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(57) Abréegée/Abstract:

A polymer having a long chain branching content peaking at greater than about 20 long chain branches per million carbon atoms,
and a polydispersity index of greater than about 10 wherein the long chain branching decreases to approximately zero at the higher
molecular weight portion of the molecular weight distribution. A polymer having a long chain branching content peaking at greater
than about 8 long chain branches per million carbon atoms, a polydispersity index of greater than about 20 wherein the long chain
branching decreases to approximately zero at the higher molecular weight portion of the molecular weight distribution. A polymer
having a long chain branching content peaking at greater than about 1 long chain branches per chain, and a polydispersity index of
greater than about 10 wherein the long chain branching decreases to approximately zero at the higher molecular weight portion of

the molecular weight distribution.
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approximately zero at the higher molecular weight
portion of the molecular weight distribution. A
polymer having a long chain branching content
peaking at greater than about 8 long chain
branches per million carbon atoms, a polydis-
persity index of greater than about 20 wherein the
long chain branching decreases to approximately
zero at the higher molecular weight portion of the
molecular weight distribution. A polymer having a
long chain branching content peaking at greater
than about 1 long chaimn branches per chain, and a
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LONG CHAIN BRANCHED POLYMERS AND METHODS OF MAKING 3AME
TECHNICAL FIELD

1HEHE The present disclosure relates to novel polymer compositions and mcthods of
making and using same.  More speciitcally, the present disclosure relates {0 polymer
compostiions having long chamn branching.

BACKGROUND

{062 Polvmeric composifions, such as polvethvlene compositions, are used for the
production of a wide variety of articles. The use of a particular polymeric composifion 1n a
parficular application will depend on the type of physical and/or mechanical properties
displayed by the polymer. Thus, there 15 an ongoing need to develop polymers that display
novel physical and/or mechanical properties and methods for producing these polymers.

SUMMARY

HBOO3] Disclosed herein 1s a polvmer having a long chain branchmg content peaking at
oreater than about 20 long ¢hain branches per million carbon atoms, and a polydispersity index
(M,/M,)} of greater than about 10 wherein the long chaim branching decreases to
approximately zero at the higher molecular weight portion of the molecular weight distribution.
FR4 Further disciosed herein 1s a polvmer having 2 long chain branching content
peaking at greater than about § long cham branches per mullion carbon atoms, a polydispersity
index of greater than about 20 wherein the long chain branching decreases to approximately
zero at the higher molecular weight portion of the molecular weight distribution.

LLI] Also disclosed herein 15 a polymer having a long chain branching content peaking
at greater than about 1 long chain branches per chain, and a polydispersity mdex of greater than
about 10 wherein the long chain branching decreases to approximately zero at the higher
molecular weight portion of the molecular weight distribution.

LY Also disclosed herein 15 a method of polymerizing a4 monomer Comprising
contacting the monomer with a chrommim-supported catalyst under conditions suitable for the
tormation of a polymer; and recoverng the polymer wheremn the chromuum supported catalyst
comprises a silica support having a surface arca of less than about 200 m”/g and wherein the
polymer has a long chaw branching content peaking at greater than about 20 long chain

branches per mutilion carbon atoms.



la

[0006A] In a broad aspect, the present invention pertains to a polymer having a long chain

branching content peaking at greater than 20 long chain branches per million carbon atoms, and a
polydispersity index (MwM,) of greater than 20 wherein the long chain branching decreases to zero at a

molecular weight of greater than 10,000,000 kg/mol.

j0006B] In a further aspect, the present invention provides a polymer having a long chain
branching content peaking at greater than 8 long chain branches per million carbon atoms, and a
polydispersity index of greater than 20 wherein the long chain branching decreases to zero at a molecular

weight of greater than 10,000,000 kg/mol.

[0006C] In a still turther aspect, the present invention provides a polymer having a long chain
branching content peaking at greater than 1 long chain branches per chain, and a polydispersity index of

greater than 20 wherein the long chain branching decreases to zero at a molecular weight of greater than

100,000,000 kg/mol.

[0006D] Yet turther, the present invention embodies a method of polymerizing a monomer
comprising contacting the monomer with a chromium-supported catalyst under conditions suitable for the
formation of a polymer. The method also comprises recovering the polymer wherein the chromium
supported catalyst comprises a silica support. The silica support has a surface area of less than 200 m“/g,
and the polymer has a long chain branching content peaking at greater than 20 long chain branches per

million carbon atoms.

CA 2857362 2018-11-14
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BRIEF DESCRIPTION OF THE DRAWINGS

3067 Figures 1-7 are plots of the long chamn branching content as g function of molccular
weight for the samples from the examples.

DETAILED DESCRIPTION

0GR Disclosed hercin are novel polymer composifions and methods of making same. In
an embodiment the polymer compositions comprise long chain branched polymers designated
(LCBP). Herematter, the polymer refers both to the matenial collected as the product of a
polymerization reaction and the polymeric composition comprising the polymer and one or

more additives.

{009 LCBPs may be produced using catalysts comprising chronuum and a fow-surface
arca support.  Herenafter, such catalysts are termed catalysts tor production of long chain
branched polymers and designated Cr-X. In an embodument, a LCBP 18 prepared by a
methodology that employs a Cr-X catalyst and at least one modification.  Heremn, a
modification refers 10 a specified reactant and/or reaction conditions that 158 emploved in
preparation of the polymer, as described i more detasl herein.

{3014 In an embodument, the LCBP 18 prepared by a methodology employing a Cr-X
catalyst and at least one Class A modification. Heremn, a Class A modification refers 0 a
change in the type of catalyst employed i the reaction for preparation of a LCBP. In an
embodiment, the Class A moditication comprises activating the Cr-X catalyst at a temperature
of less than about 650°C. In an embodiment, the Class A modification conprises adusting the
arnount of Cr present on the support to provide a chromimum distribution of greater than about 2
chromium atoms per nm” of sepport.  Tn an embodiment the Class A modification comprises

incorporating titanium 1nto the Cr-X,

(0011}  In an cmbodiment, the LCBP is prepared by a methodology employing a Cr-X

catalyst and a Class B modification. Herem, a Class B modification refers 0 a change in the
type and/or amount of reactants employed i the reaction for preparation of a LCBP. In an
embodiment the Class B modification comprises providing a monomer concentration in the
reactor that s less than about I mole/hiter (mol/L). in an embodiment, the Class B modification
comprises smploving a cocatalyst m the reaction for production of the LCBP., LUBPs and
methodologies for preparation of a LCBP are described i more detail heremn.

(301 2] In an embodiment, a Cr-X catalyst 15 used to prepare a LCBP of the type disclosed

heremn. The Cr-X catalyst may comprise chromium and a catalyst support.
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13013} In an embodiment, the support of the Cr-X catalyst may prumarnily mclude an
mnorganic oxide such ay sithca, alumina, aluminophosphates, or mixtures thercot. In an
emmbodiment, the support contamns greater than about 50 percent (%) sihica, alternatively greater
than about 80% silica, by weight of the support. The support may further mclude additional
components that do not adversely aliect the catalyst system, such as zir¢conia, alumina, bona,
thoria, magnesia, or maxtures thereof.

13014} In an embodiment, the support comprises a precipitated sibica. For example, the

contains a threc-dimensional network of primary siica particles.

(301 5] In an embodumnent, the support 18 a remforced support.  Such reinforced supports
may be prepared by any suitabie methodology. For exarople, a reinforced support suttable for
support may be alkaline aged by contacting the support with an alikkahine solution contaming one
or more basic compounds (c.g., bases, buffer) having a pH of from about 8 to about 13,
atiernatively from about 9 to about 12, or alternatively from about 9 to about 10 at a
temperature of from about 60°C {0 about 90°C, or from about 70 to about 85°C, or at about
s0°C. The alkaline solution may be comprised of any components which provide a solution pH
i the disclosed ranges and are compatible with the other components of the composition. For
cxample, the alkaline solution may comprise ammonium hydroxide, potassium hydroxide,
sodmim hydroxide, trialkylammonium hydroxide, sodmm silicate and the hke. Other suitable
compounds and amounts cticctive 10 provide a solution 1 the disclosed pH ranges may be
utilized.

(301 6] In an alternative embodiment, the support may be aged by contact with a neutral
solution (neutral aging) having a pH of about 7 at a temperature of from about 63°C to about
90°C, or from about 70°C to about 85°C, or at about 80°C.

