19 DANMARK (10 DK/EP 3055336 T3

(12) Oversaettelse af
europeeisk patentskrift

Patent-og
Varameerkestyrebsen

(51) Int.Cl.: C 08 F 2/06 (2006.01)
(45) Oversaettelsen bekendtgjort den: 2018-02-26

(80) Dato for Den Europaeiske Patentmyndigheds
bekendtgorelse om meddelelse af patentet: 2017-12-20

(86) Europeeisk ansggning nr.: 14776731.3

(86) Europeeisk indleveringsdag: 2014-09-08

(87) Den europeeiske ansggnings publiceringsdag: 2016-08-17
(86) International ansggning nr.: 1B2014064323

(87) Internationalt publikationsnr.: WO2015040522

(30) Prioritet: 2013-09-19 CA 2827839

(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE S| SK SM TR

(73) Patenthaver: Nova Chemicals (International) S.A., Avenue de la Gare 14, 1700 Fribourg, Schweiz
(72) Opfinder: PRICE, Terri, 12528 Lake Fraser Way SE, Calgary, Alberta T2J 3T8, Canada

SIBTAIN, Fazle, 24 MacEwan Park Manor NW, Calgary, Alberta T3K 4G6, Canada

CHELUGET, Eric, 201 N. Schoenbeck Road, Prospect Heights, lllinois 60070, USA

(74) Fuldmeegtig i Danmark: Zacco Denmark A/S, Arne Jacobsens Allé 15, 2300 Kebenhavn S, Danmark

(54) Benzevnelse: FREMGANGSMADE TIL OPL@SNINGSPOLYMERISERING MED FORBEDRET
ENERGIUDNYTTELSE

(56) Fremdragne publikationer:
US-A1- 2004 024 146
US-B2- 8 101 693



DK/EP 3055336 T3



DK/EP 3055336 T3

DESCRIPTION

TECHNICAL FIELD

[0001] This invention relates to an improved solution polymerization process wherein the
energy consumed is reduced and the capital cost of the polymerization plant is reduced. As the
inventive solution polymerization process is producing polyethylene, energy savings are
realized in the following utilities: reduced low pressure steam use, reduced high pressure
steam use and reduced power consumption. As gaseous overhead streams from a secondary
and tertiary vapor/liquid separators are condensed and recycled to one or more upstream
reactors, energy consumption is reduced, or energy is saved, relative to passing the
condensed gaseous overhead streams to a distillation column.

BACKGROUND ART

[0002] The continuous solution polymerization process is well known. Y.V. Kissin briefly
discusses, in The Kirk-Othmer Encyclopedia of Chemical Technology, in an article titled
"Polyethylene, Linear Low Density", a solution polymerization process. In the solution process,
solvent, monomer(s) and catalyst are continuously fed to a reactor. The reactor can be
operated over a relatively wide range of temperatures and pressures; producing a single liquid
phase containing the desired polymer. Downstream of the reactor, the single liquid phase is
phase separated to recover the solvent, unreacted ethylene and a-olefins (if present) from the
polymer. In the phase separation step, a first vapor/liquid (hereafter V/L) separator operating
at lower pressure, relative to the reactor(s), generates: a gaseous overhead stream of solvent,
monomers, hydrogen (if present), light-end impurities and possibly some low molecular weight
oligomers or grease, and; a bottom stream of an ethylene polymer rich solution and
deactivated catalyst.

[0003] The gaseous overhead stream produced in the first V/IL separator is typically
transported to a process unit that separates the components into chemically distinct fractions.
Various processes are known to accomplish this separation; for example a distillation column
or two or more distillation columns connected in series. Such distillation operations may also
include a cryogenic distillation column for the separation of ethylene. The distilled products,
e.g. solvent, comonomer(s) and ethylene can be stored in tanks or vessels prior to being
transported to the upstream solution polymerization process. Engineers experienced in the art
are familiar with the design of distillation columns to accomplish specific separations, e.g.
Perry's Chemical Engineers' Handbook (8th Edition), D.W. Green and R.H. Perry, 2008
McGraw-Hill, Section 13, "Distillation". The distillation operation is not particularly important to
the success of this invention; however, this invention allows one to reduce the size and
capacity of the distillation operation.
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[0004] An earlier Canadian application (CA 2,809,718), that is related to this invention,
discloses a process wherein a gaseous overhead stream from a first V/L separator is
condensed and recycled to one or more upstream reactors in a more energy efficient manner;
relative to passing this gaseous overhead stream to a distillation column.

[0005] The bottom stream produced in the first V/L separator may be transported to: i) a
polymer recovery operation, or; ii) one or more additional V/L separators to remove additional
solvent and optional comonomers. The subject matter of this application is focused on the
latter, i), as will be discussed in the invention summary below. Polymer recovery operations
are not particularly important to the success of this invention. A typical polymer recovery
operation includes a means for conveying the bottom stream, which is a viscous stream
comprised essentially of molten ethylene polymer that contains a small amount of deactivated
catalyst and residual solvent through a devolatilizing operation and ultimately through a
pelletizer. Once pelletized, and optionally dried, the ethylene polymer is generally transported
to a product silo. The means for conveying the bottom stream may include gravity, gear
pumps, single screw extruders, twin screw extruders and sub-atmospheric pressure, vacuum
extruders with vents that allow residual solvent or optional a-olefin comonomers to be
removed.

[0006] The solution polymerization process is an energy intensive process. For example,
relative to gas phase polymerization reactors, the solution polymerization reactor(s) run hotter,
consume more steam and operate at higher pressures. A need exists to improve the energy
efficiency of the continuous solution polymerization process. This invention describes
embodiments of a continuous solution polymerization process that consumes less energy,
relative to a base case solution polymerization process. Because less energy is consumed,
manufacturing variable costs are reduced and the environment benefits, e.g., reduced
greenhouse gas emissions. An added benefit of this invention is a reduction in the amount of
capital required to build the continuous solution polymerization plant.

DISCLOSURE OF INVENTION

[0007] The present invention provides an improved continuous solution polymerization
process wherein energy consumption is reduced, comprising the following steps;

1.i) injecting ethylene, one or more aliphatic hydrocarbon solvents, a catalyst, optionally
one or more a-olefins and optionally hydrogen into one or more upstream reactors
operating at a temperature and pressure to produce an ethylene polymer in a single
liquid phase solution, or optionally a two liquid phase solution;

2. i) injecting a catalyst deactivator, downstream of said one or more upstream reactors,
into said single liquid phase solution, or optionally said two liquid phase solution, forming
a deactivated reactor solution;

3. iii) passing said deactivated reactor solution through a heat exchanger to increase the
temperature, passing said deactivated reactor solution through a pressure let down
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device and collecting said deactivated reactor solution in a first V/L separator forming a
first bottom stream of ethylene polymer rich solvents, ethylene, deactivated catalyst and
optional a-olefins and a first gaseous overhead stream of ethylene, solvents, oligomers,
optional a-olefins and optional hydrogen;

4. iv) passing said first gaseous overhead stream to a distillation column, and passing said
first bottom stream to a second V/L separator wherein a second gaseous overhead
stream and a second bottom stream are formed;

5. v) passing said second bottom stream to a third V/L separator wherein a third gaseous
overhead stream and a third bottom stream are formed, passing said third bottom
stream, comprised essentially of molten ethylene polymer and deactivated catalyst to a
polymer recovery operation;

6. vi) combining and condensing said second and said third gaseous overhead streams to
form a recovered solvent comprised essentially of solvents, ethylene, optional a-olefins
and impurities if present, and collecting said recovered solvent in a recovered solvent
drum;

7. vii) passing from 0% to 40% of said recovered solvent to said distillation column and
passing the remainder of said recovered solvent through a purification column to remove
impurities, if present, forming a purified solvent;

8. viii) optionally passing said purified solvent through an analytical device wherein
chemical composition is determined and collecting said purified solvent in a purified
solvent drum;

9. ix) passing said purified solvent through a high pressure pump forming a pressurized
solvent stream and injecting said pressurized solvent stream into said one or more
upstream reactors.

[0008] The present invention further provides a process wherein the one or more upstream
reactors are operated at a temperature from 80°C to 300°C and a pressure from 3 MPag to 45
MPag.

[0009] The present invention further provides a process wherein prior to entering said first V/L
separator, in step iii), the temperature of said deactivated reactor solution is from 150°C to
300°C and the pressure is from 1.5 MPag to 40 MPag.

[0010] The present invention further provides a process wherein said first V/L separator
operates at a temperature from 100°C to 300°C and a pressure from 1 MPag to 20 MPag.

[0011] The present invention further provides a process wherein said second V/L separator
operates at a temperature from 100°C to 300°C and a pressure from 10 kPag to 1000 kPag.

