents or solvents present in the
reaction; iii) the residence time of the reaction is
at least 5 minutes; iv) the productivity of the
process is at least 43,000 g of total product per gram
of transition metal compound; v) the process is
continuous or semi-continuous,vi) the temperature in
the reaction zone does not rise by more than 10 0C
during the reaction; and 



vii) ethylene is not present at more than 30 volume %
of the monomers entering the reaction zone; and 2)
obtaining a polyalpha-olefin (PAO), optionally
hydrogenating the PAO, wherein the PAO comprises at
least 50 mole% of a C3 to C24 alpha-olefn monomer, and
wherein the PAO has a kinematic viscosity at 10O0C of
20 cSt or less. Detailed Description of the Invention
As used herein, the new numbering scheme for the
Periodic Table of the Elements is used as set out in
CHEMICAL AND ENGINEERING NEWS, 63(5), 27 (1985).
Unless otherwise stated all pressures in psi are psig.
For purposes of this invention and the claims thereto,
when a polymer or oligomer is referred to as
comprising an olefin, the olefin present in the
polymer or oligomer is the polymerized or oligomerized
form of the olefin, respectively. Likewise the use of
the term polymer is meant to encompass homopolymers
and copolymers, where copolymers include any polymer
having two or more chemically distinct monomers.
Likewise the use of the term oligomer is meant to
encompass homooligomers and cooligomers, where
cooligomers include any oligomer or having two or more
chemically distinct monomers. For purposes of this
disclosure, the term oligomer refers to compositions
having 2-75 mer units and the term polymer refers to
compositions having 76 or more mer units. A mer is
defined as a unit of an oligomer or polymer that
originally corresponded to the olefin(s) used in the
oligomerization or polymerization reaction. For
example, the mer of polydecene would be decene. For
the purposes of this invention and the claims thereto
the term "Polyalpha-olefin," "polyalphaolefin," or
"PAO" includes homooligomers, cooligomers,
homopolymers and copolymers of C3 or greater
alpha-olefin monomers.For the purposes of this
invention and the claims thereto the active species in
a catalytic cycle may comprise the neutral or ionic
forms of the catalyst. The term "catalyst system" is
defined to mean a catalyst precursor/activator pair,
such as a metallocene/activator pair. When "catalyst
system" is used to describe such a pair before
activation, it means the unactivated catalyst
(precatalyst) together with an activator and,
optionally, a co-activator (such as a
trialkylaluminurn compound). When it is used to
describe such a pair after activation, it means the
activated catalyst and the activator or other
chargebalancing moiety. Additionally, the catalyst
system may optionally comprise a co-activator and/or
other charge-balancing moiety. "Catalyst precursor" is
also often referred to as precatalyst, catalyst,
precursor, metallocene, transition metal compound,
unactivated catalyst, or transition metal complex.
These words are used interchangeably. Activator and
cocatalyst are also used interchangeably. A scavenger
is a compound that is typically added to facilitate
oligomerization or polymerization by scavenging
impurities. Some scavengers may also act as activators
and may be referred to as co-activators. A
co-activator which is not a scavenger may also be used
in conjunction with an activator in order to form an
active catalyst with a transition metal compound. In
some embodiments, a co-activator can be pre-mixed with
the transition metal compound to form an alkylated
transition metal compound, also referred to as an
alkylated catalyst compound or alkylated metallocene.
For purposes of this invention and the claims thereto
noncoordinating 



anion (NCA) is defined to mean an anion which either
does not coordinate to the catalyst metal cation or
that coordinates only weakly to the metal cation. An
NCA coordinates weakly enough that a neutral Lewis
base, such as an olefinically or acetylenically
unsaturated monomer, can displace it from the catalyst
center. Any metal or metalloid that can form a
compatible, weakly coordinating complex with the
catalyst metal cation may be used or contained in the
noncoordinating anion. Suitable metals include, but
are not limited to, aluminum, gold, and platinum.
Suitable metalloids include, but are not limited to,
boron, aluminum, phosphorus, and silicon. A subclass
of non-coordinating anions comprises stoichiometric
activators, which can be either neutral or ionic. The
terms ionic activator, andstoichiometric ionic
activator can be used interchangeably. Likewise, the
terms neutral stoichiometric activator and Lewis acid
activator can be used interchangeably. In addition, a
reactor is any container(s) in which a chemical
reaction occurs. "Isoolefin" is a branched alkene
having at least one tertiary or quaternary carbon atom
and which possess at least one C1 to C18 alkyl branch
along at least a portion of each chain. Preferably the
alkyl branch is C1 to C12. Polyalpha-olefins In a
preferred embodiment, this invention relates to liquid
polyalphaolefins (PAO's) comprising more than 50 mole
% of one or more C3 to C24 alphaolefin monomers,
preferably 55 mole % or more, preferably 60 mole % or
more, preferably 65 mole % or more, preferably 70 mole
% or more, preferably 75 mole % or more, preferably 80
mole % or more, preferably 85 mole % or more,
preferably 90 mole % or more, preferably 95 mole % or
more, preferably 100 mole %based on the total moles of
monomers present in the polyalpha-olefm, as measured
by Carbon -13 NMR. For purposes of this invention and
the claims thereto, a liquid is defined to be a
material that flows at room temperature, having a pour
point of less than 25C, and with no melting point
above 0C and a kinematic viscosity at 25C of 30,000
cSt or less. In another embodiment, any of the
polyalpha-olefins described herein preferably have
less than 300 ppm of Group 4 metals (preferably Ti, Hf
or Zr), preferably less than 200 ppm, preferably less
than 100 ppm, preferably less than 50 ppm, preferably
less than 10 ppm, as measured by ASTM 5185. In another
embodiment, any of the polyalpha-olefins described
herein preferably have less than 300 ppm of Ti,
preferably less than 200 ppm, preferably less than 100
ppm, preferably less than 50 ppm, preferably less than
10 ppm, as measured by ASTM 5185.In another
embodiment, any of the polyalpha-olefins described
herein preferably have less than 300 ppm of Hf,
preferably less than 200 ppm, preferably less than 100
ppm, preferably less than 50 ppm, preferably less than
10 ppm, as measured by ASTM 5185. In another
embodiment, any of the polyalpha-olefins described
herein preferably have less than 300 ppm of Zr,
preferably less than 200 ppm, preferably less than 100
ppm, preferably less than 50 ppm, preferably less than
10 ppm, as measured by ASTM 5185. In another
embodiment, any of the polyalpha-olefins described
herein preferably have less than 100 ppm of Group 13
metals (preferably B or Al), preferably less than 50
ppm, preferably less than 10 ppm, as measured by ASTM
5185. In another embodiment, any of the
polyalpha-olefins described herein 



preferably have less than 100 ppm of boron, preferably
less than 50 ppm, preferably less than 10 ppm, as
measured by ASTM 5185. hi another embodiment, any of
the polyalpha-olefins described herein preferably have
less than 600 ppm of aluminum, preferably less than
500 ppm, preferably less than 600 ppm, preferably less
than 300 ppm, preferably less than 300 ppm, preferably
less than 10 ppm, preferably less than 50 ppm,
preferably less than 10 ppm, as measured by ASTM 5185.
In another embodiment, any of the polyalpha-olefins
described herein preferably have an Mw (weight average
molecular weight) of 100,000 or less, preferably
between 100 and 80,000, preferably between 250 and
60,000, preferably between 280 and 50,000, preferably
between 336 and 40,000 g/mol. (Preferred Mw's include
those from 224 to 55,1 00, preferably from 392 to
30,000, preferably 800 to 24,000, preferably 2,000 to
37,5000 g/mol. Alternately preferred Mw's include 224
to about 6790 and 224 to about 2720). In another
embodiment, any of the polyalpha-olefins described
herein preferably have an Mn (number average molecular
weight) of 50,000 or less, preferably between 200 and
40,000, preferably between 250 and 30,000, preferably
between 500 and 20,000 g/mol. (Preferred Mn's include
those from 280 to 10,000, preferably form 280 to 4000.
Alternately preferred Mn's includethose from 200 to
20,900, preferably 280, to 10,000, preferably 200 to
7000, preferably 200 to 2000, preferably 280 to 2900,
preferably 280 to 1700, preferably 200 to 500.) In
another embodiment, any of the polyalpha-olefins
described herein preferably have an Mw/Mn of greater
than 1 and less than 5, preferably less than 4,
preferably less than 3, preferably less than 2.5,
preferably less than 2. Alternately any of the
polyalpha-olefms described herein preferably have an
Mw/Mn of between 1 and 2.5, alternately between 1 and
3.5. The Mw, Mn and Mz are measured by GPC method
using a column for medium to low molecular weight
polymers, tetrahydrofuran as solvent and polystyrene
as calibration standard, correlated with the fluid
viscosity according to a power equation. Unless
otherwise indicatedMw values reported herein are GPC
values and not calculated from kinematic viscosity at
1000C. In a preferred embodiment of this invention,
any PAO described herein may have a pour point of less
than 0 0C (as measured by ASTM D 97), preferably less
than -10 0C, preferably less than -20 0C, preferably
less than -250C, preferably less than -300C,
preferably less than -350C, preferably less than -40
0C, preferably less than -55 C, preferably between -10
and -80 0C, preferably between -15C and -700C. In a
preferred embodiment of this invention, any PAO
described herein may have a kinematic viscosity (at
4O0C as measured by ASTM D 445) from about 3 to about
1,000 cSt, preferably from about 4 cSt to about 500
cSt at 40 0C, alternately from about 4 to about 4 cSt,
preferably from about 5 cSt to about 400 cSt,
preferably from about 5 cSt to about 300 cSt at 40 0C.
In another embodiment according to the present
invention, any polyalpha olefin described herein may
have a kinematic viscosity at 100C from about 1.5 to
about 20 cSt, preferably from about 1.7 to about 15
cSt, preferably from about 1.8 cSt to about 12 cSt. In
another embodiment according to the present invention
any polyalpha olefin described herein may have a
kinematic viscosity at 1000C from 1.8 to 12cSt and a
flash point of 150 0C or more, preferably 200 0C or
more (as measured by ASTM D 56). In another embodiment
according to the present invention any polyalpha 



olefin described herein may have a dielectric constant
of 2.5 or less ( 1 IdHz at 23 0C as determined by ASTM
D 924). In another embodiment according to the present
invention any polyalpha olefin described herein may
have a specific gravity of 0.75 to 0.96 g/cm3,
preferably 0.80 to 0.94 g/cm3. The PAO's prepared
herein, particularly those of low viscosity (such as
those with a KV1Oo of 20 cSt or less), are especially
suitable for high performance automotive engine oil
formulations either by themselves or by blending with
other fluids, such as Group II, Group II+, Group III,
Group III+ or lube base stocks derived from
hydroisomerization of wax fractions from
Fisher-Tropsch hydrocarbon synthesis from CO/H2 syn
gas, or other Group FV or Group V base stocks. PAOs
having KV100 1Sfrom 3 cSt to 8 cSt are also preferred
grades for high performance automotive engine oil or
industrial oil formulations. In another embodiment
according to the present invention, any polyalpha
olefin described herein may have a viscosity index
(VI) of 90 or more, preferably 100 or more,
alternately from 100 to 300, alternately from 120 to
280, alternately from 100 to 300, alternately from 140
to 300,. For many lower viscosity fluids made from
1-decene or 1-decene equivalent feeds (KV100 of 3 to
10 cSt), the preferred VI range is from 90 to 200.
Viscosity index is determined according to ASTM Method
D 2270-93 [1998]. All kinematic viscosity values
reported for fluids herein are measured at 100 0C
unless otherwise noted. Dynamic viscosity can then be
obtained by multiplying the measured kinematic
viscosity by the density of the liquid. The units for
kinematic viscosity are in m2/s, commonly converted to
cSt or centistokes (IcSt =10 6m2/s or I cSt = I
mm2/sec). The PAO's produced according to this
invention are typically dimers, trimers, tetramers, or
higher oligomers of one or more C3 to C24 olefin
monomers, preferably one or more C4 to C20 alpha-olef
n monomers, preferably one or more C5 to C20 linear
alpha-olef n monomers. Alternatively, an alphaolefin
with alkyl substituent at least 2 carbons away from
the olefmic double bond can also be used. Typically,
the PAO's produced herein are usually a mixture of
many different oligomers. The smallest oligomers from
these alpha-olefins have carbon number ranging from
ClO to C20. These small oligomers are usually
separated from the higher oligomers with carbon number
of greater than C20, for example C24 and higher which
are typically used as high performance fluids. These
separated ClO to C20 oligomer olefins or the
corresponding paraffins after hydrogenation can be
used in specialty applications, such as drilling
fluids, solvents, paint thinner, etc with excellent
biodegradability, toxicity, viscosities, etc. The high
performance fluid fraction in the C20, or C30 and
higher fractions typically have lower viscosities
making them beneficial for some applications, such as
better fuel economy, better biodegradability, better
low temperature flow properties, or lower volatility.
Because of their usually narrow molecular weight
distribution, they have superior shear stability the
PAOs described herein can be further blended with
proper additives, including antioxidants, antiwear
additives, friction modifiers, dispersants,
detergents, corrosion inhibitors, defoamants, extreme
pressure additives, seal swell additives, and
optionally viscosity modifiers, etc. Description of
typical additives can be found in the book "Lubricant
Additives" Chemistry and Applications, ed. L. R.
Rudnick, Marcel Dekker, Inc., New York, 2003. In
another embodiment, any of the PAO's described herein
may have pour 



