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Method for oligomerization of ethylene
The present invention relates to a method for the oligomerization of ethylene.

Methods for the oligomerization of ethylene using various catalyst compositions are well known
in the art. Typically, if very unspecific catalysts are used, a broad product distribution is obtained
from Cj4 to higher olefins and even polymeric materials. Higher linear alpha-olefins and polymer-
ic materials may cause plugging and fouling of the oligomerization reactor and pipings connect-
ed therewith. Recently, catalyst compositions for the oligomerization of ethylene have been de-
veloped which are more specific to, for example, trimerization'or tetramerization, thus resulting
in a narrower product distribution, but still also producing higher linear alpha-olefins and poly-

meric materials,

WO 2009/006979 A2 describes a process and a corresponding catalyst system for the di-, tri-
and/or tetramerization of ethylene, based on a chromium complex with a heteroatomic ligand,
typically featuring a PNPNH-backbone and activated by an organoaluminum compound such as,
e.g., trialkylaluminum or methylaluminoxane. Among other possible embodiments of this inven-

tion, CrCl;(thf); (thf = tetrahydrofurane) is preferentially used as chromium source.

EP 2 239 056 Al describes a catalyst composition and a process for oligomerization, in particu-
lar for the selective trimerization of ethylene to 1-hexene, using a modification of the catalyst
system disclosed in WO 2009/006979 A2. While also relying on ligand types featuring the
PNPNH-backbone, these modified systems show distinct advantages over the original catalyst
compiositions in terms of stability, activity, selectivity and the allowable window of operability

concerning process parameters in a technical environment.
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According to EP 2 239 056 Al, halogen—containing modifiers are used, in conjunction with, for
example, Cr(acac); (acac = acetylacetonate), the PNPNH-ligand and triethylaluminum as activa-
tor. Typical modifiers are, e.g., tetraphenylphosphonium- or tetraalkylammonium halogenides,
preferentially the chlorides. In contrast to catalyst systems using CrCls(thf); as chromium source,
these modified systems allow for a free and independent adjustment of the chromium / halogen /
aluminum ratio. This is a very advantageous strategy, since basic mechanistic investigations
have shown that the halogen is an indispensable constituent of the catalytically active species,

thus influencing the overall catalytic performance.
A typical oligomer product distribution of this above mentioned catalyst system is:

C4 2.9 wt.-%

Cé6 91.4 wt.-% (>99.0 wt.-%)1-hexene
c8  0Swt%

C10 5.1 wt.-%

>C12 0.1 wt.-%

A typical process for a homogeneous catalyzed ethylene oligomerization technology of the prior

art is shown in Fig. 1.

The homogeneous catalyst system 1 is transferred together with the solvent 2 (e.g. toluene) to the
reactor 3. The linear alpha olefins, mainly 1-hexene, are formed via trimerization of dissolved
ethylene in the liquid phase. Within the reactor the reaction heat of the exothermic reaction has
to be removed and a fast phase transfer of the gaseous ethylene to the solvent has to be realized.

Various reactor types are conceivable. Some examples are:

1.  Bubble column reactor: to avoid internal heat exchange surfaces, ethylene can be used
both as reaction feed and cooling medium. Simultaneously, mixing is achieved via the

rising bubbles above a suitable sparger plate.
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2. Loop reactor with external heat exchanger.
3. Plug-flow reactor: the reaction heat can be removed via the reactor wall.

A preferred reactor for the ethylene oligomerization is the bubble column reactor. Ethylene is
introduced via a gas distribution system to the bottom section, whereas the liquid heavy LAOs,
together with the solvent and the catalyst, are withdrawn from the bottoms. The oligomerization
reaction is highly exothermic. By removing this heat with the ethylene, heat exchanger surfaces
within the reaction area, which would be subject to heavy fouling, are avoided. A part of the
formed linear a-olefins, which are gaseous under reaction conditions, are condensed at the top of
the reactor and serve as reflux for cooling purpose, taking advantage from their respective heat

of evaporation. Typical reaction conditions are: 30 -70°C at 10-100 bar.