3017} {Optional aging of the support (alkaline or neutral) may be carried out for a time
value of the surface area of an otherwise similar material that has not been aged, alternatively 1o
fess than about 70%, 6(0%, or 50%. In an embodument, the aging 18 carried out for a period of
time of from about 1 hour to about 24 hours, or from about 2 hours to about 10 hours, or from
about 3 hours to about 6 hours.

(018} In an ¢mbodmment, a method for preparation of a remnforced support further

comprises drying the support. The support may be dried to remove solvent and form a dried
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support. Tne dryinge may be carried out m a temperature range of from about 25°C 10 about
300°C, alierpatively from about 50°C i about 200°C, or alternatively from about 30°C to
about 150°C and for a time pentod of from about 0.1 nun to about 10 hours, alternatively from
about 0.2 mm to about 5 hours, or alicrnatively irom about 30 nun to about | hour. In an
cmbodiment, a method for preparation ¢fF a reinforced support turther comprises calcming the
dried support to form a dried calcined support. For example, the dried support may be calcined
i the presence of aw at a temperature 1 the range of from about 400°C to about 1,000°C,
alternatively from about S00°C to about B00°C, and for a tune period of from about 1 hour to
about 30 hours, alternatively from about 2 hours to about 20 houss, or alternatively from about
5 hours to about 12 hours.

[3019] In an embodiment, the remtorced support 18 prepared by hydrothermal treatrent
(stearning) of the support 0 lower the surtace arca. Alternatively, the rewforced support
prepared by thermal sintering of the support.  Alternatively, the remforced support 15 prepared
by chemical sitering of the support such as by using a fluxmg agent hke sodmm ons or
potassium ons during thormal treatment. Alternatively, the reinforeed support 18 prepared by g
methodology mvolving a secondary deposition of silica onto a silica, using for example sodium
silicate, or tetracthylorthosilicate, or 511y, etc. Alternatively the reinforced support 1s prepared
by a combmation ot two or more of the disclosed methodologies. For example the remtoreed
support may be prepared by alkaline aging and hydrothermal treatment.

{020 in an embodiment, the support 1s a low surface area support. Herem, a low surface
area support has a surface area of less than about 250 m”/g, alternatively less than about 200

2 : ‘ : . 2, _ N , : . 2, - :
m°/g, altematively less than about150 m/¢, or alicmatively fess than about 128 m7/g. Further,

the pore volume of the support may range from about (.5 cubic centimeters per gram {(¢C/g) to
about 3.5 cc/g or alternatively from about 0.8 ¢c/g to about 3 ¢¢/g. Hereinatter for simphicity,
the disciosare will refer 1o silica as the support although other supports such as have been
deseribed heremn may be contomplated.

3021} The amount of support present m the catalvst (e.g., Ur-X) may range from about
9% 10 about 99.9% by weight of the catalyst, alternatively from about 95% 10 about 99.9%,, or
from about 97% to about 99.9%. In an embodiment, the support comprises the remamder of
the catalyst when all other components are accounted for.

30221 In an embodiment, the catalyst comprises chromium. Chrommum may be icluded

in the Cr-X catalyst by contacting of a chromum-containing compound with a support of the
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type previously described herein. The chromium-containing compound may cComprise a water-
sghuble chromium compound. Alternatively, the chromium-contaming compound comprises 4
hydrocarbon-soluble chromium compound. Examples ot water-sohuble chromnum compounds
mclude without hnutation chromuum oxide, chromiurg trioxide, chrommm acetate, chronuum
nifrate, or combinations thereol., Examples of hydrocarbon-soluble chromium compounds
mmchude without hinutation tertiary butyl chromate, a drarene chromuum (83 cornpound,

mscyclopentadieny! chromumum(il), chromuum (111 acetvlacetonate, or combinations thercof. In

one embodiment, the chromium-containing compound may be a chromium {(Il) compound,

chromium (I} compound, or combmations thercot. Suitable chromuum (I compounds
mclude, but are not limited to chromium carboxylates, chromium naphthenates, chromium
halides, chromium sulfate, chromuum nurate, chrommim dionaies, or combinations thereot.
Specific chromuum (M) compounds include, but are not hmited to, chrommum (1) sulfate,
chromium  (JII} chioride, chromum (I mitrate, chrooue bromide, chromum  (HD)
acetviacetonate, chromium (1) acetate. Suutable chromivm (1) compounds include, but are
not hmited to chromous chloride, chromous bromide, chromous 10dide, chromium (1) sulfate,
chromumum (1) acetate, or combinations thereot.

[B023] The amount of chrommm present 1n the catalyst (e.g., Cr-X) may range {rom about
0.01% 1o about 10% by weight of the catalyst, alternatively frorn about §8.53% o about 5%, or
from about 1.0% to about 3%. Herein, the percentage chromimum reters to the final percent
chromium associated with the support material by total weight of the material after all
Processing steps,

(3024 In an cmbodument, chromuum s present m an amount sufficient to provide a
chromium(VI) distribution of greater than about 2 chromium atoms per nmy of support,
alternatively greater than about 2.5 chromiam atoms per nm” of support, or alternatively greater
than about 3 chromnium atoms per nm” of support. In some embodiments, the chromium (V)
distribution 1s the average distribuiion based on the use of more than one catalyst type. For
example, a chromnr distribufion falling within the values disclosed hercin may be achieved
through the use a conventional Cr-supported catalyst and a Cr-X catatyst of the type disclosed
hereim.

{3025} In another embodiment, a method of preparning a Cr-X catalyst comprises contacting
a support of the type disclosed herein with a chromium-containing compound to form Cr-stlica.
The chronmium-contaiming compound may be a water-soluble compound or a hydrocarbon-

soluble compound such as those previously described herein and may be introduced to the
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support usmg any sutiable contacting technigue.  For exampie, the chromium-containing
compound may be contacted with the sidica support using techmques such as ion-exchange,
mcipient wetness, pore fill, tmpregnation, etc.
FU26] The Cr-silica may then be dried to remove solvent at temaperatures ranging from
about 2570 10 about 300°C, alternatively from about 3070 10 about 2007, or alternatively
from about R0°C 1o about 130°C and for a time period of {rom about 0.1 man 0 about 10 hours,

alicrnatively from about 0.2 vun to about 5 hours, alternatively from about 30 vun to about |

3027 In an cmbodiment, the dried Cr-stlica 18 activated to produce an active catalyst,
alternatively an active polymerization catalyst. The dred Cr-silica of the present disclosure
may be activated using varous types of activator equipment. Any vessel or apparatus may be
utihized to activate the dried Cr-silica including for example rotary calcmers, static pan dricrs,
or thuidized beds. Such equipment may operate in a static, batch, or continuous mode. For the
static or batch mode, a vessel or apparatus contaiming the catalyst bed may be subjected
sequentially to various stages of the activation process. For the continuous mode, the stages of
the process can occur i a series of zones through which the dned Cr-silica passes on its path
throwugh the activation apparatus,

0281 in an embodument, the dried Cr-silica 18 activated in a tlmdized bed activator, o a
fluidized bed activator, gas may flow upward through g grid plate containing many small holes
upon which the dried Cr-silica 1s positioned. The gas may contain various compounds to create
a desirable process conditions. The dried Cr-stlica may be nuxed m the gas as it flows creating
a Huid-ltke flow. This 1s often referred to as fhudization or fhndizing,

[(3029] The activation may further comprise heating the dred Cr-silica to a desired
temperature m one or more stages. As used herewn, the term “stages” refers 10 heating the dred
_r-sthica 10 a desired temperature and holding the tomperature for a perntod of tupe. A stage
may be performed when the dried Cr-silica 15 m a stationary position or by moving the dried
Cr-sthica through various locations and may comprise a ramp up time to a desired temperabure
and holdmg the dried Cr-silica at that temperature for a certamn hold time.  For two or more
stages, there will be two or more ramp up times, two or more desired temperatures, and two Or
more hold times. The ramp up times may be the same or different, {or example the ramp ap
tirne may be mstantancous {e.g., preheated environment) to less than about 3 hours.

