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ETHYLENE OLIGOMERIZATION PROCESS

BACKGROUND OF THE INVENTION

1. Field of the Invention

{6801}  The ficld of invention relates to the production of alpha-olefins, More specifically,
the field relates to the production of alpha-olefins, especially 1-butene, via oligomerization of

cthylene.

2. Description of the Related Axt

[6602) [-Butene is an important petrochemical, especially for the productions of
polyethylene, The reaction of cthylene and other alpha-olefins, especially 1-butene, forms

varicus grades of linear low density polyethylene (LLDPE), & useful commercial polymer,

{68031 A source of I-butene is the butene fraction from the efffuent of a fluidized catalytic
cracker. The process for recovering -butene from the effluent of a FCC requires several

difficult process steps that make the process undesirable,

[6804] Several commercial processes dimerize ethylene into l-butene. A commercially
successtul dimerization process 18 the Alphabutol™ Process, developed by the Intitute
Francais du Petrole (IFP), described in A, Forestiere, ¢t al., “Oligomerization of Monoolefing
by Homogenous Catalysts”, Oil & Science and Technology — Review de Plnstitute Francais
du Petrole, pgs. 663-664 (Vol. 64, No. 6, Nov, 200%9). The process appears o use a loop
reactor that contains [-butene as a process fluid to oligornerize ethylene into I-butene and

other higher-carbon count alpha-olefins.

[6605] There is one known problem with loop dimerization systems: polymer and oligomer

fouling. Long residence times and poor heat removal from the highly exothermic reactions
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lead to the formation of polyethylenc-based residues. Even with a highly selective
oligomerization catalyst, free radical initiators from feed impurities and catalytically active

debris (for example, rust) can initiate polymerization of ethylenc and other alpha-olefins.

[3006] A side offect of chronic fouling is increasingly frequent process shutdowns and higher
maintenance costs for removing adhered polymer residaes. Polymer builds layer upon layer
and eventually closes off openings and ports in locations with low fluid flow rates. A
polymer coating along the wall of the reactor acts as an insulator, which negatively affects
heat transfer. Polymer can also collect debris that can be catalytically active or that can

poison the reaction process.

8607} An especially troublesome issue s the formation of “hot spots”. A hot spot is an area
where external cooling 15 neffective and catalyst activity is high. 1l represenis a foss of
process control. A hot spot can be an area of collected polymer that includes catalytically
active roaterial that fosters side-reactions, including polymenization. It left unchecked, the
hot spot can eventually lead to 2 process shutdown due to the loss of cooling capacity or a

runaway polymerization reaction.

{6008} A catalyst inhibitor can halt the undesirable oligomerization and polymerization
reaction in the loop reactor effluent.  Applying a catalyst inhibitor nside a loop reactor,
however, interferes with the desirable oligomerization reaction as it re-circulates back
towards the catalyst infroduction arca. Adding too much inhibitor or allowing it to build up

slowly in the recyele loop can kill the oligomerization reaction completely.

j6609] To avoid polyvmer fouling issues, operalors of loop-style reactors operate at reduced
teraperatures or production rates versus optimal production levels or process conditions. Yet,
at lower production rates, polymers can build up in stagnant zones of the loop reaction
system. Ineffective mixing at lower temperatures and production rates leads to wasted
reactants and higher inefficiency. Poor fhuid heat transfer ar lower production rates can
exacetbate the operational probleras the operator is attempting to avoud. Lower operating
temperature can result in a reduced effective operating window, which makes overall

sperational control more difficult.

SUMMARY OF THE INVENTION

[BG18] An ethylene oligomerization system is useful for creating 1-butene from cthylene in
the presence of an cthylenc oligomerization catalyst. The ethylene oligomerization system

mcludes an internal batfle single pass reactor, a separation system and an exterior motion

)
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driver. The internal baffle single pass reactor has an interior wall, an operable length, a
proximal end, a distal end, an interior fluid conduit, a set of internal baffles, a process fluid
flow pathway, a oligomerization reaction zoune that is operable o support an ethylene
oligomerization reaction in a process fluid and a catalyst deactivation zone that is operable to
support a oligomerization catalyst deactivation reaction in a process tluid.  The catalyst
deactivation zone is positioned downstream of the oligomerization reaction zone. The
internal fluid conduit contains the process fluid and the set of internal batfles. The interior
wall and the set of internal baffles define the process fluid flow pathway., The separation
systern fhaidly couples to the distal end of the internal baffle single pass reactor. The
separation system is operable to selectively separate separately deactivated oligomerization
catalyst, ethylene and 1-butene from a crude product and to produce a refined 1-butene
product. The exterior motion driver couples to the internal baffle single pass reactor. The
exterior motion driver is operable to induce unsteadiness in the flow of the process fluid
contained in the intornal baffle single pass reactor by transferring motion into the process

fhatd.

[0611} An embodiment of the ethylene oligomerization system is further operable to
selectively separate I-hexene from the crude product and fo produce a refined 1-hexene
product. An embodiment of the cthylene oligomerization system is further operable to
selectively separate l-octene from the crude product and to produce a refined l-octene
product.  An embodiment of the cthvlene oligomerization systern is further operable to
sclectively separate [-decene from the crude product and to produce a refined f-decene

produci,

[3812] An ethylene oligomerization process is useful for creating a refined I-butene product
frora ethylene using the sthylene oligomerization system.  The ethylene oligomerization
process ineludes the step of introducing a reaction solution into the process tluid contained in
the internal fluid conduit of the internal baffle single pass reactor at about the proximal end of
the reactor such that the process fluid traverses the operative length of the reactor by flowing
along the process fluid flow pathway. The ethylene oligomerization process includes the
steps of introducing ethylene, an oligomerization pre-catalyst and a co-catalyst separately into
the process fluid proximate to the oligomerization reaction zone such that the ethylene, the
oligomerization pre-catalyst and the co-catalyst are distributed in the process fhuid. The
ethylene oligomerization process inchudes the step of introducing a catalyst inhibitor into the

process fluid proximate to the catalyst deactivation zone such that the catalyst inhibitor is



WO 2013/170110 PCT/US2013/040473

distributed in the process fluid. The ethylene cligomerization process includes the steps of
operating the ethylene oligomerization system such that an oligomerization catalyst forms in
the process fluid from the reaction of the oligomerization pre-catalyst and the co-catalyst in
the oligomerization reaction zone, l-butenc forms in the process fluid from the
oligomerization reaction of cthylene in the presence of the oligomerization catalyst in the
oligomerization reaction zone, a deactivated oligomerization catalyst forms in the process
fluid from the reaction of the oligomerization catalyst and the catalyst inhibitor in the catalyst
deactivation zone, an external motion driver induces unsteadiness in the flow of the process
fhad, a crude product passes into a separation system, the crude product comprising 1-butene,
ethvlene and the deactivated oligomerization catalyst, and the separation system selectively
separates separately the deactivated oligomerization catalyst, the othylene and the 1-butene

from the crude product such that a refined 1-butene product is produced.

{6813} The ethylene oligomerization system includes an internal baffle single pass reactor to
termedy the problems of poor heat exchange, polymer and heavy oligomer fouling and
insufticient mixing of reactants and catalysts. The internal baffle single pass reactor reduces
vartations in residence time for both the reactants and the products. Reduced variations in
operating conditions prevent undesired oligomerization reactions and polymer buildup while
maximizing desirable mixing and products. The internal batfles prevent the formation of low

flow areas in the single pass reactor.

