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Process for the Polymerization of Olefins in Solution with Controlled
Activity of Catalyst in Reactor Outlet Stream

The present invention is concerned with a process for the polymerization of
olefin monomers in solution in the presence of a polymerization catalyst
wherein the catalyst leaving the reactor in the reactor outlet stream has a
controlled activity.

In polyolefin production processes the catalyst has to be de-activated after the
polymerization reaction. This is typically done downstream of the removal of
the monomer from the produced polymer by adding a de-activation agent. In
this manner, monomer can be recycled back to the reactor without that
poisoning of the catalyst in the reactor by carrying over traces of de-activation
agent occurs.

However, in solution polymerization this sequence is problematic because the
initial low pressure separation as typically used in a solution polymerization
sequence removes hydrogen, monomer(s), co-monomer(s) and solvent only
imperfectly. Thus, the concentration of higher boiling components such as co-
monomer(s) which remain in the mixture is significant and with the catalyst
still being active, uncontrolled polymerization will occur. Moreover, also the
residence time in the initial low pressure separation cannot be neglected in
view of the rapid polymerization reaction in solution.

Thus, in solution polymerization, the de-activation of the polymerization
catalyst usually precedes the removal of the monomer(s), co-monomer(s) and
the like. Such sequence is inter alia described in US 2011/0172375 and WO
2009/126277. The de-activation of the polymerization catalyst is secured by
the addition of a de-activation agent to the reactor outlet. However, addition
of a de-activation agent to the reactor outlet stream may cause de-activation
agent to be present in the recycling streams and hence contamination of the
feed streams to the reactor.

Typical de-activation agents are water in the form of steam or in liquid form,
or alcohols such as methanol or isopropanol. Use of methanol is described for
example in US 2011/0172375. When using alcohols two further separation
steps, i.e. a water - alcohol separation followed by a drying step, are
necessary. In addition to that, the widespread use of isopropanol results in
formation of hydrochloric acid, causing corrosion and also fouling problems.
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Instead of using a liquid de-activation agent a solid de-activation agent may
be used. WO 2009/126277 discloses the use of sodium or calcium stearate.
However, use of solid de-activation agents requires the presence of further
equipment for its removal, such as a further column, dryer bed, stripper or the
like.

It is the object of the present invention to provide a process for the
polymerization of olefin monomers in solution which allows for a recycling of
the monomers, which are separated from the polymeric product downstream
of the polymerization reactor, back to the reactor minimizing or even avoiding
completely that trace amounts of a de-activation agent are “co-recycled” to the
reactor in a simple, effective and economical manner.

The present invention is based on the finding that this object can be achieved
by optimizing and adjusting the residence time of the catalyst in the reactor to
ensure that only a minimum fraction of active catalyst leaves the reactor which,
in turn, obviates the need to actively de-activate the catalyst in the reactor
outlet stream.

The present invention therefore provides a polymerisation process,
comprising:

a) supplying a feed containing ethylene and at least one alpha-olefin
having 3 to 12 carbon atoms in a hydrocarbon solvent to a
polymerisation reactor,

b) contacting the feed of step a) in the reactor with a catalyst to form
a reaction mixture containing an ethylene-alpha-olefin co-polymer,
whereby the average residence time in the reactor is chosen to be
between 0.5 and 30 minutes,

c) withdrawing the reaction mixture from the polymerisation reactor
as a reactor outlet stream which comprises the ethylene-alpha-
olefin co-polymer, unreacted monomer and comonomer, catalyst,
and hydrocarbon solvent, and

d) separating hydrocarbon solvent, monomer and comonomer from
the reactor outlet stream and recycling it back to the polymerisation
reactor without further purification steps,

wherein in step ¢) no more than 5 wt.% of catalyst in an active state is leaving
the reactor.
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Using the process of the invention a number of issues which may appear
downstream, like uncontrolled reactions and fouling of equipment, can be
avoided without that the catalyst needs to be actively de-activated after
leaving the reactor, for example by adding a de-activation agent to the reactor
outlet stream.

