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PROCESS FOR SELECTIVE ETHYLENE OLIGOMERIZATION WITH ANTIFOULING

COMPONENTS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application Serial No.
62/431,049 filed December 7, 2016, incorporated herein by reference.

BACKGROUND
Field

[0002] Embodiments of the present disclosure generally relate to processes and catalyst
systems used in ethylene oligomerization and, more specifically, relate to processes and
antifouling catalyst systems used in ethylene oligomerization which reduce undesired

polymerization.
Technical Background

[0003] 1-Butene and 1-hexene are important petrochemicals, especially for the productions
of polyethylene. The reaction of ethylene and other alpha-olefins, especially 1-butene and 1-
hexene, forms various grades of linear low density polyethylene (LLDPE), a useful commercial
polymer. A source of 1-butene is the butene fraction from the effluent of a hydrocarbon cracker,
such as a steam cracker or fluidized catalytic cracker. However, the process for isolating 1-
butene from such an effluent requires several difficult process steps that may make the process

undesirable.

[0004] Several commercial processes selectively oligomerize ethylene into alpha-olefins such
as 1-butene and 1-hexene. A commercially successful dimerization process is the Alphabutol™
Process, developed by the Institute Francais du Petrole (IFP), described in A. Forestiere, et al.,
“Oligomerization of Monoolefins by Homogenous Catalysts”, Oil & Science and Technology—
Review de l'Institute Francais du Petrole, pages 663-664 (Volume 64, Number 6, November
2009). This process uses a bubble-point reactor that contains 1-butene as a process fluid to

oligomerize ethylene selectively into 1-butene.
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[0005] There is a known problem with oligomerization systems: polymer formation. Long
residence times and poor heat removal from the highly exothermic reactions lead to the
formation of polyethylene-based residues. A side effect of chronic fouling is increasingly
frequent process shutdowns and higher maintenance costs for removing adhered polymer
residues. Polymer residues may build layer upon layer and eventually close off openings and
ports in locations with fluid flow. Additionally, a polymer coating along the wall of a reactor
may act as an insulator, which may negatively affect heat transfer to the reactor system.

Polymer deposits may also collect debris that can poison the reaction process.

[0006] An especially troublesome issue is the formation of “hot spots”. A hot spot is an area
where external cooling is ineffective and catalyst activity is high. It represents a loss of process
control. A hot spot can be caused in an area of collected polymer that includes catalytically
active material that fosters side-reactions, including polymerization. If left unchecked, the hot
spot can eventually lead to a process shutdown due to the loss of cooling capacity, a runaway

polymerization reaction, or both.
SUMMARY

[0007] There is a continual need for effective reactor systems and methods to prevent
polymeric fouling on reactor system walls and tubes while maintaining the desired

oligomerization rate and selectivity to form desired reaction products.

[0008] According to one embodiment, a process for selectively producing 1-butene is
provided. The process includes a first step of bringing at least one antifouling agent into contact
with at least one aluminum alkyl compound to form at least one antifouling compound including
a central aluminum molecule bound to an R1 group, bound to an R2 group, and bound to an R3
group or derivatives thererof. An atom existing in the chemical groups R1, R2, or R3 optionally
binds to the aluminum atom to form a chelate ring. The process includes a second step of
feeding the at least one antifouling compound, an additional amount of the at least one
aluminum alkyl compound, at least one titanate compound, and ethylene into a reactor to
dimerize ethylene. The at least one titanate compound is fed as a stream separated from the
streams of the at least one antifouling compound and the additional amount of the at least one

aluminum alkyl compound. The molar ratio of the sum of the at least one aluminum alkyl
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compound used in the first step and the second step to the at least one titanate compound used in

the second step is equal to or higher than 1.5 and equal to or lower than 3.0

[0009] Additional features and advantages of the embodiments described herein will be set
forth in the detailed description which follows, and in part will be readily apparent to those
skilled in the art from that description or recognized by practicing the embodiments described,

including the detailed description which subsequently follows, and the claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a schematic illustration of a generalized improved ethylene oligomerization
process with an antifouling compound injection system in accordance with one or more

embodiments of the present disclosure.

[0011] FIG. 2 is a schematic of a catalyst feed stream into a reactor and an antifouling
compound feed stream into the reactor in accordance with one or more embodiments of the

present disclosure.
DEFINITIONS

[0012] In this disclosure, the term “antifouling agent” is used to refer to agents which are
added to the process, more specifically to the antifouling compound preparation section in FIG.

1, to prevent polymer fouling and to improve polymer removability.

[0013] In this disclosure, the term “antifouling compound” is used to refer to aluminum
compounds which are newly formed in the antifouling compound preparation section in FIG. 1

by the reaction of the antifouling agents and aluminum alkyl compounds.
DETAILED DESCRIPTION

[0014] One or more embodiments of the present disclosure are directed to reactor and
catalyst systems which may be utilized in promoting ethylene oligomerization, such as the
dimerization of ethylene to form 1-butene, while reducing reactor fouling caused by undesired
polymerization. These catalyst systems are sometimes referred to in this disclosure as
“antifouling ethylene oligomerization catalyst systems” or “antifouling catalyst systems”. The

antifouling catalyst systems described may comprise at least one titanate compound, at least one
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aluminum alkyl compound, and at least one antifouling agent or derivative thereof. The
antifouling catalyst systems may further comprise one or more ether compounds. The
antifouling catalyst systems may be used to selectively oligomerize ethylene to produce 1-
butene and other higher a-olefins, while reducing undesirable polymerization, sometimes
referred to in this disclosure as “fouling”. For example, reactor fouling may occur due to the
formation of solid polyethylene-based residues which may reduce fluid flow and partially or
fully block fluids in a reactor system from flowing at a desired rate. It should be understood that
the “antifouling ethylene oligomerization catalyst systems” or “antifouling catalyst systems”
described may not completely eliminate fouling during a reaction. However, these catalyst
systems reduce fouling and make any formed polymer easier to remove as compared with
catalyst systems which do not include an antifouling agent as described in the present disclosure.
Also, it should be understood that while the catalyst systems of the present disclosure may be
useful in ethylene oligomerization reactions, such as ethylene dimerization to form 1-butene,
they may also be useful for the catalysis of other chemical reaction, and the antifouling catalyst
systems described in this disclosure should not be considered limited in their use to the

dimerization of ethylene to 1-butene.