16814} Configurations of the ethylene oligomerization system support the introduction of
cligomerization catalyst inhibitors into the internal baffle single pass reactor while the
reactants are in the iternal batfle single pass reactor. The application of catalyst inhibitor
terminates all oligomerization and side-reactions, and ensures the desired level of ethylene
conversion and selection.  Any unused catalvst inhibitor passes from the distal end of the

internal baffle single pass reactor and does not build up 1o the reaction system.

{8615} The ethylenc oligomerization system can be controlied with relative case compared to
a foop reactor system. The internal baftle single pass reactor has more than one reaction zone
for introducing reactants and for wanipulating the internal operating conditions.  The
niroduction of oligomerization catalyst and catalyst inhibitors into separate reaction zones
along the operating length of the internal baffle single pass reactor separately promotes and
suppresses reactions to optimize the oligomerization reactions while preventing excessive

oligomerization and polymerization,
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[6G16] Inducing unsteadiness into the process fluid as it flows through the internal baffle
single pass reactor facilitates reactions and operations management. The unsteady process
fluid mootion in comjunction with the tortuous internal fluid flow pathway enhances mixing of
the reactants and catalyst, which allows for timely termination of the reaction upon
application of the inhibitor. The unsteadiness aiso helps to reduce the formation of oligomers
and polyrers, improves heat transfer and tncreases system reliability over analogous loop
reactor and single-pass reactor systems. The motion introduced through motion driving

means can be osciliatory or asynchronous.

BRIEF DESCRIPTION OF THE DRAWING

[8617] These and other features, aspects, and advantages of the present invention are better
understood with regard fo the followmyg Detailed Description of the Preferred Embodiments,
appended Claims, and accompanying Figures, where:

318} Figure 1 is a process flow diagram of an embodiment of an ethylene oligomerization

gystem.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[8619] The Specification, which includes the Summary of Invention, Briet Description of the
Drawings and the Detatled Description of the Preferred Embodiments, and the appended
Claims refer to particular features (including process or method steps) of the invention
Those of skill m the art understand that the invention includes all possible combinations and
uses of particular features described in the Specification. Those of skill in the art understand
that the invention is not limited to or by the description of embodiments given in the
Specification. The inventive subject matter is not restricted except only in the spirit of the

Specification and appended Claims.

{8628} Those of skill in the art also understand that the terminology used for describing
particular embodiments does not Himit the scope or breadth of the invention. In interpreting
the Specification and appended Clavms, all terms should be interpreted in the broadest
possible manner consistent with the context of cach term. All technical and scientific terms
used in the Specification and appended Claims have the same meaning as commonly
understood by one of ordinary skill in the art to which this invention belongs unless defined
otherwise,

[B021] As used tn the Specification and appended Claims, the singular forms “a”, “an” and

“the” include plural references unless the context clearly indicates otherwise. The verb
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“comprises” and is conjugated forms should be interpreted as referring to elements,
components or steps in a non-exclusive manner. The referenced clements, components or
steps may be present, utilized or combined with other elements, components or steps not
expressly referenced. The verb “couple” and its conjugated forms means to compleic any
type of required junction, including electrical, mechanical or fluid, to form a singular object
from two or more previously nov-joined objects. If a first device couples to a second device,
the connection can occur ¢ither directly or through 3 common connecior. “Optionally”™ and
its various forms means that the subsequently described event or circumstance may or may
not oceur. The description includes instances where the event or circumstance occurs and
insfances where it does not occur. “Operable” and its various forms means fit for s proper

functioning and able to be used for its intended use.

{3022} Spatial terms describe the relative position of an object or a group of objects relative
to another object or group of objects. The spatial relationships apply along vertical and
hotizontal axes. Orientation and relational words including “upstream” and “downstream”
and other like terms are for descriptive convenience and are not limiting unless otherwise
indicated.

{80231 Where the Specification or the appended Claims provide a range of values, it is
understood that the inferval cucompasses each mtervening value between the upper himit and
the lower limit as well as the upper limit and the lower limit, The invention encompasses and
bounds smaller ranges of the interval subject to any specific exclusion provided.

“Substantially free” means less than 1% by the indicated unit of measure.

[B024] Where reference is made m the Specification and appended Claims to a method
comprising two or more defined steps, the defined steps can be carried out in any order or

simultaneously except where the context excludes that possibility,

66251 The disclosure of & patent or publication in this applicabion acts to incorporate the
reference in us entirety to more fully describe the state of the art in which the invention

pertains ¢xcept where the reference contradicts a statement made in the application.

Figure |

{8026} Figure 1 is a process flow diagram of an embodiment of the ethylene oligomerization
systen,  Figure 1 and s description facilitate a betior understanding of the cthylene

oligomerization system and process. In no way should Figure 1 limit or define the scope of

the mvention. Figure 1 is a simple diagram for case of description.
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[8627] The eothviene oligomerization process mtroduces several feeds into ethylens
ohigomerization systern 100, including solution feed 101, ethylene feed 102, catalyst
precursor feed 104, co-catalyst feed (06 and catalyst inhibitor 108, Several products pass
from ethylene oligomerization system 100, mcluding waste catalyst 110, refined 1-butene

product 112 and butenes separator bottoms 114,

6028} Ethylene oligomerization systern 100 ionchludes several units that support the
conversion of cthylene to {-butcue and the production of refined {-butene. Internal baffle
single pass reactor 120 supports catalytically induced dimerization, which is a form of
oligomerization, of ethylene into t-butene. Solution feed 101, cthylene feed 102, catalyst
precursor feed 104, co-catalyst feed 106 and catalyst inhibitor 108 all enter ethylene

oligomerization system 100 through internal baffle single pass reactor 120.

{6629} In separation system 160 (dashed box}, vaporizer 170 couples to internal baftle single
pass reactor 120 and is operable to remove solids in the crude product passing from distal end
{24 of internal baftle single pass reactor 120, Evaporator 172 couples to vaporizer (70 and is
opcrable to remove any remaining solids in the vaporize effluent, including deactivated
oligomerization catalyst from the partially vaporized crude product.  Evaporator 172
produces waste catalyst 110 and a catalyst-free crude product. Ethylene recyele column 180
couples to evaporator 172 and is operable to remove unreacted ethylene from the catalyst-free
crude product.  Ethylene oligomerization system 100 recycles recovered cthylene to the
proximal end of internal baffle single pass reactor 120 via ethylene recyele 182, Butene
separator 190 couples o cthylene recycle column 180 and s operable to separate 1-butene
from the ethylene-free crude product. Bufene separator 190 produces refined 1-butene
product 112 and butenes scparater bottoms 114 as product streams for ethylene

oligomerization system 100

{86301 As shown in Figure |, the configuration of internal baffle single pass reactor 120 is a
serpentine-shaped fluid conduit with proximal end 122 and distal end 124, with distal end
124 coupling to vaporizer 170, Several ports 126 are present along the operable length of
wnternal baffle single pass reactor 120 for selective access to the internal portion of internal
baffle single pass reactor 120 from its exterior. Several njection ports 127 provide feed
access to the interior of the internal baffle single pass reactor 120, including solution injection
port 127, ethylene injection port 128, catalyst precursoss injection port 130, co-catalyst

precursors injection pori 132 and inhubitor injection port 134,
! 1} ] I
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[8031] Internal baffle single pass reactor 120 contains a process fluid that acts as the
convevance and heat transfer mediun for the exothermic ohigomerization reaction. The
process fluid flows through mtomal baffle single pass reactor 120 from proximal end 122 to
distal end 124, The process fluid af any point along the length of internal bafitle single pass
reactor 120 can include a combination of reactants, catalyst precursors, oligomerization
catalyst in active and deactivated form and reaction products and by-products. The process

fluid contains crude 1-butene product when it passes through distal end 124,

[B032] Internal baffle single pass reactor 120 has more than one reaction zone.
Oligomerization zone 136, which is a reaction zone, extends along the operable length of
internal baffle single pass rcactor 120 from cthylene mjection port 128 near proximal end 122
to about inhibitor injection port 134. Infernal baffle single pass reactor 120 in
oligomerization zone 136 supports introduction of ethvlene and catalvst components, the
creation of -butene from the catalytically induced oligomerization reaction of ethylene and
the cooling of the process fluid to prevent undesired reactions, Deactivation zone 138, which
is another reaction zone, extends along the operable length of internal baffle single pass
reactor 120 from about inhibifor injection port 134 to distal end 124, Internal baifle single
pass reactor 120 m deactivation zone 138 supports the introduction of catalyst inhibitor and

the deactivation of the oligomerization catalyst.