points of less than 0C, alternately less than -45 C,
alternately less than -75 C. In a preferred
embodiment, the PAO's of this invention have a KV1O0
of 1.5-20 cSt and a pour point of less than 0C,
preferably less than -45 0C, preferably less than -75
C. Alternately preferred PAO's have KV10O of 1.5-1 5
cSt and a pour point of less than 0C, preferably less
than -45 0C, preferably less than -75 C. In another
preferred embodiment, the PAO's of this invention have
a KV10O of 1.5 to 10 cSt and a pour point of less than
0C, preferably less than -45 C, preferably less than
-75 0C. In another embodiment, the PAO's produced
herein have a volatility as measured by Noack
Volatility test (ASTM D5800) of 25 wt% or less,
preferably 20 wt% or less, preferably 14 wt% or
less.In another embodiment, the PAO's produced herein
have a Bromine number of 1.8 or more. The PAOs
produced herein are liquids. For purposes of this
invention and the claims thereto, a liquid is defined
to be a material that flows at room temperature,
having a pour point of less than 250C, and with no
melting point above 0C and a kinematic viscosity at
25C of 30,000 cSt or less. In a preferred embodiment,
the product produced herein has a selectivity of 80 %
or more for C20 and greater hydrocarbons, preferably
85% or more, preferably 90% or more, more preferably
95% or more, preferably 98% or more, preferably 99% or
more for C20 and greater hydrocarbons. In a preferred
embodiment, the productivity of the process is at
least 43,000 g of total product per gram of transition
metal compound, preferably at least 45,00Og of total
product per gram of transition metal compound,
preferably at least 50,000 g of total product per gram
of transition metal compound, preferably at least
55,00Og of total product per gram of transition metal
compound, preferably at least 60,00Og of total product
per gram of transition metal compound, preferably at
least 75,00Og of total product per gram of transition
metal compound, preferably at least 100,000g of total
product per gram of transition metal compound. In a
preferred embodiment, the product produced herein has
a selectivity of 60 % or less for C20 or less
hydrocarbons, preferably 50% or less, preferably 40%
or less, more preferably 20% or less, preferably 10%
or less, preferably 5% or less for C20 or less
hydrocarbons (% by weight unless otherwise noted). In
a preferred embodiment, the product produced herein
has a selectivity of 60 % or less for ClO dimer,
preferably 50% or less, preferably 40% or less, more
preferably 30% or less for ClO dimer (% by weight
unless otherwise noted). Process This invention
relates to an improved process to produce
poly-alphaolefins. This improved process employs
metallocene catalysts together with one or more
non-coordinating anion activators. The metallocene
catalysts are unbridged, substituted bis
cyclopentadienyl transition metal compounds.
Onepreferred class of catalysts are highly substituted
raetallocenes that give high catalyst productivity and
with low product viscosity. Another preferred class of
metallocenes are unbridged and substituted
cyclopentadienes, including unbridged and substituted
or unsubstituted indenes and or flourenes. One aspect
of the processes described herein also includes
treatment of the feed olefins to remove catalyst
poisons, such as peroxides, oxygen, sulfur,
nitrogen-containing organic compounds, and or
acetylenic compounds. This treatment is believed to
increase catalyst productivity, typically more than 5
fold, preferably more than 10 fold. In a preferred
embodiment, this invention relates to a continuous or
semicontinuous process to produce a polyalpha-olefm
comprising: 



1) contacting at least one alpha-olefm monomer,
(whether a single monomer type or a mixture of two or
more monomers), having 3 to 24 carbon atoms with an
unbridged substituted bis cyclopentadienyl transition
metal compound having: 1) at least one non-isoolefm
substitution on each cyclopentadienyl ring, or 2) at
least two substitutions on at least one
cyclopentadienyl ring, preferably having at least two
substitutions on each cyclopentadienyl ring, a
non-coordinating anion activator, and optionally an
alkylaluminum compound, where the molar ratio of
transition metal compound to activator is 10:1 to
0.1:1, and if the alkyl aluminum compound is present
then the molar ratio of alkyl aluminum compound to
transition metal compound is 1:4 to 4000:1, under
polymerization conditions wherein hydrogen is present
at a partial pressure of 50 psi (345 kPa) or less,
based upon the total pressure of the reactor
(preferably between 1 psi (7 kPa) and 50 psi,
preferably between 3 psi (2OkPa) and 40 psi (276kPa),
preferably between 5 psi (35kPa) and 30 psi (207kPa),
preferably 25 psi (173 kPa) or less, preferably 10 psi
(69 kPa) or less, or hydrogen is present at a
concentration of 10 to 10,000 ppm by weight,
preferably 25 to 7,500 ppm, preferably 25 to 5,000
ppm, and wherein the alpha-olefin monomer(s) having 3
to 24 carbon atoms are present at 10 volume % or more
based upon the total volume of the
catalyst/activator/co-activator solutions, monomers,
and any diluents or solvents present in the reaction
and ethylene is not present at more than 30 volume %
of the monomers entering the reaction zone, wherein
the residencetime of the reaction is at least 5
minutes, and the temperature in the reaction zone does
not rise by more than 10 0C during the reaction; and
2) obtaining a polyalpha-olefm (PAO), optionally
hydrogenating the PAO, and obtaining a PAO, comprising
at least 50 mole% of a C3 to C24 alphaolefin monomer,
wherein the polyalpha-olefm has a kinematic viscosity
at 1000C of 20 cSt or less (preferably 15 cSt or
less), and preferably a pour point of 0 C or less;
wherein the productivity of the process is at least
43,000 g of total product per mmol of transition metal
compound. In a preferred embodiment, this invention
relates to a process to produce a liquid
poly-alpha-olefin having a KVioo of 20 cSt or less
comprising: a) contacting in a reaction zone, in the
presence of hydrogen (preferably from 10 to 10,000 ppm
by weight of hydrogen), one or more C3 to C20
alphaolefin monomers with a non-coordinating anion
activator and a transition metal compound represented
by the formula:where M is a Group 4 metal preferably
titanium, zirconium or hafnium, preferably zirconium
or hafnium, each X is a hydrogen, halogen, hydride
radicals, hydrocarbyl radicals, substituted
hydrocarbyl radicals, halocarbyl radicals, substituted
halocarbyl radicals, silylcarbyl radicals, substituted
silylcarbyl radicals, germylcarbyl radicals, or
substituted germylcarbyl radicals; or both X are
joined and bound to the metal atom to form a
metallacycle ring containing from about 3 to about 20
carbon atoms; or both together can be an olefin,
diolefin or aryne ligand; and R1 to R10 are
independently, a radical group which is a hydrocarbyl,
substituted hydrocarbyl, halocarbyl, substituted
halocarbyl, silylcarbyl or germylcarbyl, ( preferably
hydrogen, or a C1 to C20 hydrocarbyl, a substituted C1
to C 0 hydrocarbyl, or a heteroatom), provided that:l)
at least one of R1 to R5is nothydrogen or an isoolefn
and at least one of R to R10 is not hydrogen or an
isoolefin, or 2)at least two of R1 to R5 are not
hydrogen, (and preferably at least two of R6 to R10
are not hydrogen) where any two adjacent R1 to R5
groups may form a C4 to C20 cyclic or polycyclic
moiety (such as substituted or unsubstituted indene or
substituted or unsubstituted flourene), and where any
two adjacent R6 to 



R10 groups may form a C4 to C20 cyclic or poly cyclic
moiety (such as substituted or unsubstituted indene or
substituted or unsubstituted flourene), and provided
that ethylene is not present at more than 30 volume %
of the monomers entering the reaction zone, where: i)
the productivity of the process is at least 43,000 g
of total product per mmol of transition metal
compound, and ii) the process is continuous or
semi-continuous, and iii) the temperature in the
reaction zone does not rise by more than 10 C during
the reaction (preferably not more than 7 C, preferably
not more than 5 0C, preferably not more than 3 0C);
and b) obtaining a liquid poly-alpha-olefm having a
KV100 of 20 cSt or less. By continuous is meant a
system that operates (or is intended to operate)
without interruption or cessation. For example a
continuous process to produce a polymer would be one
where the reactants (such as monomers and catalyst
components) are continually introduced into one or
more reactors and polymer product is continually
withdrawn. By semi-continuous is meant a system that
operates (or is intended to operate) with periodic
interruption. For example a semi-continuous process to
produce a polymer would be one where the reactants
(such as monomers and catalyst components) are
continually introduced into one or more reactors and
polymer product is intermittently withdrawn. A batch
process is not continuous or semi-continuous. In a
preferred embodiment of this invention the
oligomerization reaction temperature is controlled by
several means, such as continuous or semicontinuous
operation, by heat removal, rate of catalyst or feed
addition or solvent addition. Since catalyst solution,
feed olefins and/or solvents are usually at room or
ambient temperature, their addition to the reactor can
mitigate the heat ofreaction and can help maintain
constant reaction temperature. This mode of operation
can control the temperature to within 1O0C of desired
reaction temperature, usually preferred to be within
70C of desired temperature, preferred to be within 5C
of desired temperature or preferred to be within 3C of
desired temperature over a 30 minute period,
preferably for the entire reaction. Usually, a
reactor, containing a small amount of starting liquid
is pre-heated to within 1O0C of the desired reaction
temperature in a semi-continuous run. This starting
liquid can be feed olefins, catalyst components,
solvents or polyalphaolefins heels from previous runs,
or polyalpha-olefm products from previous runs or any
other appropriate liquids. Usually, part of the feed
olefins, solvent or PAO heels from previous runs or
PAO products from previous runs are more preferred
starting liquid. When the reactor is at desired
temperature, feed olefins, catalyst components,
hydrogen of proper amount, solvents and other
components were added continuously at proper rates.
Usually in a semi-continuously run, the range of
addition for the catalyst solution and the feed
olefins are controlled so that addition of both
streams are completed at the same time. As the
polymerization reaction starts at the reaction
temperature, heat is released. In order to control the
reaction temperature to be as constant as possible,
heat removal by several methods as mentioned above is
employed. Or if the reaction rate is not high enough
to maintain the reaction temperature, external heating
is supplied to the reactor to maintain a desired
temperature. After addition is completed, the reaction
is allowed to proceed for the desired amount of time
to obtain highest feed olefin conversion. In a
continuous mode of operation, the operation is similar
to the semicontinuous run, except when the reactor is
filled up to a pre-determined level, a 