[0015] According to embodiments of the present disclosure, 1-butene may be produced
through ethylene dimerization. According to the method for 1-butene production, ethylene may
be brought into contact with the antifouling catalyst system to dimerize ethylene to form 1-
butene. In one or more embodiments, ethylene and an antifouling catalyst system are supplied
to a reactor and mixed. The reaction may be performed as a batch reaction or as a continuous
process reaction, such as a continuous stir tank reactor process. According to embodiments, the
pressure in the reactor may be from 5 bar to 100 bar, and the reactor temperature may be from
30 degrees Celsius (°C) to 180 °C. However, process conditions outside of these ranges are
contemplated, especially in view of the specific design of the reactor system and concentrations

of the reactants and catalysts.

[0016] In operation an antifouling compound injection system provides an antifouling
compound and a catalyst, which comprises one or more titanate compounds, to the reactor
during ethylene oligomerization. The combination of the antifouling compound and the catalyst

forms the antifouling catalyst system. With reference to FIG. 1, a schematic of the generalized
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improved ethylene oligomerization process with the antifouling compound injection system is
shown. Ethylene is fed into a reactor 10 as an ethylene feed 20 where the catalyzed
oligomerization of the ethylene to 1-butene and other higher a-olefins occurs. Additionally, the
reactor 10 has separate inputs for a catalyst stream 30 comprising the catalyst and an antifouling
compound stream 40. The antifouling compound stream 40 comprises the mixture of the at least
one antifouling compound and at least one co-catalyst, which comprises at least one aluminum
alkyl compound. The mixture is prepared in the antifouling compound preparation section 50 by
bringing an antifouling agent provided in an antifouling agent make-up stream 60 into contact
with an excess amount of the at least one co-catalyst provided in a co-catalyst make-up stream
70. The separate inputs allow interaction between the catalyst and the antifouling compound to
occur within the reactor 10. Also, in other embodiments, the at least one antifouling compound
and the at least one co-catalyst can be introduced to the reactor 10 as separate streams.
Additionally, the catalyst stream 30 is provided to the reactor from a catalyst preparation section
32 fed from a catalyst make-up stream 34. Subsequent to the reactor 10, the spent catalyst 80 is
separated from the stream exiting the reactor 10 in a catalyst removal section 90. The remaining
reactor exit stream after the spent catalyst removal serves as a process stream 100 being
provided to an ethylene recycle column 110. The ethylene recycle column 110 separates
residual ethylene 130 from the process stream 100 for recycle as an ethylene recycle stream 132
back to the reactor 10 for oligomerization or to be purged from the and utilized as fuel system as
an ethylene purge stream 134. The non-ethylene stream exiting the ethylene recycle column 110
is further provided as a product process stream 140 to a distillation section 150 for further
separation of components. For example, the distillation section 150 may separate the product
process stream 140 into a plurality of product stream 160 including 1-butene, 1-hexene, 1-
octene, 1-decene and a heavy cut. This separation may be achieved in accordance with any
standard techniques known now or in the future to one having skill in the art. It will be
appreciated that separation of the product process stream 140 into various components may be
adjusted based on the make-up of the product process stream 140 and the particular chemical
species or species within the product process stream 140 desired for further use or collection.
The distillation section 150 may also separate solvents from the product process stream 140
which may be recycled back to the reaction 10 as a solvent recycle stream 162. Solvents may

also be introduced to the reactor 10 directly with a solvent makeup stream 164.
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[0017]  With reference to FIG 2, a schematic of the catalyst feed stream 30 into the reactor 10
is provided. The catalyst is provided from a catalyst source to the reactor 10 by a pump 36 or
other locomotion means. In at least one embodiment, a catalyst storage drum 38 is provided
which provides a reservoir of catalyst for supply to the reactor 10 on an on-demand basis. The
catalyst storage drum 38 maintains a reservoir of catalyst for supply to the reactor 10 and is
resupplied from the catalyst make-up feed 34. Further, in embodiments, a filter 42 is provided
in-line in the conduit connecting the catalyst source or catalyst storage drum 38 to the reactor 10.
The filter 42 provides removal of particulates or other foreign components from the catalyst
stream. As shown in FIG 2, the catalyst source may be a titanate complex in tetrahydrofuran

(THF).

[0018] Throughout this disclosure the discussed catalyst comprises at least one titanate
compound. However, it will be appreciated by one skilled in the art that other catalysts known
to those skilled in the art may be equally utilized in the ethylene oligomerization reaction and
the antifouling compound injection system. For example, catalyst systems based on transition
metal complexes such as nickel, chromium, zirconium, or other metal complexes may be used in

addition to or as a substitute for the discussed titanate compound.