16633] In Figure 1, temperature control jacket 140 envelopes a portion of interpal baffle
single pass reactor 120. The configuration of temperature control jacket 140 allows
temnperature control fluid to provide or extract heat to the enveloped portion of internal baftle
single pass reactor 120, Temperature control fluid supply conduit 142 introduces teraperature
control fluid to and temperature control fluid return conduit 144 extracts spent temperature

control fhud from teroperature control jacket 140,

(8034} Tnternal baftle single pass reactor 120 has fixed internal baffles 146 along most of its
operable length,  Internal baffle single pass reactor 120 has fixed internal baffies 146 in
oligomerization zone 136 and most of deactivation zone 138, Fixed internal baffles 146
partially define the fluid tlow pathway for the process fhad Howing through internal baffle
single pass reactor 120, The fluid flow pathway directs the process fhuid against the interior
surface of internal baffle single pass reactor 120 as well as against tixed internal baftles 146,
The flowing process fluid flow disrupts the formation and adhesion of heavy oligomers and
polymers to the interior surfaces. Flowing against the interior wall of the internal baffle

single pass reacior also facilitates heat transfer. Fixed internal batfties 146 also increase the
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residence time in internal baffle single pass reactor 120, The {luid flow pathway created by
fixed internal baffles 146 and the internal wall of mternal baffle single pass reactor 120 is

fonger to traverse than an analogous single pass reactor without internal baffles.

[3035] Process fluid oscillator 148 is near proximal end 122 of internal baffle single pass
reactor 120. Process fluid oscillator 148 couples to internal baffle single pass reactor 120
through oscillator seal 150 such that process fhud oscillator 148 moves without exposing
external contaminanis to the process fluid and without leaking process fluid to the external
cnvironment. Process fluid oscillator 148 is in frictional contact with the interior wall of the
internal baffle single pass reactor 120 at oscillator head 151, Oscillator head 151 15 in contact

with the process fluid.

(6636} Changing the relative position of process flutd oscillator 148 imparts a posttion
change in the process fluid through oscillator head 151, The position change imparts an
unsteadiness in the process fluid as flows through the infernal baffle single pass reactor 120.
The uvosteadiness in the process fluid flow enhances mixing and heat romoval, The pushing
and pulling on the incompressible process tluid causes the process fluid flow to surge and
retreat along the fhuid flow pathway. This fluid action improves heat transfer, retards the

buildup of polymers and minimizes the effects of any pre-existing “hot spots”.

{8637} The configuration of oscillator scal 150, the coupling to extornal motion driver 1532
and the contact that oscillator head 151 has with the interior wall of internal baffle single pass
reactor 120 operably restricts process fluid oscillator 148 {0 a limited range of motion. The
configuration of process fluid oscillator 148, when operable, moves oscillator head 151 i a

back-and-forth hnear direction.
The process {luid and the crude product

{8638}  “Oligomcrization” is the process of converting a monomer or a mixture of
moepomers into an oligomer, Dimerization, trimerization and tetramerization are forms of
oligomerization. In the case of the cthylene oligomerization systern and process, the
monomer used is ethvlene. The products of the system and process include 1-butene, and
optionally can also include P-hexene, l-octene, t-decene and other higher-order alpha-

olefing,

{B639] The internal baffle single pass reactor coutains the process fluid, which at any given

time along the operable length of the internal baffle single pass reactor includes reaction

0.
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solution, ethylene, oligomerization products, oligomerization catalyst precursor, co-catalyst,

oligomerization catalyst, deactivated oligomerization catalyst and catalyst inhibitors.

(8840 Process fhuid that passes from the internal baffle single pass reactor 1s a crude product
that contains alpha-olefins, especially -butene, as well as unused reactants and reaction by-
products. Deactivated oligomerization catalyst, ethylene and refined alpha-olefins, especially
I-butene, are recoverable from the process fluid using the separation system of the ethylene

oligomerization system,

{6041} The process fluid dissolves intreduced cthylene, supports the reaction of the
oligomerization catalyst precursor with the co-catalyst, which forms the oligomerization
catalyst, supports the oligomerization of ethylene into alpha-olefing, especially [-buiene, in
the presence of the oligomerization catalyst and supports the reaction of the oligomerization
catalyst with the catalyst inhibitor, which forms the deactivated oligomerization catalyst at

the reaction operating conditions.

{8042} The process fluid at any point along the operable length of the internal baffle single
pass teactor bas a total solids and non-organic impurities content less than about 0.1 percent
by volume (vol. %) of the process solution. A risc in detectable solids, especially
polvmenized ethylene and metal oxides, are indicators of fouling and potential development

of a hot spot.

16643} An embodiment of the ethylene oligomerization process includes operating such that
the temperature of the process fluid is maintained in a range of from about 30 °C to about 110
°C, and optionally in a range of from about 40 °C to about 60 °C. An embodiment of the
cthylene ohigomerization process includes operating such that the pressure of the process
fluid is maintained in a range of from about | bar to about 50 bars gauge, and optionally in a
range of from about 15 bars to about 30 bars gauge.
Reaction solutivn

{8044} The reaction solotion forms a significant portion if not the major fraction of the
process thud, The reaction solution 18 a hvdrocarbon-based fluid, typically a liquid or critical
fluid at the operating conditions inside the internal baffle single pass reactor.

[(#345] The reaction solution comprises one or more components. The reaction solution can
include aliphatic, cycloaliphatic, wono- and di-olefin, aromatic and alkyl aromatic
compounds, An embodiment of the cthylene oligomerization process mncludes introducing 2

reaction solution comprising one or more mono-olefins.  An embodiment of the ethylene

-10-
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oligomerization process includes introducing a reaction solution comprising 1-butene. An
embodiment of the ethylene oligomerization process includes introducing a reaction solution

consisting essentially of 1-butene.

3646 In an embodiment of the ethylene oligomerization process, a portion of the refined 1-
butene is recycled from the separation system to the internal baffle single pass reactor to
supplerent the reaction solution.  An enbodiment of the ethylene oligomerization system
meludes where internal batfle single pass reactor fluidly couples to the scparation system
such that the cthylene oligomerization system is operable to pass refined 1-butene to the
internal baftle single pass reactor.  An embodiment of the ethylene oligomenzation process
includes operating such that at loast a portion of the retined 1-butene product by the ethylene
oligomerization system is recycled and is introduced into the process fluid of the internal

baffle single pass reactor,

[6047] Fresh sohution for thiid makeup to the internal baffle single pass reactor is at least 99
votume (vol) % solution. Non-alkane and alkene impurities are typically less than 100 parts-

per-million (ppmy).
Ethyiene

{8048} Introduced fresh ethylene is polymerization-grade and has a purity of at least about 99
volume % (vol. %) ethylene.  An cembodiment of the ethylene oligomerization process
mchides mtroducing ethylene having a purity in a range of from about 99 vol. % to about
99.95 vol. % ethylene. Non-alkane or alkene impurities that can promote or inhibit cthylene
oligomerization, oligomerization and polymerization reactions are typically at or below §

ppm by volume of ethylene.