pre-determined amount of reaction product is withdrawn
from the reactor while the addition of all components
is continued. The rate of feed addition and the amount
of reaction product withdrawn from the reactor
determine the reaction time or residence time. This
can be pre-determined to obtain high feed olefin
conversion and high reactor throughput for economical
operation. In this process, several factors are
critical for optimum results. First is the proper
choice of catalyst components. An un-bridged,
substituted metalloceneactivated by a non-coordinating
anion (NCA) with small amount of trialkylaluminum is
an effective catalyst. The metallocene components can
be dihalide ( preferably dichloride) or dialkyls. But,
usually, the di-alkyl form of the metallocene is the
more preferred catalyst for use in combination with an
NCA. When the metallocene di-halide is used, it
typically requires addition of tri alkylaluminum to
promote the reaction. In this case the molar ratio of
tri alkylaluminum to metallocene is anywhere from 4 to
4000, preferably 8 to 500. When the metallocene
dialkyls are used, (such as bis(tetrahydroindentyl)
zirconium dimethyl, bis(l,2-dimethylcyclopentadienyl)
zirconium dimethyl, bis( 1,3-dimethylcyclopentadienyl)
zirconium dimethyl, bis(l ,2,4-
trimethylcyclopentadienyl) zirconium dimethyl,
bis(tetramethylcyclopentadienyl)zirconium dimethyl or
bis(methyl-3-nbutycyclopentadienyl) zirconium
dimethyl, or many other dialkyl metallocenes, etc.), a
small amount of tri-alkylaluminums is needed to give
the optimum catalyst productivity. In this case the
molar ratio of trialkylaluminum to metallocene is
typically 2 to 500, preferably 3 to 200, more
preferably 3 to 100 or 3 to 10. . The amount of NCA
used is also critical. The molar ratio of metallocene
to NCA can ranged from 10 to 0.1. The more preferred
molar ratio of metallocene to NCA is close to 1 to 1
or 0.5 to 2. In addition, the amount of metallocene
concentration is critical. In order to achieve the
highest catalyst productivity, highest selectivity to
lube range product and best temperature control and
operability, the preferred amount of metallocene per
gram of olefin feeds ranges from 1 microgram (or 0.001
milligram)/gram to 1 milligram/gram of olefins. When
amounts of catalyst components used are too high, the
temperature control becomes difficult, product
selectivity suffers and catalyst cost becomes
un-economical. The amount of hydrogen present in the
reactor is also important. Usually smaller amount of
hydrogen is preferred. The hydrogen head pressure is
usually maintained at below 100 psi, preferably below
50 psi, preferably below 30 psi, preferably below 20
psi, preferably below 10 psi. Usually, lower hydrogen
pressure while maintaining an activity boost is
preferred. Too high a hydrogen pressure will
hydrogenate the starting alpha-olefin feeds into
correspondingalkane. When this hydrogenation of raw
material occurs, the product yield and selectivity
will suffer significantly. Therefore, it is preferred
to maintain reactor hydrogen pressure below 100 psi,
more preferably below 50 psi to minimize the
hydrogenation of feed stock into low value alkanes.
Likewise a minimum amount of hydrogen is also desired,
preferably the hydrogen is present at least 1 psi,
preferably at least 5 psi. The reaction time or
residence time is also important for high conversion
of the feed olefins. Usually longer reaction time or
residence time favors higher feed olefin conversion.
However, to balance high conversion and the high
reactor throughput, the reaction time or residence
time is usually between 5 minutes to 30 hours, more
preferred 10 minutes to 16 hours, more preferred 20
minutes to 10 hours. By proper choice of metallocenes
, activated with NCA, and by proper choice of 



reaction operation conditions, including the amount of
catalyst used, and with right amount of
trialkylaluminum as scavenger, residence time or
reaction time, and amount of hydrogen,, we produce
palyalpha-olefms with high catalyst productivity of
more than 43,000 gram total product per gram of
metallocene used. This high productivity makes the
process economically and commercially attractive. In
an alternate embodiment, the feed alpha-olefin,
diluent or solvent stream comprises less than 300 ppm
of heteroatom containing compounds. After the reaction
is completed in the semi-continuous run or the product
withdrawn from the continuous run, the crude product
can be worked up by deactivating the catalyst by
addition of small amount of oxygen, CO2 gas, air,
water, alcohol, acids or any other catalyst poison
agents; washing the product with dilute aqueous sodium
hydroxide or hydrochloric acid solution and water; and
separating the organic layer. The organic layer
typically contains un-reacted olefins, olefin
oligomers and solvent. The product fractions can be
separated from solvent and un-reacted starting olefins
by distillation. The product fractions can be further
fractionated into light fractions and residual
fractions. These fractions typically have unsaturated
double bond per each molecule. The double bonds are
mostly vinylidene with some 1,2-disubstituted olefins
or tri-substituted olefins.These double bonds are
suitable for further functionalization into other
functional fluids or performance additives according
to well-known olefin functionalization reaction, such
as alleviation with aromatic containing compounds,
with maleic anhydrides, with CO/H2 via
hydroformulation reactions, etc. The residual
fractions, usually have low or no light hydrocarbons
with less than 24 carbons can be used as high
performance fluids if their bromine number is below 2.
If the bromine number is above 2, it can be readily
hydrogenated by conventional lube hydrofmishing
process and converted into fully saturated paraffin
fluids with bromine number less than 2, usually
significantly less than 2. Usually, lower bromine
number is more preferred, as it indicate better
oxidative stability. These hydrogenated, saturated
hydrocarbon paraffins are used as high performance
lubricant base stocks or used as high performance
functional fluids after proper formulation.
Description of the typical lubricant or functional
fluids formulation can be found in the book and the
references in "Synthetic Lubricants and High -
Performance Functional Fluids", 2nd edition, ed. by
L.R. Rudnick and R. L. Shubkin, Marcel Dekker, Inc.,
N.Y. 1999. Alternatively, the crude product from the
polymerization reactor can be worked up by absorbing
the catalyst components and scavenger components and
any other heteroatom containing components using a
solid sorbant. This is a preferred method and is used
in the examples below. In this method, a catalyst
de-activator as described above is added to the crude
reaction product or a solid absorbent, such as
alumina, acid clay, Celite, or a cheap filter aid, is
added to the crude product and stirred for a
pre-determined amount of time, usually greater than 5
minutes. Then the solid is filtered and the filtrate
is ready for further distillation or fractionation.
This method is described more fully in concurrently
filed patent application USSN 60/ , filed July 19,
2006 (Attorney Docket Number 2006EM037). In another
embodiment, the process further comprises contacting
PAO produced herein with hydrogen under typical
hydrogenation conditions with hydrogenation
catalyst.Metallocene Catalyst Compounds For purposes
of this invention and the claims thereto, the terms
"hydrocarbyl radical," "hydrocarbyl," and hydrocarbyl
group" are used 



interchangeably throughout this document. Likewise the
terms "group," "radical," and "substituent" are also
used interchangeably throughout this document. For
purposes of this disclosure, "hydrocarbyl radical" is
defined to be a C1-C10O radical and may be linear,
branched, or cyclic. When cyclic, the hydrocarbon
radical may be aromatic or non-aromatic. "Hydrocarbon
radical" is defined to include substituted hydrocarbyl
radicals, halocarbyl radicals, substituted halocarbyl
radicals, silylcarbyl radicals, and germylcarbyl
radicals as these terms are defined below. Substituted
hydrocarbyl radicals are radicals in which at least
one hydrogen atom has been substituted with at least
one functional group such as NR*2, OR*, SeR*, TeR*,
PR*2 AsR*2, SbR*2, SR*, BR*2, SiR*3, GeR*3, SnR*3,
PbR*3 and the like or where at least one
non-hydrocarbon atom or group has been inserted within
the hydrocarbyl radical, such as -O-, -S-, -Se-, -Te-,
-N(R*)-, =N-, -P(R*)-, =P-, -As(R*)-, =As-, -Sb(R*)-,
=Sb-, -B(R*)-, =B-, -Si(R*)2-, -Ge(R*)2-, -Sn(R*)2-,
-Pb(R*)2- and the like, where R* is independently a
hydrocarbyl or halocarbyl radical, and two or more R*
may join together to form a substituted or
unsubstituted saturated, partially unsaturated or
aromatic cyclic or polycyclic ring structure.
Halocarbyl radicals are radicals in which one or more
hydrocarbyl hydrogen atoms have been substituted with
at least one halogen (e.g. F, Cl, Br, I) or
halogen-containing group (e.g. CF3) . Substituted
halocarbyl radicals are radicals in which at least one
halocarbyl hydrogen or halogen atom has been
substituted with at least one functional group such as
NR*2, OR*, SeR*, TeR*, PR*2, AsR*2, SbR*2, SR*, BR*2,
SiR*3, GeR*3, SnR*3, PbR*3 and the like or where at
least one non-carbon atom or group has been inserted
within the halocarbyl radical such as -O-, -S-, -Se-,
-Te-, -N(R*)-, =N-, -P(R*)-, =P-, -As(R*)-, =As-,
-Sb(R*)-, =Sb-, -B(R*)-, -B-, -Si(R*)2-, -Ge(R*)2-,
-Sn(R*)2-, -Pb(R*)2- and the like, where R* is
independently a hydrocarbyl or halocarbyl radical
provided that at least one halogen atom remainson the
original halocarbyl radical. Additionally, two or more
R* may join together to form a substituted or
unsubstituted saturated, partially unsaturated or
aromatic cyclic or polycyclic ring structure.
Silylcarbyl radicals (also called silylcarbyls) are
groups in which the silyl functionality is bonded
directly to the indicated atom or atoms. Examples
include SiH3, SiH2R*, SiHR*2, SiR*3, SiH2(OR*),
SiH(OR*)2, Si(OR*)3, SiH2(NR*2), SiH(NR*2)2,
Si(NR*2)3, and the like where R* is independently a
hydrocarbyl or halocarbyl radical and two or more R*
may join together to form a substituted or
unsubstituted saturated, partially unsaturated or
aromatic cyclic or polycyclic ring structure.
Germylcarbyl radicals (also called germylcarbyls) are
groups in which the germyl functionality is bonded
directly to the indicated atom or atoms. Examples
include GeH3, GeH2R*, GeHR*2, GeR5 3, GeH2(OR*),
GeH(OR*)2, Ge(0R*) 3, GeH2(NR*2), GeH(NR*2)2,
Ge(NR*2)3, and the like where R* is independently a
hydrocarbyl or halocarbyl radical and two or more R*
may join together to form a substituted or
unsubstituted saturated, partially unsaturated or
aromatic cyclic or polycyclic ring structure. Polar
radicals or polar groups are groups in which a
heteroatom functionality is bonded directly to the
indicated atom or atoms. They include heteroatoms of
groups 1-17 of the periodic table (except carbon and
hydrogen) either alone or connected to other elements
by covalent bonds or other interactions such as ionic
bonds, van der Waals forces, or hydrogen bonding.
Examples of 



functional heteroatom containing groups include
carboxylic acids, acid halides, carboxylic esters,
carboxylic salts, carboxylic anhydrides, aldehydes and
their chalcogen (Group 14) analogues, alcohols and
phenols, ethers, peroxides and hydroperoxides,
carboxylic amides, hydrazides and imides, amidines and
other nitrogen analogues of amides, nitriles, amines
and imines, azos, nitros, other nitrogen compounds,
sulfur acids, selenium acids, thiols, sulfides,
sulfoxides, sulfones, phosphines, phosphates, other
phosphorus compounds, silanes, boranes, borates,
alanes, aluminates. Functional groups may also be
taken broadly to include organic polymer supports or
inorganic support material such as alumina, and
silica. . Preferred examples of polar groups include
NR*2, OR*, SeR*, TeR*,PR*2, AsR*2, SbR*2, SR*, BR*2,
SnR*3, PbR*3 and the like where R* is independently a
hydrocarbyl, substituted hydrocarbyl, halocarbyl or
substituted halocarbyl radical as defined above and
two R may join together to form a substituted or
unsubstituted saturated, partially unsaturated or
aromatic cyclic or polycyclic ring structure. In using
the terms "substituted or unsubstituted
cyclopentadienyl ligand", "substituted or
unsubstituted indenyl ligand", "substituted or
unsubstituted fluorenyl ligand" and "substituted or
unsubstituted tetrahydroindenyl ligand", the
substitution to the aforementioned ligand may be
hydrocarbyl, substituted hydrocarbyl, halocarbyl,
substituted halocarbyl, silylcarbyl, or germylcarbyl.
The substitution may also be within the ring giving
heterocyclopentadienyl ligands, heteroindenyl ligands,
heterofluorenyl ligands, or heterotetrahydoindenyl
ligands, each of which can additionally be substituted
or unsubstituted. In some embodiments, the hydrocarbyl
radical is independently selected from methyl, ethyl,
ethenyl, and isomers of propyl, butyl, pentyl, hexyl,
heptyl, octyl, nonyl, decyl, undecyl, dodecyl,
tridecyl, tetradecyl, pentadecyl, hexadecyl,
heptadecyl, octadecyl, nonadecyl, eicosyl, heneicosyl,
docosyl, tricosyl, tetracosyl, pentacosyl, hexacosyl,
heptacosyl, octacosyl, nonacosyl, triacontyl,
propenyl, butenyl, pentenyl, hexenyl, heptenyl,
octenyl, nonenyl, decenyl, undecenyl, dodecenyl,
tridecenyl, tetradecenyl, pentadecenyl, hexadecenyl,
heptadecenyl, octadecenyl, nonadecenyl, eicosenyl,
heneicosenyl, docosenyl, tricosenyl, tetracosenyl,
pentacosenyl, hexacosenyl, heptacosenyl, octacosenyl,
nonacosenyl, triacontenyl, propynyl, butynyl,
pentynyl, hexynyl, heptynyl, octynyl, nonynyl,
decynyl, undecynyl, dodecynyl, tridecynyl,
tetradecynyl, pentadecynyl, hexadecynyl, heptadecynyl,
octadecynyl, nonadecynyl, eicosynyl, heneicosynyl,
docosynyl, tricosynyl, tetracosynyl, pentacosynyl,
hexacosynyl, heptacosynyl, octacosynyl, nonacosynyl,
triacontynyl, butadienyl, pentadienyl, hexadienyl,
heptadienyl, octadienyl, nonadienyl, and decadienyl.
Also included are isomers of saturated, partially
unsaturated and aromatic cyclic and polycyclic
structures wherein the radical may additionally be
subjected to the types of substitutions described
above. Examples include phenyl,
methylphenyl,dimethylphenyl, ethylphenyl,
diethylphenyl, propylphenyl, dipropylphenyl, benzyl,
methylbenzyl, naphthyl, anthracenyl, cyclopentyl,
cyclopentenyl, cyclohexyl, cyclohexenyl,
methylcyclohexyl, cycloheptyl, cycloheptenyl,
norbomyl, norbornenyl, adamantyl and the like. For
this disclosure, when a radical is listed, it
indicates that radical type and all other radicals
formed when that radical type is subjected to the
substitutions defined above. Alkyl, alkenyl and
alkynyl radicals listed include all isomers including
where appropriate cyclic isomers, for example, butyl
includes "-butyl, 2-methylpropyl, 1-methylpropyl,
tert-bxLtyl, and cyclobutyl (and analogous substituted
cyclopropyls); pentyl includes n-pentyl, cyclopentyl,
1-methylbutyl, 2-methylbutyl, 3-methylbutyl, 1-
ethylpropyl, and neopentyl (and analogous substituted
cy.clobutyls and 