[0012] The present invention further provides a process wherein said third V/L separator
operates at a temperature from 100°C to 300°C and a pressure from 1 kPag to 500 kPag.
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[0013] The present invention further provides a process wherein said recovered solvent drum,
in step vi), is at a temperature from -25°C to 60°C and a pressure from 0.1 kPag to 100 kPag.

[0014] The present invention further provides a process wherein not more than 10% of said
recovered solvent, formed in step vi), is passed to said distillation column and the remainder of
said recovered solvent stream is passed through a purification column.

[0015] The present invention further provides a process wherein not more than 1 % of said
recovered solvent is passed to said distillation column and the remainder of said recovered
solvent stream is passed through a purification column.

[0016] The present invention further provides a process wherein said purified solvent drum, in
step viii), is at a pressure form 0.1 MPag to 3 MPag.

[0017] The present invention further provides a process wherein said pressurized solvent
stream, formed in step ix), is at a temperature from -25°C to 120°C and a pressure from 3
MPag to 45 MPag.

[0018] The present invention further provides a process wherein the solvent used in the
continuous solution polymerization process is one or more of Cs(y alkanes, wherein the

alkanes may be linear or branched, or a mixture of linear and branched alkanes.

[0019] The present invention further provides a process wherein said optional a-olefins are
one or more Cy4 to Cg a-olefin.

[0020] The present invention further provides process wherein 0% to 100% of said
pressurized solvent stream, formed in step ix), is fed to a first upstream reactor, and remaining
pressurized solvent stream is fed to a second upstream reactor.

[0021] The present invention further provides a process wherein said catalyst used to
polymerize said ethylene and said optional comonomer is a heterogeneous catalyst.

[0022] The present invention further provides a process wherein said catalyst used to
polymerize said ethylene and said optional comonomer is a homogeneous catalyst.

[0023] The present invention further provides a process wherein single or multiple reactors
are utilized and the catalysts used in each reactor may be the same or different; non-limiting
examples of suitable catalysts include heterogeneous and homogeneous catalysts.

[0024] Phase separation in a continuous solution polymerization process may employ: i) a first
V/L separator, or; ii) a first and a second V/L separator communicating in series, or; iii) a first, a
second and a third V/L separator communicating in series, or; iv) more than three V/L
separators communicating in series. The subject matter of this application deals with a
continuous solution polymerization process employing phase separation ii), iii) or iv). More
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specifically, the subject of this application is the condensing and recycling of the gaseous
overhead stream produced in the second V/L separator; or the combining, condensing and
recycling of the gaseous overhead streams produced in a second and a third V/L separator; or
the combining, condensing and recycling of the gaseous overhead streams produced in a
second, third and fourth V/L separator, etc. Related to this invention, an earlier Canadian
application (CA 2,809,718) discloses a process where the gaseous overhead stream from the
first V/L separator was condensed and recycled in an energy efficient manner.

DEFINITION OF TERMS

[0025] Other than where otherwise indicated, all numbers referring to process conditions
(temperature, pressure, etc.), quantities of ingredients, etc., used in the specification and
claims are to be understood as modified in all instances by the term "about." Accordingly,
unless indicated to the contrary, the numerical parameters set forth in the following
specification and attached claims are approximations that can vary significantly depending
upon the raw materials used or the desired ethylene polymer produced. At the very least, and
not as an attempt to limit the application of the doctrine of equivalents to the scope of the
claims, each numerical parameter should at least be construed in light of the number of
reported significant digits and by applying ordinary rounding techniques.

[0026] It should be understood that any numerical range recited herein is intended to include
all sub-ranges subsumed therein. For example, a range of "1 to 10" is intended to include all
sub-ranges between and including the recited minimum value of 1 and the recited maximum
value of 10; that is, having a minimum value equal to or greater than 1 and a maximum value
of equal to or less than 10. Because the disclosed numerical ranges are continuous, they
include every value between the minimum and maximum values. Unless expressly indicated
otherwise, the various numerical ranges specified in this application are approximations.
Similarly, a range of 0% to 100% is intended to include all sub-ranges between and including
the recited minimum value of 0% and the recited maximum value of 100%; that is, having a
minimum value equal to or greater than 0% and a maximum value of equal to or less than
100%.

[0027] In order to form a more complete understanding of the invention, the following terms
are defined and should be used with the accompanying figures, the detailed description of the
various embodiments and the claims.

[0028] As used herein, the term "monomer" refers to a small molecule that may chemically
react and become chemically bonded with itself or other monomers to form a polymer. Non-
limiting examples of monomers include ethylene (ethene), propylene (propene) and C4 to Cqo

a-olefins.

[0029] As used herein, the term "polymer" refers to a macromolecule composed of one or
more monomers connected together by covalent chemical bonds. The term polymer is meant
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to encompass, without limitation, homopolymers (containing one type of monomer),
copolymers (containing two monomer types), terpolymers (containing three monomer types)
and quatropolymers (containing four monomers types), etc.

[0030] As used herein, the term "ethylene polymer", refers to polymers produced from the
ethylene monomer and optionally one or more additional monomers. The term ethylene
polymer is meant to encompass, ethylene homopolymers, ethylene copolymers, ethylene
terpolymers and ethylene quatropolymers, etc. Other commonly used terms to describe
ethylene polymers include, but are not limited to, high density polyethylene (HDPE), medium
density polyethylene (MDPE), linear low density polyethylene (LLDPE), very low density
polyethylene (VLDPE), ultralow density polyethylene (ULDPE), plastomer and elastomers.

[0031] The term "heterogeneously branched ethylene polymer" or "heterogeneous ethylene
polymer" refers to a subset of the ethylene polymer group that are produced using Ziegler-
Natta or chromium catalysts.

[0032] The term "homogeneously branched ethylene polymer" or "homogeneous ethylene
polymer" refers to a subset of the ethylene polymer group that are produced using a single site
catalyst or metallocene catalyst. It is well known to those skilled in the art, that the
homogeneous ethylene polymer group is frequently further subdivided into ‘"linear
homogeneous ethylene polymer" and "substantially linear homogeneous ethylene polymer".
These two subgroups differ in the amount of long chain branching. More specifically, linear
homogeneous ethylene polymers have an undetectable amount of long chain branching; while
substantially linear ethylene polymers have a small amount of long chain branching, typically
from 0.01 long chain branches/1000 carbons to 3 long chain branches/1000. A long chain
branch is defined as a branch having a chain length that is macromolecular in nature, i.e., the
length of the long chain branch can be similar to the length of the polymer back-bone to which
it is attached. In this disclosure, the term homogeneous ethylene polymer includes both linear
homogeneous ethylene polymers and substantially linear homogeneous ethylene polymers.

[0033] As used herein, the term "oligomers" refers to an ethylene polymer of low molecular
weight, e.g., an ethylene polymer with a weight average molecular weight (M,,) of about 2000
to 3000 daltons. Other commonly used terms for oligomers include "wax" or "grease". In a
solution polymerization process the presence of oligomers in the process solvent can be
problematic, e.g., oligomers may deposit on and foul heat transfer surfaces.

[0034] As used herein, the term "V/L" refers to a vapor/liquid separator, wherein a process
stream enters the V/L separator (vessel or tank) and is separated into two streams; wherein
one stream is ethylene polymer rich and the other stream is solvent rich.

[0035] As used herein, the term "light-end impurities" refers to chemical compounds with
relatively low boiling points that may be present in the various vessels and process streams
within a continuous solution polymerization process; non-limiting examples include, methane,
ethane, propane, butane, nitrogen, COy, chloroethane, HCI, etc.
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[0036] As used herein the term "oxygenated impurities”, refers to trace amounts of water, fatty
acids, alcohols, ketones, aldehydes, etc.; such impurities are potential catalyst deactivating
poisons.

[0037] As used herein, the term "heavy impurities" refers to linear or branched, saturated or
unsaturated, Cg to C3g hydrocarbons.

BRIEF DESCRIPTION OF DRAWINGS

[0038]

Figure 1 is a schematic of a non-inventive base case continuous solution polymerization
process where gaseous overhead streams 29 and 31, produced in a second 26 and third V/L
separator 28 are condensed and flow to a distillation column through line FL1.

Figure 2 is a schematic of one embodiment of an inventive continuous solution polymerization
process where gaseous overhead streams 79 and 81 produced in V/L separators 76 and 78
are combined and condensed; from 0 to 40% of the condensed stream flows to a distillation
column through line FL51

BEST MODE FOR CARRYING OUT THE INVENTION

[0039] One embodiment of the present invention will be described in conjunction with Figure
2. The comparative, or base case, continuous solution polymerization process is shown in
Figure 1.