The term “reactor outlet stream” designates the stream of reaction mixture
directly withdrawn from reactor, comprising ethylene-alpha-olefin co-polymer,
unreacted monomer and comonomer, catalyst, and hydrocarbon solvent,
which has not been subjected to any further treatment steps.

The “average residence time” as is understood by the skilled person is the
average residence time of reactor’s contents including catalyst.

A polymerization process such as the process of the invention which is carried
out in the presence of a solvent is designated herein also as “solution
polymerization process”.

In high temperature solution olefin polymerization, in particular in ethylene-
alpha-olefin co-polymerization, the catalyst must fulfil a set of very strict
requirements. For example, catalyst molecular weight capability, catalyst
thermal stability and reactivity for higher co-monomers (co-monomer
incorporation), must be so that co-polymers with density as low as ~0.850
g/cm® and a Ml as low as ~0.1 dg/min can be produced with high productivity.

Generally, different catalysts have different active life span that can be
described by the Kkinetics of such catalyst and depend on process
conditions/temperature.

According to the invention, the polymerization conditions in the reactor are
chosen in such a way to ensure that, at any time, only a minimum fraction of
active catalyst leaves the reactor, i.e. that at most 5 wt.% of the catalyst
leaving the reactor is still in an active state.

This can, for example, be achieved by an adaption of the reaction conditions
such as control of the average residence time in the reactor considering the
reaction temperature, as the fraction of catalyst which is inactivated per time
is dependent on the reaction temperature.

In a preferred embodiment, in order to effect that in step ¢) no more than 5
wt.% of catalyst in an active state is leaving the reactor, the average residence
time in step b) is adjusted.
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For this purpose, the average residence time in the reactor is adjusted based
on, for example, the kinetic profile of the catalyst under consideration of the
reaction temperature, the process conditions and the residence time
distribution.

Preferably, as regards process conditions, adjustment of the average
residence time is done by either adapting the solvent feed rate, and/or the
catalyst feed rate and/or the reactor volume.

In an embodiment of the invention, the residence time of the catalyst in the
reactor is further optimized, which means that, on the one hand, the residence
time is adjusted so as to be long enough in order to ensure that in the reactor
outlet stream leaving the reactor the catalyst is already sufficiently de-
activated.

On the other hand, as a too long residence time might result in a large quantity
of already de-activated catalyst in the reactor which has negative
consequences on process economics, the present invention also allows for
adjusting the residence time to be as short as possible to affect process
economics as little as possible.

To optimize the catalyst residence time, the following mathematical equations
may be utilized. After a time {, the concentration of active catalyst inside the
reactor can be described by the following empirical equation (1):

C;at = Cc*at,oe_kdt (1)

wherein C*ca is the concentration of active catalyst, C*:a:0 is the initial active
catalyst concentration, ks is the kinetic rate constant of the de-activation
reaction and tis time.

The catalyst de-activation constant kg, can be modelled as temperature
dependent through Arrhenius equation seen in equation (2):
Egq
ka = kgoeRT (2)
wherein Eaq is the activation energy constant, R is the ideal gas constant and
T is the temperature.

To describe the residence time distribution (RTD) the particulars of the reactor
setup have to be considered, as is well known to the skilled person.

As an example and in a preferred embodiment of the invention, a real reactor
may be approximated by two continuously stirred tank reactors connected by
a plug-flow reactor.
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The RTD function, X(t), for such configuration is described by Equation 3:
-t —t—t
X(t)=(1—ea)(1—e = ) 100 (3)
wherein t is time in minutes, t/ is the residence time in the first part of the
reactor, [z is the residence time second part of the reactor and t3 is the dead
time between the sections.