034 The temperature(s) at whach the dried Cr-silica 18 activated may be adjusted 1o

achieve a user-desired result. For example, if the dried Cr-silica activation is used to fulfill a
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condition for preparation of a LCBP (ec.g., a Class A modification), the activation may be
carricd out by heating the dried Cr-silica to tomperatures of less than about 650°C, allernatively
tess than about 625°C, or alternatively less than about 600°C. In an alternative embodiment,
the dried Cr-silica activation 1s not used to fulfill a condition for the preparation of a LCBP. In
such an embodiment, the dried Cr-silica may be activated at temperature(s) in a range of from
about 400°C to about 1000°C, alternatively from about 600°C to about 900°C, akternatively
from ahout 750°C to about S00°C.

10031} Activation also causes oxidation of any of the trivalent form of chromium (Cr{iil))
to the hexavalent form (Cr(VIY) and then stabilization of the Cr(VI) form. As used heren, the
term “stabihzation” refers to the activation process resulting in the Cr(VI) form of the catalyst.

The activation process may convert from about 10 10 about 100% of Ci(H) 1o Cr{V1), or from

Cr(V1, from about 8.5 10 about 3.0%, or from about 1.0 to about 3.0% wheremn the percentage
refers to the weight percent chromuum (V1) based on the total weight of the catalyst. In an
cmbodiment, the dried Cr-silica 18 activated as described herein to form g Cr-X.

{3032} In an embodiment, a LUBP 13 prepared using a ttamum-contaming Cr-X ¢atalyst.
The titantum-contaming Cr-X catalyst may comprise chromuum and a support, both of the type
previously disclosed herewn.  Additionally, the titamume-contaming Cr-X catalyst comprises
titanmm,

3033 The sibica-titanium Cr-X catalyst may be prepared by cogelation or by contacting a
support of the type previously disclosed hercin with a solution or vapor contamning a tianium
compound. For example, one can use an aqueocus solution comprising a trivalent titanmum
(Tt )-containing compound and/or a tetravalent titaniam (Ti" )-containing compound. The
Ti*"-containing compound may be any compound that coroprises tetravalent titanium,
alternatively the Ti' -containing compound may be any cornpound that is soluble in an agqueous
solution and able to release a Ti' species into solution. Examples of Ti' -containing
ompounds suitable tor use in the present disclosure mclude without himutation titanyl nitrate.
The Ti'-containing compound may be any compound that comprises trivalent titanium,
alternatively the Ti' containing compound may be any compound that is soluble in an aqueous
solution and able to release a T species into solution. Examples of suitable T -containing
compounds imnclude without hmutation TiCls, {T1):(504):, T{OHYCh, TiBr, and the bke.

(3034} In an embodiment, the support is contacted with the Ti' -containing compound

and/or Tt -containing compound by mmpresnation. The titantum-containing support may then
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be dried to remove solvent and form a dried titanium-containing support. The drying may be
carried out in a temperature range of from about 25°C to about 300°C, alternatively from about
50°C 1o about 200°C, or alternatively from about RG°C to about 150°C and tor a time pertod of
from about 0.1 mmn 1o about 10 hours, alicrnatively from about 0.2 mun 1o about § hours, or
alternatively from about 30 nun 1o about | hour. In some embodiments, the drying 18 carried
out in an nert atmosphere (e.g. under vacuum, He, Ar or nitrogen gas),

[3035] In an alternative cmbodument, titantum can be appiied to the support by vapor phase
deposition or by mmpregnation of a non-agueous solution of tfitanmum. Suitable titanmim
compounds used n this embodiment include without hmitation halides and alkoxides of
trtanum,

{036 The method may further comprise calcuung the dried titamum-containing support
the presence of air to oxidize the T1 to Ti" and attach the titanium to the support and form a
dried calcmed titantum-containing support. For example, the dried tttanium-containing suppotrt
may be calcined in the presence of air at a temperature m the range of from about 400°C 10
about 1,0006°C, alternatively from about 500°C to about 900°C, and for a time peried of from
about 1 hour 1o about 30 hours, alternatively from about 2 hours 1o about 20 hours, akernatively
from about § hours to about 12 howrs,

H3037] The method may further comprise adding a chromyum-contaiming compound to the
dried calcmed titamum-containing support to form a Co/Ti-stlica. The chromium-containing

compound may be a water-soluble compound or a hydrocarbon-soluble compound such as

those previously described herein and may be mtroduced to the dried calcimed titanmim-
containmge support using the contacting technigues also previously described heremn, The
Cr/Ti-silica may be dricd agam 10 remove solvent mntroduced by the addition of the chromuuni-
containing compound at emperatures ranging from 25°C to about 300°C, alternatively from
about SO°C to about 200°C, or alternatively from about 20°C to about 150C. In one
cmbodiment, the Cr/Ti-sithca may then be activated via g second calemation step by heating it
in an oxidizing environment to produce g titannmm-contamimg Cr-X. Such activations may be
carried out using procedures and equipment of the type previously disclosed herein (e,
thwdized bed). For exampie, the Cr/Ti-silica may be calcined mn the presence of air at a

temperature 1 the range of from about 400°C to about 1,000°C, alternatively from about 560°C

to about 850°C and for a time period of from about 1 min to about 10 hours, alternatively from
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about 20 min to about 3 hours, or alternatively from about 1 10 about 3 hours 10 produce the
titamum-contammng Cr-X.

HBO3R] In another embodument, a method of prepanng a fitantum-containing Cr-X catalyst
comprises contacting a support with a chromium-contaming compound 1o form a Cr-supported
composition. The chrommum-containing compound may be a water-eoluble compound or a
hydrocarbon-soluble compound such as those previously described heremn and may be
introduced to the support using the contacting techniques also previously described heremn. The
Cr-supported composition may be dried to remove solvent at temperatures ranging from about
23°C to about 300°C, aliernatively from about 36°C to about 200°C, or alternatively from
about 80°C to about 1530°C and for a time pernod of from about 0.1 min to about 10 hours,
alternatively from about (.2 min to about 5 hours, altornatively from about 30 min to sbout 1
hour, thereby torming a dried Cr-supported composition. The method may further comprise
contacting the dried Cr-supported composition with a Ti -containing compound and/or Ti" -
containing compound to form a Cr/Ti-silica. The T -containing compound may be contacted
with the dried Cr-supported composition using any of the contacting techniques previousiy
described hercin. In an embodiment, the drnied Cr-supported composition 18 contacted with a
Ti -containing compound by impregnation with a TP “aqueous salt solution to form a Cr/Ti-
silica. The method furtber comprises activating the Cr/Ti-sthica by dryving and/or calcimng the
Cr/Ti-silica in the presence of air to oxidize the Ti to Ti' and attach the titanium to the silica.
Ssuch activations may be carmied out usimg procedures and equipment of the type previously
disclosed hercin (e.g., fhudized bed). For example, the Cr/Ti-silica may be heated n the
presence of air at a fomperature m the range of from about 400°C 1o about 1,000°C,
alternatively from about 500°C 1o about 850°C and for a time period of from about | nun 1o
about 10 hours, alternatively from about 20 min to about 5 hours, alicrnatively from about 1
hour to about 3 hours to produce the titanium-contaming Cr-X catalyst.

LIRS In another ecmbodiment, a method of preparing a catalyst comprises contacting a
support of the type disclosed herein with a T -containing compound and/or Ti' -containing
compound and a chromm-contaming compound to form a metallated support. The contacting
of the support with the Tt -containing compound and/or Ti" -containing compound and
chrommum-containing compound may be sunultancous; alicrnatively the contacting may be
carried out sequentially (e.g., TP andlor Ti*  followed by Cr or vice-versa), The Ti -

containing compound and/or Ti" -containing compound and chromivm-containing compound
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may be of the types previously described herein and may be introduced 1o the support (e.z., low
surtace area silica’ using the contacting techniques also previously descnbed herein to form a
metatiated silica. The metallated silica may be dried to remove solvent at temperatures ranging
from about 25°C to about 300°C, alternatively from about 50°C 1o about 200°C, or
alternatively from about 80°C to about 13070 and tor a time period of from about 0.1 min o
about 10 hours, alternatively from about .2 man to about § hours, alternatively from about 30
min to about 1 hour, thereby formung a dried metaliated sihica. In one embodiment, the dried
mectaliated silica may then be activated via a calcination step by heating it in an oxidizing
environment. Such activations may be carried out using procedures and equipment of the type

previously disclosed heremn (e.g., flmdized bed). For exarnple, the dried metallated silica may

be beated 1 the presence of awr at a temperature m the range of from about 400°C to about
1,000°C, alternatively from about S00°C o about 850°C and for a ttme of {rom about 1 min to
about 10 hours, alternatively from about 20 mmn to about 5 hours, alternatively from about 1 to
about 3 hours {0 produce the titantum-containing Cr-X.

