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LONG CHAIN BRANCHED POLYMERSAND METHODS OF MAKING SAME
TECHNICAL FIELD

[0001] The present disclosure relates to novel polymerpomitions and methods of
making and using same. More specifically, the gmesdisclosure relates to polymer
compositions having long chain branching.

BACKGROUND

[0002] Polymeric compositions, such as polyethylene coitipns, are used for the

production of a wide variety of articles. The wudea particular polymeric composition in a

particular application will depend on the type diypical and/or mechanical properties

displayed by the polymer. Thus, there is an orgoieed to develop polymers that display

novel physical and/or mechanical properties andhatst for producing these polymers.
SUMMARY

[0003] Disclosed herein is a polymer having a long chaembhing content peaking at
greater than about 20 long chain branches peromitiarbon atoms, and a polydispersity index
(Mw/M,) of greater than about 10 wherein the long chlmnching decreases to
approximately zero at the higher molecular weigittipn of the molecular weight distribution.
[0004] Further disclosed herein is a polymer having a lghgin branching content
peaking at greater than about 8 long chain brangbemillion carbon atoms, a polydispersity
index of greater than about 20 wherein the longncheanching decreases to approximately
zero at the higher molecular weight portion ofth@ecular weight distribution.

[0005] Also disclosed herein is a polymer having a longirthbranching content peaking
at greater than about 1 long chain branches pan,cad a polydispersity index of greater than
about 10 wherein the long chain branching decretsespproximately zero at the higher
molecular weight portion of the molecular weighgtdbution.

[0006] Also disclosed herein is a method of polymerizingm@nomer comprising
contacting the monomer with a chromium-supportddlyst under conditions suitable for the
formation of a polymer; and recovering the polyméerein the chromium supported catalyst
comprises a silica support having a surface ardassfthan about 200%fg and wherein the
polymer has a long chain branching content peakingreater than about 20 long chain

branches per million carbon atoms.



2
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figures 1-7 are plots of the long chain branchimgtent as a function of molecular
weight for the samples from the examples.
DETAILED DESCRIPTION

[0008] Disclosed herein are novel polymer compositionsraethods of making same. In
an embodiment the polymer compositions comprisg tdrain branched polymers designated
(LCBP). Hereinafter, the polymer refers both te thaterial collected as the product of a
polymerization reaction and the polymeric composittomprising the polymer and one or
more additives.

[0009] LCBPs may be produced using catalysts comprisimgneium and a low-surface
area support. Hereinafter, such catalysts areetkroatalysts for production of long chain
branched polymers and designated Cr-X. In an emimod, a LCBP is prepared by a
methodology that employs a Cr-X catalyst and astleane modification. Herein, a
modification refers to a specified reactant andisiction conditions that is employed in
preparation of the polymer, as described in motaildeerein.

[0010] In an embodiment, the LCBP is prepared by a metbggoemploying a Cr-X
catalyst and at least one Class A modification.relbe a Class A modification refers to a
change in the type of catalyst employed in the tr@ador preparation of a LCBP. In an
embodiment, the Class A modification comprisesvatitig the Cr-X catalyst at a temperature
of less than about 650°C. In an embodiment, thesCAamodification comprises adjusting the
amount of Cr present on the support to providerarolum distribution of greater than about 2
chromium atoms per nfrof support. In an embodiment the Class A modifitacomprises
incorporating titanium into the Cr-X.

[0011] In an embodiment, the LCBP is prepared by a melbggoemploying a Cr-X
catalyst and a Class B modification. Herein, as€IB modification refers to a change in the
type and/or amount of reactants employed in theticafor preparation of a LCBP. In an
embodiment the Class B modification comprises gliog a monomer concentration in the
reactor that is less than about 1 mole/liter (mol/ln an embodiment, the Class B modification
comprises employing a cocatalyst in the reactianpfoduction of the LCBP. LCBPs and
methodologies for preparation of a LCBP are desdribh more detail herein.

[0012] In an embodiment, a Cr-X catalyst is used to peejpakCBP of the type disclosed

herein. The Cr-X catalyst may comprise chromiumh amcatalyst support.
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[0013] In an embodiment, the support of the Cr-X catalysty primarily include an
inorganic oxide such as silica, alumina, alumingphates, or mixtures thereof. In an
embodiment, the support contains greater than dfbpercent (%) silica, alternatively greater
than about 80% silica, by weight of the supporte Bupport may further include additional
components that do not adversely affect the catalygem, such as zirconia, alumina, boria,
thoria, magnesia, or mixtures thereof.

[0014] In an embodiment, the support comprises a pretagitailica. For example, the
support may comprise a precipitated or gelledasiliderein, a gelled or precipitated silica
contains a three-dimensional network of primarngaiparticles.

[0015] In an embodiment, the support is a reinforced stpp8Such reinforced supports
may be prepared by any suitable methodology. Kamele, a reinforced support suitable for
use in the present disclosure is prepared by agfitbe support material. For example, the
support may be alkaline aged by contacting the atipyith an alkaline solution containing one
or more basic compounds (e.g., bases, buffer) ba&irpH of from about 8 to about 13,
alternatively from about 9 to about 12, or altewely from about 9 to about 10 at a
temperature of from about 60°C to about 90°C, emfiabout 70°C to about 85°C, or at about
80°C. The alkaline solution may be comprised gf @mponents which provide a solution pH
in the disclosed ranges and are compatible witlother components of the composition. For
example, the alkaline solution may comprise amnmanhydroxide, potassium hydroxide,
sodium hydroxide, trialkylammonium hydroxide, sadisilicate and the like. Other suitable
compounds and amounts effective to provide a swiuth the disclosed pH ranges may be
utilized.

[0016] In an alternative embodiment, the support may desl &y contact with a neutral
solution (neutral aging) having a pH of about A aémperature of from about 60°C to about
90°C, or from about 70°C to about 85°C, or at al@QiC.

[0017] Optional aging of the support (alkaline or neutraBy be carried out for a time
period sufficient to lower the surface area oftbpport to less than about 80% of the original
value of the surface area of an otherwise similatenmal that has not been aged, alternatively to
less than about 70%, 60%, or 50%. In an embodintteataging is carried out for a period of
time of from about 1 hour to about 24 hours, onfrabout 2 hours to about 10 hours, or from
about 3 hours to about 6 hours.

[0018] In an embodiment, a method for preparation of afoeted support further
comprises drying the support. The support mayrieeldo remove solvent and form a dried
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support. The drying may be carried out in a teajpee range of from about 25°C to about
300°C, alternatively from about 50°C to about 2008€ alternatively from about 80°C to
about 150°C and for a time period of from aboutr@it to about 10 hours, alternatively from
about 0.2 min to about 5 hours, or alternativebnfrabout 30 min to about 1 hour. In an
embodiment, a method for preparation of a reinfbregpport further comprises calcining the
dried support to form a dried calcined supportr &@mple, the dried support may be calcined
in the presence of air at a temperature in theeafgrom about 400 to about 1,00,
alternatively from about 50C to about 90TC, and for a time period of from about 1 hour to
about 30 hours, alternatively from about 2 houraliout 20 hours, or alternatively from about
5 hours to about 12 hours.

[0019] In an embodiment, the reinforced support is prepdme hydrothermal treatment
(steaming) of the support to lower the surface .ar@#ernatively, the reinforced support is
prepared by thermal sintering of the support. rAkévely, the reinforced support is prepared
by chemical sintering of the support such as byqisl fluxing agent like sodium ions or
potassium ions during thermal treatment. Altexdyi, the reinforced support is prepared by a
methodology involving a secondary deposition a€aibnto a silica, using for example sodium
silicate, or tetraethylorthosilicate, or SiCétc. Alternatively the reinforced support is el

by a combination of two or more of the disclosedhodologies. For example the reinforced
support may be prepared by alkaline aging and hiyenmal treatment.