Preferably, the average residence time in the reactor in step b) during which
the feed of step a) is contacted in the reactor with a catalyst to form a reaction
mixture containing an ethylene-alpha-olefin co-polymer, is chosen to be
between 0.5 and 15 minutes, more preferably between 1 and 15 minutes.

A calculation according to the above equations leads to a preferred
embodiment of the process of the invention wherein the average residence
time faverage in the reactor is complying with the relation:

2900/ Treactor -13 < taverage < 4200/ Treactor — 13,
preferably with the relation:
3000/ Treactor -13 < faverage < 3500/ Treactor — 13

wherein Treactor IS the temperature in the polymerization reactor, and wherein
the reactor is approximated by two continuously stirred tank reactors
connected by a plug-flow reactor.

Preferably, in the process of the invention no more than 4 wt.% of catalyst in
an active state, more preferably no more than 3 wt.% of catalyst in an active
state, is leaving the reactor in step ¢).

These even smaller amounts of active catalyst leaving the reactor in step ¢)
may, for example, be obtained by increasing the average residence time in
step b).

It is highly preferred that the process of the invention is a continuous process.

Usually and in a preferred embodiment of the invention the reactor outlet
stream is fed to a low pressure separator in order to effect the separation of
the hydrocarbon solvent from the remainder of the reactor outlet stream in
step d).

In the process of the invention, the catalyst is sufficiently de-activated in the
reactor outlet stream, so that, for example, no catalyst de-activation agent
needs to be added to the reactor outlet stream before the separation of the in
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step d). In this manner, disadvantages of a carrying over of such agents to the
reactor with recycled monomers as described above can be avoided.

It is, accordingly, preferred in the present invention that no catalyst de-
activation agent is added to the reactor outlet before feeding the outlet to the
separation of step d).

By the same token, there is also no need to supply heat to the reactor outlet
stream in order to deactivate the catalyst.

Further preferred, the reactor outlet stream between leaving the reactor and
entering the separation step d) is not subjected to any further treatment steps
such as separation of components from the stream or addition of further
components.

The process of the present invention is a process for the production an
ethylene co-polymer by polymerization of ethylene and (a) co-monomer(s) in
solution. In such solution polymerisation processes, the monomers are
polymerized at a temperature in which the polymer is dissolved in the solvent
mixture, which is present in the reactor.

At least one co-monomer is an a-olefin having from 3 to 12 carbon atoms and
mixtures thereof, preferably 4 to 10 carbon atoms, most preferably 1-octene.

Preferably, the co-monomer is selected from the group consisting of linear
olefins.

Typically, the solution polymerization process is a high temperature solution
polymerization process, using a polymerization temperature of greater than
100 °C.

Preferably, the polymerization temperature is at least 110 °C, more preferably
at least 140 °C.

The temperature in the polymerization reactor(s) is such that the polymer
formed in the reactor is completely dissolved in the reaction mixture
comprising the solvent, the monomer and co-monomer(s), the chain transfer
agent and the polymer.

The co-monomer to monomer feed ratio of the process of the present invention
is preferably between 0.0 and 1.8, more preferably between 0.05 and 1.7, and
most preferably between 0.10 and 1.65.

The temperature is suitably greater than the melting temperature of the
polymer. Thus, as the polymer is co-polymer of ethylene the temperature is
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suitably from 120 to 220 °C, such as from 140 to 210 °C or from 150 to 200 °C,
depending on the content of co-monomer units in the polymer and on the
catalyst in use.

The pressure in the solution polymerization reactor depends on the one hand,
on the reaction temperature and, on the other hand, on the type and amount
of comonomer. The pressure is suitably in a range of from 50 to 300 bar,
preferably from 50 to 250 bar and more preferably from 70 to 200 bar.

The pressure of the reactor outlet usually corresponds to the pressure in the
reactor.

The polymerization is conducted in the presence of an olefin polymerization
catalyst.

Preferably, the process of the invention is a homogenously catalysed process.