After the reaction section the liquid product including the solvent (e.g. toluene) with the dis-
solved ethylene is fed to the separation section. In a first column 4 the unconsumed ethylene is
separated from the product and the solvent. The ethylene is recycled back to the reactor via line
5. Ethylene polishing 6 may take place at line 5. The heavier fractions are routed to the subse-
quent separation 7 where they are divided into the different fractions (C4, C6, solvent, C8, C10,

>C12). The solvent is recovered and recycled back to the reactor.

Starting with the class of very advantageous modified catalyst systems, as described, for exam-
ple, in EP 2 239 056 Al, the question arises how an economic process for the oligomerization of
ethylene, especially the selective trimerization of ethylene to 1-hexene, should be designed. The

following challenges have to be considered in this regard:

1. The reaction heat from the exothermic reaction has to be removed from the reactor.
Due to the fact that the catalyst is very sensitive against high temperatures, a reaction
| temperature preferably between 30 and 70°C has to be maintained and controlled very

precisely.
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Through the fact that small amounts of polyethylene are formed during the reaction, in-
ternal heat exchange surfaces show a tendency towards fouling. This leads inevitably to
an unstable and/or unsafe operation of the reactor at only very limited times-on-stream.

Therefore, such internal heat exchange surfaces should be avoided.

2. Unfortunately, formation of polymer or high molecular weight oligomers cannot be
avoided completely during ethylene oligomerization, since this is an inherent side-

reaction channel.

These solid materials may either be dissolved or suspended in the liquid product and,
thus, finally be passed to the sebaration section or they may deposit in the inner surface of
the reactor and its peripheral equipment. The latter is the worst case, since this may lead
to fouling and plugging of the reactor. Consequently, the reactor and its associated
equipment have to be cleaned periodically to remove the deposits. This leads to shut-
- downs and consequently to production loss. Consequently, polymer which is dissolved or

suspended in the product stream is preferred.

It is therefore an object of the present invention to provide a method for oligomerization of eth-
ylene which overcomes the drawbacks of the prior art. Especially, the method shall be an eco-
nomic process in terms of invest and operational costs and shall preferably provide stable and

safe operation of the reactor with good heat removal and avoidance of plugging and fouling.
This object is achieved by a method for oligomerization of ethylene, comprising the steps:

a) feeding ethylene, solvent and a catalyst composition comprising catalyst and

cocatalyst into a reactor,

b) oligomerizing ethylene in the reactor,
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c) discharging a reactor effluent comprising linear alpha-olefins including 1-
butene, solvent, unconsumed ethylene dissolved in the reactor effluent, and

catalyst composition from the reactor,

d) separating ethylene collectively and 1-butene from the remaining reactor

effluent,

e) recycling at least a part of the ethylene and the 1-butene separated in step d)

into the reactor.

In a most preferred embodiment, there is a catalyst composition deactivation step between steps

¢) and d).

In principle, the total amount of ethylene, which is unconsumed, should be recycled back to the
reactor with the goal to enhance the overall yield of the method. As it is preferred to adjust a
constant 1-butene content during the method, a purge stream is then required. Consequently,
through a purge a part of ethylene is discharged. Once a preferred 1-butene concentration in the
liquid phase in the reactor is reached, the amount of 1-butene which is formed during the trimeri-
zation has to be purged. Due to the high selectivity, especially utilizing the trimerization catalyst

as described below, the lost of ethylene through the purge is comparably low.
Preferably the reactor is a bubble column reactor.

Most preferably, the recycling stream of ethylene and 1-butene of step e) is purged at least partly

by a purge stream.

In a most preferred embodiment, a steady state of the oligomerization is achieved, i.e. having a

constant 1-butene content in the reactor. This constant 1-butene content can be achieved by re-
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spectively adjusting the amounts of 1-butene which are removed from the reactor with the reac-
tor effluent and are recycled into the reactor in step €), and which amounts are purged from,

preferably, the ethylene recycle.