[0020] In an embodiment, the support is a low surface support. Herein, a low surface
area support has a surface area of less than ab6utf/g, alternatively less than about 200
m?/g, alternatively less than about15&gnor alternatively less than about 128gn Further,
the pore volume of the support may range from abdutubic centimeters per gram (cc/g) to
about 3.5 cc/g or alternatively from about 0.8 dd/@bout 3 cc/g. Hereinafter for simplicity,
the disclosure will refer to silica as the suppalthough other supports such as have been
described herein may be contemplated.

[0021] The amount of support present in the catalyst,(€gX) may range from about
90% to about 99.9% by weight of the catalyst, alively from about 95% to about 99.9%, or
from about 97% to about 99.9%. In an embodimém,support comprises the remainder of
the catalyst when all other components are accddate

[0022] In an embodiment, the catalyst comprises chromi@hromium may be included

in the Cr-X catalyst by contacting of a chromiummzoning compound with a support of the
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type previously described herein. The chromiumt@ioing compound may comprise a water-
soluble chromium compound. Alternatively, the chiam-containing compound comprises a
hydrocarbon-soluble chromium compound. Examplesaitr-soluble chromium compounds
include without limitation chromium oxide, chromiutmoxide, chromium acetate, chromium
nitrate, or combinations thereof. Examples of bgdrbon-soluble chromium compounds
include without limitation tertiary butyl chromate diarene chromium (0) compound,
biscyclopentadienyl chromium(ll), chromium (lll) eétglacetonate, or combinations thereof. In
one embodiment, the chromium-containing compoung b& a chromium (Il) compound,
chromium (lll) compound, or combinations thereofit&le chromium (lll) compounds
include, but are not limited to chromium carboxgktchromium naphthenates, chromium
halides, chromium sulfate, chromium nitratdhromium dionates, or combinations thereof.
Specific chromium (lll) compounds include, but aret limited to, chromium (lll) sulfate,
chromium (lll) chloride, chromium (Ill) nitrate, obmic bromide, chromium ()
acetylacetonate, chromium (lll) acetate. Suitaiieomium (II) compounds include, but are
not limited to chromous chloride, chromous bromicl@omous iodide, chromium (Il) sulfate,
chromium (Il) acetate, or combinations thereof.

[0023] The amount of chromium present in the catalyst. (€r-X) may range from about
0.01% to about 10% by weight of the catalyst, aligvely from about 0.5% to about 5%, or
from about 1.0% to about 3%. Herein, the percent@gomium refers to the final percent
chromium associated with the support material kaltoveight of the material after all
processing steps.

[0024] In an embodiment, chromium is present in an amaufficient to provide a
chromium(VI) distribution of greater than about Bramium atoms per nfrof support,
alternativelygreater than about 2.5 chromium atoms pefafraupportor alternatively greater
than about 3 chromium atoms perwfisupport In some embodiments, the chromium (V1)
distribution is the average distribution based lom ise of more than one catalyst type. For
example, a chromium distribution falling within thalues disclosed herein may be achieved
through the use a conventional Cr-supported cdtatys a Cr-X catalyst of the type disclosed
herein.

[0025] In another embodiment, a method of preparing a Cefdlyst comprises contacting
a support of the type disclosed herein with a cliwamcontaining compound to form Cr-silica.
The chromium-containing compound may be a watarstel compound or a hydrocarbon-
soluble compound such as those previously desclieeein and may be introduced to the
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support using any suitable contacting techniqueor &ample, the chromium-containing
compound may be contacted with the silica suppsirigutechniques such as ion-exchange,
incipient wetness, pore fill, impregnation, etc.

[0026] The Cr-silica may then be dried to remove sohantemperatures ranging from
about 25°C to about 300°C, alternatively from ab®0tC to about 200°C, or alternatively
from about 80°C to about 150°C and for a time gkabfrom about 0.1 min to about 10 hours,
alternatively from about 0.2 min to about 5 howaigernatively from about 30 min to about 1
hour, thereby forming a dried Cr-silica.

[0027] In an embodiment, the dried Cr-silica is activatedoroduce an active catalyst,
alternatively an active polymerization catalystheTdried Cr-silica of the present disclosure
may be activated using various types of activatjipament. Any vessel or apparatus may be
utilized to activate the dried Cr-silica includifay example rotary calciners, static pan driers,
or fluidized beds. Such equipment may operatestatc, batch, or continuous mode. For the
static or batch mode, a vessel or apparatus camgathe catalyst bed may be subjected
sequentially to various stages of the activatiamtess. For the continuous mode, the stages of
the process can occur in a series of zones thrabgth the dried Cr-silica passes on its path
through the activation apparatus.

[0028] In an embodiment, the dried Cr-silica is activatea fluidized bed activator. In a
fluidized bed activator, gas may flow upward threwaggrid plate containing many small holes
upon which the dried Cr-silica is positioned. Tas may contain various compounds to create
a desirable process conditions. The dried Crasiti@y be mixed in the gas as it flows creating
a fluid-like flow. This is often referred to asiifflization or fluidizing.

[0029] The activation may further comprise heating theedirCr-silica to a desired
temperature in one or more stages. As used héneiterm “stages” refers to heating the dried
Cr-silica to a desired temperature and holdingtémeperature for a period of time. A stage
may be performed when the dried Cr-silica is inadi@ary position or by moving the dried
Cr-silica through various locations and may congasamp up time to a desired temperature
and holding the dried Cr-silica at that temperafiorea certain hold time. For two or more
stages, there will be two or more ramp up times, t&wmore desired temperatures, and two or
more hold times. The ramp up times may be the samafferent, for example the ramp up
time may be instantaneous (e.g., preheated enveotro less than about 3 hours.

[0030] The temperature(s) at which the dried Cr-silicaadsivated may be adjusted to
achieve a user-desired result. For example, idtied Cr-silica activation is used to fulfill a
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condition for preparation of a LCBP (e.g., a Classnodification), the activation may be
carried out by heating the dried Cr-silica to terapg&es of less than about 650°C, alternatively
less than about 625°C, or alternatively less tHaoua600°C. In an alternative embodiment,
the dried Cr-silica activation is not used to fuli condition for the preparation of a LCBP. In
such an embodiment, the dried Cr-silica may bevaietd at temperature(s) in a range of from
about 400°C to about 1000°C, alternatively fromwub@00°C to about 900°C, alternatively
from about 750°C to about 900°C.

[0031] Activation also causes oxidation of any of thedldnt form of chromium (Cr(lll))
to the hexavalent form (Cr(VI1)) and then stabiiizatof the Cr(VI) form. As used herein, the
term “stabilization” refers to the activation prgsaesulting in the Cr(VI) form of the catalyst.
The activation process may convert from about 18btmut 100% of Cr(lll) to Cr(VI), or from
about 30 to about 80%, or from about 35 to abo@b &hd yield from about 0.1 to about 5%
Cr(V1), from about 0.5 to about 3.0%, or from abau@ to about 3.0% wherein the percentage
refers to the weight percent chromium (VI) basedtan total weight of the catalyst. In an
embodiment, the dried Cr-silica is activated asdesd herein to form a Cr-X.

[0032] In an embodiment, a LCBP is prepared using a titarcontaining Cr-X catalyst.
The titanium-containing Cr-X catalyst may compraseomium and a support, both of the type
previously disclosed herein. Additionally, theatitum-containing Cr-X catalyst comprises
titanium.

[0033] The silica-titanium Cr-X catalyst may be prepargdcbgelation or by contacting a
support of the type previously disclosed hereirhwatsolution or vapor containing a titanium
compound. For example, one can use an aqueousosotwmprising a trivalent titanium
(Ti*")-containing compound and/or a tetravalent titaniifif")-containing compound. The
Ti**-containing compound may be any compound that cisewprtetravalent titanium,
alternatively the Ti"-containing compound may be any compound thatlisokoin an aqueous
solution and able to release a*'Tspecies into solution. Examples of*f¢ontaining
compounds suitable for use in the present disaoswlude without limitation titanyl nitrate.
The Tf*-containing compound may be any compound that cisemrtrivalent titanium,
alternatively the Ticontaining compound may be any compound that isbf®in an aqueous
solution and able to release & Tépecies into solution. Examples of suitab&-Tontaining
compounds include without limitation T (Ti)2(SOy)s, Ti(OH)Cl, TiBrs, and the like.