Furthermore, the catalyst preferably is a metallocene catalyst, more preferably
is a catalyst comprises a hafnocene catalyst, and still more preferably
comprises a hafnocene catalyst complex, comprising a cyclopentadienyl (Cp)
ligand, a fluorenyl (Flu) ligand and a covalent bridge connecting the two
ligands.

When the catalyst comprises a hafnocene complex, preferably a boron based
co-catalyst and/or an aluminoxane co-catalyst is used.

Most preferably, the polymerization is conducted in the presence of an olefin
polymerization catalyst as described in any of WO 2018/178151,
WO 2018/178152, WO 2018/108917, and WO 2018/108918.

The catalyst preferably has productivity between 100 and 2,500 kg/g, more
preferably between 200 and 2,250 kg/g, and most preferably between 300 and
2,000 kg/g.

In solution polymerization process a solvent is also present. The solvent is in
liquid or supercritical state in the polymerization conditions. The solvent is
typically and preferably a saturated hydrocarbon solvent. The liquid
hydrocarbon solvent used is preferably a saturated Cs.12-hydrocarbon, which
may be unsubstituted or substituted by C+.4 alkyl group such as pentane,
methyl pentane, hexane, heptane, octane, cyclohexane, methylcyclohexane
and hydrogenated naphtha. More preferably, saturated unsubstituted Ce-10-
hydrocarbon solvents are used.
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Typically the content of the polymer in the solution comprising the solvent, the
polymer and the unreacted monomer and co-monomer, i.e. the polymer mass
fraction, is from 5 to 50 % by weight, preferably from 10 to 40 % by weight,
more preferably from 10 to 35 % by weight, such as from 10 to 30 % by weight.

In addition, other components may be added into the reactor. It is known to
feed hydrogen into the reactor for controlling the molecular weight of the
polymer formed during the polymerization. The use of different antifouling
compounds is also known in the art. In addition, different kinds of activity
boosters or activity retarders may be used for controlling the activity of the
catalyst.

The process includes one or more polymerization reactors. Suitable reactors
include unstirred or stirred, spherical, cylindrical and tank-like vessels and
recirculating loop reactors and tubular reactors. Such reactors typically
include feeding points for monomer, optional co-monomer, solvent, catalyst
and optional other reactants and additives and withdrawal points for reaction
mixture, i.e. polymer solutions. In addition, the reactors may include heating
or cooling means.

The ethylene co-polymer produced in the process of the present invention
preferably has a density of between 850 and 960 kg/m3, more preferably 855
and 940 kg/m?® and most preferably 857 and 930 kg/m?3.

As mentioned above, in a preferred embodiment the reactor outlet stream is
fed to a low pressure separator, in which volatile hydrocarbons, including
solvent, and unreacted monomer and comonomer, are removed from the
polymer solution.

Low pressure separators are known in the art. Frequently, they are also
referred to as flash separators or flash vessels. Such a flash vessel preferably
has a generally cylindrical shape. Thereby, the flash vessel has a section
which has approximately a circular cross-section. Preferably, the flash vessel
has a cylindrical section which has a shape of a circular cylinder. In addition
to the cylindrical section the flash vessel may have additional sections, such
as a bottom section, which may be conical, and a top section which may be
hemispherical. Alternatively, the flash vessel may also have a generally
conical shape.

The liquid feed is passed to the separator which is operated at a reduced
pressure. Thereby, a part of the liquid phase vaporizes and can be withdrawn
as an overhead stream (or a vapour stream) from the low pressure separator.
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The part remaining in liquid phase is then withdrawn as a bottom or liquid
stream.

The temperature in the separator is typically from 130 to 300 °C, more
preferably from 140 to 280 °C, still more preferably from 150 to 270 °C, and
most preferably from 160 to 250 °C. The temperature should be sufficiently
high to keep the viscosity of the solution at a suitable level but less than the
temperature where the polymer is degraded.