[0040] In Figure 1, solvent 1, ethylene 2 and optional a-olefin 3 are combined to produce
reactor feed RF1, which is injected into reactor 11. A variety of solvents are suitable; non-
limiting examples include linear or branched Cs to Cq2 alkanes. Non-limiting examples of o-

olefins include 1-butene, 1-pentene, 1-hexene and 1-octene. Catalyst is injected into reactor 11
through line 4. The catalyst used is not especially important to the success of this invention,
suitable catalysts are described below. Optionally hydrogen may be injected into reactor 11
through line 5; in general, hydrogen is added to terminate propagating polymer chains.
Hydrogen is frequently used as an agent to control the molecular weight of the ethylene
polymer. Any combination of the six lines feeding reactor 11 (lines 1 through 5 and line RF1)
may or may not be heated or cooled.

[0041] The continuous solution polymerization process in Figure 1 shows a non-limiting
example of two reactors, reactor 11 and reactor 12. The number of reactors is not particularly



DK/EP 3055336 T3

important, providing there is at least one reactor. Fresh feeds are injected into reactor 12;
solvent 6, ethylene 7 and optional a-olefin 8 are combined to produce reactor feed RF2.
Catalyst is injected into reactor 12 through line 9. The catalyst injected into reactor 12 may be
the same or different from the catalyst injected into reactor 11. Optionally hydrogen may be
injected into reactor 12 through line 10. Any combination of the six lines feeding reactor 12
(lines 6 through 10 and line RF2) may or may not be heated or cooled.

[0042] The operating temperature of reactor 11 and 12 can vary over a wide range. For
example, the upper limit on reactor temperature may be 300°C, in some cases 280°C, and in
other cases 260°C; and the lower limit on reactor temperature may be 80°C, in some cases
100°C, and in other cases 125°C. Typically, reactor 12 (the second reactor) is operated at a
slightly higher temperature than reactor 11; e.g. reactor 12 is typically 5°C to 25°C hotter than
reactor 11. The residence time in the reactor depends on the design and capacity of the
reactor. Reactor residence time is typically less than 15 minutes, in some cases less than 10
minutes and in other cases less than 5 minutes. The operating pressure of reactor 11 and 12
can vary over a wide range. For example, the upper limit on reactor pressure may be 45
MPag, in some cases 30 MPag, and in other cases 20 MPag; and the lower limit on reactor
pressure may be 3 MPag, in some cases 5 MPag, and in other cases 7 MPag.

[0043] The continuous solution polymerization reactors 11 and 12, shown in Figure 1, produce
stream 13 which contains an ethylene polymer in a single liquid phase solution, or optionally,
under some operational circumstances, a two liquid phase solution. Stream 13 may also
contain ethylene, active catalyst, deactivated catalyst, optional a-olefin, optional hydrogen and
light-end impurities if present.

[0044] Atank 14 contains a catalyst deactivator. Non-limiting examples of the contents of tank
14 include: neat (100%) catalyst deactivator, a solution of catalyst deactivator in a solvent, and;
a slurry of catalyst deactivator in a liquid. Non-limiting examples of suitable solvents and liquids
include linear or branched Cs to C4o alkanes. How the catalyst deactivator is added is not

particularly important to the success of this invention. Once added, the catalyst deactivator
substantially stops the polymerization reaction by changing the active catalyst to an inactive
form. Suitable deactivators are well known in the art, non-limiting examples include: amines
(e.g. U.S. Pat. No. 4,803,259 to Zboril et al.); alkali or alkaline earth metal salts of carboxylic
acid (e.g. U.S. Pat. No. 4,105,609 to Machan et al.); water (e.g. U.S. Pat. No. 4,731,438 to
Bernier et al.); hydrotalcites, alcohols and carboxylic acids (e.g. U.S. Pat. No. 4,379,882 to
Miyata); or a combination thereof (U.S. Pat No. 6,180,730 to Sibtain et al.). In general, the
catalyst deactivator is added in the minimal amount required to substantially deactivate the
catalyst and quench the polymerization reaction. A minimal amount of catalyst deactivator
minimizes cost and minimizes the amount of un-reacted catalyst deactivator present in process
streams.

[0045] The number of reactors is not particularly important to the success of this invention. In
addition, the shape or design of the reactors is not particularly important; for example,
unstirred or stirred spherical, cylindrical or tank-like vessels can be used, as well as
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recirculating loop reactors or tubular reactors. Optionally, one or more tubular reactors may be
placed after the second reactor 12 shown in Figure 1, as described in United States patent
8,101,693 issued Jan. 24, 2012 to Van Asseldonk et al., assigned to NOVA Chemicals
(International) S.A. More specifically, stream 13 in Figure 1, would flow into the tubular
reactor(s) and the stream exiting the tubular reactor(s) would be deactivated forming stream
15.

[0046] Adding the catalyst deactivator to stream 13 produces a deactivated reactor solution,
stream 15. Stream 15 passes through pressure let down device 16, heat exchanger 17,
pressure let down device 18, forming a higher temperature and lower pressure deactivated
reactor solution 19 that enters a first V/L separator 20. Prior to entering the first V/L separator,
the deactivated reactor solution 19 may have a maximum temperature of 300°C, in some
cases 290°C and in other cases 280°C; while the minimum temperature of the deactivated
reactor solution could be 150°C, in some cases 200°C and in other cases 220°C. Prior to
entering the first V/L separator, the deactivated reactor solution 19 may have a maximum
pressure of 40 MPag, in some cases 25 MPag, and in other cases 15 MPag; while the
minimum pressure could be 1.5 MPag, in some cases 5 MPag, and in other cases 6 MPag.

[0047] In the first V/L separator 20 two streams are formed: a first bottom stream 24,
comprised of an ethylene polymer rich solvent, ethylene, deactivated catalyst and optional o-
olefin, and; a first gaseous overhead stream 21 comprised of ethylene, solvent, oligomers,
optional a-olefins, optional hydrogen and light-end impurities if present. The first V/L separator
20 may be operated over a relatively broad range of temperatures and pressures. For
example, the maximum operating temperature of the first V/L separator may be 300°C, in
some cases 285°C, and in other cases 270°C; while the minimum operating temperature of the
first V/L separator may be 100°C, in some cases 140°C and in other cases 170°C. The
maximum operating pressure of the first V/L separator may be 20 MPag, in some cases 10
MPag, and in other cases 5 MPag; while the minimum operating pressure of the first V/L
separator may be 1 MPag, in some cases 2 MPag, and in other cases 3 MPag.

[0048] In Figure 1, 100% of the first gaseous overhead stream 21 passes through pressure
control valve 22 and is sent to a distillation column via line 23.

[0049] The first bottom stream 24 passes through level control valve 25 and enters a second
V/L separator 26. The second V/L separator may be operated over a relatively broad range of
temperatures and pressures. For example, the maximum operating temperature of the second
V/L separator may be 300°C, in some cases 250°C, and in other cases 200°C; while the
minimum operating temperature of the second V/L separator may be 100°C, in some cases
125°C and in other cases 150°C. The maximum operating pressure of the second V/L
separator may be 1000 kPag, in some cases 900 kPag, and in other cases 800kPag; while the
minimum operating pressure of the second V/L separator may be 10 kPag, in some cases 20
kPag, and in other cases 30 kPag. As shown in Figure 1, the second V/L separator 26
produces two streams: a second bottom stream 27 comprising an ethylene polymer, solvent,
ethylene, deactivated catalyst and optional a-olefins; and a second gaseous overhead stream
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29 comprised of solvent, optional a-olefins, ethylene and impurities if present.

[0050] The second bottom stream 27 flows into a third V/L separator 28. The third V/L
separator may be operated over a relatively broad range of temperatures and pressures. For
example, the maximum operating temperature of the third V/L separator may be 300°C, in
some cases 250°C, and in other cases 200°C; while the minimum operating temperature of the
third V/L separator may be 100°C, in some cases 125°C and in other cases 150°C. The
maximum operating pressure of the third V/L separator may be 500 kPag, in some cases 150
kPag, and in other cases 100 kPag; while the minimum operating pressure of the third V/L
separator may be 1 kPag, in some cases 10 kPag, and in other cases 25 kPag. In the third V/L
separator 28 two streams are formed: a third bottom stream P1, comprised essentially of a
molten ethylene polymer and deactivated catalyst, and; a third gaseous overhead stream 31
comprised of solvent, optional a-olefins, ethylene and impurities if present.

[0051] The third bottom stream P1, shown in Figure 1, proceeds to polymer recovery. Non-
limiting examples of polymer recovery operations include one or more gear pump, single screw
extruder, twin screw extruder or devolatilizing extruder that force the molten ethylene polymer
through a pelletizer. A devolatilizing extruder may be used to remove small amounts of solvent
and optional a-olefin, if present. Once pelletized the solidified ethylene polymer is optionally
dried and generally transported to a product silo.