In the steady state of the process, the whole amount of 1-butene, which is formed during oli-
gomerization, has to be removed from the process. Otherwise, the 1-butene will accumulate fur-
ther and the 1-butene concentration will increase. Due to the fact that there is only a C4 / C6-
split, the only possibility to remove the 1-butene from the process is to remove it with the eth-
ylene in the recycle. In the steady state a constant amount of 1-butene is formed. This means that
also a constant amount of the recycled stream has to be taken out. Consequently a part of the
recycled stream has to be purged. The amount of the purged stream is in the steady state accord-
ingly substantially constant. Through the amount of the purge stream the 1-butene concentration
in the reactor and the composition of the purge stream can be adjusted. For example, in the case
of a high purge stream the recycle consists mostly of ethylene and a lower amount of 1-butene,
since a high amount of make-up/fresh ethylene is needed for the process. Consequently, less 1-
butene is sent back to the reactor and higher amounts of a pure/fresh ethylene as make-up dilute
the reactor composition. Hence, the concentration of 1-butene is lower. The contrary happens at

a lower purge stream.

Due to the fact that the recycled stream can be gaseous as well as liquid, the purge stream can
also be gaseous or liquid. The amount can be controlled by a mass flow controller. In the case
that the recycled stream is condensed in a heat exchanger before it is sent back to the reactor, it
might be energetically more beneficial to remove the purge stream before the recycle stream is

condensed.

More preferably the amount of 1-butene in the reactor is at least 1 weight percent, more prefera-
bly 5 weight percent, more preferably 10 weight percent, more preferably 25 weight percent,

based on the total weight of liquids in the reactor.
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Even preferred 1-butene is present in the reactor in a maximum amount of 30 weight percent,
based on the total weight of liquids in the reactor. In principle, even higher 1-butene contents are
conceivable, such as a maximum amount of 50 or even 70 weight percent in the liquid phase,

which contents are possible at a reaction pressure of 30 bar.

In a most preferred embodiment, a steady state of the oligomerization is achieved in that equal
amounts of 1-butene are removed from the reactor with the reactor effluent and are recycled into

the reactor in step e).

Step b) may be preferably carried out at a temperature of 10-100°C, preferably 30-70°C, and/or a
pressure of about 10-100 bar.

In one preferred embodiment, additional 1-butene is fed into the reactor, from an external source,

preferably at an initial start-up period of the method for oligomerization.

Even preferred the separation of step d) is carried out at a pressure below reaction pressure of
step b). In this embodiment, the product stream (reactor effluent) is depressurized before it is
sent to a separation section. This has the advantage that the separation step can be enhanced. The
investment and operational costs are reduced when the separation section (distillation column) is
operated at a lower pressure. The C, + C4 product which is recycled back .to the réactor has to be

either recompressed to reaction pressure or it can be liquefied and pumped back to the reactor.

Ethylene and 1-butene may be advantageously recycled into the reactor in liquid form. The ad-
vantage of using a liquid recycle stream is that a pump can be used for the recycle stream instead
of an expensive compressor. Simultaneously, the cooling capacity of the reactor is increased.
Evaporation of the C, + C4 stream in the reactor removes a significant part of the exothermic
reaction heat. Consequently, the ethylene gas recycle, which is necessary to cool the reactor, can

be reduced. This is again beneficial for invest and operations costs of the method.
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Preferably, the method for oligomerization is a trimerization to prepare thus substantially 1-

hexene.

The catalyst composition may comprise a catalyst comprising a chromium compound and a lig-
and of the general structure (A) RR,P-N(R3)-P(R4)-N(Rs)-H or (B) RiR,P-N(R3)-P(R4)-N(Rs)-
PRg¢R7, wherein R;-R; are independently selected from halogen, amino, trimethylsilyl, C{-Cio-
alkyl, C¢-Cy aryl or any cyclic derivatives of (A) and (B), wherein at least one of the P or N at-
oms of the PNPN-unit or PNPNP-unit is a member of a ring system, the ring system  being

formed from one or more constituent compounds of structures (A) or (B) by substitution.