[3849] Recycled ethylene from other parts of the cthylene oligomerization process can
improve reactant-based efficiency. An embodiment of the ethylene oligomerization system
mcludes where the internal battle single pass reactor fluidly couples to the separation sysiem
such that the ethylene oligomerization system is operable fo pass the sclectively separated
cthylene to the internal baffle single pass reactor. An embodiment of the ethylenc
sligomerization process includes operating the system such that the ethylene selectively
separated by the separation systemn is introduced into the process fhud of the internal baftle

single pass reactor. Recycled ethylene can bave a lower purity than fresh othylene,

11
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{8658 Introduction of ethylene can occur as a pressurized gas or a liquid, although
preferably in a vaporous state,  Pre-heating the introduced ethylene can provide beat to the

process fhid and encourage the oligomerization reaction.
Oligomerization calalvst precursor, co-catalyst and catalyst additive

3651} The homogeneous ethylene oligomerization catalyst is an organometallic, active metal
reaction product between a transition metal organic catalyst precursor and an alkylating agent
co-catalyst, The oligomerization catalyst facilitates the oligomerization of cthylene mio
alpha-oletins, including 1-butene, 1-hexene, 1-octene, 1-decene and heavier alpha-olefing in

the process solution.

16652} The oligomerization catalyst precursor 3 an organometallic compound or metal
complex that jncludes at least one catalytically active metal from the meials of Groups 3-10
and the Lanthanide series according to the International Union of Pure and Applied
Chemistry (IUPAC) Periodic Table of Elements. Although not intending to be bound by
theory, it is believed that catalvtically active metal component of the oligomerization catalyst
precursor forms a complex with alpha-olefins and part of the process in forming the
oligomerization reaction producis. An cmibodiment of the ethylene oligomerization process
inchides mtroducing an oligomerization pre-catalyst that inchides a transition metal. Useful
catalytically active metals inchude nickel, chromium, titaniurn and =ircontum. The ethylene
oligomerization process uses catalyst precursors that are homogencous, which do not require

2 supporting medium.

[3653] Useful oligomerization catalyst precursors include organometallic compounds of
titandum, meluding tetraalkyl titanates and “titanam alkoxides”. 1o titanium alkoxides, the
hydrocarbyl radical portion of each alkoxide includes similar or different alkyl, aryl,
cycloalkyl, hetrocyelyl, aralkyl or alkaryl groups. Titantum alkoxide catalyst precursors
include tetramethyl titanate, tetracthyl titanate, tetraisopropyl titanate, tetra(n-butyl) titanate

and totra(Z-cthythexyl) titanate.

18654 The alkylating co-catalyst is an organometallic compound that reacts with the
cligomerization catalyst precursor in the process fhiid to form the oligomerization catalyst.
Usetul catalytically active netals for co-catalysts inchude aluroimum, magnesium and zine.
An embodiment of the cthylene oligomerization process includes introducing a co-catalyst
that is an alkyl of a Group 1-3 or a Group 11-13 metal according to the IUFAC Periodic

Tabie of Elements.

17
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18055 Useful co-catalysts include organometallic compounds of aluminum, which include
tri- and dialkyl aluminom compounds.  Trialkel ahiminum (“TAL”) compounds inchude
tricthyl aluminum CTEAL”), irtisobutyl alurninum C"TIBAL™Y, tribexy! alominum ("THAL™
and tribenzyl aluminum. Dialky! ahiminum compounds include diisobutyl aluminum hydride
{(“DIBAH"). Other useful aluminam-based co-catalysts inchude alumininoxanes, examples of

which are methylaluminoxane ("MAQO”) and modified methylaluminoxane ("MMAO™).

[B056] As part of the process solution in the internal baffle single pass reactor, the
oligomerization organometallic catalyst precursor and the co-catalyst react or create a
complex with one another such that the active metal oligomerization catalyst forms.
Reactions between  the oligomerization catalyst precursor and the co-catalyst include
swapping organic ligands, which exposes the catalytically active metal to the oligomerization
reactants. An embodiment of the ethylene oligomerization process includes introducing the
oligomerization catalyst precursor and the co-catalyst separately into the process fhud. The
oligomerization catalyst forms in the process solution at the operating conditions for the
cthylenc oligomerization reaction. An cmbodiment of the cthylene oligomerization process
mcludes introducing a pre-activated oligomerization catalyst into the process fluid such that
the oligomerization catalyst is distributed in the process fluid. 1o a system outside of the
internal battle single pass reactor, a catalyst mixing system can mix the oligomerization
catalyst precursor and the co-catalyst together to form the oligomerization catalyst and then

mntroduce the pre-formed and activated oligomenization catalyst into the process fluid.

[B057] Optionally, a catalyst additive is introduced along with the oligomerization catalyst
precutsor, the co-catalyst or the pre-activated oligomerization catalyst. The catalyst additive
can help suppress polymer formation through excessive oligomerization and therefore reduce
the rate in which fouling of the internal baffle single pass reactor occurs. Aun embodiment of
the ethylene oligomerization process jncludes miroducing a catalyst additive that includes a
Group 14-17 clement according to the IUPAC Periodic Table of Elements. Useful catalyst
additives include alcohols and amines.
Oligomerization catalvst inhibitor

[BO58] Addition of catalyst inhubitor to the process fluid results in deactivation of the
cligomgerization catalyst. Deactivating the oligomerization catalyst halts the catalytically
supported oligomerization reactions of ethylene into alpha-olefins. The introduction also

stops any catalyvtically supported by-product reactions.
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[B659] Oxygen, nitrogen and sulfur polar compounds are effective oligomerization catalyst
deactivators.  Useful oxvgen polar compounds include water, carbon dioxide, carbon
monoxide, alkyl alcohols, including methanol, and diol aromatics, including tert-butyi catebol
and hydrogquinone. Useful nitrogen polar compounds include primary and secondary amines,
including aniline, methylaniline, decylamine, dibutylamine and cyelohexylamine. Aliphatic,
cycloaliphatic and aromatic hydrocarbyl radicals that are part of the catalyst inhibitor can

have carbon counts in the range of from 1 carbon to about 22 carbons,

[B868] The catalyst inhibitor comprises one or more inhibitors, and can be further dituted in a
solvent of the inhibitor for introduction. Introduction as a liquid enhances its dispersion into

the process fluid.
Ethyiene oligomerization products

{8661] The primary product of the ethylene oligomerization process is 1-butene, which is an
alpha-olefin.  Other resultants of the process are deactivated oligomerization catalyst, non
alpha-cleting, and assorted alkanes and alkenes. The ethylene oligomerization system is
operable to selectively separate 1-butene from the crude product passing from the internal
baffle single pass reactor. Optionally, the ethylone oligomerization process produces at least
one other refined bigher-order alpha-olefin, An embodiment of the ethylenc oligomerization
systern is operable to selectively separate L-hexene from the crude product. An embodiment
of the ethylenc oligomerization system is operable to selectively separate 1-octene from the
crude product.  An embodiment of the ethylene oligomerization system is operable to

setectively separate T-decene from the crude product.