cyclopropyls); butenyl includes E and Z forms of
1-butenyl, 2-butenyl, 3-butenyl, 1-methyl-1-propenyl,
l-methyl-2-propenyl, 2-methyl-l-propenyl and
2-methyl-2- propenyl (and cyclobutenyls and
cyclopropenyls). Cyclic compound having substitutions
include all isomer forms, for example, methylphenyl
would include ortho-methylphenyl, meta-methylphenyl
and para-methylphenyl; dimethylphenyl would include
2,3-dimethylphenyl, 2,4-dimethylphenyl,
2,5-dimethylphenyl, 2,6- diphenylmethyl,
3,4-dimethylphenyl, and 3,5-dimethylphenyl. Examples
of cyclopentadienyl and indenyl ligands are
illustrated below as anionic ligands. A "ring carbon
atom" is a carbon atom that is part of a cyclic ring
structure. By this definition, an indenyl ligand has
nine ring carbon atoms; a cyclopentadienyl ligand has
five ring carbon atoms and a flourenyl ligand has 13
carbon atoms. Thus an indene is equivalent to a Cp
ring with two alkyl radical substituents and a
flourene is equivalent to a Cp ring with four alkyl
radical substituents. The metallocene compounds
(pre-catalysts), useful herein are preferably
cyclopentadienyl derivatives of titanium, zirconium
and hafnium m general, useful titanocenes,
zirconocenes and hafhocenes may be represented by the
following formulae: (CpCp^MX 1X2 (2) wherein:M is the
metal center, and is a Group 4 metal preferably
titanium, zirconium or hafnium, preferably zirconium
or hafnium; Cp and Cp* are the same or different
cyclopentadienyl rings that are each bonded to M, and
1) both Cp and Cp* are substituted with at least one
non-isoolefm substituent", or 2) Cp is substituted
with from two to five substituents "R", preferably
both Cp and Cp* are substituted with from two to five
substituents "R", each substituent group R being,
independently, a radical group which is a hydrocarbyl,
substituted hydrocarbyl, halocarbyl, substituted
halocarbyl, silylcarbyl or germylcarbyl, or Cp and Cp*
are the same or different cyclopentadienyl rings in
which any two adjacent R groups are optionally joined
to form a substituted or unsubstituted, saturated,
partially unsaturated, or aromatic cyclic or
polycyclic substituent; X1 and X2 are, independently,
hydrogen, halogen, hydride radicals, hydrocarbyl
radicals, substituted hydrocarbyl radicals, halocarbyl
radicals, substituted halocarbyl radicals, silylcarbyl
radicals, substituted silylcarbyl radicals.
germylcarbyl radicals, or substituted germylcarbyl
radicals; or both X are joined and bound to the metal
atom to form a metallacycle ring containing from about
3 to about 20 carbon atoms; or both together can be an
olefin, diolefn or aryne ligand. Table A depicts
representative constituent moieties for the
metallocene components of formula 2. The list is for
illustrative purposes only and should not be construed
to be limiting in any way. A number of final
components may be formed by permuting all possible
combinations of the constituent moieties with each
other. When hydrocarbyl radicals including alkyl,
alkenyl, alkynyl, cycloalkyl, cycloalkenyl,
cycloalkynyl and aromatic radicals are disclosed in
this application the term includes all isomers. For
example, butyl includes n-butyl, 2- methylpropyl,
1-methylpropyl, tert-butyl, and cyclobutyl; pentyl
includes npentyl, 1-methylbutyl, 2-methylbutyl,
3-methylbutyl, 1-ethylpropyl, neopentyl, cyclopentyl
and methylcyclobutyl; butenyl includes E and Z forms
of 1-butenyl, 2-butenyl, 3-butenyl,
1-methyl-1-propenyl, l-methyl-2-propenyl,
2-methyl-lpropenyl and 2-methyl-2-propenyl. This
includes when a radical is bonded toanother group, for
example, propylcyclopentadienyl include
npropylcyclopentadienyl, 



isopropylcyclopentadienyl and
cyclopropylcyclopentadienyl. In general, the ligands
or groups illustrated in Table A include all isomeric
forms. For example, dimethylcyclopentadienyl includes
1,2-dimethylcyclopentadienyl and
1,3-dimethylcyclopentadienyl; methylindenyl includes
1-methylindenyl, 2-methylindenyl, 3-methylindenyl,
4-methylindenyl, 5- methylindenyl, 6-methylindenyl and
7-methylindenyl; methylethylphenyl includes
ortho-methylethylphenyl, meta-methylethylphenyl and
para-methylethylphenyl. To illustrate members of the
transition metal component, select any combination of
the species listed in Tables A. TABLE A -BLOW MOLDING
POLYETHYLENE RESINS FIELD OF INVENTION [0001] This
patent is related to polyethylene resins and
continuous fluidized-bed gas-phase polymerization
processes for making polyethylene resins. BACKGROUND
[0002] The manufacture of polyethylene resins in a
fluidized-bed gas phase process has been the subject
of a great deal of development effort and expense.
[0003] One of the problems in using a fluidized-bed
gas phase process to form polyethylene resins is
making a resin with desirable properties, particularly
properties appropriate for blow molding purposes,
while still having a high productivity and avoiding
production problems, e.g., sheeting and the like.
Therefore, it would be desirable to obtain a resin
product with desirable properties, e.g., sufficiently
high Environmental Stress Crack Resistance (ESCR) and
proper die swell, while also achieving high catalyst
productivities, using a fluidized-bed gas phase
process. [0004] U.S. Patent No. 5,166,279 refers to
processes for the gas phase copolymerization of
ethylene, in which polyethylene resins are formed.
However, the processes disclosed in that patent are
said to provide products with reduced die swell, in
contrast with the processes herein, which provide
polyethylene resins with increased die swell. Also,
the disclosed ESCR levels are low in relation to the
densities of the resins. That is, the ESCR Index
(described below) is below 1.0. Further still, the
disclosed catalyst productivities for low reactor
temperatures are low. [0005] Processes for gas phase
polymerization of ethylene are disclosed in WO
01/77191 but neither ESCR nor die swell is discussed.
[0006] Other background references include U.S. Patent
Nos. 2,825,721, 3,622,521, 3,779,712, 3,970,613,
4,011,382, 4,517,345, 4,540,755, 4,543,399, 4,564,660,
4,588,790, 4,621,952, 4,803,251, 4,933,149, 4,994,534,
5,965,675, 6,482,901, and 6,627,713; U.S. Patent
Application Publication No. 2002/0042482;EP 0 562 203
A, EP 0 562 204 A, EP 0 562 205 A, EP 0 640 625 A, EP
0 870 773 A, EP 1 207 170 A, EP 1 240 212 A5 and EP 1
303 546 A; WO 2001/30871, WO 2002/40556, WO
2002/42341, WO 2004/060923, and WO 2004/094489; and JP
2004-091739. SUMMARY [0007] Disclosed herein are
various processes, including continuous fluidized-bed
gas-phase polymerization processes for making a high
strength, high density polyethylene copolymer,
comprising (including): contacting monomers that
include ethylene and optionally at least one
non-ethylene monomer with fluidized catalyst particles
in a gas phase in the presence of hydrogen gas at an
ethylene partial pressure of 100 psi or more and a
polymerization temperature of 1200C or less to produce
a polyethylene copolymer having a density of 0.945
g/cc or more and an ESCR Index of 1.0 or more wherein
the catalyst particles are prepared at 



an activation temperature of 7000C or less, and
include silica, chromium, and titanium. [0008] Also
disclosed herein are continuous fluidized-bed
gas-phase polymerization processes for making a high
strength, high density polyethylene copolymer,
comprising: contacting monomers that include ethylene
and optionally at least one non-ethylene monomer with
fluidized catalyst particles in a gas phase in the
presence of hydrogen gas at an ethylene partial
pressure of 100 psi or more and a polymerization
temperature of 12O0C or less to produce a polyethylene
copolymer having a density of 0.945 g/cc or more, an
ESCR Index of 1.0 or more, and a Die Swell of from 80%
to 100%, wherein the catalyst particles are prepared
at an activation temperature of 7000C or less, and
include silica, chromium, and titanium. [0009] Also
disclosed is a continuous gas-phase polymerization
process for making a high strength, high density
polyethylene copolymer, comprising: contacting
monomers that include ethylene and optionally at least
one nonethylene olefin with fluidized catalyst
particles in a gas-phase fluidized-bed reactor in the
presence of hydrogen gas at an ethylene partial
pressure of 100 psior more and a polymerization
temperature of 12O0C or less to produce a polyethylene
copolymer having a density of from 0.945 to 0.960 g/cc
and an ESCR Index of 1.0 or more, wherein: (a) the
catalyst particles include a silica support that is
porous and has a surface area of less than 400 square
meters per gram; (b) the catalyst particles have been
prepared by contacting the silica support with a
chromium compound in a vessel; raising the internal
temperature of the vessel containing the dried
particles and dry air to a final activation
temperature of 65O0C or below; maintaining the
activation temperature for a period of from 4 to 8
hours to form activated catalyst particles; lowering
the internal temperature of the vessel containing the
activated catalyst particles; removing air from the
vessel using dry nitrogen; and (c) the polyethylene
resin is formed at a polymerization temperature of
12O0C or less; (d) the polyethylene resin is formed
with a bulk density of 20 Ib/ft3 or more; (e) the
polyethylene resin has an ESCR Index of 1.0 or more;
(f) the polyethylene resin has a density of from 0.945
to 0.960 g/cc; (g) the polyethylene resin has a
Molecular Weight Distribution of from 15 to 30. [0010]
In any of the previous embodiments, the catalyst of
the catalyst particles or the catalyst particles may
consist essentially of silica, chromium, and titanium.
[0011] In any of the previous embodiments, the
precursor(s) of the catalyst of the catalyst particles
or precursor(s) of the catalyst particles is/are not
contacted with an alkylaluminum compound such as a
trialkylaluminum compound, i.e. triethylaluminum, to
form the catalyst of the catalyst particles or the
catalyst particles.[0012] In any of the previous
embodiments, the catalyst of the catalyst particles or
the catalyst particles are not activated by a
cocatalyst such as with an alkylaluminum compound such
as a trialkylaluminum compound, i.e. triethylaluminum.
Conversely, in any of the previous embodiments, the
catalyst of the catalyst particles or the catalyst
particles are heat activated as described in more
detail herein. BRIEF DESCRIPTION OF DRAWINGS [0013]
FIG. 1 is a flow diagram of a process for making
polyethylene resin. 