As is to be understood, any cyclic derivatives of (A) and (B) can be utilized as ligand, wherein at
least one of the P or N atoms of the PNPN-unit (structure (A)) or PNPNP-unit (structure (B)) is a
ring member, the ring being formed from one or more constituent compounds of structures (A)
or (B) by substitution, i.e. by formally eliminating per constituent compound either two whole
groups R;-R7 (as defined) or H, one atom from each of two groups R;-R (as defined) or a whole
group R;-R; (as defined) or H and an atom from another group R;-R; (as defined), and joining
the formally so-created valence-unsaturated sites by one covalent bond per constituent com-

pound to provide the same valence as initially present at the given site.

Preferably the chromium compound is selected from organic or inorganic salts, coordination
complexes and organometallic complexes of Cr(Il) or Cr(Ill), preferably CrCl;(THE);,
Cr(IIDacetyl acetonate, Cr(Ill)octanoate, chromium hexacarbonyl, Cr(III)-2-ethylhexanoate,

benzene(tricarbonyl)-chromium or Cr(IlT)chloride.

The co-catalyst may be selected from trimethylaluminum, triethylaluminum, triisopropylalumi-
num, triisobutylaluminum, ethylaluminumsesquichloride, diethylaluminumchloride, ethylalumi-

numdichloride, methylaluminoxane (MAQ) or mixtures thereof.

The catalyst composition may additionally comprise a modifier containing organic or inorganic

halide.
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More preferably the ligand may be selected from PhyP-N(i-Pr)-P(Ph)-N(i-Pr)-H, Ph,P-N(i-Pr)-
P(Ph)-N(Ph)-H, Ph,P-N(i-Pr)- P(Ph)-N(tert-butyl)-H and  Ph,P-N(i-Pr)-P(Ph)-N(CH-
(CH;)(Ph))-H.

In principle, it is preferred that any of the catalyst compositions as disclosed in W02009/006979
A2 or EP 2 239 056 Al, including any modifiers, can be succéssfully utilized, which are here-

with incorporated by reference.

Finally the solvent may be selected from aromatic hydrocarbons, straight chain and cyclic ali-
phatic hydrocarbons, and ethers, preferably toluene, benzene, ethylbenzene, cumen, xylenes,
mesitylene, hexane, octane, cyclohexane, methylcyclohexane, diethylether, tetrahydrofurane, and

mixtures thereof, most preferably toluene.

Surprisingly it was found in the method of the present invention that 1-butene produced during
the oligomerization can be successfully utilized as “co-solvent” to improve heat removal and

removal of polymeric or high molecular weight compounds from the reactor.

In detail, since the amount of C4 produced in an oligomerization reaction is usually comparably
low, especially as a side reaction during ethylene trimerization, it was considered to design a
separation section without a C,/C4 separation step. That means that after the reactor the liquid
product (reactor effluent) is directly sent to a liquid C4/Cs separation column. While it is in prin-
ciple conceivable to recycle only a part of the 1-butene back to the reactor, it is one of the main
advantages of the present invention to safe one process step, namely the C,/Cy-split. Consequent-
ly, to.take this advantage, it is then necessary to recycle substantially the total amount of uncon-
sumed ethylene and 1-butene prepared. Although some Cy4 may end up in the Cg fraction, which
is not preferred due to negative impact on the 1-hexene quality, the purge stream, especially the
purge rate, is the best option to adjust the 1-butene concentration in the reactor to optimum val-
ues. The heavier products, along with the solvent, are sent to the subsequent separation section as

usual, where the solvent is recovered and the main product, 1-hexene, is separated.
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It is clear for someone skilled in the art that in a very preferred embodiment, there is a catalyst
deactivation step between steps ¢) and d) of the inventive method. Usually, for these purposes,
after discharging the reactor effluent from the reactor, a deactivation agent is added to the prod-
uct/toluene/catalyst solution. All established/disclosed deactivation methods are conceivable for
this cétalyst system: alcohol, water, caustic, ait/O,, amine, CO/CO;. It is important that the deac-
tivation agent is added in molar stoichiometric rates with respect to the catalyst and the co-
éatalyst, i.e. for example Cr-catalyst and aluminum alkyl activator, i.e. [Cat]+[Cocat]. This en-
sures a complete deactivation of the catalyst. Otherwise side-reactions in separation columns, for
example olefin isomerization, are possible. The most preferred deactivation agent is a long-chain
alcohol, especially 1-decanol, which after separation does not end up in the desired product 1-

hexene fraction or the solvent.