[044] In the embodiments wherein a titanmm-confaiming Cr-X catalvst 15 formed, the
amount of ttanium utilized may be sufficient 10 provide a percentage titanium of from about
0.1 % to about 10% by weight of the catalyst, or alternatively from about 0.5% to about 8%,
atternatively from about 1% to about 5%. Heremn, the percentage titanium refers o the final
percent fitanium associated with the support material by total weight of the material after all
processing steps.

(041} Alternatively, m embodiments wherein a titanmm-contaming Cr-X catalyst s
tormed, the amount of fitanium utithzed may be suificient to provide a titamum distribution of
oreater than about 2 titasiurn atoms per nm” of support, aliernatively greater than about 2.5
titanium atoms per nm’ of support, or alternatively greater than about 3 titanium atoms per nm’
of support.

{042} it 18 conteraplated that the temperature(s) at which the composition comprising
chromium, titanium and silica {e.g., Cr/Ti-silica, metallated silica) 18 activated to form an
activated catalyst may be adjusied to achieve a2 user desired result. For example, if activation of

the composition comprismg chromnum, titaniurn and silica 1s used io fulhll a condstion for

heating the catalyst comprising chromum, titanium and silica (o temperatures of less than

about 650°C, alternatively less than about 623°C, or alernatively less than about 600°C. In an
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alternative embodiment, if activation of the composition comprising chronyum, titanium and
sthica 18 used to fulhili a condition for preparation of @ LUBP {(e.g., a Class A modification) the
activation yoay be carried out by heating the catalyst comprismg chromum, titanium and silica
to tomperatures of greater than about 700°C, alternatively greater than about 800°C, or
alternatively greater than about 850°C.

[3043] In an embodiment, a catalyst for use in the preparation of a LCBP has a catalytic
activity of greater than about 750 grams polymer product per gram catalyst used (g/g),
alternatively greater than about 1000 g/o, alternatively preater than about 1500 g/e. or
alternatively greater than about 2000 g/e.
(3044} In an embodiment, a LCBP of the type disclosed herein s prepared by a
methodology employving a Cr-X catalyst and a Class A modification.  In an embodiment, the
Class A modification comprises activating the Cr-X catalyst at a temperature of loss than about
G50°C as described previousty heremn. In an embodiment, the Class A modification comprises
adjusting the amount of Cr on the support (e.g., low surface arca sihica) to provide a chromuum
distribution of greater than about 2 chromium atoms per nmm” of support as described previously
herem. In an embodiment, the Class A modification comprises mcorporating titanium into the
Cr-X catalyst to form a titantum-contaming Cr-X catalyst as disclosed previously herein.

{0045 The Class A modifications disclosed herein result 1o catalysis that may be suniably
cmployved m an olefin polymernization method. The catalysts of the present disclosure are
suitable for use m any olefin polymenzation method, using vanous types of polymerization
reactors. In an embodiment, a polymer of the present disciosure 18 produced by any olefin
polymenzaiion method, using variwous types of polymerization reaciors.  As used herein,
“polymertzation reactor” includes any reactor capable of polymerizing olefin monomers o
produce homopolymers and/or copolymers. Homopolymers and/or copolymers produced i
the reactor may be referred to as resin apd/or polymers. The various {ypes of reactors include,
but are not himited to those that may be referred to as batch, siurry, gas-phase, sohution, high
pressure, tubular, autoclave, or other reactor and/or reactors. (3as phase reactors may Comprise
Huwdized bed reactors or staged horizontal reactors.  Shlurry reactors may comprise vertical
and/or horizontal loops. High pressure reactors may comprise autoclave and/or tubular
reactors. Reactor types may include batch and/or continuous processes. Continuous processes
may use miermittent and/or continuous product discharge or transfer.  Processes may also
mclude parfial or full direct reeyele of un-reacted monomer, un-reacted comonomer, catalyst

and/or co-catalysts, diluents, and/or other materials of the polymerization process.
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[ 3046] Polymerization reactor systems of the present disclosure may comprise one type of
reactor 1o a systemn or multiple reactors of the same or diflerent type, operated in any suitable
configuration. Production of polymers in multiple reactors may include several stages m at
east two separate polvmerization reactors mferconmected by a transfer system making o
possible 1o transter the polymers resulting from the first polymerization reactor into the second
reactor.  Alternatively, polymenzaton in multiple reactors may mclude the transfer, enther
manual or automatic, of polymer from one reactor to subsequent reactor or reactors for
additional polyvmerization. Alternatively, mulfi-stage or nmulti-step polvmerization may take
place 1 & single reactor, wheremn the condittons are changed such that a difforent
polymerization reaction takes place.

{30471 The desired polvmerization conditions in one of the reactors may be the same as or
differcnt from the operating conditions of any other reactors mvolved in the overall process of
producing the polvimer of the present disclosure. Mudtiple reactor systems may mclude any

combination ncluding, but not imued to multiple loop reactors, muliipie gas phase reactors, a

high pressure with loop and/or gas reactors. The multiple reactors may be operated m series or
m paraliel, In an embodiment, any arrangernent and/or any combination of reactors may be
emmployved to produce the polvmer of the present disclosure.

R4S According to one cmbodiment, the polymerization reactor system may Comprise at
least one loop slurry reacior. Such reactors are commonplace, and may comprise vertical or
horzontal loops. Monomer, diluent, catalyst system, and optionally any comonomer may be
contmnucusly fed to a foop slurry reactor, where polymerization occurs. Generally, continuous
processes may comprise the continuous wntroduction of a monomer, a catalyst, and/or a diluent
mnto a polvmerization reactor and the confinuous removal from this reactor of a suspension
comprising polymer particles and the diluent. Reactor effluent may be flashed {0 remove the
Liquids that comprnse the diuent from the solid polymer, monomer and/or comonomer.
Vartous technologics may be used for this separation siep including but not lumited to, flashing
that may wchude any combmation of heat addition and pressure reduction; separation by
cyclonic action n euther a cyclone or hydrocyclone; separation by centrifugation; or other
appropriate method of separation.

[ (3049] Typical shirry polymerization processes (also known as particle-torm progesses) are
disciosed m ULS. Patent Nos. 3,243,179, 4,501,885, 5,565,175, 5,575,979, 6,239,235, 6,262,191
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and 6,833,415, for example; each of which may be referred to for further details.

0050} Suitable diluents used in slurry polymerization include, but are not limited to, the
monomer being polymerized and hydrocarbons that are liquids under reaction conditions.
Examples of suitable diluents include, but are not limited to, hydrocarbons such as propane,
cyclohexane, isobutane, n-butane, n-pentane, isopentane, neopentane, and n-hexane. Some
loop polymerization reactions can occur under bulk conditions where no diluent 1s used. An

example is polymerization of propylene monomer as disclosed in U.S. Patent No. 5,455,314.

[0051]  According to yet another embodiment, the polymerization reactor may comprise at
least one gas phase reactor. Such systems may employ a continuous recycle stream containing
one or more monomers continuously cycled through a fluidized bed in the presence of the
catalyst under polymerization conditions. A recycle stream may be withdrawn from the

flutdized bed and recycled back into the reactor. Simultaneously, polymer product may be
withdrawn from the reactor and new or fresh monomer may be added to replace the
polymerized monomer. Such gas phase reactors may comprise a process for multi-step gas-
phase polymerization of olefins, in which olefins are polymerized in the gaseous phase in at
least two independent gas-phase polymerization zones while teeding a catalyst-containing

polymer formed in a first polymerization zone to a second polymerization zone. One type of

gas phase reactor is disclosed in U.S. Patent Nos. 4,588,790, 5,352,749, and 5,436,304, each

of which may be referred to for details.

|UUSZ| According to still another embodiment, a high pressure polymerization reactor may
comprise a tubular reactor or an autoclave reactor. Tubular reactors may have several zones
where fresh monomer, inttiators, or catalysts are added. Monomer may be entrained in an inert
gaseous stream and introduced at one zone of the reactor. Initiators, catalysts, and/or catalyst

components may be entrained in a gaseous stream and introduced at another zone of the
reactor. The gas streams may be imtermixed for polymerization. Heat and pressure may be
employed appropriately to obtain optimal polymerization reaction conditions.