[0034] In an embodiment, the support is contacted with Titi&containing compound
and/or T*-containing compound by impregnation. The titanicmntaining support may then
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be dried to remove solvent and form a dried titanaontaining support. The drying may be
carried out in a temperature range of from abo8€26 about 300°C, alternatively from about
50°C to about 200°C, or alternatively from about@®@o about 150°C and for a time period of
from about 0.1 min to about 10 hours, alternatiietyn about 0.2 min to about 5 hours, or
alternatively from about 30 min to about 1 houn. sbme embodiments, the drying is carried
out in an inert atmosphere (e.g. under vacuumAHer nitrogen gas).

[0035] In an alternative embodiment, titanium can be a&piio the support by vapor phase
deposition or by impregnation of a non-aqueous teoluof titanium. Suitable titanium
compounds used in this embodiment include withamitdtion halides and alkoxides of
titanium.

[0036] The method may further comprise calcining the dii@thium-containing support in
the presence of air to oxidize the o Ti*" and attach the titanium to the support and form a
dried calcined titanium-containing support. Foample, the dried titanium-containing support
may be calcined in the presence of air at a teryoeran the range of from about £@0to
about 1,00€C, alternatively from about 50C to about 90TC, and for a time period of from
about 1 hour to about 30 hours, alternatively fadmut 2 hours to about 20 hours, alternatively
from about 5 hours to about 12 hours.

[0037] The method may further comprise adding a chromiontaining compound to the
dried calcined titanium-containing support to foanCr/Ti-silica. The chromium-containing
compound may be a water-soluble compound or a bgdoon-soluble compound such as
those previously described herein and may be inted to the dried calcined titanium-
containing support using the contacting technigakss previously described herein. The
Cr/Ti-silica may be dried again to remove solvettaduced by the addition of the chromium-
containing compound at temperatures ranging froRC26 about 300°C, alternatively from
about 50°C to about 200°C, or alternatively fromowth80°C to about 150°C. In one
embodiment, the Cr/Ti-silica may then be activatieda second calcination step by heating it
in an oxidizing environment to produce a titaniuam@ining Cr-X. Such activations may be
carried out using procedures and equipment of ype previously disclosed herein (e.g.,
fluidized bed). For example, the Cr/Ti-silica mbg calcined in the presence of air at a
temperature in the range of from about 4D@ about 1,000, alternatively from about 500

to about 85€C and for a time period of from about 1 min to ahbhours, alternatively from
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about 20 min to about 5 hours, or alternativelyrfrabout 1 to about 3 hours to produce the
titanium-containing Cr-X.

[0038] In another embodiment, a method of preparing aitita-containing Cr-X catalyst
comprises contacting a support with a chromium-aiaintg compound to form a Cr-supported
composition. The chromium-containing compound rbaya water-soluble compound or a
hydrocarbon-soluble compound such as those prdyiodisscribed herein and may be
introduced to the support using the contactingriggles also previously described herein. The
Cr-supported composition may be dried to removeestlat temperatures ranging from about
25°C to about 300°C, alternatively from about 5G8Cabout 200°C, or alternatively from
about 80°C to about 150°C and for a time periodrai about 0.1 min to about 10 hours,
alternatively from about 0.2 min to about 5 howaigernatively from about 30 min to about 1
hour, thereby forming a dried Cr-supported compmsit The method may further comprise
contacting the dried Cr-supported composition vaitfi *-containing compound and/or *fi
containing compound to form a Cr/Ti-silica. ThéTdontaining compound may be contacted
with the dried Cr-supported composition using amyth@ contacting techniques previously
described herein. In an embodiment, the drieduppsrted composition is contacted with a
Ti**-containing compound by impregnation with & Eiqueous salt solution to form a Cr/Ti-
silica. The method further comprises activating @r/Ti-silica by drying and/or calcining the
Cr/Ti-silica in the presence of air to oxidize ffié"to Ti*" and attach the titanium to the silica.
Such activations may be carried out using procedarel equipment of the type previously
disclosed herein (e.g., fluidized bed). For exanphe Cr/Ti-silica may be heated in the
presence of air at a temperature in the range ah fabout 400C to about 1,00,
alternatively from about 50C€ to about 85%C and for a time period of from about 1 min to
about 10 hours, alternatively from about 20 mirabmut 5 hours, alternatively from about 1
hour to about 3 hours to produce the titanium-damtg Cr-X catalyst.

[0039] In another embodiment, a method of preparing alyshtaomprises contacting a
support of the type disclosed herein with & Ebntaining compound and/or “ficontaining
compound and a chromium-containing compound to fommetallated support. The contacting
of the support with the ¥i-containing compound and/or “ficontaining compound and
chromium-containing compound may be simultaneoitsyratively the contacting may be
carried out sequentially (e.g.,*Tiand/or T#* followed by Cr or vice-versa). The *i

containing compound and/or “ficontaining compound and chromium-containing conmpou
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may be of the types previously described hereinnaag be introduced to the support (e.g., low
surface area silica) using the contacting techsiquigo previously described herein to form a
metallated silica. The metallated silica may hedito remove solvent at temperatures ranging
from about 25°C to about 300°C, alternatively frabout 50°C to about 200°C, or
alternatively from about 80°C to about 150°C andddime period of from about 0.1 min to
about 10 hours, alternatively from about 0.2 mirabout 5 hours, alternatively from about 30
min to about 1 hour, thereby forming a dried mateti silica. In one embodiment, the dried
metallated silica may then be activated via a pat@mn step by heating it in an oxidizing
environment. Such activations may be carried sirtiguprocedures and equipment of the type
previously disclosed herein (e.g., fluidized be&pr example, the dried metallated silica may
be heated in the presence of air at a temperatutigei range of from about 40D to about
1,000C, alternatively from about 500 to about 85%C and for a time of from about 1 min to
about 10 hours, alternatively from about 20 miabout 5 hours, alternatively from about 1 to
about 3 hours to produce the titanium-containingCr

[0040] In the embodiments wherein a titanium-containingXCcatalyst is formed, the
amount of titanium utilized may be sufficient toopide a percentage titanium of from about
0.1 % to about 10% by weight of the catalyst, teraktively from about 0.5% to about 8%,
alternatively from about 1% to about 5%. Herehg percentage titanium refers to the final
percent titanium associated with the support neltéry total weight of the material after all
processing steps.

[0041] Alternatively, in embodiments wherein a titaniummtaning Cr-X catalyst is
formed, the amount of titanium utilized may be ®ight to provide a titanium distribution of
greater than about 2 titanium atoms pef mhsupport, alternatively greater than about 2.5
titanium atoms per nfrof support, or alternatively greater than abotita®ium atoms per nfn

of support.

[0042] It is contemplated that the temperature(s) at whieh composition comprising
chromium, titanium and silica (e.g., Cr/Ti-silicayetallated silica) is activated to form an
activated catalyst may be adjusted to achieve rades#red result. For example, if activation of
the composition comprising chromium, titanium arldta is used to fulfill a condition for
preparation of a LCBP (e.g., a Class A modificgtidre activation may be carried out by
heating the catalyst comprising chromium, titaniamd silica to temperatures of less than
about 650°C, alternatively less than about 625t@|ternatively less than about 600°C. In an



11

alternative embodiment, if activation of the compos comprising chromium, titanium and
silica is used to fulfill a condition for prepai@ti of a LCBP (e.g., a Class A modification) the
activation may be carried out by heating the catatgmprising chromium, titanium and silica
to temperatures of greater than about 700°C, alieely greater than about 800°C, or
alternatively greater than about 850°C.