Moreover, a mixture of 1-butene and ethylene is recycled back to the reactor from the light prod-
uct of first separation step (the C4/C6 column). The recycled stream can be injected/distributed
from the top of the reactor through a distributor plate or a nozzle. Alternatively, it can be also
injected from the side into the fluid bed. The effect is that 1-butene, which is formed as by-
product during the trimerization reaction (1 — 4 wt.-%), is accumulated in the reactor. Conse-
quently, a significant amount of the liquid reactor phase mixture is 1-butene. This amount may

vary from 1 — 30 wt.-%, cbmpared to only 1 — 4 wt.-% net production.

Since 1-butene is usually a by-product of the oligomerization reaction, especially trimerization, it
has to be discharged from the process. Therefore a purge stream may be required. The purge
stream may consist preferably of between 10 and 90 wt.-% 1-butene ‘while the rest of the stream
is mainly ethylene. The purge stream can be sent back, for example, to a steam cracker where
ethylene and 1-butene can be recovered. For the case that no crécker is available, this stream can
be sold separately or used energetically. Depending on the situation, the purge stream can be
used as fuel for boilers. Due to the fact that the catalyst produces very selectively 1-hexene with
only a small amount of 1-butene as by-product, the loss of ethylene via the purge is comparably

low.
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The high 1-butene content in the reactor has a significant benefit for the removal of the reaction
heat. By means of the recycle, gaseous ethylene and evaporated 1-butene is condensed and recy-
cled back to the reactor. Therefore, the enthalpy of evaporation of 1-butene is used for the heat
removal. Consequently, the gaseous ethylene stream, which also serves as cooling medium, can

be reduced.

Interestingly, numerous laboratory experiments show that the catalyst system is very selective
with respect to the substrate ethylene. This means that, despite the high amount of 1-butene in
the liquid phase, the catalytic activity, the 1-hexene selectivity and the purity of 1-hexene are not
affected. This is especially surprising, since mechanistic knowledge regarding the underlying
metallacycle mechanism implies a certain chance of deteriorating 1-hexene selectivities if high
concentrations of 1-butene are present in the reaction mixture. However such a detrimental effect
is totally avoided here as a direct consequence of the very high selectivity of the catalytically

active species, largely brought about by the preferred ligand featuring the PNPNH-backbone.

It is even more surprising that the high 1-butene content in the reactor changes advantageously
the polymer mobilization behavior. This means that a significant portion of polymer that normal-
ly stays in the reactor as sticking layer on the internal reactor surfaces is now dissolved and sus-
pended in the product stream. This means that at higher 1-butene concentrations in the reactor, a

larger amount of side - product polyethylene is discharged along with the product.'

In the subsequent examples it becomes obvious that higher C4 contents in the reaction mixture
lead to better polymer mobilization and more of this unwanted material is discharged along with
the liquid product. Obviously, high 1-butene concentrations lead to the formation of small poly-
mer flakes, which have a lower affinity to accumulate and precipitate on the reactor wall or in-
ternals. Agglomeration of polyethylene particles is largely prevented by the improved solvent
properties leading to a smaller particle size distribution. Thus, the reactor runtime until the reac-

tor has to be cleaned can be extended by increasing the steady-state 1-butene concentration.
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It is conceivable that the high concentration of light olefin changes the solvent properties. In
principle, a new solvent (solvent + 1-butene) with significantly improved solvent properties is
now used in the reaction section. This changed solvent characteristics support the formation of

smaller particles, which are better suspended in the liquid.