DETAILED DESCRIPTION [0014] A detailed description now
follows, for purposes of enabling a person having
ordinary skill in the art of making polyethylene to
make and use the claimed invention, without undue
experimentation. Various terms as used herein are
defined below. To the extent a term used in a claim is
not defined below, or elsewhere herein, it is given
the broadest definition persons in the pertinent art
have given that term based on any definition or usage
of the term in one or more printed publications or
issued patents, including any dictionary definitions.
[0015] In specific embodiments, some of which are
described below, polyethylene resins are obtained by
particular polymerization processes in which specific
ingredients and processing conditions are used. For
example, a polyethylene resin having improved
properties (e.g., high Environmental Stress Crack
Resistance (ESCR) and desirable Die Swell) can be
obtained by directly contacting monomers that include
ethylene and other comonomers (e.g., hexene) in a
fiuidized bed reactor, in the presence of oxygen and
hydrogen, at a high ethylene partial pressure (e.g.,
100 psi and preferably higher) using a polymerization
temperature (e.g., less than 120 0C, or less than
118C, or less than 116C, or less than 115C, or less
than 114C, or less than 113C, or less than 112C, or
less than 111C, or less than 110 0C, or less than
109C, or less than 108C, or less than 1070C, or less
than 106C,or less than 105C) with a particular
catalyst that (a) includes titanium together with a
low amount of chromium (lessthan 1.0 wt% and
preferably 0.50 wt% or lower), (b) is supported by a
porous support particle that consists essentially of
silica, (c) has a low surface area (less than 400
square meters per gram) and (d) is activated in a
specific way that includes careful control of
activation temperature, which includes using an
activation temperature within a particular range,
e.g., greater than 45O0C but less than 7000C or 65O0C
and preferably a narrower range, as specified below.
Those of skill in the art will appreciate that as less
and less comonomer (e.g. hexene) is incorporated in a
polymerization, that is as the polymer product
approaches and reaches homopolymer, the temperature of
the reaction will generally rise. A polyethylene resin
can be produced having superior properties,
particularly a polyethylene useful for blow molding
purposes. At least one of the superior properties is
an ESCR Index that is substantially higher than when
certain elements are not utilized, as demonstrated in
the examples below. Furthermore, the polyethylene
resin is produced at high productivities, e.g., 5000
lb/lb and greater (i.e., pounds of polymer per pound
of catalyst). [0016] At least one of the enhancements
offered by the processes described herein is providing
a polyethylene having a superior ESCR at given
density, preferably a density within any of the ranges
specified herein. It is generally recognized that ESCR
tends to be inversely proportional (albeit not a
straight line relationship) to density, so that ESCR
tends to generally be higher as resin density
decreases. With the processes herein, however, high
ESCR is achieved even where the density of the
polyethylene resin is relatively high. That is,
forming higher density resins results in less of a
decrease in ESCR. This improvement in ESCR performance
can be characterized herein by the ESCR Index, a
parameter defined below. Also, with the processes
herein, the resulting polyethylene resins have
superior Die Swell levels. For example, increasing
ESCR can tend to lower Die Swell. In other processes,
a polyethylene resin Die Swell often suffers at
certain ESCR levels. But with the processes herein, a
Die Swell of 80% and even higher is obtainable, e.g.,
80% and above, or 85% and above, or 90% and above, or
95% and above, where the desirable upper limit for Die
Swell is 100%. 



[0017] One of the features of successful operation of
the process is utilizing a combination of relatively
low activation temperature for the catalyst and
relativelylow polymerization temperature. It is
important, for example, that the process use a
catalyst prepared with a particular activation
temperature. It has been discovered, for example, that
using an activation temperature higher than a certain
level, e.g., higher than about 650C, or higher than
about 700C, or higher than about 750C, can lead to
catalysts having a detrimental effect on the polymer
produced in the gas phase process, e.g., leading to a
polymer with narrower molecular weight distributions
than desired, along with lower-than-desirable ESCR
values. On the other hand, an activation temperature
that is too low, e.g., lower than about 475 0C, or
lower than about 450C, can lead to catalysts with low
productivities. In certain embodiments, we have
discovered that a lower activation temperature (lower
than about 600C) seems to permit higher polymerization
temperatures, while maintaining excellent ESCR and
ESCR Index. But controlling catalyst activation
temperature is not necessarily enough, as demonstrated
by the experimental results below, and other factors
are desirably be implemented, including providing
certain process conditions, preferably high ethylene
partial pressures and low polymerization temperatures.
As demonstrated by the Examples, it is the right
combination of the various factors that leads to the
best results. [0018] In order to minimize the process
steps and complexity, it is advantageous that the
final product (i.e., the polyethylene having the
desired properties) be produced as a result of
directly contacting the monomers with the catalyst
particles described herein, e.g., in a single vertical
reactor vessel as shown in Figure 1, as opposed to
first contacting the monomers with catalyst particles
in one reactor vessel to form a prepolymer, then
transferring that prepolymer to a different reactor to
form the final polymer. Also, the material that enters
the vertical reactor vessel preferably experiences a
decrease in velocity when it passes from the section
with low cross-sectional area to the section with high
crosssectional area. The catalyst, which is supported
on porous silica, includes both titanium and chromium,
and the catalyst has low amounts of chromium, e.g.,
lower than 1.0 wt%, or < 0.7 wt%, or < 0.5 wt%, or <
0.30 wt%. Preferably, the amount of chromium is less
than 1.0 wt%. When combined with other factors, the
polymerization described herein may be less likely to
experience agglomerationand sheeting when the catalyst
particles that are making direct contact with the
monomers are loaded with such low levels of chromium,
particularly less than 1.0 wt%, or less than 0.50 wt%,
or even lower. [0019] In one embodiment, the catalyst
is prepared, not only using low activation
temperature, but also according to a controlled
procedure, exemplified by the following. A suitable
chromium compound can be deposited on a suitable
support, usually in aqueous solution. The support can
be dried to reduce or eliminate water before the
support, a suitable titanium compound and a suitable
liquid are mixed together. The support can be dried to
remove the liquid and deposit the titanium compound on
the support. Then, the support containing chromium and
titanium compounds can be heated in a suitable heated
vessel, first in nitrogen at lower temperatures, then
in an oxygen containing material (e.g. air or pure
oxygen) at a suitable higher temperature for a
suitable time. [0020] Also, it is preferred that the
polymerization be conducted at a high ethylene partial
pressure, e.g., at ethylene partial pressure of > 100
psi, or > 150 psi; or > 200 psi, or > 250 psi, or >
300 psi. Furthermore, productivities > 4000 lb/lb, or
> 4500 lb/lb, > 5000 lb/lb, or > 5500 lb/lb, or > 6000
lb/lb, or > 6500 lb/lb, or > 7000 lb/lb, are a
preferred aspect of the process described herein in
gasphase 



polymerization fluid bed systems, preferably having a
residence time of > 2 hours, or > 2.5 hours, or > 3
hours, or > 3.5 hours, at the above-mentioned ethylene
partial pressures. [0021] Furthermore, to achieve a
polyethylene with a satisfactory ESCR, when comononier
is used, the preferred comonomers are 1-butene,
1-hexene, or 1- octene, or mixtures thereof. [0022]
Different specific embodiments of the processes, some
of which are set forth in certain claims, include (but
are not limited to) the following: [0023] In one or
more of the processes disclosed herein, the ESCR Index
of the polyethylene resin can be at various levels
above 1.0, e.g., 1.1 or above; or 1.2 or above; or 1.3
or above; or 1.4 or above; or 1.5 or above; or 1.6 or
above; or 1.7 or above; or 1.8 or above; or 1.9 or
above; or 2.0 or above; or 2.5 or above; or 2.8
orabove, and such ESCR Index levels can be combined
with any of the measured ESCR levels and densities
disclosed herein. [0024] In at least one specific
embodiment, the density of the polyethylene copolymer
ranges from 0.950 to 0.965 g/cc. [0025] In one or more
of the processes described herein, the raising of the
internal temperature of the vessel containing the
dried particles to a final activation temperature,
e.g, of 65O0C (of any of the other activation
temperatures identified herein) includes raising the
internal temperature of the vessel containing the
dried particles and dry air at a rate of from 25 to
550C per hour to the final activation temperature and
the polyethylene resin is formed at any of the
polymerization temperatures described herein, e.g.,
1000C or less. [0026] In one or more of the processes
described above or elsewhere herein, the Percent Die
Swell (Die Swell) of the polyethylene resin can range
from 80% to 100%, such as 80% or more; or 85% or more;
or 90% or more; or 95% or more, all with a preferred
upper limit of 100%. Examples of Die Swell ranges are
81% and above; or 83% and above; or 85% and above
[0027] In one or more of the processes described above
or elsewhere herein, the supported catalyst particles
are prepared using an activation temperature of 65O0C
or less; or less than 6500C; or 6000C or less; or
55O0C or less; or 5000C or less. [0028] In one or more
of the processes described above or elsewhere herein,
the ESCR of the polyethylene resin (10% Igepal) is 47
hours or more; or > 48 hours; or > 50 hours; or > 52
hours; or > 54 hours; or > 56 hours; or > 58 hours; or
> 70 hours; or > 80 hours; or > 100 hours. [0029] In
one or more of the processes described above or
elsewhere herein, the chromium in the catalyst is
present in the amount of less than 1.0 wt%; or < 0.7
wt%; or < 0.5 wt%; or < 0.3 wt%. [0030] In one or more
of the processes described above or elsewhere herein,
the non-ethylene monomer is 1-butene, 1-hexene, or
1-octene, or mixtures thereof.[0031] In one or more of
the processes described above or elsewhere herein, the
ethylene partial pressure is 100 psi ethylene or
greater; or 125 psi ethylene or greater; or 150 psi
ethylene or greater; or 175 psi ethylene or greater;
or 200 psi ethylene or greater; or 250 psi ethylene or
greater; or 300 psi ethylene or greater. [0032] In one
or more of the processes described above or elsewhere
herein, the catalyst productivity is 4000 lb/lb or
more; or > 4500 lb/lb; or > 5000 lb/lb; or > 5500
lb/lb; or > 6000 lb/lb; or > 6500 lb/lb. [0033] In one
or more of the processes described above or elsewhere
herein, the catalyst productivity is 4000 lb/lb or
more (or any of the productivities identified above)
with a residence time of 2 hours or more; or > 2.5
hours; or > 3 hours; or > 3.5 hours; or > 4 hours.
[0034] In one or more of the processes described above
or elsewhere herein, the 



H2/C2 molar ratio in the cycle gas is 0.01 or more; or
> 0.015; or > 0.02; or > 0.03; or > 0.05; or > 0.10;
or > 0.15; or > 0.20. [0035] In one or more of the
processes described above or elsewhere herein, the
monomers are directed through one or more reactors
that include at least a first section having a first
diameter and a second section having a second
diameter, wherein the second diameter is larger than
the first diameter. [0036] In one or more of the
processes described above or elsewhere herein, oxygen
is present in the range of about 10 to 500 ppbv based
on the ethylene feed rate. [0037] In one or more of
the processes described above or elsewhere herein, the
surface area of the catalyst support is less than 400
square meters per gram, or < 380 square meters per
gram; or < 360 square meters per gram. [0038] In one
or more of the processes described above or elsewhere
herein, the polyethylene resin is formed with a bulk
density of 20 lb/ft 3 or more; or > 23 lb/ft 3; or >
25 lb/ft 3; or > 27 lb/ft 3.[0039] In one or more of
the processes described above or elsewhere herein, the
polymerization is conducted in the presence of
trialkyl aluminum such as triethyl aluminum (TEAl).
Catalyst Preparation [0040] Certain claims refer to a
catalyst that includes chromium and titanium.
Catalysts containing chromium and titanium, useful for
making the polyethylene resins herein, are exemplified
by the catalysts described in U.S. Patent 4,011,382,
except that fluoride is not used in certain
embodiments herein. The text of that patent referring
to catalysts and gas phase polymerization is hereby
incorporated by reference except that for the
catalysts described herein fluoride is not required.
[0041] A preferred catalyst for the invention herein
is a chromium oxide (CrO 3) based catalyst which can
be formed, in general, by depositing a suitable
chromium compound and a suitable titanium compound on
a support, and then activating the resulting
composition by heating it in an oxygen containing
material (e.g., air or pure oxygen) at a suitable
temperature for a suitable time (described below).
[0042] The chromium compound and titanium compound can
be deposited on the support from solutions thereof and
in such quantities as to provide, after the activation
step, the desired levels of Cr and Ti in the catalyst.
After the compounds are placed on the support and it
is activated, there results a powdery, free-flowing
particulate material. [0043] The order of the addition
of the chromium compound and the titanium compound to
the support is not critical but it is preferred that
all the components are added before the activation of
the composite catalyst, and also that the support is
dried to reduce or eliminate water before the titanium
compound is added thereto. [0044] After activation,
the supported catalyst preferably contains, based on
the combined weight of the support and the chromium
and titanium therein, (a) about 0.1 to 1.5, and
preferably about 0.2 to 1.0, and most preferably 0.3
to 0.7 weightpercent of Cr; and (b) about 1.5 to 9.0,
and preferably about 3.0 to 5.0, weight percent of
titanium. [0045] Chromium compounds. A suitable
chromium compound includes CrO3, or any compound of
chromium which is ignitable to CrO3 under the
activation conditions employed. At least a portion of
the chromium in the supported, activated catalyst must
be in the hexavalent state. Chromium compounds other
than CrO3 are disclosed in U.S. Pat. Nos. 2,825,721
and 3,622,521 (the disclosures of which patents are
hereby incorporated for reference) and include chromic
acetyl acetonate, chromic nitrate, chromic acetate,
chromic chloride, chromic 