10053} According to yet another embodiment, the polymerization reactor may comprise a
solution polymerization reactor wherein the monomer is contacted with the catalyst
composition by suitable stirring or other means. A carrier comprising an organic diluent or
excess monomer may be employed. If desired, the monomer may be brought in the vapor

phase into contact with the catalytic reaction product, in the presence or absence of liquid

CA 2857362 2019-01-18
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material, The polymerization zone 1S maintamed at temperatures and pressures that will result
i the formation of a solution of the polymer m a reaction medium.  Agiation may be
ermployed to obtamn better tomperature control and to mamtan wnuform polymerization mixtures
throughout the polymenzation zone., Adequate means are utilized for dissipating the

exothermic heat of polymerization.

[ 3054] Polymerization reactors suitable for the present disclosure may further comprise any
combination of at feast one raw maternial feed system, at least one teed system tor catalyst or

toadout, laboratory analvsis, and process control.
OS5 {Conditions that are controlicd for polymerization cthiciency and to provide polymer
properties melude, but are not himited to teraperature, pressure, type and quantity of catalyst or

co-catalyst, and the concontrations of vanous reactants. Polymenzation temperature can affect

polymerization temperatures may be any temperature below the de-polymerization temperature,

according o the Gibbs IFree Enecrgy Equation. Typically, this includes from about 60°C 1o
about 280°C, for example, and/or from about 70°C to about 110°C, depending upon the type of
poiymerizaiion reactor and/or polymerization process.

{3056 Surtable pressures will also vary accordmg to the reactor and polvmerization
process.  1he pressure for liquid phase polymerization 1 a loop reactor is typically less than
FO00 psig. Pressure for gas phase polymerization 18 usually at about 200 — 500 psig. High
pressure polymerizafion wn tubular or autoclave reactors 18 gencrally run at about 20,000 10
75,000 psig. Polymerization reactors can also be operated n a supercritical region occurring at
cenerally higher temperatures and pressures.  Operation above the crtical pomt of a

pressurc/temperature diagram (supercritical phasce) may offer advantages.

{3087 In an embodiment, the LUBP 15 prepared by a methodology emploving g Cr-X

catalyst and a Class B modificanion.  In an embodiment the Class B modification comprises
providing that the concentration of monomer present 1 the reactor s less than about |

mole/hiter (mol/L)}, alternatively Iess than about .75 mol/L, or alicrnatively less than about 0.5

mol/L.  Examples of monomers suitable for use in the present disclosure include without

htation mono-olefins contammyg 2 w0 & carbon gtoms per molecule such as ethvlene,
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propyiene, 1-butene, l-pentene, l-hexene, and l-octene. In an embodiment, the monomer
comprises cthylene. In embodiments wherein the monomer 18 8 gas {(e.g ethyleng), the
polymerization or ohigomerization reaction can be carried out under a monomer gas pressure.
When the polymerization or oligomerization reaction produces polyethylene or alpha olefins,
the reaction pressure can pe the monomer ethviene pressure. In some embodiments, the
cthylene pressure can be greater than 0 psig (0 KPa); alternatively, greater than 50 psig (344

KPay; alicratively, greater than 100 psig (689 KPa); or alternatively, greater than 150 psig (1.0

psig (34.5 MPa); alternatively, 50 psie (344 KPa) 10 4,000 psig (27.6 MPa); alternatively, 100
psig (68Y KPa) to 3,000 psig (20.9 MPa); or alternatively, 150 psig (1.0 MPa) 1o 2,000 psig

(13.8 MPa). In some cascs when ¢thylenc 15 the monomer, nert gases can form a portion of the

the proeviously stated ethylene pressures can be the applicable ethylene partial pressures of the
polymerization or oligomerization reaction. In the situation where the monomer provades all or

a portion of the polvmerization or olicomerization reaction pressure, the reaction systein

pressure can decrease as the gascous monomer 18 consumed. In this stupation, additional

gaseous monomer and/or mert gas can be added to maintain a desired polymerization or
oligomerization reaction pressure. In embodiments, additional gaseous monorner can be added
to the polymerization or oligomerization reaction at a set rate (e.g. for a continuous flow
reactor), at different rates (e.g. t0 maintam a set systom pressure in a batch reactor). In other
cmbodiments, the polvmerization or oligomernization reaction pressure can be allowed to
decrease without addmg any additional gaseous monomer and/or inert gas.

0SE] In an embodmment, the Class B modification comprises employing a cocatalyst in
the reaction for production of the LUBP. Generally, the cocatalyst ¢can be any organometalhic
compound capable of activating the catalyst {¢.g., Cr-X)} to polymerize or ohigomerize olefins.
Suitable cocatalysts can mnclude without hinmutation monomernic or olisomeric metal alkyls,
metal aryls, metal alkyl-aryls comprising at least one of the metals selected from the group
consisting of B, AL, Be, Mg, Ca, Str, Ba, L1, Na, K, Rb, Cs, Zn, Cd, and Sn. In emboduments,
the cocatalyst can be selected from the group consisting of organcaluminum compounds,
organoboron compounds, organolithiom compounds, or mixtures thereof.  In some
cerboduments, the cocatalyst can be an  organcaluminum  compound. Applicable
organocaluminum compounds can mclude without imitation tralkvialuminums, alkyialuminum

halides. alimoxanes or nuxture thereof.  In some embodimenis, the organoaluminum
2 2
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compound c¢an  be ifrmethyvlalummum, inethyvialuminum, dicthvialuminum  chlonde,
dicthylahirpinum  ethoxade,  dicthylaluminum  cyamide,  dusobuatviaiomunum  chionde,
trnsobutylaluminom,  cthylalommum  sesqunchionde, methylatumoxane (MAQO), modified
methylalumoxane (MMAQO), 1sobutyl alumoxanes, t-butyl alumoxanes, or muxtures thereot. In
other embodiments, the organcalununum compounds c¢an inciude without lmutation
methylalumoxane (MAQ), modified methylalumoxane (MMAQO), 1sobuty] alumoxanes, t-butyl

alumoxanes, or muxtures thereof. in other cmbodmments, the cocatalyst can be

the cocatalyst can be methyvlalumoxane; allernatively, modified methylalumoxane;
wsobutylalumoxane (IBAQ); or alternatively, partially hydrolyzed trnialkylaluminum.

{BOAG] In an cmbodiment, the cocatalyst comprises a compound represented by the general

be present i the reactor m an arpount of greater than about 1 ppm, alternatively greater than
about 3 ppm, or aliematively greater than about & ppm based on the weight of the solvent or
diluent in systems employing such solvent or diluent. When no solvent or dituent is used, the
catalyst (e.g., Ur-X) may be impregnated with the cocatalvst m an amount that provides for a
cocatalyst to chromuum mole ratio i the range of from about 0.1:1 to about 1001, alternatively
from about 8.5:1 to about 50:1, or from about 11 to 106:1.

LHUSH In an embodiment, a method of makmg a LCBP of the type disclosed hercin
comprises employing a Cr-X catalyst and at least one Ulass A modification, alternatively a Cr-
X catalyst and at least one Class B modification, or alternatively a Cr-X catalvst, af least ong
Class A modification and at least one Class B modification. For example, a method of making
a LCBP of the type disclosed herein may comprise employing a {r-X catalyst whereimn the Cr-
X catalyst has been activated at g temperature of less than about 650°C.

[O06GE ] Alternatively, a method of making a LUBP of the type disclosed hercin mpay
comprise empoying a Cr-X catalyst wherem the Cr-X catalyst has been activated at a
temperature of less than about 6507 and the amount of Cr present in the reactor has been
adiusted to provide a chromium distribution of greater than about 2 chromium atoms per nm” of
SUPPOrt.

{3062} Alternatively, a method of making a LCBP of the type disclosed herein may
comprise employing a Cr-X catalyst wherem the Cr-X catalyst has been activated at a

temperature of less than about 650°C, the amount of Cr present 1n the reactor has been adjusted
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to provide a chromium distribution of greater than about 2 chromium atoms per nm” of support
and titamum has been incorporated mio the Cr-X catalyst.