In summary, using a high 1-butene content in the liquid phase, the reactor cooling capacity can
be enhanced significantly. By means of a recycle, where 1-butene rich gas phase is condensed
and recycled to the reactor, the enthalpy of evaporation of 1-butene can be used for cooling.
Consequently, the gaseous ethylene stream, which also serves as cooling medium, can be re-

duced. This is beneficial since lower recompression and cooling requirements are necessary.

No thermal heat exchange surfaces in the liquid reactor phase are necessary, since the reactor
cooling can be achieved through evaporation of 1-butene and through the injection of cool eth-

ylene.

The invest cost can be reduced, as through the inventive concept the distillation column for the

C,/Cs4-split is not needed any longer. Also, the ethylene recycle equipment is smaller.

Reactor run times can be extended. Due to the better mobilization of the by-product polymer, the
reactor fouling is reduced. Consequently, the interval before the reactor has to be cleaned again

.is extended.

Finally, due to the high 1-butene content, the process stability against thermal runaways is im-
proved. An increasing reaction temperature causes a higher amount of 1-butene to evaporate,

thus removing more heat. Consequently, the system is somewhat self-inhibiting to certain extent.

Additional features and advantages of the inventive method can be taken from the following de-

tailed description of a preferred embodiment in connection with the drawings, wherein
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Fig. 1 is a flow scheme for a conventional process for an ethylene oligomerization

technology,

Fig.2 is a scheme for an ethylene oligomerization technology according to the present

invention; and

Fig. 3 is a graph showing polymer distribution dependent on the initial C4 in the liquid phase,

based on a method of the present invention.

According to Fig. 1, illustrating a conventional process scheme for the oligomerization of eth-
ylene, catalyst, solvent and ethylene are fed to a reactor where oligomerization, for example tri-
merization takes place. A liquid reactor effluent comprising solvent, unreacted ethylene, linear
alpha-olefins and catalyst, is transferred to a first separation section where ethylene is separated.
This ethylene can be recycled back to the reactor, the recycling cycle may comprise ethylene
polishing. The heavier fractions are routed to a second and further separation sections where sep-

aration into different fractions, such as Cs, Cs, solvent, Cg, C1o, > C1a, is effected.

According to the inventive method, which is illustrated in Figure 2, catalyst 10, solvent 11 and
‘ethylene 12 are also fed to a reactor 13 for oligomerization, for example trimerization, of eth-
ylene. In contrast to the method of the prior art, the reactor effluent is directly sent to a C4/Cs
separation section 14 wherein both ethylene and C, are separated from the remainder. Ethylene
and C4 (at least partly) are recycled into the reactor via line 16. The recycle step may include a
purge stream 17 and polishing 18 of ethylene. As in the prior art, the heavier fractions can be

transferred to further separation sections 15.
Examples

A 300 ml pressure reactor, equipped with dip tube, thermowell, gas entrainment stirrer, cooling

coil, control units for temperature, pressure, and stirrer speed (all hooked up to a data acquisition
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system) was inertized with dry argon. The isobaric ethene supply was maintained by an alumi-
num pressurized gas cylinder on a balance to monitor the ethene consumption over time by

means of a computerized data acquisition system.

Before conducting an experiment, the reactor was heated to 100 C at reduced pressure for several
hours to eliminate traces of water, oxygen and oxygenated impurities. Before the reaction the

reactor was cooled down to the reaction temperature of 50°C.

For the catalyst preparation, suitable amounts of PNPNH-ligand (14.7 mg (Ph),P-N(‘Pr)-P(Ph)-
N('Pr)-H, Ph = phenyl, iPr = isopropyl), chromium precursor (Cr(acac)s, 10.5 mg) and modifier
dodecycltrimethylammonium chloride (CH3(CH;);;N(CHj3);5Cl, 63.5 mg) were weighed in and
charged to a Schlenk tube under inert atmosphere. A volume of 50/100 ml anhydrous toluene
was added and the solution was stirred by means of a magnetic sﬁrrer. After dissolving the Cr-
compound, the ligand and the modifier, the required amount of a 93 wt.-% triethylaluminum

(AlEts, 100 pul) was added. The solution was immediately transferred to the reactor.