sulfate, and ammonium chromate. Water soluble
compounds of chromium, such as CrO3 and chromic
acetate, are the preferred compounds for use in
depositing the chromium compound on the support from a
solution of the compound. Chromium compounds soluble
in organic solvents may also be used. [0046] Titanium
compounds. Any suitable titanium compound can be used;
including particularly those that are ignitable to TiO
under the activation conditions employed, and includes
those disclosed in U.S. Patent. No. 3,622,521 (hereby
incorporated by reference) and Netherlands Patent
Application 72-10881. These compounds include those
having the structures (R') nTi(OR') m and (RO)
mTi(0R') n where m is 1, 2, 3 or 4; n is 0, 1, 2 or 3
and m + n = 4, and where R is a C1 to C1 alkyl, aryl
or cycloaryl group, and combinations thereof, and the
like, wherein: R' is R, cyclopentadienyl, and C2 to
C12 alkenyl groups. These compounds also include those
having the structures TiX wherein X is chlorine,
bromine, fluorine or iodine. Accordingly, suitable
titanium compounds include titanium tetrachloride,
titanium tetraisopropoxide and titanium tetrabutoxide.
The titanium compounds are more conveniently deposited
on the support from a hydrocarbon solvent solution
thereof. The titanium (as Ti) is present in the
catalyst, with respect to the Cr (as Cr), in a mole
ratio of about 1 to 100, and preferably of about 4 to
18. [0047] Silica supports. An inorganic oxide support
is used as a catalyst support, preferably silica. The
inorganic oxides are necessarily porous materials,
e.g., those with a surface area that is less than 400
square meters per gram, or less than 380,or less than
360 square meters per gram. The inorganic oxides have
a particle size ranging from about 10 to 200 microns
in one embodiment, and preferably from about 10 to 90
microns. Although silica is the preferred inorganic
oxide, it is contemplated that in certain situations,
the inorganic oxides may also be (or include) alumina,
thoria, zirconia and other comparable inorganic
oxides, as well as mixtures of such oxides. [0048]
Although any grade of support can be used for use with
chromium, one of the preferred silicas is W.R. Grace's
955 grade, or any other silica having a surface area
of about 300 square meters per gram, a pore volume of
about 1.75 cc per gram, and an average particle size
of about 40 microns. A suitable chromiumcontaining
silica has about 0.5 weight percent chromium with a
surface area of about 300 square meters per gram, a
pore volume of about 1.45 cc per gram, and an average
particle size of about 40 microns (e.g. W.R. Grace's
957HS grade). [0049] When using 955 or 957HS grade
supports, activation temperatures higher than a
certain level, e.g., about 700C, can lead to catalysts
that produce polymer with narrower molecular weight
distributions, along with low ESCR values. [0050]
Drying. The catalyst support having the chromium
deposited thereon are preferably dried to reduce or
eliminate water before it is brought into contact with
the titanium compound. This can be done by applying
heat in a conventional manner, or otherwise drying the
catalyst support with a dry, inert gas (e.g.,
nitrogen) or dry air prior to use. In general, the
preferred drying temperature is 140 to 300C, and a
preferred drying time is about 2 to 4 hours, where
drying can be conducted by passing a stream of
nitrogen through the catalyst support. [0051]
Activation. The catalyst activation temperature can be
7000C or below, but for superior performance are
preferably within a range having an upper limit of
(i.e., less than or equal to) about 65O0C, or 6000C,
or 55O0C, or 5000C, with a lower limit of (i.e.,
greater than or equal to) about 35O0C, or 400 0C, or
45O0C, where the range can be selected using any of
the combinations of those upper and lower limits. The
catalyst activation time at or near the activation
temperature is 



within a range having an upper limit of 10 hours, or 8
hours, or 7 hours, or 6hours, with a lower limit of 1
hour, or 2 hours, or 3 hours or 4 hours. Additional
requirements for activation times are set forth below.
However, it has been discovered that, surprisingly, a
polyethylene having superior properties can be
obtained when a particular range of catalyst
activation temperature is used in combination with a
particular range of polymerization temperature, in a
gas phase environment, e.g., below 75O0C, or 7000C3 or
65O0C, or 6000C. The combination of about 600C
activation temperature (+/- 100C) and about 6 hours
activation time (+/- 30 minutes) is most preferred,
although similar combinations based on the
temperatures and times above are also beneficial.
Polymerization [0052] Referring to Figure 1, an
illustrative polymerization section 150 can include a
reactor 160 in fluid communication with one or more
discharge tanks 175 (only one shown), surge tanks 180
(only one shown), and recycle compressors 190 (only
one shown). The polymerization section 150 can also
include more than one reactor 160 arranged in series,
parallel, or configured independent from the other
reactors, each reactor having its own associated tanks
175, 180 and compressors 190 or alternatively, sharing
any one or more of the associated tanks 175, 180 and
compressors 190. For simplicity and ease of
description, embodiments of the invention will be
further described in the context of a single reactor
train. [0053] In one or more embodiments, the reactor
160 can include a reaction zone 162 in fluid
communication with a velocity reduction zone 164. The
reaction zone 162 can include a bed of growing polymer
particles, formed polymer particles and catalyst
particles fluidized by the continuous flow of
polymerizable and modifying gaseous components in the
form of make-up feed and recycle fluid through the
reaction zone 162. [0054] Referring now to Figure 1, a
feedstream 105 can be directed to enter the cycle line
before the blower but may also be at any point in the
polymerization system including to the reactor fluid
bed, the expanded section or to the cycle line before
or after the cooler as depicted with alternative
feedstream location 147.The term "feed stream" as used
herein refers to a raw material, either gas phase or
liquid phase, used in a polymerization process to
produce a polymer product. For example, a feed stream
may be any olefin monomer including substituted and
unsubstituted alkenes having two to 12 carbon atoms,
such as ethylene, propylene, 1-butene, 1-pentene,
4-methyl-l-pentene, 1-hexene, 1-octene, 1-decene, 1-
dodecene, styrene, and derivatives thereof. The feed
stream also includes nonolefinic gas such as nitrogen
and hydrogen. The feeds may enter the reactor at
multiple and different locations. For example,
monomers can be introduced into the polymerization
zone in various ways including direct injection
through a nozzle (not shown in the drawing) into the
bed. The feed stream may further include one or more
non-reactive alkanes that may be condensable in the
polymerization process for removing the heat of
reaction. Illustrative non-reactive alkanes include,
but are not limited to, propane, butane, isobutane,
pentane, isopentane, hexane, isomers thereof and
derivatives thereof. [0055] For the purpose of
polymerization with chromium oxide type catalysts, the
gas mole ratio of hydrogen to ethylene in the reactor
is typically in the range of about 0 to 0.5, more
typically in the range of 0.01 to 0.4 and most
typically in the range of 0.03 to 0.3. A preferred
embodiment includes the addition of hydrogen gas. The
use of hydrogen affects the polymer molecular weight
and distribution, and ultimately influences the
polymer properties. [0056] The fluidized bed has the
general appearance of a dense mass of 



individually moving particles as created by the
percolation of gas through the bed. The pressure drop
through the bed is equal to or slightly greater than
the weight of the bed divided by the cross-sectional
area. It is thus dependent on the geometry of the
reactor. To maintain a viable fluidized bed in the
reaction zone 162, the superficial gas velocity
through the bed must exceed the minimum flow required
for fluidization. Preferably, the superficial gas
velocity is at least two times the minimum flow
velocity. Ordinarily, the superficial gas velocity
does not exceed 5.0 ft/sec and usually no more than
2.5 ft/sec is sufficient. [0057] In general, the
height to diameter ratio of the reaction zone 162 can
vary in the range of from about 2:1 to about 5:1. The
range, of course, can vary to largeror smaller ratios
and depends upon the desired production capacity. The
crosssectional area of the velocity reduction zone 164
is typically within the range of about 2 to about 3
multiplied by the cross-sectional area of the reaction
zone 162. [0058] The velocity reduction zone 164 has a
larger inner diameter than the reaction zone 162. As
the name suggests, the velocity reduction zone 164
slows the velocity of the gas due to the increased
cross sectional area. This reduction in gas velocity
drops the entrained particles into the bed, allowing
primarily only gas to flow from the reactor 160. That
gas exiting the overhead of the reactor 160 is the
recycle gas stream 149. [0059] The recycle stream 149
is compressed in a compressor 190 and then passed
through a heat exchange zone where heat is removed
before it is returned to the bed. The heat exchange
zone is typically a heat exchanger 192 which can be of
the horizontal or vertical type. If desired, several
heat exchangers can be employed to lower the
temperature of the cycle gas stream in stages. It is
also possible to locate the compressor downstream from
the heat exchanger or at an intermediate point between
several heat exchangers. After cooling, the recycle
stream is returned to the reactor 160. The cooled
recycle stream absorbs the heat of reaction generated
by the polymerization reaction. [0060] Preferably, the
recycle stream is returned to the reactor 160 and to
the fluidized bed through a gas distributor plate 195.
A gas deflector 196 is preferably installed at the
inlet to the reactor to prevent contained polymer
particles from settling out and agglomerating into a
solid mass and to prevent liquid accumulation at the
bottom of the reactor as well to facilitate easy
transitions between processes which contain liquid in
the cycle gas stream and those which do not and vice
versa. An illustrative deflector suitable for this
purpose is described in U.S. Pat. No. 4,933,149 and
6,627, 713. [0061] An activated precursor composition
with or without an aluminum alkyl modifier
(hereinafter collectively referred to as catalyst) is
preferably stored for service in a catalyst reservoir
155 under a blanket of a gas which is inert to the
stored material, such as nitrogen or argon.
Preferably, the catalyst reservoir 155 isequipped with
a feeder suitable to continuously feed the catalyst
into the reactor 160. An illustrative catalyst
reservoir is shown and described in U.S. Pat. No.
3,779,712, for example. A gas that is inert to the
catalyst, such as nitrogen or argon, is preferably
used to carry the catalyst into the bed. Preferably,
the carrier gas is the same as the blanket gas used
for storing the catalysts in the catalyst reservoir
155. In one embodiment the catalyst is a dry powder
and the catalyst feeder comprises a rotating metering
disk. In another embodiment the catalyst is provided
as a slurry in mineral oil or liquid hydrocarbon or
mixture such as for example propane, butane,
isopentane, hexane, heptane or octane. An illustrative
catalyst reservoir is shown and described in WO
2004094489. The catalyst slurry may be delivered to
the reactor with a carrier fluid, such as, for
example, nitrogen or argon or a liquid such as for
example isopentane or other C3 to C8 alkane. It is 