[0043] In an embodiment, a catalyst for use in the prejosraf a LCBP has a catalytic
activity of greater than about 750 grams polymesdpct per gram catalyst used (g/g),
alternatively greater than about 1000 g/g, altérebt greater than about 1500 g/g, or
alternatively greater than about 2000 g/g.

[0044] In an embodiment, a LCBP of the type disclosed ihere prepared by a
methodology employing a Cr-X catalyst and a Classiddification. In an embodiment, the
Class A modification comprises activating the Cca{alyst at a temperature of less than about
650°C as described previously herein. In an enmbeni, the Class A modification comprises
adjusting the amount of Cr on the support (e.gv,darface area silica) to provide a chromium
distribution of greater than about 2 chromium at@®snn? of support as described previously
herein. In an embodiment, the Class A modificatomprises incorporating titanium into the
Cr-X catalyst to form a titanium-containing Cr-Xtakyst as disclosed previously herein.

[0045] The Class A modifications disclosed herein resultatalysts that may be suitably
employed in an olefin polymerization method. Tleabysts of the present disclosure are
suitable for use in any olefin polymerization methasing various types of polymerization
reactors. In an embodiment, a polymer of the ptedisclosure is produced by any olefin
polymerization method, using various types of pday@ation reactors. As used herein,
“polymerization reactor” includes any reactor cdpabf polymerizing olefin monomers to
produce homopolymers and/or copolymers. Homopalgnaed/or copolymers produced in
the reactor may be referred to as resin and/ompaly. The various types of reactors include,
but are not limited to those that may be refereedd batch, slurry, gas-phase, solution, high
pressure, tubular, autoclave, or other reactoroamdActors. Gas phase reactors may comprise
fluidized bed reactors or staged horizontal reactoSlurry reactors may comprise vertical
and/or horizontal loops. High pressure reactory mamprise autoclave and/or tubular
reactors. Reactor types may include batch andfuiraious processes. Continuous processes
may use intermittent and/or continuous product ldisge or transfer. Processes may also
include partial or full direct recycle of un-reagttenonomer, un-reacted comonomer, catalyst

and/or co-catalysts, diluents, and/or other mdseagthe polymerization process.
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[0046] Polymerization reactor systems of the presentalsce may comprise one type of
reactor in a system or multiple reactors of theesamdifferent type, operated in any suitable
configuration. Production of polymers in multipleactors may include several stages in at
least two separate polymerization reactors intereoted by a transfer system making it
possible to transfer the polymers resulting fromn first polymerization reactor into the second
reactor. Alternatively, polymerization in multipkeactors may include the transfer, either
manual or automatic, of polymer from one reactorstdbsequent reactor or reactors for
additional polymerization. Alternatively, multisgfe or multi-step polymerization may take
place in a single reactor, wherein the conditiome ahanged such that a different
polymerization reaction takes place.

[0047] The desired polymerization conditions in one of rib&ctors may be the same as or
different from the operating conditions of any atheactors involved in the overall process of
producing the polymer of the present disclosureultiple reactor systems may include any
combination including, but not limited to multigi@op reactors, multiple gas phase reactors, a
combination of loop and gas phase reactors, melhgh pressure reactors or a combination of
high pressure with loop and/or gas reactors. Tukipte reactors may be operated in series or
in parallel. In an embodiment, any arrangemenfarahy combination of reactors may be
employed to produce the polymer of the presentatisce.

[0048] According to one embodiment, the polymerizatiorct@asystem may comprise at
least one loop slurry reactor. Such reactors anenwonplace, and may comprise vertical or
horizontal loops. Monomer, diluent, catalyst systand optionally any comonomer may be
continuously fed to a loop slurry reactor, wheréyprization occurs. Generally, continuous
processes may comprise the continuous introducfiegamonomer, a catalyst, and/or a diluent
into a polymerization reactor and the continuousaeal from this reactor of a suspension
comprising polymer particles and the diluent. Reaeffluent may be flashed to remove the
liquids that comprise the diluent from the solidlyo@er, monomer and/or comonomer.
Various technologies may be used for this separatiep including but not limited to, flashing
that may include any combination of heat additiovd gressure reduction; separation by
cyclonic action in either a cyclone or hydrocyclpseparation by centrifugation; or other
appropriate method of separation.

[0049] Typical slurry polymerization processes (also kn@srparticle-form processes) are
disclosed in U.S. Patent Nos. 3,248,179, 4,501,8865,175, 5,575,979, 6,239,235, 6,262,191
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and 6,833,415, for example; each of which are hemetorporated by reference in their
entirety.

[0050] Suitable diluents used in slurry polymerizationluie, but are not limited to, the
monomer being polymerized and hydrocarbons thatligueds under reaction conditions.
Examples of suitable diluents include, but are Imited to, hydrocarbons such as propane,
cyclohexane, isobutane, n-butane, n-pentane, itmpEnneopentane, and n-hexane. Some
loop polymerization reactions can occur under mgiditions where no diluent is used. An
example is polymerization of propylene monomer iaslased in U.S. Patent No. 5,455,314,
which is incorporated by reference herein in itérety.

[0051] According to yet another embodiment, the polyméonareactor may comprise at
least one gas phase reactor. Such systems magyeapbntinuous recycle stream containing
one or more monomers continuously cycled throudhuidized bed in the presence of the
catalyst under polymerization conditions. A reeysiream may be withdrawn from the
fluidized bed and recycled back into the react& multaneously, polymer product may be
withdrawn from the reactor and new or fresh monommey be added to replace the
polymerized monomer. Such gas phase reactors oraprise a process for multi-step gas-
phase polymerization of olefins, in which olefing golymerized in the gaseous phase in at
least two independent gas-phase polymerization szevigle feeding a catalyst-containing
polymer formed in a first polymerization zone teecond polymerization zone. One type of
gas phase reactor is disclosed in U.S. Patentq\'a88,790, 5,352,749, and 5,436,304, each of
which is incorporated by reference in its entitetyein.

[0052] According to still another embodiment, a high poesgpolymerization reactor may
comprise a tubular reactor or an autoclave reactabular reactors may have several zones
where fresh monomer, initiators, or catalysts aided. Monomer may be entrained in an inert
gaseous stream and introduced at one zone of dlotore Initiators, catalysts, and/or catalyst
components may be entrained in a gaseous streaninioduced at another zone of the
reactor. The gas streams may be intermixed fonpalization. Heat and pressure may be
employed appropriately to obtain optimal polymer@areaction conditions.

[0053] According to yet another embodiment, the polymé&onareactor may comprise a
solution polymerization reactor wherein the monomer contacted with the catalyst
composition by suitable stirring or other means.cakrier comprising an organic diluent or
excess monomer may be employed. If desired, theomer may be brought in the vapor
phase into contact with the catalytic reaction podin the presence or absence of liquid
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material. The polymerization zone is maintaineteatperatures and pressures that will result
in the formation of a solution of the polymer inr@action medium. Agitation may be
employed to obtain better temperature control anddintain uniform polymerization mixtures
throughout the polymerization zone. Adequate meares utilized for dissipating the
exothermic heat of polymerization.

[0054] Polymerization reactors suitable for the presestidsure may further comprise any
combination of at least one raw material feed systt least one feed system for catalyst or
catalyst components, and/or at least one polynoewezy system. Suitable reactor systems for
the present invention may further comprise systamgeedstock purification, catalyst storage
and preparation, extrusion, reactor cooling, polymeovery, fractionation, recycle, storage,
loadout, laboratory analysis, and process control.