[3063] Alternatively, a method of making a LCBP of the type disclosed herein may
comprise employmng a Cr-X catalyst wheremm the Cr-X catalyst has been activated at g
temperature of less than about 6307C, the amount of Cr present 1 the reactor has been adjusted
to provide a chromium distribution of greater than about 2 chromium atoms per nm” of support,

titanmuim has been mcorporated nto the Cr-X catalvst, and the concentration of monomer

(3064 Alternatively, a method of making a LCBP of the type disclosed hercin may
comprise employmg a Cr-X catalyst wherem the Cr-X catalyst has been activated at a

temperature of less than about 650°C, the amount of Cr present 1n the reactor has been adjusted

trtaniurn has been mcorporated nto the Cr-X catalyst, the concentration of monomer present m
the reactor is fess than about 1 mol/L, and a cocatalyst 13 present in the reaction.

FB065S] Altermnatively, a method of making a LOBP of the type disclosed herein may
comprise employing a Cr-X ¢atalyst wherein the Cr-X catalyst has been activated at a
temperature of less than about 630°C and a cocatalyst comprisimg TEB prosent in the amounts
previously disclosed herein. In an embodunent, the methodologies disclosed berein are used o
produce a LCBP of the type disclosed herein.

[366] In an embodiment, a LUBP of the type described herein s charactenized by a
density of from about 8.90 g/ce to about 0.97 g/ce, alicmatively from about 4.93 g/ce 1o about
(.97 g/ce, alternatively from about (.92 g/cc to about 8.905 g/ce, or alternatively from about
(1.93 g/ce to about .96 g/ce as determined 1n accordance with ASTM D80S,

3067} In an embodiment, a LUBP produced usig a catalyst of the type described herem
has a2 melt index, ML, in the range of trom about O dg/min 1o about 100 dg/min, alicrnatively
from about 0.1 dg/man tc about 10 dg/mm, alternatively from about (.1 dg/min o about 3.0
dg/min, or alternatively from about (0.2 dg/mun {0 about 2.0 de/mun. The melt index (MDD refers
to the amount of g polymer which can be forced through an extrusion rheometer orfice of
0.0825 mch diameter when subjected to a torce of 2160 grams in ten minutes at 190°C, as

determined 1 accordance with ASTM DI23%.

3068} The molecular weight distnibution (MWD of the LCBP may be characterized by
the ratio of the weight average molecular weight (M) to the number average molecular

reight (M), which 18 also referred 10 as the polydispersity index (PO or more simply as
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polydispersity. The number average molecular weight, My, is the common average of the
molecular weights of the individual polymers calculated by measuring the molecular weight
of n polymer molecules, summing the weights, and dividing by n. The weight average

molecular weight, M., describes the molecular weight distribution of a polymer composition

and is calculated according to Equation 1:

PP TAYE 0

where N, is the number of molecules of molecular weight M;. A LCBP of the type disclosed
herein may be characterized by a broad molecular weight distribution such that the PDI is
equal to or greater than about 10, alternatively greater than about 15, alternatively greater
than about 20 or alternatively greater than about 25.

[0069] A LCBP of the type disclosed herein may be characterized by the degree of long
chain branching (LCB) present in the polymer. LCB was measured using the size-exclusion
chromatography-multiangle light scattering technique (SEC-MALS). Methods for the
determination of long-chain branching and long-chain branching distribution are described in
an article by Yu et al. entitled “SECJ—MALS method for the determination of long-chain

branching and long-chain branching distribution in polyethylene,” Polymer (2005) Volume:
46, Issue: 14, Pages: 5165-5182 which may be referred to for details.

0070} In an embodiment, a LCBP of the type disclosed herein has a LCB content
peaking that is determined as the number of LCB per million carbon atoms which is
designated 2. In an embodiment, A is greater than about 8 LCB per million carbon atoms
(LCB/10° carbons), alternatively greater than about 15 LCB/1 0° carbons, alternatively greater
than about 20 LCB/10° carbons, or alternatively greater than about 30 LCB/ 10° carbons.

Herein, LCB content peaking refers to the maximum concentration of LCB as a function of
molecular weight. The number of LCB per 10° total carbons is calculated using the formula
1,000,000¥*Mo*B/M, where B is the number of LCB per chain, Mo 1s the molecular weight of
the repeating unit, i.e. the methylene group, -CHo-, for PE; and M is the molecular weight of

a SEC slice where it is assumed that all macromolecules in the same SEC slice have the same

molecular weight. B is calculated according to the following equation:

CA 2857362 2018-11-14
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B2\ B (2+B)2-(B)? ,

wherei g 18 defined as the ratio of the mean square radius of gyration of a branched polymer
to that of a lmear polvmer ot the same molecular weight. Both of the radius of gyration and

the molecular weight were deternuned via SEC-MALS,

(071 In an embodmment, a LCBP of the type disclosed herein has a LCB content
peaking that 18 determined as the number of LCB per chain. In an embodiment, for a LCBP
of the type disclosed heremn B s greater than about 1.0 LUB/cham, alternatively greater than
about 1.3, alternatively greater than about 1.5, or aliernatively greater than about 2.0.

(G072} In an embodiment, a LCBP of the type disclosed herein displays a LCB condent
that 18 charactenzed by a decrease 1 the amount of LUB {0 approximately zero at the higher
molecuiar weight portion of the molecular weight distribution. Heremn, the hugher molecular
weight porfion otf the molecular weight distribution refers t0 a molecular weight of greater
than ahout 1 mithion kg/maol.

3073 In an embodiment, a methodology of the type disclosed herein 18 used {0 produce
a LUBP characterized by a long chamn branching content peaking at greater than about 20
long chain branches per nullion carbon atoms, and a molecular weight distribution/PD of
orcater than about 10 whereimn the long chamn branching decreases o approximately zero at
the higher molecular weight portion of the molecular weight distribution.

(30741 In an embodument, 2 methodology of the type disclosed heremn is used to produce

a LCBP charactcrized by a long chain branching content peaking at greater than about 20
tong chain branches per million carbon stoms, and a molecular weight distribution of greater
than about 15 wheremn the long cham branching decreases 10 approximatcly zero at the higher
maolecular weight portion of the molecular weight distribution.

007 5] in an embodument, a methodology of the type disclosed herein 1s used to produce
a LLOCBP characterized by a long chamn branching content peaking at greater than about 20
long chamn branches per mullion carbon atoms, long chain branching content peaking at
oreater than about 1.0 long chain branches per chain and a molecular weight distribution of
greater than about 10 wherein the long chain branching decreases to approxumately zero at
the higher molecular weight portion of the molecular weight distribution.

18076} In an embodiment, a methodology of the type disclosed herein 1s used to produce

a LOCBP characterized by long chain branching content peaking at greater than about 25 long
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chain branches per mithion carbon atoms, and a molecular weight distribution of greater than
about 15 wherein the long chain branching decreases {0 approximately zero at the hgher
molecular weight portion of the molecular weight distribution.

30771 In an embodiment, a methodology of the type disclosed herein 1s used to produce

a LUBP characterized by a long chain branching content peaking at greater than aboutl 30
long chain branches per muilion carbon atoms, and a molecular weight distribution of greater
than about 15 wherem the long chain branching decreases to approximately zero at the highes
molecular weight portion of the molecular weight distribution.

(3078} In an embodiment, a methodology of the type disclosed herein 18 used o produce
a LOBP charactenzed by a long chain branching content peaking at greater than about 8 long
cham branches per nullion carbon atoms, a molecular weight distribution ot greater than
about 20 wherem the long chaimn branching decrcases 1o approxmmately zero at the higher
molecular weight portion of the molecular weight distribution,

F074 In an embodiment, 2 methodology of the type disclosed herein 18 used 1o produce
a LUBE characierized by a long cham branching content peaking at greater than about 1 long
chain branches per chain, and a molecular weight distribution of greater than about 10
wheremn the long cham branching decreases to approxamately zero at the hugher molecular
weight portion of the molocular weight distribution.

it Polymer resins produced as disclosed heremn {(i.e., LCBPs) may be formed mto
articies of manufacture or end use articles using techniques known in the art such as
extrusion, blow moldmg, mjection molding, fiber spinning, thermoforming, and casting. For
exampie, a polymer resin may be extruded mto a sheet, which is then thermoformed mto an
end usc article such as a container, a cup, a tray, a pallet, a toy, or a component of another
product., Examples of other end use articles mto which the polymer resins may be formed

inchude pipes, filios, botties, fibers, and so forth,
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EXAMPLES

{BUB ] The following examples arc given as particular cmbodiments of the disclosure and
to demonstrate the practice and advantages thereof. It 18 understood that the examples are
agivenn by way of ilustration and are not wtended to humit the specification or the claims 1o
follow m any manner.