[B062] Avny solids m the crude product, including polymer and heavy oligomers, deactivated
oligomerization catalyst, oligomerization catalyst and rust collect in the waste stream of the
separation system. The solid waste can contain liquid materials too heavy to vaporize at the
operating conditions of the scparations systemn.  Processes outside of the ethylene
oligomerization systern can recover useful hydrocarbons and valuable metals from the waste

product.

3663} Heavy by-products, predominantly olefins and alkanes that have a higher carbon
count than the product alpha-olefing recovered by the separation systern of the cthylene
oligomerization systern, pass from the separation system as a bottoms stream. In an
embodiment of the ethylene oligomerization process where the highest alpha-olefin recovered

is I-butene, the heavy stream is from a bulene separations coluyun and cornprises alkanes and
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alkenes that are C6+. In an embodiment of the ethylene oligomerization process where the
highest alpha-olefin recovered 1s -hexene, the heavy stream is {from a hexene separations
columu and comprises alkanes and alkenes that are C8+. In an embodiment of the ethylene
oligomerization process where the highest alpha-olefin recovered is I-octene, the heavy
stream is from an octene separations column and comprises alkanes and alkenes that are
Ci0+  In an embodiment of the ethylene oligomerization process where the highest alpha-
olefin recovered is 1-decene, the heavy stream is from a decenc separations column and
comprises alkanes and alkenes that are C12+. Such by-product hydrocarbons, olefing and di-

olefins are useful as gasoline blending components.

[6664] The cthylene oligomerization process produces a refined |-butene having a purity of
at least about 99 vol, % l-butene. An embodiment of the ethylene oligomerization process
produces a refined 1-butene having a purity in a range of from about 99 to about 99.99 vol. %
i-butene. The major impurity in the refined -butene product inchudes butanes (both normal
and iso-) and Z-butene, the non alpha-olefin isomer of I-buiene. An embodiment of the

oligomerization process produces a refined 1-butene that is sufticiently frec of 2-butene.
Ethyvlene oligomerization system and process

[6665] The cthylene oligomerization system facilitates the selective conversion of ethylene
into alpha-olefins. The ethylene oligomerization process produces a refined [-butene having
a minimal amount of 2-butenc. Optionally, the ethylene oligomerization process produces
refined higher-order alpha-olefing that are sutficiently free of non alpha-olefin isomers.

T

Internal baffle single pass veactor

[B866] The othylene oligomerization systern includes an internal baffle single pass reactor.
The internal batfle single pass reactor is a tubular where the internal fluid conduit is operable
to support a pressurized, thuid-tilled environment for the oligomerization of cthylene. The
tebular bas an interior surface or wall partially enclosing the fixed volume between the first
or proxireal end and the second or distal end. The operable length of the internal baftle single
pass reactor is the length of the tubular between the first end and the second end and s nuch
greater than its diameter. The exterior surface or wall along its operable length permits heat
to transfer in and out of the reactor.

[B067] In the ecthylene oligomerization system, the process fluid flows from about the

proximal end to sbout the distal end. The process fluid passes as the crude product to the

coupled separations system. The configuration of the tubular permits the introduction of

[ou
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process fhuid components proximate to the first end, especially reaction solution, which helps

drive the process fluid flow through the reactor.

[3668] At any given point along the operative length of the tubular, the internal fluid conduit
axis is perpendicuiar relative to the cross-sectional area of the internal fluid conduit at that
point.  With no internal additions (that is, no internal baffies), a fluid can ftraverse the
operative length of the tubular from about the first end to about the second end. 1f the flow 1s
von-turbulent {that is, laminar), the fluid flow pathway generally remains aligned relative to

the internal thud conduit axis.

[6669] Figure 1 shows an internal baffle single pass reactor having a serpentine shape;
however, this 18 not required.  The internal baffle single pass reactor of the ethylene
oligomerizalion system can take any number of physical configurations based upon the use of

connected linear and non-linear fhaid conduit segments, including standard pipes.

{86370} Process fluid flows through the internal flutd conduit of the internal baffle single pass
reactor by the coordinated introduction of process flnd components, especially the solution,
about the proximate end and the removal of the crude product about the distal end of the
reactor. Flow drivers, including pumps, optionally provide momentun to the process fluid.
Auxiliary flow motivation equipment is preferably not located in the oligomerization reaction
zone to prevent the formation and aggregation of ethylene-based oligomers and polymers in

the housing of the rotating cquipment.

[6671] The internal baffle single pass reactor has at least one cthylene feed location. The
ethylene feed location can introduce fresh, recycled, or a combination of both.  An ethylene
feed location s typically upstream of or at the beginning of the oligomerization reaction
zone, An embodiment of the ethylenc oligomerization system includes where the internal
batfle single pass reactor has more than one oligomerization reaction zone. An embodiment
of the ethylene oligomerization process includes 1ntroducing ethylene 1uto the process fhad
proximate to cach oligomerization reaction zone such that the cthyvlene ts distributed into the

process thuid in each oligomerization reaction zone.

[#072] The internal baffle single pass reactor has at least one catalyst feed location. The
catalyst feed location can introduce oligomenization catalyst precursor and co-catalyst eithe
separately or as a combined feed into the process fluid. The ethylene oligomerization process
includes iniroducing the ofigomerization catalyst precursor and the co-catalyst separately into

the process fluid to permt formation of the oligomerization catalyst in the process fhad. This
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embodiment permits formation of the oligomerization catalyst away from the catalyst feed
location and the interior wall. The catalyst feed location can also jutroduce pre-activated

oligomerization catalyst into the process fluid.

[0673] The catalyst feed location is typically upstream of or at the beginning of the
oligomerization reaction zone and downstream of an ethylens feed location. The catalyst
feed location relative to the ethylene feed location provides adequate distribution time for
untform distribution of the cthyviene m the process fluid.  Upon mtroduction info or ifs
formation in the process fluid, the selective cthylene oligomerization reaction ocours nearky

instantaneously with ethylene proximate to the activated oligomerization catalyst.

[6674] The internal baffle single pass reactor has at least one catalyst inlubitor feed location.
Introduciion of the catalyst inhibttor occurs through cither a singular or multiple injection
points in the catalyst deactivation zone. Catalyst inhibitor distribution oceurs a suitable
distance from the catalyst feed location to permit formation of the oligomenization catalyst
and adequate ethviene oligomerization nto 1-butene before catalyst deactivation.  The
catalyst feed location is typically upstream of or at the beginning of the catalyst deactivation
zone and after the final oligomerization reaction zone because oligomerization catalyst

deactivation is permanent.