[0055] Conditions that are controlled for polymerizatidhcgency and to provide polymer
properties include, but are not limited to tempaatpressure, type and quantity of catalyst or
co-catalyst, and the concentrations of varioustae#é®. Polymerization temperature can affect
catalyst productivity, polymer molecular weight amsblecular weight distribution. Suitable
polymerization temperatures may be any temperéatlmv the de-polymerization temperature,
according to the Gibbs Free Energy Equation. TMlpicthis includes from about 60 to
about 280C, for example, and/or from about°@to about 118C, depending upon the type of
polymerization reactor and/or polymerization preces

[0056] Suitable pressures will also vary according to thactor and polymerization
process. The pressure for liquid phase polymaoizah a loop reactor is typically less than
1000 psig. Pressure for gas phase polymerizasiarsually at about 200 — 500 psig. High
pressure polymerization in tubular or autoclavect@a is generally run at about 20,000 to
75,000 psig. Polymerization reactors can alsodeeated in a supercritical region occurring at
generally higher temperatures and pressures. (perabove the critical point of a
pressure/temperature diagram (supercritical phraag)offer advantages.

[0057] In an embodiment, the LCBP is prepared by a melbggoemploying a Cr-X
catalyst and a Class B modification. In an embedgitthe Class B modification comprises
providing that the concentration of monomer presenthe reactor is less than about 1
mole/liter (mol/L), alternatively less than abouf® mol/L, or alternatively less than about 0.5
mol/L. Examples of monomers suitable for use ia gresent disclosure include without

limitation mono-olefins containing 2 to 8 carbororas per molecule such as ethylene,
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propylene, 1-butene, 1-pentene, 1l-hexene, andeh®ct In an embodiment, the monomer
comprises ethylene. In embodiments wherein theomen is a gas (e.g. ethylene), the
polymerization or oligomerization reaction can lagried out under a monomer gas pressure.
When the polymerization or oligomerization reactmoduces polyethylene or alpha olefins,
the reaction pressure can be the monomer ethylessype. In some embodiments, the
ethylene pressure can be greater than 0 psig (; KRernatively, greater than 50 psig (344
KPa); alternatively, greater than 100 psig (689 KBaalternatively, greater than 150 psig (1.0
MPa). In other embodiments, the ethylene pressamerange from 0 psig (0 KPa) to 5,000
psig (34.5 MPa); alternatively, 50 psig (344 KRayt000 psig (27.6 MPa); alternatively, 100
psig (689 KPa) to 3,000 psig (20.9 MPa); or altevedy, 150 psig (1.0 MPa) to 2,000 psig
(13.8 MPa). In some cases when ethylene is th@men inert gases can form a portion of the
total reaction pressure. In the cases where gasgs form a portion of the reaction pressure,
the previously stated ethylene pressures can bapiblecable ethylene partial pressures of the
polymerization or oligomerization reaction. In situation where the monomer provides all or
a portion of the polymerization or oligomerizatioeaction pressure, the reaction system
pressure can decrease as the gaseous monomersigmemh In this situation, additional
gaseous monomer and/or inert gas can be added ittamaa desired polymerization or
oligomerization reaction pressure. In embodimeadsljtional gaseous monomer can be added
to the polymerization or oligomerization reactionaaset rate (e.g. for a continuous flow
reactor), at different rates (e.g. to maintain tasgstem pressure in a batch reactor). In other
embodiments, the polymerization or oligomerizati@action pressure can be allowed to
decrease without adding any additional gaseous menand/or inert gas.

[0058] In an embodiment, the Class B modification comgriemploying a cocatalyst in
the reaction for production of the LCBP. Generalhe cocatalyst can be any organometallic
compound capable of activating the catalyst (€gX) to polymerize or oligomerize olefins.
Suitable cocatalysts can include without limitatiomonomeric or oligomeric metal alkyls,
metal aryls, metal alkyl-aryls comprising at lease of the metals selected from the group
consisting of B, Al, Be, Mg, Ca, Sr, Ba, Li, Na, Rb, Cs, Zn, Cd, and Sn. In embodiments,
the cocatalyst can be selected from the group stimgiof organoaluminum compounds,
organoboron compounds, organolithium compounds, noxtures thereof. In some
embodiments, the cocatalyst can be an organoalaminrtompound. Applicable
organoaluminum compounds can include without lihatatrialkylaluminums, alkylaluminum

halides, alumoxanes or mixture thereof. In somebaehments, the organoaluminum
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compound can be trimethylaluminum, triethylaluminundiethylaluminum chloride,
diethylaluminum ethoxide, diethylaluminum cyanidediisobutylaluminum chloride,
triisobutylaluminum, ethylaluminum sesquichloridejethylalumoxane (MAO), modified
methylalumoxane (MMAO), isobutyl alumoxanes, t-bbatjpymoxanes, or mixtures thereof. In
other embodiments, the organoaluminum compounds icafude without limitation
methylalumoxane (MAQO), modified methylalumoxane (MM), isobutyl alumoxanes, t-butyl
alumoxanes, or mixtures thereof. In other embodisje the cocatalyst can be
methylalumoxane, modified methylalumoxane, or nes$uthereof. In yet other embodiments,
the cocatalyst can be methylalumoxane; alterngtiveinodified methylalumoxane;
isobutylalumoxane (IBAO); or alternatively, parlyahydrolyzed trialkylaluminum.

[0059] In an embodiment, the cocatalyst comprises a compoepresented by the general
formula AIR; or BRs. Alternatively, the cocatalyst is triethylooroREB). The cocatalyst can
be present in the reactor in an amount of greltr about 1 ppm, alternatively greater than
about 5 ppm, or alternatively greater than abopp® based on the weight of the solvent or
diluent in systems employing such solvent or ditue®hen no solvent or diluent is used, the
catalyst (e.g., Cr-X) may be impregnated with theatalyst in an amount that provides for a
cocatalyst to chromium mole ratio in the rangeroiif about 0.1:1 to about 100:1, alternatively
from about 0.5:1 to about 50:1, or from about ©:1@:1.

[0060] In an embodiment, a method of making a LCBP of typme disclosed herein
comprises employing a Cr-X catalyst and at least@lass A modification, alternatively a Cr-
X catalyst and at least one Class B modificationalternatively a Cr-X catalyst, at least one
Class A modification and at least one Class B ncatibn. For example, a method of making
a LCBP of the type disclosed herein may comprispleying a Cr-X catalyst wherein the Cr-
X catalyst has been activated at a temperaturssfthan about 650°C.

[0061] Alternatively, a method of making a LCBP of the dypisclosed herein may
comprise employing a Cr-X catalyst wherein the Cietalyst has been activated at a
temperature of less than about 650°C and the anuiu@t present in the reactor has been
adjusted to provide a chromium distribution of geeshan about 2 chromium atoms perruf
support.

[0062] Alternatively, a method of making a LCBP of thedydisclosed herein may
comprise employing a Cr-X catalyst wherein the Cietalyst has been activated at a
temperature of less than about 650°C, the amou@t pfesent in the reactor has been adjusted
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to provide a chromium distribution of greater ttamout 2 chromium atoms per fisf support
and titanium has been incorporated into the Cr{lgst.

[0063] Alternatively, a method of making a LCBP of the @ypisclosed herein may
comprise employing a Cr-X catalyst wherein the Cietalyst has been activated at a
temperature of less than about 650°C, the amou@t pfesent in the reactor has been adjusted
to provide a chromium distribution of greater ttadmout 2 chromium atoms per ff support,
titanium has been incorporated into the Cr-X cataland the concentration of monomer
present in the reactor is less than about 1 migle(linol/L).

[0064] Alternatively, a method of making a LCBP of the dypisclosed herein may
comprise employing a Cr-X catalyst wherein the Cietalyst has been activated at a
temperature of less than about 650°C, the amou@t pfesent in the reactor has been adjusted
to provide a chromium distribution of greater ttadmout 2 chromium atoms per fAwf support,
titanium has been incorporated into the Cr-X catalhe concentration of monomer present in
the reactor is less than about 1 mol/L, and a aebgsdtis present in the reaction.

[0065] Alternatively, a method of making a LCBP of the aypisclosed herein may
comprise employing a Cr-X catalyst wherein the Cietalyst has been activated at a
temperature of less than about 650°C and a cosatynprising TEB present in the amounts
previously disclosed herein. In an embodimentntie¢hodologies disclosed herein are used to
produce a LCBP of the type disclosed herein.