[0052] As shown in Figure 1, the second gaseous overhead stream 29, produced in the
second V/L separator 26, and the third gaseous overhead stream 31, produced in the third V/L
separator 28, pass through pressure control valves 30 and 32, respectively, and are combined
to form stream 33. Stream 33 is condensed in condenser 34 forming a condensed recovered
solvent stream 35. The recovered solvent stream is collected in a recovered solvent drum 36.
The recovered solvent drum is vented to a flare through vent line 37. The maximum operating
temperature of the recovered solvent drum may be 60°C, in some cases 50°C, and in other
cases 25°C; while the minimum operating temperature of the recovered solvent drum may be
-25°C, in some cases - 10°C and in other cases 0°C. The maximum operating pressure of the
recovered solvent drum may be 100 kPag, in some cases 50 kPag, and in other cases 20kPag;
while the minimum operating pressure of the recovered solvent drum may be 0.1 kPag, in
some cases 0.5 kPag, and in other cases 1 kPag. Via pump inlet line 38 and pump outlet line
40, pump 39 pumps the recovered solvent to a distillation column through line FL1.

[0053] One embodiment of this invention is shown in Figure 2.

[0054] In Figure 2, solvent 51, ethylene 52 and optional a-olefin 53 are combined to produce
reactor feed RF51, which is injected into reactor 61. Catalyst is injected into reactor 61 through
line 54. Optionally hydrogen may be injected into reactor 61 through line 55. Any combination
of the six lines that feed reactor 61 (lines 51 through 55 and line RF51) may or may not be
heated or cooled.

[0055] The continuous solution polymerization process in Figure 2 shows a non-limiting
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example of two reactors, reactor 61 and reactor 62. The number of reactors is not particularly
important to the success of this invention, providing there is at least one reactor. Fresh feeds
are injected into reactor 62. Solvent 56, ethylene 57 and optional a-olefin 58 are combined to
produce reactor feed RF52, which is injected into reactor 62. Catalyst is injected into reactor 62
through line 59. The catalyst injected into reactor 62 may be the same or different from the
catalyst injected in reactor 61. Optionally hydrogen may be injected into reactor 62 via line 60.
Any combination of the six lines that feed reactor 62 (lines 56 through 60 and line RF52) may
or may not be heated or cooled.

[0056] The continuous solution polymerization reactors 61 and 62, shown in Figure 2, may be
operated over a wide range of temperatures and pressures. For example, the upper limit on
reactor temperature may be 300°C, in some cases 280°C, and in other cases 260°C; and the
lower limit on reactor temperature may be 80°C, in some cases 100°C, and in other cases
125°C. Typically, reactor 62 (the second reactor) is operated at a slightly higher temperature
than reactor 61; e.g., reactor 62 is typically 5°C to 25°C hotter than reactor 61. The reactor
residence time is typically less than 15 minutes, in some cases less than 10 minutes and in
other cases less than 5 minutes. The operating pressure of reactors 61 and 62 can vary over a
wide range. For example, the upper limit on reactor pressure may be 45 MPag, in some cases
30 MPag, and in other cases 20 MPag; and the lower limit on reactor pressure may be 3
MPag, in some cases 5 MPag, and in other cases 7 MPag.

[0057] The continuous solution polymerization reactors 61 and 62, shown in Figure 2,
produce stream 63 which contains an ethylene polymer in a single liquid phase solution, or
optionally, under some operational circumstances a two liquid phase solution. Stream 63 may
also contain ethylene, active catalyst, deactivated catalyst, optional a-olefin, optional hydrogen
and light-end impurities if present.

[0058] Atank 64 contains a catalyst deactivator. Non-limiting examples of the contents of tank
64 include: neat (100%) catalyst deactivator, a solution of catalyst deactivator in a solvent, and;
a slurry of catalyst deactivator in a liquid. Non-limiting examples of suitable solvents and liquids
include linear or branched Cs to C4o alkanes. How the catalyst deactivator is added is not

particularly important to the success of this invention. Once added, the catalyst deactivator
substantially stops the polymerization reaction, by changing the active catalyst to an inactive
form. Catalyst deactivators are well known in the art, non-limiting examples include: amines;
alkali or alkaline earth metal salts of carboxylic acids; water; hydrotalcites; alcohols, and;
carboxylic acids. In general, the catalyst deactivator is added in the minimal amount required to
substantially deactivate the catalyst and quench the polymerization reaction. A minimal amount
of catalyst deactivator minimizes cost and minimizes the amount of un-reacted catalyst
deactivator present in process streams.

[0059] The number of reactors is not particularly important to the success of this invention. In
addition, the shape or design of the reactors is not particularly important; for example,
unstirred or stirred spherical, cylindrical or tank-like vessels could be used, as well as
recirculating loop reactors or tubular reactors. An additional embodiment includes the addition
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of one or more tubular reactors after the second reactor 62 shown in Figure 2, as describe in
United States patent 8,101,693 issued Jan. 24, 2012 to Van Asseldonk et al., assigned to
NOVA Chemicals (International) S.A., i.e. stream 63 would flow into the tubular reactor(s) and
the stream exiting the tubular reactor(s) would be deactivated forming stream 65.

[0060] Adding the catalyst deactivator to stream 63 produces a deactivated reactor solution,
stream 65. Stream 65 passes through pressure let down device 66, heat exchanger 67,
pressure let down device 68, forming a lower pressure and higher temperature deactivated
reactor solution 69 that enters a first V/L separator 70. Prior to entering the first V/L separator,
the deactivated reactor solution 69 may have a maximum temperature of 300°C, in some
cases 290°C and in other cases 280°C; while the minimum temperature of the deactivated
reactor solution prior to entering the first V/L separator could be 150°C, in some cases 200°C
and in other cases 220°C. Prior to entering the first V/L separator, the deactivated reactor
solution 69 may have a maximum pressure of 40 MPag, in some cases 25 MPag, and in other
cases 15 MPag; while the minimum pressure could be 1.5 MPag, in some cases 5 MPag, and
in other cases 6 MPag.

[0061] In the first V/L separator 70 two streams are formed: a first bottom stream 74,
comprised of an ethylene polymer rich solvent, ethylene, deactivated catalyst and optional o-
olefin, and; a first gaseous overhead stream 71 comprised of ethylene, solvent, oligomers,
optional a-olefins, optional hydrogen and light-end impurities if present. The first V/L separator
70 may be operated over a relatively broad range of temperatures and pressures. For
example, the maximum operating temperature of the first V/L separator may be 300°C, in
some cases 285°C, and in other cases 270°C; while the minimum operating temperature of the
first V/L separator may be 100°C, in some cases 140°C and in other cases 170°C. The
maximum operating pressure of the first V/L separator may be 20 MPag, in some cases 10
MPag, and in other cases 5 MPag; while the minimum operating pressure of the first V/L
separator may be 1 MPag, in some cases 2 MPag, and in other cases 3 MPag.

[0062] In Figure 2, 100% of the first gaseous overhead stream 71 passes through pressure
control valve 72 and is sent to a distillation column through line 73.

[0063] The first bottom stream 74 passes through level control valve 75 and enters a second
V/L separator 76. In the second V/L separator two streams are formed: a second bottom
stream 77 comprising an ethylene polymer, solvent, ethylene, deactivated catalyst and optional
o-olefins; and a second gaseous overhead stream 79 comprised essentially of solvent,
ethylene, optional a-olefins, ethylene and impurities if present. The second V/L separator 76
may be operated over a relatively broad range of temperatures and pressures. For example,
the maximum operating temperature of the second V/L separator may be 300°C, in some
cases 250°C, and in other cases 200°C; while the minimum operating temperature of the
second V/L separator may be 100°C, in some cases 125°C and in other cases 150°C. The
maximum operating pressure of the second V/L separator may be 1000 kPag, in some cases
900 kPag, and in other cases 800 kPag; while the minimum operating pressure of the second
V/L separator may be 10 kPag, in some cases 20 kPag, and in other cases 30 kPag.
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[0064] The second bottom stream 77 flows into a third V/L separator 78. The third V/L
separator may be operated over a relatively broad range of temperatures and pressures. For
example, the maximum operating temperature of the third V/L separator may be 300°C, in
some cases 250°C, and in other cases 200°C; while the minimum operating temperature of the
third V/L separator may be 100°C, in some cases 125°C and in other cases 150°C. The
maximum operating pressure of the third V/L separator may be 500 kPag, in some cases 150
kPag, and in other cases 100 kPag; while the minimum operating pressure of the third V/L
separator may be 1 kPag, in some cases 10 kPag, and in other cases 25 kPag. In the third V/L
separator two streams are formed: a third bottom stream P2, comprised essentially of a molten
ethylene polymer and deactivated catalyst, and; a third gaseous overhead stream 81
comprised of solvent, optional a-olefins, ethylene and impurities if present.