{66753} The ethylene oligomerization system includes multiple reaction zones. The internal
baffle single pass reactor has at least ong reaction zone for ethylene oligomerization and one
reaction zone for oligomerization catalyst deactivation. An embodiment of the cthylene
oligomerization systern includes more than one oligomerization reaction zone, cach
oligomerization reaction zone associated with an ethylene feed iocation. The position of the
ethylene feed location is proximate to the upstream-most portion of the oligomerization
reaction zone. An embodiment of the ethylene oligomerization process includes ntroducing
ethylene into the process fhnd proximate to each oligomenization reaction zone such that the
ethylene is distributed into the process fluid of each oligomerization reaction zone., Multiple
oligomerization reaction zones reflect a heightened fevel of process control over the
oligomerization process priov-art loop rectors. In such an embodiment, the system can
mclude a single catalyst feed location associated with the upsircam-most oligomerization
reaction zone., The position of the single catalyst feed location is proximate to the upstream-
most portion of the upstrean-most oligomerization reaction zone. In such an embodiment,
the system can fnchude a single catalyst inhibitor feed focation positioned downstream of the

downstreant-most  oligomerization reaction zone.  Each oligomerization and catalyst
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deactivation zone can have different internal and external processing equipment to support
the different reactions, including internal baftle structure and configuration, steadiness of the
flow of the process thud and reaction zone terperature management that reflects the process

in each single pass reaction zone.
Internal bajifles

[8076]  The internal baffle single pass reactor includes a set of stationary internal {low
baffles. The internal fluid conduit contains the internal baffles.  During the cthylene
oligomerization process, stationary bafties are iramobile; their position and orientation within
the reactor does not change. The process fluid flows against and around the internal battles
as the process fluid traverses the operative length of the reactor along the fhud flow pathway
formed by the interpal baffles and the reactor.  An embodiment of the ethylene
oligomerization system includes internal baftles along the entire operating length of the
mternal baffle single pass reactor.  An embodiment of the ethvlene oligomerization system
mcludes internal baffles only in the oligomernization reaction zone. Such a configuration
supports mixing and flow unsteadiness where oligomerization occurs and less mixing and

flow unsteadiness where catalyst deactivation oceurs.

166777 The flnd flow pathway through the internal battle single pass reactor s defined by
hath the tinternal tubular wall and the shape of the ternal baffles, meluding flow windows,
spacing and orientation relative to the internal fluid conduit axis. The presence of internal
baffles creates a fluid flow pathway through the reactor for the process fluid o traverse from
the proximal end to the distal end of the seactor. An embodiment of the cthylene
oligomerization systern includes an infernal baffle single pass reactor where the fluid flow
pathway is the same length as the operative length of the reactor. A reactor with orifice
plates with the tlow window centered in each plate can offer such an internally baffled
coufiguration. An embodiument of the ethylene oligomerization system inchudes an internal
baffle single pass reactor where the tluid flow pathway is longer than the operative length of
the reactor. The process fluid flow pathway in this configuration is longer than the operative
fength of the reactor becaunse the inlernal battles restrict the flow pathway available to the
process fluid, forcing the process fluid to flow along a pathway not in alignoent with the
internal fluid conduit axis, thereby increasing the distance the process fluid must travel

through the reactor.

A8



WO 2013/170110 PCT/US2013/040473

{6878} Internal batfles extend from the interior wall into the internal {fhid conduit along a
perpendicular plane fo the internal fluid conduit axis. Depending on their configuration, the
internal baffles can prevent the process tluid from flowing in alignment with the internal flutd
conduit axis for the portion of the operative length of the internal baftle single pass reactor in

which they are present.

(86791 Modification of the process fluid flow direction as the process fluid traverses the
tength of the internal baffle single pass reactor mcreases residence time.  The increased
residence time can tmprove process control and increase ethylene oligomerization reaction
efficiency and sclectively over single-pass systems.  The residence time for ethylene
oligomerization process is not as long as with conventional loop reactor systems, which as
previously described systemically suffer from fouling in the reaction loop system. An
embodiment of the ethylene oligomerization process includes operating such that the
residence time of the oligomerization catalyst i the reactor is maintained m a range of from

about 0.01 to about 2 hours, and optionally about 0.5 hours,

[8088] Spacing of the intcrnal baftles relative to one another can have an impact upon the
fength of the fluid flow pathway and effects on mixing. An embodiment of the ethylene
oligomerization systemn includes where the internal baffle single pass reactor has internal
baffles that are spaced equally distant from one another along the operative length of the
reactor. The spacing between internal baffles can also be random or varied along the
sperative length of the reactor.  An embodiment of the ethylene oligomerization system
includes where the reactor has a first set of internal baffles in a first oligomerization reaction
zone having a first spacing distance and a sccond set of internal baffles in a second
oligomerization reaction zone with a second spacing distance. The different reaction zones
can be upstream and downstream oligomerization reaction zones or an ohigomerization

reaction zone and a catalyst deactivation zone.

3681 The internal baftles can have a number of known physical configurations, including
rads, perforated plates, mesh screens, orifice plates {(centered and off-centered orifice) and
segmented plates,  The flow window size, s position i the ternal fluid, and is
configuration relative to other intemal baffles are factors in wodifying the direction of travel

of the process fluid and forming the process tluid flow pathway.
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External motion driver

[6682] The cthylene oligomerization system inchides the external motion driver that i
operable to induce unsteadiness in the process fluid flow without modifying other operating
paramcters of the ethylene oligomerization process, including temperature, mass tflow rate
and pressure. The external motion driver induces unsicadiness by fransterring motion into

the incompressible process fluid.

[B083] The external wotion driver couples to an apparatus that is in direct fluid contact with
the process fluid. As the process fluid flows through the internal baffle single pass reactor,
the external motion driver acts upon the flowing process fluid in a physical manner by
conveying motion via the apparatus in conlact with the process fluid. The changing motion
of the coupled apparatus creates unsteadiness in the process fluid flow.  An embodiment of
the cthylene oligomerization system includes an external motion driver operable to convey an
oscillating motion to the process fluid.  An embodiment of the ethylene oligomerization
system includes an external motion driver operable fo convey a reciprocating motion fo the
process fluid. An embodiment of the cthylene oligomerization system includes an external

motion driver operable to convey a variable motion to the process fhiid.

(66841 The embodiment of the ethylene oligomerization system shown i Figure [ conveys
unsteadiness divectly into the process fluid through a piston-like apparatus at the proximal
end of the internal baffle single pass reactor. Operation of the piston in a back-and-forth
manner displaces the process fluid and causes the process fluid flow to surge and regress
while generally flowing through the reactor from the proximal end to the distal end. Another
embodiment of the ethylene oligomerization system inchides where the external motion
driver is coupled to a disphragm apparatus in fluid contact with the process fluid. The
expansion and contraction of the diaphragm apparatus against the incompressible process
fhud directly displaces the expansion and contraction volume of the diaphragm apparatus,
transferring the motion into the process fluid flow,

[6085] Exicrnal motion drivers include electrical, electro-mechanical, hydraulic, pneumatic,
gas injection, compressed gas, chemical-reaction and any other system or apparatus for
imparting or transferring motion nto the process fluid such that it induces unsteadiness in the

process fluid flow. External motion drivers include reciprocating motors.

[0086] Without the application of unsteadiness to the process fluid tlow through the external

motion driver, the ethylene oligomwerization process would otherwise maintain a steady state
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process tluid flow condition at a given point along the fhuid tlow pathway. A steady state
condition is where fluid properties at any point wn the sysiem do not change with time.
Although wmathematically feasibie, most of ordinary skill in the art of petroleum,
petrochemical and chemical operations understand that “steady state” operations include

some minor, transient process variability.

[B087F The application of motion by the external motion driver upon the process fluid
changes the steady state flow condition to one that s an unsteady process fluid tlow condition
during the period of motion inducement. The unsteady condition results in changes to other
cthylene oligomerization process condifions, including heat transfer, reaction efficiency and
overall productivity of the ethylene oligomerization system in response to the destabilization
of the process fluid flow momentum. The period of unsteadiness occurs from the moment of
introduction and for a period afterwards with diminishing effects as a function of time. With
no additional interaction by the external ywotion driver and by otherwise maintaining steady
operating conditions, achieving a new steady state flow condition is feasible. Repeated or
continual application of motion directed into the process fluid by the external motion driver

causes a continuous condition of unsteadiness to exist in the process fluid tlow.