[0066] In an embodiment, a LCBP of the type described ihere characterized by a
density of from about 0.90 g/cc to about 0.97 gétiernatively from about 0.93 g/cc to about
0.97 gl/cc, alternatively from about 0.92 g/cc towth0.965 g/cc, or alternatively from about
0.93 g/cc to about 0.96 g/cc as determined in decae with ASTM D1505.

[0067] In an embodiment, a LCBP produced using a catalyte type described herein
has a melt index, MI, in the range of from aboutgdmin to about 100 dg/min, alternatively
from about 0.1 dg/min to about 10 dg/min, altenre$i from about 0.1 dg/min to about 3.0
dg/min, or alternatively from about 0.2 dg/min tmat 2.0 dg/min. The melt index (MI) refers
to the amount of a polymer which can be forcedughoan extrusion rheometer orifice of
0.0825 inch diameter when subjected to a forcel®02grams in ten minutes at 190°C, as
determined in accordance with ASTM D1238.

[0068] The molecular weight distribution (MWD) of the LCBRay be characterized by
the ratio of the weight average molecular weight,YNb the number average molecular
weight (M,), which is also referred to as the polydispersiyex (PDI) or more simply as
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polydispersity. The number average molecular weilyh, is the common average of the
molecular weights of the individual polymers calted by measuring the molecular weight
of n polymer molecules, summing the weights, and dngdby n. The weight average
molecular weight, M, describes the molecular weight distribution gfodymer composition

and is calculated according to Equation 1:

> NiM; (1)

where N is the number of molecules of molecular weight M LCBP of the type disclosed
herein may be characterized by a broad moleculaghwelistribution such that the PDI is
equal to or greater than about 10, alternativeBatgr than about 15, alternatively greater
than about 20 or alternatively greater than absut 2

[0069] A LCBP of the type disclosed herein may be charerdd by the degree of long
chain branching (LCB) present in the polymer. L®8s measured using the size-exclusion
chromatography-multiangle light scattering techeiq(SEC-MALS). Methods for the
determination of long-chain branching and long-nHaianching distribution are described in
an article by Yu et al. entitled “SEC-MALS methoar fthe determination of long-chain
branching and long-chain branching distributiorpoiyethylene,”Polymer (2005) Volume:
46, Issue: 14, Pages: 5165-5182 which is incorpdriy reference herein in its entirety.
[0070] In an embodiment, a LCBP of the type disclosed ihelas a LCB content
peaking that is determined as the number of LCB mélion carbon atoms which is
designated\. In an embodimenf is greater than about 8 LCB per million carbonnato
(LCB/10° carbons), alternatively greater than about 15 UOBtarbons, alternatively greater
than about 20 LCB/f0carbons, or alternatively greater than about 3BMO° carbons.
Herein, LCB content peaking refers to the maximuwmncentration of LCB as a function of
molecular weight. The number of LCB per16tal carbons is calculated using the formula
1,000,000*M*B/M, where B is the number of LCB per chaing M the molecular weight of
the repeating unit, i.e. the methylene group, -Ckbr PE; and M is the molecular weight of
a SEC slice where it is assumed that all macromtdsan the same SEC slice have the same

molecular weight. B is calculated according tofthilowing equation:



wherein g is defined as the ratio of the mean sjuedius of gyration of a branched polymer
to that of a linear polymer of the same moleculaight. Both of the radius of gyration and
the molecular weight were determined via SEC-MALS

[0071] In an embodiment, a LCBP of the type disclosed ihelas a LCB content
peaking that is determined as the number of LCBcpain. In an embodiment, for a LCBP
of the type disclosed herein B is greater than athduLCB/chain, alternatively greater than
about 1.3, alternatively greater than about 1.3lternatively greater than about 2.0.

[0072] In an embodiment, a LCBP of the type disclosed ihalesplays a LCB content
that is characterized by a decrease in the amdur©B to approximately zero at the higher
molecular weight portion of the molecular weighstdbution. Herein, the higher molecular
weight portion of the molecular weight distributioefers to a molecular weight of greater
than about 10 million kg/mol.

[0073] In an embodiment, a methodology of the type diszddserein is used to produce
a LCBP characterized by a long chain branchingesinpeaking at greater than about 20
long chain branches per million carbon atoms, amdotecular weight distribution/PDI of
greater than about 10 wherein the long chain biagctiecreases to approximately zero at
the higher molecular weight portion of the molecwl@ight distribution.

[0074] In an embodiment, a methodology of the type diszdserein is used to produce
a LCBP characterized by a long chain branchingeaanpeaking at greater than about 20
long chain branches per million carbon atoms, antbkecular weight distribution of greater
than about 15 wherein the long chain branchingedesas to approximately zero at the higher
molecular weight portion of the molecular weighgtdbution.

[0075] In an embodiment, a methodology of the type diszddserein is used to produce
a LCBP characterized by a long chain branchingeatdnpeaking at greater than about 20
long chain branches per million carbon atoms, leghg@in branching content peaking at
greater than about 1.0 long chain branches pendra a molecular weight distribution of
greater than about 10 wherein the long chain biagctiecreases to approximately zero at
the higher molecular weight portion of the molecwl@ight distribution.

[0076] In an embodiment, a methodology of the type disddserein is used to produce
a LCBP characterized by long chain branching cdrgeaking at greater than about 25 long
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chain branches per million carbon atoms, and a ecntde weight distribution of greater than
about 15 wherein the long chain branching decretsegpproximately zero at the higher
molecular weight portion of the molecular weighétdbution.

[0077] In an embodiment, a methodology of the type dsadibherein is used to produce
a LCBP characterized by a long chain branching esinpeaking at greater than about 30
long chain branches per million carbon atoms, antbkecular weight distribution of greater
than about 15 wherein the long chain branchingedesas to approximately zero at the higher
molecular weight portion of the molecular weighétdbution.

[0078] In an embodiment, a methodology of the type diszddserein is used to produce
a LCBP characterized by a long chain branchingerdnteaking at greater than about 8 long
chain branches per million carbon atoms, a molecwiaight distribution of greater than
about 20 wherein the long chain branching decretsegpproximately zero at the higher
molecular weight portion of the molecular weighgtdbution.

[0079] In an embodiment, a methodology of the type diszddserein is used to produce
a LCBP characterized by a long chain branchingerdnteaking at greater than about 1 long
chain branches per chain, and a molecular weigstriloluition of greater than about 10
wherein the long chain branching decreases to appately zero at the higher molecular
weight portion of the molecular weight distribution

[0080] Polymer resins produced as disclosed herein (i@BPs) may be formed into
articles of manufacture or end use articles useghriques known in the art such as
extrusion, blow molding, injection molding, fibgpianing, thermoforming, and casting. For
example, a polymer resin may be extruded into @tshehich is then thermoformed into an
end use article such as a container, a cup, adragllet, a toy, or a component of another
product. Examples of other end use articles inackvthe polymer resins may be formed

include pipes, films, bottles, fibers, and so forth



21
EXAMPLES

[0081] The following examples are given as particular ediients of the disclosure and
to demonstrate the practice and advantages therkag understood that the examples are
given by way of illustration and are not intendedlimit the specification or the claims to
follow in any manner.

[0082] Cr-X catalysts of the type disclosed herein wereppred and used in the
formation of a LCBP of the type disclosed herei@hromium in the form of chromium
acetate was impregnated onto a low surface arem dlom methanol to a loading of
approximately 1.2 Cr/nfn The low surface area silicas used were SYLOXdB3M500
which are commercially available from W.R. Grac&YLOX SD has a surface area of
approximately 100 Afg and a pore volume of 1.2 mL/g. SYLOX SD is reépdrto be a
"hybrid" between silica gel and precipitated silican another experiment a precipitated
silica, SM500 was used. SM500 had a surface aredfnf/g and a pore volume of 1.1
mL/g. The silica impregnated with chromium wasnthieied in a vacuum oven at 100°C for
12 hours. Cir/silica-titania catalysts were madefits drying the Cr-impregnated SYLOX
SD silica at 200°C overnight, then impregnatingrtium tetraisopropoxide from dry heptane
to a level of 3 wt% Ti, then evaporating the sotvaway. Finally, each dried catalyst was
sized through a 35 mesh screen.