082} Cr-X catalysts of the type disclosed heorcin were preparcd and used i the
tormation of a LUBP of the type disclosed herein. Chromuum m the form of chromom
acctate was 1mpreguated onto a low surface area silica from methanol 10 a loading of
approximately 1.2 Cr/nmy’. The low surface area silicas used were SYLOX SD or SM5¢0
which are commercially available from W.R. Grace. SYLOX SD has a surtace area of
approximaiely 100 m*g and a pore volume of 1.2 mb/g. SYLOX S is reported to be a
"hybrid" between silica gel and precipitated silica. In another experiment a precipitated
silica, SM3500 was used. SM500 had a surface area of 102 m’/g and a pore volume of 1.1
mbi/g. The silica mapregnated with chromuum was then dried m a vacuum oven at 100°C for
{2 hours. Cr/silica-titania catalysts were made by first drving the Cr-mmpregnated SYLOX
SD silica at 200°C overnight, then impregnating fitantum tetraisopropoxide from dry heptane
to a level of 3 wit% Ti, then evaporating the solvent away. Finally, each dried catalyst was
sized through a4 33 mesh screen.

383 To activate the catalyst, about 10 grams was placed 1 a 4.5 ¢m quartz tube
fitted with a sintered guartz disk at the bottom. While the catalyst was supported on the disk,
dry amr was blown up through the dick at a linear velocity of 3.0 cnv/s.  An elecinic furnace
around the guartz tube was then tumed on and the tomperature was raised at the rate of
400°C/h 1o the deswred temperature, usually 300°C. At that temperature the silica was
atliowed to fhutdize for three hours n the dry aw. Afterward, the catalyst was coliected and
stored under dry nitrogen, where 1t was protected from the atmosphere until ready for testing.

0841 Comparafive cxperuments were also carried out usmg the Cr-silica catalyst
HA30W whose support has a surface area of SO0 m'’/g and a pore volume of 1.6 mL/g or
I6OMPT which is also a Cr-silica catalyst with a support surface are of 300 m”/g, and a pore
volume of 1.6 ml/g

LHILRY Polymerization runs were made m a 2.65 hiter stamless steet reactor equipped with
a marine strrer rotating at 500 rpm.  The reactor was surrounded by a stamless steel jacket

through which was circulated a stream of hot water which peroutied precise temperature
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control 1o within half a degree centigrade, with the help of electronic control instruments,
Uniless otherwise stated, a small amount (typacally (1.05 10 4.25 g) of the solid catalyst was
first charged under nitrogen mto the dry reactor. Nexit, 1.2 Iiter ot isobutane hquid was added
and the reactor heated to the standard 80°C set tomperature. Midway during the 1sobutane
addition, triethylaluminum was added to equal 0.5 ppm of ithe isobutane (except in
experiment 4 where 10 ppm of triethylalununum or trigthyiboron was used).  Finally,
cthviene was added to the reactor to cqual the desired pressure, usually 2.76 MPa (400 psig),
which was maintained during the experiment. The shrry was stirred for the specified time,
usually about one hour, and the polymerization rate was noted by recording the tlow of
cthylene mto the reactor to mamntain the set pressure. After the allotted timne, the cthylene
flow was stopped and the reactor slowly depressurized and opencd to recover a granular
polymer powder. Dy polymer powder was then removed and weighed.,  Activity was
determined from this weight and the measured time.

Example 1

FBURG6] Catalyst A was a Cy/silica catalyst prepared using SYLOX-5D silica obtamed
from W.R. Grace. This silica 18 described as a hybrid between precipitated and gelled silica,
and as being “reinforced.” It has a surface area of approximately 105 m*/g and a pore volame
of about 1.2 ml/g. Ths silica was then impregnated with an agueous solution of chromic
acetate to have a 1.2 Cr/nm” chromium distribution. It was then calcined at 550°C and in a
separate experiment at 3G0°C. These catalysts were used to polymerize ethylene at 83°C, 400
peig, and 0.5 ppm tricthylahuiminum as described above, The tirst catalvst (550°C) produced
an activity of 0.6 kg PE/g/h and the second once (B00YC) produced an activity of 1.6 kg
PE/g/h. The polyethylene polymer was analyzed by SEC-MALS measurements which are
presented m Figure 1. Figuare 1 demonstrates the broad molecular weight disirtbution and
also the high LCB content, either as measured per mullion carbons, or per cham. The
polvdispersity (1.¢. the weight average molecular weight (M) divided by the number average
molecular weight My, or M,,/M,,) was 12.2 when the catalyst was calcined to 800°C and 26.6
whien the catalyst was calcimed to 550°C.

1087 Catalyst B was a Cr/sihica-titanmia catalyst made by first drying the Cr-nopregnated
SYLOX 8D silica at 200°C overnight, then imprognating titanium tetraisopropoxide from dry
heptane sohition 10 a level of 3 wi% Ty, then cvaporating the solvent away. Finally, the dried

catalyst was sized through a 35 mesh screen. The ttamum-containing Cr-silica catalyst had
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SYLOX-SD as the support and a chromium distribution of 1.2 Cr/nm’. Catalvst B was

activated first at 800°C, and tested for cthylene polymerization as described above, using the
same conditions (RG°C, 400 psig, 0.5 ppm TEA). It produced an activity of 2.8 kg PE/g/h.

Another sample of Catalyst B was also activated at 550°C and was then tested for

polymerization activity under simlar conditions. It yiglded an activity of 1.6 kg PE/g/h.
SEC-MALS measurements were carried out on both polymers and are presented mn Figure 2.
The molecular weight distribution of samples produced using Catalyst B was broadenced by
the titantum producing a polydispersity of 21.7 when the catalyst was calcined to 300°C and
27.6 when the catalyst was calcined to 330°C. These results demonstrate that the effect of
mcluding titaniurn n the catalyst 18 to enhance LCB content and to broaden the molecular
weight distribution.

LHikL] Catalyst C and Catalyst D arc comparative Cr-silica catalysts, Catalyst C was
prepared wsing the preaipitated silica Grace SMS00 as g support, having a surface arca of
about 100 m*/g, which was impregnated with sufficient chromium to provide a chromium
distribution of 1.2 Cr/nm” and was calcined at 700°C. Catalyst I was the Cr-silica catalyst
969MPI, having a surface area of about 300 m”/g, which contained 0.4 Cr/nm” and was
calcimed at 850°C. Each catalyst was then used to polymerize ethylene at (30°C, 300 psig,
0.5 ppm TEA) with ethylene concentrations rapging from 0.9 mol/L. Catalyst C produced an
activity of (.1 kg PE/g/h and polymer having a polvdispersity of 10.9, while Catalyst D
produced an activity of 0.5 kg PE/g/h and polymer having a polydispersity of 9.4, SEC-
MALS measurements are presented i Figure 3 on both polymers. A comparison of Figure 3
to Figure I and Figure 2 demonstrates the broadened molecular weight distributions observed

for catalysts having a low-surface-area, highly reinforced support.

Example 2

3089 The effect of the surtface area of the sihica in the catalyst on LCB was investigated
further.  Catalyst E was a Cr-silica catalyst preparcd using SYLOX-SD, having a pore
volume of about 1.2 mL/g and a surface area of about 105 m°/g, as the support which was
tmpregnated with sufficient chromium to provide a chromium distribution of 1.2 Crinm’.

atalyst F used W.R. Grace grade 952 siiica, having a pore volume of 1.6 mL/g and a surface

arca of 300 m®/g, impregnated with a similar amount of chromium. Catalyst G used W.R.