[0019]  With reference to FIG 2 again, a schematic of the antifouling compound feed stream
into the reactor 10 is provided. The at least one antifouling compound is formulated in an
antifouling compound mixing vessel 44 and subsequently provided to the reactor 10 by a pump
36 or other locomotion means. In one or more embodiments, the at least one antifouling agent is
brought into contact with an excess amount of the at least one co-catalyst in the antifouling
compound mixing vessel 44 to form a mixture of the at least one antifouling compound and the
remainder of the at least one co-catalyst. The reaction of the antifouling agent and co-catalyst to
form the antifouling compound varies based on the specific structure of the antifouling agent.
For example, when the antifouling agent is an alcohol, the reaction includes protonolysis of the
alkyl group of the co-catalyst. The reaction of forming the antifouling compound from the
antifouling agent and the co-catalyst may result in the formation of gas, which is vented from the
antifouling compound mixing vessel 44 as an off gas stream 46. The specific gas generated for
discharge as the off gas stream 46 varies depending on the structure of the co-catalyst. For

example, triethylaluminum generates ethane gas during the antifouling compound formation.
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The resulting mixture of the antifouling compound and excess co-catalyst is provided to the
reactor 10 as a separate injection from the catalyst. In other embodiments, the at least one
antifouling agent is premixed with the same or a lesser amount of the at least one co-catalyst to
form a mixture containing the at least one antifouling compound and no co-catalyst. Then, the
resulting mixture is provided to the reactor 10 along with an additional amount of the at least
one co-catalyst. Even in this case, the mixture and the co-catalyst are provided as separate
streams from the catalyst. Without wishing to be bound by theory, it is believed providing of the
antifouling compound, the co-catalyst, and the catalyst as a combined stream can cause

undesirable increase in fouling and should be avoided.

[0020]  The antifouling compound mixing vessel 44 may additionally include a cooling jacket
144 to maintain temperature control of the antifouling compound during formation from the
mixing of the antifouling agent and the co-catalyst. The cooling jacket 144, in one or more
embodiments, comprises water cooling with a cooling water inlet 146 and a cooling water return
148 to continually maintain the antifouling compound mixing vessel at a constant or desired

temperature range. The internal temperature of the mixing vessel may be from 10 °C to 90 °C.

[0021] In one or more embodiments, the antifouling compound mixing vessel 44 comprises a
pressure relief valve 48. The pressure relief valve 48 is operational to allow the antifouling
compound mixing vessel 44 to vent in the event of excessive pressurization. As previously
discussed, the formation of the antifouling compound may result in the formation of one or more
off-gases normally discharged as the off gas stream 46 which can cause over pressurization of
the antifouling compound mixing vessel 44. To avoid rupture of the antifouling compound
mixing vessel 44, the pressure relief valve 48 may allow quickened venting of the antifouling
compound mixing vessel 44 in the event of excessive off-gas formation or insufficient off-gas

collection or venting through typical means.

[0022]  As commercially available antifouling agents may contain water, the antifouling agent
is mixed with an alkane solvent and then optionally passed through a drying bed 52 to remove or
reduce the water content in the antifouling agent in the antifouling agent make-up steam 60
before being provided to the antifouling compound mixing vessel 44. In one or more

embodiments, the alkane solvent is hexane. In various other embodiments, the alkane solvent is
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butane, pentane, hexane, heptane, octane, and branched isomers thereof. In further embodiments,
the alkane solvent is a cyclic alkane such as cyclohexane or methylcyclohexane. The water
content in the antifouling agent in one or more embodiments is maintained lower than
approximately 0.3 weight % (wt%) since an excessive amount of water could deactivate the
antifouling catalyst system. In further embodiments, the water content in the antifouling agent is
maintained lower than approximately 0.1 wt%. The drying beds 52 contain a drying agent to
remove water from the antifouling agent make-up stream 60. In various embodiments the
drying agent is molecular sieves or sodium (Na) supported on alumina or silica. It will be
appreciated by one skilled in the art that other means of drying the antifouling agent are known

and they are equally envisioned.

[0023]  As described previously in this disclosure, embodiments of the described antifouling
catalyst systems may comprise one or more titanate compounds. The titanate compounds serve
as the catalyst. While several titanate compounds may be included in the antifouling catalyst
system, in some embodiments a single titanate compound may be included in the antifouling
catalyst system. In one or more embodiments, the titanate compound may be an alkyl
orthotitanate. An alkyl orthotitanate has the structure Ti(OR)4 in which R is independently at
each occurrence a linear, branched, or cyclic alkyl group. In one or more embodiments, each
alkyl group may comprise from 2 to 8 carbon atoms, where each R group may be the same or
different. ~ Suitable alkyl titanates may include tetracthyl orthotitanate, tetraisopropyl
orthotitanate, tetra-n-butyl orthotitanate (sometimes referred to as titanium butoxide), and tetra-
2-ethylhexyl orthotitanate. In one or more embodiments, the titanate compound of the

antifouling catalyst system consists of tetra-n-butyl orthotitanate.

[0024] As also described previously in this disclosure, embodiments of the described
antifouling catalyst systems may comprise one or more aluminum alkyl compounds. The
aluminum alkyl compounds serve as the co-catalyst and are combined with the antifouling agent
to form the antifouling compound. The aluminum alkyl compounds may have a structure of
AlR’3 or AIR’;,H, where R’ is a linear, branched, or cyclic alkyl group comprising from 1 to 20
carbon atoms, or an aluminoxane structure, that is, a partial hydrolysate of trialkylaluminum
compounds. It will be appreciated that each R’ may be unique providing a formula of
AlR’1R’2R’3. For example, and not by way of limitation, suitable aluminum alkyl compounds

may include trialkylaluminums. The trialkylaluminums may be triethylaluminum,
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tripropylaluminum, triisobutylaluminum, trihexylaluminum, or trioctylaluminum. In one or
more embodiments, the aluminum alkyl compound of the antifouling catalyst system consists of

triethylaluminum.

[0025]  Throughout this disclosure the discussed co-catalyst is an aluminum alkyl compound,
and more specifically triethylaluminum (TEAL). However, it will be appreciated by one skilled
in the art that other co-catalysts may be equally utilized in the formulation of the antifouling
compound. For  example,  methylaluminoxane = (MAO), trimethylaluminum,
triisobutylaluminum, trioctylaluminum, or combinations thereof may be used in addition to or as

a substitute for the discussed aluminum alkyl compound.