[0065] The third bottom stream, P2, proceeds to polymer recovery. Polymer recovery
operations are not particularly important to the success of this invention. Non-limiting examples
of polymer recovery operations include one or more gear pump, single screw extruder, twin
screw extruder or devolatilizing extruder that force the molten ethylene polymer through a
pelletizer. A devolatilizing extruder may be used to remove small amounts of solvent, ethylene
and optional a-olefin if present. Once pelletized the solidified ethylene polymer is optionally
dried and generally transported to a product silo.

[0066] As shown in Figure 2, the second gaseous overhead stream 79, produced in the
second V/L separator 76, and the third gaseous overhead stream 81, produced in the third V/L
separator 78, pass through pressure control valves 80 and 82, respectively, and are combined
to form stream 83. Stream 83 is condensed in condenser 84 forming a condensed recovered
solvent stream 85. The recovered solvent stream is collected in a recovered solvent drum 86.
The recovered solvent drum is vented to a flare through vent line 87. The maximum operating
temperature of the recovered solvent drum may be 60°C, in some cases 50°C, and in other
cases 25°C; while the minimum operating temperature of the recovered solvent drum may be
-25°C, in some cases - 10°C and in other cases 0°C. The maximum operating pressure of the
recovered solvent drum may be 100 kPag, in some cases 50 kPag, and in other cases 20kPag;
while the minimum operating pressure of the recovered solvent drum may be 0.1 kPag, in
some cases 0.5 kPag, and in other cases 1 kPag.

[0067] In the inventive continuous solution process, as the recovered solvent exits the
recovered solvent drum a recovered solvent stream 88 is formed, which enters a recovery
pump 89. The recovery pump output stream 90 is split into two streams, FL51 and FL52, using
flow controllers 91 and 92, respectively. Stream FL51 is passed to a distillation column; while
stream FL52 is passed to a purification column.

[0068] Operationally, the recovered solvent flow through line FL52, see Figure 2, may vary
from 100% to 0%, given these two operational extremes, the corresponding flows through line
FL51 must be 0% and 100%, respectively. An inventive lower operating cost solution
polymerization plant results, as the flow through line FL52 increases. For example, in some
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cases more than 60% of the recovered solvent may flow through line FL52; in other cases
more than 90% of the recovered solvent may flow through line FL52, and; in still other cases
more than 99% of the recovered solvent may flow through line FL52. As the recovered solvent
flow through line FL52 increases, energy savings increase, reducing the operational costs of
the continuous solution polymerization plant. In addition, increasing the flow of recovered
solvent through line FL52 allows one to reduce the size and capacity of the distillation column,
or columns, reducing the overall capital cost of the continuous solution polymerization plant.

[0069] In some cases, a small purge flow, i.e. not more than 5% of the recovered solvent
flows through line FL51, may be advantageous if heavy impurities enter the process and build
up in recovered solvent drum 86. Such a purge flow allows one to remove heavier impurities
from the continuous solution polymerization process in the distillation column. Non-limiting
example of heavier impurities include linear or branched, saturated or unsaturated Cg to Cqg

hydrocarbons.

[0070] Provided that catalyst deactivating impurities are removed in a purification step, the
number of purification beds or columns, or the arrangement of the purification beds or columns
(parallel or series) are not particularly important to the success of this invention. Non-limiting
examples of deactivating impurities include oxygenates such as: water, fatty acids, alcohols,
ketones, aldehydes. A non-limiting embodiment of a purification step includes parallel
purification columns 93a and 93b, as shown in Figure 2. For example, purification column 93a
could be on-line, converting stream FL52 into a purified solvent stream 94; while purification
column 93b is off-line for regeneration or replacement of exhausted adsorption medium if not
regenerable. Similarly, purification column 93b could be on-line, while purification column 93a
is off-line; or both purification columns 93a and 93b could be on-line.

[0071] Suitable adsorbent materials to remove potential catalyst deactivating poisons are well
known to experienced artisans. A non-limiting example of a suitable adsorbent to remove
oxygenates is a bed of AZ-300 adsorbent available from UOP LLD, A Honeywell Company, 25
East Algonquin Road, Des Plaines, IL. AZ-300 is also effective in removing trace levels of
chloride impurities and carbon dioxide if present in stream FL52. AZ-300 is a homogeneous
combination of modified activated alumina and zeolitic molecular sieve absorbents, which can
be regenerated using hot nitrogen gas. An additional non-limiting example of suitable
absorbents is a combination bed of AZ-300, at bed inlet, and CG-731 or CG-734, at bed outlet.
CG-731 and CG-734 are available from UOP LLD, A Honeywell Company, 25 East Algonquin
Road, Des Plaines, IL. CG-731 and CG-734 absorbents are effective in removing higher levels
of carbon dioxide. CG-731 and CG-734 can be regenerated with hot nitrogen gas. An
additional non-limiting example of a suitable absorbent to remove oxygenates is a mixed bed
of Selexsorb CD and Selexsorb CDO available from BASF Corporation, Iselin, NJ, USA. Both
Selexsorb CD and CDO are comprised of activated alumina and can be regenerated using hot
nitrogen gas.

[0072] Optionally, the purified solvent stream 94 passes through an analytical device 95 where
the chemical composition of the purified solvent stream is determined. The purified solvent
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stream is collected in a purified solvent drum 96. Depending on operational circumstances, the
purified solvent drum 96 may have a maximum temperature of 60°C, in some cases 50°C and
in other cases 25°C; while the minimum temperature of the purified solvent drum may be
-25°C, in some cases -10°C, and in other cases 0°C. The maximum pressure of the purified
solvent drum may be 3 MPag, in some cases 2 MPag and in other cases 1 MPag; while the
minimum pressure of the purified solvent drum may be 0.1 MPag, in some cases 0.2 MPag,
and in other cases 0.3 MPag.

[0073] As shown in Figure 2, the solvent in purified solvent drum 96 is passed through a high
pressure pump 97, forming a pressurized solvent stream 98. The pressurized solvent stream
may have a maximum temperature of 120°C, in some cases 80°C and in other cases 60°C;
while the minimum temperature of pressurized solvent stream may be -25°C, in some cases
-10°C, and in other cases 0°C. The maximum pressure of the pressurized solvent stream may
be 45 MPag, in some cases 35 MPag and in other cases 25 MPag; while the minimum
pressure of the pressurized solvent stream may be 3 MPag, in some cases 5 MPag, and in
other cases 7 MPag.

[0074] One or more flow controllers are used to distribute the pressurized solvent stream 98
to one or more upstream reactors. Figure 2 shows a non-limiting example of two upstream
reactors, reactor 61 and reactor 62. In Figure 2, 0 to 100% of the pressurized solvent stream
98 passes through flow controller 99, forming recycled solvent stream RS1 which is injected
into the first upstream reactor 61; the remaining pressurized solvent stream passes through
flow controller 100, forming recycle stream RS2 which is injected into the second upstream
reactor 62. One of, or both of, recycled solvent streams RS1 and RS2 may be heated or
cooled prior to injection into upstream reactors 61 and 62, respectively. Optionally, recycle
streams RS1 and RS2 may be flow controlled as desired and added to reactor feed lines RF51
and RF52, respectively, prior to injection into reactors 61 and 62, respectively. One of, or both
of, reactor feed lines RF51 and RF52 may be heated or cooled prior to injection into upstream
reactors 61 and 62, respectively.

[0075] An additional embodiment of this invention includes a continuous solution
polymerization process consisting of two vapor/liquid separators, i.e. the third V/L separator 78
shown in Figure 2 is eliminated. This embodiment is clearly specified by the following
comments and references to Figure 2: a) the third V/L separator 78 shown in Figure 2 is
eliminated; b) this eliminates the third gaseous overhead stream 81, and pressure control
valve 82; c) as a result, stream 83 is limited to the contents of the second gaseous overhead
stream 79, and; d) the second bottom stream 77, produced in the second V/L separator 76,
passes directly to polymer recovery operations. This embodiment reduces the capital cost of
the solution polymerization plant, primarily through the elimination of the third V/L separator 78,
as well as reducing the size and capacity of the distillation column, or columns.

[0076] Additional embodiments of this invention also include continuous solution
polymerization processes comprised of more than three vapor/liquid (V/L) separators. As a
non-limiting example, in the case of four V/L separators, gaseous overhead streams from a
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second, a third and a fourth V/L separator are be combined, condensed, purified and recycled
to the upstream polymerization reactors; while a fourth bottom stream, produced in the fourth
V/L separator, is forwarded to a polymer recovery operation.

[0077] The catalysts suitable for use in the present invention are not particularly limited. The
invention can be used with any metallocene or single site catalyst (SSC), Ziegler-Natta catalyst,
chromium catalyst or any other organometallic catalyst capable of polymerizing olefins in a
solution process. Generally, the catalyst components may be premixed in the process solvent
or catalyst components may be fed as separate streams to each reactor. In some instances
premixing catalyst components may be desirable to provide a reaction time for the catalyst
components prior to entering the reaction. Such an "in line mixing" technique is described in a
number of patents in the name of DuPont Canada Inc (e.g. U.S. Pat. No. 5,589,555, issued
Dec. 31, 1996).