possible to modify the catalyst during delivery to the
reactor along the feed addition line with the aluminum
alkyl modifiers, which are described elsewhere herein.
[0062] The catalyst is injected at a point into the
bed where good mixing with polymer particles occurs.
For example, the catalyst is injected into the bed at
a point above the distributor plate 195. Injecting the
catalyst at a point above the distribution plate 195
provides satisfactory operation of a fluidized-bed
polymerization reactor. Injection of the catalyst into
the area below the distributor plate 195 could cause
polymerization to begin there and eventually cause
plugging of the distributor plate 195. Injection
directly into the fluidized bed aids in distributing
the catalyst uniformly throughout the bed and tends to
avoid the formation of localized spots of high
catalyst concentration which can cause "hot spots" to
form. Injection of the catalyst into the reactor 160
above the bed can result in excessive catalyst
carryover into the recycle line 149 where
polymerization could occur leading to plugging of the
line 149 and heat exchanger 192. [0063] The modifier
compound (e.g., an aluminum alkyl compound, a
nonlimiting illustrative example of which is triethyl
aluminum), can be added to the reaction system either
directly into the fluidized bed or downstream of the
heat exchanger 192, in which case the modifier is fed
into the recycle system from adispenser 156. The
amount of modifier added to the polymerization reactor
when using the chromium oxide catalyst and
particularly the titanated chromium oxide based
catalyst can be, broadly speaking, in the range of
about 0.005 to about 10 modifier to chromium on a
molar basis, or more narrowly in the range of about
0.01 to 5 and even more narrowly in the range of about
0.03 to 3 and most narrowly in the range of 0.05 to 2.
[0064] The polymerization reaction is conducted
substantially in the absence of catalyst poisons such
as moisture, oxygen, carbon monoxide and acetylene.
However, oxygen can be added back to the reactor at
very low concentrations to alter the polymer structure
and its product performance characteristics. Oxygen
may be added at a concentration relative to the
ethylene feed rate to the reactor of about 10 to 600
ppbv, and more preferably about 10 to 500 ppbv. [0065]
In order to achieve the desired density ranges in the
copolymers it is necessary to copolymerize enough of
the comonomers with ethylene to achieve a level of
about 0 to anywhere from 5 to 10 weight percent of the
comonomer in the copolymer. The amount of comonomer
needed to achieve this result will depend on the
particular comonomer(s) being employed, the activation
temperature of the catalyst and its formulation. The
ratio of the comonomer to ethylene is controlled to
obtain the desired resin density of copolymer product.
[0066] A gas analyzer 151 can be used to determine the
composition of the recycle stream and the composition
of the make-up feedstream stream 105 and 147 can be
adjusted accordingly to maintain an essentially steady
state gaseous composition within the reaction zone
162. The gas analyzer 151 can be a conventional gas
analyzer that determines the recycle stream
composition to maintain the ratios of feed stream
components. Such equipment is commercially available
from a wide variety of sources. The gas analyzer 151
may be positioned to receive gas from a sampling point
located between the velocity reduction zone 164 and
heat exchanger 192. [0067] The rate of polymer
production in the bed depends on the rate of catalyst
injection and the concentration of monomer(s) in the
reaction zone. Theproduction rate is conveniently
controlled by adjusting the rate of catalyst
injection. Since any change in the rate of catalyst
injection will change the 



reaction rate and thus the rate at which heat is
generated in the bed, the temperature of the recycle
stream entering the reactor is adjusted to accommodate
any change in the rate of heat generation. This
ensures the maintenance of an essentially constant
temperature in the bed. Complete instrumentation of
both the fluidized bed and the recycle stream cooling
system is, of course, useful to detect any temperature
change in the bed so as to enable either the operator
or a conventional automatic control system to make a
suitable adjustment in the temperature of the recycle
stream. [0068] Under a given set of operating
conditions, the fluidized bed is maintained at
essentially a constant height by withdrawing a portion
of the bed as product at the rate of formation of the
particulate polymer product. Since the rate of heat
generation is directly related to the rate of product
formation, a measurement of the temperature rise of
the fluid across the reactor (the difference between
inlet fluid temperature and exit fluid temperature) is
indicative of the rate of particulate polymer
formation at a constant fluid velocity if no or
negligible vaporizable liquid is present in the inlet
fluid. [0069] On discharge of particulate polymer
product from reactor 160, it is desirable and
preferable to separate fluid from the product and to
return the fluid to the recycle line 149. There are
numerous ways known to the art to accomplish this
separation. In one or more embodiments, fluid and
product leave the reactor 160 and enter the product
discharge tanks 175 (one is shown) through valve 177,
which may be a ball valve designed to have minimum
restriction to flow when opened. Positioned above and
below the product discharge tank 175 are conventional
valves 178, 179. The valve 179 allows passage of
product into the product surge tanks 180 (only one is
shown). [0070] In a typical mode of operation, valve
177 is open and valves 178,179 are in a closed
position. Product and fluid enter the product
discharge tank 175. Valve 177 closes and the product
is allowed to settle in the product discharge tank
175. Valve 178 is then opened permitting fluid to flow
from the product discharge tank175 to the reactor 162.
Valve 178 is then closed and valve 179 is opened and
any product in the product discharge tank 175 flows
into the product surge tank 180. Valve 179 is then
closed. Product is then discharged from the product
surge tank 180 through valve 184. The product can be
further purged to remove residual hydrocarbons and
conveyed to storage or compounding. The particular
timing sequence of the valves 177, 178, 179, 184 is
accomplished by the use of conventional programmable
controllers which are well known in the art. [0071]
Another preferred product discharge system which may
be alternatively employed is that disclosed and
claimed in U.S. Pat. No. 4,621,952. Such a system
employs at least one (parallel) pair of tanks
comprising a settling tank and a transfer tank
arranged in series and having the separated gas phase
returned from the top of the settling tank to a point
in the reactor near the top of the fluidized bed.
[0072] The fluidized-bed reactor is equipped with an
adequate venting system (not shown) to allow venting
the bed during start up and shut down. The reactor
does not require the use of stirring and/or wall
scraping. The recycle line 149 and the elements
therein (compressor 190, heat exchanger 192) is
desirably smooth surfaced and devoid of unnecessary
obstructions so as not to impede the flow of recycle
fluid or entrained particles. [0073] Various
techniques for preventing fouling of the reactor and
polymer agglomeration can be used. Illustrative of
these techniques are the introduction of finely
divided particulate matter to prevent agglomeration,
as described in U.S. 



Pat. Nos. 4,994,534 and 5,200,477; the addition of
negative charge generating chemicals to balance
positive voltages or the addition of positive charge
generating chemicals to neutralize negative voltage
potentials as described in U.S. Pat. No. 4,803,251.
Antistatic substances may also be added, either
continuously or intermittently to prevent or
neutralize electrostatic charge generation. Condensing
mode operation such as disclosed in U.S. Pat. Nos.
4,543,399 and 4,588,790 can also be used to assist in
heat removal from the fluid bed polymerization
reactor.[0074] The conditions for polymerizations vary
depending upon the monomers, catalysts and equipment
availability. The specific conditions are known or
readily derivable by those skilled in the art. For
example, the temperatures are within the range of from
about -10 0C to about 12O0C, often about 15C to about
110C. Pressures are within the range of from about 0.1
bar to about 100 bar, such as about 5 bar to about 50
bar, for example. Additional details of polymerization
can be found in U.S. Patent No. 6,627,713, which is
incorporated by reference at least to the extent it
discloses polymerization details. Test Methods. [0075]
The following test methods should be utilized to
obtain the numerical values for certain properties and
features as set forth in the claims, e.g. ESCR,
density, productivity, chromium content, or melt
indices, although it is understood that those values
also refer to any results obtained by other testing or
measuring methods that might not necessarily be
disclosed herein, provided such other testing or
measuring methods are published, e.g., in at least one
patent, patent application, or scientific publication.
Also, it is understood that the values set forth in
the claims may have some degree of error associated
with their measurement, whether experimental,
equipment, or operator error; and that any value in
the claim is approximate only, and encompasses values
that are plus or minus (+/-) 10% or even 20% from the
measured value. [0076] ESCR values are based on ASTM
D1693, condition B. The reagent used is either 10%
Igepal CO-630 in water or 100% Igepal CO-630 unless
otherwise specified. [0077] As noted above, the ESCR
of any polyethylene resin formed by any of the claimed
processes herein is higher than the ESCR of
polyethylene resins formed by other processes,
particularly the gas phase processes disclosed in U.S.
5,166,279 that are carried out in a fiuidized bed,
provided the two resins being compared for ESCR have
the same densities. Generally, for any polyethylene,
ESCR tends to be higher for lower density materials.
Accordingly, for example, a polyethylene formed with a
density of 0.950 g/cc will tend to have a higher
ESCRthan a polyethylene formed with a density of 0.960
g/cc. Therefore, to make a proper comparison the ESCR
needs to be adjusted to accommodate any density
difference. That comparison can be achieved using a
parameter referred to herein as the "ESCR Index," an
empirically derived value that combines measured ESCR
of a polyethylene resin with its density. The ESCR
Index is defined herein as the measured ESCR (10%
Igepal) divided by the product of 0.0481 and (Density)
142. [0078] Density values are based on ASTM D1505.
[0079] Flow Index (I2 1) values are based on ASTM
D1238, run at 19O0C, with 21.6 kg weight; the standard
designation for that measurement is 190/21.60. [0080]
Melt Index (I2) values are based on ASTM D1238, run at
19O0C, with 2.16 kg weight; the standard designation
for that measurement is 190/2.16. [0081] SEC
measurements are provided in accordance with the
following procedure, using Polymer Laboratories
instrument; Model HT-GPC-220, Columns Shodex, Run
Temp: 14O0C, Calibration Standard: traceable to NIST,
Solvent: 



1,2,4 Trichlorobenzene. [0082] The Die Swell ratio Sr
is defined as the extrudate diameter divided by the
die diameter, OJOo, where De and D0 are the diameters
of the extrudate and die, respectively. The percent
die swell (%DS) of the polyethylene compositions was
calculated using the following procedure. The
compositions were extruded at 190C and a shear rate of
997.2 s"1. The cylinder of the rheometer used in this
experiment has a bore diameter of 9.5504 mm. The
piston speed was maintained at 82 mm/min. The polymer
was passed at a constant rate through a capillary die
20 mm in length and 1 mm in diameter. The time (t) in
seconds to extrude a rod 15.24 cm in length was
measured. The swell ratio Sr is calculated as follows:
where t = time to extrude a 15.24 cm rod The percent
die swell (%DS) is defined as (De/D0 - 1) *
100.EXAMPLES [0083] Polyethylene resin samples were
prepared using catalysts made using different
activation temperatures, and also using different
polymerization conditions, as noted in Tables 1 and 2
below. AUthe examples are blow-molding products
produced in a gas-phase, fluidized-bed polymerization
pilot reactor. These examples illustrate the
improvement in ESCR of a polyethylene resin when using
certain catalyst specifications and reaction process
conditions. [0084] Catalysts employed in the Examples
were prepared as follows. About 500 grams of a porous
silica support containing 2.5 weight percent chromium
acetate, which amounts to 0.5% Cr content (Grade 957HS
chromium on silica, produced by Davison Catalyst
division of W. R. Grace and Co) having a particle size
of about 40 microns and a surface area of about 300
square meters per gram were dried by passing a stream
of nitrogen through it for about 4 hours at about
150C. About 400 grams of the dried supported chromium
compound were then slurried in about 2330 ml of dry
isopentane, and then 96 grams of tetraisopropyl
titanate were added to the slurry. The system was
mixed thoroughly and then isopentane was removed by
heating the reaction vessel. The dried material was
then transferred to a heating vessel where it was
heated under dry nitrogen at 325C for about 2 to 4
hours to ensure that all the isopentane was removed
and to slowly remove any organic residues from the
tetraisopropyl titanate so as to avoid any danger of
an explosive mixture within the vessel in the next
step. The nitrogen stream was then replaced with a
stream of dry air and the catalyst composition was
heated slowly at a rate of about 50C per hour or 100C
per hour to the specified "Activation Temperature"
(see below) where it was activated for about 6 hours.
The activated catalyst was then cooled with dry air
(at ambient temperature) to about 300C and further
cooled from 300C to room temperature with dry nitrogen
(at ambient temperature). Activation temperature set
points of either 55O0C, 6000C or 8250C were employed.
Catalysts made using this procedure and employed in
the examples had a composition of about 0.5 wt%
chromium and about 3.8 wt% titanium.[0085] The nominal
specifications for the product in Examples 1 - 15 and
17 - 20 of Tables 1 and 2 were: resin density = 0.954
g/cm 3, Flow Index I2 1 = 24. In Example 16 the resin
density was raised to 0.957 g/cm3. Product was made
continuously in the fluidized-bed reactor. Cycle gas
was circulated through the reactor and heat of
reaction was removed in a heat exchanger. Catalyst
powder was continuously introduced into the fluidized
bed. Monomers, hydrogen and oxygen were fed into the
cycle gas piping. Product was transferred
intermittently into a product chamber, depressurized,
degassed briefly, and then discharged into a drum. The
drum contained butylated hydroxytoluene, an
antioxidant stabilizer, as a temporary storage
stabilizer, and was treated with a stream of moist
nitrogen. 