The chosen volumes and masses correspond to a chromium concentration of 0.3 / 0.6 mmol/l at a
molar ligand to chromium ratio of 1.2 mol/mol, an Al / Cr - ratio of 24 mol/mol and a C1 / Cr -

ratio of 8§ mol/mol.

To investigate the effect of accumulated gas in the ethylene recycle, the existing test rig was ex-
tended by a 2 1-gas cylinder. For a good quantification this cylinder was stored on a balance. The
desired amount of 1-butene was filled into the reactor shortly before the reaction was started.
After filling in, the stirrer was turned on and the ethylene supply was opened and the reactor was
pressurized to 30 bar ethylene. Ethylene was fed on demand to hold the pressure constant at 30
bar. The ethylene consumption was monitored by the data acquisition system and an electronic
balance by constantly.weighing the ethylene pressure cylinder. The total amount of dosed 1-
butene was determined via quantification and characterization of the gaseous and liquid product
by GC-FID and the weight loss of the balance. The weight content of 1-butene in the liquid

phase was calculated using the process simulation tool UniSim.
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Following this procedure, a series of trimerization reactions was conducted with different

amounts of 1-butene and different volumes of toluene to adjust different ratios of toluene/l1-

butene mixtures.

After the residence time of 1h, the reaction in the liquid phase was quenched by transferring the
liquid inventory by means of the ethylene pressure to a glass vessel filled with approx. 100 ml
water. The mass balance of the experiment was determined via quantification and GC-FID anal-

ysis of the gaseous and liquid product separately, followed by comparison with the ethene uptake

-15-
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data. Based on the measured data, the overall yields and selectivities were determined.

The results of the experiments are summarized in Table 1.

Table 1: Experimental Standard performance tests with different amounts of 1-butene
(Conditions: 50°C, 30 bar, 1 h)
Initial 1-C4 '
Entry. I:/I.aCs: content in 'Xgﬁ?e Selectivity {wt.-%])
the liquid " y :
__1g] wt.-%] [kg/(gcrh)] C6 1-C6 C10
1 0 0 39.0 914 99.1 5.1
2 32 32 39.5 93.2 99.0 45
3 25 25 34.9 93.9 99.0 4.4
4 5.0 49 37.5 94.3 99.0 43
52 0 0 35.8 91.0 99.0 46
62 6.6 11.8 41.0 923  99.0 48
7? 6.2 11.2 36.8 93.0 99.0 44
g? 18.0 26.0 39.4 932 989 42

Y The initial 1-C4 weight ratio was determined by UniSim (50 / 100 ml toluene with additional
mass of 1-butene, saturated with ethylene at 30 bar, 50°C) '

2 Vigwene = 50 ml, [Cr] = 0.6 mmol/l

Surprisingly, the 1-hexene yield is very high, despite of the higher content of 1-butene in the
liquid. Also the 1-hexene purity, which means the 1-C6 content in the C6 fraction, remains at

99.0 wt.-%, unaffected by high 1-butene concentrations. These results show the extraordinary
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selectivity of the homogeneous ethylene trimerization catalyst, favoring by far the incorporation

of the ethylene feedstock into the product over the analogous reaction with 1-butene.

But interestingly and surprisingly the polymer mobilization behaviour changes significantly with
the 1-butene concentration in the liquid phase. As shown in Fig. 3 it becomes obvious that at a
high C4 content, the polymer is better mobilized and is discharged from the reactor along with

the liquid product.