[0078] The term "Ziegler-Natta catalyst”" is well known to those skilled in the art and is used
herein to convey its conventional meaning. Ziegler-Natta catalysts are suitable for injection
through lines 4 and 9 in Figure 1, or through lines 54 and 59 in Figure 2. Ziegler-Natta catalyst
systems comprise: at least one transition metal compound wherein the transition metal is
selected from groups 3, 4 or 5 of the Periodic Table (using IUPAC nomenclature), non-limiting
examples include TiCly and titanium alkoxides (Ti(OR1)4) where Ry is a lower Cq_4 alkyl radical;

and an organoaluminum component, which is defined by (AI(X')5(OR2)u(R3):), wherein, X' is a
halide (preferable chlorine), OR5 is an alkoxy or aryloxy group; Rz is a hydrocarbyl (preferably

an alkyl having from 1 to 10 carbon atoms) and a, b, or ¢ are each 0, 1, 2 or 3 with the
provisos, a+b+c=3 and b+c=1. As will be appreciated by those skilled in the art, conventional
Ziegler Natta catalysts frequently incorporate additional components. For example, an amine
or a magnesium compound or a magnesium alkyl such as butyl ethyl magnesium and a halide
source (which is typically a chloride, e.g. tertiary butyl chloride). The Ziegler-Natta catalyst may
also include an electron donor, e.g., an ether such as tetrahydrofuran, etc. Such components,
if employed, may be added to the other catalyst components prior to introduction to the reactor
or may be directly added to the reactor. The Ziegler Natta catalyst may also be "tempered" (i.e.
heat treated) prior to being introduced to the reactor (again, using techniques which are well
known to those skilled in the art and published in the literature). There is a large amount of art
disclosing these catalyst and the components and the sequence of addition may be varied over
broad ranges.

[0079] Single site catalysts are also suitable catalysts for injection through lines 4 and 9 in
Figure 1, or through lines 54 and 59 in Figure 2. The term "single site catalyst" refers to a
catalyst system that produces homogeneous ethylene polymers; which may or may not contain
long chain branching. There is a large amount of art disclosing single site catalyst systems, a
non-limiting example includes the bulky ligand single site catalyst of the formula:

(L)n- M- (Y)p
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wherein M is selected from the group consisting of Ti, Zr, and Hf; L is a monoanionic ligand
independently selected from the group consisting of cyclopentadienyl-type ligands, and a bulky
heteroatom ligand containing not less than five atoms in total (typically of which at least 20%,
preferably at least 25% numerically are carbon atoms) and further containing at least one
heteroatom selected from the group consisting of boron, nitrogen, oxygen, phosphorus, sulfur
and silicon, said bulky heteroatom ligand being sigma or pi-bonded to M; Y is independently
selected from the group consisting of activatable ligands; n may be from 1 to 3; and p may be
from 1 to 3, provided that the sum of n+p equals the valence state of M, and further provided
that two L ligands may be bridged.

[0080] Non-limiting examples of bridging groups include bridging groups containing at least
one Group 13 to 16 atom, often referred to as a divalent moiety such as, but not limited to, at
least one of a carbon, oxygen, nitrogen, silicon, boron, germanium and tin atom or a
combination thereof. Preferably the bridging group contains a carbon, silicon or germanium
atom, most preferably at least one silicon atom or at least one carbon atom. The bridging
group may also contain substituent radicals, including halogens.

[0081] Some bridging groups include but are not limited to a di C¢_g alkyl radical (e.g. alkylene
radical for example an ethylene bridge), di Cg.1g aryl radical (e.g. a benzyl radical having two

bonding positions available), silicon or germanium radicals substituted by one or more radicals
selected from the group consisting of C4_g alkyl, Cg_10 aryl, phosphine or amine radical which

are unsubstituted or up to fully substituted by one or more C1_g alkyl or Cg_1g aryl radicals, or a
hydrocarbyl radical such as a C1_g alkyl radical or a Cg.1g arylene (e.g. divalent aryl radicals);
divalent C4_g alkoxide radicals (e.g. -CHoCHOHCH2-) and the like.

[0082] Exemplary of the silyl species of bridging groups are dimethylsilyl, methylphenylsilyl,
diethylsilyl, ethylphenylsilyl or diphenylsilyl compounds. Most preferred of the bridged species
are dimethylsilyl, diethylsilyl and methylphenylsilyl bridged compounds.

[0083] Exemplary hydrocarbyl radicals for bridging groups include methylene, ethylene,
propylene, butylene, phenylene and the like, with methylene being preferred.

[0084] Exemplary bridging amides include dimethylamide, diethylamide, methylethylamide, di-
t-butylamide, diisoproylamide and the like.

[0085] The term "cyclopentadienyl", frequently abbreviated as "Cp", refers to a 5-member
carbon ring having delocalized bonding within the ring and typically being bound to the active
catalyst site, generally a group 4 metal (M) through ns - bonds. The cyclopentadienyl ligand
may be unsubstituted or up to fully substituted with one or more substituents selected from the
group consisting of C4.1g hydrocarbyl radicals in which hydrocarbyl substituents are
unsubstituted or further substituted by one or more substituents selected from the group
consisting of a halogen atom and a C1_4 alkyl radical; a halogen atom; a C4_g alkoxy radical; a

Ce-10 aryl or aryloxy radical; an amido radical which is unsubstituted or substituted by up to two



DK/EP 3055336 T3

C1.s alkyl radicals; a phosphido radical which is unsubstituted or substituted by up to two Cq_g
alkyl radicals; silyl radicals of the formula -Si-(R)3 wherein each R is independently selected
from the group consisting of hydrogen, a C4_g alkyl or alkoxy radical, and Cg_1g aryl or aryloxy

radicals; and germanyl radicals of the formula -Ge-(R)3 wherein R is as defined above.

[0086] Typically, the cyclopentadienyl-type ligand is selected from the group consisting of a
cyclopentadienyl radical, an indenyl radical and a fluorenyl radical where the radicals are
unsubstituted or up to fully substituted by one or more substituents selected from the group
consisting of a fluorine atom, a chlorine atom; C4_4 alkyl radicals; and a phenyl or benzyl radical

which is unsubstituted or substituted by one or more fluorine atoms.

[0087] If none of the L ligands is bulky heteroatom ligand then the catalyst could be a bis-Cp
catalyst (a traditional metallocene) or a bridged constrained geometry type catalyst or tris-Cp
catalyst.

[0088] If the catalyst contains one or more bulky heteroatom ligands the catalyst would have
the formula:

(OIm

|

(Ln - M- (Y)p
wherein M is a transition metal selected from the group consisting of Ti, Hf and Zr; D is
independently a bulky heteroatom ligand (as described below); L is a monoanionic ligand
selected from the group consisting of cyclopentadienyl-type ligands; Y is independently
selected from the group consisting of activatable ligands; mis 1 or 2; nis 0, 1 or 2; p is an
integer; and the sum of m+n+p equals the valence state of M, provided that when m is 2, D
may be the same or different bulky heteroatom ligands.

[0089] For example, the catalyst may be a bis(phosphinimine), or a mixed phosphinimine
ketimide dichloride complex of titanium, zirconium or hafnium. Alternately, the catalyst could
contain one phosphinimine ligand or one ketimide ligand, one "L" ligand (which is most
preferably a cyclopentadienyl-type ligand) and two "Y" ligands (which are preferably both
chloride).

[0090] The preferred metals (M) are from Group 4 (especially titanium, hafnium or zirconium)
with titanium being most preferred. In one embodiment the catalysts are group 4 metal
complexes in the highest oxidation state.

[0091] Bulky heteroatom ligands (D) include but are not limited to phosphinimine ligands (PI)
and ketimide (ketimine) ligands.

[0092] The phosphinimine ligand (PI) is defined by the formula:
Ra1
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Ra1—P=N-

|

Ra1
wherein each Ryq is independently selected from the group consisting of a hydrogen atom; a

halogen atom; C4.og, preferably Cq.1g hydrocarbyl radicals which are unsubstituted by or
further substituted by a halogen atom; a C_g alkoxy radical; a Cg_1g aryl or aryloxy radical; an
amido radical; a silyl radical of the formula: -Si-(R2)3, wherein each Ryo is independently
selected from the group consisting of hydrogen, a C4_g alkyl or alkoxy radical, and Cg.1¢ aryl or
aryloxy radicals; and a germanyl radical of the formula: -Ge-(Rx»)3, wherein Ry is as defined
above.

[0093] The preferred phosphinimines are those in which each Ryq is a hydrocarbyl radical,

preferably a C4_g hydrocarbyl radical.