[0026]  In one or more embodiments, the antifouling agent to be combined with the aluminum
alkyl compound to form the antifouling compound may be selected from one or more of a
phosphonium ([R1R2R3R4P]"), sulfonate ((ROSO,]), , sulfonate ((R1IR2R3S]™), and a fouling-
preventing surfactant including nonionic surfactants, anionic surfactants, cationic surfactants,
and zwitterionic surfactants. Examples of nonionic surfactants include polyoxyethylene
monoalkyl ethers (CH3(CH2)327(OC2H4)1250H), polyoxyethylene dialkyl ethers (CH3(CHa)s-
27(0OC2H4)1-250(CH2)327CH3), polyoxypropylene monoalkyl ethers (CH3(CHa)3 29(OC3Hg)1-
250H), polyoxypropylene  dialkyl  ethers (CH3(CHb»)397(0OC3Hg)1250(CH,)357CH3),
polyoxyethylene—polyoxypropylene—polyoxylethylene  block  copolymers (HO(C,H4O),-
25(C3H60)1-25(C2H40)105H),  polyoxypropylene—polyoxyethylene—polyoxypropylene  block
copolymers (HO(C3HgO);1-25(C2H40)125(C3Hs0)125H), oligoglucoside monoalkyl ethers
(CH3(CH»)3 27(OCeH 1905); 30H), polyoxyethylene mono(alkylphenyl) ethers (CH3(CHj);—
2(CeH4)(OC,Hy)1 25s0H),  glycerol  alkyl esters, N.N,N’,N’-tetra(polyoxyalkylene)-1,2-
ethylenediamines ((H(O(CHz2)23)1-25)2NCH2CHoN(((CH2)2-30)1-25sH)2, and polyoxyethylene
sorbitan alkyl esters such as polysorbate. Examples of anionic surfactants include sodium
stearate and sodium 4-(5-dodecyl) benzenesulfonate. Examples of cationic surfactants include
dimethyldioctadecylammonium chloride and dimethyldioctadecylammonium bromide.
Examples of zwitterionic surfactants include 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate,  cocamidopropyl  hydroxysultaine, cocamidopropyl  betaine, and

phosphatidylethanolamine.
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[0027]  The antifouling catalyst systems may comprise one or more antifouling compounds or
derivatives thereof. As used herein, a derivative refers to a derivative structure of an antifouling
compound, such as a dimer, trimer, oligomer, polymer, isomer, hydrolysate of an antifouling
compound described in this disclosure. It will be appreciated that differing antifouling agents
will form differing antifouling compounds when combined with the aluminum alkyl compounds.
In one or more embodiments, an antifouling compound may comprise a central aluminum
molecule bonded to all three of a first chemical group R1, a second chemical group R2, and a
third chemical group R3. Chemical Structure #1 depicts a generalized chemical structure of an
antifouling compound with R1, R2, and R3 representing antifouling groups, which are derived

from the antifouling agent.

R1

Al—R3

/

R2

¢ Chemical Structure #1 — Generalized Antifouling Compound

[0028] In one or more embodiments, one or more of R1, R2, and R3 are antifouling groups
comprising the structure —O((CH,),0),R4, where n is an integer of from 1 to 20. In various
embodiments, n is an integer of from 1 to 10, 1 to 5, or 2 to 3, m is an integer of from 1 to 100,
and R4 is a hydrocarbyl group. In various embodiments, n is an integer of from 1 to 10, 1 to 5,
or 2 to 3 and m is an integer of from 1 to 50, 1 to 20, or 1 to 10. The structure of the antifouling
group, —O((CH,),0)R4, is depicted in Chemical Structure #2. The central aluminum atom is
bonded to a terminal oxygen of the antifouling group opposite to the R4 hydrocarbyl group. As
used throughout this disclosure, a hydrocarbyl group refers to a chemical group that consists of
hydrogen and carbon atoms. For example, a hydrocarbyl group may be linear, branched, or
cyclic, and may comprise one or more alkyl moieties, one or more alkenyl moieties, one or more
alkynyl moieties, aryl moieties, or combinations thereof. In various embodiments, R4 may be a
hydrocarbyl group having from 1 to 100 carbon atoms, from 2 to 50 carbon atoms, or from 8 to

28 carbon atoms.
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0 ((CHz)n o\1 R4

k )

m
¢ Chemical Structure #2 — Antifouling Group

[0029]  As previously described in this disclosure, one, two, or all three of R1, R2, and R3
may comprise the antifouling groups comprising the structure of Chemical Structure #2. In
embodiments described in this disclosure, the chemical groups R1, R2, or R3 that do not
comprise the antifouling group, if any, are hydrocarbyl groups. For example, R1 may be an
antifouling group with the structure depicted in Chemical Structure #2 and R2 and R3 may be
hydrocarbyl groups. In another embodiment, R1 and R2 may be antifouling groups with the
structure depicted in Chemical Structure #2, and R3 may be a hydrocarbyl group. In another
embodiment, R1, R2, and R3 may be antifouling groups with the structure depicted in Chemical
Structure #2. When at least two of R1, R2, and R3 are hydrocarbyl groups, they may be
identical to one another or may be different hydrocarbyl groups. Also, when two or more of R1,
R2, or R3 are antifouling groups, the antifouling groups may be identical or chemically
different. However, they will each have the generic structure depicted in Chemical Structure #2.
In various embodiments, R1, R2 and R3 that are hydrocarbyl groups may each have from 1 to
100 carbon atoms, from 2 to 75 carbon atoms, or from 2 to 50 carbon atoms. For example, if
R1, R2, or R3 are hydrocarbyl groups, they may be linear alkyl groups such as methyl, ethyl,
propyl, or butyl groups, or branched alkyl groups such as isopropyl or isobutyl groups.