[0083] To activate the catalyst, about 10 grams was glatea 4.5 cm quartz tube
fitted with a sintered quartz disk at the bottowWhile the catalyst was supported on the disk,
dry air was blown up through the disk at a linealoeity of 3.0 cm/s. An electric furnace
around the quartz tube was then turned on andeimpdrature was raised at the rate of
400°C/h to the desired temperature, usually 800°AL that temperature the silica was
allowed to fluidize for three hours in the dry aiAfterward, the catalyst was collected and
stored under dry nitrogen, where it was protectechfthe atmosphere until ready for testing.
[0084] Comparative experiments were also carried out ushey Cr-silica catalyst
HA30W whose support has a surface area of 58 and a pore volume of 1.6 mL/g or
969MPI which is also a Cr-silica catalyst with gpart surface are of 300%fg, and a pore
volume of 1.6 mL/g

[0085] Polymerization runs were made in a 2.65 liter $ai steel reactor equipped with
a marine stirrer rotating at 500 rpm. The reagtas surrounded by a stainless steel jacket

through which was circulated a stream of hot wathich permitted precise temperature
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control to within half a degree centigrade, witle thelp of electronic control instruments.
Unless otherwise stated, a small amount (typicaldb to 0.25 g) of the solid catalyst was
first charged under nitrogen into the dry reactdext, 1.2 liter of isobutane liquid was added
and the reactor heated to the standard 80°C sqtetamre. Midway during the isobutane
addition, triethylaluminum was added to equal Opmpof the isobutane (except in
experiment 4 where 10 ppm of triethylaluminum dettrylooron was used). Finally,
ethylene was added to the reactor to equal theedkepressure, usually 2.76 MPa (400 psig),
which was maintained during the experiment. Therglwas stirred for the specified time,
usually about one hour, and the polymerization s noted by recording the flow of
ethylene into the reactor to maintain the set pmess After the allotted time, the ethylene
flow was stopped and the reactor slowly depresedriand opened to recover a granular
polymer powder. Dry polymer powder was then rendoamd weighed. Activity was
determined from this weight and the measured time.

Example 1

[0086] Catalyst A was a Cr/silica catalyst prepared uSivg OX-SD silica obtained
from W.R. Grace. This silica is described as aridybetween precipitated and gelled silica,
and as being “reinforced.” It has a surface afegpproximately 105 flg and a pore volume
of about 1.2 mL/g. This silica was then impregdaigth an aqueous solution of chromic
acetate to have a 1.2 Cr/Aichromium distribution. It was then calcined ad%5 and in a
separate experiment at 800°C. These catalystswsekto polymerize ethylene at 80°C, 400
psig, and 0.5 ppm triethylaluminum as describedvab®he first catalyst (550°C) produced
an activity of 0.6 kg PE/g/h and the second oné){8) produced an activity of 1.6 kg
PE/g/h. The polyethylene polymer was analyzed BZ-MALS measurements which are
presented in Figure 1. Figure 1 demonstrates tbadomolecular weight distribution and
also the high LCB content, either as measured p#iomcarbons, or per chain. The
polydispersity (i.e. the weight average moleculaight (M,) divided by the number average
molecular weight M or M\/My) was 12.2 when the catalyst was calcined to 8G0T€ 26.6
when the catalyst was calcined to 550°C.

[0087] Catalyst B was a Cr/silica-titania catalyst madditsg drying the Cr-impregnated
SYLOX SD silica at 200°C overnight, then impregngttitanium tetraisopropoxide from dry
heptane solution to a level of 3 wt% Ti, then evating the solvent away. Finally, the dried

catalyst was sized through a 35 mesh screen. if#mum-containing Cr-silica catalyst had
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SYLOX-SD as the support and a chromium distributafnl.2 Cr/nmi. Catalyst B was
activated first at 800°C, and tested for ethyleolyperization as described above, using the
same conditions (80°C, 400 psig, 0.5 ppm TEA)prtduced an activity of 2.8 kg PE/g/h.
Another sample of Catalyst B was also activated5a®°C and was then tested for
polymerization activity under similar conditiondt yielded an activity of 1.6 kg PE/g/h.
SEC-MALS measurements were carried out on bothrpety and are presented in Figure 2.
The molecular weight distribution of samples praatlicising Catalyst B was broadened by
the titanium producing a polydispersity of 21.7 whbke catalyst was calcined to 800°C and
27.6 when the catalyst was calcined to 550°C. d&@Mmesults demonstrate that the effect of
including titanium in the catalyst is to enhanceB_€ontent and to broaden the molecular
weight distribution.

[0088] Catalyst C and Catalyst D are comparative Cr-sitiatalysts. Catalyst C was
prepared using the precipitated silica Grace SM&@& support, having a surface area of
about 100 rffg, which was impregnated with sufficient chromigmprovide a chromium
distribution of 1.2 Cr/nfhand was calcined at 700°C. Catalyst D was thsil@a catalyst
969MPI, having a surface area of about 308gmwhich contained 0.4 Cr/rfmrand was
calcined at 850°C. Each catalyst was then usembliymerize ethylene at (80°C, 300 psig,
0.5 ppm TEA) with ethylene concentrations rangirggrf 0.9 mol/L. Catalyst C produced an
activity of 0.1 kg PE/g/h and polymer having a pmidpersity of 10.9, while Catalyst D
produced an activity of 0.5 kg PE/g/h and polyraving a polydispersity of 9.4. SEC-
MALS measurements are presented in Figure 3 onoaimers. A comparison of Figure 3
to Figure 1 and Figure 2 demonstrates the broaderoéecular weight distributions observed
for catalysts having a low-surface-area, highlpf@iced support.

Example 2

[0089] The effect of the surface area of the silica indaglyst on LCB was investigated
further. Catalyst E was a Cr-silica catalyst predausing SYLOX-SD, having a pore
volume of about 1.2 mL/g and a surface area of &h66 nf/g, as the support which was
impregnated with sufficient chromium to provide laramium distribution of 1.2 Cr/nfn
Catalyst F used W.R. Grace grade 952 silica, haaipgre volume of 1.6 mL/g and a surface
area of 300 fiig, impregnated with a similar amount of chromiuBatalyst G used W.R.
Grace grade HA30W, having a pore volume of 1.6 mdunig a surface area of about 500
m?/g, also impregnated with a similar amount of chitom Catalyst F is similar to Catalyst
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D. Catalysts E, F, and G were calcined at 800°Q tasted for polymerization activity.
Polymers were prepared using these Cr-X catalydtseatype disclosed herein (i.e., Catalyst
E) at 80°C, 400 psig and 0.5 ppm TEA. Catalyst #6dpced polymers having a
polydispersity of 12.2 and Catalyst F and Catalgdt produced polymers having
polydispersities of 13.3 and 11.9 respectivelye Tésults are shown in Figure 4.

Example 3
[0090] The effect of altering the chromium concentratiam the LCB content of the
polymers was investigated. Catalyst H was prepdrgdmpregnating SYLOX-SD with
chromic acetate to provide a chromium distributdr8.5 Cr/nni. The impregnated support
was then calcined at 800°C as described above. n\WWdsted for ethylene polymerization
activity Catalyst H produced an activity of 2.3RRg/g/h and polymer having a polydispersity
of 10.1 as shown in Figure 5. Referring to Figbrehe polymer produced from Catalyst H
displayed a LCB content which peaked at over 4@diras per million carbons, and over 2.0
branches per chain.