The pressure in the separator is typically less than 20 bar, more preferably
less than 15 bar, more preferably such as less than 12 bar, or even less than
10 bar. The pressure in the separator may be down to even less than
atmospheric pressure, such as 0.5 bar, or the pressure may be 1 bar or more.

The process of the invention may comprise more than one low pressure
separation steps each conducted separately in a low pressure separator.

In the following the present invention will be illustrated by examples and by
referring to the following figures which show:

Fig. 1: Catalyst 1 fraction of material including active catalyst leaving the
reactor at different temperatures, average residence time: 10 min.,

Fig. 2: Catalyst 2 fraction of material including active catalyst leaving the
reactor at different temperatures, average residence time: 10 min.,

Fig. 3: Catalyst 1 fraction of material including active catalyst leaving the
reactor at different temperatures, average residence time: 8 min.,

Fig. 4. Catalyst 2 fraction of material including active catalyst leaving the
reactor at different temperatures, average residence time: 8 min..

Fig. 5. Catalyst 3 fraction of material including active catalyst leaving the
reactor at different temperatures, average residence time: 10 min.,

Fig. 6: Catalyst 3 fraction of material including active catalyst leaving the
reactor at different temperatures, average residence time: 8 min..

Measurement and Determination Methods

Melt flow rate and flow rate ratio

The melt flow rate (MFR) is determined according to ISO 1133 and is indicated
in g/10 min. The MFR is determined at 190 °C for polyethylene and at a
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loading of 2.16 kg (MFR2), 5.00 kg (MFRs5), 10.00 kg (MFR10) or 21.6 kg
(MFR21).

The quantity FRR (flow rate ratio) is an indication of molecular weight
distribution and denotes the ratio of flow rates at different loadings. Thus, for
example, FRR21/10 denotes the value of MFR21/MFR1o.

Density

Density of the polymer is measured according to ISO 1183-1 method A using
compression moulded samples. It is indicated in kg/m?3.

Average residence time and amount of active catalyst leaving reactor

The average residence time and the amount of catalyst leaving the reactor in
an active state is determined by modelling of the reaction as can routinely be
done by the skilled person.

Catalyst productivity

The productivity of the catalyst was determined as the amount of polymer
produced divided by the amount of metal in the catalyst (in g-PO/mg-Hf).

Examples

In the following examples, equations (1), (2) and (3) for three different
catalysts (catalyst 1, 2 and 3) were used in order to calculate the catalyst de-
activation profile and the amount of active catalyst leaving the reactor with the
reactor outlet.

The parameters used in the equations were:

Catalyst 1:

C*cato = 1 mol/m?3
Kqgo0=19.3 mol's
Ea = 26102 J/mol

1'1 =0.18 - ttotal
o= 0.74 - ttotal
Iz = 0.08 - ttotal
Catalyst 2:

C*cato = 1 mol/m3
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Kqo0=26.7 mol's
Ea = 27102 J/mol

f1 = 0.18 - ttotal
to=0.74 - ttotal
i3 = 0.08 - ttotal
Catalyst 3:

C*cato = 1 mol/m3
Kao= 9.7 mol's’
Ea = 26-102% J/mol

t1 = 0.18 - ttotal
o =0.74 - ttotal
t3 = 0.08 - ttotal

The results of the calculations are shown in Figures 1 to 6, where the fraction
of material leaving the reactor based on the residence time distribution is
shown as a function of time.

The catalyst deactivation constant is calculated for different temperatures
(140, 170 and 200 °C) with equation (2) and the deactivation as a function of
time with equation (1). The fraction of material, fed to the reactor at time t,
leaving the reactor at time t + dt is calculated with equation (3). The
calculations are done for two different average residence times: 8 and 10
minutes.

Figure 1 and Figure 3 represent the first catalyst (catalyst 1) with residence
times of 10 and 8 minutes, respectively. Figure 2 and 4 represent the second
catalyst (catalyst 2) with the residence times of 10 and 8 minutes, respectively.