[0030] By way of example, if R1 is an antifouling group, and R2 and R3 are hydrocarbyl
groups, the generalized structure of the antifouling compound can be represented by Chemical

Structure #3.
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¢ Chemical Structure #3 — Example of Generalized Antifouling Compound

[0031] In one or more embodiments, the antifouling compound may comprise an R1 group
that is an ethyl group, an R2 group that is an ethyl group, and an R3 that is an antifouling group
having the structure —O((CH2),0)mR4, where n = 2, m =4, and R4 is a dodecyl group. Such an
antifouling compound can be written as (CH3CH»),AlIO(CH2CH»0)4(CH»);1CH3, and has the

chemical structure depicted in Chemical Structure #4, where “Et” represents an ethyl group.

Et\
A|_O‘€(CH2)'(CHz)'O%(Cth 1_CH3
e 4

¢ Chemical Structure #4 — Example of Antifouling Compound

[0032] In one or more embodiments, the antifouling compound may be present as a
dimerized form, referred to herein as an example of a derivative of an antifouling compound. A
prepared antifouling compound may be present in both dimerized and non-dimerized, that is,
non-bonded, form. For example, in a dimerized state, the antifouling compound may comprise a
structure as shown in Chemical Structure #5. Chemical Structure #5 shows the dimerized
embodiment of the antifouling compound structure depicted in Chemical Structure #3. In a
dimerized embodiment, bonds may form between the central aluminum atoms of an antifouling
compound molecule and an oxygen atom of a neighboring antifouling compound molecule. It
should be understood that while in Chemical Structure #5 the central aluminum atoms are
bonded to the oxygen atom in the neighboring antifouling compound that is the nearest to its
central aluminum atom, in other embodiments, this may not be the case, and the a central
aluminum atom may bond with an oxygen atom of a neighboring antifouling compound which is

not the nearest to its central aluminum atom.
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¢  Chemical Structure #5 — Example of Dimerized Antifouling Compound

[0033] In one or more embodiments, the antifouling compound may be present in different
isomer states, one such example depicted in Chemical Structure #6. An isomer is an example of
a derivative structure of an antifouling compound. For example, and as depicted in Chemical
Structure #6, the central aluminum atom of an antifouling compound may be bonded to two
oxygen atoms of a single antifouling group to form a chelate ring. It should be understood that
while Chemical Structure #6 depicts an isomer where the two oxygen atoms nearest to the
central aluminum atom are bonded with the central aluminum atom, in other embodiments other
isomers may form, such as an isomer formed when the central aluminum atom forms a bond
with an oxygen atom which is not as close as another oxygen atom to the central aluminum atom
in the antifouling compound molecule. For example, while Chemical Structure #6 shows a ring
structure with two oxygen atoms and n carbon atoms, larger ring structures may form in other
isomers, such as rings having three or more oxygen atoms. It should be understood that isomers
of the antifouling compound described, such as that shown in Chemical Structure #6, are
considered antifouling compound and fit into the base structure depicted in Chemical Structure
#1. For instance, the existence of two oxygen atoms bonded to the central aluminum atom,
where both oxygen atoms are part of an antifouling group, is considered to conform to the base

structure depicted in Chemical Structure #1.
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¢ Chemical Structure #6 — Example of Isomer of Antifouling Compound

[0034] Each of Chemical Structures #3 through #6 illustrates the antifouling compound with
the antifouling group of Chemical Structure #2. It will be appreciated that in various
embodiments, other or additional antifouling groups may be bonded at R1, R2, or R3 to the
central aluminum atom of the generalized antifouling compound of Chemical Structure #1.
Specific, non-limiting, additional examples for the antifouling group include the structures such

as —NHR, -OC(O)R, and —-OS(O)OR.

[0035] Additionally, the antifouling compounds may be aluminum complexes formed by the
reactions of AIRIR2R3 (Chemical Structure #1) and an ionic surfactant. The resulting
antifouling compounds are structurally as illustrated in Chemical Structure #7, where R4 and X*

represent the anionic and cationic parts of an ionic surfactant, respectively.

R1
R2—Al—R4
+
R3 X

¢  Chemical Structure #7 — Example of Antifouling Compounds

[0036] In one or more embodiments, the antifouling catalyst system comprises one or more
phosphonium antifouling agent. The phosphonium antifouling agent may be combined with the
aluminum alkyl compound to form the antifouling compound depicted in Chemical Structure #7.
As used in this disclosure, phosphonium antifouling agents include any compound comprising

the phosphonium structure depicted in Chemical Structure #8, where R;, Ry R3 and Ry
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represents chemical groups which may contain other moieties, and the various R groups may be
identical or different from one another. Generally, phosphonium antifouling agents may be
introduced into the antifouling catalyst system as phosphonium salts, where the phosphonium
cation forms an ionic bond with an anion compound. As used in this disclosure, phosphonium
antifouling agents include phosphonium salts or zwitterionic compounds comprising

phosphonium moieties.

¢ Chemical Structure #8 - Generalized Phosphonium Cation

[0037]  Suitable phosphonium antifouling agents include, without limitation, ietraalkyl
phosphonium salts. For example, the antifouling agent may include tetraalkyl phosphonium
halides (such as tetrabutyl phosphonium halide), phosphonium malonates (such as
tetrabutylphosphonium  malonate),  trihexyltetradecylphsophonium  halides  {such  as
trihexyltetradecylphsophonium  bromide),  ictrabutylphosphonium  halides  {(such  as
tetrabutylphosphonium  iodide),  tetrabutylphosphonium  tetrahaloborates  (such  as
tetrabutylphosphonium  tetrafluorcoborate),  tetrabutylphosphonium  halides  (such  as
tetrabutylphosphonium  chloride),  tetrabutyiphosphonium  hexahalophosphates  (such  as
tetrabutylphosphonium hexatluorophosphate), or tetrabutylphosphonium tetrahaloborates (such
as tetrabutylphosphonium tetrafluoroborate). As used throughout this disclosure, a halide may
include fluoride, chloride, bromide, or iodide {and “halo” may include the clements fluorine,
chlorine, bromine, or iodine). In one or more ernbodiments, the R groups, that 18, Ry, Ro, R3, and
Ry, may be linear, branched, or cyclic alkyls, alkenyls, alkynyls, or aryls, and the R groups may

be 1dentical or different from one another.