[0094] Suitable phosphinimine catalysts are Group 4 organometallic complexes which contain
one phosphinimine ligand (as described above) and one ligand L which is either a
cyclopentadienyl-type ligand or a heteroatom ligand.

[0095] As used herein, the term "ketimide ligand" refers to a ligand which:

1. (a) is bonded to the transition metal via a metal-nitrogen atom bond;

2. (b) has a single substituent on the nitrogen atom (where this single substituent is a
carbon atom which is doubly bonded to the N atom); and

3. (c) has two substituents Subq and Sub, (described below) which are bonded to the

carbon atom.

Conditions a, b and c¢ are illustrated below:
Sub1 Subz

\ /

[0096] Where the substituents Subq and Sub, may be the same or different and may be

further bonded together through a bridging group to form a ring. Exemplary substituents
include hydrocarbyls having from 1 to 20 carbon atoms, preferably from 3 to 6 carbon atoms,
silyl groups (as described below), amido groups (as described below) and phosphido groups
(as described below). For reasons of cost and convenience it is preferred that these
substituents both be hydrocarbyls, especially simple alkyls and most preferably tertiary butyl.
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[0097] Suitable ketimide catalysts are Group 4 organometallic complexes which contain one
ketimide ligand (as described above) and one ligand L which is either a cyclopentadienyl-type
ligand or a heteroatom ligand.

[0098] The term bulky heteroatom ligand (D) is not limited to phosphinimine or ketimide
ligands and includes ligands which contain at least one heteroatom selected from the group
consisting of boron, nitrogen, oxygen, phosphorus, sulfur and silicon. The heteroatom ligand
may be sigma or pi-bonded to the metal. Exemplary heteroatom ligands include silicon-
containing heteroatom ligands, amido ligands, alkoxy ligands, boron heterocyclic ligands and
phosphole ligands, as all described below.

[0099] Silicon containing heteroatom ligands are defined by the formula: - (Y)SiRyRyR;

wherein the - denotes a bond to the transition metal and Y is sulfur or oxygen. The substituents
on the Siatom, namely Ry, Ry and R, are required in order to satisfy the bonding orbital of the

Si atom. The use of any particular substituent Ry, Ry or Rz is not especially important to the
success of this invention. It is preferred that each of Ry, Ry and R is a C4.2 hydrocarbyl group

(i.e. methyl or ethyl) simply because such materials are readily synthesized from commercially
available materials.

[0100] The term "amido" is meant to convey its broad, conventional meaning. Thus, these
ligands are characterized by (a) a metal-nitrogen bond; and (b) the presence of two
substituents (which are typically simple alkyl or silyl groups) on the nitrogen atom.

[0101] The terms "alkoxy" and "aryloxy" are also intended to convey their conventional
meanings. Thus, these ligands are characterized by (a) a metal oxygen bond; and (b) the
presence of a hydrocarbyl group bonded to the oxygen atom. The hydrocarbyl group may be a
C1.10 straight chained, branched or cyclic alkyl radical or a Cg.13 aromatic radical where the

radicals are unsubstituted or further substituted by one or more Cq_4 alkyl radicals (e.g. 2,6 di-

tertiary butyl phenoxy).

[0102] Boron heterocyclic ligands are characterized by the presence of a boron atom in a
closed ring ligand. This definition includes heterocyclic ligands which also contain a nitrogen
atom in the ring. These ligands are well known to those skilled in the art of olefin
polymerization and are fully described in the literature (see, for example, U.S. Patent's
5,637,659; 5,554,775; and the references cited therein).

[0103] The term "phosphole” is also meant to convey its conventional meaning. Phospholes
are cyclic dienyl structures having four carbon atoms and one phosphorus atom in the closed
ring. The simplest phosphole is C4PH,4 (which is analogous to cyclopentadiene with one carbon
in the ring being replaced by phosphorus). The phosphole ligands may be substituted with, for
example, Cq.90 hydrocarbyl radicals (which may, optionally, contain halogen substituents);
phosphido radicals; amido radicals; or silyl or alkoxy radicals. Phosphole ligands are also well
known to those skilled in the art of olefin polymerization and are described as such in U.S.
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Patent 5,434,116 (Sone, to Tosoh).

[0104] The current invention also contemplates the use of chromium catalysts that are also
well known in the art. The term "chromium catalysts" describes olefin polymerization catalysts
comprising a chromium species, such as silyl chromate, chromium oxide, or chromocene on a
metal oxide support such as silica or alumina. Suitable cocatalysts for chromium catalysts, are
well known in the art, non-limiting examples include trialkylaluminum, alkylaluminoxane,
dialkoxyalkylaluminum compounds and the like.

EXAMPLE

[0105] The present invention will now be illustrated by the following non-limiting example.
Computer simulations of the continuous solution polymerization processes shown in Figure 1
and 2 were performed using Aspen Plus v7.1 and v7.2 computer software available from
AspenTech. A second software program, VLXE, an Excel-based thermodynamic program from
the VLXE company, was used as a supplemental program. AspenTech's Aspen Simulation
Workbook program was used for programming the data exchange between Excel and the
Aspen software.

[0106] Aspen Plus and VLXE were used to model a portion of the process from the reactor
outlet, stream 13 in Figure 1 and stream 63 in Figure 2, through distillation and solvent
recycling operations, but excluding polymer recovery. Extensive data was gathered from
process data historians, process stream sampling and field instrument measurements to
benchmark the Aspen Plus/VLXE model in order to develop a steady-state base case model
that closely predicts typical process conditions for the portions of the process modeled.

[0107] For the base case, Figure 1, energy consumption was calculated by summing the
energy consumed by all discrete users in the form of: low pressure steam (kW), hereafter LP
steam; high pressure steam (kW), hereafter HP steam, and; Power (kW). Users included all
major energy consumers, e.g. heat exchangers, pumps and air cooler fans, etc. The base
case simulation model, Figure 1, was then modified to simulate the inventive embodiment
shown in Figure 2.

[0108] Relative to the base case shown in Figure 1, the inventive embodiment shown in
Figure 2 includes the following additional steps: flow controllers 91 and 92 split the recovered
solvent stream 90 into two streams FL51 and FL52, respectively; the recovered solvent in line
FL52 passes through a purification column, forming a purified solvent that is stored in a
purified solvent drum 96; the purified solvent is passed through a high pressure pump 97,
forming a pressurized solvent stream 98; the pressurized solvent passes through flow
controllers 99 and 100, and is injected into upstream reactors 61 and 62, respectively. As a
result, the recovered solvent that flows through line FL52 by-passes the energy intensive
distillation column(s). In contrast, in the base case Figure 1, 100% of the recovered solvent is
sent to a downstream distillation column through line FL1.



DK/EP 3055336 T3

[0109] For the embodiment shown in Figure 2, the energy consumption (kW) for each utility
(LP steam, HP steam and Power) was calculated by summing the energy consumed by all
users (heat exchanges, pumps and air cooler fans, etc.) and compared with the energy
consumed in the base case Figure 1. In the inventive embodiment, Figure 2, the recycling of
the recovered solvent to the upstream reactors reduced the energy consumption for all users,
primarily due to the reduced flow of recovered solvent to the downstream distillation operation
through line FL51. Table 1 summarizes the energy savings associated with the embodiment
shown in Figure 2 or the "Recycle Case", relative to Figure 1 or the "Base Case".

[0110] Table 1 summarizes the flows via each route (or process line), as a percentage of the
maximum possible flow. In Table 1's Base Case column the flow through FL1 is 100%, i.e.
100% of the solvent in the recovered solvent drum 36 is sent to the distillation column. In Table
1's Recycle Case column, the flow through FL51 is 0% and the flow through FL52 is 100%, i.e.
100% of the solvent in the recovered solvent drum 86 is recycled to the upstream
polymerization reactors.

[0111] In Table 1's Recycle Case (inventive Figure 2), the energy reductions relative to the
Base Case are as follows: LP steam usage is reduced by 30%, HP steam usage is reduced by
44% and Power usage is reduced by 13%. Energy consumption is primarily reduced due to the
reduced load on distillation. This example of a FL52 flow of 100%, or 100% recycle to the
upstream reactors, quantifies the maximum energy reduction, or savings in energy.

[0112] Operationally, in Figure 2, the recovered solvent flow through line FL52 may vary from
100% to 0%; given these two operational extremes, the corresponding flows through line FL51
must be 0% and 100%, respectively. An inventive lower operating cost solution polymerization
process results as the flow through line FL52 increases. For example, in some cases more
than 60% of the recovered solvent may flow through line FL52; in other cases more than 90%
of the recovered solvent may flow through line FL52, and; in still other cases more than 99% of
the recovered solvent may flow through line FL52. As the recovered solvent flow through line
FL52 increases, the energy savings increase, reducing the operational costs of the continuous
solution polymerization plant. In addition, increasing the flow of recovered solvent through line
FL52 allows one to reduce the size and capacity of the distillation column, or columns,
reducing the overall capital cost of the continuous solution polymerization plant.