Looking at Figure 1 and 2, the fraction of active catalyst leaving for both
catalysts is less than approx. 3 wt.% during all times and temperatures. This
indicates that the residence time is long enough in terms of controlling the
catalyst activity in the outlet stream to the desired value and well below 5 wt. %.

Looking at Figure 3 and 4 it is seen that the fraction of active catalyst for both
catalysts leaving the reactor is less than 5 wt.% for all temperatures 140 °C,
170 °C and 200 °C during all times. However, for 140 °C the amount of active
catalyst leaving the reactor is about 4.5 wt.% at around 3 minutes. This shows
that the residence time of 8 minutes might not be sufficient to ensure having
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low enough, < 4 wt%, concentration of active catalyst leaving the reactor at
140 °C.

Finally, Figures 5 and 6 shows that for catalyst 3, which has a k40 which is
half of that of catalyst 1, a higher temperature will have to be applied so that
at the chosen residence times of 10 min. and 8 min. the catalyst activity in the
outlet stream can be controlled to the desired value and well below 5 wt.%.
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Claims

A polymerisation process, comprising:

a) supplying a feed containing ethylene and at least one alpha-olefin
having 3 to 12 carbon atoms in a hydrocarbon solvent to a
polymerisation reactor,

b) contacting the feed of step a) in the reactor with a catalyst to form
a reaction mixture containing an ethylene-alpha-olefin co-polymer,
whereby the average residence time in the reactor is chosen to be
between 0.5 and 30 minutes,

c) withdrawing the reaction mixture from the polymerisation reactor
as a reactor outlet stream which comprises the ethylene-alpha-
olefin co-polymer, unreacted monomer and comonomer, catalyst,
and hydrocarbon solvent, and

d) separating hydrocarbon solvent, monomer and comonomer from
the reactor outlet stream and recycling it back to the polymerisation
reactor without further purification steps,

wherein in step ¢) no more than 5 wt.% of catalyst in an active state is
leaving the reactor.

The process according to claim 1 wherein the average residence time
of step b) is adjusted to effect that in step ¢) no more than 5 wt.% of
catalyst in an active state is leaving the reactor.

The process according to claim 1 or 2 wherein adjustment of the
average residence time is done by either adapting the solvent feed rate,
and/or the catalyst feed rate.

The process according to any one of the preceding claims wherein the
average residence time faverage in the reactor is complying with the
relation:

2900/ Treactor -13 < laverage < 4200/ Treactor — 13,
wherein Treacior is the temperature in the polymerization reactor.

The process according to any one of the preceding claims wherein in
step ¢) no more than 4 wt.% of catalyst in an active state are leaving
the reactor.
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10.

11.

12.

13.

14.

-14 -

The process according to any one of the preceding claims wherein the
process is a continuous process.

The process according to any one of the preceding claims wherein
separating hydrocarbon solvent from the reactor outlet stream in step
d) is done by feeding the reactor outlet stream to a low pressure
separator.

The process according to any one of the preceding claims wherein no
catalyst de-activation agent is added to the reactor outlet stream before
entering the low pressure separator.

The process according to any one of the preceding claims wherein the
polymerization catalyst system comprising a metallocene complex and
a boron containing cocatalyst and/or an aluminoxane co-catalyst.

The process according claim 9 wherein the metallocene catalyst
comprises a hafnocene catalyst.

The process according to claim 10 wherein the hafnocene catalyst
comprises a hafnocene complex, comprising a cyclopentadienyl (Cp)
ligand, a fluorenyl (Flu) ligand and a covalent bridge connecting the two
ligands.

The process according to any of the preceding claims, wherein the
polymerization reaction is performed at a temperature of between 120
to 220 °C.

The process according to any of the preceding claims, wherein the
polymerization reaction is performed at a pressure of between 50 to
300 bar.

The process according to any of the preceding claims, wherein polymer
mass fraction inside the reactor is between 5.0 wt% to 50.0 wt%.