[0038] In one or more embodiments, the antifouling catalyst system comprises one or more
sulfonate antifouling agents. The sulfonate antifouling agent may be combined with the
aluminum alkyl compound to form the antifouling compound depicted in Chemical Structure #7.

As used in this disclosure, sulfonate antifouling agents include any compound comprising the
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structure depicted in Chemical Structure #9, where R represents a chemical group which may
contain other moieties. Generally, sulfonate antifouling agents may be introduced into the
antifouling catalyst system as a sulfonate salt, where the sulfonate anion forms an ionic bond
with a cation compound. As used in this disclosure, sulfonate antifouling agents include

sulfonate salts or zwitterionic compounds comprising sulfonate moieties.

¢ Chemical Structure #9 — Generalized Sulfonate Anion

[0039] Suitable sulfonate antifouling agents include, without limitation, sulfonate salts. For
example, sulfonate antifouling agents may include, without limitation, sodium
dodecylbenzenesulfonate, sodium dioctylsulfonsuccinate, tetrabutylphosphonium
methanesulfonate, tetrabutylphosphonium p-toluenesulfonate, and
(hexadecyl)trimethylammonium p-toluenesulfonate. In other embodiments, suitable antifouling
agents may include non-salt sulfonates, that is, zwitterionic sulfonates which do not dissociate
into a separated cation and anion. For example, non-salt sulfonates suitable as antifouling
agents include, without limitation, 3-(dimethyl(octadecyl)ammonio)propane-1-sulfonate, 3,3’-
(1,4-didodecylpiperazine-1,4-diium- 1,4-diyl)bis(propane-1-sulfonate), and 3-(4-(tert-
butyl)pyridinio)-1-propanesulfonate.

[0040] In one or more embodiments, the antifouling catalyst system comprises one or more
sulfonium antifouling agents. The sulfonium antifouling agent may be combined with the
aluminum alkyl compound to form the antifouling compound depicted in Chemical Structure #7.
Sulfonium antifouling agents are generally depicted in Chemical Structure #10, where Ry, Ry,
and Rz represent chemical groups which may contain other moieties, and the various R groups,
that is, R;, Ry, and Rz, may be identical or different from one another. Generally, sulfonium
antifouling agents may be introduced into the antifouling catalyst system as sulfonium salts,

where the sulfonium cation forms an ionic bond with an anion compound. As used in this
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disclosure, sulfonium antifouling agents include sulfonium salts or zwitterionic compounds
comprising sulfonium moieties.
o

R, o

¢ (Chemical Structure # 10 — Generalized Sulfonium Cation

[0041] In one or more embodiments, the antifouling catalyst systems may comprise more
than one molecular species of antifouling compound. For example, some antifouling
compounds may comprise one, two or three antifouling groups, while others comprise a
different number of antifouling groups. The mixture of these antifouling compound species may
form a bulk antifouling compound which can be characterized by its bulk molar ratio of
hydrocarbyl groups to antifouling groups which are attached to the central aluminum atoms,
respectively. For example, if half of the antifouling compound has one antifouling group and
two hydrocarbyl groups, and, the other half of the antifouling compound has two antifouling
groups and one hydrocarbyl group, then the bulk molar ratio of hydrocarbyl groups to
antifouling groups would be 1:1 because there is a bulk equal amount of hydrocarbyl groups to
antifouling groups. In various embodiments, the bulk molar ratio of hydrocarbyl groups to

antifouling groups may be from be from 1:3 to 2:1, 1:2 to 2:1, or from 1:1 to 2:1.

[0042] In one or more embodiments, the antifouling catalyst system may comprise one or
more ether compounds to reduce the formation of polymers. The one or more ether compounds
may include cyclic ethers such as, but not limited to, tectrahydrofuran (THF), 1,4-dioxane,

tetrahydropyran (THP), or combinations thereof.

[0043] The antifouling catalyst systems may comprise at least one or more titanate
compounds, one or more aluminum alkyl compounds, and one or more antifouling compounds.
In various embodiments, the molar ratio of total titanate compounds to total aluminum alkyl

compounds may be from 1.5 to 3.0, or from 2.0 to 3.0.

[0044] In various embodiments, the molar ratio of the antifouling agents brought into contact

with the aluminum alkyl compound to the sum of the aluminum alkyl compounds brought into
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contact with the aluminum alkyl compound and additionally provided into the reactor may be

from 0.001:1 to 0.5:1, from 0.01 to 0.18, or from 0.01 to 0.13.

[0045] In various embodiments, the molar ratio of total titanate compounds to total ether

compounds may be from 1:20 to 1:0, from 1:10 to 1:1, or from 1:8 to 1:3.

[0046] It should be understood that the molar ratios of components of the antifouling catalyst
systems described previously are representative of the total amount of each component of the
antifouling catalyst system relative to the total amount of titanate compound or aluminum alkyl
compound, where the “total” amount refers to the molar amount of all species of the antifouling
catalyst system which may be considered as a particular component type, that is, titanate
compound, aluminum alkyl compound, ether compound, or antifouling agent. The total amount
of a component may include two or more chemical species which are titanate compounds,

aluminum alkyl compounds, ether compounds, or antifouling agents, respectively.