[0113] In some cases, a small purge flow of not more than 5% through line FL51 may be
advantageous if heavy impurities enter the process and build up in recovered solvent drum 86.
Such a purge flow allows one to remove heavier impurities from the continuous solution
polymerization process in the distillation column. Non-limiting example of heavier impurities
include linear or branched, saturated or unsaturated, Cg to C5g hydrocarbons.

TABLE 1
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Solution polymerization process energy simulations:; energy savings due to
solvent recycling relative to the base case
Figure 1: Base Case Figure 2: Recycle Case
Process Flow mgi(i)r\rlmvu(r;]% fgw) Process Flow mgi?r\rlmvu(r;]% fgw)
Flow FL1 100% Flow FL51 0%
Flow FL52 100%
Flow RS1 0 to 100%
Flow RS2 0 to 100%
Flow RF1 100% Flow RF51 < 100%
Flow RF2 100% Flow RF52 < 100%
Energy Savings Energy Savings
% Energy saved (kW) % Energy saved (kW)
LP Steam 0% LP Steam 30%
HP Steam 0% HP Steam 44%
Power 0% Power 13%

INDUSTRIAL APPLICABILITY

[0114] The industrial applicability of this invention is continuous solution polymerization
process that produces polyethylenes wherein energy consumption is reduced, capital costs are
reduced and resources are conserved.
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Patentkrav

1. Forbedret kontinuerlig oplgsningspolymeriseringsfremgangsméde, hvor
energiforbruget er reduceret, omfattende:

i) at indsprajte ethylen, et eller flere alifatiske carbonhydridoplgsningsmidler,
en katalysator, eventuelt en eller flere a-olefiner og eventuelt hydrogen i en
eller flere opstreamsreaktorer, der fungerer ved en temperatur og et tryk, sa
der fremstilles en ethylenpolymer i en oplgsning med en enkelt vaeskefase
eller eventuelt en oplgsning med to vaeskefaser;

i) at indsprgjte en katalysatordeaktivator, nedstrams for den ene eller de fle-
re opstramsreaktorer, i oplagsningen med en enkelt vaeskefase eller eventuelt
oplgsningen med to vaeskefaser, saledes at der dannes en deaktiveret reak-
toroplesning;

iii) at lede den deaktiverede reaktoroplgsning gennem en varmeveksler til
ggning af temperaturen, at lede den deaktiverede reaktoroplgsning gennem
en tryksaenkingsindretning og opsamle den deaktiverede reaktoroplgsning i
en forste damp/vaeske-separator, séledes at der dannes en forste nedre
strom af ethylenpolymer-rige oplgsningsmidler, ethylen, deaktiveret katalysa-
tor og eventuelle a-olefiner og en fgrste gasformig gvre strom af ethylen, op-
lgsningsmiddel, oligomerer, eventuelle a-olefiner og eventuel hydrogen.

iv) at lede den forste gasformige gvre stram til en distillationssgjle og lede
den farste nedre stroam til en anden damp/vaeske-separator, hvor en anden
gasformig gvre strom og en anden nedre strgm dannes; enten:

v-a) at lede den anden nedre strom, der i det veesentlige bestar af smeltet
ethylenpolymer og deaktiveret katalysator, til en polymergenindvindingspro-
ces og kondensere den anden gasformige avre strom til dannelse af et gen-
indvundet oplgsningsmiddel, der i det veesentlige bestar af oplgsningsmidler,
ethylen, eventuelle a-olefiner og urenheder, hvis til stede, og opsamle det
genindvundne oplgsningsmiddel i en tromle til genindvundet oplgsningsmid-
del,

eller

v-b-1) at lede den anden nedre stram til en tredje damp/vaeske-separator,
hvor en tredje gasformig gvre strom og en tredje nedre strgm dannes, at lede
den tredje nedre strom, der i det veesentlige bestar af smeltet ethylenpolymer
og deaktiveret katalysator, til en polymergenindvindingsproces;
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v-b-2) at kombinere og kondensere den anden og den tredje gasformige gvre
strom til dannelse af et genindvundet oplgsningsmiddel, der i det veesentlige
bestar af oplasningsmidler, ethylen, eventuelle a-olefiner og urenheder, hvis
til stede, og opsamle det genindvundne oplgsningsmiddel i en tromle til gen-
indvundet oplasningsmiddel;

vi) at lede fra 0 % til 40 % af det genindvundne oplgsningsmiddel til distillati-
onssgjlen og lede resten af det genindvundne oplgsningsmiddel gennem en
oprensningssgjle til fiernelse af urenheder, hvis til stede, saledes at der dan-
nes et oprenset oplgsningsmiddel;

vii) eventuelt at lede det oprensede oplgsningsmiddel gennem en analyse-
indretning, hvor den kemiske sammensaetning bestemmes, og opsamle det
oprensede oplgsningsmiddel i en tromle til oprenset oplgsningsmiddel;

viii) at lede det oprensede oplgsningsmiddel gennem en hgjtrykspumpe, sa-
ledes at der dannes en tryksat oplgsningsmiddelstram, og indsprgjte den
tryksatte oplgsningsmiddelstram i den ene eller de flere opstramsreaktorer.

2. Fremgangsmade ifolge krav 1, hvor den ene eller de flere opstramsreakto-
rer fungerer ved en temperatur fra 80 °C til 300 °C og et tryk fra 3 MPag til 45
MPag.

3. Fremgangsmade ifolge krav 2, hvor, for indfgrsel i den forste
damp/veeske-separator, i trin iii), temperaturen af den deaktiverede reaktor-
oplasning er fra 150 °C til 300 °C, og trykket af den deaktiverede reaktorop-
lgsning er fra 1,5 MPag til 40 MPag.

4. Fremgangsmade ifolge krav 3, hvor den forste damp/vaeske-separator
fungerer ved en temperatur fra 100 °C til 300 °C og et tryk fra 1 MPag til 20
MPag.

5. Fremgangsmade ifalge krav 4, hvor den anden damp/vaeske-separator
fungerer ved en temperatur fra 100 °C til 300 °C og et tryk fra 1 kPag til 1000
kPag.

6. Fremgangsmade ifelge krav 5, hvor den tredje damp/vaeske-separator
(hvis til stede) fungerer ved en temperatur fra 100 °C til 300 °C og et tryk fra
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1 kPag til 500 kPag.

7. Fremgangsmade ifolge enten krav 5 eller krav 6, hvor tromlen til genind-
vundet oplasningsmiddel, i trin v), har en temperatur fra -25 °C til 60 °C og et
tryk fra 0,1 kPag til 100 kPag.

8. Fremgangsmade ifglge krav 7, hvor ikke mere end 10 % af det genind-
vundne oplgsningsmiddel, fremstillet i trin v), ledes til distillationssgjlen, og
resten af det genindvundne oplasningsmiddel ledes gennem oprensningssgj-
len.

9. Fremgangsmade ifglge krav 8, hvor tromlen til oprenset oplgsningsmiddel,
i trin vii), fungerer ved en temperatur fra -25 °C til 60 °C og et tryk fra 0,1
MPag til 3 MPag.

10. Fremgangsmaéade ifolge krav 9, hvor den tryksatte oplgsningsmiddel-
strom, dannet i trin viii), har en temperatur fra -25 °C til 120 °C og et tryk fra 3
MPag til 45 MPag.

11. Fremgangsmade ifalge krav 10, hvor det ene eller de flere alifatiske car-
bonhydridoplgsningsmidler er Cs- til Cqiz-alkaner; hvor carbonhydridoplgs-
ningsmidlerne er lineaere eller forgrenede, eller en blanding af lineaere og
forgrenede carbonhydrider; og hvor de eventuelle a-olefiner er en eller flere
Cy- til Cg-a-olefiner.

12. Fremgangsmade ifglge krav 11, hvor 0 % til 100 % af den tryksatte op-
lgsningsmiddelstrem, dannet i trin viii), tilfares til en farste opstroamsreaktor,
og den resterende tryksatte oplasningsmiddelstrem tilfares til en anden op-
stramsreaktor.

13. Fremgangsmade ifolge krav 12, hvor den katalysator, der anvendes til at
polymerisere ethylen og de eventuelle a-olefiner, er en heterogen katalysa-
tor.
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14. Fremgangsmade ifelge krav 12, hvor den katalysator, der anvendes til at
polymerisere ethylen og de eventuelle a-olefiner, er en homogen katalysator.

15. Fremgangsmade ifglge krav 12, hvor en homogen katalysator eller en
heterogen katalysator tilfares til den fgrste opstramsreaktor, og en homogen
katalysator eller en heterogen katalysator tilfores til den anden opstremsre-
aktor.
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