Certain conditions in the fluidized-bed reactor were
maintained at a constant value or in a narrow range.
Ethylene partial pressure was about 200 psi except for
Example 18 in which it was increased to 250 psi. The
H2/C2 molar gas ratio in the cycle gas was maintained
at about 0.05. Total reactor pressure was 340 - 394
psig. Superficial gas velocity within the fluidized
bed was 1.3 - 1.8 ft/s. Average residence time of
resin in the reactor ranged from 2.5 to 5 hours.
Except for Example 20, triethyl aluminum, diluted in
isopentane, was fed continuously into the fluidized
bed in the range from 0.17 to 2.8 moles aluminum per
mole chromium. Parameters that were changed in the
experiments are summarized in Tables 1 and 2. [0086]
In Examples 1 - 8 the catalyst that was used had been
activated at 8250C set point. In those examples, the
reactor temperature was maintained at from 1050C to
1060C. The ESCR of the polymer product, measured in 10
wt% Igepal, had a median failure time F5 ranging from
24 to 42 hours and averaging 33 hours. The breadth of
the molecular weight distribution was characterized by
the dispersity index, defined as the ratio of the
weight average molecular weight Mw and the number
average molecular weight Mn (MwMn), and the dispersity
index for these comparative examples ranged from 9.7
to 11.1. Virtually all of those resin samples had an
ESCR Index of less than 1.0. [0087] In Examples 12 -
17, 19 and 20 the catalyst used had been activated at
600 0C set point. The reactor temperature was between
980C and 1020C. The ESCR had a median failure rate
ranging from 48 to 80 hours and averaging 55hours.
Note that the resin density in Example 16 was
relatively high at 0.957 g/cm 3. Surprisingly, ESCR
was high, even though ESCR was expected to decrease in
conjunction with an increase in resin density. These
examples employing low activation temperature catalyst
together with lower reactor temperature demonstrated
an improvement in ESCR despite being at higher density
than other similar products. The dispersity index,
Mw/Mn, increased to a range from 17.3 to 26.0 which
provided better polymer processability. All of those
resin samples had an ESCR Index of 1.0 or more. [0088]
In Example 11, the catalyst that was used had been
activated at 6000C set point. However, in that
example, the polymerization was carried out at a
temperature of 1060C. Oxygen was fed to the reactor
during this test to make product with the desired
specifications, but the precise amount of added oxygen
was not measured. The ESCR median failure time of
polymer produced was 30 hours. This example
demonstrated that a relatively high reactor
temperature, combined with the 600C activation
temperature with a particular catalyst did not give
the desired improved ESCR performance, and that
something more was required. A combination of a
certain type of catalyst and process conditions was
needed to achieve the improved product properties.
[0089] In Examples 9 and 10, catalyst activated at
8250C was used at polymerization reaction temperatures
of 101 and 1000C, respectively. The F5o 10 wt% Igepal
ESCR ranged from 28 to 39 hours as the polymerization
temperature was decreased. Examples 9 and 10 exhibited
a broadened polymer molecular weight distribution
relative to Example 8. This broadening of the MWD was
evidenced by the dispersity index, Mw/Mn, of 15.4 and
14.8 for Examples 9 and 10, respectively but was not
as extensive as found in the other examples. These
results showed that high ESCR products were not
obtained when the certain process conditions were used
with catalysts activated at unduly high temperatures.
[0090] Further improvements to the ESCR were
demonstrated in Examples 13 and 17 with catalyst
activated at 6000C setpoint. At a 1010C polymerization



temperature, the F50 100 wt% Igepal ESCR was 99 hrs,
which increased to 123 hrs at a polymerization
temperature of 980C. The corresponding
catalystproductivities at 200 psi ethylene partial
pressures and about 3.0 hr residence times in the
reactor were greater than 6300 lb/lb. The reactor
operated well with no instances of resin agglomeration
or disruption to the polymerization process. [0091] In
Example 18 with catalyst activated at 600 0C setpoint,
the catalyst productivity was increased from 6350 to
8670 lb/lb compared to Example 17 by increasing the
ethylene partial pressure from 200 to 250 psi with no
decrease in the F50 10 wt% Igepal ESCR. The F50 100
wt% Igepal ESCR increased from 123 to 175 hr. The
reactor continued to operate well at the higher
ethylene partial pressure. [0092] In Example 19, an
approximate tripling of the TEAl feed to the reactor
compared with Example 17 corresponded to an F50 10 wt%
Igepal ESCR of 66 hr compared with 48 hr. Example 19
exhibited relatively broad molecular weight
distribution with Mw/Mn = 31.5. In this example it was
demonstrated that molecular weight distribution of the
polymer could be increased by the addition of TEAl
modifier. [0093] In Example 20 the TEAl addition was
discontinued, and the F50 10 wt% Igepal ESCR was 47
hrs, essentially the same as that of Example 17 for
which TEAl was present at a 0.22 TEAl/Cr mole ratio.
This result demonstrated that the TEAl modifier was
not needed to achieve the results obtained using a
combination of catalyst activated at lower
temperatures with lower reaction temperatures, which
provided a polymer with high ESCR values and a
broadened molecular weight distribution. [0094] In
Example 21, the activation temperature was lowered to
550C, and the polymerization temperature raised to
105C. Surprisingly, the ESCR Index was 1.73 and the
catalyst productivity was high at 10,221 lb./lb.
[0095] These examples illustrate, among other things,
the surprising effect on ESCR of using a particular
combination of catalyst activation temperature and
polymerization temperature at high ethylene partial
pressures in a fluidized-bed gas phase polymerization
process, for polyethylene copolymers, which included
ethylene units as well as other monomeric units. The
high ESCR values wereobtained using low activation
temperature set points, e.g., 6000C, together with low
polymerization reactor temperatures, e.g., 980C to
1020C. Consistent with that, intermediate ESCR values
were obtained if the polymerization temperature was
increased from its lowest value. [0096] In examples 8
through 10 which employed catalysts activated at high
temperatures and run at both high and low reaction
temperatures, the polymers produced had percent die
swell values ranging from 75.8 to 78.4. In examples 17
through 20 which employed catalysts activated at lower
reaction temperatures and in which the processes were
run at low reaction temperatures (both with and
without aluminum alkyl present), the polymers produced
had significantly higher percent die swell values
ranging between 86.2 and 91.2. Moreover, higher ESCR
values were obtained for the polymers produced in
examples 17 through 20 when compared to ESCR values
found in examples 8 through 10. This shows that
polymers with improved ESCR performance can be
obtained while at the same time increasing the percent
die swell.- 4OOCLAIMS What is claimed is: 1. A
continuous fluidized-bed gas-phase polymerization
process for making a high strength, high density
polyethylene copolymer, comprising: contacting
monomers that include ethylene and optionally at least
one non-ethylene monomer with fluidized catalyst
particles in a gas phase in the presence of 



hydrogen gas at an ethylene partial pressure of 100
psi or more and a polymerization temperature of 12O0C
or less to produce a polyethylene copolymer having a
density of 0.945 g/cc or more and an ESCR Index of 1.0
or more wherein the catalyst particles are prepared at
an activation temperature of 7000C or less, and
include silica, chromium, and titanium. 2. A
continuous fluidized-bed gas-phase polymerization
process for making a high strength, high density
polyethylene copolymer, comprising: contacting
monomers that include ethylene and optionally at least
one non-ethylene monomer with fluidized catalyst
particles in a gas phase in the presence of hydrogen
gas at an ethylene partial pressure of 100 psi or more
and a polymerization temperature of 12O0C or less to
produce a polyethylene copolymer having a density of
0.945 g/cc or more, an ESCR Index of 1.0 or more, and
a Die Swell of from 80% to 100%, wherein the catalyst
particles are prepared at an activation temperature of
7000C or less, and include silica, chromium, and
titanium. 3. A continuous gas-phase polymerization
process for making a high strength, high density
polyethylene copolymer, comprising: contacting
monomers that include ethylene and optionally at least
one non-ethylene olefin with fluidized catalyst
particles in a gas-phase fluidized-bed reactor in the
presence of hydrogen gas at an ethylene partial
pressure of 100 psi or more and a polymerization
temperature of 1200C or less to produce a polyethylene
copolymer having an ESCR Index of 1.0 or more,
wherein:(a) the catalyst particles include a silica
support that is porous and has a surface area of less
than 400 square meters per gram; (b) the catalyst
particles have been prepared by contacting the silica
support with a chromium compound in a vessel; raising
the internal temperature of the vessel containing the
dried particles and dry air to a final activation
temperature of 65O0C or below; maintaining the
activation temperature for a period of from 4 to 8
hours to form activated catalyst particles; lowering
the internal temperature of the vessel containing the
activated catalyst particles; removing air from the
vessel using dry nitrogen; and (c) the polyethylene
resin is formed at a polymerization temperature of 120
0C or less; (d) the polyethylene resin is formed with
a bulk density of 20 Ib/ft3 or more; (e) the
polyethylene resin has an ESCR Index of 1.0 or more;
(f) the polyethylene resin has a density of from 0.945
to 0.965 g/cc; (g) the polyethylene resin has a
Molecular Weight Distribution of from 15 to 30. 4. The
process of any of the preceding claims wherein the
ESCR Index is 1.5 or greater. 5. The process of any of
the preceding claims wherein the ESCR Index is 1.7 or
greater. 6. The process of claim 1 wherein the density
of the polyethylene copolymer is from 0.950 to 0.965
g/cc, preferably, 0.950 to 0.960 g/cc. 7. The process
of any of the preceding claims wherein the
polyethylene copolymer has an ESCR Index of 1.8 or
more. 8. The process of claim 3 wherein raising the
internal temperature of the vessel containing the
dried particles to a final activation temperature
of65O0C or below includes raising the internal
temperature of the vessel containing the dried
particles and dry air at a rate of from 25 to 550C per



hour to the final activation temperature and the
polyethylene resin is formed at a polymerization
temperature of 115 0C or less. 9. The process of claim
3 wherein raising the internal temperature of the
vessel containing the dried particles to a final
activation temperature of 6000C or below includes
raising the internal temperature of the vessel
containing the dried particles and dry air at a rate
of from 25 to 55 C per hour to the final activation
temperature and the polyethylene resin is formed at a
polymerization temperature of 114 0C or less. 10. The
process of any of the preceding claims wherein the
polyethylene resin has a Percent Die Swell of 80% or
more. 11. The process of any of the preceding claims
wherein the polyethylene resin has a Percent Die Swell
of 85% or more. 12. The process of any of the
preceding claims wherein the supported catalyst
particles are prepared using an activation temperature
of less than 6500C. 13. The process of any of the
preceding claims wherein the polyethylene copolymer
has an ESCR Index of 1.9 or more. 14. The process of
any of the preceding claims wherein the chromium is
present in the amount of less than 1.0 wt%. 15. The
process of any of the preceding claims wherein the
non-ethylene monomer is 1-butene, 1-hexene, or
1-octene, or mixtures thereof. 16. The process of any
of the preceding claims wherein the ethylene partial
pressure is 150 psi or greater.17. The process of any
of the preceding claims wherein the catalyst
productivity is 4000 lb/lb or more. 18. The process of
any of the preceding claims wherein the catalyst
productivity is 4000 lb/lb or more with a residence
time of 2 hours or more. 19. The process of any of the
preceding claims wherein the H2/C2 molar ratio in the
cycle gas is 0.01 or more. 20. The process of any of
the preceding claims wherein the monomers are directed
through a reactor that includes at least a first
section having a first diameter and a second section
having a second diameter, wherein the second diameter
is larger than the first diameter. 21. The process of
any of the preceding claims wherein oxygen is present
in the range of from about 0 to 500 ppbv, preferably,
from about 10 to 500 ppbv, based on the ethylene feed
rate. 22. The process of any of the preceding claims
wherein the surface area of the catalyst support is
less than 400 square meters per gram. 23. The process
of any of the preceding claims wherein the
polyethylene resin is formed with a bulk density of 20
lb/ft3 or more. 24. The process of any of the
preceding claims wherein the polymerization is
conducted in the presence of trialkyl aluminum,
preferably, triethyl aluminum. 25. The process of any
of the preceding claims, wherein the catalyst
particles consist essentially of silica, chromium, and
titanium. 