[0047] In one or more embodiments, without being bound by theory, it is believed that
heteroatoms such as oxygen or nitrogen of the antifouling compounds may form weak
coordination with the titanate compound utilized as the catalyst in the catalyst system. It is
believed that, in one or more embodiments, the alkyl groups or other relatively long-chained
groups of the antifouling compounds may serve in some capacity to prevent ethylene access to
the catalytic center of the titanate compound. The restriction of access of the ethylene to the

titanate catalytic site may reduce the polymerization of ethylene and thus reduce reactor fouling.

[0048] In one or more embodiments, the introduction of the antifouling compound into the
catalyst system may suppress polymer formation while not greatly reducing catalytic activity of
I-butene formation. In one embodiment, polymer formation (fouling) may be reduced by at least
5%, 10%., 20%, 30%, 40%. 50%, 60%, 70%, 80%, %0%, or even 95% by the inclusion of an
antifonling compound.  In one embodiment, 1-butene production may be increased, stay the
same, of may decrease by less than or equal to 50%, 40%, 30%. 20%., 10% or even 5% by the
inclusion of an antifouling compound. In some embodiments, antifouling compounds may both
reduce the polymer formation, such as by at least 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90% or even 95%, and increase, not effect, or decrease 1-butene production rate by less
than or equal to 50%, 40%, 30%, 20%, 10% or even 5%. Reduction in polymer formation rates

and catalytic activity on a percentage basis are based on catalyst systems which include one or
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more antifouling compounds described as compared with catalyst systems which are void of an

antifouling compound.

Examples

[0049] The various embodiments of antifouling catalyst systems and the performance of the
antifouling compound injection system will be further clarified by the following examples. The
examples are illustrative in nature, and should not be understood to limit the subject matter of

the present disclosure.

[6639] To evaluate the antifouling effects of the antifouling catalyst systems and processes
described, ethylene dimerization reactions were carried out and evaluated. Multiple sample
antifouling catalyst systems were formulated and tested in accordance with the processes of this
disclosure. The process for selective ethylene dimerization with antifouling components and the
associated antifouling compound injection system were compared to baseline comparative
systems. Specifically, with the antifouling compound injection system, the co-catalyst and the
antifouling agent were premixed in the antifouling compound mixing vessel before injection into
the process reactor as a separate stream from the catalyst. For testing,
(CH3CH»)2A10(C,H40)4(CH2)11CH3 (Chemical Structure #4) was utilized as the antifouling
compound. Specifically, for the experiments, tetrabutyl orthotitanate (denoted as “Ti” in Table
1) in tetrahydrofuran (1:6) as the catalyst, tricthyl alominam (TEAL) as the co-catalyst, and
CpHas(OC,HY)4OH  as  the antifouling agent were used. The antifouling agent
C1oHas(OC2HY)4OH, triethylaluminum, and tetrabutyl orthotitinate in tetrahydrofuran are
referred below as A, B, and C, respectively. Tables 1 and 2 show the dimerization activity and
selectivity of polymer for continuous reactions which utilized catalyst systems with varyiog
combinations of A, B, and C. For these continuous reactions, a 5 L reactor was first charged
with 1160 g of 1-butene. Then, the reactor was heated to 33 °C and pressurized with ethylene to
2.3 MPa.  Separately, the antifouling agent A was added to the hexane solution of
tricthylaluminum B to prepare an antifouling compound solution with the Al concentration of
(.053 mol /L. After that, continuous feed of the 0.018 mol-Ti/L hexane solution of C (6.2 mL/h)
and the premixed solution of A and B (4.6-7.0 mL/h) was started via separate lines to begin the
reaction. The reaction was continued {or 30 hours with the reactor stirred at the rate of 400 rpm.
During the reaction, the liquid in the reactor was continucusly discharged via a dip tube to

maintain the liquid level and to keep the catalyst residence time at 7 hours. Table 1 accounts for



WO 2018/106764 PCT/US2017/064841

20

premixing and utilization of the antifouling compound, and Table 3 accounts for experiments
without the antifouling agent A. As is evident by the reaction data of Tables 1 and 2 the
addition of the premixing step in the antifouling compound mixing vessel greatly reduced
polymer formation and/or increased the ecase in removing any polvmer formed, which was
quantified in accordance with a subjective scale.in which a 4 represents removable by rubbing
with a cloth softly, a 3 represents removable by rubbing with a cloth strongly, a 2 represents
removable by brushing with a steel wool, and a 1 represents hard to remove by brushing with a
steel wool. As indicated by Tables 1 and 2, the addition of the premixing step in the antifouling
compound mixing vessel also greatly increased the ease in removing any polymer formations as
evidenced by higher polymer removability ratings. However, it should be noted that the use of a
large amount of the antifouling agent causes decrease in activity or increase in polymer
sclectivity, and it is thus preferable that the molar ratio of the antifouling agent to the aluminum

alkyl compound is within a suitable range.

Table §

B/Ti A/B Activity Polymer Polymer
(mol/mol) | (mol/mol) | (kilograms of Selectivity Removability*
ethylene per (wt ppm)
moles of
titanium)
kg-C,/mol-Ti
Example #1 2.47 0.02 867 31 3
Example #2 2.28 0.04 717 30 4
Example #3 2.60 0.04 1096 72 4
Example #4 2.61 0.04 934 96 4
Example #5 2.78 0.04 1121 60 4
Example #6 2.28 0.08 572 28 4
Example #7 2.51 0.08 756 31 4
Example #8 291 0.08 1076 99 4
Example #9 2.98 0.08 1238 157 4
Example #10 2.79 0.12 923 131 4
Example #11 2.90 0.16 940 110 3
Example #12 2.99 0.21 415 1727 4
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Table 2
B/C A/B Activity Polymer Polymer
(mol/mol) | (mol/mol) | (kilograms of Selectivity | Removability*
ethyleneper (wt ppm)
moles of
titanium)
kg-C,/mol-Ti