[B088] At any given moment during the cthylene oligomenization process, the relative motion
introduction alters the momentum (for example, accelerated, retarded) of the process fluid
flowing from the proximal end to the distal end. The inducement of the unsteady condition in
the process fhuid flow does not atfect the total volumetric or mass flow through the internal
baffle single pass reactor. For the ethylene oligomerization process introduction of process
fluid components and the passing of crude product typically remain constant whether there is

inducement of unsteadiness or not.

[B689] Transient formation and dissipation of fluid eddies and counter-flows in the process
flurd flow occur during unsteady flow. The eddics and counter-flows o the process fhad
occur at the sharp edges of the flow windows of the internal baffles. Although resembling
the random directional flow assoctated with turbulence, unsteady flow also occurs in low
Reynolds number flow regimes.  The unsteady process thuid flow encourages mixing,
reactions and heat transter by causing a non-majority portion of the process fluid tlowing
through the internal baffle single pass reactor at any given time for a transient peried to flow

in an unpredictable and non-steady state-like manner.
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{8690} The internal baftles during the inducement of unsteadiness can cause the process {luid
to contact the interior wall at near-perpendicular angles.  Fluid flowing divectly agamnst a
surface at a steep angle, which includes perpendicular to the interior wall, does not supportt
the adhesion of solids to the imterior wall surface; rather, the flow friction against the wall
surtace tends to remove and prevent solids build-up. The unsteady process tluid flowing
agamst the interior wall also supports heat transter from the process fluid to a teroperature
regulation system along the exterior of the internal baffle single pass reactor. Unsteadiness in
the process fluid flow continves until flow momentum along the fluid flow pathway

overcomes the induced unsteadiness.
Separation system and recycies

183691} The cthylene ohigomerization systern includes units and systems for separating alpha-
olefins from the crude product to produce the refined 1-butene and optionally other higher-

order alpha-olefins and to minimize isomerization of the alpha-olefins into non-alpha olefing.

[8092] The cthylene oligomerization process selectively separates the deactivated catalyst
from the crude product to produce a catalyst-free crude product, The cthylone
oligomerization system is operable to extract a catalyst-free crude product from the crude
product passed from the internal batfle single pass reactor. An example of a unit or system
that is useful for extracting catalyst-free crude product from the crude product mncludes a
vaporizer or an cvaporator. A useful vaporizer is operable to introduce heat into the crude
product such that the Hghter portions of the crude product form a vapor, leaving a non-vapor
resinant. A useful evaporalor is operable to separate portions of the crude product that can
achieve a vapor state from the remaining high-temperature boiling products and solids.
Useful cvaporators include thin-tilm evaporators. The remnant solids include deactivated

oligomerization catalyst, heavy oligomers and by-product polymers.

68931 The cthylene oligomerization process selectively separates cthylene from the catalyst-
free crude product such that both the cthylene-free crude product and a recyclable ethylene
form. The ethylene oligomerization system is operable to separate unreacted cthylene from
the catalyst-free crude product and form an ethylene-free crude product and ethylene suitable

for recycling. An example of a useful unit includes an ethylene separations column,

[8094] The recyelable ethylene 15 useful for reintroduction info the internal baffle single pass
reactor to improve reactant process cfficiency. An cmbodiment of the cthylene

oligomerization process includes operating the system such that the ethylene recovered from
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the crude product is passed from the separation system and introduced into the internal baffle
single pass reactor. An embodiment of the cthylene oligomenization system couples the
mternal batfle single pass reactor to the separation syston such that the systern is operable to

pass recovered ethylene from the separation system to the internal battle single pass reactor.

j#695] The ethylene oligomerization process selectively separates [-butene from the catalyst-
free crude product such that a refined {-butene forms. The ethylene oligomerization system
is operable to separale [-butene from the cthvlene-free crude product and form refined 1-
butene. The refined 1-butene is useful as a product of the system and process. An cxample

of a useful unit includes a 1-butene extraction columi

[8696] The refined l-butene i3 also usetul for recycling and reintrodoction nto the internal
bafflc single pass reactor as reaction solution.  An cmbodiment of the cothylene
stigomerization process includes operating the systern such that refined 1-butene is passed
from the separation systermn and introduced mnto the mtemal baffle siugle pass reactor. An
embodiment of the ethylene oligomerization system couples the internal baffle single pass
reactor to the separation system: such that the system is operable to pass a portion of the
refined 1-butene fo the internal baftle single pass reactor. The residual crude prodact

contains alkane and atkene C6+ compounds.

{8697] Optionally, the cthylene oligomerization system is operable 1o and the process
separates and refines higher-order alpha-olefins from the crude product downstream from the
portion of the system that recovers and refines I-butene. An embodiment of the ethylene
oligomerization process selectively separates I-hexene from the crude product such that «
refined 1-hexene forms. An embodiment of the ethylene oligomerization system is operable
to separate 1-hexene from the crude product and form the refined 1-hexene. An embodiment
of the ethylene oligomerization process selectively separates 1-octene from the crude product
such that a refined 1-octene forms, An embodiment of the ethylene oligomernization process
selectively separates 1-octene from the crude product such that a refined 1-octene forms., An
embodiment of the ethylene oligomerization process selectively separates 1-decene from the
crude product such that a vefined l-decene forms.  An embodiment of the cthylene
oligomerization process selectively separates {-decene from the crude product such that a

refined 1-decene forms.

i
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CLAIMS

l. An ethylene oligomerization process for creating a refined 1-butene product from
ethylene using an ethylene oligomerization system, the ethylene oligomerization process

comprising the steps of:

introducing a reaction solution into a process fluid contained in an internal fluid
conduit of an internal baffle single pass reactor at a proximal end of the reactor
such that the process fluid traverses an operative length of the reactor by

flowing along a process fluid flow pathway;

introducing ethylene, an oligomerization pre-catalyst and a co-catalyst separately
into the process fluid proximate to a oligomerization reaction zone such that
the ethylene, the oligomerization pre-catalyst and the co-catalyst are distributed

in the process fluid;

introducing a catalyst inhibitor into the process fluid proximate to a catalyst
deactivation zone such that the catalyst inhibitor is distributed in the process
fluid;

forming an oligomerization catalyst in the process fluid from the reaction of the
oligomerization pre-catalyst and the co-catalyst in the oligomerization reaction

zone;

forming 1-butene in the process fluid from the oligomerization reaction of ethylene
in the presence of the oligomerization catalyst in the oligomerization reaction

zZone;

forming a deactivated oligomerization catalyst in the process fluid from the
reaction of the oligomerization catalyst and the catalyst inhibitor in the catalyst

deactivation zone;

inducing unsteadiness in the flow of the process fluid by introducing an oscillatory

motion into the process fluid with an external motion driver;

passing a crude product into a separation system, the crude product comprising 1-

butene, ethylene and the deactivated oligomerization catalyst; and
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selectively separating the deactivated oligomerization catalyst, the ethylene and the
1-butene from the crude product with the separation system such that a refined

1-butene product is produced;

where the ethylene oligomerization system comprises the internal baffle single pass
reactor, the separation system and the exterior motion driver, where the internal baffle
single pass reactor has an oligomerization reaction zone and a catalyst deactivation
zone and where the catalyst deactivation zone is positioned downstream of the

oligomerization reaction zone.

2. The process of claim 1 where the reaction solution comprises 1-butene.
3. The process of claim 2 where the reaction solution consists essentially of 1-butene.
4. The process of any one of claims 1-3 where the oligomerization pre-catalyst

includes a transition metal and the co-catalyst is an alkyl of a Group 1-3 or a Group 11-13

metal according to the IUPAC Periodic Table of Elements.