Grace grade HA3OW, having a pore volume of 1.6 mi/g and a surface arca of about 300

Y, : : N A : ~ s e N
/g, also unpregnated with a suntar amount of chrommum. Catalyst F 1s similar to Catalyst
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2. Catalysts E, F, and G were calcmed at 300°C and tested for polymerization activity.
Polymers were prepared using these Cr-X catalysts of the type disclosed herein {(1.e., Catalyst
E) at 80°C, 400 psig and 6.5 ppm TEA. Catalyst E produced polymers having a
polydispersity of 122 and Catalyst F and Catalyst G produced polymers having
polydispersitics of 13.3 and 11.9 respectively, The results are shown in Figure 4.
Example 3

3000 The effect of aliering the chromum concentration on the LCB content of the
polymers was imvestigated. Catalyst H was prepared by impregnatineg SYLOX-SD with
chromic acetate to provide a chromium distribution of 3.5 Ce/nm’. The impregnated support
was then calcined at 800°C as described above., When tested for cthylene polymernization
activity Catalyst H produced an activity of 2.3 ko PE/¢/h and polymer having a polydispersity

s ad

of 183.1 as shown in Figure 5. Referring to Figure 5, the polymer produced from Catalyst H

displaved a LCB content which peaked at over 40 branches per million carbons, and over 2.0
branches per chain.
Example 4

3091 | The ettect of polymerizing in the presencs of a cocatalyst on the LTB content of
the polymers was mvestigated. In two separate runs, Catalyst A (800°C)Y was tested wath
cither 10 ppm of trethyisluminum (based on the weight of the sobutane diluent) or with 10
ppm of tricthviboron added to the reactor. Under both reaction conditions, the catalysts were
quite active, vielding activitics of 1.8 and 3.3 kg PE/g/h respectively.  They produced
polymer with broadened MW distribution (polydispersitics of 16.1 and 17.5 respectively).
The SEC-MALS results on these polymers are shown n Figure 6. Referring o the top part of
Figure 6, the results demonstrate that both cocatalysts extended the high-molecular weight
side of the molecular weight distribution. Refermng to the top part of Figure 6, the results
indicate that cocatalysts do not seem 1o have increased the amount of LCB. However, the
LCB peak has been shifted to higher molecular weight. In the bottom part of Figure 6, where
the LUB i3 plotted per chamn, 1t was observed that the LUB has been pushed to higher

molecular weight demonstrating that the LCB/cham 18 guite high when cocatalysts are used.

For example, the polymer produced using tricthylboron displays a LCB peak of
approximately 2 branches per chain. Notice also that the LCB content seems to have been
pushed out to higher molecular weight by the usce of cocatalysts, which produces higher
tevels of rheological elasticity,

Example 3
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10092}

LCB content of the polymers was mnvestigated. Catalyst F was used to polymerize ethyleng

The effect of polymerizing in the presence of a low monomer concentration on the

under varying ethylene concentrations, mcludmg as low as .2 mol/L ethylene. The
polymerizations were carried out at $0°C with 0.5 ppm TEA. The results of this experiment
are summarized, along with all the previous experiments, in Table 1 below. Figure 7 depicts
the eftect of varyimng the concentration of ethylene monomer on the LCB content.  Low

cthviene concentration was cffective at rawsing the level of LCB, but 1t also lowered tho

Table 1

Example/Catalyst Hxperiment Activity M Mw/Mn LUB Peak

Catalyst & Rum Conditions KgPEh | Kg/mol LOBR/1G° total
carbon atoms
Ex 1/Catalyst A Ca/N0,, 55070 0.6 543 26.6 10

Ex 1/Catalyst A Cr/SiO;, 800°C 1.6 380 122 24

Ex 1/Catalvst B Cr/810,-T10; 550°C b6 300 21.7 23
Ex {/Catalyst B Ca/S10,~- 110, U070 2.8 218 27.6 35

Bx 1/Catalyst C Ce/sily, SM500, 800°C 0.1 286 10.9 28

[x 1/Catalyst D Ca/Si0,, 800°C, 300 m7/g 0.5 262 9.4 10
Ex 2/Catalvst G Cr/SiG, $60°C, 500 m™/g 2.4 380 | 11.9 .5
Ex 2/Catalvst F Cr/Si0, 860°C. 300 m*/g 3.4 345 13.3 |5
Ex 2/Catalyst E Cr/Si0,, $00°C, 100 m/g L6 423 12.2 27
Ex 3/Catalyst H Cr/8i0, 3.5 i, 800°C 23 355 16 | 43
Ex 4/Catalyst A Ce/8iC0n, 800°C, B 33 481 17.5 24

BEx 4/Catalyst A

Ci/3i0, 800°C, Albt,

LN 24

Hx 5/ Cdld-}f Gt

N Oty ONNDO™ 2 S g
Cr/si),, 800°C, 300 m7g, 0.2 mol/L

9.4

T ~ N Ao N ey i 7 ; g :
Ex 5/ atalvst B Cr/810,, 800°C, 300 m/g, 1.6 mol/L 34 345 (1.6 [ S
. = e o TP - : g ; ;
bx 3/ atalyst b Loy 8U0T(, 300 m7/g, 3.1 mod/L 16 378 121 12

{R093]

can be made without departing from the spint and teachings of the disclosure.

While varicus embodiments have been shown and described, modifications thereof

The

cembodiments described herein are exemplary only, and are not mtended to be limiting. Many
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variations and modifications of the subject matter disclosed herein are possible and are within
the scope of the disclosure. Where numerical ranges or limitations are expressly stated, such
express ranges or limitations should be understood to include iterative ranges or limitations of
like magnitude falling within the expressly stated ranges or limitations (e.g., from about 1 to
about 10 includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12, 0.13, etc.). Use of the
term "optionally"” with respect to any element of a claim is intended to mean that the subject
element is required, or alternatively, is not required. Both alternatives are intended to be within
the scope of the claim. Use of broader terms such as comprises, includes, having, etc. should
be understood to provide support for narrower terms such as consisting of, consisting
essentially of, comprised substantially of, etc.

[0094] Accordingly, the scope of protection is not limited by the description set out above
but is only limited by the claims which follow, that scope including all equivalents of the

subject matter of the claims.

CA 2857362 2019-02-12
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WHAT IS CLAIMED IS:

L. A polymer having a long chain branching content peaking at greater than 20 long chain branches
per million carbon atoms, and a polydispersity index (Mw/Mn) of greater than 20 wherein the long chain

branching decreases to zero at a molecular weight of greater than 10,000,000 kg/mol.

2. The polymer of claim | wherein polymer comprises polyethylene.

3. The polymer of chain 1 wherein the long-chain branching content peaks at greater than 1.0 long-

chain branches per chain.

4. The polymer of claim 1 wherein the long-chain branching content peaks at 25 long chain

branches per mtillion carbon atoms.

5. The polymer of claim 1 wherein the long-chain branching content peaks at 30 long chain

branches per million carbon atoms.

6. The polymer of claim 1 having a melt index of from 0 dg/min to 100 dg/min.
7. The polymer of claim | having a density of from 0.90 g/cc to 0.97 g/cc.
8. A polymer having a long chain branching content peaking at greater than 8 long chain branches

per million carbon atoms, a polydispersity index of greater than 20 wherein the long chain branching

decreases to zero at a molecular weight of greater than 10,000,000 kg/mol.

CA 2857362 2018-11-14
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9. The polymer of claim 8 wherein polymer comprises polyethylene.

10. A polymer having a long chain branching content peaking at greater than 1 long chain branches
per chain, and a polydispersity index of greater than 20 wherein the long chain branching decreases to

zero at a molecular weight of greater than 10,000,000 kg/mol.

I1. T'he polymer of claim 10 wherein the long-chain branching content peaks at greater than 1.3 long-

chain branches per chain and the molecular weight distribution is greater than 20.

12. The polymer of claim 10 wherein the long-chain branching content peaks at greater than 1.5 long-

chain branches per chain and the molecular weight distribution is greater than 20.

13. T'he polymer of claim 10 wherein the polymer comprises polyethylene.

14. A method of polymerizing a monomer comprising contacting the monomer with a chromium-

supported catalyst under conditions suitable for the formation of a polymer: and

recovering the polymer wherein the chromium supported catalyst comprises a silica support
having a surface area of less than 200 m*/g and wherein the polymer has a long chain branching content

peaking at greater than 20 long chain branches per million carbon atoms.

15. The method of claim 14 wherein conditions suitable for formation of a polymer further comprises

a cocatalyst.

CA 2857362 2018-11-14
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16. The method of claim 14 wherein the chromium-supported catalyst further comprises titanium.
7. The method of claim 14 wherein the monomer comprises ethylene and the polymer comprises
polyethylene.

CA 2857362 2018-11-14
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