The features disclosed in the foregoing description, in the claims and in the accompanying draw-
ings may, both separately and in any combination thereof, be material for realizing the invention

in diverse forms thereof.
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L.
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Method for oligomerization of ethylene, comprising the steps:

a) feeding ethylene, solvent and a catalyst composition comprising catalyst and

cocatalyst into a reactor,
b) oligomerizing ethylene in the reactor,

c) discharging a reactor effluent comprising linear alpha-olefins including 1-
butene, solvent, unconsumed ethylene dissolved in the reactor effluent,

and catalyst composition from the reactor,

d) separating ethylene and 1-butene collectively from the remaining reactor

effluent, and

e) recycling at least a part of the ethylene and the 1-butene separated in step d)

into the reactor.

Method according to claim 1, wherein the recycling stream of ethylene and 1-butene of

step e) is purged at least partly by a purge stream.

- Method according to claim 1 or 2, wherein the amount of 1-butene in the reactor is at

least 1 weight percent, more preferably 5 weight percent, more preferably 10 weight
percent, more preferably 25 weight percent, based on the total weight of liquids in the

reactor.



10.

WO 2014/008964 PCT/EP2013/001658

-18 -

Method according to any of the preceding claims, wherein 1-butene is present in the
reactor in a maximum amount of 30 weight percent, based on the total weight of

liquids in the reactor.

Method according to any of the preceding claims, wherein step b) is carried out at a

temperature of 10-100°C, preferably 30-70°C, and/or a pressure of about 10-100 bar.

Method according to any of the preceding claims, wherein additional 1-butene is fed
into the reactor, from an external source, preferably at an initial start-up period of the

method for oligomerization.

Method according to any of the preceding claims, wherein the separation of step d) is

carried out at a pressure below reaction pressure of step b).

- Method according to any of the preceding claims, wherein ethylene and 1-butene are

recycled into the reactor in liquid form.

Method according to any of the preceding claims, which is a trimerisation.

Method according to any of the preceding claims, wherein the catalyst composition
comprises a catalyst comprising a chromium compound and a ligand of the general
structure (A) R;R,P-N(Rj)-P(R4)-N(Rs)-H or (B) R1RzP-N(Rg)-P(R4)-N(R5)-PR6R7,
wherein R -R; are independently selected from halogen, amino, trimethylsilyl, C;-Cio-
alkyl, Cg-Cyg aryl or any cyclic derivatives of (A) and (B), wherein at least one of the P
or N atoms of the PNPN-unit or PNPNP-unit is a member of a ring system, the ring
system being formed from one or more constituent compounds of structures (A) or (B)

by substitution.
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Method according to claim 10, wherein the chromium compound is selected from or
ganic or inorganic salts, coordination complexes and organometallic complexes of
Cr(Il) or Cr(Ill), preferably CrCl3(THF);, Cr(Ill)acetyl acetonate, Cr(IlI)octanoate,
chromium hexacarbonyl, Cr(IIl)-2-ethylhexanoate, benzene(tricarbonyl)-chromium or

Cr(IIT)chloride.

Method according to any of the preceding claims, wherein the co-catalyst is selected
from trimethylaluminum, triethylaluminum, triisopropylaluminum, triisobutyl-
aluminum, ethylaluminumsesquichloride, diethylaluminumchloride, ethylaluminumdi

chloride, methylaluminoxane (MAQO) or mixtures thereof.

Method according to any of the preceding claims, wherein the catalyst composition

additionally comprises a modifier containing organic or inorganic halide.

 Method according to any of the preceding claims 10-13, wherein the ligand is selected

from PhyP-N(i-Pr)-P(Ph)-N(i-Pr)-H, Ph,P-N(i-Pr)-P(Ph)-N(Ph)-H, Ph,P-N(i-Pr)-P(Ph)-

N(tert-butyl)-H and Ph,P-N(i-Pr)-P(Ph)-N(CH(CH;)(Ph))-H.

Method according to any of the preceding claims, wherein the solvent is selected from

aromatic hydrocarbons, straight chain and cyclic aliphatic hydrocarbons, and ethers,
preferably toluene, benzene, ethylbenzene, cumen, xylenes, mesitylene, hexane,
octane, cyclohexane, methylcyclohexane, diethylether, tetrahydrofurane, and mixtures

thereof, most preferably toluene.