5. The process of any one of claims 1-4 further comprising the step of introducing a
catalyst additive that includes a Group 14-17 element according to the IUPAC Periodic
Table of Elements into the process fluid proximate to the oligomerization reaction zone

such that the catalyst additive is distributed in the process fluid.

6. The process of any one of claims 1-5 further comprising the step of operating the
ethylene oligomerization system such that the temperature of the process fluid within the

internal baftle single pass reactor is maintained in a range of from 30 °C to 110 °C.

7. The process of any one of claims 1-6 further comprising the step of operating the
ethylene oligomerization system such that the pressure of the process fluid within the

internal baftle single pass reactor is maintained in a range of from 1 bar to 50 bars gauge.

8. The process of any one of claims 1-7 further comprising the step of operating the
ethylene oligomerization system such that the residence time of the oligomerization
catalyst in the internal batfle single pass reactor is maintained in a range of from 0.01 to 2

hours.

9. The process of any one of claims 1-8 further comprising the steps of forming 1-
hexene in the process fluid from the oligomerization reaction of ethylene in the presence

of the oligomerization catalyst in the oligomerization reaction zone and selectively
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separating 1-hexene from the crude product with the separation system selectively such

that a refined 1-hexene product is produced.

10. The process of any one of claims 1-9 further comprising the steps of forming 1-
octene in the process fluid from the oligomerization reaction of ethylene in the presence of
the oligomerization catalyst in the oligomerization reaction zone and selectively separating
1-octene from the crude product with the separation system such that a refined 1-octene

product is produced.

11.  The process of any one of claims 1-10 further comprising the steps of formingl-
decene in the process fluid from the oligomerization reaction of ethylene in the presence
of the oligomerization catalyst in the oligomerization reaction zone and selectively
separating 1-decene from the crude product with the separation system such that a refined

1-decene product is produced.

12. The process of any one of claims 1-11 further comprising the step of operating the
ethylene oligomerization system such that at least a portion of the refined 1-butene
product is recycled from the separation system and is introduced into the process fluid of

the internal baffle single pass reactor.

13. The process of any one of claims 1-12 further comprising the step of operating the
ethylene oligomerization system such that the ethylene that is selectively separated is
recycled from the separation system and is introduced into the process fluid of the internal

baffle single pass reactor.

14. The process of any one of claims 1-13 where the ethylene oligomerization system
has more than one ethylene oligomerization reaction zone, the process further comprising
the step of introducing ethylene into the process fluid proximate to each oligomerization
reaction zone such that the ethylene is distributed into the process fluid in each

oligomerization reaction zone.

15. An ethylene oligomerization system for creating l-butene from ethylene in the
presence of an ethylene oligomerization catalyst, the ethylene oligomerization system
comprising an internal baffle single pass reactor, a separation system and an exterior

motion driver, where

the internal baftle single pass reactor has an interior wall, an operable length, a

proximal end, a distal end, an interior fluid conduit, a set of internal baffles, a
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process fluid flow pathway, a oligomerization reaction zone that is operable to
support an ethylene oligomerization reaction in a process fluid, and a catalyst
deactivation zone that is operable to support a oligomerization catalyst
deactivation reaction in a process fluid, where the catalyst deactivation zone is
positioned downstream of the oligomerization reaction zone, where the internal
fluid conduit contains the process fluid and the set of internal baffles, and
where the interior wall and the set of internal baftles define the process fluid

flow pathway;

the separation system fluidly couples to the distal end of the internal baffle single
pass reactor and is operable to selectively separate separately deactivated
oligomerization catalyst, ethylene and 1-butene from a crude product and

produce a refined 1-butene product; and

the exterior motion driver couples to the internal baffle single pass reactor and is
operable to induce unsteadiness in the flow of the process fluid contained in the
internal baffle single pass reactor by transferring motion into the process fluid

by introducing an oscillatory motion into the process fluid.

16. The system of claim 15 where the internal baffle single pass reactor fluidly couples
to the separation system such that the ethylene oligomerization system is operable to pass

the refined 1-butene to the internal baffle single pass reactor.

17. The system of claim 15 or claim 16 where the internal baftle single pass reactor
fluidly couples to the separation system such that the ethylene oligomerization system is

operable to pass the selectively separated ethylene to the internal baffle single pass reactor.

18. The system of any one of claims 15-17 where the separation system selectively

separates 1-hexene from the crude product and produces a refined 1-hexene product.

19. The system of any one of claims 15-18 where the separation system selectively

separates 1-octene from the crude product and produces a refined 1-octene product.

20. The system of any one of claims 15-19 where the separation system selectively

separates 1-decene from the crude product and produces a refined 1-decene product.

21. The system of any one of claims 15-20 where the internal baffle single pass reactor
has more than one oligomerization reaction zone, where each oligomerization reaction

zone is associated with an ethylene feed location, where a single catalyst feed location is
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associated with the upstream-most oligomerization reaction zone and where a single
catalyst inhibitor feed location is positioned downstream of the downstream-most

oligomerization reaction zone.

22. The system of any one of claims 15-21 where the set of internal baffles are present

only in the oligomerization reaction zone.

23. The system of any one of claims 15-21 where the set of internal baffles are a first
set of internal baftles in a first oligomerization reaction zone having a first spacing
distance and a second set of internal baffles in a second oligomerization reaction zone

having a second spacing distance.

24.  The system of any one of claims 15-23 where the external motion driver is

operable to transfer an oscillating motion into the process fluid.

25. The system of any one of claims 15-24 where the external motion driver is

operable to transfer a reciprocating motion into the process fluid.

26. The system of any one of claims 15-25 where the external motion driver is

operable to transfer a variable motion into the process fluid.

217. An ethylene oligomerization process for creating a refined 1-butene product from
ethylene using an ethylene oligomerization system, the ethylene oligomerization process

comprising the steps of:

introducing a reaction solution into a process fluid contained in an internal fluid
conduit of an internal baffle single pass reactor at a proximal end of the reactor
such that the process fluid traverses an operative length of the reactor by

flowing along a process fluid flow pathway;

introducing a pre-activated oligomerization catalyst into the process fluid such that

the pre-activated oligomerization catalyst is distributed in the process fluid;

introducing a catalyst inhibitor into the process fluid proximate to a catalyst
deactivation zone such that the catalyst inhibitor is distributed in the process

fluid; and

operating the ethylene oligomerization system,;
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forming an oligomerization catalyst in the process fluid from the reaction
of the oligomerization pre-catalyst and the co-catalyst in the

oligomerization reaction zone,

forming 1-butene in the process fluid from the oligomerization reaction of
ethylene in the presence of the oligomerization catalyst in the

oligomerization reaction zone,

forming a deactivated oligomerization catalyst in the process fluid from the
reaction of the oligomerization catalyst and the catalyst inhibitor in the

catalyst deactivation zone,

inducing unsteadiness in the flow of the process fluid by introducing an

oscillatory motion into the process fluid with an external driver,

passing a crude product into a separation system, the crude product
comprising 1-butene, ethylene and the deactivated oligomerization

catalyst, and

selectively separating the deactivated oligomerization catalyst, the ethylene
and the 1-butene from the crude product with the separation system

such that a refined [-butene product is produced,

where the ethylene oligomerization system comprises the internal baffle
single pass reactor, the separation system and the exterior motion
driver, where the internal baffle single pass reactor has an
oligomerization reaction zone and a catalyst deactivation zone and
where the catalyst deactivation zone is positioned downstream of the

oligomerization reaction zone.
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