Comparative 2.44 0 1117 119 2
Example #1
Comparative 2.48 0 998 126 1
Example #2

Comparative 2.58 0 1009 228 1
Example #3

Comparative 2.60 0 1125 200 1
Example #4

Comparative 2.81 0 1098 196 1
Example #5

Comparative 3.07 0 1267 320 1
Example #6

Comparative 3.11 0.04 1423 265 2
Example #7

Comparative 3.42 0.08 1630 303 3
Example #8

[0051] In addition, similar continuous reactions in which the stream of the catalyst component
B, which had been premixed with A when applied, and the stream of the catalyst component C
were combined and fed to a reactor as a single stream. Catalyst residence time from the
combined point to the injection point was about 1 hour. The other conditions are the same as
those described above. The results are listed in Table 3, showing that the addition of the
premixing step in the antifouling compound mixing vessel can cause the increase in the polymer
formation rather than decrease when the feed streams are combined. These data suggest that the
contact of the components C and premixed A/B before injection should be aveided, and u is

preferable to inject the two components as separate streams.



WO 2018/106764 PCT/US2017/064841

22
Table 3
TEAL/TBT | Brij L4/ TEAL Activity Polymer
(mol/mol) (mol/mol) (kg-C»/mol-Ti) | selectivity
(wt ppm)
CE‘;‘:III’:’;)‘ELV; 2.66 0 761 227
g;“nll’l";f:glvg 242 0 749 306
g;“nll’;f e"‘glvf 2.52 0.12 745 461
g;“nll’;f:glvg 2.73 0.12 1177 288

[0052] To simulate the effect of the antifouling compound on the thermal conductivity
degradation of heat exchangers in commercial ethylene dimerization processes, the time courses
of the overall heat transfer coefficients of the reactor observed in Comparative Example #4 and

with Example #5 were extrapolated to 4 weeks later as shown in Table 4.

Table 4
Overall Heat Transfer Coefficient
(keal/(h-m*K))
Week Example #5 Comparative Example #4
0 600 600
1 556 471
2 515 370
3 477 290
4 443 228

[0053] The results shown in Table 4 indicate that the addition of the antifouling compound with
the antifouling compound injection system results in the slower degradation of the heat
exchanger conductivity, which means the heat exchanger is able to remain online and be

operated for an extended period of time.



WO 2018/106764 PCT/US2017/064841

23

CLAIMS

1. A process for selectively producing 1-butene, the process comprising the following two
steps:
Step 1: bringing at least one antifouling agent into contact with at least one aluminum

alkyl compound to form at least one antifouling compound comprising the structure:

R1

Al—R3

/

R2 or its dimeric form, and

Step 2: feeding the at least one antifouling compound, an additional amount of the at
least one aluminum alkyl compound, at least one titanate compound, and ethylene into a reactor
to dimerize ethylene, wherein the at least one titanate compound is fed as a stream separated
from the streams of the at least one antifouling compound and the additional amount of the at
least one aluminum alkyl compound, wherein the molar ratio of the sum of the at least one
aluminum alkyl compound used in Step 1 and Step 2 to the at least one titanate compound used

in Step 2 is equal to or higher than 1.5 and equal to or lower than 3.0.

2. The process of claim 1, wherein in Step 1, the at least one antifouling agent is brought
into contact with an excess amount of the at least one aluminum alkyl compound to form an
antifouling mixture comprising the at least one antifouling compound and the remainder of the
at least one aluminum alkyl compound, and in Step 2, the antifouling mixture, the at least one

titanate compound, and ethylene are fed into the reactor.

3. The process of claim 2, wherein one or more of the chemical groups R1, R2, and R3 are
antifouling groups comprising the structure —O((CH»),0)mR4, wherein:

n is an integer of from 1 to 20;

m is an integer of from 1 to 100; and

R4 is a hydrocarbyl group;
wherein the chemical groups R1, R2, or R3 that do not comprise the antifouling group, if any,

are hydrocarbyl groups.
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4. The process of claim 3, wherein the molar ratio of the at least one antifouling agent used
in Step 1 to the sum of the at least one aluminum alkyl compound used in Step 1 and Step 2 is

equal to or greater than 0.01 and equal to or lesser than 0.18.

5. The process of claim 4, wherein n is from 1 to 5.

6. The process of claim 4, wherein m is from 1 to 20.

7. The process of claim 4, wherein R4 has from 1 to 100 carbon atoms.

8. The process of claim 1, wherein an atom existing in the chemical groups R1, R2, or R3

binds to the aluminum atom to form a chelate ring.

9. The process of claim 2, wherein one or more of the chemical groups R1, R2, and R3 are

antifouling groups comprising a phosphonium moiety.

10. The process of claim 9, wherein the antifouling agent comprises one or more of a
tetraalkyl phosphonium halide, a phosphonivm malonate, a trihexyltetradecylphsophonium
halide, a tetrabutylphosphonium halide, a tetrabutylphosphonivm  tetrahaloborate, a
tetrabutylphosphonium  halide, a tetrabutylphosphonium  hexahalophosphate, and  a

tetrabutylphosphoniam tetrahaloborate,

11. The process of claim 2, wherein one or more of the chemical groups R1, R2, and R3 are

antifouling groups comprising a sulfonate moiety.

12. The process of claim 11, wherein the antifouling agent comprises one or more of sodium
dodecylbenzenesulfonate, sodium dioctylsulfonsuccinate, tetrabutylphosphonium
methanesulfonate, tetrabutylphosphonium p-toluenesulfonate, hexadecyltrimethylammonium p-
toluenesulfonate, 3-(dimethyl(octadecyl)ammonio)propane-1-sulfonate, 3,3’-(14-
didodecylpiperazine-1,4-diium-1,4-diyl)bis(propane-1-sulfonate), and 3-(4-(tert-
butyl)pyridinio)-1-propanesulfonate.

13. The process of claim 2, wherein one or more of the chemical groups R1, R2, and R3 are

antifouling groups comprising a sulfonium moiety.
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