Example 4

[0091] The effect of polymerizing in the presence of aatalyst on the LCB content of
the polymers was investigated. In two separats,r@atalyst A (800°C) was tested with
either 10 ppm of triethylaluminum (based on theghieiof the isobutane diluent) or with 10
ppm of triethylboron added to the reactor. Und&hlyeaction conditions, the catalysts were
quite active, yielding activities of 1.8 and 3.3 RE/g/h respectively. They produced
polymer with broadened MW distribution (polydispges of 16.1 and 17.5 respectively).
The SEC-MALS results on these polymers are showkigare 6. Referring to the top part of
Figure 6, the results demonstrate that both cogdtakextended the high-molecular weight
side of the molecular weight distribution. Refegito the top part of Figure 6, the results
indicate that cocatalysts do not seem to have asex the amount of LCB. However, the
LCB peak has been shifted to higher molecular weid¢ the bottom part of Figure 6, where
the LCB is plotted per chain, it was observed thet LCB has been pushed to higher
molecular weight demonstrating that the LCB/chaimuite high when cocatalysts are used.
For example, the polymer produced using triethybordisplays a LCB peak of
approximately 2 branches per chain. Notice also the LCB content seems to have been
pushed out to higher molecular weight by the useamfatalysts, which produces higher
levels of rheological elasticity.

Example 5
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[0092]
LCB content of the polymers was investigated. [yata= was used to polymerize ethylene
The

polymerizations were carried out at 80°C with OpgsnpTEA. The results of this experiment

The effect of polymerizing in the presence of a lmenomer concentration on the

under varying ethylene concentrations, includingl@as as 0.2 mol/L ethylene.

are summarized, along with all the previous expenis, in Table 1 below. Figure 7 depicts
the effect of varying the concentration of ethylanenomer on the LCB content. Low
ethylene concentration was effective at raising ltheel of LCB, but it also lowered the

activity more.

Table 1
Example/Catalyst Experiment Activity Mw Mw/Mn LCB Peak
Catalyst & Run Conditions Kg PE/h| Kg/mol LCB/1btotal
carbon atoms

Ex 1/Catalyst A Cr/SiG,, 550°C 0.6 543 26.6 10

Ex 1/Catalyst A Cr/SiO,, 800°C 1.6 380 12.2 24

Ex 1/Catalyst B Cr/SiO, TiO, 550°C 1.6 300 21.7 23

Ex 1/Catalyst B Cr/SiO, TiO, 800°C 2.8 218 27.6 35

Ex 1/Catalyst C Cr/Si0,, SM500, 800°C 0.1 286 10.9 28

Ex 1/Catalyst D Cr/Si0,, 800°C, 300 rig 0.5 262 9.4 10

Ex 2/Catalyst G Cr/Si0,, 800°C, 500 rfig 2.4 389 11.9 1.5

Ex 2/Catalyst F Cr/SiQ,, 800°C, 300 rifg 3.4 345 13.3 15

Ex 2/Catalyst E Cr/SiQ,, 800°C, 100 rifg 1.6 423 12.2 27

Ex 3/Catalyst H Cr/SiQ,, 3.5 Cr/nmi, 800°C 2.3 355 10.1 43

Ex 4/Catalyst A Cr/Si0,, 800°C, BES 3.3 481 175 24

Ex 4/Catalyst A Cr/SiQ,, 800°C, AlEg 1.8 460 16.1 24

Ex 5/Catalyst F | Cr/SiO, 800°C, 300 rfig, 0.2 mol/L 0.9 308 9.9 19

Ex 5/Catalyst F | Cr/SiO, 800°C, 300 rfig, 1.6 mol/L 3.4 345 11.6 15

Ex 5/Catalyst F | Cr/SiO, 800°C, 300 rfig, 3.1 mol/L 3.6 378 12.1 12

[0093]
can be made without departing from the spirit amdclings of the disclosure.

While various embodiments have been shown andided¢cmodifications thereof
The

embodiments described herein are exemplary ontyaae not intended to be limiting. Many
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variations and modifications of the subject matlisclosed herein are possible and are within
the scope of the disclosure. Where numerical uogdimitations are expressly stated, such
express ranges or limitations should be understoadclude iterative ranges or limitations of
like magnitude falling within the expressly statathges or limitations (e.g., from about 1 to
about 10 includes, 2, 3, 4, etc.; greater than thdldides 0.11, 0.12, 0.13, etc.). Use of the
term "optionally” with respect to any element oflaim is intended to mean that the subject
element is required, or alternatively, is not regdi Both alternatives are intended to be within
the scope of the claim. Use of broader terms siscbomprises, includes, having, etc. should
be understood to provide support for narrower tesush as consisting of, consisting
essentially of, comprised substantially of, etc.

[0094] Accordingly, the scope of protection is not limited the description set out above
but is only limited by the claims which follow, thacope including all equivalents of the
subject matter of the claims. Each and every claimcorporated into the specification as an
embodiment of the present disclosure. Thus, thensl are a further description and are an
addition to the embodiments of the present discisurhe discussion of a reference in the
disclosure is not an admission that it is prior tartthe present disclosure, especially any
reference that may have a publication date afterpitiority date of this application. The
disclosures of all patents, patent applications] @uablications cited herein are hereby
incorporated by reference, to the extent that greyide exemplary, procedural or other details
supplementary to those set forth herein.
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CLAIMS

What is claimed is:

1.

10.

11.

12.
13.

A polymer having a long chain branching conteeaking at greater than about 20
long chain branches per million carbon atoms, apdlgdispersity index (M/M,,) of
greater than about 10 wherein the long chain biiagctiecreases to approximately
zero at the higher molecular weight portion of th@ecular weight distribution.

The polymer of claim 1 wherein polymer compripef/ethylene.

The polymer of claim 1 wherein the polymer disysl a molecular weight distribution
of greater than about 15.

The polymer of claim 1 wherein the long-chaimrwmhing content peaks at greater
than about 1.0 long-chain branches per chain.

The polymer of claim 1 wherein the long-chaiarmhing content peaks at about 25
long chain branches per million carbon atoms

The polymer of claim 1 wherein the long-chaiarmhing content peaks at about 30
long chain branches per million carbon atoms

The polymer of claim 1 having a melt index adrfr about 0 dg/min to about 100
dg/min.

The polymer of claim 1 having a density of frabput 0.90 g/cc to about 0.97 g/cc.

A polymer having a long chain branching confedking at greater than about 8 long
chain branches per million carbon atoms, a polhatspy index of greater than about
20 wherein the long chain branching decreases pooapnately zero at the higher
molecular weight portion of the molecular weighgtdbution.

The polymer of claim 9 wherein the long-chararthing content peaks at about 20
long chain branches per million carbon atoms

The polymer of claim 9 wherein the long-chamnthing content peaks at greater
than about 1.0 long-chain branches per chain.

The polymer of claim 9 wherein polymer comsipelyethylene.

A polymer having a long chain branching confesdking at greater than about 1 long
chain branches per chain, and a polydispersityximdegreater than about 10 wherein
the long chain branching decreases to approximatety at the higher molecular

weight portion of the molecular weight distribution



14.

15.

16.
17.

18.

19.

20.
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The polymer of claim 13 wherein the long-chlaranching content peaks at greater
than about 1.3 long-chain branches per chain amanibiecular weight distribution is
greater than about 20.

The polymer of claim 13 wherein the long-chlaranching content peaks at greater
than about 1.5 long-chain branches per chain amaniblecular weight distribution is
greater than about 20.

The polymer of claim 13 wherein the polymer poises polyethylene.

A method of polymerizing a monomer comprisirumtacting the monomer with a
chromium-supported catalyst under conditions sietator the formation of a
polymer; and recovering the polymer wherein theostium supported catalyst
comprises a silica support having a surface arekessf than about 200%yg and
wherein the polymer has a long chain branchingerdneaking at greater than about
20 long chain branches per million carbon atoms.

The method of claim 17 wherein conditions dé@afor formation of a polymer
further comprises a cocatalyst.

The method of claim 17 wherein the chromiumpsufed catalyst further comprises
titanium.

The method of claim 17 wherein the monomer aap ethylene and the polymer

comprises polyethylene.



